Diagnosing Workflow Processes using Woflan

H.M.W. VerbeeR, T. BasteR, and W.M.P. van der Aalsg *

1 Dept. of Technology Management, Eindhoven University of Technology, The Netherlands
H.M.W.Verbeek,W.M.P.v.d.Aalst@tue.nl
2 Dept. of Electrical Engineering, Eindhoven University of Technology, The Netherlands
A.A.Basten@tue.nl
3 Dept. of Computing Science, Eindhoven University of Technology, The Netherlands

Abstract

Workflow management technology promises a flexible solution for business-process support facilitating the easy
creation of new business processes and modification of existing processes. Unfortunately, today’s workflow prod-
ucts have no support for workflow verification. Errors made at design-time are not detected and result in very costly
failures at run-time. This paper presents the verification tool Woflan. Woflan analyzes workflow process definitions

downloaded from commercial workflow products using state-of-the-art Petri-net-based analysis techniques. This
paper describes the functionality of Woflan emphasizing diagnostics to locate the source of a design error. Woflan
is evaluated via two case studies, one involving twenty groups of students designing a complex workflow process
and one involving an industrial workflow process designed by Staffware Benelux. The results are encouraging and
show that Woflan guides the user in finding and correcting errors in the design of workflows.
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1 Introduction Based on these requirements, we decided to base
Woflan on Petri nets. Petri nets are a universal model-
Workflow management systems take care of the autng language with a solid mathematical foundation. Yet,
mated support and coordination of business procesBedri nets are close to the diagramming techniques used
to reduce costs and flow times and to increase qualitytoday’s workflow management systems. The efficient
of service and productivity//, 30, 33, 34, 43]. A criti- analysis techniques developed for Petri nets allow for
cal challenge for workflow management systems is thétire analysis of complex workflows. The graphical rep-
ability to respond effectively to changes in businesesentation of Petri nets and the available analysis tech-
processesd, 9, 15, 32, 37, 53]. Changes may rangeniques are particularly useful for generating meaningful
from simple modifications of a workflow process suctliagnostic information. Since the release of version 1.0
as adding a task to a complete restructuring of the woi-the tool in 1997, we have been continuously improv-
flow process to improve efficiency. Changes may alsay Woflan. Both new theoretical results and practical
involve the creation of new processes. Today’s workxperiences stimulated several enhancements. Pivotal
flow management systems are ill suited to dealing with Woflan is the notion ofoundnessof a workflow
frequent changes, because there are hardly any chqgmksess [, 3, 5]. This notion expresses the minimal
to assure some minimal level of correctness. Everrequirements any workflow should satisfy. Informally,
simple change as adding a task can cause a deadkaie given workflow process is sound if it satisfies the
or livelock. Creating or modifying a complex proces®llowing conditions.
that combines parallel and conditional routing is an ac- .
tivity subject to errors. Contemporary workflow man(OPtion to complete) It should always be possible to
agement systems do not support advanced techniques COMplete a case that is handled according to the
to verify the correctness of workflow process definitions ~ Process. This condition guarantees the absence of
[3, 7, 29]. These systems typically restrict themselves deadlocks and livelocks in the workflow process.
0 a number of (trivial) syntactical chegks. Thereforeﬁproper completion) It should not be possible that the
serious errors such as deadlocks and livelocks may re . .
main undetected. This means that an erroneous work- WO!’kﬂOW process S|gn_als completion of a case
. i . . while there is still work in progress for that case.
flow may go into production, thus causing dramatic

problems for the organization. An erron(—?ous.wc.)rkflow10 dead tasks) For every task, there should be an ex-
may lead to extra work, legal problems, dissatisfied cus- gcution of the workflow process that executes it.

tomers, managerial problems, and depressed employ- Thjs restriction means that every task has a mean-
ees. Therefore, it is important to verify the correctness ingful role in the workflow process.

of a workflow process definitioheforeit becomes op-
erational. The role of verification becomes even mofidne current version 2.1 of Woflan can analyze work-
important as many enterprises are making Total Qualftgws designed with the workflow productSOSA
Management (TQM) one of their focal points. For exStaffware METEOR and Protos COSA (COSA So-
ample, an ISO 9000 certification and compliance forckgions/Software Ley,47]) is one of the leading work-
companies to document business processes and to rfleetmanagement systems on the Dutch workflow mar-
self-imposed quality goals?P]. Clearly, rigorous veri- ket. COSA allows for the modeling and enactment of
fication of workflow processes can be used as a tooldomplex workflow processes which use advanced rout-
ensure certain levels of quality. ing constructs. The modeling language of COSA is
The development divoflan[50] started at the end of based on Petri nets. However, COSA does not sup-
1996. The goal was to build a verification tool specifort verification. Woflan can analyze any workflow
ically designed for workflow analysis. Right from thgrocess definition constructed by using CONE (COSA
start, there have been three important requirements g@twork Editor), the design tool of the COSA sys-
Woflan: tem. Woflan can also import workflow process defini-
tions from Staffware (Staffware Plc/{]). Staffware
1. Woflan should beproduct independenti.e., it is one of the most widespread workflow management
should be possible to analyze processes desigisgdtems in the world. In 1998, it was estimated by
with various workflow products of different ven-the Gartner Group that Staffware has 25 percent of
dors. the global market 16]. Staffware uses a proprietary
graphical input language for defining workflow pro-
2. Woflan should be able to handtmplex work- cess definitions. Nevertheless, Woflan can analyze
flowswith up to hundreds of tasks. some useful properties of workflow process definitions
made with Staffware. Woflan can also be used to ana-
3. Woflan should give to-the-poirdiagnostic infor- lyze process definitions made with METEOR and Pro-
mationfor repairing detected errors. tos. METEOR (LSDIS, 45]) is a workflow manage-



ment system based on CORBA and supports transalso introduces some specific techniques for analyzing

tional workflows (P5]). Protos (Pallas Athena3f]) WF nets, including the above mentioned technique of

is a Business-Process-Reengineering tool which cantiehavioral error sequences. Together with the standard

used to (re)design and document workflow processesnalysis techniques of Secti@nthese techniques form
This paper focuses on version 2.1 of Woflan anthe (mathematical) foundation for Woflan. Sectidn

in particular, on the diagnosis process that it supportiscusses the tool Woflan and the diagnosis process that

This process has been developed based on experiertcaspports to decide whether or not a WF net satisfies

with earlier versions of Woflan. It implements severdhe soundness property. The two case studies used for

well-known Petri-net analysis techniques that are relevaluating Woflan are presented in SectibnSection

vant in the context of workflow management. However, discusses related work. Finally, SectiBrpresents

it also implements a new technique; Woflan can geneonclusions and topics for future work.

ate so-callethehavioral error sequence®ne can think

of such a behavioral error sequence as a doomsday sce-

nario that clearly shows the roots of the errorinaworid ~ P/T nets

flow. These sequences can be used for diagnosing er-

rors that are not easy to detect with standard analygisl  Introduction

techniques available in earlier versions of Woflan. Tl’\lﬁoﬂan is based on Petri nets. As indicated in the in-

functionality of Woflan 2.1 has been evaluated via two . : i
. ' troduction, there are several reasons for using Petri nets
case studies. The first case study uses workflow pro

ces o L
definitions developed by students of the couvdark- %rsthe verification of workflow process definitions. The

interested reader is referred tg B, 12, 21] for a more
flow Management & (.Sroupwar(éLRf'rZO),. attended by laborate discussion on the use of Petri nets in the work-
42 students of the Eindhoven University of Technof—

i low domain. In this section, we introduce a standard
ogy, and the cours®orkflow Management: Models, : . .
class of Petri nets called P/T nets. First, we introduce
Methods, and Tool§25756), attended by 15 students . - .
. . Some basic definitions and useful properties. Second,
of the University of Karlsruhe. These students formed_ . . .
we introduce some analysis techniques on P/T nets.

.20 groups which mdepgn_dently designed the Workﬂol‘-eleaders familiar with Petri nets can browse through
in a travel agency consisting of about 60 tasks and Othﬁlrs section to become familiar with the notations used.

building blocks. These workflows were designed witl . ; .
n extensive treatment of Petri nets can be found in
Protos. We collected the workflows and analyzed the[m ]

with Woflan 2.1. Most of the designed workflows con-
tained several errors that were repaired using the diag-
nostics provided by Woflan. This case study proveti2 Basic definitions

to be very useful for testing the diagnosis process gf 1 P/T net

Woflan. The second case study involves the analysis of” nets

an industrial workflow process definition developed b P/T net is a directed graph with two kinds of nodes:
Staffware Benelux and containing more than 100 tasi&nsitionsand places Arcs in the graph always con-
and other building blocks. In the experiment, a worlkrect a node of one kind to a node of the other kind.
flow designer of Staffware Benelux introduced several

(non-trivial) errors in a version of the workflow that wa®efinition | (P/T net) The tripleN € (P, T, F) is a
known to be correct. We analyzed the resulting procgssr net iff:

definition in Woflan. The exact number of errors and the

type of errors were not known to us. We succeeded ini. P is a finite, non-empty set of places.

finding six out of seven errors in the workflow process.. . - .
definition; also, the corrections we made based on th¥: T is afinite, non-empty set of transitions such that
diagnostics of Woflan turned out to be the appropriate PNT =9

ones. This second case study complements the firstone; £ - (P x T)U (T x P)is a set of directed arcs,

it strengthens our belief that our approach of workflow-  ~5j1ed the flow relation.

product-independent verification support is feasible.

The remainder of this paper is organized as followk.is common practice to draw places by circles and tran-
Section? introduces a class of Petri nets called P/T neiditions by squares. An example of a P/T net can be seen
and summarizes some well-known results and analysisFigure 1. A P/T net models thstructureof a pro-
techniques. SectioB introduces the area of workflowcess. The class of Petri nets introduced in Definition
management and our approach to verification of workis sometimes referred to as the clasuafinary P/T
flows. In Sectiont, we present a subclass of P/T nets farets to distinguish it from the class of Petri nets that al-
modeling workflows called WF nets and we formalizews more than one arc between a pair of nodes. For
the soundness property on these WF nets. The sectioe sake of simplicity, we allow in this paper at most



Notation (Bags) A bag over some alphabet is a
function from A to the natural numbers that assigns
only a finite number of elements fromA a positive
value. For abag over alphabefA anda € A, X(a) de-
notes the number of occurrencesadh X, often called
the cardinality ofa in X. Note that a finitesetof el-
ements fromA is also a bag oveA, namely the func-
tion yielding 1 for every element in the set and O other-
wise. The set of all bags ovek is denotedB(A). We
use brackets to explicitly enumerate a bag and super-
scripts to denote cardinalities. For exampt, b3, c]

is the bag with twaa’s, threeb’s, and onec; the bag
[a2|P(a)], where P is a predicate orA, contains two
elementsa for everya such thatP(a) holds. The sum
of two bagsX andY, denotedX + Y, is defined as
[a"la € AAn = X(a) + Y(a)]. The difference ofX
andY, denotedX — Y, is defined asd"|la € AA N =
(X(a) —Y(a)) max0]. BagX is a subbag oY, denoted

X <Y,iffforallae A, X(a) <Y(a).

Definition Il (System) A bagM € B(P) is called a
marking of a P/T netP, T, F). The pairS = (N, M)
is called asystenwith initial marking M.

2.2.3 Behavior of systems

Using a system, we can model a process structure as
well as the current state of the process. However, we
do not know yet how the process gets from one state to
another. For this reason, we define the so-called firing
rule.

Definition Ill  (Preset, postset)LetN = (P, T, F) be
a P/T net. Fon € P UT The preset of, en, equals
{ng € P U T|(ng, n) € F}; the postset oh, ne, equals
{noe PUT]|(n,ng) € F}.

Figure 2: An example syste®for netN

For a node (a place or a transition) its preset cor-
responds to the set of nodes (caliegut node} from

one arc between any two nodes. However, most resyf&ich there is an arc (called amput arg) to n; its post-
extend in a relatively straightforward way to nets th3€t corresponds to the set of nodes (catiebut node
may have multiple arcs between pairs of nodes. to which there is an arc (called autput arg from n.

Definition IV (Firing rule) LetN = (P, T, F) be a
2.2.2 Systems P/T net. MarkingM of N enables transitioh in T iff

ot < M. Marking M1 is reached fromM by firing t,
P_Iac_es ina P/T net may contain so-caltelens _The denotedVl — My, iff ot < M andM; = M — et +te.
distribution of tokens over the places determines the
stateof the P/T net, also called threarkingof the P/T So, a transition ignablediff its preset is a subbag of the
net. Graphically, tokens are typically represented lagtual marking, implying that there is a token in every
black dots. For example, if we add the marking consistput place of the transition. Note that we use the fact
ing of a token in the place labelédto our example P/T that the preset is a set and hence a bag. When a transi-
netN of Figurel, we get the marked P/T net (or systion is enabled, we can reach a new markingfibyng
tem) as shown in Figurg. Since a place may contairthis transition. This new marking can be constructed by
multiple tokens, a marking can be represented as a lbamoving the transition’s preset from the original mark-
or finite multi-set. ing and adding the transition’s postset. For example, in



our system of Figur@, only theregister  transition

is enabled. Whemegister  fires, the new marking
becomesdl, c2]: The token from placé is removed

and new tokens are added to placg&sandc?.

2.3 Analysis of nets

Petri nets are known for the availability of many analy
sis techniques. Clearly, this is a great asset in favor
the use of Petri nets for workflow modeling. The ana
ysis techniques can be used to prove qualitative prop
ties (safety properties, invariance properties, deadloi
etc.) and to calculate performance measures (respo
times, waiting times, occupation rates, etc.). In this p
per, the primary focus is on qualitative verification.

2.3.1 Structural analysis ) o )
Figure 3: The short-circuited systeé®n= (N, [i ])
A structural property of a P/T net is a property that does

not depend on the marking of the net. Therefore, it can (c3, archive)
be defined on P/T nets rather than on systems. In pro:

cess modeling, the simple combination of places and
transitions can be used to devise various routing con-
structs ranging from a simple sequence to a delicate
mixture of choice and synchronization. In the context
of workflow design, certain, more advanced, constructs
are considered to be suspicious and a potential sourc
of errors. Therefore, we review the standard structural

properties for P/T nets. A strong point of structural o7 ] archive
properties is that most of them can be computed effi-
ciently.
As in all directed-graph structures, we can distin- Figure 4: The only PT-handle in nist

guish directed and undirected paths in P/T nets.

Definition V' ((Strongly) connected P/T net) A P/T Since PT-handles and TP-handles can easily introduce
net is calledconnectedff there exists a(n undirected)deSign flaws in (workflow) process definitions (see Sec-
path between every two nodes. Itsgonglyconnected tion 5.2.4, we name nets without these potentially
iff there exists a directed path between every two nod&8rrectness-threatening constructs well-handled.

The P/T neNof Figurelis connected, but not stronglypefinition VIl (Well-handled P/T net) A P/T net

connected: For instance, there is no directed path frggnyell-handlediff it has no PT-handles and no TP-
o toi . If we short-circuit netN of Figure 1 with the Rhandles.

shortcircuit transition fromo to i , we get a net
that is strongly connected. FiguBsshows the resulting P/T netN of Figure 1 is not well-handled, because it
netN. (Actually, it shows a system based bibut, at contains one PT-handle (see Figuteand two TP-

this point, the marking is not relevant.) handles (see Figurs.
A (directed or undirected) path is calletementary A P/T net is calledree-choiceiff every two transi-
iff all nodes in the path are different. tions sharing at least one input place have identical pre-

sets. NelN of Figurelis free-choice.
Definition VI (PT-handle, TP-handle[23]) LetN =
(P, T, F) be aP/T net. A place-transition paip, t) € Definition VIll (Free-choice P/T net) A P/T net
P x T is called a PT-handle iff there exist two elemen- T, F) is free-choice iffVtg,t1 € T : otg N ot =
tary directed paths fronp to t sharing only the two ¢/ oty = et;.
nodesp andt; a transition-place paigt, p) € T x P
is called a TP-handle iff there exist two elementary di net is called a state machine iff all transitions have
rected paths frorhto p sharing only nodeg andt. exactly one input and one output place.
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Figure 6: S-components of nisit

Definition XII  (S-coverability) A P/T net(P, T, F)
is S-coverable iff for each placp € P there is an S-
component Py, To, Fg) of N such thatp € Py.

A place-invariant is a weighted sum over the places that
is invariant under each possible transition firing.

Definition XIIl  (Place-invariant) LetN = (P, T, F)
be a P/T net andv a weight function fromP to the
integer numbers. Functiom is a place-invariant oN

iffvteT: O peet:w(p) = pete:w(p).

Note that despite the fact that the above explanation of a
place-invariant is in terms of transition firings, a place-
Figure 5: TP-handles in nét invariant is a structural property: Itis independent of the
marking of the net. For example, a place-invariant of
netN of Figurel is the function that assigns the weight
Definition IX (State machine)AP/T net(P, T, F)is 1 to the places$, c1, c3, ¢5, ando and O to the other
a state machineifft € T : et/ =[te|=1. places. A convenient way to represent this function is
i +¢c1 +¢c3+c5+o.
It is not difficult to see that ifwg andw; are place-
Definition X (Subnet) LetN = (P, T, F) andNo = invariants, the elementwise sumy + w1 and the ele-
(Po, To, Fo) be P/T nets. NeNo is a subnet of ne iff  mentwise differencevy — w1 are place-invariants too.
Po € P,To € T,andFo = FN((PoxTo)U(Tox Po)). As aresult, a net has only the place-invariant containing
only weights 0 or it has infinitely many place-invariants.
Exchanging the roles of places and transitions in
Definition XI (S-component) Let N = (P, T, F) be the notion of a place-invariant yields the concept of

a P/T net and\No = (Po, To, Fo) a subnet ofN; lete 5 so-called transition-invariant. However, transition-
denote the preset and postset functionsl oBubnetNg invariants do not p|ay arolein this paper.

is an S-component dfl iff Ng is a strongly connected
state machine such thép € Py : ep U pe C To.

2.3.2 Occurrence sequences

If a P/T net corresponds to a set of S-components, itdgy4yioral analysis techniques are those techniques
S-coverable. NeN of Figure1 has no S-components, s se the initial marking of a P/T net. Therefore,
PIT ne.thl of Figure3 has two S—components (sge F'gurfﬁese techniques use systems instead of P/T nets. An
6) but is not S-coverable: Pla@8 is not contained in gjementary behavioral technique is the analysis of the
any of these S-components. so-calledoccurrence sequence$ a system. An occur-
rence sequence is simply a chain of transition firings.



Definition XIV (Occurrence sequence) Let S =

(N, Mp) be a system, leMq, ..., My, for some nat-
ural numbemn, be markings ofN = (P, T, F), and
let to, t1, ..., th—1 be transitions inT. Sequences =

MotoMs ... t,_1 M, is an occurrence sequence Sfff send l“““ send

. . ti [c3c4] g do [c2.c3] dont » [c3.67]
Vi,0<i<n: M — M;1. D >

il
register

[e1.c4] < do [c1.02] dont > [e1.c7]

timeout rec timeout rec timeout rec

An occurrence sequence of a system projected O [4cflq | do (28] dont
transitions yields a so-callditing sequence oo v
Consider again P/T neN of Figure 1.  As- fobp o] g—do— [25cH] dont_pleScf.cf)
suming initial marking ¢4, c5, c8], the set of fir- rocess archive

ing sequences equalprocess , process redo (65961 [e8.0]
process done , process done archive }. Note

that the sets of firing and occurrence sequences are
prefix-closed, i.e., every prefix of a firing (occurrence)
sequence is also a firing (occurrence) sequence.

Figure 7: The OG of systel®

2.3.4 Coverability graph
2.3.3 Occurrence graph
A solution to cope with unbounded places is the notion

The set of occurrence sequences of a system can be §m; 5o _called coverability graph. A coverability graph
bedded into a graph. Every occurrence sequence CO[g€; finjte variant of an OG. However, we have to pay
sponds to some path in that graph and vice versa. 5 price: First, we must allow markings to be infinite
to deal with unbounded behavior. Second, a P/T sys-
tem may have a number of possible coverability graphs,
whereas it always has one unique OG.

An extended bag over some alphabeis a function
from A to the natural numbers plus (denoting infin-
In systemS of Figure 2, marking 4,c5,c8] is ity). The set of all extended bags ovéris denoted
reachable from the initial markingi [, while from B®(A). All operations on bags can be defined for ex-

Notation (Reachability) LetN = (P, T, F) beaP/T
net. MarkingM; is reachable from markinilp, de-
notedMg — My, iff system (N, Mp) has an occur-
rence sequence ending .

[c4,c5, c8] both [c4, c5] and [0] are reachable. tended bags in a straightforward way. An extended bag
o M e B®(P) is called arextendednarking of a P/T net
Definition XV (Occurrence graph) Let S = (P, T,F). The set of extended markings can be parti-

((P, T, F), Mo) be a system; letl C B(P) be a set of tioned into a set ofinite markingsB(P) and a set of
markings, letA € (H x T x H) be a set ofl -labeled nfinite markingsB®(P) \ B(P).
arcs, and leG = (H, A) be a graph which satisfies the ' A coverability graph of a system is a variant of the
following requirements: OG, where paths in the OG with infinitely many differ-
i. H={M € B(P)|Mg —> M}; ent (finite) markings are represented by a finite number
. of infinite markings. An infinite marking is introduced
i. A={(M,t, M) e (HxT x H)|[M — M} in a coverability graph if we encounter a markimy
n an occurrence sequence that has a smaller marking
o as one of its predecessors: The placeMin— Mo
are unbounded and are marked withlit is known that
The OG of systen$ of Figure2 is given in Figure’. a coverability graph is always finite§], p. 70).
The OG embeds precisely all behaviors of the sys-
tem. The construction of this graph is straightforwarghefinition XVI (Coverability graph) Let S =
although termination is not guaranteed, because itmigpp, T, F), Mo) be a system, leH € B®(P) be a set
be infinite. For example, the OG of syst&Swf Figure f extended markings, 16k  (H x T x H) be a set of
3 has infinitely many nodes. In this system, firing the |apeled arcs, and l&& = (H, A) be a graph which

GraphG is called the occurrence (or reachability) grap
(OG) of S.

transitionsregister send rec dont archive can be constructed as follows:
shortcircuit over and over again, leads to in-
finitely many markingsi[, c8"], for arbitraryn > 0. i. Initially, H = {Mg} and A = ¢.

After one firing of these transitions, there is one token
in c8, after two firings there are two, and so on. Thereii. Take anM from H and at from T such that

is no limit to the number of tokens ic8. Placec8 is M enablest and such that ndM; exists with
said to beunboundedAs a result, the number of mark- (M,t, M1) € A. Let M2 = M — ot +te. Add M3
ings in the OG is infinite. to H and(M, t, M3) to A, where for everyp € P:



2.3.5 Behavioral properties

[l shortcirouit
<

regster
1

A o Behavioral properties of a P/T net are those properties
im: | > | that depend on the marking of the net. Thus, these prop-
erties are defined on systems. In the remainder, we do

[c3c4] < do [ [c3:c7] ) ” . o
nm;/ fimeaut not go into detail about the precise complexities of the
foto fo2,cAY_don algorithms to determine behavioral properties (s&# [
reth for more information). For our purposes, it suffices to
[o4c508] o do 05 ¥ . . .
Lj ;h know that the theoretical complexity of computing be-
e done " £ havioral properties is often much worse than the com-
/ plexity of computing structural properties.
[c82,i] < shortaircuit [c82,0] <
R, . Bg]‘ e ]a"’”‘ve Definition XVIl (Dead transition) A transitiont <
c1,06,cf ’c,a,o“‘ do c1,c2,c89] don ’cc,cm . . .
N o | ki T of a system((P, T, F), Mp) is deadiff there is no
send send J;em marking reachable frorivig enablingt.
[c3¢ ,O%]&[Calcw‘doj[ozc 8 dni g, [307.c8°]
process | A transition is live iff it can always fire again.
rec/timeout rec flimeout rectimeout recfimeout
s e P o T a0 o2 ,c8u14;don/#6,c o] Definition XVIII (Liveness) A transitiont € T of
process .

a systemS = ((P,T,F), Mp) is live iff VM €
B(P),Mp — M :3dM; € B(P),M — M1 : My
Figure 8: The CG for the short-circuited syst&m enabled. SystemSis live iff all transitions are live.

SystemS of Figure2 is not live: For instance, no tran-
sition firings are possible in reachable markiog (see
Figure7). The short-circuited syste of Figure3 is
also not live: No transition firings are possible in reach-
able marking ¢4, c5] (see Figure3).

(b) M3(p) = M2(p), otherwise. A system isboundedff it has no unbounded places.

An equivalent definition for boundedness is to require

Repeat this step until no new arcs can be addedthat the number of reachable markings, or the system’s
OG, isfinite. A system is called safe iff all places in any
reachable marking contain at most one token.

(a) M3(p) = w, if there is a nodévi1 in H such
thatM; < Mz, M1(p) < M2(p), and there
is a (directed) path fronvi; to M in G;

G is called a coverability graph (CG) &

The result of this algorithm may vary depending on thsefinition XIX (Boundedness, safeness) system

order in which markings are considered in the secopp, T, F), M) is bounded iftYM € B(P), Mg —>

step (seedd] for more details). Nevertheless, a CG of1 : vM; € B(P), M —> M : =(M < My). A sys-

a system can be used to analyze the behavior of the s¢¢n (P, T, F), My) is safe iff YM € B(P), Mg —>

tem. The short-circuited n& of Figure3 has a unique p :vpe P : M(p) < 1.

CG which is shown in Figuré. )
Given a system and a CG of this system, every diote that, for a bounded system, the CG-generation al-

currence sequence of the system corresponds to a S&Hthm of DefinitionXVI yields the OG of the system.

in the CG. The converse is not necessarily true: There! N€ Systens of Figure2 is bounded and safe. The

may be paths in the CG that do not correspond to aﬁ}ter is straightforward to see in its OG: In each mark-

occurrence sequence. However, a path containing olfl§» €very place occurs at most once. However, the

finite markings does correspond to some occurrence $gort-circuited systens of Figure 3 is unbounded,

quence. This conforms to the fact that the CG is idefhich follows directly from the fact that there are in-

tical to the OG if the former has no infinite markingsfinite markings in the CG of Figuré.

The theoretical worst-case complexity of generating a

CGis n_on-pr_imitive recursive space, although for sma\j?‘ Workflow management

to medium sized systems generating a CG is feasible.
In [24], Finkel introduces the notion ofrainimal CG 31

(MCG) of a P/T system. An MCG of a system with™

infinite OG is usually much smaller than a CG of thin the last decadeyorkflow management systehmeve

system. Another advantage is that the MCG of a systéracome a popular tool to support the logistics of busi-

is unique. However, the MCG of a system with finiteess processes in banks, insurance companies, and gov-

OG may differ from that OG. It is beyond the scope adrnmental institutionsd, 27, 30, 33, 34, 43, 44]. Be-

this paper to go into more detail. fore, there were no generic tools to support workflow
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management. As a result, parts of the business procgigsm’, and ‘routing definition’. Tasks are ordered by
were hard-coded in the applications. For example, apecifying for each task theonditionsthat need to be
application to support task triggers another applica-fulfilled before it may be executed. In addition, it is
tion to support tasky. This means that one applicaspecified which conditions are fulfilled by executing a
tion knows about the existence of another applicatisspecific task. Thus, a partial ordering of tasks is ob-
This is undesirable, because every time the undertgined. In a workflow process definition, standard rout-
ing business process is changed, applications need tarlgeelements are used to describe sequential, alterna-
modified. Moreover, similar constructs need to be intive, parallel, and iterative routing thus specifying the
plemented in several applications and it is not possildppropriate route of a case. The workflow manage-
to monitor and control the entire workflow. Thereforanent coalition (WfMC) has standardized a few basic
several software vendors recognized the need for wobkilding blocks for constructing workflow process def-
flow management systems. A workflow managemenitions [34]. A so-calledOR-splitis used to specify a
system is a generic software tool that allows for thehoice between several alternatives; @R-join spec-
definition, execution, registration, and control of busifies that several alternatives in the workflow process
ness processesworkflows At the moment, many ven-definition come together. AAND-splitand anAND-
dors are offering a workflow management system. Th@n can be used to specify the beginning and the end
shows that the software industry recognizes the poteriparallel branches in the workflow process definition.
tial of workflow management tools. The routing decisions in OR-splits are often based on
As indicated in the introduction (see alsg BB, 12, data such as the age of a customer, the department re-
1), P/T nets are a good starting point for a solidponsible, or the contents of a letter from the customer.
foundation of workflow management. We use P/T netsMany cases can be handled by following the same
to specify the partial ordering of tasks in a workflowworkflow process definition. As a result, the same task
Based on a P/T-net representation of the workflow prgas to be executed for many cases. A task that needs

cess, we tackle the problem of verification. to be executed for a specific case is callagak item
An example of a work item is the order to execute task
3.2 Workflow processes ‘send refund form to customer’ for case ‘complaint of

customer Baker'. Most work items needesourcein
The fundamental property of a workflow process is thetder to be executed. A resource is either a machine
it is case-based This means that every piece of worke.qg., a printer or a fax) or a person (participant, worker,
is executed for a specificase Examples of cases areor employee). Besides a resource, a work item often
an insurance claim, a tax declaration, a customer congeds drigger. A trigger specifies who or what initi-
plaint, a mortgage, an order, or a request for informates the execution of a work item. Often, the trigger for
tion. Thus, handling an insurance claim, a tax decla-work item is the resource that must execute the work
ration, or a customer complaint are typical examplég®m. Other common triggers are external triggers and
of workflow processes. Cases are often generatedtipye triggers. An example of an external trigger is an in-
an external customer. However, it is also possible th@ming phone call of a customer; an example of a time
a case is generated by another department within thigger is the expiration of a deadline. A work item that
same organization (internal customer). A typical exars being executed is called agtivity. If we take a pho-
ple of a process that is not case-based, and hence n@iggaph of the state of a workflow, we see cases, work
workflow process, is a production process such as t@ms, and activities. Work items link cases and tasks.
assembly of bicycles. The task of putting a tire on Activities link cases, tasks, triggers, and resources.
wheel is (generally) independent of the specific bicycle A thorough investigation of the business processes in
for which the wheel will be used. Note that the produg company that results in a complete set of efficient and
tion of bicycles to order, i.e., procurement, productiog{fective workflow processes is the basis of the success-
and assembly are driven by individual orders, can kg introduction of a workflow system. Formal verifica-

considered as a workflow process. tion can be a useful aid in obtaining the desired effec-
The goal of workflow management is to handle casggeness and efficiency.

as efficient and effective as possible. A workflow pro-

cess is designed to handle large numbers of similar

cases. Handling one customer complaint usually dd@83 Workflow perspectives and abstrac-
not differ much from handling another customer com-  tion

plaint. The most important aspect of a workflow pro-

cess is thavorkflow process definition This process In the previous subsection, we introduced the workflow
definition specifies whiclasksneed to be executed inconcepts used in the remainder of this paper. Workflow
whatorder. Alternative terms for workflow process defmanagement has many aspects and typically involves
inition are: ‘procedure’, ‘workflow schema’, ‘flow dia-many disciplines. The verification tool presented in
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this paper focuses on the control-flow perspective (i.eequired resources classes (i.e., roles and organizational
workflow process definitions) and abstracts from othanits).

perspectives. This subsection motivates why it is rea-In the operational perspective, the elementary actions

sonable to restrict the analysis focus to a single perspare described. Note that one task may involve several

tive. Therefore, we start by introducing the perspectiveperations. These operations are often executed using

commonly identified in workflow literature3[)]. applications ranging from a text editor to custom-built
applications for performing complex calculations. Typ-
3.3.1 Perspectives ically, these applications create, read, or modify control

and production data in the data perspective.

The primary task of a workflow management system isThis paper addresses the problem of qualitative
to enact case-driven business processes by joining sgerkflow verification. That is, we focus on properties
eral perspectives. The following perspectives are relf a logical nature (i.e., the soundness property intro-
evant for workflow modeling and workflow executionguced in Sectiori) and not on performance issues. For
(1) control-flow (or process) perspective, (Bsource the purpose of qualitative verification, we only consider
(or organization) perspective, (8ata (or information) the control-flow perspective of a workflow. In the re-
perspective, (4ask(or function) perspective, (9)per- mainder of this subsection, we discuss a number of ab-
ation (or application) perspective. (These perspectivegactions motivating why this simplification is reason-
are similar to the perspectives given B1].) able.

In the control-flow perspectiveworkflow process
definitionsare def_ined to specif)_/ which task_s need 935 Apstraction from resources
be executed and in what order (i.e., the routing or con-
trol flow). The concepts relevant for this perspectiveetailed knowledge of the allocation of resources to
(task, condition, and AND/OR-split/join) have been inwork items, the duration of activities, and the timing
troduced in Sectio.2. characteristics of triggers are a crucial factor when an-

In the resource perspective, the organizational strudyzing the performance of a workflow. However, for
ture and the population are specified. Resources, raggalitative verification, it is only relevant whether cer-
ing from humans to devices, form the organizationtdin execution paths are possible or not. It is important
population and are mapped onto resource classes.tdmote that the allocation of resources can only restrict
office environments, where workflow management sythie routing of cases, i.e., it does not enable execution
tems are typically used, the resources are mainly paths that are excluded in the control-flow perspective.
man. However, because workflow management is r8ihce resource allocation can only exclude execution
restricted to offices, we prefer the term resource. Paths, for qualitative verification, it suffices to focus on
facilitate the allocation of work items to resources, rgotential deadlocks resulting from the unavailability of
sources are grouped into classes.re8ource classs resources. Therefore, we argue that deadlocks result-
a group of resources with similar characteristics. Theirgy from restrictions imposed by resource allocation are
may be many resources in the same class and a resogereerally absent, thus motivating why it is reasonable to
may be a member of multiple resource classes. If a ebstract from resources.
source class is based on the capabilities (i.e., functionalA potential, resource-inflicted deadlock could arise
requirements) of its members, it is calledade. If the (1) when multiple tasks try to allocate multiple re-
classification is based on the structure of the organizmurces at the same time, or (2) when there are tasks
tion, such a resource class is calledaganizational imposing such demanding constraints that no resource
unit (e.g., team, branch, or department). The resourgpealifies.
classification describes the structure of the organizationThe first type of deadlock often occurs in flexible

The data perspective deals witbntrol andproduc- manufacturing systems where both space and tools are
tion data Control data are data introduced solely fareeded to complete operations thus potentially result-
workflow management purposes. Control data are drfig in locking problems {16]. However, given today’s
ten used for routing decisions in OR-splits. Productiomorkflow technology, such deadlocks cannot occur in
data are information objects (e.g., documents, fornesworkflow management system: At any time, there
and tables) whose existence does not depend on waskenly one resource working on a task which is be-
flow management. ing executed for a specific case. In today’s workflow

The task perspective describes the content of the pnaanagement systems, it is not possible to specify that
cess steps, i.e., it describes the characteristics of eaeberal resources are collaborating in executing a task.
task. A task is a logical unit of work with characterNote that even if multiple persons are contributing to
istics such as the set of operations that need to be fghe execution of one activity, e.g., writing a report for a
formed, description, expected duration, due-date, prigiven case, only one person is assigned to that activity
ity, trigger (i.e., time, resource, or external trigger), arfdom the perspective of the workflow management sys-
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tem: This is the person that selected the correspondtagen into account, but not the actual data where this de-
work item from the in-basket (i.e., the electronic workeision is based on. Therefore, we consider each choice
tray). Therefore, from the viewpoint of qualitative verto be a non-deterministic one. Moreover, we assume a
ification, it is reasonable to abstract from these lockirgir behavior with respect to these choices and exclude
problems. (Nevertheless, if in the future collaborativenspiracies14].
features are explicitly supported by workflow manage- We also abstract from triggers, because a workflow
ment systems, then these problems should be taken im@mnagement system cannot control the occurrence of
account.) triggers. As for choices, we only assume fairness with
The second type of deadlock occurs when there is respect to the occurrence of triggers: An enabled task
suitable resource to execute a task for a given case, ecgnnot be blocked forever (or infinitely often) because
there is not a single resource within a resource cla#ise corresponding trigger is never received.
Generally, such problems can be avoided quite easilyThe fairness assumptions on choices and triggers are
by checking whether all resource allocations yield noneasonable: Without these assumptions any iteration or
empty sets of qualified resources. However, there maigger would create a potential livelock or deadlock.
be some subtle errors resulting from case managemient31], we explored restrictions on the topology of the
(a subset of tasks for a given case is required to be @xecess definition such that conspiracies are not possi-
ecuted by the same resource) and function separatid@and standard fairness assumptions suffice to guaran-
(two tasks are not to be executed by the same resousx®a correct behavior.
to avoid security violations). For example, task 1 should There are other reasons for abstracting from data and
be executed by the same person as task 2 and tagkigjjers. If we are able to prove soundness (i.e., the cor-
should be executed by the same person as task 3. Hogetness criterion introduced in Sectigpfor the pro-
ever, task 3 should not be executed by the person wiess definition after abstraction, it will also hold for the
executed task 1. Clearly, there is no person qualifisiluation where the routing of cases is based on control
to execute task 3. Such problems highly depend on te&ta or the occurrence of triggers (under the fairness as-
workflow management system being used and are faisiymptions mentioned before). If the logical correctness
independent of the routing structure. Therefore, in oof the workflow depends on mutual dependencies be-
approach of workflow-product-independent verificatioiveen control data, the invariance of a single piece of
we abstract from this type of resource-driven deadlocksntrol data, or the occurrence of a specific trigger, it is
not possible to prove soundness. However, one might
argue that such a workflow is poorly designed. Last but
not least, we abstract from data and triggers because
Recall that the data perspective deals with both cdtallows us to use classical Petri nets (i.e., P/T nets)
trol and production data. We abstract from productiaather than high-level Petri nets. From an analysis point
data because these are outside the scope of the wofksiew, this is preferable because of the availability of
flow management system. These data can be changesffitient algorithms and powerful analysis tools.
any time without notifying the workflow management
system. In fact, their e.xist.ence does not even depesqu Abstraction from task content and opera-
upon the workflow application and they may be shared tions
among different workflow processes, e.g., the bill-of-
material in manufacturing is shared by production, prés a final abstraction, we consider tasks to be atomic
curement, sales, and quality-control processes. abstracting from the duration of tasks and the execution
We partly abstract from control data. In contrast tof operations inside tasks. The workflow management
production data, the control data used by the workflosystem can only launch applications or trigger people
management system for routing cases are managecdabg monitor the results. It cannot control the actual ex-
the workflow management system. However, some @fution of the task. Therefore, from the viewpoint of
these data are set or updated by humans or applicatianslitative verification, it is reasonable to consider tasks
For example, a decision is made by a manager basedsratomic entities.
intuition or a case is classified based on a complex calNote that we do not explicitly consider transactional
culation involving production data. Clearly, the behaworkflows [25]. There are several reasons for this. First
ior of a human or a complex application cannot be modf all, most workflow management systems (in partic-
eled completely. Therefore, some abstraction is needddr the commercial ones) do not support transactional
when verifying a given workflow. The abstraction usefatures in the workflow modeling language. Second, as
in this paper is the following. Since control data are shown in [L7], the various transactional dependencies
only used for the routing of a case, we incorporate tlean easily be modeled in terms of Petri nets. Therefore,
routing decisions but not the actual data. For examplee can straightforwardly extend the approach in this pa-
the decision to accept or to reject an insurance claimger to transactional workflows.

3.3.3 Abstraction from data and triggers
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3.4 \ferification approach We see that the P/T-net representation of a workflow
process definition is straightforward: Tasks are repre-
In the preViOUS Subsection, it has been shown that ggnted bytransitionsand conditions bw'aces Two
the purpose of qualitative verification it is reasonablghecial places are added, one to indicate that a new case
to abstract from resources, data, triggers, the contenhgk peen created, placeand another to indicate that a
tasks, and operations and to focus on the control-fig¥se has been completed, placet is clear that stan-
perspective. In fact, it suffices to consider the contrghrd building blocks such as the AND-split, AND-join,
flow of one case in isolation. The only way cases inteyR-split, and OR-join (se&}, 57]) can be modeled by
act directly, is via the competition for resources and thgT nets.
sharing of production data. (Note that control data areTg jljustrate the spectrum of languages used to spec-
S'[I’iCl‘|y Separated.) Therefore, if we abStraCt from rqy workflow processes and their mapp|ng onto P/T
sources and production data, it suffices to consider qis, we present two workflow process definitions (one

case in isqlation. The competition between cases {®ing COSA and one using Staffware) corresponding to
resources is only relevant for performance analysis. the P/T net shown in Figure

The principal goal of the approach presented in this
paper is to verify the correctness of a workflow spec osa e o Vew optons_tils

fied in someworkflow management system, i.e., the aj BEE B B0 EDQ OEEE O
B )

proach isnottailored towards apecificworkflow man- =
agement system. Despite the efforts of the Workfla <_; _.
Management Coalition (WfMC,3]), there is no con- o2 regisier ol
sensus on the language for specifying workflows. Tl l l
format proposed by the WfMC for exchanging work < [£] ) ~mai— - =]
flow process definitions, i.e., Interface 1. Workflov o avaluiste send
Process Definition Language (WPDL), is only partiall l

. . — |
supported by the existing systems. (Typically, workflo! &,
management systems are unable to import and har oy ’ | = \ / o3 \
all constructs.) Moreover, WPDL has no formal sema
tics which makes it very hard to reason about the cc o —
rectness of a given workflow process definition. Ther \ /
fore, we propose to directly translate a workflow prc ""’ !l —&
cess definition specified in some workflow manageme ~ *** ° aretive “
system to a Petri net. E ' Fa

The P/T net in Figurel models a typical workflow
process, namely the processing of complaints. ASSURgyre 9: The COSA specification of the process of Fig-
that the initial marking isi[], thus obtaining the system,;;e 1
of Figure2. Marking [i ] corresponds to the fact that a
new complaint has been received. First, this complaintFigure 9 shows the workflow process designed us-
is registeredregister ). Taskregister  is an ex- ing CONE (COSA Network Editor). CONE is the de-
ample of an AND-split. Upon completion of this tasksign tool of the workflow management system COSA
in parallel, aformis sensgnd ) to the complainantand[47]. Since COSA is based on Petri nets, it is easy to
the complaint is evaluated to determine whether it neeske that the workflow specification corresponds to the
to be processedi() or not dont ). The two transitions P/T net shown in Figuréd. Note that the transitions
do anddont together form an OR-split. The two trando anddont in Figurel correspond to one task called
sitions model a single task in the real workflow whickvaluate in Figure9, as explained above. This task
might be called something like ‘evaluate’. If the fornis an OR-split which sets a variable nandal. Based
that is sent to the complainant is received in timez(), on this variable, either the arc froevaluate toc4
the complaint can be processed. If it is not receivésl activated or the arc froravaluate to c7 is acti-
in time (timeout ), the form cannot be used for thevated. The arc conditions shown in Figi@rare evalu-
processing of the complaint. After the complaint haated at run-time and determine whether a token is pro-
been processegiocess ), a check is made to deterduced forc4 or c7. Similar remarks hold for the task
mine whether it has been processed correatlyn€) namedcheck . By using a set of simple translation
or not fedo ) (another OR-split). If not, it needs torules, any workflow process definition designed using
be processed again. Place is an example of an OR-COSA can be translated to a P/T net. Note that dur-
join: Two alternative process branches are joined. In thrgy the translation one abstracts from data, i.e., the four
end, the complaint is archivedrchive ). Transition arc conditions shown in Figure are translated to two
archive is an example of an AND-join. non-deterministic choices (as in Figute
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Figure 10: The Staffware specification of the process of Figure

Figure 10 shows the same workflow process speflow management systems. Both designs model the pro-
ified using the Graphical Workflow Designer (GWD}ess corresponding to the Petri net shown in Figure
of Staffware [18. The behavior of the specificationin the remainder, it is shown that this workflow process
shown in FigurelO is identical to the P/T net shownis incorrect, e.g., the workflow will deadlock if a redo is
in Figure 1. Nevertheless, the diagram is quite diffemeeded. As a result, both COSA and Staffware may
ent. Staffware tasks, called steps in Staffware, have Gdeadlock if the workflow is executed. This example
joinfAND-split semantics. Therefore, explicit buildings no exception: In the current generation of workflow
blocks need to be added to synchronize (AND-join) amdanagement systems, there are hardly any verification
select (OR-split). A wait step, which is represented lmapabilities. Therefore, it is relevant to develop tools
a sand timer, is used to synchronize parallel flows. Comhich can detect anomalies in workflow designs. In-
ditions, represented by diamonds, correspond to binatgad of building a specific workflow verification tool
choices. Moreover, Staffware does not have the concégpt every workflow management system, we propose
of places. In the example of Figuteplaces are, amongthe approach illustrated by Figuté.
other things, used for OR-joins. To emulate OR-joins
in the Staffware model corresponding to the P/T net of
Figurel, three so-called complex routers (which can be diagnostics
interpreted as automatic steps) have been added: ,
done, anddo. These three routers need to be added
to join alternative flows. The traffic light in Figur&0 i
shows the beginning of the workflow process and the| oriox | weansiator { [———
stop sign shows the end. Note that the timeout is mod- system1
eled explicitly in FigurelOand is attached to taskc . S
If rec is not executed within a given period, then task
timeout is triggered. Using the translation described [ workfiow
in [11], one can automatically translate a Staffware pro- | ™esms tansiator2 |8 ____
cess definition to a Petri net. It should be noted that SN —
the translation of [1] applied to the workflow process
shown in FigurelO results in a P/T net that is different :
from the one shown in Figur& The resulting P/T net workflow
is considerably larger because the translation is generic "sysemn i E fatorn S Z>
For example, the automatic stgpgn , done, anddo
shown in Figurel0 are not present in Figurebut will
be present as transitions in the result of the translation of
[11]. Nevertheless, the behavior of the Staffware model Figure 11: The approach supported by Woflan
shown in FigurelO matches the behavior of the P/T net
shown in Figurel. As Figurell shows, there is a specifianslatorfor
each workflow management system. Such a transla-
Figures9 and 10 illustrate the differences betweertor translates a workflow process definition into a P/T
workflow modeling languages used by today’s workiet. During the translation, the abstraction discussed

Workflow
verification
tool
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in the previous subsection is used to extract the infat:1  Structural restrictions

mation required for qualitative verification. It isimpor—N ¢ PIT net ds t il
tant to note that the workflow verification tool jt ' o- SVelY net corresponds 1o a proper workfiow

used to edit the workflow process definition. If the veprocess definition. A P/Tnet modellng aworkflow must
atisfy several structural properties.

ification tool detects errors, then the diagnostics pr% First t 2 P/T-net model of Kl
vided by the verification tool are used to correct the hlrs » We W?In daf' (;ns model o a(;/vor d ovTvr|1orocfess
errors using the design tools of the workflow managIéO— ave a well-getined beginning and end. Therelore,

ment system itself. As Figurgl shows, the process of V€ require that such a P/T-net model has one place in-

correcting the errors is iterative: The workflow procesdéCatlng the condition that a case has been created and

definition constructed using the workflow manageme e place |nd|caF|ng that a case has been gompleted. In
system is translated and analyzed using the verificat'tgﬁ example of Figure, these places are calleda_ndo,

tool. Then, the diagnostics are used to correct (if nel%t-Jt they also could have been caltetdrt — andfin-
essary) the process definition using the workflow maﬁ—h " From now on, we assume thia(in) ando (out) ,
agement system. This procedure is repeated until ! ﬁnt'fy thgse places. Thg re can be no tasks that fulfill
errors have been repaired. Note that the approach ill < condltllon corresponding to The workflow cannot
trated in Figurell stands or falls with the assumptiorﬁaer_‘erate Its own Cases. Also, there can be no tasks for
that the diagnostics are of high-quality and workflo :h'ch the condition corresponding thas to be ful-
system independent. Since most workflow managem E d: Once a case has b_een completed, no more tasks
systems model workflows in terms of a graph structuf ould be executed for this case. : :
connecting tasks, it is possible to make the diagnosticssecond’ observe that there is not much use in having

relatively system independent. For example, the veri _task ;h?]t can never be; gxecute(? ?ro;nTr:]avmg a tasl:
cation tool can present a list of tasks which cannot M Which a case cannot be completed. Thus, we wan

executed or show execution sequences in terms of tatsq(gxclude such.tasks. In ‘e“".‘s of the s'Fructure of a
orkflow net, this means that it must satisfy at least

which lead to a deadlock. These diagnostics can be In- . . ) o
terpreted in the context of any workflow manageme e following requirement. For every transﬂ@nn a
system. To improve the feedback to the workflow moa\{orkﬂov_v net, there must be a directed path froto t.
eler, it is possible to use the diagnostics to highlight tt?@d a directed path fromto o. In P/T-net terms, this

errors directly in the design tools of workflow managec—Onforms to strongly connectedness (see Definivign

ment systems. Note that the latter requires extensi@%de_lfrt]he assumptyon thatghefr?f_lﬁ a:jq;recteﬂ p:;lth_tror_?
of the workflow management system itself. 01. This assumption can be fufliiled It we short-circul

the net as illustrated in Figufe

Definition XX (Workflow net) A P/T net N =

(P, T, F) is a workflow net (WF net) iff
4 Workflow nets

i. i ePAei =40,

In this section, we introduce the classvedrkflow nets ii. oe P A oe = @, and

(WF nets), which is the subclass of P/T nets used for o

modeling workflow process definitions. In addition, welll- the short-circuited P/T ne(P,T U {t}, F U
formalize the soundness property introduced in Section {(0: D, (t,)}), denotedN, is strongly connected,
1 in terms of WF nets. We also briefly consider the ~Wheret ¢ T.

subclass of free-choice WF nets. Finally, we presefjie example P/T neml of Figure 1 satisfies all three
_technlques for analyzing whether or not a given WF n&r)nditions, using place as input place ando as out-
is sound. put placeo. Thus, it is a WF net.

The soundness property is the least requirement that
a WF net must sgﬂ;fy in order to model a correct v_vorﬁ_z Behavioral restrictions
flow process definition. As explained, a WF net is an
abstraction of the actual workflow process, i.e., only tli@onsidering the behavioral correctness of a workflow,
control-flow perspective is considered. We do not prave are, as explained Secti@, interested in the be-
pose WF nets as a complete modeling language. Thayvior of a single case. Assuming a WF riét =
are merely introduced for the purpose of (qualitativéP, T, F), it is an obvious choice to havg][as the ini-
verification. When importing a workflow process deftial marking, because it corresponds to the creation of
inition from some workflow tool, our verification toola new case. S& = (N, [i]) is the WF system corre-
Woflan distills the aspects it needs from the workflosponding toN that we are interested in.
process definition and translates this information to aThe behavioral restrictions we impose on a WF sys-
WF net. tem in its initial state can be derived from the soundness
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requirement introduced in Sectidn Recapitulating, a From the CG in Figure3, we conclude that the short-
workflow process must always have the option to coroicuited WF systens of Figure 3 is not bounded and
plete, completion must always be proper, and every tasit live. It is not bounded, because we have infinite
should contribute to at least one possible executionmofrkings in the CG; itis not live, because, for instance,
the workflow. In a WF net, completion of a case is signarking [c4, c5] has no outgoing arcs. Hence, the WF
naled by a token in the special plageThus, the com- netN of Figure 1 is not sound, which conforms to our
pletion option means that it must always be possible ¢éarlier conclusion.

put a token irn. Proper completion means that, as soon
as a token is put i, all other places must be empty, 3
The last requirement strengthens the third structural re-
guirement of DefinitiorXX. It simply means that a WF The class of free-choice WF nets (see Definitith ) is
system may not have any dead transitions (see Defiai interesting one for two reasons. First, it appears that

Free-choice WF nets

tion XVII). many workflow management systems allow only work-
flow process definitions that result in free-choice WF

Definition XXI (Soundness) A WF net N = nets. Most of the workflow management systems avail-

(P, T, F) is sound iff able at the moment abstract from states between tasks,

i.e., states are not represented explicitly. Such work-
i. YM € B(P),[i] — M :3M; € B(P), M — flow management systems use the AND-split, AND-
M1 : M1 > [0O] (option to complete), join, OR-split, and OR-join as standard building blocks
to specify workflow procedures. Because these systems
i. VM € B(P),[i] — M : M =[o] = M =[0] apstract from states, every choice is maidean OR-
(proper completion), and split building block. If we model such an OR-split in
terms of a WF net, the OR-split corresponds to a num-
ber of transitions sharing the same set of input places.
Thus, it appears that for these workflow management

Soundness is originally defined iri][ where it says systems a workflow procedure always corresponds to

that it should always be possible to complete the Ca%éree-choice WF net. Only a few workflow manage-

properly (option to complete properly). Our definitiof€Nt Systems (e.g., COSA, INCOME, LEU, and MO-
is slightly different, but it is not difficult to prove thatS!LE) allow arbitrary non-free-choice constructs. Sec-
they are equivalent. ond, for a free-choice WF net, it can be decided in

_polynomial time whether or not the net is sound, be-
cause itis possible to verify in polynomial time whether
the corresponding short-circuited WF system is live and

iii. no transitiont € T is dead in(N,[i]) (no dead
tasks).

Soundness of a WF n@l can, for example, be de
termined from a CG of the WF syste@N, [i]). If we
take a look at our WF systefin Figure2 and its OG -
in Figure7 (which is also the unique CG &), we see bounded 19].

thatNis not sound because the first two restrictions ar_eG'Ven these two facts, one COL.JId envision a verifica-
not satisfied: tion tool that focuses on free-choice WF nets. However,

for Woflan, we decided differently. One of the main re-

i. In[c4,c5], there is no option to complete; guirements for Woflan mentioned in the introduction is
that it is workflow-product independent. Allowing non-
ii. in[c8, 0], we have improper completion. free-choice WF nets means that Woflan can support a

] o o wider range of (future) workflow management systems.

sition we have at least one arc labeled with it in the Cqgligm, sequential routing, conditional routing, and iter-
In [1], it has been shown that soundness of a Witjon, can be modeled without violating the free-choice
net corresponds to liveness (see Definitiovilll ) and property. However, sometimes, complex routing con-
boundedness (see DefinitioiiX ) of the short-circuited structs cannot be modeled with free-choice WF nets.
WF system. Recall that, for a WF nét, the short- For example, Staffware is a workflow management sys-
circuited net(P, T =T U{t}, F = FU{(0,1), (t,1)}) tem that abstracts from states (see also Se@tigrbut
witht ¢ T is denoted\. it supports one (rarely used) construct that can only be
translated to a non-free-choice construct in the corre-
Theorem | (Soundness vs. liveness and boundedsponding WF net (see.[], for more details). In other
ness) AWF netN = (P, T, F) is sound iff the short- occasions, non-free-choice constructs yield more con-
circuited WF systeniN, [i]) is live and bounded. cise models than the corresponding free-choice ones. A
second requirement for Woflan mentioned in the intro-
duction is that it must provide to-the-point diagnostic
Proof See[]. information in case of design errors. Unfortunately, ef-
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ficient algorithms for verifying soundness are not nedheorem lll (Sound and well-structured vs. S-
essarily a good basis for meaningful diagnostic infocoverable) Let N be a sound, well-structured WF net.
mation in case a WF net is not sound. The short-circuited WF nd\l is S-coverable.

4.4 Analyzing WF nets Proof See [4].

Theoreml is an interesting result, because it showsheoremlll can be used in the analysis of WF nets in
that for the analysis of WF nets we can focus ofisimilar way as Theoren can be used. Theoreti
boundedness and liveness of short-circuited WF s¥fpes not provide useful information for our running ex-
tems. Boundedness and liveness have been studiedsgiple, because short-circuited WF hedf Figure3 is
tensively in the Petri-net literature. Existing results caibt well-structured.

be tuned to the analysis of WF nets. In the remainderas a side remark, note that for a given well-structured
of this section, we present results that form the found@¢F net, it can be decided in polynomial time whether or
tion of Woflan, emphasizing results that are useful f@ft it is sound. (See]; the proof uses Theoremmand
providing meaningful diagnostic information in case ghe fact that short-circuited WF nets without PT-handles
errors in a WF net. and TP-handles are elementary extended non-self con-
trolling [13].) Also note that the classes of free-choice
WF nets and well-structured WF nets are incompara-
ble. That is, there are free-choice nets that are not well-
In Section2.3.1, a number of structural techniques fostructured and vice versa.

analyzing P/T nets have been introduced. Despite theS-coverability of a short-circuited WF net is a suf-
fact that Woflan is not restricted to free-choice WF netfigient (but not necessary) condition for safeness and,
the free-choice property does play a role in diagnasence, boundedness of the corresponding system.

ing WF nets. Also, PT- and TP-handles, S-components

and S-coverability, and (place-)invariants all play an intheorem IV (S-coverability vs. boundedness) et N
portant role in Woflan. The interpretation of non-freese a WF net and let the short-circuited WF hebe S-
choice constructs, PT/TP-handles, and S-componentsdverable. The short-circuited WF systeiN, [i]) is

the workflow domain is explained in more detail in theafe and bounded.

next section. In this subsection, we present results re-

lating structural techniques to soundness of WF nets.
Proof It follows from Definition XI that the number

. of tokens in any reachable markin 1D inan
Theorem Il (Sound and free-choice vs. S.-coverable)§_Component o%l/\l is constant Be(?a(:%e[valze initially

Let N be a sound, free-choice WF net. The Shorhave one token (im), the number of tokens in any S-
circuited WF netN is S-coverable. ' y

component is either zero or one. Therefore, the number
of tokens in any place in any S-component is always

. . either zero or one. Because all placesNnare con-
Proof This follows directly from Theorem and the ;.1 i some S-componerity, [i]) is safe and thus
fact that a net which is free-choice, live, and boundgd -4 -

must be S-coverable(f]).

4.4.1 Structural techniques

Note that a consequence of Theorévhis that both

In the analysis of WF nets, this theorem can be usedg§ind free-choice WF nets and sound well-structured

are not part of any S-component are a potential SOUfgR gy seen thad of Figure3 is not S-coverable and that
pf the error. For example, the_ WF nitof Figure 1 system K, [i ]) is not bounded. Since pla@8 is not
is free-choice, bul of Figure3 is not S-coverable, aspart of an S-component, again the diagnostic informa-
explained in Sectior2.3.1 I_Dlacec8 is not part of an jgp points to places as a possible error: Ihightbe
S-component. Thus, néd is not sound, as we have,psafe or unbounded. (We, of course, already know that
concluded earlier. ¢8 is unbounded.)

It is also well-known that place-invariants with only
Definition XXIl (Well-structuredness) A WF netN non-negative weights, the so-callsemi-positivelace-
is well-structured iffN is well-handled, i.e., the short-invariants, can be used to formulate a sufficient condi-
circuited net has no PT-handles and TP-handles ($ie& for boundedness. A place occurring with a positive
Definition VII). weight in a semi-positive place-invariant is said to be

coveredoby that invariant.
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Theorem V (semi-positive  place-invariants  vs. Let us return to WF nel of Figurel once more. The
boundedness) Let N be a WF net. If every placeCG of S=(N, [i ]) in Figure 7 has a deadlock marking,
of N is covered by a semi-positive place-invariant afamely g4 ,c5]; thus, N does not satisfy the comple-
the short-circuited nelN, then the short-circuited WFtion option. Since the CG &=(N, [i ]) in Figure8 has
system(N, [i]) is bounded. the same deadlock marking, all transition$adre non-
live. Although this observation is consistent with The-
Proof It follows immediately from Theorem 2.31 Ofo.remVIlz it. does upfortunately not provide any useful
[19. diagnostic information on WF n@i .
Part of the soundness requirement on a WF net is
Places not covered by a semi-positive place-invarianttbé absence of dead transitions in the corresponding
a short-circuited WF net might be indications of an eWF system. A dead transition in a WF system corre-
ror. In the running example, plac8 is the only place sponds to a task in the workflow that can never be ex-
not covered by a semi-positive place-invarianhof ecuted. Non-live transitions in the short-circuited WF
system, in particular dead transitions, might be a sign of
4.4.2 Liveness and boundedness vs. soundness dead transitions in the non-short-circuited WF system.
The question is how dead transitions in a WF system
In this paragraph, we investigate the relation betweey (N, [i]) and the short-circuited WF systeBrelate
the soundness of a WF net and the liveness and bougiflaach other. Observe that any occurrence sequence of
edness of the corresponding short-circuited WF systefis also an occurrence sequenceSpbut that the con-
in some more detail. verse is not necessarily true. Thus, a transition that is
As the following result shows, an unbounded place jrad inS s also dead irS, but a transition that is dead
a short-circuited WF system may be a sign of impropg{ s might not be dead in the short-circuited systsm
completion. However, under the assumption of boundedness af

. transition that is dead i8 is also dead ir8.
Theorem VI (Improper completion vs. unbounded- -

ness)Let N be a WF net that can complete improperlyl.heorem VIl
Then, the short-circuited WF syste(, [i]) has un-
bounded places.

(Dead transitions in bounded short-
circuited WF systems) Let S = (N, [i]) with N =

(P, T, F) be a WF system such that the short-circuited
systemS = (N, [i]) is bounded. Transitioh € T is
Proof It follows from the assumption and the definidead inSiff it is dead in S.

tion of proper completion (DefinitioiXXI) that there

exists a non-empty markingd < B(P) such that

[(] — M +[0o]in N. Then, [] — M + [0] Proof The result follows immediately from the obser-
in N and, because of the short-circuiting transitign vation that, under the boundedness assumption, either
[i(] — M +]Ji]in N. We conclude that all places M the OGs ofSandSare identical (in case marking][is

are unbounded 0N, [i]). not reachable ir§) or the OG ofS extends the OG of

, ) with the arc([o], t, [i]) (in case f]is reachable).
In the OG of Figure/, we see that WF netl of Figure

1 may complete improperly, because markin§ Jo] is ]
reachable. The CG of Figu@shows that systemr\( 4-4-3 Behavioral error sequences

[i ]) has unbounded plas . o Structural errors in a P/T net modeling a workflow, i.e.,
Non-live transitions in a short-circuited WF systen)g|ations of the requirements of DefinitiosX, are
are a potential sign that a WF net does not satisfy thgnerally easy to find and to correct. Behavioral errors,
completion option. i.e., violations of DefinitionXXI, are more difficult to
locate and to correct. The results in Sectibf.2show
that the sets of unbounded places in a short-circuited
W= net, as well as the lists of non-live and dead tran-
Zitions may provide useful information for diagnosing
behavioral errors. Unbounded places, non-live transi-
tions, and dead transitions all point to different types
Proof Suppose (N, [i]) has only live transitions. of behavioral errors in a WF net. However, experience
Then, the short-circuiting transitidnis live, i.e., for all with verification of workflow processes has shown that
M e B(P) with [i] — M, there exists aM; € B(P) this information is not always sufficient for finding the
with M — Mj such thatet < Mj. Sinceet = {0}, exact cause of an error. In particular, it might be diffi-
we immediately conclude th&t has the option to com- cult to diagnose violations of requirememt®ption to
plete. complete) and (proper completion) of Definitioi X1 .

Theorem VII (Option to complete vs. liveness)Let
N = (P, T, F) be a WF net that does not satisfy th
completion option. Then, the short-circuited WF sy
tem(N, [i]) has non-live transitions.
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To overcome this problem, we introduce so-called b&and hence als& is bounded. In terms of the OG of
havioral error sequences. The idea for these sequen8es (non-empty) non-live sequence is a firing sequence
is relatively simple: We want to find firing sequencesorresponding to a path in the OG that starts in marking
of minimal length such thagverycontinuation of that [i] and ends in a markiniyl

sequence leads to an error. Such a firing sequence is . ,

required to be minimal in the sense that no prefix has- oM which there is no path t@] and

the property that every contingation leads to an error; \\hose immediate predecesddi on the path has
Thus, one can think of behavioral error sequences as 4 path to .

scenarioghat capture the essence of errors made in the

workflow design. Depending on the kind of error on@pparently, the transition leading from markim, to

is interested in, different types of behavioral error seaarkingM removes the option to complete. To deter-
guences can be helpful for diagnosing the design. nmine which markings in the OG can act lsand M,
the next two paragraphs, we introduce two types of bse partition the markings into three parts:

havioral error sequences calledn-live sequenceand ) i )

unbounded sequencet are particularly useful for di- |- réd markings, from which there is no path @[
agnosing liveness-related (requirememf Definition

. . green markings, from which all paths lead 4j,[
XXI, option to complete) and boundedness-related (re-

and

quirementii of Definition XXI, proper completion) be-

havioral errors, respectively. iii. yellow marking, from which some but not all paths
lead to p].

4.4.4  Non-live sequences Only ared marking can possibly actlels whereas only

Intuitively, a non-live sequence is a firing sequence ofeayellow marking can possibly act 8. All we need to
workflow system of minimal length such that compledo now is to find arcs in the OG which connect a yellow
tion is no longer possible (i.e., it is no longer possible arking to a red marking. The label of such an arc gives
reach a marking with a token in the special playeBy Uus the name of the transition whose firing removes the
now, it is clear that the completion-option requirememption to complete. Any path from the initial marking
of a WF net is strongly related to the liveness of the cdi to M in the OG corresponds to a non-live sequence.
responding short-circuited system. Liveness analysis isThe definition of non-live sequences can be formal-
only feasible for bounded systems. Thus, we assumiZed as follows. Note that the definition does not require
WF systemS = (N, [i]) such that the short-circuitedthe absence of dead transitions in the WF system under
systemS = (N, [i]) is bounded. We also assume theonsideration. LeM; = M denote that there exists a
absence of dead transitions $1(or equivalently inS, path in the OG from nod#f; to nodeM.

see Theorenvlll). In the next section, it is explained

in more detail how these assumptions are enforcedDefinition XXIII  (OG partitions for non-liveness)

the diagnosis process of Woflan. The precise definitibgt N = (P, T, F) be a WF net such that its WF sys-
of non-live sequences is based on the following the®m (N, [i]) is bounded. LeG = (H, A) be the OG of
rem. (N, [i]). We partitionH into three parts:

Theorem IX (Liveness of bounded short-circuited L Hr={MeH[~(M= [oD},

WF systems) Let S = ((P,T,F),[i]) be a WF ;i Hg = (M € H | =3Mg € Hr : M = Mg} and
system without dead transitions such that the short-
circuited systemS is bounded. ThenS is live iff iii. Hy = H\ (Hg U Hg).

YM e B(P),[i] — M : M — [o]. Remarks:

o Ifthere are no red markings, there can be no yellow

Proof The implication from left to right follows in a ) L
markings:Hr = @ impliesHy = @.

straightforward way from DefinitioiXXl (Soundness)
and Theorem (Soundness vs. liveness and bounded-
ness). The other implication follows directly from Def-
initions XVII (Dead transitions) angVIll (Liveness).

e Ifthere are no green markings, there can be no yel-
low markings:Hg = ¥ impliesHy = @.

. i . e If there is no way to complete properly, then all
Based on this theorem, we define a non-live sequence as markings are red:d] ¢ H impliesH = Hg.

a firing sequence of WF syste®of minimal length that

ends in a marking from which it is no longer possible to e If there is a way to complete properly, then the tar-
reach p]. Non-live sequences can be computed from get marking is green (because = ¢): [0o] € H
the OG ofS. Note that the OG oS is finite, because implies [0] € Hg.
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Definition XXIV (Non-live sequences)Let (N, [i])
be a bounded WF system with &= (H, A). LetHR

. : " : T . fogister Yelk il
andHy be defined as in DefinitioRXIIl . If [i] € HRg, e, elow markings
. i . K ‘ o W [c102] dont S [c1.c7]
then the occurrence sequencki$ called non-live. An ld i ld cond

dont ’ [63.67]

rec

some positive natural numbar with all markings dis- ;" meou
tinct is called non-live iffM, € Hr andMp_1 € Hy. [/ e
A firing sequence of a WF system is called non-live i'i.\
itis derived from a non-live occurrence sequence. .

occurrence sequencgdtpMs . .. th_2Mp_1th_1Mp, for v 6 A

redo

archive

The most valuable information in a non-live sequenc "~ _ s

is the combination of its last two marking®l_1 €  ~-r--mmeme s imimime e Green markings

Hy and M, € HRg) and its last transitiont{_1).

The only interest we have in the sequence’s prefix

([i1toM1 . . . th_») is that it gives us a path which leads térigure 13: The OG of5; partitioned for non-live se-
the last-but-one marking. Note that we have exclud@dences

firing sequences containing cycles (by requiring that all

markings in a non-live sequence must be distinct); cy- . .
cles do not provide any additional useful information, As an example, consider the WF mtof Figure12.

Also note that it is possible that several non-live s 3 |sfa van;’:mt Oé \:VFI neI\_lt_of F'gﬁ.r el W't_Phanoz(tr?
quences have the same suffib_1ty_1 M. arc from placec8 to transitionarchive . The 0

S1=(Ny, [i ]) is shown in Figurel3. The meaning of

Theorem X (Non-live sequences vs. livenesdet S the thick arcs is explained in the next section. Clearly,

be a WF system without dead transitions such that tie @S no dead transitions. Since the OGSg(Ns,
short-circuited systers is bounded. Thersis live iff [ 1) IS Simply the graph in Figurés3 extended with the

Shas no non-live sequences. arc ([o], shortcircuit , [i ), whereshortcir-
cuit is the short-circuiting transition, we see ti&t

is bounded. Figuréd3 also shows the partitioning of
Proof The theorem follows immediately from Theothe OG ofS; according to DefinitionXXIll . We can
remIX (Liveness of bounded short-circuited WF sysieduce, among others, the following five non-live se-
tems) and DefinitiorXXIV (Non-live sequences). guences:

Note that, based on TheoremTheoremX can alter-
natively be formulated as follows. B = (N, [i]) is a
WF system without dead transitions such that the shorti. register send dont timeout
circuited systensis bounded, theN is sound iffShas

no non-live sequences. iii. register send rec do ,

i. register send timeout ,

iv. register send do ,and

v. register do

SinceS; has non-live sequences, we can deduce from
TheoremX that$; is not live, which means that; is

not sound. It is also possible to arrive at this conclu-
sion by investigating the OG d§;. Since it contains
deadlock markingd4 ,c5], it follows that all transi-
tions of S; are non-live. Unfortunately, the informa-
tion that all transitions are non-live is not sufficiently
specific to be useful. By examining the above five non-
live sequences, we can obtain more detailed informa-
tion. Note that non-live sequenéeprovides almost the
same information as sequeniceTogether, they show
that the combinatiosend andtimeout is the pos-
sible cause of an error and thdant is not important.
From sequencg we conclude that, whatever happens,
Figure 12: WF nety placec8 does not get a token. As a result, transitions
process andarchive cannot fire. The sequences

20



iii, iv, andv provide the information that firing transi-different; second, there are no natural numbdeend

tion do always results in an error. We may concludewith k < | < n such thatMx < M. The first as-

that the cycle to whicldo leads might cause a probssumption means that contains no cycles; the second

lem. For now, we do not go into details about possibsssumption means thatcontains no strict prefix from

solutions to correct the errors. which unboundedness can be derived. The crux of the

proof is thatt must bet,. Suppose thatequalst, with

k < n. Sinceet = {0} andte = {i}, Mx_1 > [0] and

either My = [i] = Mg or Mg > [i] = Mg. In both

Intuitively, an unbounded sequence is a firing sequersases, the minimality of is violated. Thust equalsty.

of a WF system of minimal length such that every corit follows from the definition oft ands that M > [i]

tinuation implies a violation of the proper-completiomnd that the occurrence sequegti M1 . .. th_1Mnp_1

requirement of DefinitionXXI. Such a violation can is an occurrence sequence®$uch thatM,,_1 > [0].

have two causes. The first one is the most straightfor-

ward one. Clearly, proper completion is violated if ¥#nbounded sequences can be computed from a cover-

reachable marking is strictly greater than the marki@ility graph of a WF syster (see Sectio.3.4). As-

[0] that signals proper completion. The second cau$éming we have a CG db, an unbounded sequence

is more implicit. If a WF system is unbounded, thel$ a firing sequence o6 of minimal length which in-

the proper-completion requirement is also violated. Ryitably leads either to an infinite marking in the CG

see this, consider a WF syste®n= (N, [i]) with two Or to a marking greater thao][in that CG. The above

reachable marking$! and M; such thatM < My theorem means that such a sequence corresponds to a

(which by DefinitionXIX means thaS is unbounded). sequence oS that inevitably leads to an infinite mark-

Assuming that proper completion is possible froty ing when the CG oSis extended to a CG d&.

i.e., M — [0], we may deduce thatl; — [o] + To compute unbounded sequences, we partition a

M1 — M which is strictly greater tharo]. Thus, as- given CG ofSin a way similar to the partitioning of

suming that completion is possible at all, unboundethe OG for computing non-live sequences given in Def-

ness of a WF system implies a violation of the propeifition XXIII :

completion requirement. i
As we have seen, the proper-completion requiremenf'

of a WF net is strongly related to the boundedness of

the corresponding short-circuited system. The follow-

ing theorem confirms this observation. It forms the ba]i.

sis for formalizing unbounded sequences.

4.4.5 Unbounded sequences

The green markings are those markings from
which infinite markings or markings greater than
[o] are not reachable;

the red markings are those markings from which
infinite markings or markings greater thaoj pre
unavoidable, i.e., those markings from which no

Theorem XI (Boundedness of short-circuited WF green marking is reachable;

systems) Let S = ((P, T, F),[i]) be a WF system.

SystemS = ((P, T, F),[i]) is bounded iff systen& iii. the yellow markings are those markings from
is bounded and, for all markingd € B(P) reachable which infinite markings or markings greater than
from[i]in S, =(M > [0]). [o] are reachable but avoidable.

Proof To prove the theorem, we show th&tis un- Definition XXV (CG partitions for unboundedness)
bounded iffSis unbounded or there is a markinj € Let N = (P, T, F) be a WF net, leG = (H, A) be a
B(P) reachable fromi] in Ssuch thatM > [0]. Re- CG of WF system(N, [i]), and letH® = H \ B(P) U
call Definition XIX (Boundedness). The implicationfM < B(P) | M > [0]} be the set of markings iH
from right to left is straightforward (see also the proahat are infinite or greater than][ We partitionH into
of TheoremVI). The other implication is more in-three parts:

volved. Assume that = Mgt1M;...taMp, for some

natural numben, is an occurrence sequence®$uch  i. HZ ={M € H[=3M; € H? : M = My},

that Mp = [i] and such that there existska < n
with M < M. Distinguish two cases. First, assume'"
that the short-circuiting transitionis not an element i, HE = H\ (HQ U HY).

HE ={M € H|-3M; € HZ : M = My} and

of {t1, ..., tn}. In this cases is also an occurrence se-

guence ofS, which means th&®is unbounded. Second Remarks:

assume thatis an element ofty, . . ., ty}. Without loss

of generality, we may assume thats minimal in the e Ifthere are no red markings, there can be no yellow
following sense: First, all markingMo, ..., M, are markings:Hg = @ impliesHy = .
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e Ifthere are no green markings, there can be no y
low markings:H& = @ impliesHy = ¢.

shortcircuit

i

<
<

register

Given the above partitioning of a CG of a WF systen [e,04] ¢ do (et dont __y, [of,e7]
we can define its unbounded sequences. send lse"d

[c3,c4] < do [c2.¢3] dont > [e3.c7]
Definition XXVI (Unbounded sequences) Let ""‘;/ ree tmm/
(N, [i]D be a WF system with C@H, A). LetHZ and ¢ dont

Hy be defined as in DefinitioiXXV. If [i] € HE, redo

. [c4,¢5,08] < do [c2,65,c8] doﬂb [c5,67,c8]
then the occurrence sequencgi$ called unbounded. lpmess e
An occurrence sequencgdthM; ... th_2Mp_1th—1 M, s e Iy
for some positive natural number, with all mark- /M
ings distinct is called unbounded i, € HYZ and 08",

Mn_1 € Hy. A firing sequence of a WF system is

called unbounded iff it is derived from an unbounded. ) _—
occurrence sequence. lglgure 14: The RCG of the short-circuited example net

Theorem XII (Unbounded sequences vs. bounded- The idea to restrict a CG of a system to an RCG is
ness) A short-circuited WF systenS is bounded iff similar to one of the ideas behind the notion of an MCG

Shas no unbounded sequences. (minimal CG) of 24]. In general, an RCG of a system

is still larger than its MCG. Unfortunately, the MCG of

a WF system is not suitable for computing unbounded
Proof The theorem follows immediately from Theosequences. For more details, the interested reader is re-
rem XI (Boundedness of short-circuited WF system#rred to P4].
and DefinitionXXVI (Unbounded sequences).

v

Unbounded sequences have been defined on the b N i

of a CG of a WF system. However, CGs of WF sys  Greenmarkings', legsfef Yellow markings
tems can become very large, even to the extent tl o] gt [ete2l ol [e1e7)

the computation of unbounded sequences may becc send A pend send

cd] do.
- AJ

intractable. A simple observation alleviates the pro I3 - 2
lem of large CGs: Infinite markings in a CG hawv ‘"z;/ ree tmeall o0
[c4,c5] dont

only infinite successors. For determining unbound: < do_[o2e -

sequences, it is not necessary to consider successol reNical . '[2'&'8]

infinite markings, because they are guaranteed to be N o

This observation leads to the notion ofestricted CG [Ci; ] I./' e / . A

(RCG) of a system. LeS = ((P, T, F), Mp) be some ’ T '

P/T system. An RCG o8 is constructed via the algo-~"~"""""~"""""7"7 o Red markings

rithm of Definition XVI with one important difference,
namely that we restrict the marking in stepii to be
finite. As an example, compare the CG of the short
circuited system of Figurd depicted in Figure3 with
the RCG of Figurel4. For this simple example, the Figure15 shows the partitioned RCG of the example
RCG is approximately half the size of the CG. NotgystemS of Figure2. Note that this RCG is the OG
that if a system is bounded the RCG-generation algd-S, becauses is bounded. S has among others the
rithm and the CG-generation algorithm both yield th®llowing unbounded sequences:
OG of the system.

It is straightforward to see that an RCG can be usedi. register send rec dont and
to compute the unbounded sequences of a WF system.
Consider the partitioning of a CG given in Definition ii. register send dont rec
XXV . Since infinite markings are always red, it is clear
that successors of infinite markings are also red. Thefigese two sequences show that firing the combination
fore, the part of a CG that is omitted in an RCG iefrec anddont inevitably leads to unboundedness of
not used when constructing unbounded sequences. Thesshort-circuited system. The reason is tieat puts
means that unbounded sequences can be computed byken in place8, whereas firinglont removes the
applying the partitioning of DefinitioXXV to an RCG. option to remove this token via transitipnocess .

Figure 15: The RCG partitioned for unboundedness
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5 Woflan in Woflan yields that it corresponds to a sound WF net
(assuming that Steps 2 through 8 and 10 through 12 are
5.1 Introduction OR-splits and Step 14 is an OR-join).
. . . The basis for the diagnosis process in Figlifeis
This section described/oflan(WOrkFLow ANalyzer, Theoreml (Soundness vs. liveness and boundedness).
[50]) version 2.1. Woflan is a tool that analyzes workrpat is, the diagnosis process aims at establishing the
flow process definitions specified in terms of Petri netgy,ndness of a WF net by showing that the correspond-
It has been designed to verify process definitions thﬁb short-circuited system is live and bounded. As
are downloaded from a workflow management systefientioned earlier, liveness analysis is only feasible for
as explained in Sectiod.4. As indicated in the intro- 5 ,nded systems. Thus, we have decided to center
duction, there is a clear need for such a verification toglre diagnosis process around the following three mile-
Today's workflow management systems do not Veriffnes. The naming of the milestones is chosen in such
the correctness of workflow process definitions. Therg—Way that it fits with standard workflow terminology.
fore, errors made at design time such as deadlocks and

livelocks may remain undetected. This means that Wbrkflow Process Definition (WPD) Does the im-
erroneous workflow may go into production, thus caus- ported process definition correspond to a WF net?
ing dramatic problems for the organization. To avoid

these costly problems, it is important to verify the coproper WPD Is the short-circuited system corre-
rectness of a workflow process definition before it be-  sponding to the WF net bounded?
comes operational.

Based on some of the results presented in the preésbund WPD Is the (bounded) short-circuited system
ous section, the development of the tool Woflan started corresponding to the WF net live (and thus the WF
at the end of 1996 and the first version was released net sound)?
in 1997 [L0, 26]. Basically, Woflan takes a workflow
process definition imported from some workflow prodrhe order in which analysis techniques are applied in
uct, translates it into a P/T net, and tells whether or nibte diagnosis process is based on two criteria, namely
the net is a sound WF net. Furthermore, using soreficiency of the technique and usefulness of the diag-
standard P/T net-analysis techniques as well as thosstic information. Since structural analysis techniques
tailored to WF nets presented in the previous sectiare (usually) computationally much more efficient than
the tool provides diagnostic information about the net ehavioral ones, we see that structural analysis tech-
case itis not a sound WF net. Woflan implements a pragues are used as much as possible in the diagnosis
defined diagnosis process illustrated in Figliée The process before switching to behavioral techniques.
diagnosis process is in fact a workflow process mod-
elled in Protosj ] In thfa next s.ubse.ctlon, t.he d|agno,—5_2_1 Step 1: Start of diagnosis
sis process of Figurg6 is explained in detail. In Sec-
tion 5.3, the P/T net of Figuré. is analyzed by meansThe diagnosis process is started by importing a process
of Woflan. Version 2.1 of Woflan extends version 1.8efinition from some workflow tool. In this step, the
as described inl[0, 26] with some new analysis tech-process definition is translated to a P/T-net representa-
niques of which the technique of behavioral error s@on, applying the abstractions discussed in Sectién
guences is the most important one, with a predefined,
detailed diagnosis process that uses a new, workflow- .
oriented nor%enclatzre, and with an import facility fo?'z'2 Step 2: Workilow process definition?

COSA, Staffware, METEOR, and Protos. In this step, it is verified whether the first milestone is
satisfied. The first milestone is included to guarantee
5.2 Diagnosis process that the process definition that is being imported from

some workflow tool corresponds to a WF net. Woflan
In Section® and4, we have seen a wide range of anasimply checks whether all the requirements of Defini-
ysis techniques for P/T nets in general and WF netstion XX are satisfied (one place must correspond to a
particular. The goal is to apply these technigues in theint of creation, one place must correspond to a point
analysis of workflow processes in a logical and meaof completion, and all nodes must be related to both
ingful order, and to distill useful diagnostic informatiomplaces). If the milestone is not satisfied, the diagnosis
from the analysis results in case of errors in the workrocess ends and the workflow designer must make a
flow. The diagnosis process implemented in Woflaogrrection to the process definition. In this case, Woflan
version 2.1, achieves this goal. Figuréillustrates the provides diagnostic information such as, for example,
process. As mentioned, the process is in fact a wotke list of tasks that are not connected to the point of
flow itself. Analyzing the Protos model of Figudg creation and/or the point of completion.
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5.2.3 Step 3: Thread of control cover? e .

From a workflow point of view, we would like to see a

),
case as a set of parallitireads of contral Each such a // e
thread specifies that certain tasks have to be executed in i y
a certain order to get a certain piece of work completed. N, \\
In the running example of Figurg we have two such 8 i
threads: N /
SO OR-split 7
i. The first thread handles the piece of work associ- ~ P /,/'

~——

ated with the complaint form: After registration,

first, the form has to be sent to the complainant.
Second, it is either received back or a timeout oc-
curs. Finally, the returned form or the fact that it

was not returned in time is archived. The diagnostic information that Woflan provides is

ii. The second thread handles the piece of work asg?)? list of S-components of the short-circtited WF net,

. ) L . . aS well as a list of places not contained in any of these
ciated with the complaint itself: After registration b y

. . -components. This information can generally be com-
first, the complaint has to be evaluated. Secon% P g y

. X : puted efficiently. If there are no uncovered places,
depending on the evaluatiodd or dont ), it may the second milestone of the diagnosis process (Proper

be processed followed by a check. Third, depe JPD) has been achieved (see Theorér), which

ing on the result of the_chec_:ld@ne. or redo_), I means that we can continue with liveness analysis (see
may be processed again. Finally, it is archived. Figure16)

The idea of threads is reflected by the S-components
in the short-circuited WF net: Every S-component i5.2.4 Step 4: Confusions and mismatches?
that short-circuited net corresponds to a logical piece .
of work in the workflow. (See, for example, Figuée At _th,'$ pqlnt, we know that our workflow process
that shows the two S-components for the running gefinition is not covered by threads of control; in
ample.) Recall that an S-component is a strongly Coﬁgtn-net terminology, the short-circuited WF system
nected state machine which is embedded in a P/T fief10t S-coverable. Based on Theorethsand Ill,
(see DefinitionX1). For each S-component in a P/TV€ May conclude that the WF net under considera-
system, the total number of tokens in its places is é'lc-’” shouldpot be free-choice or weII-structured: If it
ways constant. From the strongly connectedness ofl§free-ch0|ce or W.eII.-structured, we know that it can-
components and the structure of WF nets, it follows that Pe sound. It is indeed possible to have a sound
an S-component in a short-circuited sound WF net JVF-net that is neither free-cho_|ce nor well-structured.
ways contains the short-circuiting transitiorand the O Some more advanced routing constructs, non-free-
two special placeisando. Assuming the initial marking €h0iceé nets and/or non-well-structured nets are in-
[i], every place in an S-component is safe and bound@M!tal_)le' Notwithstanding these qbservat|ons, in many
and the system corresponding to a short-circuited ngactlcal workflows, pon—free-chplceness or non-wgll-
net thatis S-coverable is safe and thus bounded (see gfSycturedness are signs of design errors, as explained
TheoremiVV). In addition, since is an element of all S- IN Some more detail below.
components in an S-coverable net, every S-component
contains exactly one token in every marking reachalflimnfusions
from [i]. This observation conforms to the intuitive no-
tion of threads of control. The diagnostic information that Woflan provides on the
It appears that any WF net should satisfy the requirieee-choice property is the set of so-calleashfusions
ment that its short-circuited net is S-coverable. A plageconfusion is a non-free-choice cluster, where a cluster
that does not belong to a thread of control is a suspicidasa connected component of a net that remains after all
place, because it cannot be related to a logical pieceanfs from transitions to places are removed from the net.
work. Although it is possible to construct a sound WA cluster is non-free-choice iff it does not satisfy the
net with a short-circuited net that is not S-coverable, tfiee-choice property of Definitiow1l . An example of
places that are not S-coverable in sound WF nets typinon-free-choice cluster is shown in Figaré
cally do not restrict transitions from being enabled and Two transitions that do not satisfy the free-choice
are thus superfluous. Note that S-coverability is notpaoperty have different presets that are not disjoint. In a
sufficient requirement: It is possible to construct an umorkflow context, this means that two tasks share some
sound WF net with an S-coverable short-circuited netut not all preconditions. Usually, tasks that share a pre-

Figure 17: A non-free-choice cluster (confusion)
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executed. Note that this kind of error may lead to a non-
live short-circuited system and hence to unsoundness.
Both situations depicted in Figur&8 describe a
so-called non-well-handled pair: A transition-place or
place-transition pair with two disjoint paths leading
from one to the other. The leftmost situation describes
a TP-handle, the rightmost a PT-handle (see Definition
Figure 18: AND/OR mismatches VI1). Recall from DefinitionXXIl that a WF net is well-
structured iff the short-circuited net is well-handled (see

condition start alternative branches: They form an O efinition VIl). Although a non-well-handled pair in

split. Also. a task that has multiole preconditions (no{ee short-circuited net is often a sign of potential errors,
pit. ’ utip’e p . a WF net that is not well-structured can still be sound.

that at least one of the transitions has multiple precon-_l_h diaanostic information that Woflan orovides is a
ditions) usually ends a set of parallel branches: It is an € diag . provides
AND-join. A non-free-choice cluster is therefore ofteﬁSt of all non-well-handled pairs in the short-circuited

a mixture of an OR-split with an AND-join (see Fig_net; usually, the subset of non-well-handled pairs fully

ure17). The OR-split is troubled by such an AND-joinembedded in the non-short-circuited net (i.e., both paths

because one alternative may be enabled while the ot.H Fween the two nodes of the pair do not contain the

is not. The AND-join is troubled by the OR-split beS ort-circuiting transition) provides the most useful in-

' : tion, because they often correspond to the unde-
cause a fulfilled parallel branch may get unfulfilled bégrma ' . .
fore the AND-join is enabled. If possible, the OR-spIﬁIrable AND-OR and OR-AND mismatches discussed

and AND-join must be separated. The routing of a Caggove.

should be independent of the order in which tasks a&gthis point in the diagnosis methods, there are several
executed. possibilities. Quite often, the combination of a number
As explained in Sectiom.3 most of the work- of places not covered by a thread of control (Step 3) and
flow management systems available at the moment @&ormation on confusions plus AND-OR / OR-AND
stract from states between tasks which means that pi§smatches reveals one or more errors in the process
cess definitions imported from these workflow systerggfinition. (Note that, theoretically, the workflow pro-
yield, in principle, free-choice WF nets. Clearly, thgess definition may still be sound.) Thus, the workflow
search for confusions is only meaningful for W0rkﬂ0Vhﬂesigner might decide to end the diagnosis process, to
management systems that allow non-free-choice c@@rrect the process definition in the workflow tool being

structs. used to design the workflow, and to restart the diagno-
sis process on the new process definition. In other occa-
Mismatches sions, the designer may decide to continue the diagnosis

process, even if it is already known that the workflow

A good workflow design is characterized by a balang$ocess definition cannot be sound (based on Theorems
between AND/OR-splits and AND/OR-joins. Clearlyl! andlll, as explained above).
two parallel flows initiated by an AND-split should not
b_e joined by an OR-join. Two alternati\_/e flows crea’[egl_zl5 Step 5: Uniform invariant cover?
via an OR-split should not be synchronized by an AND-
join. From a workflow point of view, the situations ag\ uniform invariant is a (semi-positive) place-invariant
depicted in Figuréd.8 are suspicious. with only weights zero and one. Uniform invariants of
In the leftmost situation, an AND-split is terminateéd WF net can in general be computed efficiently, al-
by an OR-join. Tasks of a case are executed in parallglough it requires theoretically in the worst-case expo-
but fulfilling one branch implies that both branches areential space. Such place-invariants can provide useful
fulfilled. The condition corresponding to plagecan information concerning the proper-completion property
even be fulfilled twice. In a workflow, such a conditiof a WF net. As mentioned before, the net of Fig-
is often an error. In P/T-net terminology, this meange 1 has a place-invariant + c1 + c3 + ¢c5 + o.
that usually all places of a WF net should be safe. Ndé@cause we know that initially there is one token in
that this kind of error may lead to unboundedness of théacei and upon completion there is one tokenoin
short-circuited system and hence to unsoundness. we conclude from this invariant thatl, c3, andc5
In the rightmost situation, an OR-split is terminatedre empty upon completion. Furthermore, we can de-
by an AND-join. One of the alternative tasks will beluce from TheorenV (semi-positive place-invariants
executed for the case. However, the task correspondiusg boundedness) that a short-circuited WF system is
to transitionT synchronizes both branches and neetisunded if all places are covered by uniform invariants.
both its preconditions to be fulfilled; it will never beA place that is not covered by a uniform invarianight
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be unsafe or even unbounded. From a workflow poisi2.8 Step 8: No substates?

of view, this means that a condition might be fulfille bstate of tem i habl Whsuch
more than once at a single point in time, which is oft substale of a system 1S a reachable martiguc
at there is another reachable markig with M <

undesirable. Note that this check is less discrimingt- . .
1. It is not difficult to see that doundedshort-

ing than the check for S-coverability (Step 3): Ever ited WE svst ith substat i be live. A
S-component corresponds to a uniform invariant. Th éfcu' ed Wi sysiem with substales cannot be 1ive. As-
eM is a substate of such a system wikly a

every place belonging to an S-component is covered By "¢ o .
; : : arking reachable from the initial marking such that
a uniform invariant. However, a place that does not be-
b < Mj. (Note thatM; cannot be reachable froM,

long to any S-component might still be covered b . .
uni?orm invi\riant P 9 y because this would contradict the boundedness of the
The diagnostic information that Woflan provides iﬁystem (see DefinitionIX).) It is impossible to reach
g_]arking o] from substateM, because otherwise we

this step is the set of uniform invariants of the Shorcquld reachd] -+ M1 — M from My which by Theorem

circuited WF net as well as the places that are not ¢ .
ered by these invariants. If all places are covered, (t%tla (Boundedness of short-circuited WF systems) con-

Proper-WPD milestone has been achieved. r.adk.:t'S the bogpdedness qssumption. Sinpg the §hort-
circuiting transition ha® as its only precondition, this
transition cannot be live, which implies that also the
5.2.6 Step 6: Weighted invariant cover? short-circuited system cannot be live. The MCG algo-
(lji_thm that is used for computing improper conditions

Another structural technique for deciding bounde th . ¢ " th detecti f sub
ness of the short-circuited WF net is simply the chedit the previous step allows the easy detection ot sub-

whether all places in the net are covered by some seﬁ}ﬁtes (see [_])' _The current version Of. Woflan pro-
I1des a warning if a bounded short-circuited system has

positive place-invariant (thus allowing weights greaté’ bstates- it d i i detailed inf i
than one when compared to the previous step). Ser?ii')— stales; 1t does not provide any detailed information

positive place-invariants are simply callegightedin- & out substates because this information is rather tech-
variants in Woflan. Clearly, this check is less discrimplcal'

nating than the check performed in the previous step. )

Places that are not covered by a weighted invariahg-9 Step 9: Improper scenarios!

might be unbounded. From a workflow point of Viewi the set of improper conditions in Step 7 of the di-
this means that a conditiomight be fulfilled an arbi- agnosis process is not empty, we know that the short-
trary number of times. . circuited WF system is unbounded. In case the set of
The diagnostic information that Woflan provides ifinnroper conditions provides insufficient information
this step is (a representation of) the set of weighted igy; giagnosing the error(s), Woflan offers the workflow
variants of the short-circuited WF net as well as trlfesigner the possibility to compute the unbounded se-

places that are not covered by these invariants. If gliences of the WF system, called improper scenarios in
places are covered, the Proper-WPD milestone has begsan.

achieved. As explained in Sectior.4.5 unbounded sequences
are computed by constructing and partitioning an RCG
5.2.7 Step 7: No improper conditions? of the WF system. Recall that it is not possible to use

] o ) ] _ the MCG for this purpose (se€4]). It is not difficult
At this point in the diagnosis process, we have indiy gee that sequences that are

cations that some places of the short-circuited system
mightbe unbounded. In Woflan, unbounded places aree permutations of the same set of transitions and
referred to as improper conditions. An improper con-
dition in the short-circuited system always indicates a
soundness error (related to improper completion; sl provide the same diagnostic information. Thus, it
also Sectiongl.4.2and4.4.5. To determine improper suffices to consider only a single sequence of such a
conditions, Woflan computes the MCG (Minimal Covset. In order to minimize the set of improper scenarios
erability Graph P4]) of the short-circuited system. Thispresented to the workflow designer, Woflan computes a
computation can be time and space consuming, bustanning tree of the RCG. A spanning tree of a graph
turns out that computing the MCG is feasible for mo# a connected subgraph in the form of a tree that con-
practical workflows. (Particularly for workflows cor-tains all the nodes. The tree-constraint means that be-
responding tdoundedshort-circuited WF systems thetween every two nodes there is exactly one undirected
computation does not take very long.) path. A spanning tree of an RCG can be constructed
The diagnostic information provided by Woflan conin a straightforward way during the construction of the
sists of the set of improper conditions. If this set IRCG. In the RCG of Figuré5, for example, the thick
empty, the Proper-WPD milestone has been achievedrcs denote a spanning tree. If Woflan is applied to

e end with the same transition
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our running example, it computes precisely the parB-2.13 Step 13: Locking scenarios!
tioned RCG of Figurel5 with the visualized spanning oo
tree. Using this tree, it presents the two unbounded deth® result of Step 11 or Step 12 indicates that there
quences given in Sectioh4.5for this example. are .n.on-llve trgnsmorjs, but if this information is .not
. . o . . sufficient for diagnosing the error(s), Woflan provides
Since at this point in the diagnosis process we knq . .
L ; e option to compute the non-live sequences of the WF
that the short-circuited system is unbounded and, hence )
stem. In Woflan, non-live sequences are referred to as

that the Proper-WPD milestone cannot be achieved, {i1e . . .
. . ocking scenarios (because they generally lead to live-
workflow designer must make a correction to the work-

. ) : ocks and/or deadlocks in the workflow process). The

flow process definition and restart the diagnosis proces : S

with this corrected process definition Set of locking scenarios IS computed fr_o_m _the O.G of
' the WF system (see Sectidn4.4 and minimized via

a spanning tree of the OG. As in Step 9 (Improper sce-

narios!) of the process, the reason for minimizing the

set of scenarios presented to the workflow designer is

At some point during the diagnosis, the Proper-WPtIBat non-livg sequences b?"‘g pgrmutations of the same
milestone has been achieved, possibly after one or moF 9:; tr;]nsnmns g_nd endtl_ng \;\"th tr:_e same transition
corrections to the original process definition have beBfPVIdE the same diagnostic information.

made. It remains to establish the third milestone of the

diagnosis process. Recall that this part of the procés2.14 Step 14: End of diagnosis

is aimed at analyzing the liveness of the short-circuited ) ) )
WF system. The diagnosis process ends with one of three possible

Using the MCG of the short-circuited WF syste conclusions, namely that the imported process defini-

Woflan provides the set of dead transitions of this Smcéon does not correspond to a WF net, that it does cor-

tem. Recall that Theorerwlll (Dead transitions in respond to a WF net but is not sound, or that it corre
o o sponds to a sound WF net. In case of errors, the process
bounded short-circuited WF systems) implies that this . . ° . .
efinition must be corrected in the workflow tool being

set is precisely the set of dead transitions of the non- : : : :
short-circuited system. These transitions correspond’t%ed (see Sectiah4, Figure1l), after which the diag-

dead tasks in the workflow process. Note that the MC9S!S Process has to be restarted.

might already be available from Step 7 (No improper

conditions?) of the diagnosis process; if this is not thg 3 Diagnosing the example net

case the MCG is computed at this point. If the WF sys-

tem has dead tasks, the workflow designer must corritthis subsection, we diagnose the example workflow

the error(s) and restart the diagnosis process with f#@cess illustrated in Figurein Woflan. We used Pro-
new process definition. tos as the front end for designing and correcting the pro-

cess definition. As an alternative, we could also have
chosen COSA. Both tools support a modeling language
5.2.11 Step 11: No non-live tasks? that is sufficiently expressive for modeling arbitrary P/T
nets. Figurel9 shows a Protos model of the exam-
At this point in the diagnosis process, we know thale workflow process. Note that we have modeled the
the short-circuited WF system is bounded and thatt¥o choices in the process via taskgaluate and
does not have any dead transitions. Woflan compueck , as explained in Sectiod.4. Figure20 shows
the OG of the short-circuited system to determine tigenumber of Woflan dialogs for the various steps of the
set of non-live tasks, which it presents to the workflo@iagnosis process of Figufie.
designer. If all tasks are live, the diagnosis process isThe upper dialog in Figur20 shows the information
complete and successful: It has been shown that grevided by Woflan when importing our Protos pro-
short-circuited WF system is bounded and live which [ggss definition. (Protos definitions are imported via the
Theorem implies that the underlying WF net is soundCOSA import facility, which clarifies the title of the di-
alog window.) Using this dialog the workflow designer
can preview the P/T net resulting from the conversion
5.2.12 Step 12: Non-live tasks! before it is analyzed. In this case, the information is
a straightforward list of conditions and tasks. Note
At this point in the diagnosis process, we know that thikat Woflan reports a task nametieck 0. As ex-
short-circuited WF system is bounded, that it does ngiained, Woflan splits choices into a number of tasks
have any dead transitions, but that it is not live. Also icorresponding to the possible outcomes of a choice.
this case Woflan computes the set of non-live tasks Viathis case, Woflan splits tastheck into check _0
the OG of the short-circuited system. andcheck _1, and taslevaluate intoevaluate _0

5.2.10 Step 10: No dead tasks?
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Step 1: Start of diagnosis. conversion from Cosa

— Generated by co2tpn, a Cosato TPN translator, (C) TUE 1997
— Input File I Papers' Dwpuw2000figureshexample.scr

place GLOBAL_START init1;
place GLOBAL_END;

trans process_

Step 2: Workflow process definition? Step 3: Thread of control cover?

End conditions: 1 Thread of contral [11]
s v Useless tasks and conditions: 0 Qcl
Q3
Qs
QO GLOBAL_END
GLOBAL_START
@ Thread of control [14]
Q2
Qrcd
Qch
Q7
QO GLOBAL_END
QO GLOBAL_START

¥ Uncovered conditions: 1
Q8

Step 4: Confusions and mismatches? Step 9: Improper scenarios!

¥/ OR-AND mismatches: 4
= € global [144]
= @ global[14.4]
= @ global [412]
=€ local [8.4)
- @ local (8]
Q3
I rec
QB
@ process_
Qch

Figure 20: Example diagnosis, dialogs
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o g R 225 forward to derive any useful information from these

,,,,,,, mismatches other than the already known fact that con-
9 ditioncs is probably the cause of the unsoundness.
Steps 5 and 6 of the diagnosis process that compute
uniform and weighted invariants, respectively, do not
provide any additional information. In both cases, it

turns out that condition8 is uncovered.
~_ N Step 7 (No improper conditions?) provides us with
QR = S = the definite information that conditiot8 is improper.
e — Step 9 (Improper scenarios!) yields two improper sce-
| narios, as shown in the dialog in Figu?é. Both sce-
= Eicvebsek UJJ narios result in the markingp, c7, c8]. (Recall that

evaluate _0 corresponds to transitiodont of Fig-
Figure 19: The Protos specification of the process afe 1. Executing taslkarchive at that point results in
Figurel marking 8, o], which corresponds to improper com-
pletion.

A this point in the diagnosis, we have to make a cor-
andevaluate _1. These four new tasks correspond tgection. Clearly, the diagnostic information obtained
tasksdone, redo , dont , anddo of Figurel, respec- so far suggests that transitiamchive must remove
tively. The information provided by Woflan during they token fromc8. We correct the process definition
conversion may vary depending on the workflow togh Protos by adding an arc between conditizgh and
being used. If Staffware is used, for example, somggskarchive . The resulting process definition is not
errors in the process definition may already be detecigbwn, but it corresponds to the WF net of Figure
during the conversion. The reason is that Staffware uses(assuming the appropriate renamings as explained
a proprietary modeling language of which the mappinghove).
to WF nets is non-trivial (seel[]). In the next sec- e restart the diagnosis process on the new process
tion, we briefly return to this point when discussing th@efinition. In Steps 1 through 6, Woflan provides the
Staffware case study. following diagnostic information. The process defini-

The second dialog in Figuré0 is the Workflow- tjon is still not covered by threads of control or invari-
Process-Definition dialog that corresponds to Step 24ts; in all cases, conditiar8 is still uncovered. How-
the diagnosis process of Figuté. It clearly shows that ever, the process definition is also not free-choice and
the net is a workflow process definition (i.e., a WF netot well-structured. Thus, it might still be sound. Step

The third dialog corresponds to Step 3 (Thread @f(No improper conditions?) shows that the process def-
control cover?) of the diagnosis process. It lisiaition is proper. Thus, our correction in the first itera-
two threads of control, corresponding to the two S$ion of the diagnosis process has been an improvement.
components shown in Figufg and one condition that It turns out that the process definition has no sub-
is not covered, namely conditiar8. This information states and no dead tasks (Steps 8 and 10 of the diagnosis
indicates that there might be a problem wi; it may process; Step 9 is skipped in this iteration). However,
be improper (unbounded). Woflan reports in Step 11 that all tasks are non-live (in

Because not all conditions are covered by threatt® short-circuited system). At this point, we know that
of control, the diagnosis process continues with Steplfe process definition is not sound. Unfortunately, the
(Confusions and mismatches?). The corresponding iiformation is not sufficiently specific for diagnosing
alog is also shown in Figur20. This dialog shows that the error(s). Thus, we let Woflan compute the locking
our example net is unsound: Either conditit needs scenarios of the process definition (Step 13). Woflan
to be covered by a thread of control or a confusion needgports the five scenarios already presented (as non-
to be introduced somewhere. live sequences) in Sectioh4.4 From the discussion

It may be worthwhile to consider the mismatches at that section, we may conclude that the execution of
this point. Woflan indicates that the short-circuited n&sktimeout is the probable cause of an error and that
has four OR-AND mismatches and five AND-OR misalso the cycle consisting of tasggocess andcheck
matches. One of the OR-AND mismatches is fully enfeptionredo ) is very likely the cause of a problem. A
bedded in the non-short-circuited net and corresporalsser look at the workflow process definition reveals
to the PT-handle shown in Figur& Woflan marks that there are indeed two problems. First, the execution
this OR-AND mismatch with the label ‘local’. Two of tasktimeout does not mark condition8, which
of the AND-OR mismatches are local to the non-shomieans that taskprocess andarchive cannot be
circuited net and correspond to the TP-handles of Figkecuted aftetimeout is executed. To correct this
ure5. Unfortunately, in this example, it is not straighterror, we add an arc frortimeout to c8. Second,
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R R R R 224 models from an informal description of the workflow

,,,,,,, | process, as part of an assignment for a course on work-
9 flow management. There are two reasons why this case
study is particularly useful for evaluating the diagno-

o g e sis process of Woflan. First, Protos supports P/T nets
as a modeling language. Consequently, all steps in the
PN diagnosis process of Woflan may in principle provide
TN useful information concerning possible errors in work-
1 a== flow process definitions designed in Protos. Second, the
e assignment was set up in such a way that the students
| had to use a wide variety of routing constructs in their
= EicVasek UJJ models. By evaluating seventeen models of this work-

flow process, it is almost guaranteed that these models
Figure 21: A sound version of the example process defso contain a wide variety of errors.
inition For testing our approach to workflow verification on
a real-world example, we cooperated with Staffware
- Benelux. We set up an experiment where a workflow
the cycle consisting of taslmoce;s andcheck can designer of Staffware Benelux introduced a number of
op]y be executed once, becalm@!s only an input con- non-trivial errors in a large workflow that was known to
dition (anq not an OUIqu condition) of the cycle. W%e correct. We were not familiar with the workflow pro-
correct this error by adding an arc fromocess o cess. Also, the type of errors was not known to us and
c8. . . . neither did we know the total number of errors. The
Aiter adding the two arcs mentioned above in OYEason for choosing Staffware, instead of for example

Protos model, the process definition looks as in Figiyga is that Staffware supports a proprietary mod-

ure21. A third iteration of the diagnosis process Show&ing language of which the mapping onto P/T nets is
that the process definition is sound. (The iteration gogs "t o1 Th hi : | f th
via Steps 1, 2, 3, 10, 11, and 14, which is the shortejn trivial. Thus, this case study is a real test of the

th th h the di . Note that th proach illustrated in FigurEl in particular of the in-
ba rough the diagnosis process.) ote that the py rpretation of the diagnostic information provided by
cess definition of Figur@lis not free-choice (cf. tasks

darchi C tv. thi Woflan in the Staffware model.
process andarchive ). Consequently, this process In the remainder of this section, we discuss the results

definition is only feasible when using workflows tool% L ;
f both case studies in some detail.

as Protos or COSA. Staffware, for example, does not
allow the non-free-choice construct in the process def-
inition. It is important to note that corrections to prob.2 Protos case
cess definitions may depend on the workflow system.m : . .

. Ttie input for this case study consisted of workflow pro-
hand. When we would have used Staffware for desi P y P

. ~ess definitions developed by 42 industrial-engineering
ing our workflow process, we would have had to thin udents of the courahiorkflow Management & Group-
of another way to correct the errors. (It is an intere%

. . ) ) ) are (1R420; Eindhoven University of Technology)
ing exercise to come up with a free-choice variant of ﬂl\%d 15 computing-science students of the coUvgek-

process definition of Figur21.) flow Management: Models, Methods, and Td85756;
University of Karlsruhe). These students formed 20
6 Case studies groups which independently designed Prof&g nod-

els of the workflow in a travel agency. Fourteen of these
groups consisted of students from the Eindhoven Uni-
versity of Technology; the other six consisted of stu-
To evaluate the applicability of Woflan, we performedents of the University of Karlsruhe.
two case studies, one focusing on the usefulness of alFrom the Eindhoven collection of models, we se-
the steps in the diagnosis process of Figlisupported lected eleven reasonably looking solutions; three mod-
by Woflan and another one testing the applicability @ls were so poor that analyzing them by means of
Woflan and the approach of Figuid on a workflow Woflan was not very meaningful. From the Karlsruhe
process developed in a real-world context. collection, all models were selected. The number of
For testing the usefulness of the steps of the diagnasisks and other building blocks of the models ranged
process of Figurd 6, we used seventeen Protos modrom 54 to 89. These numbers show that the case study
els of the workflow process of a travel agency at a uniras performed on workflow models of more than rea-
versity. These seventeen models were chosen from sio@able size. A snapshot of a(h unsound) Protos model
work of twenty groups of students that designed Protothe travel-agency workflow is shown in Figuza.

6.1 Introduction
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Figure 22: A snapshot of a Protos model of the travel-agency workflow

The groups of Eindhoven consisted of industrial emith Woflan, five appeared to be sound, all from Karl-
gineers, which had only a little prior experience in modtuhe groups.
eling and no background in formal verification. Ver- Tablel shows an overview of our efforts to diagnose
ification of workflows was only a minor topic of thethe seventeen workflow models. It contains the follow-
courseWorkflow Management & Groupwaf@dR420) ing information:
and the students did not practice with Woflan. Although
the groups were told to simulate the workflow process®
by hand (play théoken gamgto test their model, not
one of them was able to produce a sound model.

The number of iterations with Woflan needed to
produce a sound workflow process definition.

e Diagnostic information (see below for more de-

In contrast to the groups of Eindhoven, the groups tails).

taking the courseWorkflow Management: Models,
Methods, and Tool§25756) in Karlsruhe consisted of
computing-science engineers, which did have a back-
ground in modeling and verification. Furthermore, thehe case study was performed on a Pentium 200 PC
importance of making a correct workflow was emphavith 128 Mb of RAM running Windows NT 4.0.

sized and analysis techniques for P/T nets and WF net3he numbers in the column of Tahblecontaining di-
were treated in the course. In addition, they praagnostic information refer to the corresponding steps of
ticed with a prior version of Woflan on small examthe diagnosis process of Figuté. An entry implies
ples. However, none of the groups used Woflan that, based on the information provided in that step,
check their solution to the assignment. In the end, thecorrection was made in the model being diagnosed.
Karlsruhe groups delivered better models than the Eind-case a correction was made in Step 4, it is specified
hoven groups. Of the seventeen models we analyzeldether this correction was based on a confusion or on

The estimated time it took us to produce a sound
workflow process definition.
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Group lterations Diagnosis Time(min)  University

1 2 4 (mism) 5 Eindhoven
2 9 4 (mism: 4), 7 (3x), 9, 13 () 90 Eindhoven
3 4 3, 4 (mism: &), 13 30 Eindhoven
4 8 3,4 (mism: 1%), 13 75 Eindhoven
5 3 3, 4 (conf: X; mism: 6x) 30 Eindhoven
6 3 3(3x) 30 Eindhoven
7 7 3 (2x), 4 (conf: 1x; mism: 8x), 9 60 Eindhoven
8 3 3 () 20 Eindhoven
9 2 4 (mism: 4) 20 Eindhoven
10 2 3 5 Eindhoven
11 7 3 (), 4 (conf: 2), 9 (3x), 10 50 Eindhoven
12 1 sound <5 Karlsruhe
13 1 sound <5 Karlsruhe
14 2 13 5 Karlsruhe
15 1 sound <5 Karlsruhe
16 1 sound <5 Karlsruhe
17 1 sound <5 Karlsruhe

Table 1: Overview of the results of the travel-agency case study

a mismatch. The entries are simply given in increaguted to obtain more detailed information. Further ex-
ing order; the corrections are not necessarily madegarience with Woflan might point out that Steps 11 and
that order. For example, when diagnosing the model 18 can be integrated. For similar reasons, also Step 12,
group 3, four corrections based on Step 4 were madanihich is simply a variant of Step 11, might be integrated
the initial model, one correction based on Step 13 wadth Step 13. This leaves Steps 6 (Weighted invariant
made in the second model, and one correction baseccomer?) and 8 (No substates?). These steps are usually
Step 3 was made in the third model. only relevant if the process definition is non-safe (see
The information in Tablel shows that Steps 3Definition XIX). In practice, this is rarely true. How-
(Threads of control cover?), 4 (Confusions and misver, both steps might turn out to be useful in these rare
matches?), 7 (No improper conditions?), 9 (Impropeccasions and, furthermore, come almost for free after
scenarios!), 10 (No dead tasks?), and 13 (Locking s&eps 5 and 7, respectively.
narios!) of the diagnosis process of Figuré are all Besides the above observations about the usefulness
used to make one or more corrections. In particulaf the steps in the diagnosis process of Woflan, two
Steps 3, 4, 9, and 13 are used quite often. To us, thiber interesting observation can be made. In the in-
does not come as a surprise because the diagnostidanmal description of the travel-agency workflow pro-
formation provided in these steps has a clear interpretass, a distinction was made between private trips and
tion in the workflow domain. business trips. At several points in the process, the ex-
Of course, it is also interesting to see which stegsution of certain tasks or the order of execution de-
are not used. All Protos models considered in the cg®nded on this distinction. Consequently, a workflow
study corresponded to workflow process definitiongtocess definition of the travel-agency process almost
Consequently, no corrections were made in Step 2 of tilerays contains a number of choices (OR-splits) that
diagnosis process. However, this step is essential in thest be kept consistent. In several models used for
process because the WPD milestone guarantees thathleecase study, this consistency was not enforced by
remainder of the diagnosis process is meaningful. Ttie workflow process definition. The type of a trip is
information in Tablel furthermore shows that Steps 5a typical example of a piece of control data (see Section
6, 8, 11, and 12 were not used to make correctioris3.1). As mentioned in Sectiof.3.3 in our opinion,
However, in one occasion (Group 11; final model), Steme should avoid situations where the logical correct-
5 (Uniform invariant cover?) showed that the procesess of a process definition depends on the invariance of
definition was proper; interestingly, that process defiré-piece of control data. Fortunately, the diagnostic in-
tion was not covered by threads of controls, which fermation provided by Woflan made it straightforward
usually the case. Step 11 (No non-live tasks?) is simty correct these models enforcing the consistency via
required in the diagnosis process for showing soundn#®s process definition.
of a workflow process definition. Nevertheless, the re- Another interesting observation is that the industrial-
sults of the case study show that a list of non-live taskagineering students of Eindhoven did not produce
is generally not sufficient for diagnosing an error; in all single correct workflow, whereas the computing-
relevant cases, locking scenarios (Step 13) were cosaience students of Karlsruhe handed in only one
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flawed model, which was straightforward to correct. Inot necessarily have a single point of exit. Staffware
our opinion, the different background of the studentsodels may diverge in several independent branches.
causes this discrepancy. Industrial-engineering studeAtStaffware case is completed if all branches are com-
have little background in modeling and verificatiorpleted. These two aspects have consequences for the
computing-science students are trained in both skilpplication of Woflan to Staffware models.
Many designers of workflow processes in practice haveTo start with the second aspect, the problem is to map
also little experience in formal verification. Woflan cathe notion of completion used in Staffware onto our no-
be a useful aid in designing correct workflow processtisn of completion. In [1], a solution to this problem
that helps to prevent a lot of problems caused by tiegiven. Essentially, the approach afl] means that a
implementation of erroneous workflow processes. standard P/T-net construction is used to detect the com-
Summarizing the results of the travel-agency captetion of all the branches in the Staffware model. The
study, Woflan proved to be useful for diagnosing amdost important consequence of this construction is that
correcting all the seventeen models in reasonable tithe resulting P/T net is always bounded and almost al-
and with reasonable effort. The results indicate that theys a WF net. Consequently, the first milestone of
diagnosis process of Figuié is appropriate for verify- the diagnosis process discussed in Sedii@ns almost

ing complex workflow processes. always satisfied by a Staffware model and the second
one is always satisfied, possibly hiding some errors re-
6.3 Staffware case lated to the structure of the process (WPD milestone) or

to improper completion (Proper WPD milestone). As
As explained in the introduction to this section, walready mentioned before, a consequence of the first as-
set up an experiment in cooperation with Staffwaiect mentioned above is that a WF net corresponding
Benelux to test our approach on a real-world worke a Staffware model is, in principle, free-choice. How-
flow process. The starting point of the case studyer, as already mentioned, Staffware allows one partic-
was a complex process of 114 tasks and other builtlar construct that cannot be mapped onto a correspond-
ing blocks (wait steps, complex routers, etc.), deveng free-choice P/T-net construct. Furthermore, the con-
oped by Staffware Benelux using Staffware 2006][ struct for detecting successful completion is generally
The model contained a number of errors that wenet free-choice.
not known to us in advance, but that were known to It may be clear that the above observations have
Staffware Benelux. We diagnosed the Staffware modeiplications for the diagnosis process supported by
with Woflan 2.1, corrected the Staffware model, andoflan. In particular, we have to be careful with the in-
discussed our diagnosis results with Staffware Beneltgrpretation of the diagnostic information provided by
It turned out that we found six out of seven errors in théoflan.

process definition. Another positive result is _that th§tep 1 (Start of diagnosis) During the conversion from
corrections we made proved to be the appropriate ones:. Staffware to Woflan, diagnostic information on the

The error that we did not find was lost in the conver- -

. ; structure of the process is generated. In the current
sion from Staffware to Woflan. As already mentioned, - . T .

. . version of the conversion, this information focuses

the mapping from Staffware models to P/T nets is non-

o : . on the connectedness of the model.
trivial. Apparently, the error was lost in the abstraction
(see Sectior8.3) applied during the conversion. How-Step 2 (Workflow process definition?) As already
ever, in our discussion with Staffware Benelux after the mentioned, the P/T net resulting from the conver-
completion of the case study, it turned out that there is  sion is almost always a WF net. In some rare occa-
a straightforward check that can be incorporated in the sjons, this may not be true; in such a case, the in-
conversion process to detect the type of error that we formation provided by Woflan can be used to cor-
missed. In the remainder of this subsection, we discuss rect the error.
the conversion of Staffware models to P/T nets and the 5
results of the case study in some more detail. Figure St€P 3 (Threads of control cover?) The abovemen-

shows a snapshot of the (unsound) Staffware model. tioned construction for detecting completion intro-
duced during the conversion implies that the WF

net is generally not covered by threads of control.
However, the diagnostic information provided by

Two important aspects of the Staffware modeling lan-  Woflan in this step can still be useful.
guage play a role when converting Staffware modelsiThe translation proposed iri]] results in a P/T net which may
to P/T nets and, in particular, to WF nets. The fir§gve multiple arcs between pairs of nodes. However, multiple arcs

one has already been mentioned before. The Staﬁw&?@omy occur in the special completion-detection construct. Further-
) more, the results presented in this paper extend in a straightforward

modeling language abStraCt_S from states in a workflQyy 1o p/T nets allowing multiple arcs between pairs of nodes and
process. The second one is that Staffware modelsatt® Woflan can cope with such nets.

6.3.1 Conversion
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Figure 23: A snapshot of the Staffware process definition

Step 4 (Confusions and mismatches?) Most likely, the_lterations  Diagnosis Time(min)
WF net resulting from a Staffware model has only 3 1,4 (mism: X), 13 (2x) 90
one confusion, which is the result of the construc-
tion for detecting completion. Also many of the
mismatches in the net are often caused by this spe-

cial construction. Mismatches that are inherepf,ever, note that the tool itself has not been changed
in the original Staffware model are identified by, o qer to make it useful for analyzing Staffware mod-
Woflan and may, of course, still provide useful ingjs The only programming effort was put into the con-
formation. version program. Furthermore, some items in the above

Step 5 (Uniform invariant cover?) The conversion idist are just simplifications of the diagnosis process of
such that the WF net is generally not covered Hyigure16 that are not visible to users of Woflan; some
uniform invariants. other items explain how certain diagnostic information

i , i . should be interpreted in terms of Staffware models. One

Step 6 (Weighted invariant cover?) The completiongq i even argue that, despite the large differences be-
detection construction guarantees that the WF en Staffware models and WF nets, a surprisingly

is covered by weighted invariants. (For this reasopy e nart of the diagnosis process and the provided di-
the Proper-WPD milestone is always satisfied.) agnostic information is still relevant.

Table 2: The results of the Staffware case study

Steps 7, 8, 9, and 12These steps are always skipped

(because of the outcomes in the earlier steps). g 3 o Diagnosis
Steps 10, 11, 13, and 14hese steps are unafiected. In this paragraph, we discuss the actual diagnosis of the
At a first glance, the above list might seem to contraditaffware model used for this case study. Tabsim-
our claim that Woflan is workflow-tool independentmarizes the results. The case study was performed on
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a Pentium 11l 500 PC with 256 Mb of RAM runningWoflan fails to diagnose is lost in the conversion. It
Windows NT 4.0. concerns a type of error that may occur in the timeout
Three iterations were needed for the diagnosis, talenstruct of Staffware. As explained in Sectignit
ing in total about one and a half hour. Given the siig inherent to our approach that some errors are lost in
of the workflow process and the fact that we were ntite abstractions we apply, particularly if these errors are
familiar with the process, in our opinion, this effort is1ot or not closely related to the routing of cases. How-
reasonable. In the first two iterations, we found araVer, in this particular case, it is possible to incorporate
corrected six (out of seven) errors; the third iteraticasimple check in the conversion process to filter out this
showed that the model resulting from the first two itespecific type of error. In fact, further experience might
ations was sound. show that also other types of errors can be filtered out
During the first iteration, one error was detected dutluring the conversion of process definitions for use with
ing the conversion (Step 1: Start of diagnosis). A smaNoflan. Itis even possible that (some of) the conversion
part of the process definition was not connected to theograms coupling Woflan with the various workflow
main part. Furthermore, three structural errors wepeoducts evolve into workflow-tool-specific extensions
found and corrected via mismatches reported in StepWoflan for diagnosing errors that are specific for that
4 (Confusions and mismatches). An OR-join had to Iparticular workflow tool.
replaced by an AND-join and two arcs had to be re- Summarizing, the main conclusion of this case study
moved. The first error is visible in Figu&3: The com- is that Woflan can be a useful aid for detecting and cor-
plex router labeledP6, which acts as an AND-split, isrecting errors in Staffware process definitions. The re-
(partly) complemented by the router label®@®RJOIN, sults support our belief that workflow-tool-independent
acting as an OR-join. The latter should be replaced bgrification as visualized in Figurkl is feasible. Fur-
a wait step, which acts as an AND-join. ther experience is needed to optimize the interface be-
In the second iteration, we did not find any moreveen Staffware and Woflan.
structural errors, but we did find two behavioral ones.
The locking scenarios of Step 13 of the diagnosis pro-
cess clearly indicated that the process contained two ér- Related work
roneous OR-splits. Both are visible in Figuzd. The
first one is the choice (the diamond) just before the taBletri nets have been proposed for modeling workflow
labeledd Aanmaken Routepl.MP7 . If the choice process definitions long before the term “workflow
has a negative result, the branch terminates. In thimnagement” was coined and workflow management
particular case, this implies an error because furthersystems became readily available. An example is the
the synchronization via the wait step following comwork on Information Control Nets2D, 21], a variant
plex routerPWwill fail. (This mistake might seem ob- of classical Petri nets, originally developed in the late
vious given the three visually similar constructs alsseventies. For the reader interested in the application
shown in the snapshot; however, recall that the totafl Petri nets to workflow management, we refer to the
workflow consists of over 100 building blocks whichwo most recent workshops on workflow management
makes it much harder to find the mistake simply viaeld in conjunction with the annual International Con-
visual inspection.) The second erroneous OR-splitference on Application and Theory of Petri Neis[g]
the step labeled0 Vullen NCP MP3 . Note that and an elaborate paper on workflow modeling using
this step is visually identical (!) to the step label@d Petri nets §]. Only a few papers in the literature focus
Vullen C7 NCP MP10 and two of the other stepson the verification of workflow process definitions. In
shown in the snapshot. However, the scenarios reporfed], some verification issues have been examined and
by Woflan indicate that it is not. The erroneous steptise complexity of selected correctness issues has been
disabled (withdrawn in Staffware terminology) in caselentified, but no concrete verification procedures have
of a timeout, thus causing a synchronization error fuseen suggested. 1]} [5], and [L7], concrete verifica-
theron. The timeouts associated with s&p/ullen  tion procedures based on Petri nets have been proposed.
C7 NCP MP1@&nd the other similar steps do not disWoflan builds upon the techniques presentedlird].
able the corresponding steps, but simply generate softe technique presented ih7] has been developed for
kind of warning message. checking the consistency of transactional workflows in-
The two errors found in the second iteration werduding temporal constraints. However, the technique
straightforward to correct yielding a workflow process restricted to acyclic workflows and only gives neces-
definition that was proved sound in a third iteration. sary conditions (i.e., not sufficient conditions) for con-
As already mentioned, we only found six out of sevesistency. In {Z], a reduction technique has been pro-
errors in the original Staffware model, despite the fapbsed. This reduction technique uses a correctness cri-
that Woflan reports that the model resulting after therion which corresponds to soundness and the class of
corrections described above is sound. The one emasrkflow processes considered are in essence acyclic
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free-choice P/T nets. Some work on the compositionalbased on a subclass of Petri nets, which means that
verification of workflows, using well-known Petri-nethe translation is straightforward. SAP/Workflow and
results such as the refinement rules/ig][ can be found ARIS are both based on event-driven process chains. A
in [5, 6, 51]. translation of event-driven process chains to WF nets
As far as we know, only one other tool has beda described in4]. In the future, we plan to build the
developed for verifying workflows:FlowMake [41]. corresponding interfaces.
FlowMake is a tool based on the reduction techniqueFurthermore, we are looking into visualizing
described in 47] and can interface with the IBM Woflan's output in a graphical way. The current in-
MQSeries Workflow product. FlowMake can onlyerface is entirely textual. There are several ways for
handle acyclic workflows and provides fewer diagnosgisplaying the diagnostics in a graphical manner: ei-
tics than Woflan: Only the reduced workflow graph ither via diagrams shown directly by Woflan, via dedi-
shown. cated tools such as VIPtool ], or via an interface in
The work presented in this paper builds on previolize workflow tool used to design the workflow process.
research reported by the authois §, 10]. The main The last option is clearly preferable from the viewpoint
contribution of this paper is a complete description &f interpreting the diagnostic information provided by
the latest version of Woflan, the diagnosis processWoflan in terms of the original workflow process def-
supports, and the techniques it is based on. The cétition. However, it also means that the workflow tool
cept, computation, and application of behavioral erriigelf has to be extended. Any of the first two options
sequences have not been addressed in previous publigight be a reasonable compromise between the amount
tions. Moreover, the experimental results have not be@ieffort needed for realizing visual diagnostic informa-
presented before. tion and ease of interpretation by workflow designers.
A direction for future research is the use of the
inheritance-preserving transformation rules presented
8 Concluding remarks and future in [6] for incremental design and verification of work-
flows. Starting from a correct workflow templat&] or
work an already verified existing workflow process definition,
these rules allow for safe extensions which preserve the
Workflow-management technology is rapidly gainingoundness property. Correctness by design is obviously
popularity in the support of business processes. A thekeferable over the approach where correctness is veri-
ough analysis of workflow processes before their actydd only after the design of the complete workflow has
implementation is necessary to guarantee effectivengsgn completed.
and efficiency. To guide a workflow designer in find- As a final remark, note that Woflan can be helpful in
ing and correcting errors in a workflow process, we dge design and verification of correct workflow process
veloped a diagnosis process and the accompanying i@8finitions. However, this does not mean that the entire
Woflan, both based on Petri-net techniques. We haygrkflow is correct. It is still possible that errors are
evaluated Woflan, version 2.1, in two case studies: offade in the implementation of the workflow process or
involving seventeen models of a fairly complex workhat the process suffers bottlenecks in the performance
flow designed by students in ProtosS] and one in- due to a poor allocation of resources. To prevent such

volving a large real-world workflow process designednds of errors, other techniques are needed to comple-
in Staffware [18]. A novel analysis technique of be-ment Woflan.

havioral error sequences proved to be a useful aid in

diagnosing the workflows. The results are encourag-

ing. They show that the diagnosis process support,é¢know|edgment5

by Woflan is useful and that our approach to workflow-

product-independent verification of workflow processgthe authors whish to thank Geert-Jan Houben, Marc

is feasible. Nevertheless, we would like to evaluat@orhoeve, Jaap van der Woude, and three anonymous

Woflan and its analysis techniques in other experimentsferees for their useful comments. Furthermore, we are

in order to further optimize the diagnosis process.  obliged to Edmar Kok of Staffware Benelux for provid-
We are also working on extending the set of workng us with the Staffware case and helping us out with

flow tools Woflan can interface with. The currenit.

version of Woflan (version 2.1) can import workflow

process definitions from COSA, Staffware, METEOR,

and Protos. On paper, we have also designed tralRkeferences

lations from BaanERP/DEM (BaaN), SAP/Workflow
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