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A farmez, wanting an eutomatic chicken placking machine, spoke to an en-
gineer, who swore that it couldn't be built. The disappointed farmer then
went to a theoretician, who said "It's essyl Assume a spherical chicken,

arbitrary dismeter d, ..."

(Modexn Folktale, of unknown origin.)
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ABSTRACT

A new paradign is described for knowledge-based scene eanalysis. The’
paradigm requires firstly that images be understood essentially in terms
of two-dimensional information wubout how objects in pictures look, and
secondly that festures be ccnsidere}i as coliections of regions. A system
for the analysis of geheral scenes is described and the results of en
attempt to prototype this system are given. Although the prototype is &
simplified version of the system described, it appesrs to be cepable of
great power. The paradigm is further supported by promising results ob-
taired An work on &n instrument to analyse the size distribution of par-

ticles on & conveyor bult.
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INTRODUCTION.

This dissertation offers a new paradign for scene analysis, the basic
tenets of which are that a scene should be analysed using explicit know-
ledge, and that the scenes should be understood and represented in terms

of regions.

We will discuss the origins end implications of these temets, and show
some results which indicate that they allow a system to be built whick
can indeed snelyse scenes. The advantages of the use of regions to in~

tespret the scens will be shown to be considerable, as they allow know=

ledge to be actively deployed. We will discuss a zepresentation developed
to hendle the picture as a set of regions, and show how the - “ions may

be handled using this representation, which is knowm as s ra Ap's

neighbour code, =«

4 system that is capable of general scene analysis is deseribed, and we

discuss the prototyping of a simple version of such & system, The design

of the p ype is ely p and its implementation is

discussed. The code of the prototype system is presented as appendices.

‘The approach proposed cannot be shown to be the best ome, noi can it yet
be shown that it will definitely work, but we have managed to show that
a system that works can be developed within the peradigm, although it is
not yet analysing real scenes. We will produce convincing arguments,
however, that it is a good approach, and that it can work. Results both

of the prototyping of & gemeral scene analysis system and of work on an-
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other.system which is claimed to have been developed within this paradigm,

indicate that working systems may be built within these tenets.

INTRODUCFION. . . 2




BACKGROUND

Computer vision presents a fascinating problem, with meny potential en-
gineering benefits presented by even & partial solution. The aspect of
the problem that we shall address is that of scene analysis, which can

fairly be described as attempting to solve the problem:

"Given a pilcture, describe what is happening in it."

or the rather simpler version:
“Given a picture, find the --~---- in {t."’

These can be seen to be subtle problems. We shall address the latter,
as it is a simpler version of the former, aid has mot yet been solved with

any degree or promise of generality.

Many techniques have been proposed to solve this problem, the essence of

most solutions being the finding of ste parts of the picture, and

then hopefully exploiting some information to classify the right set of
pieces as the object sought. We do not depart in any great measure from

this stzategy, save to insist that the information exploited be expressed [

explicitly rather than in the structure of the scene snalysis program.
This does not sound unressonable: we intend to show just how reasonable

it in fact is.
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THE ORIGINS OF THIS WORK.

The work that is described in this dissertation originsted in &n instru-
mentation problem. A popular willing technique on many mines is
run-of-mine milling, where ore is milled as it arrives from undexground,
witheut being crushed. It is desirable to mill this ore autogenously.and

it is becoming more and more desirable to instrument the process (Sommer,

1985). Work is being dene on the processes oce: within
the mill during milling, and it was felt important that an attempt be made
to instrument the size’ distribution of the ore offered to the mill. In-
struments ars available to perfors this function, but are extremely
primitive at this stage (see the Armco Autometrics mamnal,1984). This
author and Berger (1984) were ;equi:ed to investigate the feasibility of
building a particle-size distribution analyser using-image analysis
techniques, and managed to produce a design, which is at present being

jmplemented by Berger and a third worker, Smith.

The research reised many issues, an important one being the robustness
of present imsge-processing wethods, as the problem requires for its
solution techniques able to handle complex pictures of simple cbjects,
teken under adverse ‘conditions. ‘It is not possible to use structural
clues to £ind rocks in & picture, and simply binarising the picture is
not helpful (i.e. calling all grey areas rocks, all blald, background)
as all rocks in the picture are covered with a thin layer of adsorbed fine
particles, as is the belt to a large extent, and it is quite possible to
classify whole pictures incorrectly as representing single large rocks.
The technique developed, and used with some considerable suctess, was

segmenting the picture into regions, classifying those regions, and then

BACKGROUND . 4
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merging them on the basis of merging rules, which were developed ag hoe.
The merge rules were based largely on knowledge scquired by locking &t &
running”tonveyor belt with ore on it: for example, it was realised at anr
early stage that, as a result of the processes acting to produce the ore,
few rocks would appear with holes in them, and that the holes were unim-
portant. Thus, a region, whatever its classification, that was entirely
surrounded by just one xock region could be mexrged to that rock region

and forgotten as an entity on its own.

This technique was based on a number of assumptions, the major ones being
that the rocks on the belt would be nice ones {i.e. is not extraordinarily
long end thin or unreasonably curved), that a two-dimensional picture of
a rock lying on a vibrating surface would give a good idea of its size
{We do no’t even consider the real meaning of size for a rock, lest we
become embroiled {im unpleasant issves. See, for example, Mandelbrot,
1982.) and that suffjicient merge rules of the type described exist to find
a reasonable interpretation of the picture. Thie vslidity of these as~
sumptions could be debated: what is certain is that the system based on

them seems to work very well. .

From this work some important ideas originated.

© TFirstly, it was seen that regions are an extremely useful festure to
extract and work with, particulhrly for real-world pictures taken

under pooxr cunditions.

* Secondly, it was inferred that one cohld work very well with pictures

in two dimensions only.
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Thirdly, it bocame apparent that when one is dealing with a region,
the wost important infoxm'.ion available is the nature of its imme-
diate neighbours, and that & ;cture representation that would carry
this information could be most nseful. (Notice that if we represent
& picture properly in this way, if we require information sbout &
region's neighbours' neighbours, this is also obtainable. We will
expand on this point later.)

Fourthly and finally, it was soon seen that a system that allows ex-
perimentation with explicit knowledge would be most desirsble, as if
tha knowledge used by the system were implicit, system modifications
or updates would be zomplex. As a result the system would have to
be committed to one task., With a system where the knowledge is ex-
plicit, however, we may change the targeting of the system by changing

the knowledge available to it.

This worker then started to use the sbove results and ideas from the work
on particle size distribution analysis, im an attempt to build & vision
systam sble to handle a large class of scenes using knowledge supplied

explicizly to it.

KNOWLEDGE-BASED ,5YSTEMS.

In & sense, all software systems that solve problems are knowledge-based;
we use this term to refer to systems that use explicit knowlédge in some

form. This type of system has the edvantage that one may improve the
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performance of ihe systar or change the problem it can solve, up to a
point, by improving the quality, or by changing the subject of the know-
ledge available to it. Systems based on implicit knowledge, on the other
hand, will require the overhead of system changes to improve their per~
formance or change the problem that’ they solve. Implicit knowledge sys-
tems make up for their inflexibility by their efficiency, as they do not
require the huge overhead of knowledge management, and are popular in
engineering image processing applications as a result. -Generality will

however be difficult to echieve with an implicit knowledge system.

We can see that, when we have to analyse a scene in g purely engineering
context, it is desirable to embed the description of the objects we are
seeking as efficiently as possible in the system. When, however, our
system is likely to be faced with a large number of different objects,
it becomes desirable to be able to provide the system with & description
of each cbject, without having to change the system software. A rock
finder can then, at a pinch, become an elephant-finder. At some stage,
the hardware technology may become such that this may well be the best
approach, from an engineering point of view: at present, the spproach does
not promise résults, save as & training, development and research tool.

The best-known class of knowledge-~based system is the expert system. As
Brachman (1983) points out, it is not correct to call a system that anae
lyiés scenes, an expert system, knowledge-based or rule-driven though it
miy be.The task jtself does not require expertise. The literature is not
consistent in this nomenclature. We use the term knowledge-based system
instead, but regard the expert-system literature as being relevant, This
is by no means merely & sementié quibble; expertise in vision is not

easily described, and the problem is not one of s..ply determining the
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right rules for an expert-system kernel. An expert system typically
solves an expert problem, that is, a complex problem requiring highly
specifi knowledge, which is generally used in a specific fashion, We ey
require our system to use poor knowledg: n a poorly-defined field, in
whichever way it 'chooses, to solve a jroblem that is not wall

understood-by human experts.

The expert system as described in the literature has two segments: a
Inowledge base and an inference engine. The knowledge base typically
contains only knowledge through which the .problems posed to the system

mey be solved. The inference engine then exploits this knowledge to solve

these problems. There are visible d d ges to this & for
our purposes. The system cannot reason out a strategy to solve its
problem; the strategy is that of the system's author. Typically, the
domain of expertise of an expert system is limited, generally by the sheer
logistics of marshalling a large quantity of knowledge. Such & system
1s often zrestricted to having in its knowledge base only knowledge that
is consistent with the knowledge base as a whale: The kneowledgy base can
too easily be considered purely as a rule base, which can cause the de-

signer to restrict thé power of the knowledge. (One often sees systems

described as "forward chaining” - for & powerful system, surely the system
itself should decide in which direction it should chain 7) We thezefore -
follow Davis (1980) in raforring to the knovledge base ss containing
knowledge sources (KS's): in this case each KS will be of a similar format
to and discharge the seme function as, & rule in the conventional expert

system.

We require of a knowledge-based system that it be able to reason about

how it should manage knowledge, that it be able to choose betyween con-
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W e woa



tradictory KS's on the grounds of other evideace, and that it be limited
as little as possible in the ways that it handles knowledge. We haesten
to add that the prototype described below has not solyed the problems
presented by such requirements: rather, as many issues as can be
sidestepped have been, to allow the development of a prototype. The
prototype has not been developed as yet another expert system, it is in-
tended to demonstrate the feasibility of knowledge based scene analysis
and of a new paradigm with which we have attempted to simplify the problem

of analysing real scenes.

Knowledge-based systems are beginning to the imag
literature, and precedents do exist for using these systems for this type
of work, Nazif and Levine (1984) describe an expert (sic) system for low
level-imege segmentation, which appears to give good results, althc}ugh
according to the point raised above, it is in fact a knowledge-based
system. Niemann and his group (1985) deseribe another system which uses
knowledge to interpret results}ftom 8 sefmented picture: it appears,
howevar, that it uses implicit knowledge to segment the picture and ex-
tract the information it needs for its amalysis. We would like our system
to use knowledge at 21l levels, so that high-level knowledgé mey aid

low-level actions. ’

Our system is thought of in a fashion different from the conventional
"inference engine - knowledge base" representation; rather, it has been
developed as an interpreter opersting on a picture-knowlsdge language.
‘1e term "interpreter' is used advisedly; different reasoning facilities
sre availazhle to different bits of knowledge, as at this stage the fa-

tility of instructing the system, through the knowledge base, as to.how

it should manage knowledge has not been implemented, This interpreter’
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model is to avoid the implicit assumption of avthor-imbedded reasoming

techniques in the knowledge-management section.

SCENE-ANALYSIS PARADIGMS,

Typical of the state of scene analysis at present is the system proposed
by this author (Forsyth, 1984) to solve the instrumentation problem de-
scribed sbove, which exploits as many problem constraints as possible to
produce & workable design. In itself, this aspproach is not incorrect,
but the investment in using & system built to this type of design to solve
a problem differing even slightly from the problem first envisaged, is
consddezable. We would like therefore to build e scene enalyser that is

as general as possible - how do we do this 7

We must first decide in what form we wish to handle the scene. It is cb-
viously important to be #ble to exploit the structure of the object we
seek, yet we must also decide how to handle the appearance of its parts

in the picture.

We may handle the picture in terms of its edges, or of its regions. Its
edges will lead us to & form of line drawing, or wire-frame represen-
tation: its regions, to a representation in terms of picture subsets.
We have chosen the latter, and will explain and justify the choice both
by reference to work in terms of the line-drawing representation, and by

experimental results. .

BACKGROUND : 10




The msjor line-drawing-type paradigm appears to be that of Marr (1979),
although much other work has been done in this field, where pictures have
been interpreted in terms of-their sdges. (We are using the term "line
drawing" rather loosely here: if one examines a picture's edges, one is
working in this type of paradigm. Thus, the term includes generalised
cylinder representations &nd the like.) The great problem with this
paradigm is that one is required to understsnd the picture in teiis, of
models that one has built of it. Knowledge, mot of what objects look
1ike, but of what they should look like in pictures, is used. The dif-
ficult question of shape can be avoided in this fashion, for example by
describing & rocket as looking like & come on top of a cylinder, but a
systen designed 1ike this is at the mercy of its own modelling techniques.
Too much knowledge is deployed in modelling the sceme, and not enough in
handling it. Thus, a system built under this paradign cammot deploy
Knowledge to find the most likely porition of an object which it knows
should be there, but which it cannot find for shadaws, The pazadigm we
propose here is intended to allow marshalling of knowledge to make it

effective at all levels.

Another feature with present line-drawing vision paradigms is the effort

put into to a 1 image by using clues

to tts shepe in three’ dimensions contained, for oxawple, in the shading
of the picture. It is felt that these techniques sre likely to produce
misldading results when spplied to a real picture, particuiirly one taken
under poor lighting conditions. It is surely better to hold information
in one's knowledge base 8s to the likely appearance of the objects de~
scribed, in & picture , than to try fo obtain & potentislly iisleading
model ‘of the picture in three dimensions, and then to interpret this

probably defective model.
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Merr's paradigm limits the power of the knowledge used in systems built
under it. It is laborious for such a system to £ind, as Freuder's (1976)
system can, an objsct it knows should be present by lenient classification
of regions in that object’'s most likely location. If the line drawing
has beer poorly produced as a result of bad lighting, for exemple, the
system will have difficulty in making another to conform to other know-
ledge that becomes available at some later stage. It cannot use the im-
plications of its high-level knowledge to improve its handling of
low-level decisions. We are proposing, then, that pictures be understood

in terms of pictures.
Look at figure 1. Marr (Marr,1979) claims that this picture is perceived

"in terms of very particular three-dimensional shapes, some famil~

iar, some less so."

This author disputes his claim; surely the name of the picture is used
to provide clues as to the identity of those cbjects not clearly class-
1fiable, and those that are understood without these clues, are understood
a5 two-dimensional blotches. Them, once everything las beem satisfac-
torily classified, all objects imherit from the viewer 4 shape in three
dimensions. While it {3 unfair to criticise the paradigm on the basis
of a complex piece'of artwork, where background knowledge becomes impoy-
tant by the nature of the picture, the cla’,) holds that three-dimensional
shape is of little importance in the early stages of classifying a scene.
We claim thet shape i often imherited by objects in & picture after they
have been classified; this effect is particularly noticeable when ome
considers pictures of poor guality. In the rock pictures shown, the:

resder ‘should notice that the rocks acquire shape only after he has puz-
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zled out where they are, not while he is doing soj thus information about

the two-dimensional appesrance of objects is being exploited.

The smount of informetion invelved in understanding scenes Is well il-
lustrated by the rotk pictures. Most people who have seen these pictures,
did not know what they represented until they were told. Even then they
were not sure whereabouts in the pictures the rocks were, and could in-
terpret the pictures corxectly only after having several pictures ex-
plained to them, From this stage on, they were able to interpret these
pictures for themselves. Thus the process is learnt, and in stages. Oaly
once these stages have been traversed, is the picture understood in terms

of the three-dimensional shape of the objects represented.

We have laboured the relative unimportance of three-dimensional shape
information in the early stages of sceme analysis, because the system
described here ignores this information completely. We feel that the
results obtained in the particle-size distribution enalysis work justify
the use of the techniques described, although they make the later ex~
ploitation of three-dimensional shape information difficult. The rela-
tive unimportance of this information means that their insbility to hendle

this {nformation does not militate agsinst them.

o

IMAGE REPRESENTATION.

It is important to comsider how imaged may be reépresented, as the cholce

of image representation will often influence the abilities of the system

BACKGROUND . 13-




in guestion, We wish to represent the image in as powerful a form as
possible, while conserving as much space as possible. We wish to store
the picture in a fashion compatible with the system we are describing.
that is, we wish to hold intermation pertaining to the regions within the

picture in as tractable a form as possible.

For this purpose, it must be assumed that the region segmenter is
trustworthy, that is, that it will not be necessary at some later stage
to ask it to revise its decisions. This is the same as assuming that each
primitive is represented by at least one region in the segmented picture,
and that no two primitives share a region, where we define a primitive
85 & piece of picture that can be understood by & single piece of know-
ledge in the system we describe. (That is, we do not need to inspect
structure to find a4 primitive: it is a piece of picture that stands in

its own right.) So, once we have segmented a picture, we may discard the

picture itself in favour of & repr of thr d picture that
is more compact than the picture itself, if it retains the informatiom

we require. The question is, what do we wish to represent ?

This issue is not yet fully settled, as the system itself is still a
prototype; however, we shall describe what was represented and how, and
we claim that the system allows expansion of the representation. As has
been seen sbove, the most important inforastion that one mey have sbout
a region 4ppears to be the list, held in some form, of its neighbours,
We wish also to hold some representation of its size, its average grey

level, its texture, and its shape in two-dimensions.

Tt can be stated clearly at this point that the issue of two-dimensional

shspe has been largely sveided; in its present state, the prototype system
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neither needs nor uses the informatjon. It is accepted that this will
become an impertant issue, and that it is crucial to the representation
of pictures at a high level fo find a representation of shape that will
allow one to decide what the shape will be of a region created by merging
two other regions of known shape, without reference to the picture itself.
The {ssue has simply caused insufficient problems up to this stage to
warrant more than brief attention; it is felt that the region represen-
tation adopted has sufficient power, with some attention, to allow &

solvtion of this problem without modification to the representstion.

The issue of representing the region structure of the picture has, how-

ever, received much attention, dating from the early days of the
particle-size distribution snalyser work, At that stage, & represen-
tation was required that indicated how a region related to its outside-
neighbours, the inside neighbours being ignoxed for reasons we shall de-
tail later. The chéin-code approach, as detailed in, for example,
Rosénfeld (1982), wes unappeeling on the groumds of its potential
intractability. In the rock pictures obtained, reglons tended to have

long boundaries, with many changes of direction in them, but with few
.

neighbours represented. Thus, & vast chain code could be obtained with

ouch largely The neighbour-code .

was then suggested by Berger (1984 (s)) and then Tefined by thig author.

This repr %111 be in detail in the body of the dis-

sertation,

The standard deviation of the grey level over the repion has been chosen.
to represent texture. This choice is open to discussion: it is certainly
not the only way in which one may represent texture. However, we have

sgain not addressed this issué in detail, as the main thrust of the work
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was intended to establish the feasibility and usefulness of the type of

system described.

KNOWLEDGE REPRESENTATION

Representing knowledge is mot the same problem as representing picture
data: however, we require from our solution to the former problem, the
same characteristics as we require from the solution to the latter. A
simple, tractable technigue is required at this stage, and power may be
sacrificed for simplicity. Thus, although the issve will be discussed,

our knowledge format will not in any way represent the state of the art.

There are several knowledge representations proposed at present: the mainm

themes seem to be semantic nets, frames, rules and the predicate calculus,

while other representations have been proposed. {(See for example,

Charniak (1981), a paper which propeses a knoyledge representation that
has the flavour both of frames and the predicate calenlus.) Considering
& piece of knowledge as & rule, and thinking of it solely in those terms

appears to restrict one's perception of the potential of the knowledge,

as it is too easy to get distracted by the implications of the "if ~ then”
construct. Thus, although the knowledge representation we have adopted
is in a rule-like format, we have avoided saying "if this then that".

The representation is rather as a “this relates to that" form.

Barr and Feigenbaum (1981) present & discussion of these techniques which

we shall summarise here. Logical repr ons ‘such as the di
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calenlus are precise, flexible and moduler, and they appear to be a na-
tural representation foxr certain notions. However, it is often the case
that logics need to be non-monotonic!<and this- rendexrs them, for our

purpose at least, intractable.

A semantic network is a structure in which knowledge is represenmted by
links of different types between nodes. Nodes usually represenmt situ-
ations, objects or concepts, and the links the relations that exist be-
tween them, Semantic networks, and an elaboration of the network ides

into a structure, the frame, are the subjects of much research.

The representational structure with which we are concerned, the rule, has
been much in vogue recently, with the success of expert-system technology
in commercial applications. The idea a;:ting here is that & piece of
knowledge may be expressed in en "IF (conditions) THEN (actions)" form.
This representation has been used very svccessfully for expert domain
knoyledge, and seems to lend itself v-ry well to representing the type
of knowledgs required to solve this kind of problem. It has disadvan-
tages: present expert systems face potential problems with saturation,
where the rule base becomes so large that the system hes real difficulty
getting anything done, .

Recent work has shown that systems may be built that change or update
rules to allow them to handle situations that they have not previdasly

% A monotonic logic is & logical system in which, Lf it is possible to’
deduce a theorem with A set of assertions, additions to that set will

not. latex negate the theorem.
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encountered (lLenat,1980). Brachman et al (1983) quote Hart &s saying in
a 1980 paper that current axpert systems typically show up badly, ss they
are unable to recognise or deal with problems for which their own know=
ledge {s inapplicable or inmsufficient: this situation would appear to be
changing, but the criticism is still largely valid. These problems are

to an extent inherited from the rule representatien of knowledgs.

We have reviewed here the major ideas in knowledge represemtation. The
eriterfon by which o techaique was chosen for ¢he prototype system vas
again simplicify of implementation, recalling that a representation was
desired, less for the maintenance of problem knowledge, than for vroviding
& simple explicit knowledge facility in the system. A rule-type repre-
sentation was chosen for its potentis] simplicity of implementation in
FORTRAN (vhich language choice will be explained) and because it appeared
that updating the the knowledge base could be simplified by using this
representation. It will be seen later that the rules have been used in

different ways; depending on their terms of reference; there is a strong

similarity to an 1 whare order is not im-

portent.

KNOWLEDGE MANIFULATION.

Another important question which arises is, "How we manipulate knowledge

that is inaccurate: how do we reach a decision based on poor ovidence 7"

This is again a research issue {n itself, and the system we have adopted

does not claim to be optimal. As the techniques developed so far appear
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to be in & large meesure empiricsl, and as thore gpprsrs 1o be no sirong
unifying idea at present in this field, we have again chosen the simplest

technigiie that will meet our present needs in this matter.

The problem of reaching s decision based on poor evidemcé is a considers
&ble one, and although not an immediate problem in the case of the present
prototype, which will simply make the wrong decdsion when faced with poor
evidence, it is ome that requires addressing, as the system is intended
to be & prototype of a device that will operate on real pictures, and
hence will require & certain degree of noise immunity.We will therefore

briefly summarise the techniques available.

One my use a Bayesian technique, where a combination of a priori proba-
bilitles leads to & probability on vhich a decision msy be based.
Shortliffe et al (1984) quoté Duda as using these methods in the
PROSPECTOR system, with considerable success. The problem with Bajesian
tethnigques i that the & priori probabilities are not always easy ‘to find,

and the technique seems to be unpopular as a result.

DuBois et al (1380) present Zadeh's concept of the fuzzy set, where &

set's members are assigned a degree of bership, and where
' may be defiqad to describe the degree of membership of an object in the
uvnion or intersection of the sets, The theory is deep and lratlmr ap=
pealing, as fugzzy functions and fuzuy nuibers may be defined. There is,
however, at least one considersble problem to be considered in uging this
theory in an implemented system.

Consider the set of students in a class; we wish to define for each stu~

dent his degree of membership in the set of tall people. A seven-foot
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student is a member to degree 1 (the scale iv conventionally 0 - 1); but
to what depree is a six-foot student a member ? The problem is simply
what the membership function should look iike. There sre other problems:

generally, with the functions described in DuBois et al (1980), the truth

value of the proposition does not iy i ¢ as evid mounts,
and @ "strong” piece of evidence may be outweighed by a weak ane. This

does not easily lead to a good,model of human evidence combination.

For the MYCIN system, Shortliffe (1953) developed a system that appears
to work xather well. It does however, appear to have been developed
rather empiricelly with the MYCIN issues in mind, and as such would not
suit our purpose, as it cannot be lifted straight cut of the MYCIN context
and used. (Shortliffe (1983) points out wesknesses in the system, with

the proviso that MYCIN itself worked very well.)

4As 1n all the other fields we have discussed, we wished for our prototype
the simplest possible technigue that would serve our purposes. Thus the
fuzzy set representstion was used, both because it defaults in the case
of definite evidence to the Boolean model, and because we did not require

extensive work with poor evidence.

REASONING ABOUT:/CONTROL.

We have steted how inportant it is that a knowledge-based system be able
to reason about how it will use its knowledge. Although the literature

seems to reflect no clear .trends at this stage, this author feels that
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the solution Lo this problem lies both in using the technique of diverting
the interpreter's attention to certain XS's at the expense of others, and
in providing the interpreter with different techniques of knowledge ex-
ploitation, and allowing the knowledge base to force switches between

them, generzlly es a result of the context in which knowledge appears.

Yor exemple, the first technique would result in a scene analysis system
which when asked to find an elephant in & scene, would prevent knowledge
about different snimals from reaching the interpreter. Davis (1980)
discusses & teshnigse where plausibly-useful knowledge sources (PKS's)
are found, by first rejecting those KS's which are definitely not useful,
and then ordering by utility the rest. These processes are themselves
knowledge-driven. It is not essy, however, to see s reliable technique
whereby knowledge may be suppressed without losing relevant knowledge,
whose re’. vinte is not immediately obvious. In our prototype system all
pleces of knowledge are brought to the attention of the interpreter, and
those which do not fulfil a rélsvmce criterion are ignored. This is a

primitive implementation of the above technigue.

The second téchnique is illustrated in our prototype when we comsider the
knowledge that describes structure. If a X5 relevant to the structural
description we are seeking is loaded into the interpreter, it is inspected
to ascertain what other knwlédg! way be relevant, and then held for fu-
tur ) reference; later, when we are actually looking for that structure
in the scens, the knowledge will be svalusted as a rule to indicate what
vvalua we associate with a given set of regions belonging to that struce

ture.
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IMPLEMENTATION ISSUES.

The system described was implemented im HP FORTRAN-77, on en HP-1000
mini-computer. FORTRAN was used becamse of the author's considerable
familiarity with the language and because the only other languages.
gvailable were an nuntested subset of LISP, and PASCAL. To avoid
interpreter-testing issues, and because the PASCAL compiler available at
the time was extremely slow, FORTRAN was the obvious choice. The code

was designed, written, and tested from May to August, 1985, inclusive.

As the HP-1000 used has a maximum partition-size (code and dava) of 32K
it became necessary to segment the code, which had not originally been

written with this in mind. The word segment will refer below to the code

, which unfor 1y pond to the system block, leading to

potential confusion unless one's nomenclature is careful.

CONCLUSION.

We have introduced the ideas that appear in the vest of this dissertation
and attempted to show their origins. The work that is described below
departs in many ways from the mainstzeam of current vision work, but is

rooted {n bl . The p pe built is still a fragile

curiosity, rathar than an engineering solution, yet it represents an at-
tempt te . zhe idear presented, with techniques developed by this author

and twa . Mt workers, to produce a system thist can see.
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NEIGHBOUR CODES.

(Some of the work described here was submitted in a research report to
the Wits Depsrtment of Electrical Engineering for a B.Sc.(Elec.Eng.), in
which the concept of neighbour codes, and the way that they could be
merged when no enclosed regions existed, were described. Theé algorithm
to deal with this situation was developed after this report was submitted,

and the material is presented as a whale for simplicity's seke.)

We have said above that when one considers a picture in terms of regions,
their neighbours' qualities become the most important information that
we can provide in a representation at a higher levei ihas ‘the picture
itself. However, it also became apperent that representations such as
the chain code were not ideal. These facts spurred the development of
the idea of the neighbour code, which has so far proved itself useful as

a representation of a segmented picture.

If one may merge and analyse regions on a basis of their neighbours, can

we not then develop a representation, less bulky than that of the entire’

picture, thst will hold this information, and in which one may represent
merges without reverting to the original picture ? It turns out that we
can indeed do so. The representation is formed simply by listing the
neighbours in the order in which they occur in a traversal of the outside

boundery of the region, and is called the meighbour code.
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PROPERTIES OF THE NEIGHBOUR CODE.

The first question that occurs is, "Why only the outside neighbours?”

The answer is simple: "If a region is entirely contained by ancther, the

is pi in the d region's neighbour code, and
need not be entered into the other's code, where it could cause consid~
erable book-keeping problems 8t some later stage.” We ignore internal
regions when forming the code; that does not mean that the regions oo the
inside receive no comsideration, mox that their relationship with their
enclosing neighbour is not recorded, but that such consideration is per-
formed when we inspect the enclosed regions' outside neighbours. For a
consistent representstion of the region space, it is, however, importsnt
to tzaverse each region's boundary in the same direction (i.e. either all
clockwise or all anti-clockwise). The code is cyclic; it is not important
to start the traverse with any particular neighbour. The edge of the
picture must be regarded as a region that surrounds all the regions in
the’ picture, and i*s occurrence in the neighbour code must be recorded;
in this work, we have assigned the edge the region number -1. (Recording
the edge is important, as we shall show.) The code is normally formed
of the region numbers of neighbouring regions, but may equally well be

formed of their types, textures, ete. It appears to be possible to con~

struct an unambiguous rep of the d picture with this
representation, but I cannot prove this. . o
NEIGHBOUR GODES. 2
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FORMING THE NEIGHBOUR CODE.

We assign each connected region in the segmented picture a unique symbol,
conventionally a positive integer, by which we identify it, which we use
here, we refer to this symbol as the region number. The code is struc-
tured as follows: & neighbour that appears on the boundary of the region
in question is represented once in the meighbour code for each contact
bétween it and the central region, however long the boundary on which

they contact . Thus the following are not legal neighbour codes:
. 12333456
° 1234561

( recalling that the code is cyclic ). The follawing codes are,however,

legal:

. 1234356

* 12341567,

It should be noted that a code of the form:

. 123434535

is legal, but tially ing, and not 1 (see figure 2).
The i1legal codes occur occasionally the merging process, and require only

& simple cleaning-up process: the sbove meaningless code.misrepresents
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Codes of the form:

1 234345
e ”\\:/fl
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the space, and cun arise throngh incorrect formation of the code. Such
cedes cannot, however, arise when the code is correctly formed, or the

representation itself would not be useful.

We have not seen before the confusion that can arise from the gquestion
of whether the segmented picture is four or eight-comnected. Figure 3
will illustrate the point. The problem is simple; if we define a regiom
as eight-connacted, its neighbours must then be four-connected. The
problem then arises that it is not easy to say in certain cases whether
a pixel is an outside neighbour or a small enclosed region. Fortunately,
we can say that the issue will be dealt with by the labeller, by requiring
that it label connected regions with a single lsbel pex region (allowing
it tc decide whether a pixel belongs on its own, or with g comnected re-
gion) and by them informing it whether it shovld define eight-connected
regions or four-connected regions. The latter decision we have made ar-
bitrarily: Berger (1985) hes been able to produce meaningful neighbour
codes from the segmented picture produced by a package routine
(SPIDER,1984), and there appears to be no good reasen why his routines

shonld not work for four-comnected regions.

It will be seen when figuxe 3 is consulted that it is also important in
which dirsction each boundaxy pixel's neighbours are traversed when we
are forming the code. Ve form the code by treversing the boundary in a
given C.rection: if we have defined the region as eight-connected, its
complement {the rest of the picture) is then four-connected, so we must
then inspect each boundary pixel's four neighbouzs. The traverse of these
four meighbburs must be performed {n the correct dizection, starting in
the region whose neighbour code we are’ forming, as failing to do this will

lead to spuriouys reversals in the code. For example:
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¢ in forming a code, we cén include cach nelghbour pixel and then
clean the cede up, by compressing each run cf region numbers to
o single member, and suppressing the region number at the end
of the code if it is the same as that at the beginning, so that

~ 11122%333444555666111
bacomes
- 123456
©  however, if we have mistraversed pixels, we may get
~ 1112122323343445455565666
which is unmanageable and certainly even with cleaning-up could
not represent & set of connected regions on a plane. Reference
to figures 2 and 3 should remove any confusion.
If, however, we cannot merge two regions using their neighbour codes
alone to £ind the code for the composite region, the representation
is of little use. For some time it appeared that this was indeed
The merging of ‘codes is not complex uniess the two candidate regions
will form & composite that encloses another set of regions, which
were not previously enclosed, in which case the problem appears that

it is not easy to tell which of the groups represented in the codes

will be enclosed. We shall examine the simple case first.
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A pixels 4- neighbours A pixels 3-neighbours

A rrzstcr\ -is n~connected if one may reoch any one
point in it from any othern by a path whose next
member is  wn nnq_nshbour of the current member.

Dhualor\ of

T

2—A

If we tmvzr5¢ pikds as A we will sze 3, 4 and thern 3 agom,
If we Qmum pxxe{s as B, we will see B, 2 and then B aﬁam.

¥ we towrse pirels os C the code will be correct.

Fie.3 The importance of the direction
of pixel traversal. i
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* Given thet we wish to merge regions J and 2 with codes 2 3 4 §
6 and 7 8 19 respectively, and that 1 is the senior region (the
composite will be called 1, and we are merging 2 to 1), bo
produce the eode for the composite, we rotate each region's code
such that the other merge candidate appears in the fromt of the

code, so that we get
- for1:23456
- for2:1378

® We then remove from each code the first member, and wtite one
code after the other (it is not important which code is written

first) and this becomes the code for the composite. So we get:

~ 3456978
We now consider the more interesting case where the merge candidates
wil! enclose one or more sets of regions when merged. On reflection,
or on consuitation of figure 4, it will be seen that when the regions
will enclose n sets of regions, they will contact each other n+l
times. Thus, each candidate will refer to the other in its'code nt+l
times, and only one of the groups of regions delimited by these
references will refer to regions that will be on the outside of the
composite region: the other groups refer to regions that will be
enclosed and hence should not appesr ia the code. How do we dif-

ferentiate between these groups 7
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It s in fect fairly simple to find which groups of regfoms are en-
closed when we notice that only & finite number of regions can be
enclosed in each set. Also 3mportent {s the fact chat we may 'chain’

acxoss the representation to find a regilon which hde the edge of the

picture as a neighbour, simply by recording &1 the neighbours of

ovxr given region, and their neighbours, and so on, until we find the

edge. The algorithm to merge neighbour codes with enclosed regions |

can then be expressed as:

*  Rotats both codes so that thair first member is the other merge
candidate. We then have a group of regions hetween the first
and the second jnstance of the codes, which we record separately

for each code.

* Now we wish to decide for each candidate whether this group re-
presents an enclosed region or not, Notice that the groups must

be d sep ly for each didate as we have no way

of knowing whether the groups correspend to the sipe set of re-
gions. We then, for each group, look for the edge of the picture
1in the manner described above: if we f£ind it, then the group must
represent an outside group; if we do not, but rather enumerate
a finite set of regions (where no new regions are found by
looking at new regions' neighbour codes, and after a while fhexs
are only regions whose neighbour codes have been inspc,) -[) then

we have an inside group.

. If the group was an inside group, we discard it by rotating the

code 5o that the second instance of the other candidate is in
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the first place. If it was an outside group, we discard the rest

of the code, and that code is ready for merging.

*  When both codes are ready for merging, (each will have only one
instance of the ather candidate's region number) they are merged

in the same way iv simple codes.

Figeres 4 and 5 may clarify this explanation. We give an example below.

Our picture has produced the following neighbour codes: (we use -1 to

indicate the edge)

region code
1 12432

2 1341-1

3 456421

4 312365

5 346 '
6 435

and we wish to merge regions 3 and 4.

The £ixst group for 4 is 12 (3 is not included; we are merging to 3 and
to ryarch 3’s code would confuse the issue as all groups would then be
outzide groups). Now for 1, we obtain as new neighbours -1 3 and 2: (4
is a cendidate, and is ignored) b t -1 indicates the edge, and hence this

group is'the one we want, and the code for 4 becomes:!

31 - .
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The first group for 3 s 5 6 and no new nighbours arc fomnd f{rom these
regions' codes, (ignoring 3 and 4 for the same reasons as above) so that
this group is an enclosed group and we may remove it from the code and

get for 3:

Now we may merge &4 and 3 conventionally.

This zepresentation is implemented fairly simply by keeping & table of
the codes, and & cross-reference table in which we may store information

as to which region has been merged to which.

CONCLUSION.

Th pover of the neighbour code representation is the simplification it

¥ prov in the ¢ Wiy of the

d picture. The codes form
& representation in whicl, f€-is simple to merge regions, and which is in

general berter-suited to the needs of a knowledge-intensive system then

is the 1 repr of the d picture.
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THE PARADIGM AND ITS USE,

In this asthor's opinion, vision is & function very deeply embedded in
living systems, and is not correctly described as an intelligent act.
The problem of general scene analysis does however seem to require for
its solution the employient of some form of knowledge, which appears in-
trinsic to most seeing life-forms. Although we claim that knowledge will
have to be employed to produce & general scene-analysis system, we cannot
clain that this knowledge will be easy to find, or to express. It seems
likely too that the KS's will proliferate, and there seems to be no good
reason for expecting that the knowledge base will not hold internal con-
tradictions, With this in mind, we still feel it productive to propose
a new paradigm, the motivation for which has been given sbove, in which

scenes may be analysed in a knowledge-intensive fashion.

GUIDING CONCEPTS: THE PARADIGM 1TSELF.

‘The major tenet; and the theme of this dissertation, is the belief that
pictures should be analysed in terms of explicit knowledge about pictures,
and about what objects Jook like on pictures, rather than in terms of
models made of the picture. A model of the world must be used, to have
sufficient knowledge to interpret the picture, but the picture need not
be modelled, so that picture-level operations may be guided by knowledge

both about the picture and about the world,
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The second teunet is thsi the picture must be handled in terms of regions:
this is important, as the processes of edge detection and of outline
growing do not easily allow backtracking to incorporate world knewledge.
This tenet gssumes that a segmenter is available, that is able to sepment
the picture such that each defined primitive is represented by at least
vne region. We envisage backtracking to the level of undoing incorrect
merges; we do not at present see backtracking to a level of & resegmen-
tation of the picture (although this could be achieved, more simply than

by the process which would apply if the picture had been interpreted in

terms of its edges). .

The employment of knowledge should occur at many levels, from planning
the process by which primitives ere merged, to using the context in which
the picture is presented to reduce the quentity of knowledge required to

interpret it.

How then do we intend 4 system to find a given object in & scene? Firstly,
it must zeduce the description of the object to priuitives whis it
undexstands, using the knowledge available to it. It mist then find these
primitives, with the relatipnships between primitives that it requires,
If it canmot £ind sll of the required primitives, it should inspect. the
set which it has, and decide whether it can still reasonsbly find the

object by lenient reclassification of some zegions. Thus, the systen has

a defined goal structure, which will be as follows:

¢ Find out what should be found in the picture (i.e. find the main

system goal).
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Factor this gos) inte & list of primitives and a description of
structure, using available knowledge. 1f this is impossible,
the system is entitled to fail. (Howwould a human respond when
asked to find en object in a sceme, when he does not know what
that object looks like, and there are more than one unknown ob-

Jects in the scene?)

Now find as many of these primitives in the scene as possible,
by using knowledge to generate and test merges of possible can-
didate regions, and to classify these regions or groups of re~

gions,

Finallyg £ind & group of primitives the structure of which cor-

to the 1 " stored; if a promising

group is missing a priritive, attempt to find it by reclassifying
reglons whers the structure of the object indicates that the
prinitive {s likely to oceur. If this group can be found, the

system goal has been found, and the next goal uay be reguested.

We have seen that the use of regions should simplify the process, as

bicktracking is simplified, and the system uses knowledge; thus, it has

beén produced under the new paradigm, But what is the structure of such

& system 7
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A SYSTEM DESIGNED TO ANALYSE SCENES

The task of this system will be to find a given object in a picture, or
to say that the object is not in the picture, by examining regions and
groups of regions with the intention of finding a group that best corre-
sponds to the object required. (We will refer to this object as the main
system goal.) The system should be gble to evaluate its attempts to merge
regions to form primitives, and to plan & best course of action by which
it.should be able to find the main system goal. To achiev: these aims,

the system will use knowledgs,

The system will, then, have & “ledge base, which will need to
contain both world knowledge and picture-level’ knowledge. The system will
consist of sections, which will be self-contained, end which we shall call
Knowledge-Application Blocks or KAB's, Each KAB will refer to and use a
different forn of knowledge, and will not in general requira access to
the em:i.re knowledge base. However the KAB which uses world knowledgéa
to factor the main system goal may need at some stage to have a iorm of
control exercised on its knowledge base, to prevent it from saturating.
And we have discussed the avallable strategies above; in this-case, it
would appear that the best strategy is to order the knowledge base sc-
cording to its relevance to the main system goal. Thus, in a search for
4 telephone, knowledge about handsets will be made more accessible then:
knowledge about hands, We refer to the knowledge conveyed by this type
of strategy as 'contextual knowledge"”, as it is knowledge about the con-
text in which the picture appears. As we have saad, 1_*.- does not appear
casy to implement this form of knowlodge management. A block diagrem of

tha system is shown in figure 6. Knowledge-application blof:ks, with theix
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relevant knowledge bases, are shown as circles, and the flow of informa-

tion is shown by srrows. The dutjes of each KAB will be described below,

KAB

control

context select

goal structure setup

action evaluate

action path evaluate

THE PARADIGH AND ITS USE.

DUTIES

This block will recommend changes of context and
will manage the process by which control is passed

from KAB to KAB.

This block will provide contextual information by

ordering the knowledge base.

This block will put together a goal structure to
allow the finding of complex structures by finding
' thets components, using available world knowledge,
and will inform the action evaluator as to whick
structures should be found where, if necessary by

lenient classification.

This block will evaluate any wmerge suggested in
texms of the properties of the merged reglon and
of what is being sought.
i o

This block will evaluate & saxies of merging decin
slons in terms of piecture knowledge and world
knowledge, and will recommend o peralize & pro~
posed merge in terms of the other merges arising

from it. It should be able ta decide between two
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possible merge decisions in terms of their overall

effect, and then report to the path planner.

label attempt Given a region with given physica) properties, this

bioek will decide what it is likely to Tepresent.

This block will also attempt to label sets of re-

gions, given r and 1
path plan This block will provide a merging plan to meet the

goal structure, and will offer alternative mexrge .

paths to the action path evaluator. Thus, it will

interact with the sction path evaluator to provide

an overall strategy.

actor This block will take the actions recommended by the

path evalvator.

4 system structured as described above should be able to analyse fairly
general scenes; however, it will require sophisticated techniques to
construct, snd would appesr to be beyond the capabilities of the tech-
niques described in -the present litevature. Useful information should

be obtained by prototyping 4 system with some of the features of this

system. To illustrate the intentien of this design, v‘m shall describe
the functioning of the sys'wm when required to find a telephone in a

scene. We assume a black dial telephone for argument's sake,

¢ The goal structure setup KAB will receive the main system goal,

and factox it, for argument’s sake, into "body", “body cord",

"handset", and "handset cord". "Body" will be factored again .
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into "dial" and "main body"; the other sub-goals will be regarded
as primitives. The primitives are described as follows, for

simplicity:

PRIMITIVE  DESCRIPTION

body cord  dark, long and thin, small, low reflectance, low

52
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handset dark, banana-shaped, medium-sized , medium i

reflectance, low texture.

handset cord dark, long and coiled, small, medium reflectance,

medium texture.

diaf light, round with holes, medium-sized, mediuvn

reflectance, low texture. -

main body dark, square, large, low reflectance, low texture.

The picture is then segmented, and the ctontral KAB will pass

econtrol to the path plannét KAB, which will provide a path of .
¢ais type: find any regions which are primitives in themselves;
then genavate merges between dark neighbouring repions. Test
these merges with the action path evaluate KAD, which will tes:
individual cases with the action evaluate KAB, The intention -

is to merge towards at least ofie primitive.
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*  Assuming that a primitive has been found, say the handset cord,
the path planner KAB will pass the action path evaluvate KAB this
information, by informing it that the handset itself is lfkely
to be found as & neighbour, or as a group containing & meighbour,
of this primitive, Similar information will be passed for the
"main body" primitive. Assume that with this new information,

the “"main body" primitive is now found.

* The path plan KAB now may pass to the action path evaluate block
a new strategy, where the 1ikely position of the dial is assumed,
and the likely position of the cord is offered. Assume that the

body cord is now found: the handset is still lacking.

*  The control KAB will now pass contrel to the goal structure setup
KAB, which will inspect its world knowledge and inform the path
planner KAB, through the control KAB, that the handset may be
either on the main body, at the other end of the handset cord,

or absent, with likelihoods for each situation.

* Finally, the path planner, having had a merge path accepted by

the action path evaluate KAB, and with the label attemp’ KAB not

having found the handset using this path, will pass the entire
set of regions to the label attempt KAB, as it knows thet it need

not find a handset. The label attempt KAB will then use know-

ledge left to it by the goal structure setup block KAR to label

the set of regions (which are also primitives: we merge regions

in the representation in the process of merging up to the prim-
itive level, and only in & scratchpad form when we attempt to

find structures) as a telephona. * If this labelling attempt
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£ails, the process starts again, with a different set of dark

regions being tried as a start to the process.

It cean be seen that to a large extent the control KAB acts as a schedulex:
in fact, in the prototype, the contrel XAE has been implemented by
structuring the way that the KAB's are invoked, rather tham by configuring

& separate KAB,

The ‘system as described should be sble to analyse scenes with considerable
generality, if it can be implemented effectively. Certainly, the struc-
ture of ths system is such that if it is able to analyse a scene, 1 will
be able to analyse at lesst a class of scenes. There are, however, po-

tential problems with this design.

POTENTIAL PROBLEMS

It must:be realised at once that the design described is a pencil and
paper design. It is the product of very recent thought, and has not been'
proven, implemented, or deeply tested, and as such should be expected to
have errors in it. A very simple version of this system has been proto-
typed, but, although it shows promiuing characteristics, it does not prove
the validity of the design. Vision is & complex activity, and this euthor
feels it unlikely that the design presented has solved the problem of
scene snalysis; it is presented as & new approach, which promises good
rebults. I am confident thet the “emevs of the paradign presented ere

sound, however, and that théy are potentially productive.

THE PARADIGM AND ITS USE. 40




The knowledge base is likely to be huge, and it is not easy to see how
its growth may be controlled. The knowledge which drives human vision
systems is not known, and it may be so deeply~embedded that to discover
it at all will require 2 roundabont approach invelving an operator grading
the response of the system to scenes. It is not & forgone conclusion that
this knowledge can be discovered at all, although it does not appear im-

possible.

The ‘resulis 5f the pwsotyping exercise are described below, and it will
be shown there that:hegs exists for the production of & .general

scene-analysis system.

CONCLUSION

A paradigm for the analysis of general scenes has been described, and we
have shown the design of a system that will perform this task undexr this
paradigm. Criticisms of the paradigm and of the design have been pre-
sented, but it is felt that further development of this system 'is a

worthwhile goai.
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THE DESIGN OF THE PROTOTYPE SYSTEM.

The system described above has been prototyped in a very limited form,
in an attempt to demonstrate the validity of the paradigw and to show that
usefu} systems may be designed within it. The prototype has heen con-
structed with every simplification possible, to allew its construction;
the reader will have gathered from the introduction that meny complex
issues have been sidestepped. The prototype, although not yet analysing
scenes, is showing some promise, and the neighbour code representation
has been effectively implemented in it. We will discuss the design of

this prototype here, and its implementation and the results that support

the velidity of the paradigm in a later chapter.

The prototype was intended, not to display the more advanced of the con-
cepts discussed sbove, nor to test the whole of the stxucture of the

system described above, but to d the i 1lity of

with work of this type in this field and, more particularly, in this
paradigm with the intention of showing the validity of the design de-

scribed above. As & result, not all the KAB's were implewented, and thvse

that were, were implewented fn a Iimfted form. The KAB's implemented
were: goal stiucture setup (called fgoal), action path evaluate, action
evaluate, actor and a form of label attempt (gtmer). Th,/design of the
prototype will be discussed under four headings: the block design of the
system, the design of the data structures, the design of the rules, and

the algorfthes used in the KAB's.
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THE BLOCK DESIGN OF THE PROTOTYPE SYSTEM,

We have simplified the comstruction of the system described sbove by di-
viding the duties of the KAB's into two clear blocks, whose duties are
respectively: find the description of the main system goal in terms of
primitives, and find the goal described in the picture. The first block
we cell fgosl, the second gtmer. We will describe here the duties end
the techniques used in these blocks, as well as the two other blocks the
sys'cem has inherited from its implementation: start, inits, and the

losder, mrint.

Refer to figure 7, which shows the block diagram of the prototype system;
the implementstion has required the introduction of a further block, mot
shown on the figure, for initislising data structures. Note that we do
not have here a situation where each block acts on data, and then passes
this data to o further block (hence the form of the block diagram). In-
stead, the loader, known as mrint (the progrem nawe), loads esch black
as & segment until the block terminates, informing the losder which black
is to be used next. Each block must then terminate, having changed the
systen variable which inforas mrint which block:should be ldaded mext (we
call this the system block context, or $5C). Thus the opevatisn of the
systen is as follows:
* To start the system, mrint 4s invoked. In turm mrint retrieves from
disk, without consulting the SBG, the picture representation left
there by the representexr program, and then loads the inits blc k {not

shown in figure 7), which initielises the system data structuxes.

* This block will always terminste "happy”, uniess there are hardware
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errors, and will not affect the SBC. The SBC is then sel to start

by mrint.

Mrint then retrieves the first KS from disk. Bach KS has an SBC
field, and if this field does not agree with the current SBC, the S
is discarded, and the next XS retrieved. The SBC at this stage will
e "start", and when,s KS is found with this value {n its S8C field,
the start block is invoked, end the X5 passed to it, Whea this block
hes finished with the KS, it returns control to mrint. The process
continues until the start block changes the SBC, which it will always

change to "fgoal”.

The SBC is now "fgoal"; mrint will continue to invoke KS's, discard
them if their SBC field does not agree with the current 5BC, and load
the appropriate block if it does. After it has been passed & number
of K5's, fgoal will terminate. If it has been able to discharge its
duties, it will change the SBC to “gtmer"; if it hasn't, it will not
touch the SBC, but will inform mrint that it has failed. Nrint will,

in turn, fail.

If the SBC is now "gtmér", gimer will be loaded and will run each time
& KS with this SBC field is loaded, When it in turn has discharged
dts duties, gtmer will set the 5BC to "£inish", and the system will

help, @

Thus, each time a KS is retrieved with its SBC field equal to the current
$BC, the appropriate block will be loaded, will operate on the KS, and
will then terminate, changing the current SBC if appropriate. The next

KS is then retlrieved..
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1t can be seen that this strategy is equivalent to using a number of in-
dependent knowledge besed systems which intercommunicate. It is, how-
ever, slower as, if we use the latter strategy because we requirs certain
operations to be performed before others, we may implement a form of
pipelining to increise the system's speed. With this strategy, communi~
cation issues are simplified; as all system data are held in common
blocks, and are then availsble to any loaded block. Note that the iosder
approdch is not ideally simple; the original intention was to comstruct
a single program, with blocks implemented as procedures, and the present
loader & siixw of case block. This was not possible, as it led to code
that exceeded the available coda space in the computer used. The duties

of the blocks will now be described.

The first block invoked by the main system is the inits block, which ex-
ists entixsly as a result of the implementation of the system. The
minicomputer on which the system was implemented has an address range of
only 32K words, whick means that any program that conptles down to greater
then 32k words (progrem and data) cannot he run. The system was imple-
mented using active data structures, where each data structure is imple~

mented as a procedure with operators defined as parameters; the daga

' structures require initialisation, which was implemented as an. opepator,

defined on the structure. Towards the end of the prototyping phass; the
code began to compile down to more than 32K, with the result that the code

had to be d, so that sep of code were loaded into

the code space by mrint, and run. It wes felt that it would be simpler
to collect all the data~structure procedures into a segment whose single
duty was to initialise them (the data themselves being kept in common)

than to add code that would initislise the structures to the wain program.

THE DESIGN OF THE PROTOTYPE SYSTEM. . 45

[PIRTO




This segment is inits, which is used only to initialise those system data
structures that require it.

The second block that arises from the implementation of the system is the
start block, which would in fact be a part of the goal ;t:ucture setup
KRAB, albeit a minor one. At this stage, the start block is used enly to
recover the main systew goalj it seewed possible thet it would be required
for other functions, and was thus implemented as 4 complete knowledge
based block, as the infrastrmcture existed. Thus the only two rules (in
this case they are more like rules or language statements than KS's) that

exist in start are:
¢ Always recover the main system gosl, and
¢ always change SBC to fgoal.

It will be seen that, in this case, the order of their execution is im-

portant.

We have discussed mrint above: the duties of this block are simple, being
another block that has arisen from the implementation of the system.
Hrint is requized to retrieve ir9m disk the representation of the picture,
and to set up the system data structures that contain this representation,
It then loads inits and, when that block has termisidéed, begins the
process of loading KS's. If an SBC field matches the curremt SRO, it
loads the block indicated by *'.: . ‘~vent SBC and waits for it to complete,

Mrint steps through theé . - . 1% Ope, and continues to do so until the

$BC has changed to "finisk #. his stege, it proceeds to step through
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the KS's without loading any block, but this is as & result of nessy
coding - it could as easily terminate.

We come now to the interesting blocks; we will discuss fgoal first. The
duty of this block is to fackor the main system goal into primitives’, and
to keep & Tecord of the structure of the main system goal in terms of these
primitives, using the techniques we shall desczribe below. The primitive
and structural descriptions are kept in system data structures for ref-
erence by gtmer. The process by which this block is invoked makes its

execution particularly siow, as it is unable to search the knowledge base

" actively, but must accept or reject KS's as they are passed to it. This

is unfortunate, but the segment was simply easier to implement in this

fashion.

The second major block, gtmer, is reguired to use the primitive de-
scriptions provided by fgoal and to merge regions to form these primi-
tives, by generating and testing merges (hence its name). This block will
then generate groups of regions &s candidates for structure, and will test
them against the strurtnral descriptions stored by fgoal. Generate and
test has been used hux &s & technique, as the path plan/action pdth
evaiuate Structure is intended to use a form of that tochnique, albeit
with greater sophistication than ehis block. The block contains &1l the
neighbour code merging infrastructure, as well as the KS evaluation

infrastructure. by

By now the reader should understand the high-lsvel design of the proto-

type, and we shall begin to discuss thé more solid design issues.
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THE DESIGN OF THE DATA STRUCTURES.

In a system of this kind, it is important that data are correctly em-
ployed. The system requires two major categories of deta: Simple data
are employed within a block while it is rusning, and will not be needed
the next time the block is invoked, System data are required either by
more than one black, or by one block on more than one occasion. We will
déscribe only the latter data structures: the furmer are described where

necessary where the blocks are desciibed:
We require the following system data structures:

*  a structure to store a cOu,.. .. description of the structure af
the main system goal,

¢ & structure into which sub-goals that have been found way be

{ demoted, and where & recoxd of sets of regions that match them

{  may be kept, and f£inally,

*  structures for the fgoal bleck to use as a scratchpad while exe

panding a goal.

We use the term "gystem sub-i-:!" to refer to a name (of either a com-
posite o a primitiva) that is 1 ysvt of the structure of the main system
goal, and has not been expanded. ‘Wo will discuss the latter structures

first, as they are important (p the discussion of the others.
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There are two structures used by fgoal as a scratch pad: the first, the
system composite list, is used to keep track of the system sub-goals, and
the second, the system primitive 1'st, is used to keep track of the system
primitives. The system composite list has been implemented as &
forward-linked 1ist; this structure has been used as it is simple to ze-
move an elewent from a list in e way thet does not impede searching. (No
inspection of flags, or reshuffling of records, is necessary.) The
structure contains the names of all unexpanded names in the factoring of
the main system goal. Thus, it contains a list of the objects whose de-
finitions the system still requires, and if a neme does not appesr in this
list, a KS describing an object of that name is not of interest to fgoal.
The system primitive 1ist contains the description of all primitives which
have been encountered in factoring the main system goal, and whose names
weie part of the system composite list when they were encountered. This
list is mot in fact a linked list, as it is not searched in this form,

but 1s a simple random access structurs.

The structure of the main system goal is stoxed in the structural list.
It ds implemented as a forward linked list, cach element being a set of
three stacks, and a linked list being chosen fur the same reasons given
for the system primitive list. Tha elements tske the form described be-
cavse of the structure of the KS's, whose syatax is such that thedr
evaluation is simplifiod by the use of stacks. Thus, when a structure
that, has bsbn recorded must be ovaluated for & set of regions, the ap-
propriate record from the 1list is loaded into the evaluating procedure's

stacks, and the KS may be evaluated.

The need for a structure into which sub-goals that have been found may

be demoted, and where a record of sets of regions that match them'may be
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kept will become apparent when the ajgorithms by which the blocks operate
are described; we will call it the structural primitive list. It is a
simple srrcy of records, with & "next record” pointer being maintained,
as records are not deleted, and garbage collection overheads will not
become spparent. Each record contains & field in which the name of the

new primitive (that is, either & true primitive, or a composite to which

a mstch has baen obtained) is stored, and a field in which the numbers

of the regions which match this new primitive's descxiption, are stored,

The system data structures are importast te the functioning of the block

algorithms. We bave described these structures, and will describe the
algorithms when we have discussed another subject important to under- 7t

standing the algorithms, the syntax of the Ks's.

THE SYNTAX AND STRUCTURE OF THE KNOWLEDGE SOURCES.

It is trite that a x e and carefully-ch syntax will in general
lead to 4 language which is simple to implement. The knowledge sources 3
can be thought of ss forming & simple language, by which the appearance

of objects in pictures may be described, so we have used the above prin-

ciple in their design to simplify the use of the K8's. Their syntax has
+
been designed with simplicity of implementation being the prime consid-

eration,

A KS contains four fields: a number field, an SBC field, a condition

field, and an action field, in that *order. We have used the
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“eondition-action" terminology here for simplicity, snd are aware of its
inconsistency with the dislike of the rules terminology expressed above.
The use of the 35C field has been explained ebove: ths number field is
used to make the system error messages more meaningful, so that the umser
knows in which K§ the system has failed. The uses of the condition and

sction fields will be explained below.

The condition field.

The condition field consists of & set of conditions linked by logicel
operators, forming a logical expression, which implies the action field.
“fn general, if the condition field is true, ther, depending on in which
block the rule is defined, either the object named in the action field

has been found, or the action named in the action field should be tdken.

The common expert system practice (For example, im the MYCIN system de-~
scribed by Buchanan end Shortliffe’ (1984) is to provide only the logical
operator AND in'the KS language. Thus, if we wish to express that it will
rain tomorrow if it is reining today, or if it is overcast today and the
barometer is falling (I do not vouck for this KS8), we would be obliged

to use two rules, and say:

* JF it is raining today, THEN it will rain tomorrow.

*  IF it is overcest today, AND the barometer is dropping, THEN it

will’rain tomorrow.
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The OR operator is then achieved beceuse either one, or both, of the X8's
may fire. We have not used this technique because of the opacity it lends
the rule base (It is not emsy to-see at & glance just what segment of the
rule base relates to what conclusion.), and because provision of a full

set of operators is not simple in the rule structure used.

' We have provided ss logical operators AND, OR, and NOT. AND and OR are

entitled to only two operands, and NUT may have only one. The operands
may be expressions, or simple conditions. The operators are expressed
in post-fix notation, because it is extremely simple to constructan in-
terpreter for this notation, orsented as it is towsrd a stack structure.
Nesting is allowed to a depth of 20, the limit being iuposed for practical

reasons only.

We have mentioned above the important simplificatjon that has been used
in the construction of the condition list syntax: We do not allow a
condition to be defined by the condition list of one XS ({.e. by appearing
in its action field) and then to be used by anothe: K$ as a condition,
if the block that uses the KS's attempts to evaluate them immedis. Iy

rather than storing them for structural informstiom, This is equivalent

to forbidding the use of KS's which require backward chaining for thuir -

evaluation, if the block in which they appear evaluates K§'s immediately,
&and is & simplification because when~ we eyaluate KS's, we must define
variables for condition evaluation. If we then wish to chain hrough the
knowledge base, we must carry these variables. We will thus incur a
considerable overhead to no good purpose, as, if a condition may be de-
fined in the fashion we are forbidding, eitl'{ar it must be capable of being
resolved into an expression, or, if it camnot be.xesolved, it is mean~

Angless anytow. Thus we gain a typing overhead in entering KS's by losing
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a large coding overhesd. An implementation in 2 language that allows
recursion will not intur this overhead, as far as I can see.
The situation is very different when the block using the rules uses them

to zecord structure: in this case, the rules are being loaded into data

for future and when they are being evalvated, they
will be evaluated in a forward-chaining fashion,, the system having already
decided what conditions. are primitive, so the problem of recording vari-

ables is not as severe. At the same time, in this case It is essentlal

to allaw backward references, and the i is more accep

ble.

Thus, for example, the system of KS's shown below is illegal (I do not

vouch for these KS's either.):

e IF it {s overcast AND the gardener's joints are aching,THEN it

1s likely to rain.

* IF it is likely to rain AND the barometer falls, THEN it is

raining.
“But ve may sasily resolve the above system into:
e IF it is overcast, AND thecgardener’s joints are aching
AND the barometer fslls, THEN it is raining.

Conditions may have up to seven operands (a result of the implementstion;

we have not required in practice more then fhree), mone of which may it-

THE DESIGN OF THE PROTOTYPE SYSTEM. . 53




self be a condition. This results in 4 simplification of tke code. We
heve not implemented varisble-length parameter lists for the conditioms,
again for the sske of simplicity. New conditions are essily defined.

The action field. .

The action field typically contains eitber the nsme of an action (with
parameters), that must be performed, or the nawe of an object that is
being described by the KS, with a paraseter to say whether the object is
composite or primitive, Maltiple action names are not sllowed (for im-

plementation simplicity), and multiple b ~* names would be meaningless.

Exampies of rule use.

To this point it has been implied that the same structure has been used

to describe objects and to imply actions; this faculty is achieved by a

slightly different interpretation of the .stacks generated by the KS. Thus

{noting.that Lbndition and action fields are separated by a ™", and that

a condition parameter list is enclosed in diamond brackets, to simplify
parsing the KS):

( ((({ON<LEG1,BODY> ON<LEGZ,BODY>)A ON<LEG3,BODY>)A 6N<LEGA,BDDY>)A

ON<BODY,HEAD>)A NEXT<HEAD, TRUNK>}A*ELEFNT<COMP>
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will espress a description of an elephant; tho name 35 spelled elefnt
because, again as a result of the implementation, names are required to

have no more than six letters.

The KS may be described as saying: an object, with a single body supported
hy four distinct legs,'and with a head on that body, and a trunk attached
to the head, is an elephant. It says as well that sn elephant is a com-
posite: that is, the parts in terms of which the elephant is described
mist themselves be factored into primitives, which ere described in téerms
of picture properties., Notice that the numerical tags appended to the
names of the elephant parts describe these parts as being distinct. The
elephant must by ‘this description have four legs. The tags are stripped
before the knowledge base is searched for the part's description, a&s it
is not ‘appealing to have to enter K5's describing legl,leg?,legd, and so

on.

RS's that describe primitives, describe them in teras of picture level

properties. Thus, a rock would be described as follows:

(({(SHAPE<DK> SIZE<DI(>‘)A REFLEC<MEDIUM>)A TEXTUR<MEDIUM>)A

' CONCAV<HIGH> } A%ROCK<PRI¥>

This says that -a rock has an unknown shape and size, a high concavity (We
use this term to mean & ragged outline.) and a medium texture and
reflectance, and that it is & primitive. It is accepted that there are
likely to be problems with the informatiom given to represent the primi-
tive, but at the present state of implementatien it is sufficient, and

it is open to expansion.
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The following KS expresses an action:

({({(ROCK<R1,VERY> ROCK<CENTRE,Q+>)A (ROCK<R1,VERY> BACK<CENTRE;Q+>)A)0(.
ROGR<R1,VERY> ROCK<CENTRE,DK>}0 RNNUM<CENTRE, 1> )A*MERGE<CENTRE,R1>

This rule says that if the first regien in a given region's neighbour code
belongs strongly to the rock class, and the given region itself belongs
to the rock class to a degree of quite or greater, or if the given region's
first neighbour belongs strongly to the rock class, and the region itself
belongs to the background class to a dagree of quite or greater, or the
given region's first neighbour belongs strongly to the zock class, and
the given region belongs to the rock class to a degree of don't know, and
the given region has only one neighbour, then that region and its
neighbour should be merged. This is the same as saying that one may mot

have rocks with holes in them.

An alert reader will have noticed that as the neighbour code is eyelie,
it is men;linglass to refer to the first region in it. What Rl in fact
refers to is all possible first regions in the eode: thus, by referring
to RI and R3 we may refer to any two reglons in the code offset by one
region.  We will discuss this point in greater depth below.

It is obvious that the KS format is extremely opaque; the system has not
in any way been designed for an unskilled operator. It is of course
possible to attach a natural language interface to the present simple rule

editor, but this wes felt to be far beyond the scope of this prototype.
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We have discussec the system block dimgram, the system data structures,
and the syntax and structure of the XS's: we will now discuss the alge-

rithms used by the blocks.

THE ALGORITHMS USED WITHIN THE BLOCKS.

The algorithms used by the blocks fgoal and gtmer to discharge their du~
ties will not be presented formally, but will be described in detail.
‘They are essentially fairly simple, but & formal presentation would in-
volve a mass of unimportent detail, and would cloud the issue. We will
describe how the system evaluates a KS, how it factors the main system
goal and stores its structural description, how it generates and tests
merges, and how it foryard chains to the main system gosl. The last al-
gorithm has not yet been implemented, and &s such is not definitely free
of problems, The blocks based on the other algorithms work, but this does

not guarantee the correctness of the algorithms.

These algorithms are not truly fail-safe, but errors encountered by the

implemented code are trapped and reportéd; we  will descxibe the

exror-handling facilities when we describe the implementation of the
. V4

prototype.
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How the prototype evaluates a KS.

We have discussed above the syntax snd structure of the XS's end have said
how they have been orisnted to simplify evalustion of the XS. We will
show here just how they simplify this process, and how the stack-oriented

structure of the K8's simplifies their implementatiom. .

The process of KS evaluation boils down to four steps:

* ‘The xs"a must be decomposed into their stack representation.
* The condition .apern‘nds for each condition must be fixed.

* The conditions thémselves must be evaluated.

¢ Finally, all the values of the conditions mwust be combined to form

the value of the KS.

Decomposing KS's: This process is {mplemented by a simple state machine.
The K$ is read from back to front (this leads to the stacks being in a
more convenient o:der,. and the names are eusily reversed) and if an op-
erator ( "(", ™", "A", "0" or "N") is encountered, it :s pushed into the
pperator stack. The stert of a condition £1éid will be indicated by ™"
(remember we are reading the KS backwards, and notice now the reason for
using diamond brackets for delimiting condition parameter lists). ' After

"

this we expect up to six letters, followed by & ", ".or a "<": these
P P >

letters form the name of the last of the condition operands, which is

" reversed &nd pushed into the condition operand stack. If the delimiter
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encounte -t is & ", " then we continue to find and push condition operands

until we errocnter a "<, We do not store the diamond brackets or the
commas, nor du we delimit the operands in the stack as belonging to sep~
avate conditions. Note that the limit of seven condition operands is not
imposed at this point. A KS exceeding this limit, or e condition con-
taining more or fewer operands than are defined for it, will cause an
error based on the disarray of the condition operand stack, s there will
be more, or fewer operands than required in the stack. As the system
enforces typing on its operands, the error should be reported when a

copdition receives an operand not intended for it.

When a "<" has been encountered, the following characters, to a maximum
of sik, form the condition name, which is reversed snd then pushed onto
the condition stack. The process continues until the entire K5 condition

field has been We catch d """ o ™",

niot Y<" nor ™

which are used only to delimit the condition parameter
ares) by setting 4 counter to zero, incrementing it each time & left pa-

is end d it for a right parenthesis.

If when the condition field has been fully decomposed the counter is not

agsin zero, we have an error.

Evaluating the conditions.: The next process is that of evalusting all
the conditions, while retaining their order in the stack. We do this by
popping each condititn from the condition stack until the stack returns
a "fail" status, indicating that is empty (there must be at least one
cordition), evaluating each condition as it is popped, and then enqueueing

the values so that the order is retained.

THE DESIGN OF THE PROTOTYPE SYSTEM.

LY o o L

S

s,




Khen a condition is popped from the condition atack, the sppropriste
condition evaluation procedure ys invoked, which then pops the number of
condition operands fixed for that procedure from the condition operand

stack, These operands must then be £ixed: the process is described below.

Once the condition operands have been popped and fixed, the condition must
be evaluated. This is a process that rather depends on how the condition
is defined, but we will xemark that when & condition fixes an operand and
receives a vector, it will then use any scalar operand as a vector, by
simply £illing a vector of the given length with the scalar value, and
return a vector result (which will'contain as its n'th element the result
of the condition operating on the operands in the n'th place of the op-
erand vectors), The result returned by & condition be in the renge 0 -

1 (totally false to totally true, respectively).

As the conditions return their results, the results are enqueted, ready
for the KS evalustor, which uses only them and the contents of the oper-

etor stack to evaluate the KS.

Fixing condition operands.: To fix an operand, we associate with it a
value and'a type. As true veriables are not used here, it is & guestion,
not merely of ‘inding the apprapriste part of a variable space and re
trieving a value, but of determining the typs of the operand, and either
associating with it the fixed value associsted with that pame in that
type, or retrieving the region number, set of regions ox number associated
with it. We have four types at present: qualifiers, region numbers,

mimbers, and system primitives.
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A qualifier is a member of the set VERY, QUITE, DK, QUITEN, VERYN, O+,
QM- * , end is associsted with a constant value or range of values, de-
pending on what qu ‘iexr it is. This valuve is then compared to a vaglfie
within the conditic., for the condition to return a ome (totally true)

or & zéro (totally false) value.

A region number is defined either as CENTRE, which recovers the region
with which the system is dealing at the time it is encountered, or an
integer with an "R" preceding the first digit, which will recover either
the entire code, starting with the region eccupying the place in the code
referred to by the number, ox a flag that will force the condition to
evaluate as zero (totally false), if the number is greater than the length
of the code. As the code starts with an arbitrary neighbour, it is
meaningless to refer to the first region in the code, but as the sy.stem-
does not thereafter rotate the code, we can, using this scheme, refer for
example to 4ll pairs of neighbours separated by at least two other
neighbours, which we would express 8s Ri and R4, This leads to the point

that conditjons often return vectox, rather then scalar values, &s they

*  QUITEN => quite not
VERYR => ;rery not
DK => don't know
QF = quite or more

ON- => quite not or less = '
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are evalugted for a set of regions from the neighbour code. At this
stage, the vectors ~mu always have the same length, as we are do not yet
allow more than one regitn's neighbour code to be referred to in a KS:
the scalars are then expanded to a vector with this length, and the whole
KS evaluated for conditions which are vectors. The KS evaluator will
return either the vector value of the KS, or the maximum scalar value,

depending on how it is invoked.

The number type comsists of integers witheut prefixes, which are evaluated
as the integer given; these operands allow the inspection of, for example,

the nusber of neighbours a given region has.

It must be seen that a system primitive is in no way the same as an ab-
solute primitive {for which we have used the word primitive), as an ab~
solute primitive is defined by the xule base, and a system primitive may
be either an absolute primitive, or a composite for which a match has been
found, A system primitive operand refers to the set of matches that heve

been found for the system primitive named as the operand. As the proposed

algorithm for chaining forwsrd to achieve the main system goal Has not
been implemented, and hence no condition requires system primitive opex-
ands, the details of their use have not baen fully tested. The intention
is, however, as follows:
. o

8ystem primitive operands will refer to sets of regions, and the condi-
tions using these operands will have to be bandled as such. Thus the
condition will hove to be evaluated for all available alternatives for
the aperands specifj‘ed. It was intended to implement this for the pro-

totype ‘simply by setting up a structure which would hold the current
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candidates for all system primitives refesrred to within a XS, loading thaj:
KS from the system structure list, and evsluating the KS. This process

would be performed for each legal set of current candidates.

Evatuating the rule.: The rule evaluator uses a technique that is vested
in our insistence on post-fix notation and a defined number of operands
for each logicel operator. We will discuss this in terms of scalars only,
although the technique extends very simply to vectors, merely by per-
forming operations on the vectors element-by-element, and storing and
retrieving them as vectors. (Elements in vectors will mot have to be
stored in different parts of the temporary da\:a’ structure used: that is;
storage and retrieval need not be performed element-by-element.) We will

first discuss the operations used.

When the truth value is defined as a wember of a range of numbers, rather
than as one of two, we must define functions on it to represent the log-
ical operators. A.s we have accepted Dubois and Prude's system ( ), we
must ‘accept their functions. Thus, given two propositions, T and R, we

define:
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The truth value of (T R)OR as:
({T RYOR)TRUTHVALUE = MAX{(T)TRUTHVALUE, (R)TRUTHVALUE)

The truth value of (T R)AND as:
((T RAND)TRUTHVALUE = MIN((T)TRUTHVALUE, (R)TRUTHVALUE)

The -truth value of (T)NOT as:

((T)NOT)TRUTHVALUE = 1-(T)TRUTHVALUE

nd for any proposition §,

0 <= (S)TRUTHVALUE <= 1

using post-fix motation for typesetting simplicity. (For further infor-

mation, and a justification of these functions, see the referemce.) -

The algorithm used to evaluate the K§ is then quite simple, and relies

on the stack oxder, and on careful use of 4 temporary datd structure.

The data structure is a two-dimensional array, which is two elements wide,

and whose depth defines the limit to which unmatched left parentheses may

be encountered in the process of evaluation, (That is, if we encouniér

20 left parentheses during our evaluation before we see a right paren-

thesis, the structure must be 20 deep). The evaluation proceeds as fol-

lows:
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*  The temporary dala structure (celled temp) is initialised to ail
duwmy values, and the bracket counter is set to zero. The first

occupant of the operator stack™is now popped.

* If the operator stack is empty, there can be only one condition,
and the value of the condition at the hesd of the queue is the

value of the rule.

¢ If 8 "(" is popped, the bratket counter increments, and the next

operator is popped.

e If following a "(", a ™)" is popped, and then an operator token
(either "A","0" or “N"), we know that we may dequeus either one
(for "N) or two (for "A" or "O") values; and combine them ac-
cording to the cperator popped. The resultant value is them

stored..

* To store a value, we inspect the first location in temp &t the
current bracket depth; if this contains & non-dummy value, we
inspect the second. If neither contains a dumwy valve, something
has gone wrong, and the technique.fails. If the first contains
a dummy, we store our Value in it; if it doesn't, and the second
does, we store our value in the second.

Y

t

s I instead of popping the sequen.z "(",'")","<operator>", we pop

only )" "<operator>", implying that at least one operator has

been evaluated, we must inspect temp for operands. If the first '

location at the current bracket depth plus one, contains a dummy

value, we fail. If this location comtains a real value, but the
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second location at this depth contains & dummy value, we use the
value in the first location and a single dequeued value (if we
need a second value) as the operands, and evilnate the operator
and store the result in the fashion described above. If the
second location also contains a real value, the two values in

temp are used as operands for the operator (if the operator is

& two-operand t1f it is @ perand op , we must

fail) ané the results are stored as described.

We continue this process until the operator stack is empty, or
until the aigoriths fails as a result of an enomalous temp or
insufficlent queued operands, both of which conditions -are
caused by XS syntax erzors. We will then find the value of the

¥S in the first location in temp at bracket level zero.

Altbough the algorithm sounds complex, figure 8 will indicate how simple
it really is. Its suscess is based on the structure of the K§'s, which
was carefully designed for an algorithm ef this type. As long as the KS

syntax is correct, the algorithm works.

We have described in detail how the system evaluates a K5; we will now °

discuss how the system factors a goal.
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We now have:
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occupied, and hence must use their occupants, We
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The operator stack is empty, s0 we inspect temp, aud fin our result
where we expected it, Br is 8gain 1, so we may terminate "happy".
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And again, we must inspect temp for operands. There is
one, and we require only one, so we form V1.VZHV3.Vh, and .

place it in the first location at the bracket depth,




How the prototype factors a goal.

The prototype uses some techniques popular in the current Artificial In-
telligence literature: this block, for example, uses a technigque known
as backwerd chaining, which really deserves description only beceuse the

1angua,

in which the p was implemented doss not allow recursion,

end some ingenuity was required to get the prototype to chain backward.

We will briefly describe the algorithm that the system uses.

 When we require the system to factor a goal, we are requiring it to record

all XS's necessary to describe the goal complstely in terms only of
primitives and conditions on primitives. Thus, any reference to an object
must be able to be resolved into a set of relationships defined on prim-
itives; the relationships and the descriptions of the primitives must have
been stored. Only KS's describing the structures of composites are stored
in anything like their originel form: KS's describing primitives are de-

composed, end the descriptions are stored in the primitive list, and later

in the system primitive list.
< .
Achieving this is relatively simple. We do it ‘s follaws:

* The system composite list is initialised with the main system

goal as its enly member, {:

*  When fgoal is invoked, the action field of the XS that has been
passed to it, is inspected. If the name that appears there, does
not appear im the system composite list, then the KS is ignored,

and fgoal terminates.
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* If the name does, however, appear in the system composite list,
the parameter of the name is examined; if the X5 describes &
primitive, it is inspected and the description is stored inm the
primitive list. If it describes & composite, the rule is de-
composed, &nd the members of the condition operand stack are
entered in the system composite list, if they do mnot alreedy

sppear there.  (Objects may sppear in composite descriptions

only as the of relat. s which 1ai why the
condition cperand stack is searched.} ‘The condition opersnd
stack is searched, but its members are nat popped; this is so
that at this stage, all three stacks senezated by the KS may be
entered into the system structure list as a record under the name
of the object. Whether the object described is a primitive or

& composite, its name is now removed from the system composite

list,

*  This process continues until the system composite list is empty,

when the goal has been ™lly factored.

Although no. checks have been implemented in the prototype, it is easy
enough to see that if the entire knowlodge base for the block fgoal has
boen consulted, and the system composite list is unchanged, the goal
cennot be factored. This would be caused eithex by a spelling error, or
by en insufficient knowledge base.

‘This slgorithm hardly requires further comment; we will not discuss it

tests merges.
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How the system generates and fests merges.

The "generate and test” technique is also well known in the Artificial

Intelligence literdture, and we have used a v ry much simplified version

by limiting the scope of both merge gemeration and merge testing. Merges

are gemerated only up to the primitive level; after that, the mexges re-

sult from forward chaining through the structursl deseription. ¥,

The "merge generate” duties lie solely with the knowledge base: K5's in-

form the gtmer block which regions should be tested with a view to mexg-

ing. The process implemented in the present system is extremely simple,

and goes as follows:

® The block evaluates KS's and records those candidates recom- i I

mended for merging by KS's which evaluate to greater than 0,75 }
true (this figure is purely arbitrary) and continues to-do so
until it has evaluated all X5's relevant to it for all regions £ B
in the picture. This is unwieldy, granted, but the system is a

prototype.

o

¢ When the evaluator is satisfied, all merge candidates are re- &
covered, and the values that world result for texture, average ’ Lt
grey level and centre of gravity for the Uindidate region, are y
found. (These parameters are not ciaimed to bo the best for f

di
testing a merge.) . ug

At this stage, we test only that the new average grey level and

texture are the same as those of the merge candidates, but it
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is intended that the primjtive }ist be consulted to allow more
sophisticated, goal-directed merging. If the results are sat-

.isfactory, the candidstes remain in the merge list.

*  The merge list is then passed to the neighbour-code merging

section, and the picture don is updated ac .

Although this segment of the prototype is still extremely primitive,-it
15 a segment that will allow grest expansion &s it is heve that the use
of active knowledge’ could be seen to be productive. The intention wenld
be to add to the generate stage's list of candidate regions those regions
that structure indicates may well be merged to form a missing primitive.
The test stage would be instructed to be lenient in its testing of these
candidates, and should also pass ont information indicating how "good" a

merge is performed under these conditions.

The suggestions described above would lend great power to the system, but
are far too sophisticated to have been implemented in the present profo-

type. We will discuss mext how the prototype finds a goal in a picture.

*  Active knowledge was mentioned in the introduction as & concept in-
troduced as far #s 1 can ses, by Freuder in his 1976 thesis. The idea
is that if one has found part ef an object, one has a’ good idea of

where to look for the res_t of i%.
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Finding the goal,

The first point te note here is that this section of the prototype has
not yet been implemented” ; thus, the slgorithm described has neither been

tested, nor deeply and potential impl difficulties

have not yet become apparent.

The process thst would have been used is another one familiar in the Ar-
tificial Intelligence literature, that of forward chaining: This would
have been directad toward finding the main system goal, given the location
of the primitives, For the process to start, matches must already have
been found for all members of the system primitive list. We intend the

process to follow these steps:

° The structural primitive list has been initialised with the
nemes of the absolute primitives; it now contains (becau§e these
primitives have been matched), against each name a list of the
region numbers which match that primitive. The goal finder must
now £ind in the system structure list a description of an object,

[ —- «
*  This was as a result of ‘ploblems with time, and the fact that the
titechnique of running blocks es segments to fit them into the 32K space-
alloved, was failing: the segments themselyes were getting too bi.
Any implementation of the algorithm described would have ended uwp in
the gtmer segment, which simply had no space left, and a major
re-arrangement of the prototype's structure would ‘have been neces-

_saxy. ‘
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which is described only in terms of relstionships between mem-
bers of the structural primitive list, If such a description

cannot be found, the goal cannot be found, and the system fails.

A dath structure s set up, which contains an ordering of the

system primitives required for the object to be found, recalling

that LEG1 and LEG2, for example, réfer to distinct legs, and must

therefore be matched to distinet regions.

‘the rule is evaluated for this ordering: if it is successful,

the name of the object is demoted to the structural primitive
1ist, if it is not there already, and the matching set is emtered

sgainst it., Tf it is unsuccessful, nothing is dome.

4 ney ordering of the primitives is now tried, and the process i 4
continves eithexr until the system fails &s a result of being
unable to find & KS which is 1n.tems only of members of the 3
systen primitive 1iSt, or until the structure list is empty, in

which case the system has found the goal. i

b3
It can be seen that this is'a simple technigue, and that it is dn a fairly

primitive form, but that it will allow of expansion, and could well becone

powerful.

The first necessity for the technique to become truly powerful would he
the performing of some form of sensitivity analysis on the KS, to deter- &
mine which primitives were absolutely necessary for the KS to evaluate

as trus. Af this stage, not baing able to metch all sbsolute primitives

is fatal; with a more sopbisticated dystem, the concept of active know-
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ledge may be employed to allow more lenient classification of regions that
appear in the right place for primitives, but have not been so classified.
Thus, for a powerful system, we need some form of two-wdy information flaw

between gtmer and this segwent, allowing each block to reconsider its

decisions in the light of new evidence uncovered by the other block. This
freer flow of informwtion will require a great deal of work to implement, 2

but should generate a system of enormous power and considerable potential.

CONCLUSION.

In the sbove discussions, we have shown the design of a prototype system
intended to show the feasibility and desirability of building the system

described in the chapter on the new paradigm. Many of these design de-

cisions were taken during the building of the system, although the major
structure of the design had been sketched out beforehand. 4s it is, the

‘design has produced a system which works to the extent of stimulating

Guriosity, and in my view, one which has raised mwore questions tham it

has answered. Some of the more intersiting ones are noted below: . £
*  How can inexact knowledge be handled in a systen vf this kind 7

* How can active knowledge ' deployed really effectively ?

%  We have described forward chaining to the geal. Can this be made

' to work well with an information inturchange between this block, ¥
and the generate and test merge block 7 . . - K
L !
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. Just what level of explicit knowledge is necessary in this sys-
tem? Do we need to define different "knowledge languages' with
different capacities for different blocks, to any greater extent

then we have done alresdy 7

®  Will 2 large set of merging K5's manage a1l classes of pictures,
or must sets of merge K5's which are potentially contredictory, .

be associated with different classes of pictures ?

*  Whatever the answer to the previous question, how can these KS's

be discovered 7

These are awong the major issues raised by the design, and provide ground

for extensive research.
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THE IMPLEMENTATION OF THE PROTOTYPE.

As we have briefly mentioned the segmentation of the code, the language
of implementation and the system on which the system was impiemented, we
will not discuss these issues again. We will discuss the way in which
the prototype was implemented in terms of the data structures, the error

handling, the techniques used to code the system, snd the code generated.

THE DATA STRUCTURES.

As we have stated above, the system dats structures were coded as proce-
dures, with the data in the original implementation being local to the
procedure; operators and date were then passed in and out of the struc-

tures as for these pr. . We have said above that two

catagories of data are recognised: system duts, which are required either
%
by more than one KAB, or by one KAB on more than one occasion, and simple

data, which exist local to a block,

System data had to be placed in a common block declared in the loader,
s well as in the block, as the HP-1000 when it loaded a segment, ovex-

wrote the previous segment's local data space, which was not restored when
b2 8!

the previous segment was reloaded; anly dsta common with the loader were .

safe. This situation is not ideal f£rom & software engineering

point-of-view, and led to an amount of debugging that would otherwise have
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been unnecessary, caused by errors such ss misspelt common block names,
and inappropriate access to structures. The compiler used stored common
blocks centiguously, with no run-time  bound checking on accesses to
subscripted varisbles. This created an appalling overhead in debugging:
about 75% of the errors found, would have been found and rejected by a

language that checked bounds on subscripted variables at run time.

Simple dsta did not in general present such problems. These data (for
exanple the stacks generated by a rule when it was being evaluated) were
more tractable, laxgely as no modifications had to be made to procedures

using simple dats, when the code had ta be segmented.

Data structurss were coded to return, depending on the data structure,
parameters other then the date requested. In sppendix I, where the sub~
zoutines that comprise the system are individually described, we have

documented the meaning of returned parameters.

ERROR HANDLING.

The error handling provided in the impleventstion is simple, but it jas
proved effective at this level of implementation. Each routine is re-
quired to return a parameter which indicates whether it has been suc-
cessful or whether it has failed; in gemexsl, if a routine fails, the

system must fail, although thexe are exceptions.
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When a routine detects a condition as a result of which it will fail, it
will write & message to the output device describing the failure and its
source (the number of the current KS§). It will then set its status pa~
rameter to zerc, and will terminate, by going to the statement numbered
"70" (70 was chosen for no particular reason), Hence, in any routine,
“goto 70" means that that routine should fail and terminate. A routime
that calls a routine that then fails, will itself fail, unless the error
is one of the small cless of non-fetal erroxs that will be described.
Thus, the failure of any one routine causes a chain of failures, until
the loader itself fails. In most cases, errors will be reported along

the chain, and one error msy generate a chain of error messages.

Non~fatal errors are:
*  An attempt to pop from an empty condition stack, if at least one
condition has already been popped (this means that we have
evaluated &ll our conditions, and must move to the next phase

of evaluating the KS).

* An attempt to access information sbout the n'th region of a
region's neighbour code, whemthat repion has fewer than n
neighbours (this will xeturn a status value that forces the
condition value to zero). :

- ¢
These error-handling techniques have so far proved adequate to the needs

of debugging the present simple knowledge base.
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CODING TECHNIQUES USED FOR BUILDING THE PROTOTYPE SYSTEM.

The system was built on sound software engineering principles. Data
structures were “hidden" from higher-level ‘procedures, by using the ap-
proach described. The code itself was structured, although in some pro-
cedures the strocture is messy, largely as a result of the practice of
putting "fixes" in, without performing any revisions to xegain structural
elegance. All routimes are required to indicate whether they have failed
or succeeded &nd, although one may argue that it is possible for & routine
to be unable, by virtue of its failing, to report that it has fsiled, the

technique works well enough in practice.

The language used was standard FORTRAN 77 with two exceptions. We have

used:

¢ An option provided by Hewlett-Packard thet allows ome to force
the compiler to demand explicit typing on all variables, which

to & very large extent simplifies debugging.

* A routine specific to the HP-1000 was used which recovers a pa-
remeter lfst which is given when the program is run. This meent
that the outpet device could be specified at runtime, by passing
t " the program, in the invocation, the mumher of the device to

which the output should be directed.

The DO WHILE &tatement, although standerd to FORTRAN 77, wes not used;
the structure shown below was used instead, largely as I did not realise

until too late, that FORTRAN 77 provided this stastement. .
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aaa  CONTINUE
IF (inverse condition) GOTO bbb

(start of block)

(end of Block)
GOTO aaa

bbb CONTINUE

Logical varisbles were not used, as a result of a compiler bug that made
their behevionr unpredictable. Instead, 'all variables which wers in-
tended to be of the logical type were declared as INTEGER*2 (as opposed
to INTEGER; this associates with the class of variable a unique type,
making changes to their declaration simple) and then assigned either zero
(false) ox one (tzue) ss mecessary.

The coding: techniques used were fairly standaxd; the code that was gen-

erated is more.interesting.

THE CODE.

The prototype system was coded as & large set of subroutines, which are
individuslly described in appendiz I. This technique allowed segments-
tion to be implemented essily wben it wes required, and led to & system

from which simbl;t subsystems could be cloned.
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Using thesc technigues, some 4300 lines were writien, to implement the
prototype described above, with the exception of the section of gtmer that
chains forward through the system structure list to find the main system
gosl, This code is presented, in its segmented form, in appendix III,
with' compiler reports and the losd map. It can be seen when certain
subroutines are inspected ("striist”, the system structure list, for ex-
ample), that there are sections of code that are not used by the system
as it is at present. These are for the use of the section that was not

inplemented.

The algorithms used are described in "The Design of the Prototype System™
and the neighbour-code merging techniques in “Neighbour Codes”. The code
implements these algorithms correctly, as far as I can see. The prototype
has been tested such that the present version has produced no errors when
required to deal with KS's of different types in differant blocks. Testing
does not allow one to certify & system error-free, but all errors en-
countered have been dealt with, and I have seen no errors from the present

version in a number of tests.

CONCLUSION.

The impl of the p: ype has been i . We have
the issues and techniques involved, rather than the details of the code,
The. system, it is claimed, works, and results will be given and discussed

in the following chapter.

THE IMPLEMENTATION OF THE PROTOTYPE. 80

i
[




RESULTS.

In this chapter, results obtained from work in this paradigm will be da-
scribed. We will attempt to show that they encourage the undextaking of
further work in this paradigm. The rxesults are of two types: those ob-
tained within the pazadigm, but not as & result of the use of the system
described above, and the results obtained by prototyping this system.

The former are more directly emncouraging. .

RESULTS OBTAINED WITHIN THE PARADIGM.

We have discussed above the work on the particle-size distribution ana-
lyser. It is not immedigtely obvious that this is within the scope of
the paradigm offered, but it can be seen that the picture'is being handled
in terms of reglons, and that the process is knowledge-guided, although
the knowledge used i€ not explicit. This work has generated some prom-

ising results.

The photugraphs provided as figuxe 1l show the quality of picture taken
on Deelkraal gold mine, while data were being collected fox this project.
These pictures are hardly comprehensible, but show gold ore on & conveyor
belt, The ore is heing conveyed to & mill, and has not been crushed,
The problem posed by the large guantity of adsorhed fime porvicies can

bt seen to be considerable.
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1t con also be seen that the prototype of the particle-size distribution
analyser (PSDA) handles the problem fairly well, as it has segmented the
picture, despite its quality, into regions and has merged those regions
sensibly. The PSDA has been seen to handle many such pictures; the
techniques it uses are closely linked to the ideas described sbove, with
the exception that they are in gemeral more deeply embedded in the
structure of the system. Thus, the PSDA finds the particles in the pic-
ture by:

1. Segménting the picture into regions.

2. Merging these regions accozding to the rules devised,
3. Going over the merged picture to undo those merges which have
led to regions of & suspect shape. (e,g. hourglass-shapad re-

gions are not encouraged)

" This technique fs redolent of the idess that motivate the peradign pre-
sented, of a knowledge-guided process, and of active knowledgs. These
ideas have been basic to the work done both by this author and by Berger,
who has obtained these recent results with the PSDA. The point here is
that these ideas can lead to uvseful working systems.

The PSDA was developed using regions as the feature first extracted, after
it became’ appsrent that they would be the simplest feature to work with.
(The process described above would be far more cunbersome if edges were
to be extracted.) Thus, this work can be claimed to be within the
paradigm proposed on this tount as well, and its present apparent success

can be used to strengthen the justification for the'paradigm.
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The sbove photographs show the results of the PCDA work.

T

The Lop photograph is'ol the picture taken on the mine: the bottom one shows

the segmentation arxived at by the PSDA.

Bl o™

LY e




RESULTS OBTAINED BY PROTOTYPING THE SYSTEM,

1 camnot claim yet that the prototype is analysing scemes; it factors
s 1s, and generaues, tests, confirms and implements merges between re-
gions, but the latter activity is not yet guided toward the primitives
required, or toward finding an object in the picture. We will show here
outy rom the system as it expands a goal, and mexges regions, although

the merging is not goal-directed.

Refer to figure 10, which shows the knowledge base on which the system
operates in this exsmple. It consists of 12 KS's, the 12'th of which is
not used, as the KAB finish has not been implamented, with the resuit that
the system will cycle endlessly through the rule base, when its tasks have
been pérformed, as opposed to terminating cleanly. The K8's will be in~

terpreted below.

There are only #wo K§'s with "start" in their SBC ficld, aud their meaning
has been given above, as the K§'s used in the start block do mot vary.
The KS's with fgoals in their SBC field *form the description of an ele-
phant, although an arhitzery one. The elephant has been described as

having four legs, two eyes, two ears, and a trunk, with no spatial ge-

®  Notice & potential source of confusion here.. The tags in the SBC
fields for fgoal and gtmer are fgoals and gtmerg, for emtively his-
torical reasons, and chenging them would have involved unnecessary

complexitirs.
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lationship specified between these primitives. The description may be
trivial, and insccurate, but it is sufficient to illustrate the process.
We have described a leg as consisting of a thigh on top of & knee on top
of & shin, and "eye", "ear”, "trunk", "thigh", "shin” and "knee" are all
primitives, whose description although open to argument, is sufficlently
comprehensible in the KS langusge to need no futher discussion. There
is only one rule with gtmerg in its SBC field, which expresses the in-
* _ tention thev'regions with neighbours with the same grey-level, should be

ahrged to them,

&t *this stage of our demonstration, we must compose a picture and render
1t thto the flepresentation for the system to use¢, as we are not yet using
flie software ascribed to Berger in the text above, for computing neighbour

icdes, becanse it is easier to compose a picture to the system's liking

Yoo
Wm fo %ske one. The picture we have used is shown with the represen~
tatitln itigenerates in figure 11. The output of the systea for this

,-given this knowledge base, is shown in figure 12. We have an-

noting is: ¢

+ - g system has factored the goal succ’dsfnlly, and has a fuil

s i Wepegiption of it in terms both of primitives and of structure,

* The system has generated, tested, confirmed and implemented
mexyas betweer reglons, and the results of these merges are

correcnly refletted in the representation.
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Thus the prototype is doing what we have claimed it can do. What is mot
perhaps cleer is why this is important.

It is important because it is & clesr indication that a prototype of this
nature cen be successfully built, and can be expected to work with simple
plctures. It is most unfortunate that the problems thst prevented the
implementation of the block that would have merged forward to the main
system goal, occurred when they did, as the success of this block would

have made the & more & for further work towazd

building & more sophisticated version of the system described; as it is,
the prototype is open to the argument so often successful agaimst work
in the artificial-intelligence field, "Sure, it looks good now, but what

happens when it encounters the real problems?”.

This is unfortunate, as the argumert is strong, and as we hsve said abova,
there do exist problems far harder than the omes solved here, many of
which will not respond well to being sidestepped. 1 must amswer this
criticism frankly, by saying that I am not certain that these problems
may be solved in that the system in the form deseribed, will analyse real
scenes, [ must express more faith in the paradign described (The evidence
in its favour is stronger.), which not only has reasomable tenets, but

which can &lso boast & working system (the PSDA) designed within it.

The prototype can best be described ss part of an unfinished long-term ;)
experiment: it has worked to the extent that it has been implemented, and
this indicates that further work on it would be fruitful. If in the full
form, it can be made to work on simple pictures, it would represent a
strong argument for a larger research effort into the problems raised

_here, with & view to building an even more powerful system. I am umable
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1o say here that such a system would work; what I can say is ihat the work
performed to date indicates no reason why it shouldn’t, and offers hope

for its success. -

CONCLUSION.

Me have shown results from work on the particle-size distribution ana-
lyser, and from the prototyping of the system discussed. The output of
the system for a given knowledge base was shown, and the prototype system
could be seen to factor a geal, and to generate, test, confirm and im-
plement merges. These results do confirm that further work in this
peradign is justified, but do nat yet fully validats the system design
presented sbove. fThere is, howaver, hope for the design, as although it
has not been validated, the prototype suggests that it may be. Strong
argum;xnts may still be raised against the design and the prototype, but

further work along these lines scems to be justified.
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CONCLUSION

A new pexedigm to sllow general scene analysis has been presented. A
system has been designed within this paradigm, and prototyped in a limited
form, to show that the paradigm does indeed simpiify this problem. The
design, and impl d, and the

of the have beca

output of the prototype, operating on & given knowledge base, has beem

presented. Support from other work for the paradigm has been presented.
We heve said above that this work by its nature could not yet demomstrate
the validity of the paradigm, or of the system designed within it, but
must be limited to showing that there have been no gross errors in their
construction, and that they are feasible snd valid goals to work toward.
I believe that this has been done, by the presentation both of the success
of the PSDA work, which has béen shown to have been done within this

paradigm, and by tie results of the work on the prototype, which have been

encouraging, as we have shown that the representation used is tractable,
that 4 prototype can be built that may handle pictures using this repre- ;
sentation, and that this prototype may factor the goal that it hes been i

presented with, into a form of this representation.

The "mfortunate aspect of this worl {s its necessary superficiality:
vision is 4 hard problem, but it is trying to be in the position I must
adopt, where one can say of this work only that it presents a line of 8]
spproach by which the problem may possibly be solved, and shows that this
approach has po glaring errors, and that systems can be built using it,

that work under certein circumstences.
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READINGS.

Many good introductions to imsge processing and scene analysis exist:
amongst the better are books by Rosenfeld and Kak, Pratt, Gonzales and
Wintz, Ballard and Brown, and Duda and Hart. A good introduction to Ar-

tificial Intelligence is "Avtificial Intelligence”, by P.H. Winston,

ang

"The Handbook of Artificial Intelligence" cited above.
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APPENDIX A, THE SUBROUTINES INVOLVED

The subroutines will be presented one by one, with g list of the routines

called by the and sny ¥ on the

The variables have been extensively and carefully declared in each rou-

tine; we will not do this here.

Pragram RINT *

Calis these subroutines. Es

¢ RMPAR

*  CONMAT
*  CONHEAD
* BTS

Comments. RINT is the main loader progiem: it collects the image rep-
resentation from disk, and then schedules the program segments, as de-

scribed in the text.
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>

Program INITS

Calls these subroutines

COMPLIST
»  PRMLIST
. STRLIST
« - SEGRT

Comments. INIT$ is s segment, which is why it must be defined as a

program, that initialises the system data structores that requize it.

Program START -

Calls these subroutines
*  CLFIND

*  CSSETUP
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ASETUP

APSETUP

ANEAD

SEGRT

Comments. START is the segment that is referred to above as the stert
block.  START must evaluate KS's, and hence contains most of the KS
evalustion and action code, which is present in all K$ evaluating rou-
tines, This section of start does nothing but call the appropriate rou-

tines.

Program FGOAL

g Calls these subroutines (]

*  LISTPGUALS

| : +  COMPLIST 1

3 Comments. FGOAL is the main program for factoring the main system goal.

FGOAL calls the necessary routines, but does little itself but perform g
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an elementary check on whether the main system goal is in the knowledge
base, which works like this: if the present K$ number is less than the
number of the previous KS seen by FGOAL, and the main system goal is still
in the system composite list, then we have cycled through the kuowledge

base without seeing the main system goal, and it is not there.

Program GTMER ; ..

Calls these subroutines

®  STRLIST

*  SEGRT

Coipents. GTMER is the segment that generates and tests merges for re-
géosa, ~ This program again simply calls the appropriate routines: the ;

] | surretitines do the work.
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. .
i . " .o .
Subroutine AGET
Calls these subroutines G4 q
. COMPLIST
-
Comments. AGET implements the action GET, which recovers the main system S
goal from the operator, end puts it into the system composite list. A
g 4]
3D
s

Subroutine AHEAD

Calls these subroutines

o "+ wREcoR®

v
*  CHCTXT

L b

r e AGET

I ¢ Comments, AMEAD calls the sppropriate rontine to implement the action 1

described by the action name in the KS action field.
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Subroutine ANDSTACK

Calls these subroutines (NONE CALLED)

Comments. ANDSTACK implements the operand steck (contains condition

names, not condition operand names).

Subroutine APSETUP

Calls these subroutines (NONE CALLED)

(ot APSETUP the

list that is associsted with
the action in the action field of the current KS, and returns it as an

array of parameter names.

Subroutine ASETUP

Calls these subroutines
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Comments. ASETUP recovers the action field from the KS, once it has been

stripped of the number, SBC and condition fields.

Subroutine ATORSTACK
Calls these subroutines (NONE CALLED)

Comments. ATORSTACK implements the operator stack described in the main

text.

Subroutine BACKE

Calis thase subroutines

o CANDSTACK

*  CVARFIX

Comments. Same as "ROCKE" (q.v.), but for membership of the background

¢ class,
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Subroutine BTS

Calls these subroutines (NONE CALLED)

Comments. Bts makes & loud noise at the operator terminal if the system

feils.

Subroutine CANDSTACK

Calls these subroutines (NONE CALLED)

Comments, CANDSTACK imp)ements the condition operand stack.

Subroutine CHCTXT

Calls these subroutines (NONE CALLED)

Comments. CHCTXT changes the SBC to the value passed in, implementing

the CHCTXT action.
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Subroutine CLEAN

Calls these subroutines (NONE CALLED)

Comments. CLEAN cleans up a neighbour code as described in the text

above, by ing multiple and end- d instances.

Subroutine CLFIND

Calls these subroutines

Comments. CLiIND finds the condition list in the KS, and returns it.

BTS is called if an error is encoun .ered,

Subroutine CMERGE

Calis these subroutines

+ INSTNO
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SEARCHI

Comments. CMERGE is used to remove sets of internal regions from the

cndes that are sbout to be merged. (See text for details.)

Subroutine COMPLIST

Calls these subroutines (NONE CALLED)

Comments. COMPLIST is the system composite list, mentioned in the text
above. Names may ' ““ded to this list only if they do not match sny neue
in the list. T im¢ - -t be searched, and returns a parameter that in-
dicates whether it .ins d match to the pattern submitted. The length

of the list is returned as a parameter, ss when it is empty, the system

goal has been factored.

Subroutine CONHEAD

Calls these subroutines

*  SEGLD
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Comments. CONNEAD loads the appropriste block, and passes it the KS.

Subroutine CONMAT

Calls these subroutines (NONE CALLED)

Comments. CONMAT tests the SBC field of the curxent XS against the

current SBC,

Subroutine CSSETUP

-~ Calls these subroutines

A *  ATORSTACK

.+ ANDSTACK
. § *  CANDSTACK
*  REVERSE
! *  BIS
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Comments. CSSETUP sels up the condition stacks in the fashion described

above.

Subroutine CVARFCL

Calls these subroutines

*  NUMEVAL
°  RNUMEVAL
*  QUALEVAL

Comments. CVARFCL, as its name implies, is & clone of CVARFIX, which
allows any region reference to appear together with CENTRE in a condition
parameter list. CVARFIX will not produce usabla results with this type
of parameter list, as it was intended to be used with lists consi;ting
of a region reference and any other type of parameter (for ROCK, for ex-
ample). A maximum of tws region referemces msy appesr in any parameter

list; if two are used, one must be CENTRE.
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Subroutine CVARFIX

Calls these subroutines

®  NUMEVAL
*  RNUMEVAL
*  QUALEVAL

Comments. CVARFIX fixes the condition varisbles as described above.
The variables are passed in as strings, and CVARFIX returns the values
in & set of arrays, one for each type. Thus if we wished to fix the pa-
rameter string GENTRE, G+, 10D, the array passed (uvar) in would contain
as its first element the string "CENTRE", and so on. The fixed parameters
would be ‘returned as follows: The first parameter will be in regvar(l)
{8 region type), the second in qualvar(2) (a qualifier), and the third
in numvar(3) (a number). Thus typing is performed. The routine caunot
hendle the system primitive type yet. (See the comment on GVARFCL, bafore

using this routinme.)
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Subroutine EDGE

Calls these subroutines

. CANDSTACK

*  OVARFIX

Comments. EDGE implements the edge condition, which has ome operand, a
reglon reference, and returns the valve 1. if the region referred to is
a4 adge, and & 0. otherwise. As with all conditions that use & region
reference operand, EDGE uses vector operands and returns vector results.

Subroutine GTMERCON

Calls these subroutines

+ CLFIND

*  OSSETUP

+  VECREVAL . i

e ASETUP .
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APSETUP
AHEAD
MEROK
NGFUL
o NEWSTATS
c GIMERCON , tests, irms and implements merges

between reglons. The generate phase occurs £irst: all KS's with gtmerg
in their SBC field are evaluated for all regions in the picture. Merge
candidates are recorded on disk.: The test and confirm phése oceurs mext.
411 zecommended merges are passed to MEROK, which sccepts or rejects them;

if they are they are sutomatically confizmed by the confirm

phase, which oceurs next.

The confirm phase then calls NCFUL, and NEWSTATS to update the represen~

tation of the picture.

Note that GIMERCON is invoked rather strangely, as it starts in the first
phase, and is invoked once for every KS for every region, leaving tempo~
rary results each time. It then changes phase, but can still only execute
when gtmer is loaded by rint; thus, in the last two phases, it is only
invoked when a. gtmer KS is found, executes until it decides to change
phase, end torminates leaving the mmber of the mext phase as a system
varizble. This may sound complex, but it was in fact the easlest way 1

could see of getting the routine to work as I wanted it to.
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Subroutina INSTNO

Calls these subroutines (NONE CALLED)

.

Comments. INSTNO counts the number of instances of a given region in 1.
another reglon's neighbour code. . BN p—
£ ~ L
b e ;
* '—\/fﬂ N . % R
P Subroutine LGBUF -t
o Calls these subroutines (NONE CALLED)

- Comments. This is a Hewlett-Packard routine that enlarges the disk

buffer area.

Subroutine LISTPGOALS

B Calls these subroutines

o cIFIND
b ,
;
' +  CSSETUP f
{
[
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ASETUP
i

NAMFIND q

GOMPLIST

STRLIST : . 4 e
»  PRMLEXP T
Comments. LISTPGCALS takes a K5, sets up the appropriate stacks (with
CSSETUP), retrieves the name of the object being described, and checks
if the name is in the system composite list. If it is, the description T
is péssed to the system structure list, and then to PRMLEXP. If it isn't, ¥ B
the routine ignores the KS, and texminates.

‘a

Subroutine MATCHP

Calls these subroutines (NONE CALLED)

Comments. MATCHP matches & given siack against the system primitive list 3

(which contains both absolute and system primitives) to ascertain whether
the KS whose condition operand stack it is, may be used next for forward
chaining to the goal, If all the names in the stack, are in the primitive

List, the XS may be used.
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Subroutine MEROK

Calls these subroutines (NONE CALLED)

Comments, MEROK tests merges, and returns a flag to accept or reject

them.

Subroutina MRECORD

Calls these subroutines

. CVARFCL

Comments. MRECORD recoxds detsils on disk of a merge that has been re-
commended by & KS. The details are recorded om disk simply because they

were in the earliest system built, and this hes not been removed from the

code.

Subroutine NAMELIST .

Calls these subroutines (NONE CALLED)
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Comments. NAMELIST holds the pointers for strlist, and the names of the
structure records. A "next pointer” facility has been provided in this

list.

Subroutine NAMFIND

Calls these subroutines (NONE CALLED)

Comments. NAMPIND is a routine cloned from APSETUP, that retrisves from
s KS that describes an object, the name of the object desceibed, and
whether it is a primitive or a composite, both of which pieses of infor-

mation axe in the action field of the KS.

.+ Subroutine NCFUL . : )

-
it Calls these subroutines . d,
£
. CLEAN g
. ¢ NOMERGE .
!
] s Cominents. NCFUL is the calling routine for merging romtines usimg

neighbour codes, which checks in the neighbour cross reference table
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whether the regions have been merged, and cleans up the codes before they

are merged.

Subroutine NCMERG

Calls these subroutines

* . INSTNQ
* . ROTATE
*  CMERGE

Comments. NCMERG uses CMERGE to remove internal regions, and links the

neighbour codes when this has been done.

Subroutine NEWSTATS

Calls these subroutines (NONE CALLED)

Comments. NEWSTATS calculates the average grey level, grey level vari-~
ance, centre of gravity, and number of pixels of a composite region formed

by a merge. ) .
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Subroutine NNUME

Calls these subroutines

*  CANDSTACK

*  CVARFIX

Comments, NNUME is the procedure corresponding to the condition NNUH,

which has two i , & teglon snd a numbex. If
the region referred to has the given number of neighbours, NNUME assigns
the vector the value 1. in the corresponding element, which otherwise is
dssigned 0. NNUM at present is used with only CENIRE as a legel region

reference, for simplicity.

Subroutine NUMEVAL

Calls these subroutines (NONE CALLED)
Comments. NUMEVAL returs the numerical value of a string of characters

representing 8 number, for exemple, the string "100" is evalusted to the

number 100.
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Subroutine PRMLEXP

Calls these subroutines

*  COMPLIST
*  PRMLIST

*  ANDSTACK
*  CANDSTACK

Comments. PRMLEXP expands the primitive list by factoring the main
system goal. PRMLEXP is passed a KS's condition field, the neme of the
object described by the KS, and whether it is a primitive or a composite.
If it is a primitive, its description is placed in the primitive list,
the, ojterators being ignored, and the conditicn operands being placed inm
the field forced by the condition. Fields exist at present for CONCAV,
SHAPE, TEXTUR, REFLEC and SIZE. These data are then passed to the prim-

itive list.

If the object is A composite, all the condition operands in its de-
scription are passed to COMPLIST, which adds them to the system composite
list, if they are not there already (We emphasise that an object may ap-

pear in another object's description as a condition operand.).
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The name of the object described by the K§ is then removed from the system

composite list.

Subroutine PRMLIST

Calls these subroutines (NONE CALLED)

Comments. PRMLIST implements the system primitive list, which contains
a record of the sbsolute primitives emcountered whem the goal was fac-
tored. This structure mey also be searched for matches to a name, and

will return a list of the region mumbers that match the primitive.

Subroutine PUTIT

Calls these subroutines

, Comments. PUTIT stores the temporary resulis =ncountered during xule

evalvation. The algorithm is deseribed in the text.
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Subroutine QUALEVAL

Calls these subroutines (NONE CALLED)

Comments. QUALEVAL returns & numerical value for a qualifier. The
present defined gualifiexs are: QUITE, VERY, QUITEN, VERYN, DK, Q#, QN-.
Q+ and ON- specify a range rather than a value, and as such are retnrned
as negative numbers, and the condition subroutines receive them in this
form. The numbers used are not importent, but are chosen here to be in
the range 0 - 1 for conveniénce, with negative numbers being vsed to

specify a range.

Subroutine REVAL

Calls these subroutines

*  VECREVAL

Comments. REVAL is a higher level form of VECREVAL, and calls it, A

call to VECREVAL will return the vector valus of a KS. A call to REVAL

will return the maximum element value of the vector value of a KS.
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Subroutine REVERSE

Calls these subroutines (NONE CALLED)

[= REVERSE reverses names as (see text on decomposing

Ks's).

Subroutine RMPAR

Calls these subroutines (NONE CALLED)
Comments. This is a Hewlett-Packard routine that recovers parameters
from the invocation of the program. It has been used to allow the output

of the main progzem to be directed to different devices: se, for example,

"RU, RINT,25" means run the program with output directed to device 25.

Subroutine RNUMEVAL

Calls these subroutines

*  NUMEVAL
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Comments. RNUMEVAL evaluates and returns the xegion reference vector

generated by the region reference operand.

Subroutine ROCKE

Calls these subroutines
+  GANDSTACK
*  CVARFIX

Comments. ROCKE evaluates the "rockness” of a given region, and corre-
sponds to the condition "ROCKY, which has two operands, a reglon reference
and a qualific , in that order. ROCKE returns a value of either 0. or
1., depending on Whether the reglon indicated belongs to the rock class
to the degree indicated by the qualifier, or mot. The value is returned
as a vector, each member of which indicates the "rockness" of a different
candidate for the given region identifier (see text). The length of the
vector is returned as well, being -1 for sm identifier with only ome

possible match (like 'CENTRE").
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Subroutine ROTATE

Calls these subroutines

*  ROUND

A Comments, ROTATE uses ROUND to rotate the neighbour code until the re- g
quired region (normally the region's merge partner) is in the first po-

sition in the code.

Subroutine ROUND

Calls these subroutines (NONE CALLED)

Comments. ROUND rotates the neighbour code one place.

‘Subroutine RQUEUE

fad Calls these subroutines (NONE CALLED) i
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Comments. RQUEUE implements the queve used to keep conditions in prder

when they been evaluated. (See text for details.)

Subroutine SEARCHI

R Calls these subroutines (NONE CALLED)

Comments. SEARCHI finds the position of the next occurrence, after a

Do given position, of an indicated region in a neighbour code.

S ' Subroutine SEGLD

R Calls these subroutines (NONE CALLED)

Comments, SEGLD loads a segmeni and transfers control to it: it is an-

othez Hewlett-Packard routine.
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Subroutine SEGRT

Calls these subroutines (NONE CALLED}

Comments. SEGRT is a Hewlett-Packaxd routine that returns contzol from

the segmehit to the loader.

Subroutine SIMGE

Calls these subroutines
*  DGANDSTACK
*  CVARFCL

Comiments. SIMGE implements the condition SIMB, which is required to have
as its operands two region references. At present one of these references
must be to CENTRE, as we have not made provision for comparing all members
of 8 set in all possible ways with all members of apother set. 4 1. is
returned as the condition value if the grey levels are similax, a 0. if

they are not.
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Subroutine SIMTE

Calls these subroutines

- CANDSTACK

*  CVARFGL

Comments. SIMIE is similar to SINGE, but compares textures (grey-level

varience) rather than grey ievels.

- Subroutine STRLIST

Calls these subroutines

*  NAMELIST

*  MATCHL

Commants, STRLIST implements the system structure list. Records may
be entered if their name does not already appear in the list, deleted,
or demoted to primitives, when a match list must be specified. The list
also allows a seaxch to be made for the next legal structural description

(in temms primitives only). The records are kept in a simple array, the
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list structure being imposed by NAMELIST, which stores the pointers to

the list.

Subroutine TRUEE

Calls these subroutines

©  CANDSTACK

Comments. TRUEE implements the condition TRUE. It always pops one op-
erand from the condition operand stack, and always returns the value 1.
+ thus, TRUE must always have one operand, conventionally called DUM, but
not inspected.

.

Subroutine VECREVAL

Calls these subroutines

*  RQUEUE .
*  ANDSTACK

*  ROCKE
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fe TRUEE
*  SIMGE
. SIMTE

*  ATORSTACK

- PUTIT

Comments. VECREVAL evaluates a KS, returning a vector value for the
entire KS. The technique used {s exheustively described in the text.
Note that this subroutine may not always appear with its full complement
of condition evaluation calls (calls to: ROCKE, BACKE, TRUEE, EDGE, NNUME,
SIMGE, or SIMIE) but is documented here as needing them all, for sim-

plicity and generality.
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APPENDIX B. THE BACKUS NAUR FORM SYNTAX OF THE KS'S.

T=00004 IS ON LR 00041 USINE 00032

Backus Haur Form Evpression Of Rules .

The rules require the use of the characters ¢ and )jto svord
onfusion houeves e vt here ¢ g ).

igitdigitd chigitdecelistHalist)
<cliztysied(operend? Cogerand? 1L Copers-dy {operand) IBE(Coperandy
<operand) s i=(oondition> el isty
<condition)tse BACKY Cregionne? , (qualifierd)
RACK{¢regionnod , (qualifier)}
TRUEADUA} (
SINEE(Cregionno) , tregionno)} )
SIHTE{(regionns? ,<renionnod) |
O <ghinane? , (objnane?} t
HES 7Lt tjnane) , tabynamed |
boulf{ riigionnod , Cinteger))
T desd) |
SHAFEL Eshdes?) |
$IZE(tsidesn)]
REFLEC{¢rfdesd) |
LOVEX Sdes}
<des’ s =KIGHIKEDIULIY
ebdesyt el TISOUHRE IRIMD
(rides? 165 IMEDIEHIL DY
dedesdii=tgualifisn)
<aides>:=BIGILITTLEINEO N
<regionno) s 1=R integer) ICENTRE
tintegers : i=tdigit) (¢digit>integerd
i 213141516171819
+exCUITE DI TERIUERY VERYNIDK 1B~ 10+
(alisty: s=NERGE(¢regianno? , tmer]ist)}1
CRCTXT neucontext)
ET(E0AL |
<objnane{<abjdescriptarr}
{objdescriptorss: «PRINICTHF
<objnane?: seCchariist)
tcharlist?itatchar? | (chard<charlisty
<char> 2 1=AIBICIDIEIF G TIDIKILIMINIOIPIGIRISITSIVIIXIYIZ
<werlis egnu? [<regnun (nar sty

Notetner Iist and charlist are linited to six neaber end seven mesbors
respectively, for reasons of practicslity.
For the lenguage to work,an objnane should have @ definition to be used.
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APPENDIX €, A COMPLETE LISTING OF THE CODE,

This listing is bound in & separate volume for simplicity, and mey be

obtained from P M.G. Rodd; D of Electrical Engineering,
University of the Witwatersrand, 1 Jan Smats Ave., Johannesburg, South

Africa,

Appendix C. & Complete Listing of the Code. 126







Author Forsyth David Alexander
Name of thesis A paradigm for general scene analysis. 1985

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



