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Intelligent
Computer Assisted
Instruction: a
Knowledge-based
Perspective

INTRODUCTION
Expert systems work has flourished in the last few years
and has resulted in a large number of varied applications:
see for example, Quinlan (1987, 1989). Furthermore, the
same techniques that have been used in these projects have
been fruitfully employed in other fields such as humancomputer interaction (Waldhor, 1989) and database (Bic,
1986). One subject area that is being completely trans
formed by concepts of knowledge representation and
manipulation is Computer Assisted Instruction (CAI).
CAI has its origins in programmed learning systems
(Skinner, 1968). Many early researchers were attracted by
the idea of using the computer to aid or even replace the
human teacher. O’Shea (1983) gives a good summary of
this work. In the late 1960s and early 1970s, with the
advent of multi-user systems and the resultant reduction in
cost of individual workstations, the use of automated per
sonalised instruction systems in schools became economi
cally feasible. High profile projects included PLATO
(Bitzer, 1976) and TICCIT (Alderman, 1979). Many
person-years of effort were put into these projects and
hundreds of pieces of software developed but ultimately
most of them failed to achieve their aims. Studies showed
that the results obtained in properly conducted tests did not
demonstrate any significant improvement in student per
formance (although from another point of view it could be
argued that results were just as good from the compute
rised systems as from the traditional ones).
It was not the performance obtained, however, but the
costs involved that signalled the demise of these projects.
A large expenditure of money and effort to computerise
any system is normally anticipated, but what really
branded PLATO and TICCIT as failures was the realisa
tion that the amount of effort required to produce further
software would not be significantly reduced. That is, for
each new package, the developers would more-or-less be
starting from scratch.
There are a number of reasons for this state of affairs,
two of which are relevant to this paper. Firstly, many of the
early developers had little concept of system design, which
at that time was in its infancy. Secondly, teaching is a much
more complex activity than w:as then perceived to be the
case. It has been generally accepted more recently that any
system that is going to take over a significant portion of the
teaching role must incorporate principles of artificial intel
ligence. Consequently, much research is now being con
ducted into Intelligent CAI (ICAI).
A recent preoccupation of artificial intelligence has
been the separating out of knowledge from the way it is to
be used and has, of course, led to the development of expert
systems. These ideas are relevant in teaching since each
‘domain’ (area of application) is going to have its own
terminology, relationships and procedures. If the domainrelated aspects can be formulated independently then the
overall development of a teaching system may be simpli-
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fied. In fact, it may be that an expert system itself can
provide the basis for teaching a student about a particular
domain or subject. This possibility is examined in the next
section.
USING EXPERT SYSTEMS FOR TEACHING
Many of the early CAI systems were based on the ideas of
behaviourism (Skinner, 1968). It was thought that students
should be given the appropriate stimulus (a question, say)
for which they had to provide the appropriate response
(answer). The results of sequences of such questions would
be assessed and used to determine which questions were to
be asked next. Such an approach resulted in highly pro
cedural programs.
One of the important influences on modern educational
research has been Piaget (1970) who believed that stu
dents could learn more from being interested and
immersed in a subject rather than being motivated only'
by the need to be able to answer questions after their study.
This led to the development of LOGO (Papert, 1980) and
other systems based on ‘discovery learning’. By using
LOGO in an appropriate learning environment students
can improve their problem solving skills by experimenta
tion. The best-known part of this system is turtle graphics
in which the student writes programs for directing a trian
gular ‘turtle’ around the screen. Various aspects of general
problem solving including planning and top-down design
can be demonstrated via this simple metaphor.
Similar ideas of ‘learning by doing’ have been applied
to knowledge acquisition, Trollip (1987), Bigum (1987).
In New Zealand, Lai (1989) has demonstrated how stu
dents can improve their understanding of a particular
domain by constructing small expert systems. Educational
research, he observes, has indicated that learning takes
place when a person engages actively in the construction
of his or her knowledge. To put it another way: ‘the essen
tial functions of intelligence consist in understanding and
inventing, in other words in building up structures by struc
turing reality’ (Piaget, 1970).
In one experiment, Lai supervised a class of nursing
students who interviewed experts to find out about alcoho
lism. The nurses then set up a knowledge base for deter
mining whether a patient was likely to be an alcoholic.
What Lai particularly found about the study was that the
students developed an in-depth understanding of alcoho
lism, its causes and effects, as well as generally improving
their analytical skills and deductive reasoning capabilities.
This approach has much to commend it. It is cheap and
easy to set up. No detailed studies have been carried out to
see how beneficial the method might be but it seems likely
that the knowledge elicitation and representation process
will increase considerably the knowledge engineer’s
understanding of the domain. This is not a new pheno
menon, of course, since any programmer will attest that
writing a program to model a particular activity signifi
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cantly improves one’s understanding of the problem. It is
not unreasonable to assume that the effect will be particu
larly marked in expert systems since the modelling is
usually more direct than in other types of system.
Advancing one step further down this road, it may be
that an existing expert system could be used for teaching or
training. The idea has much to commend it. If an expert
system has already been constructed to help with solving a
particular class of problems then doubling up its use as a
teaching aid will save much development time and effort.
It can be used in a discovery mode for familiarising the
student with the application area, with the explanation
facilities helping to demonstrate how results were
obtained. Clancey (1987) and Ambrosiadou (1989)
amongst others have tried out this approach in the domain
of medicine.
It might seem that all this is too good to be true, which is
in fact the case. One of the drawbacks of using expert
systems for teaching is that they are not usually developed
as tutors and so do not take into account the teaching
expertise that a human being brings to bear. For example,
it is easy for students to develop misconceptions and a
teacher has to be aware of this possibility and must be able
to steer the student back on the right path when necessary.
Another serious limitation is that many expert systems
solve problems in any way they can. In the battle of the
neats against the scruffies (Bundy, 1982) expert systems
designers have generally been in the scruffy camp. Ele
gance and clarity take second place to the main aim of
getting the right answer. This attitude is, not acceptable for
teaching systems. Immediately one starts to take short cuts
to find answers that aid the computer but confuse or mis
lead the student it reduces the system’s effectiveness as a
teacher.
Clancey’s experience (Clancey, 1981) with drying to
modify MYCIN the famous medical diagnosis program
provides a salutary lesson. His initial hope' of using
lilYCIN directly for teaching medical students was found
to be unrealistic. He ha|l to virtually re-write the program
to distinguish and annotate the different kinds of medical
knowledge, separate out common sense and real world
knowledge, ifnd generally clarify the way the information
'Was presented. His efforts led to NEOMYCIN which was
less efficient as a problem solver but much more transpar
ent and therefore provided a better basis for teaching.
CONCEPTUAL FIDELITY
If expert systems are going to be used for teaching then it is
clear that they have to be developed in an appropriate way.
Primarily, they have to contain a level of detail and sophis
tication not normally found in such programs. Some
researchers have moved in this direction and are investi
gating the use of so-called ‘deep systems’.
Michie (1982) was among the first to distinguish
between deep and shallow expert systems. Shallow expert
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systems rely chiefly on empirical and heuristic information
to provide the problem solving capability required. In deep
systems the aim is to produce a detailed description of the
domain being modelled. They are often called causal
models since an important feature is the detailed tracing of
sequences of cause-effect chains that shallow systems
skate over or circumvent via heuristics.
An early example of a causal model is STEAMER
(Hollan, 1984). This program simulates the steam propul
sion plant of a large ship and is used to train operators. The
user is presented with a consistent and descriptive model of
a large steam engine including a sophisticated graphics
interface. The operator can change readings on dials, open
and close valves and so on and see the impact on the
system, thus developing some feeling of direct control. This
approach of providing the illusion of control is referred to
by Hollan as conceptual fidelity.
Conceptual fidelity is an important idea in teaching.
The designer seeks to convey a picture of the system that is
consistent and that the user can relate to. However, this
model may be significantly different from the one that is
being used as a basis for programming the physical system.
A typical example is in chess playing programs where the
computer appears to be playing the game using the same
ideas and methods as a human but is normally pro
grammed to play using a completely different approach.
Computer chess programs generally use numerical eva
luation of large numbers of board positions, whereas a
good human uses strategy and tactics as well as using his or
her ability to spot common types of position.
In STEAMER, special pictures and graphs are pres
ented to the user to make it easier to follow the effect of
changes. In fact, the model the user interacts with is very
different from that used by the designer to implement the*
system. The simulation of the engine is performed using
numerical methods so the impression the user gets is
entirely illusory.
Another early teaching project that incorporated the
principle of conceptual fidelity was SOPHIE (Brown,
1975). SOPHIE is often cited as the most successful com
puter tutoring system yet devised since it can interact with
the user in a fairly natural way (it introduced the idea of
semantic grammars later developed in PROSPECTOR
(Gashnig, 1981)). The model it presents to the user is
logical and consistent and SOPHIE can act as an effective
teacher. The basic scenario is that the student has a theo
retical grasp of electronics and SOPHIE aims to show the
student how to use this information for detecting and
correcting circuit faults. The student can perform any
sequence of measurements, ask specific questions about
the implications of these measurements or more general
hypothetical questions, and even ask for advice about what
to consider next, given what he or she has already disco
vered. The user is encouraged to hypothesise what the
problem with the circuit is essentially making an intelli

gent guess). The system will test to see if the hypothesis is
contradicted by any information the student should have. It
can also check if the hypothesis is redundant and if it splits
up the hypotheses space of possible faults reasonably
evenly. All this checking requires a high degree of inferencing on the part of the program.
SOPHIE uses numerical methods for checking what
will happen when a circuit is connected. Since the intention
was not to teach the student this numerical model underly
ing the system but a higher level one based on heuristic and
deductive reasoning, much of the work that went into
SOPHIE was to interpret the operating of the circuit in
terms the student could understand. The results were
impressive but the cost was high. Naughton (1986)
observes that it takes person-years of programming effort
to produce a single hour of SOPHIE-type tutoring
performance.
EPISTEMIC FIDELITY
A major problem with SOPHIE and STEAMER was that
conceptual fidelity is hard to maintain. Both systems
deceive the user (in the sense that the internal model that
makes each system ‘work’ is not the one being conveyed to
the user) and it is difficult to translate the functioning of the
internal model into a external form that the user can
readily understand. In addition to the difficulties of inter
polating explanation for the user of the internal operation
of the system, it may be in some circumstances that the
model presented may be incompatible with that actually
used to compute results. This distinction between internal
and external models is most succinctly captured in an
diagram due to Wenger (1987) (Figure 1).

epistemic source

internal
representation

external
representation

Figure 1. Internal and External Models of Knowledge

The epistemic source is the actual knowledge of the
system that the expert wishes to represent. The internal
representation is the model that is used to simulate its
functioning, and the external representation is the model
that is presented to the user. The disparity between the
internal and external representations indicates the seman
tic gap that has to be bridged. The further apart they are the
greater is the amount of work that has to be done in
mapping between the two and the more danger there is
that inconsistencies will arise.
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Bearing this in mind some researchers have tried to
reduce the difference between these representations. The
degree to which the physical realisation of the representa
tion (ie. the model that is programmed) reflects the exper
tise that the specialist uses is what Wenger (1987) calls
epistemic fidelity, that is faithfulness to the knowledge of
the expert.
Some progress has been made towards greater epis
temic fidelity with the development of qualitative systems.
In qualitative modeling (de Kleer, 1983) the emphasis is
taken away from numerical solution of problems and
towards their representation in a descriptive fashion. This
is in line with the idea that experts spend more time than
novices on analysing problems qualitatively, a result con
firmed in experiments by Chi (1981). Incidentally, there is
some discrepancy in the literature regarding the use of the
word ‘qualitative’: see Clancey (1989). Here, the term will
be applied to systems where the same mental model and
inferencing procedures that are being taught are also
employed by the system (or, more correctly, by the writers
of the system) to solve problems in the domain.
Developing a qualitative model of a system is no trivial
task. The normal procedure is to devise a knowledge
structure of the components and their relationships and
then produce causal models of the processes that take
place within the system. This idea, applied to the represen
tation of a buzzer, is illustrated in Figure 2 based on de
Kleer (1983). Pure qualitative reasoning has become
fashionable recently but is still controversial. From a phi
losophical point of view it is not clear that there is any
physical justification for the notion of ‘cause-and-effecf
upon which this approach leans so heavily. Russell (1953)
observes that ‘the reason why physics has ceased to look
for causes is that, in fact, there are no such things’. It seems
ironic that physics has circumvented the problem by using
mathematical modelling, but that computer scientists are
now eschewing these models and trying to bring back
causality. The apparent paradox is due to the fact that most
people have a strong belief in the idea of cause and effect
(at least, for as long as conception precedes birth) and such
notions aid in the understanding of processes and the
solving of problems.
White (1990) and her associates at Bolt, Beranek and
Newmans, have taken the idea of conceptual fidelity one
step further than Hollan, by developing a complete system
based on the model that is being conveyed — the ultimate
WYSIWYG environment. As with SOPHIE the applica
tion area is electrical circuitry. The method normally used
in schoo's to teach electric circuits is a classic example of
throwing the students in at the deep end and presenting
them more complicated concepts such as Ohms Law
before they fully understand the basic ones. Consequently,
as White notes, even college Physics students have trouble
with ‘zero-order’ concepts (ie. relating to straight on/off
phenomena such as whether a current will flow in a spe
124 THE AUSTRALIAN COMPUTER JOURNAL, VOL. 24, No. 3, NOVEMBER 1992

cific circuit).
White’s QUEST (Qualitative Understanding of Electri
cal System Troubleshooting) aims to teach these zero
order concepts via a system that uses this approach to solve
the problems itself. Knowledge about the circuit is repres
ented internally in a qualitative form. For example, there is
a rule that states: ‘if the battery is charged then it is a source
of voltage, otherwise it is not’. Even at this level there is a
sequence of increasingly sophisticated ideas that need to
be conveyed starting with basic notions of voltage and
conductivity and progressing to troubleshooting ‘shorts to
ground’ in a series circuit. Corresponding to these ideas are
an increasingly sophisticated sequence of models. The
problem solving methods that are taught are the same ones
the system uses and are based on causal techniques deve
loped by a human circuit expert.
The advantages of White’s approach include the ease
with which effective explanations can be included. The
algorithms are written in such a way that the reasoning
processes used when simulating the behaviour of a given
circuit or when troubleshooting can be easily explained to
the user. Also the student can build circuits and get the
system to analyse them and report back using the same
terms of reference. This last property allows the system to
a) device

CLAPPER

BATTERY

b) Device topology and component model*
(Ft-magnetic field

M, 12,13.electrical connections)

CLAPPER:

OPEN: 11 and 12 are (S

5LOSED: 11 and 12 are 1
I CLAPPER

BATTERY

COIL:

ON: FI is 1

11-1 or 13-1

OFF: F1 «0

BATTERY:
c) causal model

Figure 2. Qualitative Description of a buzzer.

II and 13 are identical
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be used in a discovery mode. Most discovery systems are
very restrictive in that the designer needs to have antici
pated the user’s possible actions in advance. This is not so
in QUEST where any circuit can be built up, its properties
observed and, significantly, its characteristics explained by
the system.
Results from the QUEST project seem promising. A
group of students who were having trouble with the basic
concepts of electricity were, after five days using QUEST
for one hour per day, able to make accurate predictions
about circuit behaviour and could solve elementary
trouble-shooting problems. The next challenge is to mod
ify the system to incorporate first order ideas using a
modified qualitative approach that takes into account rela
tive values.
Two potential drawbacks to the QUEST approach are
its use of a cause-effect model and its domain-specific
style. The first of these relates back to the idea of one
phenomenon causing another. However, it is not clear
what meaning this has when considering instantaneous
changes such as the relationship between current and vol
tage: does a change in the current lead to a particular
voltage, or is it the voltage that produces a current? The
problem could be addressed by taking the slightly different
view of time-dependent phenomena utilised by Kuipers
(1986) in his qualitative simulation model. This approach
has not, as yet, been applied in a teaching environment.
The second problem is potentially more serious since it
implies that each subject domain would have to be fully
analysed in a causal manner. This is likely to take a great
deal of time and effort which would have to be repeated for
each new subject area. Hopefully some general guidelines
for such analysis will be developed and that in certain»
subject areas the analysis that has been put into existing
qualitative expert systems could be utilised.
MODELLING STUDENT KNOWLEDGE
So far this article has concentrated on knowledge of the
domain. Such knowledge and its formulation is crucial to
teaching but pointless without consideration of the teacher
and student. In this and the next section we look at what
progress has been made in representing the knowledge of
the human agents in the system.
It is a self-evident truth that all good teachers pitch their
teaching at the appropriate level depending upon the
knowledge and ability of the student. Many, if not most,
CAI systems have taken this into account, if only in a very
crude way by basing the paths taken through the material
on the responses of the student. This means that the student
who is coping with the material can advance through it at a
greater pace. The poorer student does not fare so well. If he
or she is having trouble with the work then somehow the
system has to find out exactly what is causing the problem.
There is often no point in repeating material already
covered since the student has either developed some mis

conceptions or missed some important point that has not
been explicitly covered. A solution that is often employed
in tutoring systems as in some other artificial intelligence
systems is to form a model of the user and to base the
teaching on this.
Student modelling is fraught with difficulties since the
task is inherently noisy. Was that last mistake just a slip or
evidence of some fundamental misunderstanding on the
student’s part? How does one model a faulty process which
has many more possibilities than the correct one and which
is probably innately illogical anyway? Maybe multiple
misconceptions are either producing answers that are dif
ficult to predict or (perhaps, worse) interacting to give the
right answer.
Although researchers such as Chi (1981) and Glaser
(1988) have performed much useful research into the
nature of learning, there are, as yet, few general principles
that can be incorporated into providing a student model.
Fortunately, as Wenger (1987) notes ‘a perfectly accurate
model of the student along all dimensions is not a sine qua
non for reasonable pedagogical decisions’. Ohlsson (1987)
puts it more simply when he suggests that the question we
need to ask is not ‘what goes on in the head of the student’
but ‘what does the tutor need to know in order to teach?’
Wenger later goes on to say that diagnosis of student
behaviour, as a modelling activity, involves re
constructing ‘knowledge states responsible for observable
behaviour by a reversal of the individual model that has
processed knowledge into actions’. Such a process is trivial
for rule-based systems since one is matching behaviour
instead of generating it, but for more complex models the
reversal is not so simple. Predictably, therefore, most sys
tems so far have used production rules for representing the
knowledge of the student.
One of the most successful projects to take this
approach is GUIDON, the medical student teaching pro
gram by Clancey (1987) based on NEOMYCIN. The stu
dent model in GUIDON uses the overlay approach deve
loped by Carr and Goldstein (1977). In this view, the
expert’s knowledge is regarded as the goal for the student
to attain and checks are made tp'see which ‘chunks’ of that
knowledge the user has apparently assimilated. There is no
provision for incorrect information since the student’s
state of kowledge is assumed to be a subset of that of the
expert (hence the term ‘overlay’). Fairly obviously this is
geared towards production rule representation where each
rule can be considered as a chunk of knowledge and the
system can check to see which of the elements in the
expert’s rule set the student appears to be using.
The overlay model has the generally acknowledged
drawback that it does not allow representation of student
misconceptions or ‘bugs’. Various approaches to providing
for bugs in the student model have been proposed includ
ing a well known one by Brown (1978) who classified
student errors in simple arithmetic problems. UnfortuTHE AUSTRALIAN COMPUTER JOURNAL, VOL. 24, No. 3, NOVEMBER 1992 125
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nately, using a classificatory method involves identifying
all possible bugs beforehand and including them in the
system. Brown found that this was a laborious process even
for superficially simple processes such as subtraction.
In the LISP TUTOR (Farrell, 1984), (Reiser, 1985)
which has the goal of teaching the programming language
LISP the idea is extended. All possible errors of under
standing about the language and its components are enu
merated and encoded in a set of 475 mal-rules which are
linked to corresponding correct rules. A correct rule and a
corresponding mal-rule are shown below.
A. Ideal rule for merging two lists in Lisp
If the goal is to combine LIST1 and LIST2 into a single list,
and LIST1 and LIST2 are both of the type list
Then
Use the function APPEND
B. Buggy rule related to the rule above, suggesting an
incorrect function
If the goal is to combine LIST 1 and LIST2 into a single list,
and LIST1 and LIST2 are both of the type list
Then
Use the function LIST,
and set subgoals to code LIST1 and LIST2.
In his DiBi system, Spada (1989) proposed an interest
ing alternative approach. The tutorial dialogue, in his view,
is an interaction between two learners. The student is
trying to learn information about the domain and the
teacher is trying to ascertain the current level of knowl
edge that the student has. Consequently one can regard the
student responses as input to a learning system that tries to
create a model that would exhibit the observed student
behaviour. Spada’s system has several features of note
relating to knowledge-based systems. First, the knowledge
about the student’s behaviour and the knowledge about the
domain are represented in a similar fashion — using pro
duction rules. This is nothing new, since, for example, the
GUIDON system uses the same techjiique^'The interesting
point is, however, that the domain is one that would not
normally be modelled using rules. It is the subject of
dynamics, specifically the collision of objects with each
other and with surfaces. The processes that take place are
normally represented using mathematical equations but
this would mean that there would be a semantic gap
between the way the system works out results and possible
methodslthat the student uses. To overcome this the physi
cal equations are re-organised as a set of qualitative and
quantitative rules.
A second point of interest in Spada’s approach is that a
formal inductive method is used to capture the process that
the student is using to solve problems. Since this is repres
ented as qualitative and quantitative rules these can be
readily compared with the expert model. An added advan
tage of the homogeneous representation is that either the
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expert model or the student model can be used to drive a
graphic interface system displaying the behaviour of the
objects. Thus not only can the correct behaviour be pres
ented but also the incorrect behaviour as indicated by the
student model. As a result, the student can be shown what
the consequences of his or her incorrect assumptions might
be.
Obviously, it is insufficient to have a student model on
its own. We have to have some way of using the informa
tion provided to guide the way the tutorial progresses. This
is the function of the teacher who guides such decisions as
when to advance through the curriculum, when to offer
advice, what kinds of problem to generate and how to
adapt explanations.
MODELLING THE TEACHER
The teacher is the last piece in the jigsaw and a system that
includes explicit teaching knowledge in addition to models
of the domain and the student is often termed an ‘Intelli
gent Tutoring System’. A schematic diagram of a typical
intelligent tutoring system is given in Figure 3. The
domain module will contain information relating to the
subject being taught (relationships, procedures, course
ware etc) all of which can be represented using the
approaches described in the previous sections. The student
module will contain a model of the user and the teaching
module will contain knowledge about teaching.
User
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Figure 3. Model of Intelligent Tutoring System.

As can be seen from the diagram, the key to the com
munication of knowledge is the teacher. It is not sufficient
(but arguably necessary) to be an expert in a subject in
order to teach it effectively. The good human teacher has
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ways of presenting difficult material to make it seem easy.
If these tutoring techniques can be generalised and consi
dered as a domain of expertise like any other domain, then
one could, in theory, write an expert system to model
teaching. The difficulty is that it is not clear that there are
simple principles that can be divorced from the domain. As
Alexander (1988) concludes: ‘a foundation of domainspecific knowledge seems requisite to the efficient and
effective utilisation of strategic knowledge’. Also, as noted
by O’Shea (1983), theories of instruction lack the precision
needed for incorporation in a computer program.
Clancey attempted, with some limited success, to solve
the first problem of divorcing the teaching principles from
the domain. In GUIDON (Clancey, 1987) he produced
almost 200 tutorial rules (‘t-rules’). These rules are com
pletely independent of the subject domain and could, in
theory, be relatively easily transferred to another knowl
edge base. An example of a t-rule is given below.
If the rule under examination has fired
Then
1) Select a question type suitable for the rule being
considered
2) Generate a question based upon the rule being
considered and evaluate the student’s response
3) Record that the rule being considered has been
discussed
These rules become quite complex and heavily inter
dependent. Apart from the desire to have a uniform repres
entation for all knowledge there appears to be no advantage
to using rules rather than perhaps a more procedural
approach to the pedagogical description. Also it may be
observed that this approach only works if the domain,
knowledge is represented as a set of rules.
A sophisticated pedagogical organisation has been
included in the Smithtown system (Shute, 1990) developed
at the Learning Research and Development Center in Pitts
burgh. The system acts as a coach to students learning
economic principles. There is no fixed curriculum and the
system is described by Shute as a ‘guided discovery envir
onment’ where the student generates her own hypotheses
and problems.
At the other end of the spectrum John Anderson’s LISP
TUTOR (Anderson, 1986) uses a very simplistic teacher
model which essentially checks the student model against
actual performance, immediately correcting the student
using canned text when he or she is assumed to have made
a mistake. Despite its simplicity it has been very effective
as is indicated by the fact that this program has been one of
the most commercially successful intelligent tutoring sys
tems yet developed.
CONCLUSIONS
Are knowledge-based tools the answer to the development
of effective computer teaching systems? Some of the work

considered appears to support this conclusion. Certainly, it
is easy to envisage the implementation of the ITS scheme
of Figure 3 using a knowledge-based approach. Perhaps
the more crucial question is whether this scheme is realis
tic. For instance, to what degree can the problem domain
be isolated and replaced, i.e. to what extent can the teach
ing approach be applied in different domains? Opinions
are divided on this point. Resnick (1985) observes that
‘experimentation over many years has failed to produce
convincing demonstrations of widespread transfer of
learning from one domain to another’; although studies in
expert systems have suggested that there are related
domains which may have common methods of knowledge
description. These patterns may be utilised to produce
teaching modules that can operate over similar domains.
Some progress towards producing ‘shells’ for ICAI has
been made. In Australia, for example, Richards (1988) and
Craske (1991) are producing exciting results in the high
profile EXCALIBUR project by employing an objectoriented approach to the design of general purpose intelli
gent educational systems.
It is not certain that educational theory has reached the
point where pedagogical principles can be expressed in a
suitable way to form the basis of an effective tutor
although some excellent work including Ohlsson’s (1987)
observations and principles of intelligent tutoring appears
to be heading in the right direction. Unless it is fully
appreciated what constitutes a good teacher there will be
no point in trying to produce a knowledge-based system
that embodies this knowledge.
It is clear that, in the current state of the art, computerbased tutoring systems cannot replace the teacher. In fact
there is a view that we should not attempt to do so. Weizenbaum (1976) lists teaching among the set of activities
that are essentially human ones and maintains that it is
a gross offence to moral feelings to entrust them to a
computer. Even if we reject the moral argument we have
to admit that computers cannot provide the human touch.
This is not an inconsiderable problem since, for example,
the teacher can break down the resistance to learning that
the student may have in various ways such as by using
spontaneous humour or topicality. As du Boulay (1987)
observes ‘Good teaching borrows from many of our other
human abilities and knowledge in the areas of, say, com
munication, interpersonal relationships and social skills’.
Even knowledge itself can be thought of as having a social
basis. Brown (1989) gives some persuasive reasons for
believing that conceptual knowledge cannot be abstracted
out from the situations in which it is learned and used.
On the positive side, there are not usually personality
clashes between the computer and the human that some
times obstruct teacher-student interaction. Other factors
which may seem exclusively human-to-human pheno
mena like ‘respect’ do have analogues in computing. A
student may have a high or low regard for a computer
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system depending upon whether it behaves in a ‘sensible’
fashion. This will have a significant impact upon whether
the student learns effectively.
Work over the past few years has indicated that CAI is
basically an artificial intelligence problem and the main
reason for the lack of success of early systems was the
failure to realise this important point. Not only is it an
artificial intelligence problem but it is a particularly tricky
one. Mark Stefik (1985) has observed ‘In most artificial
intelligence systems it is enough to be able to find one way
to solve a problem’. In tutoring this is rarely so. Not only is
it important to solve a problem in a clear way that demon
strates the principles that are being taught, it is also neces
sary to be able to assess other solutions or quasi-solutions
that the student may produce. This is what makes research
in the area hard.
The news is not all bad, however. As has been demon
strated, much of the artificial intelligence required in CAI
can be represented in knowledge-based form. With pro
gress in such areas as qualitative modelling and cognitive
understanding it is likely that the next few years will, at
last, see the development of packages that can be used to
teach subjects at the school and tertiary level with an
effectiveness that approaches that of a good human
teacher, and which are not prohibitively expensive to
produce.
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1 INTRODUCTION
Problem situations exist along a spectrum ranging from
the hard (ie. structured) problem areas, where the out
comes or objectives are fixed and the question therefore is
“HOW” to achieve the desired end result, to soft (ie.
unstructured) problem areas where objectives and
requirements cannot be determined with any certainty and
the question is thus not only “HOW” but also “WHAT”?
Traditional system development methodologies (such as
Structured Systems Analysis and Design) and some of the
more recently developed methodologies (such as the datacentred approaches), are referred to as hard system
methodologies. They are well-suited to the hard problem
areas where a clear definition of problems and objectives is
possible. In situations, however, where no clear objectives
exist or where the obtaining of consensus about problems
and objectives is difficult, soft systems methodology
(SSM) is considered to be most appropriate (Checkland,
1981). It is considered to be most appropriate primarily
because it focuses on the problem situation rather than the
problems themselves. SSM is not, however, an alternate
systems development technique. In fact, it is not a devel
opment technique at all. Rather, it is an analysis methodol
ogy which facilitates the understanding of a problem situa
tion, ensures that different perceptions of the problem
situation are taken into account and ultimately identifies
areas where further analysis (and development) work
should take place.
This paper documents a study conducted into the use of
SSM within Company “X”. The objective of this study was
two-fold. Firstly, at a specific level, the aim was to initially
investigate how SSM was being applied in an Australian
organisational setting and what perceived advantages.and
disadvantages were associated with its application.
Secondly, at a much broader level, the aim was simply to
contribute to an existing body of case-study basedt research
in the SSM area. As will become evident from the paper,
the application of SSM within Company “X” has not
always been successfuMn fact, while SSM is now used
successfully on an informal basis as a user-driven
approach (Laurence, Low and Bird, 1990), its initial use as
a formal planning technique failed. This failure was due,
not to any inherent problems in the methodology but
because of the way the methodology was initially applied
and the objectives originally established for its application.
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Soft systems methodology (SSM) is a user-driven analysis
technique appropriate for application in unstructured (ie.
soft) problem areas. The following paper specifically dis
cusses the use of SSM within an Australian Organisation.
It considers the original application of the approach as a
formal planning methodology and the current application
of the soft system techniques as informal planning tools.
The way in which SSM is currently applied is a direct
result of its failure as a formal planning approach. This
failure was not the result of problems inherent in the
methodology but the result of both the abandonment of
the central planning function and the inability of SSM to
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2 THE CASE STUDY
The information for the case study documented in the
following sections of this paper was gathered from existing
organisational documents and face-to-face interviews
conducted with key information systems personnel. Since
all those interviewed were IS professionals who had been
personally involved in (and, in fact, responsible for) the
introduction of SSM into Company “X”, it must be recog
nised that the results are biased towards their perspective.

SOFT SYSTEMS METHODOLOGY

2.1 Company “X” — Background of the Organisation
Company “X” is a natural resource development organi
sation primarily involved in the exploration for and pro
duction of crude oil and natural gas, the manufacture and
marketing of petroleum and chemical products, the explo
ration for, mining and marketing of metals and minerals,
the distribution of liquefied petroleum gas and the conduct
of road surfacing operations. The company is organised
into a number of divisions or sectors — namely, Personnel
and Public Affairs, Finance and Information, Corporate
Planning and Economics, Upstream Oil and Gas, Down
stream Oil, Chemicals, Coal and Metals — each sector
being headed by a General Manager and/or an Executive
Director. In effect each division operates as a separate
business unit with its own focal point and, while in the late
70s early 80s, information requirements planning was
performed by a central Information Systems Planning
(ISP) group, in the organisation now, each division is
responsible for its own information planning activities.
2.2 Search for an IS Development/Planning Methodology
SSM (known within Company “X” as the Checkland
methodology or ISCOL — see below) was originally
introduced into the organisation in approximately 1984 by
the central ISP group. At this time a structured systems
development methodology was being employed. However,
the approach failed to cover the information planning
stage of development and hence no explicit linkage
between business objectives and information systems
development existed. This linkage was believed to be criti
cal to the successful scoping of the final system functional
ity and critical to organisational success and competitive
ness (Nath, 1989; Lederer and Sethi, 1988; Sullivan,,
1988). While clearly a problem existed, the ISP group did
not go out specifically looking for a solution. The identifi
cation and ultimate introduction of SSM was, in fact,
quite coincidental and in many ways exploratory.
In the early 1980s some members of the central ISP
group were at the UK Head Office of Company “X” where
the same problem — that is, how to link business objec
tives with IS development — was being addressed. The UK
organisation, in its attempts to find a solution, primarily
considered two approaches — Business Systems Planning
(BSP) and the Checkland Methodology. There were no set
criteria for the evaluation, however, ultimately BSP was
rejected on several grounds. Specifically, it was seen as too
time-consuming, involving too much data collection and
forcing great detail too soon — criticisms of BSP which
have also been recognised by others (Lederer and Sethi,
1988). The Checkland methodology, on the other hand,
seemed to fit the organisational culture, particularly the
unstructured nature of the business areas. It provided a
framework within which development could take place
(Avison and Fitzgerald, 1988) — allowing analysis to
remain at a fairly high level and facilitating the reasonably
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Figure 1. The ISCOL Approach. Taken from Company “X” Planning
Documents.

easy evaluation of business alternatives and their asso
ciated information consequences/requirements. The
methodology was therefore introduced into the parent
organisation.
Upon return to Australia the ISP group decided to “try it
out” and see what it really was and how it could be applied
in Australia. The adoption of SSM was deemed particu
larly desirable for standardisation purposes — specifically
to facilitate communication between offices.
2.3 ISCOL Approach
Originally, SSM was applied formally as part of the ISCOL
information planning methodology (Figure 1). This
approach incorporates SSM concepts in two main activi
ties — business analysis and information analysis.
During business analysis the existing problem domain
(ie. organisational area under study) is analysed and a
single root definition describing the problem situation is
formulated (Checkland, 1981). An activity model (con
ceptual model), often incorporating many sublayers, is
then built up to represent the business processes encapsu
lated in the root definition. Comparison of the derived
activity models with the current system (situation) then
reveals preliminary opportunity areas which are investi
gated further in the next stage. During information analy
sis the information requirements associated with each
activity are identified and a high-level data model deve
loped. In conjunction with the business representative on
the study team, organisational implications for each poten
tial development effort are outlined and information pro
cessing procedures established. As a final step, a migration
strategy is developed and a request for approval submitted
which outlines the recommendations and cost/benefit
estimates. Once approval has been gained, planning of
individual development efforts can begin.
The application of SSM within Company “X” is
referred to as a “classical approach with implicit root
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definition” (Watson and Smith, 1988, p. 6). While the
traditional Checkland (1981) approach advocates the
development of a number of explicit root definitions, each
of which encompasses a slightly different world view, the
ISCOL approach requires the development of only one
explicit root definition which encapsulates, at a broad
level, that part of the business area under study. The subse
quent development of lower level conceptual models “uses
‘implicit root definitions’ based on knowledge in the mind
of the analyst of what activities are logically required”
(Watson and Smith, 1988, p. 6).
2.4 The ISCOL Approach Applied
The Coal Division was the focus of one of the earliest
information planning studies conducted using the ISCOL
approach. This division was targeted because it was an
area of the business where there had been a steady pro
gression in the use of information technology as interests
in Australian coal exploration expanded. It was also
believed that recent developments in information technol
ogy (in terms of hardware, software and communications)
presented an opportunity to reconsider the present
approach to information systems and to set a framework
for the future. Specifically, the increased capacity and
functionality of microcomputers, their compatibility with
powerful mainframe machines and the increased speed of
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data communications offered opportunities to maximise
the advantages to be gained from data distribution
between coal exploration sites, Company “X” and the
international coal office headquarters of Company “X”,
Glal International. The Coal division had also recently
experienced rapid expansion and the lull in activity at this
time appeared to present a perfect opportunity in which to
establish an information strategy.
In formal tprms, the aim of the study was to relate the
business functionality to information flows and to identify
the processing procedures necessary to support these busi
ness activities.
The root definition and associated activity/conceptual
models (Figures 2 and 3) were formulated as the result of
interviews held with senior Coal Division Management
and Coal division staff. The root definitiomdefined the
Coal Division as: “A Division of the Company “X”,
staffed by professional managers and technical experts,
that invests corporate resources, skills and knowledge in
Coal production opportunities within the Coal industry
within Australia to obtain supplies of coal which is then
sold to the world markets for profit, within the constraints
applied to foreign investments in Australia”.
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Information flows and associated systems necessary to
support the business were determined using the activity
models. The existing information systems (the “realworld”) were then reviewed and a comparison against the
systems required (as identified in the activity and informa
tion flow models) was made to generate broad develop
ment ideas and opportunities areas (Table 1).
Table 1. Opportunities for Systems Development. Taken from Company
“X” Coal Study Documents.

1

Financial or Statistical Information.
JVATS/JVITS — Assets and Accounting Statistics.
Joint Venture Assets Translation (JVAT).
Joint Venture Information Translation (JVIT).

2

“Soft" Data Storage and Retrieval
Text Data.
Non-joint Venture Numerical Data.

3

External Data Bases.
On-Line Access to Third Party Stored Data

4

Personnel Information Study.
The Management of Human Resources.

5

Strategic Modelling.
Sources of Coal.
Markets.
Transportation Facility and Charges.

The comparisons were performed by the planning
group which informally formulated and considered ques
tions such as: “Does this activity exist in the real-world”;
“Why is the activity done the way it is done”; “Can per
formance of the activity be improved” and, “What organi
sational structures/policies etc. need to be in place to
support the activity”. In the case of the Joint Venture
Information Translation System (JVITS) proposal, for
example, while the activity existed already it was recog
nised that currently the incorporation of information from
Joint Ventures was largely a manual process which was
time-consuming and resulted in lost data integrity and
untimely account production. Considerable benefits (of
both a tangible and non-tangible nature) could therefore
be realised by the introduction of a system to automatically
transfer general ledger data from the operators systems to
the Company’s general ledger.
As a final step in the information planning study, onepage project summaries were prepared in anticipation of
project approval. These summaries provided a brief des
cription of the proposed project together with a prelimi
nary estimate of costs, benefits and strategic impacts.
The study conducted within the Coal division resulted
in a number of recommendations most of which were
subsequently accepted, prioritised and implemented. Spe
cifically, it recommended that Coal-specific databases be
integrated with the corporate (financial) database to facili
tate rapid storage, flexible retrieval, reduced data duplica
tion and subsequently reduced redundancy; it recom
mended that a pilot study to investigate the area of total
records management be initiated and, it recommended, the

establishment of an information processing network to
incorporate the project proposals already discussed. It was
recognised that most of the benefits accruing from these
recommendations related to more timely and accurate
data provision, particularly in the area of joint venture
performance monitoring and prospective investment
evaluation.
ISCOL continued to be used as a formal information
systems planning approach throughout the late 80s.
Today, however, while the name lingers on, ISCOL is
rarely used as a formal planning methodology rather, as
those interviewed identified, a “toolbox” of techniques is
made available to the business unit planning teams. SSM
concepts are found as part of this toolbox.
2.5 The Failure of SSM as a Formal Planning Approach
and its Current Use in Company “X”
In the eyes of Company “X”, the ISCOL approach failed.
This failure was not necessarily because of any problems
inherent within the methodology itself but because it was
expected to provide what, in fact, it had never purported it
could provide and was applied in a way contrary to the
philosophy underlying it (Table 2). In effect, a failure, in
this context, was regarded as the inability of SSM to live up
to expectations or requirements.
Table 2. The Original Implementation of SSM in Company “X” com
pared to that proposed by Checkland.

Company X

Checkland 1981

Objectives

Identify specific
development opportu
nities and provide
functional specs.

Clarify system objec
tives and problems,
explore org. environment

Situation Domain

Unstructured/Soft
Problem Areas

Unstructured/Soft
Problem Areas

Actual Results

Broad (rather than
specific) development
areas

Broad development
areas, changes of both
and IS and non-IS nature

Method of
Application

Analyst-Driven

User-Driven

Specifically, in 1984, SSM was adopted by Company
“X” in the hope that it would not only facilitate linkage
between business objectives and IS development but that it
would also identify and provide functional specifications
for specific development opportunities. While it certainly
identified broad development areas as depicted in Table 1,
it did not provide the functional specifications hoped for
and hence was ultimately abandoned. In a sense, however,
the problem lay not with the methodology but with the
objectives established for it. SSM is not intended to provide
functional specifications but rather is intended to be a
high-level analysis technique which provides a means of
exploring a problem situation and identifying organisa
tional areas, attitudes, policies and structures requiring
change.
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The ISCOL approach also failed since, like most of the
other techniques employed by the ISP group, it was applied
primarily as an analyst-driven, rather than a user-driven,
approach. The potential advantages of user participation
(ie. more accurate identification of user requirements,
improved user understanding of the environment,
decreased user resistance, improved user commitment and
a feeling of ownership) were not fully realised and dissatis
faction amongst users occurred. Root definitions and con
ceptual models were developed after interview with users
rather than in conjunction with the users. The users did not
perceive themselves as owning the problems identified and
solutions developed by the planning team and perceived
the methodologies applied by the group as inapplicable to
their needs. As a result the planning function was ulti
mately decentralised to the business units as were the
planning methodologies. Again, however, the problem lay
not with the methodology but with its mode of application.
Finally, ISCOL failed because it lost its “champions”
(Carr and Hogue, 1989; Pinto and Slevin, 1989; Humph
rey, 1987). When the central ISP team was abandoned, the
methodologies they championed were also lost. “If there is
any one idea which is critical to successful installation [and
ongoing operation] of information systems technology, it
is to be sure that an effective champion is involved” (Cook,
1988, p. 13).
While problems were certainly associated with the
ISCOL approach (or rather, Company “X”s application of
the approach) advantages of SSM were also recognised.
Specifically, it was viewed as a valuable technique for
dealing with unstructured problem situations, ensuring an
overall business perspective and as a quick means of
determining where further focus (analysis) was required.
Today, SSM is presented to all organisational members,
not as a formal planning methodology, but as a way of
thinking or a general problem-solving tool which may be
employed (often subconsciously) by. anyone throughout
the organisation. Training sessions are regularly con
ducted to introduce both users and inforanation systems
personnel to the organisations “tcrelbox” approach to
information systems planning and developmeii'f?‘The phi
losophy now is very much contingency-based. It is recog
nised that in different situations, different approaches are
applicable. When a planning team within a business unit
finds itself confronted with an ill-structured problem situa
tion, for example, it may well revert to the development of
root definitions and activity models to obtain a business
overview,and quickly identify areas requiring more concentrated attention. During the training sessions, a number
of tools (including ISCOL) are introduced. The sessions
aim to make participants conversant with the tools availa
ble, where they are applicable and how to use them. In
each planning situation then the users determine what
tools to use and in what order. A knowledge of soft systems
concepts hopefully ensures that a vision of the “business”
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is not lost in a consideration of what information systems
may be required.
2.6 The Reported Advantages and Disadvantages of SSM
In Company “X” today the concepts of SSM are being
applied in the way Checkland envisaged they should be
and advantages are being realised from its application.
These advantages are summarised in Table 3 which also
provides a comparison with findings from other case-study
based research.
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Table 3. Advantages of SSM 4- A Comparison of Findings.

Company 7“X” recognises that SSM is a non
procedural, conceptual, informal approach that is applica
ble essentially in unstructured situations where objectives
are unclear and many perceptions of the problem situation
exist. It is introduced to organisational members at all
levels as a general problem-solving tool and is used by
them as an inexpensive way of gaining a broader perspec
tive of the business area and quickly identifying areas
where focus is required. The methodology ensures a com
plete understanding of the organisational context in which
applications are to exist and therefore provides a means of
identifying and subsequently addressing organisational
issues that may arise with the implementation of suggested
changes. It also ensures that the impact of different view-
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points is considered and that it is the purpose of the organi
sation which is the focus of analysis rather than what the
organisation does.
Apart from its explicit consideration of different pers
pectives and its high-level/overall business focus, the
methodology is also considered valuable because it does
not require the user to have detailed knowledge of how the
business currently operates. In fact the method appears to
work best when users have little knowledge about the
business area under study, specifically, how activities are
currently performed. The focus in SSM studies is on what
you have to do to achieve objectives rather than what you
do currently. While participants may find it difficult to
clear their mind of what actually happens at present
(Checkland, 1972; Frederickson, 1990), the advantage of
such an approach, as Company “X” recognises, is that
often more innovative and “novel” change possibilities are
identified. The existing system is used, not as a basis for
determining future information systems requirements (as
in Structured Systems Analysis and Design), but as a basis
for identifying, discussing and debating proposed changes.
The approach is also prepared to tackle organisational
issues. It does not confine itself to an identification of
information system changes but may result in the identifi
cation of attitude, policy and structure changes.
As has already been identified, SSM was originally
perceived by users to be an information systems driven
tecnique. They did not believe it to be suitable to their
needs or suitable for application by them. Today, however,
as a direct result of its diffusion (and the diffusion of the
information systems planning function) throughout the
user community, it has become a user-driven approach
which employs terminology and concepts not unfamiliar
to them. This is in keeping with the underlying purpose of'
the approach which not only “allows” participation but
requires (or indeed, demands) it (LeFevre and Pattison,
1986). The technique has proved to be a valuable com
munication tool, promoting closer interaction (and under
standing) between both the information systems area and
user areas and between lower management levels and
senior management. Senior personnel can relate to the root
definitions of the business area under study and the highlevel activity diagrams. The training sessions have also
served to improve relations between information systems
and business professionals, increasing not only the analyti
cal (general problem-solving) skills of users but also
increasing user awareness of how they can contribute to
information systems activities and how information sys
tems activities can contribute to their business functions.
It must be recognised, however, that certain problems
still do exist with the methodology (Table 4).
Specifically, while a number of root definitions may be
developed from the perception of customers, stakeholders,
society and employees the problem of resolving the differ
ent perceptions still remains (Frederickson, 1990; Senoh,

Disadvantages

Difficult for hard system
thinkers to aoolv
May be difficult to clear mind
of what cunenllv haooens
Inequalities of power may
influence the debate orocess
Resolution of different
system perceptions is
difficult
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constitutes the “real-world"
also subject to different
oercetxions
Prone to subjectivity

Wingers
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(1990)
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(1990)
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et ai
(1990)

Company X

V
V
V
V '

V

V

V

V
V

V

Table 4. Disadvantages of SSM — A Comparison of Findings.

1990; Stowell, Holland, Muller and Prior, 1990). Those
interviewed within Company “X” suggested that, in fact,
resolution is not possible. All you can do is pick one root
definition and acknowledge that you are performing an
analysis from that viewpoint. The forces of politics and
power-play may well determine which root definition is
selected as the “relevant” system description, inequalities
of power influencing the process of debate and hence
influencing the selection of the relevant system. As Senoh
(1990) suggests guidelines for resolving different system
perceptions need to be considered. Perhaps the develop
ment of root definitions encompassing (ie. combining)
multiple perspectives is an area of future research.
Company “X”s experience with SSM also suggests that
while users pick up the techniques and concepts quite
easily, those information systems professionals with expe
rience in harder methodologies have more difficulty. They
are constantly tempted to search for problem statements
rather than problem situation descriptions and they look
for solutions early in the process.
Finally, while the approach provides an explicit tech
nique for identifying alternatives (changes) by a compari
son of the conceptual model with the real-world situation,
the determination of what constitutes the “real-world”
setting is problematical. After all, is not the description of
what currently exists subject to the influence of viewpoint
and perception? From whose perspective is the real-world
to be described? While it appears intuitive that the realworld is simply “what currently exists” — the data that
actually exists, the people that actually exist, the systems
which are in place, the physical conditions etc — those
interviewed acknowledged that identification of the realworld is hard and that many people perceive what cur
rently exists differently. It appears that guidelines for
determining the “real-world” setting and for resolving
debate about what currently exists is another area requir
ing further research.
3 CONCLUSION
Soft systems methodology is a high-level analysis tech
nique which progresses from finding out about a problem
situation to identifying actions necessary to improve the
situation. The research presented in this paper, like other
research conducted in this area (LeFevre and Pattison,
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1986; Patching, 1987; Watson and Smith, 1988; Freder
ickson, 1990), has identified that the value of SSM lies in
its organisational-wide focus, its explicit recognition of
different system perceptions, its ability to result in the
identification of both IS and non-IS changes and its userdriven nature. SSM models not only a system but the entire
environment within which actual or potential systems are
to exist; it results in the identification of not only procedu
ral changes but also policy, structure and even attitude
changes which are often required to support any procedu
ral changes determined; it is easily applied (in fact best
applied) by personnel with little detailed knowledge of
how the business currently operates and, because of its
user-driven focus, promotes closer interaction between
information systems and business professionals. There are,
however, inherent problems associated with the approach,
some of which deserve further consideration as part of
future research efforts. Specifically, it is typically difficult
for “hard system thinkers” to apply; while explicitly
recognising different system perceptions may exist it pro
vides no mechanisms for resolving differences; it fails to
acknowledge that power and politics may play a signifi
cant role in the debate process and it fails to consider that
perceptions may influence how one views the
“real-world”.
As well as identifying these various advantages and
disadvantages the study conducted within Company “X”
has also illustrated that not all applications of SSM are
successful. The original application of the methodology
within the organisation in fact failed. It failed firstly
because it was applied as an analyst-driven rather than
user-driven approach and secondly because it was
expected to provide what it could not provide. The
approach was also very much dependent upon the
members of the information systems planning group who
‘championed’ it. When the planning function within Com
pany “X” was decentralised to the business units the
approaches which the central planning team employed
and championed also cfisappeared. Furthep the methodol
ogy was originally used in the belief that it wouldjresult in
the identification of, apd functional specifications for, spe
cific development projects. As has been identified in this
paper, however, SSM will assist in the identification of
broad development areas but will not in any sense provide
functional specifications. The methodology in a sense orig
inally failed to ‘live up to expectations’.
In the Company “X” organisation today, SSM concepts
are presented to both users and information systems per
sonnel alike as part of regularly conducted training ses
sions. These training sessions aim to make participants
conversant with the various IS Planning and development
tools available, where they are applicable and how to use
them. SSM is presented as a general problem-solving tool
which may be used during planning activities as a quick
method for obtaining a business overview and identifying
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areas requiring more concentrated attention. The objec
tive of presenting it as such is to help ensure that a vision of
the “business” is not lost in a consideration of what infor
mation systems may be required.
It must be reiterated at this point that this study has been
conducted solely from the viewpoint of information sys
tems professionals and hence generalisability of the find
ings is limited to this domain. Further research which
considers the original and current application of SSM from
the users perspective would therefore be desirable. Studies
of the use of SSM within other Australian organisations
would also be beneficial and provide a basis for determin
ing similarities and differences within the Australian con
text. Finally, as was identified in the paper, other areas of
“general SSM” research also exist. Specifically, guidelines
for resolving or combining different system perceptions
and guidelines for determining what constitutes the “realworld” setting need to be considered.
APPENDIX
Soft Systems Methodology Described
Systems Engineering and Structured Analysis and Design
are both examples of hard systems methodologies. They
are hard in the sense that they assume that in a particular
problem situation a clearly definable problem and set of
objectives can be readily identified. This assumption is
valid, and therefore hard methodologies appropriate,
when we are dealing with situations involving little uncer
tainty, for example, the conversion of a manual system to
an automated one or the conversion of one transaction
processing system to another. Where, however, objectives
and requirements cannot be determined with any certainty
or where there are conflicting opinions about the problem
specification and the outcomes desired, the assumptions
associated with the hard methodologies fail. These prob
lem domains are referred to as soft/and would include
sopie Decision Support System and Executive Information
System areas and greenfield situations where development
of a completely new system is required. It was a recognition
of these soft problem areas which led to the development
of SSM. Checkland and his associates at Lancaster Uni
versity initiated an action research program to initially
determine the effect of applying a hard systems methodol
ogy to soft problem areas. The hard methodology used was
the Jenkins Approach (an early form of Structured Analy
sis and Design). As difficulties arose with application of
the Jenkins methodology it was modified accordingly and
SSM resulted.
Essentially, SSM (Figure A.l) is a seven-stage process
of analysis which moves from finding out about a problem
situation to identifying actions necessary to improve the
situation (Wilson, 1984). It consists of two types of activi
ties — real-world and systems thinking. Real-world activi
ties (1,2,5,6 and 7) involve people in the problem situation
and use language typical of the problem situation while
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Action to improve the
problem situation

The problem
situation - unstructured

Feasible, desirable changes

Comparison of 4 with 2

The problem situation
expressed

Root definitions of
relevant systems

^ 4b.
Other Systems
Thinking

Figure A.l. The Checkland Methodology. Taken from Wilson 1984, p.
65.

systems thinking activities (3,4a and 4b) use systems lan
guage and may or may not involve people in the problem
situation together with the analyst.
Stages 1 and 2: Expression
During these two stages the problem situation is inves
tigated and a number of problem situation descriptions are
developed from the perspective of different system partic
ipants (Checkland, 1981). These problem situation des
criptions are developed in the form of rich pictures (Avison
and Fitzgerald, 1988) (Figure A.2) which identify infor
mation about the people involved in a situation, the prob
lem areas, external interested bodies, areas of conflict and
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relationships between the elements. The biggest advan
tage of the rich pictures is that they serve as a communica
tion tool between analysts and system users and “offer a
great deal of information on a single page which would
otherwise require several pages of narrative” (Stowell et
al„ 1990, p. 64).
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Figure A.2. A sample rich picture of a “Paramedical Services System”.
Taken from Avison and Fitzgerald, 1988, p. 246.

Stage 3: Root Definition of Relevant Systems
From the collection of system perceptions a relevant sys
tem is selected and a root definition describing this system
is developed (Checkland, 1981). The choice of relevant
system is the result of debate between analyst and users as
to which view to focus on or the result of differentiation
between primary-task and issue-based descriptions
(Checkland and Wilson, 1980). The root definition is
developed with the assistance of the CATWOEcriteria —
detailed below — and can basically be described as a
concise verbal description of the problem situation. The
CATWOE criteria specify that, each root definition must
identify the:
Customer — client, victim or beneficiary of the system (the
whom)
Actors — agents who perform the activities (the who)
Transformation — the activities performed (the what)
Weltanschauung — the view of the world encompased in
the root definition
Ownership — the sponsor or controller of the system under
study
Environment — the wider system of which the problem
situation is a part
Stage 4: Making and Testing Conceptual Models
During this stage the root definition is converted into a
conceptual model which explicitly identifies the main
activities performed within the system and the logical
dependencies which exist between the activities (Checkland, 1981). The initial conceptual model is at a high
resolution level but may be decomposed further to develop
lower level conceptual models. This decomposition pro
cess is performed by developing a root definition for each
high-level activity and developing conceptual models
from these.
Stage 5: Comparing Conceptual Models with Reality
The conceptual model/s developed in the previous stage
are compared with the problem situation as it currently
exists (ie. the “real-world”) in order to identify potential
change areas. The changes identified may involve the
introduction of new activities into the real-world system,
the elimination of some currently performed activities, the
introduction of different ways to perform current activi
ties, changes to system structure (organisational group
ings, reporting structures, lines of command etc), changes
in policy (goals and strategies) or even changes to
attitudes.
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Stages 6 and 7: Implementing ‘Feasible and Desirable’
Change
Identified changes are evaluated to ensure they are both
systemically desirable and culturally feasible. Systemic
desirability relates to the feasibility of the proposed change
in light of the conceptual models and root definitions
originally established. Cultural feasibility, on the other
hand, refers to the feasibility of a change in light of the
characteristics of the problem situation, the people
involved in the situation, their experiences, prejudices and
preferences. Once changes are agreed upon as meeting
these feasibilities the design and implementation of these
changes may be started. This issue of change implementa
tion is, however, one not addressed by SSM and is the
reason why SSM is described as an analysis approach
rather than as a systems development technique.
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Parallel computer vision is a key element in many applica
tions, where intelligent devices are needed. Several classes
of synthesised and proposed vision-oriented parallel com
puter architectures are reviewed Key design principles and ■
methodologies of these representative and state-of-the-art
systems are used to identify and classify various properties
of such systems. We will show how a study of the philoso
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1 INTRODUCTION
A key element of automation is computer vision. There
have been several significant discoveries in computer
vision, but more work remains to be done. However, it is
well recognised that parallel processing is an integral ele
ment of solutions to many real-time automation problems.
For example, consider an autonomous robot, which must
react to images at the rate of 30 images per second. For 1K
X \Kimages, this amounts to about 30 to 30,000 millions
of computer instructions per second (MIPS), assuming 1 to
10000 instructions per second and operations on all of the
pixels of each frame for simplicity. It has been estimated
that a complete vision application may require over 10000
computer instructions for each pixel (Lougheed and
Sampson, 1988). Physical speed limitations of the semi
conductor technology renders uniprocessor solutions to
the general computer vision problem impractical.
Developments of effective application-oriented paral
lel algorithms and architectures is quite challenging, and
may be as important as our need to better understand
computer vision. Many vision-oriented computer architec
tures have been proposed, and some have also been built.
During the past few years, specially in the last 5 to 10
years, much attention has been given to the problem of
designing effective parallel vision-oriented computers.
Various articles, books and papers on parallel (visionoriented) computer design have been published (Cantoni
and Levialdi, 1988; Prasanna Kumar, 1987; Maresca,
Lavin and Li, 1988). It is instructive to abstract the large
amount of information that exists, review and recognise
the key design philosophies, incorporate and tie-together
the relatively recent efforts and proposals, highlight the
major parameters and suppress details, and present the
problem in a cohesive manner. We will present one such
attempt in this paper. In summary, the goal of this paper is
to present a philosophical perspective towards the visionoriented parallel architecture design problem. The mate
rial in this paper is to serve as a brief source for tutorial and
review for people interested in vision-oriented architec
tures, and is complementary to the referenced papers. We
will show how an approach based on a study of the design
philosophies can result in the classification that is pres
ented in Section 4. Programming languages for such
machines are not treated herein, but are in some of the
referenced literature (Cantoni and Levialdi, 1988; Pra
sanna Kumar (Part IV), 1987; Weemsetal, 1987).
General characteristics of Computer Vision will be
outlined in Section 3. Some representative classes of syn
thesised and proposed vision-oriented parallel architec
tures will be reviewed in Section 4, where an informal
taxonomy based on the design philosophies will be used to
categorise the various architectures. Architectures that
share similar principle design (methodology) properties
will be grouped together. Some architectural elements that
must be considered in design of vision-oriented systems
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will be analysed in Section 5, and sample applications will
also be discussed in Section 5.
Some preliminary definitions and notations are pres
ented first.
2 DEFINITIONS AND NOTATIONS
We will assume that the input images are M= (\[M X \[M)
picture elements (pixels) large. Except for the case of some
pipelined systems, the data is distributed by columns (or
rows) or blocks among the N processors. We will use the
term vision operations to distinguish application-level
operations (such as histogramming) from processor
instructions such as additions. When the data for a vision
operation on a processor may exist anywhere across the
processor array, we say that a (parallel algorithm for the)
vision operation requires global data communications.
When the data resides in the nearby neighbourhood of a
processor, local data communications are required. An
image is said to be segmented, if various portions of the
image have been identified as having common properties;
there can be several (labelled) segments (regions) in the
image. The Euler number of a binary-valued image is the
number of components minus the number of holes (back
ground) in that image.
There are many types of vision operations, these have
been categorised based on a variety of definitions
(Weems et al, 1987), and the detailed distinctions are not
always clear. Some common definitions follows:
— Low-level vision operations are uniformly applied to all
of the pixels in images (with the possible exceptions of
those around the physical edges), regardless of the
objects that these pixels may represent.
— Middle-level vision operations are used to derive
information about the components in images such that
the resulting data is suitable for symbolic interpreta
tions. Geometric operations may be classified as middle
or low-level.
x
— High-level vision operations are used to interpret the
image using Artificial Intelligence (AELtechniques.
Whereas low-level vision operations deal with simple
pixels as data objects, symbols with more complex data
structures such as lines and regions are used at the highlevel vision operations. Algorithms which convert lowlevel data structures to high-level ones are considered
middle-level.
3 CHARACTERISTICS OF COMPUTER VISION AS
AN APPLICATION
As several researchers have described (Sandon, 1985;
Weems et al, 1987,1990a), computer vision is a hierarchi
cal application. The hierarchy of vision operations include
regularly structured pixel manipulations, spatial geometry
manipulations, symbolic representations, symbolic quer
ies, hypothesis formulations, examinations, reevaluations,
and inferences. Structures and complexities of symbolic
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attributes (and representations) vary among operation lev
els, and such structures are subject to associative
operations.
There are needs for feedback and parallel processing
along the hierarchical structure, and such feedbacks may
span various levels of the hierarchy (Rana and Weems,
1990). Evaluation of hypotheses often require iterative
examinations of data, whose size, nature, and value may
change in the process.
Often, parallel algorithms for vision applications
require both local and global data references. However,
there are applications which may use one type of vision
operation more often than the other (Longheed and Samp
son, 1988). Different applications can have distinct
requirements, and their “deadlines to finish the job” may
vary. Processing time scalability may also be a require
ment, depending on the target market.
Next, we will examine some of the key design tech
niques for satisfying these high-level requirements.
4 REVIEWS OF SOME SYNTHESISED AND
PROPOSED ARCHITECTURES AND ASSOCIATED
DESIGN PHILOSOPHIES
Classifications of various application-oriented architec
tures is a very difficult task, and classifications often result
in quite a few exceptions and overlaps (Cantoni and Levi
aldi, 1988). A review of the referenced literature indicates
a need to understand the philosophies that motivated the
designs, as opposed to solely taxonomies of the end results.
We will show how this approach can result in a classifica
tion as follows:
— (Augmented) Meshes
— Reconfigurable systems
— Pipelined systems
— Sub-Arrays
'
1
— Full-Arrays
7
— Hierarchical Systems and proposal
— Primarily topologically-defined
— Functionally and topologically defined
— Algorithmically-Connected cellular arrays (new and
proposed herein)
— Sampler of 6ther designs that ought to be mentioned
Tliis approach is different from that by Maresca et al
(1988), where characteristics of instruction streams and
network topologies of various machines were compared
with focus on the operational and addressing autonomies
in comparison to (Flynn’s) original classifications. Such
autonomies have also been discussed elsewhfere (Cypher
and Sanz, 1989). The approach taken herein is also differ
ent from that by Cantoni and Levialdi (1988) where a
historical review is used to emphasise the importances of
Pyramidal systems and their layouts, and where little cov
erage of the philosophies that motivated the design was
included. A detailed review of characteristics of meshconnected and Pyrmidal computers for seven computer
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Figure 1. A mesh full-array.

vision tasks was reported (Cypher and Sanz, 1989), where
discussions regarding the constrained application domain
were presented. Furthermore, it is appropriate to study
functionally-defined hierarchical systems with feedback
support and a new approach to design of a class of cellular
vision-oriented architectures (discussed in sections 4.4.2
and 4.5); these two classes of machines were not treated in
the surveys mentioned in this section.
4.1 (Augmented) Meshes
As pointed out in Rosenfeld (1983), it was about 30 years
ago that the two-dimensional mesh was proposed as a
natural interconnection structure for parallel picture pro
cessing. Such a mesh is shown in Figure 1, and the various
details of the illustrated structure are described in the
following. Since the whole data array is allocated to the
N-processor array and is operated on in parallel, such
systems have also been referred to as “full arrays”. Signifi
cant amount of data is available on meshes, and only a
short summary is included herein.
Due to the simple nature of its topology, it is relatively
easy to visualise mappings of parallel algorithms on to the
mesh. There are many mesh-based vision algorithms
(Cypher and Sanz, 1989; Yasrebi, Browne and Agrawal,
1987). These algorithms involve both local and global
data communications, and implement various levels of
vision operations. Examples that are described in these
cited references include various window-based opera
tions, histogramming, component labelling, and computa
tion geometry-related operations.
The Massively Parallel Processor (MPP) (Sammur and
Hagan, 1990) is a representative mesh-based machine,
which has been around for some time. The mesh intercon
nection has also been studied for vision applications of
reconfigurable machines (Maresca and Li, 1989) and is
being proposed (Crisman and Webb, 1991) after experi
ments
and
reflections
on
other
successful
interconnections.
Many vision operations and algorithms require global

communications, and such communications take 0(\JN)
time on the mesh. To alleviate this problem, several aug
mented mesh structures have been proposed for the vision
application. The “Enhanced Mesh” (Prasamma, Kumar
and Reisis, 1987) (a mesh having an independent shared
bus for each column and row of processors), the polymor
phic torus (Maresca and Li. 1989), and the early version of
the Intermediate and Communications Associative Pro
cessor (IC AP) array m the Image Understanding Architec
tures (IUA) are examples of augmented mesh-based sys
tems (Weems, 1987). Other augmentations involve wra
paround links for columns and rows. For example, the
MPP provides a programmable wrap topology mechanism
to implement no connections (“pure” mesh), cylindrical
(connections between the extreme processors in the same
row or column), open spiral (connect the extreme procesors of adjacent rows in a shift-like fashion, but with the top
and bottom and leftmost and rightmost edges discon
nected), and closed spiral (same as open spiral, but with
wrap-around connections between the extreme edges as
well).
4.2 Reconfigurable Systems
The notable amount of research that is still required for
effective implementations of parallel vision applications
has led some researchers to investigate and propose recon
figurable systems for such applications (Lipovski and
Malek, 1987). Such “conservative” approaches are inter
esting and have also been recommended elsewhere not so
long ago (Rana, Weems and Levitan, 1988; Rama and
Weens, 1989). Reconfigurable systems offer topological
flexibilities that are useful for investigations of properties
of various interconnections. Two reconfigurable systems
are shown in Figure 2.
There are alternatives when designing reconfigurable
systems, and examples of such trade-offs are reflected in
the designs of the various proposed and synthesised sys
tems. For example, the Texas Reconfigurable Array Com
puter (TRAC) prototype (Lipovski and Malek, 1987) was
built with the flexibility to support both packet-switched
and circuit-switched interprocessor communications.
PASM (Lipouski and Malek, 1987) also uses a Multistage
Interconnection Network (MiN), and relies primarily on
packet-switching for interprocessor communications.
Both PASM and TRAC support both Single Instruction
Multiple Data Stream (SIMD) and Multiple Instruction
Multiple Data Stream (MIMD) operation modes, whereas
the Butterfly* computer supports MIMD operations only
and relies on a shared memory scheme for interprocessor
communications (Rana, Weems and Levitan, 1988; Rama
and Weens, 1989). There are other similar reconfigurable
systems as well (e.g., RP3 (Yarsun et al, 1990)). The
Connection Machine, built several years after those men* Butterfly is trademark of BBN Laboratories, Inc. of Cambridge,
Massacusetts, USA.
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Figure 2. Two types of reconfigurable processor arrays.

tioned earlier, supports both SIMD and MIMD modes
(Tucker and Robertson, 1988), indicating the continued
need for generalised control. Resource management is not
trivial in these systems, and such prototypes have contrib
uted significantly to the developments and evaluation of
various resource management techniques. Examples of
various elements that have been investigated are operating
system support for shared resources, comparisons of var
ious switching techniques for algorithm-specific and more
general models of interprocessor communications (Davis
and Siegel, 1986), remote versus local memory references
and data allocation trade-offs (Crowther et al, 1985) and
contention resolution techniques for shared switch and
memory resources (Crowther et al, 1985).
4.3 Pipelined Systems
Pipelining has been studied at various levels of hardware
resolutions and has also been used in various visionoriented pipelined parallel machines. In this section, we
will review two representative classes of vision-oriented
parallel architectures. The classification is based on the
resolution of pipelined data, and its mapping on to the
target processor arrays.
4.3.1 Pipelined Sub-Arrays
,
Pipelined systems that support serial image input'such as
those from common vfdeo cameras) have been proposed
(e.g., the Cytocomputer* (Lougheed, 1986) and PIPE
(Graham, 1989; Luck, 1989)) have been shown to be
useful in various vision application environments (e.g.,
automatic printed circuit inspection (Lougheed, 1985),
robot control (Graham, 1989; Lougheed and Sampson,
1988) as (well as others. A block diagram of a pipelined
sub-arrayjsuch as the Cytocomputer is illustrated in Figure
3 as a representative example.
Such systems rely on hardware registers and delay ele
ments tq implement various pixel-based and window* Cytocomputer is a trademark of the Environmental Research
Institute, Ann Arbor, Michigan, USA.
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based vision operations. They are typically scalable, and
their processors can also be programmable. It is argued
that lack of relative flexibilities (as compared to more
general-purpose parallel processors) in such systems
should be weighed against the lower hardware costs and
modular packagings.
4.3.2 Pipelined Full-arrays
A well-publicised pipelined processor array is the Warp
system (Crisman and Webb, 1991; Lengauer, 1990),
which is shown in Figure 4. Warp’s design was originally
motivated by traditional systolic concepts, and was later
revised and enhanced to support the vision application
more effectively. In its enhanced form, it is an MIMD array
of large-grain pipelined processors; each cell contains two
floating point processors, as well as at least 1M words of
memory. The array is modular, scalable, can support both
ring and linearly-connected topologies, and is peripheral
to a more flexible host environment. The general user’s
model of the array is a synchronous Jinear (ring) pipeline.
The Boundary Processor supports double-buffering
and jnanipulations of data between the array and the host
Interface Unit (IU) or when data is to be recirculated
through the processor array. The Interface Unit provides
an asynchronous communication channel to the host, and
a synchronous channel to the Boundary Processor.
The processing cells can execute similar or different

Serial

Figure 3. A typical pipelined sub-array (based on the Cytocomputer
(Lougheed, 1986)).
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Figure 4. The Warp system.

instructions. Data from any of the (first or intermediate)
processors may be ready to be passed to the host (through
the Boundary Processor), or may have to be processed
further by the next cell. In the former case (referred to as
“severed mode”), the constrained topology of the physical
array necessitates that the completed data pass through the
rest of the processors before reaching the Boundary ?
Processor.
Vision operations that have been considered and/or
described for Warp include (among others) smoothing,
histogramming, connected component labelling, matrix
multiplications, and Fourier transforms. The Warp project
is a notable effort in applying systolic array concepts to
complex, real-life applications. More work remains to be
done in exploring the capabilities of such systems. Topo
logical characteristics of this system have not been specifi
cally designed to match those of the target algorithms, and
lack of such flexibilities may represent problems in lessconstrained vision application environments. Investiga
tions are also required to analyse the general performance
implications of linear pipelined arrays (e.g., in “severed”
modes), as well as processing and data manipulation times
(e.g., for matrix transposition in two-dimensional FFTs) in
the shared resources (e.g., the Boundary Node). Reflec
tions on the shared resource bottlenecks have led the
researchers to conclude that the attached peripheral model
restricts scalability beyond 10 cells (Crisman and Webb,
1991).

4.4 Hierarchical Systems
Researchers (Cypher and Sanz, 1989; Weems, 1990,
1991) have been specially concerned with the computa
tional requirements of various data types that are common
in computer vision. Hierarchical nature of the vision appli
cation, the nature of the data structures at various levels of
the hierarchy, and some specific data structures are among
the major factors that have led researchers to propose
multi-level parallel processors. T wo such systems are des
cribed in this section.
3.3.1 Primarily Topologically-Defined Hierarchical
Systems and Proposals
The long global communication delays associated with the
mesh computers and the fact that quadtrees (recursive
low-level image structures) have proven to be attractive
data structures for uniprocessor-based vision investiga
tions are two of the major reasons that have led some
researchers to propose topological structures called
Pyramids (Cypher and Sanz, 1989; Weems, 1990a) for
various vision applications. A Pyramid is shown in Figure
5, where N = 16 is the number of processors at the base
plane.
The mesh layers can be used to implement the algo
rithms for which performances of meshes are satisfactory.
These include various neighbourhood operations which
have also been referred to as “border-based” operations.
Some other vision operations require global data commun
ications over the image. When vision operations do not
require neighbourhood communications on the mesh, they
are referred as “interior-based”. An example of a vision
operation that is “interior-based” and requires global
communications over the image is the determination of
darkest and brightest pixel values in the picture. Each
processor at the base can determine the darkest and
brightest pixels for its sub-image, and results from the
various image partitions must be combined to determine
the results across the whole image. The hierarchical nature
of Pyramids allows for such parallel and relatively
straight-forward “bottom-up” processings. For example,
each parent compares the intensities of the sub-images of
their four sons, and generates correct results for its sub
image. Starting with the image at the base (after initial
comparisons have been made) and moving up to the root
(where the results for the whole image would be available),
this “bottom-up” procedure takes OlLog^N)] time.
Many effective algorithms have been reported for
Pyramids, and examples of related vision operations
include component labelling, histogramming, and deter
minations of the Euler number. Areas of concern ajbout
Pyramids include the relatively large number of processors
required, relative and potential inefficiencies (in terms of
keeping all of the processors busy at all times) for sequenTHE AUSTRALIAN COMPUTER JOURNAL, VOL 24, No. 3, NOVEMBER 1992 143
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Figure 5. A Pyramid array.

tial and iterative operations, and the relative difficulty in
designing algorithms for such machines. Such problems
are also applicable (with various degrees) to other systems
with similar characteristics. One notable exception was
Sandon’s (1985) work, in which he showed how reconfigurable bit-serial processors could be combined and used as
increasingly larger (in terms of word widths) processors
for higher level vision operations. A somewhat similar
philosophy has been used in the design of another multi
computer that is under research and development, and will
be discussed next.
4.4.2 Functionally and Topologically-Defined
Hierarchical Machines
The Image Understanding Architecture (IUA) (Shu, Nash
and Weems, 1990; Weems, 1987; Weems, 1990) is threelevel hierarchical architecture, where each level is targeted
to a distinct vision operation class. The machine, being
developed at the University of Massachusetts and shown in
Figure 6, reflects a topological as wejl as a computational
hierarchical design philosophy. Associative processing
capabilities has also been incorporated into the machine to
facilitate fast implementations of various vision operations
using the special-purpose hardware. The three stacked
architectures are described in the following:
CAAPP
Sensory hardware feeds images into the CAAPP, where
lower lev|l vision operations take place. CAAPP cells are
bit-serial,1 and are connected using a two-dimensional
mesh array, which reflects the structure of data as it is
presented to the machine. The mesh structure, as might be
expected, can be used to implement a variety of
commonly-reported low-level vision operations.
Another, independent two-dimensional mesh network
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(called the Coterie network) is also used to connect the
CAAPP cells. Electronic switches are incorporated into
this network such that its dynamically-selected mesh con
nections can be opened or closed. Switches are generally
closed between cells whose pixels share common proper
ties (e.g., belong to the same region), and are open other
wise. Associative processing primitives such as the
Response and the Some/None flag are available to each
such connected set of processors (called coteries) as well.
The Some/None flag that is imbedded in the Coterie net
work is, for example, implemented with wired-OR logic.
This “parallel processing among the various regions” has
been called a multiple-SIMD (MSIMD) mode of opera
tion, and the CAAPP cells operate in SIMD mode. Execu
tion time savings can result, since various processor
“regions” can operate in parallel and this hardware assist
can essentially replace significant software-based data
structure manipulations such as symbols, pointers and
records used in representations of various image regions.
An example of vision operations that can take advantage
of the associative processing is connected component
labelling. Another proposal that is more typical of MSIMD
systems and has been made is to allocate distinct control
units to 8 X 8 blocks of CAAPP processing cells.
CAAPP cells can communicate through the CAAPP/ICA shared memory, and the hard-wired and Coterie
mesh networks. Each 8X8 group of meshed CAAPP cells
are connected to a parent IC A processor, which has access
to the associative responses (e.g., counts and Some/None),
and data stored in any of its children. The “Pyramidal”
counts can then be added (independently from the CAAPP
operation, and in a few CAAPP instruction times) to
reflect a global count for the whole CAAPP array, and this
count is available to the global Array Controller Unit
(ACU). The ACU controls the CAAgP and ICAP. cells. A
block diagram of the CAAPP array ip, shown in Figure 7,
where the “X” register is shown as a critical element of the
associative feedback mechanism. Timing values and a
comparison with performance of a typical mesh system
have been described (Rina and Weems, 1990). Further
more, encouraging comparative results regarding practi
cal communication times using the Coterie network for
mesh permutations have been reported (Herbordt, Weems
and Corbett, 1990).ICAP
The middle-level architecture (ICAP layer) was originally
based on a two-dimensional mesh, augmented with binary
hypercube network connections to reduce the topological
diameter of this architectural layer. As pointed out earlier,
a 64 to 1 Pyramid grouping is used. Each ICA processor
has a 16 bit word width. The specific “64” ratio is mostly
motivated by the fact that 64 CAAPP processors are rea
lised on a single chip. A recently-reported technique that
may be used to derive algorithm-specific topologies that
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can be utilised for processings at the ICAP level will be
described in Section 4.5.
It has been argued that spatial geometry transforma
tions are often required at this level. Therefore, 16-bit
Digital Signal Processor (DSP) cells were chosen for this
layer. The IC A processors bridge the gap between CAAPP
and SPA processors, transforming pixel and region-level
data into an abstract symbolic relational database (repres
enting potential object-level data, accessible by various
attributes), which can be queried and modified by the SPA
processors. Examples of such attributes for a line are loca
tions of its end-points, its length, orientation, its relative
curvature, and labels of other objects in its vicinity. Inter
face between the ICA and SPA processors is through a
shared memory.
The ICA processors can execute in pure MIMD mode,
or receive the same instruction streams independently (this
mode has been called “synchronous MIMD”).
Synchronous-MIMD processors can globally synchronise
after each state, and it has been argued that this independ
ent instruction stream processing saves time that could
otherwise be spent going through several instruction
branches sequentially.
SPA
The highest (third) architectural level is said to be an array
of 64 general-purpose, powerful, 32-bit processors, oper
ating in MIMD mode and each running LISP. These pro
cessors are to be used for image interpretation, and can
also post feedbacks to the ICA and CAAPP cells for
further processing. The appearance of the ACU (that con
trols the ICA and CAAPP cells) to the SPA processors is
similar to that of the ICA processors; the SPA cells post»
ACU requests in the shared memory area. The lower
architecture levels essentially provide an intelligent global
shared memory view to the SPA (Shu, Nash and Weens,
1990).
The use of shared memories for interprocessor com
munications among the SPA processors is being consi
dered. A small-scale prototype is operational with 1 SPA
processor ([-^]'A vertical slice of the full machine).
4.5 Algorithmically-Connected Cellular Arrays
The ability to understand and characterise some of the
lower-level algorithms has resulted in other attempts to
design special-purpose cellular arrays. In particular for the
vision application, Rosenfeld’s preliminary characterisa
tion of vision algorithms using cellular arrays may be
considered one such approach (Rosenfeld, 1983), which is
receiving renewed attention (Maresca and Li, 1989). Since
it is difficult to develop broad hardware description lan
guages and a mathematically-founded formal, taxonomy
for parallel (vision) architectures, such efforts are still
maturing. One such effort, which has been applied to the
lower-level vision application (Yasrebi and Browne, to
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appear), will be reviewed in this section. Some preliminary
definitions follow:
— A computation graph is a directed graph where each
node represents a binding of an action to a data object.
The arcs represent sequence and dependency relations
between schedulable and executable units of computa
tions at adjacent pairs of nodes.
— A one-to-one mapped abstract machine, derived by a
redefinition of computation graph nodes as processors
and the edges as communication links, is of particular
interest as it facilitates analyses of the execution times
of the parallel computation graph at the specified level
of resolution and can also be used as a reference archi
tecture (with non-blocking network) for the target
algorithms.
Consider a particular vision application that can be
expressed in terms of a finite number of operations and the
corresponding algorithms (e.g., smoothing, histogram
ming, edge-detection, determination of the Euler number,
matrix multiplications, segmentation and region label
ling). Taking the graph-theoretical union of these one-toone mapped abstract machines results in the topological
definition of a multicomputer^ represented as a cellular
array, that is non-blocking (has direct connections
between each pair of processors that need to communi
cate). A one-to-one mapped abstract machine (graph)
topology can be expressed in terms of an adjacency matrix,
and its communication channels (graph edges) can be
labelled to reflect the volume of data that is to be trans
ferred for each algorithm and interprocessor communica
tion channel.
Depending on the chosen algorithm set, target vision
operations, application, fault-tolerance and cost require
ments, such resulting architectures may have more con
nections that may be acceptable. Connections may be
removed, as long as the graph is not disconnected, such
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that various other machines may result; each such machine
has its own communication channel fault tolerance, per
formance, and cost characteristics. It may also be advan
tageous to use different mappings on to the newly-defined
machines. Performances of these resulting (generally)
lower cost machines will always be (at least, theoretically)
worse than the original reference architecture. The result
ing architectures represent a family of parallel machine
with distinct and predictable performance and graphicalcost characteristics. Some members of such families may
include familiar machines and other new ones. Applica
tion of an exhaustive enumeration technique would
require a time complexity of at least 0(N6) for deriving
candidate architectures, but heuristics-based algorithms
for deriving candidate architectures have been defined
such that the lower-cost architectures can be derived sys
tematically and faster (independently of the number of
processors). Parallel architectures for various low
and medium level PRIP operations can be derived using
this approach (Yasrebi and Browne, to appear), but the
class of target algorithms are constrained (Maresca, Lavin
and Li, 1988; Yasrebi and Browne, to appear).
In the next section, we will reference some other archi
tectures that have been proposed and/or used for the vision
application.
4.6 A Sampler of Other Architectures
It is impractical to survey all of the proposed visionoriented architectures. There are, however, several arti
cles, books and papers that have (at least partially)
addressed that need (Cantoni and Levialdi, 1988; Prasanna Kumer, 1991; Maresca, Lavin and Li, 1988). This
paper contains additional design techniques and compu
ters that were not covered in some of the referenced pap
ers. It is appropriate, at this time, to refer to some of the
architectures that were either not (specifically) discussed
(in detail) earlier in this paper or have been considered for
vision. CAP (Ishii et al,l 1989; Ishii, Ikesaka and Ishihata,
1990) is an MIMD torus of cells with relfonfigurable 6port configurable switches, that also supports attributed
video RAM for alloeitions of variable-template image
segments. Transputers have been proposed for object
recognition (Shoom and Skillicom, 1989). The Connec
tion Machine (Tudor and Robertson, 1988) is a commer
cially available SIMD/MIMD parallel processor, with up
to 64ATbit-serial processors. The Connection Machine can
be viewed as a 12-dimensional hypercube with each node
containiifc a 16-processor chip. The Connection Machine
is not necessarily a vision-specific machine, but its applica
tions and performance for various vision algorithms are
being investigated. (Weems, 1991c). The hypercube
topology has gained significant commercial and academic
attention, mainly because it results in relatively small
diameter, low cost architectures. Hypercubes have been
used and studied for various vision applications. Interested
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readers are encouraged to consult the references at the
beginning of this section for more specific information. In
particular, some performance comparisons are provided in
various reports (e.g., Weems, 1991b).
5 DISCUSSION
.
< **
i
An observation that can be made (following the preceding
reviews) is that vision-oriented computer design is quite
challenging, and no single solution exists today. One of the
difficulties in analysing various reviews is the vast amount
of inter-related informafion that is presented. More spe
cific analyses of some necessary design considerations to
satisfy the target requirements are presented next.
5.1 Design Implications and Analysis
Some of the fundamental factors affecting any parallel
architecture solution are reviewed in the following.
5.1.1 Topology of the Interconnection Network (IN)
In the case of algorithm-driven architectures, an important
property of the Interconnection Network (IN) is the dis
tance between communicating processors. This parameter
is somewhat different from “diameter”, which is often
used as a merit figure for INs. For example, the large
0(\/N) diameter of a mesh may not be significant for an
application which requires many local nearest-neighbour
references, and relatively small numbers of global data
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communications. It is this philosophy that has been used in
the topological designs of algorithmically-connected cel
lular arrays (Yasrebi and Browne, to appear), but mapping
and rooting optimizations are still open problems in this
scheme. Algorithms for useful and complex basic opera
tions (e.g., such as sort) are being provided in systemcustomised software libraries (Tucker and Robertson,
1988).
Architectural flexibilities are often required to accom
modate additional vision operations and/or algorithms.
Therefore, the use of “diameter” as a merit figure for the
choice of INs is also valid. For example, binary hypercubes
have diameter of Log(N), and the diameters of several
MINs are upper bounded by [3 X (log(N) + 1)]. Since the
resulting topologies of algorithmically-connected cellular
arrays may imbed other well-recognised topologies, their
diameters may often be acceptable.
A target vision operation and algorithm set is used as
“standard and required base”, and “base” topologies may
be derived using such techniques. In case of the need for
improvements in the overall performance, augmentations
with other connections and/or networks (e.g., MINs) may
be used.
5.1.2 Architectural Couplings (Inter-Architecture
Networking
The multi-layer nature of the vision application has led
many people to consider multi-layer architectures, as dis
cussed earlier. The number of symbolic primitives often
decrease as we move up the hierarchy, and the Pyramid
topology (as in traditional Pyramids, or in functionally and
topologically-defined systems (Sandon, 1985; Weems,
1987). However, the varying nature of the data structures'
in the various functional levels suggest that design of
efficient channels for inter-layer (inter-architecture)
communications may require considerable analysis.
Shared memories or message passing systems may repres
ent conservative design philosophies, and performance
comparisons (e.g., see the following discussion on Com
munication Times) which would involve various data
structures are required.
Another implication of the multi-layer nature of the
vision application is the need for quick feedback, which
spans the various layers. The associative processing capa
bilities of the IUA (including its Pyramidal and global
statistics collection features) and operational control of
lower ICAP and CAAPP cells by those at the SPA layer
are representative designs in this context. More related
information on feedback processing may be found else
where (Rama and Weems, 1990; Weems, 1987).
5.1.3 Communication Times
A critical aspect of application-oriented parallel computer
design is the ability to model communication times using

various parameters for the target algorithms. Once candi
dates for topologies and channel-types have been identi
fied, such parameters may be applied to explore the trade
offs in more detail. Hierarchical primitives may be defined
to abstract data communication times in terms of n-tuple
representations, which may be applied to various execu
tion environments. For example, node and internode prop
agation delays have been used (Davis and Siegal, 1986) to
model and compare communication times in both packetswitched and circuit-switched computers. An ordered pair
(distance, number of words) has also been used to model
communication times in a hierarchical fashion, from topo
logical to more detailed models (e.g., MIN-based architec
tures with VLSI or optical communication channels).
5.1.4 Costs
Machine costs are functions of many variables, which
include implementations and realisations. It is not simple
to develop appropriately general cost measures. Realestate has been a key element in such comparisons. In the
absence of realisation-level data, however, some guide
lines may be used. Numbers, topologies, and areas of
interconnections are very important in WSI (Wafer Scale
Integration) realisations. For example, the incremental
interconnections costs of Banyan MINs (Lipovski and
Malek, 1987) are larger than those of linear and twodimensional meshes. As another example, one may con
sider the total number of connections in various
algorithmically-connected arrays as comparative cost
measures. But, layouts would have to be considered in the
fabrication costs analyses. It has been shown (Maresca and
Li, 1989) that an order of magnitude performance
improvement is possible with about 20 percent real-estate
sacrifice for a mesh architecture and some communication
schemes with certain assumptions. The relatively high
costs (in comparison with some hard-wired systems, such
as meshes) associated with relatively flexible systems may
not be necessarily justified, especially for constrained
vision application domains.
Another factor to be considered is the fact that custom
design of application-oriented/systems is expensive. Sys
tematic design techniques are needed to reduce such costs.
Techniques similar to that used for the design of
algorithmically-connected cellular arrays can be particu
larly useful.
5.1.5 Processing Cells
The diversity of vision operations, especially when viewed
in a multi-layer hierarchy, is one of the main reasons for
different processor design philosophies. Arithmetic opera
tions and geometrical transformations are computation
ally intensive, especially when carried out in floating point.
Notable reports on the use of (vision) operation-oriented
processors or coprocessors exist (Ishi et al, 1989; Ishii,
Ikesaka and Ishihata, 1990; Sandon, 1985; Weems et al,
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1990). The IUA is designed for stand-alone use, which
may justify incorporation of all three types of processors.
This may not be the case with other less-flexible architec
tures (such as pipelined full-arrays like Warp).
5.1.6 Control and Instruction Streams
Various instruction stream processing forms, based on
Flynn’s original classification or adaptations thereof, have
been proposed for vision-oriented systems. Pipelined
arrays generally operate in MIMD mode, but some effec
tively SIMD (synchronously operating processors, using
independent, but similar data streams) have also been
described for pipelined full-arrays. This effective SIMD
implementation of MIMD systems is not limited to pipe
lined full-arrays, and has been termed synchronousMIMD mode for the IUA (Rana and Weems, 1989;
Weems et al, 1990, 1987). IUA programmers are to use
this apporoach to avoid sequential executions of various
paths in branching control structures. Partitioned proces
sors each effectively executing independent and MSIMD
groups have also been proposed for vision systems (e.g.,
PASM (Lipovski and Malek, 1987) and the IUA (Weems
et al, 1990)). In particular for the IUA, the role of the
CAAPP cells and the Coterie network are of interest in this
context. PASM uses partitioning properties of its MIN to
implement MSIMD. Strict SIMD and MIMD definitions
need to be qualified for machines which allow operation,
addressing and communication autonomies (Cypher and
Sanz, 1989; Maresca, Lavin and Li, 1988).
Various trade-offs commonly encountered in pro
gramming SIMD and MIMD systems are, in part, respon
sible for the different design philosophies in choosing
instruction and control stream formats. However, architec
tural (e.g., pipelined sub-arrays versus mesh systems), as
well as algorithmic (for implementing the diverse vision
operations at the various levels) elements are also obvious
factors in such decisions. Lower-level vision operations
are better understood than the higher-level ones at this
time, and parallel algorithms for implementing higherlevel operations are expected to be inspected using similar
analyses.
,a*
5.1.7 Benchmarking
Benchmarking is used to derive figures of merit for the
target architecture(s) with the expectation of justifying a
particular design. Some specific pitfalls in benchmarking
vision-oriented systems have been considered (Weems et
al, 199|b). Controversies may arise when designing
benchmarks and interpreting the associated results.
Vision-oriented computing is becoming increasingly
important. The Defense Advanced Research Project
Agency (DARPA) in USA has established some initial
benchmarks for evaluating various proposed approaches,
and some of these relatively-recent results are available
(Krikelis, 1990; Weems et al, 1991b, 1991c).
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Vision-oriented computing is a multidimensional prob
lem. Examples of some of the related variables include
image size, image-digitization resolution, vision opera
tional paramaters (such as the convolution window-size),
data distribution formats, separations of architectural as
opposed to implementation and realisation parameters,
underlying software environments and effectiveness of
their utilisations of the associated hardware systems,
target (vision) operation set, and algorithms used to
implement such operations. Restricting the domains of
these variables for practical reasons may result in mislead
ing interpretations, but restrictions may be valid in some
(constrained) application domains. Evaluations of various
trade-offs often require considerable analysis. Some repre
sentative reports on such projects include performance
considerations for various data distribution and instruction
stream formats (SIMD vs MIMD) for implementing
selected algorithms.
We will use a well-publicised histogramming algo
rithm (Lipovski and Malek, 1987), based on the recursive
doubling technique for an illustration. In this algorithm,
each processor computes partial histograms for its sub
image, and the partial histograms are paired (and added)
up in a binary tree-like fashion. The final histogram is
available after LogfN) levels of partial histogram addi
tions. The following theorem (Yasrebi, Browne and Agrawal, 1987) about a parallel algorithm that is commonly
referred to in the literature on vision is representative of
problems that may arise when benchmarks do not consider
full ranges and combinations of variables.
THEOREM 1
The execution time of the (parallel) bin-collecting histo
gramming algorithm results in mohotonically increasing
speedup only until
/
____________ (WHIST XM)

q)

[C + VfADD] X 2* X LOG(e)

The speedup then decreases monotonically for all larger
values of N. ,f
f) is the digitisation resolution of the image. C is the time
that it takes to transfer one integer word over a path of unit
length, and it is assumed that it takes CX211 time to transfer
words over such a unit-length path WHIST is the time
that it takes to update a partial (integer-typed) histogram
array for one pixel, and WADD is the time it takes to add two
integer words.
'%
While the subject histogramming algorithm has been
shown to result in near-linear speedups for a variety of
environments, the algorithm is bounded for some combi
nations of variables. An example is shown in Figure 8.
There are other design considerations that are impor
tant in designing parallel computers for vision. Important
examples are fault-tolerance and high-level language
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Figure 8. An illustration of bounded bin-collecting histogramming.
Memory cycle =125 nano-seconds. 8-bit, 1024 x 1024 images are used. It
is assumed that the it takes 4 memory cycles to add two integer words
and store the result, or to update a partial histogram array for one pixel
and store the result. It is also assumed that it takes 5 memory cycles to
transfer one word over a path of unit length in a reserved packetswitched MIN (Lipovski and Malek, 1987) environment. MIN set-up
times are assumed to be negligible. It is assumed that the target MIN can
realise all of the required communications in single passes (e.g, see
Lipovski and Malek (1987) for an example of such a network.

support. Research on some general design criteria such as
fault-tolerance are still maturing, and application-specific
requirements may impose additional constraints on the
general problem. Representative design considerations
and several references on fault-tolerance are available
elsewhere (Kabuku, Harjadi and Youinis, 1990). The
focus of this paper has been on architectural issues and
significant additional space is needed to treat the highlevel language problem; interested readers should consult
Cantoni and Levialdi, 1988 and Prasanna Kumar, 1991
(part 4) as two representtive sources for such information.
5.2 Some Representative Applications
We have reviewed several classes of vision-oriented archi
tectures and discussed some of their key characteristics
and properties. We began this paper by asserting that
vision-oriented systems are required for many autonom
ous and intelligent systems. The purpose of this article is
not to survey and analyse the detailed characteristics of
vision applications. However, it is noteworthy to point out
that such architectures can be and have been applied to
successfully solve approximated practical problems.
Automatic parts inspection, vision-based robot control,
biomedical image processing, autonomous vehicle gui
dance, and scene interpretations are the representative
examples that will follow.
Pipelined sub-arrays have been used in automatic parts
inspection (Lougheed, 1986), robot control (Lougheed
and Sampson, 1988), and biomedical image analysis
(Sternberg, 1983) applications. Therefore, window-based
operations can be used in effectively implementing a var
iety of real-life problems. Characteristics of mathematical
morphology, implemented using window-based vision
operations in pipelined sub-arrays, are described else

where (Abbott, Haralick and Zhuang, 1988). Windowbased operations are an important part of this vision-based
robot-control application, which includes noise filtering,
identifications of frame bins and dividers, isolations of full
compartments, and dynamic determination of appropriate
grip positions for the robot arm and fingers.
Window-based operations, however, are only one class
of vision operations. Even in these referenced reports,
more flexible architectural elements were available to
implement other vision-related operations. For example,
graph-matching was implemented on an attached min
icomputer in the biomedical image processing application,
and an auxiliary processor was incorporated into (attached
to the array shown in Figure 3) the vision system that was
used for robot control.
One of DARPA’s goals is to utilise Autonomous Land
Vehicles (ALVs) (Kuan, Phipps and Hseuh, 1988). Such
projects require (at least partial) interpretations of scenes,
and the inherent constraints and architectural require
ments of the current experimental systems validate the
need for more research and flexibilities. Prototypes of an
ALV project at the Carnegie-Mellon University (CMU)
demonstrated (constrained and slow, but) operational
ALVs (Crisman and Webb, 1991; Simpson, 1988). Con
tinuous vehicle motion and real-time ALV operations are
still being investigated. It should be noted that the database
for the CMU project was implemented on an attached
minicomputer, and global as well as local algorithms for
window-based operations have been used in these
prototypes.
A complementary ALV-related research project is
being conducted at the University of Massachusetts
(UMass) (Draper, 1987), where they have demonstrated
encouraging results on the design of software subsystems
for interpretations of road scenes. They constrained the
scene contexts to roads to limit the scope of original
assumptions and subsequent interpretations. They charac
terise scenes in terms of graphs, where nodes represent
objects and arcs represent corresponding adjacency rela
tions. Graph isomorphism vision operations are used to
verify or rule out interpretation hypotheses. They present
interesting results on both correctly and erroneously inter
preted image components such as trees, sky, roads, tele
phone poles and traffic Caution Signs. The reported proto
type, running on a general-purpose scientific workstation
and connected to a minicomputer that hosts the database,
takes about 50 minutes to interpret an image whose lines
and regions have already been extracted and grouped. A
multiprocessor implementation of the interpreter has been
planned, and is expected to improve processing times.
The reports on biomedical image processing, auto
matic parts inspection and robot control are representative
examples of practical applications that can be imple
mented with relatively simple parallel architectures. The
cited results on the road recognition are good examples of
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practical applications whose solutions are still being inves
tigated, and are expected to require effective implementa
tions of a variety of lower to higher-level parallel vision
operations. Peformances of proposed architectures are
dependent on and are measured with respect to target
applications, and the natures and numbers of acceptable
application domain constraints affect the resulting design
approaches.
6 CONCLUDING REMARKS
Parallel computer vision is a key element in many applica
tions, where autonomous and intelligent devices are
needed. Design and analysis of parallel vision-oriented
computers is challenging, and such efforts must incorpo
rate many parameters. There have been several attempts
towards design and analysis of vision-oriented computers,
and these and other related efforts will continue. Such
investigations result in valuable experiences, and are often
used to evaluate various design philosophies and propos
als. The purpose of this tutorial paper was to review the
highlights of some state-of-the-art and reported design
philosophies, and to coherently present the results based
on an informal taxonomy that reflects the requirements
and the characteristics of the target machines. It is instruc
tive to examine key design elements closely, and to
abstract others. Cited references included some older
works in the same context as succeeding new ones to note
the progressions and relationships of design philosophies.
More such periodic updates are needed as the field
matures and more progress is made.
Effective characterisations of the requirements, inter
connection network topologies, architectural flexibilities,
control and instruction stream formats, hierarchical and
systematic design approaches, isolations of communica
tions from computations, establishments of reference and
provably optimal criteria, hierarchical resolutions of time
and cost characteristics of architectural abstractions into
more detail, identifications and effective modellings of
specific characteristics of target applicatiops, and incorpo
rations of appropriate architectural .features with regards
to target algorithms are some of the key design (methodol
ogy) characteristics that were discussed in this paper.
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There are two general strategies for firing transitions of a
Petri net. In the first, one enabled transition is selected and
fired. This firing produces a Petri net marking which ena
bles another set of transitions. Execution continues by
selecting and firing a transition from this new set of
enabled transitions. In the second execution strategy all
enabled transitions are fired simultaneously, whereby a
marking is produced which enables another set of transi
tions. Execution continues by firing all enabled transitions
of this new set. Sometimes, all enabled transitions cannot
fire simultaneously because some transitions, when fired,
disable other enabled transitions. This is called simultane
ous conflict.
At simultaneous conflict, in which many transitions are
enabled it is possible to fire any one transition. Further
more, it is possible to fire one of many subsets of enabled
transitions. Of interest are the maximal subsets of enabled
transitions. The property of such a subset is that all transi
tions in the subset can fire simultaneously. In this paper an
algorithm to determine all such maximal subsets when
simultaneous conflict occurs is described
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1 INTRODUCTION
A system which contains several sub-systems that run
concurrently can be modelled by a Petri net where each
transition represents a specific event, such as the comple
tion of a sub-system’s operation or the sending of a mes
sage from one sub-system to another. In a real system,
events frequently occur simultaneously, and therefore
transitions in a Petri net must be able to fire simultaneously
in order to model the system.
Firing transitions simultaneously is associated with
many types of Petri nets. Holliday and Vernon (1987),
Razouk and Phelps (1984), Wong et al. (1987), Woo,
Phelps and Sidwell (1986) and Zuberek (1980 and 1986)
describe firing transitions simultaneously for timed Petri
nets. Burkhard (1981), Celko (1984) and Johnsonbaugh
and Murata (1982) describe firing transitions simultane
ously for ordinary Petri nets, Jensen (1981) for coloured
Petri nets, and Rangarajan and Shyamasundar (1984) for
L-nets.
Firing transitions sequentially is also associated with
many types of Petri nets. Agerwala (1979), Burkhard
(1981), Celko (1984), Morgan and Razouk (1987) and
Peterson (1981) describe firing transitions sequentially for
ordinary Petri nets. Maggot (1984), Saukkonen (1983)
and Zuberek (1987) describe firing transitions sequen
tially for timed Petri nets. Florin and Natkin (1991),
Hatono, Yamagata and Tamura (1991) and Henderson
and Taylor (1991) for stochastic Petri nets, Symons (1980)
for numerical Petri nets and Ghezzi, Mandrioli, Morasca
and Pezze (1991) for ER-nets.
Dew (1987) implemented an integrated graphical edi
tor and animation tool for discrete Timed Places Petri Nets
(TPPN) in order to emulate parallel execution of systems.
For discussions on TPPNs see Ramchandani (1973), Sifakis (1980) and Wong, Dillon and Forward (19§7). The
tool executes the TPPN graph by firing enabled transitions
simultaneously. The firing of transitions produces a new
marking whereby another set of transitions will be
enabled. For example, in Figure 1 the transitions ‘a’, ‘b’ and

Figure 1. A marked Petri Net. The place pr contains three tokens and is
an input place to three transitions a, b and c. When a transition fires it
removes one token from the place. In this case there is enough tokens for
all transitions to fire simultaneously.
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Figure 2. A marked Petri Net. The place pt contains two tokens and is an
input place to three transitions a, b and c. When a transition fires it
removes one token from the place. In this case, all transitions are
enabled but there is not enough tokens for them to fire simultaneously,
they are in simultaneous conflict. Only one of the maximal subsets of
enabled transitions {a, b}, {a, c} or {b, c} can fire simultaneously.

‘c’ are enabled and they can fire simultaneously.
The execution procedure is interrupted when enabled
transitions are in conflict. Agerwala (1979), Celko (1984)
and Peterson (1981) describe conflict, and Wong et al.
(1987), Razouk et al (1984) and Holliday etal (1987)
discuss conflict sets. When conflict occurs, not all enabled
transitions can fire simultaneously. This is because the
firing of some transitions disable other enabled transitions.
For example, in Figure 2 all transitions are enabled but
only two can fire because there are only two tokens in the
place. If transitions ‘a’ and ‘b’ fire then ‘c’ would be
disabled.
Subsets of enabled transitions are required when con
flict occurs in order to continue the execution. By firing
transitions from one of the subsets, a new marking and
another set of enabled transitions is produced. For the Petri ,
net of Figure 2, execution can continue by firing one of the
three sets of transitions {a, b}, {a, c} or {b, c}. These three
sets are maximal sets.
A set with property P is a maximal set with property P if
it is not a proper subset of any other set with property P.
The property in question here is that all transitions in the
maximal can fire simultaneously.
An algorithm by Wong et al (1987) was implemented
by Dew (1987) in the TPPN tool in order to calculate
maximal subsets of enabled transitions when conflict
occurred, but under certain circumstances the algorithm
fails. Holliday et al (1987) describe an algorithm for find
ing the subsets. This algorithm builds a tree such that the
subsets are located at nodes. The root node contains the
largest set and for each lower level the set size decreases by
one, leaf nodes containing one transition.
Holliday’s algorithm produces a tree such that larger
maximals are at levels closer to the root than the smaller
sized maximals. The algorithm proposed in this paper
produces a tree such that the smaller maximals occur
closer to the root than the larger ones. This tree is therefore
smaller than that of Holliday’s when the size of maximals

are small. For example, if there are n enabled transitions
and all maximal subsets are of size one then Holliday’s
algorithm will produce a tree of depth of n — 1 whereas a
tree of depth one is produced by the algorithm proposed in
this paper.
This paper describes two algorithms to determine max
imal subsets of enabled transitions in order to produce a
TPPN execution strategy with respect to simultaneous
conflict. The execution of a Petri net can proceed follow
ing simultaneous conflict by firing all transitions in one of
the maximal subsets of enabled transitions simultaneously.
Temporal features of the TPPN are not discussed here
because the event of conflict is dependent on the set of
transitions which are enabled by the current marking and
independent of time. Therefore the results of this research
can be applied to non temporal systems.
In the following sections, the notation used in this paper
is presented, sequential and simultaneous transition firing
are contrasted as are the state spaces produced under the
two firing strategies. We formally define simultaneous
half-firing, simultaneous firing, simultaneous conflict of
transitions and resultant sets, in order to discuss two new
algorithms for determining maximal subsets of enabled
transitions. The first algorithm produces duplicate infor
mation, whereas the second algorithm removes the redun
dancy of the first. An optimisation of the second algorithm
is also presented.
2 NOTATION
A Petri net is a 5-tuple, PN = (P, T, f, b, M).
— P is a non-empty set of places, {pb p2,..., pj. A place is
drawn as a circle.
— T is a non-empty set of transitions, {t,, p2, ..., tm}. A
transition is drawn as a straight line segment.
— f is a forward incidence function, f: P X T — X. f gives
the number of arcs from each place to each transition.
— b is a backward incidence function, b:PXT-S.b
gives the number of arcs from each transition to each
place.
— M is a marking function, M:P — X. M associates a
non-negative integer with each place. M(pj) dots are
usually drawn inside the circle of the place.
— d is the zero vector,
— m = (M(p,), M(p2),..., M(pn)) is a marking vector,
— m > 6 if M (p^ > 0 for all i = 1, 2,..., n.
— C~ is a forward incidence matrix; C—y = f(pi; tj).
— C+ is a backward incidence matrix; C+y = b(pi; tj).
— C = C+ — C~ is the incidence matrix of the Petri net.
— v = (v,, v2,..., vm) is a firing vector where V; = 1 if and only
if tj is enabled, otherwise v, = 0.
At the marking m0, the next marking m, = m0 + C.v if
and only if all transitions enabled by m0 can fire simul
taneously. The term C.v is the result of removing and
adding tokens to places by firing the transitions.
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Pi

P2

P3

P4

P5

in a place equals the number of tokens in the place prior to
half-firing, less the number of tokens removed from the
place by the half-firing transitions.
Definition 2
Given a set of enabled transitions, all transitions in the set
fire simultaneously by half-firing and then adding tokens
into output places. The simultaneous firing of enabled
transitions is instantaneous, and the marking m, produced
is

in conflict
enabled
Figure 3. A Petri net where the transitions a, b and c are enabled.
Transition d is not enabled because there is no token in the place p5.
Transitions b and c are in conflict because there is one token only in
place p3. There are two maximal subsets of enabled transitions which
can fire simultaneously, they are {a, b j and {a, c}.

3 SEQUENTIAL TRANSITION FIRING
Firing transitions sequentially is a Petri net execution stra
tegy. An enabled transition is arbitrarily selected and then
fired, this produces a new marking and a set of enabled
transitions. The arbitrary selection and firing of a transi
tion is repeated until no transition is enabled.
Figure 3 has three enabled transitions, they are {a, b, c}.
For sequential firing, either transition a, b or c, is fired.
Firing transition ‘a’ produces a marking which enables {a,
b, c}. Firing ’b’ produces a marking which enables {a}, or
firing ‘c’ produces a marking which enables {a}.
4 SIMULTANEOUS TRANSITION FIRING
Firing transitions simultaneously is similar to firing a sin
gle transition. The similarity is that the firing has two
successive operations but is regarded as instantaneous.
The two operations for firing a single transition are:
— the removal of tokens by the transition, and
— the placement of tokens by the transition.
The two operations for firing many transitions simultane
ously are:
j/
|i
— the removal of tokens by all transitions being fired, and
— the placement of tokens by all transitions which fired.
We call the first operation half-firing a transition(s).
Using the formal notation, definition 1 shows the marking
produced when half-firing transitions simultaneously, and
definition 2 shows the marking produced when firing tran
sitions simultaneously.
s. ■
Definitiof^ 1
Given a set of enabled transitions, all transitions in the set
half-fire simultaneously by removing tokens which
enabled the transitions. The removal of tokens produces an
intermediate marking min[ where
mint = m0 — CT.v
That is, after transitions half-fire, the number of tokens
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m, = mint + C+.v
= (m0 — C .v) + C+.v
= m0 + C.v
In other words, after transitions fire, the number of
tokens in a place equals the number of tokens in the place
prior to firing, less the number of tokens removed from the
place, plus the number of tokens added to the place by the
firing transitions.
4.1 State Spaces
The state space produced by firing transitions simultane
ously in a subset of the state space produced when firing
transitions sequentially — an example and proof are in the
appendix. This is interesting because a choice of execution
strategies is available. When modelling using Petri nets
this choice is critical because, in general, the sequential
execution strategy produces states which cannot be pro
duced in the simultaneous execution strategy.
Burkhard (1981) shows that a transition which is live
when firing transitions sequentially may become not live
when firing transitions simultaneously, and vice versa.
5 SIMULTANEOUS CONFLICT
In the usual definition of conflict, asdn Peterson (1981),
two enabled transitions are in conflict,if the firing of one
transition disables the other transition. This definition is
not strong enough to detect simultaneous conflict because
we need to consider all enabled transitions, not just two.
For example, the Petifnet in Figure 2 has all transitions
enabled and conflict cannot be detected using the usual
conflict definition because the firing of any one transition
does not disable another enabled transition. But the firing
of any two of the three enabled transitions simultaneously
disables the third transition. Therefore simultaneous con
flict occurs because not all enabled transitions can fire
simultaneously.
To detect simultaneous conflict we propose the follow
ing algorithm: take the set of enabled transitions and suc
cessively half-fire each enabled transition until one of the
remaining enabled transitions becomes disabled. If all
transitions can half-fire then there is no conflict.
Definition 3
A set of enabled transitions is in simultaneous conflict if
and only if after all enabled transitions have half-fired
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there is some place p, such that the marking of that place is
less than zero, that is M(p;) < 0. Half-firing all enabled
transitions gives an intermediate marking vector of
min, = m0 —C~v
For example, half-firing all enabled transitions in Fig
ure 2 would give a marking of M(p,) = — 1, and therefore
the transitions are in simultaneous conflict.
Theorem 1
Firing a set of enabled transitions simultaneously is possi
ble if and only if the intermediate marking vector has
non-negative values, hence
minl = m0 — C~.v > 0
That is, the removal of tokens by half-firing each
enabled transition at the current marking m0 must leave
zero or more tokens in each place.
Proof
First we show that, if firing transitions simultaneously,
then mint = m0 — C~.v >0
Firing a set of enabled transitions simultaneously
=> no conflict occurred
=> m0 — C“.v > 8
Conversely,
mim = m0 — C“.V > 0

=> no conflict occurred
=> all enabled transitions can half-fire simultaneously
=> all enabled transitions can fire simultaneously
6 RESULTANT SETS
We call a maximal subset of enabled transitions a resultant
set. The Petri net of Figure 2 has a set of three enabled
transitions, they are {a, b, c}, and from this set, only three
resultant sets can be formed, they are {a, b}, {a, c} and .
{b,c}.
Using the algorithm by Wong et al (1987) to determine
the resultant sets requires that the enabled transitions be
partitioned into disjoint subsets called ‘conflict sets’. The
‘cross-product’ of conflict sets produces ‘selector sets’, and
each selector set is supposed to be one of the resultant sets.
Referring to the Petri net in Figure 2 and its enabled
transitions (a, b, c}, it is a trivial exercise to show that no
partition of enabled transitions exists such that the crossproduct of these subsets can produce the required subsets
{a,’b}, {a, c} and {b, c}. The cross-product operates like the
cartesian-product of sets, but the n-tuples of transitions are
replaced by sets of transitions, that is, the ordering is
unnecessary.
Table 1 lists all possible partitionings of the set {a, b, c}
and their corresponding selector sets. Note that there are
no selector sets equal to {a, b}, {a, c} and {b, c} which is the
required solution.
Two algorithms are described below for determining
resultant sets. The first algorithm produces duplicate
information, whereas the second algorithm removes the
duplication.

Table 1. Selector sets of the partitionings of {a, b, c}.
Partitionings of {a, b, c}

Selector sets

fa}, {b}, {c}
{a}, (b, c}
{b}, {a, c}
(cj, (a, b}
feb.c}

{a,b, c}
{a, b}, {a, c}
(b, a}, {b, c}
{c, a}, {c, bj
{a},{b},{c}

7 DETERMINING THE RESULTANT SETS
Given a Petri net in which all enabled transitions cannot
fire simultaneously, i.e. simultaneous conflict exists, then,
for the execution of the Petri net to proceed it is necessary
to determine all resultant sets. All transitions of an arbi
trary selected resultant set will be fired in order to continue
the execution.
For example, the set of enabled transitions {a, b, c} of
the Petri net depicted in Figure 3 are in simultaneous
conflict because there is only one token in the place p3,
which causes a conflict between the transitions b and c. By
inspection, the two sets of transitions {a, b} and {a, c} are
the only resultant sets.
We will now describe an algorithm to determine such
resultant sets.
7.1 Algorithm One
The first algorithm for determining resultant sets creates a
tree structure, and the resultant sets are derived from paths
of the tree. The Petri net of Figure 3 will be used in order to
explain the algorithm.
7.1.1 Tree Creation
Figure 4 shows the tree which has the following structure.
Each node of the tree is associated with a marking and a
subset of enabled transitions. An edge between two nodes
is associated with a transition which is used to create the
child node.
The tree structure is built from the root node which is
associated with all enabled transitions and the current
marking. For example, the root node of the tree in Figure 4
is created from the Petri net in Figure 3 with the current
marking (2,3,1,2,0) and the set of enabled transitions {a,
b, c}.
;
(2,3,1,2,0)
{a, b, c)

(1,2, 1,2,0)
(b, c)

(1,2,0,2,0)
(a)

(2,2,0, 1,0)
{a}

no enabled (0, 1, 0. 2, 0) (1, 1, 0, 1, 0) (0,1, 0, 2, 0) (1,1, 0, 1,0)
transitions ------*- U
0
{}
{}
remain
Resultant sets: (transitions of a path, from the root to a leaf)
{a, b)
(a, c}
(b, a)
fc, a}
Figure 4. The tree produced from the Petri net of Figure 3 by using
algorithm one. Each arc is labelled with a transition that has haif-fired.
The resultant sets are the transitions of each path from the root to a leaf.
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For each node, a child node is created for each transi
tion in the node’s transition set. The child node’s marking
is determined by half-firing an enabled transition of the
parent node’s transition set, and the child node’s transition
set is the parent node’s transition set except for:
— all newly disabled transitions, and
— the transition which half-fired producing the child
node. This transition is not considered as an element of
the child node’s transition set because a transition can
only fire once at any instant.
In the current example, the root node will have three
children, one child node for each transition in the set {a, b,
c}. Referring to Figure 4, the root node has marking (2,3,
1, 2,0), and enabled transition set {a, b, c}. These three
transitions half-fire deriving the following markings and
sets of enabled transition, (1,2,1,2,0) {b, c}, (1,2,0,2,0)
{a} and (2, 2,0, 1,0) {a} respectively.
If a node has a transition set which is null, then it will be
a leaf node because there are no transitions available to
create a child of that node. Therefore, the algorithm con
tinues to create child nodes until each leaf node has a
transition set which is null.
7.1.2 Deriving Resultant Sets
After the tree has been created, resultant sets can be
derived. A resultant set contains the transitions associated
with the edges of a path. A path, in general, is composed of
a number of adjacent edges with distinct vertices. Wilson
(1979) contains a definition of a path. Here, the term path
is used for a set of edges from the root node to a leaf node.
In Figure 4 there are four paths and four resultant sets,
one for each path, namely {a, b}, {a, c}, (b, a} and {c, a}.
A problem with this algorithm is that resultant sets are
usually not unique. For example, in Figure 4, four paths
exist, but only two unique resultant sets are formed
because {a, b} = {b, a} and {a, c} = {c, a}.
The duplicate resultant sets occur because, for exam
ple, the half-firing of transitions ‘a’ then J>’ produces the
same resultant set as half-firing transitions ‘b’ then ‘a’. As
another example, n transitions of the set of enabled transi
tions can fire simultaneously. In this example there would
be at least n factorial paths formed where each path is
labelled with the n transitions. Therefore n factorial dupli
cate resultant sets would be formed.
Algorithm two excludes the duplication of resultant
sets.
I
7.2 Algorithm Two
The second algorithm for determining resultant sets
depends on ordering enabled transitions and can be consi
dered in three phases. The first phase is the description of
the tree structure, the second phase is the description of
pruning the tree structure, and the third phase is the deriva
tion of resultant sets.
Concluding this section is a comparison of the two
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algorithms. Appendix A contains properties, lemmas and
theorems which are used to show that the below transition
ordering, tree structure and tree pruning algorithm can be
used to obtain all resultant sets.
7.2.1 Ordering Transitions
The ordering of a set of enabled transitions was established
to describe which transitions are to be assigned to child
nodes. By theorem 2 (Appendix A) the ordering can be
arbitrary, and is such that each transition has a unique
predecessor and a unique successor, except that the first
transition has only a successor, and the last transition has
only a predecessor.
For example,
let enabled transitions be in the set {t,, t2, t3,..., tm}
then h = tj if and only if i = j
and q < tj if and only if i < j. (( precedes tj, and tj
succeeds t,)
7.2.2 Phase 1: Tree Creation
The tree structure is the same as in the first algorithm. The
difference between the two trees is in the set of transitions
assigned to a node.
The transition set of a child node contains all remaining
enabled transitions from the node’s transition set, where
each of the transitions succeeds the transition that halffired. This method will not generate the path with resultant
set {b, a}, see Figure 4, because the transition ‘a’ precedes
‘b’, and therefore ‘a’ will not be considered for further
half-firings.
For example, Figure 5 depicts the tree structure for the
Petri net of Figure 3. The enabled transitions have been
ordered such that a, < b2 < c3, and the tree’s root node has
the marking (2,3,1,2,0) and transition set {a,, b2, c3}. The
first child of the root is created by half-firing transition a,,
this creates the marking (1, 2, 1, 2, (j) and transition set
{b2, d3}. The second child node is created by half-firing the
trAsition b2, this creates the marking (1, 2, 0, 2, 0) and a
null transition set. The third child node is created by half
firing the transition c3, trfis creates the marking (2,2,0,1,
0) and a null transition set. Figure 5 depicts the completed
tree before pruning.
/
7.2.3 Phase 2: Tree Pruning
The set of paths of a tree can be partitioned into two
subsets. One subset contains paths which produce all resul
tant sets. The second subset contains paths which produce
proper subsets of resultant sets. However, these subsets are
invalid as they are not maximal, and therefore, the paths in
this set are incomplete. For example, the set of paths of the
tree in Figure 5 give the resultant sets {a,, b2} and {ab c3},
and invalid subsets {b2} and {c3}.

..-v,

Definition 4
A path is valid (and not redundant) if and only if there are
no enabled transitions, not in the path. Equivalently, a path
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(2, 3, 1,2,0)

(2, 3, 1,2,0)

{ax, t>2, c3)

{%> t>2» c3 J

(1,2, 1,2, 0)

(1,2, 0,2,0)

(t>2. c3)

{)

(1,2, 1,2,0)

(2, 2, 0, 1,0)
()

{b* c3}

b2///
(0, 1,0,2, 0)

(1,1, 0,1,0)

{}

U

NB. a] is still enabled,
but is omitted from the
transition set because it
is less than b2 or C3.

(0,1, 0,2,0)

U

(1,1,0, 1,0)

U

Resultant sets:

(ai,b2)

{a!,c3}

Figure 5. The tree produced from the Petri net of Figure 3 by using
algorithm two. Each arc is labelled with a transition that has half-fired.
When pruned, the tree in Figure 6 is produced.

Figure 6. The tree produced from the tree of Figure 5 by pruning. It has
two resultant sets (a^ b2} and {a,, c3}.

is valid if and only if all remaining enabled transitions are
in the path.
That is, a path is formed from the root node to a leaf
node by a sequence of transition half firings. The transi
tions in this sequence label the edges of the path. For a
valid path the marking at the leaf node must neither:
— enable any transitions, nor
— enable transitions which are in the sequence.
A transition in the sequence may still be enabled
because the number of tokens remaining in its input places
after half firing is still sufficient to satisfy the condition for
enabling the transition.

of enabled transitions fire simultaneously, then algorithm
one forms a tree with at most n factorial paths. For the
same n transitions, algorithm two would form a tree with at
most 2n“‘ paths.

Definition 5
An invalid path is redundant.
A redundant path is removed from the tree by pruning
the leaf node of the path. Pruning a leaf node removes the
redundant path leaving either:
— a shorter redundant path which will be detected and
removed, or
— siblings of the pruned leaf node. The sibling’s descend
ants still remain but may be pruned later.
Pruning commences following tree construction in
order to remove redundant paths and continues until all
redundant paths are removed. For example, Figure 5
depicts an unpruned tree where the two right most paths
are redundant. Consider the roofs second child node
which has the marking (1,2,0,2,0) and null transition set.
The path leading to this leaf node is redundant because
transition a, is still enabled after all transitions in the path
have half-fired and the transition is not within the path.
Removing the two redundant paths leaves the tree which is
depicted in Figure 6.
7.2.4 Phase 3: Deriving Resultant Sets
After the tree has been created and pruned, resultant sets
can be derived using the same procedure as that of the first
algorithm.
7.3 Tree Comparison
As described in a previous section, if n transitions of the set

Proof
By induction.
— For n = 1 there would be one path formed because there
is only one transition to half-fire.
— Assume the statement is true for n—-1 transitions. The
number of paths formed is at most 2n~~2.
— For n transitions, n edges would be adjacent to the root
node. From the method of constructing the tree the first
child node will have n—1 associated transitions, and
therefore this child node will be the root of a sub-tree
with at most 2n-2 paths. The remaining n— 1 transitions
of the root node will form at most 2"~2 paths of the tree.
Therefore, n transitions would form a tree with at most
2"-2 + 2"-2 = 2"-1 paths.

8 OPTIMISING ALGORITHM TWO
Algorithm two can be modified to create a smaller tree.
Prior to creating a node’s children, its transition set is
examined and if all these transitions can half-fire simul
taneously then:
:
— it is unnecessary to create children of the node, as in
Holliday et al (1987). Therefore the node’s sub-tree is
not created, and
— it is unnecessary to create new siblings of this node. This
is because the transitions are the same transitions which
create the siblings. Therefore the paths leading to the
siblings are invalid (lemma 2) as the transition which
created the node could extend these paths. Excluding
these paths shortens the pruning process.
After pruning, a resultant set of this optimised tree is the
union of the transitions which label a path, and the transi
tion set of the path’s leaf node. Figure 7 depicts a Peri net
which is in conflict. The optimised tree for determining the
resultant sets is shown in Figure 8.
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Therefore, when using a Petri net for systems modelling, it
is important to choose between firing transitions simul
taneously or sequentially.
APPENDIX A
Theorem 2
A set of transitions can be fired simultaneously if and only
if the operation of removing tokens is commutative; that is,
if a set of transitions can fire simultaneously then the
transitions can be half-fired one by one in any order, and if
a set of transitions can be half-fired one by one in any order
then the transitions can be fired simultaneously.
Figure 7. A marked Petri Net. The place p, contains three tokens and is
an input place to four transitions a, b, c and d. When a transition fires it
removes one token from the place. In this case, all transitions are
enabled but there is not enough tokens for them to fire simultaneously,
they are in simultaneous conflict. Only one of the maximal subsets of
enabled transitions fa, b, c}, {a, b, dj, {a, c, d} or [b, c, d} can fire
simultaneously.

(3)

{a, b, c, d)

(2)
{b, c, d)

(1)

(2)
(c,d)

(1)

{c,d}

Id)

c
(0)

(0)

11

11

Resultant sets:
{a, b, c)

(the union of transitions of a path from the root
to a leaf, and the transitions at the leaf)
(a, b, d) (a, c, d) {b,c, d)

Figure 8. The tree structure produced from the Petri net of Figure 7 by
using algorithm two and the optimisation procedure. The resultant sets
are the union of transitions of each path from the root to a leaf node and
those at the leaf.

9 CONCLUSION
We have formally defined simultaneous half-firing, simul
taneous firing and simultaneous conflict with regard to
enabled transitions of Petri nets.
We have developed two algorithms for determining all
maximal subsets of enabled transitions when simultaneous
conflict occurs in a Petri net. Though the first algorithm is
quite easy to understand the second algorithm, including
the optiriiisation, is far more practical.
Furthlrmore, the second algorithm builds a smaller tree
than the algorithm by Holiday et al (1987) for maximal
subsets of a relatively small size compared to the set of
enabled transitions.
In Appendix B, we show that the state space produced
by firing transitions simultaneously is a subset of the state
space produced when firing transitions one at a time.
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Proof
First we show that firing transitions simultaneously
implies that the set of transitions can be half-fired in any
sequential order.
Firing a set of transitions simultaneously
=> mint = m0 — C.v > 6
=> for any place p; the number of tokens in that place after
token removal is
Mint (p^ = M0 (Pi) — [f (pufiXv,
+ f(Pi,t2).V2
+

...

+ f(Pi,tm).vm]
=> a removal sequence of t); t2, t3,..., tro, and since integer
addition commutes then all arrangements of removal
sequences can be formed
=*> the operation of removing tokens commutes
Conversely, if a set of transitions can half-fire in any
sequential order then the set of transitions can be fired
simultaneously.
Proof
The operation of removing tokens commutes
i
=> all transitions can remove their required tokens
=> mint = m0 — C.v > 6
=> firing a set of transitions simultaneously is possible
0
Property 1
For any three consecutive nodes nb n2, and n3 in a path
where transition ( creates n2 from n1; and transition tj
creates n3 from n2, then tf is less than (. Figure 9 depicts the
relationships between the three nodes and the two
transitions.
ni

n2

n3
Figure 9. Three consecutive nodes of a path. The transition tj from node
nj to n2 is less than that of transition tj from node n2 to n3.
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Lemma 2
A path is redundant if there exists an enabled transition:
— less than the transition that created the leaf node, and
— not within the path.
For example, if {a, b, c, d, e} are enabled transitions and
a path contained {b, c, d} and transition ’a’ was still enabled
then the path would be redundant. If a path contained {b, c,
d} and transition ‘b’ was still enabled then the path would
not be redundant.
Proof
From lemma 1 the path extended by using the enabled
transition already exists, and therefore the path is
redundant.
Lemma 3
A valid path is labelled with a maximal subset of enabled
transitions.

Figure 10. Two paths which are similar because the transitions in one
path are in the second path. Node n at the end of the second path is
redundant because transition t is less than transition tj.

Proof
From construction of the tree.
Lemma 1
At any node N it is only necessary to create child nodes by
using enabled transitions which are greater than transition
h where tj created node N.
Proof
Let the firing of the transition sequence t,, t2,..., tj start at
the root node and finally create the node N depicted in the
right most path of Figure 10. If an enabled transition t,
which is less than tj, is not in the transition sequence, then
extending this transition sequence with the transition t
would create a possible path. The sequence t,, t2..., f, t, is in
the right most path of Figure 10.
However, from theorem 2 the following transition
sequences are equal as they would create the same
marking
ti> t2,..., tj, t — tj, t2,..., tm, t, tn,..., tj
and therefore, the first transition sequence would already
exist in the tree because transition t would fire after tm and
before tn, see property 1 and the left most path of Figure 10.
In the right most path of Figure 10 node n, which is
created by firing transition t, and all of the descendants of
node n are redundant. Such redundancy is eliminated by
dealing children of a node using enabled transitions which
are greater than the transition which created the node.

Proof
A valid path
=> no enabled transitions exist which can extend the path
(definition 4)
=> the path is of maximum length
=> the path is labelled with a maximum sized subset of
enabled transitions which can fire simultaneously
=> the path is labelled with a maximal subset of enabled
transitions.
Theorem 3
Given a Petri net where many transitions are enabled but
the transitions cannot fire simultaneously, that is, simul
taneous conflict exists, then all maximal subsets exist in the
tree which is described above. The path from the root node
to a leaf node is associated with a set of transitions, this set
contains the transitions that label the edges of the path and
is a subset of the set of enabled transitions. This subset is a
maximal subset.
Proof
— at the root node each enabled transition creates a child
node, therefore all possible paths have commenced,
— from lemma 1 all possible descendants can be created,
implying all potential paths can be created,
— from lemma 2 all redundant paths can be detected and
removed,
— the operation of pruning removes all redundant paths,
therefore only valid paths remain, and
— from lemma 3 all maximum sized subsets of simultane
ously firing enabled transitions can be determined, one
maximal for each valid path.
s
APPENDIX B
The state space produced by firing transitions simultane
ously is a subset of the state space produced when firing
THE AUSTRALIAN COMPUTER JOURNAL, VOL 24, No. 3, NOVEMBER 1992 159

DETERMINING MAXIMAL SUBSETS

=> m can be produced by firing the set of enabled
transitions sequentially
=> m0 — m, — m2 — ... — m
=> mi e Q
where i = 0, 1, 2,...
=> S C Q

Figure 11. A Petri Net which has a marking of (1,0,1) and two enabled
transitions t3 and t3. Firing these transitions simultaneously produces a
different reachability tree than firing them sequentially (Figure 12).

Simultaneous firing
d.0,1)

(0. 1.0)

Sequential firing
(1,0,1)
(1, 0,1)

(0,0,1)

(0,1,0)
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(1, 1,0)

(0,0,0)
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transitions sequentially. Furthermore, the reachability
graph is smaller and therefore reachability analysis is more
efficient.
For example, from the simple Petri net of Figure 11 the
current state (marking) is (1,0,1) and the next reachable
state obtained by firing the enabled transitions {tl, t3}
simultaneously is (0, 1, 0). But firing transitions sequen
tially produces a different state space as is shown by the
reachability trees in Figure 12. Note that the states of the
reachability tree for firing transitions simultaneously
occur in the reachability tree for firing transitions
sequentially.
Theorem 4
The state space S produced by firing transitions simultane
ously is a subset of the state space Q produced by firing
transitions sequentially.
#
&
jj
Proof
Let m0 be an element of the simultaneous space S and the
sequential space Q.
Firing a set of enabled transitions simultaneously
=> m = m0 + C.v
=> m e S
that is, m is immediately reachable from m0, this is written
as m0 —• nil
The equation
m = m0 + C.v.
=> m = m0;+ C. (vb 0, 0,..... 0)T
: + C. (0, v2, 0,., 0)T
+ C. (0,0, v3,....,0)T
+...

+ C. (0,0,0,... ,VJT
160 THE AUSTRALIAN COMPUTER JOURNAL, VOL 24, No. 3, NOVEMBER 1992

AGERWALA, T. (1979): Putting Petri nets to work. Computer, Vol. 12,
No. 12, pp. 85-94.
BURKHARD, H. (1981): Ordered firing in Petri nets. Elektronische,
Informationsverarbeitung undKybemetik, Vol. 17, No. 2-3, pp. 71-86.
CELKO, J. (1984): Petri nets. ABACUS, Vol. 2, No. 1.
DE W, R.A. (1987): Executing timed places Petri nets. Honours thesis.
Deakin University.
FLORIN, G. and NATKIN, S. (1991): Generalisation of queuing network
product form solutions to stochastic Petri nets. IEEE Trans, on Soft.
Eng., Vol. 17, No. 2, pp. 99-107, Februry 1991.
GHEZZI, C., MANDRIOLI, D„ MORASCA, S. and PEZZE, M. (1991):
A unified high-level Petri net formalism for time-critical systems.
IEEE Trans, on Soft. Eng., Vol. 17, No. 2, pp. 160-172, February 1991.
HATONO, I., YAMAGATA, K. and TAMURA, H. (1991): Modeling
and on-line scheduling of flexible manufacturing systems using sto
chastics Petri nets. IEEE Trans, on Soft. Eng., Vol. 17, No. 2, pp.
126-132, February 1991.
HENDERSON, W. and TAYLOR, P.G. (1991): Embedded processes in
stochastic Petri nets. IEEE Trans, on Soft. Eng., Vol. 17, No. 2, pp.
108-116, February 1991.
HOLLIDAY, M.A. and VERNON, M.K. (1987): A Generalised timed
Petri net model for performance analysis. IEEE Trans, on Soft. Eng.,
Vol. SE-13, No. 12, pp. 1297-1310, December 1987.
JENSEN, K. (1981): Coloured Petri nets and the invariant method.
Theoretical computer science 14. North Holland Publishing Co.
JOHNSONBAUGH, R. and MURATA, T. (1982): Petri nets and marked
graphs, mathematical models of concurrent computation. The Ameri
can Mathematical Monthly, VqI. 89, pp. 552-566.
MAGGOT, J. (1984): Performance evaluation of concurrent* systems
using Petri nets. Information Processing Letters, No. 18, pp. 7-13.
MORGAN, E.T. and RAZOUK, R.R. (1987): Interactive state-space
analysis of concurrent systems. IEEE Trans, ofSoft. Eng., Vol. SE-13,
No. 10, pp. 1080-1091, October 1987.
PETERSON, J.L. (1981): Petri net theory and the modelling of systems.
Prentice Hall.
RAMCHANDANI, C. (1973): Analysis ofasynchronous concurrent sys
tems by timed Petri nets. Ph.D. thesis, MIT, September 1973.
RANGARAJAN, tf. and SHYAMASUNDAR, R.K. (1984): Parallel re
writing systems and Petri nets. J. ofCombinatorics, Info, and Syst. ScL,
' Vol. 9, No. 3, pp. 133-150.
RAZOUK, R.R. and PHELPS, C.V. (1984): Performance analysis using
timed Petri nets. International conference on parallelprocessing 1984,
pp. 126-129.
SAUKKONEN, S. (1983): A constructive method for the architectural
design and correctness verification of real-time programs. ACTA
Polytechnica Scandinavica, No. 40.
SIFAKIS, J. (1980): Performance evaluation of systems uSing nets. Net
theory and applications, lecture notes in computer science, Vol. 84,
Springer, Berlin.
SYMONS, F.J.W. (1980): Introduction to numerical Petri nets, a general
graphical model of concurrent processing systems, A.T.R, Vol. 14,
No. l,pp. 28-33.
WILSON, R.J. (1979): Introduction to graph theory, Longman.
WONG, C.Y., DILLON, T.S. and FORWARD, K.E. (1987): Concurrent,
real-time systems: a systematic approach using timed Petri nets.
Comp. Syst. Set and Eng., Vol. 2, No. 3, pp. 117-124.

DETERMINING MAXIMAL SUBSETS

WOO, D.L., PHELPS, C.V. and SID WELL, R.D. (1986): Timed Petri
nets probability semantics. Proc. ofthe seventh European workshop on
application and theory of Petri nets, 1986, pp. 131-149.
ZUBEREK, W.M., (1980): Timed Petri nets and preliminary perfor
mance evaluation. Proc. ofthe seventh annual symposium on computer
architecture, pp. 88-96.
ZUBEREK, W.M. (1986): Inhibitor D-timed Petri nets and performance
analysis of communication protocols. Infor (Canada), Vol. 24, No. 3,
pp. 231-249.
ZUBEREK, W.M. (1987): Timed Petri nets in modelling and evaluation
of multiprocessor systems. Proc. of the 1987 international conference
on parallel processing, pp. 695-698.

BIOGRAPHICAL NOTES
Mr Robert Dew is an Associate Lecturer within the Depart
ment of Computing and Mathematics at Deakin University.,
He graduated from Deakin University in 1987 with a B.Sc.
(Hons.) degree in Computer Science and has currently sub
mitted his M.Sc. thesisfor examination. His research interests
are Petri nets, informal specifications of real-time systems,
rapid prototyping of real-time systems and object oriented
design.

--------- LETTER TO THE EDITOR
4 September 1992
Dear Editor
IN DEFENCE OF DFD’s
In recent weeks we have heard two forthright exponents of
the information engineering approach to systems devel
opment deride data flow diagrams, categorising them as
dinosaurs in an enlightened age where data must be the
focus of the systems analyst’s attention. We submit that
such a view is seriously flawed as it ignores the essence of
an information system — a combination of people, pro
cessing, technology, and other resources that collects,
transforms, and disseminates information (O’Brien, 1990).
We do not deny that a data approach to the design of
computer-based processing systems is the most productive
if and when we have to choose a single approach. We
understand that in general the data architecture changes
more slowly than the people, the procedures, and the tech
nology. We are whole-heartedly in favour of information
technology which facilitates the storing of data architec
ture definitions in some form of automated systems devel
opment tool. We look for software that meets the criteria
collectively grouped under the banners “relational” and
“4GL” and that has facilities for automatically generating
computer-based procedures enabling proper updating (i.e.
handling network architectures, images, referential integ
rity, etc). We fully endorse infusing this most productive
way of developing systems into our systems development
approach, and we expect a declaration that the TQM’d
product is ready to be left for operation by the user without
our being around to hold its hand.
However, the users (‘people’) also need to work with
other kinds of information systems analysis, that which
focuses on such vital things as job design — the packaging
of the various facilities our creation provides them with the
few not insignificant things which it does not do, to create
what most of the people are much more interested in — the
job. This set of analyst tasks also belongs within the wider
definition of the role of the information systems analyst:
“the effective design, delivery, use and impact of informa

tion technologies in organisations and society” (Keen in
Buckingham, 1987). We need to remember that informa
tion systems are human activity systems with a technolog
ical component (Galliers, 1989). Jobs are best described by
sets of statements commencing with a verb — a doing
word, implying an activity. DFD’s are in part about the
identification, specification and sequencing of activities.
DFD’s have a place in the systems analyst’s “bag of
tricks”. They aid participation in the analysis and design
by the user, and enrich the interaction between the user and
the analyst. They are graphic, and able to clearly convey
information about work. They are simple to produce,
requiring a minimum of pencil and paper, and at best a
drafting tool wiuth hyperware or layering capabilities.
They are an easily understood alternative to the flowchart
ing techniques used by chartered accountants, auditors
and other professions. Architects and engineers use traffic
studies— why shouldn’t we?
More importantly, they remind the analyst that there is
always more than one view of things. The best analysts
have as standard practice ways of checking their work for
relevance and completeness. This is best done, not by
asking another person to repeat the same process of analy
sis (and risking a repetition of any mistakes or omissions),
but by using an alternative tool to analyse the same situa
tion. If the same result is arrived at, then the confirmation is
useful; if it is not, then inquiry ishecessary to determine the
reason.
We advocate the use of multiple approaches to infor
mation systems analysis and design — top-down plus
bottom-up plus middle-out and data-oriented plus
process-oriented. Let those who deride exponents of other
techniques first demonstrate that they can fully meet the
wider role of the information systems professional without
them.
John Wilkie and Paul Lucas
Lecturers, School of Information Systems
Curtin University of Technology
Western Australia
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BOOK REVIEWS

Editor: Dr Chris Andrews

PERNICI, B., and VERRUN-STUART, A.A. (ed) (1980): Office Infor
mation Systems: The Design Process, North-Holland Publications,
338 pp, SUS86.75 (hard cover).
This book contains a collection of papers that were presented at the IFIP
WG 8.4 working conference in Linz held in August 1988. Although the
conference proceedings are slightly dated, the collection contains some
fundamental papers on the modelling and design of Office Information
Systems (OIS).
It is well understood that the design of an office (and organisation)
information system is an interdisciplinary and complex activity involving
databases, software engineering, artificial intelligence and organisation
techniques. Up until the present time, designs were carried out by experts
based on their experience, with little theory to support the OIS commun
ity at large. The main aim of this conference was to bring both the
researchers and the practitioners of OIS together to identity the theory
and tools that are required for various phases of office design. The
content of the book proves that the above objectives are well met.
The entire collection of papers can be divided into six sections. The
first section identifies the problems in office system design and provides a
basis for the integration of a knowledge based approach to the interactive
design of office systems.
The next two sections can be grouped together and are related to the
design support environment and design tools. A model for office organi
sation and support technology is described which can form a basis for the
development of a number of design support tools.
The idea of intelligent offices (analogous to intelligent databases) is
discussed in section 4. A proposal to use rule based expert systems and
methods for handling exceptions, which is quite necessary in OIS, is
described.
The theoretical aspects of OIS are described in section 5. The three
papers in this section have made important contributions to the confer
ence. A model and a language based on the ideas from semantic model
ling and logic programming has been proposed to construct and validate
the conceptual design of OIS.
The last section, as expected, is related to the user interfaces of OIS.
For OIS, two types of interface are required. The first interface is for the
tools that support the design activities and the second is for the final user
of the target OIS. Both these interfaces and the related problems are
discussed in a collection of four papers.
For researchers in the area of OIS, this proceedings is required reading
as it contains, for the first time, formal models for the design and usage of
OIS.
B Srinivasan
Monash University
BARTLETT, W. Mel. (1990): Connectioriist Robot Motion Planning,
Academic Press, 165 pp, SUS29.95.
The book illustrates the interdisciplinary nature of cognitive science and
links robotics, Al, psychology and neuroanatomy. A biological influence
is seen in the initial design of the test linkage system but the c ontrol does
not depend on multilayer neural architectures but depends on sigma-pi
networks. This means that the reader is going to be disappointed in what
he finds. MURPHY (the test system), is basically a state space search
program which uses neural networks to encode its state transitions.
MURPHY comprises a robot arm, a camera, and a Sun workstation.
The arm is permitted three degrees of freedom (wrist, elbow and
shoulder) and operates in a 2-dimensional plane. The camera views the
arm perpendicularly to the plane of operation, and a writing surface pn
the other sic|e of the arm allows a target and various obstacles to be placed
in the visual field. MUPRHY’s task is to superimpose the arm’s gripper
over the target without colliding with any obstacles.
A network of 4517 neurons was simulated on the Sun, receiving input
from a 64 x 64 pixel visual field and the position and velocity of the joints.
A video processing board was used to threshold the camera image,
simplifying the visual field to an identified target, obstacles and joints of
the arm before presenting it as input. The interconnections between
neurons were somewhat unusual; the inputs to a neuron consisted of a set
of clusters of other neurons, whose activities were first multiplied
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together. The cluster products are then summed, weighted, and used to
activate the neuron in the usual way.
The book provides a good source of references and throughout the text
the cross referencing is extensive (to the point of annoyance). The early
chapters could have been omitted and the latter ones are rather too
speculative.
If you are looking for a book which could tell you where to look for
work in this field this could be the one. However if you want something to
guide you through examples of work really done you will be disap
pointed. The engineering aspects are terminated by a shift to considering
philosophical relevance and speculation of the correspondence between
the operation of parts of ones cortex and MURPHY’s operating modes.
The book would be interesting to encounter on the shelves of a library
but is unlikely to be on many private bookshelves.
G.F. Shannon and S. Raboczi
University of Queensland
KILLINGBECK, J.P. (1991): Microcomputer Algorithms — Action from
Algebra, Adam Hilger, 235 pp, Stg 15.00 (paperback).
Although the title of this book defines its scope well it is perhaps a little
misleading. This is not a recipe book containing a collection of general
microcomputer algorithms but rather a selection of algorithms designed
specifically for mathematical applications with a strong bias towards
those used by mathematicians and physicists working in quantum
mechanics. The algorithms considered use iterative and recurrence
methods and are designed specifically to reduce demands on computer
memory. The idea that there is a particular style of producing microcom
puter algorithms which is useful and educational is continually reinforced
and emphasis is placed on the mathematical theory behind the
algorithms.
Computer science purists may find the use of the programming lan
guage BASIC in a book about algorithms rather provocative and they
might also query the lack of discussion about data structures or structured
programming. In a spirited and witty introduction, the author defends the
use of BASIC, pointing out that the algorithms are language independent
and that it is the mathematics behind them that is important in the context
of his presentation.
The book is organised so that early chapters concentrate on develop
ing algorithms and corresponding BASIC modules which are subse
quently used in the applications considered in later chapters. The early
chapters cover a number of general algorithms for root-finding, extrapo
lation and interpolation, matrix inversion and calculation of eigenvalues.
Later chapters are less general in scope and cover perturbation tech
niques and finite difference methods as applied to calculating eigen
values associated with applications involving ilSe of Schrodingir’s equa
tion in quantum mechanics. The book concludes with a demonstration of
the .uSlfulness of the algorithms by considering two research problems
involving Schrodinger’s equation. Most of the algorithms presented are
general in the sense that they may be adapted for use in other applications
although no examples of such adaptations are given.
Each algorithm discussed in the book is accompanied by a full pro
gram listing with the program described in a format which includes:
— A comprehensive coverage of the mathematical theory behind the
algorithm.
— Programming notes to assist in implementing the algorithm.
— Detailed, line-by-line, program analysis.
— The BASIC program listing.
— Specimen results.
The book is likely to be a practical and valuable resource for
researchers and teachers in scientific or mathematical computing who
wish to use, or to explain to others, the specific and useful micropro
gramming style espoused by the author for using small capacity compu
ter systems more efficiently. A number of new and unorthodox methods
are introduced and some algorithms have characteristics which have yet
to be fully explored. This aspect will add spice to the appeal of the book to
researchers in numerical methods generally.
In summary, I think that the book is well priced and of practical value,
albeit to a select audience.
David Ruxton
University of Central Queensland

BOOK REVIEWS

JATICH, A.M. (1991): CIC’S Command Level Programming, John Wiley
& Sons Inc, New York, 602 pp., $69.90 (paperback).
As the title of this book indicates this book describes and discusses CICS
command level programming. The book not only describes the syntax but
also discusses points to be considered when programming CICS
applications.
The book clearly states the intended readers are batch programmers
who are wishing to broaden their skills into CICS online applications/
programs. The book discusses all versions of CICS currently available
including OS2 CICS, and is written so that no prior CICS experience is
required.
The book consists of 15 chapters, each chapter being divided into
sections, the final section of each chapter being Self Test. The Self Test is
there so that you can test your understanding of what you have just read.
For those readers with prior CICS experience the beginning of the book
may reinforce knowledge already obtained rather than introduce new
ideas or subjects.
One of the main features of this book is the comprehensive examples
that are presented to illustrate the commands and concepts being dis
cussed. Unlike many manuals and some other books I have read, this
book presents complete programming examples not just excerpts from
programs. Being presented with such good examples the reader is given a
better understanding of how CICS commands are used within a program.
Another feature of the examples presented is that they present ‘REAL’
programming solutions, not solutions that are only there to show off all
the possible features of a CICS system. This results in easy to understand
programs and good programming guidelines.
Almost all program examples within this book are COBOL programs,
therefore PL/I and C programmers may be slightly disadvantaged when
reading this book, even though the CICS commands remain the same
except where highlighted within the book.
Not only does this book suggest how to program in CICS, it also shows
you how to track down that elusive program bug (yes those nasty things
that are never in your programs). The book presents the debugging tools
delivered with CICS and discusses methods of using them. CICS dump
analysis is also discussed as a method of bug identification.
Even though this book is directed to the programmer with little or no
knowledge of CICS, the book expands on this by recognising that CICS
systems today need to make use of those database systems available. It
does this by dedicating a chapter to programming CICS with DLI and
another chapter programming CICS with SQL. In the chapter discussing
CICS programming with SQL reference is made to DB2 and EE (OS2’s
SQL based database).
.•
CICS Command Level Programming is a book that would not only
provide application programmers with a sound introduction to CICS
applications and application programming, but would also provide a
good point of reference for questions that may arise.
Stewart Pitt
Melbourne
HARTFIELD, Nora and RINGEL, Gerhard (1990): Pearls in Graph
Theory, A Comprehensive Introduction, Academic Press, 246 pp,
$65.75.
The title of this book is very apt and is explained by the authors in their
Foreword as follows. “What is a pearl? It could be a graph theorem,
proof, conjecture, or exercise that provokes thought, causes surprise,
stimulates interest, or inspires further research. We have collected as
many pearls as possible in this book with the hope of maximising the
pleasure for both the teacher and the student.”
The book is divided into 10 chapters. After introducing the notion of a
graph and some basic terminology in Chapter 1 (Basic Graph theory),
Chapter 2 deals with Coloring of Graphs, Chapter 3 with Circuits and
Cycles, Chapter 4 with External Problems (including Ramsey theory).
Chapter 5 is on Counting; Chapter 6 on Labelling Graphs. Chapter 7
deals with Applications and Algorithms and includes sections on Span
ning Tree Algorithms, Matchings in Graphs, Scheduling Problems,
Binary Trees and Prefix Codes. Chapter 8 is considered to be the most
interesting and important one by the authors. It deals with Drawings of
Graphs and includes sections on Planar Graphs and the Four Colour and

Five Colour Theorems. Finally, Chapter 9 is on Measurements of Close
ness to Planarity and Chapter 10 is on Graphs on Surfaces.
This is a very well written and organised book. It contains a great
number of interesting and illustrative examples, as well as many open
problems and conjectures. Each section in each chapter concludes with a
set of exercises.
The authors are obviously enthusiastic about their subject and they
manage to convey their enthusiasm to the reader. Most theorems are
presented together with their proofs. The proofs are given in a lucid and
modern style. The authors emphasise basic proof techniques and draw
attention to the similarity of proofs and some theorems. Some of the
harder and/or longer proofs are omitted from the text. Other times, if a
general proof is too difficult, the authors give a proof for some special
case(s) of the theorem. This approach has resulted in a well balanced
book as far as the level of difficulty goes. Perhaps a minor criticism would
be that where a proof is omitted, the inclusion of a reference at that point
would be useful.
Graph theory is undoubtedly becoming more and more important for
computer scientists. “Pearls in Graph Theory” provides a good as well as
enjoyable introduction to graph theory. I believe it is an excellent text
book for an undergradute course, its prerequisites being “a strong interest
in the subject and a good foundation in high school mathematics”.
Mirka Miller
University of New England

McKERROW, P.J. (1991): Introduction to Robotics, Addison-Wesley,
811 pp, $48.95 (hardcover).
The modest title of this book belies the compendious scope of its contents.
The author has designed the book for undergraduate Robotics courses in
Computer Science, Electrical Engineering, Production Engineering and
Mechanical Engineering. In the preface he suggests several accompany
ing lecture course structures for the different interests of these students,
including a full year Robotics course of 54 lectures of 1-2 hours each.
The author uses a bottom-up approach in the first half of the book,
progressing from the practical to the abstract, which is intended to match
the progression of the student from known to unknown.
The material of the book is divided into 12 chapters. Chapter 1 covers
the history, philosophy and applications of robotics. Chapter 2 describes
the physical make-up of robots: their components and systems. Chapters
3 to 7 contain mathematical specifications and analyses of the kinematics
and dynamics of manipulator positions, motions and forces.
Chapters 8-12 revert to a more descriptive mode. Chapter 8 covers
mobility, analysing multiwheeled vehicles in depth, followed by analyses
of the various gaits of locomotion possible using from 1 to 6 legs. Then
follows an investigation into the problems of navigation and path plan
ning in two dimensions. Chapters 9 and 12 cover various aspects of robot
languages and programming. Chapter 10 is about sensing, with an excel
lent section on computer vision and image processing. Chapter 11 exam
ines mathematically the various types of control systems used for
manipulations.
Despite the breadth and depth of (he book, it is still a student text
rather than a terse reference work. The book abounds with worked
examples, and the author constantly uses V2-1 page “windows” for intro
ductory material which may be unfamiliar to students from different
specialisations. The book is profusely illustrated, averaging one diagram
every other page, and including 73 black and white photographs. Each
chapter concludes with a set of essay questions and exercises. There is a
15 page appendix introducing relevant mathematical concepts, and an
enormous bibliography of nearly 2,000 references divided into sections
relevant to each chapter. There is also an index with 600 entries.
Overall, the book is a little daunting, covering such a wide variety of
topics to research level depth. However, the author presents the material
with a carefully structured step by step approach, using an English style
that is refreshingly easy to read. The book is very modestly priced for its
scope (and weight), and is highly recommended.
D Herbison-Evans
University of Sydney
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BOOKS RECEIVED
The following books have been received by the Journal. A
person who feels able to review one of these books should
contact the Associate Editor for Book Reviews via email at
acjbooks@durian.citr.uq.oz.au or by fax on (07) 878
2842. Potential reviewers are referred to the announce
ment of new book review policy guidelines elsewhere in
this issue.
Paul Benyon-Davies (1991): Relational Database Systems, Blackwell
Scientific Publications, 187 pp.
P. McGeer and R. Brayton (1991): Integrating Functional and Temporal
Domains in Logic Design, Kluwer Academic, 212 pp.
J.J. Florentein (ed) (1991): Object Oriented Programming Systems,
Chapman and Hall, 327 pp.
J. Moyne (1991): LISP — A First Language for Computing, Van Nos
trand Reinhold, 278 pp.
P. Milne (1992): Presentation Graphics for Engineering Science and
Business, E & FN Spon, 179 pp.
J. Bessant (1991): Managing Advanced Manufacturing Technology,
NCC Blackwell, 377 pp.
C. Tsong and D. Sriram (ed) (1992): Artificial Intelligence in Engineer
ing Design, Volumes II and III, Academic Press, 388 pp.
D. Partridge (1992): Engineering Artificial Intelligence, Intellect, 212 pp.
M. Dubois and S. Thakkar (ed) (1992): Scalable Shared Memory Multi
processors, Kluwer Academic, 329 pp.
J. Howie (1991): Automata and Languages, Oxford University Press, 294
pp.
T. Horgan and J. Tienson (ed) (1991): Connectionism and Philosophies
of the Mind, Kluwer Academic, 472 pp.
H. Wechsler (ed) (1991): Neural Networks for Perception, Vols I and II,
Academic Press, 520 and 363 pp.
J. Belair and S. Dubuc (ed) (1991): Fractal Geometry and Analysis,
Kluwer Academic, 472 pp.
M. Eisenstadt, M. Brayshaw and J. Payne (1991): The Transparent
Prolog Machine, Kluwer Academic, 176 pp.
F. Brackx and D. Constales (1991): Computer Algebra with LISP and
REDUCE, Kluwer Academic, 264 pp.
S.W.I.F.T. (ed) (1991): Expert Systems Integration, North-Holland, 198
pp.
R. Mendez (ed) (1991): High Performance Computing — Research and
Practice in Japan, Wiley, 274 pp.
Z. Zlatev (1991): Computational Methods for General Sparse Matrices,
Kluwer Academic, 328 pp.
R. Rajkumar (1991): Synchronisation in Real-Time Systems, Kluwer
Academic, 176 pp.
P. Wilson (ed) (1991): Computer Supported Cooperative Work, Kluwer
Academic, 124 pp.
L. Homem-de-Mello and S. Lee (ed) (1991): Computer Aided Mechani
cal Assembly Planning, Kluwer Academic, 446 pp.
F. Eeckman (ed) (1992): Analysis and Modelling of Neural Systems,
Kluwer Academic, 414 pp.
M. Bayoumi (ed) (1991): Parallel Algorithms and Architectures for DSP
Applications, Kluwer Academic, 283 pp.
L. Bannon, M. Robinson and K. Schmidt (ed) (1991): CSCW 91, Kluwer
Academic, 348 pp.
S. Tzafestas, P. Borne and L. Grandinetti (ed) (1992): Parallel and
Distributed Computing in Engineering Systems, North Holland, 570
pp.
T. Terano, K. Asai and M. Sugeno (1992): Fuzzy Systems Theory and Its
Applications, Academic Press, 268 pp.
H. Spath (1991): Mathematical Algorithms for Linear Regression, Aca
demic Press, 327 pp.
J. Ullman fsd) (1992): Theoretical Studies in Computer Science, Aca
demic Press, 339 pp.
C. Finkelstein (1992): Strategic Systems Development, Addison Wesley,
660 pp.
C. Watters (1992): Dictionary of Information Science and Technology,
Academic Press, 300 pp.
J. Pritchard (1992): The Chaos Cookbook, Butterworths, 366 pp.
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D. Brough (ed) (1992): Logic Programming: New Frontiers, Kluwer
Academic, 310 pp.
W. Birmingham, A. Gupta and D. Siewiorek (1992): Automating the
Design of Computer Systems, Jones and Bartlett, 278 pp.
S. Whitman (1992): Multiprocessor Methods for Computer Graphics
Rendering, Jones and Bartlett, 218 pp.
P. McCorduck (1991): Aaron’s Code, Freeman, 225 pp.
E. Lee (1992): Algorithms and Data Structures in Computer Engineer
ing, Jones and Bartlett, 217 pp.
L. Shapiro and A. Rosenfeld (ed) (1992): Computer Vision and Image
Processing, Academic Press, 623 pp.
R. Cottle, J. Pang and R. Stone (1992): The Linear Complementarity
Problem, Academic Press, 762 pp.
J. Vlach (1992): Basic Network Theory with Computer Applications,
Van Nostrand Reinhold, 628 pp.
R. Shinghal (1992): Formal Concepts in Artificial Intelligence, Chapman
and Hall, 666 pp.
P. Hall (ed) (1992): Software Reuse and Reverse Engineering in Practice,
Chapman and Hall, 584 pp.
D. Kirk (ed) (1992): Graphics Gems III, Academic Press, 631 pp.
T. McKenna, J. Davis and S. Zornetzer (ed) (1992): Single Neuron
Computation, Academic Press, 644 pp.
M. Bret (1991): Image Synthesis, Kluwer Academic, 289 pp.
M. Yovitz (ed) (1992): Advances in Computers, Vol 34, Academic Press,
422 pp.
Y. Anzai (1992): Pattern Recognition and Machine Learning, Academic
Press, 407 pp.
SWIFT (ed) (1992): Intelligent Information Access, Elsevier, 188 pp.
E. Houstis, J. Rice and R. Vichnevetsky (ed) (1992): Expert Systems for
Scientific Computing, Elsevier, 462 pp.
P. Gaffney and E. Houstis (ed) (1992): Programming Environments for
High Level Scientific Problem Solving, IFIP North-Holland, 406 pp.
R. Libeskind-Hadas (et al) (1992): Fault Covering Problems in Reconfigurable VLSI Systems, Kluwer Academic, 130 pp.
S. Brown (et al) (1992): Field Programmable Gate Arrays, Kluwer Aca
demic, 190 pp.
G. O’Shea (1992): Security in Computer Operating Systems, NCC
Blackwell, 218 pp.
Y. Takefuji (1992): Neural Network Parallel Computing, Kluwer Aca
demic, 230 pp.
K. Shumate and M. Keller (1992): Software Specification and Design,
Wiley, 399 pp.
F. Dodd and E. Dwyer (1992): Advancing in Turbo Pascal, NCC Blackwell, 203 pp.
S. Nugus and S. Harris (1992): Troubleshooting Maintaining and Upgrad
ing PCs, NCC Blackwell, 293 pp.
N. Shu (1992): Visual Programming, Van Npgtrand, 315 pp. s
G. Held (1992): Data Communications Testing and Trouble Shooting,
Van .Nostrand, 264 pp.
/
A. (|Medland (1992): The Computer Based Design Process, Chapman and
w#Hall 248 pp.
J. Stark (1992): Engineering Information Management Systems, Van
Nostrand, 209 pp.
f
J. Nicoud (1991): Microprocessor Interface Design, Chapman and Hall,
292 pp.
R. Peterson (1992): Introductory C, Academic Press, 595 pp.
J. Snyder (1992’j: Generative Modelling for Computer Graphics and
,,, /- CAD, Academic Press, 311 pp.
D. Ferbache and G. Shearer (1992): UNIX Installation, Security, and
Integrity, Blackwell Scientific, 305 pp.
D. Avison (1992): Information Systems Development: A Database
Approach, Blackwell Scientific, 369 pp.
L. Kronajo and D. Shumsheruddin (ed.) (1992): Advances in Parallel
Algorithms, Blackwell Scientific, 481 pp.
J. Carter: Programming in SQL, Blackwell, pp.
v
L. Schwartz (1992): The Computer Artist’s Handbook, Norton, 318 pp.
S. Mastrianni (1992): Writing OS/2 Drivers in C, Van Nostrand, 407 pp.
J. Crown (1992): Effective Computer User Documentation, Van Nos
trand, 425pp.
J. Pinson (1991): Designing Screen Interfaces in C, Yourdon Press, 267
pp.
B. J. Alder (ed) (1988): Special Purpose Computers, Academic, 282 pp.

NEWS BRIEFS
‘News Briefs’ is a regular feature which covers
local and overseas developments in the computer
industry including newproducts and other topical
events of interest.
THE UNIVERSITY OF SOUTH
AUSTRALIA AWARDS FIRST PhD IN
MANUFACTURING ENGINEERING
A thesis which was “well written and superb
in its presentation”, according to examiners’
reports, has gained Dr Hii Yong Tie the first
doctoral degree awarded at the University of
South Australia.
Dr Tie, aged 29, was awarded a PhD for
his thesis on computer integrated manufac
ture (CIM) optimisation within the Manufac
turing and Mechanical Engineering disci
pline. CIM is the linking together of islands of
automation, such as office automation,
accounting, computer aided design and com
puter aided manufacturing, so that companies
can run more efficiently. It uses a holistic
approach to improve productivity, preventing
individual areas of automation from becom
ing too advanced over investing to the
detriment of other automated areas.
Professor Grier Lin, the Professor of
Manufacturing Engineering and Dr Tie’s
principal supervisor, said that while others
had researched CIM, Dr Tie’s research was
“one big step” ahead.
“We are the leaders in this field,” he said.
“The University will ask industries to test the
model.”
Dr Tie’s present activities at the CSIRO’s
Division of Manufacturing Technology are in
the capacity of postdoctoral fellow in the
Robotics and Manufacturing Automation
project in the Sydney laboratory’s manufac
turing systems group. The aim of the project
is to develop automation systems for robotics
and manufacturing, with an emphasis on
planning and control software that will be
linked to computer aided design systems for
integration into robotic and advanced manu
facturing technology applications.
Dr Tie holds the degrees of Bachelor of
Science in Computer Science and a Bachelor
of Engineering (Honours) in Electrical Engi
neering from the University of New South
Wales. His studies have been supported by an
Australian Postgraduate Research Award.
SOFTWARE QUALITY SEMINARS
Standards Australia is holding an important
series of half-day seminars on the manage
ment, methods and standards relating to
software quality.
Traditional quality procedures based in
manufacturing environments have created
practical application difficulties for software
developers. The Australian Standard, ‘Soft
ware quality management systems’ (AS
3563), however, has established the key ele
ments required to operate an effective quality
management system during the development
of computer software.
This standard is a world leader in over

coming software quality difficulties, and
these seminars will assist software develop
ers, systems analysts and quality managers
around Australia to understand the quality
management principles and requirements of
AS 3563 and the related AS 3900 series of
standards.
The half-day seminars will be divided into
four sessions. The first session will discuss the
contractual aspects of purchasing software,
the place of the quality management system,
the audit function and the relationship
between quality assurance and total quality
management.
Following this will be a session looking at
the importance of the quality system in sup
porting the engineered approach to software
development, the range of standards availa
ble and the future of software engineering
methods, applications, education and
standardisation.
The third session will discuss the impor
tance of training and education, the life-cycle
of software and the future of the industry from
an Australian perspective.
The final session will provide a practical
look at quality assurance, the benefits of qual
ity certification, the role of documentation
and the quality audit. The auditors’ view of
software will be explained for developers and
quality practitioners carrying out audits in a
software or on-line environment.
The seminars will be held in Melbourne
(23 November), Adelaide (24 November),
Perth (25 November), Brisbane (30
November), Sydney (1 December) and Can
berra (2 December). For more details and a
registration form, contact Standards Austra
lia’s Seminar Services, telephone (02) 963
4111, fax (02) 959 3896.
NEW INFORMATION TECHNOLOGY
STANDARDS
Standards Australia has recently published
the following standards which will be of
interest to the information technology
industry.
AS 1189 Data Processing — Vocabulary,
Part 25: Local area networks, defines differ
ent types of local area networks, concepts
relating to devices, to transmissions and the
problems that can appear and also protocols
that govern exchanges. This standard is iden
tical with and reproduced from ISO/IEC
2382-25:1992.
AS 4042 Software configuration man
agement plans, establishes the minimum
required contents of a software configuration
management (SCM) plan. This Standard is
technically identical with, and reproduced
from, IEEE Std 828:1990.
AS 4062 Information technology — 3.81
mm wide magnetic tape cartridge for infor
mation interchange — Helican scan record
ing — DDS format, specifies the physical and
magnetic characteristics of these cartridges.
This standard is identical with and repro
duced from ISO/IEC 10777:1991.
These standards may be purchased from
any Standards Australia sales office.

VICTORIA UNIVERSITY OF
TECHNOLOGY PIONEERS TOUCH
SCREEN MULTI MEDIA SYSTEMS
Research workers in the Computer Aided
Learning Centre at Victoria University of
Technology have developed an innovative
multi-media authoring system using touch
screens as well as other multi-media
components.
The application of this technology resulted
in the production of a program designed to
educate young people in the Year 9 and 10
age group in appropriate road-user
behaviour.
Computer hardware is based on Mirai 486
local bus computers. Students use the touch
screen and light pens to interact with the
computer. The program, which occupies
about 250 megabytes of hard disk storage
space, consists of six modules representing
about 10 hours of student time.
The complete exercise was in the form of a
computer game, a simulated car trip around
Victoria, using high resolution pictures, rock
music and animation to bring the scenes to
life.
The game, known as ‘Motorvation’ was
developed for VicRoads and the Transport
Accident Commission (TAC).
CANON MACHINE PRINTS VIDEO
IMAGES
The Canon RP-731 works on PAL (Austral
ian standard television) video format, allow
ing it to print from any video camcorder that
can play back on an Australian television.
The RP-731 employs a dye-diffusion
thermal transfer method for printing video
images resulting in high quality prints. It
prints at a resolution of 180 dots per inch (dpi)
and is equipped with an 8 bit image memory
(7 bits used for printing).
The printer allows the user to adjust the
image for printing by adjusting the colour
intensity, hue, contrast and brightness of the
original image.
It has a multi-image printing mode, which
makes use of the built-in image memory, and
allows the printer to simultaneously print four
or 25 images on a single sheet of specially
prepared paper.
The video printer is simple to operate and
virtually maintenance free. The paper and
print cartridge easily slide in to place and the
user is able to continually monitor the pro
gress of the print.
The video printer can also be used as an
output device in a computer system. This
integration gives the user greater levels of
editing and image manipulation for printing.
The Canon RP-731 video printer is
equipped with parallel (Centronics) and RS232C interfaces in addition to the normal
VIDEO, RGB and S VIDEO input/output
connectors. It is also equipped with a function
to print character data (captions) below the
image by using these interfaces.
,
The RP-731 uses a specially developed
thermal ribbon and paper and has a recom
mended retail price of $6495.

NEWS BRIEFS (Continued)
OVERSEAS TRAVEL/STUDY
Three months overseas travel! Air fares paid!
A living allowance! A fee allowance! And an
open door welcome! All this can be yours as a
1994 Churchill Fellow.
The average Churchill Fellowship is
worth about $13,000.
To date over 1600 Australian residents
have taken this opportunity and brought back
knowledge and skills for the enrichment of
Australian society.
Churchill Fellowships are available to all
Australians regardless of academic or other
qualifications.
Apply now for a 1994 Churchill Fellow
ship. Send a self-addressed stamped envelope
24 x 12 cm to:
Application Forms
The Winston Churchill Memorial Trust
218 Northboume Avenue
Braddon ACT 2601
Applications close on 28 February 1993.
For further information or interview
contact:
Rear Admiral Ian H Richards RAN (Retd)
Chief Executive Officer
The Winston Churchill Memorial Trust
(06) 247 8333
TANDEM WINS MAJOR GOVERNMENT
CONTRACT
Tandem Computers Pty Ltd has entered into
an agreement as prime contractor, supplier
and software solutions developer for South
Australia’s Engineering and Water Supply
Department (EWS). One of the significant
elements of the multi-million dollar System
Integration Agreement is that Tandem will
develop a Customer Services Information
System (CSIS) running on a Tandem NonStop Cyclone mainframe, and integrated with
a range of other applications.
EWS is responsible for the supply of water
and associated services to over 560,000
South Australian customers. It has an annual
income of $350 million and infrastructure
assets with a written down replacement value
of $7 billion.
The new online systems will be fully deve
loped over the next three years. They invojye
the integration of personal computers, Apple
Macintosh and Sun workstations, Ungermann-Bass local area networks, South Aus
tralia’s Statelink Network and the proposed
Information Utility. They will also be inte
grated with EWS’ Financial System and the
MINCOM Materials Management System as
well as Department of Lands Digital Cadas
tral Database.
As part of the agreement, EWS and Tan
dem wil|jointly market CSIS and other EWS
information systems to public and private sec
tor organisations in Australia and overseas.
EWS joins a lengthening list of South Austral
ian wins for Tandem. The company is already
a supplier to BHP’s Long Products Division
(Whyalla), and the Bureau of Meteorology,
BiLo and WorkCover Corporation.

MATHEMATICIANS MOVE AGAIN
WITH INDUSTRY
Australia’s most successful forum for interac
tion between mathematicians and industry is
rolling again. The forum, called the
Mathematics-in-Industry Study Group,
annually addresses six to eight industrial
problems needing mathematical solutions.
The forum attracts research and develop
ment engineers and technical managers from
Australia’s forward thinking companies. For
example, the following are typical of the 58
topics that have been addressed since 1984:
— What is the optimum shape of a structural
beam in an automobile chassis? (GM-H)
— How should empty wagons be deployed
around a rail network in an optimum
way? (Railways of Australia)
— How to detect hot spots in steel moving
through a continuous caster? (BHP)
— How to improve the process of Alumi
nium production? (Comalco)
— What is the optimal way to allocate air
crew to long haul international flights?
(The Preston Group)
The topics are addressed collaboratively
by mathematical and industrial participants
during a week long meeting. Mathematical’
participants include scientists from CSIRO,
academic mathematicians, and advanced
students who wish to develop a career in
industry. At the end of the week, the results
are summarised, and a technical report is sub
sequently prepared.
— The range of topics considered by the
Study Group is vast — literally right
across all industry sectors in Australia.
— A modest fee is charged for consideration
of topics and opportunities are available
for detailed follow-up work.
— Everybody wins in this process. Industry
has its most vexing problems addressed by
some of the country’s best mathemati
cians. Mathematicians have an opportun
ity to apply their skills and mathematical
technology to industrial situations. There
is an opportunity for prospective employ
ers and employees to meet for mutual
benefit.
The next Study Group will be held at the
University of Melbourne from Monday 15
February to Friday 19February 1993.Indus
trial researchers and technical managers are
invited to submit topics for consideration at
the 1993 meeting.
^
For further information,.c,ontact Dr Noel
Barton, CSIRO Division of Mathematics and
Statistics, PO Box 218, Lindfield, NSW 2070.
Telephone (02) 413 7702, fax (02) 416 9317.
AN EDUCATIONAL WORKSHOP WITH
A DIFFERENCE
How many times have you attended that con
ference or seminar, and left the main audito
rium feeling brain dead and bored? An innov
ative education based company, DP
Education Seminars Pty Ltd have addressed
this problem and created a workshop full of
unusual exercises involving everything from
operating tonker toys to participating in

poker games. They call it the Technical
Leadership Workshop and it is definitely not
your average run-of-the-mill educational
experience!
DP Education Seminars have successfully
staged the Technical Leadership Workshop
44 times in the last eighteen years. The work
shop is focused on increasing productivity
through providing leadership direction and
guidance in the complex areas of computers
and data processing.
They are largely attended by the banking
and finance/govemment sector, however
such industries as insurance, mining and
resources, public utilities and computer servi
ces have also found this course valuable.
The purpose of the technical leadership
workshop (TLW) is to enable participants to
review the problems inherent in technical
leadership and to provide them with an envir
onment in which they can learn and practice
strategies to effectively deal with these prob
lems when they arise on the job.
Technical leadership is the quality of exer
cising critical roles at the critical moment,
roles such as speaking for a group, interacting
with management, making technical deci
sions, teaching or providing access to resour
ces etc.
DP Education Seminars specialises in the
development of effective training programs,
and has broken the traditional pattern in
many ways. “Instead of the customary lecture
method, instructors lead participants in a ser
ies of carefully constructed simulations,” said
Martin Davie, Director at DP Education
Seminars.
ELECTRONIC DIRECTORIES
REPLACE YELLOW PAGES
Researchers in the Division of Information
Technology (DIT) are developing an X.500
electronic directory to replace existing paper
directories, such as the telephone white and
yellow pages, storing much more information
than simple telephone numbers.
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For example, the directory might include:
— Information about computers and soft
ware running on those computers
— Business forms (such as invoices)
— Photographs of people or equipment
As a result of a GIRD grant with Datacraft
(Australia) Pty Ltd and the Centre for Infor
mation Technology Research (CiTR) in
Queensland, DIT research staff have imple
mented a Directory Services Agent to store
the information contained in an electomic
directory. Datacraft is marketing a commer
cial product from the implementation.
Researchers are also producing Directory
User Agents which are able to interrogate
electronic databases so as to retrieve desired
information on behalf of a user. V>,
The Division is now working on X.500
directories which allow the construction of a
distributed global directory, and is consulting
to a large company on ways of installing
organisation-wide electronic directories.
For further information contact Dr Melfyn
Lloyd on (03)282 2611.

