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Preface

This book contains the proceedings of two long-running events held in connection
to the CAiSE conferences relating to the areas of enterprise, business-process and
information systems modeling:

• The 12th International Conference on Business Process Modeling, Develop-
ment and Support (BPMDS 2011)

• The 16th International Conference on Exploring Modeling Methods for Sys-
tems Analysis and Design (EMMSAD 2011)

The two working conferences are introduced briefly below.

BPMDS 2011

BPMDS has been held as a series of workshops devoted to business process
modeling, development and support since 1998.

During this period, business process analysis and design has been recognized
as a central issue in the area of information systems (IS) engineering. The con-
tinued interest in these topics on behalf of the IS community is reflected by the
success of the last BPMDS workshops and the recent emergence of new confer-
ences and workshops devoted to the theme. Facing this trend, in 2011 BPMDS
became a working conference.

While changing the status of BPMDS, we preserved the basic principles of
the BPMDS series:

1. BPMDS serves as a meeting place for researchers and practitioners in the
areas of business development and business applications (software)
development.

2. The aim of the event is mainly discussions, rather than presentations.
3. Each event has a unique theme.

Previously, each workshop had a relatively narrow theme, different each year,
related to the current progress in the area of BPM. Our intention when becoming
a working conference was to solicit papers related to business process modeling,
development and support (BPMDS) in general, using quality as a main selection
criterion, instead of relevance to a narrower theme.

As a working conference, our aim was to attract more papers describing
mature research, still giving place to industrial reports and visionary papers.
We kept the principle of a defined theme for the event, but used relevance to the
theme as a criterion only for visionary papers, describing innovative research
ideas which are not yet completely mature. In addition, we suggested to the
authors of research papers and experience reports, wherever possible, to make a
connection to the theme.
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The theme chosen for BPMDS 2011 visionary papers was ‘Making BPM
theory work in practice: “There is nothing more practical than a good theory
(Kurt Lewin)”.’

BPMDS 2011 received a record number of 61 submissions from 25 countries
(Australia, Austria, Belgium, Brazil, Canada, Colombia, Denmark, France, Ger-
many, India, Iran, Israel, Italy, Japan, Latvia, Luxembourg, The Netherlands,
Norway, Portugal, Spain, Sweden, Uganda, United Arab Emirates, UK, USA).
The management of paper submission and reviews was supported by the Easy-
Chair conference system. Selecting the papers to be accepted was a worthwhile
effort. Each paper received at least three reviews. Eventually, 22 high-quality
papers were selected; among them three experience reports and two visionary
papers.

The accepted papers cover a wide spectrum of issues related to business pro-
cess development, modeling, and support. They are organized under the following
section headings:

• BPMDS in Practice
• Business Process Improvement
• Business Process Flexibility
• Declarative Process Models
• Variety of Modeling Paradigms
• Business Process Modeling and Support Systems Development
• Interoperability and Mobility

We wish to thank all the people who submitted papers to BPMDS 2011 for
having shared their work with us, as well as the members of the BPMDS 2011
Program Committee, who made a remarkable effort reviewing the large number
of submissions. We also thank the organizers of CAiSE 2011 for their help with
the organization of the event, and IFIP WG8.1 for the support.

The goals, format, and history of BPMDS can be found on the website:
http://www.bpmds.org

April 2011 Ilia Bider
Selmin Nurcan

Rainer Schmidt
Pnina Soffer



EMMSAD 2011

The field of information systems analysis and design includes numerous infor-
mation modeling methods and notations (e.g., ER, ORM, UML, DFDs, BPMN)
that are typically evolving. Even with some attempts toward standardization
(e.g., UML for object-oriented design), new modeling methods are constantly be-
ing introduced, many of which differ only marginally from existing approaches.
These ongoing changes significantly impact the way information systems are
analyzed and designed in practice. This workshop focuses on exploring, evaluat-
ing, and enhancing current information modeling methods and methodologies.
Though the need for such studies is well recognized, there is a paucity of such
research in the literature.

The objective of EMMSAD 2011 was to provide a forum for researchers and
practitioners interested in modeling methods in systems analysis and design to
meet and exchange research ideas and results. It also gave the participants an
opportunity to present their research papers and experience reports, and to take
part in open discussions.

EMMSAD 2011 was the 16th in a very successful series of EMMSAD events,
previously held in Heraklion, Barcelona, Pisa, Heidelberg, Stockholm, Interlaken,
Toronto, Velden, Riga, Porto, Luxembourg, Trondheim, Montpellier, Amsterdam
and Hammamet. This year we had 31 submissions by authors from 16 different
countries (Australia, Austria, Belgium, Brazil, France, Germany, Israel, Italy,
Luxembourg, Malaysia, The Netherlands, Norway, Spain, Sweden, the UK, and
the USA). The management of paper submission and reviews was facilitated by
use of the EasyChair conference system. After an extensive review process by
a distinguished international Program Committee, with each paper receiving at
least three reviews, we accepted the 16 papers that appear in these proceedings.
Congratulations to the successful authors!

Apart from the contribution by paper authors, the quality of this conference
depended in no small way on the generous contribution of time and effort by
the Program Committee and the additional reviewers. Their work is greatly
appreciated. Continuing with our very successful collaboration with IFIP WG
8.1 that started in 1997, this year’s conference was again a joint activity of
CAiSE and WG 8.1. We are also grateful for the sponsorship of the European
INTEROP Network of Excellence, AIS-SIGSAND, the Enterprise Engineering
Network, and the ORM Foundation. For more information on past and future
EMMSAD conferences, please see our website http://www.emmsad.org

April 2011 Terry Halpin
John Krogstie

Erik Proper
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Ilia Bider IbisSoft, Stockholm, Sweden
Claude Godart LORIA, Nancy-Université, France
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Pia Närman
Waldo Rocha Flores
Sascha Roth
Xuning Tang
Ornsiri Thongoom
Armella-Lucia Vella
Jürgen Walter
Ilona Wilmont



Table of Contents

BPMDS in Practice

Business Process Management for Open E-Services in Local
Government - Experience Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Petia Wohed, David Truffet, and Gustaf Juell-Skielse

In Search for a Good Theory: Commuting between Research and
Practice in Business Process Domain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

Ilia Bider

Does Process Mining Add to Internal Auditing? An Experience
Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
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Arturo González, Sergio España, Marcela Ruiz, and Óscar Pastor
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Business Process Management for Open

E-Services in Local Government
- Experience Report�

Petia Wohed1, David Truffet2,��, and Gustaf Juell-Skielse1

1 Stockholm University, Sweden
{petia,gjs}@dsv.su.se

2 Esri, Australia
dtruffet@esriaustralia.com.au

Abstract. E-government has become one of the most prominent means
to reform the public sector. Building e-government embraces a variety
of efforts both at a centralised level, (e.g. the integration of and com-
munication between systems across different agencies, domains and ge-
ographies), and at local levels such as the development of e-services for
the provision of 24/7 public sector agencies. In this paper, we report
on the results of a project aimed to develop e-services as a part of the
e-government initiative in Sweden. The project was carried out at the
elderly and handicapped unit at one municipality. The e-services consid-
ered in the project were also intended to open up the underlying social
services and are, therefore, referred to as open e-services. We discuss the
results of the development of one such e-service as a proof-of concept
solution for which a business process management system is used. We
present the solution and explain the features of using a business process
management system as a back-end system.

Keywords: Business process management, e-services, e-government.

1 Open E-Services in Local Government

Local governments in Sweden are responsible for a large share of public services
in the fields of education, care and healthcare. Elderly care and care for the
disabled are two important tasks and account for almost 30% of municipal bud-
gets. To meet the challenges of an aging population [5], local governments are
strengthening their capabilities in the area of assisted living services [6]. Focus
is placed on streamlining the administration associated with the services, on
opening up the services, and on developing e-services.

Opening up the services includes the removal of the formal decisions of grant-
ing or rejecting services to citizens taken by municipal officials. For instance 26
� This work is funded in part through the project Open Social Services financed by

The Swedish Agency for Research and Innovation for Sustainable Growth (Vinnova).
�� Work conducted during a visit at the Queensland University of Technology.

T. Halpin et al. (Eds.): BPMDS 2011 and EMMSAD 2011, LNBIP 81, pp. 1–15, 2011.
c© Springer-Verlag Berlin Heidelberg 2011



2 P. Wohed et al

(out of 290) municipalities in the country provide the emergency phone service
as an open service [7, p. 28], i.e. the service is ordered and subscribed to by
citizens instead of applied for and then formally approved by authorities.

The development of e-services has initially resulted in the development of ap-
plication forms that can be submitted electronically. Although these application
e-forms imply some simplification for the citizen they offer only a limited im-
provement for those who handle the applications at the government. To develop
e-services that support the entire processes, we engaged in a project aiming at
the development of three open e-services for the elderly and disabled care at a
municipality. Our role in the project included the business process analysis and
design for the e-services, as well as an analysis of the use of open source software
for their implementation1. To provide support for the entire processes, we used
a business process management system (BPMS) as a back-end system. To anal-
yse the use of open source software, we prototyped the first e-service, i.e. the
emergency phone application e-service, in an open source BPMS called YAWL2.
This paper reports on the prototype as a proof-of-concept implementation3.

The paper is structured as follows. Section 2 presents the steps we followed
to develop the e-service. Section 3 outlines a number of goals considered in the
provision of e-services. Section 4 presents the solution. Section 5 and an Epilogue
conclude the work with an analysis of how well the BPMS-based solution meets
the goals and reflections from the work.

2 Method of Work

To develop the open social e-service, we progressed through the following phases:
process analysis, process specification and e-form development. During the pro-
cess analysis phase, an as-is analysis of the current process was performed. For
this, a number of workshops were carried out with a work-group consisting of six
municipal officials, two executives, a representative from the IT department, and
sometimes a representative from the social service provider, who is a sub-supplier
for the municipality.

The purpose of the workshops was to gather information about the existing
routines. The workshops were complemented with four in-depth interviews with
representatives from the different roles during which also the current IT system
was looked into. After every workshop the results were documented in YAWL
process models and validated during the next following workshop. The process
models were also periodically presented to municipality management.

During the process specification phase, a to-be process (solving the problems
identified during the process analysis) was designed and agreed upon. The work
was carried out in a similar way as before, i.e. through workshops with officials
1 The actual implementation of the services is the responsibility of two software de-

velopment companies.
2 www.yawlfoundation.org
3 The prototype is available for download at
http://dash.dsv.su.se/2010/10/19/sundsvall42/

www.yawlfoundation.org
http://dash.dsv.su.se/2010/10/19/sundsvall42/
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from the municipality. Management decided on a set of decision criteria for
the open social service. The design was presented at management level and after
agreed upon prototyped in YAWL. Before the work on prototyping was initiated,
the goals with the prototype were listed. Some of them related to limitations with
the current way of working, whereas others reflected the general ambitions for
e-services and use of integration technologies.

During the e-form development phase, the e-service’s interfaces with its users
were designed. The work was performed in workshops with the same group of
officials as before and validated by the executives. The to-be process and the
municipal web interface template and guidelines were followed. When ready the
forms were implemented in the prototype.

3 Considerations for e-Services

When developing e-services we need to distinguish between three types of goals
that need to be achieved within the legislative constraints applied by the EU
and the Swedish state: goals associated with the citizen, goals of the municipality
(granting and subsidizing the provision of the services) and goals associated with
the service providers (i.e. the companies carrying out the services).

The goals related to citizens include:

G1 Increased access to social services with respect to time, geographic location
and accessibility. Time refers to 24/7 government, geographic location refers
to the possibility of applying for a service from home and accessibility is a
legislative requirement [1] of the authorities investing in e-government efforts.
Since the services are intended for the elderly and infirm, it is important that
these groups of citizens can, if needed, access them via assistance devices such
as audio and brail readers.

G2 Increased openness by providing a sense of control to the citizens:

a) Before submitting an application, inform the citizen about what is avail-
able, what is expected from them, and what they can expect from the
authority. In particular, make explicit the decision criteria used for eval-
uating their application.

b) Once an application has been submitted, communicate status changes
to the citizen so they know where they are in the process. Provide the
citizen with the ability to intervene in the process, e.g. withdraw their
application.

c) Once application handling has ended, notify the citizen of the outcome
and provide them with the capability to review the result at a later date
and/or challenge the result.

The goal related to the municipality is to develop a solution with the following
properties:

G3 Business orientation The e-services should support the administration of
citizen applications for social services. The technology should be used to
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streamline the business process so that the lead time from application receipt
to service delivery decreases and when motivated handling time spent on
individual applications is reduced.

G4 Visibility Officials at different levels should be able to continually monitor
individuals as well as sets of citizens and their statuses. In addition, the
solution should fulfil both real time and historical reporting requirements.

G5 Cost effectiveness The solution should provide a low overall cost for a large
number of e-services. This cost includes implementation, licensing, operation
and maintenance.

G6 Flexibility The solution should be able to adapt and suit evolving require-
ments. This means that significant changes in a business process should have
little impact on the system. Flexibility entails low cost of change.

G7 Scalability implies a reducing cost to the development of new services. Scal-
ability lowers the average cost per service as the number of services imple-
mented in the system increases. In our case, the e-service shall provide a
general proof-of-concept solution applicable to other open e-services.

The goals related to the service providers (sub-suppliers to the municipality)
of the social service include:

G8 Increased integration with sub-suppliers Currently, communication with sub-
suppliers is manual and paper-based. Although information is already present
in the municipal information system forms are still filled in by hand and faxed
to the sub-suppliers. The same piece of information is filled in multiple times
(in different forms). The communication routines with the sub-suppliers are
fairly straightforward; however, using modern ICT would significantly reduce
the time currently spent on shifting information around.

Legislative constraints applied by the EU and the Swedish state include:
G9 Compliance with the law The e-service dealing with citizen applications

for a social service and as such providing a front-end for the service, must
conform to the Social Services Act.

G10 Multi-lingual support A law requiring the support of national minorities
and minority languages [3] came into operation in Sweden in January 2010.
According to this law, if requested the municipalities must provide social
services to a citizen of a given minority in their minority language. As the e-
services will act as the first step of social services delivery, the multi-lingual
requirement also applies to them. Furthermore, multi-lingual e-government
is highly relevant in a wider European context.

G11 Consideration of open source solutions In “Strategy for Authorities’ Work
with e-Government”, the Swedish government states that when procuring
and developing software all authorities shall consider and evaluate open-
source alternatives [4, p. 73].

4 The Solution

We aimed to develop an e-service to support the entire process of dealing with
citizen applications for emergency phones. Since BPMSs are designed to support
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business processes in organisations, they were our natural choice of software. To
evaluate the use of open source solutions (goal G11) we used YAWL. YAWL
was selected because it is one of the larger BPMSs distributed through an open
source repository fulfilling our requirements on functionality [9,2]. However, the
results of our work are general and another BPMS with similar functionality
could have been used instead.

A basic principle for the development is to present users with a simple and
intuitive interface without making them aware of the use of a BPMS as a back-
end system. Therefore, the interface towards the citizens and users is realised
through mail clients. The solution contains the following parts: (i) a process
model with associated resource model; (ii) a set of custom forms used for dis-
playing or acquiring data relevant for the process; (iii) an email notification
demon for forwarding the allocated work to the corresponding mail clients; and
(iv) case initiation by citizen through electronic application submission. In ad-
dition, (v) multi-lingual support was added to fulfill goal G10. Furthermore, the
accessibility criteria defined for Europe were also considered (G1). The remain-
der of this section presents the solution.

4.1 The Emergency Phone Application Process

A YAWL model capturing the emergency phone application process is shown in
Figure 1. Tasks are represented as rectangles. They may be manual (i.e. tasks
requiring input from the user), notification tasks (i.e. notification emails sent to
users with no actions required) or automated tasks. Tasks might have decorators
and colours. The decorators are used to capture joins and splits of the control
flow. There are three types of decorators - AND, XOR and OR decorators - with
each coming in two variants, join and split. The colors are used to show the
different roles responsible for the execution of the tasks. Lack of color indicates
that a task is either automated or a routing task.

The process starts with the submission of an application by a citizen. Based
on a number of predefined criteria the application is either routed to manual
handling or progressed to emergency telephone equipment installation. In the

Fig. 1. The emergency phone application process
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later case, an alarm number is obtained from the emergency service centre. Then,
an installation order is sent to all installers and allocated to the first one to
accept it. This installer is then responsible for the installation of the emergency
telephone equipment in the citizen’s home. The installer calls the citizen and
schedules the installation. A confirmation of the time is sent to the citizen, and
24 hours before installation a reminder is sent and the process progresses to
the installation task. At installation, installation data is obtained and keys from
the citizen’s home checked out. The keys are handed over to the emergency
group, serving the emergency calls, who stores them securely. Henceforth, the
citizen can start using their emergency phone. They are added to the accounting
system and the start time for the service fee payment is calculated. The citizen is
informed about the start service and payment time and the case is filed. Although
electronic filing is legally approved in Sweden, filing at the municipality is still
done manually by a customer relationship officer.

4.2 The Data and Custom Forms of the Process

In YAWL, all data is presented in XML. Working data is stored in process
variables whose type is defined through the XML Schema language. A distinction
is made between case and task variables. For each task the data needed for its
execution or resulting from its execution is defined through input and output
variables. These variables are associated with the case variables of the process.
When a work item of a task is checked out, the engine populates its input
data with the relevant values from the case variables. At completion, the engine
transfers the values of its output parameters to the corresponding case variables.
The associations are defined through the XQuery language. See Figure 2 for an
example of input and output parameters for the task Install.

…..
<NrInstallationFailures>1</NrInstallationFalures>
<Installation>

<FirstSocket>True</FirstSocket>
<Position>corridor</Position>
….

</Installation>
<InstallerAuditRecord>

<Action>’customer_to_resolve’</Action>
<Comment>’keys not working’</Comment>
….

</InstallerAuditRecord>
<AuditHistory>…</AuditHistory>

</EmergencyTelephone>

<Install>
<ApplicantName>

<FirstName>Anna</FirstName>
<FamilyName>Andersson</FamilyName>

</ApplicantName>
<ApplicantAddress>….
<NrInstallationFailures>0</NrInstallationFalures>
<Installation>

<FirstSocket>True</FirstSocket>
<Position>corridor</Position>
….
<AuditInformation>

<Action>’customer_to_resolve’</Action>
<Comment>’keys not working’</Comment>
….

</AuditInformation>
</Installation>
<AuditHistory>…</AuditHistory>

</Install>

XPath:
/EmergencyTelephone/
InstallerAuditRecord/Action/
text()='none'

XPath:
number(/EmergencyTelephone/
NrInstallationFailures/text())>3

XPath:
/EmergencyTelephone/
InstallerAuditRecord/Action/
text()='customer_to_resolve'

XPath:
true()

Cancel

Disable Cancel

Customer to
resolve problem

Installer to
resolve problem

Install

<EmergencyTelephone>
<ApplicantName>
<FirstName>Anna</FirstName>
<FamilyName>Andersson</FamilyName>

</ApplicantName>
<ApplicantAddress>….
<NrInstallationFailures>0</NrInstallationFalures>
<AuditHistory>….</AuditHistory>
….

ApplicantAdress (In)

NrInstallationFailures (In)

XQuery

XQuery

XQuery

XQuery

XQuery

Installation (Out)

NrInstallationFailures (Out)

ApplicantName (In)

XQuery

AuditHistory (In)

XQuery

XQuery
{/Install/AuditHistory/*}
<Audit_Record>

{/Install/Installation/AuditInformation/*}
</Audit_Record>

AuditHistory (Out)

Fig. 2. Sample data for the task Install



Business Process Management for E-Services 7

Data-based routing decisions are made based on the values in the process
variables. For this, different conditions are specified on the outgoing arcs of the
XOR- and OR-split decorated tasks. The conditions are expressed in the XPath
language. In the example in Figure 2, if an installation has failed four times
(NrInstallationFailure > 3), the process will be interrupted.

Many of the tasks in the process are manual. For these tasks, data from the
user is obtained through forms. To provide forms with the look and feel requested
by the municipality, we developed custom-made web forms and used the form
connector service in YAWL. Figure 3 shows such a form for the Install task.

The custom forms were developed using Java Server Pages (JSP). A JSP
form was created for each manual task. A form contains: header and footer
information; a definition of the variables that are input to or output from it; a
number of includes that are HTML fragments for capturing and/or displaying
the relevant variables; and a number of buttons/functions.

Each form uses interactive data validation against the schema definitions held
within the process model. The forms obtain the XML schema type definitions
from the process model and validate the supplied data against them. This implies
that the data validation, which traditionally has been part of the application
development, is now the exclusive concern of the process definition.

Fig. 3. Part of the form for the task Install
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4.3 Email Notification Demon

The email notification demon periodically interrogates the work list of each user.
When a work item appears as either offered or allocated the demon forwards it
to the email client of the user. To compose the email, the notification demon
opens the relevant web form, extracts and rewrites the HTML from it to a form
compatible with email4 and attaches the URL that would have been used by the
YAWL engine. The corresponding work item is started when the user follows
this URL. To maintain security the user is required to provide their credentials.
In this way, an email account resembles a work queue in YAWL.

4.4 Case Initiation by Citizen

A part of the solution in YAWL has been to trigger the process through the
receipt of an electronic application form. In Figure 1 the input condition “Submit
Application” is used to visualize this. However, it should be noted that “Submit
Application” is not considered as a real task by the YAWL engine. Traditionally,
YAWL requires a case to be created by an administrator on behalf of the citizen
before any tasks can be enabled. However, our solution provides the citizen with
a submission form which upon completion launches a case. This form differs
from the remainder of the custom forms in that it can be viewed by the users
before an underlying case has been initiated. In addition, the submission form
launches a case in contrast to the other custom forms that complete work items.
The first page of the submission form is displayed in Figure 4. On submission
of the form, the process is started and the user notified with a case reference
number.

4.5 Multi-lingual Support

We developed a multi-lingual solution to support the Swedish and English lan-
guages (note that the forms in figures 4 and 3 are in Swedish and English, cor-
respondingly). The solution is easily extensible to other languages such as Sami.
Multi-lingual support is typically provided by duplicating all forms for the sup-
ported languages. Furthermore, many multi-lingual solutions provide parallel
solutions, i.e. an English and a Swedish solution, which do not allow a transition
between the different languages.

Our solution is more general and allows a variety of languages to be used
within one case. Communication with the citizen is carried out in the language
of their preference, which is determined by the language used in the submission
form. However, throughout the process different users might use different lan-
guages. For instance, a case might be initiated in English and filed in Swedish5.
4 The rewriting includes the removal of all JavaScript, removal of the HTML form

mark-up (text input fields, buttons, drop-down lists), and inlining/attaching images
(e.g. logos etc.).

5 A realistic scenario is the initiation of a case in Sami (which is one of the minority
languages to be supported according to the law [3]) and filed in Swedish, which is
the official language in the country.
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Fig. 4. The JSP form for the task ‘Submit Application’, in Swedish

The solution is based on two components: one mono-lingual solution and a
translation filter. In addition, language capabilities are defined for the different
users to reflect their language skills. The translation filter exploits the content of
the forms and translates them via a translation file to the required language for
the given user. A translation file contains each phrase from the mono-lingual so-
lution and the corresponding phrase in the supported language. A new language
is added by the addition of the corresponding translation file.

5 Discussion

In the previous section, we described the major points of our solution. Here, we
discuss how the prototyped solution meets the goals outlined in Section 3. In the
second part of the section, we reflect on the experience gained from the work.
Some of these reflections can be used as input for the further development of
YAWL or BPMSs in general, whereas others can be used as input to developers
involved in projects similar to ours.

Fulfilment of the Goals

G1 Increased access to social services with respect to time, geographic location
and accessibility. The use of e-service technology automatically increases the
time and geographical accessibility to the service. To meet the requirements on
accessibility, we designed the forms to be neutral to the client device accessing
them. See, for example, Figure 5, where the custom form from Figure 4 is dis-
played in a text-based client. For this we followed the constraints on syntax and
structure of web pages defined by W3C [8].
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Fig. 5. The JSP form from Figure 4 displayed through a text-based client

G2 Increased openness To fulfil G2a, special attention was paid to providing
adequate help to the citizen using the e-service. An introductory information
page for the whole service was developed. The municipality layout guidelines,
where the right column on the forms (Figure 4) is entirely dedicated to help
messages and corrections, were strictly followed. The help text provided was
context sensitive, i.e. when hovering with the mouse over the entry fields of a
form, the corresponding help text would appear in the help area of the form. All
texts and help messages were worded during the workshops with officials from the
municipality. Furthermore, the decision criteria used for evaluation were defined
by the executives and implemented in the web forms. In this way, the criteria
were made explicit and the decisions transparent to the citizens.

To fulfil goals G2b and G2c we provide a case reference number after a citizen
submits an application and notify them about all essential state changes during
the process, for example, two notification tasks are introduced, one notifying the
outcome of the service decision and one notifying equipment installation and
service fee decision. In addition, the citizen is notified after an installer sched-
ules an installation time with them. They are also notified in case any problem
with the booking or installation arises. Furthermore, the citizen can withdraw
their application at any time before installation. Finally, all cases that might be
subject to rejection are redirected to manual handling and the challenging of a
rejection is treated by the present manual routines.

Goals G3-G7 are met automatically due to the fact that we used a BPMS
as a back-end system. BPMSs coordinate activities, thereby ensuring that the
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appropriate resource is notified about the work they need to perform and pro-
vided the required information needed for that work. BPMSs are configured
through process models (G3 ). They provide visibility and transparency of the
processes being managed and the cases present in the system. Through the im-
plementation of business activity monitoring modules, they allow organisations
to review a process as a whole or down to individual cases and support both real
time and historical reporting requirements (G4 ).

Solutions implemented in a BPMS are generally meant to be low cost because
a large number of processes (in this case, e-services) can be supported through
the system (G5 ). However, high licensing costs and vendor lock-in can easily
make investment in a BPMS a costly endeavour. Investment in an open source
BPMS solution tends to entail the same hardware/infrastructure, design, imple-
mentation and operational costs as those for a proprietary system, but removes
the licensing costs and, through the escape of vendor lock-in, can also reduce
maintenance costs.

Using BPMSs implies separating business process logic from application logic.
This means that changes in organisation processes can be easily reflected in a
system by changing the corresponding process models (G6 ). At the same time,
new business processes can be added by defining their process models in the sys-
tem (G7 ). Moreover, removing business logic from the application development
and placing it into process models allows a high degree of task reuse between a
large number of processes. Furthermore, application development transfers to ap-
plication component development, where separate components are implemented
to define the behaviours of the automated tasks. With application development
broken into component-per-(automated) task development, the application de-
velopment effort is significantly reduced and sometimes even removed for the
addition of new processes. In our case, this implies that as the number of ser-
vices implemented in the system increases, the average cost of implementation
per service decreases (G7 ).

To achieve G8, Increased integration with sub-suppliers, we integrated several
“external” users into our solution. These are the citizen, the emergency group,
the installer and the emergency service center (ESC). Parts of this integration
imply changes and optimisation in the current process (G3 ), for example, the
provision of alarm numbers from the ESC is today handled in bundles and the
responsibility for allocating the numbers delegated to the emergency group. By
providing the ESC direct access to the system, the number allocation routine
is simplified. This direct access is enabled through the email notification demon
- a mechanism that minimises external access and keeps the underlying system
invisible. The integration of the citizen and the installer company is implemented
in the same way. For the emergency group, which already has access to the
municipal IT system, the integration work manifested differently. Currently, an
essential part of the process data that is relevant to the emergency group is
missing in the IT system (a large amount of the process documentation is paper-
based and sent by fax). To solve this problem and achieve full integration, we
focused on capturing and implementing the complete set of process data.
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To achieve G9, Compliance with the law, the Department of Law at Lund
University was consulted during the process analysis and specification phases.
To achieve G10, a translation filter was implemented and a couple of translation
files created (see Section 4.5). Finally, G11 was addressed by prototyping in the
open source system YAWL.

Reflections

Although the BPMS we used provided a number of advantages there were also
some minor limitations. If these were removed, the development effort would
further be simplified. We reflect on these here to provide input for the further
development of YAWL.

Process initiation should be considered a first class citizen. In many cases, partic-
ularly in the area of e-government and e-commerce, there is a need to be able to
launch a process through the submission of a form by a citizen or customer. We
have implemented this as an extension to YAWL; however, we consider that this
functionality should be managed by the BPMS. Implementing such functionality
in YAWL would entail the following changes: the capability to assign roles to the
input condition to specify which resource is allowed to start a process; and the
possibility of assigning a form to the input condition for laying out the process
input variables.

Allow the dynamic allocation of work based on capabilities. Currently, YAWL
supports dynamic allocation of work based on case variables holding information
about user id (i.e. deferred allocation). YAWL is also capable of allocating work
based on capabilities, but these need to be defined during design time and cannot
be changed on a per-case basis. Providing a dynamic resource allocation also for
the capabilities would enable better targeting of task allocation. In our particular
case, work would have been offered according to roles and language capabilities.

Provide a graphical presentation of process and task data. During the process
analysis and specification phases we used YAWL’s graphical process modelling
language for all communication with business users. This was done despite the
common attitude that a simplified language than the language of implementation
should be used for communication with business users. When coming to the
presentation of the control flow, our experience of using YAWL is positive and
models similar to this in Figure 1 were successfully used. However, to present
the data in the process we needed an additional, music line notation presenting
a note line for each user with associated input and output data provided to/by
them for every manual task. Because the data changed several times during the
analysis, these changes needed to be reflected both in the YAWL model and in
the side notation which was time-consuming and error prone. Graphical support
for the data in the process editor would significantly simplify this work.

Support form design. YAWL provides automatic form generation, which allows
rapid prototyping. We used this feature a couple of times to demonstrate inter-
mediate prototypes to business users to validate our work. Our impression of
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the rapid prototyping was generally positive. However, we faced the following
shortcoming. In the automatically generated forms, all data fields are presented
in a vertical sequence, the ordering of which cannot be controlled by the devel-
oper. After our process was validated and the data relevant to it agreed upon we
continued with the interface design (i.e. the construction of the custom forms).
During the work with the custom forms a number of changes to the data struc-
ture were again requested by the business users. The proper visualisation using
the custom forms provided business users with a deeper understanding of the
underlying process data. So, although functional for the developer, the automat-
ically generated forms turned out not to be that useful for communication with
the business users. We believe that the addition of a form designer to YAWL
would be greatly beneficial for this purpose.

A general, non-YAWL-related reflection comes from our work with the multi-
lingual goal. The provided multi-lingual solution, separating the language from
the user interface layer, offers a couple of advantages: it allows the use of dif-
ferent languages during different phases of a process; and it facilitates changes
in the form logic by only necessitating updates in one place. Nevertheless, the
translation took longer than expected and desired. It was done out of context
and fragmented. ‘Out of context’ means that phrases needed to be translated in
isolation in a table in the translation file rather than on the form where they
appeared. Fragmentation was caused by the fact that some of the phrases were
split into multiple parts because they accommodated both static and dynamic
content. To streamline the work, we developed a systematic approach and ap-
plied it to translating into a third language. However, even if the set-up time for
adding a new language can be reduced, multi-lingual support is still a resource
demanding activity.

Our final reflection relates to the multi-lingual set-up in which we worked.
Because we used YAWL process models for communication with the business
users, the models were documented in Swedish. The prototyping was, on the
other hand, done in English, which is a rather usual scenario when outsourcing
development work. As multi-lingual models are not supported by YAWL (nor,
to our knowledge, by any other BPMS) two versions of the model needed to
be defined and maintained: a Swedish and an English one. At the same time,
because the use of a BPMS truly facilitated iterative development, the solution
was changed multiple times, long after a “final” model was believed to have
been reached. This implied that the two versions of the model needed to be
kept up-to-date continuously, which was a time-consuming and error prone task.
Support for multi-lingual process models would have greatly simplified the work.
We believe such functionality would also be appreciated by companies operating
in multi-lingual environments and utilizing business process technology.

Epilogue

A prototype was developed at Järfälla municipality to prove the applicability
of open source BPMSs as back-end systems for e-services. The prototype was
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demonstrated to the municipal officials attending the process analysis work. The
fact that the solution was not integrated to the present web-portal or database
was stressed. It was pointed out that the final implementation will differ from the
demonstrated one, as it will be integrated in the municipal current data-centric
IT system which offers fundamentally different approach of work support. The
officials were genuinely positive to the prototype. They liked the fact that the
process really followed the “process map” developed during the workshops. They
appreciated that work will be “pushed” to them, which supports the monitoring
of the cases they need to carry out today. One of the officials commented:

“If the new e-applications are handled like this, it will be a great simpli-
fication of our work compared to today.”

The prototype was also used as input for preparing the requirements spec-
ification contracts with the two software development companies in charge of
the e-service implementation and the current IT system supplier. In order to ac-
commodate the e-service, the IT system supplier needed to introduce significant
changes both into the business IT system they provide and to the municipal
database they maintain. The requested changes were too expensive for the mu-
nicipality to bear which initially made the IT supplier reluctant to take upon the
project. After the prototype was developed, the IT supplier decided to change
the cost model and invest in the further development of their system. At this
point the IT supplier was convinced that this development would not only be
beneficial for Järfälla but for all their municipal clients.

The prototype was developed as a proof-of-concept implementation of open
source BPMSs as back-end systems for e-services. In practice, however, its major
benefit turned out to be the design’s applicability to other open e-services. Since
applications for other social services are handled similarly to this of the emer-
gency phone application, major parts of the process model were reused for the
requirements specification of the two other e-services within the project scope,
namely part-time successor and companion services. In addition, the design was
found by officials in Järfälla to be applicable to a major portion of other simple,
routine-type cases in social services such as lunch box and help in the home ser-
vices (these were outside the scope of our project). The design was also evaluated
by the social director and the chief information officer of Järfälla and assessed to
be applicable to simple routine-type cases in other areas of municipal operations
than elderly and disabled care. All in all, these evaluations indicate that the de-
sign can be generalized and applied to a large array of open e-services in public
administration. This outlines the direction for future work at the municipality.

The prototype shows how the administrative process for simple cases can be
supported and automated (within the current Swedish legislation (SoL)). The
model is applicable to all Swedish municipalities, as they are all responsible for
the provision of the same social services. Sweden is divided in 290 municipalities.
There are basically two major municipal IT business systems: one of them is
data-centric the other one is process-centric. Järfälla uses the data-centric system
and the prototype described here was used for the requirements specification for
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the further development of this system. To disseminate the results, the prototype
was also shown on a network meeting of 27 municipalities using the competing
process-centric IT system. These municipalities were at the time working on a
joint requirements specification for the further development of their IT system.
The prototype was meant to serve as a source of inspiration for their work.
Fortunately and unfortunately, during this meeting the prototype was considered
as a “visionary solution”. Fortunately, because the strengths of the solution
were appreciated, unfortunately because the prototype actually demonstrates
the technical possibilities today, not our endeavours tomorrow.
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Abstract. Kurt Lewin's statement “There is nothing more practical than a good 
theory” says not so much about what is good for practice, but rather what it 
means to have a good theory. There exist a number of competing theories in the 
business process domain. The current paper is devoted to one of those that lie 
outside the mainstream direction. The purpose of the paper is not to present the 
theory as such, but to present the stages of how it was developed with the aim 
of becoming a “good” theory from the practical point of view. The paper is 
written as an experience report and goes through different stages of the devel-
opment where research efforts where intermixed with practical tests. The theory 
in question is the state-oriented view on business processes. The basic idea of 
this theory lies in application of the general principles of the theory of dynamic 
systems to the business domain. The main direction for practical application of 
theoretical results is the development of IT-support for loosely structured  busi-
ness processes. Besides giving the history of the related research and practical 
efforts, the paper discusses the lessons learned that can be of interest for the de-
velopment of other theoretical models/views in the business process domain. 

Keywords: business process, theory, practice, dynamic system, state space. 

1   Introduction 

“There is nothing more practical than a good theory” wrote Kurt Lewin [1], p. 169. 
Two questions arise in connection to this statement. Firstly, how do we know that the 
theory is good? Secondly, how to create a “good theory”? As far as as the first ques-
tion is concerned, we can refer to the story from the Nobel lecture of the famous 
physicist R. Feynman [2]: 

“... One day a dispute arose at a Physical Society meeting as to the correctness of a 
calculation by Slotnick of the interaction of an electron with a neutron using pseudo 
scalar theory with pseudo vector coupling and also, pseudo scalar theory with pseudo 
scalar coupling. He had found that the answers were not the same, in fact, by one the-
ory, the result was divergent, although convergent with the other. ... I went home, and 
during the evening I worked out the electron neutron scattering for the pseudo scalar 
and pseudo vector coupling, saw they were not equal and subtracted them, and 
worked out the difference in detail. The next day at the meeting, I saw Slotnick and 
said, "Slotnick, I worked it out last night, I wanted to see if I got the same answers 
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you do. I got a different answer for each coupling - but, I would like to check in detail 
with you because I want to make sure of my methods." And, he said, "what do you 
mean you worked it out last night, it took me six months!" ...  it took him six months 
to do the case of zero momentum transfer, whereas, during one evening I had done the 
finite and arbitrary momentum transfer. That was a thrilling moment for me, like re-
ceiving the Nobel Prize, because that convinced me, at last, I did have some kind of 
method and technique and understood how to do something that other people did not 
know how to do. ...”  

The last sentence in the citation above explains exactly what a good theory is. In 
the light of this explanation the original citation from K. Levin can be interpreted not 
only as a statement about what is good for practice, but also as a definition of what a 
good theory is,  i.e. a theory that can be useful in practice.  

The second question (how to work out a good theory) is not easy to answer, there 
can be many possible options. Without pretending to give the ultimate answer, the 
paper presents an experience report on searching for a “good” theory in the business 
process domain1 by “commuting” between research and practice. The experience in 
question concerns the development of the state-oriented approach for controlling 
business processes. It stretches over a period of more than 25 years, and includes con-
tribution from many people with whom the author cooperated in practice or in re-
search or in both. The search has not been finished yet, but on the way we have 
worked out and tested in practice a number of hypothesis, some of which still hold 
and others do not.  The author believes that the experience may be useful for others in 
two respects:  (a) as an example of “commuting” between research and practice, (b) 
which hypothesis have been tested and which of them held and which of them fell 
(the latter might be more interested than the former) 

The paper is structured according to the periods where research or practice where 
predominant. It starts with the initial theory development (Section 2), goes to the 
practical test (Section 3) based on which a specialized theory was developed (Section 
4) and tested in practice (Section 5).  

When the last test in practice showed that we went into the wall, instead of going 
back to revise the theory, we removed self-imposed theoretical restrictions, and con-
tinued experimenting in practice based on the intuition. After the experiments showed 
that the new direction was promising, we went back to the theory and revised it  ac-
cording to the experience. After the revision, we went back and implemented the re-
sults in practice. This latest period of the theory revision is discussed in Section 6. 
The concluding Section 7 is devoted to general discussion on interconnection between 
research and practice and lessons learned. 

2   Developing the Initial Theory 

The event that triggered our long search was as follows. In the beginning of 1980th, the 
author was responsible for supply of scientific information for the research laboratory 
he was working for at the time. My duty, in this respect, was to go to the technical  
library once a week, browse through the new magazines, and make copies of articles 

                                                           
1 Term domain is used here to denote: a sphere of activity, concern, or function; a field. 
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that might be of use for the research and practical work conducted inside the labora-
tory. Sometime in 1984, I came across the survey of  Meyrowitz and van Dam [3] on 
interactive editing. The paper, actually, was more than just a survey as it promoted the 
idea that an editor should not be a passive program, but an active system helping its 
users in their work, e.g., by suggesting continuation as in the syntax-driven editors for 
programming languages. 

After reading the survey myself, I gave it to my friend and colleague Maxim 
Khomyakov, who became so exited that he arranged a serious of discussions on the 
topic. These discussions, resulted in creating an informal project aimed at developing 
a theoretical framework for designing of what we then called “human-assisted sys-
tems”. The idea was explained with the help of two pictures, one representing tradi-
tional at the time human-assisting systems (see Fig. 1 to the left), the other one - a 
new paradigm of “human-assisted systems (see Fig. 1 to the right). 

 
 

 

 
 
 
 
 
 
 

Fig. 1. Human-assisting vs Human-assisted systems 

In a human-assisting system (see Fig.1 to the left), a computer helps a human being 
to perform certain tasks, e.g. to write a letter, print an invoice, complete a transaction, 
etc. The relations between these tasks, and the aim of the whole process are beyond 
the understanding of the computer, but are a prerogative of the human participant. In a 
human-assisted system (see the Fig.1 to the right), the roles are somewhat reversed, 
the computer has some knowledge about the process and keeps it running as long as it 
can. When the system cannot perform a task on its own or figure out what to do next, 
it will ask the human participant for assistance. The human-assisted system frees hu-
man beings from tedious, routing work, like searching for information, bookkeeping, 
reporting, allowing them to concentrate on thing at which they are best, i.e. decision 
making. 

The main idea of human-assisted systems was that the users and the system should 
work in a symbiosis. The symbiosis should be flexible which means such cooperation 
between the system and its users where the distribution of responsibilities between 
them may change in time. It means that the points of interaction between the system 
and its users may change, thus we need to have a model in which such changes do not 
require substantial modifications. The latter requires a model in which both human 
and system actions are represented uniformly on equal footing. This, however, does 
not imply that the information needed for humans and machines for completing simi-
lar operations should be presented to them in the same way.  
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The project was of theoretical nature. We had one example in mind though,  creat-
ing a computer programmer's secretary, a system that would help a programmer to 
managed his/her job, i.e. to ensure that the programmer does not forget to compile and 
test after making changes in the source code. The “secretary” should considerably 
extend the capability of the tools like make/build that existed at the time. The project 
continued for two years from 1984 to 1986 with three main participants, Maxim 
Khomyakov (initiator), Eugene Pushchinsky, and the author. The result was a model 
that consisted of the following components: 

− a set of atoms, 
− a set of objects, 
− a code of laws, and 
− a set of connectors, each connector hanging on a group of objects that must obey a 

certain law.  

Objects have complex structure expressed by including in their “bodies” a set of con-
nectors that hang on other objects making the latter sub-objects to the former. An ob-
ject's body can also include a connector hanging on the object itself, as in Fig. 2. The 
dynamics of the objects-connectors model can be defined by a machine in which  
a connector is regarded as a processing unit that monitors its operands (objects). A 
connector 

– awakes when one of its operands has been changed,  
– checks whether the law still holds by reading the condition,  
– restores it when it has been broken, 
– falls asleep. 

Fig. 2. A connector hanging on an object whose body includes this connector 

A law can be fully deterministic, or not. Non-determinism can concern the condi-
tion of awakening, or rules of restoring the law, or both. A connector with a non-
deterministic law is called a boundary connector. A boundary connector cannot do its 
job alone and needs help; this is where human beings are introduced in the model. 
Humans are parts of boundary connectors assigned to help them to decide when to 
awake, or/and how to restore the state of the objects entrusted to this connector. 

As we mentioned above, a connector can both be included in the body of an object, 
and “hang” on this object (Fig. 2). This allows an object to reconfigure itself based on 
changes in other objects. Such reconfiguration can include adding new connecters or 
removing the existing ones, including the one that completes the reconfiguration itself. 

The objects-connectors model was published later as a theoretical platform,  
see [4,5], and [6] (appendixes B and C). The model itself has never been directly  
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implemented in practice (so far), but served as guidelines for developing specialized 
theoretical and practical approaches in the domain of business processes. 

3   Testing the Initial Theory in Practice 

We did not find an occasion to apply the objects-connectors model to a practical task 
until 1988 when the author started to work for a small Swedish  IT-consulting com-
pany. The company had developed a system to assist sales staff in the pharmaceutical 
industry, and my task was to support and farther develop this system.  

A salesperson in this industry was driving around the country, meeting doctors at 
various hospitals and leaving them samples of various (new) medicines. The system 
was intended to help the salesperson to keep order in his/her business, e.g. plan  trips, 
track samples, e.g., in which hospital they were left, and when it is time to follow up  
the initial contacts. It also helped to gather statistics and analyze sales potential. The 
business, hence the system, were built around such concepts as planned activity, exe-
cution of activity, planning the follow-up activities, like phone call. 

While working with the system, I started to make a model of the sales business in 
the pharmaceutical domain in terms of objects-connectors framework. In this model, a 
sales lead on which a sales-person is working is represented by a “sales” object. As 
sub-objects, it includes a hospital, and a doctor to whom this particular lead is related. 
A planned activity is represented by a boundary connector included in the body of the 
sales object and hanging on it at the same time, as in Fig. 2. This boundary connector 
wakes up at the deadline point and asks the salesperson to complete the activity. 
While executing the activity, the sales person writes a report and plan new activities. 
In terms of the model, the boundary connector that represents the planned activity 
removes itself from the body of the object placing at the same time some other con-
nectors (new planned activities) instead of it. Part of this activities could be calculated 
based on the rules, others are to be added manually by the salesperson behind the 
“steering wheel” of the boundary connector. 

This model served later as basis for a new project that we started in 1989 after 
founding a new consulting company IbisSoft. The project was called DealDriver and 
was aimed a creating a system to support sales and order processing. The DealDriver 
was initially meant for a company selling goods via telephone. The system was to 
support selling via phone calls, following up customers, and taking and processing 
orders via phone. The latter included packing, delivery, invoicing, reminding, and 
payment registration. The selling process was a lighter version of the above descrip-
tion. For order processing we design a special object that represented the current state 
of processing. This object was presented to the end-users as a screen in Fig. 3. 

The screen in Fig. 3 presents to the user how much of the order has been processed 
so far, what has been ordered, how much of ordered goods have been delivered, 
whether some money has been invoiced and/or payed. This screen represents a so-
called static part of the order object. This static part is complemented by a dynamic 
part represented in Fig. 4. To the end-user this part is shown as a plan of activities that 
corresponds to the state of the order processing. In our model, a plan conceptually 
represent a set of boundary connectors fired by their deadlines to complete some work 
with the human assistance. This work includes removing the boundary connector  
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itself from the plan, and adding some new boundary connectors instead of it based on 
the emerging state of the static part of the order object. These new connec-
tors/activities could be planned automatically, or added manually by the end-user. 
DealDriver included hard-corded automatic planning of next steps, e.g., from order, to 
packing and delivery from delivery to invoicing (or rest delivery), from invoicing to 
registering payment (or sending a reminder), etc. In addition DealDriver allowed its 
uses to add new activities manually. 

 

Fig. 3. Screen representing the static part of the order object 

 

Fig. 4. Screen representing the dynamic part of the  order object 

Though DealDriver itself  was not especially successful in the market, it has been 
used internally at IbisSoft for more than ten years. Besides, several derivatives of 
DealDriver developed by the team of my colleague Maxim Khomyakov enjoyed some 
level of success in Russia. One of these derivatives even won the “Object Applica-
tions of the Year Awards 1997” in the group "Best object-based application devel-
oped using non object-oriented tools" (Object World  Show in London, April 1997). 
More on our experience of this period see in [7,8,9]. 

4   Developing the State-Oriented View on Business Processes 

Based on our experience of the DealDriver project and its derivatives, we developed a 
state-oriented approach to business process modeling and control. This approach does 
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not directly refer to our initial objects-connectors model that influenced it. Besides the 
objects-connectors framework, the method was influenced by the ideas from the 
Mathematical systems theory devoted to modeling and controlling dynamical systems 
in the physical world [10]. The main concept of the state-oriented view on business 
processes is a state of the process instance that can be defined as a position in some 
state space. A state space is considered multidimensional, where each dimension 
represents some important parameter (and its possible values) of the business process. 
Each point in the state space represents a possible result of the execution of a process 
instance. If we add the time axis to the state space, then a trajectory (curve) in the 
space-time will represent a possible execution of a process instance in time. A process 
type is defined as a subset of allowed trajectories in space-time.  

Consider, for example, order processing as in Fig. 3; the numeric dimensions that 
can be used for the state space for this process can be defined as follows: 

−  In the first place there are a number of pairs of product-related dimensions <or-
dered, delivered>, one pair for each product being sold. The first dimension repre-
sents the number of ordered items of a particular product. The second one repre-
sents the number of already delivered items of this product. The number of such 
pairs of dimensions is not fixed but is less than or equal to the size of the com-
pany’s product assortment.  

− In addition, there are two numeric dimensions concerning payment: invoiced 
(amount of money invoiced) and paid (amount of money already received from the 
customer). 

Each process instance of the given type has a goal that can be defined as a set of con-
ditions that have to be fulfilled before a process instance can be considered as finished 
(end of the process instance trajectory in the space state). A state that satisfies these 
conditions is called a final state of the process. The set of final states for the process 
in Fig. 3 can be defined as follows: (a) for each ordered item Ordered = Delivered; 
(b) To pay = Total + Freight + Tax; (c) Invoiced = To pay; (d) Paid = Invoiced. These 
conditions define a “surface” in the state space of this process type. 

The process instance is driven forward through activities executed either automati-
cally or with a human assistance. Activities can be planned first and executed later. A 
planned activity records such information as type of action (goods shipment, compil-
ing a program, sending a letter), planned date and time, deadline, name of a person 
responsible for an action, etc. 

All activities planned and executed in the frame of the process should be aimed at 
diminishing the distance between the current position in the state space  and the near-
est final state. The meaning of the term distance depends on the business process in 
question. Here, we use this term informally. For example, activities to plan for the 
process in Fig. 3 can be defined in the following manner: 

− If for some item Ordered > Delivered, shipment should be performed, or 
− If To pay > Invoiced, an invoice should be sent, etc. 

All activities currently planned for a process instance make up the process plan. The 
plan together with the current position in the state space constitute a so-called general-
ized state of the process, the plan being an “active” part of it (engine). The process 
plan on Fig. 4 corresponds to the process instance state shown in Fig. 3. The plan 
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plays the same role as the derivatives in the formalisms used for modeling and con-
trolling physical processes in the Mathematical systems theory. Planned activities 
shows the direction (type of action) and speed of movement (deadlines), i.e. exactly 
what the first derivatives do in the continues state space. 

With regards to the generalized state, the notion of a valid state can be defined in 
addition to the notion of final state. To be valid, the generalized state should include 
all activities required for moving the process to the next state towards the goal. A 
business process type can be defined as a set of valid generalized states. A business 
process instance is considered as belonging to this type if for any given moment of 
time its generalized state belongs to this set.  This definition can be converted into an 
operational procedure called rules of planning. The rules specify what activities 
could/should be added to/deleted from an invalid generalized state to make it valid. 
Using these rules, the process instance is driven forward in the following manner. 
First, an activity from the plan is executed and the position of the process instance in 
the state space is changed. Then, the plan is corrected to make the generalized state 
valid; as a result, new activities may be added to the plan, and some existing  activi-
ties can be modified, or removed from the plan. 

The idea of the state oriented view on business processes was first presented in 2000 
[11]. For more details on this view see [12],[13],[14]. 

5   Back to Practice 

The state-oriented view on business processes discussed in the previous section was 
tested in practice for two tasks: 

− Business process modeling 
− Development of business process support systems 

As far as business process modeling is concerned, we developed a method of process 
modeling alternative to drawing activities/workflow diagrams. The main steps in this 
methods are as follows: 

− Designing a state space for a given business process using mockup screens of the 
kind of Fig. 3,4 

− Listing activities to be completed in the process. Each activity has informal defini-
tion that includes: in what state of the process it should/could be planned or exe-
cuted, what should be done during its execution (what state will emerge after the 
execution), who should be completing the activity (roles). 

− Creating examples of the process instances run. For this end we designed a special 
tool called Process Visualizer. Using this tool, the user could create a trace of a 
process instance trajectory by inputting values in mockup screens. Besides the state 
screen, we used a plan screen (as in Fig. 4), and an event screen (completed activi-
ties). After building such a trajectory, one could follow it step by step in forward or 
backwards direction seeing how planned activities are converted into the state 
changes and new activities planned. 
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We have completed over 10 of such process modeling projects in the public sector 
and non-for-profit organizations. We worked mostly with modeling of so called 
loosely structured processes2, like decision-making, recruiting, negotiations, investi-
gations, etc. Results from some of these project were published in [15,16]. Our ex-
perience showed that the state-oriented approach was quite suitable for modeling 
loosely structured process and the resulting models could be easily understood and 
evaluated by business experts who participated in these projects. Details on why the 
state-oriented approach is particularly suitable for modeling loosely structured proc-
esses see in [17], and partly [16]. 

For most of the modeling projects (but not all of them) the goal was twofold: (a) to 
identify and understand the processes, and (b) create requirements for a business 
process support system. For some of the processes we analyzed these requirements 
were implemented in our new system called ProBis  developed for a Swedish interest 
organization in 2003-2006 as described in [18]. ProBis continued the architectural 
ideas of DealDriver underpinned by the state-oriented view on business processes and 
a rich graphical environment (DealDriver was developed for character-based dis-
plays). Much more attention was payed for creating a convenient environment for 
manual collaborative planning. ProBis included support for a number of different 
processes, but used a standardized way of presenting the generalized state of the cur-
rent instance to the end-users.  Below we give a short overview of  ProBis, for more 
details see in [1,19,13,14].. 

The generalized state of the process in ProBis is presented to the end-user as a 
window divided in several areas by using the tab dialogues technique, see Fig. 5.  
Some areas of the window are standard, i.e. independent from the type of the business 
process; others are specific for each process type supported by the system. Standard 
areas comprise such attributes and links as: 

− Name and informal description of a process instance 
− Links to the owner, and, possibly, the process team 
− Links to the relevant documents, created inside the organization, and received from 

the outside 

The standard part of the generalized state presentation in ProBis  includes also the 
task area (tab) that contains two lists, as in Fig. 5. The to-do list (to the left on Fig. 5) 
includes tasks (synonym for activities from Sections 3,4) planned for the given proc-
ess instance; the done list (to the right on Fig. 5) includes tasks completed in the 
frame of it. A planned task defines what and when something should be done in the 
frame of the process instance, as well as who should do it. All tasks planned for a 
given person from all process instances are shown in the end-user’s personal calendar. 
From the calendar, the user can go to any process instance for which he has a task 
assigned to him/her in order to inspect, change, or execute this task. 

Tasks in iPB are used as a way of communication between process participants. 
The communication is performed by assigning a task to another user via filling a spe-
cial task form. One chooses the task from the list, assigns it to another ProBis user, 
adds a textual description, and some parameters, for example, attaches a document 

                                                           
2 Under loosely structured we mean a process for which the order of activities/tasks is difficult 

or impossible to establish. 
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that is already placed in the process instance space. The task list is configurable and 
can be adjusted for each installation and process type. 

To further facilitate communication, several more advanced features were added to 
ProBis. For example, there is a possibility to plan the same task to many users.  An-
other advanced feature is the “Returned receipt” check-box which ensures that the 
planner gets a special “Attention” task planned for him as soon as the task he/she has 
assigned to somebody else has been completed.  

Our experience with ProBis shows that this kind of systems is quite suitable for 
loosely structured processes when used by a professional team that knows how to use 
the system quite well. Introduction of such system into operational practice especially 
with many occasional users is a challenge (see [18,19]). 

 

Fig. 5. View on the generalized state in  ProBis 

We found two main drawbacks with ProBis when using it for more structured 
process or/and processes that involve occasional users: 

− The dynamic aspect of business processes is poorly visualized. One needs to go 
through the done-list and browse throw the history to get an understanding of how 
a given process instance is developing in time. 

− To use the system puts some requirements on the user, as he/she needs to under-
stand the general ideas built in the system and get some training. This means that the 
system is not very friendly for newcomers and casual users. Planning as a way of 
communication causes the major problem here, as it is considered to be counter-
intuitive. Detailed planning is not as widespread in business life as one can imagine. 
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We found that these two drawbacks above considerably hamper the possibility of 
utilization of systems like ProBis for structured processes with many occasional or 
untrained users. This is especially true in the current business environment where end-
users more or less refuse to read manuals. 

6   New Revision 

A new period in our practical and theoretical development started when we moved 
from the Windows environment to WEB in connection to the development of a new 
business process support system for the municipality of Jonköping. The system was  
aimed at supporting investigations on suspected child abuse. Instead of porting ProBis 
to a new technical platform, we started from scratch based on our practical experi-
ence. Several decision were made in the beginning of the new project: 

− Instead of developing a process support system we decided to create a tool that al-
lows the non-technical people to define their own processes and automatically get 
web-based support for them. 

− We dropped the idea of using low-level activities (tasks) planning as a primary 
mechanism for driving the process forward. 

− We abandon the idea of using tab dialogs for structuring the state space. Instead, we 
accepted the idea of grouping state parameter (dimensions) in blocks based on  the 
order in which their value are to be obtained. 

After the initial test in practice, we discovered that the end-users liked the system and 
considered the sequence of blocks of parameters as a kind of process map. Based on 
the positive feedback, we revised our theoretical ideas and implemented the revised 
version in the tool. This work has not been finished yet, and we continue to revise 
both theoretical concepts and their practical implementation. 

The tool got the name iPB (interactive Process applications Builder) [19,20,21]. Its 
purpose is to serve as a platform for building support for relatively loosely structured 
business processes. The goal is reached via creating a process definition for each 
process that requires computerized support. The definition is built around the process 
map; the map is defined as a drawing that consists of boxes placed in some order. 
Each box represents a step of the process, and the name of the step appears inside the 
box (no lines or connecters between the boxes). A textual description is attached to 
each step that explains the work to be done.  

Each process instance/case gets its own copy of the map, see Fig. 6. The map is 
used for multiple purposes: as an overview of the instance/case, guidelines for han-
dling it, and a menu for navigating inside the state space. The user navigates through 
the state space by clicking on the boxes of the steps. Not all boxes are clickable at the 
beginning; those that are grayed require that one or several previous steps are dealt 
with first, see Fig. 6. These constraints are defined with the help of so-called business 
rules. A click on a step box redirects the end-user to a web-form that assists him/her 
in completing the step. The form contains text fields, option menus and radio-buttons 
to make choices, check boxes, as well as more complex fields. The form may also 
include “static” explanatory texts which instruct the users how to fill the form , and 
thus reduce the needs for lengthy manuals. 
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Fig. 6. A map used for structuring the state space in iPB 

The progress in filling the step forms is reflected in the map via steps coloring. A 
gray box means that the step form has not been filled and cannot be filled for the mo-
ment. A white box means that the step form is empty but can be filled. A step with a 
half-filled form gets the green color, and additional information about when the work 
on it has been started, and who started it. A step with a fully filled form gets the blue 
color, and additional information about the finish date. 

From the theoretical point of view, the approach described above represents a 
modification of our state-oriented view on business processes.  The basic ideas behind 
this modification consist in the following: 

− The total process state-space is divided into a number of subspaces called process 
steps. The steps are graphically represented to the end-users as boxes. Subspaces 
may or may not intersect. The structure of a step subspace is represented to the end-
users as a form to fill. Intersecting subspaces means that web forms attached to dif-
ferent steps may contain the same field(s). Usually, in this case, the intersecting 
fields can be changed only in one form; they are made read-only in the second one. 

− The steps are ordered in a two-dimensional matrix that defines a recommended strat-
egy of movement in the state space. The movement starts in the top leftmost sub-
space and continues in the top down left to right order. This matrix does not prohibit 
any other way of movement through the subspaces. For example, it allows parallel 
movements in several subspaces. The matrix is presented to the end-users in the form 
of a process map (with artificial arrows showing the left to right direction (Fig. 6). 

− The restrictions on movement through the subspaces are defined with the help of 
business rules. Such a rule, for example, may require that movement in one sub-
space should be finished before the movement in another one can be started. Busi-
ness rules are represented to the end users via gray boxes – steps that cannot be 
handled yet. Clicking on a gray box results in a message that explains why the box 
is gray, e.g. that some other box should be started first. 

7   Discussion and Lessons Learned 

In the previous sections, we described a journey aimed at developing a “good” theory 
in the business process domain in the sense that was define in Introduction. The jour-
ney has not been finished yet, and whether it has been successful or not depends on 
the subjective judgment. However, this is an experience that can be analyzed even at 
this stage and both positive and negative lessons can be drawn from it. 
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During all stages of the journey, we had some practical aims/examples on which 
various hypothesis where tested.  Even on the initial theoretical stage, we had a “pro-
grammer's secretary” in mind when debating different alternatives in building a theo-
retical framework. Without this condition, the journey discussed in this paper could 
not have achieved any progress. 

Having a highly abstract theoretical framework in the back of our minds gave us a 
possibility to see things in reality differently from what they were on the surface. 
Without having an objects-connectors model from Section 2, it would be impossible 
for us to analyze the sales business activity in the way that lead to the development of 
the  state-oriented view on business processes. Such high-level abstract models as the 
objects-connectors one is difficult to apply directly as they are, but they serve as  per-
fect guidelines to see the world in an unusual perspective. 

Our state-oriented view on business processes was influenced by the Mathematical 
systems theory that investigates processes in the physical world. Transferring the 
ideas from one domain to another quite often lead to good theories and is recom-
mended by the general systems thinking [22]. However direct “borrowing” a theory 
from one domain into another will hardly work. In our case we borrowed only the 
ideas of movement in a state space, without adopting the apparatus of differential 
equation or state-transition diagrams.  “Borrowing” should go on the conceptual level, 
the details should be designed taking into consideration the nature of the new domain. 

A straightforward application of the theory to practice might not always work in 
the business process domain. While using planning for driving the process forward 
was quite natural for people working in the sales department, it was considered as 
counter-intuitive for the processes participants in other domains. While making peo-
ple to accept a completely new way of seeing the world is possible, this creates a con-
siderable hinder for introducing new ideas and techniques that is best to avoid.  

Our experience with iPB shows that its way to present and support business processes 
is considered quite natural by many people. In our opinion, two iPB properties contribute 
to this. Firstly, it uses highly visualized and very simple process map to represents the 
overall position in the state space to all people participating in the process. Secondly,  
it uses´the idea of forms to represent the details. A form is a familiar concept for most 
modern societies and thus can be easily understood by, practically, everybody. The  
lesson learned here is that applying a theory in practice where people, not machines, are 
the main driving force requires presenting new ideas in a familiar to them form. The  
latter gives better chances for success of the application of a new theory in practice. 

At the end of the ProBis period, we found that introducing this kind of systems is 
(even when possible) creates certain difficulties on the floor. Instead of trying to find 
a theoretical solution, we loosen our attachment to our theory and started free experi-
menting in practice. After this experimenting gave some positive results, we went 
back to adjust the theory. Two lessons can be drawn from this experience. Firstly, 
narrow following the theory may lead to the dead-en. Secondly, free experiment can 
give an idea how to develop the theory.  

Our experience has also shown that a proper theory will stands, even when the 
facts are against it. To make a theory compatible with the facts, one may need to 
abandon some of its narrow “axioms” [22]. In our case, it was the idea that using what 
we call (detailed) dynamic distributed planning is mandatory for applying our state-
oriented view on business processes to practice. Freeing ourselves from this “axiom” 
and concentrating on the interplay of subspaces, in a way, “saved” the theory. 
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Our theoretical and practical thinking was influenced by a number of ideas and 
systems that we found in other domains, e.g. mathematical system theory, program-
ming language REFAL, the general systems thinking to name a few. None of the 
ideas that has influenced our work, however, has been taken from the business proc-
ess domain. Not following the mainstream  in the domain, helped us to be outside the 
workflow box and see alternative solutions for what we call loosely structured busi-
ness processes, for which the mainstream does not have any good solutions. The les-
son learned here is that following too much what is happening in one's own domain 
may be harmful for creativity. Looking beyond it into the adjustment domains may 
give a better clue how to continue in one's own domain. 

The above does not mean that we did not know, or rejected everything that had 
been done in the business process domain. In [17] we classified different views on 
business processes, and pointed out the areas of applicability for each of them. We 
believe that each view has its own area of application and should be developed and 
tested according to it, and we hope that the lessons listed above could be useful even 
when developing these views. 

In conclusion we want to mention a more general principle that we have followed 
on our journey. There are two ways of scientific investigation of reality: 

− With minimum interference, i.e. through observation and measurement 
− With maximum interference, i.e. by applying a considerable force and seeing how 

the object under investigation behaves. 

While both methods are legitimate and widely used, there is a practical limit of 
what can be achieved through using only the first one. If we deal with a complex sys-
tem (like an enterprise, or a governmental office), its structure and behavior may not 
reveal itself unless under a stress. This is why we have chosen the second method 
combining research and practice in the setting of a consulting company whose cus-
tomers were from time to time interested and willing to try some new ideas in their 
organizational practice. The latter always means an organizational change that, usu-
ally, puts the system (organization) under stress. 

It is difficult to follow the second method (with maximum experience) why work-
ing inside the university walls. The research groups in business process domain 
should find their way to get into practical surrounding to conduct proper research ac-
cording to the method of maximum interference. 
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Abstract. In this paper we report on our experiences of applying busi-
ness process mining in a real business context. The context for the ap-
plication is using process mining for the purpose of internal auditing of
a procurement cycle in a large multinational financial institution. One
of the targeted outcomes of an internal audit is often the reporting on
internal controls over financial reporting (ICFR), since this reporting is
mandatory for Sarbanes-Oxley regulated organisations. Our process min-
ing analyses resulted in more identified issues concerning ICFR than the
traditional auditing approach. Issues that were identified using process
mining analysis concerned violations of the segregation of duties prin-
ciple, payments without approval, and violations of company specific
internal procedures.

Keywords: process mining, internal audit, control monitoring.

1 Introduction

In this report we present our experiences on applying process mining in the
context of internal audit. Business process mining, or in short process mining, is
a relatively new research domain that aims at discovering a process model based
on real transaction logs in the system. There are three main characteristics of
process mining that make process mining a viable support to the internal audit.
The first characteristic is the use of log data beyond the auditee’s influence,
what we call meta-data. This enables the auditor to objectively reconstruct the
executed process that precedes a transaction (for instance paying an invoice).
The second characteristic is the process view it utilizes. The auditor does not
need to rely anymore on the designed process model, but can use the discovered,
actual process model, as a start for his further procedures. The third valuable
characteristic of process mining in an internal audit context is the ability to
broaden the scope to tests of both controls and details. Up till now, the use of
data analysis in the context of internal auditing, was limited to monitor controls.
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However, when these internal controls are relaxed to allow companies to operate
in a more flexible and efficient manner, only monitoring the internal controls
provides no assurance on the whole process execution. Hence a process view
approach is required to analyze deviations from the designed model, which is
made possible through process mining.

We report on a project, conducted at a financial services provider in Europe,
where the procurement process is audited using process mining techniques. The
analyses were grouped in four types of analyses. In a first group we assemble
analyses that focus on the sequence of activities in the process. In the second
group we analyze the roles of persons, like for example the roles of an approver
or a creator of a purchase order. In a third group of analyses we run some more
detailed tests in order to verify certain assertions. This is called the verification
phase. In the fourth group of tests, some social networks were examined. A social
network within an organization is considered to exist between persons working
together on a common case. Prior to our monitoring activities, a traditional
internal audit has taken place.

The results of the process mining analyses led to the identification of internal
control issues that were not identified during the traditional internal control.
The internal control issues concerned payments without approval, violations of
the segregation of duty principle, and violations of company specific internal
procedures. The identification of additional internal control issues is in line with
the findings of Masli et al. [1] where the implementation of internal control mon-
itoring technology is associated with a lower likelihood of material weaknesses.

The remainder of the report is organized as follows. In the next section, some
background is provided on process mining, a business process focus in audit-
ing, and continuous auditing. The third section presents the methodology of the
study. The fourth and fifth sections report on two preparatory steps: the pro-
curement process analysis and the event log creation. The sixth section reports
on the process mining results and we conclude in the last section.

2 Background

In this paper we examine the value that process mining can provide to internal
auditors. The Business Process Management Center1 describes process mining
in the following terms:

“The basic idea of process mining is to extract knowledge from event
logs recorded by an information system. Until recently, the information
in these event logs was rarely used to analyze the underlying processes.
Process mining aims at improving this by providing techniques and tools

1 The BPM Center is a collaboration between the Information Systems groups (IS@CS
and IS@IEIS) at Eindhoven University of Technology (Eindhoven, Netherlands) and
the BPM group at the Faculty of Information Technology of Queensland University
of Technology (Brisbane, Australia).
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for discovering process, control, data, organizational, and social struc-
tures from event logs. Fueled by the omnipresence of event logs in trans-
actional information systems [. . . ] process mining has become a vivid
research area.” [2]

As the quote indicates, the source of data for process mining is an event log, often
referred to as ”history”, ”audit trail”, ”transaction log”, etc. [3] Most businesses
of any significant size today store their data, including log data, electronically
thanks to the maturing of technologies for databases and computer networks.
Process mining is a term subsuming all methods of distilling structured process
descriptions from a set of real executions, using log data. [4]

The event log that is used in process mining is to be extracted from the infor-
mation system (IS). There are conditions that the data, captured in the IS, must
meet in order to mine the process. More precisely there are four characteristics
that need to be extracted from the IS about each event. An event 1) refers to an
activity, 2) refers to a case - or process instance-, 3) can be appointed to a person,
the originator, and 4) is performed on a certain moment in time, the timestamp.
For example, the event with unique identifier 000001 refers to a sign (activity)
of purchase order 4603 (case) by Ann Smith (originator) on February 5th 2011
(timestamp). These four characteristics are logged by the IS (in most cases the
enterprise resource planning (ERP) system) and are beyond the influence of the
employee. In the context of this article, this data is referred to as meta-data as
it records information, i.e. activity, case, originator and timestamp, about the
registration of the real data, i.e. the purchase order.

3 Methodology

In order to examine the added value of process mining for internal auditing, an
internal audit of the procurement process at a large multinational European bank
is conducted, hereby using process mining techniques. The authors are external
researchers who were in the position to have access to the relevant data as well as
to the internal auditors. The process of procurement is selected for examination
as it is a typical, standardized process in most organizations, claiming a large part
of the income statement costs (even in a non-trading company2), and involving
financial reporting activities. The selection of the process is also influenced by the
availability of log data. The procurement department is subjected to a standard
internal audit right before we applied process mining. This way we can compare
the uncovered issues.

Before mining a process, the designed process needs to be clear for the auditor
in order to identify which activities constitute the process. To this end, a process
analysis is executed. To collect the desired information, various methods are ap-
plied. Executive officers (both business and Information Systems experts) were
interviewed, employees at various departments were questioned and observed

2 The case company purchases annually for around 1.4 billion euros.
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during their job, and internal user guidelines of the ERP system were consulted.
The outcome of the process analysis is presented in the next section.

After the process analysis is executed, an appropriate event log is built from
the stored log data. The relevant log data that is captured by the SAP ERP
system is vast in magnitude and dispersed over numerous tables (with a certain
logic schema depending on the ERP system and company settings). In order to
mine this data, the data needs to be configured into an event log with format
requirements that are inherent in process mining. This format structures the
relevant data around the activities that constitute the process. In our study, all
invoices of January 2007 are traced back to their accompanying purchase orders.
These purchase orders are then the cases we follow throughout the procurement
process. We did not take a sample of this data, but analyzed the whole popu-
lation. This approach provides prove of the applicability of these techniques to
run on a population set on a monthly basis. We discuss the creation of the event
log more in detail in section 5.

Once the event log is created, the process is audited by applying several pro-
cess mining techniques. We divide the analyses into four categories: analyzing
the sequence of activities, resulting in ”patterns”; a role analysis: analyzing how
activities are linked to persons; a verification phase: analyses to further examine
the output of the previous steps; and social network analyses.

4 Procurement Process Analysis

In the case company, the procurement process is embedded in the ERP system
and is structured as depicted in the flow chart diagram in Figure 1. The process
is triggered by the creation of a purchase order (PO hereafter) by a person at
the Purchasing Cell. This PO gets signed and released by two distinct persons,
herewith approving the order. Once the release has taken place, the employee at
the purchasing cell can order the goods with the supplier. This takes place outside
the ERP system and is accordingly not depicted in the flow chart. The supplier
sends the goods and the accompanying invoice. If both the documents ’Goods
Receipt’ and ’Invoice’ are entered into the system, the accounting department
will book the invoice. This last activity will trigger a payment. The payment
occurs without any human influence and is stored in another information system
and is for this reason not seen as a different activity from the ’book invoice’
activity. We therefore depicted activity 6 as ”Pay” instead of ”book invoice”. The
system further allows changes in the PO, sometimes triggering a new approval.
This is however not depicted in Figure 1, since this does not constitute the
optimal, designed process.

The depicted process in Figure 1 is the designed process model. When ex-
ecuting this process in practice, the process can deviate from this prescribed
model. For example, some changes can be made to the PO after its creation,
perhaps triggering a new ’sign’ and ’release’ activity. This would result in an ex-
tra activity that is not in the process model (’change PO’) plus an extra arrow
that redirects to the activities ’sign’ and ’release’. Another example is the re-
ceipt of goods in multiple deliveries. This would cause extra activities of ’receive
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goods’, perhaps followed by multiple invoices, hence extra activities of ’receive
invoice’. One could suggest to configure the ERP settings in such a way that
these deviations are not supported nor executable by the system, but this would
lead to inoperability and inflexibility which is often not acceptable. Therefore,
real process executions can deviate strongly from the designed process and only
monitoring the internal controls (that allow for these deviations for the pur-
pose of operational reasons) does not reveal deviations from the designed model.
Note that exceptions from the designed model are not per definition internal
control failures. Some deviating process executions are normal, other are subop-
timal, other are outliers. Tests of details are required to analyze this. In this case
study, we execute these tests on the whole population, including the application
of a process view.

5 Event Log Creation

In a first stage of building the event log, two preparatory questions need to be
resolved. 1) what are the activities that constitute the process? and 2) what is
the case or process instance you will follow throughout the process by linking
these cases to the key activities?

The activities we select to include in the event log in this case study are based
on the information gathered during the process analysis step. The six activities,
represented by the six rectangles in Figure 1 are selected to incorporate in the
event log. We identify one additional activity: to execute a change. This activity

Fig. 1. Flow chart of procurement process at the case company
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is not represented in the designed process model, but is available for execution
in the ERP system. We incorporate this activity also in the event log. Relevant
data on the seven activities (timestamp and originator) was located in SAP,
assuring the necessary data availability before we continue.

Aside from the selection of activities, a process instance needs to be selected. A
process instance is a case or subject that can be uniquely identified and followed
throughout the process by linking this unique id to the subsequent activities it
undergoes. For our process instance choice, we selected a line item of a PO to
follow throughout the process. We prefer this detailed level of a PO item line
over a PO as a whole, because the booking of an invoice in the financial ledger
is based on the item line level. However, the activities ’create PO’, ’sign’, and
’release’ refer to the parent PO that the item line belongs to, since there is no
timestamp available on the creation of an item line, and since signs and releases
are executed on a PO level, as said before. This is not an optimal situation, but
given the double dimensionality of the PO -the PO as a whole and the PO as
a combination of item lines- that is prosecuted in SAP, we are limited to this
solution. The auditor has to bear these limitations in mind when analyzing the
results.

For each activity in the abovementioned selection, the timestamp and origi-
nator are extracted from the ERP system and a link is made to the according
process instance (PO item line). This way an activity flow, called an audit trail,
is stored for each process instance under investigation. An audit trail of a case
can look as follows: Create PO - Sign - Release - GR - Change Line - IR - Pay.
Aside from information on the timestamp and originator, extra attributes are
stored. The attributes are to be divided in two groups. There are attributes of
the process instance (f.i. the value of the PO item line, the purchasing group it
belongs to, etc.) and attributes of the activities. The latter attributes depend
on the activity it relates to. For instance an attribute of the activity ’Change
Line’ is the modification that took place (in case of modifying the PO value,
otherwise zero), while of the activity ’Goods Receipt’ the value and the quantity
of the GR, and a reference number to the accompanying invoice are stored as
attributes.

Our data download from SAP contained all invoices of January 2007. The
invoices were all of the type ’with PO’, since this type of invoice and its related
process was the process under investigation. The invoices were then traced back
to their accompanying PO’s. (We found no invoices without PO in this stage.)
These PO’s, with creation dates between 2005 and 2007, were then followed from
their start activity ’Create PO’ to their end activity. If the end activity was
not a payment, the ending activities were cut off to the last payment activity.
This way, we only retained completed procurement cycles. This allows us to
identify anomalies in completed cycles. Otherwise the open orders are classified
as anomaly, which will not be the intention of an auditor.
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6 Process Mining Results

6.1 Log Summary

The scope of our event log are all the PO’s that resulted in an invoice in January
2007. This led to 26 185 process instances, containing 181 845 activities, involving
272 originators. At minimum, an audit trail consisted out of four events, on
average the audit trail entailed six events, and at maximum 390 events. This
maximum amount of events is an outlier that would draw immediate attention to
an auditor. It appears to concern an open order, which is used all over again. This
does not mean there are per definition anomalies in this case. The auditor may
want to analyze this long audit trail more closely by an in depth investigation.
The occurrences of the events are summarized in Table 1. In theory, all activities
should occur the same number of times. In practice however, the percentages of
relative occurrences differ. The number of cases in our event log (26 185) equals
the activity of ’Create PO’, since this activity refers to the creation of the parent
PO that this PO item line belongs to. This activity occurs exactly once per case.
Table 1 shows that there are less sign activities than PO (lines) created, meaning
that not every PO is signed. On the other hand are there more releases than PO
lines. We also identify more payments than cases, implying multiple payments
on one case.

Table 1. Occurrences of the events in the event log

Activity Occurrences (absolute) Occurrences (relative)

1. Create PO 26 185 14.4%
2. Sign 25 648 14.104%
3. Release 28 748 15.809%
4. GR 24 724 13.596%
5. IR 29 255 16.088%
6. Pay 31 817 17.497%
Change Line 15 468 8.506%

6.2 Tests of Controls and Tests of Details

We categorize our testing into four groups. In the first category, we report all
analyses that focus on activity sequences, called activity patterns. In the second
category originators are linked to the activities they execute, hereby referring to
their role. In this category, analyses concerning segregation of duties are grouped
together. In the third category, we group all tests that examine specific attributes
of cases or activities, and not merely the activity flow or originator role. The
input for these analyses are the results of the previous tests, requiring some
verification. Therefore we call this third group of analyses the verification phase.
In the last category, the linkages between originators are analyzed, resulting in
social networks of the employees involved.

Activity Patterns. Before starting with a process discovery algorithm that
extracts a process model from our event log, we report on the patterns and
their frequencies as they occur in the event log. The Performance Sequence
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Analysis reveals 304 patterns, an extremely high number of patterns for a rather
straightforward designed process.

This type of information is unique to process mining, since it utilizes the meta-
data on activities and timestamps for calculation. Using traditional analysis
techniques would not yield this information. The auditor is probably interested
in this high number of patterns for a relatively simple designed process. This
way he is cautioned that the process is far more complex than expected. The six
most frequent patterns are displayed in Table 2, but of course an auditor may
be willing to look at the other patterns too.

Notwithstanding the high number of patterns in this event log, we find a small
number of patterns, three out of 304, to represent 80% of the data set. At the
other end of the spectrum there are 104 patterns (patterns 200 to 303) that only
occur once.

Linking the six patterns to the designed model in Figure 1, we recognize in
pattern 1 the model as it is designed. Pattern 2 differs from this pattern in the
additional activity that the case (item line) is changed. As discussed before, this
is not an outlier or anomaly, but an excepted process execution. In patterns 3 and
4 however, the sign activity is discarded. This is not part of the designed model,
but when discussed with the domain expert it appears that there are conditions
which can be met in order to allow the abandon of a sign. An auditor may want
to look into these cases to test whether these conditions are met or not. Also
in patterns 3 and 4, but also in pattern 5, there is no Goods Receipt document
entered into the ERP system. This has to do with the nature of the purchase
order, whether it concerns goods or services. In case of services delivered, the
goods receipt indicator is supposed to be flagged off and the GR activity may
be abandoned. Again, an auditor may be interested to test these assertions. In
the last pattern, the IR and GR have switched in following order. As depicted
in Figure 1, these activities are allowed to appear in parallel order.

To examine all patterns requires too many recourses (recall that up to 390
events could be involved in one single audit trail). Therefore, we continue with
a process discovery algorithm to reveal the sequence of activities within these
patterns.

A process discovery algorithm extracts the executed process from an event
log. As a start, we apply the fuzzy miner algorithm of [5] using default settings.
This algorithm deals with the typical issues of real life data (completeness and
noise) and simplifies and properly visualizes complex processes. The output is
depicted in Figure 2. The thicker the line, the more frequent this sequence of
activities occurs. The core process corresponds greatly to the designed process.

Table 2. Most frequent patterns

Pattern Sequence Occurrences Total Throughput time (days)
# % % avg min max stdev

1 Create PO - Sign - Release - GR - IR - Pay 11 608 44.3% 44% 27.78 1 334 20.05
2 Create PO - Change Line - Sign - Release - GR - IR - Pay 6 955 26.6% 71% 32.33 2 343 57.72
3 Create PO - Change Line - Release - IR - Pay 2 488 9.5% 80% 75.63 3 344 38.99
4 Create PO - Release - IR - Pay 640 2.4% 83% 16.8 3 338 26.38
5 Create PO - Change Line - Sign - Release - IR - Pay 491 1.9% 85% 50.85 6 237 24.07
6 Create PO - Change Line - Sign - Release - IR - GR - Pay 393 1.5% 86% 56.36 9 295 40.16
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The deviations are a Change Line that often occurs between the creation of the
PO and the sign, and the existence of loops on every activity but the creation.
Also between the payment and the invoice receipt there is some interaction. This
result is discussed with the business expert and is considered to be normal. Using
the default settings in this analysis reveals the general, more simplified, process
followed in the event log. To uncover also less frequent followed paths, we set
lower thresholds of the metrics, resulting in the model in Figure 3. Regarding
Figure 3, we see immediately a more complex process with extra flows (edges).
However, we have to be careful with interpreting these extra flows, because
there could be an AND or OR relationship behind an edge. For instance, there
could be a particular flow like Sign - IR depicted while in fact this is part of an
AND relationship like ’after Sign: Release AND IR occur’. Further, some extra
flows do not per se provide any problems, but should be examined further in a
verification phase. In order to identify flows that require further examination,
we specifically check (with a Linear Temporal Logic algorithm) whether the
extra flows depicted in Figure 3 also really prevail in this order. This check is
performed on the whole population set, again using the meta-data on activities
and timestamps. The results of the checks are summarized in Table 3. Notice that
these flows are subsets from complete audit trails, such as the ones in Table 2.
The flows in Table 3 do not represent a complete pattern.
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We find that the flow Create PO - GR does not explicitly occur in the data
set, the other flows do. Flow 2 and 3 (occurring respectively 739 and 2 790
times) miss a sign. At the case company, there are situations where a release
alone is enough as approval, but there are conditions to be met (maximum
amount and specific document type). Whether these conditions were met in
these cases will be examined in the verification phase. There are 11 cases where
a sign was immediately followed by a Goods Receipt. This is not according policy
rules, where a GR can only take place after a release. However, a manual check
cleared these cases for further investigation. It appeared that the sign activities,
which occur at PO header level and not at the detailed process instance level,
were all triggered by a change in another item line than the one of the process
instance. The GR activity on the other hand is related to the process instance
itself and was not associated with the sign that took place just before the GR.
The prevalence of the flows Release → IR (4 973) and Release → Pay (244)
stresses the importance of the Goods Receipt indicator. The case company allows
to discard the GR activity, but the Goods Receipt indicator needs to be flagged
off in that case. This will be examined during the verification phase. At last,
flows 6 and 7 stress the importance of examining whether for there exists for
each payment a corresponding invoice. This too will be checked in the verification
phase.

Table 3. Results of explicit checks on the extra edges in the Fuzzy Miner output

1 Create PO → GR 0 OK
2 Create PO → Release 739 Verification required on leaving out Sign
3 Change Line → Release 2 790 Verification required on leaving out Sign
4 Sign → GR 11 Manual check → OK
5 Release → IR 4 973 Verification required on GR indicator
6 Release → Pay 244 Verification required on GR indicator and IR
7 Pay → IR 227 Verification required on IR

As a last, very rudimentary control, we checked whether each process instance
has at least one release activity in its pattern. We find three cases out of the
population of 26 185 cases where there is no release. Two times it concerns a
process instance that is created by a batch file, was paid and later on reversed
by a person. Nevertheless, it got through the system without any approval. The
third one is created by a person and is paid, 3 999.09 euro. Manual examination
of this case revealed that the approval has been taken place outside the SAP
workflow. That is why it is not in this event log. The auditor has to judge to
what extent he wishes to investigate this further. We did not have insights into
whether this deviation was acceptable or not by the company.

Role Analysis. During the role analysis, persons are linked to the activities
they execute. This type of analyses makes use of the meta-data on activities and
originators. The process view in itself is not used in these analyses.

Since a person often executes several activities, one person can bear multiple
roles. In the role analysis, these roles are examined. The most straightforward
example of role analysis is the segregation of duties (SoD) check. In the procure-
ment cycle in our case company, three types of SoD should be respected: the
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sign and release activities that are executed after each other should be executed
by two distinct persons; the same holds for the Goods and Invoice Receipts; and
for the release and GR activities.
In an exploratory step one can look at the Originator-Task matrix, a matrix
providing the number of times a person executes a particular activity. This way
one can verify whether some persons execute a double role that should not be
combined in one case. We find for example in the excerpt of the matrix, given in
Table 4, that person ’. . . 1’ exercises both the roles of someone who signs and who
releases. Person ’. . . 4’ executes both Goods Receipts and releases. No example
of a person combining the GR and IR roles is found in the matrix. Notice that
identifying persons with combined roles only highlights the necessity to investi-
gate the SoD further; it does not present violations of the SoD principle at itself.
As long as these persons do not combine these roles in dealing with one single
case, there is no problem. Also, the total matrix is of an extensive length (272
originators) to manually examine. For these reasons, we turn to a conclusive test
to check whether the three SoD principles are applied correctly.

Table 4. Excerpt of Originator-Task matrix

Originator 1. Create PO 2. Sign 3. Release 4. GR 5. IR 6. Pay Change Line

. . . 1 0 171 11 0 0 0 0

. . . 2 0 0 0 0 280 310 0

. . . 3 0 0 23 0 0 0 0

. . . 4 0 0 42 42 0 0 0

. . . 5 0 24 0 0 0 0 0

. . . 6 152 0 0 189 0 0 204

. . . 7 . . . . . . . . . . . . . . . . . . . . .

In order to test the SoD principles a Linear Temporal Logic tool is used to
check case by case whether a certain assertion holds. The assertions tested are:

– When a sign occurs, the following release activity is executed by a distinct
person.

– A GR and IR are entered by two distinct persons.
– A release is given by a distinct person from the GR.

The first assertion needs to be tested pairwise, since there can be multiple
signs and releases for one process instance - even though this is not included
in the designed process. For instance if a release takes place and then a line is
changed, the next sign is allowed to be performed by the previous releaser.
After testing all 26 185 cases (not a sample) by running the appropriate al-
gorithm which tests the assertion case by case, we can conclude that the first
two assertions hold in the investigated event log. Concerning the third assertion,
175 violations were found. Close examination revealed that the 175 cases were
triggered by only three persons. One person violated the SoD principle on GR
and release 129 times, another person 42 times, and a third person four times.
Apparently, the ERP settings were not configured as desired. Whether these vi-
olations were formal (meaning that some informal communication justified the
break of formal norm) or real, is up to the auditors to investigate.
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Verification Phase by Attribute Analyses. As became clear in Table 2 and
3, some flows between activities or some assertions need to be verified. This is
done by means of attribute analyses in a verification phase. This category of
analyses uses attributes that are stored in the event log as input. As mentioned
before, an attribute may contain information on the process instance itself (what
is the type of the PO the line item belongs to, what is the value of the line item,
was the Goods Receipt indicator turned on, etc.) or on an activity the process
instance is submitted to (what amount is booked at a payment activity, what
is the reference number of a GR document, etc.). The analyses in this section
are a direct response to the output of the activity patterns found in the primary
analyses, reported in Table 2 and 3.

A first analysis compares the references of the payment activities with the
references of the IR documents, to check whether there is an accompanying
invoice for each booked payment. Both reference numbers of the payment and
the invoice are stored in the event log as attributes. This test resulted in 46
incorrect process instances, encompassing 265 stand alone payments. One process
instance -of considerable length- has 131 pay activities without a corresponding
IR, another 75, and yet another 10. The remaining process instances only have
one, two or three stand alone payments. There were 17 originators responsible
for these payments. One of these originators is responsible for 216 out of the
265 payments. Two other originators have respectively 18 and 12 stand alone
payments on their account. These payments are all sorted out manually to check
whether the payments could have been based on a Subsequent Debit, which is
an alternative document for a standard invoice. This seemed indeed to be the
case with all payments. The question remains why all these bookings are based
on this type of document instead of on a regular invoice. This outcome warrants
further investigation.

A second analysis, also as a follow-up of the revealed patterns in a previous
step, investigates the functioning of the Goods Receipt indicator. If this indicator
is flagged on, the accompanying process instance must have a GR before it can
get paid. We tested whether all cases without a GR had indeed a Goods Receipt
indicator that was turned off. There were three cases where this assertion did
not hold, indicating a breach in the configuration settings of the ERP system. It
would be interesting, in this context, to have an attribute on whether this case
refers to services or goods. This kind of information was however not available.
An auditor could judge whether or not to request the capturing of this data in
the future.

The last analysis verifies whether the internal conditions of the organization
are met when there is no sign in the activity pattern. For reasons of confiden-
tiality we cannot give further details on this test, except that we have examined
the document type and the amount of these process instances. 742 cases (2.8%),
violating the preset conditions, were identified. Possible more exceptions than in-
serted in our check are allowed on this rule. The domain experts should however
evaluate these rules and the settings.
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Social Networks. Having the event log structured in the way required for pro-
cess mining, allows us to construct social networks of employees involved in the
process. This type of analyses reveals yet another powerful advantage of process
mining: the ability to uncover collusion, a type of fraud known for its difficulty
to detect. We built two social networks for subgroups of employees that drew
our attention as a result of previous analyses. As was revealed during the role
analysis, there is a subgroup of 175 cases where the SoD principle concerning the
activities ’release’ and ’Goods Receipt’ was violated by three persons. In total,
24 originators were involved (this includes all activities instead of only the re-
lease and Goods receipt). The social network of these 24 originators, in these 175
cases, is depicted in Figure 4. As can be seen, there are three clusters of persons.
The three persons violating the segregation of duty all take a central position
in one of these clusters. This map of social network provides the opportunity to
compare the designed organizational structure with the actual network. Another
interesting subgroup to visualize a social network of is the group of 742 cases
where no sign was present and the conditions for this exception were not met.
This network -depicted in Figure 5- can yield valuable insights for the domain
expert when provided with the names of the employees involved. We see that
there are three groups of people. Two groups are connected to each other by two
common persons. The third group is completely isolated.

Fig. 4. Social network in which SoD
Release-Goods Receipt is violated

Fig. 5. Social network of 742 cases
without signature

6.3 Summary of Results

Throughout the four types of analyses, the following issues that warrant further
investigation were identified:

– Three PO’s (out of the 26 185) passed the internal control system without
any sign or release.

– 175 violations of the segregation of duty principle concerning Goods Receipt
and release took place (filed by three persons).
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– 265 payments (out of the 31 817) did not relate to an invoice, but to an
alternative document type. These payments were concentrated in 46 process
instances.

– Three PO’s did not show a Goods Receipt entry in the system, although the
Goods Receipt indicator was flagged.

– 742 cases did not show a sign activity, though the conditions for this excep-
tion were not met.

These issues were only identified using the process mining approach, and not dur-
ing the traditional internal audit. During the traditional internal audit and ac-
companying internal control evaluation no internal control issues were identified;
the ERP configuration settings were found to be strong internal control systems.
This is not unexpectedly, given the small fraction of cases deviating from normal
procedures identified during the process mining approach. Chances to uncover
these cases when not testing the whole population are slim. We attribute the
additional identified issues, resulting from the process mining approach, to three
explicit aspects of process mining:

– The inclusion of meta-data which allows us to construct the real process
execution, leading to more insights in the process and on its turn giving
input for the verification phase.

– The process-view, which also led to more identified internal control issues in
the studies of [6,7].

– The analysis of the population instead of a sample of the population.

7 Conclusions

In this report we present a first experience of employing process mining tech-
niques in the context of internal auditing. The procurement process of a large
multinational bank was analyzed. In line with a previous study on the use of
monitoring technology (Masli et al. 2010) and other studies concerning a process-
view approach like [7,6], we identify additional internal control issues with the
process mining approach compared to the internal auditors’ evaluation. Issues
we identified all involved exceptions on the designed process, in a very small
frequency of occurrence. The fact that these cases went through the internal
control system is seen as evidence that control monitoring is never superfluous,
even with the implementation of an ERP system.

Although process mining might be researched more intensively in other fields,
this case study is the first attempt to bridge the gap between auditing and pro-
cess mining. The incorporation of log data concerning user ids and timestamps of
activities into the event log makes process mining a monitoring approach with
groundbreaking possibilities. Given the right conditions, a process mining ap-
proach gives the opportunity to replay all cases that were part of a process and
to analyze them fully and objectively, hereby representing the ultimate assurance
tool.
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Abstract. Business Process Management is a widely known approach focused 
on aligning processes of an organization in order to achieve improved effi-
ciency and client satisfaction. Governance is an important requirement to enable 
successful BPM initiatives. This paper provides a qualitative empirical study to 
investigate what BPM governance elements are adopted by teams conducting 
early BPM initiatives in public organizations. The results suggest that early 
BPM adopters in public sector face several barriers due to difficulties in acquir-
ing professionals with BPM expertise, bureaucracy and legislation rigidity, 
among others. In particular, committed sponsorship and monitoring were ap-
pointed as important BPM governance facilitators by participants of the study. 
Findings also show that further empirical studies are needed to increase the 
body of evidence in this field. 

Keywords: BPM governance, early BPM initiatives, public organizations,  
empirical qualitative study. 

1   Introduction 

Business Process Management (BPM) is a managerial approach that has been receiv-
ing growing interest from academy and industry in the last decade. According to Kor-
honen [1], BPM is a key paradigm of enterprise computing to increase agility in  
organizations. It has been considered a top priority for organizations trying to survive 
in highly competitive markets [2]. BPM refers to the management of the entire busi-
ness process lifecycle, which includes: design, analysis, implementation, execution and 
continuous improvement of an organization's processes. It is a multidisciplinary field 
that integrates knowledge and practices coming from management and information 
systems disciplines. Organizations willing to start a new BPM initiative must build on 
a culture of change, continuous improvement and cross-functional team work [3].   

Business Process Governance is frequently cited as a critical factor for the success 
of BPM initiatives [1],[2],[4],[5],[6],[7]. Loosely speaking, business process govern-
ance "governs" BPM, and its main purpose is to ensure that BPM delivers efficient 
results [8]. The resulting governance processes provide a reference framework to 
guide organizational units of an enterprise to ensure responsibility and accountability 
for adhering to the BPM approach. BPM governance can be considered the "defini-
tion" layer of BPM. According to Bandara [2], governance provides principles that 
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support BPM initiatives by addressing ownership and control of process across organ-
izational units and minimizing gaps between organizational strategy and BPM efforts. 
According to Rosemann and de Bruin [9], governance is one of key factors to build 
BPM maturity. The other factors are: strategy, culture, people/resources, IT and 
methods. Good governance is necessary for the success of business processes, which 
in turn, contribute to business success [4]. In public organizations, corporate govern-
ance is increasingly seemed as a key element to increase transparency, integrity and 
accountability in order to reinforce public confidence in government activities. 

Despite several works raising the importance of process governance, there has been 
little progress on governance issues in the early stages of BPM adoption. In particular, 
there is a lack of empirical studies with methodological rigor to build a reliable body 
of evidence in this field. Evidence based studies are recommended to leverage the 
quality and confidence of research results [10]. This paper presents an exploratory 
field study to investigate what are the key governance elements for public organiza-
tions initiating BPM projects. In particular, our goal is to investigate the importance 
of governance elements for public organizations at the initial BPM maturity stage (i.e. 
maturity level 1) [9]. Our underlying assumption is that although immature BPM 
teams may not follow a formal governance model, they must adopt informal govern-
ance elements to enable improvement of their initiatives. Based on this assumption, 
our study aims to answer the following research questions:  

RQ1: What elements of BPM governance are employed in the public  
organizations?  
RQ2: What facilitators and barriers to BPM governance are found in the public 
organizations? 

This paper is structured as follows: Section 2 presents definitions and elements of 
BPM governance. Section 3 presents the research method used to conduct the field 
study. Section 4 describes study results. Section 5 presents a discussion of findings 
and limitations of this study. Section 6 discusses related work. Finally, Section 7 
concludes the paper and provides directions for future research. 

2   BPM Governance  

Literature presents several definitions for BPM governance, which has been also 
referred as business process governance, as can be found in [4], [5], [8], [11], [12], 
[13], [14]. To the purpose of bringing a theoretical foundation for our study, a useful 
definition is given by Kirchmer [8]. This author defines BPM governance as a set of 
guidelines and processes focused on organizing all BPM activities and initiatives of 
an organization in order to manage the BPM project. 

BPM initiatives are not implemented in isolation. Instead, they are an integral part 
of overall business strategy and technology management. Therefore, as suggested by 
Khusidman [15], it is crucial to consider BPM Governance as an interoperable part 
within the “Ecosystem of Governances” of the organization. According [15], all cate-
gories of governance, such as: Process Governance, IT Governance, Business Service 
Governance, among others within the enterprise would follow similar approaches. 
This integrated viewpoint of all governance initiatives within an organization may 
increase efficiency of new ventures.  
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Many BPM governance elements can be found in literature. We present a synthesis 
based on authors Jeston e Nelis [5]; Korhonen [1]; Harmon [1], [16], [17]; Rosemann 
[9]; Richardson [13]; Kirchmer [8]; Spanyi [12]; Paim [18]; and Barros [14]: 

• Objectives: refers to the objectives of BPM efforts in the organization. Usu-
ally process governance is concerned with ensuring the alignment of BPM ini-
tiatives to organizational strategic objectives. 

• Roles and Responsibilities: these elements constitute the way people can act 
in a process with some authority, scope of activities and expected results. Ac-
cording to CBOK [19], it can be found in industry more than a hundred role 
names associated to business process management. “Business process owner”, 
“business process manager”, “business process analyst” and “business process 
consultant” are some illustrative examples. Governance of roles and responsi-
bilities in business processes is very important to establish an adequate scope 
of tasks and reward system for BPM teams. 

• Standards: includes many factors based on reference models. Standardization 
enables uniformity of business process initiatives, such as, methods, tools, 
metrics, process architecture and document templates. Many proposed stan-
dards in industry can also be used in BPM initiatives (e.g. Six Sigma, Lean). 
The governance of these factors is important in many ways: to create a com-
mon vision and language for BPM efforts, to improve communication, to fa-
cilitate the sharing of knowledge, and assess return of investment.  

• Tasks: relates to actions necessary to execute BPM as an approach of organ-
izational management. Design and model processes, monitor and report proc-
esses performance, inspect and audit processes execution are some examples 
of tasks conducted by different team roles. 

• Organizational Governance Structure: relates to organizational structure of 
roles and teams involved at strategic, tactical and operational levels. This as-
pect is important to give sponsorship and empowerment to BPM teams. A 
Business Processes Office (or Business Process Center of Excellence), a Steer-
ing Process Committee and Process Project Teams are organizational structure 
elements cited in most process governance models. 

• Control Mechanisms: involves control of how well the governance principles 
are being effective and in what level BPM initiative is in compliance with the 
process governance model in use. Inspection and audits may be listed as com-
mon control mechanisms. Control is at heart of governance to support correc-
tive actions for continuous improvement and evolution of the governance 
model in use. 

• Assessment Mechanisms: how to assess team performance regarding their 
contribution to achieving BPM objectives. This involves the creation and 
maintenance of a reward system in order to motivate individuals to work by 
“end-to-end” corporative process that aggregate value to clients, rather than 
just working inside the limits of their functional unities. 

These governance elements should not be viewed as isolated items. For example: 
objectives, roles, responsibilities, and tasks have several interdependencies among 
them. Nevertheless, it is outside the scope of this paper to explicitly elicit all these 
interactions. In addition, we do not aim to formulate a precise conceptualization of 
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what constitutes a BPM governance model. In the field study, we did not follow a 
formal governance model. The reason behind this decision is because, by anecdotal 
evidence, we had the basic assumption that participants of organizations studied had 
limited awareness of BPM governance formal models. Instead, a synthesis of above 
mentioned BPM governance elements was used to guide us through the study in order 
to answer the stated research questions.  

3   Research Method 

As presented in Section 1, our research aimed to identify the importance of BPM 
governance at public organizations in early BPM projects. Given the exploratory and 
social-centric nature of this research, our field study followed a qualitative research 
approach. The qualitative approach allows the acquisition of novel knowledge and 
insights from empirical data. A non-probabilistic and purposeful sample selection 
strategy of organizations and participants was adopted, as recommended by [20]. We 
prioritized richness of the cases as basic selection criteria. Then a chain strategy [20, 
21] was used, in which initial key participants suggested other cases and subject can-
didates. As a wide range of projects with different scope of activities could be seen as 
BPM initiatives, this study selected organizations undergoing process modeling  
activities with plans of conducting improvement actions in near future. Five organiza-
tions were initially invited to take part on the study. Finally, four organizations effec-
tively accepted to participate. A brief description of the organizations is presented as 
follows: 

• Organization A1: focuses on human resources, acquisitions and contracts ad-
ministration of a Federative State in Brazil. Its clients are all the other gov-
ernmental unities of this State (around 70 organizations). All study participants 
were from an organizational unity responsible for designing and managing 
human resources processes. Participants included: one BPM team leader, two 
process analysts, one Human Resources functional manager and one depart-
mental chief (considered BPM sponsor). 

• Organization B: supports educational services and policies. Its main clients 
are adolescent students. Participants were from an organizational unity team 
working on IT services, process modeling and design, and human resource 
management department. This team was working mainly on improvement of 
human resources management processes. Participants in our research included: 
two process analysts (one of them was an IT consultant who acted as part-time 
process analyst), one Human Resources functional manager (who was BPM 
client) and one departmental IT services chief (who acts as BPM sponsor). 

• Organization C: works on social services and human rights policies. Its cli-
ents are population in general, particularly people with social support needs. In 
this study, participants were mainly from two organizational unities responsi-
ble for IT services, and special services for people with physical limitations. 
The participants were: two IT consultants who acted as part-time process  
 

                                                           
1 As agreed with participants, all organization names are being omitted. 
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analysts, one departmental IT services chief (who acted as BPM sponsor), two 
functional managers (who were BPM clients) and one director (who was BPM 
client).  

• Organization D: works on tourism policies and services development. Its cli-
ents are local population, tourists and enterprises involved in tourism industry. 
Participants involved were: two process analysts, one planning director (who 
acted as BPM sponsor) and two legal advisors (from a legal department, acted 
as BPM clients).  

In summary, 19 professionals from four public organizations participated in the study. 
These professionals played the following BPM roles: process analyst, BPM team 
leader, BPM sponsor, BPM client. It is worth noting that several of these roles were 
informally described at the organizations.  

Data was collected in two phases: initially, 13 interviews were conducted with 15 
participants. Most interviews were individual, only two interviews had two partici-
pants. The interviews were semi-structured. This type of data collection strategy al-
lows a flexible set of questions, and during the interview it is possible to improvise to 
explore emergent topics of interest [20], [21]. The interview guide had questions that 
expanded RQ1 (see Section 1) exploring what each BPM governance elements pre-
sented in Section 2 were applied by the organizations. In this phase, we adopted the 
basic assumption that, because participants were early BPM adopters, they were not 
necessarily familiar with the business process governance terms. However, we believe 
that they would have concerns in applying some BPM governance concepts, possibly 
in an informal way. These assumptions were then confirmed during the interviews. To 
avoid misunderstandings, governance concepts were presented in indirect manners. A 
copy of interview guide can be obtained by demand to us.  

All interviews were audio recorded and transcribed. Two authors transcribed the 
interviews separately, and then the other two authors validated the results. We 
adopted an open and axial coding strategy to generate categories. A spreadsheet was 
created with interviews text and generated categories. This process was conducted in 
an iterative fashion, where several meetings were arranged to consolidate the results. 

In the second phase, a focal group meeting was conducted with twelve participants. 
Several interviewees also participated in the focal group. In the first part of the meet-
ing, one of the authors acted as facilitator and presented the main concepts of BPM 
governance in order to inform the group and stimulate initial discussions. Then, ele-
ments of BPM governance were presented and participants were asked to prioritize 
the elements based on their perception of importance. After that, the facilitator asked 
if participants were aware of other governance elements. Finally, participants were 
asked to describe the main facilitators and barriers to their BPM initiatives. The main 
objective of this second phase of data collection was to validate the findings obtained 
from individual interviews. We also tried to explore open issues that were not suffi-
ciently treated by the interviews. Our effort to minimize interpretation bias was  
addressed by each author analyzing and categorizing data separately and holding 
discussion sessions to aggregate collected evidence. We also used two data collection 
methods (i.e. interview and focal group) in order to increase the strength of evidence. 
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4   Results 

The results of the study show that all four BPM initiatives have begun around one 
year or less prior the study. Therefore, we can consider that all organizations are im-
mature in terms of BPM expertise. In particular, people involved have not been prop-
erly trained on BPM skills. In organization B, workflow automation was done in some 
processes for human resource management. The organization hired external consult-
ants to support process elicitation, design and automation. Our investigation has also 
evidenced that in organizations A, C and D, the BPM initiative can be characterized 
as a wide effort covering several organizational units. This means that the BPM scope 
covers large inter-departmental processes and has sponsorship from the executive 
managers. Following, we present evidence to answer the research questions. 

4.1   (RQ1) What Elements of the BPM Governance Are Employed in the Public 
Organization?  

It was observed that interviewees were not familiar with the term “process govern-
ance”. In particular, there was not any explicit process governance model in opera-
tion. For participants with IT background, governance was not properly a new idea 
because of previous knowledge in IT governance, but they did not know the concept 
would also be applied for BPM. In spite of that, concerns with some process govern-
ance elements were encountered in an implicit way on interviewee’s discourse and 
actions. For example, in organization A, a standard procedure for business process 
modeling and monitoring was developed as way to guide process analysts’ work. In 
organization D, document templates for process diagnosis were created. These results 
suggest that concerns regarding process governance importance do exist at the organi-
zations studied, but none of them follow a formal BPM governance model. In the next 
sections, we explore what BPM governance elements are being employed by studied 
organizations.  

4.1.1   Roles and Responsibilities 
We found the following BPM roles and respective responsibilities in the studied or-
ganizations: 

• Process Analyst: responsibilities involve the design and analysis of processes. 
Implementation of changes was also appointed in the scope of responsibilities. 
However, at the time of the study most projects were not yet at the phases of de-
ploying “to-be” processes. In organizations B and C, this role was played part-
time by IT analysts. In general, the role was not formally defined in the majority 
of BPM initiatives studied. 

• Process Project Manager: responsible for planning and monitoring process 
projects. In most cases, this role was played in conjunction with “process analyst” 
role by a single person. Only in organization A, this role was fully assigned by 
one individual. 

• Functional Process Manager: responsible for managing processes in depart-
mental units. People responsible for this role were the main source of information 
for process analysts conducting design activities. End-to-end process manager 
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was not found in any organization. However, this particular role is always sug-
gested as necessary in BPM literature. 

• Process Project Sponsor: a role widely reported in project management litera-
ture [22]. The sponsor is responsible to perform executive support (budget, deci-
sion making, priority definitions and maintenance). In participating organiza-
tions, this role did exist but it was assigned to several senior managers in an in-
formal way.  

We observed that in all organizations these roles were not formally defined, nor re-
sponsibilities clearly specified. When inquired about it, interviewees just talked about 
the activities they were assigned, but they did not have a critical position regarding 
this issue. It seems that in most cases it was not a common task defining roles and 
responsibilities. In organizations C and D, participants reported difficulties to define 
roles and responsibilities. This was mainly related to problems of weak organizational 
structure and lack of personnel. As described by participants during the focal group 
session: 

“We have problems defining staff roles and responsibilities, this is related to lack 
of proper organizational structure. Unities in our organizational structure are not 
well defined as our organization is very new. Besides that, there is a high turnover 
of staff”. Anna2, process analyst. 
“In my case there is lack of personnel available. My boss cannot allocate people in 
well defined positions. People have to do more things than what is planned in our 
organizational structure”. Claire, functional process manager. 

These findings reflect the historical structure of public sector organizations in Brazil. 
In particular, the absence of staff performance metrics as well as changing managerial 
priorities increases the difficulty to define roles and responsibilities. 

4.1.2   Standards 
We found that organizations mainly adopted BPMN (Business Process Modeling 
Notation) notation [23] and Bizagi3 tool to support process design. In most cases, the 
tool adoption was very recent. We noted that staff did not have proper BPM training. 
Most of them learned concepts and notations informally. In Organization A, we iden-
tified an effort to create a standard procedure to conduct process design, analysis and 
monitoring. However, the initiative was very recent and considered immature to be 
fully adopted. In most cases, standard procedures and document templates were not 
identified. It was evidenced that process management team had insufficient experi-
ence and knowledge on BPM tools and methods, especially in process automation. As 
participants mentioned in the focal group: 

“I am worried about implementation of processes in terms of systems and tools. 
We don’t have proper training; we just try doing it as we can”. Claire, functional 
process manager. 

 
                                                           
2 All participants names are fictional, as agreed with interviewees.  
3 Process modeling and execution tool available at www.bizagi.com 
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4.1.3   Tasks 
The main process management tasks performed by teams were process modeling and 
documentation. In organizations A, C and D, implementation of changes and automa-
tion were not done yet. As mentioned in Section 4.1.1, teams did not formally delimit 
tasks and responsibilities assigned to particular roles. There was strong evidence that 
proper training, knowledge and experience in BPM tasks need to be improved.  

4.1.4   Structure for Governance 
In all studied organizations, there was not a formalized BPM governance model. In 
spite of finding many implicit concerns about BPM governance elements in partici-
pant´s discourse, senior managers did not endorse an enterprise-wide BPM govern-
ance model. In organizations B and C, there was not a process dedicated team. While 
in organizations A and D, there was a BPM team. In particular, organization A was 
the unique case in which the BPM team was formally defined in their organizational 
structure. In that case, the team had been formed recently, and the professionals were 
still not experienced in BPM, because they were recruited for the generic position of 
Management Analyst.  

4.1.5   BPM Goals  
According to participants in all organizations, the goals of their BPM projects were 
well known. Improvement, standardization and normalization were the key goals 
reported. In particular, alignment and integration of processes from different organ-
izational units, and process automation with BPMS were also examples of goals re-
ported. In all organizations, participants claimed that project goals were aligned with 
executive sponsors expectations. However, BPM project goals were not formally 
associated to organizations strategic plans. This means that goals were not explicitly 
shared by all stakeholders. As results from the focal group, we observed that: 

• Organizations face difficulties to establish and maintain clear priorities by 
executive management “Priorities are for very short term. There is no long 
term plan. Problems repeat”, Claudius, process project manager. 

• In some cases, the lack of human resources cause accumulation of work for 
the team who have to accomplish multiple tasks “We can never be focused 
on a single demand, we have always ‘hundreds’ of demands to respond”, 
Claire, functional process manager. 

• Government shift was mentioned as a key threat to BPM initiatives “in pub-
lic administration we suffer with that: change in government may change ini-
tiatives. There should have continuity of plans independently of who comes 
and who goes”, Sally, functional process manager.  

4.1.6   Control Mechanisms 
Due to the fact that formal BPM governance models were not adopted, we did not 
find formal control mechanisms to governance elements considered in this study. 
However, the majority of interviewees reported that control meetings were periodi-
cally done to assess project progress. This result suggests that low maturity BPM  
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teams should adopt a set of policies in order to obtain better control of their initia-
tives. A suitable control mechanism could involve a balancing effort among  
compliance obligations, business objectives and risks. Control is particularly impor-
tant in the context of public organizations because society expects increased transpar-
ency and performance of public actions.  

4.1.7   Assessment Mechanisms  
There was no evidence gathered in the study of any assessment mechanism. We did 
not find mechanisms to evaluate staff performance at studied organizations. In spite of 
that, concerns with this aspect were described here: “the remuneration and rewards 
should be reviewed” (Daniel, process analyst). Some participants demonstrated they 
were skeptical with “yet another process improvement initiative” (Laura, functional 
manager). Employees with this viewpoint may be resistant to change. We believe that 
recognition and reward are important drivers to incentive early BPM teams.  

4.1.8   Other Potential Governance Elements 

The previous BPM governance elements were collected in our literature review. Other 
potential governance element were revealed in our study: 

• Legislation and regulations for public sector: given that all studied organi-
zations are from public sector, legislation was considered a very important  
issue for governance. In organizations’ country, actions conducted by govern-
ment institutions have to be strongly supported by legal issues in a way that the 
set of possible legal acts turns to be more restricted then the one of private  
sector. In Private sector organizations, legal acts are everything that is not dis-
played as prohibited by laws and regulations. While, in public sector organiza-
tions, all the possible legal acts have to be previously and explicitly displayed 
by laws and regulations, and everything other than this is prohibited. Legisla-
tion and regulations can be used as important impersonal mechanisms to en-
force BPM Governance, as suggested by Markus and Jacobson [4]. However, 
outdated or improper legislation and regulations may be also a serious barrier 
to effective BPM governance. 

4.2   (RQ2) What Facilitators and Barriers to BPM Governance Are Found in 
the Public Organizations? 

Tables 1 and 2 present the main facilitators and barriers to process governance re-
vealed from our study. They were obtained from categories identified during analysis 
of interview transcripts. The facilitators and barriers are ordered by frequency of oc-
currence in participants discourse. However, we do not claim that this means order of 
importance. A further prioritization work, possibly with multi-criteria decision mak-
ing methods shall be conducted to obtain that result.  

All facilitators were related to managerial and social factors. IT aspects were not 
reported as key enablers of BPM. At the current stage of their projects, participants  
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were not concerned with technology, they needed to address organization challenges 
first. It is worth noting the list of facilitators is significantly smaller than list of barri-
ers. That is probably due to the fact that all BPM initiatives studied are still in early 
phases, not sufficiently stabilized and without substantial results. 

Table 1. Facilitators to BPM Governance 

Facilitators Evidence from field study 

Sponsorship from Governor and 
Secretaries 

Process Analyst “There is a real intention to improve 
processes. Actions from governor helps initiatives, 
even though people resist changes, they know orders 
come from the top” 

BPM initiative monitored by sponsors BPM leader “Actions from our current sponsor have 
been very effective. He participates of meetings, and 
follows the evolution of the project”. 

Support from other governmental 
organizations  

Internal client “Resources are available; there is a 
strong credibility of our government from funding 
organizations. Our collaboration with other  
secretaries helps the success of our project”. 

Process team formed by internal staff BPM leader “process initiatives have started from 
internal staff”. 

Qualified and motivated professionals Process Analyst “Hire experienced public managers, 
analysts... Our sponsor has large experience, and 
gets involved in the projects”. 

Cooperation with process clients  Process Analyst “The areas are receptive. They need 
someone to support them to model the process and 
provide recommendations.” 

Table 2a. Barriers to BPM Governance 

Barriers Evidence from field study 
Change resistance  Process Analyst “We found several difficulties 

involving people not willing to pass information to 
model the processes.” 

Inexperience in BPM Approaches Process Analyst “Given that it is our first BPM 
Project we don´t have a clear vision on how to do 
things.” 

Lack of methods  Process Analyst “There is no standard methodol-
ogy. We ask people to contribute, to participate in 
meetings, to help modeling processes. ” 

 
We observed that the group of categories formed by inexperience in BPM ap-

proaches, lack of methods and lack of BPM training are powerful barriers that need to 
be treated urgently if these organizations want to succeed in their BPM initiatives. As 
participants pointed that they have sponsorship from Governor and Secretaries, it can 
be argued that they should start planning how to invest to overcome these barriers.  
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Table 2b. Barriers to BPM Governance (continuation) 

Lack of BPM Training Process Analyst “We have difficulties in visualizing 
how to do process automation, because we don’t 
have specific training for it”. 

Internal clients with poor experience 
in basic IT tools 

Process Analyst “Our internal clients have  
difficulties to use simple Technologies, such as using 
emails, imagine how these users are going to operate 
a BPMS to authorize internal travels.” 

Bad experience with previous external 
BPM consulting  

BPM leader “We have introductory meetings to 
explain clients how our work is conducted, they 
replied saying that other consultants came here 
asking questions but they did not contribute anything 
to support our work.”  

Bureaucracy and slow governmental 
processes  

Internal Client “The biggest challenge is to ensure 
that process analysts will be able to break the  
current paradigm from public sector.” 

Problems with current legislation  Process Analyst “Some of our actions are blocked by 
legislation.”  

Inadequate reward system  Process Analyst “If we want to work with process 
management focusing on improved results, we must 
have a financial reward to ensure better  
performance.”  

Internal clients with precarious infra-
structure (physical space, equipment, 
technology) 

Process Analyst “Our main difficulty is structure, it 
is too precarious, physical space, equipment and 
limited number of staff.”  

High team turnover  Process Analyst “Turnover is very high here. In 
average, 80% of staff  are from outsourcing 
 companies.”  

Low integration among governmental 
organizations  

Process Analyst “There is a lack of integration 
among secretaries, this leads to a lot of rework.”  

5   Discussion 

5.1   Implications for Research and Practice 

This empirical study has several implications for research and practice in the field of 
BPM governance. Before conducting the field study, two authors had some previous 
knowledge of the BPM efforts of the four organizations. Therefore, we had the initial 
assumption that participants had limited awareness of BPM governance terminology 
and formal models. However, regarding the governance elements that guided our 
study, participants recognized the importance of several elements, such as: roles, 
tasks, standards, objectives and structure. Other elements proposed were not per-
ceived as important, such as: assessment and control mechanisms. These elements 
were not emphasized during interviews and discussions. It may be due to the fact that 
teams had limited experience and their initiatives were at very initial stage. It may 
also indicate that some governance elements are more important than others for  
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particular situations, for instance, public organizations and specific BPM lifecycle 
phases. An additional element that emerged from the study is legislation. As far as we 
are concerned it is not included in BPM governance models proposed in the literature. 
This suggests that process governance models should be sufficiently flexible to allow 
the inclusion/exclusion of new elements. There was evidence that the importance of 
these elements may vary depending on the type of organization (i.e. public or private), 
maturity level of BPM initiative and team expertise. Therefore, a BPM governance 
model must be situational. 

Despite the lists of facilitators and barriers to BPM governance were not priori-
tized, we argue that team development and training in BPM principles, methods and 
governance are key expertise to early BPM adopters. Training is necessary in order to 
enlarge the team´s vision of what needs to be done, and improve their readiness to 
adopt BPM standard practices and models. BPM expertise must fit with organization 
culture and maturity. Investment in BPM consultancy is a recommended option. In 
addition, it seems to be very important to reinforce sponsorship of BPM initiatives. 
This aspect was pointed as a key facilitator by participants. They also emphasized the 
importance of having clear objectives and priorities explicitly assigned by executive 
managers and widely communicated to all teams. This suggests that governance is an 
important factor to be invested since the initial phases of BPM in order to sustain it in 
the long term. 

A BPM maturity model [24], [9] may be helpful to guide the process improvement 
as they could give insights of “what to do next”. We believe that further studies are 
needed to better investigate the interrelationship between governance and maturity of 
BPM initiatives. A key insight that emerged from our study is that without investment 
in BPM governance it is difficult to improve BPM maturity as a whole. Our study 
also showed that for public organizations, inter-organizational BPM governance as-
pects must be considered in order to guarantee the alignment and interoperability of 
processes from different public organizations. This is due to the fact that public or-
ganizations are interconnected in what we can call a government ecosystem. 

5.2   Limitations 

Due to the limited number of organizations studied and low maturity of their BPM 
initiatives, it is impossible to provide a definitive advice on the state of practice in 
BPM governance. Instead, this study provided an exploratory qualitative investigation 
in this field. A key limitation of this paper is eventual bias in the selection of organi-
zations. We adopted a non-probabilistic and purposeful selection strategy, which we 
believe suited our needs for this initial study. To minimize interpretation bias, data 
was analyzed separately by each author, and then we aggregated viewpoints during 
discussion meetings. However, we often found that our interpretation was hindered by 
subjectivity in interviewees’ speech. Therefore, there is a possibility that the analysis 
process may have resulted in some inaccuracy.  

We adopted governance elements common to diverse authors work as basis to this 
study, instead of following a specific model or framework. Due to that, it is possible 
that some expected aspect will be missed by readers interested in some particular 
governance model.   
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We recognize that findings of this study may not be generalizable. However, pro-
viding a statistical quantitative study to generalize knowledge about BPM Govern-
ance in a certain population of organizations was not the intention of this study. In 
fact, the own nature of exploratory qualitative research does not seek to obtain gener-
alized results [20]. In order to increase the body of evidence in the field of BPM gov-
ernance, we encourage researchers and practitioners to conduct further empirical 
studies of the same phenomenon.  

6   Related Work 

Studies [3] and [25] are examples of empirical studies similar to this research. In [25], 
an empirical research was conducted in four South African Financial Services Or-
ganizations that made an investment in a BPM suite. The goal of the research was to 
make explicit the enablers of BPM success. In that study, they considered governance 
as a success enabler. Governance should cover the establishment of relevant and 
transparent accountability, decision-making and reward processes to guide individ-
ual’s actions. In study [25], it was conducted a very similar study to ours in terms of 
research strategy and context. They proposed a BPM governance model that sets 
BPM decision-making, along with roles and responsibilities in an Australian govern-
mental corporation. They adopted a qualitative case study strategy to analyze organ-
izational documents using a content analysis approach and in-depth semi-structured 
interviews with key stakeholders. They also tried to address a gap in literature on how 
to deploy BPM Governance in practice. Differently from our study, the ones men-
tioned above were applied in organizations where BPM initiatives appear to be in a 
more mature level. The novelty of our study was exploring the importance of govern-
ance elements to BPM early adopters. 

7   Conclusion 

This paper aimed to build a cumulative body of evidence on BPM governance. The 
main contribution was an exploratory study conducted at public organizations. Ini-
tially, the paper presented an informal review in BPM governance. From our literature 
review, we observed that papers on business process governance lack details of em-
pirical applications of governance models. Most proposed models do not provide 
implementation guidelines. It is also worth noting that most industrial papers are 
whitepapers with inadequate academic rigor. More specifically, papers do not clearly 
present research objectives and questions, methods, and limitations of the studies. 
These relevant gaps suggest that BPM governance should be investigated in a more 
rigorous way. 

We conclude that an early introduction of BPM governance elements could guide 
immature BPM teams to increase success. Another important finding from our study 
is that we need to establish a research agenda for BPM governance. In particular, 
further empirical studies both in public and private organizations are needed. We plan 
to continue our studies with public organizations in Brazil. Following the research 
presented in this paper, we plan to conduct a collaborative intervention study based on 
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action research method. This new study will also involve participating organizations 
to explore and share experiences in their BPM projects. In particular, we aim to inves-
tigate what are the main inter-organizational business process governance issues to 
enable successful BPM initiatives in government ecosystem.    
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Abstract. Reducing the Cost of a Business Process is a challenge faced
by organizations. Business Process researchers have recommended a host
of best practices for Business Process design which leads to Cost effec-
tiveness. However, these are theoretical and there is no real guideline
for either implementation or the Cost reduction acheived by the imple-
mentation of these best practices. In this paper, we evaluate the most
commonly recommended best practices available in literature for Cost
reduction for their effectiveness. We implement a pattern based Cost
calculation methodology which shows the impact of best practices on
examples in a measurable way. Using this methodology we calculate the
overall Cost, reliability and the Cost incurred to achieve one successful
execution of the Business Process; the Business Cost of the process.

Keywords: Business Process, Cost, Best Practices.

1 Introduction

In general profitability is the primary goal of any Business enterprise. The success
of a Business is dependent on high income and low and controlled expenses.
Processes are implemented to either directly contribute or support this goal of an
organization. Every organizations interest is to make these processes successful.
In the years, as information technology has become industry oriented the factors
that make a process successful have taken center stage. This is especially very
visible in the service industry. The aim of achieving higher quality and at the
same time keeping the Costs controlled or reduced are of high importance to
the Business. Even though this is important, methodologies, frameworks and
theories which have foundational reasoning to achieve this are not precise in
their recommendations. This is especially the case when we come to the topic of
financial evaluation and optimization of a Business processes at the operational
level.

In this study we consider five commonly recommended best practices: Rese-
quencing of Tasks, Knock-Out Order, Task Elimination, Order Type and Triage,
and Parallelism, for Cost optimization in Business Processes and evaluate them
for their impact on a Business Process. So as to calculate the Costs before and af-
ter implementing these best practices we base ourselves on a pattern based Cost
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calculation methodology. We calculate, for each example, the Cost, Reliability
and Business Cost i.e the Cost incurred in achieving one successful execution of
the Business Process.

2 Pattern Based Cost Calculation

The methodology for Cost calculation of a Business Process based on repeti-
tive patterns has been presented by Sampath and Wirsing [1]. The methodology
considers each artifact within a Business Process which is represented as a Busi-
ness Process Diagram and attaches a parameter for Cost and Reliability to the
same. It then breaks the Business Process into repetitive patterns and the Cost.
Further Reliability and Business Cost of each pattern is calculated. In turn the
overall Cost, Reliability and Business Cost of the complete Business Process is
generated. A single task with Cost C and Reliability R has the Business Cost
as shown in equation 1.

BusinessCost = C/R (1)

Four patterns are defined as basis for Cost calculations.

2.1 Pattern 1: n Tasks in a Sequential Order

This pattern considers n tasks, each having a Cost and reliability, in a sequential
order as shown in the Fig. 1.

Fig. 1. n tasks in a sequential order

The calculation for Cost, Reliability and Business Cost is as shown here.

Cost =
∑

Ci, where Ci is the cost of task i (2)

Reliability =
∏

Ri, where Ri is the reliability of task i (3)

BusinessCost(1, n) = (Cn + BusinessCost(1, n− 1))/Rn (4)

2.2 Pattern 2: n Tasks in a Parallel Order

The pattern considers n tasks in a parallel order as shown in Fig. 2. The resulting
cost and reliability of this parallel pattern then would be:

Cost = ΣCi, (Ci is the cost of each flow in the parallel f low) (5)

Reliability = Minimum(R) (6)

BusinessCost = ΣBusinessCost(i) (i is the pattern) (7)
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Fig. 2. n tasks in parallel order

2.3 Pattern 3: Conditional Branching

The pattern considers a conditional branching leading to different execution
paths. The situation here is the same as mentioned in the case of sequential
tasks in Pattern 1. Even though a probability has to be attached to each flow
out of the Gateway. The corresponding cost of the path is then multiplied by
the probability which will lead to the cost of the whole branching.

Fig. 3. BPD with conditional branching

Cost =
∑

Pi ∗ Cost(i), (Pi is the probability of taking path i) (8)

Reliability =
∑

PiRi, (Ri is the reliability of path i) (9)

BusinessCost =
∑

Pi ∗ BusinessCost(i) (10)

2.4 Pattern 4: “n” Successive Possibilities

The pattern considers n different services each performing the same function.
The resultant parameters of Business Cost and reliability are dependent on the
number of possibilities.

BusinessCost(1, Nn) = Cost(1, Nn)/Reliability(1, Nn) (11)

Reliability(1, Rn) = 1 − ((1 − R1)(1 − R2)..(1 − Rn)) (12)

3 Evaluation of Best Practices

In this section we consider five of the most commonly recommended best prac-
tices for Cost optimization. For each best practice, we take an example as an
“Original Case”, implement the recommended best practice on this example as
a “Changed Case” and evaluate the impact of the same.
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3.1 Resequencing of Tasks

This best practice is also called “Process Order Optimization”and is mentioned
by Klein [2] and [3]. In a Business Process, the ordering of tasks does not reveal
the logic behind the process and hence it could be that tasks in a process are
executed even though it is not required at that moment. This best practice
recommends that tasks such as these when resequenced in a Business Process
help in Cost reductions. The logic is to execute a task only when the task is
really needed to be executed.

Original Case. To evaluate this best practice, we consider a Business Process
to book a flight. The corresponding BPD is as shown in the Fig. 4. The Business
Process authenticates the customer, validates the inputs and finds the flights.
If a flight is found then the flight is booked and confirmation is sent to the
customer. We assume that the flight is available in 50 percent of the cases. Also,
we make assumptions on the Cost and Reliability of the tasks in the Business
Process.

Fig. 4. Business Process Diagram to book a flight

Cost calculation: To calculate the Business Cost of this process, we divide the
BPD in patterns which we combine by a decision (see Fig. 5). For each of the
patterns, we make assumptions on the Cost and Reliability of all the tasks. In
turn we calculate the Business Cost for each of the patterns.

The calculation at the level of the patterns is as shown in the table 1.
From the calculations in the table get the Business Cost of the patterns as:

Business Cost(Pattern 1) = 35.6
Business Cost(Pattern 2) = 48.1
Business Cost(Pattern 3) = 5.56

We assume that there is always a 50 percent chance of finding the flight
according to the customer inputs. Hence the Business Cost of Pattern 2 and
Pattern 3 would then be:

Business Cost(Pattern 2 with Pattern 3) = 45.7 ∗ 0.5 + 5.56 ∗ 0.5 = 26.85
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Fig. 5. Patterns in the Business Process Diagram

Table 1. Flight Booking - Pattern 1

Task Cost Reliability Business Cost of the task Business Cost

Pattern 1

Authenticate 10 0.9 11.11 11.11
Validate input 10 0.9 11.11 23.5
Find if flight available 5 0.8 6.25 35.6

Pattern 2

Book Flight 30 0.9 33.33 33.33
Send confirmation 10 0.9 11.11 48.1

Pattern 3

Inform Customer 5 0.9 5.56 5.56

Table 2. Flight Booking - Pattern 1

Task Cost Reliability Business Cost of the task Business Cost

Validate input 10 0.9 11.11 11.11
Find if flight available 5 0.8 6.25 20.1

Hence the total Business Cost of the BPD would then be:

Business Cost(Pattern 1 (Pattern 2 with Pattern 3)) = 35.6 + 26.85 = 62.4

Changed Case with Tasks Resequencing. In the BPD in Fig. 4 we rese-
quence the tasks in such a way that a task is executed only when it is required.
The task “Authenticate Customer” is moved to the part where flight has already
been found. This change is shown in Fig. 6 which is also shown in the patterns.

Tables 2 3 4 show the Cost and Reliability of the tasks and the patterns
together.
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Fig. 6. Business Process Diagram to book a flight

Table 3. Flight Booking - Pattern 2

Task Cost Reliability Business Cost of the task Business Cost

Authenticate Customer 10 0.9 11.11 11.11
Book Flight 30 0.9 33.33 45.7
Send confirmation 10 0.9 11.11 61.9

Table 4. Flight Booking - Pattern 3

Task Cost Reliability Business Cost of the task Business Cost

Inform Customer 5 0.9 5.56 5.56

From the calculations in the tables we calculate the Business Cost as:

Business Cost(Pattern 1) = 20.1
Business Cost(Pattern 2) = 61.9
Business Cost(Pattern 3) = 5.56

We assume that there is always a 50 percent chance of finding the flight
according to the customer inputs. Hence the Business Cost of Pattern 2 and
Pattern 3 would then be:

Business Cost(Pattern 2 with Pattern 3) = 61.9 ∗ 0.5 + 5.56 ∗ 0.5 = 33.71

Hence the total Business Cost of the BPD would then be:

Business Cost(Pattern 1 (Pattern 2 with Pattern 3)) = 20.1 + 33.71 = 53.8

Impact of Resequencing of Tasks. We see from the calculations that the
change in the sequence leads to a change in the Business Cost. Nevertheless the
rest of the parameters i.e Cost and Reliability of the process do not change.
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3.2 Knock Out Order: ‘Knock-Out in an Increasing Order of Effort
and a Decreasing Order of Termination Probability

Every Business Process has conditions that need to be checked. If the conditions
are not fulfilled then the execution of the process is terminated. This best prac-
tice recommends that conditions that have the highest probability to terminate
the process should be executed right at the begining, followed by the condi-
tion having the next highest probability to terminate the process and continue.
In such a case the reasons why a Business Process needs to be terminated is
accomplished at the very begining and the rest of the Business Process is ex-
ecuted with a high probability of achieving the Business value. The knock-out
best practice is a variant of the resequencing best practice. Van der Aalst [4],
[5], [6], [7] mentions this best practice and also gives quantitative support for its
optimality.

We believe that every task in the Business Process has a certain Reliability
with which it performs. Hence the interpretation of this best practice in our case
would mean that the Business Cost of the process will be lower in case the initial
part of the process has a lower Reliability than the latter. To evaluate this we
consider the Business Process to book a flight, nevertheless we will assume that
all the flights are available. Hence there is no condition involved to check for the
availability of the flight. This is shown in the Fig. 7.

Fig. 7. Business Process Diagram to book a flight

Original Case - Task Order with Descending Reliability. We make as-
sumptions on the Cost and Reliability such that the Reliability of the tasks have
a descending order. We assume the Costs are the same on each of the tasks. The
calculation of the Business Cost is as shown in the table 5.

Table 5. Flight Booking - Task Order with Descending Reliability

Task Cost Reliability Business Cost of the task Business Cost

Authenticate Customer 10 0.9 11.11 11 .11
Validate Input 10 0.8 12.50 26.4
Book Flight 10 0.7 14.29 52.0
Send Confirmation 10 0.6 16.67 103.3
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Hence the Business Cost with descending order of Reliability would be:

Business Cost(Descending Reliability) = 103.3 (13)

Changed Case - Task Order with Ascending Reliability. We make as-
sumptions on the Cost and Reliability such that the Reliability of the tasks now
have an ascending order. The calculation of the Business Cost is as shown in the
table 6:

Table 6. Flight Booking - Task Order with Ascending Reliability

Task Cost Reliability Business Cost of the task Business Cost

Authenticate Customer 10 0.6 16.67 16.67
Validate Input 10 0.7 14.29 38.1
Book Flight 10 0.8 12.50 60.1
Send Confirmation 10 0.9 11.11 77.9

Hence the Business Cost with ascending order of Reliability would be:

Business Cost(Ascending Reliability) = 77.9 (14)

Impact of Knock-Out Order: The example shows that the Knock-out Order
brings the Business Cost of the Business Process down. The Knock-out sequence
push the tasks which have the highest probability of terminating the process to
the front and in turn makes sure that the rest of the process is executed only
when all the conditions are met. The best practice does not change the overall
Reliability and Cost of the process.

3.3 Task Elimination: Eliminate Unnecessary Tasks from a Business
Process

This best practice recommends that the tasks which are having no value or tasks
which are redundant should be eliminated. A task in a Business Process when
eliminated reduces the Business Cost of the process. In case tasks in a Business
Process are eliminated from the optimization perspective, this will then lead to
a compromise on the quality of the process. There are different ways in which
an evaluation can be done so as to find if tasks are unnecessary or redundant.
One way is to look into tasks which consider iterations. Iterations indicate that
a certain task is done “n” number of times because it has not achieved the
Business value at once. Tasks redundancy can also be considered as a specific
case of task elimination. In order to identify redundant tasks, Castano et al [8]
have developed entity-based similarity coefficients.

We consider an example to book a hotel to evaluate this best practice. Con-
sider a Business Process where an agency tries to find a room in a hotel according
to the inputs given by the customer. Finding a room in a hotel is an iterative
process. The travel agency nevertheless would like to try in every hotel possible
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to find a room until a room is found. Hence this task would be executed iter-
atively until the Business objective is met. In case every loop in this iteration
Costs some money, the travel agency will need to decide on the number of hotels
that they are willing to contact to find a room. The Cost of a task in a Business
Process which has a looping to provide for Business Reliability varies according
to the order in which each of the providers is called for. We use the BPD from
the hotel booking process (see Fig. 8) in this case. Let’s assume that there are
six hotels with which the process interacts in a sequential order.

To check for the variations it could bring in the Cost we make assumptions
here such as: the hotel which provides the highest Reliability also has the highest
service charges or Costs.

Fig. 8. Detailed BPD for booking a hotel

We execute this iteration in two scenarios:

Scenario 1: Highest Reliability - Highest Cost In this scenario we lay
highest priority on the Reliability of the called service. Table 7 shows the hotels,
there Reliability, Costs etc. due to the iterative condition every new hotel which
is on the list increases the reliability. This increase in the reliability in case of n
iterations is calculated as following:

Reliability(R1, Rn) = 1 − ((1 − R1) ∗ (1 − R2)...(1 − Rn))

We call this reliability as the cumulative reliability and this is shown in the
table.

Scenario 2: Achieve minimum increase in actual Cost with increase
in Reliability In this scenario we start with the least reliable hotel and then
select hotels with ascending order of Reliability. Table 8 shows the hotels with
the development of Cost, Reliability, etc.

Impact of Task Elimination. From the calculation as shown in the table 7,
for Scenario 1 adding the sixth hotel on the list increases the Reliability of the
Business objective to find a room in the hotel from 0.998 to 0.999. Similarly in
Scenario 2 the Reliability increases by very small percentage between the 5th
and 6th hotel. Also, in scenario 1 we see that we check only the first hotel to
reach a reliability of 0.9 whereas in the scenario 2 four hotels need to be checked
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Table 7. Sample values

Option Cost Reliability Cumulative-Rel Actual Cost Business Cost

Hotel 1 6 0.9 0.9000 6.00 6.67
Hotel 2 5 0.8 0.9800 6.500 6.633
Hotel 3 4 0.7 0.9940 6.580 6.620
Hotel 4 3 0.6 0.9976 6.598 6.614
Hotel 5 2 0.5 0.9988 6.603 6.611
Hotel 6 1 0.4 0.9992 6.604 6.609

Table 8. Sample values

Option Cost Reliability Cumulative-Rel Actual Cost Business Cost

Hotel 6 1 0.4 0.4000 1.000 2.500
Hotel 5 2 0.5 0.7000 2.200 3.143
Hotel 4 3 0.6 0.8800 3.100 3,523
Hotel 3 4 0.7 0.9640 3580 3,714
Hotel 2 5 0.8 0.9928 3.760 3,787
Hotel 1 6 0.9 0.9992 3.803 3,806

before a reliability of 0.9 is achieved. Nevertheless, in both the cases the Business
Cost does not increase by a huge margin and hence this could be an option to
keep the iteration. But this situation could also be because the Cost for each of
the iteration is coming down in comparison to the previous iteration. This leads
to the situation where it might be that the last iteration need not be executed
at all. In other words this redundancy can be eliminated and in turn there will
be no or very less impact on the Business Process or the Costs that are involved.

3.4 Order Type and Triage

The best practice “Order type” says: determine whether tasks are related to the
same type of order and, if necessary, distinguish new Business processes and the
best practice “Triage” says consider the division of a general task into two or
more alternative tasks or consider the integration of two or more alternative tasks
into one general task. Both these best practices are similar to each other, at least
in their intentions. Both of them are recommended so as to improve quality and
in turn reduce Costs by either breaking tasks into many or by grouping certain
tasks together.

Both these best practices are mentioned by a host of researchers which includes
[9], [2], etc.

Original Case. To evaluate this Business Process we use the process for book-
ing a flight which is shown in Fig. 7. The Business Cost of the process on a
sample set of Cost and Reliability values is as shown in the table 6.
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Changed Case. For the evaluation process we execute the tasks “Book Flight”
and “Send Confirmation” together as one task assuming that the Cost of the
new task is a summation of the Costs of both the tasks and the Reliability is
the product of the reliabilities of the two tasks. In such a case the corresponding
Business Cost is as shown in the table 9.

Table 9. Flight Booking

Task Cost Reliability Bus.Cost of task Business Cost

Authenticate Customer 10 0.6 16.67 16.67
Validate Input 10 0.7 14.29 38.1
Book Flight and Send Confirmation 20 0.72 27.78 80.7

Impact of Order type and Triage. We see that the Business Cost has in-
creased when we put the tasks together. This is because the combined Reliability
of the task is less than the two individual tasks. Combining two tasks might in-
crease the quality and increase optimization, nevertheless this doesn’t necessarily
mean that the Cost of the process decreases. The combined task will produce a
reduction in the Business Cost when:

Cost(New task) <= Cost(A) + Cost(B) (15)

Rel(New task) >= Rel(A) ∗ Rel(B) (16)

3.5 Parallelism: Consider Whether Tasks May Be Executed in
Parallel

This best practice recommends execution of tasks parallely rather than in se-
quential order. By doing this there is an effect on the Business Cost, probably
bringing it down. At the same time the quality and co-ordination efforts increase
due to the parallel execution of the tasks.

Original Case. In order to evaluate this best practice we take the Business
Process to book a hotel and a flight depending upon customer inputs. We execute
this process in sequential order to evaluate the impact on the Business Costs.
The process is as shown in Fig. 9.

We make assumptions on Cost and Reliability. The table 10 shows the the
calculation of the Business Cost on these assumptions.

From our calculations, the Business Cost of doing this process in a sequential
order is 169.9.

Changed Case. Now we consider the same process in parallel order, we do the
tasks “Book Hotel” and “Book Flight” in parallel to each other. This is shown
in the Fig. 10. The pattern division is also as shown in the figure.
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Fig. 9. Hotel and Flight Booking in Sequential Order

Fig. 10. Hotel and Flight Booking in Sequential Order

Table 10. Hotel and Flight Booking in Sequential Order

Task Cost Reliability Business Cost of the task Business Cost

Authenticate 10 0.9 11.11 11.11
Validate input 15 0.9 16.67 29
Book Hotel 20 0.7 28.57 70
Book Flight 30 0.7 42.86 142.9
Send confirmation 10 0.9 11.11 169.9

Table 11. Hotel and Flight Booking in Parallel Order - Pattern 1

Task Cost Reliability Business Cost of the task Business Cost

Authenticate 10 0.9 11.11 11.11
Validate input 15 0.9 16.67 29

Table 12. Hotel and Flight Booking in Parallel Order - Pattern 2

Task Cost Reliability Business Cost of the task Business Cost

Book Hotel 20 0.7 28.57 28.57

The tables 11 12 13 14 shows the calculation of the Business Cost according
to the patterns.
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Table 13. Hotel and Flight Booking in Parallel Order - Pattern 3

Task Cost Reliability Business Cost of the task Business Cost

Book Flight 30 0.7 42.86 42.86

Table 14. Hotel and Flight Booking in Parallel Order - Pattern 4

Task Cost Reliability Business Cost of the task Business Cost

Send confirmation 10 0.9 11.11 11.11

As Pattern 2 and Pattern 3 are in parallel, the Business Cost for both together
is as shown in table 15:

Table 15. Hotel and Flight Booking in Parallel Order - Pattern 2 —— Pattern 3

Task Cost Reliability Business Cost of the task Business Cost

Pattern 2 —— 3 50 0.49 71.43 71.43

The total Business Cost by breaking the process in parallel is as shown in
table 16:

Table 16. Hotel and Flight Booking in Parallel Order

Task Cost Reliability Business Cost of the task Business Cost

Pattern 1 20 0.81 24.69 24.69
Pattern 2 —— 3 50 0.49 102.04 152.4
Pattern 4 10 0.9 11.11 180.5

Impact of Parallelism. We see from the calculations that the Business Cost
of the process increases by doing a process in parallel than by doing it in a
sequential order. Execution of processes in parallel requires more tasks to make
the process reach a logical end including compensation tasks. For example, in
the Business Process that we considered, we will need a compensation task in
case only the flight or only the hotel is booked. in this case the compensation
will have to cancel the other booking. These situations do not arise when tasks
are done in a sequential order.

3.6 Conclusion

In this paper we have evaluated the most commonly recommended best practices
on Business Processes so as to determine their impact on Cost, Business Cost and
Reliability before and after implementing the best practice. We see through this
evaluation that these best practices achieve financial optimization, nevertheless
the variation and the impact on the parameters cannot be generalized. These are
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dependent on the process and the complexity that the process is handling. We
also see that in certain cases the implementation of the best practice does not
lead to any financial gains, instead it Costs more to control the process and keep
the quality high. In this paper, we have shown these effects on simple Business
cases. Nevertheless, to elaborate the effects of these best practices, we will have
to consider realistic business cases which include conditions such as failure and
compensation mechanisms.
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Abstract. The importance of process improvement and the role that best prac-
tice reference models play in the achievement of process improvement are both 
well recognized. Best practice reference models are generally created by experts 
in the domain who are external to the organization. However, best practice can 
also be implicitly derived from the work practices of actual workers within the 
organisation, especially when there is opportunity for variance within the work, 
i.e. there may be different approaches to achieve the same process goal. In this 
paper, we propose to support process improvement intrinsically by utilizing the 
experiences and knowledge of business process users to inform and improve the 
current practices. The main challenge in this regard is identifying the “best” 
previous practices, which are often based on multiple criteria. To this end,  
we propose a method based on the skyline operator, which is applied on criteria 
relevant data derived from business process execution logs. We will demon-
strate that the proposed method is capable to generate meaningful recommenda-
tions from large data sets in an efficient way, thereby effectively facilitating  
organizational learning and inherent process improvement. 

Keywords: Process Improvement, Best Precedents, Flexible Processes, Multi 
Criteria Decision Making, Business Process Variants, Skyline Operator. 

1   Background and Motivation 

Process improvement continues to be the named number one priority for organisations 
[1]. Even though process improvement is typically solicited through expert advice and 
best practice reference models, a valuable and often overlooked source of best prac-
tice is the experiences and knowledge of individuals who perform various activities 
within the business process, and can be considered domain experts in a particular 
aspect of the overall operations. These experiences constitute the corporate skill base 
and should be considered a valuable information resource for organizational learning 
and process improvement.  

Furthermore, business processes often face a dynamic environment which forces 
them to have the characteristic of ad-hocism in order to tailor to circumstances of 
individual process cases or instances.  This creates business process variants [2], that 
is, the same process may have different approaches to achieve the same goals. The 
variants include the creativity and individualism of the knowledge worker, but are 
generally only tacitly available. Each variant has the same goal but by having  
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different approaches, it may have different time needed, different task set and/or se-
quence and different cost, and consequently a different level of perceived success.  

A traditional Business Process Management System is not generally capable to se-
lect best process precedents since all instances follow the same process model, and 
thus there is hardly any variance that can reflect individual/unique approaches. How-
ever, some complementary work can be found within the BPM community that long 
recognized the need to provide flexible business [3-5]. It is expected by having a 
flexible business process, an organisation can rapidly adjust their business process to 
suit the changes in the environment and thereby capitalize on opportunities and/or 
save on costs. But, having a flexible process is not always a solution to achieve the 
most efficient practice for the organisation. In fact, the more flexible the system, the 
more a (inexperienced) user may struggle to find the best approach to address a par-
ticular case. These users are required to have deep knowledge of the process they are 
working on  if they are to be successful [6].  

In this paper we will present an approach that is intended to assist such users and 
promote intrinsic process improvement. That is to facilitate change in practices by 
learning from already existing successful practices. The approach is intended to  
provide assistance to users that allows them to select the best process been done by 
previous (arguably experienced) users. Rather than forcing users to make design deci-
sions to handle particular cases, we will use the existing knowledge within the organi-
zation to adopt practices that best meet the required criteria. Such an approach can 
guide the future user to improve productivity from both user perspective as well as 
organisational perspective.  

The challenge in this regard is the identification of the so called best process vari-
ant from the potentially large record of instance executions. This identification is 
fundamentally dependent on the criteria that define best. These criteria are generally 
many and relate to different aspects of the process. These could include criteria such 
as cost (e.g. dollar value of a shipment process); time (e.g. time taken for an approval 
process); popularity (e.g the frequency of execution of a particular sequence of field 
tests in a complaints response process) and so on.  

Characterizing the precedent process according to required criteria firstly requires 
extraction of the requisite data from execution logs. Fortunately, there is a significant 
body of knowledge on the extraction of data from execution logs, which includes 
process discovery [7], process similarity analysis [8-10] and general monitoring and 
analysis functions. In this paper, we rely on existing contributions in this regard, and 
focus instead on the problem of analysing multiple, contradicting criteria to identify 
the best process. Multi-criteria analysis is a known hard problem [11]. In particular 
for analysis across large populations of data (process instances), the efficiency of any 
approach used becomes exceedingly important. Accordingly we utilize a specific 
technique for multi-criteria analysis based on the skyline operator [12]. The skyline 
operator is conducive to the problem as it significantly reduces the search space 
through efficient identification of so called skyline points. The points are guaranteed 
to contain the best process and can subsequently be utilized by traditional multi-
criteria analysis techniques to provide ranking and other results in a highly efficient 
way.  

The remaining paper is organized as follows. In section 2 we present related work. 
In section 3, we introduce a general set of criterion for characterizing business  
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process. We present our approach for analysis of past process in section 4. We first 
present a general method for computing the skyline for past process, and subsequently 
use MCDM method to select the best past process. The results of the approach are 
presented and evaluated through an experimental data set. Finally in section 5 we 
provide a concluding discussion, limitations and future extensions of this work.  

2   Related Work 

The issue of managing business processes as an information resource was first raised 
in [13], which points out that process models should be regarded as intellectual assets 
of enterprises. Subsequently process discovery, analysis and diagnosis activities have 
been intensively studied. The key aim is to continuously improve the process and 
related practices, and collectively business process analysis (BPA) has been identified 
as an essential prerequisite for gradual and incremental organisational change [14]. In 
application domains where significant amount of variances are produced during busi-
ness process execution, managing the resultant process variants and subsequently 
reusing the knowledge from the variants needs to be supported explicitly [2]. The 
source of the variant data is the system execution log that stores event-based data for 
traces of different process executions.  

Various process mining techniques [7] have been proposed, aiming at process dis-
covery, i.e. reconstructing meaningful process models from execution data. The re-
constructed process models can then be used to facilitate a range of process redesign 
and auditing activities. One of the key contributions of process discovery research has 
been to provide methods and techniques to identify process similarity [8-10].  

The work presented in this paper is set apart from the above in that the focus is on 
post discovery activities. Knowledge of as-is process models is an essential pre-
requisite. The subsequent re-design to achieve desired process performance goals is a 
highly challenging and interdisciplinary area of study.  Benchmarking against indus-
try best practices, and use of reference models are clearly widely utilized in this re-
spect. However, generic models often have a weak fit with the organizational context 
and as such do not always provide an easy path to change for existing practices. In 
this paper, we advocate the use of organization internal knowledge for process im-
provement, such that the improvement is intrinsically driven and is by definition in 
synch with organizational context. There have been some contributions with a similar 
rationale. For example, [6] has developed a recommendation service as an add on to a 
current process mining application. It predicts the next step to be performed in a case 
by looking into the execution log. Similarly [15] propose to reuse activity patterns for 
subsequent process modelling. 

A key and currently under-studied aspect of the problem is the definition of criteria 
that underpin the recommendation of the best process. In this paper, we will identify 
and define a set of criteria for characterization of the process, and subsequently use 
the criteria to efficiently analyse and rank the recommendation decision in a way that 
allows working communities to effectively utilize the results. 

As there are several criteria that characterize processes, their analysis and ranking 
becomes a multi-criteria decision making (MCDM) problem. MCDM method is 
widely used for effective decision making, supporting decision makers to evaluate 
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and rank problems which incorporate multiple, and usually conflicting criteria [11]. 
MCDM acquires the best alternative from all possible alternatives with respect to 
given criteria.  

Recently, Skyline computation has been introduced in multi criteria decision mak-
ing applications [16, 17]. A skyline query has been devised to address the multi-
criteria recommendation problem in large (relational) data sets to discover several 
good items among large number of candidates [18]. The concept is to filter out rela-
tively poor candidates (tuples) which are dominated by some other candidates. Query-
ing mechanisms for skyline computations have been intensively studied with several 
contributions targeting various forms of optimizations and efficiency gains. In this 
paper, we will utilize the skyline approach as it provides necessary support for large 
populations of process variants as can be expected in a typical BPM installation. Fur-
ther details regarding research on Skyline queries are provided in Section 4.   

3   Criteria for Selection  

Analysing and/or monitoring a given process against criteria such as time or cost is 
widely available through business process analysis tools. However there can be a 
number of criteria that characterize the processes, and are in turn used for process 
improvement.  In general, improving business process will usually have goals, such as 
reducing costs, improving productivity, improving competitiveness, and reducing 
service or production time [19]. There is a large body of knowledge on business proc-
ess assessment and improvement strategies.  

In an application wherein there is some degree of flexibility in execution, a process 
user will endeavour to learn from previous precedents, but may struggle to identify 
the most suitable or efficient precedent. Identification of the relevant decision criteria 
is thus fundamental to promote knowledge sharing and transfer. In addition, the crite-
ria need to be measurable or quantifiable. Accordingly, in this paper we identify a set 
of general criteria consisting of efficiency, cost, popularity, and currency. The criteria 
are not exhaustive and may be extended (see concluding discussion), but are utilized 
in this paper to maintain a manageable scope and convey the workings of the pro-
posed approach.  

Below we present an explanation on each of the considered criteria and some basic 
definitions.  

Definition 1 (Process Model). Process Model is a specific process representation (for 
a set of process instances). The model is either explicitly designed by previous proc-
ess designers in a flexible business process management system [9] or mined from the 
execution logs. All process models are called as variants which have the same overall 
goal1 i.e. they belong to the same domain such as a customer response, or an insur-
ance claim process.  

Definition 2 (Process Instance). From each defined or reconstructed process variant 
model, there can be a number of process instances captured within the execution log, 
assumed to contain execution information such as the set of tasks involved in the 

                                                           
1 Models may be grouped based on behavioral similarity, such as that considered in [8-10].    
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process execution, the sequence of task execution, the resources utilized in executing 
tasks, the process-relevant data, execution duration of the process instance and con-
stituent tasks.  

Definition 3 (Criteria Specific Derived Data). The Criteria Specific Derived Data 
(CSDD) is a data set retrieved from process execution logs and contains the computed 
values against designated criteria (presented below) for each completed process in-
stance recorded in the log. Detail working of the calculations from execution log is 
omitted as they can be trivially observed.  
 

Popularity. The popularity of the process model is a criterion that shows how many 
times a particular instance of specific process model (variant) has been selected by 
user/used previously. Process matching on structural similarity, such as that given by 
[9] is used to identify the various (groups of) variant models discovered.

 Weight. The efficiency (with respect to time) and cost (with respect to resources 
utilized) criteria is collectively calculated as weight.  

Currency. We indicate the currency of an instance through its start time, with the 
assumption that when an instance is initiated is essentially the time at which the initial 
decision on how to tackle the particular case was made. Other interpretations of cur-
rency can be used without impact on the analysis approach presented below.  

4   Skyline for Process Analysis 

The Skyline operator was introduced almost a decade ago [12], and has been exten-
sively studied ever since due to its wide application in many applications including 
multi-criteria decision making [16]. The skyline is basically a set of points (represen-
tative of tuples), called skyline points, which are not dominated by another point in a 
given set of d-dimensional data points. A point dominates another point if it is as 
good or better in all dimensions and better in at least one dimension [20]. 

Definition 4 (Skyline). A point p = (p[1], p[2], … , p[d]) is said to dominate another 
point q = (q[1], q[2], … , q[d] iff on every dimension p[i] ≤ q[i] (for 1 ≤ i ≤ d) and 
on at least one dimension p[j] < q[j] denoted as pp q. The skyline is a set of points 
which are not dominated by any other point. 

The skyline points are computed through the skyline query. Suppose we are work-
ing the skyline for two criteria, weight and popularity. A skyline point demands a 
return of minimum value on weight and maximum value in popularity, thus a tuple is 
dominating if it has a lower value of weight and higher value of popularity than any 
other tuple. The skyline query will compare these values across the data population. 
The skyline is shown as in Fig. 1. 

Many different variations have been introduced for the skyline query, see e.g. [16, 
21]. In this paper, we base all skyline computations on the SFS (Sort Filter Skyline) 
method [22]. This method essentially pre-sorts the data points according to their 
scores obtained by a monotone function f, such that if  f(p) < f(q) then it is guaranteed 
that   pp q. In other words, the function corresponds to a topological sort with respect 
to the dominance criteria. The SFS method is generally considered as baseline in  
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Fig. 1. Example of identifying skyline points from all candidates 

benchmarking studies, hence it was suitable to demonstrate the implementation of the 
skyline query for this work.   

In the subsequent sections, we will demonstrate how the skyline approach can as-
sist in finding best process in an efficient way. The sections are presented against an 
example data set, which serves both as a motivating scenario as well as an experimen-
tal data set. We will first present the scenario and corresponding data set. We then 
present the skyline computation. In a large data set, the result of the skyline query 
may be a large number of points (instances). In order to further assist the user, we 
provide a method to rank the skyline result. Further, a user may not consider all crite-
ria as equally important, e.g. cost may be more important than currency. We will 
demonstrate that in the ranking method utilized, user preferences on criteria are fac-
tored into the final ranking.   

4.1   Scenario Description 

We present an example of a business process in use at a real business to demonstrate 
the workings of our proposed method. The business process used is a bid tendering 
and completion process of a building services consultancy in Cairns, Australia. A 
building services consultancy usually deals with organisations looking to build new 
buildings or developments, e.g. a property developer, or organisations looking to 
retrofit existing buildings with new electrical, air-conditioning and communication 
infrastructure. For example local school buildings that need to be upgraded to cope 
with additional demand caused by increased enrolment and increased computer usage. 

A bid represents a submission by the building services consultancy to an organisa-
tion looking for a contractor to undertake electrical and mechanical design work. This 
submission details what services will be rendered, and in what way. 

First, the opportunity to submit a bid must be identified. This opportunity must be 
approved by management. If this is successful, the bid document must be drafted and 
submitted to the company that requested tenders. If the bid is successful, the work 
detailed in the bid must be completed. This work is then subjected to internal quality 
assurance mechanisms before it is released to the client. The final step in the process 
is to collect payment from the client. 
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Fig. 2. Bid Tendering Process 

On the bid tendering process above, process variants might exist e.g. whether de-
sign schema is needed or not (schema is needed if the similar works were never done 
before). The design schematics activities also can be broken down into few sub activi-
ties such as design general electrical schematics, design air-conditioning schematics, 
design fire protection relay circuit, and design acoustic schematics. The design sche-
matics sub activities were recorded separately from the main execution log, and in the 
main execution log, all design schematics were recorded as one aggregated design 
schematics activity. There also exist parallel processes done while completing the 
process Client Invoice Generated and ISO Certification. Based on Fig. 2. above, an 
execution log of business process activities is collected. The result of the execution 
log shows some general data, overall process, and distributions of throughput time of 
each activity. Based on this initial data distribution on the real case study, a simula-
tion tool was built to simulate the whole business process. The simulation tool was 
built to imitate the real case scenario, where the initial data distribution has shown 
some behaviour of how performers did the tasks e.g. some users completed a particu-
lar task faster than some other users; some activities were done in relatively the same 
amount of time spent. To test the scalability of the proposed system, we have gener-
ated execution log of business processes through our simulation tool which generates 
10,000 process instances. From those 10,000 process instances, we collected 6,471 
completed processes including variants that may exist in completing the process. Only 
completed process instances are considered to be the source of knowledge as they 
represent the information on how a process instance was done.  

This record is partially shown in Table 1 below. The instance number i is repre-
sented as Si. The weight property represents the time and cost value for the process 
instance. The popularity indicates the number of instances from the same/similar 
process variant model. Note that we use an additional attribute namely Currency 
which translates the Date into a numeric value representing a range. This is required 
as an instance created today does not mean it is 7 times better compared to a one week 
old instance, nor is it 365 times better compared to a one year old instance. Hence, we 
divide the date range of the oldest and the newest on (an arbitrarily chosen range of) 
one tenth basis and give 5 as the lowest value, continued with 5.1, 5.2, and so on until 
it reaches 5.9 (based on 1/10 increment). Clearly, the Currency computation can eas-
ily be tuned to suit the temporal properties of a given application e.g to make the 
granularity larger or finer depending on how sensitive the time interval needs to be 
made.  
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Table 1. Partial CSDD of Simulated Execution Data 

Process Instance Date Currency Weight Popularity  

S1 27/10/2010 5 17.16 2273 

S2 28/10/2010 5 19.20 297 

M  M  M  M  M  
S4633 25/11/2010 5.4 18.515 2273 

M  M  M  M  M  
S9997 27/12/2010 5.9 16.79 2273 

S10000 27/12/2010 5.9 14.58 1480 

 
We then implemented the Sort First Skyline method to be applied on the simulated 

data for the 3 criteria. The execution of the skyline query identifies 8 process in-
stances as the skyline points which dominate all other points from 6472 completed 
processes, thus identifying the best tuples (instances) against the given criteria. These 
are given in Table 2. 

Table 2. Instances on the Skyline  

Process Instance Currency  Weight Popularity 

S2387 5.2 8.72309 1480 

S6176 5.6 8.98202 1480 

S7939 5.8 9.32156 1480 

S8261 5.8 8.27779 319 

S9572 5.9 9.70618 319 

S9755 5.9 10.1865 2273 

S9939 5.9 10.6003 1480 

S9953 5.9 10.7491 2273 

4.2   Criteria Preferences and Ranking 

In this section, we present a further refinement of the general method. As mentioned 
previously, in a large data set, the result of the skyline query may be a large number 
of points (instances). Thus user may not get a conclusive feedback regarding most 
relevant best instance as the recommended process. In order to further assist the user, 
we provide a method to rank the skyline result. Further, a user may not consider all 
criteria as equally important, e.g. cost may be more important than currency. There-
fore, we include user preferences on criteria in the ranking procedure. Below we first 
provide the fundamentals behind the ranking procedure and then present its working 
using the above example.  

One of the most widely used MCDM approaches is Simple Additive Weighting 
(SAW) [23], also called “vector-maximum” problem [24]. The concept is to obtain the 
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weighted summation of performance ratings on each alternative [25]. In most prob-
lems, SAW has shown an acceptable result and has a large following as it is easy to 
understand and implement [11]. The SAW method is based on the Multi-Attributive 
Decision Making (MADM) method, as defined below: 
 
Definition 5 (Multi Attributive Decision Making). Generally the multi-attribute 
decision making model can be defined as follows [24]. Let C = {cj | j = 1, ... , n} the 
criterion set and let A = {ai | i = 1, ..., m} the selected set of alternatives (in our case 
process instances). A multi criteria decision making method will evaluate m alterna-
tives Ai (i=1,2,...,m) against Cj (j=1,2,...n) where every criteria is independent of each 
other. A decision matrix, X, given as follows: 
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where xij is a rank of an alternative (process instance) i against criteria j. The prefer-
ence weight is given as W which become the variables’ coefficients for each criteria 
of interest, where W = {w1, w2, ..., wn}. The preference weight is a value which repre-
sents the relative importance of each criterion. Most approaches in MADM involve 
two basic stages; (1) scale the values of all criteria to make them comparable (nor-
malization); (2) rank ordering of the decision alternatives accordingly. 

 
Definition 6 (Simple Additive Weighting Method). To allow comparisons across 
the attributes using the SAW method, all the decision matrix elements are first com-
parably scaled (or normalized) using equation 2. 
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where rij (0 < rij < 1) is normalized rating of selected (instance) alternative against 
attribute/criteria. Each selected instance will thus have a preference value Vi, where 
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The preference value Vj indicates how to rank the (instances) alternatives. The 
higher the Vj value is, the more preferred the alternative is.  

Ranking on the Skyline: Although the SAW method provides the ability to factor in 
user preferences as well as provide a ranking on the results, it utilizes pair-wise com-
parisons which can be rather inefficient in large data sets. The implementation of the 
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skyline query allows the reduction of the search space that is the numbers of tuples to 
be considered by SAW are reduced from 6472 to 8.   

Even though some tuples among the skyline may not be of direct interest to the 
user, every best alternative with respect to the user’s implicit preferences is guaran-
teed to be present. On applying the SAW method to the 8 tuples identified through the 
skyline query, with an arbitrary defined preferences weight W = (6,3,2), the ranking 
results shown in the Table 3 are obtained. 

Table 3. Ranking on Skyline 

Instance Vj 
S9755 9.84 

S9953 9.62 

S2387 9.38 

S6176 9.35 

S7939 9.21 

S9939 8.64 

S8261 8.35 

S9572 7.50 

 

 
Using SAW implementation, we found that S9755 is the preferred alternative as it 

has the highest rank. This result is consistent with the result of SAW calculation on all 
recorded logs without skyline filtering. 

The result of the ranking is then delivered as source of recommendation in the ex-
perience driven process improvement, which will let users learn the experience given 
by the best process on how the instance were done. 

4.3   Method Evaluation 

The sorting process in SFS takes O(n log n) time, and the skyline generation based  
on the sorted list takes O(N · n) time, where n is the number of tuples in the data  
set and N is the number of attributes [21]. However, as we detailed above, skylines 
may not entirely satisfy the user’s expectations as it does not factor in user prefer-
ences and neither does it provide a ranking even though it able to select the best  
candidates. The MCDM/SAW processes can address the problem effectively. How-
ever, the SAW process will require pair-wise comparisons which for a large data set 
can be prohibitive. The approach presented above which combines the two therefore 
provides an efficient means of reaching the objective of identifying best process  
variants/instances.  

Further there is some evidence that the wide application of skyline queries warrants 
its inclusion as a standard feature in commercial  relational DBMS [26], which adds 
to the practical value of the proposed approach.  

Our study is not without limitations. There can be circumstances wherein the sky-
line query may produce an empty result, e.g. in cyclic dominance relations. In cases 
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where data is characterized as above, the efficiency gains of the approach will not be 
available for the variant ranking computation. Furthermore the developed method 
only computes a single result, which might not fit all users e.g. new users might not 
be able to use the best past practice as the reference/guidance for their current practice 
as they have not gained yet the skills and the knowledge needed to perform the rec-
ommended best practice e.g. some complex activities need to be performed only by 
those who have the knowledge (In our real case world, in the bid tendering process 
mentioned previously, a design schematic activity is considered as a complex activity 
and should be avoided by new users). A gradual learning process from novice level to 
expert level might be more suitable for new users rather than to force them to follow a 
high standard defined by expert performer as shown implicitly in the best process 
precedent. This will let users to achieve better performance which is still on their 
current capabilities.  

 

 

Fig. 3. Users’ Current Performance level 

 

Fig. 4. User’s Expected Future Performance 
level 

 

Consider both graphs shown in Fig. 3 and Fig. 4. Graph in Fig. 3 shows an exam-
ple of a scale of performance of set of alternatives (the business process instances) 
that are ranked and will work as the guidance for users to perform their activities. 
Based on standard distribution, only few users are considered as expert, and many 
users are finding them below the advanced level. A graph shown by Fig. 4 shows how 
in the future, overall performance level of users will be increased once users learn 
from the recommendation of the given best practices where we could find that more 
users are positioned well than the advanced level setup previously. 

The role of process variants is inherent in the above, as it is the variance which 
represents the diversity in user practices. Detection of not only the best variant, but 
the best variant with respect to a particular users’ current performance is a critical 
component of our approach. 

We also note that a general skyline may not be entirely useful in a circumstance 
where some user seeking precedents against specific process characteristics. For ex-
ample, a user may be specifically looking into a process where involving specific 
customers e.g. government client vs. private company client in the bid tendering proc-
ess. A further relevance refinement might need to be done to accommodate this situa-
tion. This relevance of a instance relates to specific values of key decision variables 
that influence the moment of choice [27] in the process execution. 

Lastly, we have considered four criteria in this work, and demonstrated the feasi-
bility on a simulated data set of close to a thousand instances. It is conceivable that 
various applications characterize variant precedents by further or different criteria.  
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5   Conclusion 

The availability of smart recommendation systems sensitive to user needs and behav-
iour especially on the world wide web, e.g. through meta search engines, has made 
the next generation user expectant of similar functionality from enterprise software as 
well. On the other hand, in spite of extensive induction procedures and training on 
best practices, there is evidence that (new) users may struggle to identify best course 
of action in areas of flexible practices. In this paper, we have endeavoured to match 
expectations and needs of the process user community by providing an effective and 
efficient means of capitalizing on previous practices and experiences within the or-
ganization. The proposed approach promotes intrinsic process improvement and 
change, leading to a socialization of work practice that is beneficial to both the indi-
vidual user, as well as the organization.  

Creating explicit recommendations from large data against multiple and conflicting 
criteria is a computationally hard problem. We have addressed this problem through a 
two-pronged approach that first reduces the problem space through the use of skyline 
queries and further generates user preference specific rankings through the SAW 
method, thereby achieving a holistic but efficient solution.  

A most important aspect of this approach is the criteria used in the analysis. So far 
we identified four criteria based on a survey of literature, namely cost, efficiency, 
currency and popularity. In our future work, we plan to extend the criteria in the deci-
sion-making framework, particularly for relevance filtering as described above.  
Further experiments also needed in the future by using the extended criteria set, and 
larger populations of instances in order to identify and address any scalability issues 
in the proposed approach. We also plan to provide the recommendation to individual 
user in such a way that it fits the individual user’s current level of experience. 
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Abstract. The success of most of today’s businesses is tied to the ef-
ficiency and effectiveness of their core processes. This importance has
been recognized in research, leading to a wealth of sophisticated process
optimization and analysis techniques. Their use in practice is, however,
often limited as both the selection and the application of the appropriate
techniques are challenging tasks. Hence, many techniques are not con-
sidered causing potentially significant opportunities of improvement not
to be implemented. This paper proposes an approach to addressing this
challenge using our deep Business Optimization Platform. By integrat-
ing a catalogue of formalized optimization techniques with data analysis
and integration capabilities, it assists analysts both with the selection
and the application of the most fitting optimization techniques for their
specific situation. The paper presents both the concepts underlying this
platform as well as its prototypical implementation.

Keywords: Business Process Optimization, Optimization Techniques,
Business Process Analytics, Data Mining, Tool Support.

1 Introduction

In this section, we first present the approach that is usually employed during
Business Process Optimization (BPO). Then, using the introduced approach, we
discuss the challenges that are typically encountered when transferring BPO re-
search results into practice. Finally, we show how the deep Business Optimization
Platform (dBOP) can help to close the gap between BPO research and practice.

1.1 Business Process Optimization

In the past decade, businesses have moved from tweaking individual business
functions towards optimizing entire business processes. Originally, this trend -
then called Business Process Reengineering [7] - was triggered by the growing
significance of Information Technology and the trend towards globalization. The
increasing volatility of the economic environment and competition amongst busi-
nesses has further increased its significance over the past years. Hence, the ability
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Fig. 1. Challenges for Applying BPO Research in Practice

of a business to achieve superior process performance is nowadays one of the main
sources of competitive advantage (or, in many cases, survival of the business).

To achieve this, nearly all companies have dedicated Business Process Opti-
mization (BPO) staff and frequently run large-scale optimization projects. Tech-
nically speaking, the ultimate goal of BPO is the selection of the right process
designs and the application of the most appropriate optimization techniques. To
achieve this goal, BPO efforts ideally include the following three steps:

1. Data integration: As processes are cross-functional, data pertaining to the
process can be spread over many different data sources. Hence, as a first step,
all possibly relevant data needs to be collected and integrated.

2. Data analysis: After the raw data has been collected, both the process
model and the process data need to be analyzed. This analysis can range
from the calculation of basic metrics (such as duration, cost or frequency) to
the application of data mining techniques to discover ”hidden” insights.

3. Detection and implementation of improvements: Based on the analy-
sis results, deficiencies within the process are detected. These can, e.g., relate
to the process flow, the composition of activities or the resources used during
the process execution. After assessing the deficiencies, appropriate techniques
for addressing are selected and applied to the process or its context (e.g., the
resources executing the process).

1.2 BPO Challenges

Recognizing the importance of BPO, considerable research efforts both in Com-
puter Science and Business have been made to address the challenges and com-
plexities of each of the individual BPO steps listed in the previous section. While
they have been successful in many ways of advancing the broad field of BPO,
several factors limit their usability in a BPO project.

While the details of the limiting factors are shown in Fig.1, they all can be
traced to three common root causes. First, the data integration and analysis
steps are often neglected. The optimization techniques assume that all relevant
data is contained in a single data source. Further, typically only basic analysis
techniques (such as metrics) are employed. Second, while there are plenty of
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R1: Analytics The approach needs to be able to integrate a broad range of
heterogeneous data. Its analytics capabilities need to allow for
the discovery of complex insights, even if the analyst is not
highly familiar with data mining techniques.

R2: Optimization To ensure that the most appropriate optimization techniques are
used in any given scenario, the approach needs to be able to (semi-
)automatically select and apply those techniques that match the
description of the optimization goals given by the analyst. As it is
likely that the analyst has additional knowledge about the process
context, his input needs to be considered during the optimization.

R3: Integration To facilitate adoption as well as minimize both the error rate
and the need for human intervention, the various BPO steps
need to be seamlessly integrated.

Fig. 2. BPO Usability Requirements

optimization techniques, each one is defined in isolation using a different for-
malism and/or with a different application domain in mind. This makes the
combination of different techniques challenging, as their interdependencies are
not defined and their results are sometimes not comparable. Finally, there is
little to no integration between the different BPO steps, which makes especially
the application of complex optimization techniques difficult.

1.3 The Deep Business Optimization Platform

To make BPO research work in practice, we need an approach that overcomes the
challenges discussed in the previous section. Hence, we derive the requirements
listed in Fig.2 for such an approach to be feasible.

Our deep Business Optimization Platform (dBOP) was developed with ex-
actly these requirements in mind, which is why we use it throughout this paper
as an example of how to achieve the paper’s goal. The platform, as shown in
Fig.3 consists of three integrated layers. The data integration layer handles the
integration of heterogeneous data sources, with a specific focus on the integration
of process and operational data. The integration layer is why we use the prefix
”deep” as a qualifier for the platform name. It indicates that the optimization
is based on an integrated, rather than an isolated view on the relevant data.

Based on the results of a graph analysis and knowledge about the employed
optimization patterns, the analytics layer automatically processes and analyses
the process data, both using standardized metrics and data mining techniques.
Finally, the optimization layer utilizes an optimizer engine and the optimiza-
tion patterns stored in the pattern catalogue to (semi-)automatically detect and
apply process improvements.

Many of the dBOP ’s technical details are extensively discussed in our previ-
ous work (see for instance [15], [12] and [13]). Hence, we the focus of this paper
is to show how the different components work together to increase the usability of
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BPO research results by meeting the requirements laid out in Fig.2. To that ex-
tent, this paper aims to give a balanced account of the platform’s benefits from a
user’s and practitioner’s perspective and the most salient concepts underlying it.

In Section 2, we discuss the integration and analytics capabilities and how
they help with meeting requirement R1. Building on these results, Section 3 in-
troduces both the process model and the pattern catalogue necessary for meeting
requirement R2. In Section 4, we see how all the components come together in
the prototypical implementation of the dBOP to fulfill requirement R3. After a
brief evaluation and case study in Section 5, we discuss related work in Section
6 before concluding the paper in Section 7.

2 Data Integration and Analytics

As we have seen in the previous section, the first requirement for making BPO
research work in practice is assisting the analyst with both the analysis of the
process itself as well as the associated data. Therefore, we first take a look at how
the dBOP uses data integration techniques to make sure that all relevant data
is included in the analysis. Then, we present some of the data mining techniques
employed and how they are matched to optimization techniques.

2.1 Data Integration

Broadly speaking, two different kinds of data are relevant for analyzing pro-
cesses. To achieve integration, process activities pass data between each other.
This process data is then typically stored in the audit trail database (see Fig.3).
This data is flow-oriented, i.e., it contains a complete picture of the dynamic
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Fig. 4. Data Integration Approach

properties of the process (e.g., the process paths taken, the duration of the indi-
vidual activities) but little information about the process subjects (such as the
people and the items involved in it).

During their execution, processes additionally invoke one or several appli-
cation systems which contain and generate data relevant to the process. This
operational data is frequently consolidated in a Data Warehouse. It is subject-
oriented, i.e., it contains a broad range of information about the process subjects,
but little to no information about the process flow.

For a thorough process analysis, we need to integrate both kinds of data.
During the design of the integration layer, we have found that two factors are
imperative for this effort to succeed. First, the user needs to be assisted as much
as possible with finding the most appropriate matches for integration. Second,
the matching of the schema data needs to be combined with an according Data
Warehouse structure and ETL (Extraction, Transformation, Load) [9] process.

Due to the different paradigms of process and operational data, classical
schema matching approaches like [2] are not successful at meeting the require-
ments outlined above. This is why we have developed a specific approach for
integrating operational and process data. As Fig.4 illustrates, it consists of three
steps: In the matching step, the analyst matches the attributes that he knows to
be the same, optionally (if both the process and operational data is semantically
annotated) supported by a semantic reasoner. These basic matches are then
taken in the next step and spread to other process elements according to a set of
processing rules. One of these rules, for instance, propagates the matchings along
data flow mappings (such as the one realized by <assign> statements in BPEL).
Finally, the data is consolidated into an integrated DWH, similar to the one dis-
cussed in [4] which is used as the main data source for analysis techniques [15].

2.2 Analytics

After the process and operational data have been successfully consolidated, it
can now be analyzed together with the process model to discover insights that
are useful for the optimization. The analysis is made up by four components, as
can be seen in the analysis layer in Fig.3. The first component analyses the pro-
cess model and its execution behavior as well as matching it to other available
process models. Together with the metrics calculation component, this indicates
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which areas of the process model might be interesting for further analysis. For
these areas that have been selected as potentially interesting, the data is prepro-
cessed and an in-depth analysis is performed using a suite of customized data
mining algorithms.

As the spectrum of available data mining algorithms is huge [6], selecting the
”right” algorithm is a challenging task that requires considerable analyst skills.
To address this issue, each optimization pattern is internally matched to the
suitable algorithm(s). This is exemplary shown in Fig.5 for three sample patterns.

The first pattern shown is the ”Triage” pattern [16]. It is based on the notion
that sometimes, during the execution of a certain activity, distinct variants of
this activity emerge. In the interest of transparency and the ability to optimize
the respective variants, the ”Triage” pattern splits the activity. To determine
if this pattern is applicable, the analyzer first checks if the activity’s behavior
(e.g., activity duration variance) suggests its presence. Then, a clustering algo-
rithm, applied to different subsets of the activity’s input data, tries to determine
if there are ”sufficiently different” [3] identifiable variants. If this is the case, the
pattern can be applied.

In the middle of Fig.5 we see the ”Automated Decision” pattern [11]. This pat-
tern is based on the idea that in highly repetitive processes, a common pattern
for manual decisions can be identified and the decision can hence be automated
(or supported) by a classifier. For the application of this pattern, the analyzer
first checks for all decisions in the process, if they exceed a certain duration (or
cost, depending on the goal function). If that is the case, a decision tree (or
alternatively, a multilayer perceptron [8]) for the decision is built and tested. If
it is sufficiently good (as determined by the business analyst), it can be applied.

The third pattern displayed is the ”Resource Selection” pattern. Its goal is
to select, from a pool of resources, the one resource that execute the current
activity ”best” (e.g., fastest, with the highest quality, lowest cost - see Section
3.1), which is in contrast to the usual procedure, i.e., select any available re-
source randomly. For that purpose, a multiple (linear) regression model is used
to predict the likely performance of any available resource. The one that shows
the best likely performance for the given setup is selected (assuming that other
defined constraints, such as utilization goals, are met).
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Fig. 6. dBOP Optimization Methodology

3 Optimization

In this section, we show how the dBOP uses the analysis results together with a
set of formalized process optimization techniques for the semi-automated detec-
tion and implementation of improvement opportunities . First, we introduce the
three-staged optimization approach and explain how it helps an analyst who is
using it to achieve the desired results. Then, we present the criteria that are used
to classify optimization patterns and give an excerpt of the pattern catalogue.
Finally, we provide the detailed version of a sample pattern.

3.1 Optimization Overview

Each optimization pattern changes a process in a different way and with different
effects. Further, many pattern have interdependencies that have an influence on,
e.g., their order of execution. As there are currently more than 30 patterns to
choose from, getting this right can be a daunting task for any analyst. This is
why to make the application of these patterns practical (and to meet requirement
R2 of Fig.2), we have developed the three step methodology shown in Fig.6.

In the first step, the analyst is asked to select the goal function(s) he wants to
achieve and define any constraints to apply to the optimization. In the next step,
the optimizer tries to find instances of the patterns selected based on the previous
step. This is achieved using a combination of metrics, graph analysis and data
mining techniques, as we have seen in Section 2.2. In the final step, the analyst
is presented with each pattern instance in an order that is likely to yield the
optimal results. For those that he confirms, the process is modified accordingly.

3.2 Pattern Catalogue

At the core of the optimization methodology explained in the previous section is
the pattern catalogue. In accordance with requirement R2, the pattern catalogue
- an excerpt of which we see in Fig.7 - is a consistent collection of patterns which
are mapped to a common formalism. To enable the optimizer to perform a qual-
ified selection, the patterns are classified according to a wide range of criteria.
First, each pattern is classified according to the type of changes it implements,
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as shown in Fig.7. Second, it lists whether a pattern contributes, prevents or
is indifferent towards the fulfillment of each of the optimization goals. Third,
it describes the process stage (design, execution, analysis) during which each
pattern can be applied. Fourth, it lists constraints, especially w.r.t. the execu-
tion order that should be considered when combining this pattern with other
patterns. Finally, it indicates which data (just the model, process or integrated
data) is required to run the pattern.

More details on the classification of the patterns can be found in [14] and the
next section, where we present a simplified version of the process meta-model as
well as the description of a sample pattern.

3.3 Meta-model and Pattern Example

One of the key ingredients for defining the optimization patterns is a common
process meta-model. In line with requirement R2 our main goal with regards
to the meta-model is to have a good mix of usability, proximity to common
modeling languages such as BPMN and formal reasoning power. Hence, we have
selected a graph based meta-model. The concepts presented can, of course, also
be applied with minor modification to other meta-models like Petri nets.

The meta-model is based on the process model graph presented in [10]. In
this paper we only introduce a greatly simplified version, so please see [10] and
[14] for more details.

Definition. Simplified PM Graph: A simplified PM Graph G is a tuple
(V, O, N, C, E, ι, o) in which

1. V is the finite set of process data elements (also called variables).
2. O is the finite set of operational data relevant to the process.
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Pattern 1. Activity Elimination
Specification
Goals: Time ↓ Cost ↓ Quality → Flexibility →
Stage: Design � Execution ✗ Analysis �
Data req.: Model � Process (�) Operational (�)

Detection

Require: Similarity threshold T ∈ [0, 1], Activity nodes NA of process graph G
Ensure: All found pattern instances

instances = {}
for all act ∈ NA do

for all succ ∈ Successors(act,EC) do
if SIM(act, succ) ≥ T then

instances = instances ∪ newInstance(act, succ, SIM(act, succ))
end if

end for
end for
return instances

Application

Require: Graph G, all instances, selected instance, analyst input
Ensure: The optimized (improved) process graph Gopt

Gopt = G
if confirms(instance, analyst) then

DeleteNode(inst.succ)
RemoveDependents(instances, inst)

end if
return Gopt

3. N is the finite set of process nodes which includes the set of activities NA,
the start and the end node, the termination nodes NT and the control nodes
(XOR and AND Fork/Join) NC .

4. C is the finite set of conditions.
5. E ⊆ N ∪ N ∪ C is the set of (control) connectors.
6. ι : N ∪ C ∪ {G} → ℘(V ) is the input data map, with ℘(V ) being the power

set over V.
7. o : N ∪ {G} → ℘(V ) is the output data map.

Using this meta-model, we can now define basic optimization patterns, such
as the ”Activity Elimination” pattern shown below in Pattern 1. As we can tell
from the pattern specification, the elimination of redundant activities both low-
ers the process duration and cost. The pattern can be applied during the design
and the analysis stage. It is flexible w.r.t. the employed data - the process model
is sufficient, but if process and operational data is available, it can be used to
further improve the required similarity measurement.

The idea of this pattern is that a high similarity of process activities can
be an indicator for redundancy. To find similar activities, the pattern utilizes a
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similarity function simA : NA × NA → [0, 1] [13], which measures the similar-
ity of two activities on a scale of 0 (not similar at all) to 1 (identical) - in our
experience, a threshold of 0.8 has shown a good correlation with human judg-
ment. For those activities that are found highly similar, the analyst is asked to
confirm whether they are redundant. If that is the case, the redundant activity
is removed from the process.

4 Implementation and Prototype

After the previous sections have focused on explaining the concepts underlying
the dBOP, we now take a closer look at its implementation. First, we give a brief
overview over the different component implementations. Then, we present the
dBOP Modeler in detail, as it is the core.

4.1 Implementation Overview

The implementation of the dBOP shown in Fig.8 achieves to fulfill the inte-
gration requirement R3 by ensuring that the interfaces between the different
components fit seamlessly into each other. Hence, while it is possible to use
each component individually, transferring results is possible with no or minimal
manual intervention.

The applications stack itself employs a mix of standard software and custom-
developed applications

The dBOP execution environment is built on top of IBM WebSphere. The
process execution itself occurs in IBM WebSphere Process Server, while run-time
services such as the ”Classifier” service for decision automation or the ”Resource
Manager” for resource allocation are built as enterprise applications and run on
WebSphere Application Server. Note that instead of Process Server, we can run
the process on any other BPEL (or for that matter YAWL-)compliant execution
engine by providing a custom implementation of the mapping interfaces.
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Fig. 9. dBOP Modeler Screenshot

The main component of the integration layer is the Matching Editor [15]
which implements the matching approach described in section 2.1. For storing
the integrated process and operational data, basically any sufficiently powerful
relational database is feasible - our prototype uses DB2 Enterprise.

At the heart of the analytics layer is the dBOP Analyzer. It incorporates
data preprocessing, metric calculation and data mining techniques to provide
the necessary inputs for the optimization layer. Its implementation is based on
a customized and extended version of the WEKA library [6].

The central component for the modeling and the optimization of the pro-
cesses is the dBOP Modeler that we take a closer look at in the next section.
For graph visualization and basic reasoning purposes, it uses the JGraph library
[1] - beyond that, it is a custom implementation.

4.2 dBOP Modeler

After the overview of the whole platform’s implementation in the previous sec-
tion, we now take a closer look at one of the components - the dBOP Modeler.
It is the central tool for process analysts, as it is used both for the modeling and
the optimization of business processes. To allow for intuitive usage and a quick
progression on the learning curve, the user interface, as shown in the screenshot
in Fig.9, has been designed to be as close to standard modeling tools as possible.

The basic features and options (1) of the dBOP Modeler closely resemble those
of standard modeling tools. Further, it allows the analyst to visualize analysis
results and explore the effects of different process setups. New elements can be
inserted into the model by dragging them from the element palette (2). Process
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models can be stored and loaded from the process repository (3), the contents
of which can also be used for process model matching [13]. For enhancing the
process model with data-, resource- and implementation information, additional
facilities are provided (4).

The processes themselves are displayed in the modeling pane (5). As the
dBOP Modeler is currently running in optimization mode, the modeling pane
is visualizing the currently detected ”Activity Elimination” pattern instance.
This pattern was detected by the optimization wizard shown in (6) based on the
optimization goal ”time”. It guides the analyst step-by-step through the opti-
mization approach discussed above. Its current state shows for which patterns
instances were found. Finally, before applying a pattern, the analyst gets detailed
information about the expected effects (7) and, if applicable, possible conflicts
that might arise from the application (e.g., when the ”Activity Elimination”
pattern would delete an activity whose outputs are used by a later activity).

5 Case Study and Evaluation

In this section, we briefly evaluate the dBOP in the light of the BPO require-
ments introduced in Fig.2. As the basis for our evaluation, we use the small ”Car
Rental” case study depicted in Fig.10 - the same process that can be seen in the
screenshot in Fig.9.

In the case study, the analyst wants to optimize the process time. The dBOP
hence analyses the process and the integrated DWH to find any patterns that ei-
ther reduce process time or enhance general process attributes like transparency
and manageability.

To improve transparency, the ”Decomposition” pattern is proposed to split up
the long running Select Extras activity. Further, a clustering of the Prepare Car
execution results indicates that there are two distinct variants - one for cars with
and one for cars without extras. To reduce the process duration, it is proposed to
eliminate the possibly redundant ”Enter Return Information” activity, move the
knockout condition w.r.t the car availability [18] to the earliest possible position



100 F. Niedermann and H. Schwarz

and parallelize the ”Prepare Contract” and ”Prepare Car” activities, as the one
is done by a mechanic and the other is done the rental clerk.

In this case, the analyst confirms all but the ”Decomposition” and ”Paral-
lelization” patterns, reducing both the processing time by on average 3.9 min-
utes and improving the process transparency through the ”Triage” pattern. The
”Decomposition” pattern is not applied as the analyst does not see a possibility
of sensibly splitting it. The ”Parallelization” pattern remains unused as some-
times, the customer sometimes cancels the process during the contract phase
and hence does not need the prepared car.

The case study illustrates, that the dBOP is a suitable approach for fulfilling
the requirements of Fig.2 and hence also suitable for transferring BPO research
results into practice:

R1: Analytics The dBOP automates most analytics and data integration
steps. The analyst can hence focus on the reviewing the anal-
ysis results and the process optimization itself.

R2: Optimization The patterns selection reflects the goal(s) and constraints de-
fined by the user. The optimizer considers interdependencies
between patterns. The analyst’s superior knowledge of the
process context is taken into account by leaving the decision
about which pattern is applied with him.

R3: Integration The dBOP ensures that all components work seamlessly to-
gether and that all data and instructions flow as require.
Hence, the need for manual intervention is reduced only to
those steps that can’t be automated (such as giving ”sensi-
ble” names to activities created by a split).

6 Related Work

As the dBOP main’s goal is to improve the accessibility of existing research
findings through integration, standardization and systematization, it is sensible
to distinguish in the discussion of related work between the platform as a whole
and the separate platform layers.

Looking at the dBOP as a whole, it can be seen as an application of cybernet-
ics [19] to BPO. The workflow controlling framework discussed in [21] and the
process analysis approach of [5] are somewhat similar to our platform in that
they use custom analysis tools to gain process insights. However, their data in-
tegration capabilities are limited and they lack an integrated optimization layer.

Considering the integration of heterogeneous data sources as required for the
integration layer, this is the classical domain of schema matching approaches
such as [2] which, however, struggle with the specifics of process data. The in-
tegrated DWH is similar to the one presented in [4], however, with a stronger
focus on including both process and operational data.

The analytics layer can be seen as a specific implementation of Business
Process Analytics [20]. As this relatively new field has so far not yielded too



Making Business Process Optimization Theory Work in Practice 101

many readily applicable algorithms, we however by and large rely on ”classical”
data mining and preprocessing techniques [8]. Implementation-wise, the WEKA
framework [6] is the core component used for fulfilling this layer’s tasks.

The techniques used in the optimization layer rely heavily on existing BPO
literature such as [7] and [17]. Particular important sources for our work are
existing surveys on BPO techniques such as [16] and research into particular
optimization techniques like [18]. We have used these papers as both a source
of additional patterns and leveraged some of their findings, e.g., on the different
optimization goals. Please note that the mentioned sources are only representa-
tive and by no means comprehensive, as the literature survey considered more
than hundred different computer science, manufacturing engineering and busi-
ness publications on the subject.

7 Conclusion and Future Work

This paper has argued that for making techniques derived from BPO research
findings more readily applicable in practice, an approach is needed that assists
analysts both in the selection and the application of the proper techniques.
For this purpose, we have introduced our deep Business Optimization Platform
(dBOP) that implements such an approach by mapping optimization techniques
to a common formalism and combines them with specialized data integration
and analytics capabilities. We have demonstrated how the dBOP hence em-
powers even analysts with only basic knowledge to apply sophisticated process
analysis and optimization techniques.

As our prototypical implementation of the dBOP platform is by and large
complete, our current focus is on showing its usefulness in ”real world” applica-
tion scenarios - both for providing a realistic assessment of its strenghts and a
perspective on its limitations. For that purpose, we are using two different eval-
uation modes. For showing its benefits from a BPO effectiveness perspective,
we are collaborating with several service and manufacturing companies on the
application of the dBOP to their processes. To demonstrate its benefits with
regards to analyst productivity, we are currently conducting a user study where
we analyze the effect of the various dBOP components on the outcome of the
optimization of selected sample scenarios.
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Abstract. Automated support of business processes by information
systems can be seen as state-of-the-art for many domains, such as pro-
duction planning or customer relationship management. A myriad of
approaches to the automation of business processes in these domains has
been proposed. However, these approaches are not suited for highly cre-
ative processes, as they are observed in the field of innovative product
design. These processes require a high degree of flexibility of the process
implementation. In this paper, we focus on product design processes and
propose a methodology for the implementation of supporting workflows.
In order to cope with the imposed flexibility requirements, we follow
an artifact-centric approach. Based on high-level process models, object
life-cycle models are derived. Those are manually enriched and used for
automatic generation of an executable workflow model. We also present
an implementation of our approach.

Keywords: process automation, flexibility, artifact-centric, object life-
cycles, methodology.

1 Introduction

Since process orientation has been brought forward as a paradigm for structuring
enterprises, process awareness emerged not only as an organizational principle,
but had an impact on the design of information systems, cf., [1,2]. Process-aware
information systems and workflow technology gained importance for the sup-
port of business processes in various domains [3], such as production planning
or customer relationship management. This trend was manifested in a myriad
of approaches to the automation of business processes and various standardiza-
tion efforts as, for instance, WS-BPEL [4] and the WfMC reference model [5].
However, business processes in certain domains turn out to impose requirements
on their implementation that are hard to address using common imperative
workflow technology. An example for such a setting are clinical pathways that
describe the different steps during interdisciplinary diagnosis and clinical treat-
ment of patients in a hospital [6]. Information systems supporting this kind of
processes, for instance, should allow for ad-hoc deviations of workflow instances.
As such a feature is not supported by common workflow technology, specialized
systems like the ADEPT system [7] have been developed.
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In this paper, we focus on another example for processes that require a high-
degree of flexibility of their implementation. That is, we consider the workflow
support for highly creative processes as observed in the field of innovative prod-
uct design. Although the actual design of consumer products is a manual task,
the internal treatment of design proposals follows on predefined processes. Fur-
ther, a high degree of repetition of these processes along with the need to track
design decisions suggests to support such processes with according workflow tech-
nology. Unfortunately, processes for the treatment of product design proposals
impose particular requirements on the underlying implementation, among them
state-driven execution of activities and the possibility to react to externally trig-
gered state changes of the proposals accordingly. These requirements suggest to
approach the implementation of product design processes with the case-handling
paradigm [8,9] or an artifact-driven approach [10,11]. We take up these ideas and
show how they are adapted and extended for the concrete use case of product
design processes.

Our contribution is a methodology for flexible artifact-driven automation of
product design processes. With respect to the different involved stakeholders
in product design processes, we propose two modeling perspectives to provide
easy understandable process descriptions on the one hand and detailed tech-
nical specifications on the other hand. As design processes are artifact-centric
we suggest object life-cycles for the technical specification of artifacts, while the
high-level description is defined in a process modeling notation. Furthermore, we
outline how both perspectives can be interrelated to apply consistency verifica-
tion. While we rely on existing formalisms for the description of object life-cycles,
we elaborate on object life-cycle composition and inheritance in detail. Finally,
our approach comprises the generation of an executable workflow model with a
structure that addresses the special needs of product design processes at runtime.
Hence, our methodology covers all steps from the initial design of the overall
processing to the specification of the supporting workflow. As an evaluation, we
present an implementation of our approach.

The remainder of this paper is structured as follows. Section 2 outlines the
characteristics of product design processes and defines requirements for process
automation. We describe the levels of our methodology in Section 3 and elaborate
on relations between models in Section 4. Our implementation is presented in
Section 5. Finally, we review related work in Section 6 and conclude in Section 7.

2 Processes for Innovative Product-Design

Innovation is one of the key values for the success of almost every enterprise.
Major potential for innovation lies in the process of designing new products.
To get a maximum amount of promising product proposals, as many design
processes as possible are performed. Thus, product design is a costly process
that must be supported accordingly by information systems. Dealing with these
processes involves some major challenges.
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Artifact-centric process. A design process is characterized by intensive inter-
disciplinary collaboration, which requires artifact-centric views on running pro-
cess instances. Various experts must be able to access the whole data available
for certain proposals to be able to make decisions.

Many objects. To design a product, many ideas have to be evaluated and com-
pared. Rather bad ones are rejected and resources are concentrated on promising
ones. Furthermore, a product may be a composition of many different parts that
are developed by different experts, but still influence each other.

State-driven enactment. Product design is a very creative process and must
not be restricted by the underlying information system. Only the current state
of a proposal determines the next activities, as it is very likely that certain
activities have to be performed multiple times until their outcome is a suitable
result. Besides, domain experts must be able to directly change properties of
proposals, which might trigger state changes that cannot be anticipated.

Flexibility. Even if a proposal was accepted, it is still in progress. Certain tasks
have to be performed again to incorporate new ideas and optimize the overall
result. Therefore, redoing and skipping of tasks must be under the control of
domain experts.

Impact of process environment. Product design processes may have long
durations and take place in a constantly changing business environment. That
makes it important to adapt processes fast. Additionally, changes might influence
the goals of design processes and, therefore, should have direct impact on the
execution of running process instances.

As the design process is driven by states of proposals, the actual process ex-
ecution should be specified by object descriptions. Nevertheless, process models
are helpful for the communication between stakeholders and for the specification
of how business goals should be achieved, e.g. which design methods should be
applied. Thus, a methodology for the automation of design processes should in-
volve process specifications and detailed object descriptions. To maintain these
models, which cover different perspectives and abstraction levels, methods for
consistency verification must be provided. Design processes may become very
complex as they comprise many different artifacts. A common approach to deal
with such complexity is to create various models describing different artifacts and
their behavior in different contexts. Consequently, there is the need for model
composition to be able to derive one complete process specification. Finally, pro-
cess execution must be state-based and flexible. Unforeseen external events must
have direct impact on running process instances.

3 Methodology Levels for Artifact-Driven Process
Automation

This section presents our methodology for the automation of product design pro-
cesses. The three different levels are illustrated in Fig. 1. At the highest level,
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3. Workflow Model

Fig. 1. Methodology for the automation of product design processes

business experts create high-level models (HLMs) to define how business goals of
the company have be achieved w.r.t. the design of new products. At the second
level, domain and IT experts model OLCs for all business entities involved in the
process. In addition, they create relations between HLMs and OLCs and among
OLCs, that describe similar behavior, specialization of behavior and dependen-
cies between objects. Based on such relations we provide consistency verification
for appropriate handling of frequently changing processes. The third level de-
scribes an executable workflow model that can be automatically derived from
an OLC. The workflow model has a structure that enables purely state-based
process execution and rich flexibility at runtime.

3.1 High-Level Models

Notations for business process modeling such as BPMN, EPCs, or UML activity
diagrams have become state of the art for business process discovery and de-
sign [12,13]. They provide rich tools for the definition of an ordering of activities
to achieve business goals on the one hand and role models to define responsibili-
ties for execution on the other hand. Even though product design processes are
data-driven, process models are very helpful. May it be discovery of processes,
process documentation, specification of responsibilities or adaptation to and ver-
ification of compliance rules, it turned out that process models are the most
suitable language for the communication between all involved stakeholders [2].
Therefore, we propose to start modeling product design processes with a com-
mon process description language to get an overview of the general procedure.
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For illustration purposes, we use a BPMN subset containing activities, control
nodes and edges to define such high-level models (HLMs). The restriction to a
subset is necessary to be able to reason on the relation between HLMs and OLCs.
For this subset, execution semantics are defined unambiguously by a translation
into Petri nets models, cf., [14].

3.2 Object Life-Cycles

OLCs describe all states and state transitions of an object during its life time.
States correspond to certain property sets but abstract from concrete data values,
while state transitions represent business activities that have impact on the
described object. State chart based notions like UML state machines and notions
based on Petri nets are the most popular notions to model OLCs. The main
difference between both notions is, that in a state machine an object state is
represented by a node and, following on existing work [15,16], in a Petri net an
object state is given by the marking of the net. In design processes, a product
likely consists of various objects, which are developed in parallel. This has major
impact on the respective OLCs, as it is necessary to define dependencies between
those objects for a correct and complete system specification. Therefore, we us
Petri net to define OLCs.

We interpret transitions as business activities and markings as states of an
object handled by these activities. Accordingly, the Petri net must be safe as
there is no reasonable interpretation in terms of an object state for a place of
the Petri net that is marked with more than one token. Furthermore, we adopt
the definition of OLCs introduced in [16]. An OLC has exactly one initial place
corresponding to object creation and exactly one final place corresponding to
object destruction. Each transition and each place is located on a path between
these dedicated places.

OLCs describe the behavior of single object types. We assume that decisions
at places, where alternative continuation is possible, are made based on the whole
object state. This includes decisions made earlier in concurrent paths. We assume
that potential deadlocks are avoided by the use of this information. Therefore,
we consider OLCs to be correct, if they are relaxed sound [17]. That is, every
transition has to be part of some firing sequence from the marking containing
the initial place only to the marking containing the final place only.

3.3 Workflow Model

The third level of the methodology is a workflow model that enables rich flexi-
bility during runtime and eases adaptation. The main idea behind the workflow
model is to separate activities from the restrictiveness of control-flow and to
determine execution orders purely state-based. That is, process execution is in
general determined by the given OLCs and the defined state transitions, but
the workflow model allows for deviations in terms of externally triggered state
changes. Thus, the OLCs keep maintainable as they do not have to contain all
deviations possible at runtime and business users are enabled to influence the
actual process execution by manipulating the processed business objects and



108 O. Eckermann and M. Weidlich

their states. Furthermore, unforeseen events in the business environment can be
reflected by state changes and have direct impact on the process execution. The
workflow model can be derived in an automatic transformation of an (composite)
OLC.

Transition Block

Fig. 2. Overview of the workflow model

We define the workflow model using the Coloured Petri nets formalism as it
is illustrated in Fig. 2. The Transition Block contains all implementations of
the activities performed on an object, i.e., transitions of the OLC. These transi-
tions can be executed completely independent from each other. Tokens running
through the net carry a variable that represents a current substate of the process,
e.g. a process starts with one token in the place init carrying the initial state.
According to the substate of a token, the transition OR enables transitions in
the Transition Block. Each outgoing arc of OR has an expression, that specifies
the substates where the respective transition becomes enabled. If multiple arc
expressions are true, all respective transitions are enabled and executed concur-
rently. Basically, substates correspond to places in the OLC. A place in an OLC
is either marked with zero or one token. Thus, a token in the workflow model
carrying a value x indicates that in the current marking of the OLC there would
be a token in place x. A major intention of the workflow model is to separate
control-flow restrictions from the actual execution of transitions. Therefore, we
have to mind concurrency and exclusive decisions in the transformation from an
OLC to a workflow model.

Concurrency. The concurrent execution of transitions in the workflow model
is realized by enabling these transitions at the same substate carried by a to-
ken. The synchronization of tokens is also realized independent from the actual
execution of transitions in order to keep the model flexible. Synchronization is
realized by the Token Matcher. It is a subnet, that is entered by all tokens
carrying a substate that requires synchronization. Tokens are matched pairwise.
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Synchronization of three or more tokens is realized in multiple steps. To be able
to keep track of such complex synchronizations, additional substates for tokens
are introduced during the transformation.

Exclusive decisions. Exclusive decisions need special handling as the structure
of the workflow does not allow for such decisions. Transitions, that are enabled at
same substate are executed in parallel. Therefore, exclusive decisions become ex-
plicit transitions during the transformation. They occur in the Transition Block
and produce a token with a substate that indicates which of the exclusive tran-
sitions has to be executed. Accordingly, each of the exclusive transitions has a
unique substate as its precondition (i.e. arc expression).

External Events. One important requirement for the execution of design pro-
cesses is the ability to handle unforeseen events. We propose the strict separation
of control-flow restrictions and implemented transitions as the solution. An ex-
ternal event causes an arbitrary change of data of an object involved in the
process. To be able to continue the process execution, the object must be in a
consistent state after the event happened. Therefore, the new object state must
occur in the respective OLC and can be translated into valid substates for tokens.
Consequently, an external event can be reflected by continuing process execution
with a set of tokens carrying the substates that represent the new object state.
Note that process continuation after an external event is not equal to a com-
plete rollback. Likely, such an event changes certain properties of an object, but
it will not have impact on all data that was created during former process ex-
ecution. Some transitions might be skipped when continuing process execution,
as the data they would produce is already present and still valid. Additionally,
an external event during the execution of two concurrent branches might trigger
redoing of an activity preceding the parallel split. In this case, either the split
and all succeeding activities are performed again or the execution of one branch
continues and activities of the other one are executed again, because only data
relevant for this branch has changed. To ensure the correct number of tokens in
the net at any time, the latter option is traced back to the first one by skipping
all activities that have been executed before. We propose that such skipping or
redoing of transitions is under the control of domain experts, as an execution
engine is in general not able to decide whether existing values are still valid.

4 Relations between Models

The business environment of product design processes is constantly changing.
Hence, the development of sufficient support with information systems is an
iterative process where changes are very likely. Changes induce the possibility of
inconsistencies. Therefore, we propose to relate similar parts among OLCs and
and between OLCs and HLMs and present a notion for consistency verification
based on these relations. Besides, we investigate OLC composition in this section,
which is necessary to express dependencies between different objects.
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4.1 Inheritance of Object Life-Cycles

Products are often related to others, they belong to product categories. Mem-
bers of the same category differ from each other in certain specializations. A
methodology for product design processes must reflect such specialization, to
express that similar goals are achieved in similar manner. In order to allow for
effective handling, specialization dependencies should be reflected when model-
ing OLCs. Thus, the life-cycle may be specified for a category of products first,
while it is later refined for specific product subtypes. We address this demand by
introducing a novel notion of inheritance for OLCs. Fig. 3 depicts a parent and a
child model, which we will use for illustration purposes. We assume a refinement
relation between transitions as indicated by dotted lines, i.e. the transition set
{A1′, A2′} in the child model refines the transition set {A} in the parent model.
A pair of related transition sets is called correspondence.

(a)

(b)

A B C

A1'

B'

C'

A2'

D

D'

C1 C2 C3 C4

Fig. 3. Specialization of an Object Life-Cycle

Evidently, we do not require such refinements of OLCs to be hierarchical.
This is motivated by the observation that most sequential orderings of transi-
tions are due to some data dependencies. That is, the preceding transition will
provide some data that the succeeding transition requests. During specializing
of OLCs, the single transitions might be refined into several transitions repre-
senting smaller units of functionality. Now, it is very likely that in the process
of refining transitions one will discover potential for optimization in terms of
parallelization as the data dependencies hold solely between some of the refined
transitions. Fig. 3 illustrates such a scenario. The transition B′ depends on the
data provided by A1′ but is independent from A2′. Therefore, it is not necessary
to wait until A2′ is finished to start B′.

Against this background, existing techniques for the verification of consis-
tency of an inheritance relation between two behavioral models cannot be ap-
plied. Those either require refinements to be hierarchical in terms of single-
entry-single-exit subgraphs [18] or require that the observable behavior does not
change [19,16]. Consequently, the described scenario would be considered to be
inconsistent. In order to cope with scenarios as introduced above, our notion of
inheritance allows for sequentialization and parallelization. The core idea of the
consistency notion is to check whether each ordering of transitions in the parent
model, with respect to their correspondences, is reflected by some transitions in
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the child model. That is, if there is a transition t1 in the parent model belonging
to a correspondence C1 that is always preceding a transition t2 belonging to a
correspondence C2, there must be a transition t3 ∈ C1 that always precedes a
transition t4 ∈ C2 in the child model.

Our inheritance notion is formally grounded on trace semantics. For the
model for OLCs introduced above, a complete trace is a firing sequence of
Petri net transitions leading from the initial marking to the final marking. In
Fig. 3, for instance, the child model induces the traces A1′, B′, A2′, C′, D′ and
A1′, A2′, B′, C′, D′. To decide consistency regarding to an inheritance relation
between two models, consistency between all pairs of correspondences is checked.
Consistency of a correspondence pair is decided by comparing all traces of both
models. As a correspondence is possibly complex, and therefore, transition sets
may have different cardinalities, we partition traces into sub-traces before com-
paring them.

A partitioning induced by a pair of correspondences is based on a classification
of transitions as either being interleaving, being part of one of the transition sets
without being interleaving, or being not part of any transition set. A transition
belonging to either of the transition sets is interleaving if there is another tran-
sition belonging to the other transition set and there is at least one reachable
marking where these two transitions are enabled concurrently. For our afore-
mentioned example, transitions B′ and A2′ in the lower model are interleaving
transitions, when comparing the correspondences C1 and C2.

C1 (C1,C2)

t

C1 C3

C1 C4

C1 C2

C1 C3

C1 C4Partitioning
of traces

of model (a)

C1, C2

C1, C3

C1, C4

C1, C4

C1, C3

C1, C2

Partitioning
of traces

of model (b)

C2 C3C2, C3

C2 C4C2, C4

C3 C4C2, C3

C2 C3C2, C3

C2 C4C2, C4

C3 C4C2, C3

Fig. 4. Trace partitionings of the models in
Figure 3

Fig. 4 illustrates the partitioning
of traces for all pairs of correspon-
dences defined in Fig. 3. A sub-trace is
labeled like a correspondence, if it con-
tains non-interleaving transitions be-
longing to the transition set associ-
ated to the respective correspondence.
Interleaving transitions are labeled by
ι and the label of the two respective
correspondences. Transitions that are
not part of any of the transition sets
are neglected. The index t determines
the order of the sub-traces. We con-
clude that both models show equal
trace partitionings for the pairs of cor-
respondences (C1, C3) and (C2, C3).
They are sequentially ordered without any interleaving transitions. For the pair
(C1, C2), however, both models have a different trace partitioning. While the
parent model shows a sequential ordering, the child model shows a sub-trace of
non-interleaving transitions belonging to C1 followed by a sub-trace of interleav-
ing transitions belonging to C1 and C2.

Based on such a trace partitioning we decide whether two correspondences
are consistent. Therefore, the partitionings are transformed into a representation
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that reflects implied data dependencies only. That is, all interleaving parts are
either neglected or replaced by an non-interleaving part belonging to one of the
transition sets. An interleaving part is
◦ hidden if it succeeds a non-interleaving part of one transition set and precedes

a non-interleaving part of the other transition set;
◦ replaced by a non-interleaving part C2, if it is surrounded by non-interleaving

parts of C1 and vice versa;
◦ replaced with a non-interleaving part different to the one that precedes the

interleaving part, if it is the last part of the trace;
◦ replaced with a non-interleaving part different to the one it precedes, if it is

the first part of the trace.
Traces are considered to be compatible, if they have equal trace partitionings
after this transformation. A pair of correspondences is consistent, if for each trace
in the parent model, there is a compatible trace in the child model. Two OLCs are
in a consistent inheritance relation if all pairs of correspondences are consistent.
To ensure, that an object implements the complete behavior of its parent, all
transitions of the respective parent model must be part of a correspondence with
the child model.

4.2 Composition of Object Life-Cycles

Inheritance of OLCs copes with specialization relations between products.
Products may also be related by composition relations. Many products are com-
positions of several parts with special functionality, which can be developed inde-
pendently to a certain degree. Such compositions impact also on the respective
OLCs and have to be considered when deriving one as a complete system specifi-
cation for process automation. Furthermore, we propose to specify the behavior
of a product in various OLCs that describe different aspects of the products
behavior to reduce complexity and to ease maintainability. We distinguish three
composition types.

Synchronous. Some activities in a process have impact on multiple objects. For
example, the design of intersection points between two independently developed
components is one task that affects both components. Execution of such activities
triggers state changes in both respective OLCs, and these activities likely have
preconditions regarding to all involved objects. Thus, OLCs of these components
must be composed not only to derive a complete system specification but also to
be able to verify consistent behavior. The composition is realized by identifying
and merging transitions of all involved OLCs that represent equal activities.

Asynchronous. In contrast to activities that have impact on multiple objects,
other activities require various objects to be in certain states without changing
them. That is, certain properties of one component must already be defined be-
cause they have impact on the design of other components. In terms of OLCs
this means a transition of one model is waiting for the completion of a transi-
tion of another model. Consequently, models are composed by connecting these
transitions with an additional place.
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Alternative Continuation. The OLCs of single objects may become complex,
for instance, if objects occur in various contexts where they show different be-
havior. A common approach to reduce complexity is to define several models
that describe different aspects of the behavior of the same object. These models
have certain states in common where a context change might happen. Hence,
composition is realized by merging all similar places of models describing the
same object. Composition by merging places makes sense for models describing
the same object only. If one would compose OLCs describing different objects
using a place, it would express that two different objects could reach the same
state. This is a contradiction to the semantics of a state, as it says that two
objects in equal states cannot be distinguished.

Consistent Compositions. Composing OLCs as described before leads to a
model that contradicts the definition of an object-life cycle, as it may contain
multiple initial and final places. This must be resolved by creating a new initial
and a new final place and connecting them with the initial and final places of
the OLCs describing the single components. After this transformation, compos-
ite OLCs are similar to standalone ones. Thus, the composition must be bounded
and safe, as a marking still represents a state and there is no valid interpretation
for a place with multiple tokens. Additionally, composite OLCs must always de-
scribe the aggregated behavior of all original OLCs and can optionally describe
additional behavior in terms of interaction between objects. Consequently, the
composite OLC must not contain dead transition, each transition must be part
of a trace from the initial to the final marking. Otherwise, the described behav-
ior has changed and the composite OLC is considered to be inconsistent. We
have argued before, that syntactically possible deadlocks in OLCs are avoided,
because the whole state of an object is considered in exclusive decisions. This
argument also holds for OLC compositions. Thus, a consistent composition is
relaxed sound.

In sum, OLC composition enables the structured definition of an artifact-
centric system specification. A system can easily be extended by adding OLCs
describing new aspects and adapted by editing or removing existing OLCs. Con-
sistency verification of both, single models and composite ones, can be applied
by checking for relaxed soundness. OLC compositions ease the maintainability
of large, constantly changing sets of models and provide methods to derive one
system specifications for process execution.

4.3 Relation between High-Level Models and Object Life-Cycles

HLMs and OLCs have very different modeling purposes and, therefore, are dif-
ferent views on the same process. Furthermore, they are at different abstraction
levels: while HLMs consist of the most important activities only, object-life cy-
cles give detailed information about the single states and state changes of all
involved business objects. Obviously, these models will have many differences,
but there are also some similarities, since both views describe behavior of the
same process. The similar parts of the models should not contradict in the de-
scribed behavior. We propose to specify similar parts between HLMs and OLCs
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using correspondences. Hence, activities in HLMs correspond to transitions in
OLCs. Again, correspondences might be complex, meaning they are defined be-
tween sets of activities and sets of transitions. A process likely involves several
business objects. That raises the question how to correlate multiple OLCs with
one HLM and whether it is allowed that a set of activities in a HLM corresponds
to various sets of transitions in different OLCs. This is certainly true, but using
the methods described in Section 4.2 these models can be composed to one OLC.
Transition sets corresponding to the same activity are indicating synchroniza-
tion points. Correspondences between the HLM and the composite OLC must
be non-overlapping, as the semantics of overlapping correspondences are unclear.

Section 4.1 introduced a consistency notion for OLC inheritance based on
complex correspondences. This notion is motivated by data dependencies be-
tween activities and can be applied for relating HLMs and OLCs, even though
modeling purpose and view on the process are different. In either model type
control-flow restrictions for activities are specified. As correspondences identify
similar activities, the restrictions defined for them must not contradict. To apply
the consistency notion, HLMs have to be translated to Petri net. As previously
mentioned, such a mapping for our BPMN subset is given in [14].

5 Implementation

We implemented our approach prototypically and integrated it into the Oryx
Project1. One part of the project is the Oryx Mashup-Framework. It contains
a gadget that allows to define correspondences between models. Based on these
correspondences, consistency regarding OLC inheritance can be verified. Fig. 5
depicts a parent (left), a child model (right) and four defined correspondences.
The correspondence pair c3 = ({C}, {C}) and c4 = ({D}, {D}) is inconsistent.
The parent model implies that C provides some data used in D, but in the child
model both transitions are executed concurrently without any dependency. To
visualize the inconsistency, all respective transitions have been highlighted. Cur-
rently, the implemented algorithm is restricted to sound free-choice Petri nets, i.e.
HLMs that can be mapped to sound free-choice Petri nets and sound free-choice
OLCs. By this restriction, more efficient calculation of consistency is possible,
because of the strong relation between syntax and semantics of sound free-choice
Petri nets. Besides the consistency notion, we implemented the transformation
from an OLC into a workflow model. To integrate the transformation into the
Oryx Editor, a client and a server plugin have been realized. The client plugin of-
fers the functionality to trigger the transformation for the OLC currently opened.
The server plugin realizes the transformation and responds with the generated
workflow model in a JSON representation. The workflow model can be displayed
in Oryx by creating a new Coloured Petri net and importing the JSON. Finally,
the model can be exported to CPN Tools2 for process simulation.

1 http://www.oryx-project.org
2 http://cpntools.org/

http://www.oryx-project.org
http://cpntools.org/
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Fig. 5. Transitions regarding to inconsistent correspondences are highlighted

6 Related Work

In recent years, artifact-centric design of business processes gained increasing
attention, see [10,11]. Following this methodology, the key driver of modeling
and execution are business artifacts that are specified by both, an informational
model and a life-cycle. Activities operate on artifacts and are responsible for
state changes. In contrast to such an integrated view, we propose a methodology
containing both process models and OLCs that are interrelated.

Moreover, our approach goes beyond the existing work by defining OLC hier-
archies and compositions. To this end, we introduced a notion of inheritance for
OLCs that is related to work on behavior inheritance [19,16]. The latter builds
on the notion of branching bisimilarity and adapts it to the setting of partially
corresponding models. For two behavioral models, nodes that are without coun-
terpart are either be blocked or hidden when assessing behavioral equivalence.
The notion of inheritance introduced in this paper is much weaker than the no-
tions of behavior inheritance. We argue that specialization of objects may be
non-hierarchical, so that potential sequentialization or parallelization of activi-
ties calls for a more relaxed notion of inheritance.

Regarding the composition of OLCs, our notion for synchronous composition
is related to work on the composition of UML state machines [20]. Asynchronous
composition has been investigated in the work on proclets [21]. Finally, the com-
position of alternative continuations is related to scenario-based modeling using
oclets [22]. Oclets specify intended behavior, while anti-oclets are used to express
forbidden behavior under certain preconditions. A complete process description
is derived by composing oclets at runtime. A different approach aiming for more
flexibility during process execution is the concept of pockets of flexibility [23].
These approaches mainly concentrate on reducing complexity of modeling flex-
ible (parts of) processes. We enable flexibility by allowing for not-specified exe-
cution sequences that are caused by unforeseen external events.
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Finally, techniques for adaptive process management are also related to our
work. Adaptive process management has been studied in the ADEPT project [7]
– a process management system which is able to handle changes during runtime.
The creation of consistent process structures by OLC composition is investi-
gated in [24]. They further discuss changes in the process structure in terms of
adding/deleting OLCs or dependencies between them. While these approaches
aim for easy and consistent adaption during runtime, we rather focus on flexibil-
ity. Therefore, we consider them to be complementary.

7 Conclusion

In this paper, we presented an artifact-driven methodology to automate innova-
tive product design processes. We propose two modeling perspectives: high-level
models and object life-cycles. Our contribution here is a novel consistency no-
tion that is insensitive to control-flow structures and relies on data dependencies.
The notion can be applied to ensure consistency between both perspectives and
among object life-cycles with non-hierarchical refinements.

Furthermore, we presented methods for object life-cycle composition to derive
a complete system specification. These methods ease adaption, extension and
maintainability of complex and constantly changing processes. Finally, we intro-
duced a workflow model for process execution. The novel structure of this model
enables rich flexibility by determining control-flow purely state-based. The work-
flow model is derived in an automatic transformation from an object life-cycle
into a Coloured Petri net.

In future research, we aim to extend our approach to instance correlation.
In product design it is common, that starting from one proposal a large set of
proposals with slightly different values for certain properties is created during
the design process. As these proposals do have a lot in common, they are not
handled isolated and run as a set through the process. Certain activities might
handle them equal to a single instance, i.e. the manipulated data is equal for all
instances, others will handle them as a list, for example approval tasks where
certain proposals are rejected and others are accepted.
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M.: It support for clinical pathways - lessons learned. In: Volume, M. (ed.) MIE.
Studies in Health Technology and Informatics, vol. 124, pp. 645–650. IOS Press,
Amsterdam (2006)

7. Dadam, P., Reichert, M.: The ADEPT project: a decade of research and devel-
opment for robust and flexible process support. Computer Science - R&D 23(2),
81–97 (2009)

8. Reijers, H.A., Rigter, J.H.M., van der Aalst, W.M.P.: The case handling case. Int.
J. Cooperative Inf. Syst. 12(3), 365–391 (2003)
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Abstract. Process Management Systems (PMSs, aka Workflow Manage-
ment Systems – WfMSs) are currently more and more used as a support-
ing tool to coordinate the enactment of processes. In real world scenar-
ios, the environment may change in unexpected ways so as to prevent a
process from being successfully carried out. In order to cope with these
anomalous situations, a PMS should automatically adapt the process with-
out completely replacing it. In this paper, we propose a technique, based
on continuous planning, to automatically cope with unexpected changes,
in order to modify only those parts of the process that need to be
changed/adapted and keeping other parts stable. We also provide a run-
ning example that shows the practical applicability of the approach.

Keywords: Processes, Adaptivity, Continuous Planning, Process Man-
agement Systems.

1 Introduction

Process Management Systems (PMSs, aka Workflow Management Systems) [1]
are applied to support and automate process enactment, aiming at increasing the
efficiency and effectiveness in its execution. Classical PMSs offer good process
support as long as the processes are structured and do not require much flexibil-
ity. In the last years, the trade-off between flexibility and support has become an
important issue in workflow technology [2]. If on the one hand there is a desire
to control processes and avoid incorrect executions of the processes, on the other
hand users want flexible processes that do not constraint them in their action. A
recent open research question concerns how to tackle scenarios characterized by
being very dynamic and subject to higher frequency of unexpected contingen-
cies than classical scenarios, e.g., a scenario for emergency management. There,
a PMS can be used to coordinate the activities of emergency operators within
teams. Figure 1 shows a (slightly simplified) example of a possible scenario for
the aftermath of an earthquake. The process depicts some actors that assess
an area for dangerous partially-collapsed buildings. Meanwhile others are giving
first aid to the injured people and filling in a questionnaire. In such a context,
the PMS must provide an high degree of both support and flexibility. Hence, if
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Fig. 1. A possible process to be carried on in disaster management scenarios

on the one hand it should “drive” each actor along the control flow, by guaran-
teeing that each task in the process is executed in the correct order and with a
proper termination, on the other side it should automatically react to exceptions
by adapting the process without completely replacing it. This paper proposes a
novel approach, in which continuous planning [3] is used to improve the degree of
automatic adaptation in PMSs. The technique, which constitutes an interesting
application of non-classical planning, is able to automatically adapt processes
without explicitly defining handlers/policies to recover from exogenous events.
In order to describe our approach, we make use of a declarative model named
SmartPM. Our model allows to define logical constraints and provides a proper
execution engine that manages the process routing and decides which tasks are
enabled for execution, by taking into account the control flow and the value of
variables. Once a task is ready for being assigned, the engine is also in charge
of assigning it to a proper service (which may be a human actor, a robot, a
software application, etc.). In contrast with other approaches that use planning
to handle adaptivity [4,5], our technique provides two interesting features in re-
covering failures : (i) it modifies only those parts of the process that need to
be adapted by keeping other parts stable; (ii) it is a non-blocking technique;
it does not stop directly any task in the main process during the computation
of the recovery process. The rest of the paper is organized as follows. Section 2
covers the state of the art in adaptivity in PMSs and relevant results in planning.
Sections 3 and 4 introduce the basic preliminary concepts, whereas Sections 5
and 6 illustrate both the general framework and the technique for automatically
adapting processes. Finally, Section 7 concludes the paper.

2 Related Works

The approach proposed in this paper tackles the problem of automatic adaptivity
in PMSs by using techniques devised from the planning community. Adaptivity
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Table 1. Features provided by the leading PMSs to manage adaptation

Product Manual Pre-planned Unplanned

YAWL [6] �
DECLARE [2] �
OPERA [7] � �
ADEPT2 [8] �
ADOME [9] �
AgentWork [10] �
ProCycle [11] �
WASA [12] �
SmartPM + Continuous Planning �

in PMSs concerns the capability to face exceptional changes, which are char-
acterized by events, foreseeable or unforeseeable, during the process instance
executions which may require instances to be adapted in order to be carried
out. There are two ways to handling exceptional events: manual (once events
are detected, a responsible person, expert on the process domain, modifies man-
ually the affected instances) or automatic (when exceptional events are sensed,
PMS is able to change accordingly the schema of affected instances in a way
they can still be completed). In the range of automatic adaptation, we can dis-
tinguish between two further categories: pre-planned adaptation (i.e., for each
kind of failure that is envisioned to occur, a specific contingency process is de-
fined a priori) and unplanned adaptation. In the latter case, process schemas
are defined as if failures could never occur; there is a monitor which is contin-
uously looking for the occurrence of failures. When some of them occur, the
process is automatically adapted to mitigate the effects. The difference with the
pre-planned adaptation consists in that there exist no pre-planned policies, but
the policy is built on the fly for the specific occurrence. Over the years, a mul-
titude of adaptive PMSs (either commercial or research proposals/prototypes)
have been developed. Table 1 compares the degree of adaptability to exceptional
changes that is currently provided by the leading PMSs (either commercial or
research proposals/prototypes). Among them, interesting approaches are Pro-
Cycle [11] and ADEPT2 [8]. The first uses a case-based reasoning approach to
support adaptation of workflow specifications to changing circumstances. Case-
based reasoning (CBR) is the way of solving new problems based on the solutions
of similar past problems: users are supported to adapt processes by taking into
account how previously similar events have been managed. However, adaptation
remains manual, since users need to decide how to manage the events though
they are provided with suggestions. ADEPT2 features a check of “semantic” cor-
rectness to evaluate whether events can prevent processes from completing suc-
cessfully. But the semantic correctness relies on some semantic constraints that
are defined manually by designers at design-time and are not inferred, e.g., over
pre- and post-conditions of tasks. Pre-planned approaches to exceptional changes
(a.k.a. exceptions) are often based on the specification of exception handlers and
compensation flows [7], with the challenge that in many cases the compensation
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cannot be performed by simply undoing actions and doing them again. Our ap-
proach is complementary with regard to this literature, and leverages on it for
dealing with exceptional changes that can be pre-planned. The novelty is that
we propose, in addition to incorporating the previous techniques in a PMS, also
to consider automatic adaptation to unplanned exceptions.

2.1 Planning Algorithms

Planning systems are problem-solving algorithms that operate on explicit repre-
sentations of states and actions. The standard representation language of classi-
cal planners is known as the Planning Domain Definition Language [13] (PDDL);
it allows to formulate a problem through the description of the initial state of
the world, the description of the desired goal and a set of possible actions. An
action definition defines the condition under which an action can be executed,
called pre-conditions and its effects on the state of the world, called effects. The
set of all action definitions represents the domain of the planning problem. A
planner that works on such inputs generates a sequence of actions (the plan) that
leads from the initial state to a state fulfilling the goal. The code in Figure 2b
depicts the PDDL representation of the task go(i) (it is the first task defined
in each branch of the process in Figure 1) that instructs a service c to move
towards the destination denoted by i. Continuous Planning [3] refers to the pro-
cess of planning in a world under continual change, where the planning problem
is often a matter of adapting to the world when new information is sensed. A
continuous planner is designed to persist indefinitely in the environment. Rather
than thinking of the planner and execution monitor as separate processes, one
of which passes its results to the other, we can think of them as a single process.
In order to validate our approach, we make use of a continuous planner working
on top of UCPOP planner [14].

3 Preliminaries

In this paper, we use the situation calculus (SitCalc) to formalize adaptation in
PMSs. The SitCalc is a second-order logic formalism designed for representing
and reasoning about dynamic domains [15]. In the SitCalc, a dynamic world is
modeled as progressing through a series of situations as a result of various actions
being performed. A situation represents a history of actions occurred so far. The
constant S0 denotes the initial situation, and a special binary function symbol
do(a, s) denotes the next situation resulting from the performance of action a
in situation s. Conditions whose truth value may change are modeled by means
of fluents. Technically, these are predicates taking a situation term as their last
argument. Fluents may be thought of as “properties” of the world whose values
may vary across situations. Changes in fluents (resulting from executing actions)
are specified through successor state axioms. In particular for each fluent F we
have a successor state axioms as follows:

F (−→x , do(a, s)) ⇔ ΓF (−→x , a, s) (1)
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Table 2. IndiGolog constructs

Construct Meaning
a A primitive action.
σ? Wait while the σ condition is false.
(δ1; δ2) Sequence of two sub-programs δ1 and δ2.
proc P (−→v ) δ Invocation of a IndiGolog procedure δ passing a vector −→v of parameters.
(δ1|δ2) Non-deterministic choice among (sub-)program δ1 and δ2.
if σ then δ1 else δ2 Conditional statement: if σ holds, δ1 is executed; otherwise δ2.
while σ do δ Iterative invocation of δ.
(δ1 ‖ δ2) Concurrent execution.
δ∗ Non-deterministic iteration of program execution.
πa.δ Non-deterministic choice of argument a followed by the execution of δ.
〈σ → δ〉 δ is repeatedly executed until σ becomes false, releasing control to anyone

else able to execute.
send(Υ,−→v ) a vector −→v of parameters is passed to an external program Υ .
receive(Υ, −→v ) a vector −→v of parameters is received by an external program Υ .

where ΓF (−→x , a, s) is a formula with free variables fully capturing the truth-value
of fluent F on objects −→x when action a is performed in situation s. Besides
successor state axioms, SitCalc is characterized by action precondition axioms,
which specify whether a certain action is executable in a situation. Action pre-
condition axioms have the form:

Poss(a, s) ⇔ Πa(s) (2)

where the formula Πa(s) defines the conditions under which the action a may be
performed in the situation s. In order to control the execution of actions we make
use of high level programs, expressed in Golog-like programming languages. In
particular we focus on IndiGolog [16], a programming language for autonomous
agents that sense their environment and act as they operate. The programmer
provides a high-level nondeterministic program involving domain-specific actions
and tests to perform the tasks. The IndiGolog interpreter reasons about the
preconditions and effects of the actions in the program to find a legal terminating
execution. To support this, the programmer provides a SitCalc theory, that is a
declarative specification of the domain (i.e., primitive actions, preconditions and
effects, what is known about the initial state) in the situation calculus. IndiGolog
is equipped with standard imperative constructs (e.g., sequence, conditional,
iteration, etc.) as well as procedures and primitives for expressing various types
of concurrency and prioritized interrupts. The Table 2 summarizes the constructs
of IndiGolog used in this work. Basically, these constructs allow to define every
well-structured process as defined in [17]. Let’s focus on the interrupt construct:

〈 σ → δ 〉 def= while Interrupts running do
if σ then δ else false endIf
endWhile

To see how this works, first assume that the special fluent Interrupts running
is identically true. When an interrupt 〈σ → δ〉 gets control from higher priority
processes, suspending any lower priority processes that may have been advanc-
ing, it repeatedly executes δ until σ becomes false. Once the interrupt body
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δ completes its execution, the suspended lower priority processes may resume.
The control release also occurs if σ cannot progress (e.g., since no action meets
its precondition). The interrupt construct allows IndiGolog to provide a formal
notion of interleaved planning, sensing, and action. Roughly speaking, an online
execution of a program finds a next possible action, executes it in the real world,
obtains sensing information afterward, and repeats the cycle until the program
is finished. The fact that actions are quickly executed without much deliberation
and sensing information is gathered after each step makes the approach realis-
tic for dynamic and changing environments. Finally, IndiGolog provides flexible
mechanisms for interfacing with other programming languages such as Java or
C, and for socket communication. For our convenience, we have defined here
two more abstract constructs to send/receive parameters as well as values with
external programs, defined out of the range of the IndiGolog process. For more
details about the communication between IndiGolog and external programs, we
refer the reader to [16].

4 Process Formalization in Situation Calculus

When using IndiGolog for process management, we take tasks to be predefined
sequences of actions and processes to be IndiGolog programs. The monitoring of
the process execution is in charge of SmartPM, our declarative PMS deployed by
using the IndiGolog interpreter. It drives the task assignment to services involved
in the process execution and repairs the process if it is invalidated. To denote
the various objects of interest, we make use of the following domain-independent
predicates (that is, non-fluent rigid predicates):

– Service(c): c is a service;
– Task (t): t is a task;
– Capability(b): b is a capability;
– Provides(c, b): service c provides the capability b;
– Requires(t, b): task t requires the capability b.

To refer to the ability of a service c to perform a certain task t, we introduce
the following abbreviation:

Capable(c, t) def= ∀b.Requires(t, b) ⇒ Provides(c, b). (3)

That is, service c can carry out a certain task t iff c provides all capabilities
required by the task t. The life-cycle of a task involves the execution of four
basic actions:

– assign(c, t, i, p): a task t with input i is assigned to a service c. p denotes the
expected output that t is supposed to return if its execution is successful;

– start(c, t): service c is notified to start task t;
– ackCompl(c, t): service c acknowledges of the completion of task t;
– release(c, t, i, p, q): service c releases task t, executed with input i and ex-

pected output p, and returns an output q.
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Fig. 2. a) The life cycle and b) the PDDL representation of the task go

The terms i, p and q denote arbitrary sets of input/output, which depend on the
specific task. The actions performed by the process need to be “complemented”
by other actions executed by the services themselves. The following are used to
inform the PMS engine about how tasks execution is progressing:

– readyToStart(c, t): service c declares to be ready to start performing task t;
– finishedTask(c, t, q): service c declares to have completed the execution of

task t with output q.

Figure 2a depicts the protocol for a successful execution of a generic task go(i),
that instructs a service c to move towards the destination denoted by i = destB.
Note that we suppose to work with domains in which services, tasks, input and
output parameters are finite. The formalization of processes in IndiGolog requires
two distinct sets of fluents. A first set includes those “engine fluents” that the
PMS uses to manage the task life-cycle of processes (for the sake of brevity,
here we omit their specification). The second set concerns such fluents used to
denote the data needed by process instances; their definitions depends strictly
on the specific process domain of interest. These “data fluents” can be used to
constrain the task assignment, to record the outcome of a task and as guards
into the expressions at decision points (e.g., for cycles, conditional statements).
So, if X is a process variable meant to capture the outcome of a (specific) task
T , then a SitCalc theory shall include a data fluent X ϕ

1 with the following
successor state axiom:

X ϕ(i, do(a, s)) = q ≡(∃c, p. a = release(c, T, i, p, q)
) ∨(

X ϕ(i, s) = q ∧ ¬∃c, p, q′. a = release(c, T, i, p, q′) ∧ (q′ �= q)
)
.

(4)

The value of X ϕ is changed to value q when one of the corresponding tasks
finishes with output q. The formalization allows also to define tasks whose as-
sociated data fluents can be customized in according to the process needs. For
example, one can require some fluents defined for each service c in the formal-
ization. This is the case of the task go(i), just introduced above. The fluent Atϕ

1 Sometimes we use arguments-suppressed formulas, i.e., formulas with all arguments
suppressed (e.g. X ϕ denotes the arguments-suppressed expression for X ϕ(i, s)).
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is meant to capture the new position q of the service c in the situation s after
the execution of go(i).

Atϕ(c, do(a, s)) = q ≡(∃i, p. a = release(c, go, i, p, q)
) ∨(

Atϕ(c, s) = q ∧ ¬∃i, p, q′. a = release(c, go, i, p, q′) ∧ (q′ �= q)
)
.

(5)

As far as it concerns the task assignment, it is driven by the special fluent
Free(c, s), which states if a service c is available in situation s for task assignment:

Poss(assign(c, t, i, p), s) ⇔ Capable(c, t) ∧
Free(c, s) ∧ (X ϕ,1 ∧ ... ∧X ϕ,m). (6)

A task t can be assigned to a service c iff c is Free and is Capable to execute
t. Moreover, values of data fluents X ϕ,j (where j ranges over {1..m}) possibly
included in the axiom should be evaluated.

Example 1. Consider the process instance depicted in Figure 1. In order to rep-
resent pre- and post-conditions of each task defined in the control-flow, the
following data fluents are needed : (i) Atϕ(c, s) stores the location in which the
service c is located in situation s; (ii) SurveyOKϕ(d, s) is true in situation s if a
survey concerning injured people at destination d has been successfully filled and
forwarded to the headquarter; (iii) PhotoOK ϕ(d, s) is true if the pictures taken
in location d are judged as having a good quality; (iv) RescueOKϕ(d, s) is true
if injured people in area d have been supported through a medical assistance.

5 General Framework

Before a process starts its execution, the PMS takes the initial context from
the real environment and builds the knowledge base corresponding to the initial
situation S0. In S0 every service is assumed as free. As far as data fluents, their
initial value should be defined manually at design-time, since they depend on
the specific domain. The PMS also builds an IndiGolog program δ0 correspond-
ing to the process to be carried on. For simplicity, we consider for the discussion
only well-formed processes as defined in [17]. Process adaptivity can be seen as
the ability of PMS to reduce the gap from the expected reality – the (idealized)
model of reality that is used by the PMS to deliberate – and the physical real-
ity, the real world with the actual values of conditions and outcomes. Roughly
speaking, the PMS should be able to find a recovery process δh that repairs δ0

and remove the gap between the two kinds of reality. A first approach in this
direction was developed in [18]. That approach synthesizes a linear process δh

(i.e., a process constituted only by a sequence of actions) inserted at a given
point of the original process – exactly the point in which the deviation is iden-
tified. In more details, let’s assume that the current process is δ0 = (δ1; δ2) in
which δ1 is the part of the process already executed and δ2 is the part of the
process which remain to be executed when a deviation is identified. Then the
technique devised in [18] synthesizes a linear process δh that deals with the
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deviation; the adapted process is δ′0 = (δ1; δh; δ2). However, whenever a process
needs to be adapted, every running task is interrupted, since the “repair” se-
quence of actions δh = [a1, . . . , an] is placed before them. Thus, all the branches
can only resume execution after the repair sequence has been executed. A slight
improvement to the last approach was devised in [19], where the technique is
refined by “assuming” concurrent branches as independent (i.e., neither working
on the same variables nor affecting some conditions). If independent, it allows to
automatically synthesize a linear recovery process such that it affects only the
branch interested in the deviation. Hence, if the current process is δ0 = (δ1||δ2)
and the branch δ2 breaks, the approach proposed in [19] synthesizes a recovery
process δh such that the adapted process is δ′0 = (δ1||(δh; δ2)). Note that also
this last approach needs to block the execution of the main process δ0 until the
building of the recovery process δh is completed.

The technique proposed in this paper tries to overcome the above limitations
by introducing a non-blocking repairing technique. The idea is to build the recov-
ery procedure δh in parallel with the execution of the main process δ0, avoiding
to stop directly any task in the process. Once ready, δh will be inserted as a
new branch of δ0 and will be executed in concurrency with every other task.
Let’s now detail how the proposed technique works. We start by formalizing the
concepts of physical reality and expected reality.

Definition 1. A physical reality Φ(s) is the set of all data fluents Xϕ,j (where j
ranges over {1..m}) defined in the SitCalc theory. Hence, Φ(s) =

⋃
j=1..m{Xϕ,j}.

The physical reality Φ(s) captures the values assumed by each data fluent in
the situation s. Such values reflect what is happening in the real environment
whilst the process is under execution. However, the PMS must guarantee that
each task in the process is executed correctly, i.e., with an output that satisfies
the process specification. For this purpose, the concept of expected reality Ψ(s)
is needed. For each fluent X ϕ, we introduce a new expected fluent X ψ that is
meant to record the “expected” value of X after the execution of a task T . The
successor state axiom for this new fluent is straightforward:

X ψ(i, do(a, s)) = p ≡(∃c, q. a = release(c, T, i, p, q)
) ∨(

X ψ(i, s) = p ∧ ¬∃c, p′, q. a = release(c, T, i, p′, q) ∧ (p′ �= p)
)
.

(7)

It states that in the expected reality a task is always executed correctly and forces
the value of X ψ to the value of the expected output p.

Definition 2. An expected reality Ψ(s) is the set of all expected fluents Xψ,j

(where j ranges over {1..m}) defined in the SitCalc theory. Hence, Ψ(s) =⋃
j=1..m{Xψ,j}.

A recovery procedure is needed if the two realities are different from each other,
i.e., some tasks in the process failed their execution by returning an output
q whose value is different from the expected output p. Since the PMS has to
guarantee that each task is executed correctly, if a discrepancy occurs it derives



Continuous Planning for Solving Business Process Adaptivity 127

a flow of repairing actions that turns the physical reality into the expected reality.
Formally, a situation s is known as Relevant - candidate for adaptation - iff :

Relevant(δ0, s) ≡ ¬SameState(Φ(s), Ψ(s)) (8)

Predicate SameState(Φ(s), Ψ(s)) holds iff the states2 denoted by Φ(s) and Ψ(s)
are the same. Each task defined in δ0 affects (or is affected by) only a finite
number of fluents. This means that each task is interested only in that fragment
of reality it contributes to modify.

Definition 3. A task T affects a data/expected fluent X iff ∃c, i, p, q, a s.t. a =
release(c, T, i, p, q) and X(i, do(a, s)) ⇔ ΓX(i, a, s) (cf. equation 1). We denote
it with T 
 X.

Definition 4. A task T is affected by a data/expected fluent X iff ∃c, i, p, a s.t.
a = assign(c, T, i, p) and X ∈ Πa(s) (cf. equation 2). We denote it with T � X.

The two latter definitions allow to state a new further definition of Φ(s) and
Ψ(s), whose range can be limited to a specific task T .

Definition 5. Given a specific task T, a T-limited physical reality Φ|T (s) is the
set of those data fluents Xϕ,j (where j ranges over {1..m}) such that T 
 Xϕ,j

or T � Xϕ,j. We denote these fluents as Xϕ|T . Hence, Φ|T (s) =
⋃

j=1..m{Xϕ,j|T }
and Φ|T (s) ⊆ Φ(s).

Definition 6. Given a specific task T, a T-limited expected reality Ψ |T (s) is the
set of those expected fluents Xψ,j (where j ranges over {1..m}) such that T 
Xψ,j

or T �Xψ,j. We denote these fluents as Xψ|T . Hence, Ψ |T (s) =
⋃

j=1..m{Xψ,j|T }
and Ψ |T (s) ⊆ Ψ(s).

From definitions 5 and 6, the following one stems :

Definition 7. Let T1, ..., Tn all tasks defined in the SitCalc theory. A physical
(expected) reality Φ(s) (Ψ(s)) is the union of all T-limited physical (expected) re-
alities that hold in situation s : Φ(s) =

⋃
i=1..n Φ|Ti(s) (Ψ(s) =

⋃
i=1..n Ψ |Ti(s)).

Now, the predicate Relevant can be refined in a way that focuses on a specific
task T :

RelevantT (δ0, s) ≡ ¬SameState(Φ|T (s), Ψ |T (s)) (9)

Our framework is able to capture - and to recover from - two different kinds
of task failure. An internal failure is related to the failure in the execution of
a task, i.e., the task does not terminate, or it is completed with an output
that differs from the expected one. Example 2 shows such a case. An external
failure is represented as an exogenous event e, given in input by the external
environment, that forces a set of data fluents to assume a value imposed by the

2 Given a situation s and a set
−→
F of fluents, a state(

−→
F (s)) is the set composed

by the values - in s - of each fluent Fj that belongs to
−→
F . Hence, state(

−→
F (s))

=
⋃

j=1..m{Fj} s.t. Fj ∈ −→
F .
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event itself. Such a new value could differ from the expected one, by generating
a discrepancy between the two realities. In order to capture the effects of e, the
process designer has to refine the successor state axiom of those fluents whose
value can be affected by e. An example of how to catch an exogenous event is
shown in the following section.

Example 2. Consider the process instance depicted in Figure 1. Let’s suppose
that the PMS assigns the task go(destB) to the service srvc. Assume that srvc,
instead to reach destB, ends the execution of the task go in destZ . Then, after
the release action is executed, the fluent Atϕ takes the value destZ . But this
output does not satisfy the expected outcome. The expected output p = destB
is stored in the fluent Atψ ; it generates a discrepancy between Φ|go(s) and
Ψ |go(s). This means that the Relevantgo(δ0, s) holds, and the main process δ0

needs to be adapted.

6 The Repairing Technique

We now turn our attention to how adaptation is meant to work in our approach.
Before starting the execution of the process δ0, the PMS builds the PDDL rep-
resentation of each task defined in the SitCalc theory and sends it to an external
planner that implements the POP algorithm. In Figure 3, we show how the PMS
has been concretely coded by the interpreter of IndiGolog. This framework can be
viewed as a dynamic system in which the PMS continually generates new goals in
response to its perceptions about physical reality. The main procedure involves
three concurrent programs in priority. At a lower priority, the system runs the
actual IndiGolog program representing the process to be executed, namely proce-
dure Process. This procedure relies, in turn, on procedure ManageExecution,
which includes task assignment, start signaling, acknowledgment of completion,
and final release. The monitor, which runs at higher priority, is in charge of mon-
itoring changes in the environment and adapting accordingly. The first step in
procedure Monitor checks whether fluent RealityChanged holds true, meaning
that a service has terminated the execution of a task or an exogenous (unex-
pected) action has occurred in the system. Basically, the procedure Monitor is
enabled when the physical or the expected reality (or both) change. If it hap-
pens, the monitor calls the procedure IndiPOP, whose purpose is to manage
the execution of the external planner by updating its initial states and expected
goals according with changes in the two realities. IndiPOP first builds the two
sets Start (the initial state) and Finish (the goal), by making them equal respec-
tively to Φ(s) and Ψ(s). As far as concerns the initial state, it will include, for
each task t and service c defined in SitCalc theory, the values of Capable(c, t) and
of Free(c, s) in addition to the values of data fluents. Then IndiPOP catches
the partial plan planp (that has the form of a set of partial ordering constraints
between tasks; it is empty if no failure has happened yet) built till that mo-
ment by the external planner and updates it with the new sets Start and Finish.
Such updating finds something about planp that needs fixing in according with
the new realities. Since planp has been built working on old values of the two
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Proc Main()
1 〈RealityChanged ∧ ¬Finished → [Monitor()]〉.
2 〈Recovered ∧ ¬Finished → [UpdateProcess()]〉.
3 〈true → [Process(); finish]〉.

Proc UpdateProcess()
1 receive(Planner, planh).
2 Convert(planh, δh).
3 Update(δ0, (δ0||δh)).
4 resetReality .
5 resetRecovery .

Proc Monitor()
1 IndiPOP().
2 resetRealityChanged.

Proc IndiPOP()
1 Start = Φ(s) ∪ {⋃i=1..k,j=1..n{Capable(ci, tj)}} ∪ {⋃i=1..k{Free(ci, s)}}.

2 Finish = Ψ(s).
3 receive(Planner, planp).
4 send(RemoveConflicts, [planp, Start, F inish]).
5 receive(RemoveConflicts, planu).
6 send(Planner, [planu, Start, F inish]).

Proc ManageExecution(Task, Input, ExpectedOutput)
1 π(Srvc).assign(Srvc, Task, Input, ExpectedOutput).
2 start(Srvc, Task).
3 ackCompl(Srvc, Task).
4 release(Srvc, Task, Input, ExpectedOutput, RealOutput).

Fig. 3. A fragment of the core procedures of the IndiGolog PMS

realities, it is possible that some ordering constraints between tasks are not valid
anymore. This causes the generation of some conflicts, that need to be deleted by
planp through the external procedure RemoveConflicts. Basically, IndiPOP
can be seen as a conflict-removal procedure that revises the partial recovery
plan to the new realities. At this point, planu (that is, planp just updated, i.e.,
without conflicts) is sent back to the external planner together with the sets
Start and Finish. The external planner can now restore its planning procedure.
Note that if the predicate Relevant(s) holds, meaning that a misalignment be-
tween the two realities exists, the PMS tries to continue with its execution. In
particular, every Ti whose T-limited expected reality Ψ |Ti(s) is different from
the T-limited physical reality Φ|Ti(s) could not more proceed with its execution.
However, every task Tj not affected by the deviation can advance without any
obstacle. Once sent the sets of fluents composing the two realities to the external
planner, the monitor resets the fluent RealityChanged to false, and the control
passes to the process of interest (i.e., program Process), that may again exe-
cute/advance. When the external planner finds a recovery plan that can align
physical and expected reality, the fluent Recovered is switched to true and the
procedure UpdateProcess is enabled. Now, after receiving the recovery process
δh from the planner, the PMS updates the original process δ0 to a new process
δ′0 that, respect to its predecessor, has a new branch to be executed in parallel;
such branch is exactly δh. It contains all that tasks able to repair the physical re-
ality from the discrepancies (i.e., to unblock all that tasks stopped in δ0 because
their preconditions did not hold). Note that when δh is merged with the original
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process δ0, the two realities are still different from each others. Therefore, the
PMS makes them equal by forcing Ψ(s) to the current value of Φ(s). This because
the purpose of δh, after that all recovery actions have been executed, is to turn
the current Φ(s) into Ψ(s′), where s′ is that situation reached after the execution
of recovery actions. Let us now formalize the concept of strongly consistency
for a process δ0.

Definition 8. Let δ0 be a process composed by n tasks T1, .., Tn. δ0 is strongly
consistent iff:

– Given a specific task T and an input I, �c, c′, p, p′, q, q′, a, a′ s.t.
a = release(c, T, I, p, q) ∧ a′ = release(c′, T, I, p′, q′) ∧ (p �= p′).

– ∀j ∈ 1..m, �(Ti, Tk)i
=k s.t.(Ti 
 Xϕ,j ∧ Tk 
 Xϕ,j).

Intuitively, a process δ0 is strongly consistent if a specific task, executed on a
given input, cannot return different values for its expected output; moreover,
the above condition holds if do not exist two different tasks that affect the same
fluent. For strongly consistent processes, we can state the concept of goal :

Definition 9. Given a strongly consistent process δ0, composed by n tasks T1, ...,
Tn, the goal of δ0 can be defined as the set of all expected fluents Xψ,j that are
affected by T1, ..., Tn. Hence, Goal(δ0) = {Xψ,j s.t. ∃i1..n.(Ti 
 Xψ,j)}.
After a recovery procedure δh, Goal(δ0) ⊆ Goal(δ0||δh) , since the recovery pro-
cedure can introduce new tasks with respect to the original process δ0. Anyway,
the original Goal(δ0) is preserved also after the adaptation procedure.

Theorem 1 (Termination). Let δ0 be a strongly consistent process composed
by a finite number of tasks T1, ..., Tn. If δ0 does not contain while and iteration
constructs (cf. Table 1), and the number of exogenous events is finite, then the
core procedure of IndiGolog PMS terminates.

We want to underline that the termination cannot be guaranteed if δ0 contains
loops or iterations, since potentially the two realities could indefinitely change.
The same is true if the number of exogenous events is unbounded.

Example 3. Suppose that the process depicted in Figure 1 starts its execution
and reaches a situation s where some tasks have been completed by returning
their expected outputs. In particular, suppose that the left branch of the pro-
cess has been completely executed, by obtaining PhotoOKϕ(destA, s) = true and
PhotoOK ψ(destA, s) = true, whilst the other tasks are still under execution. We
have defined an exogenous event photoLost(d) where d is a specific location. Such
an exogenous event models the case when some photos, previously taken in d, get
lost (e.g., due to the unwilling deletion of some files). Consequently, if the exoge-
nous event photoLost(destA) occurs, its effect is to force PhotoOK ϕ(destA, s) in
the new situation s to be false, whilst PhotoOK ψ(destA, s) continues to hold.
This means that Relevant(δ0, s) ≡ ¬SameState(Φ(s), Ψ(s)) and that the PMS
should find a recovery program which restores the previous value for the flu-
ent PhotoOK ϕ. For this purpose, the PMS invokes the external planner. While
the planner starts to build the recovery process, let us see the case in which,
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Fig. 4. The process in Figure 1 just fixed with a new repairing branch

in the meanwhile, the task go(destB) terminates with a different output by the
expected one. In particular, suppose that the service srvc2, that is executing
go(destB), reaches destZ instead of destB. Hence, we have different values for
Atϕ(srvc2, s′) and Atψ(srvc2, s′). Again, the PMS invokes the external planner
by obtaining the partial plan planp built till that moment and verifies if it needs
to be fixed according with new values of the two realities. If no conflicts are
individuated, the PMS sends back planp to the planner together with the infor-
mation about the initial state and the goal, updated to situation s′. Note that
in situation s′ the task survey cannot proceed because one of its preconditions
does not hold. When the planner ends its computation, it returns the recovery
process δh, that can be executed in concurrency with δ0 (see the right-hand side
of Figure 4) by preserving its original goal.

7 Conclusions

In this paper, we advocated the use of a declarative model named SmartPM for
automatic process adaptation based on continuous planning. If an unexpected
deviation is detected, a recovery process will be built and executed in parallel
to the main process. The non-blocking repairing technique enables to reach all
goals that would have been reached in the original process. Future works will
include an extensive validation of the approach with real collaborative processes
and will face the drawbacks provided by the use of continuous planning, such as
the risk to introduce data inconsistency when repairing.
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Abstract. Processes modeling and execution (with a process engine) are
getting more and more incorporated in todays business environments.
This movement puts a lot of stress on classical process engines which
have to coordinate many process instances simultaneously. Performance
degrades quickly as the number of process instances increases, and a
single point of failure is introduced by using a central process execu-
tion engine. In this paper, we address these challenges by providing a
non-intrusive approach to distribute a process flow and have the flow
executed by multiple, smaller process engines. We pay special attention
to flexibility of the eventual distributed execution, since process change
is costly in a distributed environment. We demonstrate the feasibility of
our approach by providing an implementation of the transformation and
execution architecture, and demonstrate the lower cost of process change
that is achieved when using a flexible process runtime architecture.

1 Introduction

Process-aware information systems (PAISs) are becoming more and more inte-
grated in todays business environments [1]. Companies are aware of the running
processes in their organization, where they analyze, model and execute these
processes. Together with Service Oriented Architectures, these processes can be
executed automatically by a process engine. Executing a process logic means
coordinating the described work, invoking the correct services, adding tasks to
the inbox of task managers, and choosing the correct control flow paths [2].

In classical process execution architectures, one process engine is responsible
for the execution of one (designed) process model. However, the higher use and
incorporation of processes in todays businesses means that one process engine
has to handle a significant amount of process instances simultaneously. This
puts a high pressure on the process engine, and performance degrades quickly as
the number of process instances increases [3,4]. Alongside degradation of the
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performance, centralized execution also adds a single point of failure to the
process architecture. Services are distributed and decentralized, but the decision
logic and coordination of the workflow is still located at one point. Failure of the
coordinator means failure of the entire process, even if the services themselves
are still available [4,5].

In this paper we propose a flexible, distributed approach to process execu-
tion to overcome the drawbacks of centralized execution. Besides the application
services, the process flow (process logic) itself is also distributed in the IT archi-
tecture. We look at a distributed approach that has the following features:

– A non-intrusive approach, where the process flow is distributed (split) auto-
matically at deployment time, without interference by the original process
modeler.

– The split processes are each executed by a dedicated process engine, which
differs both physically and logically from the other split process engines.

– The process runtime architecture is robust and scalable. There is no perfor-
mance bottleneck or single point of failure.

– Unlike other process distribution approaches, we also focus on a loosely cou-
pled and flexible runtime architecture. The distributed process infrastructure
should handle process change [6] (at modeling level, as well as at execution
level) with minimal cost.

The paper is structured as follows. We first start with a small example, which
is used to explain the concepts throughout the paper. Next, we explain the gen-
eral idea as well as the advantages of our distributed process execution approach.
In section 4, the algorithm to distribute the global process flow is explained, to-
gether with a demonstration on how the algorithm can be implemented using
BPMN as the process modeling language. Section 5 shows a prototype execu-
tion architecture and we continue with an illustration of the possibilities and
advantages that can be reaped by using a loosely coupled architecture (Sect. 6).
In section 7 we situate our approach in other existing proposals for distributed
process execution and end with a conclusion (Sect. 8).

2 Running Example

Figure 1 shows a (BPMN) process model for a pizza delivery company. It involves
three parties, a chef who bakes the pizzas and creates, if required, side dishes,
a cashier who receives the orders and arranges the payments, and a delivery
boy who eventually delivers the pizzas. This simple process incorporates the
most frequently used process constructs [7] (simple sequence flows, exclusive and
parallel gateways (split and join), lanes and a start and end event), human tasks
and a service task. Although the example is kept simple for explanatory purposes,
the proposed approach is not limited to these simple examples. Also note that
this example omits data-flow considerations. Since this research is focused on the
control flow of process execution, we assume data can be transmitted along with
the sequence flow [8]. For the organization of data-dependencies in a distributed
process architecture we refer to [9].
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Fig. 1. Pizza Delivery Example

In the pizza company, a process engine is used to execute and control the
process flow and a task manager is employed to handle the manual tasks. The
process engine adds tasks to the task inbox of the respective performer and the
task manager notifies the process engine of any completed tasks. On the other
hand, to calculate the price, a (automated) service task is invoked by the process
engine, and the service notifies the process engine of its completion (after which
the process flow continues).

3 Decentralized Event-Based Orchestration

Figure 2a shows a part of the pizza company’s process in the classical centralized
approach to process execution. One engine coordinates the process flow (for each
process instance) and invokes necessary services distributed in the IT architec-
ture (PriceCalculator and TaskManagers). As mentioned in the introduction,
centralized execution has many drawbacks which include a single point of fail-
ure, performance degradation and unnecessary network traffic [4]. To solve these
drawbacks, several researchers have proposed solutions to distribute the process
logic and use multiple process engines to execute, together, the entire process
flow [4,5] (see Fig. 2b). These solutions solve the fundamental problems of cen-
tral orchestration, but not to a full extent [10]. The distributed (split) execution
engines still remain tightly coupled in the process execution architecture. The
start of one split engine relies on decisions (invocations) made by others (see the
invocation links in Fig. 2b). As explained in [11] this request style of communi-
cation creates inflexible IT infrastructures and decreases scalability of the global
process architecture.
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Fig. 2. Centralized, Decentralized and Event-Based Orchestration

To solve the tight coupling, we propose an extension to the distributed pro-
cess approach, which uses an event-based architecture as the communication
paradigm in the distributed process execution [10] (see Fig. 2c). Event based
communication is a communication style that uses a publish/subscribe interac-
tion scheme. An event is something that happens, and when an event occurs, a
notification of this event occurrence is published in the architecture, where inter-
ested parties can receive this event notification. In contrary to a request-based
communication style, an event message is non-directed and no expectancies (or
SLAs) exist between the sender and the possible receiver of an event message [11].
In request-based communication, the responsibility for the next step is located
at the caller (the process engine of CalculatePrice has the responsibility of in-
voking the start of ArrangePayment), while in event-based communication, this
responsibility is located at the callee (the process engine of ArrangePayment is
itself responsible for starting its execution at the correct time).

Decoupling of interaction partners is the main advantage of using event com-
munication. This decoupling is defined as space decoupling (unawareness of in-
teraction partners), time decoupling (interaction partners don’t need to be active
at the same time) and synchronization decoupling (asynchronous send and re-
ceive) [12]. Together with the switch of responsibility from the caller to the callee,
using an event based architecture creates a highly flexible and scalable process
execution infrastructure. New pieces of the global process flow, can simply be
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added to the process architecture without making any changes to the already
running infrastructure (they hold their own starting logic). Note that the sup-
porting entities in an event based architecture (the cloud in Fig. 2c) are also
distributed and don’t add another single point of failure. Many solutions exist
that distribute the event based architecture itself [11].

To reap the benefits of event based communication, we need to transform the
global process flow to a distributed event-based process. The most important
part in this transformation is finding the starting rule of each split process. This
is described in the following sections.

4 Transformation

To transform a global process into distributed segments, we choose a task as
the unit of decomposition (the task can also be an embedded subprocess). Each

Definitions
Process = <T, G, SF>

with T the set of tasks, G the set of Gateways and SF the set of sequence flows in
the process model, with
SF ⊆ [(T ∪ G) × (T ∪ G)]

DNFEventRule = {Conjunction}
Conjunction = <Events, Conditions>
Events = {<id, Signal>}

with id ∈ N and Signal indicating the occurrence of a happening (e.g. completion of a task)
Conditions =

{
ConditionalExpression

}
with ConditionalExpression a logical expression

The ∨ (OR) operator on two DNFEventRules A and B is defined as follows:
A ∨ B = {A ∪ B}

The ∧ (AND) operator on two DNFEventRules A and B is defined as follows:
A ∧ B = {X + Y |X ∈ A, Y ∈ B}
with the + operator on two Conjunctions defined as follows:
<EX , CX> + <EY , CY > = <EX ∪ EY , CX ∪ CY >

split(Process P)
for each Task t ∈ P do
ER = eventRule(t)
create new Process with
ER as start rule of the process with
|input places of the process| =
|distinct Events ∈ ER|

t as only task in the process
s = SignalOf(t) as the end/output
of the process

SF = (ER × t) ∪ (t × s)
end create

end for each

eventRule (Task t)
F = {(x, t)|(x, t) ∈ SF}
eventRule =

∨
f∈F

eventRule(f)

eventRule (SF (a,b))
if a = Task then
id++
event = <id, SignalOf(a)>
eventRule =

{
<{event}, {}>

}
else if a = StartOfProcess then
event = <id, a>
eventRule =

{
<{event}, {}>

}
else if a = XOR-Gateway then
F = {(x, a)|(x, a) ∈ SF}
eventRule =

( ∨
f∈F

eventRule(f)
)∧

{
<{}, {ConditionOn((a, b))}>

}
else if a = AND-Gateway then
F = {(x, a)|(x, a) ∈ SF}
eventRule =

∧
f∈F

eventRule(f)

end if

Fig. 3. Transformation algorithm



138 P. Hens et al.

task in the global process flow will become a small process itself, with a dedi-
cated process engine. Choosing a task as the unit of decomposition, guarantees
a fine grained distribution of the global process flow. The transformation and
process executions shown in this paper can easily be extended to allow for other
decomposition units, e.g. splitting according to user-defined regions, splitting
according to workflow variants [13] or splitting according to the domain a task
belongs to [14]. In fact, it suffices to translate a process region to an embedded
subprocess to define it as a non-splittable unit of decomposition.

Figure 3 shows the algorithm to split a global process into multiple processes
(in O(n2) time). Each resulting process consists of a starting rule, a task to ex-
ecute and an (end) event to publish the completion of the task. A starting rule
for a split process consists of an event part (the event rule) and a user-defined
conditions part (originating from XOR-splits in the global process). Finding the
event rule for a split process equals finding, for a specific task, which preceding
tasks in the process flow need to be completed before it can start its own execu-
tion. The algorithm finds these completion events in a depth-first search in the
upward flow in the global process model. The event rule is transcribed as a logical
expression in Disjunctive Normal Form, where an element in the expression is a
happening in the information system (which we call events). For example, Pack-
ageOrderComplete AND ArrangePaymentComplete indicates a rule saying that
the split process can start when tasks PackageOrder and ArrangePayment are
completed (notifications are caught indicating the completion of these tasks).
In the algorithm in Fig. 3 an event is notated as a tuple <id, signal> with
signal the event we want to receive (e.g. completion of task PackageOrder) and
id a unique identifier. The id is necessary to make a distinction between two
event rules, which have the same logical combination of event types, but have
different execution semantics. For example, the distinction between the event
rule ((<1,A> AND <1,B>) OR (<1,B> AND <1,C>)) for a split process and the
rule ((<1,A> AND <1,B>) OR (<2,B> AND <1,C>)) for another split process is
shown in Fig. 4. In the latter event rule (Fig. 4b), two input places are enabled
by an event B, which enables the possibility of two runs of the task X in the split
process. With the first rule (Fig. 4a), only one input place is enabled by an event
B. The distinction between these two rules is required for the transformation of
non-safe process models, where it is possible to have multiple instances of one
task, within one process instance.

The second part of a starting rule for a split process consists of user defined
conditions originating from XOR-splits. These conditions are in conjunction with
the event rule. Only when an event rule evaluates to true AND the respective
conditions evaluate to true, then is the task in the split process able to exe-
cute. When searching for the completion events for the event rule, any condition
encountered on an XOR-gateway is also stored in the starting rule (see Fig. 3).

How a starting rule is transcribed in the resulting split process is dependent on
the process language used to describe the split processes. The algorithm in Fig. 3
is kept general, and only gives guidelines on how to build the split processes.
Below we give a concrete example of the transformation and the transcription
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Fig. 4. Use of the identifier element in an event rule

of the starting rule, where we use BPMN2.0 as the language in which the global
process as well as the split processes are described.

Algorithmic implementation with BPMN. We implemented the algorithm
given in the previous section in the Atlas Transformation Language (ATL) [15].
ATL is a declarative language to describe a transformation of a source model
(supported by a meta-model) to a target model. An eclipse plugin is available
to create and execute these transformations. We have chosen to make an im-
plementation transforming a BPMN2.0 [8] model to another BPMN2.0 model,
where the first model represents the global process and the second the split pro-
cesses. An advantage of describing the split models in the same language as the
global model, is that existing process engines supporting the global model can
also execute the distributed process flow, as long as they support communication
of events with the publish/subscribe architecture.

As a starting point, we used the ecore meta-model of BPMN2.0, available
at [16]. Any BPMN model conforming to this meta-model can be used as in-
put for the ATL-transformation (a BPMN Diagram Interchange XML-file [8]).
To create the split processes, the ATL-transformation follows the algorithm de-
scribed in the previous section, where a split process in BPMN is transcribed
with the following properties:

– Signal events are used as start and end event for the split process. The se-
mantics of a signal event in BPMN conform to the semantics of a notification
in an event-based architecture. A throw signal is broadcasted without be-
ing directed to one particular process and can hence be caught by any and
multiple receiving processes.

– A conjunction in the event rule is represented by multiple event definitions
within one start event, with the parallel multiple marker for that start event
set to true (see Fig. 5 for an excerpt of the event BPMN metamodel).

– A disjunction in the event rule is represented by using multiple start events.
– Conditions are placed on the respective sequence flow from the start event

to the task.

Figure 6 shows an example of the BPMN representation of the split process
for the Package Order task. It has the starting rule ((Pizza Baked AND Side
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Fig. 5. An exert of the event meta model of BPMN2.0

Fig. 6. Example of a resulting split process in BPMN

Dish Created) OR (Pizza Baked, with condition: No side dish required)). Note
that the specifications of BPMN2.0 state that a conditional flow (a sequence
flow carrying a condition) can’t be connected from a start event to a task. We
still use this notation as syntactic sugar. To make the model compliant with
the BPMN specifications, the model can be easily changed by adding an XOR
gateway in between the start event and the task.

The new split processes are stored in an XML-file conforming to the original
BPMN2.0 metamodel. Any process engine, or BPMN editor, which supports the
BPMN2.0 Interchange format can then be used to open, execute or visualize
the resulting file describing the split processes. Figure 7 shows an example of an
XML-input file and its resulting transformation, converted with our ATL imple-
mentation. In the output file, you’ll find for each task a new process description,
together with process-wide signal events indicating the completion of each task.

5 Architecture and Process Execution

After the transformation, each split process can be deployed to a dedicated pro-
cess engine (see Fig. 8). Communication between the process engines happens
with a publish/subscribe mechanism. For our prototype execution architecture,
we’ve chosen the Siena wide area event notification service [17]. Siena is a pub-
lish/subscribe implementation specifically directed to event subscription and no-
tification in a wide area network, and provides all the necessary routing topology
to transmit an event notification from the publisher to the subscriber. By being
able to use multiple event services on the wide area network and because of
the efficient routing, the single point of failure and performance bottleneck of
the central orchestration are solved. Of course, to accomplish the event-based
communication, any event architecture can be used, like WS-Notification [18],
EVE [19] or the more recently proposed BPEL and WSDL extensions for an
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<definitions>
<process id="PizzaCompany">
  <startEvent id="OrderReceived" name="">
    […]
  </startEvent>
  <task completionQuantity="1" 
    id="PackageOrder"  
    isForCompensation="false" 
    name="PackageOrder" startQuantity="1">
    […]
  </task>
  <parallelGateway 
    gatewayDirection="Converging" id="sid-
    Gateway1" name="">
    […]
  </parallelGateway>
  <task completionQuantity="1" 
    id="ArrangePayment" 
    isForCompensation="false" 
    name="ArangePayment" startQuantity="1">
    […]
  </task>
  <parallelGateway 
    gatewayDirection="Converging" id="sid-
    Gateway2" name="">
    […]
  </parallelGateway>
  […]
</process>
</definitions>

<definitions>
<process id="sid-ProcessPackageOrder">
  <startEvent id="StartEventPackageOrder6">
    <outgoing>SFinputPackageOrder8</outgoing>
    <signalEventDefinition
      id="inputDefsid-SignalBakePizza" 
      signalRef="SignalBakePizza" />
  </startEvent>
  <startEvent id="StartEventPackageOrder10" 
    parallelMultiple="true">
    <outgoing>SFinputPackageOrder12</outgoing>
    <signalEventDefinition
      id="inputDefsid-SignalCreateSideDish" 
      signalRef="SignalCreateSideDish" />
    <signalEventDefinition
      id="inputDefsid-SignalBakePizza" 
      signalRef="SignalBakePizza" />
  </startEvent>  
  <sequenceFlow id="SFinputPackageOrder8"
    targetRef="PackageOrder"    
    sourceRef="StartEventPackageOrder6">
      <conditionExpression id="sid-C2">
        No Side Dish Required
      </conditionExpression>
  </sequenceFlow>
  […]
  <task id="PackageOrder"> […] </task>
  <endEvent id="EndEventPackageOrder">
    <incoming>SFoutputPackageOrder</incoming>
    <signalEventDefinition 
      id="outputDefPackageOrder"
      signalRef="SignalPackageOrder" />
  </endEvent>
</process>
<process id="sid-ProcessArrangePayment">
  <startEvent id="StartEventArrangePayment3">
    <outgoing>SFinputArrangePayment4</outgoing>
    <signalEventDefinition
      id="inputDefsid-SignalCalculatePrice" 
      signalRef="SignalCalculatePrice" />
  </startEvent>
  <task id="ArrangePayment"> […] </task>
  […]
</process>
[…]
<signal id="SignalCalculatePrice" />
<signal id="SignalArrangePayment" />
<signal id="SignalPackageOrder" />
<signal id="SignalBakePizza" />
[…]
</definitions>
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Fig. 7. Transformation of a global BPMN process to an event-based split BPMN
process

event driven architecture [20]. A process engine should only be able to commu-
nicate with the event dispatchers in the event architecture.

The data payload (content) of an event message in the architecture should
minimally consist of two things, one is the indication of the task it represents (e.g.
the signal name found in the BPMN file, see Fig. 7), and another is a process
instance id, indicating for which (global) process instance an action has been
performed. The latter attribute is necessary to not loose the coupling between
the process instance and the action performed. The payload of an event message
can also be used to distribute any data related to the process execution (e.g. the
event indicating the completion of CalculatePrice can incorporate the calculated
price in the payload of the event message).
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Fig. 8. Distributed Event-Based Orchestration Architecture

The working of a split process engine follows the BPMN2.0 execution seman-
tics. Below, 3 steps are described which the process engine performs when an
event notification arrives at its event sink1 (see Fig. 8).

1. The split process engine routes the event notification to the corresponding
split process instance. This is done by matching the process instance id from
the event notification (found in the data payload), with the process instance
ids of its already running split process instances. If no match is found, a
new split process instance is started (with id equal to the process instance
id situated in the event notification payload) and the notification is routed
to this new split process instance.

2. In the split process instance, the event notification is matched with the
correct start event definition in its split process description (see e.g. Fig. 6).
The corresponding event definition will be enabled (it holds a token).

3. For every enabled start event in the process flow (i.e. a conjunction in the
starting-rule evaluates to true: every start event definition in the parallel
multiple start event is enabled), the rest of the split process flow is interpreted
and executed. Because we adopt a really fine grained distribution of the

1 Note that we also started the formalization of the described publish/subscribe event-
based process execution [21], which we however omit here due to space limitations.
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global process flow, executing the distributed process flow usually means
executing only one task (e.g. invoking the PriceCalculator service). When the
process flow reaches its end event a notification is published by the process
engine to signal the end of this split process instance (i.e. the completion of
the executed task). Note that the split process instance isn’t deleted from
the system when it reaches its end event. It is possible that there are still
tokens available in some start event definitions of the process instance and
any additional (future) event notifications can again trigger the start of the
same split process instance (this is true for non-safe process models, see
Fig. 4).

The published end event is routed through the event architecture, and picked
up by other interested split process engines, which handle this event again with
the steps described above. Eventually, the combined execution of all these split
process engines have achieved the global execution of the entire, designed process
flow.

6 Applicability

In this section we will focus on the major added value of our decentralized event-
based orchestration, which are flexibility and adaptability. For tests on robust-
ness and availability of distributed event based architectures (solving the single
point of failure and performance bottleneck) we refer to extensive research done
in the field of event based communication [11,17], as well as to other research
about decentralizing the process flow [3,4,22]. The feasibility of our approach is
demonstrated by our implementation of the transformation algorithm and our
prototype execution architecture (see Sect. 4 and 5).

6.1 Adaptability and Change Management

The unawareness of interaction partners in an event-based communication cre-
ates a highly flexible infrastructure where components can enter and leave the
architecture freely, without modifications to other components. Of course, when
starting from a global process description, there is always a certain degree of
dependency between the different split processes. It is designed by a process
modeler that the task Arrange Payment should happen after the completion
of task Calculate Price. Even with decentralized event communication, which
creates a decoupling between these two tasks, the sequence dependency drawn
by the process modeler still remains. Nonetheless, event communication adds
some flexibility to process execution and adaptability. One advantage is a lesser
change impact when re-deploying a redesigned process flow and another is the
ability to autonomously change starting rules of a single split process instance.

Changing and re-deploying the global process flow. Due to the high de-
gree of decoupling between the different split components (on execution level), re-
specifying and redeploying a previously deployed process model will have lesser
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Table 1. Change impact when changing the global process flow

Change Pattern Event Orchestration Request Orchestration

AP1-Serial Insert 2 2

AP1-Parallel Insert 2 3

AP1-Conditional Insert 2 3

AP2-Delete Process Fragment 2 3

AP3-Serial Move 3 3

AP3-Parallel Move 3 4

AP3-Conditional Move 3 4

AP4-Replace Process Fragment 2 2

AP5-Swap Process Fragment 3 3

AP8-Embed Process Frag. in Loop 2 2

AP9-Parallelize Process Frag. n + 1 n + 2

AP10-Embed Process Frag. in
Conditional Branch

2 2

AP11-Add Control Dependency 1 2

AP12-Remove Control Dep. 1 2

AP13-Update Condition 1 1

AP14-Copy Process Fragment 2 3

Total Components to Change 32 41

With n = |elements in a process fragment|
(patterns AP6-7 were left out, due to not relevant)

impact on the already running components than when using a request style of
distributed orchestration. Table 1 counts the change impact according to the pro-
cess change patterns introduced by Weber et al. [23]. We compared the change
impact of using an event-based communication style with the change impact of
using a request based distributed orchestration [4] (Fig. 2c and b). To count the
change impact, we counted, for a specific change pattern, the number of split
components that need to be changed, where we assume that each component has
a similar weight. For example, inserting a new task between the sequential tasks
Calculate Price and Arrange Payment (change patten AP1-Serial Insert), has a
change impact of 2 for event orchestration: the new inserted component and the
next component in the sequence (the starting rule of Arrange Payment needs
to change). When using a request-style of communication, also 2 components
need to change, the new inserted component and the component preceding the
new component in the flow (Calculate Price needs to send a request to the new
component). From table 1 it can be seen that in 9 out of 16 cases, changing the
process flow with event-based execution has lesser impact on the already run-
ning infrastructure. This is a substantial benefit, because change can be costly,
certainly if the components are highly distributed and not readily available for
change (e.g. other people are responsible).

With proper tool support and process instance management [6], only a limited
amount of components need to be redeployed and the rest can be left untouched
(and running) in the architecture.

Autonomously changing a split process at runtime. Another advantage
of the unawareness of interaction partners on process execution level is the au-
tonomy of each split process. The logic on when the split process needs to start
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is embedded in the split process itself. The split process has access to its own
starting rules, independent of any other process engine in the global process in-
frastructure (unlike request based communication). This means that the entity
(e.g. a person) responsible for the split process can change the starting rule of
that split process independent of others. In our example, the pizza delivery boy
can be responsible for his own split process holding the task Deliver Pizza (he
has the split process running on a process engine on his PDA). Instead of wait-
ing each time for the Arrange Payment AND Package Order tasks to complete,
he can decide, for certain instances, to not wait for the Arrange Payment task
and deliver the pizza nonetheless (e.g. the pizza is getting cold). Because each
split process contains its own staring logic, the change is local and can be done
without interfering with other split processes.

The split process engine could offer an interface to its manager, which enables
creating and changing starting rules on the fly for specific process instances.

7 Related Work

In the domain of PAIS, the problem of centralized process execution is recog-
nized by many researchers [5,22,24,3]. They all identify that, even though the
actual service components are made reusable, distributed and loosely coupled
through technologies like SOAP, WSDL and UDDI, the workflow- or process ex-
ecution is still performed on a single central entity. Nanda et al. [24] use program
dependency graphs, a tool borrowed from compiler optimization, to split up the
process flow. Their goal is to reduce the network traffic involved. For the same
reasons, Fdhila et al. [22] decentralize the process flow using dependency tables
and Muth et al. [5] perform decentralization using state and activity charts. The
eventual result is however always the same, a set of distributed control flows,
where communication between the flows happens request-based. These solutions
thus solve the technical issues of central orchestration (single point of failure
and performance bottleneck), but still leave a tight coupled architecture, which
affects robustness and adaptability.

The features of event communication are well researched in computer science [11].
Event architectures have become a standard approach to create a loosely coupled
and robust communication architecture. To reap the benefits of event communi-
cation, we leverage its advantages to distributed process execution. Notice that
the combination of event driven architecture and service oriented architecture is
a well known topic of research [25]. The focus of this research (EDA and SOA) is
however on the invocation of services (open arrowhead arrows in Fig. 2), not on
the decentralization of the process flow (full arrowhead arrows in Fig. 2).

In the domain of ubiquitous [14] and agent based [26] computing, the focus is
also on event communication. This focus is complementary with our approach.
Events generated by ubiquitous entities (e.g. RFID sensors) or agents can be
incorporated in our infrastructure, so that split process engines react to these
published events directly.

The flexibility and adaptability features we advocate in this paper are in
complement with the research done on process adaptability [6]. For example,
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because of the decoupling features of event orchestration and the autonomy
of split processes, the plug and play techniques of ADEPT [27] can easily be
included in the architecture.

8 Conclusion and Future Work

We proposed a method that solves the issues of centralized process execution
(single point of failure and performance degradation) and adds a layer of flexi-
bility to the eventual process execution. We showed a non-intrusive transforma-
tion algorithm, that transforms a process model to smaller, event-based processes.
This transformation happens at deployment time (in O(n2) time), without in-
volvement of the process modeler. To illustrate the feasibility of the approach,
we implemented the algorithm in the Atlas Transformation Language for pro-
cess models defined with BPMN2.0 and developed a prototype execution archi-
tecture for the distributed event-based processes that are the result of the ATL-
transformation. Each split process is run on a dedicated process engine, which
differ both logically and physically from each other, and where communication
between the engines is done with a publish/subscribe event-architecture. The ad-
vantage of this approach is that the decoupling features of event-based communi-
cation are adding flexibility to the process execution: there is a lesser impact on
the running infrastructure when re-specifying and redeploying a process model,
and the starting rules of any distributed process flow can be changed autonomic.

Future research involves working up the adaptability of distributed event-based
execution and developing proper tool support to change the starting rules of split
processes at run-time, as well as including split process instancemanagement when
changing the global process flow (which instances should be left running in the old
configuration, which instances can change? [6]). We also intend to widen the scope
of the transformable process elements to allow more specific process constructs
(e.g. transactions) to be executed in this loosely coupled setting.
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Abstract. Declarative process models support process flexibility, which has 
been widely recognized as important, particularly for organizations that face 
frequent changes and variable stimuli from their environment. However, current 
declarative approaches emphasize activities and provide constraints addressing 
their existence and dependencies. This expressiveness is not capable of address-
ing the process context (namely, environment effects) and its goal. The paper 
proposes a declarative model which addresses activities as well as states, exter-
nal events, and goals. As such, it explicitly addresses the context of a process. 
The model is based on the Generic Process Model (GPM), extended by a notion 
of activity, which includes a state change aspect and an intentional aspect. The 
achievement of the intention of an activity may depend on events in the envi-
ronment and is hence not certain. The paper provides a formalization of the 
model and some conditions for verification. These are illustrated by an example 
from the medical domain.  

Keywords: Declarative process model, Context, Generic Process Model. 

1   Introduction 

The importance of flexibility in process aware information systems has been widely 
acknowledged in the past few years. Flexibility is the ability to make changes in adap-
tation to a need, while keeping the essence unchanged [ 10]. Considering business 
processes, flexibility is the ability to deal with both foreseen and unforeseen changes, 
by varying or adapting specific parts of the business process, while retaining the es-
sence of the parts that are not or should not be impacted by the variations [ 12].  

Flexibility is particularly important in organizations that face frequent changes and 
variable stimuli from their environment. For processes that operate in a relatively 
stable environment, when unpredictable situations are not frequent, flexibility is not 
essential, as responses to all predictable situations can be defined. However, in the 
present business environment, where changes occur frequently and organizations have 
to cope with a high range of diversity, full predictability is quite rare. 

Facing this reality, approaches have been proposed for enabling flexibility in busi-
ness processes, as reviewed and classified in [ 12]. These include mechanisms of late 
binding and modeling, where the actual realization of a specific action is only decided 
at runtime as implemented in YAWL[ 1], and changes that can be made at runtime to a 
running process instance or to all instances of the process, enabled in ADEPT [ 11]. 
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One of the promising approaches is declarative process models (e.g., Declare [ 9]), 
which have received significant attention in recent years. 

While “traditional” process models are imperative, explicitly specifying the execu-
tion order of activities through control flow constructs, a declarative process model is 
based on constraints, i.e., anything is possible as long as it is not explicitly forbidden. 
Constraint-based models, therefore, implicitly specify the execution procedure by 
means of constraints: any execution that does not violate constraints is possible. Using 
such model, the user can respond to each situation that arises, executing an activity 
chosen from all the ones available in compliance to the specified constraints. While 
allowing a high level of freedom, the approach has limitations. 

First, while the human decision about which action to take is made based on the 
state at that specific moment, the existing models do not emphasize states. Rather, the 
leading concept to be modeled and monitored in the model is an activity, and con-
straints can be specified on the execution of a single activity or on relationships be-
tween activity executions. The process state is monitored, mainly as a trace of the 
activities that have been executed up to a given moment. Constraints can also relate to 
values of data as conditions for activity execution. However, there is no fundamental 
view and monitoring of state for leading process execution and decision making. 

Second, to respond to changes and events that occur in the environment, these need 
to be addressed in the model. Generally speaking, the model should be context aware, 
where context is the set of inputs a process instance receives from its environment. 
This is particularly important when bearing in mind that flexibility is required in the 
first place in processes that face frequent changes in the environment.  

Finally, an effective selection of action by the human operator of the process 
should relate to the desired outcomes to be achieved, namely, to a goal. Currently, 
goals are usually not an integral part of process definitions. 

This paper outlines semantics for a declarative process model to overcome the 
three discussed limitations. To develop a consistent and complete model, we rely on 
the Generic Process Model (GPM) [ 16], which is an ontology-based theoretical 
process analysis framework. GPM uses states as a leading element in process repre-
sentation; it has been used for analyzing the context of processes [ 6], and it includes 
goals as basic building blocks of processes. Since GPM emphasizes states and ab-
stracts from activities in process models, in this paper it is amended to cater for activi-
ties as well.  

In what follows, we start be a motivating example, demonstrating the limitations of 
Declare, as a representative activity-based declarative model. We then present the 
concepts required for our declarative model, first by informally deriving them from 
GPM, and then as formal definitions that set the basis for execution semantics. The 
use of our concepts for designing and validating processes is demonstrated through 
application to the running example. This is followed by discussion of related work, 
conclusions, and outlining of future research directions. 

2   Motivating Example 

This section presents a motivating example of a CT virtual cardiac catheterization 
process, which will be used throughout the paper as a running example. A Declare 
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model of the process is given in Fig. 1. The process starts with a pre CT evaluation of 
the patient (marked in the model as “init”). This evaluation may find the patient not fit 
for the scan, in which case the patient is released and the process ends. If the patient is 
fit and is not regularly on beta blockers, he will be administered beta blockers as 
preparation for the scan. Following this, either obesity (for overweight patients) or 
regular cardiac CT scan is performed once, based on the patient's weight. The CT 
scan uses a low level of radiation, serving as a first indication of arteriosclerosis. If a 
positive indication (evidence of calcification) is obtained, the patient is released. If the 
first scanning does not discover a clear evidence of calcification, a second scanning is 
performed. Scanning can be performed up to twice (marked in the model as “0..2” for 
the scan activities), and if the second scan fails, the patient is released. In case the 
second scan is successful, its results are deciphered and interpreted. Deciphering can 
be successful or unsuccessful, but in any case the patient is released. At any point in 
the process, some acute health situation might be identified, in which case the patient 
is immediately sent to an emergency room (and the process ends). In the model this is 
represented as ER intervention, which has an exclusive choice relation with Release 
patient (both end the process under different circumstances). Another possibility is 
that the patient may feel bad during the process (due to allergy, claustrophobic reac-
tion, irregular heart rate, etc.). In such cases the procedure may be paused for a while 
and resumed after a while, when the patient feels better. Additionally, at any point in 
time, the patient may be released so the process ends, but unsuccessfully.  

The Declare model specifies the ordering of the process activities by a precedence 
relation, denoting that these activities normally follow one another, but not in all cas-
es. The activities of ER intervention and Pause examination are not mandatory in the 
process, and are not related to other activities by any temporal constraint. 

 

Fig. 1. The example process: a Declare model 

The Declare representation supports the flexibility which is required for the 
process, catering for unforeseen situations and providing an immediate response 
based on human decision making. It also allows defining data that serves as input or 
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output to activities and using data as part of the activity relationship constraints. For 
example, the precedence between Pre CT evaluation and beta blockers reception is 
conditioned by a “fit” value of the data item Candidacy, assigned by the Pre CT eval-
uation activity. Note that the process could also be specified using an imperative 
modeling language (e.g., BPMN). However, this would require a very complex model 
to specify all the possible variations. 

Despite all the discussed advantages, we claim that this representation is not  
expressive enough, and it leaves parts of the flow logic of the process to human 
judgment, where this logic is clear and needs to be specified and enforced. Examples 
include: (1) a second scan is performed only if a clear evidence of calcification has 
not been obtained in the first scan; (2) Beta blockers reception is needed only for 
patients who do not use them regularly; (3) Pause examination and ER intervention 
are performed when the patient has some irregularity or when an acute problem is 
identified, respectively. These are constraints on the process flow, which cannot be 
expressed as relationships between activities or existence constraints on the activities. 
Furthermore, the model does not specify conditions under which the process termi-
nates. Implicitly, the process cannot end before all the existence constraints on its 
activities are satisfied. However, in our example the only mandatory activity is Pre 
CT evaluation, while termination of the process is possible under defined conditions. 
It is possible to add a set of negation constraints, negating any activity after the activi-
ties of Release patient or ER intervention are performed. This, however, would result 
in a loaded model which is hard to follow. 

Roughly speaking, we may conclude that Declare does not support constraints that 
relate to the context of the process and to its goal, where context refers to all envi-
ronmental effects on a specific execution of the process. These may be general envi-
ronment conditions (see [ 20]) or specific case properties [ 6]. In Declare they are as-
sumed to be addressed by human judgment when the process is executed, enabled by 
the flexibility of the specification. 

In the following sections we present an approach derived from theory, which 
enables a process specification that captures contextual constraints and process goals, 
while supporting flexibility. The theoretical basis provides for a complete set of con-
structs, capable of fully expressing the business logic of processes. 

3   Ontological State-Based View 

The starting point of our discussion is the Generic Process Model [ 15][ 16], which is a 
process analysis framework, building on Bunge’s ontology [ 5]. GPM emphasizes 
states, events, and goals, which, as shown above, are not well addressed in current 
declarative process models.  

The focus of attention in GPM is the domain where the process takes place. The 
process domain is a composite thing, represented by a set of state variables, whose 
values at a moment in time denote the state of the domain. A state can be unstable, in 
which case it will transform according to the transition law of the domain (internal 
event), or stable, namely, it will not change unless invoked by an event in the envi-
ronment (external event). GPM views an enacted process as a set of state transitions 
in the process domain. Transitions result either from transformations within the  
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domain (reflecting its transition law), or from actions of the environment on the do-
main. A process ends when the domain reaches a desired (goal) state, which is stable 
and where no more changes can occur due to domain dynamics. 

A process model is an abstract representation of the process, defined as follows. 

Definition 1 (GPM process model): A process model in a given domain is a tuple <I, 
G, L, E>, where  

I: the set of possible initial states – a subset of unstable states of the domain. 
G: the goal set – a subset of the stable states reflecting stakeholders’ objectives. 
L: the transition law defined on the domain – specifies possible state transitions as 
mappings between sets of states. 
E: a set of relevant external events that can or need to occur during the process. 

As noted, the focus of attention in GPM is the process domain. The domain sets the 
boundaries of what is fully controlled by the process and its operators, and what is 
not. This distinction enables us to define the context of a process [ 6] as the set of 
environmental effects on the process, which are twofold. First, the properties of the 
specific case handled by a process instance – these are assumed to exist at the initia-
tion of the case, although not all their values are necessarily known at that point in 
time. Second, actions of the environment during process execution – these are mani-
fested as external events. External events are events (state transitions) in the environ-
ment of the process domain, which affect the state of the domain through mutual state 
variables. Taking place outside the domain, they are not controlled by it. The occur-
rence of an external event can be unanticipated, but even if we anticipate the occur-
rence, the exact time when it would take place and its resulting state are usually not 
predictable. In particular, it is different for every process instance. Hence, the E and I 
elements in a process model represent contextual elements. 

A second advantage of GPM is that it explicitly addresses the goal of a process, 
enabling the design of a process to achieve its goal, and assessing the validity of a 
process design against its defined goal. At runtime, achieving a goal state marks the 
termination of a process instance. 

However, the transition law of GPM, which is a mapping between sets of states, is 
an abstract notion. Specifically, as indicated in Definition 1, GPM’s process model 
abstracts from activities, which are how state changes are brought about. Hence, to 
make GPM an appropriate basis for declarative process models, the law needs to be 
decomposed into activities and constraints. To do so, a clear understanding of what an 
activity is needs to be developed. 

Activities are the means for achieving internal events. Since internal events usually 
affect a subset of the domain state variables, namely, a sub-domain, and since differ-
ent internal events can occur concurrently in independent sub-domains [ 14], we may 
address an activity as an internal event in a sub-domain. However, a sub-domain may 
change its state through a series of internal events in an almost continuous manner. 
What makes a specific trajectory be considered an activity is the intention that drives 
it. For example, consider the activity of Pre CT evaluation, which entails actions such 
as measuring the patient’s blood pressure and heart rate, performing an electrocardio-
gram, and others. We consider all these actions as parts of one activity, distinguished 
by the one aim to be achieved. Intentions can be of achieving, maintaining, or avoid-
ing a state [ 7]. 
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We define an activity as an internal event in a sub-domain, intended to achieve a 
defined change in its state.  

According to our model the state change brought by an activity is deterministic. 
However, the state variables whose values are changed might be mutual state va-
riables of the process domain and its environment. In such cases, the environment is 
affected and its state might become unstable. This, in turn, causes transformations 
(events) in the environment, and these events might, again, affect the process domain. 
Thus, an activity that acts on the environment might lead to an external event in  
response. Since external events are not controlled by the process domain and their 
outcome is unpredictable, this might seem as if the outcome of the activity is unpre-
dictable (especially if the reaction is immediate). Nevertheless, we specify only the 
controllable change within the process domain as part of the activity, and distinguish 
the uncontrollable change as an external event invoked by the activity and its effect 
on the process environment. For example, consider a basketball player throwing the 
ball to the basket. The activity has ended once the ball is in the air, which is an unsta-
ble state of the environment. The movement of the ball in the air is not controlled by 
the player. The resulting event can be that the ball has missed or hit the basket, and it 
is an external event, not completely predictable. The actual value resulting from the 
external event will be determined at runtime. Note that in this example, the intention 
of the activity was to bring about a state where the ball is in the basket, but this can 
only be achieved by an external event, and with uncertainty. 

Activities can hence be classified to two classes: (a) activities that affect only state 
variables which are intrinsic to the process domain. Such activities cause a fully pre-
dictable change that achieves the intention associated with the activity. (b) Activities 
that affect the state of the environment and invoke an external event. For these activi-
ties the specified (and predictable) change in the state does not necessarily correspond 
to the intended change. It may not even relate to the same state variables. 

Note that activities of class (a), namely activities that operate on intrinsic domain 
state variables, may also entail changes in state variable values that depend on input 
given by the user at runtime. As an example, consider a process where the price of a 
product is determined. The activity of pricing might require the user to set a price 
based on his individual judgment of the appropriate profit margin. This will be mani-
fested as user input at runtime, but is considered part of the activity since the value is 
controlled within the process domain. 

We now consider constraints. The GPM law can be represented by three types of 
constraints: (a) initiation constraints, setting the possible initial set of states, (b) trans-
formation constraints that specify the relationship state-activity, namely, states that 
are preconditions for activities, (c) Termination (goal) constraints, defining the set of 
states where the process can terminate having achieved its goal. In addition, we can 
define a fourth type of constraint – environment response constraints that place exter-
nal events as response to activities that affect the environment. Note that the actual 
effect of these events on the domain is not known, nor is the exact time of their occur-
rence. Below we discuss each of these four constraint types. 

Initiation constraints – determine values of state variables to specify the conditions 
under which the process can begin (e.g., when a patient arrives at the clinic). In par-
ticular, all the state variables that count the occurrences of activities are set to zero. 
Note that the initiation constraints do not determine the exact state on which a process 
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instance begins. This exact state also includes values of contextual properties which 
characterize each specific case (e.g., the weight of a patient). 

Transformation constraints – include two kinds of constraints: enabling constraints 
and triggering constraints. Enabling constraints relate activities to the sets of states 
when they can be activated. Note that the state that follows the execution of an activi-
ty is directly calculated from the state that precedes it and the change it causes.  

Triggering constraints specify sets of states when an activity must be activated, so 
when a state in this set is reached the activity will immediately fire. 

Termination constraints – determine sets of states where the process terminates. 
There might be two kinds of termination states. First, goal states, which are stable 
states the process is intended to achieve. Once a state in the goal set is reached,  
the process terminates. Second, exception states, which are stable states where the 
process terminates without achieving what it is intended to achieve. For example, the 
virtual cardiac catheterization process can terminate when it is found out the patient is 
not fit for scan or when an ER intervention is needed. These are exception states. Note 
that the process may include stable states which are not defined as termination states. 
If such a state is reached, the process waits for an external event to reactivate it. In the 
virtual cardiac catheterization process a state after the examination has been paused is 
stable, waiting for an external event when the patient feels better and has no irregular-
ity to resume the process.  

Environment response constraints – relate external events to activities that invoke 
them. Note that external events can also occur unexpectedly. In many cases the exter-
nal event does not necessarily immediately follow the activity; there might be some 
time elapse between them. Hence, the relationship is of precedence. 

Finally, it can be shown that the combination of initiation, termination, triggering, 
and enabling constraints is sufficient for expressing all the constraint types available 
in Declare. Our set of constraints provides these operations with respect to a broader 
scope, including context and goal. Hence, it provides a richer expressive power. 

4   Formalization 

Following the above discussion, we now formalize the proposed constructs and ex-
ecution semantics. 

Definition 2 (process model): Let D be a domain represented by its state variables 
vector X=(x1,x2,…xn). Let vi be the domain of values of state variable xi, 
V=(v1,v2,…vn). A process model M over D is a tuple (I, G, A, Const, E), where 

I: a set of states satisfying the initiation constraints 
G: a set of states satisfying termination constraints; G=Gg∪Ge; Gg includes 
states defined as the goal of the process, Ge are states of exceptional termination. 
A: a set of activities 
Const: a set of constraints 
E: a set of external events. 
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In general, sets of states are specified by predicates over the state variable vector. 
Hence, given predicates CI, CGg, and CGe that specify initiation, goal, and exceptional 
termination conditions respectively, we obtain: 

I={s | CI(X)=TRUE}; Gg={s | CGg(X)=TRUE}; Ge={s | CGe(X)=TRUE}. 
As discussed in the previous section, activities are intentional changes in the state 

of a sub-domain. Following this, the specification of an activity includes two ele-
ments: the change (delta) it brings about to the state of the sub-domain and the in-
tended set of states to be achieved. 

Definition 3 (activitiy): Let δ(X) be a function, δ:V→V. Then a∈A: (δ(X), γ(X)), 
where γ is a predicate denoting the set of states intended to be achieved by the  
activity. 

Note that δ usually implies a change in a subset of the domain state variables, which 
are the ones affected by the activity. In particular, a state variable counting the num-
ber of executions of the activity will be raised by 1. Also note that if γ(X) includes 
negation operators, then the intention of the activity is to avoid a set of states. As well, 
if γ(X) refers back to the set of states that precede the activity (except for the state 
variable that counts the executions of the activity), then the intention of the activity is 
to maintain an existing state. 

The set of constraints includes the transformation and environment response con-
straints, since initiation and termination constraints are specified in I and G. As dis-
cussed in the previous section, transformation constraints include enabling constraints 
and triggering constraints. 

Definition 4 (enabling constraint): Let a∈A, θa a predicate, En(a)={s|θa(X)=TRUE}, 
then a can fire for every s∈ En(a). 

Definition 5 (triggering constraint): Let a∈A, τa a predicate, Tr(a)={s|τa(X)=TRUE}, 
then a must fire for every s∈ Tr(a). 

In order to define the environment response constrains, we first need to define the 
external events element in the model. In a process model an external event is an oc-
currence we make no a-priori assumptions about (e.g., regarding its effect on the state 
of the domain). However, some external events which are expected to occur are ex-
pected to affect a subset of the domain state variables and assign them some value 
within its domain of possible values. The actual state that follows an external event 
will become known at runtime as input made by the user. 

Definition 6 (external event): An external event e∈E: {(xi, vi) |xi∈X, vi∈V} 

In words, an event is defined by a subset of the domain state variables which it af-
fects, resulting in values within their domain of values.  

Environment response constraints relate expected external events to the activity 
that invokes them.  

Definition 7 (environment response constraint): Let a∈A, e∈E. An environment re-
sponse constraint Er:(a,e) denotes that e always occurs eventually after a.  

Since the occurrence of external events is not within the process control, environment 
response constraints cannot be enforced at runtime. Nevertheless, they are specified in 
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the model so they can be considered at process design time, and can be taken into 
account when planning ahead in runtime. 

Another possibility of external event would be some general unforeseen change in 
the environment. It would be modeled as an “empty” event without any prior assump-
tion, not related to any of the defined constraints. Examples include power or hard-
ware failure in one of the CT system main components: the X-ray Tube, collimators, 
detectors or data acquisition system (DAS).  

Based on the above definitions, we now provide a semi-formal description of the 
execution mechanism of a process. When a process is executed the state s at a mo-
ment in time is the values of xi at that moment. When a process instance is created, the 
initial state is sI∈I, satisfying the initiation constraints and including state variable 
values that represent contextual properties (initiated by user input). After initiation, 
the state at every moment is considered. For a given state s, the set of enabled activi-
ties is AEn={a | s∈En(a)}; the set of triggered activities is ATr={a | s∈Tr(a)}; an activi-
ty in AEn can be executed; an activity in ATr must be executed at that moment. 

State changes can occur due to activity completion or to external events. Assume 
an activity a starts when the state is s. Then the state on completion of a is δa(s).  
The occurrence of event e requires the user to provide specific values for each state 
variable affected by the event; these values set the state that follows the event. Termi-
nation of the process is also determined based on the state, so if s∈G then the process 
terminates. 

Note that the intention component of the activity specification does not take part in 
the execution. However, it plays an important role at process design, as detailed in the 
next section. In addition, the intention is meaningful for planning ahead at runtime. 

5   Specifying a Process 

This section demonstrates how the proposed semantics can be used for expressing the 
running example of the virtual cardiac catheterization process.  

We start by defining the state variables of the domain and their possible range of 
values (Table 1). Table 1 also provides the initial value of each state variable, defin-
ing the initial set of states of the process, I. 

Note that initial values are set for a subset of the state variables, while state va-
riables whose initial value is not specified stand for contextual properties. These need 
to be initialized to represent specific case properties. In our example process the rele-
vant contextual properties are overweight of the patient and whether the patient is 
regularly on beta blockers. Also note a set of state variables that count the executions 
of each activity, as seen in their possible values – natural numbers from 0 to infinity.  

The termination set is comprised of two sets of states, Gg of desired (goal) states 
and Ge of undesired termination states. Considering our example: 

Gg={s | (Scan Deciphering = “successful”) ∧ (Patient Released=”Yes”)} 
Ge={s | ((Deciphering scan results ≠ “successful”) ∧ (Patient Released=”Yes”)) ∨ 

(ER intervention=”Yes”)} 
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Ge stands for two possible cases of termination – when the patient is released without 
having reached successfully deciphered images (e.g., not found fit to scanning, or 
after calcification has been discovered), or when ER intervention is needed. 

Table 1. State variables in the example process and their initial values 

State variable Values Initial value State variable Values Initial value 
Compatibility {Null, Fit, Not 

fit} 
Null Beta Blockers {Given, Not 

given}
Over-weight {Yes, No}  Calcification {Found, Not 

found}
Not found 

Images {Null, 
Successful, 
Unsuccessful} 

Null Deciphering 
results 

{Null, 
Successful, 
Unsuccessful} 

Null 

Acute problem {Undiscovered, 
Discovered} 

Undiscovered Irregularity {Null, Appear, 
Disappear} 

Null 

Patient 
released 

{Yes, No} No ER 
Intervention 

{Yes, No} No 

Pre CT 
Evaluation  

[0, ) 0 Beta blockers 
reception  

[0, ) 0 

Cardiac CT 
scan  

[0, ) 0 Obesity CT 
scan  

[0, ) 0 

Deciphering 
scan results  

[0, ) 0 Pause/resume 
examination 

{0, 1} 0 

 

The activities of the process are specified in Table 2 in terms of the function δ, re-
lating to specific state variables, and the predicate γ. The table also specifies for every 
activity a the predicates θa and τa that define the related transformation constraints 
En(a) and Tr(a), respectively. 

To illustrate the specification of activities and their related transformation con-
straints, let us consider the activity Obesity CT scan, whose δ relates to the execution 
counter of the activity, raising it by 1. Recall, this activity can be performed up to 
twice. Ideally, after two executions a state will be reached where γ is achieved, name-
ly (Calcification ="Not Found") ^ (Images = "Successful"). The enabling set of this 
activity is when (Compatibility="Fit") ∧ (Beta blockers = "Given") ∧ (Over-weight = 
"Yes") ∧ (Calcification = "Not Found") ∧ (Cardiac CT scan = 0) ∧ (Paused/Resume 
Examination = 0) ∧ (Obesity CT scan < 2), denoting that (a) the activity can start after 
beta blockers are given (either in the process or in its context) and compatibility is 
evaluated and found fit (this condition is needed in case beta blockers are given con-
textually), (b) the activity is executed only for patients with over-weight (in which 
case Cardiac CT scan cannot be performed), (c) the activity can only be performed 
twice, and it is not repeated if calcification is found, and (d) the activity cannot start 
when the examination is paused. 

As another example, consider the activity Pause/resume examination, whose role is 
to pause the examination when the patient has irregularities, and to resume it when the 
irregularity disappears. The activity can be triggered when irregularity appears if the  
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examination is not already paused ((Irregularity = Appear) ∧ (Paused/Resume Exami-
nation = 0)). Then the activity stops the examination (see Paused/Resume Examina-
tion → 1) if (Paused/Resume Examination = 0) in the δ column). Alternatively, the 
activity is triggered when the examination is already paused and the irregularity dis-
appears, in which case the activity resumes the examination. 

Table 2. Activities and corresponding transformation constraints 

Activity Transformation constraints
Pre CT 
Evaluation 

Pre CT Evaluation
Pre CT Evaluation  + 1

Candidacy= 
“fit” 

: (Candidacy=“null”)
(Paused/Resume Examination=0) 

Beta 
blockers 
Reception 

(Beta blockers 
Reception Beta 
blockers Reception 
+1) (Beta blockers = 
"Given")   

Beta blockers 
= "Given" 

:(Compatibility="Fit")  (Beta 
blockers "Given")  (Paused/resume 
Examination = 0)

Cardiac 
CT scan 

Cardiac CT scan) 
Cardiac CT scan +1 

(Calcification 
="Not 
Found")  ^ 
(Images = 
"Successful")

: (Compatibility="Fit")  (Beta 
blockers = "Given")  (Over-weight = 
"No")  (Calcification = "Not Found") 

 (Obesity CT scan = 0) 
(Paused/Resume Examination = 0) 
(Cardiac CT scan < 2) 

Obesity 
CT scan 

Obesity CT scan) 
Obesity CT scan +1 

(Calcification 
="Not 
Found") ^ 
(Images = 
"Successful")

: (Compatibility="Fit")  (Beta 
blockers = "Given")  (Over-weight = 
"Yes")  (Calcification = "Not 
Found")  (Cardiac CT scan = 0) 
(Paused/Resume Examination = 0) 
(Obesity CT scan < 2) 

Deciphering
scan 
results 

Deciphering scan 
results  Deciphering 
scan results + 1 

Deciphering  
results= 
“Successful” 

: Images = "Successful" 

ER 
Intervention

ER intervention = 
”Yes” 

ER intervention 
= ”Yes” 

: Patient released = “No” 
: Acute problem= "Discovered" 

Release 
Patient 

Patient Released = 
“Yes” 

Patient Released 
= “Yes”

: (ER intervention=”No”)  

Pause / 
resume 
examination

Paused/Resume 
Examination  1) if 
(Paused/Resume 
Examination = 0);  
(Paused/Resume 
Examination  0) if 
(Paused/Resume 
Examination = 1) 

(Paused/Resume 
Examination=1
Irregularity= 
Appear) 
(Paused/Resume 
Examination=0
Irregularity= 
disappear)

: ((Irregularity = Appear) 
(Paused/Resume Examination = 0)) 
((Irregularity = Disappear) 
(Paused/Resume Examination = 1)) 

 

Note that there are activities such as Beta blockers reception, where for a state  
preceding the activity s∈En(a)∪Tr(a), the change achieved with certainty δa(s) satis-
fies the intention γa. These are activities that achieve their intention with certainty,  
not depending on external events. For other activities (e.g., Pre CT Evaluation), an 
external event is expected in response to the activity, for a state satisfying γa to be 
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achieved. As previously discussed, in these cases the intention of the activity may not 
be achieved, depending on the values set by the external event. 

To complete the process specification, we define the set of external events E, 
which, together with the uninitiated variables in Table 1, form the context of the 
process. Table 3 includes external events and their associated environment response 
constraints (column “Response to” in the table). Some of the external events are ex-
pected in response to specific activities, while some can occur unexpectedly, in which 
case the “Response to” column is blank.  

Table 3. External events in the example process 

External event Affected state variables Response to
Candidate compatibility Candidacy Pre CT scan evaluation
Calcification discovery Calcification Cardiac CT scan/ Obesity cardiac 

CT scan
Image generation Images Cardiac CT scan/ Obesity cardiac 

CT scan 
Deciphering outcome Deciphering results Deciphering scan results 
Acute health problem Acute problem 
Irregularity appearance  Irregularity 

 

To illustrate, consider the event Calcification discovery. This event is expected in 
response to a CT scan (either obesity or regular). It may change the value of the state 
variable Calcification from Not Found to Found (see Table 1).  

Having specified the process, we now present four conditions which are necessary 
for the specification to be valid, namely, for the process to achieve its goal. 

Condition 1 (concurrency): For every a, a’∈A, if Tr(a)∩TR(a’) ≠∅ then δa and δa’ 
do not affect the same state variables. 

This condition is intended to ensure that two activities that are triggered by the same 
state (namely, must be performed concurrently), do not change the values of shared 
state variables. For a discussion of this condition, see [ 14]. Our process includes two 
activities with triggering conditions: Pause/resume examination and ER intervention. 
Their triggering constraints are not overlapping, hence Condition 1 is not breeched. 

Condition 2 (sequence of intended states): There exists at least one sequence of 
states (s1, s2,…sn) such that s1∈I, sn∈Gg, and let si∈{s|γai=TRUE} then for i=2…n     
si-1∈En(ai)∪Tr(ai). 

This condition requires the existence of at least one sequence of states leading from 
an initial state to the goal of the process. Note that the sequence is established when 
the enabling or triggering set of each activity is in the intended set of the previous 
one. This means that the activity is enabled either immediately and certainly after an 
activity whose intention is achieved by its δ, or after an external event responding to 
the previous activity has achieved its intention.  
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In our example it can be noticed that for, e.g., the sequence of activities Pre CT 
scan evaluation, Beta blockers reception, Cardiac CT scan, Deciphering scan results, 
and Release patient, the enabling set of each activity satisfies the intention of the 
previous one. As well, the first activity (Pre CT scan evaluation) is enabled at I and 
the last one can lead to a state in Gg. 

Also note that there might be other sequences which do not lead to the goal set. 
These, however, should end on a termination state in Ge and not on any other state. In 
other words, continuation of the process should be enabled for any state which is not 
in G. To ensure this continuation, we require the following two conditions. 

Condition 3 (process continuation - activities): Let a∈A such that γa is not achieved 
by δa. Then ∃ an external event e∈E and an environment response constraint Er:(a,e).  

For example, δ of Deciphering scan results increases the execution counter of this 
activity by 1, while its intention is to reach a state where Deciphering results are Suc-
cessful. This can be achieved by the external event Deciphering outcome, which is 
related to the activity by an environment response constraint. 

Condition 4 (process continuation - events): For every external event e: {(xi, vi)}, for 
every value vi that state variable xi can assume, the resulting state s satisfies (1) s∈G  
or (2) ∃ activity a∈A such that s∈En(a)∪Tr(a).  

This condition requires that every external event either leads to a state in the termina-
tion set or to a state where at least one activity is enabled / triggered. For example, the 
event Acute health problem leads to a state where Acute problem = “Discovered”. 
This state triggers the activity of ER intervention. 

6   Related Work 

Substantial research efforts have been invested in declarative process models in recent 
years. Most notably, Declare [9], a modeling and execution platform, which also 
allows changing the model at runtime and performing some verification. Methodolog-
ical issues that concern declarative process models have also been investigated. Ex-
amples include life-cycle support [18], user assistance [12], and usability evaluation 
[17]. Life-cycle support [18] is said to ensure better understandability and maintaina-
bility of declarative processes over the process life-cycle, based on the ideas of Test 
Driven Development [4] and Automated Acceptance. User assistance includes rec-
ommendations which are generated based on similar past process executions by con-
sidering specific business objectives [13]. An initial usability evaluation using the 
Alaska simulator, has indicated that humans are capable of coping with flexibility and 
can effectively plan in an agile manner [17].  

Declarative model segments have also been used for managing imperative models. 
Ly et. al. [8] developed a framework for integrating constraints into adaptive process 
management systems in order to ensure semantic correctness of running processes at 
any time. Awad et al. [3] suggested a technique to accomplish the verification of 
process models against imposed compliance rules by using BPMN-Q queries.  

All these approaches basically employ an activity-based view, with Linear tempor-
al logic (LTL)-based constraints. These constraints are capable of defining rules on 
the existence of activities and on dependencies among them. Goals are usually not 
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specified or addressed, although some goal consideration is included in the Alaska 
simulator [17]. The tool uses a journey as metaphor for businesses process and deter-
mines typical goal as the overall business value of the journey, i.e., minimization of 
cost, cycle time or the optimization of quality or customer satisfaction. Goals of this 
kind are not addressed in this paper (in GPM terminology they are called soft-goals 
[15]). Rather, we address “hard” goals which mark the termination of the process. 
Soft-goals mainly affect planning and will be addressed as future research. 

A different and early approach is presented by [2], who defined a business process 
pattern based on the state-oriented approach that includes a state space, a goal, and 
valid movements in the state space. Constraints are not made formally and explicitly, 
but roughly in the form of valid movements. The movements refer only to the changes 
in the constructed state space and abstract from activities.  

In summary, as compared to the existing declarative process modeling approaches, 
the approach presented in this paper has an extended expressiveness, enabling all 
LTL-based constraints and adding state information. Furthermore, it supports contex-
tual constraints, which are not possible in existing approaches.  

7   Conclusions 

Declarative process models support flexibility in process aware information systems. 
However, current declarative models are mainly activity-based, relying on Linear 
Temporal Logic for the constraints they entail. As a result, the business logic related 
to the context of the process and to its goal is basically applied by human and not 
supported by the model.  

The model proposed in this paper constrains the execution of activities based on 
state, which reflects activity execution as well as case properties and results of events 
in the environment of the process. As such, it is context aware and suitable for highly 
diverse and frequently changing environments, where process flexibility is particular-
ly important. Furthermore, an explicit goal specification can guide execution towards 
this goal and serve for validating the process at design time. 

A theoretical contribution of the paper is the activity definition, which makes a 
clear distinction between the certain change brought about by it and the intended 
change, which may or may not depend on environment response invoked by the activ-
ity. The intentional aspect of an activity is shown to be of importance for designing 
the process and for planning ahead for reaching the goal. Yet, it can be ignored by an 
execution engine for simplicity, as it has no role in the actual execution mechanism. 

The paper demonstrates the specification of an example process using the proposed 
model. This specification, however, is not graphical. An appropriate graphical repre-
sentation to increase the usability of the model by humans is still needed. We intend 
to consider the adaptation of the graphical notation used by Declare to the additional 
expressiveness required by our model as future work. The paper also provides four 
conditions a process specification needs to meet to be valid. As noted, these are ne-
cessary conditions for the validity of the process, but not necessarily sufficient. Full 
validation and verification of a process specification is also planned as future re-
search, as well as the utilization of AI planning algorithms to support goal achieve-
ment from a given state. Defining a comprehensive and complete event library may 
also be addressed in future work.  
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Abstract. Declarative approaches to process modeling are regarded
well suited for highly volatile environments as they provide a high de-
gree of flexibility. However, problems in understanding and maintain-
ing declarative process models impede their usage. To compensate for
these shortcomings Test Driven Modeling has been proposed. This pa-
per reports from a controlled experiment evaluating the impact of Test
Driven Modeling, in particular the adoption of testcases, on process
model maintenance. Thereby, students modified declarative process mod-
els, one model with the support of testcases and one model without the
support of testcases. Data gathered in this experiment shows that the
adoption of testcases significantly lowers cognitive load and increases
perceived quality of changes. In addition, modelers who had testcases at
hand performed significantly more change operations, while at the same
time the quality of process models did not decrease.

Keywords: Declarative Business Process Models, Test Driven Model-
ing, Empirical Research.

1 Introduction

In today’s dynamic business environment, the economic success of an enterprise
depends on its ability to react to various changes like shifts in customer’s atti-
tudes or the introduction of new regulations and exceptional circumstances [1],
[2]. Process-Aware Information Systems (PAISs) offer a promising perspective
on shaping this capability, resulting in growing interest to align information sys-
tems in a process-oriented way [3], [4]. Yet, a critical success factor in applying
PAISs is the possibility of flexibly dealing with process changes [1]. To address
the need for flexible PAISs, competing paradigms enabling process changes and
process flexibility have been developed, e.g., adaptive processes [5], [6], case han-
dling [7], declarative processes [8], data driven processes [9] and late binding and
modeling [10] (for an overview see [11]).

Especially declarative processes have recently attracted the interest of re-
searchers, as they promise to provide a high degree of flexibility [11]. Although
the benefits of declarative approaches seem rather evident [8], they are not widely
adopted in practice yet. In particular, as pointed out in [12], [13], [14], under-
standability problems and maintainability problems hamper the usage of declar-
ative process models. An approach tackling these problems, the so-called Test

T. Halpin et al. (Eds.): BPMDS 2011 and EMMSAD 2011, LNBIP 81, pp. 163–177, 2011.
c© Springer-Verlag Berlin Heidelberg 2011



164 S. Zugal, J. Pinggera, and B. Weber

Driven Modeling (TDM) methodology, is presented in [14]. TDM aims at im-
proving the understandability and maintainability of declarative process models
as well as the communication between domain expert and model builder by
adopting the concept of testcases from software engineering. While the proposed
concepts seem to be beneficial from a theoretical point of view, no empirical
evaluation has been conducted yet. The goal of this paper is to pick up this need
and to investigate empirically, whether the adoption of TDM—in particular the
usage of testcases—has the intended positive effects on the maintainability of
declarative process models.

To this end, we performed a controlled experiment at the University of Inns-
bruck, letting its participants conduct changes to declarative process models with
and without test support. This paper reports on the experiment and its results,
starting with necessary background information and prerequisites in Section 2.
Then, Section 3 describes the experimental setup, whereas Section 4 deals with
the actual experimental execution, data analysis and discussion. Related work is
presented in Section 5 and, finally, Section 6 concludes the paper with a summary
and an outlook.

2 Background

This section provides background information needed for the further understand-
ing of the paper. Section 2.1 introduces declarative processes, while Section 2.2
discusses associated problems. Then Section 2.3 sketches how TDM aims at
resolving these problems. Afterwards, Section 2.4 introduces Test Driven Mod-
eling Suite that implements the concepts of TDM and was used as experimental
platform.

2.1 Declarative Processes

There has been a long tradition of modeling business processes in an imperative
way. Process modeling languages supporting this paradigm, like BPMN, EPC
and UML Activity Diagrams, are widely used. Recently, declarative approaches
have received increasing interest and suggest a fundamentally different way of
describing business processes [12]. While imperative models specify exactly how
things have to be done, declarative approaches only focus on the logic that
governs the interplay of actions in the process by describing the activities that
can be performed, as well as constraints prohibiting undesired behavior. An
example of a constraint in an aviation process would be that crew duty times
cannot exceed a predefined threshold. Constraints described in literature can be
classified as execution and termination constraints. Execution constraints, on the
one hand, restrict the execution of activities, e.g., an activity can be executed at
most once. Termination constraints, on the other hand, affect the termination of
process instances and specify when process termination is possible. For instance,
an activity must be executed at least once before the process can be terminated.
Most constraints focus either on execution or termination semantics, however,
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some constraints also combine execution and termination semantics (e.g., the
succession constraint [12]).

To illustrate the concept of declarative processes, a declarative process model
is shown in Fig. 1 a). It contains activities A to F as well as constraints C1
and C2. C1 prescribes that A must be executed at least once (i.e., C1 restricts
the termination of process instances), whereas C2 specifies that E can only be
executed if C has been executed at some point in time before (i.e., C2 imposes
restrictions on the execution of activity E). In Fig. 1 b) an example of a pro-
cess instance illustrates the semantics of the described constraints. After process
instantiation, A, B, C, D and F can be executed. E, however, cannot be exe-
cuted as C2 specifies that C must have been executed before (cf. grey bar in
Fig. 1 b) below “E”). Furthermore, the process instance cannot be terminated
as C1 is not satisfied, i.e., A has not been executed at least once (cf. grey area in
Fig. 1 b) below “Termination”). The subsequent execution of B does not cause
any changes as it is not involved in any constraint. However, after A is executed,
C1 is satisfied, i.e., A has been executed at least once and thus the process in-
stance can be terminated (cf. Fig. 1 b)—after e4 the box below “Termination”
is white). Then, C is executed, satisfying C2 and consequently allowing E to be
executed (the box below “E” is white after e6 occurred). Finally, the execution
of E does not affect any constraint, thus no changes with respect to constraint
satisfaction can be observed. As all termination constraints are still satisfied, the
process instance can still be terminated.

As illustrated in Fig. 1, a process instance can be specified through a list
of events that describe changes in the life-cycle of activity instances, e.g., “e1:
B started”. In the following, we will denote this list as execution trace, e.g., for
process instance I: <e1, e2, e3, e4, e5, e6, e7, e8>. If events are non-overlapping,
we merge subsequent start events and events, e.g., <B started, B completed, A
started, A completed> is abbreviated by <B, A>.

B
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e1 B started
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Execution Trace of I: <B started, B completed, A started, A 

completed, C started, C completed, E started, E completed>

Fig. 1. Executing a Declarative Process
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2.2 Shortcomings of Declarative Processes

While the declarative way of process modeling allows for a high degree of flexi-
bility, this freedom comes at the cost of understandability problems and main-
tainability problems [12], [13], [14]. In particular, declarative process models are
hard to read and understand, since the interactions between constraints quickly
become too complex for humans to deal with [12]. Especially interactions that
are not easily recognizable, so-called hidden dependencies [15], pose a significant
challenge in reading and thus understanding declarative process models. Con-
sider, for instance, the combination of cardinality constraints (i.e., an activity
must be executed a specific number of times) and precedence constraints (i.e,
an activity must be preceded by another activity) as illustrated in Fig. 2. Ac-
tivity B has a cardinality of 1 (i.e., must be executed exactly once) and activity
A is a prerequisite of B. Hence, in order to fulfill both constraints, A must be
executed at least once. Since this interaction interaction is not explicitly visi-
ble, it is not sufficient that the modeler only relies on the information that is
displayed explicitly, but has to carefully examine the process model for these
hidden dependencies.

Fig. 2. Hidden Dependency

As discussed in [15], any change operation can be broken down into sense-
making tasks, i.e., determining what to change and action tasks, i.e., perform
the change. Declarative process models, as discussed, exhibit understandability
issues that impede the sense-making task. This in turn hampers the action tasks
and thus compromises the maintainability of declarative process models.

2.3 Test Driven Modeling

So far we discussed the benefits and drawbacks of declarative process models,
now we briefly sketch how TDM is intended to support the maintenance of
declarative models (for a detailed discussion we refer to [14]). A central aspect
of TDM is the creation of so-called testcases. Testcases allow for the specification
of behavior the process model must exhibit and to specify behavior the process
model must prohibit. As the focus of TDM is put on control flow aspects, test-
cases provide mechanisms for the validation of control-flow related properties.
In particular, a testcase consists of an execution trace (i.e., a sequence of events
that reflect the current state of a process instance) as well as a set of assertions
(i.e., conditions that must hold for a process instance being in a certain state).
The execution trace thereby specifies behavior that must be supported by the
process model, whereas assertions allow to test for unwanted behavior, i.e., be-
havior that must be prohibited by the process model. A typical example for an
assertion would be to check, whether or not activity N is executable at time M.
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Consider, for illustration, the testcase depicted in Fig. 3. It contains the ex-
ecution trace <A, B> (1) as well as an assertion that specifies that A cannot
be executed between e2 and e3 (2) and assertions that specify that the process
instance cannot be terminated before e2 (3), however, it must be possible to
terminate after e2 (4).

Fig. 3. A Simple Testcase

As illustrated in Fig. 3, testcases make information explicit that is only avail-
able in an implicit form in process models. For instance, in this example the
process instance cannot be terminated until A has been executed, cf. termina-
tion assertion 3) and 4). Thus, testcases provide an additional view on the process
model, which allows to resolve hidden dependencies by specifying testcases that
make these dependencies explicit. Furthermore, it supports the interpretation of
declarative process models and thus presumably lowers the cognitive load [14].
This additional view is not provided by a single testcase in isolation. Rather, a
process model is combined with a set of testcases, where each testcase focuses on
a specific part of the intended behavior only. With respect to maintenance, the
close coupling of testcases and process model should help to ensure that changes
conducted to the process model do not violate desired behavior (cf. regression
testing in software engineering [16]). Similar to unit testing [17], testcases can be
validated automatically by replaying the execution trace in a test environment
and checking the assertions step-by-step. Testcases thus relieve modelers from
checking validity, i.e., to test whether the process model appropriately reflects
reality, manually, which presumably lowers the cognitive load of modelers and
leads to quality improvements.

While it is known from software engineering that testcases indeed are able to
improve perceived quality [18] and to improve quality [19], [20], the benefits of
testcases for declarative process models so far are based on theoretical consider-
ations only (cf. [14]). Whether or not these conjectures also holds for declarative
process models we will investigate in the following.

2.4 Test Driven Modeling Suite

In order to enable the evaluation of TDM, Test Driven Modeling Suite (TDMS)1

was implemented to provide the necessary operational support. In particular,
1 Freely available from: http://www.zugal.info/tdms

http://www.zugal.info/tdms
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TDMS provides an integrated development environment for the creation of test-
cases and declarative process models. In order to enable an in-depth analysis,
TDMS was implemented on top of Cheetah Experimental Platform (CEP) [21].
In addition to the analysis of the product, i.e., the maintained process models,
the generic replay feature of CEP allows to watch the process of maintenance
step-by-step. Put differently, TDMS allows to inspect each single step the mod-
eler undertook, thereby enabling researchers to investigate how the modeler ap-
proached the maintenance tasks and how the adoption of testcases influenced
their behavior.

Fig. 4 shows a screenshot of a simple declarative model edited in TDMS. On
the left hand side testcases are visualized (1); for this particular screenshot a
testcase with execution trace <A, B, B, B, A, C> and a termination asser-
tion is shown. On the right hand side TDMS provides a graphical editor for
designing the process model (2). Whenever a testcase or a process model are
changed, TDMS immediately validates the testcases against the process model
and indicates failed testcases in the testcase overview (3)—currently listing three
testcases from which one failed. In addition, TDMS provides a detailed problem
message about failed testcases in (4). In this example, the modeler defined that
the trace <A, B, B, B, A, C> must be supported by the process model. How-
ever, as A must be executed exactly once (cf. the cardinality constraint on A),
the process model does not support this trace as indicated by the highlighted
occurrence of activity A (1), the testcases marked in (3) and the detailed error
message in (4). Since TDMS automatically validates all testcases whenever the
process model is changed, the modeler is relieved from checking this control-flow
behavior manually. Instead TDMS will automatically notify the modeler when
she conducts changes that conflict with this requirement.

Fig. 4. Screenshot of TDMS
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3 Experimental Definition and Planning

To test our theories, this section introduces the hypotheses, describes the sub-
jects, objects, factors, factor levels and response variables of our experiment
and presents the instrumentation and data collection procedure as well as the
experimental design.

Hypotheses. The first hypothesis to be tested deals with the cognitive load of
process modelers. Based on our theoretical work [14] we postulate that the adop-
tion of testcases has a positive effect on the cognitive load of process modelers:

Hypothesis H1: The adoption of testcases significantly lowers the cognitive load
on the process modeler conducting the change.

Secondly, we know from experiments conducted in the domain of software
engineering that having testcases at hand improves perceived quality [18]. Simi-
larly, we expect testcases to improve the perceived quality of the process model:

Hypothesis H2: The adoption of testcases significantly improves the perceived
quality of the adapted process model.

Thirdly, testcases provide an automated way of validating the process model.
Thus, we expect a positive influence on the quality of process models (the oper-
ationalization of quality will be explained subsequently):

Hypothesis H3: The adoption of testcases significantly improves the quality of
changes conducted during maintenance.

Subjects. The targeted subjects should be at least moderately familiar with
business process management and declarative process modeling notations. We
are not targeting modelers who are not familiar with declarative process mod-
els at all, since we expect that their unfamiliarity blurs the effect of adopting
testcases as they have to struggle too much with the notation itself.

Objects. The objects of our study are two change assignments, each one per-
formed on a different declarative process model.2 The process models and change
assignments have been designed carefully to reach a medium level of complexity
that goes well beyond the complexity of a “toy-example”. To cancel out the influ-
ence of domain knowledge [22], we labeled the models’ activities by letters (e.g.,
A to H ). Furthermore, to counter-steer potential confusion by an abundance of
different modeling elements, no more than eight distinct constraints have been
used per model. In addition, we performed several pretests to ensure that the
process models and change assignments are of appropriate complexity and are
not misleading.

The change assignments consist of a list of requirements, so-called invariants,
that hold for the initial model and must not be violated by the changes conducted.
In addition, it must be determined, whether the change to be modeled is consistent
with the invariants. If this is the case, the changes have to be performed while

2 The material used for this study can be downloaded from:
http://www.zugal.info/experiment/tdm

http://www.zugal.info/experiment/tdm
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Fig. 5. Example of a Change Assignment

ensuring that all invariants are preserved. If a change assignment is identified to
be inconsistent, a short explanation of the inconsistencies must be provided.

An example of a change assignment is illustrated in Fig. 5 (1). Assume an
invariant that C cannot be executed until A has been executed. Further assume
a change assignment to remove the precedence constraint between A and B.
The invariant is valid for this model as C requires B to be executed before and
B requires A to be executed before—thus C cannot be executed before A has
been executed. The change is consistent, as it does not contradict the invariant.
However, removing the precedence constraint between A and B is not enough.
In addition, a new precedence constraint between A and C has to be introduced
to satisfy the invariant, resulting in the process model shown in Fig. 5 (2).

Factor and Factor Levels. Our experiment’s factor is the adoption of test-
cases, i.e., whether testcases are provided while conducting the changes to the
process model or not. Thus, we define the factor to be adoption of testcases with
factor levels testcases as well as absence of testcases.

Response Variables. In order to test the hypotheses formulated above, we
define the following response variables: 1) cognitive load on the process modeler,
2) perceived quality as well as 3) quality of the process model. For measuring
cognitive load and perceived quality, we ask subjects to self-rate their subjective
perception. The measurement of quality is derived from the change assignments
(cf. paragraph above discussing objects). In particular, we define quality to be
the sum of preserved (non-violated) invariants, the number of correctly identified
inconsistencies as well as the number of properly performed changes, i.e., we
measure whether the new requirements have been modeled appropriately.

To illustrate this notion of quality, consider again the process model shown
in Fig. 5 (1) and the change assignments from the paragraph discussing the
objects. The modeler must 1) determine that the change is consistent, 2) remove
the precedence constraint between A and B to fulfill the change assignment, as
well as 3) introduce a new precedence constraint between A and C to satisfy the
invariant—for each subtask one point can be reached, i.e., at most 3 points per
change assignment.
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Experimental Design. The experimental design is based on the guidelines for
designing experiments in [23]. Following these guidelines, a randomized balanced
single factor experiment is conducted with repeated measurements. The experi-
ment is called randomized, since subjects are assigned to groups randomly. We
denote the experiment as balanced as each factor level (i.e., the adoption of test-
cases and the absence of testcases) is applied to the same number of subjects.
As only a single factor is manipulated (i.e., the adoption of testcases), the design
is called single factor. Fig. 6 illustrates the described setup: the experiment is
divided into two runs, whereas the objects (i.e., process models) are changed
and the factor levels (i.e., adoption of testcases) are switched after the first run,
thus achieving repeated measurements.

Factor Level 1:

testcases
Model 1

Group 1

n/2 Participants

First Run Second Run

Factor Level 2:

without

testcases
Model 1

Group 2

n/2 Participants

Factor Level 2:

without 

testcases
Model 2

Group 1

n/2 Participants

Factor Level 1:

testcases
Model 2

Group 2

n/2 Participants

Fig. 6. Experimental Design

Instrumentation and Data Collection Procedure. As already pointed out,
we rely on CEP for non-intrusive data collection. This, as detailed in [21], enables
us to investigate the maintenance tasks in detail by replaying the logged com-
mands step-by-step. Based on the log data, CEP’s analysis capabilities provide
additional methods for evaluation, e.g., for analyzing questionnaires or comput-
ing modeling metrics.

4 Performing the Experiment

This section deals with the experiment’s execution. Section 4.1 covers operational
aspects, i.e., how the experiment has been executed. Then, in Section 4.2 data
is analyzed and subsequently discussed in Section 4.3.

4.1 Experimental Operation

Experimental Preparation. Preparation tasks included the implementation
of TDMS and the elaboration of process models and change assignments. To
ensure that the assignments are clearly formulated, several researchers with dif-
ferent backgrounds were included in the creation. Furthermore, we conducted
pretests before the actual experiment to screen the assignments for potential
problems.

Experimental Execution. The experiment was conducted in December 2010
at the University of Innsbruck in the course of a weekly lecture on business
processes and workflows; all in all 12 students participated. To prepare the stu-
dents, a lecture on declarative process models was held two weeks before the
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experiment. In addition, students had to work on several modeling assignments
using declarative processes before the experiment took place. One week before
the experiment, the concept of testcases and their usage was demonstrated. Im-
mediately before the experiment, a short lecture revisiting the most important
concepts of TDM and the experiment setup was held. The rest of the experi-
ment was guided by CEP’s experimental workflow engine [21], leading students
through an initial questionnaire, two modeling tasks (one with the support of
testcases and one without the support of testcases), a concluding questionnaire
and a feedback questionnaire. The experiment was concluded with a discussion
to exchange students’ experiences and to revisit the experiment’s key aspects.

Data Validation. Due to the relatively small number of students participating,
we were able to constantly monitor for potential problems or misunderstandings
and to immediately resolve them. For this reason and owing to CEP’s experi-
mental workflow engine [21], all students have been guided successfully through
the experiment—no single data set had to be discarded because of disobeying
the experimental setup. In addition, we screened the subjects for familiarity with
DecSerFlow [12] (the declarative process modeling language we use in our mod-
els), since our research setup requires subjects to be at least moderately familiar
with DecSerFlow. The mean value for familiarity with DecSerFlow, on a Likert
Scale from 1 to 7, is 3.17 (slightly below average). For confidence in under-
standing DecSerFlow models a mean value of 3.92 was reached (approximately
average). Finally, for perceived competence in creating DecSerFlow models, a
mean value of 3.83 (approximately average) could be computed. Since all values
range about average, we conclude that the participating subjects fit the targeted
profile.

4.2 Data Analysis

In the following we describe the analysis and interpretation of data.

Descriptive Analysis. To give an overview of the experiment’s data, Table 1
shows minimum, maximum and mean values of cognitive load, perceived qual-
ity and quality. The values shown in Table 1 suggest that the adoption of test-
cases lowers cognitive load, increases perceived quality and increases quality, thus

Table 1. Descriptive Statistics

N Minimum Maximum Mean

Cognitive load with testcases 12 2 7 4.33
Cognitive load without testcases 12 4 7 5.75
Cognitive load overall 24 2 7 5.05

Perceived quality with testcases 12 4 7 6.00
Perceived quality without testcases 12 3 6 4.25
Perceived quality overall 24 3 7 5.12

Quality with testcases 12 20 23 22.33
Quality without testcases 12 19 23 21.92
Quality overall 24 19 23 22.13
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supporting hypotheses H1, H2 and H3. However, these observations are merely
based on descriptive statistics. For a more rigid investigation, the hypotheses
will be tested for statistical significance in the following.

Hypotheses Testing. Our sample is relatively small, thus we follow guidelines
for analyzing small samples [24] to employ non-parametric tests. In particular,
we use SPSS3 to carry out Wilcoxon Signed-Rank Test [24]4.

Hypothesis H1: Applying Wilcoxon Signed-Rank Test for the response variable
cognitive load yields a p-value of 0.010 (< 0.05), thus supporting H1.
Hypothesis H2: Applying Wilcoxon Signed-Rank Test for the response variable
perceived quality yields a p-value of 0.005 (< 0.05), thus supporting H2.
Hypothesis H3: Applying Wilcoxon Signed-Rank Test for the response variable
quality yields a p-value of 0.391 (> 0.05), thus rejecting H3.

Summing up, hypotheses cognitive load (H1) and perceived quality (H2) are
supported, while quality (H3) had to be rejected. Reasons, implications and
conclusions are discussed in the following.

4.3 Discussion

Based on the obtained analysis results we can conclude that the adoption of test-
cases has a positive influence on the cognitive load (H1) and perceived quality
(H2). Especially interesting is the fact that, even though quality could not be
improved significantly, apparently the modelers have been more confident that
they conducted the changes properly. This effect is also known from software
engineering, where testcases improve perceived quality [18], [25]. Indeed also the
follow-up discussion with the students after the experiment revealed that stu-
dents with software development background experienced this similarity, further
substantiating our hypotheses on a qualitative basis.

Regarding quality (H3) no statistically significant differences could be ob-
served. This raises the question whether there is no impact of testcases on quality
at all or if the missing impact can be explained otherwise. To this end, a detailed
look at the distribution of quality offers a plausible explanation: the overall qual-
ity is very high, the quality measured on average is 22.13 out of a maximum of
23 (cf. Table 1). Thus, approximately 96% of the questions have been answered
correctly / tasks have been carried out properly. Put differently, the overall qual-
ity leaves almost no room for improvements when adopting testcases—in fact,
the sample’s standard deviation is very low (1.39). Since data “points towards”
the positive influence of testcases on quality (i.e., the mean value is higher, cf.
Table 1) and due to the low variance it seems reasonable to assume that a pos-
itive correlation exists, however, the overall high quality blurs expected effects.
To test this assumption, a replication with more complex and thus more chal-
lenging change tasks is planned. The increased complexity should result in a

3 Version 17.0.
4 Due to repeated measurements the variables are not independent, thus Wilcoxon

Signed-Rank Test was chosen.
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Table 2. Performed Change Operations

N Minimum Maximum Mean

Constraints created without testcases 12 5 13 9.83
Constraints created with testcases 12 10 34 16.25

Constraints deleted without testcases 12 5 12 8.42
Constraints deleted with testcases 12 9 32 15.17

Constraints adapted without testcases 12 0 1 0.33
Constraints adapted with testcases 12 0 7 0.92

Total without testcases 12 11 24 18.58
Total with testcases 12 19 73 32.33

lower overall quality, thereby leaving room for improvements and thus allow to
distinguish the effect of adopting testcases.

As explained in Section 3, for the evaluation of quality we had to take a
close look at the process models. Thereby, we could observe that the availabil-
ity of testcases changed the behavior of the subjects. In particular, subjects
who did not have testcases at hand seemed to be reluctant to change the pro-
cess model, i.e., tried to perform the change tasks with a minimum number of
change operations. To quantify and investigate this effect in detail, we counted
1) how many constraints were created, 2) how many constraints were deleted
and 3) how many constraints were adapted. The results, listed in Table 2, reveal
that modelers having testcases at hand approximately changed twice as many
constraints. In fact, mean values computed are 18.58 versus 32.33. Wilcoxon
Signed-Rank Test yields a p-value of 0.007, i.e., shows a significant difference.
Again, we would like to provide a possible explanation that is inspired by insights
from software engineering, where testcases improve the developer’s confidence
in the source code [17], [25]—and in turn increasing the developer’s willingness
to change the software. This experiment’s data supports our assumption that
a similar effect can be observed when declarative process models are combined
with testcases—significantly more change operations were performed by model-
ers who had testcases at hand. And, even more interesting, the quality did not
decrease even though approximately twice as many change operations have been
performed. Thus, we conclude that testcases indeed provide an effective safety
net, thereby increasing willingness to change while not impacting quality in a
negative way.

Summing up, our experiment shows on the basis of empirical data that the
adoption of testcases has a positive influence on the cognitive load, perceived
quality as well as the willingness to change. Regarding the impact on quality,
however, our data did not yield any statistically significant results. A closer look
at the data suggests that these effects were blurred by the overall high quality.
To clarify this issue we are currently preparing a replication including process
models with higher complexity. Although the results sound very promising, we
should not forget to mention that the small sample size (i.e., 12 subjects) con-
stitutes a threat to external validity, i.e., it is questionable in how far the results
can be generalized. However, it should be noted that if an effect can be shown
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to be statistically significant in a small sample, it can be considered to be very
strong [26].

5 Related Work

Most notably is the work of Ly et al. [27], which also focuses on the validation of
the process model, however, in contrast to our work, adaptive process manage-
ment systems are targeted instead of declarative ones. With respect to process
validity, work in the area of process compliance checking should be mentioned,
e.g., [28]. In contrast to our work, understandability of declarative languages is
not of concern, the focus is put on imperative languages.

Another related stream of research is the verification of declarative process
models. With proper formalization, declarative process models can be verified
using established formal methods [12]. Depending on the concrete approach, a-
priori (e.g., absence of deadlocks) [12] or a-posteriori (e.g., conformance of the
execution trace) [29] checks can be performed. While these approaches defini-
tively help to improve the syntactical correctness and provide semantical checks
a-posteriori, they do not address understandability and maintainability issues.

Related are also so-called scenario-based approaches to process modeling,
where scenarios specify a certain aspect of a business process similar to a test-
case (e.g., [30], [31]). However, existing approaches focus on imperative process
modeling notations, e.g., Petri Nets, whereas our approach is clearly focused on
declarative process modeling notations.

With respect to empirical evaluation, experiments investigating the effect of
Test Driven Development, i.e., interweaving software development and testing,
like the TDM methodology interweaves modeling and testing [14], are of inter-
est [19], [20], [18]. Since similarities between software processes and business
processes are well known from literature [32], it is not surprising that similar
result are reported (e.g., increased perceived quality, increased quality).

6 Summary and Outlook

Declarative approaches to business process modeling have attracted a recent
interest as they promise to provide a high degree of flexibility [11]. However,
the increase in flexibility comes at the cost of understandability problems and
resulting maintainability problems of respective process models [12], [13], [14]. To
compensate for these shortcomings, the TDM methodology adapts the concept
of testcases from software engineering. While this approach seems beneficial in
theory, no empirical evaluation has been provided yet. This paper picks up this
need and contributes a controlled experiment investigating the impact of the
adoption of testcases on the maintenance of declarative process models.

In particular, our experiment investigates the impact of testcases on the cog-
nitive load, perceived quality and model quality. Our results show that the adop-
tion of testcases allows for a significantly lowered cognitive load and increased
perceived quality. For quality, however, no significant difference could be found,
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presumably because of the only moderate complexity of process models. In ad-
dition, we could show that modelers who were supported by testcases performed
approximately twice as many change operations (difference statistically signifi-
cant). This effect is especially interesting as quality did not decrease, indicating
that testcases are able to provide an effective safety net for maintenance tasks.
However, while the results sound promising, their generalization is questionable
due to the relatively small sample size of 12 participants.

To tackle this issue and to clarify whether a significant difference for quality
can be observed for more complex change assignments, we are currently prepar-
ing a replication including more subjects and more complex assignments.
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Abstract. While the use of a single business process paradigm (e.g.
procedural or declarative) over the process lifecycle is often assumed
in business process management, transitions between approaches at dif-
ferent phases in the lifecycle could also be examined. This paper ex-
plores several business process management strategies by analyzing the
approaches at different phases in the process lifecycle as well as the var-
ious transitions between those phases.

Keywords: Business Process Management, Process Modeling, Process
Enactment, Transitions.

1 Introduction

Multiple approaches to the control-flow perspective of business process manage-
ment have been proposed in the literature, ranging from the procedural (e.g. [1])
to the declarative (e.g. [2]) business process paradigm with a series of hybrid
paradigms in between (e.g. [3,4,5]). Each of these approaches proposes a differ-
ent sets of tradeoffs between desirable process characteristics such as process
compliance, flexibility, efficiency and effectiveness.

The use of one business process management approach over the full process
lifecycle is often assumed. However, business processes may also require that
different tradeoffs are made at different phases in the process lifecycle. For ex-
ample, in practice it often occurs that at design-time the focus is placed on
process compliance and on the traceability of the related directives, whereas
process efficiency becomes the most important characteristic at run-time. The
contribution of this visionary paper will be the exploration of various business
process lifecycle strategies that allow the independent selection of both a design-
time and a run-time process paradigm and that provide a transition path. These
strategies may in practice result in a better fit between the business processes
and the systems that support them.

This paper is structured as follows. Section 2 briefly characterizes the different
strategic positions at each lifecycle phase. Section 3 introduces the transition
strategies between the different design-time and run-time positions, which are
discussed and evaluated in section 4. Finally, section 5 concludes the paper.
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2 Positions at Design-Time and Run-Time

A traditional business process lifecycle consists of four phases with distinct roles
(i.e. design, implementation/configuration, enactment and analysis phase). In
the context of making business process management work, however, we distin-
guish two distinct strategy decisions: one at design-time and one at run-time.
The process design-time consists of the design phase and all process analysis
activities prior to the actual modeling. Process run-time, on the other hand
coincides with the implementation and enactment phases.

In the business process management literature a wide spectrum of business
process paradigms has been presented. These different paradigms can be roughly
categorized into the following classes:

The procedural business process paradigm focuses on defining an exact ac-
tivity sequence that will result in obtaining the related corporate goal (e.g. [1,6,7]).

The declarative business process paradigm focuses on capturing the regu-
latory and internal directives that impose restrictions on the business processes.
Different declarative approaches have been proposed, such as the use of con-
straints, rules, event conditions or other (logical) expressions (e.g. [8,2]).

Hybrid business process paradigms focus on combining activity sequence
specifications with declarative specifications, the principles of the other two busi-
ness process paradigms (e.g. [5,9,10,11,12,13]).

The following subsections will further elaborate the different paradigm-based
strategy options at the key phases in the process lifecycle.

2.1 Design-Time Positions

In the business process modeling stage, each business process paradigm has a
different set of design principles and constructs, that will determine the charac-
teristics of the final process model.
Procedural process models contain a precise definition of the control-flow,
including the alternative execution paths, events and exceptions. Graph-based
modeling languages (e.g. Petri Nets [1,7], BPMN [6] and EPC [14]) are commonly
used for control-flow specifications [15].
Declarative process models specify process properties by means of event con-
ditions (e.g. ECA-rules [16]), constraints (e.g. ConDec [17], DecSerFlow [18] and
BPCN [4]) or other logical expressions.

Hybrid process models combine elements of both procedural and declarative
process modeling techniques. Hybrid process modeling techniques generally make
use of placeholder activities [5,9,10] or rule-based adaptation mechanism [11,12].

2.2 Run-Time Positions

Also at run-time a strong differentiation can be observed between the three busi-
ness process paradigms. This section briefly describes the execution principles
of each business process paradigm.
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Procedural process enactment is characterized by a straightforward execu-
tion based on execution paths specified in a procedural process execution lan-
guage such as BPEL [19] or YAWL [20].

Declarative process enactment is based on the dynamic run-time devel-
opment of an execution scenario for each individual process instance. Formal
declarative specifications [21,22] are used to impose restrictions on the dynamic
scenario development. A multitude of techniques for the dynamic development
of an execution scenario have been proposed, including dynamic planning algo-
rithms (e.g. PLMflow) [23], ECA rules [16], event-driven BPM approaches [24]
and LTL-automata [21].

Hybrid process enactment techniques are used to enact process models that
contain placeholder activities. The base process is executed according to the
principles of the chosen process paradigm and whenever a placeholder activity is
encountered a switch in process paradigm takes place. Two approaches to switch
enactment strategies have been proposed: the use of build-activities executed
in the same workflow engine (e.g. Chameleon) [5] and the use of subprocesses
encapsulated in a service [9].

3 Design-Time to Run-Time Transition Strategies

Traditional business process management solutions are oriented towards same-
paradigm transitions, e.g. using procedural principles both at design-time and
at run-time. These traditional solutions allow to fully exploit the advantages of
a single process paradigm. However, in this paper we examine if cross-paradigm
transitions might better support business processes that have different require-
ments at design-time and run-time, e.g. in terms of flexibility. In these cases
we analyze design-time to run-time transitions between process paradigms, the
cross-strategy paradigms (figure 1).

In addition to the same-paradigm transitions, three cross-paradigm transi-
tions seem most interesting. Both the transition from hybrid modeling to pro-
cedural enactment and from declarative modeling to procedural enactment are
characterized by a need for design-time flexibility and run-time efficiency. The
transition from procedural modeling to declarative enactment could be moti-
vated by the need for a distributed implementation at run-time combined with
a clean process overview at design-time. Other cross-paradigm transitions could
rely on splitting up the business processes and performing different transition
types on different process parts (and thus are not shown in figure 1), e.g. a hy-
brid to declarative transition combines procedural to declarative and declarative
to declarative transition principles for different process parts.

3.1 Same-Paradigm Transitions

Procedural-procedural transition. Different transformation strategies between
procedural process modeling languages and procedural process execution
languages have been proposed in the literature [25,26]. Due to a conceptual mis-
match between the standardprocedural processmodeling languages and execution
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Fig. 1. Design-time to run-time transitions

languages, translation techniques are only offered for process models captured in
a core subset of the procedural process modeling languages [27,25]. Additionally,
the process variant management approaches based on querying a repository of pro-
cedural process variants (e.g. [4]), fall into the scope of this transition type.

Declarative-declarative transition. The common declarative process mod-
eling languages have their roots in formal logic, e.g. ConDec provides a graph-
ical notation for specific LTL expressions [21]. Due to this formal foundation,
the translation of a high-level declarative process model into enactable rules is
rather straightforward. These enactable rules are then used to govern declar-
ative process instances by non-deterministic workflow engines (i.e. rule-based
event-driven process engine).

Hybrid-hybrid transition. The hybrid-hybrid transition can only be applied
on hybrid process models that contain placeholder activities. For each pro-
cess part (the base process or a placeholder activity) the corresponding same-
paradigm transition is selected.

3.2 Cross-Paradigm Transitions

Procedural-declarative transition. The procedural process model is trans-
lated into a set of event-based rules (e.g. preconditions), which can be used for
a declarative process enactment [28]. While the focus is mostly placed on the
translation of the control-flow, Dumas et al. describe an approach to deal with
the data-flow in UML activity diagrams [29].

Declarative-procedural transition. Before run-time a systematic procedure
is used for the construction of an optimal control-flow with reference to a par-
ticular characteristic. The systematic procedures for constructing an optimal
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control-flow from a declarative process model are closely related to artificial
intelligence planning techniques [30,31,32,33].

Hybrid-procedural transition. Within the context of this transition the focus
is primarily placed on hybrid models of the second type, the process models
that combine a full procedural specification with a set of business rules. Before
run-time the procedural reference model is customized to the specific needs of
a particular case by applying the set of customizing business rules [11,3]. The
hybrid-procedural transition also occurs in the context of hybrid process models
with placeholder activities, when the declarative-procedural transition is used
for the declaratively specified process parts.

4 Discussion of the Different Transition Types

This section further elaborates on the different design-time to run-time transition
types. Additionally, the different transition types are evaluated based on their
impact on the process characteristics.

4.1 When Do Same-Paradigm Transitions Work?

Procedural-procedural transitions can be recommended for business pro-
cesses in a stable environment with predictable execution paths. Under these con-
ditions optimal process efficiency could be achieved. Repository-based variant
management allows for anticipated process flexibility, all anticipated execution
paths are specified. Stable environments are advisable since managing evolutions
in the business concerns can be challenging in the context of the procedural
paradigm [34], especially for repositories with large collections of process vari-
ants. Typical use cases are business processes for processing standard and static
items, such as online orders or standardized financial transactions.

Declarative-declarative transitions are suitable for business processes in a
highly evolving environment and/or business processes with non-predictable exe-
cution paths. Maximum process flexibility can be obtained [35]. Process compli-
ance is guaranteed when all regulation and business policies are correctly mapped
onto mandatory business constraints. As declarative process management sys-
tems might provide limited support at run-time [36], this transition type will
be most suited for experts dealing with unique cases [37]. A typical use case for
this transition would be non-standardized healthcare processes: while general
medical principles are the same for all patient, each case will be different due to
complications, patient conditions, etc.

Hybrid-hybrid transitions will be used for business processes that contain
both process parts with stable and highly evolving environments or that consist
of both process parts with predictable and non-predictable execution paths. The
transition principles for individual process parts are similar to the correspond-
ing same-strategy transition. However, it should be noted that process variant
management approaches based on hybrid specifications will be easier to main-
tain than repository based transitions, because the procedural process parts are
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not duplicated. A typical case for the hybrid-hybrid transition is a process that
supports an advisory project of a consulting company. These processes combine
very structured process parts, such as administrative activities at the beginning
and the end, with an unstructured set of problem-solving activities in the middle.

4.2 When Could Cross-Paradigm Transitions Work?

Procedural-declarative transitions slightly increase the run-time process flex-
ibility compared to the procedural-procedural transition. This increase results
from the possibility of replacing or adding service task at run-time and the
ability to define extra event-based rules at run-time to deal with temporary cir-
cumstances [29]. However, control-flow dependencies in the procedural process
model that are not dictated by internal or external directives (i.e. the issue of
overspecification), will still be mapped on event-based business rules and conse-
quently impose restrictions on the run-time flexibility.

Declarative-procedural transitions combine extensive process flexibility at
design-time with process execution efficiency at run-time. The run-time flexibil-
ity remains limited to the flexibility offered by procedural enactment. However,
the declarative process model in combination with a time-efficient planning algo-
rithm, allows for a rapid adoption of new compliance requirements. This is useful
for processes that require far-reaching redesigns at regular intervals, but are at
the same time relatively stable in the periods between those redesign phases.

The use of an artificial planning algorithm might positively affect both the
process efficiency and effectiveness, since an optimization criterion needs to be
specified. In addition, compared to declarative process enactment the end-user
will be sufficiently guided and supported [38].

Hybrid-procedural transitions provide a neat approach to process variant
management is provided. Compared to the process variant management ap-
proach introduced in the procedural-procedural transition, maintenance of re-
quirements is not needlessly complicated since there is no duplication of the base
process. However, the customization of the process model must be performed
correctly and completely in order not to affect the process effectiveness.

5 Conclusion

Designing information systems that provide optimal support for specific business
processes can be a challenging task. This paper promotes a clear distinction
between the business process strategies and their differences at distinct stages in
the process life cycle. The optimal selection of design-time and run-time positions
(and consequently the transition type) will be process-specific and based on
the business environment. Future research in business process strategies will be
mainly focused on the further identification and exploration of typical use cases
for the cross-paradigm transitions and evaluation of the proposed techniques.
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Abstract. In this paper, an approach to use task trees in a workflow manage-
ment system (WfMS) is presented. As hierarchical models task trees capture 
several hierarchy levels of a workflow in one model. A workflow editor visual-
izes the models also as flowcharts similar to UML activity diagrams. The 
WfMS use these models as input and instantiates and executes them. The sys-
tem is web-based and can be easily accessed by users with any browser clients. 
This paper motivates the approach to use task trees that produce hierarchical 
and structured workflow specifications. The proposed language might help end-
users to better understand workflow models with its problem oriented hierarchi-
cal modeling character. Temporal operators from the task models are compared 
with certain operators from established workflow languages. In addition, in 
TTMS an instantiation time concept is implemented, where decision operators 
are evaluated at the very moment the process is instantiated. Consequently the 
task tree modeling language is enhanced for modeling decisions in the context 
of workflow management.  

Keywords: User-oriented business process modeling, Business process man-
agement, Workflow systems, Task modeling. 

1   Introduction 

Nowadays, workflows are frequently modeled in a non-hierarchical, flat way in EPCs, 
UML activity diagrams or BPMN. Although subprocesses can be defined, the hierar-
chical modeling is not an integral part of these languages and can only be integrated 
in an unnatural, difficult to handle way. Having several hierarchies would mean man-
aging several models and inserting a new hierarchy would mean creating new models. 
Whereas hierarchy is an integral part in function trees that are used for software engi-
neering [1] to capture functional requirements and also in the ARIS method and tool-
kit [20] for business process modeling. Hierarchical supply and value chains, e.g. in 
the SCOR model [18] are a common feature in the domain of business modeling. 
Task models [6] are used for capturing the hierarchical character of tasks and get 
expressed in a tree-like notation. Although these three modeling languages have a 
similar hierarchical modeling concept they are used for different purposes. Figure 1 
illustrates three examples, one for each language.  



 TTMS: A Task Tree Based Workflow Management System 187 

1.1   Hierarchical  Modeling 

Figure 1a) illustrates a part of the hierarchical SCOR model [18] in which the busi-
ness process is the central part in the model. Figure 1b) visualizes a function tree in 
which the root node represents the main function of a software system or a service. 
The starting point for modeling is the system (the root node), which is refined into 
sub-functions and subsystems. This modeling perspective is system centric. In con-
trast, task models are used in the field of Human Computer Interaction (HCI) for 
modeling tasks and workflows in a user centered way [6]. The starting point is the 
root node of the task tree which describes a human goal, problem or task. The follow-
ing sublevel in the hierarchy of the task tree describes how the goal is achieved by 
declaring the required tasks to be accomplished. Thus, the model is developed top 
down. Task trees also specify control flow within in contrast to function trees. Several 
languages have been developed for task models. The first one was HTA (Hierarchical 
Task Analysis) [6] followed by GOMS [6, pp.83-117] and CTT [17] and several oth-
ers. CTT seems to be the most prominent one for task modeling.  

 

Fig. 1. a) Hierarchical SCOR model, b) function tree for a ERP software, c) task tree in CTT 
notation 

The strict hierarchical structure of the workflow models can express the goals very 
well. By navigating one level upwards in the hierarchy the context goal of the current 
task can be seen. For example in Figure 1c) the context goal of the task check car 
diagnostic is the root task make car ready. Hierarchies for modeling goals are also 
used for example in the ARIS method [20] within hierarchical goal diagrams in com-
bination with function trees for capturing the functional modeling part of the ARIS 
house.  

The hierarchical structure answers the question of how a task or a problem can be 
handled by visiting child nodes. Using hierarchies for that purpose is very intuitive 
[15]. It is also discussed in the context of goal and problem modeling with a business 
extension of UML [7, pp. 99-105]. It is illustrated in Figure 1c) where the subordinate 
hierarchy level explains how the task or problem make car ready has to be handled. 
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The downward navigation in the tree stops at the leaves of the tree where the user 
action level is reached. 

1.2   Task Models for Workflow Modeling 

Task models can also be used for modeling business processes or workflows which 
will be the main contribution of this paper. In task trees workflows are modeled in a 
human centered way by focusing on the human goal or task at hand as root node. 
Within business processes not the human task or goal is relevant but one of the com-
pany or department. This is discussed more deeply in subsection 2.1. Nevertheless, 
while modeling the processes at design time or within the workflow execution in the 
WfMS at runtime the strict hierarchical character and presentation of the workflow 
models might help the end-users to understand the processes better than the ones 
modeled in a flat way by presenting the context goals in the model. 

Task trees are structured workflow models [11] that provide further benefits. In [4] 
the correlation between CTT and UML activity diagrams is demonstrated. The struc-
turedness within single-entry-single-exit regions [21] of every activity can be seen. 
Structured workflow models are less error prone, better readable and understandable 
[14]. Unreadable and unstructured workflow models similar to “Spaghetti code” [8] 
are not allowed. Although expressiveness is lost compared to the flowchart oriented 
languages like BPMN, there are many benefits to use task trees as workflow models. 
Consequently it seems promising to use them by a WfMS to instantiate and manage 
the work in an organization or company. A system implementing this approach is 
presented in this paper.  

The rest of the paper is structured as follows. In section 2 the foundation for mod-
eling workflows or rather business processes with task trees is given. Task modeling 
using CTT and TTMS is presented. The task modeling approach is enriched by an 
explicit decision modeling concept. This is mandatory for a WfMS to support the end-
user in making decisions during the workflow execution. Additionally, it includes an 
instantiation time concept for these operators. Section 3 introduces the Task Tree 
based Workflow Management System (TTMS WfMS). We show how TTMS work-
flow models are interpreted and managed by the system. Related work will be pre-
sented in section 4 and the paper concludes with the summary in section 5. 

2   Modeling Workflows with Task Trees  

This section introduces the modeling of workflows with task trees. The approach 
behind TTMS workflow models is similar to CTT models. Hierarchy is an integral 
part of the workflow specifications and binary temporal relations are used to specify 
the control flow. Temporal operators are based on the operators of the process algebra 
LOTOS that is the logical fundament of CTT models [15]. TTMS accepts only a sub-
set of CTT operators. But additionally, TTMS provides explicit choice operators in-
spired by the explicit decision modeling of EPCs. Finally, the development process of 
task models in CTTE and the editor for the TTMS system is introduced. A tool chain 
for producing workflow models and using them in the TTMS system is proposed.  



 TTMS: A Task Tree Based Workflow Management System 189 

2.1   Control Flow Specification Using Temporal Operators 

CTT is probably the most popular language for task modeling. Figure 2a) and b) show 
examples of CTTs. Tasks are decomposed into subtasks within the tree. They are 
interrelated by binary temporal operators. Beside the binary temporal operators there 
are unary ones that are assigned to just one task. The CTT operators that are also part 
of TTMS are listed in Table 1. A complete listing and explanation of the CTT opera-
tors can be found in [17]. CTT priority order for the temporal operators can be seen in 
[15]. This order is important for interpreting different operators in the same level as 
pictured in Figure 2b). The priority of the interleaving ( ||| ) operator is higher than the 
enabling operator ( >> ) so that the model is interpreted like the BPMN diagram of 
Figure 2c). The only unary operator listed in Table 1 is the iteration. In TTMS a little 
extension of the CTT iteration exists. With the n in the TTMS a count number can be 
specified at design time that declares the number of iterations of that specific task. 
Unbound iterations are specified with a ‘ * ’. 

Table 1. Temporal operators of CTT and TTMS 

Operator name CTT Notation TTMS Notation 
enabling T1 >> T2 T1 ; T2 
choice T1 [] T2 T1 | T2 
interleaving T1 ||| T2 T1 + T2 
iteration T1* T1 {n} 

Before we describe how task trees can be used not only in a human but rather in a 
business oriented way we shortly introduce the cooperative CTT (CCTT) [17] model-
ing approach. 

The starting point for task modeling as a human centered approach is the root node 
that describes a human task, goal or problem. In CCTT a role name is assigned to root 
nodes. A set of tasks or rather task trees describe the responsibilities of the role. The 
role can also describe a position in a company. The cooperation to tasks related to 
other roles is specified in a separate tree that represents a cooperative task or goal its 
root node. The cooperative task tree is refined until tasks are reached that are related 
to a specific role [15].  

A way to use task trees in a more business oriented way is pictured in Figure 2a). 
The tree has the company as the root node and then first the organizational level is 
modeled in the tree similar to an organizational chart. Afterwards the related business 
processes are modeled in the business process level. The tasks modeled directly under 
the departments describe their responsibilities. Cooperation within the processes be-
tween subunits or divisions of the company cannot be specified in one tree because of 
its inherent structure. Considering the example of Figure 2a), a process of the sell 
service has no effects on any process of the technical service. Cooperative parts have 
to be specified in separate trees describing the cooperative tasks in CCTT, like de-
scribed above. In contrast, BPMN uses message flows to model the cooperation be-
tween business partners or departments in a company.  

The business process level ends after a certain point of abstraction. That is reached 
when activities cannot be sensibly further divided for business or economic reasons 
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[10]. The task modeling level goes beyond the business process level. The further 
modeling downwards is naturally supported by the integral hierarchical character of 
the task models. In the most cases it is a smooth transition from the business process 
level to the task level. An indication for the crossing between these two levels exists 
when lower tasks are related to users and upper tasks namely context goals are related 
to the company or department.  

 

Fig. 2. a) an integrated task tree with different abstraction levels, b) a workflow model in exe-
cution in CTTE, c) The process inspect car  in a structured BPMN chart 

In the model of Figure 2a) the car dealership company has three subunits: sell ser-
vice, technical service and management. Business processes are assigned to the organ-
izational units. In the case of Figure 2a) the processes inspect car, change tires and 
scrap car are assigned to the technical service. The process inspect car is refined in 
the tree within the business process level. This process contains three activities that 
are in the temporal relationship as modeled in Figure 2b) and c). Below the process 
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level the task modeling level specifies the actions of the activities. The sequential 
operator is frequently used to specify the action sequences.  

The drive task is further refined in the task modeling level of the task tree. The it-
erative task operate car is specified by repeatedly choosing the brake or accelerate 
actions after the deferred choice principle [23]. Additionally, the pay attention task is 
specified interleaved to operate car. These iteration tasks stops after the task parking 
is selected for execution. The listed actions would not be part of a business process 
model that is represented by the model managed by a WfMS. Thus, task modeling 
considers fine granular actions in contrast to business process modeling. 

Figure 2b) shows a task tree model as a business process or rather workflow 
model. That will be the relevant kind of models to be considered in this paper for 
TTMS. In the CTT model of Figure 2b) explicit start and finish events are related to 
every activity connected with an enabling operator. The execution of the activity is 
left to the user to happen in between these events. Because of the hierarchical charac-
ter task models can be easily refined into an arbitrary fine granular atomic action 
level. Explicit start and finish events are normally not needed for that level of abstrac-
tion. This has to be considered while modeling business processes with task models.  

YAWL (Yet another workflow language) is a workflow language which is sup-
ported by a WfMS [24]. start and finish events are also used in YAWL for every 
activity or rather workitem [24]. YAWL is based on low level Petri net theory and 
uses explicit start and complete transitions with an exec place in between for that [24, 
Figure 10]. The actions of the user are left unspecified during the execution of the 
task in the WfMS. To resemble that concept with CTT models and thus model and 
simulate the WfMS model execution in the CTT Environment (CTTE) the model of 
Figure 2b) is used. CTTE is a powerful and mature tool to model and analyze task 
trees. The dynamic properties of the models can be checked by executing the task 
models within the CTTE tool. A task model in execution is pictured in Figure 2b). 
Another feature of CTTE is the enabled task list that is provided for the task model 
animation in which all enabled tasks are shown [17]. This concept is similar to work-
lists in WfMS, which include all enabled workitems [9, 24]. 

The start and finish events must not be modeled by the TTMS editor similar to the 
YAWL workflow editor. They are also omitted in the business process models like 
the one of Figure 2c) in BPMN. They are rather considered within the workflow exe-
cution in the WfMS like it is discussed in subsection 3.2.  

Figure 2c) shows a structured workflow model in BPMN notation that describes 
the same process as in Figure 2b).  

2.2   Different Choice Operators 

The workflow language introduced in this paper uses a subset of the CTT language 
but adds some important operators for decision modeling. As discussed in the subsec-
tion before, CTT is normally used for modeling top-down to the user action level. The 
CTT choice modeling is more related to the deferred choice pattern which is implicit 
and based on events [23]. It is less based on a user decision modeled in an activity 
which is the semantics of decision modeling within EPCs [10, 3]. The CTT choice 
(T1 [] T2) is interpreted at action level. Thus, if T1 is a composed task and one of its 
enabled atomic action is performed T2 and its whole subtasks are skipped implicitly. 
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The CTT decision operator is insufficient to be used in a WfMS, where explicit deci-
sions are needed. On the one hand the end-user has to know when a decision has to be 
made and on the other hand she has to be supported to choose the appropriate path in 
the workflow. 

In [12] decision nodes have been proposed to be used in task trees for specifying 
decisions for model configuration. They have to be made before model execution in a 
preprocessing step to adept the task model to the context of use. If only decision nodes 
are used in the task model a decision tree model [1] is specified. TTMS uses these 
decision nodes for explicit decision modeling. The preprocessing step for interpreting 
the decision node happens at runtime. When the interpreter finds a decision node the 
user has to select the respective subtrees before these are further interpreted. Thus, not 
only an XOR decision but also a multi-choice (OR) decision [23] is integrated. In 
Figure 3a) a decision node is shown in a CTT-like notation which is similar to the 
notation used in [12]. But in contrast, the type of the choice (XOR or OR) has to be 
denoted there. 

In the model of Figure 3a) and 3c) the activity check car diagnostic is a decision 
node. It is similarly interpreted as a decision activity in EPCs that can be seen in the 
activity Check car diagnostic in Figure 3b). A decision node in TTMS as well as the 
decision function in EPCs has a name that describes the activity in which the decision 
has to be made. In Figure 3 an OR decision is modeled so that the user must select 
one or more paths at runtime. The alternatives presented to the user during execution 
of the decision node are modeled in the guards connected to the respective subtrees in 
Figure 3a) and c).  

In workflow modeling languages like BPMN, YAWL or UML activity diagrams 
the explicit choice operator is data-driven and automatically interpreted by the sys-
tem. In the TTMS approach the explicit choice operator is integrated in a process 
model and is user-driven without the need of access to an external data model. This 
interpretation of decision modeling is more related to EPCs as it is pictured in Figure 
3b). The decision activity represents the decision making task and stands in front of 
the choice connector. Related events modeled just behind the connector represent the 
criteria for choosing the desired paths in the process model [3]. 

Furthermore, Figure 3b) shows the semantics of the OR join. As introduced before, 
we have a structured process model by the tree structure of the model in Figure 3a). 
Thus, a related OR split exists to the OR join that is shown in Figure 3b). The seman-
tics for the OR join is defined with the Structured Synchronization Merge (WCP7) of 
the workflow patterns [23].  

Nevertheless, besides the explicit choice operators the standard CTT choice that 
behaves like a deferred choice is still supported within this approach although the 
explicit choice operator is definitely more relevant for workflows guided by a WfMS. 

In combination with the implementation of the explicit choice operators an instan-
tiation time concept is integrated in TTMS. This concept is described in the context of 
EPCs in [2, 3] and is also mentioned in [22]. With the process instantiation all the 
instantiation time operators are evaluated by the WfMS. The interpretation by the 
WfMS and the user interface generated from these operators are described in subsec-
tion 3.1. Similarly to [13] questions to configure the process model are asked.  The 
questions are the labeling of the decision node. The criteria for selecting the correct 
subtrees are modeled in guards connected to the respective subtrees. In contrast to  
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C-EPCs [19] and C-YAWL [13] the decision is made by the user who is asked from 
the WfMS just before beginning of the process execution. The user must make the 
decision or can defer it into runtime to that particular point in the process model 
where the operator stands.  

 

Fig. 3. The process inspect car displayed as a) CTT model with a decision node, b) EPC with a 
decision function and c) TTMS model displayed in the editor  

Decisions made via an instantiation time choice cannot be decided differently at 
runtime within iterations. In contrast, if a decision is specified in an iteration, for 
every iteration cycle the decision can be made differently. In this respect, the decision 
modeling concept of the instantiation time choice is fundamentally different to the 
explicit runtime choice. Compared to the explicit choice, it is not possible to combine 
the TTMS choice that reacts like a deferred choice with the instantiation time concept.  

The instantiation time can for example represent the time when an order is ac-
cepted by the customer service in a company. The process to fulfill the customers 
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order is configured for the individual clients or customers needs. In contrast, C-EPC 
models are used to represent reference models for different branches or companies to 
be configured to individual processes of a particular company at configuration time 
[19]. Within the concept presented here, the configuration time is deferred to the latest 
possible moment before runtime. 

The application of the instantiation time concept with the WfMS will be described 
more deeply in subsection 3.1. 

2.3   Task Model Development - Editor and Tool Chain 

The proposed tool chain for workflow management with TTMS is pictured in Figure 
4. First of all, the CTTE tool is used to model and easily animate workflows in the 
modeling environment similar to the model of Figure 2b). Workflow models can be 
simulated with explicit start and finish events as discussed in subsection 2.1 within 
the workflow animation. The editing functions are mature in CTTE so that new hier-
archy levels can be inserted quite easily. Subtrees can be cut and pasted to other parts 
of the process tree. Normally a top-down approach is followed to model the task 
models. But with its mature editing possibilities also a buttom-up modeling approach 
can be followed.  

 

Fig. 4. Tool chain from task tree modeling in CTTE up to the deployment of the workflow 
models in TTMS  

After developing and validating in CTTE, models are reworked in the TTMS edi-
tor. The TTMS editor is an application to model workflows. It produces XML files 
that are interpreted by the TTMS WfMS. The WfMC reference model describes this 
functionality with the interface 1 [9], so that this is implemented in TTMS. In Figure 
3c) the flat activity specification of the task tree can be seen in the workflow chart. 
All leafs of the tree are pictured as activities and all inner nodes of the task tree are 
omitted. The task InspectCar is selected in the tree pictured at the left hand side  
of Figure 3c) so that all subordinated elements in the tree are considered in the work-
flow chart on the right hand side of that figure. The tasks in the same or higher level 
in the tree are not displayed. The structural character of the workflow model [11] is 
clearly visible in the workflow chart. One Start and one End node are pictured which 
encapsulate the single-entry-single-exit region [21]. The editor provides also an  
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aggregated view, showing only first level subtasks below the selected task pictured in 
Figure 5b). Thus, workflow models are pictured as flowcharts in the TTMS editor. 
This might improve the understanding for business process modelers compared to the 
CTT diagram layout. The CTT models are enriched with decision nodes in TTMS for 
explicit decision modeling, which is discussed in subsection 2.2. For these operators 
the instantiation time decision can be used instead.  

The model is finally stored into an XML file using a special internal format under-
stood by the TTMS WfMS, the last tool of the chain. In TTMS the models will be 
instantiated and executed. TTMS is a distributed web-based system. The workflow 
engine resides on a server and guides independent clients through the predefined 
workflows.  

Please note the different object flow notations shown in Figure 4 which each ex-
press different circumstances. Dashed lines express that the CTT models created by 
the CTTE tool are not automatically understood by the TTMS editor. Instead the 
validated CTT models are to be used as blueprints for the modeler to create the ac-
cording TTMS models. The second object flow in the tool chain shows that the TTMS 
models are stored by the editor in a common TTMS-XML format. 

3   TTMS – Task Tree Based Workflow Management System 

This section introduces the developed WfMS by describing the functionality and user 
interface of TTMS. It implements the interface 1 concept of the WfMC, being divided 
into an editor and a WfMS [9]. The output of the workflow editor is an XML file 
which the WfMS accepts and interprets. Figure 4 gives a rough conceptual overview 
on TTMS system architecture.  

3.1    Instantiating the Process 

The WfMS has two sources to instantiate workflows from. A database backend for 
permanently stored flows and a mechanism to manually load temporary workflows 
from TTMS-XML files. After a process model has been selected by either of these 
two ways the process model is evaluated and checked for any instantiation time op-
erators. These operators would be evaluated first, conceptually between build time 
and runtime during the instantiation time [2, 22]. The process model is configured 
right before the beginning of the workflow of the corresponding process instance.  

In Figure 5a) the process model of Figure 3 is enriched with decision node negoti-
ate customers needs. An instantiation time multi-choice (OR) operator is used for that 
decision node. The workflow chart shown in Figure 5b) in combination with the tree 
of Figure 5a) shows the instantiation time multi-choice operator as I-OR. The work-
flow chart in b) shows the aggregated view of the structured workflow chart in con-
trast to the model view in Figure 3. The decision task check car diagnostic has sub 
activities that are collapsed into that node in Figure 3b). The color shade is a little 
darker to identify an aggregated node. 
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Fig. 5. a) Task tree with decision node in the TTMS editor b) workflow chart in the TTMS 
editor c) Execution of the instantiation time OR operator in the TTMS WfMS 

The instantiation time choice operator is evaluated by the TTMS WfMS in Figure 
5c) just after the user gave the command to create a process instance. The WfMS asks 
by executing the decision node operator negotiate customers needs, which services 
are desired by the client for the car inspection. During the execution of this operator 
the three services of the model of Figure 2a) are offered to the customer for selection 
by checkboxes. Furthermore, a possibility is given to defer the decision into the run-
time. The user has to choose between these options. If she decides to defer the deci-
sion into the runtime the question negotiate customers needs will be asked and the 
related options will be offered then again. Following this possibility, different options 
can be selected during runtime within iterations in contrast of making the decision at 
instantiation time. 

3.2   Managing Workflow Instances (Control Perspective) 

When a workflow is instantiated its instance can be executed by the assigned user. 
The example of Figure 6 pictures the control perspective of the TTMS WfMS. Sev-
eral views can be seen. On the left hand side currently instantiated processes are listed  
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in the tree just under the root node Projects. In case of Figure 6 two processes are 
active. InspectCar is a process with instantiation time choice operator negotiate cus-
tomers needs specified like in Figure 5a) and b) and after evaluating the instantiation 
time operator similar to Figure 5c).  

 

Fig. 6. User application of the TTMS WfMS 

The second process instance is the process inspect car which is a process without 
instantiation time choice operator as specified in Figure 3. The decision node check 
car diagnostic is selected in the control view and on the right hand side the choice 
view is opened. A multi-choice operator is interpreted so that the user can select mul-
tiple cases by selecting the relevant checkboxes connected to the guards. In brackets 
the root node of the related subtrees are indicated. The guards specify the criteria to 
select the corresponding subtree and the root node specifies the work to be done.  

Concerning the inspect car example of Figure 6, the user is probably a technical 
employee or rather mechanic of a car garage who has to do the check car diagnostic 
decision activity. To perform the real work and to execute the decision node is that 
she has to work with the car diagnostic device and carry over the corresponding dis-
played information to the WfMS. For example if the diagnostic device is showing an 
ABS warning the corresponding checkbox should be selected. After clicking on save 
decisions under the checkboxes pictured in Figure 6 the decision activity is finished 
and selected subtrees are enabled and the others skipped. 
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In the middle of the window pictured in Figure 6 the DETAIL view is selected. The 
details of the selected activity are used to view. Important to note are the two buttons 
start and complete near the bottom of that window. With them an employee can start 
and stop activities similar to the interaction in other WfMS like YAWL. This is the 
user interaction that was simulated with CTTE in Figure 2b). 

The representation of workflows as trees shown on the left hand side of Figure 6 
might help the executing person to understand the workflows better than having a 
worklist like in other WfMS. The context goals are given with the inner nodes of the 
tree model. The state executed, enabled, skipped or waiting of the tasks are shown 
with a particular color in the WfMS.  

On top of Figure 6 some links called TOOLS, EXECUTORS and DOCUMENTS 
can be seen. Following them, the user can go to the resource, role and data view of the 
selected activity that are also implemented in the TTMS system. The management of 
the users, roles and resources are implemented independently to the task tree concept. 
In models like CTT these aspects are not explicit features of the language in contrast 
to other workflow languages like EPCs, UML activity diagrams or BPMN.  

4   Related Work 

Some Workflow Management Systems are implemented in combination with several 
languages that are interpreted by the corresponding WfMS. Yet another workflow 
language (YAWL) [24] is such a language based on the Petri nets theory to model 
workflows. An editor can create the models and a web-based WfMS is used to instan-
tiate and manage these models. ADEPT is a flexible workflow management system 
[5] in which workflow models can be adapted during the runtime after the “flexible 
by change” principle. YAWL as well as ADEPT are not used to handle hierarchical 
workflow models in such an easy and integrated way like TTMS does. Nevertheless 
ADEPT workflow models are also structured and sound by construction so that trans-
formations to TTMS seems to be possible. 

A WfMS that uses hierarchical workflow specification is implemented with 
WASA [25]. In contrast to the TTMS system, data flow aspects can be modeled with 
dashed lines in the WASA models. But they seams to be unstructured, more confusing 
and less readable compared to the task models like CTT or TTMS as structured work-
flow models. TTMS is the only WfMS of the listed ones that implements the EPC 
related explicit choice and instantiation time configuration mechanism.  

Hierarchical workflow models that are rather used for business process modeling 
than for workflow management exist with function trees in the ARIS method [20] or 
hierarchical supply and value chains [18]. Furthermore, there exist papers about goal 
oriented process design with EPCs together with hierarchical goal models [16]. Proc-
ess structure trees [21] are used to express process models as trees. In contrast, HTA 
[6], GOMS [6] or CTT [17] are hierarchical process modeling languages for activity 
modeling in the HCI context. They are used for example for usability evaluation [6, 
17] or model-based user interface development [12, 6, pp.135-155]. In these domains 
action modeling of the user is essential and is done in a human centered way. The 
work presented in this paper tries to connect the field of workflow modeling and 
management with task modeling field by implementing a WfMS that uses task trees 
as models for workflow execution.  
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5   Summary  

This paper has introduced an approach to model workflows in a hierarchical, struc-
tured way by using task trees. They are frequently used in the HCI community to 
specify tasks and user actions in a goal or rather problem oriented way. The models 
are interpreted in a WfMS that also presents the models in a tree-like notation. The 
hierarchical workflow model inherently describes the context goals of tasks in con-
trast to a flat workflow representation. Thus, different abstraction levels in one model 
might help end-users to understand the models better during the development at de-
sign time as well as at runtime.  

The models are structured and for that reason better readable and understandable 
[14]. A mature tool CTTE was proposed to be used in the tool chain within the TTMS 
approach presented in this paper.  

Parts of the WfMC reference model are implemented in the TTMS. The models 
can be used to manage the workflows in a company or organization. Furthermore, 
TTMS provides a system to execute and thus validate the cooperative parts of the task 
models in a real distributed environment in which end-users can work guided by the 
WfMS in their usual working environment. The modeling tool CTTE provides only a 
validation of the dynamic properties of the models by executing them on a stationary 
computer in contrast to TTMS. 

Differences and similarities of task modeling to business process and workflow 
modeling were discussed in this paper. In this context it is stated that task modeling 
normally starts with a human goal and goes beyond business process modeling level 
to a fine granular user action level. In contrast, task trees used in a WfMS starts with a 
task or goal of the company and stops at a level above fine granular user actions.  

Furthermore, decision modeling in task trees is compared to decision modeling in 
EPCs. Explicit choice operators are added with decision nodes in task trees. The 
multi-choice (OR) operator is integrated and implemented in the course of that. 
Moreover, an instantiation time concept is implemented. Process models can be con-
figured to the customers needs by the WfMS just before execution of the process 
model. This is even true for parts of a model.  
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Abstract. Despite the widespread adoption of BPM, there exist many
business processes not adequately supported by existing BPM technol-
ogy. In previous work we reported on the properties of these processes. As
a major insight we learned that, in accordance to the data model com-
prising object types and object relations, the modeling and execution
of processes can be based on two levels of granularity: object behavior
and object interactions. This paper focuses on micro processes capturing
object behavior and constituting a fundamental pillar of our framework
for object-aware process management. Our approach applies the well es-
tablished concept of modeling object behavior in terms of states and
state transitions. Opposed to existing work, we establish a mapping be-
tween attribute values and objects states to ensure compliance between
them. Finally, we provide a well-defined operational semantics enabling
the automatic and dynamic generation of most end-user components at
run-time (e.g., overview tables and user forms).

Keywords: Object-aware Processes, Data-driven Process Execution.

1 Introduction

Process Management Systems (PrMS) enable the modeling, execution and mon-
itoring of business processes [1]. Despite their widespread adoption, there ex-
ist many knowledge-intensive processes which cannot be ”straight-jacketed into
activities” [2,3]. Prescribing an activity-centred process model for them would
lead to a ”contradiction between the way processes can be modeled and the
preferred work practice” [4]. Moreover, PrMS do not provide integrated access
to application data. In particular, end-users cannot access application data at
any point in time (assuming proper authorization). In this context, overview
tables (e.g., data reports) and user forms constitute important components. The
latter provide (data) input fields (e.g., textfields, checkboxes) for reading and
writing selected attribute values of object instances. Further, many activities of
a process model are implemented as forms. As known from practice, however,
implementing the logic of these forms and other user components causes high
implementation efforts.

In the PHILharmonicFlows1 project, we are developing concepts, methods
and tools for realizing object- and process-aware information systems [5]. In
1 Process, Humans and Information Linkage for harmonic Business Flows.

T. Halpin et al. (Eds.): BPMDS 2011 and EMMSAD 2011, LNBIP 81, pp. 201–215, 2011.
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Process Models. In: Krämer, B.J., Lin, K.-J., Narasimhan, P. (eds.) ICSOC 2007.
LNCS, vol. 4749, pp. 181–192. Springer, Heidelberg (2007)

8. Bhattacharya, K., Hull, R., Su, J.: A Data-Centric Design Methodology for Busi-
ness Processes. In: Handbook of Research on Business Process Management, pp.
503–531. IGI Global (2009)
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