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PREFACE 

The field of image processing especially digital picture processing has 
" 

'q; grown considerably during the past decade with the increased utilization of 

imageJ:"Y in:myriad applications coupled with improvements in the size, speed 

and cost effectiveness of digital ,computers and related signal processing 

technologies. Image processing has found a significant role in scientific, 

industriai; biomedical, space ~nd governmental applications. Such 

applications include the digital,transmission of space craft, imagery and 

personal' tel~phonecarrier, teleVision, the resolution improvement of 

'electronemicroscope, images and the compensation sensor and transmission 

errors 6f pictrires tra~sciitted from deep~space-probes, the automatic 

~lassification of ierrain and detection of resources from earth resources 

satellite, pictures, the formation and enhancement of biomedical imagery, 

including radiographs, termograms and nuclear scanned images, automatic map 
, , 

makirigfrom serial photographs and the detection of cracks and flows in 

machine parts from industrial radiographs. In the future image processing 

will no doubt be utilized to a greater extend to aid medical practitions in 

the dete~tion arid diagnosis of diseases from biomedical images. Industrial 

application should abount, image processing systems will analize, scenes from 

the "eyes" of industrial automations to control their actions. 

The purpose ,of this study is to review the techniques, tools and 

,'applications of image processing. Among them two major techniques have been 

examined. The first one is the picture compression and ~oding techniques 
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which have a use of minimizing the number of bits required to transmit or 

store an image as much as possible. The second one is the edge detection 

techniques which give the description" i.e.certain features, of images. 

'This study is devided into three .parts. Chapter 1 deals with mathematical 
. -

models and representation of images. Topics covered include the problems in 

'image processing like image enhancement and methods to solve these problems. 

Unitary transforms, autoregressive or state variable models ~or images or 

linear p~ediction model$ used in many problems, etc. are examined. Chapter·2 

.deals with image data compression and coding techniques. In this chapter 

different alternatives to quanti·zers are given and various Pulse Code 

Modulation (PCM), Differential PCM (DPCM) and adaptive DPCM (ADPCM) methods 

are 'examined. Their performances are evaluated due to SNR. A package program 

has been developed to simulate all these techniques. In the last part (Ch.3 

and:Ch~4) edge detection techniques are examined. Three typical and the most 

popular preprocessing algorithms are chosen among various different 'edge 

detection,schemes. Different decision and postprocessing algorithms are 

added to the configuration of the schemes. A package program has been 

developed to simulate all these schemes. Evaluation and comparison is done 

according.to the eight qualitative or quantitative performance criteria 

which newly derived. In chapter 4.al1 evaluations and comparison results are 

giv:en by. graphics and simulation results. 

It .is impossible even in this relatively long study to cover all the aspect 

·of image processing. The reader is reffered to the bibliography at the end 

of .this work for further study. 
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Image processing techniques find applications in many areas, chief among 

which are image enhancement, picture compression, pattern recognition, 

efficient picture coding and image understanding. In this master thesis, 

some important aspects of image p[rocessing techniques which are listed 

below are discuss~d 

1 - The m~thematica1 models.used in picture processing applications like 

. fast unitary transforms, autoregressive and. state variable models, linear 

predictiofl.models. Applications of these models in several image pr?cessing 

problems,. including image restoration, smoothing, enhancement, data 

compression and detection~.· 

2 ~ A large variety of iulage data compression and coding techniques. Some 

simple sampling. and quantization'techniques, Pulse Code Modulation (PCM), 

Differential PCM (DPCM), predictive coding and adaptive coding techniques. 

3- Major edge detection techniques and alternative algorithms to the three 

diff~rent1e~els of edge detection schemes (preprocessing, labeling, 

postprocessing algorithms). In addition to the discussion of these three 

aspects, two package programs have been developed to simulate data 
,. 
or!; compression and edge detection techniques by using a microcomputer. For 

evaluation of edge detection schemes, some qualitative and quantitative 

performance criteria are generated and comparison of three edge detection 

schemes ts also done ~ue to these criteria. 
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QZET<;E 

Resim ileti~imi teknikleri bir~ok alanda uygulanlm 01anag1 bulmu~lard1r. 

Orne~in, resim vurgulama, resim s1k1~tlrma, aruntU tan1ma, resim kodlama 

veya resim. anlama •.. Bu tezde resim ileti~imi teknigi ile ilgili bazi noktalar 

incelenmi~tir. 

1 - H1Zli b:L1imsel donU/iUmler, A~ modeli, durum degi~keni modeli, dogrusal 

ang8rUcU mod~ller{ gibi resim il~ti~imi konusunda ~6k uygulamasl olan 

matematikselrilOdeller ve .bu modellerin resim iletiflimi problemlerinde 

ornegin, resim restorasyonu, dUzeltme, vurgulama ,veri s1k1~tirma, 

dallarinda kullanilmasi. 

t - De~i,ik reiim s1ki/itirma ve kodlama yontemleri. Basit Hrnekleme ve 

riicelemeyontemlerinin yanis1ra PCM, DPCM, ong'oructilu kodlama lie uyarlamal1 

kodlama yBntemleri 

3 .. :- Onemli aynt sezme yontemleri ve bu yontemlerin u~ i~lemi ic;in degiflik 

algoritmalar (oni/ileme, degerleme, soni~leme). 

Bir mikro bilgisayar kullanilarak resi~ s1k1lit1rma ve ayrlt sezme yontemleri 

ile ilgHi ikiayrt paket program geli~tiri1mi~tir. Aynt sezme 

yontemierinih degerlendirilmesive birbirleri ile kar~11a~t1nlmas1 yap1lm1fl 

vebu amaca yonelik ba~an kriterleri tan1mlanm1~t1r. 
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I. '. APPLICATIONS AND MATHEMATICAL MODELS FOR IMAGE PROCESSING 
' . 

. "Ii 
, 

1.1 INTRODUCTION 

The steady growth of .modern communi~ation requirements has resulted in a 

steady in'crease in the volume of:pictorial data that must be transmitted . . . 
. from one location to another. In' some cases, although image transmission to 

a. remote location is not· :necessary, one does need to store the images for 

future~~trievaland anal~sis~ 

.The function of an image transmission system is to convey to an observer a 

"best".repro<;luction of a distant scene or document, subject to limitations 

which may be imposed by the cost and/or technical characteristics of the 

channel and the terminal equipment. In a broad sense, the field offmage 

processing deals with the manipulation of data which are inherently 

two-dimensional in nature. The techniques of image processing find 

applicati'ons in many areas, notably: image enhancement, pictorial pattern 

recognition, smoothing, image understanding and the efficien~ coding of 
/ 

. picture~for transmission or storage. 

Mathematical models are becoming. increasingly important because of their 

. role in thedevelbpmertt .of useful algorithms for image processing. Virtually 

all'applications'of image' processing utilize some sort of mathematical 

models. The common quesUonsu'nderlying these areas are: 

How do we describe or characterize images ? 

What mathematical operations do we want to use on the .images ? 
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How dow~ implement (in h~rdware) these,mathematical operations? 

- How do ,we, evaluate image, quality ? , 

,'In this chap~era bri~f di:scussion,about problems in image processing 

techniques, mathematical,models'and applications for image transmission will 

be given. The details of formulations of the mathematical models are beyond 

th~ subject of this study. Some'detailed studies have been performed on this 

matter byA.K.Jain [1],[9],[11)" T.S.Huang [4], W.F.Schreiber [2],,[4], 

O.J'.Tretiak [4] andW.K.Pratt [10]. 

InSec~1.2, typical p~oblems in image processing and desirable properties of 
, , 

'image processing algorithms will be given. In Sec.1.3 the idea of 

two-dimensional signal processing will be summarized. In Sec.l.4 

'lineat:-transform processing of images will be examined. In section 1.5 image 

representation by one-dimensional stochastic models as autoregressive 

'repr~sentations will be considered' briefly. Then, linear prediction models 

'tn two dimerisions, will beexamined~ Section 1.7 will deal with image quality 

'a!lc;l,in, tl1e last section application.s in image processing will be summarized. 

l.i TYPICAL PROBLEMS IN IMAGE PROCESSING 

As "mentioned above, all applications of image processing utilize some sort 

of, mathematical model. The continuing advances ,in high-speed di~ital 

proc~ss~rs, digit:al memories and very large scale integration have led to 
, ' 

succesful algorithms for many difficult problems. Table (1.1) gives a 

description of some of the typical problems in image processing and their 

~ssociated modeling requirement~. A typical algorithm requires a model such 

as b~ndwidth, power spectrum, etc., of the data (input ~o the algorithm). 
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Wh:f;le, most of the problems listed in Table (1.1) also occur in 

one";diinensiona1 signal processing, special care.is needed in the development 

of two- and higher dimensional algorithms. The major difference besides the 

higher dimensionality is that of causality. A large number of 

\ ' 

one-:dimensiona1 signal processing methods are based on the fact that the 

observed,data is the output of a causal system. For two-dimensional images 

the data coordinates are spatial and any causality associated with an image 

is purely due to its scanning or: acquisition technique. Therefore 'tt is not 
, , 

surprising that: a large number of image processing algorithms for edg~ 

',extraction, enhancement, restoration, data ,compression, etc., are noncausa1. 

,The computational ~fficiency, of 'algorithms is often measured by their memory 
. '. . 

and operation count,requir:ements. The most efficient algorithms would be 

su~h that the required number oi'operations per pixel would be independent 

of the size of the image. Unfortunately, a large number of algorithms 

require an,operation count which is· proportional to log N or higher for N * 

N images. Table (1.2) lists some of the desirable properties of 

two';"dimensiona1 models and algorithms which tend to minimize their 

computational complexity. 

'I!; 1 ~3TWO DIMENSIONAL SIGNAL PROCESSING 

Let us consider a picture as a two-dimensional signal A(x,y) of the two 

spatia1c'00rdinates x andy.' The extension of signal processing theory from 

a one-diDl:~msiona1 time-varying, signal is straightforward. Sharp changes in 

,brightness,which require a high:reso1ution optical system for accurate 

reproduction give rise to high spatial frequencies; thus, the'spatia1 

frequency spectrum can play ,the same role for pictures as the temporal 
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'"i 
frequency spectrum does for time-'yarying signals. One can speak of the 

two":'dimensional Fourier Transform of A(x,y) which represents its spatial 

frequency spectrum 

co 

SS 
-co 

A(x,y)exp[-j(W x + W y)] dxdy . '.' x. y (1.1) 

Where AF(WX ,Wy ) represents the Fourier Transform of A(x,y). 

The impulse response in two dimeI).sions, sometimes called the point spread 

function in optics , is also very useful. In a time-domain filter, let H(x-CX 

,y-/3), .the· output is some'weighted average of the past history of the input 

where the weighing function is the impulse response. The output of a spatial 

fl~ter, let Ao (x,y), is some weighted average of the surrounding points in 

. theiriput: 

Ao (x,y) SS A(cx,{3)H( x-CX,y-f3)dO(d{3 0.2 ) 
-00 

. Just as a time-varying signal can be sampled, A(x,y) can be sampled by a 

. two,...dimensional array in which .the spacing between the sample points is 

small. enough so. that the picture may be reproduced without al~asing • 

. . Clearly, the ~aximuin allowable space between samples depends on how rapidly 

.the ·brightness changes.,. or. in other words, on the spatial bandwidth. 

The·sampling theorem [7], [8] holds in two or more dimensions, and is' useful 

to indicate that a bandlimited ~icture may be represented by the brightness 

at a finite number of points. This allows the digital computer to be used 

for· the simulation of various image' processing systems by discrete 

operations on the value of brightness at the sample points. 
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1.4 LINEAR TRANSFORM PROCESSING OF I~~GES 

A classical way of analyzing a function is by its series expansion in terms 

of a set of complete orthonormal functioI}s. The advantage of this method is 

the capability to obtain a relatively uncorrelated new set of variates by 

transforming the correlated ones. This new set of variates will have a 

varying degree of significance in contributing to both the information 

content and the subjective quality of the resulting picture. Then one can 

disregard the less significant of these variables without affecting the 

statistical information content of the picture or causing a severe 

degradation in the subjective quality of the resultant picture. 

In the context of image processing a general orthogonal series expansion for 

an N * N image {ux,y} is a pair of UNITARY TRANSFOR~TIONS of the form 

N N 
v = 2 2 
kl x=l y:1 , 

* \1 ex (x,y;k,1) 

u ex (x,y;k,l) 
X,Y 

0.3) 

0.4 ) 

where {ex(x,y;k,l)} usually called the I~GE TRANSFORM, is a set of complete 

orthonormal basis functions satisfying the properties 

N N iE. , 
2 }: ex( x , y ; k , l) ex ( x , y ; k , 1 ) 
k.l 1=1 

N N ) *( • , I' ) 2 2 ex( x , y ; k , 1 ex x, y ; k 
x=1 y:l 

o ·.0 . (orthonormality) 
x,x y, y 

<5·0 (completeness) 
k,R 1,1' 

(1.5) 

0.6) 

... The elements v are called the TRANSFORM COEFFICIENTS and {ux,y} the 
k,1 
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PROBl M E DESCRIPTION MODELS 

S'otoo thing GilJerinoisl/ ir18Qedata fi 1 ter it to ~·Mc,oth noi::.e 8J"ld If'18.Qe 
out the. noiSe variation . pO'Jel- :;pec tl-a 

~ringout or ennance certain feature;. (If me 
EnhanceMen t . IMage;eg,edge enhanceMent, contrast streching Fea.tlJrees 

etc -. 

Restoration 3M filteri~ 
Restore an iMage kn~~n (or unknown) 

De.9fEd.ations degr8Ds.tion as close to its original forf'! 
aspssible,e9, iMage deb I u,rri ng, iMage cn tenan of 
reconstructIon, etc "closeness" 

MiniMize the nuMber of bi ts required to I:I]stortion cri terian 
Data cOMpre~sion stol'e/transfoli t an i~1S.ge for a qiven le'Jel .Ir~fo.qe €IS ar, 

of ,jis tortion - in fOrrqa ti on £·ourc:e 

Feature Extraction Extract certain features frc'M ef: iMage Features,detection 
eg,edges criteri9J1 

Detection and 
Detect end identify the presence of an Dete(;tion cr i tel' 1M 

identification object froM a scene,eg,MatChed filter, object end s·cene pattern recognation, ir1age segr'lentation,etc 

InterpOlation and Given iMage data at c.-ertain pnts in a regiClrl E$.tirqate (:ri teri8.'"1 
es tirlate the value of all other pnts inside 8nd deqree of 

ExtrapOlation this region{interpol_) and also at pnts Sl'100 trr,ess 0 f the 
outside this region _(extl-spoL) data 

Giveri ir~age data in a region, es.tirqate its Criterion of eSciM8.-
. spectral es tiM8.tion tion,spriol'~' PKlljel power !;.pectrur1 for data 

factorization 
Git.'entJ'le fw.g. C~f 1:1"1e frequency re.spon$.e criterion Of ·spectral ofafllter-deslgn a reallzable fllter, rea.l i:zab i 1 i ty eg.stsblecalJsal filter 

(Jiven' a description or SOMe features. of an Features, criterion 
synhe~is. . ir18Qe~desiQn a systeM Imich reprClCluces a of repro,jljl~tion :raplica.ofthat iMsge,eg,texture synhesis 

.. 

Table 1.1 Typical problems in Image processing (IY A.K.Jain (1] 

PROPERTY DESCRIPTION 

. Lineari ty Linear operation on data 

separability Independent :rO~1 and colu~1I1 operations 

Shi ft invariance 
Operations lea.di ng tCl Tc,epl i tz and circulant 
Matrix ManipUlations . 

Only local and/or spare:€! operation!:. required 
HarC:Olo'ian or fini te Mer10ry .. pixel, eg, FIR fi 1 ter!:· 

Table 1.2 Desirable properties of image processing algorithms 
b~1 AJ<.Jein [1] 
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transfor~ed image. It is readily.seen from Eq (1.3) and (1.4) that the 

general unitary'transformation'would require 0(N4) operations, one operation 

being a multiplication and a sumination. For typical size (N = 256) images 

thi's means over a billion operations would be needed to compute the 

transfo'rm coefficients. To reduce dimensi.onality, the unitary transforms in 

Eq (1.3) and (1.4) are restricted to the PRODUCT SEPARABLE CLASS, satisfying 

the condition: 

CX(x,y;k,l) ayk b I .) y, (1.7) 

-1 lIET 
'where A = {(3 } and B = fY } are UNITARY MATRICES. (Le., A =A ). Often . x,Y' x,Y 

in image processing one chooses A = B so that Eq (1.3) and (1.4) yield 

v (1.8 ) 

u (1.9) 

Now the 't,rarisformations require column operations followed by row operations 

, on the resu~t, reducirig the computations to 0(N3 ) operations. Even this 

~edn~tion is insufficient and the choice of image transforms is further 

restricted to FAST TRANSFORMS. Typically, these transform matri'ces have 

structural properties which lead to Fast Fourier Transform (FFT) type 

algorithms. Hence a transfprmation of the type y Ax, for an N * 1 vector x 

could be performed in O(NlogN) operations, so that for images the operation 

count is 0(N2l6gN) or LogN per pel. Examples of fast unitary transforms are 

the discrete Fourier (OFT), cosine (OCT), sine (DST), Walsh-Hadamard (WHT) 

transfbrms [9], [10], [12], [14]. Other fas~ transforms include the Haar, 

Slant [9]. [10], [14], and a familj of sinusoidal transforms [15]. A useful 

property of all unitary transforms is their energy conservation property 
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N N 
L L 

x=l Y.l 

2 lu. I X,y 
N N 

- L L 
kzl 1=1 

, 

'

2 
v

kl , 
(l.10) 

known as PARSEVAL's relation. This follows from the fact that a unitary 

2 transform'is simply a rotation of the image viewed as a vector in an N 

dimensional vector space so that the length of· the vector remains unchanged. 

KARHUNEN~LOEVE TRANSFORM 

,Of particular significance among unitary transforms is the so-called 

Karhunen-Loeve transform (KLT)·for random fields. Generally, one could 

. consider the autocorrelation function itself. It is the complete orthonormal 

set of images ¢(~,y;k,l) determined from the Eigenvalue equation 

N N 
L L r(k,l ;m,n) ¢ (x;y;m,n): = Ax,y ¢ (x,y;k ,1) 

m,,:1 n..:! 
(l.ll) 

where r(. )'is the image covariance function. For separable covariance 

functions, the KLT is also separable. Two significant properties which make 

the KLT very desirable are as follows [1], [9], [16]: 

1 - It completely decorrelates the transform coefficients 

2 - Compared to all other unitary transforms, the KLT packs the maximum 

expected energy in a given number of .samples. It has been shown in [13] and 

[15] that a suitable fast sinusoidal transform such as nCT or nST could be 

found as a good approximation to the KLT. The sinusoidal transforms have 

equivalent performance to KLT as,' N~ co. In image processing N can be qui te 

large, and oneoft~n processes smaller blocks (typically 16 * 16) of an 

image at ,a time. 'The performance differences between the v.arious transforms 



are significant. enough to warrant the use of the KLT or a reasonable 

substitute of it. It has been shown by A.K.Jain [17] that the separable DCT 

is a good substitute for the nonseparable KLT of other stationary random 

fi~lds also. Image transforms have been applied extensively in data 

compression, nOlse smoothing and restoration of images. 

1.5 IMAGE· REPRESENTATION BY ONE~DIMENSIONAL STOCHASTIC PROCESSES 

Often it is desired to desigQ image processing algorithms for an ensemble of 

images. For practical reasons this ensemble is generally characterized by 

the covariance and mean functions. These functions could be specified by a 

mathematical formula or simply as arrays of numerical values. 

A simple way to characterize an image is to consider it as a collection of 

one-dimensional signals, e.g., as an output of a raster scanner, or as a 

''I' sequence of rows (or columns) ignoring the interrow (or column) 

dependencIes. This approach will be explained in chapter 2 for simulation of 

DPCM and PCM systems. (See CH:2, section 2.5) For such cases, 

one-dimensional representations of stochastic processes are useful. 

One-dimensional stocastic models have been applied in line by l'ine 

pr6cessingof images for DPCM coding, hybrid coding, recursive filtering and' 

restoration etc. [18] - [22]. Some examples for image representation by 

one-dimensional· stochastic proces'ses will given below. 
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1.5.1 AUTOREGRESSIVE REPRESENTATION 

If {uk} isa zero-mean stationary gaussian random sequence then a causal 

re~resentation of the type 

0.12) 

is ,called a (one-sided) AUTOREGRESSIVE (AR) representation. The sequence {E"k} 

is a ze,ro-mean white-noise random' sequence process independent of the past 

outputs. AR models have the following important properties. 

1) The quantity 

p 
u = 2 a'u 

k ni: 1 n k-n 

= mean[uk lun
, 'tin ~ k-l] 0.13) 

is ,the best mean-:square predictor of uk based on all of its past and depends 

only on the past p samples. Thus, Eq (1.12) becomes 

0.14) 

which says the sample at k is the sum of its minimum variance causal 

prediction estimate plus the prediction error. The sequence {uk} defined by 

.Eq (1.12), is called a pth order Markov process. 

2) The AR process is stationary and causally stable if and only if the roots 

of th~ polynomial 

;p 
= 1- 2 

n=l 
(1.15) 
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lie, inside the unit circle. Applications of autoregressive representations 

,will be given in chapter 2. The algebra of this algorithm is not the subject 

of this study. The details of formulations are studied in [1], [18] - [221. 

1.5.2 STATE VARIABLE MODELS 

State variable models have .been used to represent two-dimensional images 

considered'as the output of a raster scanner. The scanner output is modeled 

asa one-dimensional random process and is characterized by a set of state 
• r '. 

variable equations of the form, 

A(t)x(t) + B(t)e(t) 

y(t), = C(t)x(t) (1.16) 

wher.e y(t) is the scanner output at time t, and x(t) is an n*1 vector, e(t) 

is a p*lzero-mean white-noise vector such that 

KQ (t-t~ ) (.1.17) 

A,~,C,K are appropriate matrices which are determined such that y(t) 

satisfies (approximately, if not'exactly) the statistics of the scanner 

output. 

The first attempt ,to model images by state variable techniques was made by 

Nah! and Asseffi [20]. Although their final model has limitations because of 

several approximations, their modeling procedure does expose several 

11 



difficultie$ in representing two-dimensional random field by one-dimensional 

. models. 

1.5.3 NONCAUSAL MODELS [21], ·[23] 

In ·section 1.5.1 we saw that·a causal AR representation is of the type 

u 
k 

u +c 
k k 

.. , mean[c
k

] = 0 (1.18) 

where uk is the best linear mean square predictor of uk based on the past 

values {u
l

' i < k} and {c
k
} is a white-noise sequence. Thus, uk is a minimum 

variance causal predictor of uk. In an analogous fashion, we can define a 

minimum variance noncausal predictor uk which depends on the past as well as 

the future·values of uk. Let {uk} be any zero-mean gaussian random sequence 

and let uk denote the best linear mean-square estimate of uk based on all {u1 

, 1.:/=. k}.Writing 

(1.19) 

liTedeterminecoefficientsa
k1 

by minimizing the mean-square error 
, 

[( ·-uk)2] E .u
k -

1.6 LINEAR PREDICTION MODELS IN TWO DIMENSIONS 

One important property of many one-dimensional systems is that of causality. 

For two-dimensional images, causality is not inherent in the data. Moreover, 

. the data could be such that a causal realization by a finite-order linear 

system is not possible. This is because it is generally not possibl~ to 

factorize a two-dimensional polynomial as a product of lower order 

12 



polynomials. In general, one can ',think of causal, semicausal and noncausal 

repre'sentations for two-dimensional, images. These representations are the 

discrete equivalent of the classical categories, initial-value (or 

hyperbolic), initial-boundary value (or parabolic) and boundary value (or 

,eliptic) represetations of two-dimensional linear systems characterized by 

partial differential equations. 

Linear prediction models in two dimensions are useful in image data 
/ 

transmission and storage via DPCM coding, and hybrid coding, design of 

recursive, semi recursive and nonrecursive filters for image estimation, 

restoration and filtering and in 'image B:nalysis. For these purposes, three 

,main prediction schemes have been developed which are briefly outlined 

below. 

1.6.1 CAUSAL PREDICTION 

Let {ux,y } be an arbitrary zero-nie~m gaussian random field and let. Ux,y 

denote a'prediction estimate of the random variable Ux,y. Some examples for 

linear prediction models will be given below. Suppose the samples of the 

random field {ux,y} are arranged in any desired, one-dimensional ordered 

sequence {u(k)}. Then ux, y is defined as a causal prediction of ux, y if it 

depends only on the elements that occur before the element Ux,y. A common 

example occurs when an image ras ter scanned, say column by column, and ux, y 

is a lin~ar estimate based on all the elements scanned before arriving at 

(x,y), i.e., 

Ux,y = 1l'\~<5 a(x,y;m,n)um,n (1.20 ) 

where <5 = {m,n : n < y for al1 m} U {m,n n y, m < x} 
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1.6.2 SEMICAUSAL PREDICTioN 

If the estimate u is causal in one of the coordinates and noncausal in the , x,Y 

other, it is called a semicausal predictor •. ,For example, 'a linear semicausal 

predictor which is causal in "y" and noncaus~l in "x" would be of the form 

IT = L a(x,y;m,n)u 
x,Y m,nf<5 m,n 0.21) 

where 0= {m,n n < y for all m} U {m,n n = y, for all m # x} , 

1.6.3 NONCAUSAL PREDICTION 

The quantity Ux y is defined as a causal prediction of u if it can be , , . . x,Y 

wri.ttena's a linear combination of possibly all the variables in the random 

field , excE!pt Ux,y itself. For example, a linear noncausal predictor would 

be of the, type' 

where' , <5 = { m , n ; (m , n) -I: ( x , y )} , 0~22) 

As mentioned at the ,beginning of this chapter, these mathematical models are 

becoming increasingly important because of their role in the development of 

useful algorithin for image processing. Virtually all applications of image 

processing utilize some sort of mathematical models. In sectio~ 1.8, we 

consider appli~ations of these algorithms in several image processing 

problems, but before that, an important concept in image processing will be 

discuss~d in the following section •. 



(.7 IMAGE QUALITY CRITERIA 

The effects of various p~rameterson picture quality have been discussed by 

Schreiber [2]. In most applications, 'picture quality is defined in 

subjecti~e terms, and cari only be measured in terms of observer response • 

. There is no good ~eason ~o suppose that subjective quality is a 

one-dimensional quantity, however ifft is multi-dimensional, it cannot be 

. ranked~ . lnpractice, it is treated asa scalar, and is defined in terms of 

the protocol used to m~asrire it. I~ is usually specified in terms of a 

four-to-six scale·running from "excellent" to "unacceptable". A more 

attractive scale is graded in just. noticeable differences in image Quality, 

but in this case subjective measurement of relevant system parameters is 

quite a difficult and tedious procedure. Measurement of subjective image 

quality is very difficult; one can see this by reflecting: on the fact that a 

30% increase. in bandwidth produces a just noticable difference increment in 

appearance. 

The practi.ca1 problems in the measurement of subjective quality and the 

desire to design systems analyticaily brought forth several objective 

measures·of subjective image quality. The most popular measures proposed to 

date are the mean-square error and its variants, such as the weighted 

~ean-squareDerror~ These measures have the distinct advantage that they are 

~athematica11y tractable~ They also appear to agree reasonably well with 

subjective ·eva1uation in: many cases. 
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. 1.,7.1 MEAN-SQUARE .ERROR CRITERIA. 

Let ux, ybe the input image and gXiY the. output image where (x,y) are the 

spatial coordinates, and.u and g·are brig!'tness. We define the error as: 

(1.23 ) 

and denote its Fourier transform by Euv where (u,v) are spatial frequencies. , 

Then the mean-square error is 

D1 (u,g) 
a:> 2 CD 2 

SS dxdyE"(x,y) = SS dudvIE(u,v) I (1. 24) 
-(I) -CD 

·and the weighted mean-square error is 

. D
2

(u,g) SSdUdV W(u,v) IE(u,v) 12 0.25) . 
-(I) 

·where W(u,v) ·is called. the weighting function. The weighting function 

reflects the'sensitivity.of the eye to various spatial frequency components 

in.the image. 

Them~an-sq~are error criteria have at least two disa~vantages. First, the 

subjective quality of a degraded image gx,y depends not only on the error E"x,y 

but· also on the origin~l image u;hence context dependent. Second, some x,y 

image degradation are geometrical in nature - for example, block 

quantization using Hadamard transform (Ch:2, section 2.1.3), sometimes 

"I; yields pictures, containing 'istaircases" along the edges. The mean-sqare 

- error. criteria do not s~em appropriate for geometrical distortions. A more 
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satisfactory criterion should be based on some kind of edge error. 

1.7~2 A DISTORTION MEASURE 

In order to make up at least partially fo~ the two defects of .MSE criterion, 

in [4], the distortion measure is proposed 

D(u,g) (1.26 ) 

here A and Bare posi ti ve constan·ts, Do. is a weighted mean-square error, 

modified to .take care of the dependence on the original image and Db is a 

measure of edge error. One possible choise for Da is 

~ dudv IE(u,v) 1
2

W
1 

(u,v)W
2

(u,v) (1.27) 
-co 

whereW
t 

reflects the eye sensitivity, and W
2 

reflects the dependence'on the 

original image (and is a function of u). Much experimentations need to be 

done .to determine. suitable forms for Db and W
2

• 

1.8 IMAGE PROCE·SSING PROBLEMS AND APPLICATIONS 

The models which were dicussed have applications in most of the image 

processing problems listed in Table 1. As mentioned before the choise of a 

particular model depends not only on the accuracy of the model but. also on 

.the associated algorithm architecture. 

17 

- ' 



'. 

1.8.1 SMOOTHING 

Smoothing is a method ·whi'ch is used to suppress the noise that mav be 

present in the picture. The basic difficulty with the smoothing techniques 

.is that ~ ,if applied indiscriminately, tend to blur the picture, which is 

usually o'bjectionable. ,'In particular, one usually wants to avoid blurring 

sharp edges or lines that occur in the picture. The common smoothing problem 

is to find the best linear mean-square estimate of the image Ux given the ,Y 
,noisy' observations 

(1.28 ) 

where {E } is a white-noise field independent of {u y}. Causal models have : .. x,Y x, 

',,; been used by several authors [22] ,[24]-[27] to develop recursive filter 

implementations. Semicausal models have been considered in [22] and [28] to 

develop semirecursive or line to line recursive algorithms. Noncausal models 

have been shown to yield ,fast transform based nonrecursive algorithms [22] 

and [29] . and have also been found useful in developing moving average FIR 

filters. 

1.8.2 IMAGE ENHANCEMENT: 

Image ~~hancement processes consist of a collection of techniques that seek 

to 'improve the visiual appearance of an image, or to convert the image to a 

form better suited to human or machine analysis~ In·an image enhancement 

system there is no consious effort to improve the fidelity of a reproduced 

image with regard to some ideal form of the image, as is dQne in image 
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restoration. Actua'lly, there is some evidence to indicate that often a 

distol-Fed image, f~r example, an'image with ed,ge overshoot, is actually 

mor,e subjectively pleasing than a perfectly reproduced original. 

,An image enhancement system might emphasize the edge outline of an image 

by'high-frequency £iltering. This edge enhanced image would then serve as an 

input to a system that would trace the outline of the edges, and perhaps, 

make measurements of the shape and size of the outline. 

The prediction operator denoted by A(Zl ,Z2) generally performs some sor~ of 

differentiation. When applied to a real world image, the prediction error 

generally contains a rionstationary component which generally represents high 

spatial frequencies e.g. edges. Thus the operator 

0.29) 

'would add to the image a quantity proportional to high spatial frequencies 

(or gradients). 



1.8.3 IMAGE RESTORATION 

Image models have also been used in restoration of images blurred due to 

motion, atmospheric turbulence etc. Image restoration may be viewed as an 

estimation process in which operations are performed on an observer or 

measured field to estimate the ideal image field that would be observed if 

n'o image degradation were 'present in an' imaging system. 

There are two basic appro~ches to ~he modelling of image degradation 

,effects: a priori modelling and a posteriori modelling. In the former case, 

measurements are made on the physical imaging system, digitizer and display 

to determine their response for an arbitrary image field. In some instances, 

it will be possible to model the system response, deterministically, while in 
, \ ' , 

other,situations it will orily be possibl~ to determine the system response 

in a stochastic sense. The posteriori modelling approach is to dev~+op the 

model for the image degradations based on measurements of a particular image 

t~ be restored. Basically, these two approaches differ only in the manner in 

which information is gathered to describe the character of the image 

degrada tion. 

,', 

1.8.4 IMAGE DATA COMPRESSION,:", PICTURE CODING 

The trend 'in image transmission and storage is to use digital instead of 

analog techniques. This is ,because of the many inherent advantages of 

digital communication systems iil the case of transmission and the 

flexibility of digital computers in the case'of storage. An encoding scheme 

_ widely used for the transmission of digital signals is pulse code modulation 
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(PCM). Suchan encoding scheme gel1erally involves the sampling of the analog 

. input signal at a uniform rate and encoding the samples in a binary 

~ode~(see ~h~Z) PCM techniques require a high data rate for the transmission 

of images. Therefore, ma·ny digital schemes have been explored in order to 

reduce the capacity requirements of the digital image communication systems. 

In picture compression one needs to represent a picture by uncorrelated 

data, and this can be achieved by using some reversible linear 

transformations. The data then mustbe ranked according to the degree of 

significan~~ of their contribution to both the information content and the 

subjective quality of the picture. Once such a ranking is achieved then 

'ii' those elements of the data that are unimportant from the point of view of 

the grey scale and the spatial resolution capabilfty of the receiver can be 

neglected (~ee section 1~4). 

Transform ,coding techniques use FFT,KLT or other orthogonal transform 

model~.If.wedo not limit ourselves to linear orthogonal transfor~~tions, 

there are other techniques which achieve the same result. One such technique 

which has ·the advantage of easy' implementation is predictive coding (The 

.models have ,been· dicussed: in 1.6 ) Differential Pulse Code Modulation or 

.DPCM, or Adaptive DPCM are used most frequently (see Ch:2). A DPCM encoder 

uses a linear prediction to generate a differential signal, then quantizes 

the 'signal with a quantizer that is designed for the probability density 

function of this signal. Both DPCMandtransform coding techniques have been 

u~ed with some success in coding pictorial data. A study of both these 

systems has indicated that each technique has some attractive 

cha~acteristics and some limitations. The transform coding systems achieve 

superior coding performance at lower bit rates, they ~istribute the coding 

degradation in a manner less objectable to a human viewer and show less 
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sensitivity to data statistics. DPCM systems on the other hand, when 

designed to take advantage. of spatial correlations of the data, achieve a 
\ . 

better· coding performance at a higher bit rate. The equipment complexity and 

~he~delay due to the coding operations are minimal. Perhaps the most 

desirable characteristic of this system is the ease of design and the speed 

of operation. 

A hybrid coding system that combines the attractive features of both 

transform coding and DPCM systems has also been used. This system exploits 

the.correlation of the data in the horizontal direction by taking a 

one-dimensional transform.of each of line of the picture, then operating on' 

each colorimof the.transformed data using a one-element predictor DPCM 

system. 

For pictures in which the number of possible grey levels, is small and which 

are composed of only a few regions each having a constant, grey level" 

anefficien:t method of compression isco~tour coding [33]. Th'is involves 

tracing of the contours or boundaries between the constant grey level 

regions and sending only that informations to the receiver which would 

enable it .to reproduce these contours. 

Another method of compression for pictures composed of few regions each 

having constant or slowly varying grey level is run-length coding [30], 
" 

[31], [32]. Here raster scanning·ofthe picture followed by Quantization 

will give rise to a relatively small number of "runs" of constant grey 

level, and, "the picture can beencoded by specifying lengths, or equivalently . . "',' \ 

the. positions, of these runs. 
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Another method of picture comprefision seperates a picture into "highs" and 

"lows'" [33]. Th,e "lows" picture is obtained by low-pass spatial filtering of 

'the picture. This results, in essentially an out-of-focus picture with no 

sharp'edges, i.e., a blurred'picture. By the two dimensional sampling 

theorem, this "lows" picture can be rep:esented by mu~h fewer samples than 

would have been needed for, the original picture. The "highs" signal is 

obtained by taking either the gradien~ or the Laplacian of the picture and 

consists of essentially the edges in the picture. A two-dimensional 

high-'frequency picture, also called the "synthetic highs", can be 

synthesized ,from this ed~einformation. This high-frequency information, 
, ' , 

,'when combined with 'the "lows"picture gives back essentially the original 

plcture. ,The "highs" pictu~e maybe efficiently transmitted by contour 

cod,ing edge infor~ation [3'3]. 

, , ' 

Roberts [34] has suggested a pseudo-r'andom noise modulation technique for 

picture compression. If a continuous picture is sampled at an array' 'of 

poi~ts, the samples usually need to be quantized to between 16 and 256 grey 

levels depending on the requirements of the user of the picture. If an 

att,empt is made to reduce the number of bits by making th~ quantization too 

"coarse~ the result is the appearance of artificial discontinuities (false 

contours) in the picture. These discontinuities are a result of the 

quantization noise, which is correlated with the picture samples. If 

uncorrelated random noise of the same rms value as the quantization noise is 

added to the original continuous ,picture, these discontinuities do not 

~ppear. Roberts used th,is observation in his pseudo-random noise modulation 

technique in which noise of uniform amplitude distribution, and peak-to-peak 

v,alue equal to one quantum step, is added to the picture samples before 

quantization, and the identical noise, is subtracted at the receiver. The 
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re,sult looks like an unquantized output, in which random noise of the same 

rms value has replaced the quantization noise (Dithering). Usable pictures 

are produced at 2 bits per picture ele'ment, fair ones at 3 bits and good 

ones at 4 bits. ,Roberts' system also has excellent performance in the 

presence ,of channel noise. 

~nother m~thod of picturecOnipression~ which is known as interframe coding, 

has been widely ~sed for te1evision signals. In a television signal a large 

fraction of pictur~ elemerit~ correspond to the background material and do 

not change from one frame to the next. On the other hand a relatively small 

number ofpicutre elements change 'from one frame to the next to convey the 
, . 

new information that is generated by a relative movement of camera with the 

object in each frame. From a statistical viewpoint, the similarity of pixels 

from one frame to the next corresponds to a high level of interframe 

correlation. Thus the statistical coding techniques exploiting the spatial 
,. 

correlation of the data which were considered for coding singles frames of 

data, could be extended to take advantage of the frame-to-frame correlation, 

further reducing the bit rate requited to transmit the data. The design of 

thesesy~tems is based on the fact that only a small percentage of picture 

poirits in~. television signal ~hange in successive frames [35] ~ [36], [3], 

[37] 

,picture,compression is the most important application where image models 

have probably had the most significant impact. Causal prediction models (see 

sectiori ·1.6) have b'een used ~ostwidely in the design of interframe and 

interframepredictive or the so"";called DPCM coders. Semicausal models have 

been employed in transform DPCM coding. Noncausal models give rise to 

transform coding algorithms which have been found to give high performance. 
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·The.prediction model parameters-determine the coder design details such as 

quantizer design, bit allocation, optimum transform, etc. In chapter 2, the 

·most common picture coding techniques, PCM, DPCM, ADPCM, will be given in 

more detail. 

1.8.5 EDCEEXTRACTION, PATTERN RECOGNITION 

In examining a picture, one is very of ten. interested only in exracting from 

it ~ description of what it depicts; this is the problem of pictorial 

p~ttern r~cognition. The desired description may be merely a classification 

of the picture into one of a small set of prespecifi~d classes, in this case 

it can often be accomplished by measuring various properties of the picture 

as a whole. 

An image fe-ci:ture or an edge is adistfnguishing primitl. ve characteristic or 

a~tributr'of .n ~mage field. Soci~ feat~res are natural in the sense that 

suc,h features are definedpy the visual appearance of an image, while other 

so-called artificial features resu~t from specific manipulations or 

measurements·of·an image. Natural edges include the brightness of a region 

of pi~els, edge outlines of objects, and grey scale textural regions. Image 

amplitude histograms and spatial frequency spectra are examples of 

artificial features. Many pictorial pattern recognition problems involve 

more than 'just the assignment of:a picture to one of a set of prespecified 

.classes; ·they require a description of the picture, where the number of 

possible descriptions is so large that it makes it impractical to regard 

each description as defining a class. Typically, a description refers to 

various subjects of the picture, "objects", and specifies properties of 

these subjects. To arrive at such a description, an automated pattern 



recognition system must be capable of s~ngling out the appropriate picture 

subjects, -"segmentation". There is no universal method of segmenting a, 

picture; many different types of subjects can l?e "objects", depending on the 

"I; type of description that is required. Noncausal models are very oftenly used 

for edge extraction and pattern recognition methods. In chapter 3, edge 

extraction (edge detection) techniques will be studied in detail. 

1.9 CONCLUSION AND SUMMARY 

This chapter has briefly presented several mathematical models which have 

been us~d, arid are of potenti~l use in image processing. Typical problems in 

image processing havealso,be~n discussed and the solutions and applications 

of these problems have been summarized. Several mathematical models like 

serie,s expansion, one-dimensional AR, state variables, the causal, 

'semicausal,and noncausal'prediction models and'type of applications like 
, . 
coding techniques, image enhancement were included in the discussion. It is a 

imppssible to cover all the important aspects of image processing in this 

study. But, the reader is referred to the bibliography for more detailed 

iriformati,on about the topics, which have been briefly mentioned in this 

chapter. Several important aspects of image processing will be 'discussed in 

more detail in the succeeding chapters. 
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II. PICTURE CODING TECHNIQUES 

The advantages of· coding a·.signa1 digitally are well known and are widely 

discussed in the literature. Briefly, digital representation offers 

ruggedness, efficient signal gen!'!ration, the possibility of combining 

transmission and switching functions; and the advantage of a uniform format 

for different types of signals. The price paid for these benefits is the 

need for increa'sed bandwidth. Here some techniques of waveform coding will 

be discussed. The discussion will be confined to the encoding of image 

waveforms by means· of a straightforward reconstruction of the waveform: 

specifically by means of the closely related discrete-time, discrete 

amp1itude.representation known as Pulse Code Modulation (PCM) and 

])ifferentia1 Pulse Code Modulation (DPCM). These techniques are appropriate 

for the communication of any band limited time function. 

Although the main subject. of this. work is the investigation of the various 

Image Tr~~smission Techniques, ,this chapter will handle the coding 

techniques ,?uch .as quantization, .PCM or DPCM in a broad sense because of two 

reasons: 

1- PCMorDPCM are used for digital speech communication as well as for 

digital image transmission. In fact~ there are ~any more studies about 

speec.h processing than iinage processing. Then it is preferred to examine PCM 

and DPCMtechniques in more general sense. 

2-As mentioned earlier, the computer which is used for this study has 

limited memory and storage capacity and also has no ability to drato! pictures . .' 
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as differences of grey lev~liriterisities. Because of these limitations, the 

pi,cture coding techniques mentioned above were tested on one-dimensional AR 

model sequences which are very suitable models for image coding techniques. 

(see chapter 1). It must be kept in mind that if a coding technique is 

applied on a real continuous image, the system in which this process is 

performed must have a two-dimensional filter, two-dimensional sampler, 

two-dimensional quantizerand. a scanner. A scanner transforms a 

two-dimensional array of samples into a one-dimensional sequence. 

In section 2.1 the concept of quantization is discussed in detail and 

different,types of quantizers Will be given. In section 2.2 the general 

. theory of ~e~uantial or differential qbantization is considered, then in 

sectiori 2.3.a brief.e~planation6t linear predictors is given. In the next 

section (2.4)'Pulse Code MO,dulation(PCM), Differential PCM, Adaptive DPCM 

are ,discussed. In the last section'· the computer simulations of PCM and DPCM 

techniques are introduced and some examples of outputs are given. A package 

program which includes dffferenttypes of quantizers, different types of 

waveforms and coding techniques is introduced. 

2.1 QUANTIZATION 

"I' In order to transmit the sequence of samples over a digital communication 

channel or to store them in a digital memory or to use them as the input to 

a·digital signal processing algorithm, the sample'values must be quantized 

·toa finite set of amplitudes so that they can be represented by a finite 

set of symbols. 

Qti~ntization begins ~ith the availability of analog samples. Each sample may 
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'Ii"~ in general take on any of a conti~uum of amplitude values ranging from -00 

to +00 • The quantizer replaces each' of. these sample values with an output 

value which is an approximation to the original amplitude. The key feature 

is that each output value.is one of a finite set of real numbers. Hence a 

symboi from a finite alphabet cilO'be used to represent and identify the 

particular output value that occurs. A distinct B-bit binary word can be 

ass~ciated with each output value if the set of output values contains no 
.... B 

more than 2·members. With this procedure a sequence of analog samples can 

'be transformed into a.sequnce of binary words suitable for storage, 

transmi~sion, or some other form of digital signal processing. A receiver 

having' the .. table of output· values (sometimes called "quanta" or "quantum 

leve!ls") associated with the set of binary words', can then reconstruct an 

. approximation to the original. sequence of samples. 

It is generally desirable to maintain the bit rate as low as possible while 

maintaini~g a required level of quality. For a given waveform bandwidth 

(such asspee~h or image intensity), the minimum sampling rate is fixed by 

the sampling theorem. Therefore, the only way to reduce the bit rate is to 

reduce the number of bits/sample. For this reason, here a variety of 

techniquE7's for quantizing a. signal will be discussed. 

In general it'is reasonable to assume that the samples { x(n) } will fall in 

a finite .range of amplitudes suchthilt 

Ix(n) I ~ Xmax .' (2.1) 

for convenience, it may be desirable to assume that Xmax is infinite as for 

example when we assume a particular form for the probability density 
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function cif' the amplitudes,of'x(n~, such as the Gamma or the Laplace 

distribution. However" the:assumption of a finite range of amplitudes is 

more realistic. The quaritity Xmax i,s a parameter of the quantizing system, 

which specifies the "loading factor" of the system, i.e., the amplitudes 

beyond which all samples are clipped. In order to avoid overloading and 

clipping a "dynamic range" for the quantizer must be defined. This is 

related to a (variance of the input signal). It can be easily shown that x 

only 0.35%' of samples would fall outside the range if the dynamic range is 

where 

-4ax ~x(n) < 4ax, 
N ' 

ax= liN L' i 
i.l I 

N=total number of 'samples ' 

(2.2) 

(2.3) 

which is ,also known as the "peak to peak range". For the Laplacian density 

the peak to' peak ra,nge of the quantizer will be 2(4ax ). 

The,process 'ofqua~tizingand coding is generally depicted as in 

,Fig 2.1. 

/ 
x(n) 

c(n) c'(n) 
~ ......... ~ ........ . 
/ 

/ 

6.' 

Fig.2.( Process of quantizing and coding 
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where { x(n) } represents input ~amples 

{ x(n) } represents quantized values of input samples 

{ c(n) } represents code word 

!J. represents quantization step size at the transmitter side; 

and { x'(n)- } repr'esents input samples 

{ c 'en) } represents code word 

!J.' .represents quantization step size at the receiver side. 

,Quantizers can be ,classified as: 

ZerO' ,..ternary Quant. 1~U'8nt. with rn£1i70n," 

~' 

ltliforPl 

Clptil'JJl'I 

HOnuniforM FeedbECk 
adaptive 

/' 

Ja.ySl'lt a.l gort. B1 CICI< QUSd'"it. 
(QUSJlt. wi t.h 

1:-word MeMory) 1 
LDgari tl'V'lic 

(COI'Ipending) 

Feedfor~~ 
aaaptlve 

". t·~ ). \.\ I 

s;'=luentia1 or 

Di fferentia1 quarat 

-DPL7vI 

-OM 

The s:impiest and most common form of quantizer is the zero-memory quantizer • 

. Inthis case, the output value'is determined by the quantizer only from one 

corresponding input sample, independent of the values, taken on by earlier 

(or later) analog samples, applied to the quantizer input. 

The types of quantizerswhich are defined as zero memory quantizers in the 

::above table can be transformed into adaptive quantizers ~y.adding memory to 
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the configuration of the circuit. In the case of adaptive quantizers, the 

output values are determined by the quantizer from the values taken on by 

earlier (or later) analog samples applied to the quantizer input.' 

A more sophisticated quantizer is the one' which looks at a group or "block" 

of input samples simultaneously and produces a ~lock of output values, 

chosen fro~ a finite set of possible output blocks, approximating the 

corresponding input sa~ples. In general, for a given number of bits per 

samplerepresen~ingthe output values, a better quality approximation can be 

achieved by block quantization. 

2. 1 '. 1 ZERO MEMORY QUANTIZATION 

. 
A zero memory N-point quantizer Q may be defined by specifing a set of N+l 

decision, levels x ,x , ••• x and a set of output points x ,x , ... x . When the 
, , 0 1 N 1 2 N 

value x of an input sample lies in the jth quantizing interval, namely, 

,the', quan~izer p~oduces the' output value 

of a quantizer has a staircas'e form. 
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The input-output characteristic 
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Fig).2I10 crI8r:3.cteristics: of 3-bit quantiz'3r 

UNIFORM'QUANTIZATION 

The quantization levels and ranges are generally distributed uniformly. Thus 

x '-x =11 n n-l 
(2.5) 

x -x =11 n n-l 
(2.6) 

where 11 is the quantization stepsize. Two common uniform quantizer 

characteristics are shown below'and the value of the quantization levels and 

stepsizes are shown in Table (2~ 1). ,(Midtread and Midrise uniform quantizer 

output and decision values). Values are calculated according to Eqn (2.9) 

'where Xmax' = 4 CJ.x. 
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Fig 2.3 Two common uniform quantizer characteristics 
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QUSJitizing noise 

Fig.2.4 Additive noise model of quantization 

Here· the quantization error is e(n)=;:x(n)-x(n) for the nth sample. 

58/2 '( !l/2 ':< 

If we interpret the binary code words as a sign-magnitude representation 

with the left-most bit being the sign-bit,then the quanti~ed samples are 
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related to the code words by the· relationship 

A·· ·11 
x(n)= T sigrt (c(n»+ 11 c(rt) (2.7) 

where sign (c(~»· is equal to +1 if the first bit of c(n) is 0 and -1 if the 

first bit of c(n) is 1. Similarly, .. one can interpreted the binary code words 

in Fig 2.3b as a 3-bit two's complement representation, in which case the 

quantized samples are related to the code words by the relationship 

x(n)= 11 c(n) (2.8) 

"I;·· This .latter method of assignment of code words to quantization levels is 

most commonly used when the sequence of samples is to be processed by a 

signal processing algorithm which is implemented with two's complement 

a,r.ithmetic, since the code words can serve as a direct numerical 

presentation of the sample values. 

For uniforniquantizers there are only two parameters: The number of levels 

and the quantization stepsiZe l1 • The number of levels is generally to be of 

the form 29 so as to· make the most efficient use of B-bit binar~ c·ode words. 

Together, 11 andB must· be chosen so as to cover the range of input samples. 

If· we assume. that Ix(n) I·~ Xmax, then we should get 

2Xmax= 112B . (2.9) 

IE 11 and B are chosen as in Eq.(2.9) then quantization error e(n) will be 

restricted to the interval: 

(2.10) 



PERFORMANCE MEASURE = SNR 

In order to compute .the strengh of the noise'on images it is convenient to 

. compute the signal-to quantization noise ratio defined as 

Cfi 
SNR = ---

a· 2 -e , 
{E i(nd 
{E i(n)} 

2 
x (n) 
2 

e (n) 
(2.11) 

in its'simple form. Since the quant~zation error is modelled asa random 

vad.able,a measure of. the .per~oimance ofa quantizer must be based on a 

··statistical average of some function of the error. Then we can define SNR 

which is related,to the mean-square distortion measure D, defined as 

• 2 . em (I)' (I) 2 
D = ae = ) [Q(x)-x] p(x)dx = Sel p(x) dx= ) (x-x) p(x) dx (2.12) 

,-(I) -(1)-(1) 

where Q(x) is' the output characteristic of thequantizers. This quantity can 

be used to measure the degradation introduced by the quantizer for a fixed 

input pdf p(x). SNR is often defined as 

SNR 
, 2 

= 10 log (ax / D) 
10 . 

(2.13) 

where (1; is the variance of the input samples. In most applications'of 

quantization, the number of levels N is very large so that a sufficiently· 

high SNR'is obtained~ A useful formula for mean-squared error can then be 

.used. Eq.(2.12) .. can then. be written in the form, 

N 
D =:r 

n=1 
(2.14) 



.. by braking up ,the region of integration into the separate intervals Rn and 

noting that Q(x)= xn when x is inRn. For large N each interval Rri can be 

made very small. Then it 'is· reasonable to approximate the probability 

density p(x) as being constant within the interval Rn. On setting p(x) -

p(xn) when x is in Rn and approximating p(x) ~ 0 for x in the overload 

regions (Rl'& R
N
), the integral for each term of the sum in Eq.(2.14) is 

readily found and we get 

. N:.l , 3 
D = 1/12 'l p(x)1:::. 

n:2· .n n 
(2.15) 

. where I:::. .;, ,x -x· . the 1~. ngth of interval Rn. This approximate formula is n , n n-l' ., 

.based on the ass~mption.that, for ·large N,a sufficient number of quantizing 

levels are available for boththe'granularity and the overload noise to be 

very small • 

. The staircase, quantizer characteristic of the uniform qtIantizer has equal 

. width and equal height steps. The expression for mean-square error 

simplifies to 

2 N-l 
D = Ii /12 n~2 p( xn )1:::. (2.16) 

But 

(2.17) 

.. So· that 

(2.18) 

.Thl.ls, the mean-square destortiori of a uniform quantizer grows as the square 

of. the stepsize.Thisis perhaps the: most often used result; in Quantization. 
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As mentioned above, thepeak-to~peak range quantizer range is assumed to be 

2Xmax, t~en, for a B-bit quantizer, we get 
B 

/!,.= 2Xmax / 2. Then 

2 2 . ,,2. xm 
D = C'e ~Ll/12 =.~ 

. (3)2 . 

Substi tilting Eqn (2.19) into Eqn. (2.11 ) gives 

SNR = 
28 

(3)2 

or expressing the signal:-to quantiZing noise in dB units 
'"'~ 

SNR(dB) 

SNR(dB) = 

1'0 log10[ ~~ ~ 
6B + 4.77 - 20log 

. 10 

.If we assume that the quantizer range is such thatXmax 

eq.(2.22) becomes 

SNR(dB) = 6B -7.2 

(2.19) 

(2.20) 

(2.21) 

(2.22) 

4Ux, thep. 

(2.23) 

.Eqri(2.23.),.which states that each bit in the code word contributes6dB to 

. the signal"';'to-noisl;! ratio~ 

in order to maintain afidel,ityo~ representation with uniform quantization 

that. is' acceptable perceptually:, it is necessary to use many more bits than 

might be implied by the previous analysis in which we have assumed that the 

signal is stationary. For example, whereas Eqn(2.23) suggests that B = 7 

.would provide about 36 dB SNR , which would· most likely provide adequate 

- quality i'n a communication system, it is generally accepted that about 11 
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,bits ~re re'quired, to pro~icie high quality representation of speech signals . , 

with a uniform quantiier. 

An exampl,e to uniform mid-riser quantizer will be given in section 2.5. An 

ARmodelwaveform, which is explained in section 1.5, is used as an input to 

the,quantizer. 

For all of the above reasons, it would,be very desirable to have a 

quantizing system for which the SNR was independent of the signal leyel. 

That, is; :rather than the error be:i.ng of constant variance independent of 

signal amplitude as for uniform quantization, it would be desirable to have 

a, ccmstant percentage error. This can be achieved by using a non-uniform 

distribution of quantization ,'levels. 

NON;"'UNIFORM'QUANTIZERS 

The use of a non":'uniform,quantizer is equivalent to taking compressed 

signals as an inp'ut to uniform ,quantizer and a subsequent expansion of the 

output. ' 

Con'sider a non-uniform quantizer with the feature that the stepsize 

increases as we go away from the center of the (zero-mean) quantizer. The 

advantage of such a quantizer is that without increasing the total number of 

quantization levels (arid hence the needed bit rate), one can allow large end 

steps in the quantizer to take care of,possible excursions of the signal 

into the (relatively iIlfrequent) large amplitude ranges. Equivalently, for a 

given quality ofencodiilg, over a specified dynamic range of the signal, a 

nonlinear :quantizer permits 'a reduction of the bit rate. For example, the 
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logaritmic quantizer of Smith [47] can typically be designed to provide 

waveform'quantization with 128 levels or 7 bits per sample, while a uniform 

qu~ntizer needs about 11 bits for a similar performance. 

LOGARITMIC QUANTIZER 

',As mentioned above, it would be very desirable to have a quantizing system 

for which the SNR was independent of the signal level. That is, rather than 

the error being of constant variance independent of the signal amplitude as 

for uniform qu~ntization, it would be desirable to have a constant 

percentage error. In ord'er to have a constant percentage error, either the 

quantiz~tion levels must' be, logai:itmically spaced or the logarithm of the 
, " 

input: should be quantized rather than'the input itself. 

X(n) 

C' (0) 

, y"(n) "I ' I 
~----'---:l QUAHTIZER ------:-----:fI 

L..-_-'---' ' "'-------"...,---' 

SI,GN [ X(n) ] 

'(a) 

SIGN [ XA
• (n)] 

: (b) 

Fig.2.5 Block diagram of logarithmic quantizer 
(a) coder, (b) decoder 

The procedure which is used in this study is the following: The logarithm of 

the input samples are takeri.Signof the original input values x(n) are 

1.2 



saved. 

y(n) = In Ix(n)\ (2.24) 

. Then the y(n)'s are quantized by a uniform quantizer. The inverse 

transformation is 

x(n) = exp [y(n)] sign[x(n)] (2.25) 

where sign[x(n))" is + if x(n)·is positive, and - if x(n) is negative. Now 

·the qmintizeOd log magni~ude is 

~(n) = Q[loglx(n)l] 

~(n) log Ix(n) 10 +e(n) 

(2.26) 

(2.27) 

where.we have assumed as before that e(n) is independent of loglx(n)l. The 

inverse of the quantized log magnitude is 

i(n) = exp[t(n)]sign[~(n)] 

i(n) = Ix(n)1 sign[x(n)] exp[e(n)] 

i(n) x(n) exp[e(n)] 

if e(n} is small, we can approximate the above equation by 

'i(~) ~ x(n)[l+~(n)] = ~(n) + e(n)x(n) = x(n) +f(n) 

(2.28) 

(2.29) 

where f(n) = e(n)x(n) ~ Thus, since x(n) and e(n) are assumed to be 

independent 

(2.30) 
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and SNR = a2 
f 

at"" e 
(2.31) 

That is., the SNR is independent of the signal variance. I't depends only upon 

the stepsize. The simulation results of the logarithmic quantization will be 

giv~n in s~ction 2.5. 

OPTIMUM.QUANTIZATION 

The.10garithmic quantizer strives to achieve constant SNR over a wide range 

" of signal variances. As we have just seen this is achieved at some sacrifice 

over the SNR performance that can be achieved if the quantizer stepsize is 

matched with the variance of the signal. In cases where the signal variance 

is known, it is possible to. choose the quantize-r levels so as to minimize 

th~,quantizatio~ error. 

·For applications where one particular probability density function is known 

to describe adequately ,the distribution of input samples to be Quantized, it 

is natural' to seek the best possible. quantizer characteristic for that 

·,density .. ·~o approach~s liave bee~ taken to solve this prob1~m: One uses the 

assumption that N is large and leads to explicit solutions; the other is 

valid .. for any N and leads to algorithmic procedures for finding the optimum 

. decision levels and ou~put points. 

In 1960,Max [48] formulated the necessary conditions for optimality for a 

kth absolute mean error criterion. He examined the optimization of the 

stepsize' for uniform quantization. Max also tabulated the optimum Quantizer 

levels for the Gaussian distribution, for various value's of N. 
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For the mean-square error criterion, with some fixed values of N, the 

necessa;ry conditions for. optimality on the va,lues of x ,x , •••• ,x and x, ,x
2 , 2 N-l 

, ••• ·.,iN.are found simply by setting the derivatives of D with respect to 

.. each of 'these parameters .to zero.· The resulting conditions are as follows. 

1- Each output level' of .~ must be· the centroid or center of mass of the 

interval Rn withrespec~ totheinput.density p(x). In other words, xn is 

. the conditioncit mean value of the input random variables x given that x is 

in the region Rn. 

2- Each decision level x . must be half way between the two adjacent output n 

points •. 

. These conditions do not give the optimum values explicitly. Since the value 
,-

of the output point xn for an interval Rn depends on the value of the 

decision levels xn_
1 and xn defining Rn, and the decision level xn depends 

on the output level xnand. xn+l. 'However, these conditions are used.in Max's 

algoritrmfor computing 'iteratively a set of parameters that simultaneously 

sattsfyboth conditions •. Using the Max algorithm, Paez and Gl:i.ssen [49] 

tabulatep the optimum cjuantizer'parameters for the Laplacian and·a 

pa~ticul'ar form of the' Gainma density. It can be shown that 

d 
~[log p(x)] <. 0.· (2.32) 

for all x~ in other words, if log p(x} is concave, then only one quantizer 

exists which satisfies the Max conditions 1) and 2) and that quantizer is 

'indeed optimal. It should be noted that the converse is not true, so that it 
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i~possible to have a density p(x) not satisfying Eqn (2.32) and yet a 

unique optimal quantizer may exist. Eqn (2.32) holds for the Gaussian 

density as well as for. many other. common densities. Hence, the tabulated 

quantizer parameters, given by Max for the Gaussian density, are in fact 

. unique and optimal. 

Table' (2.·2)' shows optimum 'quantizer parameters for Laplacian, Gamma and 

Gauss .densities. These numbers' are derived assuming unit variance. If the 

variance.of the input·is a; then the numbers in the table should be 

niultiplied by ax • 
~----------------------~--------------------------, 

--4 -3 -2 -1 0 2 3 4 . 
i7. 

;1",. 

3 ~ .. ----... - .... - - -r-----------

2 . 

I..: CD • .1..- __ ~. __ 

!:. 
.:T, 

-2 

.\ : 4 

Fig 2.6 Density function and quantizer characteristic 

for Laplacian density function arid 3-Bit quantizer 
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Fig 2.6 shows a 3-bit quantizer ,for a Laplacian density. It is clear from 

th,is figure that the quantization levels get further apart as the 

probability density decreases. This' is consistent with intuition which would 

suggest that the largest quantization errorp'should be reversed for the 

least frequently occuring samples. 

o 
• 100 1 10 

NUMBER OFLEVELS 1M) 

Fig 2.7 Optimumstepsizes for a uniform quantizer 

for Laplace, Gamma and Gaussian density functions 

Fig 2.7 which 'is taken from the study of Max [48], shows the optimum step 

size for uniform quantizers for Gamma, Laplacian and Gauss densities. It is 

cle~r that, the step size decreases roughly exponentially ~ith increasing 

number of'bits. 

In transmission systems during periods when there is no signal, i.e., the 

idle channel condition, the input to the quantizer is very small (assuming 

low noise) so that the output of the quantizer will jump back and forth 

between the lowest magnitude quantization levels. For a symmetric quantizer, 

if the ~owest quantization levels are greater than the amplitude of the 

background noise, the,'output noise of the quantizer will be greater than the 

input noise. 
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2.1.2 ADAPTIVE QUANTIZATION 

Better results are obtain if the quantization step size is chosen large 

,enough to' accomodate the maximumpea~-to-peak range of the signal. On the 

other hand it is also desirable to make the quantization steps small enough 

so as to minimize the quantizatiori noise. The'idea is to work with a basic 

quantizer which is very simple (uniform, if neccesary) but'to modify its 

step size by a factor depending on the knowledge' of which quantizer slots 

were occupied by the previous samples. 

In this section, some general principles of adaptive quantization are 

discussed and in later sections, some examples of adaptive quantization 

schemes in conjunction with linear prediction will be explained. 

The basic idea of adaptive quanti~ation is to let the step size ~ (or in 

general ,the quantizer levels and ranges) vary so as to match the variance 

of the input signal. 

c(n) 

,.~. 

X(n) '~( , I 
.,-----.;--.,..-7~ QUAtiTlZER .;...' ----'--~-71<~---' 

" L!.'(n) 

c(n) c:' (n) yh' (n) :C'(I 
y"'(rr) 

'\." L!. 
G(n), '-. G' (n) 

(b) ;-' 

Fig.2.B Adaptive Quantization a)Ve.r.step size rep."b)VaI.gain rep. 
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This is depicted in Fig (2.8a).An alternative point of view (in Fig (2.8b)) 

is. to consider a fixed quantizer characteristic preceeded by a time varying 

gain which tends to keep the variance constant •. In the first case the step 

size should increase and decrease with increases and decreases of the 

variance of the input. In the case of a nonuniform quantizer this would 

imply that the quantization levels and ranges would be scaled linearly to 

match the variance of the signal. In the second point of view, which applies 

without modification to both uniform and nonuniform quantizers, the gain 

changes inversely with changes in the variance of the input so as to keep 

the variance of the quantizer input relatively constant. In either case it 

is necessary to obtain an estimate of the time-varying amplitude properties 

of the input signal. 

In discussing adaptive.· quantizing schemes, it will likewise be convenient to 

classify them according to whether they are adapting slowly or rapidly. In 

one class of schemes the amplitude or variance of the input is estimated 

from the input itself. Such schemes are called" Feed-forward adaptive 

quantizers". In the other class of adaptive quantizers the step size is 

adapted on the basis of the output of the quantizer, x(n), or equivalently, 

I 

on .the basis of the output code words, c(n). These are called feedback 

quantizers. 
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FEED-FORWARD ADAPTIVE QUANTIZATION 

c' (n) 
X(n) '- I I x~ (n) 

~IAlmZER ---~ 
"" X"" (n) 

1---:1-
/ 

STEPSIZE 
ADAP. 

stSTEM 

c.(n) 
r-~------------L----} 

/' 

~'(n) 

Fig.2.9 General Representation of Feed-forwarcl quantizers 
Coders and decoders 

The ab()ve figure depicts a general representation of the class of 

feed-forward quantizers. For convenience, we assume that the quantizer is 

uniform so that it is sufficient to vary a single step size. parameter. It is 

straightforward to generalize this discussion to the case of nonuniform 

quantizers. The step-size ~. (n), used to quantize the sample x(n), must be 

available at the receiver. Thus, the code words c(n) and the step-size ~ (n) 

together represent the sampl~ x(n). If c'(n) = dn) and ~ 'en) = ~ (n) then 

i'(n) = i(n), but, if c'(n) ~ c(ri) or ~'(n) '" ~(n), Le., if there are 

errors in transmission then i'(n) ~ i(n). The effect of erro~s will depend 

upon the details of the adaptation scheme. 

Fig.2AO General feed-forward adaptive quantizer 
',AJith a time \/8Iying Gain 

Fig 2.10 shows the general feed-forward adaptive quantizer represented in 
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terms of a time-varying gain. In this case, the code words c(n) ~nd the gain 

G(n) together represent the sa~ple. 

Most systems of this type attempt to obtain ,an estimate of the time-varying 

variance. A common approach isto'assume that the variance is proportional 

tO,the short-time energy, which, as we have'seen, is defined as the output 

ofa low-pass filter with input x2 (n). That is, 

2 
a(n) = 

to 
2 x2(m) h(n-m) 

m=-to 
(2.33) 

"I' where hen) is the impulse response of the low-pass filter. (For a stationary 

2 
inpu~ sig~al, it can be eastly shown that the expected value of a (n) is 

proportional to the variance a; ) , 
A simple example is 

hen) l
,n-t 

=0:: 

o otherwise ,(2.34) 

u:;iing this in equation (2.33) gives 

n-l 
2 ! (2.35) 

m:-to 

It can be shown that the' a2
(n) in equation (2.35) also satisfy the 

222 
difference equation a (n) =o::a (n-l) + x (n-l) (past samples). For 

stability w~ require 0 (0:: ( 1 ~ The step size in Fig (2.9) would therefore 

be of the form 

(2.36) 
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or the time-varying gain in Fig (2.10) would be of the form 

G(n) = 
Go 

a(n) 
(2.37) 

The choice of the parameter <X controls the effective interval that 

,contributes to the variance estimate. It is important to consider the lowest 

, possible sampling rate for the gain, since the information rate of the 

digital representation is the sum of the information rate of the gain 

function. The. gain 'function (or step size) as used in Fig (2.9) or (2.10) 

must be sampled and quantized before transmission. 

To permit quantizing and beeause of constraints of physical implementations, 

it is common to limit the variation of the gain function or the stepsize. 

That is, we define limits on G(n) and 11 (n) of the form 

Gmin <G(n) < Gmax (2.38) 

11 mi n ~ 11 ( n) ~ 11 max (2.39) 

It is, the ratio of these limits that determines the "dynamic range" of the 

system. Thl,ls, to obtain a relativelr constant SNR over a range 40 dB, 

requires Gmax/Gmin = 100 or ,l1max/l1min = 100. 

An example of the improvement inSNR that can be achieved by adaptive 

quantization is given in a comparative study by Noll [SO]. A feed-forward 

scheme is considered in which the variance estimate was 

2 ' 1 n+M-l x2, (m) a (n) = - 2 
M m=n 

(2.40) 
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The gain or stepsize is evaluated and transmitted for every M samples. In 

this case the system requires a. buffer of M samples to permit the quantizer 

gain or stepsize to be determined in terms of the samples that are to be 

quantized rather than in terms of past samples as in the previous example. 

Table 2.3~ which is taken from the study of Noll [50], shows a comparison of 

. . 
various 3-bit quantizers with a speech input of known variance. The first 

column lists the various quantizer types. The second column gives the SNR 

ratios with no adaptation. The third and fourth columns give the SNR ratios 

for stepsize adaptation based upon the variance estimate of Eq.(2.~0) with 

M=128 andM=1024, respectively. 

tbxnifOnl~.1 Non8dapti l.JE: I A(l'ap t i ',Ie, r1=12;3 I Adapti l,l€:. H=i02:l! t 
I SN~:· e:lE;) i :~nR ((lB) Sf;!:: < ,jE;:~ ~ 
I ! I 

GSJ.JSS i $!"I 7.3 i 15.0 I 1 -, • i 
..!.L • .1. ~ I 

i 
l 9.9 i 13.3 '1 -""I I-I La.place I· .:..f...c' I I , ! 

I I ltIifonl ~- ! 
i -t 

6"7 14.7 11.3 
J 

GSJ.JSS i $!"I I I I 

I 
I 

I Laplace 7.4 13.4 I l ' c 

I 
..I. 1.._) 

Table· 2.3 Adaptive 3-bit Quantizat.ion ~/iit.t'i F e.e.(;fOl"'."r'8Hi ACi8.p . 
. ( After hJollBo] ) 

It c·an be readily seen that the adaptive quantizer achieves up to 8.0 dB 

better SNR. Thus, it is evident that adaptive quantization achieves a 

definite advantage over fixed nonuniform quantizers. An additional advantage 

is, that by appropriately choosing~min and ~max it is possible to achieve 

, the improvement in SNR while maintaining low idle channel noise and wide 

dynamic range. 

Examples of feed-forward adaptation Will be given in section 2.5 
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FEEDBACK ADAPTATION 

The second class of adaptive quantizers is depicted in Fi~ (2.11) and (2.12) 

where it is noted that the variance of the input is estimated from the 

quantizer output or equivalently from the codewords. 

GAIN 
L.......,...;.-----'--------l ADAPTATION 

SYSTEM '. G(n) 

Fig 2.11 Genera.! Feedback adaptation of time v8r~lin~1 gains 

x(n) 

STEPSIZE 
L....------....L....1 ADAPTATION / 

A(n) 
L..-___ ....J ... ". 

c· (n) 

STEPSI2E 
, ADAPTATION 

Fig.2.12 General feedback aclaptation of step size. 

As in the case of feedforward systems, thestepsize and gain are 

a'(n) 

proportional and inversely proportional respectively to an estimate of the 

standard deviation of the input as in Eq (2.36) and (2.37). Such schemes 

have the distinct advantage that the stepsize or gain need not be explicitly 

retained or transmitted since they can be derived from the sequence of 

codewords. The disadvantage of such systems is the increased sensitivity to 
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errors in the codewords, .since such errors imply not only an error in the 

quantizer levels but also in the stepsize. 

One simple approach is to apply Eq (2.33) directly to the quantizer output, 

2 
0" (n) 

CD 

2 x2{~) h(n-m) (2.41) 
m=- CD 

In this, case, however, it will not be possible to use buffering to implement 

a, noncausal~ilter. That' is, the variance estimate must be based only on 

~ast values of x{n) since the present value of x{n) will not be available 

untl1 the quantization has occured, which in turn must be after the variance 

has been estimated. For example, we could use a filter whose impulse 

response is 

{ n-l 
h(n) ~ l: n ~ 1 (2.42) 

otherwise 

as in Eq{2.35). Alternatively,the filter might have an impulse response 

(2.43) 

otherwise 

so that 
ri-1 2 

11M2. ux (m) 
m+n-fYl 

(2.44) 

This system is studied by Noll; who found out that with suitable adjustments 

of the constants ~Oand GO in Eq (2.36) and (2.37) a SNR ratio of the order 

of 12 dB could be obtained for a 3-bit quantizer with a window length of 

only two samples. Larger values of M produced only slightly better results. 
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·A different approach has been s~udied extensively by Jayant. In this method 

the stepsize of a uniform quantizer is adapted at each sample. 

JAYANT ALGORITHM (Quantization with one word memory) 

More recently studied, and presumably more flexible, means of matching 

quantizer step size to signal variance is the use of step size adaptation 

based on quantizer memory. The idea is to work with a basic quantizer that 

is very simple (uniform if necessary), but to modify its step size (for 

every new input sample, in general) by a factor depending on the knowledge 

of which quantizer slots were occupied by the previous samples. 

In its simplest form, the scheme operates with a one word' memory. Let the 

output of a B-bit (uniform) quantizer be 

H.~ 
n 2 where Hn 

8 
1,3,5, ...... ,2 -1 (2.45) 

and 

The step size ~1 is chosen to be .the previous step size mUltiplied by a 

time-invariant function of the. code word magnitude IH I n 

(2.46) 

When the mutiplier function is properly designed, the adaptation logic 

serves to match the step size, at every sample, to an updated estimate of 

signal variance. Fig (2.13) explains a 3-bit adaptive quantizer. 
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Fig 2.13 Adaptive quantizatioil"':'I/O characteristics 

of Jayant'sQuantization Scheme 

'. Shown in the figure are the eight possible values of (the latest) coder 

output (000 through 111) and the c~rresponding step size multipliers M. Note 

that the value of M de~ends on the magnitude of (the latest) coder output -

equivalently onth!'! magnitude \Hn\ in Eq.(2.45)·- and not on the sign of the 

output. (This strategy is a simple consequence of the observation that the 

input probability density function p(x) is expected to be symmetric abbtit a 

mean value of zero). 

Fig (2.14) shows histograms of stepsizes encountered in the simulation of a 

I 

4-bit adaptive quantizer with a Gaussian signal at the input which is taken 

from the study of Jayant [51]. The step size multipliers were selected to 

maximize an appropriately defined SNR 'and Fig (2.14) shows how these 

multipliers indeed maintain the variable A in a region centered on Aopt , 

the optimal (constant) step size for a nonadaptive quantizer (even when the 

starting ste.p size is severl>" suboptimall. 
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Fig 2.14 Histogram of step sizes in adaptive 

quantization of Gauss-Markov input [51] 
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Table. 2.4 Step:size rv lultiplier.:; f,jr 8=2 .. 3/4.( After J8.\,'8.nt [51]) 

Tabie (2.4) lists step size muli:ipliers found to be optimal for adaptive PCM 

coding of a low-pass filtered speech sample. The recommended step size 

multipliers do not in general constitute overly critical target values. 

It is possible to get away, for instance, with trivial ,values of unity for 
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" . 

some. of the. central multipliers •. For example 

M (1M = M = 1 
.. 1 .. 2 3 M > 1 

4 . 
for B=3 (2.47) 

Howev.er,the step size increases should, in general, be more rapid than step 

size decreases. This has to d6 with the following comparison of two basic 

types of quantization· errors: "overload" errors that occur when llniS too 

small, and a signal sampl,e f~lls outside the quantizer range, and "granular" 

errors"that are inherent in quantization even when the input falls within a 

quantizer slot or step. Granular errors tend to be less harmful to SNR than 

overload .errors. To mitigate the contribution of the latter to the total 
. . 

noise· power·, one seeks to. correct the occurance of overload errors more 

expeditiously. The end result is an optimal multiplier function that has the 

gener~l f6~~ depicted in Fig .(2;15) 

I 

If' 

f. '--_-'-__ .--:-'--_____ _ 

. Fig 2.~15 General shape Of. optimal multiplier function; B > 2 
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Fig (2.15) shows that 

(2.48) 

ste~dily increases with IH~I during step size increases (M ) 1; to correct 

for overload) • On the· other hand ,during step size decreases ( M < 1) the 

optimal.M function.is remarkably close to unity. The shaded region in Fig 

'. (2 .• i5) e~presses variations in .the Jayant mUltiplier function when there are 

•... changes· in. Band. the fn}mt· stati.stics. The' exclusion of B=2 from the 

adapta~ion .r.ule in the figure' has to do with the fact that when the 

·quandzati.on gets to be: crude e~ough, the distintion between expected 
. . . 

magnitudes of granular and overload errors diminishes and so does the 

dispariiy.between.desired rates of step size decrease and increase • 

. BLOCK QUANTIZATION (Quantization with memory) , 

In block quantization, more commonly considered for image digitization, a 

block of k input samples (xI ,x
2

' •••• ,x
k

) = x (which may be regarded ~~ a 

vectoJ;' in k dimensions). is .simultaneously quantized, producing an output 

veCtor (y. I ,y' 2 , •••• ,1. k) = y. approximating x. Thus the output y.nmis an n . n. n n ,. 

approximation .to xm for each m=1,2 ••• ,k. An N-point quantizer selects one of 

N' output Upoints ll Y, 'Y2 ~ .• ~,·,yn to approximate x. Unlike zero-me/mory 
',' " 

'. quantizat:l.on,thevalue. ynmd~perids not only on the corresponding input 

sample x ,·but al~o on the values of all other samples xm in the block. Even 
. ' .m· . , 

if the· :i:np'ut samples are· statistically independent, an advantage can be 

g~ined by quantizing a 1:i~ock at a time, rather than a sample at a time. A 

convenient measure of the distortion of the block quantizer is 

k 
D = 11k 2' en

2 
n=l 

(2.49) 
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. 2 
where en ,is the mean-:-square error·in the nth sample. Such an approach was 

analized by Berger [53], Kramer and Mathews [54] and Huang and Schultheiss 

[55]. The ba~ic scheme for 'image transmission is as follows. A block of N 

da'ta' samplesx n are linearly transformed into y n by an N*N matrix A. The Yn 

are quantized and transmit;:ted. At .the receiver, the Quantized Yn are 

,transformed by another N*N matrix' B into zn.,For a given bit rate, the 

matrice's A and B are chosen fo minimize the mean-square error between Z and . . n 

xn.:lt turns·out that the ,optimum matrix A consists of the eigenvector of 

the. correlation matrix of the samples xn and the, optimum matrix B is the 

i'nverse,of A. It appears however that a much simpler type of matrices, the 

so-called Hadamard matrices work almost as well as the optimum [56]. A 

Had~mard matrix contains only +1 and -1 as its elements and is orthogonal. 

The performance ,of block quantization could be compared with zero-memory 

quantization ?y examining how the bit rate or average numoer of bits per 

sample, B=log2N/K, del'ends on D,the distortion per sample'. Clearly, as the 
. . 

block. lenght k increases, the minimum bit rate needed for a given dist:.ortion 

will decrease. In the limit as. k~ 00, the minimum bit rate B ap'proaches a 

~imiting vaiue R depending on D. 

Another class of quantizeri; with memory are the sequential or differential 
/ 

quantizers such as delta modulati0f!., differential PCM and the various 

adaptive versions of.these schemes. These will be discussed in the 

succeeding 'sections. Although the quantization techniques are given in the 

preceding sections of this chapter, most of the time, different type of 

quantizers are used togeth~r in the same transmission process. I~e., 

. quaritization can be performed by using uniform and adaptive, or nonuniform 

:and adaptive quantizers. One can even use uniform and adaptive quantizers' in 

block quantization. Some examples will be given in section 2.5. 



2.2 ' GENERAL THEORY OF SEQUENTIAL OR DIFFERENTIAL QUANTIZATION 

If we consider image samples, there is a considerable correlation between 

adjacent ,image samples, and indeed the correlation is sign~ficant even 

between samples that are several sampling intervals apart. The meaning of 

"1.1 this·-high correlation is that, the signal does not change rapidly from 
" ' 

samp~e to sample so that the difference between adjacent samples should have 

a lower variance than the variance of the signal itself. This fact provides 

the motivation for the general differential quantization scheme. In this 

system,tlie output to the quantizer is a signal 

d(n) = ,x(n) -x(h) (2.50) 

which 1's the differenc'e 'between the tinquantized input sample x(n), and an 

estimate 'or prediction of the input sample which is denoted by x(n). This 

predicted value is the output of a predictor system P, whose input is a 

quantized version of the input signal, x(n). This difference signal can be 

called as the prediction error signal, since it is the amount by which the 

predictor fails to exactly predict the input value. Temporar~ly leaving 

aside the question of how the estimate x(n) is obtained, we note that it is 

the difference'signal that is quantized rather than the input. The quantizer 

could be either fixed or adaptive, uniform or nonuniform, but in any case 

its parameters should be adjusted to match the variance of d(n). The 

quantiz~d difference sigrtai can ,be represented as 

a(n) = d(n) +e(n) (2.51) 
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,where e(n) is ,the quantization error. According to Fig (2.-16a) the quantized 

difference signal ii added to the predicted value i(n) to produce a 

quantized version of the input;, i.e., 

i(n) ~ i(n) + 3(n) (2.52) 

Subs~ituting Eq (2.50) ,and (2~Si) into EQ (2.52), it can be seen that 

i(n) , x(li) + e(n) , (2.53 ) 

That is, independent of the properties of the system labeled P,' the 

quantized image sample differs from the input only by the quantization error 

of the difference signal. Thus, if the prediction is good, the variance of 

den) will be smaller than the variance of x(n) so that a quantizer with a 

given number of levels can be adjus~ed to give a smaller quantization error 

than would be possible when quantizing the input directly. 

x(n) c(n) ',,-

/ 

(a) 

c'(n) 

~-----------r----T" x~' (n) 

>t" (n) 

(b) 

Fig.2.16 General differential quantization a)Coder/ b)Decoder 



, ., 

'I' 
' .. 

It. should ~e not~d that.it is the quaritized difference signal that is coded 

for trarismission or storage. The system for reconstructing the quantized 

input from the code words is implicit in Fig (2.16a). This system, depicted 

.in picture in Fig (2.16b),involves a decoder which reconstructs the 

quantized difference signal from which the quantized input is reconstructed 

u~{ng the same ~redictor as used in Fig (2.16a).Clearly, if c'(n)is 

identical to c(n) then x'(n)=x(n), which differs from x(n) only by the 

quantization error incurred in quantizing d(n). 

The signal-to-quantization noise ratio of the system of Fig (2.16) is, 'by 

definition, 

SNR= 
E[i (n)] 

'. . 
. ". which 'can be written as .... 

where 

. a}' a. 2 ' 
SNR .= -. -2-'+ =Gp SNRq 

ad ae 
. 2 
'!d. SNRq =--
a2 

e 

(2.54) 

(2.55) 

(2.56) 

is .the signal-to-quantizing noise ratio of the quantizer, and the quantity 

a.2 Gp = _X_ (2.57) 
al 

is defined as the gain due to the differential configuration. The quantity 

SNRq is depend~nt upon the particular quantizer.that is used, and, given 

knowled~e of the properties of d(n), SNRq can be maximized by using the 
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t~~hniques of the previous section. The quantity Gp, if greater than unity, 

represents the gain in SNR that is du~ to the differential·scheme. Clearly, 

the·objectiveshould be to maximize Gp by appropriate choiseof the predictor 

systelll P. For a given signal, a: is a fixed quantity so that Gp can be 

maximized by minimizing the denominator of Eq (2.57), i.e., by ~inimizing 

the variance of the predictor error. 

in the following section, the ~oqcept of linear prediction will be explained 

before entering Differential Pulse .Code Modulation, DPCM, in more detail. 

DEtTA MODULATION 

A few wo.rds should be said about Delta Modulation even though it is not 

included in the subject of this study [67]. Delta Modulation, DM, is the 

speCial.case ad DPCM to be discussed in Sec.2.4, in which the difference 

. level is 1. This has been of interest. because of the simplicity of the 

equipment.F~lirly extensive testing has shown that the sampling rate must be 

substantially higher. than twice the bandwidth for acceptable quality. For a 

given data rate, the quality is almost always inferior to three~bit DPCM 

except for.some low SNR systems, and is even inferior to ordinary PCM in 

some low SNR systems. Of course, exceptions can be found which favour any 

particular system • 

. The rem'arks· above concerning the trade-off between channel noise performance 

arid. qualit~ by means of varying. the integrator tfme constant apply to the. 

·one-bit case with at least equal force. The reason why delta modulation is 

. '., -
generally less efficient than PCM and DPCM for image signals is not hard to 

see. These signals, although· they have little energy at the high end of 
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their spectrum, do have ,sharp transitions at the' edge of objects in the 

scene. Even though the, total energy per frame in these transitions is small, 

, it is on: their proper r~ndition that the respective sharpness of the picture 

" depends." The attempt ,to reproduce these sharp transitions, in a delta 

modulation system, for example by increasing the pulse height, introduces 

granular noise, (aJ;1dcontouring if the integrator time constant is short)., 

Fu'rther more, progress inelectroriic technology, in particular, digital 

inte~rated circuits, has greately~educed the cost and reliability 

advantages of delta modulation over PCM. 

2.3 ,LINEAR PREDICTION 

Here, ,the nature of the predictor is specified. The predicted value x(n) is 

a linear combination of past quantized values. 

, N ' 
x(n) = }: CX x(n-k) 

,k=l k ' 
(2.58) 

, ,where CXkat:ethe kthord'er, p~edictor coefficients. The predictor coefficients 

c~nbe'foundfrom the, autocorrelation values of the system, which can be 

calculat~d ~rom the equ~tion: 

R (k) = ,E{x(n) :x(n+k)} (2.59) 

If we consider the first order predictor, we must calculate R(O) and R(l) 

which are 
N 

R(O) = liN }: 
i=l 

x(i) xCi) (2.60) 

N-l 
R(l) = l/(N-I) }: x(i) x(i+l ) 

i=l 
(2.6I) 
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(2.62) 

'B~t if a second or higher order predictor is required, more complicated 

arithmetic work has to be done. We denote prediction error as den) and the 

variance of the prediction error as ~.Then une can write: 

In ord'er to 'choose a set,' of predictor coefficients {<Xj } where 1 (j (N, that 

.mi~imize a;, we must differe,ntiatead2with respect to each parameter and set 

the derivative ,equal to zero. Thereby a set of N equations is obtained. 

, oa,2' 
,~, = -2E{ [x(n) 

o J 

where -1 { j ~ N 

N ' 
- 2 <X (x(n-k)+e(J;t,?R»] -lx(n-j )+e( n~j )] } 

1<=1 k '-. ' ," 
, )c' ~ 

,:;,:~r-

00;2 
a(){~ = E { (x (n) -5C ( n» x « n -j ) } 

J 

E[d(n) x(n-j)] o 

o 

(2.64) 

The above :equation can be expanded into the set of N equations: 

, E{x(n~j )x(n)}+E{e(n~j )x(n)} 
N 

= Jl <XkE{x(n~j)x(n-k)} 
,N , 

,+ k~1 <Xk E{e(n-j )x(n-k)} 
N' 

+k~ <Xk E{x(ri-j )e(n-k)} 

N , 
+2 <Xk E{e(n-j )e(n-k)} 

k=1 ' 
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where l~j~N. We assume that e(n) is uncorrelated to x(n) and e(n) is a 

stationary white noise sequence, then the above equation can be simplified 

to: 

'N . 
E{x(n-jhc(n)} =' R(j) ='~lCXk [E{x(n-j)x(n-k)}+ a;6(j-k)] 

where E{x(n:-j )x(n)} == 'R(j) 

E{x(n-j )x(n-k)} '=R(j-k) 

E{e(n-j )e(n-k),} = ae
20(j-k) ,i~j~N 

Then the equation becomes: 

N ' 
R(j) = L CXk[R(j-k)+ a;6(j-kl ] 

1<=1, 

(2.66a) 

(2.66b) 

(2.66c) 

(2.66d) 

(2.67) 

where R(j) is the autocorrelation function of x(n). The normalized 

autocorrel,.ation 'is 

9(j) = R(j )/a; (2.68) 

the Eq (2~67) can be express~d in matrix form 

9= ccx (2.69a) 

where 

9(1) , 

9(2) 

9= (2.69b) 

P(N) 
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1+1 /SNR 

c = 

9 (N-1) 

where, 

l+l/SNR. 

" 

9.(N-2) • 

CX , 1 
CX 

2 

CXt'l" 

a; 
SNR ='--al 

• 9(N-l) 

• 9(N-2) 

(2.69c) 

• l+1/SNR 

(2 .. 69d) 

(2.70) 

Then, the predictor coefficients of ,the Nth order predictor can be found from 

-1 
CX=!!.9 (2.71) 

, , -1 
'I; In gen'eral, the matrix £ can be computed by a variety of numerical methods, 

because the,re is an advantage of the fact that ~ is a Toeplitz matrix. 

However, Eq. (2.69a) can not be solved in the most general case since the 

0:2 
matri~ ~contains terms which depend on the signal-to-noise ratio, SNR=-+ 

, ae 
(see Eq' (2.69c»; but SNR depends on the coefficients of the linear 

p~edi~tor" which i~ turn depends :onSNR through Eq (2.69a). One possibility, 

is to ne~iectthe term 1/~N~ in E~ (2.69) in order to obtain a solution. For 

'the case N=i~, however, such an assumption is unnecessary since Eq (2.71) can 

,be directly solved to give ' 

9(1) 
CX1=---

l+l/SNR 

(2.72) 
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Eq, q.72) shows that, £XI < '9(1), • ,But, for N=4, the predictor coefficients can 

be' solved by 

1 pO) 9(2) 9(3) (XI 

£= 9(1) 1 ,90 ) 9(2) C(= £X2 
CX3 

(2.73) 

9(2) 90) 1 ,9(1) Q{. 

9(3) 9(2) PO) 1 

'IIi spite of the diffic,ulties in solving explicitly for the predictor 

coefficients, it is possible to obtain an expression'for the optimum gain, 

Gpin terms of t~e·C(k's. To do this we solve for ~2by rewriting Eq (2.63) 

iIi the form 

2 ' , 
Dd:= E[ (x(n)-x(n»] 

CfJ2~ E[(x(n)-x(n) )x(~)] - E{(x(n)-x(n) )x(n)] (2.74) 

, . 

, Using Eq (2.64) it is ~I?raightforward' to show that for the optimum predictor 

eciefficients, the second term in ~he above equation is zero, i.e., the 

predlctedvalue is also uncorre1ated with the prediction error.Thus, it can 

be written. 

2 . Dd = E[(x(n)-5t(n) )x(n)] 
, , 

2 ' N 
C[, = E[ (x2 (Ii)] - E[ 2 C(k(x(n-k)+e(n-k) )x(n)] 

U , k=1 
(2.75) 

Using the assumptions of uncorre1ated signal to noise, we obtain 

rr.,2 = ax
2 ~'~I rv

k 
R(k) _".2 [1 ~ eX 9(k)] Vu ./;. <A, - Vx ~ ~1 k . (2.76) 
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Thus) from Eq (2.57) 

N 
(Gp)opt = 1/(1- ~I OCk9(k» (2.77) 

wherE! the,OCk's satisfy Eq (2.69a).,For the case N=1 we can examine the 

a. 2 
effects of using a suboptimum val,ue of CXlon ihequantity Gp= X/ale From Eq 

(2.77) we get 

. (Gp)opt = 1 ... ~P(1)' .(2.78) 

. If. an a'rbitrary value f,orCX
I 
is chosen, then by repeating the derivation 

leadingto:Eq (2.} 6), we get 

aJ = a; [1-2CXI9( i)+ CX~ ] .' +~a; 

(Gp.) ,C 1/(1-2Q'-9(1)+CX~(1+1/SNR» . opt -1 

(2.79) 

(2.80) 

The 'terma:/SNR represents the increase in variance of den) due to the 

feedback of the error ~ignal e(n). Eq (2.80) can be written in the form 

(2.81) 

for any value ofCXI (including the optimum value). To obtain the maximum 

gain, Eq (2.81) can be differentiated with respect to CXI to give 

d(9p) 
---=0 

da . I 

wh;lch can.be solved directly for the optimum value of a l • 
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.Forillustrativepurposes, the terml/SNR is neglected in Eq (2.69). Thus, 

for a:first .order predictor, Eq (2.72) becomes <Xl = 9(1), and the gain due to 

.prediction is 

. 2 . 
(Gp)opt = 1(1.,.. 9 (1) (2.83) 

Thus so long as . 9 (1 ),&0 there will be some improvements due to prediction. 

It .is clear that, even with the simplest predictor, it is possi~le to 

reaiize about. a' 6dB improvement in SNR. This is of course equivalent to 

adding an extra bit to the quantizer. However, since this bit is not 

actually added, the bit rate remains the same. The price paid, of course, is 

. increased complexity in the quantization system. 

Some basic principles of application of the differential quantization scheme 

can be s~mmarized. First, it 'is clear that differential quantization can 

yield: improvement over direct quantization. Second, the amount of 

improveme~t is dep.endent upon the amount of correlation. Third, a fixed 

. predictor. can not .be optimum.for all communication systems.·These facts have 

led. to a· va~iety of sche~'es that ar:e based upon the basic configuration of 

Fig' (2.16). These schemes combine a variety of fixed and adaptive quantizers 

.with a:varietyof fixed and adaptive predictors to achieve improved quality 

or lowered bit rate. 
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2.4 DIFFEllliNTIAL PULSE CODE MODULATION (DPCM) 

2.4.1 . PULSE CODE MODULATION (PCM) 

Conceptually we may think of a PCM transmission system as shown in Fig 

·cr.l]). 

continuous 
original 
signSI ~""-... - . ...:---...., 

,;",-__ ",;. __ ~ SA~lfR. 
. , . . . . ' 

c(n) c' (n) 

x(n>..,. \. '. .'. I~ ",' ·.X'-<. n) ~.I \ '., ." 
..... )I Ql)ANTI2ER : 71-: _El_~,-CO_DE_R--J~ ......... ~'-_D_E_CO_C_IE_R-' 

Channel 

. fi9~i17APC.M!ransmission system: Coder and Decoder 

x'(n) 

> 

If the signal is an image then the sjstem in Fig (2.18) is used foi picture 

transmission [58] , [59]. 

original 
signsl ..... ' ___ -.. x(n.l<) . x"(n.l<) 

c' (n): y'(n) x'(n.l<) 

ChMnel' 

.' (b) 

Fig.2.18 A PCM picture transmission system a)coder,b)decoder 

c(n) 

ChEf'lrlel 

Receiver 
'-.. 

/ 

The continuQus two-dimensional picture is prefiltered and then sampled in 

spaceand.then quaritized.in brightriesg. A scanner transforms this 
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two-dimensional array of quantized samples into a one-dimensional sequence 

which g:oes into an encoder, which. in turn puts out a sequence of binary 

number/? ·for transmission over the channel. At the receiver, a decoder tries 

to rec~ver'from the' received binary sequence the original sequence of 

,quantized samples. A scanner th~n trans~orms this reconstructed sequence 

·.intoa ~wo-dimensional 'array., Finally a two-dimansional post-filter is used 
, . 

, to obtain,a continuous ,picture. By comparing the figures given in section 

2'.1 and F:i.g (2.18) one ~ah easily see that each of the quantization systems 

explained in 'sect;ion 2 ~ I, is one choise of PCM transmission. When adaptive 

quantization is used directly on samples of the input the system is called 

adaptive PCM or simply APCM.If it 'is a pictur~ transmission then only 

s'canners and two-dimensional filters must be added to those systems. 

SAMPLING 

To concentrate on the sampling process, let us consider the simpli~~ed 

subsystem depicted in Fig (2.19). The basic question is, for a fixed number 

of samp,lesper frame, how,should one choose the prefilter, the postfilter, 

and the sampling pattern to optimize the output picture quality? Let the' 

picture'be'sampled at a ,square arrayof points. Peterson and Middleton (60] 
. .' . ' . 

showed, th,at" for, a fixed mi,mber of samples per frame, ,pre- and postfil tering 

'w.ithon~-dimensional ide~llow:-pass filters (whose cut-:-off frequencies are 

't~ avoid a1ia~ing) give the least mean square difference between the output 

and the input~ Subjective tests, (61] indicated that the~e same filters also 

give reconstructed pictures with the best subjective quality in the case of 

very low-resolution 64*64 samples per frame) systems. For higher resolution 

systems (256*256 samples per frame), high frequency accentuation at the 

postfilter seems to improve the output picture quality; however, no 

77 



" ' 

extensive subjective tests have been done to substantiate this. 

, " INPUT PICTURE 

, OOTPUT PICTURE I 

, Fig.2~i9 rhe sampling' process 

That,the'ql.\ali'ty of the output picture depends on the shapes of the pre--and 

,the postfilters was demo~strated by Ituang,and Tretiak [61]. The sampling 

process is basIc to all PCM picture 'transmission systems and deserves 

, further ,investigation. 

, QUANTIZATION 

,'In section 2.1 the quantization process is explained in detail. Quantization 

n6ise can be reduced by putting a pre- and a p~stfilter around the 

quantizer. The human eye objects much more to noise with strong structure, 

such as quantization noise, than, to random noise. Therefore, a smaller 

number of quantization levels can be tolerated, if means can be found to 

transfor:m quantiz8tionnoise to random noise. An example is the method of 

Roberts [62J, who added pseudo-random noise to a picture before 
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quantization, and later at the receiver subtracted the same noise from the 

quantized picture. It can be shown·that by this maneuver the quantization 

· noise ·i·s transformed into random noise with. the same rms value. This method 

gives acceptable pictures with ¢nly four·bits per sample_ 

SCANNING 

· In the PCM .p·icture· transmission system, the transmitter scanner converts the 

·tW?-dimensionaf digitalized picture·to a one-dimensional sequence of points, 

and the receiver scanner reconstructs a two-dimensional picture from the 

received one-dimensional sequence_.Usually, the scanners ·scan the picture 
,. . . . . 

11ne by line sequentially_ How~~er, many other scanning patterns have been 

sti~ges ted. The, socalled pseudorandom scanning, for example can be used for 

'secrecy transmission [63). 

Iri pseudorandom scanning, the scanning beam hops from point to point. in a 

seem~ngly random fashion. However, the transmitter and receiver scanners are 

. synchronous, so the receiver scanner can reconstruct the picture. The 

· coordinates of the successive scanning points are specified by a sequence of 

· pseudorandom numbers. which can be .generated, for example, by ~ 

maximum..,.length shift register'generator. Anyone who does not know the 

. "pa~ticulaipseudorandom sequence will not be able to reconstruct the correct 

picture. even·if he should intercept the one-dimensional signal beeing 

transm::ltted.·Assuliling the transmitter and receiver scanners are 

· sy~chronuous, ,then the appearance .of the iecei ved picture will be 
.. . 

· independent of the scanning pattern, if .the channel is noiseless of if it is 

noisy ·but treats each incoming bit .independently_ In many particular 

.~hannels, however, the noise tends to occur in bursts. For such channels, 
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sequentia~ scarming will yield re~eived pictures containing errors that last 

over manysll:cces~ive picture'poin'ts along the scanning direction, whereas 

,pseudo-random scanning wi~lrandomizethe noise so that the errors will 

, sca:tter: m~re or:les~ uniformly, oVer the entire_ picture. 

,C,ODINGAND CHANNEL NOISE 

B 
AsSume that fixed-length b'inary code is used, so that each of the 2 

B 
'brightness levels (0,1,2, ••• ,2 -1) has a B-bit codeword. When the channel 

is noisy, ,the a~ount of noise in, the received picture depends on the 

particular code one chooses to use. Two codes are often used in practice: 

,the, straight binary code"in which the codeword for each integer is just the 

binary representationof~hat integei, and the reflected binary'gray code, 

in which ,the codewordsfor any two successive integers differ in one and 

only ~ne bit~ It has been ,proven that ·for transmission through a binary 

symmetri~:channel, the straight binary code yields less noise power than the . .' '.' ,', .' . . 

gray' code ~ w:Hh the assumption' that, the input brightness has a uniform 

distribution and that the channel, ,error probability p is less than 1/2. 

In fact, it was ,shown that with these assumptions, the average noise power 

for a n-bit straight binary code is, [64] 

n ' 
N

n 
= (4 ' - l)p/3 (2.84) 

;V' and that for a n-bit reflected-binary gray code is 

n 
Gn = (I. '-1 )/6 =.....,--- -----

1-2p 
n n 

4 -(l-2p) (2.85) 

2 4 -(l-2p) 
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so th~t (2.86) 

hence for p ~ 1/2 (2.87) 

'In most practical cases" the channel error probability p is very small. 
, " 

'Then, the noise power is ,essentially ,due, to single-bit errors in the 

'code~ords." ' 

, "I,n summa:rythe advantages of PCM~' as compared with analog traRsmission 

~ethods', a~e, as, follows.:' 

, 1 :.. By the, us~ of' ,repeaters, 'PCM can be employed to transmit signals over 

long distances,without dEiterior~tion insignal-to-noise ratio. 

2' - It tends itself to time-division multiplexing. 

3 ~ It simlpifies switchi~gproble~s in central stations. 

4 It can be adapted easily to secrecy transmission. 

5 - PCM systems are most suitable for transmitting digital data anq are 

easily coupled with digital computers. 

The disadvantages are: 

1 ,... The transmitter and the rece.iver (or coder and decoder) for PCM are 

somewhat:, complicated. 

2 - PCM ,requires more bandwid~h. 

,2.4.2' 'i>:rFFERENTIAL PULSE CODE MODULATIoN (DPCM) 

AS,mentioned in section 2~2~thestatistical relationship bet~eennearby 

pels,and the greater sensitivity, of the eye to the'differences than to 

absolute values, both spatial and temporal, has lead to many suggestions for 

", 
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"difference" transmisSion .[ 66,]. Direct analog difference transmission has 
" '. 

, few ~dvantages, sipce the bandwidth required is unchaged, the peak power is 

. greater' (t,hroughthe average power is less), and the noise level is higher 

than i'n the originalslgn~l. 

Any system of the form shown in Fig·(2.16) could be called a differential 

PCM (DPCM) system. If this is a picture transmission system as mentioned 

earlier about PCM, the system may have two-dimensional filters, predictor 

,and quantizer. It may have a scanner'in order to transform this 

, two-dimerisional array of quantized samples into a one-dimensional sequence. 

The output of the scanner must go ,into an encoder, which in turn puts out a 

sequence of binary numbers for transmissions over the channel. The remaining 

is' .the same both ,for one-dimensional and two-dimensional transmission 

processes (see Fig (2.18) f?r PCM). 

D~lta modulators, as briefly discussed in section '2.2, for example, could 

aiso be calied a one-bi~ DPCM,system. Generally, however, the te~m 

di'ffere'u'~ial PCM'is res.erved for differential quantization systems in which 
, . , 

the quantizerhas more than two levels. 

IIi DPCM' systems, what is transmitted, is' the quantized diff'erence between thE 

input. signal and a secon'd signal which is the same as that which can be 
. 

deriv~d at the receiver by integration of the received signal. Differential 

:q~antizing, since it uses the transmitted data primarily to represent edges 

to which the observer is more sensitive, produces better quality pictures 

than PCM for the,same number of bits per pel. 
" 

As it is clear from Fig (2.20) which is taken from the study of Noll [65], 
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, . 

DPCM sys.tems with fixed predicto·rs.can provide from 4 to 11 dB improvement 
. . . 

over direct quantization (PCM).The greatest improvement occurs in going 

: from no prediction to first. order prediction with somewhat smaller 

additioanl gains resulting from increasing the predictor order upto 4 'or 5, 

·after which little additional gain results. 

CD ..., 
~ 

12~~~-------~--~-------------------, 

'6. 6 
o 

Q. 
.8 

Fi.g 2~200ptimal SNR gain. G' vs. number of predictor 

coefficient.s a) Low-pas.s filtered ~peech signal 

b)' Bandpass .f~ltered ~peech signal 

I • 

This gain in SNR implies. that a DPCM .system can achieve a given SNR using 
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one less bit .than would b.e required' when using the same· quantizer directly. 

·Thus, a reasonable estimate of the performance that can be obtained for a 

~ar~icular q~antizer ~sed in a·differential config~ration can be obtained. 

·.For example, .for a differential .PCM system with a uniform fixed quantizer 

. ·the ·SNR ~ould be approximately ·6. dB greater than the SNR for a quantizer 
. .. 

with ~he· same numb.er of levelsact;:ing directly on the input. The 

Clif:ferential s~hem~ would beh~:lVein m~ch the same manner as the direct PCM 

• scheme; i~~., the SNR would increase 6 dB for each bit added to the code 

words, and the SNR would ~how the same dependence upon signal ievel. Some 

examples will be given in section 2.5.7. Similatily the SNR of a logarithmic 

qtu!ntizerwould be improved by· about 6 dB by use in a differential 

configuration and at the same time its characteristic insensitivity to input 

signal level would be· maintained. Fig (2.20) displays a wide variation of 

p·redictiori gain. with source ~nd 'with bandwidth. This variation of 

performance with the input source and picture material, together with 

variations in signal level inherent in the picture transmission process, may 

make adaptive prediction lind adaptive quantization necessary to achieve best 

performance: over a wide range of inputs. Such systems are called adaptive 

DPCM systems. (ADPCM) • 
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2.4.3 DPCM WITH ADAPTtVE QUANTIZATION (DPCM-AQ) 

The 'discussion of adaptive quantization in Sec.(2.1.2) can be applied 

directly to, the case of DPCM. As indi~ated in Sec. (2.1.2), there are two 

basic, approaches for the control:of adaptive quantizers. 

x(n) 

:0' (n) 

ADAPTATIOIi 
Sr'STEN 

. " 

• d. ... (n) 

, (8.)' 

6(n) 

c(n) 

. + , 

+ 

}-_...;..;.. ____ --: __ .-_~ x ... • (0) 

+ 

(b) 

PREDICTOR 
P(z) 

J 

Fig.2.21 ADPCM system with feed-forward adaptive quant. 
'a) Coder,b)Decoder 

Fig (2.21) shows how a feed-forward-type adaptive quantizer is used in an 

ADPCM system·[65J~ In'schemes of this.type, the quantizer step size is 

'proportional to the variance of the input to the quantizer. However, since 

,the difference s.ignald(n) will be proportional to the input, it is 

reasonable to control the step si'ze e~therfrom d(n), or as depicted in Fig 
~ 

.'(2.'21'), ftom the input x(n). ,Seve'rdalgorithms for adjusting the step size 
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ar~given'in section 2~1.2. The dis~ussion of section 2.1.2 indicates that 

such adaptation procedures can provide about SdB improvement in SNR over 

standard logarithmic non-adaptive PCM. This improvement coupled with the 6dB 

that can be obtained from the differential configuration with fixed 

prediction, means that ADPCM with ·feed-forward adaptive prediction should 

achieve an SNR that is 10-'lldB greater than could be obtained with a fixed 

quantiz·er. with the same number· of levels. Simulation results will be given 

in.section·2.5. 

.. x(n) 

.' 

o' (n) 

PREDICTOR· 
p(z) 

~I(nl 

~(n) 

(a) 

(b) 

LOGIC· 

I---------.l--".::..,.. c(n) 

PREDICTOR 
P(Z) 

x~· (rl) 

.'Fig.2.22 ADPCM· system with feedback adaptive quantization 
, ,. a)Coder,b)Decoder . 

Fig, (2 ~22.) shows, how a ,fee~back-type .'adapti ve ql1antizer can be used in an 

.. ADPCM system. Thus., both the feed~fo~ward a~d the feedback adaptive 

. quaritizerscan be expectedt~ achieve about 10-12dB improvement over a fixed 

quantizer with the same number of levels. 
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IIi either case the quantizer adaptation provides improved "dynamic range" as 

well as ~mprov~d SNR. The main advantage of the feedback control is that the 

step 'size information 'is derived from the code word sequence, so that no 

additional step size iIifor~ati6n need be tiansmitted or stored. This 

however, makes the quality of the reconstructed output more sensitive to 

errors in transmission. With· feed-for~ard control, the code words and the 

, step ~ize together ~erve as the r~presentatiofi of the signal. Although this 

increas,es the complexity of the' representation, ,there is the possibility of 

transmit'ring the step size with error protection, thereby significantly 

improv!.ngt:h:e output quality for high error rate transmission. 

,2.4.4 DPCM WITH ADAPTIVE'PREDICTION (ADPCM-APAQ) 

Safar, only fixed predictors have, been considered and it has been found 

. that ,with high~r o~der predictots, ~e can expect that differential 

quantizati.on will provide, about lO-12dB improvement. Furthermore the amount 

of:rlnprovemen~ is a function of the input. In order to effectively cope 
. ' 

with' the non-sta~ionarity of the image transmission process, it is natural 

to, consider adapting the predictor as well as the quantizer to match the 

" temporal variation of the image samples. A general adaptive DPCM system with 

both, adaptive quantization and adaptive prediction is depicted iri Fig 

(2.23). Ttiedotted lines indicate that. both the quantizer adaptation and the 

predictor adaptation algo~ithms c'an be either of the feed-forward or the 

. ,feedback 't¥pe.If feed~forward control is used for the quantizer or the 

, , predictor ~ then·h. (n) 9r the pred~ctor coefficients, 

CX(n) = {cXk(n)}, (or both) are also required in addition to the code words, 

c(n)" to cOmPlete the representation of the image' samples. 
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'I; 

The 'predictor coefficients are assumed to be time dependent so that the 

. predicted value is 

x(T\)' 

N 
x(n) I ex (n)x(n-k) 

k:l k 

DEeOOER 

PREDICTOR 
ADAPTATION 

,S't'STEM 

(a) 

a' (n) 

STEPSI2E 

__ a~~~· ~_n_)'_. __ ~AD~~_._TA_~'M'._ON_'_'_M_'_' Q_' _'__--IF· ..... -;~I~' 
'Sl'STEl'1 

'. (b) 

Fig.2.23 'ADPCM syStem with. both adaptive quantization 
and adaptivepl:ediction aJCoder ,b)Decocler 

(2.88) 

In adapti~g the predictor coefficients (n) it is common to assume that the 

properties of the image samples remain fixed over short time intervals. The 

A(n); 

c(n) 

predictor coefficients are therefore chosen to minimize the average squared 

pr~dietion error over a short time interval. For feed-forward control, the 
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predictor, adaptation is based upon measurements on the input signal. Using 

the same type of manipuiations that were used to derive Eq (2.67) and (2.69) 

and.neglecting the effe~t of quantization errors, it can be shown that the 

optimum.predictor coefficients satisfy the equations, 

j=1,2, ••• ,N (2.89) 

., . 

where Rn(j) is t~e short-time autocorrelation function 

(I) 

= I 
m"'(I) 

x(m)w(n-m)x(j+m)w(n-m-j) (2.90) 

and w(n-m) is a window function that is positioned at sample n of the input 

sequence. Since the parameters of the image vary rather slowly, it is 

reasonable to adjust the ~redictor parametersa(n) infrequently. As defined 

by Eq (2.90), the computatfon of the correlation estimates required in Eq 

(2.89) would require the accumulation of N samples of x(n) in a buff~r . . 

before computing Rn{j). The set of coefficients a(n) satisfying Eq (2.89) 

~re used in the configuration of Fig (2.23a) to quantize the input during 

the.interval of N samples beginning at sample n. Thus, to recoTlstruct the 

input from the quimtizer code words we also need the predicto7 coefficients 

(and possibly the quantizerst~p size) as depicted in.Fig (2.23b).,The 

details of computing the' time-varying predictor parameters is beyond the, 

purpose of this study. 

In' order to quantitatively express the bene'fits of adaptive prediction, Noll 

{65] has examined the dependence of the ~rediction gain,Gp, upon predictor 

ord~r for both fixed and adaptive predictors. 
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Fig 2.24, Predictor gaIns, vs,. number of predictor coefficients, 

which is taken from the study of Noll [65] 

Fig (2.24) shows the quantity G~,as a function of predictor order, p, for 

both fixed and adaptive prediction. The lower curve, obtained by computing a 

,long term estimate of the autocorrelation for a given sample and solving for 

the set of predictor coefficients satisfying Eq (2.69), shows a maximum gain 
I 

of, about lO.5dB. The upper curve was obtained by finding the value of window 

lenght, L, and the predictor coefficientsa(n) that maximized Gp across the 

~ntire utterance for a fixed value of N (number of predictor coefficients). 

That maximum value is plotted for each value of N. In this case, the maximum 

gain is about 14dB. Thus, Noll [65] suggests that reasonable upper bounds on 

the performance of DPCMsystems with fixed and adaptive prediction are 10.5 

and 14dB,respectively for speech signals. 
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2.5 RESULTS OF THE COMPUTER SIMULATION 

In this section the simulation results of PCM and DPCM techniques are 

examined. A package program is developed which consists of different types 

of quantizers, multilevel predictors and different types of signals. By 

using menus on the screen one can choose the type of signal or quantiz~r or 

decide to use a predictor or not~ The structure of the program is designed 

. such· that .it· can serve for both two-dimens"ional or one-dimensional signal 

processing. "But because or the storage capacity of the comput.er, test images 

cO,uld not be gen~rated and the program could not be tested on images. 

Instead, .orie-dimensiorial AR model waveforms have been generated and the 

proposed picture codirig techniques were tested on this models. The program 

has, been developed for just finding the performances of several PCM and DPCM 

techniques but not for the comparison and evaluation of those. At the 

beginning, the structure of the program will be explained in detail and then 

some· outputs will be given. 

2.5.1 A pACKAGE PROGRAM FOR QUANTIZATION, PCM AND DPCM TECHNIQUES 

This pr~gram has been developed by using the APPLE lle'microcolJlPuter, which 

has 64· kB main memory and 140 ,kB diskette capacity. The program is written 

in ,the APPLESOFT 'BASIC programmi.ng langu'age. The memory allocation of Apple 

does not allow the use of graphic mode, large variable strings and long 

programs. a.tthe same time. That ' s why, if we want to see the graphic or the 

spectrulll of the input or the input itself, we have very limited ,area for 

variables~ Then if the graphics are required, one can work only with 64 

samples of data at a tim~. A subprogram has been developed to solve this 

problem. Along string of input can be given at the beginning. This 
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· subprogram divides the whole signal into pieces in such a way that each 

pi,ece consists of 64 samples at most. In order to use the graphics mode of 

the cQ~puter, it· has been avoided to use long programs; instead it has been 

divided into many little programs which are CHAINed together without loosing 

the variables which must be shared by all programs. 

As mentioned above test images could not be ge'nerated because of limitations 

of the capacity and the package program was tested on some one-dimensional . 
waveforms such as AR model; sine, random sine or square waveforms. As 

explained in Chapter 1, autoregressive sequences are one of the good 

represe~tatiOris of images. ·Thus, all analysis and performance evaluations 

were performed on autoregressive sequences. The examples of input waveforms 

are shown in Fig (2.25). In section 1.5 detailed information about AR 

sequences has been given. 

The.names·and the, functions of the programs are the following: 

MAIN .The package begins with ,this program and' after choosing the type of 

signal, the respective signal generation program is called. 

KARPROG, SlNPROG, RASPROG and GAUPROG are the names of the resBective 

waveform generation programs. As mentioned earlier, the number of samples 

can be much,more than 64. The generated samples are stored in a textfi1e and 

recalled as blocks of required size (maximum 64). 

QUANPROG': After generation of input samples, signal generation programs are 

CHAIN~d to a program called QUANPROG. here, the type of quantization and 

coding techniques, number of quantizer levels and types of quantizers are 

chosen. 
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--I 

r--r~~~-+~+_~_4--+_~----------(b) 

(C) 

Fig 2.25 Four. types of input sequences used in the program 
ea~h 'of Which .to~sists of 64 samples 
a)·Sine-wave b)S~~are-wave c)Random Sine-wavE d)AR Sequence 
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The~ quantization and coding techniques in the package are classified as: 

1Unifotmquantization with signal variance adaptation 

2 Nonuniform optimum quantizatf.onwith signal variance adaptation 

3,';' DiffeI:'entialquantization with a summer instead of a predictor (See 

Sec.2.S.4), ' 

4 -Logarithmic quantization 

5 - Feed-forward adaptive quantization 

6 - Differential pulse code modulation (DPCM) 

The program has been constructed in 'such a way that each quantization 

, technique can choose several types of quantizers or predictors. 

" , 

'il'" Choices for 'quantizer types in the simulation program are as follows: 

1-- Quantizers with uniform midriser values 

2 - Quantizers with uniform ,midtJ;"ead values 

3, Qua'ntizers with Gamma densities (optimal quantizer) 

4 Quantizers with Laplace derisities (optimal Quantizer) 

5 QuantlZers withGau~s densities (optimal quantizer) 

Tne quand,:zer ,levels can vary from 2 to 32. This program is chained to 

another program without'loosing the variables according to the type of 

quantization. ' 

Q~S~RPROG,'DIFADAPQU, FFADAPQU, DPCM: If optimum, logarithmic or uniform 

quantization is chosen, then Q.SNRPROG is'chained to QUANPROG. DIFADAPQU 

contains the algorithm of a type of differential quantization which has a 

summer, which finds the cummulative error. the details of the algorithm will 

~be given later in this chapter. FFADAPQU performs feed-forward adaptive 
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quantization. ·DPCM has the algor-ithm of .DPCM with usual predictor. DPCM can 

find tipto . the 6.th 'coefficient of the predictor. 

OZILINTI: In ord~r to get correct decisions on error waveform, 

autocorrelation coefficients of input and error might be required. This 

program can be chosen optionally. 

FFTPROG: Finds the spectrumof input, error, quantized signal or 

. a~tocorrelatio~ functions of input and error. In order to get smooth results 

. 'the same' quantization technique is applied on the same type o'f waveform 

several. tim~s, and each time the results are saved on a textf.ile. At the end 

the average values of the spectrums are calculated. The listings of the 

programs· will be given in AppendixA~ Fig (2.26) shows an' example 

1------:----.. -----.-------.---- -----_ ...... __ ._-_ .. _.,--._-_ ....... __ ._-_ •.. __ •.. _ ........ _ .... _-_ ....... __ .-... -.....• 

( c ) ( d ) 

Fig 2~26Spectra of three quanti~ed signals individually and their 

averages in a), b), c) and d), respectively 
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2.5.·2 UNIFORM QUANTIZATION WITH SIGNAL VARIANCE ADAPTATION 

The algorithm of this technique is the same as the algorithm which has been 

explained in seCtion 2.1.1. Quantizer levels are calculated by the formula; 

where x = 4a max-. x assuming a = 1 .x 

(2.91) 

(2.92) 

Two types ofquant:lzerscan be chosen as uniform midriser or uniform 

midt.~ead values. Quantization l~vels and stepsizes are shown in Fig (2.3) 

and Table (2"~ 1) where ax = :1. All tests are done on AR model sequences and 

·the ·variance of·the sequerices are calculated. The quantizer stepsizes are 

then. mu1 tipliedwi th this variance; in order to adapt the quantizer to the 

signal. variance. The outputs are t.aken for 2-, 3-, 4- and 5-bit quantizers • 

. The signal to noise ratio for all outputs are caicu1ated. Fig (2.27) shows 

·the result as SNR vs. number of bits used in quantization. As expected, each 

bit in the code word cont"ributes 5-7db to the signal to noise ratio. 

SNR (dS) 
. 25 ~--~~------------~~----------------------~ 

20 I 
! I 

15 

5 

o ~ ______ ~ ______ ~~ ________ ~ __ ~ ____ ~ ______ ~ 
1 2 ·7 . ... 4 

Number of bi t s. 

Fi~.2.27 SNR vs. quantizer stepsizes for uniform 

quantization with midriser values 
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In Fig '(-2.28) AR model sequence and the,quantized waveform using 3-bit 

quantizer withmidriseryaluesare'shown • 

.' 

I 
'. 
'I; 

I La) 
I· 
i 

, I 

!. 
'.(b) 

Fig 2.28 Uniform quaritizationwith 3-bit uniform midriser 

,'values a) original sequence b) quantized sequence 

Table (2.5) shows the numerical values of original sequence, quantized 

sequence and the quantization error. 
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-8.92055506 ..,.11.085461 2.16490596 
8.92055506 3.986995 4.93356005 
8.92055506 7.42654005 1.494915 
8.92055506 ·.692417845 8.22813721 
8.92055506 5.69473617 3.22581889 
8'.92055506 8.31073588 .60981Q174 
26.7616652 19.0337001 7.72796511 
26.7616652 18.7343386 8.02732657 
26.7616652 , 23.8826766 2.87898855 
8.92055506 12.9852335 -4.0646784 
.8. 92055506 13.4542391 -4.53368408 
8.92055506 13.9327125 -5.01215744 
26.7616652 25.1561224 1.60554273 
26.7616652 29.9233732 -3.16170801 

·26;7616652 26.8993281 -.137662925 
26.7616652 30.4152624 -3.65359718 
26.7616652 23.59513'49 3.16653032 
44.6027753 37.0518421 7.55093322 
44.6027753 44.5754203 .0273549557 
26.7616652 29.307357 -2.54569179 
44.6027Z53 41.7063302 2.89644508 
44.6027753 51. 5632128 -6.9.6043746 
62. 443885.4 ·61 .• 1167958 1.32708962 
80.2849955 83.215813 -2.93081749 

'80.2849955 79.7233809 .561614573 
80.2849955 71.4237629 8.86123261 
80.2849955 71.6846523 8.60034323 
80.2849955 76.362395 3.92260054 
89.2849955 75.1164471 . 5. 16854841 

·62.-4438854 .. 58.9782724 3.46561299 
44.6027753 47.4337443 -2.83096898 
44.6027753 48.(,>509672 -3.44819194 

. 62.4431;1854 58.2236434 4 .• 22024202 
62.4438854 61.7161116 .727773756 
44.·6027753 48.·066164 -3.46338876 
26.7616652· 27.1495916 -.387926385 
26.7616652 ·34.648726 -7.88706081 
26.7616652 . 27.8207233 -1.0590581 
26.7616652· 22.3020987 4.4595665 
8.92055506 17 •. 3732828 -8 .• 45272777 
8.92055506 17.2803016 -8.35974657 
8.92055506 1. 16822306 7.752332 
-8.92055506 -6.75839463 -2.16216043 
-26.7616652 -'26.2981267 -.463538475 
-26.7616652 -20.6467806 -6.11488457 
-8.92055506 -13.6382651 4.71771006 
-26.7616652 -18.610363 -8.15130222 
-26.761665.2 -25.6235242 -1.13814098 
-2~.7616652 -36.7584914 3.9968262 
-26.7616652 -28.6287382' 1.86707299 
-8. 92055506 . -10.1981113 1.27755621 
8.92055506 2.77184754 6.14870752 
-8.92055506 -11.8103456 2.88979053 
-26.7616652 ~21.8002898 -4.96137539 

; : 8.92055506 .307671398 8.61288367 
., -8.92055506 -1.79998509 -7.12056997 , 
'I; 8.92055506 9.23455772 -.314002667 

26.7616652 20.9796945 5.78197069 
26.7616652 22.1704024 4.59126273 
26.7616652 20.5754134 6.1862518 
8.92055506 10.3906544 -1.47009933 
8. 9205550p 8,'45769168 .462863382 
8.92055506 11.937767 -'-3~01721195 

8.92055506 17~7492316. -8.82867659 

(0.) (b) (c) 

. -.. I.' ']··t t-' or- J..h-" -or ')tt Unl-i-rJr'il' CIUc;\nt:iz<:.t:lDn Tabl t?::';:~. ::1' ,'"Umerl·C;a, . CllX-,P.u' . .s T L ,1:::1 ,..:.-'/, , 

, r-, I '"'T1't l' ~ ,- cl '-']' -'T'! c:\'- J 1'-,) (Jr- l' L-,t n ale: i c' n;:'\J c: ) Ch{i;~n t i ;.: ,,'I t i 0,·, . E·n'- D, a I \:'"L C~ _ .:.. t:.' :::- ' ~i ,~ .:!' ~ -' .. 3 .. , 
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·2.5.3 NONUNIFORM OPTIMUM QUANTIZATION WITH SIGNAL VARIANCE ADAPTATION 

As mentioned in section 2.1.1, in cases where the signal variance is known, 

it is possible to choose the quantizer levels so as to minimize the 

quantiz'ation error. Optimum quantizerparameters which are used in the 

simulation are 'given in t~ble (2.2) for 'Laplace, Gamma and Gaussian 

, probability density functions. As in the case of uniform quantization the 

values in the table are calculated "assuming that the signal v.ariance is 1. 

AR model sequence is used. for' all tests and the variance of the sequence is 

calculated in order to adapt the quantization stepsizes to this variance. 

The simulations are done ust'ng three different types of quantizer values. 
, 

Table (2.6) gives the SNRvalues of three different types of 2-bit and 4-bit 

quantizers 

·QUMTI2ER 
' :Z-BlT &-BlT 

, , SIR (OS;, ~t'lR (dB) 

.', 
Gaussian 9.82 

I 
20.80 

0-~lace ,7.81 18B2 
GaMMa 5.82 ' 17.63 

Table' 2.6 SNR ,values for .3 different type of 2-bit & 3-bit 
, ' ,'Optimum (~iuantizers 

As 'one can see from table (2.6) SNR is closely dependent on the signal 

variance. The AR model sequence with gaussian distribution gives the best 

results. ,Fig (2.29) gives the results as SNR vs. the number of quantizer 

stepsizes by using gaussian distribution values. 
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'", SNR 'r. dB:, 
40 ' ~ . 

30 

20 

10 

I 
I 
I' 
I 

I 
I 

O~ ______ ~ ______ L-~~ __ L-______ L-____ ~ 

1 2 3 4 5 6 
Number of bits 

Fig 2.29 SNR :vs. the number of bits for optimum 

quantization with gaussian densities 

,In Fig (2.30) ARmodel sequence and quantized waveform using 3-bit optimum 
, ' ' 

quantizer, with gaussian densities is shown. The numeric~l1 values are listed 

in .Table (2~7),. as: the original sequence, the quantized sequence and the 

quantizatio~n~e~r~r~o~r~. ____ ~~ __ ~~~ __________________________ ~ 

~ig·2.30· Optimum q~antization using 3-bit optimum quantizer with 
gaGssian densitie~ a)Original signal b)Quanti~ed signal 
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-2.25421947 -4.23566588 1.98144641 
11.5704859' 10~9881664 .582319438 
16.5896464 .18.376632 -1.78698556 
22.1195285 20.559106 1.56042251 
22.1195285 ' 23. 3554897 -1 • 2359612 
22.1195285 20;6877105 1.43181802 
11.5704859 9.9057652 1.66472067 
6.83310277 5~39076426 1.44233851 
-2.25421947 -4.49254574 2.23832627 
-2.25421947 -.982525193 -1.27169428 
-2.2542194.7 · -1.27301328 -.981206193 
-2.25421947 -2.9388102 .684590728 
2.25421947 4.029,64543 -1.77542596 
2.25421947· 3.61687023 -1.36265076 
6. 8331027?, ·4.57861038 2.25449239 
11.5704859 10.7292623 .841223557 
6.83310277 ·8.92709037 -2.0939876 
16.5896464 .' 17. 0619604 .-.472313993 
2.,25421947, 1 ~ .99505849 • .259160982 
6.83310277 .8.66964447 -1.8365417 
2.25421947 · 1.96793795 . .286281518 
1~.5896464 14.3969127 2.19273367 
6.833,10277. 6;22884205 .604260717 
,...2. 2542194T -'1;17304633 -1.08117314 
-11 •. 570'4859 -13.5541967 1.98371088 
-22.1195285 ""24.0902994 1.9707709 
-16.5896464 · .-14. 1172403 -2.47240614 
-28.494743 "-27~577541 -.917201966 
-22.1195285. -24.5804439 2.46091536 
-28.494743 -25.5463371 -2.9484059 
-11.5704859 . -11 ... 0545575 -.515928414 
-6.83310277 '-6.83029795 -2.80482322E-03 
-6.83310277 -5.3487488 -1.48435397 
-2.25421947 -2.71345257 .459233098 
-6.83310277 -8.59670702 1.76360425 
-11.5704859 -12.8616444 1.29115852 
-16.5896464 -16.9493518 .359705359 
-16.5896464 -16.1559856 -.433660768 
2.25421947 . 2.41660757 -.162388104 
-2.25421947 -2.76399195 .50977248 
11.5704859 12.2292327 -.658746842 
22.1195285 22.2889063 -.169377767 
36.4373444 '34.9569628 1.48038156 
22.1195285 20;0284598 2.09106874 
16.5896464 16.523792 .0658543855 
16.5896464 16 .• 1565853 .433061145 
22.1195285 22.0253181 .0942104682 
22.1195285 19.7496876 2.36984092 
28.494743 31.4008813 -2.90613828 
16.5896464 17.0170933 -.42744685 
16.5896464 18;4473921 -1.85774573 
16.5896464 .' 17. 2986646 -.709018178 
6.83310217 7.98309976 -;1. ,14999699 
-11.5704859 "':12.1967261 .626240183 
-16.5896464' -18.7353184 2.14567199 
-22.1195285 -22.7035625 .584033944 
-22. 1,195285 -:42.552017 .432488449 
-28.494743 '-27.5724289 -.922314055' I , 
-22. 1195285 -21.2822886 -.837239981 
--22.1195285 -21. 5067347 -.61279387 
-28.494743' .-29.57380;26 1.07905966 
-28.494743 -25.3383382 -3.15640475 
-36 •. 4373444 ' -4i. 8102241' 5.37287972 
-2.8.494743 . -'29. 0409968 .546253838 

(:n (b) (c) 

T ... 1 ,- --, , I • ao, e ~./ I~umerlcal output of the 3-bit optimum ~uantizer wit 
gaus5ia~ de~sities a)Quantized sequence b)Original sequenCE 
c)Quantlzatlon error 
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.2.5.4 DIFFERENTIAL QUANTIZATION WITH A SUMMER 

An alternative technique of quantization can be obtained by adding 

quantization errors. This ·Quantization method must contain a summer in 

,addition to the quantizer. Fig (2.31) shows the block diagram~f the 

quantization method 

':(0) . 8"(0) x .... (n ... l) 

·1 QUANTI2ER \.\ : SlJt1t1ER ! ·1 ENCODER 
~ , ! 

Fig.2.31Quantization method with SLimmer 

. ,~et~; th~ error is 'quantized and then Bdded to the preceeding errors.in 

order to ·find the quantizec;l value of . the input. The formulation of the 

method is as follows: 

and 

n 
x(n+l)- .2 e(i) 

1=1 

e(t) x(i) - x(i+l) 

where 1 ~ n ~ N (2.93) 
! 

(2.,94) 

Five different types of quantizerscan be chosen. Quantizer stepsizes are 

adapted to the error variance according to the formula: 

M 
x(n) = 2 ex (t). x(n-i) 

i=l 
(2.95) 

-where x(p) is the expected value and the ex (i)'s are the predictor 
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coeff{cients. For i=l then, 

x(n) = IX (1) x(n-1) (2.96) 

:and one can approximate the above equation with the original values 

. x(n). =1X(1).x(n-1) 

'rhen the error will be 

e(n) = x(n) -lX(1) x(n:-l): 

and' lX (1) = R(1) IR( 0 ) 

where 

(2.97) 

(2.98) 

(2.99) 

where.R(q and R(O) are the autocorrelation coefficients and are found from: 

N . 2 
'R(O) = l/N}: x(n) 

n=l 
.. . N:'l 
R(1) ,= l/(N-1)}: x(n) x(n+1) 

. n=l 

(2.100) , 

(2.101) 

,Then the error variance can be found by the following formula': 

2 N . ,2 
a = l/(N-1) }: e(n) 

n=l 
(2.102) 

.The disadvantage· of this ,technique is that the performance criterion, SNR is 

,closely'dependen~ on the signal variance. This can be seen from the outputs 

shown,in'Fig (2.32). An exa·mple of the, original signal and the Quantized 

,sequl:!rtce using differential quantization with summer and a 3-bit uniform 

midrtser quantizer iss~own in the figure. 
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r'-~-------,.-"-'-'----------------.- .. --.... -."--

( ~) 

~10,1::----:"-'--'--_~ _______ " ____________ _ 

( b) 

Fig· 2-'32 Differential quantization with summer using 3-bit uniform 

midriser quantizer a) original signal b) quantized sequence,x(n+l). 

'Table (2.8). shows the values of Jt(n), x(n), e(n). It can be seen from Fig 

. (2.32) and Table (2.8) that .thefirst samples of the original signal are 

.. missing·, ~ut the error between input and output is decreasing while the 

number of s<;lmples is inc·reasing.The value of anyone input sample let say 

n, 'matches up the '(n+1 )th value of .. the output sample. The performance 

criterion, SNRls relatively better than other quantization techniques. Fig 

. (2 •. 33)' shows the SNR value vs. the number of quantization stepsizes. But 

DPCM with a predictor is a more reliable method, because it is less 

dependent on the signal variance. 
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, 4.8129047,8 (I 1.06290478 
, 

'1 . • 89932313 3.'·75 -.i0067687 
5.31237873' 2 .0623787306 
1.32608222 ::;.25 -.17361778 
-r,l.4739646 1.5 -.2239646Q1 
3. 849533t."4 -1.'25 1.34953364, 
4 • .16573442 2.5 -.0842655785 
5.325:;'9826 4:25 -.174701741 
8.6187932 5.:5 -.131206803 
8.66511722 o.n;; .165117219 
.1.9038:<:203 El.5 -2.84617797 
:1.54731673 4.7:::i .0473167291 

'5.974699.97 (.·5 .72469997 
, 4. 16089~77 5.2~, .160896771 
. 6.5(1488156 4 -:-.245118443 

8.3.8657(1'18 6.75 -.113429017 
10.'4592687' 8,5 .• 2(;9260697 
'1;!.6189783 1('.25 • 118'178299 
9.42489'337, , 12.5 -.325106636 

. :1:0.2950483 '8.75 -.204951696 
: '10.9237542 "10.5 .1737542 
11. 312549,3 :10.75 -.1874507 
'12.64::;(1591 11.5 -.1049,40899 
,9.90937394 12.'75.,' ; -:-.090626061 
'11.9793363 tel .229336295 
9.48287271 11.:75 :-.0171272978 

:' ,1 O~, 71!>22~02 9.5 .0122502036 
, ' ~ 5. 728,4275 '10.75:" i..2284275 
'23.Q~96705 14.5 4.8196705 
2,1, 7ol75~31' 10.25 .• 2175631(18 
22.3638416 21.5 .1'13841601 
24.2704586 .22.2.:5' ~" 22'i'54i:~99 

.23.'50207,94 ',24.5 -;24792061 
23.,3081416 23.7,5 '-. 191B58396 
18.8878625 ,23.5 :".8b2137496 
18.6916329 19.75 .191632897 
17.55159,6, 18.5 -.198403999 
'13.87:56503 17.75, -.126349695 

.. 1'5.6609925 14 -.0890075043 
',15 •. 522347 15.75, .0223470032 
17.2(130273 15.5 -~0469727069 
17.0405803 17.25 .0205E103066 
'lB. 5221522 17 ·'.2;:78478 
1'9;3393308 lB.75 -.1606692 
22.1014807 19.5 ' , -.148519307 
24.2573632 1"'\ • ., ,...,t;:: ..t._.",-_, '-.242636792 
2£,,058911 24.5 -.191088997 
26.1410339 26.25 .141033903 
31'.056(1074 26 1.30600741 
31.1082"'-93 ~9.75 .1082492<]2 
32.0083784 31 -.241621614 
29.092203<] . -: .. ..., '}r..~ .0922038928 

';. 
... .. _ .... o.J 

, , 
'29.1430945 29 -. 1(16905498 ., 

" 35.001"704:, 2S".25 2.60170431 'il; 
39.4639687 33 2:65396871 
34: 1007173 :<;6.75 .100717291 
2'1. 3677364, 34 -.882263586 
7.7.072732<'- 3( •• -25 .072'1329031 
27.73522.1 27 -.0147790089 
2,8. ! 432573 2".'.75 .143257104 

,,25.1b96186 28 -.0803813934 
'28.3281558 25.25 ' -.171844199 
27.0662981' .21? ::. .,..183701888 
26.4947,237 27.25 -5.27628511E-03 

(a) (b") (c.) , 

Table ,2.8 Numeric,a:loutput of differential 
'and a' 3-bi t l,lni form CjLlantizer ,a) Or'igi nal 

quantization with 
seq. b)Quant. seq. 
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" 

SNR (dB) 
40 r----:--~--------_,__~-'--.....,_--------

30 

·20 

10 

0: ~--________ ~ ________ ~ __________ -L __________ J-________ ~ 

1 , 2 3 4 6 
fiurnber of bi t :::: 

Fig 2.33 SNR vs. the number ,of bits for differential 
t 

quantization with a summer and uniform midriser quantizer 

2.5.5 LOGARITHMIC QUANTIZATION 

As mentioned 'in section 2A.1, in order that the percentage error be a 
, . 

co~stant, the quarttizationlevels' must be logarithmically spaced or . 

'equivalently" the logarithm of the input must be quantized. 

, In ,'this study the logarithm values of the input are taken and then 

quantized, as shown in Fig (2.5). Five different types of quantizer values, 
1 

listed in 'Table (2.1) and (2.3), can be used as quantizer values. Adaptation 

to signal variance is not performed. AR model sequences are used for all 
, , 

tests. Fig (2.34) shows an example for logarithmic quantization by using a 

3-bit. uriifqrm midriser quantizer. Table (2.9) gives the numerical values of 

input sequence, output sequence and the error. 
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12.0673877' 
7.77621':-;78 
-t:>o 510(>01 '1"1 
·-2·.!" 6~:::'~ 1 1 ~~'I~j 

.-25". 22785:3~ 
-18.202564 ' 
-20 1028189 
-'27.6754,56(, 
-40. :c'OO.312 
-28. 7420:!64 
-21 • 205~H:l22 
·-9.24936983 
-1'1.7206689 
-10.94.81944 
-15~9082b1 
-26.41644n 
-. 54(l'/~ 166/ 
-4.38534775 
-7.6748213 
-3.75850827 
-7.4 D5:5526 
-10. 345'"-,H3 
-22. 729El954 
-19. 223~,:Y~4, 
-19.6721>52.3 
-9.61514765 
2.42656085 
5.95206626 
4.65351815 
14.,542.:; /lI1 
5 .. 50974765 
.6168:36361, 
2.6721(91) .l 
-:-6. 2242/j064 
-6.12312445 
18.4132'25"5 
15.1274991 
0.09257fi51 
~~ 363629314. 
-11.359662EI' 
'~30.1)979135 

-31-: 5461)751. 
-32.09194i)5 
-3,6. 1)273.()22 
-36.8683594 
-25.oi32685 
-27.9174936' 
-27.2528027 
-14.827935 
3.2183344.1 
11'.1407927 
24.7527,185 
18. 785658~:i 
;;.6b1860!'58 
-6. 4783B<;48 
5. 741~79~i::;''1 
-5. '144465/B 
:1. 18B27486 
2.23820514 
-12.1681<;14' 
-23. 81,'::::'1B9 
-1 5. ~.s50.~';"J·77 
-3. 619'lbo02 
-9. 4881)'1:,'4:5 

(a) 

10.6672148 
10.1,672148 
-!:,j;. :21214~)O:::' 
-:'c.. 4H 1 98.)~j 
"'23.481'9805 
-23. 48198()5 
-23.4819805 
--2:5; 4819805 
-::;8.3180736 
_c2:,. 4B1 9805 
-,23. 4819805~ 
':"1 O~ 6672148 
-23.481981)5 
-10.6672148 
--23.4819805 
-·23. 481 980~ 
-.72494B'12::; 
-5.21214503 
-10.66l2148 
-~.212145n3 
-~';. 21214503 
-10. M,72148 
-23.4819805 

. -2~;. 4819805 
-23.4819805 

.-10.6672148 
2.6~120634 

5.2.1214503 
:";.2121450:::: 
.1 (). ('b 72148 
=-~jr:'l ?14~,i)~ 

.724948723 
2. /:,5120634 
-;~.-;; .. 21 /.' 1450~5 
-5. 2121450~5 
'73.4819805 
lO~6672148 
2. 651206~'4 

, - .~;77IB6 787 
-10.66721'48 
-23.4819805 
-23.4819805 
'-23.4819805 
~23'''819805 
-23.4819805 
·-2:5.4819805 

,-23.4819805 
':"~'3. 4819805 
'-10.6672148 
2.65120634 
10.6672148 
23.4819805 
2:::;.48198'05 
2.65120b34, 
-5.2121.450':':'\ 
5. ?121450~.:.~ 
-5 . . 2.1214~503 
~~.: 651 20634 
2.65120634 
-1 O. 667::~148 
-'2:,.481900:-:; 
-10.bh72148 
--~~. 65120634 
-1 c). 667:'1 4R 

(b ") 

-1.40017287 
2.89100106 
1.297A5674 
-.858865015 
1.74587296 
--5.·2794i652 
-3.37916157 
4.19347606 
-18.0177617 
5.26004584 
7"2.2763'1828 
-1.41784501 
-,3.'16131165 
.280979518 
-7.57371955 
2.99446724 
-.183997056 
-.82679728 
-2.99239354 
-1.45363676 
2.2(1391)23 
-.321631808 
--.752085112 
-4.25845611 
-3.80932821 
-1.05206719 
.224645491 
-.739921231 
.558626877 
-3.8751643 
-.29760262 

108112362 
-.0209026681 
1.01205561 
.910979422 
5.068755 
-4.46028431 
-.441369177 
-.0135574726 
.692447998 
6.61593299 
8.06409464 
8.60995999 
12.5453217 
13.3863789 
1.53128799 
4.4355131 
3.77082222 
4.16072012 
-.567128077 
-.473577827 
-1.27073801 
4.696322 
-1.01065424 
1.26624445 
-.536650367 
.232320752 
-.537068526 
.413001202 I 

1.44097915 
.331338435 
4.68345282 
.968253679 
-1.17912241 

(e) 

Table 2.9 Numerical output of logarithmic quantization with 3-
uniform quant\zer a)Original seq. b)Quantized seq. c)Quant.er 
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,Cd} 

Fig 2.34 Logarithmic quantization with a 3-bit uniform 

midriser quantizer a) input sequence b) quantized signal 

SNR (dB)" 
20 " 

15 

,10, 

'5 

1 2 3 4 

I 
I 

i' 
I 
i 

:1 6 
Numbe.r of bi t :~: 

Fig 2.35 SNR vs. the number of bits for logarithmic quantization 
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AR model sequences are used for all tests. The outputs are taken for 2-, 3-, 

'4- and 5-:-~it quantizers and SNR values are calculated for all outputs. Fig, 

(2.3~» shows the, SNR valuevs. the number of bits. The results are not as 

good asuniform'quantizationwithsignal variance adaptation. 

2.5.6 FEED-FORWARD ADAPTIVE QUANTIZATION 

In section 2.1.2 the theory of adaptive quantization has been discussed in 

detail. For the feed-forward adaptation scheme in this study the stepsize of 

the 'quantizers is evaluated and transmitted every M samples. In this case 

the system requires a buffer of M samples to permit the quantizer stepsize 

to be determined in terms of the samples that are to be quantized rather 

than in terms of past samples. Uniform quantization with signal variance 

"ad!lPtat:1.o'n which has been, given in section 2.5.2 is a specific application 

of the feed-forward adaptive qu~ntization. The buffer is chosen so that it 

covers all the input samples i.e,., M=N. The variance is calculated according 

to' t;:he formula; 
2 ' 

a'(n) (2.103) 

The ,siniulations on feed-forward adaptation is done for M=4,8,16',32. Fig 
, ' , 

(2.36) gives the results of the simulation for a 4-bit uniform midriser 

quantizer. As one can see from Fig (2.36) better results are obtained for 

smallerM values. 

For adaptive quantization five different types of quantizers can be chosen. 

As for other quantization methods, AR model sequences are used for 

simulatio~. The outputs are taken for 2-,3-,4- and 5-bit quantizers and the 

SNR values are calculated for all outputs.In Fig (2.37) an example is given 

for feed-forward adaptation with 'a 4-bit unif. midriser qQantizer and M=8. 
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Feed-fonlJard Elc!8.ptati 1je quantization 

SNR (dB) 

25r-~----------------------------------~ 

I 
20 ~ 

'1 !3-G-------a---.;..._-a-----...:.. ___ ~~ ----t3 0 

15 ~ ~ 
I 
I 

10 r 
5~ 

I 

ol~ --7-------~--------~.~!
o 20 40. 

"" i 

Fig 2,;36' .SNRvs.Mvalue for feed-forward adaptive quantization 

using 4-bit uniform midriser value~ 

.,' 

(a) 

Fig' 2.37 Feed-forward adaptation with 4-bit uniform midriser 

quantizerandM=8, a) input sequence b) quantized s~quence 
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I 
I. I . 
I 

Table (2.10) gives the numerical values of Fig (2.37). In Fig (2.38) the 
.. 

p.erformance of an adaptive quantization wi th M=8 and 16 is given as SNR vs. 

the number of bits used in quantization. 

Fe~d~forward adaptBtive quantization 
SNR (dB) 

:: ~ 
15 ~ 

I .. 10r 
5~ 
ol~ __ ~ ____ ~ ____ ~ ____ .~_ 

1 2 3 4 

Fig 2.38 SNR:vs. the number of bits for feed-forward 

adaptive quantization using uniform midriser 

.quantizer while M=8 and M=16 

2.5.7 DIFFERENTIAL PULSE CODE MODULATION - DPCM 

The theory of DPCM has been discussed in section 2.4.2. The program is 

constructed so that ·for DPCM five different types of quantizers can be 

chosen. In addition the predictor can be designed as multilevel predictor 

upto' the sixth order. Predictor coefficients are calculated for each 

simulation. The DPCM performance is calculated according to the equation 

(2.54) - (2.57), i~e., the performance criterion SNR can be written as 

; , 
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.J'.',' ,r ••• , 

9.78440667 8.39451726 1.3898894 
,9.48943623 8.73918842 ".75024781 
9.60225021 10.1238999 -.521649688 
8.87011188 ," 7.38090545 1.48920643 
9.11279245 ' 7.58834232 1.52445013 . 
9.59999639 8.89978292 .700213671 
6.2572424 ,5.91049876 .346743643 
2.37877703 3.82433632 -1.445379:5 
8.2:5352909 .. 6.43114496 .' 1.82238413 
8.59933399 9.34884373 -.749511741 
2.90343521 5.76617797 -2.86274276 
9~ 11997686 ' 8.76481401 '.355162848 
9.53964218 10.2108626 -.65122043 
10.0915173 12.8137079 -2.7221906 

,16.4350175 14.2263282' 2.20868933 
15.66'17216 ' 16.0983161 -.436594516 
8.85938075 ' , U.146,\761 -2.28709536 
8.36820934 '10.7107463 -2.34253696 
13.127072 11.7104993 1 • 4165727.1 
12.1234876 ,13.9149544 -1. 79146678 
14.643'2038 , 15.,9032026 -1.25999877 
11. 3159962 ' " 9.938831-18 1.37716504 
10.01,35829 8.67805232 1.33553058 
11.5653706 , 10:9341722 .631198402 
2.58472835 1,; 9747794';' , .609948889 
.869264811 1.02959406 -.160329249 

" 
,-2 .6682~491 ' -2 • .7183688 .0501138913 . 
-.863906341 ' ':"'1. 1046273 .240720959 
-6.06179233 -5.:2237875 -.838004829' 
-5.72409213 -:-5 • .1198037, -.604288423 
-4.41483956' :"'4.9743673 .359527744 
-1.01585336 .,.,1.789383 .773529643 
-3.09736636 -2.3671008 . -.730265558 
-3.0330962 -2.3657633 -.669330895 
1.01016122 1.28995847 -.279797246 
-1.02768296 -1.2950749 .267391942 
-3.2297,1716 -4.1098627 .880145536 

, -5.39280726 -6.3572417 .964434445 
-8.42044954 -7.55261681 -.867832743 
-2.10356274' -2.741:15792 .645016463 
-.731840i71 -.41489054 -.316949631 
-2.19391969 -2. ,2801188 .0861991123 
2.27879809 - 2.49688466 -.218086566 
4.02966639 3.85296339 .176702996 
3.70142078 4.17608295 -.474662178 
1.92837973 1.88641664 .041963086 
3.15862131 2.81588967 .342731639 
3.35470381 3.63004374 -.27533993 
• T;2121984 .268697706 .503424278 
3.37331412 3.255491'63 .117822491 
4.68258482 3.93944176 .743143057 

; 
-1.6915'7659 -1.3610019 -.330574686 
-1.81651508 -,.42481949 -1.39169559 
2; 021,93532 1.32393123 .698004093 
2.16377517, ' 3.80371371' -1.63993854 
5.6763331,7 5,.64505152 .0312816463 
9.46055527 " 9.25204475 .20851(1518 
13.2447774 12.6730034 .57177398 
9.46055527 8.36286009 1.09769517 I 
9 ~ 46055527, 7;61276387 1.84779139 
9.46055527 10.05524i7 -.594686434 

'9.46055527 ' ' 8.81739546 .643139799 " 

5~6763331.7 6,,84414774 -1.16781457 
9.46055527 10.7058495 '-1.24529,424 

(a) (b) (e) 

Table' 2.10 Numerical output of feed-forward adaptive quantizati 
usi,nQ 4-bit uniform Cluant,:izer alQusntized -e- ~)' ()-' ' • =l !::> _I_I" I.J . r ,L (Jl l'"Iel,/. Sf2q 
c)Q0antization error 
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SNR = SNRg.Gp ' (2.104) 

where' SNRq = Od2 

ar e 

a,2 
Gp = x. 

([2 
d 

whe.re ~. is the signal varian~e, ~ is the difference variance a
e 

is the 

quantization error variance, Gp is the predictor gain and and SNR is the 

SNR' for thequantizer,' For each simulation, the predictor gain. and the 

quantization gain is calculated. Fig (2.39) shows the variation of the 

predictor gain as a function of the predictor coefficient for first order AR 

model sequence. It can be seen from Fig (2.39) that after the fourth or 

fifth predictor coeffiCient the predictor gain decreases. Third order 

'predictor is sufficient for DPCM. 

Predictdr gain vs num.o r coefflCle0t~ 

Gp, (Pred.gain) 

10 i~1 ------------------~-------------------------------------
, I 
9.! 
. J I ... 

i 

I 

L--. __ _ . ~"':; .--. -:: ~ - -,.:.';" 

2 4 

Fig 2.39 Predictor gain vs. the numb~r of predictor 

'coefficients for DPCM quantizatio.n of first 
. , 

; : 
order and secondorder AR model sequence 
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AR model waveforms are used for all tests. An example for DPCM quantization 

,with 4-bit uniform midriser. quantizer and a first order predictor output is 

sho,wn, in Fig (2.40). 

(a) 

11 (b) 

Fig 2.40 DPCM quantization with 4-bit uniform midriser 

qu~ntizer, and a first order predictor for a first order 

AR sequence a) input sequence b) quantized sequence 

Numedcal'values of Fig (2.40) is given in Table (2.ll). SNR is calculated 

for each quantizer level and 1st, 2nd, 3rd and 4th order predictors. Fig 

(2.41) shows the performance criterion as a function of the number of bits 

for 1st and 3rd order predictors using uniform midriser quantizer values for 

~a first order AR seq. as an inp,ut. 
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I'l i 

ORG.SIGNAL PREO'. SIGN. QY (I) QUAN.ERR. PREO.ERR. 
---------- ---------- --------- ---------
25.1036969 0 14.722498 10.3811989 25.1036969 
21.8211023 14.722498 ' 6.87049909 .228105173 7.09860426 
26.6226572 21.5051254 4.90749935 .21003246"1 5: 11753181 
30.7584699 26.2842707 4.90749935 -. 43:!.3001 04 4 • .47419924 
28.1709193 31.0348914 -2.94449961 • 08(15::~7 4l':lO7 -2.86397213 
28.3936962 27.905159 .981499869 -.492962662 .488537207 
24.1609085 28.720106 -4.90749935 .348301876 -4.55919747 
21.4456425 23.6411897 -2.94449961 .748952437 -2.19554717 
28.9342738 20.5555868 8.83349883 -.45481183 8.378687 
24.3529726 29.2663989 -4.90749935 -5. 92697039E-03 -4.91342632 
23.4544608 24.1842221 -.981499869 .251738619 ,-.72976125 
24.1123313 23;0583778 .981499869 .0724536069 1.05395348 
29.3491764 23.902253 4.90749935 .539424073 5.44692342 
34.1373273 28.6670909 4.90749935 .. • 562737059 5.47023641 
33.5780923 33.4034897 • 98.1499869 -.806897271 .174602598 
31. 3305121 34.1856197 -2~94449961 .0893920176 -2.85510759 
,31.5058793 ' 31.037082 ' .981499.869 -.51270261 .468797259 
29.4453586 31.833336 -2.94449961 .556522194 -2.38797741 
31.692357 28~698838 2.911449961 .0490193553 2.99351896 
28.8852432 31.4720476 ,-2.94449961 .357695166 -2.58680444 
38.1868405 28.339706 11)~ 7964<;'8'6 ' -.949364092 9.84713447 
39.7914502 38. 967<l581 .981499869' -.157107729 .82439214 
33.6488572 39~ 715.9817 -'6.87049909 .803374585 -6.0671245 
39~2850113 32.6084364 6.87049909 -.19392417 6.67657492 
46.0283704 39~2843109 6.,87049909 -.126439583 6.7440595 

':46.14,16907 45. 92~13403 .981499869 ' -.760149393 .221350476 
-47. 2294794 46..627763 : 981499869, -.379783411 .601716459 
45.27436 47.3309634 ~2.94449961 .887896236 -2.05660337 
'45.2937406 44.1039673 .981499869' .208273437 1. 18977331 
41.5868852 44.8222311 ' -2.94449961 ' -.290846277 -3.23534589 
44.6392643 4'1 ; 6102084 ',2.94449961 -.515443753 2.42905586 
40.8567129 44'. 3063561 . ,) 

Table 2 .. 11,I\lumel'-ical output. of DF'C!"I quafit.i;;;at.:i.i:m u<;~ii'i~:J 4· .. /:::.1'1:. 
uniform quantizer and first order linear predict.or 
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SNR vs Number of bits 

S~lR (dB) 

4U rr~~~------------------~--~--~----~--------------~ 

I 
30 ~ 

I 

20~ 
I . 

1O~ 
I 

O~I~ ______ ~ ________ ~ ______ ~L-~ ____ ~ ________ ~ 
1 
J. 3 4 5 

Fig 2~41 SNR vs. number of bits ·for DPCM quantization with' 

uniform midriser quantizer for first order AR seq. with 

fir~t order & third order predictor 

.I~ .:;. ,~ 

As expected DPCM systems can provide 5-10 dB improvement over direct 

quantiza:tion(PCM). The greatest improvement occurs in going from no 

,-, ..... ,-. .::,.-.-
-' .... -'; '-''':'' 

-'. '-' 

.. 

prediction to. first order prediction with somewhat smaller additional gains 

resulting from increasing the predictor order up to 3 or 4, after which a 

decre~se.in gain canbe·obs~rved (see Fig (2.39» • 

. 2.6 CONCLUSION AND SUMMARY 

In thischapter.the most commonly used.picture compression techniques PCM 

and· DPCM have been' discussed in detail. Different types of quantizers have 

been explained and their applications in PCM and DPCM systems have been 

discussed. In the second. part of this chapter, a package program was 

--
described and six different types of PCM and DPCM techniQues.were simulated 
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on,a microcomputer. The program has been designed such that the flexibility 

6f choosing alternative quantization meFhods, alternative quantizer values 

,and multilevel predictors is given to the user. For each technique the user 
, -

, can find the performance criteri~ as SNR value and if desired the 

a~tocorre1ation functions and the spectru.m of each the input sequence, 

quantization no'ise: or atitocorre1ation:function. From the results of the 

simulation one can easily see the performance of each technique as SNR vs. 

·num~erof bits used in quantization. The results can be summarized as 

follows. ,Fotuniform quantization each bit adds 6dB to the SN~ value. If 

adaptation with'signa1 variance is added to the method better results are 

obtained. Logarithmic quantization without adaptation 'to signal variance 

'gives an SNR value which is below the uniform quantization with signal 

variance adaptation. The advantage of the logarithmic quantization is that 

the SNR value is totally independent of the signal variance.It depends only 

upon the stepsize. Optimum quantization can give better results if the 

',quantization,stepsize iS'matched with the variance of the signal, i.e., 

whenever the variance of the signal is known. Adaptive quantization gives 

better ~esults than nonadaptive schemes. About 2-8 dB increase in gain can 

'be obtain.ed.Differentia1 quantization with summer gives 3-10 dB increase .in 

gain, butit,is closely dependent on the· signal variance and approximately 

the' first ten samples of the input can not be matched. This is the 

, disadvantage of the differential quantization with summer. Differential 

Pulse Code Modulation (DPCM) gives the best results and can provide from 4 

toll dB improvement over direct quantization (PCM). 

The package program is designed such that further improvements on the 

package are possible. Alternative PCM and DPCM methods can be added to the 

package. The ,only limitation is the storage capacity of ~he computer. 
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,III. EDGE DETECTION TECHNIQUES AND THEIR COMPARISON 

j~l INTRODUCTION 

In image compression discussed in the last chapter, the desired output is a 

picture -an approximation to, or an improved version of the input 

picture.Another major branch of picture processing deals with."Image 

, Analysisi'" "Scene Analysis"; here the input is still pictorial, but the 

desired ~utput is a description o'f a given picture or scene. The description 

refers to: specific parts ,in the picture, or scene, to generate the 

descripti~n, ,it is necessary toi1extract" the picture or "segment" it into . . . .',. 

these par'ts., This chapter will discuss an important approach to picture 

ext'raction which fs based on t~e ,detection of discontinuity, i.e., of places 

'where there is a more ot less abrupt change in grey level, indicating the 

end of one region and the beginning of another. Such a discontinuity is 

called an'''edge''. 

The, human, observer is the ultimate receiver in many image communication 

sys'tems. A human obse'rver seems to rely upon edges, bounderies and colour 
. , ' 

rather than the individual pixel ampli~ude~_ for visiual recognition and 

inteipretatioll.. Therefore vadous image coding techniques based upon the 

detection and the coding ,of edges and contours have been explored. 

The other advantage of edge ,detection is the potential for reduction of 

, 'bandwidth required to transmit signals. Since the advent of television in 

th~,' early part of this century it has been obvious to investigaters in this 
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field, that there should b~ some wayoi reducing the bandwidth required to 

'transmit a 'television signal.'The basis for the assumption has been that the 

high bandwidth, necessary for reproducing sharp changes of brightness, is 

required only at a relatively s'mal], number of points in the picture. 

In section 3.2 fundamental concepts about edge 'detection techniques will be 

summarized. In section 3.3 different edge detection techniques will be 

di~cussed. then evaluation of edge~etection schemes performed by Pratt, 

Fram" Deutsch and Alpaslan will be summarized in order to revi-ew the 

evaluation criteria and techniques. In the last chapter. chapter 4 

further research on evaluation and comperison of performances of edge 

detection techniques will be performed. 

,3~ 2 FUNDAMENTALS OF EDGE DETECTION 

3.2.1 TEXTURAL AREAS 

" A visual scene· or ,picture is seen as composed of regions and edges which are 

separate,regions.But, not all of these regions can be seen as "objects" at 

. the same time. In general, only the region on one side of an edge is seen, 

at a gi ven ,time, as, a "figure" that has a shape. If one of the two regions 

,is brighter, or smaller in size, more symmetrical, or bounded, it is 

generally easier to see that one as the figure.The properties that are 

important in producing similarity grouping are also important in the 

perception of "visual textures". These are complex visual patterns composed 

of entities, or subpatterns~that have characteristic brightness, color, 

slopes, sizes, etc. Thus a "texture".can be regarded as a similarty 

grouping. The local subpattern properties give rise to the perceived 
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brightness, directionality, etc.,·of the texture as a whole. 

3.2.2 GRADIENT AND. LAPLACIAN. 

The detection of details iii. an. image is nO.t easy and is made more difficult 
. . 

by any noise in t.he signal. Any effort to reduce the noise content of the 

odginal picture. before processing will greatly simplify the edge detection 

. process. By conside'ring the image. in two dime~sions the true edges of the 

picture which lie along connected contours can be isolated from the 

spatiallynohcorrelated noise,while " textured" areas of the picture can be 

eliminated because of the low rate of the brightness changes. 

The· operation of a " synthetic highs" system using the gradient as an edge 

detector can best be explained in one dimension with reference to Fig.3.1 • 

. ~ 
~ "IOYS." 

. 4 

"synthetic higs· edge detector· OUtput 

Fig.3.1 Synthetic highs system 

!fa signal is unit step, the gradient will be unit impulse. The impulse 

. response of the reconstruction filter· must have the form shown in 

Fig~3.1,such that the original unit step will result when the "highs" are 
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added, to the "lows". Although the'dependence of the reconstruction filter on 

the'l,ow-pass filter is obvious in one dimension, the general formulation has 

been first derived by Schreiber [73] for the ~radient edge detector. 

A - GRADIENT 

The gradient of ' the picture ,G(x,y) is a vector signal and has two 

components. 

(3 A(x,y) a A(x,y) 

VA(x;y.) G(x,y) = u + -----x (3.1) 

• a x a y 

where, U x and uy are unit vectors in the x and y directions respectively. The 

recQnstruction filter H(x,y) must also have two components to operate on the 

gradient signal, 

H(x,y) = Hx (x,y) Ux +Hy (x,y) uy (3.2) 

'il; To have the output equal to the input, the following must hold: 

VA ~ H + A ~ M == A (3.3) 

where .~ ,indicates convolution, His the recontruction filter and M is the 

lOWpass filter. V A ~ H gives the ,synhetic highs, i.e., high frequency 

version,' and A ~ M gives the low frequency version of the picture. 
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B LAPLACIAN 

Using' the La~lacian as an edge detector, 

2 
(3 A(x,y) 2 C3A(x,y) 

2 
C(x,y) 'iJ.A(x ,y) + (3.4) 

C3x2 C3y2 

,the ~ignal is a scalar and requires a filter, f(x,y), for reconstruction 

2 
[73]. The' 'iJ A signal is a scalar and thus is easier to store and filter 

than the gradient, 'iJ A, but since it involves a higher derivative, the 

Laplacian signal will be more adversely affected by noise in the original 

a~dby an.ynonlinear operation such. as thresholding. 

3.2.3 Dl;RECTIONAL DERIVATIVES 

Derivative operators, which give high values at points where the grey levei 

·ofthe picture change rapidly. Ev:idently any such operator can be used as an 

edge detector; its value at a point represents the "edge strength" at that 

point~anci'wecan explicitly extract. sets of edge points from the picture by 

thresholding these values. 

The simpest derivativ~ operators are the first partial derivatives C3 A(x,y)/C3x 

"" a~d (3 A(x,y)/dy, as were seen in Sec.3.2.2, which give the rates of change 

of gray level in the x- and the y-directions. The rate of change in any 

direction Gis a linear combination of these:. 
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oA(x,y) a A(x,y) a A(x,y) 

-~-- cosEt '+ sinEr (3~5 ) 

'ax' ax oY 

. 
Fot digital pictures, we use differences instead of derivatives: 

AXA(i,j) - A(i,j) -A(i-l,j) 

AyA(i,j) = A(i,j) -,A(i,j-I) 

. Ae-A(i,j) = AxA(i,j)cosEt + l1y A(i,j)sinEr 

(3.6a) 

-(3.6b) 

(3.6c) 

Tt should be noted that thev~lues'of these operations can be either 

positive or negative, depending on whether the grey level goes upward or 

d.ownward as one moves in the positive x- (or -y, or -&) direction. If one 

wan'ts operations that alwaYs have nonnegative values at edges, absolute 

. values of derivatives or differences can be used. 

A d"irectional derivative (or difference) measures only the component of the 

rate of change of grey level in one particular direction. Suppose, for 

example, that the grey level is given by the linear ramp function 

A(x,y)=a(xcostp+ysintp) + b over' some portion of the picture. Here the 

x-component of the rate of change is a A(x,yy'o = acostp; the y-component is 
. x 

<3A(x,y¥o'= asintp ;the component in direction tp is 
. ,y 

a A(x,y) oA(x,y) 

costp+ .---- (3.7) 

ax <3Y 
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· Similarly, the components in direction cp+ (TC/2), cp +TCand cp + (3TC/2) are 0, 

-a .. andO, respectively. Thus the partial derivatives in various direction 

give responses to this r?mp edge that vary from 0 to a, depending on their 

~riEmtations relative to the ramp direction. 

For digital pictures, we can us~differences in place of derivatives in the 

previous definitions. Thus the magnitude of A at (i,j) is Vl1xA(i,jl +l1yA(i,j,z', 

,It is common practice to approximate this expression, either by 

or by 

Il1xA(i,j)I + Il1yA(i,j)I 

max( Il1xA(i,j) I, Il1yA(i ,j) I) 

(3.8) 

(3.9) 

However, 'these approximations are no longer equally sensitive to edges in 

all directions. They agree with the ef{act expression for horizontal or 

vertical edges. For a 45° edge, where I1xA(i,j) =l1y A(i,j), we have 

., Vl1xA(i,j)2 + l1yA(i ~j)2 '= I1x A(i,j)V2 

Il1xA(i ,j )1. +II1,yA(i"J) I = 2l1xA(i ,j) 

,max( II1XA(i,j>I·" Il1yA(i,j)I)=l1xA(i,j) 

(3.l0a) 

(3.l0b) 

(3.l0c) 

so that the approximations can give values that are too high or too low, 

resp~ctively, by a factor of as'much as~. 

Various other approximations to .digital difference or gradient are often 

used. For example one can use 

max I A(i,j) - A(u,v) I 
u,v . 

(3.ll) 
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where the max is taken over some set of neighbors (u,v) of the point (i,j), 

e.g., its four horizontal and vertical neighbors, or its eight horizontal, 

vertical and diagonal neighbors. The various digital gradient approximations 

yield different numerical "edge values" for any given picture. When however, 

we display these values in picture form., representing edge values by ~rey 

levels, the results all tend to look quite similar. 

" . . 

3.2.4 TWO 'DIFFERENT APPROACHES TO EDGE DETECTION 

There' are two'distinct ways' pi viewing 'edge detection. They might be called' 

respectivety the, signal processing approach and the artificial intelligence' 

approach. The first one can be brief'ly described as follows.In real images 

the notion of edge implies a variation of brightness. It can be represented 

'punctually by 'a vector whose components are continuously varying functions. 

If a ,decision is'made to retain "important" variations, the result can be 

calle4 ~dge or contour. 

in the s'econd approach, a regional and textural property is defined first. 

Then, all the picture points possessing the same property are identically 

labeled, forming. thus.a region. The border lines of theseregio1]s, which 

allow the ,segmentation of the image, can be called contours or edges. If no 

re'ference is made to real objects,,' they may correspond to edges. Here, major 

edge detection techpiqties will be reviewed briefly. 

Given apict~re, the purpose of edge detection is to produce a binary image~ 

of the same size as'that of the original, where each picture element (pixel) . . , " 

has the label "e'dge", or "no.t edge"~ 
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Edge'dete~tlon methods may be classified in a number of ways at various 

levels like preprocessing and labeling. A key level is 'the one where the 

decision to label or not a pixel as an edge-point has to be taken.B~fore 

this labeling stage, and at the same time to make a decision as correct as 

possible; the pictures are usually preprocessed. The preprocessing level may 

:he viewed as "edge ,enha'ncement". A distinction can be made between local, 

regional or global methods depending on the size of neighbourhood used for 
, ' 

preprocessing. Local me'thods attempt. to approximate differentiation wi thin a 

small window of size 2 by 2. or '3 by 3. Commonly used operators' are those of 

gradlent,Sobe1; Prewitt, Kirsch. Regional methods try to find the best 

match between a region of the image and a set of idealized edge 

configurations. This idea is due to Huecke1. 

Thegenera1.idea for regional methods can be described as template matching. 

Given. a set of N idealized edge configurations (+1,-1 or 1 and 0) within a 

; :circiJ1ar or square region, the problem is to find the mask which', matches the 

best analized region surrounding every pixel of the original image. 

Finally, global methods attempt to filter the entire image, linearly or 

ndn-:-linearly, aiming to keep the edges,while eliminating the rest "as much as 

. ..' I 

pos,s'lb1e., Linear shift invariant filtering is the most commonly used 

technique. 'The operators mentioried as local are also examples of non-linear 

filters for edge enhancement • 

. These . preprocessing operators ma~ also be' classified into linear or 

nonlinear methods.In each case the reSUlting picture is a grey level vector 

iniage.A decision should then be made on each pixel, according to a 

\ criterion, to decide whether it must be labeled as ~n edge or not. The 

dec.ision can be .done either by thresholding the magnitude of the variation\ 
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. vector, i.e. gradient image, or by ridge riding. In the first case the 

contours are usually thick and it might be necessary to skletonize them. In 

bothcases,post processing is often needed to connect or discorinect edge 

segments, or to filter them. 

From the implementation point of view, a distinction can be made between 

parallel and seqtieptial ~ethods. The fist ones can be applied to each pixel 

. independently whereas the second ones find a first edge pixel and proceed 

se,quentially to " connected, "neighbo'rs. From the conceptual l>oint of view a 

distinction can also be made bet:w£\!en information dependent and information 

ind~pendent'methods where the information source is the image being 

processed., 

The result ,obtained after'preprocessing for edge enhancement is a vector 

image. At each pixel, the magnitude of this vector indicates the "strenght" 

of the edge and its angle the "direction" of the edge. The next step is to 

make a decision at each pixel whether it is an edge point or not, on the 

\ . . 
basis of some pointwise or regional information. There are two alternatives 

to this problem, each with several variations. The first one is thresholding 

and the.~econd one is ridge 'riding~ 

Thresholding consists of com~aring'a parameter extracted from the enhanced 

edge im~~e and rep~esenting ~ given pixel to a threshold, and decide f6r an 

edge point 'if it exceeds' it. \Thr~sholding will be dicussed in section 3~2~5. ,. 
\ 

The other alternative,i.e.,ridge riding, is basically a sequential method 

and functions as follows: Scanning the image line by line, all the pixels 

are tested against a Contour Start Threshold (CST). When a pixel is found 

i, 
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" that exceeds the CST, its neighbourhood is searched for a local maximum. 

This maximum ,is the starting location for a contour, and its coordinates are 

stored in ,a contour buffer. The ,algorithm then selects the largest pixel in 

the 3x3 neighbourhood of the 10,cal maximum, and'stores it into the contour 

btiff,er,. lnitiatingthe ridge ridi~g process: find the largest pixel inthe 
, , 

direction pointed to by the previous pair of elements in the buffer, 
, 0 ' 

plus/minus, 45 ,and te~t ,it against the Contour Continuations Threshold 

(CCT). If the pixel found. exceeds the CCT, it is stored into the contour 

bu,ffer'ahd'ridge riding 'proceeds'to the next element. If a pixel is found to 

be b~lowthe CCT, the search is:terminated. However, since the contour may 

extend in 'both directions from the starting location, the second possible 

path is searched and traced similarly. In addition, the points traced out are 
o 

.f1agged to avoid retracing. The restriction of plus or minus 45 can be 

mqdified if high curviture contours are also searched. 

This method has several substantial advantages: CST may be set fairfY high 

so that ~o.t spurioris objects are ignored. On the other hand, the CCT may be 

set very low, which permits to track,contours of very uneven contrast 

without breaks , eliminating the need for edge linking operations. Secondly, 

thisalgor,ithmproduces (me element wide contours which are directly 

suitable fO,r feature extractioriwithout thinning. Thirdly, the buffer length 

is ,a: 'first'measureofcontour a~ceptance and short segments can be 

'eliminated 'immediately,. 

The ma~n disadvantages. are the 'complexity due to the sequential nature of. 
. ;, . . . 

the method and the arbitraryness in the, selection of the threshold CST and 

CCT. ' 
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· . REGIONGR~WING 

Edge detection by region growing· can be viewed as the artificial 

'intelligence approach 'of the problem. The general idea is the following. We 

assume that the image is composed of regions. A region is defined as an area 

in .the picture whose pixels have a common property. The operation which 

. consists of seperatirtg the image into such regions, is called segmentation. 

Depending on the property,the frontier points of regions can"be interpreted 

as edge points. Region growing requires first the property to be 

'il;" defined,(e.g. ,thernagnitude of the digital gradient), then each pixel of the 

picture must be labeled accordingly, i.e. must belong to a region. The 

pixels of a region are therefore connected and ~onsequently are surrounded 

bY,a'closed border. FinallY,the'region must cover the maximum possible 

number, of pixels. 

" , 

FO,r the' borderlines of the regions to correspond to edges or to estimate 

them, ',the property has to be selected very carefully. One possible 

estimation is'to use a property of small grey level variations. Let dB be a 

small:brig~tness interval compared to the full dynamic range of the image. 
I 

.' St'at:dng, from a given pixel of grey level G, a region can be grown by 

: searching connected points whose grey levels ate within the interval G+dB 

and 'G-dB. In order to intercept a maximum number of pixels, the interval 2dB 

can be moved up and down ~nthe brightness scale~ However, such displacement 

should be limited so that previously intercepted points remain in the 

region.· , 
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We can summarize the classes of ,edge detection techniques as follows. 

-. 
Signa[ processing. 

(BnIOe edgeS) 

.' The notion of edge 

iPlP'lies a variation 
.. Of brigrltness 
. '..:ec:Jge de1l!Ctim 

Pn!pl'OCeSSing 
(edge. enhE-nceMen t) 

. Ulbelling 

(Decision) 

/1 l l t,], .~loba! Thresholding 
(M8SI<S) (flltenng 
. entire iMage) 

" QE!Qicnal . 
. ,(regiQrlS of iM&gE<S) 

'3 .. 2.5 THRESHOLDING 

'. 1 
Ridge Riding 

Artit'i.ci81lntelligence 

. (Region GroVing) . I 
Reglon:3.1 or textun.l pro:~D. , 
is iJefin. fir.;t.ihe~e pnn ! 
wrd c:h he,lJe the ~as1e prop. . 

. are identical1v let,eled 
torP1ing r~gion5 
-tIOrder llOE!S 

~tation I 

. The thresholding consists of' comparing a parameter extracted from the 

enhanced edge image, .and 'representing a given pixel to a threshold, and 

decide1for an edge point if it exceeds it. Two. questions that arise are: 

what parameter and what threshold. The most commonly used parameter, 

especially for practical i~plementation reasons, is the magnitude of the 

edge vJctor at a given pixel~ The threshold is selected from an histogram 
'. 
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computed over a region surrounding the pixel (adaptive threshold), or for 

simplici ty, over the entire. image (fixed threshold). In both cases there is 

considerable arbitraryness in selectiori of the threshold. 

In general fixed thresholds selects th~big grey level differences and label 

these as edges in an image. The pixels whose magnitudes are above the given 

threshold are selected. 

Fix threshold eliminates the edges which have small variations in grey 

levels such as edges in sky and face and produces thick edges. 

If an image is observed one can recognize that some edges are very faint, 

while some are stronger. If the fixed threshold is too low, too many edge 

points are obtained and if the threshold is too high, then some significant 

edges are lost. This suggests that improvements of the analog gradient image 

and the use of a local threshold is necessary in order to bring out" most. 

edges and boundarles in natural images. 

Theedges,.whichhave small variations in grey levels can be selected and 

one can obtain thinner edges by using adaptive thresholding. J 

Several· improvements for thresholding can be l~sted. For example the 

parameter can be a linear combination of edge magnitude in a small window 

around the pixel, weighted according to their distance to the pixel or to 

their own magnitude. 

Another choice for a fixed threshold value in edge detection is the mean 

- intensity of the gradient image; In the examples, edge ~aps generate~ with 
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fixed threshold are obtained using mean intensity as the threshold on the 

corresponding gradient image. The third alternative for the fixed threshold 

can be obtained by using the histogram of the~gradient image. More and more 

edge points can be added by lowering the threshold on the histogram in order 

to attain a fixed number of edge points in the resultant binary edge map. 

An example to the adaptive thresholding is. suggested by Robinson [84]. It is 

discussed in more detail in section 3.3.10. Basically he has suggested that 

an adaptive threshold can be obtained by comparing the analog gradient image 

with a blurred version of the original image, which is obtained by a 

low-pass operation on the image. 

Another alternative to the adaptive thresholding is taking averages of 

magnitudes of pixels in a 3x3 grid, surrounding the pixel of gradient image, 

which is the one, that must be determined as an edge or not. 

E.Alpaslan[87], have taken locally adaptive threshold which is 7x7 grid 

surrounding the pixel the gradient image ,and chosen the maximum 13 pixels 

between 7x7 grid. 
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3.3 EDGE DETECTION TECHNIQUES 

A common approach to edge detection is illustrated in Fig(3.2) in which an 

original image A(x,y) undergoes a grey scale edge enhancement by linear or 

noniinear processing to produce an image field G(x,y) with accentuated 

spatial brightness changes. Next, a t~reshold operation is performed to 

determi!le the pixel location of significant edges. An ed~e, going in the 

negative direction exists if 

G(x,y) < TL(x,y) (3.12) 

and a positive going edge exists if 

G(x,y) ~ TU(x,y) (3.13) 

where TL(x,y) and T (x,y) are lower and upper threshold values, 
U . 

respectiveiy. 

I EDGE I .~~Y_) __ 
--...----~. ENHAliCEHENT r .A(X,y) I 

THRESl-IOli: I 
DETECTOR r--------+ 1--. ___ _ 

Fig.3.2 Thresholded edge detect!cn s'~/stern 

Some linear and nonlinear edge detection techniques are summarized in the 

following sections. 
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3.3.1 LINEAR· EDGE DETECTION 

A) PRATT 

A variety of edge enhancement techniques can be utilized to accentuate 

edges before threshold detection. One of the simplest techniques is discrete 

differencing analogous to continuous spatial differentiation [10]. 

Horizontal edge sharpening can be obtained by the running difference 

operation, which produces an output image according to the relation 

G(x,y) A(x,y) - A(x,y+1) (3.14) 

Similarly, vertical sharpening results from the operation 

G(x,y) = A(x,y) - A(x+1,y) (3.15) 

Edge enhancement 

-----_ ...... 
.' ~ 

Vertical Hori7.ontal 
Edge map 

Fig.3'.3 Examples of horizontal and vertical differencing 

edge detection 
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Diagonal sharpening can be obtained by subtraction of diagonal pairs of 

pixels. Fig.3.3 which is taken from the stud~ of W.Pratt [10] provides 

examples of horizontal and vertical differencing edge detection. The edge 

plots have been obtained by thresholding_the magnitude of the difference . 
. planes at a threshold level corresponding to the 85% 1ev~1 of the gradient 

magnitude histogram. 

Horizontal edge accentuation can also be accomplished by forming the 

differences between the slopes of the image amplitude along a line according 

. to the relation 

G(x,y) = [A(x,y)-A(x,y-1)]-[A(x,y+1) - A(~,y)] (3.16) 

or equivalently 

G(x,y) 2 A(x,y) - A(x,y-1) - A(x,y+1) (3.17) 

Similar expressions exist for vertical and diagonal slope differences. Pratt 

has performed two-dimensional discrete differentiation by convolving the 

original image array with the compass gradient masks listed below. 

1 1 1 

North H = 1 -2 1 (3.17.a) 

-1 -1 -1 

1 1 1 

Northeast H -1 -2 1 (3.17.b) 

-1 -1 1 
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-1 1 1 

East H = -1 -2 1 (3.17.c) 

-1 1 1 

-1 -1 1 

Southeast H -1 -2 1 (3.17.d) 

1 1 1 

-1 -1 -1 

South H . 1 -2 1 (3.17.e) 

1 1 

1 -1 -1 

Southwest H 1 -2 -1 (3.17.0 

1 1 1 

1 1 -1 

West H = 1 -2 -1 (3.l7.g) 

1 1 -1 

1 1 1 

,Northwest 
'I' 

H = (3.l7.h) 1 -2 -1 

1 -1 -1 

The compass names indicate the slope direction of maximum response; for-

example, the East gradient mask produces a maximum output for horizontal 

luminance changes from left to right. It should be noted that the gradient 

--
masks have zero weighting (the sum of the array elements i p ·zero), so that 
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there is no output respon~e over constant luminance regions of the image. 

Edge sharpening without regard to edge direct~on can be obtained by 

convolution of an image with a Laplacian mask. Several types of Laplacian 

masks are listed below. 

o -1 o 

Mask 1 H = -1 4 -1 (3.18.a) 

o -1 o 

1-1 -1 -1 

Mask 2 l: 8 -1 (3.18.b) 

-1 -1 

1 -2 1 

. Mask 3 -2 4 -2 (3.18.c) 

1 -2 1 

Fig.3.4 illustrates ·the performance of the Laplacian edge detector, which is 

performed byW.Pratt 
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'I' 

'0 

~ ... 

" .. 0; . '\ 

Mask No.1 

-Mask No.2 

n 

Enl'3nceillent Mask No.3 Edge maps 

Fig.3.4 Examples of Laplacian edge detection 

Edge sharpening can be 'made proportional to the statistical correlation of 

pixel values by the statistical mask. 
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'I' 

· , 

9c 9R - 9c (1+9~) 9c 9R 
H - 9R(l+9~) (l+9~)( 1 +9~) - 9C (l+9~) (3.19) 

9C 9R 
- 9. (1+92) 

C R 9C 9R 

in which 9 and 9 represent the assumed first order Markovian correlation 
R ' C 

factor between adjacent row and colomn pixels. If 9 = 9 = 0, there is no 
C R 

';gdjacent element correlation, and the statistical mask has no effect;' in the 

extreme, if 9
C 

= 9
R 

= 1, the statistical mask reduces to the Laplacian mask 

of Eq.(3.18.c). 

B) ARGYLE ~nd MACLEOD 

Argyle [74] and Macleod [75] have proposed Gaussian shaped weighing 

ftinctions as a means of edge enhancement. The Argyle function is a split 

Gaussian function defined in one dimension as 

h(x) 2 exp { -1/2 (x/p) } 

h(x) = -ex~ { -1/2 (x/p~} 

where p is a spread constant. 

x } 0 

(3.20) 

x < 0 

Macleod's method consists of calculating an edge weighting, at every point 

of the picture by multiplying the grey level value of each point in a 

surrounding neighbourhood by the value of the corresponding point of a mask. 

The Macleod function given by 
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Hx(x,y) = exp{~1/2 (y/t)2} [~xp{-1/2 

-exp{-1/2«x+pr/p)}] 

2 
«x-p)/p) } 

(3.21 ) 

,where p and t are spread constants and supress the effect of pixel values in 

t~eedge transition r~gionand edges in.rows above and below the edge to be 

detected. In the above equation x is the component of the distance of the 

neighbouring point from the original point in a direction perpendicular to 

the direction of the edge in question, and Y,is the paralel component. 

Values p and t are supplied by the user. Examples of edge detection with 

these masks are presented in Fig.3.5 

Edge enhancement 

• 

:"." .' : 
'., 

Argyle 1 >. 7 masks p = 2 Macleod 5 .. 9 mask p " 2. r ' 2 

Fig.3.5 Examples of Argyle and Macleod mask edge. detection 

These schemes have the desirable feature that, if the mask is centered on an 

edge of the scale and orientation of interest, then the points most likely 

to indicate such an edge will be weighted most heavily •. Points on the edge 



itself and points most likely to lie on neighbouring edges will contribute 

little to the resulting edge weight. 

C) HUECKE~- LOCAL VISUAL OPERATOR 

The local visual operator due to Hueckel [76) under which the grey level 

values of the image were analytically fit to memb'ers of a set of ideal edge 

lines whose Gaussian error of approximation to the original image was 

minimum. 

A common limitation of the linear edge sharpening methods previously 

discussed is the amplification of high spatial frequency noise and artifacts 

as a result of the inherent differencing operations involved. Noise 

smoothing can be incorporated into the linear edge sharpening method by 

perf~rming the linear masking on regions of pixels rather than on individual 

pixels. This can be accomplished by forming a linear mask 

(3.22) . 

by convolving one of the edge enhancement masks HE:(x,y) previously defined 

with a low-pass filter averaging mask HS(x,y). Such spatial averaging, of 

course, leads to a smoothing of edges as well as noise. This idea will be 

discussed later in this chapter. 
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3.3.2 NONLINEAR EDGE DETECTION 

A) ROBERTS 

Nonlinear edge detection systems utilize nonlinear combinations of pixels as 

a means of edge enhancement before thresholding. Most techniques are limited 

to processing over 2x2 ~r 3x3 windows. Roberts [771 has introduced the 

simple nonlinear cross operation, 

2· . 2 1/2 
([A(x,y)-A(x+l,y+l)1 + [A(x,y+l)-A(x+l,y) ) (3.23) 

as a two-dimensional differencing method for edge sharpening and edge 

isolation. Another spatial differencin~ operation, which is of a 

computationally simpler form, is given by 

IA(x,y) - A(x+l,y+l) 1+ IA(x,y+l) - A(x+l,y)I (3.24 ) 

it can easily be shown that 

G (x,y) ~ G (x,y) ~YZ-GR(x,y) 
R A 

(3.25) 

Crude directional information can be extracted by noting which of the four 

'I' pixels is largest ata detected edge point. Fig.3.6 illustrates the 

operation of the Roberts square-root and magnitude cross-difference 

operators. 
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~ II 

Edge enhancement 

Square root 
Edge maps 

Magnitude 

Fig.3.6 Examples of Roberts square-root and magnitude 

cross-difference edge detection 

B) SOBEL 

Sobel [79]' has used an operator which effectively accomodates the high edge 

'densities of structural scenes and establishes boundary and corner locations 

accurately, but at the expense of reduced noise tolerance. 

He has suggested a 3x3 nonlinear edge enhancement operator described by the 

pixel numbering convention of Fig.3.7. The edge enhacement plane is defined 

as 

G(x,y) = Vxi + 
2 (3.26 ) yy 

where XX (A
2 + 2A3 + AI. ) - (A 

0 
+ 2A7 + A6 ) (3.27.a) 

yy = (AO + 2A1 + A
2

) - (A 6 + 2AS + AI. ) (3.27.b) 

'II 
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'I' 

AO A1 A2 
-

A A(x,y) A3 7 

A A At. 6 5 . 

Fig.3.7 Numbering for 3x3 edge detection operators 

Enhancement Edge map 

Fig.3.8 Examples of Sobel Edge Detection 

~fter' convolving each pixel of the original image by the 3x3 operator, edges 

are established by the threshold test of edge magnitude. 

Edge Mag.= 

Edge Mag.= 

if 

Ixxl + Iyyl 

+ 
2' yy 

Ixxl + Iyyl . > 1 
T 

or 

(3.28.a) 

(3.28.b) 

(3.29) 

edge ~s established at pixel. In equation (3.29) T is the fixed or the local 

threshold. 
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C) KIRSCH 

Another 3x3 nonlinear edge enhancement algorithm has been introduced by 

Kirsch [79]. Referring to the notation of Fig.3.7 the enhancement is given 

as 

where 

G(x,y) 7 max { 1,max [ 58· - 3T. ]} 
i =0 \ \ 

8. 
\ 

A. + A. 1 + A· 2 
\ \+ \+ 

T. = A. 3 + A. I + A. 5 + A. 6 + A. 7 
\ \+ \+'+ \+ \+ \+ 

(3.30.a) 

(3.30.b) 

(3.30.c) 

·The subscripts of A are evaluated modulo 8. Basically, the Kirsch operator 

provides the maximal compass gradient magnitude about an image point 

ignoring the pixel value A(x,y). Examples of edge detection with the Kirsch 

operator are presented in Fig 3.9~ 

Enhancement Edge map 

Fig 3.9 Examples of Kirsch Edge Detection 

The Kirsch operator is equivalent to writing the eight compass gradient 

masks in Fig (3.10) 
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Direction bf gradient 

North 
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Southwest 

South 
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'I' 

Kirsch masks 
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5 
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-3 

-3 

-3 

-3 

-3 

-3 

-3 

-3 

-3 

5 

-3 

5 
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!I' 

-3 
r-;-\-

-3 5 
" 

East -3 0 5 

-3 -3 5 

-3 5 5 

Northeast -3 o 5 

-3 -3 -3 

Fig 3.10 Kirsch compass gradient masks 

The mask which produces the maximum output determines the direction and the 

magnitude of the edge. The gradient image is obtained by taking the 

magnitude of the output of that mask. A binary edge map is obtained by 

thresholding the gradient image by assigning a 1 to the points which have 

greater magnitude value and a 0 to the points which have smaller magnitude 

value then the threshold. 

, D) PREWITT 

A simple set of 'compass gradient masks can be formed by rotating the 

differentiation masks (i~e.changing the angle). The compass names indicate 

the slope direction of maximum response,e.g., the north gradient mask 

produces a maxlmum output for vertical luminance changes,i.e., horizontal 

edges. 
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1 

-1 

1 

1 

1 

1 

-2 

-1 

1 

-2 

1 

1 

1 

-1 

-1 

-1 

-1 

gi ven by Pr:ewi t t (80] as shown in Fig (3.11) 

North 

Northwest 

West 

Southwe~t 

1 

1 

-1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

-2 

-1 

1 

-2 

-1 

1 

-2 

1 

-1 

-2 

1 

11.9 

1 

1 

-1 

1 

-1 

-1 

-1 

-1 

-1 

':"1 

-1 

1 

(3.31.a) 

(3.31.b) 



-1 -1 -1 

South 1 -2 1 

1 1 1 

-1 -1 1 

Southeast -1 -2 1 

1 1 . 1 

'I' 

-1 1 . 1 

East -1 -2 1 

-1 1 1 

1 1 1 

Northeast -1 1 

-1 -1 1 

Fig 3.11 Prewitt compass gradient masks 

E) WALLIS 

Wallis has proposed a nonlinear edge detection scheme based on homomorphic 

image processing. According to this scheme an edge exists if the magnitude 

of the logarithm of the image luminance at a pixel,A(x,y), exceeds the 

magnitude of the average logarithmic luminance of its four nearest 

neighbours A ,A , •••• A, by a fixed threshold value. With reference to 
017-

Fig(3.7) the edge enhancement plane is defined as: 
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G(x,y) = log[A(x,y)] -1/4 log(A
1

) -1/4 log(A
3

) 

-1/4 log(A
S

) -1/4 log(A
7

) 

or equivalently 

, 1 
G(x,y) =-log 

4 

4 
(A(x,y) ) 

(3.32.a) 

(3.32.b) 

Co~parison of G(x,y) against upper and lower threshold values is exactly 

equivalent to comparison of the function in the brackets of Eq.(3.32.b) 

a'gainst a modified threshold. Therefore, logarithms need not be explicitly 

computed. The principle advantage of the logarithmic edge detector besides 

. .its ,computational simplicity is that the technique is insensitive to 

~'ltiplicati,ve changes in the luminance level. Fig(3.12) contains examples 

of logarithmic edge detection. 

.:,' 
. ".'\, '.., ..... 

Enhani.i:>rnent Edge map 

Fig 3.12 Examples of logarithmic edge detection 
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F) ROSENFELD 

Rosenfeld [81] has developed a nonlinear product averaging mask for edge 

sharpening and edge isolation. Rosenfeld has first developed his technique 

on one-dimensional functions and then adapted them to two-dimensional 

pic,tures. His method can be explained as follows: 

The standard edge detettion and enhancement techniques generally involve 

'some type of dif.ferentiation or differencing [82], which makes them highly 

sensitive to noise. Absolute differencing of a function, i.e., computing 

If(i+l)- f(i)1 for each i, gives no spatial prominance to the major "edge". 

A straightforward method of emphasizing this edge relative to the noise 

edges i$ to take absolute differences of running averages of the function 

values, i.e." to compute 

k k 

(3.33 ) 

'I' 

f(i+k) + 
d( i) =1---------:--
k 

+ f(i+l) f(i) + ••••• + f(i-k+l) 

for each i. The results for k=2,4,8, 16 and 32 are shown in Fig 3.13 (c) 

through (q),which are taken from Rosenfeld's study. 

For large k,the,central edge becomes more and more appearent relative to the 

rioise edges.However, the larger the k,the less precisely localized is the 

detected edge. 
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Fig 3.13 Differences of running averages and products of 

this differences, for a noisy one-dimensional 

step edge 'and for a television line 

It has been found that, if differences dk(i) are multiplied together for a 

range of values of k,the result tends to yield sharply localized detection 

of major edges while suppressing noise. Intuitively, this is because the 

product is large only when all its factors are large, and as soon as one 

moves away from a position "just at" an edge point, the factors with low k's 

become small; while if one is not at or near a major edge, the factors with 

high k's. are small. The results of computing d .d ,d .d .d ,d .d .d .d ,d .d 1 2 1 2 t. 1 2 t. 8 1 2 

.d ·.d.d and d .d .d .d .d.d are shown in Fig. 3.13 (h) through (1).Fig. 
4 8 16 1 2 4 8.16 32 

3.13 (m)through (x) shows analogous results for a single digital television 

lin.e. 

This approach is generalized to two-dimerisions by taking ditferences of 
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averages over nonoverlapping two-dimensional neighborhoods at each point. The 

orientation of the pair of neighborhoods determines the direction of the 

edges which will be detected.For example Hk denotes the difference between 

averages taken over horizontally adjacent, nonoverlapping kxk squares in 

standard orientation, and V
k 

is defined analogously using vertically 

adjacent squares.A product of Hk 's is used to detect vertical edges and a 

product o~ V
k 

's to detect horizontal edges. 

Differences in two dimensions can be summarized as follows: 

A(x,y+k)+ ••• +A(x,y+l) 
H (x,Y)= --------

k 
k 

A(x+k,y)+ ••• +A(x+l,y) 
\ (x,y) =1----------

k 

A(x,y)+ ••• +A(x,y-k+l) 

k 

A(x,y)+ ••• +A(x-k+l,y) 

k 

(3.34.a) 

(3.34.0) 

Fig.3.14 (e) through (h) which is taken from the study of Rosenfeld shows 

the result of computing 

(3.35) 

for pictures in Fig.3.14 (a) through (d). Those are 72x72 element binary 

valued digital pictures in which the probabilities of a Ill" in the left and 

right halves are. (0.9,0.1), (0.8,0.2), (0.7,0.3) and (0.6, 0.4), 

respectively. 
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In principle, the scheme described above for detecting edges between regions 

of different average grey level can be applied to detect a wide variety of 

"textured'areas", in which two regions differ with respect to the average 

value of some local property. 

Rosenfeld and Thurston have also proposed [83] a nonlinear thresholding 

procedure for isolating large edges in the neighborhood of smaller 

edges.This procedure, which can be called dominant neighbour suppression, is 
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'il; performed by scanning the edge enhanced plane G(x,y); i.e., gradient image 

with a small pixel window. The value of G(x,y) in the center of the window is 

suppressed (set to zero) unless its'magnitud.e is the greatest of all samples 

within 'the window. Conventional amplitude thresholding then fo110ws.A 

varia'tion of the process is to permit s.uppression of G(x,y) only if a 

,neighbour in·the window dominates by a significant amount.The dominant 

'. nEdp;hbour· suppression thresholding algorithm has proved quite effective for 

edge detection whe.n coupled with an edge enhancement method that provides 

.some noise smoothing.' 

G) ROBINSON' 

Robinson [84], [85] has described a new image coding system which combines 

the detection and coding of .visua11y significant edges in natural images. The 

edges are defined as amplitude discontinuties between different regions of 

a'n image.~e edge detection system makes use of 3x3 masks. Use of an edge 

direction map improves the simple thresholding of gradient modulus images.He 

has suggested that the concept of local connectivity of the edge direction 

map is useful in improving the performance of this method as well as other 
. . 

edge operators such as Kirsch and Sobe1.He has also introduced the concepts . . 

of an "Edge Activity Index" (EAr) and a "Locally Adaptive Threshold", (LAT). 

The direc::tiona1 masks, used by Robinson, can be formed by rotating the 

differentiation masks, 

1 1 1 

Wx = 0 0 0 (3.36. a) 

-1 -1 -1 
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.. 

,:1 0 -1 

W -
y' 1 0 ..,.1 (3.36.b) 

1 0 -1 

just as Prewitt has done [80]. These directional masks are called 

three~level simple. masks. The two orthogonal masks Wand W in Eq.(3.36), 
, x y 

which measure the gr~dients in the north and west directions, approximate 

th~ partial derivatives in the x-direction and y-direction respectively. 

Application of Wx and Wy to an image results in spatial differentiation in 

two orthogonal directions. The gradient magnitude and direction can be 

obtained by taking the magnitude and dir~ction cosines at each point. An 

enhanced picture results when the gradient magnitudes are displayed as grey 

'values. A set of five~level simple directional masks are considered for 

obtaining the analog gradient 'image and the edge direction in a simple 

mariner. These masks"called five-level simple masks, contain five integer 

weights between -2 and +2. Three-level and five-level simple masks are· shown 

in Fig, 3.15. The two orthogonal masks 

1 2' 1 

(3.37.a) 
I 

o o o 

,-I -2 -1 

1 0 -1 

My = 2 0 -2 (3.37.b) 

'I' 
1 0 -1 

approximate, the partial derivative~in the x-direction an~ y-direction 

respecti:vly.Fig 3.16 shows the eight principle direction on a 3x3 grid. 
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Dire.ction Direction Three-level Five-level 

. o£.edges of gradient simple masks simple masks 

1 1 1 2 1 

a North a a o a a o 

-1 -1 -1 -1 -2 -1 

1 1 o 2 1 o 

1 Northwest 1 a -1 1 a -1 

a ....,1 -1 o -1 -2 

1 a -1 1 0 -1 

.. 2 West 1 a -1 2 o -2 

1 a -1 1 0 -1 

.. a -1 -1 o -1 -2 

3 Southwest 1 a -1 1 a -1 

1 1 o 2 1 a 

-1. -1 -1 -1 -2 -1 

4 South a a o o o o 

1 1 1 1 2· 1 

-1 -1 o -2 -1 0 

.5 .-1 o 1 -1 a 1 

o 1 1 o 1 2 
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6, 

7 

, Input 

-1 o 1 -1 

East ...... 1 o 1 -2 

-1 o 1 -1 

o 1 1 o 
Northeast -1 o 1 -1 

-1 -1 o -2 

Fig 3.15 Three-level and,five':'level simlpe masks 
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Fig,3.16 The eight princple directions on a 3x3 grid 
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Fig.3.17 Block diagram of the proposed edge detec. s"ystem 

Fig j~17 Slock diagram of the prop6sed edge detection system 
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F.ig 3.17 shows a block diagram of the proposed edge detection system. The 

application of the simple. masks to a 3x3 grid surrounding a picture element 

. gives the grad:f,ent magnitude' and direction (See Fig 3.16).' The gradient 

picture is obtained by taking the maximum gradient magnitude at each ·point. 

The mask which yields the maximum gradient value determines the direction of 

the edge • .The edge map thus generated is a two-dimensional array of numbers 

which range between 0 and 7. The edge map is used to determine the local 

conne·ctivity. If the direction at the center of the 3x3 grid is k (k 

O~ ••• ~7), and if the directions of the ~recedirig and -succeeding edge vectors 

are k-1 or k+1, for any of the eight compass directions then the edges are 

connected.. The threshold map' is used in determining whether the gradient 

value is large enough to accept or reject the presence of an edge point. The 

. presence. of an edge .is d~termined by examining the gradient values, edge 

direction map and the threshold map simutaneously. If the edge vector in a 

3~3 grid surrounding a pdtnt ~atisfy the local connectivity conditions and 

·if . they are above the .threshold, .set by the threshold map, then it is 

determinedt;hat there is an edge point. Thus, a binary edge map is generated 

at the output. 

Fig 3.18, 'which is taken from·thestudy of Robinson, shows the importance of 

the'three'basic blocks of the edge direction system for extracting the edges 

i.n ~ picture oJ; a toy tank. Comparison of figures 3.18 b,c and d shows that 

. simultaneous use of the local connectivity and locally adaptive threshold 

wil.lbring out details, such as wheels, and eliminate the spurious edges 

: :such as those in the gross area. 
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I 

d) ~daptive threshold (sa~~ 
as b) and connect1vitv 
test; 4413 edge poin:s 

Fig 3.18 Performance of the edge detection system using 

five-level simpledir~ctional mask 

In general, a suitable·fixed threshold value would produce the edges 
I 

directly •. However, if the threshold is too low, too many edge points are 

obtai.ned.and if the threshold is. too high, then some significant edges are 

lost. That's. why improvement of the analog gradient image and the use of 

local threshold is nec~ssa~y in order to bring out most edges and boundaries 

in natural images. 

Robinson has suggested that improveme~t of the analog gradient image can be 

. obtained by use of the edge activity index (EAI) defined as the ratio of the 
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maximum gradient magnitude at an·imag.e point to the average magnitude of 

gradients in the eight c,ompass directions. If the eight compass grad~e~t 

values at a pixel (x,y) are~ '~'.~.'~ then EAI is defined as 

k=O, 1; .' •• ,7} 

EAI=.--~--~~----~------~-- 1 (3.38 ) 

This expression.becomes simpler in the case of simple masks since only the 

first four masks are enough to obtain gradient in all eight compass 

dir:ections. The analog gradient image can be improved by imposing a 

thre~hold ori EAI. If EAI is greater than some threshold~ i.e., the edge 

activity is considerably superior in the direction of the maximum gradient, 

then the maximum gradient value is taken, otherwise the gradient value is 

, .' se,t toO. This operation results in a sharper histogram for the analog 

'gradient image. A locally adaptive threshold LAT, has been obtain by 

,comparing the gradient image with a blurred version of the original image, 

'which is obtained by,low-pass operation on the image. The particular 

, .low-pass operation can ,be 'performed by the mask: 

1 2 1 

MO ,- 1/f6 2 4 2 (3.39) 

1 2 1 

Thus, ,the ,locally ~daptive threshold has been defined as: 

Max {I y k I ,k=O, 1 , • ' •• , 7} 
LAT =--------~~~--------------------------

(3.40) 

Output of the low-pass filter Moat pixel (x,y) 

The result of the use of'a locally adaptive threshold is shown Fig 3.18 
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3.4 - QUANTITATIVE EVALUATION OF EDGE DETECTION SCHEMES 

Relatively few studies of edge detector performances have been reported in 

the literature. A performance evaluation is difficult because of the large 

number of proposed methods , difficulties in determining the best parameters 

associated with each technique and the lack of definitive performance 

criteria. In developing performance criteria for an edge detector it is wise 

to distinguish between mandatory and auxiliary information to be obtained 

. from the dete·ctor •. Obviously, it is absolutely essential to determine the 

pixel location of an edg~.: Other. information of interest includes the height 

and slope angle-of the edges .as wep as its special orientation. Another 

useful item is a confidence factor associated with the edge decision, for 

example, the closeness of fit between actual image data and the idealized 

edge model. Unfortunately, few edge detectors provide the whole information, 

mentioned above • 

. : .3.4.1 - EDGE DETECTION PERFORMANCE BY PRATT 

According to W.Pratt [10] there are three major types of error associated 

with the determination of an edge location 

(1) MisSing valid edge points; deletion 

. (2) - ~ailute to localize edge pDints; insertion 

(3 Y Classification of .noise pulses as edge points; substitution 

Fig 3.19.illustrates a typical edge segment in a discrete image, an ideal 
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· ~dge reptesentatiOti, and~d~e representations subject to various types of 

errors. 

(0) IMAGE SEGMENT 

q.: 
0., 

I I 

~ 
IbflDEAL INDICATION (el FRAGMENTED INDICATION 

(d) OFFSET INDICATION· .. Ie) SMEARED INDICATION 

Fig 3.1~ Indicat~on ~f edge location by Pratt 

Pratt has suggested that, a common strategy in signal detection problems, is 

·to establish. some bound on the probability of false detection resulting from 

noise and then attempt to maximize the probability of true signal detection. 
J . 

Exte.nding this concept to edge detection simply involves the setting of the 

edge threshoid at a level such that the probability of false detection 

resulting .from noise alone does not exceed some desired value. The 

probability of true edge detection can be readily evaluated by a coincidence 

II' comparison of the edge maps of an ideal and an actual edge detector. The 

penalty for nonlocalized edges is somewhat more difficult to assess. Edge 

detectors, that provide ~ smeared edge location should clearly be penalized; 

however,:credit should be given to edge detectors whose edge locations are 
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localiz.ed but biased by a small amount. Edge location accuracy may be 

assessed by the figure of merit rating factor defined by 

1 IA 1 (3.41) 
R = ~ 

·I
N 

i=1 l+CXd 

where IN= max. (II ' IA) and II and: I
A

· represent the number of ideal and actual 

edge map points, ·is a scaling constant, and d is the separation distance of 

an.actual edge·poi;nt normal to a line of ideal edge points. The'rating 

factor,. R, . is normalized so that R= 1 for a perfectly detected edge. The 

sc~lingfactor, maybe adjusted to penalize edges that are localized but 

offset from the true position. Normalization by the maximum of the actual 

and ideal numbe,r of edge pOints e~sures a penalty for smeared or fragmented 

edges. As an example of performance, if CX = 1/9 , the rating of a vertical 

detected edge offset by one pixel becomes R = 0.9, and a two-pixel offset 

gives a rating of R = 0.69. WithCX= 1/9 a smeared edge of three-pixel width 

centered 'about the true vert~cal edge yields a rating of R = 0.93 and a 

five-pixel-widesmeared edge gives R = 0.84. 

A higher rating· for a smeared edge than for an offset edge is reasonable' 

because it is possible. to. thin the smeared edge by post-processing. 

,. Pratt· has applied this performance· evaluation methodology described above to 

. the' assessment of some .of .the most promising edge detection techniques, like 

Kirsch, Sobel ,. Roberts •. H~ has used a test image .consisting of a 64x64 pixel 

array over a 0-:-255 amplitude range' with a vertically oriented edge of 

variable contrast and slope, pl~ced at its center. Independent Gaussian 

noise of standard deviation has been added to the image and the resultant 

picture has been clipped to the maximum display limits (0-225). The 

signal-to-rioise ratio is defined as 

165 



h
2 

SNR --~ 
n 

(3.42 ) 

where'h,is the edge hight. Since the purpose of the testing is to compare 

-
the,pe~formance of various edge detection methods, for fairness it is 

'important that each edge detector be tuned to its best capabilities. 

Consequently, each edge detector has been permitted to train both on random 

,noise fields without edges and the actual test images before evaluation. 
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F.ig,3.20Edge location figure:, of merit as a function of SNR and 
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,For 'each edge detector, the threshold parameter has been set to achieve the 

maximum figure of merit ,subject to the maximum allowable false detection 

r~te. 

Fig 3.,20.a contains a plot of the figure of merit as a function of 

sign'al':'to-, noise ratio for several edge detectors with cx= 1/9. The figure 

of~erit is also plotted in Fig 3.20.b as a function of edge width. As one 

can see from Fig 3.20, the figure of merit is low for contrast, wide noisy 

edges, and high in the opposite ca'se. 

3.4.2, QUANTITATIVE EVALUATION OF EDGE DETECTION SCHEMES BY J.R.FRAM AND 

, E.S.DEUTSCH 

According to J.R:.Fram and E.S.Deutsch, [86], characteristics of edge 

de,tection schemes which ,shoUld 'be investigated for comparative pu~poses 

',include,' the following: edge orientation biases, edge detection in the 

presertce, of noise, range'in scale of edg~ detectability, ability to detect 

blu'rrededges, 'ability to detect curved edges, ability to extract an edge in 

, the presence of other edges and computer speed and storage requirements. 

,They have investigated the performance of edge detectors in the presence of 

noise,'as this is important in a wide range of applications and can be 

isola~ed relatively easily from other characteristics. 

T~e approach followed by Fram and Deutsch has one principle feature that the 

comparative results must be quantitative. 'They have attempted to find 

reproducable number~ corresponding to'the parameters which accurately 
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reflect the edge detection performance in the presence of noise. And this is 

accomplished with. artific,ial ,pictures. 

The edge detection schemes due to Hueckel, Macleod and Rosenfeld have been 

taken for comparative purposes. 

A set of images was considered for which both the noise and the edge signal 

could 'be characterized numedcally. The edge signal of a picture is 
, . 

parametrized 'by establi'shing two regions with different mean grey levels so 

that the regions could be said ,to'ba separat~d by an edge. The edge signal's 

strength could thus be parametrized as the difference in.mean grey levels of 

the:two regions. The noise in these regions could be given by the variance 

in t,heir grey level and it was decided to keep this variance largely 

independent of position. Approximately ten pictures were generated for each 

such contrast. 

'I' These test images consisted of 36x36 matrices each of which was divided into 

three, zones as shown in Fig 3.21. Picture points in zones 1 and 2 were 

assigned grey levels wh{ch were se.1ected randomly from Gaussian distribution 

.a,fme,ans' gl and g respectively andU = 24. These distributions were 
2, ' 

truncated at 0 and 63, respectively, the minimum and maximum grey level 

tised~ Elements in'zone three were assigned values in essentially the same 
" '. .- . . . 

manner, however, the mean of the grey level distribution for each column was 

obtained by: interpolating between' zones land 2. 
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Fig 3~21 The lay-out of a test image. Th~ square indicates the 

Partitioning of the three ,zones of the test image, and 

the graph indicates their mean grey levels. 

Specifically'" the truncation :points of the Gaussian distributions were set 

at .... 0.5 and 63 .. 5; this resulted in reducing the variance of the distibutions 

pushing, their means towards 32. 

The' quantification of edge detector performance was divided into two steps: 

(1)'- The edge 'detector output was put into a standard form by a procedure 

which took into account its various characteristics. 

(2): - From the standard form, two parameters reflective of the performance 

of the edge detector were calculated. This calculation was done in identical 

manne'r for all edge detectors. 

The standard form chosen was a binary plane in which a 1 denoted that the 

'corr~sponding point was considered'an edge point and a 0 meant otherwise. 

,The size of this plane was the output domain of the edge detector. Hueckel, 

Macleod :a,nd .Rosenfeld edge detectors evaluated here all produced quantities 
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,. .. 

'I' .'~ 
' .. 

which could be considered as edge' weights for every point of the output 

domain. These quantities were rounded off to the nearest integer for 

.convenience of display a:nd storage. They were ~hen thresholded to produce 

· CiPproximatelythe number of points n
tiil 

,expected for a well found edge. 

This number was chosen for each edge detector on the basis of an inspection 

of a small samp~e of outputs from the·test images so as to optimize the 

· results •. 

Given n
tiil

: '; .the method of deciding.the above threshold for each picture was 

as follows. For'each edge detector output, one can define a monotonically 

decreasing function net) equal to the number of points whose edge weights 

are greater than or equal tot. The threshold used then is defined by 

(3.43) 

· The. number of points of edge weight near threshold (T) was always much less 

than n.. ~. For ,this reason, it was thought .that rounding off the edge 
tll\' 

weights did riot greatly influence the results. For every picture of. the 

'sample se't,.· two parameters are calcula:ted from the standardized form of 

output discussed earlier. These may be conceptualized in terms of the I 

following model. It is assumed that egch 1 within the binary plane results 

· fro~ eithet.one or possibly both of the two sources, noise or signal. It is 

further assumed that the l's derived from the noise are randomly distributed 

in the whole picture with constant probability, whereas the l's resulting 

fro. signal ar~ restr{cted to a small subset of points within the plane, 

which contains the edge. If. the position of the l's generated by signal and 

the l's generated by noise had been known, one could form the standard 

output'binary plane by simply ORting these two sets of l's together. 

170 



. The firs,t parameter PI may· be defined on the basis of the above model as the 

maximum likelihood ,estimate (MLE) of the ratio of the total number of signal 
, , 

1 '. s divided by the· sum of .the number of noise l' s plus the number of signal 
. . 

I'!'!. The. number of noise 1:'s·is normalized to correspond to a standard 

number of columns ,in the binary pl?tie making this ratio independent of the 

size of the output domain of the·edge detector. The second parameter, P2 ' 

was ' visualized as follows. A row of the edge region is defined as "covered" 

if it contain~ at least one 1. (In this study the edges of the sample are 

. allvertica;L). For this purpose, all rows of the edge which are "covered" by 

noise l's'regardless of whether they are also covered by signal l's are 

disregarded; P
2 

is then set equal to the fraction of remaining edge rows 

"covered" by signal l's. It thus provides a measure of the distribution of 

the signal.over the length of the edge • 

. The.~bove.two parameters·have the following model independent properties: 

(1) - Should the l' s on the binary plane be distributed randomly with 

constant probability, the most probable values of ·both PI· and P
2 

are 0; 

(2) - Sho.uld all the l'sof the binary plane fall within the edge region, 

.. then P '=1· 
. 1 ' 

(3.) ..., Should every row of the edge be "covered", then P2 =1. 

If.it is assumed that the above model 'is correct, then defining the edge 

region.larger than necessary will not affect the expectation values of the 

two parameters PI and P
2 

• It will however, decrease the accuracy to which 

they may be determined. A further consideration was that a likely failing of 

the model is for signal l's to be shifted away from the edge. 
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In th~ study of Fram and Deutch [~6] it was noted that the two parameters 

calculated may not be expected to reflect the degree of success in finding 

the edge for every picture. Rather, when averaged over many ofa given class 

of pictur~s,they should ~ive a good {ndication of the performance of the 

edg~ detector with that set~ Fig 3.22 which is taken from the study of Fram 

andDeutch,gives a pictorial di'splay of the computation of the edge 

det~ction performance parameters for some typical images. 

HuECKEL ~ 'i(-~~ = .. ';'~". ,...-":"j . I . _l: 
~\ .~/".\ :X . I 

•. 11 009 .10 .21 • 62· .49 .57 .60 • 65 .50 

l;1AC'LEOD (L.ARGE)· 
y,! 

·~r 
"1' : -l : , 

1.(" -L 
.26 .. /.8 : 1.00 .96 .87 .68 1.00 1.00 1.00 1.00 

'MACLEOD (SMALL) 
ifr~ -r' ... (';.: ~. ,e' I • 4' "I ~h ,:. 

.~ ., ., • J~~ , . 
• 2i .49 .47 .84 .60 .61 . .82 1.00 090 1.00 

~ 
to. ':."t" t ~ ;:;.Irll JI ... ROSENFELD.DIFF 

.20 .14 .71 .94 .66 .80 .98 LOO 1.00 '1.00 

~ ~ ~r [I ROSENFELD DIFF & ~ tr: - . , 
. EDGE 

.19 ·.·.44 .68 1.00 .72 1.00 1.00 1.00 .84 1.00 

Fig 3·.22 A pictorial display of the steps taken in comput~ng 

the edge 'detection perf~rmance parameters. 

During the comparison of the speed of the three schemes tested, it was noted 

. that the. method suggested by Hueckel seems appropriate. In the case of the 

sche~es of Macleod and Rosenfeld, the speed is a funtion of the picture size 

and.' it approaches a minimum as the picture size increases. Another feature 

of these two schemes is that they do not cover a complete range in'edge 

orientations as does the operator of Hueckel. Their performance is best for 
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edges of an optimum ori.entation· and they cannot be expected to funtion, at 

all the e~ges ~eipendictilar to this • 

. Economies ·were introduced into each .of these methods by various means: 

(1) - The u:se of convolution with Fast Fourier Transforms in Macleod's 

. scheme is adv~mtageous. 

(2)" - Parallel processing could reduce the computation time of all three 

. schemes but most effectively that of Rosenfeld; 

(3) - The entire picture does not necessarily have to be examined in order 

to find· its edges. In particular, the additional information, which 

Hue~kel's operator supplies, could facilitate economies. 

(4) - Qptical preproce~sing co~ld be beneficially employed by all schemes 

but mos't of all by th.at· of Macleod where the speed would then be reduced to 

one. operation per picture p6int for ea~h orientation 

The. res~lts of evaluating the performance of the edge detectors, described 

aboye,.are gi.venby the graphs of Fig 3.2;3 and table 3.1 

(... .. 

Table 3.1 Evaluation results of the performances for the 

detector schemes 
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Fig 3.23 The edge detection performance parameters as 

a function of nominal contrast 

It,is readIly seen,from.Fig 3.2.3 that of the two parameters evaluated, 
". . 

parameter 1, which indicates the ratio of the edge detector's signal to its 
, , 

noise ·con~iste~tly, sho*s more ~ronounced differences in the performance of 

the various edge detecting programs tested, than parameter 2, which gives a 

measure of· the fraction of the edge covered by the signal. 

A clear resul~ indicated in Fig 3.23 is that Hueckel's operator as 

impiemented in the study does not perform as well on the sample images as 

the other two schemes. 

In the second work [88] of Fram and Deutsch, the performance of these three 
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edge detection schemes was Btudied at skew orientations. The question of 

orientat;ionbiases was investigated either by rotating the test images or by 

changing the optimum orientation of the edge detectors. Four sets of test 

fmageswere gene~ated to the same specifications. These were rotated by 150 
, 0, '0 .; 0 
,30 ,45,60. 

'Thresholding the edge detector output was performed after it was rotated 

b~ck so that the edge region was vertical. As was done for vertical edges, 

,the threshold was determined for each test ima'ge to permit enough points to 

pass and to fill the edge region. A difference between the rotated-edge 

output and the vertical-edge output was that the first one contained a 

greater proportion of points in the edge region than did the second. As in 

the first study, the number of poihts in the threshold determination which 

were considered ,to fill the edge region,nfiil ' varied from detector to 

detector. To generalize the definition of parameter 1, it was necessary only 

to re-express it in such a manner that it no longer was implicitly assumed 

that the domain was rectangular. Parameter 2 was dependent on the edge 

region be:t.'ng reGt'angular, but the "rotated out" corners in some cases 

eX,tendedinto the edge regt'on.When this occured, the rows of the edge 

region which were missing points were excluded from the computation of 

parameter 2. 

The results of the tests described above are plotted in Fig 3.24 

w~ thin statis,tical fluctuations, the changes in the rated performance of the 

edge detection schemes with orientation and contrast-to-noise ratios is 

cons~stent with what one would expect on general principles. The performance 

of Hueckel's operator is roughly independent of the orientation of the test 

edges, and the performance of the other schemes falloff as the orientation 
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of. the t~st images becomes more ~part from the ideal orientations. This 

fall-off· is most pronounced at the intermediate contrast-to-noise-ratio. If 

an edge is very distinct, then it can be detected over a wide range of 

orientations. If the edge is not yery distinct, then the range of 

orientations in which it can be·detected is smaller. 

It can be seen in Fig 3.24 that the method of Macleod as programmed by Fram 

and .Deutscn is much more biased with respect t.o the orientation of the test 

edges then the method due to Rosenfeld. A likely explanation for this is the 

shape of the mask used in implementing Macleod's scheme. The selection of 

the square-shaped ·mask for Macleod's scheme, was not an inherent feature of 

the method, but an arbitrary c.hoise of the investigators. 

3.4.3 QUALITATIVE COMPARISON OF DIRECTIONAL LAPLACIAN MASKS AND SOBEL AND 

PREWITT OPERATORS BY E.ALPASLAN 

Eihan Alpaslan [87] hasde~cribedthe directional Laplacian masks and 

sl,lggestedsome new algorithms in· his paper. He has taken an actual·image and 

applied.thre~different ~d~e detection ~ethods, Prewitt, Sobel and the 

directional Laplacian masks by making a computer simulation. He has prepared 

his'simtiladon with PDP 11/45. The actual picture is sampled to 128x128 

pixels each of which have a weight according to its grey level. 

Afte~ construction of the gradient image, he applied both fixed and locally 

adaptive threshold to the gradient image.He has reported in his study that 
I 

~h~ dir~ctional Laplacian masks served for edge detection as well as Prewitt 

and Sobel operators did. 
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IV COMPUTER SIMULATION RESULTS OF EDGE DETECTION SCHEMES 

AND FURTHER RESEARCH ON THEIR COMPARISON ~ 

4.1 .INTRODUCTION 

Inthi~ chapter, some local edge detection techniques are studied. The first 

one is the me.thod which uses Kirsch masks. After preprocessing of images 

with the directional Kirsch masks, the enhanced image is put into a labeling 

stage which is done by both adaptive and fixed thresholding. The second 

method uses the Sobel·operator. After preprocessing with the Sobel operator, 

, again both the adaptive and fixed thresholding are applied to the enhanced 

image. Then a second ·level threshol(Ung is used in order to get sharper 

edges. The third one uses Rosenfeld's product of difference equations in 

order to enhance images. After the enhancement operation, fixed thresholding 

is applied to make a decision whether a given pixel is an edge or not. 

The above three methods is chosen for the subject of this study, among 

various different edge detection schemes, becouse each scheme has some 
./ 

typical. properties and has different algorithm which was discussed in 

Sec.3.3. 

The methods mentioned above are not tested on actual images, because of some 

limitations of· the computer used. The memory capacity and the operation time 

of the computer is the basic handicap. Instead of actual images, some test 

images with vertical, diagonal and circular edges are generated and these 

methods were th~n applied on them. Evaluation and comparison of the methods 
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mentioned above is done depending on some quali·tative and quantitative 

perform'ance criterea. 

A package, program is developed'consisting of three edge detection 
. . . 

technicjues, various thr:esholding techniques and formulations which are used 

for evalua:tio~'and comparison processes. In section 4.2 test images which 

a,regenerated by the computer will be explai'ned in 4.3. Three edge detection 

schemes will be discussed in more detail. Insection 4.4 performance criterea 

will be explained. In 4~5 dependirig on each performance criterea evaluation 

of each method and their comparison will be do'ne. 

4.2 TEST IMAGES 

The study on edge detection schemes and evaluation processes is done with a 

set of test· images generated by the computer. These are the pictures in 

which both the noise and the edge signal can be characterized numerically 

and'in which thes are to be the only variables allowed to change. The edge 

signal, of a picture is param~trized by establishing two regions with' 

d.ifferent mean grey levels so that the regions can be said to be separated 

by an edge. Therefore, the edge signal's strength can be parametrized as. the 

difference in mean grey levels. of·the two regions. The noise in these 

regions is given by the random variances in their grey levels. 

The maximum dimension of the test images is 32x32 which is set by the memory 

l~mitat:i,on of, the computer. But the pictures which are used for analysis are 

of size 20x20, because of the long operation time (run time of the computer) 

of the processing. The test images consist of 20x20 matrices and may have 

three different shapes of edges, namely vertical,diagonal and circular. They 
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all are.devided into three zones as shown in Fig(4.1). Picture points in 

zones 1 .and. 3 are assigned grey levels which are selected randomly from 

Gaussian distribution,of~eans Dl and D3, repectively. Thes~ ditributions 

are truncated at·O and 280, respectively, the minimum and maximum grey 

levels used~ Elements in zone 2 are assigned values, especially as the 

averages of means of the grey level distributions of zones 1 and 3. 

(~) (b) 

------.... 
/~',' / ", , 

I \ \ 

I ( 0'1 \ 

I i I ) I 
.\ \, \ I / 

\ .1 , 

·1 ... __ \'_2:: __ ._:.._"_·"_/--

Fig.4.1 The regions of three different test images 

I 

Zone 2 is neglected while taking most of the analysis. It is taken into 

consideration when it is desired to see the behaviour due to blurred edges. 

The program is prepared'such that the grey levels of the two different 

regions of, the'edges can be changed each time the· user wants to do so. Fig 
I 

4~2.and 4.3 shows the test edges with different contrasts. The contrast 

value can be defined by the equation 

C = Dl - D3 (4.1) 

where Dl and D3are the mean values of the Gaussian distribution in zones 1 

. and 3 respe.ctively. For the vertical image, zone 2 can be devided into two 

regions with different means of grey levels if it is desired. 
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Random numbers are generated independently from a uniform distribution on 

the:interval (0,1) and the noise is introduced by adding one of these 

: numbers to the density value at each pixel if it is desired to see the 

results'of applying the three edge detection schemes on the test images. 

Themicr9processor which is used in this study is' APPLE IIe with 64 Kbyte 

memory and the printer is EPSON MX-80 which can provide discrete level 

'd1,s'play of. the images. APPLE, has no grey level differences in its graphic 

,mode:. Th~~" s why '1,4 newchatacters,' each of which has 7x8 dots, have been 

generated~ Each has diffe'rEmt number of dots in the 7x8 matrix according to 
" 

the'respective ~eightings of pixels of the image. Grey level distribution 

, which' 1,.8 'truncated at 0 .... 280 is'devided by 14 and for each level one 

'character is, assigned. The actual'image and the gradient picture of enhanced 

,edges are: printed character by character according to the above 

~riterea.(See Fig(4.2) an~, Fig(4.3». The circular edge is used more for 

qua:litati,ve analysis, like ability to detect curved edges, instead of 

'quantitative ones. For quantitative purposes the vertical and diagonal 

iJIlages are 'used. 

4.3. EDGE DETECTION SCHEMES 

'The edge, detection sclle'mes which are considered in this section are 

, explained in: detail in se~tion3.3 •. 5 (Sobel operator), 3.3.6 (Kirsch masks), 
" .' . 

'3~3,.'9'(Roseilf,eld's difference equations), 3.3.10 (Connectivity test and 
. . . . , . , '. 

Loc~lly Adaptive Threshold'fromRobinsoil). Here, methods which are used in 

the computer simulation and ,new additions to these methods will be 

, discussed. 

187 



" ' 

, ' 

,A) - EDGE ,DETECTION BY USING DIRECTIONAL KIRSCH MASKS, THE CONNECTIVITY 

" TEST AND, TH~ESHOLDING 

, ,In, this method eight directionaLKi'rsch masks is used for preprocessing 

If;!vel. (See Fig 3.1(». ~n order to get the gradient image, convolution of 

each gradient mask,and the3x3·gdd'surrounding a picture element is taken 

by using the equation: 

GD(x,y) = 
y+l. x+l 
I I MSK(k,l)*A(k,l) 

I=y-l k=x-l 
(4.2) 

where ',GD(x,y) is the gradient value of the pixel which is in position x,y. 

MSK(k,l) is one of the Kirsch's masks A(k,l) is the element of the image. 

:Eq .. 4~2'mtist be repeated for each mask. The application of the eight masks to 

a,3x3'grid surrounding a picture element gives the gradient magnitude and 

,direction a's G1 (x,y) •••• ~GS(x,y). The gradient picture is obtained by taking 

the'maxi~um gradient m;ignitude at each point,i.e., 

GD(x"y)= Max {Gl'(x,y)o ••• • GS(x,y)} (4.3) 

:rwQdifferellt types of thresholding, techniques are applied to the gradient' 

pic'ture in order to determine, whether' the gradient value is large enough to 

, ac~ept :or' reject th,e presence of an edge point. At the end of this procedure 

athr~shold'map is generated. 

,0),- Fix~d'threshold, which is equal to the av~rage intensity of the 

corresponding gradient image, is used as one alternative. After computation 

of 'the threshold value, the gradient value of each pixel is compared with . . . . 

'that value. If it is above that level, a "1" appears in the position of that 
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' .. 

pixel, and if it is not, then a "0" allpears in the same position in the 

threshold ~ap. 

(2):- Three.different adaptive thr~sholding techniques are tested: 
, -

a) The one which. is suggested by Robinson. A locally adaptive threshold, 

LAT ~ is· obt.ained by comparing the gradient image with a blurred version of 

the original image, which is obtained by convolving the image by a low-pass 

filter. The particular' low-'pass operation can be performed by the mask MO: 

'I 2 1 

M = .2 4 2 . (4.4) ,0 

1 2 1 

· Npte that, .in Eqn(3.39)MO is multiplied by a constant of 1/16. This does 

not' hoid for 'the case of thresholding. Locally adaptive threshold is' 

· op~ained 'bydeviding the gradient value of the pixel by the output of the 

, ,lm.j~passfi1ter MO at 'that pixel,i.e. 

GD(x,y) (4.5) 

LAT=----------------------------------------
Output. of thelow~pass filter MO at pixel (x,y) 

b) The second choice of adaptive thresholding is obtained by applying a 

fixed threshold: to the output of the above procedure (low-pass filtering). 

The fixed threshold is again the mean intensity of the gradient image. 

c) In. the third ,case, the average inagnitudes of pixels in a 3x3 grid, 

. 'surro~ndtngeach of the pixel in the gradient image, are taken and their 

aVl7rage intensity value if'! found. This value is determined as a threshold 

value for thatpi~el. If th~.magrii~ude of the pixel is higher than the 

· threshold.vaiue, then a "1", if not a "O"appears in the position of that 
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,pIxel in the threshold Jllap~ 

The comparison of these three thresholding methods was done at the 

beginning, and it was discovered that the second alternative for adaptive 

thresholding gives the sharpest edge, but as a disadvantage some edge points 

disappeared. The third choice gives many edge points in addition to the 

points of the main edge. In a real image, if details of the picture are 

required the last method can be used, but in our case, it is preferred to 

deal with the first method for adaptive thresholding. In the succeding 

sections of this study, only the first method will be used. Examples of 

'these three adaptive th~~sho1ding techniques are given in Fig (4.4). They 

are take~witha contrast value of 20 and there is no addition of noise. 

'Alternative combinations of thresholding techniques can be considered. For 

instance" after applying the third method, in order to sharpen the main edge 

and,neglect,the subedges, fixed threshold can be applied to the output of 

the adaptive threshold. But this investigation would exceed the purpose of 

this study. 

The mask which yields the maximum gradient valu~ determines the direction of 

the edg'e. The direction edge map is generated as a two-dimensional array of 

numbers which range between 0 and 7. The direction edge map is used to 

determine the local connectivity. If the direction at the center of the 3x3 

grid is'k (k = 0,1, ••• ,7), and if the directions of the preceding and 

succeding edge vectors are k-l, k, k+l, for any of the six compass 

directions and the directions of the other two edge vectors are k-2 or k+2, 

then the edges are assumed to be connected.(See Fig 3.16 for eight ,compass 
-

directions). A tolerance is made for any cif the two preceeding and succeding 
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Fig 4.4 The output~ (edge maps) of three different methods of 
··adaptive thresholding a) Low-pass filter,Mo 

b)Local AVerages + Fixed threshold clLocal averages 
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edge ve'ctorsin' order to fill,the edge region totally. Because, when the 
, ,. .'. I . . . 

c~nnectivi!=y. test of Robinson is applied to the Kirsch masks without such a 

tolerance~ ·edge becomes sharper but many of the edge points are lost~ The 

c'onnectivity'test is applied to 'the threshold map and only the 1 's which are 

above the threshold level in the map are tested whether they are connective 
. . 

'or not. The c,onnectivlty test can be considered as a post processing 

operation. The bJ..ock ~iagramof the proposed edge detection scheme is shown 

d, '. 

Input ", ' 3:0 

TOTAL 
. AVERAGE .. 
. (FIXEQ)·.· 

; 'KIRSCH 
, . ··MAsKS )icture 

. . " . . . . 

CONNECTIV _ 
TEST ' 

'. ' ·.Fig.,~.? ': Block diagram of the. Edge detection scheme 
using Kirsch Masks 

~-----" OIJ~put 
DIRECTION ) .. 

, NAP .I Eoge r'laj:' 
",,--/ 

';1;" . '. , h i while circles show t t of "In Fig.4.5 .square blocks show t e operat ons ou pu s 

· the, p.receeding , opera tions. 

In' F~g~4.6 the. outputs of·th~ 'edge detection scheme with Kirsch masks and 

· fixed threshold which is' ap.plied to th~ vertical edge is shown step by step. 

I~:Fig~4.7 ,the 'application of the same scheme on a diagonal and in Fig 4.8 

· on' a c1i:~ula~. edge is 'shown., ·In Fig 4.9, 4.10 and 4.11 the same detection 

'schenie,wit1:ilocally adaptive threshold (application of Ll'F-M ) on vertical, 
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Fig 4.11 The output~ of the edde~etec.scheme with Kirsch masks and 
adaptive thr.applied on a circular image a)Original image b)Enhan.image 
c)ThreshOld ma~' d)·Mask direction map e)Edcie map after postproces5.alg~~ . 
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di~gonal :a:nd circular shapes, respectively are shown. These outputs are 

ta~en with the contrast value of ,c=20 and without the existance of noise. 

The evaluation of these two alternatives will be done in the section 4.5 

with th~ other edge detection schemes. 

B) EDGE 'DETECTION BY USING SOBEL OPERATOR AND SEVERAL 

THRESHOLDING TECHNIQUES 
I 

In this scheme, the Sobel operator (See Eq.4.2 and 4.3 and Fig 3.7) is used 

in :the pre'processing level,. 'In order to get the gradient image, the Sobel 

operato,r' i~ applied to e'ach, pi,xel of the picture and the gradient values 

~D(x,y~ of eacb ptxel at location x,yis obtained. 

For this scheme, again two different types of thresholdinp; techniques are 

used in ,order to obtain a decision,on each pixel whether it is an edge point 

',or:. not. 

(1) - The fixed> threshold is the same one which is used in the scheme with 

,Kirsch masks. The threshold value is determined as the mean intensity of the 

~radient,image. The threshold map is also obtained in the same manner. 

(2) - The adaptive threshold is performed just as the third case explained 

in the ,first scheme. (The ,scheme with'Kirsch masks) The threshold value is 

de,termined' a.s the averag'e intensity of the pixels in a 3x3 grid, surrounding 

each.' of the pixel in the gradient image. ,Then the threshold map is 

,generated. , 

, A p~~t-processing algo,ritl1m: is applied on the threshold map, as a second 

level thresholding. A limit for ,the number of l' s in the threshold map is 
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given. This limit can be changed'according to the user requirements. If the 

number of l's in the edge region can, be expected, to be as in the case of 

the test images used in this project, this limit can easily be determined. 

If,'it, is an actual image, some tests must be pe~formed before getting the 

best result. This post-processing operation gives good results like 

sharp~ning:the existing edge and eliminating the subedges. The block diagram 

of the proposed edge detection ~che'me is shown in Fig 4.12. The square 

blocks represent the operationsand,the circular blocks represent the 

outputs' of ' the preceeditlg operations. 

I~t 
pic~ure 

, , 

Fj9.4;l,i: Block Diagram of, the edge ,detection scheme using Sobel Operator 

OUtput 

'The results of the tests with the vertical, diagonal and circular shapes are 

sl1~wn'in 'Fig 4.13 through 4.'18. In Fig 4.13 edge detection scheme with Sobel 

operators ~nd fixed threshold is shown on a vertical image. In Fig 4.14 the 

s'aine scheme is shown on a diagonal image and in Fig 4.15 on a circular 

image. In Fig 4.16 through 4.18 Sobel 'operator with adaptive threshold is 

shown on, a vertical,diag,onal and' circular shapes, respectively. All the 

outputs are tak:en with cOhtrastvalue of 20 and without the existance of 

noise. 

'Co~pariso:ns ,of thes'e techniques and the evaluation of each scheme will be 

discussed iri section 4.5. ' 
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c) - EDGE DETECTION SCHEME USING PRODUCT OF DIFFERENCE EQUATIONS AND 

FIXED THRESHOLDING TECHNIQUE 

This scheme has been explained in more detail ~in section 3.3.9. Shortly, the 

formula for differencing operation is: 

. A(x,y+k):r ••• +A(x,y+1) 
H (x,y.) =. . . 
k· . 

A(x,y)+ ••• +A(x,y-k+l) (4.6.a) 

k k 

. A(x+k,y)+ ••• +A(x+l.,y) A(x,y)+ ••• +A(x-k+l,y) (4.6.b) 

k k 

in horizontal and vertical directions, respectively, where k=1,2,4, ••• ,32. 

For preprocessing level, the above equations are used. k is defined as a 

: change~bl~ value. If it is choosen to be 2 then, 

H (xy) = 
. k ' 

v ',(x,y) = 
.k 

A(x,y+2)+A(x,y+l) A(x,y)+A(x,y-l) 

2 2 

A(x+2,y)+A(x+l,y) A(x,y)+A(x-l,y) 

2. 2 

(4.7.a) 

(4.7.b) 

mus.t be' calculated. In this case,' the. gradient value of a pixel at a 

location .x,y can be defiped by 

(4.8) 

As .analternative 
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Hj(X,y) A(x,y+l)-A(x,y) (4.9.a) 

VI (x,y) I A(x+l ,y)-A(x,y) I - (4.9.b) 

are also calculated and the products of v~rtical and horizontal differences 

are found. Then the gradient value is determined as a maximum of these 

products. 

Max { HI (x, y ). H2 ( x , y ) ,VI (x, y ). V 2 (x, y ) } (4.10) 

If ,large k is cho~en, then in the same manner the gradient value can be 

deteimined f~om only the difference equation or the product of differences. 

The ~rogram of this scheme calculates both di~ference equations and their 

produc'ts. It can be seen from the, outputs that for' large k, the edge becomes 

more 'arid mor~,conspicuous,but the larger the ~ the less precisely localized 

is the detected 'edge. If the differences are multiplied together for a range 

of values of k,the result tends to yield sharply localized detection of the 

edges. The block diagram of the proposed edge detection scheme is shown in 

Fig,4.19. Some outputs are shown in Fig -4.20 through 4.23. 

I MULTIPLIC. I 
OF DIFF .EQS 

I I 

Fig.4.19 Block diagram of the edge detection scheme using Rosenfeld's 
Difference Equations 
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Fi'g 4~23' (c;oht~nLled) f)Thr.·map:,k=1 g).Tht-.map ,k==/8 rdtht-.t11F.1p,k=B*·4·l(·2·*-1 
i·)Thr.~ap·,k=32*1~*8*4*2*1 . 
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Thresholding. is done' by:a fi·xed threshold .whose value is 'determined as in 

,.the prec~eding edge d~tection techniques. In section 4.5 evaluation of each 

s~hem~ a:ndcompart'sonswill be done. In this project the following about 

edge detection. ·techniques· are examined: 

.. a:) 'Kirsch masks with fixed threshold wHhout connectivity test. 

b) l{i'rsch'niasks with fixed threshold with connectivity test. 

c).KirSch masks' with adaptive threshold without connectivity test. 

d) .·.Kirsch masks.with adaptive threshold with connectivity test. 

· e). Sobel operator with fixed . threshold without post-processing operation. 

f).Sobel operator with fixed threshold with post-processing operation. 

g) Sobel operator with adaptive threshold without post-processing operation. 

h) Sobel operator ·.wi th adaptive thresbold with post-processing operation. 

· i) Rosenfeld .diff.equatiQns with fixed threshold for k=1,2,4 ••• 32 

'.j) .Rosenfel~ dif.f. equaUons with. fixed thres.hold for 

· k=1.2·,1 .. 2·.4, .•••• ,1.2 ••• 32. 
.", '" . ' , 

.The· comparisqn of each method with all the :other methods is very difficult, 

because 

(1)'-: The ou~puts are not in the same form. 

(2)-:'Different ·thresholding techniques effe'ct the preprocessing schemes in 

different· ways and cause some difficulties in getting correct decisions. 

(3):- There are more than 20 different methods and they cause very long and 

useless comparison procedures. 

'Therefore, each of the preprocessing methods will be evaluated in itself by 

~aking intc;> consideration all thresholding and post-processing methods which 
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were'discussed in the preceeding sections. 

In order to put the' outp' uts i " . d ntoa stan ard ~orm, the preprocessing schemes 

are,compa~ed by taking into ,account only the fixed thresholding technique 

and'neg1ecting adaptive thresholding and post-processing. 

4~4, PER~ORMANCE CRITERIA, 

In this project , ,various ,quantitative and qualitative evaluations have been 

takeh into consideration. Thispe'rformance criterea can be listed as 

,follows. 

,s) Perce'ntage er:ror versus contrast 
'. ' . 

For each method, this c,riterion Will be ~valuated by calculating the 

per,centage ,error while increasing the 'contrast values of the test image. 

CQntrast yalue,as mentioned earlier is C=D1-D3, where Dl and D3 are mean of 

, pixel magnitudes iIi zone 1 'and 3 ,respectively. Contrast values are taken to 

'be~2,.S,10,20,30,50,80,100 for each method. Percentage error is calculated 

by counting the l's in the edge map, which,ara out of the edge region and 

adding the uncovered rows, i.e.missing edge points, to this. Then 

E = % Error II of 1 'sout of the edge reg.+ II of uncov.rows 

II. of pixels In the whole picture (4.11) 

This critedon'1s applied to each method both with and without the existence 

,of noise 'and is also used' for the ~omparison of the above methods • . ' ','. . . 
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" 

,b) Percentage error versus noise:vari~nce 

For' a, giv,Em fixed contras1;",say 'C=20, percentage of error,E, is calculated 
" -

,for different noise' varia,nc,e's" (f.,:', (Example', (f' = 0 2 2 5 10 20 30 40 50 100) ."""" . 

c)Parametet pi 

As suggested 'by 'Fram and D~utsch [88], a parameter P can becalculaied as 

, one, ,more criterion in order~o 'coinI?are' the behaviour of various edge 

'de:tec~ii:ln :schemes with respect to noise. P is calculated by 

# of errors in a pure signal P = ________ ---,-___ _ (4.12) 

# of eiror~ in a noisy' signal, 

For a,given fixed noise variance ( d=40), variations of P are calculated as 

the ,function of the, contrast. 

d) Mean sqare d'istance of'. errors 

This par~meter is calculated by taking the mean of distances of the l's in 
. '. ." . . 

the, edge 'map,which are qut of the edge region. 

squaredlstan~,~ of error l' s to the edge region (4.13) 
D - -:----------...,..--'-----,--------

.T"ot'al II ot, 1 's outof' the edge region 

This paranieteris U:sed to decidewheth,er'thel's out of the edge region are 

near the edge', i.e., ate only blurring the edge or not. This criterion is 

applied to both, noisy and, pure signals. This criterion can give an idea 

about the distribution of the er,rors. 
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· e) :,Missin:g edge points 

This, 'par~~eter shows the uncovered rows iri the edge region and is applied to 

both noisy anrl,pure sign81~. 

, f), Operation times of each scheme are considered as an important criterion. 

The complexity of the algorithm is hence taken .into account for each scheme. 

g) Another parameter is the ability to detect curved edges. Circular images 

'are used'forthi's purpose. Only qualitative evaluation is done for this 

,h)'AnQthe'rqua~.:i.tati veevaluat'i0ri is the abiiity to detect sharp edges. An, 

edge region '(or eac'bte,st'image is defined. This region contains two pixels 

"in ~ach row of 'the,' picture,' ,but s~arp edges must contain only one pixel in 

,each row., 
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" ' 
4.5 ' EVALUATION OF RESULTS 

As mentioned, e,arlier, because of l'qng operation time of the computer and the 

great, number, of edge ,dete'ction sch~ines, 'all simulations had to be performed . . . . 

by using a minimum number of data (i:.e.20*20 ~amp1es), in order. to evaluate 
. . . . . . . . . . . 

each per~ormance :C:rit~rion., Each :simu1ati'on was only performed three times 

because of the abo've reasons. 

In'the following, each ,per'formancecriterion is evaluated for each 

.preprocessirig' scheme, wi th respect to the various postprocessing algorithms . . ." . 

and .thresho1ding techniques. In som~ cases the evaluation is done with the 

eXl,stence of noise. In addition all preprocessing schemes using a fixed 

threshold are compared with respect to all criteria. 

,'PERCENTAGE ·ERROR VERSUS CONTRAST 

A' - SOBEL OPERATOR - Four different types of edge detection schemes using 

, the Sobel. operator are evaluated: 
~ . . 

',1 ,~' Sobel ~pe'rator with fixed threshold and .without postprocessing algorithm 

2- Sobel operator with fixed threshold and with postprocessing algorithm 

. '3, ~,S9be1: operato'r with ,adaptive, threshold, and without postprocessing 

,algodthm 

4 Sobel operatoI' with, ~d~pti~e. thr~shold and with postprocessing algorithm 

In Fig (4.24) ,four different schemes are shown without the existence of 
, ' 

noise'. It,' is'ob,vious from Fig (4~24) that increasing the contrast value does 
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" , .. ,', 

%·Error. 
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Fixed thr.w/o post. 

CJ 

. 0,.30 r' ~-~~--~----,--~~----~--~---. 

Adap.thr.w/o post . 

..... 

" 0 .. 20' . . , 

Fixed thr.w. post. 

I + 

Adaptive thr.w.post 

" 

" " 

Contre.st. 

·20 40 60 80 100 120 

Fig.4:24: % error \IS contrast for adaptive 8: fixed threshold., 

with.andw/o poitpiocessing,without the existence of noise 
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1", • 

· no~resul't in a dec.rease in the percentage erro~. This can be expected 

because, when the, contrast: increases, the number of l's, i.e., points which 

are above, the threshold ,v'alue, increases on one side of the edge, while it 

decreases on the other side. Because the thrshold value depends on the local 

01;'." total averag~ variances of the picture, this criterion does not give any 

idea about the behaviour of the detection scheme. But, it can be seen that 

· the. postprocessing algorithm, i.e., limiting the number of l' s in the 

'picture,gives pretty goc)d results. Fixed threshold gives better result than 
.', . 

adaptive,threshold without using .postprocessing because, the local threshold 

permits spm~: local edges ,to appear which are nc;>t required in our picture. 

'Tlii.s' pos,tproc,essi~g algorithm ca'~ be applied to all other edge detection 
, '. . . , 

sch~mes.But ,in ,this study.' postprocessing was used only· for the Sobel 

· operator. 

In Fig (4.25) the same criterion is evaluated with the existence of noise. 

More reasonable results are taken from this analysis. In a noisy environment 

. -
with a = 40, the percentage error decreases with increasing contrast values. 

This· is shown in Fig (4.25). 'The postprocessing algorithm again gives very 

, ' 
, -

, 
good resu~ts •. In fact, for contrast values greater than 30 the error 

disappears. That is" there are no l' s except the l' s in the edge region. 

For· a = 40,' the noise influences the results for, values upto C=50. For 

gt;"eater contrast vaiue'sthe noise has no effect on the scheme. Thus, for 

~m:alier, ilO:L~e values the 'effect of the noise disappears at lower contrasts 

,than' C=50., ,Again, 'because we don't 'want to detect subedges, fix thre.shold 

g:i.v~s betterresu~ts than the adaptive threshold. 

In -Fig (4'.26),· three pictures (vertical edges), and the detected edges by 
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Fig.4~2,5 ' % errorvs, contrast for: adaptive & fixed threshold., 

~ith and~/o postprocessing/with the existanc~ of noise(~ =40) 
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'11 

'using fixed threshold, with and without postprocessing procedure (i.e., 

lim{tatiori of l's) are shown for contrast C=20. Fig (4.26a) shows the pure, 

Fig (4.26b) shows the noisy image with U=40, and Fig (4.26c) shows another 

noisy image .with U =100. 

B .- KtRSCH MASKS 

F6ui different types of edge detection schemes are evaluated for Kirsch 

directional masks. 

1 Kirsch masks with fixed threshold and without postprocessing. 

2 Kirsch masks with fixed threshold and with postprocessing. 

3 Kirsch masks with adaptive threshold and without postprocessing. 

4 Kirsch masks with adaptive threshold and with postprocessing. 

In Fig (4.27) four different schemes are shown without the existence of 

rtoise. As in·the case of the Sobel operator, increasing the contrast value 

'does not result in an increa~e in percentage error because o~ the same 

reason. A different postprocessing algorithm, the connectivity test, is used 

for. this scheme as explained in section 4.3. Although this parameter does 

not give any idea about the individual behaviour of each scheme, one can get 

a comparative result from Fig (4.27). Connectivity test for fixed threshold 

gives better results. But the locally adaptive threshold by convolving each 

~ix~lwith the ~ow pa~s fiiter, MO (see section 4.3) without connectivity 

test gives the best result, because the output of the convdlution is the 

sharpest edge, and when the connectivity test is applied to this output some 

edge points are missed and uncovered rows appear in the edge region. That is 

why the connectivity test is not good for Kirsch masks. If a fixed threshold 

is used, better results can be obtained by applying connectivity test but 

for adaptive thresholding there is no need for postprocessing procedures. 
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Fig (4.28) shows the percentage error versus contrast with the existence of 

noise. The behaviour of the schemes can be understood easily from Fig 

, (4,.?8). As' fn the',caseo'f the Sobel operator, the noise is added to the 
. .' . 

,origina~ picture, with the: variance (J =40. Again, the best result is obtained 
. . . . 

with anadaptive thresholdand without 'connectivity test. Connectivity test 

effects ,the scheme with adaptive thresholding in a negative manner, but for 
" , 

fixed'thre,sho,ld it can be, used to get better results. 

rii (4.29) shows three pictures (with vertical edges) with contrast C=20, 

and the detected edges by using fixed threshold without and with 

pos,tprocessing (i.e.,' connectivity test) algorithm. Fig (4.29a) shows the 

pure imag~, (4.29b) the noisy image with variance a=40, (4.29c) the noisy 

image with noise variance a =100. 

C,~.ROSENFELD DiFFERENCE EQUATIONS 

,The simulation of' this method is done for each value of k where 

,k=1~2,,4, ••• ~32 "and ,the products of,these, i.e., 

k=::2'*.l ,4*2*1, .•• ,32*16*8*4*2*1. But the evaluation has been done for: 

1 .... RoseJ;lfeld dHferenceequation with fixed threshold, for k=1 

2 .... Rosenfeld difference equation Ylith fixed threshold, for
/
k=8 

3 Rosenfeld difference equation ,with fixed threshold, for k=32 

4 -,Ros~nfeld difference equation with fixed threshold, for k=8*4*2*1 

5 -Rosenfeld difference equation with fixed threshold, for k=32*16*8*4*2*1 

(The postprocessing procedure is not used for this scheme. Fig (4.30) shows 

the f k 1 8 32 d k=8*4*2*1,32*,16*8*4*2*1 with fixed threshold, 
re~\ll tsor = " an 

without, any postprocessing algorithm and without the existence of noise. As 
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Fig 4.29' (continued) b)with noise~ a=fl.O,C::::20 
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in the case of 'the preceeding schemes, percentage error is not a function of 
, , 

the ~onrast yalues. But a comparison can be done between the alternative 
',.. '. 

schemes. For k=l the worst and for: k=32*16*8*4*2*1 the best result is 

'obtained as expected • 

,'Fig (4.31) show,s the same,schemes with the' existence of noise (U=40). with 

noise the percentage error decreases versus ,the increase in contrast. When 
, , 

the,,: tw9 graphs (Fig (4.'30) and ,(4:.31)) are compared, the values in (4.31) 

'a,re' worse than the, values iil' (4.30).' The noise is still effective even for 

': hi,gh cont!=,ast value's. ' Aga'in' the ,worst result is obtained when k=l and the 

best r~sult,;ls o?tained w~en'k=3i~r6*8*4*2*1. Fig (4.32) shows three 

: ,pic:tures with contrast ;a,lue C=20 and: the detected edges by using fixed 

• thresholf for k=8*4,*2*1.'F.ig (4.32a) shows the pure image, Fig (4.32b) the 

"n6isy,image'with U=40,Fig (4.32c) the noisy image with U=lOO. Fig (4.19) 

'ari~ (4~32) illustrate the fact th~t"for large k.the edge becomes more and 

,more ,co,ns'piciuous, but ,the larger the k the less precisely locallized is the 

d~tected 'edge. If the ditferences are multiplied together for a range of k, 

the result tends to yield sharply locallized detection of the edges. 

D'- THE COMPARISON OF'THE THREE PREPROCESSING SCHEMES 

'The compai"ison, is done using only, the fixed threshold and without taking any 

,postprocesslngalgorithm in order to look 'at each scheme in equal 

, conditions.-':Evaluation is, performed for: 

'1 ' ..., 'Sobel:' operator, wi thHxe4 threshold 

2', -:,'Kirsch ~asks with flxedt:hreshold 
. . . . ..' . 

, 3 ,- Rosenfeld difference 'equations with fixed threshold for k=8 

4 -, ,Rosenfeld d;i.fference equation with fixed threshold for k=32*16*8*4*2*1 '. : . 
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Although this criterion does not .sho· w any steady behaviour, it can be used 

for ,compar,ison purposes. Sobel and Kirsch methods show almost the same 

characteristics •. Rosenfeld's method with k=8 is the worst and with 

k=32*16*8*4~2*1 gives the best result'(see Fig (4.33)). If Fig (4.34) is 

observed one can see the behaviour of the rour schemes with the existence of 

.noise· fora =40. 

For' .small contrasts the behaviour of Sobel and Kirsch algorithms are again 

almost the same. But the effect of. noise disappears faster by using Kirsch's 

method •. For greater valuesthanC=50 Sobel, Kirsch and Rosenfeld (for 

k=32*16*8*4*2*1) approxi~atelyshows the same characteristic but for the 

• c.ontrast. values less than 50 Rosenfeld with k=32*16*8*4*2*l, cannot give as 

good results as Sobel anci Kirsch methods do. The percentage error is very 

'high for sm~ll ,contrasts.· Rosenfeld for k=8 gives the worst result. Another 

disadvantage of Rosenfeld's 'scheme ,can also be observed from Fig (4.34). The 

effect of noise does not disappear even for large contrasts. Besides, the 

increase of the percentage error in a noisy environment is much greater. 

This cim be seep by making the comparison of Fig (4.33) and Fig (4.34). 

REMARKS: 

1 ~ Although percentage error versus contrast is not a steady characteristic 

for any of these three prepr'ocessing algorithms, however , it can be used for 

the comparison of, different threshold,ing and postprocessing techniques using 

one of these preprocess~ng methods. Also it can be used for the comparison 

of the p~eprocessii:lg methods among themselv.es provided that they are 

employed.underthe same conditions. 

, 2 Percent:age' error versus cont.rast with noise contamination puts_ more into 
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I" 

evidence characteristies ~bout the detection schemes. 

3 - Postprocessing algori thms, e.g., limi ting the number of l' s in the 

picture can be applied to all schemes. The comparison of the effect of such 

. postprocessing techniques on the various preprocessing algorithms has not 

been incltided in this study • 

. PERGENTAGE E.RROR VERSUS NOISE VARIANCE 

Evaluation is done for the following nine noise variance values: a=.2, 2, 

5,10', 20, 30, .40, 50, 100. The 'contrast is fixed at C=20 for all 

simUlations. , 

A - SOBEL OPERATOR 

':Four different types of edge detection schemes are evaluated for the Sobel 

o:perator just as has been done for the preceeding criterion. The results are 

,shown in Fig (4.35). 

'It can b~seen from Fig (4.35) that the noise variance is directly 

p~oportiorialto the per¢entage'error at a fixed contrast. Because the 
, I 

a'da~tive: threshold ,permits ,the appearance of subedges which do not belong to 

the pic~ure, the results'are worst especially if postprocessing operation is 

not used. Up to a,=30 (with C=20) the percentage error deteriorates slowly 

but: for values·greater than a=30 the increase becomes sharper. The best 

'result is Qbtained when using adaptive thresholding with postprocessing 

operation. 

Fig'(4.36) shows the results of the three simulations using a fixed 
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Fig 4.36 (continued) b)with noise, a=10,C~20 
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Fig 4.36 (continued) c)with npiee~ U=50,C=20 
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threshbld, one.with noise· variance a =5, the second with noise variance a 

=10 and the ·last one with a =50 •. In the first two pictures, edges can be 

easily gathered but in the third one the edge pOints can not be recognized 

from·the output. ·For a=100 the result gets worse as shown in Fig (4.26). 

B -:- KIRSCH MASKS 

Again the same four schemes are used for the simulations. Fig (4.37) shows 

the results ·of how percentage error changes with respect to the changes in 
. . 

noise variance~ The worst result is' obtained if a fixed threshold is used 

without .using connectivity. test.·If connectivity test is used with fixed 

. threshold the result of the scheme, is very similar to the one with adaptive 

'thresho1dand without.using·the connectivity test. For small variances of 

rioise adapti~e ~hreshoidi~g without using postprocessing gives the best 

result. For this criterion, it'c~n be said that for fixed thresholding a 

postprocessing algorithm is needed iIi order to get better results, but for 

adaptive thresholding there is no need for any postprocessing algorithm. Fig 

(4.38) shows' three simulation results with noise variance a =5, 10, 50. The 

·effect of noise and connectivity test can be easily seen from the figure. 

For' a =100 the result gets worse. as shown in Fig (4.29). 

C ~ ROSENFELD DIFFERENCE EQUATIONS 

For this method only five different schemes are evaluated, although all 

s'imulation results for each value ofk, which is explained in section 3.3 

and 4.3, have been obtained in order to get simpler and more understandable 

graphs. as :in .the case of, the procceding criterion. 
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Fig 4.38 (~ontinued) b)with noise, U=10,C=20 
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, The', evaluation has, been d,one by using only fixed threshold and for the 

values of, k=1,8,,32,8*4*2*1 ,32*16*8*4*2*1. No postprocessing algorithm has 

been used for this scheme. Fig (4.39) shows the simulation results for 

percentage error versus noise variance aat a fixed contrast. For 

simulations C=20is used as contrast value. As easily understood from the 

figure better results are obtained for larger values of k and the products 

of the differences give even better results. Even small noise variances are 

'effective in the graph. The best result is obtained by the product of 

differences for k=32 (i.e., 32*16*8*4*2*1). 

Fig (4.,40) shows the three simulation outputs with a =5, 10, 50. Noisy 

images and the outputs with fixed threshold for k=8 and k=32*16*8*4*2*1 can 

'Qe seen from Fig (4.40)eIf ,Fig (4.32) is examined one more time, it is 

obvious thai: the result 'gets, worse when a ;"100. 

D -THE COMPARISON' OF THE THREE PREPRbCESSING SCHEMES 

Thecompari'son of ' the three schemes is done by only using a fixed threshold 

and 'with~ut taking, ~lnY postprocessing algorithm provided they are employed 

under the same' conditions. Evaluation has been done for Sobel operator, 

Kirsch masks, Rosenfeld difference equations for k=8 and k=32*16*8*4*2*1 as 

in the case of the preceeding criterion. 

It is easily understo'odfromFig (4.41) that Rosenfeld's schemes do not give 

results as good as Sobel ,and Kirsch s'chemes do, i.e., it is better to use 

Sobel or;'Kirsch schemes in a noisy environment, but if the noise variance is 

large, the 'three schemes give almost the Same response. 
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REMARKS 

From. the simulation results it can be said that the noise variance is a good 

criterion to see· the behaviour of each scheme and to compare the schemes 

among. themselves .• 

· • PARAMET~RP . 

. The. parameter p, has been calculated· for each method in order to compare the 
· . 
· behaviour, of the menttonededgedetectiori schemes. P is calculated by Eqn • 

. ,(4 •. 31). 'Simulation runs have been taken for different contrast values once 

withoutno'ise' and once with a noise of a =40. For each contrast value the 

percentage errOr has been. calculated for both, with and without the 

existence of noise. P is the ratio of these two values and is calculated 

·from Eqn(4.12) 

A- SOBEL' OPERATOR 

COO~ 

2· 
.. 

5·. 

·10' 

20.' 

30 
SO 

80 
·100 . 

. FIXED ADAPTIVE 

. ~ ERR.IN 'PURE SIG £ ERR~IN HoISV SIG £ ERR.IN PURE SIG £ ERR.IN HOISVSIG 

W/O· WITH . W/O .. WITH W/O WITH 1,,1/0 WITH 

21l Il 99· ·40 109 II. 1411 35 

32 1.5. . I 83 37 111 0 155 38 

37 1 17 31 117 1 147 27 

38 1, 117 9 107 0 129 16 

/lll. 0.4 Ili 1 108 0 128 0 
41, O~7· 25. 1 112 0 106 1 

117 0.7 26 1 112 1 117 0 

4" .0.5 25 1 UO 0 120 1 

Table 4.1 The value of P parameters for Sobel Operator 
with adaptive thL 8: fix thr. ,with 8: wlo existance of noise 
(&~~ . . 
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SOBEL OPERATOf;~ 

Fixed thr.w/o post. 
p, Paramet er 

Cl 

2_5r-------~--~--~~--~~--------______ ~ 

1.5' 

post. 

Fixed thr.w. post. 
I 

I ~ 
I 

I 
Adaptive thr.w.post 

Contrast 

o 20 40 60 80 100 120 

, Fi 9 .4,'42' pperamet,er vs':cbntrast for 'e.dept i '../8 &.24 

fixe~ threshold; with and w/o postprocessing, 
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KIRSH t-1ETHOD 
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0.5 

o 20 40 60 80 100 

Adap . t hr .1,\)/0 post. 

I 
I 
I 
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I . 

Adaptive thr.w.post 
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Contr8.st 

120 

Fig~4.i •. 3P parameter vs contr'ast for adaptive & fixed thres~·'iOld, . 

. with'and w/opqstprocessing,. 
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As in, the, cas'e of thepreceeding criteria four different types of edge 

detection, s:chemes are evaluat,ed.The simulation results are shown in Fig 

(4.42) and Table' (4~ 1)." P is an increasing fun~tion of the contrast. This 

can,be visualized from Fig (4.42). For, the scheme with an adaptive threshold 

andthepostprocessing,~lgorithm, P:is always zero, because the percentage 

err~r is z,ero for all contrast values in the pure image. That's why this 

graph can not, give any idea about the variations due to noise. For the 
, " 

scheme with fixed threshold and without postprocessing algorithm, P 

increases 'rapidly, because the effect of noise decreases rapidly when the 

contrast value increases. For small contrasts, the noise is more effective 

than it is for higher contrasts. The graph of the scheme with fixed 

thres~old a'nd without postprocessing also shows that, the decrease of the 

noise effect, as well ~s~he increase of percentage arror for the pure image 

are the i"eason for such large values of P. The graph of the scheme with 

adaptive threshold and w~thoutpostprocessing shows that the effect of noise 

doesnot~harige very much for increasing contrast values. The graph for the 

sch.emewti:h fixed threshold and with postprocessing shows that, for 

'inc~easirig dont,ras t the ef feet of 'noise decreases but, because the increase 

of~he pe~ce~tage error' for the pure image is less, P in this case does not 

reach such 'large va'lues. 

,'B KIRSCH MASKS 

Again, four different types of edge detection schemes are evaluated for 

,Kirsch masks as in the case of the preceeding criteria. The simulation 

results are shown in Fig (4.43) and table (4.2). 
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OOiTRASf' 
., 

2 

5 
10 
ZO 

30 

50 
80 

100 

· FIXED ADAPTIVE 
,t ERR.IN 'PuRE SIG t ERR. IN ,HOISV SIG tERR.IN PURE SIG t ERR.IN NOISV SIG 

WIO WITH WIO 'BITH \I/O '!lITH WIO WITH 

31 3 108 22 11 16 21 18 

112 ·11 80 18 0 8 20 18 

~2 6 73 18 0 10 19 18 
QJ 8, QJ 7 0 9 14 17 

37 8 23 13 0 6 9 10 
28 5 17 11 0 9 11 15 

37 9 18 10 0 9 6 12 
45 14 

". 

10 7 0 4 3 11 

,'Table4o 2 The value of P perarneters for Kirsch tvtesk 
with adaptive thr.& fix thr~with & wlo existance of noise 
CtT = 40) 

All schemes show approxi~ately the same characteristic. P is an increasing 

furt;ct,ion, of contrast for all schemes· but the increasing rate changes from 

orie ,scheme to another. As inthecase·of the Sobel operator we can not say 

anythingaboltt the scheme with adaptive threshold and connectivity test 

because of 'the same reason. For adaPtive thresholding with connectivity test 

the.'Sensitivity to noise is much more than for any other scheme. As the 

. contrast increases P increases slightly. The graph of the scheme with fixed 

threshold 'and without connectivity test increases sharply. This sharp 

::increa~e. can be interpreted in the following way. Since for increasing 

contras~values the' number of errors in the pure signal is :increasing 

whereas the number of errors in the' noisy signal is decreasing, their ratio, 

theP parameter, will increase very rapidly. That's why the best result is 

obtai,ned,'by the scheme with fixed threshold and with connectivity test. 
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C - ROSENFELD D"IFFERENCE' EQUATIONS. 

Five different schemes are evaluated for Rosenfeld difference equations as 

in tJle ca~eof the preceeding criteria. The results of the simulations are 

giv.en .in' Fig (4.44) and 'f~ble (4~3). All ·schemes approximately show the same 
. . 

'cha~actetistics,.' ,For allsch~mes P is an increasing function of contrast. 

Th~ rates, of increase are' also very: similar to each other. As it can be seen 

ft'om Fig (4.44) the noise E!ffectsthe .schemes much more for small contrasts 

than for greater contrasts. 

. , 

~ 1C:6. IC:;32 ~_1I_2..1 1C:;32_16_ • .2.1 

f,ERR f, ERR' f,Em f,ERR f, ERR f,Em f,ERR f,Em f,Em 
COfI1MSI' PURE HOISY . PURE HOISY PURE NOISY PURE NOISY PURE 

SIGNAL SIGNAL SIGNAL SIGNAL SIGNAL SIGNAL SIGNAL SIGNAL SIGNAL 

2, 121 190 104 139 39 140 7 138 8 

5 103 196 87 134 50 124 43 143 8 

'10 127. 1,71 75 121 :N 106 75 122 12 

20 163 ' 159 9S 95 81 92 71 70 53 

30 122 150 76 88 ~3 73 79 84 30 

SO 120 133 74 72 33 47 69 67 30 

80 . 126 105' 78 73 49 43 71 69 Q1 

:(00 122 102 81, ,70 ~ .'37 66 67 35 

,', 
, . 

'. " 

., Table.l~,.3 Tnevalue cif P parameters for Rosenfeld's I 

, . Differ~nce Equations with adap.thr.& fixed thr., 
with & 'w/o'existance of noise (() = 40) 

D -COMPARISON ,OF THE THREE PREPROCESSING SCHEMES 

f,ERR 
HOISV 

SIGNAL 

139 

116 

105 

56 

6~ 

32 

41 
32 

As~or the preceeding criteria, comparison is done only by using fixed 

thresholding without postprocessing algorithms. Evaluation has been done for 

Sobel operator, Kirsch masks, Rosenfeld difference equations with k=8 and 
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. I. 

·.ROSENFELD DIFF. EQUATIONS 

. P paramete.r k=l 
o 

·1,6 r---'------------------------, 

0.8. 

0;4 " 

I 
! 
i 
! 
\ 
I 
i 

I 
i 

v..=8 

k=32 

• 

k=8*4*2*1 

k=32*16*8*4*2*1· 
! i \. 

, / 

I Contrast 
.0 ~----~~----~~----~--~--~------~------~ 

20 40 . 60 80 100 120 . 

Fig;4.::44P p'aiarneter vs contrast for fixed thresholc!, 

and w/opostprQcessing 
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Comparison. behleen Sobel Operator, Kirsch r1ask::::, 

Rosenfeld. diff .. eqn 1 & . .2 for k=8 and k=32 ... 1 respectivel'y' 

P •. Parameter· SoiJel 
o 

2'. 5 r--...:.-.--:-:----~--~-:--___:---'------___, 

Kirsch 
... 

2.0 

Pose.nfelcll 
.. 

Pos:enfel cl 2 

. Contrast 

o 20 40 60 80 100 120 

. Fig .. 4.45 P parameter vs contrast for 

: '~ixed threshold and without postprocessing 
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.k=:32*16*8*4*2*1. Fig (4.45)' shows· the results of the simulations. 

F9r small contrasts bette'r results .canbe obtained by using Rosenfeld 

products of dtf~e~ences for large k. Since_a nonincreasing P function means 

. that the effect'of noise does not diminish for increasing contrast values, 

·Ros~nfeld's.method is not convenient for great contrasts. Since a sharp 

increase ,of the parameter P shows not only the diminishing effect of noise 

bu~ also that the percentage error in the pure signal is increasing, this 

much of increase is not desired. This makes the Sobel operator more 

desirable than the Kirsch masks because of their somewhat smoother increase. 

MEAN SQUARE DISTANCE OF ERRORS 

. This parameter 1.s used to decide whether the l's out of the edge region are 

near the, edge or' not ,i.e., the edge is blurred or not. 

'A '- SOBEL .. ·OPERATOR 

.' The' simulation 'results of four ,different schemes of the Sobel operator 

.without. and .with the existence of noise ( a=40) are shown in Fig (4.46) and 

(4.47) respectively~ 

B KIRSCH MASKS 

The: simulation results of four different schemes of Kirsch masks w/o and 

with noise (a=40) are shown in Fig. (4.48) and (4.49), respectively. 
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SOBEL OPERATOR 

Fixed thr.w/o post~ 

Me'an square distance 
o 
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I 
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Adapt i ve thr.w.post 
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I 
I 
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I 
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) ! 
i 
I 

I 
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I 

120 

Contr8.st 

Fi g .4.4~ Mean square di st"ance vs contrast for adapt i \/e & fi x eel t I'"lr e s r-I 

. . 

with· and,w/o postprbc~ssing~without the existence of noise 
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,SDBEL OPERATOR, 

Fixed thY.w/o pos~. 

Mean square,' di st ar:tce,' 
c 

:16r---------~--~~~--~--~--------------~ 

'r","'~---'---.., 
" "-

, '~ 

, , 

, 

I 

12' , 

8 

" 4, 
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Fixed thr.w. post. 

I 
• 

Adaptive thr.w.post 
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120 

F,i g .'4.47' Mean square di st aricevs ,contr;:tst for ;:tdapt i lie .~, fi):: eel t ~'ir ~:; 

with and w/o p~stprocessing/with the existence of noise (0 =40) 
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KIRSH t'lETHOD 

adapt. thres:r-Iolcl 

with & w/o postpro. 
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KIRSH t-IETHOD 

Fixed thr.w/o post 

Mean~squ~ie eli st ance 
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Fig· .. 4.49. Mean square dtstance vs' contrast forf'ixed (;: a.clap. trlrest-Iold
l 

with ~~d w/o postprotessing~with the existance. of noise(o =40) 
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·C -'ROSENFELD DIFFERENCE EQUATIONS 

The.simulat't,on results of .the five different schemes of Rosenfeld edge 

detectionmetho~ without and with the existence of noise ( a =40) are shown 

, in 'Fig (4.5,0) and (4.51) respectively. -

REM/.RKS: 

'It is' obvious from Fig (4.46) through (4.51) that, this parameter can not be 

used for evaluation, because it does not show any consistency and give a 

: :reasonable result • 

. MISSING EDGE POINTS 

This :parameter shows .the uncovered. rows in the edge region and gives an idea 

. about the schemes' wheth¢r they cancat:ch. the points in the edge region 

sufficie,ntiy or not. 

A SOBEL OPERATOR 

·Fig.(4.52) ,shows ,the ratio of miss;ing edge points per total number of points 

in'an im_geas a function of contrast for four different types of Sobel 

operator schemes without 'the existence of noise. 

The figure shows that there are no missing edge points when the 

postprocessing algorithm is not used. But, if it is used then the scheme 

with adaptive thresholding gives a better result with respect to this 
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ROSENFELDDIFF. EQUATIONS 

Mean·square distance 
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ROSENFELDDIFF. EQUATIONS 

.Mean squa~e di$tahce' 
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Fig 4~51 Mean' square distance vs.contrast for fixed threshold and 
without postprocessirg algorithm and with noise, U=40, 
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SOBEL OPEf;~ATOR 

Fixed thr.w/a post. 
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cr'{teri'on. Fig (.4.53) shows the results of the same criterion with the 

exi'l;>tence of rioise. The comparison of Fig (4.52) and (4.53) indicates that 

,the'number of missing edge,points increases when noise is added to the 

~ic~ure. Since for,larg~ contrasts the noise looses its effect the graphs in 

the above 'mentioned figures have approximately the same shape. 

'B - KIRSC~ MASKS' 

Fig (4.54) and (4.55) show the ratio of the ~issing edge points per total 

,number; pf'point'~ in' the picture as:a function of contrast for four different 
, , , 

types of sch~mes'of' Ki'rl;lch,mask;swithout and with the existence of noise, 

res'pectively. Although the.'connect:ivity test: sharpens the edges it causes 

,some' edge points to be missed. That means, that for both with and without 

the e?Cistence of, noise, the schemes without connectivity test give better 

results with'respect to this crit~tion. When there is noise, especially for 

low- contrasts, 'edges are totally missed. For small contrasts the best result 

is o,btained by using the scheme with fixed threshold and with connectivity 

tes~. In the upper, part of the contrast domain the schemes without 

" connectivity test catch almost all edge points whereas the schemes with 
'I' 

connectivity test miss many points of the edge region. The worst result is 
I 

, 'obtained by the scheme, w,:ith adaptive threshold and with connectivity test 

because ~daptive threshold (convolving with an LPF,MO) itself, gives the 
" , " 

sha~pest edge. if the c'onnectivity" test is applied to this output, it is 

,obvious that "some ,edge pointswill'be missed. 
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KIRCSHMASKS 
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KIRCSH MASK.5' 
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'C-ROSENFELD DIFFERENCE EQUATIONS 

'Fig'(4.56) and (4.57) shows the outputs of ~the same criterion for five 

'd~fferent s~hemes using, Rosenfeld difference equations without and with the 

existerice of noise, respectively. As shown in Fig (4.56) and (4.57) this 

result give:; ,good results, for this criterion. All five schemes catch all the 

edge points when there is no ,noise 'and for small contrasts some of the edge 

~oints: are missed. 

PTHE COMPARISON OF THE THREE PREPROCESSING SCHEMES 

Fig (4.58) and (4.59) show the graphs of the percentage missing edge points 

as a function of contrast for the discussed preprocessing schemes. Fixed 

thresholding without postprocessing is used. If there is no noise then there 

are no missing edges 'points for any of the schemes. As it can be expected, 

~or contrasts up to C=30 the noise is more effective than it is for greater 

contrast'values. Therefor, edge points are missing in the lower contrast 

domain whereas there all edge points are covered in the upper part. For 

greater rioise values it can be expected that the effectiveness threshold of 

, REMARKS 

1) ,This criterion can not be used alone to evaluate the performance of the 

edge detection schemes, a scheme, may catch a lot of nonedge points besides 

of ' all edge 'points. Although all edge points are covered what sounds good, 

su~h a r~sult is not desired. Percentage error versus contrast or percentag 
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,ROSENFELD 'DIFF. EQUATIONS 
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ROSENFELD DIFF. EQUATIONS 
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Comparison .behJeen Sobel Operator, Kirsch 118.s~;s/ 

Rosenfeld diff.eqn1 & 2 for k=8 and k=32 ... 1 respectively 
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Comparison beb/een Sobel Operator, Kirsch t1e.sks, 

. RDsenf~ld diff.eqn 1 & 2 fork=8 and k~32.~.1 respectively 
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"I; 

, , 

error versu~ rioise variance should be taken into consideration together 

with the missing"edge ,points to, evaluate the schemes. 

2) This c:riteri'on gives better results when no postprocessing is used, 

because while sharpening the edges obtained by preprocessing, the 

p'ostp~ocessingprocedure may end up" in loosing :some real edge points. 

,OPERATION TIME OF THE SCHEMES 

The ~peration t{m~ of the schemes ~s considered as one of the performance 

criteria •• The,'computer used for this study has an 8-bit processor and has 

,very low operation speed. Because of memory limitations, disk accesses are 

, required in many parts of, the program. This also causes long operation 

' tiines ~, In our . , . . case the speed of the printer and the disk accesses are not 

conside+ed in order' to make the evaluation independent from the computer. 

The number of operation during one run are calculated for each scheme. 

A :-,SOBEL' OPERAT,OR 

For, only the preprocessing algQr'fthm 21(N*N) operations are required, where 

N*N,"is the dimension of the test"image. If a fixed threshold is used 16(N*N) 

ope,rations,if ariadaptive threshold is used then 2S(N*N) operations must be 
, , 

added ,to the nu,mber of the. preprocessing operations. For the postprocessing 

operation l'S(N*N)+LIM+3(L*L) more operations are required, where LIM is the 

number ,limit,' L is the, number of '1 's in the whole picture. Then, for the 

four different 'schemes using Sobel operator, the number of operations 

required can be ,summarized as follows. 
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,I ~ Sob,el' operator with fixed threshold without postprocessing: 

'0 - i1(N*N)+16(N*N) = 37(N*N) (4.14) 

where 0 is the t<>tal number of operations. 

'2 c Sobel operator with fixed threshold and with postprocessing: 

o = 2l(N*N)+16(N*N)+18(N*N)+LIM+3(L*L) 

o = 55(N*N)+LIM+3(L*L) (4.15) 

'3 -Sobel operat<>r with'adaptivethreshold, and without postprocessing: 

,O .. ='21(N*N)+25(N*N) = 46(N*N), (4.16) 

4:-'Sobel operator.'with,adaptiv~threshold and with postprocessing: 

o - 21(N*N)+25(N*N)+l8(N*N)+LIM+3(i.*L) 

o = 64 (N*N)+LIM+3(L*L) (4.17) 

B - KIRSCH MASKS' .. ' 

'iii' For only thepostpro~essing algorithm 162(N*N) operation are required. If a 

fixed threshold is used 16(N*N) operations, if an adaptive threshold, i.e., 

'convolving with, LPF,MO is,used 26(N*N) operations must be added to the 

m.1ni~er: of, 'the preprocessing operations. For postprocessing operation which 

is the ,,conneCtivity test in the case of the Kirsch masks, 45(N*N) opera'tions 

,are required, in addition of the number. For the four different schemes using 

Kirsch masks', the number' of, operations required can be summarized as 
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follows. 

1 ";"Kirsch 'masks with fixed threshold and without postprocessing: 

'0 = 162(N*N)+16(N*N) =0178(N*N) (4.18) 

i ";'~i rsch m'asks with' fixed three;hold and with postprocessing: 

0':= 162(N*N)+16(N*N)+4~(~*N) = 2~3(N*N) . , . . (4.19) 

3' "":'Kirsch 'masks with ad'aptive threshold and without postprocessing: 

0= 162(N*N)+26(N*N) = 188(N*N) (4.20) 

'4,- Kirsch masks with adaptive threshold and with postprocessing: 

,0 = 162(N*N)+26(N*N)+45(~*N) 233(N*N) (4.21) 

'. .' .' 
C - ROSENFELD DIFFERENCE EQUATIONS 

" 
,the'value of ,k is very important 'for Rosenfeld's edge detec~ion schemes. The 

, , 

generalized 'formul-a' for. the number ,of operations of difference, equations: 

o =(~+I')(N*N)+kM(N*N)' (4.22) 

where' ,k is the,o,rder of difference and M is calculated by the formula 

, B 
k = 2, 

M' - B+1 

(4.23) 

(4.24) 



Then, fotexample :f,.fk=1, 

o 2(N*N)+(N*N) - 3(N*N) (4.25) 

If .. k=8 . 0 = 9{N*N)+32(N*N) 41(N*N) (4.26) 

If vroducts of the .differimces are used, the number of operations can be 

: 'calculated by the formula: 

o = (18k+1 )(N*N)+kM(N*N) (4.27) 

For example, 'ifk=4 (i.e.,4*2*1) ,. then 

0= '(~8*4+1)(N*N)+4*3(~~N) = 85(N*N) '. (4.28) 

If 'k=32, 0 = (18*32+1 )(N*N)+32*6(N*N) = 769(N*N) (4.29) 

. 'If ,theabov~,equations from (4.14) . through (4.29) are examined, the ·smallest 

. '. number' ot operations corresponds to the Sobel o~erator sch.e~e which uses 

. fixed threshold'and the largest one corresponds to Rosenfeld's products of 

dlfferenc,es fork=32. Adaptive thresholding always adds a considerably large 

, .number,of operations., Postprocessing algorithms also add large number of 

o,pera ti ons ~ 
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ABILITY'TO DETECT CURVED EDGES 

Fig (4.60) through.(4~65) show the'behaviour of the edge detection schemes 

on curved edges, e.g., on circular shapes. The,best method for detecting 

curye~edges is' the method of Kirsch without connectivity test. But when 

connecti~ity t~sti~ applied, .some edge ptiints are lost, then the shape of 

the 'edge can not b~ realized properly~Rosenfeld's schemes give good results 

athigher'valu~s of, k and· for products of differences. If differences are 

used .without.· taking. the pr:oducts" of· them, the larger the value of k the 

wider the edgere~ion g~ts,then t~e shape of the edge is lost. This is 

shown in Fig.(4.62) and(4~65).Sobel operator can also give better results 

by usirigpostprocessing algorithm as limiting the nuber of l's. If the limit 

is· chosen properly all l's which are outside of the edge region, can be 

elimi.nated and all l's which are inside of the edge region can be saved • 

. ABILITY TO DETECT SHARP EDGES 

Fig'. (4.66): through (4.68) show all .edge detection schemes with fixed and 

adaptive threshold with~tit and with postprocessing algorithms when a 

v~rti~ai'image with contr~st c=36 is used without the existence of noise. It . '. ..; , 

is' obvious that" Kirsch .. ~asks ~ith adaptive threshold without using any 

'postprocessing a;l.gorithm gives. t.he most exact and sharpest edges. Rosenfeld 

d!ffererite eqtiati~ns giye good r'esults when the large values of k and the 
. " . . . 

290 



, .. 

./ a 

........ ................ ' ...... : I ............. , .... ~ ....... ,.. .. ..... "'-.:..... .......... ~..!' ... ":.: ..... .. 

.. : .. :'~: .. : .. : .. : ~ : .. : ~:. .:-.. : .. :-.: .. :-.: .. : .. : .. : .. : ... :. 

'::Fl: ;':E:;~:;i: ;:]:":;:;1 :'~ ::~::~::'E£~:;~::: 
':":;:'-':":"'\':'~:':":':':":":"~":':":':":'>.:.:.-.: .. :.: .. : .. ~. 

::;:~::::=:::::~:::::~:::::~:::::~:~::~:~::~::::::~:::::~:::::~:::::~:::::~::::::~:~::~::: 
.>.:.:.-,:.: .. :.~"':':":':":'>':"\;':":':":':":':'':':":':'''':'':;: 
"'<:':'-;:":<":':":~:":::":':":'>':::":':": .. \;.:,.-:.: .. : .. \;.:. 

. .. ~".: ~ ••. ~ .• :;: .. :.: ... "." .. :.: ::.: .. :.~.~ :.: .. : ..... ::: .. :.: ••• ~: e.:-: ... Wo
o: .. :.: .. :.: .. :.: .. : .... ~ .~ 

.... :. :Y:;~:;~l~·r2~;:::~it~:;~: 
· <~:. :-"elt ':'85m&a: ·:··~ilky~qr~wm:· :'1_~iin:' :;.:.:. 

:. : .. ;. :·i_li!i!ll1imnmIlUi~IiIlii!I~.IRib'iUii!llliilli: .:-.:. :'.:. :":' .\ .. ~" 

, . 

· :.,-.\ ':":' :'·111111: .:".: .:~.: .. \ ::,.: .. \ •. \. :'.:. :··!iilRillii: ·.;··tilidil5~i: .:"':~:' ' 
· ::':":":':'imlIiJ:"\ .:::: .. \ ':":' :":':": ·:··Iilii.,;·.jmlillliiilil:·.\·:··:·.\.·:· 

·· .... ·:::··:,:·.iI~t·:·.<·11~1lt·:··:·::·IiJftlm·.·ilrun~ii!i&iiilR':',:':: 
· :.{ .. \ .. :·RIllt ',:"ILirukil!ii6iiffilillii~nSliih'mil_' :··lilIDlliiOOiil1il:·.\· .:'.: .:. 

· .. \. :":- :·~iI!lIillli:-.\ ··:·iliIDt·:··:· :··UilIilIi!llt· :": ·:··l1imi~lm:· :··!ilIa:- .\;::' ' 

· ;}~::~0:~~~ :::::~ :::::~~~:~~.:::::~~~: ::::~:~ :::::;!:. :::::~~~: ::::~: :.: 
· '.' '.' ··BIII."· '.' '.' ............ "S' '. ilftilliiiiit· '. iiiiillinU" '.:. '. 

: : .. ~: :.~: :":" .;.i~~~ :: .. :~. :":~ .. : .. :~. :"': ·:·.~lmilHiml:· :··:~!lin:· : .. :.:.~ ':" 
'. >.:. ;":"< . :··\lillIiI5l!l1iHHililltil1rumllllllilillimiiilililliilllililt· '-:·lIiilll:·. ',: .. \ .: .. 
.:<. ':''&i1' :··Iimt· :··iillillQl!lillwiIlEiiilllil!iiillliiii:· .\·.':'IiIiIII:· :'.M:'.\':' 

" . :t: ::":<:&: ':": ':'.:. :'-Im ':": :.\ .. \. :"liiillliilii:·.\ .. \. :'.:. :.~.:. 
.. \·:·.·.:..;·.\·.\·.\·:·.:·:·.nSilt·:··liIiiiiiiilllillmt·:··:·.\·:··: .. \ .. \.: .. 
.. \ .. \ .. \': .. :- .... :- ... :,: .. : ... .: .. \ .. \ .. \ .. \ .... : .. \.,\·.\·:··lfilil!:·::.:·:' 
· '.:. :.:. :'~" ',:. ',:. ',:. ,'.: . .'.:. :.; .:.:. :.:. :.;. :.: .:.: .:.: .:.: . .;:.:~ ... :. '.: .. ; 

,,'.: •• '.:-, ":" ":'. ":', '.: '0 ":', '.:-, •• : •••• : •• '.:". ":" ":" ":" ":" ":" ":" '.: '0 '.:.:' 

• :'.:. :'.:. :'.:. :~.: •• !":' :": ':":' :'.:. :'.:. :'.:. :": ':":' :'.:. :'.: • .-'.:. :'.:. :'.:. :'.:. :":': 

':":':":'.:":':":':'-IIiIlI[':":':":"\':":':'.IIIIiEH:':":':":"\;':":':'.:.: . 
.. \; .. \;. :'.:. :'.JIIIIII: . :'.:. :'.:. :'.:. :'.:. :":' :'.:. : .... :'.:. :'.:. :'.:. :'.:. :'.:.:' 
.. \;.: .. :.: .. :.: ... : .. :.: .. :.: .. :.: .. : .. \;.: .. :.: .. : .. \;.:":':'.':":':":':'.:.:' 
':":-:": .; .• ':": ':'.: .. \; ':":' :'.:. :'.:. :":' :": ':": ..... : ·:·m:· :": ':": .. \ .:. 
. :'.:. :'.:. :":' :":: :'.:. :":' :'.:. :'.:. :'.:. :'.:. :'.:. :": ':":' :'.:. :'.:. :'.:. :":' :'.:. :'.:.:' 

, ............. ' .. ; ........... ; ....................................................................... . 
· .... :- :'.:. :'.,:" :'.> :":- .... : ':":-: . .: ':'.: .... -:., ":'. ", . " .. ':' ' ..... ' .. 
':'.:. :'.:. :'.:. :'.:, :":' :":' :'.:. :'.:. :": ' .. ":' :":' ~'.-:. :', '. ": . ": ...... :":' :":" ":':' 
..\. : .. : .. \ .. \. :.-:. :.: .. ":' :··j:;iiiililii· .:';£lfl~:·.\· :.:. ''-':'' ..... '.: .... :. ",' '. 
.. \. :'.:. :'.:. :··lilHl:·.\· .,:. :·likliil1i!ma[il\ilillll:l:· : .... :. :. :.: .. '-: .'-: ... : ...... :. 
· :'.: ..... :. :'.: ..... 1li1l!:· :":':':'. ", ..... : .. '.: -:". '. '-:'. ":'. ": . " ........ -: 
"\':":-:": ':'.\!iii1\:. "~':'.:.\.": ':':" ":' .'.: ':":' : ..... '-:' :'.:-.0.:'. '.:-.\ .. ' 
·.\·.\·.··:-:··i1111:· ... :-..... : .. :- .. ; '.:-.':". '.': .' .' ... '. '.' . 
· : .. :-.\. :··UlliilillifiH: :.-: .. ,: .0: ... .: .. \ ".: .. \ .. ': ...... :: ".: .. ', "0.: .'.: :. 
.... :- ..... ·.·~iiilllillilit .. \ .. : .. '-:'0.: .. ': .. '-: .. \ ':." '.: ·.:I~::m:· :": .. \ .. ':': 
".\·.\·:··iiiiiit·.\· .\.:",:,,\,,\ '.,: .. \ .. \ ':":' .·;:ialiil~lm:·:.: .:.: .. ,: .: . 
. :.,:-: .. :.: .. : .... :: .. :-: .. :-: .:-:':':":':': :'., .. : ",:- ".:.:':' '.:-:': :-.:-:':':' 
· :":' ;":' :'-liliUili~mi:' .'.: .... : .. \ .. ,:. :'.:. :':' ... : .. \. :'ill~l' : .... \ \'.\'. 
· .\ .. \ .. \ ·:··mini):-··: .. 0: .. \ ':":'.': ..... : .. ··:?JRii:·.··:· .":' .. : ....... : .. 
· :":- :'.:- .\. :··:-.\·:·tfflSil: "0.: ':": ,:··r:i1lilliiiii~!\ti~: .. \ .... : '.0.:' .\ .. .: .. ',:.: 
· :":- :":- : .. :-.\. :':-:'.;,:: .. ' :··iti!!it··. ':"!~h: ............. : .'.:-.\ '.,:. :":'. 
':":'. ":'. '·0·· ', •• , ":'. '.: :'.:. :.-:. :',:, :'.:, :":' :'.:, :',:. :.-:. '-":'. ":' :'.:. :'.:. "'.: . .' 

:'.: :',: :'. :":':":' ":'.,: '.:, .:... ... ,":':', :":':'.:.:': .": '. .' 

'. '.:. :":' :'.:. :'.:. :":' :". ':":" '.:. :'.:, :'.:. : .. : ..... :. :'.:. :":' :" .. :'::' :.-: ..... : ..... : .. 
................... ', .' .. ','.'.: .. : ... : ...... ,' ... :. ,:.'.:, 

b 

c 

F~g 4.60 BehaviouF' of i:he edge detection sc:heme using Sobel opeF'ato 
6n cUF'ved edge~ withC~2 a}OF'iginal imageb)Fixed thr.image and 
outputof,postpF'o.alg.c}Adapt.thr.image and output of postpro.algor 
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Fig 4~65.Thebehav~our of Rosenfeld's alg6rithm on curved edges with 
C=20~a)Origin~1 im~geb)Fixed thr.i~age k=l c)k=8 d)'k=8*4*2*1 
e)k=32*16*8*4.2~i 

2S6 

.' .... 
. '". 



;1"1" ," ;: ~ \,' ' I '! t"~~ ,I' , .. \ I 

: .. 
1'1 " .... ,.: 'r 1 : ~"' .. -,,:,'r- ... ..,. ....... ! ' 

I !·:-.~.: .. "'.-;-."I '!" , ,.'. -:," . " ........... -;, ' 

•• _ •• _ ................... .; ......... ~ ........ ~ •• -' ••• 0 •••• ~." •• J ..... ' •••••••• _ 0 •• " .. :' ••• ".0 ••••••• ' •• ' •• 

: . · :~{;:::~$fF.l$:~::;):~~:~FrrLt·· 
.. ::;~~:~.:.,;":.:.;~.>~·.,:IO~· ... "$ .: .. :~: .. :~~ ... :.: .. : .• ~.~: ..•. ~:.~ ... :.: .. : .. ~.' 
. ..\:.: .. ; ... \; .:.~:.: •• ::~ •• :.:.. , ~'\:".\ ,: ... :~~~ .. : .. :'.:.: .• :: .\: .:·o: .. ! 
· .>~. :":"-";. :.~. : .• ":":' .",; .. : ..... \. :": ~>.:: :'.:. :":; :'.:. ~"':' :'.: .. ~ 

. .: .. :.;.:.:.: .•. :.p .: . .,...: .. :;: .. :.: ... :.: .. :::,:~.: .. :.: .. :.: .. : .. : 
· ·:::.::~:·:··:·:··:~:·.-:·:·mmrt·:··:·:··:·:··>:··::.-..:·;···:':":'.':..: 
.: .. ::>:::: .. : .. <:::"':':'.:.,:":':":':''-:':'':':'':': .. :~: .. ::.\~; ... :.: .. :.:.:,.: 

. . ':":'.\:.:' .':":':":':'~':":':":':":';":':":':":':":':'.: .. ' 

::':.::;~::~:~~::::~:::~:~::::.M:::::~:::::~:~::~:::::~:::::~:::::~:::::~:::::~:~: ' .. 
· • : ••• :":-:'.;0 :'::-:":: :": ;;. '. :":-: •• ;: :'.:. :": .;:.:-:":-:":' :":-: .:.:.. ':":' :":"\:':~':::":;:: ':":':":':":':":':":':":' : .. : .. \.: . ..•. . ~. " .. -.. : ....... ~.' .•. ~ .. : ..... :.:; .. :.: •.. :.: .. :.: .. :.: .. :.: .. :.: 
::..:::::.:::.:.;:P;~::.;';".: .. :.: .. : .. \:.: .. :-:.,: .. \:.: .. :':":': . 

. ':":':'.':'.':":':":<":':''-'':'':':'':':'':-:'':':'':':":':":':'.:.: 
.. ':.~:":':":-:" .: .. :.: .. :.: .. : .. ~.:.: .. ::: .. :~: .. :.: .. :.;' 

• ~ .............. ,~ : .................... ! ....... ". -•••• -•••• ··0 •• 0 •• ·0· .......... '0 ••• 0 ••• 0 0.0 •• " ••• -'0 ' •• 

':":~:":':":':";""':':":':':':":':''''':'':':'-': .. : .. \.: .. :.: .. : .. \.:. 
':":':' . ':'-':''-:~:'-::'---':'':':' 
':":-:'-':":':":':":':":':''-:':''-:':'':':'':':'':'~'":':":':' 
.:.:, .. :':'::'.':'. r·:·.fI!I8:':·.:·:·.:·:·.,:· ... ·:·.:·:· 
':":':":':' •. : .• :.:':':':": ;:'-II1II: .:.-= '::":':": ':": ':":' :', 
.: .. :.: .. :.: .•. : ... : .. :.: .. :.: . .-.: .. : .. : .. ::: ... : .... : .. :.:. 
. ..... ..... ..•. .... ..•. .... : . .-:. ' .•. ··a:··.·, .... ' ...... 

:: ... ;.: ... ~.: ..•• /':~.-~~::::=:::: .. ~~.< .. >:: .•• ::::: .. ~.: .. :~:: .. ~ ':":<'. _4 44_ '. . . . . . . . . . '. 

...•••• :~~~E.:~5:::~·~S.i$2i~-f!::· .......................................... 
.. : .. ~~:.:." .:: .. :::: .•. : .... :: .. -.: ..• / ..... : ... ~;:~ .. 

::::~:~.:.:.: .. -::::=::~:=~:::=::::=:~' 
: .. :' .. <:.:.;: .. <: ::": "\: ':'.: ::":' >-I11III:' .-:.: .. <: .. '.:. ::.: .. \;. :'.:. :'.:. :":': 
':.~"" ; •• :. ~.::. : •• ~'. : •• ~.:.:. :.: ~ :.:. :·0'; .0;.:' :.:. :0: .:.: .. :.: ~~oo,~ ~ :.:. ,~.:. ;.:. ,'.: •• ~ . 

a 
:",.>:".: .. >.: .. '. 
:'. ~ : •••• : •• :. •• '. ~. 0··· .'0 •• ; •• 

.......•................................... ~ ......... ~ .......................... : ............ . 

.. \:. :'.:. :'.:. :'.:. :"> :'.:. : .. : .. \;. :'.fI!lI!II: ':": ':":' :": '.:":' : .. : .. \ .. \. :": .: . 

. ;:.:. :'.:. : .. : .. \. :'.:. : .. ::.\; .. \. :'.JIIIIIIII:. : .. : .. \; .. \;. :'.:. : .. : .. \;. :'.: ::'.: ::. 
· : .. ; .. \. :'.:. :'.:, :'.:. :":~ :'.:. :'.:. :',:. :'.JIII:. :":' : .. : .. \. :'.: .. ~":' : .. : .. \;. :":':' 
.: .. :;:":':":':":':":':":'-:":':":':'.':":':":': .. :.: .. :.: .. :.: .. :.: .. :.:.,:.:.,.:. 
•. \;. :'.:. >.:. :'.:. : .. :,- :~.:. :":' :'.:. : .... :'.:. :'.:. : .. : .. \. :'.:. :'.:. :":' :": .:. 
· :'.:. :":' :":' ::.:. :":' :'.:. :<. :',:. :'.ailE:. :'.:. :":' :'.:. :'.:. :'.:. : .. : .. \ .. :":':' 
':":':":"<:':":':":':":':":':":':'''':':'':':'': .. \.>.: .. \.: .. :.: .. ; .. \.:. 
· :.:. ':":' :":' .\: .. <:. :":' :":' :'.:. : .•.. \;. :":' : .. : .. \;. :'.:. :'.:. :'.:. :": ... \.:. 
· :":' :'.:. :":' :'.:. :":' ,.:.:. : .. : .. \;. :'.JiIIii:. :": .: .. : .. \. :'.:. :":' :'.:. : .. : .. \;.: . 
.. \. :'.:. >.:. :;.:. :": ':":' :'.:. :'.:. :": . : .•. :'.:. : .. : .. \. :'.:. :'.:. :'.:. :'.:. :":':' 
· : .. : .. \. : .. : .. \ .. \:. :":' :'.:. :..: ;:":' : .•. :'.:. :'.:. :":' :'.:. :'.:. :'.:. :":' :":':' 
.. \;. :'.:. :":' :'.: .. \; ':":' :'.:. :'.:. : . .-. :":' :'.:. :":' :'.:. : .. : .. \. :":' :'.:.:. 
· :'.:. >.:. :'.:. :'.:. :'.:. :":' :": ... \;. : ..... :'.:. :'.:. :": . :'.:. :":' :":' :'.:. :":':' 
· :":' :'.:. :'.:. ;\:. :": '::":' :":' :":' : . .-:. :'.:. :'.:. :":' : .. : .. \;. :":' :'.:. :'.:.: . 
· :'.:. :'.:. :'.:. :'.:. : .. : .. \. : .. : .. \;. :'.JIDIII:. :'.:. :'.:. :'.:. :":' :'.:. :'.:. :'.:. :'.:.:. 

'. ';":' :'.:. :'.:. :'.:. ::.: .. \;. : .. ::.\. : .... \. :": ':":' :'.:. :'.:. :'.:. :'.:. :'.:. :'.:.:. 
· :'.:. :'.:. :'.:. :'.:. :'.:. :'.:. :'.:. :":' :'.fIIIIIII:. :": ':":' :'.:. :'.:. :'.:. :": ':'.:. :'.:.: . 
: .. : .. \;. :'.:. :":' :": ':":' :'.; ':": ':'-II1II:' :'.:. : .. : .. \;. :'.:. :'.:. :'.:. :":' :'.:.: . 

0:. ;.:. :.:0 :.:. ; •• :' :.~. 0 ;.:. :.:. :0:. :.: _ ;.:. ;.:. "' .. :.:. :00 • : ••• ;' •. ;.0 • :_ •• :'o' . 

.:. :":' :":' :":' :":: :'.:. :'.:. :'.:. :":' :aIIlIt.:. :'.:. :":' :":' :'.:. :'.:. :'.:. :'.:. :":' 

.: ':":':":':": ':":':":':":':":' :":' lit·:' :'.:. :":':":' :'.:. :'.:. :'.:. :'.:. :'.:. :.,:. 

.:. :":' :'.:. :',:. :":' : .. ; ';":' :'.:. :":' B'·:' ';.:. :":' :'.: -:'.:. :'.:. :'.:. :'.:. :'.:. :":' 

.:. :'.:. :'.:. :'.:. :":' :":' :'.:. :'.:. :":' ..... :. :":' :":: :": ./:. :'.:. :'.:. :'.:. :'.:. 

.:. :":' :'.:. :.;:. :'.:. :'.:. :'.:. :":' :'.:. :": ·lfIIl··:· :'.:. :'.:. :":' :":; :'.:. :'.:. :'.:. :":' 

.:. :'.:. :'.:. :,,::, :'.:. :'.:. :'.:. :';:. :": .li!IIIIIIt.:. :'.:. :":' :'.:. :'.:. :":: :'.:. :":' :'.: . 

.: ::'.:. :'.:. :"." ::.:. :":' :'.:. :":' :": .l!iIIIlIt.:. :'.:. :'.:. :'.:. :'.:. :'.:. :'.:. :'.:. :":' 
·;··:··:·:··:--:··:·:··:·:··:·:··:·:··:·:··:·:··:·m·:·:·':':":':":':":':":':":':":'\'. 
.:. :'.:. :":' :'.:. :":' :'.:. :'.:. :'.:. :.;:. \ .. lIB'·: . :":' :'.:. :'.:. :'.:. :'.:. :": . :'.:. :":' 
.:. :'.:. :":' :":' :'.:. :'.:. :'.:. :":' :": ·llIIHIt·:· :'.:. :":' :'.:. :":' :'.:. :'.:. :'.:. :'.: . 
. :. :',:. :';'" :; .. :. : .. ;" :":' :'.:. :":' :": ·lII!It·:· :":; :'.:. : .. :. :".'. ;-.:. :":' :":' :'.: . 
. :. :":' :\;. :"';' :'.:. :'.:. :'.:. :'.:. :":' :&lilt.:' :":' :',:. :'.:. :'.:. :'.:. :":' :":' :'.:. 
·:·:··:·:·::·:··:·:··:·:··:·:··:·;-·:·:··:· .. t·;··:··:·:.,:.: .. :.\":.':':":':":':'.: . 

:::: ~::::: ~::::: ~::::: ~::::: ~::::: ~::~: ~::::: ~::::: =;:::~ ~::::: ~::::: ~::::: ~::.:: ~::.:: ~::::: ~::::: ~::.: :1 
.:. ;":' :'.:. ::.:. :'.:. :'.:. \'. :'.:. :'.:. :al!lBt·:· :": ":":' :":' :":' :'.:. :'.:. :'.:. :'.:. 
;:. :'.:. :":' :':: ;;": ':'.:. :'.:. :'.:. :'.:. :mJIIt.:' :'.:. :'.:. :'.:. :'.:. :'.:. :":' :":' :'.:. 
':::":::":':":'~'~" ;.:. :":':'.:. :'.:.1!lIIIlt.:. :'.:. :'.:. :": ':":' :'.:. ::.:, :'.:. :'.:. 
· ~. :' •• 0 :·0 . 0 : •.•• :., '. :'0;. :0 ... : .. ;. :'.,0. :'.:' : •. ;. :'.:. : .. ;. : .. ;. :'r;' :'.:' :":. :": 0 :'.:. :'.:. 

b 

c 

Fig,. 4. 66 The .,abi 1 i ty oo):.tile Sobeloper-atol'- to detect edCJE's shc:il'-pl 'f 
wj·th C=.30a >.Ori gi nal . i tnclge b) F:i :·;ed thr .+postpr·oc:.. c:) Adi;l.p. tht"·. +pC)stpl~O 

. 297 



' .. 

". ... 

~:::=liIIl»!)IIIH!j". --;- .. -. . -. . -.. _ .. _ ./ 
F: .... _milDl:··. ,>.:-.:-.:-.:-.:-.:-.:-./ 
.Ei5Q5:m.,5~:-.:-.. ' :-.1 
~~m~i!ii5i5:-·.-:-·:-·:··:··:-·:-·:-·i 
I:!i!:W~1f::~;"::':-':-':-':-':-':-':-':-" 

!iMi&.~::- :- . :- . .' 
.-~-iiW..iiIlll:-.::. .... . .... '. 

. '. ' .. : 

~~~'~"'~~i5i5:-.:-.:-.:'.:-.:- ...... . 
~~~5!~i~m~:-::-,:",>,:":-,:-,>,:-,:-,, 
~~~Ijii:-;::':-. :-.< ... : ..... ' 
s~mw.'!ffl~~'BIli:-.:-~·:-.:-.:-.: .. ;-.:-.:-.:- . 

'~~~&iilf.ii5i5:-. :-,:-,:'.:-.:-.>.:-.:-.1 
,......-...:.~Ii!1;,~~!i5!~, ::':";":" 
·~~~~l:-:.:- .. :- ..... ' 

a 

i:~~~>.:- ......... . 
_ IlIllIEiD!l!fiR!i~5:-.:-.:-.;·.:-.:·.:-.:-. _:.miI._ a~~i55 

~E_~~~~~!5J' iii'mi5l5iUll[tl_-'::~ ". " -'. '. i IIiI ~___ • ....:~-=-L.....;.'-. ~.'--'-'. '....:..' _-'-'~ 

o ••• : •• 0.: .. 0 '0: 0. 0.; 0.0 ":'. ":'. '.: ', ... ; ~ 0": t. 00:'. ":'. ": o. ";" '.: ••• ~~ .. ":'. '-':'. ". '. ":'. '. 

~'::':-:":~>': .. : .. :-: .. :::.;: ·.:;m; : .. II&im:. :.::- :": .;"": ':": ':":' .\: ':": .. \. :'. 
: :'.:. ;"';: .~.-..:: :'.:. ;":'.\' :'.fiIiB:. :'.:. :.:: ........ :.~:. :":' .\. :":' :'.:. :'. 

::~~:;=:::;:;=::::::;;i::~;:::::;;:~,::~.:::'1 
·:··:·::.·:··BliilHiliIIiDllIlllliiiill:·:·.:·:·.:·:·.:·:··.:·:·.:·:·.:':":';":':" 
';"'101:: .\:. :'.:. :'.:. :··IIt· :··lIIIB\illiIIlt· : .. : ........ :": . : .. : ........ :":: :'.:. :.;:. :' . 

. :·:·:·~·:·=::::·:::E.~:.·:~1 •• :~:;;:·.::~::.~::.".":1 
........ ;.,:. : .••. :":':'.:. :·aElla·:··: ::": ':":.' :": ':":' :": ......... \. : .. , 

;::::~:::::~:::::~::~:==::::~:::::~:~::~:::::~::;::~:::::~:::::~:::::~:::::I 
. :.1IIIi!IiII: ':":':": ':": ,,-:': ':'-OIm: .::.:. :":' :": .............. ': .. : ':": ':": ,,\ 
~:·_·:·.:·.<:;·:·.:·:·.:·:·.llmill:·:·.:·.""'·:··:::·.:·:·'>:'.: .. :":"\':" 

·~~:;:j:f~i2}§:::l;:!::i;I~~):~;:i;!:;:;il· 
;'. ' 

· ';:t::~:: t:':li~~'::;:f~' .\':~;:.; :~;: t.·!1:.::}::t·!{:· it::' 

. ·:Tr.:rt:i·:t::::t::·:;·:i:,}: .• ::T·::·'·:J:;·:,:· '. 
:~: ~::::: ~::::: ~:::: :~::::: ~:::::t: ~::::: ~:::: ::::: ~::::: ~::::: ~::~: ~::::: ~:::: :~::::: ~::::: ~::::: ~:::::; .' 
. : .. : .... : .\" :'.:. :"'~ ~ : .. ::. :":' :'.:. :'.:. lit·:' :'.:. :":' :'.:. :'.:. :.~:. :'.:. :'.:. :'.:. :'.:.: 
.:: :'.:. :'.:. :",:, :":' : .... ; ::":' :": ::":' :m.:· :": ':":' :'.:. \ .. :".:' ::.:. :'.:. :":' :":': 
.:. :'.:. ::.:.' ::,:. :'.:. :'.:. \'. :":' :'.:. lilt·:: :'.:. :'.:. :'.:. : .. ;" :":: :'.:. :'.:. :'.:. :'.:.: 

\ .: '; .. .',:,.:" :'.:':":' :":<'.:. :":':":' •. :. :'.:. :":' :'.:. ;-.: ';": ';":' ;.:. :":' :":': 
.: .; .. :.,: .. :.:.~: ':":' : .. ; ::'.:. :'.:. :":' .. :. :'.:. :-., .. :": ';":' :'.;" :":' :'.:. :'.:. :'.:'; 
.:, :":: :'.:. ';,.:. :'.:. :": -':'.:. :'.:. : ... :. D·:":'::' :'.:. :'.:. :": ';": ';": ';":' :": ':":": 
.:; : .. :'. :'.:. :"'~ ':'.:<":' : .. :.;:.: .; .. : .•.. :. :'.:. :'.:. :'.:. :'.:. :'.:. :":' :'.:. :": ':"::: 
. : ';":' ;<" :'.:. :<" :": ',:'.:. : .. :<":' •. :. :";:' :'.:. \" :'.:. :'.:. :'.:. :'.:. :": ';":'; 
<. \'. :":':":':":: ::"":":' :"'; .:-., ..•.. :. :'.:. :'.:. \'. :":' :.;:. :": .:.<. :'.:. :":': 
o •• :'. '.':' •• ;: •••• : ••••••••• "~'. t •• t. '., .. : ...• : ....... : .. :. :'.:. : ..... ::.:. :"/_~':...':...::.~" ;: .• ~~ ... ~ 

• :'.:-. '.: • ' •• ' •• ' •• ":' ••••• ' ••• ":'. ":', ":'. ";', '.:-. '.: '0 '.: •• ":'. ":', •• :',.: •• ', I 

·.\··.\·.\·.\·.\:-\· ...... ·:··:·:·-:·:··m·:·.:·.\·::·:-:··:·'\"\"\':":':" 
. . :":' :'.:. :-.;'. :'.:. :": ':": .:,.:.,\. :'.:. :··ll!1It· >.:. :": -:-.: .. \ .. \. :-.: .. \ .. \. :'-
· :": -....... :'.:. :": ':": ':": ':": ':":' :'.:. :··Hliit· :": .. \. : .. : .. \. :": -:":' :-.: .. \.:. 
· :'.:. :'.:. :":' : ..... :": .: .. : .. \ .. \ .. \. :·.uBilt· :": .: .. : .. \. :'.:. :'-: .. \ .: .. : .. \. :'. 
· :'.:. : ..... :":' :": ':'.:-.\ ':":' :": .. \. :'0:'.\ ':":' :.-: .. \ .. \ .. \ .. \ .. \.: . 
. : .. : ..................... ':": ·:··IliA:·,\ ,:·-IIilllliBlI:·.\·.\· :'.:. : .. : .. \ ......... \ .. \. :'. 

: ::::~: ::::~: ::::~: ::::~: ::::~: ~::~: ::::~: ::::~: :::=: ::::~: ::::~: ::::~ : ::::~: ::::;: ::::;: ::::~: :::::: :::{ 
· :'.:. :": ':":' :": ':'.:-.\ .. \. :'.:. :":-:··HlIIt·.\ .. \ .. \ .: .. : .. \. : .. : .. \. :'.:. :-j 

.; :; :; : ::: ::: : :;':. :.:; .' .:8.;·.,. :'] ..• :~ : ••••• : .: .:' ·:1 
· ::.: .. :": ':":' :": ':'0:' :": ':":' :''':' :": ':":' :":' :": ':":' :'.:. :'.:. :'.:. :": ':'.: ':":' :.' 
· :":- :'.:. :'.:. :": ':":':": ':":' :": ':": ':": ':":' :": ':":' :":' :'.:. :'.:. :'.:. :'.:. :'.:.:' 
':"':":':'.':":':":':":':":':":':":'.\'.\ .. \'.\-.\'.\ .. -";'.-..;:.\.:. 
.. \.: .. :.: .•. : ............. \ .. \.: .. : .. \.: .. :.: .. :.: .. : .. \.:.':':'.:-.\':":'.\-:' 
· :": ':": ':":' :".: ':":' :'.: ':":' :": ':": ':":' :": ':":' : .. :. :":' : .. :. : . .:. : . .:. : . .:. :'.:':' 
· :'.:. :'.:. :": ::'.:. :":' :": ':":' :": ':":' :":' :'.:. :'.: ':": ':":' :":'. ":' :'.:. : .. :, :'.:.:' 
· :':'. :.:. :.: ~ :.:. :"; .:.: .:.:. :.:. ',:. ',: ':":' :": ':":' :'.:. :',:. :-.:. :'.: ..... :. :":' :. 

........ : ................... ~~':"::-:-~::-:::::-:::-.~.~.: .... :- .. 
~ : .• ;-: .. ;-:":-.\: .:;.:-~"': '.\: ':": ':": ·:··lIIlln: .. \ .: .. : .. \ .. \ .. \ •. \ ........ :'.:.:' 

.... :".:. :":' :":' :": ':": .. \ .. \ ':":' -\. :··IIi:·.\ ':'.: .. \ -:'.:. :":"\"\'.\ -:. 
· :.:. :.;.:.:. :.; .:.:. :.: .:.:. :.:. :.: ·:··11li1t '.\ ':'.: •. \ .. \ .: .. : .. \. : ... :. :';:':' .......... 
. ;\.: .. : ........ : .. :.: .. : ... \.: .. : .. \ ·.\·:·~Iliil·.\ .. \ .. \ .. -.;: .. \ .. \ .. \ .. \. :-: 

: ::::~: ::::~: ::::~: ::::~: ::::~: ::::~ :::::~: ::::~: ::::~: ::::: :'::~ :::::~: ::::~ : ::::~ : ::::;: ::::~: ::::~: ::::~ : :::\ 
· : .. ;- :.:. ':":' :";-:": ':": ':":'.\ ':": ·:··n1lllt· :": .. \ .. \. :'.: ':'.: .. \ .: .. : ........ :'1 
.. \. :":-:": ':": ':": ':": ................ \ ·:·-IIUlt· ...... ·.\· :":' : .. : .. \ .. \. :'.:. :'.:. :'j 
':":' : .. : .. \. :'.:. :',: .. \ .. \. :'.: .. \ ·:··M:· :'.:. :'.: .. \. :'.: .. \ .. \ ':": .. \.:. 
· : .. ;- : .. ;- :":-:'.:. : .. : .. \ .. \. :'.: . :":' : . .flllll: ......... \ .. \ . :-.: .. \ . :'.: .. \ .. \. : . 

, . :'.:. :":' :'.:. : .. :,-:'.:. :'.:. :":' :":' :'.:. :'.:. :": .: . .: ':": ':":' :": ':":' :": ':":' :'.:.:' 
· :":':":.':": ':": .: .. : ':":' :": ':":' :'.:. :'.:. :.-:. :": ':'.:. :'.:. :": ':":' :": ':":' :'.:.:' 
· :'.:. :-.:. :":' :'.:. :": ':": '.:'.:. :'.:. :'.:. :'.:. :.-:. :'.: ..... : ':":' :": ':": ':": .: . .:. :'.:, :-'! 
· : .. ;-: .. ;-.\ ....... ':": ......... \ '.\ ':":"\"\ ....... ':'-:' :":' :":' :'.:. :'.:. :-.: .. \. :'f 
'~'~'~'~'~:"~'~'~'~'~'~'~'~'~'~'~'~'~'~'l 

.~.~.~.~.:.~:-.\:.:~.~.:~.~ .. ~ .. \: ... ~.~.~.:.~.~.:~.~.~ . 

.~ .. ~.:~.:~.~.~.~.~~.:~.~.~.~ .. \.~.: .. ~.:~.~:.-\.~.\ 
· :.:. :.:. :.:. :.:. :.:. :": .. \ .-::.:~."~:~.:--: .. ="~: >>::,:"':' :'.: .. \ ':": .:,.; .. \. :'.:. :.j 

b 

c 

Fi 9 4 ~ 67 The abiLi ty of ~<i r:sch masks to det€~ct ed<;:jes shar-p 1)1 wj. th C::-.:30 
a)·O~iginal image b)Fixed t~res.+p6~tproc. c)Adaptive thres.+postproc. 

. . . . . 29S 



. '. ' 

M'·~_·." U:-· .. ··.:<:-.:-·;-··;-·· . 
IIIII~I:·.·:·.:· .. ' 
~~UR:ulmIIB:-· :-,:-.:-.:-.:-.:-.;-.:--=::":. ': .. ~:.'.:-.. ' ......... . 
~ .. W$!~~>:. ',° 0 '0' • ° 0 '0 '0, 

~m2a:lI;~~~~~~":- .. :-.:-.:'.:-.:-.:-.;-.:. 
llI~m~:-.:··:-.·· ... 
iilllJlill!ll!lll~5III~m:tIlIl:- ~ :- . . . . . 
~~i5Ga;-·:-·:··:-::-·:-· ;-.;-.:-
._Iil;Q!DiiD~i5!i:W:- .::.;-.:-.: .. ;-.:- .... :-.:
~~~it:·.:·.:·. ::':";-':'.;-., 
.!!5$1111I1&'!>.'@I:;sm;- . ;- . :- . ;- . : .. :- . ;- . :" : .. :
~~~~'~HiQ5" : .. :-.:-.:-.:-.:- ..•.•.... r~.,. . " .. : . ' . 

• ~~rM&m~ :-.:-.:-.:-. :-.:-.:-.:
~~~~:-.:-. ;-';-':" 
l:}~;- .. ;-.. · .. · .. · .. · .. ·. 
~._:. :::liiBIIlIIIllllfi~:-.;'.;-.:-.: .. :-.: .. : .. 
t;! ~5~ .. " .... 

a 

............................... : .............. . 

, .~ ••••••••••••••• \ ••••••••••• ~ •••••••••••• .g ................ "0,; ••••••••••••••••••••••••••••••••• 

· .:·.:·,\:;:~~·:·.:-:·.:::·.:·:·m<~.:·:·.:·:·.:·:··:·:··:':":':":':":':":':' .' 
.. ~·.:·:··.:·.;·_::·.:·:·.:·::·.::::.:,:·m·:·.:·:··:·.\':":"\';":':":':'.: .. :":':' 
.: .. :.; .. ,,: .. \:.:':':':": :: .. :.: ...... \ ':": .. \ .: .. ; ':": ':'.: .. \: ':": ':":':' 
·::0 .. -..: ... \;.: .. :-: .. :::.-811:. :": ':": ':":':":';'.: ':":' :":' :": ':":':' 
:; .. '; .. _.: .. : ...... :.: .. :.; .... : .. :.: .. ::: .. :.: .. : .. \.: .. :':":':":':":':' 
· :"::;": ::":' :'.:. :'.:. ~.~;:--.. ':'.IIlI:~.\ ':": .. <:. :'.:. :',:. :'.:. :'.:. :": '.:":':' 
. ::-.:.~ .. :.: .. :.: .. :.: .. :.:.::.-: .. :.: .. :.: .. :.: .. :.: ... :.:. 
· :'.:. :'.:. :.::. :'.:. :'.JIIIIU:. :'.:. : .... :'.:. :":' :'.:. :'.:. :": :: ... :-:'.:. :'.:. :'.:.:' 
· :": .~' .. ;-: .•. :'.:. :": .. : .•. >-l1li:' :'.:. >.: . ;":' :.::. :'.: .. \;- ~\. :": . :'.:.:' 
· :":' :": ":'.:. : ...... \. :'.:. :'-IIIlI:. ::.:. :'.:. :":' :\: .. \. : .. :., :'.:. :'.:. ;":':' 
· : .. : .• \. :'.:. : .... -"::':":; ;".JIUII[. :"':' :'.:. :'.:. :":: :":' :";'-:'.:. :'.:. :": .:. 

· .\:~ :": .> ...... :.-8IimIB::. >.:; :":' :'.:. :":'.\ . :'.:. :": ,,\. :'.:.:' 

'. :::::~: :::~ ?:~: ::::~: :~~:::::~ :::::~: :::::::::~: ::::~: :;::~: ::::~~ ::::~: :::~: ::::~.: ::::~: ::::~; ::: 
.' '. : ... : ::::~: ::::~: ::::~ :::::~: :::::: ::::~:::::~: ::::~: ::::~: ::::~: ::::~ :,::::~ :::::~::\: ::: 
· .' :"".' : .. ;: :'i:' :":".::':: ::.:. ::-Illli:. :"':' :":: :";-:'.:' :": ':": ':":' : .. ::.\.:. 

· .:":' :": .. : .. : .. \ .. :":' f-.:, :":; :":' .'·nll:· :'.:. :'.:. ;":' :'.:. :": .: .. ;-:'.:. : .. ;. :'.:.:' 
· : :.; ,\" .",., :.;. :.;. :.; .::;. :.,". :·.&It· :.;. :.;: :.;. :.;. :.;. :'.;. :-..:. :.;: :.;. :. 

.' . 

'" -.. '., " .. "'. ' .... ' ......... '. ". ' .... '. "illllHlliililillhilillll[ '. ". '. ". '. ". '. ". '. ": .. 
. ':":' .\ .. \. :":' :": ':": ·:··IIilt· .\DlBlllliDir~1t ':": ':":' :'.:. : .. : .. \.: 

· :'.: .. \.':":' :'.:. :.,: .;"': ':'.: .. \ ;:·~IIiBHIIKmmilllt· : .. : .. \ .. \. : .. : .. \.:. 
:.: .. : .. \. :'.:. :": ':'.: .. \ .. ;": "\ ':'-III§BBlllIIlllliil!IIBI: ':":' :'.:. :'.:-:": ':":': 
':":"\':'."\':',:·,\,:·,:,:··Hllr ... ll1111t·:··:·:··:·:··:;:'.: .. \ .. ' 
· :":' :":' :'.:. :":' :'.:. :'.:. :'.1lIi: . :··BilIUIlmIlilIIIIlI:· : .. ;; :": . :'.:. :'.:. :'.:. :":': 
.:.::. :'.:. :'.: .. <:. ,: .. :-.\. :'.:. :·-IIliiHllmnl!lJlil!l:· : .. ; :"': ':": ':": ':": ':":':' 
';'.:. :'.:. :',' :'.:. ;";liJjiilli: . :··ImIi!l!llBllBIIIlltli!iIIlt· :":"\" ":'. ":' :'.:.:' 
· :'.:. : .. : .. \. :": ':": ;:": ·::·lIIir· :'-IIilIliDll!lll!ll1IIIIIiill: ::'.:. :'.:. :": .. \ .. \.:. 
· :'.:. :": :: .. : .. \. :":;:": .: .•. :'-Blllill!lllillllWlBlll!lt ':":' :": "\'.\ .. \ .. ' 
.. \. : .. : .. \ .. \. ::.;- :'.: .. \ . :'.:. :··lllllBilllmllBIlIISU: .... :. :'.: .. \ . :'.:. :'.: .. " . 
.. \ .. \ .. \. :'.: .. : .. :.;\. :": .. \. :·-IliIfillill.llll!lm . :'.:. : .. : .. \. :'.:. :'.:. ;'. 
· :'.:. :'.:. >-:. :":' ::;:; :'-l1li1: ·~··-III!.HIiIliRllIiiilt; :'.:. :": ':":' :.;. :'.: .. :. 
: : .. ;- :'.:. :'.: .. \ .. \. :.:: ':". ':'uilallllllllllliillt .. \ ':":' :'.: ':":' :": .:. 
· : .. ;- :'.:. :'.:. :'.:. :": ':": ':'·111[' :··nWB!lIIlll!!lllllilillift· :": ':":' :":'. ":' ..... :. 
; :'.:. :";' : .. : .. \. :'.: .. \ .. \ . :": ·:··i:l.Vllillmll!lli~iIlt . :'.:. : .. : .. \. : .. : .. \.:. 
·:··.:·:··:·:·.:·.\·:·.:·:·.:·:·_·:··BIUililHilllim·:~:·.\·:·.;-: .. :.: .. : .. \.:. 
': •• ;- :'.:. :'.:. : •. ;- ,".:. :'.:. :": . :": • :··BIIBHmllllIIIIIllIB1i1l1lt . :": . :'.:' : .• : .. \ .. '.:. :. 
":";' :'.:-.\ .. \. :":' :'.: ·:·· ... :·-IIlllEllllliillllllltn·.\ ':'.:. :":'. ":'. '.:.:, 

.. '.;. '.;. '.;. '.;. '.;. '.;. '.;. '.;. ;·.Hlmij!llllllBI!IHillJi1l·· '.;. '.; ...... '.,'. '.;. '. 

·.·.:- ... ;-.··;-.·.:-.·.;-.··:·,'··:·.-.:· .. 'lliiii.· .. ·.·.·· ............... : .... : .... :- ... ;- ....... , 
· .\ .. \. :"> .... H6lt· :": ':": ':": ':'-II11t .. \ ':": .. \. :": "'-.; .. \ ':": .: .. : .. \.: . 
.;\. :'.:. :·m:· .\. :": .. \ "\ ,:··BiH:· :'.:. :'.:. :'.: .. \ .. \. :":' :": .. \. :'.:.:' 
.. \. :·R· :'.: ':"":'.: ':":' :··nlllilHIIlI:·.\· .\':":' :'.:. :'.:. :'.:. :'.:. :'.:. :'.:.:' 
; :":- .\. : .... : .. : .. \. :'.: . :'.:. :'·86:,,\, :'.:. :'.:. :": '.\ . :'.:. :'i:' :'.: .. \ .:. 
· : .•. :'-8II1IIl1li:. :": '.\ .. \. :··UIR:· :'.: .. \ .. \. :'.:. :'.:. :'.:. :": .. \. :'.:.:' 
· :":- :'.: .. \ ':":' :'.:. :": .: .• ·:·.uiB:·.\· :": .. \ .. \ .. \ .. \ .. \ .: .. : .. \.: . 
· : .. :-.\. :'.:. :··BIIlmmllilmlJ&lilii: . :'.:. :'.: . : .. : .. \. :": .. \ .. \. : . .; .. \.:. 
· : .. ;- .\: :": ·.\·:··liDllilit·.\ ·:··Dlln:· : .. ; .. \. :''; .. \ .. \ .. \ .. \ .:.: .: . .; .:. 
.:\. :',' :'.:. :": ':":' :": .: .•. :··HR·.\· :'.:. :'.:. :'.:. :":' :'.:. :'.:. :'.:. :'.:.:' 
· :'.:. : .. ;-:"': .. \. :'.!lIIa: .: .. : .. \. :'-Illilll: .. \' : .. : .. \ .. '.:. :";" .-.;'. : .. : .. \. :'.: .. :. 
· : .. : .. \. :":' :'.&. :'.:. :": . :··milt·.\ .. ''; . :":' :'.:. :": .. :": . :'.:. :'.:. :'.:.:' 
· ;' .. : .. \. :'.:. :··m· :·iiBi:· :'-IIlIlIIiB:"\ .. \ . :'.: .. \ '.\ '.\ . :'.: .. \ . :'.: .:. 
.. \. :'.:. :'.:. :'.:. : .. :-.\. :": ;:"': . :··UiU:· :":'.\ .. \. :'.:. :'.:. :'.: .. \ . : . .; .. \.:. 
· .\. : .•. : .. ;-.\. :": ':": . :'.:. :'illli:"\"\ .. \ .. \. :'.: .. \ .. \ .. \. :": . :. 
·:·.·:·.:·.\·.\·:··:·.\·:··:·:··liilR:·:··:·.\·.\·.\·.\·: .. : .. \.: .. : .. \.:. 
·:·Iit·.\· : .. ;- :.;:. :'.: .. \ <···BliIIll:· :'.: . :": . :'.:. : . .; .. '.: .. '.: .. \ '.\ '.\ .:. 

• .• ~ .:; .•• ~.: •• :.::: •••.••• :.: ••.•• :: ••••.• ; .; .: .•.•.••••••••• 1 

be , 

d,e 

Fig 4.6S The abilit~ of Rosenfel~'s algor.to detect edges sharply with 
C=3() ';a)Orignal ilnage b)-rt-JI'"°esuiITl'c\ge") ~:)=:L (:)k==B (j)I·::=E'·lIt·4*:Z*:l E~)k=:~::;:"2"*'II" ,."J<:·1 
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4.6 CONCLUSION 

In ,this, c4apter:t4e' most important ,~dge detection methods were overviewed 

and'some new!deason deCl,sion levels and performance evaluations are 

introduced. 

Edge' d,etection ni~thods can ,be divtded into three levels: Preprocessing 

lab~l~ngahd ,postprocessing. A key level is the one, where the decision to 

lllb~i·a,pixel·a~·an edge point or not, has to be taken. Before this labeling 

'stage~ in order tqmake the decision as correct as possible, the pictures 

must; be preprocessed. 

, .' Many different preprocessing and labeling algorithms have been developed. 

The most pop~lar preprocessing schemes are included in the ciass of the 

local methods which attempt to approximate differentiation within a small 
, ',. , 

windo~ of s~z,e 2*2 or. 3.*3. For labeting level many different ideas have been 

,introduced. But' the niost; ~ommorily u,sed parameter ,especially for practical . :.. . 

'. ,::i.mplementation· re'ason~":is the magnitude of the edge vector at a given 

pixel.: .Comparison of various edge detection schemes are mostly dependent on 
" . .' . .... . 

their quaiitative performances. l'apers about the quantitative evaluation of 

edge d~tection :schemes are very l'im!ted. A performance evaluation is 

.. difficult b~cause of the large numb.er of proposed methods , difficulties in 

4etermini,ng 'the best parameters associated with each technique, and the lack 

of definitive performance' criteria. 

'In. the. last section of this chapter, the ,connectivity test and a locally 
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'adaptive, thresholding'technique which was introduced by Robinson has been 

,adapted to the Kirsch'ina~ks. Another combination of two thresholding 

te'chniques 11a's beEmapplied to Sobel operator and a comparison between the 

mo~t popu'laredge detection schemes' was done and some new parameters for 

,.~erfor~an6e ev~luation has been generated. Because of the memory limitations 

and lack of facilities, the comparison was done on some test images. 

Evaluation was also do~e in the presence of noise. 

The results can be summarized as 'follows: 

(1)" - The. corinect:i vi ty tea t is riot suitable for Kirsch masks, especially 

_ with adaptive thresholding;. 

(2)-Without conne,ctivity test, Kirsch gives sharpest edge points with 

locaiiy adaptive thresholding using'LPF; 

(3) - Sobel operator is' more sensitive than the other methods to edges which 
, , 

,hav:e very little contrasts; 

. (4).,... Rosen£e'.1d' s muldple difference equation gives very sufficient results 

at higher ,multiples, but it takes.the biggest operation time, while Sobel 

with fixed threshold takes the least • 

. (5)-,. Postprocessing algorithms can be applied to all edge de.tection schemes 

'in 'or.der to eliminate the l' s outside the edge region and to get sharper 

,edges;. 

(6) -Two-level thresholding(e.g., first adaptive then fixed thresholding) 

can'be appiied to edge detection schemes to get better results; 

(7) - The Parameter Pis very useful to understand the behaviour of the 

scheme with respect to the changes in the contrast value with the existance 
. " I,: 

of ,·noise •. In addition, a large value for P does not mean that good results 

.a:.~e .obtaineci~ because this large: value is obtained by not only decrease in 
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noise 'effect but also increase in % error for pure image when the contrast 

'iii" 'increases.;' 

(8):-,For large values of noise variance, three preprocessing algorithm 

almost give the same response; 

,(9.) - 'Mean square distanc-e of errors does not give any reasonable responses . , .. , 

and can'not be used for ,the evaluation of the edge detection schemes; 

,''(10)- Dif'ferent ,schemes respond :to each criterion in a different manner. 
, '. " 

Som:et:f,mes' giv'e bett'er, s9!Iletime give worse results, means that a tester must 

'choose the most, c~nvinien:t scheme 'according to his requirements and criteria 

he ,uses., 

At ,the en~' of the chapter a set of package programs which are open to 

. 
furthetexpansi9n consist$ of edge detection techniques , various 

thresh01ding methods and complete analysis has been also introduced. 
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v ,CONCLUsioN AND SUMMARY 

,In this study ,the most important aspects of image processing techniques and 

applications were reviewed. Although it was a relatively long study, all the 

important aspects of, image processing could not be covered. The first part 

of t~e study was only a tutorial review of mathematical models and 

app1:ications of image processing. In the second part of the study, various 

'picture 'c'oding techniques were examined and their evaluation were done by 

computer simulations. In the last part, various edge detection schemes using 

,different thresholdingte,chniques and postprocessing algorithms were 

evaluated,on some test ,images. Some performance criteria were developed in 

otder:to make a comparison among.'these schemes. A computer program was 

~~veloped ,to ,$imulate the picture ,coding t:echniques. In the last part, edge 

'det,:ection: ,schemes, were reviewed ~ ,s,ome performance cri teria were derived and 

comparisono~ ,th~ schemes ,was done, using these criteria. Again a package 

,program wa,s developed and ,simulation results were obtained. 

This, study,has three different as.peets. The first one is that, it, is a 

review of 'all 'image processing problems and methods to solve these problems 

and ,"it,inight be helpful for further studies on the same topic. 

The'second one is that', a microcomputer is used to simulate picture 

compression, coding and edge ~etection techniques. This computer ' 

applications have given us important results on two picture processing 

techniques, butin'additfon to that, during this study, the advantages and 

disadvantages of: working with a microcomputer for similar topics have been 



fourtd., The advantages are, 

1 - Ability 'to work inter-actively 

2 -'::Easy use and programming 

But the term image implies a large number of data, besides picture 

processing techniques are based on complex algorithms, like matrix 

manipulations,. In, this, study the memory capacity and the operation time of 

theco~put~r set:limit~ on,the size of the model. For test images only 64 

samples could be taken at ,the same time. In the literature, the minimum 

number, of samples' uS,ed ,for' images, is' 256, but even it could be worked only 

with very small number ,of samples:~ very' rea~onable results which are 

,c"&mparible wi.th literatu're ~ere .obtained. The, complex structure of the 

algorithms has resulted in rather'gt;eat operation times. That is why only 

minimum number. of simulation outputs' could be taken for evaluation purposes. 

The ,third aspect is that, some performance criteria have been derived in 

,order'to evaluate and compare the results of the simulations. In the 

}iterat~revery few quantitative comparisons exist and evaluations are 

'it;' mostly done quaiitatively. Because edge detection schemes have very .... ' 

different algorithms, it is difficult to compare them. That is why in order 

to evaluate and compare the edge detection schemes examined in this study, 

new quantitative performance criteria have been derived. If the results of 

the 'siurula'tions of different edge detection schemes are observed, it can be 

seen ,that ' . .f.dr dHferent criteria:; different schemes can give better 

resu'lt~. Silt o'n the' 'averageit call be said that Kirsch's directional masks 

with adaptiv~threshold give the best result among all other schemes which 
, " 

are ,'examined in this study. for almost all performance criteria. 
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'A comprep.ensi'l1e bibliography isi..ncluded at the end of the study for a 

read~r interest~d infutther det~ils of theoretical and experimental results 

, discussed, . here. 

'I' 
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10· REI! .. QUANTIZATION HAIN PROG: at 
20 TEll: HOKE 
25HTAB 10: PRINT' "-------:--------------" 
30 DS = COOS (4) , 

40 HTAB 10: P{lINT "UUANTIZATION PROGP.A"" 
50 HTAB 10: PRINT "---~-------.. -_:----. 
270 HOKE 
280 . VTAB 6: HTAB 5: INVERSE : PRINT "VAVEfOR/lS": NORKAL 
290 VTAB 10:HTAB 5: PRlllY. "I-SINE NAVE" 
300HTAB 5: PRINT "2-SQUARE HAVE" 
31.0 HTAB 5: PRINT "3~RANDO" SINE NAVE" 

,320 HTAB 5: PRINt "4-AUT.RES.NAVEF.VITH GAUSS DEN. I 

. '330 VTAB 20: HTAB5dNPUT "CHOOSE ONE OF THE" ... ="jA 
'4,00 IF A) 4 THEN PRINT CHRS ,171: SOTO 330 
, nOON, A GOTO 2000,3000,4000; 5000 
, 20.00,· PRINT DSj "RUH SINPROS, S6, Dl" 

,3000 PRINT DSj "RUN KARPRDS, S6, D1" 
4000 PRINT DSj"RUN RASPROG,56,Dl" 
SOOO . PRINT DSj "RUN GAUPROG, 56, Dl" 
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,2000 RE" U SIHPRDG .. 
2010 DS = CHRS:(4) 
2014, HOnE: VTAB 10: INPUT "TDTALIDF SAnPLES 1=" jH' 
2015 II = VAL 'IHSI 
2016 PRIIIT, DSj "OPEN DRHEK,D2" 
20,18 'P~~HT DSj "DElETE om" , 
2019 ,PRI~ DSj 'OPEN ORHEK, D2" , 
2020 PRINT DSj "WRITE ORNEK" 
2021PRIMTNS 
2022, PRIHJ.DSj"ClOSE ORNEK" 
2024 ,DI" Y IHI 
2025 Dln,MAlIKIHI 
2030 PI =3.14159265 
2035 PRIIIT OSj IPRll": PRINT "TOT.I OF SAIIPLES="jH: PRINT DSiIPRIO" 
2040 PRINT: INPUT "AlfPLITUDE 1=" j FS 
2050 A = VAl IFSI, 
2060 PRIIIT: INPUT "IIIILT. VALUE OFx-CooRD. =1"jG' 
2070 CARP = VAL ISSI 
2072 PRIIIT: IMPUT~I OF PERIODS 1="jSS , 
2073 K = VALISSI ' 
2075 PRINt :PRIMT : PBINT 
2000, PRINT "1111";': HTAB 20: PRIHT "YIII" 

'2090 'PRINT "-----j: HTAB, 20: PRINT "---" 
, 2110 ARG =2 t PI tK (N 
mo' FOR' i, ='.1 TO II ' 
2160 'ARAlIK(lJ = ARG' ,t(I .:. 11 
2170 YIII = A. SIN (ARALIK(lJ I 
2180 PRINT MAlIK III j: HTAB 20: PRINT Y III 
2270 'NEIT I ' 
2280 PRINT OS 
2290 PRIIIT DSj "OPEN GIRDI,D2" 
2300' PRIIITDSj"DElETE S'IRDI" 
2310 PRINlDSj"OPEN SIRDl,LU,D2" 
2320 FOR I = 1. TON ' 
2322 IMPS = STRS IYII J) 

2324 IF, LEN IIMPSI = 10 THEN GOTO 2330 
2325 IF HEN IINP*I ) 10 AND VAl lIMPS! < .01 AND VAL liMPS I ) 01 THEN INPS = ".001000000": 60TO 2330 
2326 IF' LEN IIMPSI ) ~o THEN INPS = LEFTS IIMPS,101: GOlO 2330 
2327 FDR L, = LEN IIIfSI TO 10: IMPS = IMPS + II: NEIT L 
2330 PRINT DS; "WRITE GIRDI,R"j I 
2332 PRINT IMPS 
2334 IlEXT I 

,: '233t,' PRINT, DS; "CLOSE SIRDI" 
'i1i'2340 PRIMT DSj"OPEN MAlIK,D2" 

'2342 PRIIIT DS;"DElETE ARAlIK" 
2344 PRIMT, DSj "OPEN ARALIK, Lll, D2" 
2346' FDR I = 1 .TO N 

,2348 IMPS = STRS IARALIK III I 
2350 IF I.EH IIHP~I = 10 THEN GOTO 2370 
2352 IF ( lEIi IIMPSI ) 10 AHD VAl. IIMPSI <.01 AND VAL IINPSI) 01 THEN IMPS = ".001000000": GOTO 2370 



2354 IF lENIINPS) } 10 THEN INPS = LEFTS IINPS, 10): SOlD 2370 
2356 FOR 1:: LEN IUfS) TO 10: lIiPS = IMPS + II: NEXT L 
2370 PRINT DS; "WRITE ARAlIK, R~i I 
2372 PRliIT IIIPS 
2376 NEXTJ 
2380 PRI~ OS; "CLOSE ARALIK" 
2382 PRINT DS; "DPENIST ,D2" 
2384 ' PRINT DS; I DELETE 1ST" 

;';1 ;2386 MINTOSj "OPEN IST,L3jD2" 
.' 2388 FOR I = ,I TO H ' 

2390 PRINT, DS j "WRITE 1ST, R" j I 
2392 , IF YIIl < 0 THEM VARS = "-I": SOlD 2396 
2394 VAHS = "+1" 
2396 PRINT ,VAlIS: MEXT I , 
2398 ' PRINT OSj"cLOSE'IST" 
2400 ,HonE : VIAB 22: HSR ' 
2420 I' = FRE'lO) 
2430, HPLOT 0,100 TO 279,100 
2440 ,HPLDT 0,0 TO OJ 190 

,2450 FOR I = 1 TO N ' 
2460 11=~ALIKrnl CARP 
2470 YI: VIII 
2480, HPLOT TO 0 + Il,loo - VI ' 

,2490 NEIT,I " 
2500 PRINT "SINE WAVE" 

,2505 PRINT DS' 
2510 PRINr DS; "PRIl": PRINT eHRS (9); "S': PRIMmSj 'PRIO' 
2520" TEXT 
2530 HDnE 
2560 PRINT OS 

, 5000 PRII!T DS; 'RUN UlIANPROG, Dl" 
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10 HOllE 
15 DS = CHRS' 141 . 

. 20 Rf" U AUT.REG;PROCESS.S/R It . 
25 'HOllE: VTAB 10: INPUT "TOTAL .. OF SAKPlES?="jNS 
26 N= .VAL ("SI:1='N - 64:TS = STRS tTl 
27 PRINT nSj "OPEN ORNEK,D2" 
28 PRINT,DSj 'DELETE ORHEK" 
29 . PRINT DSj "OPEN DRIIEK, D2" 
30 PRINHSj "WRITE ORS" 
32 ,PRINT TS ' 
35 PRINT OSj ~CLriSE ORNEK" . 
38 DI" YINI 
40 DI" MALIK!NI 
45 DI" MNINI . 
60 PRINT, 
80 IIfUT "AI=? 10{AHlI=, ";KS 
as . PRINT: INPUT "A2=? ,IO{A2<l1= "ISS 
90 ~I = VAL IKSI :A2 = VAL (S$) 
95, PRINT USj"PRII": PRINT: PRINT "AI="AI:PRINT : PRINT "A2="jA2: PRINT: PRINT "T01.l OF SA"PlES="jN - 64 
96 PRINT ns· "PRIO' ' , , 
100: :PRIMT : IKP,UT"AlflITUDE ?="jYS 

:":105 PRINT: INPUT "KUL. VALUE OF l-COORD.=?";GS 
~~; .107 CARP = VAl. I,Gs) , 

110 D = VALIYSI 
130 sR = SQR' 1121 
140 FOR I = I TO N 

'ISO RAIl = 0 
i60 . FOR (= 1. TO 12 
170 RAN'-= RAJ, + I RHO 111- .51 
180 MElT 1 . 
190 IIH!II= ID I SRI·. RAN 
~ :NEIT I . 

. 210, YI1I 7 IINllI .- 5 
215 Yl21= 11"(21 - :5, 
220 FOR 1'= 3 TO N 
230 YIII =YII - 11 • Al,+YIl -: 21 I A2 + IIHIl) 

, 240'HElT, , ' ' 
25q PRINl: PRINT,:, PRINT, "IUI";: HTAB20:. PRINT "YIII" 
260 PRINT "-.,~-";: ,HTAB 20: PRINT .----" 

, 270 FOR 1 = 1 TO N 
280 PRINT 1;: HTAB 20:' PRINT YiIl: NEIT I 
290' PRINT- os;"m GIRDI, D2" 
300 PRINT ns; "DELET.E' SIRDI" 
310 PRINT DSj"OPEN'SIRDI,111,D2" 
312 FOR'I = 65 TO N 
314. IIIPS:: sTR. IYIIII 
316 . IF. lEN '1lIIPSI = 10 THEN· GOTD 330 
318 IF (LEN IINPS) > 10 AND VAL lIMP$) ( .01 AND .vAL IINP$) ) 01 THEN INPS = ".001000000": GOTO 330 
320, IF LEN IIMPSI > 10 THEN INPS = lEFTS IINPS,101: GOTO 330 
322 FOR l = LEN IINPSI TO 10: INPS = IMPS + II: NEIT L 



,330 PRINTOSj 'WRIT~ SIROi,R'j I - 64 
, 360 PRINT INPS ' 

370 NEIT,I 
380" PRINT 'os· 'CLOSE SIRDI' 

" ,', 

400 HOKE: YTAB 22 ' 
,410 HGR' , 
420 !fLOT 0,100 TO 270j 100 
430 HPLOT 0,0 TO 0,190 
440' FOR,I ='65 TO N 
450 n'= II - 64) • CARP: VI = vm 
460 If LOT ' TO ° + XI,100 - VI 
470 NEIT 
4BO, PRINT 'AUTO RESG.WAVEFORK' 
490 PRINT DSi'PRIl': PRINT CHRS (9)j'S': PRINT USi'PRIO' 
510 FOR I = 1 TO ",- 64 
520 AHALIKUI = I: NEXT 
530 PRm oSj'oPEN ARALIK,02' 
540 PRINT DSi'DELETE AHALIK' 

,550 PRINT Dfj'DPEN ARALIK,L11,02' 
560 FDR.I = 1 TO H, - 64 ' 
570 IMPS = STRS IAHALIKIIl) , 
610 FDR L' = ' LEN lIMPS) TO 10:INPS = IMPS + -II: NEXT L 
700 ' PRINT DSj 'WR~tE ARALIK, R' j I 
740 PRINT, IMPS ' 
750, NEXT I , 
760 PRINT 'oSi 'CLosE ARALIK', 
no,' PRINT DSj'DPg(IST,p2' 
790' ~m' OSj 'OELETE ISH 
790 PRINT OSj 'oPEM 1ST ,L3,02' 
BOO FOR i = 65 TO it ' 
810 PRINToSj'WRITE IST,R'jl - 64 
820, . IF YII) { O. THEN VAHS = '-I': SOTo B40 
830 VAHS:= '+1' 
840 PRINT. VARS:NEXT I 
850 PRINT' OSj 'CLOSE 1ST' 
1000 mt: HOKE 
6000 ,PRINT OSj 'RtmD~NPR06, Dl' 



:;1;' 10 REII It DUANPROG It 
20 TElT: HOllE' 
22 DIll 113~1 
2~ 'DIK Drf321 

, 30 DS = CHRS (4) 
90, PRINT: IIfUT "I If DUANTIZER LEVaS1=" jOS 
100 PRINT : INPUt "' OF SUBBlOCK SAKPLES 1="jOS 
lor PRINT:' INPUT "KII.T~VALUE OF HooRD. 1="jGS 
102 CARP = VAL' ISS) 
1050 = VAl. IDS):N = VAL (OS) 
106 MS' = OS:II' = OS ' 
il~ VrAB ~4: HTAB 5:, PRINT 'l~UHI,F;OUANTIZATION" 
120 HTAB 5: PRINT'"2-NONUHIF .OPT. QUANTIZATION" 

'130 'HTAB 5:PRIlT "3-DIFF.DUANUITH SUIIKERi ' 

140 HTAB' 5: PRINT "4-(OSARITHKIC QUANTIZATION" 
, 150 HTAB 5: PRINT "5-FEEDFORWARD ADAP.DUAHT." 

,160 HTAB 5: PRINY"6-DIFF.PULSE CODE KODUlATlONIDPCK'" 
170 PRiNT: 'lqAB 5: INPUT "Cf!OOSE ONE OF THEK ... "iUS 
190 u' = VAL IUS) , 
100 IF ~ = ~ THEN NS = 'UHIFORII": S010 420 
210 IF U = 2 THEN NS = 'NO"UHIF OPT.": G010 420 

'220 ,IF ,U = 3 THEN, 'NS ,; 'DIFF. ISIJIIItER) ': G010 420 
230 IF ,U = 4 THEN NS :i "LOSARITHIIIC": S010 420 
240 ,IF U = 5 THEN NS = 'FFADAPTIYE": S010 420 
250 IF ,U = '6 THEN NS = "DPtK" ' 
160 IF U } 6 THEN, PRINT CHRS 171: 6010 110 ' 
420 IF U < ) 1 THEN GOTO 520 ' 
43~ ,lillIE: HTAB 5: VTAB 5: PRINT "l-UHIFORII-IIIDRISER VALUES" 
440 HTAB 5: PRINT ,'2-UHIFORK-IIIDTREAD VALUES' 
450lfTAB 5: VTAB 10: PRINT "CHOOSE ONE OF THEII"j: HTAB 24: INPUT IS 
460 VTAB 10: HTAB 24: PRINT is:x = VAL lIS) , 
470 IF X = 1 THEK OS = "UHORN" + OS:NS = "UHUUAN" + NS: S010 490 

, 480 OS = 'UNTREDORN" + OS: NS = "IIHREDDUAN' + NS 
490 iF X = 1 THEN RS =, "UHIFDRII-IIIDRISER": S010 510 
500 IF X = 2 THEN RS = "UNIFORII-IIIDTREAD" 
510 GOTO 650 ' 
520 HOKE: YTAB Bi HTAB 5: PRINT "l-SAKIIA' DENSITIES" 
530 HTAB' 5: PRINT "2-LAPLACE VALUES I 
540 HTAB 5: PRINT "HAUSS VALUES' 
550 IF U= 2 THEN ',GOTO 580 
560,HTAB5:, PRINT "4-UNIFOR/I-:IIIDRISER VAlUES I 
,570HTAB 5: PRINT "5-IlHIFORII-IIIDTREAD, VAlUES" 
580 ' YTAB 14: HTAB 5: PRINT "CHOOSE ,ONE OF TfIEiI"i : HTAB 24: INPUT YS 
590: YTAB'14: HTAB 24: PRINT Y.:Y = YAlIYS) 
'600 IF Y ) 5 THEN PRINT tHRS 171:' SOTO 520 
610 IF Y) = 4 THEN X = Y .: 3: S010 470 
620 IF Y = 1 THEN OS = "ORNEK" + OS:NS = "DUAHT"t NS: S010 650 
630, IF Y :: 2 THEN' OS = "LAPORN" + OS:NS = "LAQUAN" + NS: SOTD 650 
640 IF Y= 3 THEN os = iSAUORH" + OS:NS ;, "SAUUAN" + NS: SOlO 650 
650 HOllE ' 
660 IF Y = 1 THEN RS = " SAIIIIA " : GOlO 690 
670 IF y' = 2 THEN R$ = ~LAPLACE": SOTO 690 

'680 IF Y= 3 THEN RS = "GAUSS' 
690 PRliIT DSi"PRIl": PRINT 'CHRS 19Ij"l" 



7.00 'PRINT TAB I 91 "OUANTIZATION Of" 
710 'PRINT' TABI 51 OS;: P~INT TABI 91 "SAllPlES " t VS + " SIGNAL WITH" 
730 PRINT TABI 51"S;: PRINT TABI 91 "lEVELS "+: ws + " gUANT ,USIN6 • 
740 PRINT TAB(, 9)RS + " DENSITIES' 
750 PRINTOSj "PRIO" 
2050 HOKE' 
2060' PRINT DSj"OPEN";OSj" ,02"' 
2070 PRINTDSj"REAO'jOS 
2OS0 INPUT X1$,X2$,I3S,X4S,15S,I6S,X7S 
2090 INPUT ISS, I9S, lAS, IBS, ICS, IDS, IES 
2100 IKPUIIFS,16S,IHS,IIt,lJS,XKS,IU,I"S,lNS 
2110 INPUT IDS,XPS,IOS,IRS,ISS,ITS,IUS,IVS,XWS 
2120 PRIMTDS;"ClDSE";~ 

2130 PRINT.DSj~DPEN";NSj",D2" 

2H0 PRINT DSj "READ"'jNS 
21,50 INPUT OlSj02S,03$,U4S,OSS,06S 
21~0 INPUT 07S,OSS,09S,OAS,OSS,oes 

:' ,:2170' INPUT ODs;m,DFS,IIGS,OHS,OIS,OJS,0:S,QlS,IIIIS 
'I' ,21S0 INPUT DHS,~DS,OPS,OQS,ORS,OSS,OTS,OUs,ovs,m 
" 2190 PRINT DSj"ClDSE"jNS 

2200 HOllE, 
2220' PRINT: PRINT: PRINT "m VAlUES";: HTAB,20: PRINT "DIS VALUES": PRINT. "-------"j: HTAB 20: PRINT "----------" 
'2230 PRINT US;: HTAB 20: PRINT DIS: PRINT 12Sj: HTAB 20: PRINT 02S: PRINT I3Sj: HTAB 20: PRINT 03S: PRINT mj: HTAB 20: PRINT 04S: PRINT ISS . 
, ;: HTAB 20,: PRINT05S ' 
2240, PRIIIlI~Sj: HTAB 20: PRINT06S: PRINT X7S;: HTAB 20: PRINTm: PRINT IBSj: HTAB 20: PRINT OBS 
2250 PRINTI9Sj: HTAB 20: PRINT 09S 
2260 PRINT lAS;: HTAB 20: PRINT QAS: PRINT IBSj: HlAB 20: PRINT OBS:PRINT ICSj: HTAB 20: PRINT OCS: PRINT IDSj: HTAB 20: PRINT gDS: PRINT XES! 

';:, HTAB 20: PRINTOES 
, 2270 PRiNT, IFtj: HTAB 20: PRINT OFS: PRINT X6S;: HlAB 20:PRINTOOS 

2280' PRINT- IHSj: "TAB 20: PRINTOHSi PRINT lISj: HTAB 20:PRIHT OIS 
~90 PRINT IJS;: HTAB 20,: PRINT QJS: PRINT XUj: HTAB 20: PRINT0:S 
2300 PRINT IlS;: HTAB 20: PRINT UU: PRINT I"Sj: HTAB 20: PRINT OKS: PRINT INSj: HTAB 20: PRINT ONS 

, 2310 PRI~ IOSj:' HTAB 20: PRINHOS: PRINT IPS;: HTAB 20: PRiNTgps: PRINT XOSj: HTAB 20: PRINT 90S 
23?0 PRI!fJ IRS;: HTAB 20:, PRINT URS: PRINT ,ISSj: HTAB 20: PRINT OSS: PRINT ITSj: HTAB 20: PRINT grs 
2330 PRINT IUSj:HTAB 20:, PRINT QUS: PRINT XVSj: HTAB 20: PRINT'UVS:PRINTlWSj: HTAB 20: PRINT 9WS 

, 2340 lUI = VAL II1SI:112) =, VAL mSI ' 
2350 Ii31, '= VAL I13SI:'II4I= VAL 1m) 
2360' 1151 ,= VAl II5S1 :1161 = VAL mSI 
2370 1171= VAl I17S):X(81 = VAl IIBSI 
2380 ,IF N i: 4 THEN' GDTO '2520 
2390 1191' = VAl (l9S):1I101 ::, VAl lIAS! 
2400 III 11 = , VAL (IBS): 11121 = V,Al lies) 
241011131 = VAL IIDSI:1I14) = VAl!lES) 
,2420 I i151 = VAL, (XES):lU61 = VAL 1I6S) 
2439 IF N = B THEN ' GDTD 2520 
24401117) = VAl IIHSI:XI1S) = VAL illS) 
2450 11191 = VAL (USI,:XI201 = VAL IlKS I 
2460 11211 = VAL mSI:I(22) ~ VAl ilKS) 
2470 11231 = VAL IINSJ:1I24)= VAl lIDS) 
24BO 1125) = VAL liPS): I 126) = VAl lIDS) 
2490 11.271 = VAL IIRS):I12B1 = VAl ,IISS) 
2500 1129) = VAL (ITS):I (30)= VAl (IUS) 

2510 11311 = VAl IXVSI:I(32) = VAL IIKSI 
2520 0111) = VAL (OlSI :0112) = VAL (om 
2530 oXI3):= 'VAL IU3S):oml= VAL 10m 
2540 OIlSI = VAL 1,05S1lUII61 =' VAL 106S) 



2550 DI 17l.: VAl (07$1 :oIlBI: VAl lOBS) 
2560 . IF N : 4 THEN SDTD 2700 
2510 oml: VAL IU9S1 :UI (10) :: VAL (OAS) 

. 2580 ot(lll: VAL (ml:OIU2)·:VAt (UCSI 
2590 011131 = VAL (ODS):UII14) = VAL (om 
2600 UI!15): VAl·(UFS):U.(l6) = VAl (OGS) 
2610 IF N : 8 THEN SOTO 2700 
2620 UIU7I = VAl (oHS):oIll81 = VAl (UIS) 
2630 DI(19) = VAL (oJS):UII20) : VAL (m) 
2640 0I!211 :. VAl (UlS) :UI!22f: VAl (UlIS) 
2650·01123"= VAl (UNS):UIi24) = VAl (DOS) 
266~QI(25) = VAl loPS) :01(261: VAl IQQS) 
267001(27) : VAL'IORS):OXI2B) = VAL (OSS) 
2680 U1(29) : VAl lOT$): umo) = VAl (OUS) 
2690 amil:' ,VAlIOVS):UI(3i):= 'VAL (um 

. 2700' HOllE 
2710' VTAD ,IS: PRINT'"PLEASE WAIT ... I 
2720 IF U : lTHEN. 6DTD276O 
2725 IF U': 5 THEN . GDTD 3000' 
2730 IF U : 6 THEN som 2780 
2740. PRINT DS;"BLOAD CllAIN,A520;D1' 
2750 . CAll 5201 0.SHRPROS" 
2760 PRIMT DSjIBlOADCHAI",A520~Dl" 
2770 CAll 520IDIFADAPoU" 
2780 PRINT Dt;'BlOAD'CHAIN,A520,Dl" 
2790 CAll .520IDPCH" . 
3000 PRINT DS;IBlOADCHAIN,A520,Dl" 
3010 CAll 520"FFADAPOU". 

315 



, 10 OS = ,CIIlis 14) 
20 ,REIIU IlUANTIZAT.,ERR' SNRCALCUL.U 
30 ,0111' VIN) 
3S,: DIM mM) 
37 DIll AMlIK IN) 
40 Dill ERR IN) 
43C=,I:CC=N 

'45 PRINT, DSj "OPEN ORB, 02" 
50: PRINT DSj "READ ORHEK" 

, 55 INPUr. NNS ' 
60 'PRINT DS' "clOSE OIINEK" , , 

62 NH =, VAl. IHIIS):HH = ,Nil / N 
6S PRINT'DSj'OPEN GIRDI,111,02" 
67 FDRT=,C TO CC:P = I ,. C +1 
70, PRINT' DSj "READ GIRDI,R"j I 
72 . INPUT ,INPS:VIP) = VAl lIMP'S) 
73. HEIT I 
74 PRINT DSj"CLOSE GIRDI" 
'75 PRIIIT DSi"OPEN ARALIK,111,D2" 
n 'FOR I~ ero CC:P = I - C + 1 
80' PRINT,DSj"READ ARAlIK,R"j I 
82 INPUT INPS:ARALIKIP) = VAl (IMPS) 
83 IIEiT I , 
84 PRINT O$j "CLOSE ARALIK" 
100 IF U = 4 THEN SOTO 3000 
168 REII U SISIIA HESAPlANIYIIR at 
170 SIG =0 
176' FOR 1,= 1 TO N 
178 SIG ,= SIS ,+ mI" YIll 
180' 'IIEIT 
182 ,SIG = SIG I N:~ = SIG 
184 SIG = SQR ISIS) , 

'186 PRINT Dtj,lPRI 1 ~ 
187 'PRINT : PRIIIT "SIS=~iSIS ' 

, 168 PRINT DSi "PRIO" . ' 
189 PRINT: INPUT "00 YOU WANT ADAPT. VIA IH~~VARI~HCE=IY/N)I;TS 
190 I~ n, = "V" THEN SOTO 193 
191 ' IFTS '( ) "I" TI£N PRINT CHRS 17): GOTD 189 
192 SIS i: 1 , 
193 ,FOR I ='1TD 32 
196 HI) = xm t'SIS ' 
19801111, = gui) t SIS 

lOp' HEIT I • 
210 FOR II :: 1 TO II 
220 FOR I =1 TO 32 
230 IF ABS IV III)) ) 1 III THEN SOTD 260 
240 ,IF (U = ,HND, VIII) <. 0) THEN DYIII) = - DIIll: SOTD 270 

. 250 Dr III) = 01 III i GOTO 270 
260, NEIT I 
270, IEIT II: 

" 2BO: IF U = 4 TH£H ,SOTO 3180 
.; 290 HOllE 
'I~~OOPRINT DS 

310 PRIIIT DSj 'OPEN 1ST ,L3,D2" 
32,0 FOR I =C TO CC: P = I - C + 1 



330 PRINT DS;'READ IST,R';I 
340 INPUT' 1m: 1MB :: 'VAl USTS) 
350 OYIPI ';: OYIPI • IKG 
360 IF U ;:' 4 THEN YIPI ;: YIP) I IMS 
370 !EIT I ' 
380 PRINT' OS; 'CLOSE 1ST' 
390 PRINT, DS; 'PRIl' , 
400 PRINT: PRINT 'OUANT.VAlUES';: HTAB 20: PRINT 'DRS. VALUES': PRINT 
410 FOR i ;: 1 to N 

, 420 ,PRINT OYiJlj:,HTAS 20: PRINT YIll: NEIT 
:;1 ;:430 PRINT DSj 'PRIO' 
" ,440 PRINT ' 

450 HOllE: VTAS 22 
460 ,IISR.: HPlOT 0,100 TO 270,100: HPLOT 0,0 TO 0,190 
470 FOR L ;: 1 TO N 
. 480 ,PRINT DS 
490 YI ;:OYIlI 
500 11= MAlIK Ill' I CARP, 

,510 HPLOl :TO 0+ 11,100 ~ VI, 
520, IlEIT 1 
530" PRINT 'OUANTIZED SIGNAl' 

: ~:PRINT DS;'PRll': 'PI!lMT 'CHRS (9),;'6' 
560 TEXt:' HOllE :PRlilT"ERRORS!' ' 

, . ' 
570 PRINT ,-. , ___ " 
600, FOR I;: lTD it 

, 610 ERRIII ;: DYlr') - YIll 
620 PRINT ERRIII ' 
630 NEIT 
640 PRINT OS; 'PRIO' 
680.PRINT OS;'OPEN IlAT~,LH,D2' 
690 FOR r:: C TO CC:~ ;: I . - C + 1 
700 ERRS;: ,stRs IERRIPlI 
719 IF,' ~N IERRS) ';: 10 THEN, SOTO 750 
715 IF I ,lEN IERRS),} 10 AND, VAL IERR$) ( .01 AND VAL IERRSI } 01 THEN ERRS;: '.001000000': SOTO 750 
720 IF LEN IERRSI } 10 THEN ERRS· = LEFTS IERRS, 101: GOTO 750 
730 FOR L;: LEN IERRSI TO 10 
740 ERRS = ERRS + ": NEIT L 
750· P1!IMT DSj'WRITE HATA,R'; I 
760 PRIHr ERRS 
no,' HEITI 
780 PRINT OSi 'CLOSE HATA' 
900 HOME: VTA8 22: 'IIiR : HPLOT 0,100 TO 270, 100: HPLOT 0,0 TO 0,190 
910 FOR I ;: 1 TO N 
920Yl ;: ERR III 
930 II ;: MALIK III I CARP 
940' IflOT TO 0 + XI,100 - VI: NElT I 
9SO PRINT 'Dl!ANTlZATION ERROR': 
970· PRINT DSi'PRIl': PRINT CHRS 19Ij'S':PRINT DI;'PRIO' 
980 HOME: TEXT 
990 lPL ;: 0 

, ,1000 FOR I ;: 1 TO N 
1010, TPL :: TPl+ ERRIII S, ERRIII 



1020 NEIT :TPL = TPL / N 
1030 IF U = 4 THEN SOlD 3100 
1040 SHR = SUM / lPL 
1050 PRINT "sun="jSUK: PRINT "TPL="jlPL 
1060 SHR = .lOa LOS, ISHIII I 2; l: PRINT "SHR=" jSN! 
1070, HDtIE ,: VTA8,5: PRINT OSj "PRll": PRINlCIIRS 191 j "I": PRINT ISHR="jSHR: PRINl DSj "PRIO" 
1080 ISlS = II" ' 

1 090 SOTO 10000 
'3000 REI! U LDGARITm RUAHTIZATION ,U 

, '3010' HDIIE :, PRINT "(OS 'yALUESiIf Villi 
3020 'PRINT �----~-~----.:.--" 
3030 FDR I': 1 TO N ~ 
3040 YIII ~ ASS IYIIII 
3050 IF YIII = OTREN VIII = 0.00001 
3060 YIII = LOS IYIIII / 2.3 
3070, PRINT YIlI 
30s0' HEIT 
3090 SOlD 210 

, 3100 REM 
3110 SIS = '0 ' 
3120 FOR I. = 1 TO H ' 
3130 SIS :i SIS + YUI' YIII: /jEll 
3140 SIJH :: SIS,,! N: SOlD 1040 
3180, FOR I ::: 1 TO H 
3190 YIII="2. 71838 A lym , 2.31 
3200 gYIII ::: 2.71838 A IgYIII a 2.31 
321~ :HEIl 

':3220 GOlD 290 
'i~ ;10000 REM SIJlECINDEVAnI DEYREYE SIRIYDR 
"1'0020 IF CC ='NN 'THEN ,GOTO 15010 

10030 C = C't N:CC =CC t H 
10031' FOR I = 1 TO N 
10035 1111 = 11111 SIS:gIIII = UllII I SIS: NEIl 
10045: SOT065 , 
15010. HOnE ,: VTA8 15: .IHPUT "00 'yOU WAHl ,AUTOCORR.COEFF. ? IY/HI"jSS 
15020 IF SS ,= "H" THEH GOlD 15050 

. '15030 IF SS ( .} "y", THEN, ,SOTO 15010 
15040, PRINT DSj"RUN OlllINTI,S6,Dl" 
15050' PRINT ,DSj"RUHFFTPROG,S6,Dl~ 



. 5 DS= CljRS (4) . 
10. REI! It DIFF •. 1nlAII. SIR U 
15 DI" VIN) 
20DI~ ERR IN) 
25 ~IUy'IN) 

30 DI" 'USEIN + 11 
~2 DInRAlIKIH) 
35 C = I:C(= N 
37" PRINt DSj "OPEX ORNEK,D2" 
40PRINTDSj ~READ ORHEK" . 
42'. INPUl.NHS 
" PRINT DSj "ClOSE ORIIEK" 
45 HN = YAL (liMS) :HH = HN I " 
47 PRiNT BSj "OPEN 6IRDI,Lll,D2" 
49 FOR I ':: C TO CC:P = 1- C + 1 

. 59 PRINT DSj "READ GIRDI ,R"j I 
52 INPUT INPS:Y(P):i VAl UHPS) 
53 NEIT I 
54 PRINT DSj "ClDSE 6IRDI" . 
56 PRINT DSj "OPEN ARAl.IK,Lll,D2" 
59 fOR I : C TO CC: p. = I '" C + 1 
60 PRm DS;"READ ARAlIK,R"jI· . 
62 ·INPUT INPS:ARAlIKIP).: YAL UNPS) 
63 "EIT I 
64 PRINT DSj "CLOSE' ARAlIK" 

. 65' REI! U SIGM IS' BEING' CAlCULA~ at 
6~ SIS=. 0 '., . 
68, FOR I = 1 TON . 
70 516 = 516+ VIII t· Y III 
SO··NEIT . 
90 SI6 = Si6 I N:SUH = SI6 
100 SI6 : ,SQR (516) 
110 .PRINT DSj"PRI 1~ 

120 PRINT: PRINT "SI6="jsis 
130 PRINTDSj "PRIO" 
140 HO : SUK:Rl 70 
150 FOH I.: 1 TO " - 1 
160 RI = 'YII) • YII +.11 + HI 
170 NEIT'I: 
180 Hl= RI I " 
190 HDIIE 

'200, PRINTOSj" PRII":VTAB 10: PRINT "RO="jRO: PRINT "Rl:'jRI 
210 AlF = HI IRO: PRINT 'ALF:'jAlF 
230' FDR 1= I TO" - I 

" .. 240 ERRIll: YII + 11 - AlF t YIll 
:"1260 NEIT 
,'270 RS : 0: Filii I :i 1 TO N 

280 RS = RS + EIlR III t EJiR Ill: NEIT 
290 ~S = RS i IN - 11 :RS = SOR IRS): PRINT: PRINT "RS='jRS: PRINT 
330 PRINT DSj "PRIO" . 
2000 RE" II DIFF.DUAH. U 

" 



, , ' 

2010 USEIU = 0 
2020 FOR"= I TON 
2030 FOR I = I TO 32 
2~O ERRI"' = YI"' - USEl"':ZIIII = I 
2050 IF ERRlft' ,< '0 THEN INN = - I , 

'I' 2060 IF ASS IERR I"" } I III THEN SOTO 2200 
, 2070 DYlft' =' uIlIl lINN 
2080 USElft,+,lI = U5EI"' + UYI"': 6OTO 2210 
2200 HEIT I 

,2210 NEIT ft 
2211 FOR I = I, TO, N: UY III :: ERR III - QY( II: NEXT 
2213 50ft = 0: 1PL =, 0 
2214' FOR 'I ~ I TO N 
2215 SUIf = SUft + ERRIlI • ERRHI:TPL = JPL +,DYIII • uym 
2216 HEiT 
22175PR=10' LOS'ISU" I.TPl',12.3 
2219, PRII " 

, 2220 PRINT: PRINI' "YI";"j: HTAB 15: PRINT "usElft'"j: HTAB 27: PRINT "gYlft'" 
'2230 ,FOR I :: I TO N: ~RINT YUlj: HTAB IS: PRINT USEIIlj: HTAB 27: PRINT Dym 
2240 HEIT ., 

2250 5Uft'= O:TPL = 0 
,2260 FOR I = I TO H 

2265 ERRUl = Y(J)~ U5EII + H 
2270 SUII, = sun + Y lIllY ([) 
2280 TPL .= TP.l+ ERR III • ERR III 
2290 NEiT 

. '2300SUII, = SIDt I N: TPL = TPL I N 
2310SNR = SUIII TPL:SIIR = 10,1 LOS ISNR' I 2,3 
2330, PRINT "SHR-UUAN+PRED="jSNR: PRINT "~R-DUAN ="jSPR 
2335, PRINT DSj "PRIO" . 
2340 'HOKE,: VTAB 22 
23~0 H6R: HPlOT 0,100 TO 270,100: HPlOT 0,0 TO 0,190 
2360' FOR L = ITO N , 
2370 YI = USE Ill: II = MALIK III • CARP • HH 
2390 ,IIPLOT TO 0 +11,100 - YI 
2400 NEIT L 
2410 PRINT "UUANTIZED SISNAL" 

'2420 .INPUT SS 
2430 PRINT DSj"PRtI": PRINT CHRS 19'j"S": PRINT DSj"PRW: INPUT Ss 
24~5 HOllE: VTAB ,22 
2440 HSR: HPLOT 0;100 TO 270,100: HPlOT 0,0 TO 0,190 
24,50 FOR.l = I TO 'N , 
2460 YI = ERRILl:I,I = ARAlIKIU' • CARP. HH 
2470 HPlOT TO 0, +"11,109 - VI 
2180 , NEIT L 
2500 PRINT ~ERRORIYlft'-USElft"" , 
'2501' PRINT DSj"PRIJ": PRINT' CHRS 19'j"S": PRINT DSj"PRIO" 
2502 TEIT: HOllE 
2504 'PRINr DSj "PRli": PRINT "ERR I"'" 
2505 ' FOR I = 1 TO N 
2506 flIIlNT ERRUl: NEXT 
2509 PRINT DSj "PRIO" , 
3030 PRINT DSj"OPEN HATA,lll,D2" 
3040 FOR I =C TO CC:P =1- C + I 
3050 ERRS :: 'STRS IERR IP)) 
3060 IF LEN IERRS):" 10 THEN SOTO 3090 
3065 IF 'I LEN IERRS) ) 10, AND VAl IERRS) < 0' THEN ERRS =' LEFTS IERRS, 10): SOTO 3090 
3067 IF (lEN IERRS) } 10 AND VAL IERRs) < .011 THEN ERRS = ".001000000": SOlO 3090 



3070 FOR L= l~N (ERRS) TOio 
3080 ERRS = ERRS, +, II: HEn l 
'3090 PRIHT DSj "IIRITE HATA,R" j I 

. 3100 PRINT- ERRS 
, 3i~o 'NEXT I: . 
'3130 PRl,MfDSj "ClQSE HATA" 
~O' HE" SURECIN DEVA"I DEVREYE SIRIYOR . 
4010, IF, CC = HH T~EH SOTO JOOI0 
4020 C = C + N: CC = CC + N 
4032 FOR) = 1 TO H 
4035 lUI ='1111 i RS:DIUI :: DIm I RS:HEXT 
4050 SOTO' 47 
10010 VTAl15: INPUT. "00 YOU IIAHTAUT.CORRaATION COEfF.? IY/H)"jSS 

,10013 If SS. :: "H" THEH . SOTO 10020 
.10014 ·IF.sf ( ) "Y" THEN SOTO 10010 
10015 P~INT Dtj"RUN OZILINU,S6,Dl" 
10020 PRIHT. Mj"RUH FFTPROS,Sb,Dl" 

321 



10 OS = 'CHaS (4) , 
20 REII at FEEDFORWARD ADAP.DUANT. l( 
'30 01" YIN) 
35 DI" UYIN), 
37 DIURALI~IN) 
40 OI",ERRIN) 
43 C = 1:CC' = N 
.45 , PRiNT OSi "OPEN ORNEK,D2" 
,50 PRiNT OSi ~READORHEK" 
55' INPUT MNS 
60 PRIMT DS; "CLOSE DRHEK" 
620 =, VAl. INHS):HH = NN I N 
65 PRINT OSi"OPEI SIRDI,L11,D2" 
67'FORI = ero CC:P = I - C t 1 
70 PRINT DSj"READSIRDI,R"jl 
72 ,INPUT IMPS:YIP) ::' VAl IINPS) 
73 NEXT I 
74' PRINT OSi "CLOSE SIRDI" 

,7,5 PRINT DSi"OPEI ARALIK,L11,W 
n FOR, I = C TO CC:P ,= I - C t 1 
80 PRINT OSi "READ ARAlIK,R"j I 
82 INPUT INPS:ARAlIKIPf = VAL IINPS) 
83 NEltI ,; , 

8,4 PRINT OSi "CL~SE ARALIK," 
90' HillE: VTAD 10: INPUT "CHOOSE" VALUE AS WINDOW: "iWI ' 
168 REII U SIGIIA HESAPLAIIIYOR U 

, '170SIS = 0, 
176 FDRI=ITON 

, 178 SIS'~ SIS't Yli) ",YIIl 
180 'NEXT I 
'181 SUII::: SIS I N 
182 SIS '= SUR'(SU") 
184 FDRI = 1 TON 
186, 51S = 0 
188 FOR " = I TO H WI -.1 
190 IF") = N THEN SOTO 199 

, 192 SJS = SJs,t YI")' Y(") 
193 NEXT" ' 

, 196 SIS =. SOR ISIS I WII 
198 'IF" ( N THEIf GOTO 200 
199 SJG =516 
200 FOR "=ITO 32 
202 XI"j':: m, • s.JG:OII"' = 011"' • SJS 

.206 HEIT," 
\ 2~0 FOR"= 1. TO 32 

'. ',; 230' IF ADS IYIII) } i I") THEN GUTO 260 
'I', 250 mIl = UII"): GOTO 262 

260 NEXT"' 
262 FOR"=l TO 32 
264 II") = if") I SJG:OXI"' ;: 011") I SJS 

, 266 HEHK 
"270 NEIT I 

290 HOIiE 
300 PRINT DS 
310 PRiNT DSi "OPEN 1ST ,L3,D2" 
3211 FOR I=C TO CC:P=,I - C t 1 
330PRIIT DSi'RE,AD'IST,R'jI 
no INPUT ISTS: IKG = VAl IISm 



~,om) :i: UYI,P) ,t IllS 
; 370 NEXT I 

'" ,380 PRINT DSj "ClOSE ISP 
390 PRINT OSj"PRll" , 
395. PRINt, : PRINT "MINOOM-MI="jMI 
400 PRINT: PRINT "OUANT. VALUES"j: HTAB 20: PRINT "DRS. VALUES": PRINT 

'410 FOR I = 1 TO N 
'420 PRINT UYIlI j:: HTAB 20: PRINT Y Ill: NEXT 
430 ,PRINT. OSj "PRIOi 

«0 PRINT,' 
450 IIJIIE: VTAB 22 
,4hO'IIiR: HPLOT 0,100 TO 270,100:'HPLOT.O,O TO 0,190 
470 FORL'= 1 TON 
480 PRIIT 'os 

, ,490 Yl = '9YILl 
500 II = MAlIK III • CARP 
510 HPLOT TOO' + U,IOO - YI 
520 NEIT L 

'530 PRINT "OUANTlZED SISHAL" , 
550 PRINTDSj"PRII": PRINT OI.RS (9)j"S" 
5bO, TEXT': HOllE : PRINT "ERRORS!" 
570 PRINT "-~--" ' 
600 FOR ,I = I .TO N ' 
610 EARm= gym '-VIII 
620 PRINT ERR I'll 
630 IExT ' 
640 PRIIfTOSj"PRIO" 

'680 PRINTDSj "OPEN, HATA,LI1,D2" 
690 FOR I = C TO CC:P = I - C + I 
700 ERRS '= STRS'IERRIP» 
710 IF 'lEN IERRS) '= 10 THEN SOTO 750 
715 IF I LEN IERRSl } io AND ,VAL IERRS) ( .01 AND ,VAL IERRn ) 0) THEN ERRS = ".001000000": SOTO 750 
720 IF LEN IERRS)'} 10 THEN ERRS = LEFTS IERRS,IO): GOlD 750 
730 FOR L = LENIERRS) TO 10 ' 
740 ERRS = ERRS + II: NEXT L 
750 PRINT OSj"KRITE HATA,R"j! 
760 PRINT ERRS 
no IlEIT I 
780 PRINT' OSj "CLOSE HAlA" 
900 , HOllE: VTAB 22:116i! : HPLOT 0,100 TO 270,100: HPLOT O,Q TO 0,190 
910 FOR I =1 TO 'N, 

, ?20 VI = ERR III 
930 'II ,='ARAlIKIII • CARP 
~40 ,HPLOT 'TO 0 + XI,100 - YI: NEXT I 
950, PRINY,"QUANTlZATlOX ERROR" 
970 PRINT OSj"PRIl": PRINT' CHRS (9)j"S": PRINT :DSj"PRIO" 
980 HmlE ': TEXT 



m TPL.=O 
1000 FOR I :: 1 TD N 
1010 TPL =. TPL +. ERR III IffiRm 
1015 IlEIl I ..... 
1020 TPL :; TPL I M 
1040 SNR = SUIII TPL 
1050 PRINT "SUK="jSUII: PRINT "TPl="jTPL 
1060 SNR ~ 10.' LOG (SHRI./2.3: PRIIT ISNR="jSNR 
1070 HOllE: YTAB 5: PRIMT OSjIPRI1": PRINT CHRS (9I jII": PRINT ISHR="jSNR: PRINT OSjIPRIO" 
lOBO ISTS = II 
1090 . GOTD 10000 
10000 RE!I' SIiECIM OEVAI1I.DEVREYE GIRIYOR 
10020. IF CC :;: NN THEN ~TO 15010 
10030 C = C,+ N:CC = CC + N 
10932 FORI = 1 TO N' 
10035 1111:= 1m I SJG:DIIII = DIIII I SJG: NElT 
100~5 ' GDTD65 

.: . 150'10 HOllE.: VTAB15: INPUT "00 YOU WANT AUTOCORR.COEFF. ? (Y/H}"jSS 
"~ ;15020 IF SS = "N" THEN GOTD 15050 

15030 IF SS < ) "Y" THEN GOTD 15010 
. 15040' PRINT OSj"RUN OiILINTI,S6,Dl" 

15050 PRINT OSj"RUN FFTPROG,S6,01" 



,5 REIIUDmU 
10,DS = CHRS '141 
15 TEn: HOllE : PRINT "DIFF.PULSE CODE '/IOD. I 
16 ,PRINT DS; "OPEN ORIIEK,D2" 
17 PRINT DS; "READ ORNEK" 
18 INPUT HHS 
19 PRINT DS; "CLOSE ORHEK" 

'20NH = YAL INHS):HH = NH I N 
22 YTAB 10: PRINT "TOT.I OF SAIIPLES ="jNMS 
24, PRINT: PRINT ~I OF SUBBlOCK SAllPlES=";OS 
25 PRINT: INPUT "' OF COEFFICIENTS ="jRS 
30,R = YAL fRSI ' 
35 '~INTDt; "PRW: PRiNT : PRiNT "I'DF SUBBlOCK SAHPlES=";OS: PRINT I TOT. I OF SAHPlES="NNS: PRINT "I OF COEFF .="jRS: PRINT DSj "PRIO" 
40' DIHYIN) 

,45 DIH PRE INI 
50 , DIH, UYINI 
55 DIH ERR IN)' 
60 DIH PDIRI 
63 DIH RIR) 
65 DIH CtR, RI 
67 DIHBIR,R) 
68 C = I:CC, =N 
70 'PRINT DS; "OPEN SIRDIiLlI,D2" 
72 FOR I, = C TO CC:P' = I - C +.1 
74 PRINT DS;"READ SIRDI,R'jl 
76 INPUT INPS:YIPI = 'YAL IINPS) 
7~ NEn I 
80 PRINOSj "CLOSE SIRDI I 
105 REII .:. IIISORUCU KATSAYILARI HESAPLANIYOR --
10b'YAR = 0 
107 ' FOR J = 1 TO N 
109 YAR = YAR+ YIIl • YIII: MEn 
no YAII : VAR I H 
120: .FoR K .; f TO R 

, 130 RIK) = 0 
'!'HO FORI = ITO,N-,K 
, '150 RIK) = Rlk) + YIIl • Y!I + K) 

'160 NEIT I 
170'RIKI = RIK) I IN - K), 

180 NEIT K, 
190 ilJlIE i PRI.NT DS; "PRil" 
200 PRINT: P.RINT"AUTOCORRELATION COEFF ~ I 
205 PRINT. 1-:"-,_, -, --.:...:---'--------" 

'210 PRINT.: PRINT "RIO)=";YAR ' 
~ 'FOR'I : 1 TO R 
230 ,PRINT, "RI";I~):"jRIII: NEXT 
250 ' FOR, I ='1 TO R:RHl = Rill {YAR:. MElT 
260 FOR r~ 1 Til R - 1 

'270 FOR L : 1 TO R' 
,280 CIL,lI ,= 1 
290, IF I t L >, R THEN 60TO 320 
300 Cll + 'I,Ll: RIIl:CIL,L+ 11= Rill 
310 IEXT L 
320 NEXT I 
340' PRINT ,: PRINT "AUToCORRELATION MrRIl" 
345 PRINT, "--------"--:--.:-----": PRINT 



350 fOR, I ~ I,TO R, 
360 FORL =, 1 TO R 

"365 PRINT "CI"'I~" i'l'I)="'ClIlI 
" ""',' , 

310 'NEIT l 
. ,"' . . I 

380 ' NEXT I ,: 
390' PRINT, DSi "PRIO' , , 
~ 6OSOO:l000: REI! IlATX.INVERSIOH SIR 

, 410 REII It REII, KATI.KIIl;TP U 
,415 'PRINT IIfj "PRll" 
420 PRINT:: PRINT 'PREDICTOR COEFF.· 
430 PRINT '-~---, -. ----" 

'440 FOR I =' 1 TO R 
450 PDIII = 0 
460 FORT= 1, TO R 
470 PDIII = PDm + BII,K) l RIKI 
4S0 KElTK 
500 PRrKT "PDI"jl j')= "jPDIII . 
502 ,NEITI ' 
50-4, PR~NI IIfj "PRIo' 
505 REII .... NlCElEYICI FFADAP DlUYOR--
506 . FOR 1= 1 TO " - R 
507 ERRm = YII + R) , 
5OBFOR J'= 1 TO R 

, 509 ERRIII = ERR III ,- R IJ) • YII + R - J): NEIT J 
510 NEIT I 
512 RS = 0 , 
513, FOR I = 1 TO N 
514 RS = RS + ERRIII • ERRIII 
515, KElT 
516 RS = RS IIN,- lI.:RS = SOH: IRS): PRINt: PRI,NT"RS="jRS 

'518.,FOR,I=1.TO,32' .' 
520 1.111 =1111 • RS:QIII) = 01111 • RS: NEXT 
S22 . REII --DPC" UYGUlANIYOR--

, .5~ lillIE :PREIlI = O:ERRIlI = YIlI 
530·, ~OR I = I.TO R 

, $ FOR K·= 1 to 32 ' 
540 ZHN = 1 
542 IF ERR III ( 0 THEN IN!l = -' 1 
544 'lFADS IERRUI) } IIKI THEN GOTO 549 
546QY III :: Om) t INN: 6010 550 
549 NElT K' , 
S50FOR K = J TO I 
560 PREll + 11 = PDIK) t PREll H - K) + PREll + 11: KElT K 
580 PREIIH)~ PREll t 11 + OYUI 
5SS ERRII + 11= ,m + 11 -PREll + 1) 
590 NEIT!, 
600 FORI~ R + 1 TON - 1 
603 FOR K = 1, TO 32 
607 INN = 1 
608 'IF ERRIl) ('0 THEN IN" = - 1 
610 IF ABS IERR([) } 11K) TKEN SOTO 620 
615 mIl = QIIH) • INII: SOTO 630 

\, 620: NElT K 
:;1 ;630 FOR K = lTOR 
'640 PREll + 11 = PDIK) • PREll + 1 - K) + PREll + 11: NEXT K 

650 PREll + 11 = PREll + 11 + om) 
655 ,ERR II + 11 ~ HI t 11 -PREn + 11 
660 NEIT I 



662 "HOllE : vIAB 22: HSR , 
663 HPloT 0,100 TO 270,100: HPloT 0,0 TO 0,190 
6b4 FOR I = ITO N 
665 YI = PRE(I):II = I i CARP t HI! 

" , 

667 HPloTTD 0 + U,100 - ,VI: NElT 
66B PRINT ~PRED •• UUANTIZED SISHAl" 
670 PRINT DSjIPRII":PRINT CHRS (9)jIS": PRINT DSjIPRIO" 
672 ' TEXT :' HOKE , 

" 673 nR I ,=' I TO N 
674 ERRm ,= YU! - PREm: NElT 
675 PRINT OS; ~PRIl" 

" ,680: PRINT 10RS.SISHAl"j: HTAB 13: PRINT "PRED.SISN." j: HTAB 26: PRINT ImIl" 
;';1;&90, PRINT I:-'-~---Ij: HTAB 13: PRIMT "--------" j: HTAB 26: PRINT "----" 
,'700 FDR I = !.TO N 

710 PRINT ymj: HTAB 13: PRINT PREUlj: HTAB 26: PRINT QYIII: NEXT I 
720 PRINT: PRiNT I QUAN. ERR. "j: HTAB 20: PRINT "PRED.ERR. I 
730' PRINT " _______ "j: UTAB 20: PRINT "----:..:..-" 
740 FDR 1,= 1 TO N - 1 
750 PRI~TERRUl '- gYIUj: HTAB 20: PRINT ERRm: NEXT I 
755 SUNR = 0: SUI! = 0': TPl = 0 
}60 FOR ],=f TO N- I ' , , 
765 SUNR =:(ERR(J) - Qvm) ,I (ERRUl - QYUl)+ SDNR 
715 SIII'= YIII t YUl ~ 51/11' 
m ,TPl= ERRm I ERRIn + TPl 
780 IlEXT I, ' 
BOO SIIft ,= SU" I SQNR:SNR = 10 1 lOS (SNRI I 2.3 
B05 SIDIR = TPl IS,UNR 
BIO SPHR = ,SUII I TPl 
BIs.5UIIR =,10 I lOS (SUNRI 12.3:SPNR = 10 t, lOS ISPHRI 12.3 
,B17 PRINT: PRINT"SNRD ="jSUNR 
BIB PRINT : PRINt "PREDIC.TDR SAIN ="jSPNR 
B19. PRINT': PRINT "SISlIAl. TD DUAlITllATION NOISERATIO="jSNR 
820 PRINT 'Ds'"PRIO" ' 

, " 
823 PRINT DSj"OPEN HATA,illl,D2" 
B25, FDR,T= C Tn CC -1:P = 1- C + 1 
827 ERRS, = STRS, (ERR(P) - umn 
B30,IF ~ (ERRS) = 10 THEN SOTD'B47 
832' IF( LEN (ERRS) ) 10 AND VAL (ERRSI ( .01 AND VAL (ERRS) ) 0) THEN ERRS = ".001000000": SOTO B47 
834 ,IF, LEN' (ERRS) )' 10 THEN ERRS = LEFTS (ERRS, 10) :SOTO B47 
836 'FOR l= lEN (ERRS) TO 10 
B3B ERRS =,ERR$ + il: NEXT l 
847 PRINT OSj "WRITE HATA,R"jI 

'849 PRINT ERRS 
B50 NElTI 
B51 PRINT DSj"NRITE HATA,R~jCC 
852 'PRINT STRS (0) 
853 PRINT DSj I ClOSE HAW 
855 'R~ SURECIN DEVA"I DEVREYE GIRIYOR 
B5B IF CC = NIl THEN 'SOTO 900 
B60 C = C + N:CC = CC + N 
B65 FORI=ITON' 
B70:illl = 1m I RS:UXIII= DIm IRS 
B75 NEIT I 
sao 'SOTO 70, , 
900 HOKE:' vIAB IS: INPUT "DO VOU WAlIT AUTOCORR.COEFF.? (Y INI" j SS 
910~ IF SS :::' iN" THEN' PRINT DS"RUN FFTPRDS,Dl" ' 
920 IF 51,( ) "Y' THEN 60TO 900 
930 PRINT DSj "RUN OlILINTI,DI" 
1000 ,REI! ., "All INVERSION SIR tI 
1070 PRINT "MTRII EillEl!TS : I 
lOBO FOR J =,1 10 R' 



1070 PRINT 'MTRU ElE/IENTS:' 
lOBO FOR J = 1 TO R 
1130 Bil,J) = 1 ' 
114,0 KEn J 
1150 FOR J = 1 TO' R 
li60 FORJ = j TO" R, 

,1170 IF CIl,l) ( .> 0 THEIl 1210 
• 11 SO NEIT I 
'1190 ,PRIll: PRINT ::, PRINT 'SINGUlAR KATRIX': P,RINT 

1200' EIID 
1210, FOR K,. 1 TO, R 
1220 S = ClJ,K) 
1230' w,n = CIl,K) 
1240 cn,~) :i S 
1250 S = BIJ,K) 

, 1260 BIJ,K), = BIl,K) 
f270BU,K) = S 
1290 KEnK, 
1290 T = 11 CIJ,l) 
1300 FOR 'K = 'I TO R' 
1,310 cli,.K) = 'T * CIJ~K) 
1320 BIJ;K" = T • BIJ,K) 
1330 NEIT' K 
1340 'FOR L:: UO R ' 
1350 IFL ,= J THEIl lUO 
1360 T = .'''' CIL,J) 
1370 FOR' K ::: 1 TO R 

" ' ,1380 CIL,K) =CIL,K) + n CIJ,K) 
il;'13~0 BIL,K)= BIL,K) + T tBIJ,K) 
.' ,1400 HEIT K 

1410 NElT, L 
,,1420,NEIT'J 

.1425 PRINT OSi 'PRlI' 
,1430 PRINT , 
1440 PRIll "THE IMVERSE MTRII IS:' 
1«5 ,PRINT ,:':"-~--,--, ----.: PRINT 
1450' FOR 1= UO, R 
1460 FOR, J = 1 TO ' R 
1410P~IIl "81"ilj"," j Jj')= "j811,'J), 
14B0 HEIT' J " . 

.15io NEi~ I 
1515 'PRINT OS, "PRIO" 

, " 1520, RETURN 



5 DS = CHRt (4) 
10 REIIU FFTpROS U 
20 RE", URADI,I-2 FFTU 
40 HO~ 

50 VTAB 2: HTAB 15: PRINT "FOURIERTRANSFORK" 
51 HTAB 1,5: ,PRINT "-------~------" 
53 YTAB 10: INPUT "ARE THERE' "ULT.OF SIGNALS ?IY'N):'jGS 
54 I~ G$ = "N" THEN , GOTO '57 

'55 IF G$ ( ) 'Y' THEN PRINT CHRS 171: GOTO 53 
56 HS ,ill': 'PRINT: INPUT "' OF "UlTIPLICATION="jG$:G = VAL IGS) 
57 PRINT ,DSj "OPEN ,ORNEK, D2' 
58 PRINT DSi"READ ORNEK" 
60 INPUT CCl 
62 PRINT DSi'ClOSE 'ORNEK' 
71 CC = YAL ICC$) 
72 HOnE 
74 ,VTAB 10: PRINT "TOTAL t OF SAnPlES ='jCCSj' 
75 Di" IICC) 
76 01" YICC) 
n 01" MGICC) 
80 PRINT: IIfUT 'l? INN=2"U'jFS 
90 l = VAL IFS) 
100 PRINT: INPUT 'FFTI=?H OR 1I"15S 
110 FFTI,= VAL,ISS) 
113 IIlnE: VTAB 10: PRINT'l:"SPECTRUK OF THE INPUT' 
115 PRINT: PRINT '2-SPECTRUft OF THE ERROR' 
111 ,PRINT : PRINT '3-5PEC.Of:INPUT AUTOCORR. COEFF.' , 
120 PRINT-: PRINT '4-5PEC.OF ERROR AUTQCORR.COEFF.' 
121. PRINT : PRINT a5-SPECTRUK OF KUlTIPlE SIGNALS' 
122 PRINT': PRINT '6~EXIT' 
123 PRINT :.INPUT 'CHOOSE' ONE OF TIIEII ... ='jSS 
125 5 ,; , VAL ISS): IF 5 :1 THEN SPEK$ = 'SIROI':JJS :,"INPUT':FFTS = "SIRDIFFT': GOTO 140 
127 IF 5 : 2 THEN 5PEKS ~ "HATA':JJS = 'ERROR':FFTS= "HATAFFT.': SOlO 140 
130 IF S = 3 THEN SPEKS = 'AUTOS":JJS : 'AUT. OF INP':FFTS :: 'AUTOGFFJ': GOlO 140 
135 IF S',: 4 THEN SPEKS = 'AUTOH':JJS : 'AUT. OF ERR.":FFTS : 'AUTOHFFT': SOTO 140 
136 IF 5 = 5 THEIi' PRINT DSi'RUN nAIN,D1' 
137 SOTO 2000 
140 If. IS = 1 OR S = 2) THEN NP = CC: GOTO 155 
145 IF (S =3'OR S : 4 AND CC (32) THEN NP : 16: GOTO 155 
150 IF IS :fo~' 5 : 4 AND CC > l21 THEN NP : 32:l : 5 
155 Hone: YTAB 10: HTAB 5: PRINT 'SPECTRUK OF 'jJJ$ 
160 HTAD 5: VTAD 12: PRINT 'PLEASE HAlT ... ' 
163 PRINT DS 
165 PRltIT DSj 'QPEN'j5PEKSj ",l1l,D2" 
166 IF IS = lOR, S, = 2) THEN Z : 1: SOTO 170 
167, ,PRINT DSj 'READ'jSPEKSj' ,RO' 
168;,;lNPUT VARS:IUI': VAL IYARS):YII) = O:l = 2 
170' FOR I = Z TO NP 
175 PRINT D$j'READ"jSPEK$j'jR"jl 
178 INPUHRRS:ERR': VAL IERRS):I III : ERR 
200 YIII': 0 
210 NEIT I 
215 PRINT DS,j'CLOSE'jSPEKS 
217 PRINT JJSj I, VAlUES"' 
218 ,FOR I : UO HP:, PRINT 1,111: NElT 
220 l"l :, NP 
230 SCL =6;283185 , NP 



240' FoR'LD':: 1 TO L 
250 ~II = m 
260 Ull = lKI 1 2 . 
270 ARS = 0 

,2S0 FOR l2K = no UlI 
, 290 C = 'COS IARSI " 
. 300 S = SIN IARSI 

310 ARS = ARS + SCl 
320" FOR II = 1Il TO If STEP LIX 
330 ~I = II - 1Il + UK 
340 32 = J1 + LKI 
350Tl = IIJlJ '- 1(32) . 
360 12 =Ylju - Y(J~I ' 
370 I iJll ;: IIJIJ +.I iJ21 

. lSO'YlJII = y(ju + Yil2):': 
390 Ill21= C • Tl +'5' a 'T2 

,400 YIJl) ~. C .:T2 - 5 .. n . 
m Nmll,~' ' , , . 
420,stL .~ 2' a set 
430 IlEIl LO . 
440 ',REII. -BIT REVERSAl--
450 J = I ' , 
4&0 NY2 = NP 1'2 ' 
470 NIPK = KP ~ I 
480 FDR I :: 'fTO NiP" 
490 IF I >' =.J TH£Il : GoTO 560 
50.0 Tl = HJI 
51012 = YI~I 
520 ml :: XUI 
530 YIJI = YtU 

, 540 XIII; ,n 
550 YII) =, T2 
560 K = HY2 , 

\::570'IFK) =J.THEN SOlO 610 
'il;58O:l =J -.K 
,'590K=K/2, 

,600 GOfO' 570 . 
, 610, J=J+K 

620 NElT I 
630PRINl : PRI~ : PRIIiT 
640 HTAB' 1: PRINT iocOmICIENTS OF FOURIER TRAHSFORIIATION" " 
650HTAB 1: fRIIIT' i_' ~----' -' ------~-~-----"' 

',660 HTAB,'i(PRINT-HII"j: HT~ 20: PRINT "YlIi" 
670 ' HTAB '1: PRINT "':-'-"j' ~ HTAB 20: PRINT ",,:~" 
680 'FoR ,1=' t' TO NIP" ' 

, 690,PRI"T XIII j!' HTAB 20: PRIN1YIlJ. 
:700 NElli '.'," ' 
720 9lSuB .810: R~ -"ASNITUDE S/R--
730, IF FFTI = l.THaI GOTO 790 ' , 

'740 FOR I = I TO NP 
750 1Il1 = lUI I. NP 

.. 
" 

( 

330 



760 YII)= - YII) IMP, 
770 HTAB~: PRINT 1111;: HTAB 20: PRINT VIII 
780MEIT I 

, 790 A ='1 
800 END 
810 HEft U KABNITUDE SIR ,U ' 
830 1Ft ( 5 THEN Y = 1 
840 Y = 5 
850 ' FOR I = I, TO NIP/I 
860 51 = lUI • III!' 
870 'SY = YIi) t YUI 
8BO SUII = 51 + SY 
890 '/IABUI = SOR ISlIII) 
900 .IF IIABIlI= 0 THEN /I~sm ,= 0.0000001 
9io MSIII' = io t LOS IMSIIII 
920 NEXT l: PRINT DS'j"PRll" 
930 PRINT ,: PRINT : PRINT, 
940 PRINT "/IASNITUDE VALUES liN DB)" 
950 PRINT ,"-----.,.-----:------.. -----" 
960 PRINT. JJS 
970 , PRINT "------" 
980 FOR I :: 1 TO N1P/I 
990 PRINT /lAS m: NEIT I 
995 PRINT DSj 'PRIO" 
1000 IF HS = 'I" THEN SOlO 1005 
1002 C = 1:" = NP: SOlO 1006 
1005 C = 16 - II t NP:N = NP t, S 
1006 PRINT DS, 
100i PRINT DS' "OPEN"'FFTS' I 111 D2" 
'.' , , , " , 
1008 FOR 1,= C 10 N - I:P = I - C + 1 
10(2 INPS ~ STRS I/IASIP)) 
1014 IF LEN IINPS) :: 10 THEN GOlO 1023 

",1016' IF, I lEN nNPS) ) 10 AND VAL IINPS) ( .01 AND VAL lIMPS! } 0) THEN INPS = ".001000000': SOTO 1023 
:;, ;f018 IF LEN lINPS) ). 10 THEN IMPS = ' LEFTS IINPS, 10): SOlO 1023 
,'1020 FOR IX =, LEN !INPs) TO 10 

1022 IMPS = INPS + I ":NEIT XX 
102~ 'PRINT DS 
1025 PRINT DSj "WRITE"jFFTSj ",R"j I 
1027 'PRINTINPS , 
1028 NEIT I 
1029 'PRINT os: 

. ,1030 PRINT DSj"ClOSE"jFFTS 
1035, IF NIP/I ( 64 THEN CARP = 4: SOTO 1040 
1036' IF' NIP/! ( 128 THEN CARP = 2: SOlO 1040 
103B~ ,IF mil ( 256 'THEN CARP = 1: GOTO 1040 
1039 IF' NIP/I ) mT~EN CARP = .5 

, 1040 HOllE: VTAB 23: HSR,' 
1050 HPLOT '0, 10~ ,TO 270;'100 
1060 HPlOT 0,0 TO 0,190 
1070 FOR ,I ; 1 TO N~P" 

'1080, II ,= I • CARP' 
1090 VI = ,/lASm 
1100 "HPlOITQ 0 + 11,100 - YI 
1110 NEIll 
1130 PRINT "FOURIER,TRANSFOR/I OF "jJJS 
~1I50 PRiNT DSjIPRll": PRINT C~RS 191j'S': PRINT DSj'PRIO' 
1160 Tm, 
1170' SOTO 113 
200'0 IF HS :: "I' THEN SOlO 5000 



2005 PRiNT DSj ·OPENSIRDI, lIl, D2" 
20·10.: pnINT OSj'DELETE SIRDI' 
2020 PRINT. DSj'OPEN HATA,1I1,D2 i 

2030 P~INT DSj 'Da~TE HATA' 
2040 PRINT DSj 'OPEN ~UTOS,lIl,D2' 
·2050 PRINT DSj'DELETE AUTOS' . 
2060 PRINT DSj'OPEN AUTOH,lIljD2" 

.2070 PRI~T DSf'DElETE AUTOH' 
2080 PRINl DS;'OPENARALIK,lIl,D2' 
2090· PRINl DSj'DElETE ARALIK' 
2100 PRINT DSi"OPEN 1~T,1II,D2' 
2110 PRINT DSj "DELETE 1ST" 
2120 PRINT DSj"OPEN FFT,LI1,D2" 
2130 PRINT DSj "DElETE FFT" 
3000 . HO"E : END . 
5000 REII· .KATLA"AlI . SPEKTRUIf CImI 
5002 FOR I :: 1. TO NP 
5005· HAsm = 0: NEXT 
5006 HO"E. : VTAB 10: PRINT "1-HULT.SPECTRUK OF THE INPUT' 
5007 PRINT: PRINT "2-HUl T. SPECTRUK OF THE ERROR I 
5008 PRINT: PRINT "~-KULT.SPEC.OF INPUT AUTOCORR.COEFF. I 
5009 PRINT: PRINT "HUlT.SPEC.OF ERROR AUTOCORR.COEFF. I 
5010 PRINT: PRINT "Hm" 
5011 PRINT: INPUT "CHOOSE ONE OF THE" ... ="jSS 
5014 S = VAL ISSI: IF S·= I THEN FFTS = 'SIRDIFFT": SOTO 5038 
5015 IF S = 2 THEN· FFn = ·"HATAFFT": SOTO 5038 

·5016 IF S= 3 THEN FFTS = "AUTOSFFT": SOlO 5038 
5011 IF 5 = OHEN. FFT$ = "AUTOIfFT': SOTO 5038 
502Q . SOro20es . 
5038 PRINT.DSj IOPEN"jFFTS;I,LI1,D2" 
5039. FOR.L = J TO NIP" . 
5040 FOR 1= l TO N STEP NIP" 
5050 ·PRINT DSjIREADi;FFTSj',R"jI 
5060· INPUT INPS. 
5070 !WilLI = I1ASILl + VAl IIMPSI 
5080 HEIT I 
SOBS HASIll. = I1AGILl I S 
5090. HEIT L 
5100 PRINT DS,"ClOSE'jFFTS . 
5150 HOllE: VIAB 21 
5160 HGR 
5170 HPLOt 0,100 TO 270,100 
5180 1IPl0T"O,O TO 0,190 
5190 FOR I = 1 TD HIPH 
5200 II :i I HARP 
5210 YI = "AGIlI. 
5220 HPLDT TO 0 + 11,100 - VI 
5230 NEIT: I 

" .5240: PRINT"/iUl.TIP.LEFDURIER TRANSFORM OF 'jm 
:' .5270 PRINT DtjIPRll": PRINT CHRS (9Ij IS": PRINT DS;"PRIO" 
'I' 5280 TEll. . 

5290 SOTO 2005 
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TECHNIQUES 



10 REII au MIN KENU au 
20 DS: CHRSI41 
30 HOllE: VTAS 8: PRINT 'l"'VERTICAL EDSE' 
40 PRINT '2-DIAGONAL EDGE' 

, 50 PRINT '3-CIRClIlARSHAPE' 
60 VTAB 13: INPUT 'CIioOSE ONE OF THEIl ... ';A 
70 IF IA < 1 OR A )31 TID PRINT CHR$ (7): GOTO 60 
SO IIIIIIE: VTAS 8: PRINT "I-KIRSCH MSKS' 
90 PRINT 'HOBEL OPERATOR' 
100 ,PRINT,'3-NONLIN.EDGE DETEC,ROSENFIELD' 
110 VIAS 12: INPUT 'CHOOSE lINE OF THEIl ••• ';B 
120 IF IB '{ I, oR B } 31 THEN PRINT CHRS 171: GOTO 110 

\130: IF B : 3 THEN ,GOTO 180 
:;1,i4O HIIIIE :VTAS 10: PRINT '1- FIlED ~HRESHOLD' 
,,150 PRINT '2-LOCALlY ADAP. THRH.' 

.160 VTAS 1~: INPUT 'CHOOSE ONE If THEIl ... ';UO 
170 IF (lID ( raR IIQ ) 21 THEN PRINT CHRS (7): GOTO 160 
180' 011 A &OTO 190,210,230 
i90 fill NT DS;'BLOAn CHAIN,AS2o' 
200 cALi. 520'VERTICAl' '. .' . 
210 PRINT DSi"BLOAD CHAIN,AS20'· 
220 CAlL ,520"DIAGONAL' ' 
230 ,PRINf.D$i'BLOAD CllAINjAS20 i 

240 ,CALL ,520'CIRCULAR' 



.10 ,REn, .. VERTICAl. EDGE'U 
20: Ho"E: 'VTAB 10 ' " 
30'iNPUT "CHOOSETHE'DIII£HSIOH OrTIIE PICTURE:"jBY 
40 DI" A'(BY,BY) , ' 
50, HriIIE rVTAB 10: PRINT "PLEASE CHOOSE THE CONTRAST VALUES:": PRINT 

, 60 INPUT "Dl:I;Dl 
70 INPUr "D2:1 j D2 
'SO IF A',: 3 THEN SDI0 120 
90 IIIPUT, "D3:1

; D3 ' 
100" IF A : 2 THEIl SOTO 120 
110 INPUT "D4=" j D4 
120 REn DESISNIHS,A VERTICAl EDGE 
130 ReI: NOISEDECISIOH 
140 PRINT: INPUT "00 YOU KAHT 10 ADD NDISE? ,Ijcrvs 
150, IF crys : 'N" THEN SOlO 200 ' 
160 IF' crvs ( ) 'Y" THEN PRINT CHRS (7): SOlO 140 
no, PRINT' : INPUT "CHOOSE THE SISIIA YAlUE="jSIS 
180' PRINT DSjIPRll": PRINT "NOISE ADDITIDX WITH SIGM="jSIS 
190 PRINT,DSj'PRIO" 
~o ' FOR I = 1 10 BY , 2 - 2"" 

, 210 FDR J = 1 10 BY 
220 YAH = 0 
230 FOR K = lTD 12 
240RII = RHO (K + J) 

250 VM = RH + YAR 
260' NEIT K , 
270VAR = 1 , ,SUR (i2) • YAR ' 
280 'AIJ, II ~ INT (VAH i. DU 
290 IEIT J 
~ NEIl'l , 
310 ~OR I = BY , 2 - 1 TO: BY 12 
320 'FOR' i =.1' TO BY 

, 330, VAR = 0 
340 FOR K = 110,12 
350 RH= ~D (K + J) 

360 VAH = RH + VAH 
370JEIT K, 
380 YAR = 1 'SUR (12) • ,YAH 
390 A(J,1l = 'INT IVAH '. 02) 
400 NEITJ 

,410 IEIlI 
420 FORI,=BY'I 2 + ITO BY , 2 + 2 
430 FOR J= 1 TO BY 
440 YAH :: 0 ' 
450 FDR K '= 1 TO 12 

,460 RN = RHO, (K +' JI 
470 VAR = RN+ VAH 
480 lIEn K ' 

, 490 VAl! = 1 I SUR (1,2) • YAH 
> /:509 A'(j, II =INT '(VAH • D3) , 

'$lO Nm J 
'520 1IE1l' I 
530 FDR I = BY I 2 + 3 TO BY 
~ FIiRJ=ITOBY 
550 YAR = 0 
560 FDR K, = 1 TO 12 , 
570 RH = RHD (K + J), 

580 VM :: RH +VAH 
590, HEIT K 
600 YAH = l' SQR 1121 • YAR, 
61,0 'A(j, II = IHT (YAH t'D41 



620 NEXT J , 
630'NEXT I 

:;1; 640 IF CEVS = 'N' THEH SOTO 690 
,,' 650 FOR K = 1 TO' BY . 

660 FOR L = 1 TO BY 
670 AIK,Ll = INT ( RND IK + Ll 1 SIS + AIK,Lll 
~BO IEIT L,K 
690 0118 GOTO 7~, 750,800 

,700 IF gg = 2 THEM ; GOTO 730 
710 PRINT DS;'BLOAD CHAIN,AS20' 

,720 CALL52O'VERT.KIRFII· 
730 ,PRINT' DS; "BLOAD 'cHAIH,A520' 
740 CALL'520·VERT.KiRADAP
'750,: IF' gg =' 2 THEM, SOTO 780 
760 'PlUIT ,DS; "BLDAD cHAIN,AS20' 
no C~L 520'VERT .,soaFU" , 
780 ,PRINT DS; 'BLQAD IlIAlN,AS20"' 

'790 CALL 520·VERT.sOaADAP·' , 
~O' PRINT' DS; 'BLOADIlIAIN,AS20' 

,810' CAll'S20'VERT .RDS" 



10 REII sa DIAGONAL EDGE sa 
20 'HOllE : VTAB 10 ' , 
30 IIfUT ~CIIOOSE THE DIIIEIISIIIt OF THE PICTURE:"jBY 
40' DInA(BY,BY), ' " 
50 ,IDlE: VTAB 10;' PRINT "PlEASE CHOOSE THE CONTRAST VALUES:,": PRINT 
60 INPUT "Dl="jDl 

'70 INPUT,ID2;" jD2 
BO 'IF A ~ 3 THEN SOlO 120 
90 lifuT "D3=" jD3 
100 IF. A, = 2 THEN GoTO 120 
110 INPUT "D4=" jD4, 
120 RBI 'DESIGNING A DIAGONAL EDGE 
130 REllIIOISE DECISION 
140', PRINT ,:' INPUT "00 YOU MAHT TO ADD NOISE? "jCEVS 
150 IF cm:: "N"· THEIl SOTO 200 ' 
160 ' IF em ( ) "Y" THEH' PRINT CHRS (7): GOTO 140 
170 PRIIT: INPUT "CHOOSE, THE SISIIA YALUE="jSIG 
180 PRINT' OSi'IPRll": 'PRINT, "NDlSE ADDITIDH WITHSIG"A="jSIG 
190 PRINlOSj"PRIO": 
200 FOR 1'= 1 TD BY 
210' FDR J = 1 TQ BY 
220 VAR =0' 

. 230 FOR K, = 1 TO 12 
240 RII = RND (K + J) 

. 250 VAl! = RII + YAR . 
:;1 ;260 MElT K 
-'.270 YAI! = 11, SQR(2)) • VAIl 
. 280 IF I > J THEH AII,J) = INT (VAR • D1): GDlO 310 
. 290 .IF I =J THEN AII,J) = INT (YAR I D2l: SOTD 310 

3OOAII,J) = INT (YAR '·D31 
310 .IIEITJ,I 
320 IHEYS =. "iI"THEN GOTO 370 
330 . FDR K = 1 TO BY 

,340 FDR~:: '1 TO BY 
350 .AIK,lI = INT I RIID IK ,+ 1I l SIG +AIK,P) 
360 ,NElT L, K 

·370,: .111 B 'GOTO 380 t 430,480 
,380' IF,gg = 2 THEN .,6IIT0410 

" . 
390 PRINT OSj~BLDAD CHAIN,AS20" 
400. cAu. 520 I YERT:KIRFH" 

,410 PRINT OSj "BLimD' CHAIN, A52O" 
420 CALL, 520"YERT • KlRADAP" 
430 IF gg = 2 THEN 'SOTO 460 

,'"0 PRINT, DSj "BLOAD CHAIN,AS2O~ 
450 "CALL' 520"YERT. SDBFIX" 
460 PRINT DSj"BLOAD' CHAIN,AS20" 
470 CALLS2Oi YERT. SOBADAP~ 
:48~' PRW DSj"BLOAD CHAIN,A520" 
490 CALL. 52O"YERT .ROS" 

. I 



'10REit ,tt CIRCUl.AR SHAP~tt 
20 HOKE.: YTAB 10 

,30 'INPUT 'CHOOSE TliEDIIIEIISlON OF TIlE PICTURE:"iBY 
40 DIK AIBY jBYI, , 
50 I\fIiE:, Y~AB 1~: P/lIIIT "PLEASE CHDOSETHE CoNTRAST VAlUES: ": PRINT 
60,IN,PUT "Dl="iDI 

'70, IIfUT "D2=" iD2 , 
80 PRINT: IIIPUI "CHOOSE THE RADIDUS OF THE CIRCLE="jRA 
90 IF, RA ) BY I 2 TI£H PRINT' CHRS 111: SOlD 80 
120 ' REII.DESISNINS A CIRCUlAR SHAPE 
130 REK' NOISE DECISION 
i40 PRINT: INPUT "DD YOU KAlIl TO ADD'NOISE? iiCEVS 
150 IF CEYS = 'N' THEN' SOTO 200 ' 
160, IF CEVS ( >, "Y' THEN PRINT CIIRf 171:, 6OTO 140 
170 'PRINT: INPirr "CHooSE THE sIskA YAUiE="iSIS 
180 PRINT DSiIPRII": PRINT "NOISE ADDITION WITH SISIIA="iSIS 
190 ,PRINT DS;'PRIO' 
200 IC = BY I 2: YC = BY I 2 
~IO FDR K = I TO BY 
220 FDR L= 1 lDBY 

'230 YAK';: 0 
240 fOR I ~ 1 TO 12 ' 
250 RII:: RHD IK ~ ,JI 
260VAH = YAH + RN 

'270 NEXT J 
, 2BoVAR,='l i Sgft: 112'" VAH 
, 290 ,IF (11K ~ ICI, "i,+ IL - YCI "21 ,( R!1" 2) THEN AIK,lI = INT IYAK • D21: SOlD 310 
,300 AIK,t1 =INT IYAH t DII ' 

310 ,lIEU L,K 
320 IF CEVS = "N" THEN 6010 370 
330 Foa ~ = 1 TO BY 

,340 FOJU:: ITO' BY , 
350 AIK,Lj':: INTI'RID IK+LI • SIS + AIK,LII 
360 NEXTl,K 

,370 ON B 6010 380,430,4.80 
380 IF gg ~ 2 TID' SOlO. 410 

"390 ,PRINt DSi 'BLOAD CHAIN,A520' 
400 CAll 520'VERT.KIRFII" 
410 PRIIIT DSj",BLOAD CHAIN,A520' 
420 CAll520'VERT.~IRADAP" 
430 IF gg: 2 THEN SOlO 460 
+40 PRINT DSi 'BLOAD CHAIII,A520" 
450 CAlL 52O'VERT .SOBFU' 

:':,; 460 PRINT DSi "BLOAD CHAIII,A520' 
.'~o: 410 CAlL520'VERT.sOBADAP' 

480 PRINT DS; 'BLOAD CHAIN,A520' 
490, CAlL 520'VERr.ROS' 



· 10: REII .i V.ERTICAl EDGE-SOBEL OP. WITH ADAP. TIIR ... 
;';li:20 DI"' MI3,31,SNI(BY • BYI 12,31 . 
. ' 30 OIH GDIBY,BYI}TlBY,BYI;RIBY,BYI 

40 PRINT OSj "PRll" . '. 
50 f~llIJ: PRINT : PRINT "EDGE DETECTION BY USINS SOBEL OPERATOR. ADAPTIVE THRESH.' 
60 . PRINT .----::.,...---------------.. ,,----------~------" 
70 PRIlr-CONTRASTS:Dl=" jOI. 
80. PRINT' ': . D2=" ;D2 
B5, IF A =3 THEN 'SOTO 110 

· 90 . PRINT I . ~ . . D3=io j 03 
, 95 .IF A ~ 2 THEN SOTO 110' 

100 ,·PRINT I . 04="104 
·110: PRINT : PRINT .: PRiNT ·ORJINAl· I!1ASP 

120' . PRINT"--':'-~.""-:'--"" 
130 PRINT' : PRINT 
140 'pRINT CKRS li51: POKE 1657,130 

·150 FOR J, = 1 TO'BY " 
160 FORI.= 1 TO BY 

.1701$ = ·.STRS IAIJ,III:YS = II 
180' FOR K =' lEN (lSI TO 3:YS= Y$ t" ": NEIT K 
190 PRINT AIJ,I1jYSj 
200 NEIT I ' 
210 PRINT-
220" NEIT 'J 
230 soSuB 7000:)EII. BIT I"ASE-PR. 
20~O, REII·· SOBEL OPERATION 
2010 FORK = 1 TO BY 
2020 FOR l = 1 TO BY 
2030, FOR I = ,I TO 3 
2040 'FOR J = 1 TO 3 
20S0MU,~1 = 0 

, 2060 KElT J 
2070 NEXT 1 
2080 I ='I:Y = 1 
2090 FDR I = K - 1 TO K t 1 
2100 FOR J = l - 1 TO It 1 
2110. IF II = 0 DR J. = 01 THEN SOTO 2140 
2120 IF II = BY t LOR J = BY.+ 11 THEN SOTO 21,0' 
2IJO. Mil, n, = 'AU,J)' 
2140 Y =Y't 1 . 
2150· 'HEIT J 

. ~160 I = I + l:Y = 1 . 
2170NEIT ·1 

. '21DO'XX ~ iMU;3) + 2 'MI2,3) +AAI3,3)) - I~AI1,lI + 2 'AAI2,1I t AAI3,1)) 
, 2190 YY= IMU,tI + n MU,21 + AAI1,3)L-, IAAI3, 11 + 2. AAI3,2) + AAI3,31l 

2200 REIt SDIK,lI =SIIR III" 2 + YY "2):SDIK,lI:= INT (GDIK,lIl 
2210 GDIK,L1 = ABS lUI + ADS, IYY):GDIK,lI = INT IGDIK,L11 
2220 HEIT l . 
2230 NEIT K, 
2240 'PRINT! ,PRINT : ~RINT'GRADIENT lIIAGE" 
2250 PRINT ":-------. _" 

· 2260 PRINT: PRINT : ~RINT CHRS 115) 

'I' 



2270 FOR J = 1 TO BY 
2280 FOR I = 1 TO BY 
2290 IS'=. STeS IGDIJ,IlI:YS = II 
2300 FOR K= LEN' IISI' TO 4iYS = YS + • ,.: NEIT K 
2310 PRINT'GDIJ,I1;YS; . 
2320 NEIT I· 

'2330 PRINT.' 
.2340 IIEIT, J 
2350 ' FOR I = 1 TOBY 
2360 FOR J ,. 1 lD BY 
2370 AU,JI '= GDU,JI ' 
2380 NEIl' J 

.2390 NEXT I 
2400 SOSUB 7000: REn BIT JUR • 

. , ,4000 REI! • f THRESHOLD INS .. 
:;1;' 4010 FOR K = I'TD.BY 

·4020 FOR l= I'TO BY 
4030 Y = 1:~ = 0 ' 
4Q40 FORI = K - 1 TO. K t 1 

, 4050 FOR J = l - 1 TO l t 1 ' 
4060 IF· II = 0, DR J = 01 THEIl SOTO 41~ 
4070 IF II ::i BY f, 1 IR J = BY t 11 THEN GOlO 4100 
mO-CNV :: .CHV t GDII,JI' 
4090 Y :y' + 1· 
4100 NEXT J 
4110' NEIT 1 
4120 tHV = CHY I Y 
4130 IF,IK = 1 DR L = 11' THEN 4160 

'4140 ,IF' IK :: BY DR L =, BYI THEN 4160 
4150 .IF SDIK,Ll } CNv'THEH ~IK,lI = 1: GOTO 4170 
4160 lIKill = 0 
4i70 NEITL 
41BO NEITK , 
4190 :PRINT : PRINT 
4200 PRINT ·ADAPTIVE THRESHOLDING· 
4210 PRIni-':"'---', - ...... ----. 

, 4220 PRINT , 
4300' FORK = 1 TO BY 
4310 Fill! l : 1 TOBY 
4320 IF, TIKi lI' = 1 TllEN GOlD 4380 
4330' 'PRINT CHRS 1271; ·K"; CHR' 181; CHRS 101; 
4340 FOR 9 =1 TO 8 
43S0,PRINTCHRS IBI12,OIl; 
4360 NElT D 
4370 GOlD 4420 
4380 PRINT CIIR' 1271; "K·; CHRS (8); CHRS (0); 
4390 FOR U = 1 TD 8 

. 4400 PRINT CIIRS· IB II, U)) ; 
"10Nm 9 . 

'31.0 



«20 ,HEIT l 
4430 'PRINT-
4440 ,NEIl K 

, 4445 GOSuB 12000:'RE/i ANALYSIS 
4450, • REII --lImING 1--
4460 l : 0 
4470 FOR I : 1 TO BY 
«80 -FOR J : 1 TO BY 
4490 IF TIl, J) { '} 1 THEN GOTO 4520 , 
4500 l : l + I 
4510 SIIll,lI : SDU,J):sHIL,2) : I:SNIL,3) :,J 
4520 IlEIT J 
4530 HEIT I 
,4540 PRt.NT; PRINT "NlJKBER OF BLACK PNTS="jl 
4SS0PRINT aSj "PRIO" , , 
4560 HOllE: vrABlo: INPUT "CHOOSE THE KAIIIIIDII, AS A THRESHOLD: "jLI" 
45'10 PRINT DS; "PRil" , • 

, , ,45BO PRINT: PRINT "THRESHOLD AS A LIm.1 IS=' "jll" 
,4590 ' PRINT '";-,-.;~~-:----~---:..-----:." 
~600 FOR I : lTD l, 
4610 ,FOR): I + !'TO l _ 
4620 IFSNlI,li } SN(J,lI THEN SOlO 4680 ' 
4630 FoR K : I ,TO 3 ' 
4640 TEIIP. : SNU,K) 
4650 SNU,f),: SN(J,K)' 
4660 sim iKI.:: lEKP ' 
4670 NEil K ' 
4680 IlEIT J , 
4690 HEIT I ' 
4700 FOR I : I TO BY 

,4110 FDR 'J : 1 TO BY 
4nO TIIjJI :;'0 
4730 HEIT ,J 
4~40 N£lT' I , ' 
4750 FDR:K: I'TO LIft 
4760 TlSN!K,21,SN(K,311 : 1 

\: ,47io IlEIT K - ' 
"I ;'4850 PRINT 
'4860 FDR K : I to BY 

4870 FORl,:' 1 TO BY 
4880 IF TIK,lI: 1 THEM GOlO 4940 

-4890 PRINT CIIRS 1271; "K" j CIIRS (81; CHRS 101; 
4900 FOR'9: 1 TO;8 
4910 PRINT CIIRS JBU2,91l; 
mOHEITT ' 

,4930 SOTO 4980' , " 
4940 P~INTCllRS (2,71;"Ki ; ems (B,li CHRS 101; 
4950 'FOR g = 1 TO 8: " 

, 4'960: PRINT: CIIRS (BII,9I.l; 
4970 NEIJ 9 -
4980 HEIT l ' 
4990 PRINT 

'sooo NEIT K 
5005 GDSUBI2000:~ ANALYSIS 

- 5010 PRINT ,DS , 
5020 pilI~ DS; "PRIO" 
5030' END _ , 
7000 REI! , au BITIIlAGE PRIlHlNS au 
7010 "AX ~ AU,n 
7020 FOR: K : 1 TO BY' 



"7030 FDRl = 1 TO BY 
7040 IF A (K,lI ~ 'KAX THEN "AI = A (K, Ll 
7050 HEItt 
7060 HEIT K 
7070 /IIIl t = 400 I MI , 

)080, PRINJ : PRINT ,'/llJlTIPlICATIOH YAlUE=';"IIlT: PRINT 
7090 FOR K = t'TO BY " ' 

, 7100, FOn =1 TO BY 
7110 RIK,Ll'~ INT IAI~lI t HOLT! 
7120HEIT l " ' , 
7130NEHK 

,7250 PRiNT ,CllftS UBI 
, ,7260 FOR J = 1 TO BY 

7270 'FOR I = 1 TO BY 
7280 IF JI I J, II )2BO THEN BOlO 
7290 IF'RIJ,II ) 240 THEM B060 

, 7300 ,IF, RIJ, Ii ) 210 THEN 8120 
'7310 IF RIJ,lJ ) 190 THEN Bl~ 
73201F'RIJ,1I ) 175 THEN B240 
7330 IF RIJ;II') 160 THE.B300 

, 7340 'IF'RiJ, II ) 135 THEN B360 
7350 ,IF RIJ, II ) 110 THEN B420 
7360' IFRIJjll } BO.THEII 84BO 
7370 IFRIJ,II} 50 THEN B540 
7380 '.IF RII,1I ) 40 TiIEN B600, 
?390 IF RIJ,II } 20 THEN B660 
7400 IF RIJ,II ) 10 THEN B720 

'7410 ~TO B780 ' 
7420 HEIT I 
74~0 PRINT • , 
7440 HEIT J 
7450 RETURM' 
soOoREII , 
BOlO PRINT DlRS ,1271;'K'; CHRS IBI; CHRS 10)i 
8020 FOR g ~ 1 TO B 

, B030 PRINT ,CIIRS IB,I1,O)'); 
8040 MElT g : ' 
8050' GOTO 7420' 
8060' REI! , 
8070 PRINT CIIRS 127);'K'; CI!R$ IBI; DlRS 101; 
BOBO FORg=IT08 
B090 PRINT, CllRS IB 12,g)) ; 
8100 , HEIU ' 
8110 GOTO 1420 
BI20 REIt 
B130 PRIN:T DlRS 1271 ;"K',; C/IlS IB); CHRS 10); 
B140 FOR g = 1 TO B 
B150 ~RINT' CIIRS IBI3, g)); 
8160 HEIr' g , 
B170 GOTO 7420 
BlBO REIt" 
8190 PRINJ CIIR~ (27);'K'; CllRS IB); CHRS 10); 
B200 FOR g, = .I TO 8 
B210 PRINT DlRS IBI4, g)); 

;'; 1;8220 NEIT g 
" ' ,8230 GOTO 7420 ' 

,B240 REfI 
8250, PRINT' CHRS 1271;'K'; CHRS IB); CHRS 101; 



8260 FOR II,: 1 TO 8 , 
8270 PRINT, DlRS (B(5,0)) j 
8280 MElT II ' 
8290 sommo' 
8300 REI! 
8310 PRINT DlR$ 127Ij"K'; CHIlS 181jDIR$ (Olj 
8320 FOR II : ,I TO 8 ' 
8330 PRINT tHRs (BI6,0))j 
8340 MEIlII 
8350 SOTn 7420 
8360 REI! 

\: ' ,8310 PRINT DlRS 1271 j 'K'; CIIlS 181; CIlRS 101; 
'i l ;'8380 FOR II :1 TO 8 
" 8390 PRINT DIRt IBI7 ,II)); 

8400 1lE1l, II 
8410' GOlD 7420 
,8420 REI! 
8430 PRINT DlRS 127,; 'K'; DlRS IBI; CHRS 101; 
8440 FoR II :1 TO '8 ' 
84SO'PRINT QiRSt'8(8,0)); 

", 8460 MElt Q 

8470 , G!l10 7420 
8480REII 

, 8490, PRINT' DlRS 1271,IK" CllRS'lB)' CHRS 101" ' 
" ' ".',' " , 

,8500 FDR,II: 1 TOB 
8510 PRINT DIRt ,1819,11)); 
8520 MEIT'II ' 

, 8530' GOTO 7420 
.8540 REIf 

, 8550 PRiNT i:H~S (271; 'K' i CHRS (B); CHRS 101; 
11560 fOR.D: no B ' 
8570 PRi~ DlRS 18110,111 I; 
~O MElT II' 
'859,0 ,SOlO 7420' , 
'B600 RBi 
8610, PRINT DIRt (271; 'K'; CHRS 18); DlRS 101 i ' 
8620 F08 II :: 1 'TO B 
8630 PRINT DlRS (8111,911; 
8640 MElT II ' 
8650 ' GOTO 1420 
8660 REII, , 
8670 PRINT DlRS 1271; 'K'; CHRS IBI; CHRS 101 j 
B6BOFDR g : 1 TO 8 
8690 PRINT DIRt 18112, gil ; 

,8700 MElT 9 
B710 GOTO 7420 
8720 REII 
8730 PRINT DlRSI27I;'K'; CIIlS 18); DIRt 101; 
8740 FOR g ~ 1 T08 
8750 PRINT DlRS 18113; IIIl ; 
8760 MElT 9 ' 
8no GOlD 7420 

, 8780 RE" ' 
8790 PRINT. 'r;HRS (271;'K'; cil!s IB); CHRS (01;, 
8800, FOR g : I, TO B ' 
B810 PRINT DlRS (BI14,Q)); 
8820 MElT g , ' 

8830 GOYO 7420 
12000 REIf It I ERROR SIR at 
1200S PRINT,: PRINT 
12010 8LA':'0:VAR: O:ERR: 0 



12015 FOR K = 1 TO BY 
12020 FOR L = lTD BY 
12025 IF ,TlK,LI = 0 THEN 6010 12035 
120~0 BLA = BLA + 1 ' ' 
12035 MElT L, K 
12Q40 ON A 6DTD 12~45,12400, i2600 
12045 REI! Y£RTiCA~ EDGE RE6ION 
12050 FOR K = 2 TOBY':' 1. 

, 1,2055, FOR L = BY I 2 TO' ~Y I 2 + 1 
120~0 If. T!K,LI = 0, THEH 60TO 12070 
1206~ 'YAR,=:YAiU 1, ' 
12070 MElT L,K 
1207SPRINT "NUIlDER OF I'S 1M THE WHOLE PIClURE=,'jBLA 
12080 PRINT "IIIIKBER OF l' S I~ TIIHDGE RE,61ON "Ij YAR 
12085 PRINT :FARK = BLA - YAR 
12090 FDR K = 2 TO BY, - 1 
120'95 IFITO:,BY i 21 = 0 ANHIK,BY I 2 ,+ 11 = 01 THEN ERR = ERR + 1 
12100 KElT K ' 
12105 PRINT'"UNCOVERED ROMS 1M EDGE RE6IDHI"ISSING ED6E PlITI="jERR 
12110 ,PRINT "' OF EDGE PDINTS="jBY - 2 
12115 PRIJI.T "' OF "ISSIMGEDSE PNT./I OF EDGE PNT="jERR I IBY - 21 

,12120 £RR := ERR + Bi.A - YAH, , 
12125 PRINT "I OF ERROR/WHOLE PICTURE="jERR IIBY • BYI 
12130 YAH = 0 
12135 FOR K = 1 TO BY 
,12140 FOR L' = ,1 TO BY I 2 - 1 
12145 IF'T.IK,LI = o THEIl ,60TO 12155 
12150 UZ = BY I 2- 2 - L:UZ = UZ A 2:YAH = YAH + UZ 

;;1;; 12155 MElT L 
, ' , '12160 FOR l: = BY I 2 + 2 TO BY 

12165 'IFTIK,LI = 0 THEIl 6DTO 12180 
12170 UZ = 1 ,''':' BY I 2 +1:UZ = UZ A 2:YAH = YAH + UZ 

,12'175 MElT L ' 
,12180 KElT K 
12185 .IF JARK ~ 0; TiIEK SOTO 12200 
12190 'YAH ~ YAH I'FARK 
1,2195 PRINt' "IIEANSIlllARE DISrANCE OF ERROR="jVAH 
12200 PRINT ' 
12205 'RETIIfUI ' , 

, '12400' R~' DIASOHAL' ElISE REGION ' 
, 12405 'FO~'K =.2 TO'BY .; 1 
'12410. FORl:: K TO K + 1 ' 
12415, IF T IK,lI, = Q THEM 60TO ,12425 
12420 YAH = YAH + 1 ' 

,12425 IlElT L,K 
12430 PRINT 'INU"B~ OF 1'5 IN TilE MHOLE PICTllRE="jBLA 
12435: PRINT "mER OFYS IN TIE EDGE REGION' ="jYAH 
12440 ' P'RINT :FAHK = BLA - YAH 
12445 FDR'K'= 2 TO ~Y'- 1 

,'12450 IF .ITIKjKI = 0 AND TIK,K + 11 = 01 THEM ERR = ERR + 1 
, 12455,' KElT K ' 

12460, PRINT "UNCOVERED ROMS IN EDGE RE6IIlHI"ISSINS EDGE PNTI="jERR 
12465 PRINT "I OF EDGE PDINTS="jBY- 2 ' 
12470' PRIIT "I OF,mSIN6'EDSE PNT./I OF EDGE PNT="jERR IIBY - 21 

, 12475 ERR = ERR + BLA - YAH 



12480PMINT 'I OF ERROR/WHOLE PICTURE='jERR / IBY • BY! 
·12485 YAR = o. . '. . . 
12490 . FOR K = 2 TOBY 
12495' FOR L = 1 TO K :. I 
12500 ·IF. m,ll = 0 TIlEN SOlD 12510 
12505 UZ = K·- L:UZ = UZ A 2:YAR = YAR + UZ 

·12510.NEIT L 
'12515 . FOR L = K +2lD' BY 
12520 If. L ) BY THEN GOT012535 
12525 . IF TlK,Ll = 0 THEN GOlD 12535 

. 12530 ur: 1 - K +l:UZ = UZ A2:YAR = YAR .. ~ UZ 
12535 . NElT L' 
12540 NEIT K 
12545 SOlD 12190 
12600. RE" CIRCULAR sHAPE RESIoN 
12610 . FOR K = 1 TO,BY 
12620 'FOR L = 1 TO BY 

-. -----~-----~------

12630 . IF IUK .:. lC) 1.2 + (L - YCI 1.21.) = RA A 2 AIID 11K - IC) 1.2 + IL - YC) A 21 ( = (RA + 1) A 2) THEN SOlD 12660 
12640 IF m,ll = 0 THEN SOlD 12660 
12~5O VAR = VAIl +..1 . 
12660 MElT L,K. . 
12,670 PRIKT"HU"BER OF 1'5 IN THE WHOlEPI~TIIRE='jBLA 
12680 PRINT 'NIlIIBER OFI'S.IN"THE EDSE RESION='jYAR 
12690 PRINT :FARK :. BlA - VAR 
12700 EDGE = 0 
'12710 FDR K· = 1 TO. BY . 
'12720 . FORl :. 1 TOBY 
't2730 IF 111(- Ici A' 2 + IL - YC" ,A 2) -) = RA " 2 AND 11K - IC) A 2 + IL - YC) A 2) ( = IRA + 1) A 21 THEN SOTO 12750 
12740 EDGE = EDSE +' 1 .. 
12750 NE~T l,K , 
12760 PRINT "OF EDSE POINTS='jEDGE 
12770 PIU~T "' OF "1551MB EDGE PMT='jEDBE ':'VAR:PRINT 
,'12780 . PRINT 'I OF' "ISSINS EDSE PNTlI OF EDSE PNT='; IEDSE - VAR) / EDSE 
12790 ERR ,; EDGE - VAR + FARK' . . 
12800 PRIN1'I OF ERRDR/iHOlE PICTURE=";ERR / (BY lBY) 
,12810 RElIJRM' . 

-- ------~ 



· 10 . REII . • •. VERTICAL EDGE-KIRSCH IlASKS KITH fliED TIIRH. at 
20 .DIH HSK13,31;G181 
30. DIH GDIBY,8YI,TlBY,BYl,DRIBY,BYI,RIBY,BYI 
40. PRINT DSj I PRll" 

· 50 : PRill : PRINT ".EDGE DETECTION BY USIN6 KIRSCH "ASKS ,CO/OlECTlVITY TEST AND FII. THRESH. I 
· .60 PRINT "_ . .,...~ __ -~--:-------------.-----------------______ " 

'I' 70 PRINT "CONTRASTS:Dl:"'OI .. . . . , 
DO PRINT I 02=";02 

· as IF A :3 THEN GOTO 110 
90 . PRINT "03="'03 . ., 
95 IF A : 2 THEN GOTO 110 
100 PRINT I :04=";04 . 
110 .PRINT: PRINT·: PRINT "ORJINAl IIIAGE" 
120 PRINT. "_",--_. I 

·130 PRINT. 
230 . SOSUB 7000: REI! BIT. IIIASE PRo 
· 2OooREl!. . CDNVOlUTlIltt"Al6. 
2010HD)tE ,. . 
~20THR :'0: ,PRINT: PRII!T . 

. 2030 FDR K·: 1 TO BY 
,204fFOR l : 1 TO BY 
2050 FOR !III: 1 TO. 8 
2060 FOR·I: 1 TO 3, 

'2070 FOR·J: 1 TO 3 
2080. READ 'ftSKlJ,JI 
2090 . HElT .J 
2100 NEil I 
2110 OATA 5,5,5,-3jO,-3,":3,-3,-3' 
2120 OATA 5,5;-3,5,0,:'3,-3,:'3,-3 
2130' DATA· 5.,,"3,-3,·5,0,-3,5,··3,-3. 
214,0 DATA -3,-3,-3,5,0,-3,5,5,-3 
2150 DATA· ,.3,:'3,-3;-3,0,-3,5,5,5 
2160. DATA -:3,:"3,-3,,.3,O,5,~3,5,5 
2170 DATA· -3,-3,5,-3,0,5,.-3,-3,5 
2180 DATA' -3,5,5,-3,0,5,-3,-3;-3 
2190 I: 1:Y : I:ClIV. : 0 

. 2200 FOR I : K - 1 TO K + 1 
.2210 FOR J : l -.l,TO l + 1 
2220 IF II : 0 OR J : 0 I THEN GOTD 2250 . 
2230 IF II : BY + 1 OR J : BY .+ llTIIEN GOTO . 2250 
2240. CJlV : CHV + HSKII, YI t. AII,JI 
2250 Y : Y+ 1 
2260 HElT J 
2270' I : I + I:Y ~ l. 
2280: 'lIElT I 

, ~90 GI""I =·CNV 
2300 .REI! . PRINT GI""I;' "j 

· 2310' HEil M· . 
. . 2320 REI! PRINT 

2330 . RESTORE 
2340 GOIK,l1 : Gill 
2350 FOR"": 1 TO 8 . 
2360 IF GUIK,lI ) GIHHI THEN GOlD 2380 
2370 GOIK,Ll =GI""I . 
2380 IIElT ·llIf . 
2390 FDR l1li.:: ·1 TO 8 
2400 IF GD ~K,lI ': G IftHI . THEN GOTO 2420 



2410. 'MElT lUI 
, 24~0 DR(K,lI .= 1IiI. 

2430 TIIR ~'THR t, 6D (K,lI 
','244,0 NEil L·' . 
· 2450 NEli K . 

2460 T1IR= Till I (BY t BYI 
2470 . POKE 1657,1~ . 
2480 . PRINT,: PRINT : PRIIIT "SRADIAJIl' IIIAGE" 

· 2490 ,PRINT I~:-----~_I 
2590 FOR I = 1. TO 'BY 
2600 FDR J' =1 TO BY 
2610 AII,JI :: SDU;J1 
2620 HEIT J' 
2630 NElTI . 

, 2640 GoSUB 7000: REII .. BITIIlAGEPR. 
2650 ,PRINT : PRINT , 

.4000 .REII U ,THRE.SHOlDING at 
4010, PRIIIl "THRE.SHDlDINS" 
4020 PRINT ~----' 

" 4025', PRINT 'E.DSE. DETEC. WITHOUT CONNECTIVITY I 
·:40~6 PRINT I~_' . -..;-------~-" 
'i14030 PRINT . . '. 
, 4040 FDR K = UO ·BY 
4050 FOR L :".1, TO BY 
4052 ' IF IK = 1 DR L = 11 THEN GOTo 4065 
40SS IF (K = BY DR L = Byi THE.N GOTo 4065 
4060 IF SD IK,U ).T~ TIIElI TlK,L1 = I: GOlO 4120 . 
4065 TIK,U'= 0 . 
. 4070 PRINT DlRS 1271j I K"jC!IRS iSlj CHRS'lOI; 
4080 FDR R ,= 1 T08· . 
4090PR.1NT DlRS IB<12,9111 
.100 ,NEITO , 

. 4110 'SOTQ;I60 , . 
4120 PRIIfl:CHRSI27Ij'K"j CHRSISljCHRSIOlj 
·4130 FoR 0 ~ 1 TO S' . .. . 
~140PRINT DlRS'IBlljDII; 
4150 MElT g . 
4160 '. NEIT L 
4170PRI.Hl 
4180. NEiT K· 
4190 GosUB 12000: REK ANALYSIS 
5000 REIIut E.DGE DIRE.CTIPN '!lAP au 
5010PRIMr. : PRINT : ·PRIIfl "E.DGE DIRE.CTION "AP" 
5020 PRINT "_"':_-_. ----" 
5030 PRINT·· 
5040 FDR K· = t'ToBY 

· 5050' FoRL'::1 TO BY, 
5060 . PRINT DR IKj 1I j' ." j 

... 5070 'NEIl L 
5080 PRINT " 
.5090 NElT K 
6000 REI! It DEC I SIDii , ! !!! U 

·6010 FOR·K = 1 TO BY 
6020 . FOR L = 1 TOBY 
6030 GDIK,lI = 0 
6040 NEIT L 
6050 IlEIl K 
6060 , FOR K :; 1·.10 BY 
6070 FOR 1 = 1 TO BY, 
6080 . IF T IK,lI = 0 THEN Goro 6290 

347 



6100 F,OR J = 1 TO ,3 
6110JISKII;JI = 0 
6120 HE'IU 
6130 HEll I 
6135 1'= I:Y = 1:0 ='1 
6140 FofI = K ~ 1 TO K+ 1 
6150 FORJ = l'-,I TO l + 1 ' 
6160 If.. I" = 0 OR J = 01 THEN I15K1X, YI = 1: SOTO 6195 
61rO, IF II = BY t 1 ORJ = BY + 11 THEM "SKU; YI = 11 SOTO 6195 
6180, IF IDRlI,jl = DRIK,lI OR DRII,JI = DRIK,lI + 1 oR DRII,JI = DRIK,lI - 11 THEN "SKII, YI = 1: GOTO 6195 
61B5iFIDRII,JI = DRIK,L1, + 2 AND 0 = 11' THEN I15K11, YI = 1: SOJO 6192 
6186' IF IDRII,JI = DRIK,lI - 2 AND 0 = 11 THEN "SKII, YI = I: SOJO 6192 

'6187 IF IDRII,JI = DRIK,L1 + HtHD 0 = 21 THEN "SKII, YI = 1: GOTO 6192 
618B IF IDRII,JI = DRIK,lI - 2 AND 0 = 21, THEN "SKII, YI = 1: GOTO 6192 
6190 ftSKlI,YI = 0: SOTO 6195 
6i92 0 = 0 + 1 ' 
6195Y = Y+ 1 
6200, HEITJ 
6295 1 = I '+ hY = 1 ' 
6210, ,HElT I' 
6220 fOR I = 1 TO 3, 
6230' FORJ = 1 TO 3 ' 

, 62.0 IF "SKII,JI = 1 THEN ,SOTO 6260 , 
6250 IillIK,lI ~ '0: SOTO 629'0 ' 

'6260 IlElT J ' 
, 62io NElT I, 

6280 SDIK,L1 =1 , 
6285 REI! IF 1I\SKIl,21 = 1 AND "SK12, 11 = 1 AND "SK!2,31 = 1 ANDKSKI3,21 = 11 THEN SDIK,L1 = 1: GOTO 6290 
62BB REII, ~DIK,lI = 0 ' ' 
6290 MElT L 
6300llEIT K' , , 

, 631,0 PRIn: ,PRINT , J 

6320 PRINT "EDGE, DETECTIOII USING CONNECTIVITY TEST" 
6330 PRINT ,1_, ---, ---,------------": PRINT 
6340 FORK =,1 TO BY 
6350 FOR l = 1 TO BY 
63h0 ,IF GD IK,L~' = 0 THEM ,SOTO 6420 
6370 PRINT tHRS 1271; "K"; CHRS 181; CHRS 101; 
6380 FOR 0'= 'I TO' 8 

, 6390' PRINT : CllRS IB 11 i 011 ; 
6400', HEllO 

., ,,;6410 : GOTO 6460 ' 
''6420PRIn CHR$ 1271;IK"; CIIIS IBI; CHRS 101; 
'6430 FORO = l'T0 8 ' 
11440 PRINT CHR$ IB 112, oj I ; 
6450 ,IIEIT 0 ' 
11460 m,lI = GDIK,lI 

, 11465 NElT L 
6470, PRIn ' 
M80 IlEIT K ' , 
6485 SOSUB 12000: ,REn' ANALYSIS ' 
11490 PRINT DS 

, 6500 PRINT DS; "PRIO" 
'6510 ,00' " ' 

7000 REIt ' .... ' BITIIWlE' PRINTINIi Sit 
, 701,0 MI7 Ail,1I: 
'7020 FDRK = 1 TO BY 

7030 FDR L' = 1 TO BY 
7040 'IF AIK,L1 ) IIAI 'THEN "AI =AIK,lI 
7050 IlEnl ' ' 
7060 MElT K ' 
7070 "lilT:: 49Q I IIAI ' 
7080 ,PRINT f PRINT "IIILTIPLICATION VALUE="jIlllT: PRINT 

,7090 FOR K :: 1 TO BY, ' 



\)1.00 ' FOR.l : 1 TO BY 
',mO RIK,ll: INT IAIK,lI ,"ULTI 
,7120 NEIT l 
7130 HEIT K 
7250 PRIIT DIRt I1BI 
7~60' FORJ : 1 TO BY 
7270 FOR 1= 1 TO BY 
7280 IF RiJ,II'} 280 THEM 8010 
7290 IFRIJill:} 24b' THE~8060 
7300 IF RIJ, II }210 THEN 8120 . 
7310 .IF RIJ,II ) 190 THEN 8180 
7320 IF RIJ,II) 175Tj1E11 B240 
7330,: IF'RIJ,U ) 160 THEN 8300 
7340 . IF R IJ ,'11 } '135 'niDI 8360 
7350 IF,RIJ,II :)·11,0 THEI 8420 
7360 IF. RIJ; II ) aO TIIEH:'8480 
7370 IFR IJ, I) ) 50 THEM 8540 

. 7380 IF RIJ,I)·) 40 THEN 8600 . 
7390 IFR iJ, 1" ) 20 tHEN 8660 
7400' IF'RIJ,'II ): 10 THEN 8720 
741 OGoTO '8780 
7420 HElT I 
7430. PRINT . 
7440' KEiT:J 
7450 RETURH 
8000 . REI! . 
~10 PRINT.DlRS 1271;IK"; CHRS '(8); CHRS 101; 
8020 FOR 0 = UO 8 . 
B030' PRINT DIR$ IBI1,O)); 
8040 .HEIT ,,0 . 
8050 GOTO 7420 

. 8060 REI! , 
8070 PRINT DlRS 1271;IK"; CllRS IBI; CHRS, 101; 
BODO FORO:l TOB 
8090 PRINT DIR$ IBI2, 0)); 
Bl00 HEln 
Bll0' GOTO .1420 
8120 REI! . 
8130 ' PRINT' DIR$ 1271 o'K" 0 CIIRS ,IBI 0 CHRS 101 0 . , , .' ,. , 
B140, ' FDR 0 : 1 TO 8 . 

, B150 PRINT. CHRS 10(3,0));. 
'8160 , NEI~ 0 , 
B170' GoTO 7420, 
Bl80 'REI! ' 
B190 . PRINT' DlRS 1271;"Ki;, CmSIBI;CIIRSIOI; 
8200 FDR g =1 TO 8. 

,8210 PRINT DlRS IBI4,UII; 
B220 NEil 0 
8230, GOTD 7420 
B240 'REI! . 
8250 PRINT CI!R$1271;IK";' CHRS' IBI; CHR$ 101; 
8160 FOR 0= 1,TO 8 
8270 PRill, DIR$ IBIS, UII; 
8280 IEIl 0 
8290 GoTo 1420 
B300REII 
8310. PRINT ,00$ 1271;"K"j em$ IBlj CllRS 101; 
8320 FORD=l TO B' 
8330 PRINt CHR$ IBI6, UII j 

. 8340. HEIT 0 ' 
;:, 8350 GOTo 7420 
'I' , 8360 REI! 

8370 PRINT OiRS 1271;"K"; CHR$ IBI; CHRS 101; 
8380 FOR D=l TO B 
8390 PRINT CllRS IDI7,UII; 



8400 MElT U 
8410 ,GOlO 7420 
842011EJ( 
8430 'PRINT DlRS '1271; 'K'; CHRS (BI; CHRS (01; 
8440 F~ U : 1 lO 8 

. ,'8450 PRINT DlRS IBI8,OI); 
1I460NEITU~ 
8470 SOTO .1420 
8480 REI! 
8490 PRI.,. DiRs 1271; 'K'; CIIRS IBI; CHRS 101; 
8500 FORU: 1 T08 

,'8510 PRI.,. DlRS 1819,01,; 
8520 MElT U ' 
1J5j0 SOTO 7420 ' 
8540 REI! 
8550 PRIMT CHRt 1271; 'K'; CHRS IBI; CHRt '101; 
8560 FOR' U :, 1 TO 8 

,: ' : 8570 PRIMT CHRS '18110,UII j 
"I i' B5BO MElT U 

8590 SOTO 7420 ' 
8600 REI! , 
BbIO PRINT CHRS 1271' 'K" ClttS (B)' CHRt (0)' 

, , , ,,' , ,', 
,8620 FOR U : 1 TO 8 ' 
Bb30 PRIMT CHRt IBI11,OIl j' 
8640 HElT U' : 
8650 GOTO 7420 

"', Bb60 REII , , 
8670 PRINT DIRt (27J; 'K'; CHRS (BI; cHRS (0); 
BbBOFORO =1 TO 8 , 

, Bb~O, PRI.,. DIRt (8112,UI);-
, 8700 MEI~ D ' , 
8710 'SOTO 7420 
8720 REII 

'8130 PRIMT CHRS 1271;'K'; c.IG!S IBI;C\lRS 101; 
8740 FOR,U: 1 TO 8 ' 

,8750 PRI.,. CHRtIBI13,OJJ; 
8760 MElT U : 
8110, SOlO 7420 
B7BO REI! 
8190 PRIMT, CHRS (~71; 'K'; CHRS IBI; CHRt: (01; 
BlIOOFIIR U : 1 .TO 8 ' 
BBI0PRINT DlRSIBH4,01l; , ' 
B820HEIT U ' 
B830SOTD 7420 
12000 ,REI! 'U ,X ERROR SIR U 
12010 , PRINT : PRINT 
12020' BlA ,:O:VAR' : O:ERR: 0 
12030 FoR K : 1 TO BY 
12040 'FOR L : 1 TO' ~Y 
12050 IF m,L1 : 0 THEN SOTO 12070 
12060 BLA : BLA + 1 
12070 MElT L,K . , 
12075 on SOlD 12087,12400,126,00 
12087 REft VERTICAl ,EDGE RESION 
12090 FORK ~ 2 TO:SY - 1 ' 



12100 FOR l: BY 1 2 TO BY 1 2 t 1 
.. 12110, IF TlK,lI ': 0 THEN 60TO 12130 

12120 VAR :' VAl! t 1 
12130,' NEXT'l,K 

'12150 PRINT INUllBER OF I'S IN THE WHOlE PICTIIR£=ljBLA 
, 12160 PRINT lNUIIBER OF I'S IN TIlE EDSE RE61D11 :ljVAR' 

12.165 PRIIIY :FARK,:, BLA - VAR ' 
12170 FDR K : 2 TO BY - 1 
12180 IF \TIK,BY 1 21 = 0 AND TlK,BY 1 2 t 11 ~ 01 THEN ERR =, ERR t 1 
12190 NEXT K .. 
12200 PRINT. I~OVERED ROWS IN·EDsE RE610NiHlSSINS EDSE PNTI:ljERR 
l2205, PRINPI'OF ED6E P!lINTS:ljBY - 2, 
12210 ,PRIIIY II OF H1SSING EDSE PNT.II OF ED6E PNT:ljERR I IBY - 21 
12220 ERR: ERR t BlA ,- VAR ,. 
12230 ,PRINT '1' OF ERRDR/WHlilE 'PICTURE~ljERR 1 IBY • BYI 
12231 VAR :: 0 " , 
12234 'FOR K : 1 TO BY 
12235· Fill l' =1 TO BY 1 2 - 1 
12236 IF T iK, 1I .: 0 THEN sorn 12240 
12237 ui : 'BY 12 :- 2' - l:UZ :: UZ A 2:VAR =VAR t UI 
12240 MElT l 
12242 FDR l·:.BY 1 2 t 2 TO BY. 
12243 'IF TlK,lI = om 'SOTO 12246 
12244 UZ ='l- BY 1 2 t I:UZ :: UZ A 2:VAR = VAR t UZ 
12245 NEIT l ' , 
12246 NEil K ' 
12247 IF FARK = 0 THEN 60TO 12250 
12248 VAR ~: VAR ,I FARK 
12249 PRIIIY Il\EAM SDIlARE DISTANCE OF ERROR=ljVAR 

. 12250 PRINT ' 
122~0 RETUlIN 
12400 REI!: DIA61lMAl. EDSE RE610N 

, 124'10 FDR K':'2 TO BY - 1 
'>-: '12420: FOR l. = no' Kt 1 
'I~ ;12430 IF TlK,ll : 0 THEN 6010 12450 . 
, . i2440 VAR,: VAR t'l 

12450 IElll,K 
, 12410' PRINT IrruHBER If 1 '5 1M THE IIilDlE PICTURE=ljBlA 

124BO PRINT llIU/IBER OF I'SIN'T!£ EDGE RE6IDH=l jVAR 
12485 PRINT :FARX ~ BlA .;. VAR 
12490 FOR K =:2 TO.BY - 1 

. 12500' IF It.(K,KI = o AND' T!K,K .. 11 : 01 THEN ERR = ERR t 1 . 
, 12510 NEllK . . 

12520 PJUMTIUNCOVERED ROWS 1M EDGE RE61Dlt(HISSIN6EDSE PNTI=ljERR 
. 12530 ',PRINT· I, OF ED6E PiliNTS=l jB( - '2 . . 
12540. PRINT II OF "ISSIN~ EDSEPNT.II OF EDSE PNT=ljERR 1 IBY - 21 
12550 ER(=ERR t BlA - VAR .. 
12560 ,~RINT II OF ,ERROR(WHDlE PICTURE=ljERR I iBY • BYI 
12570 VAR ; 0 " 
12580 FOR K = 2 TO BY 
12585 FQH = 1 TO ,K - 1 

'I25B6 IF TlK, lI, = 0 THEN 60TO 12590. 
12588 tiz ~ K - L:UI = UI.A 2:YAR = VAH t UZ 
12590 NElT L. 
12591 FDR l= K t 2 TO BY, 



12592 IF L>. BY THEM GOTO 12596 
12594 IF TIK,lI ::'0 THEN GOlD 12596 
12595 ·UZ. : l -. K + 1: UZ ;. UZ. " 2: YAH ;:YAR + UZ 
12596 NEIT.l. '. 
i 2597 MElT K . 

. 1~99 SOTO '12248 
'12600 REII CIRCUlAR' SHAPE: REGION , 
12610' . FIB! K = 1 TO BY' 
1262q FOR l = 1 lD BY, 
12630 IF IIIK ., IC) ", 2 + Il - Ye) " 2) ( RA "2 AND CIK - IC) " 2 + Il - YC) " 2) ) IRA t 11 " 2) THEN GOlD 12640 
12633 If. T'lK;lI :; 0 THEM GOlD'12640 
12636 YAR. =, VAH + 1 
12640 NEIT .l,K ' 
12660 PRINT 'N~BER OF'l'S iN ·THE WHOlE PICTURE="jBLA 
12670 PRINT "II1JI!BER OF. l'S IN TIlE EDGE REGIilN ="jVAR 
12673 PRUIT :FARK = 81..A - VAH 
12674 ,EDGE :: 0, . 

. 12680 FOR (= 1 TO BY 
12690 FDR l :; 1 TO BY 

. 12700, IF IIIK - 'IC) "2 + Il - YC) " 2)( RA " 2 AND 11K - ICI " 2 t Il - yel .. 21 ) IRA t 11 .. 21 THEM GOlD 12710 
12705 EDGE :: EDGE + 1 
12710 . NElT'l,K 
·12720 PRINT "' OF EDGE POINTS=";EDGE 

,12725 PRINT "' OF "155IMG EDGE PWT=ijEDGE ~ YAR: PRINT" 
12730 PRINT "' OF "ISmS EDGE PNTII OF EDSE PMT="; lEDGE - YAHI / EnsE 
12740 ERR = EDGE - VAR+ FARK ' 
12750 PRINT "' OF ERROR/WHOLE PICTURE="jERR / IBY t BY! 
12760, RETURN ' 



10 REI! UVERTICAL EDSE-ROSENFIElO AlSORITHI1~ U 
20 : DI~ HRIBY ,BY, II, VRIBY;BY,21 ,BITIBY ,BYI, TlBY,BYl 
30 PRIMT Mj'IPRIl" 
40 ,PRINT : PRINT "EDGE DETECTION BY USINS ROSENFIELD AlSORITHII" 
50 PRINT �--:.-:..,------~--:.-' --------------" 
60 'PRIN1"CONTRASTS:Dl::l jDI' 
70 'PRINT I" D2=" jD2 ' 
75' IF A :: 3 'THEN SOTO 100, 
80 PRINT I' D3::l jD3 
S5 IF, A :: 2 THEN :SOTO 100 

,,90 PRINT I ' ' D4~ljD4 

100 ,PRINT: : PRINT' : PRINT "ORJlNAl IMSE" 
, 110 PRINT'I~-' __ " 
). '. .'. 
:-1Z0 PRINT CIIIS 115): POKE 1657,130 
'i3o FDR J :: I TO BY' 
'140 FOR I :: lTD BY 
180BIHJ,II ':: AU,II 
190 MElt I 
210 NEIT J 
220" so5uB 7000:REII :Bn InAGE PRo 
2000 REI!: tt ROSENFIELD ALSPRITIII U 
2010 FOR K :: 1 'TO BY. , 
2020 FOR L:: 1 TO BY , 

, 2030 vRIK,L,2) = 1 
, 2040 NElT L,K 

2050 0:=1: SOTO 2070, ' 
2060 KK =.KO 2 ' 
2070 FOn =1 TO ,BY 

'2080 FORL ~ I TO BY 
2090 VI = O:V2 = O:Hl = 0:H2:: 0, 
2100 FOR 1,= KK, TO 1 STEP -1 
2110 IF ,K+ II ) :BY, TilE" 2150 , 
2120 ' If (K ,~ I + 11 (I THEN 2150 
2130 VI = V1:+A(K+ I,Ll 
2140 V2 = V2 + Alt - I ,+' I,Ll 
2150 If' iL + 11 ) BY TIIEV 21'90 
2160' IF'lt '- I + i) ( 1 THEN 2190 
2170 HI.' = Hi" + AU',L +'11 

,2180 H2 = ,H2,+ AIK,i. - I + 11 
2190 MElT I ' 
2200 VI = VII KK:V2 = V2 I KK:HI = HI I KK:Ii2, = H2 / KK 

'2210 VRIK,L,1I = ABS IVI - V21:VIIIK,L,1I =' INT IYRIK,L,lII 
2220 IIIIK,L,i1 = ADS IHl- H21:HRIK,L,1I = lIlT IHR(K,L,lIl 
2230, NEXT L,K 

,245'0 PRIfr: PRINT 
2460 PRIIIT "EDSE DETECTION-KK="jKK 
2470 PRINT "------, --~-~I 
2475 PRINT CURS 1151 
2480 FOR K = I TO BY 
2490 FOR L = I TOBY • 
2500' IF HRIK,l,i) ) VRIK,L,1I THE" VRIK,L,lI =, HR(K,L,1I 
2540 BITIK,L1 = YRIK,L,II:YRIK,L,21 =VRIK,L,21 t YRIK,L,lI 
2550 ,NElT L 
2570,' NEIT K 
2575 IFIKK'( ) 1 ANHK < ) B' AND'KK ( )321 THEN SOTO 2582 ' 

'2580 SDSUB 7000:' REn, BITI"ASE ' 
'2582' 'SOTO '4000: RE" THRESH. 
2585 ,PRINT :' PRINT 
2590 PRINT 'nuLTIPLE EDSE DETECTION" 
2595" IF KK ~ 1 THEN PRINT "KK::l": SOTO 2650 
2600, IF KK = 2 THEN PRINT "KK=2W: SOlD 2650 



2610 IF KK ~ 4 THEN PRINY"KK=U2U": 6OTD265O 
2620 IF KK = OTIIEN PRINT "KK=OtU2U ": GOlD' 2650 
2630 'IF ,KK = 16 THEN PRINT, ,'KK=16lBt4t2l1": SOTO 2650 
2640 IF KK = 32 THEN ,PRINT "KK=32U6l0lUm i 

, , 

2650 PRINT '-----~-----~------: ___ I 
2655 PRINT OIRS {151 
2660 FOR K =' I TO BY , 
2670 FOR L = 1 TO BY 
2710 BITIK,Ll = YRIK,L,21 ' 

, 2720 NEIT L " 
2725NEIT K : 
272f IF iKK { '> 1 AIm KK ( ) 0 A1fD'KK( > 321 THEN SOlD 2735 
2730 60SUB 7000: REIt BITIIlASE PRT. 
2735 'GOTD 4360 
'4000 REII' U THRESHOLDING U 
4010 PRINT: PRINT 
4020, PRINT' 'THRESHDLDING-!ind.diHer.l-KK="iKK 
4030 PRINr"-----' -----:---------" 
4050 THR=O ' 
4060 FOR K = 1'T0 BY , 
4070, FOR'l =1 TO DY 
40BO THR ': l1I! +VRIK,L, II 
4090 NEIY'L I ' 

4100 NEiT K ' 
utO THR =,Ti1R I IBY • BYI 
4120 FOR K = 1 TO DY 
4130 FOR L = 1 'yO DY 
4140: IF YRiK,'L"I1 .) THR THEN YRIK,L,I1 = 1: SOTO 4205 

:';1 ;4150 YR(K,L; 11 : 0 , 
,,' ,4155 IF IKK ~ > lAND KK ( ) B AND KK ( ) 321 THEN SOTO 4255 

4160 PRINT CllRS 1271;'IK"; DlRS IBli CHRS 101; 
4170" FOR g': 1 TOO 
4180 PRINT CHRS IDI12,DII; 
'4190 NEnD 
4200 GOTD 4250 ' 
4205, IF IKK ( ) 1'. AND KK{ ) ,0 A1fD KK{ )" 321 THEN SOlD 4255 

,4210PRIIIT :CHRS, 1271;"k"; DlRS IBli CHRS 10li 
4220 FOR' g : 1 TO 0' " 
4230: PRINT ,CilRS IDI1,DII; 

, 4240 MElT g , 
4250TlK,Ll ': VRIK,L, II ' 
4255 1lE1l'l 
4260 PRINT 

, 4270 NEIT, K 
4275 GOSUB 12000: REI! AJfALYSIS 

, '4350 ' IF KK = i THEN, GOTO ~ 2060 
'4355 GOTD 2585 : 
4360" REII,'"ULTlP.DIFF. ' 
4370 PRIIT: PRINT' 
4380 PRINT "THR£SHDLnIN6-llultiple di Her.l· 



4390. IF KK = 4TIIEN·PRINT "IIULT.=U2U": SOTO 4430 
,4400 IF KK." B THEN· 'PRINT ""ULT;=BHmi": ·SOTO 4430 
4410 IF, KK :: 16 THEN ·PRINT ""ULT.=I6IBl4lm": SOTO ·4430 
4,420 IF KK = 32. THEN PRINT ""ULT,32116t8tU2U" 

· 4430. PRINT ."~--"'----"'~-..,.---. ----" 
, 4440 PRINT 
4450 THR .=, 0 
4460 FOR'K = I TO BY 
4470 FOR L :: I TO BY 
4480 .fHR. = 'THR + YR (K, L, ~i 
4490 HEIT l;K· . ~ 
4500 THR = THR I· (BY ·t BY) . 
451,0 FO~ ,K = I TO BY . 
4520 FORL = I TO BY 
4530, IF VRIK,Li21 } THR THEN YRIK,L,2) = i: SOTO 4595 
4540 YRIK,'L,2) = 0 
4545 IF lKIe' { .> I AIID KK ( ) 8 AND KK ( ) 321 THEN. SOTO 4645 
4550, PRINT CllRS 1271;"K"; CHRS IBI; CHRS, (01; 
4560 FOR U = I TO 8 
4570 PRINi eHRS IBI12,UII; 

· 4580 HEIT U 
4590 GDTO 4640 
4595 IF IKK ( ) I, AND KK ( ) B AND KK ( ) 321 THEN SOTO 4645 . ., 

4600 PRINT eHRS 1271; "K"; CHRS IBI.; CHR$ 101; 
4610· FOR 0 = I TO B 
4620' PRINT CHRS IBI1,oll; 
4630 HEIT·O 
4640 TlK,U"= YRIK,L,21 , 
4645 ,HEIT L . 
4650' PRINT 
466·0 ,NElT K . . , . 
~65' GDSUBI20QO: REK ANALYSIS, 
mOIF.KK ( 32'THEN' GOT02060 
4750 ,PRINT, DS 
4760 PRINT DS; "PRIO.· 
mo END 
7000 HE" ,Ut BITI"AGE PRINTING ttl 
7010.!lA1 = BITI1,l1 ' 
7020 'FOR K '=, I TO' BY , 
7030 FOR L = no BY· . 

· 7040 IF BInK,Ll ) !lAI THEN !lAX = BITIK,L1 
7050 NEIl L, K . ' 
7070 IIIl.T = JOO 1 "AI 
7090 FOR K '= ITO BY 
7100 , FOR L =, 1 TO BY 
7110 BITIK,Ll.= INT IBITIK,U • KULTI 
712Q HEITl;K 
7250 PRINT: CIIR$' I1BI 

. 7260 FDR J = no BY 
\, 7~70 'FOR I = I TO, BY 
'i~7280 IF BlTIJ,11 ) 280 THEN 8010 
'7290 IFBITIJ,-I1} 240 THEN B060 

7300 IF BIW,I1 ) 210 THEIl 8120 
7J10,IF BITIJ,II ) 190 THENBI~O 
7320 IF BITIJ, II -} 175 TIEN 8240 

· 7330 IF BITIJ, II -} 160 THEN 8300 
7340 IFBITIl,II} 135. TII£N 8360. 
73SOIF BITIJjll ) 110 THEil 8420 
7360 IF BITIJ,lI') 80 THEN. 8480' 
7370' If BITIJ,II ) 50 THENBs40 
7380 :IF,Bim,I1 ~ 40 THEil 8600 
7390', IFmIJ,II) 2.0, THEN 8660 



7400 IF BITIJ,I1 ) 10 THEN 8720 
141 0 GOTD 8780 . 
7420 ~ElT·i 
7430 PRINT 
7440 NEIT J . 
7450 RETtJRM 
8000 REK 
BOlO PRINT CllRS (271;"K"; CIIIIS IB);CHRS (0); 

· 8020. FDR 0 = 1 TO 8 
:'~I i 8030 PRINT DlRS (BU,O)); . 
" 8040 IIElT O. . 

,8050 GOTD 7420 
8060 ... R£II 
8070 PRIll DlRS 1271; "K"; DlRS (B); DlRS 101; . 
Boao FDU. = 1 TO 8 . 
8090 PRI~ DlRS (B(2,O)); 
B100· MElT 0 .' .. 

· B110 GOTQ 7420· 
B120 R£II. 
8130 'PRINTCllRS 1271;"K"; CIIIS 181; CURS 10li 
8140 FoR 0'= 1 TO 8 . . . ' 
8150 PRINT . DlRS IB(3,O)); 
8160 MElT 0 

. B170GilTO 7420 
· BI80RE!! . 
8190 PRINT DlRS (271;"K"; CHRS IBI; CHRS (01; 
8200· FDR'O = 1 TD 8' 
B210 PRINT' DlRS (B(4,QI'; 
8220. MElT 0 
B230 GOTO·742O 
8240 RE!! 
82~O PR[~T DIRt (27Ij"K"j DlRS (BI;CHRSIOli 
8260 FOR 0 = lt~ 8. 
827.0. PRINT CllRS. (B(5,O)); 
8280 NEljg 
B290. ,GOT07 4 20 . 
8300· REI!' . ,. . . 
8310 PRINT DlRS(27Ij"K"j CHRS (81; CHRt (01; 
8320·FDRQ=ITD8 . 

. B.330 PRINT DlRS (B(6,O)); 
8340 MElT 0 ' 
8350 GOTO 7420 
8360 R£II 
8370 PRIKT cilRS (27l; "K"; CllRt IB) i DlRS (01; 
8380. FOR 0 = 1 TO 8 
Bm PRIKT CllRt (B(7,O)); 
8400 NEIT g . 
B410 ,GOTO 7420. 
8420' R£II 

. B4~0 PRIKT' DlRS (27i;"K"; DlRS (8'; .CHRS (01; 
8440, 'FOR 0= 1 TO 8 " " 
8450 PRINT . DlRS (B(8, 0)); 
8460NE1T0 . 
8470 GOT0742O 



a.4BO ,REII 
'849Q' PRINT CHRS' 127Ij'K"j' OIRS 181; CllRS 101; 
8500 FDR 0 ': 1 'TO 8 

,851~ PRlliT ,cilR~ IBI9,Ollj , 
11520' MElT 0 ' 
8530, SOlO 7420 
8540 ,REI! 
8550 PRIIIT, DlRS 127l; "K"; ClfiS 181;' CllRS 101; 
8560 FOR 0 =' 1 TO 8 

'8570 'PRINT DlRS IBIlO"QI)'; 
~ NEIT 0 , 
S590 SOTo 7420' 
B£OOREtI 
8610 PRINT. QlRS 1271 j "K"; CHRS 181 j CHRS 101; 
8620 FOROi:iIT08 
8630 PRln DlRS 18111,011; 
Bb40 'IIEIT 0 ' ' , 

8650 SOTo 7420 
, 8660' REI! 
, 8670' PRINT' DlRS 127Ij'K"; CHIIS 181; CHRS 101; 
., ,8690 : FOR 0 : 1 TO 8 
:;8690 PRINT Oms t'8I12,OII; 
'8700 IlEIT 0 
8710 SOTo 7420 " 
8720, REI! , 
8130, PRINT DlRS (271; "K'; CIIRS' 18'1; CHRS(OI; , 
8740' FOR 0= 1 T08. 
8750 PRIMT CIIR. IS,(13, 011; 
8760 ilElTo ' , ' 
8710 SOTO '1420 
8780 'REIt , 
8790 ,'PRIMT.QlRS 127WK"jClfiS 181; CURS :101; 
iIaoo', FDR 0 =, no's' ' 
8810PRIWt:.CllRS IBl1'4,OI'; 
11820 HEiT 0 
8830 ' SOTO 7420 " 
12000 REI! ' U 1 ERROR SIR at 

'12005 PRilli': PRINT , 
12010 BlA = O:VAH = O:ERR = 0 
12015 FDR,K: 1 TO BY 
12020" FIIR l = ,I TO BY 
12025 IF lIK,lI = 0 THEN SOTO 12035 
12030 BlA> BlA +'1, ' 
12035 NEIT l, K 
12040' OM A 6OTO'I2045,12400,126oo 
12045' REK, VERTICAL EDSE RESloN 
12050 FORT: 2 TO BY -, I 

, ' 

12055' FOR t,: BY I 2 TO BY I 2 + 1 
12060, 'IF TtK,lI ~ 0 THEN SoTO 12070 
12065 VAH : VAH + 1 

, 12070 NElT l,K 
12075 PRINT "IIUKBER IF I'S 1M THE MHDlE PICTURE="jBLA 
120BO PRIIIT "NIJIIBER OF I'S IN THE EDGE RESIOII =";VAR 
120B5 PRINT: FARK :: BlA - VAH 
12090 FOR K = 2 TO BY - ,1 
120~ IFITtK,BY r21 : 0 AND TIK,BY I 2 + 11 = 01 TII£)I ERR = ERR + 1 
12100 NElT K 

'12105 PRINT "UNCOVERED ROWS 1M EDSE RESIOIIIKISSIIISEDGE PNTl="jERR 



12110, PRIIIT "' OF EDSE fOINTS:I j BY - 2 
12115 PRIMT i, OF m~ING EDSE PNT.II OF EDGE PNT:ljERR I IBY - 2) 
12120 ERR = ERR + BLA - VAR 
12125 'PIII,NT "' OF ERROR/MHOLEPICTURE:ljERR I IBY • BY) 
12130 VAR = 0 . 
12135 FOR 'K:' 1 TO BY 
12140FOIi,l: 1 TO BY 12 - 1 ' , 
12145 IF m,L),: 0 THEM 60TO 12155 
12150· UI ,:'8Y J 2 - 2 - L:UI : UI A 2:VAH ,: YAH + UI 
12155 MElT L 
12160 FOR' L = BY I 2 + ,2 TO BY 

'12165 IF m,L1 : 0 THEN 60T012180, 
12170 UI = L - BY I 2' + I:UI : UI A 2:YAR ~ YAR + UI 
12175 MElT L 
12180 NEIT K 
12185 IF FARK : 0 THEN SOT0122oo 
12190 YAH :: YAH I FARK' 
12195 PRINT ""EAN SQUARE DISTAJICE OF .ERROR:ljVAR 
12200 PRIMl' 
12205 RETIIRW 
12400 REIt DIAGONAL ~D6E REGION 
12405 FOR K = 2 TO BY'-I' 
12410' FOR' L. =' ~ TO K'+ 1 , 

, 12U5 ' IF TlK,L1 : 0 THEN' GOTO 12425 
12420, YAH :, VAH + 1 
12425NEIT L,K 
12430 PRINT "NUIlBER IF 1'5 IN THE NHDlE PICTURE:ljBLA 
12435 PRINT, "~BER OF 1'5 IN THE EDGE REGION :ljVAR 
12440 PRINT ':FARK = ,BLA ':' VAH ' 
12445 'FOR K: 2 TO BY,- I' 
12450 IF, IHK,K) = 0 AND TlKjK +' 11 = 0) THEN ERR: ERR + 1 
12455 HEIT K ' 

12460 PRINT. "IJKCDVERED ROWS 1M EDGE REGIDK,lmSINS EDGE PNTI:ljERR 
12465 PRIIIT,i, Of EDGE PDINTS:ljBY - 2 
12470 PRINT "' Of "1551MB EDGE' m.I' OF EDGE PNT:ljERR I IBY - 2) 
12475 ERR = ERR +BLA - YAH 
12480, PRIKT ,I' Of ERROR/MHOLE PICTIlRE:1jERR I (BY' BY! 
124!15 YAH ::'0 
12490 FOR K : 2 TO BY 
124~ FOR L: 'I TO K- 1 

: 12500 IF TlK,L1 :: 0 THEN GOTO 12510 
1112505 UI : K - L:UI = UI A 2:VAR : VAH' + UI 
,,' 12510 NEIT L 

12515 FOR L = K + 2TD BY 
12520' IF L > BY THEN GDTO 12535 
12525 IF m,lI = 0 THEN SOTO'12535 
12530UI,=, L' - K + hUI = UI A 2:YAH : VAH t UI 
12535 ~ITL 
12540' HEIT K, ' 
:12545 GDTO 12190 ' 
12600 REI! ' CIRCULAR SHAPE REGION 
12610 FORK ,: 1 TO BY 

358 



i l ; 12620 FOR L : 1 TOBY 
12630 IF IIiK - IC) A 2 + IL - YC) A 2) } : RA A 2 AHD 11K :. ICI " 2 + IL - YC) " 2) ( : IRA + 1) " 21 THEN GOlD 12660 
12640 . IF TIK,Ll : 0 THEM GoTO 12660 
12650 VAR :. VAR + 1 
.12660 MElT L,K 
12670 PRIIT "MlJIIBER OF I'S IN THE WHOLE PICTURE:ljBLA 
12680 PRINT "NUIIBEROF liS IN TIE EDGE REGION . ~ljVAR 
12690 PRINt· :FARK : Bi.A . .: VAR • . 

. 12700 EDGE : O· . 
12710 fOR K : 1 TO BY' 

. 12720·.FOR L': 1 TOBY, 
12130 IFU IK -lC) ," 2'+ (L -YCI " 2) > : ,RA " 2 AND I (K - IC) " 2 + IL - yel A 2) ( : IRA + 11 " 21 THEN GOTo 12750 
'1274o.EDGE : EDGE .. 1 
i2750 ,NEil L,K , 

, 12760 PRINT "I OF EDGE PoINTS=ijEDSE 
12170 PRin "I OF KISSING. EDGE PNT="jEDSE - V~: PRINT 
12780 . PRiNT "' OF KISSING EDSEPNTII OF EDGE PNT:lj lEDGE - .YAR) , I EDGE 

, 12190 ~. :ED~ - VAR + FARK 
12800 . PRINT "I OF ERROR/WHOLEPICTURE:ljERR I (BY' BY) 
." ' \ 

12810 RETURN. 
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