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ABSTRACT

This dissertation describes a tachnique of obtaining particle-size meas-
urement using 2-dimeasional image analysis. Images of coarse material om
run-of-mine conveyox-belts méy be processed using the methodology de-
scribed and size-calenlation of particles is possible ta & high degree
of accuracy. The processing imvolves a histogram modification technique
for performing imsge segmentation, a rule-driven procedure for merging

zegions and a region-splitting method to resolve patticles that are joined

togethur. Images of varying brightness and way be
without adjustment of amy threshold levels, hence lending reliability and
robustness to the approach. Particles may also be resolved from very im-
distinct background features formed by the fimer material that is usually
present. The work includes the software processing necessary to perform
particls recognition on & given imege freme providing & foundation on

which a xeal-time instrument may be developed.
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1.0 INTRODUCTION

.1 PURPOSE OF THE RESEARCH

Computer vision has become a powerful modern problem solving tool, finding
application in numerous areas where human vision has otherwise been es-
sential. Recent developments in computer architectures have made it pos-
sible to perform the data and code intensive procedures associated with
image processing at spoeds sufficient for high-speed applications in ro-
bot vision, ¢ vehicle guid and ch recognition systems,

to name only a few.

This dissertation is aimed at the development of technigues in computer
vision which may be used to form the basis of & scene-analysis system on
which a vision-based particle-size analyser may be established. The pro-
posed methodology covers the stages starting with raw pixel

information through to the final objest recognition end counting while
providing an approach useful for applicstions in other areas concerning
computer-vision. The work described in this dissertation is covered by a

provisional patent,

1.2 THE PROBLEM

Autogenous milling has become a popular alternative to conventiopal
milling procedures in ore grinding circuits mainly for ¢ca.neie reasons.
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In this process the material is milled directly with the larger portion
of the feed acting as the grinding medium. This method of milling is,
however, more sensitive to the variation in size of the mater.al at the
faed-point.

To maintaein an even discharge rate and consistent product size, it becomes
essential to obtain a measurement of the size distribution of the feed.
On-line measurement may be utilised to provide continuous feed-forward
control of the plant to compensate for short-term variations in the feed

size, It has been discovered that a ™

neutral” size range exists that is
neither crushed by larger material nor takes part in the crushing itself,
This results in the mill becoming clogged and seriously degrades
throughput. Knowledge of the amount of feed within this criticai range

will greatly bemefit efficient mill-control.

Conventional methods of obtaining size distribution involve off-line
sampling by weighing and sisving systews. These methods are accurate for
the specific samples that are analysed, bnt suffer from sawpling error
between samples unless unreasonably large samples are teken. The fact that
the feed is disturbed and that no real-time measurement can be obteined
make these methods un-gttractive.

Stanley(1975) and Jerez et al(1985) may be consulted for additional

background on issues relating to particle size woasurement and its im~
portance in mill control.

1.3 IMAGE ANALYSIS AS A SOLUTION

Computex image analysis provides the mesns to obtain on-line size data
using non-intrusive . For 2~ al vision

applications & camera (video or solid state) is mounted above the com-
veying syutem and a digitised image is produced that may be interpreted
using the necessary software techniques. The use of photodetectors is a

2




crude implementation of image pvocessing in which 1-dimensicnal informa-

tion iz obtained by scanning the light-intensity variations down a line
passing through the centre of the comveyor in the direction of motiom.
3-dimensional processing is an extension of the 2-dimensional case and
relies on accurate 2-dimensional analysis to build up a 3-dimemsional

representation of a scene (Lub et al,1985).

Size analysers have been produced that use both l-dimensional and
2-dimensional processing technigues. Two systems are commercially avail-
able and cater for the analysis of coarse particles specifically for
mineral pracessing spplicstions. These systems are now briefly discussed
to provide bsckground or current techuology in the field of image based

particle size analysers.

The first system that will be examined is the ARMCO AUTOMETRICS MSD-95
Material Size Distribution Transmitter {Vignos et
al,1979); (Gallagher,1276). This instrument uses l-dimensional image
processing and messures the distribution of chord lengths of particles
ie. the distance between dark gaps that separate particles. The measure-
ment is mad of the top layer of particles on & conveyor and along a line
near the centre of the moving belt. The principle employed is to use low
angled lighting to cast shadows that form dark regions between particles
aleng the line of observation. Light intensity petterns along the belt
are senmsed, via a lens system, by an optical detector. Light intensity

bserved by the d: is to a threshold value and values above
this threshold are accepted as corresponding to particles. Chord lengths
may then be determined “nowing the belt speed and the time the signal
Temained @above the threshold value, It is important to note that the
chords depend on where the observation path crosses an object and hence

don't necessarily ropresent the best" chords useable for size snalysis.

Although the simplicity of this design provides on-line processing, its
limitations are severe. Since only & single line down the centre of the
belt is scanned, ne information is available pertaining to the distrib-
ution of particles on either side of this line unless & very uniform
particle size distribution exists across the breadth of the belt. The

3




use of chord size as a particle size measurement is itself questionable
since it relies on an unchanging shape spectrum to ensble statistical
deduction of the size distribution to be made. The randommess of material Ve

shape and spread on conveyor belts encountered in milling eir:uits cer-
tainly doss not favour the use of arbitrary selected chord lengths te
obtain a size measure. Even if the largest chord of eny particle could
be found, the statistics relating it to an actual size weasure will still N
introduce a significant error, Further criticism against this system is &
that the process of thresholding the received light intensity is absolute it
and that variations in illumination could cause large errors to appear

in the chord-length caiculation end hence ths size distribution.

A system utilising 2-dimensjonal image procassing techniques was devel-
oped by CONTAC Engineering in Chile (Yachner et al,1985), This 2-80 N
mi based i is simed at compensating for the basic

drawback of the ARNCO system, ie. the sbsence of information on particles

lying outside the single scan-lina. 2-dimensional image frames are
processed at a rate of 10 per second. Each frame gaes through a £iltering ;
procedure and is binarised to yield only black and white pixels. "Explo~ '

ration lines” ere used to count chord lemgths across the width of the
picture. Up to 10 lines msy be scanmed to produce a similar chord-lemgth -

measure as the ARMCO instrument, but covering the width of the belt. The 5%
instrument is still in a prototype stage and needs modification to yield

real-time data processing on a host computer.

The CONTAC system closely matches the parformence of the ARMCD device
(Yachner et al,1985) and does not seem to have any real gain in accuracy.

The arbitrary chord-length measure remains & very indirect way of calcu-
lating particle size distribution while the use of multiple scan-lines .
could introduce significant error when large particles fall under more
than one scan-line. Fine particles between scan-lines also still elude
detection, Simple binarisation of pictures is also & very error-proms
method in image analysis, sensitive to threshold level and the joining
together of adjacent objects as may be witnessed from the work done by .
King(1984).(See also Allen(1981) ).
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The use of limited hardware technology has forced a very simplistic

software solution on the designexs and has limited the potential of this
2-dimensional image-based system.

The system that is described in this dissertation, although only concerned

with the software aspects, overcomes the shor of the methods
discussed previously, Use is mede of the full versatility of computer
vision to provide a complete solution to the particle recognition problem.

Implementation is not aimed at & pasticular hardware system but rather

specifications can be established. Full use of parallel-processing tech-

nology will then smsare an on-line i ion system.

The processing strategy is based on capturing a 64 gray level image that
covers the whole width of the belt with a high speed digitel camera.

i

i
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at providing a versatile methodology from which the mecessary haxdware I
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Frames follow each other closely and emable the belt to be monitored i
continuously. The image in each frame is segmented into small regions 3
using 4 histogram modificstion technique. Regioms are then merged to- P,
gether in a rule~driven iterative procedure until regions that correspond )

to physical objects or perticles in the ceptured scene emerge. Errors in

the merging process, like for instance the joining of two objects, are o
corrected and the final size distribution calculated. The surface area
exposed to the camers is output as & size measure. This system also ena- e

bles alternative size measures to be obtained such as for example, cal-

culation of the circumscribing tangle of & region ing to the

commonly used "sieve size" measurement of particle size. 1w

The size measurement that is obtained using the methods described in this
dissertation is accurate since every pixel in the image contributes
information,and not only a few lines. Pixel resolution of the camera de-
termines the system resolution and by changing the lens system various

size ranges may be analysed.

The method used to distinguish between particles and background has been |
designed to compensate for varistions in light intensity and makes the .
accuracy of particle recognition less dependent on fixed threshold Yev-
5
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els.

Comsistently good particle size calculation is achieved despite ad-

verse picture brightness and . The thus i ed

into the design makes the system more relisble and flexible than the

systems discussed earlier in this section.

1.4

The

1.

=

THE SCOPE OF RESEARCH

scope of the work presented entails the following:

The work concerns the development of all the necessary software to
distinguish individual particles in s given 2-dimensional digital

image-frame accurately and reliably.

The exact typs of messurement eg. surface area, maximum chord-length
etc. on which to base a size distribution is not of particular concern
since an appropriate measure may be implemented omce aach rock or
particle has been individuslly identified. For the purposes of this
dissertation the projected particle surface area exposed to the cam-

era is used as a size measure.

The work is aimed at providing a general solution that may be tailored
to suit the requirements for a realistic hardwsre implementation.
Here it is importamt to note that whilst algorithms were developed
to favour execution speed, a direct trade-off netween speed and ac-
curscy evolved. The system is designed in a modular format to allow
certain modules to be removed if it became necessary to upgrade axe-

cution time at the cost of overall accuracy.

The development facilities limited the work to images of stationary
scenes and hence the effects of image-blurring due to belt motion have
not been incorporated in the recognition strategy. It is assumed that
a suitable frame-grabber would be used on an operational system to

reduce these effects to & minimum

P = e ™




1.5 DESCRIPTION OF RESOURCES AND EXPERIMENTAL PROCEDURE

The hardware used to develop software described in the chapters that i
follow consisted of & FAIRCHILD CCD camera and a DATA-SUD frame-grabbing g

system. Image data ras transmitted to an HP-1000 minicomputer where the
necessary processing was done in FORTRAN-77. A video-monitor was limked
to the DATA-SUD system to enable the various stages im the processing to
be observed. Figure 1 shows the hardware configuration employed in the

prototype/develapment system.

The SPIDER (Subroutine Package for Image Desta Enhancement and Recogni-
tion) package of image processing software was available for testing a wo t
variety of segmentation algerithms described in the literature. It proved |

to be & stepping stone to the development of dedicated algori”  uitable s,
for the rock-recogaition problem. The inadequécies of th  +v rcial -
could be ined and better metheds de . wore .

rapidly than would otherwise have been possible. SPIDER was used as an Y

experimental tool and the software comprising the particle recognition

system has no relatiomship to i ined in the packs

Image sizes of 128x128 and 350x350 pixels were used for development.The
smaller size allowed experimentation with Fourier filtering methods and i
also raeduced the time taken between experimental results. The largex im- ¢

ages were used tc test the gensrality of the methods used as they con-

tained more rock-data and effects of picture-edges were also less W
pronounced.The pacticular size (350x350) was chosen as this was the .
largest image that covld £it on the available flexible-disks. .

Images of rock ssmples on rubber conveyor materis} were &scquired on the )
DATA-SUD system and transmitted to the HP-1000. These laboratory images
were ive of typical belt conditions to make the test .

processing as realistic as possible, Images were also acquired on-site
at the Deelkraal gold-mine, Due to poor lighting these images were of
inferior quality to those made up in the lahoratory but proved to be a
good test for the recagrltion system. All the images used for testing were

7 i
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taken of stationary scenes since the frame-grabbing equipment was not

designed for high acquisition rates.

Results of experimental processing are shown in Chapter 6.

- RS~ N




g

VI

DATA-SUD

IMAGE
ACGUISITION

AND
DIsSPLAY
LNIT

TERMI!

HP-1228
A-708

MINT
COMPUTER

FLEXIBLE
DISK

b

PRINTER
_

P TN

Figure 1. Experimental Hardware Uonfiguration




1.6 STRUCTURE OF THE DISSERTATION

Ghapter 2 gives & brief introduction to concepts involved dn L
image-processing and computer vision. Churacteristics of typical |

conveyoxr-belt images are discussed with reference to their influence on .
system design. The inter-action between hardware and software to obtain N
real-time processing is examined and the criteria that determine the de-
sign approach are listed. Finally, & general description of the method-

ology to achieve particle recognition is given in anticipation of the [
chapters that follow. [

The protess used to dchieve image segmentation is discussed in Chapter
3. Use of the histogrem to achieve compensation For varying image
brightness and contrast is outlined. Labelling of & segmented image is
explained and exemples are shown of processing discussed in the chapter.

Chapter 4 deals with the merging of regions found during image segmenta-
tion to form regions that correspond to particles in the image. The first

merging operation merges regions sccording to their gray-level values
only. The second merges regions to remove clusters of small regions con-
tained in larger regions using neighbour-descriptions. The third and
final merge procedure that is discussed merges reglons according to ge-

ometrical festures. Results of region merging are alse presented.

The un-merging of regions using reglon splitting techniques is discussed
in Chapter 5. It is shown how the aceuracy of the recognition system may |
be greatly improved by detecting and correcting merge errors. [
Reglon-splitting is demonstrated using examples of processed images. ;

Chapter 6 shows results of processing applied to both laboratory and real ! .
"roek" pictures. It is seen that the system is capable of pexforming
particle recog:ition under varlous conditions of lighting. The results
are discussed and limitations in the method pointed cut.

[l > L ouak s N




1.6 STRUCTURE OF THE DISSERTATION

Chapter 2 gives a brief dintroduction to «concepts involved dn
-] ing and vision. Characteristics of typical

ge
conveyor-belt images are discussed with reference to their influence on
system design. The inter-action between hardvare and software to obtain
real-time processing is exemined and the criteria that determine the de-
sign approach are listed. Finally, a general description of the method-
ology to achieve particle recognition is given in anticipation of the
chapters that follow.

The process used to achieve image segmentation is discussed in Chapter
3. Use of the histogram to achieve compensation for varying image
brightness snd contrast is outlined. Laballing of & Segmented image is
explained and examples are shown of processing discussed in the chaptex.

Chapter 4 deals with the merging of regions found during image segmenta-
tion to form regions that correspond to particles in the imaga. The first
merging operation merges regions accerding to their gray-level values
only. The second merges regions to remova clusters of small regions con-
tained in larger regfoms using neighbour-descriptions. The third and
final merge procedure that is discussed merges regions according to ge-
ometrical features. Results of region merging are also presented.

The un-merging of regions using region splitting technigues is discussed
in Chapter 5. It is shown how the accuracy of the recognition system may
be greatly imp: by and marge Brrors.
Region-splitting is demonstrated using examples of processed images.

Chapter 6 shows results of processing applied to both laboratoxy and real
Yrock" pictures. It is seen that the system is capable of performing
particle recognition under varions conditions of lighting. The results
are discussed and limitations in the method pointed out,
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The cencluding chapter, Chapter 7, suimavises the work done and puts the
practicalities involved in implementing the particle recognition system
in perspective. Recommendations for future work dre given and possible
extension of the method to three dimensions is discussed.

11
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2.0 DESIGNING A "ROCK" RECOGNITION SYSTEM

2.1 INTRODUCTION

This chapter discusses the general problem of object recognition and il~ |
lustrates some of the more commonly used strategies encountered in the .
literature. Praperties of rock images are exemined to determine their
impact on the approach that should be adopted iu solving the particle

recognition problem in particular. Attention is given to the inter-action 8
between the hardware and software modules that would make up the size
analyser, outlining the trade-off between speed and accuracy. Finally,
a description of the complete particle recognition strstegy is givem to L
provide an overview of the methods that will be discussed in B

the more detailed chapters.

'
!

2.2 GENERAL OBJECT RECOGNITION E L
3

Given & matrix of numbers representing an image of some scene, the re-~
cognition problem may be approximated to one of finding and recognising Ca
groups of pixels in the imsge-plane that carrespond to objects in the
scene. The problem is complicated by the fact that noise may bs present B
in the picture and that objects are normally found {n orientations and ’
that make difficult, Objects may octlude each
other completely or partly, as is common of scenes containing material

conveyed on belts. Vardations in lighting of the scene mey cause the same l
scene to be interpreted in different ways becavse of unwanted shadows,

excessive reflection or bad contrast.

The first step in ohject recognition is to identify local features in an
image since they are linked to physicel discontinuities in ths secene.
12
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Here edges, cormers or curves may be identified and spatial variations
in texture and intensity analysed. By clustering togethex groups of pixels
that have similar intensity values, an image may be segmented into regions
corresponding to parts of the surfaces of objects., This tatter technique
provides a powerful tool for the analysis of rock scenes and forms the
basis of the work in this dissertation.

Hall(1978), Rosenfeld(1982) and Duda and Hart(1978) provide background
on important concepts invoived in image analysis which supplement the
discussion in this section. Rosenfeld(1984) presents a concise summary
on methods used for buildins up scene deseriptions in multiple dimensions

and is also @ usefal referencs,

Having detected local features, adge and regfon information may be com-
bined or used separately to build up a scene description. Objects may be
described in terms of lines defining their perimeters, a process involving
mainly use of edge information. Gu and Huang (1985) show how a perspective
scene of a polyhedron may be described by extracting & connected line
drawing. On the other hand, interpretation by using region-growing algo-
rithms {s also used for object recognition (Brice and Fennema,1977). The
use of both edge and region data in conjunction with am expert system to
perform scene analysis is described by Nazif and Levin(1984) and provides
an interesting loy-level segmentaticn method.

Concentrating on the use of regions to build up & picturs description,
it is necessary to bhe able to describe the propertiss of each reglom in
an image to enable comparisons to be made between regions. Properties may
indicate the position of & region in an image, some shape description,
texture, raflectance, colour etc. Neighhouring regions may then be merged
according to their relative properties to form larger regions until re~
gions result that correspond to objects in the scene, Geometrical re-
lationships between merging regions can also be considered to ensure that
the geometry of the resulting reglons is reasonable in the context of the
objects that are to be identified. For example, when searching for circles
in sn image, oval-shaped regions may be acceptable but triangulax regions
not.

ol
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The mext step after having identified reglons corresponding to objects
in the scene, is to recognise individual objects on the basis of theixr
region properties {(colour, texture, shape) and the relative position ¢f
their constituent regions. When considering the side view of a car for
example, two circular regions corresponding to its wheels should be found
below the region corresponding to its body etec, This is 2 model matching
task and relies on specific knowledge of the properties of the objacts
that need to be recognised. "Expect” systems may be spplied with great
effect to perform this type of explicit knowledge reasoning (Rosenfeld
1982 : vol 2).

The properties of scenes on conveyor belts ar: pow discussed as a prelude

to the description of the methods used to perform image-analysis for the
particls size analysex presented later in this chapter.

2.3 PROPERTIES GF ROCK PICTURES - IMPACT ON SYSTEM DESIGN,

An overview of the properties of the ed on typical
gold-ore carrying conveyors at the Deelkraal gold-mine is presented to
give a clearer picture of the recognition problem to be solved.

‘The on-site investigation yielded the following feed characteristics :

1. The rock material is camp and is coversd by a coat of fine particles
adhering to the rock-surfaces. The fine coating tends to smooth out
rock contours and minimises the reflectance of the surfaces of large
rock particles.

The low reflectance reduces the occurrence of high-lighted facets on
individual rocks that could lead to inconsistent shading and hence
incorrect seg.entation of the rock surfacas.




i

Since the large rocks are coversd with fines, rocks and fines exhibit
a similar matt-gray hue that makes distinguishing between rocks and

fines, on a basis of gray-level difference, impossible.

Theze is a distinct diffevence between the shade of rocks and fimes
and the shade of the conveyor belt - hence for any given picture, a
binarisation level should exist that would emable the fines and rucks
to be distinguished from the background of the conveyor. It was alse
appavent that shadows cast by larger rocks would be helpful in re-

solving boundaries of objects on the pelt,

The feed was fairly evenly distributed on the belt that was investi- L
gated. The mechanism of loading the belt however, resulted in clogging ;
of the feed-chutes to the belt and caused infrequent but large piles

of material to appear on the conveyor when the chutes were cleared. [

These piles of materisl will affect the accuracy of an image meas-

urement system since only the top ldyer would be snalysed. It is felt
though, that the sporadic nature of this phenomenon could be compen-

sated for either by eliminating its cause or by introducing an error

edxrection factor in the size distribution calculation.

Conveyor moticn halps to flatten and spread out clusters of rock.
This is important since it shows that the problem of rocks concealing

others is not as great as was initially anticipated. It is however
important to realise that this was only <ne type of mill loading
system and thet conveyors on different plants may be more desply
loaded, hence meking accurate size distribution analysis moze diffi-
cult.

Large rocks tend to be more flattened than smaller rocks - an cbser-
vatien important yhen dealing with stetistics relating the projected

surface area of rocks to their volume.

Rocks in general, lie with their largest surface on the belt thus
presenting the contours of the largest projected surface area to an
observer situated directly ghove the belt. Since an important size
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eriterion in mill-contrel is the screen size that a particle will pass
through, this particular orientation {s suitable to enable sn accu-
rate medsurement $0 be made of either the surface area or the cir- :

cumscribing rectangle around the object. ﬁ

B. Water is used to wash the fine material off the belt and into the -
mill, thereby cleaning the belt and preventing a build-up of fines
that would mske particle distinction difficult. The wet belt may cause
zeflection of the illumination from the belt into the lens system,

thus saturating the optical detectors. This may however be compen-

sated for by using polazised filters.

9. The belt spesd is approximately 1 m/s on the Deelkraal site. If a 1
metre section of belt is scanned in an imege frame, a processing speed
of 1 second per fréme s requived if perfect sampling is to be ob- i
tained. Stringemt demands are therefore placed on the hexdware (on- =8
figuration necesssry to perform imsge anelysis in real-time. This
also implies that careful comsideration be given to the software used :
for implementing recognition strategies.

i

i

i

i
2.4 THE HARDWARE/SOFTWARE INTER-RELATIONSHIP l )

Although the hardware component essnciated with a working instrument
falls outside the scope of this dissertation, (forming as it does a par-
allel project - Smith(1985)), aspects concerning the hardware configura-
tion are briefly mentioned to provide a fesl for the inter-relationship
between the software and hardware requirements.

Figure 2 shows the vrientation of an imege system mounted over a conveyor

belt and also shows the relatfonship between processing time, belt speed
and sampling errvor assocliated with & 2-dimensional pracessing system. . e

16
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It is seen that belt speed ( v, ;. ) and the distance along the belt
covered by an image scan ( 1y, .. ) detornine the time in which a frame
may be processed. Fxom Figure 2 a simple equation mey be derived relating
the length of the balt that is sampled (I, ;) to system parameters

Leampled * inage! Linage™error’® beie)

substituting Limage Lerror = Tprocess® Vhelt

the equation becomes

DR €3]

Loampted = image’ Tprocess Vbele?® be1r

where
is the length of the image frame in the direction of

inage
motion ;

is the length of the belt from the loading point to the

. Lhere
mill feed~point ;
19““ is the length of the belt not processed ;
Qprocess is the time taken to process a frame = Tprocess is a
function of limsga and bimage where
bimage is the width of the image and
we assume bimage = bbelt where
bye1s 18 the width of the belt ;
Vpape 6 the belt speed and
Torocess® Vbelt 2 limage OF the case that frames do not
overlap.
17
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By re-arranging (1) the fraccion of belt sampled (£, ) ,) may be written

as

fsampled © ‘image’ Tprocess' Vhe1s? -+ (@)

Cfopmpled ™ Lsampled’ Tbelt ?

if the accuracy Of the recognition aystemis A, .oy o0 %, the overall

system accuracy (onamu) is :

Aoverail ™ TsamplePrecognition ¥
or

Aoveratl = Vimage! Torocess Vhett)): Arecognition * - (3
Tpacess 1 @ funstion of the image size { L. xby. ) and the

complexity of the softwsre algorithms employed. From experience it has
been found that Tptocess is significantly influenced by image size ac-
cording to the amount of serial processing involved as well as the overall

complexity of the software.

Since the belt speed v, .. is fixed, from (3) it becomes appsrent that
overall system performance cannot simply be improved by increasing 1y, ..
unless the dependency of T ... on the inage dimensions can be removed.
The only way this may be achieved is by extensive use of parallel proc-
essing and by reducing serial work to a mindmum. If howsver, &, . o.iu.o,
depends heavily on serial processing cechniqu?s, Ax‘et:ognitinn will be
degraded if any inherently seriel algorithms are removed. Hence a deli-
cate inter-action between hardware and softwarae exists which should be
carefully considered if real-time measurament of particle size is to be

obtained.
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2.5 THE ROCK-RECOGNITION SYSTEM

Important factors influencing the design approach necessary ta produce
an offective recognition system have been discussed in the previous
sections of this chapter. A global description of the overall
rock-recognition strategy is now given in anticipation of more detailed
descriptions of the processing modules in the chapters thet follow.

Oriteria influencing the design are listed below for reference :

1. Image interpretation should be insensitive to variations in bright-
ness and contrast (- the illumination problem).

2. Hethods should be as simple as possible to minimise the required
processing time.

3. Data storage requirements should be kept as low as possible to
minimise hardware cost and complexity,

4, Where possible, methods should favour the usa of parallel hardware

architectures.

5. System evolution should be modular in the sense that performance may
be inereased/decreased by adding/zemoving certain modules. This may
be y to for restrictions on the svailable hardware

resources.

6. When all the modules are used, the system should be as accurate as

possible.

The first step in the recognition procedure is to extract primitive re~
gions that sub-divide the particles in the picture. Correct choice of &
segmentation algorithm is vital to ensure that primitive regions are found

that have a sati y cor with features on the
image. This is achieved by using a very siwple but effective "gray-level
20




banding” techuique where the 64 gray level histogram is reduced to one
gray level corresponding to a “background band” and four other gray levels
are selected to correspond to four "particle bands". Each particle band
contains an equal number of pixels and the pixels belonging to the par~
vicle bands are assumed to correspond to particles in the image. By sub-
stituting pixels in the image for their band membership gray-levels,

jon is achieved since nei ing pixels that occupy the same

band gre grouped together to form pixel clusters - or regioms. This sub~
stitution is very fast and provides vexry rapid image segmentation.

By careful comsiderstion of how the dark band is occupied, a technique
was developed that enables pictures of varying contrast to be processed.
By examining the h of various rock-i , a method was found
to establish the furthest extent of the dark band and hence the threshold

between objects and background. this method is discussed in more detail
in the following chapter.

After the image has been segmented into small regions, each region must
be identified by an unique integer to facilitate reference to its location
in the image plans and celculation of its al . this
procass is termed "labelling" and transforms the banded image consisting
of five integer values (corresponding to the five bands) to an imeps

consisting of integer values In the range 1 to n where n is the numbexr
of regions in the image. Single pixel reglons ars also eliminated to re~
duce the number of regions that have to be processed in the following
stage. As the labslling pracesds, the area (size in pixels), band mem-
bership and the start-point (see Appendix A} of each region are calculated
and entered into region description vectors. By integrating the labelling
procedure with the initialisation of the description vectoxs, the effi-
ciency of the pre-region merging stage is increased. The image segmenta~

tion procedure lends itself to impl in a multi
environment ( Smith , 1385 ).

Primitive regions are now merged to form larger regions that eventually
correspond to particles in the scene that is being analysed. This is done
by £inding the neighbouring regions thet surround a particulas region and

21
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their stics to those of the region. A vegion and its

neighbouss may thus be merged according to a set of governing rules. The
rules used in thin merging stage concern only the band membership of the
regions involved and were selected by evaluating the effect of various
rules on the merge process. A routine has been developed that computes
the boundary description of a reglon, called a chain-vode, and alse gen-
erates a cyclic neighbour string that uniquely describes the occurrence
of neighbouring regions around the border. The chain-code provides aceu
rate geometric descriptions of a region's bordar and may be used for
various recognition applications where shape descxiptions are useful. The
meyge process is an iterative procedure that terminates when no more re-
glons cun be merged. The number of iterations in which the process ter-
rinates is comstant, making it possible to save time by avoiding the final

iteration in which no merges occur.

The first merging stage results in a merged picture that contains enough
information to make & rough particle size estimation pessible. A prototype
instrument using the mathods described above would possibly yield 2 usable
size measure. Its accuracy could then ba improved by using the modules
described below and by modifying the hardware to cope with the additional
time requirement.

The secondary merging stage merges reglons according to the geomet:y of
their common borders. The nature of the rules used in the first merging
stage allow certain regioms to remain un-merged if thay border on regions
contained in the background band or "dark band". Merging may, however,
be necessary between such a region and one of the nelghbouring regions
not in the dark band. This is achieved by £inding merge occurrences where
two regions merge to form a new region that has smooth boundaries across
the points where the border bstween the two regions used to exist. Gew
ometric merging will be clarified in Chapter 4. Extensive use is made
of the chain~code routine to describe region borders and the intersection
points between regions. Geometric merging cleams up regions that exist
on the edges of objects and may also have a wide range of applications
in areas such as the recognition of machine parts.
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The first stage merging process may produce regions that correspond to
sepérate objects that have been merged together. This occurs when the dark
band does not extend far enough into the histogrem, producing a so called
Yover-merging" effect where to. few pixels have been lassified &s bu-
longing to the background. 41so when rocks lie close * sgether, fines may
cause tha border between them to becoms indistinct hence joining them into
a single object. To combat this phenomenon, routines have been provided
that search for "hottlenaecks" and split regions to form separate objects.
This is an alternative to boundary erosion techniques commonly found in
binary image processing which do not yield scceptable object separatiom.
The vse of this un-merging procedure provides a means of correcting errors
made in tha 5-band segmentation and hence makes the system wore robust.

The first two merging stages, ie. gray-level and geometrical merging, are
not sufficient to remove clusters of smell regions that occur inside lerge
reglons. These clusters camnot be removed since they contain ome or more
regions in the dark band for reasons that will be discussed in Chapter
4. The removal of these regions is important to facilitate the efficient
un-mezging of regions. A routine has bean designed to remove these
clusters from the image by gemerating & neighbour list for eech member
of & cluster, cowbining these lists snd idencifying the regions belonging
to the cluster as well as the common surrounding large region. The method

is clarxified in fuxther detail in Chapter 4.

During all the merging and d d above, careful
track is kept of the areas of the regions to enable the final -ize dis-
tribution to be calculated., For the purposes of this imvestigation the
size distribution is output in the form of four discrete size ranges end
is discussed further in Chapter §.

23
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2.6 SUMMARY

This chapter has outlined the requirements of an object recognition system
against the background of general scene analysis concepts sketched din
Section 2,2 . In Section 2.3 properties of rock-images were analysed i
terms of their influence on a suitable design approach while the
inter-action between hardware and software requirements was discussed im
Section 2.4 . Finally, a general outline of the design approach was given
in Section 2.5 showing importamt criteria that were considered in the
design and giving & clear overall view of the recognition system,

The chaptars which follow will discuss each important szage in the system
in more detail highlighting the reasons for selecting certain methods.
Program descriptions of each module in the software are presented in Ap-
pendix F .




3.0 HISTOGRAM-BASED IMAGE SEGMENTATION

3,1 INTRODUCTION

This chapter describes the first stage in the recognition process, the
segmentation of aa image into primitive regions. In Section 3.2 an
overview of segmentation algorithms is given to provide background on
methods that are available in the literature. The 5-band segmentation
method used for the particle iecognition system is described in Section
3.3 . Reduction from 64 to 5 gray-levels is explained and the use of the
1st gray level to compensate for variations in image brightness discussed,
Section ».4 deals with the procedure involved in labelling regions in the
image with unigue integers and with the initialisation of the regioo de-

scription vectors.

3.2 IMAGE SEGMENTATION

In order to generata a description of a scene, it is necessary to segment
& picture inte parts corresponding to objects in the scene. Segmentation
is @ process of pixel classification in which pixels are classified as
belonging to certain regions or objests in the sceme. Pixels may for
example be classified into daxk and light classes to enable light objects
to be distinguishad from a darker background. Anothsr approach to seg-
mentation is determining whether pixels belong to edges or not thus
building up a description of the borders of different objects in an image.
Both methods are used in imsge analysis applications and the choice of
either depends on the particular type of pictures that are analysed. The
segmenter used in this application is based on the method where pixels
are divided into classes according to gray-leval, Rosenfeld (1982) pro-
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vides & detailed di of varioum schemes &nd this

reference should be consulted for further background.

The particular segmentation method described in this chapter was devel-
oped after segmentation techniques were tested that are available in the
SPIDER subroutine packege. A method making use of phagecyte snd weakness
heuristics proposed by Brice and Fennema (1977) was tested and although
highly rated in the literature, failed miserab ; in this applicetion.
Apart from no 1 zesnlts, was very slow ( 1

hour for processing a 100 x 100 image 1 ).

A split-and-merge algorithm developed by Tanimoto and Pavlidis (1975)

was tested, but proved to suffer from slow execution time and sensitivity
to input parameters. The method of relative similarity proposed by Yokoya
et al (Spider manual,1983) was also e.iluated and provided useful results
from which the segmenter described in this chapter was developed. The use
of this routine itself was not considered, since it demanded 5 image sized
workspaces for data manipulation and was sensitive to values of input

. Aiso, no on for variations in picture quality could

be incorporated directly into the segmentation process - this had to be
done using & pre-processing stage to do the raquired histogram transfor-
wation. An  additional pre-protessing stags incorporsting an
edpe-preserving smoothing operation on the image had to be applied to
enable the segmenter to produce meaningful regions. These pre-processing
routines increased the time overhead of the software and were hence not
desirable.

By iavestigating the segmeutation methods discussed above, the following
criteria for obtaining @ good Segmentation process became apparent :

1. The use of sensitive parameters should be avoided.

2. Data requirements should be kept to 2 minimum.

3. Spead should be optimised.
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The method should be robust to variatiens in picture quality.

It must be possible for subsequent mergir, procedures to successfully
generate merged regions thet coincide with zeal ohjects or features

on the image.

If possible, the nature of the segmentation method should make image

o

pre-processing unnecessary.

3.3 THE 5-BAND SEGMENTATION METHOD

The segmentation method developed for the particle size analyser is now
discussed and it is shown how the requirements listed in section 3.2 are

met.,

Consider a 64 gray-level picture. From the point of view of identifying
rock-particles on the picture, 64 gray levels contain an abundance of
information, too mich in fact than is required to do effective object
extraction. By using oniy 2 levels, ie. binarising the image, tao little
information is preserved to give an accurate particle identification. It
is hence argued that a certain integer numbexr of levels might exist tnat
will reduce the information content of the picture while still making

object recognition possible.

Serxa(1982) discusses the use of histogram wodification techniques for
image on and p id tu the concept of

"segmentation by watersheds”" as the method of reducing gray-lsvels is
referred to in this reference. Beucher and Lantuejoul (1979) propese the
use of similar techniques for contour detection while the work by
Meyer(1978 a,b) concerned with the use of “artificial" gray-levels to
analyse images of cervicel smears is also relevant. Meyer(1978 a) shows
that even by reducing the histcgrem to four levels an effective segmen-

tation may be achieved.
27
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The number of gray-levels necessary for the segmentation of "rock" images
was detexmined by experiment and eventually 5 levels turmed out to yield
the required performance. The relevance of this level reduction will be-

come clearer as the discussion progresses,

To ensure that pixel information is distribuved evenly amongst the chosen
levels, a cumslative distribution function is used to yield bands of equal
"information" . This ensures that & certain gray-level band does not
contain significantly more information than any other as this could leed
to & similer loss in resolutien a&s in the case of image binarisation.
The £irst of the five levels is, howsver, not derived using the cumwiative
distribution function since it corresponds to the black or or nom-object
part of the image and is used to compensate for fluctuations in the image
histogram as will be seen shortly.

The five gray level bands are derived as follaws :

Band 1 contaiss all the bleck pixels in the image. Images of conveyor
scenes have the ic of a dark with objects being

lighter shades of gray, hence the unconditional incorporation of the black
pixels into the background band, bend 1. Additionally, the next 25 % of
the pixeis in the image are grouped into the dark band starting with the
second darkest pixels. The value of 25 % was found through experimenta-
tion and ;. duced consistent image segmentation undex varying brightness
and contrast. In the case where the first gray leval occupies more than
75 % of the image pixels, only the f£irst two gray levels are incorporated
into the dark band., This situation arises when only a few objects are
present on the belt or when imsge brightness is very low. Under these
conditions it has been found that the first two gray levels correspond
acceptably well with plcture background. This also implies that if all
the pixels in the image occur in the f£irst two gray-levels of the
histogram ( ie, the dark side ), no cbjects are assumed present.

& facility is also introduced to limit the furthest extent of the dark
band into the histogram. The extent of the dark band may be limited by
28
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considering the amount of pixels occurring in the first gray level as this
i an indication of picture brightnmess. For bright pictures, the first
gray levael will have a smaller occupation, allowing the dark band to ex~
tend further into the histogram. For darker pictures, the first gray level
will contain more pixels and the dark band could be limited to incorpo-
rating say, only 32 out of the 64 gray levels. Limiting the dark band
extent was not necessary for pictures that were processed during system

testing and it was included to maintain the generality of the approach.

Processing concerned with finding the extent of the dark band is akin to
the technique of thresholding an imsge by examining the histogram struc-

ture. For fu:
essing consult Weszka(1978) and Hummel(1979).

ez background information on this aspect of image proc-

Having determined the gray levels corresponding to the dark band, the
pixels in the image having the remainder of the gray levels are divided
inta & equal groups using a cwmulative distribution function, These groups
are the 4 bands that correspond to particles or objects in the image. From
now on, these 4 bands will be referred to as the "rock bands". Figure 3
shows the procedure of obtaining the 5 bands more clearly.

To illustrate the manner in which the 5 bands may be used to segment an

imsge, an example is shown :

Assume the bands are occupied as follows :

Band 1 : level 0 to 10 denoted by the integer -1
Band 2 : level 11 to 30 denoted by the integer -2
Band 3 : leval 31 to 40 denoted by the integer -3
Band & : level 41 to 50 denoted by the integer 4
Band 5 : level 51 to 63 denoted by the Integer -5

Note : A gray-lavel histogrsm ranglng from 0 (black)
to 63 (white) is assumed.
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Consider the input image

0 0 30 31 60

5 35 34 36 61

6 40 55 48 60

11 42 45 47 30

13 20 15 16 21

By substituting for the band membership, the resultant L

segmented image is :

R R |
-l -3 -3 -8 -5 e

“1 -3 -5 -4 =5 o

“2 -k <4 k-2

2 2 -2 -2 -2 Lo

Note : Negative integers are used for labslling since this enables -
iabelling to be done in the sime data space as the Segmented .
inage. Section 3.4 explains the labelling procedure in further
detail.

The pixels have thus been clustered together to form regions by the 5-band v
substitution process. The substitution process is very rapid and hence (R
helps to incresse the speed of the overall segmentation procedure, No i
image pre-processing {s required since the banding technique is in itself
a type of smoothing operation. An additional requirement amongst those J
listed in Section 3.2 has thus been met. Figure 4 shows how an actual 1
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conveyor-belt image has been segmented usimg the S-band method. It is
seen that the input picture suffers from lack of contrast and also has a
low brightness. Only 12 out of the possible 64 gray levels in the
histogram are cccupied. The processed result shows how the S-band method
has enhanced the contrast and has mansged to highlight the pertinent
features in the image despite the poor brightness level.

At this stage, regions exist as clusters of pixels having the same integer
value. It is now necessary to identify each region uniqualy by assigning
an integer value to all the pixels that form the region. This process is
called " region labelling " and is discussed in the next section.
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Figure 4.

Result of S-band segmentation:  (a) is the input image ;

(b} is the processed result . The {nput {mage is a scene

of perticles on a conveyor obtained on-site
Deelkraal mine

at  the
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3.4 REGION LABELLING

Lebelling of a d image is achieved by the image in &

raster scan and labelling consecutive occurrences of pixels with the same
band membership with a unique integer label, Labelling may be done using
either 4 or 8 connected neighbonrs. B-connacted labelling implies that

any given pixel has 8 possible neighbouring pixels to which it may link ;
@ g and hence larger regions sre in general produced than with the use of (RS
A 4-connectedness., 8-connected regions, howevex, are more stringy in nature e

and produce regiens that are entwined thus yielding rather obscure bordes -
i .

ies. laxger and hence fewer regions than

speed. The simpler region

RS Y by labelling is more advantageocus though
. and was finally chosen as the lebelling method. The advantage in
4-connected labelling lies in the fact that long intertwined regions are
not formed which in turn results in a move efficient merging process .

{regions have fewer neighbours) and reduces the occurrences where i

un-merging of regions is required. g \

The labelling process overwrites the values of tha segwented picture as 1
i
it proceeds in raster-scan format, hence utilising the same data space |

and saving memory resources. This is made possible by representing the
input segmented {mage using negative integers and labelling with positive i
integers. It is therefore also possible to distinguish betyeen pixels that i
have been labelled snd thase still having their band membership values

which is useful when re-labelling of redundant region segments has to be
done. The need for region re-labelling will be discussed shortly. Reglons

that are encountered consisting of only single pixels are merged into Lo
adjacent regions that have the most similar band membership value. This

is done to reduce the number of irrelevantly small reglons to save proc- L e

essing time in subsequent merging stages. i




Buring lebelling, region charscteristics are filed in vectors according
to region labels. When & new region is found, the x-y co-ordinates whers
the region is encountered are entered into a veetor., These co~ordinates
are known as the start-points of & region and are used for referencing
the positfon of the region in the image plane. The 5-band membership of
the regicn is entered into another vector where it will be used for the
werging decisions based on band-membership criteria. Regions in band 1
are considered as background regions and regions in the upper 4 bands as
particle regions. The area of each region is accumulated in a third vector
as each pixel is added to its particular region during labelling. At the
end of the labelling process the area of esch region is then accurately
known.

It frequently happens that a region is initially labelled with moze than
one label in the upper part of the image and that the paxts of the region
that have been labelled differently join to form a single region lowexr
down, As two differen:ly labelled parts join, @ choice has to be made as
<o which label should remain. The procedure adopted in this instance is
to keep the label that has the smallar integer value and to place the
redundant label in a queue for re-use. 4 back-tracking operation is done
to xeplace all the oceurrences of the redundant label in the image with
the label chosen to represent the region. Whenever a new region is la-
belled, the queue containing redundant labels is checked to see if any
labels are present for re-use before a now label is utilised. The numbex
of integers used for labelling is thus kept to & minimum and data re-
sources are saved, The use of @ similar technigque for implementing la~
belling of binary dimages in & herdware opplication iz explained by
Dinstedn ot a1(1985).

An example of 4-connected labelling is shown below. The links that es~
tabiish ties to to previous labels are shown to clarify the finer details

of the relabelling mechanism,
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After row 3 :

RN

After row 4 :

Note how label & is replaced by label 2 to correct :
for ambiguous labelling, -

4 move detailed description of the region labelling procedure is given [
in Appendix F in & high level program description language (FDL).

ity Figure 5 shows what an initially segmented image looks like after label-
ling has been applied and the border around each region has beem high- ;
lighted using white pivels. The output image generated after this i

labelling stage may now be processed by region merging routines to £ind |
. regions that correspond to the particles that need to be identified. i
|
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Figure 5.

Segmentation and labelling applied to an image: (a) is a

segmented image and (b) shows the labelled image with re-
gions outlined in white.Tha images may appear very similar
and this would be due to loss of detail during reprod-

uction,




3.5 SUMMARY it s

This chapter has desit with procedures relating to the segmentation of
images into primitive regions and the subsequent labelling of these re-
gions. The S-band histogram bssed segmentation was described and it was
explained how the first band could be used to compensate for variations o
in picture guality. Results of 5-band level reduction were presented to y

show the improvement in picture contrast and brightness that can be

© achieved. Region-labelling was discussed with reference to the way in \?
P which data-storage xequirements are and region iption o
" vectors are constructed. The next chapter explains the merging of regions g
. te form larger regions that correspond to objects in the scene, o
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4.0 REGION MERGING

4.1 INTRODUCTION

In the preceding chapter the methods used to achiave image segmentation
and lah»lling wexrs explainad. It is now shown how the resulting primitive
regions are merged to form representations of objects in the scene. Sec-
tion 4.2 briefly discusses the formuc of the region-border descriptionms
which are essential to the merging procedures discussed later in the
chapter. The first mexrging operation, using only gray level criteria, is
explained in Section 4,3 &nd it is seen that the most significant region
merging occurs in this processing stage. Section 4.4 deals with the pro-
cedure of merging to remove swall region clusters from the image while
the final merging stage, based on geometrical criteria, is described in
Sectdon 4.5 . Exampies of processed images accompany the descriptions in

each section.

The procedures that will be discussed are often fairly involved, re-
quiring the incorporation of some of the more detailed aspects into the
appendices.

4.2 BORDER DESCRIPTION : CHAIN-CODES AND NEIGHBOURS

When a region s considered for merging, it is necessary to know which
other regions in the image surround that particular region. This enables
the characteristics of iie regions concarned to be compared so that a
merge decision can be taken. Such a description of the occurrence of
neighbours on a region's border will also be referred to as a "naighbour
code" or a "neigbbour 1ist". Finding neighbours or generating neighbour
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lists is only possible if the border uf the region in question is known,

hence requiring some border-following pro ~dure to be applied.

Border descriptions of a region may be in the form of & list of
co-ondinates that define the border pixels in the image plane, or the
border may be defined using & chain-code, A chain-code requires only &
single string of numbers where esch entry in the string indicates the
direction of the mext pixel on the border relative to the pixel that was
last found. Given the sbsolute location of the first pixel of the region
{ or the start-point ), the border may be followed exactly using the
chain-code information. Chain-codes were chosen for this application
since less data space is required for their storage and the geometric
merge procedure { discussed in Sectioa 4.5 ) is made simpler. Appendix B

a detailed of how the chain-codes arc generated using

explicit knowledge to make the border searching most fficfent. Rosenfeld
(1982) provides s ft ion of the iated with
chain-codes while Tai and Yu(1985) demonstrate the versatility of similar
bordez strings for shape recognition.

Neighborr codes sre generated using the method described in Appendix B.
Gyclic neighbour codes of a region describe the oceurvence of neighbours
around the region's border in exeet - quence. The mumber of pixels asso-
ciated with each neighbour occurrence (inclnding multiple occurrences of
the same neighbour ) on the border is found, thereby indicsting the
dominance of a neighbour on the bovder. Neighbouring regioms are also
classified as boing 4 or B-comnected ta the border. Weakly connected
neighbours ( diagonal or 8-connected reighbours ) may then be ignored
during merging. The position in the chain-code where each neighbour is
found for the first time is also recorded, Finding a certzin neighbour
on the border is thus fmster and this is used in the geometric merge
routine. Details .f the features that bhave just been discussed ave
available in Appendix B together with examples showing the formst of the
neighbour-description vestors as well as conventions used in chain-code

i tlowing.
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4.3 GRAY-LEVEL MERGING

The 5-band segmentation method results in anm image that consists of a
large number of regions occupying the upper 4 particle bands ( refer to
Figure 5 ). Each band may be considered as being one gray-level in a 5
gray~level image. Since each region has been classified as belonging to
one of the five bands ( or gray-levels ) during the labelling procsss,
it is possible to merge regions using their gray-level values.

Various rules may be estsolished according to which a region may merge
to its nei i ragions. By A it was found that the set

of rules for gray-level mexging is fairly restricted because of the danger
of over-merging resulting in too many regions being joined together which
should have remained separate. Over-mexging of an image could eventually
approximate to the case where straight binarisation of the image was
performed, making the initial effort in obtaining a segmented image su-
perfluous. It is again emphasised that the reason for using 5-band seg-
mentation and adopting & merge driven Tegion-growing strategy is to

the 1 b in 1 binary image-processing

techniques.

Only two usable rules emerged that allowed a very good first stage merging
based on gray-level features to be achieved. These rules &xe :

1. A region surrounded enly by regions that occupy the particle bands
merges to all its neighbours if it also has a particie-hand
sray-level.

Here it is sttempted to resolve & rock region surrotnded by othex
rock reglons into & new rock veglon because it is assumed that the
region and its neighbours all correspond ta the same object in the

image.

In developing this ruls, it was attempted to allow merging between a
rock-region and its rock-neighbours if background neighbours occurred
42
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which together did not occupy more than a certain percentage of the
total number of pixels on the border. By allowing this relaxation of
the rule, significant over-merging occurred showing how restricted
the gray-level merge rules would have to be to allow proper region

growth.

2. & region occupying the baskground band which is surrounded by only 1
neighbour merges to this neighbour if the neighbour occupies ome of
the particle bands.

This corresponds to s rock-region with & daid shadow or hole in it.
It is assumed that particles don't have holes in them and hence
merging is performed to remove the background region. Attempting to
allow merging if a region is d by more than one

region in the particle bands results in serious merging errors where
for example, a large part of the picture background may be changed
into & particle region.

The merging process using the two rules listed above is iterative and for
& 5-level image within two 1 . During each iteration,

each region is considered for merging and valid merges are recoxded by
assignfng the new label of any merged region to & record in &
mexge-recording vector which is referenced by the old label of the region.
After all regions have been considered, merging physically occurs on the
image by substituting old region labels for the corresponding entries in
the merge-recording vector. The new regions are then given an opportunity
to merge during the next iteration. Subtleties regerding the
merge«process are clarified In Appendix C where the use of additionsl
vectors necessary for efficient mergo-recording is also explained.

An example of a typical merging procedure is mow given to illustrate
gray-level merging more clearly.

CGonsider the segmented imsge in Figure §. By inspection we see that only
zegions 1 and 3 have boundary neighbours that agres with a mexge-rule,
in this case mergerrule 1. Region 1 has & neighbour-cods 5 2 % 4 and all
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these neighbours have gray-levels in the range 2 to 5 indicating particle
band mepbership. Region 3 has neighbours 1 2 8 7 4 also occupying the
higher gray-levels. All the other regions in the image border on the
background region, region 6, and hence can't merge. We thus merge region
1 to all its neighbours and region 3 to all its neighbours according to
rule 1., After merging we have the labolled image as shown in the figure.
The reason for using label 2 to identify the resulting large regiom is
that the start-point of the largs region corresponds to that of the region
originally having the label "2". This aspect will be dealt with in more
detail in Appendix O. The new gray-value of region 2 is chosen to be any
value corresponding to & particle band to enable its identification as &
reck region.

Figure 7 shows the epplication of g-ay-level merging to & segmented pice
ture. Tt can be seen that significant reglon-growing has occcurred during
merging and that the msjority of smail regions have been merged into
larger regions. When a comparison is made between the merged image and
the original scems, it is seen that merged regions agree well with fea-
tures in the sceme. It is at this stage possible to calculate & size
distribution using the regions presemt in the imsge. Error will be in-

di due to over-merg: and on, but the results
should still be suitable for a reduced complexity system or for imple-

menting a prototype size analyser. To make such a reduced system viable,
the segmantation method would have to create more background (ie. change
the 25% pixel occupiney to say 30%) to reduce the occurrences of over
wmarging which could of course also remove useful Information £rom the
image. Methods of coping with aver-merging of regions will be discussed

in Chapter 5 and by applying these 4 more

size calculation can be ohtained.

4 high-level PDL description of the gray-level merging process is given
in Appendix F.
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AFTER MERGING

(A
BEFORE MERGING
6
BAND= /X
. -
BAND=S

%

(B —

Figure 6. Gray-level merging:
merging is applied.

st e L,

() is a segmented image hefore

(b) is the merged result.
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Figure 7. Results of rray-level merging: (a) shows the input image
of a conveyor scena. (b) 18 the result of segmentation and
(e) is the gray~level morged pictura.
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4.4 MERGING TO REMOVE SMALL CLUSTERS

The gray-level merge rules discussed in Section 4.3 allow regions in the
background to be removed from inside regions that belong the particle
bands, thereby removing "holes" that oecur inside rock regions. It often
happens that these holes don't occur on their own but also have small
regions attached to them helonging to the particle bands. Since these
small particle regions border on the "hole” region belonging to the
background band, no merging is allowed. The “hole" reglon itself bordexs
on mors than 1 rock region and hence cannot merge. An alternative process
is thus required to remove these regions from larger rock regioms. The
reason that it is important to remove these regions is that the process
of correcting merge ervors ( described in Chapter 5 ) requires that re~
gions exist as coutinuous pixel domains without other regions being in~

cluded within their perimetars.

Merging is achieved by identifying groups of regions, all within a certain
size-limit, that have a common large neighbour that has an ares above &
second size-1imit and also occupies one of the particle bands. The second
size-limit is larger than the f£irst to prevent & small enclosed region
to be identified as the common neighbour. The process of finding such
clusters is described best by considering an example

Tigure 8 shows a large region, region 5, containing a cluster consisting
of regions 1, 2, 3 and 4. We assuma all the regions in the cluster £all
below the size threshold for cluster reglons. Regien 5 is larger than the
size-limit for the surrounding region and also occupies ore of the par~
ticle bands.

To find the cluster, we start with the neighbour-code of a reglon that
has a size less than the threshold for regions helonging to a cluster,
say for example, region 1. It's neighbour code is then 5 3 2.

We identify reglon 5 as & large .eglon and nmote that it msy be a valid

surzounding region. The next step is to find the neighboux-codes of the
47
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remaining neighbours if they all fall below the size threshold for cluster
regions, which in this case they do. Hence, we concatenzte the new
neighbours which do not already exist to the initial neighhour strimg.
Region 3 yields a new neighbour, region &, which is added to form : § 3
2 4. Region 2 yields no new neighbours and neither does region 4. Hence
the neighbour string terminates with only one large region having been
found and all whe others part of the cluster. All the entries in the
neighbour-string are now merged to yield the requized single region shown
in the figure. Merging fails Af more than 1 large regiom occurs in the
neighbour string, the string exceeds a certain length or & surrounding
large region occuples the background band, If no common surrounding region
is found, the merging obviously also fails.

Figure 9 shows how an image containing clusters has been processed, It
is seen that regions have heen effectively "cleaned up" making it possible
to apply the un-merging strategy described in chapter 5. Although some
of the "holes" seem to consist of only single regions, they in fact con-
sist of clusters which often have regions joined to them that are too
small to show any pixels on the demonstration image other than the white
border pixels that define thelr perimeters. All the single "holes” would
in apy case have been removed during gray-level merging.

A PDL desoription of the cluster-removing routine is presented in Appendix
F.
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BACKGROUND

(R
BEFORE MERGING

BRCKGROUND

(B)
AFTER MERGING

Figure 8. Region-cluster merging: (a) shows a region containing a
cluster and [b) is the result after the cluster is merged.
(Refer to the text for details).
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Figure 9. Results of cluster xemoval from a real image.: (a) shows
an image containing rogions resulting from gray-level
merging - the regions in this image contain region clus-
tars. (b) shows the same image after application of clus-
ter merging.
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4.5 GEOMETRIC MERGING

The very limited set of rules used for gray-level merging has lead to the
consideration of geometrical properties of regions for {dentifying fur-
ther merge conditions. Figure 10 shows a common situation that arises
when two particle regions canmot be merged to represent a simgl. object
using gray-level rules. The nature of the boundaries between the two re-
gions has to be considered if correct merging is to be achieved. In Case
1 shown in the figure we have a smooth boundary resulting from the merge
while Case 2 results in a boundary that has a point of inflection. Herce

for Case 2, the regions cannot merge.

To perform geometric merging, an exact cyclic neighbour-code is requized.
Such a code enablies the neighbours of a region to be located in terms of
their position along the chain-code in exdct geometrical sequence and
allows multiple occurrences of the same neighbour to be correctly mapped.
Geometrical merging cen only be achieved if all the occuzrences of a
neighbour on the border are examined in the correct sequence and the
border-geometry conditions are met st all the points in question,

The border conditions y for geometric merging are tested

using a set of masks that are placed relative to the points where a region
intersects its neighbour. A different wask is used depending on whether
the intersection point being tested is the beginning of the neighbour
occuxrence or whether it is the end of the occurrence. Figure 11 shows
the convention followed in wsing the masks. the first mask is termed the
“{nterception mask” and the second the "detachment mask". These masks
impose limits on wh.te pixels helonging to the neighboux region may exist

zslative to the i point in If both masks are satis-

fled, & neighbour may merge to the vegion in guestion - in the case of a
multiple occurrence of a neighbour, all the masks corresponding to esch

occurrence must be satisfied.
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The strategy used to define the masks is to only allow merging if smooth
region borders will result. This is incorporated inte the masks as is
shown in Figure 11 where the aveas relative to the interception points
where no pixels belonging to the neighbouring region are allowed to exist
are defined in terms of the angles « and © . For the best performance,
both angles turned out to be 45 degrees. Tha details concerning the dif-
forent masks that are used and the way the masks are constructed during
border saarches are discussed in further detail in Appendix D.

Figure 12 shows how geometrical merging is applied to an image that has
been through gray-level merging. Geometrical merging is useful in clean-
ing up regions which exist st the edge of larger regions since these are
especially neglected during gray-level merging because they neighbour on
the background of the picture. Geometrical merging is not the most im-
portant merge procedure used in the recognition strategy since it is
limited to follow rigid rules as defined by the mask configurations. The
fairly "noisy" structure of region borders &t a pixel level make it dif-
ficult to define most of the conditions where merging tould be effective
withost slso increasing the occurxence of merge errors. For this reason
geowetrical mexging is also more effective if the image is initially la-
belled using 4-connectedness where regions of less complex geometry usu~
ally emerge. In the concluding chapter the relevance of geometrical

merging to the particle recognition system will again be considered.

Appendix D contains further exawples of geometric merging, showlng how
geometrically regular objects “t.. b merged because of their well defined
and smooth borders. Algorithms : s-ciated with geometric merging sppear
in PDL form in Appendix F.
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CASE A
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BEFORE LINE
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Figure 10. Geometry decisions:
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Figure 11. Masks used for geometric merging
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(a) shows an image merged

Results of geometrit merging:

Figure 12.

(b) shows the result after ge-

using gray-level rules.

ometrical merging : mote the cleaning up of small regions

on the edges of larger regions,




4.6 SUMMARY

In this chapter it was shown how regions contained in a labelled segmented
image are merged using three different merge procedures, The first merge
process uses gray-level criterié to determine merge rules for merging.
It was seem that this merging stage produces the most significant
region-growing to ocecur and even allows & rough estimstion of particle
size to be made, The second merge stage introduced in the chapter uses
neighbour-lists to merge region clustars to ensure that the larger regions
in the image are free of smaller regions sitnated inside their perimeters.
The last merge procedure that was discussed dealt with merging of regions
using geometrical features. It was seen that the least amount of merging

ocenrred using this procedure. The following chapter shows how errors made

during don and regi ing may be corrected using &
region-splitting method.




5.0 UN-MERGING OF REGIONS

5.1 INTRODUCTION

A problem which frequently srises in scene analysis it that of distinet
components in & scene which have bsew joined together. This may come about
during the thresholding process (especially in binary processing) or
during the merging process where reglons are merged imenrrectly. This
chapter discusses & method of region splitting which may be used to sep-
arate a single region into constituent parts which in fact represent ob-
jects in the scens. It is shown that for Tock-pictures the process is

fairly simple if we assume that rocks in gemeral have convex gecmetry.

Work has been done on the problem of separating blobs in pictures and
usually the approach has been to spply border-eroding and region shrinking
algorithms. These techniques were ested usiug routines available in the
SPIDER package and were found to seriomsly degrade the scene represen-
tation while not zeally solving the problem of joined regions. For back-
ground information on border-eroding methods see Rosenfeld(1982) and for
applications in particle sizing Serra(1982).

Section 5.2 ‘border and the regi litting techniques
to provide background to the cheice of the region-splitting technique
developed for this application. In Section 5.3 the region-splitifn,
techniqua itself is explained in more detail and in Section 5.4 it ix

shown how the procedurs is accelerated to i the y execution

time.
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5.2 UN-MERGING : SPLITTING VS SHRINKING.

Figure 13 shows an example of a reglon which needs to be un-merged. It
is seen that based on the assumption that rocks are convex in shape. the
region shown does not qualify as being a rock. A frequently used method
of solving this problem is to traverse the border of the region & few
times, each time removing a leyer of border pixels. The border is hence
"shrunk” and eventually the two comotituent parts will be separated. An
obvicus limitation to this method is that a region's size is reduced as
the shrinking proceeds, meking a size calculation less accurate. It is
also not poasible to define the number of iterations which are required
to separate the objects completely since it will differ depending on how
tightly they are joined. Shrinking may, however, be applied when counting
of regular objects such as spheres or discs is required. Shrinking may
be applied followed by an expansion procedure where objects are “grown"
without allowing adjacent objects to merge again. This method is an im-
provement on the first but still relies on the shrinking process to sep-
arate "blobs” in the first instance. Serra(1982) discusses the
application of such methods for analysing binary imsges of connected
spherical objsnts.

Region-splitting provides & more versatile approach to the un-merging
problem. Here it is attempted to find a “bottleneck" in the region cox-
responding to where the two objects have been joinew. By simply drawing
a line across the bottleneck, the two constituent regions may be separated
8s is shown in Figure 13, No pixels are lost during the splitting and the
processing involved also doesn’t rely on any iterative process, It should
be realised however, that this technique may only be used becanse of the
assumption that rocks have a convex geometry. For objects having narrow
protrusions such as say the handle of a hammer, this method will attempt
to split the protrusion from the cbjert, ie, scpare™ 4le from the
hamwer.  Fairfield(1983) explains the use of d geometric
analysis to perform segmentation of blobs into sub . 4nd is appli-

cable to cases where the simple convex structure Ssstwes here may not be
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the only stiape description imvolved, The next section outlines the
region-splitting technique in more detail.

e

5%

- R SO, R "N & s A N




REGION 1§
TSHRINKING

SPLITTING

Figure 13. Shrinking vs Splitting: notice the reduetion in surface

area in the case of shrinking.
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5.3 UN-MERGING USING REGION-SPLITTING

Region-splitting is achieved by scanaing a region in four directions &s
is shown in Figure 14. During each scan, the lengths of the chords across
the region are recorded. The position of each chord is alsoc recorded eg.
for a horizontal scan, the line of the scan ( y-ordinste ) and the column
( x-ordinste ) at which the chord starts and ends are recorded. It should
be noted that more than one chord may be found on any scan-line depending
on the geometry of the region. The software for tha rock-recogaition
system makes provision for 10 chords on any given scan-line and this has

proven to be more than adequate.

The length of each chord is compared to a reference length and if a chord
is shorter than the reference, it is assumed that a bottlemeck exists
across the region &t the location of that chozd.

The reference length may be obtained im various ways. It is for example
possible to search for the longest chord found during a certain scaa and
then to define the reference length as being some fraction of the longest
chord. This method was used and apart from being computationally
time-consuming also didn't yield accurate splitting for all shapes of
regions. It was found that by using the circumscribing rectangle ( see
Appendix A ) as a basis for deriving the reference chord lepgth, better

results were produced.

In Case (a) in Figure 14, ie.verticsl scanning, the side along the x-axis

of the circumscribing rectangle would provide the initial length from
which the reforence is obtalned by dividing the length by some factor.
The factor found to yield the best splitting was 5. Hence, for horizontal
and vertical scanning, the refarence length is 0.2 x (the length of the
side of the cizcumseribing rectangle that lies in the direction of scan~
ning). For scanning in the diagonal dirsctions, the refersnce length is
taken as 0.2 * C0S { 45 ) x (the length of the shortest side of the
circumscribing rectangle).
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CRSE 2

CRSE. 3

CRSE 4

VERTICAL
SCANNING

HORIZONTAL
SCANNING

45 DEGREE
SCRNNING

135 DEGREE
SCANNING

Figure 14, Scan-directions for region-splitting
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Having found the choxd that corresponds to a bottleneck, it is necessary
to find two additional choxds, one on either side of the first chord.
These chords are used when re-labelling of the split regions is performed =]
and this will be described shortly. The corresponding start and enu-points ]
of the three chords should lie ciose together to emsure that they all
define the same bottleneck. The three chords defining the bottleneck will
from now on be referred to as the "split-chords”. The region may now be
re-labelled by propagating a re-lebelling wave-front from one of the outer
split~chords and substituring old region pixel labels with & new label |-
that is chosen. Each pixel that it substituted contributes to the area
of the new sub-region that is being formed., Re-labelling is completed
when no more pixel substitutions occur.  Figure 15 shows how the

re-labelling wave-front is propagated more illustratively.

The use of three split-chords is now explained :

Two chords sre used to form a barrier to prevent the re-labelling
wave-front to cross to both sides of the region. The third chord is re-
quired to start wave-front propsgation. The reason for its use as well
as & more detailed description of the re-labelling method is described
in Appendix E. The two choxds forming the barriers are necessary to pre-
vent a diagonal pixel to be crossed at the end-points of the split-chozds

during re-labelling which is dome using an B-connected re-labelling mask,

This is especislly necessary when dealing with the diagonal scanning .
NN searches where only a double line can stop a wave front from passing
through. The two split-chords are initially represented by pixels with
the label "0" which prevents the passage of propagation fronts. After a S

region has been successfully split and re-labelled to produce the two
L sub-regions, the split-chord pixels are changed from label "0" to the
velue of the new label being used.

After re-labeliing the Tegion to form two separate labelled regions the !

areas of the two reglons are compared to see if an acceptable split was B

made. To prevent a region to be split imto a mumber of insignificantly

. small sub-regions, the smaller of the two regions should alvays be larger
than some minimum fraction of the larger. The fractjon that is used for
the rock-recognition is 1/10 which produces a good coarsemess in the

i
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splitting operation. If a region is below the size-limit, the un-werge
is un-dome by simply replscing the new labels with the old label thus

reconstructing the original single reglon.

The areas of the sub-regions may also be used to detect & particular
sitnation where problems often arise, This is when a region that is being
split contains other regions inside its perimeter. Figure 16 shows the
situation in question. Region 2 is a region inside region 1 and we see
that chords have been found that stretch from region 1 to region 2. A
re-labelling wave-front now propagates without finding two separate re-
gions. This problem is reduced by eliminating regions using the cluster
merging technique described in Chapter 4 section 4. Such situations how-
ever, still arise if regions have included regions that have areas which
are larger than the limit specified for the cluster-merging routine men-
tioned above. This area-limit cannot be made too large since siguificant
merge errors arise if the cluster-elimination is appiied to regions that

are too big.

The problem is solved by keeping the two chords that form the split on
the region. Each split chord is still labelled as "O" hence still pre-
venting further wave-fronts from propagating through them. If further
split-chords are found in the same regiom, the re-labelling wave-fronts
will terminate because they cannot pass through the "wall” formed by the
first split-chords that still exist. For more complex situations it may
be necessary to repeat the shove procedure a number of times before

splitting is achieved.

The region-splitting techsique is time-consuming because of the large
amount of re-lebelling and wave-front propagation which is required. The
following section shows how methods are applied to enable processing to

be speeded up.
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SPLIT-CHORDS

OLD LABELS
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Figure 15,

Propagation of the re-labelling wave-front
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4 problem encountered during region-splitting: (a) shows
the propagation fromt that returns back to the
split-chords without e gion. (b) shows
how the wall formed by the first split-chords enables
successful sub-reglon labelling to be achieved during &

following labelling procedure.
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5.4 ACCELERATING THE UN-MERGE PROCESS

Because of the large amount of repetitive computation fmvolved iu the

1g process, 4 al demand on processing-time is made snd
it is desirable to relieve this time burden to an extent that it becomes
feasible to implement the un-merge procedure in a real hardware enviros~
ment., This section explains some of the methods that have been investi~

gated to aid the acceleration of the region-splitting stage.

Efficient execution may be achieved by careful consideration of the
iteration-process in which regions are successively split es well as
keeping track of the mumbex of times that sub-regions are unsuccessfully
found and re-labslled. The sequence in which the different scans are

is also imp - i back to Figure 14 we find that

the horizontal and vertical scams are quicker than the diagonal scans
because diagonsl scamning produces twice the number of scan-lines than
scanning along the principle axes. We hence apply the faster scans first
followed by the slower scans and thereby increase the possibility that &
region will be split without requizing Eurther diagonal searching to be
used, Time is alsc saved by not processing all the particle-regions in
the image, Regions are only sent through the un-mesge process if they are
sbove & certain size, This mey ba done becsuse merge orrors are more
significant for the larger regions in the image.

The iteratiom process allows a region to be repeatedly split until either
all the conmstituent sub-regions that are found are below the size
threshald or all the scan-directions have bsen searched. When & region
is split into two sub-reglons, a record is kept for each sub-region con~
taining the last scan-line that was used to split them apart. The
scan-divection that was used is also known and heuce whenever cne of tho
sub-regions is processed again, scanning resumes in the scan-dicection
thet wes recorded and at the associated scan-line. Hence redundant scans
are never applied to a region making the process more efficient and hence
quicker. The method of recording scan-lines is explained in -urther detail
in Appendix E.
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The second method that was mentioned at the begimaing of this section,
that of usimg keowledge of the number of unsuccessful merge attempts, is
now discussed further. If a particular region has mot yielded successful
splitting ( requiring un-doing of the complete re-labelling process ) more
than a specified number of times, then & mode is entered where only every
1 ™ gcan-line in the particular search direction being vsed is processad.
By skipping scan-lines, problem areas ry be "side-stepped” and the exe-
cution speeded up. It is of course possible to skip over possible un-merge
situations thus d . In & real-time system it would however

he better to accept this error rather then to run short of time.

Figure 17 shows how un-mezging was applied to a merged rock-region image.
The processing shown in the image is the final stage in the recognition
process and the areas of the regions shoun mey now be used to obtain a
2-dimensional particle size distribution. If the circumscribing rectangle
of each region is used, & very close approximation to the commonly used
sieve-size measurement of particle siza may be derived - calculation of
the circumscribing rectangle forms part of the-unmerge process and would
thus not have to be repeated for regions that have been through the

un-merge procedure, hence saving further processing time.

Further examples of un-merging may be found in Chapter 6 in Figures 18
to 25 where it is seen how region-splitting i the & ion
of a scene and how well merge-errors mdy be resolved. The black lines

in the images show where the problem of small regions contained inside
larger regions has oscurred and how the split-chords have been used to

correct this.

Algorithus describing the region-splitting method are availeble in PDL
form in Appendix F.
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Figire 17, Resvlts of reglon-splitting: (a) shows the input
rock-scene , (b) is the mexged region image and (c) is

the un-merged imaga.
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5.5 SUMMARY

In this chapter it was seen how could be using a
region-splitting operation. It was shown how the process could ba accel-
erated using various techniques to make searching more efficient and by
monitoring the amount of abortivs attempts at splitting & region into
sub-regions. It was seen that merge-errors dre corrected very well and

that the sccuxacy of the recognition system was significantly improved.

The work up to and including this chapter comprises the complete
rock-recognition system. The following chapter discusses the performance
of the method described in this dissertetion with reference to & number

of processed conveyor-images.




6.0 EXPERIMENTAL RESULTS

§.1 INTRODUCTION

This chapter di the of the T jon system which
has been described in the previous chapters. Photographs of eight proc-

essed images are shown to enable a direct assessment of the accuracy to
be made by referring between input images and processed images. An actual
size distribution in four ramges is given for each image to enable a
comparison to be made to the size distribution computed by the recognition
system. BSection 6.2 briefly outlines the aspects concerning the test
procedure and test images eppear in Section 6.3. In Section 6.4 & dis-
cassion of the results is given to present an objective view of both the
stronger and weaker features of the recognition system, Section 6.5 deals
with aspects comcerning the execution time required for the rock-counting

system.

6.2 BASIS OF PERFDRMANCE MEASUREMENT

The results of processing are presented as a sevies of photographs taken
from a monochreme monitor displaying images from computer memory. Each
set of photog aphs shows the input image and the processed image com-
taining regions representing the 'recognised" particles. The number of
gray-levels present in the input pieture is also given to show how the
wegmentation method copes with pictures of different contrast and
brightness. A size distribution has been computed for cach input pieture
by investigating the size of the particles visible in the input image.
This distribution is computed based on the surface area of the particles
visible in the image - each picture shown is of réva 350x350 pixels and
hence the area of a particle may be related to a pixel size by comparing
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its area to the total area of the photograph. The distribution thus ob-
tained may be compared to the distribution computed by the recognition
system and the performance evaluated.

The size-analysis has been limited to provide four ranges of rock-size
ie,

*  "small" : particles having an arce between 0 and 255 pixels
»  "medium" : particles having an area between 256 and 1023 pixels
*  "big" : particles having an area between 1024 and 4095 pixels
*  "large” : particles having an area larger than 4086 pixels

Note: The particulax size in pixels defining classification into ome of
the four size ranges was chosen arbitrarily and not to a particular cri-

terion.

Good comparisons may be made between measured and computed sizes for the
classes "large", "big" and "medium”. "Small" rocks are however difficuit
to count by studying a photograph and this vart of the distribution has
hence not been included in the performance evaluation. The “small" range
in the distribution computed by the recognition system may however be used
to obtain an estimation of the amount of fine material in the image as
will be seen later. The exact relationship between the number of "small"
rocks found and the smount of fines (eg. volume measure} will not be in-
vestigated in this dissertation, Relating the number of "small" rocks to
the amount of fimes as well as using the computed surface srea of the
larger rocks to estimate thelr physical size are aspects of the
size-analysis which fall outside the scope of this work. For more in-
formation on use of projected surface area and other properties of ir-
regularly shaped particles to compute a sizs distribution, consult
King(1982), Barbery(1974) and Allen{1981),




Use of the four size ranges was suggested by the sponsors of the project
as this was sufficlent to implement s mill-control strategy. A technique
thet would be required to perform rigorous testing of the size-analysis
system would be possible only once a prototype is operational. This
strategy would entail the passing of material of known size-distributisn
through the analyser several times, each time ra-arranging the material
on the belt. The repeatability of the size measure as well ss the accuracy
of measurement could then be established for various conveyor-belt con-
figurations and types of material. It would therafore also be possible
to investigate the effect of the area of the conveyor that is not covered
by the sampled imege frames on the per{ormance of the system.

By investigating the accuracy of the four-size-range classification a
measure of performance mey however be obtained based on the images shown
in the following section. &n error may be calculated for each size range
for each picture and an average computed over all oight images shown. The
evror is computed by dividing the absolute difference between the actual
number of particles in & size range and the computed number by the actual

numwbex.

Images shown were obtained either from scenes synthesised in the labora-
tory or from the DEELKRAAL gold-mine. Scenes consist mainly of an as«
sortment of lerger rock material imbedded in finer particles to make
thorough testing of the particle~finding algorithms possible. The poor
quality of the DEELKRAAL images was also a good test for the recogaitios
system since this probably represents the worst condition under which &
size snalyser could be expected to operate.

The testing procedure was limited by the number of available images which
had to be restricted because of limited avsilable computer storage fa~
cilities, Images shown in the next section do however represent typical
scenas on conveyors and were randomly selected for processing using the
same algorithms. Particular scenes were favoured for presentation only
where specific £eatures such as bright patches caused by reflected light
were evident to point out difficulties that could arise during use of s
size-analyser based on the methods employed here.
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The Telationship betweon pixels on the images shown and physical size is
spproximately one pixel to 4 x 10°° m® Each 350 x 350 picture hence covers

2
an area of approximately 0.5 w”

Although the photographs shown ave rectangular, they do in fact represent
square images since the display monltor reproduces pixels that are
elongated instead of square.

The images shown in the next section were all processed using ldentical

algorithms utilising the same parameters to engble & reslistic perform-

ance evaluation to be made.

6.3 RESULTS
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Figure 18.
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Figure 19. Res
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Figure 20. Result 3.
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Comments : Reflection of |ighting caused teco many large regions to be
found. Slgnificant over-merging of smaller regions has oo~
ourred, Note, howevar how un-merging stlil maintains a rea-
sonabie Interpretation ~ no "large" reglons are found.




Figure 21. Result 4.

input image
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Figure 22. Result 5.
Deeikraz| Image : {a) = input image
(b} = resuits image
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Figuze 23,
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Figure 24. Result 7.
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Figure 25. Result 8.
Deelkraa} Image : (n) = Input image

{b) = resuit image
Occupied gray-leveis : 0 = 51
Dlstribution :
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6.4 DISCUSSION OF RESULTS

The results of the rock-recr uition system shown in ‘he previous se.tion
represent a realistic cross-section of the type o images that may be L
encountered on ore carrying conveyor belts. Images were seleated for
presentation to illustzate problems that may arise in practice and this
has biassed the results to indicate somewhat lower accuracy than would be
expected under more ideal conditions. Use of four size ranges has resulted
in & fairly rigid classification of regions into the various size groups,
perhaps discarding a great deal of information that is present pertaining

to the more precise size of each regiom.

For the eight pictures shown, the accuzacy wes fownd to be ss follows :

= Ylarge" size : 80 %
o by size 1 60 %

*  Mmediom" size : 70 %

By combining the accuracy of the classification imto these size ranges,
an overall mean accureey for the eight images is hence 70 % . Tt is im-
portant to note that this measure represents the accuracy in terms of how
a human wonld interpret the same 2-dimensicnal imsge and is not a measure
based on the actusl particles present in the scene. As was discussed in
Section 6.2 , an accurdcy measure for the "small" class of particles could
not be obtained because of the difficulty in counting the small particles
in the original images. It is however clear that & close resemblance be-

tween the number of small regions and the amount of fine material exists
!
as can be seen from the results. (
3
H

The resultant accuracy of 70 % should not be interpreted ac an absolute
performance measure since it only applies to the images shown. Bearing
in mind that the pictures shown were chosen to demonstrate some of the
problems that arise under unfavorable lighting conditions such as re~
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flections and poor contrast, it may be expected that a higher accuracy
could be cbtained if & larger number of tests are performed under switable
lighting conditions.

The laboratory pictures sspecially, have ylelded good resolutien of small
particles because of the better picture quality. The images from Deelkraal
2 lack the same resolution of fine material because of their low contrast
and brightness, The use of the background bend to compenssbe for FoOT
g picture quality during image segmentation has forced darker pixels be-

* longing to the smaller particles to be classified as background. This is E
[ evident from the large black aress present on the processed Deelkraasl e
. pictures. ‘
T g -
no When the features of the Input images are compared to the regions which

are extracted, it is seen that in most cases regloms correspond to phys-
ical objects in tha seene. Bright patches caused by roflection of light

c are interpreted as rotk-regions and this phenomenon wwuld only be elimi-

3 s nated by compensation with suitable lighting technigues or the additim

N of more complex recognition software possibly comprisifg of some form zf

1* texture analysis combined with the detection of regioms comsisting =f
o pixels with saturated gray-levels or "maxima®.

) It is seen that pictures of varying brightness and ccatrast (evident from
* © e the gray-level shown) were i vers wel: and this is as !
& direst result of the 5-band segmentation algorithm. e imapes shown |
also have the common feuture of rocks embedded in fire material thus g
i presenting & very indistinet background from which to distinguish indi- t .
i
|
[
i
i
|

e vidual particles. The fact that particles have been identified, despite
' this limitation, is also attributed to the 5-band scgmentation method
- which “creatss” the necessary background through use of ths background
band. The segmentation technique that has been devised for this particulan
application hence incorporates rigidity into the recognition system amd

ooy makes it robust against changes in external conditioms such as changes
. in {1lumination or degradation of the optical path due to the accumulation

E of dirt.
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The impartence of the un-merging routime is appreciated when considering
the large amount of over-merging which has occurred during processing.
If the result-images are studied and the lines resulting from the un-merge
procedure are hypothetically removed from the rogions, it is seen that
if it were not for this region splitting technique, significant merge
error would have resulted giving an accuracy similar to that expected from
binary image processing methods. It is therefore important that the
un-merging procedure be accommodated im a workimg instrumentation system
snd that extensive research be done to enable its incorporaticn into &

fast hardware urchitecture,

6.5 [SSUES RELATING TO PROCESSING-TIME.

The time required to perform processing on a given image using the methods
discussed in this dissertation is limited to the execution rate of the
computer on which the software is run. For the HP-1000 4700 (configured
as an A600) the processing times sssociated with the two sizes of images
used for development and testing are as follows :

SIZE (pixels) EXECUTION TIME (minutes)

128x128 min. 15 max. 30 ave. 20
350%350 min. 120 max. 210  ave, 150

Processing time is dependent on the number of regions that are found
during scgmentation and hence differs from image to image. These results
apply to test images that were processed in each size and are sufficient
for the purposes of finding pertinent trends. Although the processing
timgs achieved are not relevant to real time operation, important com-
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clusions mey be drawn concerning the relationship between image size and

processing time.

From the above results the number of pixels processed per second may be
computed for each size end a relatlonship established. The results are
shown below :

SIZE (pixels) SPEED (pixels/second)

128x128 max. 18 min. 9 ave. 14
350x350 max, 17 min. 18 ave. 14

It is clear that the nuwber of pixels processed per second is nearly
constant for the two sizes of images. This indicates that a linear re-
lationship between processing speed and the image size (in pixels) exists
and that the softwere doas not impose any non-linesrities on this re-
lationship. It way therefore be concluded that for very small images
processing might be achisved in real-time and that since operations per-
formed on regions are localised, it is possible to perform & great deal
of parallel processing on an image. Sy dividing an image into "windows"

that are small enough to process in real-time, it is hence possible to '

process each window in parailel and obtain tae necessary processing speed,
The linesr relationship between speed and image size however aiso suggests
that more powerful serial machines conld be used to process larser images
in the required time but would probably only be fessible for machines too
costly to prove sconemically viable., For more details on ap~-oaches to
implement the image-based size-analyser in herdware consult Smith(1985).

86




6.6 SUMMARY

Results of processed images have been presented in this chapter to give
an impression of the performance ot the methods developed in this dis-
se.tgtion. It was seem that classification of regions into three size
groups "large”, “big" and "mediun" was done to an accuracy of approxi-
mately 70 % for the eight images shown while a good estimation of the
amount of fine material could be derived from the "small" size classi-
fication. Processing of images with different levels of brightness and
contrast was stccessful and it wes evident that rock-recognition is pos-

sible despite indistinct background features. The importance of the

un~merging e to yield s was also appar-
ent. It wrs ssen that processing-time is directly proportional to the
image size in pixels and this suggests that the use of a multi-processor
based paraliel architecture is feasible to decreases the processing time

for large images.
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7.0 CONCLUSIONS AND RECOMML:'DATIONS

|
7.1 SUMMARY AND CONCLUSIONS | b

The particle recognition system described in this dissertation consists

of three separate stages, each stage being vital to the success of the
overall strategy.

The first step in the recognition process is the segmentation of the input
image into primitive regions. These regions could subsequently be used

to comstruct an imege consisting of larger regioms which correspond to &
g a physical objects in the original scena. Primitive regions are classified B
as belonging to either parts of the background in the image or belonging
to parts of objects. An important part of this processing stage is then
3 n also to define the thrashold that separates the gray-levels which form
the background from the gray-levels which correspond to objects. It was
¢ explained in Chapter 3 thst by reducing the image histogram from 64 to 5
levels a segmentation is produced whera the £irst of the five gray-levels

would define background pixels and the remaining four gray-levels define .
“rock™ pixels. By carefully selecting the extent of the background :‘

gray-level, .&, how many gray-levels in the or{ginal histogram are mapped kY
inte the b gray-level, ion for variations in picture \\

B quality is possible to prevent the classification of unreasonably large

. portions of the image &s either background or particle regions. Hence it
. is possible to overcome the effects of thase variations which would se-
riously degrade the performance of a system which used only a fixed
threshold to distinguish background and cbjects.

L
From the results shown in Chapter 6 it is evident that the segmentation [ J
"o method performs good imsge segmentation for images having varying degrees i {
. >% of brightness and contrast. Imeges occupying only 12 gray-levels were
?*,, processed with & similar resolution to dimages occupying all 64
L gray-levels.
88
§ !
i H
[
i
)
i
H
B - P N Moo o - +




The method ine the hi on mech~
anism forms the foundation on which the accuracy of the entive recognition
strategy rests. Fortunately the method of calculating the extent of each
of the five gray-levels from tha histogram is not complicated and the
overall segmentation and region-labelling procedure is very efficient,

making the implementation of this stage of the recogmition procedurs in

a size-analysis instrumentation system feasible.

The second stage in the recognition process is concerned with the merging
of primitive regions to form regions which correspond to objects in the
scene which is analysed. Merging according to the relative gray-levels
of regions and their neighbours is the most dominant merge strategy used
since it generates the largest number of merges, As was seen in Chapter
4, this procedare produces regions which may be used to cbtain a crude
particle size measure. Unfortunately however, this is not camsidered to
be a reliable measure since significant over-merging often results which
distorts the interpretation of the original image. A better calculation
of # particle size distribution may be obtained at this stage if wore
background is “forced” into the image during the segmentation process to
reduce the occurrences where particles are joined together because of
over-merging. It should still be realised though that this would have an
effect on accuracy similar to the region shrinking process discussed in
Chapter 5. For purposes of developing a prototype imstrument it may be
informative to use the approach suggested above to get an aeppreciation
for the complexity involved in later development of a system utilising
the complete recognition strategy.

A further region-merging stage based on reglon-border geometry was dis-
cussed in Chapter 4. It was seen that e limited amount of mersing of small
regions on the border of larger regions resulted. Merging of larger re-
gions was ,however, very uncommon because of the irregular shape of the
borders of bigger Tegions at 4 pixel level. The exclusion of this merge
stage would not sariously affect the performance of the recognition system
since it would only result in a few moye regions being added to the small

89




size range of particles. The usefulness of geometric merging for other
applications where scenes of more regularly shaped objects are encount-
ered should however be realised and further research into this technique

for dealing with geometric descriptions of regions is recommended.

A third merging strategy is used to prepare regions for the final stage

in the recognition This merging 2! the removal

of clusters of small regions from inside larger regions classified as
"particle’ regions. The merging performed here is necessary to improve
the efficiency of the region un-merging stage which is seriously hampered

by the presence of regions inside the boundsries of other larger regions.

Both the gray-level merging process and the cluster-removal procedure
zely an the generation of neighbour-lists of regions which is maialy a

serial processing operation. A method has however been developed for im-

pl ion of these merg in & multi-processor environment

making their use feasible for real-time application (Smith,1985).

The f£inal stage in the recognition system is & process of correcting
merge-errors which cause separate objects lying close together to be
joined. Regions are scanned in four directions to detect the occurrence
of merge errors. When an error is found, & region is split by placing a
chord across the region at the position where the error is detected. In
Chapter 5 this method was expleined and it was pointed out that methods
such as recursive region shrinking and growing were not as accurate as
the region-splitting approach. In Chapter 6 results were presented that
indicated the importance of reglon-spliti.ng and it was evident that its
use is essential in producing an accurate size-distribution calculation.

A restriction on the use of the region-splitting method is however the
amount of time required in scanning the regions and propagating
re-labelling wave-fronts. In Chapter 5 it was shown how processing could
be made more efficient to reduce the time-overhead assoclated with
region-splitting. The xegion-splitting technique doubles the execution
time of the recognition system even when these techniques are applied
making it important to find additional ways of reducing its complexity.
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It is believed that the method would have to be adapted to the hardvare
architectura thet is selected for implementation of the size-analyser.
The serial algorithms presented in this dissertation will certainly not
allow real-time operation and are intended only to prove the viability
of the h of i

From the results shown in Chapter 6 it was seen that the recognition
system is expected to yield an accuracy in excess of 70 % when a
size~distribution of three size ranges is calculated. It was also evident
that an estimate of the amount of fine material in an image could be given
by considering the number of small regions found in the image. The results
indicate that the methods developed for the recognition system perform
reliably and have combined to provide a robust and flexible solution to
the b3 & lated with the of conveyor-belt scenes.

Rigorous testing on a latge number of images would provide s realistic
test of the accuracy of the recognition system which bscanse of a re-
striction on the computer storage facilities available could not be per-

formed during the formal research.

The objectives that the research was aimed at have been successfully met
in that a complete recognition system has been daveloped to perfarm in-
texpretation of real 2-dimensional images of coarse particles on comveyox
belts. A system has been presented that may be either used in its entirety
or may be simplified by rewoving modules such as the geometric merging
or region-splitting stages to improve execution time. This would of
course affect the accuracy of the size calculation adversely and would
have to be justified by limitations in avsilable hardware technology. It
is expected that the ~omplete system would provide performance far supe-
rior to that «f currently evailable particle-size-distribution measure-
ment systems mentioned in the first chapter. The complexity of this method
is however much greater and a much more sophisticated hardware environment
will be required to produce an oparstions] instrumentation system. Al-
though no aff-the-shelf hardware is at present available for sophisti-
cated resl-time image processing applications, it is believed that the
current world-wide research effort into parallel computsr architectures
for image processing systems will result in off-the-shelf systems becom-
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ing available in the near future (Dewner,1985 ; Kuschier end
Rosenfeld,1983).

7.2 RECOMMENDATIONS FOR FURTHER WORK

The particle recognition method discussed in this dissertation has been
developed without considering effects of image blurxing caused by the
motion of the particles on the conveyor beneath the camera. The assumption
that & very rapld frame-grabbing system would minimise the effects of
blurring would have to be investigated and additional image
pre-processing routines might have to be added to compensate for blurring
if it proved to have significent influeace on the accuracy of image in-

terpretation.

Research is required to find the method of lighting best suited to provide
optimal i for image . Problems assaciated
with the reflection of lighting off wet suxfaces should be addressed as

well as the most suitable arrangement of lighting to produce optimum
contrast between background and objects as well a&s between shadows and
objects. The type of lighting used (eg. tungsten, neon etc.) should be
considered ds well as techniques to achieve constant illumination to
maintain a constant image brightness.

Once an image acquisition system is available to enable the capturing of
moving images and suitable lighting has been established, images may be
processed using the developed software to test the accuracy of the re-
cognition system more rigorously. Resaarch may then be conducted to find
the size-measure most appropriste for the region information generated
by the image system. The size measure, be it surface area, circumscribing
ractangle data etu. , may then be used to derive the required
size-distribution output. The resolutjon that would be required for the
specilic type of material to be measured wonld have to be ascertained
since this would influence the size of the image (in pixels) that would
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be nceded. Since pracessing time is directly related to image size (see
Chapter 6), the pixel demsity would determine the complexity of the

hardware that would be needed to achieve real-time performance.

s Having determined the image size which is required as well as the software
routines that would constitute the recognition system, a hardware axchi-
tecture would have to be chosen in which to implement the instrumentation
system, The software will have tc be modified to suit the hardware envi-

g i ronment which would probably involve re-writing of the serial code for
3 use in a psrallel context. y

A more ambitious future development would be to consider the extension
of the recognition system to process 3-dimensional scemes. By using three .
ety cameras situated along orthogonal axes, three views of & scene may be
obtained making it possible to extract volume information of objects. The
te 2-dimensional processing described in this dissertation may be applied
| to each view and by carefully aligning the pixels in each image a corre-
lation may be done to build up a 3-dimensional description in terms of
volume-regions.An interesting development in this field is presented by

- Iuh et &1 (1985) where three cameres are used to provide a
- collisi system for al robots. The hardware required I
. for the 2-dimensional system would have to be triplicated snd software §

added to achieve correlatiom of the region information produced by each H
2-dimensional recognition system. It is believed that the hardware would
not need to be significantly upgraded to realise the 3-dimensional systew
and that such processing would be feasible if it was found that the ac-

3 curecy of the I system was k d by the lack of depth in- [ ]
formation. b 1
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APPENDIX A

APPENDIX A, CONVENTIONS

The following conventions regarding the image co-ordinate system and ze~
glon descriptions are used in the work described in this dissertation :

Co-ordinate system :

1 X ISX

P,

ISY

P(x,y)=pixel at co~oxrdinates (x,y)
15X = length of image in x-direction (mo. of pixel colums)
I8Y = length of image in y-direction (no. of pixel rows)

Figure 26. The jmege co-ordinate system
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The start-point of & region :

STPT (x,y)

Y Region

STPT(x,y) = start-point
= lst pixel with the region id encountered during
a standard x-y raster scan
starting at (1,1) in the positive x-direction.

Figure 27, Definition of the start-point of a region
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Civcumscribing rectangle

Figure 28,

Region

Yz

The circumscribing rectangle: The & values yi, y2, X1
and x2 uniquely define a rectangle that circumscribes a
vegion. Regicn searches such as finding chords used in
region splitting (Chaptar 5) may be accelerated knowing
the circumscribing rectangle.

97




APPENDIX B

APPENDIX 8. GENERATION OF CHAIN-CODES AND NEIGHBOUR-CODES

This sppendix digresses on the technique used to follow region borders
and generate chain-codes as well as cyclic neighbour-strings. The work
presented here follows om f£rom the discussion of border descriptions in
Chapter 4.

B.1 CHAIN-CODES

Chain-codes are formed by starting et the start-point of a region and
tracking the boundary in a clockwite sense until the start-point is
reached again (there are special cases where termination isn't achieved
by consideration of the start-point alone - this will be explained later).

Bach code in the chain indicates the position of the next pixel on the
border with respect to the last pixel .hat was found. Two different kinds
of chain-codes are possible dapending on whether & or 8 connectedness is
used. A 4-connected chain-code allows a pixel on the border to be found
in one of only &4 directions relative to the previous border pixel, while
an 8-comnected code gllows eiie of B directions. The latter gives a move
aceurate description of the border and is therefor used in the recognition

systent.
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The convention followed for obtaining an 8-connected code is shown below :

6 7 8
* *

AN

5 o g e k]

where @

'+' = reference pixel
"' = neighbouring pixel
1-8 = integers defining the direction of sach neighbour

relative to the reference pixel

The boundary

- 2
* *

I 1 3 {pixel '+' is th: stast-point)
* *

3

4
d
.

wto o

would be represented by the ¢code 1 2357 5 7.

Starting with the zbsolute co-ordinates of the pixel marked '+', this

boundary could then be xa-constructed by using the above chain-code.

A feature of the chain-code follower developed hare, makes use of explizit
knowledge to incresse the speed and efficiency of the process of finding .
successive links in the chain. Sincs boundaries are always tracked
clockwise, it is possible to establish an optimum search-pattern to find
the next boundary pixel. This search pattern is glso essential to enable
neighboutring region pixels to be found in the correct order so as not to
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produce incorrect neighbour . The h-p is described

below and its spplication to meighbour-finding in the nmext section.

The first step in obtaining & logical search-pattern is to search pixels
in & clockwise semse,This follows from the convention followed in respect
of the direction that is used to traverse a region's border - in this case
we follow the border in & clockwise sense and hence also apply the pixel
search in a clockwise direction. Since we know the last pixel that was
found, that the previous search was clockwise and we know the direction
of the link to the last pixel, we also know which pixels must have been
searched to reach the last pixel. For each of the eight possible
chain-codes, there thus exists a unique direction that points to the first
pixel that must be checked in establishing the mext code, .

Consider the following situation :

a b o d

e w

e h
. 3

1= 2 * *

1 j\k 1

%* * 3 *

To get from pixel 1 to pixel 2 we say start at pixel (a). Searching in a
clockwise sense we then reach (b). Finally, we reach (£) which {s the next
pixel on the barder. The corresponding chain-code is 1. Starting at pixel
(), we now search for the pext burder-point. Since we know the last code
is 1, +. also infer that (a) and (b) must have been searched and that the
next place to start is (e). We then search {c), (g) and the next link,
2, is found at (k). Similarly, from (k) we start the search st (h) and
so on. Thus knowing the previous code in the chain, we know where to
search next, hence eliminating searching any pixel more than once. The
search position for each previous code (1-8) is given in Figure 29.
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Using this search-pattern it is possible to follow region borders that
have very strenge shapes consisting of only single lines of pixels, The
border-following routine available in the SPIDER package could not follow

such regions to find closed chain-codes terminating at the start-point.

Although, in most cases, the chain-code terminates at the start-point to
give a correct border it happens that

iike the following geometry a ises :

'+ = start~point

&
Here we see that the border comsists of only single pixels in & line re-
sulting from a very "stringy" region. The code follows the border to the
right and retuzns back to the start-point. Termination at this poimt is
incorrect as we have not yu. incorporsted the lower left part of the re-
gion. We get around this problem by finding the lest 1ilnk in the
chain-code first. Before we start the chain-code search, we consider the

first pixel of the region, {e. the start-point ¢

£ 4 1

* L3 L

a e

* + 4! = start-point
b c




From the definition of the start-point, the region cannot exist at pixels
(£), (g), (h) and (a). To find the last pixel on the border, we row search
in an opposite sense to that used for boundary following, ie., we start
at pixel (b) and search sequentially (¢}, (d) and (e). Unless the region
consists of only one pixel, we must find the boundary at one of these four
locations. Having found a valid pixel, we then find the link from this
pitel to the start-point and hence the last link of the® aventual
chain-code.  Whemever we reach the startepoint during &
chain~construction, we then check to see whether the link used to reach
the start-point corresponds te the correct last link in the chain. If the
link is incorrect, the code is mevely continued past the stert-point until
the correct link reaches the stast-point.

The chain-code generated using the above methodology is complstely cyclic
since the last link is the link back to the start-point. for n border
points, this code will have n links or entries. The following section
describes the use of the chain-code salgorithm to find border
neighbour-lists.
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Figure 20. Search-start pixels for each previous link in the
chain."x" 1s the start-pixel corresponding to the direce

tion indicated by the arrow.
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B.2 NEIGHBOUR-CODES

Generation of a list of neighbours as they occur around the horder of a
region is closely linked to the border-following algorithm that was dis-
cussed in the previous section. Neighbour-finding is a simple extension
to the chain-code generstor which is in practice implemented by settiig
a software switch for either enabling only the chain-code follower or the
chain-code with the neighbour-finder option.

When we der the P used for 1lowing, we £ind
that the pixels that are searched to find the next links in the chein all
occur outside the region's border. Since the information we are after is
in fact the identity of the pixels immedistely outside the border, all
we have to do to construct a neighbour description is to note down the

pixels that are searched which do not belong to the region itself.

The strict directionsl sense of the search-pattern ensbles us to find
neighbours in an exact sequence. We may find for instance, that some
neighbours oceur more than once, If we don't zequire such an exact rep-
resentation it is very simple to pack rhe neighbour-string and delste
multiple occurrences. It may, however, sometimes be useful to know the
exact description as this makes it possible to merge regions using only
neighbotr-strings without ever referring back to the labelled image. Such
merging though, is only possible if no additionsl geometrical features
are to be used for merging (sg. geometrical merging or wn-merging using
chords as explained in Chapter 5 ) and hence has not been used in this
application. For the sske of completeness, the routine used in the soft-
ware does genevate & cyclic neighbour-string which ia condensed befors
being used by the relevant merging procedures.
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To illustrate the points made abovs, consider the following example :

Here we have a labelled image end we consider finding the neighbour-code
of region 1. (It may be necessary to refer to the previons section for

details of the gearch-pattern which will be referred to here).

FPizxel (g) designates the start-point of region 1. Starting with this
pixel, we now want to find the {irst neighbour. a Subtle point enters into

the procedure at this stage : we have to-start finding neighbours by
the final link in the border chaip-code. The last link goes

£rom pixel (w) te (g) and in reaching (g) searches pixels (q) and (1),
leaving (k) and (£) unsearched. Bacause we know which search-pattern is
associated with the last link (from Figure 29), we therefore start the
neighbour search from pivel (k) and proceed through pixels (£), (a), (b)
and {c) till we reach (h) which belongs to the next bordey pixei. Our
neighbour code so far is hence 9, 10, 2, 2, 3. Fram pixel (h) we obtain
thie neighbour at (d), which is 4, and so we proceed until the complete
code is found. For region 1, the neighbour-code is hence :

g 10 2 2 3 4 5 5 5 6 7 5 5 9.

An additional feature that may be d into the nei ~code

is the ‘ of the of £ d . This allows us to see

whether a region borders on the edge of the image and may be used to
prevent the processing of such regions to compansate for discontinuity
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affects on the border. We incorporate this data into the neighbour-code
by entering & "-1" into the vector when a frame-edge is encountered. The
discussion that follows will however not consider such a casa,

To keep the neighbour-code length as short as possible, sequential nc-
currences of the same neighbour are ignored. The mumber of times a
nejghbour accurs in succession is however, entered into & vector to give
an indication of its occupancy on the border. Our neighbour-code may thus

be specified by the following vectors :

neighbour number : 123 4 5 6 7 8 8 10

neighbour-vector 9 102 3 & 5 6

locecurrence-vector 112113

We see that region 2 occurs twice, region 5 three times at the first oc-

currence aud twice at tha second etc,

Because the neighbour-code is cyclic, the first and the tenth neighbour
are in fact next to esach other and since they are both represented by the
same label, label 9, it is only necessary to recoxd one nccurrence. The
tenth neighbour is deieted from the list and the occurremce vector for
the f£irst neighbour is incremented accordingly,

We thus have the following cyelic neighbour-code representation :

nelighbour number 123 4 56 7 83

neighbour-vector 9 102 3 4 5 6 7 5
occurxence~vector [ 2 1 2 1 1 3 1 1 2

Additional useful information may be added to aid the merging process.
It is possible to generate & voctor that indicates whether a neighbour
106




is connected to the border in a 4- or 8-connected way, This only applies
to neighbours that have only single pixel occurrences on the border since
& multiple pixel occurrence will alwsys be 4-connected. we again consider
the 8-primary directions according to which a pixel may join to amother
pixel :

8-connected pixels : 2 4 6 8

4-connected pixels : 13 5 7

Directions 1, 3, 5 and 7 indicate 4-connected links, while 2, 4, 6 and &
are links found only in 8-comnectedness. A region will be joined in
8-connectedness only if the pixel was linked by an 8-connected 1ink and
1f the next pixel in the sequential seerch was not on the border of the
region whose neighbours are being found. & region that is linked in an
8-connectsd sense doesn't have a strong representation on the border al-
lowing it to be ignored by the merging procedures of the particle recog-
nition system. In our example the only 8-connected region is region 6 at
pixel (t).

To facilitate the rapid location of a particular neighbour on the border
of & reglon without starting the neighbour search afresh, a fourth vector
is added to the neighbour
of the link in the chain-code where the neighbour is found for the first
time. (A different number is found for each multiple oecturrence).The ga-
ometric merge-routine discussed in Chapter 5 makes use of this information

This wactor the number

to locate neighbours sfficiently.

The chain-code for our cxample is as follows :
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link number : 1 2 3 4 §
link code :1 L 3 5 6

It should be noted that the start-point corzesponds to link 5 since the
last link in the chain-code always points to the start-point.

The full nei - 1 the four deseription P
vectors is then as follows : 3
i
5
neighbour rumber 123456789
P
neighbour-vecter 9 102 3 456 75
occurrence-vecter 212113112
connectednass-vector 4 & & 4 b 4 8B & 4 )
position-vector 455512333 Do

We see that region 5 csecurs twice in the neighbour-code, If we are not j
concerned with the accurate cyclic neighbour occurrence, it Is possible i
to pack the neighbour-code by deleting say, the second occurrence of re- i
gion 5. This results in a shortened neighbour list which ooly gives m {
idea of which neighbours occur and makes the processing associzred with i

merging quickes. l
i
|
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APPENDIX €

APPENDIX C. Th¥ MERGE-PROCESS

The merge procedures discussed in Chapter 4 all meke use of the merging
process that is discussed in this appendix, It is shown how merges sre
recorded using a series of vectors and how iteration may be schieved using

these vectors.

The merge-process that is outlined here, is independent of the rules that
affect merging. Givem & list of regions that need to be merged to some
othsr region, each region in the list will be merged to this region using
the procedure described below. The marge-process will be explained using
an exampla. Consider the group of regions shown in Figuze 30 (a).

Assume that we need to merge region 1 to its neighbours 3, 4, 2 and 7.

We dafine & vector, called the merge-log-vactor which is indexed by the
iabel of a region and initially contains the label of the region. For
ihis picture we would thus have :

Index (region lahel) t {1 2 3 & 5 6 7

Merge-log-vector tl1 234 5 6 7

We alsc specify a second vector, the merge-vegtor. which indicates whether
a region kas been merged cr mot. Inivially this vector has only "0" en-
tries. When & region is merged, its correspondirng entry changes to 1",
For our example the two vectors that have been defined su far are as
follows &
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Index (Region label) : | 1 2 3 &4 5 & 7

Mexrge~log-vector i)t

Mexge~vector 1 090 00 008

4 third vector, called the pequence-vector, is defined which is used for
iterction purposes. Its function is to keep track of which regions actu-
ally exi.t on the picture. Initially, this vector will Lave all 7 regions

as entries :
Index B 12 3 4 5 67
Sequence-vector : 123 45 67

To make it possible to find the position of a vregion in the
sequenca-7ector, it is required to keep the pointex to that posiiion in
another vector, called the pointer-vector, Initially this vector will
contain the following data :

Index (Region label) : 12 3 4 5 6 7

Pointer-vector 3 12 3 4 5 6 7

We now start merging by considering region 1 and zegion 3, say. Before
we merge, we must astablish which region has the start-point of the region
that will rasult, Clearly in this case, region 3 will have the same
starc-point as the combination of region 1 merged to regien 3. Reglon 3
is hence known as the merge-masfer The resulting merged region will then
be labelled with label 3 instead of labsl 1.
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After this merge the merge vectors become :

Index (region label) : 12 345 67
Herge-log-vector : 323 45 67
Herge-vector : 1010000

Note: The image itself is not re-labelled.

When w. now consider the merging of region 2 to region 1, we see that we
cannot compare the start-point of 2 to that of 1 since 1 no longer selongs
to itself but belongs to 3 which has & superior start-peint. We hence
consider the start-point of the region that corresponds to the
merge-log-vector entry referenced by region I. Since this entry is 3 and
region 3 hes a better start-point than 2, the merge-master remains 3 end

the merge vectors become :

Index (region label) : 1234567
Merge-log-vector : 33 3456
Merge-vector s 111000

The next merge we consider is that between region 1 and region 4. We check
the merge-log entry corresponding to region 1 and find region 3. Ve see
that region 4 has a ¢ minant start-point in this case and hence is the
new merge-mester, This means that the merges where 3 was the the
merge-mester must now be replaced by 4. We achieve this by checking the
merge-vector referenced by label 3 and seeing that & "1" appears indi-
cating that region 3 belomgs to a merged system. We then simply check the
conpiete merge-log-vector and replece all entries of "3" with "4" hence

noting the merse.
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The merge vectors then become :

Index (region label) 1 2 3 4 5 6 7

Merge-log-vector : 4 4 6 4 5 6 7

Merge-vector

We then mexge region 7 using the same method and obtain :

Index (region label) :

Hezge-log-vector : 4ok 4o

Merge-vector i 1111

Note: In general, when we consider two regions for merging, we always
use the start-points of the region's indirect identity found in the

merga-log-vector.

We merge using the indirect identity as was shown when we merged region
4 to region 1, but actually manipulated the label "3" because it was the
merge-master of the region group to which region 1 belonged. We may thus
merge two regions and find that *hey both belong to merged groups and
hence must replace the merge-maste. .f the one group with the label of
the merge-master of the other group if the second group has the more

dominant master

We now assume that the group of regions that has been merged in our ex-

ample so far correspond to one iteration.

We remove all the entries in the that d to re-
gions no longer having their own label in the merge-log-vector. We do this
by checking the merge-log-vector and when we find a case whers the index
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doesn’t correspond with the entxry, we access the corresponding entry im
the peinter-vector, retrieve the pointer to the sequence-vector and de-
lete the region in que:tion from the sequence-vector by setting the entxy
to "0". After all the entries in the merge-log-vector have been checked,
the "0" entries are vremoved from the sequence-vector and the
sequence-vector is packsd. The pointer-vector is then updated so that the
remaining regions have the correct index to the sequence-vector.

Pointer~vector entries of regions that no longer exist are set to "0".

The poi and for our example become the following
Index : 123

Sequence-vactor : [ 4 5 6

Index (region label) : 123 456 7

Pointer-vector B 00 012 30

The actual image is relabelled by indexing the merge-log-vector with every
iabel on the image and substituting the pixels with the mew region iden-
tities. Figure 30 (b) shows the new image that has been created. It is
seen that the sequence-vector contains only the regions that now exist

and may thus be wsed to investigate merges for a suctessive iteravion.
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FIGURE, (A

N

FIGURE (B}

Figure 30. MNerge example: (a) shows & labelled region-cluster - the
background has mot been labelled in this example. (b) is

the region configuration after the first iteration.
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APPENDIX D

APPENDIX D. MASKS USED FOR GEOMETRIC MERGING

In Chapter 4 section 4.5 the geometric merge-procedure was described in
broad outline. Details of the interception and detachment masks are de-
scribed in this appendix, An example is shown of how the masks axe applied
to an image containing regions of more regular geometry than thase en-

countered in rock-pictures.

The concepts described in connection with chain-codes are used again in
dealing with the creation of masks used for geometric merging. Masks are
established using “difference” chain-codes rather than noxmal codes to
enable masks to be created reiative to the link in the border chain-code
at which the neighbour is intcrcepted. Different masks are used depending
on the link thet was used to point at the border-pixel where either the
neighbour was found for the first time (ie, the case of interception) or

the neighbour was last encountered (ie. the case of detachment).

We recall from Appendix B the convention regarding chain-codes :

115




I the last limk was 1, 3, 5,07 7 one set of masks must be used and for
a link of 2, 4, 6 or 8 & second set is used. The reason for this will

become clearer later om.

We now comsider & last link that points to a neighbour interception pixel
as is shown below. We assume the region under consideration has label 1
and the tuo neighbours have labels 2 aud 3 respectively. The case of in-

tercepting region 3 is considered :

Pixel (m) corzesponds to the pixel at which region 3 is £irst encountered.
The errxow indicates the direction of the last link in the border chain
ie. direction 1. Relative to this link we may now estsblish s mask to
check that this interception is valid, ie. the pixel sequence (k), (1},
(B), (d) should represent a smooth line. The definition of "smooth" in
this instance is that the angle between the line (k}, (1}, (m), (n) and
the line (K}, (1), (h), (d) should not be grester than 45 degrees. The
mask is established by starting from pixel (1) and defining certain pixels
relative to the link joining (1) and (m).

Pixels are defined by adding an offset to the iink in question to estab-
lish a new link which points to the first pixel in the mask. 1f we add 5
we get the link-direction 145 = 6 which when taken as referenced from
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pixel (1) establishes a new link pointing at pixel (f). At pixel (F) we
establish the condition that region 3 may not exist there for an inter-
ception to be valid. This condition is satisfied end we check the next
pixel by adding 1 to the previous link which yields the link-direction | )
7. Taking this direction referemced from (f) we reach pixel (a) which -4
1s again checked to smee if region 3 exists there. If it doesn't, the next |

pixel in the mask is defined and so on until the complete mask has been i

searched.

4 "difference" code may be estabiished "o define mask-pixels relative to
3 a chein-code link. In the example above the difference-code rchat is nec-
essary to check pixels at (£) and (a) is : 5 1 . This difference-code
S indicates the offset that should be sdded to & link pointing &t a certain
pixel to find the next pixel im the mask. The mask used in the example =
is repeated below together with the same mesk relative to another initisl

reference link pointing in another directiom :
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CASE 1 CASE 2: -
mask-1ink 2 \ * o 0 mask-link 2
mask-link 1 \* i 0 mask-link 1
0 XN N 0 0
reference-link reference-link

difference code to establish mask pixels =5 L .
je. mask-link 1 = reference-link + 5
mask-1ink 2 = mask-link 1 + 1

key : X = mask-referance pixel
N = pixel to which reference-link points
% = pixels constituting the mask
0 = "don't care" pixels
We ses that in case 2 the mask has been rotated relative to that in case

1 but has remained in the same position relative to the reference-link
by using the same differsnce-code ( 5 1 3 in each case.

It is seen that for the directions I, 3, 5, and 7 the same mask will be
found relative to the reference link using this method. Different masks
are required for directions 2, 4, % and B zince the 45 degree rotation
changes horizontal and vertical lines of pixels in the mask to diagonal
lines which need to be thickened in order for the test conditions to re-

main consistent.

The masks used for the geometrical merge routine a nelow :
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INTERCEPTION MASKS : h

Convention :

0 = pixels not checked

e
g,

=

= pixels where the regfon must exist -

* = pixels where the neighbour cammot exist
F = pixel where the neighbour is fnitially encountered
= = reference-link !

Case 1 : reference links of 1, 3, 5, 7, :

Case 2 reference links of 2, 4, 6, 8 :
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DETACHMENT MASKS

Convention : N = pixel where next neighbour region is found
for the fixst time

Case 1 : reference-links of 1, 3, 5, 7 :

X X XN
Case 2 : yeference-links of 2, 4, 6, 8 :
9o o o0 *
i X 6 0 *
o o x 0 *
- o ¢ X 0
' \
o 0 0 N

These masks were derived by caveful consideration of the maileds used in
* of pixels
that need to be checked. Merging was tested on geometrically regular

chein~code generation and neighbour f£inding to reduce the nusd

shaped regions to ensure that all the masks worked accordiag io specifi-
cation. Some of the geometries tested are shoen in Figure 31.
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Figure 31. Merges performed to test the geometrical masks: (a)

shows & situation where the diagonal masks could he
tested and (b) where the orthogonal masks were checked.
In (b) the situation is shown where four tests are needad
since reglon 1 ocenrs twice on the houndary of region 2

(and vice versa).
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APPENDIX £

APPENDIX E. FURTHER DETAILS ON REGION-SPLITTING

Further details regarding the region-splitting metbod discussed in Chap-
ter 5 are presented in this appendix. Region re-labelling as well as re-
cording of scan-lines to enable efficient iteration of the un-merging

process are explained more fully.

E.1 REGION RE-LABELL'NS

When a reglon is split into two Sub-reglons during the un-merge process,
1t is y ta label one gion with a ney integer label to enable

recording of its area as well as facilitate subsequent further splitting
of that sub-region. Use of three split-chords to achieve this was briefly
discussed in Chapter 5. The re-lsbelling process using these chords is
noy dealt with more fully showing details of the label propagation mech-

anism,

The two split-chords that are placed across the "bottleneck” in the region
consist of lines of pixels having the label "0" to distinguish them from
any region labels that exist on the image (region labels are always
grester than zero). This forms a barrier to prevent a re-labelling
wave-front from crossing to the sub-region that retains the old region
label. When the first chord is placed, a check is made to see whether the
chord itself is not placed in & position where if re-labelling were at-
tempted, there would not be sufficient room to propagate labals. This is
done by placing an imaginary "line" across the centre and at right angles
to the chord and checking whether pixels belonging to the region that is
o be split exist on both sides of the chord along this line. If this check
succeeds, the second split-choxd is placed next to the first to complete
the "barrier". The third chord is not marked using "0" pixel labels and
is only used to check that a free chord exists alongside the first and

122




on the side from which the re-labelling wave-froat is to propagate. The
diagram below illustrates the situation discussed above by means of an

example ¢

Reglon 2 is the region that is to be split. The two split-chords sre de-
£ined by

chord 1 : pixels o u 4
choxd 2 : pixels p v B

The check-line would exist at s t u v w x and since region 2 initially
accupies all these pixels, the check passes. The third split-chord then
oxists at pixels n t and 2z and is the line trom which the propagation wave
is started. The sbove case of course, applies to a vertical split across
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region 2. A re-lsbelling wave-front may be started travelling leftwards
from the third split-chord but it was found that an alternative strategy
produced quicker re-labelling especially if the neck of the "bottleneck”
was very narrow. The idea is to extend a line of new pixel labels from
against the first split-chord laftwards towards the first region boundary
fnd then to propsgate new labels upwards and downwards. This method is
favoured since the initial wave-froant of new labels is usually larger and
re-labelling is hence faster. After extension of the first re-labelled
line the situation shown previcusly becomes the following :

11111

We have used label 4 as being the label of the new sub-regiom of the or-
iginal region 2. The wave-Eront of lebel 4 is now propagated upwards using
a mask defined as follows :

"x" is a pixel in the row of new lebels that was previcusly established.
The pixels in a re-labelled row are investigated one by one using the mask
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shown above. Their neighbouring pixels that coincide with "M" entries in
the mask are replaced with the new label if they have the label of the
old region. The structure of the mask also eaables the re-labelling
wave-~front to propagate to the left snd right hence allowing re-lsbelling
of regions that have more complex geometry than the case of our example.
After the mask has been v-ed by every pixel in a line, the line that is
investigated is moved upwards and the process repeated on the pixels have
just previously been re-labelled, When the mask reaches the top of the
region or no more re-labelling occurs, & similar mask is used and
re-le*alling is done in the downward direction.

The mask is shown below :

Re-labelling continues downwards uatil the bottom of the region is reached
or until no more re-labelling is performad. The process of upward and
downward labelling proceeds until a labelling scan in a certain direction

yields no more substitutions.

To complete the re-labelling, the initial two chords of "0” label pixels
are also re-labelled with tha new label. After re-labelling the example
1is then as is shown below .
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A new start-point is caleulated for the old region and for the new region

and the new sreas are also found. In our example the area of r 2
changes £rom 24 to 8 and region 4 gets assigned an area of 16, .k
these regions mey mow once agaln be considered for merging by cou -

the horizontal scanning and then using the remaining scans ie. horizontal

and the two disgonal scams.

The direction used for label propsgation depend on which region-scan is
used, Figure 32 shows the direction associated with each scan.

This concludes the discussion on region re-labelling. The next section

explains how region-scanning may be optimised by knowing which scan-lines

have alresdy heen used.
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Figure 32.
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€.2 OPTIMISING REGION SCANNING

Sub-regions that are formed then & region is split must themselves be
investigated to see if they need to be divided. it is now shown that it
is not always necessary to apply Scanning in all directions to each

sub-regicn again.

To illustrate the concepts that will be developed more clearly, we com-
sider an exsmple of & region that is to be split. Figure 33 (case &) shows
a region that is to be split in the vertical direction. Scanning proceeds
in an ordered fashion from left to right and at scan-line x we decida to
split region A to form regions A and B. If we subsequently investigate
the splitting of region B we see that we don't need to search B in the
vertical direction since this was done previously when scanning region A
for the first time. Hence we proceed directly to the mext scan. Thus by
recording the scan-line at which the split was achieved, we can see
whether we reguire further searching using a cevtain scan and if we do,
where to start searching. The sjtuation of having to continue a scan is
shown in case B in Figure 33 vhere scanning of zegion B commences at
scan-line X1 and another split is found at scan-line X2. Only the
scan-lines between scan-line X1 and scan-line X2 are searched instuad of
having to search the complete region B from the beginning. Hence for any
region it holds in general that scanning resumes at the last scan-line
of the scan-direction used to form the split from which the region was
derived. If the scan-line happens to coincide with the furthest extremity
of the region in the search-direction, the next scan-direction is chosen
starting with the fixst scan-line that penetrates the regiom.

The recording of scan-lines is simple in the cases of vertical and hori-
zontsl scanning since we only record the X or ¥ scan-line respectively
at which the previous split d. The ism of recording a diag-
onal scan-line is more complicated because no direct index exists with

which to uniquely define & disgonal scen-line in the orthogomal
co-ordinate system of the dimage plane. The recording of diaganal
scan-lines will hence be discussed below :
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Consider the situation shown in Figure 34. In Case 1 we see the situation
shown for a + 45 degree scan. The region is contained in its circum-
scribing rectangle which defines the square in which scan-lines are
searched. The rectangle is defined by the X and Y limits ¥_top, ¥Y_bottom,
X_right and X_left. During scaaning, scan-lines are referenced depending
on whether they intersect the lefthand side or the lower side of the
rectangle. Hence scan-line 1 in Case 1 will be referenced by the
co-oxdinates (X_left,Y1) and scan-line 2 by (X2,Y_bottom). Since we know
the direction of scanning, this information is all we need to construct
scan~lines within the reference frame of the circumscribing rectangle.
Scan-lines are thus started from from the top of the lefthand side of the
T . When the lower side is reached,

scan-lines resume along the bottom side rightwards until the rightmost
side fs reached. Because the circumscribing rectangle changes after
splitting into sub-regions (esch sub-region gets a new rectangle), the
scan~lines thar were used during splitting need to be referenced according
to their absolute position in the image co-ordinate system. This is
achieved by calculating the intersection of the scan-lines with the
leftmost side of the image ie. the Y-axis of the image. From Case 1 in
Figure 33 we see that scan-lime 1 is hence indexed by the intersection
at Y_index} and scan-line 2 at ¥_index2. The Y intersections are the only
values that need to be recorded to enable a 45 degree scan-line to be
reconstructed and referenced back to the new circumscribing rectangle of

a sub-region.

Case 2 in the figure shows the similar situation associeted with 135 de-
gree scanning relative to the positive X-axis. In Gase 1 the index valne
on the Y-axis will always be positive but in Case 2 it could be positive
or negative. Notice that in 135 degree scanning the reference axes on the
circumscribing rectangle are different to allow continuons scan-line
construction starting at the leftmost limit of the lower side working
rightwards towards the right-hand side and then up the right-hand side
towards the upper side of the rectangle.
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CRSE A

DIRECTION OF SCANNING

Figure 33, Optimising region scanning: The details regarding this
figure ave explained in the text.
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APPENDIX F

APPENDIX F. HIGH-LEVEL DESCRIPTION OF THE ROCK-RECOGNITION
SOFTWARE

A PDL description of the software described im this digsertation is pre-
sented in this appendix. The objective is to provide & high-level de-
scriptivn of each module and to illustrate how the madules tie together.
Where required, sufficient detail is presented to make the specific
functjonal behaviour of a routine clear to enable continuation of certain
cencepts that were introduced in the main chapters and appendixes of the
dissertation. The actual code used to implement the system is available
as a full FORTRAN-77 listing from the Department of Zlectrical Engineer-
ing, University of the Witwatersrand.
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F.1 MAIN PROCRAM

NAME : Program FPZ5

PURPOSE

INPUT :

OUTPUT :

CALLS :

This is the main program segment used to unfile the input image
from disk and call the various routines that perform the dif-
ferent stages in the recognition process, The final
size-distribution is calculated at the end of the main program
and s result image filed on disk.

1. Filemame defining the imege to be processed.

Particle size distribution in four ranges.

-

2. File on disk showing the interpretation of the input image
using highlighted regions

1. Imege Labelling Sub-Program
2, Gray-Level Herge Subroutine

3. Region-Gluster Herge Sub-Program

4. Geometric Merge Sub-Program

5. Un-Merge Sub-Progrem : Horizontal And Vertical
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6. Un-Herge Sub-Program : Diagonal

DESCRIPTION :

BTGIN DATA DEFINITION :

Imsge :  Imege matrix of size (ISX,IRY)
8% :  Number of columns in the image
18Y :  Number of vows in the image

* Reglon description vectors : ¥

ates_vector :  Vector containing reglon areas
graylavel vector :  Vactor containing regicn gray-levels
startpoint_vactor  : Vector containing region start-points

* merge vectors : *

merge_vector : Indicates merged regions
merge_log_vector : Contains merge substitution labels
sequence_vector : Vector containing region labels that exist

on the image

pointer_vector i A vector indicating the pusition of a regiom
in the sequence vector

# appendix € explains the use of these vectors for merging regions *

END DATA DEFINITION
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BEGIN PROCEDURE :

GET (From disk) : X )
Input Image * 64 gray-lavel rock picture ¥ *
END GET

no :
BREr * Construct the image histogram ¥
END DO

Do
* Compute the extent of the dark-band for the 5-level

segnentation method *

* Calculate the cumulative distribution for the remainder
of the histogram *

* Compute the remaining 4 histogram bands (particle bands)
E for the 5-level method *
END DO

1

i

{

;

H

i

|

Do : l
! * Substitute image pixels for their new S-bend values * !
i

1

1

|

i

1}

i

1

i

: * The image is now reduced to 5 gray-levels.
I The bands are represented by the following pixel values :

S Bard 1= 0 Band & = -32

* ©oid Band 2 = -16 Band 5 = -48

B Band 3 = -20 ’
. 5 The image now consists of the 5 integer values above. *

END DO

# we now label the 5-band image to form identified regions
and find the initial reglon description vectors : ¥

[ CALL ( Image Labelling Sub-Program ) :

s o 2 e D X




INPUTS :
1. 5-level image
2. Connectedness to be used (4 or 8)
QUTPUTS :
1. Number_of_regions
2. Region description vestors :
area_vector
graylevel _vector
startpoint_vector
3. Labelled image
END CALL
10 :
* Initialise merge vectors : *
merge_vector
mezge_log_vector
sequence_vector
pointer_vector
* see appendix C for details %
END DO

* Now merge according to gray-level : *

CALL (Gray-level Hergs Subrutine) :
INPUTS <
1, Labeiled image
Region description vectors

™

3. Herge vectors
4. Number_of_reglons
5. Maximum number of iterations to be
performed
OUTPUTS :

-

. New labelled image
2. New region description vectors

w

. New mezge vectors
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4. new number_of_regions
END CALL

* Now merge to remove region clusters : #

GALL ( luster Merge progran) :
INPUTS

1. Labelled image

2. Region description vectors

3. Merge vectors

4. Number_of_regions

5. Maximum size allowed for cluster regions
6. Maximun number of regions in a cluster
7. Minimm size allowed for a region that

contains & cluster

OUTPUTS :
1. New labelled image
2. New region description vectors
3. New merge vectors
4. New numbsr_of_regions
END GALL :

% How merge using geometry : *

CALL (Geometric Merge Sub-Program) :

INPUTS
1. Tabelled image
2. Region description vectors
3. Merge vectors
4. Number_of_regions
5. Minimum size of regioms considered
6. Minimun size of neighbours
7. Number of merge iterations

OUTPUTS :
1, New labelled image
2. New region description vectors
: “ maa o .
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3. New mezge vectoxs
4. New mumber_of_reglons
END GALL

* Un-merging begins : *

Do :

¥ Initialise the iteration vector : ¥

# iteration_vector(l,-) = region_id
# iteration vector(Z,-) = last scan line (vertical search)

*
*
* iteration vector{(3,-) = last scan line (hborizontal search) *
* iteration_vector(4,-) = last scan line index ( +45 search} *
* iteration_vector(5,-) = last scan line index ( +135 search) *
index=;

REPEAT UNTIL (index > 200):

iteration vector(l,index) = 0 {

jteration_vector(2,index) = 1

iteration vector(3,index) = 1 L E

iteration_vector(4,index) = 1000

iteration_vector(5,index) = 1000
index=index+1

END REPEAT b

END DO ; )

o

* Enter rock-region id's thet have area larger than
the limit for un-merging into iteration vector(l,-) * “ .

iteration_vector_size = * number of regions in
iteration_vector®

END DO

REPEAT UNTIL (No more regioms in the iteration vector) :
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* fetch & region label from iteration_vector(i,-) *

CALL (Un-Merge Sub-Program : Horizontal and Vertical) :

INPUTS

OUTPUTS :

-

2.
3.
4.

~ o

END CALL

. Label of region to be split
. Region description vectors
. Chord-length factor * see App. B *

Last scan-line (horizontal)

. Last scan-line (vertical)

Number_of_regions

. Labslled image

. New labelled imsge

New number_of_regions
Label of new sub_region
Last scan-line (horizontal)

. Last scan-line (ve “ical)
. New region description vectors

. Circumscribing rectangle co-ordinates

# for use by disgonal un-merge program *

IF (Region was not split) THEN :

CALL (Un-Merge Sub-Program : Disgenal splitting) :

INPUTS

P WY

1. Region label

2. Region deseription vectors
3. Chord length factor

4. Last scan-line index (+45 )
S, Lest scan-line index (4135 )
6. Number_of_regions

7. Labelled image

8. Circumscribing rectangle

co-ordinates
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OUTPUTS :
1. New labelled image
2. New number_of_regions
3. Label of new sub-region
4. Last scan-line index (+45 )
5. Last scan-line index (+135 )
6. New region daseription vectors
END CALL

END IF

IF (region was split) THEN :
# remove sub-region labels from iteration vector(l,-)
if thelr aveas axe less than the threshold for

un-nerging *

* add sub-vegion labels to lteration_vectoz(l,-) if
their areas are above the threshold :
also add the lest scan-lines into
iteration_vector(2,-),..,iteration vector(5,-).

ELSE

% remove region label from iteratiom-vector(l,-) ¥

END IF
Do ¢

* pack iteration_vector ta delete "0" entries *
END DO

END REPEAT

Do

# create an image showing the regions coxresponding to
particles by substituting region labels on the image
for the region gray-levels.

rock regdons : gray-level > 15
background : gray-level < 16 ¢

4 LA E N
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Qutline each region with & white border ¥
END DO

PUT (to disk) : : ,‘
* file the vegion image * i
END EUT

DO :
* compute size distribution in 4 ranges using the

area_vector ¥

H
{

% distr(bution is as foilows : { Y
large rocks : area > 4095 pixels i
!

big rocks  : area > 1023 pixels
medium rocks : area > 255 pixels i
small rocks : azea > 0  pixels * !

END DO . i

PUT (to printer) :
* size distribution *

END PUT

END PROCEDURE
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F.2 {MAGE LABELLING SUB-PROGRAM

F.2.1 MAIN ROUYINE

NAME : PROGRAM PHGL

PURPOSE
Lsbels regions consisting of pixels with the same gray-lavel
with unique integers. The imput image consists of negative in-
tegers t- enable labslling on the input image matrix without
the need for additional workspAce. During labelling, region
description vectors (area, gray-level and start-points) axe

constructed,
METHOD : As discussed in chapter 3
CALLS :

1. RELABEL subroutine

2. QUEUE subroutine

CALLED BY

1. MAIN PROGRAM

INPUTS :

1. Gray-level image consisting of negative incegers

2. Connectedness : 4 or 8

QUTPUTS :
162
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1. Labelled image

2. Number of reglons !

3. Description vectors : : Q
area_vector H
graylevel_vector 2l
[ ; startpoiut_vector P
« v ’.
i DESCRIPTION :
4 W BEGIN DATA DEFINITION : :
‘
RS pixel_mask_vectors : define which neighbours of a pixel
. I already have labels and which have
i‘ not yet been labelled, Different
. : X are used ding on
N the connectedness specified and on |
Q the position of the pixel in the I
‘ e image. Different masks are used :
. for pixels in the first row,
. first column, last column etc.
! 5 k
H * region description vectors : *
}: ares_vector t vector of region areas
: graylevel_vector : vector of regfon gray-lavels
) startpoint_vector : vector of region start-points
3 END DATA DEFINITION “
B BEGIN PROCEDURE :
’ H
. . }
i * process first pixel at co-ordinates (1,1) * »
143 '
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* assign label "I" to the first pixel *

* initialise the description vectors : ¥
area_vector(1) = 1
startpoint_vector(l) = 1 ; 1
graylevel_vector(l) = absolute value of

the first pixels
gray-value
END DO

REPEAT UNTIL (all pixels in row 1 are processed) :
DEFINE PROCEDURE (PIXEL_LABELLING) :

* fetch the appropriste pixel mask_vector ¥

* process the pixel mask_vector neighzours
in raster scan sequenca : the first pixels
will correspond to already labellsu pixels
followed by the un-labelled pizels ¥

REPEAT UNTIL (all neighbours in the =ask ame

processed or the pixel is

labelled) :

IF (a labelled neighbour has the sze
gray~level as the pixel) THEN :

area_vector(neighiour_label)=
ares vector(neighbour_lakel)+i

END IF

IF (an un-labelled neighbour has the
same gray-level as the pixel) THEN :

* get the mext region-label =

Y oaew o i e,
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( new_label ) *

ares_vector(new_label)=l
graylevel_vector(new_label)= absolute

value of .
the pixel
gray-level
N
. vector = of the B
pixel
* label the pixel with new_label * ‘o

END IF

IF (no neighbour mateh ie. single pixel
region) THEN :

* find the neighbour with the mest i
similar gray-value *

IF {similar neighbour is labelled) THEN :

area_vector{neighbour label) =
areavector(naighbour_labsl) + 1

* label the pixel with the neighbour
label *
END IF

IF (similar neighbour is ua-laballed) THEN :

* gat the next region label - {
(new_lebel) *

ares_vector(new_label) = 1
graylevel_vector(new_Label) = sbsolute
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neighbour
gray-value
startpoint_vector = co-ordinates of
pizel
% label pixel with new_label ¥
END IF
END IF
END REPEAT
END PROCEDURE DEFINITION (PIXEL_LABRLLING)
END REPEAT

REPEAT UNTIL (last row is reached) :

Do :
* process first pixel in each xow ¥

* foteh the appropriate pixel_mask_vector *

# process the pixel mask_vector in raster
scan format *

EXECUTE DEFINED PROCEDURE (PIXEL_LABELLING)

DEFINE PROCEDURE (LABEL_CHECK) :

* after labelling a pixel check whether
a labelled neighboux exists having &
different label but the same gray-value
ie. an ambiguous label ¥

IF (ambiguous label exists) THEN :
actual_label = * the smaller lahel ¥
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redundant_label = * the larger label *

% now substitute .edundant label for

actual_label on the image : *

CALL (Relabel Subroutine}

INPUTS @
1. startpoint_vector
2. actual_label
3. redundent_label
4. image being labelled
QUTPUTS :
1. image being labelled
2. startpoint_vector
END CGALL

* area_vector(actual-label) =
arce_vector(redundant_label)
+  area_veetor(actunal label)
area_vector (redundant_label) = 0

* place the redundant_label in

a quese for re-use *
END IF
END PROCEDURE DEFINITION (LABEL GHECK)
END DO (first pixel in each row)
REPEAT UNTIL (last pixel in row is reached) :
* fetch appropriate pixel mask_vector *
* process mask in raster scan
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EXECUTE DEFINED PROCEDURE (PIXEL_ILABELLING)
EXBOUTE DEFINED PROCEDURE (LABEL_CHECK)
ND REPEAT
D0 (process last pixel in each row) :
* fetch appropriate pixel_mask_vector *
* process in raster scan *
EXECUTE DEFINED PROCEDURE (PIXEL_LABELLING)
EXECUTE DEFINED PROCEDURE (LABEL_CHECK)
N DO
END REPEAT (all except last row campleted)
DO (process first pixel in last row) :
# feteh pixel_mask-vestor ¥
# process in raster scan %
EXECUTE DEFINED PROCEDURE (PIXEL_LABELLING)
EXECUTE DEFINED PROCEPURE (LABEL_CHECK)
END DO
REPEAT UNTIL (last pixel is reached)

* fatch pixel_mask_vector *
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* process in raster scan
EXECUTE DEFINED PROCEDURE (PIXEL LABELLING)

EXECUTE DEFINED PRCCEDURE (LABEL CHECK)

END REPEAT (only last pixel left)

DO (process last pixel) :

* fetch pixel_mask_vector *

L ] # process i raster scan ¥
g
. " EXECUTE DEFINED PROGEDURE (PIXEL_LABELLING)
. L EXEGUTE DEFINED PROCEDURE (EABEL_GHECK)
] | END DO
! Y END PROGEDURE
e
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F.2.2 RELABEL SUBROUTINE

NAME : Subroutine Relabel

PURPOSE :

Relabels redundant regions during image labelling. Modifies the
startpoint_vector accordingly.

METHOD :

Starts in the Tow containing the startpoint of & region and

substitutes

raster scan that

& certain row.

CALLED BY

INPUTS

-

=

LN

OUTPUTS :

2.

DESCRIPTION

: Image Labelling Sub-Program

startpoint-vector

sctual_label

redundant_label

image being labelled

image being re-labelled
startpoint_vector

BEGIN PROCEDURE :

when no

the pixel values with a new label value using &
occur within
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* find the start-point of the region defined by redundant_label *

* set reference position to the start-point *

REPEAT UNTIL (a complete row is processed without a
substitution) :

IF(pixel = redundent_label) THEN : =

pixel = actual_label

END IF

END REPEAT

#* determine whether actual_label or redundant_label has the
dominant start-point ¥

startpoint_vector(actusl_label) = co_ordinates of the dominant

start-point

END PROCEDURE :

i
i
|
|
i
I
|
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F.3 GRAY-LEVEL MERGE SUBROUTINE

NAME : Subroutine Main merger

PURPOSE

This subroutine performs gray-level merging of regioms

INPUTS

~

w

QUTPUTS :

CALLED BY:

CALLS :

Labelled image
Region description vectors
Merge vectors

Number of regions

Number of merge itexations

Gray-level defining the start of the first rock band
{normally = 16)

New labelled imege
New region description vectors
New merge vectors

New number of regions

Main Program
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Subroutine Chain/Neighbour

2. Subroutine Merge process

w

DESCRIPTION :

BEGIN DATA DEFINITION

Subreytine Resort

* reglon description vectors : *

area_vectar
graylevel vector
startpoint_yector :
* mexge vectors : ¥
merge_vectar s
merge_log vector ¢

sequence_vector !

pointer vector  :

END DATA DEFINITION

BEGIN PRGCEDURE ¢

: vector containing region areas

vector containing region gray-levels
vector containing region start-points

indicates merged regions
contains merge substitution labels
contains the regions that exist
on the image

Indicates the position of each
region found during segmentation

in the sequence_vector

REPEAT UNTIL (specified number of iterations is reached

or merging terminates) :

REPEAT UNTIL (all regions in the sequence vector

are processed) :
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Do«
* find the next region to process from the
sequence_vectoxr ¥
* find the start-points of this reglon
from the startpoint_vector %
END DO

* now find the neighbours : *
CALL (Chain/Neighbour Code Subroutine) :

INPUTS :
1. Labelled image
2. Lebel of the region heing processed
3, Startpoint_vector
4. Chain-code/neighbour-code option
(select neighbour-code calculation)
QUTPUTS :
1. Neighbour deseription vectors
( zefer to subroutine description )
2. Number of medghbours in the code

END CALL
00 :
* classify the reglon in terms of its S-baud
membership *

CASE OF :

1. region gray-level = background :
classify region as "background"
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2. zeglon gray-level = bands 2 to 5 :
classify region as "rock”

END CASE
END DO
DO ¢
# £ind the S-band membership of each neighbour
using the graylevel vector *
# £ind the percentage of neighhours that are
rocks and the percentage that are background
{ edge labels are assumed to belong to the
background) *
END BO

DO (apply the merge rules) :
CASE OF :
1. rzeglon is background :

TF (a1l neighbours are rocks) THEN :
IF (thexe is only 1 neighbour) THEN :
merge_type = 2 % hole inside &
rock region ¥
ELSE ¢
merge_type = 7 * no merge *

END IF
ELSE :
merge_.ype = 7 * no merge ¥

END IF
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END IF
2. ragion is rock : -8

IF (all the neighbours are rocks) THEN :

mezga_type = 6 * zock surrounded by ealy
zocks *

ELSE :

merge_type = 7 * no merge ¥
END IF
END CASE
END B0
IF (merge_type = 2 or merge type = 6) THEN :

* mexge the ragion to its neighbours : ¥

Do :
¥ f£ind the indirsct identity of the region
from the mlerge_log vector * (
merge_master = indirect region !
merge_master_startpoint = start-point of
indirect reglon
)
END DO |

|

% remove all edge labels from the neighbour string * é
1
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REPEAT UNTIL (all neighbours in the neighbour-string

have been processed)
# fetch a neighbour from the string * b

* find its indirect ldentity from the

)
merge_log_vector ¥ i
i

* find the start-point of the indirect neighbour

from the startpoint_vector *

IF (the start-point of the indirect neighbour
is mora dominant than that of the

merge_master) THEN :
merge_master = id of indirect neighbour

merge_master_startpoint = stert-point of
indirect neighbour ' s

END IF
END 'REPEAT

REPEAT UNTTL (all neighbours in the neighbour list
ars processed) : ¢

# fotch the next meighbour ¥
mezge_region = neighbour id

IF (merge_region is not the merge master and its
indirect idemtity is not the merge master) THEN :

CALL (Merge_Process Subzoutime) :




A

g

INPUTS :
1. werge_region
2. merge_master
3. merge_type
4. merge vactors
5. region description vattors
OUTPUTS

L. new merge vectors

o

END CALL

END IP

END REPEAT

DO (werge the region) :

new description vectors

merge_region = region id

IF (region isn't the merge_master and the indirect
region isn't the merge_master) THEN :

GALL (Metge_process Subroutine)
INPUTS : # as for the previous call *

OUTPUTS : * as for the pravious call
END CALL
END IF
END 10

END REPEAT (all regions in sequence_vector have been processed)
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IF (merges were recorded) THEN :

* compute new labelled image by substituting
pixels with their indirect labels in the
merge_log_vector *
* get all merge vector entries to zero *
* re-order the sequence vector *
- o CALL (Resort Subroutine) :
~
INPUTS
K # 1. region description vectors
a 2. merge vectors
Y 3. number of regions in sequeace_vector
! QUIPUTS :
1. merge vectors
T 4. new number of regions in sequence _vector
. ( = number_of_regions )
i .
| :
1 N END CALL
, END IF
o4 END REPEAT (main {taration loop)
.. END PROCEDURE
H
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F.4 MERGE_PROCESS SUBROUTINE

NAME : Subroutine Merge_process

PURPOSE : Recording of merge occurrences in the merge vectors

S INPUTS

i 1. merge_reglon

r) 2, merge master
P

3. merge_type

P 4. merge vectars
5. region description vectors
OUTPUTS i

] 1. new merge vectors

2. new region description vectors

CALLED BY

1. Gray-leval Merge Subroutine

2. Reglon-cluster Merge Subroutine

3. Geon.tric Merge Subroutine

}
4 DESCRIPTION ¢
!

[PRPNERY A AN, =2 o St i




BEGIN DATA DEFINITION :

* muzge vectors ; %

merge_vector : indicates merged regions
merge_log_vector 1 indirect region id's
sequence_vector : regions existing on the image

position of regions in sequence vector

pelater_vector
* region description vectors : * :
area_vector : region areas

graylevel vector : reglan gray-levels i
startpoint_vector: region start-poincs

* general : ¥

mezge_region i 1d of reglon that is to be merged

to the merge mastex
mezge_mastor : region with the dominant starf_point
merge_type : Ruin used to establish the merge
END DATA DEFINITION

BEGIN PROCEDURE :

IF (merge_vector(merge_region) = 1) THEN :

* mexge region belongs to a merged group *
mecge_tegion is "multiple” .

¢ R ELSE




* merge_region hasn't been previously merged *
merge_region is "single"

END IF

CASE OF :
1. merge_type =2 or 6 :

graylevel_vector(merge master) = 48
* (resulting region is also a rock region) *

2, % further cases may bs added if more merge_types are

defined *
END CASE
Do :
area_vector(merge master) = area_vector{merge_master)
+ area_vector(merge_region)
area_vector(mergs_region) = O
merge_vector(merge master) = 1
* record thit merge_master is part of &
merged group) *
IF(merge_region is single) THEN :
merge_log vector(merge_region) = merge_master
merge_vector(merge_region) = L
ELSE
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3

* change all occurrences of merge_reglon in

merge_log vector to merge_master *

END IF

END DO

END PROCEDURE
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F.5 RESORT SUBROUTINE

NAME : Subroutine Resort

PURPOSE :

This subroutine re-ordexs the sequence Vector after any merge

B iteration and deletes the occurrences of regions that have besn

Lo merged from the sequence vector.

INPUTS

1. segion description vectors

N
: I3 2. merge vectors
. 3 3. number of regions in sequence vector
| .
H OUTPUTS :
I
i . ’ 1. merge vactors
: Ik
3 2. new number of regions in the sequence vector
¥ CALLED BY :
- 13 1. Gray-levol Merge Subroutine
B
b 2. Cluster-region Merge Subroutine
i
b
13 3. Geometric Merge Sub-Program

DESCRIPTION :

. : BEGIN DATA DEFINITION :




* merge vectors : *

mexge_vector : indicates marged regions
merge_log_vector  : indirect raglon id's

sequence_vector : regions existing on the image
pointer_vector : position of regions in sequence_vector

# region description vectors : %

area_vector + region areas
graylevel_vector  : region gray-levels
startpoint_vector : region start_points

END DATA DEFINITION

BEGIN PROCEDURE

REPEAT UNTIL {all entries In the sequence vector have been

processed) :
% fetch a reglon (region_id) from the sequence_veetor *
IF (axea_vector(region_id) = 0 OR
pointer vector(region_id) < = 0 AND
mexge_log_vector(region_id) <> regloi id) THEN :
* knock Tegion_{d out of sequience Vector *
END IF
END REPEAT
0 ¢

* pack sequence_vector ¥
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% find the new number of regions in the sequence_vector *

END DO

END PROCEDURE
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F.6 CHAIN/NEIGHBOUR CODE SUBROUTINE

NAME : Subroutine Chain

/ PURPOSE : ;
Generates a chain-code deseription of e region's border. A cy-
. clic neighbour string is also gemerated. The neighbour string |
Cor includes edge labels demoted by "-1". Vector nhbtype vector
classifies neighbours as baing either 4 - or 8-connected to the
2 border. Record of the £irst occuxrence of a neighbour along the
chain-code is kept iu nhbpos_vector. The total mumber of pixels
belonging to & neighbour (at each occurrence) is stored in
o nhbr_vector(2,-). nhbr_vector(l,-) contains the labels of the

neighbour regjons and chain_vector contains the border chain

code.

: METHOD :
45 described in Appendix & and Chapter 4.
. ;, INPUTS :
S ‘, 1. labelled imagn
2. label of region to be processed
N 3. startpoint_vectar ;
' 4. chain-code/neighbour-code option : 1 = chain 2 = chain + ,
nodghbour ;
OUTPUTS :
: 1. naighbour-cods vectors
‘ 2. chafn-code vector




3. length of neighboux-code

4. length of chain-code i

CALLED BY

1. Gray-level Merge Subroutine

Co 2. Region-cluster Merge Subroutine

3. Geometric Mexge Subrentine

DESCRIPTION :

BEGIN DATA DEFINITION :

* neighbour-code vectors : *

3
- nhbr_veetor(l,-) : neighbour labels
. nhbz_vector(2,-) : number of pixels per occurrence
- nhbtype_vector : connsctedness of neighbours
nhbpos_vestor : pasition of neighbours in the
s
, chain-code
# chain-code veuctor : ¥
: : chain_vector ¢ vector of chain-code links
% * general : ¥
seaxch_start_vector : data-vector containing the pixel

that needs to be seerched next
correspon'ing to the previous
link in the chain-code

hb_counter : counter to accumulate the

st




number of neighb. s
sode_counter : counts links in the chain-code
END DATA DEFIRITION
BEGIN PROCEDURE :
DO :
% find the region's startpoint from startpoint vector ¥
* initialise all neighbour and chain vectors to zero *
END DO
IF (region is not a single pixel region) THEN :
0 ¢
# start at the region start-point and find the
leftmost boundary pixel of the ragion by
searching anti-clockwise the directions
4, 3, 2 and 1 (see Appendix B) ¥
* find the last link of the code by recording the
direction 180 degrees from the direction in which
the leftmost pixel was found ¥
ubb_touater = §
code_counter = 0
END DO

IF ( Selact = 2 % neighbours + chain-code * ) THEN :
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# £ind the neighbours of the start-point pixel.
Start in the direction obtained from the
search_start_vector - index the search start _vector
¥ with the direction of the leftmost border pixel
e found above. *

increment nkb_counter for each new nedghbuur ¥

*

% enter the neighbour labels iato
nubr_vector(l,nhb_counter). Complete the entries

) in vectors nhbr_vector(2,mhb_counter),

nhbtype_vector{(atb_counter) and .

nlibpos_vector (nhb_counter)

oy for each neignbour. *

‘; END IF

D0 ¢

* find the first 1link in the chain-code by starting
at the start-point and searching clockwise heginning
with the pixel in direction 1. *

* enter this link into the chain_vector ¥

# change reference pixel to the pixel pointed y
at by the first link *

code_counter = 1
END DO
REPEAT UNTIL (tho start-point is reached AND the link

pointing to the start-point is the
last_link) :

170

























































































































