
South African 
Computer 
Journal 
Number 11 
May 1994 

Suid-Afrikaanse 
Rekenaar
tydskrif 
Nommer 11 
Mei 1994 



The South African 
Computer Journal 

Die Suid-Afrikaanse . 
Rekenaartydskrif 

An official publication of the Computer Society 
of South Africa and the South African Institute of 

Computer Scientists 

'n Amptelike publikasie van die Rekenaarverenging 
van Suid-Afrika en die Suid-Afrikaanse Instituut 

vir Rekenaarwetenskaplikes 

Editor 
Professor Derrick G Kourie 
Deparunent of Computer Science 
University of Pretoria 
Hatfield 0083 
Email: dkourie@dos-lan.cs.up.ac.za 

Professor Gerhard.Barth 
Director: Gennan AI Research Institute 

Professor Judy Bishop 
University of Pretoria 

Professor Donald D Cowan 
University of Waterloo 

Professor Jtirg Gutknecht 
ETH, Zurich 

Subeditor: Information Systems 
Prof John Shochot 

· Production Editor 
Dr Riel Smit 

University of the Witwatersrand 
Private Bag 3 

Mosaic S,oftware (Pty) Ltd 
P.O.Box ,16650 

WITS 2050 Vlaeberg 8018 
Email: 035ebrs@witsvma.wits.ac.za , Email: gds@cs.uct.ac.za 

Editorial Board 

Professor Pieter Kritzinger 
University of Cape Town 

Professor Fred H Lochovsky 
University of Science and Technology, Kowloon 

Professor Stephen R Schach 
Vanderbilt University 

Professor Basie von Sohns 
Rand Afrikaanse Universiteit 

Subscriptions. 

Southern Africa: 
Elsewhere: 

Annual 
R45,00 
$45,00 

Single copy 
R15,00 
$15,00 

to be sent to: 
Computer Society of South Africa 
Box 1714 Halfway House 1685 

Phone: +Tl (11) 315-1319 Fax: +Tl (11) 315-ZT/6 



Research Articles 

Intelligent Production Scheduling: A Survey of Current Techniques and An 
Application in The Footwear Industry 

VevekRam 
Department of Computer Science, University of Natal, PO Box 375, Pietermaritzburg 3200, South Africa 

Abstract 

Computer Based Scheduling is an important activity especially in automated environments such as CIM ( Computer 
Integrated Manufacturing) where it is an integral part of the total manufacturing function. Developments in Artificial 
Intelligence have allowed the scheduling problem to be solved with the use of the Knowledge-Based approach. This thrust, 
known as intelligent scheduling makes use of many varied techniques in both knowledge representation and inference 
design. Also, some approaches view the scheduling problem as a subset of the larger problem of Planning. This paper 
examines the various Knowledge-Based approaches to the solution of the scheduling problem in order to establish the state 
of the art. A prototype system which is being developed for application in the footwear manufacturing industry is also 
presented. This system makes use of a hierarchical planning system to aggregate ordered items into production units which 
are then scheduled by the scheduling subsystem using multiple context reasoning with truth maintenance. The system is 
discussed in terms of its design and implementation and also the unique advantages it offers over other approaches. 
Keywords: Intelligent Scheduling, Multiple context reasoning 
Computing Review Categories: 1.2.1, J.l. 
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1 Introduction 

Scheduling has proved to be a rich research area and many 
useful and interesting techniques have been developed. Un
fortunately, not all researchers working in the area share 
the same view or definition of scheduling. Classical oper
ations research defines scheduling as a process of defining 
a sequence of operations whose execution realizes some 
objective and where each operation is defined in terms of 
the time and resources requi"red for its successful execu
tion [17]. Many Artificial Intelligence researchers would 
argue that this is also an accurate description of Planning. 
Barr and Feigenbaum [2], and Chru1g ru1d Wee [5] for ex
ample, describe tJ1e plruming process as "the process of de
veloping a sequence of actions to achieve a goal". This is 
because plruming has been a focus of Artificial Intelligence 
for many years ~md mru1y techniques used in plruming cru1 
also be used in scheduling. Some researchers in Artificial 
Intelligence however, do make a clear distinction between 
plruming ru1d scheduling. Findler ru1d Lo [14], argue that 
planning tries out alternative methods of attack in a coarse 
grained way, with the implication that scheduling is finer 
or a subsequent activity. Noronha and Shanna [27], define 
planning as the process of devising, designing or fonnu
lating something to be done and scheduling as the process 
of devising or designing a procedure for a particular ob
jective, specifying tJ1e time ru1d sequence for each item. 
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Solberg [33] suggests that apart from distinctions in the 
definition of scheduling, there are three different perspec
tives or paradigms in the scheduling research area. Firstly, 
there is the optimization view which examines planning 
and scheduling problems as optimization problems. An 
exrunple of this view is discrete-event simulation. Sec
ondly there is tlle data centred view which emphasises the 
data management issues of manufacturing and scheduling. 
MRP is an example of this view. Finally, there is the control 
view which focuses on aspects necessary to keep a sched
ule under control in the presence of disturbances. Real 
time scheduling and reactive planning are examples of the 
control view. Naronha and Shanna [27] have developed an 
excellent taxonomy which resolves the ambiguity in def
initions and serves as a practical research framework. In 
this taxonomy, shown in Figure 1, scheduling is viewed as 
a subset of plruming. This view is espoused in this paper. 

Traditional or conventional approaches to scheduling 
have experienced difficulties due the large number of vari
ables considered ru1d the fonnal algorithmic methods used 
which often lead to combinatorial explosion. In fact, large 
scheduling problems are NP complete and a simple situa
tion with j jobs ru1d m machines can lead to (j!r solu
tions. Recent developments in Artificial Intelligence have 
resulted in a range of tools and techniques that can be read
ily applied to scheduling problems. The following section 
describes some of the more important work in this area. 
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Table 1. Al-based planning systems 

System Year Reference 

Graph Traverser 1966 Michie[26] 
GPS 1969 Ernst and Newell [9] 
STRIPS 1971 Fikes and Nilsson [11] 
AB STRIPS 1974 Sacerdoti [29] 
HACKER 1975 Sussman [35] 
INTERPLAN 1975 Tate [38] 
NOAH 1977 Sacerdoti [30] 
NONLIN 1977 Tate [38] 
MOLGEN 1981 Stefik [34] 
SIPE 1983 Wilkins [40] 
ISIS 1983 Fox and Smith [15] 
DEVISER 1983 Vere [39] 
BATILE 1985 Slagle [31] 
BBl 1985 Hayes-Roth [18] 
OPLAN 1985 Bell and Tate [3] 
OPIS 1986 Smith et al [32] 
DISPATCHER 1986 Acock and Zemel [1] 
FACTOR 1986 Factrol [10] 
KLP 1987 Luria[24] 
ISA 1987 Kanet [20] 
SONIA 1988 Colli not [ 6] 
PLKIO-Z 1988 O'Grady [28] 
PLANEX 1989 Zozaya-Gorostiza [41] 
LIBRA 1989 Fiksel and Hayes-Roth [12] 
CORTES 1991 Sycara et al [36] 
LOGOS 1991 Meng and Sullivru1 [25] 

2 AI A pp roaches to Scheduling 

Figure 2 illustrates the historical development of Artificial 
Intelligence plmming ru1d scheduling systems. As a discus
sion of each of the systems indicated is beyond the scope 
of this paper, a comprehensive list of systems ru1d their 
accompru1ying references is shown in Table l. 

This section examines tJ1e broad categories of Artificial 
In1clligcnce based scheduling. 

Hierarchical scheduling concerns tJ1e development of 
schedules by using different levels of abstraction. These 
levels fonn a hierarchy of representations of a schedule in 
which the highest level is an abstraction of the schedule 
ru1d the lowest level is a detailed schedule, sufficient to 
solve the problem. An abstraction level is distinguished by 
the grru1ularity, or tJ1e fineness of detail of the discrimina
tions it makes in tJ1c world f 40]. Some known hierarchical 
scheduling systems include NOAH [30]. ABSTRIPS [29] 
ru1d SIPE [40]. 

Non-hierarchical scheduling concerns tJ1e development 
of schedules by ordering operations at a single level of 
abstraction. A non-hierarchical scheduler develops a se
quence of problem solving actions tJ1at achieves a goal. 
Any goal cm1 he reduced to set of simpler subgoals, or, 
means-end rumlysis can be used to reduce the differences 
between the current state ,md the desired state of the world. 
A disadvmllagc witJ1 non- hierarchical scheduling systems 
is their failure to distinguish between actions which are 
critical to tJ1c success of the problem solving process m1d 
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those that are just details. STRIPS [11], and HACKER [35] 
are examples of non-hierarchical scheduling systems. 

Script-based scheduling makes use of skeleton sched
ules that are recalled from a store of skeleton schedules 
instead of generating them as in the case of hierarchical 
schedulers. These stored schedules contain the outlines for 
solving many different kinds of problems. The scheduling 
process proceeds in two steps: first, a skeleton schedule 
is found that is applicable to the given problem and then 
the abstract steps in the schedule are filled in with prob
lem solving operators from the particular problem context. 
Script-based planning or scheduling is a subcategory of hi
erarchical planning. An example of this type of scheduling 
is found in the MOLGEN system [34]. 

Opportunistic scheduling methods are characterized 
by their flexible approach. Schedules are developed in a 
fragmentary manner and synthesised as oppor:tunities arise. 
Opportunistic scheduling has been developed by Hayes
Roth and Hayes-Roth [19] who argue that it is more efficient 
than hierarchical scheduling when the scheduling problem 
is complex and also that it is closer in nature to the way in 
which human schedulers schedule. An important concept 
in the framework of opportunistic scheduling is that of 
island driving, in which a problem solver finds part of a 
solution that he thinks is correct, an islru1d, and extends the 
solution from there, possibly toward another island. These 
"islru1ds" cru1 drastically reduce the range or solution space 
of tl1e strategic problem. Opportunistic scheduling makes 
use of the blackboard frrunework to represent the complex 
control structure of humru1 scheduling. 

Constraint-Based scheduling uses constraints to rep
resent the interactions between subproblems. Constraints 
are dynrunically fonnulated during plru1ning and used to 
coordinate the solutions of nearly independent subprob
lems. MOLGEN [34] makes use of constraint fonnulation, 
which is the adding of new constraints as commiunents in 
the overall design or plruming process, constraint propa
gation, which is tl1e creation of new constraints from old 
ones and constraint satisfaction, which is the operation of 

. finding values for variables so tJ1at a set of constraints on 
the schedule variables is satisfied. Other constraint-based 
systems are ISIS [15], ru1d CORTES [36]. 

Reactive Planning and Scheduling is the process of 
replanning when unexpected chru1ges in the environment 
occur during plru1 or schedule execution that invalidate the 
original plan or schedule. This approach is useful when 
the application domain is characterised by uncertainty or 
illspecification of tJ1e initial configuration. Noronha and 
Sanna [27] argue that in non real-time situations, reactive 
plruming and non-reactive plruming are no different since 
tJ1e techniques used to generate the original plan or schedule 
cm1 be used to generate a new one in the restated problem. 
OPIS [32] ,md LOGOS [25] are cxrunples of reactive plan-
ning. . 

Other Approaches to scheduling concern techniques 
from diverse areas such as genetic engineering and sta
tistical mechm1ics that have been used successfully in the 
scheduling area. Simulated mmealing [22] is a local opti
mization procedure that "melts" a system or schedule being 
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optimized at a high temperature and slowly lowering the 
temperature until the system "freezes" in an optimum state. 
Since it is an optimization technique, it does not generate 
schedules but is capable of optimizing any random con
figuration. Scheduling using this technique bas been used 
by Brandimarte et al [4]. Genetic algorithms [16] can also 
be used to locally optimize schedules. A simplified form 
of this technique uses three operators viz; reproduction, 
crossover and mutation to generate successive populations 
(schedules) of increasing optimality. Syswerda [37] de
scribes an application using this method in the area of lab
oratory scheduling. 

Nonmonotonic and truth maintenance based reasoning 
have the potential to be used for generating schedules al
though this bas not been explored to any great depth [13, 
21]. The scheduling system described later exploits this 
alternative. 

3 ORDPLAN: An Intelligent Planning and 
~cheduling System 

ORDPLAN is a combination of a hierarchical planner and 
a scheduler that is being developed for the footwear manu
facturing industry. Although the system is designed specif
ically for this application, it is readily applicable to other 
manufacturing situations. The footwear manufacturing in
dustry in most countries is extremely competitive and com
petitive advantage Cc:'Ul be gained through timely delivery 
and low cost. Both these may be achieved through effec
tive planning and scheduling. The system is referred to 
as a hierarchical planner in the sense that it makes use of 
three planning levels or spaces in the mold of Molgen [34]. 
This is different from strict hierarchical planning systems 
which fonn abstractions of the problem at different lev
els [40]. The topmost level of the system is concerned with 
allocating orders to different production facilities. These 
facilities are physically distributed manufacturing plants 
with differing capabilities. At the second level, the system 
uses due-date ru1d machine loading constraints to convert 
ordered items into homogeneous production batches. The 
lowest level converts these production batches into sched
ules. The two upper levels are essentially expert systems 
which use heuristic rules about construction intricacies, 
plant capabilities, due elates ru1d other constraints in order 
to decompose the aggregate production requirements into 
batches. As the area of expert systems is generally well 
known, the following discussion will be confined to the 
description of the scheduling subsystem. 

4 The Scheduling Subsystem 

The traditional method of inference in many Artificial In
telligence problem solvers is monotonic reasoning. This 
assumes that axioms do not change and that conlusions 
drawn from them are always true even if assumed facts are 
later found to be false. Problem solving in the real world is 
characterised by making assumptions about uncertain in-
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formation all the time and retracting these as they are sub
sequently unfounded. Nonmonotonic reasoning handles 
uncertainty by making the most reasonable assumptions 
and reasoning as if these assumptions were true. If these 
assumptions are proved untrue at a later stage, both the as
sumptions and all conclusions dependent on them must be 
retracted. The monitoring of assumptions and their validity 
or justification is done by what is generally known as a truth 
maintenance system [8]. The reasoning system used in OR
DPLAN is made up of a rule based problem-solver which 
makes inferences and a truth maintenance system which 
maintains a record of the justification of these inferences. 
This is illustrated in Figure 3. 

The particular form of truth maintenance that is used 
is based on the work of De Kleer [7] and known as As
sumption Based Truth Maintenance (A1MS). In this form 
of reasoning or problem solving, a set of related facts and 
assumptions constitutes a context or world. If an additional 
piece of infonnation needs to be added to the context, all 
possible assumptions will spawn as many new contexts. 
Each of these new contexts will differ by the different as
sumption of the last piece of information. The A1MS will 
destroy contexts which are inconsistent when exact infor
mation is received and assumptions are justified. Only 
contexts with justified assumptions (beliefs) are preserved. 
In the scheduling application, contexts are created for a 
given unit of production time which reflect all the produc
tion assumptions made in that time unit. When a context is 
consistent, that is, there are no constraints violated, the next 
set of contexts are generated. Constraints are propagated 
across worlds and invalid contexts in which some produc
tion constraint is violated are immediately discarded. The 
process of generating contexts ends when there are no more 

. remaining time units, in this case, the end of a production 
clay. The partial solutions represented by each world can 
be merged to fonn a complete solution or schedule. The 
following simple example illustrates the scheduling proce
dure. 

Assume that there are 5 production job units. There 
are generally 10 or 12 pairs of footwear items in each unit, 
but each unit is treated as a single job since the operations 
perfonned on each item are identical. Each unit has to pass 
through 4 mrumfacturing processes. These are Clicking 
(leather cutting), Closing (stitching), BottomPrep (cutting 
of soles ru1d heels), Lasting ru1d Finishing Goining top and 
bottom halves and polishing etc). Units require different 
amounts of time in each process depending on the nature of 
the design of the items in the units. Table 2 is an example of 
such a production unit. Each process, consisting of many 
varied machine operations, is regarded as a single operation 
for the sake of preserving the simplicity of this example. 
The number in each cell is the time required for the process 
in minutes. 
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Table 2. Job processes 

JOB PROCESS 

UNIT 1 2 3 

Jobl 12 24 15 
Job2 12 32 10 
Job3 18 36 18 
Job4 10 18 10 
Job5 15 22 12 

Table 3. A job object 
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' The knowledge base of the scheduling system consists 
of objects for each entity in the environment and rules that 
prescribe the procedure used for scheduling. In this case, 
the objects are machines, jobs, and a timerecorder. Every 
object contains slots which are used to store attributes of 
the object. The job object is illustrated below and contains 
slots for the type of job, the customer for whom the job 
is being manufactured, the order number, the operations 
slot and other financial and costing slots. The operations 
slot contains a list of tuples, each of which contains the 
operation description, o, the process which performs it, 
p, the duration, d, and the sequence position, s, of the 
operation. 

The operations slot is effectively a guide to the fabri
cation of the product. All Job and Process objects inherit 
attribute types, default values and other values from par
ent objects in the same class. Rules are used to guide the 
scheduling process. The following rule is an example 

if (process is idle) and 
Gob is waiting) and 
Gob is in .. need .. of process) and 
Gob is not complete .. process) 

then (assign job to process) and 
(update process-queue) and 
(update job-sequence) 

The system uses such rules to assign jobs to machines in a 
given time unit that is recorded by the timerecorder object. 
If no contradictions (constraint violations) arise, such as an 
assigned process which is out of sequence, not enough time 
left in the production day to complete a process, or some
times even two jobs assigned to one machine or one job 
assigned to two machines, then the contexts at this level are 
preserved and the timerecorder moves the process into the 
next time unit for a new level of contexts to be generated. 
In the first time unit (minute) for example, jobl is assigned 
to process 1, job2 to process 2 , job3 to process 3 and job4 
to process 4. This is the first context. There are two incon
sistencies in this first context. Process 2 (stitching) cannot 
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be done on job 2 before process 1 (cutting). Also, process 
4 cannot be done to job4 until it has gone through all the 
other processes. The 1MS detects that the inconsistencies 
arise not out of the assignment of job2 to process2 and job4 
to process4 but in the violation of the process sequence of 
these two jobs. These assignments can become valid later 
as job2 and job4 have the prerequisite process performed 
on them and the A1MS will then accept any context with 
these assignments in them at that stage as being consistent. 
The first valid and consistent context then is one which 
contains the assignments: Jobl in processl, job2 in pro
cess3, process2 and process4 are both idle. The next set of 
contexts are explored 10 timerecorder units (minutes) later 
when process3 on job2 is complete. Contexts are created 
in this manner until there are no more time units remaining. 
Toe chains of contexts created at this terminating stage are 
all consistent and thus represent a valid schedule. Contexts 
that are marked as inconsistent can be examined to inves
tigate the cause of the inconsistency and to identify the 
constraint violation. A graphical illustration of the created 
contexts is shown in Figure 4. 

In the implementation of the system, in smalltalk, con
texts were themselves objects. Broadcast messages (mes
sages to all objects in a certain class) would then trig
ger methods in each context object to re-evaluate its inter
nal consistency with the new information contained in the 
broadcast. A Prolog interpreter is then accessed by the con
text object to perfonn the consistency maintenence. The 
Prolog inference engine controls the creation and deletion 
of context objects. More detail regarding the theoretical 
foundations of context and consistency maintenance can 
be found in De Kleer [7]. 

5 Conclusion 

The use of multiple context reasoning for scheduling offers 
. an interesting alternative to other methods that are more 

difficult to implement. Because of the removal of inconsis
tent worlds, the search space is reduced considerably and 
this makes the approach more efficient than other methods. 
Although the use of fixed dispatching rules in other meth
ods also restrict search, in most cases only one measure 
is optimized and solutions which optimize more than one 
measure are often not considered. The examination of the 
worlds generated at any stage provides useful insight into 
the implications of choices made and the reasons for incon
sistency. Systems can also be designed to offer automatic 
explanations of why contexts fail before they are pruned. 
The prototype system described has been implemented us
ing a combination of Prolog and Smalltalk. This hybrid 
environment, while severely restrictive for real applica
tions, is easily available at minimal cost for prototyping 
purposes. Fortunately, several large development shells 
implement context based reasoning mechanisms with truth 
maintenance and these can be used for more serious appli
cations. 
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