Journal of Southeast University (English Edition) Dec.

2002 Vol.18 No.4 ISSN 1003—7985

An Effective Approach to Verify the Correctness
of Workflow Process Models Based on Petri Net”

Jiang Hao ™

Dong Yisheng

Luo Junzhou

(Department of Computer Science and Engineering, Southeast University, Nanjing 210096, China)

Abstract:

Along with the extensive use of workflow, analysis methods to verify the correctness of the workflow are

becoming more and more important. In the paper, we exploit the verification method based on Petri net for workflow

process models which deals with the verification of workflow and finds the potential errors in the process design.

Additionally, an efficient verification algorithm is given.
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Many workflow management systems (WfMSs) are
developed based on different paradigms to support
workflow management, but few among them provide any
form of verification for workflow models. The
consequences are that few workflows are thoroughly
checked before they are put into practice and often
result in errors that have to be corrected at unbearable
costs. The paper focuses on the verification of process
definition of workflow based on a Petri net approach.
We briefly introduce the process modeling of workflow
at first. Several correctness issues in workflow process
models are discussed. We give a verification method
and propose a verification model. Finally we present an

effective verification algorithm.

1 Workflow Process Modeling Based on
Petri Net

A workflow system contains two basic compo-
nents: a workflow modeling component and a workflow
execution component. The workflow modeling
component enables administrators, users and analysts
to define, analyze and verify business processes and
activities. According to MIMC, the business process is
a set of one or more linked procedures or activities
which collectively realize a business objective or policy
goal. Process model is the representation which
consists of a network of activities and their
relationships. A workflow process definition (or simply
workflow schema) is the formal representation of a
business process. In workflow schema, there are
several basic constructs such as sequencing, choice,
iteration, parallelism and so on. These constructs

constitute a meaningful set in which we can write
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process models.

Petri nets are computer system models for
describing asynchronous concurrence and efficient tools
to analyze the parallel and concurrence system
behaviour. They are an ideal choice of workflow
process modeling as they allow easy representation of
the logical precondition as the marking and the
activities can be represented as transitions. The formal
definition of Petri nets is as follows.

Definition 1 (Nets and related definitions) A
net is a triple (P, T, F) where:

® P is finite, non-empty set of places, T is finite,
non-empty set of transitions;

e PUT =

® [c Px TU T x P is a set of arcs.

Definition 2 (Preset and postset) Let PN =
(P,T,F) be a Petri net, forx € P U T.

e x = %ye PU T <y,x> € Flis the preset of

xe=1{ye PU T|<x,y>€ F {is the postset of

The preset (postset) of a set X is defined as: + X

SN w(xes e,

x€EX x€X
Definition 3 (Petri nets and related defini-

tions) A function M: P — IN is called marking. A
set of places D € P is marked iff 3p € D: M(p) >
0. A Petri net is a tuple (N, M,) where N is a net and
M, is a making named initial marking. M,: P — IN.

Let PN = (P,T,F,M,) be a Petri net, for
marking M, if Y p € t:M(p) > 0, the transition ¢
is said enable in marking M, denoted as M| L),

A transition ¢ enabled at M can fire and thereby
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result in a new marking M’ given by

M(p)+1 p&€it-\ ¢
M’(p):{M(p)—l pE-t\i-
M(p) otherwise

this is denoted as M[t > M’. The firing sequence o
= fy,ty,83, ", t,_; leading from state M, to state M,
is denoted as M,[¢ > M, .

A state M, is called reachable from M, iff there is
a firing sequence ¢ = &;,6,,t3,"",1,; such that
Mo > M,.

A path C from a node n, to a node n;, is a
,n,) such that (n;,n;,,) € F for
l<i<k-1.a(C) = {n,, ny, ==

alphabet of C.

A process in workflow is a partially ordered set of

sequence <nl s Tyttt

, n,| is the

activities. Therefore, it is quite easy to map a process
onto a Petri net. Activities are modeled by transitions
and pre-(or post-) conditions are modeled by places. If
there is a token in a place, it represents that the
condition denoted as place is ture.

Petri nets which model workflow processes have
some interesting characters. Firstly, they always have
two special places: begin place p, and end place p,
which are a source place and sink place, respectively.
Secondly, every node in Petri nets should be on a path
from p, to p.. Finally, every place contains no tokens
except the place p, which has one token at initial
marking of the net. These characters can be formalized
as follows:

.'Pb:|P[':0;
®for Vx & P U T, there exist a path C from p,
to p, such that x € a(C);

® The initial marking M, = {ph% .

The Petri nets with these characters are called
workflow nets (WF—net)m .

2 Correctness in Workflow Process Models

Many up-to-date workflow management commercial
products pay more attention to users friendly workflow
specification tools, leaving aspects like verification of
correctness and error recovery to designers. We believe
that the correctness, effectiveness, and efficiency of
the business processes supported by the workflow
management systems are critical to the business. A
workflow process definition which contains error can
lead to serious consequences. Flaws in workflow
process definition also lead to high throughout times,
low service levels, and more need of resources. This is

why it is important to analyze a workflow process before

it is put into execution. So both designers and users of
WIMS see the need for analysis and verification of
process definition. Therefore, it is crucial to be able to
verify the correctness of the workflow process before it
becomes operational .
In our opinions, the correctness of workflow
process can be classified into two categories: structural

and behavioural. The

correctness are statistic and dynamic respectively.

structural and behavioural

Their detailed implication can be described as follows.
2.1 Structural correctness

® There do not exist any useless activities. A
process model has no useless activities if and only if,
in WF-net, Yt € T,t € C, C is a path from p, to
Pes

® Any pre-(or post-) conditions in workflow process
model are contributed to whole instance execution,
i.e., in WFk-net, YV p € P,p € C, C is a path from
Py 10 pe.

2.2 Behavioural correctness

® Deadlock-free

in process. A deadlock™ in a process is a reachable

There do not exist any deadlocks

state M in which no transition is enable, i.e., Yt &€
T= - M[t).

® Properly terminated A workflow process must be
properly terminated. There has been a consistency state
at the termination of workflow process. That is to say
that a workflow process will terminate eventually and at
the moment the process terminates that there is only a
token in place p, and all the other places are empty,
i.e. M, = %pe}

® Overloaded-free At anytime of workflow execu-
tion, every precondition and postcondition must be
determined, i.e. there is no overloaded state of
process. Overloaded state is the state in which some
places contain more than one token. So, no overloaded

In WF-net,

overloaded state implies that some conditions of tasks

is equivalent to safety of the nets.

may be tested twice or more at the same time. Safeness
is a desirable property, because it makes no sense to
have multiple tokens in a place representing a
condition. A condition is either ture (1 token) or false
(no token) .

WF-nets which satisfy conditions mentioned above
are called correct. According to Ref.[3], we can
conclude that the implication of correctness here is as

the same as the soundness property and the simple
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control property and it means that WF-net with
correctness is live and safe.
Definition 4 (Live, bounded and safe) For
giving Petri net (N, My):
® The reflexive and transitive closure of reachable
markings from marking M, is called reachability set and
denoted as R(N, M,)
® (N, M) is bounded iff 3k € IN: YV p € P, M
€ R(N,My):M(P) < k. (N, My) is safe iff it is
bounded with & = 1. N is structurally bounded iff
VM, € [P—>IN]:3k €& IN:(N,M,) is bounded.
® (N, My) islive iff Yt € T,M € R(N,M,):
JM € R(N,M): t is enabled at M. N is
structurally live iff 3 M, & [P—IN]: (N,M,) is
live.
For the purpose of verification, we define an
extended net of WF-net which is obtained by adding a

4

transition ¢ to WF-net. ¢’ connects p, and p.. This

extended Petri net is defined as follows.

For giving WF-net WN = (P, T,F,M,), it
corresponds extended Petri net WN = (P,T,F, M),
where P = P, T =TU {t"}and F = F U {{o,
t*),{t",i)!). The relation between these two nets is
illustrated in Fig.1. It is clear that for any marking M’
in WN, if the final marking M, = {p.| is reachable
from M’, then WN extended from WN is strongly

connected.

Fig.1 Extended net for WN
From the previous discussion, we can conclude
that to guarantee the correctness of workflow processes
modeled by WF-net (N,M,),
necessary condition is the liveness and safety of its
extended net WN.
Conclusion (Correctness of WF-net) A WF-net
WN = (P,T,F,M,) is correct iff its extended net
WN = (P,T,F,M,) is live and safe.

the sufficient and

3 Verification Model

The structural correctness can be checked up by
examining the connection of the nets. There are many

analysis  techniques to verify the behavioural

correctness such as reachability tree, reachability

graph, coverability graph, T/S-invariant, matrix

equation and so on. However, for complex processes,
it can be very time-consuming to use these techniques
to verify the correctness of WF-net. In factm, in
ordinary Petri net, the determination problems such as
proper termination, safety, liveness, and whether a
transition ¢ can be fired, are at least exponential in the
worst case by using these techniques. This makes it
much more difficult to put the verification procedure
into realistic use.

For this reason, we consider a sebset of Petri
net — free-choice net. Free-choice net is a class of
Petri nets for which strong theoretical results and
efficient analysis techniques exist.

Definition 5 (Free-choice net) N is a free-
choice net (FC-net) iff ¥ p,,p,=(p, *N pr * = &)
U (Pl =D )

It is easy to see that a process definition composed
of AND-splits, AND-joins, OR-splits and OR-joins is
free-choice. Clearly, parallelism, sequential routing,
conditional routing and iteration can be modeled
without  violating the free-choice property. If
non-free-choice nets are allowed, the choice between
conflicting tasks can be influenced by the order in
which the proceeding tasks are executed. Because the
routing of a case should be independent of the order in
which tasks are executed. Non-free-choice is no
meaningful in real business processes. In fact, the
almost

most  meaningful  business

. [s
free-choice™ .

process is
So, we restrict our workflow nets to
free-choice. In the following we only consider
free-choice WF-net.

For the sake of building verification model, we
give some definitions as follows'® .

Definition 6 let N = (P, T, F) be a net:

® The incidence matrix C of N is given by ¢; =

¢;" = ¢, where
. {1 (ti,p)) € F
= 0 otherwise
and c.‘.:{l (piy;) € F
Y 0 otherwise

Rank( C) denotes the rank of the incidence matrix.

® N isan S-graph iff V¢ € T: |-
1;

® Anet N = (P, T, F') is subnet of N, (N’ C
N),ifft P EeEP, T"ETand F/ = FN (P xT)
U (T x P));

® The subset NV = (P’,T",F’) of N generated by
P" c Pisgiven by T’ =P UP and F/ = F)
(P xT)U(T x P));

tl=1e-] =
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® V' c N is an S-component of N iff N is a
strongly connected S-graph and 77 =+ P* U P’ -;

® N is state machine decomposable (SMD) iff it is
covered by S-components, i.e. its every node belongs
to an S-component of N;

® P C P is a siphon of N iff P* » 0 and
* P c P -. A siphon is minimal iff it does not contain
a siphon as a proper subset. A siphon P’ is strongly
connected iff NV = (P, « P/, F') with F/ = F
((P"x+P)U (- P x P')) is strongly connected.
Siphons have such characters that if a place p € P
contains no token in marking M’ , it will still contain
no token in any marking reachable from M’ .

® The free-choice net (N, M,) with liveness is safe
iff it is covered by strongly connected S-components
and there exists only one token in initial marking M, .

It is clear that the most important property of

WF-net checked at the

processes is liveness and safety. Liveness corresponds

verification of modeled

to the absence of global and local deadlocks of modeled
system and safety corresponds to absence of overloaded
of places. The verification model we proposed is based
on the rank theorem.
An FC-net N = (P,T,F) is
structurally live and structurally bounded (simply
denoted as LBFC) iff N is SMD (i.e. it is covered by
S-components) and Rank(C) = |P| + [T] -
[ FU(PxT)-1.

The safety property of WF-net can be simply

Theorem 1

proved by theorem 2.

Theorem 2" A WF-net WN is safe iff its
extended net WN is structurally live and structurally
bounded.

Therefore, verifying correctness for a given
workflow process is converted to check the liveness and
safety of its WF-net model and check whether the
initial marking of the model is a living marking.
According to theorem 1, things we should do in
verification procedure are checking strong connectivity
for the net, calculating Rank(C), deciding the SMD

property of the net and finding a living initial marking.
4 Verification Algorithm

In this section, we discuss the steps of verification
algorithm in detail .

1) Checking strong connection of WF-net

The well-known fact is that all the living and
bounded Petri nets are strongly connected can be
exploited as the precondition. The strong connection of

extended net WN of WF-net WN can be checked by

traversing the net. If WN is not strongly connected,
algorithm terminates with “No” . The time complexity of
traversing algorithm of the net is O( ‘ P‘ + ‘ T‘ +
[F).

2) Checking the condition Rank(C) = |P‘ +
[Tl - [FU®PxD] - 1 is
well-known algorithm with tolerable time complexity
o(lpl*lT]).

3) The crux of deciding the SMD property of a
WF-net is the efficiency of algorithm. Naturally this

trivial due to

problem can be solved by searching one S-component
containing a place p for any p € P. For simplifying
this problem, we use another theorem as follows.

Theorem 3" Let N = (P,T,F) be an
LSFC-net (LBFC-net). D c Pisa minimal siphon
= > D generates an S-component.

This theorem implies that searching for a minimal
siphon will result in an S-component. So, the problem
to decide the SMD property of a WF-net is converted to
find a minimal siphon D containing p and checking D
for generating an S-component.

To find a minimal siphon, we can use the
algorithm proposed by P. Kemperm that has time com-
plexity OCI P+ [ T+ | FI[).

From definition 6, we can conclude that if N =
(P, T, F) is an FC-net with a minimal siphon D c P,
D generates an S-component iff «+ D = D + and Yt
€-D:|t-N D| =1. That is to say, if a siphon D
in net N generates a subnet N = (P,T,F) which is
an S-component, the subnet N must be with P = D,
T=-DUD-and F = FN ((+ Dx D) U (D x
D +)). To check this condition, we can simply count
the arcs (t,s) € F of any transition t € T leading to
ans € D.

Algorithm for checking S component

Input:

T,F of a WF-net N = (P, T,F),D € Pisa
minimal siphon of N, T, =- D & T.

Output:

Yes: D generates an S-component; No:D does
not generate an S-component.

Initiate:

num(x) << 0,Yyx € T - T,

num(x) <1,¥Yx € T,
program:
begin

for each s € D do
begin
foreach t € T do
begin
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if ((¢,s) € F)
then num(¢) <= num(¢) - 1;
if (num(¢) < 0)
then return No;
if ((s,t) € FANt€T-T),)
then return No;
end
end
return Yes;
end

4) To find a living initial marking, an interesting
property of LBFC is given as follows.

Theorem 4°°  Let N be an LBFC-net. M, is a
living marking iff all minimal siphons are marked at
M,.

Checking existence of unmarked siphon, we can
utilize the fact that, in WF-net, it is obvious that the
initial marking is

0 p=np

Molp) = {1 otherwise
If D is a siphon in WF-net and p, €D, an unmarked
siphon is found, algorithm stop with No due to theorem
4, otherwise WF-net is marked living.

We present the outline of an efficient algorithm to
decide liveness and safety of workflow nets. It checks
whether the net satisfies both properties, liveness and
safety, or not. According to theorem 1, we can propose
the outline of the verification algorithm as follows.

Input: (W\I,MO) where WN is the extended net
of a WF-net and M, = {p,! is the initial marking.

Output: Yes — WN is structurally living and
structurally bounded and M, is a living initial marking,
so WN is correct.

No — WN is not correct.

Step 1 Checking extended net of WF-net for
being strongly connected;

Step 2 Checking Rank(C) =
[FUPxT)-1;

Step 3 For all places p € P,

D Finding a minimal siphon D containing p;

Pl + |T]-

@ Checking D for generating an S-component;

@ Checking if siphon D is unmarked in initial
marking M, .

After successful completion of these steps, all
places are covered by at least one S-component and the
WEF-net is SMD and its liveness at initial marking is
ensured.

For determining worst case time complexity of

algorithm, worst case time complexity of all steps are:

checking strong connection is O(| P| + | T| + | F|);
ranking calculation is o( ‘ Pl? ‘ T‘ ); getting minimal
siphon is ollpl+ T+ |F| )5 checking S-com-
ponent is O( ‘ P| | 7| )5 checking initial marking is
ol Pl).
Checking

ranking are called at most once. The number of calls to

strong connection and calculating
get minimal siphon, check S-component and check the
existence of unmarked siphon is at most | P|. Thus
worst case time complexity for verification algorithm is
given by
OLIPl+[Tl+[FIT+[PI*IT]+ [P
LCIPl+ [Tl+ [FD + IPIITIT+ [P])
= o(lpl*Tl)

5 Conclusion

Verification of workflow process models is very
important in design time. The major conclusion is that
the correctness of workflow process is equivalent to the
safety and liveness of WF-net which models the process
and the determination of this problem can be solved in
polynomial time. The method proposed in this paper
can be used in verification of models before putting it
into practice, in building models by construction and
in correctness preserving at dynamic changing of
process models. Therefore, it gives workflow designers
a powerful and feasible tool to construct correct process

models.
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