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Efficient Consistency Measurement based on
Behavioural Profiles of Process Models
Matthias Weidlich, Member, IEEE, Jan Mendling, and Mathias Weske, Member, IEEE
Abstract—Engineering of process driven business applications can be supported by process modelling efforts in order to bridge the gap
between business requirements and system specifications. However, diverging purposes of business process modelling initiatives have
led to significant problems of aligning related models at different abstract levels and different perspectives. Checking the consistency of
such corresponding models is a major challenge for process modelling theory and practice. In this article, we take the inappropriateness
of existing strict notions of behavioural equivalence as a starting point. Our contribution is a concept called behavioural profile that
captures the essential behavioural constraints of a process model. We show that these profiles can be computed efficiently, i.e., in cubic
time for sound free-choice Petri nets w.r.t. their number of places and transitions. We use behavioural profiles for the definition of a
formal notion of consistency, which is less sensitive to model projections than common criteria of behavioural equivalence and allows for
quantifying deviation in a metric way. The derivation of behavioural profiles and the calculation of a degree of consistency have been
implemented to demonstrate the applicability of our approach. We also report the findings from checking consistency between partially
overlapping models of the SAP reference model.
Index Terms—Process model analysis, process model alignment, behavioural abstraction, consistency checking, consistency measures
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I NTRODUCTION

of business and IT a tedious task (see [2]). In this
article, we will focus on a specific challenge that is of a
RANSLATING business requirements into a system
conceptual nature. We already mentioned that business
specification is a crucial task of any software enanalysts and software designers tend to model the same
gineering project in a business environment. A major
business process in quite different ways, which often
challenge in this area are the different perspectives that
impedes efficient communication. Clearly, pragmatics is
business analysts and system analysts take on the same
an inherent feature of every conceptual model. While
real-world phenomenon in an enterprise. The modelling
mapping and reducing the reality are essential for creatof business processes has been identified as an important
ing a model, the purpose of the model determines what
step towards bridging the gap between business and
to map and what to reduce [11]. As business analysts
software development, and, among others, facilitating
and software designers have quite diverging concerns
structured design [1], business-IT alignment [2], or engiwhen looking at a business process, it is no surprise
neering of process-aware information systems [3]. There
that business process models differ from software design
are different solutions that should contribute to a smooth
models of the same process significantly. In fact, these
progression from business analysis to software implemodels are not related by any refinement operation in
mentation. Methodologies for integrated system design
the sense of an integrated system design as mentioned
propose to derive technical realisations from business
above. Thus, the question of how well such models
requirements directly via refinements [4], [5], [6]. In the
are aligned is fundamental to process-oriented software
same vein, the standardisation of the Business Process
development. We will argue throughout this article that
Modeling Notation (BPMN) [7] by the OMG received
a formal concept for discussing the consistency of an
much attention, due to the translation to the Web Services
alignment between two process models is missing. It
Business Process Execution Language (BPEL) [8] that is
is needed for identifying inconsistencies, as well as to
part of the specification. There are also various tools
enable change propagation between these models. In
on the market that support business process modelling
the software engineering community, consistency refers
and corresponding transformations. Still, the well-known
to a ‘degree of uniformity, standardisation, and freedom of
‘Business-IT-Gap’ (cf., [4], [9], [10]) appears to persist in
contradictions’ [12]. Evidently, there is a trade-off between
practice.
strictness of a consistency notion and appropriateness of
There are different factors that make the alignment process models serving different purposes.
There is some prior research that is useful for establish• M. Weidlich and M. Weske are with the Hasso Plattner Institute, Potsdam, ing a notion of consistency between process models. An
Germany.
alignment of process models requires the identification
E-mail: {matthias.weidlich,weske}@hpi.uni-potsdam.de
of model correspondences, which is a well-researched topic
• J. Mendling is with Humboldt-Universität zu Berlin, Germany.
E-mail: jan.mendling@wiwi.hu-berlin.de
in the database community. Correspondences relate elements that have matching semantics in the context of an
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alignment of two models (note that the semantics might
differ in absolute terms). Given a set of correspondences,
the question whether two data models are consistent
is similar to the question whether a mapping between
data schemas is valid, which is known from the field
of data integration. In this area, various properties for
evaluating the validity of a schema mapping have been
proposed. For instance, satisfiability of a mapping between
two schemas requires the existence of a pair of instances
that satisfies the constraints of the mapping as well of
the respective schemas [13]. Translated into the domain
of behavioural models, this yields a consistency notion,
which requires the existence of a single trace that is
possible in both models after the corresponding elements
have been resolved. Obviously, this is a rather weak
requirement. A stronger property for a schema mapping
is losslessness, which requires all data elements needed to
answer a certain query in one schema to be captured by
the mapping and have a counterpart in the other schema.
Again, we might draw the analogy to behavioural models
under the assumption of behavioural constraints as the
elementary elements. For a given projection between
two models, that is a partial correspondence relation,
all behavioural constraints on traces of one model are
preserved in the traces of the other model.
Although the context is different, these examples
illustrate the existence of rather weak validity criteria
for schema mappings. In contrast, existing work in
the field of behavioural models focusses on very strict
notions of behavioural equivalence. There is a multitude
of equivalence criteria in the linear time – branching
time spectrum [14]. However, the lower bound of this
spectrum is commonly seen as being trace equivalence.
This criterion is still rather strict, and might not be
appropriate for deciding on a consistent alignment between two process models. First, trace equivalence is not
invariant to so-called forgetful refinements of activities [15].
Forgetful refinement refers to a change, in which an
activity is forgotten due to its replacement with an empty
activity. In other words, an activity is subject to projection.
However, projections are a substantial aspect of model
abstractions [11] and, therefore, of high relevance for
model alignment. As a consequence, we argue that, for
our purpose, a notion of consistency that guarantees
‘freedom of contradictions’ as required by [12] should be less
strict than a notion requiring all information of one model
to be present in another model as well. Furthermore, all
behavioural equivalence criteria being discussed in this
area, including trace equivalence, provide a true/false
result. Such results are not informative for an alignment
scenario. It is likely that a software designer might
deviate from the requirements defined in a business
process model in order to come up with a more elegant
solution on a technical level. Those design decisions
may be acceptable if they deviate from the business
process model only to a small degree. Any boolean
notion will fail to make such a small deviation explicit.
Following on the idea of trace equivalence, potential

deviations can be quantified using a degree of trace
consistency computed based on the ratio of traces of
one model that can be mirrored in another model. Still, a
relatively small deviation in the process model structure
(e.g., interchanging two sequential activities) impacts on
this degree of trace consistency drastically. Finally, all
notions of the linear time -– branching time spectrum are
computationally hard [14]. This is a problem since process
models from practice can include easily more than 100
activities. This makes the application of trace equivalence
and other criteria in many interactive modelling scenarios
unrealistic.
Against this background, this article provides the
following contributions. We introduce the formal concept
of a behavioural profile. These profiles capture the
essential behavioural constraints of a process model, such
as mutual exclusion of activities or partial order. The
behavioural profile enables us to overcome three major
shortcomings of an application of trace equivalence in
an alignment scenario.
1) Behavioural profiles are less sensitive to projections than trace equivalence. We will show that
behavioural profiles of two process models remain
unchanged even if additional start and end branches
are introduced in one of the models. While informal
arguments on this advantage of behavioural profiles
have been brought forth in [16], we here present a
rigorous formalization.
2) The structure of a behavioural profile provides us
with a straight-forward way to define a degree of
consistency ranging from 0 to 1.0, referred to as the
degree of profile consistency. In this way, we can
feed back detailed information to business analysts
and software designers on how far and where two
models deviate from each other.
3) The concept of a behavioural profile builds on formal
properties of free-choice Petri nets. This class of nets
has been used for the formalization of most process
modelling languages. We prove in this article that
profile consistency can be checked for sound freechoice Petri nets in O(n3 ) time with n being the
number of places and transitions.
The derivation of a behavioural profile and the calculation
of a degree of profile consistency have been implemented
to demonstrate the applicability of our approach. In
this article, we also report the findings from checking
consistency between partially overlapping process models
of the SAP reference model, a collection of industry
process models that describe the functionality of the SAP
business software.
The remainder of this article is structured as follows.
Section 2 illustrates the alignment of process models
using an example and discusses the weaknesses of
trace equivalence as a consistency criterion. Formal
preliminaries on Petri nets are introduced in Section 3.
In Section 4, we provide definitions and theorems on
behavioural profiles. Their application is illustrated in
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Fig. 1. Lead-to-Order scenario that is captured on two different abstraction levels

Section 5, where we define different consistency measures. customer to the closing of the deal. The purpose of these
We report on our findings of applying these measures to models can be seen in giving an intuitive overview of
the SAP reference model in Section 6. Finally, we review the major processing steps. Further on, branching points
related work in Section 7 and conclude in Section 8.
(e.g., if the offer was successful) that are of relevance for
decision making or performance evaluations are modelled
2 C ONSISTENCY BETWEEN A LIGNED P RO - explicitly. Without doubt, both models (A1) and (A2)
are very similar, as they contain exactly the same set
CESS M ODELS
of activities and control flow elements. However, we
In general, the alignment problem addresses the question
see that there is a slight semantic difference between
whether two process models are consistent given a set of
them. While in the lead-to-order scenario in model (A1)
correspondences between their elements. This problem
the analysis of competitors happens while the quote
can be further classified. Inspired by the notions of
is submitted in order to prepare for the negotiation
vertical and horizontal process integration [17], we also
phase, the corresponding activity happens while the
distinguish vertical and horizontal alignment depending
customer is contacted in model (A2). Here, information
on the assumed abstraction level of the respective process
on competitors is a preliminary step for the creation
models. Business-centred and technical process models
and submission of the quote. Thus, both models define
will typically assume different abstraction levels, which
different variations of the lead-to-order process that show
results in vertical alignment. Horizontal alignment, in
a horizontal alignment.
turn, is needed between different process variants on the
The third process model (B), depicted in the lower
same level of abstraction. Such variations might be due
to business strategies varying in different countries or for part of Fig. 1, describes the same business case more
different products, as well as differing legal obligations or fine-grained and from a different perspective. Instead
enterprise systems in use [18]. The issue of consistency for of focussing on the manual tasks to be done, model (B)
an alignment is, however, independent of the distinction depicts the scenario from the perspective of a supporting
of vertical and horizontal alignment. That is illustrated by IT-system. That is, the scope comprises invoked services
Fig. 1, which depicts three process models using BPMN. and the functionality provided by the system that is used
All models describe a lead-to-order process, which we to realise the lead-to-order process. Obviously, process
model (B) is highly related to the other two models, even
encountered in the course of an industry cooperation.
Both upper process models (A1) and (A2) can be seen though the differences are bigger than between models
as typical high-level process models. They depict the (A1) and (A2). Thus, we would not consider model (B)
major path of the process from the initial contact with the as a variant of the other processes due to the different ab-
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straction level and assumed perspective. However, model
(B) and the upper two models are aligned in a vertical
manner, which is manifested in corresponding activities.
These correspondences are highlighted using dash-dotted
lines between model (A2) and (B). Compared to the upper
models, we see that process instantiation semantics have
been specialised in the course of model refinement in
process model (B). That is, activity Get Contact of model
(A2) corresponds to one of the start events, Contact from
Marketing or Contact from Fair, respectively. Furthermore,
the activity of submitting a quote has been refined and
the possibility of receiving a requests for quote directly
has been considered. Another major difference is the
distinction of potential answers to the quote from the
customer. Here, not only the major path, but also the case
of a time out for the customer response is modelled.
Assessing the consistency of this scenario based on
common notions of behavioural equivalence does not
seem to be appropriate. Consider, for instance, the
application of trace equivalence. Applying this criterion
to check consistency of the horizontal alignment of the
upper models (A1) and (A2) is straight-forward and
yields a negative result. The submission of the quote
might happen before the analysis of competitors only in
model (A1) but not in model (A2). Arguably, the two
models are not free of contradictions. Nevertheless, the
high similarity of the two process variants is not reflected
in this Boolean result. In addition, an assessment of
the ratio of complete traces of one model that can be
mirrored in the other model, yielding the degree of trace
consistency, suffers from the same problem. First, both
models show infinite sets of traces due to the loop in the
process structure. Once the loop is neglected, still, various
execution sequences of each model cannot be mirrored
in the other model due to the different dependencies for
activity Analyse Competitors. That, in turn, highlights the
inappropriateness of the trace equivalence criterion or
the degree of trace consistency in order to investigate the
consistency of process variants.
Turning the focus towards the consistency of the
vertical alignment between the lower model (B) and the
upper two models, an application of the trace equivalence
criterion (or the degree of trace consistency, respectively)
raises various questions. In order to compare the set of
possible traces of both process models, first and foremost,
all parts that have been subject to projection (in either
direction) have to be discarded. An example would be
activity Schedule Call and its preceding timer event in
the lower model. As they have no counterparts in the
upper models, they are removed from the traces based on
which equivalence is decided. Secondly, correspondence
links between multiple activities have to be treated. It
is important to notice that such correspondences might
have different semantics. Consider the aforementioned
refinements of activity Get Contact and activity Submit
Quote of the upper models (A1) and (A2). The former
corresponds to one of the start events, whereas the latter
corresponds to both, activity Enter Quote Details and the

event Send Quote. Obviously, these different semantics
have to be taken into account when deciding trace
equivalence. In previous work, we already explicated
on the whole spectrum between a conjunction and a
disjunction of corresponding elements that might have
to be dealt with (e.g., an activity is split up into a set of
activities out of which an arbitrary subset might occur
in a certain trace) [19]. Even in case such refinements
are handled, the different instantiation and termination
semantics of both process models (caused by model
projections) violate trace equivalence and impact on the
degree of trace consistency. While the activity Get Contact
is part of every trace of process models (A1) and (A2),
none of the corresponding events has to be executed in
process model (B), owing the possibility to instantiate the
process via the event Request for Quote. Similarly, the third
end state in process model (B), i.e., the potential customer
has been contacted after 2 weeks, but they are no longer
interested, implies that neither activity Enter Loss Report,
nor activity File Contracts has to be executed in a complete
trace. In contrast, one of the corresponding activities
is required in every complete trace of process model
(A1) and (A2), respectively. Obviously, these projections
of activities (or complete process branches) are due
to the different modelling perspectives. For instance,
the aforementioned time out has been neglected in the
high-level process models (A1) and (A2), whereas it
is considered to be crucial for the IT-support depicted
in model (B). Therefore, we argue that behavioural
differences that stem from such projections should not
impact on the consistency assessment.
We summarise that none of the exemplary process
models are trace equivalent with respect to the corresponding activities. As solely a few out of all traces
of one model can be mirrored in a second model, the
degree of trace consistency of a pair of models will be low.
Therefore, we consider these notions to be inappropriate
in order to decide consistency in the context of vertical
and horizontal alignment.

3

P RELIMINARIES

For investigating process model consistency, we use
workflow (WF-) systems [20] as our formal grounding.
On the one hand, this class of Petri nets has been applied
for process modelling for over a decade [20]. On the
other hand, Petri net based formalisations have been
presented for (at least parts of) most common process
modelling languages, such as BPEL, BPMN, EPCs, YAWL,
and UML models. For instance, the Business Process
Execution Language (BPEL) has been formalised using
open workflow nets [21] and a subset of the Business
Process Modeling Notation (BPMN) is defined using
standard Petri nets in [22]. Such a Petri net might be
transformed into a WF-system, if there is a dedicated set
of end states. Moreover, there are various Petri net based
formalisations for Event-Driven Process Chains (EPCs)
(see [23]). Again, Petri nets derived from EPCs can be
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transformed into WF-systems, if there is an agreement on
instantiation semantics for certain ambiguous cases (e.g.,
multiple start events lead to an OR-join). Also YAWL
heavily relies on Petri net concepts [24]. In the context
of the Unified Modeling Language (UML), semantics
have also been defined for Sequence Diagrams based on
M-nets [25]. As an M-net requires one dedicated initial
marking and end marking, it might also be transformed
into a WF-system. A Petri net formalisation is also
available for UML Activity Diagrams [26].
A comparative survey of formalisations for BPMN,
EPCs, YAWL, and BPEL can be found in [27]. According
to the authors, the formalisation of OR-join constructs
and exception handling are hard to handle. The former
often cannot be modelled at all due to the need for nonlocal semantics (e.g., in BPMN). However, we will see
that for the computation of a behavioural profile, blockstructured OR-joins can be traced back to AND-joins,
which, in turn, enables formalisation using standard Petri
net constructs. Exception handling has been tackled for
BPMN and BPEL (cf., [21], [22]) using standard Petri
nets, whereas the formalisation of YAWL relies on reset
nets [24]. Still, formalising exception handling typically
does not yield WF-nets that show the free-choice property,
which we require for our efficient approach of computing
a degree of consistency based on behavioural profiles.
Based on [20], we recall some basic definitions. A net
is a tuple N = (P, T, F ) with P and T as finite disjoint
sets of places and transitions, and F ⊆ (P × T ) ∪ (T × P )
as the flow relation. The set of all preceding nodes for
x ∈ (P ∪ T ) is defined as • x := {y ∈ (P ∪ T ) | (y, x) ∈ F },
whereas x• := {y ∈ (P ∪ T ) | (x, y) ∈ F } denotes its
succeeding nodes. Further on, let F + be the transitive
closure of F , that is xF + y if there is a path from x to y.
The marking of a net is a bag over the set of places,
i.e., it is a function from P to the natural numbers. We
use the notation sj for the following markings. If j is a
place, sj is the marking that puts a token in j with no
tokens elsewhere. If j is a transition, sj is the marking
that puts one token in all places • j. A transition t ∈ T
is enabled in a marking s, denoted by (N, s)[ti, iff • t ≤ s.
Firing of t in s leads to a new marking s0 = s −• t + t• ,
denoted by (N, s)[ti(N, s0 ). A firing sequence of length
n ∈ N is a function σ : {0, . . . , n − 1} 7→ T that specifies
a sequence of transitions that can be fired in sequential
order (please refer to [20] for further details). The set of
all sequences of arbitrary length over T is denoted by
T ∗ . For a firing sequence σ = {(0, tx ), . . . , (n − 1, ty )} we
use σ = t0 , . . . , tn−1 as a short hand notation. Moreover,
we write tj ∈ σ, if tj is an element of the firing sequence.
A system S = (N, m) is given by a net N and an
initial marking m. The set of all reachable markings of
S is denoted by [N, mi. A workflow (WF-) net is a net
N = (P, T, F ) with a dedicated input place i ∈ P (it
is the only place p ∈ P with • p = ∅) and a dedicated
output place o ∈ P (it is the only place p ∈ P with
p• = ∅). In addition, the short-circuit net, derived by
inserting a transition between the initial and the final

place, N 0 = (P, T ∪{tc }, F ∪{(o, tc ), (tc , i)}) for N has to be
strongly connected. A workflow (WF-) system S = (N, [i])
is a system with N being a WF-net.
For the remainder of this article, we always assume
the net of a WF-system to be defined as N = (P, T, F )
without stating it explicitly. Workflow systems are means
to model process models, therefore, we use the terms
activity and transition synonymously.

4 B EHAVIOURAL
M ODELS

P ROFILES

OF

P ROCESS

In this section, we introduce the concept of a behavioural
profile and its calculation from a WF-system. The notion
of a behavioural profile provides the foundation to reason
about consistency of a pair of process models. As most
process modelling languages such as BPMN, EPCs, or
UML Activity Diagrams can be mapped to Petri nets (at
least partially), we can also derive the behavioural profile
for them. The general idea is to trace back the behaviour
of a process model to characteristic relations, which
capture dedicated behavioural aspects like exclusiveness
of a pair of activities or their order of potential occurrence.
These relations, in turn, yield the behavioural profile of
a process model. We dedicate Section 4.1 to a formal
definition of these relations. Afterwards, we investigate
the relation properties in Section 4.2 and show how
they can be derived efficiently in Section 4.3. Finally,
we explicate the differences between equivalence of
behavioural profiles and trace equivalence in Section 4.4.
4.1

Behavioural Relations

In general, we can distinguish three fundamental relations
between activities of a process model. The execution
of two activities might happen either in strict order,
exclusively, or in interleaving order. These relations state
potential dependencies. The actual execution of an activity
is not explicitly enforced. With respect to our formal
model, we capture these characteristic dependencies
as relations between WF-system transitions that are
identified based on the existence of a certain firing
sequence.
A similar, but not equivalent set of relations has been
proposed in the context of workflow mining [28]. We
base our definitions on the notion of an indirect weak
order dependency, whereas the ordering relations in [28]
are grounded on a direct sequential order. Here, a direct
dependencies refers to a relation that is defined for
activities that succeed each other without other activities
being executed in between. In the context of workflow
mining, causal dependencies in the sense of one activity
directly succeeding another are emphasized. As a result,
for instance, the notion of exclusiveness is restricted to
‘pairs of transitions that never follow each other directly’ [28].
In contrast, we aim at capturing exclusiveness also for
activities that might occur at different stages of a firing
sequence. Furthermore, we can build on more explicit
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information to derive the relations as we take process
models as a starting point, and not a set of traces (logs).
All of our behavioural relations are grounded on the
concept of weak order. Therefore, we first introduce the
weak order dependency as an auxiliary relation.
Definition 1 (Weak Order Relation): Let (N, [i]) be a WFsystem. The weak order relation  ⊆ T × T contains all
pairs (x, y), such that there exists a firing sequence σ =
t1 , . . . , tn with (N, [i])[σi, j ∈ {1, . . . , n−1}, and j < k ≤ n
for which holds tj = x and tk = y.
Based thereon, we define the first behavioural relation,
that is strict order, between two transitions.
Definition 2 (Strict Order Relation): Let (N, [i]) be a WFsystem. The strict order relation
⊆ T × T contains all
pairs (x, y) with x  y and y 6 x.

A

(a)

A

A

B

B

A

B

B

(c)

(b)

A

B

(d)

As mentioned before, the strict orFig. 3. Transitions in interleaving order
der relation enforces neither the ocA
currence of the first transition, nor
of the second transition. Thus, for
4.2 Properties of Behavioural Relations
the two transitions in Fig. 2, it holds
B
A
B. The second relation, which
The definition of the relations of the behavioural profile
captures the exclusive occurrence
implies their mutual exclusiveness. This property also
of two transitions is captured as Fig. 2. Strict order holds for the similar set of relations from workflow
follows.
mining [28].
Property 1: For any WF-system (N, [i]) holds that the
Definition 3 (Exclusiveness Relation): Let (N, [i]) be a
WF-system. The exclusiveness relation + ⊆ T × T contains behavioural relations , +, and || are mutually exclusive
and , −1 , +, and || partition T × T .
all pairs (x, y) with x 6 y and y 6 x.
Let −1 = {(y, x) ∈ T × T | x  y} the inverse relation
In order to capture the absence of any order between
the potential occurrences of two activities, we introduce for . Then, the property can be verified by the definition
of the behavioural relations as
=  \ −1 , −1 =
the interleaving order relation.
−1
−1
−1
Definition 4 (Interleaving Order Relation): Let (N, [i]) be  \ , + = (T × T ) \ ( ∪  ), and || =  ∩  .
This property holds also in
a WF-system. The interleaving order relation || ⊆ T × T
case
a WF-system shows becontains all pairs (x, y) with x  y and y  x.
A
B
C
havioural anomalies such as deadThe notion of transitions in interleaving order does not
locks (cf., Fig. 4). Even in case
necessarily imply the concurrent enabling of two transithe initial marking is a deadlock,
tions in a certain marking. For instance, two transitions
that is, there is not a single firing
that are preceded by an inclusive OR-split as illustrated
sequence, all transitions would be
by the (not sound) system in Fig. 3(a) will be in the
considered to be exclusive, i.e., + = Fig. 4. Deadlocking
interleaving order relation, i.e., A||B. One might also
WF-system
(T × T ) owing to  = −1 = ∅.
think of interleaving order based on the interleaving of
In the previous section, we saw
labelled transitions as depicted in Fig. 3(b). However, that,
that cyclic structures have a substantial impact on the bein turn, requires the definition of a WF-system to contain
havioural relations. For instance, two exclusive transitions
a labelling function that assigns labels to transitions. As
inside a cycle are considered to be in interleaving order,
a result the occurrence of a label in a trace might result
which is depicted in Fig. 3(c) and Fig. 3(d). Therefore,
from firing of different transitions. Such a labelling is not
we have to address the question of how these cycles are
part of our formal model, which excludes the systems in
reflected in the behavioural profile.
Fig. 3(b). Further on, interleaving order of two transitions
Property 2: For any WF-system (N, [i]) holds that a
might also result from cyclic structures. In Fig. 3(c) and
transition t ∈ T is either said to be exclusive to itself
Fig. 3(d), it also holds A||B, as the observable firing
(t + t) or in interleaving order to itself (t||t).
sequences contain both transitions in any order.
In order to verify this property, we have to consider
The three behavioural relations introduced above form two cases, (t, t) ∈  and (t, t) 6∈ . For the former it holds
the behavioural profile of a process model.
that (t, t) ∈  implies (t, t) ∈ −1 , which yields t||t. For
Definition 5 (Behavioural Profile): For a WF-system the latter, we have the opposite implication, i.e., (t, t) 6∈ 
(N, [i]) the set of behavioural relations BP = { , +, ||} implies (t, t) 6∈ −1 and, therefore, t + t. Consequently,
is referred to as the behavioural profile of (N, [i]).
the behavioural relations capture, whether a transition
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might occur at most once (t + t), or might be repeated
due to a control flow cycle (t||t). For instance, A + A in
Fig. 3(a) and A||A in Fig. 3(c).
4.3 Deriving the Behavioural Relations
The relations of the behavioural profile follow directly
from the weak order relation, which requires the existence
of a certain firing sequence. Such a firing sequence is one
path in the reachability graph of the system. Therefore,
the whole state space of the system has to be considered,
which is well-known to require exponential space and
time for arbitrary Petri nets [29], [30].
However, for a dedicated class of systems, that is sound
free-choice WF-systems, a different approach can be taken
to determine the behavioural profile. Before we describe
the approach, we recall basic definitions for this class of
systems.
According to [31], a net N = (P, T, F ) is free-choice,
if (p, t) ∈ F implies • t × p• ⊆ F for every place p and
transition t. A system (N, [i]) is free-choice, if N is freechoice. A system (N, [i]) is live, if for every reachable
marking s ∈ [N, [i]i and t ∈ T , there is a marking
s0 ∈ [N, si such that (N, s0 )[ti. A system (N, [i]) is bounded,
iff the set of reachable markings [N, [i]i is finite. It has
been shown that liveness and boundedness are closely
related to the soundness criterion, which requires a WFsystem (1) to always terminate, and (2) to have no dead
transitions (note that proper termination is implied for
WF-systems) [32]. In fact, a system is sound, if and
only if the corresponding short-circuit system is live
and bounded [32]. Further on, there is an important
dependency between the structure of a sound free-choice
system and its semantics. That is, the existence of a path
from a place q to a place p with sp being a home marking
(a marking which is reachable from every marking
reachable from the initial state) implies the existence
of a firing sequence containing all transitions on the path
between q and p (Lemma 4.2 in [33]). Due to liveness of
the short-circuit system (N 0 , [i]), all markings reachable
from the initial state [i] in N are home markings in
(N 0 , [i]).
We start by deriving the interleaving order relation. We
first define an auxiliary relation that captures concurrent
enabling of two transitions.
Definition 6 (Concurrency Relation): Let (N, [i]) be a
WF-system. The concurrency relation ||c ⊆ T × T contains
all pairs (x, y) with x 6= y, such that there is a reachable marking s ∈ [N, [i]i that enables both transitions
concurrently, i.e., s ≥ sx + sy .
As mentioned above, interleaving order does not
enforce concurrent enabling of two transitions. In contrast,
the concurrency relation requires concurrent enabling,
for instance A||c B in Fig. 3(a), but not in Fig. 3(c).
Nevertheless, there is the following dependency between
both relations.
Lemma 1: For any free-choice system holds, every pair
of transitions that is concurrent is also in interleaving
order.

Proof: Let (N, [i]) be a free-choice system, x, y ∈ T ,
and x||c y. From the latter, we know that there is a marking
s ∈ [N, [i]i with s ≥ sx + sy . Therefore, there are two
possible firing sequences (N, s)[xyi and (N, s)[yxi, which
yields x  y and y  x, in other words interleaving order.
Further on, we can relate structural dependencies
of transitions in sound free-choice systems to the behavioural relations. For (N, [i]) as a sound free-choice
system, we say that two transitions x, y ∈ T are cyclic
dependent, if xF + y and yF + x. They are structurally ordered,
+
+
if xF + y and y
F
x, and structurally exclusive, if x
F
y and
+

y
F x.
Lemma 2: For any sound free-choice system holds, for
every two transitions that are not concurrent, interleaving
order and cyclic dependency coincide.
Proof: Let (N, [i]) be a sound free-choice system, x, y ∈
T , and x||c y.
+
⇒ Let x||y and assume x
F
y. From x||y we know x 
y, which, in turn, implies the existence of a firing
sequence containing x and y. Let s1 , s2 ∈ [N, [i]i
be the markings before and after firing of x, i.e.,
+
(N, s1 )[xi(N, s2 ). Due to x
F
y, all places x• cannot
impact on the enabling of y. Therefore, there must
be a marking
P s3 ∈ [N, s2 i enabling y for which holds
s3 ≥ sy + p∈x• (sp ). In other words, s3 is reachable
from s2 , marks all places x• , and enables y. As a
consequence, there must also be a marking s4 from
which s3 is derived by firing of x, (N, s4 )[xi(N, s3 ).
Then, s4 ≥ sx + sy . That yields a contradiction, as we
+
required x||c y. The assumption of y
F
x results in the
same contradiction, due to the mirrored argument.
⇐ From xF + y and yF + x we know that, due to the
soundness and the free-choice property, there must
be a firing sequence containing both transitions in
either order (cf., Lemma 4.2 in [33]), x  y and y  x.
Thus, both transitions are in interleaving order.
Structural exclusiveness can also be related to the
behavioural relations for sound free-choice systems.
Lemma 3: For any sound free-choice system holds, for
every two transitions that are not concurrent, exclusiveness and structural exclusiveness coincide.
Proof: Let (N, [i]) be a sound free-choice system, x, y ∈
T , and x||c y.
⇒ Let x + y and assume xF + y. From x + y we know
x 6 y. As the system is sound, x must not be a
dead transition. Let s1 , s2 ∈ [N, [i]i be the markings
before and after firing of x in some firing sequence,
(N, s1 )[xi(N, s2 ). Again, xF + y implies a firing sequence containing x and y due to the soundness
and the free-choice property. In other words, there
is a marking s3 ∈ [N, s2 i with s3 ≥ sy , i.e., y is
enabled. That yields a contradiction with x 6 y. The
same holds true for the mirrored argument under
the assumption of yF + x.
+
⇐ Let x
F
y and assume x  y. Again, x must not be
a dead transition (soundness property). Thus, it is
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contained in some firing sequence and there are two
markings s1 , s2 ∈ [N, [i]i before and after firing of x.
In order to meet x  y, still, there has to be a marking
+
s3 ∈ [N, s2 i that enables y. As above, x
F
y implies
•
that all places x cannot impact on the enabling
of y. Thus, the marking s3 might enable
P y while
marking all places x• as well, s3 ≥ sy + p∈x• (sp ).
Consequently, there is a marking s4 from which s3
is derived via firing of x, (N, s4 )[xi(N, s3 ). Then,
s4 ≥ sx + sy which is not in line with x||c y. Again,
the argument can be mirrored for the assumption of
y  x. As both assumptions, x  y and y  x lead
to contradictions, we know that x + y.

A

B

Theorem 1: Given a sound free-choice system and its
concurrency relation, the behavioural profile can be
calculated from the transitive closure of the flow relation.

C

B

C

Fig. 5. Equal behavioural profiles, but not trace equivalent

4.4
Finally, we are able to state that the behavioural
relations can be derived from the concurrency relation
and the flow relation.

A

Behavioural Profiles vs. Trace Equivalence

After we introduced behavioural profiles, we investigate
their relation to the notion of trace equivalence. In
particular, two aspects that impact on the set of possible
traces are not captured in the behavioural profile.
First, the weak order relation and, therefore, all behavioural relations, is based on the existence of a firing
sequence containing certain transitions. Whether or not
a transition is obligated to occur at a certain point is,
however, not captured. Of course that might result in
different traces.

Proof: Interleaving order is given by concurrency and
cyclic dependency according to Lemma 1 and Lemma 2.
Exclusiveness can be derived from the flow relation as
well (Lemma 3). It remains to be shown how strict order
can be derived from the transitive closure of the flow Consider, for instance, transition A in Fig. 5. This transirelation. Let (N, [i]) be a sound free-choice system, x, y ∈ tion might be skipped in the system on the left-hand side,
+
T , xF + y, and y
F
x. From xF + y, we know x  y (cf., ⇐ which yields traces that commence with the occurrence
+
of the proof of Lemma 2). Now consider y
F
x. If we of B or C. These traces are not possible in the system
assume y  x, we get that both transitions are required on the right-hand side, in which all traces start with the
to be concurrent, y||c x (cf., ⇐ of the proof of Lemma 3). occurrence of A.
As the concurrency relation is given, we can exclude
The second aspect that is not captured by the bethese pairs of transitions, such that for all remaining havioural profile, are transition cardinalities in traces.
+
pairs y
F
x implies y 6 x. Finally, from x  y and y 6 x Although the behavioural profile specifies whether a
follows x
y. This means that strict order can also be transition might occur at most once or whether it might
derived from the transitive closure of F .
occur multiple times, dependencies between the occurBased thereon, the behavioural profile can be calculated rence cardinalities of two transitions are neglected. Again,
very efficiently for sound free-choice systems.
this is illustrated by Fig. 5. In both systems, transitions
Corollary 1: Given a sound free-choice WF-system, the B and C are part of a loop. However, in the system
behavioural profile can be derived in O(n3 ) with n as on the left-hand side, only one transition might occur
per loop iteration, whereas the other system enforces
the number of transitions and places of the system.
the occurrence of both transitions per iteration. As a
Proof: For any free-choice system the concurrency consequence, the latter allows solely for traces, in which
relation can be calculated in O(n3 ) with n as the number at most two occurrences of B (or C, respectively) follow
of transitions and places of the system according to [34]. on each other directly.
Further on, the transitive closure for the flow relation
Thus, the example in Fig. 5 illustrates that the equivis well-known to be computable in O(n3 ) as well [35].
alence
of behavioural profiles does not imply trace
According to Theorem 1 this suffices to derive the
equivalence.
However, we observe the following.
behavioural profile.
Property 3: Every two WF-systems that are trace equivThe requirements for the application of our approach
alent
have the same behavioural profile.
can also be decided in polynomial time. The free-choice
property can be decided solely based on the structure
of the system, i.e., the flow relation. On the other
hand, soundness can be traced back to liveness and
boundedness, which can also be decided in polynomial
time for free-choice WF-systems [32].

This property follows directly from the definition of the
behavioural relations. Two systems having the same set
of traces will end up with the same weak order relation,
as it requires the existence of a certain trace. That, in turn,
results in equivalent relations of the behavioural profiles.
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5 C ONSISTENCY M EASURES
P ROCESS M ODELS

FOR

A LIGNED

The previously defined concept of a behavioural profile
allows us to formally discuss the notion of a degree of
profile consistency between a pair of process models.
Section 5.1 introduces the concept of a correspondence
relation that defines an alignment between activities of
two process models. We will then use the classical notion
of trace equivalence, which we extend to trace consistency,
as a benchmark. Accordingly, this section introduces two
types of consistency notions between aligned process
models. In Section 5.2, we show how the trace equivalence criterion can be applied in the alignment setting.
Subsequently, Section 5.3 defines a consistency measure
grounded on the notion of behavioural profiles. Finally,
Section 5.4 elaborates on the interpretation of this degree.
5.1

The Notion of Correspondences

variations of a process results in a correspondence relation
that is injective in both directions. Due to an equal
abstraction level, there are solely 1:1 correspondences
between activities. In contrast, vertical alignment imposes
no restriction on the cardinality properties of the correspondence relation.
Any degree for alignment consistency measures the
quality of correspondences between process models.
Solely activities that are aligned by the correspondence
relation are considered. Hence, we define the sets of
aligned transitions for two aligned models as follows.
Definition 8 (Aligned Transitions): Let
(N1 , [i1 ])
and (N2 , [i2 ]) be two WF-systems and ∼ a
correspondence relation between them. The set of
aligned transitions T1∼ ⊆ T1 for (N1 , [i1 ]) is defined as
T1∼ = {t1 ∈ T1 | ∃ t2 ∈ T2 [ t1 ∼ t2 ]}. The set T2∼ for
(N2 , [i2 ]) is defined analogously.
With respect to our example in Fig. 6, the set of aligned
transitions is given as T1∼ = {A, C} for the model 6(a)
due to transition B having no counterpart in the second
model. For the model 6(b), all transitions are aligned, i.e.,
T2∼ = {A1, A2, C1, C2}.

Before we define the consistency measures, first and
foremost, we have to introduce the concept of an alignment according to our formal model. It is captured by
a correspondence relation that specifies an alignment
between transitions of two WF-systems. A transitions is 5.2 Consistency based on Trace Equivalence
said to be aligned, if it is related to some corresponding
As a benchmark for our consistency analysis, we define a
activity by a correspondence relation.
Definition 7 (Correspondence Relation): Let
(N1 , [i1 ]) notion of consistency based on the trace equivalence criand (N2 , [i2 ]) be two WF-systems. The correspondence terion. First, we adapt the trace equivalence criterion for
relation ∼ ⊆ T1 × T2 aligns both systems by relating model alignments yielding the notion of trace consistency.
corresponding transitions to each other, such that ∼ 6= ∅. Second, the degree of trace consistency is introduced
Depending on the cardinality constraints that are based on the amount of traces of one model that have a
inducted by the correspondence relation, we distinguish counterpart in the other model. We already mentioned in
the following types (cf., alignment cardinalities from Section 2 that the application of trace equivalence in an
the field of ontology matching [36]). A correspondence alignment setting requires that all parts that have been
relation ∼ between two WF-systems S1 = (N1 , [i1 ]) and subject to projection are discarded. Therefore, we define
how the projection implied by a certain correspondence
S2 = (N2 , [i2 ]) is said to be
relation is applied to a firing sequence of one of the
• total from S1 to S2 , if ∀ t1 ∈ T1 [ ∃ t2 ∈ T2 [ t1 ∼ t2 ]],
aligned WF-systems. For two WF-systems (N1 , [i1 ]) and
• injective from S1 to S2 , if ∀ (ta , tx ), (tb , ty ) ∈ ∼ holds
(N
2 , [i2 ]) that are aligned by ∼ and a firing sequence
(tx = ty ) ⇒ (ta = tb ),
σ
⊆
T1∗ of (N1 , [i1 ]) we define a short-hand notation for
• bijective, if it is total from both S1 and S2 , and
all
aligned
transitions that are part of σ up to index j,
injective from one of them.
∼
∼
such
that
T
σ|j = {tx ∈ σ | x < j ∧ tx ∈ T1 }.
For instance, assume that
Definition 9 (Projected Firing Sequence): Let
(N1 , [i1 ])
both WF-systems in Fig. 6 have
A1
A2
and (N2 , [i2 ]) be two WF-systems aligned by ∼ and
A
been aligned as indicated by the
A1
A2
A
σ ⊆ T1∗ a firing sequence of length n. The projected
transition labels, e.g., A ∼ A1
firing sequence σ ∼ for σ contains all aligned transitions,
and A ∼ A2. In this case, the cor∼
S|Tσ|n
|
B
B
i.e., σ ∼ =
(i, ti ) with ti ∈ T1∼ , such that
respondence relation is injective
i=0
C1
C2
∼
B1
B2
∃ j ∈ N [ (j, ti ) ∈ σ ∧ i = |Tσ|j
| ].
from model 6(a) to model 6(b),
CC
Again, we illustrate the notion of projected firing
but not from model 6(b) to
sequences by the examples in Fig. 6. For instance, the
model 6(a). In contrast, the relamodel 6(a) defines a reachable firing sequence σ =
tion is total from model 6(b) to
(a)
(b)
{(0, A), (1, B), (2, C)}. Transition B is not aligned, hence,
model 6(a), but not vice versa.
the respective projected firing sequence is defined as
The distinction between vertical and horizontal alignment Fig. 6.
Correspon- σ ∼ = {(0, A), (1, C)}. For any firing sequence that does
as introduced in Section 2 is dence relation is not in- not contain any aligned transition, the projected firing
reflected in the cardinality prop- jective from 6(b) to 6(a) sequence is an empty sequence.
erties of the correspondence reBased thereon, the trace equivalence criterion can be
lation. That is, horizontal alignment between different applied in an alignment setting. However, a reasonable
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application is possible only in case of horizontal alignment, which requires the correspondence relation to
be injective in both directions. That is due to the fact
that for 1:n (or even n:m) correspondences behavioural
semantics of the aligned group of activities are subject to
interpretation. That is illustrated by the alignment of the
aforementioned models in Fig. 6. Obviously, occurrence of
A in the model in Fig. 6(a) corresponds to the occurrence
of either A1 or A2 in the model in Fig. 6(b), whereas
the occurrence of C corresponds to the occurrence of
both, C1 and C2. While this example illustrates solely the
conjunction and disjunction of groups of corresponding
activities, there might be more complex dependencies in
the general case. That, in turn, raises the question, how
these dependencies can be extracted in an efficient way.
Therefore, we neglect these kinds of correspondences and
focus on consistency of horizontal alignments.
A trace consistent alignment requires all reachable
projected firing sequences of one model to have a
corresponding sequence in the other model. Thus, two
firing sequences σ1 , σ2 of two WF-systems (N1 , [i1 ])
and (N2 , [i2 ]) that are aligned by ∼ are corresponding
under ∼, denoted by σ1∼ ' σ2∼ , iff σ1∼ = σ2∼ = ∅ or
∀ ti ∈ σ1∼ [ ∃ tj ∈ σ2∼ [ i = j ∧ ti ∼ tj ]].
Definition 10 (Trace Consistency of Alignment): Let
(N1 , [i1 ]) and (N2 , [i2 ]) be two WF-systems with initial
places i1 and i2 , and final places o1 and o2 , respectively.
Let they be aligned by ∼. The alignment specified by ∼
is trace consistent, iff for every firing sequence σ1 with
(N1 , [i1 ])[σ1 i(N1 , [o1 ]) and σ2 with (N2 , [i2 ])[σ2 i(N2 , [o2 ])
there is a firing sequence σx with (N2 , [i2 ])[σx i(N2 , [o2 ])
and σy with (N1 , [i1 ])[σy i(N1 , [o1 ]), such that σ1∼ ' σx∼
and σ2∼ ' σy∼ .
According to Definition 10 the trace
consistent alignment
AA
BB
CC
is based on firing sequences leading from
the initial state to the
B
CB
BA
B
B
final state, instead of
considering all reachB
B(c)
(a)
(b)
able firing sequences.
That is due to the fact
the projection might Fig. 7. Projection might result in
result in empty se- empty sequences
quences. Of course,
preservation of such an empty sequence is reasonable
solely in the case the final state has been reached by the
sequence. That is illustrated in Fig. 7, which depicts three
models that are aligned according to their transition labels.
In model 7(a), there is a reachable firing sequence containing just the transition A. Obviously, projection would
result in an empty sequence for this firing sequence.
Such an empty sequence does not exist for model 7(b).
However, as the firing sequence containing only the
transition A does not lead to the final state it is not
required to be preserved. Thus, models 7(a) and 7(b)
show a trace consistent alignment. In contrast, model 7(c)

A
A

A

A
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B
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A
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E

A
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A
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C
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D

D
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D

D1
D1

(b)

D1

D2
D2

D2

(c)

Fig. 8. Exemplary alignment setting

is not consistent with the other two models as it allows
for a firing sequence from the initial to the final state that
does not contain any aligned transition. For this sequence,
there is no counterpart in the other two models.
We further illustrate the application of trace consistency
in Fig. 8. Concerning models 8(a) and 8(b) the projected
firing sequences of both models are equal. Thus, both
models show a trace consistent alignment. For the model
pairings 8(a) and 8(c), as well as 8(b) and 8(c) the criterion
is not applicable, as the correspondence relation is not
injective in either direction (D ∼ D1 and D ∼ D2).
Even if transition D would be ignored, the alignment
would not be trace consistent, as model 8(c) allows
for a projected firing sequence starting with transition
C, whereas skipping of the aligned transition A is not
possible in the other two models.
With respect to our initial example in Fig. 1, only
the horizontal alignment between the model (A1) and
(A2) can be evaluated. The vertical alignment between
model (B) and the upper models (A1) and (A2) does
not meet the requirements of a correspondence relation
that is injective in both directions. In order to apply
our definitions, we first have to map the BPMN models
into our formal model. We do not go into the details of
such a mapping, but refer the reader to [22] for more
information. The processes (A1) and (A2) depicted in
Fig. 1 can be represented as free-choice WF-systems, as
we know all start and end events to be exclusive. Deciding
trace consistency for the alignment between the model
(A1) and (A2) leads to a negative result. Obviously, in
model (A1) activity Analyse Competitor might happen after
Submit Quote, which is not possible in model (A2).
The notion of trace consistency according to Definition 10 shows how the trace equivalence criterion can
be applied to judge about consistency of aligned process
models. In the same vein, the ratio of traces of one model
that can be mirrored in the second model and all firing
sequences can be used to quantify the consistency in a
straight-forward manner under the assumption of finite
sets of traces, cf., [37]. In the following definition, we
assume the WF-systems to be bounded and acyclic, which

A

E
E
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(1.) tx R1 ty ⇒ ts R2 tt or
(2.) tx ∼ tt and ty ∼ ts .
The set CT2∼ for (N2 , [i2 ]) is defined analogously.
Preservation of the behavioural relation is only required in case there are no overlapping correspondences.
Imagine that two transitions tx and ty in one model are
associated with sets of transitions in the other models,
e.g., tx ∼ ts , tx ∼ tt , ty ∼ ts , and ty ∼ tt . This case might
be interpreted as an n:m correspondence between two
sets of transitions. Imagine that tx and ty would be in
strict order. That, in turn, would require ts
tt and
∼
∼
∼
∼
∼
∼
|{σx ∈ T | ∃ σy ∈ T [ σx ' σy ]}|
.
T C∼ =
tt
ts , which cannot be satisfied. Hence, it is reasonable
∼
∼
|T1 | + |T2 |
to neglect the behavioural relation in such cases (cf., the
For the example models given in Fig. 7, we see that second condition in Definition 12).
the trace consistency of models 7(a) and 7(b) implies a
With respect to the examples in Fig. 8 it is easy to see
degree of trace consistency of T C ∼ = 1.0. For models 7(a) that all pairs of aligned transitions are also consistent
2
and 7(c), in turn, the degree equals T C ∼ = 1+2
≈ 0.667 with respect to their behavioural relation. For instance,
owing to one complete trace of model 7(c) that cannot the strict order relation between transitions A and D in
be mirrored in model 7(a). The same degree value is model 8(a) is preserved for transition pair A and D1, as
observed for the model pair 7(b) and 7(c).
well as A and D2 in model 8(c). In addition, in all three
For the models in Fig. 8, the degree of trace consistency models it holds C||C. That is, C might occur multiple
cannot be computed. All these models have infinite sets times during execution.
of traces. The two models (A1) and (A2) of our initial
Similar to the degree of trace consistency defined in the
example in Fig. 1 cannot be assessed for the same reason. previous section, the ratio between the transition pairs
When considering solely the first part of both models that are aligned in a consistent manner and all aligned
(until reaching the branching point on whether the offer pairs can be used as a consistency measure.
has been successful), we see that halve of the traces of
Definition 13 (Degree of Profile Consistency of Alignment):
both models can be mirrored by the other model, yielding Let (N1 , [i1 ]) and (N2 , [i2 ]) be two WF-systems aligned
2
a degree of trace consistency of T C ∼ = 2+2
= 0.5.
by ∼. The degree of profile consistency of ∼ is defined as

guarantees a finite set of traces.
Definition 11 (Degree of Trace Consistency): Let
(N1 , [i1 ]) and (N2 , [i2 ]) be two bounded acyclic WFsystems with initial places i1 and i2 , and final places
o1 and o2 , respectively. Let they be aligned by ∼. Let
T1∼ and T2∼ be the sets of projected firing sequences,
such that σ1∼ ∈ T1∼ and σ2∼ ∈ T2∼ , iff there are firing
sequences σ1 and σ2 with (N1 , [i1 ])[σ1 i(N1 , [o1 ]) and
(N2 , [i2 ])[σ2 i(N2 , [o2 ]), respectively. With T ∼ = (T1∼ ∪T2∼ ),
the degree of trace consistency induced by ∼ is defined as

5.3

Consistency based on Behavioural Profiles

PC ∼ =

|(T1∼

|CT1∼ | + |CT2∼ |
.
× T1∼ )| + |(T2∼ × T2∼ )|

In general, our notion of consistency based on beThe degree of profile consistency considers all relations
havioural profiles, i.e., profile consistency, is grounded on
of
the behavioural profile to be equally important. While
the preservation of behavioural relations for correspondwe
consider this to be appropriate in our context, these
ing activities. In contrast to the notion of a trace consistent
relations
might be weighted in a different setting. For inalignment, it does not require the correspondence relation
stance,
for
the use case of checking compliance of process
to be injective. Instead, it allows for 1:n (and even n:m)
models
and
process logs based on behavioural profiles,
correspondences. Therefore, this notion can be applied
the
exclusiveness
relation might be weighted higher than
to vertical as well as horizontal alignments. In addition,
the
interleaving
order
relation. The former completely
we are able to measure the degree of profile consistency.
In order to specify the degree of behaviour that is disallows the joint occurrence of two transitions, whereas
preserved by an alignment, we define two sets of consis- the latter does not even enforce any order of occurrence.
Using this definition we are now able to quantify
tently aligned transition pairs, one for each of the aligned
WF-systems. These sets contain all pairs of transitions the degree of profile consistency for the examples. As
that are aligned by a correspondence relation, such that mentioned before, all aligned transition pairs for the
their relation of the behavioural profile is preserved. models in Fig. 8 are consistent. This yields a degree of
With R1 ∈ { , −1 , +, ||} and R2 ∈ { , −1 , +, ||} as profile consistency of PC ∼ = 1.0 for all model pairings.
We mentioned above that the processes (A1) and (A2)
the respective behavioural relations for two WF-systems
(N1 , [i1 ]) and (N2 , [i2 ]), we define the sets of consistent depicted in Fig. 1 can be represented as free-choice WFsystems. The same holds true for process (B), for which
transition pairs as follows.
Definition 12 (Consistent Transition Pairs): Let (N1 , [i1 ]) the deferred choice is modelled as non-determinism. This
and (N2 , [i2 ]) be two WF-systems aligned by ∼. The set allows for efficient derivation of the behavioural profile.
Each of the upper two models (A1) and (A2) consists
of consistent transition pairs CT1∼ ⊆ (T1∼ ×T1∼ ) for (N1 , [i1 ])
of 7 aligned activities, i.e., |(T ∼ × T ∼ )| = 49 for both
contains all transition pairs (tx , ty ), such that
∼
• if tx = ty , then ∀ ts ∈ T2 with tx ∼ ts it holds
models, whereas model (B) contains even 10 aligned
tx R1 tx ⇒ ts R2 ts
activities, which yields |(T ∼ × T ∼ )| = 100. An analysis
∼
• if tx 6= ty , then ∀ ts , tt ∈ T2 with ts 6= tt , tx ∼ ts ,
of models (A1) and (A2) reveals that for four pairs of
and ty ∼ tt it holds either
activities the relations of the behavioural profile are not
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consistent. That is, the activity pairs (Analyse Competitors
- Contact Customer) and (Analyse Competitors - Submit
Quote) along with the reversed pairs have different
behavioural relations in both models. Therefore, the
degree of profile consistency for the horizontal alignment
45+45
≈ 0.918. For the vertical alignment
is PC ∼ = 49+49
between models (A1) and (B), we see that in model
(A1) the same four activity pairs are inconsistent. Out
of the 100 aligned activity pairs in model (B), 6 pairs
are inconsistent with respect to the model (A1), e.g., (Get
Counter Offer History - Send Quote). That, in turn, yields
45+94
a degree of profile consistency of PC ∼ = 49+100
≈ 0.933
for the models (A1) and (B). Regarding the alignment
of models (A2) and (B) the degree of profile consistency
is PC ∼ = 49+100
49+100 = 1.0 as the behavioural relations are
preserved for all aligned pairs of transitions. We conclude
that the alignment is completely consistent solely for the
models (A2) and (B). However, the degree of profile
consistency for the other alignments indicates that there
are only minor deviations for these cases.

inconsistency directly in case of only a few inconsistent
profile relations (e.g., caused by an interchanged order of
two activities in a sequence), it might be inappropriate if
a big number of profile relations is inconsistent. Imagine
two process models containing a set of aligned activities
in sequential order and assume that one of these activities
in one model would now be moved to a branch that is
executed concurrently to the remaining activities. Then,
all behavioural relations between this activity and the
remaining activities would be inconsistent, such that
feedback on the set of activities that show inconsistent
relations would be of little help. Instead, we would
consider the biggest subset of aligned activities that show
consistent behavioural relations among each other to
be valuable feedback on the observed inconsistencies.
For the aforementioned case, the single activity having
inconsistent relations with all other activities might be
identified by this approach.

6 C ASE S TUDY: C ONSISTENCY OF THE SAP
5.4 Interpretation of Profile Consistency
R EFERENCE M ODEL
As exemplified in the previous section, the degree of profile consistency ranges between 0 and 1.0 for two process In order to evaluate the appropriateness of our consismodels and a correspondence relation. Still, a degree of tency measure based on behavioural profiles, this section
1.0 does not imply that both models are (projected) trace presents a case study based on SAP reference model (refer
equivalent. This stems from the fact that the underlying to [38] for further information). This reference model
behavioural profile represents a behavioural abstraction, describes the functionality of the SAP R/3 system in its
cf., Section 4.4. Following on the argumentation given version 4.6 and comprises 604 process diagrams modelled
in Section 2, we argue that the projection of activities as EPCs. These diagrams are expanded to 737 EPC models
should not impact on the consistency assessment. As as some diagrams contain multiple disconnected EPCs.
a consequence, projections might result in two models The EPC models capture different functional aspects of
having a degree of profile consistency of 1.0, even though an enterprise, such as sales or accounting. However, the
models are not fully orthogonal. That is, various models
they are not trace consistent.
Apparently, the degree of profile consistency quan- show an overlap, such that events and functions with
tifies the quality of an alignment with respect to the identical labels occur in multiple models. A consistency
order of potential activity occurrences. A degree of 1.0 analysis can help to determine those model pairs that
guarantees that all these constraints are equal for the can be easily integrated. It is well established that such
aligned activities of two models. A degree of 0.9, in turn, redundancies can lead to similar anomality problems as
indicates that the constraints on the order of potential known from database research [39]. Models with a high
activity occurrences are equal solely for 90% of the degree of consistency might therefore be good candidates
relations between aligned activities. As the degree of for integration in order to resolve redundancies in the
profile consistency measures the quality of the alignment, model collection. Partially overlapping process variants
its definition is independent of the coverage of the process can be aligned vertically according to their labels. Based
models by the correspondence relation (i.e., the share thereon, we are able to apply the aforementioned conof activities in both models that are aligned). Based on sistency measures for pairs of models. Naturally, these
the degree of profile consistency, consistency thresholds models should show a high alignment consistency as
might be defined. However, we assume these thresholds the different processes describe the same underlying ITfunctionality. In addition, the models have been created
to be highly dependent on a specific project setting.
Once a degree of profile consistency below 1.0 is by a rather small group of process modellers with a
observed, the question of how to locate the source of similar professional background and within the same
inconsistency has to be addressed. According to our organisational unit of a single company. That, in turn,
approach, inconsistencies manifest themselves in different eliminates various sources of inconsistencies that might
relations of the behavioural profile of two process models be observed in different contexts.
for a pair of aligned activities. This information can
The reference model consists of EPCs for which our
directly be provided to business analysts and system measures are not directly applicable. Therefore, Section 6.1
analysts in order to judge on the necessity of the inconsis- summarises our preprocessing of the reference model,
tency. While this kind of feedback allows for locating the which deals with the mapping to free-choice WF-systems
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Fig. 9. Preprocessing of EPCs incorporates model selection, model normalisation, and model transformation

and exclusion of erroneous models. Subsequently, Section 6.2 introduces the results of our consistency analysis
and Section 6.3 discusses the results.

Fig. 9. The EPC model (taken from [42]) in the upper
left corner is not selected as the question whether the
event E2 is needed for instantiation cannot be answered
at design time. Instead, it depends on the state of the
process instance that, in turn, impacts on the branching
6.1 Preprocessing of the Reference Model
The preprocessing of the SAP reference model for our at the XOR connector.
From the initial set of 737 EPCs, we removed models
purposes incorporates three steps: model selection to
for
the following reasons.
exclude incorrect models, model normalisation to match
•
Triviality. 23 models consist of solely one node and
WF-system topology, and model transformation to WFcan, therefore, not be used in behavioural consistency
systems. These steps are illustrated in Fig. 9, which
analysis.
depicts the preprocessing for two exemplary EPCs. In
• Syntax errors. 4 models have syntax errors that
general, EPCs consist of events (represented as hexagons)
preclude any reasonable interpretation.
specifying the process state, functions (represented as
• Semantical errors. 84 models contain deadlocks or
rounded rectangles) modelling activities, and connectors
livelocks.
(represented as circles) that are used to implement the
• Ambiguous instantiation semantics. 169 models do
control flow logic. That is, they are used to specify
not have a start join.
convergence or divergence of control flow.
Some models meet more than one of these criteria.
Model selection. It is well-known that the SAP reference model contains models that are erroneous [40], Consequently, our selection yields a sample of 511 models
[41]. These models contain deadlocks or livelocks, or for the consistency analysis.
even syntactical errors that preclude any reasonable
Model normalisation. The first normalisation step
interpretation. An example for the latter is an EPC with aims at deriving a single start event for all EPCs that
events or functions with more than one incoming or contain multiple start events. As mentioned above, we
outgoing flow arc. As stated above, convergence and selected solely models that contain a start join as they
divergence of control flow has to be realised by connectors have unambiguous instantiation semantics. For these
in EPCs. Hence, semantics for multiple arcs leading to models, a single start event might be introduced by
or starting at a function or an event is not defined. mirroring the control flow logic between the start events
However, we ignore syntax errors that do not impact and the minimal start join. A start join is minimal, if
on the behavioural semantics (e.g., a connector with one for all paths from the join to an end event holds that
incoming and one outgoing flow arc). In addition, various the path does not contain another start join. Again, the
models have ambiguous instantiation semantics [42]. That normalisation of start events is illustrated in Fig. 9. Two
is, these models have multiple start events, but do not auxiliary nodes S1 and S2 are introduced, such that the
contain a so called start join. Such a start join is ‘a join event S1 is now the unique start event of the process. The
connector such that for every other node n in the EPC there same approach is taken for multiple end events, such that
is either a path from n to the start join or a path from it all models have a dedicated start event and a dedicated
to n.’ [42]. An EPC without start join is illustrated in end event after the first normalization step. For obvious
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reasons, all nodes introduced as part of the normalisation
(e.g., S1 and S2 in Fig. 9) are neglected when we
match equal labels in order to establish correspondences
between different models.
In a second normalisation step, OR connectors in the
EPCs are handled. In contrast to the first step, handling
of OR connectors is applied solely for the analysis of
profile consistency. The relations of the behavioural
profile are all based on the weak order relation. This
elementary relation captures the fact whether or not
there is a trace containing two activities in a certain
order. Therefore, the difference between a parallel and
an inclusive OR splitting of control flow does not impact
on the behavioural relations. As a consequence, we can
replace all splitting OR connectors in the EPCs with
splitting AND connectors. Further on, we also replaced
the corresponding merging OR connectors to merging
AND connectors for all block-structured regions. That is,
whenever all incoming paths of a merging OR connector
originate from a single splitting OR connector, both are
replaced with AND connectors. Fortunately, all selected
models contain only block-structured OR connectors.
Thus, none of the models consists of an OR connector
after the second normalisation step. Note again that the
second normalisation step is not applied if we check an
alignment for trace consistency, as replacing OR by AND
connectors obviously impacts on the set of reachable
firing sequences.
Model transformation. The transformation of EPCs
to Petri nets follows on common EPC formalisations
(cf., [41]) with a slightly different treatment of events. As
events are also considered in the consistency analysis,
we need to preserve their labels in the transformation.
Therefore, an event is mapped to a transition and two
places instead of a single place. Functions, AND, and
XOR connectors are mapped as usual. Fig. 9 depicts the
transformation for the running example, which shows
that additional transitions and places might be introduced
in order to derive a bipartite Petri net structure. For
the transformation, we assume all EPCs to be free of
OR connectors. As mentioned before, this holds for
all normalised EPCs at least in the analysis of profile
consistency. EPCs that contain OR connectors and should
be analysed with respect to their trace consistency are
not transformed, but have to be handled manually.
All Petri nets created by the transformation are workflow
nets owing to the normalisation of start and end events
of the respective EPC. Moreover, as we transform solely
EPCs without OR connectors, the resulting nets are also
free-choice. For these nets, we derive the corresponding
WF-system by introducing an initial marking that marks
the initial place of the WF-net. Further on, the systems are
sound, as we removed models with behavioural anomalies
already in the model selection phase.
6.2 Consistency Results
After preprocessing of the SAP reference model, we are
able to analyse its consistency. As mentioned before, we

establish correspondences between events and functions
with equal labels. Further on, we extract all pairs of
process models that are aligned by at least two correspondences. For such a pair, we then calculate the
consistency measures as introduced in Section 5, that is,
trace consistency, the degree of trace consistency, and the
degree of profile consistency of the alignment.
In order to derive these measures we implemented the
calculation of behavioural profiles for sound free-choice
WF-systems as introduced in Section 4.3 in a research
prototype. As mentioned before, the preprocessing results
in sound free-choice WF-systems for all EPC models.
Thus, the behavioural profile for a single model and
the profile consistency for a pair of models is calculated
within seconds. Unfortunately, the calculation of trace
consistency cannot be done efficiently for all models.
We implemented the derivation of all projected firing
sequences for a pair of sound free-choice WF-systems,
such that all transitions that are not aligned are marked
to be neglected. Afterwards, we reduce the size of the
systems by a fusion of series places [43] that are connected
by such marked transitions. Based thereon, the state space
of the respective system is explored. Although suffering
from the state explosion problem, this approach works
for the majority of models that can be transformed into
sound free-choice WF-systems. For 18 model pairs, we
have to rely on manual checking of trace consistency
due to the size of the state space. However, all EPC
models containing OR-connectors cannot be transformed
into free-choice WF-systems. Therefore, we check trace
consistency manually for these models. For the degree of
trace consistency, a manual computation is not feasible.
Hence, this degree is computed solely for pairs of models
that do not show OR-connectors and for which the state
space can be explored completely.
Table 1 summarises the results of our consistency
analysis. We distinguish three different categories of
alignments. We either align only functions, only events, or
both node types. Of course, the node type is considered
in the latter category as well, i.e., a correspondence holds
either between two functions or two events, but not
between a function and an event. The second column
states the number of pairs of models with at least two
correspondences. We see that we align significantly more
models if events are taken into account. That is due to
the structure of the reference model, in which single
models contain a lot more events than functions. In
addition, end events of one model might reappear as start
events of another model. Independent of the category,
the average profile consistency (Av. PC ∼ ) is rather high,
which is further underpinned by the low numbers of
model pairs with a profile consistency less than 1.0
(PC ∼ < 1.0). In contrast, the amount of model pairs
that are not trace consistent is significantly larger. When
events are considered more than a half of the aligned
models is not trace consistent, which yields a set of
nearly 500 models in absolute terms. To put it differently,
while trace equivalence suggests high inconsistencies,
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TABLE 1
Consistency measures for the identified pairs of aligned models
Alignment

Pairs

Av. PC ∼

PC ∼ < 1.0

Not Trace Consistent

Pairs for T C ∼

Av. T C ∼

171
907
952

0.98
0.96
0.96

7 (4.09%)
74 (8.16%)
86 (9.03%)

56 (32.75%)
446 (49.17%)
484 (50.84%)

114 (66.67%)
695 (76.63%)
735 (77.21%)

0.89
0.83
0.81
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Fig. 10. Analysis of profile consistency values

the degree of profile consistency points to very high
consistency between the models. Further on, for a certain
subset of model pairs (Pairs for T C ∼ ) that do not contain
OR-connectors and for which state space exploration
is possible, we also computed the average degree of
trace consistency (Av. T C ∼ ). We see that this degree is
significantly lower than the average of the degree of
profile consistency for all three categories.

a single inconsistency has a bigger impact on the profile
consistency for models that are aligned by only a few
correspondences than for models with a big overlap.
6.3

Discussion of the Results

In the previous section, we showed that an evaluation
of consistency based on behavioural profiles yields a
fine-granular measure. On the one hand, this measure
The spectrum of values for profile consistency is further goes beyond a simple search for corresponding elements
explored in Fig. 10. Fig. 10(a) depicts the distribution of as the behavioural characteristics are taken into account.
profile consistency values against the degree of trace
Page 1 On the other hand, the results in the previous section
Page 1
consistency. Obviously, any trace consistent alignment highlighted a significant difference in the share of model
(the degree of trace consistency equals 1.0) is also profile pairs that have a degree of profile consistency of 1.0 and
consistent. For the pairs of models that are not aligned in those that show a trace consistent alignment. This section
a trace consistent manner (the degree of trace consistency further underpins the appropriateness of our consistency
is lower than 1.0), we see that the spectrum of profile measure by showing two alignment examples from the
consistency is rather wide with numerous different reference model in detail.
consistency values. Thus, profile consistency is a fine
The first example illustrates the need to consider begranular measure of the alignment quality. In particular, havioural information in the alignment by means of two
model pairs for which the degree of trace consistency processes from the SAP reference model. Both processes,
equals 0 (no trace can be mirrored) are classified in a more depicted in Fig. 11, specify a shipping procedure. While
fine granular manner by the degree of profile consistency. the model 11(a) is part of the procurement handling, the
Moreover, the relation between profile consistency of model 11(b) originates from the sales and distribution
a model pair and the number of aligned elements is processing. Both models show a notable overlap, i.e.,
illustrated in Fig. 10(b). We see that low values of profile they specify how material shipping is implemented.
consistency appear much more in settings with only a few That, in turn, is reflected by five elements with identical
aligned elements. We consider this result to be intuitive as labels. Further elements of both processes have rather
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manually

automatically

similar labels (e.g., picking and picking (lean WM)), which
also indicates high similarity of process semantics, even
though these nodes are not considered in our consistency
analysis. However, an analysis of execution semantics
of both models reveals various serious differences. For
instance, if the process has reached the state material
has been picked, the model 11(a) specifies that the state
material is issued will be assumed directly. In contrast,
the model 11(b) states that the state material has been
picked implies the need for packing processing. What is an
exclusive choice of states in the one model, corresponds
to a conjunction of states in the other model. Although the
picking functions are not aligned, that has to be regarded
as a clear inconsistency. Therefore, a reasonable alignment
of both models requires more than simply deriving the
correspondences between equivalent model elements.
Instead, the contradicting execution dependencies in both
models have to be detected by a behavioural analysis.
Such inconsistencies are reflected in our notion of profile
consistency as well as in the notion of trace consistency.
That is, application of the profile consistency measure to
this example yields a value of PC ∼ = 0.6, while the trace
consistency criterion is also not fulfilled and the degree
of profile consistency is T C ∼ = 0.
The second example focusses on the impact of refine-

ments of process variants on the consistency measures.
Fig. 12 depicts two processes from the environment,
health, and safety category of the reference model. Both
describe the creation of incident reports and show several
functions with identical labels. While the model 12(b)
specifies the standard procedure of creating an incident
report, the model 12(a) defines a specialisation of the
procedure for the case of substance reports. Consequently,
an alternative way of creating the report is defined.
However, this difference does not preserve the trace
consistency criterion. For instance, function report shipping
is always preceded by function document template processing
in model 12(b). This is not the case for model 12(a).
Thus, the trace consistency criterion is not met and both
models would be considered to be inconsistent. The
degree of trace consistency for this example is T C ∼ = 0.93.
Although this degree indicates solely minor deviations,
the specialisation of the incident report procedure (a
model projection from model 12(a) to model 12(a))
impacts on the consistency result in a negative manner.
In contrast, it is easy to see that both models have
identical behavioural profiles for the aligned activities,
i.e., there is no difference in the potential execution order.
For instance, if function document template processing and
function report shipping are part of the process execution,
the former will always happen before the latter. Even
though function document template processing is optional
for execution in model 12(a), the strict order between
the two functions holds in both models, i.e., function
report shipping will never happen before function document
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template processing. As all behavioural relations for aligned and measures that are based on them in the context of
elements are preserved, application of profile consistency alignment consistency remain the same. Inspired by the
yields PC ∼ = 1.0. Thus, the refinement is considered to notions of behavioural equivalence, behaviour inheritance
be fully consistent.
aims at applying the idea of inheritance known from
We conclude that the first example in Fig. 11 illus- static structures to behavioural descriptions. Harel and
trates that an analysis of the pure co-occurrence of Kupferman argued that object-oriented system design
corresponding elements is not sufficient. Instead, be- should incorporate a concept of behavioural inheritance
havioural inconsistencies have to be detected by means for classes [52]. Based on the notion of object systems,
of behavioural equivalence notions. However, the second they advocate that any system refinement should either
example showed that the projected variant of the trace preserve trace inclusion or simulation for the language
equivalence criterion is too restrictive. Models that are build by the system’s protocol. The idea to preserve the
overlapping only partially owing to the refinements protocol of a behavioural model is also one of the basic
and extensions, show an alignment that is not trace inheritance notions by Basten et al. [53]. They define
consistent. The degree of trace consistency is lowered protocol inheritance and projection inheritance based on
by model projections. Instead, our consistency measure labelled transition systems and branching bisimulation.
grounded on behavioural profiles enables detection and A model inherits the behaviour of a parent model, if
quantification of behavioural inconsistencies of aligned it shows the same external behaviour when all actions
activities, while it allows for refinements and extensions that are not part of the parent model are either blocked
(protocol inheritance) or hidden (projection inheritance).
that are common in practise.
Similar ideas have been presented in [54], in which the
authors distinguish invocation consistency and observation
7 R ELATED W ORK
consistency. These notions correspond to the notions of
In this section, we discuss four related areas of research, Basten et al. mentioned above [53]. Focussing on object
namely correspondences between process models, be- life cycles, Schrefl and Stumptner build upon this work
havioural equivalence and inheritance, process similarity, and further distinguish weak invocation consistency and
and process variability.
strong invocation consistency [55]. They argue that there is
For our approach we assume that correspondences of no exclusive choice between invocation consistency and
two process models have been identified and captured. observation consistency. The former implies inheritance
The research area of schema integration, and in particular, of the interface, while the latter also enforces that added
schema matching investigates how such correspondences activities do not interfere with the inherited interface.
can be identified automatically. Overviews of the various The boolean characteristics of these notions have been
techniques are provided in [36], [44], [45]. As discussed criticized in [56] as inadequate for many process modeling
in the introduction, our notion of consistency can be scenarios. Due to their grounding on bisimulation, all
related to desirable properties of schema mappings. existing notions of behaviour inheritance are not applicaSuch properties are reported in [13]. Recently, several ble for evaluating alignment consistency. Our case study
publications showed how these matching techniques can showed that even the notion of trace equivalence, which
be applied for business process models [46], [47], [48], [49], is weaker than any bisimulation based criterion, does
[50]. For instance, [47] uses graph matching techniques not match the consistency requirements of real-world
in order to identify matching parts of related process processes in an alignment setting.
models. Our approach is complementary to these works,
The question of process similarity has been addressed
as we show how consistency can be calculated once a from various angles. Here, we focus on measures that
suitable matching is available. For our experiments, we consider behavioural aspects and that can be applied
consider a simple matching based on string equivalence once correspondences have been established. The authors
of labels, which can be easily replaced by more advanced of [46] introduced an approach for merging statechart
matching techniques, such as those mentioned above.
specifications that takes behavioural aspects into account.
The consistency of an alignment between process That is, the preservation of bisimilarity is considered
models closely relates to different notions of behavioural in the similarity score. Also focussing on behavioural
equivalence, such as trace equivalence and bisimulation. aspects, [57], [58] introduce similarity measures based
These notions yield a true or false answer and can, there- on an edit distance between workflows. Such an edit
fore, not directly be applied if models overlap partially. distance might be based on the language of the workflow,
In particular, these notions require 1:1 correspondences, the underlying automaton, or based on the n-gram
as semantics for 1:n or n:m correspondences are subject representation of the language. A similar approach is also
to interpretation. Good overviews of various equivalence taken in [59], in which the authors measure similarity
notions are presented in [15], [51]. We illustrated the ap- based on high-level change operations that are needed to
plication of the trace equivalence criterion in the context transform one model into another. Inspired by work in
of model projection. In the same vein, other equivalence the field of schema matching, similarity flooding has also
criteria reported in [15], [51] might also be adapted. been applied in order to measure similarity of process
Nevertheless, the drawbacks of these boolean notions models [60]. Close to our behavioural abstraction of a
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behavioural profile are causal footprints as introduced
in [50]. The authors also show how the footprints can be
leveraged to determine the similarity between process
models. All these similarity notions are expensive in terms
of calculation. Behavioural profiles, and its related degree
of profile consistency, are an important contribution to
this field as they can be calculated efficiently.
Similarity measures are also at the core of process
mining, which aims at constructing models from event
logs. As mentioned above, similar behavioural relations,
but not exactly those of behavioural profiles, are used
in [28] in order to characterise the process behaviour.
Further on, [56] propose a similarity measure for process
mining that is based on probabilities of certain process
executions. Focussing on the detection of differences
between process models rather than similarities, the work
presented in [61], [62] provides a systematic framework
of diagnosis and resolution of such mismatches. The identification of process similarity is also an important pillar
for work on process model integration [39], [63], [64],
[65] and ranking results from process model queries [66],
[67], [68]. The concept of a consistency notion, and
its efficient calculation based on behavioural profiles,
makes it possible to implement search features in process
modelling tools, where users expect an immediate result
to a process model query.
Closely related to process similarities are means for
modelling process variability. Various approaches for effective management and configuration of process model
variants have been presented in recent years. They are
inspired by the work in the field of Software Product
Line Engineering (SPLE) [69], [70], [71]. In the field
of process modelling, variants might be derived from
reference models via model projection [72] or explicit
configuration mechanisms. Such mechanisms that extend
process modelling languages with configuration capabilities have been presented for EPCs [73], [74], YAWL [18],
BPEL [18], UML activity diagrams [75], [76], BPMN [76],
and WF-systems [77]. Similar to the properties that are
preserved when generating a member of a product line
via refinement (cf., [78]), most of these process configuration approaches also define structural and behavioural
properties that are preserved. For instance, a configuration of a sound WF-system will be a sound WF-system as
well, using the approach specified in [77]. However, none
of the aforementioned approaches investigates the degree
of behavioural consistency between process variants.
Therefore, consistency measures based on behavioural
profiles allow for investigations about the behaviour
that is preserved by configuration operations and enable
quantification of behaviour preservation.

levels and different perspectives. More concisely, we
have addressed the research challenge of defining a
notion of consistency between process models that is
more adequate to this problem than existing notions of
behavioural equivalence. We propose the concept of a
behavioural profile that captures the essential behavioural
constraints of a process model. Such behavioural profiles
are used for the definition of the formal notion of profile
consistency. Behavioural profiles provide three major
advantages in contrast to the existing notion of trace
equivalence and consistency measures that build up it.
First, behavioural profiles are less sensitive to projections
than trace equivalence, as behavioural profiles remain
unchanged even if additional start and end branches
are introduced. Second, the structure of a behavioural
profile provides us with a straight-forward way to define
a degree of profile consistency ranging from 0 to 1.0.
Finally, the concept of a behavioural profile builds on
formal properties of free-choice Petri nets. We proved that
profile consistency can be checked for sound free-choice
WF-systems in O(n3 ) time with n nodes. All concepts
proposed in this article have been implemented to demonstrate the applicability of our approach. Furthermore, we
utilized the process models of the SAP reference model
for an thorough validation.
There are several directions for future research based
on behavioural profiles. We have emphasized the fact
that different interrelated process models and variants
are utilized for the development of process-aware information systems. While we define methods for efficiently
calculating the behavioural profile, there is currently no
easy way back from the profile to a process model. We are
optimistic that algorithms can be defined to synthesize a
process model from a behavioural profile, as there exist
synthesis techniques to build Petri nets from transition
systems [79] and from traces [28]. Such algorithms might
not only take one profile as input. We are currently
experimenting with building integrated process models
from two behavioural profiles and their alignment.
While most control flow aspects of existing process
modelling languages can be expressed as free-choice
nets, we already mentioned that some features of languages like BPMN can only be formalised as non freechoice constructs (cf., Section 3). Currently, we benefit
from efficient calculation methods for free-choice nets.
However, these non free-choice constructs might require
other ways of calculation. Here, techniques for alleviating
the state explosion problem known from the field of
model checking (cf., [80]) might be applied in order to
compute a behavioural profile. We are also currently
investigating to which extent the non free-choice parts of
a process model can be treated separately using graph
parsing techniques such as [81]. Further on, process
8 C ONCLUSION & F UTURE W ORK
models typically cover aspects beyond control flow such
Process models play an important role to bridge the gap as data and resources, such that they should also be
between business requirements and system specifications. considered in the consistency calculation. Again, model
In this article, we have discussed alignment issues projections, e.g., a certain data object is present only in
between related process models at different abstract one model, should not be penalised. Instead, behavioural
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inconsistencies, e.g., differing data access or contradicting
role assignments, have to be quantified.
For calculating the degree of consistency, we are
currently using boolean matches. Identifying correspondences is directly within the scope of consistency calculation, such that there is potential for including information about the confidence of a correspondence in
the consistency measure. Many matching approaches
extract correspondences based on similarity scores [36],
emphasizing the certain correspondences have a higher
confidence than others. That, in turn, might be considered
in our consistency measures. It is interesting to see that
the equivalence criteria of the linear time – branching time
spectrum have already been lifted from transition systems
to metric transitions systems in [82]. In such a metric
transitions system, states are associated with predicate
valuations. Adapting this concept to our alignment setting
would enable us taking confidence of correspondences
into account. Correspondences established with high
confidence might have a bigger impact on the consistency
as correspondences that are considered to be uncertain.
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Eds., vol. 1248. Springer, 1997, pp. 407–426.
[33] B. Kiepuszewski, A. H. M. ter Hofstede, and W. M. P. van der Aalst,
“Fundamentals of control flow in workflows,” Acta Informatica,
vol. 39, no. 3, pp. 143–209, 2003.
[34] A. Kovalyov and J. Esparza, “A polynomial algorithm to compute
the concurrency relation of free-choice signal transition graphs,”
in Prof. of the International Workshop on Discrete Event Systems,
WODES’96. Edinburgh: The Institution of Electrical Engineers,
1996, pp. 1–6.
[35] S. Warshall, “A theorem on boolean matrices,” Journal of the ACM
(JACM), vol. 9, no. 1, pp. 11–12, 1962.
[36] J. Euzenat and P. Shvaiko, Ontology Matching. Springer-Verlag,
2007.
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