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Chapter 1

Introduction

Business process improvement is an important means to obtain competitive advantage and
improve customer satisfaction. According to a recent survey of Gartner, companies consider
process improvement to be their top priority [39]. Many approaches and methods for process
improvement are used in practice, but most of these do not address the concrete design and
evaluation of improved processes. A common approach in practice is the use of workshops to
come up with alternative processes. Popular as this approach may be, it is questionable whether
it leads to an alternative process that will perform better than the as-is process. In the end, it is
unclear how the alternative process, the so-called to-be process, has been derived from the as-is
process and in what respect the to-be process is better than the as-is process. In this thesis we
focus on the development of concrete support to guide a design team from the as-is situation
towards a to-be process model. We present an approach that defines the steps of this process of
process redesign and present tool support for the design and evaluation of alternative processes.
In this first chapter, we introduce two research areas that are foundational to the topic of process
redesign: Business Process Redesign (BPR) and Business Process Management (BPM). We
present a set of BPR best practices [112] as the starting point for the development of our
approach. The approach is also described in this chapter. Finally, we list the main contributions
of the research and the outline of the thesis.

1.1 Business Process Redesign
Traditionally, from the industrial revolution onwards, companies have been divided in func-
tional organizational units like divisions, departments and teams. Every organizational unit
performed its part of the work in isolation without much consideration for the end product. In
the past decades, this separation of concerns is slowly replaced by a cross-functional orienta-
tion on business processes. A business process is “a set of logically related tasks performed
to achieve a defined business outcome” [34]. This process orientation focuses on the routing
of client orders through the organization from beginning to end. With a better synchronization
of the process steps efficiency gains can be obtained. Enablers of these efficiency gains are
an optimization of the various routes and the support of the complete process with IT. The
results are achieved in the context of so-called Business Process Redesign (BPR) projects.
BPR has been defined as “the analysis and design of workflows and processes within and be-
tween organizations [enabled by] the capabilities offered by computers, software applications
and telecommunications” [34]. In industry, BPR projects have been and still are popular [39].
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Three drivers behind the popularity of BPR are: 1) companies feel the pressure of a globalizing
market, 2) customers continuously demand more services with a better quality and for a lower
price, and 3) information technology (IT) stimulates process redesign [109]. The definition
of BPR identifies IT as a key enabler for redesigning business processes. This new role of IT
“represents a fundamental departure from conventional wisdom on the way an enterprize or
business process is viewed, examined, and organized” [57] and triggered many articles on the
role of IT in the context of BPR (e.g., [50, 78, 141, 142]). However, as pointed out in [46],
most of the studies deal with conceptual frameworks and strategies – not with modeling and
analysis of business processes with the objective of improving the actual processes through
redesign. There is a notable imbalance between what IT decision makers wish to accomplish
in their enterprizes and the availability of methods, techniques, and technologies to support
them. Specifically, CIO’s consistently indicate that their first priority is to improve business
processes [39], but surprisingly few grounded IT artifacts exist to support them in their im-
provement efforts. It has been noted time and again that the activity of “Business Process
Redesign” is an art rather than a science [34, 132, 140, 141].

3. Design

2. Understand1. Frame

4. Implement
3. Design

2. Understand1. Frame

4. Implement

Figure 1.1: The four phases of process improvement

A common view on process improvement roughly distinguishes four phases: (1) framing
the process of interest, (2) understanding the current (as-is) process, (3) designing the new
(to-be) process, and (4) implementing the new process [132]. The four process improvement
phases are depicted in Figure 1.1. Our focus is on phase (3), which in practice is generally
executed in a highly participative fashion. Management consultants encourage business pro-
fessionals within a workshop setting to think of one or more alternatives for the as-is process
(which has been mapped at an earlier stage). The role of the external consultants is to moderate
the workshop, to stimulate people to abandon the traditional beliefs they may have about the
process in question and to mobilize support for the upcoming changes. This approach from
practice is also frequently reported in the literature (e.g., [103, 132]). A disquieting aspect of
the approach is that it is mostly a black box. In the largest survey on BPR [68] only creativity
techniques such as brainstorming and out-of-box thinking are being mentioned as available to
support the creation of the to-be process. The consequences of this lack of methodological sup-
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port are manifold. To start with, the aspects covered in the design of a to-be process become
a highly subjective affair, depending on personal preferences and authority of the members
of the design team. As a result, the design act becomes non-repeatable. Since there is no
systematic search for improvement opportunities, redesign is time-consuming too. Lastly, the
lack of methodological guidance tends to lead to very abstract process designs as a way to
smoothen out conflicting opinions. As a result, difficult redesign issues are postponed to the
implementation stage, where they are much costlier to resolve. Moreover, it becomes difficult
to get an accurate estimate of the gains that will be achieved.

Evaluating the literature on and the practice of BPR it can be concluded that “there is a
lack of a systematic approach that can lead a process redesigner through a series of steps for
the achievement of process redesign” [142]. Moreover, “How to get from the as-is to the to-be
[in a BPR project] isn’t explained, so we conclude that during the break, the famous ATAMO
procedure is invoked - And Then, A Miracle Occurs” [132]. It follows that concrete support
for process redesign is needed and therefore we developed an approach and tool support for
the process of process redesign. For today’s organizations, it is vital that new process alterna-
tives (i.e., to-be processes) can be developed easier, more cost-effectively, quicker and more
systematically. Therefore, systematic support for business process redesign is important.

The design of business processes as performed with BPR is only one part of the various
management activities with respect to business processes. The execution of business processes,
for instance, also requires attention. Business Process Management (BPM) includes methods,
techniques, and tools to support the design, execution, management, and analysis of opera-
tional business processes [11].

1.2 Business Process Management
“Business Process Management is all about transferring the results of BPR into production”
[76]. Business Process Management (BPM) has been defined as follows: “supporting business
processes using methods, techniques, and software to design, enact, control, and analyze oper-
ational processes involving humans, organizations, applications, documents and other sources
of information” [11]. BPM aims to support the whole process life-cycle. This so-called BPM
life-cycle is depicted in Figure 1.2 and identifies five phases: design, configuration, execu-
tion, control, and diagnosis. The presented life-cycle is a combination of the BPM life-cycles
presented in [11] and [115].

We discuss each of the phases starting with the design phase. In case of an already existing
process the goal of this phase is to create an alternative for the current process. This alternative
should remedy the diagnosed weaknesses of the process according to the identified improve-
ment possibilities. As indicated in Figure 1.2, this phase is in-between the diagnosis phase and
the configuration phase, i.e., input from the diagnosis phase is used to identify improvement
opportunities (e.g., bottlenecks or other weaknesses) and the output is transferred towards the
configuration phase. The resulting process definition consists of the following elements [8]:

· the process structure,

· the resource structure,

· the allocation logic, and

· the interfaces.
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Figure 1.2: The BPM life-cycle

We would like to emphasize that a graphical editor by itself does not offer full support for the
design phase. In the design phase the design team wants to experiment with designs, evaluate
designs, and use input from the diagnosis phase. Note that BPR mainly focuses on the design
phase and that a systematic approach for the design of to-be processes is lacking.

The configuration phase focuses on the detailed specification of the selected design. Note
that in the design phase the emphasis is on the performance of the process, while in the con-
figuration phase the emphasis shifts to the realization of the process in reality. In principle, the
design and configuration phase could use a common graphical editor, i.e., with the configura-
tion phase the process definition created in the design phase is specified in more detail.

In the execution phase the configured process becomes operational. This is done, for
instance, by transferring the process definition to a process engine. For the process execution
not only the process definition data is required, but also context data about the environment
with which the process interacts. Relevant environmental aspects are:

· information on arriving cases,

· availability and behavior of internal/external resources and services.

In the control phase the execution of the operational business process is monitored. On
the one hand, individual cases are monitored to be able to give feedback about their status. On
the other hand, case execution data is aggregated to be able to obtain the current performance
of the process. Information about running cases can be used as input for the diagnosis phase.
However, it can also be used to make changes in the process. For example, temporary bottle-
necks may not require a redesign of the process, but the addition of resources or other direct
measures (e.g., not accepting new cases). Hence, the control phase also provides input for the
execution phase.

In the diagnosis phase information collected in the control phase is used to reveal weak-
nesses in the process. In this phase the focus is usually on aggregated performance data and
not on individual cases. This is the domain of process mining [16], business process intelli-
gence [42], data warehousing, and classical data mining techniques. This diagnosis informa-
tion serves as an input for the generation of ideas for redesign (e.g., bottleneck identification)
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and the analysis of redesigns (e.g., with historical data) in the design phase.

IT support for BPM is provided by a BPM system. It is expected that a BPM system sup-
ports each of the phases in the BPM life-cycle. In [14], we presented an evaluation approach
to assess the degree to which each phase in the BPM life-cycle is facilitated by a BPM system.
Moreover, the interoperability among phases (i.e., can information obtained or created in one
phase be used in another phase?) should also be evaluated. We used the approach for an eval-
uation of the FileNet P8 BPM suite [89]. We give a short summary of our findings. FileNet
provides strong support for the configuration, the execution and the control phases. Limited
support is, however, available for the diagnosis and design phases. Some support in the di-
agnosis phase is provided by the aggregation of the execution data and the reporting on these
data with standard reports. However, the identification of bottlenecks is not supported and no
improvement suggestions are generated. Furthermore, in the (re)design phase the creation of
alternative models is not supported. Limited support is available through the representation of
the alternatives and the selection of the best alternative with simulation. The interoperability
is notably supported in the transitions between the design, the configuration, the execution, the
control and the diagnosis phase. At the same time, the interoperability between the diagnosis
and the design phase is limited to the use of historical arrival data for simulation. All other
performance data present in the aggregated data set cannot be passed to the design phase and
should be copied manually. Although interoperability exists between the execution and control
phase, the loop back from control to execution is not supported.

Our main observation after this evaluation is that there is a lack of support for the diagnosis
and design phases and not sufficient interoperability between these two phases. In other words,
typical redesign functionality (e.g., discovering bottlenecks or creating redesigns) is missing.
Therefore, IT support for process redesign is necessary.

In the next section we introduce the foundation of our approach to process redesign: the
BPR best practices.

1.3 BPR Best Practices

For the guidance and support of the redesign process itself, the use of a BPR framework has
been proposed in [112]. This framework is depicted in Figure 1.3. The various components
of the framework help to distinguish the different aspects that can be addressed in a BPR ini-
tiative. Also, a set of 29 BPR best practices has been identified related to the aspects in the
framework [5, 109, 112]. The best practices have been derived by conducting a literature re-
view and evaluating the successful execution of BPR implementations. The framework guides
users to the most appropriate subset of best practices that are relevant to improve a certain
aspect. For each BPR best practice, a qualitative description, its potential effects, and possible
drawbacks are given in [109]. The best practices are discussed in more detail in Chapter 2.
The identified best practices are considered to be applicable across a wide range of domains,
such as governmental, industrial, and financial processes. The framework and its associated
best practices have been validated among a wide group of BPR practitioners in the UK and
the Netherlands. The main conclusion is that the framework is helpful in supporting process
redesign and that its core elements are recognized and frequently put to practice by the BPR
practitioner community [80]. Numerous redesign projects involving the application of the best
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Figure 1.3: The BPR framework as proposed by [112]

practices (e.g., [59, 61, 63, 109, 114]) have been reported upon. One of these projects, [63],
also describes a sequence of successive phases that a BPR initiative supported with BPR best
practices may go through:

· The process is modeled in such a way that it is a realistic image of the real process
and that it can be used for simulation purposes. The process model and the simulation
results for this initial model have to be validated with the process owner.

· For each of the best practices it is considered what part(s) of the process, i.e., set of
tasks, may potentially benefit from this particular best practice. The result of this step is
(a) a list of applicable best practices, and (b) a list of process parts that may be changed
by one or more best practices.

· For each process part, the redesign consultant and the process owner decide which (com-
bination of) best practice(s) is interesting.

· For each combination of a process part and one or more selected best practices, a new
process model is created by adapting the initial model.

· A simulation study is used to evaluate the effect of the new model and the simulation
results are compared with the results of the initial model. The models and results are
validated with the process owner.

· The final step is to decide which of the to-be models are taken into account when actually
redesigning the process.

The application of a (combination of) best practice(s) results in a new process design that
may differ from the original model process. The application of a best practice has an effect on
the performance and [112] gives for each best practice an indication of the expected impact on
various performance dimensions. In [109] the expected effects are also motivated.

As an example we briefly discuss the parallelism best practice. This best practice proposes
to execute tasks in parallel, that is, simultaneously or in an arbitrary order. A positive effect
of the parallel execution of tasks is expected to be a considerable reduction in the lead time
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of the process. A potential negative effect is an increase in costs when it is, for instance, not
necessary to perform all the parallel tasks. Also, the management of concurrent behavior is
more complex leading to more errors (a loss of quality) or restrict run-time adaptations to the
process (loss of flexibility) [109]. So, an improvement in the time dimension of the process
(i.e., a considerable reduction in lead time) can be obtained but with a potential negative effect
on the cost, the quality and/or the flexibility dimensions. The devil’s quadrangle, as depicted
in Figure 1.4, was introduced in [25] to express this trade-off between the various performance
dimensions. In Figure 1.4 each of the four axes represents a performance dimension. Four

TimeCost

Quality

Flexibility

Figure 1.4: An example of the performance effects of the application of the parallelism best practice

performance dimensions are distinguished in [25]: time, cost, quality and flexibility. The
square with the thick line in Figure 1.4 depicts the original performance of a process on the
four dimensions. In the example of the parallelism best practice a faster process execution, i.e.,
an improvement on the time aspect, may only be achieved by accepting additional costs. This
trade-off is expressed in the devil’s quadrangle by a lower value on the time-axe and a higher
value of the cost-axe. This is depicted in Figure 1.4 by the filled area.

1.4 The PrICE Approach
The approach for Process Improvement by Creating and Evaluating Process Alternatives (in
short: the PrICE approach) is developed to provide and support the concrete steps that have to
be taken to get from the as-is process to the to-be process. In Figure 1.5, the PrICE approach is
depicted. The approach supports process improvement phase (3): designing the to-be process
[132]. At the left bottom of Figure 1.5, the input of the approach, a model of an existing
process, is shown. This as-is model is the result of phase (2) of a BPR project: understanding
the as-is process [132]. Then, the four steps of the approach are depicted from left to right in
the middle of Figure 1.5. The four steps are:

1 Find applicable redesign operations: redesign opportunities are identified to find re-
design operations (i.e., operationalizations of the application of the BPR best practices)
that are applicable for the as-is model. In Chapter 4, we sketch how the identification
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Figure 1.5: The PrICE approach

of redesign opportunities can be supported. A possible way to discover opportunities in
the model is the use of process measures which provide a global view on the character-
istics of the model [88]. Moreover, opportunities related to performance issues can be
found with process mining [16]. The idea of process mining is to discover, monitor and
improve business processes by extracting knowledge from event logs.

2 Select suitable process parts: specific parts of the process model that can be redesigned
with one or more of the applicable redesign operations are identified. In Chapter 4, we
present the requirements and tool support for the selection. Process mining can also be
used to support this step of the approach. Then, process mining points to specific places
in the process where changes would be most beneficial, i.e., a local view on the model.
In addition, requirements are set on the process parts that can be selected for redesign to
be able to create correct alternative models. The user is guided in the selection of such
process parts.

3 Create alternative models: the applicable redesign operations are performed on se-
lected process parts, thus, creating alternative process models. The creation of alternative
models is discussed in Chapter 5. The creation of alternatives consists of the transfor-
mation of the selected process part based on a redesign operation and the replacement of
the selected process part with the transformed part. A formal foundation for the creation
of process alternatives is developed to ensure the correctness and to provide a base for
the implementation of the tool kit.

4 Evaluate performance of alternatives: the created alternative models are simulated to
predict their expected performance. Chapter 6 discusses the use of simulation for per-
formance evaluation. Simulation provides quantitative estimates for the impact that a
process redesign will have on the performance. By comparing the simulation results,
a quantitatively supported choice for the best alternative model can be made. The de-
veloped tool support enables simulation in batch, i.e., the simulation of any number of
alternatives without user interaction.
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At the top right of Figure 1.5, the output of the approach is given. It is a model of the to-be
process which is selected from the alternative models based on the performance evaluation.
This to-be process is the input for phase (4) of a BPR project: implementing the new process
[132].

1.5 Main Contributions
The research described in this thesis focuses on the development of support for process re-
design. Five main contributions are reported upon:

· The development of the PrICE approach: The PrICE approach provides an integrated
approach for the diagnosis and the design of business processes. It specifies and supports
the steps that lead from the as-is process to a to-be process [88, 91].

· The development of the PrICE tool kit: The tool kit supports the application of the PrICE
approach and shows the feasibility of our ideas [92]. The provided tool support is im-
plemented as part of the ProM framework [7, 106]. The design team is guided in the
selection of process parts that can be redesigned with a certain redesign operation. Pro-
cess alternatives are created based on the selected process part and the selected redesign
operation. The tool supports simulation in batch, i.e., performing a simulation study
without user interaction. A download [105] and a demonstration environment [107] are
available.

· The creation of correct process alternatives: We give a definition of a process model that
includes information on the control flow, data elements and resources. The control flow
of this process model is a generalization of a WF-net [2] and therefore, the soundness
property [3] holds. A correct process alternative is sound and has a correct data distri-
bution. With a correct data distribution we mean a distribution of the data elements over
the process in such a way that the data elements necessary for the execution of a task
are available when the task becomes enabled. Requirements on the structure and data
distribution are set on the selection of process parts and the creation of alternatives to
ensure the construction of correct process alternatives [90, 91].

· The process alternatives tree: With the process alternatives tree we provide an overview
of the created process alternatives. The root node of the tree represents the original
model. An alternative model may be created from the original model (the root node) or
from one of the alternative models (any other node). The alternatives tree is also used as
input for the evaluation of the performance of the alternatives and to provide an overview
of the simulation results.

· The enhancement of the practical application of simulation in a BPR setting: We evaluate
the performance of the process alternatives with simulation. We present a simulation
plan to make simulation studies more understandable [59]. Furthermore, most of the
steps in a simulation study do not require any input from the user and can therefore be
automated reducing the necessary time investment.

The contributions are described in detail in chapters 3, 4, 5 and 6.
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1.6 Outline of the Thesis
Finally, we present the outline of the thesis as illustrated by Figure 1.6.

Chapter 2 presents the foundations of the PrICE approach, a further discussion of the BPR
best practices and an architecture of the supporting tool kit.

Chapter 3 provides background knowledge on process modeling and analysis.

Chapter 4 discusses the selection of applicable redesign operations and suitable process parts.

Chapter 5 describes the creation of alternative process models.

Chapter 6 focuses on the evaluation of alternative process models with simulation.

Chapter 7 describes several applications of the PrICE approach.

Chapter 8 discusses the work presented in this thesis and summarizes the contributions.
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Figure 1.6: The outline of the thesis presented on the PrICE approach



Chapter 2

Towards an Approach for Process
Improvement

In the first chapter we discussed Business Process Redesign (BPR) and Business Process Man-
agement (BPM). Based on this discussion we concluded that there is no systematic support
for process improvement available. As a possible solution we developed the PrICE approach.
The PrICE approach builds on the BPR best practices that are introduced in Chapter 1 and is
supported by a tool kit. The approach describes the steps that a design team has to take in order
to create and evaluate process alternatives starting from an existing process model. The tool kit
provides automated support for the steps as well as guidance for the design team. In this chap-
ter we discuss the BPR best practices, which have been the starting point for the development
of the PrICE approach, in more detail. The application of a subset of the best practices, the
so-called control flow best practices, is supported with the PrICE approach. Furthermore, we
discuss the technical infrastructure that has been developed. Finally, we introduce a running
example and present related work.

2.1 Foundations
In Chapter 1 we discussed the relevant topics for conducting a BPR project and sketched cur-
rent practice. A BPR project roughly distinguishes four phases: (1) framing the process of
interest, (2) understanding the as-is process, (3) designing the to-be process, and (4) imple-
menting the new process [132]. Our focus is on phase (3). Ideally, a number of issues are
addressed when designing the to-be process. These are displayed in Figure 2.1. The starting
point of a design effort is an as-is situation in a company. The as-is situation is captured in a
process model and information on the process execution. In conducting the design of the to-be
process, there are three central questions that need to be addressed:

· What matters?: What are the design goals and what performance dimensions need to
be improved?

· What changes?: What type of changes should be made?

· Where to change?: Where in the process should changes be introduced?
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Answers to the central questions facilitate the creation and evaluation of to-be processes.
Usually, multiple alternative models are created and the alternatives are evaluated against the
design goals. Based on the evaluation, the most favorable alternative model is selected as the
to-be process and implemented.
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To-be Process
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Figure 2.1: The basic idea of a process design effort

BPR best practices can serve as an aid for answering the central questions. A list of BPR
best practices [109, 112] is given in Table 2.1. The answer to What matters? includes the
goals for the design and the performance dimensions that are most important to the organiza-
tion. For each of the BPR best practices the expected effects on the process performance are
given [112]. A best practice may influence the time, costs, quality and/or flexibility dimension
of a process. So, when the design goal is to minimize costs, best practices that are likely to
reduce costs should be used in the design. The answer to What changes? involves the type of
changes that could be made to the as-is process in order to create an alternative model. Each
best practice describes a type of change, see Table 2.1 for these descriptions. The answer to
Where to change? indicates the points in the process where changes should be introduced.
For some of the best practices, the description also states where in the process the change needs
to be made to have an effect. An example of such a best practice is the Knock-out best prac-
tice. As an example of a BPR best practice we provide a detailed discussion of the Knock-out
best practice in the framed text area.
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The Knock-out best practice [5] proposes to “order knock-outs in an increasing order
of effort and a decreasing effort of termination probability”. A knock-out is a part of
the process where cases are checked. The result of a check can be not OK (leading
to a direct rejection of the case) or OK (leading to an acceptance of the case if all
checks are OK). For this best practice the included type of change is the re-ordering
of knock-out tasks. The change can be made for a knock-out in the process, which
prescribes where to introduce the change. Quantitative support for determining the
best execution order for the knock-out tasks is described in detail by [5]. We use
the example from [5] to explain the quantitative support for the knock-out problem.
The example involves a process that supports a bank in deciding whether or not a
mortgage for buying a house will be given. There are five checks: (A) Check salary
of mortgagee, (B) Check current debts, (C) Check mortgage history, (D) Check
collateral, and (E) Check insurance. If the result of any of these checks is NOK, the
mortgage request is rejected. The mortgage is only given if all checks have a positive
outcome. There are two precedence relations: both tasks D and E need the result of
task C. The following Table provides information related to this knock-out process.

Task Resource Processing Failure Reject
assignment (ra) time (pt) probability (fp) probability (rp)

A X 35 0.05 0.10
B X 30 0.05 0.15
C Y 20 0.10 0.20
D Y 15 0.10 0.15
E Z 20 0.05 0.20

In total, there are 6 employees with role X, 4 with role Y and 3 with role Z allo-
cated to the mortgage process. Each day (8 hours) 40 new requests arrive. Finally,
the time needed to synchronize the result of multiple tasks is 6 minutes. In [5] it is
investigated whether the described knock-out process can be improved with respect
to resource utilization and lead time. A characteristic of a knock-out process is that
most checks can be executed in any order resulting in a high freedom in the ordering
of the knock-out tasks in the process. A task is selective if the reject probability is
high and a task is expensive if the average processing time is high. Clearly, it is wise
to start with selective tasks that are not expensive and postpone the expensive tasks
that are not selective as long as possible. This is formulated in the following propo-
sition [5]: “Tasks sharing the same resource should be ordered in descending order
using the ratio [rp(t)(1− fp(t))]/(pt(t)) to obtain an optimal process with respect to
resource utilization and maximal throughput (capacity of the process).” [5]. See [5]
for the proof of this proposition and the precise conditions. Task A and task B in the
example knock-out process are both executed by a resource with role X. Applying the
proposition shows that resource utilization and maximal throughput will improve if
task B is executed before task A.
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The application of best practices to a process may result in a change in one or more of the
views on a process. These views are called process perspectives [10, 58]. In this thesis we
consider four perspectives on the process:

· the control flow perspective describes the tasks in the process and their execution order,

· the data perspective focuses on the processing of data, imposing pre- and post-conditions
on the task execution,

· the resource perspective involves the organizational structure, i.e., the resources per-
forming the task execution, and

· the performance perspective describes the performance of the process, i.e., how the
process performs with respect to time, costs, etc.

With the application of the BPR best practices, one or more of the perspectives on the process
are influenced. The perspectives are combined in a so-called high-level (HL) model. Such a
model specifies the control flow of the process, the data and the resources that are involved
and performance information. An example of a HL model is depicted in Figure 2.2. The
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Figure 2.2: A high-level process model including the control flow, the data, the resource and the perfor-
mance perspective

ordering of the tasks in the process is related to the control flow perspective. In a HL model,
tasks may have a role assigned to them. Furthermore, data elements are related to the tasks.
A task can only be executed when the data elements that are necessary for its execution are
available. We refer to this type of data elements as the task’s input data elements. After the
execution of a task, new data elements may have been created; we refer to these as output data
elements. The output data element(s) of one task can be used as input data element(s) of other
tasks in the process. In Figure 2.2 we included one performance indicator: the average pro-
cessing time per task. Other performance indicators are, for example, the average waiting time
per task, the average investment for machinery per task (e.g., task automation or supporting
applications like Word) and average labor flexibility per resource (i.e., the ability to perform
different tasks).

Table 2.1 lists a set of BPR best practices as presented by [112]. For each best practice, its
name, a short description and the aspect of the BPR framework is given. The framework as-
pects guide users to the most appropriate subset of best practices that are relevant in improving
this particular aspect.
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In Table 2.1 the best practices are discussed per class as distinguished in [109]:

· Task rules, focusing on the optimization of individual tasks in the process,

· Routing rules, attempting to improve upon the routing structure of the process,

· Allocation rules, improving the allocation of the resources working on the process,

· Resource rules, focusing on the type and number of resources involved in the process,

· Rules for external parties, improving the collaboration and communication with the
client and third parties, and

· Integral workflow rules, applicable to the process as a whole.

Table 2.1: BPR best practices [109, 112]

Name Description Framework aspect
Task Rules

Task Elimination eliminate unnecessary tasks from a workflow Operation view
Task Addition add tasks, e.g., control tasks, to a process Org.-population
Task Composition combine small tasks into composite tasks and Operation view

divide a large task into workable smaller tasks
Task Automation consider automating tasks Technology

Routing Rules
Resequencing move tasks to more appropriate places Behavioral view
Knock-out order knock-outs in an increasing order of Behavioral view

effort and a decreasing effort of termination
probability

Control Relocation move controls towards the client Customers
Parallelism consider whether tasks may be executed in Behavioral view

parallel
Triage consider the division of a general task into Operation view

two or more alternative tasks or the opposite
Allocation Rules

Case Manager appoint one person as responsible for Org.-structure
the handling of each case

Case Assignment let workers perform as many steps Org.-structure
as possible for single cases

Customer Teams consider assigning teams out of Org.-structure
different departmental workers that
take care of specific sorts of cases

Flexible assign resources in such a way that maximal Org.-structure
Assignment flexibility is preserved for the near future
Resource treat geographically dispersed resources as Org.-structure
Centralization if they are centralized
Split avoid assignment of task responsibilities Org.-structure
Responsibilities to people from different functional units

Resource Rules
Continued on next page
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Table 2.1 – continued from previous page
Numerical minimize the number of departments, groups Org.-structure
Involvement and persons involved in a process
Extra Resources increase capacity of a certain resource class Org.-population
Specialist- consider making resources more specialistic Org.-population
Generalist or generic
Empower give workers most of the decision-making Org.-population

authority and reduce middle management
Rules for External Parties

Integration consider the integration with a workflow Customers
of the client or a supplier

Outsourcing consider outsourcing a workflow in whole External
or parts of it

Interfacing consider a standardized interface with External
clients and partners

Contact Reduction reduce the number of contacts with Customers
clients and third parties

Buffering subscribe to updates instead of requesting Information
information from an external source

Trusted party instead of determining information oneself, External
use results of a trusted party

Integral Workflow Rules
Case Types distinguish new workflows and product types Operation view

for tasks related to the same type of case
Technology try to elevate physical constraints in a Technology

workflow by applying new technology
Exception design workflows for typical cases and Behavioral view

isolate exceptional cases from the normal flow
Case-Based Work consider removing batch-processing and Operation view

periodic activities for a workflow

The grouping shows that the best practices span a broad range of changes, from optimizing
a single task to integrating a complete process with the process of a third party. Also, different
perspectives on the process are involved. The task rules and the routing rules, for instance,
clearly focus on the control flow perspective, while the allocation and resource rules mainly
affect the resource perspective. We start by developing support for a subset of the 29 best
practices. We focus on the best practices that are in the first two categories mentioned:
task rules and routing rules. These best practices suggest a change in the control flow.
Many research topics related to processes were at first studied from a control flow perspective.
An example is the research on the correctness of processes where the main focus is on the
soundness of the control flow [2, 6, 35, 84]. Only recently the notion of soundness of processes
with data is being researched [133, 139]. Another example is the work on the workflow patterns
[10]. First, the control flow patterns were developed [10] and later the workflow data patterns
[125] and the workflow resource patterns [126] followed.
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The main perspective that is influenced by a task rule or a routing rule is the control
flow of the process, but the data and/or the resource perspectives are used to create the
change in the control flow. The parallelism best practice is an example of a best practice
which changes the control flow by taking the data perspective into consideration. Figure 2.3
illustrates the general application of the parallelism best practice.
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Figure 2.3: General application of the parallelism best practice

The data perspective is used to decide which tasks can be executed in parallel. Since the output
data elements of task A are the input data elements of tasks B and C, task B and task C are
placed after task A. Task B does not create output data that is input data for task C and vice
versa, so task B and task C can be executed in parallel. Note that an analysis of the data flow
shows that task A cannot be put in parallel with task B.

2.2 Control Flow Best Practices
In [109], 4 best practices are categorized as task rule and 5 best practices as routing rule. We
refer to these best practices as control flow best practices. The remainder of the thesis will
focus on these control flow best practices. Therefore, we provide a detailed description of each
best practice rather than only referring to the original source. We present a general descrip-
tion, the pros and cons of its application and a picture illustrating the proposed change. The
descriptions and pictures are taken from [109]. We also include the references that are given
by [109] to indicate the origin of the best practice. For some of the best practices quantitative
guidelines and examples are discussed.

2.2.1 Task Elimination
With the application of the task elimination best practice unnecessary tasks are eliminated
from a process (see Figure 2.4) [109]. 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 process do not
add value; they are incorporated in the model to fix problems that are created in earlier steps.
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1 2 3

Figure 2.4: Task elimination

Control tasks are often modeled as iterations and reconciliation tasks. The aims of this best
practice is 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 [109]. The elimination
of tasks to improve processes is discussed in [8, 21, 103].

A discussion on the reduction of checks and controls is provided by [26]. According
to [26] the real issue to tackle is where to locate the checks and controls in the process.
[26] compares a system with local checking (after each task a check and any necessary
rectifications are immediately performed) and a system with overall checking (there is
one final check at the end of the process where also any mistakes are rectified). From
the comparison it follows that check reduction can be best performed for relatively rare
and difficult problems. Frequent, easy-to-fix problems are best checked and corrected
where they occur rather then deferring the checking to the end of the process [26].

2.2.2 Task Addition
The task addition best practice is: add tasks, like an additional control task, to the process
(see Figure 2.5) [109]. The addition of controls to a process may lead to a higher quality of
the process execution and, as a result, to less rework. But an additional control requires more
time and absorbs resources. Note the contrast of this best practice with the intent of the task
elimination best practice [109]. The best practice is mentioned by [104].

1 2 3X

Figure 2.5: Task addition

2.2.3 Task Composition
The task composition best practice suggest to combine small tasks into composite tasks and
to divide large tasks into workable smaller tasks (see Figure 2.6) [109].

1 + 2 3

Figure 2.6: Task composition
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A reduction of setup times, that is, the time a resource spends to become familiar with the
specifics of a case, is expected from combining tasks. Another positive effect that may be the
result of the execution of a large task which used to consist of several smaller ones is a better
quality of the delivered work. Making tasks too large may result in lower quality as tasks may
become unworkable. A drawback of larger tasks is also a smaller run-time flexibility. The
effects are exactly the opposite if tasks are divided into smaller tasks. This best practice is
described frequently, for instance by [6, 8, 21, 49, 103, 111, 124, 129].

Quantitative support for the optimality of the task composition best practice for sim-
ple models is discussed by [5, 6, 8, 26]. In [26], for instance, combining several tasks
into one composite task is discussed by comparing a series system with a parallel sys-
tem. In the series system a case visits all facilities where each facility is dedicated
to one single task. In the parallel system a number of identical facilities are available
and one facility performs all required tasks for a single case. So, the parallel system
can be seen as one composite task combining all the tasks. With the parallel system
different strategies can be used to allocate cases to the facilities: 1) random allocation,
2) cyclic allocation (the first case goes to facility 1, the second to facility 2 and so
on), and 3) single queue (from this queue a case goes to any idle facility). The total
average queue length is determined for heavy traffic (large inflow of cases) and light
or moderate traffic. From the heavy traffic comparison it follows that the single queue
system always performs better than the series system. For the light or moderate traf-
fic, it follows that the cyclic allocation always outperforms the series system. But if
the utilization of the facilities is small (light traffic) series is in some cases better than
parallel with random allocation. From this simple example it follows that the success
of task composition depends on the level of case inflow and the chosen strategy for the
allocation of cases. It is likely that for complex processes more factors influence the
change in performance that results from the application of the task composition best
practice.

2.2.4 Task Automation

With the task automation best practice tasks are automated (see Figure 2.7) [109].

1 3

Figure 2.7: Task automation

Automating tasks may have the positive effect that tasks can be executed faster, with less costs
and with a better result. A downside of automation can be that a system performing a task
is less flexible in handling exceptions. Also semi-automation, i.e., supporting the resource
performing a task, may therefore also be considered. Another disadvantage may be that the
development of an automating system that supports or executes the (semi-)automated tasks
may be expensive. This best practice is mentioned by [21] and [103].
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2.2.5 Resequencing

With the application of the resequencing best practice tasks are moved to more appropriate
places in the process (see Figure 2.8) [109].

3 1 2

Figure 2.8: Resequencing

In existing processes, the actual ordering of tasks does not give full information on the logical
restrictions that have to be maintained between the tasks. Sometimes, it is better to postpone
a task if its execution is not directly required for the execution of its succeeding tasks. Later,
its execution may prove to be superfluous and costs are saved. Or a task may be moved into
the proximity of a similar task, thus, diminishing setup times. In the following, we discuss the
knock-out and the parallelism best practices, which are specific applications of the resequenc-
ing best practice [109]. [70] mentions the resequencing best practice.

2.2.6 Control Relocation

The control relocation best practice suggests to move controls towards the client (see Fig-
ure 2.9) [109].

32

Figure 2.9: Control relocation

Different checks and controls in the workflow may be performed by the client. In [70] the
example is given of Pacific Bell that moved its billing controls towards its clients. This elim-
inated the bulk of its billing errors and improved client satisfaction. A drawback of moving a
control towards a client is a higher probability of fraud.

2.2.7 Knock-Out

The knock-out best practice is: order knock-outs in an increasing order of effort and in a
decreasing order of termination probability (see Figure 2.10) [5, 109].

213

Figure 2.10: Knock-out
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A typical part of a process is the checking of various conditions that must be satisfied to deliver
a positive end result. Any condition that is not met leads to the immediate termination of that
part of the process, the knock-out. If it is possible to choose the order in which the various
conditions are checked, the condition that has the most favorable ratio of expected knock-out
probability versus the expected effort needs to be performed first. Ordering the conditions
according to this ratio yields on average the least costly process execution. There is no obvi-
ous drawback in applying this best practice [109]. This best practice is discussed by [5, 111].
Quantitative support is provided by [5, 59].

In the beginning of this chapter we discussed the strategy to obtain the optimal order-
ing of a knock-out process as presented by [5]. In [59], we propose an approach that
can be used to quantify the impact of a BPR project on all performance dimensions.
With the approach, we provide a quantitative understanding of what impact on the
performance is to be expected from the application of the knock-out best practice [59].

Similar to [5] we investigate the resequencing of the knock-out tasks, combining
tasks and placing tasks in parallel. Applying resequencing to processes with knockout
tasks results in lower, more balanced utilizations and lower work in process (WIP)
costs, both leading to a less costly process execution. In addition, also flexibility
increases, which positively influences the performance of the workflow as well. In
most processes, application of the resequencing rule results in a decrease in lead time.
However, when the arrival rate is too low to cause queues, or the utilizations of the
resource classes are too unbalanced for the rule to balance them, implementation
of the resequencing does not result in a reduction of lead time. The quality of the
process is not affected by the resequencing rule.

Application of the combining tasks rule leads to a considerable decrease in lead
time. In some settings it also has a positive impact on the utilizations, the WIP
costs, and flexibility. Quality may be lowered when the combination of two or
more knock-out tasks into one task leads to too large tasks. Putting sequential
knock-out tasks in parallel leads to a decrease in lead time and to lower WIP
costs. The highest positive impact can be expected when the following conditions
are satisfied: (1) The service times of the parallel tasks are of the same order of
magnitude, (2) the parallel reject probabilities are small, (3) the arrival rates are
low, and (4) none of the resource classes are overloaded as a result of putting tasks
in parallel. The positive impact of the parallel tasks rule decreases and some mea-
sures are even negatively affected when one or more of the conditions are not satisfied.

The quantitative approach is also used to evaluate the performance impact of the par-
allelism and the triage best practice [59].
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2.2.8 Parallelism

The parallelism best practice suggests to consider whether tasks may be executed in parallel
(see Figure 2.11) [109].

1

2

3

Figure 2.11: Parallelism

The obvious benefit of the application of the parallelism best practice is a considerable re-
duction in lead time. It is the experience of [109] that existing processes are mostly ordered
sequentially without the existence of hard logical restrictions prescribing such an order. The
management of processes with concurrent behavior can become more complex, which may
introduce errors (quality) or restrict run-time adaptations (flexibility) [109]. This best practice
is mentioned by [8, 21, 124].

As an example of the lead time reduction that can be obtained with the parallelism
best practice consider two parallel flows with lead times of respectively 3 weeks and
4 weeks. The total flow will be 4 weeks. The lead time will be 7 weeks if the two
flows are executed in a sequence [5]. Although an application of the parallelism best
practice increases the queueing times in the process, there is a decrease in lead time
since these waiting times are put in parallel [59]. Putting two sequential tasks in
parallel also increases the resource utilization and reduces the maximal throughput
[5]. In [5] quantitative guidelines are provided for deciding if tasks should be placed
in parallel. The guidelines are given for a redesign of a knock-out process, but most
guidelines are not limited to processes with knock-out tasks.

“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 lead times of the parallel subprocesses are of the same order of magnitude.

· The reject probabilities are rather small.

· There is no overloading of any role as a result of putting tasks in parallel, i.e.,
the resulting utilization rates are acceptable.

· The time needed to synchronize is limited.” [5].

Note that from these five guidelines the third guideline is only relevant for knock-out
processes. The other four guidelines can also be used when applying the parallelism
best practice to other processes.
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2.2.9 Triage

The main interpretation of the triage best practice is: consider the division of a general task
into two or more alternative tasks (see Figure 2.12). Its opposite (and less popular) formulation
is: consider the integration of two or more alternative tasks into one general task [109].

1

2

3

Figure 2.12: Triage

When applying the best practice in its main form, tasks are better aligned with the capabilities
of resources and the characteristics of the case. This improves the quality of the process. Dis-
tinguishing alternative tasks may also facilitate a better utilization of the resources, with cost
and time advantages. A classic example of triage is the triage of wounded soldiers. In a war,
during battle, there is limited capacity for the surgery of wounded soldiers. Wounded soldiers
are examined and split up in the cases that are most likely to survive and which will receive
surgery and the hopeless cases which are unlikely to recover and are therefore not treated but
only receive morphine. On the other hand, too much specialization can make processes be-
come less flexible, less efficient, and cause monotonous work with repercussions for quality.
The alternative interpretation of the triage best practice performs the counteract.

A special form of the triage best practice is to divide a task into similar instead of alter-
native tasks for different subcategories of the case type. An example would be a separate cash
desk for clients with an expected low processing time. Another example is an emergency room
in a hospital where less urgent patients have to wait longer. The triage best practice is related
to the task composition best practice in the sense that both are concerned with the division and
combination of tasks. The difference is that the triage best practice considers alternative tasks.
The triage concept is mentioned by [8, 21, 70].

The triage best practice can also be applied within the setting of a call center [61, 158].
Recognizing a division into case types enables the consideration of alternative process
designs per (group of) case type(s); this is called triage. The case type depends, for in-
stance, on the classification of a call as standard or special. Furthermore, a distinction
can be made between synchronous and asynchronous requests. In [61], we compare
a call center design where synchronous and asynchronous requests are handled in the
same way with a call center design where asynchronous requests are handled sepa-
rately. Both designs have been tested under varying circumstances, e.g., with changes
in the inflow of cases or with changes in the number of available resources. A design
where asynchronous requests are handled separately performs better on the speed of
answering and has a shorter lead time. These improvements are significant for each of
the tested variations.



24 Chapter 2

2.3 Redesign Operations

In the previous section we identified nine best practices. The application of any of the best
practices creates an explicit change in the control flow of a process. The concrete creation of a
process alternative through the application of one of these control flow best practices is spec-
ified with redesign operations. Table 2.2 lists for each best practice the redesign operation(s)
that can be used to perform the creation of a process alternative. For the task composition

Table 2.2: The control flow best practices and the redesign operations that specify their application.

BPR best practice Redesign operation Formalized Implemented
Task Elimination Remove Task X
Task Addition Add Task X
Task Composition Compose X X

Unfold X
Group X

Task Automation - X
Resequencing Sequentialize X X

Add Task X
Remove Task X

Control Relocation Remove Task X
Knock-Out Sequentialize X X

Add Task X
Remove Task X

Parallelism Parallelize X X
Triage Compose X X

Unfold X

best practice, for instance, three redesign operations are listed. The first operation, compose,
specifies the creation of a process alternative that combines several smaller tasks into one com-
posite task. With task composition, a composite task can also be divided into smaller tasks,
this is specified with the unfold operation. The third operation, group, specifies the prepara-
tion of a process for the combining of tasks. Table 2.3 gives a short description of each of the
redesign operations. As indicated in Table 2.2, we provide a formalization for the parallelize,
sequentialize, compose, and unfold operations. These redesign operations and their formal
definition are discussed in detail in Chapter 5. Furthermore, we implemented tool support for
all redesign operations (except for the unfold operation), thus supporting the control flow best
practices.

2.4 Technical Infrastructure

The PrICE approach is supported with a tool kit. Its technical infrastructure and its environ-
ment are discussed in this section. First, we discuss the ProM framework, the platform on
which we implemented our tool kit. Then, we present the architecture and finally the look and
feel.
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Table 2.3: Redesign operations and their descriptions.

Redesign operation Description
Parallelize put tasks in parallel
Sequentialize put tasks in a sequence
Add Task add a task
Remove Task remove a task
Group place tasks with the same role together
Compose replace tasks with the same role with one composite task
Unfold replace a composite task with the tasks it is composed from

2.4.1 ProM Framework

The PrICE tool kit is developed as part of the Process Mining (ProM) framework [7, 106].
Because of this implementation in the ProM framework we did not have to start our implemen-
tation from scratch. The ProM framework supports the import and export of process models
in several modeling languages and the conversion to a simulation model. Another advantage
of using the ProM framework are the available process mining and analysis techniques. The
ProM framework is developed as a platform for process mining techniques. The idea of pro-
cess mining is to discover, monitor and improve business processes by extracting knowledge
from event logs. We will use Figure 2.13 and the BPM life-cycle (see Figure 1.2) to explain
process mining and the three classes of process mining techniques [7].

information
system

operational
process

models
event
logs

models

discovery

records

configures

supports/
controls

extension

conformance

Figure 2.13: Process mining [7]

In the configuration phase of the BPM life-cycle, an information system is configured
according to a process model. The information system supports the execution of the process
in the execution phase. The process execution is monitored by the information system (control
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phase) and is recorded by the information system in event logs. An event log is a collection of
events where each event may contain information on the activities in the process, the case or
process instance, the originators executing the activities, and time stamps [7]. The event logs
from the process execution are used in the diagnosis phase for [7]:

· Discovery: There is no a-priori model, i.e., based on an event log some model is con-
structed. For example, using the alpha algorithm [17] a process model can be discovered
based on low-level events. Other process mining techniques are described in [20, 37, 45].
Besides the control flow perspective, process mining research also targets the other per-
spectives (e.g., data, resources, time, etc.). For example, the technique described in
[15, 134] can be used to construct a social network to discover how people work to-
gether.

· Conformance: There is an a-priori model. This model is compared with the event log
and discrepancies between the log and the model are analyzed. Conformance checking
may be used to detect deviations, to locate and explain these deviations, and to measure
the severity of these deviations. This information can be used to redesign the process
where it does not fit or to improve the control of the system to make sure that reality
follows the desired process. An example is the conformance checker described in [120]
which compares the event log with some a-priori process model expressed in terms of a
Petri net.

· Extension: There is an a-priori model. This model is extended with a new aspect or
perspective. An example is the extension of a process model with performance data. This
can be used to enrich process models with information relevant for simulation purposes
(e.g., routing probabilities, service times, inter-arrival times, etc.) [122]. The simulation
models can be used to evaluate the performance of various redesign alternatives. Another
example is the decision miner described in [119] which takes an a-priori process model
and analyzes every decision point in the process model.

The ProM framework that implements the process mining techniques is open-source and
plug-able, i.e., people can plug in new pieces of functionality [106]. The framework provides
a wide variety of model type implementations, which can be used as input or output for these
plugins. The framework supports common functionality, like reading, storing and visualizing,
for the various model types. The models and other objects in ProM are located in an object
pool that can be accessed by every plugin in the framework. A plugin can use objects from the
object pool as input and can transfer its output(s) back into the pool. With this shared object
pool, the output of one plugin can be used as input for another plugin, enabling plugins to
leverage the functionality of other plugins [45]. Together with the support that process mining
techniques offer for the diagnosis phase of the BPM life-cycle, these features make the ProM
framework the ideal platform for the implementation of our ideas. The architecture of the ProM
framework is given in Figure 2.14. Plugins in the ProM framework are grouped according to
the type of functionality provided [45].

· An import plugin reads a specific model type from a specific input format. The im-
ported object is added to the object pool.

· An export plugin takes an object from a specific model type from the object pool and
stores it in a specific output format.

· A conversion plugin transforms a model of a specific type (e.g., an EPC) to another
model type (e.g., a Petri net).
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Figure 2.14: Architecture of the ProM framework [45]

· A log filter plugin transforms an event log to another event log, for instance, as a pre-
processing step before the actual analysis.

· A mining plugin applies a process mining technique to an event log to create one or
more models. A mining plugin usually allows the user to set configuration options and
presents a visualization of the mining result(s).

· An analysis plugin is the most flexible type of plugin in the framework. It can use any
combination of model types from the object pool as input and returns an arbitrary set of
resulting objects. Just like a mining plugin, an analysis plugin typically provides a user
interface to set parameters or to present the results.

2.4.2 Architecture of the PrICE Tool Kit
The PrICE approach is supported by a sophisticated process redesign tool kit which has been
developed as part of the ProM framework. We use Figure 2.15 to sketch the technical infras-
tructure of the tool kit.

We already introduced a generic process format, called high-level (HL) model, to specify
the control flow, data, resource and performance perspectives (see Figure 2.2). Several model-
ing languages can be used to model such a HL model. Protos [99] is one of these languages.
If the HL model is implemented for a Protos model, it is called a HL Protos model. Another
modeling language that is fully supported by ProM and our tool kit is YAWL [9]. This sup-
port for HL YAWL is implemented and described by [123]. It is possible to extend the ProM
framework to support other languages. The use of one of the many mining plugins is another
possible means to obtain a process model and process information. The discovery of a com-
plete simulation model from an event log [122] is an example of this. Such a simulation model
is implemented as a HL PetriNet model.
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At the top left side of Figure 2.15, indicated with (1), a Protos model is imported to the
object pool in ProM. The information on the data and the resource perspective that is present in
the Protos model is converted to the HL format and stored as a HL Protos model in the object
pool (see (2) in Figure 2.15). Then, the control flow of the HL Protos model is converted to a
Petri net, thus creating a HL PetriNet model (see (3) in Figure 2.15). The redesign functionality
is available through the Redesign Analysis plugin [107] (see (4) in Figure 2.15). The Redesign
Analysis plugin supports the creation of alternative models with the application of the redesign
operations, which have been discussed in Section 2.3.
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Figure 2.15: Tool kit architecture

For the evaluation of the performance of alternative models we use Colored Petri nets (CPNs).
The collection of alternative models is converted to CPN models with the CPN Export plugin
[122] and analyzed using CPN tools [31] (see (5) in Figure 2.15). CPN Tools provides support
for the modeling and simulation of business processes. A simulation engine for the automatic
simulation of multiple CPN models is used for performance evaluation (see (6) in Figure 2.15).
We built the simulation engine on the Access/CPN framework [155]. The simulation results
are returned to the Redesign Analysis plugin (see (7) in Figure 2.15).

The PrICE tool kit is made available through download and through the SHARE system
[131]. A download of the tool kit can be performed from [105] which provides the latest
internal version of ProM 5. Additional information can be found on [107]. With the SHARE
system, an environment to test and play with the tool kit is provided. The environment includes
the tool, a tutorial, a screencast and several input models for the tool. The environment can be
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accessed from [107] after registration. A discussion of the main features of the PrICE tool kit
is published in [92].

2.4.3 Redesign Analysis Plugin

The Redesign Analysis plugin needs a HL PetriNet model as input. This model serves as
the original model for which the creation of alternative models is started. An overview of
the Redesign Analysis plugin is depicted in Figure 2.16. The lower half of the user interface
presents the functionality for the creation of an alternative model. First, an applicable redesign
operation is selected. Then, a process part for redesign is selected by the user by clicking on
the tasks in the process model. Colors are used to guide the user in this selection process. This
part of the tool support will be discussed in Chapter 4. If a suitable process part is selected, the
redesign operation is performed and an alternative model is created. This will be discussed in
Chapter 5.

Figure 2.16: Tool support: the top half shows a tree with alternative models (including the original
process); the lower half zooms in on one specific alternative model.

The upper part of the user interface, as depicted in Figure 2.16 displays a tree of alterna-
tive models and includes one node representing the original model. With each application of
a redesign operation on a specific process part, another alternative model is created. An appli-
cation may start from the original model or from any of the created alternative models. The
tree of alternative models will be discussed in Chapter 6. Besides the application of a redesign
operation, it is also possible to change parameters, like the number of available resources or
the processing time of a task, in a process model.

The performance of the models in the alternatives tree is evaluated with simulation. Any
number of alternative models can be simulated in batch, i.e., without further user interaction.
Before the start of the batch simulation, a Key Performance Indicator (KPI), like the lead time,
is selected and the simulation settings, like the number of subruns and the case generation
scheme, are set by the user. Afterwards the simulation results are displayed on the tree nodes.
The nodes are also colored to provide a visual overview. The tool support for the evaluation of
process alternatives is discussed in Chapter 6.
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Recall that with the PrICE approach we focus on supporting phase (3) of a BPR project:
designing the to-be process [132]. In practice, this phase is generally executed in a highly par-
ticipative fashion. Management consultants encourage business professionals within a work-
shop setting to think of one or more alternatives for the as-is process. It is important to stress
here that the PrICE approach is not presented as a complete replacement of the work-
shop centered, participative way in which process redesign is usually performed. Because
the same steps are followed in our approach that are present in the current practice of process
redesign, it seems viable to support the interaction between business professionals with the
PrICE approach and tool kit. The application scenario we envision is that in a workshop a set
of attractive redesign alternatives is created supported with the PrICE tool kit. The creation
of alternative models is a highly interactive activity. The user is involved to benefit from her
knowledge and to ensure that the alternative models are feasible. The tool automates the parts
that do not need user interaction and supports the user in creating alternative models in a sys-
tematic manner. During a break or afterwards, all or a selection of these designs are simulated
in batch, i.e., without further user interaction.

2.5 Running Example

Throughout the thesis we will use a running example to illustrate our ideas. The example is
an imaginary blood donation process, which is depicted in Figure 2.17. In Figure 2.17, we
already use the formal notations of the process elements, but we explain their formal meaning
in Chapter 3. In this section, we introduce the blood donation process on a more abstract level.
The process is modeled as a WF-net with a relaxation of one of its requirements: it has to start
and end with one node, i.e., the process can also start with a transition like in Figure 2.17.

The process starts when a blood donor arrives at a donation center. She has to identify
herself and her presence is registered by a desk clerk. The desk clerk instructs the donor on
the procedure and provides a questionnaire. Then, the donor fills out the questionnaire and has
her blood condition checked. These two tasks can be done in any order. The blood condition
check consists of a check of the blood pressure and a check of the hemoglobin (Hb) value.
In parallel, one of the desk clerks prints the labels. After this, the nurse takes blood from the
donor. The nurse first takes some blood samples that will be tested in the lab and then attaches
a bag that is filled with the donor’s blood. In the lab, the blood samples are tested for several
diseases. First, a test on the hepatitis B and C virus is done by the lab analyst. Then, a lab
assistant tests a blood sample on the Human T-cell Lymphotropic Virus (HTLV). Then, a blood
sample is tested on the Human Immunodeficiency Virus (HIV) by a lab analyst. This HIV test
consists of two separate tests on HIV and a comparison of the results. Finally, the lab analyst
evaluates the results of all tests to decide whether the bag of blood is safe and can be used.
Based on the evaluation, the blood is either accepted or rejected for transfusion. Both tasks are
performed by the lab assistant. Finally, the lab assistant archives the results.

The blood donation process consists of 14 tasks. Two of these tasks, Check blood
condition and Test on HIV, are composite tasks. A composite task represents a sub-
process that divides the composite task into several smaller tasks. The composite task is used
if a task is large or complicated to perform. In the process, tasks may have a role assigned
to them. Only employees with the required role are able to perform a certain task, e.g. task
Instruct donor may only be performed by someone with the role of desk clerk. Further-
more, data dependencies exist between tasks. A task can only be executed when the (input)
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Figure 2.17: Example: The blood donation process
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data elements that are necessary for its execution are available (see Figure 2.2). After the
execution of a task, (output) data elements may become available. For example, for the ex-
ecution of task Instruct donor data on the donor (denoted in Figure 2.17 as input data
element id) is necessary. The data elements that become available after the execution of task
Instruct donor are the instruction (data element ins) and the questionnaire (data element
q). Task Answer question form requires for its execution the availability of the infor-
mation on the donor (id) (already available after the execution of task Register donor),
the instruction (ins) and the questionnaire (q) and cannot be executed before task Instruct
donor is finished and the instruction (ins) and the questionnaire (q) have become available.

With the PrICE approach it is possible to create an alternative process model for the blood
donation process. We give an example of such a redesign to illustrate the basic idea. In the
first part of the current process, multiple smaller tasks are performed by a desk clerk. Before
the execution of a task, a resource has to get acquainted with the case. To reduce the time
that is spent on familiarizing oneself with the case, i.e., the setup time, it would be an option
to combine the tasks that are performed by a desk clerk. As a result, one resource with the
required role performs all tasks for one donor. The positive effect of this redesign is expected
to be a reduction in setup times. Another possible outcome of this redesign is that each donor
only has to interact with one desk clerk. It is expected that the donor perceives a higher quality
of the delivered work as a result.

In the other half of the process, the lab tests are performed one after another. Unnecessary
waiting times are introduced since the result of one test is not required for another test. A
reduction of the lead time is expected when (some of) the tests are executed in parallel. Apart
from the waiting time reduction, it is expected that there is more flexibility in a more parallel
process structure. This flexibility is a result of the increase in possible orderings of the tasks.
The involved resources have more freedom to schedule their work and to perform tasks in an
order they prefer. Figure 2.18 presents the alternative model that follows when all discussed
changes are applied to the original process model. The model is created by applying the com-
pose and the parallelize operation. Now, simulation can be used to evaluate the performance
of the original model and the alternative model. A comparison of the simulation results will
show whether the alternative model indeed performs better than the original model.

2.6 Related Work

The development of BPR approaches supported with IT tools started in the 1990’s. The Pro-
cessWise methodology promises the full reengineering of processes with advanced process
redesign and by the use of artificial intelligence [27]. Although promoted as “advanced” and
supported by an integrated tool, ProcessWise does not offer any guidance for the design it-
self. Case based reasoning (CBR) systems are presented in [72, 82]. They enable an efficient
search and retrieval of earlier redesign solutions that hopefully fit the aims of a new BPR ef-
fort. However, it is the human designer who must still weigh their applicability and perform the
adaptations to the current situation. Another drawback is that the cases are typically restricted
to a certain business domain, e.g. banking.

Another approach is the MIT Process Handbook [79] supported by the process recombi-
nator tool [22]. Through the notions of (i) process specialization and (ii) coordination mech-
anisms, new designs can be systematically generated on the basis of an identified list of core
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Figure 2.18: Example: A possible redesign for the blood donation process
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activities. The handbook, however, does not contain process models as we know them (i.e.,
models like Petri nets or BPMN). In research that is associated to the MIT Process Handbook,
a quite different approach is presented in [74, 102]. It attempts to capture the grammar un-
derlying a business process. Just like natural language consists of words and rules to combine
these words, business processes are seen as consisting of activities that can be combined using
rewrite rules. A clear advantage of this approach would be that different process variants can
be systematically generated and explored. However, it seems difficult to identify the rules and
constraints that apply for certain categories of processes and to represent these in a grammati-
cal framework.

Another approach worth mentioning is the KOPeR tool described in [96, 98]. The idea
is that a limited set of process measures (e.g. process length, process hand offs, etc.) can be
used to identify process “pathologies” in a given process (e.g. a problematic process structure,
fragmented process flows, etc.). These process pathologies can then be matched to redesign
transformations known to effectively deal with these pathologies. Although the tool does not
generate new designs itself, redesign novices could benefit from using the tool [97].

Product Based Workflow Design takes a clean sheet as starting point for the redesign ef-
fort [113, 143]. Here, the workflow product instead of the process is used to create a process
design. A workflow product in information intensive processes is similar to a bill of materials
in industry. A Product Data Model (PDM) describes how pieces of information are combined
and used to make the decisions in the process. The various parts of the PDM are translated to
activities in a process. The construction of activities is supported with a number of algorithms,
each using different measures to decide which parts need to be combined into an activity [143].
The application of an algorithm does not necessarily lead to a correct process model. Another
drawback of this approach is the task of constructing a PDM, which is still manual and time
consuming.

Another related approach for the design of “optimal” processes from scratch is presented
in [52]. Several techniques to provide analytical support for optimizing the design of processes
are discussed: 1) mathematical programming, 2) a branch and bound method, and 3) genetic
algorithms. The design problem consists of activities and resources (information or physical).
A feasible design holds an ordering for the activities such that the input and output resources
are correctly distributed. Designs are evaluated on a cost function (should be minimized) and a
quality function (should be maximized). Experiments with the techniques show that problems
of realistic size can be solved within a reasonable time. However, the underlying formal model
needs to be extended to make the techniques applicable to practical problems [52].

None of the approaches that we found in literature supports the performance evaluation of
redesign alternatives. The performance of the redesigns on the time, the costs, the quality or the
flexibility dimension is in most cases not even considered. This is partly because approaches
do not result in concrete alternatives or do not provide a process model for the alternatives. An-
other reason is that the necessary performance data for this type of evaluation is not available.
With the use of a BPM system, performance data becomes available if the process execution
is logged. Most BPM systems offer all prerequisites for the evaluation of alternatives. Perfor-
mance data is available and can be aggregated in the diagnosis phase. Additional support for
the diagnosis phase is provided by process mining [7, 16]. The first BPM systems that support
process mining, like BPM|one from Pallas Athena [100], are on the market. Many BPM sys-
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tems offer simulation functionality, which may be used to evaluate alternatives. Nevertheless,
in Chapter 1 we discussed the evaluation of a BPM system against the phases of the BPM
life-cycle. We concluded that support for the integration of the diagnosis phase with the design
phase is immature and that support for the design of to-be processes is lacking [14].

In summary, we observe that academic approaches to process redesign focus on obtaining
directions for change. Many of the BPR approaches do not provide tool support for the
generation of alternative models. BPR approaches that support the generation of alternative
models automatically generate a set of alternatives without involving the user during the gen-
eration. The PrICE approach involves the user in parts of the redesign effort that may benefit
from the knowledge of the user and provides automated support for the parts that do not require
user involvement. Academic approaches pay no attention to the performance evaluation of
the various alternatives. BPM systems do not take the creation of redesign alternatives into
account, but do provide tooling that can be used for the evaluation if alternatives would be cre-
ated manually. We are not aware of approaches that integrate both aspects of process redesign.
The PrICE approach is the first approach that provides an integrated approach including tool
support for the creation and evaluation of alternative models.

2.7 Summary and Outlook
In this chapter we discussed the foundations of the PrICE approach. We explained how BPR
best practices can be used for the redesign of processes. Furthermore, we introduced redesign
operations related to a subset of the BPR best practices, a technical infrastructure for the de-
veloped tool support and a running example. In the next chapter, we focus on the input for the
PrICE approach, a process model, and discuss the modeling and analysis of processes.





Chapter 3

Process Modeling and Analysis

A process model serves as the input for the PrICE approach. We start this chapter with an
introduction to basic terminology and notations for defining process models. Several perspec-
tives on the process are relevant: the control flow, the data, the resource and the performance
perspective. These perspectives are included in a formal process definition and used in the
analysis of business processes. We also discuss the tools used to support our approach and
present the developed tool support for model conversion.

3.1 Preliminaries
This section introduces the basic terminology and notations for first-order logic, sets, graphs,
Petri nets, workflow nets and their properties.

3.1.1 First-Order Logic

Logic is used to reason based on statements. If we use propositional logic, a statement is
called a proposition. Each proposition has a truth value; it can either be true or false. For
instance ‘grass is green’ is a proposition which is true, while the proposition ‘snow is purple’
is false. Propositions are usually expressed by propositional letters such as p and q, where
e.g. p stands for ‘grass is green’ and q for ‘snow is purple’ [38]. A proposition of only one
propositional letter is an atomic formula and is the smallest proposition possible. With atomic
formulas, larger propositions can be formed by using a number of logical operators.

Definition 1 (Logical Operators). The basic logical operators on propositions are:

· ¬p is a negation and is true if and only if p is false,

· p ∧ q is a conjunction and is true if and only if both p and q are true,

· p∨ q is a disjunction and is true if and only if p is true or q is true. That is, either p or q
is true or both are true,

· p ⇒ q is an implication and is false if and only if p is true and q is false, and

· p ⇔ q is an equivalence and is true if and only if both p ⇒ q and q ⇒ p. That is, if p
and q have the same truth value.
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If p is true and q is false, then q = false, ¬q = true, and p∧ q = false. However, the assertion
“x is greater than 1”, where x is a variable, is not a proposition because you cannot tell whether
it is true or false unless you know the value of x. First-order logic extends propositional logic
by introducing predicates and quantifications. A predicate is a proposition that contains a
variable. A predicate becomes a proposition when we assign a value to the variable. An
example of a predicate is p(x) = (x = ‘is able to fly‘). In our example, the variable x denotes
a bird. The predicate is true for a sparrow and for an eagle, but it is false for an emu and a
penguin. Another example of a predicate is p(x) = x ≥ 5. The predicate is true for x = 6
and for x = 183 but it is false for x = 3 and for x = 0. By quantification, one can specify
which elements satisfy a certain property. Thus, we may truthfully say that ‘there is a bird
that can fly’, but the statement that ‘all birds can fly’ would not be true. To express these
quantifications, two special symbols are used. These symbols are called quantifiers.

Definition 2 (Quantifiers). There are two quantifiers in first-order logic:

· ∀ is the universal quantifier and means ‘for all’, and

· ∃ is the existential quantifier and means ‘there exists a’.

With these quantifiers logical sentences can be formed that contain variables. For instance,
if we want to express that there is a bird that is able to fly we can use the following formula:
∃x : x is a bird ∧ x is able to fly.

3.1.2 Sets
A set is a collection of distinct objects considered as a whole. Examples of a set are the set of
natural numbers (N = {0, 1, 2, 3, ...}) and the set of characters in the alphabet ({a, b, ..., y, z}).
The members of a set can be specified in two ways: (i) by listing all members of the set, or
(ii) by using a semantic description. For instance, the sets {0, 1, 4, 9, 16, 25} and {x2 | 0 ≤
x ≤ 5 ∧ x ∈ N} contain the same elements. We use a number of notations to denote sets and
operators on these sets.

Definition 3 (Set Notations). Standard notations for sets are:

· S = {s1, s2} is a set S constructed of two elements s1 and s2, i.e. we use { and } to
enumerate the elements in a set,

· s ∈ S implies that s is a member of S, i.e, the element s is contained in S,

· |S| is the cardinality or size of a finite set S, i.e., the number of elements in S,

· S1 ⊆ S implies that set S1 is a subset of set S, i.e., every element in S1 is also in S,

· P(S) = {S1 | S1 ⊆ S} is the power set of S, i.e., the set of all subsets of S,

· S = S1 ∪ S2 is the union of the sets S1 and S2, i.e., S contains all elements of S1 and
S2,

· S = S1 ∩ S2 is the intersection of the sets S1 and S2, i.e., S contains only the elements
that are members of both S1 and S2,

· S1 = S2 implies that the sets S1 and S2 are equal, i.e., S1 ⊆ S2 ∧ S2 ⊆ S1,

· S = S1 − S2 is the difference between the sets S1 and S2, i.e., S1 − S2 = {s|s ∈
S1 ∧ s 6∈ S2},
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· S = S1 × S2 is the Cartesian product of the sets S1 and S2, i.e., S = {(s1, s2)|s1 ∈
S1 ∧ s2 ∈ S2}, and

· ∅ is the empty set. For all sets S it holds that ∅ ⊆ S. Any set not equal to the empty
set is said to be non-empty.

A relation relates the members of sets to each other.

Definition 4 (Relation). Let S1 and S2 be two non-empty sets.

· R ⊆ S1 × S2 is a relation between S1 and S2,

· S1 is the domain of relation R, and

· S2 is the range of relation R.

Definition 5 (Relation Properties). Let R be a relation on S, i.e. R ⊆ S × S. The properties
of R are:

· R is reflexive: ∀x : x ∈ S ⇒ (x, x) ∈ R,

· R is irreflexive: ∀x : x ∈ S ⇒ ¬(x, x) ∈ R,

· R is symmetric: ∀x,y : (x, y) ∈ R ⇒ (y, x) ∈ R,

· R is asymmetric: ∀x,y : (x, y) ∈ R ⇒ ¬(y, x) ∈ R,

· R is antisymmetric: ∀x,y : ((x, y) ∈ R ∧ (y, x) ∈ R) ⇒ x = y, and

· R is transitive: ∀x,y,z : ((x, y) ∈ R ∧ (y, z) ∈ R) ⇒ (x, z) ∈ R.

For instance the relation R = {(a, a), (b, b), (c, c), (a, b), (b, c)} on set S = {a, b, c} is reflex-
ive and antisymmetric (but not irreflexive, symmetric, asymmetric, or transitive).

A partial order is a reflexive, antisymmetric, and transitive relation.

Definition 6 (Partial order). A relation R ⊆ S × S is a partial order if R is: (i) reflexive, (ii)
antisymmetric, and (iii) transitive.

Thus, R = {(a, a), (b, b), (c, c), (a, b), (b, c)} is not a partial order, since it is not transitive.
However, if we add (a, c) to R such that R′ = {(a, a), (b, b), (c, c), (a, b), (b, c), (a, c)}, then
R′ is a partial order. The transitive closure of a relation R ⊆ S × S is the smallest transitive
relation on S that contains R. The transitive closure can be composed by iteration of the
relation over itself.

Definition 7 (Transitive closure). Let R ⊆ S × S be a relation on S.
R+ =

⋃

i∈ N\{0}
Ri = R1∪R2∪R3... is the transitive closure of R, where Ri denotes the i-th

relational iteration, i.e. the composition of R on itself i times.

In our example, R′ = {(a, a), (b, b), (c, c), (a, b), (b, c), (a, c)} is the transitive closure of R,
i.e. R+ = R′.

Definition 8 (Reflexive transitive closure). Let R ⊆ S × S be a relation on S.
R∗ is the reflexive transitive closure of R, i.e., R∗ =

⋃

i∈ N
Ri, where R0 is the identity relation.

Definition 9 (Inverse). Let R ⊆ S × S be a relation on S.
R−1 = {(y, x)|(x, y) ∈ R} is the inverse of relation R.
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Suppose R = {(a, b), (b, c)}. Then, R+ = {(a, b), (b, c), (a, c)}, R∗ = {(a, b), (b, c), (a, c),
(a, a), (b, b), (c, c)} and R−1 = {(b, a), (c, b)}. A total function is a special kind of relation
in which every element of the first set is mapped to exactly one element from the second set.

Definition 10 (Total function). Let S1 and S2 be two sets. Then, f : S1 → S2 is a total
function f from S1 to S2 with:

· f ⊆ S1 × S2,

· ∀s1∈S1 : ∃s2∈S2 : (s1, s2) ∈ f , and

· ∀s1,s2,s3∈S1 : ((s1, s2) ∈ f ∧ (s1, s3) ∈ f) ⇒ s2 = s3.

Functions may have special properties. A function is said to be injective iff for each element
in the range of the function there is at most one element in the domain. A function is said to
be surjective iff for each element in the range there is at least one element in the domain. A
function is bijective iff it is both injective and surjective.

Definition 11 (Injection, surjection, bijection). Let S1 and S2 be two sets and f : S1 → S2 a
function f from S1 to S2. Then f is:

· An injection, if and only if: ∀s1,s′1∈S1 : ∀s2∈S2 : ((s1, s2) ∈ f ∧ (s′1, s2) ∈ f) ⇒ s1 =
s′1,

· A surjection, if and only if: ∀s2∈S2 : ∃s1∈S1 : (s1, s2) ∈ f , and

· A bijection, if and only if: f is injective and f is surjective.

A partial function is a relation that associates each element of the first set to at most one
element from the second set, i.e. not every element from the domain S1 has to be associated
with an element from the range S2.

Definition 12 (Partial function). Let S1 and S2 be two sets. Then, f : S1 6→ S2 is a partial
function f from S1 to S2 with:

· f ⊆ S1 × S2, and

· ∀s1,s2,s3∈S1 : (s1, s2) ∈ f ∧ (s1, s3) ∈ f ⇒ s2 = s3.

A multi-set is a generalization of a set. In a multi-set, a member can have more than one
occurrence.

Definition 13 (Multi-set). X : S → N is a multi-set or bag, i.e., X is a function of S to the
natural numbers. We use square brackets to denote the enumeration of elements of the multi-
set, e.g. let [a2, b, c5] be a multi-set on S = {a, b, c, d}: X(a) = 2, X(b) = 1, X(c) = 5,
X(d) = 0.

Definition 14 (Multi-set Notations). Let X : S1 → N and Y : S2 → N be two multi-sets.
Standard notations for multi-sets are:

· a is an element of X if and only if a ∈ S1 and X(a) > 0,

· |X| = ∑
a∈S1

X(a) is the cardinality or size of X ,

· X ≤ Y implies that X is a sub multi-set of Y , i.e., ∀a∈S1 : X(a) ≤ Y (a),

· X = Y implies that X and Y are equal, i.e., ∀a∈S1∪S2 : X(a) = Y (a),
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· Z = X∪Y is the union of X and Y , i.e., is a function from S1∪S2 toN, Z : S1∪S2 →
N, where Z(a) = max(X(a), Y (a)),

· Z = X ∩ Y is the intersection of X and Y , i.e., is a function from S1 ∪ S2 to N,
Z : S1 ∪ S2 → N, where Z(a) = min(X(a), Y (a)),

· Z = X ] Y is the sum of X and Y , i.e., is a function Z : S1 ∪ S2 → N where for all
a ∈ S1 ∪ S2 holds that Z(a) = X(a) + Y (a),

· Z = X − Y is the difference between X and Y , i.e., is a function Z : S′ → N with
S′ = {a ∈ S1|X(a)− Y (a) > 0}, and

· X ≤ Y if and only if ∀a∈S1 : X(a) ≤ Y (a).

Note that a set is a multi-set, so the multi-set notations can also be used for sets. A tuple is an
ordered lists of elements.

Definition 15 (Tuple). A tuple is a (finite) ordered list of elements. The elements of the tuple
can be any kind of object, e.g. an element, a set, or a function. In contrast to a set or multi-set,
the order in which the elements of the tuple appear is important. A tuple with two elements is
often called an ordered pair. In general, a tuple with n elements is called a n-tuple. We use (
and ) to denote a tuple, e.g. (S, s, f) is a 3-tuple with the set S as the first element, element s
as the second element, and function f as the third element.

Tuples are often used to describe mathematical objects such as graphs. A more detailed
overview of set theory can be found in [94].

3.1.3 Graphs
A graph consists of a set of nodes and a set of edges between those nodes.

Definition 16 (Graph). A graph G = (N, E) consist of two sets N and E.

- N is a non-empty finite set of nodes.

- E ⊆ N ×N is a non-empty finite set of (directed) edges.

Each edge has a set of two nodes associated to it, which are called its endpoints. One of the
endpoints is designated as the tail, and the other endpoint is designated as the head. An edge
is directed from its tail and directed to its head.

We define some standard graph terminology for G = (N, E) [44].

Definition 17 (Path). A textbfpath in a graph G = (N, E) is a nonempty sequence n1 n2...nk

of nodes which satisfies (n1, n2), (n2, n3), ..., (nk−1, nk) ∈ E. A path n1...nk is said to lead
from n1 to nk.

Definition 18 (Circuit). A path leading from a node x to a node y is a circuit if no element
occurs more than once in it and (y, x) ∈ E.

Definition 19 (Acyclic). A graph is acyclic if and only if it contains no circuits.

Definition 20 (Weakly connected). A graph is weakly connected (or just connected) if and
only if every pair of nodes x and y satisfies (x, y) ∈ (E ∪ E−1)∗.
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Definition 21 (Strongly connected). A graph is strongly connected if and only if E∗ = N ×
N , i.e., for every pair of nodes x and y, there is a path leading from x to y.

Besides the notions of weakly and strongly connected, we also define the notion of totally
connected.

Definition 22 (Totally connected). A graph is totally connected if and only if every pair of
nodes x and y satisfies (x, y) ∈ E∗ or (y, x) ∈ E∗.

A bipartite graph is a graph whose nodes can be divided into two distinct sets that alternate
along any path.

Definition 23 (Bipartite graph). A graph is bipartite if and only if its set of nodes N can be
partitioned into two sets, N1 and N2, in such a way, that no edge joins two nodes in the same
set, i.e., the two types of nodes alternate on any path.

Graphs are used to present the model of many different process modeling languages. Some of
these modeling languages are introduced in the next sections.

3.1.4 Petri Nets
A classical Petri net is a bipartite graph with two node types called places and transitions.
The nodes are connected via directed arcs. Connections between two nodes of the same type
are not allowed. Places are represented by circles and transitions by rectangles. An example
of a Petri net is given in Figure 3.1.

Definition 24 (Petri net). A Petri net is a triple (P, T, F ) with:

- P is a non-empty finite set of places,

- T is a non-empty finite set of transitions (P ∩ T = ∅), and

- F ⊆ (P × T ) ∪ (T × P ) is a set of (directed) arcs (flow relation).

turn red

turn green

turn yellow

red

green

yellow

Figure 3.1: An example of a Petri net describing the behavior of a traffic light. In the initial marking the
place green is marked with one token.

Elements of P ∪ T are called nodes. A node x is an input node of another node y if and only
if there is a directed arc from x to y, i.e., (x, y) ∈ F . The set of input nodes of node y is called
the pre-set of y. Node x is an output node of y if and only if (y, x) ∈ F . The set of output
nodes of node y is called the post-set of y.
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t1 t2p1

p2

p3 p4

Figure 3.2: A marked Petri net

Definition 25 (Pre-set, post-set). Let PN = (P, T, F ) be a Petri net with x, y ∈ P ∪ T and
X a set of nodes in P ∪ T .

· •x = {y | (y, x) ∈ F} is the pre-set of x,

· x• = {y | (x, y) ∈ F} is the post-set of x,

· •X =
⋃

x∈X

•x is the pre-set of X , and

· X• =
⋃

x∈X

x• is the post-set of X .

Since Petri nets are bipartite graphs, standard graph terminology also applies to Petri nets
[35].

At any time a place contains zero or more tokens, drawn as black dots. The state, often
referred to as marking, is the distribution of tokens over places.

Definition 26 (Marking). Let PN = (P, T, F ) be a Petri net. A multi-set over P , i.e., M ∈
P → IN, is a marking of PN .

We represent a state or marking as follows: 1p1 + 2p2 + 1p3 + 0p4 is the state with one
token in place p1, two tokens in p2, one token in p3 and no tokens in p4. We can also represent
this state as follows: p1 + 2p2 + p3. In Figure 3.2 a Petri net with the described marking is
depicted.

The number of tokens may change during the execution of the net. Transitions are the
active components in a Petri net: they change the state of the net according to the following
firing rule.

Definition 27 (Firing rule). Let PN = (P, T, F ) be a Petri net, M a marking of PN and t a
transition in PN .

(1) t is enabled if and only if •t ≤ M 1.

(2) An enabled transition may fire. If t fires, then the new marking M ′ = (M − •t) ] t•.

If a transition fires, it consumes one token from each of its input places and produces one
token for each of its output places. In Figure 3.3 the result of firing transition t1 in Figure 3.2
is shown. The resulting state is p2 + 2p3.

Given a Petri net (P, T, F ) and a state M1, we have the following notations:
1Note that multi-set notations can also be used for sets.
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t1 t2p1

p2

p3 p4

Figure 3.3: The result of firing transition t1

- M1
t→ M2: transition t is enabled in state M1 and firing t in M1 results in state M2,

- M1 → M2: there is a transition t such that M1
t→ M2,

- M1
σ→ Mn: the firing sequence σ = t1t2t3 . . . tn−1 leads from state M1 to state Mn via

a (possibly empty) set of intermediate states M2, ...Mn−1, i.e., M1
t1→ M2

t2→ ...
tn−1→

Mn.

A state Mn is called reachable from M1 (notation M1
∗→ Mn) if and only if there is a firing

sequence σ such that M1
σ→ Mn. Note that the empty firing sequence is also allowed, i.e.,

M1
∗→ M1.

We use a net system (PN, M) to denote a Petri net PN with an initial state M . A state
M ′ is a reachable state of (PN, M) if and only if M

∗→ M ′.

We define some standard properties for Petri nets.

Definition 28 (Live). A Petri net (PN,M) is live if and only if, for every reachable state M ′

and every transition t ∈ T there is a state M ′′ reachable from M ′ which enables t.

Definition 29 (Bounded, safe). A Petri net (PN,M) is bounded if and only if for each place
p ∈ P there is a natural number n such that for every reachable state the number of tokens in
p is less than n. The net is safe if and only if for each place the maximum number of tokens
does not exceed 1.

The structural properties defined for graphs also apply to Petri nets. We define one additional
structural property.

Definition 30 (Marked graph). A Petri net (P, T, F ) is a marked graph if and only if each
place has at most one input transition and at most one output transition, i.e., for all p ∈ P :
| • p | ≤ 1 and |p • | ≤ 1.

Petri nets are used to model all kinds of dynamic systems, including workflow processes. Since
the Petri net language has a formal and executable semantics, processes modeled in terms of a
Petri net can be executed and/or controlled by software. Also, the sound mathematical basis of
this modeling language makes it possible to analyze and verify processes modeled in terms of
Petri nets. For an elaborate introduction to Petri nets we refer to [35, 84].

3.1.5 Workflow Nets
A workflow process is a business process that delivers services by processing information,
i.e., an administrative business process [8, 109]. Processing of information can be organized
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start end

Figure 3.4: A WF-net is a Petri net with a start and an end place. The goal is that a case initiated via
place start successfully completes by putting a token in place end.

more flexible than the production of physical goods, for instance with the concurrent execution
of process steps. A workflow process has some distinctive characteristics: 1) it is case-based
and 2) it is make-to-order [109]. A workflow process handles cases like a mortgage request
or an insurance claim. A case is the subject of the operations in the process execution, i.e.,
each execution of a process step is related to exactly one case. A workflow process is make-
to-order because the process is initiated by an order, that is, the arrival of a case. A Petri net
that captures the control flow of a workflow process, is called a workflow net (WF-net). The
concept of WF-net was defined in [2] and is widely used for modeling workflow processes.
In a WF-net, transitions correspond to tasks. Places correspond to pre- and post-conditions of
these tasks.

Definition 31 (WF-net [2]). A Petri net PN = (P, T, F ) is a WF-net (WorkFlow net) if and
only if:

· There is one source place i ∈ P such that •i = ∅.

· There is one sink place o ∈ P such that o• = ∅.

· Every node x ∈ P ∪ T is on a path from i to o.

A WF-net specifies the dynamic behavior of a single case (or process instance) in isola-
tion. This is illustrated by Figure 3.4. The process represented by the “cloud” can be instanti-
ated by putting tokens on the input place start. Each of these tokens represents the creation
of a particular case. The goal is that after a while there will be a token in output place end for
each initiated case. A WF-net has one input place (i) and one output place (o) because any case
handled by the process represented by the WF-net is created when it enters the process and is
deleted once it is completely handled. The third requirement in Definition 31 has been added
to avoid “dangling tasks and/or conditions”, i.e., tasks and conditions which do not contribute
to the processing of cases.

The number of tasks that are carried out and the order in which tasks are performed may
vary from case to case. A WF-net determines how cases are routed over the various tasks.
[8] used WF-nets to characterize the four basic constructions for the routing of cases. In
a sequential routing construct tasks have to be carried out one after another. A parallel
routing construct is necessary if more than one task can be executed at the same time or in
any order. A selective routing construct is used when differences exist in routing between
individual cases. With the last form of routing, the iterative routing construct, it is possible
to repeat the execution of a task, resulting in multiple executions of the task for one case.
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t1 t4

p1

p3

p6

p2

p5

p4
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t3

Figure 3.5: Parallel routing

For the last three routing constructs it may be necessary to include routing tasks. A routing
task is a task that is solely added for routing purposes without providing any additional value
to the case execution. We use Figure 3.5 to give an example of a parallel routing construct. A
task like t1 is called an AND-split, because the work is being split up over various tasks that
are executed in parallel. If task t1 is only added to Figure 3.5 for routing purposes we call
it a routing task. Tasks like t4 that join various parallel routes, are called AND-joins. In a
selective or an iterative routing construct, a task is used to select one of a number of tasks and
such a task is called an XOR-split. A task that is used to join several routes of which only one
route has been followed is called an XOR-join.

Given the definition of a WF-net it is easy to derive the following properties [6].

Proposition 3.1.1 (Properties of WF-nets [12]). Let PN = (P, T, F ) be a Petri net.

· If PN is a WF-net with source place i, then for any place p ∈ P : •p 6= ∅ or p = i, i.e.,
i is the only source place.

· If PN is a WF-net with sink place o, then for any place p ∈ P : p• 6= ∅ or p = o, i.e., o
is the only sink place.

· If PN is a WF-net and we add a transition t∗ to PN which connects sink place o with
source place i, i.e., •t∗ = {o} and t∗• = {i}, then the resulting Petri net is strongly
connected.

The three requirements stated in Definition 31 can be verified statically, i.e., they only
relate to the structure of the Petri net. However, there are more requirements which should be
satisfied:

For any case, the workflow process will terminate eventually, i.e., it is always
possible to complete a case (option to complete).

At the moment the workflow process terminates, there is a token in place o
and all the other places are empty (proper completion).

Any task should contribute to at least one possible execution of the workflow
process (no dead tasks).

These requirements correspond to the so-called soundness property [3].

Definition 32 (Soundness [3]). A WF-net PN = (P, T, F ) with initial marking i is sound if
and only if:
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(i) For every state M reachable from state i, there exists a firing sequence leading from
state M to state o, i.e., ∀M : (i ∗→ M) ⇒ (M ∗→ o) (option to complete),

(ii) State o is the only state reachable from state i with at least one token in place o, i.e.,
∀M : (i ∗→ M ∧ M ≥ o) ⇒ M = o (proper completion), and

(iii) There are no dead transitions in (PN , i), i.e., ∀t∈T : ∃M,M ′ : i
∗→ M

t→ M ′.

The second requirement (proper completion) in Definition 32 implies the first requirement
(option to complete), as explained by [146]. Explicitly stating the first requirement is relevant
from a practical point, since the soundness property relates to the dynamics of a WF-net. The
first requirement states that starting from the initial state (state i), it is always possible to reach
the state with one token in place o (state o). Clearly, there should not be livelocks (i.e., infinite
loops) or deadlocks (when cases are “blocked” and no longer proceed through the process) in
the WF-net. Since the WF-net is used in the context of Workflow Management (WFM) [8], all
choices are made (implicitly or explicitly) by applications, humans or external actors which do
not introduce infinite loops.

Given a WF-net PN = (P, T, F ), we want to decide whether PN is sound. In [2], Van der
Aalst has shown that soundness corresponds to liveness and boundedness. To link soundness
to liveness and boundedness, we define an extended net PN = (P , T , F ). PN is the Petri
net obtained by adding an extra transition t∗ which connects o and i. The extended Petri net
PN = (P , T , F ) is defined as follows: P = P , T = T ∪ {t∗}, and F = F ∪ {(o, t∗), (t∗, i)}.
In the remainder we call such an extended net the short-circuited net of PN . The short-
circuited net allows for the formulation of the following theorem.

Theorem 3.1.1. A WF-net PN is sound if and only if (PN , i) is live and bounded.

Proof. See [2].

This theorem shows that standard Petri-net-based analysis techniques can be used to verify
soundness in polynomial time.

Sometimes we require a WF-net to be safe, i.e., no marking reachable from (PN , i) marks a
place more than once. Although safeness is defined with respect to some initial marking, we
extend it to WF-nets and simply state that a WF-net is safe or not given initial marking i.

3.2 Process Definition
Most workflow languages focus on the control flow perspective, i.e., the ordering in which
different activities should be performed by a workflow. In this section we provide a process
definition that includes not only the control flow perspective, but also the data, the resource
and the performance perspective.

3.2.1 Process Characteristics
In our formal process definition we distinguish between various process perspectives. First,
we focus on the control flow, i.e., the process structure, for which we introduce the notion of
a SISO-net. A SISO-net, as defined in Definition 33, is a generalized WF-net with a single
input (SI) and a single output (SO).
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Definition 33 (SISO-net). A Petri net (P, T, F ) is a SISO-net if and only if there is a unique
source node i and a unique sink node o such that:

· {n ∈ P ∪ T | • n = ∅} = {i},

· {n ∈ P ∪ T | n• = ∅} = {o},

· ∀n∈P∪T : (i, n) ∈ F ∗ ∧ (n, o) ∈ F ∗.

Note that a WF-net is also a SISO-net, but that a transition-bordered SISO-net is not a WF-net.
It is also possible that the source node is a transition and the sink node is a place or vice versa.

With the SISO-net we are able to express the control flow of a process. Besides this control
flow perspective, we describe the data perspective by means of data elements. There exist
relationships between the data elements and the tasks in a process. These relations can be ex-
plained with the actions that a task performs on the data element [135, 139]. First, a task may
read a data element. It is expected that a data element has a value before it is read by a task.
Second, a task may perform a write operation on a data element. There are two types of write
operation: creating the initial value and overwriting the existing value. We relate tasks to in-
put and output data elements. An intuitive distinction between input and output data elements
can be made with the actions that a task performs on the data element. When a task reads
a data element, we refer to the data element as an input data element. When a task writes
a data element, the data element is referred to as an output data element. Input and output
data elements are assigned to the tasks in the process and we refer to these assignments as the
data distribution of the process. A certain ordering relation is assumed for each of the data
elements. For instance, a data element is first written (i.e., used as output data element), before
it can be read (i.e., used as input data element). A correct data distribution is a distribution
of the data elements over the process in such a way that the data elements necessary for the
execution of a task have been written when the task becomes enabled.

Furthermore, we include a resource perspective. Resources that execute the process might
be human, i.e., employees, or non-human, e.g., machines or software services. The basic char-
acteristic of a resource is that it can carry out a limited number of tasks. A role is a group of
resources, each having a number of specific skills [8]. A resource with a role that encloses the
required skill(s) for the execution of a certain task is allowed to execute the task. This resource
allocation is declared by assigning a role to the tasks in the process. Sometimes tasks do not
require a resource for their execution, think for instance of a task that is solely included for
routing purposes. Then, no role is assigned. Note that we take a rather simple view on the re-
source perspective, more elaborated views on resources and resource allocation are described
by [8, 126].

Finally, we discuss the performance perspective. Key performance indicators (KPIs) are
commonly used to help an organization define and evaluate how successful it is, typically
in terms of making progress towards its long-term business goals [101]. Process redesign is a
means to achieve such business goals. We distinguish four performance dimensions to measure
the effects of a process redesign cf. [25, 112]:

· the time dimension describes the time required to handle the case, e.g., the lead time of
a case,

· the cost dimension involves the costs for executing the workflow, e.g., the labor costs,
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· the quality dimension focuses on the (perceived) quality by customers and employees,
and

· the flexibility dimension describes the ability of the process to react to variation.

Ideally, a redesign of a process improves all four dimensions. However, in most cases a trade
off has to be made between these four dimensions. A faster process execution, i.e., an im-
provement on the time aspect, may only be achieved by accepting additional costs [25, 109].
In Chapter 6 we discuss the use of the performance dimensions to evaluate the performance of
process alternatives.

The data and the resource perspective are added as annotations of the SISO-net, i.e., an
annotated SISO-net is a SISO-net enriched with data elements and roles.

Definition 34 (Annotated SISO-net). The 8-tuple S = (P, T, F, D, DI , DO, R, A) is an an-
notated SISO-net if:

· (P, T, F ) is a SISO-net,
· D is a finite set of data elements,

· DI ∈ T → P(D) relates transitions to sets of input data elements, i.e., these elements
should be available before a transition can be executed,

· DO ∈ T → P(D) relates transitions to sets of output data elements, i.e., these ele-
ments become available when a transition has been executed,

· R is a finite set of roles, and

· A ∈ T 6→ R assigns an optional role to each transition.

Note that A is a partial function, i.e., some transitions do not have an associated role. We intro-
duce some shorthand notations for the annotated SISO-net S = (P, T, F,D, DI , DO, R, A):
πP (S) = P , πT (S) = T , πF (S) = F , πD(S) = D, πDI

(S) = DI , πDO
(S) = DO,

πR(S) = R, and πA(S) = A.

We use the running example that we presented in Section 2.5 to give an example of the an-
notations. In this example there are four roles available for the process: desk clerk, nurse,
lab analyst and lab assistent. When we define the running example in terms of an anno-
tated SISO-net S then πR(S) = {desk clerk, nurse, lab analyst, lab assistent}. Fur-
thermore, πA(S)(t) gives the assigned (optional) role for a transition t in S. For example,
πA(S)(Take blood) = {nurse}. Note that, for instance, transition Answer question
form does not have an assigned role so πA(S)(Answer question form) does not exist.

Besides the annotated SISO-net, we introduce a layered annotated SISO-net. The notion
of a layered annotated SISO-net is needed because it is possible for an annotated SISO-net to
contain composite transitions. A composite transition is linked with a subnet that divides the
composite transition into several smaller pieces of work. Such a subnet is used for more com-
plicated or larger transitions to give more insight on what should exactly be done. Composite
transitions are executed just like any other task. This way, the ACID properties (atomicity,
consistency, isolation, durability) ([8], page 166) also hold for a composite transition.

A layered annotated SISO-net has a two layered-process structure: 1) the upper layer is an
annotated SISO-net, including composite transitions, 2) the lower layer contains an annotated
SISO-net for each of the composite transitions. There is no principal barrier that obstructs
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the inclusion of three or more layers, but for simplicity we restrict ourselves to two layers.
A layered annotated SISO-net contains a finite set of annotated SISO-nets. The places and
transitions forming these individual annotated SISO-nets are required to be disjoint, i.e., a
place or transition can only be a member of one annotated SISO-net. We require a lower
layer annotated SISO-net to start and end with a transition because the annotated SISO-net is,
just like its associated composite transition, preceded and followed by a place. To make the
composite transition executable by one role, all transitions in a lower layer annotated SISO-
net are executed by the same role (if any). The SISO-net assignment function assigns to each
composite transition its associated, annotated SISO-net. A transition and its assigned annotated
SISO-net have the same annotation. Input data elements that are not created by a transition in
the assigned annotated SISO-net are the input data elements of the transition. All output data
elements in the assigned annotated SISO-net are output data elements of the transition. The
role (if any) assigned to the transitions in the assigned annotated SISO-net is also assigned to
the transition.

Definition 35 (Layered annotated SISO-net). LS = (S, SS,map) is a layered annotated
SISO-net with:

· S = (P, T, F,D, DI , DO, R,A) is an annotated SISO-net,

· SS is a finite set of annotated SISO-nets, such that:

– is is the source node of s ∈ SS,
– os is the sink node of s ∈ SS,
– ∀s∈SS : is, os ∈ πT (s),
– ∀s,s′∈SS : s 6= s′ ⇒ (πP (s) ∩ πP (s′) = ∅) ∧ (πT (s) ∩ πT (s′) = ∅), and

· map ∈ T 6→ SS assigns an annotated SISO-net to composite transitions such that:

– the assignment is injective and surjective,

– ∀t∈dom(map) : DO(t) =
⋃

t′∈πT (map(t))

πDO
(map(t))(t′),

– ∀t∈dom(map) : DI(t) =


 ⋃

t′∈πT (map(t))

πDI (map(t))(t′)


 \DO(t), and

– ∀t∈dom(map)∩dom(A) : ∀t′∈πT (map(t))∧t′∈dom(πA(map(t))) : A(t) = πA(map(t))(t′).

We introduce some shorthand notations for a layered annotated SISO-net LS = (S, SS, map):
πS(LS) = S, πSS(LS) = SS, and πmap(LS) = map.

In Section 2.5 we presented the running example that we use throughout the thesis. The
model for the running example (Figure 2.17) and the possible alternative model (Figure 2.18)
are layered annotated SISO-nets.

3.2.2 Process Properties

The annotated SISO-net has one source node and one sink node and we give two operations to
identify this in- and output of the annotated SISO-net.
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Definition 36 (In, out). Let S be an annotated SISO-net. Operation in returns the source node
of S, i.e., in(S) = i, with i ∈ πP (S) ∪ πT (S) and •i = ∅. Operation out returns the sink
node of S, i.e., out(S) = o, with o ∈ πP (S) ∪ πT (S) and o• = ∅.

For SISO-nets we define properties similar to a WF-net. Before doing so, Definition 37
presents for a given annotated SISO-net the associated WF-net.

Definition 37 (Associated WF-net). Let S be an annotated SISO-net and iS and oS two “fresh”
identifiers, i.e., {iS , oS}∩(πP (S)∪πT (S)) = ∅, then S̃ = (P, T, F ) is the WF-net associated
with S with:

P = πP (S)∪





∅ if in(S) ∈ πP (S) ∧ out(S) ∈ πP (S),
{iS} if in(S) 6∈ πP (S) ∧ out(S) ∈ πP (S),
{oS} if in(S) ∈ πP (S) ∧ out(S) 6∈ πP (S),
{iS , oS} if in(S) 6∈ πP (S) ∧ out(S) 6∈ πP (S).

T = πT (S),

F = πF (S)∪





∅ if in(S) ∈ πP (S) ∧ out(S) ∈ πP (S),
{(iS ,in(S))} if in(S) 6∈ πP (S) ∧ out(S) ∈ πP (S),
{(out(S), oS)} if in(S) ∈ πP (S) ∧ out(S) 6∈ πP (S),
{(iS ,in(S)), (out(S), oS)} if in(S) 6∈ πP (S) ∧ out(S) 6∈ πP (S).

Definition 38 defines generalized safeness and soundness notions for an annotated SISO-net.
The basic idea is that these properties apply to the associated WF-net.

Definition 38 (Safe and sound annotated SISO-net). An annotated SISO-net S is safe and
sound if and only if the associated WF-net S̃ is safe and sound.

Definition 39 defines safeness and soundness for a layered annotated SISO-net.

Definition 39 (Safe and sound layered annotated SISO-net). A layered annotated SISO-net
LS is safe and sound if πS(LS) is safe and sound and for all s ∈ πSS(LS), s is safe and
sound.

3.3 Process Analysis

Besides the modeling of the process from various process perspectives, the process can also
be analyzed according to these perspectives. In this section we discuss techniques for control
flow verification, data flow verification, resource analysis and performance analysis.

3.3.1 Control Flow Verification

Control flow verification concerns the logical correctness of the defined process structure [8].
We discuss two examples of control flow verification techniques.
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Reachability

States in a Petri net may or may not be reachable from the initial state of the Petri net. As a
Petri net specifies the possible behavior of the modeled process, the reachable states express
this behavior. An analysis of this reachability is presented in a reachability graph. This is a
directed graph with each node representing a reachable state and each edge a possible change
of state. We construct such a graph for the Petri net shown in Figure 3.6 which is also used
in [8] to explain reachability analysis. The possible states in the Petri net are indicated with

record

claim readyunder 
consideration

pay

send letter

Figure 3.6: A classic Petri net [8]

(3,0,0) (2,1,0) (1,2,0) (0,3,0)

(2,0,1) (1,1,1) (0,2,1)

(1,0,2) (0,1,2)

(0,0,3)

Figure 3.7: The reachability graph for the Petri net shown in Figure 3.6 [8]

triplets (a, b, c), with a representing the number of tokens in place claim, b the number in
place under consideration and c the number in place ready. The initial state is, for instance,
presented as (3, 0, 0); there are three tokens in place claim, 0 tokens in under consideration
and 0 tokens in ready. The reachability graph for the Petri net in Figure 3.6 with this initial
state is given in Figure 3.7. From the reachability graph it follows that there are 10 possible
states including the end state (0, 0, 3). Beginning from state (3, 0, 0) this end state is always
reached after six firings. Not every reachable state has to occur, e.g., (0, 3, 0) may be visited
or not. The reachability graph can be used to verify the correct operation of a Petri net and can
thus be used to determine the correctness of a workflow. The reachability graph is also called
a state space, i.e., reachability analysis is also referred to as state space analysis.

Soundness by Construction

In Section 3.1.5 we already discussed the soundness property [3] and the use of a short-
circuited net to determine soundness [2]. With the PrICE approach it is possible to create
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a large number of alternative process models. It would be possible to check the soundness
of each of these alternatives after creation, but in some cases it may be possible to construct
a sound model. We discuss two methods for the modification of a WF-net while preserving
soundness.

The first method involves the eight basic soundness preserving transformation rules for
WF-nets as described by [2]. A rule presents the substitution of a task with either two se-
quential tasks, or two conditional tasks, or two tasks in parallel, or an iterative task. Also,
the four opposite transformations, e.g., the substitution of two parallel tasks with one task, are
described. The soundness preserving rules can be used to construct a sound WF-net starting
from a sound WF-net. An example showing two transformation rules is presented in Figure 3.8.

Rule T1a: Task t1 is replaced by two consecutive tasks t2 and t3. This transformation rule
corresponds to the division of a task: a complex task is divided into two tasks which are less
complex [2].

Rule T1b: Two consecutive tasks t2 and t3 are replaced by one task t1. This transformation
rule is the opposite of T1a and corresponds to the aggregation of tasks. Two tasks are com-
bined into one task [2].

t2

t3

p

i

o

t1

i

o

Rule T1a

Rule T1b

Figure 3.8: Transformation rules: T1a and T1b [2]

With another transformation rule a task is, for instance, replaced by two conditional tasks.
This transformation rule corresponds to the specialization of a task [2]. With the opposite rule,
the generalization of tasks, two conditional tasks are replaced by one task [2]. Another rule
involves the replacement of a parallel construct with a task.

Another method focuses on the hierarchical (de)composition of WF-nets to establish the
correctness of a workflow. Here, each of the subflows is analyzed separately as proposed by
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[6]. It is shown that if a transition in a safe and sound WF-net is replaced by a safe and
sound sub WF-net the resulting WF-net is safe and sound. This notion of task refinement is
illustrated with Figure 3.9. The WF-net PN1 contains a task t+ which is refined by another

i

o

i

o

t+

i

o

PN1 PN3PN2

Figure 3.9: Task refinement: WF-net PN3 is composed of PN1 and PN2 [6]

WF-net PN2, i.e., t+ is no longer a task but a reference to a subflow. Such a subflow should
satisfy the same requirements as an ordinary WF-net (see Definition 31). The refined transition
is replaced by the corresponding subflow. Figure 3.9 shows that the refinement of t+ in PN1

by PN2 yields a WF-net PN3 [6]. Given a hierarchical process model it is possible to verify
soundness by analyzing each of the subflows separately, i.e., PN3 is sound iff both PN1 and
PN2 are sound. For the analysis of a complex workflow, every safe and sound subflow can be
considered to be a single task. This allows for an efficient analysis of the soundness property
[6].

3.3.2 Data Flow Verification
Data flow verification involves the detection of errors caused by missing, redundant, or conflict-
ing data [135, 139]. We discuss a data verification technique based on data flow anti-patterns
[139] for the detection of data flow errors and an extended soundness notion for both control
flow and data flow.

The data flow anti-patterns as presented in [139] are expressed in terms of temporal logic
and reveal data flow errors related to the read, write and destroy operations that are performed
on data elements. An example is the missing data anti-pattern: Data is missing if some data
element needs to be read or destroyed which has never been created or has been destroyed
without being created again [139]. Eight more anti-patterns have been defined to cover the
data correctness properties related to the verification of the flow of data through a workflow
process. This verification technique has been implemented in the ProM framework [139] and a
WF-net with data (WFD-net) has been defined to support it. A WFD-net is a WF-net in which
transitions can read, write and/or destroy data elements. Furthermore, every transition has a
data dependent guard that can influence the enableness of this transition. A guard is either a
predicate, the negation of a predicate or the value true [139]. Figure 3.10 presents an example
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of a WFD-net containing a loop. The data element d is written (see wt operation on transition
t2) inside the loop, deleted (see del on t4) and rewritten in every loop cycle. The loop is ended
and the process is terminated if d sets the predicate of t3 to true.

start p1 end
t2

t4

wt: d

p2

del: d

t1 t3

[not pred(d)]

[pred(d)]

Figure 3.10: An example of a WFD-net [133]

For the enabling of a transition in a WFD-net it is not enough that the transition is enabled
as in a regular WF-net. In addition, any data element that is read by the transition or that is
included in its predicate must be defined. Also, its guard must evaluate to true. In a WFD-net
the values for the data elements are not specified, it is only known whether a value has been
created or not. Therefore, predicates and guards can evaluate to true, false and undefined [133].
Because the concrete values of predicates are unknown a priori, [133] introduces the notions
of may- and must-reachability: “May-reachability guarantees that the reachability holds in at
least one data refinement, whereas must-reachability guarantees that the reachability holds
in every data refinement” [133]. These notions are used to define soundness for WFD-nets.
A WFD-net is may-sound iff there exists a data refinement such that the model (containing
all data information) is sound. A WFD-net is must-sound iff all possible data refinements of
the model are sound [133]. The verification of the soundness of the WFD-net in Figure 3.10
results in a may-sound. The WFD-net cannot be must-sound because there exists an infinite
loop that does not lead to proper completion. However, the branch to t3 would always lead to
completion making the WFD-net may-sound [133].

3.3.3 Resource Analysis
We discuss resource analysis from two points of view. On the one hand, resources may in-
troduce or prevent control flow errors. On the other hand, resources influence the process
performance and are therefore important in performance analysis.

Resources and Control Flow Verification

Already with the data flow verification we showed that it is not only the control flow itself
that introduces control flow errors like a deadlock. If, for instance, data is missing, a task
that requires a missing data element for its execution cannot be performed causing a deadlock.
Here, we discuss control flow errors caused by the allocation of resources. The influence
of resources on the correct execution of a workflow process is, for instance, discussed by
[51, 66]. The notion of a Resource-Constrained Workflow net (RCWF-net) is introduced by
[51]. A RCWF-net is a workflow net abstracting from resources combined with a number
of resource places that restrict its functionality. All involved resources are durable resources,
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i.e., resources are claimed and released during execution without creating or removing any
resources. An example of a RCWF-net is given by [66] and depicted in Figure 3.11. It models
the treatment of patients in an emergency department. The marking of place s1 stands for the
number of available doctors; there are three doctors. A case can be complicated (modeled by
the upper branch) or not (then it follows the lower branch). Two doctors are necessary to treat
a complicated case, therefore 2 tokens are produced to place p1 by transition t1. Transition
t3 needs to fire twice, each time representing a doctor that starts treating the patient. With the
firing of transition t5 the two doctors finish the treatment and become available again.

t1

t4

in

p1

out

p2 p4

t2

t3

p3

t5

t6

s1

2 2

2

Figure 3.11: A simple treatment process modeled as a RCWF-net [66]

The soundness notion as defined for WF-nets [3] is adapted for RCWF-nets by [51]: a
RCWF-net with k case tokens (tokens in the source place of the WF-net) and a resource mark-
ing R is (k, R)-sound iff all cases can terminate properly (whatever choices are made during
the execution) and all resources are returned to their places [51]. “A RCWF-net is sound iff
there exists a resource marking R0 such that the RCWF-net is (k, R)-sound for any number
of cases k and any resource marking R ≥ R0” [51]. Soundness for a RCWF-net is defined
such that it holds for any number of cases, since it is natural to process any number of orders
correctly with a workflow process. Moreover, soundness is specified such that the addition
of any resources does not require reconsidering the specification. However, the soundness of
RCWF-nets is only considered for one resource type [51]. An extension of the soundness
of RCWF-nets for multiple resource types is provided by [66]. Furthermore, the problem of
multiple instances sharing resources is in more detail discussed by [66]. Although each single
instance has a correct finish, there is the possibility that a deadlock occurs when a number of
instances are running. In [66] it is investigated whether a RCWF-net is dynamically sound,
i.e., any number of instances will terminate properly. The RCWF-net depicted in Figure 3.11
is sound for one instance. In the case of three running instances, each of the instances can
reach the state with one token in place p1 and one token in place p3. Since all doctors are busy
in this situation, no doctors are available for finishing any of the instances (which requires the
addition of a second doctor). For this reason, this RCWF-net is not dynamically sound. The
question is whether dynamic soundness is decidable in general, because it is not possible to
check an infinite number of combinations. To that end, [66] shows that dynamic soundness is
decidable.
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Resources and Process Performance

A common assumption when applying performance analysis techniques is the assumption that
resources are always available. This assumption is made in this thesis as well. In real life
processes, however, resources work on multiple processes or work part-time and are not always
available. Resources being unavailable can be a serious bottleneck causing long waiting times
and may have a big impact on process performance. The assumption that resources are always
available is common, because it is hard to model or estimate the true availability and to include
a realistic resource availability in a calculation or simulation model. In general, resources are
modeled in a naive manner. In [13], for instance, the issues related to the modeling of resources
in simulation models are discussed. The first issue is that while resources are involved in
multiple processes, simulation often focuses on a single process. In most simulation tools it
is impossible to model that a resource is only available 10% of the time. In more advanced
tools, one can indicate a partial availability by assigning a resource to the process for a certain
time period (e.g., Monday). However, people distribute their work over the processes based on
priorities and workload. Another issue is that people do not work at a constant speed, but that
work speed depends on the total work load. A third issue addresses the fact that people tend to
work part-time and in batches. In most simulation tools, it is assumed that resources are eager
to work and start working as soon as work becomes available. In reality, people often prefer
to let work related to similar tasks accumulate and then process all the work in one batch. The
last issue describes how simulation tools assume a stable process and organization, while the
process may change over time. If, for instance, work is accumulating, resources may decide
to skip certain tasks or additional resources are made available [13]. The mentioned issues
are limitations that are present in most, if not all, simulation tools. These limitations are also
present in our PrICE tool kit.

3.3.4 Performance Analysis
Several performance analysis techniques exists and we discuss three commonly used tech-
niques.

Markovian Analysis

Markov chains are widely used to model the uncertainty of systems that evolve over time
[137, 117]. It is also possible to generate a Markov chain for a given workflow process. Such
a chain contains the possible states of the case and the probabilities of going from one state
to the next state. With a Markov chain it can, for example, be established what the chances
are of a case taking a particular route through a process. A range of performance indicators
can be generated after extending a Markov chain with time and cost aspects. However, not
every aspect can be incorporated in a Markov chain. The generation and analysis of a Markov
chain for a realistic business process can be very time-consuming and limited to specific time
distributions [8].

Queueing Theory

Queueing theory is widely used in Operations Research. In the analysis of systems with queue-
ing theory an emphasis is placed on performance indicators like completion times and resource
utilization [117]. It seems therefore suitable to be used for workflow processes. In a workflow,
queues of cases may be present waiting for the availability of resources with a limited capacity.
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For the analysis of a single queue there are many results in queueing theory that are applicable.
However, a network of queues needs to be analyzed for an entire workflow and many of the
assumptions used in queueing theory do not hold for workflow processes. In the case of par-
allel routing, for instance, it is not possible to apply classical queueing theory results [8]. The
heuristic approach based on queueing networks as presented in [156] or the approximations as
described in [157] may, however, be a starting point for approximating a performance indicator
like the lead time.

Simulation

Computer simulation is widely used to gain insight into the operation and behavior of systems.
A model that represents the key characteristics of a system is analyzed to predict the effect
of changes in the system. Simulation can be used to predict the performance of alternative
process models which can be compared with performance of the initial model. According to
[8] it is almost always possible to analyze a workflow with simulation. It may be a challenge
to capture all relevant process parameters in a realistic way in the simulation environment [13].

Markovian analysis and queueing theory are analytical techniques. Analytical techniques de-
liver exact numbers, whereas simulation provides an approximation. However, the advantage
of simulation over analytical techniques is that it is possible to analyze complex business pro-
cesses with dynamic aspects, such as variability in arrival process and in service times and
interdependencies between resources [41]. In this thesis we focus on the redesign of complex
business process and use simulation for the performance analysis. Chapter 6 discusses the use
of simulation to predict the performance of alternative models.

3.4 Tool Support for Modeling and Analysis
In this section we present an overview of tools that can be used for the modeling and analysis
of a business process. Based on an evaluation of these tools we select a modeling tool (Protos)
and a simulation tool (CPN Tools). Furthermore, we discuss the tool support that is provided
by the ProM framework for the extension of processes to cover the four process perspectives.
Finally, we present the tool support developed for the conversion of models.

3.4.1 Tool Overview

Many software tools exist to model and simulate business processes. We discuss six software
tools taken from three relevant areas: business process modeling (Aris and Protos), business
process management (FLOWer and FileNet) and general purpose simulation tools (Arena and
CPN Tools).

ARIS

ARIS [127, 128] is a commercial software tool for the modeling and dynamic analysis of
business processes. It is an integral part of the ARIS Toolset; processes recorded in the ARIS
Toolset are used as the basis for business process simulation. The ARIS Toolset is developed by
IDS Scheer AG and can be classified as an enterprise modeling tool with a strong emphasis on
business processes. Enterprise modelling is supported by a number of different views (process,
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function, data, organization and product) and the modelling approach called the ARIS House
[127, 128].

The process modeling part supports the definition of business processes represented in
Event-driven Process Chains (EPCs). Other modeling techniques supported in the ARIS House
are, e.g. value chains (also to model the control flow), organization charts (to model relation-
ships between resources), and function allocation diagrams (for supplementary information
such as data and systems). The simulation functionality shows whether the specified processes
are executable at all and it answers questions about throughput times and utilization levels of
the resources, etc. The simulation results are available in Excel spreadsheets and include raw
data on events, functions, resources, processes and costs.

Protos

The process modeling tool Protos [99, 147] is developed by Pallas Athena and is currently
included in their BPM suite BPM|one as the Process Designer component [100]. Protos is
suitable for the modeling of a business process in line with formal Petri net semantics. Nev-
ertheless, it also permits informal business processes without executable semantics, e.g. to
support initial and conceptual modeling or discussions.

Figure 3.12: The four perspectives in Protos

The main use of Protos is to define models of business processes as a step towards either the
implementation of quality management systems, the redesign of a business process, communi-
cation enhancement between process stake holders or the implementation of BPM systems. A
Protos model can be analyzed with respect to the control flow, data, resource and performance
perspective. The correctness of a fully developed Protos model can be verified with Woflan
[146]. The ExSpect simulation engine has been integrated in the Protos environment for per-
formance analysis [147]. Figure 3.12 shows a process including data and resources which each
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have their own view. Furthermore, the simulation tab of a task is opened and displays the pro-
cessing time that is set for this task. As can be seen in Figure 3.12, Protos supports all four
process perspectives.

FLOWer

FLOWer [18] is a case-based BPM system which, like Protos, has been integrated in the new
BPM|one suite of Pallas Athena [100]. FLOWer is also flexible thanks to the case handling
concept. When handling cases the system only prevents actions for which it is specified that
these are not allowed. This results in a flexible process where activities for a case can be
executed, skipped or redone.

The graphical design environment, Studio, is used to define processes, activities, prece-
dences, data objects and forms. Work queues are used to provide work to users and to find
cases satisfying specified search criteria. Case Guide is the client application which is used to
handle individual cases. FLOWer Integration Facility provides the functionality to interface
with other applications. FLOWer Management Information and Case History Logging can be
used to store and retrieve management information at various levels of detail.

FileNet

The FileNet P8 platform is offered by IBM [55] since 2006 and includes the FileNet P8 BPM
Suite. We have evaluated the strengths and weaknesses of the FileNet P8 BPM Suite and its
ability to support the various parts of the BPM life-cycle [14].

A business process is modeled graphically with the Process Designer and tasks are assigned
to work queues. These work queues and the associated users are created outside the Process
Designer. Then, the created process definition is transferred to the Process Engine to start the
execution of the workflow. The execution data for individual cases is logged by the Process En-
gine and can be accessed with the Process Administrator. Further, execution data is aggregated
and parsed to the Analysis Engine. Reporting and analysis of the aggregated data is facilitated
by twenty out-of-the-box reports; each graphically presenting the data related to one perfor-
mance indicator. The Process Simulator in FileNet can be used to evaluate the performance of
a created design. The Process Simulator is a separate tool, which can partly import the created
process definition. Other parts of the process definition and most performance characteristics
have to be reentered.

Arena

Arena [67, 148] is a general purpose simulation tool developed by Rockwell Automation. The
Arena product family consists of a Basic Edition for simple processes and a Professional Edi-
tion for more complex large scale projects in manufacturing, distribution, processes, logistics,
etc. The Professional Edition also provides (and allows definition of) templates for complex
repetitive logic, e.g., for packaging and contact centers. When opening the tool, a number of
process panels are available, e.g., for basic and advanced processes and for reporting. The
model can be created by drag and drop from the process panel to the model window. By
double-clicking on the icons, options for the different building blocks can be set such as de-
lay types, time units and the possibility to report statistics. Many more building blocks are
available and can be attached when necessary.

When a model has been created and is completely specified (from the Arena viewpoint)
and it is syntactically correct, it can be simulated. Warm-up and cool-down periods can be
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specified, as well as run length and confidence intervals. Several statistics are provided by
default, but the larger part needs to be added manually by adding record building blocks where
necessary [67].

CPN Tools

Colored Petri Nets (CPNs) is a discrete-event modeling language combining Petri nets with the
functional programming language Standard ML. The basic behavior of a process is modeled
with Petri nets and more sophisticated behavior is added through ML functions. A CPN model
of a system is an executable model representing the states of the system and the events (mod-
eled as transitions) that can cause the system to change state [64, 65]. CPN Tools provides
support for the construction, simulation and performance analysis of CPNs. It is possible to
debug the model and validate the correct behavior of the model with a step-by-step simulation
of the model. The simulation environment in CPN Tools also has the ability to perform an au-
tomatic sequence of firings to examine the behavior of a model in the long run. Correctness of
the developed model can be checked using existing Petri Net techniques such as the generation
of state spaces and the analysis of boundedness and liveness properties, which are all imple-
mented in CPN Tools [65]. The industrial use of CPN Tools (and its predecessor Design CPN)
is listed in [30]. The overview shows a wide variety of mainly technical domain areas such as
protocols and networks, hardware and control systems. Also some projects are listed with a
more business oriented focus, though these are exceptions. For an introduction into CPNs and
CPN Tools the reader is referred to [64, 65, 71]. Applications of CPN Tools to investigate the
behavior of various BPR best practices can be found in [59, 86].

3.4.2 Tool Selection

The modeling tools Protos and ARIS are “easy to use” for business users and provide the abil-
ity to model data, resources and performance. For the modeling of the input processes for the
PrICE approach we make a selection between these two modeling tools. ARIS is based on the
informal process modeling language of Event-driven Process Chains (EPCs) and has difficul-
ties to model many of the workflow patterns. Because of the use of an informal language we
do not select ARIS for modeling or simulating. Protos is more suitable for the modeling of a
business process in line with formal Petri net semantics and allows for the modeling of all four
perspectives (see Figure 3.12). In fact, a layered annotated SISO-net (Definition 35) can be
modeled with Protos. Therefore, we select Protos for the modeling of processes.

As an extension to Protos, Pallas Athena provides a simulation module based on the
ExSpect simulation engine [147]. However, the interface between the modeling and simu-
lation modules omits important details with respect to data and resources, thus making the
outcome of a simulation unreliable. So it is not possible to use Protos also for simulation. The
BPM tools Flower and Filenet provide strong support for the execution of workflow processes.
Both BPM tools, however, fall short on their simulation capabilities; Flower does not support
simulation at all (like most BPM tools) and FileNet supports some basic simulation but is
severely restricted when it comes to stochastic functions and statistical analysis (as discussed
in Chapter 1). Arena and CPN Tools have an excellent track record in simulation. Modeling
with Arena is performed with predefined building blocks, which can be adapted and extended
if necessary. In this tool, it is important to have a profound knowledge about the building
blocks that are available and about the exact mode of operation. With CPN Tools Petri nets are
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modeled. This opens many possibilities for the formal verification of the simulation model.
However, the resulting models are hard to understand by general process owners who should
be able to understand and validate the models [60]. This weakness of CPN Tools would not
be an issue if another tool is used for the modeling of processes. Both Protos and CPN Tools
model a process as a Petri net, making them a good match. Therefore, we select CPN Tools
for the simulation of processes.

3.4.3 Model Extension with the ProM Framework

In Section 2.4 we introduced the ProM framework [7, 106]. The ProM framework includes
several plugins for the extension of process models with the purpose of simulating them
[119, 122, 123].

Before a model can be extended, information necessary for the extension needs to be ex-
tracted from the event log. For each of the various perspectives we briefly describe how this
can be done with the ProM framework. ProM includes many mining plugins focusing on dis-
covering the process structure. The α-algorithm plugin [17], for instance, can be used to
automatically discover the process structure (that is, a Petri net) from an event log. With the
Decision Point Analysis (also called Decision Miner) plugin the data perspective is used to
link properties of individual cases or activities to choices. Each choice in a process model is a
decision point where based on the decision one of the outgoing branches is chosen. This deci-
sion may be influenced by case data, i.e., whether cases with certain properties typically follow
a specific route through the process [119]. Apart from the analysis of the data perspective, the
event log can also be used to extract performance information. The time stamps of start and
complete events of tasks can be used to obtain the execution times of tasks. This performance
perspective is obtained with the Performance Analysis with Petri net plugin [54]. The arrival
rate of cases can also be derived from the start times of the first task in each process instance
[118]. Other ProM plugins enable the discovery of the organizational perspective. Here the
focus is on discovering the organizational model and how roles are assigned to tasks. With the
Organizational Miner plugin resource groups, i.e., groups of people which execute similar
tasks, are derived based on the event log. These resource groups are mapped on roles [134].
An illustration of the above with an example can be found in [118].

The next step is the integration of the obtained information in a single model incorporating
all perspectives. The perspectives can be merged together with the Merge Simulation Models
plugin. Basically each of the described perspectives is projected on a model, so there are var-
ious extended models that need to be merged. First, one of these input models is selected as
a “template” for the output model. Then, for each of the perspectives, one of the (potentially
conflicting) input models is selected as the provider of the information [118, 122]. The inte-
grated information is called high-level information. The Edit / View High-level Information
plugin is used to display the integrated model in ProM [118, 122]. A screenshot of the plugin
is given in Figure 3.13. The high-level information is presented in the upper part of the plugin,
while the control flow is depicted in the lower part. In this case the control flow is depicted
as a Petri net, i.e., the extended model is a high-level Petri net (HL PetriNet). There are five
views on the high-level information: Global, Attributes, Activities, Choices and Resources.
The global view includes the process name, the case arrival rate of the process and the used
time unit (e.g., minutes). The attributes view captures information on the data attributes (we
refer to these attributes as data elements) such as name, type and initial value. The activities
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Figure 3.13: View on a model integrating the perspectives

view includes the activities and the mapping of other high-level information on these activi-
ties. Besides a name, an activity may have data attributes, a group (i.e., role), an execution
time, a waiting time and a sojourn time related to it. The choices view captures the choices
in the process and information related to when each of the outgoing arcs of a choice is cho-
sen. The choice may be based on the value of data attributes, probabilities or frequencies. The
resources view shows the resources which belong to a group (we refer to these groups as roles).

The Edit / View High-level Information plugin can be used to inspect the extended process
and to modify it. More information on this plugin can be found in [118, 122]. We used it in
the creation of the PrICE tool kit as we will discuss in the next section. CPN Tools is used as

Figure 3.14: Configuration of a simulation model with the CPN Export
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the simulation tool for HL PetriNet models that are derived from an event log with the ProM
framework. To be able to use CPN Tools, a HL PetriNet object needs to be converted to a
CPN object and then exported from the ProM framework. For this purpose the CPN Export
plugin has been implemented [118, 121]. To be able to use the simulation functionality in
CPN Tools, the actual process model is provided together with a simulation environment. The
simulation environment realizes a case generator and performance measurement functionality.
Figure 3.14 shows the CPN Export plugin. As can be seen, the simulation model can be
configured. Perspectives that should be covered by the simulation model can be selected. It
is also possible to include a current state, which allows the simulation to start from a state
where cases are already flowing through the model [123]. Also, monitors can be included to
automatically measure and calculate the lead time and resource availability.

3.4.4 Model Conversion with the PrICE Tool Kit

In Section 2.4 we introduced the Redesign Analysis plugin which implements the tool support
for the PrICE approach in ProM. The plugin reads a HL PetriNet model as its input. As de-
scribed in the previous section, such a HL PetriNet model can be obtained from a log but also
by modeling or model conversion.

Since we selected Protos for the modeling of processes, we extended the ProM framework
to be able the use a Protos model as input model. Figure 3.15 shows the running example
modeled with Protos. All aspects of the layered annotated SISO-net (Definition 35) can be
modeled with Protos. In the Protos model there are activities (the transitions in an annotated
SISO-net), statuses (places) and connections (arcs). An activity may have input data elements
(In, displayed on top right corner of an activity) and output data elements (Out, displayed on
bottom right corner of an activity). Moreover, a role may have been assigned to an activity (the
“cap” symbol and name on the top left corner of an activity). Also note the two sub processes
(composite transitions and lower-layer annotated SISO-nets). In our discussion of Protos we
also showed the modeling of the performance perspective using Protos (see Figure 3.12). In
Figure 3.16 it is shown how the data perspective can be merged with the control flow perspec-
tive. For each task, data elements are included and set to be an input data element (it is a
“mandatory” data element) or an output data element (it is a “created” and “mandatory” data
element). Also, a role and an execution time are set for each task.

The Protos model can be converted to a Protos XML format. The resulting Protos XML Ex-
port model can be imported in ProM with the Protos XML import. In ProM, we implemented
a HL Protos object, which includes the same information as the Protos model itself, but in the
standard high-level information format. Therefore, the imported Protos model can be viewed
with the Edit / View High-level Information plugin. This is depicted in Figure 3.17. When we
compare this figure with Figure 3.13, we can see that the lower half depicts a Protos model
instead of a Petri net. We also implemented a conversion from HL Protos to HL PetriNet. With
this conversion, the Protos model is converted to a Petri net and the high-level information is
transferred to this Petri net. In the conversion from a Protos model into a Petri net, Protos ac-
tivities are converted to Petri net transitions, Protos statuses to Petri net places and Protos arcs
to Petri net edges. Furthermore, every explicit choice in the Protos model (modeled as a Protos
activity with XOR semantics) is converted to an implicit choice in the Petri net. That is done
because when a Protos activity with XOR-semantics is one-on-one translated to a Petri net
transition, the transition will have AND-semantics and the choice behavior is lost. Therefore,
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Figure 3.15: The blood donation process modeled with Protos
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Figure 3.16: Modeling input and output data elements in Protos

Figure 3.17: View on the high-level Protos model
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when converting a Protos activity with XOR-semantics, the control flow of the Petri net has to
be extended to capture the choice behavior. Figure 3.18 shows how to extend the control flow.
The upper picture on the left hand side is an XOR-split. The corresponding Petri net construct
is presented on the upper right side. Note that the Petri net construct includes an additional
place (the implicit choice), and an additional invisible task (denoted as tau) for each of the
alternative branches of the XOR-split. In the middle, an XOR-join and its corresponding Petri
net construct is given. At the bottom of Figure 3.18, a task that is both an XOR-split and an
XOR-join and the corresponding Petri net construct is shown.

Figure 3.18: Translating XOR-behavior to Petri nets

For the simulation of the original model and the created alternative models we convert
the HL PetriNet models to CPN models with the CPN Export plugin. We adapted the CPN
Export’s functionality to make it suitable for our approach. One part of the adaptation was
necessary to produce the simulation models automatically, i.e., without user interaction. Con-
cretely, the configuration of the simulation model (as shown in Figure 3.14) is not presented to
the user anymore, but performed according to a default setting. Another part of the adaptation
was performed because we simulate our models with a simulation engine that does not support
the monitoring functionality provided by CPN Tools. The simulation engine and its input is
discussed in detail in Chapter 6.
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3.5 Summary and Outlook
In this chapter we introduced a number of concepts related to the (formal) modeling and analy-
sis of workflow processes. We presented a formal process definition covering the control flow,
data and resource perspectives. Furthermore, we discussed the analysis of processes from var-
ious perspectives. Then, we listed several tools for process modeling and analysis. Finally, we
discussed the related support provided by the ProM framework and the developed tool support
for model conversion. In the next chapter we discuss the first two steps of the PrICE approach.
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Identifying Redesign Opportunities

The PrICE approach guides a design team from an as-is process to a better performing to-be
process. In this chapter, we focus on the identification of redesign opportunities. This includes
the first and second step of the approach, as depicted in Figure 4.1. As a first step, the design
team decides which redesign operations will be performed, i.e., find applicable redesign op-
erations. A redesign operation performs the concrete process change that is described by the
related BPR best practice. The calculation of process measures and the use of process mining
are presented as two possible ways to find applicable redesign operations. In the second step,
the team selects suitable process parts on which a certain redesign operation can be applied.
Process mining is used to reveal points in the process where a redesign would be most ben-
eficial. Furthermore, the selection of a process part for redesign with a redesign operation is
formally defined with components. Tool support that guides the team in selecting a process
part is also presented.

Find applicable

redesign

opera�ons

Select suitable

process parts

Create

alterna�ve

models

Evaluate

performance 

of alterna�ves

Model of 

exis�ng

process

Model of 

new 

process

Process mining

Process 

measures
Components

Figure 4.1: Step 1 and 2 of the PrICE approach: finding redesign operations and selecting process parts
with process mining, process measures and components
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4.1 Finding Applicable Redesign Operations
The goal of the first step of the PrICE approach is to find the redesign operations that are
applicable to the existing process. Since a redesign operation implements a type of change as
described by one or more BPR best practices, the best practices can be used as intermediate
step. In Chapter 1 we already discussed a redesign framework and the different aspects that
can be addressed in a redesign. A selection of the most important aspects leads to a subset of
best practices that may improve the process on these aspects. In this chapter we discuss two
alternative ways to find applicable redesign operations: 1) process measures and 2) process
mining. The first one, the topic of this section, selects applicable BPR best practices. Process
measures provide a global view on the characteristics of the process. Actual values for the
process measures may reveal weaknesses in the process. A diagnosis is made to find the
weaknesses, before the “cure” in the form of the application of one or more BPR best practices
can be applied. This is similar to the treatment of a patient in a hospital. First, a diagnosis is
performed to find the disease(s) a patient is suffering from. Once the illness is known (i.e., the
problem has been identified), a treatment can be given. Before we elaborate on the process
measures, we discuss the process information and organizational model that is necessary for
the calculation of the measures. Process mining is discussed in the next section.

Process Model

A Protos model (see Section 3.4 for an introduction to Protos) can capture more information
than the control flow, data elements and roles as defined with an annotated SISO-net (Defi-
nition 34). The detailed information on the process and its characteristics are the input for a
diagnosis of a process model with process measures. We extend the annotated SISO-net for
the diagnosis with process measures. The extension captures information related to transitions
(such as external triggers, the type of activity to be executed, XOR-splits and -joins to model
choices, responsible departments, required applications, and handled products and services). It
also captures an organizational model. Roles have a hierarchical relation, i.e. if two roles have
the following relation (r, r′) this means that role r is one step higher in the hierarchy than role
r′ and that role r is also able to perform the transition(s) allocated to role r′ [87].

Definition 40 (Extension on Annotated SISO-net). Let S = (P, T, F, D,DI , DO, R,A) be
an annotated SISO-net. EXT = (BT,CT, ST, JT, K,KT, L, LT,Q, QT, U,H, HA) is an
extension on S where:

· BT : T → P({time, periodic, digital, mail, telephone}) relates each transition to
zero, one or more trigger types,

· CT : T → P({basic, communication, check, authorize, batch}) relates each transi-
tion to zero, one or more activity types,

· ST : T → {AND, XOR} relates each transition to a split type element,

· JT : T → {AND, XOR} relates each transition to a join type element,

· K is a non empty, finite set of departments,

· KT : T → P(K) relates each transition to zero, one or more departments,

· L is a non empty, finite set of products and services,

· LT : T → P(L) relates each transition to zero, one or more products and services,

· Q is a finite set of applications (i.e. software tools),
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· QT : T → P(Q) relates each transition to zero, one or more applications,

· U ∈ R → N is a non empty finite bag of users per role, i.e., for some role r ∈ R, U(r)
denotes the number of users having role r as the highest role,

· H ⊆ R × R is an (acyclic) set of hierarchical role relations, i.e., (r1, r2) ∈ H implies
that users having role r2 also have role r1,

· HA : T → P(R) relates each transition to zero, one or more roles (hierarchical al-
location) [Note that for t ∈ dom(A): HA(t) = {r ∈ R| (r,A(t)) ∈ H∗} and for
t 6∈ dom(A): HA(t) = ∅].

The focus on Protos illustrates the applicability of our approach, while it is still easy to see
how our approach can be generalized to other modeling techniques and tools (e.g. ARIS [56]).
We made one assumption regarding a process model that is being diagnosed: we only take into
account the structural properties of a process model and abstract from behavioral information,
i.e. execution data.

The use of Protos to model the information that is necessary for the diagnosis with process
measures is illustrated with an example process about the handling of insurance claims. The
Protos model is depicted in Figure 4.2. We walk through the process to map the various parts
of the extension (Definition 40) on the Protos model elements. Each transition in the model has
an activity type indicated by the symbol in the box (CT ). The dialogue indicates the activity
type communication, the trapezium indicates basic, the check box check, and the V-symbol
authorize. The three rectangles on the left side of the process are triggers (BT ). A trigger
indicates that a certain (external) condition has to be fulfilled before the transition it links to
can be executed. In this example, a Claim, a Damage report and the End of the day are used.
The split and join types (ST and JT ) are set to their values in the transition properties, but to
show them in the model XOR-splits and -joins are also explicitly stated in the name of a tran-
sition. On the top right side of the transition, the role allocated to the transition is given (A).
For example, the first transition Receive claim is executed by the role Postal worker.
On the bottom left side, the related department(s) (KT ) are displayed. The department Dis-
tribution is, for instance, responsible for the execution of transition Receive claim. On
the bottom right side, the products / services (LT , Individual and business for the transition
Receive claim) and the required applications (QT , Word for the transition Classify)
are displayed. The organizational model related to the process model is depicted in Figure 4.3
and is also created using Protos. It shows the roles (R) divided over the different departments
(K) and the hierarchical role relations (H). Furthermore, the organizational model is used to
see which roles are allocated to a transition based on the hierarchical allocation (HA). The
role that is allocated to transition Check amount, for instance, is damage expert. In the
hierarchy of the organizational model, the damage expert is positioned below the supervisor
claim handling. This hierarchical relation means that the supervisor claim handling is au-
thorized to perform the tasks that are assigned to the damage expert. So, through hierarchical
allocation, the transition Check amount can be executed by both roles. Since the manager
claim handling is authorized to perform the tasks assigned to the supervisor claim handling,
the manager claim handling is also authorized to execute transition Check amount [87].

Looking at figures 4.2 and 4.3 it is not easy to spot inefficiencies in the process. We propose
a diagnosis with process measures to discover the weaknesses of the process.
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Figure 4.2: The insurance claim process modeled in Protos
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Assistant

Finance

Administrator Postal worker

Damage expert Law expert

Manager

Finance

Manager

Distribution 

Supervisor

Claim handling

Administrator

Manager Claim

handling

Figure 4.3: Organizational model of insurance claim process modeled in Protos showing the roles in
three departments and the hierarchical relations among roles

Process Measures

The first step of our diagnosis is the computation of the process measures for the existing
process model. We start with the definition of our set of process measures. In Table 4.1, the
developed set of process measures is given including a formal definition and the value range.
Table 4.1 should be read assuming Definition 40 as context.

The starting point for the creation of the process measures has been the work of Nissen
[96]. Nissen identified 19 (static) process measures [95, 96].

We adopted eleven of the measures proposed by Nissen. Measures that originate from Nis-
sen’s set are marked with a * in Table 4.1. Note that only 10 measures are marked, because we
combined two of the Nissen measures into one measure. Nissen calculates absolute numbers
with his measures which makes it hard to interpret a value for a process measure. Nissen,
for instance, defined the parallelism measure as “tasks and task clusters in parallel flow” [95].
Suppose there are three tasks or task clusters in parallel flow, then it is hard to tell whether this
is a big or a small number. If there are in total only five tasks or task clusters, the value may be
considered high. If the process size is, however, around the 100 tasks, it may be interpreted as
a small value. To overcome this issue, we use relative measures; most measures relate to the
total number of tasks in the process. The parallelism measure, as stated in Table 4.1, is defined
as the fraction of parallel tasks in the process. For each of the measures proposed by Nissen
that we adopted, we made the translation to a relative measure. Only the process size measure
remains an absolute measure. Nissen identified more simple measures like the process size.
We did not adopt them, because in our view they are not useful in the diagnosis of the process.
Other measures proposed by Nissen are not adopted because their meaning and definition is
unclear. An example of such a measure is the decomposability measure: “independence of
sequenced tasks and task clusters” [95].

Besides the measures included from Nissen [95, 96], we developed eight new measures.
In Table 4.1, there are five new measures stated between the parallelism measure and the
IT automation measure. Parallelism and IT automation are both defined as a fraction of a
specific type of task. This inspired us to create five more process measures, each defined as a
fraction of a specific type of task. Definition 40 allows for the specification of an activity type
(CT ) for each of the tasks in the process. The measure process contacts counts the number
of tasks with the activity type communication and divides this number with the total number
of tasks in the process. In a similar manner, the measures batch, periodic, level of control
and level of authorization are defined. The IT automation measure determines the fraction of
(semi-)automated tasks in the process. An automated task is a task that requires one or more
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applications for its execution and does not have a role assigned to it, while a semi-automated
task is a task that requires at least one application and has a role assigned. The automated tasks
are multiplied with α and the semi-automated tasks with β to be able to give different weights,
that is, giving more weight to the fully automated tasks when calculating the IT automation
measure.

The department involvement measure counts the number of departments that are involved
in the process and divides this number by the number of process tasks. Department share
measures the fraction of tasks that have multiple departments related to it. The process hand
offs measure calculates the number of times work is handed over between two different roles
by finding the tasks that are adjacent and determining how many of these adjacent tasks have an
overlap in the roles that are in the hierarchical allocation. The specialization measure provides
the fraction of roles assigned to the process divided by the total number of tasks. If the fraction
is high, then each role is specialized because it can only perform a small part of the tasks. The
measure role usage calculates the fraction of the roles that are listed for the process and also
assigned to at least one task of the process. Managerial layers determines how many layers
exist in the hierarchical allocation divided by the number of roles. The knock outs measure
determines the fraction of knock out places in the process. The insurance claim process (see
Figure 4.2) contains one knock out place, namely place not OK. The knock out place is a
place that has multiple tasks as predecessor. These tasks are all tasks with the activity type
check, the split type XOR and more than one successor. Such a task is called a knock out task
and the knock out best practice that involves a redesign of such tasks is described in detail in
Chapter 2. Finally, Table 4.1 presents three absolute measures: process size, process versions
and user involvement.
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To illustrate the calculation of values for the process measures, we apply them to the insur-
ance claim process. The computed values are presented in Table 4.2. For instance, the measure
level of control is defined as the fraction of control tasks. In the insurance claim process, there
are three control transitions divided by ten transitions resulting in a level of control of 0.3. The
measure parallelism is defined as the fraction of parallel tasks in the process. In the insurance
claim process, there are zero parallel tasks. Another measure is specialization, which is de-
fined as the ratio between roles and tasks. In the insurance claim process, there are six roles
assigned to ten transitions resulting in a value of 0.6.

Table 4.2: Values for process measures.

Parallelism = 0 Department share = 0.1
Process contacts = 0.2 Process hand offs = 0.4

Batch = 0 Specialization = 0.6
Periodic = 0.1 Role usage = 0.7

Level of control = 0.3 Manag. layers = 0.3
L. of authorization = 0.1 Knock-outs = 0.1

IT automation = 0.2 Process size = 10
IT communication = 0 Process versions = 2
Department inv. = 0.3 User involvement = 2

In the next step, we use and combine the set of process measures to determine condition
statements for each BPR best practice. With a condition statement we make the connection
between one or more process measures and a BPR best practice.

Condition Statements

The second step of our diagnosis is the evaluation of condition statements to find applicable
BPR best practices. A condition statement includes one or more process measures. For each
process measure in a specific condition statement we propose a threshold value. The values
are an initial proposal and are not thoroughly validated. A certain best practice is likely to be
applicable for the process when the condition statement evaluates to true. Table 4.3 lists the
condition statements. We provide condition statements for 17 out of the 29 best practices. Re-
garding the remaining 12 best practices: 1) four best practices have conditions similar to other
best practices and are omitted, 2) four best practices are not included because measures beyond
the process level are necessary to come to a proper condition statement, 3) four best practices
focus on the behavior of the process and this is not incorporated in the process definition.
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For the insurance claim process 11 of the 17 condition statements evaluate to true. It is
straightforward, using Tables 4.2 and 4.3, to check that the first 11 condition statements (from
Task Elimination to Case-Based Work) are true for the insurance claim process. The related
best practices are most likely to be applicable for the redesign of this process. Creating process
alternatives is the topic of the next chapter. Here, we close our discussion on the discovery of
process weaknesses with a possible application of a BPR best practice to our example process.

· Parallelism: place the three checking tasks Check Policy, Check amount and
Check legal in parallel which should reduce the lead time of the process.

Note that the condition statement for the Parallelism best practice is true, i.e., |Tpar|
|T | < 0.2 is

satisfied, in fact Tpar = 0. The proposed alternative, with the tasks Check Policy, Check
amount and Check legal in parallel, can be created with the parallelize operation. The use
of process measures and condition statements is a proposed way to identify process weaknesses
in a metric manner. We acknowledge that the performance of the process and the business goals
should also be taken into account. Process mining is a possible means to diagnose the process
from a performance perspective.

4.2 Process Mining
Weaknesses related to performance issues can be discovered and diagnosed with process min-
ing [16]. Event logs typically contain time stamps that can be used to derive performance
parameters. For instance, the time stamps of start and complete events of tasks can be
used to obtain the execution times of tasks. The Performance Analysis with Petri net plugin
[54] is an example of a ProM plugin that facilitates the detection of performance issues. A
screenshot of the plugin is depicted in Figure 4.4.

An evaluation of the values for the various performance indicators point to performance
issues in the process. This also points to specific places in the process where changes would be
most beneficial. We discuss one example of an industrial case where process mining techniques
from the ProM framework (see Section 2.4 and [7, 106]) have been used to find redesign
opportunities. In [16], the data of an invoice handling process at a public works department
has been analyzed with process mining. The event log related to this process contains 14,279
cases. The total number of logged events is 147,579 and 487 employees participated in the
process execution. Figure 4.5 shows a snippet of the log. The left hand side shows the native
format of the WFM system of the public works department. The right hand side shows the
same log in the MXML format that is the standard format used by ProM.

Three views have been taken into account when analyzing the process: (1) the process view
(“How?”), (2) the organizational view (“Who?”) and (3) the case view (“What?”). First, the
main flow of the invoices has been discovered with the heuristic approach which is described
in [153]. This approach can deal with noise and incompleteness of the event log and provides
options to focus on the main process instead of displaying every detail of the behavior cap-
tured in the log. The dependency graph that is discovered is presented in Figure 4.6. Some
low frequent activities are removed from the graph to focus on the main flow. A close obser-
vation of the discovered process model reveals that there are many loops in the process. From
discussions with the process owners it appeared that some of the loops are a way to suspend
the processing of the case for a while. Other loops reflect how cases are incorrectly classified
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Figure 4.4: The Performance Analysis with Petri net plugin [54]

Figure 4.5: A snippet of the public works department log in its native format (left) and the MXML
format (right) [16]
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at the start of the process and need to be re-evaluated and rerouted [16].
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Figure 4.6: The resulting dependency graph after ignoring seven low frequent activities [16]

As a second step, the organizational view (“Who?”) is used to provide more insight in the
nature of the loops and their effect on the performance of the process. Here, relationships
between employees are derived from the frequency of passing a case from one performer to
another. These relationships are displayed in a social network [15]. A social network that
is derived from the log based on the handover of work metric is displayed in Figure 4.7. The
process owners selected four places in the process where the loops are in particular undesirable.
In the further analysis of the social network attention was paid to the interactions related to
these specific loops. It turned out that in the handling of more than 17% of the invoices,
at least once an undesired loop occurs at one of the selected places. The distribution of the
number of undesired loops is shown in Figure 4.8. Further analysis revealed that for 45% of
the cases with undesired loops the routing back was initiated by the WFM system without any
human initiation. The WFM system had been configured in such a way that when the idle time
of a case exceeds two weeks, the system routes the case back to the last active performer of the
case [16].
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Figure 4.7: Social network based on the handover of work metric [16]

0%

2%

4%

6%

8%

10%

12%

Percentage of
total invoices

1 2 3 4 5 6 7 8 9 >10

Number of undesired subcontracting occurences within the handling of a 
single invoice

Figure 4.8: Distribution of undesired loops within the handling of invoices [16]

The case view was used to develop an even better understanding of the looping behavior.
An analysis of the case view is most beneficial when different properties of individual cases
are available. A property that is used for the invoice process relates to the timeliness of the
payments. A first analysis shows that the introduction of a WFM system has improved the
timeliness, but that the norms are still not met. In particular the delays would be an issue if
the invoices with a high payment sum would be delayed the most. For a further analysis of the
invoices the SPSS tool Answer Tree was used resulting in five payment categories (automati-
cally generated by Answer Tree) with values as presented in Table 4.4.



Identifying Redesign Opportunities 83

Table 4.4: The time of payment related to the amount of money [16].

Time of Overall ≤ 24 > 24 ≤ 172 > 172 ≤ 1618 > 1618 ≤ 8377 > 8377
payment

0 - 31 84% 86% 87% 86% 80% 76%
32 - 62 12% 10% 11% 11% 15% 15%

63 - 4% 3% 2% 3% 5% 9%
Total 14043 1403 2810 5619 2807 1404

It appears that those invoices with a high payment sum have a bigger delay than other in-
voices. This analysis illustrates once more the need to improve the invoice handling process.
The case view was also used to take a closer look at the performers responsible for the various
steps involved in the loops. A deeper understanding of the impact of the loops on the perfor-
mance of the process is obtained by combining the information on the execution history of
specific cases and their corresponding processing times. The analysis showed that one particu-
lar activity in the process is a good predictor of the probability of the involved payment being
delayed. If the activity is repeated, the probability of delay is significantly increased. There are
two loops in the process that result in a repetition of the activity. One of these loops explains
the delays best in the case that the activity is processed two or more times. The performers of
the activities in this loop indicated that they give a low priority to this part of their work. As
it turned out, they were not aware of the impact of their actions on the overall performance [16].

The described case shows that process mining techniques can be used to discover poten-
tial improvements (this facilitates step 1 of the PrICE approach: finding applicable redesign
operations). Moreover, process mining techniques can be used to find the bottlenecks in
the process, i.e., specific places in the process where redesign would be most beneficial
(this supports step 2 of the PrICE approach: selecting suitable process parts). In the remainder
of the chapter, we focus on another aspect of the second step of the PrICE approach: the se-
lection of a process part for the application of a redesign operation to a given process model.
The next section discusses formal definitions for such a selection with a focus on the necessary
requirements to be able to construct correct process alternatives. The correctness of created
process alternatives will be further discussed in Chapter 5.

4.3 Selecting a Process Part for Redesign
In Chapter 2 we introduced the redesign operations that specify the application of the control
flow best practices. Table 4.5 gives a short description of each of the redesign operations. The
redesign operations are discussed in detail in Chapter 5.

A BPR best practice essentially has the following three parts: 1) some kind of construction
or pattern that can be distinguished in the existing process, 2) an alternative to be incorporated
for the redesign and 3) a context-sensitive justification for this alternative. So far, these parts
have been briefly described in [109, 112]. In the remainder of this chapter, we focus on part 1):
the process part where the BPR best practice can be applied. The creation of a process al-
ternative is performed with a redesign operation. The operation is performed on a part of the
as-is process model.
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Table 4.5: Redesign operations and their descriptions.

Redesign operation Description
Parallelize put tasks in parallel
Sequentialize put tasks in a sequence
Add Task add a task
Remove Task remove a task
Group place tasks with the same role together
Compose replace tasks with the same role with one composite task
Unfold replace a composite task with the tasks it is composed from

Component

We use the notion of a component to formally define a process part. A component is defined
on an annotated SISO-net, the definition of a process including the control-flow, the data and
the resource perspective (Definition 34) as discussed in Chapter 3. A component is a selected
part of an annotated SISO-net with a clear start and end, i.e., a component is a subnet satisfying
properties similar to a SISO-net. The definition of a component is derived from [12], where the
notion of a component was used to convert graph-like workflow models into structured BPEL
models.

Definition 41 (Component). Let S be an annotated SISO-net, then C is a component in S if
and only if:

• C ⊆ πP (S) ∪ πT (S),

• there are source and sink nodes iC , oC ∈ C such that:

- iC 6= oC ,
- •(C \ {iC}) ⊆ C \ {oC},
- (C \ {oC})• ⊆ C \ {iC}, and
- (oC , iC) 6∈ πF (S).

Note that any component contains at least one transition and one place. We only consider
non-trivial components, i.e., components with at least two transitions. The following definition
provides the projection of a net on one of its components.

Definition 42 (Projection). Let S be an annotated SISO-net and C a component in S. The
projection of S on C, S||C , is then defined as S||C = (P, T, F, D, DI , DO, R, A) with:

· P = πP (S) ∩ C is the set of places,

· T = πT (S) ∩ C is the set of transitions,

· F = πF (S) ∩ (C × C) is the flow relation,

· D =
⋃

t∈T

πDI (S)(t) ∪ πDO (S)(t) is the set of data elements,

· DI ∈ T → P(D) is the set of input data elements such that
∀t∈T : DI(t) = πDI (S)(t),
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· DO ∈ T → P(D) is the set of output data elements such that
∀t∈T : DO(t) = πDO

(S)(t),

· R = {πA(S)(t)|t ∈ dom(πA(S))} is the set of roles, and

· A ∈ T 6→ R is the role assignment such that dom(A) = dom(πA(S)) ∩ C and
∀t∈dom(A) : A(t) = πA(S)(t).

Note that the shorthand notations for an annotated SISO-net (see the shorthand notations
that follow Definition 34 in Chapter 3) can also be used for S||C , the projection of S on C. For
instance, πT (S||C) is the set of transitions that is projected on the component.

The next theorem not only shows that an annotated SISO-net projected on a component
results in an annotated SISO-net, but that, provided the initial annotated SISO-net is safe and
sound, the projection is also safe and sound. Later, this result is used to prove the compositional
nature of safe and sound annotated SISO-nets.

Theorem 4.3.1. Let S be a safe and sound annotated SISO-net and C a component of S with
source node iC and sink node oC , then the projection S||C is a safe and sound annotated
SISO-net.

Proof. First, we prove that S||C is an annotated SISO-net. If iC ∈ C is the source node of
C, it becomes the unique source node of S||C . Similarly, oC becomes the unique sink node of
S||C . Each node x ∈ C \ {iC} must be on a path from iC . Otherwise x would be a source
node or there is another source node y ∈ C \ {iC} such that there is a path from y to x. Both
are impossible which follows from the definition of a component (Definition 41). A similar
argument can be given for a path from x to oC . Therefore, S||C is an annotated SISO-net.

Second, we prove that the annotated SISO-net S||C is safe and sound. We start with sound-
ness. Assume iC and oC are places. Since S is sound, it is possible to mark iC in S when
starting in (S, i) because otherwise the transitions in iC• would be dead. Because S is sound,
place oC will become marked in the process of reaching (S, o) from (S, iC). This is the only
possible way to remove tokens from S||C as there are no other places in S||C from which it
is possible to transfer tokens to the rest of S. All transitions consuming tokens from internal
places in C return at least one token to C. Also, if oC becomes marked, all other places in S||C
are empty. If that would not be the case, oC could be marked again by internal firings of S||C
or a token would be stuck in S||C . Therefore, S||C is sound. If iC and/or oC are transitions
rather than places, a similar reasoning can be followed. S||C is also safe because if this would
not be the case S would also not be safe.

Soundness and safeness are desirable properties because they are necessary to create safe
and sound process alternatives. Theorem 4.3.1 shows that these desirable properties are prop-
agated to any projection of the net on a component.

Restricted Components

A potential problem when performing the parallelize, the sequentialize, the group or the
compose operation is the selection of a process part that contains (a part of) a selective routing
construct (see Section 3.1.5). Typically, in a selective routing construct, one task out of a
number of tasks is selected for execution. Putting tasks from a selective routing construct in,
for instance, parallel would interfere with the desired behavior. To circumvent this, we simply
require a component that defines the process part for any of these operations to be a marked
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graph (MG). Marked graphs allow for the representation of parallel and sequential routing
constructs but not for selective routing constructs. In this setting it makes sense to also require
that the component is acyclic.

Definition 43 (Acyclic MG component). C is an acyclic MG component in an annotated
SISO-net S if and only if:

· C is a component in S,

· S||C is a marked graph (cf. Definition 30, Chapter 3), and

· S||C is acyclic (cf. Definition 19, Chapter 3).

The parallelize operation uses the input and output data elements that are assigned to
the tasks in the selected process part for the creation of the process alternative. The process
part that is the input for the parallelize operation should have a correct data distribution. An
acyclic MG component with a correct distribution of the data elements is defined to be proper
component.

Definition 44 (Proper component). C is a proper component in an annotated SISO-net S if
and only if:

· C is an acyclic MG component in S, and

· ∀t1,t2∈πT (S||C) : πDO
(S||C)(t1) ∩ πDO

(S||C)(t2) 6= ∅⇒ t1 = t2,

· ∀t1,t2∈πT (S||C) : πDO (S||C)(t1) ∩ πDI (S||C)(t2) 6= ∅⇒ (t1, t2) ∈ (πF (S||C))∗, and

· ∀t2∈πT (S||C)∀d∈πDI
(S||C)(t2) : ∃t1∈πT (S||C) : (t1, t2) ∈ (πF (S||C))∗ ∧

d ∈ πDO
(S||C)(t1).

A proper component, as defined in Definition 44, is an acyclic MG component that satisfies
the following requirements:

· A data element can only be an output data element once; for each data element there is
at most one task that creates the data element as its output,

· A task that creates a certain data element as its output has to be placed before the task(s)
that read this data element as an input, and

· For any input data element, there is a task that creates this data element as its output.
This task is positioned before any of the tasks that read the data element as their input.

Note that because we restrict ourselves to acyclic marked graphs it is automatically enforced
that the tasks are also executed in the order that they are present in the proper component. This
ensures that the data elements necessary for the execution of a task have been written when the
task becomes enabled. Therefore, a proper component has a correct data distribution.

Next, we discuss the implementation of the tool support that has been developed for the
selection of process parts.

4.4 Selection with the PrICE Tool Kit
A redesign operation is applied on a process part. Depending on the chosen redesign operation,
certain requirements are set on the process part. Tool support is developed to help the user
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Table 4.6: Redesign operations and their process parts.

Redesign operation Process part
Parallelize Proper component
Sequentialize Acyclic MG component
Add task Two tasks
Remove task A task
Group Acyclic MG component
Compose Acyclic MG component
Unfold Component

in selecting a process part that fulfills the requirements for the selected redesign operation.
Table 4.6 lists the redesign operations and the type of process part that is necessary for their
application. For the demonstration of the tool support we use the running example about the
blood donation process. The blood donation process as depicted in Figure 2.17 includes two
subnets. These subnets have been incorporated in the main process model as can be seen in
Figure 4.9. Figure 4.9 shows the Protos model that is used as input model for the PrICE tool
kit.

User Guidance with Colors

The tool support for the selection is implemented in the Redesign Analysis plugin which is
part of the PrICE tool kit. The plugin guides the user in the selection of a process part. First,
a redesign operation is selected by the user from the list of all available redesign operations,
conform Figure 4.10. The add dependency and remove dependency operations will be intro-
duced in Chapter 5. Then, the user selects a process part by selecting tasks in the process. To
guide the user, all possible process parts for the application of the selected redesign operation
are displayed. These process parts are displayed by coloring the tasks in the model. After the
user selection of a task, the colors are updated to display the process parts that can be formed
including the selected task(s). The colors and their meaning are given in Table 4.7.

Table 4.7: Possible task colors and their meaning.

Color of a task Meaning
Red it is not possible to include the task in a process part
Yellow it is possible to include the task in a process part
Light green the task is selected by the user
Dark green the task is selected by the user and forms (together with other dark green

tasks) a process part that can be redesigned with the selected redesign operation

An example of the use of coloring to guide the user is shown in Figure 4.11. The tasks
Test 1 HIV and Compare HIV results are selected by the user. As indicated with
the dark green color, the two tasks form a process part that can be redesigned with the selected
compose operation. So, the compose operation can be applied on this process part to create
a process alternative. It is also possible to extend the process part with task Test 2 HIV
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Check blood

condition
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Figure 4.9: The blood donation process modeled with Protos: the input model for the PrICE tool kit
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Figure 4.10: Selection of a redesign operation

Figure 4.11: A process part that is selected for the application of the compose operation
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because this task has the same assigned role. The color of this task is yellow, indicating that
it is possible to include the task in a process part. More specifically, the task can be selected
to form a process part together with the tasks that are already selected. The red tasks cannot
be included in a process part together with the two selected (dark green) tasks because the
compose operation can only be applied on tasks with the same assigned role.

Soundness and Correct Data Distribution

An important assumption for the application of the PrICE tool kit is that the input model for
the PrICE tool kit satisfies the following requirement: the model is sound and has a correct
data distribution. For the creation of a sound process alternative with a correct data distribu-
tion this requirement is essential. This requirement is not checked by the tool kit. The user is
responsible for an input model that not only covers the control flow, data, resource and per-
formance perspectives but also is sound and with a correct data distribution. In Chapter 6 we
will explain that a process alternative can also be used as the starting point for the creation of
another alternative. Therefore, we need to ensure that the process alternatives that are created
with the PrICE tool kit are sound and with a correct data distribution. Throughout the thesis
we provide definitions and proofs of the soundness of a created process alternative. The tool
support is implemented accordingly and a further discussion of soundness is not required. The
correctness of a data distribution, however, requires an explanation.

A correct data distribution of a process model is not formally defined in this thesis and it is
therefore not possible to provide any proofs. With Definition 44 we show that it is possible to
define a correct data distribution on an acyclic MG component resulting in a proper component.
In our implementation we also make this distinction between a correct data distribution of a
complete process model and of a selected part of the process. We make the assumption that the
input model has a correct data distribution. Each redesign operation is implemented such that
an application on a process part selected from a process model with a correct data distribution
results in an alternative model with a correct data distribution. A correct data distribution is
either ensured by the application of the redesign operation or checked locally for the resulting
process part. With a local check all (in)direct predecessors and successors of the tasks in the
selected process part need to be determined. The implemented search method does not work
for processes that include loops. Consequently, some of the redesign operations cannot be
applied on processes with iterative behavior. We continue this discussion in the next chapter
where we discuss the implemented tool support for the creation of a process alternative.

Calculation of Process Parts

For the parallelize, the sequentialize, the group, and the compose operations, all possible
process parts need to be calculated. As a first step, all components that are present in the
process are determined. Then, any additional requirements are checked for the set of com-
ponents. Checking these requirements is time consuming. For a real business process, the
number of components may become very large, because components may partly overlap or be
nested. A component is not compositional, i.e., it is not guaranteed that any subnets enclosed
by a component are also components. It is, therefore, not possible to derive more components
once some components are known. For the implementation of tool support for realistic process
models, a more efficient calculation of the process parts is necessary.
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We introduce an additional step to facilitate the calculation of the components: the calcu-
lation of the Refined Process Structure Tree (RPST) [144]. The RPST represents a modular
decomposition of process fragments in a process that have a single entry edge and a single exit
edge. The modularity ensures that a local change to the process only causes a local change
of the decomposition, which makes the decomposition a good starting point for our purposes.
After the calculation of the RPST, each of the process fragments in the RPST is translated to
a component and checked against the requirements. As a second step, process fragments with
the same parent node in the RPST are combined into one process fragment enclosing all possi-
ble combinations of two or more of these fragments. Each new process fragment is translated
to a component and checked against the requirements. The result of these two steps is a set of
components that fulfill the additional requirements for the selected redesign operation. For the
sequentialize operation, for instance, it is checked for each component whether it is a marked
graph and whether it is acyclic (see Table 4.6).

As an example, Figure 4.12 provides a view on all possible process parts for the application
of the parallelize operation that are present in the running example. In Figure 4.12 all tasks are
colored orange, except for the last task (which is red). This means that for each of the tasks,
except for the last task, there is at least one possible process part that includes the task. In total
there are 71 possible process parts for the application of the parallelize operation. After the
selection of a task, the number of possible process parts will be lower and maybe more tasks
will be colored red.

Figure 4.12: Possible process parts for the application of the parallelize operation

For the compose and group operations additional calculations are done. For both redesign
operations, the largest non-overlapping acyclic MG components in the model are taken from
the set of calculated components. Only tasks that are in the same acyclic MG component can
be grouped or composed and by using the largest components it is possible to group or com-
pose as many tasks as possible. For the group operation, all possible combinations of tasks



92 Chapter 4

Figure 4.13: A first step in the selection of a process part for the application of the group operation

Figure 4.14: A process part for the application of the group operation is selected

with the same role are created from each of these non-overlapping acyclic MG components.
For each of the combinations it is checked whether the tasks can be placed together with a
correct data distribution. For the compose operation the calculation is performed according to
the requirements stated in Chapter 5 (see for instance Definition 57).

Figures 4.13 and 4.14 show the step-by-step selection of a process part for the application
of the group operation. Note that the group operation places task with the same role together
and therefore it is not necessary that the selected tasks are adjacent.

4.5 Related Work
In this section we first present related work on deciding what type of changes are useful or
applicable for a certain process is presented. Then, we discuss related work on where to make
a change in the process.
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What to Change?

First, we discuss the BPR approaches that have been introduced in the related work of Chap-
ter 2. We start with Nissen’s work on the KOPeR tool described in [96, 97] which is closely
related to our use of process measures. The KOPeR tool that is developed by Nissen [96, 97]
also uses process measures to identify the possible directions for redesign. The idea is that
a limited set of process measures (e.g. process length, process hand-overs, etc.) can be used
to identify process pathologies in a given process (e.g. a problematic process structure, frag-
mented process flows, etc.). These process pathologies can then be matched to redesign trans-
formations known to effectively deal with these pathologies. Although the KOPeR tool does
not generate new designs itself, e.g. by visualizing the effect of a suggested transformation on
an existing design, experiments suggest that the tool “performs redesign activities at an overall
level of effectiveness exceeding that of the reengineering novice” [97]. Nissen’s work has in-
spired us to come up with a similar approach that nonetheless overcomes some of the KOPeR
tool’s shortcomings:

· On the process modeling side, the process model in use by KOPeR is simple and the
provided examples are rather simplistic. Our process model is defined as an enriched
WF-net allowing for the modeling of realistic, complex business processes.

· Nissen used graph-based definitions of the measures in order to operationalize them. We
have noticed that the exact meaning of some of the measures is unclear. We use a formal
notation to overcome this and define our measures unambiguously.

· Nissen adds an extra layer of indirection (process pathologies and process transforma-
tions). We only define a set of measures and a set of transformation rules to immediately
find the applicable transformations.

· Nissen’s set of presented transformation serves as an illustration and is far from a com-
plete coverage of the spectrum of redesign options. We provide a more exhaustive list
of rules based on the set of 29 BPR best practices [112].

Most of the other approaches for process redesign that have been described in Chapter 2 do
not provide support for deciding what type of changes to apply. In the process recombinator
tool [22], for instance, it is not considered at all.

Where to Change?

For the decision of where to change a process, most of the BPR approaches that have been
described in Chapter 2 lack systematic support. But this point is better addressed in the various
approaches than the decision on what to redesign. With the process recombinator tool [22] the
user can select the core activities that should be present in the new designs. This is not exactly
a focus on where to change, but the selection provides a direction to what is important in the
process. The grammatical framework [74, 102], Product Based Workflow Design [113], the
analytical support as described by [52] and the KOPeR tool [96, 97] do not focus on specific
process parts for redesign.

Apart from the BPR approaches and tool support, there are also approaches, systems and
tools that focus on the ad-hoc adaptation of a process instance while it is running. These ap-
proaches focus on the execution phase of the BPM life-cycle. The relation with our work is
that also here changes are made, but with the goal to provide flexibility during process exe-
cution. The ADEPT2 process management system, for instance, enables ad-hoc deviations of
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a process instance and supports the migration of all running cases to a new process template
[32, 108]. The tool uses change operations when modeling new process templates or adapting
existing process instances. The change operations are related to the redesign operations and
will be discussed in the related work of Chapter 5. With the ADEPT2 process management
system [32], the user is supported in a similar manner as with the PrICE tool kit. After the
selection of a change operation, the system marks the process parts that can be modified with
the selected change operation such that the result is a correct alternative model.

Other areas than process mining, like for instance process warehousing and business pro-
cess intelligence (BPI) [42], also focus on process data analysis in order to improve the process
execution. Therefore, approaches from these areas can support the detection of bottlenecks and
weaknesses in a process as well. A warehouse of workflow execution data (called Workflow
Data Warehouse) is designed and implemented by [24] to facilitate the analysis of logs from
WFM systems. An approach based on data warehousing and mining techniques is proposed
by [43] to improve the quality of the executed business process by analyzing and preventing
the occurrence of exceptions. A BPI engine that enables the automated application of data
mining techniques to business process execution has been developed by [28]. Here, decision
trees are one of the data mining techniques to identify weaknesses. Another approach to detect
weaknesses in a process is time series forecasting to predict whether a certain metric or per-
formance indicator will exceed its threshold in the near future. The approach is proposed and
implemented by [29].

Our notion of a component to define a process part is based on the work of [12]. In [12], the
component is defined as a selected part of a WF-net that has a clear start and end. The compo-
nents are used to translate WF-nets to BPEL: components are mapped onto BPEL constructs,
thus generating readable and compact BPEL code. Another view on deciding where to change
would be to define local constructs that need to be detected in a process. An example of this
is the knock out construct as described by [5]. A knock out construct is a part of the process
where a number of checks are performed. The goal of the knock out is to decide whether a
case should be accepted or rejected. Each check can lead to the immediate rejection of the case
or an acceptance after which the next check is performed. A knock out construct would be a
suitable process part for the application of the knock-out best practice.

4.6 Summary and Outlook
In this chapter we presented an approach to select applicable redesign operations which create
a change in the control flow as prescribed by the control flow best practices (the first step of
the PrICE approach). We also defined the selection of a process part for the application of
redesign operations and presented tool support for this selection (the second step of the PrICE
approach). In the next chapter, we discuss the third step of the PrICE approach: the creation of
process alternatives. This step includes the application of the redesign operations.
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Creating Process Alternatives

The third step of the PrICE approach is the creation of process alternatives for an existing
process (see Figure 5.1). The creation of a process alternative is performed in two phases: a)
applying a selected redesign operation on a selected process part to form an alternative process
part, and b) updating the process with the alternative process part resulting from step a). In this
chapter, we discuss both phases in detail. We provide a formal foundation for the creation of a
process alternative with the more complex redesign operations. Furthermore, we present tool
support for the creation of process alternatives. Finally, we discuss related work.
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Figure 5.1: Step 3 of the PrICE approach: creating alternative models with the application of a redesign
operation on a selected process part followed by an update of the model with the resulting alternative
process part
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5.1 Introduction
A process alternative is created by applying a redesign operation on a process part within a
given process. A discussion on the selection of both (redesign operation and process part) is
given in Chapter 4, here we summarize the main idea. A redesign operation specifies the appli-
cation of a certain BPR best practice. The goal of step 1 of the PrICE approach (see Figure 5.1)
is to find applicable redesign operations. Step 2 of the PrICE approach (see Figure 5.1) focuses
on the selection of suitable process parts. A selected process part is a specific part of the given
process. We use the notion of a component to define the main characteristics of a process
part, as given in Chapter 4, Definition 41. Additional requirements on a process part may be
necessary; this depends on the redesign operation that is selected. As an example, Figure 5.2
illustrates the selection of a process part for the application of the parallelize operation.
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Figure 5.2: The selection of a process part

A selected redesign operation and a selected process part are the input for the creation of a
process alternative. The creation of a process alternative is performed in two phases:

a) a redesign operation is applied on a process part to form an alternative process part, and

b) the initial process model is updated using the alternative process part.
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Figure 5.3: The application of the parallelize operation

The creation starts with the application of a redesign operation on the selected process part
resulting in an alternative process part. Figure 5.3 shows an example of the application of a
redesign operation, namely the parallelize operation.
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Next, the process alternative is constructed by updating the initial process model with the
alternative process part. First, the selected process part is removed from the initial process
by disconnecting its source and sink node from the surrounding process. This is illustrated
with Figure 5.4a. Then, the alternative process part created by the redesign operation replaces
the removed part and is connected to the surrounding process. Figure 5.4b illustrates this
replacement.

b) ... with the created alternative process part
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a) The replacement of the selected process part...

Figure 5.4: The selected part of the process is replaced by the alternative process part

In Section 2.2, we discussed the control flow best practices which application creates
an explicit change in the control flow of a process. In Table 5.1, these best practices and
the redesign operations are given. The content of Table 5.1 has already been discussed in
Section 2.3. The formalization and implementation of the redesign operations, as indicated in
Table 5.1, are discussed in the remainder of this chapter.

5.2 Formal Foundation
As a formal foundation for the development of tool support for the creation of process alter-
natives, we provide formal definitions for the application of the more complex redesign opera-
tions, namely the unfold, the parallelize, the sequentialize, and the compose operations. The
operations are discussed in increasing order of complexity, that is, the compose operation is
the most complex operation and therefore the last to be discussed. For each redesign operation
we discuss the expected effects of its application on the process performance, the selection of
a process part, the application of the operation and the update of the process. We also use the
running example to give an example of the application of each redesign operation. We start
with the unfold operation.

5.2.1 Unfold Operation

In the execution of a process, each task takes a certain amount of time to be performed. With
the unfolding of tasks, tasks that take long are split up into several smaller tasks. Unfold-
ing may result in a higher run-time flexibility, because the scheduling and execution of some
smaller tasks allow for more possibilities than the scheduling and execution of one large task.
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Table 5.1: The control flow best practices and the redesign operations that specify their application.

BPR best practice Redesign operation Formalized Implemented
Task Elimination Remove Task X
Task Addition Add Task X
Task Composition Compose X X

Unfold X
Group X

Task Automation - X
Resequencing Sequentialize X X

Add Task X
Remove Task X

Control Relocation Remove Task X
Knock-Out Sequentialize X X

Add Task X
Remove Task X

Parallelism Parallelize X X
Triage Compose X X

Unfold X

Furthermore, a task that is too large may be unworkable and dividing it into smaller tasks could
enhance the quality realized by the involved resource(s). A drawback of smaller tasks are pos-
sibly longer set-up times, i.e., the time that a resource spends to become familiar with a case
[109].

The unfolding of tasks is done with the unfold operation. We discuss the unfold operation
in the following order. First, a process part for its application is selected. Then, the operation
for the unfolding of a selected process part is presented. Next, the selected process part is
replaced by the alternative unfolded process part. Finally, a redesign for the blood donation
process example is created with the unfold operation.

Select a Process Part

As a starting point for the unfold operation a component (Definition 41, Chapter 4) is selected
from a process model.

Apply the Unfold Operation

The unfold operation is applied on the composite transitions that are in the selected process
part. A composite transition is linked with a subprocess that divides the composite transition
into several smaller pieces of work. Such a subprocess is used for more complicated or larger
transitions to give more insight on what exactly should be done. In the two-layer process
structure that we defined in Chapter 3, these composite tasks are located in the upper layer,
while the associated subprocesses form the lower layer. With the application of the unfold
operation, the composite transition is removed from the process model and replaced by the
associated subprocess. With the formal notions that we discussed in the previous chapters,
we can express this as follows: The unfold operation is performed by replacing the composite



Creating Process Alternatives 99

transitions that are present in a component (Definition 41, Chapter 4) by their associated lower
layer annotated SISO-nets (Definition 35, Chapter 3). For the layered annotated SISO-net
LS1 = (S1, SS1, map1), the component is defined on the annotated SISO-net S1. Any com-
posite transition is located in the upper layer of LS1, i.e., in S1, and can therefore be included
in a component. The lower layer annotated SISO-nets cannot be included in a component, but
can be obtained from LS1 through the composite transitions. Note that a lower layer annotated
SISO-net always starts and ends with a transition (see Definition 35). This simplifies the un-
folding considerably, because the lower layer net can simply replace the composite transition
without violating the bipartite nature of an annotated SISO-net.

Definition 45 (Unfold). Let LS1 = (S1, SS1,map1) be a layered annotated SISO-net and
C a component of S1. Operation unfold changes component C into a layered annotated
SISO-net unfold(LS1, C) = (S2, SS2,map2) with:

· S2 = (P2, T2, F2, D2, DI2 , DO2 , R2, A2) is aimed to be an annotated SISO-net with:

– P2 = πP (S1||C) ∪
⋃

t∈dom(map1)∩C

πP (map1(t)) is the set of places,

– T2 = (πT (S1||C) \ dom(map1)) ∪
⋃

t∈dom(map1)∩C

πT (map1(t))

is the set of transitions,

– F2 = {(x, y) ∈ πF (S1||C) | {x, y} ∩ dom(map1) = ∅} ∪
⋃

t∈dom(map1)∩C

πF (map1(t)) ∪

{(p, t) ∈ P2 × T2 | ∃t′∈dom(map1)∩C : p ∈ •t′ ∧ t =in(map1(t′))} ∪

{(t, p) ∈ T2 × P2 | ∃t′∈dom(map1)∩C : t =out(map1(t′)) ∧ p ∈ t′•}

is the flow relation,

– D2 = πD(S1||C) is a set of data elements,

– DI2 ∈ T2 → P(D2) is the set of input data elements such that:

∗ ∀t∈πT (S1||C)\dom(map1) : DI2(t) = πDI (S1)(t), and
∗ ∀t′∈dom(map1)∩C : ∀t∈πT (map1(t′)) : DI2(t) = πDI

(map1(t′))(t),

– DO2 ∈ T2 → P(D2) is the set of output data elements such that:

∗ ∀t∈πT (S1||C)\dom(map1) : DO2(t) = πDO
(S1)(t), and

∗ ∀t′∈dom(map1)∩C : ∀t∈πT (map1(t′)) : DO2(t) = πDO (map1(t′))(t),

– R2 = πR(S1||C) is a set of roles, and

– A2 ∈ T2 6→ R2 is the role assignment such that:
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∗ dom(A2) = dom(πA(S1||C)) \ dom(map1) ∪
⋃

t∈dom(map1)∩C

dom(πA(map1(t))),

∗ ∀t∈dom(πA(S1||C))\dom(map1) : A2(t) = πA(S1)(t), and
∗ ∀t′∈dom(map1)∩C : ∀t∈πT (map1(t′)) : A2(t) = πA(map1(t′))(t),

· SS2 = ∅ is an empty set of annotated SISO-nets, and

· map2 ∈ T2 6→ SS2 is the assignment function such that dom(map2) = ∅.

Note that the result of the unfold operation is a layered annotated SISO-net with an empty
set of lower layer SISO-nets since the lower layer SISO-nets are moved to the upper layer.

With Theorem 5.2.1 we show that the resulting net is indeed a layered annotated SISO-
net. Moreover, in the same Theorem we show that this layered annotated SISO-net is safe and
sound.

Theorem 5.2.1. Let LS1 = (S1, SS1,map1) be a layered annotated SISO-net, C a component
of S1, and LS2 = unfold(LS1, C), then:

· LS2 is a layered annotated SISO-net.

· If S1||C is safe and sound and the annotated SISO-nets associated with the composite
transitions in S1||C , i.e., the elements in the set SSC = {map1(t) | t ∈ dom(map1) ∩
C}, are safe and sound, then LS2 is safe and sound.

Proof. First, we prove that LS2 is a layered annotated SISO-net. If the source and sink node
of S1||C are not involved in the unfolding, i.e., these nodes are not composite transitions,
then these nodes become the source and sink node of LS2. If the source or sink node is a
composite transition, then this node is replaced by the source (sink) node of the associated
annotated SISO-net. Hence, no new source or sink nodes are introduced. Further, we note
that all annotated SISO-nets associated with a composite transition are transition bordered (see
Definition 35, Chapter 3), i.e., such an annotated SISO-net starts and ends with a transition.
With the replacement of a composite transition with a transition bordered annotated SISO-net,
all nodes remain on a path from source to sink node.

Second, we prove that the layered annotated SISO-net LS2 is safe and sound. In [6], it
is shown that if a transition in a safe and sound WF-net is replaced by a safe and sound WF-
subnet the resulting WF-net is safe and sound. We follow a similar line of reasoning as the
proof in [6] to prove that LS2 is a safe and sound layered annotated SISO-net. We have to
prove that if S1||C and all s ∈ SSC are safe and sound, LS2 is safe and sound. LS2 is safe
because every reachable state corresponds to a combination of a safe state of S1||C and a safe
state of any of the s ∈ SSC . The annotated SISO-net s ∈ SSC , associated with the composite
transition t, i.e., map1(t) = s, behaves like a transition which may postpone the production
of tokens for t•. Thus, when abstracting from the internal states of s, t and s have identical
behaviors. Unfolding t, i.e., replacing t with s in S1||C , does not change other parts of S1||C .
So, because S1||C and all s ∈ SSC are safe and sound, LS2 is also safe and sound.

The second phase in the creation of a process alternative is the update of the process with
the alternative process part that has been created with the unfold operation.
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Update of the process

The layered annotated SISO-net LS2 is the alternative process part that results from the ap-
plication of the unfold operation for the component C that has been selected from the layered
annotated SISO-net LS1. The creation of a process alternative is finished with the replacement
of S1||C in LS1 with LS2.

An update of the process consists of the replacement of a component with the created
alternative process part. Such a replacement is necessary after the application of any of the
redesign operations. The replacement is, therefore, defined for all replacements.

Definition 46 (Replace). Let LS1 = (S1, SS1,map1) and LS2 = (S2, SS2,map2) be two
layered annotated SISO-nets, and C a non-trivial component in S1 with source node iC and
sink node oC . S2 is such that in(S2) is a place if and only if iC is a place and out(S2) is
a place if and only if oC is a place. Operation replace substitutes S1||C in LS1 with S2

resulting in replace(LS1, C, LS2) = (S3, SS3,map3) with:

· S3 = (P3, T3, F3, D3, DI3 , DO3 , R3, A3) is aimed to be an annotated SISO-net with:

– P3 = (πP (S1) \ C) ∪ πP (S2) is the set of places,
– T3 = (πT (S1) \ C) ∪ πT (S2) is the set of transitions,
– F3 = (πF (S1) ∩ ((P3 × T3) ∪ (T3 × P3))) ∪

πF (S2) ∪

{(n,in(S2)) | (n, iC) ∈ πF (S1)} ∪

{(out(S2), n) | (oC , n) ∈ πF (S1)} is the flow relation,

– D3 =


 ⋃

t∈πT (S1)\C
πDI

(S1)(t) ∪ πDO
(S1)(t)


 ∪ πD(S2) is the set of data

elements,
– DI3 ∈ T3 → P(D3) is the set of input data elements such that:

∗ ∀t∈πT (S1)\C : DI3(t) = πDI
(S1)(t), and

∗ ∀t∈πT (S2) : DI3(t) = πDI
(S2)(t),

– DO3 ∈ T3 → P(D3) is the set of output data elements such that:

∗ ∀t∈πT (S1)\C : DO3(t) = πDO
(S1)(t), and

∗ ∀t∈πT (S2) : DO3(t) = πDO (S2)(t),

– R3 = {πA(S1)(t) | t ∈ dom(πA(S1)) \ C} ∪ πR(S2) is the set of roles, and
– A3 ∈ T3 6→ R3 is the role assignment such that:

∗ dom(A3) = (dom(πA(S1)) \ C) ∪ dom(πA(S2)),
∗ ∀t∈dom(πA(S1))\C : A3(t) = πA(S1)(t), and
∗ ∀t∈dom(πA(S2)) : A3(t) = πA(S2)(t),

· SS3 = {map1(t) | t ∈ dom(map1) \ C} ∪ SS2 is the set of annotated SISO-nets, and

· map3 ∈ T3 6→ SS3 is the assignment function such that:

– dom(map3) = (dom(map1) \ C) ∪ dom(map2),
– ∀t∈dom(map1)\C : map3(t) = map1(t), and
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– ∀t∈dom(map2) : map3(t) = map2(t).

The next theorem shows that the result of the replacement is again a safe and sound layered
annotated SISO-net.

Theorem 5.2.2. Let LS1 = (S1, SS1,map1) and LS2 = (S2, SS2,map2) be two layered an-
notated SISO-nets, and C a non-trivial component in S1. If LS3 = replace(LS1, C, LS2),
then:

· LS3 is a layered annotated SISO-net.

· If LS1 is safe and sound and LS2 is safe and sound, then LS3 is safe and sound.

Proof. First, we prove that LS3 is a layered annotated SISO-net. If source node i and sink
node o of LS1 are not involved in the replacement, i.e., these nodes are not incorporated in
S1||C , then replacing S1||C by S2 does not remove source i or sink o of LS1. If source node i
(sink node o) is incorporated in S1||C , then this node is replaced by the source (sink) node of
S2. Replacement does not introduce any new source or sink nodes and all nodes are on a path
from i to o.

Next, we prove that if LS1 and LS2 are safe and sound, LS3 is safe and sound. Theo-
rem 4.3.1 already showed that if LS1 is safe and sound, S1||C is safe and sound. We follow the
same line of reasoning as in the proof of Theorem 3 in [12]. There, it is shown that a safe and
sound (sub) WF-net behaves like a transition which may postpone the production of tokens.
Furthermore, it is shown that in a safe and sound WF-net such a subnet can be replaced by a
transition without changing dynamic properties such as safeness and soundness. In our case,
component C in LS1 becomes “active” if one of its transitions fires. Then there may be several
internal steps in C executed in parallel with the rest of LS1 but eventually oC (if oC is a place)
or the places in oC• (if oC is a transition) get marked. Since LS1 is safe, C can be activated
only once. Similarly, an activation of LS2 in LS3 will lead to a marking of o2 (if o2 is a place)
or the places in o2• (if o2 is a transition) in LS2. Hence, if one abstracts from the internal
states of S1||C and LS2, LS1 and LS3 have identical behaviors. It follows that LS3 is safe
and sound. In other words: since both S1||C and LS2 behave like a transition which can only
postpone the production of tokens, we can replace S1||C with LS2 without changing dynamic
properties such as safeness and soundness. Furthermore, in the proof of Theorem 3 in [6] it is
shown that a WF-net, resulting from the replacement of a transition from a safe and sound WF-
net with another safe and sound (sub) WF-net, is safe and sound. Also here, the subnet behaves
like a transition which may postpone the production of tokens. The transition can be replaced
by the subnet without changing dynamic properties such as safeness and soundness.

The result of the replacement may contain routing transitions (see Section 3.1.5) that are
now superfluous. An AND-split routing transition is superfluous if it is preceded by exactly
one place and this place is preceded by exactly one transition that does not have other outputs
(the two transitions are in a sequence). An AND-join routing transition is superfluous if it is
followed by exactly one place and this place is followed by exactly one transition that does
not have other inputs. The routing transition and the other transition may be merged (thus
removing the routing transition) with the aggregation of transitions. The aggregation of two
transitions is one of the soundness-preserving transformation rules described by Van der Aalst
[2]. The aggregation of an AND-split and the aggregation of an AND-join are illustrated in
Figure 5.5. In [2], Van der Aalst formalizes the opposite of aggregation, i.e., the division of one
transition into two transitions. Here, we include a similar formalization of the aggregation of
two transitions into one transition. We add the restriction that an aggregation is only possible
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Figure 5.5: The aggregation of an AND-split and the aggregation of an AND-join

if at least one of the transitions is a routing transition, i.e., a transition with multiple in- or
outgoing arcs without data and role assignment.

Definition 47 (Aggregation). Let S = (P, T, F,D, DI , DO, R,A) be an annotated SISO-net.
This net can be transformed into an annotated SISO-net S′ = (P ′, T ′, F ′, D, D′

I , D
′
O, R, A′)

iff there exist t1, t2 ∈ T , p ∈ P and t3 ∈ T ′ with t1• = •t2 = {p}, •p = {t1}, p• = {t2},
and ((DI(t1) ∪DO(t1) = ∅) ∧ t1 6∈ dom(A)) ∨ ((DI(t2) ∪DO(t2) = ∅) ∧ t2 6∈ dom(A))
such that:

· P ′ = P \ {p} is the set of places,

· T ′ = (T \ {t1, t2}) ∪ {t3} is the set of transitions with t3 6∈ T ,

· F ′ = {(x, y) ∈ F | {x, y} ∩ {t1, t2} = ∅} ∪ {(x, t3) ∈ (P ′ × T ′) | (x, t1) ∈ F} ∪
{(t3, y) ∈ (T ′ × P ′) | (t2, y) ∈ F} is the flow relation,

· D′
I ∈ T ′ → P(D) is the set of input data elements such that:

– ∀t∈T ′\{t3} : D′
I(t) = DI(t), and

– D′
I(t3) = DI(t1) ∪DI(t2),

· D′
O ∈ T ′ → P(D) is the set of output data elements such that:

– ∀t∈T ′\{t3} : D′
O(t) = DO(t), and

– D′
O(t3) = DO(t1) ∪DO(t2),

· A′ ∈ T ′ 6→ R is the role assignment such that:

− dom(A′) =
{

dom(A) if {t1, t2} ∩ dom(A) = ∅,
(dom(A) ∩ T ′) ∪ {t3} if {t1, t2} ∩ dom(A) 6= ∅.

− ∀t∈dom(A)\{t1,t2} : A′(t) = A(t),

−A′(t3) =
{

A(t1) if t1 ∈ dom(A),
A(t2) if t2 ∈ dom(A).
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It is easy to see that if we take a sound annotated SISO-net and we apply the aggregation
rule, then the resulting net is still an annotated SISO-net. Moreover, the resulting annotated
SISO-net is sound. Van der Aalst [2] shows that this is the case for the application of any of
the soundness-preserving operation rules to a WF-net.

Theorem 5.2.3. The aggregation rule preserves soundness, i.e., if an annotated SISO-net is
sound, then the annotated SISO-net transformed by the aggregation rule is also sound.

Proof. See [2].

The aggregation of transitions has to be performed iteratively for all annotated SISO-nets
present in a layered annotated SISO-net until all superfluous AND-splits and AND-joins have
been removed.

The second phase of the creation of a process alternative with the unfold operation is a
replacement as performed by operation replace(LS1, C, LS2). Any superfluous routing
transitions are removed from the updated process. The replacement results in a process alter-
native for the initial process. If the initial process model has a correct data distribution, each
subprocess that replaces a composite task also has a correct data distribution resulting in a cor-
rect data distribution of the alternative model.

We illustrate the creation of a process alternative for the unfold operation with the blood
donation process example.

Example

Suppose that the employees working in the blood donation process (see Figure 5.6 for a model
of the blood donation process) have indicated that the task Test on HIV is too large to
perform as one chunk. Since the task is too large it seems logical to divide it in smaller pieces
of work with the unfold operation. As an input for the creation of a process alternative with the
unfold operation a component including the task Test on HIV is selected from the blood
donation process. This selection is depicted with a circle around the selected process part in
Figure 5.6. After the application of the unfold operation, the lower layer net associated with the
composite task Test on HIV is incorporated in the process alternative while the composite
transition has been removed. The resulting process alternative is depicted in Figure 5.7. The
positive effect of this redesign is expected to be a higher job satisfaction for the employees
and a better quality of the delivered work. Also, more run-time flexibility of the process is
expected, because the scheduling and execution of several tasks offers more options to handle
the work than the scheduling and execution of one task.

5.2.2 Parallelize Operation
In the execution of a process, tasks may be executed one after another while no data depen-
dencies exist between these tasks. Flow relations between such tasks may cause unnecessary
delays in the process execution. A task may be waiting for another task to finish, while the
task does not need the output data of the other task for its execution. As an alternative, tasks
without data dependencies between one another may be executed in parallel. Parallel tasks
may be executed in any order or simultaneously. The obvious benefit would be a reduction
in throughput time. A possible negative effect is a loss of quality. Processes with concurrent
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Figure 5.7: Process alternative after unfolding
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behavior are more complex, which may introduce errors [109].

More parallel behavior is introduced by applying the parallelize operation. We discuss the
parallelize operation in the following order. The first subsection discusses the selection of a
process part for the application of the parallelize operation. Second, the parallelize operation
and supporting operations are given. Then, the replacement of the selected process part by the
alternative (parallel) process part is presented. The final subsection handles the creation of a
process alternative with the parallelize operation for the blood donation process example.

Select a Process Part

As a starting point for creating a process alternative with the parallelize operation, a proper
component (Definition 44, Chapter 4) is selected from a process model. A proper component
is an acyclic MG component with the data elements distributed over the component in such a
way that the data elements necessary for the execution of a task are available when the task
becomes enabled.

Apply the Parallelize Operation

For reasons of efficiency the focus in the explanation and formalization of the parallelize op-
eration is on the graph structure. Places are disregarded in the explanation because of the
absence of selective routing constructs. Recall that selective routing constructs are not present
in a proper component.

First, the transitions of a component are translated to the nodes of a graph. While trans-
lating, transitions that do not have any output data elements, i.e., for which DO(t) = ∅, are
removed because performing such a transition does not provide any value for the process. Note
that this means that routing transitions that solely serve a routing purpose are also removed.
Edges reflecting the data dependencies between the nodes in the graph are added to the graph.

Definition 48 (Parallel). Let LS = (S, SS,map) be a layered annotated SISO-net and C a
proper component of S. Operation parallel changes C into the graph parallel(LS, C) =
(N,E) with:

· N = {n ∈ πT (S||C) | πDO (S)(n) 6= ∅} is the set of nodes,

· E = {(n1, n2) ∈ N ×N | πDO
(S)(n1) ∩ πDI

(S)(n2) 6= ∅} is the set of edges.

Note that the graph resulting from Definition 48 may contain only one node. From here
on, we only consider non-trivial graphs, i.e., graphs with at least two nodes. The graph has to
be further transformed into a SISO-net. A SISO-net has one source node and one sink node,
while the graph may have multiple start or end nodes. The operations start and end return
the start and end nodes of a graph.

Definition 49 (Start, end). Operation start(G) and operation end(G) respectively return
the start and end nodes of graph G = (N, E):

· start (G) = {n ∈ N | ∀n′∈N : (n′, n) 6∈ E}, and

· end (G) = {n ∈ N | ∀n′∈N : (n, n′) 6∈ E}.
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Using the start and end operations, it is possible to determine the number of start and
end nodes of a graph. If a graph contains multiple start and/or end nodes, it is transformed into
a graph with a single start node and a single end node.

Definition 50 (Siso). Operation siso changes graph G = (N, E) into the graph siso(G) =
(N ′, E′) with1:

−N ′ = N ∪





∅ if |start(G)| ≤ 1 ∧ |end(G)| ≤ 1,
{isplit} if |start(G)| > 1 ∧ |end(G)| ≤ 1,
{ojoin} if |start(G)| ≤ 1 ∧ |end(G)| > 1,
{isplit, ojoin} if |start(G)| > 1 ∧ |end(G)| > 1,

− E′ = E ∪ {(isplit, n) ∈ N ′ × N ′ | n ∈ start(G)} ∪ {(n, ojoin) ∈ N ′ × N ′ | n ∈
end(G)}.

After performing operation siso the resulting graph starts and ends with a single node.

With the performance of the parallel operation, Definition 48, more relations may be
introduced between the nodes of the graph then strictly necessary. If the paths (a,b), (b,c) and
(a,c) exist in a graph, the direct path (a,c) becomes superfluous. Operation reduce removes
all superfluous relations from a graph. It performs a transitive reduction.

Definition 51 (Reduce). Graph G′ = (N, E′) is the reduced graph of G = (N, E)2, if and
only if:

· (E′)∗ = E∗,

· ∀(n1,n2)∈E′ : (E′ \ {(n1, n2)})∗ 6= E∗, and

· E′ ⊆ E.

Operation reduce(G) gives the reduced graph G′.

The graph that results from the application of the operations parallel, siso and reduce
on the component C has certain properties.

Theorem 5.2.4. Let LS = (S, SS, map) be a layered annotated SISO-net, C a proper com-
ponent of S, and G = reduce(siso(parallel(LS, C))), then:

· start(G) is a singleton.

· end(G) is a singleton.

· All nodes in G are on a path from start(G) to end(G).

· G is acyclic.

Proof. First, we prove that start(G) is a singleton. Operation siso adds a source node
if the graph resulting from parallel(LS, C) has multiple start nodes. These start nodes
are connected to the added source node and become its successors. The added source node
is the only source node in the resulting graph. Operation reduce only removes superfluous
relations keeping the source node in place. If the graph resulting from parallel(LS, C)
already has a single start node this remains the only source node. A similar argument can be

1isplit and ojoin are two “fresh” identifiers, i.e., {isplit, ojoin} ∩N = ∅.
2The transitive reduction of an acyclic graph results in one unique reduced graph [19].
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given to show that end(G) is a singleton.
Second, we prove that all nodes in G are on a path from start(G) to end(G). Assume there
is a node x in G that is not on a path from start(G) to end(G). Then, this node or one of its
predecessors is a start node of G. Since there is also the source node defined by start(G),
there must be multiple start nodes in G. However, this is not possible because with operation
siso we made sure there is one unique source node defined by start(G). So, there must
be a path from start(G) to node x. With operation reduce relations are removed, but a
relation between two nodes is only removed if there remains a path between the nodes. A
similar argument can be given to show that there is a path from node x to end(G). So, all
nodes in G are on a path from start(G) to end(G).
Finally, we prove that G is acyclic. The input for operation parallel is a proper component
C. This means that C is an acyclic marked graph and that for all tasks in C it holds that if the
task creates a certain data element as its output, it is placed before the task(s) that requires this
data element as an input. Since operation parallel only adds a relation between two tasks
that have a data dependency, no new cycles are introduced. Operation siso adds relations
between the source (sink) node and the start (end) nodes. This also does not introduce cycles.
Operation reduce only removes relations. So, G is acyclic.

The graph that results from the application of the operations parallel, siso and reduce
on the component C is transformed into a SISO-net by translating all nodes in the graph to tran-
sitions. Places and corresponding flow relations are added between these transitions to create
a SISO-net. The resulting SISO-net starts and ends with a transition while the component may
start and/or end with a place. For the replacement of the component by the alternative SISO-
net, the SISO-net should start and end with the same type of node as the component. If the
source node of the component is a place, an additional place, called iS , has to be added and
connected to the start node of the SISO-net. If the sink node of the component is a place, an
additional place, called oS , has to be added and connected to the end node of the SISO-net. In
Definition 52 this translation from graph to SISO-net is given.

Definition 52 (Net). Let LS = (S, SS, map) be a layered annotated SISO-net, C a proper
component of S with a single input node iC and a single output node oC and G = (N,E) =
reduce(siso(parallel(LS,C))). Operation net translates G into a SISO-net net(G) =
(P, T, F ), with iS and oS as two “fresh” identifiers, i.e., {iS , oS} ∩N = ∅, and:

− P = {p(n,n′) | (n, n′) ∈ E} ∪




∅ if iC 6∈ πP (S||C) ∧ oC 6∈ πP (S||C),
{iS} if iC ∈ πP (S||C) ∧ oC 6∈ πP (S||C),
{oS} if iC 6∈ πP (S||C) ∧ oC ∈ πP (S||C),
{iS , oS} if iC ∈ πP (S||C) ∧ oC ∈ πP (S||C),

− T = N ,

− F = {(n, p(n,n′)) | (n, n′) ∈ E} ∪ {(p(n,n′), n
′) | (n, n′) ∈ E} ∪





∅ if iC 6∈ πP (S||C) ∧ oC 6∈ πP (S||C),
{(iS ,start(G))} if iC ∈ πP (S||C) ∧ oC 6∈ πP (S||C),
{(end(G), oS)} if iC 6∈ πP (S||C) ∧ oC ∈ πP (S||C),
{(iS ,start(G)), (end(G), oS)} if iC ∈ πP (S||C) ∧ oC ∈ πP (S||C).
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Finally, with operation annotate, the transitions in the resulting net that are also in the
original component are annotated with the original annotation. Note that operation siso may
have added routing transitions. Such a routing transition t is annotated with DI(t) = ∅,
DO(t) = ∅ and has no role assignment.

Definition 53 (Annotate). Let LS = (S, SS,map) be a layered annotated SISO-net, C a
proper component of S, and (P, T, F ) = net(reduce(siso(parallel(LS, C)))). Op-
eration annotate changes (P, T, F ) into an annotated SISO-net (P, T, F, D, DI , DO, R,A)
with:

· D = πD(S||C) is the set of data elements,

· DI ∈ T → P(D) is the set of input data elements such that:

– ∀t∈T∩πT (S||C) : DI(t) = πDI (S)(t), and
– ∀t∈T\πT (S||C) : DI(t) = ∅,

· DO ∈ T → P(D) is the set of output data elements such that:

– ∀t∈T∩πT (S||C) : DO(t) = πDO
(S)(t), and

– ∀t∈T\πT (S||C) : DO(t) = ∅,

· R = πR(S||C) is the set of roles, and

· A ∈ T 6→ R is the role assignment such that:

– dom(A) = dom(πA(S||C)), and
– ∀t∈dom(A) : A(t) = πA(S)(t).

With Theorem 5.2.5 we show that the net resulting from successively applying the oper-
ations parallel, siso, reduce, net, and annotate is indeed an annotated SISO-net.
Moreover, Theorem 5.2.5 shows that this annotated SISO-net is safe and sound. The result
is used, later on, to show that the replacement of the component (selected from a layered an-
notated SISO-net) by that net results in a layered annotated SISO-net which is again safe and
sound.

Theorem 5.2.5. Let LS = (S, SS, map) be a layered annotated SISO-net and C a proper
component of S. The annotated SISO-net S′ = annotate(net(reduce(siso
(parallel(LS, C))))) is a safe and sound annotated SISO-net.

Proof. First, we prove that S′ is an annotated SISO-net. S′ is the result of the translation of the
graph, resulting from the operations reduce, siso, and parallel performed on C, to an
annotated SISO-net. In this translation, only nodes are added between the nodes of the graph.
There is just one source node and just one sink node in the graph (conform Theorem 5.2.4)
and no new source and sink nodes are introduced. All nodes are on a path from the source
node to the sink node in the resulting annotated SISO-net (conform Theorem 5.2.4). With
the translation of nodes to transitions and the addition of places between transitions the paths
remain the same. So, all nodes are on a path from source node to sink node. Hence, S′ is an
annotated SISO-net.

Second, we prove that the annotated SISO-net S′ is safe and sound. Assume that the source
node in(S′) and the sink node out(S′) are places and in(S′) is initially marked with one
token. For safeness to hold the maximum number of tokens in a place should never exceed
1. Each place in S′ has one ingoing and one outgoing transition, so only one transition can
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consume the token present in in(S′) and produce one token in its output place. The net
is acyclic since the graph is acyclic (conform Theorem 5.2.4), so transitions can only fire
once and thus S′ is safe. For the proof of soundness, we create the short-circuited net S′ by
adding transition t∗. Transition t∗ connects the sink place, out(S′), of S′ with the source
place, in(S′), of S′. S′ is sound if and only if the short-circuited system with initial marking
in(S′), i.e., (S′,in(S′)), is live and bounded (Theorem 3.1.1). We start with boundedness.
(S′,in(S′)) and (S′,in(S′)) have the same set of states. Since S′ is safe, it follows that S′ is
also safe and each of its places is bounded to 1. Hence, (S′,in(S′)) is bounded. Remains to
be proven that (S′,in(S′)) is live. Each place in S′ has at most one ingoing and one outgoing
transition, so S′ is a marked graph. It follows that the short-circuited system (S′,in(S′)) is
a T-system. The annotated SISO-net S′ is acyclic, so there are no circuits in S′ and all nodes
in S′ are on a path from in(S′) to out(S′). For the proof of liveness we use Theorem 3.15
from [35]: a T-system is live iff every circuit is initially marked. (S′,in(S′)) is a circuit and
this circuit is initially marked. So, (S′,in(S′)) is live. The same arguments apply if in(S′)
and out(S′) are not places. Hence, S′ is a safe and sound annotated SISO-net.

The second step in the creation of a process alternative is the update of the process with the
alternative process part that has been created with the parallelize operation.

Update of the process

The output of the application of the parallelize operation is an annotated SISO-net. Before it is
possible to perform the update of the process, a layered annotated SISO-net has to be created
from this output. The annotated SISO-net contains the transitions from the proper component
(except maybe for any routing transitions that may have been removed). So, all composite
transitions are still present in the annotated SISO-net and operation layer reconnects these
composite transitions to the lower layer annotated SISO-nets.

Definition 54 (Layer). Let LS1 = (S1, SS1,map1) be a layered annotated SISO-net and
C a proper component of S1. Operation layer translates the annotated SISO-net S2 =
annotate(net(reduce(siso(parallel(LS1, C))))), into a layered annotated SISO-
net layer(S1) = (S2, SS2,map2) with:

· SS2 = {map(t) | t ∈ dom(map1) ∩ C} is a set of annotated SISO-nets,

· map2 ∈ πT (S2) 6→ SS2 is the assignment function such that:

– dom(map2) = dom(map1) ∩ C, and
– ∀t∈dom(map2) : map2(t) = map1(t).

The layered annotated SISO-net LS2, the result of layer(annotate(net(reduce
(siso(parallel(LS, C)))))), is the alternative process part that has to replace the com-
ponent C that has been selected from the layered annotated SISO-net LS1. The creation of a
process alternative is finished with the replacement of S1||C in LS1 with LS2. The replace-
ment is performed by operation replace(LS1, C, LS2) (Definition 46). In Theorem 5.2.2 it
is stated that the resulting net LS3 is a layered annotated SISO-net and that LS3 is safe and
sound if LS1 and LS2 are both safe and sound layered annotated SISO-nets. Therefore, we
require the original process LS1 to be a safe and sound layered annotated SISO-net. From
Theorem 5.2.5 it follows that the alternative process part LS2 is then safe and sound. The re-
sulting net LS3 may contain routing transitions (AND-splits and -joins), that are superfluous.
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These routing transitions can be removed using the aggregation rule given in Definition 47.
The end result is a process alternative for the initial process.

If the initial process model has a correct data distribution, the alternative model also has
a correct data distribution. The selected process part, i.e., a proper component, has a correct
data distribution and the parallel operation (Definition 48) orders the tasks in the alternative
process part such that a task that has a certain data element as an output is positioned before
the tasks that require this element as input data element. The alternative process part therefore
has a correct data distribution resulting in a correct data distribution of the alternative model.

We illustrate the creation of a process alternative for the parallelize operation with the blood
donation process example.

Example

Suppose that the blood donation center, which is responsible for the execution of the blood
donation process (see Figure 5.8 for a model of the blood donation process), wants to shorten
the throughput time of the blood donation process. A reduction in throughput time is one of
the benefits of the application of the parallelize operation. The creation of a process alternative
with the parallelize operation starts with the selection of a component from the blood donation
process. In the current process, the lab tests are performed one after another. Therefore, a
component that includes the lab tests is selected and this selection is depicted with a circle
around the selected process part in Figure 5.8.

The created process alternative is depicted in Figure 5.9. After the application of the paral-
lelize operation, the three tests are placed in parallel. So, they can be executed simultaneously
or in any order. In Figure 5.9, the task Take blood is placed before any of the other tasks,
because the other tasks need the blood sample (denoted in Figure 5.9 as data element bs) as an
input for their execution. All tasks with a name starting with Test... can be performed in-
dependently of one another, because a test does not need the outcome of another test as input.
Hence, these tasks are put in parallel. Apart from the expected reduction of the throughput
time, the additional benefit would be that the involved employees have the freedom to perform
the tests in the order they prefer.

5.2.3 Sequentialize Operation

Employees and clients may perceive a sequential process as a simpler process than processes
with concurrent behavior. Also, the synchronization that is required after the parallel execution
of tasks is not necessary in the sequential process yielding a potentially higher quality of the
output [109].
A sequence of tasks is created by applying the sequentialize operation. The order of the tasks
in the sequence depends on the goal(s) of the process improvement effort. Sometimes, it is
better to postpone a task if the result is not directly required for succeeding tasks. Perhaps
its execution may not be necessary, which saves costs and shortens throughput time. At other
times, tasks check various conditions that must be satisfied to deliver a positive end result.
When the task with the highest chance on rejecting the case and the lowest effort is performed
first, costs are saved because not all checks have to be performed for all cases. In another
situation, a task may be moved close to a similar task to diminish set-up times [109].
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Figure 5.8: Selection of a process part for parallelization



114 Chapter 5

R
egister 
donor

Instruct 
donor

D
I =

{id}
D

O =
{ins,q}

D
I =Ø

D
O =

{id,age,sex}

P
rint labels

C
heck 

blood 
condition

Join2

D
I =

Ø
D

O =Ø

D
I =

{id}
D

O =
{l}

A
={desk clerk}

A
=

{desk clerk}

A
=

{desk clerk}

A
=

{nurse}

A
nsw

er 
question 

form

D
I =

{id,ins,q}
D

O =
{ans}

D
I ={id,sex,age,ins}

D
O ={bp,hb}

D
I =

{id,bs}
D

O =
{htlv}

T
est on 
H

T
LV

T
est on 

hepatitis

D
I =

{id,bs}
D

O =
{hep}

T
est on H

IV

D
I =

{id,bs}
D

O =
{hiv1,hiv2,hiv}

E
valuate 
results

D
I =

{id,hep,hiv1,hiv}
D

O =
{res}

o
join

A
=

{lab assistent}

A
=

{lab assistent}
A

=
{lab analyst}

A
=

{lab analyst}

T
ake blood

D
I ={id,l,ans,bp}
D

O =
{b,bs}

A
={nurse}

D
I =

Ø
D

O =
Ø

S
plit1

C
heck H

b

D
I =

{id,sex,ins}
D

O =
{hb}

D
I =

Ø
D

O =
Ø

C
heck 

blood 
pressure

D
I =

{id,age,ins}
D

O =
{bp}

A
=

{nurse}

A
=

{nurse}

Join1

D
I =

Ø
D

O =
Ø

S
plit2

T
est2 H

IV

D
I =

{id,bs}
D

O =
{hiv2}

D
I =

Ø
D

O =
Ø

T
est1 H

IV

D
I =

{id,bs}
D

O =
{hiv1}

A
=

{lab analyst}

A
=

{lab analyst}

C
om

pare 
H

IV
 

results

D
I =

{id,hiv1,hiv2}
D

O =
{hiv}

A
=

{lab analyst}

R
eject 

blood

A
=

{lab assistent}

A
ccept 

blood

D
I =

{id,eva}
D

O =
{res}

D
I =

{id,eva,hep,htlv,hiv}
D

O =
{res}

A
rchive 

results

D
I =

{id,res}
D

O =
{rep}

A
=

{lab assistant}

A
=

{lab assistent}

Figure 5.9: Process alternative after parallelization
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We discuss the sequentialize operation in the following order. As a starting point for the
creation of a process alternative, a component is selected. Then, the operations used when
sequentializing a component are presented. Next, the selected component is replaced by the
alternative sequential process part. Finally, a process alternative for the blood donation process
example is created with the sequentialize operation.

Selection of Process Part

As a starting point for creating a process alternative with the sequentialize operation, an acyclic
MG component (Definition 43, Chapter 4) is selected from a process model.

Apply the Sequentialize Operation

For reasons of efficiency the focus in the explanation and formalization of the sequentialize
operation is on the graph structure. Places are disregarded in the explanation because of the
absence of selective routing constructs. Recall that selective routing constructs are not present
in an acyclic MG component.

First, the transitions of a component are translated to the nodes of a graph. Transitions that
do not have any output data elements are removed altogether. Flow relations are translated to
edges between nodes that are directly connected (through a place) in the component. Further-
more, edges are added between nodes that are connected in the component through transitions
that do not have any output data elements (and the corresponding places).

Definition 55 (Graph). Let LS = (S, SS, map) be a layered annotated SISO-net and C an
acyclic MG component of S. Operation graph translates C into a graph graph(LS,C) =
(N,E) with:

· N = {n ∈ πT (S||C) | πDO (S)(n) 6= ∅} is the set of nodes,

· E = {(n1, n2) ∈ N ×N | (n1, n2) ∈ (πF (S))∗ ∧ n1 6= n2} is the set of edges.

Note that the graph resulting from the application of operation graph to the component
may contain only one node. We only consider non-trivial graphs, i.e., graphs with at least two
nodes. The resulting graph potentially includes many redundant relations between the nodes.
This is not an issue, because the graph is only used as an input for the sequence operation.
Using operation sequence, all possible sequential graphs are determined. Some of these
graphs have orderings that result in a reduction of time, others may reduce the costs. For the
decision which graph to take, we use an evaluation function that assigns a unique number to
each of the possible graphs. Then, the sequential graph with the lowest number is selected.

Definition 56 (Sequence). Let LS = (S, SS,map) be a layered annotated SISO-net, C an
acyclic MG component of S and G = (N, E) = graph(LS, C). Operation sequence is a
function such that a set of graphs SG is derived from the graph G followed by the selection
of one graph G′ = (N,E′) from SG. Let f : SG → N be an injective evaluation function.
Then:

· SG is the set of graphs such that (N, E′′) ∈ SG if and only if:

– E′′ ⊆ N ×N ,
– |E′′| = |N | − 1,
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– E ⊆ (E′′)∗,
– (N, E′′) is totally connected,

· G′ = (N, E′) is the graph selected from SG such that:

– G′ ∈ SG, and
– ∀G′′∈SG : f(G′) ≤ f(G′′).

Operation sequence(G) returns the graph G′.

Note that the evaluation function f is introduced to deterministically select a graph / sequence
from SG. With Theorem 5.2.6 we show that operation sequence always returns a graph.

Theorem 5.2.6. Let LS = (S, SS, map) be a layered annotated SISO-net, C an acyclic MG
component of S, and G = graph(LS,C). Then: sequence(G) exists.

Proof. SG, the largest set of graphs derived from G, is the intermediate result used to deter-
mine sequence(G). We have to prove that SG contains at least one graph, say G′. SG
is derived from G, the result of graph(LS,C). We only consider graphs with at least two
nodes. Assume G = (N, E) with N = {n1, n2}, i.e., we assume that there are only two
nodes. From the first two requirements stated in Definition 56, it follows that E′ = {(n1, n2)}
or E′ = {(n2, n1)}. The third requirement implies that if (n1, n2) ∈ E then E′ = {(n1, n2)}
and if (n2, n1) ∈ E then E′ = {(n2, n1)}. So, if the two nodes are ordered in G then SG
contains one graph. Otherwise, there are two possible orderings of the nodes and SG contains
two graphs. The resulting graph(s) is/are totally connected, i.e., requirement four is also ful-
filled. Hence, SG contains at least one graph if graph(LS, C) contains two nodes. The same
line of reasoning can be followed to prove that SG contains at least one graph starting with a
graph graph(LS, C) containing more than two nodes.

The graph that results from the application of the operations graph and sequence3 on the
component C has certain properties.

Theorem 5.2.7. Let LS = (S, SS, map) be a layered annotated SISO-net, C an acyclic MG
component of S, and G = sequence(graph(LS, C)).
Then:

· start(G) is a singleton,

· end(G) is a singleton,

· All nodes in G are on a path from start(G) to end(G), and

· G is acyclic.

Proof. First, we prove that start(G) is a singleton. All nodes present in graph(LS,C) are
totally connected by the sequence operation. The resulting sequence starts with one node,
which is denoted as start(G), and this is the only (unique) source node. A similar argument
can be given to show that end(G) is a singleton.
Then, we prove that all nodes in G are on a path from start(G) to end(G). Assume there is
a node x in G that is not on a path from start(G) to end(G). Then, this node or one of its

3Note that the operations siso and reduce are not applied. The operation siso (Definition 50) is not performed,
because the graph is totally connected. The operation reduce (Definition 51 is not performed, because no additional
nodes were introduced.
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predecessors is a start node of G. Since there is also the source node defined by start(G),
there must be multiple start nodes in G. However, this is not possible because with operation
sequence we made sure that all nodes are totally connected. So, there must be a path from
start(G) to node x. A similar argument can be given to show that there is a path from node
x to end(G). So, all nodes in G are on a path from start(G) to end(G).
Finally, we have to prove that G is acyclic. Two properties of operation sequence are that
the nodes are totally connected and that the number of edges is the number of nodes minus 1.
Hence, it follows that G is acyclic.

Then, the graph resulting from the operations graph and sequence is transformed into
an annotated SISO-net with operation net (Definition 52) and operation annotate (Defini-
tion 53). In Theorem 5.2.8, we show that the net resulting from these operations is indeed an
annotated SISO-net. Moreover, in the same Theorem we show that this annotated SISO-net is
safe and sound. The result is used, later on, to show that the replacement of the component (se-
lected from a layered annotated SISO-net) by that net results in a layered annotated SISO-net
which is safe and sound.

Theorem 5.2.8. Let LS = (S, SS, map) be a layered annotated SISO-net and C an acyclic
MG component of S. The annotated SISO-net S′ = annotate(net(sequence
(graph(LS,C)))) is a safe and sound annotated SISO-net.

Proof. The proof that S′ is a safe and sound SISO-net is similar to the proof provided for
Theorem 5.2.5.

The second phase in the creation of a process alternative is the update of the process with
the alternative process part that has been created with the sequentialize operation.

Update of the process

The result of the application of the sequentialize operation on a component is an annotated
SISO-net. Before it is possible to perform the update of the process, a layered annotated SISO-
net has to be created from this result. This is done with an operation similar to operation
layer (Definition 54). Only this time, the input parameter S2 in Definition 54 is changed to
S2 =annotate(net(sequence(graph(LS, C)))).

The resulting layered annotated SISO-net, called LS2, is the alternative process part that
has to replace the component C that has been selected from the layered annotated SISO-net
LS1. The creation of a process alternative is finished with the replacement of S1||C in LS1 with
LS2. This replacement is performed by operation replace(LS1, C, LS2) (Definition 46). In
Theorem 5.2.2, it is stated that the resulting net LS3 is a layered annotated SISO-net and that
LS3 is safe and sound if LS1 and LS2 are both safe and sound layered annotated SISO-nets.
For this matter, we require the original process LS1 to be a safe and sound layered annotated
SISO-net. From Theorem 5.2.8 it follows that the alternative process part LS2 is safe and
sound. The resulting net LS3 is a process alternative for the initial process.

If the initial process model has a correct data distribution, the alternative model also has
a correct data distribution. In an acyclic MG component it is automatically enforced that the
tasks are also executed in the order that they are present in the component. This ensures that
the data elements necessary for the execution of a task have been written when the task be-
comes enabled. With the application of the sequence operation (Definition 56) the ordering of
the tasks is not changed. The alternative process part therefore has a correct data distribution
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resulting in a correct data distribution of the alternative model.

We illustrate the creation of a process alternative for the sequentialize operation with the
blood donation process example.

Example

Suppose that the donation center, which is responsible for the execution of the blood donation
process (see Figure 5.10 for a model of the blood donation process), has received complaints
from the donors about the instruction. With the instruction step in the process, the donor is
instructed on the next tasks. These tasks are placed in parallel and can be executed in a random
order which is confusing for the donor. A solution may be to perform the involved tasks in
a fixed order, i.e., to execute the sequentialize operation. For the donor, it is also important
that the throughput time of the donation process is as short as possible. Therefore, the result
of the sequentialize operation has to be the sequence with the minimum throughput time. The
creation of a process alternative with the sequentialize operation starts with the selection of a
component from the blood donation process. A component, including the instruction and the
other involved tasks, is selected and this selection is depicted with a circle around the selected
process part in Figure 5.10. Before the sequentialize operation is performed, the designer un-
folds the selected component with the unfold operation (Definition 45). The unfolded process
part is depicted in Figure 5.11. In general, the expected positive effect of the sequentialize
operation is a higher quality as perceived by the donor because (s)he is instructed with the
specific order of the tasks and cannot mix things up. Besides this, the synchronization task
Join2 becomes unnecessary and together with this task any time, costs or errors caused by
the synchronization are removed. In this specific case, we would like to create the sequence
with the lowest throughput time. Such a sequence is created with a function that selects the
sequence with the minimum throughput time when performing operation sequence accord-
ing to Definition 56. From Figure 5.11, it follows that the task Instruct donor has to be
placed before the other tasks. After the instruction, the donor has to wait for the availability
of the nurse for the tasks Check blood pressure and Check Hb. The donor could
use this time to fill out the questionnaire, so task Answer question form is placed after
Instruct donor. The tasks Check blood pressure and Check Hb are placed to-
gether because they are both performed by the same role. If a nurse would perform both tasks
for the same donor in one go this will save setup time. The process alternative resulting from
the application of the sequentialize operation with the minimum throughput time function is
depicted in Figure 5.12.

5.2.4 Compose Operation

When composing tasks, multiple tasks are combined into one composite task. Combining tasks
may result in the reduction of setup times, i.e., only one resource has to get acquainted with
the case before the execution of the composite task. An additional incentive to compose tasks
is the expected positive effect on the quality of the delivered work due to fewer hand-overs of
work between resources [109].

A composite task is introduced by applying the compose operation. We discuss the com-
pose operation in the following order. As input for the creation of a process alternative, the
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Figure 5.11: Unfolded process part

selection of several tasks from an acyclic MG component by means of a task cluster is dis-
cussed. Then, the compose operation and the operations used when composing are presented.
Next, the original process is updated with the created alternative process part. Finally, a process
alternative for the blood donation process example is created with the compose operation.

Selection of a Process Part

As a starting point for the compose operation, an acyclic MG component (Definition 43, Chap-
ter 4) is selected from a process model. Suppose we want to apply the compose operation to
the blood donation process (see for instance Figure 5.10). It is not possible to select an acyclic
MG component from the process where all tasks in the component have the same role. Nev-
ertheless, there is a group of tasks with the same role, namely the tasks Register donor,
Instruct donor, and Print labels, which could be composed. For a wider applica-
tion of the compose operation, we select a group of tasks from the selected component. The
compose operation replaces a process part with a composite task, moving the process part as a
subprocess to the lower-level layer of a layered annotated SISO-net (Definition 35, Chapter 3).
An acyclic MG component is defined on an annotated SISO-net S which is the upper layer
of the layered annotated SISO-net LS = (S, SS,map). All tasks in the selected process part
should have the same role (if any), allowing the composite task to be executed by this role.
Therefore, we introduce a task cluster, which encloses the tasks in an acyclic MG component
that have either the same role, the same role or no role, or all have no role.

Definition 57 (Task cluster). Let LS = (S, SS, map) be a layered annotated SISO-net and C
an acyclic MG component in S. The Petri net (P, T, F ) is a task cluster in C if and only if
there exists a C ′ ⊆ C such that:

· P = πP (S) ∩ C ′,

· T = πT (S) ∩ C ′,

· F = πF (S) ∩ (C ′ × C ′),

· ∀t1,t2∈T∩dom(πA(S)) : πA(S)(t1) = πA(S)(t2),

· (P, T, F ) is weakly connected,

· T ∩ dom(map) = ∅,

· (•P ∪ P•) ⊆ T ,
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Figure 5.12: Process alternative after sequencing
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· Ti = {t ∈ T | ∃p∈πP (S)\P : (p, t) ∈ πF (S)},

· To = {t ∈ T | ∃p∈πP (S)\P : (t, p) ∈ πF (S)}, and

· ∀t1∈Ti
∀t2∈To

: (t2, t1) ∈ F ∗ ⇒ t1 = t2.

A task cluster has to fulfill a number of requirements to ensure that the application of the
compose operation results in a safe and sound layered annotated SISO-net. The requirements
on the task cluster are:

· A task cluster is a Petri net,

· A task cluster contains a subset of the nodes that are present in an acyclic MG compo-
nent.

· All tasks in the task cluster have the same role (if any),

· All tasks in the task cluster need to be weakly connected (Definition 20, Chapter 3) since
the tasks form a subnet after the application of the compose operation,

· The task cluster does not contain any composite tasks to maintain a two layered-process
structure,

· The task cluster starts and ends with a task to facilitate the creation of a process alterna-
tive that includes the composite task,

· The task cluster has a set of input transitions. An input transition has at least one input
place outside of the task cluster. Similarly, there exists a set of output transitions, and

· All input transitions cannot be located after any of the output transitions to prevent the
introduction of loops.

Note that according to Definition 57 a task cluster may contain only one node. We only con-
sider non-trivial task clusters, i.e., task clusters with at least two nodes.

A task cluster, as given by Definition 57, defines the process part for the application of the
compose operation. The compose operation replaces the task cluster with a composite task
making the task cluster a subnet of the composite task. An acyclic MG component including
a non-trivial task cluster is the input for the creation of a process alternative with the compose
operation.

Apply the Compose Operation

With the compose operation, the task cluster is removed from the component and replaced by
a (composite) transition. The task cluster, then, becomes the subnet describing the execution
of the composite transition in more detail. Since the task cluster is not an annotated SISO-net,
it should be transformed into an annotated SISO-net before it can be incorporated as a subnet.
The task cluster may have multiple start or end nodes, so the first step is to transform the task
cluster into a SISO-net. To this end, we define the operation sisoPN that performs a similar
operation as operation siso (Definition 50). However, siso is not applicable because it
works on graphs rather than on Petri nets.

Definition 58 (SisoPN). Operation sisoPN changes a Petri net PN = (P, T, F ) into a SISO-
net sisoPN(PN) = (P ′, T ′, F ′) with4:

4pt is a “fresh” place identifier, i.e., {pt} ∩ P = ∅, and isplit and ojoin are two “fresh” transition identifiers,
i.e., {isplit, ojoin} ∩ T = ∅.
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− P ′ = P ∪




∅ if |start(PN)| ≤ 1 ∧ |end(PN)| ≤ 1,
{pt | t ∈ start(PN)} if |start(PN)| > 1 ∧ |end(PN)| ≤ 1,
{pt | t ∈ end(PN)} if |start(PN)| ≤ 1 ∧ |end(PN)| > 1,
{pt | t ∈ start(PN) ∨ t ∈ end(PN)} if |start(PN)| > 1 ∧ |end(PN)| > 1,

− T ′ = T ∪





∅ if |start(PN)| ≤ 1 ∧ |end(PN)| ≤ 1,
{isplit} if |start(PN)| > 1 ∧ |end(PN)| ≤ 1,
{ojoin} if |start(PN)| ≤ 1 ∧ |end(PN)| > 1,
{isplit, ojoin} if |start(PN)| > 1 ∧ |end(PN)| > 1,

− F ′ = F ∪ {(pt, t) ∈ (P ′ × T ′) | t ∈ start(PN)} ∪
{(isplit, pt) ∈ (T ′ × P ′) | t ∈ start(PN)} ∪ {(t, pt) ∈ (T ′ × P ′) | t ∈ end(PN)} ∪
{(pt, ojoin) ∈ (P ′ × T ′) | t ∈ end(PN)}.

The SISO-net resulting from the application of operation sisoPN to the task cluster is
transformed into an annotated SISO-net with operation annotate (Definition 53).

The compose operation creates a layered annotated SISO-net from the component. The
places, transitions and relations that are captured in the task cluster are not included and a new
transition is added. The annotated SISO-net that is the result of annotate(sisoPN(PN))
is included as a subnet and is associated with the new transition, making this transition a com-
posite transition. All transitions, except for the new transition(s), have the same annotations
as they had in the original layered annotated SISO-net. The new composite transition has to
be annotated in accordance with its associated subnet. The set of input data elements of the
composite transition is not the same as the union of all input data elements related to the tran-
sitions in the subnet. It is a subset of these input data elements, because there may be one or
more transitions in the subnet that are dependent on a transition in the subnet. Then, the input
for a certain transition becomes available while the subnet, i.e., the composite transition, is
executed. Such input data elements cannot be input data elements of the composite transition,
because the input does not need to be available before the execution of the composite transition
is started. All output data elements of transitions that are included in the subnet form the set of
output data elements of the composite transition. The assigned role of the composite transition
is the same as the role that is assigned to the transitions in the subnet.

Definition 59 (Compose). Let LS1 = (S1, SS1,map1) be a layered annotated SISO-net, C
an acyclic MG component of S1, PN a task cluster in C, and
S′ = annotate(sisoPN(PN)) = (P, T, F,D, DI , DO, R, A). Operation compose re-
places PN in C with a new transition t′ and adds S′ as a subnet of t′,
compose(LS1, C, PN) = (S2, SS2,map2) with5:

· S2 = (P2, T2, F2, D2, DI2 , DO2 , R2, A2) is an annotated SISO-net with:

– P2 = πP (S1||C) \ P is the set of places,
– T2 = (πT (S1||C) \ T ) ∪ {t′} is the set of transitions,
– F2 = (πF (S1||C) ∩ ((P2 × T2) ∪ (T2 × P2))) ∪
{(p, t′) | p ∈ P2 ∧ p • ∩ T 6= ∅} ∪
{(t′, p) | p ∈ P2 ∧ •p ∩ T 6= ∅} is the flow relation,

5t′ is a “fresh” transition identifier, i.e., {t′} ∩ πT (S1) = ∅.
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– D2 = πD(S1||C) is a set of data elements,
– DI2 ∈ T2 → P(D2) is the set of input data elements such that:

∗ ∀t∈T2\{t′} : DI2(t) = πDI
(S1)(t), and

∗ DI2(t
′) =

(⋃

t∈T

DI(t)

)
\

(⋃

t∈T

DO(t)

)
,

– DO2 ∈ T2 → P(D2) is the set of output data elements such that:

∗ ∀t∈T2\{t′} : DO2(t) = πDO (S1)(t), and

∗ DO2(t
′) =

⋃

t∈T

DO(t),

– R2 = πR(S1||C) is a set of roles, and
– A2 ∈ T2 6→ R2 is the role assignment such that:

∗ dom(A2) = (dom(πA(S1||C)) \ T ) ∪ {t′ | T ∩ dom(A) 6= ∅},

∗ for t ∈ dom(A2)

A2(t) =
{

A(t′′) if t = t′ ∧ t′′ ∈ T ∩ dom(A),
A(t) if t 6= t′,

· SS2 = {S′} is a set of annotated SISO-nets (just one in this case), and

· map2 ∈ T2 6→ SS2 is the assignment function, such that:

– dom(map2) = {t′}, and
– map2(t′) = S′.

The layered annotated SISO-net that results from compose(LS1, C, PN) may contain
more places between the transitions in the upper layer of the layered annotated SISO-net than
strictly necessary. We distinguish two types of redundant places: parallel places and implicit
places. Note that parallel places are also implicit. In Figure 5.13, we give an example of
parallel places. In the process alternative, presented at the righthand side of the example, the
transitions t3 and t4567 have two places connecting them, namely place p4 and place p6.
Parallel places, like p4 and p6, can be merged into one place with the application of one of
Murata’s reduction rules [84]. The rule is called the fusion of parallel places and preserves
safeness and soundness [84].

In Figure 5.14, we give an example of the application of the compose operation resulting in
a process alternative with implicit places. In the process alternative, presented at the righthand
side of the example, the place p3 connecting transition t1 with transition t345 is redundant
because transition t345 is never directly executed after transition t1. Place p3 is a so-called
implicit place [4]. An implicit place is a place which always contains enough tokens to allow
for the enabling of the transitions connected to it [4, 23]. In the example, place p3 always
contains a token when transition t2 puts a token in place p2 thus allowing for the enabling of
transition t345. Implicit places, like p3, can be removed without changing the behavior of
the process, because it does not restrict the set of possible firing sequences [4].

The layered annotated SISO-net resulting from the application of the operation compose
has certain properties.
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Figure 5.13: Example of parallel places
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Theorem 5.2.9. Let LS1 = (S1, SS1,map1) be a layered annotated SISO-net, C an acyclic
MG component of S1, PN a task cluster in C,
S′ = annotate(sisoPN(PN)) = (P, T, F, D,DI , DO, R, A), and
(S2, SS2,map2) = compose(LS1, C, PN), then:

· start(S2) and start(s), for all s ∈ SS2, are singletons,

· end(S2) and end(s), for all s ∈ SS2, are singletons,

· All nodes in S2 are on a path from start(S2) to end(S2) and all nodes in s, for all
s ∈ SS2, are on a path from start(s) to end(s), and

· S2 and all s ∈ SS2 are acyclic.

Proof. First, we prove that start(S2) is a singleton. A component starts with one single
node (Definition 41, Chapter 4). Suppose the start node of the component is not included in
the task cluster. Then, it is clear that this node remains to be the only start node. Otherwise,
a new single node (that is, the new transition) becomes the single start node of S2. A similar
argument can be given to show that end(S2) is a singleton.
Then, we prove that start(s), for all s ∈ SS2, is a singleton. Operation sisoPN adds a
source node if the task cluster has multiple start nodes. These start nodes are connected to the
added source node and become its successors. The added source node is the only source node
in the resulting SISO-net. So, start(s), for all s ∈ SS2, is a singleton. A similar argument
can be given to show that end(s), for all s ∈ SS2, is a singleton.
Next, we have to show that all nodes in S2 are on a path from start(S2) to end(S2) and all
nodes in s, for all s ∈ SS2, are on a path from start(s) to end(s). This property and its
proof is analogue to the property and proof provided for Theorem 5.2.4.
Finally, we prove that S2 and all s ∈ SS2 are acyclic. We start with S2. The input for the
compose operation is a component C with its projection S||C being acyclic. A task cluster is
selected within C such that the task cluster is weakly connected and that all inputs of the task
cluster are located before any of the outputs of the task cluster. These requirements ensure
that all input places of the task cluster connect the tasks in the component, that are preceding
the task cluster, with the new task (that replaces the task cluster). Similarly, all output places
connect the new transition with tasks in the component that are following the new task. Hence,
there are no circuits introduced and S2 is acyclic.
What remains to be proven is that all s ∈ SS2 are acyclic. A task cluster within C only
included relations that are present in C resulting in an acyclic task cluster. An annotated SISO-
net is created from the task cluster. Operation sisoPN adds relations between the source
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(sink) node and the start (end) nodes. This does not introduce circuits. So, all s ∈ SS2 are
acyclic.

With Theorem 5.2.10 we show that the result of the compose operation is indeed a layered
annotated SISO-net. Moreover, Theorem 5.2.10 shows that this layered annotated SISO-net is
safe and sound. The result is used, later on, to show that the replacement of the component
(selected from a layered annotated SISO-net) by the net results in a layered annotated SISO-net
which is safe and sound.

Theorem 5.2.10. Let LS1 = (S1, SS1,map1) be a layered annotated SISO-net, C an acyclic
MG component of S1, PN a task cluster in C, and
S′ = annotate(sisoPN(PN)) = (P, T, F,D, DI , DO, R,A), then
(S2, SS2,map2) = compose(LS1, C, PN) is a safe and sound layered annotated SISO-net.

Proof. For all annotated SISO-nets present in (S2, SS2,map2) the proof is analogue to the
proof provided for Theorem 5.2.5.

The second phase in the creation of a process alternative is the update of the process with
the alternative process part that has been created with the compose operation.

Update of the process

The layered annotated SISO-net LS2 is the alternative process part that results from the ap-
plication of the compose operation on the acyclic MG component C that includes task cluster
PN and which has been selected from the layered annotated SISO-net LS1. The creation of a
process alternative is finished with the replacement of S1||C in LS1 with LS2. This replace-
ment is performed with operation replace(LS1, C, LS2) (Definition 46). In Theorem 5.2.2,
it is stated that the resulting net LS3 is a layered annotated SISO-net and that LS3 is safe and
sound if LS1 and LS2 are both safe and sound layered annotated SISO-nets. For this matter,
we require the original process LS1 to be a safe and sound layered annotated SISO-net. From
Theorem 5.2.10 it follows that the alternative process part LS2 is safe and sound. The resulting
net LS3 is a process alternative for the initial process.

If the initial process model has a correct data distribution, the alternative model also has
a correct data distribution. In an acyclic MG component it is automatically enforced that the
tasks are also executed in the order that they are present in the component. This ensures that the
data elements necessary for the execution of a task have been written when the task becomes
enabled. In the selection of a task cluster (Definition 57) only tasks that are weakly connected
are selected. The subprocess that is constructed from the task cluster (cf. Definition 58) has
therefore a correct data distribution because the order of the tasks remains the same. The
composite task that replaces the task cluster has an aggregation of the input and output data
elements of the tasks in the task cluster resulting in a correct data distribution of the alternative
model.

We illustrate the creation of a process alternative for the compose operation with the blood
donation process example.

Example

Suppose that the donation center, which is responsible for the blood donation process (see
Figure 5.15 for a model of the blood donation process), would like to improve the quality
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of the process, as perceived by the donors. Part of the perceived quality is determined by
the interaction between the donors and the employees of the donation center. In the current
blood donation process, the donor has to interact twice with a desk clerk (tasks Register
donor and Instruct donor). It could be that a donor has to interact with two different
desk clerks. It is expected that the donor perceives a higher quality of the delivered work, if
(s)he interacts with the same desk clerk. A possible solution would be that both interactions
between a donor and a desk clerk are dealt with in a single task. This solution is created with the
application of the compose operation. The creation of a process alternative with the compose
operation starts with the selection of a component and the selection of a task cluster from
the blood donation process. A component, including the first half of the process, is selected
and this selection is depicted with a circle around the selected component in Figure 5.15.
Within this component, a task cluster is selected. Besides the tasks Register donor and
Instruct donor, the task Print labels is included in the task cluster. In this way,
all tasks that are performed by the desk clerk are combined, so a desk clerk can handle all
actions for one donor at once. The process alternative resulting from the application of the
compose operation is depicted in Figure 5.16. The composite task corresponding to the task
cluster with tasks Register donor, Print labels, and Instruct donor received
the name Intake donor. Apart from a higher perceived quality, a reduction in setup times
is expected as a benefit.

With the compose operation we presented the last redesign operation for which we provide
a formal definition. We continue with a description of the developed tool support.

5.3 Creation with the PrICE Tool Kit
So far, we have presented tool support for the import of a process model in ProM (see Chap-
ter 3). Furthermore, we have shown the selection of a redesign operation and a process part (see
Chapter 4). In this section, we describe the provided tool support for the application of several
redesign operations in order to create a process alternative. We implemented tool support for
the following redesign operations:

· Parallelize: put tasks in parallel,

· Sequentialize: put tasks in a sequence,

· Compose: replace tasks with the same role with one composite task,

· Add Task: add a task,

· Remove Task: remove a task,

· Group: place tasks with the same role together,

· Add Dependency: add a dependency, and

· Remove Dependency: remove a dependency.

Note that the first six operations are also listed in Table 5.1 which relates the BPR best
practices to redesign operations. The add dependency and remove dependency operations
are added to be able to modify the dependencies in the process model. Examples of such de-
pendencies are data dependencies, ordering relations between tasks and business dependencies.
We present tool support for eight redesign operations.



Creating Process Alternatives 129

T
ake blood

D
I =

{id,l,ans,bp}
D

O =
{b,bs}

A
={nurse}

A
=

{lab analyst}

T
est on 

hepatitis

D
I ={id,bs}

D
O ={hep}

T
est on H

IV

D
I =

{id,bs}
D

O =
{hiv1,hiv2,hiv}

E
valuate 
results

D
I =

{id,hep,hiv1,hiv}
D

O =
{res}

A
={lab analyst}

A
={lab assistant}

D
I =

{id,bs}
D

O ={htlv}

T
est on 
H

T
LV

A
=

{lab assistant}

S
plit2

T
est2 H

IV

D
I =

{id,bs}
D

O =
{hiv2}

D
I =

Ø
D

O =Ø

T
est1 H

IV

D
I =

{id,bs}
D

O =
{hiv1}

A
=

{lab analyst}

A
=

{lab analyst}

C
om

pare 
H

IV
 

results

D
I ={id,hiv1,hiv2}

D
O =

{hiv}

A
=

{lab analyst}

R
egister 
donor

Instruct 
donor

D
I =

{id}
D

O =
{ins,q}

D
I =

Ø
D

O =
{id,age,sex}

P
rint labels

C
heck 

blood 
condition

Join2

D
I =Ø

D
O =

Ø

D
I =

{id}
D

O =
{l}

A
=

{desk clerk}

A
=

{desk clerk}

A
=

{desk clerk}

A
=

{nurse}

A
nsw

er 
question 

form

D
I =

{id,ins,q}
D

O =
{ans}

D
I =

{id,sex,age,ins}
D

O ={bp,hb}

S
plit1

C
heck H

b

D
I =

{id,sex,ins}
D

O =
{hb}

D
I =

Ø
D

O =
Ø

C
heck 

blood 
pressure

D
I =

{id,age,ins}
D

O =
{bp}

A
=

{nurse}

A
=

{nurse}

Join1

D
I =

Ø
D

O =
Ø

R
eject 

blood

A
=

{lab assistent}

A
ccept 

blood

D
I =

{id,eva}
D

O =
{res}

D
I =

{id,eva,hep,htlv,hiv}
D

O ={res}

A
rchive 

results

D
I =

{id,res}
D

O =
{rep}

A
=

{lab assistant}

A
=

{lab assistent}

Figure 5.15: Selection of a process part for composing: a task cluster is selected in a component
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Figure 5.16: Process alternative after composing
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Note that in Table 5.1 also the unfold operation is listed. Some parts of the ProM frame-
work on which we build our implementation, for instance the Edit / View High-level Informa-
tion plugin and the CPN Export plugin, did not require any support for hierarchical models for
their original purpose. Support for hierarchical models could be added, but we decided not to
do so. The unfold operation is not relevant in the context of models without subprocesses and
therefore the unfold operation has not been implemented.

Parallelize, Sequentialize and Compose

The parallelize, sequentialize and compose operations are implemented according to the def-
initions presented earlier in this chapter. The compose operation, however, is not completely
implemented in line with its definition. Since we did not include support for hierarchical pro-
cess models, a composite task can be added to the process model but its associated subnet is
excluded. Under the assumption that the input process model has a correct data distribution,
the application of these three operations result in a process alternative that also has a correct
data distribution. This is as such defined by Definition 48 for the parallelize operation, Defini-
tion 56 for the sequentialize operation and Definition 57 for the compose operation.

We illustrate the implemented tool support with a replay of the example in Section 5.2.2.
In this example, the parallelize operation is applied on part of the blood donation process. Fig-
ure 5.17 displays the selected process part. Note that the subnet specifying the execution of the
task Test on HIV has replaced the task Test on HIV. The selected process part forms
the input for the creation of a process alternative with the parallelize operation. Figure 5.18
shows the resulting process alternative.

Figure 5.17: Selection of a process part for the parallelize operation

Add Task, Remove Task

With the add task operation, two tasks are selected and a new task is added in between these
tasks. The user interacts with the tool and provides the name of the new task and decides on
the ordering of the tasks. One of the selected tasks precedes the new task and the other task
follows the new task. The three tasks are connected in the requested order with places between
them. Before the resulting model is displayed, it is checked whether the resulting process
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Figure 5.18: Process alternative created with the parallelize operation

model is sound. If it is not sound, the redesign is aborted and the user is notified. The sound-
ness check is performed with the Woflan plugin that is provided by the ProM framework [146].

With the remove task operation, a selected task is removed from the process. Before the
remove task operation is applied, it is checked whether the selected task has output data ele-
ments that are the input data elements of other tasks in the process. If one or more of such
data elements exist, the user receives a message and the redesign is aborted. With this check a
correct data distribution of the resulting process alternative is ensured.
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Figure 5.19: The application of the remove task operation: an invisible task is inserted
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The exact application of the remove task operation depends on the position of the task
that is selected for removal. If the selected task is a routing task, i.e., it has multiple input
places and / or multiple output places, the task is replaced by a dummy task. This is illustrated
in Figure 5.19. A dummy task is implemented as an invisible task without parameters like
performance parameters or a role assignment. If the selected task has at most one input place
and at most one output place, the task is removed. Then, the remaining parts of the process
that surrounded the removed task need to be reconnected.
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Figure 5.20: The application of the remove task operation: the input and output place are merged
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Figure 5.21: The application of the remove task operation: the input and output place are kept

In most cases, the input and output place of the removed task are merged into one place, as
depicted in Figure 5.20. This is according to one of Murata’s reduction rules [84]. However,
if there remains a path between the places after the removal of the task, both places need to be
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kept, as can be seen in Figure 5.21. If the result of the merging of the two surrounding places
is an implicit place, this place is removed as well, as shown in Figure 5.22.
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Figure 5.22: The application of the remove task operation: the input and output place are removed

Group

With the group operation, a number of tasks with the same role assignment are placed together.
A possible selection of a process part for the blood donation process is depicted in Figure 5.23.
In the creation of a process alternative with the group operation, there are two issues that need

Figure 5.23: Selection of a process part for the group operation
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to be addressed: a) the selected tasks need to be placed together as a group and, b) this group
has to be placed somewhere in the process model. With regard to the first issue, the construc-
tion of the group, the data distribution is taken into account. The group needs to be constructed
such that a correct data distribution remains. Since the application of the parallelize operation
creates a process part that is ordered according to the data distribution (see Definition 48), we
use this operation for the construction of the group. A parallel process part including the se-
lected tasks is created with the parallelize operation and this process part forms the group.

For the placement of the group in the process, the data distribution needs to be considered.
Suppose the group is placed at a random position in the process. As a result, some of the tasks
that are included in the group are placed closer to the source node of the process than in the
original process. In this case, it has to be checked whether the data elements necessary as input
for these tasks are available at the new place. On the other hand, some of the selected tasks are
placed closer to the sink node of the process. Then, it has to be checked whether the output data
elements of these tasks will be available before the data are needed for the execution of other
tasks. In the implementation, this is handled as follows. First, a selected task that has none of
the other selected tasks as (in)direct predecessor is marked. Then, all selected tasks except the
marked task are removed from the process with the remove task operation. The marked task
is replaced by the created group. Finally, it is checked whether the process has a correct data
distribution. If so, the constructed process model is the resulting process alternative. If the
data distribution is not correct, the original process model is revisited and a selected task that
has none of the other selected tasks as (in)direct successor is marked. Then again, all selected
tasks except the marked task are removed, etc. The resulting process model is the process
alternative. Figure 5.24 shows the created process alternative with the group operation for the
selected process part as depicted in Figure 5.23.

Figure 5.24: Process alternative created with the group operation

Add Dependency and Remove Dependency

Dependencies and relations exist between tasks in a process and restrict the order in which
tasks can be executed. With the parallelize operation, for instance, tasks are ordered according
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to the data dependencies between tasks. So far, we considered dependencies to be data de-
pendencies, but it is possible that other dependencies are present as well. Other dependencies
between tasks may be the ordering relations between tasks in the process (i.e., the edges) or
business dependencies identified by the organization. The end user can adjust such dependen-
cies with the add dependency and the remove dependency operations.

With the application of the add dependency operation, an ordering relation between two
tasks is added. If one task always has to be executed before the other task, an artificial data
element can be used to make this relation explicit. The first task is updated with an additional
output data element, while the latter is updated with an additional input data element. Further-
more, the data element is added to the total set of data elements.

The remove dependency operation is performed on two selected tasks that are dependent,
i.e., at least one dependency exists between the two tasks. With the remove dependency oper-
ation, any dependencies that exist between the two selected tasks are removed. A dependency
between two tasks is represented by a data element that is an output data element of one task
and an input data element of the other task. The input data element is always removed, re-
moving the dependency between the tasks. Furthermore, it is checked whether the output data
element is used as input data element by other tasks. If so, the data element remains in the
process. If it is no longer needed, the output data element is also removed and the data ele-
ment is removed from the total set of data elements. The remove dependency operation does
not change the control flow of the process. The tool support only displays the control flow
of a process alternative. Details about the changes that are made to the data are displayed to
the user after the creation of the process alternative. This is illustrated in Figure 5.25 for the
removal of the dependency between the task HIV 1 test and Compare HIV results.

Figure 5.25: Process alternative created with the remove dependency operation
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5.4 Related Work

Redesigning a process with the goal to obtain a more parallel, sequential, composed or decom-
posed process is frequently performed. In [80], for instance, a “top ten” list of most popular
BPR best practices is identified which include task (de)composition, resequencing and paral-
lelism. According to [109], task composition is the most cited BPR best practice. Concrete
quantitative guidelines for the redesign of processes with task composition and parallelism to
obtain the “optimal” process with respect to the utilization of resources and throughput time is
provided by [5]. Quantitative support for task composition and parallelism is also provided by
[26] and for task composition by [36, 129].

A set of process flexibility patterns has been proposed by [83] together with a taxonomy
of process flexibility. Five distinct approaches that can be taken to facilitate flexibility within
a process are described: flexibility of design, flexibility of deviation, flexibility by underspec-
ification, flexibility by momentary change and flexibility by permanent change. Some of the
pattern groups are related to our redesign operations. The process flexibility patterns, how-
ever, concentrate on the control flow perspective and do not address issues related to other
perspectives. The pattern group flexible elimination is related to the remove task operation.
The pattern permanent task elimination, for instance, describes the permanent elimination of
the execution of a particular task in the process by removing it from the process definition.
The pattern group flexible extension relates to the add task operation. Finally, the pattern group
flexible concurrency relates to the parallelize operation.

Several approaches, systems and tools exists that focus on the ad-hoc adaptation of a pro-
cess instance while it is running. The ADEPT2 process management system enables ad-hoc
deviations of a process instance and supports the migration of all running cases to a new pro-
cess template [32, 108]. Two aspects of ADEPT2 are of particular interest: First, the tool
proposes the use of change operations. The change operations support the user in the addition,
deletion and repositioning of activities for a particular process instance. The second aspect is
the guarantee for correctness of construction. Each change operation realizes certain process
graph transformations and is based on well-defined pre-/post-conditions to ensure the correct-
ness of the changed process. Only those operations that may result in a correct change for a
marked part of the process are enabled for execution. The correctness incorporates not only the
process structure, but also implicit data flow and other dependencies. The PrICE approach sup-
ports the user in deciding what type of changes to make and where in the process changes are
most beneficial, while ADEPT2 does not provide support for these type of decisions. ADEPT2
delivers the flexibility necessary to adapt running instances, while the PrICE tool kit support
the design time construction of better performing process alternatives.

Other support for process change based on ad-hoc adaptation is formed by an integration of
ADEPT2 and the Conversational Case-Based Reasoning (CCBR) tool [150, 152]. The CCBR
tool assists the user with finding relevant cases by presenting a set of questions to assess the
given situation. In the integrated tool support, the case represents a concrete ad-hoc modifica-
tion of a process instance which can be reused by other instances. The case consists of three
parts: 1) a textual problem description, 2) a set of question-answer pairs, and 3) a solution part.
The question-answer pairs describe the reasons for the ad-hoc modification and the solution
part lists the change operations [152]. Over time, knowledge on frequently performed ad-hoc
changes to running process instances is accumulated. This knowledge, then, is provided to a
process engineer and used to create new process templates [150].
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Change patterns [149] for ad-hoc adaptation have been developed to evaluate how flexible
BPM systems are. The 18 identified patterns change the control flow aspect of a process and
describe the insertion, deletion and re-ordering of process fragments. A distinction is made
between adaptation patterns, which can be applied to the process or a process instance, and
patterns for predefined change, which can only be applied on predefined regions in a process.
Formal semantics for the change patterns are also provided [116]. The set of change patterns
includes similar operations as our operations. Also here, the change patterns are not used for
the creation of alternative process models but for runtime adaptation of a process instance. An-
other difference is that our approach is “intelligent” and able to create alternatives for the user.
As an example we use the parallelize activities pattern from [151]. The user has to decide
herself which activities have to be placed in parallel in the changed model. An application
of our redesign operations not only result in a changed model, but also proposes the changes
to the user. Furthermore, we not only provide a formal definition of these changes, but also
implement them in the PrICE tool kit.

The creation of changes in (specific subclasses of) Petri nets while preserving soundness
and other desirable properties has been researched extensively [2, 6, 12, 23, 35, 84, 136, 145].
Part of that work focuses on the reduction of nets to facilitate analysis. Berthelot [23] and
Murata [84] propose reduction rules that create a simpler Petri net, while preserving the sys-
tem properties to be analyzed. Desel and Esparza [35] present a method for the analysis of
well-formedness of a free-choice net using reduction rules. These rules may be applied in
a reversed manner resulting in synthesis rules. Vanhatalo, Volzer and Leymann [145] pro-
pose to decompose a workflow graph into a tree of single-entry-single-exit (SESE) fragments
and to check soundness of each fragment in isolation. Van der Aalst [6] uses the hierarchical
(de)composition of WF-nets to establish the correctness of a workflow by analyzing each of
the subflows separately. Our safe and sound replacement of the component with the alternative
process part is based on this hierarchical (de)composition.

Another part of the related work on soundness-preserving changes aims at the modification
of nets. In our approach we use and extend this part of the related work. Suzuki and Murata
[136] discuss the refinement and abstraction of a net, i.e., the replacement of a transition by a
subnet and vice versa. We perform similar operations with the unfold and compose operations.
Van der Aalst [2] presents eight basic soundness preserving transformation rules for WF-nets.
A rule presents the substitution of a transition with either two sequential tasks, two conditional
tasks, two tasks in parallel, or an iterative task or the opposite transformations. Our redesign
operations are an extension of these rules. Van der Aalst and Bisgaard Lassen [12] use the
notion of a component and replace such a component by a single transition to construct a
BPEL model from a WF net.

5.5 Summary and Outlook
In this chapter we discussed the creation of process alternatives. We presented a formal foun-
dation for the application of the unfold, parallelize, sequentialize and compose operations.
This chapter also included a description of the tool support for the creation of process alter-
natives. In the next chapter, we discuss the fourth step of the PrICE approach: evaluating the
performance of the created process alternatives.
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Evaluating Process Alternatives

The creation of process alternatives is an iterative process. Each application of a particular
redesign operation on a particular process part in a given process model results in a new process
alternative. In this chapter we discuss the evaluation of process alternatives, which is step
4 of the PrICE approach (see Figure 6.1). First, we introduce the process alternatives tree
which provides an overview of the created alternatives. Then, we present various performance
dimensions for performance measurement. We use simulation to evaluate and compare the
performance of the alternative models. We present a simulation plan. The stages of the plan
are given in Figure 6.1 as substeps of step 4. Furthermore, we illustrate the execution of
a simulation study following the stages of the plan using our running example. Then, we
present tool support for the evaluation of the alternatives by means of simulation in batch, i.e.,
simulation without user interaction. Finally, we discuss related work.

Find applicable

redesign

opera�ons

Select suitable

process parts

Create

alterna�ve

models

Evaluate

performance 

of alterna�ves

Model of 

exis�ng

process

Model of 

new 

process

Simula�on stages

Design of study
Execu�on of 

study

Output 

analysis
Conclusions

Figure 6.1: Step 4 of the PrICE approach: evaluating the performance of alternative models with simu-
lation
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6.1 Process Alternatives Tree

In Chapter 5 we discussed the creation of process alternatives. A process alternative is created
in two phases:

a) a redesign operation is applied on a process part to form an alternative process part, and

b) the given process is updated with the alternative process part resulting in a process alter-
native.

After the first iteration, these two phases can be performed again starting from the alternative
model, thus creating another alternative. Each iteration results in a process alternative which
may be used as a starting point for another iteration.

In Figure 6.2, we illustrate this iterative process with the process alternatives tree. Each
node of the tree represents a process model. The root node is the original model, i.e., the
input of the PrICE approach. The other nodes represent alternative models. Note that an
alternative model may be created from the original model (the root node) or from one of the
alternative models (any other node). The process alternatives tree provides an overview of the
created process alternatives. The direct successors of a model in the tree have been created by
applying a redesign operation to this model. In Figure 6.2, the applied redesign operation is
stated on the arc between two alternatives in the process alternatives tree.

A1 A2 A3

A5 A6

O
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op1 op2 op3

op3

op1

op4

op2

Ax Ax+1

opn

opn+1
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Figure 6.2: An example of a process alternatives tree with the applied redesign operations displayed on
its arcs

The process alternatives tree can also be used as input for the evaluation of the process alter-
natives. One can select a subset of the alternatives for evaluation or may decide to evaluate all
alternatives. After the evaluation, the simulation results can be displayed on the nodes of the
tree. Before discussing the performance evaluation of the process alternatives we first present
several performance dimensions and related performance measures.
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6.2 Performance Dimensions
In Chapter 1 we introduced the devil’s quadrangle [25] and four dimensions of performance:
time, cost, quality, and flexibility. The devil’s quadrangle is depicted in Figure 6.3. Ideally,
process redesign results in an improvement of all four dimensions. Usually, however, there is
a trade-off between the pros and cons of a certain type of change. A reduction on the time
dimension, may, for instance, only be possible when an increase on the cost dimension is
accepted. The devil’s quadrangle can be used to express these trade-offs. In this section we
discuss the performance dimensions and present related performance measures.

TimeCost

Quality

Flexibility

Figure 6.3: The devil’s quadrangle [25]

6.2.1 Time Dimension
Time has been described as both a source of competitive advantage and a fundamental measure
of performance [85]. Based on the information on time measurements found in the literature
[25, 77, 85, 109, 138], a set of performance measures for the time dimension, specifically for
business processes, has been derived. Figure 6.4 shows the relation among these measures.

Lead time is the time it takes to handle an entire case. Throughput time is the time between
the moment a task is completed for a specific case and the moment the next task for the same
case is completed. Throughput time is composed of:

· Wait time: the time a case spends waiting, for instance in a queue,

· Setup time: the time it takes to setup a task for a case, for example the time to get
acquainted with the case,

· Service time: the time that resources spend on actually handling the case, and

· Processing time: the service time plus the setup time.

Lead time is dependent on the individual throughput times, but may differ from the sum of
each of the throughput times as some tasks may be executed in parallel [59]. The lead time and
throughput times can be determined per case, but it is also interesting to make an aggregation
over all cases. Then, for instance, the lead time distribution and an average lead time for the
process can be calculated. The lead time distribution for the process can be used to compare
the performance of various process alternatives with one another.
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Figure 6.4: Performance measures - time dimension

6.2.2 Cost Dimension
The cost dimension is closely related to the other dimensions. For example, long lead times
can result in a more costly process and low quality may lead to expensive rework. Most of the
literature is about cost measurement in production processes [25, 75, 77, 85, 138]. We focus
on the direct costs of running a process:

· Running costs: costs for executing the process, which can be divided into:

– Labor costs: costs of the workforce,
– Resource costs: an investment in for instance machinery to obtain (semi-)automation,

and
– Training costs: costs for training employees,

· Work in progress: inventory costs associated with the number of cases in the complete
process,

· Transport costs: costs for moving (intermediate) products and sharing information,

· Administrative costs: costs for keeping the entire process intact, and

· Resource utilization costs: costs dependent on the ratio of in use time and available time
of resources.

These measures can be categorized as either constant costs or variable costs. Constant costs
are costs that are independent of production volume, e.g. investments or labor. Variable costs
vary with the level of the output [59].

6.2.3 Quality Dimension
The quality of a process can be judged from at least two angles. External quality is defined
from the customer’s side, i.e., the person or organization that initiates the process and receives
its output. Internal quality is defined from the worker’s side [59].
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External quality can be measured as client satisfaction with either the product (output) or
the process. Satisfaction with the product is the degree to which the customer feels that the
product is in line with the specification or feels satisfaction with the delivered product. The
satisfaction of a customer with the process relates to the way a process is executed [109]. Lit-
erature has been found on both the quality of a product and the quality of a process. Quality of
the output takes into account product performance, conformance and serviceability, whereas
quality of the process considers information availability and bureaucratic language simplifica-
tion [40, 75, 77, 138].

Internal quality can be seen as the quality of a process from a worker’s perspective. Re-
search in the area of work psychology has identified the characteristics of jobs and tasks that
are inherently motivating and satisfying and thus reflect high internal quality. These include:
(1) a whole and identifiable piece of work is completed, (2) a variety of skills need to be used,
(3) the work has a substantial impact on the lives or work of others, (4) substantial autonomy is
provided, and (5) direct and clear feedback about performance effectiveness is available (e.g.,
[47]). In addition to these job characteristics, group factors (e.g., cohesiveness, communica-
tion quality) and leader factors (e.g., leadership style) influence a worker’s motivation and job
satisfaction [69].

6.2.4 Flexibility Dimension

Flexibility is the least discussed criterion to measure the effect of a redesign effort. Flexibility
can be defined as “the ability to react to changes”. It appears that flexibility can be identified for
individual resources, for individual tasks, and for the process as a whole [85, 109, 138, 159].
Five types of flexibility can be distinguished [59]:

· Mix flexibility: the ability to process different kinds of cases (per resource, task, or
process),

· Labor flexibility: the ability to perform different tasks (per resource or per process),

· Routing flexibility: the ability to process a case by using multiple routes (i.e, the number
of different sequences in the process),

· Volume flexibility: the ability to handle changing volumes of input, and

· Process modification flexibility: the ability to modify the process (e.g., the number of
suflows in the process, complexity, number of outsourced tasks, etc.).

Another way of looking at flexibility mentioned in the literature is to discern run-time
flexibility and build-time flexibility. “Run-time flexibility concerns the possibilities to handle
changes and variations while executing a specific process. Build-time flexibility concerns the
possibility to change the process structure” [109]. From the five types of flexibility process
modification flexibility is comparable to build-time flexibility and the others all concern run-
time flexibility [59].

The performance of processes can be expressed in one or more of the described dimensions.
In this thesis we focus on the performance related to the time dimension. Simulation is used to
obtain the expected performance on the time dimension for the created process alternatives.
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6.3 Simulation Plan
Business process simulation is a powerful tool for process analysis and improvement [123].
In the PrICE approach, simulation is used to evaluate the performance of the created process
alternatives. There are different kinds of simulation models. The simulation models that we
consider can be classified as follows [67]:

· dynamic: time plays a natural role in the model,

· discrete: changes in the state of the modeled system occur at particular points in time,
and

· stochastic: a random element is involved.

In this section we present a simulation plan for the evaluation of process alternatives. The plan
includes four stages and we discuss each stage.

6.3.1 Design of the Simulation Study
The design of the simulation study is an important part of the project, because the correct setup
of the simulations is essential for the success of the simulation study. This first stage consists
of five substages that should be considered before the actual simulation runs can be executed.
We describe each substage in more detail.

Stage 1a: Choice of Variations

Variations can be introduced in the simulation models to test the impact of different settings on
the measured performance. Deviations in arrival rates, resource classes, number of resources,
processing times, and resource skills are examples of possible variations. Examples of inter-
esting variations for several BPR best practices are discussed in [59].

Stage 1b: Specification of Model Variants

Model variants specify what combinations of variations are used. An example of a model
variant is a model with a high arrival rate, low processing times, and one additional resource.
The number of variations and model variants determines the total number of simulation models.

Stage 1c: Determination of the Warmup Period

The warmup period is the amount of time a model needs to come to steady state. The idea
is to omit the observations that are collected during the warmup period from the output data.
Welch’s procedure [73, 154] is a possible means to calculate this:

1 Make n replications of the simulation (with n ≥ 5), each of length m (where m is large),

2 Take the averages of each ith observation (i = 1, 2, ..., m) over all replications. This
averaged process has the same transient mean curve as the original process, but the
variance is only (1/n)th of the original,

3 Calculate a moving average over a window with size w, and

4 Plot the moving average for several values of w. Choose the plot that is reasonably
smooth for the smallest value of w. Use this plot to determine the length of the warmup
period [73].
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When it is not possible to omit a warmup period, the total length of a replication should
be large enough so that the data of the transient period are insignificant relative to the data
from the steady-state condition [130]. An important observation is that the simulation results
for the various models are compared with one another. Each model should have equal starting
conditions which is the case if, for instance, each model starts empty (i.e, without warmup
period) [130].

Stage 1d: Determination of the Replication Length

Furthermore, it is necessary to determine the length of one individual replication. The length
of replications must be long enough for the resulting data to be independent. One way to de-
termine the replication length is to choose a “reasonable” length and then check whether the
data is independent or not. The Von Neumann ratio is a test to determine this length [130]:

Q =
∑n−1

i=1 (xi−xi+1)
2

∑n
i=1 (xi−x)2 [130]

with xi being a measured result for replication i with a total of n replications and with x being
the sample mean (see stage 1e for more details). The criterion for independency that is used
in practice is |Q − 2| < 0.35. If the ratio confirms to this condition, it can be concluded that
the replications are independent of each other. Otherwise, the replication length should be in-
creased until the replications are independent.

The Von Neumann ratio is used when one large simulation run is divided into several
independent replications. Another option is to run each replication separately, i.e., to reset the
model after every replication. Note that in this case the model must warm-up before every
single replication and that the Von Neumann ratio cannot be used. In this situation, a scatter
diagram can be used to check whether a replication length is “reasonable”. A scatter diagram
is a graphical method to test the data for independency [73]. The results of one replication are
plotted on a scatter plot. If the points are scattered throughout the quadrant without forming
any pattern, then the data is independent and the replication length is sufficient.

Stage 1e: Determination 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 [81]. The results of each replication have
to be independent of the results of any other replication. The replications may be independent
of one another when a reset of the model has been performed after every replication. Replica-
tions are, for instance, independent if the seed of the random generator produces independent
number streams.

In a simulation study for a stochastic system, one or more variables in the model are repre-
sented by probability distributions from which samples are drawn. Suppose we measure a cer-
tain result xi for each replication i for a total of n replications. Given the results x1, x2, ..., xn

we derive the sample mean x:

x =
∑n

i=1 xi

n [1]
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and the sample variance s2:

s2 =
∑n

i=1 (xi−x)2

n−1 [1]

We can consider the sample mean x as an estimate for the true population mean µ and as
a sample from a random variable X called estimator. The variance of the estimator X is
V ar[x] = V ar[ 1

n

∑n
i=1 xi] = σ2

n . The standard deviation of x thus equals σ√
n

. The value s√
n

yields a good estimate for the standard deviation of x as s is a good estimate of σ.

The required number of replications strongly depends on the desired reliability of the simu-
lation results and the replication length. As s√

n
is an indication of the reliability of x, it should

be small [1]. If the number of replications is “sufficiently large” the estimator X for such
a variable will be approximately normally distributed (the central limit theorem) [73, 130].
Based on the fact that s√

n
measures how well x approximates µ we can determine the number

of replications starting with 30 replications [1]:

· Choose a value d for the permitted standard deviation from the estimated value x,

· Generate at least 30 replications and note per replication the value xi, and

· Generate additional replications until s√
n
≤ d.

The number of necessary additional replications determines the total number of replications.

6.3.2 Execution of the Simulation Study
In stage 2 of the simulation plan, the original and alternative models are simulated and the
results are recorded and stored. The simulation study is set up according to the parameters
(as discussed in the previous stage) and the performance is measured. One should bear in
mind that simulation of many models requires a lot of time and computer power. With the
simulation results, expected values for one or more performance measures for each of the
simulated models become available. An overview of these output data can be provided with
the process alternatives tree as shown in Figure 6.5. In Figure 6.5, a performance measure
is displayed for each of the alternatives. The output data are not given as averages, but as
intervals. These confidence intervals are used to determine whether a model is performing
better than another model as explained in the next stage.

6.3.3 Analysis of the Output
Stage 3 involves the analysis of the output data. Before the actual analysis of the output data
can be done, the comparisons between the different model variants are determined. It is de-
cided what model variants need to be compared in order to comply with the objectives. For
example: two model variants with equal resource setups and processing times but different
arrival rates can be compared, if one of the objectives is to determine what the performance
impact is on systems with different arrival rates. The selected comparisons form the basis of
the analysis of the output data.

Given a large number of replications, it is possible to determine a confidence interval to
indicate the reliability of an estimate. A confidence interval is a particular kind of interval esti-
mate of a population parameter. So, instead of an estimation of the parameter by a single value,
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Figure 6.5: An example of a process alternatives tree which displays the applied redesign operations and
simulation results

an interval likely to include the parameter is given. Since x is the average of a large number
of observations, we can assume that x is approximately normally distributed (the central limit
theorem) [73, 130]. From this, we can derive the probability that µ lies within a certain inter-
val. Given the sample mean x and the sample standard deviation s:

x− s√
n
z α

2 < µ < x + s√
n
z α

2 [1]

where z α
2 is defined as follows. If Z is a standard normally distributed random variable, then

P[Z > z(x)] = x [1]. The likelihood of an interval containing the parameter is determined by
the value α. Typical values for α range from 0.001 to 0.100. The interval

[
x− s√

n
z α

2 , x + s√
n
z α

2

]
[1]

is called the (1 − α)-confidence interval for the estimated value µ. If the point estimate of a
parameter is X , with confidence interval [y, z] at confidence level α, then any value outside the
interval [y, z] will be significantly different from X at significance level 1−α. If the estimates
of two parameters (for example, the mean values of a variable in two independent groups of
objects) have confidence intervals at a given α value that do not overlap, it is very likely that
the two values are significantly different.

We use Figure 6.5 to give an example. The original model, referred to as O, has a 95%
confidence interval of (50 ; 58). The alternatives A8 and A9 have intervals that do not overlap
with the interval for O. These intervals are significantly higher and therefore it is very likely
that these alternatives have a lead time that is higher than the original model, i.e., the lead time
performance of these alternatives is worse than that of the original model. The alternatives
A2 and A3 have confidence intervals that overlap the interval for O and it is very likely that
the lead time values for these three models are the same. The alternatives A1, A4, A5, and
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A6 have intervals that are significantly lower than the interval of O. These alternatives perform
better on lead time than the original model. Moreover, alternative A6 has an interval that is
significantly lower than any other interval and it is therefore very likely that this is the best
performing model in the alternatives tree with respect to lead time.

6.3.4 Conclusions
Finally, in stage 4, conclusions are drawn based on the output analysis. Also, the results are
reflected upon to verify the simulation results.

6.4 Simulation Study for the Running Example
In this section we present a simulation study conducted for the blood donation process, our
running example, as discussed in Section 2.5 and depicted in Figure 2.17. Before we can
perform the simulation study, we first present the preparation of the model and the preceding
steps of the PrICE approach. Then, we discuss the four stages of the simulation study. The
main objective of the application of the PrICE approach is to find a process alternative that has
a shorter lead time than the original blood donation process.

6.4.1 Preparation of Original Model
The original process is captured in a process model. So far, this process definition included the
control flow, the data elements and the executing roles for the process model (see Section 2.5).
We did not include any performance data yet. These data are necessary for the simulation study
and are discussed here.

First, we specify the number of resources available: one resource with the role of desk
clerk, two nurses, three lab analysts and two lab assistants. Since our goal is an improvement
on lead time, we introduce time information. On average every 30 minutes a donor arrives at
the blood donation center. The arrival of a donor is independent of the arrival of other donors
and is modeled with a negative exponential distribution with a mean inter arrival time of 30
minutes. In addition, in Table 6.1, we provide a processing time distribution for each of the
tasks in the process.

6.4.2 Find Applicable Redesign Operations
As a first step of the PrICE approach we need to find the redesign operations that are applicable
to the blood donation process. We use the main objective and the BPR best practices to select
these operations.

The main objective is to find a process alternative with a shorter lead time than the original
process. To obtain this goal we select BPR best practices that focus on the time dimension.
First, we evaluate each of the control flow best practices as discussed in Section 2.2. One
of the positive effects of the task elimination best practice is that it improves the speed of
processing. Therefore, the related redesign operation, remove task, is selected for application.
An application of the task composition best practice results in a reduction of setup times when
multiple smaller tasks are combined into one task. This reduction in setup time may also reduce
the lead time. The redesign operations that operationalize the task composition best practice
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Table 6.1: Processing times for the tasks in the blood donation process.

Processing time (in minutes)
Task Distribution Mean Variance
Register donor Normal 5 0.25
Instruct donor Uniform[10 ; 20] 15 8.33
Print labels Normal 5 0.25
Check blood condition Normal 8 1.00
Answer question form Normal 2 0.05
AND-join Constant 0 0
Take blood Uniform[5 ; 25] 15 33.33
Test on hepatitis Uniform[5 ; 35] 20 75.00
Test on HTLV Uniform[5 ; 35] 20 75.00
AND-split Constant 0 0
Test 1 HIV Normal 20 60.00
Test 2 HIV Normal 20 60.00
Compare HIV results Uniform[4 ; 6] 5 0.33
Evaluate results Uniform[4 ; 6] 5 0.33
Accept blood Normal 2 0.05
Reject blood Normal 2 0.05
Archive Normal 3 0.15

are the group and the compose operations. Another best practice that has a positive effect on
the time dimension is the task automation best practice. The related redesign operation, remove
task, is already selected for application. The resequencing best practice may also decrease the
lead time and the related operation, sequentialize, is selected. The parallelism best practice is
another best practice which application results in a lead time reduction. Therefore, the related
redesign operation, parallelize, is also selected for application.

Other BPR best practices that can be used to accomplish a lead time reduction are case as-
signment, flexible assignment, resource centralization, extra resources, integration, outsourc-
ing, technology, exception, and case-based work [112]. However, at this point in time, these
best practices are not related to redesign operations.

6.4.3 Select Suitable Process Parts

In step 1 of the PrICE approach, we selected the remove task, group, compose, sequentialize
and parallelize operations as applicable to the blood donation process. In step 2, we select
process parts that are suitable for the application of one or more of these redesign operations.

First, we check whether there are tasks in the process that could be removed. Such tasks are
not present and therefore we cannot select any process parts suitable for the application of the
remove task operation. With the group operation, tasks that are executed by the same role are
positioned together. In the first part of the process there are some tasks that are all performed
by a desk clerk. The tasks Instruct donor and Print labels may be grouped. In the
second part of the process some of the lab tests are performed by a lab analyst. This process
part may also be improved with grouping. Since the group and compose operations are applied
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one after another for the task composition best practice, we select the same process parts for
the application of the compose operation.

Table 6.1 shows that the task Take blood and the four Test tasks have high processing
times with a high variance. These tasks seem to be tasks that are critical in the improvement
of the lead time. Consequently, we make sure that this part of the original process is selected.
This process part is suitable for the application of the group, compose, sequentialize and paral-
lelize operations. For the sequentialize operation we also consider the process part with tasks
Instruct donor, Check blood condition, and Answer question form, be-
cause the current ordering of the tasks may not be the best ordering.

6.4.4 Create Alternative Models
Process alternatives are created for the original model with the application of the selected
redesign operations on the suitable process parts. In total, we created nine alternatives which
are listed in Table 6.2. A Protos model of the original model and each of the alternatives can
be found in Appendix A. The first seven alternatives are created from the original model by
applying one redesign operation for one specific process part. The last two alternatives are a
combination of several redesign operations that are applied one after another for different parts
of the process model.

Table 6.2: The creation of the process alternatives.

Model ID Redesign operation Process part
O Original model
G1 Group Instruct donor, Print labels
C1 Compose Instruct donor, Print labels
S1 Sequentialize Instruct donor, Check blood condition,

Answer question form, AND-join
P1 Parallelize Test on hepatitis, Test on HTLV
G2 Group Test on hepatitis, Test 1 HIV, Test 2 HIV
C2 Compose Test 1 HIV, Test 2 HIV, Compare HIV results
S2 Sequentialize AND-split, Test 1 HIV, Test 2 HIV,

Compare HIV results
M1 Mix of P1, C1 and C2 Various parts
M2 Mix of S1 and S2 Various parts

In Figure 6.6 the process alternatives tree is displayed. In the tree, one can find the orig-
inal model O and the alternatives G1, C1, S1, P1, G2, C2 and S2 which are all constructed
according to the description in Table 6.2. Moreover, the construction of the alternatives M1
and M2 is also shown. Alternative S1 has been the input model for the creation of alternative
M2 by applying the sequentialize operation to the tasks AND-split, Test 1 HIV, Test
2 HIV and Compare HIV results. The alternative M1 results from two applications
of the compose operation on the alternative P1. First, the compose operation is applied on
the tasks Instruct donor and Check blood condition resulting in the intermedi-
ate result CP1. CP1 is not listed in Table 6.2, but only used as input model for the second
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Figure 6.6: Process alternatives tree for the blood donation process

application of the compose operation. This second application is performed on a process part
with the tasks Test 1 HIV, Test 2 HIV and Compare HIV results resulting in the
alternative M1.

6.4.5 Evaluate Performance of Alternatives
The evaluation of the performance of the alternative models (as presented in Table 6.2, Ap-
pendix A and Figure 6.6) is performed with a simulation study. The stages of a simulation
study have been described in Section 6.3 and we discuss each stage.

Stage 1: Design of the Simulation Study

With regard to the model variations we want to test how the best performing model(s) behaves
when the case arrival rate changes. After we determined the best performing model(s) we cre-
ate several model variants for these models. A deviation in the case arrival scheme is the only
variation we consider.

Because CPN Tools (which we use as a simulation tool, see Section 6.5) resets the model
after each replication, the initial state does not represent the normal working conditions of the
actual system. As a consequence, every replication should start with a warmup period. How-
ever, the PrICE toolkit does not support the omission of a warmup period from the simulation
data. Therefore, the total length of a replication should be large enough so that the data of the
transient period are insignificant relative to the data from the steady-state condition [130].

With a scatter diagram we check whether a replication length of 5000 cases gives indepen-
dent data. The lead time of the cases is selected as the variable to test for dependency and the
results of one replication are plotted. The resulting scatter diagram can be seen in Figure 6.7.
From Figure 6.7 it can be concluded that the points are scattered throughout the quadrant and

that the data is independent.
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Figure 6.7: Scatter diagram of the lead time values collected in one replication of 5000 cases

CPN Tools resets the model after every replication. The seed of the random generator in
CPN Tools produces independent number streams, thus the results of replications are indepen-
dent. In [1], it is explained how the number of replications can be determined starting with 30
replications (see Section 6.3). We choose a value of 30 minutes for the permitted standard de-
viation: d = 30. We execute 30 replications of 5000 cases each for the original blood donation
process. The estimated sample mean over these 30 replications has a value of 251 minutes, so
xi = 251. The sample standard deviation is then 14,8 minutes: s√

n
= 14, 8. We see that for

30 replications it holds that s√
n
≤ d. We conclude that n = 30 is a sufficient number for the

replications.

Stage 2: Execution of the Simulation Study

For each of the ten models (one original model and nine alternative models) we executed
30 replications of 5000 cases each. Based on the lead time values for each of the cases we
calculated 95% confidence intervals. The intervals are depicted in Figure 6.8.

Stage 3: Analysis of the Output

In the analysis of the output we discuss the results of each model separately to explain the
obtained confidence intervals (see Figure 6.8).

The two alternatives that are created with the group operation, G1 and G2 in Table 6.2 and
Appendix A, do not significantly change the performance of the blood donation process. This
can be explained by the fact that the reduction in setup time (one of the positive effects of
grouping) is not explicitly included in the alternative model, i.e., the processing times are not
adjusted.

The first alternative created with the sequentialize operation, S1 in Table 6.2 and Ap-
pendix A, does not have a significantly different lead time because the involved tasks are not
critical and have low processing times compared to other tasks. Although critical tasks (with
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Figure 6.8: Confidence intervals for the lead times for the models listed in Table 6.2

long processing times and high variability) such as Test 1 HIV and Test 2 HIV are in-
volved in the second alternative created with the sequentialize operation, S2 in Table 6.2 and
Appendix A, the lead time does not differ significantly. The most likely explanation is that
with three lab analysts these tasks do not form a bottleneck.

For the alternatives created with the compose operation, C1 and C2 in Table 6.2 and Ap-
pendix A, we gave a new processing time to the introduced composite task. According to [112],
task composition leads to a reduction of setup time and therefore reduces the processing time.
The composite task for C1 is given a processing time of Uniform(10;25) and the composite
task for C2 a processing time of Normal(35;60). Alternative C1 significantly reduces the lead
time. Alternative C2, however, involves two critical tasks but does not show a significant re-
duction. A possible explanation is that these tasks are performed by a lab analyst and there are
three lab analysts. They can work simultaneously on parallel tasks which makes the original
model already efficient. However, there is only one desk clerk resulting in the improvement
created by the C1 alternative.

Also, the alternative created with the parallelize operation, P1 in Table 6.2 and Appendix A,
does not influence the lead time significantly. Usually, the positive effect on the lead time re-
sulting from the application of the parallelize operation is the result of placing waiting times
caused by queueing in parallel. Probably, these waiting times are short and such an effect is
not obtained for this process.

The alternative M1, which is a combination of the alternatives C1, C2 and P1, improves the
lead time significantly. Not only does this alternative perform better than the original model, it
also performs significantly better than the alternative C1. The alternative M2, which combines
S1 and S2, does not have a lead time different from the original model. This is logical, be-
cause also alternatives S1 and S2 do not have a significant effect on the lead time.

Stage 4: Conclusions

We conclude that the alternative C1 including a composite task with a processing time of Uni-
form(10;25) which replaces the tasks Instruct donor and Print labels has a better
performance than the original model. This can be concluded from Figure 6.8 where the con-
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fidence intervals for the two models do not overlap. The alternative M1, which includes the
change made for C1 and two other changes, outperforms all other models and is the best alter-
native. All other alternatives do not change the lead time significantly.

For the best alternative model (M1) and the original model (O) we perform another analysis
to see how the performance is influenced when the inflow of cases is varying. For both models
we created models variants with different case arrival rates. The simulation results for these
model variants are depicted in Figure 6.9. The alternative M1 is not very sensitive to the vari-
ability of the case arrival rate. This is the result of the inclusion of more parallel tasks (through
the inclusion of alternative P1) and composite tasks with a lower variance in processing times
(alternatives C1 and C2).
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Figure 6.9: Lead times for various case arrival intervals

The evaluation of the process alternatives has been performed with the PrICE tool kit. In
the previous chapter we discussed the tool support for the creation of process alternatives. In
the next section we discuss the support for the evaluation with simulation in batch, i.e., an
automated simulation study for any number of alternatives.

6.5 Evaluation with the PrICE Tool Kit

We discuss various aspects of the support that the PrICE tool kit provides for the evaluation
of process alternatives. First, we discuss tool support for the process alternatives tree, which
gives an overview of the alternatives. Then, we present tool support for the modification of
process alternatives to test their performance under varying circumstances. The simulation
models are also discussed. Finally, we discuss the simulation functionality and the calculation
of the simulation results.
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Alternatives Tree

The process alternatives tree provides a view on the created process alternatives. Each process
alternative is represented by one node in the alternatives tree. Figure 6.10 shows an example
of an alternatives tree. The tree is displayed in the upper half of the tool’s user interface. The

Figure 6.10: The process alternatives tree that includes the alternatives stated in Table 6.2

original process representing the as-is situation is the root node of any alternatives tree. This
root node is called Original 0. The first part of the node name indicates that this is the node
that represents the original model. The second half, the number zero, is a unique identifier. The
node Group 1 is connected to the root node and represents the first alternative that has been
created. This alternative is created with the group operation, as is indicated by its name. In the
alternatives tree depicted in Figure 6.10 there are more alternatives displayed; it is an overview
of the alternatives created for the simulation study we presented in Section 6.4. The alternatives
are created in the order they are listed in Table 6.2, but have different names composed of the
performed operation and a unique identifier. Sequentialize 7, for instance, is the 7th redesign
that is created and is called S2 in Table 6.2. The alternative M1 is the result of the application
of one parallelize operation and two compose operations in a row and is represented by node
Compose 9. The alternative M2 is created with applying the sequentialize operation twice and
is depicted as node Sequentialize 10. One of the alternatives, Parallelize 4, is selected for
the creation of another process alternative. In the lower half of the tool’s user interface (see
Figure 6.10) the model that has been created with the parallelize operation is displayed.

Modification

In most simulation studies the focus is on the comparison of the performance of process al-
ternatives with the performance of the original model to find the best performing alternative.
For a fair comparison it is essential that parameters like the case arrival rate are equal for all
models. It is, however, also possible to compare the performance of the same model under dif-
ferent circumstances. In Section 6.3 we discussed the introduction of variations. In Figure 6.9,
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for instance, we presented the lead time results for two models for various case arrival inter-
vals. One of the models was sensitive to the variability of the case arrival rate, while the other
model showed similar results regardless of the selected case arrival scheme. To facilitate the
comparison of the same model under different circumstances, the tool kit provides the option
to copy a model. In Figure 6.11 a copy, represented by node CopyModel 11, has been made of
alternative Parallelize 4.

Figure 6.11: The process alternative tree that includes a copy of the alternative Parallelize 4

Figure 6.12: Modification of the case arrival rate for the alternative CopyModel 11
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For any model it is possible to make modifications through the high-level view of the model. A
modification of the case arrival rate is depicted in Figure 6.12. Other possible modifications are
the addition or removal of resources, changes in processing times, or a change in the routing
probabilities related to a choice.

Simulation Models

For the evaluation of the performance of the process alternatives we create a simulation model
for each process alternative. We use Colored Petri nets (CPNs) as the simulation modeling
language. Therefore, the process alternatives are converted to CPN models. For this purpose
the CPN Export plugin [118, 121] (which has been introduced in Chapter 3) is used in an
automated manner, i.e., without user interaction. A created CPN model contains the actual
process model together with a simulation environment (think of a case generator and perfor-
mance measurement functionality). Hierarchy is used to create understandable components
with different levels of abstraction. Figure 6.13 present the main page of the hierarchical CPN
model. It gives an overview of the CPN model depicting a process model (named Process) and
a simulation environment (Environment). The environment generates cases and puts them in
the Start place. From this place the cases flow through the process model and finally reach
place End. The environment removes those cases from place End. For an introduction to the
modeling constructs used in CPN Tools we refer to [64, 65, 71].
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Figure 6.13: An overview of the simulation model

We discuss each component in the simulation model. First, we discuss the subpage of
the simulation environment. Then, a discussion of the process subpage and a task subpage is
given. The simulation environment subpage is depicted in Figure 6.14. On the left hand side
of Figure 6.14 the case generator is shown. With the first transition, InitFile, an empty
file is generated in which the collected performance data will be stored. The transition Init
will fire multiple times, each time creating a case with a different case ID. The case enters
the process subpage through place start. For each case the time it was generated is stored
as an additional variable. This variable will be used to calculate the lead time of the case.
After each firing, the case ID is raised with one and added to a new token which is returned
to place next case ID. The token is placed back with a time delay that represents the inter
case arrival time. Besides the case arrival rate, the number of cases that need to be generated
is also defined before the simulation starts. Once the case ID is higher than the total number of
cases to be simulated, the generation of cases is stopped. Apart from the case generator, Fig-
ure 6.14 shows a place containing all the available resources for the process. On the right hand
side, finished cases return to the simulation environment through place End. With transition
Clean up the lead time of a case is calculated and added to the file that stores the perfor-
mance data.
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Figure 6.14: The environment: the case generator, the resource pool and the data collection
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Figure 6.15: The first part of the running example modeled in CPN Tools

Figure 6.15 shows the subpage containing the actual process model. Only the first part of
the running example process is depicted to maintain readability. The tokens that are routed
through the process are of color type CASE IDxSTART TIME, so each case captures its
unique ID and the time it was generated. Every task in Figure 6.15 has its own subpage. The
subpage for one of the tasks in the running example process, namely task Take blood, is
presented by Figure 6.16. Task Take blood can start if there is a token in place p7 and a to-
ken in place p8. These places are filled after the execution of the preceding tasks. Also, a suit-
able resource, in this case a nurse, should be available. When transition Take blood start
fires, a token is produced with the indicated time delay. In this case the time delay has a
uniform distribution which is equal to the processing time provided for task Take blood
in Table 6.1. After the time delay has passed, transition Take blood complete fires and
the task is finished. A token is put in place p9 and the resource is returned to the resource pool.

The CPN model is automatically generated after the creation of a process alternative. As
a result, the evaluation of process alternatives can start without the manual creation of the
necessary simulation models. The CPN model is updated after each modification of the corre-
sponding process alternative.
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Figure 6.16: The subpage for task Take blood

Simulation Functionality

In the upper half of the tool’s user interface, on the left hand side of the alternatives tree, one
can find the simulation actions that are provided by the Redesign Analysis plugin (see for in-
stance Figure 6.18). The simulation actions are: Select KPI, Select settings and Simulate
models. With the first action one selects a key performance indicator (KPI) that will be eval-
uated. While only the evaluation of the lead time is supported at this stage, multiple KPIs are
listed (lead time, waiting time, resource utilization, inventory costs, customer satisfaction and
labor flexibility). The second simulation action supports the entering of the simulation settings
like the number of cases per replication and the number of replications. This is displayed in
Figure 6.17. Note that it is also possible to select the location of the case generation scheme.
With the selection of a global scheme, all models are simulated with the same case generation
scheme; the scheme that is set for the original model. With the selection of a scheme per model
the individual case generation scheme settings, added through the modification of a model, are
used. The last simulation action, simulate models, can be started at any point in time. In the
previous subsection we explained that a simulation model is automatically generated with the
creation of the corresponding alternative model. For the simulation settings some values are
set by default, so the simulation can start without the entering of such values.

Apart from the simulation actions, there are also two actions for editing the process alter-
natives tree: Remove model and (De)select for simulation. With the first edit action, nodes
are removed from the alternatives tree. Not only the selected node, but also all its (in)direct
successors are removed. With the second edit action, it is possible to select models for inclu-
sion in a study to simulate only a subset of the alternative models. The original model is always
included in a simulation study. If none of the models is selected then all models are simulated.

A simulation study for a large number of process alternatives can be time consuming.
While the creation of process alternatives requires the involvement of the user, the evaluation
of the alternatives with simulation can be performed without user interaction. A simulation
engine for the automatic simulation of multiple CPN models is therefore used. The simulation
engine is part of the Access/CPN framework [155]. The Access/CPN framework facilitates the
extension of the analysis capabilities for CPN models and the integration of CPN models into
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Figure 6.17: Selection of the simulation settings for the simulation study

external applications. Access/CPN provides a Java interface giving an object-oriented repre-
sentation of CPN models, a means to load models created using CPN Tools, and an interface
to the simulator.

With the simulation engine all (selected) simulation models are simulated one after an-
other in batch. Once the simulation engine is started no further user interaction is necessary.
The Redesign Analysis plugin includes functionality to start a new simulator instance for each
replication of a model, to collect the raw simulation results and to destroy the simulator in-
stance before a new instance is started. The application scenario we envision is that during
a workshop a set of process alternatives is created. Then, all or a selection of these alterna-
tives are simulated in the night time or during a weekend (without further user interaction). In
principle, grid computing could be used to distribute the work load over multiple computers to
reduce the simulation time.

Once the simulation study is completely finished, various statistics are calculated and dis-
played to show the relative strengths of the various alternatives. Figure 6.18 displays the sim-
ulation results for the simulation study presented in Section 6.4. We zoom in on one node,
which shows the node name, the mean value for the lead time and the 95% confidence interval.
A comparison of the confidence intervals for an alternative with the intervals for the origi-
nal model determines whether there is a significant change in performance (intervals do not
overlap) or not (intervals overlap). Colors are used to give a quick overview of the simulation
results; not significantly better or worse performing models are colored yellow, significantly
better performing models are colored green and significantly worse performing models are
colored red. In the process alternatives tree (Figure 6.18) there are three nodes that are colored
green and the other nodes are colored yellow. This corresponds to the results obtained for the
simulation study as presented in Figure 6.8. In Figure 6.8 two alternatives significantly perform
better, namely the alternatives C1 and M1. The alternative C1 is represented in Figure 6.18 by
node Compose 2 and alternative M1 by node Compose 9. Both nodes are colored green indi-
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Figure 6.18: The simulation results for the simulation study are displayed on the nodes in the alternatives
tree

cating that the simulation results for these nodes are significantly better than the results for the
original model. Also node Compose 8, a combination of the alternatives P1 and C1, is colored
green and better performing. The other nodes in Figure 6.18 do not show a significant change
in performance compared to the original model and are therefore colored yellow.

We use four different shades of green to indicate how much better a model performs and
four different shades of red to indicate how much worse. For instance, a light shade means
that the model is just a little better or worse, while a dark shade means that the model is one of
the best or worse performing alternatives. The average value of the simulation results is used
to determine the shade. The lower the value for the lead time, the better the model performs.
The lead time values that are lower than the median are divided in four groups. Each group is
assigned a shade of green, i.e., the group with the lowest values is assigned the darkest shade
of green, etc. Note that there is some overlap between the values that are not significantly
better and the values in the green groups. Nodes with such values are colored yellow, only
significantly better performing alternatives are colored green. In a similar manner, the worse
performing alternatives are colored red.

6.6 Related Work

The performance analysis of business processes has been performed with simulation over the
last four decades [130]. The first object-oriented programming language ever developed was
the simulation language SIMULA [33]. Simula was designed for simulation purposes and pro-
vided the basis for today’s object-oriented languages. While in the beginning programming
languages were extended with simulation functionality, over time also simulation packages
that offered a graphical environment to model business processes became available. These
languages provide simulation building blocks that can be composed graphically (e.g., Arena
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[148]). Furthermore, most process modeling tools provide some form of simulation (for in-
stance Protos [147] and Aris [127, 128]) [60].

BPM systems also provide simulation capabilities [48, 60]. Examples are FileNet and
FLOWer. Although these systems offer basic simulation functionality, the simulations are per-
formed in isolation from the operational business process [14, 60]. Most BPM systems offer a
simulation tool that cannot use any historic data to extract information about processing times,
routing probabilities, workloads, and resource availability. The simulation tool is usually sepa-
rated from the modeling tool. Resulting issues are that the simulation tool cannot directly read
the current process design or that relevant information is lost in some translation and needs to
be re-entered again (e.g., [93]).

None of the existing BPM systems uses historical and state information to perform ‘what
if’ analysis and to enable operational decision making [53]. The notion of using historical and
state information to construct and calibrate simulation models was first introduced in [110]. A
prototype based on Protos, ExSpect, and COSA was used to realize the concept of short-term
simulation. Recently, the use of simulation for operational decision support was implemented
in the ProM framework by [123]. In Section 3.4.3 it is explained how a simulation model
can be constructed from an event log by means of various ProM plugins [118]. In [123],
the extension of such a simulation model with state information, like case data and resource
availability, is described. Information on the current state of the process is loaded into the
simulation model allowing simulation runs to start from the current state of the actual system
instead of an empty system. Such simulation studies provide a ‘fast-forward’ to investigate
various ‘what-if’ scenarios by showing what will happen in the near future.

6.7 Summary and Outlook
In this chapter we elaborated on the final step of the PrICE approach: the evaluation of process
alternatives. First, we presented the process alternatives tree that provides an overview of the
created alternatives. We discussed performance measures related to four performance dimen-
sions. Furthermore, we described a simulation plan and presented a simulation study for the
running example. Finally, we discussed the implemented tool support and related work. In the
next chapter we discuss a number of applications of the PrICE approach.
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Applications of the PrICE
Approach

In the previous chapter we used our running example to illustrate the PrICE approach. In this
chapter we show more applications of the PrICE approach. We present an evaluation of the
feasibility of the approach and tool kit with the reproduction of a redesign effort performed on
a real life business process. Furthermore, we discuss the creation and evaluation of process
alternatives for five more semi-realistic processes.

7.1 Feasibility of the PrICE Approach

In this section we discuss the feasibility of the PrICE approach. Is it feasible to create realistic
redesign alternatives with the application of the PrICE approach and the supporting tool kit?
For this test we use a redesign project that is described in [109]. The project describes a real
life business process that is performed at a mental healthcare institute. Based on the BPR best
practices and an analysis of the process, seven possible alternatives for the original process
have been constructed. For each alternative, it is discussed which BPR best practices have
been used and where in the process the changes are made [109]. This is the information that
would be the output of step 1 and step 2 of the PrICE approach: 1) Find applicable redesign
operations (these are related to the control flow best practices), and 2) Select suitable process
parts. Therefore, the project provides the required input to test whether the presented alterna-
tives can be reproduced with the PrICE tool kit. First, we describe the original process and then
we discuss the alternatives one by one, including their construction with the PrICE tool kit. We
also present the alternatives tree including the alternatives that we managed to reproduce and a
simulation study for these alternatives. Finally, we present our conclusions for this feasibility
study.

7.1.1 Original Process

The as-is process for the feasibility test is the intake process of a mental healthcare institute.
This process and seven redesign alternatives are described in [109]. A Protos model of the
original process is displayed in Figure 7.1.
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“The intake process starts with a notice by telephone at the secretarial office of the mental
healthcare institute. This notice is done by the family doctor of somebody who is in need of
mental treatment. The secretarial worker inquires after the name and residence of the patient.
On the basis of this information, the doctor is put through to the nursing officer responsible for
the part of the region that the patient lives in.

The nursing officer makes a full inquiry into the mental, health, and social state of the patient
in question. This information is recorded on a registration form. At the end of the conversation,
this form is handed in at the secretarial office of the institute. Here, the information on the form
is stored in the information system and subsequently printed. For new patients, a patient file is
created. The registration form as well as the print from the information system are stored in
the patient file. Patient files are kept at the secretarial office and may not leave the building. At
the secretarial office, two registration cards are produced for respectively the future first and
second intaker of the patient. The registration card contains a set of basic patient data. The new
patient is added on the list of new notices.

Halfway the week, at Wednesday, a staff meeting of the entire medical team takes place.
The medical team consists of social-medical workers, physicians, and a psychiatrist. At this
meeting, the team leader assigns all new patients on the list of new notices to members of the
team. Each patient will be assigned to a social-medical worker, who will act as the first intaker
of the patient. One of the physicians will act as the second intaker. In assigning intakers,
the team leader takes into account their expertise, the region they are responsible for, earlier
contacts they might have had with the patient, and their case load. The assignments are recorded
on an assignment list which is handed to the secretarial office. For each new assignment, it is
determined whether the medical file of the patient is required. This information is added to the
assignment list.

The secretarial office stores the assignment of each patient of the assignment list in the
information system. It passes the produced registration cards to the first and second intaker
of each newly assigned patient. An intaker keeps this registration with him at times when
visiting the patient and in his close proximity when he is at the office. For each patient for
which the medical file is required, the secretarial office prepares and sends a letter to the
family doctor of the patient, requesting for a copy of the medical file. As soon as this copy is
received, the secretarial office will inform the second intaker and add the copy to the patient file.

The first intaker plans a meeting with the patient as soon as this is possible. During the first
meeting, the patient is examined using a standard checklist which is filled out. Additional
observations are registered in a personal notebook. After a visit, the first intaker puts a copy of
these notes in the file of a patient. The standard checklist is also added to the patient’s file.
The second intaker plans the first meeting only after the medical information of the physician -
if required - has been received. Physicians use dictaphones to record their observations made
during meetings with patients. The secretarial office types out these tapes, after which the
information is added to the patient file.

As soon as the meetings of the first and second intaker with the patient have taken place, the
secretarial office puts the patient on the list of patients that reach this status. For the staff
meeting on Wednesday, they provide the team leader with a list of these patients. For each
of these patients, the first and second intaker together with the team leader and the attending
psychiatrist formulate a treatment plan. This treatment plan formally ends the intake procedure.”
[109].
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Figure 7.1: A Protos model of the original intake process [109]
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7.1.2 Preparation of the Input Model

The PrICE tool kit requires process information on the control flow, the data, the resource
and the performance perspectives. Control flow and resource information is available in the
Protos model of the original process (see Figure 7.1). A data perspective is added to the
Protos model based on the provided process description (see the framed text). The Protos
model including the data perspective is given in Figure 7.2. Note the small modification of the
model regarding the position of task Hand out cards. This change is necessary, because
after task Store assignment the task Hand out cards is always performed while a
choice needs to be made between tasks Ask for medical file and Plan meeting
second intaker. This OR-split behavior of task Store assignment (in Figure 7.1)
cannot be translated to Petri nets.

Furthermore, performance information is added to the model based on [62, 109]. Cases
arrive at the intake process with a negative exponential distribution with a mean of 24 cases
per hour. In Table 7.1 the processing time distributions for the tasks in the process are given.
The distributions of the processing times are not explicitly listed in [62, 109]. We decided to
use for most tasks a uniform distribution and to estimate the variation in processing time for
each task. The number of available resources per role are listed in Table 7.2.

Table 7.1: Processing times for the tasks in the intake process.

Processing time (in minutes)
Task Distribution Minimum Maximum
Answer notice Uniform 20 30
Record notice Uniform 5 10
Store and print notice Uniform 5 7
Create patient file Constant 10 -
Close case Uniform 4 6
Assign intakers Uniform 1 3
Store assignment Uniform 1 3
Ask for medical file Uniform 3 5
Update patient file Uniform 3 5
Hand out cards Constant 5 -
Plan meeting second intaker Uniform 5 10
Meeting with second intaker Uniform 60 90
Type out conversation Uniform 60 70
Complete file with 2nd info Uniform 1 5
Plan meeting first intaker Uniform 5 10
Meeting with first intaker Uniform 60 90
Complete file with 1st info Uniform 1 5
Determine treatment Uniform 10 20

The Protos model (Figure 7.2) is converted to a Protos XML export file which is loaded in the
PrICE tool kit. The Protos XML export file is converted to a HL Protos model and this model is
converted to a HL PetriNet model. The latter model serves as the starting point for the creation
of alternative models with the PrICE tool kit. In the conversion from a Protos XML export file
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Figure 7.2: The original intake process including the data perspective
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Table 7.2: Number of resources available per role for the intake process.

Role Number
Secretary 4
Nurse officer 1
Team leader 1
First intaker 8
Second intaker 4
Medical team 1

to a HL Protos model, the triggers are omitted. A trigger is an element in a Protos model that
models the wait time for an external event. These wait times are not automatically included in
the HL Protos model and need to be added manually to the tasks related to the trigger. Task
parameters, like the wait time, can be modified through the Edit / View High-level Information
plugin [118, 122]. For instance, the wait time for the medical file (see trigger Medical file
in Figure 7.2) is added to the Update patient file task. The added wait times are listed
in Table 7.3. Note that also the distributions of the wait times are not given in [62, 109] and
therefore estimated.

Table 7.3: Wait times for the tasks in the intake process.

Wait time (in minutes)
Task Distribution Minimum Maximum
Assign intakers Uniform 10 3360
Update patient file Uniform 10 3360
Determine treatment Uniform 10 3360

Seven redesign alternatives have been proposed in [109] on the basis of an applicable subset
of the 29 BPR best practices. We provide a description of each alternative based on [109] and
describe the reproduction of the alternative model with the PrICE tool kit (if reproduction is
possible). Remember that the PrICE tool kit only supports the application of the control flow
best practices, so it was not expected beforehand that all alternatives can be reproduced.

7.1.3 Alternative 1: Post
The wait time for the medical file arriving by post is responsible for a considerable part of
the total lead time. With the integration and technology best practices a redesign alternative
with medical files becoming available online is created. In this alternative process the medical
file is directly available and it is no longer necessary to ask for the medical file. This task is
therefore replaced by a task Access medical file. The processing times for both tasks
are considered to be the same. Furthermore, the task Update patient file remains in
the process, but the external trigger Medical file is removed [109].

Although the best practices integration and technology are not supported with the PrICE
tool kit, the described changes in the process can be made with the application of some of the
redesign operations. Two changes are made to the process: 1) the replacement of task Ask



Applications of the PrICE Approach 169

for medical file with the task Access medical file, and 2) the removal of the
wait time (modeled in Protos as an external trigger) for the medical file. The replacement of
the task is performed with the successive application of the remove task operation and the
add task operation. Before the Ask for medical file task can be removed, we first
apply the remove dependency operation to remove the dependency between task Ask for
medical file and task Update patient file. The removal of the task is otherwise
not allowed, because it would create an alternative model with an incorrect data distribution.
After the removal of task Ask for medical file, the task Access medical file
is added to the process. For the second change, the removal of the wait time, the modify model
option is used. The wait time for the Update patient file task is set to zero.

The creation of the first part of the alternative basically only involves a name change for
one of the tasks in the process. With the PrICE tool kit three redesign operations need to be
applied to obtain this change. So, the first change can be reproduced, but the way of creating
the change is not the most efficient. An adaptation of the wait time, the second change, can be
performed with no additional effort. The first alternative as described by [109] can be created
with the PrICE tool kit because simple edit operations have been added as a generic solution
for making small modifications to the model.

7.1.4 Alternative 2: Periodic Meetings

Two tasks in the original intake process are performed during a weekly staff meeting. The
first task involves the assignment of a first and a second intaker and with the second task the
treatment plans are determined. The case-based work best practice proposes the removal of
periodic restrictions. The first task does not really require a meeting context and may also be
performed by the team leader only, assuming that the team leader has sufficient information
on the availability of the intakers and criteria for assignment. The team leader carries out new
case assignments as soon as possible, i.e., not in batch but on arrival. The second task requires
more discussion and is indeed best performed in the context of a meeting [109].

The case-based work best practice is not supported by the PrICE tool kit. Moreover, this
best practice proposes the removal of batch-processing of cases. However, the batch processing
present in the original Protos model is not translated to the HL Protos model and therefore
none of the tasks in the HL Protos model performs cases in a batch. Hence, there is no batch
processing that can be removed by the PrICE tool kit.

7.1.5 Alternative 3: Social-Medical Worker

Alternative 3 describes the addition of an extra resource with the role social-medical worker
on the basis of the extra resources best practice. A social-medical worker is added, because
on average this role spends the most time on each new intake [109].

Although the extra resources best practice is not one of the control flow best practice, the
PrICE tool kit supports the addition of resources through regular modification features. These
modification features are available in the PrICE tool kit to support the adjustment of features
like the case arrival rate distribution or the parameters of a task. The task parameters, for
instance, need to be adjusted after the addition of a new task with the add task operation. The
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resource modification feature is depicted in Figure 7.3 allowing for the reproduction of the
social-medical worker alternative with the PrICE tool kit.

Figure 7.3: The addition of a resource through the Modify model option

7.1.6 Alternative 4: Medical File
For each new case it is first decided whether medical information is required and then the fam-
ily doctor is contacted to ask for the medical file. The family doctor is also the person that calls
the mental healthcare institute at the start of the intake. On the basis of the contact reduction
best practice it is possible to ask for the medical file in the first call with the family doctor (that
is, at the start of the process). In 95% of the cases the medical file is needed, so not requiring
the medical information seems to be the exception. Apart from the application of the contact
reduction best practice this also justifies the consideration of the exception best practice. In
the creation of the redesign alternative the tasks Ask for medical file and Update
patient file are relocated, i.e., also the resequencing best practice is used [109].

The creation of the medical file alternative involves the combined application of the contact
reduction, the resequencing and the exception best practice. The first two best practices are
supported by the PrICE tool kit. To create the alternative, the first actions are the same as for
the creation of the first alternative, post: the removal of any dependencies between the tasks
Ask for medical file and Update patient file and then the removal of task
Ask for medical file. As a next step, the task Ask for medical file is added
between the tasks Answer notice and Record notice with the application of the add
task operation. In a similar manner, the task Update patient file is removed and
added at a different position in the process model. The alternative model and the alternatives
tree showing the intermediate steps is depicted in Figure 7.4.

The alternative model is converted back to Protos (this is also supported with the PrICE
tool kit). Figure 7.5 shows the alternative Protos model created with the PrICE tool kit. For a
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comparison with [109], Figure 7.6 displays the alternative Protos model as depicted in [109].
Note that the two models are the same except for: 1) the choice construct involving tasks
Store and print notice and Create patient file, and 2) the triggers. Note
that in the original Protos model (see Figure 7.1) the task Store and print notice is
modeled as an XOR-split. It is not possible to model an explicit choice in a Petri net and there-
fore the alternative Protos model created with the PrICE tool kit includes an implicit choice
construct. The triggers are not present in the model created with the PrICE tool kit (Figure 7.5).

The combined application of three best practices results in a restructuring of the control
flow of the intake process. The PrICE tool kit is designed to apply step by step changes to the
control flow. The reproduction of the medical file alternative shows that the PrICE tool kit can
indeed create a more complex redesign alternative.

Figure 7.4: The creation of the medical file alternative with the PrICE tool kit

7.1.7 Alternative 5: Notice Recording
Within the current intake process, the notice is first recorded on a conventional form and in a
later step this information is entered in the information system of the institute. On the basis of
the task automation best practice it is proposed to enter the information to an electronic form
and then automatically transfer this information to the information system. Furthermore, the
printing of the notice and the checking whether the patient is already known is also performed
automatically [109].

The task automation best practice, that is used to create this alternative, is supported by the
PrICE tool kit. As a result of the automated support for the task Record notice with the
electronic form, the task Store and print notice is no longer necessary. This task is
removed from the model with the remove task operation (preceded by the removal of a data
dependency). It is expected that the processing time of the automated task remains the same,
so the removal of task Store and print notice is the only required change.
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Figure 7.5: The Protos model for the medical file alternative as created with the PrICE tool kit
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The PrICE tool kit supports the application of the task automation best practice. The ap-
plication of one redesign operation suffices to create the alternative model.

7.1.8 Alternative 6: Registration Cards
The Close case task that is performed by the secretarial office involves the production
of the registration cards for the future intakers, the completion of the patient file with the
registration form and the addition of the patient to the list of new notices. On the basis of
the task composition best practice, it is proposed in [109] to divide the Close case task
in smaller tasks. The registration cards and the completed patient file are only required just
before the cards are handed out. Only the addition of the patient to the list is necessary before
an assignment of a new case can be performed. Dividing the Close case task into its
separate parts allows for the application of the parallelism best practice that results in the
parallel execution of the new tasks [109].

Figure 7.7: An intermediate result in the creation of the registration cards alternative: the tasks List
new case, Produce cards and Update file are added and task Close case is removed

The registration cards alternative proposes to divide the task Close case in several
smaller tasks on the basis of the task composition best practice. The new tasks, List new
case, Produce cards and Update file, that replace the task Close case, are placed
in parallel. The PrICE tool kit does not support the division of a large task in several smaller
tasks. The tool kit only supports the opposite interpretation of the task composition best prac-
tice: the composition of several tasks into one composite task. Nevertheless, we can create
this alternative with the PrICE tool kit. First, the three new tasks are added in a sequence after
task Close case with multiple applications of the add task operation. Each new task is
assigned to the secretary role and for each of the tasks a uniform distribution between 2 and
3 is added as processing time. Then, the remove task operation is applied to remove task
Close case from the process. The intermediate result is presented in Figure 7.7.

Finally, the three new tasks are placed in parallel. The application of the parallelize opera-
tion requires the addition of a data perspective, so data elements have to be assigned to the new
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Figure 7.8: The alternative model for the registration of cards created with the PrICE tool kit

tasks. The list with cases, updated with the new task List new case, is required for the ex-
ecution of task Assign intakers. A data element list is created and added to the process,
list is assigned as an output data element of task List new case and an input data element
of task Assign intakers. Similarly, data elements are assigned to the tasks Produce
cards (output), Update file (output) and Hand out cards (inputs). The alternative
model, as depicted in Figure 7.8, shows the result of the application of the parallelize operation
on the tasks List new case, Produce cards, Update file, Assign intakers
and Store assignment.

The registration cards alternative is the most complicated alternative of the seven alterna-
tives discussed by [109]. Nevertheless, we managed to reproduce the alternative with the PrICE
tool kit. First, two basic redesign operations are used to add and remove tasks. Then, the or-
dering of the added tasks is determined based on the application of the parallelize operation,
a more complex redesign operation. The created alternative model shows the same ordering
of tasks List new case, Produce cards, Update file, Assign intakers and
Store assignment as the alternative model presented in [109].

7.1.9 Alternative 7: Treatment Plan

In a weekly meeting the treatment plan is determined by a team of the first intaker, the second
intaker, the psychiatrist and the team leader. In fact, the two intakers propose a treatment plan
that is usually approved by the psychiatrist and the team leader. On the basis of the empower
best practice, it is proposed in [109] to let the intakers themselves determine the treatment plan.

The treatment plan alternative results from the application of the empower best practice.
This best practice is not supported by the PrICE approach. With the modification of the model
the resource allocation can be changed, but the change necessary to create this alternative
cannot be made. The treatment plan alternative cannot be reproduced.
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7.1.10 Process Alternatives Tree
From the previous subsections it follows that the alternatives 1, 3, 4, 5 and 6 can be created
with the PrICE tool kit. We capture these alternatives in the process alternatives tree as shown
in Figure 7.9. The root node of the alternatives tree represents the original intake process.

Figure 7.9: The tree with alternatives for the intake process

Each of the branches that originates from the root node shows the construction of one of the
alternatives. Alternative 1 is created with the successive application of the remove dependency,
remove task and add task operations. The node AddTask 3 in the alternatives tree represents
alternative 1. Alternative 3 involves the addition of a resource which is created with a modi-
fication of a copy of the original model, i.e., the node CopyModel 4 represents alternative 3.
Alternative 4 results from the relocation (through a successive application of the add task and
the remove task operations) of two tasks and is represented by the node AddTask 9. Alterna-
tive 5 involves the removal of a task and is represented by the node RemoveTask 11. For the
creation of alternative 6, three tasks are added as a replacement of one task and then the par-
allelize operation is applied on the process part with these new tasks. The node Parallelize 16
represents alternative 6.

The root node and the nodes representing the alternative models in Figure 7.9 are selected
for simulation. This selection follows from the black lines around and black text in the nodes.
The other nodes are grey and not selected for simulation.

7.1.11 Simulation
We use the alternatives tree as input for a simulation study for the original model and the alter-
natives 1, 3, 4, 5 and 6. For each of the models, we perform 30 replications of 5000 cases each.
Multiple replications per model are used for the construction of confidence intervals necessary
for the output analysis as explained in Section 6.3. The simulation results are displayed on the
nodes in the alternatives as depicted in Figure 7.10.
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Figure 7.10: The alternatives tree for the intake process with the simulation results

We compare the results with the results as described in [109]. The results are listed in
Table 7.4. For this comparison we convert the values in minutes as displayed on the nodes in
the alternatives tree (see Figure 7.10) to working days. Note that in our calculations a working
day contains 480 minutes.

Table 7.4: The intake alternatives and their lead times in days.

Results of Study Results from [109]
95% CI 99% CI

Model Mean Lower Upper Mean Lower Upper
bound bound bound bound

Original 10.67 10.41 10.93 10.20 10.13 10.27
Alt. 1 8.87 8.54 9.19 8.59 8.45 8.73
Alt. 3 10.43 10.19 10.66 10.16 10.11 10.21
Alt. 4 9.90 9.69 10.10 8.91 8.80 9.02
Alt. 5 10.69 10.30 11.08 10.14 10.04 10.19
Alt. 6 10.63 10.49 10.78 10.18 10.05 10.30

In general, the results of the simulation study are comparable to the results of [109]. The
results are, however, not the same, because the confidence intervals are not overlapping. We
see two reasons for this difference: 1) the distributions of the processing and wait times have
been estimated, because these were not provided in [62, 109], and 2) 95% confidence intervals
are calculated in our simulation study while the results from [109] state 99% intervals. The
results as described in [109] show a significant improvement of the lead times for the alter-
natives 1 and 4. Our results also show significant lead time reductions for these alternatives.
Therefore, we come to the same conclusion as [109]: the alternatives 1 and 4 can be used to
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improve the current situation, while the other alternatives would bring no improvements of the
lead time of the intake process.

Apart from the reconstruction of the alternatives as presented by [109], it would also be
interesting to discover any other obvious alternatives. With the PrICE tool kit we create some
more alternatives with the parallelize, the group and the compose operation and evaluate their
performance. We do not find any better performing alternatives for the intake process. A closer
look on the better performing alternatives as proposed in [109] reveals why. The alternatives 1
and 4 focus on the reduction of the wait time caused by the medical file. In [109] also simu-
lation results for the alternatives 2 and 7 are given. These two alternatives also focus on wait
time reduction and would both result in a significant reduction of the lead time. An improve-
ment of the intake process should therefore aim at reducing the wait times in the process. The
alternatives as described by [109] already include an alternative for each of the points in the
process with a considerable wait time. For this reason, the application of the PrICE approach
does not lead to any new insights for the intake process.

7.1.12 Results of Feasibility Test

Seven alternatives for the original intake process have been discussed by [109]. For each of
these, we made an attempt to create the alternative with the PrICE tool kit. We succeeded in
reproducing five of these alternatives. Three of the alternatives involve the application of one
or more control flow best practices. These are explicitly supported by the PrICE approach and
indeed, these three alternatives can be reproduced with the tool kit in a straightforward way.
For the creation of these three alternatives as described in [109], five of the nine control flow
best practices are used: contact reduction (alt. 4), resequencing (alt. 4), task automation (alt.
5), task composition (alt. 6) and parallelism (alt. 6). From the reproduction of these three
alternatives we conclude that the PrICE tool kit supports the creation of alternative models on
the basis of the control flow best practices.

With regard to the other four alternatives, we managed to reproduce two of them. With
the add task and remove task operations one can restructure the process and with the modify
model option the adaptation of process parameters is possible. A combination of restructuring
and modification led to the reproduction of alternative 1 which involves the integration and the
technology best practice. The application of the extra resources best practice (alt. 3) can be
reproduced with the modification of the number of resources that is available for the process.
The two alternatives that cannot be reproduced are based on the application of best practices
that exclusively propose different ways of working for the involved resources.

The feasibility test gives an insight in the support for the BPR best practices that is provided
by the PrICE tool kit. Table 7.5 lists the BPR best practices and the provided support. The
control flow best practices are directly supported by the tool kit. This is indicated as Direct
support. The PrICE approach intended to provide support for the control flow best practices,
so it is logical that these are supported by the implemented redesign operations.

With the generic edit and modification actions there is indirect support for more best prac-
tices. The support for these best practices is stated in Table 7.5 as Indirect. The case assign-
ment best practice is indirectly supported with the group operation, that places tasks that are
executed by the same role together. This facilitates the execution of many steps by the same
resource. Most of the best practices in the category resource rules are indirectly supported
with the modification option that allows for the adaptation of the allocation of roles to tasks
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and the number of resources. The best practices from the category rules for external par-
ties and most best practices from the category integral workflow rules are indirectly supported
with the generic edit operations. Indirect support only facilitates the rebuild of an alternative
that the design team came up with, while with direct support alternatives are proposed to the
team. Better support for these indirectly supported best practices through additional redesign
operations could have been added.

Most of the best practices in the categories allocation rules, the empower best practice
and the case-based work best practice are not supported. In Table 7.5 this is indicated as No
support. The extension of the PrICE approach and tool kit requires more than the addition of
new redesign operations to be able to support these best practices. Currently, the process and
simulation models include a minimal modeling of the resource perspective. A refinement and
extension of the modeling of the availability, allocation and behavior of resources would be
necessary before the PrICE tool kit can support these best practices. Such an extension would
also facilitate the direct support of the other best practices in the resource rules category which
are currently only indirectly supported.

Table 7.5: Provided support for the BPR best practices

Name Description Support
Task Rules

Task Elimination eliminate unnecessary tasks from a workflow Direct
Task Addition add tasks, e.g., control tasks, to a process Direct
Task Composition combine small tasks into composite tasks and Direct

divide a large task into workable smaller tasks
Task Automation consider automating tasks Direct

Routing Rules
Resequencing move tasks to more appropriate places Direct
Knock-out order knock-outs in an increasing order of Direct

effort and a decreasing effort of termination
probability

Control Relocation move controls towards the client Direct
Parallelism consider whether tasks may be executed in Direct

parallel
Triage consider the division of a general task into Direct

two or more alternative tasks or the opposite
Allocation Rules

Case Manager appoint one person as responsible for No
the handling of each case

Case Assignment let workers perform as many steps Indirect
as possible for single cases

Customer Teams consider assigning teams out of No
different departmental workers that
take care of specific sorts of cases

Flexible assign resources in such a way that maximal No
Assignment flexibility is preserved for the near future
Resource treat geographically dispersed resources as No
Centralization if they are centralized

Continued on next page
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Table 7.5 – continued from previous page
Split avoid assignment of task responsibilities No
Responsibilities to people from different functional units

Resource Rules
Numerical minimize the number of departments, groups Indirect
Involvement and persons involved in a process
Extra Resources increase capacity of a certain resource class Indirect
Specialist- consider making resources more specialistic Indirect
Generalist or generic
Empower give workers most of the decision-making Indirect

authority and reduce middle management
Rules for External Parties

Integration consider the integration with a workflow Indirect
of the client or a supplier

Outsourcing consider outsourcing a workflow in whole Indirect
or parts of it

Interfacing consider a standardized interface with Indirect
clients and partners

Contact Reduction reduce the number of contacts with Indirect
clients and third parties

Buffering subscribe to updates instead of requesting Indirect
information from an external source

Trusted party instead of determining information oneself, Indirect
use results of a trusted party

Integral Workflow Rules
Case Types distinguish new workflows and product types Indirect

for tasks related to the same type of case
Technology try to elevate physical constraints in a Indirect

workflow by applying new technology
Exception design workflows for typical cases and Indirect

isolate exceptional cases from the normal flow
Case-Based Work consider removing batch-processing and No

periodic activities for a workflow
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7.2 Creating and Evaluating More Processes
The PrICE approach has been used for the redesign of five more processes. Both the gener-
ation of the original models and the application of the PrICE approach have been performed
by graduate students following a course on BPM at the PhD level. Students instead of the
developer of the approach performed these tasks to rule out a cognitive bias. A cognitive bias
would exist if the developer of the approach would also be the one evaluating the approach.

As a first step, students constructed semi-realistic process models in Protos. The Protos
models included the control flow and the resource allocation and the students also provided
a process description. Then, two students (others then the first group of students) added a
data perspective to the Protos models based on the process description. They also checked the
correct data distribution of the resulting model. A third student received five of such models
and was asked to add a performance perspective to the models. Furthermore, he applied the
PrICE approach to the models. For each of the models, the student created several alternative
models and evaluated their performance. In this section we focus on the project in which the
PrICE approach is applied to the five process models.

7.2.1 Project Description

The student performed the project to complete a master course on BPM at the PhD level. In
the project he was asked to add a performance perspective to five models such that process al-
ternatives with a significantly different performance than the original model could be created.
Furthermore, he was asked to create several alternatives for each of the models using various
redesign operations and to perform a simulation study for each of the models plus alterna-
tives. In the project, four of the eight available redesign operations have been applied. The
student only used the more complicated redesign operations, which are the parallelize, the se-
quentialize, the group and the compose operation. A redesign project involving these redesign
operations would be more interesting than a project focusing on, for instance, the addition of
tasks.

The five process models contain between the 15 and 22 tasks, 17 to 26 data elements and
2 to 7 roles. The processes have different structures. One process has a completely sequen-
tial structure while in another process most tasks are performed in parallel. There is also a
process containing many choices. In total, 24 process alternatives have been constructed for
the five processes. The number of alternatives per model ranges from 4 to 8 alternatives. In
the following, we discuss the application of the PrICE approach to one of these processes in
detail. The results for the other four processes are presented in Appendix B. All simulation
runs for the evaluation of the performance consisted of 15 replications per (alternative) model
with 5000 cases per replication. Multiple replications per model are used for the construction
of confidence intervals which are used for the output analysis as explained in Section 6.3.

7.2.2 Application

The process we discuss in detail concerns the production of framed panes. The production
starts with the acquisition and preparation of the raw materials. Then, in parallel, a glass pane
is created and a frame is constructed. In the final part of the process, the frame is applied to the
glass pane and the framed pane is send to stock. The original framed pane production model is
depicted in Figure 7.11. The model shows the control flow, the data and the resource perspec-
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tive of the framed pane production process modeled in Protos. We discuss the performance
perspective separate from the process model. Cases arrive at the framed pane production pro-
cess with a negative exponential distribution with a mean of 500. In Table 7.6 the processing
time distributions for the tasks in the process are given. The number of available resources per
role is listed in Table 7.7.

Table 7.6: Processing times for the tasks in the framed pane production process.

Processing time (in minutes)
Task Distribution Mean Variance
Acquire raw materials Normal 10 1
Prepare materials Uniform[100 ; 200] 150 833.33
AND-split Constant 0 0
Cut frame Uniform[50 ; 150] 100 833.33
Heat frame Uniform[200 ; 220] 210 33.33
Apply special coating Uniform[50 ; 150] 100 833.33
Bend frame Normal 100 50
Apply frame Normal 10 1
Melt glass Uniform[100 ; 300] 200 833.33
Cool down glass Normal 200 100
Cut glass Normal 50 1
Clean glass Normal 50 20
Start of drying Uniform[50 ; 100] 75 208.33
Completion of drying Uniform[50 ; 100] 75 208.33
Send to stock Normal 10 1

Table 7.7: Number of resources available per role for the framed pane production process

Role Number
Frame worker 6
Transporter 2
Cutting worker 1
Heating worker 2

The student created five process alternatives for the framed pane production process: four
alternatives are created with a single redesign operation and one with a combination of redesign
operations. The alternatives and the lead time results are presented in Table 7.8. A process
model of each of the alternatives is provided in Appendix C.
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Figure 7.11: A Protos model of the original framed pane production process
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Table 7.8: The framed pane production alternatives and their lead times.

95% CI (in min.)
Model Redesign Process Mean Lower Upper

ID operation part bound bound
Original 0 Original model 899 891 906
Compose 1 Compose Melt glass, Cool down 859 854 865

glass
Group 2 Group Cut frame, Apply special 899 895 903

coating
Parallelize 3 Parallelize Cut frame, Heat frame, 895 888 903

Apply special coating,
Bend frame

Sequentialize 4 Sequentialize All tasks 1401 1393 1409
Group 5 Mix Compose 1 and Group 2 861 853 868

Figure 7.12: The tree with alternatives for the framed pane production process

The alternatives tree is given in Figure 7.12. In Figure 7.12 the upper half of the tool’s user
interface shows the alternatives tree, while the lower half zooms in on the alternative Group 5.
This alternative includes the application of the compose operation on the tasks Melt glass
and Cool down glass resulting in the displayed task CompTask and the application of
the group operation on the tasks Cut frame and Apply special coating. The alter-
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natives Compose 1 and Group 5 includes a new composite task and the processing time for
this task is set to a normal distribution with a mean of 380 and a variance of 380. Figure 7.13
shows the simulation results displayed on the alternatives tree.

Figure 7.13: The tree with alternatives with the simulation results

When looking at the original framed pane production process model (see Figure 7.11) two
observations can be made:

· The data perspective is quite restrictive, for many tasks the input data elements are pro-
duced by the preceding task.

· Parts of the process are already performed in parallel, making it more difficult to reduce
the lead time.

Although the data perspective is restrictive, the student managed to create an alternative model
for each of the redesign operations that take the data perspective into account. The alternative
model that is constructed with the sequentialize operation (alternative Sequentialize 4) shows
that the execution of tasks in a fixed order has drastic consequences for the lead time of the
process. So, the original process is already performing much better than the worst case model
with all tasks in a sequence. Nevertheless, the alternatives that involve the application of the
compose operation (alternatives Compose 1 and Group 5) show a significant reduction of the
lead time. From this improvement we conclude that the parallel branch that models the glass
production is the bottleneck. This is confirmed by the lack of effect on the lead time for the
alternatives Group 2 and Parallelize 3 which propose a change for the other parallel branch.
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This is an example of the application of the parallelize operation (note that both alternative
Group 2 and alternative Parallelize 3 are more parallel than the original model) without a sig-
nificant effect on the lead time.

Besides discussing the effect of each alternative for only one process in isolation, we also
made an aggregation of the effects on the lead time over more alternatives for more processes.

7.2.3 Aggregation of Project Results

In the previous section we discussed the application of the PrICE approach on five process
models. Furthermore, in Chapter 6, we discussed its application on the running example. In
total, 29 alternative models created with one redesign operation and 8 combined alternative
models have been presented. Note that only the four more complicated redesign operations,
i.e., parallelize, sequentialize, group and compose, have been applied. In Figure 7.14 we give
an overview of the total number of redesign operations applied to create the 29 alternative
models (excluding the combined use of operations).

Figure 7.14: The number of applications of the different redesign operations

Based on these 29 applications of a particular redesign operation and the simulation re-
sults of the 29 resulting models it is possible to evaluate the usefulness of a certain redesign
operation to improve the lead time. In Figure 7.15 the average lead time gain or loss over
all applications of the parallelize, the sequentialize, the group and the compose operation is
given. The main effect of the application of the parallelism best practice is a reduction in lead
time [109]. In Figure 7.15 this effect is confirmed with an average lead time gain of 12% for
an application of the parallelize operation. With the application of the sequentialize operation
parallel constructs are removed so the sequentialize operation is more or less the opposite of
the parallelize operation. As can be seen in Figure 7.15 the sequentialize operation has indeed
an opposite effect on the lead time: an average increase in lead time of 15%. The lead time
gain that is observed for the group operation is not significant. An explanation is that the in-
tended effect, a resource executes multiple tasks in a row thus reducing setup times and waiting
times, is not included in the simulation model. With the application of the compose operation
this effect is incorporated, because a reduced processing time is given to the composed task.
Therefore, Figure 7.15 shows a lead time gain for the compose operation.
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Figure 7.15: The average lead time gain per redesign operation

7.3 Summary and Outlook
In this chapter we showed a number of applications of the PrICE approach. The applications
give a first indication that the PrICE approach is applicable to real life processes. In the next
chapter we summarize the contributions as presented in this thesis.
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Conclusions

The research presented in this thesis aims to support business process improvement. In this
chapter, we provide a summary of the main contributions to the field. In addition, we discuss
limitations and future work.

8.1 Introduction

Most life-cycle models for process improvement roughly distinguish four phases: 1) framing
the process of interest, 2) understanding the as-is process, 3) designing the to-be process, and
4) implementing the new process [132]. Our main interest has been with phase (3), which,
in practice, is generally executed in a highly participative fashion. Management consultants
encourage business professionals within a workshop setting to think of one or more alterna-
tives for the as-is process. The role of the external consultants is to moderate the workshop
and to stimulate people to abandon the traditional beliefs they may have about the process in
question. Clearly, such an approach is not specific for the business process in question and
lacks prescriptive guidance. Sharp and McDermott, for instance, describe the lack of method-
ological support as follows: “How to get from the as-is to the to-be [in a BPR project] isn’t
explained, so we conclude that during the break, the famous ATAMO procedure is invoked –
And Then, A Miracle Occurs” [132]. The consequence of this lack of support is that the design
of the to-be process becomes a subjective and non-repeatable act resulting in abstract process
designs without a proper estimate of the expected gains.

8.2 The PrICE approach

The first contribution of this thesis is the development of the approach for Process Improve-
ment: the Creation and Evaluation of Process Alternatives. The PrICE approach specifies
and supports the steps that lead from the as-is process to a to-be process. The PrICE approach
and its positioning as support for process improvement phase 3 is depicted in Figure 8.1.

A model of an existing process is the input of the approach. This as-is model is the outcome
of process improvement phase 2: understanding the as-is process [132]. The approach includes
four steps:
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Figure 8.1: The PrICE approach supports the design of the to-be process

1 Find applicable redesign operations: selecting the types of change that are likely to
support the improvement goal(s).

2 Select suitable process parts: detecting bottlenecks and deviations in the process that
need improvement.

3 Create alternative models: applying redesign operations to selected process parts.

4 Evaluate performance of alternatives: simulating the alternative models for a comparison
of the expected gains.

The selected to-be process model is the output of the approach and serves as the input for pro-
cess improvement phase 4: implementing the new process [132].

The PrICE approach focuses on multiple process perspectives, i.e., the control flow, the
data, the resource and the performance perspectives. The use of multiple perspectives in the
creation of alternatives is a strength, because more realistic and meaningful alternatives can be
proposed. For instance, the application of the parallelize operation uses the data perspective
to decide which tasks can be executed in parallel (see Figure 8.2 for an example). If only
the existing control flow would be used, it is unclear which restrictions imposed by the control
flow can be removed to introduce more parallel behavior. Also note that without a performance
perspective it is not possible to evaluate the performance of the alternative models.

Limitations and Future Work

A limitation of the work presented in this thesis is that real life applications of the PrICE ap-
proach are still missing. So far, the approach has been applied to several process models as
discussed in Chapter 7. As a feasibility study, we reproduced a redesign project conducted by
[109]. We managed to reproduce five of the seven alternatives that are proposed by [109]. The
study gives a first indication that the PrICE approach can be used to construct meaningful al-
ternatives for a real life process. An issue related to the practical application is that information



Conclusions 191

on each of the perspectives is not always explicitly available at the start of a redesign project.
Companies are making an effort to document their processes, but the resulting process models
usually focus on the control flow perspective. Hence, the collection and modeling of e.g., the
data perspective is challenging. Future work on the PrICE approach should focus on its appli-
cation in a practical setting. One direction for future work is the support of redesign efforts in
practice with the PrICE approach. Another direction for future work is the development of a
method that facilitates the collection and modeling of the required process information.
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Figure 8.2: The construction of an alternative process part with the application of the parallelize oper-
ation on a selected process part. The data perspective is used to decide which tasks can be executed in
parallel. Since the output data elements of task A are the input data elements of tasks B and C, task B and
task C are placed after task A. Task B does not create output data that is input data for task C and vice
versa, so task B and task C can be executed in parallel.

8.3 The PrICE Tool Kit
Another contribution is the development of the PrICE tool kit to support the application
of the PrICE approach. The tool kit has been developed as part of the ProM framework.
With the implementation of our ideas in the ProM framework we did not have to start our
implementation from scratch. The ProM framework supports the import and export of process
models in several modeling languages, including Protos. Furthermore, the HL PetriNet format
provided by ProM can be mapped onto our process definition. Also, support for the creation
of a simulation model in CPN tools based on a HL PetriNet model is already available in the
ProM framework. Other advantages of using the ProM framework are the available process
mining and analysis techniques. Many of these techniques can be used to support the first two
steps of the PrICE approach.

Figure 8.3 gives an overview of the functionality that is provided by the PrICE tool kit.
After opening a model in the ProM framework, the Edit / View High-level Information plugin
[118, 122] is used to convert the model to a HL PetriNet model (see 1. in Figure 8.3). Fur-
thermore, various ProM plugins can be used to find process parts that need improvement and
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Figure 8.3: The various plugins of the PrICE tool kit and their main purpose
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to suggest appropriate redesign operations. As an example, the Performance Analysis with
Petri net plugin [54] is displayed (see 2. in Figure 8.3). The functionality for the creation and
evaluation of process alternatives is provided by the Redesign Analysis plugin. This plugin
also provides user guidance for the selection of a process part as indicated by the colors (see
3. in Figure 8.3). For each of the created alternative models, a simulation model is constructed
with the CPN Export plugin [118, 121] (see 4. in Figure 8.3). Finally, the created alternative
models are simulated with the Redesign Analysis plugin and the results are presented on the
nodes in the process alternatives tree (see 5. in Figure 8.3).

Limitations and Future Work

A created alternative model should be sound with a correct data distribution (see Section 8.4).
The current implementation of the check on the correctness of the data distribution imposes
some limitations. The check is not implemented as a check over the complete process model,
but as a local check for each of the tasks in the involved process part. The implemented check
does not work for processes that include iterative behavior. Although the current data check has
limitations, it is better than not checking for a correct data distribution at all. Without a check,
the user has to ensure the correctness of the data distribution herself. If not done correctly,
alternatives will be created based on incorrect models introducing errors in these alternatives.
Another limitation is that currently only the lead time can be evaluated. Directions for future
work are the improvement of the data check and the extension of the functionality with more
redesign operations and KPIs.

8.4 Correctness of Created Alternatives
A third contribution of this thesis is the identification of a set of correctness preserving
redesign rules. This thesis provides techniques to ensure soundness and correct data distri-
butions. In a sound process model, proper completion is possible for each case and there are
no dead tasks. With a correct data distribution we mean a distribution of the data elements
over the process in such a way that the data elements necessary for the execution of a task are
available when the task becomes enabled.

Throughout the thesis, we present formal definitions and proofs for soundness. In Chap-
ter 3, we give a definition of a process model that includes the control flow, data and resource
perspectives. The control flow of this annotated SISO-net is a generalization of a WF-net [2].
The soundness property [3] is extended to annotated SISO-nets. In Chapter 4, we discuss the
selection of a process part by means of a component. The definition of a component has been
derived from [12]. A component describes the minimal set of requirements on a selected pro-
cess part to be able to construct a sound process alternative in a later stage. In Chapter 5, we
define the creation of a process alternative for some of the redesign operations. With these
definitions and the provided proofs it is ensured that the resulting process alternative is sound
if the input process model is sound.

In Chapter 4, we also present a formal definition of a component that has a correct data
distribution. We make the assumption that the input process model already has a correct data
distribution. This is realistic since it reflects an existing process. From the definitions of the
application of the redesign operations (Chapter 5), it follows that under this assumption the
resulting alternative model also has a correct data distribution. For the parallelize operation,
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for instance, Definition 48 in Chapter 5 defines the ordering of the tasks in the alternative
process part such that a task that has a certain data element as an output is positioned before
the tasks that require this element as input data element. The alternative process part therefore
has a correct data distribution resulting in a correct data distribution of the alternative model.

Limitations and Future Work

A limitation of the presented work is that only for the parallelize, sequentialize, compose
and unfold operations a discussion related to the correctness of process models is provided.
A formal proof of soundness is given for these operations, but formal proofs of a correct
data distribution are not included. Directions for future work are an extension of the formal
definitions to cover all redesign operations and an inclusion of a formal definition of the correct
data distribution of a process model. For the latter we could, for instance, use the verification
techniques available for a WF-net with data [133, 139] (which we discussed in Section 3.3) as
a starting point.

Figure 8.4: The top half of the redesign analysis plugin displays a process alternatives tree; the lower
half shows one specific alternative model.

8.5 Process Alternatives Tree
The creation of process alternatives is an iterative process, where either the original model or
an alternative model can be used as starting point for the creation of another alternative. The
next contribution is the overview of the results of the application of the PrICE approach
provided by the process alternatives tree. Each node in the tree represents a process model.
The root node is the original model, i.e., the input of the PrICE approach. The other nodes
represent alternative models. An example of a process alternatives tree is given in Figure 8.4.
Apart from its overview function, the process alternatives tree is used as input for the evaluation
of the process alternatives. One can select a subset of the alternatives for evaluation or may
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decide to evaluate all alternatives. After the evaluation, the simulation results can be displayed
on the nodes of the tree. Apart from an overview of the evaluation results, it is also possible to
highlight the most favorable alternative(s).

Limitations and Future Work

The number of process alternatives can become large, resulting in a reduction of the readabil-
ity. Especially when the simulation results are displayed on the nodes, this may be an issue.
Currently, only one KPI is used for simulation. Once more KPIs are included, the presentation
of the performance based on multiple KPIs will be a challenge.

8.6 Practical Use of Simulation
A final contribution is that the developed support for simulation enhances the practical
application of simulation in a BPR setting. An evaluation of the process alternatives (for
instance obtained in a workshop setting) is often not performed because simulation studies are
difficult to understand and time consuming. The PrICE approach supports the understanding
of simulation studies with a simulation plan and provides automated simulation support to re-
duce the necessary time investment.

In Chapter 6, we present a simulation plan that describes the various stages of a simulation
study:

1 Design the simulation study,

2 Execute the simulation study,

3 Analyze the output, and

4 Draw conclusions.

The design of the simulation study (stage 1) explains the correct setup of the simulation study
to obtain statistically valid results. The output analysis (stage 3) discusses the use of confidence
intervals to indicate the reliability of an estimate and to decide whether differences between
simulation results are significant. The provided explanation of aspects like the use of simu-
lation settings and confidence intervals improves the understandability of simulation studies.
Automated simulation support reduces the efforts and time needed for conducting simulation
experiments. The PrICE tool kit provides such automated support with the simulation of any
number of process models in batch. The simulation results are presented on the nodes of the
process alternatives tree. An example of this is given by Figure 8.5.

Limitations and Future Work

The use of simulation for the evaluation of the performance of process models is not a new
contribution in itself. Simulation is a common means to gain insight in the behavior and
performance of systems without building the system in reality. Many BPM systems (e.g.,
FileNet [55] and BPM|one [100]) and process modeling tools (e.g. Protos [147] and ARIS
[127, 128]) provide simulation functionality. There are many known limitations when using
simulation (see Section 3.3 and for instance [13]) and these limitations hold for any system or
tool with simulation functionalities. Our tool kit is no exception. An example is the common
assumption that resources are always available, resulting in a naive and unrealistic resource
model.
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Figure 8.5: A process alternatives tree displaying simulation results; colors facilitate the selection of the
best alternative

8.7 Practical Implications
The PrICE approach is not presented as a replacement of the workshop centered way that pro-
cess improvement is mostly carried out. Because the same steps are followed in our approach
that are present in the current practice of process improvement, it seems viable to support the
interaction between business professionals with the PrICE approach and tool kit. The applica-
tion scenario we envision is that the steps of the PrICE approach are performed in a workshop
setting. The first step of the PrICE approach, finding applicable redesign operations, is con-
nected to the improvement goals. These can be determined in a workshop. In the second
step, the selection of process parts, bottlenecks as perceived by the participants can be con-
firmed with process mining techniques and more bottlenecks can be discovered. The third
step, creating alternative models, is a highly interactive activity well suited to be performed
in a workshop. A process model can never capture all information that is relevant for process
improvement and user involvement ensures that alternative models are feasible. The tool kit
automates the parts that do not require user interaction like the final step, evaluating the perfor-
mance with simulation. The PrICE approach enables design teams to come up with a design
for a better performing process in a systematic manner.
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Process Alternatives for the Blood
Donation Process

In this appendix we give a Protos model for the original blood donation process and for all
alternatives that have been created for the blood donation process. The creation of the alterna-
tives is discussed in Section 6.4. Figure A.1 shows the process alternatives tree.
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Figure A.1: Process alternatives tree for the blood donation process
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A.1 Original model

The original blood donation process is depicted in Figure A.2. A description of the blood
donation process can be found in Section 2.5. The blood donation process as described in
Section 2.5 contains two subnets. These subnets have been incorporated in the main process
model as can be seen in Figure A.2.
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A.2 Alternative G1

The alternative G1 is created with the application of the group operation on the tasks Instruct
donor and Print labels. Alternative G1 is depicted in Figure A.3. Note the indication
of the part of the process that has been changed.
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A.3 Alternative C1

The alternative C1 is created with the application of the compose operation on the tasks
Instruct donor and Print labels. Alternative C1 is depicted in Figure A.4. Note
the indication of the part of the process that has been changed.
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A.4 Alternative S1
The alternative S1 is created with the application of the sequentialize operation on the tasks
Instruct donor, Check blood condition, Answer question form and
AND-join. Alternative S1 is depicted in Figure A.5. Note the indication of the part of the
process that has been changed.
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A.5 Alternative P1

The alternative P1 is created with the application of the parallelize operation on the tasks
Test on hepatitis and Test on HTLV. Alternative P1 is depicted in Figure A.6.
Note the indication of the part of the process that has been changed.
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A.6 Alternative G2

The alternative G2 is created with the application of the group operation on the tasks Test
on hepatitis, Test 1 HIV and Test 2 HIV. Alternative G2 is depicted in Figure A.7.
Note the indication of the part of the process that has been changed.
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Figure A.7: A Protos model of alternative G2
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A.7 Alternative C2

The alternative C2 is created with the application of the compose operation on the tasks Test
1 HIV, Test 2 HIV and Compare HIV results. Alternative C2 is depicted in Fig-
ure A.8. Note the indication of the part of the process that has been changed.
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A.8 Alternative S2

The alternative S2 is created with the application of the sequentialize operation on the tasks
AND-split, Test 1 HIV, Test 2 HIV and Compare HIV results. Alternative
S2 is depicted in Figure A.9. Note the indication of the part of the process that has been
changed.
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Figure A.9: A Protos model of alternative S2
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A.9 Alternative M1

The alternative M1 is a mix of the alternatives P1, C1 and C2. Alternative M1 is depicted in
Figure A.10. Note the indication of the parts of the process that have been changed. The upper
part with task Composed task1 is the result of the application of the compose operation
according to Section A.3. The part with the tasks Test on hepatitis and Test on
HTLV is the result of the application of the parallelize operation as described in Section A.5.
The part with task Composed task2 is created according to Section A.7 with the compose
operation.
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Figure A.10: A Protos model of alternative M1
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A.10 Alternative M2
The alternative M2 is a mix of the alternatives S1 and S2. Alternative S1 has been the in-
put model for the creation of alternative M2 by applying the sequentialize operation to the
tasks AND-split, Test 1 HIV, Test 2 HIV and Compare HIV results (see Sec-
tion A.8). Alternative M2 is depicted in Figure A.11. Note the indication of the parts of the
process that have been changed.
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Applying the PrICE Approach to
More Processes

In Section 7.2 we discuss the application of the PrICE approach to one semi-realistic process
model. In this appendix, we discuss the application of the PrICE approach to four other semi-
realistic process models. Alternative models have been created for each of the four models
and these alternatives are evaluated with simulation. All simulation runs for the evaluation
of the performance consisted of 15 replications per (alternative) model with 5000 cases per
replication. We present for each of the models a Protos model and relevant parameters for the
original model, a description of the created alternatives, and the simulation results.
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B.1 International Flight Process
The original international flight model has a completely sequential process structure. The
original process model is depicted in Figure B.1 as a Protos model.
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Figure B.1: A Protos model of the original international flight process
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Cases arrive at the international flight process with a negative exponential distribution with
a mean of 75. The number of available resources per role are listed in Table B.1. In Table B.2
the processing time distributions for the tasks in the process are given.

Table B.1: Number of resources available per role for the international flight process

Role Number
Flight ticket employee 4
Check in employee 4
Boarding employee 3
Others 1

Table B.2: Processing times for the tasks in the international flight process.

Processing time (in minutes)
Task Distribution Mean Variance
Receive order Normal 10 1
Notify future passenger Uniform[10 ; 50] 30 133.33
Send confirmation Normal 5 0.1
Request details Normal 5 0.1
Book ticket Uniform[5 ; 75] 40 408.33
Arrange payment Normal 20 40
Send ticket and itinerary Normal 20 40
Check in luggage Uniform[30 ; 50] 40 33.33
Check in passenger Uniform[20 ; 60] 40 133.33
Print boarding pass Normal 10 1
Perform security check Uniform[20 ; 60] 40 133.33
Perform immigration Uniform[20 ; 60] 40 133.33
Check boarding pass Uniform[10 ; 80] 45 408.33
Check hand luggage Normal 30 60
Board passenger Normal 30 60
Prepare for take off Uniform[10 ; 80] 45 408.33
Archive flight Normal 5 0.1

For this model, six alternatives have been created. Five are the result of the application of
one redesign operation and one is a combination of two alternatives. The alternatives tree is dis-
played in Figure B.2. The alternatives and their simulation results are discussed in Table B.3.
The alternative IF-C1 includes a new composite task with a processing time of Uniform[20
; 60]. Also, the alternative IF-C2 includes a new composite task and the processing time for
this task is set to Uniform[40 ; 80].
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Table B.3: The international flight alternatives and their lead times.

95% CI (in min.)
Model Redesign Process Mean Lower Upper

ID operation part bound bound
IF Original model 522 511 533

IF-P1 Parallelize Checkin luggage, Checkin passenger 491 481 502
IF-C1 Compose Book ticket, Arrange payment, 481 470 493

Send ticket and itinerary
IF-C2 Compose All boarding tasks 404 401 407
IF-G1 Group Notify future passenger, Book ticket 502 495 509
IF-G2 Group Notify future passenger, Book ticket, 499 486 513

Arrange payment, Send ticket and it.
IF-M1 Mix IF-C1 and IF-C2 360 356 364
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Figure B.2: Process alternatives tree for the international flight process

All alternatives for the international flight model, except for the IF-G2 alternative, result in a
significant reduction of the lead time. The original model is a sequential model and this is the
worst case scenario with regard to lead time.
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B.2 ProBike Process
The original ProBike model is depicted in Figure B.3. The figure shows the control flow,
the data and the resource perspective of the process modeled in Protos. The process contains
two AND-splits, namely task Work enforce and task Receive half payment. The
corresponding AND-joins are respectively task Approve quotation and task Pick up
bike.
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Figure B.3: A Protos model of the original ProBike process
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Cases arrive at the ProBike process with a negative exponential distribution with a mean
of 100. The number of available resources per role are listed in Table B.4. In Table B.5 the
processing time distributions for the tasks in the process are given.

Table B.4: Number of resources available per role for the ProBike process

Role Number
Worker 7
Manager 1

Table B.5: Processing times for the tasks in the ProBike process.

Processing time (in minutes)
Task Distribution Mean Variance
Register client Normal 10 1
Send confirmation Normal 5 1
Configure order Normal 5 1
Register order Normal 20 40
Work enforce Uniform[10 ; 50] 30 133.33
Analyze bike Uniform[40 ; 80] 60 133.33
Analyze parts Uniform[40 ; 80] 60 133.33
Approve quotation Normal 5 1
Send bill Normal 20 1
Receive half payment Normal 5 1
Assemble parts Normal 10 1
Arrange schedule Normal 20 1
Paint bike Normal 5 1
Check with customer Normal 50 10
Evaluate Uniform[10 ; 30] 20 33.33
Pick up bike Normal 10 10
Receive full payment Uniform[40 ; 80] 60 133.33
Archive Normal 5 1

For the ProBike model, eight alternatives have been created of which six are the result of the
application of a single redesign operation. Also, two alternatives that combine the redesigns
of two single operations are included. The alternatives tree is displayed in Figure B.4. The
construction of the eight alternatives and the lead times obtained with simulation are presented
in Table B.6. The alternative PB-C1 includes a new composite task with a processing time
of Uniform[100 ; 160]. Also, the alternative PB-C2 includes a new composite task and the
processing time for this task is set to Uniform[25 ; 45].
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Figure B.4: Process alternatives tree for the ProBike process

Table B.6: The ProBike alternatives and their lead times.

95% CI (in min.)
Model Redesign Process Mean Lower Upper

ID operation part bound bound
PB Original model 386 378 393

PB-P1 Parallelize Receive half payment to 316 312 320
Pick up bike

PB-P2 Parallelize All tasks 312 305 318
PB-C1 Compose Register order, Work enforce, 419 415 424

Analyze bike, Analyze parts
PB-C2 Compose Assemble parts, Paint bike, 401 396 406

Arrange schedule
PB-S1 Sequentialize Work enforce to 438 432 444

Approve quotation
PB-S2 Sequentialize Receive half payment to 405 400 411

Pick up bike
PB-M1 Mix PB-S1 and PB-S2 458 453 464
PB-M2 Mix PB-P1 and PB-C1 350 346 354

Three of the alternatives have a significant positive effect on the lead time: PB-P1, PB-P2
and PB-M2. Each of these alternatives are the result of the application of the parallelize opera-
tion. The applications of the compose and the sequentialize operation worsen the performance
on lead time. Note that the effect of the compose operation is determined by the processing
time of the new composed task. In both alternatives with a composed task the processing times
were not reduced but simply summed up.
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B.3 Project Initiation Process

The original project initiation model is depicted in Figure B.5. The Protos model displays the
control flow, the data and the resource perspective of the process.
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Figure B.5: A Protos model of the original project initiation process
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The model contains several tasks with multiple outgoing arcs. The tasks Receive response,
Customer solicitation and Check resources are XOR-splits, i.e., only one of
the outgoing arcs is activated if the task is executed. For each of the XOR-splits it is indi-
cated on each of its outgoing arcs when the arc is activated. For instance, the task Check
resources activates the arc labeled NO if no resources are available, otherwise the arc YES
is activated. The task Provide resources is an AND-split, i.e., both of its outgoing arcs
are executed. The parallel branches following task Provide resources are synchronized
in task Resources available which is the corresponding AND-join.

Cases arrive at the project initiation process with a negative exponential distribution with
a mean of 20. In Table B.7 the processing time distributions for the tasks in the process are
given. The number of available resources per role are listed in Table B.8.

Table B.7: Processing times for the tasks in the project initiation process.

Processing time (in minutes)
Task Distribution Mean Variance
Register proposal Normal 5 1
Analyze proposal Uniform[5 ; 15] 10 8.33
Discuss parameters Normal 5 1
Send to customer Normal 1 0.01
Receive response Uniform[4 ; 6] 5 0.33
Activate response Uniform[4 ; 6] 5 0.33
Customer solicitation Uniform[4 ; 6] 5 0.33
Activate solicitation Normal 1 0.1
Plan project Normal 5 1
Check resources Normal 5 1
Provide resources Normal 1 0.1
Human resources Uniform[6 ; 8] 7 0.33
Other resources Uniform[2 ; 4] 3 0.17
Resources on hand Normal 2 0.5
Enroll engineers Normal 2 0.5
Contact suppliers Uniform[2 ; 4] 3 0.17
Receive suppliers Uniform[1 ; 5] 3 0.33
Resources available Normal 3 1
Approve project Normal 5 1
Send project Normal 5 1
Archive project Uniform[2 ; 4] 3 0.17
Project initiated Normal 1 0.1

For this process, four alternatives have been created of which three are the result of the
application of a single redesign operation. The fourth alternative combines the application
of two operations. The alternatives tree is displayed in Figure B.6. The construction of the
four alternatives and the lead times obtained with simulation are presented in Table B.9. The
alternative PI-C1 includes a new composite task with a processing time of Uniform[10 ; 14].
Also, the alternative PI-C2 includes a new composite task and the processing time for this
task is set to a normal distribution with a mean of 7 and a variance of 2.
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Table B.8: Number of resources available per role for the project initiation process

Role Number
Engineer 2
Customer relations 3
Project manager 2
Supply manager 1
Human resources 1
Supplier relations 1
Supplier 1

C
1

O
sequentialize

S
1

com
pos

e

compose

compose
M
1

C
2

C
1

O
sequentialize

S
1

com
pos

e

compose

compose
M
1

C
2

Figure B.6: Process alternatives tree for the project initiation process

Table B.9: The project initiation alternatives and their lead times.

95% CI (in min.)
Model Redesign Process Mean Lower Upper

ID operation part bound bound
PI Original model 48 47 49

PI-C1 Compose Analyze proposal, 44 43 45
Discuss parameters

PI-C2 Compose Human resources, 46 46 46
Enroll engineers

PI-S1 Sequentialize Provide resources to 51 50 52
Resources available

PI-M1 Mix PI-C1 and PI-C2 42 41 42

For the project initiation process it can be concluded that the application of the compose
operation leads to a significant reduction of the lead time (alternatives PI-C1 and PI-C2).
This improvement is especially noticeable when the compose operation is applied multiple
times (alternative PI-M1). The application of the sequentialize operation (resulting in alterna-
tive PI-S1), however, results in a significant increase of the lead time.
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B.4 Service Request Process

The original service request process model is presented by Figure B.7. The control flow, the
data and the resource perspective of the process are displayed.
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Figure B.7: A Protos model of the original service request process
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The model includes two XOR-splits, namely task Evaluate urgency and task Evaluate
supplier. The outgoing arcs of a XOR-split indicate when the arc is activated. From the
evaluation of the supplier, for instance, it follows whether the supplier is preferred or not. One
of the tasks in the model, task Enforce, is an AND-split and task Pay request is the
corresponding AND-join.

Cases arrive at the service request process with a negative exponential distribution with a
mean of 100. In Table B.10 the processing time distributions for the tasks in the process are
given. The number of available resources per role are listed in Table B.11.

Table B.10: Processing times for the tasks in the service request process.

Processing time (in minutes)
Task Distribution Mean Variance
Receive request Normal 10 1
Register request Normal 10 1
Send notification Normal 5 0.5
Receive notification Normal 5 0.5
Evaluate urgency Uniform[20 ; 60] 40 133.33
Call supplier Normal 10 5
Evaluate supplier Uniform[20 ; 60] 40 133.33
Copy service Normal 5 1
Evaluate contract Normal 30 20
Enforce Normal 30 50
Schedule supplier Normal 30 20
Work done2 Normal 40 60
Receive invoice Normal 50 50
Send mail2 Normal 10 1
Work done1 Normal 20 20
Confirm work done2 Normal 30 1
Send mail1 Uniform[40 ; 80] 60 133.33
Pay request Normal 20 20
Confirm work done1 Normal 50 1
Close request Normal 10 1

Table B.11: Number of resources available per role for the service request process

Role Number
Employee 12
Planner 1
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Five alternatives have been constructed for the service request process: four alternatives are
created with a single redesign operation and one with a combination of redesign operations.
The alternatives tree is displayed in Figure B.8. The alternatives and the lead time results
are presented in Table B.12. The alternative SR-C1 includes a new composite task with a
processing time of Uniform[7 ; 9]. Also, the alternative SR-C2 includes a new composite task
and the processing time for this task is set to Uniform[80 ; 100].

C
1

O

group

G
1

com
pos

e

compose

compose
M'

S
1

C
2

sequentialize

group
M
1

C
1

O

group

G
1

com
pos

e

compose

compose
M'

S
1

C
2

sequentialize

group
M
1

Figure B.8: Process alternatives tree for the service request process

Table B.12: The service request alternatives and their lead times.

95% CI (in min.)
Model Redesign Process Mean Lower Upper

ID operation part bound bound
SR Original model 222 220 223

SR-C1 Compose Send notification, 220 218 221
Receive notification

SR-C2 Compose Enforce, Receive invoice, 227 226 228
Work done2

SR-G1 Group Work done1, 190 189 192
Confirm work done1

SR-S1 Sequentialize All tasks 234 232 236
SR-M1 Mix SR-C1, SR-C2 and SR-G1 188 187 190

The application of the group operation has a positive effect on the lead time of the service
request, because the redesign results in a parallel execution of the tasks Work done1 and
Confirm work done1.
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Process Alternatives for the
Framed Pane Production Process

In this appendix we give a Protos model for the five alternatives that have been created for the
framed pane production process. The creation and evaluation of these alternatives are discussed
in Section 7.2. Figure C.1 shows the process alternatives tree.
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Figure C.1: Process alternatives tree for the framed pane production process
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C.1 Alternative FPP-C1

The alternative FPP-C1 is created with the application of the compose operation on the tasks
Melt glass and Cool down glass. Alternative FPP-C1 is depicted in Figure C.2.
Note the indication of the part of the process that has been changed.
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Figure C.2: A Protos model of alternative FPP-C1



Process Alternatives for the Framed Pane Production Process 225

C.2 Alternative FPP-G1

The alternative FPP-G1 is created with the application of the group operation on the tasks
Cut frame and Apply special coating. Alternative FPP-G1 is depicted in Fig-
ure C.3. Note the indication of the part of the process that has been changed.
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Figure C.3: A Protos model of alternative FPP-G1
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C.3 Alternative FPP-P1

The alternative FPP-P1 is created with the application of the parallelize operation on the
tasks Cut frame, Heat frame, Apply special coating and Bend frame. Al-
ternative FPP-P1 is depicted in Figure C.4. Note the indication of the part of the process that
has been changed.
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Figure C.4: A Protos model of alternative FPP-P1



Process Alternatives for the Framed Pane Production Process 227

C.4 Alternative FPP-S1
The alternative FPP-S1 is created with the application of the sequentialize operation on all
tasks in the process. Alternative FPP-S1 is depicted in Figure C.5.
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Figure C.5: A Protos model of alternative FPP-S1
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C.5 Alternative FPP-M1
The alternative FPP-M1 is a mix of the alternatives FPP-C1 and FPP-G1. Alternative C1
has been the input model for the creation of alternative M1 by applying the group operation
to the tasks Cut frame and Apply special coating (see Section C.2). Alternative
FPP-M1 is depicted in Figure C.6. Note the indication of the parts of the process that have
been changed.
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Summary

Process Improvement: The Creation and Evaluation of Pro-
cess Alternatives
Companies continuously strive to improve their processes to increase productivity and de-
livered quality against lower costs. With Business Process Redesign (BPR) projects such
improvement goals can be achieved. BPR involves the restructuring of business processes,
stimulated by the application of information technology. Although BPR is widely applied in
industry, a systematic approach that helps a team in deriving designs for better performing
business processes is lacking.

The approach for Process Improvement by Creating and Evaluating Process Alternatives
(in short: the PrICE approach) aims at developing improvements upon an existing process. The
approach describes and supports the steps that lead a design team from the existing process to
the improved process. The starting point for the PrICE approach is a model of an existing
process. This model contains a structure (task ordering), data dependencies, resources and
performance estimates. The PrICE approach consists of four steps:

1 Find applicable redesign operations through the selection of the types of change sup-
porting the improvement goal(s).

2 Select suitable process parts by means of detecting bottlenecks and deviations in the
process.

3 Create alternative models with the application of redesign operations to selected process
parts.

4 Evaluate performance of alternatives by simulating the alternative models for a compar-
ison of the expected gains.

The first step of the PrICE approach describes the selection of redesign operations. Nine re-
design operations have been developed, each supporting a particular type of redesign creation.
We introduce two possible means to select applicable operations: process measures and pro-
cess mining. Process measures provide a global view on the characteristics of the process and
their values may reveal weaknesses in the process. The idea of process mining is to discover,
monitor and improve business processes by extracting knowledge from event logs. Process
mining results point out what type of changes may be beneficial.

The second step of the approach is the selection of process parts. In this step, we focus on
the selection of a process part in such a way that the application of a redesign operation results
in a correct process model. Bottlenecks can be detected with process mining.
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The third step of the approach concentrates on the creation of process alternatives. An
application of a redesign operation to a selected process part results in a correct alternative
process model. Each iteration of an application of a redesign operation on a process part
results in another alternative model. An overview of the alternative models is provided with
the process alternatives tree. The root node of the tree is the original model and the other nodes
represent the created alternatives.

In the final step of the approach, the performance of the process alternatives is evaluated
with simulation. Simulation provides quantitative estimates for the performance, e.g., on time
or costs, of a process model. By comparing the simulation results a quantitatively supported
choice for the best alternative model can be made.

The PrICE approach is supported with the PrICE tool kit. This support is implemented
as part of the Process Mining (ProM) framework. The tool kit supports the application of
the various steps of the approach. The first two steps are supported with the process mining
techniques that are available in ProM. The main features of the PrICE tool kit are the user
guidance in the selection of process parts, the creation of process alternatives, the construction
of the process alternatives tree and the evaluation of the alternatives with simulation.

After the selection of a redesign operation, a process part for redesign is selected by the
user by clicking on the tasks in the process model. Colors are used to guide the user and to
show which tasks may be added to the current selection. This way, it is ensured that the input
for the creation of a process alternative is such that a correct alternative model can be created.
In a correct process model, the structure is sound and the data distribution is correct. In a
sound process model, proper completion is possible for each case and there are no dead tasks.
A correct data distribution is an assignment of the data elements to the tasks in the process in
such a way that the data elements necessary for the execution of a task are available when the
task becomes enabled.

After the creation of an alternative model, the process alternatives tree is updated with a
new node representing this alternative. Each node in the alternatives tree can be selected as
starting point for the creation of another process alternative. With regard to the evaluation of
the alternatives, one can select a subset of nodes for simulation or simulate the complete tree.
A simulation study is performed in batch, i.e., all selected models are simulated without user
interaction. Afterwards, the simulation results are displayed on the tree nodes. In addition,
colors are used to guide the user in finding the best performing alternative. The developed tool
support demonstrates the feasibility of our ideas. This feasibility is also illustrated with several
applications of the PrICE tool kit.

A workshop using brainstorming and creativity techniques is a popular method for re-
designing processes. However, such an approach lacks structure and is subjective and non-
repeatable. Moreover, an estimate of the expected gains is often not made because simulation
studies are hard to understand and time consuming. The PrICE approach aims at supporting
the redesign of processes in a systematic manner. The PrICE approach would be a good addi-
tion to current practice and therefore we propose to support the interaction between business
professionals with the PrICE tool kit.

The first step of the PrICE approach, finding applicable redesign operations, is connected
to the improvement goals. These can be determined in a workshop. In the second step, the
selection of process parts, bottlenecks as perceived by the participants can be confirmed with
process mining techniques and more bottlenecks can be discovered. The third step, creating
alternative models, is a highly interactive activity well suited to be performed in a workshop.
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The final step, evaluating the performance, is frequently skipped in practice. The PrICE ap-
proach enhances the practical use of simulation. On the one hand by supporting the setup of
a statistically sound simulation study and on the other hand through the automatic simulation
support provided by the PrICE tool kit. The PrICE approach enables design teams to design
better performing processes in a structured manner.





Samenvatting

Procesverbetering: De Creatie en Evaluatie van Alternatieve
Procesmodellen
Bedrijven streven voortdurend naar het verbeteren van hun processen door het verhogen van de
productiviteit en de geleverde kwaliteit tegen lagere kosten. Met Business Process Redesign
(BPR) projecten kunnen dergelijke verbeterdoelen worden bereikt. BPR omvat de herstruc-
turering van bedrijfsprocessen, gestimuleerd door de toepassing van informatietechnologie.
Ondanks dat BPR wijd verspreid wordt toegepast in de praktijk, ontbreekt een systematische
aanpak waarmee een ontwerpteam wordt geholpen bij het ontwerpen van een beter presterend
bedrijfsproces.

De aanpak voor procesverbetering door middel van het creëren en evalueren van alter-
natieve procesmodellen (in het kort: de PrICE aanpak) heeft als doel het ontwikkelen van
verbetervoorstellen voor een bestaand proces. De aanpak beschrijft en ondersteunt de stappen
die een ontwerpteam van het bestaande proces naar het verbeterde proces leiden. Het startpunt
voor de PrICE aanpak is een model van een bestaand proces. Dit model bevat een structuur
(taakordening), data afhankelijkheden, uitvoerders en een indicatie van de huidige prestatie
van het proces. De PrICE aanpak bestaat uit vier stappen:

1 Het vinden van toepasbare herontwerpregels via het selecteren van de soorten verander-
ing waarmee het verbeterdoel kan worden bereikt.

2 Het selecteren van geschikte procesdelen met behulp van het detecteren van knelpunten
en afwijkingen in het proces.

3 Het creëren van alternatieve modellen door het toepassen van de herontwerpregels op de
geselecteerde procesdelen.

4 Het evalueren van de prestaties door het simuleren van de alternatieve modellen en het
vergelijken van de uitkomsten.

De eerste stap van de PrICE aanpak beschrijft de selectie van herontwerpregels. Negen her-
ontwerpregels zijn ontwikkeld, waarbij elk een bepaald type herontwerp ondersteunt. We in-
troduceren twee mogelijke manieren om een toepasbare operatie te selecteren: procesmaten
en process mining. Procesmaten bieden een globale blik op de karakteristieken van het proces
en hun waarden kunnen zwakheden in het proces onthullen. Het idee achter process mining
is het ontdekken, volgen en verbeteren van bedrijfsprocessen op basis van databestanden. De
resultaten van process mining geven aan welke soorten van verandering gunstig kunnen zijn.

De tweede stap van de aanpak is de selectie van procesdelen. Hierbij richten we ons op
het zodanig selecteren van een procesdeel dat de toepassing van een herontwerpregel resulteert
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in een correct procesmodel. Knelpunten in het proces kunnen worden gevonden met process
mining.

De derde stap van de aanpak concentreert zich op de creatie van alternatieven voor het
bestaande proces. Een toepassing van een herontwerpregel op een geselecteerd procesdeel
resulteert in een aantoonbaar correct alternatief procesmodel. Elke iteratie van een toepass-
ing van een herontwerpregel op een procesdeel resulteert in een ander alternatief model. Een
overzicht van de gecreëerde alternatieven wordt gegeven met de alternatievenboom. De oor-
sprong van de boom is het originele model en de andere knopen representeren de gecreëerde
alternatieven.

In de laatste stap van de aanpak wordt de prestatie van de alternatieven geëvalueerd met be-
hulp van simulatie. Simulatie levert een kwantitatieve schatting van de prestatie, bijvoorbeeld
voor tijd of kosten, van een procesmodel. Door het vergelijken van de simulatieresultaten kan
een kwantitatief onderbouwde keuze voor het beste alternatieve model worden gemaakt.

De PrICE aanpak wordt ondersteund door het PrICE tool. Deze ondersteuning is geı̈mple-
menteerd als onderdeel van het Process Mining (ProM) platform. Het tool ondersteunt de
toepassing van de verschillende stappen uit de aanpak. De eerste twee stappen worden on-
dersteund door de process mining technieken die beschikbaar zijn in ProM. De belangrijkste
functies van het PrICE tool zijn het begeleiden van de gebruiker bij het selecteren van proces-
delen, het creëren van de alternatieve modellen, de constructie van de alternatievenboom en de
evaluatie van de alternatieven met behulp van simulatie.

Na het selecteren van een heront-werpregel, selecteert de gebruiker een procesdeel voor
herontwerp door middel van het klikken op de taken in het procesmodel. Kleuren worden
gebruikt om de gebruiker te laten zien welke taken nog toegevoegd kunnen worden aan de
selectie. Op deze manier wordt gewaarborgd dat de input voor de creatie zodanig is dat een
correct alternatief model kan worden gecreëerd. In een correct procesmodel is de structuur
sound en de dataverdeling correct. In een sound procesmodel is het voor elke case mogelijk
om deze op een juiste manier te beëindigen. Bij een correcte dataverdeling zijn taken die een
bepaald data-element schrijven geplaatst voor taken die dit element lezen.

Na de creatie van een alternatief model wordt de alternatievenboom bijgewerkt met een
nieuwe knoop die dit alternatief representeert. Elke knoop in de alternatievenboom kan wor-
den geselecteerd als startpunt voor de creatie van een nieuw alternatief. Voor de evaluatie van
de alternatieven kan men een deel van de knopen selecteren voor simulatie of de gehele boom
simuleren. Een simulatiestudie wordt uitgevoerd in batch, wat betekent dat alle geselecteerde
modellen worden gesimuleerd zonder tussenkomst van de gebruiker. Na het uitvoeren van
de simulatiestudie worden de resultaten weergegeven op de knopen in de boom. Daarnaast
worden kleuren gebruikt om de gebruiker te helpen bij het vinden van het best presterende
alternatief. De ontwikkelde ondersteuning laat zien dat onze ideeën uitvoerbaar zijn. Deze
uitvoerbaarheid wordt ook geı̈llustreerd met verschillende toepassingen van het PrICE tool.

Een workshop waarbij brainstormen en creativiteitstechnieken worden gebruikt is een gang-
bare methode voor het herontwerpen van processen. Een dergelijke aanpak biedt echter weinig
structuur en is daarnaast subjectief en niet reproduceerbaar. Bovendien wordt vaak geen schat-
ting van de te verwachten prestatieverbetering gemaakt, omdat simulatiestudies moeilijk te
begrijpen en tijdsintensief zijn. De PrICE aanpak richt zich op het systematisch ondersteunen
van het herontwerpen van processen. De PrICE aanpak zou een goede aanvulling op de prak-
tijk zijn en we stellen daarom voor de interactie tussen workshopdeelnemers te ondersteunen
met het PrICE tool.
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De eerste stap van de PrICE aanpak, het vinden van toepasbare herontwerpregels, is gekop-
peld aan de verbeterdoelen. Deze kunnen in een workshop worden bepaald. Tijdens de tweede
stap, het selecteren van procesdelen, kunnen door de deelnemers ervaren knelpunten worden
bevestigd met process mining technieken en kunnen meer knelpunten worden gevonden. De
derde stap, het creëren van alternatieve modellen, is een interactieve activiteit die heel goed
binnen een workshop kan plaats vinden. De laatste stap, het evalueren van de prestaties, wordt
in de praktijk meestal achterwege gelaten. De PrICE aanpak bevordert het praktische gebruik
van simulatie. Enerzijds door het ondersteunen van de opzet van een statistisch verantwoorde
simulatiestudie en anderzijds door het automatisch uitvoeren van de simulatiestudie met het
PrICE tool. De PrICE aanpak stelt ontwerpteams in staat om gestructureerd tot een ontwerp
voor een beter presterend proces te komen.
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