
Wang et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2012 13(7):483-509 483

Journal of Zhejiang University-SCIENCE C (Computers & Electronics)

ISSN 1869-1951 (Print); ISSN 1869-196X (Online)

www.zju.edu.cn/jzus; www.springerlink.com

E-mail: jzus@zju.edu.cn

Verification ofworkflownetswith transition conditions∗

Zhao-xia WANG†1,2,3,4,5, Jian-min WANG†‡1,3,4, Xiao-chen ZHU1,2,3,4, Li-jie WEN1,3,4

(1School of Software, Tsinghua University, Beijing 100084, China)

(2Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China)

(3MOE Key Laboratory for Information System Security, Tsinghua University, Beijing 100084, China)

(4National Laboratory for Information Science and Technology, Tsinghua University, Beijing 100084, China)

(5Department of Logistical Information & Engineering, Logistical Engineering University, Chongqing 400016, China)
†E-mail: wang-cx06@mails.thu.edu.cn; jimwang@thu.edu.cn

Received Dec. 8, 2011; Revision accepted Apr. 9, 2012; Crosschecked May 31, 2012

Abstract: Workflow management is concerned with automated support for business processes. Workflow manage-
ment systems are driven by process models specifying the tasks that need to be executed, the order in which they can
be executed, which resources are authorised to perform which tasks, and data that is required for, and produced by,
these tasks. As workflow instances may run over a sustained period of time, it is important that workflow specifica-
tions be checked before they are deployed. Workflow verification is usually concerned with control-flow dependencies
only; however, transition conditions based on data may further restrict possible choices between tasks. In this paper
we extend workflow nets where transitions have concrete conditions associated with them, called WTC-nets. We
then demonstrate that we can determine which execution paths of a WTC-net that are possible according to the
control-flow dependencies, are actually possible when considering the conditions based on data. Thus, we are able
to more accurately determine at design time whether a workflow net with transition conditions is sound.
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1 Introduction

Workflow management systems provide support
for the execution of business processes. On the basis
of a process model, they route tasks to the right
resources at the right time. They also maintain data
produced by tasks. This data is possibly used as
input to other tasks and can be used to evaluate
conditions associated with routing decisions. Thus,
data produced by tasks may influence the choice of
subsequent tasks.

As workflows may take weeks, months, or even
years to complete, it is important that errors be
detected before they are deployed. Workflow veri-

‡ Corresponding author
* Project supported by the National Science and Technology Ma-
jor Project of China (No. 2010ZX01042-002-002-01), the National
Basic Research Program (973) of China (No. 2009CB320700),
and the National Natural Science Foundation of China (Nos.
61073005 and 61003099)
c©Zhejiang University and Springer-Verlag Berlin Heidelberg 2012

fication has been a topic of research for well over
a decade and is concerned with detecting errors in
workflow specifications that may, for example, result
in the workflow deadlock or improper termination.

Workflow nets (WF-net) (van der Aalst and van
Hee, 2002) are a subclass of Petri nets (Murata, 1989)
of which the benefits of workflow management have
been argued in van der Aalst (1998b), who provided a
well-accepted theory for workflow specification and
analysis. The notion of soundness defines correct-
ness criteria for workflow nets. These criteria are
concerned with determining whether a workflow can
always terminate, whether it terminates properly,
and whether every task in the workflow can be per-
formed in some scenario. Soundness has been stud-
ied in great detail and a tool, Woflan (Verbeek et al.,
2001), exists that can detect whether a workflow net
is sound.

Workflow verification research has been
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primarily concerned with control-flow dependencies
between tasks. Data may, however, determine
whether certain paths in the workflow graph are ac-
tually possible at runtime. As pointed out in Trčka
(2009), workflow verification based on control-flow
dependencies may produce only false positives or
false negatives. A false positive corresponds to the
case where a workflow is analyzed and determined
to be sound while in actuality, due to the condi-
tions specified, it is unsound. A false negative cor-
responds to the case where a workflow is determined
to be unsound while it is actually sound. Trčka et
al. (2009) presented the concept of workflow nets
with data (WFD-nets), which extends the classical
workflow nets with data operations (e.g., read, write,
delete, and update) as well as abstract predicates as
guard functions of transitions. Sidorova et al. (2010;
2011) generalized WFD-net as a conceptual work-
flow model, formalised the may- and must-soundness
of the conceptual workflow model with data (WFD-
net) and proved the tough relationship between the
soundness result of a conceptual WFD-net and that
of the corresponding data refinement in theory: if
a WFD-net is proven must-sound, then it is sound
in any possible data refinement; if it is not may-
sound, then no data refinement can make it sound;
if a WFD-net is may-sound, there is at least one

sound refinement of it. Sidorova et al. (2010; 2011)
answered with certainty that any data refinement is
sound if the WFD-net is must-sound and that any
data refinement is unsound if the WFD-net is not
may-sound. However, given a may-sound WFD-net,
there is not a certain soundness result for any data re-
finement. The answer is “I do not know. Sometimes
the workflow is sound, sometimes it is not”, because
the soundness property depends on the concrete data
refinement. In practice, the certain soundness result
of any data refinement is very important to assist
the modeler in modifying or improving the workflow
model in the design time. Thus, further analysis
based on concrete data refinement is needed.

To illustrate the necessities of analysing work-
flow models based on concrete data refinement, two
examples in Fig. 1 illustrate that an accurate sound-
ness result rather than just an abstract predicate
will be derived when the concrete data refinement
is considered. For variable x used in Fig. 1a, we
assume that x is written by executing transition
t1 and cannot be modified in a parallel structure.
This assumption is reasonable, as there will be data-
flow anti-patterns ‘inconsistent data’ if variable x is
modified by transition t3, t4, t5, or t6 (Trčka et al.,
2009). For variable y used in Fig. 1b, we consider
three possible situations of writing operation on y:
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Fig. 1 Samples of workflow net with different conditions. (a) Sample 1; (b) Sample 2. For variable x used
in (a), we assume that x is written by executing transition t1 and cannot be modified in a parallel structure;
for variable y used in (b), we consider three possible situations of writing operation on y: (1) y is written on
transition t1; (2) y is written on transition t2; (3) y is written on both transitions t2 and t4
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(1) variable y is written on transition t1; (2) variable
y is written on transition t2; (3) variable y is written
on both transitions t2 and t4.

Example 1 In Fig. 1a, if we consider the WF-
net without the transition conditions, a number
of transition sequences are possible, for example:
σ1 = t1t2t3t5t7, σ2 = t1t2t4t6t8, σ3 = t1t2t3t6, and
σ4 = t1t2t4t5. The last two sequences cannot be
extended and they result in the markings p3 + p6
and p4+ p5, respectively. The net therefore does not
have the ‘option to complete’ and is thus not sound.
If however, abstract condition assignments are taken
into account (e.g., abstract condition pred1(x) to t3,
¬pred1(x) to t4, pred2(x) to t5, and ¬pred2(x) to t6,
where pred1(x) and pred2(x) stand for different ab-
stract conditions but share the same variable x), us-
ing the approach proposed in Sidorova et al. (2011),
a conclusion is drawn: the workflow model is may-
sound, and, some data refinements are sound while
some data refinements are unsound. Then, for data
refinement 1 and data refinement 2 in Fig. 1a, we
can say “I don’t know. Data refinement 1 and data
refinement 2 are possibly sound or possibly unsound
depending on the may-sound result of the workflow
model with abstract predicates”.

Now, depending on the concrete data informa-
tion, we further analyse the soundness results for
data refinement 1 and data refinement 2. For data
refinement 1, trace σ3 is no longer possible because
transition t6 cannot be fired along sequence t1t2t3.
The reason is that under the historic constraint
x > 50 000 accumulated from sequence t1t2t3, there
is no assignment of value to variable x that makes
the transition condition x ≤ 50 000 of t6 satisfi-
able. Analogously, σ4 is no longer possible because
transition t5 cannot be fired along sequence t1t2t4.
The reason is that under the historic constraint
x ≤ 50 000 accumulated along sequence t1t2t4, there
is no assignment of value to variable x that makes the
transition condition x > 50 000 of t5 satisfiable. The
net is then sound. For data refinement 2, trace σ3
is no longer possible because transition t6 cannot be
fired along sequence t1t2t3. The reason is that under
the historic constraint x > 60 000 accumulated along
t1t2t3, there is no assignment of value to variable x
that makes the transition condition x ≤ 50 000 of
t6 satisfiable. However, σ4 is possible because tran-
sition t5 can be fired if assigning value to x around
the domain 50 000 < x ≤ 60 000. The net therefore

does not have the ‘option to complete’ and is thus
not sound.

The sample of workflow net with data in Fig. 1a
reveals that if concrete transition conditions are
taken into account, a precise result of the soundness
of a workflow model can be derived.
Example 2 The example in Fig. 1b further shows
that the writing operations and writing order on vari-
ables used in the transition condition are also impor-
tant in determining the routing decision. In general,
changing variables by transition has a corresponding
business scenario: a task (which corresponds to the
notion of transition) may be executed by people or
by external applications. In this case we do not know
how they may change variables. Thus, we can make
the design time assumption that the variables that
a transition can write to may take on any value as a
result of the transition’s execution.

Subsequently, let us consider the WF-net of
Fig. 1b without transition conditions. Some pos-
sible transition sequences are: σ1 = t1t2t3t2t4t5,
σ2 = t1t2t3t2t4t6, σ3 = t1t2t4t5, and σ4 = t1t2t4t6.
This net is sound. Consider the abstract predicate
assignments (pred(y) to transitions t3 and t5 and
¬pred(y) to transitions t4 and t6) with three possible
situations about writing operation on variable y. Us-
ing the approach proposed in Sidorova et al. (2011),
a same conclusion for the above three situations is:
these WFD-nets are may-sound. Thus, this sound-
ness result cannot provide a more accurate soundness
result if only the abstract predicates are taken into
account. If however, we look further into the influ-
ence of the concrete transition conditions (shown in
the right of Fig. 1b) and writing operation as well
as writing order, the soundness results of these three
workflow variants become precise. If concrete condi-
tions with writing y on transition t1 (situation a) are
considered, the traces σ1 and σ2 are no longer pos-
sible because the transition condition y ≤ 5 on t4 is
unsatisfiable under the historic constraint y > 5 ac-
cumulated from t1t2t3t2, and the trace σ3 is no longer
possible because the transition condition y > 5 on t5
is unsatisfiable under the historic constraint y ≤ 5

accumulated from t1t2t4. Then the net has become
unsound as it no longer has the ‘option to complete’
property and the ‘no dead tasks’ property. If transi-
tion t2 may modify variable y (that is, situation b),
trace σ2 is possible because the writing operation of
variable y on transition t2 removes the influence of
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the constraint y > 5 derived from transition t3 on
transition t4. However, traces σ1 and σ3 are also
no longer possible because the transition condition
y > 5 on transition t5 is unsatisfiable under the his-
toric constraint y ≤ 5 derived from transition t4, and
then the net has become unsound as it no longer has
‘no dead tasks’. If however, both transitions t2 and
t4 may modify variable y (that is, situation c), traces
σ1, σ2, and σ3 are possible again. The writing oper-
ations of variable y on transitions t2 and t4 remove
the historic constraint y > 5 derived from transition
t3 on transition t4 for traces σ1 and σ2, and the his-
toric constraint y ≤ 5 derived from transition t4 on
transition t5 for trace σ3, and then the net becomes
sound.

This sample shows the influence of the preced-
ing writing operation as well as writing order on
variables used by both the transition condition of
the current transition and the preceding transitions
along a sequence on the behavioural semantic of the
workflow net with a data perspective.

The two examples above show that a precise
soundness result of a workflow net will be derived if
data refinement is taken into account.

In this paper, based on the work in Sidorova et
al. (2011), we give an accurate soundness result for
any concrete data refinement in any given soundness
result of the WFD-net (e.g., must-sound, may-sound,
and not may-sound). Accordingly, we can give a
precise soundness result of a data refinement if the
WFD-net is may-sound. That is, under the situation
of may-sound WFD-net, we can say “Given a set
of data refinements, I know which data refinement
yields a sound WF-net with data and which data
refinement results in an unsound WF-net with data”.

First, we formally introduce workflow nets with
transition conditions (or WTC-nets for short) and
formalise the concrete condition from both a syntac-
tic and a semantic point of view. In doing this, we
provide a fundamental for studying workflows where
routing may be determined by conditions based on
data. We then investigate their automated verifi-
cation based on the formal definition of WTC-nets.
We demonstrate that in principle it is possible to con-
struct a reachability graph that takes conditions into
account. Specifically, a historic constraint along a se-
quence is recorded dynamically, and this constraint
and the transition condition on the current transi-
tion act together to determine whether the current

transition is enabled or not. Finally, a more accurate
result is produced based on the generated reachabil-
ity graph.

Formal verification of a workflow net with data
refinements has two challenges. The first challenge
is that we need a way of interpreting the constraint
on enabling of transitions caused by transition condi-
tions as well as writing operations and writing orders
on variables. That is, there can be too many or infi-
nite values of variables viable for the satisfiability of
the constraint. To address this challenge, we gener-
ate the historic constraint by accumulating the tran-
sition conditions along a sequence and symbolically
interpret the satisfiability of the constraint. That is,
each variable used in a constraint is described with
a symbolic value, and then the satisfiability of each
constraint with symbolic values for variables corre-
sponds to many real values. The second challenge is
that a state space explosion exists possibly because
there can be at least one loop structure in a workflow
net. For this challenge, we propose an approach to
handle the state space explosion caused by the cyclic
execution. Note that there is a different behavioural
feature of the cyclic execution for WTC-net from
that of WF-net under the influence of the transition
conditions as well as writing operation and writing
order in a cyclic execution.

2 Augmenting process models with
conditions

In this section, the notion of conditional paths in
process models is defined formally from both a syn-
tactic and a semantic point of view. To make the pa-
per self-contained, some well-known definitions are
first introduced.

2.1 Background

In this paper, we build on workflow nets which
are a subclass of Petri nets. van der Aalst (1998b)
argued for the suitability of these nets for workflow
management. Below, we define Petri nets first. For
an overview of Petri nets and an extensive bibliogra-
phy, the reader is referred to Murata (1989).
Definition 1 (Petri net) A Petri net N is a tuple
(P, T, F ), where P is a finite set of places, T a finite
set of transitions such that P ∩ T = ∅, P ∪ T �= ∅,
and F ⊆ (P × T ) ∪ (T × P ) the flow relation.

For each node x, i.e., a place or a transition, we
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use •x to denote its pre-set—the set of nodes that
are input of x, i.e., •x = {y|(y, x) ∈ F}, and x• for
its post-set—the set of nodes that are output of x,
i.e., x• = {y|(x, y) ∈ F}. Markings represent states
of a net and formally correspond to an assignment of
tokens to places.
Definition 2 (Marking) Let N = (P, T, F ) be a
Petri net. A marking M of N is a function from its
places to the set of natural numbers, i.e.,M : P → N.

A marking is a multiset over P and can be writ-
ten as a linear combination of places, e.g., M =

7p1+0p2+2p3. It is convenient to list only places that
contain tokens, so markingM is written as 7p1+2p3.
For a Petri net N = (P, T, F ) we can compare mark-
ings. A marking M is greater than a marking M ′,
M > M ′, iff for all p ∈ P :M(p) ≥ M ′(p) and there
is at least a q ∈ P such that M(q) > M ′(q). Tran-
sitions can change the marking of a Petri net if they
are fired.
Definition 3 (Enabled transition) Let M be a
marking of Petri net N = (P, T, F ). Transition t

is enabled in M , denoted as M [t>, iff for every place
p ∈ •t :M(p) > 0.
Definition 4 (Firing a transition) Let M be a
marking of Petri netN = (P, T, F ), and t a transition
that is enabled in M , i.e., M [t>. Firing transition t
yields a marking M ′ defined by: M ′ =M − •t+ t•.
This can be written as M t→ M ′.

Let σ = t1t2 · · · tn be a sequence of transi-
tions (not all transitions need to be different) and
M be a marking in which t1 is enabled. For all
1 ≤ i < n, firing ti yields a marking Mi in which
ti+1 is enabled, and firing tn yields marking M ′,
i.e., M t1→ M1 · · ·Mn−1

tn→ M ′, and then we write
M

σ→ M ′. We write M ∗→ M ′ to indicate that a
transition sequence σ exists such that M σ→ M ′. For
convenience, we allow σ to be the empty transition
sequence; in this case, M =M ′.
Definition 5 (Petri net system) A Petri net system
S is a Petri net (P, T, F ) with a designated initial
marking M0, S = (P, T, F,M0).
Definition 6 (Reachable marking) Let P =

(P, T, F,M0) be a Petri net system. M is a reachable
marking of P iff M0

∗→M .
A workflow definition can be modelled as a Petri

net, where tasks are captured by transitions, con-
ditions by places. Based on the assumption that
a typical workflow has a well-defined starting point
and a well-defined end point, van der Aalst (1998a)

defined workflow nets by imposing certain syntactic
restrictions on Petri nets.
Definition 7 (Workflow net (van der Aalst, 1998a))
A workflow net P is a Petri net (P, T, F ) such that
there is a unique source place i, •i = ∅, a unique
sink place o, o• = ∅, such that every node x ∈ P ∪T
is on a path from i to o.

The initial marking for a WF-net corresponds
to one token in its initial place and thus formally
corresponds to i. The desired final marking is the
marking that has one token in the output place o
and no tokens elsewhere; i.e., it formally corresponds
to o. As can be seen from Definition 7, WF-nets
are concerned solely with control-flow dependencies
between tasks and do not take conditions based on
data into account.

A workflow net with data is a workflow net in
which transitions (modelling tasks) can read from,
write to, or delete data elements. A transition
can have a (data-dependent) guard that blocks its
execution when it is evaluated to false. In Trčka et
al. (2009), workflow nets with data (WFD-net) is
defined formally.
Definition 8 (WFD-net (Trčka et al., 2009)) A
workflow net with data N = (P, T,F,D,GD , rd,wt,
del, grd) consists of:

1. P = (P, T, F ) which is a WF-net;
2. D which is a set of data elements;
3. GD which is a set of guards over D;
4. a reading data labelling function rd: T → 2D;
5. a writing data labelling function wt: T → 2D;
6. a deleting data labelling function del: T →

2D;
7. a guard function grd: T → GD which is the

guarding function, assigning guards to transitions.
Note that no concrete transition guard is defined

in WFD-net.

2.2 Workflow nets with transition conditions

In this subsection the notion of a ‘workflow net
with transition conditions’, or WTC-net for short, is
introduced and formally defined.

Central to WTC-nets is the notion of a ‘con-
dition’. As the definitions of the notion condition
from both a syntactic and a semantic point of view
are rather lengthy, we have moved them to the Ap-
pendix. Here we describe only informally condition
class cond. A condition c is an instance of cond.
The expression form of the class cond is a logical
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expression. The operators used in cond include com-
parison operators (e.g., le, leq, ge, geq, eq), arith-
metic operators (e.g., plus, minus, times, frac, mod,
div), and Boolean operators (e.g., neg, and, or, im-
plies). The data type in cond contains int, real, and
bool. For a variable v used in a cond, the domain
of v is a set of values that v can hold. The notion
var is used as the set of all variables and the notion
VAR as the set of all possible assignments of types to
variables. To be able to focus on conditions that are
well-formed (e.g., operations contained in conditions
are applied to constants or variables of the correct
type), herein, function Vwfc determines whether a
condition is well-formed. In addition, function Vvar
is applied to a condition to yield the variables that
are used in this condition. For all formal definitions
please refer to the Appendix.

A WF-net with transition conditions is a WF-
net where the transitions are assigned conditions.
The intended meaning is that a transition cannot
fire if its condition does not evaluate to true. Transi-
tions may change the values of variables, so we need
to know what the variables are that a transition may
write to. In workflow management, tasks (which cor-
respond to the notion of transition) may be executed
by people or by external applications and thus we
do not know how they may change variables. Con-
sequently, we have to work on the assumption that
the variables that a transition can write to, may take
on any value as a result of its execution. Therefore,
in the definition of a WTC-net we record only which
transitions can write to which variables, but there is
no restriction on how transitions can modify these
variables.
Definition 9 (Workflow net with transition condi-
tions) A workflow net with transition conditions W
is a tuple (P , V, C,G,W,VT), such that:

1. P = (P, T, F ) is a WF-net;
2. V ⊆ var is a set of variables used in transition

conditions;
3. C ⊆ cond is a set of transition conditions with

∪c∈CVvar(c) ⊆ V and for each c ∈ C, Vwfc(c,VT)

holds;
4. G: T → C is a function assigning conditions

to transitions;
5. W : T → 2V is a function that yields the

variables that transitions can write to;
6. VT ∈ VAR is a function assigning a type to

each variable.

If the type assignment VT is clear from the con-
text, we will simply omit it.

2.3 Behaviour of WTC-nets

In this subsection, we introduce a semantics for
WTC-nets considering transition conditions and the
preceding writing operation as well as writing order
on variables used in transition conditions.

In a marking of a WTC-net we should not only
record the tokens in each of the places, but also main-
tain the transition sequence that leads to the current
distribution of tokens. The idea is that on the basis
of this transition history, we can determine whether
a conflict exists between the condition of the cur-
rent transition and the preceding transition condi-
tions along the sequence.
Definition 10 (Marking of WTC-net) For a WTC-
net W= (P , V, C,G,W,VT), a marking M is a tuple
(M,σ), where M is a marking of WF-net P , and
σ ∈ T ∗ is a sequence of transitions.

Note that the initial marking of this net M0 is
defined as (i, ε), where i is the unique source place
of W . And there are a set of final markings where
M = o is the unique sink place of W .

To evaluate whether in the context of a tran-
sition sequence σ a given transition condition φ is
held, we need to consider the variables that are used
in the conditions of transitions in both σ and φ. In
addition, we need to consider the order of the writing
operations on these variables by transitions in σ. If,
for example, σ = t1t2 and the transition condition
associated with t1 is p = 1 and with φ is p = 2, then
we have to assume that φ cannot hold if p is not in
W (t2), i.e., if it is not changed by t2. If, however, p
can be changed by transition t2, it is to be treated as
if it were a different variable when evaluating condi-
tion φ, and it is conceivable that φ holds.

To solve this problem, we introduce an oper-
ation on transition sequences that introduces fresh
variables as replacements for variables used in tran-
sition conditions whenever these variables could have
received a new value through the execution of preced-
ing transitions. The concept of the ‘fresh variable’
is inspired from the concept of static single assign-
ment (SSA) form (Cytron et al., 1991). That is, by
introducing a new special variable, every variable is
assigned a value at most once. The difference is that
the fresh variable is used as a dynamic replacement
for variable whenever the variable has received a new
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value during the running time. However, the SSA is
used as a static replacement for variable when the
variable is defined each time in the control flow graph
(CFG) of a program. A fresh variable in a transition
sequence σ takes the form vnt . Herein, the parameter
t is a transition which could write v, i.e., v ∈ W (t),
and the parameter n is a natural number, which rep-
resents the number of previous occurrences of t in σ
(this is required to be able to deal with loops). We
assume that a variable of the form vnt does not oc-
cur as a net variable in a WTC-net, so that it will
be fresh indeed whenever introduced. We also as-
sume that given a renaming function ψ : var � var

and a condition c ∈ cond, we can transform this
condition by replacing occurrences of variables with
their counterparts as captured in ψ. We will write
c[ψ] to denote condition c where for every variable
v ∈ Vvar(c)∩dom(ψ) each of its occurrences has been
replaced by ψ(v).
Definition 11 (Conjunctive form of transi-
tion conditions along the sequence) Let W=

(P , V, C,G,W,VT) be a WTC-net, σ ∈ T ∗ a tran-
sition sequence (possibly empty, i.e., σ = ε), ψ :

var � var a renaming of variables, G(t)[ψ] a chang-
ing transition condition according to this renaming,
n : T → N an assignment of natural numbers to tran-
sitions, and b any Boolean expression. The conjunc-
tive form of transition conditions along the sequence
with variables renaming ρψ, n(σ, b) is defined by

ρψ, n(ε, b) = b,

ρψ, n(tσ, b) = ρψ
′, n′

(σ, b ∧G(t)[ψ]),

where ψ′ = ψ ⊕ {(v, vn(t)t ) | v ∈ W (t)}, and n′ =
n⊕ {(t, n(t) + 1)}.

Before we can formally define whether a tran-
sition is enabled, we need to be able to determine
whether its transition condition is satisfied in the
context of a particular assignment of values to vari-
ables. We will refer to such an assignment as an
environment and the set of all possible environments
as ENV. The set of all possible values is denoted
as Val and it is defined as the union of all integers,
reals, and booleans, i.e., Val = Z ∪ R ∪ B.
Definition 12 (Satisfiability of conditions) Let
VT ∈ VAR and let c be a well-formed condi-
tion in the context of type assignment VT, i.e.,
c ∈ cond such that Vwfc(c,VT), w : var → Val an
assignment of values to variables, and the function

Vholds : cond × ENV × VAR → bool is applied to
determine whether in the context of a given environ-
ment a condition holds.

We are now in a position to formally define when
a transition in a WTC-net is enabled in the context
of a given marking.
Definition 13 (Enabled transition in WTC-net)
Let W = (P , V, C,G,W,VT) be a WTC-net, VT

an assignment of types to the variables in V , M =

(M,σ) a marking of this net, and t ∈ T a transi-
tion in this net. Let b be a conjunctive transition
condition with variables renaming defined by b =

ρ∅, {(t, 0) | t∈T}(σt, true). Transition t is enabled in
marking M, M [t >, iff an environment e : Vvar(b) →
Val can be found such that Vholds(b, e, VT).
Definition 14 (Firing transition) Let W =

(P , V, C,G,W,VT) be a WTC-net, M = (M,σ) a
marking of this net, and t ∈ T an enabled transition.
Firing transition t in marking M results in marking
M′= (t • ∪(M\ • t), σt). We write M t→ M′.
Example 3 For the WTC-net sample in Fig. 1b,
assume the variable y is modified by transitions
t2 and t4 respectively. Given a current marking
(p3, t1t2t3t2t4), let us consider that transition t5 can
be enabled or not. Firstly, we observe how to de-
rive the conjunctive form of transition conditions
for transition t5 along the sequence t1t2t3t2t4t5. As
shown in the first column of Table 1, variable y is
written twice by transition t2 and once by transition
t4. Once each writing operation occurs the corre-
sponding variable is mapped into a unique fresh vari-
able, as shown in the second column of Table 1. For
example, variable y is mapped into y1t2 , y

2
t2 , y

1
t4 along

the sequence t1t2t3t2t4t5. The corresponding transi-
tion condition is then changed based on the closest
preceding variable renaming, as shown in the third
column in Table 1. For instance, the transition con-
dition of transition t3 in the sequence is changed as
y1t2 following the closest preceding variable renaming
y1t2 . And the transition condition of transition t4 in
the sequence is changed as ¬y2t2 following the closest
preceding variable renaming y2t2 . The fourth column
in Table 1 describes the dynamic evolution of the
conjunctive form of transition conditions along the
sequence.

For the conjunctive form of transition conditions
(y1t2 > 5) ∧ (y2t2 ≤ 5) ∧ (y1t4 > 5), there is at least an
assignment of value 6 to y1t2 , value 4 to y2t2 , and
value 8 to y1t4 , which makes the conjunctive form



490 Wang et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2012 13(7):483-509

Table 1 Deriving the conjunctive form of transition
conditions along sequence t1t2t3t2t4t5 for WTC-net
with variable y written by transitions t2 and t4 in
Fig. 1b

TS VR TCT CTC

t1
t2 y1t2
t3 y1t2 > 5 y1t2 > 5

t2 y2t2 y1t2 > 5

t4 y1t4 y2t2 ≤ 5 (y1t2 > 5) ∧ (y2t2 ≤ 5)

t5 y1t4 > 5 (y1t2 > 5) ∧ (y2t2 ≤ 5) ∧ (y1t4 ) > 5

TS: transition sequence; VR: variable renaming; TCT: tran-
sition condition transformation; CTC: conjunctive transition
conditions

hold. Thus, transition t5 is enabled in the current
marking (p3, t1t2t3t2t4). Once transition t5 is fired,
the marking (o, t1t2t3t2t4t5) is reached.
Discussion The state space of the WTC-net is
explored in terms of symbolic state in the form of
(M,σ). Herein, M is a control flow marking, and
a historic constraint system in the form of a con-
junction of transition conditions is accumulated by
traversing the firing sequence σ. For a transition t

where M [t >, we further probe that the transition
condition on t (if any) is satisfiable under the his-
toric constraint system. To avoid the state explosion
caused by naive exploration of the data dimension,
we adopt the symbolic execution technique (Clarke,
1976; King, 1976) that converts the reachability
problem to that of solving simple constraint sys-
tems (Kumar, 1992; Tsang, 1993; Ganzinger et al.,
2004). That is, any vector of values assigned to
variables, which makes both the historic constraint
system and the transition conditions satisfied, will
drive the WTC-net’s execution by firing the transi-
tion t. For example, for the transition t5 in the state
(p3, t1t2t3t2t4), there are many possible assignments
of values to variables y1t2 , y

2
t2 , and y1t4 that make the

constraints (y1t2 > 5) ∧ (y2t2 ≤ 5) ∧ (y1t4 > 5) satisfi-
able. Thus, one symbolic execution may correspond
to many real executions.
Definition 15 (Reachable marking) Let W =

(P , V, C,G,W,VT) be a WTC-net. A marking
(M,σ) with σ=t1t2 · · · tn is reachable iff a se-
quence of reachable markings M0M1 · · ·Mn ex-
ists such that (i, ε)

t1→ (M1, t1)
t2→ (M2, t1t2)

t3→
· · · tn−1→ (Mn−1, t1t2 · · · tn−1)

tn→ (Mn, t1t2 · · · tn)
with Mn = M .

Based on Definition 15, we now define the
soundness property of a WTC-net. van der Aalst

and van Hee (2002) introduced a notion of sound-
ness for WF-nets. This notion aims to capture de-
sirable properties of a net in a workflow context.
Introducing soundness for WTC-nets requires only
minimal changes. We limit ourselves to the defini-
tion presented in Verbeek (2004) where the ‘option to
complete’ requirement and the ‘proper completion’
requirement are truly orthogonal and this definition
follows the observation in van Hee et al. (2004).
Definition 16 (Soundness, adapted from Verbeek
(2004)) Let W = (P , V, C,G,W,VT) be a WTC-
net. WTC-net W is sound iff:

1. Option to complete: for every reachable
marking (M,σ), there is a marking (M ′, σ′) such
that (M,σ)

∗→ (M ′, σ′) and M ′ ≥ o.
2. Proper completion: for every reachable mark-

ing (M,σ) with M ≥ o, we have M = o.
3. No dead tasks: for every task t ∈ T there is

a reachable marking (M,σ) such that t is enabled in
(M,σ), i.e., (M,σ)[t〉.

3 Reduction for cyclic execution

The soundness verification, which is based on
the reachability set of the WTC-net, is a reachabil-
ity analysis method. The major problem in applying
reachability analysis is the potential explosion of the
state space. To attack this problem, we propose dif-
ferent approaches to compact the state space. First,
we extend reduction rules proposed in Wang et al.
(2009) to generate a canonical WTC-net from the
original WTC-net. The basic idea is to reduce the
complexity of the initial WTC-net by removing the
redundant tasks from the WTC-net. Here, redun-
dant tasks are defined as tasks having neither transi-
tion conditions nor writing operations. A canonical
net is then generated. This net contains the reduced
underlying WF-net with pure transition conditions
as well as writing operations on the variables used
by transition conditions. These reduction rules were
described in detail in Wang et al. (2009). Second, we
propose a solution to terminate repeated cyclic ex-
ecutions and avoid exhaustive state space explosion
caused by repeated cyclic executions. In this section,
the solution of the state space explosion caused by
repeated cyclic executions in a WTC-net system is
considered.

In general, cycles possibly exist in a reachabil-
ity graph of a Petri net system. Every cycle in a
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reachability graph can be executed from a start state
and reproduce that start state. Thus, the termina-
tion of repeated executions of a cycle in the reacha-
bility graph can be determined by observing that the
same marking occurs twice along a firing sequence σ.
For example, as shown in Fig. 2a, a cycle t2t3 is ex-
ecuted from marking p1 to marking p1 in the reach-
ability graph of the underlying WF-net of Fig. 1b.
Then, the repeated executions of the cycle t2t3 are
terminated when the start state p1 of the cyclic exe-
cution is reproduced along the sequence t1t2t3.

However, we cannot directly terminate the re-
peated cyclic executions of a WTC-net system by
observing that the same underlying WF-net marking
occurs twice along a firing sequence in the reachable
set of a WTC-net system. For a WF-net system,
conditional routings, i.e., conditions of branchings
or loops, are often neglected and are to be consid-
ered only as non-deterministic and fair. However,
for a WTC-net system, conditional routings can be
determined by looking at transition conditions based
on data (That is, the manipulation of data variables
through write operations, the order of these oper-
ations, and use of the data variables in transition
conditions). Thus, WTC-net variants with cyclic ex-
ecution, all having the same underlying WF-net, may
exhibit different behaviours. For example, Figs. 2b
and 2c illustrate the different behaviours of the

execution of cycle t2t3 for different WTC-net vari-
ants with the same underlying WF-net in Fig. 1b.
Accordingly, the termination of repeated cyclic exe-
cutions cannot be determined by observing that the
same underlying WF-net marking occurs twice along
a firing sequence in the reachable set of a WTC-net
system.

For a WTC-net system, the local constraint in-
side a cycle governs the latter rounds of repeated
cyclic executions excluding the first round. It then
makes a possible behavioural difference for the sec-
ond and the latter rounds of repeated cyclic exe-
cutions from the first round. Conversely, the local
constraint also makes a behavioural duplication of
the former cyclic execution for the latter cyclic ex-
ecution from the third round. For the behavioural
difference aspect, as shown in Fig. 2b, the partial
reachability tree of a WTC-net variant illustrates
that there are two possible choices at the marking
(p2, t1t2) during the first round of the execution of
the cycle t2t3: firing the transition t3 to continue the
rest of the first round of cyclic execution, or shifting
to fire the transition t4 thereby quitting the cyclic ex-
ecution. There is only one possibility at the marking
(p2, t1t2t3t2) during the second round of cyclic exe-
cution t2t3: firing the transition t3 to continue the
rest of the second round of cyclic execution. For the
behavioural duplication aspect, as shown in Figs. 2b

i p1 p2
t1 t2

t3

t4 p3 o

t5

t6

(a) (b)

(c)

Fig. 2 Partial reachability sets for the WF-net model and the WTC-net variants in Fig. 1b. (a) is the
reachability graph of the WF-net in Fig. 1b; (b) and (c) are the partial reachability trees of the WTC-net with
variable y being written by transitions t1 and t4 in Fig. 1b, respectively
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and 2c respectively, the inner marked area closed
with a dotted line (the third round of the execu-
tion of cycle t2t3) is a behavioural duplication of the
outer marked area closed with a dotted line (the sec-
ond round of the cyclic execution). Upon further
analysis, as shown in Fig. 2c, for the WTC-net vari-
ant of Fig. 1b with y written by transition t2, a new
constraint y1t2 > 5 is accumulated in the start state
(p1, t1t2t3) of the second round of the cyclic execu-
tion after the first cyclic execution. In addition, a
new constraint y2t2 > 5 is accumulated in the start
state (p1, t1t2t3t2t3) of the third round cyclic execu-
tion after the second cyclic execution. Specifically,
both y1t2 and y2t2 are fresh variables of the original
variable y. Accordingly, the dynamic constraints
y1t2 > 5 and y2t2 > 5 have the corresponding com-
mon cycle constraint set {(t3, y > 5)} (that is, y > 5

on transition t3) by traversing the cycle t2t3. Thus,
looking at the start state of the underlying WF-net
of a cyclic execution with a specific cycle constraint
set, we can identify the start state of the third round
and that of the second round of repeated cyclic ex-
ecutions. Then repeated cyclic executions can be
terminated in the start state of the third round.

Subsequently, we consider how to identify the
start state of the underlying WF-net of a cyclic ex-
ecution in a WTC-net system. As the first step, we
need to define cycles.
Definition 17 (Cycle) Given a WTC-net system
S= (W ,M0) whereM0= (i, ε) is the initial marking,
let s be a firing sequence of WTC-net system S. Se-
quence s from marking (M,σ) to marking (M ′, σ.s)
is a cycle of the WTC-net system S iff M =M ′.

It is well known that transition invariants (that
is, T-invariants) give hints to cycles in a Petri net
system (Schmidt, 2003). Every transition sequence,
which can occur in some state and which returns to
the same state, corresponds to a T-invariant. That
is, for a cycle σ, there is always a corresponding
unique T-invariant x where �t(σ) = x(t) (Here, �t(σ)
is the number of occurrences of t in σ). Specifically, a
cycle is an elementary cycle if and only if there exists
a corresponding minimal T-invariant. T-invariants
and minimal T-invariants have been described in
more detail in Murata (1989).

In Fig. 3, the underlying WF-net has a cycle t3t4
from marking p2 + p5 to p2 + p5. The corresponding
minimal T-invariant of this cycle is t3+ t4. The cycle
t2t3t5t6 from marking p1 + p5 to p1 + p5 has a corre-

sponding minimal T-invariant t2 + t3 + t5 + t6. The
cycle t2t3t4t3t5t6 from marking p1+p6 to p1+p6 has
a corresponding T-invariant t2 + 2t3 + t4 + t5 + t6.
And as a last example the cycle t3t5t6t2t3t4 from
marking p2 + p6 to p2 + p6 has the corresponding
T-invariant t2 + 2t3 + t4 + t5 + t6. Therein, the cy-
cles t3t4 and t2t3t5t6 are elementary cycles because
there exist the corresponding minimal T-invariants
t3 + t4 and t2 + t3 + t5 + t6, respectively. The cy-
cles t2t3t4t3t5t6 and t3t5t6t2t3t4 have the same T-
invariant t2+2t3+t4+t5+t6, which is a combination
of minimal T-invariants t3 + t4 and t2 + t3 + t5 + t6.
The difference between the cycles t2t3t4t3t5t6 and
t3t5t6t2t3t4 is that the start state of a possible ex-
ecution of the cycle t2t3t4t3t5t6 contains place p1
while the start state of a possible execution of the
cycle t3t5t6t2t3t4 contains place p2.

t2

t4t1

p1 p2 t3 p3 t5

t6

t8

p4

t7p5 p6

o

[¬c2]

[c1]

i

[¬c1] [c2]

Fig. 3 A sample of WTC-net with loop structures

Next, we shall use the statical structure of a
WTC-net to identify potential candidates of the start
states of the underlying WF-net for repeated cyclic
executions.
Definition 18 (Elementary loop and entry point)
Let x be a minimal T-invariant of the underlying
WF-net for a WTC-net W . A subset L of W
(T ′, P ′, F ′) is an elementary loop of the underly-
ing WF-net if and only if T ′ = {t|x(t) > 0}, P ′ =
(∪t∈T ′•t)⋃(∪t∈T ′t•), and F ′ = (P ′×T ′)

⋃
(T ′×P ′).

A place pi ∈ P ′ is an entry point of L if and only
if there exists at least a transition tj ∈ (T − T ′)
(outside of the loop) and an arc (tj , pi) ∈ (F − F ′).
Thus, the entry point set E of a WTC-net W is a set
of entry point sets of all elementary loops.

For example, as shown in Fig. 3, there is a cor-
responding minimal T-invariant t3 + t4 for the cycle
t3t4. Accordingly, there is a static loop p2 → t3 →
p3 → t4 → p2 with an entry point set {p2} in the
underlying WF-net. Analogously, there is a corre-
sponding minimal T-invariant t2 + t3 + t5 + t6 for
the cycle t2t3t5t6. Accordingly, there is a static loop
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p1 → t2 → p2 → t3 → p3 → t5 → p4 → t6 → p1
with entry point set {p1, p2} in the underlying WF-
net. The entry point set E of the underlying WF-net
in Fig. 3 is {p1, p2}.

Now note that according to Definitions 17 and
18, a dynamic cyclic execution must contain a fir-
ing sequence which has the corresponding elemen-
tary loop or a combination of different elementary
loops. As an elementary loop always contains at
least one entry point, we can formulate the following
proposition:
Proposition 1 Given a WTC-net W and its set of
entry points E , and the fact that every cycle in W has
a corresponding elementary loop or a combination of
different elementary loops, a cyclic execution of a
WTC-net system contains at least one state (M,σ)

where M(p) > 0, p : p ∈ E is an entry point. Then,
(M,σ) is one possible start state for cyclic execution.

The start state of the first round of repeated
cyclic executions is denoted as the notion ‘start point
of repeated cyclic executions’. Now we define how to
compute it.
Definition 19 (Start point of repeated cyclic exe-
cutions) Given a WTC-net W and its set of en-
try points E , and letting σ = σ1 · σ2 be a se-
quence of transitions such that (i, ε)[σ1 >(M,σ1)

and (M,σ1)[σ2 > (M,σ), (M,σ1) is a start point
of repeated cyclic executions along the sequence σ
iff: there are a set of reachable markings SM along
the sequence σ containing WF-net markingM where
∃p :M(p) > 0∧p ∈ E , and marking (M,σ1) first ap-
pears for all possible markings of SM along sequence
σ.

Inductively, there are two common features to
identify the start state of each round of repeated
cyclic execution from the second round in a WTC-
net system: one is that the same underlying WF-net
marking contains an entry point, and the other is
that the start of each cycle has the same cycle con-
straint set (that is, a set of the transition-condition
pairs accumulated by the traversing cycle). Here,
we use the term ‘anchor label’ for the combination
of the two features above. Thus, the termination
of repeated cyclic executions can be determined by
the same anchor label appearing twice along a firing
sequence in the reachable set of a WTC-net system.

Next, we formally define the cycle constraint set

and anchor label.
Definition 20 (Cycle constraint set and anchor la-
bel) Given a WTC-net W and its set of entry
points E , let σ = t1t2 · · · tn be a sequence of tran-
sitions (not all transitions need to be different) from
a possible start state of a certain cycle (M ′, σ′) in
which t1 is enabled. For all 1 ≤ i < n, firing ti
yields a marking (Mi, σ

′t1 · · · ti) in which ti+1 is en-
abled, and firing tn yields marking (M ′′, σ′′), i.e.,
(M ′, σ′) t1→ (M1, σ

′t1) · · · (Mn−1, σ
′t1 · · · tn−1)

tn→
(M ′′, σ′′). There is an execution of cycle σ iff
M ′ =M ′′. Then, the corresponding cycle constraint
set Cl(σ) is defined by

Cl(ε) = ψ,

Cl′(tσ) = Cl(σ) ⊕ (t, G(t)).

Correspondingly, the anchor label M� for the mark-
ing (M ′′, σ′′) is (M ′′, Cl(σ)).

In the WTC-net in Fig. 3 there is a possible exe-
cution of the cycle t2t3t5t6 from the WF-net marking
p1+p5 to p1+p5; therefore, the corresponding anchor
label for the start states of both the second and the
third rounds is (p1 + p5, {(t5, c1), (t6,¬c2)}). Anal-
ogously, since there is a possible execution of the
cycle t2t3t4t3t5t6 from the WF-net marking p1 + p5
to p1 + p5, the corresponding anchor label for the
start states of both the second and the third rounds
is (p1 + p5, {(t4,¬c1), (t5, c1), (t6,¬c2)}).

Now, we consider the computation of the termi-
nation point (i.e., the start state of the third round
cyclic execution) for repeated cyclic executions.
Definition 21 (Termination point) Given a WTC-
net W , a transition sequence σ = t1t2 · · · tn exists
such that (M ′, σ′) σ→ (M ′′, σ′′) and M ′ = M ′′.
(M ′′, σ′′) is a termination point iff M�(M ′, σ′) =

M�(M ′′, σ′′).
For example, the anchor label of the marking

(p1, t1t2t3) is (p1, {(t3, y > 5)}) and the anchor label
of the marking (p1, t1t2t3t2t3) is (p1, {(t3, y > 5)})
in Figs. 2b and 2c, respectively. Thus, the mark-
ing (p1, t1t2t3t2t3), which has the same anchor la-
bel (p1, {(t3, y > 5)}) compared to the marking
(p1, t1t2t3), is the termination point. The repeated
cyclic executions can then be terminated. By finding
the same anchor label along a reachable path, the fi-
nal coverability graph can be generated (Figs. 4a and
4b).
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Fig. 4 Coverability graph of the WTC-net in Fig. 1b
with variable y written by transition t1 (a) or t2 (b).
The underlined marking is the start point of repeated
cyclic executions, the markings marked by solid rect-
angles are the start states of the second and third
cyclic executions, the extra-labels of the marking an-
notated with gray rectangles are the corresponding
anchor labels of the start states of the second and
third cyclic executions. Also, a directed dotted line
connects the marking (p1, t1t2t3t2t3) to the marking
(p1, t1t2t3)

4 Tool support

We have implemented the proposed approach
for determining the correctness of workflow nets
with transition conditions. The tool we developed
is called the WTC-net soundness checker. The
overview of the tool architecture is shown in Fig. 5.
We used a well-known, open-source process analy-
sis framework, ProM (van der Aalst et al., 2009)
and developed our tool as a ProM 6 analysis plug-

in (The ProM framework can be downloaded from
http://www.processmining.org). The tool is com-
posed of two main parts: the WTC-net constructor
and the soundness analyser. Amongst these, the
soundness analyser part contains two components:
(1) a coverability graph generator, and (2) a sound-
ness checker.

4.1 WTC-net constructor

The WTC-net constructor provides the design
environment for developing workflow nets with well-
formed transition conditions. It includes two main
components: the WTC-net editor and the WTC-
net checker. The WTC-net checker contains a well-
structured WF-net checker and a well-formedness
checker for transition conditions.

1. WTC-net editor: The editor supports the cre-
ation of a new WTC-net, and importing and export-
ing of WTC-nets. A WTC-net includes two parts:
the underlying WF-net and the data related with
transition conditions. The editor supports the cre-
ation of a new WTC-net by importing a WF-net
model and editing the data related to transition con-
ditions based on the imported WF-net model. The
editor also supports importing and exporting WTC-
net models.

2. WTC-net checker: The function of this com-
ponent is twofold: (1) to check whether the transition
condition is well-formed (The well-formed condition
is defined in the Appendix)—the related implemen-
tation follows the functions TypeOf and Vwfc defined
in the Appendix; (2) to check whether the control
flow structure of a WTC-net is well structured. A
WF-net is well structured if its short-circuited net
is well handled (Verbeek, 2004). The main goal in

Fig. 5 Architecture of the WTC-net soundness checker
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checking the well-structuredness is to provide a pre-
processing before soundness checking. Some syntax
anomalies from the WF-net structure aspect are ex-
cluded at first. As discussed in Verbeek (2004), the
TP- and PT-handle will prevent certain transitions
from being enabled. These situations are commonly
regarded as anomalies from the structural point of
view of the WF-net. The well-structuredness check-
ing is implemented by calling Woflan (Verbeek et al.,
2001) and the TP/PT handle component integrated
in ProM 6.0.

Fig. 6 shows the interface of the WTC-net con-
structor which describes the WTC-net variant of
Fig. 1b with variable y being written on transition
t2.

4.2 Coverability graph generator

The coverability graph generator supports the
creation of a coverability graph based on the reach-
ability notion of a WTC-net defined in Section 2.
The whole process of generating a coverability graph
from a WTC-net is similar to the algorithm proposed
in Karp and Miller (1969): first, a Petri net cover-
ability tree is constructed, and then a coverability
graph is obtained by merging the identical nodes in
the coverability tree.

Since reachability analysis is the core of our ap-
proach, we briefly introduce the process of generating
the coverability tree of a WTC-net: given a WTC-
net W with M0, from this initial marking M0, many
new markings can be obtained with the increase in

the number of the enabled transitions. From each
new marking, more markings can be reached. This
process results in a coverability tree. For a cov-
erability tree, nodes represent markings generated
from M0 (the root) and its successors, and each arc
represents a transition firing, which transforms one
marking to another. Specifically, three different cases
should be considered when a new node is explored
with its successors.

Case 1: Detection of an identical known mark-
ing. For current node n, there is a node n1 that is
an ancestor of n and has the same anchor label as n:
identify n and n1, and then tag node n as old and
shift to process another new node.

Case 2: Non-boundedness detection. For cur-
rent node n, there is a node n1 that is an ances-
tor of n and n.M > n1.M (i.e., n is coverable),
and then replace n.M(p) by ω for each p such that
n.M(p) > n1.M(p). Finally, tag node n as new again
and shift to process another new node.

Case 3: New nodes generation.
As described above, generating a coverability

graph with transition conditions is supported by an
algorithm proposed by Karp and Miller (1969). This
algorithm has extra features: the ability to decide
on the enabling of transitions when the satisfiability
of transition conditions along a certain sequence of
transitions is considered, and the ability to decide on
the termination of the repeating cyclic executions.

As determined in Definition 13, the enabling of
transition is determined not only by the underlying

t1
t2

t4

t3 t5

t6

Fig. 6 WTC-net constructor interface. The right-hand side illustrates the underlying WF-net and the left-
hand side describes the editor interface for the data (that is, data declaration, transition condition assignment,
and writing operations)
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WF-net marking, but also by the satisfiability re-
sult of the condition attached to the transition (if
any). Furthermore, the satisfiability result of the
condition attached to the current transition is influ-
enced by the preceding transition conditions as well
as writing operations and writing orders in preceding
transitions on the variables used under the current
transition condition. The procedures for determin-
ing the satisfiability of a transition condition are as
follows:

1. Variable extraction. This procedure extracts
a (possibly empty) set of data variables from a con-
dition. The implementation follows the function Vvar
defined in the Appendix.

2. Derivation of the conjunctive form of tran-
sition conditions with variable renaming along the
sequence. This procedure accumulates the transi-
tion conditions along a sequence and dynamically
renames variables in a certain transition condition
along a sequence if there is a writing operation on
these variables in a preceding transition. The imple-
mentation follows Definition 11.

3. Condition satisfiability check. This proce-
dure follows Definition 12. We developed a Java
interface to call the libraries in Yices (Dutertre and
de Moura, 2006b). Yices is an satisfiability module
theories (SMT) tool, developed in the C language at
SRI International, integrating a theory solver that
checks the satisfiability of conjunctive formulae over
a theory with a SAT (boolean satisfiability) solver
that enumerates Boolean abstraction of the entire
formula. The conjunctive form of transition condi-

tions is regarded as the input parameter to the Yices
interface, and then the Yices interface returns the
satisfiability result of the conjunctive form (true or
false). Thus, if the returned value is true then the
constraint is satisfiable and the current transition is
enabled, whereas if the returned value is false then
the constraint is unsatisfiable and the current tran-
sition is not enabled.

The procedures for determining the termination
of repeated cyclic executions (if there are loop struc-
tures in the WTC-net) are as follows:

1. Entry point set. This procedure calculates
the entry point set of all elementary loops in the
WTC-net by calling the T-invariant component in
ProM 6.0.

2. Termination of repeated cyclic execution.
This procedure is to determine the termination of
repeated cyclic executions following Definitions 20
and 21 in Section 3.

Fig. 7 shows the coverability graph of the WTC-
net variant of Fig. 1b with variable y being written
on transition t2.

4.3 Soundness property checker

The soundness property checker implements
the soundness checking algorithm defined in Defi-
nition 16. The bottom of Fig. 8 shows the sound-
ness result of the WTC-net variant of Fig. 1b with
variable y being written on transition t2. As ex-
pected, the results reveal that the WTC-net model
is unsound. The reason is: the historic constraint
y > 5 accumulated from transition t4 makes y ≤ 5 on

[1*P0,]
sequence: [] t1

[1*P1,]
sequence: [t1,] t2

[1*P2,]
sequence: [t1,t2,]

t3 (assert y_t2_1)

[1*P1,]
sequence: 
[t1,t2,t3]

t2 (asse

Fig. 7 The coverability graph of the WTC-net variant in Fig. 1b with variable y being written on transition t2
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T1
T2

T3

T4 T5

T6

Fig. 8 The soundness result of the WTC-net variant in Fig. 1b with variable y being written on transition t2

transition t5 unsatisfiable, resulting in transition t5
not being enabled. Thus, transition t5 is a dead task.

4.4 Complexity of the coverability graph of
the WTC-net system

In this subsection, we discuss the complexity of
the coverability graph of a WTC-net since the graph
is the core of the soundness analysis approach.

The complexity of the coverability graph of a
WTC-net system is determined by two aspects: one
is the complexity of the underlying WF-net cover-
ability graph which is the main-bone for the cover-
ability graph of the WTC-net system; the other is
the complexity of the satisfiability of the symbolic
state which is deduced from the sequence part σ of a
WTC-net marking (M,σ).

For the complexity of the coverability graph of
the first WF-net aspect, assuming that both the
number of places P and the number of transitions
T of the WF-net are much smaller than the number
of nodes N of the generated finite coverability tree,
a constant α allows to integrate the computer influ-
ence, and the notation O(·) is used to express the
algorithm complexity.

Firstly, we consider independently the complex-
ity of each case of the algorithm before evaluating
the complexity of the whole coverability tree. As-
sume that the coverability tree is finite having size
N , and suppose the algorithm suppresses K nodes
during its execution.

Case 1: Detection of an identical known mark-
ing. In the worst case less than N + K nodes can
be considered to be detected if the marking of the
current node is equal to that of another one. The
complexity can be expressed as

α
∑

n∈X
a(n) = α ·

N+K∑

n=1

(N +K − 1)

= α · (N +K) · (N +K − 1),

where n represents the index of the currently treated
node, X the set of all the tree nodes (of size less
than N + K), a(n) the set of the previously gener-
ated nodes (of size less than N +K − 1), and α the
computer-dependent coefficient. From the previous
expression it is easy to conclude that the complexity
of case 1 is O((N +K)

2
).

Case 2: Non-boundedness detection. This de-
tects if the marking of the node under treatment is
greater than the ancestor marking of it. Like in case
1 this complexity can be expressed by O((N +K)

2
).

Case 3: New nodes generation. For this last
case, the fireable transitions must be detected for
each tree marking. The corresponding complexity
can be evaluated as

α
∑

n∈X
(t+ C(n)),

where C(n) corresponds to the nodes generating
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complexity from node n, the sum
∑
C(n) is the total

number of the nodes generated and is therefore less
than N +K, and t is the complexity associated with
all enabled transitions (less than |T |). Finally, the
complexity can be estimated as O((N +K) · |T |).

Cases 1 and 2 have the same exponential com-
plexity, higher than the complexity of case 3 which is
linear. So, it is easy to conclude that the complexity
of finite coverability tree construction is quadratic
with the number of tree nodes, i.e., O((N +K)

2
).

The coverability graph is constructed by iden-
tifying and merging identical nodes from the finite
coverability tree. This kind of transformation is lin-
ear. Thus, the complexity of graph transformation
can be neglected when compared to the complexity
of tree construction. Finally, the complexity of the
coverability graph of the WF-net is determined as
O((N +K)

2
).

For the complexity of the satisfiability of the
symbolic state, it is well known that the satisfiabil-
ity problem of the linear constraint is NP-complete
(The transition conditions in this paper are restricted
to linear formulas). However, the relationship be-
tween NP-completeness and problem difficulty has
become ever more fuzzy over the last decade, partic-
ularly, but not exclusively, for the satisfiability prob-
lem (SAT) (Franco, 2005). An important element in
these advances has been an improving understand-
ing of structural properties of instances of SAT and
their relationship to complexity. To some extent it
has come from surprising sources such as statistical
mechanics and probabilistic analysis, e.g., the DPLL
algorithm (Dutertre and de Moura, 2006a). Thus, al-
though SAT solving is a quintessential NP-complete
problem, now it is amazingly fast in such practice
as bounded model checking, planning and software
verification. In the bounded model checking area, for
example, SAT solving is used widely and can handle
10300 states (Rushby, 2006).

Finally, we can conclude that the complexity of
the coverability graph of a WTC-net system is NP-
complete. It is determined mainly by the complexity
of the satisfiability of the symbolic state. In view
of the wide application of SMT technology in many
areas, the feasibility of the approach decided mainly
by the complexity of the satisfiability problem will
be evaluated by assessing the running time of some
real process models and artificial examples in the
following section.

5 Experiments

In this section, firstly we illustrate the appli-
cability of our approach to a set of real process
models by carrying out experiments that are based
on process models and data information related
with transition conditions found in the TiPLM
system. TiPLM is a product life-cycle management
solution, developed by the THsoft InfoTech com-
pany (http://www.thit.com.cn) and widely used
in mainland China (Well over 100 companies in
the manufacturing industry in China are using
the TiPLM system). To sustain development and
research, THsoft InfoTech maintains domain-specific
process model templates and also possesses a collec-
tion of deployed business process models. Finally, we
evaluate the feasibility of our approach by assessing
the running time of some real examples and arti-
ficial examples. All examples for experiments can
be downloaded from http://laudms.thss.tsinghua.
edu.cn/trac/Test/attachment/wiki/chengguo/Test%
20Data.zip.

5.1 Process model in TiPLM workflow

Here, we provide a brief introduction of TiPLM
workflow which is the workflow management soft-
ware component of TiPLM. In TiPLM workflow, a
process model is described by a directed graph that
has four different kinds of nodes. Fig. 9 illustrates the
different components in the TiPLM workflow model
using a real process engineering and changing model
(abbreviated as the PC-1 model):

1. Activity nodes represent tasks that are un-
dertaken by some actors;

2. Route nodes represent decision points that
determine the execution flow;

3. The start node denotes the start of a work-
flow;

4. The end node denotes the end of a workflow.
Nodes are connected by directed links to define

different kinds of control flows. There are two kinds
of links in TiPLM workflow: normal link and false
link. Normal links represent normal execution flows,
while false links represent those execution flows when
routing conditions are evaluated to be false.

The data information setting is performed in
building time. There are two stages: the definition
stage of process variables and the expression setting
stage. Firstly, the definition stage of process vari-
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Fig. 9 The original TiPLM workflow model of the WTC-net model PC-1 with six loop structures. To make it
discernable, we repaint the false links using dotted lines; however, in the real workflow model false links are
represented by solid lines

ables is performed when the process properties are
defined. At this stage, the workflow designer speci-
fies the process variables that will be used in this
model (including variable declaration and variable
initialization). As shown in Fig. 10, the top screen-
shot illustrates all defined variables in this model,
and the bottom screenshot illustrates an interface
for a concrete variable definition. Next, the expres-
sion setting stage is performed when node properties
are defined. The workflow designer specifies rout-
ing conditions (that is, relation or Boolean expres-
sions) on the corresponding route node. As shown in
Fig. 11, the top screenshot illustrates that the type
selecting of a route node is determined by specifying
the relationship among input-nodes and that among
output-nodes. If the relationship is set as conditional
routing (e.g., XOR split construct), the concrete ex-
pression is defined as shown in the bottom screenshot
of Fig. 11.

5.2 Data collection

We collected 29 business process models and
data-based routing information from the THsoft In-
foTech company. These models were created us-
ing TiPLM workflow for the following four process
modules: engineering design and review, process
engineering and changing, release management, and
application management. Table 2 shows the distri-
bution of these process models over these modules.

In terms of the number of process models, the
largest module is release management, which con-
tains 13 TiPLM workflow models, while the smallest

Process properties dialog

Variable definition dialog 

From left to right: 
variable name, variable 
type, initializing value of 
variable

Input

Output

trueboolean

From top to bottom:
 string, integer, real,
 boolean, date

integer

Variable
name

Variable
type

Variable
value

Fig. 10 Screenshots of process variables definition

Fig. 11 Screenshots of expression setting
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Table 2 Business process models from the THsoft InfoTech company

Module #P #A #XORP #XOR #LP #L

Engineering design and review (DR) 11 71 11 42 11 35
Process engineering and changing (PC) 1 10 1 6 1 6
Release management (RM) 13 140 11 14 11 14
Application management (AM) 4 20 4 12 4 10

#P: number of process models; #A: number of activities; #XORP: number of process models with XOR splits; #XOR: number
of XOR splits; #LP: number of process models with loops; #L: number of loops

module is process engineering and changing, which
contains only one TiPLM workflow model. In these
TiPLM workflow models, the total number of ac-
tivities is 241, and there are 27 Tiworkflow models
containing XOR split constructs and loop structures,
93% of the total number of these models. Further-
more, the total number of XOR split constructs is 74
and the total number of loop structures is 65. The
above statistics show that there is a relatively high
use of conditional routing and that the executions of
many activities are significantly determined by con-
ditional routings.

As the first step, these 29 TiPLM process mod-
els were mapped to WF-net models using the Ti-
workflow converter. We have developed this con-
verter based on the algorithm proposed in Zha et al.
(2011). This converter has also been integrated into
the TiPLM system. In addition, we developed an in-
formation extractor to extract the data-based rout-
ing information from the TiPLM database (Note
that the variable in string type used in expression
was handled as a variable in enumeration type, which
can be regarded as a special integer type with a finite
domain, and the variable in date type used in expres-
sion was handled as a variable in integer type). This
information was then incorporated with the trans-
lated WF-net and produced corresponding WTC-
nets. We then anonymised these models. Thus, the
total number of WTC-nets from THsoft InfoTech
used in experiments is 29.

5.3 Tool application

We used the WTC-net soundness checker that
was implemented and integrated in the ProM frame-
work to check the soundness property of the collected
29 WTC-net models. The well-structured WF-net
checking and well-formed condition checking were
executed when the WTC-net model was imported
into the WTC-net editor. Fortunately, there were no
models that did not satisfy the well-structured WF-

net requirements. Hence, there were 29 such models
used as input models for further experiments.

5.4 Soundness validation

We have conducted experiments of soundness
analysis on 29 real-life process models. The analy-
sis results of these 29 models are shown in Table 3.
We compared verification results with other mea-
sures including manual analysis. It turned out that
our approach was always able to correctly assess the
correctness of process definition with a concrete data
refinement.

Table 3 Soundness checking result for transformed
WTC-net models

Property #Passed #Failed Error ratio

Soundness property 23 6 20.7%
Option to complete 26 3 10.3%
Proper completion 29 0 0%
No dead tasks 23 6 20.7%

These soundness checking results were as fol-
lows: there were 6 (20.7%) unsound WF-nets among
29 translated WTC-nets (Table 3). Specifically, 3
(10.3%) WTC-nets did not satisfy the ‘option to
complete’ rule, 0 (0%) WTC-nets did not satisfy the
‘proper completion’ rule, and 6 (20.7%) WTC-nets
did not satisfy the ‘no dead tasks’ rule.

For WTC-nets that violate the ‘option to com-
plete’ rule, it is possible to identify the markings
that cannot arrive at a kind of marking in which
the underlying WF-net marking contains the sink
place. Based on this information, we can identify
tasks which can cause problems at certain markings.
After careful examination, we found a common cause
for the violation of the ‘option to complete’ rule.
That is, there is a correlation between two tran-
sition conditions assigned to different transitions.
Correlation means: (1) two transition conditions,
which are assigned to different transitions along a se-
quence, contain common variables; (2) there are not
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writing operations on the common variables between
the two transitions along the sequence. Once the lat-
ter transition along the sequence is in a cyclic execu-
tion, there is possible live-lock and WTC-nets cannot
exit from the live-lock. This is a very valuable find-
ing that could not be detected by analysing a process
specification from control flow structure alone. One
possible remedy for such an error is to ensure that
there is a writing operation on common variables be-
tween two transitions along a sequence; thus, there
will be a possible exit point during cyclic execution.

For WTC-nets that violate the ‘no dead task’
rule, it is possible to identify the dead task. Based
on this information, we can identify that there is a
situation causing this error: it is possible that the
historic constraint is not satisfiable and then the
transition cannot fire. Further, we can probe that
if there are two sequential choice structures and a
correlation relationship exists among transition con-
ditions assigned separately to these two choice struc-
tures, then the satisfiability result of the former tran-
sition condition may make the latter transition con-
dition unsatisfiable. Thus, the error of violating ‘no
dead task’ possibly occurs.

For a WTC-net of its underlying WF-net with
PT or TP handle, it is possibly easy to violate the
‘option to complete’, the ‘proper completion’, and
the ‘no dead tasks’ rules. Thus, currently the imple-
mented tool focuses mainly on the soundness check-
ing of WTC-net with well-structured WF-net. The
above consideration is part of the reason why there is
no WTC-net model violating the ‘proper completion’
rule.

The results from soundness checking aim at pro-
viding a better insight into the compatibility between
process models and condition routings. We report
the soundness result of the WTC-net and that of the
underlying WF-net to the users. Based on the above
decision-supporting information, users can then de-
termine further whether the designed process model
is reasonable or not. To ensure that our suggested
remedy is in compliance with the business semantics
of a process, we communicated our findings to do-
main experts. Based on subsequent discussions with
these domain experts, we corrected these errors and
performed soundness checking in an iterative manner
until all WTC-nets were found to be sound.

During our interactions, the domain experts ex-
pressed interest in learning more about our experi-

ments. It is our expectation that when the tool can
provide automated support for stronger expression of
conditions, the tool can be used by domain experts
to validate their process models before the TiPLM
system is deployed in an organisation.

5.5 Feasibility assessment

To the best of our knowledge, there is no other
verification tool developed specifically for a work-
flow net with a data perspective. Thus, we cannot
assess the feasibility of our approach by comparing
the execution time among different tools. Hence, to
evaluate the feasibility of our approach, we first
tested the time of generating a coverability graph
for the transformed 29 WTC-net models from the
THsoft InfoTech company. We then investigated and
further tested from two aspects—the volume of pro-
cess models and the number of routing conditions
in the process model—to probe the main factor for
the time of generating the coverability graph of a
WTC-net. The running environment is an Acer lap-
top with the configuration of 2.67 GHz Intel Core
i5-480M CPU and 4.0 GB memory.

5.5.1 Time results of the coverability graph for 29
WTC-net from THsoft InfoTech

For 29 transformed WTC-net models, Table 4 il-
lustrates structure features for each WTC-net model:
the column #Tr represents the number of transitions
of a WTC-net model, and the column #Pl represents
the number of places of a WTC-net. Compared care-
fully to Table 2, the total number of transitions in
Table 4 is not in conformity with the total number
of activities in Table 2. The reason is that transi-
tions in a WTC-net are transformed not only from
activities but also from route nodes, the start node,
and the end node in the original TiPLM workflow
model.

Subsequently, we continue to illustrate the ex-
perimental result of the execution time in Table 4.
For multiple loop structures in these collected WTC-
net models there is a common feature that multiple
loop structures are nested together. Thus, the col-
umn #NL not only represents the number of loop
structures but also explains the depth of nested loop
structures. Finally, the column #XOR describes
the number of all possible conditional routings in
a WTC-net. Thus, the number of choice constructs
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Table 4 Time taken for the computation of the cov-
erability graphs

Model #Tr #Pl #XOR #NL Time (ms)

DR-1 19 21 3 3 297
DR-2 15 13 3 2 266
DR-3 25 19 7 4 4280
DR-4 16 15 3 3 313
DR-5 18 19 3 3 328
DR-6 22 19 5 5 8120
DR-7 23 19 5 4 3795
DR-8 12 11 2 2 235
DR-9 12 11 2 2 219
DR-10 19 16 4 3 663
DR-11 23 19 5 4 766
PC-1 28 24 6 6 27 624
RM-1 21 23 3 3 313
RM-2 24 32 2 2 258
RM-3 18 26 1 1 157
RM-4 16 22 1 1 231
RM-5 19 28 1 1 235
RM-6 17 24 1 1 227
RM-7 14 18 1 1 235
RM-8 16 22 1 1 231
RM-9 15 25 0 0 157
RM-10 21 32 1 1 235
RM-11 3 4 0 0 141
RM-12 25 40 1 1 231
RM-13 21 32 1 1 220
AM-1 14 12 3 3 313
AM-2 11 10 2 2 235
AM-3 16 13 3 2 266
AM-4 21 17 4 3 235
#Tr: number of transitions; #Pl: number of places; #XOR:
number of XOR splits; #NL: number of nested loops

can be deduced from the difference between the num-
ber of all possible conditional routings and the num-
ber of loop structures. For example, for the DR-3
model in Table 4, there are four nested loop struc-
tures and three choice constructs.

Table 4 shows that the time improves signifi-
cantly when the number of nested loop structures
increases gradually. For instance, the time for the
DR-1 model with three nested loop structures is 297
ms, that for the DR-3 model with four nested loop
structures is 4280 ms, that for the DR-6 model with
five nested loop structures is 8120 ms, and that for
the PC-1 model with six nested loop structures sig-

nificantly amounts to 27 624 ms.
From the results of times for the transformed 29

WTC-net models, we can conclude that the number
of nested loop structures is possibly a critical factor
in determining the length of the execution time of
our approach.

To further probe the main factor of execution
time for generating the coverability graph, we fur-
ther investigate the influence of the following two
aspects—the volume of a process model and the
number of routing conditions—on the time.

5.5.2 Investigating result from SAP reference models

Herein, to study the influence of the volume
of a process model on the time of the coverability
graph for a WTC-net, we have investigated the well-
known reference models of SAP, which contain 604
event-driven process chains (EPCs) modelling dif-
ferent business processes supported by the R/3 sys-
tem (Curran and Keller, 1998). As the first step,
we have transformed these EPC models into Petri
nets using ProM. This resulted in 591 Petri nets
(13 EPC models could not be mapped to Petri nets
using ProM). Table 5 shows the statistical features
of transformed Petri nets from both SAP reference
models and the THsoft InfoTech company.

As shown from columns 2 to 7 in Table 5, the
basic features of 591 Petri nets from SAP reference
models and those of 29 Petri nets (WF-nets is a sub-
set of Petri nets) from the THsoft InfoTech company
are as follows: on one hand, amongst these 591 Petri
nets from SAP reference models, the minimal ones
contain only one transition and two places while the
maximal ones contain 53 transitions and 83 places;
the average number of transitions of a process model
is 6.79 while the average number of places of a pro-
cess model is 10.6. On the other hand, amongst these
29 Petri nets from the THsoft InfoTech company, the
minimal ones contain only three transitions and four

Table 5 Features of transformed Petri nets from both SAP reference models and the THsoft InfoTech company

Model #MinT #MaxT #AveT #MinP #MaxP #AveP #T0−19 #T20−29 #T30−

SAP 1 53 6.79 2 65 10.6 570 17 4
THsoft InfoTech 3 28 18.00 4 40 20.0 18 11 0
#MinT: minimal number of transitions for a Petri net; #MaxT: maximal number of transitions for a Petri net; #AveT: average
number of transitions for a Petri net; #MinP: minimal number of places for a Petri net; #MaxP: maximal number of places for a
Petri net; #AveP: average number of places for a Petri net. #T0−19: number of Petri nets in which the number of transitions is
around 0–19; #T20−29: number of Petri nets in which the number of transitions is around 20–29; #T30−: number of Petri nets in
which the number of transitions is above 30
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places while the maximal ones contain 28 transitions
and 40 places; the average number of transitions of
a process model is 18 while the average number of
places of a process model is 20.

Subsequently, we count the distribution of these
models with different scales. As shown from columns
8 to 10 in Table 5, on one hand, amongst these 591
Petri nets from SAP reference models, there are 570
models (96%) for which the number of transitions is
around 0–19, 17 models (3%) for which the number
of transitions is around 20–29, and 4 models (1%)
for which the number of transitions is above 30. On
the other hand, amongst these 29 Petri nets from the
THsoft InfoTech company, there are 18 models (62%)
for which the number of transitions is around 0–19,
11 models (38%) for which the number of transitions
is around 20–29, and 0 model (0%) for which the
number of transitions is above 30.

The statistical information of model features
from SAP reference models and this from the THsoft
InfoTech company show that it is common for an in-
dustry business model that the number of transitions
and the number of places are around two digits.

Furthermore, we have transformed four Petri
nets from SAP reference models, in which the num-
ber of transitions is above 30, to WF-nets. Subse-
quently, we annotated conditions on these WF-nets
using our WTC-net soundness checker. The time of
the coverability graph for the four derived WTC-nets
is about 200 ms (Table 6). Thus, we can draw a con-
clusion temporarily that the volume of a model is not
the critical factor affecting the time of generating a
coverability graph.

5.5.3 Experimental results of artificial samples

To further probe the relationship between the
number of different situations of conditional routing
and the length of execution time, we consider four
representative situations related to conditional rout-
ings: nested loop structures (Fig. 12a), sequential
loop structures (Fig. 12b), nested choices (Fig. 12c),
and sequential choices (Fig. 12d). Moreover, we de-
signed artificial WTC-net models with incremental

basic conditional constructs from 2 to 6 for each
situation. For example, for the situation of nested
loop structures, there are 5 artificial WTC-net mod-
els with nested loop structures from 2 to 6 respec-
tively. Thus, there are 20 artificial WTC-net models
for these four situations.

(a)

(b)

(c)

(d)

Fig. 12 Construct samples: (a) nested loop struc-
tures; (b) sequential loop structures; (c) nested
choices structures; (d) sequential choices structures

Table 7 shows the time for different situations.
The second row shows that the time soon mounts
up when the number of nested loop structures in-
creases gradually. However, the third, fourth, and
fifth rows show that the time increases in a stable
manner when the number of sequential loop struc-
tures, nested choices, or sequential choices increases
gradually. The statistical information in Table 7
testifies again that the length of execution time is
decided mainly by the number of nested loop struc-
tures. Especially when the number of nested loop
structures amounts to five or above five, the time
increases dramatically. However, there is no impor-
tant influence on the length of time for other com-
plexity conditional routing situations (e.g., nested
choices, sequential choices, and sequential loop
structures).

Table 6 Time taken for the computation of coverability graphs for four examples from SAP reference models

Time#(1Er_hhi9) (ms) Time#(1Er_ixso) (ms) Time#(1Er_hsto) (ms) Time#(1Un_jh6h) (ms)

200 221 219 211

Time#(1Er_hhi9) stands for the time taken for the WTC-net named 1Er_hhi9, analogously for Time#(1Er_ixso), etc.
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Table 7 Time taken for the computation of coverability graphs for artificial examples

Situation Time#(2) (ms) Time#(3) (ms) Time#(4) (ms) Time#(5) (ms) Time#(6) (ms)

Nested loops 241 292 701 5434 27 624
Sequential loops 231 241 282 331 471
Nested choices 171 171 191 181 171
Sequential choices 161 141 171 271 343

Time#(n) stands for the time taken for the WTC-net with n constructs

In general, the testing results of time prove that
the tool developed for our approach is feasible in
practice to some extent.

6 Related work

6.1 Soundness verification of control flow
perspective

The soundness property, originally defined for a
WF-net (van der Aalst, 1997; 1998a), ensures that
from any reachable marking the final marking can be
reached, and every task can potentially be executed.
It is the minimum requirement that every workflow
net must meet. This property guarantees the absence
of livelocks, deadlocks, and other anomalies that can
be detected without domain knowledge.

Based on original WF-nets, variants of WF-nets
are proposed to support more control patterns, e.g.,
models that allow for cancellation, complex joins
such as the inclusive OR-join (Wynn et al., 2006).
In van Hee et al. (2003), two alternative notions of
soundness were introduced: k-soundness and gener-
alized soundness. These notions allow for dead parts
in the workflow but address problems related to mul-
tiple instantiation. The notion of weak soundness
was proposed in Martens (2003; 2005), which allows
for dead transitions. The notion of relaxed sound-
ness was introduced in Dehnert and van der Aalst
(2004), which supports the analysis for potential
deadlocks and livelocks. Lazy soundness (Puhlmann
and Weske, 2006) is another variant that focuses only
on the end place and allows for excess tokens in the
rest of the net. All the above research in soundness
verification is restricted to the control flow perspec-
tive only.

6.2 Soundness verification considering data
perspective

In recent years, increasing research has focused
on the influence of data perspective in verification of

workflow correctness. Some researchers focused on
data flow anomalies in workflow (Sun et al., 2006;
Meda et al., 2007; 2010; Trčka et al., 2009). Fan
et al. (2007) extended the notion of classical sound-
ness from van der Aalst (1998a) to support the case
in which data flow affects control flow. However, no
explicit data perspective is considered in the verifica-
tion algorithm. Since the control/data flow interac-
tion is considered in transition conditions which are
used to generate an occurrence graph (OG), actually
data parts can also impact the soundness property.
Thus, this formal verification method is inefficient.
Knuplesch et al. (2010) considered data conditions
within a process model serving as a preprocessing
step to actual compliance checking rather than cor-
rectness verification of the business process model.
The influence of the data condition on the flow of
control was first mentioned in Trčka (2009), where
two different situations with data perspective were
identified, i.e., false positives and false negatives,
but no means of verifying the soundness property
was provided. Later, Sidorova et al. (2010; 2011)
proposed an approach to verify the soundness prop-
erty of the workflow net taking into account data
perspective. The concrete approach in Sidorova
et al. (2010) is to construct a may-must reachabil-
ity graph based on standard may/must transition
systems that guarantees valid results based on data
perspective (e.g., data operations and abstract tran-
sition guards). Furthermore, the approach proposed
in Sidorova et al. (2011) defines the semantics of
WFD-nets using the concept of hyper transition sys-
tems rather than standard may/must transition sys-
tems to improve their previous characterizations of
may- and must-soundness from Sidorova et al. (2010)
and to prove in theory the tough relationship be-
tween conceptual WFD-net with abstract predicate
and the corresponding data refinement.

At first sight, work in Sidorova et al. (2010;
2011) is similar to our work. In the following,
we analyse further the similarities and differences
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between their work and ours.
Sidorova et al. (2010; 2011) and our paper both

focus on the soundness verification for workflow nets
taking into account data perspective. To deal with
soundness verification, two challenges should be con-
sidered: one is to formally express workflow mod-
els with data perspective, and the other is to verify
workflow models with any possible data refinement.

For the formalisation of workflow nets with data
perspective, the formalisation of the WFD-net in
Trčka (2009) and Sidorova et al. (2011) is proposed
by supporting the representation of data operations
and abstract guards. We propose workflow net with
transition conditions (that is, WTC-net) and give a
concrete definition for the transition condition from
both syntactic and semantic points of view. Com-
pared to WTC-net, WFD-net is a more general ap-
proach leading to more precise formulation especially
from data operations. However, WFD-net does not
illustrate further how to support arbitrary concrete
guards. In contrast, WTC-net gives more concrete
formalisation of the transition condition which is fun-
damental for further behavioural analysis of WTC-
net.

For the analysis approach of workflow nets with
data perspective, Sidorova et al. (2011) described
the semantics of WFD-nets using the concept of
hyper transition systems, which allows to connect
a single state to a set of possible successor states.
Using this analysis method a certain soundness re-
sult of any data refinement can be deduced if the
WFD-net is must-sound (or not may-sound). How-
ever, an accurate soundness result of any data re-
finement cannot be deduced if the WFD-net is may-
sound. Because this method supports only sound-
ness analysis for WFD-net with abstract predicate,
it does not provide a formalisation of the concrete
condition expression, and hence cannot analyse the
soundness topic on the basis of concrete data re-
finement. In our approach, first, we formalise the
term ‘condition’ from both syntactic and semantic
points of view. Subsequently, we analyse the be-
havioural semantics of a WTC-net based on the in-
fluence of concrete transition conditions as well as
writing operations and propose a reachability anal-
ysis method to verify the soundness property con-
sidering data perspective. Specifically, we adopt the
symbolic execution technique (Clarke, 1976; King,
1976; Khurshid et al., 2003) to translate the reach-

ability problem into a symbolic constraint system,
and then handle the state space explosion caused
by infinite or finite data dimension. Subsequently,
we propose an approach to deal with the termina-
tion of repeated cyclic executions in the reachability
space of a WTC-net. Thus, the ambiguous sound-
ness result of any data refinement deduced from the
may-soundness result of the corresponding WFD-net
caused by the abstract guard function in Sidorova et
al. (2011) can be solved to some extent by the ap-
proach proposed in our paper. Finally, we implement
the proposed approach as a plug-in in ProM 6.0. A
practical experiment further illustrates the potential
applicability of the approach we propose in the real
industry domain.

6.3 Program analysis

The topic we examine in this paper is also simi-
lar to the topic of program analysis to some extent.
Here we discuss the relationship between our work
and program analysis. Program analysis includes
two main facts: data flow analysis and program
verification.

To optimise the representation of data flow, data
flow analysis can be implemented using the single
static assignment (SSA) form (Cytron et al., 1991).
The concepts of SSA explained so far hold for se-
quential programs only. Therefore, an extension of
SSA for programs containing concurrency has been
proposed by Lee et al. (1998). The concurrent sin-
gle static assignment (CSSA) form has already been
applied to some research works on the analysis topic
in business process management (Moser et al., 2007;
Heinze et al., 2009; 2011). Moser et al. (2007) pre-
sented a method to extract data flow information
by constructing a CSSA representation and detect-
ing data dependencies that affect communication be-
haviour. Those discovered dependencies were used
to construct a more precise formal model of the given
BPEL process and hence to improve the quality of
analysis results. Heinze et al. (2009) used a combi-
nation of workflow graphs and CSSA to restructure
WS-BPEL processes. Based on the hybrid format, it
is able to identify loops with a static quasi-constant
loop condition and transform them in such a way
that conditional control flow is replaced by uncon-
ditional control flow. Later, Heinze et al. (2011)
introduced a restructuring technique to resolve data-
based choices with conditions over variables, whose
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values are determined by the contents of incoming
messages.

Note that the notion ‘fresh variable’ introduced
in our paper has a similar idea of SSA to some extent.
The difference is that the ‘fresh variable’ is used as
replacement for variable whenever the variable has
received a new value during the running time. How-
ever, SSA is used as replacement for variable when
the variable is defined in a control flow graph (CFG).
We introduce the notion ‘fresh variable’ to represent
the snapshot of the writing operation that occurred
each time in a loop structure in running time. How-
ever, SSA cannot describe clearly this situation. For
example, in SSA (or CSSA) form the single assign-
ment property is static, which means that a vari-
able assignment inside a loop is regarded as a single
definition. However, the control flow may reach that
assignment more than once when the program is
executed. That is, a variable inside a loop gets a
new value assigned each time the loop is executed,
but for each iteration it does not get a new subscript
of SSA form for the variable.

On the other hand, both the symbolic execu-
tion technique (Clarke, 1976; King, 1976; Khurshid
et al., 2003) and the predication abstraction tech-
nique (Graf and Saïdi, 1997) have been widely used
in the program verification area. Symbolic execu-
tion represents values of program variables with sym-
bolic values instead of concrete (initialized) data and
manipulates expressions involving symbolic values.
Symbolic execution traditionally arose in the context
of checking sequential programs. Here, we extend it
with the underlying WF-net to a parallel model. The
predication abstraction technique is devoted to au-
tomatically construct abstract state graphs paying a
reasonable price. Here, we directly address the sat-
isfiability of the history constraint along a sequence
by an SMT solver. There can be an improvement
of algorithm efficiency if we combine the symbolic
execution technique and the predication abstraction
technique in the future.

7 Conclusions

In this paper, we have defined workflows net
with transition conditions as WTC-nets and have
given it behavior semantics taking into account the
influence of transition conditions in detail. Using this
definition, we have presented an approach to verify

workflow correctness based on WTC-nets and con-
sidered the technique to solve state space problems.
Finally we described our implementation of the pro-
posed approach in a form of a plug-in in the ProM 6.0
framework. This plug-in was used to test the sound-
ness of a number of real-life models. The application
of the plug-in to these models shows that our ap-
proach is able to correctly assess the correctness of
process definition with a concrete data refinement.

Our current work provides a qualitative method
of verifying process models with transition condi-
tions, that is, determining whether a sequence can
be executed based on the satisfiability of the con-
straint derived from the transitions along the se-
quence. Building on this, in the future, we will
consider a quantitative technique of verifying process
models with transition conditions, for example, given
a concrete solution space for an executable path, or
an unsatisfiable solution space for a non-executable
path.
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Appendix: Condition

This appendix contains the definitions captur-
ing the syntax of the notion of a condition as used in
this paper. In our definitions of syntax throughout
this part we base ourselves as much as possible on the
notations used in Meyer (1990). In addition, in line
with the argumentation in this book with respect to
the matter of concrete syntax versus abstract syn-
tax, we prefer to use abstract syntax throughout to
be able to focus on the essence of concepts and not
the way by which they may be represented.
Definition A1 (Condition) A condition is an in-
stance of the syntactic class cond. This class is gov-
erned by the following abstract syntax:

cond � ele_cond | bi_cond | un_cond

ele_cond � const | var | comparison

comparison � t1, t2 : term; o : com_oper

term � bi_ari_expr | const | var
bi_ari_expr � b1, b2 : term; o : bi_ari_oper

bi_cond � b1, b2 : cond; o : bi_bool_oper

un_cond � u : cond; o : un_bool_oper

const � y : type; d : value

com_oper � le | leq | ge | geq | eq
bi_bool_oper � and | or | implies

bi_ari_oper � plus |minus | times | frac |mod | div
un_bool_oper � neg

type � int | real | bool
value � Z | R | B

Since we use examples of conditions, it is con-
venient to also have a concrete syntax for conditions
to go with the abstract syntax of Definition A1. It
should be straightforward to match our use of con-
crete syntax to the abstract syntax. To this end, we
deploy the usual symbols for the various operations
(e.g., + for plus). Also, when we represent a con-
stant we assume that it is clear enough about what
the intended type of the constant is.

Conditions that are in accordance with the syn-
tax presented in Definition A1 may be erroneous as
the syntax is quite liberal. In particular, conditions
may contain operations that are applied to constants
or variables of the wrong type. To be able to focus
on conditions that are well-formed, we introduce a
number of static semantic functions. First, we need a
function that given a term and a typing of variables,
determines the type of this term. As far as types are
concerned, we focus only on a number of basic types,
and introduce the collective name Types for this set.
This set is defined as {int, real, bool, undefined},
where undefined is a special type to represent the
situation where a term cannot be assigned a mean-
ingful type. In the context of a particular assign-
ment of types to variables (VAR will be used as the
set of all such assignments), we can determine the
type of a term through application of the function
TypeOf : term×VAR → Types.

TypeOf (t : term, VT : VAR) �
case t of

const ⇒
case t.y of

int ⇒ int | real ⇒ real | bool ⇒ bool
end |

var ⇒ VT(t) |
bi_ari_expr ⇒

if TypeOf(t.b1, VT) = int ∧
TypeOf(t.b2, VT) = int

then
if t.o �= ÷ then int else real end

elif (TypeOf(t.b1, VT) = int ∧
TypeOf(t.b2, VT) = real) ∨

(TypeOf(t.b1, VT) = real ∧
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TypeOf(t.b2, VT) = int) ∨
(TypeOf(t.b1, VT) = real ∧
TypeOf(t.b2, VT) = real)

then if t.o �∈ {mod, div}
then real else undefined end

else undefined
end

end
end

Using the TypeOf function we can determine
whether a condition is well-formed through applica-
tion of the function Vwfc : cond×VAR → bool. This
function is defined as follows:

Vwfc(c : cond, VT : VAR) �
case c of

ele_cond ⇒
case c of

const ⇒ c.y = bool |
var ⇒ VT(c) = bool |
comparison ⇒
(TypeOf(c.t1,VT) ∈ { int, real} ∧
TypeOf(c.t2, VT) ∈ { int, real}) ∨

(TypeOf(c.t1, VT) = bool ∧
TypeOf(c.t2, VT) = bool ∧ c.o = eq)

end |
bi_cond ⇒ Vwfc(c.b1, VT) ∧ Vwfc(c.b2, VT) |

un_cond ⇒ Vwfc(c.u, VT)

end

An important auxiliary function is the function
Vvar : cond → setofvar. The application of this func-
tion to a condition yields the variables that are used
in this condition.

Vvar(c : cond) �
case c of

ele_cond ⇒
case c of

const ⇒ ∅ | var ⇒ {c} |
comparison ⇒ Vvar(c.t1) ∪ Vvar(c.t2)

end |
bi_cond ⇒ Vvar(c.b1) ∪ Vvar(c.b2) |
un_cond ⇒ Vvar(c.u)

end

The function Vvar : term → setofvar for condi-
tions uses a similarly named function on terms de-
fined as follows:

Vvar(t : term) �
case t of

const ⇒ ∅ | var ⇒ {t} |
bi_ari_expr ⇒ Vvar(t.b1) ∪ Vvar(t.b2)

end


