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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 this thesis, only basic verification methods 
and their application in the formalized behavioural model will be 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 will 
be  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.

1.2 Thesis Structure

Ideas of business process management and business process modelling are very up-to-date 
recently and not only in the field of computer science. Business process modelling is used for 
analysis,  verification  and  planning  of  activities  that  are  performed  by all  employees  and 
machines in any company. A description of business processes in the company helps with 
understanding activities that have to be taken to fulfil customers' requirements, it can be used 
to monitor, evaluate and optimize these activities and even validate and verify the correctness 
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of  the  process  and  its  model.  Section  2 Business  Process  Modelling describes  the  basics 
of business process modelling and what methods can be used to model business processes.

Correctly described process models are very important for all stakeholders of the company 
– management can plan and optimize processes, workers know their workload and can plan 
their tasks and customers can rely on the quality of the company's services. Process models 
can be further utilized for simulations of the underlying processes.  These simulations can 
bring advantages to the company's management to plan available resources more effectively 
or to optimize steps necessary to fulfil all requirements of the company's customers. They can 
also reveal possible problems or bottlenecks in the process and can help with the validation 
of processes.  One  of  the  semi-formal  methods  used  for  business  process  modelling, 
simulation and enactment is the BPM Method, but simulation capabilities of this method are 
very simple  and constrained only to  manual  simulations.  This  is  sufficient  for  validating 
functional  aspects  and  improvements  of  the  process,  but  falls  short  when  performance 
parameters of the process are needed. Due to these constraints it is not possible to estimate 
performance  changes  when  improving  the  process,  identify  bottlenecks  in  the  process  or 
check  the  availability  of  resources.  Section  3 Business  Process  Simulation describes 
simulation principles and methods for business processes and focuses on the BPM Method, its 
formalization using Petri nets formalism and introduction of several extensions to provide full 
support for performance simulations. Several stochastic parameters are introduced into the 
model and assessment of resource availability during process executions is described.

Formalization of the BPM Method's behavioural model opens new possibilities not only 
for simulation, but for process model verification as well. Basic options for verifying process 
models using basic Petri net properties and a special type of Petri nets called Workflow nets 
are described in section 4 Process Model Verification. This section also describes adjustments 
of the BPM Method's behavioural model that are needed to use the described verification 
methods for this model.

Many processes are performed by human resources and this adds additional uncertainty 
and stochastic properties to the processes. On top of that each human resource has specific 
competencies, skills, habits and requirements that can alter his performance and productivity. 
They can also suggest if new workers should be hired or which training would benefit the 
capability of available resources. At the same time, the capability of resources in the process 
has  an  impact  on  the  duration  of  executed  activities  as  more  capable  resources  are  able 
to finish the activity sooner. How to use human resources' competencies in business process 
simulations  and  how they influence  the  workflow of  the  process  is  described  in  section 
5 Competency-based Human Resource Allocation.

Section  6 Conclusion and Future  Work concludes  this  thesis,  summarizes  the  achieved 
results and provides topics for future research.

Finally, section 7 Appendix summarizes a complete definition of the Coordination model 
of the BPM Method with all extensions presented in this thesis for the reader's convenience 
as parts of this definition are used throughout the whole thesis.
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2 Business Process Modelling
Business process modelling describes the functional,  structural  and behavioural  aspects 

of any organization that is concerned with fulfilling the demands of its customers. Each such 
organization contains [3]:

• Human and other resources – Who works for the organization? What is he using 
to do  his  job?  What  is  he  creating  or  changing  during  his  work?  What  are  his 
motivations, competencies, skills, obligations, responsibilities, relations, etc.

• Processes – What does the organization do to fulfil the customers' demands?
• Control mechanisms – How are the processes controlled, managed and measured?
• Organizational structure – What organizational units are in the organization? Which 

resources  belong  to  which  organizational  unit  and  what  is  their  management 
hierarchy?

Processes are the main focus of business process modelling because they describe how the 
business  objective  is  accomplished.  Business  process  is  defined  as  an  organized  set 
of connected  activities,  procedures  and  sub-processes  within  the  context  of  one  or  more 
organizational  units  or  organizations  that  transform material,  human-based,  financial  and 
information inputs to products or services that provide added value for the internal or external 
customers and realize a business objective or policy goal. [4], [5]

Models of business processes are abstractions of these processes in a form that supports 
automated manipulation, analysis, verification, enactment and simulation. Three basic models 
are defined to describe all aspects of the process [5]:

• Functional – Describes main functions and services provided for the organization's 
customers and their connections. This model specifies all possible inputs and outputs 
of these functions and how the inputs are transformed into the outputs.

• Behavioural – Describes the dynamics and flow of activities for all main functions 
defined in the functional view. Each function is specified by a sequence of activities 
that have to be performed in order to accomplish the function's goal. Each activity can 
be  started  only  if  all  its  preconditions  are  met  and  all  its  postconditions  are  set 
immediately after finishing the activity. All possible scenarios have to be specified 
in this model including alternative and parallel flows in the process.

• Structural –  Describes  static  structure  of  entities  and  resources  appearing  in  the 
process  and its  environment.  Captures  relations  and communication between these 
entities and resources and their properties.

Schematic view of these three models is provided in Figure 2.1.
Many methods are used to create these models and they can be divided into three basic 

categories according to their exactness:
• Informal – These methods use non-structured or structured text to describe business 

processes. They do not have exactly defined syntax nor semantics and can be very 
vague and subjective. They can be easily used to create all three models, but are very 
hard to process and analyse.

• Semi-formal – These methods use special  graphical languages that define specific 
graphical diagrams and elements for various models and their objects. They have exact 
syntax, but loosely defined semantics. Some of these semi-formal methods are focused 
on creating only one of the mentioned models (e.g. IDEF0 [6] focuses on functional 
model,  EPC  [7] and  BPMN  [8] on  behavioural  model),  but  some are  universally 
usable for all models (e.g. UML [9] or all IDEF Methods [6]).
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• Formal – These methods use exact mathematical formulas to define the behaviour 
of the process and so they have exact syntax and semantics. They are mainly focused 
on the behavioural model (e.g. Petri nets [10], Pi-calculus [11]), but some can be also 
used to create different models (e.g. ontologies [12]).

The purpose of business process modelling is to model business processes with the chosen 
method and enable their automated processing. Process models fully describe action steps that 
have to be performed and all states of the process. This can help understand the process and 
solve exceptional situations that can happen during the enactment of the process. Well defined 
processes can be easily measured and improved and suggested improvements can be validated 
and verified even before implementing them into the environment.  Parts  of  the modelled 
processes can be automated and it is easier to create systems that support these processes. 
Competencies and responsibilities of all human resources in the process are specified and 
newly hired employees can be trained according to the process requirements.

11

Figure 2.1: Basic Models of Business Process [5]



3 Business Process Simulation
Formal  and  some  semi-formal  methods,  for  which  the  simulation  semantics  can  be 

formalized (e.g. EPC [7], UML [13]), can also be used to simulate the 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  [14].  These indicators can be evaluated from the behavioural model  of the 
process so the simulations mainly work with methods providing this type of model.

3.1 State of the Art

Simulations can be categorized into two groups based on the level of human assistance 
they require:

• Manual – Manual simulations are fully under the user's control and the process states 
are changed when requested by the user. Each branching of the flow and allocation 
of proper resources is decided by the user. This type of simulations is very similar 
to the enactment of the process, but is only performed virtually and not in real time.

• Automatic – Automatic simulations are executed without the user's control and all the 
decisions have to be made by the computer. This can be used to perform complex 
simulation experiments with many concurrent process cases, but introduces several 
problems  that  can  be  solved  by  adding  stochastic  properties  to  the  models  (see 
3.2.4 Stochastic Extensions of Coordination Model).

Other  categorization of simulations can be based on different methods used to run the 
simulation. Many methods are used for various types of process simulations [15]:

• Discrete  event  simulation –  These  simulations  are  controlled  by  the  occurrence 
of discrete events that change the state of the process. They describe the sequence 
of such events and their appropriate process states. They are very useful for modelling 
activity orchestration making them ideal for tactical and operational simulations [16]. 
One of these methods, which will also be used in this thesis, are Petri nets [10].

• Continuous simulation – These simulations run in continuous time and the change 
of process parameters is examined for every time increment. System dynamics [17] is 
one  of  such  methods  that  is  widely  used  and  it  models  the  values  of  process 
parameters as a system of differential equations [15], [18]. System dynamics is ideal 
for strategic, higher-level simulations [15].

• Hybrid  simulation –  These  simulations  combine  the  discrete  event  approach and 
continuous approach to simulations in one model. Activity orchestration and resource 
allocation  is  modelled  by  discrete  events  and  dynamic  environment  by  system 
dynamics [19], [20].

• Knowledge-based simulation –  These  simulations  define  process  states  using  the 
knowledge bases and use semantic rules to change the state of the process knowledge 
base.  They are  primarily used for  process  understanding and educational  purposes 
[21].

• Agent-based simulation – These simulations describe each entity and resource in the 
process as agents that  interact  with each other and change the process state  based 
on the results of these interactions [22].

• Qualitative  simulation –  These  simulations  use  qualitative  differential  equations 
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to specify unknown parameters of the simulated process. These equations represent 
a set of possible differential equations that have common properties. Possible results 
are then computed using the constraint satisfaction scheme with constraints acquired 
from the process dynamics [23].

The purpose of simulations is to provide a comprehensive overview of the behaviour and 
performance of the process. Simulations can analyse the as-is model to validate the process, 
help with its understanding and identify problems in the process. They can also analyse the to-
be  model  to  check  the  correctness  of  suggested  improvements  and  verify  anticipated 
performance indicators.  Manual  simulations  are  useful  in  both  cases  to  check  the  results 
of ambiguous process flows and to simplify the training of new workers employed in the 
process. Automatic simulations on the other hand help with strategic planning of human and 
financial resources to provide adequate service quality for anticipated number of concurrent 
customer requests. They can also identify bottlenecks and staffing problems in the process.

3.1.1 Simulations Using Petri Nets

Petri  nets  are  one  of  the  commonly  used  formal  methods  for  process  description, 
verification and simulation. The classical Petri nets were created by Carl Adam Petri [24] as 
a basic tool to describe chemical processes, but since then they have evolved into very strong 
process  modelling  technique  that  supports  temporal  aspects  of  the  process,  stochastic 
behaviour, hierarchisation of the models and even description of process resources and data 
(High-Level Petri nets [25]). Properties of Petri nets have been studied for over 50 years and 
this research makes Petri nets a very well defined mechanism for verification and simulation 
of processes.

Petri nets describe the process as a set of transitions (activities, tasks) that are connected 
with places. A place in the Petri net can contain any number of tokens that represent available 
resources  or  occurrences  of  appropriate  event.  Whenever  all  the  places  preceding  any 
transition are active (they contain at least a specified number of tokens), the transition can be 
performed. By firing the transition a number of tokens from each preceding place is taken 
away and at the same time some tokens are generated to every following place. This changes 
the state of the process that is described by the number of tokens in each place. Simulation 
in Petri nets is a sequence of these atomic state changes and thus corresponds to the discrete 
events type of simulation.

Petri nets are a formal method described exactly by mathematical definitions, but Petri nets 
can  be  divided  into  three  main  layers  that  correspond  to  their  difficulty  and  capability: 
Elementary  net  Systems,  Place/Transitions  Systems  and  High-Level  nets  [10].  The 
Place/Transitions  Petri  nets  with inhibitor  arcs  will  be used in  this  thesis  and one  of  the 
possible definitions for this type of nets is stated in Definition 3.1.

Definition 3.1 [10]:

Structure of a P/T Petri net with inhibitor arcs is a tuple PN = (P, T, I, O, H) where:
• P is a finite set of places in the net,
• T is a finite set of transitions in the net and P  T = ,
• I is an input function T → PMS that describes inputs for each transition,
• O is an output function T → PMS that describes outputs for each transition,
• H is  an  inhibition  function  T  → PMS that  describes  inhibiting  conditions  for  each 

transition and
• PMS is a set of all multisets over the set of places P.
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The following marking is also used to simplify further definitions:
• I(t,p), O(t,p) and H(t,p) describe the multiplicity of place pP in multiset I(t), O(t) and 

H(t) respectively where tT.
• ●t = {pP: I(t,p) > 0} – set of all input places of transition t
• t● = {pP: O(t,p) > 0} – set of all output places of transition t
• ○t = {pP: H(t,p) > 0} – set of all input inhibition places of transition t

Describing  Petri  nets  in  this  mathematical  format  while  using  it  for  business  process 
modelling would be very confusing because the processes tend to be complex and their final 
model should be readable even by managers and workers in the organization. Fortunately 
Petri  nets  also have  a  graphical  notation  that  corresponds  to  the  mathematical  definition. 
Graphical elements used in this notation are summarized in Table 3.1 and an example of this 
notation is shown in Figure 3.1.

Element Notation Description

Place Serves as  a condition or  a placeholder  for resources  and 
entities in the process. Element of the P set.

Transition Describes an activity in the process and initiates all changes 
in the state of the process. Element of the T set.

Flow Arc Connects places with transitions and transitions with places. 
Element of the I(t) and O(t) multisets.

Inhibitor Arc Inhibition blocks the start of the inhibited transition while 
the  appropriate  object  is  present.  Element  of  the  H(t) 
multiset.

Table 3.1: Basic Modelling Elements of Petri Nets [10]

The  structure  of  Petri  nets  is  sufficient  enough  for  process  modelling,  but  to  fully 
understand the simulation behaviour of Petri nets additional properties have to be discussed. 
To define  the dynamic rules  governing the  behaviour  of  Petri  nets,  a  Petri  net  system is 
defined in Definition 3.2.

Definition 3.2 [10]:

P/T Petri net system with inhibitor arcs is a tuple PNS = (P, T, I, O, H, M0) where:
• (P, T, I, O, H) is the structure of the underlying Petri net and
• M0 is a marking function P → ℕ that represents the initial marking of the system.

(Note:  In the whole thesis,  ℕ will stand for a set of natural numbers containing 0, i.e. 
ℕ = {0,1,2,...}. This will be assumed in the rest of the thesis without further notice.)

This  initial  marking defines  the  number of  tokens in  each place  in  the underlying net 
(graphically  represented  by  dots  in  the  appropriate  place  circle)  and  these  tokens  serve 
as specific resources and entities in the process. They are consumed and produced according 
to two fundamental rules of Petri nets [10]:

• Enabling rule – specifies conditions under which the transition can be performed and 
is defined in Definition 3.3.
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• Firing rule – specifies how the state of the net changes when one of the enabled 
transitions is performed and is defined in Definition 3.4.

Definition 3.3 [10]:

Transition tT is enabled by marking M if:

(∀ p ∈ t• [M ( p) ≥ I (t , p)]) ∧ (∀ p∈ t◦ [M ( p) < H (t , p) ]) (3.1)

Definition 3.4 [10]:

When one of the enabled transitions  tT is fired in marking  M then the marking of the 
Petri net system is changed to M ' that is defined as:

∀ p ∈ P [M ' ( p) = M ( p) + O( t , p) − I (t , p)] (3.2)

Firing of transition t enabled in marking M, which changes the marking from M to M', is 
written as  M →t M'. Firing a sequence of transitions   = (t1,  t2, ...,  tn)   T* (T* being a set 
of all possible sequences of transitions in the net) that are successively enabled from marking 
M and change the marking from M to M' is written as M → M'. This means that a sequence 
of markings M = M1, M2, ..., Mn = M' exists so that:

∀ i ∈ {1,2 , ... , n}[M i→
t i M i+1] (3.3)

The transition to be fired in each step is chosen non-deterministically from all actually 
enabled transitions in the system.

Let's have an example Petri net system (P, T, I, O, H, M0) with following specification:

P = {p1, p2, p3, p4, p5, p6}
T = {t1, t2, t3, t4}
I(t1) = 2'p1; I(t2) = p2; I(t3) = p3; I(t4) = p3 + p4
O(t1) = p3; O(t2) = p4; O(t3) = p5; O(t4) = p5 + 3'p6
H(t1) = ; H(t2) = p3; H(t3) = ; H(t4) = 
M0(p1) = 3; M0(p2) = 1; M0(p3) = 0; M0(p4) = 0; M0(p5) = 0; M0(p6) = 0

Graphical representation of this example is shown in Figure 3.1.
Two transitions are enabled in the initial marking  M0: t1 and  t2.  Figure 3.2 shows new 

marking  if  the  transition  t1 is  fired  and  Figure  3.3 shows the  state  of  the  system if  the 
transition t2 is fired. It is also worth mentioning that in the marking in  Figure 3.2, the only 
enabled transition is t3 because t2 is inhibited by the token in p3.
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3.1.1.1 Timed Petri Nets

Basic Petri nets are a very robust formalism for describing various types of processes and 
provide  exact  mathematical  syntax  and  semantics  for  verifying  these  models  (more 
information  on verification  can  be  found in  4 Process  Model  Verification),  but  they lack 
means for measuring performance indicators in modelled processes. All transitions in basic 
Petri nets are executed instantly without any information about their duration in reality. This is 
not  very  useful  for  simulating  real  business  processes  that  take  time  to  finish  and  their 
duration is very important for all process stakeholders.

To enable performance modelling of  business processes,  a duration of activities in  the 
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model has to be specified. Extending basic Petri nets with time information leads to definition 
of Timed Petri nets. Time in this type of Petri nets can be associated with timed tokens, timed 
arcs, timed places and timed transitions, but the one that gained a widespread acceptance are 
transition timed Petri nets with atomic firing [10]. This type will be also used in this thesis.

The time property of individual transitions in Timed Petri nets can be specified either as 
a constant or by some probability distribution. If the time of the transition is a constant, every 
execution of this transition takes a specific constant time. On the other hand, for stochastic 
timed transitions,  every execution of the transition takes a random amount  of time based 
on the probability distribution used.

The  most  general  type  of  Timed  Petri  nets,  which  can  use  any  type  of  probability 
distribution for timing of its transitions,  is called Generally Distributed Timed Transitions 
Stochastic  Petri  Nets  (GDTT SPN)  [10].  This  type  also  supports  degenerated  probability 
distributions to define constant time transitions and even immediate transitions so they are 
very  useful  for  describing  processes.  Special  types  of  these  general  nets  that  only  use 
exponential  distribution are regarded for  their  analytical  possibilities  because they can be 
analysed  using  Continuous-time  Markov  chains  [10].  Unfortunately,  approach  presented 
in this thesis does not use exponential distribution for timing the transitions in the net because 
other  distributions  are  more  appropriate  for  modelling  human-based  processes  (for  more 
information about used distributions see section 3.2.4.1 Varying Duration of Activities). This 
leads to the use of GDTT SPNs that are defined in Definition 3.5.

Definition 3.5 [10]:

Generally  Distributed  Timed  Transition  Stochastic  Petri  Net  system is  a  tuple 
GDTT_SPNS = (P, T, I, O, H, M0, W, ) where:

• (P, T, I, O, H, M0) is the underlying non-timed Petri net system,
• W is  a  distribution  function  T →  {pdf},  that  assigns  duration  to  each  transition 

as a random variable with a specified probability density function pdf and
•  is  an  execution  policy  function  T →  {resampling,  enabling,  age}  that  assigns 

an execution policy to each transition.

Execution policy describes how the transitions handle their current timer state when a state 
of  Petri  net  changes  (transitions  between markings).  There are  two possible  solutions  for 
managing the timer state:

• continue –  timer holds its  present  value and will  continue to  decrement  from the 
current value when the transition is enabled,

• restart – timer is restarted and forgets its current state, it will start decrementing again 
from the  newly generated  value  based  on  the  probability  density  function  of  the 
transition when the transition is enabled

To get the basic three execution policies mentioned in the definition, the relation between 
the  state  change  of  the  Petri  net  and  the  transition  has  to  be  investigated.  From  this  
perspective,  it  is  important  to  define  different  solutions  if  enabled  state  of  the  transition 
changes during the net state change. The three basic execution policies are then defined as:

• resampling – timer of the transition is reset to a new value at any change of the Petri 
net's state, regardless of the enabling state of the transition,

• enabling memory – if the transition is not enabled in the new state of the net, its timer 
is reset to a new value, else the timer holds its value and continues,

• age memory – timer of  the transition holds its  value even if  the transition is  not 
enabled in the new state of the Petri net.
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3.2 BPM Method – Formalization and Extension

In previous section, several categories of simulations methods, which could be used for 
simulating human-based business processes, were described. 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 or even the timed 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 [26] (for more information see also 4.1.2 Workflow Nets), Little-JIL [27], WS-
BPEL [28] with BPEL4People extension [29]). 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 (see 
section  2 Business Process Modelling) and each of them is covered by one of the models 
included in the BPM Method:

• Functional model – Identifies the process architecture and its 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.

3.2.1 Coordination Diagram

Each  of  these  three  models  can  be  visualized  by  the  appropriate  type  of  diagram  – 
Functional diagram, Object diagram and Coordination diagram. The most important in terms 
of simulating the process is the Coordination diagram and its basic elements are described 
in Table 3.2.
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Element Notation Description

Active Object 
Node

Active Object represents any active entity that can perform 
activities in the process. These objects are mainly human 
resources, but can also be active machines or systems in the 
process.

Passive Object 
Node

Passive  Object  is  any entity manipulated by the  process. 
These  objects  are  mainly  documents,  database  records, 
artefacts, source code, etc.

Activity Node Activity  is  any  atomic  executable  process  step  that 
performs some functionality in the process.

Process Node Process  elements  are  used  for  the  hierarchisation 
of processes because they enable creation of sub-processes 
and connected processes on the same level of hierarchy.

Flow Flow describes required or produced objects of any activity 
or connected process. It can also specify in which state the 
object is required or produced.

Activity 
Scenario

Some activities can be performed in multiple ways often 
producing different output objects (or objects in different 
states).  Activity  Scenarios  define  which  objects  are 
produced  by  the  appropriate  scenario  of  the  activity 
specified by the number on the Flow element.

Responsibility Responsibility is  a special  case of the Flow element  that 
specifies which Active Object is responsible for the activity.

Inhibition Inhibition blocks the start of the inhibited activity while the 
appropriate object is present.

Table 3.2: Basic Modelling Elements of the Coordination Diagram [1]

Figure 3.4 shows an example of the Coordination diagram of a simplified process of hiring 
new employee in the human resources (HR) agency based on my master's thesis [30].

The process in the example starts with a Demand that is based on the company's demand 
for new employees. HR Worker takes the Demand and searches for suitable applicants that 
would  be  suitable  for  the  job.  HR  Worker  then  contacts  the  chosen  Applicant  and  the 
Applicant decides if he is interested in the job. If he is not interested, the process ends without 
further  activities,  but  if  the  Applicant  is  interested,  he  sends  his  CV to  the  agency.  HR 
Consultant from the agency then arranges an interview with the Applicant and the interview 
takes place in the agency. The final product of the process is the interview report made by the 
HR Consultant.

Another possible scenario of the process is when the Applicant contacts the agency on his 
own initiative when he tries to find a job himself. When this happens, the process starts with 
already interested Applicant that sends the CV to the agency. Then the interview is arranged 
and performed in the same way as in the first described process scenario.
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3.2.1.1 Parallelism in the Coordination Diagram

Previous example shows that activity scenarios are used to branch the flow through the 
process, but no specific modelling elements for parallelism are contained in the BPM Method. 
BPM Method is able to model parallelism of several different activities in the same process 
instance  by  structuring  the  model  correctly.  The  correct  structure  is  based  on  AND-split 
pattern,  where  multiple  branches  start  from  one  activity,  and  AND-join  pattern,  where 
multiple branches merge in one activity. For example, activities Implement Functionality and 
Create Test in the simplified example process in  Figure 3.5 can be performed concurrently 
because  they  are  both  readied  after  activity  Specify  Requirement  ends  and  produces  its 
outputs.  At  the  same  time  activity  Test  Functionality  can  be  performed  only  after  both 
Implement Functionality activity and Create Test activity are completed.

3.2.2 Formalization of 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 will greatly enhance and simplify the 
simulation possibilities of this method that will be built upon in the rest of this thesis because 
the simulation approach will strictly abide 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 will mainly focus on the simulation of processes modelled using the BPM Method, many 
of these parameters can be ignored to simplify the definition and conversion because they do 
not have any influence on the simulation itself. In this thesis, I will only work with the basic 
structure of the Coordination model and build additional simulation extensions on top of it 
to enable  automatic  simulations  using  the  model.  The basic  structure  of  the  Coordination 
model  is  defined in  Definition  3.6.  This  structure  contains  a  lot  of  elements  that  can  be 
grouped together based on their meaning, so this grouping approach was chosen to make the 
definition more readable and understandable.

Definition 3.6:

Basic structure of the Coordination model of the BPM Method is a tuple CM = (O, A,  
F, H, responsibility) where:

• O  = (OB, ON, objectAssignment,  objectType)  is  a tuple that  describes passive and 
active objects in the model where:
◦ OB is a finite set of active or passive objects in the model,
◦ ON is a finite set of active or passive object nodes in the model,
◦ objectAssignment: ON → OB is a function that assigns appropriate object to each 

object node and
◦ objectType: OB → {active, passive} is a function that specifies for every object if 
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it is an active or passive object;
• A =  (AC,  AN,  activityAssignment,  AS,  activityScenario)  is  a  tuple  that  describes 

activities in the model where:
◦ AC is a finite set of activities in the model,
◦ AN is a finite set of activity nodes in the model,
◦ activityAssignment: AN  → AC is  a  function  that  assigns  appropriate  activity 

to each activity node,
◦ AS is a finite set of activity scenarios in the model and
◦ activityScenario: AC  → (2AS \  {}) is a function that assigns activity scenarios 

to each activity in the model and each activity must have at  least one scenario 
assigned;

• F = (FI, FO, FN, flowLabelling, flowScenario) is a tuple that describes flow arcs in the 
model where:
◦ FI   (ON  AN) is a relation that describes input object nodes for each activity 

node,
◦ FO  (AN  ON) is a relation that describes output object nodes for each activity 

node,
◦ FN is a finite set of flow names in the model,
◦ flowLabelling:  (FI   FO) → (FN   {}) is a function that assigns flow name 

to each input and output flow with  representing an empty name and
◦ flowScenario: FO  → (2AS \  {})  is  a  function  that  assigns  activity  scenarios 

to each activity output flow and each output flow must have at least one scenario 
assigned. Activity scenarios for all output flows of each activity have to be chosen 
only from the activity scenarios assigned to the appropriate activity, so all function 
values have to meet the following condition:

∀ a ∈ AN ∀ o ∈ ON ∀ s ∈ AS [s ∈ flowScenario (a ,o) ⇒

s ∈ activityScenario( activityAssignment (a)) ]
(3.4)

• H  (ON  AN) is a relation that describes inhibiting object nodes for each activity 
node and

• responsibility: AN  → (ON   {}) is a function that describes a responsible active 
object node for each activity with  w representing no responsibility for automated or 
auxiliary activities. Only active objects can have responsibility for each activity, so all 
function values have to meet the following condition:

∀ a ∈ AN [o = responsibility (a) ⇒

(o = ω ∨ objectType(objectAssignment (o))= active) ]
(3.5)

(Note:  As the subsequent extensions to the Coordination model, which will be presented 
in this thesis, are going to build on this definition and on each other, the complete definition 
of the Coordination model with all  extensions is  presented in the appendix of this  thesis. 
Looking to the appendix is a convenient way to refresh your knowledge about specific parts 
of the Coordination model definition that will be required in the following text.)

Objects defined in set  OB are only abstractions of individual objects that can be present 
at different  places  in  the  behaviour  of  the  process.  For  example  an  object  describing 
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a Developer role is present in different parts of the process flow where in one part it could be 
responsible for implementing a code of some application and then elsewhere in the process it 
could work on fixing issues in the application. These are both instances of one object, but 
in the flow of the process they are described by two different object nodes defined in set ON. 
These  object  nodes  are  related  to  the  same  object  by  using  the  assignment  function 
objectAssignment. The same approach is used in the case of activities.

One thing missing in this definition, as compared to the Coordination diagram elements 
mentioned in Table  3.2, are the Process nodes. Coordination diagrams are used to view the 
behaviour in the Coordination model and Process nodes are only used for creating hierarchy 
of individual diagrams and separating big models into more easily readable parts. Process 
nodes are then used as connectors among these diagrams and do not have any other functional 
aspect that would influence the Coordination model itself.  The specification of the model 
therefore does not need to define these diagram elements without limiting the model in any 
way. The model can also be displayed using one big Coordination diagram without using any 
Process nodes, and the behaviour of the model will not change.

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. This leads to the definition of a basic 
system of the Coordination model stated in Definition 3.7.

Definition 3.7:

Basic system of the Coordination model of the BPM Method is a tuple  CMS = (CM, 
charging0) where

• CM is a basic structure of the Coordination model and
• charging0:  ON → ℕ is a function that describes the initial charging of object nodes 

in the model.

Behaviour  of  the  Coordination  model  system is  very similar  to  a  Petri  net  behaviour. 
Current  state  of  the  Coordination  model  is  defined  by  the  charging  function  of  the 
Coordination model system and this charging function changes during the execution of the 
process. Initial charging function is defined in Definition 3.7 as charging0 and changes in this 
function are defined by the firing rule that is defined in Definition 3.9. Firing rule can only be 
performed for activities that are enabled and this state can be defined by the enabling rule 
as stated in Definition 3.8.

Definition 3.8:

Activity node a  AN is enabled in specific CMS and current charging function charging 
if and only if:

∀ i ∈ ON [ ((i , a) ∈ FI ∨ i = responsibility(a)) ⇒ charging (i) > 0] ∧
∀ h ∈ ON [(h ,a ) ∈ H ⇒ charging (h) = 0 ]

(3.6)

In simple terms, an activity node in the model is enabled if all its input objects and its 
responsible object carry at least one charge and all inhibiting object do not carry any charge.
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Definition 3.9:

When one of the enabled activity nodes  a    AN is fired in specific  CMS with specific 
activity  scenario  s    AS and  with  current  charging  function  charging,  then  the  current 
charging function of the CMS is changed to charging', which is defined as:

∀ i ∈ ON [ ((i , a) ∈ FI ∨ i = responsibility (a )) ⇒

( charging ' (i)= charging (i)− 1) ] ∧
∀ o ∈ ON [((a ,o) ∈ FO ∧ s ∈ flowScenario ((a ,o))) ⇒

(charging ' (o) = charging (o) + 1)] ∧
∀ u ∈ ON [(u ,a) ∉ FI ∧ u ≠ responsibility (a) ∧

((a ,u) ∉ FO ∨ s ∉ flowScenario ((a ,u))) ⇒

charging ' (u) = charging (u)]

(3.7)

In  simple  terms,  when any activity node is  fired,  all  its  input  objects  and responsible 
objects lose one charge, all its output objects for specified scenario gain one charge and all 
other objects keep their charges unchanged.

Execution  of  the  Coordination  model  is  then  defined  as  a  sequence  of  firing  steps 
of activity  nodes  with  specified  scenarios  in  the  model  that  change  the  current  charging 
function. If operator →a,s is defined as firing of a currently enabled activity node  a   AN 
in the system with scenario  s   AS as defined in Definition 3.9, the single execution of the 
model can be defined as:

charging0 →a1,s1 charging1 →a2,s2 ... →an,sn chargingn (3.8)

where charging0 is the initial charging function, charging1 is the charging function after the 
first  activity node  a1 in this  execution is  fired with scenario  s1 and  chargingn is  the final 
charging function of this execution in which no activity nodes are enabled.

One model can go through different executions because when several activity nodes are 
enabled at the same time, only one of them can be fired in one execution step. The decision,  
which of the enabled activity nodes is fired, is non-deterministic. Second diversion in the 
execution flow is that firing of any activity node is based on the activity scenario that is part 
of the activity. During manual simulation using the BPStudio modelling software tool for the 
BPM Method, execution scenario is  specified manually by the user for every step of the 
execution. During automatic simulation, that I will define as an extension of the BPM Method 
in this thesis, scenarios will be assigned to the execution based on their probability (for more 
information see section  3.2.4.2 Probability of Activity Scenarios). But before I define such 
extension  I  will  assume  that  the  current  execution  scenario  is  also  assigned  non-
deterministically from all available scenarios of the currently executed activity.

3.2.3 Conversion of Coordination Model to Petri Net

Behaviour of the Coordination model is very similar to the behaviour of a Petri net, so 
I have based the conversion of the Coordination model to a Petri net on proper conversion 
of its structure and charging function.

3.2.3.1 Conversion with Single Activity Scenario

Conversion  of  the  Coordination  model  structure  with  single  scenario  (CMSS)  for  each 
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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. This limited conversion is stated in Definition 3.10.

Definition 3.10:

Conversion of the basic Coordination model structure with single activity scenario for each 
activity (i.e.  a   ACCM [|activityScenarioCM(a)|  = 1]) specified as  CMSS = (OCM, ACM, FCM,  
HCM, responsibilityCM)  (all sub-elements related to the definition of the Coordination model 
will contain index CM for better differentiation) to a Petri net structure PNSS = (PSS, TSS, ISS, OSS,  
HSS) is defined as:

PSS : ∀o ∈ ON CM [ po ∈ PSS ∧ ∀ o' ∈ ON CM [o ≠ o ' ⇔ po ≠ po ' ] ] (3.9)

where po is a place in the Petri net that relates to object node o (and each object node has its 
own related place),

T SS : ∀a ∈ AN CM [t a ∈ T SS ∧ ∀ a ' ∈ AN CM [a ≠ a ' ⇔ t a ≠ t a ' ] ] (3.10)

where ta is a transition in the Petri net that relates to activity node a (and each activity node 
has its own related transition),

I SS : ∀ a ∈ AN CM ∀o ∈ ON CM

[((o ,a ) ∈ FI CM ∨ o = responsibilityCM (a)) ⇒ I SS (t a , po)= 1]
(3.11)

and all unspecified values for ISS are equal to 0.

OSS : ∀ a ∈ AN CM ∀o ∈ ON CM [(a ,o) ∈ FOCM ⇒ OSS (t a , po)= 1 ] (3.12)

and all unspecified values for OSS are equal to 0.

H SS : ∀a ∈ AN CM ∀ o ∈ ON CM [(o ,a ) ∈ H CM ⇒ H SS (t a , po)= 1 ] (3.13)

and all unspecified values for HSS are equal to 0.

By looking at the formal conversion, it is obvious that some information included in the 
Coordination model is lost during the conversion (object and activity abstractions, object type 
and flow labelling),  but these missing parts  do not influence the behaviour of the model. 
To exactly convert the behaviour itself, the Coordination model system has to be converted 
to a Petri net system. That means converting the charging function to the marking function 
which is rather a trivial problem formally defined in Definition 3.11.

Definition 3.11:

Conversion of the basic Coordination model system CMSSS  with single scenario for each 
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activity (all elements related to the definition of the Coordination model will contain index CM 

for better differentiation) to a Petri net system PNSSS = (PSS, TSS, ISS, OSS, HSS, M0,SS) is defined 
as:

• Basic structure of the Coordination model CMSS is converted to the Petri net structure 
(PSS, TSS, ISS, OSS, HSS) as defined in Definition 3.10 and

• M 0,SS : ∀o ∈ ON CM [M 0,SS ( po) = charging0, CM (o)]

This  direct  conversion  is  possible  because  the  set  of  object  nodes  ONCM to  which  the 
charging function is assigned is equivalent to the set of places PSS in the resulting Petri net and 
enabling, firing rules and execution mechanics are equivalent to the ones used in Petri nets.

3.2.3.2 Conversion with Multiple Activity Scenarios

By allowing multiple scenarios (MS) 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 3.6 shows an example of a multi-scenario activity in the model 
with its input and output objects and Figure 3.7 shows the converted Petri net with ignoring 
the activity scenarios.

The Coordination model in Figure 3.6 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,

2. objects OA2 and OP2 if the chosen scenario is scenario 2 or
3. object OA3 if the chosen scenario is scenario 3.

The  converted  Petri  net  from  Figure  3.7 that  ignores  activity  scenarios  in  the  model 
meanwhile behaves differently. Transition Activity1 is still  enabled only when at least one 
token is in place IA1 and at least one token in place IP1, but after firing the transition, tokens 
are produced to all output places OA1, OP1, OA2, OP2, OA3.
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Previous example shows that model with multiple activity scenarios has to be converted 
differently. The properly converted Petri net is shown in Figure 3.8.

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.

Formal conversion of a Coordination model structure with multiple activity scenarios is 
stated in Definition 3.12.

Definition 3.12:

Conversion  of  the  basic  Coordination  model  structure  CMMS  with  multiple  activity 
scenarios for each activity (i.e. a  ACCM [|activityScenarioCM(a)|  1]) (all elements related 
to the definition of the Coordination model will contain index  CM for better differentiation) 
to a Petri net structure PNMS = (PMS, TMS, IMS, OMS, HMS) is defined as:

PMS : ∀o ∈ ON CM [ po ∈ PMS ∧ ∀o ' ∈ ON CM [o ≠ o ' ⇔ po ≠ po ' ]] (3.14)

where po is a place in the Petri net that relates to object node o (and each object node has its 
own related place),

T MS : ∀ a ∈ AN CM ∀ s ∈ ASCM

[ s ∈ activityScenarioCM (activityAssignmentCM (a)) ⇒ (ta , s ∈ T MS ∧

∀ a ' ∈ AN CM ∀ s ' ∈ ASCM [ (a ≠ a ' ∨ s ≠ s ' ) ⇔ ta , s ≠ t a ' , s ' ])]
(3.15)

where ta,s is a transition in the Petri net that relates to activity scenario s of activity node a 
(and each activity scenario for each activity node has its own related transition),
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I MS : ∀a ∈ AN CM ∀ s ∈ AS CM ∀o ∈ ON CM

[( s ∈ activityScenarioCM (activityAssignmentCM (a)) ∧

((o , a) ∈ FI CM ∨ o = responsibilityCM (a))) ⇒ I MS (t a , s , po)= 1]
(3.16)

and all unspecified values for IMS are equal to 0.

OMS : ∀ a ∈ AN CM ∀ s ∈ ASCM ∀ o ∈ ON CM

[((a ,o) ∈ FOCM ∧ s ∈ flowScenarioCM (a ,o)) ⇒ OMS( ta , s , po)= 1 ]
(3.17)

and all unspecified values for OMS are equal to 0.

H MS : ∀a ∈ AN CM ∀ s ∈ ASCM ∀o ∈ ON CM

[(s ∈ activityScenarioCM (activityAssignmentCM (a))∧ (o ,a) ∈ H CM ) ⇒

H MS (t a , s , po)= 1 ]
(3.18)

and all unspecified values for HMS are equal to 0.

The single  scenario model  is  only a  special  case of  the  multiple  scenarios  model  and 
therefore only the multiple scenarios model will be used in the rest of this thesis. 

Due to the fact, that final set of places  PMS is still equivalent to the set of object nodes 
ONCM, the charging function can be directly converted to the marking function in the same 
way  as  for  Coordination  model  with  single  activity  scenario.  The  conversion  of  the 
Coordination model system is therefore the same as the conversion defined in Definition 3.11.

3.2.4 Stochastic Extensions of Coordination Model

BPM Method is supported by the BPStudio modelling software tool. It provides graphical 
user  interface  for  modelling  all  models  of  the  BPM Method,  including  the  Coordination 
model defined in previous section, and it 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  will  enable  automatic  simulation  of  processes  based  on  given  stochastic 
behaviour of the process. I will ensure 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.

According to the definition of the BPM Method in previous sections, it is clear that the 
whole behaviour of the process can be described by the Coordination model. I will therefore 
introduce all proposed extensions to the Coordination model, mainly to individual activities 
in the model – the duration of activities can be varied based on external and internal factors 
and  some  activities  have  alternative  scenarios  that  have  to  be  performed  with  given 
probability. Entry of new customers to the process has to be introduced to the models for 
analysing performance statistics in addition to stochastic aspects of individual activities. This 
also brings new concurrency options to the process by allowing several instances of the same 
activity and even several instances of the process to run concurrently.
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Finally, I will convert each proposed extension to the underlying Petri net and encode the 
stochastic extensions into the stochastically timed transitions of the Petri net. The final net 
will therefore be a Generally Distributed Timed Transition Stochastic Petri Net (GDTT SPN, 
for more information see section 3.1.1.1 Timed Petri Nets).

3.2.4.1 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 GDTT SPN that specifies transition durations using a probability density function.

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 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 specified probability distribution using its quantiles or other important 
parameters (e.g. mean, mode, etc.).

Stochastic Properties

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  [31]. As I already stated, setting these parameters is not easy for 
business  process  analysts.  Fortunately,  a  way  to  compute  these  two  parameters  from 
an interval  of  values  is  possible  using  quantiles  of  the  distribution.  I  will  specify  this 
computation in Theorem 3.1 and prove it in Proof 3.1.

Theorem 3.1:

If  the duration  interval  for  a  process  activity is  defined as  <low,  high>,  low specifies 
a value of the 100(plow)-th quantile and  high specifies a value of the 100(phigh)-th quantile 
of the distribution, then the parameters of normal distribution X N(,) are evaluated as:

μ =
Φ−1

( phigh)⋅low − Φ−1
( plow)⋅high

Φ−1
( phigh)−Φ−1

( p low)
(3.19)

σ 2
= ( high − low

Φ−1
( phigh)−Φ−1

( p low))
2

(3.20)
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where  F -1(p) is  the  quantile  function  of  the  standard  normal  distribution  [32] and 
F -1(phigh)  F -1(plow).

Proof 3.1:

Proof of Theorem 3.1 is based on the cumulative distribution function (CDF) of a normal 
distribution and its conversion to the CDF of standard normal distribution. This conversion is 
defined as [31]:

F ( x) =Φ ( x − μ
σ ) (3.21)

where  F(x)  is  a  CDF  of  normal  distribution  and  F(x)  is  a  CDF  of  standard  normal 
distribution.  The  CDF of  any distribution  specifies  a  probability  that  value  of  a  random 
variable with this distribution is lower than the parameter of the CDF. Therefore a 100(p)-th 
quantile xp (p  <0,1>) can be defined as [31]:

F ( x p)= p (3.22)

By using the conversion specified in formula (3.21) the quantile specification for normal 
distribution is:

Φ ( x p − μ
σ ) = p (3.23)

Quantile function is defined as an inverse function to the CDF function [31] thus leading 
to:

x p − μ
σ =Φ−1

( p) (3.24)

 
Finally, 100(p)-th quantile xp can be determined as:

x p = μ +Φ −1
( p)⋅σ (3.25)

Using formula  (3.25) for  100(plow)-th  quantile  low and  100(phigh)-th  quantile  high from 
Theorem 3.1,  a  system of  two equations  with  two unknown variables  (  and )  can  be 
created:

low = μ + Φ−1
( plow)⋅σ (3.26)

high = μ + Φ−1
( phigh)⋅σ (3.27)

This system of equations can be solved in a following way:
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μ=low −Φ−1
( plow)⋅σ

σ =
high − μ

Φ−1
( phigh)

(3.28)

μ = low −Φ−1
( p low)⋅

high − μ

Φ ( phigh)

μ −
Φ−1

( p low)⋅μ

Φ−1
( phigh)

= low −
Φ −1

( plow)⋅high

Φ−1
( phigh)

μ ⋅(Φ−1( phigh) −Φ−1( p low))
Φ−1( phigh)

=
Φ−1( phigh)⋅low −Φ−1( plow)⋅high

Φ−1( phigh)

μ ⋅(Φ −1
( phigh)− Φ−1

( plow)) =Φ−1
( phigh)⋅ low −Φ−1

( p low)⋅high

μ =
Φ −1

( phigh)⋅ low −Φ−1
( p low)⋅high

Φ−1
( phigh) −Φ−1

( plow)

(3.29)

σ =

high −
Φ−1

( phigh)⋅ low −Φ −1
( p low)⋅high

Φ−1
( phigh) −Φ−1

( plow)

Φ−1
( phigh)

σ =
high⋅(Φ −1

( phigh)− Φ−1
( plow)) −Φ−1

( phigh)⋅low + Φ−1
( plow)⋅high

Φ −1
( phigh)⋅(Φ −1

( phigh)−Φ−1
( p low))

σ =
Φ−1

( phigh)⋅(high − low)

Φ−1( phigh)⋅(Φ−1( phigh)−Φ −1( plow))

σ =
high − low

Φ −1
( phigh)−Φ −1

( plow)

σ 2
= ( high − low

Φ −1
( phigh)−Φ −1

( plow))
2

(3.30)

Final results from formulas (3.29) and (3.30) prove Theorem 3.1.

It  should be noted that  the solution provided in  Theorem 3.1 needs to  work with two 
different values for  phigh and  plow. If both quantiles were specified for the same probability, 
formulas (3.19) and (3.20) would divide by zero as F -1(phigh) would be equal to F -1(plow). Only 
probabilities of these quantiles have to be different, their values can be the same as this will  
lead to a normal distribution with zero variance that is defined as a Dirac's delta function for 
 [33].  would then be equal to the value of the quantiles (i.e.  = low = high), effectively 
specifying a constant duration of the activity.

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 
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more times to get a positive number.
The choice of quantiles, that should be used for determining the distribution parameters, is 

also a part of the process analysis and modelling. This choice should be based on the risk 
analysis for every activity or for the whole process, because activities with higher amount 
of risk can have higher probability of not hitting the duration interval. More risky activities 
can therefore be defined with lower phigh probability and its appropriate quantile value.

Log-normal Distribution
Log-normal distribution is another distribution that is useful for the description of human-

based activity durations [34]. 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   [31]. I  state  how to  compute  these 
parameters with specified quantiles in Theorem 3.2 and prove it in Proof 3.2.

Theorem 3.2:

If the duration interval for a process activity is defined as <low,  high>,  low specifies a 
value of the 100(plow)-th quantile and high specifies a value of the 100(phigh)-th quantile of the 
distribution, then the parameters of log-normal distribution X LN(,) are evaluated as:

μ =
Φ−1

( phigh)⋅ln( low) −Φ−1
( plow)⋅ ln(high)

Φ−1
( phigh)−Φ−1

( p low)
(3.31)

σ 2
= ( ln(high)− ln (low)

Φ−1
( phigh)−Φ−1

( p low))
2

(3.32)

where F -1(p) is the quantile function of the standard normal distribution [32], F -1(phigh)  
F -1(plow), low > 0 and high > 0.

Proof 3.2:

Proof of Theorem 3.2 is based on the same principle as Proof 3.1 with CDF of log-normal 
distribution being [31]:

F ( x)={Φ ( ln (x )−μ
σ ) , for x>0

0 , for x≤0
(3.33)

If substitution  t  = ln(x) is used on formula  (3.33) and only  x  > 0 part if the function is 
inspected, it simplifies the formula to:

F ( x)=Φ ( t−μ
σ ) (3.34)

Formula (3.34) is the same as formula (3.21) provided in Proof 3.1, so the rest of this proof 
can be done in the same way as in Proof 3.1, only using  tlow = ln(low) instead of  low and 
thigh = ln(high) instead of high. The condition x > 0, which in this case translates to  low > 0 
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and high > 0, still has to hold. Finally, tlow and thigh can be substituted back to the final results 
of formulas (3.29) and (3.30), leading to the same results as stated in Theorem 3.2.

The condition of non-equality of quantile probabilities is the same as in the case of normal 
distribution, but two new conditions arose in Theorem 3.2 that are specific to the use of log-
normal distribution. These conditions are based on the property of the log-normal distribution 
that  only  positive  numbers  are  probable  results  of  the  distribution.  Therefore  using  non-
positive values for any of the quantiles limits their usability for describing the distribution's 
probability  density  function.  As  duration  values  are  always  non-negative  in  reality  (no 
activities can rewind time back as far as I know) the only problem with these conditions are 
zero values. If both quantiles are defined as zero, the duration of the activity can be converted 
to the constant zero duration, but when only one of the values is zero and the other is non-
zero, the behaviour is not specified and the simulation algorithm should throw an error.

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  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 [31]. 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. In Theorem 
3.3, I show how parameters  a and  b can be calculated if any two quantiles of the uniform 
distribution are specified and Proof 3.3 proves this theorem.

Theorem 3.3:

If  the duration  interval  for  a  process  activity is  defined as  <low,  high>,  low specifies 
a value of the 100(plow)-th quantile and high specifies a value of the 100(phigh)-th quantile of 
the distribution, then the parameters of uniform distribution X R(a,b) are evaluated as:

a =
phigh ⋅low − p low⋅high

phigh − plow
(3.35)

b =
high⋅(1 − plow) + low⋅( phigh−1)

phigh − plow
(3.36)

where phigh  plow.
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Proof 3.3:

Proof of Theorem 3.3 is based on the CDF of uniform distribution [31]:

F ( x)={
0 , for x < a

x − a
b − a

, for x ∈ 〈a ,b 〉

1 , for x > b

(3.37)

The quantiles low and high are always inside interval <a,b> and this time probability of the 
quantiles is used directly, not through the quantile function of standard normal distribution as 
in previous cases. This leads to a system of two equations with two unknown variables:

p low =
low − a
b − a

(3.38)

phigh =
high − a

b − a
(3.39)

This system of equations can be solved in a following way:

b p low − a plow = low − a

b phigh − a phigh = high − a
(3.40)

a − a p low = low − b p low

b phigh = high − a + a phigh

(3.41)

a =
low − b plow

1 − plow

b =
high + a⋅( phigh − 1)

phigh

(3.42)

a =

low − p low⋅
high + a⋅( phigh − 1)

phigh

1 − plow

a =
phigh low − plow high − a p low phigh + a p low

phigh⋅(1 − p low)

a phigh − a plow phigh + a p low phigh − a plow = phigh low − p low high

a⋅( phigh − p low)= phigh low − plow high

a =
phigh low − p low high

phigh − plow

(3.43)
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b =

high +
low − b plow

1 − plow

⋅( phigh − 1)

phigh

b =
high − plow high + phigh low − low − b plow phigh + b p low

(1 − p low)⋅ phigh

b phigh − b plow phigh + b p low phigh − p low = high − plow high + phigh low − low

b⋅( phigh − plow) = high⋅(1 − p low) + low⋅( phigh − 1)

b =
high⋅(1 − p low) + low⋅( phigh − 1)

( phigh − p low)

(3.44)

Final results from formulas (3.43) and (3.44) prove Theorem 3.3.

The condition of quantile probability non-equality is the same as in the case of previous 
distributions,  as  well  as  the  same  values  for  these  quantiles  leading  to  the  Dirac's  delta 
function for this common value [33].

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.

Necessary Extension of the Model

No new graphical  modelling  elements  have  to  be  added  to  the  models  to  extend  the 
Coordination  model  with  varying  activity  durations.  Every  activity  scenario  should  only 
provide means to define five parameters – low quantile value and probability, high quantile 
value and probability and a type of probability distribution used. Probabilities of quantiles 
will be specified using percentage notation to simplify their definition for process analysts 
that will create the process models. For user convenience, normal distribution with plow = 2.5% 
and phigh = 97.5% will be pre-set as a default distribution for all activities, but can be changed 
by the process analyst that is modelling the process. Formal extension of the Coordination 
model system is defined in Definition 3.13.

Definition 3.13:

Coordination  model  system  with  timed  activities (CMSTA)  is  defined  as  a  tuple 
CMSTA = (CMSMS, AD) where:

• CMSMS is a basic Coordination model system with multiple scenarios and
• AD = (lowValue,  lowProbability,  highValue,  highProbability,  distributionAssignment) 

is a tuple that describes duration distribution for each activity scenario where:
◦ lowValue: AS → {x  ℝ |  x  0} is a function that assigns low quantile value 

to each activity scenario,
◦ lowProbability: AS → {x  ℝ | x  (0,100)} is a function that assigns low quantile 

percentage probability to each activity scenario,
◦ highValue: AS → {x  ℝ |  x  0} is a function that assigns high quantile value 

to each  activity  scenario  and it  has  to  be  higher  or  equal  to  lowValue for  the 
appropriate scenario meeting the following condition:
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∀ s ∈ AS [highValue(s ) ≥ lowValue (s) ] (3.45)

◦ highProbability: AS → {x  ℝ |  x  (0,100)} is  a  function  that  assigns  high 
quantile percentage probability to each activity scenario and it has to be higher 
than lowProbability for the appropriate scenario meeting the following condition:

∀ s ∈ AS [highProbability (s ) > lowProbability (s)] (3.46)

◦ distributionAssignment: AS → {normal,  lognormal,  uniform} is  a  function  that 
assigns a probability distribution for the duration of each activity scenario in the 
model.

Conversion to Petri Net

The first simple idea is to extend the basic Petri net to GDTT SPN and directly assign 
specific probability density function to all scenario transitions ta,s as defined in Definition 3.12 
with  enabling  execution  policy used  for  all  these  transitions.  An example  of  this  simple 
conversion is shown in Figure 3.9 and Figure 3.10.

Unfortunately, this simple conversion creates a discrepancy with the Coordination model 
behaviour. Timed Petri nets behave in a way, that when two conflicting transitions are enabled 
at the same time, the transition with lower remaining duration is fired. In other words, shorter 
scenarios would be prioritized because they would fire much more frequently than longer 
scenarios  of  the  same activity.  Longer  scenario  transitions  will  not  even be fired  if  their 
probability functions do not overlap with the probability functions of shorter scenarios (e.g. 
uniform  distribution  on  disjunct  intervals).  This  behaviour  is  not  in  line  with  the  non-
deterministic choice of scenarios in basic Coordination model that assumes equal probability 
of firing any of the current activity scenarios.

I have solved this problem by creating additional immediate transitions that are placed 
right after the input places and before actual timed transitions. Example of this extended Petri 
net is shown in Figure 3.11.
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This immediate transition ensures that non-determinism of firing individual scenarios is 
preserved and the actual execution of the activity scenario takes the predefined time. The 
immediate  transition  is  also  useful  for  single  scenario  activities  because  it  ensures  non-
determinism on the process level. Alternative branching in the Coordination model should be 
always done by using activity scenarios, but it is still possible to use standard XOR-split and 
XOR-join  structure.  If  proposed  immediate  transitions  were  omitted  for  single  scenario 
transitions,  the  XOR-split  structure  would  lead  to  the  same  problem  with  racing  firing 
conditions across two conflicting activities.

Formal conversion of the Coordination model structure with timed activities to a Petri net 
is defined in Definition 3.14.

Definition 3.14:

Conversion of the Coordination model system  CMSTA  with timed activities (all elements 
related  to  the  definition  of  the  Coordination  model  will  contain  index  CM for  better 
differentiation) to a GDTT SPN (generally distributed timed transition stochastic Petri net, see 
Definition 3.5) system PNSTA = (PTA, TTA, ITA, OTA, HTA, M0,TA, WTA, TA) is defined as:

PTA: ∀ p ∈ PMS [ p ∈ PTA] ∧ ∀a ∈ AN CM ∀ s ∈ AS CM

[ s ∈ activityScenarioCM (activityAssignmentCM (a )) ⇒ ( pa , s
imm

∈ PTA ∧ pa , s
imm

∉ PMS ∧

∀ a ' ∈ AN CM ∀ s ' ∈ ASCM [(a ≠ a ' ∨ s ≠ s ' ) ⇔ pa , s
imm

≠ pa ' , s '
imm ])]

(3.47)

where PMS is the set of places from Definition 3.12 and pa ,s
imm is the output place of each 

immediate transition t a , s
imm in the Petri net that relates to activity scenario s of activity node a 

(and each activity scenario for each activity node has its own related imm place),
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T TA : ∀ t ∈ T MS [ t ∈ T TA ] ∧ ∀ a ∈ AN CM ∀ s ∈ ASCM

[s ∈ activityScenarioCM (activityAssignmentCM (a)) ⇒ (t a , s
imm

∈ T TA ∧ ta , s
imm

∉ T MS ∧

∀ a ' ∈ AN CM ∀ s ' ∈ ASCM [(a ≠ a ' ∨ s ≠ s ' ) ⇔ t a ,s
imm

≠ t a ' ,s '
imm ])]

(3.48)

where  TMS is  the  set  of  transitions  from  Definition  3.12  and t a , s
imm is  the  previously 

described immediate transition that relates to activity scenario s of activity node a (and each 
activity scenario for each activity node has its own related imm transition),

I TA : ∀a ∈ AN CM ∀ s ∈ AS CM

[(s ∈ activityScenario (activityAssignment (a )) ⇒ I TA(t a , s , pa , s
imm

= 1)) ∧

(∀o ∈ ON CM [( s ∈ activityScenario (activityAssignment (a)) ∧

((o , a) ∈ FI CM ∨ o = responsibilityCM (a ))) ⇒ I TA( ta , s
imm , po)= 1])]

(3.49)

and all unspecified values for ITA are equal to 0.

OTA : ∀ a ∈ AN CM ∀ s ∈ ASCM

[( s ∈ activityScenarioCM (activityAssignmentCM (a)) ⇒ OTA( t a , s
imm , pa , s

imm
) = 1)∧

(∀o ∈ ON CM

[((a ,o) ∈ FOCM ∧ s ∈ flowScenarioCM (a ,o)) ⇒ OTA(t a , s , po) = 1])]

(3.50)

and all unspecified values for OTA are equal to 0.

H TA: ∀ a ∈ AN CM ∀ s ∈ ASCM ∀ o ∈ ON CM

[(s ∈ activityScenarioCM (activityAssignmentCM (a))∧ (o ,a ) ∈ HCM ) ⇒

H TA(t a , s
imm , po) = 1]

(3.51)

and all unspecified values for HTA are equal to 0.

M 0,TA : ∀ o ∈ ON CM [ M 0,TA( po)= charging0,CM (o)] ∧

∀a ∈ AN CM ∀ s ∈ ASCM [M 0,TA( pa , s
imm

)= 0]
(3.52)

W TA : ∀ a ∈ ANCM ∀ s ∈ AS CM

[ (distributionAssignmentCM ( s)= normal ⇒ W TA (t a ,s )= normalPdf

(lowValueCM (s), lowProbabilityCM (s) ,highValueCM (s) ,highProbabilityCM (s))) ∧
[(distributionAssignmentCM ( s) = lognormal ⇒ W TA (t a ,s )= lognormalPdf

(lowValueCM (s), lowProbabilityCM (s) ,highValueCM (s) ,highProbabilityCM (s))) ∧
[ (distributionAssignmentCM ( s)= uniform ⇒ W TA (t a ,s )= uniformPdf

(lowValueCM (s), lowProbabilityCM (s) ,highValueCM (s) ,highProbabilityCM (s))) ∧

(W TA(ta , s
imm)= constantPdf (0))]

(3.53)
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ϵTA : ∀ t ∈ T TA [ϵTA( t)= enabling] (3.54)

where  normalPdf,  lognormalPdf and  uniformPdf are functions  ℝℝℝℝ → {pdf} that 
compute  probability  density  function  for  specific  normal,  log-normal  and  uniform 
distributions  respectively  with  given  low  and  high  quantile  values  and  percentage 
probabilities as specified in Theorems 3.1, 3.2 and 3.3 respectively. constantPdf is a function 
ℝ → {pdf} that  defines  a  probability  density  function  of  a  degenerated  distribution  that 
always generates the given constant number.

3.2.4.2 Probability of Activity Scenarios

As I already said, activity scenarios during manual simulation of the Coordination model 
are chosen by the user as he sees fit for the process flow he wants to simulate. When the user 
is  not  available,  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.

Stochastic Properties

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 this run. Zero probability is not possible because 
the scenario would never be executed and therefore has no meaning in the process. On the 
other hand, 100% probability is used for activities that contain only one scenario. The sum 
of probabilities for all scenarios of one activity has to be 100%. Every scenario retains its own 
duration as specified in section 3.2.4.1 Varying Duration of Activities.

Necessary Extension of the Model

Each scenario needs to be extended by a percentage probability for its activation that is 
added to the scenario duration parameters introduced in section  3.2.4.1 Varying Duration of
Activities. This leads to an extension of the model that is defined in Definition 3.15.

Definition 3.15:

Coordination model system with probabilistic scenarios (CMSPS) is defined as a tuple 
CMSPS = (CMSTA, scenarioProbability) where

• CMSTA is a Coordination model system with timed activities from Definition 3.13 and
• scenarioProbability: AS → {x  ℝ |  x   (0,100>}  is  a  function  that  assigns 

a percentage probability of execution to each activity scenario and a total percentage 
probability for all scenarios of each activity has to be 100%. This can be specified by 
the following condition:

∀ a ∈ AC [ ∑
s∈activityScenario (a )

scenarioProbability( s)= 100 ] (3.55)
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Conversion to Petri Net

Definition of transition probability in Petri nets is possible, but only for sets of free-choice 
transitions  [35].  Free-choice  transitions  are  special  transitions  that  all  share  the  same set 
of input places (i.e. ∀ p , p ' ∈ t• [ p •

=p ' • ] ). The probability of each free-choice transition is 
then defined as a function  prob:  T → (0,1> and a total probability for all transitions in one 
free-choice set has to be 1 [35].

This free-choice condition is true for all transitions created for individual activity scenarios 
(see Definition 3.14) so this approach can be used in the conversion of Coordination model. 
Unfortunately,  there  is  a  problem  that  demands  addition  of  another  auxiliary  immediate 
transition and auxiliary place to the conversion as shown in Figure 3.12 that defines a proper 
conversion of activity Contact applicant from Figure 3.9. Scenario 1 has a probability of 80% 
and scenario 2 has a probability of 20%.

This auxiliary immediate transition is there to ensure free-choice property of the immediate 
scenario transitions.  Imagine the situation in  Figure 3.13 where the flow branches to  two 
alternative activities (standard XOR-split) and one of them has two scenarios. This construct 
should be avoided in the Coordination model and all alternative branching should be done 
using only activity scenarios, but the model does not strictly forbid it so it has to be accounted 
for. If such model was converted without the auxiliary transition, it would lead to a situation 
depicted in Figure 3.14.

40

Figure 3.12: Conversion of Activity Scenario Probabilities



In this  Petri  net,  the Immediate Scenario1 and Immediate Scenario2 transitions are not 
free-choice, because they share some, but not all, input places with the Immediate Activity2 
transition.  This  construct  breaks  the  free-choice  property  of  scenario  transitions  and  the 
probability extension could not be used for them. The auxiliary transition, which I introduced 
in Figure 3.12, solves this problem and specifies that the executed activity should be chosen 
in a non-deterministic fashion. This is in accordance with the standard Coordination model 
behaviour.

Formal conversion of scenario probabilities is stated in Definition 3.16.

Definition 3.16:

Conversion  of  the  Coordination  model  system  CMSPS  with  probabilistic  scenarios  (all 
elements related to the definition of the Coordination model will contain index CM for better 
differentiation)  to  a  GDTT SPN system with probabilistic  free-choice transitions  PNSPS = 
(PPS, TPS, IPS, OPS, HPS, M0,PS, WPS, PS, probPS) is defined as:

PPS : ∀ p ∈ PTA [ p ∈ PPS ] ∧ ∀ a ∈ AN CM [ pa
aux

∈ PPS ∧ pa
aux

∉ PTA ∧

∀a ' ∈ AN CM [a ≠ a ' ⇔ pa
aux

≠ pa '
aux ]]

(3.56)

where  PTA is the set of places from Definition 3.14 and pa
aux is the described auxiliary 

place that relates to activity node a (and each activity node has its own related aux place),

T PS : ∀ t ∈ T TA [ t ∈ T PS ] ∧ ∀ a ∈ AN CM [ ta
aux

∈ T PS ∧ t a
aux

∉ T TA ∧

∀a ' ∈ AN CM [a ≠ a ' ⇔ t a
aux

≠ t a '
aux ]]

(3.57)

where TTA is the set of transitions from Definition 3.14 and t a
aux is the described auxiliary 

transition  that  relates  to  activity  node  a (and each activity  node has  its  own related  aux 
transition),
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I PS : ∀a ∈ AN CM [(∀o ∈ ON CM

[((o ,a) ∈ FI CM ∨ o = responsibilityCM (a )) ⇒ I PS( t a
aux , po)= 1]) ∧

(∀ s ∈ AS CM [ s ∈ activityScenario (activityAssignment (a )) ⇒

(I PS (t a , s
imm , pa

aux
)= 1 ∧ I PS (t a ,s , pa , s

imm
)= 1)])]

(3.58)

and all unspecified values for IPS are equal to 0.

OPS : ∀ a ∈ AN CM [OPS (t a
aux , pa

aux
)= 1 ∧ (∀ s ∈ ASCM

[( s ∈ activityScenarioCM (activityAssignmentCM (a)) ⇒ OPS (t a , s
imm , pa , s

imm
) = 1)∧

(∀o ∈ ON CM

[((a , o) ∈ FOCM ∧ s ∈ flowScenarioCM (a , o)) ⇒ OPS( ta , s , po)= 1])])]
(3.59)

and all unspecified values for OPS are equal to 0.

H PS : ∀ a ∈ AN CM ∀o ∈ ON CM

[(o ,a ) ∈ HCM ⇒ H PS (t a
aux , po) = 1]

(3.60)

and all unspecified values for HPS are equal to 0.

M 0, PS : ∀ o ∈ ON CM [ M 0, PS( po) = charging0,CM (o)] ∧

∀ a ∈ AN CM [M 0, PS( pa
aux

)= 0 ∧ (∀ s ∈ ASCM [M 0, PS ( pa ,s
imm

) = 0])] (3.61)

W PS : ∀ a ∈ AN CM [W PS (t a
aux) = constantPdf (0)] (3.62)

all unspecified values for WPS are equal to the appropriate values from WTA from Definition 
3.14.

ϵ PS : ∀ t ∈ T PS [ϵ PS (t)= enabling ] (3.63)

prob PS : ∀ a ∈ AN CM ∀ s ∈ ASCM

[ s ∈ activityScenario (activityAssignment (a )) ⇒

probPS (t a , s
imm

)= (scenarioProbability (s) / 100 )]
(3.64)

and transitions  other  than  timm do not  have  any execution probability defined,  they are 
chosen in a standard non-deterministic way.

3.2.4.3 Entry of New Customers to the Process

The only stochastic aspect, which is not directly connected with activities, is the delay 
between an entry of new customers to the process. With every new customer that enters the 
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process,  new  instance  of  the  process  is  created  and  simulated  individually.  The  only 
interaction between these two instances is done by sharing of resources (described further 
in section 3.2.6 Sharing Limited Resources).

Stochastic Properties

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  [36]. 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. Thanks to this calibration, the process can be analysed 
for  periods  with lower  customer acquisition  and then  compared to  the  analysis  of  higher 
customer acquisition behaviour. This distribution is not suitable for long-term simulations and 
quantity predictions, but my extension of the BPM Method is not primarily created to support 
these types of analysis.

The  delay  between  individual  customers  T is  therefore  simulated  by  exponential 
distribution  T E() that is defined by its mean value   for user convenience. This value 
describes mean delay between acquisition of new contracts. The intensity of Poisson's process 
 is then evaluated from the mean value as [31]:

λ =
1
β

(3.65)

where  > 0.
Intensity is the only needed parameter of the exponential distribution, but one additional 

parameter is needed for the simulation itself and that is the number of customer entries. This 
parameter makes it possible to finish the simulation after a defined number of created process 
instances enters the process. No new simulation instances are created after the number reaches 
this prescribed limit.

Necessary Extension to the Model

Only entry objects, where the customer entries are introduced to the process, gain two new 
parameters  –  mean  value  of  the  exponential  distribution  and  limit  number  of  simulated 
incoming contracts. This extension is defined in Definition 3.17.

Definition 3.17:

Coordination model system with customer entry (CMSCE) is defined as a tuple CMSCE = 
(CMSPS, CE) where:

• CMSPS is  a  Coordination  model  system  with  probabilistic  scenarios  as  defined 
in Definition 3.15 and

• CE =  (EO,  meanTimeBetweenEntries,  totalEntries,  PI,  processInstanceEntry)  is 
a tuple that describes entries of customers to the process where:
◦ EO  ON is a set of object nodes that are used as entry places for customer entries,
◦ meanTimeBetweenEntries: EO → {x  ℝ | x > 0} is a function that specifies mean 

time between individual customer entries to the entry object in the process,
◦ totalEntries:  EO → {x  ℕ |  x > 0} is  a  function that  specifies total  number 
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of customer entries that will come to the entry object during process simulation,
◦ PI is a finite set of process instances, that the model will generate during process 

simulation as one process instance will be generated by each customer entry and
◦ processInstanceEntry: PI →  EO is  a function that specifies which entry object 

node generated each process instance. As function  totalEntries exactly specifies 
how  many  process  instances  each  object  node  will  generate,  the  following 
condition has to be met:

∀ eo ∈ EO [∣{pi ∈ PI ∣ processInstanceEntry ( pi) = eo}∣= totalEntries (eo)] (3.66)

Conversion to Petri Net

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 will 
generate  tokens  to  the  net  based  on  the  exponential  distribution.  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 will use the second technique and then 
I will  provide  a  solution  for  sharing  common  resources  in  section  3.2.6 Sharing  Limited
Resources.

The resulting Petri net does not need to be extended by any new elements due to the choice 
of the second method. 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).  Tokens  are 
generated in accordance with the  M0 marking of the converted Petri net system, with one 
token added to the appropriate entry place that invoked the current customer entry. This is 
formally defined in Definition 3.18.

Definition 3.18:

Given CMSCE = (CMSPS, CE) is a Coordination model system with customer entry, PNSPS is 
a Petri net system converted from  CMSPS and  cpi  PI is the current process instance for 
which the system is created,  then  M0,CE is the initial  marking for this  process case and is 
defined as:

M 0,CE ( p)= {1 , p = p processInstanceEntry (cpi)

M 0, PS ( p) , p ≠ p processInstanceEntry (cpi)

(3.67)

Figure  3.15 shows  the  possible  resulting  form  of  the  Petri  net  converted  from  the 
Coordination model in  Figure 3.4. Places called Demand and Applicant are two of process' 
input  places  with  mean  values  1  day and  5  hours  respectively  and  limits  of  20  and  50 
customers  respectively.  (All  duration  parameters  are  converted  to  minutes  for  the  final 
probability distributions.)
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3.2.5 Additional Parallelism Possibilities

Stochastic  extensions  introduced in previous  sections  created  two new possibilities  for 
parallelism  in  the  model,  in  addition  to  the  parallelism  method  described  in  section 
3.2.1.1 Parallelism in the Coordination Diagram.

3.2.5.1 Process Instance Concurrency

In section 3.2.4.3 Entry of New Customers to the Process, I described a creation of process 
instances  for  each  customer  entry  to  the  process.  Every  such  process  instance  runs 
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concurrently to other running process instances, be they of the same process or of another 
processes. Each process instance is independent from other instances and only share common 
resources  (for  more specific  information about  shared  resources  see section  3.2.6 Sharing
Limited Resources).

3.2.5.2 Timed Activity Instance Concurrency

Extension  in  section  3.2.4.1 Varying  Duration  of  Activities that  introduced  stochastic 
timing  to  activities  in  the  Coordination  model  created  another  parallelism possibility  for 
running multiple instances of one activity at the same time. When the activity takes some time 
to finish, but there are still  some resources available for it  to be started again,  both such 
instances should run concurrently. For example, if there were three charges in the HR Worker 
object and five charges in the Demand object in Figure 3.4, then the Find Applicant activity 
could  be  performed  three  times  concurrently.  Each  activity  instance  would  consume  one 
charge from the HR Worker object and one charge from the Demand object leaving two extra 
demands for workers that will be the first to finish their work on the activity. This approach is  
also known as infinite-server semantics in queuing theory [36].

It is sometimes useful to limit the number of allowed concurrent instances of one activity, 
implementing multiple-server semantics with pre-specified number of available servers. Each 
timed activity can then define its capacity for concurrent runs that can not be exceeded and 
effectively describes the limitation of the execution environment of the activity.

Necessary Extension to the Model

Each activity in the model will define its capacity for concurrent executions of this activity. 
This extension is defined in Definition 3.19.

Definition 3.19:

Coordination model system with activity concurrency capacity (CMSACC)  is  defined 
as a tuple CMSACC = (CMSCE, activityCapacity) where:

• CMSCE is a Coordination model system with customer entries as defined in Definition 
3.17 and

• activityCapacity: AC → ℕ is a function that specifies concurrency capacity for each 
activity in the model. Zero value stands for infinite capacity.

Conversion to Petri Net

Conversion of activity concurrency capacities to a Petri net can be done in two equivalent 
ways. Either the timed transitions can be specified to use multiple-server semantics and the 
capacity can be defined directly for these transitions, or all transitions can be left with using 
the infinite-server semantics and additional input and output place can be created with the 
appropriate number of tokens based on the capacity. For this extension, I chose to use the 
latter  option  because  it  does  not  hide  structural  limitations  inside  additional  transition 
properties, but converts them into standard structural and behavioural patterns.

Example  of  such conversion  is  shown in  Figure  3.16,  where  one  activity  node in  the 
Coordination  model  with  its  capacity  set  to  3  is  converted  using  the  conversion  defined 
in section  3.2.4.2 Probability  of  Activity  Scenarios.  Additional  place  Activity  Capacity  is 
added with one input arc leading to the first transition of the converted activity node (i.e. the 
capacity is  reduced when the activity starts)  and one output arc leading from each timed 
scenario transition of the converted activity node (i.e. the capacity is incremented back when 
the activity finishes).
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Formal conversion is defined in Definition 3.20.

Definition 3.20:

Conversion of the Coordination model system CMSACC  with activity concurrency capacity 
(all elements related to the definition of the Coordination model will contain index  CM for 
better differentiation) to a GDTT SPN system with probabilistic free-choice transitions and 
infinite-server semantics for all transitions PNSACC = (PACC, TACC, IACC, OACC, HACC, M0,ACC, WACC,  
ACC, probACC) is defined as:

P ACC : ∀ p ∈ P PS [ p ∈ PACC ] ∧ ∀ a ∈ AN CM

[activityCapacityCM (activityAssignmentCM (a)) > 0 ⇒ ( pa
acc ∈ PACC ∧

pa
acc

∉ PPS ∧ ∀a ' ∈ AN CM [a ≠ a ' ⇔ pa
acc

≠ pa '
acc ]]

(3.68)

where  PPS is  the set  of places from Definition 3.16 and pa
acc is  the described activity 

concurrency capacity place that relates to activity node a (and each activity node with defined 
capacity has its own related acc place),
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T ACC = T PS (3.69)

where TPS is the set of transitions from Definition 3.16.

I ACC : ∀a ∈ AN CM [activityCapacityCM (activityAssignmentCM (a)) > 0 ⇒

I ACC (t a
aux , pa

acc
) = 1]

(3.70)

and  all  unspecified  values  for  IACC are  equal  to  the  appropriate  values  from  IPS from 
Definition 3.16.

OACC : ∀a ∈ AN CM ∀ s ∈ ASCM

[(s ∈ activityScenarioCM (activityAssignmentCM (a )) ∧

activityCapacityCM (activityAssignmentCM (a )) > 0) ⇒ OACC (t a , s , pa
acc

)= 1]
(3.71)

and all  unspecified values  for  OACC are  equal  to the appropriate  values from  OPS from 
Definition 3.16.

H ACC : ∀ t ∈ T ACC ∀ a ∈ AN CM [ H ACC (t , pa
acc) = 0] (3.72)

and all  unspecified values  for  HACC are  equal  to the appropriate  values from  HPS from 
Definition 3.16.

M 0, ACC : ∀a ∈ AN CM [activityCapacityCM (activityAssignmentCM (a)) > 0 ⇒

M 0, ACC( pa
acc

)= activityCapacityCM (activityAssignmentCM (a))]
(3.73)

and all unspecified values for  M0,ACC are equal to the appropriate values from M0,CE from 
Definition 3.18.

W ACC = W PS , ϵ ACC =ϵ PS , prob ACC = prob PS (3.74)

where  WPS is the distribution function from Definition 3.16,  PS is the execution policy 
function from Definition 3.16 and  probPS is  the free-choice transition probability function 
from Definition 3.16.

3.2.6 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.
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Necessary Extensions to the Model

Each object in the Coordination model can have one of the shared resource pools assigned 
to it and that object is linked with the resources contained in this pool. The object still retains 
its normal charges that are used to control the flow through the process, but resources linked 
from the pool are also required and used by the following activities. This extension is defined 
in Definition 3.21.

Definition 3.21:

Coordination model system with shared resource pools (CMSSRP) is defined as a tuple 
CMSSRP = (CMSACC, SRP) where:

• CMSACC is a Coordination model system with activity concurrency capacity as defined 
in Definition 3.19 and

• SRP =  (RP,  poolAssignment,  SR,  poolResources)  is  a  tuple  that  describes  shared 
resource pools and shared resources where:
◦ RP is a finite set of shared resource pools in the model,
◦ poolAssignment:  ON → (RP  {}) is a function that specifies a linked shared 

resource pool for each object in the model with  meaning that no resource pool is 
linked with the object,

◦ SR is a finite set of shared resources in the model and
◦ poolResources:  RP  → (2SR \  {})  is  a  function  that  assigns  shared  resources 

to every shared resource pool.

Conversion to Petri Net

I converted this behaviour to the Petri nets formalism using fusion sets of places  [37]. 
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.

Fusion  sets  are  defined  by  two  additional  elements  that  are  added  to  the  Petri  nets 
definition [37]:

• FS  2P is a set of all fusion sets of places in the net, all places in each fusion set have  
to share their initial marking by meeting the following condition:

∀ fs ∈ FS [∀ p1, p2 ∈ fs [ M 0( p1)=M 0( p2) ]] (3.75)

• FT: FS → {global, page, instance} is a function that describes a type of each fusion set 
in the net.

The fusion set type is useful in hierarchical Petri nets because it specifies a scope of each 
fusion place. As Coordination model is converted to a non-hierarchical Petri net, this type is 
of a limited use for this conversion and all fusion sets used in the conversion will be of the  
“page” type. Usage of the “instance” type would limit the scope of the fusion set only for one 
process instance (one customer entry), but shared resource pools in the Coordination model 
have to be shared among all customer entries in the simulation.

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 
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places  from previous  section.  In  addition,  these  places  also  inhibit  all  activities  that  are 
inhibited by their appropriate object nodes.

Figure 3.17 depicts a Petri net with fusion sets of places that was created for the Find 
Applicant and Contact Applicant activities from Figure 3.4. 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.

Formal conversion is defined in Definition 3.22.

Definition 3.22:

Conversion  of  the  Coordination  model  system  CMSSRP with  shared  resource  pools  (all 
elements related to the definition of the Coordination model will contain index CM for better 
differentiation) to a  GDTT SPN system with probabilistic free-choice transitions,  infinite-
server semantics for all transitions and fusion sets of places  PNSSRP = (PSRP, TSRP, ISRP, OSRP,  
HSRP, M0,SRP, WSRP, SRP, probSRP, FSSRP, FTSRP) is defined as:
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PSRP : ∀ p ∈ P ACC [ p ∈ PSRP ] ∧

∀o ∈ ON CM [ poolAssignment CM (o)≠ τ ⇒ ( po
srp

∈ P SRP ∧ po
srp

∉ P ACC ∧

∀o ' ∈ ON CM [o ≠ o ' ⇔ po
srp

≠ po '
srp])]

(3.76)

where  PACC is  the set  of  places from Definition 3.20 and po
srp is  the described shared 

resource pool place that relates to object node o (and each object node with defined shared 
resource pool has its own related srp place),

T SRP = T ACC (3.77)

where TACC is the set of transitions from Definition 3.20.

I SRP : ∀a ∈ AN CM ∀ o ∈ ON CM [((o , a) ∈ FI CM ∧

poolAssignmentCM (o) ≠τ ) ⇒ I SRP(t a
aux , po

srp
)= 1]

(3.78)

and  all  unspecified  values  for  ISRP are  equal  to  the  appropriate  values  from  IACC from 
Definition 3.20.

OSRP : ∀a ∈ AN CM ∀ s ∈ ASCM ∀o ∈ ON CM

[(s ∈ activityScenarioCM (activityAssignmentCM (a )) ∧

(o ,a) ∈ FI CM ∧ poolAssignmentCM (o)≠ τ ) ⇒ OSRP( t a , s , po
srp

)= 1]
(3.79)

and all  unspecified values for  OSRP are equal to the appropriate values from  OACC from 
Definition 3.20.

H SRP : ∀ a ∈ AN CM ∀o ∈ ON CM [((o , a) ∈ H CM ∧

poolAssignmentCM (o)≠ τ ) ⇒ H SRP( ta
aux , po

srp
) = 1]

(3.80)

and all  unspecified values for  HSRP are equal to the appropriate values from  HACC from 
Definition 3.20.

M 0,SRP : ∀o ∈ ON CM [ poolAssignmentCM (o) ≠τ ⇒

M 0,SRP( po
srp

)= ∣poolResourcesCM ( poolAssignmentCM (o))∣]
(3.81)

and all unspecified values for M0,SRP are equal to the appropriate values from M0,ACC from 
Definition 3.20.

W SRP = W ACC , ϵ SRP =ϵ ACC , probSRP = probACC (3.82)

where WACC is the distribution function from Definition 3.20,  ACC is the execution policy 
function from Definition 3.20 and  probACC is the free-choice transition probability function 
from Definition 3.20.
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FS SRP : ∀o ∈ ON CM ∀ rp ∈ RPCM

[rp = poolAssignment CM (o) ⇒ ( fsrp ∈ FS SRP ∧ po
srp

∈ fsrp ∧

∀ rp ' ∈ RPCM [rp ≠ rp ' ⇔ fs rp ≠ fsrp ' ])]
(3.83)

where fs rp is the described fusion set that relates to shared resource pool  rp (and each 
shared resource pool has its own related fusion set),

FT SRP : ∀ fs ∈ FS SRP [FT SRP( fs) = page] (3.84)

3.2.7 Weighted Flows

The last extension I added to the Coordination model in this part is the notion of weighted 
flows. Arcs in Petri nets can be weighted by any positive natural number and this defines how 
many tokens are consumed from the input place or produced to the output place when the 
transition is fired, or how many tokens are needed to inhibit a transition using the inhibition 
arc. Flows in the Coordination model did not have this possibility, but it is very useful in 
describing  software  processes  even  though  it  does  not  extend  the  expressiveness  of  the 
method  and  can  be  converted  to  the  Petri  net  without  these  weighted  arcs  [38].  Such 
conversion is not very trivial and it could pose a problem for the process analysts that will 
model processes in the BPM Method. It would also unnecessarily clutter the process model 
with complex structural components that do not have any connection with the domain of the 
process.

An example  of  the  weighted  flow can be  seen  in  Figure  3.18 where  the  audition  for 
an open job offer is performed by two HR Consultants and lead by one HR Manager. Both 
HR Consultant and HR Manager object nodes are connected with their  appropriate shared 
resource  pools.  Output  of  the  activity  also  contains  two  Audition  Reports,  one  for  each 
HR Consultant taking part in the audition.

Necessary Extension to the Model

Each input, output and inhibition flow can have a weight associated with it. This weight is 
specified  by  a  positive  natural  number.  Formal  definition  of  this  extension  is  stated 
in Definition 3.23.
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Definition 3.23:

Coordination  model  system  with  weighted  flows (CMSWF)  is  defined  as  a  tuple 
CMSWF = (CMSSRP, flowWeight) where:

• CMSSRP is  a  Coordination  model  system  with  shared  resource  pools  as  defined 
in Definition 3.21 and

• flowWeight: (FI  FO  H) → {x  ℕ | x > 0} is a function that specifies weight for 
each input, output and inhibition flow in the model.

Weighted flows are the final extension to the structure of the Coordination model and all 
further  extensions  will  just  introduce  additional  parameters  to  the  elements  in  the  model 
(mainly to shared resources and activities in the model). I will therefore use this definition 
in the rest of this thesis as the standard definition of the Coordination model.

Conversion to Petri Net

Conversion of weighted flows to a Petri net is rather straightforward and uses the basic 
possibility of assigning weights to arcs in the Petri net. This weighting is done by allowing 
multisets for input, output and inhibition functions, so one place can be present several times 
in each of these functions. Input and inhibition weights of an activity in the Coordination 
model are mirrored in the appropriate input and inhibition arcs of the auxiliary transition for 
the  activity.  Output  weight  of  an  activity  in  the  Coordination  model  is  mirrored  in  the 
appropriate output arc of the timed scenario transition. Input flows from object nodes with 
shared resource pools have to specify the same weight for the arcs of the appropriate shared 
pool place. Inhibition flows from object nodes with shared resource pools also specify the 
same weight for the inhibition arc from the shared pool place. 

The example from Figure 3.18 can therefore be converted to a Petri net depicted in Figure
3.19.

Formal conversion is defined in Definition 3.24.

Definition 3.24:

Conversion of the Coordination model system CMSWF  with weighted flows (all elements 
related  to  the  definition  of  the  Coordination  model  will  contain  index  CM for  better 
differentiation) to a  GDTT SPN system with probabilistic free-choice transitions,  infinite-
server semantics for all transitions and fusion sets of places PNSWF = (PWF, TWF, IWF, OWF, HWF,  
M0,WF, WWF, WF, probWF, FSWF, FTWF) is defined as:
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PWF = P SRP , T WF = T SRP (3.85)

where PSRP is the set of places from Definition 3.22 and TSRP is the set of transitions from 
Definition 3.22.

I WF : ∀ a ∈ AN CM ∀o ∈ ON CM

[(o ,a) ∈ FI CM ⇒ ( IWF ( ta
aux , po) = flowWeight (o ,a) ∧

( poolAssignment (o)≠ τ ⇒ I WF (t a
aux , po

srp
)= flowWeight (o ,a )))]

(3.86)

and  all  unspecified  values  for  IWF are  equal  to  the  appropriate  values  from  ISRP from 
Definition 3.22.

OWF : ∀ a ∈ AN CM ∀ s ∈ ASCM ∀o ∈ ON CM

[( ((a , o) ∈ FOCM ∧ s ∈ flowScenarioCM (a , o)) ⇒

OWF (t a , s , po) = flowWeight (a , o)) ∧
((o , a ) ∈ FI CM ∧ s ∈ activityScenario (activityAssignment (a)) ∧

poolAssignment (o) ≠τ ⇒ OWF (t a ,s , po
srp

) = flowWeight (o , a))]

(3.87)

and all  unspecified values  for  OWF are  equal  to  the appropriate  values from  OSRP from 
Definition 3.22.

H WF : ∀a ∈ AN CM ∀ o ∈ ON CM

[(o ,a) ∈ H CM ⇒ ( HWF ( ta
aux , po)= flowWeight (o ,a) ∧

( poolAssignment (o)≠ τ ⇒ HWF (t a
aux , po

srp
) = flowWeight (o ,a)))]

(3.88)

and all  unspecified values  for  HWF are  equal  to  the appropriate  values from  HSRP from 
Definition 3.22.

M 0,WF = M 0,SRP , W WF = W SRP , ϵWF = ϵ SRP , probWF = probSRP ,

FSWF = FS SRP , FT WF = FT SRP

(3.89)

where M0,SRP is the marking function from Definition 3.22, WSRP is the distribution function 
from Definition 3.22, SRP is the execution policy function from Definition 3.22, probSRP is the 
free-choice  transition  probability  function  from Definition  3.22,  FSSRP is  the  set  of  place 
fusion sets from Definition 3.22 and FTSRP is the fusion set type function from Definition 3.22.

3.2.8 Simulation Case Study

I have used all extensions that I described in previous sections for 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  as  seen  in  Figure  3.20: 
Requirement analysis, Architectural design, Design, Construction, Testing, Deployment, and 
Incident management.
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The sub-process called Requirement analysis contains activities for creating requirement 
specification and analysis documents and reviewing them with the customer. These activities 
create 5-12 software features that will be part of the developed software package and 0-3 
analysis faults (BA) that simulate the fault rate of this sub-process.

The next sub-process called Architectural design consists of activities that are executed for 
each  input  feature  generated  in  the  Requirement  analysis  sub-process.  Each  execution 
generates 0-2 faults in architectural analysis (BAr) and 2-4 system architecture blocks that are 
passed to the Design sub-process.

Each system architecture block from the previous sub-process is processed in Software 
design. In this sub-process, 2-5 tasks and 0-2 design faults (BD) are generated for each input 
system architecture block.

The Software construction sub-process is one of the most complicated processes in the 
model. Developers implement all tasks and the resulting source code is then reviewed by the 
designer.  This  revision  has  two  scenarios:  one  for  the  successful  review  which  has 
a probability  of  60%  and  one  for  the  unsuccessful  revision  with  a  probability  of  40%. 
Successful revision generates a source code for the Testing sub-process and 0-2 faults (BC) 
that  were  not  found  in  the  revision.  The  unsuccessful  revision  returns  the  task  to  the 
programmer and this task has to be reimplemented.

The  main  purpose  of  the  Testing  sub-process  in  the  model  is  decreasing  the  number 
of faults. This sub-process is separated into two steps represented by two activities. The first 
activity is testing and has two scenarios, both of them with a probability of 50 percent: one for 
failure during the testing and one for the test without any failures. If there is a failure, the 
activity Select Type of Fault is executed. This activity contains four scenarios, each for one 
type of fault: fault in requirement analysis (FBA), fault in architectural design (FBAr), fault 
in design (FBD) and fault in the source code (FBC). Each scenario has a different probability 
(20%, 10%, 10%, 50%) for particular type of faults.

The sub-process called Deployment contains activities for building deployment modules 
and deploying them to the customer's environment. Tested source code serves as an input for 
this part of the process and deployment modules are built for every 20 tested source code 
units.

Incident management models and simulates developed software operation during usage 
of the system. Faults could be identified by the customer and they are reported and fixed. 
Every type of fault has a specified probability of being identified (BA – 70%, BAr – 40%, BD 
–  50%,  BC  –  70%).  Every  fault  is  identified  as  a  failure  and  fixed  by  the  incident 
management, or it becomes a hidden fault (this is the abstraction used for simple simulation 
of the end of the software project).

3.2.8.1 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 
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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 according to Table 3.3.

Sub-process Identified faults in revision

Requirement Analysis 0-3

Architectural Design 0-2

Software Design 0-2

Table 3.3: Number of Identified Faults

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.

Both simulations were executed by the same number of human resources separated into 
several roles: 1 Project Manager, 1 Analyst, 2 Designers, 5 Developers, 1 Tester and 1 Change 
Manager.

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 3.4.

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 3.4: 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.

3.2.8.2 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 
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(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 3.21.

These results show that the most utilized resources are the developers and designers (two 
designers combined are more utilized than one tester). At the 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. A 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 3.22.

Utilization and waiting times of each resource in one role are very similar as seen in Figure
3.21, so I used their average value to visualize the graph. This similarity is caused by the fact 
that all resources have the same properties in the BPM Method. But in reality every human 
resource is different with diverse sets of abilities and skills and this will be integrated into 
models and simulations in section 5 Competency-based Human Resource Allocation.
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Results depicted in Figure 3.22 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.
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4 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.

As  this  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 will 
only present basic verification requirements and methods using standard Petri net properties 
and verification properties of Workflow nets. These basic requirements include:

1. all meaningful states in the process are reachable,
2. number of resources in any state of the process is within meaningful bounds,
3. activity  is  started  only  when  all  preconditions  are  fulfilled  and  all  guaranteed 

postconditions are met after the activity finishes,
4. there are no deadlocks or livelocks during the execution of the process and
5. process is able to reach its proper end from any state and no element in the process is 

active  after  the  process  ends  (every  part  of  the  process  finished  accordingly  and 
nothing was left unprocessed).

4.1 State of the Art

Basic properties of processes modelled using the Petri nets formalism can be verified using 
properties of the Petri net. These properties provide an answer for the first three items in the 
basic requirements list that this thesis will address, but the last two items on the list require 
additional effort. Fortunately, a special type of standard P/T Petri nets called the Workflow 
nets solve the last two of the basic requirements from the list.

4.1.1 Petri Nets Properties

Basic properties of Petri nets, that will be used in this thesis, are reachability, boundedness 
and liveness.

4.1.1.1 Reachability

Reachability describes markings in the net that can be reached by firing possible sequences 
of  sequentially  enabled  transitions,  starting  with  the  initial  marking  M0.  Reachability  is 
formally defined in Definition 4.1.

Definition 4.1 [39]:

Marking M' is reachable from marking M if and only if a sequence of transitions  = (t1, 
t2, ..., tn) exists in the Petri net system that is enabled in M and transitions the Petri net system 
from M to M', i.e.

∃σ ∈ T * [ M →
σ M ' ] (4.1)

For the rest of the properties, it is also useful to define a reachability set for marking M, 
which contains all markings reachable from marking M. This set is defined in Definition 4.2.
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Definition 4.2 [39]:

Reachability set RS(M) for marking M is defined as:

RS (M )= {M ' ∣∃σ M ∈ T * [M →
σ M M ' ]} (4.2)

Marking of a Petri net is seen as a state of the process. Reachability therefore specifies 
in which states the process can appear during its flow and what activities can be executed 
in these states.

4.1.1.2 Boundedness

Boundedness specifies that all places in a Petri net contain only a limited number of tokens 
in any reachable marking of the net. Boundedness is formally defined in Definition 4.3.

Definition 4.3 [39]:

Petri net system is bounded if and only if for all markings  M, reachable from the initial 
marking M0, the number of tokens in each place is limited by some natural number k, i.e.

∃k ∈ ℕ [∀ p ∈ P ∀ M ∈ RS (M 0) [M ( p)≤ k ]] (4.3)

Boundedness effectively specifies that no amount of resources in the process can grow 
without limits.

4.1.1.3 Liveness

Liveness describes that any transition in a Petri net can be potentially enabled from any 
marking of this net, therefore eliminating any possibilities of deadlocks or livelocks. Liveness 
is formally defined in Definition 4.4.

Definition 4.4 [39]:

Petri net system is live if and only if all transitions in the net retain the possibility to be 
fired, i.e.

∀ t ∈ T ∀ M ∈ RS (M 0) ∃M ' ∈ RS (M ) ∃ M ' ' ∈ RS (M ' ) [ M ' →t M ' ' ] (4.4)

Liveness is a problematic property in process verification because every business process 
should have one or more deadlocks that define correct ends of the process (successful or 
unsuccessful).  As the end of the process is  a welcome feature in business processes,  this 
feature alone contradicts with the liveness property and majority of business processes will 
not be modelled by a live Petri net. At the same time, it would be very useful to find out if the  
process contains any unwanted deadlocks that could stop the process from ending correctly. 
In other words, it would be useful to check liveness inside a net that is not live. Workflow nets 
address this problem with a construct called “short-circuited net” and this method will  be 
described in the following section.

4.1.2 Workflow Nets

Basic Workflow nets [26] (WF-nets) are a special type of P/T Petri nets without inhibition 
arcs that have one source place, into which no input arcs lead, and one sink place, from which 
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no output arcs lead. These places represent entry to the process and correct end of the process 
respectively.

Source place is a gate to the process for all customer entries. For each process case (i.e. for 
each customer entry),  one token is generated into the source place and the whole process 
starts  its  execution.  Individual  customer  entries  are  not  identical  so  they  have  to  be 
differentiated in the process. This can be done either by using Coloured Petri nets and each 
case  differentiate  by the  colour  of  its  tokens,  or  by creating  an independent  copy of  the 
underlying Petri net and execute each process case independently. The latter approach is used 
in Workflow nets [38].

During  execution  of  process  cases,  tokens  are  consumed  and  generated  normally 
in accordance with the Petri net enabling and firing rules and the process case ends when 
a token reaches the sink place. It is very useful if the final marking contains only one token in 
the  sink  place  and no other  place  in  the  net  contains  any tokens.  This  is  a  sign that  all  
activities  were  executed  correctly  and  nothing  was  left  behind  or  forgotten.  This  is  not 
a general  requirement  for  all  Workflow  nets,  but  it  describes  nets  that  conform  to  the 
soundness property (this property will be defined later in Definition 4.7).

Final requirement that specifies Workflow nets is  that every transition and every place 
in the net has to be on an oriented path from the source place to the sink place. Oriented path 
in this context is defined as a path in the graph describing a structure of the Workflow net, 
irrelevant of the initial marking of the net. This differentiates it from reachability, because 
reachability is defined only for Petri net systems, not for Petri net structures. An oriented path 
from one element to another element in the net exists,  if  and only if  there is  a sequence 
of arcs,  that  starts  from the  first  element  and  leads  to  the  second  element  (taking  their 
orientation into consideration). Transitions and places that are not on any oriented path from 
the source place to the sink place do not add anything to the flow of the process and only pose 
a threat of adding livelock to the net.

Keeping all these requirements in mind the formal definition of Workflow net stated is 
in Definition 4.5.

Definition 4.5 [26]:

P/T Petri net without inhibition arcs WFN = (P, T, I, O) is a Workflow net if and only if all 
of the following conditions are met:

• exactly one source place i exists in the net, i.e. ! i  P [●i = ].
• exactly one sink place o exists in the net, i.e. ! o  P [o● = ].
• all nodes n  P  T in the net are on an oriented path from source place i to sink place 

o, i.e.

∀ n ∈ ( P ∪ T ) ∃(n1 , n2 ,... , nk) ∈ (P ∪ T )*

[n1 = i ∧ nk = o ∧ ∃ j ∈ {1,2 , ... , k } [n j = n ] ∧ ∀ l ∈ {1,2 , ... , k−1}

[(n l ∈ P ⇒ I (n l +1 , nl) > 0) ∧ (nl ∈ T ⇒ O(nl , n l+1) > 0) ]
(4.5)

4.1.2.1 Liveness in Workflow Nets

One of the advantages, that Workflow nets bring to business process modelling, is their 
advanced possibilities for verification of modelled processes. As they are standard Petri nets, 
the properties described in the previous section still hold for WF-nets, but even though WF-
nets  contain  deadlock  directly  in  their  definition  (existence  of  sink  place),  it  is  possible 
to check the liveness of the net to check if there are not any other deadlocks or livelocks. This 
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is done by short-circuiting the net with additional transition that connects the sink place with 
the source place and analysing liveness of this short-circuited net [26]. A short-circuited net is 
defined in Definition 4.6.

Definition 4.6 [26]:

Given WFN = (P, T, I, O) is a WF-net where i  P is its source place, o  P is its sink place 
and t* is a new transition (t*  T), then WFN = (P, T, I, O) is a short-circuited WF-net 
for WFN if and only if it is specified as:

ϕ P = P (4.6)

ϕ T = T ∪ {t *} (4.7)

ϕ I : ∀ t ∈ T [ϕ I (t) = I ( t)] ∧ϕ I (t *)= 1 ' o (4.8)

ϕ O : ∀ t ∈ T [ϕ O(t )= O( t)] ∧ϕ O(t *) = 1 ' i (4.9)

4.1.2.2 Soundness Property

The last and most important property, that is used to verify business process models and 
their underlying processes, is the soundness property [26], [38]. This property is defined for 
WF-nets and it checks if every state of the process can lead to a proper completion of the 
process and defines what is meant by such proper completion of the process. Soundness is 
defined in Definition 4.7.

Definition 4.7 [26]:

Given  WFN = (P,  T,  I,  O) is a Workflow net,  i  P is its source place,  o  P is its sink 
place, M0 is an initial marking for WFN defined as M 0(i)= 1 ∧ ∀ p ∈ P ∖{i} [M 0( p)= 0]
and  Mend is  ending  marking defined  as  M end (o) = 1 ∧ ∀ p ∈ P∖{o} [ M end ( p)= 0 ] ,  then 
process modelled by WFN is sound if and only if all following conditions are met:

1) Ending marking Mend has to be reachable from every marking M that is reachable from 
the initial marking M0, i.e.

∀ M ∈ RS (M 0) [M end ∈ RS (M )] (4.10)

2) Ending marking Mend is the only marking reachable from the initial marking M0 with 
a token in the sink place o, i.e.

∀ M ∈ RS (M 0) [M (o) > 0 ⇒ M = M end ] (4.11)

3) There are no dead transitions in (WFN, M0), i.e.

∀ t ∈ T ∃M , M ' ∈ RS (M 0) [M →
t M ' ] (4.12)

Soundness is a property that relates to the dynamics of a WF-net and can be determined 
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by analysing  the  state-space  of  the  WF-net.  This  approach  can  be  very  time  consuming 
because the complexity of the algorithm to construct the state-space of the net can be worse 
that  primitive recursive space  [26].  Even for free-choice nets,  the reachability problem is 
known to be EXPSPACE-hard [26].

Fortunately,  the  problem of  determining  soundness  for  a  WF-net  can  be  converted  to 
a problem  of  checking  boundedness  and  liveness  of  the  short-circuited  net  as  specified 
in Theorem 4.1 that is proved in [26].

Theorem 4.1 [26]:

Given WFN = (P, T, I, O) is a WF-net, i  P is its source place, M0 is an initial marking for 
WFN defined as M 0(i) = 1 ∧ ∀ p ∈ P ∖{i} [ M 0( p)= 0 ] and WFN is a short-circuited net 
to WFN, then WFN is sound if and only if (WFN, M0) is live and bounded.

This theorem is very useful because it converts the soundness property to basic Petri nets 
properties  that  have  been  studied  extensively  in  the  past.  Determining  liveness  and 
boundedness for some special classes of Petri nets can be done in polynomial time (e.g. for 
free-choice nets) and so this theorem can provide more effective way to determine soundness 
of a WF-net.

4.1.2.3 Workflow Nets with Inhibition Arcs

Basic  Workflow nets  are  defined  without  inhibition  arcs,  but  Coordination  model  can 
contain inhibition. Therefore it is useful to also define Workflow nets with inhibition arcs and 
how the inhibition extension influences the soundness property. Workflow net with inhibition 
arcs is defined in Definition 4.8.

Definition 4.8 [38]:

P/T Petri  net  with  inhibition  arcs  WFNH =  (P,  T,  I,  O, H) is  a  Workflow  net  with 
inhibition arcs if and only if the same conditions as in Definition 4.5 are met. Inhibition does 
not influence these conditions in any way, but at the same time inhibition arcs do not count 
towards creating a path between nodes.

Inhibition arcs do not have any affect on the definition of the soundness property as well,  
but  unfortunately,  they  have  an  important  influence  on  its  evaluation.  The  equivalence 
of soundness with liveness and boundedness of short-circuited net does not stand for WF-nets 
with  inhibition  arcs  and  the  only  connection  between  soundness  and  liveness  is  stated 
in Lemma 4.1 and is proved in [38].

Lemma 4.1 [38]:

Given WFNH = (P, T, I, O, H) is a WF-net with inhibition arcs, i  P is its source place, M0 

is  an  initial  marking  for  WFNH defined  as M 0(i )= 1 ∧ ∀ p ∈ P ∖{i} [ M 0( p)= 0 ] and 
WFNH is a short-circuited net to WFNH, then if WFNH is sound, then (WFHN, M0) is live.

This lemma shows that relation between soundness and other standard properties is much 
weaker for WF-nets with inhibition arcs so the soundness has to be determined by analysing 
the state-space of the WF-net.  This leads to an undecidable problem because reachability 
problem is undecidable for Petri nets with inhibition arcs [38].
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4.1.2.4 Invariants

Even though soundness verification is generally undecidable for WF-nets with inhibition 
arcs, some methods can at least hint at the lack of soundness in some WF-nets  [38]. One 
of these methods is a structural analysis of Petri nets by using invariants [10]. Invariants only 
analyse structure of a Petri net without looking at its dynamics and markings [10]. They are 
determined for Petri nets without inhibition arcs, but all properties described in following 
paragraphs still hold for WF-nets with inhibition arcs [40].

Place invariant is a weighted sum of tokens in a set of places that stays the same for all 
different reachable markings in the analysed Petri net  [10]. The absence of positive place 
invariants for every place in the net hints at some problems with soundness of the WF-net 
because  it  endangers  the  option  to  complete  and  proper  completion  conditions  of  the 
soundness property [38].

Transition invariant assigns a weight to a set  of transitions such that if each transition 
in the net is enabled to fire the number of times indicated by its weight, the Petri net system 
returns  to  its  initial  state  [10].  Transition  invariants  should  be  determined  for  the  short-
circuited WF-net because the added transition t* that short-circuits the net should return the 
net to the initial state in the case when WF-net is sound. This means that for each transition 
in the short-circuited WF-net it should  be possible to find a transition invariant that assigns 
positive weight to this transition and to the added transition  t*  [38]. In other words, each 
transition in the net should be a part of some firing sequence that transitions the net to the 
ending marking and then the net transitions back to the initial marking by firing transition t*.

Therefore  by  looking  at  missing  invariants,  errors  in  soundness  of  WF-nets  can  be 
identified even though determining the soundness conditions by using state-space analysis 
could be intractable or even impossible [38].

4.2 Verification of the Coordination Model

As  the  Coordination  model  is  used  to  model  business  processes,  the  models  have 
to conform with the five basic requirements that I studied in this thesis. 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  as defined in section 
3.2 BPM Method – Formalization and Extension.

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.

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. This 
proper conversion is defined in 3.2 BPM Method – Formalization and Extension.

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 

64



the requirements of being a WF-net, so additional effort has to be spent to convert the 
Coordination model to a proper WF-net. This conversion will be specified in section 
4.2.1 Conversion of Coordination Model to 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. Conversion of the Coordination model to a proper WF-net 
will be specified in section 4.2.1 Conversion of Coordination Model to WF-net.

4.2.1 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:

• Activity takes an infinite amount of time to complete – this would create a livelock 
in the process as such activity would not ever end and therefore it would not activate 
the rest of the flow branch it is situated in. The definition of duration (as specified 
in section 3.2.4.1 Varying Duration of Activities) does not allow infinite durations for 
any  activity  in  the  process.  The  probability  distribution  used  in  the  duration 
computation could generate very big values, but each activity will end eventually and 
therefore it will not influence the verification properties. Performance simulations will 
show these long running activities to the process analyst and it is up to him to validate 
the  prolonged  duration  or  change  the  parameters  of  probability  distributions  in 
an according way.

• Probability of an activity scenario is zero – this would create dead transitions in the net 
as the transition for the zero probability scenario could never be fired and it would not 
activate the rest  of the flow branch of such scenario.  Such dead transitions would 
render the process as not sound because soundness requires that no dead transitions are 
present  in  the  analysed  net.  Fortunately,  zero  probability  is  not  allowed  in  the 
definition  of  scenario  probabilities  (see  section  3.2.4.2 Probability  of  Activity
Scenarios) so every scenario has a chance, even a small one, to be executed.

• Customer entry settings influence initial marking – customer entries introduced to the 
process are defined in a way that one token is generated into the appropriate customer 
entry place that is specific for every process case. This means that if there are multiple 
customer entry places in the process, multiple verifications has to be performed each 
with different initial marking of the process. These different markings should either 
contain exactly one token in the appropriate customer entry place and any number 
of tokens in other places, or the verified system will be different than the system used 
for simulation.  To verify all  systems of simulated processes, verification has to be 
done exactly once for each customer entry place in  the process and each of these 
verifications should meet the following criteria for their initial markings:

∀ o ∈ ON [(o = processInstanceEntry (cpi) ⇒ M 0( po)= 1) ∧

(o ≠ processInstanceEntry(cpi) ⇒ M 0( po) = charging0(o))]
(4.13)

where cpi  PI is the current process instance.
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• Activity concurrency capacity of an activity is zero – this would create an unwanted 
deadlock  in  the  process  as  the  activity  could  not  be  started,  because  the  capacity 
limiting place would not contain any tokens. This problem is solved directly in the 
capacity definition (see section 3.2.5.2 Timed Activity Instance Concurrency) as zero 
value of the capacity does not limit the activity in any way and stands for infinite 
capacity.

• Not enough shared resources are available in the process – shared resources are the 
most probable part that could create unwanted deadlocks in the process, because they 
are shared among several parts of the process and even among all concurrent process 
cases. Fortunately, the definition of shared resource pools and their incorporation into 
the process (see section  3.2.6 Sharing Limited Resources) ensures that  all  required 
resources are allocated before each activity in one atomic step and then released back 
after  the  activity  finishes  in  one  atomic  step.  This  means  that  resources  are  not 
allocated  (locked)  before  other  required  resources  are  available  and  no  allocated 
resources  remain  locked  after  the  activity  finishes.  This  approach  ensures  that 
activities in the process can be executed sequentially if only a small number of shared 
resources are available. At the same time, small number of available resources in the 
process can cause problems in relation to the weighted flow extension (see section 
3.2.7 Weighted  Flows).  When  the  flow  from  an  object  node  with  shared  pool  is 
weighted, the same weight is assigned to the arc from the shared resource pool fusion 
set. This can lead to a situation when for example only 1 resource is contained in the 
resource pool, but the flow weight requires 3 resources. This would create a deadlock 
in the system, so verification process has to ensure that there are enough resources 
in the resource pools by checking the following condition:

∀ o ∈ ON ∀ a ∈ AN [ ((o ,a) ∈ FI ∧ poolAssignment (o) ≠τ ) ⇒

∣poolResources ( poolAssignment (o))∣≥ flowWeight (o ,a )]
(4.14)

 
If this condition is not met, the process is not sound.

Therefore to reduce the complexity of the verification problem, I will use the conversion 
of a basic  Coordination model  with multiple  activity scenarios  from Definition 3.12.  This 
conversion will be used as a base for converting the Coordination model to a WF-net and the 
verification process should mind the specified criteria for customer entry settings and shared 
resources. This time, the conversion will have to maintain the behaviour of the model and 
at the same time fulfil requirements specified in the WF-net definition (see Definition 4.5). 
This means that the final Petri net will have to have exactly one source place, exactly one sink 
place and it will also have to ensure that all places and transitions are on a path from the 
source place to the sink place.

4.2.1.1 Conversion of Source Place

The source place is the only place in the model that should not have any input arcs leading 
to it and it is also the only place that should have a token in the initial marking of the final  
Petri net system (to enable soundness evaluation). Fortunately, it is very simple to introduce 
such place into the model along with an auxiliary transition that will feed tokens to all places 
that have some tokens in the initial charging of the Coordination model.  Figure 4.2 shows 
a Petri  net that introduces a source place to the process and with it  a structure that feeds 
tokens according to the initial charging of the Coordination model presented in Figure 4.1.
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It is important to check if such newly introduced source place is the only place that does 
not have any input arcs in the resulting net. In the case that it is not the only one, it is probable 
that the initial charging function is not properly set for the process, because it leaves a part 
of the process unreachable and this part can not be activated. If the initial charging is correct,  
the  additional  places  without  inputs  break  the  first  and  third  WF-net  conditions  and  the 
process  can  not  be  verified  in  this  form.  To  enable  verification,  the  process  model  has 
to contain only the newly added source place.

4.2.1.2 Conversion of Sink Place

The sink place is the only place in the model that should not have any output arcs leading 
from it. If the resulting net is sound, it should also be the only place in the net that contains 
a token in the ending marking. It is not possible to correctly introduce a sink place to the 
model without requiring additional information from the process analyst that is modelling the 
process, because the model does not have information about possible correct final states of the 
process. These final states could be found using a state-space analysis by finding all deadlocks 
in the process flow, but this could lead to errors in the verification because even unwanted 
deadlocks would be considered as correct endings of the process. Therefore another extension 
of the Coordination model is needed to describe all possible correct ending chargings. This 
extension is defined in Definition 4.9.

Definition 4.9:

Coordination model system with a set of correct ending chargings (CMSCEM) is defined 
as a tuple CMSCEM = (CMSMS, EC) where:

• CMSMS is a basic Coordination model system (defined in Definition 3.7) and
• EC ⊆ ON MS  is a set of multisets over a set of object nodes that describes all possible 

correct ending chargings of the model (lower index in  ONMS is not an abbreviation 
of multiple scenarios, but serves as a definition of set of multisets).
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All tokens from each correct ending state should be collected to one sink place that will be 
introduced  into  the  model.  Each  ending  charging  will  therefore  have  a  corresponding 
transition in  the net  that  collects  tokens from all  places  that  contain some tokens for the 
appropriate ending marking.

Figure  4.3 shows  a  Petri  net  that  introduces  a  sink  place  to  the  process  and  with  it 
a structure that collects tokens according to the ending chargings of the Coordination model 
presented in Figure 4.1. Correct ending chargings in this model are:

EC = {1 ' OP1 + 1 ' OP3 + 2 ' IA2; 1 ' OP2 + 1' OP3 + 2 ' IA2} (4.15)

It is important to check if such newly introduced sink place is the only place that does not  
have any output arcs in the resulting net. In the case that it is not the only one, it is probable  
that all ending chargings are not properly set for the process, because every node in the net 
does not have a path to the sink place. If the ending chargings are correct, the additional 
places without outputs break the second and third WF-net conditions and the process can not 
be verified in this form. To enable verification, the process model has to contain only the 
newly added sink place.

4.2.1.3 Ensuring Path to Each Node

In addition to having exactly one source place and one sink place, each node in WF-net has 
to be on a path from the source place to the sink place.  Two situations not  meeting this 
condition have been already described for multiple source places and multiple sink places due 
to the incorrectly described chargings of the net. But there are still situations where each node 
does not have to be on a path even though the net only has one source place and one sink 
place. The verification process should check the converted net if there are such parts by going 
through the net's graph. If some nodes are not on a path from source place to a sink place, the 
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process cannot be verified in this form and the analyst should be informed about which parts 
do not meet this requirement. 

4.2.1.4 Conversion to Workflow Net

By minding all conditions presented in the previous section, the Coordination model can be 
converted to a Petri net that meets all conditions for being a WF-net and this conversion is  
formally defined in Definition 4.10.

Definition 4.10:

Conversion of the basic Coordination model system CMSMS with multiple activity scenarios 
for each activity (all elements related to the definition of the Coordination model will contain 
index  CM for better differentiation) to a Petri net system  PNSWFN = (PWFN, TWFN, IWFN, OWFN,  
HWFN) with one initial charging source place is defined as:

PWFN = PMS ∪ {psource , psink
} (4.16)

where  PMS is the set of places from Definition 3.12,  psource is a newly introduced source 
place (psource  PMS) and psink is a newly introduced sink place (psink  PMS),

T WFN = T MS ∪ {t source}∪ {t ec
sink ∣∀ ec , ec ' ∈ ECCM [ec ≠ ec ' ⇔ tec

sink ≠ t ec'
sink ]} (4.17)

where  TMS is  the  set  of  transitions  from Definition  3.12,  tsource is  a  newly  introduced 
transition that leads from the source place (tsource  TMS) and t ec

sink is a newly introduced sink 
transition ( t ec

sink
∉ T MS ) that relates to each ending charging ec (and each ending charging has 

its own related sink transition),

I WFN : I WFN (t source , psource
) = 1 ∧

∀ ec ∈ EC CM ∀o ∈ ON CM [ I WFN (t ec
sink , po) = ec (o)]

(4.18)

and  all  unspecified  values  for  IWFN are  equal  to  the  appropriate  values  from  IMS from 
Definition 3.12.

OWFN : ∀o ∈ ON CM [OWFN ( t source , po) = charging0, CM (o)] ∧
∀ ec ∈ EC CM [OWFN (t ec

sink , psink
)= 1]

(4.19)

and all  unspecified values for  OWFN are equal to the appropriate values from  OMS from 
Definition 3.12.

H WFN : ∀ p ∈ PWFN [ HWFN (t source , p)= 0 ∧ ∀ ec ∈ EC CM [ HWFN (t ec
sink , p) = 0]] (4.20)

and all  unspecified values for  HWFN are equal to the appropriate values from  HMS from 
Definition 3.12.
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4.2.2 Verification of Soundness

If all conditions described in the subsections of section 4.2.1 Conversion of Coordination
Model to WF-net are fulfilled and the Coordination model system with a set of correct ending 
chargings is converted to a Petri net system as defined in Definition 4.10, then the resulting 
WF-net can be used to verify properties of the modelled process, including liveness of a short-
circuited net and soundness. This verification is done as described in section 4.1.2 Workflow
Nets and  its  subsections.  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  (see  section  4.1.2.4 Invariants).  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.

Identifying  more  detailed  subclasses  of  a  general  Coordination  model,  for  which  the 
soundness property evaluation is decidable along with the determination of its complexity, is 
out of scope of this thesis and will be part of the future work based on this thesis. In the rest 
of this thesis, I will propose a competency-based extension of the Coordination model that 
will  individualize  skills  and  experience  of  each  resource  in  the  process  and  how  these 
specialized resources can be allocated to different activities to fulfil their requirements.
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5 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  [41], [42], but section  3.2.8 Simulation Case Study so far 
only showed how the number of available resources can influence the duration of the process 
without looking at  their  individual knowledge. The following sections will  try to describe 
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  will  enhance  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.

5.1 State of the Art

Existing business process simulation models are not very concerned with accurate human 
resources  modelling  and description  [43],  [44].  Many simulation  models  suppose that  all 
resources in one role have the same skills and that it  does not matter which one of these 
resources will be allocated to the activity [45], [46]. But clearly each human resource in the 
process is unique with his own set of skills and experiences, each one has specific working 
habits and performance [47].

5.1.1 Related Simulation Methods

Numerous simulation models for business processes were created to help the companies 
with determining the best process for their needs and to help them estimate the total cost and 
duration  of  their  projects  (for  more  information  on used  methods  see  section  3 Business
Process Simulation). A large number of these simulation models do not specify properties for 
individual resources and allocate resources only based on their roles, job positions, location 
(e.g.  [45], [48], [49]) etc. Only a few of them contain a specification of individual workers 
and their capabilities to support the allocation or estimate their productivity.

Abdel-Hamid  and  Madnick  [50] proposed  a  system  dynamics  model  which  divided 
workers in the process to two groups – experienced and newly hired. Part of the experienced 
workers workload was to train the newly hired workers that were gradually assimilated to the 
experienced workers stock. This model was used for modelling the delays for the introduction 
of newly hired personnel to the process.

Experience  and  capability  on  a  more  detailed  level  was  specified  in  the  Generalized 
Stochastic Petri Net simulation model designed in  [51]. Individual workers were modelled 
with their experience level in mind with three possible values – novice, standard, expert. Each 
activity is modelled as a loop of possible communication effort, thinking and writing/creating 
the result. Each of these transition durations and workloads are influenced by the experience 
of the worker. Activities in this model do not have any requirements and no allocation model 
is specified.

Hanakawa et al. [52] define a simulation model with exactly specified activity, productivity 
and learning models that served as a base for our own model. Each activity is divided into 
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primitive  activities  and  each  one  of  these  specifies  the  required  knowledge  level.  The 
primitive  activities’  knowledge  levels  are  distributed  normally  for  each  activity.  The 
productivity model then evaluates the amount of work produced in one time-step based on the 
required knowledge level and worker’s acquired knowledge. Finally, the knowledge level uses 
a  learning curve  to  compute  increase  in  the  worker's  acquired  knowledge.  This  model  is 
enhanced  further  in  [53] by  detailing  the  worker's  knowledge  by a  cognitive  map.  This 
enhancement is similar to our competency approach, but the paper does not work with the 
process  as  the  whole  and  only  works  with  individual  activities  and  individual  workers, 
ignoring  complexity of  the  process  flow,  resource  availability  and allocation  of  the  right 
available resource for the right activity.

Hanne and Neu [34] use a similar model as Hanakawa [52] with each activity specified by 
one skill and learning curve used for changing the knowledge level of this skill dynamically 
during the process. Influences of several emotional factors like stress and boredom are also 
integrated to the model. Allocation of resources is not dealt with.

Concurrently with my effort, another thesis has been created and published for example 
in [27], [54] that specifies a very well thought out model for human resource modelling that 
includes  multiple  capabilities  for  workers  and  multiple  requirements  for  activities  and 
constraints for allocating resources of specified groups or in specified order. This model has 
a similar  objective  as  the  model  described  in  this  thesis,  but  it  has  a  different  approach 
to describing and allocating resources. A bidding mechanism based on the availability and 
motivation of a resource is used, but it does not work with different competency levels and 
requirements and therefore does not provide the means to evaluate the worker's productivity 
and its effect on the duration and cost of the process.

5.1.2 Related Analytical Methods

Analytical methods researched in this domain are mainly focused on optimal scheduling 
of resources in the process. As the scheduling problem is a well known NP-hard problem [55], 
a lot of research has been done to find various heuristics for this optimization problem using 
methods like genetic  algorithms  [56],  [57],  linear  programming  [58],  simulated  annealing 
[59],  constraint  satisfaction  problem  [60],  [61],  Markov decision  process  [62] etc.  Many 
of these approaches only consider the actual availability of resources and their performance 
measure, but not their detailed capabilities. The rest of them describe individual skills only 
to present additional constraints to the model without any deeper interest in their performance.

My approach in  this  thesis  does not strive to  solve the global  scheduling optimization 
problem in any way. It is focused on evaluating available human resources on a local activity 
scale  so that  their  performance on given activity  can  be  established and used in  process 
simulations to make them more accurate. It also considers required levels of skills used by the 
process activities and determines how much better or worse the resource is and uses different 
strategies for properly allocating appropriate resources based on their actual performance.

5.1.3 Competency-based Description of Human Resources

In  this  thesis,  I  use a  competency-based approach to  differentiate  individual  resources 
in the process and how to use it to properly allocate resources to process activities.

This  evaluation  approach  is  inspired  by  the  recommender  systems  used  for  human 
resources selection in e-recruitment. The goal of these systems is to find the right applicant 
for given job offer and they are used in HR agencies and HR departments to support the  
recruitment  decisions  of  HR consultants.  Research  concerning  these  systems  is  however 
focused mainly on mining required data about applicants and job offers from their textual 
representation using ontologies  [12], [63], [64], learning models  [65] or n-grams  [66] and 
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only a few are concerned with the search and evaluation methods [67], [68]. I localized this 
problem to the  simulation of  internal  processes  so the  simulations  can rely on structured 
information from internal company's HR management systems and focus on the evaluation 
methods. In addition my approach is concerned with matching resources to atomic process 
activities, not the whole job offer which consists of many activities, and so it can be used for 
more precise capability and training assumptions and to enhance simulation possibilities.

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  [69]–[71] and  skills  frameworks  (e.g.  Skills  Framework  for  the 
Information Age  [72], NHS Knowledge and Skills Framework  [73]) 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  [71].  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 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.  The first  such evaluated  competency model  was envisioned by Stuart  and Hubert 
Dreyfus in 1980 in their paper about directed skill acquisition of students [69]. Their model 
had five stages: Novice, Competence, Proficiency, Expertise and Mastery. Later models used 
the same system, but they did not keep the number of stages. 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. In this way, it is not important how many levels 
does the competency model have because the computing model can assume, that the highest 
acquired level of the best resource is also the highest level of the competency model.

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.

5.1.4 Competency-based Description of Process 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 will 
therefore be 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 
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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,
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 (for 
extension of the Coordination model to support this information see section 5.3.2 Competency
Parameters Extension).

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.

5.1.5 Vector Space Model

In previous sections, I described how to assign competencies to the resources and activities 
in the process and now some evaluation model has to be found that will be able to process 
them. One of such models is the vector space model that is often used in full text searches in 
text  documents  [74].  Vector  space  model  is  however  very  universal  so  it  can  be  used 
to evaluate any vectors in the vector space.  If  there is  a way to convert  the resource and 
activity competencies to vectors, it will be possible to use this model for their evaluation (for 
the conversion see section 5.2 Vector Representation).

Vector  space model  compares  the distances of vectors  based on the used measure and 
computes  their  similarity.  In  the  text  search  each  vector  describes  one  document  and  its 
elements are weights of individual important terms (words, phrases, etc.) in the document. 
Vector space model description of a document is defined in Definition 5.1.

(Note: Vectors in the following text will be represented using bold letters.)

Definition 5.1 [74]:

Given t1, t2, ..., tm  T are terms observed in document di  D and wi,1 , wi,2, ..., wi,m  ℝ are 
weights of these terms in document di, then vector di  ℝ m for this document is defined as:

d i = (wi ,1 , wi ,2 , ... ,w i , m) (5.1)
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The highest term weight then describes the most important terms in the document (e.g. 
most frequent terms, terms in the headlines, etc.). A set of n documents to be searched is then 
defined by n×m matrix S, where i-th row contains elements of the document vector di and j-th 
column contains weights for term tj in relevant documents [74].

Documents in matrix  S are then evaluated in relation to a query that is presented to the 
model. This query is just a referential document that describes how should the ideal document 
look like and is defined in Definition 5.2.

Definition 5.2 [74]:

Given wq,1, wq,2, ..., wq,m  ℝ are weights of observed terms t1, t2, ..., tm  T that correspond 
to how important it is to have these terms in the searched document, then vector  q  ℝ m 

representing query q  Q can be defined as:

q = (wq ,1 , wq ,2 ,... , wq , m) (5.2)

Query  q is then compared to the searched documents based on the measure that is used 
in the evaluation. I have used several measures to compare their results in my approach and 
to find which one of them is most useful for evaluating competencies of human resources.

The first similarity measure used for these comparisons is based on the standard Euclidean 
distance [75] that is defined in Definition 5.3.

Definition 5.3 [75]:

Given n  ℕ is a number of documents, m  ℕ is a number of observed terms, q  ℝ m is 
a query vector and di  ℝ m is a document vector, then the Euclidean distance between these 
vectors eucDist: ℝ m × ℝ m → ℝ is evaluated as:

eucDist (q ,d i)= √∑
k =1

m

(wq ,k − wi ,k )
2 (5.3)

The normalized distance normEucDist: ℝ m × ℝ m → ℝ is than evaluated as:

normEucDist (q , d i) =
eucDist (q , d i)

max
j=1..n

(eucDist (q ,d j)) (5.4)

and the normalized results  are  finally converted to  similarity  eucSim:  ℝ m × ℝ m → ℝ 
defined as:

eucSim(q ,d i)= 1 − normEucDist(q ,d i) (5.5)

The second measure is the cosine measure [76] that determines the similarity by computing 
cosine of the angle between the two compared vectors. The similarity using cosine measure is 
defined in Definition 5.4.
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Definition 5.4 [76]:

Given  m  ℕ is a number of observed terms, q  ℝ m is a query vector and di  ℝ m is 
a document vector, then the cosine similarity cosSim: ℝ m × ℝ m → ℝ between these vectors is 
defined as:

cosSim (q ,d i) =

∑
k =1

m

wq , k⋅wi , k

√∑
k=1

m

wq , k
2

⋅√∑
k=1

m

w i , k
2

(5.6)

The third measure uses Mean signed error (MSE) indicator  [31] that computes average 
difference of individual vector elements and first comes to mind when considering if worker 
competencies meet their requirements. Similarity using MSE is defined in Definition 5.5.

Definition 5.5:

Given n  ℕ is a number of documents, m  ℕ is a number of observed terms, q  ℝ m is 
a query vector and di  ℝ m is a document vector, then MSE indicator MSE: ℝ m × ℝ m → ℝ 
between these vectors is evaluated as [31]:

MSE (q ,d i) =

∑
k=1

m

wi ,k − wq ,k

m

(5.7)

The results of the MSE indicator have to be normalized to be used as a similarity measure 
mseSim:ℝ m × ℝ m → ℝ that is defined as:

mseSim(q ,d i)=

MSE (q ,d i)− min
j=1..n

(MSE (q ,d j))

max
j=1..n

(MSE (q ,d j)) − min
j=1..n

(MSE (q , d j))
(5.8)

5.2 Vector Representation

To  use  the  vector  space  model  on  the  competencies,  a  way  to  describe  resource 
competencies as vectors has to be found. I define two different methods in this thesis with 
an additional enhanced version of the second method. These methods will be described in the 
following sections.

(Note: All  definitions  in  following  sections  will  use  the  following  sets  that  describe 
different entities in the system:

• C is a set of all competencies observed in the process with  m = |C| being a number 
of these competencies,

• R is a set of all allocable resources in the process and
• AA is  a  set  of  all  activity  allocations  in  the  process.  Activity  allocation  is  seen 

as allocation  of  one  resource  to  the  activity,  as  some activities  in  the  process  can 
define several allocations that have different requirements (e.g. Audition activity from 
Figure 3.18 requires one HR Manager and two HR Consultants, where requirements 
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for HR Manager are different from those specified for HR Consultants).

These sets will be used repeatedly so I have stated them in advance to avoid their repeated 
definition that would needlessly clutter the following definitions.)

5.2.1 Direct Vector Representation

The first method directly creates a vector from the competency levels for each resource. 
This direct vector is defined in Definition 5.6.

Definition 5.6:

Given c1, c2, ..., cm  C are all competencies observed in the process and resource ri  R 
has mastered these competencies at  levels  li,1,  li,2,  ...,  li,m  ℝ,  then the direct competency 
vector ri  ℝ m for this resource is:

r i = (l i ,1 , l i ,2 ,... , li ,m) (5.9)

(Note: Notation li,j is used as an alternative notation for specific competency level function 
l:  R × C → ℝ applied to resource  ri and competency  cj, i.e.  li,j =  l(ri,  cj). This notation is 
shorter and more in line with the notation used in the vector space model, so it will be used in  
the rest of this thesis. Other similar notations introduced further in this thesis will also use this 
alternative notation without further notice.)

This representation is very similar to the document vector in the vector space model where 
resource  ri corresponds to document  di and competency levels  li,1, ..., li,m correspond to the 
term weights wi,1, ..., wi,m.

To be able to create such vectors it is crucial that all resources have levels assigned to all  
competencies  c1,  ...,  cm.  If  this  is  not the case,  then the competencies  have to be unified, 
missing competencies of the resources can then be filled with level 0 or some competencies 
can be merged into one with their level defined by their weighted average.

Activity requirements for every allocation required by the activity serve as a query for the 
model and can be represented in a similar manner as defined in Definition 5.7.

Definition 5.7:

Given c1, c2, ..., cm  C are all competencies defined in the process and allocation a  AA 
requires these  competencies  at  levels  rla,1,  rla,2,  ...,  rla,m  ℕ,  then  the  direct  competency 
requirement vector a  ℕ m for this allocation is:

a=(rla ,1 , rla ,2 , ... , rla , m) (5.10)

Consider the following example to verify this representation. Two resources r1 = (1,2) and 
r2 = (5,4) compete for one allocation a = (2,4). Their similarities using cosine measure are:

sim (a , r 1) =
2⋅1 + 4⋅2

√22
+ 42

⋅√12
+ 22

=
10
10

= 1 (5.11)

sim (a , r 2) =
2⋅5 + 4⋅4

√22
+ 42

⋅√52
+42

=
26

28.6356
= 0.908 (5.12)
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These  results  are  not  very promising  because  similarity  for  resource  r1 is  higher  then 
similarity for r2, even though r2 is clearly more skilled to perform the activity. This is because 
cosine measure evaluates the cosine of angle between two vectors and vectors  a and  r1 are 
parallel.  This problem could be solved by using the Euclid measure instead of the cosine 
measure,  but  this  could  be  a  problem  for  high-dimensional  vectors  (i.e.  high  number 
of competencies) because of the curse of dimensionality [77]. Comparison of the results using 
different  measures  is  performed  in  section  5.2.6 Comparison  of  Proposed  Methods  and
Extensions.

5.2.2 Fragmented Vector Representation

Direct vector representation is not very suitable for this evaluation using cosine measure, 
as indicated in the previous example, but these problems can be solved by devising another 
representation. The biggest problem of the direct representation was that it did not take the 
specifics of competency and requirements description into account. Resource competencies 
are  specific  by  the  fact,  that  each  resource  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. Formal definition of this fragmented resource representation is defined 
in Definition 5.8.

Definition 5.8:

Given every  competency  cj  C is  split  into  fragmented  competencies  fcj,1,  fcj,2,  ..., 
fcj,maxLevel(cj)  FC (FC is a set of all fragmented competencies in the process) where maxLevel:  
C  → ℕ is the highest possible level of given competency, then basic fragmented resource 
vector representation ri for resource ri  R is described by a vector of m vectors defined as:

r i = ( fl i ,1 , fl i ,2 ,... , fl i , m) (5.13)

where  fli,j   ℝ maxLevel(cj)  is a fragmented competency level vector for competency  cj and 
resource ri defined as:

fl i , j = ( fl i , j ,1 , fl i , j ,2 ,... , fl i , j , maxLevel(c j)) (5.14)

and values fli,j,k  ℝ are determined from acquired competency level li,j  ℝ  as:

fl i , j , k={
1 , k ≤ l i , j

1 + l i , j − k , l i , j < k < l i , j + 1
0 , k ≥ l i , j + 1

(5.15)

The representation from Definition 5.8 needs to be adapted to the vector space model that 
works with vectors containing atomic elements. This can be easily done by replacing the inner 
vectors directly by their elements and the final fragmented resource vector used in the vector 
space model is defined in Definition 5.9.
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Definition 5.9:

Given  maxLevel(cj) is  the  highest  possible  level  of  competency  cj  C (as  specified 
in Definition 5.8) and  fli,j,k  ℝ is the fragmented competency level for competency  cj and 
resource  ri  R  defined  in  Definition  5.8,  then  the  final  fragmented  resource  vector 
representation ri  ℝ maxLevel(c1)+...+maxLevel(cm) for resource ri is defined as:

r i = ( fl i ,1,1 , ... , fl i ,1 ,maxLevel (c1)
, ... , fl i , m ,1 ,... , fl i ,m ,maxLevel (cm)) (5.16)

Vector representation of allocations 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  could  be  useful  to  limit  the  highest 
required level. This will reduce 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. Fragmented allocation requirement vector representation 
following this description is defined in Definition 5.10.

Definition 5.10:

Given every competency cj  C is split into the same fragmented competencies fcj,1, fcj,2, ..., 
fcj,maxLevel(cj)  FC as  in  Definition 5.8  (FC is  a  set  of  all  fragmented  competencies  in  the 
process)  where  maxLevel(cj) is  the  highest  possible  level  of  competency  cj (as  specified 
in Definition 5.8), then basic fragmented allocation requirement vector representation  a for 
allocation a  AA is described by a vector of m vectors defined as:

a = ( frla ,1 , frl a ,2 , ... , frl a ,m ) (5.17)

where  frla,j   ℕ maxLevel(cj)  is  a  fragmented  required  level  vector  for  competency  cj and 
allocation a defined as:

frl a , j = ( frla , j ,1 , frl a , j ,2 , ... , frl a , j ,maxLevel (c j)) (5.18)

and values frla,j,k  ℕ are determined from lower required competency limit lrla,j  ℕ and 
upper required competency limit hrla,j  ℕ as:

frl a , j ,k : (lrl a , j > 0 ∨ hrla , j < maxLevel (c j)) ⇒ frla , j , k = {
0 , k < lrl a , j

1 ,lrl a , j ≤ k ≤ hrla , j

0 , k > hrla , j

(lrl a , j = 0 ∧ hrla , j = maxLevel (c j)) ⇒ frla , j , k = 0

(5.19)

(Note: The second part of the function definition specifies that not required competencies 
have all fragmented levels are set to 0. This complement is present in the definition to lower 
the  advantage  of  resources  that  have  high  acquired  competency  levels  for  non-required 
competencies. By filling these requirements with zeros, resources with high levels in non-
required  competencies  are  slightly  penalized,  as  it  is  better  to  save  them for  performing 
different allocations in the process that require these competencies.)
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Allocation requirement  vector also has to be converted to  a vector  of atomic elements 
leading to a final specification of the allocation requirement vector in Definition 5.11.

Definition 5.11:

Given  maxLevel(cj) is  the  highest  possible  level  of  competency  cj  C  (as  specified 
in Definition 5.8) and frla,j,k  ℕ is the fragmented required competency level for competency 
cj and  allocation  a  AA  defined  in  Definition  5.10,  then  the  final  fragmented  required 
allocation vector representation a  ℕ maxLevel(c1)+...+maxLevel(cm) is defined as

a = ( frla ,1,1 , ... , frla ,1 , maxLevel (c1)
,... , frl a, m ,1 ,... , frla , m, maxLevel (cm)) (5.20)

Let's look at the same example as in the previous section to verify this representation. The 
same resources are now represented as r1 = (1,0,0,0,0, 1,1,0,0,0) and r2 = (1,1,1,1,1, 1,1,1,1,0) 
and activity allocation as a = (0,1,1,1,1, 0,0,0,1,1). Their similarities are:

sim (a , r 1) =
0

√6⋅√3
= 0 (5.21)

sim (a , r 2) =
5

√6⋅√9
= 0.6804 (5.22)

These results are much better than last time and they show that r1 is not suitable to perform 
the activity, but that r2 has 68% similarity. It can seem strange at first that r2 has such a low 
similarity even though it has nearly perfect skills, but obtaining 100% similarity in this model 
could be possible only if both the allocation and the resource had 1 in all their vector elements 
and this  will  happen very scarcely.  To evaluate  resources  against  allocation requirements, 
a referential resource has to be added to the model. This referential resource has exactly the 
same competencies as required by the allocation requirements and is defined in Definition 
5.12.  Vector  representation  of  the  referential  resource  for  the  this  example  is  therefore 
(1,1,0,0,0, 1,1,1,1,0) and its similarity with allocation  a is 33.3%. By comparing resources 
with the referential resource we can see how good the resource is at performing the activity 
and how much it can influence the resource's performance.

Definition 5.12:

Given lrla,j   ℕ is a lower required limit for allocation a  AA and competency cj  C, then 
referential resource competency vector  ra for allocation a is created in the same way as any 
standard resource competency vector ri (it depends on the vector representation method used), 
only his acquired competency levels la,j  ℝ  for every competency cj  C will be defined as: 

l a , j = lrl a , j (5.23)

Referential resources for each activity a  A will be noted as ra  RR where RR is a set 
of all  referential resources in the process and is disjoint with a set of all resources in the 
process (RR  R = ).
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5.2.3 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  is  caused  by the  denominator  of  the  cosine  measure 
formula  (5.6) that  is  higher for resource  r2 with the numerator staying the same for both 
resources. If the similarity was evaluated using only dot product (dot product is equal to the 
numerator of cosine measure formula), this problem would be weakened, but it would still not 
behave as expected.  The dot product similarity would be the same for both resource,  but 
resource r2 should still fare better when evaluated for allocation a and therefore should have 
higher similarity.

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 allocation  a and look if resource  ri 

has lower competency level than the referential resource. If its competency level is equal or 
higher, no changes are done to its appropriate level fli,j. 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 acquired competency levels for resources, 
their  similarity decreases  as  well.  Enhanced version of  the  fragmented  resource vector  is 
formally defined in Definition 5.13.

Definition 5.13:

If the enhanced vector representation for cosine measure is used and given maxLevel(cj) is 
the highest possible level of competency  cj  C (as specified in Definition 5.8),  then the 
fragmented competency level vector  fli,j  ℝ maxLevel(cj) for every resource  ri  R and every 
competency cj  C defined in Definition 5.8 is redefined to:

fl i , j = (efl i , j ,1 , ... ,efl i , j , maxLevel (c j)) (5.24)

where the values efli,j,k   ℝ are determined from the competency level li,j   ℝ for resource 
ri and competency cj, lower required limit lrla,j   ℕ for allocation a  AA and competency cj 

and difference between lrla,j and li,j defined as diffa,i,j = lrla,j - li,j as:
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efl i , j , k : ( li , j ≥ lrl a , j ) ⇒ efl i , j , k = {
1 , k ≤ li , j

1 + li , j − k , li , j < k < li , j + 1
0 , k ≥ li , j + 1

(0 < l i , j < lrl a , j ) ⇒ efl i , j , k = {
2 , k ≤ diff a ,i , j

2 + diff a , i , j − k ,diff a ,i , j < k < (diff a ,i , j + 1)
1 ,(diff a ,i , j + 1) < k ≤ lrl a , j

0 , k > lrl a , j

(l i , j = 0 ∧ lrl a , j > 1) ⇒ efl i , j , k = {
3 , k = 0
2 , k < lrla , j

1 , k = lrl a , j

0 , k > lrla , j

(l i , j = 0 ∧ lrl a , j = 1) ⇒ efl i , j , k = 0

(5.25)

(Note: Notice that this representation does not change the vector for referential resources 
ra  RR as these resources are defined to have their competency levels equal to the lower 
required limits  lrla,j and therefore their  efli,j,k would always be specified by the first formula. 
As this formula is the same as for the fragmented representation, it is not necessary to extend 
the definition of the enhanced representation for the set of referential resources RR.)

One unfortunate property of this representation is that it depends on the allocation that is 
evaluated. This means that creating one universal document matrix is not enough, but one 
document matrix has to be created for each activity allocation in the process. As the number 
of shared resources in simulated processes will not be very high (more likely tens or hundreds 
than  millions),  it  should  not  be  a  problem  to  create  these  matrices  on  the  fly  during 
simulation. On top of that, several additional extensions to the evaluation method will also 
have  the  same  property  (for  more  information  see  section  5.2.5 Additional  Evaluation
Extensions).

5.2.4 Example of Evaluation

Let's  look  at  a  simple  process  example  in  Figure  5.1 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  5.1 along  with  the  required 
competencies defined for the two activities (competencies are defined on a 5-level scale).
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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 5.1: Resource and Activity Competency Levels

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.

If  the standard fragmented representation is  used (see section  5.2.2 Fragmented  Vector
Representation), the resource AW1 can be described as:

AW1 =(1,1,0 ,0 ,0 , 1,1 ,0 ,0,0 , 1,1,1 ,1 ,0 , 1,1,1 ,0 ,0) (5.26)

and the description of remaining workers is very similar. 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) (5.27)

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 13.5% for  AW1, 44.7% 
for AW2 and 33.8% 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:

r FA = (1,1 ,0,0 ,0 , 1,1,1 ,0 ,0 , 0,0 ,0 ,0 ,0 , 0,0 ,0 ,0 ,0) (5.28)

and its similarity with vector FA is 40%. This result shows that AW2 is only slightly better 
than required by the allocation and also AW3 is only slightly worse. Both these resources can 
be used to perform this activity and their allocation can be decided by the allocation strategy 
used for this activity (specific allocation strategies will be discussed in section 5.4.3 Human
Resource Allocation Strategies).  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.

If the enhanced fragmented representation is used (see section 5.2.3 Enhanced Fragmented
Representation for Cosine Measure), 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:

AW1 =(1,1,0 ,0 ,0 , 2,1,1 ,0 ,0 , 1,1 ,1,1 ,0 , 1,1 ,1,0 ,0) (5.29)
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Remaining resource competency vectors follow the same pattern, but requirement vectors 
for allocations still remain the same as the enhanced representation does not change them. 
Referential resource's vector does not change as well, because none of his competency levels 
is lower than the required competency levels.

Similarities of the resources represented with enhanced fragmented representation change 
a little bit as well leading to 23.1% for AW1, 44.7% for AW2 and 40.5% for AW3. The overall 
results are not very different in this case, only that  AW3 is now on par with the referential 
resource. This is an interesting result because AW3 has one competency higher than the upper 
level in the requirement, so some process analysts could object that such worker should not be 
even considered for the activity.  This will be taken into consideration in the next section, 
namely in subsection 5.2.5.1 Strict and Recommended Requirements.

After activity FA is completed the simulation continues with starting activity CA. Here the 
similarities are 37% for  HC1, 40.2% for  HC2 and 33.3% for the referential resource. Both 
consultants  are  able  to  perform this  activity  without  problems and there  is  only a  slight 
difference between them. For enhanced representation the similarities are 32.3% for HC1 and 
40.2% for HC2. Similarity of HC2 is the same as this resource does not have any competency 
lower than the appropriate requirement, but similarity of HC1 is suddenly slightly lower than 
that of the referential resource. This means that a penalty for having low competency level has 
bigger  impact  than having high competency level  for  another  requirement.  Such property 
of this evaluation method is very welcome as higher competency levels should have lesser 
influence on the suitability of the resource,  because these higher levels do not bring such 
advantage for mundane, low requirement tasks  [34]. This can be emphasized even more by 
artificially decreasing the importance of high competency levels and will be discussed further 
in section 5.2.5.5 Weakening Importance of High Competency Levels.

5.2.5 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. 
Five such extensions are described in this section.

5.2.5.1 Strict and Recommended Requirements

So  far,  all  allocation requirements  were  specified  as  recommendations  that  should  be 
fulfilled by the resource's acquired competencies, but when some competency was lacking, 
the evaluation could still determine the resource as suitable for the  allocation (based on his 
other  higher  level  competencies).  This  should  not  be  the  case  every time,  because  some 
allocations could  have  more  strict  requirements.  When  these  strict  requirements  are 
implemented and specified, only resources with high enough competency levels are allowed 
to perform the activity (e.g.  some  allocations that  require  high security measures,  or  that 
require the resource to have some sort of certificate in the field). The same restriction should 
be applicable to the upper limit requirement as it is natural to see these upper limits as strict 
restrictions (as shown in section 5.2.4 Example of Evaluation).

This extensions requires the evaluation method to include a specification for two additional 
parameters for each  allocation requirement – lower limit requirement type and upper limit 
requirement type. Each of these types will be either strict or recommended. The recommended 
value behaves exactly as described in previous sections, but the strict value specifies that only 
resources,  which  strictly  meet  the  requirements,  can  be  allocated  to  the  activity.  This 
extension is formally defined in Definition 5.14.
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Definition 5.14:

If the Strict and recommended requirements extension is used and given  lrta,j  {strict, 
recommended}  is  a  lower  limit  requirement  type  for  allocation  a  AA and  competency 
cj  C and hrta,j  {strict, recommended} is an upper limit requirement type for allocation a 
and  competency  cj,  then  only  resources  ri  Rstrict(a)  will  be  evaluated  for  allocation  a. 
Rstrict: AA → 2R is defined as:

R strict(a )= {ri ∈ R ∣ ∀ c j ∈ C

[( lrta , j = strict ⇒ l i , j ≥ lrl a , j ) ∧ (hrta , j = strict ⇒ l i , j ≤ hrla , j )]}
(5.30)

This  extension  has  the  same  trait  as  the  enhanced  vector  representation,  where  the 
document matrix is influenced by the  allocation it is used for. Instead of affecting specific 
values in the matrix, it just filters incompatible resources (documents), but the result is the 
same – one global document matrix is not enough if this extension is used and one matrix for 
each allocation has to be created.

5.2.5.2 Varying Importance of Requirements

All requirements for every  allocation in the proposed method have the same importance 
on the evaluation of suitable resources,  but in reality,  some required competencies can be 
more important  than the others.  This  extension is  able  to  specify the importance of each 
allocation requirement and take it into account during the resource evaluation. This of course 
requires addition of another parameter for each  allocation requirement – importance of the 
requirement  specifying a percentage value. This importance is integrated into the evaluation 
method by lowering the 1 values of the fragmented required levels in allocation requirement 
vectors  to  the  appropriate  importance.  This  effectively  reduces  the  weight  of  individual 
competencies, decreasing their influence on the evaluation results, and is formally defined 
in Definition 5.15.

Definition 5.15:

If the Varying importance of requirements extension is used and given  ria,j  {x  ℝ | 
x  (0,100>} is an importance of requirement for competency cj  C of allocation  a  AA, 
then  values  of  fragmented  required  allocation  levels  frla,j,k  ℕ from Definition  5.10 are 
redefined to:

frl a , j ,k : (lrl a , j > 0 ∨ hrla , j < maxLevel (c j)) ⇒ frl a , j ,k = {
0 , k < lrla , j

ria , j

100
,lrl a , j ≤ k ≤ hrla , j

0 , k > hrla , j

(lrl a , j = 0 ∧ hrl a , j = maxLevel (c j)) ⇒ frl a , j , k = 0

(5.31)

Notice that the redefinition needs to extend the set of possible frla,j,k results from ℕ to ℝ. 
This is not a problem for the vector space model that is able to work with real numbers,  
so these values can be generally defined in ℝ.
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5.2.5.3 Evaluating Only Required Competencies

Example  in  section  5.2.4 Example  of  Evaluation hinted  at  another  interesting  property 
of the evaluation method – competency levels that are not part of the requirements decrease 
the suitability of a resource for performing an activity. The higher the level in a non-required 
competency, the lower the suitability.  This could be considered as a useful property,  as it  
effectively decreases the use of resources that are specialists in other domains to leave them 
free for activities from these domains. But at the same time, it can accidentally evaluate these 
resources as not suitable, even when they are the only ones that could perform the activity 
at the time and no activity from their domain is planned to be executed. This would as well 
influence the capability of the resource during productivity evaluation in an incorrect way (for 
more detailed specification see section 5.4 Human Resource Productivity).

Impact of this  property could be either decreased by introducing non-zero competency 
levels  for  referential  resources  for  each  allocation,  or  it  can  be  eliminated  altogether 
by considering  only  required  competencies  during  evaluation.  I  have  chosen  the  latter 
approach because changing the referential resource would decrease the referential suitability 
and  it  could  lead  to  incorrectly  allocating  resources  with  low competency levels  for  the 
required competencies.

The  proposed  extension  is  then  implemented  into  the  method  by  creating  resource 
competency vectors and allocation requirement vectors only for the competencies that have 
non-zero lower requirement limit or non-maximal upper requirement limit. Definition 5.16 
describes this extension formally.

Definition 5.16:

If  the  Evaluating  only  required  competencies  extension  is  used  then  only  fragmented 
competency level  vectors  fli,j (defined in Definition 5.8)  for resource  ri  (R   RR) and 
competency cj  C and fragmented required allocation competency level vectors frla,j (defined 
in Definition 5.10) for allocation  a   AA and competency  cj  C  that fulfil the following 
condition are used in creation of resource competency vectors  ri and allocation requirement 
vectors a:

∀a ∈ AA ∀ ri ∈ (R ∪ RR) ∀ c j ∈ C

[(lrl a , j = 0 ∧ (hrl a , j = maxLevel (c j)∨ hrta , j ≠ recommended )) ⇒

(r i = (... , fl i , j−1 , fl i , j+1 , ...) ∧ a = (... , frl i , j−1 , frl i , j+1 ,...))]
(5.32)

(Note: This limitation needs to be applied even for all referential resources in the process, 
therefore it is necessary to extend it to the whole set (R  RR).)

Document matrix in this extension is also influenced by the allocation it is used for. In this 
extension,  different  columns  in  the  document  matrix  can  be  filtered  out  based  on  the 
allocation requirements.

5.2.5.4 Limiting Resources to Specific Roles

The standard evaluation method considered, that all resources should be evaluated for all 
allocations without  any  limitation.  In  business  processes,  each  resource  can  be  assigned 
to several  roles based on his  expertise  and responsibilities.  Each  allocation could then be 
assigned to one of these roles and limit the resources that could be allocated to the activity.  
This will limit evaluated resources to a much smaller subset and the evaluation could benefit 
from this as it will not evaluate resources that should not be allocated to the activity. On the 
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other hand, when considering only resources in specific roles, the evaluation approach cannot 
hint at possibly incorrect assignment of some resources to inappropriate roles.

To introduce this extension to the method, a set of roles in the process has to be defined, 
each resource has to be assigned to a subset of these roles and each allocation has to have one 
role assigned. Only resources that are assigned to a role required by the appropriate allocation 
can be used for this allocation. This is formally defined in Definition 5.17.

Definition 5.17:

If  the  Limiting  resources  to  specific  roles  extension  is  used,  the  following  additional 
parameters have to be defined:

• S is a finite set of roles in the process,
• resourceRoleAssignment:  R → 2S is a function that describes the assignment of each 

resource to a subset of roles and
• allocationRoleAssignment: AA → S is a function that describes the assignment of each 

allocation to a role.
Then  only resources  ri  Rrole(a)  will  be  evaluated  for  allocation a  AA,  while 

Rrole: AA → 2R is defined as:

Rrole(a)= {r i ∈ R ∣ allocationRoleAssignment (a) ∈ resourceRoleAssignment (r i)} (5.33)

This  extension  also  limits  the  number  of  resources  that  should  be  considered  in  the 
evaluation according to the evaluated allocation. The document matrix is affected in the same 
way as  in  the  strict  requirements  extension  (see  section  5.2.5.1 Strict  and Recommended
Requirements).

5.2.5.5 Weakening Importance of High Competency Levels

Final  evaluation  method  extension  proposed  in  this  thesis  supports  the  idea  that  high 
competency levels do not influence the suitability of the resource in a linear way, but the 
higher the acquired competency level is, the lower influence it has on the suitability [34]. This 
idea was already mentioned in the example in section 5.2.4 Example of Evaluation, but it can 
be strengthened further by lowering the weights of higher fragmented allocation requirement 
levels.  This  can  be  done  either  absolutely  by assigning  lower  weights  to  all  fragmented 
elements  from the  specified  value,  or  relatively based  on the  distance  of  the  fragmented 
element position from the lower requirement limit. I will be using the relative approach in this 
thesis as it seems more in line with the idea of requirements and their importance. This could 
for example lead to a redefinition of one fragmented requirement vector frli,j with lrli,j defined 
as 3 on a 5-level scale from (0, 0, 1, 1, 1) to (0, 0, 1, 0.7, 0.49).

To introduce this extension to the evaluation method a function has to be defined, that will 
specifiy  values  of  the  fragmented  elements  with  positions  between  lower  and  upper 
requirement limits. This is done in Definition 5.18.

Definition 5.18:

If the Weakening importance of high competency levels extension is used, the following 
function has to be defined:

• weakeningEffect:  ℝ  ℕ → ℝ is a function that assigns a weight to a tuple (base, 
distance).  base  ℝ describes a base value that would be contained in the vector 
element  if  the  weakening  extension  was  not  used.  distance   ℕ is  a  difference 
between the actual fragmented element position and the position of the element from 
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which the weakening should start taking effect.
Then values frla,j,k for allocation a  AA and competency cj  C defined in Definition 5.15 

are redefined to:

frl a , j ,k : (lrl a , j > 0 ∨ hrla , j < maxLevel (c j)) ⇒

frla , j , k = {
0 , k < lrl a , j

weakeningEffect( ria , j

100
, k − lrl a , j) ,lrl a , j ≤ k ≤ hrl a , j

0 , k > hrla , j

(lrl a , j = 0 ∧ hrla , j = maxLevel (c j)) ⇒ frla , j , k = 0

(5.34)

(Note: If the varying importance of requirements extension is not used along with this 
extension, the importance ria,j is defined as 1 for every allocation a and every competency cj.)

I have used a standard exponential function as the weakening function in this thesis, that 
weakens the value by a pre-specified percentage for each step of the distance. This function is 
defined in Definition 5.19.

Definition 5.19:

Given  stepPercentage  {x  ℝ |  x  (0,100>} is a percentage for which the value is 
lowered in each distance step, then the weakening function  weakeningEffect:  ℝ  ℕ → ℝ 
used in this thesis is defined as:

weakeningEffect (base ,distance ) = base ⋅(stepPercentage / 100)
distance (5.35)

5.2.6 Comparison of Proposed Methods and Extensions

To compare vector representations and extensions introduced in this thesis, an experiment 
on the software process from section  3.2.8 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  (competency 
profiles were not available for all workers in the process). Then, 143 competency profiles 
were created based on these constraints, 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 
introduced in section 5.1.5 Vector Space Model and extensions from previous sections were 
tested. Notice that enhanced vector representation was created directly for cosine measure 
because of its properties, so it will be only used with this measure. It is also worth noting that 
Weakening importance for high competency levels extension is not available for direct vector 
representation, but other observed extensions are usable even for this representation and they 
will be part of the experiment. As for the remaining two extensions, all lower requirement 
limits were set as recommended (lrta,j = recommended), all upper requirement limits were set 
as strict (hrta,j = strict), because the expert evaluation of resources was done in this way, and 
all  competency  requirements  were  set  to  be  equally  significant  (ria,j = 1)  to  ensure 
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comparability  with  the  direct  vector  representation,  that  is  not  able  to  model  varying 
competency importance.

The comparison in this experiment is based on evaluating the precision and recall [78] and 
combining them using F-measure [78] for all allocations in the process. To use the precision-
recall  method, relevant resources for each activity had to be identified and this  was done 
by expert estimation by the process manager.

The final task was to decide how many of the top evaluated resources for each allocation 
should be considered in the computation of precision and recall. It was obvious from the set 
of relevant  workers  for  each  allocation  that  this  cannot  be  a  single  number,  because  the 
number of relevant workers varied significantly. It also was not feasible to derive this number 
directly from the number of relevant workers to avoid unnecessary relation with the expert 
estimation, which is not normally present during the application of the model. Referential 
resource was used to solve this problem, because it represents the lowest competency levels 
that are needed to perform the activity (even slightly worse resources can perform the activity, 
but they were omitted from the results in this experiment). Thus only resources with higher 
similarity level than the referential resource for each allocation were declared as suitable. This 
procedure  could  not  be  used  for  the  direct  vector  representation,  because  the  referential 
resource, having the exactly same vector as the activity vector, was always the first resource 
with the highest similarity. Therefore the number of top evaluated resources acquired in the 
appropriate fragmented combination was also used for the direct representation.

Table 5.2 shows the results of the evaluation for all configurations with resources limited 
by roles as described in section  5.2.5.4 Limiting Resources to Specific Roles. Precision and 
recall averages and medians over all allocations are stated along with their F-measure average 
and median values. The results are sorted by their F-measure average in a descending order 
from the best configuration, to the worst. Name of the configuration specifies which vector 
representation, measure and extensions were used during the evaluation (in this order). Names 
of  representations  and measures  are  self  explanatory,  but  short  explanation  is  needed for 
extension identification. If the Evaluating only required competencies extension is used in the 
configuration, keyword Required appears in the configuration name, if it  is not used, this 
keyword does not appear. The same pattern is followed for the Weakening importance of high 
competency levels extension, that corresponds to the Weaken keyword. StepPercentage value 
for  the  weakeningEffect function  (for  more  information  see  section  5.2.5.5 Weakening
Importance of High Competency Levels) was set to 77% as the experiments provided the best 
results for this value.

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 
(this configuration will be used in all further case studies in this thesis). It is also interesting, 
that even standard fragmented representation with cosine measure is slightly better than the 
measure using the MSE indicator. As for the resulting values, F-measure values are defined 
on an  interval  <0,1> with  value  1 meaning that  the  resources  deemed as  suitable  by the 
evaluation method match exactly with the expert estimation and value 0 meaning no match 
between  the  compared  results  [78].  The  value  for  the  best  configuration  (0.87)  is  not 
an extremely good result, but it is still better than the best referential configuration using the 
MSE indicator (0.85). At the same time, when looking at the median values of the F-measure 
indicator, they are considerably higher for the majority of results in the table, with the best 
value being approximately 0.92. This is a much better result as some difference of the suitable 
results is expected because process manager,  that created the expert estimation,  has much 
broader knowledge about the workers (e.g. working habits, personality traits, etc.) that the 
proposed evaluation model is not able to capture. But why are the median and average values 
so different?  When looking at individual allocations in more detail,  several of them came out
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Configuration
Precision 
Average

Recall 
Average

F-measure 
Average

Precision 
Median

Recall 
Median

F-measure
Median

Enhanced Cosine 
Required Weaken

0.8142 0.9637 0.8692 0.8889 1.0000 0.9159

Enhanced Cosine 
Required

0.7884 0.9821 0.8593 0.8462 1.0000 0.9072

Fragmented Cosine 
Required

0.7944 0.9522 0.8509 0.8750 1.0000 0.9072

Fragmented MSE 
Required Weaken

0.8057 0.9195 0.8481 0.8333 1.0000 0.8889

Direct Cosine Required 0.7820 0.9638 0.8481 0.8000 1.0000 0.8454

Fragmented Cosine 
Required Weaken

0.8151 0.8954 0.8395 0.9000 0.9750 0.9091

Direct Euclid Required 0.7404 0.9865 0.8230 0.7576 1.0000 0.8235

Enhanced Cosine 0.8486 0.8453 0.8217 0.9231 0.8750 0.8718

Direct MSE Required 0.7841 0.8768 0.8179 0.8333 0.9412 0.8571

Direct MSE 0.6637 1.0000 0.7822 0.7273 1.0000 0.8421

Fragmented MSE 
Weaken

0.6637 1.0000 0.7822 0.7273 1.0000 0.8421

Direct Cosine 0.8973 0.7435 0.7797 1.0000 0.8000 0.8235

Fragmented Euclid 
Required

0.6725 0.9697 0.7786 0.7727 1.0000 0.8235

Fragmented MSE 0.6681 0.9830 0.7779 0.7324 1.0000 0.8235

Fragmented Cosine 0.8293 0.7018 0.7318 0.9091 0.7778 0.7619

Fragmented Euclid 
Required Weaken

0.7263 0.7843 0.7213 0.8333 0.8000 0.7500

Enhanced Cosine 
Weaken

0.9196 0.6084 0.6945 1.0000 0.5714 0.7000

Fragmented Cosine 
Weaken

0.8942 0.3872 0.5054 1.0000 0.3333 0.4615

Fragmented MSE 
Required

0.1077 0.0564 0.0709 0.0000 0.0000 0.0000

Fragmented Euclid 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Direct Euclid 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Fragmented Euclid 
Weaken

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table 5.2: Experimental Results of Resource Allocation with Resources Limited by Roles

with a lower F-measure score (8 allocations came out with scores in the interval <0.64, 0.75>) 
and they are all related to the Designer role. These lower score results drag down the average 
value considerably and identify that there is some problem with the Designer related resources 
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or allocations. Either the expert estimation has a lot of hidden knowledge, or the required and 
acquired competencies for these resources were not defined correctly.

Results for configurations where resources are not limited by roles are shown in Table 5.3.

Configuration
Precision 
Average

Recall 
Average

F-measure 
Average

Precision 
Median

Recall 
Median

F-measure 
Median

Fragmented MSE 
Required Weaken

0.6762 0.8458 0.7317 0.7143 0.8750 0.7692

Direct MSE Required 0.6766 0.7976 0.7117 0.7143 0.8000 0.7556

Direct Cosine 0.5783 0.8349 0.6137 0.5556 1.0000 0.5806

Enhanced Cosine 
Required Weaken

0.4619 0.9292 0.5905 0.4545 1.0000 0.6000

Enhanced Cosine 
Weaken

0.7660 0.4993 0.5526 0.8333 0.5000 0.5806

Enhanced Cosine 0.4921 0.7477 0.5457 0.5000 0.7857 0.5432

Fragmented Cosine 0.4800 0.6088 0.4863 0.4815 0.6000 0.5106

Enhanced Cosine 
Required

0.3118 0.9660 0.4426 0.2692 1.0000 0.4146

Fragmented Cosine 
Required Weaken

0.3358 0.8278 0.4345 0.2500 0.8889 0.3750

Fragmented Cosine 
Required

0.2764 0.9183 0.3898 0.2121 0.9643 0.3415

Fragmented Cosine 
Weaken

0.6320 0.2978 0.3634 0.6364 0.2222 0.3478

Direct Cosine Required 0.2415 0.9587 0.3608 0.1864 1.0000 0.3143

Direct Euclid 0.7976 0.1999 0.3068 -1.0000 0.0000 0.0000

Direct Euclid Required 0.1516 0.9990 0.2438 0.0758 1.0000 0.1408

Fragmented MSE 0.1490 0.9835 0.2404 0.0763 1.0000 0.1417

Fragmented MSE 
Weaken

0.1457 1.0000 0.2359 0.0694 1.0000 0.1299

Direct MSE 0.1456 1.0000 0.2358 0.0694 1.0000 0.1299

Fragmented Euclid 
Required

0.1480 0.9518 0.2357 0.0763 1.0000 0.1399

Fragmented Euclid 
Required Weaken

0.1351 0.7308 0.2063 0.0634 0.8000 0.1184

Fragmented MSE 
Required

0.1118 0.0384 0.0553 0.0000 0.0000 0.0000

Fragmented Euclid 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Fragmented Euclid 
Weaken

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table 5.3: Experimental Results of Resource Allocation with Resources Not Limited by Roles
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These  results  are  much  worse  than  for  the  role  limiting  configurations  with  the  MSE 
configurations  performing  considerably  better  than  the  remaining  configurations.  These 
results show that the proposed evaluation method, even with all proposed extensions, is not 
suitable for this type of allocations. On the other hand, if these indications are considered 
cautiously they can still hint at possible problems with wrong assignment of resources to roles 
and suggest possible changes in the resource-role structure. 

5.2.7 Resource Evaluation Case Study

I have used this approach on one simplified process of a middle-sized HR division that 
specializes  in  the  outsourcing  of  experts  and  also  serves  as  a  HR  agency  (for  more 
information  see  [30]).  The  purpose  of  this  process  is  to  find  and  recommend  suitable 
applicants for the job offers created by external companies.

This simplified process is shown in Figure 5.2 and consists of 9 activities (2 activities are 
hidden  inside  the  Find Applicant  sub-process),  but  some of  these  activities  are  specified 
by additional case parameters (the personnel domain and customer).
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Specifying all practical combinations of parameters (e.g. Company1 is looking for IT and 
management  workers) created 24 specific  activity allocations  that  are  used as queries  for 
evaluating the resources. Each allocation is linked to one specific role in the process, but this 
case study also shows the advantage of considering all resources for the allocations in the 
global view. This can be very useful to identify resources that are linked to wrong roles and 
can lead to better restructuring of the resources. As the experiment in the previous section 
showed  that  the  correctness  of  evaluating  all  resources  regardless  of  their  role  can  be 
considerably lower, than evaluation of only role limited resources, the results should be only 
taken as hints and clues that something could be wrong with the role assignment. Allocations 
during actual simulations should only consider workers with the appropriate roles.

There is a total of 13 workers in the department divided into 3 roles – 6 Administration 
Workers,  5  HR Consultants  and 2  HR Managers.  HR Consultants  in  this  process  started 
as Administration Workers and they were promoted when they acquired enough experience 
in the process, so they should be able to perform even the Administration Worker activities. 
This fact will be visible in the results.

Only  Administration  Workers  and HR Consultants  are  working  in  the  process  and  13 
competencies are observed for every one of them – personnel knowledge in IT, management, 
electronics  and  marketing;  internal  IS  user  skill;  job  portals  user  skill;  communication; 
psychology;  negotiation;  customer  knowledge  of  Company1  through  Company4.  These 
competencies are defined on a 10-level scale so every worker is defined by a competency 
vector  containing  130  elements.  Allocation  requirements  are  defined  for  the  same 
competencies to ensure their comparability.

All evaluation results of this case study are shown in Figure 5.3, but as this chart is very 
cluttered  and not  easily  readable  in  this  form,  I  will  use  a  more  transparent  method  for 
showing  the  global  characteristics  of  the  experiment.  This  method  uses  the  computed 
similarity for each allocation to score points for all similar resources – resource with the best 
similarity  gains  10  points,  resource  with  the  second  best  similarity  gains  9  points  etc. 
If several resources share the same similarity, they all get the average number of points for 
their  shared positions (e.g. when sharing 2nd and 3rd place,  both resources get 8.5 points). 
Averages of scored points for every resource are shown in Figure 5.4.

This chart shows that a resource with the lowest scores is Admin3. A detailed look at the 
global  results  show  that  Admin3  really  plays  an  important  part  in  a  small  number 
of evaluations, but he always appears in first or second places in these activities. This means 
that Admin3 is a specialist and was hired for his expertise in one domain (in this case it is his  
marketing  knowledge).  On  the  other  hand,  Admin1  and  Admin2  have  a  more  universal 
presence in the process, but their weak competencies always leave them at last places in the 
allocations.  Training  should  be  probably  considered  for  these  Administration  workers 
to strengthen their competencies in the process. Consultant1 is the same case because he does 
not  achieve  the  similarity  levels  of  other  HR  consultants.  This  consultant  was  recently 
promoted  from administration  worker  and he  has  not  been properly trained yet.  Admin4 
on the other hand looks very promising and is on par with the majority of HR consultants. 
This resource could be suitable for promotion.

Just like the global  statistic  is  important  for the decision support,  the local  results  are 
important  for  simulations.  Similarities  for  Applicant  Interview  activity  specified  for 
a Management domain in Company1 are shown in  Figure 5.5. Only HR Consultants were 
considered  in  this  evaluation  as  this  activity  is  related  to  the  HR  Consultant  role  and 
experiment in previous section showed that results for limiting resources by roles are much 
more precise. The X-axis in this chart is placed at the referential resource level, so all workers 
that have a positive bar are better than the referential resource, and resources with a negative 
bar are worse than the referential resource.
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Figure 5.4: Average Scored Points for Resource Similarities

Figure 5.3: Chart with Global Results of the Allocation Case Study



This  chart  shows  that  Consultant2,  Consultant3,  Consultant4  are  good  picks  for  this 
activity. Consultant5 is very slightly lacking when compared with the referential resource, but 
the difference is very small so even this worker could be allocated to the activity. On the other 
hand, Consultant1 is not suitable enough to perform this activity. It is best to allocate workers 
that are near the referential worker on normal cases and use better consultants on high priority 
cases  (specific  allocation  strategies  will  be  discussed  in  section  5.4.3 Human  Resource
Allocation Strategies).

5.3 Coordination Model Extension for Competency Evaluation

The  BPM  Method  is  designed  as  an  object  oriented  method,  so  introducing  the 
competency-based  description  of  resources  and  activity  requirements  can  be  done 
by expanding the object descriptions of activities and resources in this method. This approach 
is followed in the implementation of competency-based evaluation to the BPStudio software 
tool that provides modelling and simulation environment described in this thesis for process 
analysts and that is used for experiments performed in this thesis. This addition will be based 
on the formal extension of the Coordination model, that will contain elements for introducing 
competency-based evaluation into simulations, and will be presented in this section.

5.3.1 Base Competency Extension

First a set of base competencies defined in the process has to be introduced into the model 
along with  their  maximal  competency levels.  These base competencies  will  be then  used 
by resource  and  activity  competency  extensions  to  specify  their  acquired  and  required 
competency levels respectively. The base competency extension is defined in Definition 5.20.

Definition 5.20:

Coordination  model  system  with  base  competencies (CMSBC)  is  defined  as  a  tuple 
CMSBC = (CMSWF, BC) where:

• CMSWF is a Coordination model system with weighted flows as defined in Definition 
3.23 and

• BC =  (BCO, maxLevel) is  a  tuple  that  describes  base  competencies  in  the  model 
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where:
◦ BCO is a finite set of base competencies in the model and
◦ maxLevel:  BCO →  ℕ is  a  function  that  assigns  maximal  level  to  each  base 

competency in the model.

5.3.2 Competency Parameters Extension

Each customer entry object defines several sets of competency parameters for each process 
instance  generated  from this  entry  object  that  influence  the  allocation  of  resources  with 
parametrized competencies. Each parameter set comes with a priority of the generated process 
instance and percentage probability that this parameter set will be chosen for the generated 
process instance. Total sum of probabilities for all parameter sets in one process instance has 
to be 100% to ensure that  each process instance has one of these parameter  sets  in each 
simulation. For example one parameter set of the process instance could have 20% probability 
that it will be for Java programming language implementation and 80% that it will be for C# 
implementation.

Each competency parameter that appears in any of these parameter sets is assigned to one 
base competency and serves as a specialization of this base competency. For example, the 
Java and C# parameters could be assigned to a Software Programming competency. Each 
parameter  set  has  to  define  exactly  one  parameter  for  every  base  competency.  The 
competency parameters extension is defined in Definition 5.21.

Definition 5.21:

Coordination model system with competency parameters (CMSCP) is defined as a tuple 
CMSCP = (CMSBC, CP, PIPS) where:

• CMSBC is  a  Coordination  model  system  with  base  competencies  as  defined 
in Definition 5.20,

• CP = (CPA,  competencyParameters) is a tuple that describes competency parameters 
in the model where:
◦ CPA is a finite set of competency parameters in the model and
◦ competencyParameters: BCO → (2CPA \ {}) is a function that assigns parameters 

to  base  competencies  in  the  model  and  each  base  competency has  to  contain 
at least  one parameter.  As each parameter  can be assigned to exactly one base 
competency, the following condition has to be met:

∀ cpa ∈ CPA ∃!bco ∈ BCO [cpa ∈ competencyParameters(bco)] (5.36)

• PIPS =  (PIT,  instanceTemplates,  CPS,  parameterSets,  parameterSetParameters,  
parameterSetPriority,  parameterSetProbability,  processInstanceParameterSet)  is  a 
tuple that describes parameter sets for each customer entry object in the model where:
◦ PIT is a finite set of process instance templates for every customer entry object 

in the model,
◦ instanceTemplates:  EO →  2PIT (EO is  a  set  of  all  entry  object  nodes  from 

Definition 3.17) is a function that assigns process instance templates to each entry 
object  node in  the  model.  As exactly  one  process  instance  template  has  to  be 
defined  for  each  generated  process  instance  in  the  model  and  this  number  is 
specified by the totalEntries function (as defined in Definition 3.17), the following 
condition has to be met:

∀ eo ∈ EO [∣instanceTemplates (eo)∣= totalEntries(eo)] (5.37)
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◦ CPS is a finite set of competency parameter sets in the model,
◦ parameterSets: PIT → 2CPS is a function that assigns parameter sets to each process 

instance template in the model,
◦ parameterSetParameters:  CPS  × BCO →  CPA is  a  function  that  assigns 

competency parameters to each parameter set and base competency in the model. 
Each parameter assigned by this function has to be related to the appropriate base 
competency and therefore has to meet the following condition:

∀ cps ∈ CPS ∀ bco ∈ BCO
[ parameterSetParameters(cps ,bco) ∈ competencyParameters(bco)] (5.38)

◦ parameterSetPriority:  CPS → {low, medium, high} is  a function that specifies 
process instance priority for each parameter set in the model,

◦ parameterSetProbability: CPS → {x  ℝ | x  (0,100>} is a function that specifies 
a percentage probability for each parameter set in the process instance template. 
Total  percentage  probability  for  all  parameter  sets  in  each  template  has  to  be 
100%. This can be specified by the following condition:

∀ pit ∈ PIT [ ∑
cps∈ parameterSets( pit)

parameterSetProbability (cps )= 100] (5.39)

◦ processInstanceParameterSet:  PI → CPS is  a  function  that  assigns  the  chosen 
parameter set to each generated process instance in the model.

As this  extension is  not  very thoroughly described in  previous sections,  I  will  present 
an example of its structure and use. Some sample software process can have two entry object 
nodes  –  one  that  introduces  contracts  for  a  complete  development  of  a  new  software 
application and another one that specifies requests only for creating analysis and design of 
an application without implementing the application (the implementation itself can then be 
outsourced). Entry object node set can then be defined as  EO = {complete,  analysisOnly} 
containing the  complete object node for the complete development cases and  analysisOnly 
object node for creating only analysis and design cases. The simulation will be run with one 
process instance from the  complete entry object node (totalEntries(complete) = 1) and two 
instances  from the  analysisOnly entry object  node (totalEntries(analysisOnly)  = 2)  (mean 
times between individual entries are not interesting in regard to this example). This means that 
the  complete entry object node will have one process instance template  completePit  PIT 
(instanceTemplates(complete) = {completePit}) and  analysisOnly entry node will have two 
templates analysisPit1, analysisPit2  PIT (instanceTemplates(analysisOnly) = {analysisPit1, 
analysisPit2}).

Each template specifies competency parameters for each process instance generated from 
the entry object  nodes.  As the company is  able  to develop systems in both Java and C# 
languages  (java,  c#  CPA),  the  completePit template  will  contain  two  parameter  sets 
completePitJava,  completePitC#  CPS (parameterSets(completePit)  =  {completePitJava, 
completePitC#}).  If  the  programming  language  is  the  only  parameter  considered  in  this 
example and it is related to the  programming  BCO base competency, then the values for 
function  parameterSetParameters  will  be  set  to  parameterSetParameters(completePitJava, 
programming) = {java} and parameterSetParameters(completePitC#, programming) = {c#}.

From previous measurements, the company knows that their customers statistically prefer 
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the  use  of  Java  language  (70%  of  customers)  against  the  use  of  C#  language  (30% 
of customers). This translates into values parameterSetProbability(completePitJava) = 70 and 
parameterSetProbability(completePitC#) = 30. As both language entries will have the same 
priority, it will be set to medium for both instances (parameterSetPriority(completePitJava) = 
medium, parameterSetPriority(completePitC#) = medium).

The  same parameters  have  to  be  set  for  the  analysisOnly entries  as  the  programming 
language is important for the design phase of these process instances. The management of the 
company has already filed a contract for creating analysis for a system that will be developed 
using the Java language, so the first instance is strictly given. This leads to addition of one 
parameter  set  analysisPit1Java  CPS and  values  parameterSets(analysisPit1)  = 
{analysisPit1Java},  parameterSetParameters(analysisPit1Java,  programming) = {java} and 
parameterSetProbability(analysisPit1Java) = 100. They also know that this process instance 
will have a lower priority than the complete development instance that will run concurrently, 
leading to parameterSetPriority(analysisPit1Java) = low.

The second analysis only entry is not known at the time of the simulation, but it is mainly 
present in the simulation to check if the company will be able to manage another such project 
when  it  arrives  sometimes  during  the  execution  of  the  previous  two  ongoing  process 
instances. This could for example lead to one setting where this new instance is specified for 
C# (to not contest the same resources as the first analysis only entry) and another simulation 
setup  could  be  done  for  a  Java  entry  to  see  how  such  high  utilization  of  Java-focused 
resources influences the process.  Of course, it is still possible to allow both such options 
by assigning appropriate probability to them.

5.3.3 Resource Competency Extension

Each resource with definable competencies has to be part  of any shared resource pool 
in the process. Each such pool contains one type (role) of resources and is shared among all 
process instances (as described section 3.2.6 Sharing Limited Resources).

Each shared resource in the Coordination model is then extended by the collection of its 
acquired  competency  levels.  Levels  of  parametrized  competencies  have  to  be  specified 
individually for each possible parameter of the base competency because the resource can 
have different levels for different parameters. The resource competency extension is defined 
in Definition 5.22.

Definition 5.22:

Coordination model system with resource competencies (CMSRC) is defined as a tuple 
CMSRC = (CMSCP, resourceCompetencyLevel) where:

• CMSCP is  a  Coordination  model  system  with  competency  parameters  as  defined 
in Definition 5.21 and

• resourceCompetencyLevel:  SR × BCO × competencyParameters(BCO) → {x  ℝ | 
x  0} is a function that specifies acquired competency levels for each combination 
of one shared resource,  base competency and competency parameter  in the model. 
This  function  only  has  to  specify  values  for  correct  combinations  of  base 
competencies and their related parameters and each of these values has to be smaller 
or equal to the maxLevel value for the appropriate base competency, meaning:

∀ sr ∈ SR ∀ bco ∈ BCO ∀ cpa ∈ competencyParameters(bco)

[resourceCompetencyLevel (sr , bco , cpa )≤ maxLevel (bco)]
(5.40)

Values  for  the  remaining  combinations  do  not  have  to  be  defined or  they can  be 
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defined as 0, because they will not be used during competency evaluations.

5.3.4 Activity Requirements Extension

Each activity in the process can be expanded by the description of its requirements for each 
shared resource pool that serves as an input to the activity. Each activity will therefore contain 
several  collections  of  requirements  –  one  collection  for  each  input  resource  pool.  Each 
of these collections defines requirements for one allocation in the process (as used in section 
5.2 Vector Representation). Each requirement comes with the lower and upper requirement 
limits (as described in section  5.2.2 Fragmented Vector Representation), importance of this 
required competency (as described in section  5.2.5.2 Varying Importance of Requirements) 
and  requirement  limit  types  (as  described  in  section  5.2.5.1 Strict  and  Recommended
Requirements).

Each parametrized competency will be specified by only one competency requirement that 
will define a common required level for all parameters of this parametrized competency. The 
activity requirements extension is defined in Definition 5.23.

Definition 5.23:

Coordination model system with activity requirements (CMSAR) is defined as a tuple 
CMSAR = (CMSRC, AR) where:

• CMSRC is  a  Coordination  model  system  with  resource  competencies  as  defined 
in Definition 5.22 and

• AR = (AA, allocationAssignment,  AAR,  allocationRequirements, requiredCompetency, 
reqImportance, lowerReqLimit, lowerReqType, upperReqLimit,  upperReqType)  is 
a tuple that defines requirements for activities and their allocations where:
◦ AA is a finite set of activity allocations in the model,
◦ allocationAssignment: AA → FI (FI is an input flow relation from Definition 3.6) 

is  a  function  that  assigns  one  input  flow arc  to  each  allocation  in  the  model. 
Allocations are defined only for input flow arcs that are connected to object nodes 
with shared resource pools and therefore have to meet the following condition:

∀ o ∈ ON [ poolAssignment (o)≠ τ ⇒ (∀ a ∈ AN [(o ,a) ∈ FI ⇒

(∃aa ∈ AA [(o ,a)= allocationAssignment (aa )])])]
(5.41)

◦ AAR is a finite set of allocation requirements in the model,
◦ allocationRequirements:  AA →  2AAR is a function that assigns a set of allocation 

requirements  to  each allocation  in  the  model.  Each allocation  requirement  has 
to be assigned to exactly one allocation and therefore has to meet the following 
condition:

∀ aar ∈ AAR ∃! aa ∈ AA [aar ∈ allocationRequirements(aa )] (5.42)

◦ requiredCompetency:  AAR → BCO is a function that specifies a competency for 
each allocation requirement in  the model.  Each allocation has to have only up 
to one requirement that contains specific base competency, meaning:
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∀ aa ∈ AA ∀aar1 , aar2 ∈ AAR [(aar1 ≠ aar 2 ∧

requiredCompetency (aar 1)= requiredCompetency (aar 2)) ⇒

(aar1 ∉ allocationRequirements(aa )∨

aar 2 ∉ allocationRequirements(aa))]

(5.43)

Competencies that are not present among requirements for specific allocation are 
not required by the allocation and competency evaluation will not work with these 
competencies  (as  described  in  section  5.2.5.3 Evaluating  Only  Required
Competencies),

◦ reqImportance:  AAR → {x  ℝ |  x  (0,100>}  is  a  function  that  specifies 
an importance  of  each  allocation  requirement  (as  specified  in  section 
5.2.5.2 Varying Importance of Requirements),

◦ lowerReqLimit: AAR → ℕ is a function that specifies a lower requirement limit for 
each allocation requirement (as introduced in Definition 5.10). This limit has to be 
lower or equal to the maxLevel value for the appropriate base competency:

∀ aar ∈ AAR
[ lowerReqLimit (aar )≤ maxLevel (requiredCompetency (aar ))] (5.44)

◦ lowerReqType: AAR → {strict, recommended} is a function that specifies a lower 
requirement  type  for  each  allocation  requirement  (as  introduced  in  section 
5.2.5.1 Strict and Recommended Requirements),

◦ upperReqLimit:  AAR → ℕ is a function that specifies an upper requirement limit 
for each allocation requirement (as introduced in Definition 5.10). This limit has 
to be lower or equal to the maxLevel value for the appropriate base competency:

∀ aar ∈ AAR
[upperReqLimit (aar )≤ maxLevel (requiredCompetency (aar ))] (5.45)

◦ upperReqType: AAR → {strict, recommended} is a function that specifies an upper 
requirement  type  for  each  allocation  requirement  (as  introduced  in  section 
5.2.5.1 Strict and Recommended Requirements).

Note: Besides  definition  of  function  allocationAssignment:  AA → FI,  it  is  also  useful 
to define a function allocationActivity: AA → AN that directly results in the activity node that 
is related to the allocation. As FI is a relation defined as FI  ON × AN, the allocationActivity 
function  will  only  return  the  second  part  of  the  relation  element  returned  by  the 
allocationAssignment function with the same parameters, meaning:

∀ aa ∈ AA [allocationAssignment (aa )= (o , a) ⇒ allocationActivity(aa)= a ] (5.46)

5.3.5 Competency-Based Resource Evaluation

Whenever any activity with requirements in any process case needs to start its execution, 
the simulation needs to allocate one resource for each allocation of this activity. These chosen 
resources  have  to  be  suitable  for  performing  this  activity  by  having  enough  skills  and 
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experience  to  fulfil  the  requirements  of  its  allocations.  This  suitability  is  evaluated 
as described in section  5.2 Vector Representation, using the enhanced vector representation 
with cosine measure and all extensions.

When  allocation  requirements  are  compared  with  resource  competencies,  all  base 
competencies  are  specialized  by  competency  parameters  for  the  actual  process  instance. 
Therefore requirements that are only defined generally for the whole base competency are 
eventually compared with parametrized resource competencies that are relevant for the actual 
process instance.

Resulting  suitability  is  then  compared  with  the  referential  resource  of  each  allocation 
(as defined  in  Definition  5.12)  and  workers  with  higher  suitability  than  the  referential 
resource are considered suitable to be allocated to the activity (this will be later changed and 
specified  in  a  more  detail  by  allocation  strategies  as  described  in  section  5.4.3 Human
Resource Allocation Strategies).

All  extensions in previous sections,  along with the evaluation specified in this  section, 
could be converted to a coloured Petri net (see e.g. [37]) or even object oriented Petri net (see 
e.g. [79]), but such detailed conversion is out of the scope of this thesis and will be part of the  
future work based on this thesis.

5.3.6 Competency-based Simulation Case Study

I have implemented all extensions of the Coordination model proposed in this section into 
the BPStudio modelling and simulation tool and used it to model, verify and simulate the 
flood warning process of the Moravian-Silesian region in the Czech Republic.

Simulations in this case study focus on the flood warning and forecast stage of the process 
that  consists  of  32  activities  and  is  performed  by 4 worker  roles  –  Hydrology Manager, 
Hydrology Analyst, Hydrology Specialist and Database Specialist. These workers are defined 
by  a  total  of  20  competencies  with  one  being  further  refined  by  5  parameters.  This 
parametrized  competency describes  knowledge of  a  specific  catchment  area  and 5  major 
catchment areas were used in these simulations. Forecasts for each of these catchment areas 
are treated as individual process instances running concurrently with all other catchment area 
forecasts. Execution of each process instance starts 15-30 minutes (with normal distribution) 
after the start of the last instance according to the delay of specified requests and data coming 
from the emergency committee.

The first process simulation is executed for the regional flood forecast with the whole team 
of 1 Manager, 2 Analysts, 5 Hydrology Specialists and 2 Database Specialists, each with his 
own  acquired  competency  levels.  200  simulation  runs  are  performed  to  mitigate  the 
unpredictability of stochastic parameters on the results. The average duration of this process is 
9 hours and 44 minutes with utilization and waiting times shown in Figure 5.6.

This simulation shows that the Manager is appropriately utilized because his waiting time 
is very short. The Manager is utilized in a small part of the process because the process only 
describes  his  role  in  acquiring  data  from other  organizations  and flood classification.  He 
of course  works  through  the  whole  process  execution  to  lead  other  roles  and helps  with 
problem resolution.

Waiting times of the Database Specialists are also very short, but this fact opens a question 
if the second Database Specialist is needed in the process. Database Specialists only play 
a support  role  in  the  process  because  their  main  goal  is  to  retrieve  and  archive  data  for 
modelling  and  analysis  activities  in  the  process.  Their  work  is  therefore  very  scattered 
throughout the process and one worker in this role could manage all the requests only with 
a short delay. After performing another simulation without the second Database Specialist, 
this  hypothesis  proved  to  be  true.  The waiting  time of  the  Database  Specialist  increased 
by 7 minutes, but it had no influence on process duration.
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The Analyst role follows a very similar pattern, but the second resource in this role cannot 
be  removed  because  both  workers  complement  each  other.  Each  Analyst  is  suitable  for 
performing those activities that the other is not able to do.

The most utilized and most unavailable resources are from the Hydrology Specialist role 
and differences in their competencies are also very visible in this role. While the first, third 
and especially the second resource in this role show high waiting times, the fifth resource’s 
competencies are so low that he cannot help with performing the standard process activities. 
The first  step is to find the source of high waiting time values for the second Hydrology 
Specialist. The simulation shows that his waiting times are caused by one activity (Calibration 
of the Hydrodynamic Model) and only this resource is able to perform this activity. But the 
fourth Hydrology Specialist is only a little worse than the referential resource for this activity 
(36% suitability of the fourth specialist as compared to the 39% suitability of the referential 
resource). This means that it is possible to easily gain another suitable resource by training the 
fourth  specialist  in  the  Hydrodynamic  Modelling  or  the  Hydrodynamic  Calibration 
competencies in which he lacks the level required for performing the activity. It is enough 
to train him in one of these competencies to pass the suitability condition because his mastery 
in other required skills balances the lack of mastery in the other one.

After updating one of these competencies and executing the simulation, the results were 
significantly better.  Total  duration of the process was 8 hours and 31 minutes (more than 
1 hour shorter than before) and waiting times of the second and fourth Hydrology Specialists 
changed to approximately 30 minutes.

To decrease the waiting times for the first and third Hydrology Specialist, a similar training 
is needed for the fifth specialist. There is only one possible competency to train because other 
competencies barely fulfil the requirements. After updating this competency, the simulations 
showed that several activities opened for the fifth specialist along with the one that delayed 
the other two specialists. This decreased the total process duration to 8 hours and 11 minutes 
and Figure 5.7 shows all resource utilizations after this change.

Waiting times of Hydrology Specialists are still high and this situation cannot be solved 
by improving  additional  competences  because  all  specialists  are  already  unavailable 
throughout the whole process. Another option is to hire new Hydrology Specialist with the 
same competencies as the fourth Hydrology Specialist as he is the most unavailable worker. 
Total process duration of the final simulation is 7 hours and 34 minutes, that is by 37 minutes 
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lower  from  the  previous  result.  By  adding  yet  another  Specialist  to  the  second  most 
unavailable group the total process duration decreased by another 15 minutes.

5.4 Human Resource Productivity

Resource  suitability  introduced  in  previous  sections  specifies  how  skilled  and 
knowledgeable a worker is to perform specific activities. But suitability of the resource does 
not only influence allocation possibilities of the resource, it also influences its productivity 
[34], [52]. A productivity model specified in [52] will also be used in this thesis and will work 
with the proposed resource evaluation method.

Productivity model derives worker’s productivity by processing the worker’s capability 
and  required  capability  to  perform the  activity.  It  uses  a cumulative  distribution  function 
of a standard normal distribution to specify the productivity of specific resource for specific 
allocation and is defined in Definition 5.24.

Definition 5.24:

Given Ca  {x  ℝ |  x > 0} is a maximum productivity for allocation a  AA,  aa  ℝ is 
a level of accuracy needed to perform allocation a and determines the sharpness of the decline 
in the productivity,  cap(r,a) is a capability of resource r  R for allocation a and equals the 
similarity of their vector representations and cap(ra,a) is a required capability for allocation a 
that  equals  the  similarity  of  its  referential  resource  ra  RR.  Then function  productivity: 
(R  RR) × AA → {x  ℝ | x > 0} describes a productivity of resource r for allocation a and is 
defined as:

productivity (r , a) = Ca ⋅ ∫
−∞

aa⋅(cap (r ,a ) − cap(r a , a))
1

√2π
⋅e

−t2

2 dt =

= Ca ⋅Φ (aa⋅(cap(r , a )− cap(ra , a)))
(5.47)
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It is also interesting to look at the productivity of the referential resource, because it will  
define  the  referential  productivity  for  each  activity,  to  which  other  resources  will  be 
compared.  Theorem 5.1  specifies  the  value  of  this  referential  productivity  and  is  proved 
by Proof 5.1.

Theorem 5.1:

Productivity of referential resource ra  RR for allocation a  AA is:

productivity (ra , a ) =
C a

2
(5.48)

Proof 5.1:

Proof  of  Theorem  5.1  is  done  by  simply  substituting  referential  resource  ra to  the 
productivity function from Definition 5.24:

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

= C a⋅Φ (aa ⋅0) = Ca ⋅Φ (0)=
Ca

2

(5.49)

To further simplify calculations with productivity,  it  is  useful  to  universally set  the  Ca 

parameter to 2. This leads to the fact that the referential resource always has a productivity of 
1 regardless of parameter aa (as stated in Theorem 5.1). This can then be perceived as doing 
1 unit  of  work  in  1  unit  of  time.  Resources  with  higher  capabilities  than  the  referential 
resource have higher productivity and can therefore do more units of work in 1 unit of time 
(e.g. if the worker’s productivity is 1.25, he can do 1.25 units of work in 1 unit of time). 
On the other hand, resources with lower capabilities have lower productivity and therefore do 
less units of work in 1 unit of time.

Figure 5.8 shows productivity curves for different values of parameter aa with Ca set to 2.
This chart shows that the values of parameter aa greatly influence the productivity values. 

Bigger values of the aa parameter cause sharper rise of the curve, meaning that small changes 
in capability cause a major change in productivity. This property can be used to differentiate 
between  specialized  and  universal  activities  in  business  processes,  specialized  activities 
having a steeper curve and universal activities having a flat curve. It is also useful to allow 
setting the aa parameter to 0 for fully automated activities or for disabling the influence of the 
productivity for other types of simulations where productivity is not required.

5.4.1 Productivity and Duration of Activities

Previous  section  described  the  notion  of  workers’  productivity,  but  how  does  this 
productivity translate into the duration of the process instances? Each activity in the process is 
performed by some resource (either  human or  non-human)  and can be  influenced by the 
resource’s competencies and productivity. Each activity can therefore take a different amount 
of  time for  different  workers,  even though the  amount  of  work for  the activity does  not 
change.  Worker’s  productivity  then  specifies  how  much  faster  the  worker  can  perform 
an activity and its influence on the duration of the activity is defined in Definition 5.25.
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Definition 5.25:

Given  productivity(r,a) is a function that describes productivity as defined in Definition 
5.24, dm:  R × AA → {x  ℝ |  x  0} is a function that specifies how much the productivity 
of given resource influences duration of given allocation and is defined as:

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

productivity (r , a)
(5.50)

and duration: AA → {x  ℝ | x  0} is a function that specifies standard duration of given 
allocation if performed by its referential resource, then  prodDuration:  R × AA → {x  ℝ | 
x  0} is a function that defines the duration of allocation a  AA being performed by resource 
r  R and is defined as:

prodDuration(r , a) = duration (a )⋅dm(r , a) (5.51)

If multiple allocations are needed for one activity, duration is evaluated for every allocated 
resource and the longest duration is used for the activity.

The productivity of the referential resource in formula (5.50) has to be taken into account, 
because productivities of all resources are related to the referential worker (see Definition 
5.24). And here, the choice of the  Ca parameter having a value of 2 pays off, because then 
productivity(ra,a) is always 1 (see Theorem 5.1) and it can be substituted in formula  (5.50), 
leading to:

dm(r , a )=
1

productivity (r , a)
(5.52)

Figure 5.9 then shows the duration multipliers dm(r,a) for different values of parameter aa.
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5.4.2 Introducing Productivity into Coordination Model

Productivity  model  described  in  previous  sections  can  be  easily  introduced  into  the 
Coordination model. The only parameter that has to be added is the activity accuracy aa and 
then the only problem is  to implement  the productivity enhancements into the simulation 
engine.  The  resulting  productivity  can  then  be  linked  with  probability  distributions  that 
determine the duration of activities (see section 3.2.4.1 Varying Duration of Activities).

The  duration  of  activities  in  the  Coordination  model  is  modelled  by  specifying  two 
quantiles.  These quantiles  are  then used to  calculate  the mean value and variation of the 
duration distribution. Every time any activity is started, its duration is determined as a random 
variable from its distribution.

There are three possible ways how to influence the distribution with productivity:
1. Multiply the final duration value acquired from the distribution just before the start 

of the activity,
2. change  the  parameters  of  the  distribution  just  before  the  final  duration  value  is 

acquired from the distribution or
3. change the values of the distribution quantiles before its parameters are determined.

Concerning the normal  and uniform distributions,  all  these three possibilities are  equal 
in their  accuracy. The first  option would be the most efficient,  because the basic duration 
without  productivity  effect  could  be  evaluated  before  allocating  any  resource  and  then 
changed right at the start of the activity. But for log-normal distribution, using the first and 
second option directly could potentially skew the probability of resulting values. Therefore 
I chose the safest third option that can be used directly, regardless of the chosen stochastic 
distribution, because the distribution parameters are determined after the productivity change 
itself. Integration of this option to the Coordination model is defined in Definition 5.26.

Definition 5.26:

Given  lowValue(s)  and  highValue(s)  are  low and high quantile  values  for  the  duration 
of scenario s  AS (as defined in Definition 3.13), dm(r, aa) is a duration multiplier for shared 
resource  r   SR and  allocation  aa  AA (as  defined  in  Definition  5.25)  and 
scenarioAllocations:  AS → 2AA is a function that assigns a set of allocations to their related 
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activity scenarios by:

∀ s ∈ AS [ scenarioAllocations(s )= {aa ∈ AA ∣

s ∈ activityScenario(activityAssignment (allocationActivity (aa)))}]
(5.53)

then functions lowValue: SR × AS → {x  ℝ | x  0} and highValue: SR × AS → {x  ℝ | 
x  0}  specify  new values  for  low and high  quantiles  that  are  based on the  productivity 
of resource r. These functions are defined as:

lowValue (r , s) = lowValue (s)⋅ max
aa ∈ scenarioAllocations(s )

(dm(r , aa )) (5.54)

highValue (r , s)= highValue(s )⋅ max
aa ∈ scenarioAllocations( s)

(dm(r ,aa)) (5.55)

5.4.3 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:

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) Allocate  only  from  a  specific  number  of  workers  with  capabilities  closest 

to referential capability.
d) Allocate  only from a specific  number  of  workers  with  capabilities  closest,  but 

lower than referential capability.
e) Allocate  only from a specific  number  of  workers  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.
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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 will be using a code based 
on the numbering used in the solution list. A code for the previous example would then be 
1a(100%),2a,3a.

5.4.4 Productivity and Strategy Extension to Coordination Model

Apart  from  the  activity  duration  enhancement  described  in  section  5.4.2 Introducing
Productivity into Coordination Model, several additional parameters described in previous 
sections have to be integrated into the Coordination model. These parameters include the level 
of accuracy aa for each allocation and the solution to all three allocation questions that create 
the allocation strategy. This extension is defined in Definition 5.27.

Definition 5.27:

Coordination model  system with productivity  and allocation strategies (CMSPAS)  is 
defined as a tuple CMSPAS = (CMSAR, productivityAccuracy, AAS) where:

• CMSAR is  a  Coordination  model  system  with  activity  requirements  as  defined 
in Definition 5.23,

• productivityAccuracy:  AA → ℝ is  a  function  that  specifies  a  level  of  productivity 
accuracy for each allocation in the model (as introduced in Definition 5.24) and

• AAS  = (capabilityLimit,  capabilityLimitValue,  capabilitySort,  unavailabilitySolution) 
is  a  tuple  that  contains information about  allocation strategies  for  every allocation 
in the model, where:
◦ capabilityLimit:  AA → {percentage, highest, closestReferential, lowerReferential, 

higherReferential}  is  a  function  that  assigns  a  solution  for  the  first  allocation 
strategy question (limiting resources by their capability) to every allocation in the 
model,

◦ capabilityLimitValue: AA → {x  ℝ | x  0} is a function that assigns a value for 
the first  allocation strategy question to every allocation in the model.  Meaning 
of this value is related to the capabilityLimit function value as the percentage limit 
requires a percentage value from this function and the remaining limits  expect 
a specific number of resources from this function,

◦ capabilitySort:  AA → {fromHighest, fromLowest, fromReferential} is a function 
that  assigns a  solution for the second allocation strategy question (how to sort 
suitable resources by their capability) to every allocation in the model and

◦ unavailabilitySolution:  AA → {firstAvailable,  fastestFinish}  is  a  function  that 
assigns  a  solution  for  the  third  allocation  strategy  question  (which  resource 
to allocate in the case of unavailability) to every allocation in the model.
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5.4.5 Productivity and Allocation Experiment

I have carried out an experiment to compare the impact of different allocation strategies 
on the  experimental  process  after  implementing  the  resource  productivity  extension 
to BPStudio simulation tool. This experiment is based on a simplified software process that is 
similar to the one used in section 3.2.8 Simulation Case Study, but with different parameters 
that were changed to correspond with bigger process cases. This simplified process contains 
37  basic  activities  grouped  into  7  standard  sub-processes  –  Requirement  Specification, 
Analysis, Design, Implementation, Testing, Deployment and Post-Deployment Support.

5.4.5.1 Configuration of the Experiment

Requirements  for  activities  in  the  process  were  evaluated  for  16  basic  competencies 
on a 10-level  scale  with  6  of  these  competencies  being  further  specified  by 12  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  help-desk  software  that  was  managed  by  1 Incident  Manager  that 
ensured  proper  categorization  and  reporting  of incidents.  Each  of  these  human  resources 
in the project were evaluated for the same set of 22 competencies on a 10-level scale.

I  simulated  this  process  with  12 different  allocation  strategies  to  see how the  process 
behaves with the resource productivity extension specified in previous sections. 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. Activity accuracy aa was also 
specified globally for all activities and was set to 3.

The first 6 allocation strategies used in the experiment were:
1. 1a(100%),2a,3a
2. 1a(100%),2b,3a
3. 1a(100%),2c,3a
4. 1a(100%),2a,3b
5. 1a(100%),2b,3b
6. 1a(100%),2c,3b

The second 6 strategies were the same with the exception that 1a was set to 80% to identify 
how the enabling of lower skilled resources influences the process.

5.4.5.2 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.  Figure 5.10 shows a box plot of total process instance durations for different 
allocation strategies.
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By using the test for normal distribution using standard skewness and kurtosis, all runs but 
one were deemed to approximately follow the normal distribution. The only non-normal run 
was the 1a(80%),2b,3a with skewness evaluated to 2.4. Histogram of the results of this run 
showed  that  it  is  skewed  towards  lower  values.  This  was  probably  caused  by  frequent 
assignment of lower values for stochastic properties in the process (activity durations and 
error functions). This proved to be the case because repeated executions of this simulation run 
had normal skewness and kurtosis.

The first interesting result is directly visible from the plot and it is also backed by the 
actual data being statistically significantly different (at the 95% confidence level using the 
Tukey's honest significance test  [31]). This difference specifies that the second half of the 
strategies results in a longer duration. 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  5.11 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 slightly lower skilled workers.

There is  one exception for the rule of 1a(100%) strategies taking longer than 1a(80%) 
ones. The strategy 1a(80%),2a,3a (highly skilled resources are used first and the first available 
resource  is  allocated)  does  not  show  a  statistically  significant  difference  with  1a(100%) 
strategies  except  for  the  paired  1a(100%),2a,3a  strategy that  is  significantly  worse.  This 
means that primarily allocating workers with high capabilities in this process leads to higher 
durations  of  the  process  as  these  highly skilled  resources  are  allocated  to  less  important 
activities that could be done by workers with lower skills.
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The second expected result concerns the insignificant difference inside each group of 3b 
strategies. These choices of solutions to the third allocation questions effectively overshadow 
the choice for the second question. This is because the order of resources is ignored in favour 
of finding a worker that will manage to perform the activity first. This hypothesis is proven 
by the data because all  1a(100%),2*,3b strategies and all 1a(80%),2*,3b strategies are not 
significantly different from each other in the same category.

The same situation is with 1a(100%),2b,3a and 1a(100%),2c,3a that are not significantly 
different because sorting by the distance from the referential resource is the same as sorting 
from the lowest capability in this situation. This is because the referential resource is always 
the lowest capable resource in 1a(100%) strategies.

With expected results put aside, it is time to focus on comparing the remaining strategies 
with the solution to the second question in mind. Does it matter if the resources are allocated 
from highest to lowest (2a strategies), from lowest to highest (2b strategies) or based on the 
distance from the referential resource (2c strategies)? In this process, the results show that it 
does not matter, because all strategies that differed only in the second question solution had 
only  insignificant  differences.  Even  the  slightly  worse  1a(80%),2a,3a  strategy  discussed 
in previous paragraphs does not show a significant difference with other 1a(80%) strategies. 
This is probably caused by high process waiting times of highly utilized resources (shown 
later in Figure 5.12). This means that highly utilized workers are still supplied by more work 
and  all  capable  resources  are  unavailable  when allocating  resources  for  an  activity.  This 
distributes the work evenly because the process waits for the worker to finish his job. Every 
worker,  that  finishes  his  work on an activity,  is  immediately assigned to  another  activity 
without  much  emphasis  on  his  capability.  The  second  choice  would  be  very  important 
in processes that do not have such a high density of activities, but this is not the case with this 
experimental process.

This leaves us with the comparison of choosing the first available resource (3a strategies) 
against  choosing  the  resource  that  will  finish  the  job  first  regardless  of  his  availability 
(3b strategies). It is interesting to look at the process waiting times for workers in the process 
to see the basic difference in these strategies (see Figure 5.12).
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Process waiting times are fairly evenly spread in 3a strategies because they always take the 
first available worker. At the start of the process, workers are allocated with regards to their 
capability. But when all workers are unavailable, the first worker that finishes his activity is 
assigned to the waiting activity regardless of his capability (he only has to be capable enough 
to pass the limiting factor set by the first allocation question). On the other hand, 3b strategies 
have  a different  pattern  of  process  waiting  times.  The  most  capable  (and  therefore  most 
productive) workers have higher process waiting time than the less capable workers. This is 
the product of the “fastest one wins” solution which leads to prioritizing resources with high 
productivity. Unfortunately, at the same time, the waiting times are considerably higher in the 
3b  strategies  than  in  3a  strategies.  This  can  be  caused  by the  fact  that  resources  in  the 
Coordination model can be chosen to several activities when they are unavailable, but they 
can be allocated only to one activity afterwards. This can delay the execution of the remaining 
activities and incorrectly lead to higher waiting times in the process. This is also mirrored 
in the  process  duration  results  that  were  expected  to  be  better  for  3b  strategies,  but 
experiments showed that they are not significantly different from the 3a strategies.

5.4.6 Activity Scheduling Queues

Experiment in the previous section showed that there is still a difference between choosing 
appropriate resource for an activity and actual allocation of such resource. Activities that need 
to wait for a resource becoming available can heap one over another and when the resource 
finally becomes available, the Coordination model non-deterministically starts one of these 
activities with the available resource. When this happens, unavailable time of the allocated 
resource changes accordingly with the duration of the currently started activity. This can have 
an important impact on the third allocation strategy question for the 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 
for the second best resource. This mechanism can negatively influence the duration of the 
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process  (as  shown  in  the  example  in  previous  section)  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 the 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  [80]).  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 will then be 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 will be scheduled by the 
standard first in, first out technique.

5.4.6.1 Activity Priority Extension of Coordination Model

To introduce  priority  queues  to  the  Coordination  model,  activity  priorities  have  to  be 
defined first as they are not yet present in the model. Activity priority extension is simple and 
straightforward as  priority with possible  values  of low,  medium or high will  be assigned 
to each activity in the process. This is formally defined in Definition 5.28.

Definition 5.28:

Coordination  model  system  with  activity  priority (CMSAP)  is  defined  as  a  tuple 
CMSAP = (CMSPAS, activityPriority) where:

• CMSPAS is  a  Coordination model  system with productivity and allocation strategies 
as defined in Definition 5.27 and

• activityPriority:  AN → {low, medium, high} (AN is a set of activity nodes defined 
in Definition 3.6) is a function that specifies a priority for every activity node in the 
model. Priority is defined for each activity node to differentiate the priority of different 
nodes of the same activity based on the context of their involvement in the process.

5.4.6.2 Combination of Activity and Process Instance Priorities

To correctly use the priority queue, activity allocations that will be managed in the queue 
have  to  define  their  priority  accordingly  to  the  priority  of  the  whole  process  instance 
combined with the individual priority of the activity. The combination approach used in this 
thesis is inspired by the calculation of incident priority in IT Infrastructure Library (ITIL) 
process framework [81] that is done by combining impact and urgency of the incident. This 
combination is defined using priority table or matrix in which rows describe individual levels 
of urgency, columns describe individual levels of impact and values in the table are priorities 
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for  the  appropriate  combination  of  impact  and  urgency.  I  have  adapted  this  table  to  the 
purposes of combining activity and process instance priorities and it is shown in Table 5.4.

Process Instance Priority

low medium high

Activity 
Priority

low 1 2 3

medium 2 3 4

high 3 4 5

Table 5.4: Combination of Activity and Process Instance Priority

Formal definition of this combination function is stated in Definition 5.29.

Definition 5.29:

Given priorityValue: {low, medium, high} → ℕ is a function that assigns numerical value 
for each possible priority value and is defined as:

priorityValue ( p)= {
1 , p = low
2 , p = medium
3 , p = high

(5.56)

then combinePriority: {low, medium, high} × {low, medium, high} → ℕ is a function that 
combines  activity  priority  ap Î {low,  medium,  high}  with  process  instance  priority 
pip Î {low, medium, high} and is defined as:

combinedPriority (ap , pip )= priorityValue (ap) + priorityValue ( pip)− 1 (5.57)

5.4.6.3 Activity Scheduling Queue Extension of Coordination Model

With the definition of activity priority and the technique used for priority combination, 
everything is in place to enable activity scheduling queue extension of the model. Each shared 
resource in the Coordination model will therefore be extended with a priority queue and all 
allocations in the process will be planned using these queues. This is stated in Definition 5.30.

Definition 5.30:

Coordination  model  system  with  activity  scheduling  queues (CMSASQ)  is  defined 
as a tuple CMSASQ = (CMSAP, ASQ) where:

• CMSAP is a Coordination model system with activity priority as defined in Definition 
5.28 and

• ASQ =  (SQ,  schedulingQueue)  is  a  tuple  that  specifies  activity  scheduling  queues 
in the model, where:
◦ SQ is a finite set of scheduling queues in the model and
◦ schedulingQueue: SR → SQ (SR is a set of shared resources defined in Definition 

3.21) is  a function that  assigns one scheduling queue to every shared resource 
in the model. Each scheduling queue is assigned to exactly one shared resource:

∀ sq ∈ SQ ∃! sr ∈ SR [sq = schedulingQueue (sr )] (5.58)
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Every allocation  aa Î AA assigned to any shared resource  sr Î SR  will be added to its 
queue  schedulingQueue(sr)  Î SQ as the last allocation with combined priority  cpa,cpi Î ℕ 
evaluated as:

cpa ,cpi = combinePriority (activityPriority (allocationActivity(aa)) ,
parameterSetPriority ( processInstanceParameterSet (cpi)))

(5.59)

where cpi Î PI is the current process instance of allocation aa. Duration of allocation aa 
will be evaluated from the probability distribution modified by the resource's productivity 
as specified in section 5.4.2 Introducing Productivity into Coordination Model.

Simulation and allocation behaviour of the model will change in the following ways:
• When the resource becomes available, the scheduled activity at the front of the queue 

will be executed and removed from the queue.
• When  the  earliest  available  time  of  the  resource  is  evaluated  for  allocation  with 

combined priority p, ending time of the last allocation with combined priority p in the 
queue will be used. If no allocations with the checked priority are present in the queue, 
one step higher  priority is  checked and so on.  If  no allocations  with priority  p or 
higher are present in the queue, ending time of the currently executed allocation is 
used. If the allocation does not currently perform any activity, it is currently available.

• If there are any allocations with lower priorities than a newly added allocation in the 
queue, all these allocations have to be rescheduled or reassigned to other resources 
if the allocation strategy chooses another resource for the allocation.

• If an allocation with higher priority than currently executed activity is added to the 
queue, it does not interrupt the currently executed activity, as Coordination model is 
not able to stop the running activity and resume it later. Such high priority activity will 
be performed after the current activity finishes if it is not preceded by another activity 
with even higher priority.

• If  several  allocations  are  needed  to  start  the  execution  of  one  activity,  all  such 
allocations have to be scheduled for the same time and will be scheduled for the latest 
time one of the allocated resources becomes available.  This can create gaps in the 
individual schedules that can be filled by other shorter activities if able.

5.4.7 Activity Scheduling Queue Experiment 

To look at the properties of scheduling queues and their influence on the process, the same 
experiment as in section  5.4.5 Productivity and Allocation Experiment was carried out only 
with the Coordination model  containing priority queues  defined in  previous sections.  The 
experiment configuration remained the same and all activity priorities were set to medium to 
minimize  their  influence  on  the  results.  200  simulation  runs  were  performed  for  each 
configuration and the resulting process durations are shown in Figure 5.13.

These results are slightly different than the results in the previous experiment (see section 
5.4.5.2 Results of the Experiment) as 1a(80%) strategies are significantly different from some 
1a(100%)  strategies,  but  not  from  all.  The  1a(100%),2*,3b  strategies  came  up  without 
significant  differences  from  the  1a(80%)  strategies  and  this  means  that  introduction 
of scheduling  queues  effectively  reduced  process  waiting  times  of  the  1a(100%),2*,3b 
strategies.  This  was  caused  by eliminating  incorrect  pre-allocations  of  multiple  activities 
to one resource at the same time (see  Figure 5.14) while the utilization of resources stayed 
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approximately the  same (see  Figure  5.15).  This  trend  is  not  followed in  1a(100%),2*,3a 
strategies (see Figure 5.16) as allocating the first available worker rather than the fastest one 
does  not  cause  such  incorrect  pre-allocations  due  to  the  balanced  work  allocation  (not 
prioritized allocation as in the case of 3b strategies).

All  other  general  properties  of  used  allocation  strategies  in  this  process  stated  in  the 
previous experiment still hold even for the implementation with scheduling queues.
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Figure 5.14: Process Waiting Times for 3b Strategies with and without Scheduling Queues
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Figure 5.15: Process Utilization for 3b Strategies with and without Scheduling Queues

Figure 5.16: Process Waiting Times for 3a Strategies with and without Scheduling Queues



6 Conclusion and Future Work
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. Each and every resource in the process is described as one 
token in the net and it can influence the behaviour of the system with its internal parameters.  
My work  first  dealt  with  finding  a  suitable  method  for  business  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. 
I have already published these results in 6 publications (publications [85], [86], [87], [88], 
[89] and [91]).

The second part of my research dealt with specific human resources and how to describe 
their varying skills and experience influencing process performance. This domain is not very 
much covered in modern simulation tools because they mostly do not concern themselves 
with precise worker specification [43]. Competency models on the other hand are widely used 
in the human resources management domain and can provide useful human specification data 
to the process. 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. 
I have already published these results in 4 publications (publications [90], [92], [93] and [95]).

The final part used resource capabilities for performing individual activities in the process 
that were evaluated by the proposed evaluation method 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. I have already published these results in 2 publications (publications 
[94] and [96]).

Even though the proposed automatic simulation method is fully functional and can be used 
to simulate different types of business processes, it still has room for additional enhancements 
and  extensions  that  will  introduce  other  aspects  of  real  life  processes  to  the  model.  All 
parameter values in the process have to be given at the start of each process case, but these 
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parameters  could  change during  the  process  and they can  even  be  different  for  different 
scenarios  of  the  process  flow.  On  top  of  that,  these  parameters  could  even  change  the 
probabilities  of  activity  scenarios  dynamically  during  the  process  and  thus  change  the 
probability of different flows through the process. Parameter values and scenario probabilities 
are not the only dynamic properties in processes, competencies of resources in the process can 
change as well,  mainly because resources gain additional experience and skills  during the 
execution of process activities. Each activity performed by any resource in the process should 
slightly strengthen this resource's competencies required by the activity (learning-by-doing 
approach). Some training activities could also be added to the process to change the resource's 
competencies even more significantly.

Dynamism during process execution is not the only aspect that is missing from the current 
state of the simulation method. All case studies and experiments in this thesis only looked 
at the time aspect of the process, but process cases are based on three main factors – time, cost 
and quality of the product. BPM Method is able to describe very basic cost models that can be 
used  in  the  simulation  (cost  for  performing  each  activity  and  cost  for  employing  every 
resource), but some important properties are missing (e.g. administration cost, if the resources 
are working only on this process or any other processes and share their cost with these other 
processes  etc.).  Quality  indicators  are  not  present  in  the  BPM  Method  at  all  and  these 
indicators could even depend on the capability of different resources in  the process.  This 
could also introduce additional allocation strategies that would prioritize high quality instead 
of low duration of activity executions.

The  discussion  about  process  costs  leads  to  another  possible  extension  because  some 
workers in the process can be working part-time, they can go on vacations, they can turn sick 
etc. The evaluation method proposed in this thesis is able to target individual workers, but it 
only works with their availability inside the process itself and it does not count with other 
possible influences coming from the working environment. On the other hand, the proposed 
simulation  method  makes  it  possible  to  introduce  real  time  into  process  simulations  and 
specify all availability limitations for each resource separately. The allocation method could 
then  take  these  limitations  into  consideration  and  allocate  only  resources  that  are  truly 
available at that time of day/week/month/year.

Several studies (e.g.  [34], [82]) were also performed on the change of worker behaviour 
based on their emotional level and other environmental effects (like stress before the project 
milestone or deadline, etc.). These aspects also influence the worker's productivity and would 
pose as a great addition to the strictly competency-based approach presented in this thesis. 
This  would  individualize  each  resource  in  the  process  even  further  and could  even  look 
on how they behave in different situations and how this behaviour changes the process (e.g. 
changing scenario probabilities based on the worker that  is  performing the activity).  This 
could introduce additional allocation strategies to the model.

Finally, some parts of the process can require a joint work of a team of several workers and 
the results  of such activities also depend on social  productivity of its  members (for more 
information see  [83]) and their  team roles (for more information see  [84]).  These aspects 
could  influence  allocation  strategies  that  would  have  to  take  them  into  account  when 
allocating resources for such team-based activities.

All these discussed aspects can be part of the future work based on the research described 
in this thesis along with more detailed research on verification possibilities, limitations and 
complexity  of  the  Coordination  model  and  Petri  net  formalization  of  competency-based 
simulation aspects that were already discussed in the thesis.

119



7 Appendix

Complete Definition of the Coordination Model and its Extensions

Coordination model  system of the BPM Method with all extensions described in this 
thesis is a tuple  CMS = (O, A, F, H, responsibility,  charging0, AD, scenarioProbability, CE,  
activityCapacity,  SRP,  flowWeight,  BC,  CP,  PIPS,  resourceCompetencyLevel,  AR,  
productivityAccuracy, AAS, activityPriority, ASQ) where:

• O  = (OB, ON, objectAssignment,  objectType)  is  a tuple that  describes passive and 
active objects in the model where:
◦ OB is a finite set of active or passive objects in the model,
◦ ON is a finite set of active or passive object nodes in the model,
◦ objectAssignment: ON → OB is a function that assigns appropriate object to each 

object node and
◦ objectType: OB → {active, passive} is a function that specifies for every object 

if it is an active or passive object;
• A =  (AC,  AN,  activityAssignment,  AS,  activityScenario)  is  a  tuple  that  describes 

activities in the model where:
◦ AC is a finite set of activities in the model,
◦ AN is a finite set of activity nodes in the model,
◦ activityAssignment: AN  → AC is  a  function  that  assigns  appropriate  activity 

to each activity node,
◦ AS is a finite set of activity scenarios in the model and
◦ activityScenario: AC  → (2AS \  {}) is a function that assigns activity scenarios 

to each activity in the model and each activity must have at  least one scenario 
assigned;

• F = (FI, FO, FN, flowLabelling, flowScenario) is a tuple that describes flow arcs in the 
model where:
◦ FI   (ON  AN) is a relation that describes input object nodes for each activity 

node,
◦ FO  (AN  ON) is a relation that describes output object nodes for each activity 

node,
◦ FN is a finite set of flow names in the model,
◦ flowLabelling:  (FI   FO) → (FN   {}) is a function that assigns flow name 

to each input and output flow with  representing an empty name and
◦ flowScenario: FO  → (2AS \  {})  is  a  function  that  assigns  activity  scenarios 

to each activity output flow and each output flow must have at least one scenario 
assigned. Activity scenarios for all output flows of each activity have to be chosen 
only from the activity scenarios assigned to the appropriate activity, so all function 
values have to meet the following condition:

∀ a ∈ AN ∀ o ∈ ON ∀ s ∈ AS [s ∈ flowScenario (a ,o) ⇒

s ∈ activityScenario( activityAssignment (a)) ]
(7.1)

• H  (ON  AN) is a relation that describes inhibiting object nodes for each activity 
node,

• responsibility: AN  → (ON   {}) is a function that describes a responsible active 
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object node for each activity with w representing no responsibility for automatized or 
auxiliary activities. Only active objects can have responsibility for each activity, so all 
function values have to meet the following condition:

∀ a ∈ AN [o = responsibility (a) ⇒

(o = ω ∨ objectType(objectAssignment (o))= active) ]
(7.2)

• charging0:  ON → ℕ is a function that describes the initial charging of object nodes 
in the model,

• AD = (lowValue,  lowProbability,  highValue,  highProbability,  distributionAssignment) 
is a tuple that describes duration distribution for each activity scenario where:
◦ lowValue: AS → {x  ℝ |  x  0} is a function that assigns low quantile value 

to each activity scenario,
◦ lowProbability: AS → {x  ℝ |  x  (0,1)} is a function that assigns low quantile 

probability to each activity scenario,
◦ highValue: AS → {x  ℝ |  x  0} is a function that assigns high quantile value 

to each  activity  scenario  and it  has  to  be  higher  or  equal  to  lowValue for  the 
appropriate scenario meeting the following condition:

∀ s ∈ AS [highValue(s ) ≥ lowValue (s) ] (7.3)

◦ highProbability: AS → {x  ℝ | x  (0,1)} is a function that assigns high quantile 
probability to each activity scenario and it has to be higher than lowProbability for 
the appropriate scenario meeting the following condition:

∀ s ∈ AS [highProbability (s ) > lowProbability (s)] (7.4)

◦ distributionAssignment: AS → {normal,  lognormal,  uniform} is  a  function  that 
assigns a probability distribution for the duration of each activity scenario in the 
model;

• scenarioProbability: AS → {x  ℝ |  x   (0,100>}  is  a  function  that  assigns 
a percentage probability of execution to each activity scenario and a total percentage 
probability for all scenarios of each activity has to be 100%. This can be specified by 
following condition:

∀ a ∈ AC [ ∑
s∈activityScenario (a )

scenarioProbability( s)= 100 ] (7.5)

• CE =  (EO,  meanTimeBetweenEntries,  totalEntries,  PI,  processInstanceEntry)  is 
a tuple that describes entries of customers to the process where:
◦ EO  ON is a set of object nodes that are used as entry places for customer entries,
◦ meanTimeBetweenEntries: EO → {x  ℝ | x > 0} is a function that specifies mean 

time between individual customer entries to the entry object in the process,
◦ totalEntries:  EO → {x  ℕ |  x > 0} is  a  function that  specifies total  number 

of customer entries that will come to the entry object during process simulation,
◦ PI is a finite set of process instances, that the model will generate during process 

simulation as one process instance will be generated by each customer entry and

121



◦ processInstanceEntry: PI →  EO is  a function that specifies which entry object 
node generated each process instance. As function  totalEntries exactly specifies 
how  many  process  instances  each  object  node  will  generate,  the  following 
condition has to be met:

∀ eo ∈ EO [∣{pi ∈ PI ∣ processInstanceEntry ( pi) = eo}∣= totalEntries (eo)] (7.6)

• activityCapacity:  AC → ℕ is a function that specifies concurrency capacity for each 
activity in the model. Zero value stands for infinite capacity,

• SRP =  (RP,  poolAssignment,  SR,  poolResources)  is  a  tuple  that  describes  shared 
resource pools and shared resources where:
◦ RP is a finite set of shared resource pools in the model,
◦ poolAssignment:  ON → (RP  {}) is a function that specifies a linked shared 

resource pool for each object in the model with  meaning that no resource pool is 
linked with the object,

◦ SR is a finite set of shared resources in the model and
◦ poolResources:  RP  → (2SR \  {})  is  a  function  that  assigns  shared  resources 

to every shared resource pool;
• flowWeight: (FI  FO  H) → {x  N | x > 0} is a function that specifies weight for 

each input, output and inhibition flow in the model,
• BC =  (BCO, maxLevel) is  a  tuple  that  describes  base  competencies  in  the  model 

where:
◦ BCO is a finite set of base competencies in the model and
◦ maxLevel:  BCO →  ℕ is  a  function  that  assigns  maximal  level  to  each  base 

competency in the model;
• CP = (CPA,  competencyParameters) is a tuple that describes competency parameters 

in the model where:
◦ CPA is a finite set of competency parameters in the model and
◦ competencyParameters: BCO → (2CPA \ {}) is a function that assigns parameters 

to  base  competencies  in  the  model  and  each  base  competency has  to  contain 
at least  one parameter.  As each parameter  can be assigned to exactly one base 
competency, the following condition has to be met:

∀ cpa ∈ CPA ∃!bco ∈ BCO [cpa ∈ competencyParameters(bco)] (7.7)

• PIPS =  (PIT,  instanceTemplates,  CPS,  parameterSets,  parameterSetParameters,  
parameterSetPriority,  parameterSetProbability,  processInstanceParameterSet)  is 
a tuple  that  describes  parameter  sets  for  each  customer  entry  object  in  the  model 
where:
◦ PIT is a finite set of process instance templates for every customer entry object 

in the model,
◦ instanceTemplates:  EO →  2PIT (EO is  a  set  of  all  entry  object  nodes  from 

Definition 3.17) is a function that assigns process instance templates to each entry 
object  node in  the  model.  As exactly  one  process  instance  template  has  to  be 
defined  for  each  generated  process  instance  in  the  model  and  this  number  is 
specified by the totalEntries function (as defined in Definition 3.17), the following 
condition has to be met:
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∀ eo ∈ EO [∣instanceTemplates (eo)∣= totalEntries(eo)] (7.8)

◦ CPS is a finite set of competency parameter sets in the model,
◦ parameterSets: PIT → 2CPS is a function that assigns parameter sets to each process 

instance template in the model,
◦ parameterSetParameters:  CPS  × BCO →  CPA is  a  function  that  assigns 

competency parameters to each parameter set and base competency in the model. 
Each parameter assigned by this function has to be related to the appropriate base 
competency and therefore has to meet the following condition:

∀ cps ∈ CPS ∀ bco ∈ BCO
[ parameterSetParameters(cps ,bco) ∈ competencyParameters(bco)] (7.9)

◦ parameterSetPriority:  CPS → {low, medium, high} is  a function that specifies 
process instance priority for each parameter set in the model,

◦ parameterSetProbability: CPS → {x  ℝ | x  (0,100>} is a function that specifies 
a percentage probability for each parameter set in the process instance template. 
Total  percentage  probability  for  all  parameter  sets  in  each  template  has  to  be 
100%. This can be specified by the following condition:

∀ pit ∈ PIT [ ∑
cps∈ parameterSets( pit)

parameterSetProbability (cps )= 100] (7.10)

◦ processInstanceParameterSet:  PI →  CPS is  a  function that  assigns  the chosen 
parameter set to each generated process instance in the model;

• resourceCompetencyLevel:  SR × BCO × CPA → {x  ℝ |  x   0} is a function that 
specifies acquired competency levels for each combination of one shared resource, 
base competency and competency parameter  in  the model.  This  function only has 
to specify  values  for  correct  combinations  of  base  competencies  and  their  related 
parameters and each of these values has to be smaller or equal to the maxLevel value 
for the appropriate base competency, meaning:

∀ sr ∈ SR ∀ bco ∈ BCO ∀ cpa ∈ competencyParameters(bco)

[resourceCompetencyLevel (sr , bco , cpa )≤ maxLevel (bco)]
(7.11)

Values  for  the  remaining  combinations  do  not  have  to  be  defined or  they can  be 
defined as 0, because they will not be used during competency evaluations;

• AR = (AA, allocationAssignment,  AAR,  allocationRequirements, requiredCompetency, 
reqImportance, lowerReqLimit, lowerReqType, upperReqLimit,  upperReqType)  is 
a tuple that defines requirements for activities and their allocations where:
◦ AA is a finite set of activity allocations in the model,
◦ allocationAssignment: AA → FI (FI is an input flow relation from Definition 3.6) 

is  a  function  that  assigns  one  input  flow arc  to  each  allocation  in  the  model. 
Allocations are defined only for input flow arcs that are connected to object nodes 
with shared resource pools and therefore have to meet the following condition:
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∀ o ∈ ON [ poolAssignment (o)≠ τ ⇒ (∀ a ∈ AN [(o ,a) ∈ FI ⇒

(∃aa ∈ AA [(o ,a)= allocationAssignment (aa )])])]
(7.12)

◦ AAR is a finite set of allocation requirements in the model,
◦ allocationRequirements:  AA →  2AAR is a function that assigns a set of allocation 

requirements  to  each allocation  in  the  model.  Each allocation  requirement  has 
to be assigned to exactly one allocation and therefore has to meet the following 
condition:

∀ aar ∈ AAR ∃! aa ∈ AA [aar ∈ allocationRequirements(aa )] (7.13)

◦ requiredCompetency:  AAR → BCO is a function that specifies a competency for 
each allocation requirement in  the model.  Each allocation has to have only up 
to one requirement that contains specific base competency, meaning:

∀ aa ∈ AA ∀aar1 , aar2 ∈ AAR [(aar1 ≠ aar 2 ∧

requiredCompetency (aar 1)= requiredCompetency (aar 2)) ⇒

(aar1 ∉ allocationRequirements(aa )∨

aar 2 ∉ allocationRequirements(aa))]

(7.14)

Competencies that are not present among requirements for specific allocation are 
not required by the allocation and competency evaluation will not work with these 
competencies  (as  described  in  section  5.2.5.3 Evaluating  Only  Required
Competencies),

◦ reqImportance:  AAR → {x  ℝ |  x  (0,100>}  is  a  function  that  specifies 
an importance  of  each  allocation  requirement  (as  specified  in  section 
5.2.5.2 Varying Importance of Requirements),

◦ lowerReqLimit: AAR → ℕ is a function that specifies a lower requirement limit for 
each allocation requirement (as introduced in Definition 5.10). This limit has to be 
lower or equal to the maxLevel value for the appropriate base competency:

∀ aar ∈ AAR
[ lowerReqLimit (aar )≤ maxLevel (requiredCompetency (aar ))] (7.15)

◦ lowerReqType: AAR → {strict, recommended} is a function that specifies a lower 
requirement  type  for  each  allocation  requirement  (as  introduced  in  Definition 
5.14),

◦ upperReqLimit:  AAR → ℕ is a function that specifies an upper requirement limit 
for each allocation requirement (as introduced in Definition 5.10). This limit has 
to be lower or equal to the maxLevel value for the appropriate base competency:

∀ aar ∈ AAR
[upperReqLimit (aar )≤ maxLevel (requiredCompetency (aar ))] (7.16)

◦ upperReqType: AAR → {strict, recommended} is a function that specifies an upper 
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requirement type for each allocation requirement (introduced in Definition 5.14);
• productivityAccuracy:  AA → ℝ is  a  function  that  specifies  a  level  of  productivity 

accuracy for each allocation in the model (as introduced in Definition 5.24),
• AAS  = (capabilityLimit,  capabilityLimitValue,  capabilitySort,  unavailabilitySolution) 

is  a  tuple  that  contains information about  allocation strategies  for  every allocation 
in the model, where:
◦ capabilityLimit:  AA → {percentage, highest, closestReferential, lowerReferential, 

higherReferential}  is  a  function  that  assigns  a  solution  for  the  first  allocation 
strategy question (limiting resources by their capability) to every allocation in the 
model,

◦ capabilityLimitValue: AA → {x  ℝ | x  0} is a function that assigns a value for 
the first  allocation strategy question to every allocation in the model.  Meaning 
of this value is related to the capabilityLimit function value as the percentage limit 
requires a percentage value from this function and the remaining limits  expect 
a specific number of resources from this function,

◦ capabilitySort:  AA → {fromHighest, fromLowest, fromReferential} is a function 
that  assigns a  solution for the second allocation strategy question (how to sort 
suitable resources by their capability) to every allocation in the model and

◦ unavailabilitySolution:  AA → {firstAvailable,  fastestFinish}  is  a  function  that 
assigns  a  solution  for  the  third  allocation  strategy  question  (which  resource 
to allocate in the case of unavailability) to every allocation in the model;

• activityPriority:  AN →  {low, medium, high} (AN is a set of activity nodes defined 
in Definition 3.6) is a function that specifies a priority for every activity node in the 
model. Priority is defined for each activity node to differentiate the priority of different 
activity nodes of the same activity based on the context of their involvement in the 
process,

• ASQ =  (SQ,  schedulingQueue)  is  a  tuple  that  specifies  activity  scheduling  queues 
in the model, where:
◦ SQ is a finite set of scheduling queues in the model and
◦ schedulingQueue: SR → SQ (SR is a set of shared resources defined in Definition 

3.21) is  a function that  assigns one scheduling queue to every shared resource 
in the model. Each scheduling queue is assigned to exactly one shared resource, 
meaning:

∀ sq ∈ SQ ∃! sr ∈ SR [sq = schedulingQueue (sr)] (7.17)

Every allocation  aa Î AA assigned to any shared resource  sr Î SR  will be added to its 
queue  schedulingQueue(sr)  Î SQ as the last allocation with combined priority  cpa,cpi Î ℕ 
evaluated as:

cpa ,cpi = combinePriority (activityPriority (allocationActivity(aa)) ,
parameterSetPriority ( processInstanceParameterSet (cpi)))

(7.18)

where cpi Î PI is the current process instance of allocation aa. Duration of allocation aa 
will be evaluated from the probability distribution modified by the resource's productivity 
as specified in section 5.4.2 Introducing Productivity into Coordination Model.
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List of Abbreviations

BPEL – Business process execution language
BPM – Business process modelling
BPMN – Business process modelling notation
CDF -  Cumulative distribution function
CM – Coordination model of the BPM Method
CV – Curriculum Vitae
DD – Earliest due date scheduling technique
EPC – Event-driven process chains
FCFS – First come, first served scheduling technique
FIFO – First in, first out scheduling technique
GDTT SPN – Generally distributed timed transition stochastic Petri net
HR – Human resources
IDEF – Integration definition methods
ITIL – IT infrastructure library
LPT – Longest processing time scheduling technique
MSE – Mean signed error
P/T Petri net – Place/Transitions Petri net
PN – Petri net
SPN – Stochastic Petri net
SPT – Short processing time scheduling technique
UML – Unified modelling language
WF – Workflow
WF-net – Workflow net
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