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Preface by Editor-in-Chief

This is the second volume of the Journal entitled “LNCS Transactions on Petri
Nets and Other Models of Concurrency” (ToPNoC). This special issue of ToP-
NoC focuses on a particular topic: Concurrency in Process-Aware Information
Systems. Like some of the volumes in the earlier “Advances in Petri Nets” se-
ries, this volume provides a comprehensive state-of-the-art overview on a more
focused topic. Process-Aware Information Systems have become one of the most
important application domains of Petri nets. For example, workflow technology
is driven by languages closely related to Petri nets, and various analysis tech-
niques ranging from workflow verification to process mining benefit from decades
of concurrency research. This explains why this first special issue of ToPNoC is
devoted to Process-Aware Information Systems.

As Editor-in-Chief of ToPNoC, I would like to thank the editor of this special
issue: Wil van der Aalst. Moreover, I would like to thank all authors and reviewers
whose efforts have contributed to this interesting and highly relevant ToPNoC
volume.

January 2009 Kurt Jensen
Editor-in-Chief
LNCS Transactions on Petri Nets and Other Models of Concurrency (ToPNoC)



LINCS Transactions on Petri Nets and Other
Models of Concurrency: Aims and Scope

ToPNoC aims to publish papers from all areas of Petri nets and other models
of concurrency ranging from theoretical work to tool support and industrial
applications.

The foundation of Petri nets was laid by the pioneering work of Carl Adam
Petri and his colleagues in the early 1960s. Since then, an enormous amount of
material has been developed and published in journals and books and presented
at workshops and conferences.

The annual International Conference on Application and Theory of Petri Nets
and Other Models of Concurrency started in 1980. The International Petri Net
Bibliography maintained by the Petri Net Newsletter contains close to 10,000
different entries, and the International Petri Net Mailing List has 1,500 sub-
scribers. For more information on the International Petri Net community, see:
http://www.informatik.uni-hamburg.de/TGI/PetriNets/

All issues of ToPNoC are LNCS volumes. Hence they appear in all large
libraries and are also accessible online in Springerlink (electronically). Simulta-
neously the ToPNoC volumes form a Journal, and it is possible to subscribe to
ToPNoC without subscribing to the rest of LNCS.

ToPNoC contains:

— Revised versions of a selection of the best papers from workshops and tuto-
rials at the annual Petri net conferences

— Special sections/issues within particular subareas (similar to those published
in the Advances in Petri Nets series)

— Other papers invited for publication in ToPNoC

— Papers submitted directly to ToPNoC by their authors

Like all other journals, ToOPNoC has an Editorial Board, which is responsible
for the quality of the journal. The members of the board assist in the reviewing
of papers submitted or invited for publication in ToPNoC. Moreover, they may
make recommendations concerning collections of papers proposed for inclusion
in ToPNoC as special sections/issues. The Editorial Board consists of prominent
researchers within the Petri net community and in related fields.

Topics

System design and verification using nets; analysis and synthesis, structure and
behavior of nets; relationships between net theory and other approaches; causal-
ity /partial order theory of concurrency; net-based semantical, logical and alge-
braic calculi; symbolic net representation (graphical or textual); computer tools
for nets; experience with using nets, case studies; educational issues related to
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nets; higher level net models; timed and stochastic nets; and standardization of
nets.

Applications of nets to different kinds of systems and application fields, e.g.:
flexible manufacturing systems, real-time systems, embedded systems, defense
systems, biological systems, health and medical systems, environmental systems,
hardware structures, telecommunications, railway networks, office automation,
workflows, supervisory control, protocols and networks, the Internet, e-commerce
and trading, programming languages, performance evaluation, and operations
research.

For more information about ToPNoC, please see: www.springer.com/lncs/
topnoc.

Submission of Manuscripts

Manuscripts should follow LNCS formatting guidelines, and should be submitted
as PDF or zipped PostScript files to ToPNoC@cs.au.dk. All queries should be
addressed to the same e-mail address.
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Preface by Guest Editor

Process-aware information systems support operational business processes by
combining advances in information technology with recent insights from man-
agement science. Workflow management systems are typical examples of such
systems. However, many other types of information systems are also “process
aware” even if their processes are hard-coded or only used implicitly (e.g., ERP
systems). The shift from data orientation to process orientation has increased the
importance of process-aware information systems. Moreover, advanced analysis
techniques ranging from simulation and verification to process mining and ac-
tivity monitoring allow for systems that support process improvement in various
ways.

Information technology has changed business processes within and between
enterprises. More and more work processes are being conducted under the su-
pervision of information systems that are driven by process models. Examples
are workflow management systems such as FLOWer, FileNet, and Staffware; ad-
vanced middleware software such as WebSphere; enterprise resource planning
systems such as SAP and Oracle; as well as many domain specific systems. It is
hard to imagine enterprise information systems that are unaware of the processes
taking place. Although the topic of business process management using informa-
tion technology has been addressed by consultants and software developers in
depth, more fundamental approaches towards such Process-Aware Information
Systems (PAISs) have been rather uncommon. It wasn’t until the 1990s that
researchers started to work on the foundations of PAISs. Clearly, concurrency
theory is an essential ingredient in these foundations as business processes are
highly concurrent involving all types of routing logic and resource allocation
mechanisms.

PAISs play an important role in Business Process Management (BPM). There
exist many definitions of BPM. Here we will use the following definition: “Busi-
ness process management (BPM) is a field of knowledge that combines knowledge
from information technology and knowledge from management sciences and ap-
plies this to operational business processes”. BPM can be seen as an extension
of Workflow Management (WFM), which primarily focuses on the automation
of business processes.

The term “business process” should be interpreted in a broad sense. It also
encompasses other types of operational processes that need to be supported. For
example, scientific computing using grid technology is definitely included when
talking about process-aware information systems. The challenges in scientific
workflows go beyond classical workflows and, e.g., grid technology will enable
new forms of BPM.

Different models of concurrency have been used to model workflows, typically
aiming at their analysis. For example, a particular variant of Petri nets, called
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workflow nets, has been widely used for the modeling and analysis of workflows.
Moreover, many workflow management systems use a graphical notation close to
Petri nets. There are interesting challenges in the modeling of PAISs, e.g., high-
level Petri nets can be used to describe process languages and standards (EPCs,
YAWL, BPMN, BPEL, etc.) and the architectures of the systems supporting
these languages. The resulting models can be used for all kinds of analysis, e.g.,
verification and performance analysis. Moreover, there are also interesting chal-
lenges in the discovery of concurrent processes (cf. process mining techniques).

This special issue of ToPNoC focuses on concurrency in PAISs. The papers
in this ToPNoC volume address the various problems related to designing, im-
plementing, and analyzing PAISs. Many of the papers address the concurrency
aspect by using Petri nets. Different papers address the issue of language trans-
formations either for the purpose of interoperability or analysis. In many cases,
Petri-net-based analysis techniques are used to verify a certain property. There is
a special focus on interacting systems as these are more difficult to handle. This
focus is triggered by the emerging service-oriented architectures. Some papers
also address problems related to synthesis and process mining in a PAIS envi-
ronment. Note that information systems increasingly produce enormous event
logs that can be used for analysis purposes.

This volume of ToPNoC is interesting both for researchers working in concur-
rency theory and people working on business process management as it identifies
and addresses the challenges posed by PAISs. Moreover, it is also valuable for
practitioners involved in the development of new PAISs or the application of
existing systems.

This topical volume of ToPNoC contains 16 papers. The authors of these
papers were invited to submit a paper based on their expertise in this area. All
invited papers were reviewed by four referees. In the first round of reviews, some
papers were rejected, some were accepted (with minor revisions), and some were
asked to submit a revised version. Based on a second round of reviewing (again
by three or four referees), the final decisions were made. As Editor of the special
issue, I would like to thank the reviewers and authors for doing an outstanding
job. I would also like to thank the two secretaries involved in preparing the final
version of this volume: Ine van der Ligt (Eindhoven University of Technology)
and Dorthe Haagen Nielsen (University of Aarhus). I would also like to thank the
Springer LNCS/ToPNoC team for handling things in an efficient and effective
manner.

In the remainder of this preface, the contributions are briefly summarized.

The first paper titled “Process-Aware Information Systems: Lessons to Be
Learned from Process Mining” serves two purposes. On the one hand, it provides
an introduction to this special issue by giving an overview of the domain. On the
other hand, it presents a rather personal view on the research in this area and
the lessons that can be learned from recent insights provided by process mining.

The second paper “Model-Based Software Engineering and Process-Aware
Information Systems” by Ekkart Kindler aims to bridge the gap between Model-
Based Software Engineering (MBSE) and PAIS.
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The paper “Petri Net Transformations for Business Processes: A Survey”
by Niels Lohmann, Eric Verbeek, and Remco Dijkman focuses on the challenges
related to translating one process language to another. The authors discuss trans-
formations related to BPMN, YAWL, EPCs, Petri nets, and BPEL.

Frank Puhlmann and Mathias Weske discuss the m-calculus as a formal foun-
dation for PAIS in their paper “A Look Around the Corner: The Pi-Calculus”.
They use the workflow patterns to discuss the applicability of the 7-calculus in
this domain.

The paper “newYAWL: Towards Workflow 2.0” by Nick Russell and Arthur
ter Hofstede focuses on a concrete workflow language: newYAWL. Using col-
ored Petri nets, the semantics of newYAWL and architectural considerations are
discussed.

Michael Kohler-Buimeier, Matthias Wester-Ebbinghaus, and Daniel Moldt
present a Petri-net-based organizational model called SONAR in their paper “A
Formal Model for Organisational Structures behind Process-Aware Information
Systems”. The goal is to devote more attention to organizational aspects in an
integrated manner.

The paper “Flexibility in Process-Aware Information Systems” by Manfred
Reichert, Stefanie Rinderle-Ma, and Peter Dadam focuses on one of the most
important challenges for PAISs: flexibility. After formulating some requirements,
it is shown how these are addressed in the ADEPT2 tool.

The paper “Business Grid: Combining Web Services and the Grid” by Ralph
Mietzner, Dimka Karastoyanova, and Frank Leymann discusses requirements
for the so-called “business grid”. While grids are studied in detail in the con-
text of e.g., scientific workflows, the grid community is disconnected from the
BPM community and this paper advocates the unification of results from both
domains.

Karsten Wolf focuses on service interaction in his paper “Does My Service
Have Partners?”. The paper provides results for both the controllability of single-
port services and multiple-port services.

The paper “Deciding Substitutability of Services with Operating Guidelines”
by Christian Stahl, Peter Massuthe, and Jan Bretschneider is related to the paper
by Karsten Wolf. Using the so-called “operating guidelines” three substitutabil-
ity notions are operationalized.

The paper “A Framework for Linking and Pricing No-Cure-No-Pay Services”
by Kees van Hee, Eric Verbeek, Christian Stahl, and Natalia Sidorova also looks
at services but now from a “pricing” point of view. It is shown how a Petri-net-
based framework can be used to compute the price of a service orchestration.

In his paper “Empirical Studies in Process Model Verification” Jan Mendling
addresses the need for more empirical research in this area. He discusses several
large-scale verification studies and the lessons that can be learned from this.

While most of the papers discussed so far mainly focus on the design and
analysis of process models or systems, the last four papers focus on process
mining, i.e., the analysis of behavior observed in real life (e.g., based on event
logs, example scenarios, or interactions).
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The paper “Process Mining: Overview and Outlook of Petri Net Discovery
Algorithms” by Boudewijn van Dongen, Ana Karla Alves de Medeiros, and Li-
jie Wen gives an overview of existing mining techniques. Using various quality
notions, 13 Petri-net discovery algorithms (all available in ProM) are reviewed.

The paper “Construction of Process Models from Example Runs” by Robin
Bergenthum, Jorg Desel, Sebastian Mauser, and Robert Lorenz proposes a novel
approach for the automatic construction of Petri nets based on example runs.
In this work, example scenarios rather than event logs are used as input.

Hong-Linh Truong and Schahram Dustdar address the need for the analy-
sis of service interaction in their paper “Online Interaction Analysis Framework
for Ad-Hoc Collaborative Processes in SOA-Based Environments”. The paper
presents the VOIA (Vienna Online Interaction Analysis) framework and dis-
cusses some experiments.

The paper “Exploiting Inductive Logic Programming Techniques for Declar-
ative Process Mining” by Federico Chesani, Evelina Lamma, Paola Mello, Marco
Montali, Fabrizio Riguzzi, and Sergio Storari concludes this special issue. The
paper combines inductive logic programming with a declarative language to dis-
cover less structured processes. The approach is implemented as a ProM plug-in
called DecMiner.

The papers in this ToPNoC volume provide a good overview of PAIS re-
search. Some papers focus on the foundations of PAIS, while others try to apply
existing (Petri-net-based) techniques to business process management. There-
fore, this volume provides a useful blend of theory, practice, and tools related to
concurrency and PAIS research.

January 2009 Wil van der Aalst
Guest Editor, Special Issue of ToPNoC on Concurrency in PAIS
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Process-Aware Information Systems: Lessons to
Be Learned from Process Mining

Wil M.P. van der Aalst

Department of Mathematics and Computer Science,
Eindhoven University of Technology
P.O. Box 513, NL-5600 MB, Eindhoven, The Netherlands

w.m.p.v.d.aalst@tue.nl

Abstract. A Process-Aware Information System (PAIS) is a software
system that manages and executes operational processes involving peo-
ple, applications, and/or information sources on the basis of process mod-
els. Example PAISs are workflow management systems, case-handling
systems, enterprise information systems, etc. This paper provides a brief
introduction to these systems and discusses the role of process models
in the PAIS life-cycle. Moreover, it provides a critical reflection on the
state-of-the-art based on experiences with process mining. Process min-
ing techniques attempt to extract non-trivial and useful information from
event logs. One aspect of process mining is control-flow discovery, i.e.,
automatically constructing a process model (e.g., a Petri net) describ-
ing the causal dependencies between activities. The insights provided by
process mining are very valuable for the development of the next gener-
ation PAISs because they clearly show a mismatch between the models
proposed for driving these systems and reality. On the one hand, models
tend to oversimplify things resulting in systems that are too restrictive.
On the other hand, models fail to capture important aspects of business
processes.

1 Introduction

In the last two decades there has been a shift from “data-aware” information
systems to “process-aware” information systems [24]. To support business pro-
cesses, an enterprise information system needs to be aware of these processes
and their organizational context. Early examples of such systems were called
WorkFlow Management (WFM) systems [428/33I36I38/4145l67]. In more recent
years, vendors prefer the term Business Process Management (BPM) systems.
BPM systems have a wider scope than the classical WFM systems and are not
just focusing on process automation. BPM systems tend to provide more support
for various forms of analysis (e.g., simulation) and management support (e.g.,
monitoring). Both WFM and BPM aim to support operational processes that
are often referred to as “workflow processes” or simply “workflows”. We will use
the generic term Process-Aware Information System (PAIS) to refer to systems
that manage and execute such workflows.

K. Jensen and W. van der Aalst (Eds.): ToPNoC II, LNCS 5460, pp. 1 2009.
© Springer-Verlag Berlin Heidelberg 2009



2 W.M.P. van der Aalst

In a Service Oriented Architecture (SOA) the information system is seen as a
set of connected services. A PAIS can be realized using such an architecture and
in fact it is very natural to see processes as the “glue” connecting services. The fit
between SOA and PAIS is illustrated by emerging standards such as BPEL [20]
and BPMN [68]. The focus on web services and SOA has stirred up enthusiasm
for process-orientation. As a result it is expected that in the future generic PAISs
will start to play a more important role. However, at the same time it should
not be forgotten that most PAISs are dedicated towards a particular application
domain or even a specific company.

The flow-oriented nature of workflow processes makes the Petri net formalism
a natural candidate for the modeling and analysis of workflows. Most workflow
management systems provide a graphical language which is close to Petri nets.
Although the routing elements are different from Petri nets, the informal se-
mantics of the languages used are typically token-based and hence a (partial)
mapping to Petri nets is relatively straightforward. This explains the interest in
applying Petri nets to PAISs.

The purpose of this paper is twofold. On the one hand, we aim to provide
an introduction to PAISs and the role of models in the development and con-
figuration of such systems. On the other hand, we would like to share some
insights obtained through process mining. Process mining exploits event logs of
real processes and uses these to discover models or check the conformance of
existing ones. Experiences with process mining show that there are typically
large discrepancies between the idealized models used to configure systems and
the real-life processes. Moreover, process mining has changed our perception of
models. For example, there is no such thing as the model. In any situation dif-
ferent models are possible all providing a particular view on the process at hand.
Based on our experiences using process mining, we would like to challenge some
of the basic assumptions related to PAIS and business process modeling.

The remainder of this paper is organized as follows. Section[2provides a defini-
tion and classification of PAISs. The role of process models is discussed in Section[3]
and Section @ briefly introduces the concept of process mining. Section[Q presents
the lessons that can be learned from process mining. This section serves as a “re-
ality check” for PAIS research. Section [6] concludes the paper.

2 Process-Aware Information Systems

In this paper we adopt the following definition of a Process-Aware Information
System (PAIS): a software system that manages and executes operational pro-
cesses involving people, applications, and/or information sources on the basis of
process models [24]. Although not explicitly stated in this definition, it should
be noted that the process models mentioned are usually represented in some
graphical language, e.g., a Petri-net-like notation. The models are typically in-
stantiated multiple times (e.g., for every customer order) and every instance is
handled in a predefined way (possibly with variations).

Classical examples of PAISs are WorkFlow Management (WFM) systems and
Business Process Management (BPM) systems. These systems support
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operational business processes and are driven by an explicit process representa-
tion. Given the above definition, one can see that a text editor is not “process
aware” insofar as it is used to facilitate the execution of specific tasks without
any knowledge of the process of which these tasks are part. A similar comment
can be made regarding e-mail clients used to send and receive electronic mail.
A task in a process may result in an e-mail being sent, but the e-mail client is
unaware of the process it is used in. At any point in time one can send an e-mail
to any person without being supported nor restricted by the e-mail client. Text
editors and e-mail clients (at least contemporary ones) are applications support-
ing tasks, not processes. The same applies to a large number of applications used
in the context of information systems.

Process awareness is an important property for information systems and the
shift from task-driven to PAISs brings a number of advantages [24]:

— The use of explicit process models provides a means for communication be-
tween people.

— Systems driven by models rather than code have less problems dealing with
change, i.e., if an information system is driven by process models, only the
models need to be changed to support evolving or emerging business pro-
cesses.

— The explicit representation of the processes supported by an organization
allows their automated enactment. This may lead to a better performance.

— The explicit representation of processes enables management support at the
(re)design level, i.e., explicit process models support (re)design efforts.

— The explicit representation of processes also enables management support at
the control level. Generic process monitoring and mining facilities provide
useful information about the process as it unfolds. This information can be
used to improve the control (or even design) of the process.

A detailed introduction PAISs is beyond the scope of this paper. However,
to provide an overview of the important issues, we summarize the classification
given in [24]. In addition, we refer to the well-known workflow patterns [6I/58/70].

2.1 Design-Oriented Versus Implementation-Oriented

Figure [[lsummarizes the phases of a typical PAIS life-cycle. In the design phase,
processes are designed (or re-designed) based on the outputs of a requirements
analysis. In the configuration phase, designs are refined into an implementation,
typically by configuring a generic infrastructure for a process-aware information
system (e.g. a WFM system, a case handing system, or an EAI platform). After
configuration, the enactment phase starts: the operational processes are executed
using the configured system. In the diagnosis phase, the operational processes
are analyzed to identify problems and to find aspects that can be improved.
Different phases of the PAIS life-cycle call for different techniques and types
of tools. For example, the focus of traditional WFM systems is on the lower half
of the PAIS life-cycle. They are mainly aimed at supporting process configura-
tion and execution and provide little support for the design and diagnosis phase.
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diagnosis
process process
enactment design
system
configuration

Fig. 1. The PAIS life-cycle [7]

Business process modeling tools are design-oriented and may use all kinds of
analysis to evaluate designs. Besides classical analysis techniques such as sim-
ulation, more advanced techniques such as process mining come into play, i.e.,
process improvement by learning from running processes.

2.2 People Versus Software Applications

Another way of classifying PAISs is in terms of the nature of the participants (or
resources) they involve, and in particular whether these participants are humans or
software applications. In this respect, PAISs can be classified into human-oriented
and system-oriented [28] or more precisely into Person-to-Person (P2P), Person-
to-Application (P2A) and Application-to-Application (A2A) processes [24].

In P2P processes the participants involved are primarily people, i.e. the pro-
cesses primarily involve tasks which require human intervention. Job tracking,
project management, and groupware tools are designed to support P2P pro-
cesses. Indeed, the processes supported by these tools usually do not involve
entirely automated tasks carried out by applications. Also, the applications that
participate in these processes (e.g. project tracking servers, e-mail clients, video-
conferencing tools, etc.) are primarily oriented towards supporting computer-
mediated interactions.

At the other end of the spectrum, A2A processes are those that only in-
volve tasks performed by software systems. Such processes are typical in the
area of distributed computing, and in particular distributed application integra-
tion. Transaction processing systems, EAI platforms, and Web-based integration
servers are designed to support A2A processes.

P2A processes are those that involve both human tasks and interactions be-
tween people, and tasks and interactions involving applications which act with-
out human intervention. Workflow systems fall in the P2A category since they
primarily aim at making people and applications work in an integrated manner.

Note that the boundaries between P2P, P2A, and A2A are not crisp. Instead,
there is a continuum of techniques and tools from P2P (i.e. manual, human-
driven) to A2A (automated, application-driven).
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2.3 Predictability of Processes

The degree of structure of the process to be automated (which is strongly linked
to its predictability) is frequently used as a dimension to classify PAISs [28].
Structured processes are easier to support than unstructured processes. More-
over, it is also obvious that smaller processes are easier to support than larger
ones. However, like in [13124] we would like to elaborate on the predictability
aspect. As Figure 2] shows, we distinguish between unframed, ad hoc framed,
loosely framed, and tightly framed processes.

A process is said to be unframed if there is no explicit process model associated
with it. This is the case for collaborative processes supported by groupware
systems that do not offer the possibility of defining process models.

A process is said to be ad hoc framed if a process model is defined a priori but
only executed once or a small number of times before being discarded or changed.
This is the case in project management environments where a process model (i.e.
a project chart) is often only executed once. It is also the case in grid computing
environments, where a scientist may define a process model corresponding to a
computation involving a number of datasets and computing resources, and then
run this process only once.

A loosely framed process is one for which there is an a-priori defined process
model and a set of constraints, such that the predefined model describes the
“normal way of doing things” while allowing the actual executions of the process
to deviate from this model within certain limits.

tightly||  job tracking service
framed systems workflow composition
R
loosely || Process-aware case
framed ||  collaboration handling
tools
)
ad hoc project ad hoc scientific
framed || management workflow workflow
unframed process-unaware
groupware application integration
P2P P2A A2A

Fig. 2. Type of PAISs and associated development tools [24]
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Finally, a tightly framed process is one which consistently follows an a-priori
defined process model. This is the case of traditional workflow systems.

Figure @l plots different types of PAISs and PAIS-related tools with respect
the degree of framing of the underlying processes (unframed, ad hoc, loosely,
or tightly framed), and the nature of the process participants (P2P, P2A, and
A2A) [24].

As with P2P, P2A, and A2A processes, the boundaries between unframed,
ad hoc framed, loosely framed, and tightly framed processes are not crisp. In
particular, there is a continuum between loosely and tightly framed processes.
For instance, during its operational life a process considered to be tightly framed
can start deviating from its model so often and so unpredictably, that at some
point in time it may be considered to have become loosely framed. Conversely,
after a large number of cases of a loosely framed process have been executed, a
common structure may become apparent, which may then be used to frame the
process in a tighter way.

The topic of flexibility in PAISs attracted a lot of attention in the scientific
community. Numerous researchers proposed ways of dealing with flexibility and
change. Unfortunately, few of these ideas have been adopted by commercial
parties. Moreover, it has become clear that there is no “one size fits all” solution,
i.e., depending on the application, different types of flexibility are needed. In [60]
a taxonomy is given where four types of flexibility are distinguished: (1) flezibility
by design, (2) flexibility by deviation, (3) flexibility by underspecification, and (4)
flexibility by change (both at type and instance levels). This taxonomy shows
that different types of flexibility exist. Moreover, different paradigms may be
used, i.e., even within one flexibility type there may be different mechanisms
that realize different forms of flexibility [63]. All of these approaches aim to
support ad hoc framed and/or loosely framed processes.

2.4 Intra-organizational Versus Inter-organizational

Initially, PAISs were mainly oriented towards intra-organizational settings. Fo-
cus was on the use of process support technologies (e.g. workflow systems) to
automate operational processes involving people and applications inside an or-
ganization (or even within an organizational unit). Over the last few years, there
has been a push towards processes that cross organizational barriers. Such inter-
organizational processes can be one-to-one (i.e. bilateral relations), one-to-many
(i.e. an organization interacting with several others) or many-to-many (i.e. a
number of partners interacting with each other to achieve a common goal).

The trend towards inter-organizational PAISs is marked by the adoption of
SOA and the emergence of web services standards such as BPEL et al.

3 Role of Models

In the previous section, we introduced PAISs and provided a classification. In
this section, we focus more on the role of models. First of all, we elaborate on the
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different purposes of models (to provide insights, for analysis purposes, or for
enactment). Second, we discuss differences between formal and informal models.
Finally, we differentiate between man-made and derived models.

3.1 Purpose

Models can serve different purposes. In fact, the same model can be used for
different objectives in the context of a PAIS.

Insight. When developing or improving a PAIS it is important that the differ-
ent stakeholders get insight into the processes at hand and the way that these
processes can or should be supported. Models can be used to discuss require-
ments, to support design decisions, and to validate assumptions. Moreover, the
modeling process itself typically provides new and valuable insights because the
modeler is triggered to make things explicit. It is interesting to use the metaphor
of a construction drawing for a house. Only when people are confronted with
concrete drawings they are able to generate requirements and make their wishes
explicit. This holds for houses but also for other complex artifacts such as infor-
mation systems.

Analysis. Using the metaphor of a construction drawing for a house, it is clear
that models can be used to do analysis (e.g., calculating sizes, strengths, etc.).
Depending on the type of model, particular types of analysis are possible or not.
Moreover, in the context of a PAIS, analysis may focus on the business processes
or on the information system itself. For example, the performance of a system
(e.g., response times) is not the same as the performance of the processes it
supports. Traditionally, most techniques used for the analysis of business pro-
cesses originate from operations research. Students taking courses in operations
management will learn to apply techniques such as simulation, queueing theory,
and Markovian analysis. The focus mainly is on performance analysis and less
attention is paid to the correctness of models. However, verification is needed to
check whether the resulting system is free of logical errors. Many process designs
suffer from deadlocks and livelocks that could have been detected using verifi-
cation techniques. Notions such as soundness [1J30] can be used to verify the
correctness of systems. Similar notions can be used to check interorganizational
processes where deadlocks, etc. are more likely to occur [939/42].

Enactment. In the context of a PAIS, models are often used for enactment,
i.e., based on a model of the process, the corresponding run-time support is
generated. In a WFM system, a model of a process suffices to generate the cor-
responding system support. In other environments, the set of processes is often
hard-coded. For example, although ERP systems like SAP have a workflow en-
gine, most processes are hard-coded into the system and can only be changed
by programming or changing configuration parameters. As a result, modifica-
tions are either time-consuming (because of substantial programming efforts) or
restricted by the set of predefined configuration parameters.
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3.2 Formality of Models

Related to the purpose of the model is the degree of formality.

Informal models. Informal models cannot be used for enactment and rigorous
analysis. Their main purpose is to provide insight, support discussion, etc. We
define a model to be informal if it is impossible to determine whether a particular
scenario (i.e., a trace of activities) is possible of not.

Formal models. A formal model is able to tell whether a particular sequence
of activities is possible or not. For example, given a Petri net it is possible
to determine whether a trace corresponds to a possible firing sequence. Even
declarative models may be formal. For example, given a model in Declare [47] or
plain LTL or CTL [40], it is possible to check whether a trace is possible or not.
Formal models typically allow for obtaining insights, analysis, and enactment.
However, they may be more difficult to construct than informal models.

The boundaries between formal and informal models seem well-defined. How-
ever, in practice one can see many semi-formal models (e.g., BPMN, UML activ-
ity diagrams, EPCs, etc.). These models started out as informal models without
any formal semantics. However, during the process, subsets have been formal-
ized and are supported by tools that assume particular semantics. The problem
is that some people interpret these models in a “formal way” while others use
these notations in a rather loose manner. Consider for example the EPC models
in SAP where at least 20 percent has serious flaws when one attempts to inter-
pret them in a somewhat unambiguous manner [44]. Besides the differences in
interpretation there is the problem that some of the informal concepts create
conundrums. For example, the informal semantics of OR-join in EPCs and other
languages creates the so-called “vicious cycle” paradox [2J34].

Figure [ illustrates the relation between industry-driven languages, formal
(science-driven) models, and analysis models. The industry-driven languages can
be split into informal, semi-formal, and executable. Notations such as BPMN,
EPCs, etc. can be seen as semi-formal, i.e., subsets can be interpreted in a
precise manner. Languages like BPEL and many other workflow languages are
executable because they are supported by concrete workflow engines. Note that
these can be considered as formal although there may be different interpretations
among different systems. However, in the context of a single execution engine,
it is clear what traces are possible and what traces are not possible.

Languages like Petri nets and various process algebraic languages (CSP, CCS,
ACP, m-calculus, etc.), are formal and mainly driven by the academic community.
The focus is on a clear and unambiguous specification of the process and not
on a particular analysis technique. However, such formal languages can often be
mapped onto dedicated analysis models. For example, a Petri net can be mapped
onto an incidence matrix to calculate invariants or onto a coverability graph to
decide on reachability or boundedness.

Let us look at some examples bridging the three layers shown in Figure [Bl
Woflan is able to translate Staffware, COSA, Protos, and WebSphere models into
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Fig. 3. Relationships among models

Petri nets and then analyze these using the coverability graph and incidence ma-
trix [62]. The toolset BPEL20WFN /Fiona/LoLA can be used to analyze BPEL
models using open workflow nets as an intermediate format [39]. These examples
show the possible interplay between various languages.

3.3 Construction Approach

Finally, we distinguish between man-made models and derived models.

Man-made Models. Traditionally, one thinks of models as man-made, i.e.,
some designer is constructing the model from scratch. When developing a new
system or process, this is the only way to obtain models.

Derived Models. If there is already a process or system in place, it is also
possible to “derive” models. There are basically two approaches. One approach
is to try and reverse engineer models from the system itself, e.g., analyze the
code or configuration parameters. Another approach is to extract models based
on event logs, i.e., learn from example behavior observed in the past. The next
section on process mining will elaborate on the latter type of derived models.

4 Process Mining

After an introduction to PAISs and discussing the various roles of models in the
context of such systems, we now focus on a particular analysis technique: process
mining [L2ITAT5TI2TI2212326|32I35/4315264165]. The reason for elaborating on
this particular analysis technique is that our experiences with process mining
have dramatically changed our view on PAISs and the role of models in these
systems. In fact, the goal of the paper is to provide a critical reflection on the



10 W.M.P. van der Aalst

state-of-the-art based on experiences with process mining. Therefore, we first
provide a short introduction to process mining and then elaborate on the lessons
learned.

Today’s information systems are recording events in so-called event logs. The
goal of process mining is to extract information on the process from these logs,
i.e., process mining describes a family of a-posteriori analysis techniques ex-
ploiting the information recorded in the event logs. Typically, these approaches
assume that it is possible to sequentially record events such that each event
refers to an activity (i.e., a well-defined step in the process) and is related to a
particular case (i.e., a process instance). Furthermore, some mining techniques
use additional information such as the performer or originator of the event (i.e.,
the person/resource executing or initiating the activity), the timestamp of the
event, or data elements recorded with the event (e.g., the size of an order).

Process mining addresses the problem that most organizations have very limited
information about what is actually happening in their organization. In practice,
there is often a significant gap between what is prescribed or supposed to happen,
and what actually happens. Only a concise assessment of the organizational reality,
which process mining strives to deliver, can help in verifying process models, and
ultimately be used in a process redesign effort or PAIS implementation.

The idea of process mining is to discover, monitor and improve real processes
(i.e., not assumed processes) by extracting knowledge from event logs. We con-
sider three basic types of process mining (Figure H).

Discovery. There is no a-priori model, i.e., based on an event log some model is
constructed. For example, using the a-algorithm [I5] a Petri net can be discov-
ered based on low-level events. Many algorithms have been proposed to discover
the control-flow [T2TAUT5ITIRTI22/23)32I35/43J64J65] and few have been prosed
to discover other aspects such as the social network [11].

supports/
“world” controls - -
business processes information
people  machines system

components
organizations

records

events, e.g.,
o messages,
specifies transactions
models configures t '
analyzes implements ete
analyzes
—_—
discovery
(process) event
extension

Fig. 4. Three types of process mining: (1) Discovery, (2) Conformance, and (3) Exten-
sion
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Conformance. There is an a-priori model. This model is used to check if reality,
as recorded in the log, conforms to the model and vice versa. For example,
there may be a process model indicating that purchase orders of more than one
million Euro require two checks. Another example is the checking of the four-eyes
principle. Conformance checking may be used to detect deviations, to locate and
explain these deviations, and to measure the severity of these deviations. For
examples, we refer to the conformance checking algorithms described in [54].

Extension. There is an a-priori model. This model is extended with a new
aspect or perspective, i.e., the goal is not to check conformance but to enrich the
model. An example is the extension of a process model with performance data,
i.e., some a-priori process model is used on which bottlenecks are projected.
Another example is the decision mining algorithm described in [53] that extends
a given process model with conditions for each decision.

Today, process mining tools are becoming available and are being integrated
into larger systems. The ProM framework [3] provides an extensive set of anal-
ysis techniques which can be applied to real process enactments while covering
the whole spectrum depicted in Figure @l ARIS PPM was one of the first com-
mercial tools to offer some support for process mining. Using ARIS PPM, one
can extract performance information and social networks. Also some primitive
form of process discovery is supported. However, ARIS PPM still requires some
a-priori modeling. The BPM|suite of Pallas Athena was the first commercial
tool to support process discovery without a-priori modeling. Although the above
tools have been applied to real-life processes, it remains a challenge to extract
suitable process models from event logs. This is illustrated by recent literature
245192 T2223I32/3543164165).

5 Lessons Learned

Now we would like to provide a critical reflection on the state-of-the-art in PAISs
based on our experiences with process mining. The insights provided by process
mining are very valuable for the development of the next generation PAISs be-
cause they clearly show a mismatch between the models proposed for driving
these systems and reality. On the one hand, models tend to oversimplify things
resulting in systems that are too restrictive. On the other hand, models fail to
capture important aspects of business processes.

In the remainder we present some of the main lessons learned through our
various process mining projects.

5.1 Models Do Not Reflect Reality

The first, and probably the most important, lesson is that models typically
provide a very naive view of reality. Reality is typically much more dynamic and
complex than what is captured in models. Models should abstract from details
and aspects not relevant for the purpose of the model. However, the discrepancies
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Fig. 5. Process discovered based on an event log with information about 2712 patients

that can be found between models and reality can typically not be justified by
reasons of abstraction.

To illustrate this consider the process model shown in Figure [l This model
was discovered using ProM’s Heuristics Miner [64] based on the data of 2712 pa-
tients treated in a Dutch hospital. The log contained 29258 events (i.e., +/- 10.8
events per case) corresponding to 264 activities. The discovered process model
reflects the complexity of care processes. One may expect such “spaghetti-like
processes” in a hospital. However, we have found similarly unstructured pro-
cesses in many environments where one would expect more structured processes
(e.g., municipalities, banks, insurance companies, etc.). It is important to note
that the spaghetti-like process shown in Figure[dis not due to limitations of the
process mining techniques used, i.e., it is completely caused by the real complex-
ity of the process.

Insights provided by process models such as the one shown in Figure[Blserve as
a reality check for any PAIS implementation. Without a complete understanding
of the processes at hand, the PAIS is destined to fail.

To illustrate the discrepancies between models and reality further, consider
Figure [@ taken from [55]. These models have been obtained when analyzing
one of the test processes of ASML (the leading manufacturer of wafer scan-
ners in the world). ASML designs, develops, integrates and services advanced
systems to produce semiconductors. In short, it makes the wafer scanners that
print the chips. These wafer scanners are used to manufacture semi-conductors
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(a) Reference process model (b) Discovered process model

Fig. 6. Two heuristic nets [43[64] showing the difference between (a) the translated
reference model for the test process on job-step level and (b) the discovered process
model based on log which was mapped onto the job-step level [55]

(e.g., processors in devices ranging from mobile phones ad MP3 players to desk-
top computers). At any point in time, ASML’s wafer scanners record events
that can easily be distributed over the internet. Hence, any event that takes
place during the test process is recorded. The availability of these event logs
and the desire of ASML to improve the testing process, triggered the case study
reported in [B5]. If we apply ProM’s discovery to the low-level logs, we obtain
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a spaghetti-like process similar to the one shown in Figure Bl However, using
domain knowledge the low level log can be translated to an event log at the
so-called job-step level. ASML also provided us with a reference model at the
job-step level. This model was used to instruct the test engineers. Figure [6](a)
shows the reference model. The discovered model is shown in Figure BI(b). It is
interesting to note that the discovered model allows for much more scenarios
than the reference model.

In Figure [d we used ProM’s Conformance Checker while analyzing the devi-
ations in ASML’s test process. As shown the fitness is only 37.5 percent, i.e.,
roughly one third of the events can be explained by the model indicating that
“exceptions are the rule” [54]. By looking at the most frequent paths that appear
in Figure[Bb) and not in Figure[la) and at the diagnostics provided in Figure[dl
it is possible to pinpoint the most important deviations. Note that deviations
are not necessarily a bad thing and may reflect (desirable) flexibility. We will
elaborate on this in Section

The results presented in this section are not exceptional, i.e., many processes
turn out to be more spaghetti-like than expected. Nevertheless, most attention
in both academia and industry is given to the analysis and use of models and not
to the way to obtain them. Both sides take models as a starting point. Analysis
techniques, process engines, etc. focus on what to do with models rather than
obtaining faithful models. Therefore, we would like to stress the need for more
emphasis on the faithfulness of models. For example, analysis results are only
meaningful if the corresponding models are adequate.

5.2 A Human’s Characteristics Are Difficult to Capture

In the previous section, we focused in discrepancies between the control-flow as
modeled and the real control-flow. When it comes to resources similar problems
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emerge, especially if the resources are human. This mismatch becomes evident
when comparing the behavior of humans observed when using process mining
techniques and the behavior of humans assumed in simulation tools [10]. In the
remainder, we focus on the problems encountered when modeling people for
simulation purposes. However, the insights also apply to other analysis methods
and enactment support (e.g., software for work distribution).

In practice there are few people that only perform activities for a single pro-
cess. Often people are involved in many different processes, e.g., a manager,
doctor, or specialist may perform tasks in a wide range of processes. However,
simulation often focuses on a single process. Suppose a manager is involved in
10 different processes and spends about 20 percent of his time on the process
that we want to analyze. In most simulation tools it is impossible to model that
a resource is only available 20 percent of the time. Hence, one needs to assume
that the manager is there all the time and has a very low utilization. As a result
the simulation results are too optimistic. In the more advanced simulation tools,
one can indicate that resources are there at certain times in the week (e.g., only
on Monday). This is also an incorrect abstraction as the manager distributes
his work over the various processes based on priorities and workload. Suppose
that there are 5 managers all working 20 percent of their time on the process of
interest. One could think that these 5 managers could be replaced by a single
manager (5¥20%=1%100%). However, from a simulation point of view this is an
incorrect abstraction. There may be times that all 5 managers are available and
there may be times that none of them are available.

Another problem is that people work at different speeds based on their work-
load, i.e., it is not just the distribution of attention over various processes, but
also a person’s absolute working speed influences his/her capacity for a particular
process. There are various studies that suggest a relation between workload and
performance of people. A well-known example is the so-called Yerkes-Dodson
law [69]. The Yerkes-Dodson law models the relationship between arousal and
performance as an inverse U-shaped curve. This implies that for a given indi-
vidual and a given type of tasks, there exists an optimal arousal level. This is
the level where the performance has its maximal value. Thus work pressure is
productive, up to a certain point, beyond which performance collapses. Although
this phenomenon can be easily observed in daily life, today’s business process
simulation tools do not support the modeling of workload dependent processing
times.

As indicated earlier, people may be involved in different processes. Moreover,
they may work part-time (e.g., only in the morning). In addition to their limited
availabilities, people have a tendency to work in batches (cf. Resource Pattern 38:
Piled Execution [58]). In any operational process, the same task typically needs
to be executed for many different cases (process instances). Often people prefer
to let work-items related to the same task accumulate, and then process all of
these in one batch. In most simulation tools a resource is either available or not,
i.e., it is assumed that a resource is eagerly waiting for work and immediately
reacts to any work-item that arrives. Clearly, this does not do justice to the
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way people work in reality. For example, consider how and when people reply to
e-mails. Some people handle e-mails one-by-one when they arrive while others
process all of their e-mails at fixed times in batch.

Also related is the fact that calendars and shifts are typically ignored in simula-
tion tools. While holidays, lunch breaks, etc. can heavily impact the performance
of a process, they are typically not incorporated in the simulation model.

All these observations show that it is very difficult to adequately capture human
activity in simulation models. As a result it is not uncommon that the simulation
model predicts a flow time of hours while in reality the average flow time is weeks.
In [I0] the effects of some of these incorrect assumptions on the simulation results
are shown. Using process mining one can get insight into the way that humans
actually work and use this to build more faithful simulation models.

Note that the difficulties encountered when characterizing humans is not only
relevant for simulation but also for enactment support. It can be observed that
only few of the resource patterns [58] are supported by contemporary PAISs.
Moreover, insights such as the Yerkes-Dodson law are not used by today’s PAISs
and systems are unable to predict problems. The lack of understanding and
limited functionality impairs the successfulness of PAISs.

5.3 Spaghetti and Flexibility: Two Sides of the Same Coin

The topic of flexibility in the context WFM systems has been addressed by many
authors [T6ITRI25I27IA7IARI5TIGE]. See the taxonomy in [60] or the flexibility pat-
terns in [63] to get an overview of the different approaches proposed in literature.
See also [QII7I28I3146I50I59] for other classifications of flexibility. Researchers
proposed numerous ways of dealing with flexibility and change. Unfortunately,
few of these ideas have been adopted by commercial parties. Process mining can
expose the need for flexibility. Spaghetti-like processes as shown in Figure Bl and
the quantification of non-conformance illustrated by Figure[dillustrate the need
for flexibility.

When building a PAIS for existing processes, process mining can be used
to identify the flexibility needs. When looking at the spaghetti-like processes
discovered using process mining, it becomes evident that one has to decide on
what kinds of variability are actually desired. Some deviations are good because
they correspond to adequate responses to requests from the environment. Other
deviations may be undesirable because they impair quality or efficiency.

It is easy to say that PAISs should provide more flexibility. However, process
mining also shows that it is very difficult to actually do this. It seems that much
of the research in this domain is rather naive. For example, it is ridiculous to
assume that end-users will be able construct or even understand process models
such as the one depicted in Figure [l

5.4 Process Models Should Be Treated as Maps

There are dozens of process modeling languages. Most of these languages pro-
vide some graphical notation with split and join nodes of particular types (AND,
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XOR, etc.). Although there are important semantical differences between these
notations, the basic idea is always to draw a graph describing the routing of
process instances (cases). This seems to be a good approach as it is adopted by
most vendors and common practice in industry. Nevertheless, our experiences
with process mining have revealed several weaknesses associated with this clas-
sical approach. Diagrams like Figure [fl show that automatically derived models
are difficult to understand and lack expressiveness. This triggered us to look at
process models as ordinary geographic maps. The “map metaphor” reveals some
interesting insights.

— There is no such thing as “the map”. One may use city maps, highway maps,
hiking maps, cycling maps, booting maps, etc. depending on the purpose for
which it is intended to be used. All of these maps refer to the same reality.
However, nobody would aim at trying to construct a single map that suits
all purposes. Unfortunately, when it comes to processes one typically aims
at a single map.

— Another insight is that process models do not exploit colors, dimensions,
sizes, etc. It is remarkable that process models typically have shapes (nodes
and arcs) of a fixed size, and, even if the size is variable, it has no semantical
interpretation. Colors in process models are only used for beatification and
not to express things like intensity, costs, etc. On a geographic map the
X and Y dimension have a clear interpretation. These dimensions are not
explicitly used when drawing process models.

To illustrate the above, consider Figure 8 showing two times the same Petri net.
Although from a logical point of view the Petri nets are identical, the lower one
also shows frequencies, costs, and time. For example, it is shown that the path
(A, B, D) is much more frequent than the path (A, C, D). Moreover, activities
C and D are more costly than A and B. The X-dimension is used to reflect
time. The horizontal position corresponds to the average time at which activity
takes places after the model is initiated by placing a token on the input place. It
clearly shows that most time is spent waiting for the execution of D. Figure[§(b)
is still very primitive compared to the drawing of maps. Maps typically also use
colors and other intuitive annotations to indicate relevant information. Moreover,
maps abstract and aggregate. Abstraction is used to leave out things that are
less significant (i.e., dirt roads and small townships). Aggregation is used to take
things together. For example, the roads of a city are taken together into a single
shape. In terms of Figure [§], abstraction could mean that C is removed because
it is too insignificant. Aggregation should be used to group A, B, and C into a
single node because they typically occur together in a short time distance.
Today, electronic maps overcome some of the limitations of paper maps. As
indicated above one may use different maps (city maps, highway maps, etc.)
depending on the purpose. When using Google Maps or a car navigation system
like TomTom it is possible to dynamically zoom-in, zoom-out, change focus, or
change the type of information. Moreover, these electronic maps are increasingly
used to project dynamic information on. For example TomTom is able to show
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(a) Ordinary Petri net just showing the control-flow logic.

The size of a node
refers to the costs

involved, e.g., D is
more costly than A.

The thickness of an arrow or
node indicates its frequency,
e.g., activity B is more frequent

H than activity C.
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The X-dimension has a temporal interpretation,
i.e., the time between A and B or C is shorter
than the time between B or C and D.

(b) Petri net also showing other dimensions (frequency, time, and costs).

Fig. 8. Using the map metaphor for drawing process models

traffic jams, fuel stations with the lowest prices, weather information, etc. These
ideas can also be used for process models.

— Process models should allow for different views, i.e., it should be possible to
zoom-in and zoom-out seamlessly. The static decompositions used by con-
temporary drawing tools force the user to view processes in a fixed manner.
Moreover, decompositions typically address the needs of a technical designer
rather than an end-user. Hence the challenge is to be able to support easy
navigation and seamlessly zooming-in/out when viewing process models.

— It should be possible to project dynamic information on top of process mod-
els. For example, it should be possible to view current process instances
projected on the process model and to animate history by replaying past
events on the same process model. This is similar to showing real-time traf-
fic information by a car navigation system like TomTom.

The limitations related to the representation and visualization of process models
mentioned above became evident based on experiences gathered in many process
mining projects. It seems that the “map metaphor” can be used to present
process models and process information in completely new ways [29/37]. Few
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Fig.9. ProM’s Fuzzy Miner implements some of the ideas learned from (electronic)
maps [29]

researchers have been investigating such ideas. Here we would like to point out
two ideas we have been working on. In the context of YAWL [BI37TI6TI72], we
showed that it is possible to show current work items on top of various maps.
Work items can be shown on top of a geographic map, a process model, a time
chart, an organizational model, etc. In the context of ProM, we have used the
“map metaphor” to enhance the so-called Fuzzy Miner [29]. As presented in [29],
four ideas are being combined in ProM’s Fuzzy Miner to draw maps of process
models.

— Aggregation: To limit the number of information items displayed, maps often
show coherent clusters of low-level detail information in an aggregated man-
ner. One example are cities in road maps, where particular houses and streets
are combined within the citys transitive closure (e.g., the city of Eindhoven
in Figure [@).

— Abstraction: Lower-level information which is insignificant in the chosen con-
text is simply omitted from the visualization. Examples are bicycle paths,
which are of no interest in a motorists map.

— Emphasis: More significant information is highlighted by visual means such
as color, contrast, saturation, and size. For example, maps emphasize more
important roads by displaying them as thicker, more colorful and contrasting
lines (e.g., motorway “E25” in Figure [)).

— Customization: There is no one single map for the world. Maps are spe-
cialized on a defined local context, have a specific level of detail (city maps
vs highway maps), and a dedicated purpose (interregional travel vs alpine
hiking).

Figure [I0 shows screenshot of ProM’s Fuzzy Miner [29]. The left screen shows
a discovered model. Note that the thickness of each arc is determined by the
number of times this path is taken (i.e., frequency). Moreover, some nodes and
arcs have been left out because they are insignificant. The left screen shows
an animation based on historic information. This animation shows the actual
execution of cases on top of the discovered model.

It is obvious that the ideas presented here are not limited to process mining.
When developing, analyzing, or controlling a PAIS, such visualizations can be
very useful.
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Fig. 10. ProM’s Fuzzy Miner (left) and the corresponding animation facility (right)

5.5 Analysis Techniques Do Not Use the Information Available

The last lesson to be learned is related to the limited use of existing artifacts.
People tend to model things from scratch and do not use information that is
already recorded in information systems. In practice, it is time consuming to
construct a good process model. For example, when constructing a simulation
model one not only has to construct a model but also determine the input pa-
rameters. A pitfall of current approaches is that existing artifacts (models, logs,
data, etc.) are not used in a direct and systematic manner. If a PAIS is used,
there are often models that are used to configure the system (e.g., workflow
schemas). Today, these models are typically disconnected from the simulation
models and created separately. Sometimes a business process modeling tool is
used to make an initial process design. This design can be used for simulation
purposes when using a tool like Protos or ARIS. When the designed process is
implemented, another system is used and the connection between the implemen-
tation model and the design model is lost. It may be that at a later stage, when
the process needs to be analyzed, a simulation model is built from scratch. This
is a pity as the PAIS contains most of the information required. As a result the
process is “reinvented” again and again, thus introducing errors and unnecessary
work. The lack of reuse also applies to other sources of information. For example,
the PAIS may provide detailed event logs. Therefore, there is no need to “in-
vent” processing times, arrival times, and routing probabilities, etc. All of this
information can be extracted from the logs. Note that a wealth of information
can be derived from event logs. In fact, in [56] it is demonstrated that complete
simulation models can be extracted from event logs.
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Contemporary simulation tools tend to support experiments that start in an
arbitrary initial state (without any cases in the pipeline) and then simulate
the process for a long period to make statements about the steady-state be-
havior. However, this steady-state behavior does not exist (the environment of
the process changes continuously) and is thus considered irrelevant by the man-
ager. Moreover, the really interesting questions are related to the near future.
Therefore, it seems vital to also support transient analysis, often referred to as
short-term simulation [A9GTTI]. The “fast-forward button” provided by short-
term simulation is a useful option, however, it requires the use of the current
state. Fortunately, when using a PAIS it is relatively easy to obtain the current
state and load this into the simulation model.

The above not only applies to simulation models. Also other types of analysis
can benefit from the information stored in and recorded by the PAIS [57].

6 Conclusion

Workflow management systems, case-handling systems, enterprise information
systems, etc. are all examples of PAISs. We introduced these systems by charac-
terizing them in several ways. Moreover, we elaborated on the role of process mod-
els in the context of such systems. After this introduction, we focused on lessons
learned from process mining. The goal of process mining is to extract information
from event logs. These event logs can be used to automatically generate models
(process discovery) or to compare models with reality (conformance checking).

Extensive experience gathered through various process mining projects, has
revealed important lessons for the development and use of PAISs. The first lesson
is that models typically provide a very naive view of reality. The second lesson
is that it is far from trivial to adequately capture the characteristics of human
actors. The third lesson is that the true need for flexibility can be seen by
analyzing spaghetti-like process models. The fourth lesson is that the way we
view processes can be improved dramatically by using the “map metaphor”. The
fifth lesson is that many artifacts (models and logs) remain unused by today’s
analysis approaches.

Although these lessons were triggered by the application of process mining
to many real-life logs, they are useful for the whole PAIS life-cycle. It does not
make any sense to talk about analysis or enactment, without a good and deep
understanding of the processes at hand.
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Abstract. Today, there are many graphical formalisms for modelling
software—among others the Unified Modeling Language (UML). And
there are different technologies that automatically generate code from
such models. We call these as well as any approach that takes models
more seriously than just a sketch or an illustration Model-based Software
Engineering (MBSE). Most of today’s code generation approaches, how-
ever, focus on standard behaviour; application specific behaviour often
still needs to be programmed manually. The ultimate goal of MBSE,
however, is to generate all code automatically.

In the field of Process-aware Information System (PAIS) and workflow
management, models have been in the focus right from the beginning.
What is more, the models were used to define and enact application
specific behaviour or business logic by providing process models. This
way, they are one of the successful precursors of Model-based Software
Engineering.

In this paper, we will give an overview of the concepts and technologies
in MBSE, and its main ideas, principles, and concepts. We will point out
some differences to PAIS, but also some common ground, and we show
how both fields could benefit from each other. This way, we want to start
bridging the gap between MBSE and PAIS .

Keywords: Business Process Modelling, Model-based Software Engi-
neering (MBSE), Model-driven Architecture (MDA), Process-aware In-
formation Systems (PAIS), Process models.

1 Introduction

In the 90ties, Workflow Management Systems (WfMS) [T6J4IT4U35)22] promoted
the idea that a system supporting the business processes of an enterprise or
administration could be realized based on process models. These process models
could be executed or, in the terminology of workflow management, enacted by
a workflow engine. This helped decreasing the development costs and increasing
the flexibility of the systems. What is more, the process models are much closer
to the world of the users and the application domain than modelling notations
and programming languages from classical software engineering. Today, many

K. Jensen and W. van der Aalst (Eds.): ToPNoC II, LNCS 5460, pp. 27{45,[2009.
© Springer-Verlag Berlin Heidelberg 2009
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of the ideas from workflow-management live on—just under the more modern
names web services and service oriented architecture (SOA).

Here, we cannot give a detailed evaluation of the success and the impacts of
workflow management systems. For now, it should suffice that workflow man-
agement systems have shown that it is possible to build information systems
by making use of models without any programming. Of course, this works only
for a specific kind of information systems, which today are called Process-aware
Information Systemdl] (PAIS) [7].

About ten years later, the Object Management Gmu}ﬂ (OMG) promoted an
idea that takes the next step: the Model-driven Architecture (MDA) [25121].
The MDA suggests to take models much more seriously during the software
development process and, ultimately, to get rid of any kind of programming
when making software. In particular, the MDA is meant for any kind of software
and not restricted to PAIS. Note that the MDA leaves some freedom on how to
achieve these goals and visions. Fowler [9] gives a nice overview on the different
directions, which he calls “camps”. Still, the MDA is tightly related to other
OMG standards and technologies such as the Unified Modeling Language (UML)
[30029], the Meta-object Facility (MOF) [27], the XML Metadata Interchange
(XMTI) [26], and the Query/View/Transformation (QVT) [28]. Moreover, MDA
focuses on two specific kinds of models, which are called Platform Independent
Model (PIM) and Platform Specific Model (PSM), and on the transformations
between these models and to the final code. These kinds of models are, however,
relatively technical already. The models that are used in workflow modelling are
much closer to the domain and would be called Computation Independent Models
(CIM) in the MDA. But, MDA is not very explicit on how it deals with CIMs;
in fact, many publications on MDA do not even mention CIMs at all.

We believe that MDA had and will have a great impact on the way software
will be developed: focusing on modelling rather than on programming. And it
shares or carries on some visions of workflow management, and promotes them
for systems that are not specifically process-aware. But due to the use of more
technical models, the use of transformations for obtaining the final software,
and the focus on related OMG technologies, MDA does not subsume technolo-
gies from workflow management and other modelling approaches. Therefore, we
define a bit broader term here: Model-based Software Engineering (MBSE. We
call any kind of software or system development in which models are taken more
seriously than a nice sketch, illustration, or drawing MBSE. This can either be

1 Actually, PAIS has two slightly different meanings: as a characteristics of information
systems to be developed and as a technology for developing these kinds of systems.
In order to keep these two meanings apart, we use PAIS for the kind of information
systems only; we introduce the term Process-centric Software Engineering (PCSE)
for the technology.

2 See: http: //www.omg. org/

3 Sometimes, the term Model-driven Development (MDD) is used for MDA-like ap-
proaches that are not focused on the OMG technologies; but in other publications
MDD is used as synonym for MDA; and, as MDA, MDD is an OMG trademark.
Therefore, we use the more neutral term MBSE here.
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Fig. 1. A simple Petri net Fig. 2. A meta model for Petri nets

more or less automatic code generation, some kind of analysis or verification, or
the execution of the models. In this sense, workflow management is Model-based
Software Engineering.

In this paper, we will discuss how ideas of MBSE can be used for the devel-
opment of PAIS, but also how concepts and lessons learned from workflow man-
agement systems—along with other concepts from software engineering—can help
making the dream of developing software without any programming come true. To
this end, we need to understand why this idea worked for PAIS already more than
ten years ago, but why there are still some deficiencies in general.

2 Model-Based Software Engineering

In this section, we present some more details on MBSE, its ideas, concepts, vi-
sions, and its limitations. We do this by discussing a simple example project: a
Petri net editor, which is realized in the Eclipse Modeling Framework (EMF)
[5] and the Graphical Modeling Frameworhk] (GMF). Without going into all de-
tails, this example illustrates, how software can be generated fully automatically
from models: a class diagram capturing the domain of Petri nets and a model
representing their graphical appearance.

2.1 Example: A Petri Net Editor

We start with explaining the syntax of a simple version of Petri nets: Figure [I]
shows a very simple example. The Petri net consists of two types of nodes,
which are called places and transitions, and arcs between them. The places are
graphically represented as circles, the transition are graphically represented as
squares, and the arcs are graphically represented as arrows pointing from one
node to another. Moreover, there can be any number of tokens on a place, which
are shown as black dots.

A Meta Model for Petri Nets. Above, we have explained the concepts of
Petri nets in natural language. Figure 2lshows how the concepts of Petri nets can

4 See http://www.eclipse.org/modeling/gmf/\
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be expressed as a UML class diagram, as a so-called domain model. The classes
(represented as boxes) define the different concepts of Petri nets, the associations
(represented as arrows between the classes) represent the relationships between
these concepts. For example, the two associations between the class Arc and
Node say that each arc has exactly one source and exactly one target node.
Moreover, there is an inheritance between class Node and the classes Transition
and Place, which is graphically represented by a line starting with a triangle.
This inheritance says that transitions and places are a special kind of node.
Likewise, the class Object and the inheritance relation to Node and Arc say, that
nodes (and with it places and transitions) and arcs are objects of a Petri net. A
PetriNet consist of any number of such objects. This is represented by a special
kind of association, which is called composition; a composition is graphically
represented by a line that starts with a black diamond. The other composition
in that diagram says that a place can contain any number of tokens.

This use of class diagrams is standard in software engineering. Since we do
not assume that all readers are software engineers, we explained the diagram
and its notations anyway. Note that we call the diagram of Fig.[2l a meta model.
The reason is that it is a model of what Petri nets are. Since a Petri net itself is
a model already, this is a “model of a model”, which is called a meta model.

Actually, this meta model is a slightly simplified version of the meta model
that is used in the definition of the Petri Net Markup Language PNML [T73],
an interchange format for different versions of Petri nets, which is currently
standardised as International Standard ISO/IEC-15909-2 [I5I18]. The PNML
meta model was actually used to implement the PNML Framework, which helps
Petri net tool makers implementing the PNML standard [I3] by providing an
APIH for Petri nets. The PNML Framework was implemented using the EMF-
technology, which generates the API and some code from the class diagram.

Use of EMF-models. In this section, we briefly discuss how such a model
can be used for automatically implementing standard functionality by using the
EMF-technology. To this end, we interpret the above model as an EMF-model,
which technically is different from UML class diagrams, but conceptually means
the same.

Once we have created this meta model in EMF, we can fully automatically
generate program code that implements standard functionality. First and fore-
most, EMF generates an API, which consists of a set of classes and interfaces that
provide methods for creating Petri nets, and for adding, deleting, and changing
its objects and their relation. The generated program code will automatically
take care that the restrictions of the meta model are maintained, and that the
Petri net is consistent at all times.

In addition, EMF generates code for loading and saving Petri net models from
and to XML-files. This relieves us from programming own routines for reading
and writing XML-files, and in particular from using XML-parsers explicitly. The
XML-format in which the models are stored is defined by the XMI standard [26].

5 API stands for Application Programming Interface.
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XMI defines for any UML- resp. EMF-model, how its instances are represented
in XML. And EMF generates the code for loading and saving the instances in
exactly this format.

In many cases, using the XMI syntax is an easy way for loading and saving
models to files. PNML, however, comes with its own XML-format. Therefore, the
PNML Framework needs to provide some extra information on how to represent
the instances in PNML-syntax. This could be manually programmed code for
explicitly reading and writing the files. But, there is a technology that helps us
implementing these methods more easily: Java Emitter Templates (JET). As
suggested by the name, this requires to write some templates for all the classes
of the model, which define the XML-syntax and are then used to generate the
coddd for loading and saving models in that format. JETs where used for the
realization of the PNML Framework (see [13] for details).

But, EMF provides even more: Often, different applications access and mod-
ify such a model more or less independently of each other. Then, the different
applications need to inform each other about changes; this is typically done by
some notification mechanism such as the observer pattern [10]. EMF generates
all the code for this notification mechanism automatically. This mechanism can
then be used for implementing an editor for the models using the Model- View-
Controler-principle (M VCEl. Actually, EMF can even generate a simple editor
for creating, viewing, and editing instances of the model in a tree-like structure
based on this MVC pattern.

Generating the Editor. For Petri nets, this automatically generated tree-
editor is of limited use. We rather want an editor in which Petri nets can be
edited in the graphical syntax as shown in Fig. [l This is where GMF comes
in, which is meant to automatically generate graphical editors on top of EMF
models and the code generated by EMF.

To understand the main idea, let us ask the following question: In addition
to features of standard editors, what do we need to know for implementing
a specialised graphical editor for Petri nets? Basically, we need to know how
the different elements from the meta model from Fig. 2l should be represented
graphically. We gave this information already when we explained Petri nets in
the beginning of Sect. 2.1l Figure Blillustrates this mapping a bit more formally:
Transitions are mapped to squares, places are mapped to circles, arcs are mapped
to arrows, and the tokens are mapped to filled circles. Now, Fig. [2 and Fig. Bl
together give a full account of the concepts of Petri nets and their graphical
representation as explained in the first paragraph of Sect. 211

Based on this (and a little more) information, the GMF can generate a fully
fledged Petri net editor. To this end, this information is entered via some GMF-
specific tool (so Fig. Blis just an illustration), from which we can generate the

5 Here, we cannot go into the details of JET. For more details see the introductory
tutorial on JET at
http://www.eclipse.org/articles/Article-JET/jet_tutoriall.html

" The MVC-Principle is attributed to Trygve Reenskaug back in 1979.
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full code for the Petri net editor. But, we do not go into the technical details of
GMF here. Here, it may suffice that it takes about 15 minutes to provide this
information to GMF and to generate the graphical editor for Petri nets—with
all nice features you would expect: zooming, overview view, properties view, etc.
And of course, you can add, delete, and modify places, transition, and arcs—and
load and save Petri nets to and from files.

Altogether, we have seen that the EMF- and GMF-technology can be used
for modelling a complete Petri net editor; the editor can then be generated fully
automatically without writing a single line of code. Of course, acquiring the
skills in using this technology takes some time; and there are some caveats in
using EMF and, even the more, GMF. Still EMF and GMF show that MBSE
technologies made a big step forward. And we hope that EMF and GMF and
their application help overcoming the big mental blockade that still keeps our
way of thinking back at the programming level. In addition to EMF and GMF,
there are many other technologies and commercial tools that support a similar
kind of code generation: e.g. the Enterprise Architect, the Rational Software
Architect, and Together.

2.2 More Concepts

In the previous section, we have seen an example of how MBSE can be used
today. Next, we will discuss some more advanced concepts in order to better
understand the field.

Abstract and Concrete Syntax. First, we have a look at our Petri net
example again. The class diagram from Fig. 2lis a meta model for Petri nets, and
the Petri net of Fig. [l is an instance of that meta model. But, an instance of a
class diagram can also be represented as an object diagram such as the one shown
in Fig. @ Tt shows the objects of the Petri net as instances of the classes, and
it shows the links between them, which are instances of the associations of the
class diagram. The object diagram from Fig. d represents exactly the Petri net
from Fig. Il The representation as object diagrams as shown in Fig. @ is called
abstract syntazx, the representation in its graphical form as shown in Fig. [l is
called concrete syntmﬁ?

8 Personally, I prefer the term graphical syntaz since this term is a bit more suggestive.
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The abstract syntax (object diagram) comes with the used technology, UML
in our case. For a given notation, it is clear how its instances look like in abstract
syntax. And for automatically generating the Petri net editor in Sect. Bl we
needed to define a mapping from the abstract syntax to the concrete syntax.

The Meta Model Diagonal. At last, we change the perspective from someone
who develops some piece of software, such as our Petri net editor, to someone
who develops a tool that supports MBSE such as EMF and GMF: typically
called a CASE-toold. So we actually move up one meta-level further: In this
perspective, the class diagrams are the models for which we need to define a
meta model.

In Sect. 211, we started out from a Petri net example, identified its concepts
and the relations between them, and then, in Fig. 2] came up with a meta model
for Petri nets. Now, we do the same thing for class diagrams. Figure [2] shows
an example of a class diagram: It consists of classes and associations between
them. For simplicity, we do not consider inheritance and compositions here. The
simpliﬁed@ meta model for class diagrams is shown as a class diagram in Fig. Bl

Again, we can represent instances of this meta model in two different ways.
In concrete syntax, such as the one shown in Fig. [2 or in abstract syntax as
an object diagram. For example, Fig. [0l shows the two classes Node and Arc of
Fig. @ with the two associations between them in abstract syntax—the rest of
the diagram is omitted in order not to clutter the graphics.

The step from an example of a class diagram to its meta model is exactly the
same as from an example of a Petri net to its meta model. Still, it twists our brains
a bit more. The reason is that, on the next meta-level, we have a class diagram,
which very much looks like its instances in graphical syntax again—actually, it is
its own instance. This twist occurs whenever we develop a CASE-tool that uses
its own technology. And it is crucial conceptually as well as technically that at
some level in this hierarchy the next higher level will exactly look like the level
below. Conceptually, this means that we can express the concepts of a MBSE-
technology in itself. This way, the stack of “turtles over turtles” does not continue
indefinitely; rather it ends with a reference to itself. This is important, because
the technology that should be promoted by the CASE-tool can be used to develop

9 CASE stands for Computer Aided Software Engineering.
19 The meta models of EMF and UML are much more complicated [29J5].
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that very tool. Actually in the MOF, this would typically end on yet one level on
top of the diagram shown in Fig. Bl the so-called MOF-level 3; but, we do not go
into the details of MOF here (see [27] for details).

Figure[d gives an overview on the models we introduced so far, and the differ-
ent levels: Petri nets are at level 0, the meta modell] for Petri nets is at level 1,
and the meta model for class diagrams is at level 2.

Usually, all these models are arranged vertically on top of each other. This,
however, does not leave room to distinguish between concrete and abstract syn-
tax, and leaves no room for defining the concrete syntax for a model. Therefore,
we arranged the models in concrete syntax on the main diagonal of a matrix.
The vertical dimension corresponds to the MOF levels, which are indicated on
the left side. The horizontal dimension is for the syntax. Each entry in the main
diagonal of the matrix represents a model in concrete syntax. On the right side
of such a model, we show the model represented in its abstract syntax, which
actually is an instance of the model sitting exactly on top of it. On the left side
of a model in the main diagonal, we show the mapping that defines the concrete
syntax for the instances of that model, i.e. its view. The instance in concrete
syntax immediately below it uses the graphical elements of that mapping.

Altogether the main diagonal shows models on the different levels, the upper
secondary diagonal defines the graphical syntax for the instances of the model,
and the lower secondary diagonal shows the abstract syntax of the models. Nor-
mally, we do not see much of the abstract syntax; this just reflects the internal
representation of the objects in the main memory, on which the API is working.
Moreover, this abstract syntax is used for externalising the models to a file. For
example XMI defines, how to map this abstract syntax to XML.

Note that Fig. [ does not show all details. For example, the abstract syntax
representation of the Petri net meta model does only cover the Node and Arc
classes and the associations between them. And we did not even discuss the
definition of the concrete syntax for class diagrams, since it is quite sophisticated.
But, GMF is shipped with an editor for UML and EMF class diagrams that is
completely defined in GMF. This shows that editors for models that are a bit
more complicated than Petri nets can be defined that way.

Transformation Technologies. In order to make all this work, MBSE needs
some basis technologies. The most important ones are transformations between
different kinds of models (such as the platform independent and the platform
specific model in MDA) and from models to code. The first kind is called
Model-to-Model transformation (M2M), the second kind is called Model-to-Text
transformation (M2T). As indicated earlier, EMF makes use of Java Emitter
Templates (JET) for M2T-transformations. OMG features a separate standard,
which is called QVT, for the M2M-transformations in their MDA approach [28§].
But, software companies have their own specific ways of doing their transforma-
tions and code generation (e. g. [33]). The CASE tool FUJABA™ greatly benefits

11" As mentioned earlier this would, typically, be called a model only.
12 See http: //www.fujaba.de/
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(TGGs) [32] for M2M-transformations.

Actually, we believe that due to their conceptual clarity and its descriptive way

from the use of Triple Graph Grammars

TGGs have a great potential in MBSE for

defining transformations and for keeping different models synchronized [200TT].

)

of defining relations between models
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2.3 Limitations

Though our Petri net editor is a great example for demonstrating the power
of MBSE, it also shows some of its limitations: The editor does not have any
specific functionality in addition to being an editor. If we want to equip it with
a simulation function or some analysis features, we need to write some program
code for that. Of course, that is not a restriction of MBSE in general, but a
limitation of the used EMF technolog, which focuses on the structural parts
of a model, and does not have concepts for modelling a specific behaviour. Still,
we believe that modelling non-standard behaviour is one of the weaknesses of
today’s MBSE technologies in general.

Actually, there are different concepts and technologies that allow the mod-
elling of behaviour and to generate program code from that. The most prominent
example might be Ezecutable UML [24], which is featured by the OMG. Another
example are story patterns and story diagrams [8], which are at the core of the
FUJABA tool. This shows that, in principle, it is possible to model non-standard
or application-specific behaviour of some software.

The problem with these approaches is that they are often on a quite low level
of abstraction and do not easily integrate with other approaches. We believe
that one of the main reasons is that UML does not provide a canonical way for
integrating behavioural models with structural models. In a class diagram, for
example, the only concept relating to behaviour are methods, which are quite
close to programming already and often not exactly what we need in a domain
model. What is missing here is a concept of events (e. g. [23]), which can be used
to identify interesting or relevant points of the behaviour from the domain’s
point of view, and which then can be used for defining synchronizing and adding
different kinds of behaviour to these points.

This is why some application domains come with their own specific notation
for modelling the behaviour. These approaches are called domain specific mod-
elling (DSM) and domain-specific languages (DSL) [6]. One example is workflow
management systems and PAIS. Another example is Triple Graph Grammars
(TGGs) for defining the relation between different kinds of models in a very
suggestive way; still these TGG models of a relation are executable, making a
transformation from one model to the other either by generating code for the
transformation or by interpreting the TGG [20]. But, by their very definition,
these approaches are not universal.

Altogether, MBSE technologies are working today; they are able to generate
code for standard behaviour. In some domains, it is possible to model application-
specific behaviour. But, there is no approach that works universally. Therefore,
some code still needs to be written manually. A universal approach for modelling
behaviour still needs to be found.

13 Note that we do by no means blame EMF for that. In fact, EMF might be so
useful already today since it restricts to what can be really done fully automatically:
generating all kinds of standard behaviour, which goes much beyond our Petri net
editor example; for example, it covers transactionality (see EMF Transactions).
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3 Process-Aware Information Systems

In the previous section, we have outlined the main idea of MBSE. One obser-
vation was that a universal approach for modelling behaviour (on the domain
level) is yet to be found. Amazingly enough, this works pretty well in the area of
Process-aware Information Systems (PAIS) and Workflow-Management Systems
(WIMS). WEMS allow us to model business processes in a notation very close to
the domain without forcing us to use artifacts just for the sake of the used tool
or technology. Still, these models can be enacted.

In this section, we will give a brief account on business-process modelling and
some reasons why we believe this idea worked.

3.1 Example: A Business Trip

We start with a simple Petri net model—a workflow net [34]—of a business trip,
which is shown in Fig. Bl The model shows the different tasks of a business trip
and the order in which they are executed. The tasks are represented as transitions
of the net. Initially, only the task “apply for trip” is enabled. After starting and
finishing this task, the tasks “support trip” (a superior countersigning the trip
application), and the task “book trip” are enabled concurrently. After the trip,
the employee may apply for reimbursement of the travel expenses. Note that, at
this stage, there might be an iteration: If the bills for the trip are rejected, the
billing activity will be repeated.

support trip_— approve trip approve bill reimburse bill

R

book trip make trip write bill

out

Fig. 8. A model of a business trip

Together, with some other models representing the data and resources of the
process, this model can be used to enact the process. But, we do not discuss
these other models here. Rather, we discuss the concepts and terminology inde-
pendently of a concrete example.

3.2 Concepts of Business Process Modelling

This discussion follows the lines of AMFIBIA [2] but is roughly compatible with
other terminology [I4/34/22]. The original intention of AMFIBIA was to iden-
tify the concepts necessary for modelling business processes in such a way that
they are independent from a particular modelling notation and that models for
different aspects of a business process can be easily integrated with each other.
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Hence we called it A Meta-model For the Integration of Buslness process mod-
elling Aspects. But, it turned out that, based on these concepts, we could even
implement a workflow engine independently of a particular modelling notation,
which we call AMFIBIA too.

A business process involves a set of tasks that are executed in some enter-
prise or administration according to some rules in order to achieve certain goals.
Though the goals and objectives are very important for designing and under-
standing a process, this is the part of business processes that, typically, is mod-
elled only very informally or not modelled at all. The business process model is
a more or less formal and a more or less detailed description of the persons and
resources involved in the execution of a business process and its task and the
rules governing their execution.

An execution of a business process model is an instance of the business process.
Often, the instances of a business process are also called business processes. Since
this easily results in confusion, we use the term business process model for the
model and the term case for the instance. The same distinction, applies for tasks:
The term task refers to a task in the model; an instance of a task in some case is
called an activity. Note that, even within the same case, a task can be executed,
i.e. instantiated, many times due to iterations. These core concepts of business
processes are modelled in the class diagram of Fig.

There are many different ways how business processes can be modelled, which
we call business process modelling notations, and when they come with a precise
meaning business process modelling formalisms. Independently, of the concrete
modelling notation, it is well accepted that there are three main aspects of busi-
ness processes that need to be modelled for a business process: control, informa-
tion, and organization (see Fig.[I0). The control aspect defines the order in which
the different tasks of a business process are executed, where concurrent or par-
allel execution of different tasks is allowed. The organization aspect defines the
organization structure and the resources and agents, and the way in which they
may or need to participate in the different tasks. The information aspect defines
the information and documents that are involved in a business process, how it is
represented, and how it is propagated among the different tasks of the process.
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Typical process modelling notations cover different aspects in a single nota-
tion. For conceptual clarity, however, we separated the concepts of the different
aspects from each other in AMFIBIA [2]. In particular, AMFIBIA identifies the
events that are relevant for coordinating the behaviour of the different aspects
of a workflow engine. Typical examples of such events are “initialize process”
or “intitialize task”. Then, the different aspects of a workflow system can con-
tribute their behaviour to the overall system by triggering or by synchronizing
on these events—without knowing the details of other aspects. AMFIBIA uses
Aspect-oriented Modelling (AoM) for modelling a workflow engine. The AM-
FIBIA engine was implemented by hand based on these models, but we have
shown that these kind of extended UML resp. EMF models can also be inter-
preted and executed directly [19].

3.3 Workflow Management

Typically, business process models are modelled in a notation that is quite close
to the domain and can be understood by managers and staff who are supposed
to manage and perform them (cf. our model for the control flow of a business trip
in Fig.{). In order to enact these processes by a Workflow-Management System
(WfMS), some more technical details need to be added to the models. This is
sometimes called the operational or technical aspect. The most important opera-
tional issue is which applications can be used for actually performing a task, and
how the information of the process model is mapped to such an application and
how information for the workflow can be extracted from it again. Conceptually,
this is a mapping from the tasks of a business process model to the applications
that are used for executing the tasks. In some cases, these applications are very
simple such as a simple form for entering some information; in other cases, these
applications can be heavy weight like text processors or numerical software. The
integration of such applications is quite a challenge and needs all kinds of tech-
nical and programming work, such as implementing adapters or wrappers. But
this is independent from an individual task or a specific process.

3.4 Discussion

Altogether, the business process models together with the operational informa-
tion can be used for executing them. In particular, the models fully define the
dynamic behaviour of the business process. This rises the question, why there are
still some problems with modelling the behaviour in MBSE? One might claim
that, even in workflow management, the most interesting part of the business
processes still needs to be programmed: the applications. But, we do not con-
sider that as a valid argument because that is work that could be done for all
“relevant” applications once and for all; at least it is not specific to a particular
business process. Moreover, the techniques from SOA and web services should
help achieving this more easily now.

Here, we give some reasons why we believe that modelling and enacting ap-
plication specific behaviour worked for business processes:
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. There is a notation that is specific to a domain; actually in this context, it

might be better to talk about a field, because workflow-management covers
many different domains. Actually, there is a plethora of many different mod-
elling notations for workflows; basically, every workflow system comes with
its own notation. But, they are very similar, so that the existence of many
different notations is not the actual reason for the success; the reasons for
the many notations are the historical development of the field and marketing
considerations.

Therefore, we believe that it is not so much the different notations that made
workflow-management work. Rather, it was to make two concepts explicit:
the process and the task (resp. their instances cases and activities) as shown
in Fig.[@ This allows us to model, reason about, and coordinate tasks without
going into the details of how a task is implemented. Even more, the business
process notations do not even allow us to go into the details of a task because
this is considered to be atomic within a process.

One consequence of making the concepts of process and task explicit is
the natural distinction between coarse-grain and fine-grain behaviour. The
coarse-grain behaviour is the process and the coordination of its task, the
fine-grain behaviour is in the tasks. Actually, business processes modelling
does not even bother about the fine-grain behaviour, since this is within
the applications. Most importantly, there is a dedicated notation for the
coarse-grain behaviour: the process model.

. A second consequence of the distinction between process and task is the

different time scale. Business processes and the scheduling of their tasks
are in the time scale of minutes, hours, days, and even month and years.
Reasonable response times on user interactions are in the area of seconds not
in the area of milli- or even nanoseconds. Therefore, it is possible to interpret
the models instead of generating code for executing them. When models
are interpreted, they must be taken seriously since this is what is actually
executed. This is an advantage over code generation since generated code
can be executed independently from the model, and people could change
it independently from the model—ultimately making the original models
irrelevant.

The Full Picture

The separate discussion of MBSE and PAIS in the previous two sections pretty
much reflects the separation of the two fields. Our definition of MBSE, however,
makes PAIS a part of MBSE, and we hope that this helps to get the best of
both fields for making modelling the main business when developing all kinds
of software and information systems. In this section, we give an overview on the
field and provide it with some more structure.

4.1 Overview of Approaches

Figure [[] gives an overview of MBSE. Within the rounded box of MBSE, you
see some specific approaches. We use the two dimensions to characterize these
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approaches. The horizontal dimension indicates the characteristics of the sys-
tems that are typically developed by these approaches (application domain).
The vertical dimension indicates how close the modelling notation or the set
of modelling notations are to the domain or to the technical realizationd. The
position and dimension of the boxes for an approach indicate, which application
domains are typically covered and which modelling levels are covered.

Let us first have a closer look at the application domains, which are indi-
cated below the box for MBSE. In our context, the main distinction is between
general information systems and process-aware information systems. But, there
are other kinds of software and systems that are not considered as information
systems at all. One example are embedded systems, which typically do not need
to store data persistently but are highly interactive. Note that, according to our
definition, a PAIS is an information system that in some way supports user pro-
cesses explicitly. We call the technology for developing these kinds of systems by
providing explicit process models Process-centric Software Engineering (PCSE)
in order not to confuse the kind of systems to be developed with the technology
for developing them.

Even within a single application domain and even within a single system,
there are parts with completely different characteristics. This is indicated at the

14 The idea of the “technical” side is similar to what the MDA calls platform. However,
there are some modelling notations or programming languages that are independent
from a platform; still they are very technical: In order to model some concepts of a
domain, the notation forces us to introduce some artifacts that do not occur in the
domain itself. Therefore, we used the terms domain and technical here.
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bottom of Fig. [[Ik Most of today’s software systems are interactive or reactive,
which means that the system is in permanent interaction with its users or envi-
ronment. This contrasts with classical theoretically approaches to capture com-
putation as something that starts with some input, does some computation, and
then terminates with some output. Therefore, Harel and Pnueli distinguished be-
tween reactive systems and transformational systems [12]. Information systems
are reactive in nature. But, they have parts that are transformational in nature.
For example, the transformational part could be a procedure for analysing some
data, or software that calculates an image from the signals of a computer to-
mograph, or the simulation of some finite-element models, or the encryption or
decryption of some text. The transformational parts are much more algorithmic,
and are typically developed separately. Since algorithms are quite close to pro-
gramming, it is quite natural to program these parts directly. Therefore, they are
often out of the scope of MBSE, except that we need an interface for invoking
the algorithms. These transformational parts of software are indicated by the
shaded box in our figure.

Let us have a closer look at the different approaches within MBSE and their
characteristics now. The typical business process modelling notations are close
to the domain. That is why we placed them at the very top. Actually, we placed
this box partly outside MBSE since business process modelling does not always
have the purpose of developing or improving a software system. The notations for
workflows are more technical (or add additional models that are more technical).
Clearly, the WfMS approaches as well as all PCSE approaches are made for
supporting some form of process. Therefore, they are typically used only for the
development of PAIS.

The MDA covers all kinds of systems. And the MDA can be used for devel-
oping PAIS, even if the processes are not made very explicit in the notation.
Actually, there are some specific UML profiles for processes, but we consider
this as a half-hearted solution to PCSE. That is why MDA covers only a part of
PAIS as application domain. We consider the models of MDA to be a bit more
technical, so that we placed them a bit lower than PCSE. Actually, the MDA
[25] defines so-called computation independent models (CIM) that are closer to
the domain. But, the MDA itself and most of the realizations do not give much
details on the use of CIM. That is why we have indicated that part of MDA by
a dashed line.

We also included Mathlab in this diagram as an example of a modelling ap-
proach that is often used in the design of embedded systems. And we included
Aspect-oriented Modelling (AoM ) in this schema, since we believe that this might
be one of the concepts that help to model behaviour close to the domain, and
to integrate different forms of behaviour models with each other.

This was actually the idea of AMFIBIA, and we have shown that a complete
workflow management system could be fully modelled (in particular covering
its behaviour) that way [2[19]. The most important concept was to make all
the relevant events explicit, so that the different aspects could contribute to
the behaviour by synchronizing on these events. The actual behaviour of the
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different aspects was then defined in terms of automata that were synchronized
with and triggered by the events.

4.2 Combining Powers

As pointed out earlier, PAIS resp. PCSE has its strength in modelling the coarse-
grain behaviour, and it does not deal with the fine-grain behaviour at all. By
contrast, classical MBSE does not have a universal concept for modelling be-
haviour, but the executable approaches work better on the fine-grain behaviour.
The question, now is how these strengths can be combined. In this section, we
briefly indicate some ideas, which of course need further research.

Coarse-grain and Fine-grain Behaviour. One lesson MBSE can learn from
PCSE is the clear separation of coarse-grain and fine-grain behaviour and the
way it is achieved. UML has different notations for modelling behaviour on
different levels and there are some UML profiles for processes. Still, it is not
clear how they work together and how they are integrated. A methodology for
consistently using these concepts such that they can automatically be integrated
is still missing. Making the concepts of process and task explicit in the structural
as well as in the behavioural models might be a step in that direction.

Actually, there are technologies that allow us to realize such an integration
of fine-grain and coarse-grain behaviour. Most prominently there is BPEL4WS
and WSDL for defining processes on top of web services [I] or in the terminology
of Peltz [3I] for the orchestration and choreography of services. But, these are
on the technical side already. What would be needed is something closer to the
domain, that later allows a smooth transition to these technologies.

Modelling Events. As pointed out earlier, introducing an explicit concept of
events in a domain helps better capturing the domain and its behaviour. Then,
the events can be used for coordinating and synchronizing the behaviour of
different aspects. Moreover, the events can be used to coordinate the fine-grain
and the coarse-grain behaviour of a system, by synchronizing on them.

DSM only where Necessary. We pointed out already that there are many
different notations for modelling behaviour in specific domains. One such domain
are PAIS. But, this does not mean that everything needs to be domain specific.
For example, the information aspect could use the very same notations as in
MBSE. This would make it easier to use existing technologies from MBSE for
the development of PAIS and to switch between the two worlds.

This way, we would be able to use what ever is best from the two fields.

5 Conclusion

In this paper, we have given an overview of MBSE and suggested that PAIS,
resp. PCSE should be considered as a part of MBSE. We pointed out that
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one of the main factors for making WfMS and PAIS a success is the clear and
enforced separation between coarse-grain and fine-grain behaviour by making
the concepts of process and task explicit. In order to exploit that in general
software engineering, we need to have such an enforced separation and a way to
integrate the fine-grain and the coarse-grain behaviour in the final software.
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Abstract. InProcess-Aware Information Systems, business processes are
often modeled in an explicit way. Roughly speaking, the available busi-
ness process modeling languages can be divided into two groups. Languages
from the first group are preferred by academic people but shunned by busi-
ness people, and include Petri nets and process algebras. These academic
languages have a proper formal semantics, which allows the corresponding
academic models to be verified in a formal way. Languages from the second
group are preferred by business people but disliked by academic people,
and include BPEL, BPMN, and EPCs. These business languages often lack
any proper semantics, which often leads to debates on how to interpret cer-
tain business models. Nevertheless, business models are used in practice,
whereas academic models are hardly used. To be able to use, for example,
the abundance of Petri net verification techniques on business models, we
need to be able to transform these models to Petri nets. In this paper, we
investigate anumber of Petri net transformations that already exist. For ev-
ery transformation, we investigate the transformation itself, the constructs
in the business models that are problematic for the transformation and the
main applications for the transformation.

1 Introduction

Today, Business Process Management (BPM) is becoming more and more im-
portant to the business, which explains the increased popularity of business
process modeling, and a plethora of similar but subtly different process model-
ing approaches has been proposed, including the Web Services Business Process
Execution Language (BPEL) [I], the Event-driven Process Chains (EPCs) [2],
the Yet Another Workflow Language (YAWL) [3], the Business Process Model-
ing Notation (BPMN) [4], process algebras [5] and Petri nets [6/7]. The result-
ing babel has raised the issue of comparing the relative expressiveness between
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languages and translating models defined in one language into equivalent models
defined in another language.

Academic people prefer languages like process algebras and Petri nets, as
these languages have proper formal semantics and, hence, one can check relevant
and interesting properties on corresponding models. Business people, however,
prefer languages like BPEL, EPCs, and BPMN, which more than often lack
these proper formal semantics. As a result, business processes found in practice
are modeled in a way that leaves room for interpretation. An exception to this
is YAWL, which has its roots in the academic world, but is actually used in
practice, and has a semantics in terms of reset nets (which will be explained
further on in this paper). YAWL supports the most frequent control-flow patterns
found in the current workflow practice. As a result, most workflow languages
can be mapped onto YAWL without loss of control-flow details, even languages
allowing for advanced constructs such as cancelation regions and OR-joins. If
we want to combine the best of both worlds, that is, to combine the ability
to calculate certain properties on a formal semantics and the actual, existing
in practice, business models, we need to transform these business models to
languages with a formal semantics. In this paper, we will cover a number of
transformations from business models in BPEL, EPCs, YAWL, and BPMN,
focusing on transformations onto Petri nets.

The remainder of this paper is organized as follows. Section [2] introduces the
concepts (like Petri nets and relevant properties). These concepts are presented
in an informal way, for a more formal description, we refer to the literature on the
transformations itself. This section also explains ‘workflow patterns’ (frequently
used constructs in business process modeling) and how these patterns can be
transformed into Petri nets. Finally, this section presents a running example,
which we use throughout the paper to illustrate the transformations. Sections [3]
@ [l and [0 introduce the business modeling languages, their transformations
into Petri nets and the constructs that are difficult or impossible to transform.
Each transformation is explained by reference to the workflow patterns that the
language supports. For additional details on these transformations, we refer to
the existing literature on these transformations. Section [ concludes the paper.

2 Preliminaries

This section first presents the different types of Petri net used to formalize the busi-
ness process modeling languages. Second, it explains some well-known patterns
from the area of business process modeling, their representation using Petri nets
and possible difficulties to represent them. Third, it presents an example business
process that we will use throughout this paper to illustrate the modeling languages.

2.1 Petri Net Classes

We assume the standard definition of Petri nets [6/7] to consist of two finite
disjoint sets of places and transitions (graphically represented by circles and
squares) together with a flow relation (represented as directed arcs).
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A Petri net is called a workflow net [§] if it has a distinct source place, a
distinct sink place, and if all nodes lie on some path from this source place
to the sink place. Typically, a token in the source place signifies a new case,
whereas a token in the sink place signifies a completed case. All transitions in
the workflow net should contribute to forwarding some case from the new state
to the completed state.

A workflow net net is called sound [§] if any case can always complete in a
proper way (that is, without tokens being marooned) and if no transition is dead.
Note that the workflow net requirement is a structural requirement, whereas the
soundness requirement is a behavioral requirement. A workflow net is called
relazed sound [9] iff every transition can help in forwarding some case from the
new state to the completed state. Note that this requirement is less strict than
the soundness requirement, as the option to complete properly might not be
guaranteed for every reachable marking.

A reset net [10] is a Petri net extended by reset arcs. A transition that is
connected to a place with a reset arc removes all tokens on that place upon
firing. Reset nets are more expressive than classical Petri nets: some forms of
verification are undecidable in reset nets, while they are decidable in classical
Petri nets.

An open net [I1] is a Petri net extended with a set of interface places and
a set of desirable final markings. The interface places are partitioned to input
and output places. Open nets thereby extend classical workflow nets with an
asynchronous interface to explicitly model message exchange. An important cor-
rectness criterion for open nets is controllability [I2]. An open net is controllable
if another open net exists such that their composition (where the communication
places of both nets have been glued) always ends up in a desired final marking.
Note that (relaxed) soundness does not imply controllability, or vice versa.

2.2 Workflow Patterns and Petri Nets

A collection of workflow patterns has been developed to analyze the expressive
power of languages for workflow and business process modeling. Patterns with
respect to the control-flow aspect, on which we focus in this paper, are described
in [T3J14]. The expressive power of modeling languages can be explained in terms
of which patterns they support. (For an overview of support from languages in
this paper, see [14].) Therefore, we use the workflow patterns from [I4] as a
frame of reference here. We show how some of them can be mapped to Petri
nets, or what the problems are when they cannot be mapped. This provides the
reader with information about which languages support which patterns and the
particularities of mapping these patterns to Petri nets. Hence, it gives a good
overview of the state-of-the-art in Petri net transformation of business process
modeling languages.

Figure [Il shows the mapping of some of the workflow patterns to Petri nets.
Transitions that represent tasks are given the labels A, B or C and transitions
that affect the flow of control, but that do not represent tasks are given more
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Fig. 1. Workflow patterns in Petri nets

descriptive labels. The so-called simple patterns can easily be represented in
Petri nets. These are:

— ‘Sequence’, a task is enabled after another task is completed;

— ‘Parallel Split’ (also called ‘AND-split’), all outgoing branches are enabled
at the same time;

— ‘Synchronization’ (also called ‘AND-join’), the process must wait for all in-
coming branches to complete before it can continue;

— ‘Exclusive Choice’ (also called ‘XOR-split’), the execution of one out of a
number of branches is chosen;

— ‘Simple Merge’ (also called ‘XOR-join’), the process continues when one
incoming branch completes.

Another pattern that can easily be represented by Petri net is the ‘Deferred
Choice’ pattern, which differs from the ‘Exclusive Choice’ pattern in the fact
that the branch is chosen by the environment rather than by the system itself.
Patterns that are harder to represent in Petri nets include the ‘Multi-choice’,
in which the execution of a number of branches is chosen, and the ‘Cancel Re-
gion’, in which the execution of a set of tasks is disabled. These patterns lead
to nets that become hard to read. For example, although the ‘Multi-choice’ in
Fig. [ is still readable, it becomes hard to read when there any number out of
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Fig. 2. Example process modeled as a Petri net

three or four outgoing branches can be chosen. To make these patterns more
readable, another class of Petri net can be chosen. Figure [1 illustrates this for
the ‘Cancel Region’, which is both represented as a classical Petri net and as a
reset net.

Patterns that cannot be represented as a classical Petri net include the ‘Gen-
eral Synchronizing Merge’, which corresponds to a wait-and-see synchronizing
construct. To represent such patterns, we would need very sophisticated classes
of Petri nets, for which analysis might just be infeasible.

2.3 Example Process

We will illustrate each of the modeling techniques, using the same example pro-
cess. As example process we take an image editing process. First, the customer
uploads an image (u). Second, the following procedure is applied: The image is
finished (f) and concurrently a thumbnail is created (t). Afterwards the results
are evaluated (e). If a failure occurred or if the evaluation is negative, the pro-
cedure is repeated. Third, if the image is too big, it is stored temporarily and
only a link is sent to the customer (1); otherwise the image is sent by e-mail
(m). At any point during the second step, a failure occurs if the format in which
the figure is stored cannot be imported by the tool that are used to process the
image. The other steps are assumed to be infallible. Figure 21 shows the example
modeled as a workflow net.

3 BPMN

The Business Process Modeling Notation (BPMN) [4] is developed as a stan-
dard for business process modeling. This section briefly explains the language,
the main challenges when transforming BPMN models to Petri nets and the
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Fig. 3. The example process as a BPMN process

transformation itself. The section focuses on BPMN version 1.0, because at the
time that the transformation was developed that was the current version. There-
fore, comments on BPMN apply to version 1.0 only.

3.1 Language

BPMN is a rich language that provides the modeler with a large collection of
object types to represent various aspects of a business process, including the
control-flow, data, resources and exceptions. BPMN is mainly meant for model-
ing business processes at a conceptual level, meaning that it is mainly intended
for drawing process models that will be used for communication between stake-
holders in the processes. As a consequence, formal rigor and conciseness were
not primary concerns when developing the BPMN specification.

The three types of BPMN objects that can be used to represent the control-
flow aspect of a process are activities, events, gateways. Many subtypes of these
objects exist. Control-flow objects can be connected by sequence flows, which
are directed arcs that represent the flow of control from one object to the next.
Figure [3 illustrates some of these objects, by representing the example process
in BPMN and by relating the object types to the workflow patterns explained
in Sect.

3.2 Transformation Challenges

Due to the large number of object types that constitute BPMN it is hard to
define a mapping and show (or prove) that the mapping works for all possible
combinations of these object types. Especially, because the mapping of a com-
position of object types is not the same as the composition of the mapping of
those object types. This complicates, for example, defining mapping rules for
interruptions of sub-process invocations.
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BPMN frequently introduces shorthands and alternatives for representing cer-
tain constructs. For example, an activity with multiple incoming flows will start
as soon as the control is passed to one of these flows. Hence, an activity with
multiple incoming flows behaves similar to an activity that is preceded by an
XOR-join. This further complicates the mapping.

Version 1.0 of the BPMN standard contains inconsistencies and ambiguities.
We uncovered several while defining the mapping [I5]. This illustrates that defin-
ing a mapping to a formal language can be useful to uncover flaws in an informal
language.

3.3 Transformation and Application

In prior work we defined a mapping from a restricted version of BPMN to work-
flow nets [I5]. The restrictions include that the BPMN models must have a single
start and a single end event. Also, activities with multiple concurrent instances
and some types of gateways cannot be used (in particular OR-gateways, which
represent the ‘Multi-choice’ and ‘General Synchronizing Merge’ patterns). The
mapping focuses on the control-flow aspect of processes.

The mapping is developed by defining mappings for each activity, events and
gateway object type, similar to the way in which Petri net mappings are defined
for each workflow pattern in Sect. When transforming a model, first each
object is mapped onto a partial Petri net and second the partial Petri nets
are composed into a complete model. Although this approach works for many
constructs, some constructs cannot simply be mapped and then composed. The
mapping from BPMN to workflow nets allows the soundness of these nets to be
analyzed (see Sect. ).

To the best of our knowledge the only other mapping from BPMN to a formal
language is from BPMN to CSP [16].

4 EPCs

Event-driven Process Chains (EPCs) [2] were developed to provide an intuitive
modeling language to model business processes. This section briefly explains
ECPs, the main challenges when transforming EPCs to Petri nets and the trans-
formation itself.

4.1 Language

Like BPMN, EPCs are meant for modeling business processes at a conceptual
level: EPCs are not intended to be a formal specification of a business process.
Instead, it serves mainly as a means of communication. There are, however, some
conceptual differences between BPMN and EPCs:

— BPMN supports the ‘Cancel Region’, whereas EPCs do not, and
— EPCs supports the ‘General Synchronizing Merge’, whereas BPMN does not.
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Fig. 4. The example process as an EPC

Three types of EPC objects can be used to model the control-flow aspect
of a process: functions, events, and connectors. In a natural way, these types
correspond to the BPMN activities, events, and gateways. However, EPCs do
not allow for exceptions, and it supports only a limited set of connectors, which
is shown by Fig.[d Apart from the full set of connectors, this figure also shows an
the example process as an EPC, and it relates the object types to the workflow
patterns explained in Section

4.2 Transformation Challenges

A main challenge in EPCs is the semantics of the constructs that support the
‘Simple Merge’ and ‘General Synchronizing Merge’ patterns, viz. the XOR~join
connector and the OR~join connector. Everybody agrees that the XOR~join con-
nector should be enabled if one of its inputs is enabled, but this agreement is
lacking in case more than one inputs is enabled. Some say that the XOR-join
should be executed for every single enabled input, while others say that the
connector should block if multiple inputs are enabled. An even bigger problem
is the OR-join connector, for which a definitive semantics has lead to exten-
sive discussions in literature and to different solutions, all of which fail for some
EPCs [I7I8/19]. As a result, not everybody will agree on a given mapping, as
not everyone will agree with the semantics used by it.

Furthermore, an EPC allows for multiple start events and multiple final
events, but not all combinations of these events are possible. Although the pro-
cess designer might know the possible combinations, an EPC does not contain
this information.
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4.3 Transformation and Application

The transformation to workflow nets as introduced in [20] explicitly targets the
verification of EPCs, and assumes that an OR~join is enabled as soon as any of
its inputs are enabled, and that an XOR-join with multiple inputs enabled will
be executed multiple times. This transformation results in a safdl] workflow net,
as it introduces a so-called shadow place for every place, and uses a number of
(optional) EPC reduction rules prior to transforming the EPC.

As mentioned above, an EPC allows for multiple start events and multiple
final events. However, the EPC designer might be aware of the fact that cer-
tain combination of start events will not occur, and that the process will behave
in such a way that certain combinations of final events are impossible as well.
Clearly, this knowledge of the designer is vital for the verification, but unfor-
tunately not included in the EPC. Therefore, the verification approach in [20]
proposes to query the user for this information. First, the user has to select
which combinations of start events are possible. Second, based on this informa-
tion a state space is build that possibly contains multiple subsets of final events.
Third, the user has to select the subsets of final events that indeed are possible.
For the example process, three subsets of final events were detected (next to a
number of deadlock states that also include non-final events, which are assumed
to be ignored by default), from which one (the subset containing both Image
sent and Link sent, which appears to be possible) needs to be ignored. Fourth,
the soundness property is checked on the resulting state space. If the state space
corresponds to a sound net, then the EPC is correct: A desired subset of final
events will always be reachable. Otherwise, the relaxed soundness property is
checked, where an OR-join (OR-split) transition is allowed to be non-relaxed
sound if and only if its inputs (outputs) are covered by relaxed sound OR-join
(OR-split) transitions. If the state space is relaxed sound, then the EPC can
be correct, although it allows for undesirable behavior. Otherwise, the EPC is
incorrect, as certain parts of the EPC cannot lead to any desired subset of final
events, when executed.

The example EPC can be correct, but allows for undesired behavior. For
example, if Finish image fails, then Create thumbnail should fail as well to be able
to reach a desirable subset of final events (that is, {Link sent}, or {Image sent}).

5 BPEL

The Web Services Business Process Execution Language (BPEL) [IJ, is a lan-
guage for describing the behavior of business processes based on Web services.
That makes BPEL a language for the programming in the large paradigm. Its
focus is— unlike modifying variable values in classical programming languages
such as C or Java— the message exchange and interaction with other Web ser-
vices. Advanced concepts such as instantiation, a complex exception handling,

1 A net is safe if and only if every place in every reachable marking contains at most
one token. As a result, the set of reachable markings is finite.
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Fig. 5. The example process as a BPEL process

and long running transactions are further features that are needed to implement
business processes.

5.1 Language

Activities organize the communication with partners, variable manipulation, etc.
They can be ordered using structured activities which makes BPEL similar to a
block-based language. To support the simple patterns depicted in Fig.[dl control
links can be used to express splits, choices and merges. Due to restrictions, BPEL
avoids the problems occurring with the OR-join.

Being an execution language, the exceptional behavior which also includes
cancelation of parts of the process is described in great detail in the BPEL
specification [I]. In addition, BPEL supports the concept of hierarchical scopes
that model local units to which a local exception management (implemented by
fault, termination, and compensation handlers) is bound.

Example Process. BPEL is an XML-based execution language without stan-
dardized graphical representation. Figure Bl shows a possible implementation of
the example process using BPEL, in a schematic way. The process “Image editing”
contains a sequence, which in turn contains receive “Upload image”, repeatUntil
“no failures”, and if “too big", etc.

5.2 Transformation Challenges

The positive control flow of a BPEL process (i.e., the sheer business process)
can be straightforwardly mapped to Petri nets by defining a translation of each
of BPEL’s activity type. The biggest challenge is the transition from the positive
to the negative control flow. The BPEL specification defines the following steps
to be performed in case a fault occurs. (1) All running activities in the scope
of the faulty activity have to be stopped. (2) The fault handler of the scope is
called. (3) If the fault could be handled, the execution continues with the scope’s
successor. If the fault could not be handled, it is escalated to the parent scope.

This procedure requires a global state (i. e., all running activities are stopped)
to be reached before invoking a fault handler. Petri nets naturally model dis-
tributed systems with concurrently acting local components. The formalization
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of the enforcement of a global state with Petri nets is therefore cumbersome,
because it requires all components to synchronize. The stopping of originally
independently running activities can be achieved on two ways.

(a) The request to stop is propagated from the scope to each running activity.
(b) A global “variable” modeled by a place describes the “mode” of the scope;
that is, whether the scope’s internal activities should be executed or stopped.

Option (a) has the advantage that the BPEL process’s nature of a distributed
system is mirrored in the Petri net model: Activities embedded into a flow are
executed concurrently. However, this concurrency introduces a lot of intermedi-
ate states that model the situation in which a fault is detected by a scope yet
not fully propagated. With a global state like in (b), stopping can be modeled
more easily, but implicitly schedules originally concurrent activities.

A similar problem arises when modeling the dead-path elimination [I] which
requires to skip activities than cannot be executed due to their join condition.
Again, this can be achieved through propagation (of the information whether
a branch is executed or skipped) or global places (a global status place which
controls whether an activity is executed or skipped).

5.3 Transformation and Application

Though there exist many works to formalize BPEL using Petri nets (see [21] for
an overview), only two Petri net transformations are feature-complete; that is,
covering all mentioned activities and aspects of a BPEL process. These formal-
izations are from the Humboldt-Universitat zu Berlin together with the Univer-
sity of Rostock (abbreviated with “HR”), and from the Queensland University
of Technology (“QUT”). A detailed comparison between these semantics can
be found in [22]. Here, it suffices to mention that the HR transformations uses
propagation (see Sect. [1.2]) and selectively results in either a normal Petri net or
an open net, whereas the QUT transformation uses global places and results in
a workflow net.

HR Transformation to Petri nets. The HR transformation implemented in the
tool BPEL20WFN [23] can be used to translate BPEL into a standard Petri
net without interface places. This Petri net can be analyzed for deadlocks or
other classical Petri net properties, soundness, as well as temporal logical for-
mulas. A case study is presented in [24] shows that the internal behavior of large
processes with nested scopes and complex exception handling can be analyzed
using the model checking tool LoLA [25]. Furthermore, the semantics could be
validated by proving deadlock-freedom of the patterns.

HR Transformation to Open Nets. With the explicitly modeled interface of the
open net, the communication behavior of the BPEL processes can be analyzed.
The tool Fiona [23] can check controllability [12], synthesize a partner pro-
cess which can be translated back to BPEL [26], or calculate the operating
guideline [27] of the net. This operating guideline characterizes all partners that
communicate deadlock-freely with the original net and can be used for service
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Fig. 6. The BPEL process transformed into an open net (a) and a synthesized partner
open net (b). To increase legibility, fault handling is not depicted.

discovery. An extension to formalize choreographies [28] further allows to apply
the mentioned analysis techniques to a choreography of many BPEL processes
instead of just a single process.

Figure [6(a) shows the result of transforming the BPEL process to an open
net. The net is controllable, and Fig. B(b) shows a synthesized partner open
net. The composition of the open nets is free of deadlocks, and a desired final
marking of the composition always reachable.

QUT Transformation to Workflow Nets. The QUT transformation was devel-
oped to decide soundness on the resulting workflow net, using the WofBPEL
tool [29], which is a spawn-of of the workflow verification tool Woflan [30I31].
However, the transformation does not allow for improper completion and BPEL
processes by definition have the option to complete. Thus, the soundness check
boils down to a check on dead transitions. Next to the soundness check, the
WOofBPEL tool can also check whether an incoming message can be handled by
multiple elements (which is considered an anomaly in BPEL) and can augment
the BPEL model with information on when to garbage collect queued messages.
Based on this information, the BPEL garbage collector can decide to remove for
a certain running instance certain incoming messages from the message queue
as it is certain that these messages cannot be handled anymore by the instance.

6 YAWL

The Yet Another Workflow Language (YAWL) [3] was originally conceived as a
workflow language that would support 19 of the 20 most frequent used patterns
found in existing workflow languages. As such, YAWL supports the ‘Multiple
Instance’ pattern, the ‘General Synchronizing Merge’ pattern, and the ‘Cancel
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Fig. 7. The example process as a YAWL model

Region’ pattern. The only pattern not supported by YAWL is the ‘Implicit Ter-
mination’ pattern (A process implicitly terminates when there is no more work
to do and the process is not in a deadlock.), and the authors of YAWL deliber-
ately chose not to support this pattern. Lately, the patterns have been revised
and extended [I4], and YAWL is being extended to support the new patterns

6.1 Language

In YAWL, two objects are used to model the control-flow aspect of a pro-
cess: tasks and conditions. Loosely speaking the former correspond to activities
(BPMN) and functions (EPC), and the latter to events (both BPMN and EPC).
The BPMN gateways and EPC connectors are modeled by specifying the join
and split behavior of a task. Like EPCs, YAWL supports AND, XOR, and OR
splits and joins. Unlike EPCs, the semantics of the OR-join is well-defined, and
an engine exists that supports the execution of any YAWL model. As such, a
YAWL model can both act as a conceptual model and an IT model. Figure [7]
shows a possible implementation of the example process using YAWL.

6.2 Transformation Challenges

The formalization of YAWL is straightforward, as it has a proper formal seman-
tics. Challenges in YAWL include the OR~join and the cancelation regions. The
YAWL OR-join comes with a semantics that includes backwards reasoning and
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coverability in reset nets, which is impossible to capture in a classical Petri nets.
The cancelations regions are hard to capture (though possible) in classical Petri
nets, but are straightforward to capture when using reset nets.

6.3 Transformation and Application

YAWL comes with a transformation to reset nets, which is straightforward except
for the OR~join [32]. Furthermore, there is also a transformation to workflow nets
that covers the behavior of the YAWL model [33]: any behavior exhibited by the
YAWL model will also be present in the Petri net, but not vice versa. Finally,
there is a transformation (see [34]) that is used to obtain a Petri-net-based
simulation model (using CPN tools [35]) for an operational YAWL model. To
keep things simple for the time being, this transformation assumes that there
are no cancelation regions, and that an OR-join is enabled a soon as any of its
inputs are enabled.

The transformation to reset nets that comes with YAWL is used by the YAWL
engine to check which tasks are enabled [32]. For an AND-join task and an XOR-~
join task this check is quite simple (a task is enabled if and only if any of the
corresponding transitions in the reset net is enabled), but for an OR-join task this
check is quite complex and involves a coverability check on any corresponding
input place in the reset net that is not marked. As coverability is decidable for
reset nets, this procedure is decidable as well.

This transformation is also used to verify YAWL models [36]. In the absence
of OR-joins, a YAWL model can be transformed to a reset net, which can (pos-
sibly) be verified for soundness. If the reset net is to complicated to be checked
successfully, a set of reduction rules is given to simplify the reset net prior to
checking soundness [37].

The transformation from [33] is also used to verify YAWL models, but is re-
stricted to relaxed soundness. If the state space is too complex to be constructed,
transitions invariants can be used to estimate relaxed soundness. This approach
is correct (errors reported are really errors), but not necessarily complete (not
every error might get reported).

The other transformation to workflow nets is used to transform an existing
YAWL model into a colored Petri net that can be simulated by CPN Tools. If
an event log from the given YAWL model is provided during the transforma-
tion, then relevant information such as organizational details and performance
characteristics are included in the resulting simulation model.

7 Conclusion

Many transformations to Petri nets currently exist, and several of these trans-
formations struggle with concepts that are hard to handle in Petri nets, like
OR-joins and exceptions, but other transformations simply can abstract from
these concepts, either because the source language does not support the concept
as well, or because the application of the transformation allows for the abstrac-
tion. For example, YAWL and EPCs do not support exceptions, and some of
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the YAWL and EPC transformations can abstract from the OR-join because the
relaxed soundness property allows this.

Our experience indicates that transforming an informal and complex language
like BPEL to a low-level Petri net language is quite difficult without first hav-
ing formalized the language in a proper way. Many BPEL constructs require a
dedicated and possibly complex solution in Petri net terms, and to keep these
solutions nicely orthogonal (we do not want one solution to obstruct a second)
is not an easy task. Therefore, it seems sensible to:

— first, formalize the language using, for example, a high-level Petri net lan-
guage, and

— second, transform the high-level formalization to the target low-level Petri
net language.

Almost all transformations have been implemented in tools, and most of these
tools are included in the ProM framework [38]. For example, the transformations
from EPCs has been implemented in regular ProM conversion plug-ins, and the
transformations from BPEL have been implemented in tools for which ProM
conversion wrapper plug-ins have been implemented. The transformations from
YAWL models to reset nets and the transformations from BPMN to workflow
nets have been implemented in separate tools and it is expected that these
transformations will be included in the ProM framework in the near future.

The applications of the different transformations differ. Several transforma-
tions are used to verify the business process at hand, others are also used for
the actual execution of the business process (the transformation from YAWL to
reset nets is a good example for this). Furthermore, some transformations exist
that aim to simplify the source language, examples include the EPC reductions
and the well-known Petri-net reduction rules by Murata [7].

Informal languages often describe alternatives and shorthands to represent
process parts that have the same (formal) semantics. For the four languages
described here this holds only for BPMN. Other OMG standards also make use
of alternatives and shorthands. In our experience alternatives and shorthands are
most efficiently dealt with by creating a ‘normal form’ version of the language
and defining the mapping for this normal form. Alternatives and shorthands
should first be translated to the normal form. They will then be mapped to the
formalism of choice automatically.

From the transformation of a very detailed language such as BPEL into a
simple formalism like Petri nets, we learned that the applications of techniques
well-known in the field of compiler theory greatly systematize and simplify the
transformation. In particular, using high-level Petri nets as intermediate formal-
ism to explicitly model data aspects yields a better understanding of BPEL.
Only when a low-level pattern is actually needed (e.g., for verification), we ab-
stract from data aspects. In addition static analysis [39] allows for an improved
translation by collecting information on the context of each activity. This in-
formation can be used to chose the best fitting pattern (e.g., depending on the
presence of handlers or the chosen verification goal) from a pattern repository.
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This flexible model generation [40] has been shown to yield very compact trans-
formation results, and can be similarly applied to all presented source languages.
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Abstract. While Petri nets play a leading role as a formal foundation
for business process management (BPM), other formalizations have been
explored as well. This chapter introduces the w-calculus as a formal foun-
dation for BPM. The approach presented is pattern-centric, thus allowing
for direct comparisons between the m-calculus and different formaliza-
tions. In particular, selected basic and advanced control flow patterns as
well as service interaction patterns are discussed. The chapter further-
more introduces the application of bisimulation techniques for proving
soundness properties of business processes.

1 Introduction

This chapter introduces the formal specification and analysis of business pro-
cesses using a process algebraic approach. Just as Petri nets (e.g. [I511]), pro-
cess algebra (e.g. [T0/12/4]) can be defined in terms of transition system. In both
approaches, states—and transitions between them—are in the center of attrac-
tion. Process algebra is based on formal terms, whereas Petri nets are based
on bipartite graph structures. The combinations of process algebra and Petri
nets in the area of business process management (BPM) [2] have already been
investigated, for instance by Basten in [6].

By the end of the 20th century, however, new kinds of process algebra have
been developed, focusing on mobile systems [14]. These new kinds of process
algebra allow the representation of processes with dynamic structures, which is
in contrast to Petri nets, that capture processes with static structures. While
both approaches suffer from the inherent problem of transition systems, i.e. state
space explosion, mobile process algebra brings a new point of view into play. This
new point of view allows a direct representation of dynamic binding, as found
in today’s BPM systems realized as service-oriented architectures (SOA) [7].
Dynamic binding is represented via a technique called link passing mobility, that
directly resembles the evolution of a system with dynamic structures. Consider
for instance figure[ll that shows the classical SOA triangle in a different notation.
In the beginning, a service broker has knowledge about a number of service
providers. Also, the service requester has knowledge about the service broker.
What is wanted, however, is a direct connection between the service requester
and one single service provider. While in theory there could be static connections
to all service providers, such as a classic Petri net representation would require,

K. Jensen and W. van der Aalst (Eds.): ToPNoC II, LNCS 5460, pp. 64{78) 2009.
© Springer-Verlag Berlin Heidelberg 2009
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Fig. 1. Dynamic binding in service-oriented architectures

link passing mobility directly captures the initial idea. The following sections
introduce the reader into a particular process algebra, the m-calculus [I3], that
handles link passing mobility as a first class citizen. The introduction is strongly
focused on the area of business process modeling and specification. In particular,
we shortly introduce the m-calculus as the process algebra of choice in section 2l
The discussion of fundamental control flow and interaction patterns is given in
section Bl and Ml Section [ introduces a basic theory of reasoning in the process
algebraic world—bisimulation—by discussing simple kinds of soundness.

2 The Pi-Calculus

The representation of business processes can be seen from different perspectives,
such as the functional viewpoint that focuses on the activities of a process, the
behavioral perspective that defines the ordering of the activities, the organiza-
tional perspective that specifies the required roles, and so on [§]. In this paper,
we focus on the behavioral perspective.

2.1 Syntax and Semantics

This chapter discusses the representation of the behavioral perspective using
the m-calculus. The m-calculus is a process algebra, that consists of names—
representing the unification of channels and data—and agents that interact on
names.

Definition 1 (Pi-Calculus). The agents of the m-calculus are given by:

P:=M|P|P|vz P| A(z1,...,2,)
M:=0|7n.P|M+M.
ma=x(g) | #(Z) | 7] [z =yl .

The informal semantics is as follows: P|P is the concurrent execution of P and
P, vz P is the restriction of the scope of the name z to P, i.e. z is only visible
in P and distinct from all other names, and A(yi,--- ,y,) denotes parametric
recursion over the set of agent identifiers. 0 is inaction, a process that can do
nothing, and M + M is the exclusive choice between M and M. The prefixes of
the calculus are given by m. The output prefix 2(g).P sends a tuple of names
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¢ via the co-name x and then continues as P. The input prefix z(Z) receives
a tuple of names via the name x and then continues as P with Z replaced by
the received names. Matching input and output prefixes of different components
might interact, leading to an unobservable action (7), e.g. a.Ala.B —— A|B. An
explicit representation of an unobservable action is given by the prefix 7.P and
the match prefix [x = y]w.P behaves as 7.P if z is equal to y.

The actions of the agents are given by the input, output, and unobservable
prefixes, denoted as Act = {z(9), z(Z),7}. The evolution of the state of an agent
to a succeeding state is denoted by a transition bearing the corresponding action,

ie. a(w).A alw) A, where we assume an interleaved semantics.

Throughout this chapter, upper case letters are used for agent identifiers and
lower case letters for names. We abbreviate a set of components as [[_, Pi, i.e.
Hle Pi= P, | P, | P;. We also omit the trailing 0 and omit the enumeration of
free names at agent identifiers if obvious. A detailed discussion on the semantics
applied in this chapter can be found in [16].

2.2 Bisimulation

An interesting property of two different agent terms is their behavioral equiva-
lence. Process algebra use the notion of bisimilarity or bisimulation equivalence
for this purpose. It denotes that two agents are able to mimic all their actions in
arbitrary directions, i.e. the first agent does an action, the second agent mimics
it, and thereafter the second agent does another action that the first agent needs
to mimic, etc. If there exists a bisimulation between two agents A and B, i.e.
they are bisimilar, we denote this as A ~ B.

Of particular interest is the weak variant, i.e. weak bisimulation, that ignores
unobservable 7T-actions. Hence, internal steps that are explicitly denoted as 7
as well as internal communication between components (also leading to a 7-
transition) are not included. This yields an equivalence criteria, denoted as A ~
B, that only covers the external observable behavior of two agents. Formal details
are discussed for instance in [I3].

3 Workflow Patterns

The research on the different perspectives of business process is strongly driven
by patterns, as for instance given by Workflow Patterns [1], Data Patterns [19],
Resource Patterns [20] or Service Interaction Patterns [5]. We use selected Work-
flow and Service Interaction Patterns to describe the fundamentals for formally
specifying interacting business processes in the m-calculus[]

From an abstract point of view, each business process can be seen as a directed
graph with nodes and edges. Additionally, types and properties need to be added
to the different nodes. While in our earlier work we referred to such structures

! The whole set of formalized Data, Workflow, and Service Interaction Patterns can
be found in [16].
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Fig. 2. Business process with enumerated elements in BPMN

as process graphs [I8I17], we rather focus on the patterns themselves in this
chapter. We provide a methodology for gluing the patterns together as required.

Basically, a business process in m-calculus is represented as an agent consisting
of a set of restricted names and a number of parallel components:

N wer .. (] Ni) . (1)

Each restricted name resembles an edge of a business process. Each component
resembles an arbitrary node. The restricted names and identifiers for the com-
ponents can be directly derived by labeling the elements of the graphical repre-
sentation of the business process, as shown in figure 2l We stick to the Business
Process Modeling Notation (BPMN) for illustration purposes. The approach,
however, is not fixed to a certain notation. Any graph-based notation, including
UML Activity Diagrams or Event-driven Process Chains, are applicable.

The components that represent the nodes of a business process are then refined
according to different patterns as shown in figure Bl The names el,e2,... are
renamed according to the label of the corresponding edge. The identifiers of
the components are also renamed according to the label of the corresponding
node. The following subsections discuss the different patterns and provide an
illustrating example.

3.1 Sequence Pattern

A basic pattern found in business processes is the sequential execution of activi-
ties, as described by the Sequence Pattern. An activity N is enabled, once the pre-
ceding activity has finished execution. The 7-calculus representation of the node
N is shown in figure2l N waits for the preceding activity to finish, as denoted by
the occurrence of the name e1, that represents the incoming edge. Afterwards, the
functional part is executed—abstracted via 7. Finally, the name e2 is emitted to
signal the successful execution of N. At the same time, via the parallel operator,
the remainder of the term NV resets itself via recursion. This recursive definition is
required for loops, where multiple instances of an activity are required.

According to the pattern description, the node N2 of the business process
shown in figure [ is formalized as follows, where the agent N2 defines the se-
mantics of the corresponding node N2.

N2 e1.r(e2| N2).
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Fig. 3. Fundamental workflow patterns

Please note that N2 contains a recursive definition of itself at the right hand
side, allowing multiple instances to be created.

The initial and the final nodes of a business process can be seen as variants of
the Sequence Pattern. An initial node-i.e. a node with only an outgoing edge—
has no precondition for execution. It can simply start and emit its successful
execution via the name el afterwards. Since the initial node cannot be part of
a loop, it does not use recursion to reset itself. An according formalization for
the semantics of node N1 of figure [2is given by:

N1 rer.

The final node of a business process is represented similar to the initial node,
with the distinction that recursion is required, since the final node might be
reached multiple times. An example is given by the formalization of node N7

N7 v 1 N7

3.2 Exclusive Choice/Simple Merge Pattern

Another common pattern is the exclusive choice between different paths of
execution—and afterwards joining them together. The associated patterns are
documented as Ezxclusive Choice and Simple Merge. The former pattern denotes
that a node N makes an exclusive choice between a number of directly following
nodes, whereas the latter enables a node N each time a directly preceding node
is activated.

The Exclusive Choice Pattern makes use of the m-calculus summation operator
to denote the exclusive choice between subsequent nodes. Otherwise, it resembles
the Sequence Pattern. The Simple Merge Pattern waits for one of the preceding
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activities to finish. Once one of them finishes execution, it behaves just like the
Sequence Pattern. Consider for instance the formalization of the node N6 of the
example shown in figure

N6 Y e5.7.(¢7 | N6) + e6.7.(e7 | N6) .

The formalization of the Simple Merge Pattern furthermore resembles the se-
mantics of the Multiple Merge Pattern, since the subsequent node is activated
for each completion of a preceding node. Since both patterns only differ in their
assumptions (single execution vs. multiple executions), this overlapping does not
lead to problems. Instead, it provides the behavior required for looping parts of
the process model.

3.3 Parallel Split/Synchronization Pattern

Besides choosing a certain path for execution, a node can activate all of its di-
rect successors or wait until all of the directly preceding nodes have finished
execution. The corresponding patterns are known as Parallel Split and Synchro-
nization. The formalization of the former pattern is similar to the Fxzclusive
Choice pattern, with the difference that the names e2 and e8 are emitted in
parallel. The latter pattern—Synchronization—waits for the names el and e2
in a sequential order. This order captures the intended semantics accurately,
since an interaction via e2 can only occur after an interaction via ef.

3.4 Discriminator Pattern

The final Workflow Pattern that we want to discuss in this chapter is the Dis-
criminator. A node with discriminator semantics waits for the completion of all
its directly preceding nodes, where it is assumed that all of them are activated
once. Once one of them finishes, the subsequent node is activated. The discrim-
inator node, however, resets itself only after all of the other directly preceding
nodes have finished execution.

The corresponding formalization in the m-calculus is achieved by mapping
the names ef, e2, and e3—that denote the incoming edges from the preceding
activities—to a restricted name h. The restricted name is only visible inside the
agent terms of the discriminator node. It enables an interaction between the
components of NI and N2 each time an interaction on the names representing
the incoming edges occurs. The component N2 formalizes the intended seman-
tics. After an interaction via the restricted name h, two components are enabled.
The left-hand component enables a T-action, that is followed by an emission of
the name e4. The right-hand component collects the remaining interactions via
h, before the terms are reset via recursion.

4 Interaction Patterns

After we discussed the basics of representing internal business processes in the
m-calculus, we move on to interactions among them. Basically, an interaction
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Fig. 4. Fundamental interaction patterns

consists of different business processes, that are represented by their according
formalizations as described. The formalizations, however, need to be modified
to capture the sending and reception of messages among the participants of
the choreography. The discussion of interactions is based on two key concepts,
namely correlations and dynamic binding.

Correlations between different business processes are required if more than
one instance of a business process is required. A typical example would be a
service—such as a stock broker—that starts a new instance each time a request
arrives. The correlations between the different instances of the service and the
requestor need to be captured formally. Besides capturing the correlations, also
the creation of new instances needs to be specified.

Dynamic binding between interacting business processes is for instance re-
quired to correctly route the (response) messages of business processes acting as
services. Thus, it provides a mechanism for supporting correlations via callbacks.
Another use of dynamic binding is acquiring interaction partners at runtime via
service brokers.

The m-calculus supports the direct representation of simple correlations and
dynamic binding via the use of restricted names. A restricted name created inside
an agent formalization of a business process can be exposed to the outside and
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Fig. 5. Interacting processes in extended BPMN [9]

used as an exclusive response channel with built-in correlation. Furthermore,
m-calculus names can be passed around using link passing mobility, providing
the foundations for dynamic binding. A potential service could create a fresh,
restricted name and pass it on to a service broker. The service broker, in turn,
can forward it to potential requesters of the service.

An interaction between different business processes is given by a set BP of
formalized business processes according to equation [II The members of the set
represent components of an agent wrapping them together. The wrapping agent
furthermore restricts all free names of the members of the set (given by € =
fn(x)|z € BP), thus creating an isolated system:

1< ve []BP. (2)

As done before, we refer to typical patterns between interacting business pro-
cesses, shown in figure @l An example is shown in figure Bl It shows two interact-
ing business processes using an extended version of BPMN [9]. The extensions
allow the representation of correlations and dynamic binding in BPMN. The
upper pool of the figure is the same as discussed in section Bl The lower pool in-
troduces a service, that complements the process of the upper pool. Notable, the
pool is shown with a shadow, denoted that multiple instances could exist. While
the example only shows one customer, there could be more without changing the
service’s pool. The correlations between the customer and the service are shown
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using associated references. Their semantics as well as their formalization in the
m-calculus will be discussed in the next subsections.

4.1 Send Pattern

One of the two fundamental interaction patterns is the Send Pattern. The Send
Pattern has different variants, e.g. synchronous vs. asynchronous, dynamic or
static binding of the receiver, error handling, etc. We discuss dynamic and static
binding in subsequent patterns and omit error handling in this chapter. Regard-
ing synchronous and asynchronous messaging, the m-calculus formalization is
able to support both.

Figure [ contains the w-calculus formalization for nodes of a process that
send messages. The upper formalization represents synchronous messaging. The
message, m, has to be sent before the agent term continues. The lower formal-
ization, in contrast, shown asynchronous messaging. The message is provided
anytime after the functional part of the node—represented by 7—has finished.
In the following, we consider only synchronous messaging. It can be adapted to
asynchronous as required.

4.2 Receive Pattern

The other fundamental interaction pattern is the Receive Pattern. In the common
case, it represents the blocking reception of a message. If a message should be
received in parallel to other activities, a parallel path should be introduced in
the corresponding business process. There are, however, exceptions such as the
Event-based Rerouting Pattern [16]. In this chapter, we stick to the common
case.

The formalization of the receive pattern that waits on a static, pre-defined
channel is straightforward. It simply waits for an additional name—the message
channel m—before enabling the 7-action.

4.3 Send/Receive with Static Binding Pattern

Using the Send and Receive Patterns as core building blocks, more elaborate
interaction behavior can be constructed. A typical construct is a Send/Receive
Pattern with Static Binding. In this case, the outgoing as well as the incoming
channel are pre-defined. The sending and the receiving node are connected via
the Sequence Pattern.

4.4 Send/Receive with Dynamic Binding Pattern

A more elaborate pattern is given given by Send/Receive with Dynamic Binding.
In this case, a unique channel—represented by a fresh, restricted mw-calculus
name—is sent via an already known message channel. The sent channel is then
used later on in the process as a response channel. Figure @] shows a graphical
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depiction of this pattern. The data object shown represents a channel reference
and the directed associations leaving it represent the points of use. The first
association points to the outgoing message flow, meaning that the reference is
sent via this channel. The second association points to activity N2, meaning
that the reference represents the response channel. An extended discussion of
these extension can be found in [9].

The formalizations of the patterns make use of two distinguishing features of
the m-calculus: the creation of fresh, restricted names as well as link passing.
In agent N1, a fresh, restricted name n is created first. This name is sent via
the previous known name m. Afterwards, it is forwarded via e2 to agent N2. In
agent N2, it is used as a response channel.

By applying the techniques described—restriction of names and link passing—
a correlation between the sending and the receiving nodes is given, regardless of
environments that process the request. A possible environment needs to apply
the Receive/Send with Dynamic Binding Pattern. This pattern first receives a
name n to be used as a reference via m in agent NI. The name is forwarded via
e2 to agent N2, where it is used as a response channel.

An application of this pattern is shown in figure [l The customer creates
two references, acc and rej, that should be used as response channels for the
service invoked via the static channel s. Furthermore, the references are sent in
order, denoted by the numbers at the corresponding associations. First, the acc
reference is sent, followed by the rej reference. Those references are received by
the service, where they are stored in the placeholder references ok and nok. These
placeholder references can be seen as variables, that are filled with actual values
during the execution of the process. The references are then used to correlate
the nodes S% and N4 as well as S4 and N5. We give a formalization of the
node N2:

N2 Y vace,rej el.T.s{ace, rej).(e2({acc, rej) | N2) .

Node N2 creates the fresh, restricted names acc and rej and transmits them
via s. Afterwards, it forwards the restricted names via e2 using link passing
mobility. A corresponding formalization of the node S8 is given by:

53 % s2(ok).T.0k.(s4 | S3) .

Node S3 first receives the response channel (here denoted with the placeholder ok
that will be replaced with acc in the example). Afterwards, it emits via ok. The
reception of the initial message in S1 as well as the deferred choice represented
by the nodes N3, N4, and N§, are represented by different patterns that will be
discussed below.

4.5 Receive with Instantiation

A common pattern between interacting business processes is the creation of new
instances based on the arrival of a message, denoted as Receive with Instantiation
Pattern. The representation of this pattern in the m-calculus is also shown in
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figure [ This pattern is required to encapsulate a business process as a service,
since different instances might exist in parallel.

Technically, the arrival of a message via channel m triggers the contained
business process (represented by the cloud). In parallel, the agent N resets itself
via recursion. Since a formalized business process represented by SYS has its
own set of restricted names for internal routing, no interference can occur.

We give an example for the node S1 of figure

SERVICE ¥ s(ok,nok).(SYS | SERVICE) and SYS € (vst...s6 )(]] 5i)

with

S1 % 151 (ok, nok) .
The agent SYS is defined according to equation [Il The agent SI forwards the
names ok and nok that have been received in N.

4.6 Deferred Choice/Racing Incoming Messages Pattern

A last pattern that is typically required in interacting business processes is the
Deferred Choice/Racing Incoming Messages Pattern. While the Deferred Choice
is a Workflow Pattern, the Racing Incoming Messages is a Service Interaction
Pattern. The former pattern is more generic, since it states that a choice is made
on external events. These events are specified in the latter pattern, relating them
to incoming messages.

Depending on the graphical notation used, the Deferred Choice/Racing In-
coming Messages Pattern might be split across multiple nodes of a business
process. In case of BPMN, the pattern is spread across at least three nodes—
an Fvent-based Gateway and two Receive Tasks—, as shown in figure @l The
different nodes are formally specified in one agent term N. The formalization
is similar to the Ezclusive Choice Pattern, with the distinction that additional
names, representing the message channels, are required.

We give an example for the nodes N3, N/, and N5 of figure Bl that together
resemble a Deferred Choice/Racing Incoming Messages Pattern:

N3 e2(acc,rej).7.((acc.e5 + rej.e6) | N3) .

When this pattern is applied, the nodes directly following the Fvent-based Gate-
way are left out in the definition of the process according to equation [Il Hence,
the formal specification of the Customer from figure [l is given by:

CUSTOMER € (ve1,e2,e5,¢6,e7)( [[  Ni).
i€{1,2,3,6,7}

The complete specification of the interaction between the Customer and the
Service can be constructed according to equation

1™ (vs)(CUSTOMER | SERVICE) .
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The only free name according to CUSTOMER and SERVICE is s, that is used for
initial interaction with the service. The specified system is robust, meaning that
an arbitrary number of CUSTOMER agents might be added without interfering
expected operation of the system.

5 Analysis

A typical use of formal specifications of business processes and interactions
among them is a precise description of the behavior. This description can be
used as a foundation for discussing and implementing the processes and interac-
tions. Yet another important use case is the possibility of formally analyzing the
specified behavior. In particular, we are able to prove invariants on the formal-
ized business processes and interactions. Technically, these invariants are proved
using bisimulation techniques for the m-calculus. We stick to basic techniques in
this chapter and provide a more elaborate discussion in [I7].

5.1 Structural Soundness

A first requirement for proving invariants on business processes is given by Struc-
tural Soundness. It can be defined informally as:

A graph representing a business process is structural sound if it has
exactly one initial node, exactly one final node, and all other nodes lie
on a path between the initial and the final node.

A business process needs to be structural sound for further analysis. The prop-
erty is derived from the definition of a Workflow Net [3].

5.2 Lazy Soundness

A business process can be analyzed by observing its behavior. The observation
of the initial and the final node are of particular interest, since they document
the begin and the end of a process instance. If the result is provided in the final
node, Lazy Soundness can informally be defined as follows:

A structural sound graph representing a business process is lazy sound
if in any case a result is provided exactly once.

To prove Lazy Soundness formally, we need to be able to observe the initial and
the final node of a business process. This is done by mapping the initial and the
final nodes of the business process according to Lazy/Interaction Soundness of
figure [ Due to the addition of the free names i and o, we are able to observe
the occurrence of the corresponding nodes. Regarding the CUSTOMER agent,
the nodes NI and N7 need to be specified as follows:

N1 def i.1.el and N7 def e7.1.0.N .
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An agent that has been enhanced with the free names ¢ and o can be compared
with another agent representing the invariant via weak bisimulation. The wanted
behavior is given by an agent

def .
SLAZY = 1.0.

This agent behaves as follows. First, it is able to interact via i once. Afterwards,
it is able to emit via o once. If a more complex agent—representing a business
process—has the same observable behavior according to weak bisimulation, then
it fulfills the same invariant. Hence, after each occurrence of the initial node
(enhanced with 4), the final node (enhanced with o) of the complex agent—
representing the business process—is observed.

Lazy Soundness is formally defined as follows:

Definition 2 (Lazy Sound). A structural sound business process mapped to a
m-calculus agent D according to the patterns shown in figure[]] is lazy sound, if
D= SLAZY holds.

The business process of figure Bl is lazy sound, if we assume the FEwvent-based
Gateway to be formalized using the Fzclusive Choice Pattern. If we want to
consider the interactions with the environment—and hence apply the Deferred
Choice/Racing Incoming Message Pattern—we need to consider a possible en-
vironment, such as given by the Service.

5.3 Interaction Soundness

An invariant known as Interaction Soundness is derived by mapping a certain
process of an interaction according to the Lazy/Interaction Soundness Pattern.
When constructing the complete system I according to equation 2 the names i
and o must not be contained in e: € N {i,0} = ). Interaction soundness can be
defined informally as:

A structural sound process graph G representing a business process is
interaction sound with respect to an environment F, if G is lazy sound
inside the composition of £ and G.

The system I that is composed out of the agents CUSTOMER and SERVICE
is interaction sound according to the viewpoint of the Customer. This property
also holds for a certain Customer, if multiple Customers are engaged in the
interaction.

6 Conclusions

This chapter introduced the basic theory behind business process process man-
agement based on the m-calculus. We introduced the essentials of our earlier work
in this area, providing an overview of the key concepts. The difference is given
by the style of presentation. We focused on a pattern based approach, where we
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assume the knowledgeable reader to be able to arrange the different patterns in
a meaningful manner. An extended discussion, as stated, can be found in [I6].

The presented techniques might be compared with existing Petri net-based
approaches. This comparison, however, can only be seen from an angle of expres-
siveness focusing on the concepts that are most important for a specific modeling
purpose. Since the m-calculus is Turing-complete—such as many extended Petri
net variants—, their formal modeling power is equal. What is different, however,
is the mindset behind. Petri nets have a strong focus on the description of behav-
ior in static systems. Correlations and dynamic binding can be introduced with
extensions. The main point, however, is the flow of tokens from place to place by
the firing of transitions. The w-calculus is an algebra, meaning that the current
state of the system is represented as an algebraic term. Using several laws, the
state can be transformed to a succeeding one. The approach is similar to a term
rewriting system. And since the terms are rewritten with each transition, the
structure represented by them is changed as well. Thus, the m-calculus describes
behavior in dynamic systems.

Another difference of the m-calculus—according to Petri nets—is the possi-
bility of describing interfaces with dynamic behavior, such as found in service-
oriented architectures. Reconsider for instance the Service from section dl The
underlying formal specification is able to open new communication ports based
on received names. Hence, the behavior of the interface is changing. Initially,
only an interaction via a static channel is possible. Afterwards, several channels
are added for each participating Customer.

Besides the positive aspects of the m-calculus, also its drawbacks in the area of
BPM have to be considered. First of all, interactions between names always occur
between two components. It is not possible to receive names from different com-
ponents within the same interaction. For some settings, this might be a rather
strong restriction, since atomic actions cannot be represented. Furthermore—
such as in all state-space-relying approaches—the effort in deciding bisimulation
based on m-calculus terms is high, so that restrictions need to be established.
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Abstract. The field of workflow technology has burgeoned in recent
years providing a variety of means of automating business processes. It
is a great source of opportunity for organisations seeking to streamline
and optimise their operations. Despite these advantages however, the
current generation of workflow technologies are subject to a variety of
criticisms, in terms of their restricted view of what comprises a business
process, their imprecise definition and their general inflexibility. As a
remedy to these potential difficulties, in this paper we propose a series
of development goals for the next generation of workflow technology. We
also present newYAWL, a formally defined, multi-perspective reference
language for workflow systems.

1 Introduction

Workflow management technology provides support for the execution of business
processes. A workflow management system routes work to the right people or
software applications at the right time. While these types of systems have been
around in one incarnation or another for several decades (e.g. office automa-
tion systems originated in the seventies [26/11]), it wasn’t until fairly recently
that they reached a level of maturity where their broader uptake was feasible.
Workflow technology allows businesses to save time and money by providing
them with a means of taking charge of their processes. Not only does it sup-
port the execution of business processes, but they can also be more easily an-
alyzed, monitored, audited, and adapted. Increasingly now, the term Business
Process Management (BPM) is used to indicate that the field has moved be-
yond mere process specification and execution to encompass a holistic view of
the business process as a corporate asset that merits ongoing maintenance and
refinement.
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A business process can be viewed from a number of different viewpoints (see
e.g. [15]). The control-flow perspective deals with the control-flow dependencies
that exist between the various tasks in a business process, the data perspective
deals with the data required by and produced by these tasks, while the resource
perspective deals with the way in which tasks are allocated to resources. Starting
in the late 1990’s, the Workflow Patterns Initiative] began cataloging patterns
in these perspectives. These patterns identify recurrent concepts that arise when
modelling business processes, and provide assistance with tool selection, process
specification and language development. Over time, process modelling languages,
workflow management systems, research prototypes, and (proposed) standards
in the BPM field have been examined in terms of these patterns, revealing their
relative strengths, weaknesses and opportunities for improvement.

Despite the rapid advances in BPM technology, there have been significant
obstacles to full realisation of the benefits that it promises to deliver. To some
degree, these obstacles can be explained through the lack of consensus in regard
to the conceptual, formal, and technological foundations of BPM. Moreover none
of the standards that have been proposed have achieved any degree of uptake. As
an example, consider the Workflow Management’s XPDL 1.0, introduced in the
1990’s. Not only does it lack a formal foundation, allowing it to be interpreted
in substantially different ways (cf. [I7]), but it also has a very limited range
of functionality as demonstrated by its minimalistic support for the workflow
patterns (cf. [1]). More recent standards proposals also lack a formal foundation
(cf. BPEL, BPMN) and while their overall capabilities have noticeably improved
(e.g. as demonstrated by the extent of their workflow pattern support), they still
exhibit minimal support for the resource perspective [21]. It is also worth remark-
ing that the operation of a number of commonly utilised workflow constructs are
actually quite complex to capture precisely (an interesting illustration of this is
the concept of the OR-join in the control-flow perspective to which whole publi-
cations have been dedicated, see e.g. [2125]). This also holds for interdependencies
between constructs in different perspectives (consider e.g. concurrency issues in
the control flow perspective and how these may affect resources). These consid-
erations underscore the fact that it is extremely difficult, if not impossible, to
describe a powerful business process language informally and be precise enough
to avoid ambiguities with respect to its interpretation at runtime.

Many of the challenges in the BPM field stem from a lack of a proper con-
ceptual and formal foundation. In this paper we will focus on this issue and
demonstrate that it is possible to fully define a comprehensive reference language
for both the specification and enactment of business processes. In doing so, in
Sect. 2l we first examine the field of BPM in an historical context. Then in Sect. 3]
we propose a fundamental set of requirements for the next generation of workflow
languages. Section Ml proposes a concrete reference language, new YAWL [22121],
which offers powerful support for the workflow patterns and is formally defined
using Coloured Petri nets. Finally Sect. [l concludes the paper.

1 www.workflowpatterns.com
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2 Workflow 1.0: The Journey So Far

The introduction of workflow technology follows a historical trend where appli-
cation considerations have been progressively separated from file management,
data management and user interface considerations through the introduction of
operating systems, database management systems, and GUIs. Workflow manage-
ment systems take this trend a step further by making explicit the dependencies
that exist between various applications and the activities conducted by human
resources as well as the strategies that are associated with allocating work to
resources. An in-depth description of these historical developments can be found
in [24].

Another way of looking at modern workflow management from an historical
perspective is to consider the various fields that have influenced its development.
These include office automation, document management, advanced transaction
models and groupware. Coordination between various participants and applica-
tions in work processes are a primary concern in office automation. Similarly in
document management, information needs to be routed between a number of
participants and may be modified along the way.

Yet another way of looking at developments in the BPM field is by consid-
ering the lifecycle of business processes. In the past the emphasis has been on
process modelling and enactment, however in recent years there is the motiva-
tion to “close the loop” and include monitoring and diagnosis as part of the BPM
lifecycle, thereby viewing processes as continually adapting to changes in their
operating environment [T0]. This trend is reflected in the emergence of the field
of process mining, where process deployments are analysed through the events
that they have generated during their execution [5].

Tt is striking that in the BPM field there has been an abundance of (proposed)
standards over the years, involving a number of standardisation bodies such as
WIMC, OASIS and OMG, however their impact has not been as profound or
long-lasting as it should have been. One explanation for this is that standards
were proposed before a sufficient understanding had been achieved of the con-
cepts involved. Another reason is the fact that these proposals were informally
defined, leaving scope for ambiguities and resulting in implementations of the
same standard exhibiting fundamental differences. In some cases the standards
were not sufficiently powerful and vendors defined their own extensions to ad-
dress this. For example Oracle BPEL’s support for the resource patterns [18] is
significantly stronger than what is proposed by the standard itself.

The informal definition of standards poses a significant problem with distinct
implementations choosing varying interpretations of individual constructs and
most recently there has been an increased effort (cf [T9/9]) to provide a formal se-
mantics for widely used languages such as BPMN and BPEL. Even within widely
utilised offerings such as Staffware, the lack of a precise operational semantics
can result in the same design-time model yielding different runtime outcomes for
the same data inputs (cf [21]).

Increasingly, information systems need to be able to operate in dynamic en-
vironments where interactions are required with distributed, autonomous and
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evolving components. Technological developments in the BPM field need to fol-
low suit. Therefore, if tasks can be assigned to web services, web service compo-
sition can be achieved through the use of a workflow management system, and
Service-Oriented Architectures provide the principles upon which open and flex-
ible systems can be built. Ultimately aspects of this type of interaction also need
to be reflected at the modelling level, paving the way for new types of powerful
communication primitives (e.g. [§]).

There are a series of important lessons that have been learnt during the first
phase of workflow development activities. The MOBILE [I5] and WIDE [12]
projects have demonstrated the importance of taking multiple perspectives into
account when designing and enacting business processes, yet most contempo-
rary standards and offerings tend to be control-flow centric. Process flexibility
continues to be a focus of many workflow initiatives and a recent survey [23]
identified four distinct approaches (design, deviation, adaptation and change) to
its facilitation, however most offerings are only able to demonstrate capabilities
in one or two of these areas. The ADEPT [20] project is one of the most mature
research initiatives in terms of the flexibility support that it provides and is one
of the few research endeavours to approach commercial strength. Whilst many
process technologies tend to focus on the normal or expected sequence of exe-
cution events, it is the ability to handle the exceptional cases that marks their
effectiveness and not surprisingly there has been a wide body of research in this
area (cf [T3I7I6/T4]) much of which has still not made its way into mainstream
offerings.

The aforementioned issues point to the need for a reference language that can
offer guidance for future technology initiatives on the breadth of capabilitities
that they need to embody. Such a language should be able to precisely capture
the broad range of concepts which underpin contemporary business processes
and be formally defined in order to avoid any ambiguities in their interpretation.
YAWL [3] (Yet Another Workflow Language) was designed to provide compre-
hensive support for the original control-flow patterns [4] however it is increasingly
clear that it needs to be comprehensively overhauled in order to ensure that it
provides an appropriate level of support for the range of concepts described
above. In this paper we propose a radical extension, termed newYAWL, that
aims to achieve this goal and show that a comprehensive formalisation of its
operation is possible using Coloured Petri nets.

3 Workflow 2.0: Requirements for the Next Generation

It is clear from the preceding discussion that despite the inherent benefits of-
fered by workflow technology, they only deliver part of the solution required to
effectively automate contemporary business processes. Existing offerings tend to
focus on providing support for control-flow aspects and provide significantly less
facilities for managing other important aspects such as the data and resource
perspectives. Moreover they have a narrow view of the overall business process
management lifecycle and in many cases limit their area of operation to busi-
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ness process enactment with somewhat less consideration of other design-time
and ongoing operational issues (e.g. monitoring, refinement) that are associated
with the deployment of such processes. In an attempt to lay down a clear vi-
sion for future workflow technology, in this section, we identify a series of core
requirements that the next generation of workflow tools should seek to address.

REQ1: Multi-perspective support. Existing tools offer a control-flow centric
view of a business process both in terms of the way in which they are defined and
also in the manner in which they are deployed. Whilst the control-flow perspec-
tive is central to business processes, markedly more focus needs to be given to
other significant aspects. The data and resource perspectives in particular need
to be considered as first-class citizens and direct support for modelling and en-
acting the data repesentation, data passing, resource definition and work routing
issues encountered in the context of business processes is required.

REQ 2: Integrated modelling and enactment. Traditionally, the modelling
and enactment of workflows were considered to be distinct activities. Workflows
were described using high-level business process modelling formalisms that fo-
cused on capturing the "spirit" of the overall business objective. Often this activ-
ity was undertaken by business analysts and the results of this work were passed
to technical staff who mapped it to an equivalent workflow definition that con-
tained sufficient detail in order for the process to actually be enacted. Often the
modelling and enactment activities utilised differing technologies. Obviously the
gap between these technologies leaves open the potential for ambiguities and
inconsistencies to be introduced into the resultant automated business process.
For this reason, an approach to modelling workflow processes is required which
involves their specification in sufficient detail that they can be directly enacted.

REQ 3: Support for flexible process design and enactment. One of the
ongoing criticisms of production workflow systems is that they enforce rigid
processes on users that hamper rather than assist them in reaching their end
goals hence obviating any potential benefits in process automation. Consequently
there is now an increased focus on what process flexibility means and how it can
be facilitated. In order to offer material benefit in this area, an offering needs to
provide a wealth of design-time constructs for embodying flexibility in processes
as well as offering runtime facilities that allow for controlled deviation from
the prescribed process model, execution of underspecified process models, and
adaptation and change of processes during execution.

REQ 4: Language constructs mirroring those encountered in practice.
One of the fundamental difficulties associated with many workflow modelling
languages is the fact that their core constructs are developed in isolation from
the business processes that they are ultimately intended to facilitate. This leads
to difficulties in capturing many of the actual situations that are encountered in
practice. The only practical solution to resolving this impasse is to actually derive
the range of constructs within a workflow language from those encountered in the
real world. In order to do so, a comprehensive catalogue of the actual modelling
considerations encountered in practice is required.
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REQ 5: Deterministic runtime model. One of the common issues arising
in workflow languages stems from their informal definition. In most cases, the
constructs which make up the workflow modelling language are not formally de-
fined and consequently do not have a precise operational semantics. This means
that there is a degree of inherent ambiguity associated with their usage. In order
for this difficulty to be resolved, it is necessary to provide a precise operational
definition for each of the constructs in a workflow language.

REQ 6: Comprehensive concurrency support. One of the early drivers
for workflow technology was to provide more efficient ways to distribute the
activities associated with business processes throughout the resources within
an organisation. However in many cases current workflow offerings demonstrate
a surprising lack of support for managing the concurrency inherent in these
processes. There are considerations that arise at a number of levels including:
providing a means of facilitating concurrent task execution within a process in-
stance, managing the use of data elements by multiple concurrent activities,
handling timing issues associated with the trafficking of data elements between
concurrent activities both within and between a workflow and the broader oper-
ational environment, and managing the advertisement and distribution of work
between multiple resources in a predictable and reliable way. The next generation
of workflow technology needs to provide broad support for all of these needs.

REQ 7: Graceful handling of expected and unexpected exceptions.
One of the great benefits offered by widespread adoption of workflow technology
is that it offers organisations the opportunity to move towards a management
by exception regime. In this scenario, the handling of normal process instances
is automated as far as possible and only deviations from the expected behaviour
are subject to manual scrutiny. In order to acccomplish this, a process needs
to embody support for as much exception handling as possible in order to deal
with ezpected errors and similarly, it also needs to be resilient when experiencing
unezxpected exceptions and provide users with the ability to intervene in a process
instance in order to instigate appropriate corrective action.

REQ 8: Recognition of the full BPM lifecycle. The first generation of work-
flow tools essentially focused on the automation of business processes. The em-
phasis being on the quantity rather than the quality of the automation achieved.
The next generation of workflow technology needs to refine this approach to busi-
ness process enablement and provide an increased range of options for analysing
the resultant automation both to ensure its correctness and consistency from a
design-time standpoint and also to examine its efficiency and effectiveness from a
runtime perspective. In addition to a broader range of design-time aids to assist
process developers, this also necessitates the recording of a much richer range of
execution results for subsequent analysis and reflection.

In the following section, we will present an overview of newYAWL, a workflow
reference language which aims to address these requirements and shows the form
that automated support for business processes may take in the future.
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4 newYAWL: A Blueprint for Workflow 2.0

This section provides an overview of the operational capabilities of newYAWL,
a reference language for workflow systems based on the workflow patterns.
newYAWL aims to lay a foundation for the next generation of workflow technol-
ogy and describes a workflow modelling and execution language that incorporates
comprehensive support for the control-flow, data and resource perspectives. It
has a deterministic execution model whose operational semantics are defined in
terms of Coloured Petri nets. This approach to characterising new YAWL means
that it not only has a precise static definition but also that its approach to
dealing with the dynamic issues that arise during execution is fully specified.

4.1 Language Overview and Format

newYAWL provides a comprehensive reference language for describing busi-
ness processes that are to be enacted as workflows. The language constructs
in newYAWL are informed by the various workflow patterns, hence they have
a direct correspondence with the fundamental elements which are actually en-
countered in real-world business processes and consequently have general appli-
cability. The newYAWL language is specified in two parts. It has a complete
abstract syntax which identifies the characteristics of each of the language ele-
ments and their configuration. Associated with this is an executable, semantic
model — presented in the form of Coloured Petri nets — which defines the
runtime semantics of each of the language constructs.

The abstract syntax for new YAWL provides an overview of the main concepts
that are captured in a design-time business process model. It is composed of
five distinct schemas, each of which is specified on a set-theoretic basis. Fig. [I]
summarises the content captured by each of the individual schemas and the
relationships between them. Each process captured using the new YAWL abstract
syntax has a single instance of the newYAWL specification associated with it.
This defines elements that are common to all of the schemas and also captures

~ r
newYAWL specification Organisational model W
_ global objects n: - organisational structure

- nets, scopes, tasks etc. : :’oslzr:

- decomposition hierarchy _jobs % % ‘"%‘
- variables - groups 1{%7 M

- capabilities

1:n )\
1:n
g
newYAWL net Work distribution modelw

‘ Data passing model

i - net definition C@ - task interaction strategy
- parameters 0 11 - tasks, ti 11 - task routing g

- task - flow relation - constraints
- subprocess - joins, splits - privileges o,
- process - arc conditions i‘ }%ﬁ;
- pre/postconditions etc. N
- .

Fig. 1. Schema definition for newYAWL abstract syntax
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the decomposition hierarchy. Each newYAWL specification is associated with
an instance of the organisational model that describes which users are available
to undertake tasks that comprise the process and the organisational context in
which they operate.

A newYAWL process can be made up of a series of distinct subprocesses
(where each subprocess specifies the manner in which a composite task is imple-
mented) together with the top-level process. For each of these (sub)processes,
there is an instance of the newYAWL net which describes the structure of the
(sub)process in detail in terms of the tasks that it comprises and the sequence in
which they occur. Associated with each newYAWL net is a data passing model
which defines the way in which data is passed between elements in the process
in terms of formal parameters operating between these elements. There is also
a work distribution model that defines how each task will be routed to users
for execution, any constraints associated with this activity and privileges that
specific users may have assigned to them. The collective group of schemas for a
specific process model is termed a complete newYAWL specification.

One of the virtues of specifying the operational semantics of newYAWL in
terms of Coloured Petri nets is that the CPN Tools [I6] offering provides an
executable environment for models developed in this formalism. This means
a candidate newYAWL model can actually be executed in order to verify its
consistent operation. There is a two stage process for mapping a newYAWL
specification defined in terms of the abstract syntax to an initial marking of
the semantic model in CPN Tools. In the interest of brevity, this process is not
discussed here but full details of its operation can be found in [21].

The complete operational semantics for newYAWL is based on a series of
55 CPN models [A. Fig. B shows the top level model which illustrates the main
events during the lifecycle of a process instance as transitions and the informa-
tion elements required to support its execution as places. Each of the events
takes the form of a substitution transition indicating that it has a more de-
tailed underlying definition, however in summary, the start case transition is
responsible for initiating a new process instance. Then there are a succession
of enter—start—complete—exit transitions which fire as individual task in-
stances are enabled, the work items associated with them are started and com-
pleted and the task instances are finalised before triggering subsequent tasks in
the process model. Each atomic work item is distributed to a suitable resource
for execution via the work distribution transition. This cycle repeats until
the last task instance in the process is complete, at which point the end case
transition terminates the process instance. Data interchange with the operat-
ing environment is faciliated by the data management transition and the add
transition enables additional task instances to be dynamically instantiated for
designated (multiple instance) tasks.

The places in the newYAWL CPN model divide into two main groups: (1)
static places which capture the various components of a newYAWL process
model such as the flow relation, task details, variable declarations, parameter

2 Available from http://www.yawl-system.com/newYAWL.
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mappings, preconditions, postconditions, scope mappings and the hierarchy of
processes and subprocesses. These correspond to the design-time information
captured about a newYAWL process as illustrated in Fig. [Il and remain un-
changed during the execution of a process. (2) dynamic places which capture
the state of a process instance during its execution and include items such as the
current marking of each place in the flow relation, variable instances and their
associated values, locks which restrict concurrent access to data elements, de-
tails of subprocesses currently being enacted, folder mappings (identifying shared
data folders assigned to a process instance) and the current execution state of
individual work items (e.g. enabled, started or completed).

An indication of the information content of an actual instance of a new YAWL
process model is illustrated in Fig. @lwhich shows a simple process for responding
to a customer request for foreign exchange services. On the basis of a customer
enquiry about a prospective deal, a quote is prepared and forwarded to them.
They have 24 hours to respond to the quote and confirm they wish to proceed,
otherwise it is withdraw. No later than 24 hours after the quote is issued, the
deal is finalised, either as a result of a specific customer response or because of a
timeout. For each of the tasks in the process, there is a specific routing strategy
describing who should undertake the task and a specific interaction strategy
indicating the basis on which it should should be distributed to a potential
resource for subsequent execution. For example, the quote task is to undertaken
by the resource that demonstrates the capability of being the advisor for the
customer and it is directly allocated to (only) them for execution where as the
finalise deal task is offered to all resources who are part of the back office
role with the expectation that one of them will elect to execute it at a future
time. The relevant data elements and data passing strategy are also part of a
newYAWL process model and the tvar entries indicate that certain task-level
data elements are passed between tasks. For example, the quote task receives the
cust-id and req-type parameters from the enquiry task and passes on the cust-
id, quote-id and timeout parameters to subsequent tasks. Despite the relative
simplicity of this example, it gives an insight into the breadth of information in
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| | allocate
short. queue

R|role(back office)

| | offer

N/A

tvar: cust-id tvar: cust-id tvar: quote-id
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' " S
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|
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'
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Fig. 2. Indicative example of a newYAWL process model: customer request for foreign
exchange services
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various perspectives that potentially can be captured in a newYAWL process
model. Further details on the specifics of each of the perspectives are included
in the following sections.

4.2 Control-Flow Perspective

A process model in newYAWL is analogous to a Petri net (although they are
not the same and newYAWL includes some additional constructs such as the
cancellation region that are not available in Petri nets). It consists of tasks
(which correspond to executable activities) and conditions (that correspond to
states) connected in the form of a directed graph. There is a designated start and
end node for a process and there are two fundamental requirements pertaining to
model structure: (1) all nodes (i.e. tasks and conditions) must be on a path from
the start to the end node and (2) a condition may not be connected to another
condition. Processes may be hierarchical in form with block tasks mapping to
a corresponding subworkflow to which they pass control when invoked. Where
multiple arcs enter or exit a task, various forms of join and split conditions
are supported which describe the state requirements for task initiation and the
effects of completion. In Fig. [f] the flow relation and process hierarchy
places capture the details of individual newYAWL workflow models and the
hierarchy that they form.

Control-flow in newYAWL is managed in an analogous manner to that in
a Petri net and is based on the traversal of tokens through a process model.
Each control-flow token identifies the process model and process instance to
which it applies. In Fig. Bl the various control-flow tokens reside in the process
state place. Tokens are removed from this place by enabled tasks and returned
to it when they complete. The lifecycle of a task is illustrated by the enter,
start, complete and terminate block and exit transitions which identify
the various stages through which an enabled task passes as it progresses from
initiation to completion.

Each process has a unique identifier known as a ProcessID and each pro-
cess model has a unique BlockID (this is necessary as the hierarchy within a
process means it may contain several distinct process models defining subwork-
flows in addition to the top-level model). Each task within a process is identified
by a unique TaskID. In order to allow for and differentiate between concur-
rent execution instances, it is necessary to introduce some additional notions.
First an executing instance of a process is termed a case. It has a case identifier
CID which is unique for a given ProcessID. Hence the tuple (ProcessID,CID)
uniquely identifies all cases. Similarly an enabled task instance is known as a
work item. It has a more complex identification scheme denoted by the five-
tuple (ProcessID,CID,TaskID,Inst,TaskNr) where Inst identifies the specific
instance of the task that is being executed (thus allowing for distinct instances of
a task as may occur if it is in a loop for example) and TaskNr which allows distinct
concurrent execution instances of a multiple instance task to be differentiated.
By adopting this identification scheme, it is possible for the semantic model to
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cater for multiple concurrent processes, process instances and task instances in
a common environment.

4.3 Data Perspective

newYAWL incorporates a series of features derived from the data patterns,
providing coverage of issues such as persistence, concurrency management and
complex data manipulation which are often absent from workflow languages.
It provides support for a variety of distinct scopes to which data elements
can be bound e.g. task, block, case etc. These are encoded in the variable
declarations place shown in Fig. Bl Data passing between process constructs
is based on the use of formal parameters which take a function-based approach to
data passing thus supporting inline transformations during data passing events.
These parameters are encoded in the parameter mappings place. A similar func-
tional approach is taken to specifying link conditions for OR-splits and XOR-
splits that allow the determination of which outgoing branches should be acti-
vated and preconditions and postconditions for tasks and processes. These are
encoded in the task details, and preconditions and postconditions places
respectively. Finally, the use of locks allows concurrent data usage to be managed
through an approach which requires tasks to specify data elements that they re-
quire exclusive access to (within a given process instance) in order to commence.
A task instance can commence execution if it can acquire locks on all required
data elements. It retains these locks until it has completed execution preventing
any other task instances from using the locked data elements concurrently. The
locks are recorded in the lock register place.

4.4 Resource Perspective

The resource perspective is responsible for describing the resources who under-
take a given business process and the manner in which associated work items
are distributed to them and managed through to completion. For each task,
a specific interaction strategy is specified which describes how the associated
work item will be distributed to users, and what degree of autonomy they have
in regard to choosing whether they will undertake it or not and when they will
commence exeuting it. Similarly, a detailed routing strategy can be defined which
identifies who can undertake the work item. Users can be specified by name, in
terms of roles that they perform, based on capabilities that they possess, in
terms of their job role and associated organisational relationships or based on
the results of preceding execution history. The routing strategy can be further
refined through the use of constraints that restrict the potential user population.
Indicative constraints may include: retain familiar (i.e. route to a user that un-
dertook a previous work item), four eyes principle (i.e. route to a different user
than one who undertook a previous work item), random allocation (route to a
user at random from the range of potential users), round robin allocation (route
to a user from the potential population on an equitable basis such that all users
receive the same number of work items over time) and shortest queue allocation
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(route the work item to the user with the shortest work queue). new YAWL also
supports two advanced operating modes piled execution and chained execution
that are designed to expedite the throughput of work by imposing a defined
protocol on the way in which the user interacts with the system and work items
are allocated to them.

4.5 newYAWL: Progress Towards Workflow 2.0

One of the major objectives of the newYAWL initiative was to advance the
state of the art in workflow systems by providing a reference language for multi-
perspective business processes (i.e. requirement REQ 1 in Sect. B)). In doing so, it
has also addressed many of the goals identified in Sect. 3 for the next generation
of workflow technology. The language constructs in new YAWL are based on the
fundamental requirements for business processes identified by the 126 workflow
patterns [2I]. The experiential approach taken to characterising these patterns,
based on a comprehensive survey of commercial offerings, standards, modelling
formalisms and programming language theory, ensures a close correlation be-
tween the language constructs in newYAWL and those encountered in practice
(REQ 4). Moreover, the fact that these constructs span multiple perspectives
of a business process is also directly recognised in the breadth of the abstract
syntax for newYAWL.

newYAWL is formalised in terms of a series of CPN models, which provide a
precise interpretation for each of its language constructs and facilitates determin-
istic execution (REQ 5) of business processes captured in terms of its abstract
syntax. One of the major advantages of the approach taken to the language defi-
nition for new YAWL is that there is a clear mapping from the abstract syntax to
the runtime environment and a business process captured in terms of the abstract
syntax can be directly executed without requiring further information (REQ 2).
This means that business process models specified using new YAWL are applicable
throughout the BPM lifecycle. They are used directly in the modelling, implemen-
tation and enactment phases of workflow processes and, in conjunction with the
logging information recorded during execution, they provide the basis for compre-
hensive analysis of processes in retrospect. Moreover, the comprehensive descrip-
tion contained in a new YAWL business process when utilised in conjunction with
the proposed execution logs (which include not only details of task execution, but
also data transfer and the various stages of the lifecycle for individual work items)
means that the basis exists for comprehensive monitoring and analysis of business
processes during execution (REQ 8).

A significant consideration during the design of newYAWL was in ensuring
that the resultant language ultimately provided a broader range of facilities at
runtime than has been demonstrated by preceding workflow technology. The
broad range of workflow patterns it supports (118 fully and 1 partially out of
the complete set of 126 patterns) gives an indication of the breadth of its overall
capabilities, and it provides a range of useful features including support for com-
plex data structures in workflow data elements, a variety of integration facilities
with the operational environment, support for configurable exception handling
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(REQ 7), rich resource definition and the ability to specify a wide range of
work item distribution mechanisms for routing work to users and managing it
through to completion. It also demonstrates a range of facilities for flexible pro-
cess enactment (REQ 3) particularly in the areas of flexibility by design and
underspecification although less so in the areas of deviation, adaptation and
change. Further information on newYAWL can be found in [22] and [21] includ-
ing illustrative examples of its usage and detailed discussions of the language
design and validation. One area of the new YAWL feature set that merits special
attention, is the manner in which it facilitates concurrency in business processes
(REQ 6). The following section discusses this issue in detail with reference to
four specific issues that arise in the control-flow, data and resource perspectives.

4.6 newYAWL: Better Concurrency Support for Processes

In this section, we discuss the concurrency support provided by newYAWL with
reference to four specific examples: task enablement, concurrent data element
usage, work item distribution and deferred choice.

Task Enablement. One of the most complex activities in workflow execution
is managing the enablement of a task. This entails two distinct steps: (1) deter-
mining if the various prerequisites that apply to task enablement have been met
and (2) facilitating the actual enablement as a single atomic activity.

There are five requirements for a task to be enabled: (1) the precondition
associated with the task must evaluate to true, (2) all data elements which are
inputs to mandatory input parameters must exist and have a defined value, (3) all
mandatory input parameters must evaluate to defined values, (4) all locks which
are required for data elements that will be used by the work items associated
with the task must be available and (5) if the task is a multiple instance task,
the multiple instance parameter when evaluated must yield a number of rows
that is between the minimum and maximum number of instances required for
the task to be initiated. Only when all of these prerequisites have been met can
the actual enabling of a task occur. The enter transition, illustrated in Fig.
Bl is responsible for managing task enablement which involves the simultaneous
completion of the following actions:

1. Removing the control-flow tokens marking input conditions to the task cor-
responding to the instance enabled from the process state place;

2. Determining which instance of the task this is;

3. Determining how many work item instances should be created. For an atomic
or composite task this will always be a single work item, however for a multi-
ple instance or composite multiple instance task, the actual number started
will be determined from the evaluation of the multiple instance parameter
contained in the parameter mappings place together with the current data
state in variable instances which will return a composite result contain-
ing a number of rows of data indicating how many instances are required.
In all of these situations, individual work items are created which share the
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same ProcessID, CID, TaskID and Inst values, however the TaskNr value
is unique for each work item and is in the range 1..number of work items
created;

4. For all work items corresponding to composite tasks, distinct subprocess
CIDs need to be determined from the process hierarchy place to ensure
that any variables created for subprocesses are correctly identified and can
be accessed by the work items for the subprocesses that will subsequently
be triggered;

5. Creating variable instances for data elements associated with the task using
the variable definitions corresponding to the task in the variable definition
place. Data elements are added to the variable instances place;

6. Mapping the results of any input parameters for the task instance as iden-
tified in the parameter mappings place to the relevant task data elements.
This uses data values from the variable instances place and updates any
required input variables in this place created in step 5;

7. Recording any variable locks that are required for the execution of the task
instance in the lock register place;

8. Creating work item distribution requests for the work item to be allocated to
a specific resource. These are added to the assign wi to resource place
for subsequent routing to resources; and

9. Finally, work items with an enabled status need to be created for this task
instance and added to the mi_e place which identifies work items correspond-
ing to enabled but not yet started tasks.

Concurrent Data Element Usage. An issue that was addressed many years
ago by the database community but which is surprisingly lacking in many work-
flow solutions is the ability to manage concurrent usage of data elements within
a process instance. new YAWL addresses this issue by introducing the notion of
locks which allow exclusive access to a data element to be retained by a specific
task instance during its execution. Locks are evaluated at the time of task en-
ablement and where a task requires a data element to which it cannot acquire
a lock, then its enablement is deferred until it can do so. In Fig. Bl the lock
register place holds details of locks that are currently pending.

Work Distribution. The main motivation for workflow systems is achieving
more effective and controlled distribution of work. Hence the actual routing of work
items to specific resources and managing the interaction with the resource as they
progress individual work items to completion are of particular importance. The
process of managing the distribution of work items is summarised by
Fig.Mlwhich shows how the work distribution transition in Fig.[Blis implemented.
This transition coordinates the interaction between the workflow engine, and the
work item distribution, worklist handler, management interven- tion and
interrupt handler transitions.The specific functions provided by these transi-
tions are as follows:

— the work item distribution transition identifies the resources to whom
work items should be routed and manages the interaction(s) with individual
resources as work items are offered, allocated, started and completed;
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Fig. 4. Top level view of the work distribution transition

— the worklist handler transition corresponds to the user-facing client soft-
ware that advises users of work items requiring execution and manages their
interactions with the main work item distribution transition in regard to
committing to execute specific work items, starting and completing them;

— the management intervention transition provides the ability for a workflow
administrator to intervene in the work distribution process and manually
reassign work items to users where required; and

— the interrupt handler transition supports the cancellation, forced comple-
tion and forced failure of work items as may be triggered by other components
of the workflow engine (e.g. the control-flow process, exception handlers).

The distribution of work items to users from the workflow engine is initiated
via the work distribution transition which forwards work items to the work
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items for distribution place. The work item distribution transition then
determines how they should be routed to users. This may involve the services
of the workflow administrator in which case they are sent to the management
intervention transition or alternatively they may be forwarded directly to one
or several users via the worklist handler transition. The various places be-
tween these three transitions correspond to the range of requests that flow be-
tween them.

The status of work items in progress is maintained in the offered work
items, allocated work items and started work items places which are
shared between the work item distribution,worklist handler, management
inter- vention and interrupt handler transitions. Although much of the in-
formation about the state of work items is shared, the determination of when a
work item is actually complete rests with the work item distribution transi-
tion. It inserts a token in the completed work items place when a work item is
complete. Similarly, work item failures are notified via the failed work items
place. Work items that are subject to some form of interrupt (e.g. an exception
being detected and handled) are handled by the interrupt handler transition
which manages cancellation, forced completion and failure requests received in
the cancel work item, complete work item and fail work item places re-
spectively. The complexity of the activities comprising the work distribution
transition is underscored by the fact that each of them are also substitution tran-
sitions and in each case have a relatively complex underlying implementation.

Deferred Choice. The implementation of the deferred choice construct is prob-
lematic for many workflow systems that do not have a notion of state. An ex-
ample of such a situation in a process is where a commuter defers the choice as
to how to get to work until after they have left the house. The actual choice is
made when they either decide to walk to work or take the bus, and the selection
occurs at the instigation of the commuter when they actually commence on their
chosen mode of travel. At this point, the other travel option is abandoned and
ceases to be a possible alternative course of action. In newYAWL this construct
is facilitated by offering all of the tasks subject to the deferred choice to the
user(s) responsible for making the choice. Once one of them is selected by a re-
source, then the work items corresponding to the other tasks are removed from
resources’ work lists via a cancellation action.

5 Conclusions

Workflow technology offers great promise as a general purpose means of au-
tomating business processes, however in its current incarnation it is dogged by a
series of criticisms including its narrow view of what constitutes a business pro-
cess, the lack of formal foundations and its inability to characterise real-world
business scenarios. This paper has examined the capabilities of the current gen-
eration of workflow technology and proposed a series of development goals for
the next generation of workflow tools. As a first step towards these objectives,
it has also presented newYAWL, a formally defined workflow reference language
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founded on the workflow patterns, that meets the proposed development goals
and provides a yardstick against which the capabilities of future workflow offer-
ings can be assessed. newYAWL is currently being used as the design blueprint
for the next generation of the YAWL open-source workflow offering.
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Abstract. We present a formal model for the organisation of process-
aware information systems. Our approach focuses on the structures “be-
hind” business processes, like e.g. team formation and coordination. Our
Petri net based model directly integrates organisational concepts like
roles, teams etc. — allowing an alignment of business and IT. The ben-
efit of this modelling overhead is that business reorganisation processes
are carried out as formal model transformations. Additionally, the auto-
mated mapping of our models to multi-agent systems — in the spirit of the
model driven architecture idea — is directly supported by our approach.

1 Organisations as the Structure behind PAIS

In this paper we deal with the organisational structure relevant for process-aware
information systems (PAIS). Let us consider some simple scenario: Workflows
consist of (partially) ordered activities. Activities usually have to be executed by
some (human or artificial) agent. The capabilities, that an agent has to provide
in order to carry out an activity, is described by roles: Each activity is mapped
to one role. If an agent implements some role R then it is responsible for all
the activities mapped to R. One agent can of course implement several roles at
the same time (even all the roles of a given workflow) and several agents may
implement the same role.

For most scenarios this level of detail is sufficient when dealing with business
processes of PAIS. For our approach, however, we like to look a little bit more
behind the scenes and consider the assignment process. The process of assigning
roles to agents is called team formation. Each role of a workflow, that is not yet
assigned to some agent, is considered as a task in the team formation process.
Task implementation is two-fold: In typical team-frameworks (like the contract
net [I]) agents do not have to execute each task they are assigned to by themselves
— they may delegate this task to some other agents. Starting with an initial
task this iterated delegation constructs a directed tree with agents as nodes.
The root is the agent that considers the initial task as relevant. The leaves
are the agents that implement roles in the workflow (usually called executive
agents or contractors) and the inner nodes are agents which serve coordination
purposes (manager agents). A team consists of this delegation tree together

K. Jensen and W. van der Aalst (Eds.): ToPNoC II, LNCS 5460, pp. 98 2009.
© Springer-Verlag Berlin Heidelberg 2009
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with the workflow and its state. The processes of team formation, coordination,
negotiation within one team is called teamwork.

When an agent A delegates a task to the agents Aq,..., A, it generates one
subtask for each agent A; (1 < i < n). Each agent A; only has to implement
some “smaller” portion of the role R of the original task, but it is possible that
A; implements this portion in a different way, i.e. they implement different roles
R;. But when all the agents Aj,..., A, are working together (coordinated by
A) their implementation of the roles Ry,..., R, must be “as good” (or more
technical: bisimilar) as if A would have implemented R itself.

#1 ¢ #2 ¢
_—D— _—D—
c B

A

Producer Consumer

4{ D: broker ‘

‘\

Producer2 Consumer A: firm 3
s pe E: firm 1{| F: firm 2|
PC3

Fig.1. A Workflow System Fig. 2. An Organisation Chart

Producer Consumer

-—

As our working example cf. Figure[ll It shows a workflow system with three
workflow teams: #1, #2, and #3. All these instances describe some producer/
consumer (P/C) interaction. Instance #1 and #2 are based on the same workflow
PC while #3 is based on a more complex one named PC's. (We are not interested
in the details of this interaction for this moment.)

Above the workflows we have shown the delegation trees. All trees have agent
C as root, i.e. it is C that signals the need for P/C interaction. In all trees C
delegates to agent D which delegates to two agents, one for the producing and one
for the consuming part, but which agents are chosen is different: In instance #1
we have agent A implementing the role Producer and C' implementing Consumer
(which are also the leaves of the tree, i.e. the executers) while in instance #2
we have agent B and C'. In instance #3 we have the further complication that
B does not implement the role Producer itself, but rather delegates to F and F’
which have the roles Producer; and Producers, respectively. To implement the
original Producer/Consumer-task started by C' we have to make sure that F and
F' (and the roles Producer; and Producery) together may serve the same purpose
as B when acting in the role of Producer.

Obviously we can drive this point a little bit further and ask for the structure
behind the teamwork itself. Following [2], this structure must provide enough
information to describe which agent may delegate to whom, but may include
additional information about the current workload of agents, their trustworthi-
ness, their prices (whenever market mechanisms are applied) etc. This structure
is called an (agent) organisation. The agents of a system occupy positions within
the organisation. For our working example we might guess that the delegation
network must look somehow similar to the chart in Figure 2] but we will soon
find out that this structure is not rich enough to explain e.g. why C' may act as
a manager and executer while all other agents don’t; or why it is possible for D
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to choose between A and B (as in #1 and #2), while B has to delegate to both
E and F (as in #3).

When dealing with such scenarios we can rely on a rich literature how to
model workflows including the concepts like roles, activities, communication,
refinement, observation equivalence etc. Workflow nets 3] and their descendants
can be seen almost as the canonical approach both for theoretical and practical
purposes as they provide a simple, intuitive, and elegant model.

While the process perspective is sufficiently clear (at least for the scope of
this paper) the area of teamwork has not reached such a level. Teamwork has
its origin in the area of distributed artificial intelligence (DAI) where problem
solving is studied from the perspective of coordinating agents [4], in the area of
computer supported cooperative work (CSCW) [5], and in the area of decision
support systems [0]. For a recent survey on teamwork cf. [7]. There is also a
relationship to interorganisational workflows [I2] and to web services [14].

When research on teams can be characterised as ongoing then research on or-
ganisations has just started to attract attention from researchers. Computational
organisation theory [8] can be characterised as the field at the borders of social
and economic sciences and DAI. In recent years organisation theory has had
an impact on the organisation centred design of (open) software systems, like
e-markets or web services [9]. Reorganisational aspects of workflow management
systems are studied in [TOJTT].

In this paper we propose a Petri net based organisational model, called SONAR
(Self Organising Net ARchitecture), that (a) should be simple enough to be easily
understood and analysed and (b) at the same time rich enough to capture the
interplay of concepts like workflows, teamwork, delegation etc. in such a detail
that we can automatically generate (i.e. compile) code from these organisational
models.

Moreover, our SONAR-model is reflective in the sense that the organisation
does not only shape the business processes by teamwork as described above (first
order processes), but also reorganises itself as a reaction to the business processes
(second order processes).

The paper gives a formal model for organisations and teams and is structured
as follows: Section [2] gives a formal model of organisations based on Petri nets.
The set of possible teams is modelled as a so-called R/D net. Section Bl describes
organisation nets and their behaviour, i.e. the team formation and planning
processes (which are the main activities in the early phase which precede the
‘core’ business processes). Section H] describes how this formal model is used for
transformation on the meta-level, i.e. for business reorganisation processes. The
paper closes with a conclusion and an outlook.

2 Formal Organisations

A formal organisation describes the interplay of the delegation network, roles,
positions, workflows, task delegation etc. In the following we introduce a formal
model for organisations based on Petri nets.
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2.1 Distributed Workflow Nets

At the basis we define workflows with several participants. The model used here
is a multi-party version of workflow nets [3] where the parties are called roles.
Roles are used to abstract from concrete agents. For example, the two roles
Producer and Consumer have the same form of trading interaction no matter
which agent is producing or consuming. Figure [B] shows the Petri net PC' that
describes the interaction between both roles: First the producer executes the
activity produce, then sends the produced item to the consumer, who receives
it. The consumer sends an acknowledge to the producer before he consumes the
item. Technically speaking roles are some kind of type for an agent describing
its behaviour. Note, that agents usually implement several roles.

Producer Consumer

start@

produce [ ]

send [ receive

O
@) O
acknowledgement
ca @) L]

receive

Fig. 3. The DWF Net PC (Producer/Consumer)

Each transition ¢ of a distributed workflow (DWF) net D, which models an
activity, is assigned to the (atomic) role r(t) € Rol with the meaning, that only
agents that implement this role r are able to execute the activity ¢. In Figure Bl
all transitions are drawn below the role that they are assigned to (here: Producer
and Consumer). One can see from this figure that practical DWF nets are very
similar to UML interaction diagrams.

Roles are names which obtain behavioural meaning via a DWF net. Given a
set of atomic roles Rol the set R := 25! is the role universe. Each R € R is
called a role. The singleton roles of the form R = {r} are identified with the
atomic role r itself.

A Petri net is a tuple N = (P, T, F) where P is a set of places, T is a set of
transitions, disjoint from P, i.e. PNT =, and F C (P x TUT x P) is the
flow relation. A marking m is a multiset of places, i.e. a mapping m : P — N.
A Petrinet K = (B, E, <) is called a causal net whenever <* is a partial order.
The preset of a node y is *y := (_ F y) and postset is y* := (y F' ). The set
of places with empty preset is °N = {x € PUT | *z = ()}. The set of places
with empty postset is N° = {x € PUT | z* = 0}. For causal nets °N are the
minimal and N° the maximal elements.

Workflow nets [3] are an established means to model workflow processes. A
workflow net is a Petri net N = (P, T, F') with two distinguished places i and
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f with ®i = f* = () and each node lies on a path between 7 and f. To model
workflows involving several roles we generalise this notion for multiple start
and end points. Despite this, our model of DWF nets is very similar to the
Interorganizational Workflows of [12]. (We do not deepen on this connection
here because the interaction model itself does not lie in our main focus.) By
adding an initial transition, that removes one token from a fresh place ¢ and
adding one tokens to all the places in ° N, and one final transition, that removes
one tokens from all the places in N° and adds one to the fresh place f, we obtain
a workflow net from a DWF net.

Definition 1. A DWF net D = (N,r) is a is a Petri net N = (P, T, F) (where
°N and N° are non empty sets and each node lies on a path between °N and
N°?) together with a role labelling v : T — Rol.

The canonical initial marking is m; and the final marking is my with:

m(p) = 1, ifpe’N and my(p) = 1, ifpeN°
= 0, otherwise 7P = 0, otherwise

Define the mapping R on DWF nets as R(D) :=r(T).

We require that all transitions in the preset of a place p are assigned to the same
role: 7(t1) = r(t2) for all ¢;,t2 € *p (and similarly for the postset). Whenever a
place p connects two transitions t1 and to with r(t1) = r(t2) = r it models some
local state of the agent that implement the role . Whenever r(t1) # r(t2) then
the place p models a message buffer which is drawn horizontally (here: item and
acknowledgement).

The role inscriptions induce certain subnets, called role-components. The role
component D[R] is a Petri net module with interface places for in- and output
similar to [I3] and successors, e.g. [14].

Definition 2. Given a DWF net D and a role R C R(D) we can restrict D to
the subnet D[R] = (Pg,Tg, Fr), called the R-component of D, defined by the
nodes related to R: Tr :=r~1(R) and Pg := (*Tr UTR®).

In Figure [ the role component PC[Producer] is indicated by the filled nodes. In
the introduction (cf. Figure[Il), agent A executes PC[Producer] in #1 and B in
#2 while C executes PC[Consumer| in #1 and #2.

The composition N7 || N2 of two nets is defined by place fusion and disjoint
union of transitions. For role components we have the following composition

property.

Theorem 1. For a DWF net D = (N,r) and roles R1, Ry C R(D) with Ry N
R2 = @ we have N[Rl}”N[RQ} = N[Rl U RQ]

A Petri net processes (K, ¢) consists of a causal net K and a locality preserv-
ing net morphism ¢ — cf. [15] and the appendix. Proc®! (D) denotes the set of
all Petri net processes of D such that the minimal elements °K represent the
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initial marking: ¢® (°K) = m; and the maximal elements K° represent the final
marking: ¢%(K°) = my (where ¢® is the multiset extension of ¢).

Given two DWF nets D; and Dy and roles Ry C R(D;) and Ry C R(D5) the
interaction refinement relation

D1 [Rq] ~= D3[Ry (1)

holds iff the subnet D1[R1] can be replaced by D[R] (and vice versa) in any
context without changing the behaviour at the interface[] So, Dy [R1] and D3[Rs]
are indistinguishable from their input/output behaviour, i.e. their abstract mes-
sage processing.

Producer Consumer
Producer 2 Producer 1
start start )slan
] fork
receive [}
produce 1
produce 2[C ]
item 1
item receive
N
. acknowledgement acknowledge
receive
i,
ackowledge
consume
stop O stop O stop

Fig. 4. Refined Producer/Consumer DWF Net PC3

For example, Figure @ presents the DWF net PC3 that refines (with respect
to communication behaviour) the role Producer in the net PC of Figure Bl by the
roles Producer; and Producers (Prody, Prods for short):

PC[Prod] ~ PC3[Prody, Prods]

A set of DWF nets D is called DWF universe, whenever R € R(D1) N R(D3)
for D1, Dy € D then D;[R] cannot be distinguished from D[R] with respect to
their communication behaviour.

In the instance #3 of our working example of Figure [Il agent B implements
its task, which is described by PC[Prod] by delegating subtasks to the agents E

! This is formalised as a bisimulation where each message buffer place p is refined into
a subnet p’ — t, — p” and the bisimulation is defined only on the fresh transitions
tp; the original transitions are silent 7 steps.
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and F which together implement PC5[Prod;]||PC5[Prod2] = PC3[Prody, Prods]
which is (as required) a proper refinement of PC[Prod].
For a given DWF universe D we denote the set of all DWF nets which contain
R as D(R):
DR)={DeD|RCR(D)} (2)

2.2 Role/Delegation Nets and Teams

For the rest of this paper we assume a fixed DWF universe D and a fixed role
universe R. Teams are modelled as so called Role/Delegation (R/D) nets. A
R/D net is a Petri net (P,T, F') where each task is modelled by a place p and
each task implementation (delegation/execution) is modelled by a transition ¢.
A place p with *p = () models an initial task, while ®*p # () models a subtask.
Transitions ¢ € T with ¢* # () are called delegative, transitions with ¢* = () are
called executive. Each place p is labelled by a role R(p) and each transition ¢
with a DWF net D(%). Since teams are trees it is a natural restriction to allow
exactly one place in the preset of a delegation: |*¢| = 1. Also we assume for teams
that the model is a causal net, which guarantees that the delegation process is
conflict free. An example for an R/D net is given Figure [l (the named boxes
around places and transitions will be explained in the following section).

PC 1 Ot:Prod,Cons| hroker
Prod HP! p2

virtual firm requester

QO7: Prod

03: Cons

Pc_ |t [ _Pc Ju
o D0
firm 3
[ 05:Prodt | 06: Prod2
firm 1 PR8N Pes i),

Fig. 5. Producer/Consumer Organisation

Definition 3. A R/D net is the tuple (N, R, D) where:

1. N = (P,T,F) is a Petri net with [p*| >0 forpe P and |*t| =1 fort € T.
2. R: P — R is the role assignment.
8. D:T — D is the DWF net assignment.

An R/D net is called a team net if N is a connected causal net with exactly one
minimal node: |°N| = 1.

In a team net all maximal nodes (i.e. the leaves) are transitions: N° C T Since
[*t| = 1 by definition there exists a place p with *¢t = {p}.

In a well-formed organisation the roles of the DWF net D(t) are consistently
related to the roles of the places in the preset and the postset such that no role
behaviour is lost or added during the delegation.
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Definition 4. A R/D net (N, R, D) is well-formed if we have for all t € T':

1. Static role compatibility. The roles in the preset belong to the DWF net:
R(*t) C R(D(t))

2. Role partition. Whenever [t®| > 0 holds, then the roles R(p) are disjoint for
all p € t* and there is a DWF net implementing R(t*), i.e. D(R(t*)) # 0.

3. Behaviour refinement. Whenever [t*| > 0 holds, then there exists for each
D; € D(R(t%)) a partition (P,),crt) of the postset t*, such that for all
r € R(*t) we have the behaviour refinement Di[R(P;)] ~ D(t)[{r}].

The R/D net given in Figure[Hlis well formed, since the initial place py requests
for an interaction of Prod and Cons. Activity t; delegates both roles via p; and
p2 to to and t4, respectively. The role Prod is refined properly by to since the
roles in its postset are Prod; and Prods which are together behaviour-equivalent
to the role Prod.

2.3 Organisations

In the following we like to characterise team nets as the result of a team formation
which is controlled by an organisation (cf. Theorem Bl below). The organisation
structure is built up by organisational positionsE Each position is responsible
for the delegation/execution of several tasks and can delegate subtasks to other
positions. Positions are modelled as disjoint subsets of P UT of a R/D net.

Since each position decides autonomously which subtasks it generates we re-
quest that whenever ¢ belongs to a position, then all generated subtasks p € ¢*
belong to it, too, and whenever p belongs to a position, so are all ¢t € *p. As in
R/D nets the transitions are related to DWF nets and the places with roles.

The initial tasks (i.e. the places p with *p = (}) are the starting points of
organisational activity.

Definition 5. A (formal) organisation net is the tuple Org = (N,O,R, D)
where (N, R, D) is a R/D net with N = (P,T,F) and O is a partition on the
set PUT where all O € O satisfy the following delegation constraint (with

O:=(PUT)\O):
VpeONP:*pCOAP*CO AN VLEONT:*tCONt*CO

An element O € O is called position. For each node n € (P UT) the uniquely
defined position to which n belongs is denoted O(n).

The set of all positions in the postset of a place p is denoted by Ogiq(p). It is
the set of all positions to which O(p) may delegate p to. For example in Figure [
the position O3 may delegate py only to Oq, i.e. Ogig(po) = {O1}.

2 Tt is useful to distinguish between the type and the implementation to keep the
system architecture clean. In our concrete MAS architecture derived from a SONAR-
model each position is implemented by two agents: One models the formal position
and its duties and another models the “employee” implementing them.
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There is a close connection between organisation nets and the commonly used
organisation charts. In fact, organisation charts are a special sub-case of our
model. Organisation nets encode the information about delegation structures
— similar to charts — and also about the delegation/execution choices of tasks,
which is not present in charts. If one fuses all nodes of each position O € O into
one single node, one obtains a graph which represents the organisation’s chart.
Obviously, this construction removes all information about the organisational
processes. The chart in the introduction (Figure 2l represents the result when
applying the construction to the organisation net in Figure

Let (N,O,R,D) with N = (P,T,F) be an organisation net. Those firing
sequences w € 7" that fire a marking m to the empty marking O are called task
delegation sequences, because after w has fired the net is empty, i.e. all tasks
have been assigned to positions. Thus, each task delegation sequences models a
team formation.

For the net in Fig. Bl we have t1tsty, t1tsts, and t1tatsgtots as task delegation
sequences (modulo permutation of concurrent transitions). Since we like to know
whether it is possible to generate teams for all tasks, it is a natural question to
ask whether markings enable task sequences, or equivalent, whether 0 € RS(m)
holds (where RS(m) denotes the set of markings reachable from m).

Definition 6. Let (N, R, D) be a R/D net.

— The marking m is called processable iff 0 € RS(m) holds.

— The marking m is called strongly processable iff all m’ € RS(m) are pro-
cessable.

— (N, R, D) is called (strongly) processable iff all its markings are (strongly)
processable.

Note, that R/D nets are unbounded in general and reachability may become a
complex question to decide. Fortunately, due to the special tree-like structure
we have the following properties (cf. Theorem 3.3 in [16]).

Theorem 2. 1. If the marking m is strongly processable, then it is processable.
2. (N, R, D) is strongly processable iff it is processable.
3. A marking m is processable iff the markings {p} with m(p) > 0 are.
4. Itis decidable in linear time in the size of the R/D net N whether the marking
m is (strongly) processable.
5. If all markings {p} with p € P are processable, then N is strongly processable.

3 The Organisation in Action

It is obvious that the organisational SONAR-model can be seen as a distributed
actor network where the positions O € O are the actors/agents. This agent is
denoted by O, too, in the following. The subnet (PNO, TNO, FNO?) represents
the functionality of each agent O.

The actor network generated from the organisation net in Figure [ is the
system described in the introduction (cf. Figure 2)). E.g. the position Oy has to
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implement the role Prod which we obtain by computing R(*Os). The activities
O has to implement is PC[Prod], computed from D(t3)[R(t3)] where 3 is the
only executive transition of Os,.

These position agents are implemented within the MULAN framework [I7]
since MULAN is a Petri net based formalism which narrows the gap between
model and implementation, but in principle any agent-oriented programming
language could be adapted. The position agents are responsible mainly for three
basic kinds of organisational coordination: team formation, distributed planning,
and (on the meta-level) organisational transformation.

3.1 Team-Formation

The first phase of teamwork deals with team formation. Team nets can be char-
acterised as Petri net processes of an organisation net. Petri net processes (cf.
[15]) are a recognised alternative for describing the behaviour of Petri nets by
firing sequences. Processes are themselves Petri nets from the class of causal nets,
where no branching is allowed for the places. A process of a net N is defined as
a causal net K together with a net morphism ¢ = (¢p, o).

A process has the progress property iff no transition is enabled in K°, i.e. for
each subset X C K° there is no transition ¢ € T such that ¢(X) = *¢. The set
of all finite processes with the progress property is denoted K (N, m).

The following theorem states that each process with the progress property
introduces a team net. Given a process (K, ¢) we define the mappings D and R
as Ra(b) = R(¢(b)) and Dg(e) = D(4(b)) (cf. Theorem 4.2 in [16]).

Theorem 3. Let Org = (N, O, R, D) be a formal organisation. Then for each
p € P and each process (K, ¢) € K(N,{p}) we have that G(K, ¢) := (K, (R o
@), (Do ¢)) is a team net. If Org is well formed, then G(K,¢) is, too.

This theorem allows us to characterise team formation processes in terms of the
theory of Petri net processes: Each Petri net process of a formal organisation
generates a team net.

Alternatively, a process (K, ¢) can be constructed from the possible firings,
i.e. the enablement of transitions, of the net N. The construction is inductively
defined for a process net, by adding transitions according to the enabling con-
dition of the net N. The starting point is given by the initial marking, which
defines a simple process without any transitions, but only a place for each token
in the initial marking. For the progress property this unfolding is continued until
no transition is enabled.

This construction leads to the implementation of a distributed team formation
algorithm. In our model, team nets are formed through an iterated delegation
process. Whenever an agent O has been chosen as a team member to implement
the role belonging to a place b with ¢(b) € *O it selects one of the implementation
possibilities, i.e.

te (¢(b)*N0O)

This choice is equivalent to the extension of the process already constructed by
an event e with ¢(e) = t. After choosing one element ¢ such that ¢t* # @) holds, the
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agent O further chooses one team member O¥ from the set Og4(¢(b')) for each
b’ € e®. This delegation process as a whole corresponds to the construction of the
possible firings of an organisation net and thus constructs the net’s processes and
hence team nets. The distributed team formation algorithm is given in pseudo-
code in Figure [fl Given an initial task the agents in the algorithm compute a
team net GG, that assigns tasks to positions in a distributed manner.

when agent O receives (K, ¢,b) do

choose t € (¢(b)* N O)

Bi={b, |p et}

(K',¢'):= ((B',E',F'),¢") where // extend process by t:
B '=BgWB;,, F' =FxU{(be)}U({e}x Bi)
E'=Exwle}, ¢ =¢U{(e,t)}U{(bp.p)|pet’}

for each b’ € B; do
choose O € Qa1 (6 (b))
send (K',¢',b') to oY

initially choose p € P with R(p) = R and *p =0

(Ko, ¢0) :== (({bo}, 0,0), {(bo,p)})
send (Ko, ¢o,bo) to O(p)

Fig. 6. Team-formation as a distributed algorithm

Ezxample 1. If we like to implement the initial task pg of Figure Bl we have
O3 = O(pop) as the starting agent. O3 passes control to Oy, the only neighbour:
Oudig(po) = {O1}. The agent O; generates two subtasks: p; and ps according to
t1. For each of these subtasks one neighbour agent has to be activated. For p; the
agent Op has to choose between O7 and Os, for ps we have only Os. O chooses
O7 and O3 according to tg and t4 which become activated but cannot delegate
any further. So the algorithm terminates. The generated team corresponds to
the task delegation sequence t1t4t4 (modulo permutation): Gy, ¢4t,. The team net
equals the net that is obtained from the net in Figure [J] by restricting it to P
and tq, tg, and t4.

3.2 Team-Planning: Distributed Coordination

The local planning of an agent A has to be consistent with all other agents’
plans, the team G, and sometimes with the team’s constraints (if any). This
process is usually called distributed coordination.

The set of maximal nodes K° of a team G = (N, R, D) induces a special DWF
net, called the team-DWF D(G). Each transition ¢t € N° is associated to the
DWF net D(t) and the role R(*t). The team-DWF is the composition of all role
components D(t)[R(*t)]:

D(Q) =

- DOIRC) 3)
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For well formed R/D nets this composition is always well-defined.
If we look at the team Gy, ¢, from above, we obtain the team-DWEF:

D(Giyt5t,) = PC3[Prody]||PC3[Prods]||PC[Cons] = PC

For each node n € PUT of the team G we define a set of compromise plans
CP(n). These sets are defined recursively over the structure of the team net:
The maximal nodes t € N° of a team G have no further constraints. Therefore
each Agent O(t) may choose any process of the set of all workflow processes
Proc* (D(Q)) as its plan: CP(e) := Proc*! (D(@)) for t € N°.

For each place p the compromise set is defined as equal to that of its postset:
CP(b) := CP(b*). Each agent corresponding to an inner transition ¢ of the team
G chooses a subset of the intersection of all the compromise sets in its postset:

ow ({cPm) pety) c ) cP

pet®

The construction of compromise sets therefore relies on the family of mappings
(£0)oeco to reduce the space of compromises. Formally, we have:

CP(p) := CP(p®)

| Proc! (D(G)), if t € N° (4)
CP(®) = { y({CP(p) |pee}) ifteTy\N°

The team compromise set CP(G) is the set finally computed for the root:
CP(G) := CP(°N). The team planning has been successful whenever there is
at least one plan as a team compromise, i.e. CP(G) # ). Whenever there is no
such compromise for the team, the agents have to adapt the mappings (£0)oco
in a distributed negotiation phase (we omit details here).

when agent O(t) receives CP from agent O(p),p € t* then
CPo,p = CP

when agent O(t) has received CP from all agent O(p),p € t* then
Proc*! (D(G)), ift € N°
CPo. = . . °
€ow({CP(p) [pee’}) ifteTy\N
send CPo: to O(°t)

Fig. 7. Team-planning as a distributed algorithm

This calculation directly leads to a simple distributed algorithm (cf. Figure [1])
which can be seen as an abstract version of the well known partial global planning
protocol [18]. Each agent has the variables CPo ,, for all nodes belonging to O,
i.e. for all n € O. The messages flow from the leaves to the root of the team.
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Example 2. Look at the team Gy, from above. The leaves of Gy, 4, are the
transitions tg, tg, and t4. The composition of all these components is the team-
DWF D(Gi,t4t,) = PCs = PC3[Prod;]||PC35[Prodz]||PC[Cons].

The tree of the team has the following structure (with leaves at the left and
the root at the right):

tg PCg[PrOdﬂ

t9 PCg[PrOdQ} tQ PCS[PFOdh Prodg}

ty PC[Cons]

t1 PCg

Coordination processes this trees from the leaves to the root: The agent O,
which implements the delegation t2, integrates the compromise sets CP(tg) and
CP(tg) of its child nodes into CP(t3). Due to Theorem [ the set CP(t2) contains
only processes of the DWF net

PC5[Prod;]||PC3[Prods] = PC3[Prody, Prods].

In the second step CP(tz) and CP(t4) are combined by the agent O; into
Cp(t1) - CP(tQ) N CP(t4)

3.3 Teamwork Parameters

Both aspects — formation and planning — can be realised in different ways which
can be combined in an independent manner. Team formation can be parame-
terised by the degree of obligation. Possible alternatives are:

1. Each position agent has to accept each task assigned to him.

2. Before assigning task to others each agent asks his neighbours to evaluate
the costs. After this biding phase the delegating agent chooses the cheapest
agent who must not refuse.

3. Agents even have the freedom to reject an assignment after the bidding
provided that there is at least one agent willing to receive the assignment.

Similarly, compromise planning can be parameterised in different ways:

1. Agents have the possibility to restrict the plans of agents of lower authority,
i.e. restriction is related to the organisation structure.

2. Agents have the possibility to restrict the plans of those agents which are in
lower branches of the team.

3. No agent has the possibility to restrict the other agents’ plans. Compromise
negotiation is a peer to peer process.

The team formation process presented in this paper is based on direct assign-
ment while the team planning relies on team based restriction where the parent
positions restrict the options of the child positions.

These parameters are independent from each other leading to a two dimen-
sional scheme for organisational teamwork:
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planning
formation organisation based team based peer to peer
direct assignment hierarchies
bidding federations
reject option markets

The common modes of teamwork — like hierarchies, federations, and markets
(cf. [7] for other) — can be identified as instances of this scheme.

4 Transformation: Business Reorganisation Processes

So far we have considered a formal organisation as a context that frames the
behaviour of the actors (i.e. software agents) occupying positions in the organ-
isational framework. Now we turn to processes that target at the organisation
itself. In this respect, we distinguish organisational processes of first and of sec-
ond order. First-order processes have already been examined: Teams are formed
to accomplish some task and the organisation is referred to as a static con-
text. Second-order processes, on the other hand, are reorganisation processes
that transform the organisation, which is consequently referred to as a variable.
These second-order processes introduce the reflective character into our model.

Second-order processes fit neatly into our approach of teamwork-based organ-
isational processes. Organisational transformations are carried out by transfor-
mation teams. Just as teams for first-order processes they are generated by Petri
net processes of organisation nets. Each transition of second order DWF-nets
additionally carries a transformation instruction.

We cannot give full details on the formal apparatus behind transformation and
transformation teams in our model. Instead, we return to our running example
of the production scenario in order to illustrate the basic concepts. Up to now,
the requester part has no inner substructure. Requesting some product as the
starting point and consuming this product upon reception is subsumed under
one single position. Figure [ illustrates a new evolution stage in the production
scenario where the requester has been reorganised.

broker O1: Prod,Cons
PC t
Prod P! Cons p2
virtual firm 02: Prog requester 03: Gons
07: Prod
[rc s pc || pc |
firm3 Coroat O Coroa P
05: Prod1 06: Prod2 [ 09: Const | _or.om | o8: Cons2
) ) ¥
IHIH \\ rez 17| | ez Jwo \\ pcz_Ju
firm1 firm 2 sub 1 adm sub 2

Fig. 8. Refined Organisation
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Ceame>»
!
Pl * p4
* o1 Conél, DM, Cons2

Cons1, DM, Cons:
Pc2 ﬁ

Fig. 9. Alternative Refining: p1 Fig. 10. Delegation Splitting: p>

PCc2

First of all, the original requester may now decide whether it consumes the re-
quested product himself or whether it delegates the consumption (transformation
step alternative refining, cf. Figure[d]). For example, imagine the case where the sup-
plier delivers micro processors that the requester incorporates into personal com-
puters as end-products. Now the requester has decided to expand its business and
order different kinds of micro processors for assemblage. But as it cannot accom-
plish the higher workload itself it has to delegate some of the work to subordinates.

As a second step, the delegated part of the work in Figure[Blcomprises different
subtasks and thus induces different subordinates in different roles (transforma-
tion step delegation splitting, cf. Figure [I0). Referring to the micro processor
example, one particular type might be delivered in varying production quality
(Does anyone remember the 486SX which was the 486DX with a malfunction-
ing float pointing unit?). The quality of a particular processor decides upon the
means of assemblageﬁ Thus, in addition to different positions for assemblage
there exists one position to judge the quality of incoming products.

We assume that the DWF net PC exists (not presented here) that refines
the role Consumer in the net PC of Figure B The role Decision Maker (DM)
decides whether Consumer; or Consumers (short: Cons; and Consg, resp.) receives
the item. The DWF net PCy has to be a refinement of PC with respect to
communication behaviour: PC[Cons|] ~ PCs[Cons;, DM, Cons,].

The transformation of the organisation is based on net rewriting as a special
form of graph transformation [19]. We demand our transformation rules to pre-
serve the well-formedness of organisations nets. Figure [ and [[0] show two such
rules p; and ps which preserve well-formedness. The first rule p; takes a delega-
tion from p to ¢t and introduces an alternative delegation transition ¢; which im-
plements the role Cons by delegating to the roles Cons;, DM, and Cons, which are
implemented by the new transition ¢t which is labelled by the protocol PC5. The
well-formedness is preserved since the role-component PC3[Cons;, DM, Cons,] is
an interaction refinement of PC[Cons]. The second rule py splits the delegation
from a transition ¢; to a place labelled with the three roles Cons;, DM, Cons,
to three places labelled with one of the three nodes: R({p1}) = R({ps,p4,p5})-
The three activities are executed independently by the same DWF net that
has to equal to the original one D(t3), i.e. D(t2) = D(t3) = D(t4) = D(t5). The

3 Of course there has to exist an agreement between the requester and supplier as
to whether and to what conditions the supplier is willing to accept lower quality
products. We do not address such subtle issues here.
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well-formedness is preserved since the role-component PC3[Cons;, DM, Cons,] is
interaction equivalent to the composition PC[Cons,]||PC2[DM]||PC3[Conss].

The refined organisation of Figure B is generated by applying p; and then ry
to the organisation in Figure Bl and is therefore well formed too.

5 Conclusion and Outlook

We have presented a Petri net-based approach to model formal organisations.
The resulting formal organisational model, called SONAR, integrates structural
as well as functional and interactional features of organisations. In this respect,
we provide a structuring metaphor for distributed information systems and at
the same time a formal model of distributed business processes that comprise
participants in different roles and contexts.

In addition, each model of a formal organisation implicates a network of ac-
tors/agents to actually carry out the organisational specifications. We establish
a close link between organisational specifications and their deployment as multi-
agent systems. Not only business processes for task accomplishment themselves
but also their genesis in the form of team formation and team planning are de-
scribed by distributed algorithms that operate on the underlying Petri net model
of the corresponding formal organisation.

Business processes are carried out by teams. The organisation may be seen as
a network of actors (embodied by its associated network of position agents) that
carries out first-level business processes to accomplish business tasks as well
as second-level business processes (i.e. business reorganisation) to reflectively
transform itself. Thus, we arrive at a self-contained model for the organisation
of process-aware information systems.

Turning to future work, we consider different issues related to our intention to-
wards the network of agents as an effective distributed and domain-independent
level of implementation (middleware). In the context of this paper it was suf-
ficient to associate each position with exactly one agent. But in the case of an
open system environment with agents belonging to different stakeholders enter-
ing and leaving on a continual basis, we propose to refine this agent into a posi-
tion/member pair. The organisation contracts each position to a member agent
that carries out actions and makes decisions. But member agents must connect
to the corresponding position agents and use them as (controlling and coordi-
nating) prozies to the organisation. Consequently, this approach distinguishes
between the organisational and the domain layer of applications. In addition our
model allows for further refinement of positions to (sub)organisations.
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Abstract. Process-aware information systems (PAIS) must be able to
deal with uncertainty, exceptional situations, and environmental changes.
Needed business agility is often hindered by the lacking flexibility of
existing PAIS. Once a process is implemented, its logic cannot be adapted
or refined anymore. This often leads to rigid behavior or gaps between
real-world processes and implemented ones. In response to this drawback,
adaptive PAIS have emerged, which allow to dynamically adapt or evolve
the structure of process models under execution. This paper deals with
fundamental challenges related to structural process changes, discusses
how existing approaches deal with them, and shows how the various
problems have been exterminated in ADEPT2 change framework. We
also survey existing approaches fostering flexible process support.

1 Introduction

In many application domains process-aware information systems (PAIS) will be
not accepted by users if rigidity comes with them [TI2J3/4]. Instead, it should be
possible to quickly implement new processes, to enable on-the-fly adaptations
of running ones, to defer decisions regarding the exact process logic to runtime,
and to evolve implemented processes over time. Consequently, process flexibility
has been identified as one of the fundamental needs for any PAIS and different
enabling technologies have emerged [5I6I7)8]. They support adaptive processes
[OTOITT], declarative models [7], late modeling [12/13], and data-driven processes
[14UT5]. Basically, we need to be able to deal with uncertainty, to cope with
exceptions, and to evolve processes over time:

— Ability to deal with uncertainty. The implemented process is based on a
loosely or partially specified model, where the full specification is made dur-
ing runtime and may be unique to each process instance. Rather than en-
forcing control through a rigid, or highly prescriptive model, that attempts
to capture every aspect, the model is defined in a more declarative or incom-
plete way that allows individual instances to determine their own processes.

— Ability to adapt processes. The implemented process is able to react to ex-
ceptions, which may or may not be foreseen and which affect one or a few
instances. Generally, it must be possible to adapt the structure and/or state
of the process model of a particular instance. Respective adaptations, how-
ever, must not affect other instances being executed on this model as well.

K. Jensen and W. van der Aalst (Eds.): ToPNoC II, LNCS 5460, pp. 1154135] 2009.
© Springer-Verlag Berlin Heidelberg 2009
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— Ability to evolve processes. A process model has to be changed when the busi-
ness process evolves. One challenge concerns the handling of long-running,
active instances, which were initiated based on the old model, but now need
to comply with the new specification. Potentially, thousands of active in-
stances may be affected.

This paper focuses on structural adaptations of process models at different levels.
Adaptations of single process instances (e.g., to add, delete or move activities)
become necessary to deal with exceptional situations and often have to be ac-
complished in an ad-hoc manner [IT]. Model changes at the process type level,
in turn, have to be continuously conducted to evolve the PAIS [9/5]. It must be
also possible to dynamically migrate running process instances to new model
versions. Important challenges are to perform instance migrations on-the-fly, to
guarantee compliance of migrated instances with the new model version, and to
avoid performance penalties. Our ADEPT2 change framework addresses these
challenges and explicitly covers the latter two kinds of flexibility; i.e., the adap-
tation and evolution of processes. However, through its ability to support late
binding of sub-processes and to dynamically evolve or define these sub-processes,
ADEPT?2 is also able to support late modeling, and thus to deal with certain
kinds of uncertainty.

The ultimate ambition of structural process adaptations during runtime is
to ensure correctness of the modified instances afterwards. First, structural and
behavioral soundness have to be guaranteed already at the model level (i.e.,
without considering instance states). Second, when performing instance adapta-
tions this must not lead to flaws (e.g., deadlocks); i.e., none of the guarantees
ensured by formal checks at build time must be violated due to the runtime
adaptation. As example consider Fig. [l where the model on the left-hand side
is structurally modified by arranging parallel activities B and C in sequence af-
terwards. The instance running on the old model (with B being enabled and C
being completed) does not comply with the new model version since its marking
cannot be transferred to it (B must be completed before C may start). Such unde-
sired runtime situations are denoted as dynamic change bug [16]. To exterminate
them adequate correctness criteria are needed; e.g., to decide whether a given
process instance is compliant with a modified process model and — if yes — how
to adapt instance states when migrating the instance to the new model version.

In the following we deal with different correctness notions for dynamic process
changes and discuss the strengths and weaknesses of the approaches relying on

Process
Instance I:
A

B todotots

dynamic change bug

Fig. 1. Dynamic change bug
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them. Based on these considerations we show how we deal with respective issues
in ADEPT2, which constitutes one of the very few adaptive PAIS which allows
for structural process changes during runtime at instance and type level. Section
introduces fundamental challenges emerging in the context of dynamic process
changes and discusses existing approaches for dealing with them. Section [3shows
how ADEPT?2 tackles the different challenges and exterminates dynamic change
bugs. This includes both the control and the data flow perspective as well has
the viewpoint of users. We survey alternative solutions for process flexibility in
Section [] and conclude with a summary in Section

2 Fundamental Challenges of Dynamic Process Changes

2.1 Basic Notions

When implementing a new process in a PAIS its logic has to be explicitly de-
fined based on the provided process meta model. For each business process to be
supported, a process type represented by a process schema (i.e., process model) is
defined. For one particular process type several schemes may exist representing
the different versions and the evolution of this type over time. Based on a pro-
cess schema an arbitrary number of new process instances can be created and
executed. The PAIS orchestrates them according to the defined process logic.
For defining structural process adaptations two options exist. On the one
hand, respective schema adaptations can be defined based on a set of change
primitives (e.g., to add or delete edges). Following this approach, realization of
a particular structural adaptation usually requires the application of multiple
change primitives. To specify structural adaptations at this low level of abstrac-
tion, however, is a complex and error-prone task. Another, more favorable option
is to base structural adaptations on high-level change patterns [6/17], which ab-
stract from the concrete schema transformations to be conducted (e.g., to add
a process fragment parallel to an activity or to move a fragment to a new posi-
tion). Instead of specifying a set of change primitives the user applies one or few
high-level change operations to define the required structural change.

Definition 1 (Process change). Let PS be the set of all process schemas and
let S, S € PS. Let further A = <op,...,0p,> denote a process change which
applies change operations op; i = 1,...,n, n € N sequentially. Then:

1. S[A> S if and only if A is correctly applicable to S. S’ is the process schema
resulting from the application of A to S (i.e., S’= S + A). We call a change
A correctly applicable to a schema S if all formal pre-conditions of A are
met for S or resulting schema S’ is a correct process schema according to the
correctness criteria set out by the process meta model of interest.

2. S[A>S"if and only if there are process schemas S1,Sa,...,Sn+1 € PS with
S = 51, S’ = Sn+1 and fO’/‘ 1<i< n: SZ'[AZ'>SZ‘+1 with A; = <op;>

We assume that change A is applied to a sound process schema S [I§]; i.e., S
obeys the specific correctness constraints set out by the used process meta model
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(e.g., bipartite graph structure for Petri Nets). We denote this as structural
soundness. We further claim that S’ must obey behavioral soundness; i.e., any
instance executed on S’ must not run into a deadlock or livelock. This can be
achieved in two ways. Either A itself preserves soundness based on pre-/post-
conditions of the applied change patterns [I1], or A is first applied on a schema
copy and soundness of the resulting schema version S’ is checked afterwards.
Another basic notion used in the following is process trace. Such trace sequen-
tially logs the entries about the start and completion of process activities.

Definition 2 (Trace). Let PS be the set of all process schemas and let A
be the total set of activities (or more precisely activity labels) based on which
process schemas S € PS are specified (without loss of generality we assume
unique labeling of activities). Let further Qs denote the set of all possible traces
producible on process schema S € PS. A particular trace O'IS € Qs of instance
I on S is defined as 07 = < eq,...,ex > (with e; €{Start(a), End(a)}, a € A,
i=1,....k, k € N). The temporal order of e; in J}g reflects the order in which
activities were started and/or completed over Sl

2.2 Under Which Conditions May Process Instances Be Adapted?

Most approaches dealing with structural instance adaptations [TGITITOBIE] focus
on correctness; i.e., applying a change to a running instance must neither violate
its structural nor behavioral soundness. The correctness criteria used by adaptive
PAIS vary and have led to different implementations [9]. Basically, there are
structural and behavioral correctness criteria. While criteria from the former
group try to structurally relate the process schema before the change to the
resulting schema version [I6J§] (e.g., using inheritance relations for realizing the
schema mapping), the latter are based on execution traces; i.e., they compare
which traces are producible on a process schema before and after its change.

Structural criteria. One approach relying on structural criteria in connec-
tion with dynamic changes exists for WF Nets [16]. A WF Net is a labeled
place/transition net representing a control flow schema [I620]. A sound WF Net
has to be connected, safe, and deadlock free as well as free of dead transitions.
Furthermore, sound WF Nets always properly terminate. Behavior of a process
instance is described by a marked WF net. Core idea of the corresponding change
framework is as follows: An instance I on schema S (represented by a marked
WF Net) is considered as compliant with the modified schema S’ := S+ A, if S
and S’ are related to each other under given inheritance relations; i.e., either S
is a subclass of S’ or vice versa. The following two kinds of inheritance relations
are used [I6]: A schema S is a subclass of another schema S’ if one cannot distin-
guish behaviors of S and S’ anymore either (1) when only executing activities of
S which also belong to S or (2) when arbitrary activities of S are executed, but
only effects of activities being present in S’ as well are taken into account. Thus,
Inheritance Relation (1) works by blocking and Inheritance Relation (2) can be

1 An entry of a particular activity can occur multiple times due to loopbacks.
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realized by hiding a subset of the activities from S. More precisely, blocked ac-
tivities are not considered for execution. Hiding activities implies that they are
renamed to the silent activity 7. (A silent activity 7 has no visible effects and
is used, for example, for structuring purposes.) Consider the example from Fig.
where the newly inserted activities X and Y are hidden by labeling them to
the silent activity 7. Thus, S’ is a subclass of S. Further inheritance relations
can be obtained by combined hiding and blocking of activities. Based on these
inheritance relations we can state the following correctness criterion:

Criterion CC 1 (Compliance under inheritance relations) Let S be a
process schema which is correctly transformed into another schema S’ by ap-
plying change A. Then instance I on S is compliant with S’ if S and S’ are
related to each other under inheritance (see [16]] for a formal definition).

CC [ ensures structural and behavioral soundness of instance I after applying
change A to it. The question remains how to ensure CC [} i.e., how to check
whether A is an inheritance preserving change and therefore S and S’ are related
under inheritance. [16] defines precise conditions with respect to S and S’. When
inserting a new net N into S, S and S’ will be related under inheritance if N
and S have exactly one place in common. This will be the case, for example, if a
cyclic structure N, is inserted into S (resulting in S”) as shown in Fig.[2l Since S’
is a subclass of S when hiding X and Y in N,, soundness of I on S’ is guaranteed.
Checking inheritance of arbitrary process schemes is PSPACE-complete [16].

Instance | on S:

Fig. 2. Inheritance preserving change: insertion of cyclic structure

Using inheritance relations restricts the set of applicable changes to additive
and subtractive ones. There is no adequate relation based on hiding/blocking
activities in connection with order-changing operations. Nevertheless, this ap-
proach covers many relevant changes and copes with them without need for
accessing instance states. It can be used for both correctness checks on single
instances and on instance collections (e.g., WF Nets with colored tokens). It is
debatable whether it also works with concurrent changes. Assume, for example,
that instance I on S is changed resulting in instance-specific schema S, which
is related to S under inheritance. Assume further that at process type level S
is changed to S’ (which is again under inheritance with S). Then it has to be
analyzed whether S; and S’ are also related to each other under inheritance.

Behavioral criteria. A widely-used correctness property is the trace-based
compliance criterion introduced by [19]. Intuitively, change A on schema S (i.e.,
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S[A > S') can be correctly applied to instance I on S iff the execution of
I, taken place so far, can be ”simulated” on the new schema version S’ as
well. [19] bases compliance on trying to replay trace o5 of I on S'. If this is
possible, behavioral soundness can be guaranteed when migrating I to S’ [T9J5].
In summary, compliance is fundamental for changing both, single instances and
instance collections. Basically, it also allows for concurrent changes. We discuss
respective extensions in Section Finally, the idea of preserving traces by
structural changes based on Petri Nets is described in [2TI0].

2.3 How to Adapt Instance States After Dynamic Changes?

In addition to decide whether change A can be correctly applied to an instance,
it becomes necessary to properly and correctly adapt instance states afterwards.

Structural approaches. [16] provides transfer rules based on the aforemen-
tioned inheritance relations (cf. Criterion CC[Il) to cope with marking adapta-
tions in the context of WF net changes. After applying change A to schema S
(i.e., S[A > 5’), necessary marking adaptations are realized by mapping mark-
ings of instances running on S onto markings on S’. Adapting markings after
inserting parallel branches, for example, is complicated since in some cases we
have to insert additional tokens to avoid deadlocks. Fig.[3lshows an example. By
just mapping the token of s3 on S to place s3 on S’, a deadlock is produced. [16]
proposes to insert an additional token on s5 (progressive transfer rule). Though
the resulting marking on S’ is correct, the semantics of newly inserted tokens is
debatable, particularly, if colored tokens (i.e., data flows) are considered as well.

Transfer rules insert new control tokens to avoid deadlocks in the sequel

Instance I: Transfer Rule . I &‘pr;ongsrfe;sri:;
eV s
O{>O-{12O O+ 2O-{>@->O-+O
Fig. 3. Marking adaptation policy in [I6J20]

Another approach has been proposed for Flow Nets [10] for which an explicit
mapping between the markings of the net before and after the change has to be
specified. This is done manually by adding flow jumpers; i.e., transitions mapping
tokens from the old to the new net (cf. Fig. ). Both single instances or instance
collections can be migrated. The handling of concurrent changes at instance
and type level, however, is cumbersome, since several new net versions have to
be merged with the old net via flow jumpers. Manually specifying mappings
between instance markings is not a realistic option in practice. As it can be see
from Fig. [l respective mappings already become complex for simple scenarios.

Behavioral approaches. Checking compliance means to replay instance traces
on the changed process schema. Thus, marking adaptations come for free. How-
ever, at the presence of thousands of running instances, replaying whole traces
becomes too expensive. In Sect. Bl we introduce a more sophisticated approach
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I on S with markmg m: lon SCOC with markmg m:
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Fig. 4. Marking mapping (Synthetic Cut Over Change) [10]

for automatically checking compliance and adapting instance markings. It has
been realized in ADEPT2 [5] and utilizes specific properties of the ADEPT2
meta model as well as the semantics of the ADEPT?2 change patterns.

2.4 Discussion

Generally, a correctness criterion is needed which preserves structural and behav-
ioral soundness of the dynamically adapted instances (cf. Fig. Bl). This criterion
should be valid independent from the used process meta model. Nonetheless, it
is always applied in the context of a concrete meta model and change framework.
Like serializability in database systems, defining a proper correctness notion is
only one side of the coin. The other is to check it efficiently, particularly at the
presence of a multitude of instances. When applying the criterion for a particu-
lar meta model, logical optimizations for checking it can be based on exploiting
meta model properties as well as the semantics of the applied change operations.
Additional optimizations are conceivable at the implementation level.

General correctness Logical realization Optimizations and

criterion for dynamic ) for process meta implementation
process change model

Meta-model independent Implementation-specific

Framework-specific

Fig. 5. Correctness of process change — general view

3 Dynamic Process Changes in ADEPT2

We now elaborate compliance as meta model independent correctness criterion
in the context of a concrete process meta model (i.e., ADEPT2 WSM Nets [5]).
We show how compliance can be efficiently checked and instance markings be
automatically adapted when performing dynamic instance changes.

3.1 WSM Nets

Well-Structured Marking-Nets (WSM Nets) as applied in ADEPT2 can be used
to represent process schemes by attributed serial-parallel graphs (cf. Fig. [6h).
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Consider Fig. [Bh, which depicts an example of a WSM Net. A WSM Net S
is structurally sound if the following constraints hold: S has a unique start
and a unique end node. Except for these start and end nodes each activit
node has at least one incoming and one outgoing control edge e € CtrlFEA.
Structuring nodes such as AND-Splits, XOR-Split, AND-Joins, and XOR-Joins
can be distinguished based on their node type (6k). Loop backs can be explicitly
modeled via loop edges e € LoopE (cf. Fig.[6h). Basically, WSM Nets are block-
structured, where control blocks (sequences, branchings, loops) can be nested,
but must not overlap. We additionally allow to relax this block structure and
to synchronize the execution order of activities from parallel branches by means
of so-called sync links e € SyncE if required. Such sync links must not cross
the boundary of a loop block; i.e., an activity from a loop block must not be
connected with an activity from outside the loop block via a sync link (and vice
versa). Furthermore, Syna = (N,CtrlE, SyncE) constitutes an acyclic graph
which allows to exclude deadlocks due to cyclic ”wait-for” dependencies.

For WSM Nets, data flow is realized by associating process data elements to
activities by read and write edges (cf. Fig. [6h). For activities with mandatory

a) Process schema S modeled as WSM Net:
& DR
SN e +, read data edge
write data N

¢) Trace o°
START(A),END(A),START(B), START(Ls,1% it),
END(Ls), START(K),END(K),END(B,sc1),
START(F),END(F),START(G),END(G),
START(H),END(H),START(N),END(N),
START(J).END(J), START(Lg),

END(Le, TRUE),START(L,,2" it),
END(Ls),START(C),END(C),START(L),
END(L), START(E),START(F),
END(F),START(G),END(G), START(H),END(H)

d) Reduced representation of trace o,°

START(A),END(A),START(B),START(K),END(K),
END(B,sc1),START(L,,2™t),

END(Ls), START(C),END(C),START(L),
END(L),START(E),START(F),
(

2" jteration ‘
Ssssssssssssssnmsnnnnnnnn -. ---------------------------- END F),START(G),END(G),START(H), END(H)

NS=NodeState ES = EdgeState
A NS = ACTIVATED 3 NS = RUNNING ° ES = TRUE_SIGNALED
% NS = SKIPPED v NS = COMPLETED o ES = FALSE_SIGNALED

Fig. 6. WSM Net with running instance, traces, and marking rules

Zie.; S is connected.
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input parameters linked to global data elements, it has to be ensured that
respective data elements are always written by a preceding activity at runtime
independent of which execution path is chosen.

Taking the WSM Net S from Fig.[6h new process instances can be created and
executed (cf. Fig.[Bb). Thereby, the execution state of an instance I is captured
by marking function M7 =(NS®7, ES®1) where S; denotes the instance-specific
schema of 1. M®! assigns to each activity n its current status N.S(n) and to
each edge e its current marking ES(e). Markings are determined according to
well defined firing rules. Based on the local context of an activity (i.e., incoming
and outgoing edges), the activity marking can be determined [I1]; markings of
already passed regions and skipped branches are preserved (except loop backs).
Activities marked as Activated are ready to fire (i.e., enabled) and can be
worked on. Their status then changes to Running and afterwards to Completed.
Activities belonging to non-selected execution branches obtain marking Skipped
and can no longer be selected for execution (e.g., activity D in Fig. ). Concern-
ing data elements, different versions of a data object can be stored, which is
important for the handling of partial rollback operations.

To cope with exceptional situations, instances can be individually modified
by applying high-level change patterns (e.g., to insert or move activities). For
such individually modified instances the instance-specific schema deviates from
the original one they were started on. Respective instances are denoted as bi-
ased. To capture information about instance-specific changes, logically, each in-
stance I runs on an instance-specific schema S; with S[A; > S;; A; denotes
the instance-specific bias. For unbiased instances, A; =<> and consequently
S1 = S hold. According to the change patterns framework presented in [622],
Tab. [1l presents some high-level change operations, which can be used to de-
fine or structurally modify process schemes. A high-level change operation real-
izes a particular variant of a change pattern (e.g., serial or parallel insertion of
activities). In ADEPT2 these change operations include formal pre- and post-
conditions. They automatically perform necessary schema transformations while
ensuring structural soundness. One typical example of such a change operation
is the insertion of an activity and its embedding into the process context.

Currently, we are working on an extension of the ADEPT2 meta model to
further increase expressiveness and to cover frequent workflow patterns (see
[23] for details). Generally, there exists a trade-off between expressiveness of
a meta model and support for structural adaptations in imperative approaches.
ADEPT?2 has been designed with the goal to enable the latter, i.e., to allow for
the efficient implementation of adaptation patterns, restrictions on the process
meta model are made. Similar restrictions in terms of expressiveness hold for
other approaches supporting structural adaptations [24/8]. On the other hand,
YAWL is a reference implementation for workflow patterns and therefore allows
for a high degree of expressiveness [25]. Structural adaptations have not yet been
addressed in YAWL and their implementation would be more difficult due to the
higher expressiveness (see Section [ for more details).
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Table 1. A selection of high-level change operations on process schemas

Change pattern Design choice Effects on schema S
AP1: Insert activity
serial inserts the activity between directly succeeding
ones
insert between node sets

without condition inserts the activity parallel to existing ones
with condition conditional insert of the activity
AP2: Delete activity deletes the activity from schema S
AP3: Move activity
serial moves the activity to position between directly suc-

ceeding activities
move between node sets
without condition moves the activity parallel to existing ones
with condition conditional move of the activity

3.2 Checking Compliance in ADEPT2

In Section [ two approaches for ensuring correctness of dynamically adapted
instances are presented. CC 1 enables correctness checks for process changes
without taking instance state into account. However, this comes for the price of
a restricted set of change patterns (e.g., no order-changing operations). On the
other side, traditional compliance [19] uses full instance information as captured
by execution traces. Doing so allows for all kinds of change patterns. However,
traditional compliance has turned out to be too restrictive (e.g., in conjunction
with loops). Apart from this it is expensive to check. ADEPT?2 follows an elegant
compromise between these two compliance criteria abolishing their particular
limitations. This is achieved by extending traditional compliance to overcome
its restrictiveness. Furthermore, precise conditions for ensuring compliance are
elaborated, which only take dedicated instance information into account. First
of all, we formalize traditional compliance criterion CC 2:

Criterion CC 2 (Compliance of unbiased instances) Let S be a sound
process schema and let I be an unbiased process instance running on S with
associated execution trace o7 . Assume that change A transforms S into another
sound process schema S’ (i.e., S|A > S"). Then: I will be compliant with S’ (i.e.,
it can migrate to S’) if its evecution trace o can be correctly replayed on S’.

CC 2l depends on the representation (i.e. view) of trace o?. One is the Start/
End view on o7 . It logs both start and end events of executed activities (cf. Fig.
[Bc). Taking this view on o7 we obtain an instance with correct marking when
replaying it on S’ [9]; i.e., I can continue execution based on S’ afterwards while
structural and behavioral soundness are preserved. However, this view is too re-
strictive in conjunction with changes of cyclic process structures [5]. If a loop is
affected by a change, but has already undergone some iterations, the respective
instance will be always considered as non-compliant with S’ (i.e., trace entries
related to finished iterations cannot be replayed on the adapted schema) though
a migration of this instance would not lead to errors in the sequel. ADEPT?2



Flexibility in Process-Aware Information Systems 125

Process Schema S:

CtrlES*“={A>C,B—>D}
CtrlE,* = {B > C} A=

Instance I:

- NS=ACTVATED ) NS = RUNNING
v NS =COMPLETED ® ES = TRUE_SIGNALED

evaluate

Fig. 7. Adapting markings for WSM Nets

therefore applies a reduced representation o5 _, of o7, which corresponds to a

(logical) projection of 0¥ only on current loop iterations; i.e., for loop activities
we only consider entries written during the last iteration of the respective loop
(cf. Fig.[6d). Note that this approach is fostered by the block-structuring of WSM
Nets. In addition, data flow correctness can be ensured by enriching execution
traces with information about data access; i.e., read and write access on data
elements. This is crucial in connection with dynamic process changes [5]. We dig
into data flow correctness in Section B4

CC 2l constitutes a logical correctness notion similar to serializability in data-
base systems. Another challenge is to efficiently check it. A naive solution would
be to try to replay instance traces on S’ and to verify whether resulting instance
states on S’ are correct. Obviously, this can cause a performance penalty if a
multitude of instances shall be migrated. Generally, a change framework has to
provide methods which ensure CC [2] and can be efficiently checked. ADEPT2
provides methods which make use of the semantics of the applied change opera-
tions (cf. Tab.[) and the model-inherent markings of WSM Nets for all change
patterns supported [5J6]. Contrary to many approaches (e.g., [26/16]), ADEPT2
is able to deal with order-changing operations as well. (A discussion on the com-
plexity of compliance checking for different change patterns and a comparison
with other approaches can be found in [9].) As example consider Fig. [ where
activity B is moved to the position between activities A and D. Instead of re-
playing complete trace o7 of I on S’, according to the ADEPT2 compliance
conditions for moving activities, the following has to be checked: I is compli-
ant with S’ if for all newly inserted control edges in CtrlE%? their destination
activities are not running or completed yet. In the latter case (i.e., state of re-
spective activities is Running or Completed), the state of the associated source
node is Completed and compliance can be only ensured if the entries of source
and destination node within trace o7 req have the right order (i.e., END entry of
source node before START entry of destination node). For our example from Fig.
[ the destination activities of edges in CtrlE4™ (i.e., C and D) have not been
started yet. Consequently, activity B can be moved as described for instance 1.

As can be seen from this example, moving activities is one of the few cases,
where we might have to exploit additional information from trace o7 _,. In
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connection with newly added control edges, the associated orders must be already
reflected by the entries of the trace. If the destination activities of the new control
edges have not been started yet, the right order will be always guaranteed.
Otherwise, the actual order has to be checked based on the execution trace. For
inserting and deleting activities, checking node states is sufficient (see [27/28] for
a complete summary of compliance conditions and respective proofs).

3.3 Adapting Instance Markings in ADEPT2

We have described how CC [2] can be ensured and which information is needed.
Our goal was to prevent access to whole instance traces. By holding this maxim
we now discuss how compliant instances can be automatically migrated to an
adapted schema. One challenge, not adequately solved by other approaches, con-
stitutes the efficient and correct adaptation of instance markings. According to
CCR] the marking of a migrated instance must be the same as it can be obtained
when replaying its (reduced) trace on the new schema version. How extensive
marking adaptations turn out depends on the kind and scope of the change. Ex-
cept from initialization of newly added nodes and edges, no marking adaptations
become necessary if the instance has not yet entered the change region. In other
cases more extensive marking adaptations are required. An activated activity X,
for example, will have to be deactivated if control edges are inserted with X as
target activity. Conversely, a newly added activity will have to be activated or
skipped if all predecessors already have marking COMPLETED or SKIPPED.

We utilize information on the change context to decide on marking adapta-
tions. We illustrate this by means of an example. Consider Fig. [ where B is
moved to the position between A and D. The algorithm first determines which
nodes and edges have to be potentially (re)marked. In the given case these sets
can be determined based on the inserted and deleted control edges. Then, the
algorithm steps through the initial node and edge sets and adapts instance mark-
ings step by step. In Fig.[1 these steps are denoted as intermediate steps. First of
all, for newly inserted control edge A — C, an adaptation has to be done; since
source node A is already completed, A — C' is marked as True Signaled. Con-
sequently, in the next step, destination node C has to be marked as Activated
since all incoming edges have marking True Signaled. For the other newly in-
serted edge B — D and deleted edge A — B no marking adaptation becomes
necessary. Thus, the algorithm terminates with the desired marking of I on S’.

Based on the compliance criterion, the dynamic change bug as discussed in
literature (e.g. [29016] is not present anymore in ADEPT2. More precisely, the
application of the change operation as depicted in Fig. [[l would be rejected in
ADEPT?2 based on the corresponding compliance conditions. Furthermore, even
for order-changing operations, markings can be automatically adapted without
need for interacting with users. Basically, the described approach for ensuring
compliance can be transfered to other process meta models as well. We have
shown this for BPEL [30] and for Activity Nets [31].
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3.4 Data Flow Correctness

So far, we have not considered data flow correctness in connection with process
changes. Basically, we have to ensure correctness of the modeled data flow when
directly changing it (e.g., by adding or deleting data edges) as well as when
adapting the associated control flow structure. Regarding the latter, ADEPT?2
will only allow for control flow changes if data flow correctness can be preserved
afterwards [28]. As example take process schema S from Fig. [7] and assume that
B writes data element d and C reads it afterwards. Regarding this scenario, data
flow correctness would be not preserved if we conducted the depicted adaptation
(i-e., to move B from its position between A and C' to the position parallel to
(). Since B would then be ordered in parallel to C, we could not guarantee any
longer that B writes d before C reads this data element. As another scenario,
assume that change A inserts two activities A and B in an arbitrary schema
S, where A is writing data element d, which is read by B afterwards. In this
case, A would not be correctly applicable, if A is inserted within one branch of
an alternative branching. In this case, it cannot be ensured that A is activated
during runtime and d is written accordingly.

a) Process Instance | b) Data-Consistent ngpresentation of
Execution History ¢, “
write data readdata o
edge dy d, d, [Events START(A) [ END(A) [ START(B) [ END(B) [ START(C)
E I s < |written - (d1,5) - (d2,2) -
/ R N S |data (d2,1)
value of data « K ! NS \ |elements
object » e A \ |read data - - - - (d1,5)
5',' ’:I,' ,,+ 5 ? AN \ | elements '

z A= (deleteDataEdge(C, dy, read),

addDataEdge(C, d,, read))

(Ao e 0 ] [ oot |

Fig. 8. Data Consistency Problem

Altogether, to avoid such structural flaws, a given sequence of change oper-
ations can be only applied in ADEPT?2 if structural and behavioral soundness
is guaranteed afterwards. In the given example, the structural pre-conditions of
the move operation would disallow the application of the intended change since
in schema in S’ the read access of C' to d has no preceding write access to this
data element.

Another challenge is to preserve the correctness of the data flow schema when
changing it. As example consider the scenario depicted in Fig. Bl Activity C has
been started and has already read value 5 of data element d;. Assume that, due
to a modeling error, read data edge (C,dy, read) shall be deleted and read data
edge (C, dsa,read) be inserted instead. Consequently, C' should have read value
2 of data element dy (instead of data value 5). Such inconsistent read behavior
has to be prohibited since it can lead to errors and inconsistencies in the sequel
(e.g., if instance execution is aborted and therefore has to be rolled back). Using
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any representation of execution trace o¢ as introduced so far, this erroneous case

cannot be detected, i.e., the the instance would be classified as compliant.
We need an adapted form of of considering data flow as well. We denote

dc . . . dc
UIS as data-consistent trace representation of O'IS with O'IS = <eép,...,ep>:

e; € {START(a)(@:v1)s(dnvn) END(a)(d1:01)(dmvm)l g € A where tuple
(di, v;) describes a read/write access of activity a on data element d; € Dg
with associated value v; (i =0,..., k). Using this data-consistent representation
of UIS the problem illustrated in Fig. Bh is resolved.

3.5 Concurrent Process Adaptations

Being able to cope with changes of single instances or a collection of instances
in isolated manner is crucial to meet practical needs. However, changes do not
always occur separately from each other. Assume that instance I on schema
S is modified due to an exception resulting in instance-specific schema Sy (i.e.
S[Ar > Sp). If later S is changed as well due to new legal regulations resulting
in S" (i.e. S[A > 5’), the challenge is to decide how to cope with concurrent
changes Ay and A (cf. Fig. @): May I migrate to S’ and - if yes - how does
the instance-specific change (i.e., bias) turn out on S’? The latter question is
particularly interesting if A; and A are overlapping; i.e., they have some or all
change effects in common (e.g., deletion of same activity). Then A; has to be
adapted on S’ since S’ already reflects parts of Ay. Fig. @lillustrates the different
cases in connection with dynamic change. If S is transformed into S’, the user
might want to exclude some of the instances due to specific constraints. For all
others, migration to S’ is desired. First, we have to distinguish between instances
still running according to S (unbiased instances) and those individually modified
(biased instances). For biased instances it is further important to know whether
concurrent schema and instances changes are disjoint or overlap since further
migration strategy depends on that. For all instances we need adequate correct-
ness criteria (see [28)32] for respective extensions of compliance and migration
strategies).

N I
‘
S —— S running constraints
lonS instances
ﬂA' A / \ Migration not desired
lonS, == §4=7? igration desired
Unbiased instances Biased instances
with Instances with
instances instances disjoint bias overlapping bias
N

c i N

Fig. 9. Instance migration — big picture
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3.6 How Users Interact with ADEPT2?

So far, ADEPT2 has been applied in several domains including healthcare,
automotive development, construction engineering, logistics, and e-negotiation
[112133134]. While for some applications the provided ADEPT2 clients were suf-
ficient to adequately assist users in adapting their processes [34JI], in other cases
specific client components were implemented based on the application program-
ming interfaces offered by ADEPT2. AgentWork [33], for example, provides a
rule-based planning component for the healthcare domain that automatically
derives adaptations of patient treatment processes to be applied in a given con-
text. Here, users only have to approve the suggested instance changes, which are
then automatically carried out by the system; i.e., ADEPT?2 serves as engine to
implement the changes. CONSENSUS [I], in turn, uses the existing ADEPT2
clients to realize the flexibility and dynamism needed to accommodate to the
various contingencies and obstacles that can appear during e-negotiations.

In all these case studies the provision of high-level change patterns and the
change framework described were considered as strong points in favor of ADEPT?2.
Based on the lessons learned we are currently extending the meta model for WSM
nets with additional workflow patterns [23]. Furthermore, we developed techniques
targeting at improved user assistance. In [35], for example, we present an approach
which uses conversational case-based reasoning to allow for the reuse of previously
applied ad-hoc changes in similar problem context. We are also developing mech-
anisms to incorporate semantical constraints into adaptive PAIS in order to pro-
hibit semantically counterproductive changes [36]. ADEPT2 expresses semantic
constraints in terms of rules and verifies them during buildtime, runtime, and in
connection with process changes. We further provide an authorization component,
which allows to restrict process changes to authorized users, but without nullify-
ing the advantages of a flexible PAIS by handling authorizations in a too rigid way
[37]. Finally, we are investigating the concept of process views in connection with
dynamic process changes [38]. Basic idea is to provide abstract views to users and
to allow them to apply changes to these views and to propagate the view updates
back to the underlying process.

4 Discussion

To effectively deal with exceptions through structural process adaptations and
to enable process evolution have been major design goals of the ADEPT2 tech-
nology. In the previous sections we have presented basic issues and concepts to
attain these goals and to enable dynamic structural changes of different process
aspects. This section provides a survey on the state-of-the art (see also [9II7]),
but extends it with a summary of approaches dealing with uncertainty as well.
Furthermore we discuss alternative solutions for enabling process flexibility in-
cluding declarative approaches [7] and case handling [14]. For a discussion of
techniques for process evolution we refer to [9I7].

Dealing with Exceptions. While expected exceptions are usually considered
during buildtime by specifying exception handlers to resolve the respective
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exceptions during runtime [39], non-anticipated situations, in turn, may re-
quire structural adaptations of single process instances [3I11]. A comprehensive
overview of exception handling mechanisms is provided by [40]. Depending on
the type of exception different handling strategies can be pursued (e.g., to roll
back parts of the process), which are described as exception handling patterns in
[40]. Exception handling often requires combined use of such patterns resulting
in rather complex routines. The Exlet approach [41], for example, addresses this
problem by allowing for the combination of different exception handling pat-
terns to an exception handling process called Exlet. Similarly, [42] suggests the
usage of meta workflows for coordinating exception handling. While exception
handling patterns are well suited for dealing with expected exceptions, non-
anticipated situations, in turn, often require structural adaptations of individual
process instances as well [39]. Besides ADEPT2, several other approaches sup-
port ad-hoc changes [8246], however, only the ADEPT2 framework allows for
high-level change patterns (e.g., to insert, move or delete activities and pro-
cess fragments, respectively) instead of change primitives (e.g., to add or delete
nodes and edges in the process graph) [6]. To ensure correctness of run-time
changes, soundness needs to be guaranteed. When conducting instance-specific
changes, using change primitive (e.g., WASA2 [8] or CAKE2 [24]), soundness of
the resulting process schema cannot be guaranteed and correctness of a process
schema has to be explicitly checked after applying the respective set of prim-
itives. ADEPT2, in turn, associates pre-/ post-conditions with the high-level
change patterns, which allows to guarantee soundness. Finally, PAISs support-
ing instance-specific adaptations should be able to cope with concurrent changes
as well. While many system prohibit concurrent process instance changes (e.g.,
FLOWer [14], WASAZ2 [§]), ADEPT2 supports them based on optimistic concur-
rent change techniques; CAKE2, in turn, supports concurrent process instance
changes using pessimistic locking [24].

Dealing with Uncertainty. Flexible PAIS must be also able to cope with un-
certainty. Common to existing approaches is the idea to defer decisions regarding
the exact control-flow to runtime [I3J17]. Instead of requiring a process model to
be fully specified prior to execution, parts of the model can remain unspecified
and be refined during run-time when more information is available. Examples
for such techniques are Late Binding, Late Modeling and Late Composition of
Process Fragments. Finally, data-driven processes provide for some flexibility
regarding the exact control-flow as well [T5IT4043].

Late binding allows to defer the selection of activity implementations to run-
time; i.e., the implementation of the respective activity is chosen out of a set
of process fragments at runtime either based on rules or user decisions [17].
As example consider Worklets [I3], which allow for late binding of sub-process
fragments to activities. At buildtime, the respective activity is modeled as a
placeholder. Late Modeling and Composition, in turn, are techniques which go
one step beyond by allowing parts or whole of the process to be defined during
runtime [12/44]. Late Modeling allows for modeling selected parts of a process
schema at runtime. At buildtime a placeholder activity as well as constraints for
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modeling the respective sub-process are defined. Usually, the modeling of the
placeholder activity needs to be completed before its execution can start. Even
more flexibility is provided by Late Composition. It allows users to compose ex-
isting process fragments on-the-fly; e.g., by dynamically introducing control de-
pendencies between them. There is no predefined schema, but the (sub-)process
instance is created in an ad-hoc way by selecting from the available fragments
and obeying the predefined constraints. For both techniques, the model being
dynamically defined may or may not be controlled by constraints. Complete lack
of constraints can defeat the purpose of a PAIS, where as too many constraints
may introduce rigidity that compromises the dynamic process [45].

[46/12] propose an approach for the late modeling of process fragments. A
part of the process (termed Pocket of Flexibility) is deemed to be of a dynamic
nature and is defined through a set of activities and a set of constraints defined
on them. At runtime, the undefined part is detailed for a given process instance
based on tacit knowledge and obeying the prescribed constraints. In contrast,
the approach provided by DECLARE [44/7] enables late composition of process
fragments. Basically, the whole process is defined in a declarative way. However,
DECLARE can also be used in combination with imperative languages (e.g.,
YAWL). In this scenario, not the entire process model is described in a declar-
ative way, but only sub-processes. Like in the Pocket of Flexibility approach a
process model is defined as a set of activities and a set of constraints. During
runtime process instances can be composed whereby any behavior is allowed
which is not prohibited by any constraints. Data-driven processes as supported
by the case handling tool FLOWer [14] do not predefine the exact control-flow,
but orchestrate the execution of activities based on the data assigned to a case.
Thereby, different kinds of data objects are distinguished. Mandatory and re-
stricted data objects are explicitly linked to one or more activities. If a data
object is mandatory, a value will have to be assigned to it before the activity
can be completed. If a data object is restricted for an activity, this activity needs
to be active in order to assign a value to the data object. Free data objects, in
turn, are not explicitly associated with a particular activity and can be changed
at any time during a case execution and consequently provide for flexibility dur-
ing run-time. [47] compares workflow management and case handling with means
of a controlled experiment. Recently, additional paradigms for the data-driven
modeling and adaptation of large process structures have emerged. In particular,
they allow for the transformation of data model changes to process adaptations
as well as for sophisticated exception handling procedures [48/[15].

5 Summary and Outlook

We have provided a general discussion on flexibility issues in adaptive PAIS
and we surveyed the state-of-the-art. As core of any approach enabling dynamic
process changes, adequate correctness notions are needed. When implementing
them within a PAIS and making use of the formal properties of the underlying
process meta model as well as change framework, different optimizations can
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be realized. Similarly, optimized techniques for the automated adaptation of in-
stance states can be provided when migrating process instances to a modified
schema. Along these challenges, we have discussed different correctness criteria
and their application to specific process meta models. On one side we have con-
sidered structural criteria and their (logical) realization within Petri-net based
PAIS. On the other side, we have analyzed approaches using traces for deciding
whether an instance is compliant with a modified schema. Since both kinds of ap-
proaches come along with limitations, we have presented the ADEPT2 approach.
ADEPT?2 uses consolidated instance data and exploits the semantics of the ap-
plied change operations in order to abolish the limitations of pure structural and
behavioral approaches. Finally, we have addressed issues related to concurrent
changes, data flow correctness, and use of ADEPT2. Future work will extend our
analysis of correctness criteria for dynamic process change. We will elaborate to
what degree existing correctness notions can be relaxed to increase the number
of compliant process instances [32]. Furthermore, there are still many open ques-
tions regarding the realization of concurrent process changes (e.g., how to deal
with partly overlapping changes) and the management of the process variants
resulting from instance changes. In this context, we are developing intelligent
analysis techniques to learn from process changes [4950/51]. Finally, we are cur-
rently working on issues related to the dynamic adaptation of organizational
rules and access constraints [52/53], to process variant management [54], and to
process model refactoring [55].
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Abstract. The common overarching goal of service bus and Grid middlewareis
"virtualization" — virtualization of business functions and virtualization of re-
sources, respectively. By combining both capabilities a new infrastructure
caled "Business Grid" results. This infrastructure meets the requirements of
both business applications and scientific computations in a unified manner and
in particular those that are not addressed by the middleware infrastructures in
each of the fields. Furthermore, it is the basis for enacting new trends like Soft-
ware as a Service or Cloud computing. In this paper the overall architecture of
the Business Grid is outlined. The Business Grid applications are described and
the need for their customizability and adaptability is advocated. Requirements
on the Business Grid like concurrency, multi-tenancy and scalability are ad-
dressed. The concept of "provisioning flows" and other mechanisms to enable
scalability as required by a high number of concurrent users are outlined.

1 Introduction

Traditionally the scientific computing and enterprise computing communities are two
distinct groups. These communities have both developed architectures of middleware
and applications to meet the demands of their fields in a domain-specific manner. As
a result two different fields with corresponding infrastructures have evolved. The
current trend we observe is that researchers in both fields investigate the applicability
of approaches, technologies and techniques from the other field. With the advent of
Web services the need for common solutions becomes apparent, since both fields use
extensively the Web service stack [44]. Both communities identify needs that can be
addressed by approaches from the other field. For example, the deficiency of the in-
frastructures used for scientific workflows are mainly related to reliability and scal-
ability. The infrastructures for enterprise applications on the other hand lack the
dynamic provisioning of resources and data heeded for new service delivery models
as well as for data and computing intensive applications. Both fields, however, im-
pose strict requirements on their respective infrastructure concerning the need for
concurrency, i.e. the ability to support a large number of simultaneous users without
diminishing the performance of the applications. Thisis aided by the virtualization of
resources in the Grid [8] and of functionalities in the enterprise service bus (ESB)
[3,22]. Virtuaization standardizes the access to resources and functionality exposed
as services respectively, thus hiding the idiosyncrasies that heterogeneous systems
otherwise exhibit. The Grid therefore offers homogeneous and standardized access to
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resources, whereas the ESB offers homogeneous and standardized access to applica
tions, by exposing them as services.

We argue that the better approach to meet the requirements of both domains is to
leverage existing approaches instead of creating isolated infrastructures featuring
redundant and repesating functionalities. We therefore propose a unified infrastructure
that is composed of the infrastructures developed by both the scientific computing and
the enterprise computing communities. We call this infrastructure the “Business
Grid”. The Business Grid virtualizes services and resources in a unified manner and
thus enables interchangeability of services and resources transparently for the applica-
tions. It is a composable infrastructure which can be developed as a mix of existing
implementations of middleware from both domains. The proposed middleware is
reliable, scalable, secure and exhibits high availability. Applications for both scien-
tific and enterprise computing make transparent use of the Business Grid. The Busi-
ness Grid does not discriminate between either type of applications thus alowing
scientific applications to be a part of an enterprise application and vice versa. Further
motivation for the Business Grid is the current trend towards new business models in
dynamic markets such as Software as a Service (SaaS) and Cloud computing. As
emerging approaches towards support for SaaS and Cloud computing already make
use of technologies of scientific and enterprise computing we see the Business Grid as
the intuitive middleware choice to support those new models. This combination of
Grid and conventional enterprise service middleware, technology standards and infra-
structures is novel and fosters reusability and standardization.

In this paper we begin with an overview of Web service technology and Grid to fa-
cilitate the discussion. Following this we identify the similarities in reguirements
towards the respective middleware in the two domains and reveal the differences in
coverage of needed middleware functionality in both domains. Based on this com-
parison we list requirements for the Business Grid and investigate to what extend they
are met by related projects and approaches from to the enterprise and Grid commu-
nity. In Section 5 we introduce an architecture designed to address the requirements to
the Business Grid. Summary and conclusions are published in the last section.

2 Web Servicesand Grid —Background Information

To ease the following discussion, in this section we present a summary of necessary
background information. We describe existing research results that combine Web
services and Grid and thus demonstrate the mutual interest of both communities to
collaborate towards meeting the demandsin their respective domains.

2.1 Web Services

Web services are the technology currently used to implement Service Oriented appli-
cations; it has been built right from the beginning to enable seamless integration of
applications. The Web service technology provides a component model for using
applications, rather than programming them. The technology is specified in terms of a
stack of modular and composable specifications, called the “WS stack” [44] or simply
WS*. Web services are about virtualization of software/applications. Applications are
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exposed as services at network endpoints (a.k.a. ports). Web services are described in
WSDL in terms of the messages they consume and produce, while the messages are
grouped into operations and interfaces (a.k.a. port types). The interface description
excludes any kind of platform or implementation specific information. One interface
description may be implemented by multiple applications, accessible at different
ports/endpoints over various transport protocols and using different message encod-
ing; thisis reflected in the so-called binding. The binding is the novelty WSDL intro-
duces in comparison to other component models. It is defined separately from the
service interface description. Thus, not only implementation and platform specifics
are abstracted away but also the access mechanisms. Any combination of an abstract
interface and binding is possible. The location of an implementation of an interface
description and a binding are combined by the so-called services, while applications
are made available at multiple ports (endpoints) of a service. The piece of middleware
supporting virtualization in service-oriented applications is caled the service bus
[3,22]. The service bus is a composable middleware and supports numerous commu-
nication and transport protocols as needed by the applications using it. All services
are exposed on the bus via virtual endpoints and described in terms of WSDL inter-
faces descriptions. The concrete implementations of the virtual endpoints are in gen-
eral wrappers or adapters of the applications that expose the application as a service
on a bus. There are infrastructure features on the bus like service discovery, routing,
data mediation, service composition, and service invocation. These features are in-
strumental in supporting the major operations a bus implements: (1) publish, (2) find
and bind, (3) invoke. Services use the bus for communication and use its infrastruc-
ture features, infrastructure features themselves are also exposed on the bus as ser-
vices. There are aready multiple non-commercial and commercial service bus
implementations; the later are extensively used in enterprise-strength applications.

2.2 Grid

Originaly, in the mid-1990s the term “the Grid” emerged as a name for a distributed
IT infrastructure for advanced science and engineering applications [7,8]. The intent
of the Grid was then to virtualize computing resources to make them available to
scientific collaborations that heeded more computing power than the computing re-
sources available in their domains (their local IT infrastructures). Applications that
run on such Grids are mainly focused on scientific applications that perform computa-
tions on and produce large amounts of potentially distributed data. In [7] Foster et al.
define the Grid as a solution to the problem of “flexible, secure, coordinated resource
sharing among dynamic collections of individuals, institutions and resources.” These
dynamic collections of individuals, institutions and resources are referred to as “vir-
tual organizations’ [7]. Virtual organizations can be different groups of scientists
working on a common goal but can also be different companies that join forces or are
in a supplier-requestor relationship in order to reach a certain (mostly computing
intensive) business goal. The fundamental paradigm behind these virtual organiza-
tions is that they not only share files or documents but actually share access to pro-
grams and even hardware resources. The sharing of computing resources from
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Business Grid: Combining Web Services and the Grid 139

multiple organizations that form a virtual organization requires a standardized archi-
tecture for the Grid as well as interfaces, to enable interoperability among Grid re-
sources. Therefore the Grid community introduced the Open Grid Services
Architecture OGSA [9]. OGSA follows the principle of service oriented architecture
(SOA) providing a standardized set of services important in a Grid environment (such
as registry, authorization monitoring, data access and others) [8]. The technology to
realize the OGSA is Web services, thus alowing Grid services to be described and
used in a standardized and interoperable manner. The Open Grid Services Infrastruc-
ture (OGSI) and its successor the Web Service Resource Framework (WSRF) [5,32]
are specifications that define how to specify stateful Web services that represent state-
ful resources (such as computers or storage) as they are present in Grid environments.

Asthe internet transforms into a ubiquitous integration platform and more increas-
ingly powerful computing resources become available, more and more organisations
(both from science and business) see the potentia of the Grid to improve the utiliza-
tion of idle resources from other (parts of their) organizations to perform computing
intensive tasks or even sell otherwise idle computing cycles to other organizations and
thus increase the utilization rates of their data centres. The Grid therefore transforms
from an infrastructure for scientists into an infrastructure for enterprises.

2.3 Web Servicesand Grid

Web services used in a business context are usually stateless. This means that a Web
service does not remember the messages that have been previously sent to it by a
certain requestor and that a Web service has no observable properties. But in order to
virtualize Grid resources as Web services, the notion of state is needed for Web ser-
vices. Since WSDL does not provide support to explicitly describe state of a Web
service, the Web Service Resource Framework has been created. The basic idea be-
hind WSRF is to provide a standardized framework that allows specifying how state-
ful resources are virtualized using Web services. The combination of aresource and a
Web service is therefore called a WS-Resource. WSRF defines the life time of re-
sources, the notion of resource properties, the grouping of WS-Resources, and a stan-
dardized means to report faultsin a set of composable specifications.

In order to compose Grid services and in particular WSRF services the BPEL
service orchestration language has been utilized in several research projects
[6, 24, 37, 39]. These examples emphasize the need and the willingness of the two
communities to combine technologies from Grid and SOA-based enterprise comput-
ing. Even though Grid technologies and the WS technology are aready applied in a
combination to provide solutions for enterprises or scientists, for example in the
EGEE project and its predecessor the DataGrid® project or the IBM WebSphere
Business Grid components, the Grid infrastructures are still considered as different
from the service buses. ESBs and Grids are similar in the functionality they provide,
but they target different user groups and application domains. Therefore concepts
and techniques in both field repeat and overlap, but some features of the one envi-
ronment are missing in the other environment and vice versa. For instance, scien-
tific computations need transactionality and to be reiable, which has been

2 http://www.eu-egee.org , http://eu-datagrid.web.cern.ch
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successful addressed by ESBs; on the other hand, businesses also need to perform
data intensive computations and also rely on provisioning of resources that are out-
side of their organizational boundary. Therefore it is completely natural to reuse
existing concepts, approaches and technology to address the needs of both domains.

3 TheNeed for Business Grid

We argue for the creation of one infrastructure that can serve the needs of both com-
munities — business and scientific computations, so that both fields can benefit from
the advances in the state-of-the-art of the one or the other area. In this work and in
this section in particular, we identify the need of such an infrastructure - the Business
Grid that addresses the demands of the two worlds.

3.1 Business World Requirementsto the Service BusMiddleware

Service-based business applications are typically compositions of services. They rely
on the service bus as middleware. Additionally, business users depend on the exis-
tence of tools to support them during application/service development, deployment
and execution. Human participants need to be seamlessly involved, especially in busi-
ness processes. Business critical applications need to be reliable and scale with an
increasing number of concurrent users. In business scenarios quality of services (QoS)
are extremely important as they must be ensured in order to satisfy service level
agreements (SLAS) between provider and consumers. Violation of SLAs might result
in loss of customers and/or even hefty penalties. These features require support on
behalf of both the platforms on which the actual service implementations run and the
service bus. Reliability, scalability and availability of the service bus are of utmost
importance. These are ensured by dynamic service discovery and composition, reli-
able messaging, fault and exception handling, load balancing, message routing [3],
transactional support [34], coordination protocol support, message transformation and
correlation, SLA negotiation, QoS-aware composition of services [41], monitoring of
services and infrastructure as well as auditing [16] — all enabled by the infrastructure
services of the bus. New computing paradigms such as utility computing and resulting
application delivery models such as SaaS impose further requirements on the bus.
Dynamic provisioning and de-provisioning of both hardware and software resources
must be handled by the bus as new customers of SaaS applications can subscribe and
unsubscribe dynamically to and from these applications. The SaaS delivery model
heavily relies on the multi-tenancy of SaaS applications [4,26]. Multi-tenancy means
that several customers (tenants) use the same instance of the application. This enables
SaaS providers to offer the same application to multiple customers thus increasing the
revenue of the application. From a tenant’s point of view a multi-tenant enabled ap-
plication is perceived and behaves as if that tenant was the sole user of the applica
tion. In order to ensure the multi-tenancy of SaaS applications these applications as
well as the underlying middleware must be highly scalable, reliable and ensure a very
high degree of concurrency.
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3.2 Scientific Computing Requirementsto the Grid

Scientific computations are generally based on large amounts of data and are long-
running and computing intensive. They can be executed on the Grid using computing
and storage resources. Thus scientific experiments analysis can be performed on re-
sources borrowed from other organizations whose resources are currently idle. This
implies that resources are inherently transient, as resource providers can dynamically
add and remove resources from the Grid and can lend them only for a particular time
period. This requires migration of computations from one machine to another, trans-
ferring data sets and even integra