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Abstract:

As a variant of process algebra, m-calculus can describe the interactions between evolving pro-

cesses. By modeling activity as a process interacting with other processes through ports, this paper presents a

new approach: representing workflow models using w-calculus. As a results the model can characterize the dy-

namic behaviors of the workflow process in terms of the LTS (Labeled Transition Semantics) semantics of -

calculus. The main advantage of the workflow model” s formal semantic is that it allows for verification of the

model’ s properties, such as deadlock-free and normal termination. Moreover, the equivalence of workflow

models can be checked through weak bisimulation theorem in the w-calculus, thus facilitating the optimization

of business processes.
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INTRODUCTION

With constant changing markets and environ-
ments, it is an urgent task for enterprises to en-
hance its agility and flexibility (Zhang, 1996) .
By optimizing internal business processes and or-
ganization structure, BPR (business process re-
engineering ) enables enterprises to adapt to
changing environment> thus improving its agili-
ty . Workflow management technology is an im-
portant infrastructure for implementing BPR.
Workflow is defined as part or total automation of
business processes by routing task, information,
and documents, between participants according
to business rules, in order to achieve the busi-
ness goals (Lawrence, 1997). Workflow model-
ing is computerized representation of business
processes. The objective of workflow modeling is
to provide high-level specification of business
processes. When workflow modeling involving a
number of concurrency and alternative con-
straints becomes complex, error can be intro-
duced into the model. Such modeling inconsis-
tency may lead to undesirable execution of some
or all instances of a workflow. It is of vital im-
portance that a workflow model be properly de-
fined, analyzed, and verified before being de-
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ployed in a workflow management system. How-
ever; most workflow products do not give any
support for the verification of workflow models.
In contrast to other modeling approaches, such
as graphical and semi-formal ones, the primary
advantage of the formal modeling approach is to
allow for verification. With rigorous mathemati-
cal foundation and analytical tools, Petri net
based approach is thought of as main formal
method for modeling and veritying workflow mod-
els. However; the main problem with Petri net is
that it does not posses a complete algebra of op-
eration. For example, there are no suitable
methods for composing Petri nets to obtain larger
Petri nets by using concurrency operator. The
compositionality of the formal method is especial-
ly important for workflow verification. When the
model becomes more and more complex, the dif-
ficulties with the verification of model will in-
crease. Verification of a large model may be-
come computationally infeasible. By verifying
parts of the specification forming the whole work-
flow model, and then using a black box for repr-
esentation of it for subsequent verification, this
compositionality of formal methods reduces the
complexity of verification tasks. w-calculus is a
kind of computing model for representing concur-
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rent systems and can express the interactions be-
tween evolving processes ( Milner, 1999). As a
variant of process algebra, m-calculus provides a
way for constructing high-level system by com-
posing its sub-systems using concurrency opera-
tor. The compositionality is one of the major ad-
vantages in m-calculus and thus will reduce the
complexity of verification of larger workflow mod-
el. In this paper, we present a new approach for
modeling workflow based on mw-calculus. Another
advantage in w-calculus is that it enables the
checking of the equivalence between two pro-
cesses in term of bisimulation theorem. As a re-
sult, workflow models can be checked for equiv-
alence; which is especially useful in business
processes optimization requiring one process to
be substituted for another without changing busi-
ness functions.

This paper is organized as follows. Section 2
gives a background of workflow modeling. In
Section 3, we introduce the syntax and semantics
of m-calculus. Section 4 describes our approach
for modeling workflow based on m-calculus. Sec-
tion 5 gives an example to illustrate the formali-
sm. Section 6 addresses the analysis and verifi-
cation of m-calculus based workflow model. In
Section 7, related works are compared. Finally,
in Section 8 we point out future work.

WORKFLOW MODELING APPROACH

Workflow normally consists of activities. For
example,> in an order processing workflow, typi-
cal activities include the input of customer order
into computer> the approval of order, and the
check of stock, etc. There exists complex de-
pendency among activities> such as concurren-
cy> Workflow

modeling can be divided into a part for repre-

non-determination decision, etc.

senting activities> including the assignment of
the resource to activities> and one for describing
dependency among activities.
1. Activity

Activity is an atomic unit of work that cannot
be divided further. According to the type of trig-
into four

gering, activity can be classified

groups: automatic activity, manual activity,
message-triggering activity and timing-iriggering
activity . Automatic activities do not require hu-

man intervention> and once triggered, will start

execution. Manual activities require interaction
with humans. The enabled activity can only be
executed when users choose the work item from
user’ s worklist. The message-trigger activity is
triggered by the arrival of message or event,
such as email. Timing-triggering activity is trig-
gered by timer. The activities must be started at
some time point or during time intervals. For ex-
ample, the sum of one-day’ sales is calculated in
24: 00 everyday. The processing of orders is
done from 8: 00 AM to 5: 00 PM everyday.

2. Control dependency

There are complex dependencies between ac-
tivities in workflow processes. In order to repre-
sent more advanced dependencies among activi-
ties, WFMC ( Workflow Management Coalition)
defines basic control elements, which include
AND-splits AND-join, OR-split; OR-join ( Law-
rences 1997). The AND-split node is used to
split
threads. And the AND-join is employed to syn-

single control into concurrent control
chronize concurrent branches and converge them
into single conirol thread. The OR-split node
represents the case where only one branch is
chosen when there exist alternative branches.

Moreover, there is a special OR-split> which

braches based on explicit
The

OR-join node denotes that multiple branches are

chooses  alternative
conditions called condition dependency.
converged to one control thread without synchro-
nization. The Petri net semantics of the control
elements are shown in Fig. 1 (Van der Aalst,

1996).

soito e,

{a) AND-join (b) AND-split
e S
B@—" c2 B
(¢} OR-join (d) OR-split (e) Condition

Fig.1 Petri net representation of dependencies

SYNTAX OF w-CALCULUS

m-calculus comes from CCS ( Calculus of
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Communicating Systems ), representing the in-
feractions between processes. In m-calculus,
there are two basic concepts. One is name. The
channels Cports ), variables, data are names.
Different from CCS, mw-calculus does not distin-
guish between them. The other is processes
Cagents ), representing the entity in systems.

The
through a pair of complementary ports. Polyadic

interaction between processes is done
m-calculus is an extended m-calculus allowing the
sending or receiving of more than one name
through ports ( Milner, 1989). The syntax of
processes expression in polyadic m-calculus is
given below. The lowercase letters denote names
(such as x> y) while uppercase letters denote
processes .

(1) Input prefix aCx).P: The process first
receives a name on port a» then behave as P.

(2) Output prefix @ <x > . P: The process
first outputs the name x on a, then behave as
P.

(3) Summation P; + P,: The process be-
haves like eitheror P, or P,.

(4) Composition P; | P,: is a process that
can do anything that P; or P, can do, and
moreover communication between P; and P, can
occur if one process outputs a name and the oth-
er inputs a name on the same port.

(5) Restriction Covy) P: is a process that
behaves like P> but the name y cannot be used
for communicating with the environments.

(6) Matching [ x = y 1. P: is a process
which behaves like P if x and y are the same
name. Otherwise, it can do nothing.

(7) A defined agent; ACy,,**,y,), has a
def

unique defining equation, ACx;,***, x, )
where x> "5 x, occur free in P. The process A
Cyys =5 3, ) behaves like P {y/xs =5 v,/
%, 1.

Moreovers the expression {a/b }P in the -
calculus represents the substitution of @ for b in
P . The formal operational semantics of the pro-
cesses expression is defined and explained in

(Milner et al.>» 1992). For example,

sy <x > PG 4y (). Q)—>
Pl1QCx/z)
The above rule shows that two processes can
communication Chandshake) via complementary

ports» resulting in silent action 7. And after this
communication, all free occurrence of z in Q) are
replaced by «x.

METHODS FOR MODDELING WORKFLOW US-
ING 7-CALCULUS

As a variant of process algebra, w-calculus
offers a way for constructing a system through
composing subsystems. Workflow can be regard-
ed as a network of activities interacting with each
other. Therefore; we can model activity as a
process in w-calculus. According to the modeling
approach mentioned in Section 2, we first intro-
duce the representation of activity using process
expression in 7w-calculus. Then the representa-
tions of dependencies are presented.

1. The specification of activity

Activity is the central concept in workflow
and is atomic work unit that cannot be divided
further. Resources are needed to perform activi-
ty. Typical resources include human uvsers, ap-
plications; tools, etc. Resources are used during
the execution periods of activity .

From the viewpoint of workflow management
systems (WFMS), workflow is a means for coor-
dinating activities, but their execution is outside
workflow management. WFMS is only concerned
with the interaction of activities, i.e. the man-
agement of activities. For example, when an ac-
tivity is enabled, WEFMS has to assign resource to
perform the activity. After activity is completed,
WFMS is notified of the completion and then
WFMS has to release the assigned resource.
Thus, activity acts as a "black-box” that interacts
with the external environment though ports. We
can use processes in the w-calculus to represent
activities. And we introduce a special action
name done, to denote the termination of activity .
Definition 1 Activity can be represented as
process in w-calculus.

Definition 2
then its corresponding representation of process

If activity A is automatic activity,

is:
A = yystart . req _resource < case _id, activity _
id> resource _id, assigned _resource > .

assigned _resource( case _id» activity _id »
resource ). a . finish. rel resource < resource

> . done
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Where uppercase name of activity (such as
A ) denotes processes and lowercase name of ac-
tivity Csuch as @) denotes the execution of activ-
ity .

The above definition shows that the process
requeslts resource through port reg-resource after
activity is enabled. The port has input names,
i. e. case_ids activity _ids  resource _id >
assigned _resource s which represent the identity
of workflow instances, the identity of activity,
the identity of resource required, and private
channel respectively. The private channel as-
signed _resource is used for the receiving of as-
signed resource. The input name resource of the

port assigned _resource represents the resource to

be assigned. After the resource has been as-
signed, the process executes activity a by inter-
acting with external application or tool. When
the activity has completed, the process gets the
acknowledgement of completion of activity
through port finish. Then process releases re-
the

process outputs the message of activity termina-

Finally,

source through port rel-resource .

tion, and fire the next activity .
Definition 3
the corresponding process can be defined:

If activity A is a manual activity»

A = yystart . req _resource < case_id» activity
id> resource _id, assigned _resource > .
assigned _ resource C case _ id» activity _ id» re-

source ). user C ). a. finish. rel _resource < re-

source > . done

Definition 3 is similar to definition 2, except
that the process will wait for the message of us-
er’ s triggering activity through port user after re-
source is assigned.

Definition 4
ing activity, the corresponding process can be

defined:

If activity A is a message-trigger-

A = yystart . event CeventID ). req resource <
case _id»> activity _id» resource _id, assigned _
resource > . assigned _resource( case _id> activi-

ty _id> resource) . a . finish . rel _resource < re-

source > . done

Definition 4 is similar to definition 2, except
that the process will wait for the arrival of event
through port event after the activity is enabled.
The port event has one input name evernitID which

is the identity of event.
Definition 5 If activity A is a tme-triggering
activity, the corresponding process can be de-

fined:

A = yystart . timer <fromtime, totimes t > . t().
req _resource < case _id» actwity _id> resource _
id >

Cease _ ids activity _ id» resource) . a . finish .

assigned _ resource > . assigned _ resource

rel _resource < resource > . done

Definition 5 is similar to definition 2, except
that the process will inquire the time from timer
through port timer after the activity is enabled.
The port timer has output names fromtime, to-
mine> which represent the beginning and end of
the period of activity’ s execution, as well as pri-
vate port t respectively. If rotime is NULL, this
represents that activity will be started from some
timepoint .

The private port ¢ is later used for the re-
ceiving of message of trigger by timer.

2. The specification of dependency

As mentioned in Section 2, dependency
among activities contains AND-join, AND-split,
OR-join, OR-split and Condition. In the follow-
ing definitionss the process expressions of activi-
ty A» B, Cand D, i.e. A B, C, D, can be
defined in terms of definition 1 — 5 and will be
omitted for simplicity.

Definition 6

sequence dependency and their corresponding

If activity A and activity B have

processes expression is A, B respectively, then
the sequence dependency can be defined as:

A Before B = ;,,Cop )( {p/done }A | {p/start B>

It shows that after the process A has com-
plete activity the process A will communication
with the process B through complementary ports
(ps>p)s and then process B will be executed.
Definition 7
OR-split dependency (Fig. 1d) and their corre-

If activity A and activity B have

sponding processes expression is A, B respec-
tively, then the OR-split dependency can be de-
fined as:

A OR-split B = 4;Cop) (Cstart . pII(C {p/start }
A+ {p/start }B))

It can be seen that after the control element
OR-split is enabled (through port start ), then
communication with process A or process B
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through complementary ports (p, p) happens;
and thus A or B will be executed.
Definition 8

OR-join dependency (Fig. 1¢) and their corre-

If activity A and activity B have

sponding processes expression is As B respec-
tively, then the OR-join dependency can be de-
fined as:

A OR-join B = 4; Cvg ) (( {g/done } A + {q/
done YB) | ¢ . done)

It shows that after process A or process B
has finished activity> it will trigger the execution
of action done, thus firing the next process.
Definition 9 If activity A and activity B have
AND-split dependency (Fig. 1b) and their cor-
responding processes expression is A> B respec-
fively, then the AND-split dependency can be
defined as:

A AND-split B = 45 Cop ) Cstart . Cp 1 pd 1 C{p/
start YA | {p/start }B))

It shows that the process A and B both will
be started concurrently after control element
AND-split is enabled. And private port p is used
to fire the processes A and B.

Definition 10
AND-join dependency (Fig.1la) and their corre-

If activity A and activity B have

sponding processes expression is A, B respec-
fively, then the AND-join dependency can be
defined as:

A AND-join B = 4y Cop ) (C{g/done > A 1 {q/
done} B) 1 Cow)dCqg.wlqg.wlg. wlw. w.
done ))

In the above definition, the process A, B
will respectively communicate via port pairs (g
g and the private channel is used to synchro-
nize the two processes.

For the same reason- it is not difficult to de-

scribe the specification of dependencies where
more than two activities are connected by AND-
split (join), OR-split(join) .
Definition 11
irue»> then activity A will be executed; otherwise
activity B will be started. We can use the fol-
lowing process expression to define it.

if ¢ then A else B =, (v xd;d, ) start .

condition < x» ¢ > . xE result ) . (L result = True ]
dy + L result = False 1d,)) 1 C{d,/start YA | {d,/
start Y B)

If the condition expression 9 is

In the above definitions the port condition
outputs a private name x and the condition ex-
pression ¢ to be evaluated. The private port x is
later used to receive the value of condition ¢,
according to which the process A or process B is
executed .

3. The specification of subprocess

In workflow modelings it is necessary to pro-
vide modular construct (such as subprocess ) in
order to reuse part of the workflow specification
and support modeling at different level of ab-
straction. And subprocess is composed of activi-
tiess or other subprocesses.

Definition 12
responding process expression in the m-calculus

is P

sth

If A is a subprocess whose cor-

and its parent process is B, the parent-

subprocess dependency can be defined as:

A IS-SUB-OF B = ,,Cv notify ack) Cstart . no-
tify . ack . done | {notify/ start » ack!/ done } Py, )

The definition shows that the parent process
B sends the notification of triggering subprocess
through port notify after it receives the message
of start from other processes. Thus the subpro-
cess is fired and then is executed. After the sub-
process finishes, it sends acknowledge message
ack to its parent process and as a result; the
parent process can indicate its completion by
sending message done to other processes.

EXAMPLE PROBLEM

In order to illustrate how to describe work-
flow models using m-calculus, this section will
give an example of travel reservation. Fig.2 is a
The

workflow process tuns as follows: Once customer

workflow process for travel reservation.

requests reservations the desktop select and book
trip for the customer. If customer does not feel
satisfied with it»

given up and the process terminate. Otherwise,

the travel reservation will be

sending acknowledgement to customer and mak-
ing payment can be started concurrently. Once
the two activities have finished, the desktop pre-
pares document and then sends document to the
customer. And the workflow process finishes.
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l Select and book tnp

Abort

Request and

Send Acks
check payment

Prepare document

S >~
I:I -

Fig.2 Workflow for travel reservation

The process expression which the activity
"select and book trip” corresponds to is defined
according to definition 2.
SELECETTRIP = 4 start .

req _resource ( case _

ids activity _ ids resource _ id> assigned _
source) . assigned _ resource C case _id» activity _
id> resource ). selecttrip . finish . rel _resource

Cresource ) . done

For the same reason, the specification of the
activities "Send Acks”»
ment”> " Prepare document”,

"Request and check pay-

"Send document”

can be described. Due to space limitation, we

choose not to list here. Furthermore, we define
. ” e 4

a special process named "Terminate” that repre-

sents the termination of the workflow process.

TERMINATE = ,start . done

The process "Terminate” does not assign re-
source and also need not to execute activity. It
acts as an indication of the termination of work-
flow processes.

Therefore, the specification of workflow pro-
cess about travel reservation can be defined:

TRAVELRESERVATION = ,; SELECTTRIP Be-
fore

if ¢ then (( SENDACK Parallel REQUEST-
CHECK)

Before ( PREPAREDOC Before ( SEND-
DOC Before TERMINATE )

)
else RERMINATE >

In the above specification, we introduce an-
other dependency between activities; i.e. Par-
allel . The parallel dependency consists of AND-
split and AND-join. For example, the activity
"Send Acks” and the activity "Request and check
Payment” that are connected by AND-split and
AND-join form Parallel dependency. We can
define Parallel dependency based on the seman-
tics of AND-split and AND-join.

A Parallel B = 4;Cv pg)(Cstart . Cp1p)1C{p/
start ¥ {q/ done Y B | {p/start } {q/ done }C>)

[ Cowdq.wlqg.wlw.w. done)d)

The whole workflow process was triggered by

an external event, i.e. FventCustomerReq .

EventCustomerReq = start .0

Thus, workflow process can be described as
follows:

Cv start ) C EventCustomerReq | TRAVELRESER-
VATION

MODEL ANALYIS AND VERIFICATION

The aim of formalizing workflow model is to
enable the analysis and verification of the work-
flow model. Based on the process semantics in
the m-calculus, we can check whether two modes
are equivalent or whether the model satisfies cor-
rect requirement> such as deadlock-free proper-
ties. When analyzing the properties of workflow
model, the coordination between activities of
workflow is a major factor to be considered, and
the details about how WFMS manages resources
have no impact on the result of analysis on mod-
els. Thus, we can omit the representation of de-
tails about activity, such as assignment of re-
source as well as type of activity. Thus, define 2
to define 5 can be described simply as:

A = gystart . a done

1. Correctness properties

In order to ensure the correctness of the
workflow model, the process models must satisfy
two basic requirements ( Van der Aalst, 1998):
(1) Starting form initial state, final state will al-

ways be reachable. This means that workflow
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processes must normally terminate. When work-
flow process is complete, there are no dangling
activities. (2) There does not exist deadlock.
This means that any activities can be executed.
Thus:
rectness requirements ( Bradfield and Stirling,
2001) .

correctness requirements

Requirement 1 If ¢ is a workflow model
whose process expression in the m-calculus is
P¢> then Pg has to satisfy:

we use mu-calculus to describe the cor-

Pol= pZ . < finaltask > &\ ( < — > #t
AN[=-12D

where finaltask denotes the activities that the
final node in workflow model represents.
Requirement 2
whose process expression in the mw-calculus is
P¢s then Pg has to satisfy:

Pol=vZ.<->uaNl-1z

If G is a workflow graph

Requirement 1 says that workflow process
normally terminate. And requirement 2 shows
that the model is deadlock-free.

2. Model equivalence

It is often useful to transform one model into
another equivalent model when modeling work-
flow or optimizing business processes. Based on
weak bisimulation in the w-calculus; we can
check whether two process models can have the
same behaviors.

Definition 13 P = Q iffs for all « &€ ACT )

(1) whenever P——>P’, then 30,0 —>
Q'and P = Q. )

(2) whenever Q L’Q’ . then 3 P, P
Pand P = Q.

" "

Here " =" is a weak equivalence between
processes .

Definition 14
workflow models are denoted by A and B re-

If processes expressions of two

spectively, then the two models are identified as
equivalent iff A~ B.

Definition 15
flow models is denoted by A, then there exists

deadlocks iff

If processes expressions of work-

3 t»A——>A" and A" ~0.

Where ¢ is a sequence of actions and ” ~ " is
strong equivalence .

The 7t-calculus analytical tool MWB ( Mobili-

ty Workbench) not only checks the equivalence
of two processes> but also verifies whether dead-
lock exits in the processes ( Victor and Moller,
1994) . Furthermore; MWB provides interactive
simulation to observe the dynamic behaviors of
process. Thus, we can automatically check
workflow models with the help of existing w-cal-

culus analytical tool.

RELATED WORK

Much research effort is being carried out in
the workflow modeling field; yielding a number
of approaches to workflow processes representa-
tion. These efforts range from the use of graphi-
cal modeling approach, to rule-based languages
and formal languages. In FlowMark, graphical
modeling method is adopted and workflow model
is represented by a directed diagram where node
denotes tasks and arc between nodes depicts
control flow or data flow of tasks ( Alonso and
Mohan, 1997). The WIDE project also uses a
graphical language and then the graphical model
is converted into internal representation in term
of WFDL ( Wide workflow Description Lan-
guage) (Casati et al.> 1997). A main disad-
vantage of graphical modeling language is that
workflow model suffers from the lack of rigorous
well-defined semantics, making it impossible to
reason and analyze the workflow model. Rule-
based formalism, as an executable approach,
especially Event-Condition-Rule rule; can be
used to represent workflow model. In TriGSflow
workflow system > the ordering of activities was
described by ECA rules bound to objects ( Kap-
pel et al ., 1998). Also, rules similar to ECA
are used to depict state dependencies and value
dependencies between activities in METEOR
project ( Krishnakumar and Sheth, 1995). De-
spite the flexibility in dealing with dynamic mod-
ification of model, rule-based approach has to
depend on other formal method> such as Petrinet
and temporal logic, to represent the model se-
mantics. Therefore, it is extremely difficult to
analyze and reason rule-based workflow models.
The main advantage of formal approach is that it
enables the analysis and verification of the work-
flow model. At present, Petri net is mainly used
to model workflow due to its rigorous mathemati-

cal foundation ( Van der Aalsts 1998; Ellis and
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Nutt, 1993; Bandinelli et al.,» 1994). In the
SPADE project; SLANG language, an extension
of high-level Petri net> was adopted to model
software process and support the defining, enact-
ing, customizing of process models ( Bandinelli
et al ., 1993; 1994) . In contrast, our w-calcu-
lus based approach not only enables the formal
representation of the workflow model, but also
characterizes how WFMS manages activities,
such as assignment and release of resource.
With respect to model analysis, one of its main
advantages over the Peiri net based approach is
the compositionality, making composite verifica-
tion possible and thus reducing the complexity of
verification task . Moreover, the checking of mod-
el equivalence is not yet addressed by Petri net
based approach .

CONCLUSIONS

By describing workflow specification using w-
calculus, the workflow model can express the
dynamic behavior of business processes. With
rigorous process semantics, the model can be
verified whether it satisfies certain properties,
such as correctness requirement. Moreovers ac-
cording to bisimulation theorem in w-calculus,
the model can be checked for equivalence. Al-
though the main disadvantage of m-calculus is
that it is difficult for most people to understand it
very well, the m-calculus can be regarded as an
internal representation of workflow model for
analysis and verification. When combined with
graphical representation for user, our approach
of formalizing workflow modeling provides an al-
ternative way for workflow modeling and verifica-
tion.
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