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Abstract. Formal models of business processes support the performance analysis of processes and the evaluation of redesign alternatives. This paper presents a formal model to
analyze the behavior of resource-constrained processes. The model is developed using Colored Petri Nets (CPN or CP nets) and the supporting software package CPN Tools. In our
approach, a business process consists of tasks and resources able to perform one or more
tasks in the process. We developed a task building block to model tasks and a resource
module to model the allocation of resources with different allocation methods. The opening
of a bank account is used as an example process to investigate two so-called “best practices”
while using the simulation facility of CPN Tools. First, we explore the specialist-generalist
trade-off, i.e., finding the optimal ratio of specialists and generalists. Then we explore the
flexible assignment policy, i.e., a strategy to deploy specialists first to preserve operational
flexibility.

1

Introduction

Organizations are constantly looking for ways to improve their performance. By emphasizing
business processes rather than hierarchies and by putting a focus on customer satisfaction, organizations tend to attain better overall performance, a better esprit de corps and less interfunctional
conflicts [16]. A survey among 90 Swedish organizations, ranging from small consulting firms, hospitals and state-owned companies to multinational companies such as ABB, Ericsson, Saab and
Volvo, pointed out that organizations seem to be quite satisfied with the effects of such a process
orientation and that they were planning to allocate more resources to their process initiatives [7].
A process initiative can take on different forms, for example, as a project to rethink the
underlying process structure, to change resource allocation strategies, or by the introduction of
new technology such as workflow management systems. In this paper, we focus on a number of
best practices in this area. A best practice prescribes a historical solution that seems worthwhile
to replicate in another situation or setting, although it may need to be adapted in skilful ways in
response to prevailing conditions. A collection of best practices for business process improvement is
given in [18]. It should be noted here that many of the best practices lack adequate (quantitative)
support. It is our objective to investigate two of these best practices in more detail in this paper,
i.e., the so-called specialist-generalist trade-off and the flexible assignment policy. We would like
to obtain insights in the underlying mechanisms and see under which conditions the best practices
indeed provide improvements.
The specialist-generalist trade-off aims at finding the optimal ratio of specialists and generalists
in a process. Given a fixed number of resources, the question is how many of the resources should
be specialized resources and how many of them should be generic resources. We define a specialist
as a resource able to perform exactly one task. Routine is built up in doing this task and as a
result he or she performs the task faster. A generalist is able to perform more tasks and adds
flexibility to the process leading to a better utilization of resources [18].
Using a flexible assignment policy means that resources are assigned to the work in such a way
that maximal flexibility is preserved for the near future. When both specialists and generalists are
available to perform a certain task the most specialized resource is assigned to the task. By doing
this, more generic resources are ‘saved’ for other tasks for which this specialized resource might

not be suitable. In this way, the waiting time for a suitable resource may be reduced. Another
advantage is that the specialized resource is more skilled and will need less time to perform the
task [18].
In this paper, we focus on an abstraction of an actual business process as a collection of a
number of inter-related tasks, where a limited number of resources (people, systems, machines,
etc.) is available to execute the process. To be more precise, a task is an “atomic” and logical unit
of work, which is carried out in full or not at all. A task which is just about to be executed for a
specific case (or process instance) is called a work item. Each work item should be performed by
one resource suited for its execution. This implies that, while there may be several resources able to
perform a given work item, exactly one resource should be assigned to perform the work item. Note
that we reserve the term activity for the actual execution of a work item [3]. Resources are grouped
into roles to facilitate the mapping of resources on work items. A role is a group of resources with
similar characteristics. A resource has one or more roles and each role may be performed by many
resources [12]. The objective of this paper is to give an approach for analyzing the performance
of such a resource-constrained process and to show how a choice between alternative designs for a
process using best practices can be supported with this kind of analysis.
For the modeling and analysis of resource-constrained processes, CPN Tools is used. This tool
provides support for the construction, simulation and performance analysis of high-level Petri nets
[11]. CPN Tools is chosen, because it combines the strength of Petri nets with the strength of programming languages. The reasons for using Petri nets to model business processes are stated in [1].
The basic behavior of a process is modeled and visualized with Petri nets and more sophisticated
behavior is added through ML functions. It is possible to debug the model and validate the correct
behavior of the model with a step-by-step simulation of the model. Alternatively, the functional
correctness of the system can be validated and verified with state space analysis. Once the model
is validated, it is easy to make adaptations to it and create alternatives for the original model. The
simulation environment in CPN Tools also has the capability to perform an automatic sequence of
firings to examine the behavior of a model in the long run [20]. The combination of time and simulation in CPN Tools provides the possibility to analyze the performance of the modeled process.
For an introduction into high-level Petri nets and CPN Tools the reader is referred to [8,9,11,20].
The structure of the paper is now as follows. Section 2 describes the developed CPN model
and explains the task building block, the resource module and the different allocation methods
in more detail. Section 3 describes the application of the developed CPN model to investigate
the mechanisms of the specialist-generalist trade-off and the flexible assignment policy. Section 4
discusses the related work and section 5 gives the conclusions and proposes future work.

2

Development of the CPN model

Before investigating the specialist-generalist trade-off and the flexible assignment policy, we describe the developed CPN model. Both best practices aim at the improvement of resource-constrained
processes. The purpose of the model is to provide an easy way to model such a resource-constrained
process and change it to evaluate the use of the best practices under different circumstances. In
this section we first give an overview of the top level of the developed model to show its main
parts. Further, we explain the sub models which represent the different elements of a general
resource-constrained process. These elements are the generic task building block, the generic resource module and different resource allocation methods.
2.1

Overview of CPN model

In Figure 1, an example of the top level or main page of the CPN model (for a process consisting
of two sequential tasks) is shown. The different parts of the CPN model are the generator, the
process (a number of tasks in some relation to each other, e.g. sequential) and the generic resource
module for the allocation of resources to the process.
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Fig. 1. Top level

We give a global description of each of the parts to explain how the model works. The
Generator generates cases which flow through the process. The process consists of tasks placed
in some configuration, allowing for both sequential and parallel configurations. To ensure rapid
and straightforward modeling of (large) processes a generic task sub model is developed. This
sub model gives each task the same layout and functionality, because for each additional task an
instance of the generic task sub model is used. At the top level the specific task variables need
to be configured, because these specific variables distinguish one task instance from another. For
each task the task name needs to be added to the place Task Name and the service times (one for
each role that may perform the task) need to be added to the place Service Times. The Task
and Resource Module substitution transitions communicate and exchange resources through the
place Resource Exchange. The resource module arranges the allocation of resources to work
items in a generic way. The resource module is generic, i.e., the number of tasks and resources in
the process is not predefined. Only a specification of the roles able to perform a specific task and
the available resources is required. For each task, the associated roles need to be specified in the
place Task Roles and the available resources need to be placed in the place Resources. Available
resources are named according to their role, because the role of the resource is the only attribute
required for the mapping of resources to tasks. According to the standard definition of a role [3],
it is possible that resources have more than one role, but in this model the assumption is made
that every resource fulfills exactly one role. This is not necessarily a limitation, because resources
with more roles can be linked to a ‘meta’-role enclosing these roles. For example, if a resource has
roles r1 and r2, we could add a new role r12 which is attached to all tasks that require r1 or r2.
2.2

Task building block

A process model consists of a number of tasks placed in a certain order. When a work item
flows through the process, service times could differ per task and depend on the type of resource
performing the task. Each task has the same basic functionality with a different value for the service
time and different resource types. A generic task sub model enclosing the required functionality is
developed. This model is called a task building block, because a process can easily be built with
these blocks. It is possible to place the building blocks in a sequential order or to put them in
parallel. The task building block is depicted in Figure 2. The main functions of the task block are
requesting a suitable resource and putting a time delay on the case and the involved resource. An
explanation of the color sets used in Figure 2 is given in Table 1.
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Fig. 2. Task building block

Table 1. Color sets
Color sets task building block
color I = int
color ID = int timed
color T = int
color Case = product ID * T timed
color Task = string
color Work Item = product Case * Task
color Stime = int
color Role = string
color Resource = Role
color ResStime = product Resource * Stime
color Activity = product Case * Resource timed
var i:I
var id:ID
var t:T
var task:Task
var stime:Stime
var resource:Resource

Color sets resource module
color ID = int timed
color Task = string
color Prerequest = product ID * Task
color Role = string
color Roles = list Role
color TaskRoles = product Task * Roles
color Request = product ID * Task * Roles
color Requests = list Request
color Resource = Role
color Resources = list Resource
color Match = product ID * Task * Resource
color ResEx = union id1:Prerequest+id2:Match
+id3:Resource
var id:ID
var task:Task
var roles:Roles
var request:Request
var requests:Requests
var resource:Resource
var resources:Resources
var match:Match

Before we describe the details of the task block we will look at the interaction between a task
building block and the resource module. A task building block communicates with the resource
module through the place resource exchange. The purpose of the communication is obtaining a
suitable resource from the resource module to perform a specific work item. After completion of
the task the resource is returned to the resource module. In Figure 2 we see two arcs going to and
one coming from the place resource exchange. A token travelling the left arc going to the place
resource exchange represents the request for a resource and for requesting two attributes, the
case id and the task name, are required. The middle arc returns a token representing the request
and the resource attached to it. The attributes on this arc are the case id, the task name and
the resource. With the right arc the resource returns to the resource module. We see that the
sets of attributes, or color sets, on the inputs and output of the place resource exchange differ.
However, the place resource exchange should have a color set consistent with each of these input
and output colors. We make a union place from the place resource exchange uniting the different
color sets to have one consistent color set. The color set of the place is a union of the different
input and output color sets. Each arc has an identifier with the required attributes to specify the
color set related to the arc. With the place resource exchange specified as a union place different
tokens with different color sets may pass it.
Let us now consider the task building block in more detail. A case enters the task block via
the place start case. A case has attributes specifying a unique case id and the time the case was
generated. The task name is stored in the place task name. The task name is added to the case
attributes, because it is necessary for the resource request. By adding the task name the case is
changed to a work item, which needs to be executed. A resource request stating the case id and
the task name is sent to the resource module via place resource exchange. The work item waits
in the place waiting until a work item with the case id and the same task name (together with
the allocated resource) is available in the place resource exchange. The mapping on the waiting
work item is done based on both the case id and the task name to allow for parallel execution of
tasks for the same case. Recall that the term activity [3] refers to the actual execution of a work
item. The average service time needed by the resource to complete the activity is received from the
place service times. The duration or actual service time is modeled as a negative exponentially
distributed delay. When the delay time of the activity is passed, the resource is returned to the
place resource exchange and the case leaves the task block via the place end case.
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2.3

Resource module

The resource module has been developed to allocate resources to work items. In the module, each
resource is assigned to exactly one role and the resource name is equal to the assigned role. For
instance, a resource with role postman is called a postman. If there is more than one postman in
the process, then all resources with role postman are called postman. A role is linked to one or
more tasks, i.e., a resource with a certain role is capable of performing one or more tasks. Resources
are allocated to work items by mapping the role of the resource with the task that needs to be
executed for the work item.
The resource module is a generic solution, i.e., the use of the model is not limited to a specific
number of tasks or resources and the functionality is the same for every resource-constrained process model. Figure 3 shows the resource module and Table 1 contains the color sets of the resource
module. We will explain the resource module in more detail starting in place resource exchange
and following the arcs from there.
A resource request for a certain work item is received in the place resource exchange. The
resource request has the attributes case id and task name, because both attributes are necessary
to return the filled request to the right work item. At the first transition, input request, the
roles that may perform the work item are added to the request. The request (with attributes case
id, task name and roles) is put in a list with requests ordered in a First Come First Serve order.
This is done by putting an arriving request at the end of the requests list. The requests will be
matched with the available resources starting from the top of the requests list. The combination of
the case id and the task name from the request and the allocated resource is called a match. When
more role types are able to perform a certain task an allocation method is necessary to allocate
role types in a specified order. Note that in the next section different allocation methods and the
associated functions are described. The available resources are stored in the place idle. If a match
exists, the transition make match is enabled. When enabled, an attempt is made to match the first
request from the requests list with an available resource. When a resource with the required role
is available a match is found. A match is transferred to the place resource exchange and from
there to the corresponding task. The matching request and resource are deleted from the requests
list and the resources list. Next to this, busy resources are stored in the place busy res. This place
can be perceived as redundant, but it is added so show which resources are actually busy. From
head to tail the requests list is evaluated and matches are made. Requests for which no resource
is available wait and stay in the requests list. When a resource is finished working on a task, it is
put back in the resources list via place resource exchange and transition return.
One could think that the model has some restrictions. One possible restriction is that it is not
possible to withdraw an assignment of some work to a resource. This functionality is not added,
because human resources will become demotivated when work is taken from them just before
they will start working on it. More on assignment policies, the possible choices and the subsequent
consequences can be found in [23]. Another point that can be seen as a limitation is that a resource
can not work on several activities at the same time. This limitation follows from the definition of a
task as an “atomic” piece of work. Once started, the task needs to be finished before the resource
will be able to start another task [3].
2.4

Resource allocation methods

The resource module allocates resources to work items based on a certain allocation method. An
allocation method specifies the order in which the allocation of different resource types should take
place. Two allocation methods, priority based allocation and random allocation, are modeled for
incorporation in the resource module. We have chosen to define allocation methods with ML functions. The functions are made on two levels, the top level functions are the same for each allocation
method and these functions call lower level functions which define the specific allocation method.
By doing so, the CPN sub model representing the resource module is the same regardless of the
chosen allocation method, because the resource module only refers to the top level functions. We
will briefly discuss the top level functions, they are all mentioned in Figure 3. All functions are

connected to the transition make match in the resource module. This transition is enabled when
the precondition in the guard is satisfied. The precondition function matchexist evaluates if at
least one possible match exists between the list with requests and the resources. When the transition make match is enabled it performs an action. The action part of the transition make match
is used to model the action and the action part is placed under transition make match (see Figure
3). In the action part the input, the output and the actual action are specified. The inputs for the
action part are the list with requests and the resource list. The actual action is the evaluation of
the function makematch. When evaluated this function calls the lower level functions for a specific
allocation method. The output of the action part is a match between a request and a suitable
resource allocated with the underlying allocation method. This output, match, is used to put the
right value on each arc going from transition make match to one of the surrounding places. The
match itself, with attributes case id, task name and resource, is returned to the requesting task via
the place resource exchange. The function delete req evaluates the requests list and deletes the
request which is in the match. The function delete res deletes the matching resource from the
resources list. The function select res places the resource assigned to the match in the busy place.
We have predefined an allocation method to assign resources on priority and a method to assign
resources randomly. The general idea of both methods will be described. We will first explain the
priority based allocation and then the random allocation.
With priority based allocation it is already known before the actual allocation in which order
resources will be assigned to work items. The roles able to perform a task are prioritized and the
order in which resources are assigned is based on the priority of their role. The priority of the roles
is defined in the place task roles. For each task the roles able to perform the task are specified.
The roles are ordered from high priority to low priority. From the available resources the resource
with the highest priority role is selected and assigned.
With random allocation the available resources with a suitable role all have an equal change
of being selected. For each resource request a preselection of all resources with a suitable role is
made. From this preselection a resource is randomly chosen and allocated.
For validation purposes a tandem M/M/1 queueing system has been modeled with the task
building blocks and the resource module. The simulation results from this model are equal to
the results calculated with queueing theory [10]. This validation suggests the model is working
as we expected. To collect the statistics we have used the monitoring facility of CPN Tools. This
facility has not yet been released. However, we were able to use a prerelease. The facility allowed
us to collect measurement data without changing the functional model and thus very helpful in
maintaining the readability of the models.

3

Application of the CPN model

In this section we will use the developed CPN model to investigate how process performance
is influenced by the ratio of specialized and generic resources in the process and the allocation
method applied to these resources. In this section we will first give a short introduction on the
best practices and the example process on which they are applied. Secondly, we will apply the
specialist-generalist best practice to find the optimal ratio of specialists and generalists. Next to
that, we will investigate when flexible assignment of resources should be applied.
3.1

Introduction

We would like to have more (quantitative) insight in the best practices for business process improvement. In this paper we consider two best practices related to the assignment of specialized or
generic resources. We will investigate under which conditions process improvements are achieved
with the application of the best practices. We look for improvements of the average throughput
time of the process and this measure is used as performance indicator. With the developed CPN

model we model an example process on which we apply the best practices. This example process
deals with the opening of a bank account. A short description of this bank process is as follows.
When a registration for a bank account is received the data is entered into the system. Secondly,
the bank account is initiated and finally a letter is sent to the customer. The process model is
built with three task building blocks and the resource module and is depicted in Figure 4.
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Fig. 4. Process model: Opening a bank account

In the model each task has two places specifying the associated task variables. The task names
are stated above place Task Name. The service times are stated next to place Service Times. For
instance, the first task named ‘Data Entry’ can be executed by one resource with any of the four
stated roles. Each role needs a different average service time to execute the task (e.g. the first
role ‘assistant’ needs on average 2 minutes to perform a data entry). The resource module also
has two specification places. The place Task Roles describes for each task which roles are able to
execute it. The task ‘Data Entry’ is linked to the roles ‘assistant’, ‘assistantplus’, ‘administrator’,
and ‘supervisor’. The roles are ordered from specialized resources to generalists. The assistant is
specialized in entering data, the assistantplus can enter data and send letters, the administrator
could do data entries and account initiations and the supervisor is a generalist and is able to do
all three tasks. The place Resources contains the resources available for the process. In Figure 4
there are 36 specialists available, namely 18 clerks, 8 assistants, and 10 secretaries.
3.2

Specialist-generalist trade-off

In this section we will investigate one of the two best practices, the specialist-generalist trade-off,
and its underlying mechanisms. This best practice aims at finding the optimal ratio of specialized
and generic resources. This implies that the total number of resources is kept constant, while it is
decided how many of the resources should be specialized and how many should be generic to have
an optimal process performance. The performance, indicated by the average throughput time, of
a mixture of specialists and generalists is determined by two mechanisms.
– The specialist performs the work faster and using specialists will lower the average service
time spent on a case. A generalist needs more time for service and this first mechanism is in
favor of the specialized resources.

– According to our definition a specialist can only perform one task. When the utilization of
the resources increases, work items will have to wait longer for ‘their’ specialist. The use
of generalists will add flexibility and a better utilization of resources to the process. The
second mechanism favors generic resources, because they are suited for more tasks and using
generalists will lower the average waiting time of a case.
We would like to have more insight in the trade-off between these two mechanisms and find the
optimal ratio of specialists and generalists for the bank process.
According to the description of the specialist-generalist trade-off we should try to find the
optimal ratio of specialists and generalists. In the bank process there are 36 resources available and
each resource could perform one out of seven roles. This means we can form approximately 6 billion
different ratios of specialists and generalists, which all should be evaluated. And each result should
be compared with the results for the other ratios to see which alternative has the optimal ratio of
specialists and generalists. We think a more pragmatic and more efficient approach can distinguish
at least one ratio that is favorable compared to other ratios. For the bank process we would like to
find an alternative process that has a throughput time significantly lower than the initial situation
with only specialists. To find this alternative with a distinctive ratio of specialists and generalists
we first perform a global search for alternatives that seem fruitful for further investigation. From
these alternatives we will derive promising alternatives to evaluate and enclose the alternatives
with a distinctive ratio.
For the global search we make several process alternatives with specialist-generalist ratios
ranging from mainly specialists to mainly generalists. In our initial process model (see Figure
4) only specialized resources are available to execute the process. The roles of resources stored in
place Resources are easily changed to create an alternative process model. Note we have two types
of generalists in the bank process. There are generalists like the administrator which are able to
perform two tasks and this type is called 2task-generalist. The other type of generalists is able
to perform three tasks. Since there is only one such generalist type in the bank process we name
this type supervisor. We form five alternative process models with different ratios of specialists
and generalists. The initial process is called process alternative 0. The six process alternatives are
stated in Table 2 with the ratio of specialists, 2task-generalists, and supervisors per alternative
and the available resources.
Table 2. Definition of process alternatives
Alternatives
0
1
2

3

4
5

Ratio of spec-gen
36 specialists
27 specialists
9 2task-generalists
18 specialists
18 2task-generalists
9 specialists
18 2task-generalists
9 supervisors
9 specialists
9 2task-generalists
18 supervisors
18 2task-generalists
18 supervisors

3
6
6

3
6

Resources
8 assistants, 18 clerks, 10 secretaries
6 assistants, 14 clerks, 7 secretaries
administrators, 3 accountants, 3 assistantsplus
4 assistants, 9 clerks, 5 secretaries
administrators, 6 accountants, 6 assistantsplus
2 assistants, 4 clerks, 3 secretaries
administrators, 6 accountants, 6 assistantsplus
9 supervisors
2 assistants, 4 clerks, 3 secretaries
administrators, 3 accountants, 3 assistantsplus
18 supervisors
administrators, 6 accountants, 6 assistantsplus
18 supervisors

Each alternative allocates resources randomly, i.e., flexible assignment is not used. For each of
the alternatives we perform a simulation. The arrival intensity is 200 arrivals per hour (Poisson
arrival process) and for each alternative we run a simulation run divided in 30 sub runs handling
1000 cases each. We measure the average throughput time and the average utilization and for the

average throughput time we calculate a 95%-confidence interval. The results are presented in Table
3. For each alternative the 95%-confidence interval for the average throughput time and the average
utilization rate are given. The average throughput time for two alternatives differ significantly if
the confidence intervals do not overlap. The results show us that alternative 1 with nine 2taskgeneralists has the lowest average throughput time, although the difference is not significant when
compared to alternative 0 (the initial process). Next to this, we see that alternative 5 (with
only generic resources) could be significantly improved by specializing some resources, leading to
alternative 4. The same holds for alternative 4 for which making more resources specialist would
lead to the improved performance of alternative 3. The same argumentation could be applied to
alternative 2 and 3.
Table 3. Results for random allocation
Alternatives
0
1
2
3
4
5

Throughput time
[ 16.134 ; 18.604 ]
[ 14.541 ; 16.451 ]
[ 16.438 ; 19.086 ]
[ 29.694 ; 34.838 ]
[ 36.390 ; 43.550 ]
[ 51.831 ; 58.895 ]

Utilization rate
0.84
0.89
0.89
0.92
0.93
0.94

It seems that a process with mainly specialists and some generalists could perform significantly
better than alternatives with other ratios of specialists and generalists. Our next step is to focus
our search on alternatives with approximately the same ratio as alternative 1 to find a distinctive ratio of specialists and generalists. Two configurations of a process with 6 2task-generalists
and 30 specialists have an average throughput time which is significantly lower than the average
throughput time of the initial process. The configuration with 2 administrators, 2 accountants, 2
assistantsplus, 8 secretaries, 16 clerks, and 6 assistants is called alternative 1a. The configuration
with 2 administrators, 2 accountants, 2 assistantsplus, 9 secretaries, 16 clerks, and 5 assistants is
called alternative 1b. The results for the alternatives 1a and 1b are stated in Table 4 and for comparison the result for the initial process is included. We can see that alternative 1a and alternative
1b outperform the initial process (and also alternatives 2-5).

Table 4. Results for distinctive ratios
Alternatives
0
1a
1b

Throughput time
[ 16.134 ; 18.604 ]
[ 13.529 ; 14.867 ]
[ 13.852 ; 15.538 ]

Utilization rate
0.84
0.86
0.86

The specialist-generalist trade-off suggests the improvement of a process by using a distinctive
ratio of specialists and generalists. Our conclusion is that a distinctive ratio of specialists and
generalists is a ratio with mainly specialists and one or a few generalists. With this ratio the best
trade-off is made between the shorter service times of the specialists and the flexibility offered by
a generalist. When applying the best practice to the problem the total number of resources has
been kept constant. A similar problem would have been encountered if the total salary or another
variable had been kept constant.
A precondition for finding a distinctive ratio is a high resource utilization, because then the
advantage of shorter service times for specialists does not compensated for the flexibility offered

by one or a few generalists. When the utilization rate is lower suitable specialists will always be
available and the flexibility is not necessary. Next to this, the distribution of the resources over
the different specialized resource types should be proportional, so each resource type has an equal
utilization rate. We also made the explicit assumption that generalists need more time to perform
a task than specialists. If specialists and generalists have an equal service time, a process with
only generic resources will have the best performance.
3.3

Flexible assignment policy

With the flexible assignment of resources the most specialized (available) resource will be assigned
to a work item. In this way, the more generic resources are preserved and the possibilities for having
a suitable resource for the next work item are maximal. There is a smaller chance that a case has
to wait for a specific resource and it is expected that the overall queueing time in the process will
be reduced. Next to the flexibility, a specialist performs a task faster than a generalist leading to
lower service times. When we compare flexible assignment with random allocation we expect the
following for the initial process and the five process alternatives (see Table 2 for the definition of
the process alternatives). For the initial process both allocations will perform the same, because
there are only specialists to allocate. Also, in the first alternative there are mostly specialists
available and no difference is expected. In the second alternative the ratio specialists-generalists is
half-half and it could be that flexible assignment will select a specialist more frequently than would
happen randomly. For the alternatives 3 and 4 there are more generalists than specialists available
and it is likely that flexible assignment will allocate significantly more specialists than random
allocation would. We expect that allocating the specialist will lead to lower queuing and service
times for the process. So, we expect a reduced average throughput time for process alternatives
3 and 4. Alternative 5 has two types of generic resources and maybe allocating the least generic
resource will lead to an improvement.
We apply the flexible assignment policy to the six process alternatives specified in Table 2. We
also apply it to the alternatives 1a and 1b (with a distinctive ratio of specialists and generalists). We
use priority based allocation to model flexible assignment. In place Task Roles (see Figure 4) the
roles for each task are already prioritized with the specialized resource having the highest priority,
the 2task-generalist having a middle priority and the supervisor having a lower priority. Through
this priority setting an available specialist will be assigned and generic resources are preserved
for the near future. The results of the application of flexible assignment to the 8 alternatives are
presented in Table 5.
Table 5. Results for flexible assignment
Alternatives
0
1
1a
1b
2
3
4
5

Throughput time
[ 16.703 ; 19.731 ]
[ 14.569 ; 16.613 ]
[ 14.066 ; 16.158 ]
[ 14.149 ; 15.687 ]
[ 15.817 ; 17.410 ]
[ 29.131 ; 34.279 ]
[ 38.070 ; 44.872 ]
[ 47.594 ; 54.428 ]

Utilization rate
0.84
0.88
0.87
0.87
0.90
0.93
0.92
0.94

We see that alternatives 1a and 1b again have a significantly lower throughput time than the
initial process and also alternative 1 performs significantly better. Next to this, we compare the
results of flexible assignment (Table 5) with the results of random allocation (Table 3 and Table
4). Flexible assignment does not seem to improve process performance, because for all alternatives
both allocation methods lead to similar results.

We expected that flexible assignment would have an impact on the performance of processes
with many generalists and just a few specialists, because the outcome of the allocation methods
would be different. With random allocation there is a high chance that a generalist would be
selected, while flexible assignment would favor the selection of a specialist. Alternative processes
3 and 4 have 9 specialists and 27 generalists, but the results with flexible assignment do not
differ from random allocation. When we look at the results for these alternatives we see that the
utilization rate is rather high. When 36 resources have an utilization rate of 0.92 there are on
average 33 resources busy and three resources available. Only a quarter of the total amount of
resources is specialist and specialists can only perform one of the three tasks. It follows that most
of the time only suitable generalists will be available when an allocation has to be made. Because
of this, most of the time flexible assignment will also select a generic resource. This leads to the
conclusion that flexible assignment will probably act the same as random allocation for processes
with a high utilization rate, because in most cases no choice is offered between specialists and
generic resources.
We perform new simulations for the alternatives 3 and 4 with less cases arriving to lower the
utilization rate of the resources. Table 6 shows the results for an arrival intensity of 120 and an
arrival intensity of 150 cases per hour (Poisson arrival process).

Table 6. Significant results for flexible assignment policy
Arrival rate

Alt.

120 cases per hour

3
4

150 cases per hour

3
4

Allocation method
Random allocation
Flexible assignment
Random allocation
Flexible assignment
Random allocation
Flexible assignment
Random allocation
Flexible assignment

Throughput time
[ 12.075 ; 12.249 ]
[ 11.312 ; 11.478 ]
[ 12.489 ; 12.647 ]
[ 11.707 ; 11.993 ]
[ 12.276 ; 12.614 ]
[ 11.814 ; 12.186 ]
[ 13.076 ; 13.664 ]
[ 12.563 ; 13.019 ]

Util. rate
0.64
0.60
0.67
0.62
0.78
0.76
0.81
0.79

We see that flexible assignment outperforms random allocation for both alternatives 3 and 4
and with both arrival rates. Another interesting point is that although the average throughput time
is lower with an arrival intensity of 120 cases per hour the difference between flexible assignment
and random allocation is larger. It seems that the proposed relationship between the utilization
rate and having a choice between a specialist and a generalist is correct. Flexible assignment does
not perform better than random allocation for processes with a high utilization rate, because then
there is no choice between suitable specialists and generalists when an allocation has to be made.
With the application of the flexible assignment policy we have gained insight in when to
use a flexible allocation method. The flexible assignment policy suggests the improvement of a
process by allocating a specialist when a choice has to be made between specialized and generic
resources. The application of flexible assignment to the bank process led to an improvement of
process alternatives with more generic than specialized resources. Flexible assignment will select
a specialist more frequent than would happen randomly if there is at least one generic resource.
So, in general flexible assignment could improve each process with both specialized and generic
resources.
Note that the benefits of flexible assignment will only be observed if the process is not loaded
too heavily. There should be enough free specialists in the process to have a choice between suitable
specialists and generalists. Next to this, the actual improvement gained with flexible assignment
is dependent on the difference in service time between a specialist and a generalist. When the

specialist works faster there is not only the benefit of the preserved flexibility, but also of lower
service times.

4

Related Work

In this section we briefly discuss related work on the two main topics of this paper. The first topic
is the analysis of business processes with simulation. Regarding the analysis of business processes
we describe its position in Business Process Management, the broad use of simulation, and the
application of the simulation facility of CPN Tools to business processes. The second topic is the
application of best practices. We present their general background, the history of the two evaluated best practices, and an empirical study on the use of specialists and generalists in a call center.
The redesign of business processes based on best practices is part of Business Process Management (BPM). BPM is defined as “Supporting business processes using methods, techniques,
and software to design, enact, control, and analyze operational processes...” [4]. Within the four
defined phases the focus has traditionally been on enactment and control [4]. In this paper we give
attention to (re)design and analysis.
The analysis of business processes is performed with simulations. From practice, the use of
simulation is advocated to compare the “to be” alternatives and to understand the “what” and
the “why” of the current process and possible alternatives [5]. From a scientific point of view,
simulation is used to evaluate quantitative criteria such as throughput time or costs as input for
design decisions [6].
For the analysis of the best practices the simulation facility of CPN Tools was used. CPN Tools
and Design/CPN, the predecessor of CPN Tools, have been applied in various industrial projects
[24], but we have found only two projects for which a business process has been analyzed with
simulation. In one project a planning process was modeled with Design/CPN and this process was
simulated with the Design/CPN simulator [14]. In another project CPN Tools was used to study
the bullwhip effect in supply chains. For this project the supply chain was modeled with CPN
Tools and with simulation the bullwhip effect, inventory increase in the chain, was demonstrated
[13].
Best practices should be seen as independent rules of thumb helping practitioners in their
redesign effort. Best practices are often derived from practical experience within companies and
29 of these best practices have been collected in [18].
In this paper we have evaluated the application of two of these best practices, the specialistgeneralist trade-off [17,19] and the flexible assignment policy [3]. [17] identifies cross-training as
a process improvement point and refers to cross-training as training staff to make them capable
of performing each others’ jobs. When a specialist should become more generic cross-training is
required. A large survey on techniques used for Business Process Re-engineering (BPR) showed
that companies consider the training of employees as the most important technique [21]. Toyota,
for instance, used a system of cross-training and job rotation to enrich the jobs of their employees
[15].
So far, both best practices have been described qualitatively, but little research has been
conducted on the underlying mechanisms and the actual improvement gained when applied. An
experimental study on the use of specialists and generalists in a call center has been performed by
[22]. With simulation it is evaluated if 1) a one-level design should be used with only specialists or
2) a two-level design with generalists on the first level receiving the call which could be forwarded
to specialists on the second level. The results show that a one-level design leads to better quality
measures and a more regular load sharing between employees, but to higher labor costs.

5

Conclusions and Future Work

In this paper we developed a model for the analysis of resource-constrained processes and the
evaluation of process alternatives. The model represents an abstraction of a business process

consisting of a process structure formed by task building blocks placed in sequence or parallel,
a generic resource module and a method to allocate resources. While applying the specialistgeneralist trade-off and the flexible assignment policy, many process alternatives were modeled and
evaluated. The developed CPN model turned out to be very useful for comparing the performance
of many process models in a short time. The addition of more tasks or a change in the ordering
of the tasks may also be done in a short period of time.
With the application of the specialist-generalist trade-off to a process, a distinctive ratio of
specialists and generalists can be found. The distinctive ratio is a combination of mainly specialists
and one or a few generalists. Using this ratio instead of the current ratio could improve the process
significantly. With a flexible assignment policy a specialist is assigned to a work item when both
suitable specialized and suitable generic resources are available. The application of this policy to
a process with both specialized and generic resources could lead to an significant improvement
of the process. It is remarkable that the use of the specialist-generalist trade-off and the flexible
assignment policy is influenced by the same mechanisms, but that the working of these mechanisms
is opposite to each other. A useful application of the specialist-generalist trade-off requires high
utilization rates and approximate equal service times for specialists and generalists to be effective,
while the flexible assignment policy pays off if the utilization rates are lower and the service times
of specialists and generalists differ.
We see opportunities for the extension of the developed CPN model. Other process characteristics like different case types and different customer classes influence the allocation of resources
and could be added to the model. Next to this more performance indicators could be taken into
account. The current model focuses on the timing aspect, but also the performance on cost, quality
or flexibility could be interesting. In our model the requests for resources are handled in a FIFO
order. The use of other priority rules could also change the performance of the process. With an
extended model more insight will be gained on how to allocate resources in an optimal way.
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