Knowledge and Information Systems 1 (1999) 157-192 Knowledge and

Information Systems
(© Springer-Verlag 1999

On Modeling and Verification of Temporal
Constraints in Production Workflows

Olivera Marjanovic and Maria E. Orlowska

Department of Computer Science and Electrical Engineering
University of Queensland, QLD 4072, Brisbane, Australia
E-mail: o.marjanovic@mailbox.uq.edu.au, maria@csee.uq.edu.au

Received 10 March 1998
Revised 10 August 1998
Accepted 26 September 1998

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]. Workflows 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
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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 workflow
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

o

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].

U B
i l i l

k k

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
syntaz of the workflow model and the expected minimum and mazimum 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 :. For every i € N, we define duration of a node 1,
d(i) as follows:

, . _ [ [m(3), M (3)] if ¢ corresponds to a task,
Vi€ N d(i) = {0 if i corresponds to a decision node. (1)
where m(i) and M (i) are two relative time values respectively representing the
minimum and maximum duration of a task 3.

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 7 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)€eR*: 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 ¢ 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
: j precise duration of task j
1 ® +—
0
\ duration of task i, [m(i),M(i)]
m/

Fig. 4. Tasks in Duration space

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 - ) = [m(3), M(i)] + [m(3), M(5)] = [m(i) + m(5), M()) + M(5)] (3)
The resulting duration d(: - 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 ! 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 ¢ finishes its execution, based on a decision,
either task k or task | 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 -k or as i - [.

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 [, either task i or task j will be executed.



168 O. Marjanovic and M. E. Orlowska

k-l

ie j
N

~
>
m

Fig. 6. Duration of sequential structures

Fig. 7. Alternative (“Or-Split”) structure

To present this structure in D we use one of the following two sequential
structures: either ¢ -l or j - .

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 ¢, both tasks j and k will start executing
simultaneously independently of each other.

If 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 || k.
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Fig. 8. Exclusive “or-join”

\ k

Fig. 9. A concurrent structure

To calculate the duration of j || k& we use the following formula:
d(j || k) = [max(m(j), m(k)), max(M (5), M (k))] (4)

Hence, task ! will wait until both tasks j and & 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 ! will wait for max(m(j), m(k)). Similarly, if both tasks take
the maximum time M (j) and M(k), a task ! will wait for max(M(j), M (k)).
Various cases of tasks j and k as well as the resulting duration d(j || k) in D are
presented in Fig. 12.

If both tasks j and k have a precise duration, their combination (j || 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
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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(), M(2)] ()

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

T={t1,t2,...,tn} (6)
such that
Vk tk :{il,iz,...,’im} (7)

where VI i; 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 ¢ is a mandatory task for workflow W if and
only if:

VireTi€ty,k=1,...,n (8)
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Thus, a task ¢ 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:

ke{l,...,n}tr €T: j&t, 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 t; is the longest instance type in a workflow model if and
only if:
Vie €T M(t;) > M(tx), k=1,...,n (10)

An instance ¢, is the shortest instance type in a workflow model if and only

if:

Vir € T m(ts) <m(tx), k=1,...,n (11)

Note that m(t;) and M (t,) 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(¢), CumMax(z)) 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.



172 O. Marjanovic and M. E. Orlowska

— The initial task has the identifier 1. For the initial task: CumMin(1) = m(1)
and CumMax(1) = M(1)

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(1) = m(1) and CumMax(1) = M (1);
Set the cumulative minimum and maximum of all other nodes to 0
CumMin() = CumMax(¢) = 0;
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);
CumMax(v) = CumMax(u) + M (v);
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) = CumMaz(v) = 0 then
//decision node is visited for the first time
CumMaz(v) = CumMaz(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)
CumMaz(v) = CumMaz(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
cumulative minimum and maximum duration of the final node
contain respectively, minimum and maximum duration of
the shortest workflow instance type
else
from NEXT select all nodes ready for calculation
transfer them to NOW
// (a node form NEXT is ready if all its predecessors have
// 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 v 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(n?).

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
(i.e. 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:

LC{1}x{n}xT}, xR (12)

where:
{1} and {n} represent identifiers of the initial and final tasks, respectively
Ty, represents a type of limited duration constraint 77, = {<,>} and
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, i.e. the longest time distance
from task 1 to task n, we use the notation Mj(1-n). The following consistency
rule applies:
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Rule 1: A limited duration constraints L(1,n, <, p) which limits the process
to take no more than p time is time consistent if and only if:

M(1n) <p (13)

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

Note that Mj(1-n) also corresponds to the maximum duration of the longest
instance type for a given workflow. Therefore, to calculate Mj(1-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. If 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.

(1—n)1

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(1,n,>,p) which limits the process
to take at least p time is time consistent if and only if:

ms(1-n) > p (14)

where p € R is a relative time value which represents the duration limit and
ms(1-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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(1—n)g

Fig. 14. Limited duration constraint: temporal consistency rule 2

Note that mg(1-n) corresponds to the minimum duration of the shortest
instance type for a given workflow. Therefore, to calculate mg(1-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

DC Ny xTpx A (15)

where: Ny C N represents a set of workflow task identifiers (a subset of a set
of all workflow node identifiers),

Ty represents a type of deadline constraint Ty = {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 7
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 1.

An obvious practical question related to a deadline constraint would be: Is
it possible to finish a particular task ¢ 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 ¢ for all instances to which task 7 belongs. For
the longest and the shortest time distance between the initial task and task i,
we use the following notations respectively: M)(1—i) and mg(1-:). Therefore, to
determine the earliest/latest absolute time when an instance containing task 4
should start, it is necessary to subtract the durations Mj(1-) or ms(1-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 ¢ are 8 and 10 days respectively. Hence, the earliest date when an instance
containing task 7 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.

Datel Date2

.. —4 i =T -' —> o0

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 7 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 Date?2 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 ¢ 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 ¢ 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, Mj(i~j) by applying the duration algorithm starting from task i, as
presented in Fig. 16.

Datel Date2
i > -—)| j —>
MG —j)
MAi—j) - M@)

Fig. 16. The distance between two deadline constraints

The following consistency rule applies:

Rule 3: A pair of deadline constraints D(i, e, Datel) 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 exzecuted before task j, is time con-
sistent if and only if the following rule is satisfied:

My(i~j) < dist(Date2, Datel) (16)

where the function dist(Date2,Datel) returns the difference between two absolute
times values Datel and Date2 and Mj(i—j) represents the longest time distance
between tasks 1 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 (%) and m(i—j) > m(3) @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 ¢ 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 ¢ finishes. Task j should start no earlier than p time

after task ¢ finishes. In both cases there is no direct flow between tasks 7 and j.
Formally this constraint is defined as a relation:

ICNyxNy xTI xR (18)

where:
N; C N represents a set of workflow task identifiers (a subset of a set of all
workflow node identifiers),
Ty represents a set of constraint types T} = {<, >}, and
R represents a set of relative time values.

Note that if any of the tasks ¢ 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,4,<,p) where p represents the duration limit, we need to
apply the duration algorithm, to calculate the longest time distance from i
to j, Mj(i~j). Note that the resulting duration includes duration of both
tasks ¢ and j as shown in Fig. 18.

.= — .. P

N

74
N

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 ezecuted before a task j. An inter-
dependent temporal constraint I(i,j, <,p) is consistent only and only if:

My(i—j) — (M) + M(5)) <p (19)

where p € R represents the duration limit and Mj(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:

My(i-j) > p (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 7 and j, some
instance types will contain both tasks, while some other instance types will
contain task ¢ but not task j. An interdependent temporal constraint which
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M(i—j) —s

MG—j) - MO+MG)

~
>

Fig. 19. Interdependent temporal constraint in duration space

limits the distance from task 1 to task j, will apply only to those instance types
containing both tasks ¢ 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(5) + M(k)) 2 p (21)

where p € R represents the duration limit and mg(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 workflows. Suppose that
two interdependent constraints are defined for tasks 4, j and k, I(i, j, <,pl) and
I(j,k,<,p2) as shown in Fig. 20. Those constraints cannot be replaced by a
constraint I(z, k, <,pl + p2 4+ 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 (pl + p2 + M (j)) time after a task 7, 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 ¢ finishes) can be analyzed in the
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pl p2
<= <=

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 7 check its type
if ¢ 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 ¢ and its “to” node j
if i and/or j are not task identifiers then
report an error: “The interdependent temporal constraint



Temporal Constraints in Production Workflows 183

from i to j is not properly defined”
else identify the duration limit p and its type
//eg. <or>
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
//this will be used when applying
//the duration algorithm
else //it is a non-adjacent interdependent constraint
apply the DetectInconsistency algorithm from i to j
if the inconsistent case is detected then
report: “The interdependent temporal constraints
defined from i to j is inconsistent—tasks do not belong
to the same instance type or they are concurrent”
else //the inconsistent case is not detected
if the constraint type is < then
apply the duration algorithm to calculate Mj(i—j)
if My(i-j) — (M (i) + M(5)) > p then
report: " The interdependent temporal constraint
defined from 7 to j is inconsistent:
the duration limit p is too short”
else // the constraint type is >
apply the duration algorithm to calculate mgs(i—j)
if mg(i—j) — (m(2) + 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 (<, >)
and the duration limit p
if the type is < then
apply the duration algorithm to calculate Mj(1-n)
if Mj(1-n) > p then
report an error: “the limited duration constraint is inconsistent”
else //the type is >
apply the duration algorithm to calculate mg(1-—n)
if mg(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 ¢ for which is defined
if 7 is not a task identifier then
report an error: “Deadline constraint not properly defined
node 1 is not a task”
else //i is a task identifier
if there is 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: Datel, Date2, Dated,...
form the pairs of adjacent deadline constraints
//e.g. (i,e, Datel) and (j, e, Date2);
//(, e, Date2) and (k, e, Date3) etc.
for each pair defined for tasks 7 and j
with the respective deadlines Datei and Datej
-apply the DetectInconsistency algorithm from 7 and j
If tasks ¢ and j don’t belong to the same instance
or they are concurrent then
// case a)
report: “Mutual consistency of deadlines Datei and
Datej can be verified during workflow execution
else //case b)
use the duration algorithm to calculate their
maximum distance Mj(i—j)
calculate the distance dist(Datei, Datey)
if M)(i—j) — M (i) > dist(Datei, Datej) then
report an error: “Deadline temporal constraints
for tasks ¢ 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 DetectInconsistency algorithm, we
use the Scan algorithm which checks if node j can be reached from node 7 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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“g” — 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 % or
—a node j can be reached from a node ¢

Step 1: Suppose that v and NODE represent node identifiers.
Initially v = 0 and NODE =1
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.

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 DetectInconsistency 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 7 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 7 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 = 0.
Suppose that control list C'L is a list of task identifiers;
CL is initially empty.

Step 2: Apply the Scan algorithm from task 7 to task j
if task j cannot be reached from task 7 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 7 and j are not concurrent and
they don’t belong to the same instance type
//because task j cannot be reached from task 4
else // at least one incoming flow to v has label “u”
//there is a possibility that tasks ¢ and j are concurrent
put v in the control list CL
apply the Scan algorithm to check if any task from CL
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 ¢ and j
tasks 7 and j are concurrent and
they belong to the same instance type
else // task j can be reached from task ¢
tasks ¢ 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

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.

16 File the
application

Qaa)

10 Process
ppp. by enrol.

(3d)

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).

¢2: 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 c1 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 c¢3 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 ¢5 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 ¢2 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 c/ 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 ¢! and ¢4 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.
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