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Quantitative Analysis of Resource-Constrained

Business Processes

C’esar A. L. Oliveira, Ricardo M. F. Lima, Hajo A. Reijers and Joel T. S. Ribeiro

Abstract—To address the need for evaluation techniques for complex business processes, also known as
workflows, this paper proposes an approach based on generalized stochastic Petri nets (GSPNs). We review ten
related approaches published in the last fifteen years and compare them to our approach using a wide range of
criteria. On the basis of this evaluation, we observe that the newly proposed approach provides results that are at
least as good as those from the most accepted alternatives and holds a number of additional advantages, such as
modeling simplicity, improved precision, and model reuse for qualitative analyses. The overall approach is formally
defined in this paper, along with the definition of several performance metrics. Part of these metrics can be computed
analytically, while the remainder can be obtained by simulating the GSPN. Furthermore, a tool has been developed to
translate automatically BPEL processes into GSPNs. Finally, we present a case study in which we applied the
proposed approach, CPN tools, and an industrial tool to obtain performance insights into a realistic workflow. The

results were highly similar, demonstrating the feasibility and the accuracy of our approach.

Index Terms—business process, performance evaluation, resource constraints, generalized stochastic Petri

nets

|. INTRODUCTION

The pursuit for competitive advantage has been the main driver for developing new technologies
and for improving businesses processes. Since Porter [30] published his breakthrough work on this topic,
companies have struggled in the direction of improving their operations and managerial capabilities. A
strong competitive edge can be gained by consistently providing superior customer value. In this context,
Business Process Management (BPM) [17] established itself as the standard framework for managing
and optimizing the performance of modern enterprises. BPM can be characterized as the achievement of
organizational goals through the improvement, management, and control of essential business processes

[17], also known as workflows. The term workflow refers to the partial or the total automation of a
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business process through the use of information systems [6]. The term is also employed to refer to the

automated process itself.

Business processes can be viewed as dynamical systems that are driven by discrete business
events. In such systems, the output is dependent on a sequence of desirable actions taking place. The
activation of events depends on logical conditions, which are an important part of the system and their

mathematical model. Hence, business processes are part of a class of systems
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called discrete event dynamic systems or DEDS for short [12] [13]. Every employee, machine, and
computer system involved in enterprise operations generates events within the system. A similar behavior
is observed for customers, partners, and suppliers. These entities can possibly interact in many complex
ways, depending on a company’s size, market, production strategies, policies, infrastructure, normative
rules, and so on. Several activities are executed on a daily basis, involving many resources and
presenting different flow and data dependencies.

Both modeling such kind of a discrete event dynamic system and predicting its performance are
challenging tasks. For instance, the traditional queueing network [3] may turn out to be inadequate for
capturing precedence constraints or complex synchronization behavior found in enterprise processes.
Such intricacies, however, can be modeled through formal modeling languages such as Petri nets [29]
[23] [15]. This is a well-known formalism, widely used for modeling concurrent and distributed systems,
including business processes [1] [25] [36] [18] [21] [20].

The concept of Stochastic Petri nets (SPN) was first introduced by Molloy in 1982 [24]. It is an
extension to Petri nets that associate independent continuous random variables with state transitions to
specify their firing delays. In 1995, a group at the University of Torino extended SPN to introduce
immediate transitions, which is useful to model instantaneous actions (typically choices) and logical
actions (e.g., emptying a place). This new Petri net extension has been labeled generalized stochastic
Petri nets (GSPN) [23]. It has proven to be a powerful technique for the modeling and performance
analysis of complex stochastic dynamical systems in several application areas. Nevertheless, its use for
modeling business processes has not been fully explored, being limited to trivial applications [8] [20].

In this paper, we propose a GSPN-based approach for both correctness verification and
performance evaluation of business processes. The contributions of this work are manifold. We can
analytically assess a wide range of performance metrics, such as throughput and utilization - a feature not
found in related works. Also, we support the evaluation of processes with multiple customers and a
limited number of possibly shared resources, which corresponds to the most general class of processes.
Several related works are limited in this context to single customers and/or the assumption of infinite

resources being available. Moreover, the vast majority of existing approaches cannot handle shared
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resources. Another unique feature is that we use the same model both for performance evaluation and

analyses of qualitative properties of processes, such as soundness and liveness. Most of the related
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Fig. 1. General view of the modeling and analysis method

works are not intended to analyze qualitative properties at all. Finally, in our approach, performance
metrics that cannot be analytically calculated may be alternatively assessed through simulation, also
without changes in the proposed model. This unique combination of features distinguishes our approach
among all others approaches available today.

In addition to this main contribution, we formally define a set of building blocks and composition
operations that may be employed for automatically constructing GSPN models on the basis of a given
process definition. We also provide a computational tool, called BPEL2Net, to support automatic
translation of executable processes into the GSPN models. BPEL2Net accepts processes described in
the widely used business process execution language (BPEL) [27]. These additional contributions provide
the means to apply the proposed verification/performance evaluation approach in practice, as is
demonstrated in a case study.

Figure 1 shows a general view of the modeling and analysis methodology proposed in this paper.

The paper is structured as follows: Section Il summarizes the GSPN formalism, as well as the
colored Petri net extension, which is employed in many related works. Section Il reviews the literature
over the last fifteen years and provides a comprehensive comparison of each of the approaches by a rich
set of criteria. Section IV discusses the benefits of employing GSPN as the modeling formalism. Section V
proposes a set of reference building blocks and composition operations that may be used to construct
GSPN models of business processes; both the blocks and the operations are formally defined. Section VI

describes a case study involving the analysis of a real business process. It illustrates the feasibility and
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the accuracy of the approach we propose in this paper. Finally, our conclusions are presented in Section

VII.

Il. MATHEMATICAL BACKGROUND
This section reviews the fundamentals of the generalized stochastic Petri nets (GSPN) and the

colored Petri net (CPN) formalisms.

A. Generalized Stochastic Petri Nets

Petri nets [29] (also known as Place/Transition nets or P/Tnets) are a well-known formalism for
describing concurrent discrete event dynamic systems. The generalized stochastic Petri net (GSPN) [23]
is an extension to this formalism, where time can be represented by means of random delays associated
with state transitions to model their firing delays.

Transitions with delays assigned are called timed transitions. Transitions without delay, i.e., have
a null delay, are called immediate transitions.

The following definition for GSPN is given by Balbo et al. [10]:

Definition 1 (Generalized Stochastic Petri Nets). A generalized stochastic Petri net (GSPN) is an 8-tuple

defined as ¢SSPV = {P, 7,11, 7/ O, A, Mo, W}, where:

o P={, p . . ., pjlisafinite set of places;
o 7={t ¢ . . ., tjisafinite set of immediate and timed transitions, # U7 /A~2and 2 N 7 =
o

1

e II: 7 — Nis the priority function, where:
> 1, if # €7 and it is an immediate transition;
() = 0, if # €7 and it is not an immediate transition.
smaller value means lower priority.
e /: (7 x A - N is the marking-dependent input function that defines the multiplicities of directed
arcs from places to transitions;

e 0 : (7 x P) - Nis the marking-dependent output function that defines the multiplicities of directed

arcs from transitions to places;
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e /A :(7xP) - N is the marking-dependent inhibition function that defines the multiplicities of inhibitor
arcs from places to transitions;

e M. P2 > Nis the initial marking function;

e W :7 - R+is the weight function that represents either the immediate transitions weights () and
the stochastic transitions delay (&), where:

if # €7 and it is an immediate transition;

W = D.

W(t) = - if # €7 and it is not an immediate transition.

A GSPN ~ 1ds to a bipartite directed graph where the nodes are places and
transitions, and the edges are directed arcs connecting nodes of different types. The inhibitor arc is a
special type of directed arc that connects an input place to a transition, and is pictorially represented by
an arc terminated with a circle. The input, output, and inhibitor functions define the arcs multiplicity. The
semantics of these arcs are defined by the GSPN'’s enabling and firing rules, which will be defined later in
this section. It is often necessary to refer to the set of all places that are related to a transition. For this
purpose, the concepts of precondition, postcondition, and inhibitor set are defined [23].

Definition 2 (Precondition). The set of all places » such that Az, p) > 0, denoted by A2 or - £ is called the
precondition of

Definition 3 (Postcondition). The set of all places p such that Az, p) > 0, denoted by A7) or ¢ -is called
the postcondition of z

Definition 4 (Inhibitor Set). The set of all places » such that Az, p) > 0, denoted by A7) or oz is called the
inhibitor set of

The state of a Petri net is defined by its marking. A marking is a function#/: Z— N that indicates
the number of tokens present on each place of the net. Tokens are represented by small filled circles
inside a place. A transition is enabled at its current marking according to the number of tokens present on
its precondition and inhibitor set, according to the following enabling rule.

Definition 5 (Enabling Rule). A transition # €7 is said to be enabled in a marking 47 iff:

s W e Mp)2 At p),and
s W ELMp) < At p)or Mp)=0.
The dynamic behavior of a Petri net is governed by the firing rule. Only enabled transitions can

fire. The firing of an enabled transition removes tokens from all of its input places and inserts tokens in its
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output places. Because the state of a Petri net is given by the distribution of tokens in its places (marking
function), a transition firing may change its state, generating a new marking function.
Definition 6 (Firing Rule). The firing of transition # enabled in the marking # leads to a new marking 47

such that

¥p e(®tuUt®), Mf(p) = M(p) — I(t, p) + O(t, p). (1)

The notation #7] £)M;is commonly used to indicate that a certain marking 47 is directly reachable

from 47, by firing transition ¢

Definition 7 (Reachability Set). The set of all markings that can be reached from the marking 47 after the
firing of one or more transitions is called the reachability set and is denoted by 25{44).

Definition 8 (Boundness). A Petri net is said to be k-bounded if the number of tokens in any place is never

greater than 4, £ > 0. If any place can have an infinite number of tokens, the net is said to be unbounded.

As long as the firing of timed transitions in a GSPN is an event in a continuous-time stochastic
process, the probability of two firings of these transitions to occur at the same time is considered to be
equal to zero.

Another characteristic of a GSPN is related to its behavior when multiple tokens are enabling a
transition,

When the number of tokens is A/ times the minimum necessary to enable a transition, allowing it
to fire more than one time, this transition is said to be enabled with a degree 4/ > 0. With respect to this, a
transition can behave according to one of three semantics:

e single-server semantics - the transition needs to fire before being enabled again; thus, it
fires /times sequentially;

« infinite-server semantics - the transition is enabled #/times in parallel;

« k-server semantics - the transition is enabled up to #times in parallel; tokens that enable
the transition to a degree higher than # are handled after the first 4 firings.

A GSPN is isomorphic to a continuous-time Markov chain (CTMC). The CTMC can be obtained
as follows:

1) The set of states 5= /s, %, . . ./ of the CTMC corresponds to the reachability set of the

GSPN AS(M,), suchthat s, € S M € RS(M) =1, 2, .. ..
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1) 2) The transition rate g,from state s;to s;is the sum of the firing rates of all transitions that

lead from marking 4Zto marking 47, expressed as:

i = Z At . (2)

teF i (M;)
where A:=1ld,and £(M)={ ¢ | M[e)M, ).
B. Colored Petri Nets

The so-called colored Petri net (CPN or CP net) [14] is a Petri net extension that introduces the
notion of token types. A token stores a value (color) of its corresponding type. Each place is associated to
a color set, usually described by a type in the ML (acronym for Meta-Language) functional programming
language [33] [14]. ML functions and expressions may be embedded in arcs and transitions of a CPN to
manipulate tokens values, thus providing full computational power to the formalism.

Colored Petri nets enable the modeler to implement algorithms that manipulate token data while
transitions are fired along the simulation of the net. By this way, it is not only a formal specification of the
system but also an executable implementation. For this reason, the formalization of colored Petri nets is
complex. Moreover, due to the use of complex data types, the number of states of a CPN model is
usually infinite. This is a serious limitation for the development of efficient analysis methods.

Ill. LITERATURE REVIEW

In this section, we review some works on performance evaluation of workflows. After a brief
review of each one, we classified them according to their resemblances and particularities. This
classification is based on some qualitative criteria and is summarized in Table I, presented in the end of
this section.

Rud et al. [35] propose a model based on operational research techniques to estimate the
performance of BPEL processes and the workload of web services. They collect statistical information by
monitoring the network and service operations. Their model supports multiple customers and multiple
processes concurring for limited resources (server capacity). The authors provide equations based on
mean values to compute response time and to estimate resource utilization.

Reijers [31] proposes a Petri net-based model, called stochastic workflow net (SWN), which is

able to compute numerically the distribution of workflow execution time. The system processes a single
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customer in this model and resources are unlimited. The model evaluation mechanism takes into account
a single process. The time representation is discrete, which allows for an easier computation of time
distributions. Independently, Hao [11] presents a model that has the same characteristics proposed
earlier by Reijers, without presenting relevant differences or advantages.

Van der Aalst et al. [2] [1] show the application of queueing theory for the performance evaluation
of workflow net (WF-Net) models. WF-Nets are a widely known Petri net representation for workflows
used for qualitative analysis, e.g., correctness checking. However, queueing networks does not support
parallelism and synchronization, which limits its application to workflows with very simple structures. For
workflows with more complex structures, WF-Nets allow for an alternative analysis method using a
colored Petri net (CPNs) model. Token colors represent different customer orders and simulation of the
CPN model is employed to retrieve approximated performance measures with certain confidence levels.

As far as we know, Ferscha [8] was the first to propose the use of GSPN for evaluating the
performance of business processes. His model represents a set of agents concurring for resources
required to execute the processes for which they are responsible. The interactions and the dependencies
between processes are taken into consideration (e.g., producer-consumer relations). The model has no
clear notion of the customer, as the agents are working continuously, independent of any customer
demand. Also, it does not express how a single agent executes parallel activities, which makes the model
confusing when trying to compare it to today’s workflow concepts and practices. The work mentions a
single performance metrics: the system throughput.

Schomig & Rau [36] propose the use of a colored GSPN for performance evaluation of workflows
that is aligned with concepts recognized by the workflow management coalition (WfMC). They argue that
it is important to distinguish one token from another, as decisions taken at one point of the workflow can
affect those at another point in the future. Four basic branch structures are modeled: AND-Split (fork),
AND-Join (synchronization), OR-Split (exclusive decision), and OR-Join (path merging). Similar to
Ferscha's model and Reijer's SWN, this approach does not take into account customer demands. A
process executes continuously and a single customer is served in each execution cycle. Resource

constraints are considered, but once a single customer is being served, these constraints affect only the
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execution of parallel activities. The authors also show that state-space explosion seriously limits the
application of the technique.

Shuxia Li & Zhu [20] also present a GSPN model for the analysis of workflow performance and
give the name generalized stochastic workflow net (GSWN) to their approach. The model assumes a
single customer and infinite resources. They argue that it is reasonable to assume infinite resources, as
human resources can deal with several tasks in parallel. They consider the same four routing structures
as Schomig & Rau. They also recognize that state-space explosion impairs the application of their
approach for complex workflows.

JianQiang Li et al. [19] present a hybrid approach called multidimension workflow net (MWF-net).
Their work represents a set of independent processes that are executed by a set of shared resources.
Each process is represented by a time-extended WF-net. These processes are linked together by
mapping them to a common set of organizational roles. Each timed transition is associated to a role in the
organizational structure. In a third layer, these roles are mapped to resource pools, which represent the
workforce available in each role. By applying decomposition and combination algorithms, the authors
show how to obtain information about resource utilization and a lower bound for the process performance.
These algorithms employ both Petri net analysis and complementary analytical formulae based on
gueueing theory. Multiple customers are considered to arrive independently at each workflow.

The simulation of workflows is a common practice in industry. Many industrial workflow systems
provide simulation features. These applications employ different discrete event simulation (DES)
algorithms. Due to this distinction, results obtained from one tool can significantly differ from another.
Scientific works that employ simulation of workflow mostly use Petri net—based simulations, due to its
formal semantics.

As previously mentioned, van der Aalst et al. extend their WF-net models with color to create a
colored Petri net model that can be used for performance evaluation [2]. This approach relies on
simulation of the colored Petri net models, which are executable specifications of the workflow.

Reijers presents a resource-extended SWN [31], which adds resource constraints to the original

SWN model and employs colored tokens for representing multiple different customers in the system.



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281
282
283

However, the algorithms adopted in the SWN model are not valid for the resource-extended version. The
results in this new model are assessed by simulating the colored Petri net.

Netjes et al. [25] provide a model for evaluating resource allocation alternatives for optimizing
workflow performance. Again, colored Petri nets are employed and results are obtained by simulation.

Dehnert et al. [7] present a model that employs a colored GSPN to evaluate workflow
performance. The model is divided into two parts: the resources model and the workflow model. The
former represents every communication and documents transport between the departments and the
employees. It also takes into account employee vacancies or holidays. The workflow model represents
the activities and the dependencies between activities. These two models are merged for analysis
purposes. Multiple processes can be evaluated in the same model, sharing the resources. Customer
demand is not represented. Resource utilization and execution time can be estimated from this model
through an analytical solution based on state-space generation or by simulation.

The ten works found in the literature approach the performance evaluation of workflows with
different points of view. They differ with respect to how customers and resources are represented, which
metrics can be computed, how these metrics are evaluated, and which type of results can be obtained.
To classify them, we propose three groups of criteria: workflow scenario; nature of results; and modeling
power.

The criterion workflow scenario evaluates whether the considered modeling approach
represents relevant elements of the real workflow environment. In particular, we classified the approaches
according to the following parameters 1) number of customers; 2) number of resources, and; 3) number
of process definitions. All these factors are of great importance. For instance, a model that only
represents a single customer is not useful for estimating queues and resource utilization.

The criterion nature of results refers to the characteristics

TABLE |
COMPARATIVE STUDY. CRITERIA: WORKFLOW SCENARIO, NATURE OF

RESULTS, AND MODELING POWER
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Workfow Scenario Nature of Results
Work Custom, Resourc, Proc. Type Metrics
Def.
Rud [35] mult. limit. mult. average time, utiliz.
Reijers [31] single unlim. single | distrib. time
(SWN)
Ferscha [8] unclear limit. mult. average throughput
Schomig [36] single limit. single | average time
Shuxia [20] single unlim. single | average time
JianQiang [19] mult. limit. mult. low.bound time, utiliz.
Reijers [31] mult limit. mult. conf.interv. | time, utiliz.
(RESWN) queues,
vdAalst [2] mult. limit. mult. conf.interv. time, utiliz.
(CPN) queues
Netjes [25] mult. limit. mult. conf.interv. time, utiliz.
queues
Denhert [7] single limit. mult. average time, utiliz.
queues
Our mult limit. mult. average, time, utiliz.
conf.interv. queues

Modeling Power

Work Time Time Read- Effort Scala- Tool

Repr. Variab. ability ability Support
Rud [35] cont. no high low high no
Reijers [31] discr. ves high med. med. no
(SWN)
Ferscha [8] cont. maybe high low low no
Schomig [36] cont. maybe high low low no
Shuxia [20] cont. maybe high low low no
JianQiang [19] cont. maybe low high low no
Reijers [31] discr. ves low med. high no
(RESWN)
vdAalst [2] discr. yes low med. high mode-
(CPN) ling
Netjes [25] discr. yes low med. high no
Dehnert [7] cont. maybe med. med. high no
Our cont. maybe high low high yes

of the results obtained through the modeling approach. We adopt two parameters for this element: 1)
type: the mathematical nature of the results computed by the approach (simple average, probability
distribution, lower/upper bounds); 2) metrics: a list of metrics that are directly calculated through the
model.

We also define a set of parameters to evaluate the criterion modeling power. The intention here
is to evaluate the modeling strategy employed and to understand both how accurately the model can
express system'’s characteristics and how much effort is required to design a model of the system. Here,
six parameters are explored: 1) time representation: determines whether the approach deals with discrete
or continuous time; 2) time variability: captures whether the approach allows for the direct representation
of time with different probability distributions - if so, it is marked as yes; otherwise, it is marked as no; the
cases where the variability can be achieved with extra effort are marked as maybe; 3) readability:
indicates how easy it is to understand, read, and maintain the model. We make this classification
following the principles by which researchers classify different programming languages according to their

maintainability; 4) effort: evaluates the abstraction level of the modeling language, as well as the effort
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required to calculate the desired metrics - we assume three levels of modeling effort: high, medium, and
low; 5) tool: indicates an approach that is supported by a computational tool (we take into consideration
only those tools created specifically for the approach); 6) scalability: indicates how the approach scales
with the size of the system. All works that rely on state-space generation were classified as having low
scalability, while works that use simulation were assumed to be highly scalable.

The work proposed in the current paper used GSPN as a technique for enabling the modeling of
scenarios where multiple customers compete for a limited number of resources in the execution of a
workflow. Each resource is assigned a role and a single role can be responsible for executing multiple
activities. In turn, each activity can be executed by more than one role. We provide a number of analytical
formulae for computing the average value of performance metrics such as utilization and throughput.
Also, simulation is employed for providing other important metrics, such as queue sizes, synchronization
times, and overall response time. Time is represented by continuous random variables. Our approach is
described in detail in Section V.

Table | shows the result of this classification methodology.

IV. THE CHOICE FOR GSPN
Based on the analysis of related works conducted in Section Ill, we defined a set of requirements
to guide the development of new methodologies for performance evaluation of workflow systems.
e support for multiples customers;
e support the definition of resource constraints;
e support for multiple concurrent processes;
e provide analytical formulae;
e measure response times, queue size, resource utilization, and throughput;
e support for continuous time;
e support a variety of distribution functions for representing time;
e be scalable;
« be easy to write, read, and maintain.
A careful analysis of Table | reveals that the set of works in perspective only partially fulfill these

requirements. Moreover, one can notice that works based on colored Petri nets (CPN) are more complete



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

in terms of these requirements. In this work, we demonstrate that an approach based on generalized

stochastic Petri nets (GSPN) can provide the same benefits found in works employing CPN. Furthermore,

in the context of performance evaluation of workflow, we enumerate some advantages that GSPN has

over CPN.

In this section, we explain the reasons of our choice for a GSPN-based approach. We highlight

key advantages of GSPN over CPN for the purpose of performance evaluation. In this comparison, we

assume the implementation of Jensen et al., called CPN Tools [16], as a reference. This is the most

widely used implementation of the CPN formalism.

We summarize some important drawbacks found in CPN:

1)

time is not a natural concept in CPN. Designers are responsible for keeping control of time
stamps during system simulations. They must include arc or transition expressions to
calculate the time stamp at each point of the CPN model. This makes the model more
susceptible to modeling errors not verifiable through analysis;

2.) CPN uses an integer global variable to represent time. When a new time stamp is
calculated through arc or transition expressions, the result is rounded to an integer value. As
the simulation evolves, the number of rounding executed increases. The resulting loss of
accuracy may cause undesirable effects in complex models. For instance, rounding an
exponentially distributed random variable to the next integer will lead to a geometric
distribution instead of an exponential.

3) defining a stochastic process corresponding to the CPN model is a complex task. This
makes it difficult to investigate the CPN model analytically to find mathematical relations
between parameters and metrics. Thus, if someone intends to study properties of the system
without relying on model simulation, CPN will give little support for that task. For example,
one might be interested in the impact of different arrival distributions to the overall response
time. The only option is to simulate the model using different distributions and, then, measure

the impact of each simulation round.\

It should be mentioned that CPN has some attractive characteristics for the sake of performance

evaluation. Firstly, it provides a great flexibility to express time behavior, which is controlled by model
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designers. For instance, this flexibility would allow to go back in time, if wanted. It also allows for the
creation of arbitrary discrete time distributions, being only necessary to implement a random number
generator for that distribution. As an illustrating example, Fig. 2 shows a single server queue modeled in
CPN, extracted from the CPN Tools user manual [38]. Without explaining in much detail, it can be

observed the use of the “@+" operator for incrementing the timestamps associated to tokens.

Job /ft:omplcmd \-
1 (server job) \\“'- - -
()@+eeTme(100) jobs™fiob] }ob Jobs @+proét|mc _Serverxlob o
Next . Oucuc I .\ E!usy-‘vé
— : _-' rver job)
0 UN}\ 0@ +expTime(100) jobs obs jobs jol
f/ Initﬁl ) outpu't[job]; output(proctime); J—
R action newJob(); action {
unNT expTime|20); g Idle sener

1" server

Fig. 2. Queue modeled in CPN

Generalized stochastic Petri nets (GSPNs), in contrast to CPNs, is a formalism designed
specifically to represent stochastic systems. It is isomorphic to continuous-time Markov chains (CTMC),
which have been used for stochastic studies for decades. Time is a natural concept in GSPN models and
is associated with timed transitions. Therefore, no manipulation of timing variables is necessary.
Moreover, as the CTMC associated to a GSPN is clearly defined, it is possible to study the properties of
the system on a mathematical basis.

There are many algorithms for the solution and simulation of CTMCs, and several known
properties that can be analytically obtained. Furthermore, GSPNs have a graphical representation that
clearly expresses concurrence, synchronization and both states and actions, properties that are not
present in CTMCs. For these and other Petri nets characteristics, it seems rather natural to use GSPN as
a formal representation of workflows for performance evaluation purposes. For a comparison with the
CPN queue model, Fig. 3 illustrates the same queue modeled in GSPN. The time information is

annotated to the timed transitions.

S{:vm' .l

Arrival Ducuc %yﬁ;\j}cmluc
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Fig. 3. Queue modeled in GSPN

The noteworthy drawback is that GSPN transitions can only be associated to exponentially
distributed times. However, methods for approximating other distributions do exist and are widely used [4]
[23]. These methods only require the addition of auxiliary structures to the model to obtain the desired
distribution. Thus, this drawback is not a practical limitation. Therefore, the use of GSPN by no means is

restricted to systems in which all variables are exponentially distributed.

V. MODELS DESCRIPTION

In this section, we propose a collection of building blocks modeled in generalized stochastic Petri
nets (GSPN) and composition operations. By employing such composition operations over the building
blocks, one can create models for the analysis and evaluation of a large number of workflows.

To present a mathematically sound composition algebra, we formally define every element of the
GSPN that is built up from the operations. This possibly makes the text hard to follow at some parts or
present some repetitions, but it is a necessary cost in favor of mathematical rigor. Nevertheless,
explanatory text and pictures provide the informal description of the models, which give an intuition on the
mathematical definitions. Yet, some formalization has been subtracted to simplify the text. A more
detailed description and formalization is available in a technical report [26]

Our approach assumes a limited number of resources assigned to a subset of business process
roles. Each role can be responsible for several activities. This feature may be overlooked at first glance,
but it is exactly the sharing of limited resources that impairs the application of queue theory and other
related techniques available today.

A workflow is composed of atomic activities, order relations between these activities, and the
definition of roles that are responsible for executing them [5] [6]. In correspondence, the building blocks
proposed in this section represent activities and roles, while the composition operations model the order
relations between activities. We provide a number of composition rules that allow for the construction of
complex workflows containing concurrence, synchronization, loops, and so on. These structures are
found in several process notations, but there is a lack of uniformity in their terminology. For this reason,

we adopt the terminology provided by the Workflow Management Coalition (WfMC). One can refer to the



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

WfMC Glossary [6] and the WfMC Reference Model [5] to find synonymous and related terms for a
specific notation.

A workflow is executed in a run-time environment. We assume this environment to be defined by
the arrival process, which correspond to the creation of new process instances, and the number of
resources available in each role for performing the activities.

Regarding expressiveness, the models present the following main characteristics:

e represent simultaneous execution of multiple process instances;

e represent resources grouped in roles that can be responsible for executing several
activities (shared resources);

e distinguish work items (works to be processed in an activity) and ongoing activity
instances (work being processed in an activity);

e assume that case arrival is a Poisson process or that it can be approximated by a mixture
of exponential interarrival times [4];

e assume that service times are exponentially distributed random variables or that they can
be approximated by a mixture of exponential variables [4].

The use of mixtures of exponentials is ubiquitous in performance analysis. Despite the standard
way of using exponential times for delays in GSPNSs, it is possible to approximate any random distribution
with rational Laplace transform by combining exponential variables. Methods for modeling these
distributions with GSPN are well known [4] [23] [22] and can be applied in the proposed model to improve
its representativeness. For the sake of simplicity, all models will be presented assuming exponential
delays. It must be observed, however, that such exponential transitions can be readily replaced by
mixtures of exponentials by employing the proper procedures, as described by the literature [23]

The following metrics can be assessed through the proposed model:

e soundness verification;

e minimum number of resources demanded by each role;
e number of ongoing activity instances;

e number of work items in each worklist;

e number of available resources in each role;
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e mean time of case processing (response time).

A. Basic Blocks

In this section, we describe the basic structures for modeling a process definition (or workflow
model) [6] and formulae for calculating metrics from them.

A pool [6] is a structure that groups the roles that participate in the process. In most graphical
notations, each role is represented by a swimlane [6] [40] in the pool. When an activity is placed on that
swimlane, it means that the respective role is responsible for the execution of that activity.

We use the concept of pool to represent the set of roles present in the workflow.

(R
s J —.
| ™
| [d;] /
l_/' ™, \'-1- N "'/
. \_/
W; i 5 Tacrvime

Fig. 4. Activity Model in GSPN

Definition 9 (Structure - Pool). The Pool, denoted by 7, contains the roles that participate in the
process. It is defined as a set 7 = /X, 7, ...,Z}, where each element in the set is a role identifier.

Each time the company starts the execution of a process, it creates a new process instance, also
called a (business) case [6].

Definition 10 (Structure - Process Instance (Case)). Ongoing process instances or cases are
represented by tokens in the GSPN model.

The fundamental structure in the workflow model is the activity model. This model represents the
execution of an activity by a resource. Notice that activities are the atomic unit of work in a workflow [5].

Definition 11 (Structure - Activity Model). An activity model is denoted by A4(4, &), where:

1) # € 2 is the role responsible for the execution of the activity;

1) 2) & € R[?]is the mean time delay for the activity execution.

It corresponds to a GSPN, 4(4, &) = (7, 7,11, /,0,/, M, w), which is defined as follows:
1) A= {(R,W, S}, where:

e A.is a place that represents the role #;
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e Wis a place for holding the activity’s work wtems, therefore called worklist place;
e Sis a place for containing the activity instances, therefore called service place.
2) 7:= g, Tucrvirr-i}, where:
e gis an immediate transition, with w(¢) =1 and I1(¢) = 1;
o Zucrwiry-/is a timed transition with mean delay & and infinite server semantics [23].
3) and /, 0, are such that:
a) the precondition -¢.= (W, A,/ and the postcondition ¢.-= /S5//;
b) the precondition -Zucrmwviry-r= (S} and the postcondition Zacrmwiry-i-= (R}
For the sake of simplicity, when the parameters #and 4 are not relevant for the discussion, we
use the simplified notation “4." in substitution to 4(#4, &)).
Fig. 4 presents the GSPN basic model for activity.
Notice that, according to the Definition 11, although one might assign a role to many different

activities, an activity can

O
s _ -
( Reldd
) () -
5\“—/ Tacrvimysi
4 qs; 5'
\_, s [dg|]
W, %_\ -LQC TVITY-Gi
N ™
{ ]
N q9; . /,/
- ____/ Y I
'\__/’R

Fig. 5. Example of Two-Role Activity Model in GSPN

be assigned only to a single role. However, this assumption is too restrictive, as many real workflow have
resources in more than one role handling the same activity. For example, a supervisor can decide that
he/she will execute an activity that is usually performed by a subordinate. This means that work items for
that activity are shared between them. For this situation, we provide the structure named Multiple-Role
Activity Model, which is pictured in Fig. 5.

Definition 12 (Structure - Multiple-Role Activity Model). A Multiple-Role Activity Model is denoted

by 4[?] (#.2), where:
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1) » £ 2 isthe set of roles that can execute the activity;
2) 0,: Z— R[?]is a function that relates each role to a time delay, that is the mean time for the

activity execution by that role;

3) mis the number of different roles that can perform the activity (cardinality of set 7).

and corresponds to a GSPN, 4[?] (7, 2) = (#, 7.1, /,0,H, M., w), which is defined as follows:
1) P=w)} UP UP,
P= (R | £ EP]
P.= (S | # € P}, where:
e Wis a place for holding the activity’s work items (worklist place);
e Each place 4.is a place that represents a role #;
e Each place JS[?] is a place for containing the activity instances that are being executed by
role £ (Service places).
2) 7.=7,UT7,
7,= g2 | £ €2,
7,= (Teacrvirv-: | £ € P}, where:
e Each ¢[?]is an immediate transition, with w{4[?]) = 1 and T1(4[?]) = 1;
e Each 7+ acrwiry-/is a timed transition with mean delay 2(4) and infinite server semantics
[23].
3.) and /, &, are such that:
a) the precondition -#{?]= /W, &,/ and the postcondition #?] = /5[?]/, for all # € 7;
b.) the precondition -7+ acrmiry-r= {$]?]} and the postcondition 7+ acrwirv-i = (R}, for all £ € 2.
This model corresponds to a replication of multiple copies of the activity, where there are different
roles and different delays for each one, but with a shared worklist (all worklist places were merged into a

single place). The replication is necessary to maintain different instances of the activity being executed by

different types of resources. Also, each type of resource may provide its own quality of service, which
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affects time delay. Thus, the need for copies of the timed transition with different delays. Notice that this

affects only the structure of the activity. The rest of the workflow model remains the same.

B. Metrics for the Basic Blocks

The following metrics can be evaluated for these basic blocks. These metrics assume that the
workflow model executes in an environment characterized by the case arrivals distribution and resources
available for processing customer requests. We call the combination of a workflow model and an
environment model a workflow system, which will be formally defined in Sec. V-I.

Definition 13 (Measure - Minimum Number of Resources for a Role). Let £ be a role with 4

resources that perform a set of activities

Ak, &), A%, &), . . . A 4, ) in a workflow system, a stationary solution for that system exists
only if:
."\"
K > Z /\i(]i . 3)
i=1

where . is the rate at which cases arrive at activity 4.

Notice that the arrival rate for each activity can be different, due to the characteristics of the case
flow inside the process. Formulae for computing this flow are provided in Sec. V-C.

Definition 14 (Measure - Expected Number of Activity Instances). For an activity 4, with mean
delay & and arrival rate .Z, provided with sufficient resources, the expected number of activity instances

during the workflow system execution is given by:
Definition 15 (Measure - Expected Number of Available Resources). For a role £ with A

resources and performing activities 4,, . . . ,4»in a workflow system, the mean number of available

resources is given by:
N
E(Ry) =K =) E(S), 5)

i=1

where £(5)) is the expected number of instances of 4.
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Definition 16 (Measure - Expected Number of Work Items). For an activity 4, the mean number
of work items of this activity during the workflow system’s execution is equal to the expected marking of
place /.

Definition 17 (Measure - Expected Number of Cases). For an activity 4, the mean number of

cases being processed by

TABLE Il

METRICS FOR THE BASIC MODELS

Metric Expression
Expected Number of Activity Instances E(S) =Ad
Expected Number of Work Items E(W) = expectation of W
Expected Number of Cases E(n) = E(W) + E(S)
Mean Response Time E(t) = E(n)/X

this activity during the workflow system’s execution is given by:
E(n;) = E(W;) + E(S;) . (6)
Definition 18 (Measure - Expected Activity Response Time). Let 4, be an activity with case arrival

rate .Z,and mean service time &, the mean activity’s response time is given by:

E{n;)

E:‘I_i] - )\i

7

where £{(7) is the mean number of Cases in 4.

Table Il summarizes the metrics defined for the basic models.

C. Composition Operations

The composition operations are uniformly defined such that every composed structure contains a
single starting place and a set of departing transitions. Every token that arrives at that starting place must
eventually depart through one of the departing transitions.

We call such structures subprocesses. An activity model is the most simple subprocess structure.
Every composition operation is defined as a function that maps one or more subprocess operands to a
resulting subprocess.

A subprocess is a GSPN that attends to the restrictions presented by Def. 19. We denote by
SProc the set of all GSPNs that form a valid subprocess.

Definition 19 (Structure - Subprocess). A subprocess is a GSPN
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U= Py 711y, 10, On 0, My, ws), Such that

1) there exists a unique place Sp € 2, such that -Sp = 2, called starting place;

2) there exists a nonempty set of transitions 2¢ € 7, such that v € D¢: £+ = o, called departing
transitions;

3) for each token arriving at starting place Sp, exactly one token departs from the subprocess

through any one of the transitions in the set 2z

In what follows, we define some auxiliary functions.

Definition 20 (Utility - Starting Place Function). For a subprocess

=Py, Tolo, L0,OnHoMyo, wy), We denote by Start(Z) the unique place Sp € Prsuch that -Sp =
2, called the starting place of Z.

Definition 21 (Utility - Departing Transitions Function). For a subprocess

=Py Tolly, 10,00 H0Myo, ws), we denote by End(2) the set of transitions 2¢ € 7vsuch that vz
€ Dt : ¢t = 2, which correspond to the departing transitions set of 2.

A subprocess model represents the process definition to be evaluated.

When subprocesses are composed, their respective GSPNs are united. Def. 22 presents a
definition for GSPN union operation.

Definition 22 (Utility - GSPN Union). Let GSPNSet be the set of all existing GSPNSs, the

operation of uniting two GSPNs can be defined as follows:
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U GSPNSet x GSPNSet — GSPNSet
G4 = G, UGy, where:

) Gy = (P, Ty, 10, 1,,0, Hy M} w):
2) Gz =(Pz.T-_:.Hg.Iz.Oz.H‘g._’tI[‘;’.x‘g];
3) Gy = (Fs, Ty, H;i.frs.O:s.H\-;._‘U[",;.:N‘;;];
4) Po=P UP;

5) Ty =Ty UTx:

6)

Lipt)y if peP and teT)
Lipt)=1< Ipt) f pePy, and 1T,

0 otherwise
7
Oup,t) of pePL and teTy
Oa(pt) =4 Oa(p,t) f pe Py and teTy
0 otherwise
8)
Hi(p,t) if pe P, and teTh
Hi(p.t)=4¢ Hy(p.t) if pe P, and teT,
0 otherwise
9)
walt) = wi(t) if teTy
YT walt) if teTy
10)
L Iy i teTy
Ta(t) ‘{ M) if teT
R]

: Mlp) f peh
AT3 0 — olP)
'”U'\?"'—{ MZp) if peP

Next, we formally define the composition operators on the basis of the building blocks and
functions we have presented so far. The composition operations are:
e Sequence (SEQ) - two or more subprocesses are executed in sequence;

e Alternative Path (XOR) - a selection is made to perform one from a set of subprocesses

that can be executed;

o Parallelism (AND) - a set of subprocesses are executed in parallel and synchronized at

the end;

\_
() star(u,) PE- (0]

Fig. 6. Composition operations: a) SEQ; b) XOR; c) AND; d) LOOP
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e Simple Iteration (LOOP) - one subprocess is executed several times;

e Grid-form lIteration (GRID-LOOP) - a set of subprocesses is executed several times, but there is
an exit point after each subprocess that allows the iteration to finish after the execution of that
subprocess, without completing the whole cycle;

e Multiple Path (OR) - there are two subprocesses that can be executed in a nonexclusive way. If
both are executed, they must be synchronized at the end of the structure;

¢ Interleaving (INTER) - a set of subprocesses can be executed in any order, but two subprocesses

from this set cannot be executed in parallel for the same process instance.

The structures for these composition operations are represented in Figures 6 and 7. The
subprocesses are represented by gray-filled rectangles and denoted by letter . These subprocesses are
given as operands. The composition operation, then, creates the auxiliary structures that can be seen in
the pictures — places, transitions, and arcs — that model the composition behavior.

Observe that, in all the pictures, each arc that enters a subprocess is considered to be connected
to its starting place, according to the mathematical definition of the operators. Each arc going out from the
subprocess is considered to be connected to all of its departing transitions. The SEQ operator, illustrated
in (Fig. 6.a), just adds arcs connecting each departing transition of the first subprocess to the starting
place of the second one. Notice that the SEQ operator can compose any two subprocesses in this way,
although the illustration depicts a particular situation where two single-activity subprocesses are

connected.

D. Sequence

This operator combines two subprocesses, &, and Z,, with a sequential relation such that Z; is
executed after Z;. The model is constructed by adding an arc connecting each departing transition of Z; to
the starting place of ;. This is illustrated in Fig. 6.a.

Definition 23 (Composition - Sequence Operator — SEQ).
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A
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Fig. 7. Other composition operations: a) OR; b) GRID-LOOP; c) INTER

S£Q . SProc x SProc — SProc
SEA Y., ;) = Ur, where:
U= U, U U, with the addition of an arc such that:
1) Start(¢%) = Start(¢%);
2) End(&,) = End(&);
3) Start(&;) = End(&).
For notation simplification, it is possible to use a more general operator SEX V., . . . k)
(multiple arguments), as an abbreviation to the composition SEA Y., SEA Y, . . . SEXUn-1,04))), without

differences in the resulting model.

E. Alternative Path (XOR)

This operator combines a set of / subprocesses (&, . . . ,/») in a way that they are alternatively
executed. Each case arriving is forwarded to one of these subprocesses (which we call paths), according
to a probability distribution defined by a function 2. For each subprocess ¢, a probability 2{Z) for the
case be routed to that subprocess is assigned.

The composition is modeled by the addition of a place 2. which is the starting place of the
subprocess, a set of immediate transitions ¢z, . . ., gty which removes a token from 2. and puts it in
the starting place of subprocess #;, . . ., respectively. Each transition receive a weight «(¢x) equal to
the probability 27( ) of the subprocess Z;be chosen

This model is shown in Fig. 6.b.



635 Definition 24 (Composition - Alternative Path Operator — XOR). Let 2,0, . . . Uy be
636  subprocesses and 27 a probability distribution function
637  XYOR:SProc x ...x SProc x (SProc — RJ[0; 1]) — SProc

638 U= XOR U, U, . . . Uy, P7), Where:

639

640 1)) Let Gwxbe a GSPN containing a place Z..»and immediate transitions
641 GHy - oy @ With P’ = [gx}, i=1, ...\ N,

642 2) algr)=P10), 7=1,....,M

643 3) Ur=0U, U... U UGrs, with the addition of arcs

644 such that:

645 a) Start(&) = Pros,

646 b) End(&:) = End(&h) U ... UEnd(&,);

647 c) -Start(&) = {gx.}, i=1, ... /N

648

649 F. Parallel Execution (AND)

650 This operator creates a subprocess that consists of the parallel execution of A/ other
651 subprocesses that compose it. Each arriving case is sent to all of these subprocesses simultaneously to
652 be processed by them. Synchronization occurs before the departure of the case, in a way that it leaves
653 the subprocess only after every parallel process have been done.

654 This composition is modeled by the addition of an initial structure, responsible for splitting the
655 tokens that arrive and another structure in the exit, responsible for the synchronization and for merging
656  the tokens back. This model is presented in Fig. 6.c.

657 Definition 25 (Composition - Parallel Operator — AND).

658 AND: SProc x ... x SProcx — SProc

659 Uv= ANV, O, . . . Uy, where:

660 1) Let &wbe a GSPN containing place 2., immediate transition gy, With 2w, = {g../, a set of

661 places /7, ...,Z/ and another immediate transition ¢, such that ¢.= (4, ... ,Z/;
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2) =0, U..Uy UG, with the addition of arcs in such a way that:
a) Start() = Puw,
b) End(&) = {g./;
c) Start(&) = goun =1, ... N,

d) Z=End(0), i=1,... V.

G. lterations

An iteration is a subprocess executed several times for processing the same case. In one or more
points of the subprocess execution, a decision is made about whether the case must continue iterating or
leave the structure.

The iterative structure in our model needs that a single entry point exist for the iteration, but
several exit points are allowed. When there is only one exit point and no activity exists in the return path
from the exit point to the entry point, we simplify the structure and call it simple iteration, created by the
LOOP operator. Otherwise, we use the more general model, called grid iteration, constructed by the
GRID-LOORP operator.

Fig. 6.d depicts the simple iteration model and Fig. 7.b shows a grid iteration model example with
two exit points.

Here, we defined the simple iteration model.

Definition 26 (Composition - Simple Iteration Operator — LOOP). Let Z; be a subprocess and &

the probability of

S!ar!(l._.l}fd_ﬁ
U

A _‘

Fig. 8. Soundness model

leaving the iterative loop, the simple iteration operator can be defined as
LOOP . SProc x R[0; 1] — SProc

LOOA U, &) = Us, where:
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1) Let Gorbe a GSPN consisting of a place 22 and two immediate transitions g...and ,ozz, such that
PL = Gunr Qo
2) 2) Ag) =6,
3) 3) ) =1- 6,
A) 4) Ur= U, UGLor, with the addition of arcs in such a way that:
a) Y €End(h), ¢t= (PL};
b) gu = {Start(24) /;
c) Start(¢/,) = Start(&4);

d) End(&:) = {gu/.

H. Other Models
We formally defined the main basic blocks and operators for the modeling of complex business
processes. Some operators and structures were not formally defined to make the paper less exhaustive

to the reader. Readers can refer to Oliveira & Lima [26] for the formalization of the remaining structures.

I. Metrics and Analysis

The proposed model can be used for both qualitative (correctness) and quantitative
(performance) analyses. The correctness of a subprocess is analyzed using the soundness model, shown
in Fig. 8. This model allows the verification of the soundness property, as stated by van der Aalst and van
Hee [2]:

Soundness. A process is sound if it contains no unnecessary tasks and every case submitted to
the process is completed in full and with no references to it remaining in the process.

All role places receive resource tokens according to the scenario under study. If the model is live
and bound, then it is sound.

Once the workflow is verified to be sound, performance evaluation can be performed. To evaluate
the performance of the workflow, one must insert this model in an environment, where customers and

resources are present. We define this as workflow system, as seen in Def. 27.
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Definition 27 (Structure - Workflow System). A workflow system, defined as a tuple Wf =

(4.P,U,Emp), where:

1) A € R[?]is the arrival rate, which indicates the rate at which cases are produced to the
system;
2) 2 is a pool;

ld,] \ ld]
. | ' — )
T | / L _/
T srrva Wi Bl S Tacvimys Pp o

Fig. 9. Simplest Workflow System

3) U € SProc is the subprocess model that contains the process definition;
4) Fmp . P — N+is a employing function, which assigns a number of resources to each
role.

is a GSPN composed of subprocess & with the following additional elements:

1) a timed transition 7. with mean delay & =1/4, empty precondition and postcondition given by 7=
{Start() /;

2) a place Ppwith precondition 2,= End(2);

3) an immediate transition gowith precondition ‘g»=/£»/ and empty postcondition;

4) an initial marking function 4% such that M(&) =£m(r), Vi, € P, where A € Pvis the place

representing role 7, € 2.

Fig. 9 presents the simplest workflow system model. The subprocess contains just one activity
and is highlighted by the dashed square. Notice that place £ receives an initial marking A, corresponding

to the value of £7p(£).
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It must be noticed that roles must be provided with the minimum number of resources, computed

with the formula presented in Def. 13 to the system be able to reach an stationary state. Once the

minimum number of resources is provided, we can retrieve stationary metrics.

An important metric that must be calculated for each activity or subprocess is the local arrival

rate, i.e., the customer arrival rate at that specific point in the workflow. These rates can be obtained by

the formulae below, on the basis of the composition operations applied.

Let Z:xbe a subprocess composed of a set of minor subprocesses Z;and 7 be the customer arrival

rate at the beginning of &, the local arrival rate Z;at each subprocess &;can be computed as follows.

(0}

Sequence U,= SEX Y., Uy):

M =Xda=A\. (8)

Alternative Path &,= XOR¢,, . . . , U, Pr), where 2/(0) is the probability of choosing the path
U

Ai =APr(U;), i=1,...,N. 9)

Parallelism &,= ANV, . . . ,U,):

XM=\ i=1,....N. (10)

Simple Iteration 7= LOOA U, &), where & is the probability of leaving the iteration:
(1D
Grid-form lteration .= GR/D - LOOA{ULS, . . . ,Ul.} {Uo, . . . ,0U0) Pr), where each

U/:is a subprocess in the iteration cycle, each #0,is a subprocess executed after exiting from the

exit point z,and 27 maps a probability to each exit point to be taken

i—1
=— -\ =2 (1— Pr(py)); (12)
Z?'zl Pr(p;) ) 1,1:11 '

29, :)\“HP?‘(;},:) . (13)
v=1

Multiple Path &= OR(V,, U, a, = p), where « is the probability of only &1 be chosen, £ is the
probability of only &, be chosen, and 7 is the probability of both be chosen (& + £ + 7 =1):
M =(a+mA;de=(F+mA. (14

Interleaving &= IN7TER( U, U;, . . . , Uh):
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After computing the arrival rates, each metric from the activity model can be analytically obtained
from the formulae presented in Table I, except for the worklist sizes. Also, the time spent at
synchronization points cannot be obtained from these formulae. For obtaining these metrics, the complete
GSPN must be evaluated. Notice that the workflow system is unbounded. Therefore, the GSPN must be
evaluated through simulation. After obtaining the expected markings of the places of interest, the
complete set of metrics can be computed.

For improving the precision of the results, we recommend that both theoretical results (obtained
by formulae) and simulation results be combined for computing the final metrics. Every time a formula can

be applied, its result should be used instead of the simulation results.

VI. CASE STUDY

With the purpose of validating the GSPN model, in this section we evaluate the performance of a
real business process using three different approaches:

1) colored Petri nets (CPN) [2] - this technique has been widely used to evaluate the performance

of several real processes, including the process that is analyzed in this case study [32];

2) Oracle BPM [28] - this is a complete set of tools for creating, executing, and optimizing

business processes. The suite enables unparalleled collaboration between business and IT to

automate and optimize business processes. The suite includes a simulator to evaluate the
performance of business processes.

3) generalized stochastic Petri net (GSPN) - the approach proposed in this paper.

In this section, we apply these three techniques to evaluate the performance of the process used
in the urban management service of a municipality located in north of Holland. This process is the focus
of a process mining study as presented in Reijers et al. [32]. We use records of process executions
collected in a period of six months. The workflow management system TIBCO Staffware [37] generated

these records in the form of event logs.
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Fig. 10. Invoice Processing Workflow
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TABLE IlI

ACTIVITY NAMES AND EXECUTION TIMES

| Code ‘ Label Mean time (min.)
Al STRTFACT 1.7977
A2 PREREG 0.4096
A3 ROUTEFEZ 0.1979
Ad CODFCTBF 0.2698
AS FOUTPRER 0.5714
A6 CONTRUIF 0.5714
A8 CONTRCOD 0.3693
A9 BEOORDSR 0.5949
Al0 SHINF 1.0
Al2 FBCONCOD 0.3514

By employing process mining techniques available in the ProM (Process Miner) tool [34], we were
able to discover semiautomatically the workflow model employed by the civil servants and find the
statistics about its execution, including customer demand and process response time. ProM is also
capable of generating a CPN model that may be used to simulate the process. During the simulation, the
CPN model generates more event logs, which fit within the statistics of the real data. Using this
technique, we assessed some important performance metrics of the process. For instance, we were able

to extract the mean time of execution of each activity.

A. Context

The municipality has about 90,000 citizens and receives about 20,000 invoices per month [32].
The process involves almost every employee of the urban management service. Fig. 10 depicts the
process structure.

Each invoice requires several checks that are made by different clerks, possibly in different

geographical locations of the municipality (e.g., the mayor’s office, the fire brigade, etc.). It involves 110
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participants, each performing multiple activities. In turn, each activity can be performed by different roles.
The Dutch law states that governmental bodies need to pay their invoices within 30 days or risk financial
penalties. For this reason, the performance of this process deserves special attention.

As stated before, we used ProM to measure the mean time of execution of each activity. Table IlI

presents this information.

B. Experiments Conducted
We evaluated two scenarios: 1) the actual setting of the process (as-is) with the data retrieved

from the execution

TABLE IV
RESPONSE TIMES FOR THE FIRST VERSION OF THE PROCESS (CONF.

LEVEL. 95%)

Model Response Time (min.)
CPN 17.133
GSPN 17.025
Oracle BPM 18.333
Analytic 17.820

logs; 2) simulating a stressed condition (what-if analysis) by multiplying the rate of invoice arrivals by a
factor of 75 (this value was experimentally found to be high enough to generate queues in the system).
The first scenario is used to validate the models against the real data mined from the event logs.
The second scenario evaluates the capacity of each technique to identify bottlenecks (i.e., queues) that
would appear when the process is executing under overloaded conditions.
We constructed three models:
e CPN model: discovered by the ProM tool from the actual event logs;
e Oracle XPDL model: designed using the Oracle BPM tool in the XML Process Definition
Language (XPDL) [39];

e GSPN model: constructed in the TimeNet tool [9] using our approach.
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In the first experiment, we simulated the three models and calculated the response time of the
process (average execution time). It was computed as follows:

1) CPN model: by simulating the CPN model, synthetic logs were generated. These logs were

used as input to ProM’s performance analysis;

2) Oracle model: the XPDL model was simulated by the Oracle BPM’s simulation feature;

3) GSPN model: this model was evaluated using TimeNet's stationary simulation feature.

The actual version of the process (with the original arrival rate) does not present queues. Notice
that, when there are no queues in the system, our approach provides analytical formulae for computing
the response time directly. Therefore, we also present the result of the analytical response time,
calculated in this way. The results can be seen in Table IV. We applied the ANOVA test and concluded
that the difference among the results is not statistically significant. GSPN and Oracle BPM results were
calculated with a confidence level of 95% and an error of 10%. Analytical results are computed with exact
formulae. CPN results fit with the data extracted from the event logs, meaning that they are statistically
equal to the real process.

In the second set of experiments, with the purpose of generating a stress condition, we increased
the arrival rate by 75 times the original rate and simulated each model again. We measured the resource

demand and the queues formed on each process activity. Then, we computed the overall response time.

Utilization
B Theorstic Utilz
B GEPN Uiilz,

CPN utilz,
Z 2 2 3 2 3 3

Fig. 11. Utilization of each activity in the second scenario (number of resources demanded)
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Fig. 12. Average queue sizes on each activity in the second scenario

The Oracle BPM tool could not reach a stationary state for this new configuration. The response
time increases indefinitely. Therefore, we discarded its results.

We applied the paired t-test at the 95% confidence level to compare the utilization on each
activity (i.e., the expected number of resources working on the activity). No statistical difference between
GSPN and CPN models was found. We observed the same result when comparing the GSPN model
against the analytical values for the utilization on each activity. Figure 11 shows the resource utilization
for each activity (which corresponds to the mean number of resources demanded by each activity [3]). We
also applied the paired t-test at the 95% confidence level to compare the average queue sizes on each
activity during the simulation of the GSPN and the CPN models. Again, we found no statistical difference
between the GSPN and the CPN models. Figure 12 presents the queue sizes as calculated by the GSPN
and the CPN methods. Notice that activity 42 has proven to be the bottleneck of this system.

Table V presents the response times for the new scenario. The CPN model generated logs that
were statistically analyzed using the ProM tool. The result labeled GSPN does not employ the analytical
formulae proposed in this work, but computes all metrics from the results of simulation. The result labeled
as Analytic+GSPN refers to the response time for the combination of the analytical formulae that our
approach provides and the results of GSPN simulation. This combination provides more accurate results
than simulation alone.

From the experiment, we can infer that the GSPN results are consistent with the findings of
popular tools: colored Petri nets, on the academic side; and Oracle BPM, on the industrial side. But the

added advantage of our approach is that we are able to determine specific results analytically instead of



879
880
881
882

883
884

885

886

887
888
889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

TABLE V
RESPONSE TIMES FOR THE SECOND VERSION OF THE PROCESS (CONF.

LEVEL. 95%)

Model Response Time (min.)
CPN 32.89
GSPN 2971
Oracle BPM No results
Analytic+GSPN 29.86

on the basis of simulation, aside to other arguments to use GSPN instead of colored Petri nets for
performance modeling and evaluation (see Section IV). It is also worth mentioning that, despite being
widely used in industry, the Oracle BPM tool has proven to be ineffective to evaluate the process under

overloaded conditions.

VIl. CONCLUSIONS

We proposed the use of generalized stochastic Petri nets (GSPN) as a basis to support both the
correctness verification and the performance evaluation of realistic business processes. We showed that
GSPN provides several benefits in contrast to currently used techniques. To assure the correct mapping
between workflow concepts and GSPN models, we designed a set of building blocks and composition
operations that can be used to represent the key components present in most workflow languages. Such
structures and operations enable the modeler to create GSPNs that provide a wide range of qualitative
and quantitative information about a workflow.

We can enumerate the following main contributions that distinguish our work from current
approaches: 1) we can analytically assess a wide range of performance metrics, such as throughput and
utilization - a feature not found in related works; 2) we support the evaluation of processes with multiple
customers and a limited number of possibly shared resources, while several related works are limited in
this context; 3) we use the same model both for performance evaluation and analyses of qualitative
properties of processes, such as soundness and liveness. Most of the related works are not intended to
analyze qualitative properties at all; 4) Performance metrics that cannot be analytically calculated may be

alternatively assessed through simulation, also without changes in the proposed model.
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The list of criteria that we used for the comparison of the various existing methods to analyze the
performance of business processes can be seen as an additional contribution of this work. Such criteria
were employed to compare eleven different works, including the new approach proposed in this paper
and can be used as a basis for future comparisons in other works.

From the comparative study performed, we observed that CPN-based approaches demonstrated
to cover most of the desirable characteristics prescribed by our list of criteria. However, one noticeable
drawback of CPN models is that they represent time as integer values. Rounding timestamp values to
integer values can potentially cause a loss of precision. In contrast, GSPNs deal with continuous time, as
such providing more accurate results. Furthermore, CPN traditionally requires the codification of process
data and certain decision algorithms to an extent similar to that necessary for implementing the real
workflow model. Our approach does not require such refinements and provide evidence that these data
are not relevant for the results of the performance analysis.

Eventually, analyzing the set of criteria proposed in this paper, our approach achieves at least the
same level of quality observed in those CPN-based approaches of higher quality. This is not the case for
other works that also employ the GSPN formalism. Therefore, this analysis revealed that our work
incorporates more desirable characteristics than those observed in other works, which adopt GSPN for
modeling and analyzing the performance of business processes. Moreover, due to the use of continuous
time, the choice for GSPN potentially provides more accurate results when compared with CPN. Overall,
we believe that the proposed approach significantly extends the state of the art and should be considered
as the preferred framework to assess both quantitative and qualitative aspects of complex business
processes.

To validate our approach, we used the event logs from a real business process (the urban
management service of a municipality situated in the northern part of the Netherlands). We employed the
GSPN model, a CPN-based approach, and the commercial tool Oracle BPM for evaluating two scenarios:
one with a low resource demand, in correspondence with the real system; and another with a hypothetical
high demand.

The results of the evaluation were very satisfactory as they showed quite similar outcomes from

our approach to those obtained through a well-known CPN-based approach for a realistic situation, even
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though we could establish these results analytically instead of on the basis of simulation results. We
believe that the increased efficiency and modeling ease of using an analytical approach in combination
with a satisfactory accuracy is one of the main advantages of our approach. It must be emphasized that
the CPN model employed was built up on the basis of measured data, by the application of validated
process mining techniques [32].

As a final contribution, we developed the BPEL2Net tool for translating BPEL workflow
descriptions into a GSPN model. The compiler uses the basic models and composition rules as proposed
in this paper. The tool can be obtained at http://www.cin.ufpe.br/"calo/bpel2net.

As a future work, we will implement a framework with several plugins to support the design and
the performance analysis of business processes using our proposal. We are currently working on a plugin
to support the graphical modeling of workflows. Furthermore, we plan to develop plugins for
communicating with the TimeNet tool from our graphical interface and importing workflows modeled using

different tools and languages.
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