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Abstract

Automatic simulations of business processes are able to provide various 
performance  indicators  that  can  be  used  for  validating  and  improving  the 
process and better planning of future projects based on the simulated process. 
This thesis describes one of the semi-formal methods used for business process 
modelling, simulation and enactment called the BPM Method, formalizes the 
behavioural model of this method and extends it with stochastic properties and 
mechanics that are needed to perform automatic simulation experiments. These 
extensions also simulate the availability and utilization of human resources in 
the process which can be used in identifying lack or abundance of workers in 
the process and thus help to lower waiting times for unavailable resources and 
achieve ideal utilization of resources. But every human resource is unique and 
has specific skills, behaviour and competencies that he uses to do his job and 
this  influences  his  suitability  to  perform  specific  activities  and  also 
productivity of the resource when performing these activities. A method for 
evaluating human resources in the process is presented and used to allocate 
resources to their appropriate activities based on their competencies. Several  
allocation  strategies,  that  benefit  from  the  productivity  evaluation,  are 
considered  for  this  allocation  and  their  results  are  compared.  Aside  from 
allocating resources during automatic simulations, the proposed method can 
also be used for suggesting training topics for workers in the organization or to 
provide a specification for the hiring process.
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1 Introduction
Business process modelling and management is a very complex endeavour 

that marries computer science with several management domains (including 
project management, human resource management, etc.) and even areas like 
psychology  and  sociology.  This  leads  to  a  lot  of  simplifications  and 
abstractions because process models have to be created by process analysts 
and managers that often come from the domains of the modelled processes and 
only have a basic understanding of other involved areas. These models then 
have  to  be  understood  by  the  workers  in  the  process,  managed  and 
continuously updated to behave in accordance to the real process and this can 
be very demanding when the process models are not structured and presented 
in an understandable way. On top of that, process models have to be analysed 
and continually improved to provide additional competitive advantage for the 
company  as  the  market  changes.  A  combination  of  these  requirements 
produces varying demands on methods and tools used for modelling that have 
to be both understandable and highly expressive to cover all important aspects 
of  each  process.  The understandability and provided results  can be further 
enhanced  by  adding  simulation  possibilities  to  process  modelling  tools  as 
manual simulation can be used for validation and explanation of the process 
flow and automatic simulation can be used to provide performance indicators 
for  modelled  processes  and  identify  hot  spots  and  bottlenecks  in  these 
processes. Additional complexity introduced to the method can then be visible 
only for simulation engines provided in these tools without cluttering the basic 
model for normal operation and training.

1.1 Thesis Goals

Goals of this thesis are:
1. Take existing semi-formal business process modelling method called 

the  BPM Method  [1],  [2] and  extend its  simulation  capabilities  to 
provide manual and automatic simulation possibilities.

2. Formalize the behavioural model of the BPM Method along with all 
extensions needed for automatic simulations. The goal is to formalize 
the Coordination model by converting it to a timed Petri net because 
their behaviour and structure are very similar.

3. Provide basic information about verification methods that can be used 
to verify these formalized models. This part was requested during my 
state exams, but as it was not among the main envisioned objectives of 
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this thesis, only basic verification methods and their application in the 
formalized behavioural model are described.

4. Use the automatic simulation extensions defined in the previous goals 
and introduce additional limitations for human resource allocation in 
the process. This limitation is based on the evaluation of capabilities 
and competencies of human resources involved in the process against 
the requirements of individual activities in the process.

5. Extend the allocation model with a productivity model and define how 
it  influences  resource  allocation  and  activity  duration  in  modelled 
processes.

2 Business Process Simulation
Formal and some semi-formal business process modelling methods can be 

used to  simulate the  modelled processes.  Simulations are complete  process 
executions using the computer process models without the need to implement 
and deploy the process to the organization environment. They are very useful 
in checking and validating process changes and improvements before they are 
deployed to the infrastructure and for balancing the performance indicators 
(i.e.  quality,  cost  and  duration)  of the  process  [3].  These indicators  can be 
evaluated from the behavioural model of the process so the simulations mainly 
work with methods providing this type of model.

2.1 BPM Method

With the goal of differentiating human resources in the process in mind I 
chose to use the discrete event simulation approach using Petri nets because it  
naturally describes individual resources in the process as individual tokens in 
the net.  But  Petri  nets in their  basic form are not  sufficient  for solving all  
specifics  of  the  automatic  business  process  simulations  (e.g.  resource 
properties  and relations)  and they are  hard to  grasp for  managers  of  these 
processes with their simplistic graphical notation.

Specific problems of the business process modelling and simulation lead to 
the creation of several special methods meant exactly to model human-based 
business processes (e.g. Workflow nets [4], Little-JIL [5], WS-BPEL [6] with 
BPEL4People extension [7]). BPM Method [1], [2] is one of these methods. It 
is a semi-formal method that can describe all three elemental models of the 
process and each of them is covered by one of the models included in the BPM 
Method:

• Functional  model –  Identifies  the  process  architecture  and  its 
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customers and products. The primary focus of the functional model is 
to answer which processes are cooperating with the main process and 
which sub-processes are used to perform specific tasks in the main 
process. This model is not needed for the simulation because it just 
describes  the  overall  architecture  of  the  process,  not  the  exact 
sequence of steps performed in the process.

• Object model – Identifies static structure of all objects and resources 
that are essential for the enactment of the process. This model captures 
all  workers  employed  in  the  process  and  their  communication 
channels. It also contains information about all artefacts (documents, 
products, material, etc.) that are manipulated or created in the process. 
Each worker  and artefact  can  be  characterized  by various  optional 
attributes. This model is useful for the simulation purposes because it 
contains important information about the abilities and properties of the 
workers and artefacts that can be utilized in the simulation.

• Coordination model – Specifies the behaviour of the process as a 
sequence of activities, what resources the activities demand and which 
artefacts  are  consumed  and  produced.  Alternative  flow  in  the 
coordination  model  is  enabled  by  multiple  activity  scenarios  and 
concurrency of the activities can also be modelled. Complex activity 
chains  can be substituted by sub-processes  allowing hierarchisation 
that  helps  with  clarification  of  the  process.  This  model  can  be 
converted to the Petri nets formalism and is the most important part of 
the simulation. Example of a simple Coordination diagram describing 
the Coordination model is in Figure 2.1.

2.2 Formalization of the Coordination Model

As was already mentioned, BPM Method is a semi-formal method that has 
strictly defined syntax, but not formally defined semantics. In this section and 
its  subsections,  my goal  is  to try to  partly remedy this  by formalizing  the 
Coordination model's semantics by converting it to a basic P/T Petri net with 
inhibition  arcs.  This  greatly  enhances  and  simplifies  the  simulation 
possibilities of this method that will  be built  upon in the rest of this thesis 
because the simulation approach strictly abides by the well defined Petri net  
rules and discrete-event simulation semantics.
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But before the conversion itself, it is necessary to define the Coordination 
model using exact mathematical language. As the BPM Method is an object 
oriented  method,  every  element  in  the  Coordination  model  has  a  lot  of  
additional parameters that can be defined for it. As I mainly focused on the  
simulation  of  processes  modelled  using  the  BPM  Method,  many of  these 
parameters  were ignored to  simplify the  definition and conversion because 
they do not have any influence on the simulation itself. In this thesis, I only 
worked with the basic structure of the Coordination model and built additional 
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simulation extensions on top of it to enable automatic simulations using the 
model.  The  basic  structure  of  the  Coordination  model  and  all  further 
introduced extensions are formally defined in the thesis.

To define a behaviour of the Coordination model, the structure of the model 
has to be extended by a so called charging of objects. Charging specifies how 
many times one object can be used in the current state of the process and the 
state of the process is described by the charging of its objects. At the start of  
the process, some initial charging has to be set in the model that describes the  
initial state of the process.

Behaviour of the Coordination model system is therefore very similar to a 
Petri net behaviour. Current state of the Coordination model is defined by the 
charging function of the system and this charging function changes during the 
execution of the process. These changes are controlled by enabling and firing 
rules similar to the Petri nets behaviour.

2.2.1 Conversion of Coordination Model to Petri Net

Due  to  the  similarities  between the  Coordination  model  and  Petri  nets, 
I have based the conversion of the Coordination model to a Petri net on proper 
conversion of its structure and charging function.

Conversion  of  the  Coordination  model  with  single  scenario  for  each 
activity is very straightforward. Object nodes in the Coordination model are 
equivalent to places in Petri net and activity nodes are equivalent to transitions. 
Input and responsibility flows can be directly converted to the input function 
and output  flows can be directly converted to  the  output  function.  Finally,  
inhibition relation can be directly converted to the inhibition function.

But  by  allowing  multiple  scenarios  for  activities  in  the  model,  the 
conversion starts to get a bit  tricky.  Activity scenarios are used to describe 
alternative flows through the process and allow multiple different outputs of  
one activity for every situation that can happen during the activity execution. If 
the scenarios were ignored in the conversion like other non-functional parts, 
the resulting Petri net would behave in a different way than the Coordination 
model  that  is  being  converted.  Figure  2.2 shows  an  example  of  a  multi-
scenario activity in the model with its input and output objects.

The Coordination model in Figure 2.2 shows a situation when Activity1 is 
enabled when objects IA1 and IP1 carry at least one charge and when this 
activity is fired, it charges either:

1. objects  OA1,  OP1  and  OA2  if  the  activity  scenario  for  current 
execution is chosen as scenario 1,
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2. objects OA2 and OP2 if the chosen scenario is scenario 2 or
3. object OA3 if the chosen scenario is scenario 3.

The properly converted Petri net is shown in Figure 2.3.

10

Figure 2.2: Activity Scenario Example

Figure 2.3: Activity Scenario Proper Conversion



One activity with three scenarios was split to three transitions that all share 
the  same input  places  as  the  base activity as  well  as  its  inhibition spaces. 
Transition Activity11 describes the execution of the scenario 1 and produces 
tokens only to places  OA1, OP1 and OA2.  Transition Activity12 describes 
scenario 2 with output places OA2 and OP2. And finally transition Activity13 
describes scenario 3 with only OA3 place as output.

Conversion of the initial charging function to the initial marking simple, as 
charges in the Coordination model objects are equivalent to the tokens in the 
Petri net places that were created by converting the appropriate objects.

2.3 Extensions of the Coordination Model

BPM Method is supported by the BPStudio modelling software tool. This 
tool also provides means for manual simulation that can be used for manual 
validation  of  the  process  and  to  understand  the  process  more  easily.  But 
manual  simulation  is  not  able  to  answer  questions  about  performance 
parameters  of  the  process  with  limited  resources  for  multiple  concurrent 
customers.

One of  my objectives in this  thesis is  to extend the BPM Method with 
parameters and procedures that enable automatic simulation of processes based 
on given stochastic behaviour of the process.  I ensured this by introducing 
several  stochastic  aspects to the models that  could be used to describe the 
performance  behaviour  of  processes  in  the  reality,  so  that  hot  spots  and 
bottlenecks in the process can be detected.

2.3.1 Varying Duration of Activities

In real processes, the duration of activities depends on many factors, both 
external  and internal  that  are  not  always  known or  are  too complex  to  be 
included  in  the  model.  Therefore  it  is  useful  to  define  the  duration  as  a 
stochastic parameter and specify it with a probability distribution that dictates 
possible  values  for  the  duration.  This  falls  in  line  with  the  definition  of 
Generally Distributed Transition Timed Stochastic  Petri  Nets  (GDTT SPN) 
that  specifies transition durations using a  probability density function.  This 
type of Petri  nets can then be used for the conversion of the Coordination 
model.

On the other hand, the final application will be used mainly by managers 
and business analysts,  so knowing all the specifics of supported probability 
distributions  can be a  little  daunting for  them.  Therefore  I  have chosen to 
specify the duration using a time interval in which the majority of possible 
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durations lies,  as this will  be much easier to understand and define for the 
BPM Method users.  This  interval  can then be converted to  the  probability 
density function of the specified probability distribution using its quantiles or 
other important parameters (e.g. mean, mode, etc.).

Several  probability distributions  are  relevant  to  describe the duration of 
activities and every one of them is useful for different types of activities.

Normal Distribution
Normal distribution is one of these relevant distributions that is very useful 

for  describing  human-performed activities  in  the  process  because  the most 
probable values are situated around the mean value. This property specifies 
that most frequently the activity goes as planned (is around the mean value), 
but occasionally something goes wrong and the duration is visibly longer than 
the planned value or occasional stroke of genius or previous experience can 
result in shorter time than planned.

Probability density function of the normal distribution is specified by two 
parameters – mean value  and variance  [8], but there is a way to compute 
these  two parameters  from an interval  of  values  by using  quantiles  of  the 
distribution.

It should also be noted that the normal distribution can generate numbers 
from the whole interval (-,+), so even negative numbers can be generated. 
The resulting duration value is not allowed to be negative, so when a negative 
value is generated by the distribution, the simulation algorithm should provide 
another value or try to use the normal distribution a few more times to get a 
positive number.

Log-normal Distribution
Log-normal  distribution  is  another  distribution  that  is  useful  for  the 

description  of  human-based  activity  durations  [9].  When  compared  to  the 
normal  distribution,  only  positive  values  are  generated  by  the  log-normal 
distribution  and  its  asymmetry  and  heavy-tail  accentuates  the  idea  that 
activities  take  more  time  rather  then  less  time  when  things  do  not  go  as 
planned.

Probability density function of  a  log-normal  distribution can be derived 
from normal distribution and also uses two parameters  and  [8] that can be 
evaluated by specified quantiles.

The choice of quantiles is much more difficult for log-normal distribution 
than for normal distribution because of its skewness and asymmetry. When the 
same  quantiles  as  in  normal  distribution  are  used,  the  resulting  values  are 
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skewed to  the  lower  durations  and this  asymmetry is  not  very natural  for 
analysts that are mainly used to symmetrical distributions when working with 
activity  durations.  Therefore  the  high  quantile  has  to  be  set  much  lower 
to draw closer to this assumption, but this leads to high risk of the duration 
being out of the interval. Using log-normal distribution is therefore much more 
demanding in the process analysis phase to get the quantiles right.

Uniform Distribution
Uniform distribution  is  the  most  basic  one  that  can  be  used  for  some 

automated activities with stable duration probability. Even though it is not so 
useful for human-based activities it can come in handy for other types where 
all durations in the interval have the same probability.

Probability density function of a uniform distribution is  defined by two 
parameters  a and  b. Probability of all  values in interval <a,b> is a positive 
constant number while all  values outside this interval have zero probability 
[8]. Uniform distribution can therefore be directly specified with the interval,  
using low and high values as a and b respectively, but it can also be enhanced 
by the same approach to quantile analysis as previous distributions.

Other Distributions
Other probability distributions could be used in the model as long as their 

probability density function can be specified by one or two quantiles. If more 
quantiles  or  other  parameters  were  needed,  the  Coordination  model  would 
have to be extended further with definition of these parameters.

2.3.2 Probability of Activity Scenarios

In automatic simulations,  when the user cannot  influence the simulation 
during its execution, scenarios have to be chosen automatically in some way. 
The  basic  formalization  of  the  Coordination  model  assumes  that  activity 
scenarios are chosen non-deterministically,  but for automatic simulations of 
real processes it is better to provide some stochastic possibilities to influence 
the probability of individual scenarios. For example, occurrence of previous 
process cases suggest that one scenario of an activity is executed in 80% of 
cases  and  second  scenario  of  this  activity  only  in  20%  of  cases.  This 
probability specification is very useful  for automatic simulation of multiple 
process cases or for activities that occur multiple times in one process case,  
because  the  distribution  of  individual  scenario  executions  is  closer  to  the 
reality and it can greatly influence performance of the process.
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It  is  necessary  to  decide  which  of  the  activity's  scenarios  should  be 
performed  during  each  step  of  the  simulation.  And  so  I  extended  every 
possible scenario in the model by the percentage probability (i.e. real number 
from interval (0,100> that defines the percentage value in %) that it will be  
performed during the current run. The sum of probabilities for all scenarios of 
one activity has to be 100%. Every scenario retains its own duration.

Definition of transition probability in Petri nets is possible, but only for sets 
of free-choice transitions  [10]. Free-choice transitions are special transitions 
that all share the same set of input places.

Unfortunately,  the  free-choice  condition  of  the  scenario  transitions  is  a 
problem  that  demands  addition  of  an  auxiliary  immediate  transition  and 
auxiliary place to the conversion. This auxiliary immediate transition is there 
to ensure free-choice property of the immediate scenario transitions. Imagine 
the situation where the flow branches to two alternative activities (standard 
XOR-split) and one of them has two scenarios. If such model was converted 
without the auxiliary transition, it would lead to a non free-choice Petri net.

2.3.3 Entry of New Customers to the Process

To enable analysis of performance indicators for several concurrent process 
instances, entry of new customers to the process has to be simulated. With 
every new customer that  enters the process,  new instance of the process is  
created and simulated individually.  The only interaction between these two 
instances is done by sharing their resources.

Entry of new customers to the system is described by the queuing theory as 
a Poisson's process and the delay between individual contracts is characterized 
by  exponential  distribution  [11].  This  generalization  is  not  very  precise 
because  Poisson's  process  expects  that  the  intensity  of  his  occurrences  is 
constant and each event is independent from the others. Acquisition of new 
customers does not have such characteristics in the long-term view. But the 
exponential  distribution  is  sufficient  to  describe  short-term simulation  and 
measurement  of  performance  parameters  because  the  intensity  of  new 
contracts can be calibrated to correspond with standard scenarios.

The  delay  between  individual  customers  is  therefore  simulated  by  an 
exponential distribution that is defined by its mean value for user convenience. 
This value describes mean delay between acquisition of new contracts.

Two possibilities can be considered for converting this aspect to a Petri net. 
The first possibility is to extend the final Petri net with additional input timed 
transitions that generate tokens to the net based on the exponential distribution. 
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This method would significantly change the reachable states of the Petri net 
because it could contain any number of concurrent customers at the same time.

The second possibility is to create new instance of the net every time new 
customer  enters  the  process.  More  instances  of  the  same  Petri  net  would 
coexist,  but  every  one  of  them  would  contain  only  one  customer.  The 
availability set of every instance would be the same and the properties of the 
system would be preserved. The greatest drawback of this method is that it 
does not support the dependencies between two customers' processes and the 
only allowed interaction is by sharing common resources.

For  this  extension  of  the  Coordination  model,  I  have  used  the  second 
technique. Therefore the resulting Petri net does not need to be extended by 
any new elements  and  new instance  of  the  Petri  net  is  created  for  every 
occurrence of the Poisson's process (up to the total number of entries for every 
entry object).

2.3.4 Sharing Limited Resources

To complete the possibility to run performance testing simulations, another 
extension is also needed – sharing of limited human and artificial resources in 
the  process.  I  implemented  this  feature  in  the  Coordination  model  by 
introducing  pools  of  limited  resources  to  both  active  and  passive  objects. 
Objects with the same shared pool are then linked together and when one of 
the resources in the pool is used to perform an activity, it is taken from all  
linked objects. When the activity finishes, the used resource is returned to the 
pool and thus returns to all linked objects.

I converted this behaviour to the Petri nets formalism using fusion sets of  
places [12]. Fusion sets in Petri nets contain places in the net that always share 
all their tokens. When a token is consumed from any place in a fusion set, all 
places in the same fusion set lose that token. When a token is added to any 
place in a fusion set, all places in the same set gain that token.

Each shared pool in the Coordination model then corresponds to one fusion 
set  of  places.  These  places  are  then set  as  input  and output  places  for  all  
activities that require shared resources from the appropriate shared pool in the 
same way as activity concurrency capacity places from previous section. In 
addition,  these  places  also  inhibit  all  activities  that  are  inhibited  by  their 
appropriate object nodes.

Figure  2.4 depicts  a  Petri  net  with  fusion  sets  that  was  created  by 
converting a Coordination model with two activities (one of them with two 
activity  scenarios)  while  taking  into  account  conversion  specifics  of  all 
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previously described extensions. Both HR Worker active object nodes in the 
Coordination model are taken from the shared pool of HR Worker resources. 
This pool is then represented as one fusion set containing two places in the 
Petri net, which serve as an input place for the auxiliary transitions of both 
activities  and  an  output  place  for  the  timed  transitions  of  these  activities. 
Standard  places  for  both  HR Worker  active  object  nodes  are  still  used  to 
ensure correct flow of the process if they were activated by previous activities.

2.4 Simulation Case Study

I  have  used  all  extensions  that  I  described  in  previous  sections  for 

16

Figure 2.4: Conversion of Shared Resource Pools to Fusion Places



simulation  of  simplified  software  process  of  one  medium-sized  software 
development company in the Czech Republic. Model of the software process 
consists of seven sub-processes: Requirement analysis, Architectural design, 
Design, Construction, Testing, Deployment, and Incident management.

2.4.1 Simulation of Process Improvements

The first simulation experiment provides an example, how can the extended 
BPM Method help in evaluating proposed process improvements.  First,  the 
described state of the process was simulated and then additional revisions were 
added  to  the  process.  Duration  of  the  process  was  observed  to  see  if  the 
revisions helped increase the performance of the process.

Revisions were placed at the end of Requirement Analysis, Architectural 
Design and Software design sub-processes to decrease the number of faults in 
these sub-processes. Each revision decreased faults in each sub-process.

All identified errors were fixed in the appropriate sub-process and did not  
propagate to the following sub-processes, effectively reducing the number of 
failures in the Incident Management.

Because of the stochastic properties of the process, each simulated process 
was  simulated  100  times  with  all  parameters  generated  individually  and 
separately without influencing each other. The resulting durations of the whole 
processes are summarized in Table 2.1.

Process Result type Minimum Average Maximum

Basic process Duration [h] 787.2 912 1017.6

Process with revisions Duration [h] 747.6 844.8 917.28

Table 2.1: Simulation Results of Basic and Improved Process

Results  show  that  total  duration  of  the  process  decreased  by  adding 
revisions to the process. This is caused by the fact that faults in early process 
phases influence all following sub-processes and greatly increase the effort for 
repairing  the  damage  they  have  caused.  Revisions  not  only  decrease  the 
duration  and  cost  of  the  process,  but  also  reduce  the  number  of  failures 
identified by customers. This is a very important step towards better customer 
satisfaction and better quality.
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2.4.2 Human Resource Utilization

The extended Coordination model is also able to describe human resource 
utilization in the process. It is therefore possible to simulate the process with 
varying  number  of  available  human resources  and choose the best  balance 
between the number of resources and their utilization. This resource utilization 
is measured by simply counting up the time when the resource is performing 
any activity. 

Utilization is an interesting result of the simulation, but it is not very useful 
in optimizing the performance of the process. When optimizing the number of 
resources  in  the  process  we  are  not  interested in  answering  how long one 
resource was doing something in the process, but rather how long did we have 
to wait for the resource when we needed it to perform another activity. One 
resource can not perform two activities at the same time, but processes run 
concurrently and they very often need the same resource to be able to continue 
their  run (e.g.  one developer is  needed to implement a new feature to one 
system and at the same time needs to repair a fault in another system). When 
this happens, the resource somehow has to perform these tasks sequentially:

• finish the first task and then start the second one, or
• pause the first task and return to it after finishing the second one, or
• switch back and forth between these tasks.

In either way, one task will have to wait for the completion of the other (or  
partial completion in the case of the third option). It is therefore important to 
be able to simulate and measure these waiting times. The BPM Method can 
easily model this, but is able to model only the first sequencing option (i.e.  
finish the first  task and then start  the second one). Whenever an activity is  
enabled, but the resource is not available, the BPM Method counts and notes 
the time needed for the resource to become available to perform the activity.  
Total waiting time for one resource is then just a sum of these noted times for  
this appropriate resource.

To  show  an  example  of  the  utilization  and  waiting  time,  I  made  a 
simulation experiment on the modelled software process. The simulation was 
set to two customer entries and the second entry came to the process a week 
after  the  first.  The  implementation  team consisted of 1 Change  Manager,  3 
Developers, 2 Designers, 1 Project Manager, 1 Analyst and 1 Tester. Results of 
this simulation are shown in Figure 2.5.

These results show that the most utilized resources are the developers and 
designers (two designers combined are more utilized than one tester). At the 

18



same time, waiting time shows that this team could profit from hiring another 
developer because the process waited a long time for their availability.

But  how  much  would  the  process  benefit  if  additional  resources  were 
hired? This question can be answered by running simulations with varying 
number  of  resources  and  comparing  the  utilization  results.  The  following 
experiment was performed with the same parameters as the former one, only 
the number  of  developer  resources  were changed to find the right  balance 
between  the  number  of  developers  and  their  utilization.  Results  of  this 
experiment are shown in Figure 2.6.
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Figure 2.5: Utilization and Waiting Time of Human Resources



Results depicted in Figure 2.6 show that the process is highly parallel for a 
small number of developers as the utilization of developers is only a bit lower 
than the total duration of the process. This property starts to degrade for a team 
of approximately 5 developers.  Another indicator could be the rate of total  
duration reduction that starts to stagnate at about 6 developers. If we wanted to 
minimize the waiting time, the ideal number would be 15 developers, but at 
this point the developers are highly underutilized.

3 Process Model Verification
Formal description of the Coordination model and its conversion to a Petri 

net  opens  new  possibilities  for  verification  of  the  model  and  processes 
described by the model. Verification is used to check the properties of a model 
and its underlying process to see if it does not end up in any unwanted states 
that  would  compromise  the  flow  of  the  process.  Verification  methods  are 
shared for processes of  all  domains and describe general  requirements that 
each well defined process should fulfil.

3.1 Verification of the Coordination Model

As the thesis focuses on automatic simulation possibilities enhanced by the 
influence  of human  resources  on  the  process,  verification  is  not  a  main 
objective here.  Therefore I only present  basic verification requirements and 
methods  using  standard  Petri  net  properties  and  verification  properties  of 
Workflow nets (WF-nets [4], [13], [14]). These requirements can be converted 
to the properties of standard Petri nets and WF-nets in a following way:

1. All meaningful states in the process are reachable – can be analysed 
by looking at  all  reachable states of the underlying Petri  net,  but  a 
problem here is to identify which states in the process are meaningful. 
This is very dependent on the domain of the process and has to be 
specified  by  an  expert  in  the  analysed  domain.  Therefore  this  is 
a problem of process validation, not verification. Verification can only 
make sure that no generally unwanted states are possible in the model 
(e.g. multiple XOR branches are not active at the same time, multiple 
parts of the process are not using exactly the same limited resource at 
the same time, etc.), but this is ensured by a strict conversion of the 
Coordination model to a properly structured Petri net.

2. Number of resources in any state of the process is within meaningful 
bounds – can be analysed by checking if the underlying Petri net is 
bounded.
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3. Activity is  started only when all  preconditions  are  fulfilled and all  
guaranteed postconditions are met after the activity finishes – this is 
ensured  by  properly  converting  input  and  output  objects  of  each 
activity and all activity scenarios to a Petri net, that then uses standard 
enabling and firing rules for its dynamic behaviour.

4. There  are  no  deadlocks  or  livelocks  during  the  execution  of  the 
process – can be ensured by analysing liveness of a short-circuited 
WF-net  that  describes  the  model.  In most  cases,  the  Coordination 
model is not converted to a Petri net that would meet the requirements 
of being a WF-net, so additional effort has to be spent to convert the 
Coordination model to a proper WF-net.

5. Process is able to reach its proper end from any state and no element 
in the process is active after the process ends – can be checked by 
analysing soundness of a WF-net that describes the process.

3.2 Conversion of Coordination Model to WF-net

As mentioned in the previous section, verification of basic requirements of 
the  modelled  processes  using  the  Coordination  model  can  be  done  by 
converting  this  model  to  a  proper  WF-net  and  analysing  its  boundedness, 
soundness  and liveness  of  a  short-circuited  net.  Only a basic  Coordination 
model without any extensions can be used for verification purposes because all 
the  extensions  presented  in  this  thesis  are  there  to  model  performance 
parameters of the model,  not to change the basic behaviour of the process. 
There  are  several  cases  when  the  automatic  simulation  extensions  could 
influence  the  basic  properties  (mainly  liveness)  of the  process  and  their 
limitations are presented in the thesis.

This time, the conversion has to maintain the behaviour of the model and 
at the  same time fulfil  requirements  specified in  the  WF-net  definition  [4]. 
This means that the final Petri net has to have exactly one source place, exactly 
one sink place and it also has to ensure that all places and transitions are on a 
path from the source place to the sink place.

3.3 Verification of Soundness

If all conditions for the conversion are fulfilled and the Coordination model 
system with a set of correct ending chargings is converted to a Petri net system 
as defined, then the resulting WF-net can be used to verify properties of the 
modelled process, including liveness of a short-circuited net and soundness (as 
described in the thesis and in [4]).
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As the final WF-net can contain inhibition arcs, the general verification of 
soundness is undecidable and only some hints about the lack of soundness can 
be found by using invariants  [14]. But if the converted Coordination model 
does not contain any inhibition flows, it is possible to check the soundness of  
converted  WF-net  by  converting  the  problem  to  checking  liveness  and 
boundedness of the short-circuited net [4].

4 Competency-based Human Resource Allocation
After defining a method for modelling business processes, extending it with 

stochastic  properties  and  resource  sharing  mechanisms  to  enhance  its 
simulation  capabilities  and  describing  basic  verification  options,  a  more 
human-related question came to mind: How can individual human resources 
(HR)  in  the  process,  their  skills  and  experience,  influence  the  flow  and 
duration of the process?

Skilled and properly trained human resources are one of the main sources 
of each company's competitive advantage  [15], [16]. Next part of my thesis 
describes a solution to specify individual skills for all shared resources in the 
process and how to use this description to evaluate available human resources 
to the current activity based on its requirements. This evaluation enhances the 
simulation  possibilities  by  automatically  finding  the  appropriately  skilled 
resource that can be allocated to each activity based on the actual availability 
of evaluated resources. It can be also used to support the decisions for training 
or hiring new resources based on the requirements of the process activities and 
predicted workload of the process.

4.1 Competency-based Description of Human Resources

The first  problem that  has to be solved is  the description of the human 
resources' skills in the process. This is the human resources management area 
of expertise, where the competency models  [17]–[19] and skills frameworks 
(e.g.  Skills  Framework for the Information Age  [20], NHS Knowledge and 
Skills  Framework  [21])  are  used.  Competency  models  define  various 
competencies,  which  are  important  for  the  company  and  its  processes.  
Competencies are defined as sets of knowledge, abilities, skills and behaviour 
that  contribute  to  successful  job  performance  and  the  achievement  of 
organizational results [19]. Skills frameworks have the same purpose, but they 
describe skills particular for one domain rather then general competencies. But 
in fact skills are just a special type of competencies.

Competency models and skills frameworks also describe how to measure 
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and  evaluate  individual  competencies.  In  most  cases,  competencies  are 
measured by a number of advancing stages where higher levels of competency 
include everything from their lower levels. There is no standard for how many 
stages should a competency model have and every model defines its own set of 
stages.

Competencies of specific human resource can therefore be described by a 
competency level acquired by the resource. This also means that this resource 
has mastered this given level and all lower levels of the competency.

Let's have a small example of one HR consultant working in a HR agency.  
His competencies in a 10-level model could look like this:

Personnel knowledge in IT – 5. level,
personnel knowledge in Management – 3. level,
internal IS user skill – 6. level,
communication – 5. level,
psychology – 4. level,
customer knowledge of VSB-TUO – 4. level and
customer knowledge of MyCompany – 0. level.

Domain  specific  skills  (personnel  knowledge,  internal  IS  user  skill), 
general  competencies  (communication,  psychology)  and  knowledge  of  the 
environment (customer knowledge) are contained in this example. It is clear 
that  competencies  in  the  model  have  to  be  based  on  the  company's 
requirements and professional domain.

4.2 Competency-based Description of Activity Requirements

All activities in the process also have competency-based requirements that 
describe  what  competencies  should  the  human  resources  performing  the 
activity know. Each activity is therefore defined by a set of competency levels 
for each allocation required by the activity, specifying that only resources with 
given level or higher will  do the activity as planned. Resources with lower 
competencies are able to finish the activity, but it will take additional time to 
learn how to perform the activity and their  work is  prone to contain more 
errors.

A simple example of requirements for the activity of leading an interview 
with an applicant in the HR agency follows:

Personnel knowledge – 5. level,
internal IS user skill – 0. level,
communication – 6. level,
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psychology – 5. level and
customer knowledge – 4. level.

When comparing this example with the resource example from previous 
section,  one can notice  the  generalization of  some requirements  (personnel 
knowledge  and  customer  knowledge).  When  assessing  the  resource's 
competencies it is better to define the competency levels in specific parts of 
the domain so that the resources are assessed as precisely as possible. On the 
other hand, the activity requirements should only define a level for the whole 
competency category and relevant parts  of  the domain will  be specified by 
actual process case. In other words, if the HR agency tackles with a case where 
they  have  to  find  a programmer  for  the  company  VSB-TUO,  then  the 
requirements in this case will  be refined as personnel knowledge in IT and 
customer knowledge of VSB-TUO. This specification has to be supported by a 
parametrization of the process case in the process simulation tool.

When comparing the competencies  of  HR consultant  from the previous 
section with requirements in this example, it is easy to see that he could lead 
interviews  for  IT applicants  on  the  job  offers  for  VSB-TUO company.  He 
however  lacks  one  required  level  in  the  communication  and  psychology 
competencies meaning that he could do some errors in the communication or 
while creating the psychological profile of the applicant.  Knowing this,  the 
management can arrange a training for him or can assign him to less important  
contracts.

4.3 Vector Representation

I  have  used  the  vector  space  model  [22] to  compare  the  resource 
competencies with their activity requirements. I have also tried three different  
measures  to  evaluate  the  comparison  –  Euclidean  distance  [23],  Cosine 
measure [24] and mean signed error (MSE) [8].

To use the vector  space model  on the competencies,  a  way to describe 
resource  competencies  as  vectors  had  to  be found.  I  defined two different  
methods  in  this  thesis  with  an additional  enhanced  version  of  the  second 
method.

4.3.1 Direct Vector Representation

The first method directly creates a vector from the competency levels for 
each resource. This representation is very similar to the document vector in the 
vector  space  model  where  each  resource  corresponds  to  a  document  and 
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competency levels of the resource correspond to the term weights.
Activity requirements for every allocation required by the activity serve as 

a query for the model and can be represented in the same way as resource 
competencies.

4.3.2 Fragmented Vector Representation

The biggest problem of the direct representation is that it does not take the 
specifics of competency and requirements description into account. Resource 
competencies are specific by the fact, that each resource has mastered all lower 
levels  of  his  acquired  competency,  but  requirements  define  that  all  higher 
levels are required. This difference can be encoded into the representation by 
fragmenting the competencies to a number of elements equal to the highest 
possible level of the competency. The level of one competency can therefore 
be divided into more vector elements containing 1 if the resource knows this 
level or 0 if he does not. The bordering element is also able to hold a real value 
to enable more accurate evaluation. 

Vector representation of requirements follows the same pattern, but with its 
own specifics. In contrary to resource competencies, allocation requirements 
describe the lowest required level of the competency for given allocation, but 
it is useful to limit the highest required level. This reduces the actual value of  
over-skilled  resources  that  can  be  left  to  do  more  difficult  tasks.  The 
fragmented competency levels are then set to 1 in between the lower and upper 
limits and 0 otherwise.

4.3.3 Enhanced Fragmented Representation for Cosine Measure

Even though fragmented representation provides better evaluation results 
for  cosine measure,  it  still  has  one inappropriate  property when evaluating 
resources with low competencies. For example, when evaluating resources r1 

and r2 with competency levels r1 = (1,3) and r2 = (2,3) for activity allocation a 
with  required  levels  a = (3,3)  (on  a  5-level  scale),  r1 has  higher  similarity 
(20.4%) than r2 (18.3%) although r2 is obviously better suited for the activity 
(he is only lacking 1 level for the first competency unlike  r1 that is lacking 
2 levels for this competency).

This problem can be solved by changing the values of individual vector 
elements in resource competency vectors to handicap low competency levels. 
The idea here is to start with a competency vector of the referential resource  
for the allocation (referential resource has exactly the same acquired levels as 
are  required  by  the  allocation)  and  look  if  evaluated  resource  has  lower 
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competency level than the referential resource. If its competency level is equal 
or higher, no changes are done to its appropriate level. On the other hand, if its 
competency level  is  lower,  take referential  competency vector as a starting 
point and start  increasing the weights of its lower vector elements by 1 for 
each point of difference. For example, if the required competency level of the 
appropriate activity is 3 (referential vector is therefore (1,1,1,0,0) with 33.3% 
similarity) and the investigated resource has acquired a competency level of 2, 
its  competency  vector  will  be  (2,1,1,0,0)  with  23.6%  similarity.  If  the 
resource's  competency level  is  1,  its  vector  will  be  (2,2,1,0,0)  with  19.2% 
similarity and for a competency level of 0, the vector will be (3,2,1,0,0) with 
15.4%  similarity.  Such  change  in competency  vectors  ensures  that  with 
decreasing competency levels for resources, their similarity decreases as well.

4.3.4 Example of Evaluation

Let's  look at  a  simple  process  example  in  Figure  4.1 to  show how the 
evaluation of resources could enhance the simulation of the process. Let there 
be  two  sequential  activities  in  the  process  called  Find  Applicant  (FA)  and 
Contact  Applicant  (CA),  the  former  being  performed  by an  Administrative 
Worker  and  the  latter  by  a  HR Consultant.  Let's  assume  that  there  are  3 
Administrative Workers (AW) and 2 HR Consultants (HC) in the process and 
their mastered competency levels are summarized in Table 4.1 along with the 
required competencies defined for the two activities (competencies are defined 
on a 5-level scale).

The simulation of such process first starts the activity Find Applicant, but 
needs to allocate one of the Administrative Workers to perform this activity. 
But which one of the three should the simulation choose in this case? This 
problem is solved by converting all three resources and activity allocation FA 
to the competency vector representation and using the vector space model to 
evaluate them.
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Competency AW1 AW2 AW3 HC1 HC2 FA CA

Personnel knowledge – IT 2 3 4 5 3 2-3 3

Internal IS skill 2 3 2 3 1 3 0

Communication 4 2 1 3 4 0 4

Customer knowledge – VSB 3 1 0 2 3 0 2

Table 4.1: Resource and Activity Competency Levels

If  the  enhanced  fragmented  representation  is  used  (see  section 
4.3.2 Fragmented Vector Representation), resource competency vectors have 
to  be  created  based  on  the  requirements  of  currently evaluated  allocation.  
Competency vector for resource  AW1,  when evaluated for allocation  FA,  is 
then specified as:

AW 1 = (1,1,0,0,0, 2,1,1,0,0, 1,1,1,1,0, 1,1,1,0,0) (4.1)

Remaining resource competency vectors follow the same pattern. On the 
other hand, allocation for activity FA can be represented as:

FA=(0,1,1,0,0, 0,0,1,1,1, 0,0,0,0,0, 0,0,0,0,0) (4.2)

Now it is just a matter of using the formula for cosine measure to compute 
the similarity of individual resource's vectors with vector FA. The similarities 
are 23.1% for AW1, 44.7% for AW2 and 40.5% for AW3. AW2 is apparently the 
best resource for this activity, but it is also interesting to discover how much 
better the resource is when compared with the basic allocation requirements. 
This can be easily done by creating a referential resource for allocation FA that 
is described as:

rFA =(1,1,0,0,0, 1,1,1,0,0, 0,0,0,0,0, 0,0,0,0,0) (4.3)

and its similarity with vector  FA is 40%. This result  shows that  AW2 is 
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slightly better than required by the allocation and also AW3 is on par with the 
requirements. Both these resources can be used to perform this activity and 
their allocation can be decided by the allocation strategy used for this activity.  
AW1 on the other hand is significantly weaker and should perform the activity 
only when there is no other choice and it is not possible or feasible to wait for 
the other resources to become available.

After  activity  FA is  completed,  the  simulation  continues  with  starting 
activity  CA.  Here the similarities  are  32.3% for  HC1,  40.2% for  HC2 and 
33.3% for the referential resource.

4.4 Additional Evaluation Extensions

Some additional changes to the evaluation method can be thought up as 
they could further enhance the possibilities or provide more accurate results of 
resource competency evaluation. These extensions are described in the thesis.

4.5 Comparison of Proposed Methods and Extensions

To compare vector representations and extensions introduced in this thesis, 
an experiment on the software process from section 2.4 Simulation Case Study 
was  performed.  8  roles  were  identified  in  the  process  and  their  possible 
competency  level  intervals  were  specified  according  to  the  process 
requirements  and  several  selected  worker  profiles,  each  containing  17 
competencies important in the software process, each on a 10-level scale. 41 
different  allocations  with  different  competency  requirements  for  14  basic 
activities were analysed in the process and their requirements were specified 
for the same 17 competencies to ensure their compatibility.

All combinations of each described vector representation, each similarity 
measure and extensions were tested.

The comparison in this experiment was based on evaluating the precision 
and recall [25] and combining them using F-measure [25] for all allocations in 
the process. To use the precision-recall  method, relevant resources for each 
activity were identified by the process manager.

The results  came out  as  expected with the  configuration combining the 
enhanced representation with all  extensions being the best configuration for 
the  role  limiting  evaluations.  It  is  also  interesting,  that  even  standard 
fragmented  representation  with  cosine  measure  is  slightly  better  than  the 
measure using the MSE indicator.
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4.6 Human Resource Productivity

Resource capability introduced in previous sections specifies how skilled 
and knowledgeable a worker is to perform specific activities. But capability of 
the resource does not only influence allocation possibilities of the resource, it 
also influences its productivity [9], [26]. A productivity model specified in [26] 
is used in the thesis and integrates the proposed resource evaluation method.

Productivity  model  derives  worker’s  productivity  by  processing  the 
worker’s capability in comparison to a capability of referential resource. It can 
be evaluated in a following way:

productivity(r , a) = C r , a⋅Φ (aa⋅(cap(r , a) − cap(ra , a)))  (4.4)

where Cr,a > 0 is a maximum of the productivity of resource r for activity a. 
aa ≥ 0 is a level of accuracy needed to perform the activity a and determines 
the sharpness of the decline in the productivity.  cap(r,a) is the capability of 
resource  r for  activity  a.  cap(ra,a),  on the  other  hand,  is  the  capability of 
referential resource ra for activity a.  Φ  is a cumulative probability function 
for normal distribution.

Each activity can therefore take a different  amount of time for different 
workers based on their productivity, even though the amount of work for the 
activity does not change. The final duration can then be specified as:

prodDuration (r , a) = duration (a)⋅dm(r ,a )  (4.5)

where duration(a) is a standard duration of allocation a if performed by its 
referential resource. dm(r,a) specifies how much the productivity of resource r 
influences duration of allocation a and can be defined as:

dm(r , a) =
productivity (r a , a)

productivity(r ,a )
 (4.6)

Figure 4.2 then shows the duration multipliers dm(r,a) for different values 
of parameter aa.
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4.6.1 Human Resource Allocation Strategies

Knowing, how the capability of resources influences their productivity and 
duration of the process, is only half of the problem of simulating processes 
with  specific  resources.  The  second  half  is  a  proper  allocation  of  these 
resources to activities in the process. In manual simulations, the best approach 
is to allow manual allocation of workers by providing information about their 
capability, productivity and availability, and let the user decide which worker 
should be allocated to the current activity. This is unfortunately not possible 
for  automatic  simulations  that  have  to  run  without  user  input  during  the 
simulation and have to work only with predefined settings.  Because of  the 
stochastic  nature,  changing  conditions  and  activity  and  process  instance 
concurrency,  every instance  of  the  process  is  unique  and cannot  be  easily 
predicted  or  pre-set.  On  the  other  hand,  it  is  possible  to  define  several 
allocation strategies  based on the resource capabilities  and availability that 
would find the most appropriate worker for different process conditions.

Each activity allocation in the process should have some allocation strategy 
associated  with  it  to  enable  automatic  allocations  of  resources.  Possible 
strategies considered in this thesis express the following problems and their 
possible solutions:
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1. How high has to be the capability of the worker that can be allocated 
to this activity?
a) Allocate  resources  with  higher  capability  than  a  specified 

percentage  of  referential  capability  (e.g.  all  workers  that  have 
higher capability then 80% of referential resource’s capability).

b) Allocate  only from a  specific  number  of  workers  with  highest 
capabilities.

c) with capabilities closest to referential capability.
d) with capabilities closest, but lower than referential capability.
e) with capabilities closest, but higher than referential capability.

2. In what order should the capable workers be considered for allocating 
to this activity?
a) From highest to lowest.
b) From lowest to highest.
c) By the distance from the referential resource.

3. Should the activity wait for the first unavailable resource or should it 
allocate the first resource that is currently available?
a) Always  use  the  first  resource  that  is  available,  or  will  become 

available if no suitable resource is available right now.
b) Compare  unavailability  and  performance  durations  and  use  the 

resource that can finish the activity first, even if it is unavailable.

By combining  possible  mentioned  solutions,  different  strategies  can  be 
created. One possible strategy would for example be to consider only workers,  
that have higher capability then 100% capability of the referential resource, 
sort them from the highest to lowest capability, always use the most capable  
available worker and if all considered workers are unavailable, then use the 
first worker that will become available.

To abbreviate the description of such strategies for further use, I used a 
code based on the numbering used in the solution list. A code for the previous 
example would then be 1a(100%),2a,3a.

4.6.2 Activity Scheduling Queues

Experiments  showed  that  there  is  still  a  difference  between  choosing 
appropriate  resource  for  an  activity  considering  its  availability  and 
productivity and actual allocation of such resource. Activities that need to wait 

31



for a resource becoming available can heap one over another and when the 
resource  finally  becomes  available,  the  BPM Method  non-deterministically 
starts one of these activities with the available resource. When this happens, 
unavailability of the allocated resource changes accordingly to the duration of 
the currently started activity. This can have an important impact on the third 
allocation strategy question for remaining activities that were waiting for the 
allocated resource  as  well  –  other  suitable  resources  can  become available 
sooner  than  the  previously chosen  resource  or  they can  finish  the  activity 
sooner considering their productivity. This means that resource assignment for 
the remaining activities has to be reconsidered and it can lead to a very similar 
situation of activity heaping and assignment  reconsideration for the second 
best  resource. This mechanism can negatively influence the duration of the 
process because the process waits for assignment reconsideration even though 
the final resource is already available before the reconsideration happens.

This problem can be solved by scheduling activities when the best resource 
is unavailable. All further allocations will take already scheduled activities into 
consideration when choosing the best resource for the activity. For example, if 
some worker is  currently performing activity A and is assigned as the best 
resource for activity B, then B is scheduled to be the next activity that this 
worker  will  execute.  Then  if  assignment  for  activity  C  is  considered,  the 
availability of this  worker will  be evaluated from the end of the scheduled 
activity B, not from the end of the current activity A. If even then this worker 
is  assigned  as  the  best  resource  for  activity  C,  this  activity  will  also  be 
scheduled for this worker to be executed after activity B is finished. This leads 
to introduction of scheduling queues for each worker in the model.

The previous example assumed that a scheduling queue for the worker is 
behaving as a standard first in, first out (FIFO) queue (also called first come, 
first served (FCFS)), but different scheduling techniques can be used in the 
queue, such as shortest processing time (SPT), longest processing time (LPT), 
earliest due date (DD), etc. (for more information about individual techniques 
see  [27]. In discrete-event simulations of business processes, priority queues 
are more useful than basic scheduling techniques because concurrent process 
instances and even individual activities in these instances can have different 
priorities. Activities are then scheduled in this queue based on their priority 
and the priority of their process instance with higher combined priorities being 
put at the front of the queue and executed before the lower priorities. Activities 
with  the  same  priority  are  scheduled  by  the  standard  first  in,  first  out 
technique.
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4.6.3 Productivity and Allocation Experiment

Finally, I have conceived an experiment to compare the impact of different 
allocation  strategies  on  the  experimental  process  after  implementing  the 
resource productivity extension to the BPM Method (formal specifics provided 
in the thesis). This experiment is based on a simplified software process that is  
similar to the one used in section 2.4 Simulation Case Study, but with different 
parameters that were changed to correspond with bigger process cases. This 
simplified process contains 37 basic activities.

Configuration of the Experiment
Requirements  for  activities  in  the  process  were  evaluated  for  16  basic 

competencies on a 10-level scale with 8 of these competencies being further 
specified by 16 process instance parameters, thus creating a total of 22 specific 
competencies. Each activity was assigned to one of 7 roles in the process, each 
role containing a different number of workers based on a standard project team 
structure. Analysis was created and managed by 1 Analyst and the following 
design was elaborated by 2 Designers that were also overseeing code revisions 
in the Implementation phase. Implementation was performed by 6 Developers 
and 2 Testers did the testing of the software. Everyone was supported by 1 
Administrator  and  supervised  by  1  Project  Manager.  The  post-deployment 
support of the project results was backed by web-based helpdesk software that 
was managed by 1 Incident Manager that ensured proper categorization and 
reporting  of  incidents.  Each  of  these  human  resources  in  the  project  was 
evaluated for the same set of 22 competencies on a 10-level scale as activity 
requirements to ensure their compatibility.

I simulated this process with 12 different allocation strategies to see how 
the process behaves with the specified resource productivity extension.  For 
easier comparison of the results and their impact, all activities in the process 
were  using  the  specified  strategy  for  each  simulation  run.  In  real-life 
simulations, each activity could specify its own allocation strategy that best 
suits this type of activity.

Results of the Experiment
To compare the  impact  of  various  allocation  strategies  and productivity 

extension  on  the  experimental  process,  this  experiment  measured  the  total 
duration of each process instance. Each simulation run was done by executing 
200 iterations of the simulation to weaken the impact of stochastic properties 
and risks  in  the  process  to  enable  proper  statistical  analysis  of  the  results. 
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Figure 4.3 shows a box plot of total process instance durations for different 
allocation strategies.

By  using  the  Tukey's  honest  significance  test  with  a  95%  confidence 
interval, the results are grouped into three groups of statistically homogeneous 
groups. The first group contains all 1a(80%) strategies and the second group 
contains all 1a(100%) strategies. This difference, along with the information 
from Figure 4.3, tells that the 1a(100%) strategies result in a longer duration of 
the experimental  process.  This result  was expected because these strategies 
work only with resources more capable than the referential resource unlike the 
other strategies that  allocate even resources with lower capability (down to 
80% of referential resource capability). This difference is also shown in Figure
4.4 that compares utilization of workers in the process for two representative 
strategies from different groups. Utilization in the 1a(100%) strategy is very 
high for few highly skilled workers (Designer1, Developers 0-3, Tester1) and 
very  low for  workers  with  lower  capabilities  (Designer0,  Developers  4-5, 
Tester0)  that  could  not  be  allocated  to  some  activities  in  the  process.  In 
1a(80%) the allocation is more evenly distributed and this leads to lower total  
duration times even though it takes longer to finish the activities for lower 
skilled workers.
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The  third  homogeneous  group  contains  all  1a(80%)  strategies,  except 
1a(80%),2b,3a  and  1a(80%),2c,3a,  combined  with  all  1a(100%),2*,3b 
strategies. This means that using the “fastest one wins” strategy for 1a(100%) 
strategies behaves slightly better than the “use first available” strategies.

The third homogeneous group also showed that the two remaining 1a(80%) 
strategies behave slightly better in the experimental process than the rest of the  
strategies. This means that prioritizing lower skilled resources in this process 
leads  to  better  results  than  always  using  the  best  resource  first.  In  real 
processes,  allocation  strategies  could  be  set  differently  for  each  activity 
meaning that more demanding activities would use the best available resources 
(2a strategies), while other less demanding ones would prioritize lower skilled 
resources (2b and 2c strategies).

5 Conclusion
In  this  thesis,  I  have  presented  my  research  in  the  field  of  automatic 

simulations  of business  processes  that  is  mainly  concerned  with 
individualizing  human  resources  in  the  process.  This  individualization  in 
process simulations is enabled by discrete-event simulations based on the Petri 
nets approach. My work first dealt with finding a suitable method for business 
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process modelling and simulation that could serve as a basis for the human-
based process simulations. The BPM Method provided a great opportunity as 
it already modelled resources and entities in the process separately (with active 
and passive objects) and encouraged this point of view. But the BPM Method 
was not very formally defined, the simulation capabilities were limited and it 
lacked  a  lot  of  mechanisms  crucial  to  perform  automatic  simulation 
experiments with human resource allocations. This led to a formal conversion 
of  one  of  the  BPM  Method's  models,  which  describes  behaviour  of  the 
process, to a Petri nets formalism and then to definition and formalization of 
additional  extensions to  this  model.  These extensions introduced stochastic 
behaviour, resource sharing and utilization and performing multiple concurrent 
simulations to provide more realistic results and predictions. These results can 
be used for verifying improvements in the process and supporting strategic and 
tactical decisions in the process. The conversion to Petri nets can also be used 
to  verify  processes  modelled  by  the  BPM  Method  and  basic  verification 
techniques are also suggested and described in this thesis.

The second part of my research dealt with specific human resources and 
how  to  describe  their  varying  skills  and  experience  influencing  process 
performance.  I  have proposed  a  method for  evaluating workers  to  specific 
activities  in  the  process  based  on  their  competencies  and  activities' 
requirements using the vector space model that is frequently used in text and 
other media searches. Several vector representations of resource competencies 
and  activity  requirements  were  proposed  in  this  thesis  as  well  as several 
extensions to the method that increase the precision of evaluation results.  I 
have compared all these representations and extensions in an experiment with 
a simplified software process of a local middle-sized software development 
company to find out which combination provides the best results. In the end, 
this evaluation method turned out to be a promising method not only as an 
allocation  method  for  automatic  simulations,  but  also  for  supporting 
management  decisions  about  resource  planning  and  HR  decisions  about 
training and hiring.

The final part used resource capabilities and built a productivity model that 
specifies how these capabilities influence the productivity of each resource in 
the  process.  At the same time,  several  strategies  for  allocating resources in 
automatic simulations were discussed and compared. Job scheduling queues 
were also defined for each resource to plan its incoming activities.
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