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Abstract. The dynamic nature of events, in particular business pro
cesses, is a natural and accepted feature of today's business environment. 
Therefore, workflow systems, if they are to successfully model portions of 
the real world, need to acknowledge the temporal aspect of business pro
cesses. This is particularly true for processes where any deviation from 
the prescribed model is either very expensive, dangerous or even illegal. 
Such processes include legal processes, airline maintenance or hazardous 
material handling. However, time modeling in workflows is still an open 
research problem. This paper proposes a framework for time modeling in 
production workflows. Relevant temporal constraints are presented, and 
rules for their verification are defined. Furthermore, to enable visualiza
tion of some temporal constraints, a concept of "duration space" is in
troduced. The duration algorithm which calculates the shortest/longest 
workflow instance is presented. It is a generalization of two categories 
of algorithms: the shortest-path partitioning algorithm and the Critical 
Path Method (CPM). Based on the duration algorithm, the verification 
algorithm is designed to check the consistency of introduced temporal 
constraints. 

Keywords: Workflows systems, time modeling, temporal constraints, 
verification. 

1 Introduction 

Workflow systems have been identified as the latest in a long line of key en
ablers of dynamic and responsive organisations. The evidence for their growing 
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acceptance may be found in numerous application domains, such as finance and 
banking, office automation, health care, software engineering and telecommuni
cations [30]. WorkHows are defined as "the automation of a business process, in 
whole or part, during which documents, information or tasks are passed from 
one participant to another for action according to a set of procedural rules" [31]. 
They are usually classified either as ad hoc, administrative or production work
flows [11]. In this paper, we will limit our discussion to production workflows 
which involve repetitive and predictable business processes, such as, for example, 
loan applications or the processing of insurance claims. They typically encom
pass complex information processes involving access to multiple, heterogeneous 
data sources and information systems. 

In spite of the extensive research and proliferation of commercial products, 
the requirements for workflows still far exceed the capabilities provided by prod
ucts today [30]. There are still many open research problems that need to be 
addressed. One of them is time modeling and management [2,3,14,17,24]. More
over, according to Geppert et al. [10], primitive support for time management 
has been identified as one of the most significant limitations of today's workflow 
management systems. This is a fundamental problem due to the fact that all 
business processes exist in a temporal context and are time constrained. 

However, currently, there is no standard addressing time modeling for pro
duction workflows. The Workflow Management Coalition Report [31] whose aim 
is to establish a consistency in the specification and use of workflow terminology, 
does not contain any specification for time modeling. Very few workflow research 
projects take into consideration the general problem of time specification and 
management. For example, the ADEPT project [4] investigates modeling of the 
real-time deadline constraints and the consequences of missing deadlines in the 
case of structural changes of a workflow during its execution (e.g. introduction 
of new task in a workflow instance). However, this work is limited to deadline 
constraints only in the context of workflow execution and it does not examine the 
verification of temporal consistency. Another example is the HOST (Healthcare 
Open Systems and Trials) project [12] . In that project, the temporal reasoner 
called Tachyon is developed for time management in health-care processes. This 
work is limited to health-care processes only, and a temporal model upon which 
temporal reasoning is based is very simple, i.e. it does not include decision nodes 
nor modeling and verification of other temporal constraints apart from duration 
of individual tasks. 

On the other hand, the state of the art in workflow systems is largely dictated 
by product vendors. The commercial products currently available offer very lim
ited support for time representation and management; This appears mainly in 
the form of "calendars" and "to do" lists that specify deadlines for various tasks 
and generate alarms when deadlines are going to be missed. However, consistency 
of the deadline constraints and the consequences for missing certain deadlines 
are not known to the workflow management system [4] . 

The need for time management in production workflows can be illustrated 
by the following points: 
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- Early detection of time inconsistency of a workflow model will enable a user 
to predict any time-related problems, such as possible bottlenecks and any 
violations of temporal constraints. This is particularly important for pro
cesses where any deviation from the prescribed model can be either very 
expensive, dangerous or even illegal, for instance airline maintenance, haz
ardous material handling or legal and medical procedures. 

- Often, due to unrealistic time estimates, costly ad hoc adjustments have to 
be made during workflow execution [6). Proper time modeling simulation and 
the evaluation of workflow models will enable more realistic time estimates 
and more reliable workflow models. 

- Time monitoring during workflow execution is very important for the iden
tification and prediction of possible problems. For example, where a task is 
preceded or succeeded by exceptionally long transfer times, further investi
gation may reveal that bottlenecks have occurred. 

- When unforeseen emergencies and organizational delay occur, time simu
lation may be used to find alternative paths of workflow execution, i.e. to 
reschedule future tasks, as well as to find possible ways to reduce or to com
pensate for future delays. 

- Proper time modeling will open possibilities for the better coordination of 
individual tasks and better planning of business processes. 

- Finally, the purpose of time modeling in workflows is not to control and 
restrict a workflow user in any way or to manage their time. Rather, the 
purpose is to provide workflow users with simple but powerful mechanisms 
that will help them to improve process efficiency and effectiveness. 

This paper investigates the problem of time modeling in production workflows 
with the following objectives: 

- to provide a foundation for time management in general, for production 
workflows, 

- to propose a new approach to time modeling that will include identification, 
classification and formal modeling of various temporal constraints as well as 
verification of their temporal consistency, 

- to provide a workflow user with an expressive and simple-to-use visualization 
concept that will enable specification and visual verification of temporal 
constraints. 

The paper is structured as follows: Related work on time management in 
project management, job-shop scheduling and artificial intelligence is briefly de
scribed in Section 2. Section 3 introduces a workflow model used in this paper. 
Important time issues for time modeling in production workflows, such as rela
tive and absolute time, temporal constraints and their temporal consistency, are 
discussed in Section 4. A basic temporal constraint called the duration constraint 
and a concept of the duration space are introduced in Section 5. A concept of a 
workflow instance type and its duration is presented in Section 6 along with the 
duration algorithm for calculation of the longest/shortest workflow instance type. 
Other relevant temporal constraints and rules for verification of their temporal 



160 O. Marjanovic and M. E. Orlowska 

consistency are described in Section 7. The verification algorithm is presented 
in Section 8. Finally, our approach is illustrated by an example presented in 
Section 9. 

2 Time Management-Related Work 

Problems of time representation and management have been researched in other 
disciplines for many years. Project management is probably the most influential 
area in the field because of its well understood and accepted time representation 
and scheduling features such as the PERT chart, Gantt chart and CPM (Crit
ical Path Method). There is a tendency within the workflow community to use 
project management concepts, and in particular, project management software 
for time management in workflows. The evidence can be found in both research 
and commercial sectors (see for example [13]). Although workflows and projects 
share many characteristics, e.g. they are time and resource constrained, planned, 
executed and controlled, we argue that production workflows significantly differ 
from projects and they require "workflow-specific" time management. The main 
differences can be summarized as follows. According to the Project Management 
Institute Standards Committee [23]: "A project is a temporary endeavor under
taken to create product or service". Temporary means that every project has a 
definite beginning and definite end, and it is not an ongoing effort. When uncer
tainty in a project drops to nearly zero, and when it is repeated a large number 
of times, the effort is usually no longer considered to be a project [21] but rather 
an operation. On the other hand, production workflows involve ongoing, highly 
predictable and repetitive business processes. Project models (or plans) are very 
general and they are frequently changed during project duration. Project plans 
do not include alternative paths, nor a concept of an instance. On the other 
hand, workflow models are much more detailed and therefore much more com
plex. Firstly, they include various workflow execution structures such as alter
native, concurrent, exclusive "or-join" and synchronizer. Secondly, a workflow 
model can be seen as a collection of alternative instance types where a type is 
determined by a set of decision parameters. Thus, based on the same workflow 
model, several instances can be executed at the same time, being at different 
stages of their execution and progressing along different executive paths. The 
differences between project time management and workflow time management 
systems are discussed in more detail in [16]. 

Another related area, in many respects similar to project management, is job
shop scheduling. In general terms, job-shop scheduling requires completing a set 
of tasks while satisfying temporal and resource constraints. Temporal constraints 
determine the order of tasks while resource constraints determine which tasks 
can or cannot be done simultaneously (e.g. the same machine cannot perform two 
tasks at once) . The main objective of job-shop scheduling is to create a schedule 
specifying when each task is to begin and finish and what resources it will use 
[27]. Although there are examples of the applications of job-shop scheduling to 
administrative office procedures (see for example [9]) job-shop scheduling and 
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workflow management are fundamentally different approaches to process mod
eling. While the former is the most suitable for so called material processes (i.e. 
engineering/manufacturing types of processes), the latter is designed to support 
business processes. For distinctions among material, information and business 
processes see [18] . By applying job-shop scheduling principles and algorithms to 
the modeling of business processes, one could oversimplify business processes to 
that of "head-down" document processing which has been a popular approach of 
the first office automation systems. It is important to point out that in workflow 
environments in the 90s the emphasis is on better educated workers who combine 
structured work with opportunity-based initiatives [18]. Thus,during workflow 
execution, users make various decisions creating different workflow instances, 
and these features make workflow management much more complex. Therefore, 
in workflows not all scheduled tasks will be performed as in job-shop scheduling. 
Rather, based on decisions made, some tasks will be selected while some may 
not be performed at all. Furthermore, allocation of tasks to individual users is 
performed during workflow execution, when tasks are scheduled by a w6rkflow 
engine as "ready to be taken". For that purpose, two popular techniques "push" 
and "pull" are used, giving users the opportunity to choose tasks they will per
form. The order of individual tasks is determined by a workflow model. 

The third important area related to time representation and management 
is artificial intelligence, in particular Temporal Constraint Networks (TCN) [5]. 
When comparing time management in production workflows and temporal con
straint networks the following similarities and differences could be identified. In 
both approaches, temporal information is modeled in the interval form (e.g. an 
event/task takes between 20 and 30 minutes). Both relative and absolute time 
are used as well as a set of temporal constraints. However, they are suitable for 
fundamentally different environments. Having a set of unary and binary tempo
ral constraints specified, the TCN approach is concentrated, for example, around 
the following reasoning: finding all feasible times that a given event may occur, 
finding all possible relationships between two given events, and generating two 
or more scenarios consistent with the information provided [5]. On the other 
hand, in production workflows all expected scenarios are defined in advance by 
a workflow model including the duration of individual tasks and their possible 
relationships. Each scenario is called an instance type. The model also includes 
a set of various temporal constraints. During the modeling of the process it is 
necessary to verify whether these constraints are consistent with the definition 
of a workflow model, as well as being mutually consistent. Note also that the 
notion of temporal consistency used by [5] is different from the one used in our 
work, as we will illustrate later in the paper. On the other hand, during work
flow execution the question is whether these constraints can be fulfilled in the 
instance being executed, and if not, the location of the problems. Furthermore, 
one task may belong to several instance types at the same time. Therefore, dur
ing workflow execution the same task will be executed a number of times, each 
time in different process instances and each time with different start and finish 
time. Hence, the possible start and finish time of a task can be calculated only 
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in the context of an instance and only when that instance starts. However, even 
when an instance is activated, that does not guarantee that a task is going to be 
executed at all, since a different execution path may be taken by the instance. 

Other relevant research where problems of time management have been in
vestigated include temporal data bases where the emphasis is on storage and 
retrieval of temporal data, and in real-time software engineering with the em
phasis on specification of properties of real-time systems [15]. However, none 
of the above technologies are completely suitable for the time management of 
predefined processes such as production workflows. 

3 Basic Workflow Concepts 

The workflow model used in this paper is defined as a partially ordered set of 
workflow objects: tasks, conditions and flows [22,24,25]. A task represents the 
work to be done to achieve some given objectives. It can represent either auto
mated or manual activity that is performed by assigned processing entities. A 
task can be initial, final or intermediate. A decision (also called condition) object 
is used to represent alternative paths in the workflow specification depending on 
a conditional value(s). Both tasks and conditions form a set of workflow graph 
nodes. Each node is identified by an unique identifier. A flow defines the connec
tion between any two objects (other than flows) in the workflow. Each flow has 
one source and one sink node. To enhance the understanding of a workflow model, 
a graphical representation of its objects is used as shown in Fig. 1. Therefore, a 

I I I I 0 ~ 

intermediate initial final decision flow 
task task task object 

Fig. 1. Workflow modeling objects 

workflow graph is a directed graph constructed from these objects according to 
specific syntax rules [25] . An example of a workflow model is represented in Fig. 
2. After the initial task is executed, task 15 will be executed concurrently with 
one of the tasks 3, 4 or 5. The structure used to model the selection among more 
than one task is called an alternative structure. After the execution of task 4, 
either task 11 or task 12 will be executed. After task 5 has been executed, both 
tasks 6 and 7 will be executed in parallel. This structure is called a concurrent 
structure. Task 8 will wait until both 6 and 7 finish and then it will start ex
ecuting. These three tasks form the structure called a synchronizer. Task 14 is 
executed after either task 3 or task 11. This is an executive "or-join" structure. 
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The terminal task 16 will start executing only after both tasks 15 and one of 
the tasks 8, 12 or 14 finish their execution. The introduced workflow structures 
will be described in more detail in the following section. In general, a workflow 

Fig. 2. An example of a simple workflow graph 

model may have more than one terminal node. For these complex models we 
use an additional assumption that each process instance may finish at only one 
terminal node. All process instances that finish by one particular terminal node 
are modeled by one execution sub-graph. A model often consists of several exe
cution sub-graphs, each corresponding to one terminal node. However, without 
loss of generality, in this paper we concentrate on a workflow model with only 
one terminal node, i.e. a model with one execution sub-graph. 

Different alternative executives of a workflow, introduced by split nodes (de
cision nodes) are called process instance types or instance types for short. Ob
viously, a workflow model without decision nodes represents only one instance 
type. Finally a workflow instance is a single, individual instance of a process. 

A workflow model can be simplified through the abstraction concept. In other 
words, it is possible to encapsulate a workflow model at one level of abstraction 
into a single task, called a nested task. As we do not consider repetitive structures 
at this stage, we also use a single nested task to encapsulate a loop concept. 

It is important to point out that further on we assume syntactical correctness 
of a workflow model. That means that all decision nodes are exclusive (only one 
of the alternative paths can be selected) and complete (for all instances of a 
workflow, one of the alternatives will be always selected). Also, we assume that 
there is no deadlock and lack of synchronization. Some examples of the incorrect 
workflow structures are shown in Fig. 3. Both of them would provoke a deadlock 
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during a workflow execution. For more details on workflow modeling and verifi
cation issues see [22,26,28] . 

Fig. 3. Examples of incorrect workflow structures 

4 Time Issues in Production Workflows 

The purpose of this section is to introduce basic time notation and to set up 
the terminology such as relative and absolute time, temporal constraints and 
temporal consistency. These will then be used in the following sections for the 
formal modeling of a selected temporal constraint and verification of consistency. 

4.1 Absolute and Relative Time 

In production workflows we use two different aspects of time: relative and abso
lute time. In a workflow model, we operate with relative time, i.e. the expected 
duration of individual tasks and the duration of instance types are expressed as 
relative time values of a certain granularity, e.g. two hours, 10 minutes. On the 
other hand, during workflow execution we operate with absolute (or real) time. 
This means that each task in a workflow instance has its beginning and end time 
expressed as absolute time values of certain granularity, e.g. a task started at 
2.00 p.m. and finished at 3.00 p.m. on 1 July. 

4.2 Temporal Constraints 

Temporal constraints are different rules that regulate the time component of a 
business process. From the business perspective they are defined by laws and 
regulations, business policies (or formal corporate rules), common practices, as 
well as mutual agreements and expectations related to efficiency/productivity 
of business practices. Temporal constraints are complex enough to be captured 
separately as an aspect of workflow modeling rather than covered by the workflow 
execution properties [10,25]. 

We adopt the following classification of temporal constraints for production 
workflows. Temporal constraints are classified as basic temporal constraints (also 
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called duration constraints), limited duration constraints, deadline constraints 
and interdependent temporal constraints. Basic temporal constraints and dead
line constraints are defined for the individual tasks, interdependent temporal 
constraints are defined for pairs of tasks while limited duration constraints are 
defined for one or more instance types. 

Basic temporal constraint limits the expected duration of an individual task 
in a workflow model. The duration of the task is specified either precisely by 
using single relative time value (e.g. a task takes 1 hour), or as an interval of two 
relative time values (e.g. a task takes between 20 and 30 minutes) representing 
its expected minimum and maximum durations. 

A limited duration constraint limits the duration of a process represented by 
a workflow model. For example: "A verification of each loan application should 
take no more than 8 hours". Note that in this case the limited duration constraint 
limits the duration of all instance types as well. 

A deadline constraint, in terms of absolute time, limits when a task should 
start or end during workflow execution (e.g. the deadline for a grant application is 
23 June). If a deadline constraint is defined for the final task of a workflow model 
with one terminal task, then it applies to all instance types of that workflow 
specification. 

An interdependent temporal constraint limits the time distance between two 
tasks in a workflow model. The time distance is represented as a relative time 
value. For example: a project proposal must be ready for review at least 7 days 
before the meeting and a report must be prepared two weeks after the meeting. 

In this paper, we limit our consideration to only the temporal constraints 
introduced above. In the following sections we will present their formal specifi
cations. 

4.3 Temporal Consistency 

Closely related to temporal constraints is the problem of temporal consistency. 
In this paper, we propose the following definition. A temporal constraint is con
sistent with a given workflow model if and only if it can be satisfied based on the 
syntax of the workflow model and the expected minimum and maximum durations 
of workflow tasks. 

Temporal consistency is of fundamental importance for workflow modeling 
since a workflow model may be correct in terms of control flow but may still 
have inconsistent temporal constraints. For example, suppose that in a workflow 
model represented in Fig. 2, a temporal constraint is defined such that task 12 
should start 2 days after task 3. However, as tasks 3 and 12 always belong to 
different instance types the time distance between them cannot be meaningfully 
determined. Thus this temporal constraint is inconsistent with workflow model 
flow constraints, although the workflow model is correct in terms of its control 
flows. 

Note that the notion of temporal consistency used in this paper is "stronger" 
than the notion of temporal consistency used in the literature dealing with tem
poral constraint satisfaction, see for example [5]. In the literature, a set of tem-
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poral constraints is considered to be consistent if and only if there exists an 
assignment of values to the temporal variables involved that satisfies all the 
constraints. Here, a set of temporal constraints is consistent if and only if for 
all assignments of values to temporal variables involved (i.e. expected minimum 
and maximum duration of workflow tasks) and the given workflow model, all 
temporal constraints are satisfied. 

5 Basic Temporal Constraint-A Duration Constraint 

In our model, the duration constraint is a mandatory temporal constraint. It 
means that the duration for each task has to be specified. We assume a decision 
node has "0" duration, i.e. it is considered to be instantaneous. Also, at this 
stage, we do not consider transfer time between two nodes in a workflow graph. 
Therefore, without loss of generality, we assume that flows have no duration as 
well. So, we define the duration constraint in the following way: 

Let N represent a set of identifiers of all workflow nodes. Suppose that each 
node has an unique identifier i. For every i E N, we define duration of a node i, 
d{i) as follows: 

'Vi E N d{i) = {o[m{i), M{i)] if i corresponds to a task, (I) 
if i corresponds to a decision node. 

where m{i) and M{i) are two relative time values respectively representing the 
minimum and maximum duration of a task i. 

It is obvious that for each task i: m{i) ~ M{i). Also, in a case where 
m{i) = M{i), we say that a task i has precise duration and we use only one 
value for its duration constraint. 

To graphically model duration constraint, we introduce the concept of the 
duration space as follows: 

D = {( m, M) E R2 : m ~ M} (2) 

where axes represent minimum and maximum duration m and M. 
The duration of a given task is modeled as a point in duration space D with 

a label representing the identifier of that task as shown in Fig. 4. Note that all 
points situated on the diagonal have precise duration, by definitions 1 and 2. 

Based on the introduced concept of a task in D, we will now analyze typical 
workflow structures and their durations. 

5.1 Duration of a Sequential Structure 

A sequential structure is the most basic construct of workflow modeling. It is 
shown in Fig. 5. Tasks i and j will be executed in sequential order, i.e. task j 
will begin executing only after task i has finished executing. To denote the order 
of individual tasks we use the notation: i . j. 
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M 

duration of task i, [m(i),M(i)) 

m 

Fig. 4. Tasks in Duration space 

~---------------~------h. 

i ............................. ] i.J· ................. " ............................. , .............................................. " .... "........ ~ 

Fig. 5. Simple sequential structure 

Based on the definition of a sequential structure, its duration can be calcu
lated as follows: 

d(i . j) = [m(i), M(i)] + [m(j), M(j)] = [m(i) + m(j), M(i) + M(j)] (3) 

The resulting duration d(i . j) is represented visually in D as shown in the 
Fig. 6. 

Note that, a sequential structure of two tasks with precise durations (e.g. k 
and l shown in Fig. 6), has precise duration too. 

5.2 Duration of an Alternative Structure ("Or-Split") 

This construct is used to select one of the several mutually exclusive alternative 
paths in a workflow. An example of an alternative structure with two alternative 
paths is shown in Fig. 7. After task i finishes its execution, based on a decision, 
either task k or task l will be selected for execution. 

This alternative structure is represented in the duration space D as one of 
the two possible sequential structures: either as i· k or as i . l. 

5.3 Duration of an Exclusive "Or-Join" structure 

As shown in Fig. 8, an exclusive "or-join" structure is used to represent the sit
uation where only one of the incoming flows to decision node k will be executed. 
Before task l, either task i or task j will be executed. 
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M 

m 

Fig. 6. Duration of sequential structures 

.~k : 

Fig. 1. Alternative ("Or-Split") structure 

To present this structure in D we use one of the-following two sequential 
structures: either i . I or j ·1. 

5.4 Duration of Concurrent and Synchronized Structures 

A concurrent (or "and-split") structure is used to present the parallel execution 
of two or more paths within a workflow. A simple concurrent structure is pre
sented in Fig. 9. After completing task i, both tasks j and k will start executing 
simultaneously independently of each other. 

IT a task has two or more incoming flows we call that structure a synchronizer. 
A synchronizer with two incoming flows is shown in Fig. 10. Both tasks i and 
j will execute simultaneously independently of each other. Task k will wait for 
both tasks to complete their execution before it starts executing. 

As we limit our consideration in this paper to workflow models with one final 
task, if a workflow model is correct, each synchronizer originates in one concur
rent structure [25] . Therefore, for time consideration we combine a synchronizer 
with a concurrent structure as shown in Fig. 11. To represent that tasks j and 
k are executed in parallel, we use the notation j II k. 
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J--+l~L.I __ ---I 

Fig. 8. Exclusive "or-join" 

Fig. 9. A concurrent structure 

To calculate the duration of j II k we use the following formula: 

d(j II k) = [max(m(j), m(k», max(M(j), M(k»] (4) 

Hence, task l will wait until both tasks j and k are finished to start executing. 
If both j and k finish execution within the minimum period of time i.e. m(j) 
and m(k), a task l will wait for max(m(j),m(k». Similarly, if both tasks take 
the maximum time M(j) and M(k), a task l will wait for max(M(j) , M(k» . 
Various cases of tasks j and k as well as the resulting duration d(j II k) in Dare 
presented in Fig. 12. 

If both tasks j and k have a precise duration, their combination (j II k) has 
a precise duration as well (as represented in case (a» . In case (b), the resulting 
duration is determined by task k, while in case (c) it is determined by both tasks 
j and k. 

Fig. 10. A synchronizer 
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Fig. 11. A combination of a synchronizer with a concurrent structure 

M M M 

;7 j JII 
jll • • 

/~ I j ' k 

/ i 
m m m 

a) b) c) 

Fig. 12. Duration of a synchronizer structure 

5.5 Duration of an Instance Type 

An instance type is represented in a workflow graph W as a combination of se
quential, concurrent and synchronizer structures. Based on the introduced rules 
for calculation of durations of these constructs, the duration of an instance type 
t can be calculated and represented as a natural extension of the concept of task 
duration, i.e. as an interval of its minimum and maximum duration: 

d(t) = [m(t) , M(t)] (5) 

Let a set T represents a set of all instance types for a given workflow W, let 
IITII=n 

(6) 

such that 
(7) 

where '<Il il is a task in the workflow graph. 
Note that the problem of enumerating all possible instance types represented 

by a workflow model is exponential in nature due to the potential exponential 
expansion generated by consecutive decision nodes. 

Furthermore, we say that a task i is a mandatory task for workflow W if and 
only if: 

'<Itk E TiE tk, k = 1, ... , n (8) 
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Thus, a task i is mandatory if and only if it belongs to all instance types. In 
particular, the initial task and the terminal task (in a workflow model with one 
terminal task) are mandatory tasks for a workflow model. 

A task j is an optional task for a workflow W, if and only if: 

3k E {I, ... , n} tk E T : j f/. tk (9) 

These two definitions clearly indicate that not all tasks are executed by all 
workflow instance types. We will use these terms later in the paper, for verifica
tion of consistency of temporal constraints. 

5.6 Duration of the Shortest/Longest Instance Types 

An important question related to a workflow model is to find durations of the 
shortest/longest instance types. 

An instance type tl is the longest instance type in a workflow model if and 
only if: 

(10) 

An instance ts is the shortest instance type in a workflow model if and only 
if: 

(11) 

Note that m(tz) and M(ts) represent respectively the minimum duration of 
the longest instance type and the maximum duration of the shortest instance 
type. 

To calculate the shortest/longest duration instance type, we developed the 
Duration algorithm. The duration algorithm is a generalization of the short
est path partitioning algorithm, presented in [8). The generalization is made in 
the following two aspects. First of all, the algorithm is specially designed for 
workflows rather than general graphs. It incorporates the semantic of workflow 
structures such as: concurrent, synchronizer, alternative and exclusive "or-join" 
structures. The other generalization is from a concept of a path in a graph into 
the concept of a workflow instance type. In workflows, we are not interested in 
the shortest path but rather in the duration of the shortest/longest workflow 
instance type which usually consists of several parallel paths (e.g. in an instance 
type, one path may split into several parallel paths which may merge again into 
one path) . For example, an instance type of a workflow graph presented in Fig. 2, 
consists of the following tasks: 1, 4,11 , 14, 15 and 16. 

Before the duration algorithm is presented, we shall introduce some nota
tions: 

- For calculation purposes, each node i (a task or a decision node) has a label in 
the form of pair (CumMin(i), CumMax(i)) which represents the cumulative 
minimum and maximum distance between the beginning of the initial task 
up to the end of a node i in an instance type. Calculation of the cumulative 
distance of other nodes is based on the semantic of workflow constructs. 
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- The initial task has the identifier 1. For the initial task: CumMin(l) = m(l) 
and CumMax(l) = M(l) 

The Duration Algorithm (for the shortest workflow instance type) 

Input: A workflow graph with specified duration constraints for each task, 
Output: Duration of the shortest workflow instance type, 

Step 1: / /initialization 
Set the cumulative minimum and maximum of the initial task to 
CumMin(l) = m(l) and CumMax(l) = M(l) j 
Set the cumulative minimum and maximum of all other nodes to 0 
CumMin(i) = CumMax(i) = OJ 
Create two collectively exhaustive lists of node identifiers: 
NOW and NEXT 
Initially NOW = {1} and NEXT = {} 

Step 2: If NOW is not empty, take the first index from it, 
say identifier u 
otherwise go to Step 4 

Step 3: Delete u from NOW 
Find all successor nodes of u 
For each successor node v 

Find the number of predecessors npred of v 
If npred = 1 then 

calculate cumulative min and max of v as follows: 
CumMin(v) = CumMin(u) + m(v)j 
CumMax(v) = CumMax(u) + M(v)j 
add index v to the list NOW 

else / / v has more than one predecessor 
if v is a task then 

/ / a synchronizer is detected 
CumMax( v) = max( (CumMax( u) + M (v», CumMax( v» 
CumMin(v) = max((CumMin(u) + m(v», CumMin(v» 

else / / an exclusive "or-join" structure is detected 
if CumMin(v) = CumMax(v) = 0 then 

/ / decision node is visited for the first time 
CumM ax( v) = CumM ax( u) 
CumMin(v) = CumMin(u) 

else / / decision node is not visited for the first time 
if CumMin( v) > CumMin( u) then 

CumMin(v) = CumMin(u) 
CumMax(v) = CumMax(u) 

add v to NEXT if it is not already there 
/ / therefore NEXT contains nodes 
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/ / with more than one predecessor 
Return to Step 2 

Step 4: if NEXT is empty then 
stop the algorithm 

else 

cumulative minimum and maximum duration of the final node 
contain respectively, minimum and maximum duration of 
the shortest workflow instance type 

from NEXT select all nodes ready for calculation 
transfer them to NOW 
/ / (a node form NEXT is ready if all its predecessors have 
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/ / their cumulative minimum and maximum already calculated). 
Return to Step 2. 

To trace the shortest instance type, it is necessary to follow flows from the 
final task backwards. In that process, if a synchronizer structure is detected 
it is necessary to follow backwards all incoming flows to that structure. If an 
alternative "or-join" structure is detected, from a decision node v select the 
node u with CumMin{ u) = CumMin{ v). 

This algorithm can be easily modified to ,calculate the duration of the longest 
instance type. The code printed in italics font should be replaced with the 
following one: 

else / / an exclusive or-join structure is detected 
if (CumMax{ v) < CumMax{ u)) then 

CumMax{v) = CumMax{u) 
CumMin{v) = CumMin{u) 

5.7 Complexity of the Algorithm 

In the worst possible case a workflow model consists of concurrent, synchronizer, 
exclusive "or-join" and alternative structures only but does not contain any se
quential structure. In this case the complexity of the duration algorithm is equal 
to the complexity of the shortest path partitioning algorithm. More precisely, 
the complexity is: nf where n represents a number of nodes and f number of 
flows in a workflow model. Therefore, the duration algorithm has a polynomial 
time complexity of O{n2 ). 

The duration algorithm can also be generalized to calculate the shortest/longest 
instance type in a workflow model with more than one terminal node, i.e. more 
than one execution sub-graph. First of all, each execution graph needs to be 
determined by tracing back all instances from each terminal node. Then, for 
each execution sub-graph, the duration algorithm can be applied to calculate the 
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shortest/longest instance type for that particular sub-graph. The resulting short
est/longest instance type for the whole workflow will be the minimum/maximum 
of all shortest/longest instance types of all execution sub-graphs. 

The presented duration algorithm has another interesting feature. If a work
flow model consists only of decision nodes and tasks, but no synchronizers and 
parallel structures, the duration algorithm could be easily modified into the par
titioning shortest path algorithm. On the other hand, if the workflow model 
consists of synchronizer and parallel structures only, but no alternative and ex
clusive "or-join" structures, then there would be only one workflow instance type. 
If each task has the earliest start and the latest finish time assigned, instead of 
minimum and maximum duration, then the duration algorithm for the longest 
workflow instance type can be easily modified into the CPM algorithm. However, 
it is necessary to stress again that the workflow model combines all four struc
tures: parallel, synchronizer, alternative and exclusive "or-join" structure. This 
makes the model much more complex than a model used for the CPM algorithm 
(Le. precedence diagram) or a graph used for the shortest path algorithm. 

6 Other Temporal Constraints and Rules for Verification 
of Their Temporal Consistency 

Based on the formalisms introduced in the previous sections, we will now present 
other temporal constraints that often restrict business processes. 

6.1 Limited Duration Constraints for a Workflow Process 

A limited duration constraint limits the duration of a process represented by a 
given workflow model. For example: Each loan application should be processed 
'and a decision made within no more than two working days. To ensure the 
quality of the process performed, the processing of each loan application should 
take at least one day. Process duration is calculated as the distance between its 
initial and final tasks. 

Formally, a limited duration constraint between the initial and final task is 
defined as a relation: 

L ~ {I} x {n} x TL x R 

where: 
{I} and {n} represent identifiers of the initial and final tasks, respectively 
TL represents a type of limited duration constraint TL = {:::;, 2} and 

(12) 

R represents a set of relative time values of a certain granularity, e.g. 1 day, 3 
months, etc. 

To represent the longest duration of a process, Le. the longest time distance 
from task 1 to task n, we use the notation MI(I-n). The following consistency 
rule applies: 
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Rule 1: A limited duration constraints L(l,n, ~,p) which limits the process 
to take no more than p time is time consistent if and only if: 

(13) 

where pER is a relative time value which represents the duration limit and 
MI (1-n) is the longest duration of a process calculated from the initial task 1 to 
the final task n. 

Note that MI (1-n) also corresponds to the maximum duration of the longest 
instance type for a given workflow. Therefore, to calculate MI(l-n) we need to 
apply the duration algorithm. 

This limited duration constraint can be represented as a triangular area in 
D as shown in Fig. 13. IT this constraint is consistent, the resulting point repre
senting the duration of the longest instance for a given workflow model will be 
located within the gray area. 

M 

p 

m 

Fig. 13. Limited duration constraint - temporal consistency rule 1 

Similarly, another type of limited duration is defined for the shortest dura
tion of a process, i.e. the shortest time distance from the initial task 1 to the 
final task n. A following consistency rule can be formulated: 

Rule 2: A limited duration constraint L(l, n, 2':,p) which limits the process 
to take at least p time is time consistent if and only if: 

ms(l-n) 2': p (14) 

where pER is a relative time value which represents the duration limit and 
ms(l-n) is the shortest duration of a process calculated from the initial task 1 
to the final task n. 

If the workflow model is consistent, then the resulting point representing 
duration of the shortest workflow instance type must be located within the gray 
area as shown by Fig. 14. 
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Fig. 14. Limited duration constraint: temporal consistency rule 2 

Note that ms(I-n) corresponds to the minimum duration of the shortest 
instance type for a given workflow. Therefore, to calculate ms(I-n) we need to 
use the duration algorithm. 

6.2 Deadline Constraints - Real Time Constraints 

A deadline constraint defines when a task should start or finish in terms of 
absolute time. Formally, a deadline constraint D is represented as a relation 

D ~ Nt x TO x A (15) 

where: Nt C N represents a set of workflow task identifiers (a subset of a set 
of all workflow node identifiers), 
TO represents a type of deadline constraint TO = {b, e}, where b applies to the 
beginning and e to the end of a task, and 
A represents a set of absolute time values of a certain adopted granularity. 

Suppose that a deadline constraint is defined for a task i. If task i is a 
mandatory task for a workflow model, then the deadline constraint will apply 
to all instance types of that workflow model. On the other hand, if task i is 
an optional task for a workflow model, then during workflow execution task i 
may not be executed at all and, in this case, the deadline constraint will not 
be fulfilled. We call this type of deadline constraint a conditional deadline. Note 
that in both cases a deadline constraint will apply only to those instance types 
containing task i. 

An obvious practical question related to a deadline constraint would be: Is 
it possible to finish a particular task i by the deadline Datel? In other words, 
is it possible to satisfy the deadline constraint D(i, e, Datel)? If task i is an 
optional task, this constraint represents a conditional deadline and therefore 
it may not be satisfied during workflow execution. However, even if task i is 
a mandatory task, we cannot predict the absolute time when task i will be 
executed during workflow execution. Therefore, this constraint can be verified 
only during workflow execution and only when the instance containing task i 
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starts executing. However, based on the expected durations of the workflow 
tasks, we can still provide some help to a workflow user. For example, we can 
determine the earliest/latest absolute time when an instance to which task i 
belongs should start, in order for the deadline to be met. For that purpose, 
we use the duration algorithm to calculate the longest/shortest time distance 
between the initial task and task i for all instances to which task i belongs. For 
the longest and the shortest time distance between the initial task and task i, 
we use the following notations respectively: MI(1-i) and ms(I-i). Therefore, to 
determine the earliest/latest absolute time when an instance containing task i 
should start, it is necessary to subtract the durations MI(I-i) or ms(I-i) from a 
deadline defined for task i . For example, suppose that taSk i should start on 15 
October and the shortest and the longest distance between the initial task and 
task i are 8 and 10 days respectively. Hence, the earliest date when an instance 
containing task i should start is 5 October, while the latest date is 7 October. 

The other type of verification is related to pairs of duration constraints 
and their mutual consistency. Suppose that two deadline constraints are,'given: 
D(i,e,Datel) and D(j,e,Date2) as shown in Fig. 15. 

Date I Date2 

Fig. 15. A workflow model with two deadline constraints 

Individual consistency of each deadline constraint can be verified only during 
workflow execution when finish times of both tasks i and j can be determined in 
terms of absolute time. At the same time, it is important to verify consistency 
of the distance between two absolute times before workflow execution in order 
to determine a potential problem. 

Both Datel and Date2 are absolute time values and as such, they cannot 
be represented in duration space D. (Recall that in D we model relative but 
not absolute time). However, the distance between two precise calendar dates 
Datel and Date2 is a relative time value (e.g. 2 days) which can be represented 
in duration space D. We use the notation: dist(Datel, Date2), where dist is 
a function that returns the relative time value representing the difference in 
time between two absolute time values. This feature enables us to check mutual 
consistency of pairs of deadline constraints, i.e. the consistency of the distance 
between pairs of deadline temporal constraints in D in the following way: 

(a) If tasks i and j do not belong to the same instance type, or they are con
current tasks within the same instance type, the distance between them 
cannot be calculated or rather is undefined. Therefore, mutual consistency 
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of this pair of temporal constraints cannot be determined before workflow 
execution. 

(b) If both tasks i and j belong to the same instance type, and they are not 
concurrent tasks, then it is possible, based on the expected durations of 
individual tasks, to calculate the distance from i to j. In this calculation 
it is necessary to take into account all instance types to which both tasks 
belong. Therefore, we calculate the maximum time distance between tasks i 
and j, MI(i-j) by applying the duration algorithm starting from task i , as 
presented in Fig. 16. 

Date1 Date2 

[-----1:--~t ~===I =+-:&,-
I t§i-j) r-

I MJ{i - j) - M(i) 

Fig. 16. The distance between two deadline constraints 

The following consistency rule applies: 

Rule 3: A pair of deadline constraints D(i, e, Date!) and D(j, e, Date2) de
fined for two non-concurrent tasks i and j which both belong to at least one 
common instance type and task i is always executed before task j, is time con
sistent if and only if the following rule is satisfied: 

MI(i-j) ~ dist(Date2,Datel) (16) 

where the function dist{Date2,Datel} returns the difference between two absolute 
times values Datel and Date2 and Ml(i-j) represents the longest time distance 
between tasks i and j calculated for those instance types where both tasks i and 
task j belong to. 

Note also that by definition: 

M(i-j) > M(i) and m(i-j) > m(i) (17) 

This feature enables us to visualize this temporal constraint in D as shown 
in Fig. 17. The gray area limits the position of a task i in D . 

The above reasoning can naturally be generalized for any number of dead
lines. 
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Fig. 17. Deadline temporal constraints in D 

6.3 Interdependent Temporal Constraints 

An interdependent temporal constraint limits the time distance between two 
tasks in a workflow. More precisely, it limits when a task should start/end rela
tive to the beginning/end of another task in a workflow. If these two tasks are 
adjacent, i.e. there is a direct flow from one task to another, this constraint is 
called a basic interdependent temporal constraint. Since a direct flow exists be
tween these two tasks, it follows that then both tasks always belong to the same 
instance type. However, the consistency of a basic interdependent temporal con
straint can be verified only during workflow execution when the beginning and 
end time of both tasks are known. 

Here we consider a more general case of interdependent temporal constraints 
defined for two non-adjacent tasks in a workflow model. 

Non-adjacent interdependent constraint As we already pointed out, a non
adjacent interdependent temporal constraint limits the distance between two 
non-adjacent tasks is a workflow model. For example: task j should start no 
later than p time after task i finishes . Task j should start no earlier than p time 
after task i finishes. In both cases there is no direct flow between tasks i and j . 

Formally this constraint is defined as a relation: 

(18) 

where: 
Nt C N represents a set of workflow task identifiers (a subset of a set of all 
workflow node identifiers), 
TI represents a set of constraint types TI = {~, 2:}, and 
R represents a set of relative time values. 

Note that if any of the tasks i and j is an optional task for a workflow model, 
then this task may not be executed at all during workflow execution. In this case, 
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an interdependent temporal constraint defined between these two tasks will not 
be satisfied. 

In order to verify the consistency of an interdependent non-adjacent temporal 
constraint we need to consider the following two cases: 

(a) If tasks i and j do not belong to the same instance type, then an interdepen
dent temporal constraint which limits the distance from i to j is inconsistent 
as the distance between those two tasks cannot be calculated. 

(b) Suppose that tasks i and j belong to the at least one common instance type 
and they are not concurrent tasks. To verify the consistency of a temporal 
constraint: I(i,j, ~,p) where p represents the duration limit, we need to 
apply the duration algorithm, to calculate the longest time distance from i 
to j, MI(i-j). Note that the resulting duration includes duration of both 
tasks i and j as shown in Fig. 18. 

p 

~ 
<= 1 ... -1 i r 

k ~ 

Fig. 18. Non-adjacent interdependent temporal constraint 

The following consistency rule applies: 

Rule 4: Let tasks i and j be two non-concurrent tasks which belong to at 
least one common instance type and task i is executed before a task j. An inter
dependent temporal constraint I(i,j, ~,p) is consistent only and only if: 

MI(i-j) - (M(i) + M(j» ~ p (19) 

where pER represents the duration limit and MI(i-j) is the longest duration 
from the beginning of a task i to the end of task j calculated for all instance types 
where both tasks i and j belong to. 
Furthermore, it is obvious that for the consistent interdependent temporal con
straint: 

(20) 

Hence, this interdependent temporal constraint can be visualized in D as 
shown in Fig. 19. 

Note that if at least one decision node exists between tasks i and j , some 
instance types will contain both tasks, while some other instance types will 
contain task i but not task j . An interdependent temporal constraint which 



Temporal Constraints in Production WorkBows 181 

M 

Mt<i-j) 

d 1------." 
Mt<i - j) - (M(i)+ M(j» -

Fig. 19. Interdependent temporal constraint in duration space 

limits the distance from task i to task j, will apply only to those instance types 
containing both tasks i and j. 

A similar analysis applies to another case of interdependent temporal con
straint as illustrated by the following consistency rule: 

Rule 5: Let tasks j and k be two non-concurrent tasks which belong to at 
least one common instance type and task j is executed before a task k_ An inter
dependent temporal constraint I(j, k, ~,p) is consistent only and only if: 

ms(j-k) - (M(j) + M(k)) ~ p (21) 

where pER represents the duration limit and ms(j -k) is the shortest duration 
from the beginning of a task j to the end of task k calculated for all instance 
types to which both tasks j and k belong to. 

It is very important to point out the following limitation which applies to 
the interdependent temporal constraints in production workBows. Suppose that 
two interdependent constraints are defined for tasks i, j and k, I(i,j, ::;,p1) and 
I(j, k, ::;,p2) as shown in Fig. 20. Those constraints cannot be replaced by a 
constraint I(i, k, ::;,p1 + p2 + M(j)), even in the case when all three tasks i, j 
and k belong to the same instance type. The reason for this is the following. 
By replacing those two constraints by one, a new temporal constraint that a 
task k should start no later than (pI + p2 + M(j)) time after a task i, will be 
"artificially" imposed while the original two constraints will be lost and a task j 
will be unaffected by the new temporal constraint. In most business processes, 
this is not acceptable because one or both "lost" constraints could be "hard" 
temporal constraint imposed by the law. 

All other cases of non-adjacent interdependent temporal constraints (e.g. 
a task j should start no later that p time after a task i starts or a task j 
should finish no later than p time after a task i finishes) can be analyzed in the 
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Fig. 20. An example of interdependent temporal constraints 

similar way based on the previous two cases. Having that in mind, a limited 
duration temporal constraint can be treated as a special case of non-adjacent 
interdependent temporal constraints since the initial and the final tasks always 
belong to the same instance type. 

7 Verification Algorithm 

The above rules for the verification of temporal consistency of temporal con
straints can be combined into the Verification algorithm. The algorithm detects 
all inconsistent and temporal constraints in a workflow model. The duration 
algorithm is used for the calculation of the shortest/longest instance types as 
well as minimum/maximum distance between any two tasks which belong to the 
same instance type{s). 

The Verification Algorithm 

Input: A workflow graph with specified duration, limited duration, 
deadline and interdependent temporal constraints 

Output: A report containing a list of 
all inconsistent and potentially inconsistent temporal constraints 

For each workflow node with an identifier i check its type 
if i is a task then 

if M{i) < m{i) then 
report an error: "Basic temporal constraint for 
task i is not properly defined" 

Identify all interdependent temporal constraints 
If none defined then 

report: "No interdependent temporal constraints 
defined for this workflow model" 

else for each interdependent temporal constraint 
identify its "from" node i and its "to" node j 
if i and/or j are not task identifiers then 

report an error: "The interdependent temporal constraint 
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from i to j is not properly defined" 
else identify the duration limit p and its type 

I le.g. ~ or 2: 
if p <= 0 then 

report an error: "duration limit not properly defined" 
else if a direct flow exits from i to j then 

the basic interdependent constraint is identified 
create an artificial task with minimum and maximum 
duration equal to the duration limit p 
Iithis will be used when applying 
lithe duration algorithm 
else I lit is a non-adjacent interdependent constraint 

apply the DetectInconsistency algorithm from i to j 
if the inconsistent case is detected then 
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report: "The interdependent temporal constraints 
defined from i to j is inconsistent-tasks do not bcl,ong 
to the same instance type or they are concurrent" 

else lithe inconsistent case is not detected 
if the constraint type is ~ then 

apply the duration algorithm to calculate MI{i-j) 
if MI{i-j) - (M{i) + M(j)) > p then 

report: "The interdependent temporal constraint 
defined from i to j is inconsistent: 
the duration limit p is too short" 

else I I the constraint type is 2: 
apply the duration algorithm to calculate ms{i-j) 
if ms{i-j) - (m{i) + m(j)) < p then 

report an error: "The interdependent 
temporal constraint defined from i to j 
is inconsistent: duration limit p 
is too long" 

Identify if any limited duration constraint is defined 
If none defined then 

report "No limited duration constraints defined" 
else determine the type of constraint (~, 2:) 

and the duration limit p 
if the type is ~ then 

apply the duration algorithm to calculate MI{I-n) 
if MI{I-n) > p then 

report an error: "the limited duration constraint is inconsistent" 
else lithe type is 2: 

apply the duration algorithm to calculate ms{I-n) 
if ms{i-j) < p then 

report an error: "The limited duration constraint 
is inconsistent" 
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Identify if any deadline constraints is defined 
If none is defined then 

report: "No deadline constraints defined" 
else 

for each deadline constraint identify the node i for which is defined 
if i is not a task identifier then 

report an error: "Deadline constraint not properly defined 
node i is not a task" 

else I Ii is a task identifier 
if there il1 more than one deadline constraint defined then 

for each deadline constraint identify 
the absolute time value representing the deadline 
for that temporal constraint 

sort all absolute time values in the ascending 
order: Date1, Date2, Date3, ... 

form the pairs of adjacent deadline constraints 
Ile.g. (i, e, Date!) and (j, e, Date2); 
II(j, e, Date2) and (k, e, Date3) etc. 

for each pair defined for tasks i and j 
with the respective deadlines Datei and Datej 

.apply the DetectInconsistency algorithm from i and j 
If tasks i and j don't belong to the same instance 

or they are concurrent then 
I I case a) 
report: "Mutual consistency of deadlines Datei and 

Datej can be verified during workflow execution 
else I lease b) 

use the duration algorithm to calculate their 
maximum distance MI(i-j) 

calculate the distance dist(Datei, Datej) 
if MI(i-j) - M(i) > dist(Datei,Datej) then 

report an error: "Deadline temporal constraints 
for tasks i and j are mutually inconsistent" 

Stop the algorithm. 

The presented algorithm for the verification of temporal constraints is based 
on the duration algorithm and also has a polynomial complexity. 

To detect an inconsistent case, when two tasks are concurrent or do not be
long to the same instance type, an algorithm called DetectInconsistency is used. 
To improve the readability and clarity of the Detectlnconsistency algorithm, we 
use the Scan algorithm which checks if node j can be reached from node i in a 
given workflow model. 

For the purpose of the Scan algorithm, for each node (a decision node or a 
task) in a workflow model we define a temporary label that has one of the three 
values: 

"u" - unscanned 
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"s" - scanned 
"r" - reached but not yet scanned 

The Scan Algorithm 

Input: Identifiers of two nodes i and j 
/ / a node can be a task or a decision node 

Output: A report containing one of the two options: 
-a node j cannot be reached from a node i or 
-a node j can be reached from a node i 

Step 1: Suppose that v and NODE represent node identifiers. 
Initially v = 0 and NODE = i 
Initially, all nodes have the label "u" 

Step 2: Find all flows originating in NODE 
/ /this is the process of scanning 
For each node v at the head of each of those flows 

if its existing label is "u" then 
change the label to "r" 

Update the label of NODE to "s" 

Step 3: If node j has a label "r" then 
report that node j can be reached from node i 
Stop the algorithm 

Step 4: From a set of all nodes with label "r" 
select one and call it NODE 
Return to Step 2. 
If there are no nodes with label r then 

report that node j cannot be reached from node i 
Stop the algorithm. 
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The Scan algorithm can be easily generalized to check if any of the nodes 
from a group of nodes can be reached from a single node i. In that case the 
algorithm will stop when any node from the group is reached or when the final 
task in a workflow model is reached. 

To detect if two tasks belong to the same instance type and/or if they are 
concurrent, we use the Detectlnconsistency algorithm. It is based on the follow
ing assumptions: If one task can be reached from another task, then these tasks 
belong to the same instance type and they are not concurrent. If two tasks i and 
j are concurrent, there is a common task (a part of a synchronizer structure) 
that can be reached from both tasks i and j (For example, in a workflow model 
represented in Fig. 2, task 8 can be reached from both tasks 6 and 7) . Finally, if 
one task cannot be reached from the other and if these tasks are not concurrent, 
then they don't belong to the same instance type. 
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The DetectInconsistency Algorithm 

Input: Identifiers of two tasks i and j 
/ / supplied in that order by the Verification algorithm 

Output: A report which contain one of the following possibilities 
-tasks do not belong to the same instance type or 
-tasks are concurrent (belong to the same instance type) or 
-tasks belong to the same instance type and they are not concurrent 

Step 1: Suppose that v represents a task identifier, 
initially v = o. 
Suppose that control list C L is a list of task identifiers; 
C L is initially empty. 

Step 2: Apply the Scan algorithm from task i to task j 
if task j cannot be reached from task i then 

/ / check if tasks are concurrent 
detect all tasks with label "s" with more than one incoming flows 
/ / this is detection of synchronizer structures 
for each of those tasks v 
if all incoming flows to v, have all source nodes 

with label "s" then 
tasks i and j are not concurrent and 
they don't belong to the same instance type 
/ /because task j cannot be reached from task i 

else / / at least one incoming flow to v has label "u" 
/ /there is a possibility that tasks i and j are concurrent 
put v in the control list C L 
apply the Scan algorithm to check if any task from C L 

can be reached from j 
if none can be reached from j then 

tasks i and j are not concurrent and 
they don't belong to the same instance type 

else / / the same task can be reached from both i and j 
tasks i and j are concurrent and 
they belong to the same instance type 

else / / task j can be reached from task i 
tasks i and j belong to the same instance type and 
they are not concurrent 

Stop the algorithm. 
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8 An Example of a Production Workflow and Its 
Temporal Constraints 
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The specification and verification of temporal constraints in a production work
flow will be illustrated by a simplified example of a workflow for "Postgraduate 
Application Processing" as represented in Fig. 21. The complete example is pre
sented in [25]. 

The admission process starts when the admission office receives a postgrad
uate application. For each individual application, a new workflow instance is 
created. The first task is to verify the completeness and correctness of the appli
cation. A complete and correct application is sent to the respective department 
for review. After application processing is completed by the department, the 
application is forwarded to the respective dean. After the dean reviews the ap
plication, the application is sent back to the admission office for final processing. 
Note that if the application is initially incomplete or incorrect, there will not be 
any departmental and dean review. In this case the application is sent directly to 
the administrative officer for final processing. If the application is accepted, it is 
forwarded to the enrolment section for further processing. Three different tasks 
are then initiated concurrently. An enrolment letter is sent to the applicant, the 
applicant's details are put on the enrollment mailing list, and the department is 
notified again. After all three tasks are finished, the enrollment officer signs the 
report, and forwards the application to the central registry. If the application 
is rejected, the rejection letter is sent to the applicant and the application is 
forwarded to the central registry. Both successful and unsuccessful applications 
are filed in the central registry. 

Fig. 21. Processing of postgraduate applications (a simplified example) 

Suppose that the following temporal constraints are defined: 

cl: Processing of a postgraduate application (from its initial to the final stage) 
should not take more than 30 working days (6 weeks). 

c2: The deadline for the enrolment section to send applications to the central 
registry is 15 October. 
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c3: The department should receive the application 1 week after its submission. 
c4 & c5: The department should be notified from the enrolment section no 

earlier than 10 days but no later than 15 days after it forwards the application 
to the dean. 

c6: The enrolment officer should receive the successful applications by 10 Octo
ber 

Duration constraints for individual tasks are defined as presented on a work
flow model. Note that the adopted granularity for the relative time is a day (d). 
For example, as shown in Fig. 21, task 1 takes between 4 and 5 days to execute 
and its duration consistency is represented as (4d-5d) . 

After the execution of the verification algorithm the following result will be 
obtained: 

- The limited duration constraint cl is inconsistent-the duration of the longest 
duration of the process is 35 days. Possible improvements are to reduce du
ration (improve precision) of tasks 1, 3, 5 and 7. 

- The interdependent temporal constraint c3 is consistent with the specifica
tion of a workflow model. However, the existence of a decision node between 
tasks 1 and 3 implies that in some cases task 3 will not be executed at all . 

- Two interdependent temporal constraints c4 and c5 are consistent-because 
the shortest distance between the end of task 3 and the end of task 13 is 10 
days and the longest distance is 14 days. 

- The deadline constraints c2 and c6 are mutually inconsistent because the 
time distance between the beginning of task 10 and the end of task 14 is 7 
days, while the distance between two absolute deadlines 10 October and 15 
October is 5 days. Therefore, if the first deadline is fulfilled, the second one 
is impossible to fulfill . 

The same temporal reasoning can be applied to find answers on some specific 
questions. For example: 

- What will happen if the duration of task 3: "Departmental processing" is in
creased/decreased? 

To investigate the possible effects of the changed duration of task 3, the ver
ification algorithm will be applied again and the consistency of all constraints 
will be reassessed. For example, if the maximum duration of task 3 is decreased 
for 5 days, the temporal constraint c1 will become consistent. 

- When should the department receive the application (the latest/earliest possi
ble absolute time for the deadline defined by the constraint c6 to be met? 

The duration algorithm will be used to calculate the shortest/longest dis
tance from the beginning of task 3 to the beginning of task 10. Therefore, the 
department should receive the application 16-22 working days prior to 10 Octo
ber. Based on a university calendar for a specific year (including public holidays) 
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the earliest and the latest calendar dates can be calculated. 

- What will happen if task 7 "Final processing by administrative officer" is re
moved from the workflow model? 

Temporal constraints c1 and c4 will be affected. It is necessary to apply the 
verification algorithm again to assess the effect this change of model may have 
to their consistency. 

It is necessary to point out once again that this example represents only a 
simplified version of the actual workflow model. In the real model, many more 
temporal constraints are specified and it is a very time-consuming and error
prone process to verify them manually one by one, as well as to assess all the 
possible effects that a change in a workflow model may have on all temporal 
constraints. Therefore, we stongly believe that the help provided by our temporal 
model and algorithms is necessary for proper time management in production 
workflows. 

9 Conclusion 

Time is a fundamental concept of all workflow processes. As time cannot be pre
served it must be prioritized, organized and modeled. We argue that currently 
there is no adequate formalism for time modeling in production workflows. The 
paper has introduced a complete framework for time modeling in production 
workflows, including specification and verification of a limited number of tem
poral constraints. The Duration Algorithm which calculates the duration of the 
shortest/longest workflow instance is also presented. The algorithm has an inter
esting feature: it is a workflow-specific generalization of two different categories 
of algorithms, the shortest path partitioning algorithm and the Critical Path 
Method (CPM). Based on the duration algorithm, the verification algorithm is 
developed with the purpose of verifying the consistency of temporal constraints. 

We argue that the proposed temporal model is useful, generic, simple, yet 
very powerful. In addition to its simplicity, its main advantage is the possibility 
of the visualization of various temporal constraints. Better time management 
will lead to better coordination of tasks and/or business processes, better plan
ning and scheduling in production workflows and possibly better understanding 
of workflow evolution. 

Acknowledgments 

This work was supported in part by the research grant 98/UQNSG048G. The 
authors would like to thank the anonymous reviewers for their helpful comments 
and suggestions. 



190 O. Marjanovic and M. E. Orlowska 

References 

1. P. Barthelmess, J. Wainer. Workflow systems: A few definitions and a few sugges
tions. In: Proc. COOCS'95, Milpitas, CA, USA, 1995. 

2. F. Burger, G. Quirchmayr, S. Reich, A. M. Tjoa. Using HyTime for modeling 
publishing workflows, SIGOIS Bulletin, 16(1),1995. 

3. Butler Report. Workflow: Integrating the Enterprise. The Butler Group, 1996. 
4. P. Dadam et al. ADEPT-Next Generation Workflow Management System, 

ADEPT Project Department, DBIS, Germany, 1998. 
5. R. Dechter, I. Meiri, J. Pearl. Temporal constraint networks, Artificial Intelligence 

49,61-95, 1991. 
6. E. Egger, I. Wagner. Negotiating temporal orders: The case of collaborative time 

management in a surgery clinic, Computer Supported Cooperative Work 1, 255-
275, 1993. 

7. C. Ellis, G. Nut. Workflow: The process spectrum. In: Proc. NSF Workshop on 
Workflow and Process Automation in Information Systems: State of the Art and 
Future Directions, Athens, Georgia, USA, 1996. 

8. J. Evans, M. Edward. Optimization Algorithms for Networks and Graphs, M. 
Dekker: New York, 1992. 

9. J. J. Feather, K. F. Cross. Workflow analysis: Just-in-time techniques simplify 
administrative process in paperwork operation, Industrial Engineering 20, 32-37, 
1988. 

10. A. Geppert, P. Santanu, J. Eder, K. Doyle. Panel1: Workflow research and workflow 
products-Anything in common? In: Proc. International Conference CAiSE'98, 
Pisa, Italy, 1998. 

11. D. Georgakopoulos, M. Hornick. An overview of workflow management: From 
process modeling to workflow automation infrastructure, Distributed and Paral
lel Databases 3, 119-153, 1995. 

12. I. Haimowitz, J. Farley, G. S. Fields, J . Stillman, B. Vivier. Temporal reasoning 
for automated workflow in health care enterprises. In: M. Adam, Y. Yesha (eds.), 
Electronic Commerce: Current Research Issues and Applications. Lecture Notes in 
Computer Science 1028, 1996. 

13. J. G. Kobelius. Workflow Strategies, IDG Books, 1997. 
14. D. E. Mahling, C. Woo, R. Blumenthal, H. Schlichter, T. Horstman. Workflow = 

OIS? A report of a workshop at the CSCW 94 conference, SIGOIS Bulletin 16(1), 
1995. 

15. R. Maiocchi, B. Pernici. Time management systems, IEEE 7hmsactions on Knowl
edge and Data Engineering 3(4), 1992. 

16. O. Marjanovic, M. E. Orlowska. Time modeling in workflows, Technical report no. 
413, School of Information Technology, University of Queensland, Australia, 1997. 

17. R. Marshak. Requirements for workflow products. In: D. Coleman (ed.), Proc. 
Conference: Group Ware '92, Morgan Kaufmann Publishers: San Mateo, California, 
1992. 

18. R. Medina-Mora, T . Winograd, R. Flores, F. Flores. The action workflow approach 
to workflow management technology. In: Proc. CSCW'92 Conference, 1992. 

19. C. Mohan. Tutorial: State of the art in workflow management systems research 
and products. In: Proc. 5th International Conference on Database Systems for 
Advanced Applications (DASFAA '97), Melbourne, Australia, 1997. 

20. C. Mohan, G. Alonso, R. Gunthor, M. Kamath. Exotica: A research perspective 
on workflow management systems, Data En9ineering, 18(1), 1995. 



Temporal Constraints in Production Workflows 191 

21. J. M. Nicolas. Managing Business and Engineering Projects, Prentice Hall: New 
Jersey, 1990. 

22. M. E. Orlowska, J. Rajapakse. On specification of task dependencies in transac
tional workflows. In: Proc. International Conference on Systems Research, Infor
matics fj Cybernetics. InterSymo'96, 1996, pp.46-50. 

23. Project Management Institute Standards Committee: A Guide to the Project Man
agement Body of Knowledge. (http://www.pmi.org/pmi/publictn/pmbok/). 1996. 

24. J. Rajapakse, M. E. Orlowska. Towards a graphical transactional workflow speci
fication language. In: Proc. Australian Systems Conference, September, 1995. 

25. W. Sadiq, M. E. Orlowska. Applying a generic workflow modeling technique to 
documen.t workflows. In: Proc. Second Australian Document Computing Sympo
sium (ADCS'97), Melbourne, Australia, 1997. 

26. W. Sadiq, M. E. Orlowska. On correctness issues in conceptual modeling of work
flows. In: Proc. 5th European Conference on Information Systems (ECIS'97), Cork, 
Ireland, 1997. 

27. R. S. Sutton, A. G. Barto. Chapter 11: Case Studies-Job Shop Scheduling. In: 
Reinforcement Learning: An Introduction, MIT Press: Cambridge, MA, USA,).998. 

28. A. H. M. ter Hofstede, M. E. Orlowska, J. Rajapakse. Verification problems in'con
ceptual workflow specifications. In: Proc. 15th International Conference on Con
ceptual Modeling ER'96, Cottbus Germany, 1996. 

29. H. Wild, C. Darrouzet. Rhythms of collaboration, Communication of the ACM, 
September 38(9),1995. 

30. D. Worah, A. Sheth. What do advanced transaction models have to offer for work
flows? In: Proc. International Workshop on Advanced Transaction Models and Ar
chitectures, Goa, India, 1996. 

31. Workflow Management Coalition: The Workflow Management Coalition 
Specifications-Terminology and Glossary, 1996. 



192 O. Marjanovic and M. E. Orlowska 

Olivera Marjanovie (BSe University of Sarajevo, MSc Uni
versity of Belgrade) is currently employed as a Lecturer in the 
Information Environments Program at the Department of Com
puter Science and Electrical Engineering, University of Queens
land. She is also associated with the Cooperative Research Cen
tre for Distributed Systems Technology (DSTC) in Australia, 
working in the area of workflow technology. She has over nine 
years of professional experience in the area of computer sci
ence/information systems. Her current research interests inlude: 
workflow technology, intelligent agents, decision support systems 
and analysis and design of various information systems. 

Maria E. Orlowska is Professor of Information Systems at the 
University of Queensland. Professor Orlowska's contributions to 
the database field have been demonstrated by her election for 
a period of five years as currently the only Australian repre
sentative on the prestigious international Very Large Databases 
Endowment (VLDB) - based in the USA. Since 1992, she has 
been associated with the Cooperative Research Centre for Dis
tributed Systems Technology (DSTC) in Australia as the Leader 
of the Distributed Databases Unit. She has published over 120 
research papers in international journals and conference pro
ceedings. Professor Orlowska has expertise in: the theory of re
lational databases, distributed databases, workflows technology, 
various aspects of information systems design methodologies 
(including distributed systems), enhancement of semantic data 
modelling techniques by rigorous factors, transaction processing 
in distributed systems, concurrency control, and distributed and 
federated database systems. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




