&RPSRQHQW�DQG�’DWD�’LVWULEXWLRQ�LQ�D�’LVWULEXWHG�:RUNIORZ

0DQDJHPHQW�

6\VWHP

�

San- Yih Hwang

�,QWURGXFWLRQ

To respond to the ever-increasing uncertaintyand

unprecedented volatilityof the global business env i -

ronment, manyorganizations have adopted process-

oriented approaches to organizational change. Unlike

the functional approaches traditionallyemployed by

most organizations, theprocess-oriented approaches aim to integrate various kinds of resources in the o r -

ganization, including human, existing applications, and

tasks previousl yperformed byhumans, to achieve the

goals of business processes. A workflowmanagement

system (WFMS) is a kind of computer soft ware that

intends to meet therequirementsimposed byprocess-

oriented approaches.

Since theemergence of workflowrelated terminol o -

gies in mid 1980s, more than 250 products have existed

in the market that claim to support (some degree of)

workflowmanagement [6]. With theadvent of inte r -

net/intranet, workflowmanagement systems have even

been seen as an ideal technological infrastructurefor

supporting the construction of virtual enterprises. In

Taiwan, popular workflowmanagement syst ems i n -

clude IBM Flowmark, Lotus Notes, and MSExchange.

The research communityhas also acknowledged the

importance of workflowmanagement and identified

some limitations imposed by current workflowma n -

agement systems [2][14]. Anon-exhaustive list inclu d -

es thefollowing:

1. The process model behind theprocess defin i -

tion tools is not powerful enough to express all

kinds of workflowapplic a tions.

2. The correctness of a process definition is not

ensured.

3. The large scale workflowapplications are not

pro p erlysupported.

4. Almost all commercial workflowmanagement

systems adopt a client-server architecture with

server ´ s functionalitybeing executed at a si n -

gle site. This causes reliabilityas well asload

balancing problems.

5. Seamless integration to legacysystems is not

gene r allysupported.

6. Dynamic change to workflowprocess defin i -

tion or workflowprocess instances isnot ad e -

quatelysu p ported.

In an attempt to deal with the problems 3, 4, and 5,

several researchershave adopted the component-based

approach to designing a WFMS, and the reports on the

implementation of these prototype WFMSs can be

widel yseen in theliterature [3][4][10][12][13]. The

component-based approach partitionsthe functionality

of a WFMS into a set of components, each of which is

wrapped up according to some standard object tec h -

nologies, e.g., CORBA or DCOM, to provide transpa r -

ent distribution of and access to the components. The

standard object technologysuch asCORBA also serves

as an ideal infrastructure for integrating legacysystems.

Bydistributing componentsof a WFMS to various

sites, failure to a single site will not impede theoper a -

tion of all workflowprocesses.

However, although thecomponent-based approach

imposes no restrictions on howthe various components

are distributed, different strategies of distributing co m -

ponents still make differences in termsof efficiency

and load balancing. In thispaper, we address the issues

on howto distribute the components and the needed

data in a computing environment consisting of several

local domainsconnected bycomputer networks. To the

best of our knowledge, these issues have not been a d -

dressed in the literaturebythe workflowresearch

community.

The rest of the paper isorganized asfollows. Se c -

tion 2 describes the related workflowconcepts adopted

in thispaper and proposes a distributed WFMS arch i -

tecture byusing the component-based approach . The

component-based approach meets thefunctional r e -

quirements of a WFMS bydesigning a set of objects.

These objects collaborativelywork together to achieve

the functionalityof a WFMS. Section 3 discusses how

to distribute these objects to facilitate efficiencyand

load balancing. As a WFMS needs to store both the

definition data and instance data in a database, the data

management plays an important role in the operation of

a WFMS. Section 4 isdevoted to the discussion of

distributing the data required bya WFMS. Finally,

Section 5 provides a summaryand points out our future

work.

�

%DFNJURXQG

A workflowis the automation of a business process, in whole or part, during which documents, information or tasks are passed from one participant to another for action, according to a set of procedural rules [16]. The description about the action performed bya participant is called an activity, which forms a logical step in the pertaining workflowprocess. Activities could be ma n - uallyperformed byhumans or automaticallyconducted bya computer program or hardware. A workflowma n - agement system (WFMS) provides facilities to manage workflowprocesses, enabling users to define, execute, and monitor processes. A reference model proposed by the WorkflowManagement Coalition (WfMC) is

shown in Figure 1 [15].

F i g u r e 1 . A R e f e r e n c e M o d e l b y W f M C

The central part of the model isthe workflowe n - actment service, which provides the workflowreposit o - ryand functionsto meet the external requirementssuch as defining, activating, and monitoring processes, tracking thestatus about activities, and interacting with other workflowenactment service.

Several hundred products that exist in themarket claim to support workflowmanagement [6]. These systems are designed for office automation with e m - phasis on circulating documentsfrom one participant to another. Besides, theyadopt client-server architecture, in which theentire workflowenactment service is e x - ecuted on a single platform. Such a centralized arch i - tecture suffers from scalabilityand reliability[11][14].

In recent years, a great deal of research interests has been focused on thedesign of a distributed WFMS, in which the functionalityof the workflowenactment service is performed across various platforms. Several designshave been proposed and protot yped in theli t - erature [3][4][10][11]. Of all the various designs, the component-based approach hasbeen widel yadopted.

The component-based approach divides the workflow enactment service into soft ware components, which collaborativel yperform theworkflowfunctionality. To enable seamless distribution and communication among components, emerging distributed object ma n - agement technologies, e.g., CORBA and DCOM, are adopted. Besides, thecomponent-based approach also solves the problem of integrating legacysystems by wrapping them up according to theadopted object standard.

The process definition tools usuallyprovide graph i - cal interfaces to ease the specification of workflow processes and data. Thisspecification will be converted to an intermediate format called workflowspecifi cation language. A workflowspeci fication language includes

Workflow API and Inte r -

cha nge formats

Workflow Enactment

Service

WF

Eng

w

E n -

gine

Workflow

Client

A p -

plications

I n vok ed

Appli c a -

tions

Admin i -

stration

& Mon i -

toring

Tools

Process Def i -

nition

Tools

Workflow

Ena ctment

Service

WF

Eng

E n -

gine

Inte r fa ce1

Inte r fa ce5

Inte r fa ce4

Inte r fa ce3

Inte r fa ce2 syntax for specifying data, activities, and the interd e -

pendencies among them. A typical process speci fic a -

tion language isdescribed in [17]. It was proposed by

WfMC and intends to serve as an interchange language

bet ween those from different vendors. Taking an inte r -

mediate format about a workflowprocess as an input,

the component-based approach generates code for a c -

tivitymanagers, including scheduling components,

invocation code, data access routines, and therecover y

mechanisms. Each activitymanager has the sole r e -

sponsibilityfor conducting an activity, which could be

manual or automated. For a manual activity, the acti v -

itymanager mayjust place a work item on the worklist

of each potential participant and start tracking the st a -

tus about thework item. Once a work item isselected

bya participant, thesame work item will be removed

from the work listsof the other potential participants.

For an automated activity, the activitymanager starts it

byproviding the necessaryinformation. Once an acti v -

itymanager determinesthat the associated activityis

completed, it activates thesuccessor activitymanagers,

if any. This procedure continues until the last activity

manager finishes its activity, which marksthe end of a

workflowprocess instance.

Note that each module in the component-based a r -

chitecture, e.g., activity, activitymanager, worklist

handler, etc., isimplemented asan object according to

the adopted object standard. The object standard

provides an infrastructurefor the development of sof t -

ware in a distributed and heterogeneous environment.

Thus, activitymanagers can be transparentlydistribu t -

ed to different servers, and thecommunicationsb e -

tween them relyon the facilities provided bythe object

sta n dard. The architecture isdepicted in Figure 2.

In addition to the code, data also plays a crucial role

in workflowapplications. Workflowdata can be class i - fied into the following two categories:

z Definition data: This is the set of ( meta) data

specifi ed byprocess definition tools. It includes

the process and activitydefinitions, the control

and data dependencies among activities, the def i -

nitions of relevant data whose values determine

the control flowof a workflowprocess, and the

organizational data that describes roles in an o r -

ganization and the relationshipsamong them.

z Instance data: This isthe set of data generated

when workflowprocess instances are executed.

For each process instance, such information as its

status, the constituent activityinstances and their

status, the values of the relevant data, and other

statistical data, e.g., starting and ending time, is

recorded.

A nice propertywith the component-based arch i -

tecture is that objects can be distributed in anywa y

across different platforms, and the internal structure of

each object is hidden from other objects. However, to

achieve an efficient workflowexecution and to balance

the loads incurred at different servers, the wayobjects

and data are distributed should be carefull yplanned.

The focus of this paper are (1) object distribution and

(2) data distribution, which will be respectivel ydi s -

cussed in detail in thenext two sections.

�

’LVWULEXWLQJ�2 E

�([SUHVVLQJ�WKH�$FWLYLW\�0DQDJHU

$VVLJQPHQW�3UREOHP�DV�DQ�,QWHJHU

3U R JUDP

There are a number of fact ors that one mayconsider

in distributing activitymanagers, i n cluding:

1. An activity managershould be assigned to a local

domain that is closer to all participants that can

potentially conduct the corresponding activity.

For an automated activity, we can just assign the

associated activitymanager to the local domain

where the automated activityis taken place. For a

manual activity, however, therecould be several

candidates that arequalified of performing it. The

activitymanager hasto interact with all theca n -

didates bycommunicating with their worklist

handlers. Worse, these qualified candidates may

not reside on the same local domain.

2. An activity managershould be assigned to a local

domain that incurs less communications to its

predecessor and successoractivity managers. In a

distributed WFMS, an activitymanager isactiva t -

ed byits predecessor activitymanagers and may

be responsible for initiating the following activity

managers. The local domain assignment hasto t a -

ke the communication overhead between activity

managers into account.

3. Do not assign too many activity managers to a

local domain. The server in each local domain has

its capacity. Overloading a server not onlyhinders

workflowexecution efficiencybut also under-

utilizes the resources in the entire computing e n -

vironment.

To better understand the problem, in thefollowing,

we consider the above three factors and formallye x -

press theactivitymanager assignment problem as an

integer program. Suppose we are required to assign the

activitymanagersfor a workflowprocess with n a c -

tivities, and there are m local domainsin thecomputing

environment. ActivityCost i is the communication cost

incurred in executing the activitymanager i due to the

interaction with its potential performers. If activity

manager i is theimmediate predecessor (in the control

flowor data flow) of activitymanager j , there exists

some communication cost between them, which we

call transition cost , denoted as TransitionCost i ,j

. Let x i be the local domain to which activitymanager i isa s -

signed . We want to min i mize å å å

= = =

+ n

i n

j ij n

i i Cost

Transition st ActivityCo

1 1 1

Subject to

) , ( i i x i Cost st ActivityCo = , ( ni ££1 )

å

=

£ - n

i l i Capacity x Zero

1

) 1 ( ,

( m l £ £ 1 ), m x i

£ £ 1 ( ni ££1 )

Note that Activity Cost i is determined by Cost(i, x i ) ,

the communication overhead needed in executing the

activitymanager i at the designated local domain x i . If

activity i is the immediate predecessor of activity j , a

non-zero transition cost ( TransitionCost i ,j

) is incurred.

In this case, if activitymanger i reside in the same local

domain as the activitymanger j , TransitionCost i ,j is a ;

otherwise, it is b . Of course, in most cases, b is much

bigger than a . To better denote the equation, we intr o -

duce a step function Zero(k) that returns 1 when k=0

and 0 otherwise. To prevent a local domain from ove r -

loading, there is a limit on the number of activityma n -

agersthat can be assigned to a local domain l , denoted

as Capa c ity l .

It is obvious that solving the above integer program

effi cientlyis almost impossible, as a much simplified

form of integer program, the knapsack problem, has

alreadybeen shown to be NP-complete [1]. Manya p -

proximation algorithms have been written on books

and papers that can be used to get a non-optimal sol u -

tion in less time[7]. To get an optimal solution eff i - where Zero(y) =

0 , if y = 0

1 , otherwise.

1 , if activity i has

immediate pre-

decessor of

activity j ,

0 , otherwise.

Transition( i,j)=

) ( ( j i ij x x Zero

Cost

Transition - * = a

) , ( )) ( 1 ( ji

Transition x x Zero j i

* - - * + b

) , 1 ( , n j i £ £ ciently, in the following subsection, we convert the problem to a bipartite matching one byignoring the transition cost between activitymanagers. This greatly reduces the computation complexityin solving the activitymanager assig n ment problem.

�([SUHVVLQJ�WKH�$FWLYLW\�0DQDJHU

$VVLJQPHQW�3UREOHP�DV�D�%LSDUWLWH

0DWFKLQJ�2QH

The interactions between an activitymanager and its

(potential) performerscould be substantial. Consider a

manual activity. The activitymanager first has to i n -

form the worklist handlersof all staff members that are

capable of performing it. When one staff member d e -

cides to take the activity, it then informs the activity

manager, which in turn tells theother worklist handlers

to drop the work item from their work lists. During the

execution of the activity, the participant maycomm u -

nicate with the activitymanagersseveral times to su s -

pend, resume, or terminate the activity. Bycontrast, the

interaction between different activitymanagersis less

frequent, especiallywith sequential/conditional/ parallel

control/data connectors, which make up most of the

inter-activitydependencies in most cases. In thissu b -

section, we ignore the transition costs bet ween activity

managers and formulate theproblem as a weighted

matching one of a bipartite graph, which can be sol ved

much more eff i ciently.

We followthenotations used in the last subsection.

That is, Cost(a, d) indicates thecommunication ove r -

head incurred in executing a when itsactivitymanager

is assigned to local domain d ; Capacity d is the max i -

mum number of activitymanagersthat can be acco m -

modated in the local domain d . Let G=(S, T, A) be an

undirected bipartite graph with S and T being the set of

activitynodes and the set of local domain nodes r e -

spectivel y, and Acontaining edges bet ween Sand T.

Note that each activitynode in S uniquelyrepresentsan

activitymanager, while a local domain d isreplicated

Capacity d times in T . Let K be a sufficientlylarge

number 1 . Theweight associated with an edge <a, d> is

defined as K ˘ Cost(a, d) . The goal is to find a matc h -

ing in the bipartite graph for which the sum of weights

of theedges is maximum. For example, suppose there

are two local domainsX and Y in the computing env i -

ronment and five activitymanagersfor a given

workflowprocess. The capacities of X and Y are 3 and

4 respectivel y. The corresponding bipartite graph is

shown below.

1 In this case, K mu st be no less tha n Max d (Capacity d ) to mak e the

weight a ssocia ted with each edge non-negative.

The goal is to find a maximum match in the above

bipartite graph. Thisproblem can be solved in polyn o -

mial time 2 .

�’LVWULEXWLQJ�’DWD

Once the distribution of soft ware components have

been determined, the next step is decide on where the

associated data should locate. Intuitivel ywe should

place the needed data close to the relevant component

as much aspossible. However, a moment of thoughts

shows that this isnot as simple as it first appeared.

Different types of data mayhave different access and

updatepattern. In this section, we discuss alternatives

for dispatching/replicating various types of data by

considering the wa ys data isaccessed.

As mentioned in Section 2, there are two t ypes of

data, namelyworkflowdefinition data and workflow

instance data. In [11], theauthorsassumethe workflow

definition data to be full yreplicated among all local

domains. We share their opinion in that definition data

is rarelyupdated but intensivel yaccessed during acti v -

ityexecution. For example, to execute a manual acti v -

ity, theactivitymanager has to first find out therole

that is assigned to thisactivityfrom the activitydefin i -

tion, then get theidentifiers about the persons that fu l -

fill this role from the organizational data. When the

workflowdefinition data is available at each local d o -

main, thescheduling at each activitymanager can be

greatlyspeeded up. To updatethe definition data that is

full yreplicated, it takes much more time assome

transactional facilityhas to be employed to ensure data

consistency. We think it isworthwhileto paythe price

as updates to workflowdefinition data rarelyoccur.

However, regarding the instance data, it isnot obv i -

ous whether we should partition it, replicate it, or just

keep a central repository. The following two subse c -

tionsdiscuss in detail about howto place process (a c -

tivity) instance data and relevant data respectivel y.

�3ODFLQJ�3URFHVV�DQG�$FWLYLW\�, Q

�

VWDQFH�’DWD

Before coming to thediscussion of data placement

2 Let | S | be the nu mber of activity mana gers and | T | be S d (Capacity d. ).

Let m = Max (| S |, | T |) and n = Min (| S | , | T |). The Hu ngarian method for

solving the bipartite weighted matching problem takes O( m 2 n ) [9].

X1 X2 X3 Y1 Y2 Y3 Y4 Local d o mains

A1 A2 A3 A4 A5 A c tivities

�

�

K- Cost(A1 1 ,X1) K- Cost(A5 1 ,Y4) about process and activityinstances, let ustake a look

on their schema. Since the data schema israrelydi s -

cussed in the literature, we modifythe schema sugges t -

ed byWfMC [18] and propose our own schema for

illustration purpose:

Process_Instance_Table

ProcessI n stance ID InitialProcessI n -

sta nceID

Pro c es s -

Name

Pro c essStatus

StartTime EndTime Activator

Act ivit y_I nstance_Table

Pro c essI n -

sta nceID

Activit y I n -

sta nceID

Status Start

Time

En d -

Time

Rol e -

Name

Participa n -

tID

Each process instance has an entryin the Pro c -

ess_Instance Table that include values about its id, its

status, its starting and ending time, the id of the person

who activated it. As a process can be nested, a process

instance could be several levels down in the hierarchy

from the top. The process instance at the top of the

hierarchyactivated bythe user is called initial process

instance, and its id is recorded byeverysucceeding

lower level process instance for future queries. The

reason whywe keep the initial process instance id in

Process_Instance Table will become clear later.

Similarly, each activityinstance stores the inform a -

tion in the Activity_Instance Table about its id, its

status, its starting and ending time, and the id of the

pertaining process instance. Besides, the ids of the role

and the user that executed theactivityare also recorded

if it is a user activity.

The information about an activityinstance is r e -

corded byits activitymanager. To speed up thepro c -

essing of activitymanagers, it isreasonable to hor i -

zontallypartition Activity_Instance Table such that

each local domain hasa table to store theinformation

about the activityinstances executed locall y.

A process instance is created bya user who decides

to execute a process.

Byusing the administrating/monitoring tool, itsi n -

formation maybe subsequentlymodified to suspend,

resume, or terminate its execution, or accessed by

tracking its status. When the last activityof the process

instance isexecuted, thecorresponding activityma n -

ager marksthe completion of the process instance.

During the course of process execution, theinform a -

tion about the process instance remainsintact. There

are three approaches in placing the process instance

data:

1. Keep a single, central repositoryfor storing all

process instance data

2. Distribute theprocess instance data such that the information about a process instance is placed at

the local domain where it is created.

3. Fullyreplicate the process instance data at all

local domains.

The first and the second approaches have similar

cost in updating process instances because subsequent

modification to a process instance data maynot occur

at the same domain aswhere it iscreated. The third

approach, bycontrast, incur much overhead in termsof

updatecost. Let us nowlook into the cost for mon i -

toring a process instance. Suppose a user would like to

knowthe progress of an insurance claim process i n -

stance activated byJohn Chen. Thefollowing three

steps are needed to process thisquery:

1. Find out the initial process instance id activated

byJohn Chen. The SQL statement against our

schema is

SELECT InitialProcessI n stanceID

FROM PRO C ESS_INSTANCE_TABLE

WHERE ProcessName = ` Insurance Claim´

AND Activator = ` John Chen ´ ;

2. Find out the id of all process instances with the

initial process instance id being that returned by

Step 1. Let iid be the process instance id retur n -

ed byStep 1. The corresponding SQL stat e ment is

SELECT ProcessInstanceID

FROM PRO C ESS_INSTANCE_TABLE

WHERE InitialProcessInstanceID = $ iid$;

3. Find out the ids of the activityinstances with

statusbeing active and the pertaining process i n -

stance ids being in the set of process instance ids

returned byStep 2. Let sid be theset of process

instance ids returned byStep 2. The following is

the SQL statement for Step 3:

SELECT ActivityInstanceID

FROM ACTI V ITY_INSTANCE_TABLE

WHERE ProcessInstanceID IN $ sid$ AND

Status= ` Active ´ ;

One maywonder whynot combining the three steps

byusing a single SQL statement that joinsthree tables.

Thisargument is valid for approach 1 and 3. In this

case, the server in each local domain independently

executes the above three steps. Since it hasbeen deci d -

ed that ACTIVITY_INSTANCE_TABLE be horizo n -

tallypartitioned and distributed to various local d o -

mains, when all serversfinish execution, the results

have to be collected and presented to the user asa

whole. On theother hand, if approach 2 is adopted and

PROCESS_INSTANCE_TABLE ispartitioned and

distributed to various local domains, thethree steps

have to be conducted one after another at each local

domain, and after each step, a synchronization isnee d -

ed to collect and distribute the results before the next

step can be started.

We next discuss the reliabilityproblem. Thebiggest

problem with the first approach is the possibilityof

single site failure , bywhich we mean the crash of the

site that stores PROCESS_INSTANCE_TABLE will prevent the operations of workflowprocess initializ a -

tion, suspension, resumption, and termination (though

the activityexecution will not be affected). The chance

of failure to theserver in the local domain that stores

PROCESS_INSTANCE_TABLE can be greatlyr e -

duced byadopting some hardware approach, e.g., by

employing a fault-tolerant machine, or software a p -

proach, e.g., byusing a replication server to store a

secondarycopyat another site. Nevertheless, if the

reliabilityis a major concern, the third approach inco r -

porated with some consistencymaintenance mech a -

nism in a partitioned network to handle the failure

problems [5] becomes the best choice. Thecomparison

can be summarized in the following table:

Approach Update

Eff i -

ciency

Monitoring

Effi ciency reliabi l ity Ease of

Impleme n -

tation

1 high high low high

2 high low m e dium medium

3 low high high low

�’LVWULEXWLQJ�5HOHYDQW�’DWD

Relevant data can appear in the conditionsof var i - ous places, e.g., transitionsbetween activities, indica t - ing whether or not theend of an activityshould trigger the start of another, the precondition of an activity under which the activitycan be started, and postcondition of an activity, signifying thesuccessful co m - pletion of the activity. Since each process instance is an independent thread of execution, it has its own set of relevant data values. The issue we are look at in this section is, for each process instance, where the relevant data should be placed. There arethree strat e gies:

1. Put all therelevant data values in a single site.

2. Deliver the relevant data to the required activity managers byfollowing the data flowspecified in the process definition.

3. Fullyreplicate the relevant data values at all local domains.

The third strategywill not be discussed since it i n - curs much overhead in storing data. Thefirst strategyis simple. However, it suffers from the reliabilityproblem.

Besides, requiring all updates to therelevant data be stored in a fixed and possibl yremote database is likely to cause performance problem. Thus, we recommend the use of the second strategy. Thisstrategycan be implemented in a pushing manner. Bypushing, we mean that, at the end of an activity, the required rel e - vant data values are sent to the local domain of the activityat the other end of a data flowedge. However, since a process definition maycontain many conditio n - al branches, the activityat the destination end of a data flowedge ma ynot be executed afterwards. To elim i - nate the unnecessarydata deliveries ,, we suggest the use of another implementation, namely data pulling .

For pulling, when an activityat the destination end of a control flowedge is initiated, its activitymanager r e - quests the local domains in which thesource activities of these edges reside to send the required relevant data.

If thesource and destination activities of a data flow edge happen to reside in the same local domain, no communications are needed.

�&RQFOXVLRQV

Thispaper addresses the object and data distribution problems in a distributed WFMS designed bythe co m - ponent-based approach. Regarding theobject distrib u - tion, we have considered the communication cost for executing an activity, that for activity transition, and the maximum load allowed at a single site. An integer program is formulated accordingly. If the activitytra n - sition cost can be ignored, which is valid in most cases, the problem can be further transformed to a weighted matching one of a bipartite graph. The resultant pro b - lem can be solved more efficiently. With respect to the data distribution, we considered several alternatives and reached the following conclusions:

1. Workflowdefinition data, including process and activitydefinitions, organizational structures, and relevant data definition, should be fullyreplicated at all sites.

2. Information about activityinstances should be distributed to the site on which the corresponding activities are executed.

3. Process instance data can be centralized stored for effi ciencyreason. However, if reliabilityis to be a big concern, fullyreplication of theprocess i n - stance data can be adopted with thesacrifice of eff i ciency.

4. Relevant data values aredynamicallysent to a site byfollowing the data flowco n nectors.

The distributed WFMS architecture described in this paper has been designed byusing UML methodologies.

Due to space limitation, we do not showtheir detailed design here [8]. The distribution of application data is not discussed in thispaper asit is beyond thecontrol of the WFMS. However, if some historical information about the application data is available, its placement can be carefullyplanned. This is part of our future work.

5HIHUHQFHV

[1] A. Aho , J. Hopcroft , and J. Ullman . Data Structures

and Algorithms, Addison Wesley, 1983.

[2] G. Alonso , D. Agrawal , A. Abbadi , and C. Mohan.

Functionalities and Limitations of Current Workflow

Management Systems, Technical Report, IBM Alm a -

den Research Center, 1997.

[3] A. Dogac, E. Gokkoca, S. Arpinar, P. Koksal, I. Ci n -

gil, B. Arpinar, N. Tatbul, P. Karagoz, U. Halici, and

M. Altinel, ^ Design and Implementation of a Distri b -

uted Workflow Management System: Metaflow,~

Proc. of NATO Advanced StudyInstitute on

Workflow Management Systems and Interoperability,

1997.

[4] S.Das, Kl Lochut, J. Miller, A.Sheth, D. Worah:

^ ORBWork:AReliable Distributed CORBA-based

Workflow Enactment System for METOR_2 ~ , Tec h -

nical Report #UGA-CS-TR-97-001, Department of

Computer Science, Universityof Georgia, February

1997.

[5] S. Davidson, H. Garcia- Molina , and D. Skeen . ^ Co n -

sistencyin Partitioned Networks, ~ ACM Computing

Survey, Vol. 17, No. 3, 1985.

[6] D. Georgakopoulos, M. Hornick, and A. Sheth, ^ An

Overview of Workflow Management:from Process

Modeling to Workflow Automation Infrastructure,~

Distributed and Parallel Databases , Vol.3, No.3 ,

1995

[7] T. C. Hu, Integer Programming and Network Flows,

Addison WesleyPublishing, 1970.

[8] S .-Y. Hwang, Final Report to the Research on Anal y -

sis, Design and Feasibilityof the Architecture of

Distributed Workflow Systems (in Chinese), Project

No. 0064, 1998.

[9] E. L. Lawler . Combinatorial Optimization:Networks

and Matroids, Holt, Rinehart and Winston, 1973.

[10] J. Miller, D. Palaniswami, A. Sheth, K. Kochut and H.

Singh, ^ WebWork:METEOR2 ´ s Web-Based

Workflow Management System, ~ Journal of Intell i -

gent Information Systems, Vol. 10, No. 2, 1998.

[11] C.Mohan, G. Alonso, M.Kamath .., ^ Failure Handling

in Large Scale Workflow Management Systems, R e -

search Report RJ 9913, IBM Almaden Research

Center, November 1994.

[12] P. Muth, D. Wodtke, J. Weissenfels, A. Dittrich and G.

Weikum, ^ From Centralized Workflow Specification

to Distributed Workflow Execution, ~ Journal of I n -

telligent Information Sy s tems, Vol. 10, No. 2, 1998.

[13] R. Schmidt and U Assmann, ^ CompFlow:AComp o -

nent-based and Aspect-separated Architecture for

Workflow Support, ~ Proc. of EDBT Workshop on

Workflow Management Systems, 1998.

[14] A. Sheth and K. J. Kochut . ^ Workflow Applications

to Research Agenda:Scalable and Dynamic Work

Coordination and Collaboration Systems, ~ Proc. of

NATO Advanced StudyInstitute on Workflow Ma n -

agement Systems and Interoperability, 1997.

[15] Workflow Management Coalition, The Workflow

Reference Model, 1994.

[16] Workflow Management Coalition Terminology,

Workflow Management Coalition, 1996.

[17] Workflow Managem ent Coalition Interface 1:Process

Definition Interchange, Workflow Management Co a -

lition, 1996.

[18] Workflow Management Coalition Audit Data Spec i -

fication, Workflow Management Coalition, 1996.