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‘This book serves two purposes. In Part One we provide an introductory
course in the programming language POP-11. In Part Two we show how
POP-11 can be used to develop artificial intelligence (Al) programs. We
do this by building parts of classic Al programs and discussing their
relevance to the discipline as a whole. The book should thus be taken as
a course in practical Al

The course, as presented here, has grown out of our experiences in
teaching Al to psychology undergraduates. In POP-11 we found a
language which is sufficiently easy to learn and at the same time has
sufficient power to build genuinely interesting programs. While POP-11
has a great deal of documentation associated with it, we felt the need for
a structured text. Therefore we have aimed to produce a course in the
language rather than a complete description of its full capabilities. No
programming experience. is assumed and though, of course, we had.
psychological applications in mind when writing, we believe that the text
will be of use to the increasing number of people turning to computer

ymodelling in many fieids.

In our Al chapters we hope to plug another gap. Most texts on Al
provide a coverage of what has been done, without saying how the pro-
grams can be realized. In building small, but real, Al programs we take
the reader through the relevant steps and end up with working programs.
This is what We mean in saying that we aim to provide a course in practical
Al / :

/ Almost everyone who uses POP-11 will do so as part ot the POPLOG
system. POPLOG is a pfogramming environment consisting of three
languages (POP-11, PROLOG and LISP), an editor (VED) and a great
deal of on-line documentation. The documentation rang¢s from very sim-
ple introductory articles, to formal descriptions of the irfternal workings of

7

~ POP-11. In Appendix C we provide. readers with an outline guide to

POPLOG and point to on-line documentation which may be useful.
Many people have contributed to this book in a variety of ways. First
of all we must thank Roger Henry and Hugh Smith for introducing us to

/

POP-11 in the first place. These two h:f\r}oommented on early drafts of
on

the book, as have Vicki- Bruce, A Sloman and a nymber of
ous reviewers. -t goes without saying that we claim responsibility

vii
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for any blunders still present. Penny Lightburn provided willing secre-
tarial support, and Simon Plumtree gave sound editorial advice. In the
final stages, George Paechter was most helpful in performing the typeset-
ting. .
Perhaps our final word of thanks should go to our students, who have
mever been slow to criticize any flaw ip our didactic style. Their criticism
has contributed substantially to this book.

Mike Burton and Nigel Shadbolt
July 1986
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Chapter 1 Artificial Intelligence
and Computational
Modelling

1.1 Introduction

Thirty years ago a small conference was held at Dartmouth College in .the
United States. The delegates included computer scientists, psychologists,
linguists and philosophers. They met to discuss the computer simulation
of intelligence. In 1956 this seemed no more than a dream. Computers
were in their infancy, the hardware and software was primitive.. No one
understcod the nature of what was to be simulated. The field of enquiry
did not even have a name. By the time the conference ended one thing at
least had changed; John McCarthy had coined the term ‘Artificial Intelli-
gence’.

Today rather more has changed. Computers are thousans of times
more powerful whilst the cost of hardware continues to plummet. The
programs running on today’s machines are hugely more sophisticated than
their distant forbears. Furthermore, we now understand rather more
about the processes which support intelligent behaviour. These develop-
ments have, in part, contributed to the emergence of artificial intelligence
(AI) as a science in its own right.

This book is aimed at students who need to understand the process of
Al mcdelling, and in particular cognitive modelling. It is divided into two
parts, The first.is an introddction to programming in POP-1" It provides
a course in the ‘nuts and bolts’ of the language without much reference to
Al appl.cations It is not a complete and exhaustive description of the
languag:. Rather the aim is to provide an understanding of the most
important concepts in POP-11.

The second part presents POP-11 as an Al modelling tool. Various
Al techniques and applications which have captured the imagination of
the academic community, are discussed, and aspects “of these are "
presentsd as examples, exercises and projects.

The emphasis throughout is on POP-11 as a tool for AI modelling, not
as an abstract formal construction. For this reason the book will also be of
interest to those in industry and commerce exploring the possibilities of Al
for the first time.

~
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1.2 Al in context

~

As hardware and software developed through the late fiftics and early
sixties, Al work gathered momentum. This has resulted in a proliferation

" of applications and techmques Application areas include vision, natural

language un roboucs and expert systems. Al’ techmques
comprise methods for ing ‘problem spaces’, planning sequences of

_actions to solve problems, methods of reasoning and deduction, and tech-

. niques for representing knowledge.: Any particular application will typi-

cally call on numerous Al methods and techmqne& Historically a propor- -
tion of Al research has been application driven whilst other work has

_ looked at extending the available methods and techniques.

One of the earliest application areas was machine translation. Early
optimisini that a simple solution could be found was soon dashed. It was
not sufficient to look up word by word a passage of Russian to generate an
English equivalent. Much more substantial knowledge was required by
the system: This included ways of representing the niles of ‘syntax and
semantics (rules of grammar and ‘meaning). The principled inclusion of
knowledge into a system is a dxstmguxshmg feature of /AI applications.
‘Moreover, such applications require the development of’ new methods and
techniques. Research into machine translation, for exapple, led to many
new techmques for parsing — the systematic analysis of strings of symbols
into’ congtltuems according to a set of grammatical principles.

-~~~ Many application areas attempted to integrate various Al sub-

‘ systemg/ for example, visual and robotic systems. The famous SHAKEY

system, a robot developed at the Stanford Research Institute, was able to
perform elementary visual analysis, and to work-eut ways of moving in
and acting on. its environment. Another integrative project was
Winograd’s (1973) SHRDLU system, a simulated robot with problem
solvmg abilities which included some natural language understanding.
- Such-systems might appear very humble given the expectations gen-
erated by Hollywoodstars such as HAL, C3PO and R2D2! However one
“f the most enduring lessons of AI has been to increase our respect for
‘mundane intelligence’. Whﬂe the solutions to artificial ‘perception’ and
comprehensxon are still far from sausfactoMaetmtnes which we
prize as mtellectual the machines have found-easy. Playing chess, solving

problems in crypto-arithmetic, solving differential equanQns_a[c_.aiL,ﬂ -

behaviours whichcan_now be accomplished by machine. Why is this?
Much of it has to do with a property of these domams sometimes called
the ‘closed world assumption’.

Al has progressed largely masmuch as it has restricted itself to ‘blosed

worlds’ or ‘micro-worlds’. To illustrate a closed world,_consider the

“Tower of Hanoi problem (Figure 7.1, page 84). In this closed world we

" have three posts and a set of discs with holes in them, each disc has a

dlfferent radlus At the start of the problem all of the discs are on-one

o . -. =~
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post, each\dlsq resting on the one just biggerthan jt. The task is to move
all of the discs to one of the other posts. Only a singie ursmna)Lbe moved
at a time and all the other discs must be on one of the posts. At fo-time__
during The process of solving the problem may a disc be placed on top of

 adisc that is smaller than it~ The third post can be used as-a temporary

c ~—
i S
/
/
" gt
7.

resting place fof the discs. This groblcm gets increasingly difficult the
larger the number of discs used. }

The domain described has a ﬁxcd starting point and a determinate
goal state. It has a fixed number of rules which specify how moves can be
made. In fact one-can, in principle, enumerate all the possible moves in
any Tower of Hanoi problem. What one needs is a systematic way of
searching this set of moves (or ‘problem space) to find the goal state.
Much of the power of Al resides in providing ways of searching only that

art of the space which contains moves likely to provide a solution.

* As-we can see, closed worlds in problem solving have an enumerable
set of states, well understood start and-end states, and a finite set of rules
or }Whlch will move one through the problem space. Closed -
worlds were the-stafling—point in many_s successful Al apphcatlensw
Winograd’s SHRDLU system had a small number of objects to manipu-

_late;-a small repertoire of actions, limited methods of planning, and under-

stood only a ‘restricted” set-of the: English language. Restricted in the
sense that the grammar accounted for a small set of-the permissible sen-
tences in English and the meanings of the terms were fixed.

Once we move outside a micro-world and abandon the closed world
assumption things become very much harder. In the generalized problem
of visual recognition we cannot assume, as early systems did, that all
objects-in the world are recnhnear ‘that llghtmg is uniform, that objects
are stationary and-so-on:- The general case is ‘recognize scene X'. This
type of task is one we perfo ithout much conscious reflection — this is -
‘mundane intelligence’. Al has demonstrated that we should respect it.

Whit makes the generallzed cases so hard? “We have already hinted
at some of the problems — these are simply the converse of closed world
properties. There are many objects in the-domains of interest, socme of
which will not have been experienced before. The relationships and pro-
perties of these objects are numerous and vague. Contingencies or rules
in the domain do not always-hold reliably — there may often be exceptions

"to any rules that do.exist. Faced with an ‘open world’, how do we cope?

How do intelligent systems succeed in dealing with the natural environ-
ment? This brings us to another disfinction which has become evident in
the course of Al research. The contrgst between so-called ‘weak’ and
‘strong’ methods.

Much ‘f the early work in AI was an;ned at developing a battery of
‘weak methods’. These methods were eeweral mechanisms which could be
applied to numerous domains - they were not ‘strongly’ tied to the particu-
la?a of a domain, nor dependent on strong assumptions about knowledge

;-
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of that domain. Good examples of this are some of the search algorithms
described in Chapter 7. In contrast, methods which utilize specific
knowledge about the domain are known as ‘strong Al methods’.

The search for a set of weak methods capable of providing the general
foundations of intelligent behaviour was in the end frustrated. Weak
methods work reasonably well in closed domaifis but not on real world
problems. When we solve problems and act on our environment we use a
great deal of knowledge about the world; how it is structured, what actions
are appropriate in what circumstances, what exceptional cases might arise.
In short, our problem solving is immensely context determined. There
seems to be no universal theory of problem solving or knowledge
representation which underiies everything else.

The lessons of Al have been important in shaping our understanding
of the character of human intelligence. Nevertheless, we must beware of
expecting too much. Al is furnishing a tool-box of methods and tech-
niques which provide ways of exploring cognitive processes. It is not
about to deliver the millennial Theory of Psychology neatly wrapped and
packed.

The principal research tool which Al offers psychology is that of com-
" putational modelling — models of the possible processes of cognition. And
it is to the question of models and modelling that we now turn.

1.3 Commonsense models

What do we mean by a model? A good place to start to answer this
question is to look at our commonsense notion of a model. What does
one think of when one hears the word model? Possible candidates
include: the model aeroplanes made by children; the scale models made
by architects for display to clients; the balsa wood bridges that school
children make as part of their school physics curriculum. These three
models fulfill different purposes. Model aeroplanes are meant to be
played with, the client can understand the layout of his new housing estate
by looking at the scale model, and the bridges are built only to be des-
troyed by hanging weights from them in order to test their strength.

What characteristics do thgse three disparate examples share which
make them all candidates for oyr normal use of the term model? They are
all representations of the modelled objects, they maintain certain of the
original’s characteri\tﬁ:s and not others. The decision as to what is and is
not represented depends on what the model is to be used for.

Consider the architect’s scale model. The characteristics it will share
with the final estate are quite easy to name. The relative distances
between landmarks will be the same in model and world; buildings will
retain the same relative positions; hills and depressions will share the same
relative heights and the same slopes. This model then, serves the purpose
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of allowing one to inspect the estate at a glance, and to establish the
relative positions of various elements.

Now consider the possibility that we might use the model for another
purpose. Suppose we want to build another house on some unoccupied
site. The model will provide a certain amount of information, e.g. how far
the site is from oth&buildings, and so forth. However, we certainly
cannot start construction on the basis of this information. Certain aspects
of the world will not be represented in this model, e.g. where underground
power cables lie, what the soil type is on our site, etc. In fact, an alto-
gether different model would be needed for this prolect or perhaps a
collection of different types of models.

The moral of the example is simply this: there are often very many
different models available (or possible) as representations of the same
modelled thing. Which model one decides to use, or build, depends
entirely on what one wants to use it for. A pen with a ruler lain across it
may be a perfectly good model of an aeroplane for some purposes,
whereas for different purposes one may need a model which looks and
flies like the real thing. There is nothing magical about a model ~ it simply
represents certain aspects of something else.

So far we have only considered physical models — but a model does
nat have to be a physical object. A model can be made of words, for
instance. Consider the following model of a train.

A train is a long tubular vehicle which travels along iron rails at
speeds of 0 to 125 m.p.h. A train may carry passengers who may
embark and alight only at railway stations.

This model of a train may be adequate for certain purposes. For
instance, if we wish to know how fast trains travel we can consult this
model, and discover that the range is 0 to 125 m.p.h. However, just as
with the models mentioned above, this one only has a limited usefulness
and will not help us if we want to know how to design a faster train.

All of the models considered so far are models of the physical charac-
teristics of objects, they are structural models. There is another, very
important type, and this is called a functional model. An easy (though
rather oversimplified) way to think of this distinction is that a structural
model represents what something is, whereas a functional model
represents what something does. Consider the followmg model of a ther-
mostat for instance. This is the type of device used in the boiler of a
central heating or hot water system.

Step 1. Check the temperature of the water.

Step 2. If the temperature is above the required level, then do nothing.

Step 3. If the temperature is below the required level, then apply neat to
the boiler.

Step 4. Start again at Step 1.
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This is an mteres{mg model of a dynamxr process - one Wthh changes all
.the time. The bgiler Operates in the following way; -if after’a theck the -
temperature is found to b ghove the reqgired level, the mechanism does
not apply heat — thus atiowing the water to cool down. If, on a subsequent
check, the temperature has fallen below the criterion level, then it is
The temperature inside the boiler then, is not constant, but

constantly uetuating around-the criterion temperature The amount of
this fluctuation will depend upon how long it takes to go through the four
steps, how quickly water cools down,m heat is applied in Step'3,
and so forth. These are not values that we know; but nevertheless the
model does provide insight into the workings of a simple thermostat.
Moreover, it includes no information_about how’a thermostat is built,
what it looks like, or how its parts are connected to‘one another. Thisis—
a functional model—it represents the functions rather than the structure of
~--a-thermostat. CTT

Let's take stock of what we have learnt by considering various simple
sorts of everyday model. A model is a representahon of something, it
preserves certain characteristics of the original, whilst ignoring certainoth- __—
ers. Exactly which characteristics are preserved is left to the builder or
user of that model. A model can be a physical object, or.a more abstract
representation — such as a description in ordinary English.” Furthermore,
_the thing modelled can be a physical object, or some abstract process.

When we talk of ‘formal models’ in cognitive science and Al we are
using the same underlymggdeas we have discussed here. The difference is
that wé wish to be very precise about what each part of the model means.
We will ook in more detail :at how formal models aim to do this.

~

1.4 Farmél modefs

‘Models are essentially ‘représentations._ To understand our models or
represéntations we must be clear about the following:
1.- What is the medium of fepresentation?
2. What is the original object we are trying to represent? . °
3 Whai\aspects of the medium are doing the representing?
4 What aspects ts of the ongmal do we want to model? - T
" 5. What are the precise correspondcnces between elements of the model
and the original? - -

The modelling mediums we have looked at so far have been various,

o ranging from physical components in the scale model_.mhmtiﬁguages

in the case of the thermostat and the train) In €acn vasc the meaium of -
modelling or representation possesses certain constituents which are

3
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)

placed into correspondences with certam features of the object Or process
being modelled.

- Now, we can regard the n10dellmg mRﬁim as having a structure itself.
The clearer and more precise this structure the better able it will be to
represent in a clear and precise mananres, of the original
which we wish to represent.

A modelling medium with which we are all familiar is the language of
simple mathematics. Let us consider a very elementary formal model - a
simple algebraic model. Suppose We take the expression ‘x = y/z’. What
are the constituents of this expression? There are the variables x, y and z
which we know, via the conventions of this ‘medium, can take ranges of
values. There is the concept .of division and the concept of an equivalence
relation.

This formal expression can’scrve as a model. “This i 1s done by provrd-
ing a mapping between the things in the medium and the objects in the
real world we 'wish to model. Let us suppése.that x is the current value of
a bicycle, z is the age of the bicycle and y is the price of the equivalent
bicycle brand new. We can propose the algebraic expression as a model
for a property of the real world. Namely, a relationship between the age,
value, and new price of a particular bicycle. The older the bicycle, the less
value it has as a proportion of its price brand new.

Now we have no idea whether this is a good model, whether it reflects
a real underlying relationship between the quantities. That is for the
-medel builder to demonstrate by using the model against known data. It
is likely that this model suffers from all sorts of weaknesses — it may .
oversimplify, it-may ay leave out crucial features by not including enough
variables. However, it remains a model, whether good or bad. -

A further interesting feature of formal modelling mediums-isthat we
can use them and interpret them in very different ways. “Indeed in the
extreme case we can use the sameonstruction in the medium of represen-
tation to represent something else entirely. Our simple algebraic model
could be used for instance del the effect of some drug. Let x be the
level of the drugfirrl‘m‘(‘;::eam _y represents-the amount of the drug
administered and z represents-the patient’s weight. o

When a particular model is able to sustain a wide range of interpreta-
tions we might be fempted to speculate that-we hdave modelled some<cofni- ——
mon law or process which underlies a variety of different real world situa-
tions. So for example we can imagine a generalrzed version of our model
of a thermostat which could be seoS Urderlying any regulatory process.

Step 1. Check the value of some property of the object.

Step 2. If this value is above the required level, then do nothing.

Step 3. If this value is below the requiredlevel, then apply some process
to increase the property’s value.

Step 4. Start again at Step 1.



