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Abstract

A workflow specification is a formal description of business processes in the real world. Its correctness is critical to the workflow

execution and hence the realisation of business objectives. In addition to structural and temporal constraints, resource constraints

are also implied in workflow specifications. Therefore, they should be analysed to ensure that the workflow specification is resource

consistent at build-time. In this paper, we first identify the problem of resource constraints in a workflow specification. Then we

propose an innovative approach with corresponding algorithms to the checking of resource consistency for a workflow specification.

Furthermore, we extend our analysis work to timed workflow specifications, where time information is taken into consideration for

the checking of the resource consistency of a workflow specification. The work reported in this paper provides a theoretical

foundation for workflow modeling and analysis in workflow management.

� 2003 Elsevier Inc. All rights reserved.

Keywords: Workflows; Timed workflows; Workflow specifications; Workflow analysis; Resource constraints
1. Introduction

Workflow management has emerged as an important

technology designed to support modeling, redesign and
execution of business processes. According to workflow

management coalition (WfMC), workflow is defined as

the computerised facilitation or automation of a busi-

ness process, in whole or part. A workflow management

system (WfMS) is a system that completely defines,

manages and executes workflows through the execution

of software whose order of execution is driven by a

computer representation of the workflow logic (WFMC,
1995). So far, numerous workflow products or proto-

types have been developed, with some on the market.

In general, a WfMS consists of two main functional

components: a workflow modeling component and a

workflow enactment component. The former offers a
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build-time environment where workflow specifications

can be defined, analysed and managed. In addition, the

component also supports the persistent storage for

workflow specifications. The latter, however, provides a
run-time environment for the creation, execution and

management of workflows. In the course of workflow

execution, the component possibly interacts with actors

or some external applications for the correctness of

workflow execution.

In order to support the automation of business pro-

cesses, they should be abstracted from the real world and

specified using a language, namely, workflow specification
language. The result is called workflow specification,

which contains information formally describing various

aspects of a workflow, for example, the process aspect,

information aspect and organisation aspect (Chan et al.,

1997). The process aspect describes the structure of a

workflow using such entities as activities, subprocesses (a

process that is enacted or called from another process or

subprocess) (WFMC, 1995), as well as flows (data and
control flows) between them. The information aspect

addresses what are input and output by activities in

a workflow. The organisation aspect defines entities
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belonging to an organisation or a virtual organisation as

well as the relationship between them.

Building workflow specifications is a complex and

error-prone process, especially for the large-scale ones. It

is likely to introduce inconsistencies or errors to these

workflow specifications. For example, ‘‘deadlock’’ or
‘‘lack of synchronisation’’, as reported in Sadiq and

Orlowska (2000), may appear in workflow specifications

due to the false representation. Such inconsistencies or

errors may lead to incorrect execution of some or all

workflow cases. Only a few investigations (Aalst, 1998;

Adam et al., 1998; Davulcu et al., 1998; Marjanovic,

2000) have addressed this problem and proposed some

approaches for the verification of workflow correctness
from structural and temporal aspects. However, activi-

ties in a workflow usually access some resources during

their executions. So, in addition to structural and tem-

poral constraints, resource constraints are also implied in

a workflow specification, which affect greatly the execu-

tion of a workflow. In a WfMS, some resources can be

shared by activities. At the start of an activity’s execu-

tion, it must obtain the required resources. During its
execution, some resources are assumed to be occupied

exclusively by the activity. After the completion, the re-

sources are released and can be accessed by other activ-

ities. Suppose that a resource constraint between two

activities within a workflow specification is not repre-

sented correctly, the activities probably compete for the

same resources in a workflow, and then result in a con-

flict. Therefore, the workflow specification should be
analysed in terms of resource constraints at build-time

rather than only at run-time in order to identify this kind

of potential conflicts; and then these potential conflicts

should be removed from the workflow specification.

To the best of our knowledge, no work has been done

on analysing resource constraints in workflow specifi-

cations. Based on the past work on workflow verifica-

tion, this paper takes this challenge to tackle this
problem in workflow community and proposes analysis

method for resource constraints in workflow specifica-

tions. At first, the problem of resource constraints is

identified in workflow specifications. Then, an approach

is proposed for the verification of resource consistency

for workflow specifications, with the corresponding

algorithms developed. Moreover, we extend our work to

timed workflow specifications. The method presented in
this paper can be used to check a workflow specification

at build-time for its resource consistency.

The remainder of this paper is organised as follows.

The next section introduces some preliminary knowledge

on workflow specifications. Section 3 discusses resource

constraints in workflow specifications. After that, we

address the analysis on resource constraints in workflow

specifications in Section 4, and extend the same analysis
to timed workflow specifications in Section 5. In Section

6, we suggest several ways to remove potential resource
conflicts from workflow specifications. Section 7 sum-

marises the related work on workflow analysis. Finally,

Section 8 draws concluding remarks.
2. Background

2.1. Workflow specification

Conceptually, a workflow is a collection of activities,

together with their order of invocation and information

flow. An activity is an application-specific unit sched-

uled by a WfMS. It can be defined as an entity with

some attributes, such as input data, output data, actors,
and states (Adam et al., 1998). Basically, activities are

classified as two types, namely, atomic activity and

composite activity. An atomic activity cannot be divided

further and can be directly executed by a workflow en-

gine; while a composite activity is an abstract descrip-

tion of another process and can be decomposed into a

workflow (WFMC, 1995). Sometimes, we do not dif-

ferentiate them and call them activities only if this does
not cause ambiguity for understanding. Dependencies

between activities define their execution orders in a

workflow. The execution orders compose the control

structure of the workflow. Four kinds of basic control

structures, that is, sequential, parallel, selective and

iterative structures, are defined in the workflow refer-

ence model (WFMC, 1995).

Usually, workflows are specified to be workflow
specifications according to specific syntax rules. An

activity is denoted by a node (called activity node). In

order to represent the above control structures, four

types of nodes (called control nodes) are introduced,

that is, and-split (as), and-join (aj), or-split (os) and or-

join (oj). Formally, a workflow specification can be de-

fined as follows:

Definition 1 (Workflow specification). A workflow spec-

ification, ws, is abstracted as a 3-tuple hN ; F ;Ri, where

ii(i) N ¼ fn1; n2; . . . ; ntg is a union of a set of activity

nodes AN ¼ fa1; a2; . . . ; ang and a set of control

nodes CN ¼ fcn1; cn2; . . . ; cnmg. Each element in

CN has one of the above four types, that is, as,

aj, os, or oj.
i(ii) F ¼ ffi j fi ¼ hns; nti; ns; nt 2 Ng is a set of flows be-

tween these nodes.

(iii) R : AN ! R is a resource set accessed by an activ-

ity, where R ¼ fR1;R2; . . . ;Rng is a superset. Ri,

i ¼ 1; . . . ; n; is a resource set accessed by ai.
(iv) ws has a unique start activity (denoted as as) and at

least one end activity (denoted as ae).

To visualise a workflow specification, we can use a

directed acyclic graph to represent its process structure
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Fig. 1. Graphic representation of a workflow specification.
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(see Fig. 1). The meanings of all symbols are annotated
in Fig. 1, where small squares represent activities in-

volved in a workflow, small circles and diamonds

denoting control nodes in the workflow, arrows

denoting flows between nodes, c1 and c2 attached to

some arrows indicating conditions on the flows, and

letters in a pair of braces below an activity denoting

resources accessed by the activity. Usually, to simplify

the analysis work on a complex workflow specifica-
tion, it is possible to encapsulate a part at one level

into a composite activity at another level. For exam-

ple, an iterative structure can be denoted by a com-

posite activity. The resource set accessed by this

composite activity is composed of all resources ac-

cessed by those activities in the iterative structure. On

the other hand, the resource consistency for the itera-

tive structure can be verified separately using the same
method.

A workflow, also called workflow instance, is an

execution case of a workflow specification, beginning at

the start activity and ending at the end activity. Each

workflow is assumed to have an identifier, which dis-

tinguishes it from others. For a workflow specification,

each execution case corresponds to a unique workflow.

Similarly, each execution case of an activity corresponds
to a unique activity instance, with an identifier in the

workflow. Without the loss of generality, in the rest of

this paper, we consider only one execution case of a

workflow specification, and hence identifiers marking

the workflow and activities are omitted, using the same

symbols as in the workflow specification unless explicitly

specified.

Note that a workflow contains a subset of activities
explicitly specified in the associated workflow specifi-

cation. During a workflow execution, activities are

scheduled with respect to the flows between them,

which prescribe the precedence relationship between

those activities. This is to say, given a workflow spec-

ification ws with hni; nji 2 F , if both ni and nj are

scheduled in a workflow, nj must start to execute only

after the completion of ni, denoted as ni 	 nj. More
formally:
Definition 2 (Workflow). A workflow, w, is a 4-tuple
hid;ws;A;	i, reflecting the execution of a workflow

specification, where

ii(i) id is an identifier assigned to the workflow.

i(ii) ws is the associated workflow specification.

(iii) A 
 N is a set of activities (include control nodes)

that contains a subset of activities in ws.

(iv) The execution order 	
 ðA� AÞ is the partial order
such that if ai; aj 2 A and hai; aji 2 F in ws, then

ai 	 aj.

Note that the execution order 	 is transitive, that is,

let ai; aj; ak 2 A be three activities in workflow w, if there
exist ai 	 aj and aj 	 ak, then ai 	 ak.

Not all activities are scheduled in a workflow. Some

activities may not be instantiated because of the selective
structures in the workflow specification. Given two

nodes ni; nj 2 N in a workflow specification, we use

wðni � njÞ to denote that there exists such a workflow w
that both ni and nj are scheduled in it, and ni � nj to
denote that they will never be scheduled together in a

workflow. In this paper, we assume only one branch is

selected in executing a selective structure. For example,

as shown in Fig. 1, either a4 or a5 will be scheduled in a
workflow, but they are never scheduled in a workflow

together.

2.2. Timed workflow specification

A timed workflow specification is constructed by

augmenting each activity in a traditional workflow

specification (see Definition 1) with two time values, that
is, the minimum and maximum durations. So, at build-

time, we define dðaÞ and DðaÞ as the minimum and

maximum durations of activity a in its execution

respectively (dðaÞ < DðaÞ) (Zhuge et al., 2001). Time is
expressed in some basic time units, such as minutes,

hours, or days. The granularity is selected according to

specific workflow applications.

We designate the start time of a workflow as the
reference point (denoted as P ). At run-time, a completed
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activity a in the workflow has a start time (denoted as

SðaÞ) and an end time (denoted as EðaÞ) relative to the

reference point. Activity a is active during the period

from its start time to end time. This period is called the

active interval of a, denoted as ½SðaÞ;EðaÞ�. DRðaÞ ¼
EðaÞ � SðaÞ is defined as its run-time duration.

Corollary 1. Given a timed workflow specification, under
the normal condition, we have: (1) dðaÞ6DRðaÞ6DðaÞ
for any activity a in a workflow; (2) EðaiÞ6 SðajÞ, if
9f ¼ hai; aji 2 F .

Proof. Proof of the corollary follows directly from

Definition 2 and the above discussion. h
Actually, in addition to the regular activities, a

workflow may contain other activities, for example,

compensating activities, whose function is to undo the

effect of an execution of those regular activities. We omit

them in this paper because of being less related to the
topic. Schuldt et al. (2002) investigate into more depth

on addressing compensating activities and their rela-

tionship with regular activities. In case that an excep-

tion happens, the duration of the exception handling

is classified as a part of the duration of the related

activity according to the place where the exception

happens.

Temporal constraints are different rules that regulate
the time component of a workflow. They are consistent

with a workflow specification if and only if they

could be satisfied based on the syntax of the workflow

specification and expected minimum and maximum

durations of activities (Marjanovic, 2000). In other

words, all activities are schedulable during workflow

execution.
3. Resource constraints in workflow specifications

As stated early, activities in a workflow need to access

resources during their executions. In WfMSs, a resource

is defined to be any entity required by an activity for its

execution, such as a document, a database table, an

appliance (for example, printer), an application, or even
an actor. According to the access property of resources

in a WfMS, they are classified as two types, namely,

shared resources and private resources. Shared resources

can be accessed by different activities within a workflow

or from different workflows, while private resources

cannot be shared by activities and are only accessed by

an activity. So, it is unnecessary to involve the private

resources in our analysis because they do not give rise to
resource constraints between activities. For those shared

resources, we further classify them as two types. One

type of resources can be accessed simultaneously by
activities no matter what operations are executed on

them; on the contrary, another type of resources is not

allowed to do so. In this paper, the former type of re-

sources does not need to be involved in our analysis

because they do not result in resource constraints, de-

spite that they can be accessed by different activities at
the same time. Finally, we focus on the latter type of

resources, which should be treated carefully and are

divided into the following two subclasses:

ii(I) In this class, whether resources can be accessed

simultaneously by activities depends on their access

modes. The actions can be allowed if these modes

are compatible. However, our analysis work is
based on a high-level framework and the concur-

rency control mechanism for them is in a low-level

and can be turned on when more details of a partic-

ular application domain are provided. Therefore,

they are not involved in our analysis yet.

(II) The resources in this class are assumed to be occu-

pied exclusively by an activity during its execution,

and cannot be accessed by another one until its
completion. In this case, we say, there is a resource

constraint between these activities.

As the above discussion, resource constraints exist

between activities in a workflow, which are implied rules

that influence the execution order of those activities and

the result of the workflow. In WfMSs, a resource can be

modeled as an object (denoted as r), with a unique
identifier. All resources accessed by an activity ai consist
of a set Ri ¼ fr1; . . . ; rmg. The mapping function RðaiÞ
(see Definition 1) returns all resources accessed by ai,
that is, RðaiÞ ¼ Ri. Here, we introduce some definitions

on resource constraints.
Definition 3 (Resource dependency). Given two activities

ai, aj (i 6¼ j) within a workflow specification, we say ai
and aj have a resource dependency if RðaiÞ \ RðajÞ 6¼ /.
If ai and aj have a resource dependency, ai cannot
execute simultaneously with aj. Otherwise, a conflict

may arise from the competition for the same resources.

We call this kind of conflict as resource conflict. It

should be noted that a resource conflict in a workflow

stems from the erroneous representation of resource

constraints between activities (called potential resource

conflict) in the associated workflow specification. More
formally:

Definition 4 (Potential resource conflict). Given two

activities ai, aj (i 6¼ j) within a workflow specification,

activity ai has a potential resource conflict with aj if they
have a resource dependency and there exists a workflow

w such that ð½SðaiÞ;EðaiÞ� \ ½SðajÞ;EðajÞ�Þ 6¼ /.
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Fig. 2. Example of a workflow specification with a potential resource conflict.
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An example illustrating resource constraints between

activities is given below.

Example 1. Fig. 2 is the graphic representation of a

workflow specification originated from Sadiq and Or-

lowska (2000) with minor modification. It depicts the

processing of payment requests in an Australian organi-
sation. According to the verification approach proposed

in Sadiq andOrlowska (2000), this workflow specification

is structurally correct, without structural conflicts. As

shown in Fig. 2, a1 and a2 have a resource dependency

because they access the same resource af; and a3 and a4
also have a resource dependency due to resource c. Since
there is a flow ha1; a2i in the workflow specification, no

potential resource conflict exists between a1 and a2.
However, suppose that a3 and a4 execute simultaneously
in a workflow, they will compete for the same resource c.
This results in a resource conflict. Therefore, a potential

resource conflict exists between a3 and a4.

A potential resource conflict in a workflow specifi-

cation should be closely inspected, as they may help to

reveal the following cases:

(I) Incorrect workflows: Two activities with a potential

resource conflict may execute in any order in a work-

flow. So, the result of the workflow is affected by the

execution order of these activities. For instance, con-

sider the resource dependency between activities a3
and a4 in Example 1. As shown in Fig. 2, no control

or data flow exists between them. So, suppose a4
starts to execute in a workflow prior to activity a3,
a semantic error happens because at that moment

the cheque to be signed by finance manager has

not yet been created.
(II) The delay of activities’ execution: For two activities

with a resource dependency, if no control or data

flow exists between them, one activity may be de-

layed by another in a workflow because of the

unavailability of the required resources. In some

circumstances, this results in the violation of tempo-

ral constraints on the workflow. For instance,
reconsider Example 1. Suppose activities a3 and a4
are initiated at the same time in a workflow and

a3 obtains resource c, then activity a4 will be post-
poned for its execution due to the resource unavail-

ability. The temporal constraint, if it exists, on the

activity is probably violated.

Traditionally, workflow specifications primarily re-
flect control and data flows between activities, neglecting

resource constraints between them. A correct workflow

specification guarantees that the resource constraints be

consistent with the structural constraints, and further

with the temporal constraints.
Definition 5 (Resource consistency). A workflow specifi-

cation is resource consistent if and only if for any two
activities ai and aj with a resource dependency, we have:
(i) ai 	 aj or aj 	 ai; or (ii) ai � aj.
Definition 5 can be explained as that for any two

activities ai and aj with a resource dependency, either

one precedes another in a workflow, or they will never

be scheduled in a workflow together. These cases can

avoid the competition for the same resources between

them. From Definition 5, we conclude that no potential
resource conflicts exist in a workflow specification with

resource consistency.
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4. Verification of resource consistency for workflow

specifications

As discussed earlier, resource conflicts are caused

by the erroneous representation of resource constraints

between activities in a workflow specification. There-
fore, these potential resource conflicts should be

identified and removed from the workflow specifica-

tion. However, these errors cannot be identified by

only analysing structural constraints in the workflow

specification. It is needed to analyse resource con-

straints between activities. In this section, we present

our approach with the corresponding algorithm for

verifying the resource consistency of a workflow speci-
fication.

Given a workflow specification ws as Definition 1, we

have the following definitions.

Definition 6 (Path and acyclic path). Let p ¼
hn0; n1; . . . ; nti, where ni 2 N , i ¼ 0; . . . ; t, be a sequence.
If hni; niþ1i 2 F , where ni; niþ1 2 N , i ¼ 0; . . . ; t � 1, then

p ¼ hn0; n1; . . . ; nti is called a path on ws. The length of p
is t, denoted as jpj ¼ t. If ni 6¼ nj for i 6¼ j, where

i; j ¼ 0; . . . ; t, then p is regarded as an acyclic path on ws.

Definition 7 (Reachability). Node nj is reachable from

node ni if there is an acyclic path p ¼ hni; . . . ; nji on ws.

Let Reachableðni; njÞ be a Boolean function to denote
the reachability from node ni to nj such that

Reachableðni; njÞ ¼
True; if ð9p ¼ hni; . . . ; njiÞ;
False; otherwise:

�

Here, we assume the relation of reachability is

reflexive, that is, Reachableðni; niÞ ¼ True. From Defi-

nition 7, the following corollary can be derived.
Corollary 2. Given Reachableðni; njÞ ¼ True in workflow
specification ws, we have: (i) There exists a workflow w
such that wðni � njÞ; (ii) ni 	 nj in the workflow.
Proof. Given Reachableðni; njÞ ¼ True, there must be a

path p ¼ hni; niþ1; . . . ; nji on ws according to Definition

7. Hence, there exists such a workflow w where all nodes
on this path are scheduled. So, we have wðni � njÞ and
ni 	 nj according to Definition 2. h

Algorithm 1 checks the reachability from ni to nj. In
Algorithm 1, the expression nk ¼ nj means that they

have the same name or id. The algorithm returns TRUE
indicating that node nj is reachable from ni, else returns
FALSE.
Algorithm 1. Reachableðni; njÞ––Check the reachability
from ni to nj
1. Initialisation:

let Q be an empty queue; add all out-flows of ni to Q.
2. Repeat the following steps until Q¼NULL

2.1 remove flow f from the head of Q, and denote

the sink of f as nk;
2.2 if nk ¼ nj, then return TRUE; otherwise append

all out-flows of nk to Q;
3. Return FALSE;

Our method in verifying the resource consistency of a

workflow specification is through the analysis on re-

source constraints between activities. Here, we pay more

attention to activities with resource dependencies. Our

idea is that for any two activities with a resource
dependency, we first check their reachability. If an

activity is reachable from another, their execution order

is predefined in the workflow specification. Otherwise,

we further check whether they might be scheduled in a

workflow together. If so, a potential resource conflict

exists between these two activities.

However, in order to decide whether two activities

may be scheduled in a workflow together, we should
analyse the structural relation between them. Given two

nodes ni and nj in a workflow specification, suppose

Reachableðni; njÞ ¼ False and Reachableðnj; niÞ ¼ False,

then there must exist such a node (denoted as nca) that
Reachableðnca; niÞ ¼ True and Reachableðnca; njÞ ¼
True. Here, node nca is called the common ancestor of

these two nodes. For two nodes in a workflow specifi-

cation, probably there exists more than one common
ancestor from which they can be reached. There is a

node among them called the nearest common ancestor,
which is defined next.

Definition 8 (Distance). The distance between two nodes

ni and nj in a workflow specification can be computed as

follows:

Distanceðni;njÞ¼

MINfjpsj jps¼hni;...;nji;s¼1;...;mg;
if ðReachableðni;njÞ¼TrueÞ;

MINfjpsj jps¼hnj;...;nii;s¼1;...;mg;
if ðReachableðnj;niÞ¼TrueÞ;

þ1; otherwise;

8>>>><
>>>>:

where ps represents all paths between ni and nj.

In Definition 8, the distance between ni and nj is

computed in considering three cases. If Reachableðni;
njÞ ¼ True or Reachableðnj; niÞ ¼ True, the distance is

the length of the shortest path between them. Or else,

the distance is assumed to be +1.

Definition 9 (Nearest common ancestor). Given two

nodes ni and nj in a workflow specification, their nearest

common ancestor is the node, which is a common

ancestor and has the shortest distances to them, denoted

as nnca.
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For every common ancestor, nca, of nodes ni and nj in
workflow specification ws, we have Distanceðnnca; niÞ6
Distanceðnca; niÞ and Distanceðnnca; njÞ6Distanceðnca;
njÞ. From the above definitions, if there is Reachableðni;
njÞ ¼ True in ws, ni is nj’s nearest common ancestor.

Similarly, if there is Reachableðnj; niÞ ¼ True in ws, nj is
regarded as ni’s nearest common ancestor.
Theorem 1. For two nodes ni and nj in a structurally
correct workflow specification, if both nk and nl, k 6¼ l,
are their nearest common ancestors, then nk and nl have
the same type, that is, and-split or or-split.

Proof. If ni and nj have two nearest common ancestors,
we have Reachableðni; njÞ ¼ False and Reachableðnj;
niÞ ¼ False. Suppose nk and nl have different types, for
example, nk is an or-split node, and nl is an and-split

node (see Fig. 3). From the above definitions, we have

Distanceðnk; niÞ ¼ Distanceðnl; niÞ and Distanceðnk;
njÞ ¼ Distanceðnl; njÞ. At last, the two branches from ni
and nj, respectively, will merge into one at a control

node np. If np is an and-join node, as shown in Fig. 3(a),
a workflow case only via nk would deadlock at np. Or
else, if np is an or-join node, as shown in Fig. 3(b), a

workflow case via nl would create multiple instances

after np since the two branches are not synchronised

before the merge structure. These two incorrect situa-

tions caused by structural conflicts have been addressed

in Sadiq and Orlowska (2000). h
For two nodes in a workflow specification, we can

design an algorithm to calculate their nearest common

ancestor (see Algorithm 2 below). The algorithm takes

the nodes as input and returns their nearest common

ancestor. If multiple nearest common ancestors exist,

the algorithm finds one of them because they have the
same type according to Theorem 1. Algorithm 2 first

checks the reachability between ni and nj. If there is

Reachableðni; njÞ ¼ True or Reachableðnj; niÞ ¼ True, ni
or nj is returned as the nearest common ancestor.

Otherwise, from ni along the reverse direction of flows,

the algorithm repeatedly invokes Algorithm 1 to check if

there exists a node nk such that Reachableðnk; njÞ ¼
True. If so, nk is returned as the nearest common
ancestor. From Definition 1, we conclude that nk must
exist in the workflow specification.
nk
...

(a)

n
l

ni

nj

np

...

...

...

...

...

deadlock

...

Fig. 3. Incorrect situations of two nearest comm
Algorithm 2. Calculate the nearest common ancestor of ni
and nj

1. Initialisation:
let Q be an empty queue; add all in-flows of ni to Q;

2. If Reachableðni; njÞ ¼ True, return ni;
3. If Reachableðnj; niÞ ¼ True, return nj;
4. Repeat the following steps until Q¼NULL

4.1 remove flow f from the head of Q. denote the

source of f as nk;
4.2 if Reachableðnk; njÞ ¼ True, return nk; else ap-

pend all in-flows of nk to Q;
Theorem 2. For two activities ai and aj with a resource
dependency in a workflow specification, if their nearest
common ancestor nnca is an and-split node, a potential
resource conflict exists between them; on the other hand, if
nnca is an or-split node, no potential resource conflict ex-
ists between them.
Proof. According to Definition 9 and Theorem 1, there

exists no such a common ancestor, nca, of ai and aj that
Distanceðnca; niÞ < Distanceðnnca; niÞ and Distanceðnca;
njÞ < Distanceðnnca; njÞ. So, If nnca is an and-split node,
there must exist a workflow w such that wðai � ajÞ.
Furthermore, suppose ð½SðaiÞ;EðaiÞ�\ ½SðajÞ;EðajÞ�Þ 6¼ /
in the workflow, a resource conflict is raised in this case.

On the other hand, if nnca is an or-split node, we have

ni � nj. Then they will never be scheduled together in a

workflow. h
So far we have presented the algorithms to check the

reachability and to calculate the nearest common

ancestor of two activities in a workflow specification.

Now, we present the algorithm fulfilling the function-

ality to check the resource consistency of a workflow

specification, shown in Algorithm 3. It takes the work-

flow specification as input, and returns TRUE indicating
that the workflow specification is resource consistent,

otherwise returns FALSE and prints all potential re-

source conflicts in it.
Algorithm 3. Check the resource consistency of a work-
flow specification
nk
...

(b)

nl
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n j
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...
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Lack of

synchronisation
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on ancestors in a workflow specification.
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1. Initialisation:

1.1 let S be a set of unchecked activities. S is initia-

lised with all activities in AN;

1.2 b¼TRUE is a variable;

2. Repeat the following steps until S¼NULL
2.1 remove an element from S, denoted as ai;
2.2 for each element aj in S, execute the following

steps:
2.2.1 if RðaiÞ \ RðajÞ ¼ /, skip to the next itera-

tion;

2.2.2 if Reachableðai; ajÞ ¼ True (by executing

Algorithm 1), skip to the next iteration;

2.2.3 if Reachableðaj; aiÞ ¼ True (by executing

Algorithm 1), skip to the next iteration;
2.2.4 invoke Algorithm 2 to compute the nearest

common ancestor of ai and aj, nnca;
2.2.5 if nnca is an or-split node, skip to the next

iteration;

2.2.6 if nnca is an and-split node, then

/* the detailed information on resource conflicts

can be derived. */
2.2.6.1 print (‘‘Potential resource conflict
between:’’, ai, ‘‘and’’, aj);

2.2.6.2 b¼FALSE ;
3. Return b;

Algorithm 3 checks the resource constraints between

activities one by one. For two activities ai and aj with a

resource dependency, if there is Reachableðai; ajÞ ¼ True

or Reachableðaj; aiÞ ¼ True, we have ai 	 aj or aj 	 ai.
Otherwise, the algorithm computes their nearest com-

mon ancestor nnca. According to Theorem 2, if nnca is an
or-split node, no potential resource conflict exists be-

tween them; or else, nnca is an and-split node, then a

potential resource conflict exists between ai and aj.
5. Verification for timed workflow specifications

In the preceding section, we present the algorithm for

checking the resource consistency of a workflow speci-

fication. If Algorithm 3 returns FALSE, we conclude
that the workflow specification has potential resource

conflict(s). However, Algorithm 3 does not take into

account time information in the workflow specification.

So, some consistent resource dependencies are wrongly

classified as potential resource conflicts.

Example 2. Reconsider the potential resource conflict

between a3 and a4 in Example 1. Suppose that the pos-
sible active intervals of activity a3 in all workflows are

within the 4th to 6th time unit (relative to the start time

of the workflows), and the possible active intervals of

activity a4 are within the 7th to 10th time unit. There-

fore, the active intervals of a3 and a4 do not intersect in

all workflows. In this circumstance, although accessing
the same resource (see Fig. 2), they have no resource

conflicts in all workflow cases. Their execution order is

implied in the workflow specification, that is, a3 	 a4.

Therefore, in order to identify the potential re-

source conflicts more accurately, we further extend the
verification to timed workflow specifications in this

section.

5.1. Estimated active interval

Suppose that a potential resource conflict between

two activities ai and aj is identified by Algorithm 3 in a

workflow specification, we may check further whether
their active intervals intersect in a workflow. If

½SðaiÞ;EðaiÞ� \ ½SðajÞ;EðajÞ� ¼ / in all workflows, we

can claim that no potential resource conflict exists be-

tween them because they do not compete for the same

resources in all workflow cases.

Note that an activity’s active interval can be deter-

mined only if it has finished its execution. Given two

activities with a resource dependency, if they have fin-
ished in a workflow, we can conclude whether their ac-

tive intervals intersect in the workflow. However, when

these two activities have committed and a resource

conflict is identified in the workflow, then it is too late

for any preventive or corrective action. Therefore, it is

necessary to determine the potential resource conflicts in

a workflow specification at build-time. To this end, we

should estimate each activity’s active interval in all
workflows. Given a workflow specification ws as Defi-

nition 1 with time information, we have:

Definition 10 (Earliest start time). The earliest start time
of activity a, ESTðaÞ, is its start time relative to reference
point P (defined in Section 2.2) under the condition

where (8ai 2 AN) such that DRðaiÞ ¼ dðaiÞ.

Definition 11 (Latest end time). The latest end time of

activity a, LETðaÞ, is its end time relative to P under the

condition where (8ai 2 AN) such that DRðaiÞ ¼ DðaiÞ.

Definition 12 (Estimated active interval). The estimated

active interval of activity a is the period from ESTðaÞ to
LETðaÞ, where ESTðaÞ < LETðaÞ, denoted as ½ESTðaÞ;
LETðaÞ�.

From the above definitions, we conclude that:

Corollary 3. For any activity a 2 AN, the active interval
½SðaÞ;EðaÞ� is within the estimated active interval
½ESTðaÞ;LETðaÞ� in any workflow, that is, ½SðaÞ;EðaÞ� 

½ESTðaÞ;LETðaÞ�.

Proof. The corollary can be derived directly from Cor-

ollary 1 and Definitions 10–12. h



H. Li et al. / The Journal of Systems and Software 73 (2004) 271–285 279
Corollary 4. A workflow specification ws is resource
consistent if, for any two activities ai, aj 2 AN with a
resource dependency, their estimated active intervals do
not intersect, that is, ð½ESTðaiÞ;LETðaiÞ� \ ½ESTðajÞ;
LETðajÞ�Þ ¼ /.

Proof. Given any two activities ai, aj 2 AN with a re-

source dependency in ws, if ½ESTðaiÞ;LETðaiÞ�\
½ESTðajÞ;LETðajÞ� ¼ /, we then have ð½SðaiÞ;EðaiÞ�\
½SðajÞ;EðajÞ�Þ ¼ / from Corollary 3. Since ai, aj are any
two activities in ws, from Definitions 4 and 5, the cor-

ollary holds. h

5.2. Calculation of estimated active intervals

According to the above definitions, we have

ESTðasÞ ¼ 0 and LETðasÞ ¼ DðasÞ (as is the start activ-
ity of a workflow specification). Given the ESTs and

LETs of activities ai and ak, the EST and LET of aj can
be calculated with respect to the basic control structures

respectively as detailed next.

5.2.1. Basic control structures

A sequential connection is defined as a segment of a

workflow, where activities are executed in a sequence. In

a timed workflow specification, if there is a sequential

connection between activities ai and aj (see Fig. 4(a),

denoted as ai � aj), ESTðajÞ and LETðajÞ are calculated
as follows:

ESTðajÞ ¼ ESTðaiÞ þ dðaiÞ;
LETðajÞ ¼ LETðaiÞ þ DðajÞ:

An and-split connection is defined as a single thread

of control splitting into two or more parallel activities.

As shown in Fig. 4(b), activities aj and ak are the and-
split successors of activity ai, denoted as ai � ðaj ^ akÞ.
The four time values can be calculated below:

ESTðajÞ¼ESTðaiÞþdðaiÞ; ESTðakÞ¼ESTðaiÞþdðaiÞ;
LETðajÞ¼LETðaiÞþDðajÞ; LETðakÞ¼LETðaiÞþDðakÞ:
(a)

ai
aj cn1ai

c2

ai
cn3

c1 aj

ak

(b)

(d)

ai

ak

cn

(e)

Fig. 4. Basic control structures in workflow specifications. (a) Sequential con

connection and (e) or-join connection.
An and-join connection is defined as two or more

parallel executing activities converging into a single

common thread of control. Fig. 4(c) shows an and-join

connection, where activity aj executes after the com-

pletion of activities ai and ak, denoted as ðai ^ akÞ � aj.
ESTðajÞ and LETðajÞ are calculated as follows:

ESTðajÞ ¼ MAXfESTðaiÞ þ dðaiÞ;ESTðakÞ þ dðakÞg;
LETðajÞ ¼ MAXfLETðaiÞ;LETðakÞg þ DðajÞ:

An or-split connection is defined as a single thread of

control making a decision upon which branch to take

when encountered with multiple threads of branches. As

shown in Fig. 4(d), activities aj and ak are the or-split

successors of activity ai, denoted as ai � ðaj _ akÞ. The
four time values are calculated as follows:

ESTðajÞ¼ESTðaiÞþdðaiÞ; ESTðakÞ¼ESTðaiÞþdðaiÞ;
LETðajÞ¼LETðaiÞþDðajÞ; LETðakÞ¼LETðaiÞþDðakÞ:

An or-join connection is defined as two or more

activities workflow branches re-converging into a single

thread of control without any synchronisation. As

shown in Fig. 4(e), where activity aj executes after the
completion of activity ai or ak, denoted as ðai _ akÞ � aj.
ESTðajÞ and LETðajÞ are calculated as follows:

ESTðajÞ ¼ MINfESTðaiÞ þ dðaiÞ;ESTðakÞ þ dðakÞg;
LETðajÞ ¼ MAXfLETðaiÞ;LETðakÞg þ DðajÞ:
5.2.2. Parallel and selective connections

A parallel connection is defined as a segment of a

workflow, where activities are executing in parallel and

there are multiple threads of control. Referring to Fig.

5(a), activities aj and ak execute in parallel, denoted as
ðajkakÞ. ESTðajkakÞ and LETðajkakÞ are calculated as

follows:

ESTðajkakÞ¼ESTðaiÞþdðaiÞ;
LETðajkakÞ¼MAXfLETðaiÞþDðajÞ;LETðaiÞþDðakÞg:
aj

ak

cn2

ai

ak

aj

(c)

aj4

nection, (b) and-split connection, (c) and-join connection, (d) or-split
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Fig. 5. Parallel and selective connections in workflow specifications. (a) Parallel connection and (b) selective connection.
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A selective connection is defined as a segment of a

workflow, where one thread of control is selected from

multiple branches based on a condition. As shown in

Fig. 5(b), either activity aj or ak will be executed in a

workflow, denoted as ðajjakÞ. ESTðajjakÞ and
LETðajjakÞ are calculated as follows:

ESTðajjakÞ ¼ESTðaiÞþ dðaiÞ;
LETðajjakÞ ¼MAXfLETðaiÞþDðajÞ;LETðaiÞþDðakÞg:

Given a timed workflow specification composed of

the above control structures, we can design an algorithm

to calculate the EST and LET of each activity at build-

time. Here, the algorithm, being relatively straightfor-

ward, is omitted due to the space limit.
5.3. Relationship between estimated active intervals

From Corollary 3, we know that an activity is
instantiated and executed over its estimated active
1. X before Y
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Fig. 6. Allen’s temporal relations f
interval (assume the lengths of all intervals are non-

zero). Considering a single time line, relations between

two estimated active intervals can be formally described

by Allen’s interval logic, which is composed of seven

interval expressions (Zaidi, 1999; Chinn and Madey,
2000). As shown in Fig. 6, each is related to a primitive

in R ¼ fbefore;meets; overlaps; starts; during; finishes;
equalsg. The temporal relations between two estimated

active intervals depicted in Fig. 6, are mutually exclusive

and exhaustive, that is, given any two intervals, there

exists a unique primitive in R to depict the relation be-

tween them (Zaidi, 1999).

5.4. Verification algorithm in timed workflow specifica-

tions

Now that an activity’s active interval cannot be ob-

tained at build-time, we might use the estimated active

interval to verify the resource consistency of a timed

workflow specification. From Fig. 6, we know that:
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given two activities ai and aj, if the relation between

their estimated active intervals is overlaps, starts, dur-

ing, finishes, or equals in R, we say

½ESTðaiÞ;LETðaiÞ� \ ½ESTðajÞ;LETðajÞ� 6¼ /. There-

fore, if these two activities have a resource dependency,

a potential resource conflict exists between them.

Example 3. Reconsider the potential resource conflict

between a3 and a4 in Example 1. Suppose their estimated
active intervals are [4, 7] and [5, 9] respectively, the

relation between them can be described by overlaps in R
(see Fig. 6). It is possible that there is a workflow in

which the active intervals of a3 and a4 are [5, 7] and [6, 8]
respectively. Then under this situation, they will com-
pete for the same resource (see Fig. 2).

Therefore, in order to verify the resource consistency

of a timed workflow specification, we should firstly

calculate all activities’ estimated active intervals. Then

for each pair of activities with a resource dependency,

we decide if a potential resource conflict exists between

them through comparing their estimated active inter-
vals. Algorithm 4 below is designed by revising Algo-

rithm 3 to fulfil the functionality of verifying the

resource consistency of a timed workflow specification.

Similar to Algorithm 3, the input is a timed workflow

specification. The algorithm returns TRUE indicating

that the workflow specification is resource consistent,

otherwise returns FALSE and prints all potential re-

source conflicts in it.
In Algorithm 4, if nnca is an and-split node, then there

is a workflow w such that wðai � ajÞ. We distinguish the

following two cases:

(1) ½ESTðaiÞ;LETðaiÞ� \ ½ESTðajÞ;LETðajÞ� 6¼ /: In this
case, a potential resource conflict exists between ai
and aj, corresponding to the scenario in Example 3.

(2) ½ESTðaiÞ;LETðaiÞ�\½ESTðajÞ;LETðajÞ�¼/: Accor-
ding to Definition 4 and Corollary 3, no potential

resource conflict exists between ai and aj, corre-
sponding to the scenario in Example 2.

In a workflow specification, for any two activities ai
and aj with a resource dependency, if ð½ESTðaiÞ;
LETðaiÞ� \ ½ESTðajÞ;LETðajÞ�Þ ¼ /, according to Cor-

ollary 4, we can conclude that this workflow specifica-
tion is resource consistent.

Algorithm 4. Check the resource consistency of a timed
workflow specification

1. Initialisation:

1.1 let S be a set of unchecked activities. S is initia-

lised with all activities in AN;
1.2 calculate all activities’ ESTs and LETs;

1.3 b¼TRUE is a variable;
2. Repeat the following steps until S¼NULL
2.1 remove an element from S, denoted as ai;
2.2 for each element aj in S, execute the following

steps:
2.2.1 if RðaiÞ \ RðajÞ ¼ /, skip to the next itera-

tion;
2.2.2 if Reachableðai; ajÞ ¼ True (by executing

Algorithm 1), skip to the next iteration;

2.2.3 if Reachableðaj; aiÞ ¼ True (by executing

Algorithm 1), skip to the next iteration;

2.2.4 invoke Algorithm 2 to compute the nearest

common ancestor of ai and aj, nnca;
2.2.5 if nnca is an or-split node, skip to the next

iteration;
2.2.6 if nnca is an and-split node and ½ESTðaiÞ;

LETðaiÞ� \ ½ESTðajÞ;LETðajÞ� 6¼ /, then
/*the detailed information on resource conflict

can be derived.*/
2.2.6.1 print(‘‘Potential resource conflict be-

tween:’’, ai, ‘‘and’’, aj);
2.2.6.2 b¼FALSE;
3. Return b;
6. Removal of potential resource conflicts from workflow

specifications

As stated previously, for a workflow specification,

Algorithm 3 or 4 returns FALSE indicating that it
contains potential resource conflict(s). Then these po-

tential resource conflicts should be removed from the

workflow specification. In this section, we address this

problem by suggesting several ways to solve

potential resource conflicts in a workflow specification

as follows:

6.1. Remove conflicted resources from activities

As discussed earlier, a resource conflict is caused by

the competition for the same resources between two

activities. Therefore, removal of those resources from

one of or all the activities can resolve the potential re-

source conflict in the workflow specification. For

example, as shown in Fig. 2, a potential resource conflict

exists between activities a3 and a4 due to accessing the
same resource c. If c is removed from a4, the potential
resource conflict is thereby eliminated from the work-

flow specification.

It should be noted that although a potential resource

conflict can be resolved by using this method, it prob-

ably makes the workflow semantics incorrect. For

example, as shown in Fig. 2, after c is removed from a4,
the activity would lose its original semantics. Therefore,
sometimes we cannot solve a potential resource conflict

by simply removing some resources from activities.
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Fig. 8. Adding a null activity to a timed workflow specification.
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6.2. Adjust time information of activities

In a timed workflow specification, a potential re-

source conflict can be solved through adjusting some

activities’ minimum and maximum durations. Such an

adjustment ensures that the estimated active intervals do
not intersect for those activities with a potential resource

conflict. After the adjustment, their active intervals will

not overlap in all workflow cases. Then the execution

order is implicitly predefined in the workflow specifica-

tion. For example, Fig. 7(a) shows a graphic represen-

tation of a timed workflow specification, where two

numbers in a pair of square brackets above an activity

denote the minimum (left) and maximum (right) dura-
tions respectively. As discussed in Section 5.2, the esti-

mated active intervals of a2 and a4 are calculated as [2,

10] and [5, 12] respectively. Then, a potential resource

conflict exists between them. Now, we can solve this

potential resource conflict by adjusting time information

in the workflow specification. The result is shown in Fig.

7(b), where the minimum and maximum durations of a2
and a3 are adjusted as [3, 4] and [6, 8] respectively.
Hence, the estimated active intervals of a2 and a4 change
accordingly to be [2, 8] and [8, 15] respectively.

According to Definition 4 and Corollary 3, the potential

resource conflict no longer exists because the execution

order between a2 and a4 is implied in the workflow

specification, that is, a2 	 a4.
This method by adjusting the time information can-

not resolve all potential resource conflicts in the work-
flow specification. Similar to the above, it probably

makes the activities losing their original semantics.

6.3. Add null activities to the workflow specification

A null activity does not execute any operation at run-

time, but occupies a period of time. So, we can add null

activities to a timed workflow specification to resolve
potential resource conflicts between activities. These

operations are added to make sure that the estimated

active intervals of those activities with potential resource

conflicts no longer intersect. Then their active intervals

will not overlap in all workflow cases. The execution

orders between these activities are also implicitly pre-

defined in the workflow specification. For example,
cn2cn1
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Fig. 7. Adjusting time information in
reconsidering the timed workflow specification depicted

in Fig. 7(a), a potential resource conflict exists between

activities a2 and a4. Now, we can add a null activity (see

a6 in Fig. 8) to the workflow specification. The minimum

and maximum durations of a6 are the same, that is, five
time units. Then the estimated active interval of a4
changes accordingly to be [10, 17]; and the estimated

active interval of a2 remains the same value, that is, [2,
10]. According to Definition 4 and Corollary 3, the

potential resource conflict no longer exists between

them.

6.4. Modify some flows in the workflow specification

In this way, a potential resource conflict between two

activities is resolved through modifying some flows in

the workflow specification. Such modification makes

that these activities do not execute concurrently in all

workflow cases. Then, the potential resource conflict no

longer exists due to the precedence relationship between

them. For example, to remove the potential resource

conflicts between activities a2 and a4, a4 and a6 in Fig. 1,
we can change some flows in the workflow specification

to ensure that they do not execute concurrently in all

workflow cases. The modified workflow specification is

graphically presented in Fig. 9. After the modification,

we have a2 	 a4 and a4 	 a6 in all workflow cases.
7. Related work

The work on workflow analysis mainly includes three

aspects: workflow verification (Hofstede and Orlowska,

1999), workflow simulation (Tarumi et al., 1999), and
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performance analysis of workflows (Kim and Ellis,
2001). Resource constraints analysis discussed in this

paper is fallen into the workflow verification. Due to the

space limit, this section only reviews closely related work

on workflow verification.

The workflow verification aims to establish the cor-

rectness of workflow specifications. Most references

found in our literature review are about the analysis on

process structure of a workflow specification, while
others about the verification of temporal constraints.

7.1. Structural constraints analysis

The structure of a workflow specification defines the

order by which activities would be scheduled in a

workflow. It is the primary and most important aspect

of the workflow specification, building a foundation for
capturing other aspects of the workflow specification.

The purpose of structural constraints analysis tries to

verify the structural correctness of a workflow specifi-

cation. Such verification is usually based on an exten-

sion of a kind of formal method, for example, directed

graph, petri net, algebra, or temporal logic.

The authors in Sadiq and Orlowska (2000) and

Onoda et al. (1999) employ directed graphs to specify
workflows. In a directed graph, a variety of symbols

represent entities in a workflow specification, for

example, nodes and arcs representing activities and

control flows, respectively. The structural correctness of

a workflow specification can be verified through analy-

sing this directed graph. Some structural conflicts can be

identified in the workflow specification, such as dead-

lock, lack of synchronisation.
Petri nets can be used to specify workflows due to

their formal semantics. In Aalst (1998) and Adam et al.

(1998), a workflow is mapped onto a petri net, where

activities are mapped by transitions, and dependencies

between activities are mapped by places and arcs. Then,

the structural correctness of the workflow specification

can be verified through analysing the petri net.

The algebra can also be employed to verify workflows
(Hofstede and Orlowska, 1999; Karamanolis et al.,

1999; Singh, 1997). Hofstede and Orlowska (1999)

introduces algebra of communicating processes with the
empty action (ACPe) to specify workflows; Karamanolis
et al. (1999) exploits Labelled Transition Systems (LTS:

a kind of process algebra) to model workflows; and

Singh (1997) introduces event algebra to model work-

flows. In a workflow specification, activities are marked

by symbols, and flows between these activities by oper-

ators. Similarly, the structural properties of the work-

flow specification are verified through analysing these

algebra expressions. In addition, the temporal logic is
used to describe workflows in Davulcu et al. (1998). Like

the previous models, workflows are mapped onto logic

expressions. The verification on the structural correct-

ness of a workflow specification is through analysing

these logic expressions.

7.2. Temporal constraints analysis

In reality, activities execute along the time dimension.

Therefore, temporal constraint is an important attribute

of workflow specifications; and time management is a

critical component in WfMSs. The analysis on temporal

constraints is to verify the temporal consistency of a

workflow specification.

Eder et al. (1999) defines a timed workflow graph

through augmenting each activity node with two values:
the earliest end time and the latest end time. Temporal

constraints (including fixed-date constraints, lower-

bound constraints and upper-bound constraints) can be

calculated using the modified critical path method

(CPM) method at build-time and process instantiation

time, and then enforced at run-time. In Zhao and Stohr

(1999), Zhao and Stohr develop a framework for tem-

poral workflow management in the context of a claim
handling system. Based on the framework, issues

including the prediction of turnaround time, time allo-

cation policy and task prioritisation policy are discussed

in that paper.

Marjanovic (2000) assumes that an activity in a

workflow specification is estimated with a minimum and

maximum duration (relative time values) at build-time.

During workflow execution, a completed activity has a
start time and an end time (absolute time values). Using

the time information, the authors presents a method for

dynamic verification of absolute deadline constraints
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and relative deadline constraints. Zhuge et al. (2001)

differs from the previous work in three aspects: (1) each

flow between activities is also assigned with a minimum

and maximum duration at build-time, a start time and

an end time at run-time; (2) the time difference is taken

into account in distributed execution environments, then
each activity is assigned with a time axis; and (3) the

proposed consistency checking incorporates the exact

run-time duration and the estimated build-time dura-

tion. In addition, Adam et al. (1998) employs temporal

constraint petri nets (TCPN) to specify workflows, and

then tests the temporal feasibility for a workflow at

build-time.

As far as the workflow verification is concerned, the
structural correctness is essential to workflow specifica-

tions. Analyses on temporal constraints and resource

constraints are based on the structural correctness be-

cause these constraints are implied in the semantics of

workflow specifications.
8. Conclusions and future work

Before a workflow specification is deployed and put

into operation, it should be verified for its correctness.

However, a workflow specification contains information

for representing various aspects of a workflow, which

makes the workflow verification being a complex pro-

cess in workflow management. The previous work on

workflow analysis is mainly about the verification of
structural correctness and temporal consistency. How-

ever, resource constraints are implied in the semantics of

a workflow specification and may influence the state or

the result of some or all workflows. A correct workflow

specification should have resource consistency.

This paper discusses the analysis on resource con-

straints of a workflow specification and presents a new

approach with corresponding algorithms for the re-
source consistency of the workflow specification. The

main contribution of this paper is threefold. First, the

problem of resource constraints in a workflow specifi-

cation is identified. We use a practical example to

illustrate the resource constraints and the erroneous

consequences caused by them. Second, the checking

method and its corresponding algorithms for resource

consistency of a workflow specification are presented.
Third, we extend our analysis work to timed workflow

specifications, where the checking method for the re-

source consistency is revised with respect to time infor-

mation in a workflow specification.

However, this paper presents a static analysis tech-

nique on workflow specifications at build-time, not

considering dynamic analysis on workflows at run-time.

In fact, in a workflow system, there are multiple work-
flows executing concurrently. Activities belonging to

different workflows may access the same resources as
well. A resource conflict occurs when these activities

execute over the same time interval. So, our future work

is to analyse resource constraints between concurrent

workflows and check dynamically the resource and

temporal consistency in an environment with concurrent

workflows.
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