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Abstract

At present, workflow management systems have not sufficiently dealt with the issues of time, involving time mod-

elling at build-time and time management at run-time. They are lack of the ability to support the checking of temporal

constraints at run-time. Although some approaches have been devised to tackle this problem, they are limited to a single

workflow and use only static techniques to verify temporal constraints. In reality, there are multiple workflows execut-

ing concurrently in a workflow management system. There may well exist resource constraints between these concurrent

workflows, which affect significantly the verification of temporal constraints at run-time. This paper proposes a novel

approach for dynamic verification of temporal constraints for concurrent workflows. We first investigate resource con-

straints in workflow management systems, and then define concurrent workflow executions. Based on these definitions,

we propose a verification method by analysing the temporal relationship and resource constraints between activities

among concurrent workflows.
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1. Introduction

Workflow management concerns with coordi-

nation and control of business processes, which

are abstractly and computerisedly represented as

workflows, making use of information technology

to reduce the costs and flow times and to increase

the quality of service and productivity. A
ed.
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workflow is a collection of tasks (or activities)

organised to accomplish some business goal. Each

of these tasks serves a given function in the overall

process. Over the past decades, the design and

development of Workflow Management Systems
(WfMS) have emerged as an important area in

both theory and practice [7,18].

One of the critical challenges for WfMSs is their

ability to support the processing of time informa-

tion, including time modelling in workflow specifi-

cation (build-time) and time management in

workflow execution (run-time) [12,13,5,20,4]. Typ-

ical examples are planning of workflow execution
in time, estimating workflow execution durations

and avoiding deadline violations. In reality, work-

flows execute along the time dimension. Therefore,

the ability to deal with time information is of fun-

damental importance for workflow management

because it is an intrinsic property of business pro-

cesses in the real world.

Today�s WfMSs are insufficient for processing
time information although a few of them have ta-

ken into account this problem, such as ADEPT

[15] and WIDE [3]. They usually assume that ac-

tors 1 have enough time to execute their work

and no deadline for a workflow. But this is not

the case in the real-world processes. Recently,

time modelling and time management have at-

tracted increasing attention in the workflow com-
munity [14,20,21,2]. The existing approaches

address this problem, precisely speaking, by

checking temporal constraints limited to a single

workflow, while, in fact, there exist multiple

workflows executing concurrently in a WfMS.

These concurrent workflows may be correlated

due to the fact that two activities from different

workflows access the same resources in their exe-
cutions. In a WfMS, some resources can be

shared among different activities. At the start of

an activity�s execution, it must obtain the re-

quired resources. During its execution, some re-

sources are assumed to be occupied exclusively

by the activity. After the completion, these re-

sources are released and can be accessed by other
1 An actor can be either a person or a software agent, who

acts a role to perform an activity or be responsible for its

execution [6].
activities. However, the relationship between con-

current workflows caused by resource access has

been omitted in the existing approaches on check-

ing temporal constraints. So, we believe the veri-

fication results may be insufficient. Consider a
scenario where an activity in a workflow tries to

access a resource that is being occupied by an-

other activity in a different workflow and cannot

be shared between them at the same time. The

activity had to wait for this resource until

the completion of the other activity. Therefore,

the verification of temporal constraints on the

former workflow should take into account the
activity�s waiting time.

In [10], we presented our work on the veri-

fication of resource consistency for a workflow

specification at build-time. Based on the analy-

sis of resource constraints in that paper, this

paper proposes an approach for dynamic

checking of temporal constraints on workflows

in an environment, where there are multiple
workflows executing concurrently. At build-

time, we employ the same method as that in

[10,13,21] to model time information into work-

flow specifications. At run-time, however, the

proposed verification method is developed by

analysing the temporal relationship and re-

source constraints between activities among

concurrent workflows. Compared with the pre-
vious approaches, the verification method re-

ported in this paper is more accurate and,

hence, more useful in practice.
1.1. Problem statement: an informal description

The primary goal of introducing time manage-

ment into WfMSs is to perform workflows effec-
tively and efficiently under the restriction of time

and resources and the avoidance of time failures

[14]. To this end, time information (including tem-

poral constraints) is usually incorporated into

workflow specifications at build-time. Then work-

flow enactment components can check these tem-

poral constraints at run-time based on the time

information and workflow states. By doing so,
WfMSs can control and coordinate workflows

more effectively and efficiently. Therefore, the
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ability to check temporal constraints dynamically

becomes very important to a WfMS.

Based on the previous discussion, we claim that

the static checking method limited to a single

workflow is too weak to verify temporal con-
straints sufficiently in an environment with concur-

rent workflows. A more complex approach should

be introduced by taking into account the relation-

ship between concurrent workflows. Therefore, the

problem to be tackled in this paper can be stated

informally as follows: Given a set of workflows exe-

cuting concurrently and a temporal constraint on

one of them, our task is to check if the temporal con-

straint can be satisfied at a given time point.

In WfMSs, after the above checking algorithm

has been derived, the dynamic checking for tempo-

ral constraints can be realised by invoking this

algorithm at any selected check point.

1.2. Outline

The rest of this paper is organised as follows.

The next section introduces some basic concepts

and notations we shall use later. Section 3 dis-

cusses resource constraints in WfMSs. Section 4

defines some concepts on concurrent workflow

execution. The proposed verification method for

temporal constraints is addressed in detail in Sec-

tion 5. Section 6 illustrates a practical application
of the proposed approach with an example. Sec-

tion 7 presents the related work on the verification

of temporal constraints in WfMSs. Finally, Sec-

tion 8 draws concluding remarks.
2 A workflow engine is a software service that provides the

run-time execution environment for a workflow [9].
2. Preliminaries

2.1. Workflow specification

Conceptually, a workflow is a collection of

activities, together with their partial order of invo-

cation and information flow. An activity is an

application-specific unit scheduled by a WfMS. It

can be defined as an entity with some attributes,

such as input data, output data, actors, and states
[1]. 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 engine; 2

while a composite activity is an abstract descrip-

tion of another process and can be decomposed

into a workflow [9]. Sometimes, we do not differen-

tiate them and call them activities only if this does
not cause ambiguity for understanding. Depen-

dencies between activities define their execution or-

ders in a workflow. The execution orders compose

the control structure of the workflow. Four kinds

of basic control structures, namely, sequential,

parallel, selective and iterative structures, have

been defined in the Workflow Reference Model [9].

Usually, business processes are specified to be
workflow specifications according to specific syn-

tax rules. An activity is denoted by a node (called

activity node). Moreover, four types of nodes

(called control nodes), namely and–split (as),

and–join (aj), or-split (os) and or–join (oj), are

introduced for the representation of the above

control structures [9]. Formally, a workflow speci-

fication can be defined as follows:

Definition 2.1. (Workflow specification) A work-

flow specification, ws, is abstracted as a 3-tuple

hN ; F ;Ri, where (i) N = {n1,n2,. . .,nt} is a union of

a set of activity nodes AN = {a1,a2,. . .,an} and a
set of control nodes CN = {cn1,cn2,. . .,cnm}. Each
element in CN has one of the above four types,

that is, as, aj, os, or oj. (ii) F � N · N is a set of

flows between these nodes. (iii) R : AN ! R is a

resource set accessed by an activity, where

R = {R1,R2,. . .,Rn} is a superset. Ri, i = 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 (see Fig. 1). The meanings of all symbols

are annotated in Fig. 1, where small squares repre-

sent activity nodes involved in a workflow, small

circles and diamonds denoting control nodes in

the workflow, arrows denoting flows between those
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



Fig. 1. Graphic representation of a workflow specification.
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accessed by the activity. Usually, to simplify the

analysis work on a complex workflow specification,

it is possible to encapsulate a part at one level into a

composite activity at another level. Accordingly,
the resource set accessed by this composite activity

is composed of all resources accessed by those

activities within this composite activity. The tem-

poral constraints on them can be transformed into

those on the composite activity.

In order to model time information of activities

into a workflow, we need to augment each of them

with two time values, namely, the minimum and
maximum durations. So, at build-time, we define

d(a) and D(a), where d(a)<D(a), as the minimum

and maximum durations of activity a for its execu-

tion, respectively [21]. Time is expressed in some

basic time units, such as minutes, hours, or days.

The granularity is selected according to specific

workflow applications. As shown in Fig. 1, two

numbers in a pair of square brackets above an
activity denote the minimum (left) and maximum

(right) durations respectively. For example, activ-

ity a2 needs at least 3 time units and 6 time units

at most for its execution at run-time.
2.2. Workflow execution

In reality, a workflow 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

distinguishes it from others. For a workflow spec-

ification, each execution case corresponds to a un-
ique workflow. Similarly, each execution case of an

activity corresponds to a unique activity instance

with an identifier in the workflow. The detailed

discussion about state transitions of a workflow

and an activity can be referred to [9].

Note that a workflow contains a subset of activ-

ities explicitly specified in the associated workflow

specification. During a workflow execution, activ-
ities are scheduled with respect to the flows which

prescribe the precedence relationship between

these activities. This is to say, given a workflow

specification ws with Æni,njæ 2 F, if both ni and nj
are scheduled in a workflow, nj must start to exe-

cute only after the completion of ni, denoted as

ni p nj. More formally

Definition 2.2. (Workflow) A workflow, w, is a

4-tuple Æid,ws,A,pæ, reflecting the execution of a

workflow specification, where (i) id is an identi-

fier assigned to the workflow. (ii) ws is the

associated workflow specification. (iii) A ˝ N is a
set of activities (include control nodes), which

contains a subset of activities in ws. (iv) The

execution order p ˝ (A · A) is the partial order

such that if ai,aj 2 A and Æai,ajæ 2 F in ws, then

ai p aj.
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Note that the execution order p is transitive.

That is to say, let ai,aj,ak 2 A be three activities in

workflow w, if there exist ai p aj and aj p ak, then

ai p ak.

Actually, in addition to the regular activities, a

workflow may contain other activities, for exam-

ple, 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. [17]

and Grefen et al. [8] investigate into more depth

on addressing compensating activities and their
relationship with regular activities.

At run-time, a completed activity a has a start

time (denoted as S(a)) and an end time (denoted

as E(a)). It is active during the period from its start

time to end time. This period is called the active

interval of activity a, denoted as [S(a),E(a)].

DR(a) = E(a) � S(a) is defined as its run-time dura-

tion. Accordingly, DR(ai,aj) denotes the run-time
duration from the start time of ai to the end time

of aj, where ai p aj. Under the normal condition,

we have:

ð1Þ dðaÞ 6 DRðaÞ 6 DðaÞ;
ð2Þ EðaiÞ 6 SðajÞ if 9f ¼ hai; aji 2 F :

In case that an exception 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.

2.3. Temporal constraint and its representation

Temporal constraints are classified into three

kinds in [21], namely, the fixed-point constraint,

the duration constraint and the interdependent
constraint. In fact, the interdependent constraint

is a combination of the first two. In order to sim-

plify the verification work, we differentiate tempo-

ral constraints between two classes, namely

absolute temporal constraints and relative tempo-

ral constraints. An absolute temporal constraint de-

fines, in terms of absolute time, when an activity

should start or complete during workflow execu-
tion. The deadline for submission of an applica-

tion, for example, is December 15. Here, the date

is an absolute time value. A relative temporal con-
straint defines when an activity should start or end

relative to the start or end of another one. For in-

stance, suppose ai p aj, activity aj should complete

no later than p time units after activity ai ends.

Here, p is a relative time value.
Temporal constraints in aworkflow specification

are consistent if and only if they could be satisfied

based on the syntax of the workflow specification

and the expected minimum and maximum dura-

tions of activities [13]. In other words, all activities

are schedulable during workflow execution.

Here, we use S(ai) 6t ti to represent that ai
should start to execute on or before absolute time
ti, and E(ai) 6t ti to represent that ai should end its

execution on or before absolute time ti. For the rel-

ative temporal constraints, we use DR(ai,aj) 6 p to

denote that aj should end its execution no more

than p time units after ai starts. Here, ai is called

a reference point.

In fact, absolute temporal constraints and rela-

tive temporal constraints can be transformed into
each other. For example, ak is selected as a refer-

ence point, suppose ak p ai and S(ak) 6t tk, then,

given an absolute temporal constraint E(ai) 6t ti,

it can be transformed into a relative temporal con-

straint DR(ak,ai) 6 ti � tk. On the contrary, given a

relative temporal constraint DR(ak,ai) 6 p, it can

be transformed into an absolute temporal con-

straint E(ai) 6t tk + p.
Therefore, in this paper, we only demonstrate

the dynamic checking of relative temporal con-

straints, and take DR(ak,ai) 6 p (ak is a reference

point) as the canonical representation for temporal

constraints.
3. Resource constraints in WfMSs

3.1. Resource access in WfMSs

As stated earlier, activities in a workflow usu-

ally access resources during their executions. In

WfMSs, a resource is defined to be any entity re-

quired 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
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WfMS, they are classified as two types, namely,

shared resources and private resources. Shared re-

sources can be accessed by different activities with-

in a workflow or from different workflows, while

private resources cannot be shared between activi-
ties and are only accessed by an activity. So, it is

unnecessary to involve the private resources in

our verification because they do not give rise to re-

source constraints. For those shared resources, we

assume that a locking mechanism is used to con-

trol the concurrent access of resources by activi-

ties. In this mechanism, activities acquire and

release locks on resources in two different modes,
namely, shared mode and exclusive mode. In the

shared mode, an activity acquires a shared lock

on a resource if this resource can be shared simul-

taneously by activities and the access does not

change the state of the resource. On the other

hand, in the exclusive mode, the activity acquires

an exclusive lock on the resource. For an activity

and a specific resource, which kind of lock will
be issued on the resource and what policy is

adopted to avoid deadlocks are beyond the scope

of this paper and need further research in our

ongoing work.

The compatibility table of shared and exclusive

locks is illustrated in Table 1, where �+� indicates
that the locks are compatible and ��� indicates

the locks are in conflict. At the start of an activity�s
execution, it must obtain the required resources by

issuing locks on them. As indicated in Table 1, a

shared lock followed by a shared locking request

is compatible; then the locking request can be

granted. The other three cases are in conflict. That

is to say, a locking request will be delayed until the

corresponding held lock is released by other

activities.
Here, we focus on those resources with exclu-

sive locks. According to the mechanism, the re-

sources are assumed to be occupied exclusively
Table 1

The compatibility table of shared and exclusive locks

Held Acquired

Shared Exclusive

Shared + �
Exclusive � �
by those activities during their executions, and

cannot be accessed by other activities until their

completion.
3.2. Resource constraints between activities

Based on the above discussion, we claim that re-

source constraints exist between activities, which

are implicit rules that influence the execution order

of those activities and further the result of a work-

flow. In WfMSs, a resource can be denoted as r,

with a unique identifier. All resources accessed

by an activity ai consist of a set Ri = {r1,. . .,rm}.
The mapping function RðaiÞ (see Definition 2.1)

returns all resources accessed by ai, that is,

RðaiÞ ¼ Ri. Here, we introduce some definitions

on resource constraints.

Definition 3.1. (Resource dependency) Given two

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

from two different workflows, we say that 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 at run-time.

Otherwise, a conflict may arise from the compe-

tition for the same resources. We call this kind of

conflict as resource conflict. More formally:

Definition 3.2. (Resource conflict) Given a set of

concurrent workflows, ai has a resource conflict

with aj if they have a resource dependency and

([S(ai),E(ai)] \ [S(aj),E(aj)]) 6¼ /.

An example illustrating resource constraints be-

tween activities is given below.

Example 3.1. (Resource dependency and con-

flict) Fig. 2 shows two workflow specifications

ws1 and ws2 and two concurrent workflows w1

and w2 associated with them, respectively. As
shown in Fig. 2, a11 and a12 have a resource

dependency because they access the same

resource o1; and a11 and a22 have a resource

dependency due to resource A. Since there is a

flow Æa11,a12æ in ws1, no resource conflict exists

between a11 and a12. However, suppose two

workflows w1 and w2 execute concurrently as

shown in Fig. 2, activities a11 and a22 will
compete for the same resource A. This results
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in a resource conflict because A cannot be shared

between them at the same time.

In [10], we presented amethod for identifying po-

tential resource conflicts due to resource dependen-

cies within a workflow specification. Here, we pay

more attention to resource dependencies between

activities among concurrent workflows. Given a set
of concurrentworkflowsW = {w1,w2,. . .,wm}, corre-

lations may exist between them due to the resource

dependency between activities. More formally:

Definition 3.3. (Correlation) Two workflows wi

and wj (i 6¼ j), are correlated if and only if there

are two activities aik 2 Ai and ajl 2 Aj such that

they have a resource dependency.
4. Concurrent workflow execution

In general, there are multiple workflows execut-

ing concurrently in a WfMS, each of which is con-

trolled and coordinated by a workflow engine

independently. For each workflow, we have the
following assumptions.

Assumption 1. (Consistent specification) A work-

flow specification is correctly defined, without

errors or inconsistencies as identified in [10,16].
Assumption 2. (Correct execution) Each activity

in a workflow executes under the normal case.

These mean that: (1) Each activity executes and

commits correctly without exceptions. (2) For

any activity a 2 A, there is d(a) 6 DR(a) 6 D(a).

(3) A workflow is also guaranteed to terminate

correctly without exceptions.

For the sake of brevity, here we introduce a ter-

minology, workflow schedule, to denote a set of

concurrent workflows.

Definition 4.1. (Workflow schedule) A workflow

schedule, S, is a 3-tuple ÆW,AS,pSæ, reflecting the

concurrent execution of workflows, where: (i)

W = {w1,w2,. . .,wn} is a set of workflows, where

wi = Æidi,wsi,Ai,piæ. (ii) AS = {aijj(aij 2 Ai) � (wi

2 W)} is a set of activities of all workflows in W.

(iii)pS is a partial order between activities of AS

with pS ˝ (AS · AS) and �S ¼ [wi2W�i.

The definition of a workflow schedule reflects

the concurrent execution of workflows at the

activity level. Activities within a workflow are

scheduled by workflow engine according to flows

defined in the associated workflow specification.

However, activities from different workflows

have no such limitation. That is to say, given

two activities aik 2 Ai, ajl 2 Aj,(i 6¼ j), either
S(aik) <t S(ajl) or S(ajl) <t S(aik). This results in
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a correct workflow schedule. A workflow sche-

dule is correct if it has no resource conflicts.

More formally:

Definition 4.2. (Correct workflow schedule) A

workflow schedule S is correct if for any two

activities aik,ajl 2 AS with a resource dependency,

we have ([S(aik),E(aik)] \ [S(ajl),E(ajl)]) = /. There-
fore, when an activity to be scheduled is identified

to be in conflict with another one, it will be
postponed for execution or allowed to pre-empt

the execution of the other one with a lower

priority. Here, we assume that the First-Come-

First-Served (FCFS) policy is applied to allocate

resources to activities. That is to say, an activity

with resource conflicts will be postponed for

execution until all resources required are available.

Example 4.1. (Correct and incorrect workflow

schedules) As an example, consider two work-

flows w1 and w2 being executed concurrently as

described in Fig. 3(a), workflow schedule S1 is cor-
rect because of no resource conflict. However, con-

sider again two workflows w3 and w4 as described

in Fig. 3(b), workflow schedule S2 is incorrect

because of resource conflicts between a11 and a22
and between a12 and a23, respectively.

Proposition 4.1. In a correct workflow scheduleS,

for any two activities aik and ajl with a resource

dependency, if S(aik) <t S(ajl), then a ik p ajl.
Fig. 3. Correct and incorrec
Proof. Proof of the proposition follows from Def-

initions 3.1, 3.2, 4.1,4.2. According to Definition

4.2, we have ([S(aik),E(aik)] \ [S(ajl),E(ajl)]) = /
for activities aik and ajl because workflow schedule

S is correct. Since S(aik) <t S(ajl), aik p ajl can be
derived. h
5. Dynamic verification of temporal constraints

So far, we have introduced some concepts and

notations on workflow specifications and dis-

cussed resource constraints in WfMSs and concur-
rent workflow execution. In this section, we

address the checking method for temporal con-

straints on workflows. The problem to be tackled

can be formally stated as: given a workflow sche-

dule S = ÆW,AS,pSæ and a temporal constraint

DR(aik,ail) 6 p, we check if the temporal constraint

can be satisfied at reference point aik in the work-

flow schedule.

5.1. Estimated active intervals

To achieve the dynamic verification of temporal

constraint DR(aik,ail) 6 p, where aik p ail, for

example, in an environment with concurrent work-

flows, we should calculate the value of DR(aik,ail),

and then compare it with p. If the value of DR(ai-

k,ail) is less than or equal to p, we say that the
t workflow schedules.
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temporal constraint can be satisfied. Otherwise,

the result indicates that the temporal constraint

might be violated. However, the value of DR(ai-

k,ail) can be determined only if aik and ail have

completed. At that moment, if the temporal con-
straint is violated, then it is too late for any pre-

ventive or corrective action, and the checking

makes no sense for workflow management. There-

fore, it is necessary to dynamically check the tem-

poral constraint before ail starts to execute. To this

end, we should estimate some activities� active

intervals relative to the reference point.

Given a set of workflow specifications
WS = {ws1,ws2,. . .,wsm} associated with aworkflow
scheduleS = ÆW,AS,pSæ, each of which is defined in
Definition 2.1 with time information, we have:

Definition 5.1. (Reachability) Node nil is reach-
able from node nik if there is a path in wsi
consisting of a series of flows from nik to nil.

Let Reachable(nik,nil) be a Boolean function to

denote the reachability from node nik to nil such

that

Reachableðnik ;nilÞ¼
True if ð9 path¼hnik; . . . ;niliÞ;
False otherwise:

�

Note that all nodes reachable from nik form a

reachable set of nik, denoted as Re(nik), which is

a subset of Ni and can be calculated as follows:
ReðnikÞ ¼ njn 2 Ni ^ ððhnik; ni 2 F iÞ _ ð9nil 2 Ni; nil 2 ReðnikÞ ^ n 2 ReðnilÞÞÞf g:
Here, the relation of reachability is assumed to

be reflexive, that is, nik 2 Re(nik).

Let aik be a reference point, for activity

ail 2 Re(aik), we have:

Definition 5.2. (Earliest start time) The earliest

start time of ail, EST(ail), is its start time relative to

aik under the condition where ("a 2 ANj, j =

1,. . .,m) � (aik p a) such that DR(a) = d(a).

Definition 5.3. (Earliest end time) The earliest

end time of ail, EET(ail), is its end time relative

to aik under the condition where ("a 2 ANj, j =

1,. . .,m) � (aik p a) such that DR(a) = d(a).
Definition 5.4. (Latest end time) The latest

end time of ail, LET(ail), is its end time

relative to aik under the condition where

("a 2 ANj,j = 1,. . .,m) � (aik p a) such that

DR(a) = D(a).

Definition 5.5. (Estimated active interval) The

estimated active interval of ail is defined as the per-

iod between EST(ail) and LET(ail), where
EST(ail) < LET(ail), denoted as [EST(ail),-

LET(ail)].

The latest start time of an activity is not

defined due to not being used in the

paper. From the above definitions, we conclude

that:
Proposition 5.1. EET(ail) = EST(ail) + d(ail) for

activity ail 2 Re(aik).

Proof. The proof follows directly from Definitions

5.2, 5.3 and 5.4. h
Proposition 5.2. For any activity ail 2 Re(aik),

the active interval [S(ail), E(ail)] is within the esti-

mated active interval [EST(ail),LET(ail)] at

reference point aik in workflow schedule S,
that is, [S(ail), E(ail)] ˝ [EST(ail) + S(aik),LET

(ail) + S(aik)].

Proof. Suppose that aik is being initiated in S at

present with start time S(aik) = ti, at that
moment, ail does not start to execute, and then

the values of S(ail) and E(ail) are not available.

However, they are composed of two parts: one

is the available run-time ti; another is the

remaining part that is unknown at present. For

any activity (a 2 ANj,j = 1,. . .,m) � (aik p a), we

have d(a) 6 DR(a) 6 D(a). From Definitions 5.2

and 5.4, we have EST(ail) + S(aik) 6 S(ail) and
E(ail) 6 LET(ail) + S(aik). So, the proposition

holds. h



Fig. 4. Temporal relations between p and Y = EET(ail),

LET(ail)].
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Theorem 1. Given a correct workflow schedule
S = ÆW,AS,pSæ, a reference point aik and a tempo-

ral constraint DR(aik,ail) 6 p on wi, where ail 2
Re(aik), we assert: (i) DR(aik,ail) 6 p can be violated

at aik if p < EET(ail). (ii) DR(aik,ail) 6 p can be sat-

isfied at aik if LET(ail) 6 p. (iii) DR(aik,ail) 6 p can-

not be decided at aik if EET(ail) 6 p < LET(ail).

Proof. Since aik is a reference point, following

Propositions 5.1 and 5.2, we have EET(ail) +

S(aik) 6 E(ail)6 LET(ail) + S(aik), that is, EET(ail)

6 DR(aik,ail) 6 LET(ail). Considering the single

time line, the temporal relations between p and
Fig. 5. Basic control structures in workflow specifications. (a) Se

connection. (d) Or–split connection. (e) Or–join connection.
interval [EET(ail),LET(ail)] can be described by

Allen�s interval logic extended in [19] as shown in

Fig. 4. The temporal relations presented in Fig. 4

are exclusive and exhaustive. We classify them into

the following cases:

� Case 1: p < EET(ail): corresponding to case �X
before Y� in Fig. 4, we have p < DR(aik,ail),

then the temporal constraint can be violated

at aik.

� Case 2: LET(ail) 6 p: corresponding to cases �X
finishes Y� and �Y before X� in Fig. 4, we have

DR(aik,ail) 6 p, then the temporal constraint
can be satisfied at aik.

� Case 3: EET(ail) 6 p < LET(ail): corresponding

to cases �X starts Y� and �X during Y� in Fig.

4, then the relation between DR(aik,ail) and p

cannot be decided at aik. h

5.2. Calculation of estimated active intervals within

a single workflow

Given a workflow specification wsi and a refer-

ence point aik, for an activity ail 2 Re(aik), we can

calculate its estimated active interval within this

workflow specification. According to the defini-

tions, we have EST(aik) = 0 and LET(aik) = D(aik).

Now given the estimated active intervals of aik and
quential connection. (b) And–split connection. (c) And–join
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aij, ail �s estimated active interval can be calculated

with respect to the basic control structures respec-

tively as detailed next.
5.2.1. Basic control structures

A sequential connection is defined as a seg-

ment of a workflow, where activities are exe-

cuted in sequence. In a workflow specification,

if there is a sequential connection between activ-

ities aik and ail (see Fig. 5 (a), denoted as ai-

k Æ ail), EST(ail) and LET(ail) can be calculated

as follows:
ESTðailÞ ¼ ESTðaikÞ þ dðaikÞ;

LETðailÞ ¼ LETðaikÞ þ DðailÞ:
An and–split connection is defined as a single

thread of control splitting into two or more paral-

lel activities. As shown in Fig. 5 (b), activities
aij and ail are the and–split successors of activity

aik, denoted as aik Æ (aik � ail). The four time values

can be calculated as follows:
ESTðaijÞ ¼ ESTðaikÞ þ dðaikÞ;
ESTðailÞ ¼ ESTðaikÞ þ dðaikÞ:

LETðaijÞ ¼ LETðaikÞ þ DðaijÞ;
LETðailÞ ¼ LETðaikÞ þ DðailÞ:

An and–join connection is defined as two or

more parallel executing activities converging into

a single common thread of control. Fig. 5 (c)

shows an and–join connection, where activity ail
executes after the completion of aik and aij, de-

noted as (aik � aij) Æ ail. EST(ail) and LET(ail) are

calculated as follows:
Fig. 6. Parallel (a) and selective (b) conn
ESTðailÞ ¼ MAXfESTðaikÞ þ dðaikÞ;
ESTðaijÞ þ dðaijÞg;

LETðailÞ ¼ MAXfLETðaikÞ;
LETðaijÞg þ DðailÞ:

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. 5 (d), activ-

ities aij and ail are the or-split successors of aik, de-

noted as aik Æ (aik�ail). The four time values can be

calculated as follows:

ESTðaijÞ ¼ ESTðaikÞ þ dðaikÞ;
ESTðailÞ ¼ ESTðaikÞ þ dðaikÞ;

LETðaijÞ ¼ LETðaikÞ þ DðaijÞ;
LETðailÞ ¼ LETðaikÞ þ DðailÞ:

An or–join connection is defined as two or more

workflow branches re-converging into a single

thread of control without any synchronisation.

As shown in Fig. 5 (e), where activity ail executes

after the completion of aik or aij, denoted as

(aik�aij}) Æ ail. EST(ail) and LET(ail) are calculated

as follows:

ESTðailÞ ¼ MINfESTðaikÞ þ dðaikÞ;
ESTðaijÞ þ dðaijÞg;

LETðailÞ ¼ MAXfLETðaikÞ;
LETðaijÞg þ DðailÞ:
5.2.2. Parallel and selective connections

A parallel connection is defined as a segment of

a workflow, where activities are executing in paral-

lel and there are multiple threads of control. Refer-

ring to Fig. 6 (a), activities aij and ail execute in
ections in workflow specifications.
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parallel, denoted as (aijiail). EST(aikiail) and LE-

T(aijiail) are calculated as follows:

ESTðaijÞkðailÞ ¼ ESTðaikÞ þ dðaikÞ;

LETðaijÞkðailÞ ¼ MAXfLETðaikÞ
þ DðaijÞ;LETðaikÞ þ DðailÞg:

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. 6 (b), either activity aij or ail is se-

lected in a workflow, denoted as (aijjail). ES-

T(aijjail) and LET(aijjail) are calculated as follows:

ESTðaij j ailÞ ¼ ESTðaikÞ þ dðaikÞ;

LETðaij j ailÞ ¼ MAXfLETðaikÞ
þ DðaijÞ;LETðaikÞ þ DðailÞg:

For a workflow specification composed of the
above control structures, given a reference point

aik, we can design an algorithm to calculate [ES-

T(ail),LET(ail)] for each ail 2 Re(aik). Here, the

algorithm, being relatively straightforward, is

omitted due to the space limit.
5.3. Adjusting estimated active intervals for

activities with resource dependency

The calculationof estimatedactive intervalswith-

in a single workflow does not consider resource

dependencies between activities among concurrent

workflows in aworkflow schedule.Hence, the values

calculated are inconsistent with the case in an envi-

ronment with concurrent workflows, and then need

to be adjusted in terms of resource dependencies.
Given two concurrent workflows wi and wj, aik

and ajm are selected as two reference points.

Now, we can calculate [EST(aip),LET(aip)] for each

activity aip 2 Re(aik) within wi and [EST(ajs),LE-

T(ajs)] for each ajs 2 Re(ajm) within wj, respectively,

using the method presented in Section 5.2. How-

ever, suppose there is a resource dependency be-

tween two activities aip 2 Re(aik) and
ajs 2 Re(ajm), the possible relations between their

estimated active intervals can be described

distinctly by Allen�s interval logic, shown in
Fig. 7 [19,4]. If [EST(aip),LET(aip)] \ [EST(ajs),

LET(ajs)] 6¼ /, their estimated active intervals need

to be adjusted in order to avoid resource conflict in

the concurrent execution. Without the loss of gen-

erality, here we suppose EST(aip) 6 EST(ajs). Then
ajs�s estimated active interval should be adjusted in

terms of the resource dependency with aip as

follows:

ESTðajsÞ ¼ MAXfESTðajsÞ;ESTðaipÞ þ dðaipÞg;

LETðajsÞ ¼ MAXfLETðajsÞ;LETðaipÞ þ DðajsÞg:

After the adjustment of ajs�s estimated active

interval above, given an active interval of aip such

that [S(aip),E(aip)] ˝ [EST(aip) + S(aik),LET(aip) +

S(aik)] in workflow schedule S, we can get an

active interval [S(ajs),E(ajs)] ˝ [EST(ajs) + S(ajm),
LET(ajs) + S(ajm)] such that [S(aip),E(aip)] \ [S(ajs),

E(ajs)] = / in the workflow schedule.

So far, we have described the adjustment method

for the estimated active intervals of two activities

with a resource dependency. In fact, the adjust-

ment for the estimated active intervals of all activ-

ities with resource dependencies is an iterative

process. Given a set of workflow specifications
WS = {ws1,ws2,. . .,wsm} associated with workflow

schedule S = ÆW,AS,pSæ and reference point aik,

we present here the steps for calculating the esti-

mated active intervals of some activities in WS as

follows:

Step 1. Select a reference point for each work-

flow in W. Assume S(aik) = ti, at that
moment, activity ajm is selected as the

reference point of wj, (j 6¼ i), if it is in

the running state.

Step 2. Calculate the estimated active intervals

of activities within a single workflow

specification. For eachworkflowwj 2W,

(j = 1,. . .,m), and the selected reference

point ajm, we calculate [EST(ajs),
LET(ajs)] for each activity ajs 2 Re(ajm)

within workflow wj using the method

described in Section 5.2.

Step 3. For each workflow wj 2 W,(j 6¼ i), we

need to adjust the estimated active inter-

vals of activities ajs 2 Re (ajm) because
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ajm may have started for a while. Sup-

pose S(ajm) = tj,(tj < ti), let d = ti�tj.

For each activity ajs 2 Re(ajm), the esti-

mated active interval is adjusted as

[EST(ajs)�d, LET(ajs)�d].
Step 4. All those activities having the esti-

mated active intervals in

[ANi,i = 1,. . .,m, compose a sequence,

Q, according to their EST values with

an ascending order. Now, we process

this sequence in the following steps

until it becomes empty.

Step 4.1. Remove an activity from the head of Q
and assume it as aip.

Step 4.2. Let Dep(aip) be the set of those activities

in Q which have resource dependencies

with aip. Similarly, all elements in

Dep(aip) are sorted by their EST values

with an ascending order.

Step 4.3. If Dep(aip) = /, then go to Step 4.1;

otherwise remove an activity with the
smallest EST value from Dep(aip) and

assume it as ajs.
Step 4.4. If [EST(aip),LET(aip)] \ [EST(ajs),LET

(ajs)] = /, then go to Step 4.3; otherwise

go to Step 4.5.

Step 4.5. According to the previous discussion,

EST(ajs) and LET(ajs) are adjusted as
follows:

ESTðajsÞ ¼ MAXfESTðajsÞ;ESTðaipÞ þ dðaipÞg;

LETðajsÞ ¼ MAXfLETðajsÞ;LETðaipÞ þ DðajsÞg:

Then, for each activity ajt 2 Re(ajs) (excluding

ajs), its estimated active interval is re-calculated

within the workflow specification wsj accordingly.

After that, go to Step 4.3. h

In fact, at last, we get a complete workflow sche-

duleSc of S. More formally:

Definition 5.6. (Complete workflow schedule) Let

S = ÆW,AS,pSæ be a workflow schedule. The com-

plete workflow schedule of S at reference point aik,

Sc, is a 3-tuple< W Sc ;ASc ;�Sci, where (i) W ¼ W Sc .
(ii) ASc is a set of activities derived from AS in the

following ways: (a) For each workflow wi 2W,
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(i = 1,. . .,m), if aip 2 Ai, then aip 2 ASc . (b)For each

workflow wi 2 W, (i = 1,. . .,m), suppose aik is a

reference point, if aip 2 Re(aik), then aip 2 ASc . (iii)

The partial order, �Sc is determined as follows: (a)

For any two activities aip,ajs 2 AS, if aip p S ajs in S,
then aip�Sc ajs in Sc. (b) For two activities

aip; ais 2 ðASc � ASÞ, 3 if Reachable(aip,ais)=True,

then aip�Sc ajs in Sc. (c) For two activities aip 2 AS

and ais 2 ðASc � ASÞ, we have aip�Sc ajs in Sc. (iv)

For every workflow wi 2 W, (i = 1,. . .,m), each

activity aip 2 Ai having completed in S has an

active interval [S(aip),E(aip)], and each activity

ais 2 Re(aik) has an estimated active inter-
val [EST(ais),LET(ais)] relative to reference

point aik.

Theorem 2. If workflow schedule S = ÆW,AS,pSæ
is correct, then the complete workflow schedule
of S, Sc ¼ hW Sc ;ASc ;�Sci, at reference point aik is

also correct.

Proof. Given any two activities aip; ajs 2 ASc with a
resource dependency, we distinguish the relation

between them by the following complete cases:

� Case 1: aip,ajs 2 AS. Since workflow schedule S
is correct, from Definition 4.2, we have

ð½SðaipÞ;EðaipÞ� \ ½SðajsÞ;EðajsÞ�Þ ¼ /:

� Case 2: aip 2 AS ; ajs 2 ðASc � ASÞ. We have

aip�Sc ajs from Definition 5.6, then

ð½SðaipÞ;EðaipÞ� \ ½SðajsÞ;EðajsÞ�Þ ¼ /:

� Case 3: aip 2 ðASc � ASÞ; ajs 2 AS . We have

ajs�Sc aip also from Definition 5.6, then

ð½SðaipÞ;EðaipÞ� \ ½SðajsÞ;EðajsÞ�Þ ¼ /:

� Case 4: aip; ajs 2 ðASc � ASÞ. Suppose EST(aip) 6
EST(ajs), from the above calculating steps for

activities� estimated active intervals, we have:
given an active interval [S(aip),E(aip)] in work-

flow schedule S, there exists an active interval

[S(ajs),E(ajs)] ˝ [EST(ajs) + S(ajm),LET(ajs) +

S(ajm)] (ajm is a selected reference point) such

that [S(aip),E(aip)] \ [S(ajs),E(ajs)] = /

From the above discussion, Sc is also correct. h
3 ASc � AS is a set composed of elements, a 2 ASc , but a 62 As.
5.4. Checking process for temporal constraints

As stated earlier, the purpose of this paper is to

check if the temporal constraint DR(aik,ail) 6 p can

be satisfied at reference point aik in workflow sche-
dule S = ÆW,AS,pSæ. Based on the previous discus-

sion, the checking process is summarised as follows:

Firstly,we construct the completeworkflow schedule

of S at the reference point. Then according to Theo-

rems 1 and 2, the satisfaction of the temporal con-

straint can be decided by the following three cases:

� Case 1: p < EET(ail). The temporal constraint
can be violated at aik.

� Case 2: LET(ail) 6 p. The temporal constraint

can be satisfied at aik.

� Case 3: EET(ail) 6 p < LET(ail). The temporal

constraint cannot be decided at aik.

Now we can dynamically check if a temporal

constraint can be satisfied at a reference point
through the above process. The result of satisfac-

tion means that the associated workflow is execut-

ing under the normal situation. Otherwise, if the

result is uncertain or violated, some measures

should be taken to tackle these abnormal cases,

for example, triggering exception handling, assign-

ing a higher priority to the workflow or adjusting

the temporal constraint. This issue is beyond the
scope of this paper and will be addressed in detail

elsewhere.
6. Application

The previous section has presented our ap-

proach for the verification of temporal constraints
for concurrent workflows. In this section, we illus-

trate an application of this approach through an

example in the real world and discuss some issues

in its application.
6.1. An example

We take Computer Integrated Manufacturing
(CIM) environments as an example to demon-

strate the checking process for temporal
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constraints in an environment with concurrent

workflows. This example is originated from [17]

with minor modification.

6.1.1. Scenario

In a CIM environment, it is assumed that

productions do not follow mass-production tech-

niques but aim at customising each one of them

to deliver. The development and production of a

new product are composed of two processes,

namely construction process and production pro-

cess. The construction process contains all devel-

oping steps from the design of a new part to the
final test and the subsequent technical documen-

tation. The production process includes all man-

ufacturing steps from the ordering of materials

to the production floor including the necessary

scheduling. In order to bring products to mar-

ketplace as soon as possible, the development

of a product and its manufacture are strongly

tied. Therefore, the construction process and
the production process maybe execute

concurrently.
Fig. 8. Example of checking temporal con
These two processes can be specified to be two

workflow specifications, respectively, as shown in

Fig. 8. Resources and time information are anno-

tated in the figure as well.

A workflow schedule, S3, on the workflow spec-
ifications is initiated at a time. As shown in Fig. 8,

workflow w1 corresponding to ws1 starts at time 0,

and w2 corresponding to ws2 starts at time 7. Now

suppose that a21 is a reference point, we check if

temporal constraint E(a26) 6t 24 can be satisfied

at the reference point.

6.1.2. Verification

Temporal constraint E(a26) 6t 24 is an absolute

temporal constraint. So, it needs to be transformed

into its canonical representation, that is, the rela-

tive temporal constraint. Since S(a21) = 7, accord-

ing to the discussion in Section 2.3, the canonical

representation is calculated to be DR(a21,a26) 6t p,

where p = 24�7 = 17.

At the moment when a21 is being initiated,
workflow schedule S3 includes three activities, that

is, a11,a12 and a13. According to Definition 4.2, S3
strains forn concurrent workflows.
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is a correct workflow schedule. Now we can con-

struct its complete workflow schedule. As shown

in Fig. 8, the complete workflow schedule includes

all activities in workflow specifications ws1 and

ws2. Each completed activity has an active interval;
and each of the other activities has an estimated

active interval. According to the discussion in Sec-

tion 5.3, the estimated active intervals can be cal-

culated in the following steps:

Step 1. At the start time of a21, a13 is in the run-

ning state. Therefore, a13 is selected as the refer-

ence point of w1.

Step 2. According to Definition 5.1, we have
Re(a13) = {a13,a14} and Re(a21) = {a21,a22,a23,a24,

a25,a26}. The estimated active intervals of activities

in Re(a13) and Re(a21) are calculated within ws1
and ws2, respectively, as follows:

a13:[0,7], a14:[4,10];

a21:[0,2], a22:[1,6], a23:[1,4], a24:[2,7], a25:[4,15],

a26:[11,17].

Step 3. Since a13 has executed for 1 time unit,
we have d = 1. Then the estimated active intervals

of activities in Re(a13) are adjusted as:

a13:[�1,6], a14:[3,9].

The estimated active intervals of activities in

Re(a21) remain unchanged, that is:

a21:[0,2], a22:[1,6], a23:[1,4], a24:[2,7], a25:[4,15],

a26:[11,17].

Step 4. A sequence composed of these activities
with respect to their EST values is Q = Æa13,a21,
a22,a23,a24,a14,a25,a26æ. Now we process this se-

quence through executing Steps 4.1 to 4.5 as de-

scribed in Section 5.3. In Step 4.1, remove a13
from the head of Q. In Step 4.2, Dep(a13) is calcu-

lated as Dep(a13) = {a21,a22,a14}. So, we go to Step

4.3 and remove a21 from Dep(a13). In Step 4.4, we

go to Step 4.5 because of [EST(a13),
LET(a13)] \ [EST(a21),LET(a21)] 6¼ /. In Step 4.5,

the estimated active interval of a21 is adjusted as

a21:[3,8]. Accordingly the estimated active intervals

of a22, a23, a24, a25 and a26 are re-calculated within

workflow specification ws2. Then, we have:

a13:[�1,6], a14:[3,9].

a21:[3,8], a22:[4,12], a23:[4,10], a24:[5,13], a25:

[7,21], a26:[14,23].
Next we remove a22 from Dep(a13). Similarly,

the estimated active interval of a22 is adjusted

because of [EST(a13),LET(a13)] \ [EST(a22),
LET(a22)] 6¼ /. Accordingly the estimated active

intervals of a23, a24, a25 and a26 are re-calculated

within workflow specification ws2 (in this case,

the values remain unchanged). Then, we have:

a13:[�1,6], a14:[3,9].
a21:[3,8], a22:[4,12], a23:[4,10], a24:[5,13], a25:[7,

21], a26:[14,23].

Although the estimated active interval of a14
needs to be adjusted according to Step 4.4, the va-

lue remains unchanged.

Repeat the above steps to adjust the estimated

active intervals of activities in Re(a13) and

Re(a21). At last, the final values of these estimated
active intervals are listed as follows:

a13:[�1,6], a14:[7,15].

a21:[3,8], a22:[4,12], a23:[4,10], a24:[5,13], a25:[7,

21], a26:[14,23].

According to Proposition 5.1, EET(a26) is cal-

culated as EET(a26) = EST(a26) + d(a26), that is,

14 + 1 = 15 time units. By checking the relation be-

tween time value p = 17 and the time interval
[15,23], we conclude that the temporal constraint

E(a26) 6t 24 cannot be decided at a21 according

to Theorem 1. h

In this example, if we do not consider those re-

source dependencies between w1 and w2 and sup-

pose they execute separately, the value of

LET(a26) is 17. So, the temporal constraint E(a26)

6t 24 can be satisfied at a21. However, the checking
result becomes uncertain because activity a21 might

be delayed by a13 in theworkflow schedule. Further-

more, we point out that a26 definitely ends within 23

time units relative to the reference point a21 under

the normal condition. That is to say that the tempo-

ral constraint E(a26) 6t 30 can be satisfied at a21.

6.2. Discussion

The proposed approach is usually used by work-

flow enactment components to check temporal con-

straints at run-time. However, some issues should

be closely inspected in practical application:

The estimation of the minimum and maximum dura-

tions. It is impossible to get the precise duration
for an activity in a workflow specification at build-

time. So at build-time each activity is estimated

with two time values: the minimum and maximum
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durations. It is assumed that the run-time duration

is within the interval from the minimum to the max-

imum duration. The correctness of the verification

algorithm depends on the correct estimation of

these time values of activities. In the practical appli-
cation, we can estimate them more accurately.

The selection of reference points. The verification

algorithm is invoked by workflow enactment com-

ponents at a reference point. Some policies can be

used to determine a set of reference points for each

temporal constraint: (I) at the start time of each

activity – in this policy, the temporal inconsistency

of a temporal constraint can be identified at the
earliest time, but it is not practical given a large

number of activities in a workflow; (II) at the start

time of an activity succeeding a decision node in a

workflow specification – this option is not practi-

cal either because we do not know which branch

will be taken during workflow execution at all

based on a workflow specification [13]; (III) at

the time when an activity executes overtime – once
an activity�s run-time duration is beyond the inter-

val from the minimum to the maximum duration,

the algorithm should be invoked to check the tem-

poral constraint; and (IV) user-defined reference

points – the temporal constraint can be verified

at a user-defined reference point in a workflow

specification.

The application of component-based technology. The
complexity of the proposed algorithm might be

unmanageable when it is used in large-scale work-

flows. Component-based technology can be intro-

duced to solve this problem. In fact the

component-based approach has been introduced

in the development of workflow management sys-

tems [22]. So the complexity of the verification algo-

rithm used in large-scale workflows can be divided
and conquered if the workflow management sys-

tems are developed based on component

technology.
7. Related work

In this section, we present the previous work on

verification of temporal constraints in WfMSs.

Generally speaking, previous work on verification

of temporal constraints is focused on using static
analysis techniques to predict the run-time state

of workflows, while little or no attention has been

paid to dynamic checking for temporal constraints

on workflows at run-time. Unfortunately, it is not

always possible to statically determine that a tem-
poral constraint will be satisfied at all cases of

workflow execution.

Pozewaunig et al. [14] uses an extended netdia-

gram technique PERT (program evaluation and re-

view technique), namely ePERT, to support time

management in WfMSs. Each activity in a work-

flow specification is estimated with a time value

for its duration. Other time values (including the
earliest best case, the latest best case, the earliest

worst case, and the latest worst case) for a state

are calculated using the critical path method

(CPM) on the basis of the estimated time value

and the workflow structure. The time information,

as the authors claim, can be used to pro-actively

avoid time errors and reactively resolve time failures

at run-time. However, this issue is not discussed in
depth in that paper. Similar to [14], [5] defines a

timed workflow graph by augmenting each activity

node with two values: the earliest end time and the

latest end time. Based on the definitions, temporal

constraints, namely fixed-date constraints, lower-

bound constraints and upper-bound constraints,

can be calculated by using the modified CPMmeth-

od at build-time and process instantiation time, and
then enforced at run-time. The approaches reported

in [14,5] have an assumption with an ideal scenario

that each activity occupies a fixed duration, which is

not realistic in real-workflow execution.

In [20], Zhao and Stohr develop a framework

for temporal workflow management in the context

of claim handling. Issues including the prediction

of turnaround time, time allocation policy and
task prioritisation policy are investigated in that

paper. Although some factors, such as the queue

time of a task, priority of a claim and probability

for selecting a branch, are taken into account in

predicting turnaround times and estimating time

allocation for tasks, the framework proposed is

still based on the same assumption as [14,5]. Addi-

tionally, they do not address the technique of dy-
namic verification for temporal constraints.

[1,13,21] assume that an activity in a workflow

specification is estimated with a minimum and



H. Li, Y. Yang / Electronic Commerce Research and Applications 4 (2005) 124–142 141
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, [13] pre-

sents a method for dynamic verification of abso-
lute deadline constraints and relative deadline

constraints. The approach presented in [21] differs

from that in [13] in three aspects: (1) each flow be-

tween 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 envi-

ronments, then each activity is assigned with a
time axis; and (3) the proposed consistency check-

ing incorporates the exact run-time duration and

the estimated build-time duration. [1] employs

Temporal Constraint Petri Nets (TCPN) to specify

workflows, and tests the temporal feasibility for a

workflow at build-time. The problem in those ap-

proaches is that the verification of temporal con-

straints is limited to a single workflow and does
not consider the case with concurrent workflows.

A recent paper [2] investigates temporal con-

straints and the related reasoning algorithms in

workflow systems. At build-time, each flow in a

workflow specification is assigned with a set of

temporal constraints, each activity with an inter-

val denoting its minimum and maximum dura-

tion, respectively. Based on the definition of
constraint networks, the temporal consistency

can be checked for the workflow specification,

and the time frame for the involved activities

can also be predicted. At run-time, a temporal

support module provides the service of scheduling

activities in a workflow specification. To this end,

the authors of [2] identify three interesting fami-

lies of enactment schedules for autonomous
agents, namely free schedules, restricted due-time

schedules and bounded schedules. The corre-

sponding algorithms are presented in that paper

as well. Furthermore, the work is extended to

the case of temporal constraints where multiple

time granularities are involved. Compared with

those approaches in [5,13,21], a more general set

of temporal constraints in workflow specifications
are considered in that paper. However, the prob-

lem in this method is the same as before, that is,

limited to a single workflow.
8. Concluding remarks

The ability to dynamically check temporal con-

straints is crucial to workflow management. The

existing approaches are usually limited to a single
workflow and employ static techniques to predict

the run-time state of workflows. In reality, there

are multiple workflows executing concurrently in

a workflow management system. So, we believe

that those approaches are too weak for verifying

temporal constraints in an environment with con-

current workflows.

This paper proposes a new approach to dealing
with this problem in the environment with concur-

rent workflows. Firstly, we unify the representa-

tion of absolute temporal constraints and relative

temporal constraints, and provide them with a

canonical representation. Then, we investigate re-

source constraints between activities and define

concurrent workflow executions. Subsequently,

the verification method is unfolded based on these
discussions. Compared with the existing appro-

aches, the method presented in this paper takes

into account the relationship between concurrent

workflows. In addition, it is dynamic and can

be used by workflow management systems at

run-time.

For future work, the proposed approach needs

to be improved in the following aspects:

1. To avoid the violation of temporal constraints,

we use a more conservative method to solve this

problem. A temporal constraint is checked
before the execution of the corresponding activ-

ity. Therefore, our approach is based on the

estimated time values, namely the minimum

and maximum durations, which are defined at

build-time. However, a truly dynamic checking

of temporal constraints should be based on

the actual duration of activities. If the violation

of a temporal constraint has happened, some
measure can be used to solve the exception. This

question needs further research.

2. Our approach does not allow any concurrent

execution of two activities if there is a resource

dependency between them. We acknowledge

this is more restrictive than necessary although

this restriction does not affect the correctness
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of our checking algorithm in practical applica-

tions. For two activities with a resource depen-

dency, it is possible that both of them do not

occupy their resources from the start to the

end. They are allowed to execute concurrently
in some cases. Therefore, the checking algo-

rithm can be improved.

In addition to the above two aspects, the work-
item prioritisation and resource allocation policies

will be taken into account in the future as well. The

resources can be allocated to activities with a higher

priority for the purpose of the satisfaction of tem-

poral constraints.
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