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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
products 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 defi-
nitions downloaded from commercial workflow products using state-of-the-art Petri-net-based analysis techniques.
This paper describes the functionality of Woflan emphasizing new diagnostics to locate the source of a design error.
Based on a case study (involving twenty groups of students designing a complex workflow process), these new
diagnostics have been evaluated and the results have been used to develop a method to guide the user of Woflan in
finding and correcting errors in the design of workflows.
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1 Introduction eling language with a solid mathematical foundation.
Yet, Petri nets are close to the diagramming techniques
Workflow management systems take care of the autgsed in today’s workflow management systems. The
mated support and coordination of business procesgfiient analysis techniques developed for Petri nets al-
to reduce costs and flow times and to increase quw for the analysis of complex workflows. The graphi-
ity of service and productivityZ0, 22, 25, 26, 31]. A cal representation of Petri nets and the available anal-
critical challenge for workflow management systems gis techniques are particularly useful for generating
their ability to respond effectively to changés L3, 24, meaningful diagnostic information. Since the release
29, 36]. Changes may range from simple modificationss version 1.0 of the tool in 1997, we have been contin-
of a workflow process such as adding a task to a cofibusly improving Woflan. Both new theoretical results
plete restructuring of the workflow process to improvgnd practical experiences stimulated several enhance-
efficiency. Changes may also involve the creation @fents. Pivotal to Woflan is the notion sbundnessf
new processes. Today's workflow management systemorkflow processi], 4, 5]. This notion expresses the
are ill suited to dealing with frequent changes, becausgnimal requirements any workflow should satisfy and
there are hardly any checks to assure some minimi@dludes properties such as the absence of deadlocks
level of correctness. Even a simple change as addingri livelocks, and proper termination. The current ver-
task can cause a deadlock or livelock. Creating or modjon 1.3 of Woflan can analyze workflows designed
fying a complex process that combines parallel and cagith the workflow productsCOSAandProtos COSA
ditional routing is an activity subject to errors. Contem{COSA Solutions/Software Ley3f]) is one of the lead-
porary workflow management systems do not supp@fty workflow management systems on the Dutch work-
advanced techniques to verify the correctness of woflow market. COSA allows for the modeling and en-
flow process definitions] 6, 23]. These systems typ-actment of complex workflow processes which use ad-
ically restrict themselves to a number of (trivial) synvanced routing constructs. The modeling language of
tactical checks. Therefore, serious errors such as degthSA is based on Petri nets. However, COSA does
locks and livelocks may remain undetected. This meangt support verification. Fortunately, Woflan can an-
that an erroneous workflow may go into productiomlyze any workflow process definition constructed by
thus causing dramatic problems for the organizatiafmsing CONE (COSA Network Editor), the design tool
An erroneous workflow may lead to extra work, legajf the COSA system. Woflan can also import process
problems, dissatisfied customers, managerial probleméfinitions made with Protos. Protos (Pallas Athena,
and depressed employees. Therefore, it is importan{£9]) supports Business Process Reengineering (BPR)
verify the correctness of a workflow process definitiosind can be used to model and analyze business pro-
beforeit becomes operational. The role of verificatiogesses. The tool is very easy to use and supports Petri
becomes even more important as many enterprises ggs. To facilitate the modeling of simple workflows by
making Total Quality Management (TQM) one of theigsers not familiar with Petri nets, it is possible to ab-
focal points. For example, an ISO 9000 certificatiogtract from states. However, Protos cannot detect subtle
and compliance forces companies to document businggsign flaws that may result in deadlocks or livelocks.
processes and to meet self-imposed quality gd#lk [ Therefore, it is useful to download workflows specified
Clearly, rigorous verification of workflow processes cagith Protos and analyze them with Woflan.
be used as a tool to ensure certain levels of quality. This paper focuses on the new features recently
The development ofVoflan started at the end ofadded to Woflan 1.3. These features allow for the gener-
1996. The goal was to build a verification tool speciftion of so-callecbehavioral error sequence©ne can
ically designed for workflow analysis. Right from thehink of such a sequence as a doomsday scenario that
start, there have been three important requirements ¢@§arly shows the roots of the error. These sequences
Woflan: are used for diagnosing errors that are not easy to detect
1. Woflan should beproduct independenti.e., it with analysis techniques available in earlier versions of

should be possible to analyze processes desigNgﬂﬂan' The functionality of Wgﬂan 1.3 has been eval-
with various workflow products of different ven-uated using a case study. This case study was part of
dors. the final assignment of the cour¥¥orkflow Manage-

ment & Groupwarg1R420), attended by 42 students of

2. Woflan should be able to hand@mplex work- the Eindhoven University of Technology, and the course

flowswith up to hundreds of tasks. Workflow Management: Models, Methods, and Tools
(25756), attended by 15 students of the University of
Karlsruhe. These students formed 20 groups which in-
dependently designed the workflow in a travel agency
Based on these requirements, we decided to basasisting of about 60 tasks (see AppendiXor the
Woflan on Petri nets. Petri nets are a universal motbmplete assignment text). These workflows were de-

3. Woflan should give to the poirdiagnostic infor-
mationfor repairing detected errors.



signed with Protos. Afterwards, we collected the worl
flows and analyzed them with Woflan 1.3. Most ¢
the designed workflows contained several errors tt
were repaired using the diagnostics provided by Wofle
Based on this case study and earlier experience, we h
developed a method to guide users of Woflan in dete
ing and repairing design errors in workflows.

The remainder of this paper is organized as follow
Section2 introduces a class of Petri nets called P/T ne
and summarizes some well-known results. Secion
troduces workflow management, a subclass of P/T n
called WF nets for modeling workflows, and a sounc
ness property on these WF nets. Sectiantroduces
version 1.2 of the tool Woflan that uses standard P/T-r
techniques to analyze WF nets. Using these techniqu
Woflan can decide whether or not a WF net satisfi
the soundness property. However, sometimes Woflan
1.2 does not guide a designer towards locating errors; it Figure 1: The example P/T nbt
will only tell that they exist. In Sectioh, we propose a
behavioral technique that guides a user towards correct-
ing these errors. This technique has been implementdentify the elements in a P/T net, we introduce the set
yielding the current version 1.3 of Woflan. Woflan 1.8f identifiersU.
has been tested using a case study, which is presented in
Section6. The results from this case study are used ffinition | (PIT net)

Section7, where we introduce a method for diagnosingp,e tripleN e (P, T, F) is a P/T net iff;

and correcting workflow nets. Secti@ypresents con-

clusions and topics for future work, among which im- j. p c U is a finite, non-empty, set of places.
plementing the method in Woflan is an important one.

The informal description of the workflow used in the ii. T C U is a finite, non-empty, set of transitions
case study and a formal model in Protos can be found suchthat N T = ¢.

in AppendixA.

iii. FC (PxT)U(T x P)is aset of directed arcs,
called the flow relation.

2 P/T nets

It is common practice to draw places by circles and
2.1 Introduction transitions by squares. An example of a P/T net can be
. . Lo i .seen in Figurel. A P/T net models thstructureof a
Woflan_|s based on Petri nets. As |nd|catgd In the_ 'B’rocess. The class of Petri nets introduced in Definition
troduction, there are several reasons for using Petri nels sometimes referred to as the clasoufinary P/T
for the verification of workflow process definitions. The o5 1o distinguish it from the class of Petri nets that
interested reader is referred @ p] for a more elabo- 415y more than one arc between a pair of nodes. In

rate discussion on the use of Petri nets in the workﬂq}AﬁS paper, we allow at most one arc between any two
domain. In this section, we introduce a standard Claﬁédes of a{ P/T net.

of Petri nets called P/T nets. First, we introduce some
basic definitions and useful properties. Second, we in-
troduce some analysis techniques on P/T nets. Reade¥s2 Systems

familiar with Petri nets can browse through this secti(igl . P/T net tai ltok Th
to become familiar with the notations used. An extef.2cc> N @ het may contain so-caftesens 1he

. : distribution of tokens over the places determines the
e treatment of Petri nets can be foundis,[30]. :
s rinets ! 30 stateof the P/T net, also called thraarkingof the P/T

) o net. Graphically, tokens are typically represented by
2.2 Basic definitions small dots. For example, if we add the marking consist-
ing of a token in the place labelédto our example P/T
2.21 Netstructure netN of Figure 1, we get the marked P/T net (or sys-
A PIT net is a directed graph with two kinds of nodeg¢em) as shown in Figurg. Since a place may contain
transitionsandplaces Arcs in the graph always con-multiple tokens, a marking can be represented as a bag
nect a node of one kind to a node of the other kind. Tw finite multi-set.



do not know yet how the process behaves dynamically.
We need a way to get from one state to another. For this
reason, we define the so-called firing rule.

Definition IV (Preset, postset)
LetN=(P, T,F)beaP/Tnet. Fone PUT:

e on = {Ng € PUT]|(ng,n) € F} (the preset of n)
and

e he={Nng e PUT|(n, ng) € F} (the postset of n)

For a node (a place or a transitian)its presesn cor-
responds to the set of nodes (callegut node} from
which there is an arc (called amput arc) to n, its post-
setne corresponds to the set of nodes (caltadput
node$ to which there is an arc (called autput arg
fromn.

Figure 2: An example syste@for netN

Definition V (Firing rule)
Notation (Bags) LetN = (P, T, F) be a P/T netM a marking ofN,

A bag over some alphabe is defined as a function@ndt € T

from Ato the set of natural numbers. For a bagver . ;

alphabetA anda € A, X(a) denotes the number of oc- I M enabled iff ot < M.

currences o& in X, often called the cardinality of ain i\ is reached fromm by firing t (denotedVl ——

X. Note that asetof elementg frormls' also a bag over M1) iff M enableg andM; = M — et + te.

alphabetA, namely the function yielding 1 for every el-

ementin the setand 0 otherwise. The set of all bags oveBo, a transition ignablediff its preset is a subbag

an alphabef is denotedB(A). We use brackets to ex-of the actual marking. Note that we use the fact that

plicitly enumerate a bag and superscripts to denote the preset is a set and hence a bag. When a transition

cardinalities of the elements. For exampla?,[b%, c] is enabled, we can reach a new markingfioipg this

denotes the bag with two elemerds three elements transition. This new marking can be constructed by re-

b, and one elemert; the bag #2|P(a)], where P is moving the transition’s preset from the actual state and

a predicate oA, contains two elements for everya adding the transition’s postset. For example, in our sys-

such thatP (a) holds. To denote individual elements ofem of Figure2, only theregister  transition is en-

a bag, the same symbok™ is used as for sets. Theabled. Wherregister  fires, the new marking be-

sum (addition) of two bagX andY, denotedX + Y, comes §1,c2]: The token from place is removed

is defined asq"la € AAn = X(a) + Y(@)]. The and new tokens are added to plac&sandc2.

difference (subtraction) ok andY, denotedX — Y, is

defined asd"|a € AAn = (X(a) — Y(a))max0]. Bag

X is a subbag of bay, denotedX < Y, iff, for all

ae A X@ =Y@. Petri nets are known for the availability of many analy-

sis techniques. Clearly, this is a great asset in favor of

Definiti . the use of Petri nets for workflow modeling. The anal-

efinition Il (Marking) : . o

AbagM e B(P) is called a marking of a P/IT net/Sis techniques can be _used_ to prove qua!ltauve proper-

(P.T.F). ties (safety properties, invariance properties, deadlock,
etc.) and to calculate performance measures (response

times, waiting times, occupation rates, etc.). In this pa-

Definition Il (System) per, the primary focus is on qualitative verification.

The pairS= (N, M) is a system iffN is a P/T net and
M is a marking ofN (called the initial marking o6).  2.3.1  Structural analysis

2.3 Analysis of nets

A structural property of a P/T net is a property that does
not depend on the marking of the net. Therefore, it can
Using a system, we can model a process structurebasdefined on P/T nets rather than on systems. In pro-
well as the current state of the process. However, wess modeling, the simple combination of places and

2.2.3 Behavior of systems



transitions can be used to devise various routing cddefinition X (PT-handle, TP-handle)

structs ranging from a simple sequence to a delicdtet N = (P, T,F)beaP/Tnetandlgp € P,t € T
mixture of choice and synchronization. In the contekie nodes ofN. The pair(p,t) is called a PT-handle
of workflow design, certain, more advanced, construdts 35, s1 € Eq(p,t) | o # S1 A a(s) Nasy) =

are considered to be suspicious and a potential soufpet}. The pair(t, p) is called a TP-handle itlsy, 51 €

of errors. Therefore, we review the standard structumdji(t, p) : so # s1 A a(so) Na(sy) = {p, t}.

properties for P/T nets. A strong point of structural . o
properties is that most of them can be computed effi-SiNce PT-handles and TP-handles can easily intro-
ciently. All the structural properties we consider in thiduce design flaws4], we name nets without these
paper can be computed in polynomial time (with reSpe%@tentlally correctness-threatening constructs well-

to the number of nodes of the net). handled. The P/T né{ of Figurel is not well-handled,
Nodes in a P/T net are connected by paths, which &Q@&cause it contains one PT-handle (see Figujeand

sequences of arcs. two TP-handles (see Figugeand Figure24).

Definition VI (Directed path) Definition X1 (Well-handled) B

Let N = (P, T, F) be a P/T net. The sequense= A P/Tnet(P, T, F) is called well-handled iff it has no

(No, N1, . .., N), for some natural numbd, is called PT-handles and no TP-handles.

a (directed) path fromg to ny iff Vi,0 < i < k :

. A P/T net is calledree-choicdff for every two tran-
i £ |+1 .

sitionstg andt; their presets are either disjoint or iden-
tical. NetN of Figurel is free-choice.

Definition VIl (Undirected path)

Let N = (P, T, F) be a P/T net. The sequense= Definition Xl (Free-choice)

(no, N1, ..., Nk), for some natural numbdy, is called AP/T net(P, T, F) is free-choice iftvig,t1 € T : otgN
an undirectedpath fromng to ni iff Vi,0 < i < k : ety =0V ety = et;.

ni,ni.1) € FEUFL ) . "
(M, Ni+1) A net is called a state machine iff all transitions have

The setof nodesg, ny, ..., ngin a (directed or undi- exactly one input and one output place.
rected) patts = (ng, n1, ..., nk) is called the alphabet
of s, denotedh(s). Definition XIII  (State machine)

A path is called elementary iff all nodes in the patA P/T net(P, T, F) is a state machine ifft € T :
are different. |ot|=|te]=1.

Definition VIII  (Elementary path)

Let N = (P,T,F) be a P/T net, and les = Definition XIV (Subnet)

(Ng, N1, . .., N, for some natural numbéy, be a (di- LetN = (P, T, F) andNo = (Po, To, Fo) be P/T nets.
rected or undirected) path frong to n. Pathsis called NetNo is a subnet of neN iff Po € P, To € T, and
elementanyff Vi, 0 <i <k:Vj,0<j <k:i #j= Fo=FnN((PoxTo)U(Tox Po)).

ni # nj. The set of all elementary directed (undirected)

paths fromng to n is denotedEq (ng, Nk) (Eu(no, Nk)). Definition XV (S-component)

A P/T net is called (strongly) connected iff there ex-et N = (P, T, F) be a P/T net; leNo = (Po, To, Fo)

ists a (directed) path between every two nodes. be a subnet oN such thatP, # ¢ and lete denote
the preset and postset functionsNf SubnetNg is an
Definition IX ((Strongly) connected) S-component o iff Ng is a strongly connected state

LetN = (P, T, F) be a P/T net. NeN is connected machine such thatp € Py : ep U pe C Tp.

iff Vng,np € PUT : Ey(ng,n1) # @. Itis strongly
: . If a P/T net corresponds to a set of strongly con-
connected ifvng,ny € PUT : Egq(ng, n A. . o
0.1 d(fo. M) # nected state machines, it is S-coverable. The P/T net

The P/T netN of Figure 1 is connected, but notN of Figurel has no S-components. The P/T hebf
strongly connected: For instance, there is no directEdjure4 has two S-components (see Figuf@ but is
path fromo toi . Figure4 shows a net that is stronglynot S-coverable: place8 is not covered by these S-
connected. components.

A place-transition pair is called a PT-handle iff there
exist different elementary paths from the place to thefinition XVI (S-coverable)
transition; a transition-place pair is called a TP-handke P/T net(P, T, F) is S-coverable iff for each place
iff there exist different elementary paths from the trarp € P there is an S-componePy, To, Fp) such that
sition to the placel7]. p € Po.



A place-invariant is a weighted sum over the placd$e set of all occurrence sequences of a sys&is
of which the outcome is invariant under each possikdenotedss.
transition firing.
An occurrence sequence of a system can be projected
Definition XVII  (Place-invariant) onto the set of transitions, yielding a so-callfiing

LetN = (P, T, F) be a P/T net and lab be a weight Sequence

function fromP to the set of integer numbers. Function

w is a place-invariant oN iff Yt € T : >~ p € ot : Notation (Firing sequences)

w(p) =) pete:w(p). The restriction of occurrence sequences to sequences

. of transitions:s = MgtgM1t1Mots ... th_1Mpy — t =
Note that despite the fact that the above explanatlpteltz ...th—1 is called the firing sequence associated to

of a place-invariant is in terms of transition firings, 2 The set of all firing sequences of a syst&ns de-
place-invariant is a structural property: It is indeperh—'ot(:_.ds

dent of the marking of the net. For example, a place-

the weight 1 to the placds, c1, c3, ¢5, ando and 0 system(N, [c5, 7, c8]), S equals{archive }. If

to the other places. A convenient way to represent thygy initial marking is 4, c5, c8], then St equals
functionisi +c1 +¢3 +¢5 +o. {process , process redo , process done
invariants wo-+w1 andwo—ws are place-invariants too. prefix-closed, i.e., every prefix of a firing (occurrence)

only weights 0 or it has infinitely many place-invariants.

Exchanging the roles of places and transitions in the
notion of a place-invariant yields the concept of a sg:3-3 Occurrence graph

called transition invariant. Given a systen® = (N, M), its set of occurrence se-

guencess; can be embedded into a graph. Every occur-

Definition XVIII _ (Transition-invariant) ~ rence sequence corresponds to some path in that graph
LetN = (P, T, F) be a P/T net and lab be a weight 54 vice versa.

function fromT to the set of integer numbers. Function
z&s)za:'[r%nfﬂogj?\fg?nt ONIff VpeP:) teep: Notation (Reachability)
Let N = (P, T, F) be a P/T net; leMg and M1 be
For example, a transition-invariant of méof Figure markings ofN and letS = (N, Mg). The markingM
lisrec + process +redo —timeout . is reachable from markini/lo, denotedMo — My,
As with place-invariants, summation and subtractidfi there exists an occurrence sequesce S such that
of transition-invariants yields new transition-invariantsf irst(s) = Mo andlast(s) = Mx.

In the system S of Figure 2, the marking
[c4,c5, c8] is reachable from the initial marking I,
Behavioral analysis techniques are those techniquésile from [c4,c5,c8] both [c4,c5] and [o] are
that use the initial marking of a P/T net. Thereforégachable.
these techniques use systems instead of P/T nets. An
elementary behavioral technique is the analysis of thefinition XX (Occurrence graph)
so-calledoccurrence sequencesa system. An occur- Let S = ((P, T, F), Mo) be a system; leH € B(P)
rence sequence is simply a chain of transition firings.pe a set of markings, le € (H x T x H) be a set of

T-labeled arcs, and lé6 = (H, A) be a graph which
Definition XIX (Occurrence sequences) satisfies the following requirements:
Let S= (N, Mp) be a system, letlg, My, ..., My, for
some natural number, be markingsofN = (P, T,F), e H ={M e B(P)|My — M};
and lettg, t1, .. ., th_1 be transitions inT .

2.3.2 Occurrence sequences

, , e A={(M,t, M) € (H xT x H)|M — My).
i. S = MptgM1...th_1Mp is an occurrence se-
quence ofSiff Vi,0 <i <n: M, LN Mi 1. GraphG is called the occurrence (or reachability) graph

(OG) of S.
ii. By first(s), we denote the first marking &f =

MotoM1 ... th—1Mp, i.e., Mg. By last(s), we de- The construction of this graph is straightforward, al-
note the last marking o, i.e., M. though termination is not guaranteed.



0}
register

[c1.c4] < do [e1.c2] dont > [e1.c7]

send send send

[c3c4] do [c2.c3] dont o [63¢7]
< >

timeout rec timeout rec timeout rec

[c4.c < do [c2,¢!

redo

A4
[c4,c5,c8] < do [c2,65,68] dont gJc5,c7,c8]

process archive archive

[c8,0]

Figure 3: The OG of syste/®

Construction (Occurrence graph)

LetS = ((P, T, F), Mp) be a system; leH C B(P) Figure 4: The short-circuited systed= (N, [i ])
be a set of markings, leA € (H x T x H) be a set

of T-labeled arcs. The O = (H, A) of Scan be

constructed as follows: possible coverability graphs, whereas it always has one

unique OG.

i. Initially, H = {Mg} andA = @.

Notation (Infinity)

i. Take anM from H and at from T such that Infinity is denoted byw. For every natural number, it
M enablest and such that ndM; exists with holdsthah < w, w+n = w, andw —n = w. For every
(M, t,M1) € A. Let Mo = M — ot +te. Add natural numben > 0, it holds thahw = wn = w.

M2 to H and (M, t, M») to A. Repeat this step

until no new arcs can be added. .
Notation (Extended bags)

For our example systef® of Figure2, the OG looks An extended bag over some alphaBeis defined as a
as in Figures. function from A to the set of natural numbers extended
The OG embeds exactly all possible behaviors of tMéth . The set of all extended bags over an alphabet

system. However, for some systems, the OG is infinit§-denotedB® (A).

and can thus not be finitely constructed. For exam-
ple, if we short-circuit neN in our systemS of Fig- b
ure 2 with the shortcircuit transition fromo toi ,

?ﬁitﬁl sr;(]);\:]n ':Oggsurﬁ]’ tvr\:g g)e(:eirégji V;?;: ?I‘?Isn mt'hDefinition XXI  (Finite, extended, infinite markings)
y y ) y ’ 9 fn extended bagM € B“(P) is called anextended

tranS|t!on§reg|ster send rec dont arc_:h|ve . marking of a P/T netP, T, F). The set of extended
shortcircuit over and over again, leads to in-

finitely many markingsd, c8", for arbitraryn > 0 markings can be partitioned in a setfofite markings
After one firing of these transitions, there is one toke(rlwg(P)) and a set oinfinite markings B(P) \ B(P).

in c8, after two firings there are two, and so on. There The markings as we have used them before are now
is no limit to the number of tokens 8 ; therefore, this called finite markings.

place is calledunbounded As a result, the number of A Coverab”ity graph of a system is a variant of the

All operations on bags can be defined for extended
ags in a straightforward way.

markings in the OG is infinite. OG, where paths containing infinitely many different
markings in the OG are represented by a finite num-
2.3.4 Coverability graph ber of infinite markings. An infinite marking is intro-

duced in a coverability graph if we encounter a mark-
A solution to cope with unbounded places is the notiong that has a smaller marking as one of its predeces-
of a so-called coverability graph. A coverability grapkors. Suppose we have the markinds and M2 such
is a variant of the occurrence graph that is finite in sizéhat in the occurrence graph there is a path frivm
However, we have to pay a price: First, we must @le My and M1 < Maj. Then, there has to be a path
low markings to be infinite to deal with unbounded bdrom M> to the markingM, + (M2 — M1) that corre-
havior. Second, a P/T system may have a numbersponds to firing all the transitions on the path friva



to M2. Consequently, there also is a path from markin
M2 + (M2 — Mj) to Mz + 2(M2 — My), from mark-
ing M2 + 2(M2 — Mj) to Mz + 3(M2 — M), and so
on. We conclude that places which occur in the marl
ing M2 — M1 are unbounded. Whereas the OG of a P/
net contains infinitely many finite markings of the formr
Mz +n(M2 — My), forn > 0, a coverability graph con-
tains one infinite marking withy-values for each place
in M2 — Ms. Itis a known fact (BQ], p. 70) that a cov-
erability graph of a system is always finite and can tht
be constructed.

shortsirouit

regster
1

[c1.c4] < do [c1c2 dont » [c1.c7]
isend

send send

fimeout timeout

rec

[c3c4] <d07 [02,03]¢’ [c3:c7]
/

[e4¢! [c2,¢! archive

i
LN ) « B0 £
L)VOCSSS
done

[c5:08]

[cBc:

yc

[c82,i] < shortaircuit [c82,0] <

regster archive

redo »
[c1,68,08°] < [c1,c4

process

Definition XXII (Coverability graph)

send

LetS= ((P, T, F), Mg) be a system, let € B*(P)
be a set of extended markings, letc (H x T x H) be

redo
[63,00,08 ) q— —P(e3.0}

process

send

v
c8°

0] g—do[olc ,08“]4&@_’
dore ‘
8e] < do [t don )
dore

a set ofT-labeled arcs, and l&& = (H, A) be a graph

rec/imeout

rec fiimeott

gsend
2,03,c89]
fi

recfimeout

[c1,c7,c82]

send

c3,07,08°]

rec/iimeout

which can be constructed as follows:

[c5,¢f ,081*]4"%)[04,(;',08&] < do [c2,65,c84]

don/ucﬁc o8]

process
dore

i. Initially, H = Mg andA = #.

i Take anM from H and at from T such that Figure 5: The CG for the short-circuit&l
M enablest and such that ndM; exists with
(M,t,Myp) € A. LetM2 =M — et +te. AddM3 5 35 Behavioral properties
to H and(M, t, M3) to A, where for evernyp € P:

Behavioral properties of a P/T net are those properties
(@) M3(p) = w, if there exists a nod#&1 in H that depend on the marking of the P/T net. Therefore,
such thatM; < Mz, M1(p) < Ma(p), and these properties are defined on systems, not on P/T nets.
there exists a path froml; to M in G; In the remainder, we do not go into detail about the pre-
. cise complexities of the algorithms to determine behav-
(b) M3(p) = Ma(p), otherwise. ioral properties (se€l[/] for more information on this
topic). For the purpose of this paper, it suffices to know
that the theoretical complexity of computing behavioral
properties is often much worse than the complexity of
computing structural properties.
A transition isdeadiff it is never enabled.

Repeat this step until no new arcs can be added
G is called a coverability graph (CG) &

The result of this algorithm may vary depending on
the order in which markings are considered in the sec-
ond step (see3)] for more details). Nevertheless, definition XXIlII (Dead transition)
CG of a system can be used to analyze the behaviorofransitiont € T of a system((P, T, F), Mo) is dead
the system. The short-circuited ri@bf Figure4 has a iff VM € B(P), Mo — M : tis not enabled ifM.
unique CG which is shown in Figuie

Given a system and a CG of this system, every oc-A .transition.is Iiye iff it can al\./v.ays. firg again. A sys-
currence sequence of the system corresponds to sd@fB is called live iff every transition is live.
path in the CG and is thus embedded in it. The con-
verse is not necessarily true: There may be paths in thefinition XXIV  (Live)
CG that do not correspond to any occurrence sequengeransitiont € T of a system((P, T, F), Mo) is live
However, a path that contains only finite markings dogp vM € B(P), Mg — M : 3M; € B(P),M —
correspond to some occurrence sequence. This is ingG-: M; enableg. A system((P, T, F), Mo) is live iff
cordance with the fact that the CG is identical to th& « T : t is live.
OG if there are no infinite markings in the CG. The the-
oretical worst-case complexity of generating a CG is The systent of Figure 2 is not live: For instance,
non-primitive recursive space. Nevertheless, for smalb more transition firings are possible from reachable
to medium size systems, which includes many examarking o] (see Figure3). The short-circuited system
ples in workflow practice, the performance of the CGs of Figure4 is also not live: No more transition fir-
generation algorithm is acceptable. In Sectibamd6, ings are possible from reachable markiog [c5] (see
we return to this point. Figureb).



A system is called bounded iff all places are bounde8.2  Workflow processes
A system is called safe iff all places in any reachable

marking contain at most one token. The fundamental property of a workflow process is that
it is case-based This means that every piece of work
Definition XXV (Bounded, safe) is executed for a specificase Examples of cases are

A system ((P, T, F), Mp) is bounded iff YM e @an insurance claim, a tax declaration, a customer com-
B(P),Mg — M : ¥M; € B(P),M —s M; : Pplaint, a mortgage, an order, or a request for informa-
(M < Myj). A system((P,T,F), Mp) is safe iff tion. Thus, handling an insurance claim, a tax decla-
VM € B(P), Mg —> M :¥pe P: M(p) < 1. ration, or a customer complaint are typical examples
of workflow processes. Cases are often generated by
An alternative definition for boundedness is to resn external customer. However, it is also possible that
quire that the number of reachable markings is finitg.case is generated by another department within the
Note that, for a bounded P/T system, the CG-generatigdme organization (internal customer). A typical exam-
algorithm of DefinitionXXIl yields the OG of the sys- ple of a process that is not case-based, and hence not a
tem. workflow process, is a production process such as the
The systenS of Figure2 is bounded and safe. Theassembly of bicycles. The task of putting a tire on a

latter is straightforward to see in its OG: In each markyheel is independent of the specific bicycle for which
ing, every place occurs at most once. However, th& wheel will be used.

short-circuited systen§ of Figure 4 is unbounded,  The goal of workflow management is to handle cases
which follows directly from the fact that there are inys efficient and effective as possible. A workflow pro-
finite markings in the CG of Figure. cess is designed to handle large numbers of similar
cases. Handling one customer complaint usually does
not differ much from handling another customer com-
plaint. The most important aspect of a workflow pro-
- cess is theouting definition The routing definition
3.1 Introduction specifies whichtasksneed to be executed in what-
In the last decadeyorkflow management systetrmve der. Alternative terms for routing definition are: "proce-
become a popular tool to support the logistics of buslure’, 'flow diagram’ andworkflow process definition
ness processes in banks, insurance companies, and §agks are ordered by specifying for each taskctbredi-
ernmental institutionsd, 20, 22, 25, 26, 31, 32]. Be- tionsthat need to be fulfilled before it may be executed.
fore, there were no generic tools to support workflol addition, it is specified which conditions are fulfilled
management. As a result, parts of the business prodeg£xecuting a specific task. Thus, a partial ordering
were hard-coded in the applications. For example, @htasks is obtained. In a workflow process definition,
application to support task triggers another applica-standard routing elements are used to describe sequen-
tion to support taskf. This means that one applicatial, alternative, parallel, and iterative routing thus spec-
tion knows about the existence of another applicatiofying the appropriate route of a case. The workflow
This is undesirable, because every time the underfpanagement coalition (WfMC) has standardized a few
ing business process is changed, applications need té®sic building blocks for constructing workflow process
modified. Moreover, similar constructs need to be inglfinitions P6]. A so-calledOR-splitis used to specify
plemented in several applications and it is not possitfiechoice between several alternativesCir-joinspec-
to monitor and control the entire workflow. Therefordfies that several alternatives in the workflow process
several software vendors recognized the need for woglefinition come together. AAND-splitand anAND-
flow management systems. A workflow manageme@in can be used to specify the beginning and the end
system is a generic software tool that allows for tref parallel branches in the workflow process definition.
definition, execution, registration, and control of busiFhe routing decisions in OR-splits are often based on
ness processesworkflows At the moment, many ven-so-calledvorkflow attributes A workflow attribute is a
dors are offering a workflow management system. THigecific piece of information used for the routing of a
shows that the software industry recognizes the pot&ase. One can think of a workflow attribute as a control
tial of workflow management tools. variable or a logistic parameter. A workflow attribute
As indicated in the introduction (see als$) b, 16]), may be the age of a customer, the department responsi-
P/T nets constitute a good starting point for a solfgle, or the registration date. Routing decisions may also
theoretical foundation of workflow management. Wee based on other data than workflow attributes, such as
use P/T nets to specify the partial ordering of tasks iar example the contents of a letter from the customer.
a workflow. Based on a P/T-net representation of theMany cases can be handled by following the same
workflow process, we tackle the problem of verificanvorkflow process definition. As a result, the same task
tion. has to be executed for many cases. A task that needs

3 Workflow management
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to be executed for a specific case is calleglask item The focus on qualitative verification allows us to ab-
An example of a work item is the order to execute tasltract from resources and triggers. The allocation of re-
'send refund form to customer’ for case 'complaint aources to work items and the occurrence of triggers is
customer Baker'. Most work items needesourcein a crucial factor in theerformanceof a workflow pro-
order to be executed. A resource is either a machioess. However, for qualitative verification, it suffices
(e.g., a printer or a fax) or a person (participant, workeg assume that sufficient resources are available to exe-
or employee). In office environments, where workflowute all the required tasks and that any trigger will occur
management systems are typically used, the resoureesntually. Another abstraction is that we consider only
are mainly human. However, because workflow maone case in isolation. The only way cases interact with
agement is not restricted to offices, we prefer the temach other is via the competition for resources. There-
resource. To facilitate the allocation of work items to rdere, if we abstract from resources, it also suffices to
sources, resources are grouped into classessdurce consider only one case in isolation. Finally, we abstract
classis a group of resources with similar characteristickom workflow attributes and other data. This means
There may be many resources in the same class arttiat we consider each choice (OR-split) to be a non-
resource may be a member of multiple resource classsterministic one. The reason is the following. If we
If aresource class is based on the capabilities (i.e., fuiate able to prove certain desirable properties in the situ-
tional requirements) of its members, itis calledke. If ation where all choices are taken non-deterministically,
the classification is based on the structure of the orgattiey will also be satisfied in the situation where choices
zation, such a resource class is calledaganizational are based on workflow attributes or other data. An im-
unit (e.g., team, branch, or department). The resoumertant consequence of these abstractions is that they
classification is another important part of a workflowallow us to use P/T nets rather than Petri nets with data
process. Besides a resource, a work item often needsl time. From an analysis point of view, the class of
atrigger. A trigger specifies who or what initiates thd®/T nets is preferable because of the availability of effi-
execution of a work item. Often, the trigger for a workient algorithms and powerful analysis tools.
item is the resource that must execute the work item.
cher common triggers are external tnggers _and tl_mo,e.4 Workflow nets
triggers. An example of an external trigger is an in-
coming phone call of a customer; an example of a tinne this subsection, we introduce a subclass of P/T nets,
trigger is the expiration of a deadline. A work item thatamely the class afiorkflow netWF nets). In addi-
is being executed is called ativity. If we take a pho- tion, we formalize the so-callesbundnesproperty for
tograph of the state of a workflow, we see cases, WONF nets. The soundness property is the least require-
items, and activities. Work items link cases and taskfaent that a WF net must satisfy in order to model a cor-
Activities link cases, tasks, triggers, and resources. rect workflow process definition. As explained, a WF
A thorough investigation of the business processesrist is an abstraction of a workflow process. A work-
a company that results in a complete set of definitiofiew process contains for example information about
of efficient and effective workflow processes is the bapplications, workflow attributes, triggers, case data,
sis of the successful introduction of a workflow systerand resource constraints. We do not propose WF nets
Formal verification can be a useful aid in obtaining thes a complete modeling language. They are merely in-

desired effectiveness and efficiency. troduced for the purpose of (qualitative) verification.
When importing a workflow process definition from
3.3 \Verification of workflows some workflow tool, our verification tool Woflan distills

the aspects it needs from the workflow process defini-
Our work is aimed at the verification @forkflow pro- tion and translates this information to a WF net.
cess definitionsTwo types of verification are possible,
nar_nely quaIit_atiye verifi(;ati(_)n and quantitative v.erifiz,]' 4.1 P[T-net representation
cation. Qualitative verification focuses on functional
properties of a workflow process definition, wheredhe P/T netN in Figure 1 models a typical workflow
guantitative verification focuses on the performance pfocess, namely the processing of complaints. Assume
the workflow process. Examples of functional propethat the initial marking isi[], thus obtaining the system
ties are the existence or absence of deadlocks or lieéfigure2. This initial marking [ ] corresponds to the
locks. Examples of performance properties are averdget that a new complaint has been received. First, the
throughput times and service levels. The current varemplaint is registered€gister ). The taskreg-
sion of the tool Woflan only implements techniques faster  is an example of an AND-split. Upon comple-
gualitative verification, although we are considering exon of this task, in parallel, a form is serdgnd ) to
tending Woflan with techniques for quantitative verifithe complainant and the complaint is evaluated to de-
cation as well. termine whether it needs to be processéd)(or not
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(dont ). The two transitionglo and dont together responding t@ has to be fulfilled: Once a case has been
form an OR-split. The two transitions model a sineompleted, no more tasks should be executed for this
gle task in the real workflow which might be called¢ase.
something like 'evaluate complaint’. If the form that Furthermore, there is not much use in having a task
is sent to the complainant is received in tinreq ), that can never be executed or in having a task from
the complaint can be processed. If it is not receivathich the case cannot be completed. This means that
in time (timeout ), the form cannot be used for thehe structure of a workflow net must satisfy at least the
processing of the complaint. After the complaint hdsllowing requirement: For every transitidnn a work-
been processegiocess ), a check is made to deterflow net, there must be a path (see Definitidr) from
mine whether it has been processed correalyng) i tot and a path front to o. In P/T-net terms, this con-
or not fedo ) (another OR-split). If not, it needs toforms to strongly connectedness (see Definitiddhun-
be processed again. Place is an example of an OR-der the assumption that there is a path frotoi. This
join: Two alternative process branches are joined. In thesumption can be fulfilled if we short-circuit the net as
end, the complaint is archivedrchive ). Transition in Figure4. Nets that satisfy the above restrictions are
archive is an example of an AND-join. called workflow nets or WF nets.

We see that the P/T-net representation of a workflow
process definition is straightforward: Tasks are repr@efinition XXVI (Workflow net)
sented byransitionsand conditions bylaces If atask A P/T netN = (P, T, F) is a workflow net (WF net)
fulfils a condition when it is completed successfully, aiff
arc is drawn from the corresponding transition to the
corresponding place. If a task needs a condition to be"
fulfilled before it can start, aarcis drawn fromthe cor- i 5 c p A 0e = ¢, and
responding place to the corresponding transition. Two
special places are added, one to indicate that a new caie the short-circuited P/T ne{P, T U {t},F U
has been created, placeand another to indicate thata  {(0, 1), (t,i)}), denotedN, is strongly connected,
case has been completed, placdt is clear that stan- wheret e U \ T.
dard building blocks such as the AND-split, AND-join,
OR-split, and OR-join (seep, 35]) can be modeled by
P/T nets.

By verifying the behavior of a P/T net modeling
workflow, we can verify some properties of the work-
flow in reality. Not every P/T net corresponds to a world-4.3  Behavioral restrictions

flow. A P/T net modeling a workflow must satisfy sevyg 4na1y7e the behavioral correctness of a workflow, we
eral structural properties. It must, for example, havge jnterested in its behavior for one case. Under the
a Wel!-def|ned beginning and.end, as in the exam Esumption that the workflow system can distinguish
described above. Therefore, in the next paragraph, Weses, it is an obvious choice to havg ds the ini-

impose some structural restrictions on P/T nets yieldigg; marking, because it corresponds to the creation of
so-calledworkflow nets(WF) nets. In Sectior8.4.3 , aw case. So. iN — (P, T, F) is a WF net, then

we impose restrictions on theehavior of WF nets, g _ (N, [i]) is the corresponding WF system that we
defining so-calledoundworkflow nets. As mentioned, are interested in.

soundness is the least requirement that a WF net musty o pehavioral restrictions we impose on a WF sys-

satisfy in order to be a proper abstraction of a workfloyk ., in its initial state are straightforward:
process definition.

i€ PAei =0,

The example P/T né\l of Figure 1 satisfies all three
conditions, using place as input placé ando as out-
gut placeo. Therefore, it is a WF net.

i. It should always be possible to complete a case

3.4.2 Structural restrictions (option to complete).
We want a P/T-net model of a workflow process to havel- It should not be possible to complete a case
one place indicating the condition that a case has been IMProperly (proper completion), where improper
created and one place indicating that a case has been COmpletion means that there is still work in
completed. In the example of Figutethese places are ~ Progress after completion of the case.
calledi ando, but they also could have been calleqii_
start andfinish . From now on, we assume that
(in) ando (out) identify these places in the univetde

There can be no tasks that fulfill the condition co€ompletion of a case is signaled by a token in the spe-
responding ta: The workflow cannot generate casesial placeo. Thus, rulei means that it must always be
Also, there can be no tasks for which the condition cqpessible to put a token in. The second rule means

For every task, there should be an execution of the
workflow that executes it (no dead tasks).
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that, as soon as a token is putinall other places must Theoreml is an interesting result, because the Petri-

be empty. The third rule strengthens the third structuradt literature contains many results on liveness and

requirement of DefinitioXXVI . It simply means that boundedness of systems. These results form the basis

a WF system may not have any dead transitions (deethe efficient verification of WF nets. In the remain-

Definition XXIII'). der of this section, we present the most important results
If a WF system in its initial state behaves accordirthat are used in Woflan.

to the above rules, then the corresponding WF net is

calledsound 3.4.4 Properties
Definition XXVII - (Soundness) _ For free-choice WF nets (see Definitiofil ), there is
A workflow netN = (P, T, F) is sound iff an efficient algorithm to decide soundness.
i. VM € B(P),[i] — M :3M; € B(P), M —> _
M1 : M1 > [o] (option to complete), Theorem Il (Free-choice vs. soundness)

Given a free-choice WF net, it can be decided in poly-
ii. VM € B(P),[i] — M : M >[o] = M =[0] nomial time whether or not the net is sound.
(proper completion), and

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

tasks). Proof

Let N be a WF net. Itis possible to verify in polynomial
Soundness is originally defined if][ where it says time whether the short-circuited WF systé, [i]) is

that it should always be possible to complete the cdéee and bounded1[3).

properly (option to complete properly). Our definition

is slightly different, but it is not difficult to prove that

they are equivalent. Theorem Il (Soundness and free-choice vs. S-
Soundness of a WF n&t can be determined from acoverability)

CG of the WF systeniN, [i]). If we take a look at our Let N be a sound, free-choice WF net. The short-

WF systen in Figure2 and its OG in Figuré& (which circuited WF netN is S-coverable.

is also a CG ofS), we see thalN is not sound because

the first two restrictions are not satisfied:

. . ) Proof
e In[c4,c5], there is no option to complete; This follows directly from Theorenh and the fact that
e in[c8, 0], we have improper completion. a net which is free-choice, live, and bounded must be

S-coverable ([5]).
The third restriction is satisfied, because for every tran-
sition we have at least one arc labeled with it in the CG. In the analysis of WF nets, this theorem can be used
In [1], it has been shown that soundness of a WF res follows. IfN is a free-choice WF net such thitis
corresponds to liveness and boundedness of the shoet S-coverable, theh cannot be sound. Places that
circuited WF system. Recall that, for a WF ri¢f the are not part of any S-component are a potential source
short-circuited netP, T U {t}, F U{(o, 1), (t,i)}) with of the error. Theorerfi and Theorenill show that the
t e U\ T is denoted\. class of free-choice WF nets is an interesting class from
a viewpoint of analysis.
Theorem | (Soundness vs. boundedness and liveness)Another interesting class is the class of so-called
A WF netN = (P, T,F) is sound iff the short- well-structured WF nets. A WF net is well-structured

circuited WF systendN, [i]) is bounded and live. iff the short-circuited net is well-handled, i.e., the short-
circuited net has no PT-handles and TP-handles (see
Definition XI).

Proof

See [l].

Definition XXVIII  (Well-structured)

From the CG in Figuré, we conclude that the short-A WF netN is well-structured iffN is well-handled.
circuited WF systentS of Figure 4 is not bounded
and not live. It is not bounded, because we have in-
finite markings in the CG; it is not live, because w&heorem IV (Well-structuredness vs. soundness)
for instance cannot escape from the markiog,[c5]. Given a well-structured WF net, it can be decided in
Hence, the WF nel of Figure 1 is not sound, which polynomial time whether or not the WF net is sound.
conforms to our earlier conclusion.
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Proof a non-empty marking € B(P) such thati] —

See fi]. The proof uses the fact that short-circuited WM +[o] in N. Then, [] — M +[o]in N and, because

nets without PT-handles and TP-handles are elementafyhe short-circuiting transition, [i] — M + [i] in

extended non-self controllind (). N. We conclude that all places M are unbounded in
(N, [iD.

A WF net N that has no option to complete always
Theorem V (Soundness and well-structuredness vs. Bas a short-circuited WF systeN, [i]) containing

A sound well-structured WF net is S-coverable.

coverability) non-live transitions. Thus, in case of non-liveness of
Let N be a sound, well-structured WF net. The shorthe short-circuited system, the WF net may not have the
circuited WF netN is S-coverable. option to complete. Thus, non-live transitions are a po-

tential sign of errors.

groof4 Theorem VIII (Option to complete vs. liveness)
ee [4]. LetN = (P, T, F) be a WF net that does not satisfy the

TheoremV can be used in the analysis of WF nets ipompletion option. Then the short-circuited WF system
a similar way as Theoreifil can be used. (N, [i]), with N = (P, T, F), has non-live transitions.

If a short-circuited WF neN is S-coverable, then
the short-circuited WF systeniN, [i]) is safe (and

bounded). Proof

Suppose(N, [i]) has only live transitions. Then,
the short-circuiting transition t is live, i.,eYM €
B(P),[i] — M :3M1 € B(P),M — M1 : My
enableg. Sinceet = {0} andP = P, we conclude that
VM € B(P),[i] — M :3M; € B(P), M —> My :
M1 > [0], i.e., N has the option to complete.

Theorem VI (S-coverability vs. boundedness)

Let N be a WF net and let the short-circuited WF het
be S-coverable. The short-circuited WF sysigi[i])
is safe and bounded.

Proof

It follows from DefinitionXV that the number of tokens4 Woflan

in any reachable marking ¢N, [i]) in an S-component .

of N is constant. Because we initially have one tokéh1 ~Introduction

(ini), the number of tokens in any S-component is efyis section describes/oflan(WOrkFLow ANalyzer),
ther zero or one. Therefore, the number of tokens iy that analyzes workflow process definitions spec-
any S-coverable place is either zero or one. Because&glly in terms of Petri nets. Woflan has been designed
places inN are S-coverable(N, [i]) is safe and thus v, yerify process definitions that are downloaded from a
bounded. workflow management system (cf, [7]). As indicated

A consequence of Theorewil is that both sound in the introduction, there is a clear need for such a ver-

free-choice WF nets and sound well-structured WF ndfgation tool. Today's workflow management systems
correspond to safe WF systems. So, a free-choicedgr not verify the correctness of workflow process defi-

well-structured WF net of which the corresponding sy&itions. Therefore, errors made at design time such as
tem is not safe cannot be sound. deadlocks and livelocks may remain undetected. This

Improper termination of a WF nedl always leads Means that an erroneous workflow may go into produc-
to an unbounded short-circuited WF systeM, [i]). tion, thus causing dramatic problems for the organiza-

Thus, an unbounded place in a short-circuited WF syi@n- To avoid these costly problems, it is important to
tem may be a sign of improper completion. verify the correctness of a workflow process definition

before it becomes operational.

Theorem VIl (Improper completion vs. unbounded- Based on the results presented in the previous sec-
ness) tion, the development of the tool Woflan started at the

Let Nbe a WF net that can complete improperly. The‘?ﬁd of 1996 and the first version was released in 1997

the short-circuited WF systeN, [i]) has unbounded [2, 19]. Basically, Woflan takes a workflow processes
places. — definition imported from some workflow product, trans-

lates it into a P/T net, and tells whether or not: (1)

the net is a WF net and (2) the net is sound. Further-
Proof more, using existing P/T net analysis routines, the tool
It follows from the assumption and the definition oprovides information about some properties in case it
proper completion (DefinitioxXX VIl ) that there exists is not a sound WF net. These properties can be either
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Please note that we use the standard Petri-net termi-
nology to avoid confusion, i.e., we use the terms tran-
sition and place rather than task and condition. As in-
dicated in Section 3.4, the WF net is an abstraction of
the workflow process definition downloaded from the
workflow management system. One task in the work-
flow process definition may correspond to several tran-
sitions and the WF net abstracts from information about
applications, workflow attributes, triggers, case data,

Figure 6: Woflan's summary oN before it has gener-
ated a CG

structural or behavioral. The information on structural
properties is straightforward to compute; for the infor-
mation on behavioral properties Woflan first needs to
compute the behavior of the system. Woflan generated.
a CG for the short-circuited system and checks whether
the short-circuited system is bounded and live. If so, the
WF net is sound.

This section reviews the basic functionality of Woflan
present in version 1.2. This version extends version 1.0
as described inZ, 19) with an import facilitiy for Cosa
and Protos. In the remaining sections of the paper, wé-
focus on the new features, the case study, and a method
to support the use of Woflan.

4.2 Structural properties

Figure 6 shows us the summary information on the
structural properties of WF nét of Figurel1. The fol-
lowing information is available in this summary:

o WhetherNis a WF net;
whetherNis free-choice;
whetherN is well-structured;

whether the short-circuited nbt(see Figurel) is
S-coverable and

the numbers of places, transitions, and arcs (con5-
nections).

Net N is a WF net that is free-choice but not well-

structured; the short-circuited nigtis not S-coverable.
Using the buttons on the left-hand side, detailed in-

formation on the properties becomes available.
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and resources.

421 WF net

The detailed diagnostic information calculated by
Woflan on the WF-net property of some WF mé{see
Definition XXVI) consists of six items:

1. The set of places with an empty preset, i.e., so-

called source places. Every case has to enter the
workflow at the same point, called the point of cre-
ation. Therefore, to satisfy the WF-net property,
there should be exactly one source place (denoted
i), which corresponds to this point of creation.

The set of places with an empty postset, i.e., so-
called sink places. Every case has to leave the
workflow at the same point, called the point of
completion. Therefore, there should be exactly
one sink place (denoteg), which corresponds to
this point of completion.

The set of transitions with an empty preset, i.e., so-
called source transitions. A task that corresponds
to a source transition, does not have to wait for a
case to be created: there is no path from the point
of creationi to the task. Therefore, the task cannot
be related to a case. Note that, if a source transi-
tion exists, the short-circuited net is not strongly
connected.

. The set of transitions with an empty postset, i.e.,

so-called sink transitions. A task that corresponds
to a sink transition does not help completing a
case: There is no path from the task to the point
of completiono. Therefore, the task cannot be re-

lated to the completion of the case. Note that, if a
sink transition exists, the short-circuited net is not
strongly connected.

The set of unconnected nodes. A node is uncon-
nected iff there is no undirected path in the short-
circuited netN to the short-circuiting transition

The conditions and/or tasks corresponding to these
unconnected nodes cannot be related to the points
of creationi and completioro (because both are
by definition connected th.



- ™. There may be several reasons for warning for non-

/ N .
/7 AND-join '\, free-choice constructs. Most of the workflow manage-
/ P ment systems available at the moment abstract from
/ ’ states between tasks, i.e., states are not represented
\\ \ explicitly. These workflow management systems use
: \ the AND-split, AND-join, OR-split, and OR-join as

™ - l standard building blocks to specify workflow proce-
\.\ B / dures. Because these systems abstract from states, ev-
. OR-split // ery choice is madmsidean OR-split building block. If
S we model such an OR-split in terms of a P/T net, the
OR-split corresponds to a number of transitions shar-
Figure 7: A non-free-choice cluster ing the same set of input places. This means that, for

these workflow management systems, a workflow pro-
cedure corresponds to a free-choice P/T net. Only a few
6. The set of strongly unponnectgd nodes.. A nOde\Aﬁ)rkﬂow management systems (e.g. COSA, INCOME,
strongly unconnected iff there is no pathiirrom LEU, and MOBILE) allow for constructs that yield a
that node td or no path front to that node. There on-free-choice WF net. Therefore, it makes sense to
shou!ql be no strongly unconnecte(_j nodes. T Bnsider free-choice P/T nets. Clearly, parallelism, se-
conditions and/or tasks corresponding to Srongl ential routing, conditional routing, and iteration can
unf:onnected. ngdes cannot be related.to either 1€ modeled without violating the free-choice property.
point of creatiori orthg p_qmt of completion (be- Another reason for restricting WF nets to free-choice
cause both are by defmljuon strongly conrjgcted BT nets is the following. If we allow non-free-choice
1). Note that, if a node is unconnected, it is alsg,y nets, then the choice between conflicting tasks may
strongly unconnected. be influenced by the order in which the preceding tasks

If all the requirements are satisfied (one place cor@® executed. (In P/T-net terminology, this is called
sponding to a point of creation, one place correspondif@nfusion) The routing of a case should be indepen-

to a point of completion, and all nodes can be relatedq§nt of the order in which tasks are executed. As in-
both places), the net is a WF net. Néts obviously a dicated before, a situation where the free-choice prop-
WE net. erty is violated is often a mixture of parallelism and

choice. Therefore, Woflan supplies diagnostics for trac-
ing non-free-choice constructs. However, note that non-
free-choice clusters are not always incorrect. Some-
The detailed information on the free-choice propertimes, complex routing constructs cannot be modeled
gives us the set of so-called non-free-choice clustength free-choice WF nets; in other occasions, non-free-
where a cluster is one of the connected components tbladice constructs might yield more concise models.
remain after all arcs from transitions to places are re-NetNof Figurel has no non-free-choice clusters and
moved from the net. is hence free-choice.

A cluster is non-free-choice iff it does not satisfy the
free-choice prqperty of D(.afinitiob(lll. Ar_w example of 423 Well-structuredness
a non-free-choice cluster is shown in Figate

Two transitions that do not satisfy the free-choic& balance between AND/OR-splits and AND/OR-joins
property have different presets that are not disjoint. Ircharacterizes a good workflow design. Clearly, two
workflow context, this means that two tasks share soparallel flows initiated by an AND-split, should not be
but not all preconditions. Usually, tasks that share a pieined by an OR-join. Two alternative flows created via
condition start alternative branches: they form an ORn OR-split, should not be synchronized by an AND-
split. Also, a task that has multiple preconditions (nojein. From a workflow point of view, the situations as
that at least one of the transitions has multiple precatepicted in Figure are suspicious.
ditions) usually ends a set of parallel branches: it is anln the leftmost situation, an AND-split is terminated
AND-join. A non-free-choice cluster (see Figureis by an OR-join. Tasks of a case are executed in parallel,
therefore often a mixture of an OR-split with an ANDbut, after one branch gets fulfilled, both branches are
join. The OR-split is troubled by such an AND-joinfulfilled. The condition corresponding to plagecan
because one alternative may be enabled while the otbeen be fulfilled twice. In a workflow such a condition
is not. The AND-join is troubled by the OR-split, beis often an error. In P/T-net terminology, this means
cause a fulfilled parallel branch may get unfulfilled behat usually all places of a WF net should be safe. Note
fore the AND-join is enabled. If possible, the OR-splithat this kind of error may lead to unboundedness of the
and AND-join must be separated. short-circuited net and hence to unsoundness.

4.2.2 Free-choice property
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ties, there are sound well-structured WF-nets which are
not free-choice and there are sound free-choice WF-
nets which are not well-structured. In fact, it is pos-
sible to have a sound WF-net that is neither free-choice
nor well-structured. Notwithstanding these observa-
tions, the two structural characterizations (free-choice
and well-structuredness) turn out to be very useful for
the analysis of workflow process definitions. Both well-
structuredness and the free-choice property correspond
to desirable properties of a workflow. A WF net satis-
fying one of these properties can be analyzed very effi-
ciently and is easy to interpret. However, for more ad-
vanced routing constructs non-free-choice nets and/or
non-well-structured nets are inevitable. In such nets,
soundness-endangering constructs are compensated by
other constructs.

4.2.4 S-coverability

From a workflow point of view, we would like to see a
case as a set of paralkbireads Each such thread spec-
ifies that certain tasks have to be executed in a certain
order to get a certain piece of work completed. In our
example, we have two such threads:

Figure 9: A non-well-handled pair iN

In the rightmost situation, an OR-split is terminated 1. The first thread handles the piece of work associ-
by an AND-join. One of the alternative tasks will be  ated with the complaint form: After registration,

executed for the case. However, the task corresponding
to transitionT synchronizes both branches and needs
both its preconditions to be fulfilled; it will never be
executed. Note that this kind of error may lead to a
non-live short-circuited net and hence to unsoundness.

Both situations describe a so-called non-well-2,
handled pair (see Definitiol ): A transition-place pair
with two disjoint paths leading from one to the other.
The leftmost situation describes a TP-handle, the right-
most a PT-handle (see Definitiof).

Recall from DefinitionXXVIIl that a WF netN is
well-structured iff the short-circuited nedl is well-
handled. Although a non-well-handled pairfhis of-

we first have to send the form to the complainant.
Second, we can either receive it back or a timeout
occurs. Finally, the returned form or the fact that it

was not returned in time is archived.

The second thread handles the piece of work as-
sociated with the complaint itself: After registra-
tion, we first have to evaluate the complaint. Sec-
ond, depending on the evaluatiotio( or dont ),

we process it followed by a check. Third, depend-
ing on the result of the checkl¢ne orredo ), we
process it again. Finally, we archive it.

ten a sign of potential errors, a WF net that is not wellk place that does not belong to one of these threads

structured can still be sound.

is a suspicious place, because it cannot be related to a

According to the analysis of Woflan depicted in Figlogical piece of work.

ure6, our example nellis not well-structured. The de-

The idea of threads is reflected by the S-components

tailed diagnostic information provided by Woflan showisl the short-circuited WF net: Every S-component in
that there are three non-well-handled pairs. One of thehat short-circuited net corresponds to a logical piece of
is displayed graphically by the P/T net in Figue work in the workflow. Recall that an S-component is

where the non-well-handled pair {segister , c4).

a (strongly connected) state machine which is embed-

Note that, because of the non-well-handled pair, thed in a P/T net (see DefinitiodV) and that for each
condition c4 might get fulfilled twice, which endan-S-component in a P/T net the number of tokens in its
gers the boundedness of systél [i ]) and thus the places is always constant. From the strongly connect-

soundness of néN.

edness of S-components and the structure of WF nets, it

Well-structured WF nets and free-choice WF netsllows that an S-component in a short-circuited sound
have similar properties. In both cases, soundness ¥dR net always contains the short-circuiting transition
be verified in polynomial time and soundness impliemd the two special placésando. Assuming the ini-
safeness (see Secti@m.4). In spite of these similari- tial marking fi], every place in an S-component is safe
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is placec8. Therefore, this place is suspicious: It may
be unbounded. In general, place-invariants provide ad-
ditional information when compared to S-components.
In our example, the information tha8 may be un-
bounded was already deduced in the previous paragraph
from the fact that it is not S-coverable.
Transition-invariants provide useful information
about cycles and alternative routes. Consider for in-
stance the invariantec + process + redo —
timeout . From this invariant, we deduce that per-
forming the taskimeout (all negative weighted tran-
sitions) results in the same state of the workflow as per-
forming the tasksec , process , andredo (all pos-
itive weighted transitions). Note that an invariant con-
taining only nonnegative weights corresponds to a cy-
cle in the workflow: The state of the workflow does not
change when all the tasks with a positive weight in the
invariant are performed (as many times as indicated by
and bounded, and the system corresponding to a shiteir weight). Therefore, in our example of Figureve
circuited WF net that is S-coverable is safe and thuguld expect the invariantrocess + redo . How-
bounded too (see Theorevi). In addition, since is €ver, this is not an invariant of the net, which suggests
an element of all S-components in an S-coverable néatprocess andredo do not form a cycle. Clearly,
every S-component contains exactly one token in evdhjs is a sign of a potential error.
marking reachable from ] This observation conforms As mentioned in Sectiog, a P/T net has either no
to the intuitive notion of threads. place-(transition-)invariants or it has infinitely many
It appears that any WF net should satisfy the requirglace-(transition-)invariants. It is impossible to dis-
ment that its short-circuited net is S-coverablg)([Al-  play infinitely many invariants. Therefore, we have to
though it is possible to construct a sound WF net withake a representative selection out of these invariants.
a short-circuited net that is not S-coverable, the placéiflan offers three of such selections: base, extended,
that are not S-coverable in sound WF nets typically @nd semi-positive invariants.
not restrict transitions from being enabled and are thus
superfluous. Note that S-coverability is not a sufficient ¢ The base invariants as computed by Woflan form
requirement: It is possible to construct an unsound WF a minimal set of invariants needed to construct all
net with an S-coverable short-circuited net. invariants using addition and subtraction as opera-
The detailed information that Woflan provides on  tors.
S-coverability consists of the set of all S-components ] .
(in textual format) and the set of all nodes which are ® For the extended invariants as computed by
not covered by these S-components. (For readability, Woflan, every possible set of places and transitions
the short-circuiting transition, which is part of all S- is checked whether there is an invariant for them.
components, is not listed.) Figud® shows us both
S-components for the short-circuited mét Note that
placec8 is not covered by any of them and is thus not
S-coverable.

igter

; . q S| ortcif i
redo
A A

Figure 10: S-components in the short-circuited Met

e An invariant is called semi-positive iff all its
weights are nonnegative. The semi-positive invari-
ants as computed by Woflan form a minimal set
of invariants, needed to construct all semi-positive

] invariants.
4.2.5 Invariants

Woﬂgr? pr_ovidgs detailed information on place- ang_3 Behavioral properties
transition-invariants of a WF net.

Place-invariants can provide useful information ifio determine the behavioral properties of a WF Net
case a WF net does not satisfy the proper-completidfoflan computes a CG of the short-circuited WF sys-
property. As mentioned before, the net of Figtireas tem (N, [i]). The construction of a CG requires, in
a place-invariani 4+ c1 4+ ¢3 + ¢5 + 0. Because the worst case, non-primitive recursive space. It is un-
we know that initially there is one token in placeand known what the exact complexity of deciding sound-
upon completion there is one tokenan we conclude ness for an arbitrary WF net is. Since soundness
thatcl, c3, andc5 are empty upon completion. Thecorresponds to liveness and boundedness, it is likely
only place which does not occur in any place-invariatitat the complexity of deciding soundness is at least
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LTI = Recall that the WF neN is sound iff Sis bounded
and live (Theorent).

() 8 [=] 3]
surmary
orkdlow net
[ — [ worknow net O Bounded 4,3.1 Boundedness
W [ Free choice O sate
e O wiell structured O Live . . .
—e O 5 coveratie S The detailed information on the boundedness property
nwariants Sound H 1
Boundedness 10 Places
rovided by Woflan consists of the set of unbounded
e — Yy anamare places. An unbounded place Bialways indicates a
EEE i ewtms soundness error itN. Most likely, this error is due

to improper completion: Improper completion Nfal-
ways results in unbounded places3iiTheoremVil ).

In our systent S of Figure4, the placec8 turns out
to be unbounded. As a result, the WF hatf Figure1
cannot be sound. Note that this place is the only place
that is not S-coverable (see Sectii.4).

4.3.2 Safeness
Figure 11: Woflan’s summary after the CG has been
generated The detailed information on the safeness property con-
sists of the set of unsafe places. Recall that an un-
bounded place is also unsafe. We already know that un-
EXPSPACE-hard. See [(Section 4.3),17] for point- bounded places always indicate errors. However, also a
ers to literature on this topic. bounded place which is unsafe is suspicious, although
Woflan generates a CG for the short-circuited Wihe WF net may still be sound. Note that such sound
system when the butto@enerate graph in Figure WF nets cannot be free-choice (Theoréinand The-
6is pressed. After generating the CG, the summary disremV!1) or well-structured (Theorerd and Theorem
play looks as in Figuré 1. The number of markings inv/),
the graph §tates ) is reported and so is an indication From a workflow point of view, an unsafe place cor-
of the graph’s complexity. This complexity is given byesponds to a condition that can be fulfilled more than

the following formula: once at a single point in time, which is often an abnor-
c lexi mal situation.
omplexity= - _ In systemS of Figure4, only the (unbounded) place
Places+ Tran5|t|0ns+ Connectlons+ c8 is unsafe. Because nbtis free-choice, we know
5 10 10 thatN cannot be sound.
10(*%o0g(Statey)

4.3.3 Deadness

This formula is based on experience with practicghe detailed information on the deadness property con-
workflow processes. It is an indicator for the compleXists of the set of dead transitions $0 As a work-
ity of the routing. The more tasks and connections thefgy designer, we are interested in the transitions that
are and the more reachable states there are, the highgrqdead irs = (N, [i]). A dead transition irS cor-
the complexity. Workflow processes with a complexit;,@spondS to a task in the workflow that can never be
of less than 25 are easy to understand. Processes WitBcuted. A transition that is dead s also dead in
a complexity of more than 100 are really difficult tos However, a transition that is dead $might not be
grasp. Furthermore, Woflan reports information on fodgeaqd in the short-circuited syste@ This means that
behavioral properties of thehort-circuitedWF system the information provided by Woflan is useful but not

S= (N, [i]) and on the soundness Kfitself: necessarily complete. The reason that Woflan provides

i. WhetherSis bounded: the dead transitions i% is that it uses t.he CG it has
- computed forSto calculate these transitions. However,
ii. whetherSis safe; under the assumption of boundedness, a transition that

is dead inSis also dead ir5 (see TheorenXll in Sec-
tion 7.2.3. In this case, the information provided by
Woflan is complete and accurate.

Our example systers of Figure4 contains no dead
v. whetherN is sound. transitions. However, becaugis not bounded, we

iii. whetherSis live;

iv. whetherS contains dead transitions and

19



may not conclude that né&t contains no tasks that can-
not be executed.

4.3.4 Liveness

The detailed information of Woflan on the liveness
property consists of a (sub)set of the transitions that
are not live in the short-circuited systegn Woflan de- /
termines these transitions from the computed CG.of 7 archive

As a result, Woflan may not find the complete set of

non-live transitions. However, under the assumption of

boundedness, which means that the C&efquals its Figure 12: The only PT-handle in nhit
OG, the set is complete.

Recall that soundness of a nétis equivalent to the
boundedness and liveness of the short-circuited syst
S = (N, [i]). Thus, a non-live transition i® always
indicates a soundness errorih Most likely, this er-
ror is caused becaudé lacks the option to complete
(TheoremVIlil).

In systemS of Figure4, all transitions are non-live,
while none of them is reported dead. Although we no
know that there are liveness errors, the set of non-li
transitions does not help us towards locating the err
The information that all transitions i& are non-live is
not sufficiently specific.

4.4 Diagnosing the example net

As we have seen, the nbtof Figurel is a WF net

that is not sound, because the short-circuited sysSem

is unbounded and non-live. Woflan’s diagnosis clearly Figure 13: The corrected example net

indicates that there is something wrong with plage

Itis not S-coverable in the short-circuited ieand it is

unbounded in the syste® This unbounded behaviorThe correction suggested above means that process only

can be caused only when transitiprocess is notex- checks the condition modeled b§.

ecuted as many times as transiti@e . This is clearly = Woflan also diagnoses that all transitions in the short-

the case, because we do not have to process a complectuited systenS are non-live. To solve this error,

even if the form has been returned in time. Adding ame take a look at the only PT-handie3, archive )

arc fromc8 to archive can solve this problem. Inthat Woflan reports, which is displayed in Figut&.

case a complaint is not processadchive removes From this PT-handle, we conclude that a problem oc-

the token inc8, thus guaranteeing proper terminationcurs when a form is not received in timgénfeout )
Recall that PT-handles endanger liveness, wheradile it needs to be processeprgcess ). Accord-

TP-handles endanger boundedness. If we take a ldog to the original workflow, a complaint can only be

at the TP-handle of Figur& we must ask ourselves theprocessed if we receive the form of the complainant in

guestion howc8 can be unbounded, whilet andc6 time! Itis obvious that we must be able to process even

are safe. There appears to be something wrong withcase of a time-out. Adding an arc fraimeout to

transitionprocess . The arc connecting4 to process c¢8 can solve this problem.

preventsc4 andc6 from being unsafe, but introduces After adding the arcs mentioned above, the net looks

a cyclic pathprocess c6 redo c4 . This path needs as in Figurel3 and is sound. In general, a workflow

c8 as input, but8 does not get any output from the cynet need not be sound after one correction iteration, but

cle. Such a cycle cannot function correctly: It can onin this case it is. Note that the non-well-handled pair

be executed once. Adding an arc frpmocess toc8 (register ,c4) is still present in Figurd.3. Sound-

can solve this error. Informally, conditiotB means ness does not imply well-structuredness.

that the complainant has returned the form. In the origi- Although the net in Figuré3is sound, it may still be

nal process, tasprocess falsifies this condition by worthwhile to have a closer look at Woflan’s diagnosis.

removing the token irc8: This is clearly incorrect. The netin Figure.3has a place-invarian —c8. Be-
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ioral errors.

Second, some errors are easier to detect and to cor-
rect than others. It might be the case that correcting
one simple error solves several, possibly hard to detect,
other errors. For instance, structural errors are often a
source for behavioral errors. Thus, if Woflan detects
a structural error, there is no need to try to solve be-
havioral errors: Solving the structural error affects the
behavior of the system and might solve the behavioral
errors. In case of several related errors in a WF net, we
need Woflan to guide us to finding and correcting that
error that is most likely the source of the other errors.

To obtain the desired improvements, in the remainder
of this paper, we

e introduce behavioral error sequences to help us lo-
cate behavioral errors,
Figure 14: The corrected net witt8 removed
e report on a case study which was used to investi-
gate whether these sequences are useful in obtain-
causec5 andc8 initially have the same number of to- ing the above mentioned goals, and
kens (initially, they are both empty), this invariant tells
us thatc5 andc8 will always have the same number o introduce a method based on the results of the
of tokens. So, if there is a token @8, there also must case study and incorporating behavioral error se-
be a token inc5. As a result, we can add arcs from  quences.
process to c5 and vice versa without changing the
behavior of the net. After these arcs have been addEdr more information on (older versions of) Woflan,
the placesx5 andc8 share their preset and their postwe refer to P, 5, 7, 19]. The architecture and a brief
set: they have become equivalent places. Therefore, orerview of the functionality of Woflan 1.0 is given in
of them can be removed without changing the behavi@2, 19]. More information on the interfaces with work-
If we removec8, the net becomes as is shown in Figlow products such as COSA and Protos can be found
ure 14. The net of Figurel4 has the same behavior a# [5, 7].
the net of Figurel3, assumingi[] as the initial mark-
ing. This example shows that Woflan can also be used

to simplify WF nets that are already sound. 5 Behavioral error sequences

4.5 Concluding remarks 5.1 Introduction

Woflan can tell whether a given P/T net is a WF n@&tructural errors in a P/T net modeling a workflow, i.e.,
and whether a WF net is sound. However, there are twiolations of the requirements of DefinitiotiX VI, are
points that can be improved. generally easy to find and to correct. Behavioral er-
First, in case of a behavioral error, i.e., a violatiorors, i.e., violations of DefinitioiXXVIl , are more dif-
of the requirements of DefinitioKX VIl , Woflan’s di- ficult to locate and to correct. To overcome this prob-
agnosis might not always be helpfullimcatingthe er- lem, we introduce so-called behavioral error sequences.
ror. In the example neYj, it was detected that the shortThe idea for these sequences is relatively simple: De-
circuited systen® = (N, [i ]) was not live, but all tran- termine firing sequences of minimal length, such that
sitions were reported to be non-live. We may haveexerycontinuation of that sequence leads to an error.
similar situation with unboundedness: if a net is ur®ne can think of behavioral error sequencesanar-
bounded, all places may be unbounded. The diagnasisthat capture the essence of errors made in the work-
of the running example also shows that the interprefiow design. Depending on the kind of error a workflow
tion of structural properties to solve behavioral errordesigner is interested in, different types of behavioral
like unboundedness and non-liveness, is not straigbtror sequences can be helpful to diagnose the design.
forward. This problem becomes worse for workflown this section, we introduce a type of behavioral error
processes with a larger complexity than the examp#equences calladhsound sequencésat are particular
Based on these observations, we would like to have adeful for diagnosing soundness-related behavioral er-
ditional properties that guide us towards locating behawrs.
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Figure 15: p] reachable in OG, but not presentin CG v ‘ v
[c1ec20] —

5.2 Unsound sequences W

In a WF system, a soundness-related behavioral error o1 v2 |- v
c1e,622,00

means that either the case cannot be completed or it can

be completed but not properly. Recall that the mark-

ing [o] corresponds to proper completion. For defin-  Figyre 16: CG of the example from Figuté

ing unsound sequences, we would like to use the OG

of the WF system. Given the OG of a WF system

S= (N, [i]), an unsound sequence is a firing sequenapparently, the transition which led from markind;

of minimal length from which it is impossible to com-to markingM removes the option to complete properly

plete properly, i.e., from which it is impossible to reacfaccording to the C&). To determine which markings

the state ). in G can act adM and M1, we partition the markings
However, as mentioned earlier, the OG of a systento three parts:

may be infinite and thus cannot always be constructed.

As a result, unsound sequences as defined above cannbtred markings, from which there is no path t,[

always be computed from the OG. In SectibB.4 we

have introduced the notion of a CG of a system as an af*

ternative for its OG that is always finite. Unfortunately,

a CG cannot be used to compute the unsound sequenges

accurately, as the example system of Figlseshows. '

It is straightforward to see that, in this example system,

the firing sequenc& U V Weads to stated] and that Only a red marking can possibly actlsls whereas only

the firing sequenc& U V Vis unsound. However, they yellow marking can possibly act &;. All we need

state p] does not even occur in its (only) CG, as can bg do now is to find arcs it which connect a yellow

seen in Figurel6. In this CG, firing sequenc® U V W marking to a red marking. The label of such an arc gives

leads to statefl “, c2*, 0”] and not to p]! According s the name of the transition whose firing removes the

to the CG, proper completion is not possible. option to complete properly. Any minimal path from

Despite the above observation, we have decidedif initial marking [] to M in G corresponds to an un-
compute unsound sequences of a WF system from a §§aind sequence.

of this system. The CG-generation algorithm is already

available in Woflan and there is no straightforward altel(iotation (CG reachability)

native to calculate unsound sequences as defined aho s — (N, [i]) be a WF system: leB = (H, A) be a

accurately. Furthermore, in many cases, a CGisasu 5 of San’d letM. My € H be e;<tended m’arkings of

ciently accurate approximation of the OG of a WF YN The markinngis CG reachable from markinkl

tem to provide the proper set of unsound Sequences'denotedMl —s M, iff there exists a path i1 frorr;
Let Sbe a WF system an@ a coverability graph of '

this system. In the remainder we define an (non-empt%l

unsound sequence as a firing sequence that ends in a

markingM

green markings, from which all paths lead tj,[
and

yellow marking, from which some but not all paths
lead to p].

Definition XXIX (CG partitions for soundness)

e from which there is no path i to [0] and Let S= (N, [i]) be a WF system; le& = (H, A) be a
CG of S. We partitionH into three parts:
e that has an immediate predecesktarfrom which

there is a path i to [0]. i. HR={M € H|=(M = [0])},
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i. Hg = {M € HIM — [0] A =IMR € HR : The most valuable information in an unsound se-

M — Mg}, and guence is the combination of its last two markings
(Mp—1 € Hy and M, € HR) and its last transition

ii. Hy = H\ (Hg U HR). (th—1). The only interest we have in the sequence’s
prefix (i]ltoMy .. .t,—2) is that it gives us a path which

Remarks: leads to the last-but-one marking. Note that it is possi-

. ble that several unsound sequences have the same suffix
o Ifthere are no red markings, there can be no yellomn_ltn_an_

markings:Hr = @ impliesHy = @.

e Ifthere are no green markings, there can be noy8-3 Diagnosing the example net

low markings:Hg = implies Hy = . Using the technique of unsound sequences, we diagnose

e Successors of an infinite marking are always ifhe WF_ sys_terTS O_f Fig“rez- It_ Is inte_resting t(_) com-
finite; so, from an infinite marking,o| is never Pare this diagnosis with the diagnosis made in Section

reachable. All infinite markings are red, whict-% N .
means that all green and yellow markings are fi- FIr'St; we compute and partition a CG, as is shown
nite: Hg U Hy C B(P). in Figure 17. Note that it is not necessary to short-
circuit systemsS for determining unsound sequences.
e Soundness of a WF net implies that all markingd!S0 note that this CG equals the OG $fbecause it
are greenH = Hg, but not vice versa (there stillcontains no infinite markings. The meaning of the thick
may be dead transitions!). arrows in Figurel7is explained in the next subsection.
Second, we compute from the partitioned CG the un-
e If there is no way to complete properly, then afound sequences. In this case, there are nine unsound
markings are red:d] ¢ H impliesH = Hg. sequences.
« Ifthere is a way to complete properly, then the tar- |- €gister send rec dont
get r_narking is green (because = ¢): [0] € H ii. register send dont rec
implies [0] € Hg.

. . ii. register dont send rec
Given a CG of a WF system and the above partition-

ing of this CG, we can define the unsound sequencdg, register send rec do process redo

formally.
v. register send do rec process redo

Definition XXX (Unsound sequences) vi. register do send rec process redo
Let (N,[i]) be a WF system with C& = (H, A).

Let Hr and Hy be defined as in DefinitiorXXIX . vii. register send timeout do

If [i] € Hg, then the occurrence sequencd [

is called unsound. An occurrence sequemsce= Viil. register send do timeout
[[TtoM1...th_2Mp_1th_1Mp, for some positive natu- . . .
ral numbern, is called unsound iffM, € Hgr and ix. register do send timeout

Mnh_1 € Hy. A firing sequence of a WF system is opserve that sequences that are

called unsound iff its associated occurrence sequence

is unsound. e permutations of the same set of transitions and

By examining unsound sequences of a WF systeme end with the same last transition

we can correct the WF net. _ . o .
all provide the same diagnostic information. In our ex-

ample, the sequencésandiii provide identical infor-
Theorem IX (Unsound sequences vs. soundness) mation, as well as sequendesv, andvi and sequences
Let (N, [i]) be a WF system without dead transitions;iii andix. Thus, it suffices to consider only a single se-
Then,N is sound iff(N, [i]) has no unsound sequencegyence of such a set.

Sequencesandii tell us that the combinatiorec

anddont is fatal, because the token @8 is not re-
Proof This follows immediately from Definition moved, which results in the markingq, c7, c8]. Fir-
XXVII (soundness) and DefinitiodXX (unsound se- ing transitionarchive in that marking results in the
guences). marking [c8, 0]. Note that, due to this error, the place
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5.4.1 Restricted CG

iegm During the case study, problems arose when trying to
construct CGs for the short-circuited WF systems. In
[c1.c4] ‘ do [e1.02] dont, ’ [e1.67]
elow markings |send send lsend particular forunboundedshort-circuited WF systems,
the CGs could be too large to handle by the prototype

- . [c3, 04] 4 62 03] dont ' [63,67] K !
meom\ imoout oot . of Woflan 1.3. As a result, behavioral properties could
[m < Py K .- not be determined. In Woflan 1.3, three kinds of be-
, reenmark,ngs ol havioral properties are provided: boundedness-related
[02 ok i S5 o8 properties (boundedness and safeness), liveness-related
[ e Y Jotive properties (liveness and dead transitions), and behav-
R A ioral error sequences (unsound sequences).
e et Red markings A simple observation partly alleviates the problem of
large CGs: Infinite markings have only infinite succes-
Figure 17: The partitioned CG for syste®n sors. For determining boundedness-related properties

and behavioral error sequences, it is not necessary to
consider successors of infinite markings. This observa-
c8 is unbounded in the short-circuited system. Reqution leads to the following notion of a restricted CG.
ing thatarchive removes the token in8 can repair
this error. Definition XXXI (Restricted CG) Let S =
Sequencesii andviii tell us thattimeout has to ((P.T,F), Mo) be a system, leH < B“(P) be
put a token inc8; otherwise, the complaint cannot bé set of extended markings, l&t< (H x T x H) be
processed in case the form is not received in time. @ set ofT-labeled arcs, and l&6 = (H, A) be a graph
Sequencé tells us that a complaint can only be proWhich can be constructed as follows:
cessgd once bega_use no transition |§_ putting a token Initially, H = {Mo} and A = .
back inc8 once it is removed. Transitioprocess
could take care of this. Note that the pegdo /dont ii. Take afinite M from H and at from T such
could also take care of this. that M enableg and such that nd1; exists with
The net that results of the suggested corrections is (M, t, M=1) € A. LetMz = M —et+te. Add M3
the sound WF net of Figur#3. The above examples  toH and(M,t, Mg) to A, where for everyp < P:
clearly indicate that the unsound sequences can be seen
as doomsday scenarios. As such, they are particularly
useful for tracing the source of an error. They are a
useful technique that is complementary to the analysis
techniques already implemented in Woflan 1.2 (see Sec-  (b) Mz(p) = M2(p), otherwise.
tion 4).

(a) M3(p) = w, if there exists a nod&1; in H
such thatM; < Mz, M1(p) < M2(p), and
there exists a path frorul; to M in G;

Repeat this step until no new arcs can be added.

] G is called a restricted CG (RCG) &
5.4 Implementation
Note that the only difference with the construction of

The technique of unsound sequences is implemente@i@G of Sectior?.3.4is that we restrict the markiniyl

a new version of Woflan, namely version 1.3. This vein stepii to be finite. As an example, compare the CG of
sion incorporates all the functionality of version 1.2, exthe short-circuited system of Figudelepicted in Figure
tending it with information on unsound sequences ofcawith the RCG of Figurel8. For this simple example,
WF system. Based on the observation made in the ptieze RCG is approximately half the size of the CG. Note
vious subsection that there may be unsound sequernibes if a system is bounded the RCG-generation algo-
that provide identical diagnostic information, Woflamithm and the CG-generation algorithm both yield the
1.3 provides only one of those unsound sequences.A of the system.

this subsection, we discuss implementation issues conWoflan 1.3 uses an RCG of a short-circuited system
cerning Woflan 1.3. When performing the case stud@to compute boundedness-related and liveness-related
as presented in Section 6 with a prototype of Woflgmwoperties ofS, whereas Woflan 1.2 uses a CG $f

1.3, we encountered problems with the size of the CGhis has several consequences.

of workflow systems. Therefore, we implemented in First, itis clear thaSis bounded iff there are no infi-
the final release of Woflan 1.3 a restricted CG that stilite markings in the computed RCG. This means that an
contains sufficient information to compute behavior&®CG is sufficient to accurately compute the bounded-
properties. ness property. The same is true for safeness. Recall that
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5.4.2 Generating an RCG

extra

0]

<
<

register

The routines needed for generating CGs are already
available in Woflan 1.2. For navigating a CG, Woflan
builds aspanning tredor every CG. In general, a span-
ning tree of a graph is a connected subgraph in the form
of a tree that contains all the nodes. The tree-constraint
means that between every two nodes there is exactly one
undirected path. A spanning tree of a CG can be con-
structed in a straightforward way during the construc-
tion of the CG. An example of a spanning tree can be
found in Figurel7: The thick arcs constitute a spanning
tree.

It is straightforward to adapt the existing routines in
Woflan 1.2 such that an RCG (with a spanning tree) is
Figure 18: The RCG of the short-circuited example ngpnstructed instead of a CG. To compute possible un-

sound sequences of a syst&@nWoflan 1.3 first com-
putes an RCG 08. Second, it partitions the computed
Woflan 1.2 also provides detailed information about URCG. Third, it computes the unsound sequences, us-
bounded places and unsafe places. When the same Byfthe spanning tree to determine a minimal set of se-
tem is analyzed by Woflan 1.2 and Woflan 1.3, the set@fiences as explained in Sectibrd. Finally, to com-
unbounded places found by Woflan 1.3 is a subset of fhgte boundedness-related and liveness-related proper-
set found by Woflan 1.2. The reason is that Woflan 1tids, Woflan 1.3 extends the RCG $fo an RCG of the
does not find places that are only unbounded becadgert-circuited systers.
other places are unbounded. This is a positive effect
when considering the goals set out in Sectiof Itis 5 4 3 Computing unsound sequences
also possible that Woflan 1.3 does not find some places
that are unsafe. However, in such cases the unsaferid¥® algorithm for partitioning an RCG as implemented
is a|Ways caused by another error. in Woflan 1.3 is linear in the size (nodes+arcs) of the

Second, in case a system is unbounded, Woflan R§G- An RCG is partitioned by the following steps.

omits liveness-related information, because the RCQ.
is not usable to determine non-live transitions or dea
transitions. Recall that in case of unbounded systems’
the liveness property, as presented by Woflan 1.2, is
not always accurate in the sense that the set of non-live
transitions found by Woflan 1.2 might not be complete.
Since for bounded systems the RCG equals the CG and
the OG, Woflan 1.3 presents liveness-related informa-
tion in this case (which is identical to the information
as presented by Woflan 1.2).

Finally, it is straightforward to see that an RCG can

[c1,c4] o do [c1,062] dont o [¢1,67]
< >

send send send

[c3,c4] < dont > [e3.07]

tmeou/
[c5,¢ archive

[c4,65,08] < do doﬂb [c5,67,c8]
archive

08
SIS
[25,66] done [c€,0]

‘%

080,

timeout

[c4,ct

redo

Color all markings red.

Search for markingd]; if it is found, color it
green and, repeatedly, color all red predecessors
of 'fresh’ green markings green. After this step,
which consist of at most two complete traversals
of the RCG, the red markings are exactly those
markings from which §] is not reachableHr of
Definition XXIX); the green markings correspond
to the union of the setblg and Hy of Definition
XXIX.

be used to compute the unsound sequences of a WF sy&-
tem. Consider the partitioning of a CG given in Defini-
tion XXIX . Since infinite markings are always red, it is
clear that successors of infinite markings are also red.
Therefore, the part of a CG that is omitted in an RCG
is not used when constructing unsound sequences. This

Search for red markings with an immediate green
predecessor; for each such a marking found,
color its green predecessors yellow and, repeat-
edly, color all green predecessors of 'fresh’ yellow
markings yellow as well. After this step, which
also consists of at most two complete traversals of

means that unsound sequences can be computed by ap-the RCG, the yellow markings are exactly those

plying the partitioning of DefinitiolXXIX to an RCG.

Summarizing, by using an RCG instead of a CG,
boundedness-related information becomes more accu-
rate, liveness-related information is unusable in case a
system is unbounded, and behavioral error sequences

markings, from which ¢] is reachable and a red
marking is reachableHy of Definition XXIX ). As

a result, the green markings are exactly the mark-
ings from which it is always possible to reaatj [
(Hg of Definition XXIX).

do not change. A clear advantage of using an RCG ks mentioned before, Woflan uses the spanning tree
stead of a CG is that for unbounded systems an RCGfsan RCG to compute a minimal set of unsound se-

often much smaller than a CG.
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et EE =Bl glization of behavioral error sequences. A good way to
visualize sequences is by using so-cali@as[12]. The

- =0z set of runs of a P/T net is a compact partial-order-based
oo et vors representation of the semantics of the P/T net. An inter-
- e c esting aspect of a run is that it can be visualized in an
5 Coverable = intuitive way as a P/T net itself.
Invariants o . .
[Denms s In the running example, the five sequences calculated

by Woflan 1.3 (sequencesi, iv, vii, andviii of Section
5.3) can be displayed graphically by only three runs,
which are shown in Figur@0. The first run embeds
the sequencesandii; the second one corresponds to
Fist sequencés and the third run embeds the sequendes
— andviii. At the moment, work is being done on an in-
Loet terface between Woflan and VIPtool. VIPtodH] is

a software package developed by members of AIFB of
the University of Karlsruhe that is capable of generating
and visualizing runs for both P/T systems and colored-
Petri-net systems.

N o

Figure 19: Unsound sequences for syst&m

trees. Theaoot of a spanning tree is the only node tha

has no incoming arcs. For our application, it is uniné Case study: travel agency
portant which spanning tree is used, as long as ndde |

is the root. The example spanning tree as depicteddpl
Figurel7 satisfies this requirement.

Given a partitioning of an RCG and a spanning tre‘e0
with root [i], unsound seqguences can be calculated byitgt
most two complete traversals of the RCG. First, Wofl
searches for red markings with an immediate yello

Fhrede(iﬁsfsor. tﬁecorrld, I it fi?ds EUCE tfd pair, itt;raCSFoups of students had to model the workflow as a fi-
e path from the yellow marking back tfj Using the nal assignment for a course on workflow management.

spanning tree. This path together with the transition n—%urteen of these groups consisted of industrial engi-
gqnnects the yellow to the red node forms an UNSOUREers from the Eindhoven University of Technology;
firing sequence. . L the other six consisted of computing-science engineers

ConS|d¢r the C.G of ng_r;?, WhICh. 'S aIso.an RCG, of the University of Karlsruhe. For this assignment, the
bgzcause It cqntams no infinite ma r.klr'1gs. Given the (.jgt'udents involved used Protos (Pallas Athena) as a mod-
picted spanning tree, we can minimize the set of nlréﬂng tool (see Figure1).

unsound sequences given in SectioBto a set of five

Introduction

test the applicability of Woflan 1.3 in general and

extension with unsound sequences in particular, we
rformed a case study. Given a description of a

avel agency at a university (see Appendit), twenty

unsound sequences, namely the set containifigiv, Using Protos’ export faf:ility to Woflan it.is easy to
vii, andviii. Figure19 shows sequendeas presented 21@lyze a Protos model with Woflan (see Figizp
by Woflan 1.3. From the Eindhoven collection of reports, we se-

lected eleven reasonably looking solutions; three re-
. ports were so poor that analyzing the Protos model by
5.5 Concluding remarks means of Woflan was not very meaningful. From the

The technique for behavioral error sequences appeléfaglsruhe collection, all reports were selected. We ana-
to be useful in the analysis of WF nets. The techniqdh@ed the selected nets using Woflan 1.3 and tried to cor-
of unsound sequences is implemented in Woflan 178Ct them if necessary, i.e., we tried to get them sound if
Woflan 1.3 uses a variant of a CG called a restrictéfdey were not. The number of transitions of the models
CG (RCG) to compute behavioral properties of a W@halyzed ranges from 54 to 89 and the complexity cal-
system. The main reason for using an RCG is thatCiglated by Woflan ranges from 43 to 70. These numbers
improves performance when compared to using a C&#10w that the case study was performed on workflow
The complexity of the algorithm to compute unsoun@odels of more than reasonable size. An example of a
sequences for a system is linear in the size of the cof®und Protos model can be found in Appendig.
puted RCG of the system. The case study was performed on a Pentium 200 PC
An interesting future extension of Woflan is the visuwith 128 Mb of RAM running Windows NT 4.0.
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Figure 20: Three runs embedding all five unsound se-

qguences

timeout
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6.2 Diagnosis Group Models Diagnosis

Elapsed Symptoms University
The groups of Eindhoven consisted of industrial engi- time (h:m)
neers, which had only a little prior experience inmodel-1  0:11 3  Unbounded,Attributes, Eindhoven
ing and no background in formal verification. Verifica- not live flow error

tion of workflows was only a minor topic of the course 2~ 0:02 1~ Unbounded OR-split ~ Eindhoven
Workflow Management & Groupwa(@R420) and the 3 ~ 2:39 10 Unbounded Attributes,  Eindhoven
students did not practice with Woflan. Although the not live OR-split,

groups were told to simulate the system by hand (play

flow errors

thetoken gamgto test their model, not one of them was 1:08 1 n%?ﬁ\?:nded’gtgfoui;?’ Eindhoven
able to produce a model which W‘?S sound. 5 1:.04 7 Unbounded,Attributes, Eindhoven
In contrast to the groups of Eindhoven, the groups not live flow errors

taking the courseWorkflow Management: Models, ¢ 0:220 3 Unbounded,Attributes, Eindhoven

Methods, and Tool§25756) in Karlsruhe consisted of not live OR-split,
computing-science engineers, which did have a back- flow error

ground in modeling and verification. Furthermore, the7 0:17 3  Notlive Attributes, Eindhoven
importance of making a correct workflow was empha- OR-join

sized and analysis techniques for P/T nets and WF net§ ~ 0:52 6  Unbounded,Attributes,  Eindhoven
were treated in the course. In addition, they practiced not live ﬁo'jv'seﬁ'r':)srls

with Woflan 1.2 on small examples. However, none of

the groups used Woflan to check their solution to the 0:20 3 n%?ﬁ\?:nded,gt’t?rfolﬁes, Eindhoven
assignment. In the end, the Karlsruhe groups delivered AND-joi’n

better nets than the Eindhoven groups. Of the seventeefy 1.28 12 Not live Attributes, Eindhoven
nets, five appeared to be sound, which were all from OR-joins,
Karlsruhe groups. Tabl& shows an overview of our flow errors
efforts to diagnose the workflow processes inthe sevenil 0:01 1  Unbounded OR-split Eindhoven
teen reports. It contains the following information: 12 0:14 1 Notlive Attributes  Karlsruhe
13 0:00 0 None Sound Karlsruhe
e The elapsed time, i.e., the estimated time it took to14 0:00 0 None Sound Karlsruhe
produce a sound WF net. 15 0:00 0 None Sound Karlsruhe
16 0:00 O None Sound Karlsruhe
e The number of iterations needed to produce al7 0:00 0 None Sound Karlsruhe

sound WF net.
Table 1: Overview of the results of the case study

e Diagnostic information about the initial net.

For the diagnosis, the following keywords are us
(see also Sectiod.?):

Diagnosis of the initial net. In ten out of seventeen models, attributes were used

keep dependent choices consistent: nine models of
indhoven and one of Karlsruhe. We had to incorporate
these attributes explicitly in the models. In the Eind-
OR-split: an AND-split (start of parallel brancheshoven course, the use of attributes to keep dependent
should have been an OR-split (alternativehoices consistent was explicitly allowed, which means
branches). that it cannot be counted as a real mistake. However, all
nine Eindhoven models that used attributes in this way
OR-join: an AND-join (end of parallel brancheshlso contained other errors. In the Karlsruhe course, the
should have been an OR-join (end of alternativgse of attributes to keep dependent choices consistent
branches). was explicitly disallowed.

AND-join: an OR-join should have been an AND- The short-circuited systems corr_espondlng to nine of
join the models that students handed in appeared to be un-

bounded. As mentioned earlier, the first prototype of

Attributes: attributes were used to keep differetfoflan 1.3 had problems constructing CGs of these sys-
but dependent choices consistent. Woflan caniigins. For this reason, it is interesting to have a look at

handle attributes; they have to be modeled expli¢1® number of extended markings in these CGs. The
itly in the workflow. prototype of Woflan 1.3, running on the computer used

for the case study, was able to handle at least 100000
Flow error: Arcs had to be added or deleted beaarkings in a CG. For the nine models with unbounded
tween existing nodes. short-circuited systems, Tabkshows the exact num-
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Group First tions. This means that the current techniques imple-

1 100000+ mented in Woflan 1.3 appear to be sufficiently powerful
2 100000+ to handle practical workflow processes, despite the the-
3 100000+ oretical complexity of the (R)CG algorithm.
4 89138 As mentioned before, for bounded systems, all be-
5 8817 havioral properties can be checked on an RCG. How-
6 100000+ ever, when a system is unbounded, some behavioral
8 100000+ properties cannot be checked using an RCG. Combined
9 100000+ with our experience with the case study, itis a good idea
11 297 to correct errors causing unboundedness before trying

. i o to correct other types of behavioral errors. This obser-
Table 2: Initial CG sizes for the initially unbounded sySjation is incorporated in our method, which is intro-

tems duced in the next section.

Group First RCG  Factor Anothe.r interesting observation is that' many groups
1 100000+ 3371 59+ used attributes to keep eren_dent chqlf:es_ consistent.
> 100000+ 488 204+ Recall_that a workflow attrlb_ute is a specific piece of in-
3 100000+ 7388 13+ formaugn used for the routing of a case. As explained
4 89138 057  346.84 in Section 3.3, a WF net abstracts from workflow at-
5 8817 4568 1.93 trlbutes.' One qf the reasons for abstracting from work-
6 100000+ 2585 38+ ﬂow attributes is that pr_opert|es of the WI_: _ne_t that are
8 100000+ 452 221+ valid under t_he assumph_on of non-deterministic choices
9 100000+ 619 161+ are also valid when choices are basgd on workflow at-

11 297 126 236 tributes. The case study shows that it is not always pos-

sible to prove soundness of a WF net assuming non-
Table 3: CG size vs. RCG sizes for the initially undeterministic choices. Our solution was to manually
bounded systems encode the value of workflow attributes explicitly by
means of places. In real-world applications, informa-
tion about workflow attributes should be available in
ber of markings in the CG as computed by the prototypiee workflow definition made in for example Protos or
or the entryL00000+ if the number of markings in the COSA. It is interesting to investigate whether it is pos-
computed CG exceeded 100000. sible to automate the encoding of workflow attributes in
In Section5.4, we claimed that for unbounded syswWF nets to some extent when importing process defini-
tems the number of markings in an RCG is often signifions in Woflan.
icantly smaller than the number of markings in a CG. A final conclusion is that the industrial-engineering
Table3 confirms this claim. students of Eindhoven did not produce a single correct
Using Woflan 1.3, we were able to diagnose angorkflow, whereas the computing-science-engineering
correct all the seventeen models in reasonable tigw@dents of Karlsruhe handed in only one flawed model,
and with reasonable effort. An interesting observatiaghich was straightforward to correct. In our opinion,
is that we mainly used the technique of unsound s¢re different background of the students causes this
quences, the main reason being that the complexityd¥crepancy. Industrial-engineering students have little
the models complicated the interpretation of the strugackground in modeling and verification; computing-

tural properties of the models. science-engineering students are trained in both skills.
Many designers of workflow processes in practice have
6.3 Concluding remarks also little experience in formal verification. Thus,

_ o . ~ Woflan can be a useful aid in designing correct work-
The main conclusion is that Woflan 1.3 and in particffow processes that helps to prevent a lot of problems

lar the technique of behavioral error sequences is vefaused by the implementation of erroneous workflow
useful in the analysis of complex workflow processegrocesses.

An interesting discovery during the case study was that

the size of a CG of the (short-circuited) systems cor-

responding to the workflow processes, although finit¢, Method

might still be a problem. Using an RCG instead of a

CG alleviated this problem. The workflow process thgt 1 |ntroduction

is the basis of this case study is a fairly complex one. In

our practical experience with workflow modeling, mosis explained, we want to have a method that supports
workflows we encountered had simpler process defifoflan in guiding the user towards the most basic er-
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rors in a net. Based on the results of our experimei#,achieved. To achieve the boundedness milestone,
we want to construct and use an RCG instead of a Gl&& short-circuited WF syster8 = (N, [i]) needs to

to check behavioral properties. Therefore, it seems ré&@ bounded. As explained, structural analysis tech-
sonable to check whether a system is bounded as so@ues are generally more efficient than behavioral
as possible: If a systemis bounded, the RCG-generatmres. Therefore, we try to prove boundednessSof
algorithm yields the OG, which means that other behavwy means of the following structural property. A net is
ioral properties can be verified accurately. Boundednesgucturallybounded iff for every possible initial mark-
can easily be checked by means of an RCG. Althougty the corresponding system is bounded.

an RCG is usually small enough to compute, we still

want to minimize its use. If possible, we want to Usefinition XXXIl (Structurally bounded)

structural properties instead, because they can be cQe/T netN = (P, T, F) is structurally bounded iff

puted much more efficiently. VM e B(P) : (N, M) is bounded.
The current version of Woflan provides an overview

of diagnostic information about a P/T net. The goal of To help us decide whether or ndt is structurally

the method is to provide the workflow designer with afpounded, we have three structural properties at our dis-
propriate diagnostic information at the right time and iposal:

the right order. Most of the diagnostic techniques used

in the method are already implemented in Woflan 1.3.i. WhetherN is S-coverable;

However, Woflan does not yet support the method it- ) ) _

self. The order in which techniques are applied is basef: Whether N is covered by safe place-invariants
on two criteria, namely efficiency of the technique and ~ (Place-invariants containing only weights 0 and 1);
usefulness of the information. and

_ iii. whether N is covered by semi-positive place-
7.2 Milestones invariants (see Sectioh2.5.

Based on the above observations, our method consists
of the following three milestones. L&t be a P/T net.  S-coverability

1. The netN is a WF net. It is possible to decide in polynomial time whether

2. The short-circuited systeniN, [i]) is bounded, ©F not netN is S-coverable. IfN is S-coverable, it is
which implies proper completion of. structurally bounded, which means tHais safe and
bounded (Theoremndl). Thus, we have proven the mile-
3. The short-circuited netN, [i]) is live, which im-  stone and we can continue with the third milestone.
plies the option to complete fd¥ and the absence A place that is not S-coverable is a suspicious place.
of dead tasks. Such a place is calledncovered If a net is not S-

If we cannot achieve a milestone, we do not attempt(fgverable’ Woflan provides the following

achieve the next milestones. So, we will not attempt to
prove liveness, if we do not already have boundednessDiagnostic information:

721 WE net e Uncovered places (see Sectibr2.4).
The first milestone is very straightforward. It covers Recall Theoremlil which states thatN is S-
anything which is not in accordance with the given r&overable ifN is a sound, free-choice WF net. In
quirements for a WF net (see DefinitigtkVI and Sec- Other words, ifN is not S-coverable, then eithér is
tion 4.2. Woflan guides the user towards correctinget sound or it is not free-choice. So, N is not S-
these errors by providing the information explained fPverable, it is a good moment to test the free-choice
Sectiond.2.1 property: IfN is free-choice, it cannot be sound. In this

A special error is when the net is empty. In this casé2se, Woflan provides the following
the conversion from the native file format to the TPN
file format (the format used by Woflar34]) possibly  Diagnostic information:
failed.

e Non-free-choice clusters (see Sectib.?).

7.2.2 Boundedness . .
In a similar way, using Theore, we test the well-

At this point, we know that the nell under consid- structuredness property: N is not S-coverable and
eration is a WF net, because the WF-net milestorsewell-structuredN cannot be sound.
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Diagnostic information: Unbounded sequences

e TP-handles (see Sectign2.3. If we cannot decide boundedness of our short-
If a correction is made based on the diagnostic iﬁi_rcuited workflow systemS by proving structurally

formation of Woflan, the diagnosis of the corrected ngpundedness of _Workflow ned, we have to deci_de
starts again with the first step of the method. Howev&fnether or notS is bounded by means of behavioral
if we deduce from one of the above steps tNais not properties. For this purpose, we introduce a new type
sound, there is a good chance that we still do not kn&X/ behavioral error sequences calledboundedse-

why Nis not sound. If this is the case, the diagnosis cﬁHe_ncei' The basis of unbounded sequences is the fol-
be continued with the next step. owing theorem.

. ) Theorem X (Boundedness of short-circuited WF sys-
Safe place-invariants tems)
_ ) ) Let S = ((P, T, F),[i]) be a WF system. System
Atthis point, we know thal is not S-coverable. Theg _ ((p, T, F), [i]) is bounded iff systerSis bounded
next step is to decide whether or not all places inMet \v\M e B(P), [i] — M : =(M > [o]).

occur in somesafeplace-invariant, which can be done

in polynomial time. A place isoveredby a safe place

invariant iff it occurs in such an invariant with weigh?roof .
one. If all places inN are covered by a safe placeJ0 Prove the theorem, we prove tHaits unbounded iff
invariant, the neN is structurally bounded. Sis unbounded/aM € B(P), [i] — M : M > [o].

A place that is not covered by a safe pIace-invariaﬁPCOfding to the definition of boundedness (Definition
might be unsafe. Such a place is calledteucturally *XV),we have to prove thaM, My € B(P) : [i] —
unsafeplace. From a workflow point of view, thisM — M1 A Mg > M iff 3M, My € B(P) : [i] —
means that a condition might be fulfilled more thalM —> MiA My > M v 3M € B(P),[i] — M :
once at a single point in time. A structurally unsaf¥ > [0]. The implication from right to left is straight-
place cannot be S-coverable: Every S-component clsward (see also Theorewil). The other implication
responds to some safe place-invariant. However,isamore involved. Assume_ that= Mot1M; ...t Mp,
place that is not S-coverable, might be structurally saf@ Some natural number, is an occurrence sequence

Therefore, this check is less selective than the check@nS such thatMo = [i] and such that there exists a
S-coverability. k < nwith Mg < M. Distinguish two cases. First, as-

sume that the short-circuiting transitiofis not an ele-
ment of{ty, ..., th}. In this casesis also an occurrence
sequence 05, which means tha$ is unbounded. Sec-
loss of generality, we may assume tkas minimal in
the following sense: First, all markingdyo, ..., M, are
different; second, there are no natural numbeasnd|
At this point, we know that there are structurall)\é\"th K <1 < nsuch thatM < M. The first as-
: . umption means that contains no cycles; the second
unsafe places. The next step is to decide whether or ) . ) .
. . . —. _ assumption means thatcontains no strict prefix from
not all places in netN occur in somesemi-positive " .
. ; . which unboundedness can be derived. The crux of the
place-invariant. If all places ilN are covered by a

semi-positive place-invariant, the nitis structurally proof is thatt must bety. Suppose thattequalsiy, with

bounded, which means th&is bounded although itgr<Mn' Th?\;’Mklﬁlb%tLO](;z;.see.:sEIttr?srrl\r/lli%i:in]t Z(BCN:';
need not be safe. BecauSds not necessarily safe if . 0 < k- : y

. e . . . .-~ . violated. Thust equalst,. It follows from the defi-
it satisfies this check, this check is less discriminating. o )

. tion of t and the minimality ofs that M, > [i] and
than the previous two checks.

Places that are not covered by a semi-positive plact:%‘?‘gg;ir?gﬁggigCiesnecllggﬁﬁw;“ 't”‘ll\EIS]‘ 11s
invariant might be unbounded. From a workflow poina% q n-1 = [0
of view, this means that a conditianight be fulfilled Intuitively, an unbounded sequence is a firing se-

an arbitrary number of times. Such a place is callefience ofS of minimal length which inevitably leads

Diagnostic information:

Semi-positive place-invariants

structurally unbounded either to an infinite marking in a given RCG & or
to a marking greater tharo] in that RCG. The above
Diagnostic information: theorem means that such a sequence corresponds to a
sequence 0§ that inevitably leads to an infinite mark-
e Structurally unbounded places. ing when the RCG oS is extended to an RCG @.
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At this point in our method, unbounded sequences ¢

\ .
more appropriate than unsound sequences (See Sel  sreen matings N '
. . v register Yellow markings

5.2). Unbounded sequences provide only diagnos \
. . [c1,04] y do [e1,62] dont [e1,e7]
information on unboundedness, whereas unsound « —>

. . . . send "\ send send
guences provide mixed information on unboundedne A

[c3,c4] 4 do

and non-liveness. P il [
imeou,
To calculate unbounded sequences, we have to pe W ove /
tion a given RCG ofSin a way that is slightly different — ; 7 ’
from the partitioning given in DefinitiotXXIX : redo [m 6] 4o e 2806 m,, -

i. The green markings are those markings fro L’“’”ss / H Jmhve
. . e s . . [¢5,06] done .,' [c8,0]

which infinite markings or markings greater tha " ——F—
[o] are not reachable; Srmimemrmmrmemem b T Red markings

tlmeout

ii. the red markings are those markings from which
infinite markings or markings greater thas] fre  Figure 23: The RCG partitioned for unboundedness
unavoidable, i.e., those markings from which no

green marking is reachable;
Theorem XI (Unbounded sequences vs. boundedness)

iii. the yellow markings are those markings form, wr systemSis bounded iffS has no unbounded se-
which infinite markings or markings greater thaguences.

[o] are reachable but avoidable.

Proof

This follows immediately from TheorenxX (Bound-
edness of short-circuited WF systems) and Definition
XXXIV (Unbounded sequences).

Definition XXXIIl (RCG partitions for unbounded-
ness)
LetN = (P, T, F) be a WF net, leG = (H, A) be an
RCG of WF systen(N, [i]), and letH” = H \ B(P)
be the set of markings ifl that are infinite or greater  Figure 23 shows the partitioned RCG of the exam-
than fo]. We partitionH into three parts: ple systemS of Figure2. Using the spanning tree of
; ) this partitioned RCG, we compute the following mini-
. HZ2={M e H-IM1 e H® : M M1}, .
L Hg = {MeH 1€ = My mal set of (see Sectidn3) unbounded sequences:
i. HE M e H|-3IM1 € HY : M = M3} and
=1 | ! G- g e register send rec dont and
ii. H2 =H\ (H2UH®).
v V(AU R e register send dont rec
Remarks:
If a WF systemS has no unbounded sequences, then

e Ifthere are no red markings, there can be no yello‘aglIS bounded (Theorerx), which means that we have
markings:Hg = ¢ impliesHy' = achieved the second milestone. In this case, we can con-

« Ifthere are no green markings, there can be no ydnue with the next milestone. 18 has unbounded se-
low markings:HZ = ¢ implies HE = (. guences, Woflan provides the following

e Boundedness of implies that all markings are Diagnostic information:
green H = HE) and vice versa.

Unbounded sequences.
Given this partitioning of an RCG of a WF systefn * a

we can compute the unbounded sequences. At this point, we have prover$ to be unbounded.
o Thus, we have to make a correction and start again
Definition XXXIV  (Unbounded sequences) with the first step of the method. The technique of un-

Let (N, [i]) be a WF system with RC@H, A). Let pounded sequences is not yet implemented in Woflan
Hg and Hy be defined as in DefinitiorKXXIIl . 1.3, However, it is straightforward to adapt the algo-

If [I] € H , then the occurrence sequend¢ i rithm to compute unsound sequences as presented in
called unbounded. An occurrence sequesce= Section 5.

[[TtoM1...th_2Mp_1th_1Mp, for some positive natu-
ral numbern, is called unbounded ifVi, € HZ and
Mn_1 € H{. A firing sequence of a WF system is
called unbounded iff its associated occurrence sequeitehis point, we know that the systeBiis a bounded,
is unbounded. short-circuited WF system. We have to decide whether

7.2.3 Liveness

32



or notSis live. The information that is already availDead transitions

able is in some cases sulfficient to deduce Satnon-

live, namely in the case that the underlying hets not At this point, we know thaBis not live. In case non-

S-coverable (se8-coverability). In this case, Woflan liveness is caused by dead transitionsSjrwe want to

continues with the stepree-choice property, other- remove these as soon as possible.

wise Woflan skips the stepsee-choice propertyand

Well-structurednessand continues with the stepc- Theorem XII (Dead transitions in bounded WF sys-

currence graph. Currently, we do not know of anytems)

structural technique to prove liveness. LetS= ((P, T, F),[i]) be a bounded WF system; let
t € T. Transitiont is dead inSiff it is dead in S.

Free-choice property

Proof
It follows from Theoremlll and the fact thaBis The result follows immediately from the earlier obser-
bounded that cannot be live ifN is free-choice and yation that either the OGs &andSare identical or the
N is not S-coverable. OG of Sextends the OG o6 with the arc([0], t, [i]).

To decide whether there are dead transitions, the OG
of the systentSis necessary. If the OG is not already
available, it is calculated at this point.

Diagnostic information:
e Uncovered places.

Diagnostic information:
Well-structuredness

e Dead transitions.
It follows from TheoremV and the fact thafS is
bounded thatS cannot be live ifN is well-structured Non-live sequences
andN is not S-coverable.

At this point, we know thatS is bounded and con-
tains no dead transitions, but that it is not live. To

Diagnostic information: g " o ¢ .
provide useful diagnostic information, we introduce an-

e Uncovered places. other type of behavioral error sequences, called non-live
sequences. These sequences are based on the following
e PT-handles. theorem.

In both cases, the diagnostic information might beheorem XIIl (Liveness of bounded short-circuited
sufficient to correct the net, in which case we stafF systems)
the method again with the corrected net. In case nQiet S = (P, T, F), [i]) be a WF system without
liveness has been proved and the information so ffgad transitions such that the short-circuited sysgem
is not sufficient, Woflan continues with the stBgad s bounded. ThenS is live iff YM € B(P),[i] —
transitions. M:M— [o]

Occurrence graph Proof

) ) The theorem follows in a straightforward way from
At this point, we know that both systen®and S pefinition xxVII (Soundness), Theorel{Soundness

are bounded. Recall that the RCG-generation algorith@ 1,4 ,,ndedness and liveness), and TheotdBound-
yields the OG of a system if it is bounded. Furthermorgyass of short-circuited WE s;l/stems).

note that the OG o8 might already be available from

the boundedness milestone. Also note that, bec8ise Intuitively, a non-live sequence is a firing sequence of
bounded, either the OGs &andS are identical or the S of minimal length that ends in a marking from which
OG of S extends the OG 08 with the arc([o], t,[i]). itis no longer possible to reacl][ To compute non-
Thus, at this point, Woflan computes the OGS#&nd live sequences, we partition the OG®hs follows.
determines whether the liveness-property is satisfied.

In case liveness is proven, we have shown thdas Definition XXXV (OG patrtitions for non-liveness)
sound, which means that our diagnosis is complete.lat N = (P, T, F) be a marked WF net, le6 =
caseSis not live, we are interested in detailed diagnogH, A) be the OG of its WF systerfN, [i]). We parti-
tic information on non-liveness. tion H into three parts:
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i. HR={M € H|=(M = [o])}, 2 register

i. HH ={M € HIM = [0o] A =3Mr € HJ :
M — Mg} and

iii. HO = H\ (HQUHY).

Definition XXXVI (Non-live sequences)

Let (N, [i]) be a WF system with O&G = (H, A).
Let H3 and Hy be defined as in DefinitiolKXXV .
If [i] e HR, then the occurrence sequencd [
is called non-live. An occurrence sequense =
[(TtoM1...th-2Mp_1th—1Mp, for some positive natu-
ral numbern, is called non-live iff M, € HZ and

Mn_1 € HO. A firing sequence of a WF system is Figure 24: A TP-handle i
called non-live iff its associated occurrence sequence is
non-live.

7.3.2 Boundedness

S-coverability
Theorem XIV (Non-live sequences vs. liveness)
Let S = ((P,T,F),[i]) be a WF system without NetNis not S-coverable (see Figufé for the S-
dead transitions such that the short-circuited sysgenfomponents).
is bounded. ThenS is live iff S has no non-live se-
guences. Diagnostic information:

e Uncovered places8.

Proof NetNis free-choice, so it cannot be sound.
The theorem follows immediately from Theorexill

(Liv_er_l(_ess of bounded _short-circuited WF systems) andDiagnostic information:
Definition XXVI (Non-live sequences).
e Non-free-choice clusters: None.

Diagnostic information: NetNis not well-structured.

Non-live sequences . . .
* q Diagnostic information:

Using non-live sequences, we have to correct the WFy Tp_handles: See Figueand Figure24. Note that
netunder consideration and start again with the firststep )oth handles contain the uncovered plage

of our method. In the next subsection, we apply the

method to our running example. This subsection alsoThere is obviously something wrong with plac@.

contains examples of non-live sequences. At this point, we can either correct the net or continue
with our method. Suppose, we still do not know which
correction to make. We do observe that either the net

7.3 Example has to become S-coverable, or we have to introduce

. -free-choice clusters. Wi ti ith th thod.
Although the method and the techniques of unboundre]zgn ree-choice clusters. e continue wi e method

sequences and non-live sequences have not been im- ] ]
plemented yet in Woflan 1.3, our running example ofafe place-invariants
Figurel is small enough to apply the method by hand. _ ) ]
Note that this net is diagnosed in Sectiént using ~ NetNis not covered by safe place-invariants.
Woflan 1.2.

Diagnostic information:

7.3.1 WF net e Structurally unsafe places8.

NetNis a WF net, which is straightforward to check. =~ We already suspect plac8 because it is uncovered.
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c4

roCcess

c5
c7 archive

Figure 26: A non-free-choice clusteriMy

Diagnostic information:

e Non-free-choice clusters: See Figa@

Figure 25: NeN after one correction iteration; Net N, is not well-structured

Semi-positive place-invariants NetNis not covered  Diagnostic information:

by semi-positive place-invariants. e TP-handles: See Figufeand Figure?4, both TP-

. . . handles are still present Iv.
Diagnostic information:

e Structurally unbounded places3. Safe place-invariants
Unbounded sequences SystemS has unbounded se- NetNi is not covered by safe place-invariants.

guences, which meargis unbounded.
Diagnostic information:

Diagnostic information: e Structurally unsafe places8.
e Unbounded sequencesegister send rec
dont andregister send dont rec . Semi-positive place-invariants
Both sequences result in the markingp[ c7, c8]. Net N; is not covered by semi-positive place-

Firing transitionarchive  from that marking results in ., ariants.
marking [c8, o0]. A this point of our method, we have to
make a correction. Transiticarchive must remove
the token inc8. After correcting the nelN by adding
this arc, the resulting né; is shown in Figures. We e Structurally unbounded places3.
start our method again on this net.

Diagnostic information:

Unbounded sequences
7.3.3 WF net
SystemS; has no unbounded sequences. Therefore,

NetN; i1s a WF net. iis bounded.

7.3.4 Boundedness 735 Liveness

S-coverability Free-choice property
NetNyis not S-coverable. As mentioned before, néy does not satisfy the free-
] o ] choice property.

Diagnostic information:

e Uncovered places8. Diagnostic information:

NetN; is not free-choice. e Uncovered places:8.
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Figure 27: Second PT-handley

Well-structuredness

NetN; is also not well-structured.

Diagnostic information:
e Uncovered places8.

e PT-handles: See Figur? and Figure27. Note
that the PT-handle displayed in Figu?& is not
present in the original neé\.

Occurrence graph

The systen$; is not live.

Dead transitions

SystemS; has no dead transitions.

Diagnostic information:

e Dead transitions: None.

Non-live sequences

After partitioning the OG of5; according to Defini-
tion XXXV, it looks as in Figure8. Using the span-

i
PRl PO . re gister Yellow markings

2 e do el dont [e167]

, +— = —l—p

‘ ls l

end ! send send

v [s3.04] & 1 [c2c3] sl [6367]
4
2 t\m;/ i
/‘ hE
I. [c4.¢ ,

\ redo R
. [c4,65,c8] 1_ [c2,c5,8]
\ l -

.
process L

archive

ol

-

Semae

................................... Green markings

Figure 28: The OG 06; partitioned for non-live se-
guences

By examining these five firing sequences, we note
that iii provides almost the same information &as
where the combinatiosend andtimeout is crucial
anddont is not important. From sequendewe con-
clude that, whatever happens, pla8ewill not get a to-
ken. As a result, transitiorgrocess andarchive
cannot fire. To correct this error, we add an arc from
timeout toc8.

The sequencesiv, andv provide the same informa-
tion, namely that firing transitiodo always results in
an error. From sequenceg we conclude that the cycle
to which do leads might be the problem. Recall that
placec8 is uncovered. Considering the cycle and place
c8 leads to the observation that the cycle can only be
executed once, becaus® is only an input place (and
not an output place) of the cycle. Also the PT-handle of
Figure27 suggests that there is a problem wat. We
correct the net by adding an arc frggrocess toc8.

Applying the two corrections mentioned above re-
sults in the sound net we found earlier in Figure
Obviously, applying the method to this net shows that it
is sound.

8 Concluding remarks and future
work

ning tree, we deduce a minimal set of five non-live sWorkrow-management technology is rapidly gaining

guences:
i. register send rec do ,
ii. register send timeout ,

iii. register send dont timeout ,
iv. registersenddo ,and

v. register do

popularity in the support of business processes. A thor-
ough analysis of workflow processes before their ac-
tual implementation is necessary to guarantee effective-
ness and efficiency. To guide a workflow designer in

finding and correcting errors in a workflow process,

we developed the tool Woflan and a diagnosis method
that are both based on Petri-net techniques. Although
the method has not yet been implemented in Woflan,
it looks promising and most of the necessary diagnos-
tics are already available in Woflan 1.3. We have tested
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Woflan in a case study involving seventeen models oAcknowledgements

fairly complex workflow designed by students. A novel

analysis technigque of behavioral error sequences provdie authors whish to thank Geert-Jan Houben, Marc
to be a useful aid in diagnosing the workflows. Twelvéoorhoeve, and Jaap van der Woude for their fruitful
unsound workflows could be corrected in reasonalsiemments.

time with reasonable effort. The experience with the

case study was a source of inspiration for the method,

An interesting conclusion of the case study is thﬁ Travel agency

a coverability graph of a system representing an erro-

neous workflow can be too large to handle by Woflaﬁ.ec'“or,‘A'l F:on_trar:ns thg dlescnpt!on Odf a trhavel agenqé
By introducing and using aestricted coverability ataulmvgrsny. ”ebmo C?Sm?]r_‘t'%ne In t, € case s_tu y
graph, we have alleviated this problem. (Sectl_on ) are a ased on this description. Section
In version 2 of Woflan, we want to implement th A.2 gives one possible formalization of the workflow
: " rocess used in the travel agency. The model is made in
method presented in Secti@nFurthermore, we WOU|d% gency

. . Protos.
like to test the method on more, practical, examples.

We are also working on extending the set of work- o
flow tools Woflan can interface with. The current velA-1 ~ Informal description

sion of Woflan (Woflan 1.3) can import workflow pro- : h f h N
cess definitions of COSA and Protos. On paper, I\_;(izme time ago the board of Somewhere University

§U) decided to open a travel agency at the campus
have also designed translations from BaanERP/D . ' NN
(BaaN), Staffware (Staffware), SAP/Workflow (SAFé e new agency is supposed to organize both business

AG), and ARIS (IDS Prof. Scheer) to Woflan. The Dy-nd private trips for employees of SU. However, the

) . _ service is not as the board expected. The most impor-
namic Enterprise MerIer (DEM) of BaanERP is basqgm complaint is that both the organization of a trip and
on a subclass of Petri nets; which means that the tr

T . . ¢ financial settlement take too long. Therefore, the
lation is s?ralghtfo_rwar(.:l. The translation of Staffware t80&1rd has started an investigation. Interviews with sev-
WF tr)] ettt? l;s dejcrlbed 'r?Ia SAP/Workrow r?n'd ARAItS eral people involved have provided the following pro-
are both based on event-ariven process chains. A trafgsg description. (To avoid confusion between employ-
lation of event-driven process chains to WF nets is dgés of SU that want to book a trip and employees that
scribed in B]. In the future, we plan to build the corre

o ‘are involved in the organization of the trip, in the re-

sponding interfaces. mainder, the former are called clients.)

Furthermore, we want to visualize Woflan’s output in The \whole process starts when someone drops in
a graphical way. There are several ways to display hethe travel agency to book a trip. An employee of
diagnostics in a graphical manner: either via diagrafif, agency registers all the relevant information of the
shown directly by Woflan, via dedicated tools such @fient. The agency maintains a separate file for each
VIPtool [14], or via an interface in the workflow t00lyin - An important issue is whether the client wants to
used to design the workflow process. book a private trip, a business trip, or a combination of

A direction for future research is the use of theoth. Approximately 20 percent of all the trips orga-
inheritance-preserving transformation rules presentgided by the agency is private.
in [11] for incremental design and verification of work-  Private trips are easy. The agency has one employee
flows. Starting from a correct workflow templa@7] or  dedicated to the organization of private trips. As soon
an already verified existing workflow process definitioms the wishes of a client are registered, she can start with
these rules allow for safe extensions which preserve the organization of the trip.
soundness property. Correctness by design is obviouslBysiness trips are more complicated. The agency has
preferable over the approach where correctness is v@fjo employees for the organization of business trips (al-
fied only after the design of the complete workflow hagough one of them works only three days a week). For
been completed. each trip, there is always a single employee responsi-

As a final remark, note that Woflan can be helpful ible, who also carries out as many tasks as possible for
the design and verification of correct workflow proceghis trip. In this way, the service to clients should be
definitions. However, this does not mean that the entgaaranteed. For business trips, a client needs a travel
workflow is correct. It is still possible that errors ar@ermit. Usually, clients that are familiar with the pro-
made in the implementation of the workflow process oess have already filled out a permit. Clients that arrive
that the process suffers bottlenecks in the performaneithout a permit are given a blank permit that they can
due to a poor allocation of resources. To prevent sufih out later, after which they must return the permit
kinds of errors, other techniques are needed to comgie-the agency. Travel permits are always checked be-
ment Woflan. fore any other action is taken. If a permit is not filled
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out properly, it is returned to the client with the requesiie client is contacted to make an appointment to ar-
to provide the missing information and send the pernméinge the payment.

back as soon as possible. In case a permit is not reThe internal memo that the travel agency receives
turned in time, the travel agency can no longer guardmem the finance department, is also used to determine
tee atimely organization of the trip. In the rare occasiavhether a request must be sent to the in-house bank
that this happens, a notification is sent to the client anffice (which is situated at the campus close to the
the file is closed. If a travel permit is okay, it is filedravel agency) to prepare cash and travel cheques for
and the actual organization of the trip can start. Firshe client. Such a request is always made when a busi-
however, a copy of the file is sent to the finance depaniess trip is allowed. (In case of private trips, the client
ment of SU, because this department is responsible fas to take care of acquiring cash and cheques him- or
the financial aspects of the trip. herself.)

An employee of the finance department of SU checksThe task of the bank in the process is very straight-
whether the client is allowed to make business trips pd@ward. Upon receipt of a request, a bank employee
by SU. The results of this check are sent to the trayaiepares cash and travel cheques and sends them to the
agency in an internal memo. If the result is negative ftnavel agency. If a client returns cash and/or cheques
the client, which is hardly ever the case because clieafger the trip, information about the exact amount that
usually know when they are permitted to make busingssused by the client is sent to the finance department.
trips, the finance department does not make any pdye finance department needs this information to pro-
ments. If the result is positive, the finance departmer#ss the client’s declaration. In case a client does not
makes an advance payment on the bank account of teirn cash or cheques in time, the amount supposedly
client. It also pays any registration fees that might nesgent by the client is fixed to the value of the cash and
to be paid in case of conference visits. Finally, it paygheques handed out to the client before the trip.
those flights of the trip that are made for business pur-After flight arrangements have been made and any
poses. However, these payments can only be madepaivate flights have been paid, the responsible employee
ter the finance department has received detailed pricwigthe travel agency books hotels and makes reserva-
information from the travel agency. After all the nections for local transportation (train, car, etc.). She also
essary payments have been made, the finance deparits vouchers for any hotels that are booked. When
ment is no longer involved in the preparations of theash and cheques have been received from the bank and
trip. However, after the client returns, the finance dedl flight tickets have been received from the central of-
partment handles the client’s declaration (see below)fice of the travel agency in SomewhereElse where they

To prepare a trip (private or business), the travate printed, the employee puts all the documents to-
agency always starts with flight arrangements. If a trgether in a handy folder for the client. The agency has
involves one or more flights, the responsible employéemake sure that everything is ready at least three work-
of the travel agency starts by preparing a flight schedutey days before the trip starts, because, then, the client
that includes departure and arrival times of all flights qecks up the documents. At that point, the involvement
well as pricing information. Then, the client is calledf the agency with the trip is finished. In case of a pri-
to approve the schedule. If the client does not approvate trip, this also means that the process is complete.
the schedule, a new proposal is prepared and the cliBntase of a business trip, however, the declaration of
is contacted again. When a client approves the schék client still needs to be processed.
ule, arrangements must be made to pay the flight(s). InAs mentioned, the finance department takes care of
case the trip is private, an appointment is made wiglocessing declarations. When it has received a client’s
the client to pay cash or by credit card. In case tleclaration and the necessary information of the bank,
trip is (partly) business, the travel agency has to waih employee of the finance department processes the
for the memo of the finance department which statdeclaration and calculates the balance. The result must
whether or not the client is allowed to make businebg approved by the director of the finance department.
trips for SU. If the memo is negative, the employee d¢fi case of mistakes, the employee must make the nec-
the travel agency responsible for the trip calls the clieessary corrections. After the declaration has been ap-
to explain the problem. If the client still wants to makeroved by the director, the balance is settled with the
the trip, he or she has to pay all the costs and an appoimxt salary payment of the client. In addition, the total
ment is made to pay for the flights. However, often theost of the trip is deducted from the travel budget of the
client decides to cancel the trip, in which case the fifaculty or other unit where the client is employed. If
is closed. If the memo is positive, the travel agen@yclient does not hand in his or her declaration in time
determines the costs of business flights and, if appligathin a month after completion of the trip), the finance
ble, the costs of private flights. Relevant informatiodepartment assumes that the total cost of the trip equals
on business flights is sent to the finance department ttieg sum of the advance payment and the value of the
handles the actual payment. In case of private flightssh and cheques given to the client.
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The board of SU thinks that the main reason why thes. W.M.P. van der Aalst. The Application of Petri
above process takes so long is that the co-ordination be- Nets to Workflow Management. The Journal
tween the three departments involved is poor. It believes of Circuits, Systems and ComputeB1):21-66,
that a workflow system might provide a solution. Asa  1998.
starting point, it would like to receive a report covering
the following subjects. 6. W.M.P. van der Aalst and A.H.M. ter Hofste-

de. Verification of Workflow Task Structures: A
1. A resource classification of all the resources in-  petri-net-based ApproachTechnical report 380,
volved in the current process, distinguishing roles  A|FB, University of Karlsruhe, Karlsruhe, Ger-
and groups. many, 1998.

2. A process model of the current situation developed7 W.M.P. van der Aalst. Chapter 1: Putting Petri

Lﬂg‘;ﬁ?s’ including information about roles and Nets to Work in the qukflow Areqa. I_P?etri Net

' Approaches for Modelling and Validatipmolume

3. An analysis of the resource classification and the 1 of LINCOM Studies in Computer Scienpages
process model, using the guidelines for process 1-19, Lincom, Mnchen, Germany, 1999.

(re-)design discussed in the book and the slides.
8. W.M.P. van der Aalst. Formalization and Verifica-

4. An improved resource classification/process tion of Event-driven Process Chains. To appear in

model developed in Protos, based on the results of  |nformation and Software Technolagy999.
the analysis. (Include only the graphical represen-

tation of the resource classification/process modep. W.M.P. van der Aalst, G. De Michelis, and

and any information which is new compared to the  C.A. Ellis, editors. Workflow Management: Net-

original resource classification/process model.) based Concepts, Models, Techniques and Tools
(WFM'98). UNINOVA, Lisbon, Portugal, 1998.

A.2 Protos model 10. K. Barkaoui, J.M. Couvreur, and C. Dutheillet. On

See Figure9. liveness in Extended Non Self-Controlling Nets.
In G. De Michelis and M. Diaz, editord\pplica-
tion and Theory of Petri Nets 199%olume 935 of
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