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Abstract 

Moment invar,iants' can be used to describ& features 

an 
. 

object, so as to reduce ambiguity and 

re,cognition with a computer vision system. 

difficul ty of 

with contiguous , 
images, certain higher orqer,pixel, or~picture el~ment, moments

have been shown to be 'invariant with respect to translation, 
~ , 

r,gtation, and scaling of the image. However, du~ to the i te~-. ' 

tive nature of the required calèulatiQns and to computational 

speed limitations", these moments" cannot be computed i~' real

time, e.g., fast enough to serve the purpose of many industrial 
, . 

"processes. To ov~rcome this- limitation a novel algorithm, the 
o 

Del ta Method, hasr been devised and applied to a typical 

process .. This simple, fast algorithm has_been implemented in a 

video/personal com}mter subsystem and' verified with 

experimental results using textile garment çornponents, intended 

for . automated assembJ.y. In this, and for many other" 

applications the Del ta Method promises to greatly reduce the 

time -'C6mplexity of the processing required ,to fdentify' an 

objecte 
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Résumé 

1 

Les invari"ants de moment peuvent, 

• 1 

être utilisés 
! 
pour 

décrire les caractéristiques' d'un objet, de façon à réduire les 

ambigui'tés et les diffièultés de rec<:mnaissance d' un système de 

vision par ordinateur. Avec des images \ contigues, certains 

moments de pixel, ou ~lément d'une image, d' un oJ;:dre supérieur 

sq.nt invariants par rapport à la translation, la rotation et 
"." 

les dimensions de l'image. Cependant, en raison des 

restrictions sur la vitesse des calculs, ces momentsrn~ peuvent 
v-"--

être calculés en t~mp~ réel, comme par exemple, d'une façon 

satisfaire les bes~ins de plusieurs procédés assez rapide pour . ' 

industriels. Afin de surmonter cette restriction, un nouvel 

algori thme, la Méthode Del ta, a été conçu et appl iqué à un-: 

procédé typiqué. Cet algorithme, simple et rapide, a été 

introduit dans un sous-système vidé%rdinateur personnel et 

vér~fié ·expéN.mental~ment en utUisa~t des pièces de tissus de . 
vêtement$ devant être assemblées par automatisatiQn. Dans cette· 

application, comme dans plusieurs autres, la Méthode Del ta 

promet de réduire oÇonsidérablement la complexité du problème , 
-associé à la durée des calculs requis pour iden"tifier 'Un obj et. 
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1.1 IntrO<M:tion 

.. Chapter 1 - INTRODUCTION AND ~HEORY 

" "-
1.1 Introduction 

In the past two decades, there has been a considerable 
l 

amount of work devotéd to develop a computer-controlled robot 

with hands, eyes, and ears, or simply an intelligent robot. The 

demand for such a general purpose manipulator has 'Qriginated 

'prilJlarily from the need to automate industrial processes, té 

explore and exploit environments 

radioac~ve and other dangerous 

handicapp~and their therapists. 

hazardous to life, to handle 

materials, and to aid the 

An intelligent robot might consist of a manipulator that 

is integrated wi th a vision,' system which represents th,ê eyes 

(the camera) and the brains or the intelligence (the 
" 

microprocessor and its application programs). 'Our concern in 

-------this research was to enhance the intelligence of a manipulator 

by developing a task-oriented control algorithm, using sorne of 

the known algorithms for edge detection and imag~ processing,. 

so the manipulator could "see" and then could compar'e images of 

objects intelligently. After consi,derable investigation, the 

method of Moment Invariants was chosen. This. met~od has the 

ability to identify an object (image) independe~t of its 

position, size, and orientation using seven invariant .. 
• parameters that de scribe a particular image. This Jmeans that 

• fo;r the 0 purpose of comparison, only seven numerical 

1 



• 

-
, , 

.. 

. ; 

1.2 Theoretical Consideration of ~oment Invariants 

,/ 

descriptors, . rather than the- entire digi tized image, need be 

stored and compared • 

Tk~s thesis deals with the design and ~esting of, an auto

mated vision system, using a fast algorithm for moment invari

ant. generation. The algorithm was pr.oven in a system désigned 
'9:" ... • 

for the identification and verification of textile components. 
~, ~ 

The design of such a system involves two steps: Creating the 
5 • ) 

appropriate algorithm" to identify the object, then verifying 

'that it i8 free of any defects. This algorithm would ultimately 

be implemented in a combined robotic-vision system that will 

analyze the data provided so as 0 to recognize and reject 

defective objects while computing the registration correction 

for objects which are slightly misaligned. The system, using 
u 1 

the delta method, is able to analyze the two-dimensional fea-. 
tures of a textile component and to generate it' s moment 

:i,nvariants with . a considerable reduction of time over 

conventional methods. It will be shown that ~ the deI ta moment , 

me1;hod of ') calculating. the moments serves both 'ln .the 

identification and the verification process (see Chapter 3 for 
"--. more deta.Lls) . 

, \ 

1.2 Theoretica1 Consideration pt Moment Invapiants 

" p 

Moment invariants have been use,p as features in object 

recognition, image classification and 'scene matching [1-21]. 

These invàriant features extracted from two-dimensional images 

are invariant under image translation, scaling and rotation . . 
The use of moment' inva,riants was first proposed by Hu [1-2] in 

1962, for two-dirnensional character recognition. The. applica

tion of moment invariants to more, /\cornple~ two;dimension.al' 

scenes was extended by sadjadi and Hall (11~14]. 
o 

2-

~. 



( 

( 

1 
( 

\ ". 

'~2 Theoretfcal Consideration of Moment Invariants 

The conc~pt of moment ·invar~ants is based on invariant . , 

algebra which deals with the properties of certain classes of 
d ' 

algebraic expressions which remain invariant under general lin-

~ear transformations. 

1.2.1 A Uniqueness Theorem Concerning Moments 

Any geometric pattern can always be represented by a 

density ~o; intensity) dist~ibqtion function f(x,y), with . 
respect to a pair of orthogonal axes~fixed to the visual field. 

" 
Tpe two-dimensional moments. of order (p+q) of an image, ~ 

computed from the continuous image intensity funétion f(x,y)," 

are defined in t~rms of Riemann integrals as : .. 

"1>q = 11 xP .yq. f(x,y) .dx.-dy (1) 

where Prq € 0,1,2, ••. } 

If~it is assumed that f{x,y) rs a piecewise continuous ,there

fore bounded function, and that it can have nonzerD values only 
o . 

in the finite part of the xy'plane; then moments of aIl or~ers 

exist and 'the'-followîng un'iqueness theorem' can be proven. / 

Uniqueness Theorem : The doUble moment sequence {mpq}' is 

un~quely determined by f{x,y); and conversely, _. f{x,y') is. 

uniquely determined by {mpq}' Hence one may use {mpqJ as a 

means of representing any two-dimensional pattern. 

\ 

I~ should b: noted that the finiteness assumption is ~ 
impo;rtanti otherwise, the above uniqueness theorem will n~ 
hold. 

3 
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1.2 Theoretical Consideration of Moment Invariants 

The computa'tions of mpq consist of mul tiplyïhg the func

tien f(x,y) by a nominal xPyq· and' integrating the result. The 

nominals of order 3 or ,less are xOyO, xOyl, xOy2, xOy3, xlyO, 

xlyl, xly2, x2yO, x2yl, and x 3yO. These are sufficient to 

describe any two-dimensional object. -Any higher order moment 

can be disregarded. 

The momerits of order p+q may also be, interpreted as the 

response of an imaging system wit.h the transfer function of, 

xPyq, anq t~e input, f(x,y). Low order moments have intuitive 

relations to objects. For example, moo is rel~ted to mass, m10 
and mOl to centre of mass and mIl' m20' and m02 to the princi

pal axes. 

1.2.2 The Moment Generating Function 
, \ 

. The moment generat.ing function of f (x; y) may be defined as 

M(u,v) = II exp[ux+;'Yl.f(x,y) .~X.âY 
" 

If u l'and v ,are conside-red as complex variables, th,is expression . ~ 
1~ a twq sided Laplace transforme For the invariant development 

b~th u and v are assumed to'be real. This func~ien can aIse be 

.. Writ~en in the form of . • 

~ 00 (u)p (v)q 
M (u , v) = E I: mpq' ., 

, . p=O q=O. p! q! 

where exponential has been expanded by its Taylor series 

iequiva ent, assuming that moments of aIl orders existe This 

,equation shows that the moments may -J:xI dete'rmined from ,the 

derivatives of the moment generation functions evaluated at'the 

origine (--" 

4 
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1.2 Theoretical Consideration of Moment Invariants , 
:. 

. 1:2.3 central Moments , 

.The central moments of f(x,y) are defined as 

(2) 

~ 

'where x = mlO/mOO ' y = m~)l/moo. The central moments Ilpq_ 
defined in, (2) may easily 'be shown irivariant under translation 

and can also.be expréssed in terms of the moments mpq defined 
in (1). 

For a digital image, the double integrals i~ mpq and IIp'q 

can be approximated by double summations as follows 

where 

and 

Ilpq = 
M'· li 
I: ' I: 

i=O j=O 
(i 

The summation 

N are the dimensions of the intensïty matrix 

( 1.1) 

(2. l:--) 

_1 

limits M 

f (i, j') Cm 
which i and j are the discrete locations of the image pixels. 

For, many industripl appl ications images can be represented. in 

black and white. Only sizè, contour, resemblance and contiguity 
are important, -n1ot the color or the shade of th~ objecte .In 

this case the intensity function f (i, j) would only have the , 
values 0 or 1. : 

The computations of mpq consist .of multiplying the func
tion f(i,j) by a corresponding iPjq and integrating the 

5 f 

Cl 



~. 

4.-
" 

.. 

.,) 

, 

1:2 Theoretlcal Consideration of Moment Invariants 

results. In the cas~ of a contiguous image, the function f(i,j) 

is always 1 inside",j;.pe, boundary o.f the object in th~ Image, 0 

_ for the background. The double-summatioris of 

( .0.0 ·0·1 .3.0) order 3 or less 1 ) , 1 ) , ••••••••• , 1 ) 

M 
mOO = 1:. 

i=O 

M 

mOl = 1: 
'i=o 

M 
m02 " 1: = 

i=o 
J 

~ 

M 
mll3 = 1: 

oi=O 

M 
mlO = 1: 

i=o 

-M 
ml1 = 1: 

i=o 

M 

m12·= 1:' 
i=o 

M 

m2'O = 1: 
i=o 

ltf 
m21, =- 1: 

i:;:o 

M 
lh30 = 1: 

i=o 

N 
,1: 
j=O 

N 
1: 

j=O 
" 
N 
1: 

j=O 

N 
1: 

j=o 

N' 
1: 

j=O 

<N 
1: 

j=O 

N 
1: 

j=O .. 

N 
1: 

j=O 

N 
1: 

j=O 

N -

1: 
j=O 

" < 

. 

·0 ·0 1 • ) 

·0 ·2 
1 • J 

·0 ·3 1 • J _ 

·1 ·0 1 • J 

·1 ·1 
1 • J 

·1 . 2 ~ 
1 '. ) 

·2 jO l . , 

·3 -0 l. • ) 

,. 

\ 

~ 

the nominals of 

are: 

( 1..a) 

(1. b) 

(1. c) 

(l.d) 

(1. e) 

(1. f) 

(1. i) 

(1. j) 

... 
Computing these 
recqr.slve nature ot 

\ . . 
douple-summatlons 15 lengthy du'e to the , 
the ~alCulatlons. 
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• 1,2 Theoretical Consideration of H~t Invariants of' 

.e 1 

" The detailed theory behind these derivations can be found • ' - ... 
,in -Elliot [23]. In this paragraph we proceed to use the above 
in calculating the central moments. .. 

-
From (2 .. 1) , the central moments of ordel: 3 are as follows: 

M N 
'ro (' 

- . 
~oo .= ~ I: (i "')0 f(' ') (2. a) - ~ . ) - J • ~,J 

i=o j=o 
~ 

M N , 
(i - I) o. (j - J)l.f(i,j) ... 

~Ol = 1: I: (2. b) 
i=o j=o 

.. M N 
~02 = 1: I: (i ') 0 (' - J)2. f (i,j) (2.'c) - ~ • J 

i=O j=o 

M li 
- J)~.f(i,j) • 

~03 1: -t (i "7"") 0 (' (2.d) = - ~ . J 
i=o j=O 

(. 1. 

M N' 
iJ.IQ = 1: I: (i 1) 1. (j .:. J) O. f'( i, J) '(2.e) 

i=o j=o 

M N . 

~11 1: I: (i.-= 
i=o j=o 

')1 (0 ~ . ) "7"") 1 f (' 0) - J • ~,J (2. if) ) 

\ ~- ./ 
M 'N -

~12 = 1: I: (i -- 1) 1. (j - J)2. f (i,j) (2.-g) 
i=o j=o 

~ 

; M N 
':I)2.(j ") 0 f (' O) .1.1.20 =.1: E (i - J • 1,)' (2. h) 

i=o j=O 
) 

M N • ~21 !: I: (i "7"") 2 (' ') 1 f (' ') (2. i) = - 1 .) - J • ~,J 
i=o .j=o 

.. M N 
-'J) O.f(i,j) 

. \ 
(i ') 3 (' (2.j) ~30 = Ii- t - 1 • J . i=o j=O 

( 
C7 

7 

0 
A 

1 
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1.2 Theoretical Consideration of Moment Invariants .. 

'From (2.1) page 5, it is quite simple to express the central 

moments in terms of the ardinary moments 

From (2.a) , iJ.OO = mOO _ 

From (2.b), iJ.Ol = rnOl-(mOl/mOO)·mO o = 0 
, . 

rn02-mOl 2/ moo 
-From (2. c) , iJ.02 = = m02-y •mOl 

From (2. d) , iJ.03.= 
- -2 m03-3.y.m02 ·+2.y .mOl 

From (2 .~) , iJ.10 1 = mlO-(mlO/mOO ) .rnOO 
, 
= 0 

From (2. f) , iJ.ll ~ mll-{mOl/mod)·mlO 

From (2. g) , - -2 
iJ.12 = m12-2.y.ml l -x.m02+2.y .mlO . 

From (2 . h) , iJ.20 = m20-mlO'2/mOO 
-= ~02-x.mOl 

From (2.i) , iJ.2l = -2 
~2l-2.x.mll-Y·~20+2.X .mOl , 

From (2.j) , iJ.30 = . -2 m30-3.x.m20 ·+2.X .mlO 

. 
• 

f 

L 

- , 

·8 

\ 
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11.2 Theoretical Consideration o~ Moment Invariants , . ' 

1.2.4 Fun~ameptal Theorem of Moment Invariant 
~ 

• To relate the.moments to the theory of inva~iant algebra, 

one may first expand the exponential term in the moment 

generation function to obtain: 

M(u,v)' = 
1 

(UX+vy)P.f(X,~).dx.dy -- . 
pl 

Now after using' 'the binomial expansion and carrying out inte

gration: 

00 1 
M(u,v) ,., ~ 

p=O 

Definitions' : ( 
.... 

p! 
'(~pOI ••• l~Op')(U,V)P. 

. 
Invariants - An invariant of a single quanti,c is such a 

1 

function of thè coefficients in that qua~t~c, that it needs at 

most to be multiplied b~ a factor which is a function only of 

the coeff~cients in any scheme of linear transformat+on to be 

made equal to the, same function. Similarly for an invariant of 

two or more quantics is such a function of the t'Wo or more 

.. sets of coefficients in those quantics, that· it needs at most' 

to be mul tipI ied by a factor Which is a function only of the 

coefficients in any schem~ of linear transformation, to be made 

equal to the same function. ~ 

9 

" 
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1.2 Theoretical Consideration of Moment Invariants 

Quantics or Fo~ms - A function of any number of variables 

x, y, z, ... which is rational, integral and homogeneous in 

those variables is called a quantic in x, Y, z, ..... If ther~ 

are two variables, x, y, the quantic is called a binary '. quan

tic. If three, th en it is cailed a ternary, if g, a q-ary forro. 

The degree of a quantic in the variables x, y, z, ... _ is gener

ally spoken of as its order. Quantics of the first, second, 

third, 'fourth, are oalled linear, - quad.ratics, cubics, 

quatrics., 

The fo1lowing homogeneous polynomial of two ~riable~ u 
\ 

and v, 11* 

= P P p-1 (p) g-2 2 f apo·u + (1) .ap-1,1· u .v + 2 .ap-2,2· u .v + ... . 

" 
q 

~s called a binary'algebraic forro, or simply a binary form, ,f 

order p. Using a notation introduced by Cayley, the above forro 

may be written as: 

a homoge'neous polynomial f (a) of the coefficients a po ', .•• 

,aop i~an algebraic invariant of weight a, if: 

where a' pO' ....• , a' Op are the new 

sUbstituting the followlng general - . 
the original forro., 

1 • 

10 

coefficients obtained from 

linëar .transformâtion into 

( .. 
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1.2 Theoretical Consideration of Moment Invariants 

[~l == [! ~J [~:J, 
• " 

'.. 
0 , 

where . 

1: :1 
\ 

6= :/= o. 

if a=O the invar1~nt ..... is called an absolute invariant; .if a:/=O it 
, , 

is called a ~eiati~e invariant. The invariant defined above may 
" depend upon the coefficients of more than one forme 

\ -
Theorem : If the algebraic form of order p has an alge-.. 

braie invariant, 

, f(' , ). - a f( . ) , a pO' • •• • • , a .. Op - 6: - apO' • • ••• , aOp ., -

, ' 

then the moment of order p has an algebr~ic invariaht 

. 
where J is the Jacobian of the transformation. 

[ -
The ~mportance of this theorem is that an invariant 'func-

"tion lof moments can be found once a corresponding algebraic 

ifunct~on exists. 

. 
A point which should be emphasized is the generality 

; .. 
involved in linear transformations. The only rest:riction was 

11 
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1.2 Théoreticat Considération of Moment InvariB~ts 
" ï . 

1.2.5 The Norma1ized Centra~ Moments 

Under the 'similitude transformation, i.e., the eqtial 
change of size in both the x and the y, ~ , 

.~. 

constant, 

'. 

each coefficien~ of any algebraic forro is an invariant 

al = pq 

'For moment invariant we have: 

Il 1 = f.!p+q+2 -II 
,.. pq 1-' • "'pq' 

, by eliminating P between the. z~rotrr o~der relation, 

1 

and the remaining ones, we have the following absolute simili

tude moment învariants: 
, 

lJ.'pq 
p+q- = 2,3, = 

IJ.-' (p+q) /2 + 1 

and 1J.'10 =.1J.'01 = O. 

As showt.: previously, the central,. .moments IJ.pq are simple 

combinations of the moments mpq. 

The no~alized central moments, denoted by "pq can now be 

defined as: 

"pq = IJ. (p+q)/2 
. 00 

,..J 

+ 1 

, 
p+q = 2,3, (3) 

12 
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1.2 Theoretlcal Consideration of Moment Invariants 

C 
B , -

... These are iJlvariant to size cJ;lange as weil as translation. ,.. 
--

From (3) it is tquite simple to express the normalized central 
-

moments in terlns of the central moments . . 
.' 

"00 = !l00 - mOO ' (3. a) 

1J.01 = 0 d (-3. b) "01 = 
IJ. 1/2 

,-

00 + 1 

, J.L02 
-"02 = (3. c) 

0 1J.0o + 1 ~ 

1J.03 
(3. d) "03 = 3/2 ·lJ.oo . + 1 

.r-

< 
.: IJ.I0 

(3.é) ~10 = = 0 
IJ. 1/2 + 1 00 

J..L11 r 

"11 = C3. f) 

IJ.OO + 1 

1J.12 
(3.g) . \ "12 = 

IJ. 3/2 + 1 00 

• 1J.20 
"20 = (3.h) 

IJ.OO + 1 

J..L21 
(3. i) 1J21 = .. IJ. 3/2 + .. < 1 

.; 00 

1J.30 
(3. j ) "30 = 

IJ. 3/2 -. 00 + 1 

( o 

./ ( \ 
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1.2 Theoretical Consideration of Moment Invariants 

" , , 
1.2.6 The Seven Moment Invariants 

A set of seven invariant moments (~), invariant to trans-
o 

Iation, scale change and rotation, has been derived from the 

normalized central moments. Detailed description and derivation' , . 
can be found in Hu [l,2J. They are: 

~1 = "20+fl02 " 

~2 = ("20-fl 02)2+4 .,,2 11 · 

~3 = (fl30- 3 ·"12)2+(3.fl21-"03)2 

~4, = ("30+fl12) 2+'(fl'2i+"03) 2 . 

2' 2 • 
~5 = (1130- 3 '''12) • ("30+"i2)' [("30+1112) -3. (11.21+1104) ] 

+(3.h21-"03)·(fl21+"03)· [3. (fl30+11 12)2_(fl21+"03)2] 

~6 = (fl20-"02)' [(fl30+"12)2_("21+"63)2] 
... . 

,..-
+4.n11" ("30+"12)' ("21+"03) 

f. 1 

<1>7 = (3:"12-"30}' (Tl30+"12)· [("30+1112)2_3 : ("21+1103)2] 

+(3·"21-"03)' (1121+"03)' [3. (fl30+1112) 2_(112'1+"03) 2] 

(4.a) ~ 

(4. b) 

(4. c) 

(4. d) 

(4. e) 

(4. f) 

(4. g) 

The skew orthogonal invariant (~7) is used for distin

guishing mirror images because it varies considerably ·ùnder 

mirroring. 

) 
The method described in,this section, can be generalized 

- to accQmplish pattern identification not only independent of 

~~ position, size and orientation but also independent of paraI leI 

projection, see Hu [1,2] for derivations. 

l , 

14 
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2. Relevant Literature Survey 

" 
cf • 

Chapter 2 . RELEVANT LITERATURE SURVEY 

Recognition of visual 'patterns and characters independent 

of position, size, and orientation in the v~sual field has been 

a research subject since 1962. In the fOllowing paragraphs a 

summary of this research is presented in chronological order : 

• 
Hu [1,2] : Reported in his paper, in 

foundation of two-dimensional moment 

1962, the mathematical 

invariants and their 
" 

applications te visual information processing. His results snow 

that recognition schemes based on these invariant,s couI.? be 

truly position, size and orientation independent, and also 

flexible enough to learn' almost any set of patterns. Hu adapted 

the moment' invariant_ method to visual pa't;,tern recognition. 

Other, authors succeeding. H,u extended his work only sI ightI'y , 

through specifie applications. The moment invariants method was 

never'considered for-any industrial ~pp~ications, because-it'is 

computationally very costly. Its ~se in, defense applicat.ions 

are extensive, however. ThIS thesis 

through ah efficient simplification, 

industr ia1 ~ppl ications tra-ctab1,e. " 
~ 

extends Hu's "theory, 

so as to make ï ts 

Q 

AIt [3] : App1ied Hu t s results, in 196,3, to the recognitic;m or 
a 

th~l\letters and numerals of a particu1ar printed font and simi-. , 

1ar pa~terns. 
, \ 

Q 
,.. 
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2. Relevant Literature Survey 

AA 
, 

" 

A AA 
Figure 2. 1 Exa~les of "simi lar" patterns. ( 

• 
In comparing his system with others which have been pro-

posed, we find both advantages and dr~~?çks. Th-ese other me~h",," 

ods use ei~her coinciaence - the pattern to be xead is matched 

wi th a standard pat~ern, and the requirement for agreement, 

wi thi~ a specified tolerance, is imposed - or they c'oncentrate 

upon certain local or topological properties or the character 

to be recognized, such as_ corners, branch points, and closed 

1001;:>s. An example of an instance where moment invariants [ail 

ois furnished by, the ,modern Hebrew alphabet, in which, e. g., the 

characters corresponding to d and r differ, only in that the 

former has a sharp corner where- the latter is rounded. This 

difference would have no. more effect on momùnts than sorne 

s-1ight noise, or change in type font. In fa ct , it is the kind of 

distinction which we wish to disregard; for in the Latin 

alphabet it is frequently meaningless (see, Fig. 2.2). 

-
.. -

, . 

AA8 

, 
Figure' 2. 2 Tw~ Hebrew characurs. d ef'!d r. dlUer only ln tho- .herpneu of • èor~r. 

,\ 
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, 2. Relevant lit,eratur'e Survey 

Lambert ["] : Performed experiments, in 1969, on the classifi-- \ 

cati-ons of printed ch~~acters ,,!-sing moment invariant feat~res 

with a reported accuracy' of .95%, i.e., 95% of ·characters read 

are correctly identified. 
".. 

Casy [5] : Used moments, in 1970, as a preprocessin~ tool to 

normalize patterns of handprinted characters'. 

1 Il 

1 hl 

Figure 2.3 Sa"1'te contours: (a) input (derived from handprinted Ais): Cb) normallzed • 

. . 

. 
l nSl"rrn 11111. ~I 

FifiUre 2." Superi1f4)Osed patterns. 

17 ~ 
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Handprinted characters can be made to appear more uniform, 
fi' 

-i.e., more like machine_ .print, if an "ap,propriate Ifnear-

transformation is performed on each input pattern. The trans

formation can be implemented electronically by programming a 

flyirtg-spot raster-scanner to scan at a number of spec if ied 

angles in addition to scans along the principal hxcs . . 
Alternatively, curve-follower normal ization can be achicved by 

tran,sforming the coordinate waveforms in a 1 inear combining 

netwc>l,k. Second prd'er moments of the pattern are convenient 

properties to use in specifying the transformation. By mapping 

~he original pattern into one having a scalar moment matrix all 

linear patt.ern variations can be removed. Comparison 

experiments with three sets of handprinted numerals showcd that 

error rates were. reduced by integral lfactors if the patterns 

were' normalized befùre scanning recognition (see Fig. 2.3 and 

2 .. 4 for normalized patterns). 

Smi th et al. [6] : Reported, in 1971, the resul ts of a study 
!. • 

undertaken to determine the feasibil i ty of automatic interprc-

tation of ship photographs using the spatial moments of the 

images as characterizing features. The photo intc-rpretiltion , , 

consisted of estimating the location, orientation, dimensions, 

and heading of the sh ip. Tl:1e study used s imu 1 ated imi\gcs in 

which the outline of t.he ship was randomly [i11cd with black 

- and wh!te cells to ~ive a 1ow-reso1ution high-contrdst image ~f 

the ship such as might be obtained by a high-'rcsolution rada.r. 

,-

1 

,-

.-- 18 
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1 f 

::1 .:} /)1 • 'r ... ~ .. ' 
~ .. 

~ 1 g, 
::§" ~ rA ,} • 

~:.l:" • 

~ !f -.. rjt .. ~ 
fI 

rI''' ". .ir 
1 

Figure 2.5 Six exemples of simulated ship images. 

Hall et al. [7-9] : Used spatial moments, in 1976, as one of 

the se~ected features in categorization of profusion of opaci

ties in medical X-rays. . 

Dudani et al. [10] : Addressed in his paper, ïn 1977, the prob~ 

, - lem of the automatic interpretation of optical imag-es of three

dimènsional scenes. - He was specificafly concerne~ li th the 

automatic recognition of aircraft types 'from optical images. An . , -
experimèntal system was described in which certain features . 
called moment invariants are extracted from. binary television 

images and are then used for a~tomatic classification. This ex-
, 

perimental system has exhibited a significantly lower error 

rate than human observers in a limited laboratory test involv

ing 132 images Qon six aircraft types. preliminary indications 

w..ere that this performance could have been extended to a wider 
/ 

class of objects. 

19 
- ' 
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, 

! 

_~:J_~-.._J~ _____ ~ '~~ .. ~ __ 
1 

Figure 2.6 Typical Images obtained wlth the experi~ntol Image 8cquls,.don ;y!>tcm. 

" 
In his investigation, a recognition class consisting of 

t) 

only six aircraft types were used. It was difficult ta arrive 
, 

at any meaningful results regarding the relationship of recog-

nition accuracy ta the number of aircraft in the givcn class 

b~cause of the fact that similarity or dissimilarity in shapes 

of air~raft under consideration greatly affects the r~cognition 

accuracy. However, for the aircraft used in the recogn i tian 

class, the accuracy of correct classification 4id not increase 

e;ignificantly when lowering the nurnber Qf airera ft· in the 

rec~gnition class ta three. 

l' ~ 

safiadi et al. [11] : Extended, in 1978, th!,! applications of 

the ~éthod of moment invariants to more complex two-djrnensional 

images wi thout changing the theory. His w~rk was appl ied- in 

space, ospy satellite!?, and in the guidance, systems of lOhg 

range missiles. Al though' Sadjadi et al. tricd to recognize 

20 
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,-
complex imàges, their work and applications were of a great 

value to this research thesis. 

Sadjadi et al. [14]: Proposed, in 1980, the use oy three-dim

ensionai moment invaria~ts as a tool for the rec6gnition of 

three-dimensional objects independent of size, position and 
1 

orientation . 

. The generalization of the resu-l t o.f 2-D moment - invariants 

which had linked the 2-D moment invariants oto binary quantics 

is done by linking 3-D moment invariants to tEfrnary quantics. 

The existence and number of n th order ~oments in two and three 

dimensions is explored. 
1 

The three-dimensional moments of order p+q+r o~. a densi ty , 

(or intensity) funct~on f(x,y,z) are defined in terrns> of,the 

Riemann integrals as: , 

~IIl 
It is assumed that the function f(x, y, z) is piecewise continu

ous and therefdre bounded and i t is zero i~ R3 space except in 

a finite part. Based on this assuÎnption it can "be proven ·that 
. . .! 

the sequence {mpqr } determl.nes unl.quely f (x, Y, z) l,. 
. \ 

The moment generation function for three di~ensional mom-
( 

ents may be defined as: 

. M(u,v,w) =IIl co, 
~ 

p=O 

,,' 

exp' (ux+vy+wz) .f(x,y,z).dx.dy 

21 
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which can be expanded into a power\eries: - " . 

<> ' 

00 1 
~(u, v, w.) 

= JII 1:: -, (ux+vy+wz) p. f (x, y, z) • dx.dy. dz 
p=O p! . .. ) 

The central moments IJ.pqr are defined as: 

IJ. - III (X-x)p. (y-y)q. (Z-z)r. f(x,y"Z) .dx.dy.dz pqr - __ _ 

wheré x = mlOO/~OOO , 
\ 

-

The normalized central moments are defined similarly, and 

the 3-D moment invar'iànts are then dèrived (see Sadjadi [14) 

for detailed derivations). This generalizatian is nat trivial 
o 

because of the difficulties which are present in the derivation 

of general ternary quantic invariant forms upon which three 
-

dimensional moment invariant rely. _ 

As a special but important subset of general ternary quan-
• 1 

tics, the class of t~rnary quadratic farms was e)Cplored and . . 
severai geometricai interpretations ?f invariants were given. 

It was stated that- every geametric property of a .,.-quadratio su'r-
r 

face which remains inVariant under rotation ,and translation can 

he presented in terms of i ts absolute forms. 

ll'te 3-Dimensional moment ÏIlwariants method proposcd here 

could be of a great val.ue to the continuation of this resoarch 

,1 

J 
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thesis since the Del ta Method, proposed in chapter 3, could be 

ultimately expanded to handle the recognition of 3-D objects. , 

~eddi [16] : Presented, in 1981, radial and angular moments of 
ôo 

images and showed the methdds, for deriving moment -functions' . -
that are invariant with respect' to rotation,' translation, ref-

lect~on, and size change without the aid of the theory'of alge

braic invàr!ants. Hu 1 s invariants were expressed in ferms of 

these radial and angular moments, and Readi claimed tha~ this . 
facilitates visual inspectioll of invariance pro'perties. 

, Let g (r ,9) be the intensi ty function in polar coordinates 
• 

[i.e., f(x,y) 

angular moments 

== g (r, a)] and define the following radial and ~ 
;' ... 

(as defined in (1»: , 

tr(k,g) = J k r . g (r ,a) . dr 

0 

'IT 

~e (p, q-, g) = J cosP a.'sinq a.g(r,a) .da· 

-7t 

. .r--
te (g) = ~e(O,O,g) 

. " 
C07t 

t (k,p,q,g) = J L rk.q(r,a) .cosp 8.sinq 8.da.dr. 

r O-'It 

Expressing ~pq trom (2) in polar coordinates we have 

CO'IT 

~pq = J f rp+q+l.cosp 8.sfnq a.g(r,a) :dr.d8 

O-'IT 

\" 

23 
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... 

= ~.(p+q+l, P, q, g) 

since x=r.cos e, ydr.sin e and d~.dy=r.dr.de. 

The seven moment invariants «(4. 1).- (~ .7) ) derived by Hu 

[1,2] could be then expressed in terrns of angular and raqial 

rnom~nt as follows : 

.lo Ml = t r (3,to (g» 

M2 == Itr(3,to(g.ej29» 1
2 

M3 , =, l~r(4,to(g.ej3e» 1
2 

M4 == 
'0 2 

1 t r ( 4 , t-a ( 9 • e J » 1 

MS = RP '3é 3 - '0 ' { ~ r ( 4 , te (g . e J ) ) • (t_r (4, ~,e ( 9 • e J »} 

M6 = RP 
. , 29 2 - . 0-

{~r(3,te(g·eJ ».(t r (4'~e(g·e ) »} 

M7 = IP j30 3 -je' 
{~r(4,te(g·e ».{tr (4'~e(g·e »}' 

Here RP and IP stand for real and imaginary parts, respec

tively. The f-unctions Ml' through' M6 are invariant _with respect 

to rotation and reflection~ whereas M7 changes sign under 

reflection. 

" 
The advantage of using radial and angular moments is' that 

it is simple to write the invariants cUrectly (without going 

through the theory df algebraiç invariants aSIHu does). Thus we 

may write: 

24 
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âs an invariant under rotation and reflection for any k and I 

since changing (a) to (e+a) or (-a) Ieaves the expression 

ùnchanged. Also instead of having a weighting function such as 

r k , one can have exponentials and similar functions in r. For 

instance: 

ca~ bé used as an invarïant. 
\ 

J 

1 

Radial and angular moments can he made invariant with 

respect to size in a simple manner. Le.t 9a=g{a.r,S) denote tlre ' 

image contractedl expanded by a and M';i. denote the new i th \ 

moment function of ga' Since 

we have: 

and hence 

Ml 
, 

'M , 
2 

M3 
, 

M4 ' 
" 

MS 
f 

M6 
, 

M7 
, 

1 

== 

== 

= 

a-4 .MI 
-8 ~ «. .M2 

a-10.M
3 

== a-10.M4 

== a-2 0.Ms 

. -14 = a ,.M6 

= a-20 .M7 

M~ through M7 

M * 2 = M2 /M1 2 

M3 * = M lM 2. S 3 1 

M * 4 = M lM 2. S 4 1 

,. 

, ... 

• can be made size invariant as follows: 

, 

- . 
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2. Relevant Lfterature Survey 

M *'-6 -

M * = 7 

M lM 3.5 6 1 

" 

It may he noted that M5* is inversely proportional to the fifth 

po~er of Ml.thus making it very sensi~ive to variations in Ml. 

Altnough it is easier to der ive the angular and l'adi~ll 

moment invariants, it is, however, more time consuming ·to cal

culate them. Comparing the cartesian _moments in (1) to the 

ang~lar and radial moments in (l'), the amount of calculations 

to he performed for each pixel in the intensity- matrix g(r,.a) 

is much greater than that in the f (x, y) ma,trix (compare 

calculating xP.yq.f(x,y~ in (1) to calculating 

rk.~osPe.sinqe.g(r,a) in (l'». 

It is worth noting that the delta method derived in th~ 

next chapter'could be expanded to apply to- the~adial and angu-
1 

lar moment invariants. 
) 

Teh et al. [17] : preseIlted, in 1985, a better, formulation of 

~ the moment invariants using the) numerical integration 

~p~roaches. The undersampling and di~itizing effects of a ~ 
digital image as weIl as the' quantization effect of the 

intensity levels on moment invariants were aiso presented. 

The transformation of f (x, y) into its discrete version 

f (i, j) .consists of sampling the continuous image function w.i th 

an M X N array of points (pixels) -and quantizing the continuous, 

intensity function into K discrete levels. The s~rnpling process 

can be viewed as multiplying f(x,y) by a sarnpling funct:.ion 

s(x,y) to ohtain f(i,j). 

, 26 
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• 

Two differen't sampling functions were considered, the tra

ditional rectangular sampling' function and tlie hexagohal func

t'ion, defined by : 
~ 

= 1: 1: €. (X-M._x,y-N .• _y) 
M=-oo N=-co ' 

and 

'co 2~-N 
= 1: 1: € • (x • x,y-N. y) - -M=-co N=-co 

respectiv~ly. Two sampled versions of the test image, f R (i, j-) 

and f H (i, j) 1 were then computed by; / 

• 

and 

respectively. 

.. . ,/ 

-
1 . 

\, 

" 
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Figure 2.7 
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IMAGE !!JZE IN PIXELS 
;-

Rotat i 0I'l i rivar i ant erro·r of a squar.e image due 
Teh et al. [1n. 

to .digit i zat ion. 

The'set of seven invariant moments given by Hu are invari

ant for the case of continuous image' intensi:'ty function. For 

digital processing the image intensity needs to be quantized 

and the formulation approximated by summations, therefore,·the 

moments are expected not to be invariant due to the ,error 
-' 

ihcroduced by the approximations. 

-
possible petter" approximation methbds .t.o calculate 

, 
the 

'> 

moment invariants by numerical integration approaches were 

discussed.and the plotted results are 'sho~n in Figure 2.8. 
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2. Relevant Literature Survey 

/ 
o 

The re~'èvance Qf this work _ is ~iminished wi th' the use of a 

. new generation of digital çameras capable of handling consider-* 

'ably - larger lntensity' matrice,s that would minimize the 
• p 

undersampling, quantization and digitization errors. 

Hat'amié\n [18] Presented, in 1.986, a fast àlgorithm al1~ its 
6 Î 't:l" 

sl.ngle chip VLSI implementation for generating moments of two-

dimensional digita,l images ,in real-time image processing 

applications. The basic building block of ~the algorithm is a 

single-pole digital filter implemènted with a single accumula-

~or. These filters are ;a~caded together in both horizontal and 

vèrtical ClÏ'rections 'in a highly regular structU};e which makes . ' 

it very suitable .for V..LSI implementation.' The chip has been , ~~ 

implemented iri '2. 5" ~ CMOS technology, it occupies 6100 ~m X 

6100 ~m of silicon area. The chip can also be used as a;general 

cell in a systolic architecture for implementing 2-D, transforms 

h?ving polynomIal basis structure. 

. . 
.. -

'. 

( 
.... 

Figure 2.9' A 2-D digital filter structure for generatlng linear cocrbination of moments of an Image 

,Hatami an [m'. . 

.. 
... --~ 
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3.1 Introduction 

Chapter 3- AN ALTERNATIVE APPROACH: THE DELTA METHOD 

• 
3.1 Introduction . 

The computations c:JIf mpq consist of mul tiplying the func

~~ tion f(i,j) by a corresponding iPjq and integrating t~e r~sults 

(see. (1)). In the case 'of a c'bntig~ous image, the "function 

f(i,j) is always 1 inS,-lde the boundary of the object in the , 

image '. 0 fo~r the background. 
f 

,The 'identification and veri,fication method should take 
r into· ... consideration important factors such as size, contour, 

resemblance and contigui ty and not the color· or the shade of 

the ply fabric. To eliminate differences resulting from the 

presence of s,tripes, cbloFs, shades or patterns, a black and 

white image (0 orl 1) has been deliberately chosen to represent 
• 0 

the object.· This supplies necessary sufficient information 
~ 

about the object, while rejecting s~perflous and confusing 

information. 

~.. ' 
For a contl.guous l.mage aIl bits are "on" (equal to' 1) and 

therefore aIl bytès inside the boundaries contairr the unsigned . 
binary integer, 255 (except those on the left and right-hand 

boundaries). The idea of the d~lta algorithm is quite simple, 

instead of performing the lengthy computations Ç>f (1. a) - (f_- j ) 

fon each pixel,. a line of pixels 1s chained and the 
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3.2 Detailed Derivation of the Algoffthm 

computations are per~ormed only once per line. This new 

algorithm simplifies the representation of tne intenslty-matrix 
~ -- -,-----

f (i, j ), where f ( i, j ) could be represented now in bytes and 
-

programmed in a higher level language ins~ead of hi ts which 

require low level language programming. It also reduced the 

scanning time by a factor of 8 since now bytes ar~ scanned,. 

instead of bits (see the straightforward approach [1-18]). For 

the first and the last byte of a giv~n line Of an image, up tè 

8 tests may have to be performed to determine the boundary (see 

subroutines BYTE-RIGHT and BYTE-LEFT ancr-their description, in 

Appendix III). Once the boundaries have been establ ished, an 

entire line of pixels is then considered as one entity, and the 

recursi ve (lengthy) calculations of the 2-D moments would be 

performed once ,per line rather than once per pixel ('as in the 
II' . , 

straightforward approach),.and if a hole is present the rest of 
o 

the pixels in the line will be ignored to magnify the flaw. 

In addition to these simplificati~ns, the delta algorithm 
~ 

introduces great reduction in the time complexity of the 

computations resulting from its short-eut equatiqns . 

..... 
3.2 Detailed Derivation of the ~lqorithm 

\ . 

This algorithm utilizes new variables and subsequently new 

equations to represent the 2-D moments. 

q"The variables are defined as follows: 

6 the number of chained pixels in row i. (seè Figure 3.1) . 

Xi : the x-coordinate of tha first pixel in row i. 

Yi the y-coordinate of the first pixel in row i. 

mpq,i: the contribution of row i to the nominals mpq' 

32 
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3.2 DetaÙed Derivation of the Algorithm 

- -_..----

) 

6 
___ -1 ~ .. oo •••••• ~ Y 1 

o · ,.fO 

Il l (.") 

Figure 3.1 lhe Delt~ method. 

Eac,h mpq,i can he expressed in terms of Xi' Yi' and 5. 

From p .. a), m60 : 1+1+1+1+ ....• +1 = S-

From (1. b) , 

From (l.C), 

From (1. d) , 
-' 

From (1. e) , 

-

mOl : y.+y.+~.+ 
111 

..... +y. = O. Yi l 

y.2+y.2+y.2+ 2 = s.y.2 m02 = ••••• -+Y i 
l ,1 l ... l 

' . 3 
m03": y.3+y .3+y .3+ 

l l l. 
• 41 ••• +y. 3 = 

l. S'Yi 

ml0 : Xi+{Xi+1 )+(Xi+2)+,(Xi+3)+ 

" ;d5.X.+(O+1+2+3+4+5+ 

= 5. Xi + ( 0+ S -1) /2 '0 S 

: S.;·i+(S2_~)/2 

..... 

~ . 
• « ! •• 

+5-1) 

+ (Xi +5-1) 

From (l.f), mil = Xj'Yi+(Xi+l)'Yi+(Xi+2).Y~+ 

~ y L' (Xi+(Xi+1)+(Xi+2)+ ..... +(Xi+S- 1)] 

The term insid a. the brackets equals rnlO .therefore, :, 

mil ;: ~ i . [ Sl i + ( S 2 - 0 ) /2 ) 

. 2 2 - 2 
From (l.g), m12 = 'i'Yi +(Xi+l)'Yi +(Xi+2)'Yi + ..•.. 

+ Xi+S-1) 'Yi2 

! 
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3.2 Detailed Derivation of the Algorithm 

= ~i2.[Xi+(Xi~1)+(Xi+2)+ ..... . 
= y i,2. [6Xi + (6 2-05) /2 ] 

= Xi2+Xi2+2'Xi+1+ •..•. +Xi2+2(S-1) 'Xi+(S-1)2 

By grouping terms an~ factoring out Xi' this 'becom~s : 

m20 ~ s,xi2+2. (0+1+2+J+4+ ••.•. +s-i) ... Xi+(~+1+4,+g,+ 
+ 0000" +(6-1)2) 

Using the polynomial theorem 

~ m20 = S.Xi2+{S2_ S).Xi+ 
S-1 

I;, 

n=O 

where the last ter,m: 

S-1~ r 

I; n2 = SJ/J-S 2/2+S/6 
n=O ' , 

So the total contribution from (l.h) is: 

= ,S.Xi2+(S2_ S) ,Xi+1/ 3 S3-1/ 2 S2+1/66 
,~~ ~ 

From (i.i),'m21 = Xi2'Yi+(Xi+l)2'Yi+(Xi+2)2.Yi+ 

+(Xi+ S- 1)2' Yi 

" = Yi,[Xi?+(Xi+1)2+(Xi+2)2+o: ..• +(Xi+S- 1)2] 

= Yi. [contribution from one row of m20] 

= 1i .[ SOXi2+(S2_S).Xi+1/3 S3- 1/ 2 S2+1/66 

From (l.j), m30 = XiJ+(Xi+1)J+(Xi+2)3+ ••.• ". +(Xi+S-1)3 
, 

= Xi3+Xi3+j.Xi2+JXi+1+XiJ+3.2.Xi2+J.22·Xi+l.23+ 
? 

+ .•••• +XiJ+3(S-1) .Xi2+ j .(S-1)2Xi+(6-1)3 

By grouping terms similar to m20 this becomes : 

m30"= S.Xi J +3• (0+1+2+3+4+ ••••. +S-1).Xi2+3 .(0+1+4+ 
, -

. 2 i 3 +9+ ..••• +(6-1) ).X +~O+1+8+27+ .•••• +(6-1') ) 

i 34 
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;3.2 Detai le<t Derivation of _ the Algorithm l' 

\ 
, 

Using the polynomial theorem 

m30 = S.Xi3+3.(S2_S)/2.Xi2+3.[S3/3J~2/2-S/6].Xi 

, , 

S-l 
+ 1: n 3 

n=O 

where the last ~erm: 
( 

... 
Sc the total contribut~on from (l.j) is: 

m30 = S.Xi3+3 • (S2_S)/2':'Xi2+3.[S3/3-S2/2-S/6].Xi. 

+S4/4-53/2+52/4 

~ 

The above can be summarized' as fol1ows . . 
From (l.a), mOO . = S ~ _ ,1 

'\ 

From (l.b), mOl, i = 5·li 

From (I.C) , m0 2- i -, = S.Yi 2 

,. 3 From' (1. d) , m0 3, i = ft· Yi , 
, 

J 

From (l. e) , mlO,i = SXi+(s2_5)/2 

From (l.f), mll, i = ~i·[SXi+(S2_S)/2~ 

From (l.g) , m12, i = Yi2~[SXi+(S2_S)/2] .. . 
From' el. h) , m20, i = S.Xi2+es2-S).Xi+s3/3-s2/2~5/6 

1 

From (l.i), m2l,i =·Yi.[S.Xi2+{S2_S).Xi+S3/3-S2/2+S/6] 

From (l.j), m30,i = S.Xi3+3.(S2_S)/2.Xi2+3. -[S;l/3-S2/2~S/6].Xi 

+S 4/4- S3 /2+S2 /4 
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3.2 Detailed Derivation of the Algorhhm 

} We define th~ following abbreviations for the, suros : 

&-1 
Sl = t 

n=O 

&-1 

1 
/ S2 = t 

n=O 
~ 

&-1 r 
!, S3 = t 
i n=O ~ , 
1 . 

n3 = (&4/4-&3/ 2+&2/ 4) 

repint the' contributions' to mpq from, each ' The mpq , i 
~ 

line of pixels, in another words: 

N 
mpq = I: mpq,J 

;,j'A; 
i=o f 

<JI-

, 
1 

Using the {)1, S2, and S3 simpl ifieations, the mpq,i ealeu-

lations are reduced ta , 
" 

" mOO,i - S .. (l.a') 

-
mOl,i. S'Yi (l.b') -

2 . 
m02,i - S'Yi (1.e') 

3 (l.d t
) m03,i - S'Yi o " 

• 

ml0,i - S'Xi+S1 (l.e') 

-
mll,i - Yi' [ &'Xi+81 ] = Y'i .ml.O, i (l.f') 

<1 

m12,i 
2 [ &'Xi+S1 ] - Yi2"·ml0,i (l.g') = Yi • -

m20 ,i = 2 S'Xi +2.S1.Xi+82 (l.h') 

m21,i - Yi om20,i (l.i') 

~ 32· (l.j') 
\-- ~ m30,i - S'Xi +3.81.Xi +3.S2.Xi+S3 
oÔ-

~ 
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3.t Detafled Derivation of the Aigorfthli 

Calculating the central '. moment (~pq)', 'Ohe nermaliz~d 
1 

central moments ('I1pq) , and. the moment invariants '(cp 1 s) is a 

simple task, which can be done quickly since these moments cari 

aIl be represented as a linear combination of the 2-D moment 

(mpq) , which has te b~ calculated only once. 

\ 
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4.1 Introduction 

Chapter .. DESCRIPTION OF THE IMAGING SYSTEM 

4.1 Introduction 

This thesis deals with the design and-implementation of an 

automated vision system. The software and, the hardware have 

been implemented and this chapter' provides a detailed 

description of the integrated system. 
, . 

4.1.1 Experimental set-up 

The iptegrated system shown in the pi~ture of Figure 4.1 

is the result of research which achieved an industrially 

feasible, co st ef~ective industrial vision system which 

combines a cornmercially available camera sub-system with a PC

AT. The system consists of of the following components: 

1- Hewlett Packard PC Vectra (IBM AT compatible) equipped with 

an 80287 co-processor. 

2- An lDETIX vision sub-system by MICRON TECHNOLOGIES INC. 

equipped with an I~256 OpticRAM, a 63701 microcornputer and a 

MOS digital camera. 

3- 150 watt light source. 

38 
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4 •. 1 Introduction 

4- An .pptical bench 1.5m in length ~nd a lm by lm blackbo~rd 

(for the backgrôund) • 

" •• , 'J 

Î L 
~ :...-

Figure 4.1 The Integrated Vision System. 

4.2 The IDETIX System 

... 
The IDETIX is a simple, inexpensive solution to numerous 

applications requiring a low cost, aIl digital imaging sub

system. Its electro~optfcal ~ystem is suitable for use with any 

IBM PC/XT/AT compatible computer. The IDETIX has been designed 

to interface easily with customer-generated software. 

The low cost of IOETIX is directly attribut?ble. to the 

technological advance representéd by Micron's OptiCRAM. In 
\. 1 " .. 
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4.2 The IDETIX System 
r. 

terms of cost per pixel, the opticRAM represents a lOOOX redue-. . 
tion in priee over earlier generation image-sensing chips such 

as the CCD (Charge,Coupled Deviee). 

4.3 system Hardware 

./\ GRAPHies 
DISPLAV 
MONITOR 

RS422 
CABLE 

"",1.''1.", .. -.-~ - - - --. 
1 
1 
1 

IOETIX~ 
CAMERA 

HEAD 

BII·Shce 
Addres5 

Generalor 

1 ~~~~ ,- -CAMERA iiËÀo:--1-"\ 
100 Feet 1 DIUerenllat Image Array 1 

1 
1 

MICro-
1--~....--4 Conlroller 

1 Slate 
1 Machine' 

1 1 
L ______ ~------_-~-----J 

Figure 4.2 Hardware Block,Dl8gram. 
Micron Technologies Inc. [24]. 

4.3:1 The IDETIX Camera 
i 

Recelversl IS32A or 1 
ollvers IS256 1 

- 1 L. _________ ~_ ... 

'The opticRAM, the heart of the system i6, 19cated in the 

camera head (see Figure 4.3 for th~ camera head drawing). The 

camer~ head and host computer are conn~ted via an RS422 cable 

up to 100 feet in length. 
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4.3 System Hardware ' 

lUS 
/ r 

III .. US 

- 1 
- ! 

, 
J, 

, 
, 

. ~ t\ , . 
'l~ " . ~ n -~.~ . 

'" «ri 

-., r-, " 

341$ 

, $1 

f r-.L .0 

~ ~ . 
~ , ~ 

.f- ,. 
~ . t-~ 

- .. ;.!:: -. 
301 

,-

" . 
Figure ".3 Camera Head Drawing. 

Micron Technologies Inc. tZ41. 
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o 4.3 System Ha;dwa;e . 

.. 1 
; 

4.3.2 The opticRAM r 

.1 

The 1S256 OptiCRAM image sensor is a solld-state device 

capable of sensing an-image and translating,it to digital com

puter-compatible signaIs .. Each of the four arrays on the chip 

contains 65,536' sensors arrartged as 128 rows by 512 columns of . 
sensors (Figu::,e 4.4 for whole chip diagram and Figure 4.5 for 

array pair topological information~. In our application we 
.-

utilized onli one of the arrays since the arrays ~re separated 

by an optical "dead zone lt 87 milCrons wide. However, t aIl al?rays 

can be used. 

q 

/ 

As 
, 

,. 
Dln CAS 

:... .. 
.. ,.. '1 

WE:, Dout 
, 

,.. 
l A6 fiAS'; 

J Li ~ 

: 
~ 

l Al Ao' , 
.. 1 

A2 " 
u 

lA 
1 4 

AI A5 

,/ .. 
'" One array pa" as ,lIuslraled ,n IOpologlcal mlormaloon 
B Column decooer spac,n9 bel .. een array p."S 3579 .. 1 

C Rows 0127 

r 
to' 

(,,.. 

o Rows 128 25~ .. ~ 
È Rows 255-383 • 
F Rows J8.4 511 

Fiqure " .. " IS256 OpticRAM whple chip. 
Hic~on Technologies loc. [2f1. 
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4.3 System Hardware 
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'Figure 4.5 IS256 OptlellAI4 Topologieal Information. 

Micron Technologies loc. [24]. 
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4.3 System Hardwllre 

4.3.3 The ~37f1 Microcomputer 

T.he 63701 rnicrocomputer, a second source CM OS jE PRO M, 

peripheral interface onbôard version of the 6801 extended 

Motorola 6800 , is only a part of the interface. It has one 8 

bit port for data transfer between the PC hast and thè 63701 

internaI rnernory. This bus is also \lsed ta t:çansfer data to the 

4-bit microcornputer sUces' internaI dual port ram (see (24) 
1 

for further details' on the 63701 micro and i ts interface). " 

c~rnmunication between the PC/AT and the microcomputer'\.. is 

via an 18 byte command "and data register set and a status re~

ister. 

4.4 system Software 

IDETIX is an intelligent machine VISIon subsystem. The MOS 

(Metal Oxide Semi-conductor) sensor based camera r head is con

nected via RS422 interface to the control 1er board. IDETIX 

drivers are suppUed as a .. subrbutine library coded in assembly 

language for efficiency. 

,'" 
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4.5 Testing Environnent 

.. ".5 Testing Environment 

Several hundred images were digitized and co~seqtiently 1 

their mome'nt invariants computed in order to establ ish: 

1) The 'best method of lighting, 

2) The amount of light required to produce the best image, 

since three factors were· involved: ,-
à) changing the exposure time 

h) changing the f-stop on the lens 

c) ch,anging the intensity of the light source 

• 
3) The best lens, given a maximum distance betw.een lens and 

obj ect of 1. 5 m. 

The combination of factors that produced the best image 

was then established and the selection is as follows: 

Lens : FI. 6, 8. 5mm (wide-angle) 

Light • · 
spectral 

(see. the 

f-Stop • • 

Exposure 

a COmbinatio~ 
reflections using 

section on lighting 

8 

1 

~OO time 1: msec. 

front , l' ' . d"~' ( l.ghtl.ng an ell.m~natl.on of 

150 Watt incandescent light-bulb 

cons-ïderations) 

Obj ect : a 50mm X 250nun white obj ect. on a black background, opr, -

vice-versa. This size: was chosen solèly 50 that the image could " 

be displayed on a CRT terminal with 200X640 resolution, so that 

the camera digitization is displayed on' the CRT monitor. In a 

45. ,. . 
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4.5 festins Environnent 

fully automated set-up, the C,RT image is n?t. ~equired and 

larger obj ects can be digitized and recognized .. 

opticRAH Physical Area UseeS : only rows 300 - 379 and columns 

160 - 319 of array' E (see Figure 4.4 of the opticRAM chip) were 

used to minimize lens distortion, since wide-angle lenses 

suffer images with considerable edge distortion 

S'-Distance : a distance of 1.25m (less than the maximum of 

1. 5m) was used between the lens'> and the object. ,This distance 

allowed the object to fi11 65% of the 8Q X 640 matr±x on the 
, 

CRT monitor, leaving space for the object to be trùnslated and 

rotated. 

/ 

. 4.6 Lens Selection and Sample caIcul~!Jons 

J 
4.6.1 -Lens Selection 

The lens supplied with the IDETIX system is an Fl. 6 16mm' 

'lens with adjustable f-stop and focus control. The f-stop con-
" 

troIs the amount of light adrnitted through thé lens while the 

focus control focuses the image on the surface of the OpticRAM. 

In our particular application a wide angle lans' is requirect for, 

close-up v iewing. 

The selection of a lens requires the consideration of many 
~ . 

parameters such as lighting, edge sharpness of th~ secne, and 

distance from the camera to the scene. The lens prov ides a -pro-' 

jection of the scene into 'the OpticRAM. This means if the lens 

is' not selected properl'y or is misadjusted, the information 

-that the OpticRAM sees will not adequately represent the scene . 
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4.6 Lens Selection an 1 S~le Calculatfon 

. The fe l'lowing eqiIations represents basic lens optiès: 

...,.. 

) 

M(magnificat;on) 

FCFocal length) 

œ~CT 

= Image Field of View/opticRam size 

= S'/S 

= F/CS·F) 
= (S"F)/F 

= S'/CM+1) 

= (S*H)/(H+l) 

= (S+S')/CH+2+Cl/H» 

= (M*(S+S'»/CH+1) 

S'(lens to abject Olstance) = S*K 

= F*(M+l) 

=CS*F>/CS' F~, 

F 19ure ". 6 Si~le Lens Equations. 
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4.6 Lens Selection end Sample Calculatlon 

4.6.2 Sample Circulations 

-Given the average distanc~ SI =1250mm, the magnificatLon 

(M) required to project the object on the OpticRAM 

M = (1250rnm-a.5rnm)j8.5mrn = 146. 

Accuracy is the degree to which the rneasurement represcnts . 

the true valu~ of the quantity being- rneasured. Undcr ideal . . 
conditions, error in accuracy will not exceed the resolution of 

the me~surement.systern. When measuring the ,distance betwecn two . 
edges of -. an image, the accuracy is equivalent to one e] ement 

,per edge when~the optical image of ~he object's edge is sharp. 

~ Thé~resolutïon is equivalent to t e leas~ resolvable ele~ '':] f 
ment or increment, i.e., one pixel, n this case: The scene 

resolution; on the other hand, is the pixel size multiplied b~ 

the, lens magnification (element size is one I;'ixel of 4. 64~ X 

4.64~). 

Rh = The horizontal resolution of the object 
" 

= M (magnifica tion) X Horizontal Size 

= 146 X 4'.64 X 10-3 = 0.677mm 
J \ 

C 

• 
Dh = The percentage of the smallest horizontal 

detected 

= (O. 677mm /250mm) X 100 = 0.271% 

~ Ry = The vertical resolution of the object 

= M(magnification) X Vertical Size. 

= 146 X 4:64 X 10-3 = d.677mrn 

distance 

, 

, p 

Dv = .T-ne percentage of the smallest vertical di,stance detectod 

= (O.744mm / 50mm) X lO~ = 1.351 

f ; 
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'4.6 Cèns Selection ~nd Sa~le Calculation 
- 1 

Therefore the smallest area detected (in percentaqe) qiven 

a magnification (M) of 146 times and an objec~ of 250mm by.50mm .. 
is equivalent to the res~lution (or accuraoy) R • . 

, R = 0.271% X 1.345% 

= 0.360% reso1ution (or accuracy). \ 
1 

1 

In general:, Gi ven the magnification CM), and the s-ize of the 

obj ect (a an? b), the resolution (R) could be calculated ~s 

. follows: 

Rh = M X·4.64 X 10-3 

Rv = M X 4.64 X 10-3 

Dh = 
Rh 

b 
X 100 

Ry 
X 100 D = v ( 

a 
/ 

R ::0 Oh X Dv 

0.464 2 X M2 

R = 
a X b '7 

( 

/ 

/' 
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~.1 The Stralght- Forward Approach Program 

Chapter 5 APPLICATION SOFTWARE 

-------------~------------------,------ - - -----"- -

, r 

5.1 The straight-Forward Approach P~ogram 

To verify the feasibili ty of using the moment invariants 

rnethod and the running time required, implementation progrùms 

were written in both Turbo Pascal and Fortran-77, using a 

Hewlet;t Packard Vectra ~ 

The FORTRAN-77 program starts by generating (simulating) a 

d.igi tized image of size 256 X 256. It then calculates the 2-D 

moments in a recursive loop and ul timately the moment invori

ants. The program required much more than the pro-set l imi t of . -
1 second beca\lse of the recursive nature of the calcu lation, in 

fact for that size of matrix the rur;ning time rcachcd om~ 

minute (see complete listings in APPENDIX l'and timc complcxity 

. analysis for the time spent) '. 

5.2 The Del ta Metlhod Pro..9ll!n 

At first, the delta method was implemcnted in Turbo-Pas

cal to'verify the feasibility and th~ running time. Tho input 
-

was a simulated i]l\age of 

program took considerably 

for a complete listing of 

1 
1 

, 
128 X 512 bits of information. This 

less t'han one second (see APPENDI X II 

the Turbo- Pasea 1 program). 
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5.2 The Delta Method Program 

Once satisfactory results had been aChieved, an 

application prograrn, that interacts with the IDETIX system and 

uses the delta. method, was \t,'ritten. This program i5 listed in 
, 

APPENDIX III and the follow!ng is a detailed descrip~ion(of the 

program : ) 

Lines 001':'690 setting the IDETIX hardware parameters 

, 
Lines 700-720 subroutine ,ta r-eset the IDETIX 

and/or stop the 6amera , 

Lines 1010-3240 calling the camera driver system routines for 

image digitizing, image enhancement apd di~play of image on CRT 
-1 

Lines 4000-4100 : service the keyboard for interactive prograrn

rning "c" will calculate momènts and print resul ts "C" will cal

culate moments and display the resul ts. ilL". or "1" will look at 

memory location APTR(5)+C, where the enhanced image -is stored. 

"D" or "d" .will calculate first the dimension of the object in 
\ 

pixels for further enhancing of the edges ~ Then it will store 

the seven invariants for later comparisons. This should be done 

before "c" or "C". "S" or "s" will stop the, IDETIX camera. "R" 

or "r" only these keys will resume camera operation. "P" or "p" .. 
will print the image on an Epson printer. 

"Q" or "q" will quit. the pro",ram. 

Lines 5300-531:3 

ing. 

6000-6200 

black pixels. 

nes 40000-40011 

printer. 

subroutine to 'set the parameters for enhano-

subroutine to calculate the number of white 

subroutine to print the image on an Epson 
- , 

l' 
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· 5.2 The Delta Method Program 

Lines 45000-45200 : subroutine CALCULATE l,' this subroutine 

will calculate the delta S, Xst ' Yst (Xi and Yi in Figure 3.1) 

and the Ïnpq' s . 

Lines 45110-45230 : subroûtine BYTE-LEFT, this will find the 

left edge of the' image. ~ 

Lines 45240-45280 : subroutine BYTE-RIGHT, this will find the 

right edge of. the image. 

Lines 45290-50460 subroutinè C~LCULATE 2, this will calculate 

t;he seven ~nvariants that répresê9t tlte im'age. 

Lines 55000-55070 : 'subroutine LOOK, this will print or display 

the image in HEX number,s. 

Lines 56000-57000 : the two subroutines that will calculate the 

size of the object and then store the first set of moment 

, invariartts for later compa~isons . 
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5.2 The Delte Method Pr~r8111 

Il 

\ 

Figure 5. l The Infor~tîon Displayed By The Del ta Hethod Interactive Program. 

The delta method reduces the amount of recursive calcula

tions n~eded to compute the moment invariants. Using an opti

mizing compiler the average running time for a pr~am with a 
matrix of size 80 X 640 was 0.64 seconds. (see Figu e 6~1 ta . 

• 6.28 for running time). 
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'.3 CCIIJlIlellfty Anelysls 

1 

,5.3 complexity Analysisl-

. 
5.3.1 §pace complexity 

The'advantages of the delta (6) method over the straight

forward (S) method, can be shown by a comparison of the time - , , 
complexity (running time). The space cbmplexity (space occupied 

" J 

by the data required for processing) of tr.e two meth.ods is 

similar. 

À 

5.3.2 Time complexity 

Tc compare worst case running t'ime' for' both the [) method 
• 

and the S method, assume that the im.age oecupies the entire 

intensity matrlx f(i,j)., 

In the S metpod a maximum of 10 additions and 20 mUltipli-. 
cations is required for each pixel, over the entire image 

matrix M X N, as each 'on' pixel contributes to th: mpq's (see 

'(l.a)-(1.j». 

, 
In the [) method a maximum of N+6 addition:;; and 25 multi-

plications is required for each line of pixels_, ,over the entire 

image matrix M X N, in order to calculate mpq, i for the corre

sponding line of pixels i. (see (l.a')~(l.j'». 

To calculate the order of tirne complexity for the inten

sity matrix '~f~,j) of size M X N : 

3traightforward method 

# of additions = 10 X M X N 
" ) J 5 .1) 
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5.3 Complexfty Analysfs 

# of mul tipI ic~tions = 20 X M Ii" N -

Delta method :. 

# of addi tiens = (N +6) X i?\ 
# of multiplications = 

. ~ 
25 X M 

( , 

a 

(5.2) 

.\ (6.1) 

(,6.2) 

For- an 80287-8 co-processor the average number of clock 

cycles, 'for a singl_e mUltiplication, (64 bit real)', lS 140. 

cycles, and for a singl~ addition 1Ghe average is 110 (see 

[22) • 

comJ5ining < 5.1) and (5.2 L, (6.1) and (6.2) gives~: 
o. , 

.stra,igjltfoÏward method . . 
Average # of clock cycles 3900 X M X N (5 ), 

Delta methog: 

Average # of clock cycles M X (110 N + 41:60) (6) 

The ratio of <,5) over (6) for" a reasonable 1arge 'N is givenÔ as 

follows (see Figure 5.2): 

20 

t 
f( H) 

.", 

(3900 X- N) 
-------- ~ 35' 
(110 X N + 4160) 

((N) 3900N 
, lieN + 4160 

. 0~--------~~r------------r~--------___ 
1 e 18"9 

(f' 

• 
Figure 5.2 The Time c~lexhv Ratfo. 

r 
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'6.1 Testlng Re!'ults 

. " J 
c 

, 

DXSCUSSION AND RESULTS , , 

.. 

o 

6.1 Te§ting Results 

In order to verify the r~solut1on (~ccuraby) of the "camera 

anc:~ the sensitivity of the moment invariants, an object was 

rotated, translated, 'punctured t truncated and distorted 

slightly by flawing and adding àppendages t~ the edges. 

\ 
2 1 

The abject shown in Figure 6.1 was digitized and its 
1)' 

moment invrri~nts. caleulated using tpe delta method. :hese 

moments were ,stored to be Jeompared later by ~ t'he' next" set of . 
moments. The image was then rotated and in the sarne time 

, 0 

-t:ranslated iIf the X-direétion ~nd in the Y.-direction (see 

Figure 0.2-6.10). In the next set of data the object was 

punetured using an ordinary paper puneh with a hole diarneter of 

7mm (less than 0.4~ % of the totai area) (Figure 6.11-6.19), 

.. and tJdifferent eombil1ations of-" rotations and translations were 

applied. ~ 

The object was next distorted slightly -by, the addition of 

materi~l, 1".2 ~ of the tot'al area, in Figure 6~20-6.22 .and 0.67 

% in Fi9u;e 6.23-6.~5. -', < • 

Finally the object was cut diagonally in three different ways 
> • 

to simulate a 'situation when the robotie picker fails tâ pick 

up the pi:~e of fabric properly (see Figûre 6.26-~.28). Figure 

'56 . 
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6.1 Testing Results 

6 ... 29 summarizes the .experimentation -resul ts and lists ·the <1> 1 s 
, 

and their percentage deviation tram the original image. 

J 
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6.1 Testing Resulta 

r 
r 

" 

Figure 6. 1: Image # 1. 

0 

TIMI 131'0014:5 

y. 
r. 
r. 
r. 
~ 
r. 
r. 

... 58 

MIO) 
MIl) 
M(2) 
!'I(3) 
M(4) 
M1~) 
M(6) 
M(7) 
M(8) 
M(9) 

MUIl) 
MU(2) 
MU(3) 
MU(4) 
MU(!5) 
MUeo) 
MU(7) 

ETA(1 ) 
ETA(2) 
ETA(3) 
ETA(4) 
ETAI~I 
ETA(bl 
ETA('" 

PHI 111 
PHI (21 
PHI (3) 
PHI (41 
PHI (:5) 
PHI (61 
PHII7I 

TlJ12 

CHANGE 
CHANGE 
CHANGE 
CHANGE 
CHANGE 
CHANGE 
CHANGE 

0.8336460+07 
O. 2770610+09 
0.1149870+11 

- • 0.~344120+12 
0.29;72390+10 
0.991'4780+11 
0.4131920+13 
0.4487020+14 
0.1~1~710+1b 
0.6174:530+1:5 

0.4381040+14 
0.2290630+10 
0.3609860+09 
O. 493~900+ 17 
0.833931 D+1:5 
0.8970780+1b 
0.7773100+14 

- 0.6303970+00 , - 0.3296030-04 

· 0.~194300-0~ 
~ O. 24~987D+OO 
0. O. 41 ~600D-02 

0.447070D-01 

· 0.3873830-03 

· o. 630430D+00 

· 0.397360D+00 - 0.7241:58[)-01 

· 0,6460:500-01 

· O. 4418420-02 

· 0.4200080-01 

· 0.19902:5D-02 

TlM3 
Ct. 

13100146 

I~ PHI(l) - 0.0r. 
IN PHI (2) · 0.0r. 
IN PHII31 · O:OY. 
IN PHI (41 - O.OY. 
IN PHI(:5) · o.or. 
IN PHI lb) - 0.0r. 
IN PHI (7) - 0.0r. 

J 



6.1 Testing Resylts 

( 

Figure 6.2: Image # 2. 

H(O) 0.8642970+07 
H(ll 0.2778780+09 
M(:2) 0.1146820+11 
M(3) • 0.!5318740+12 
M(4) • 0.308:5860 .... 10 

l- M (:5) 0.1000900+J2 

i' 

~ 
M(6) 0.4168810+13 
M(7) 0.4600960+14 
M(8) 0.1536470+16 
M(9) 0.6437130+15 ., 
MU(ll 0.4490790+14 
MU(2) 0.2:534240+10 
MU(3) 0.876944D+09 
MU(4) O. :5206:510+ 17 

(. 
MU(:5) O.Bl0~180+1:S 
MU(6) O. 90:53930+ 16 
MU(7) 0.729:5780+14 

Q 

U ETAit) - 0.6011690+00 
ETA(2) 0.3392:520-04 
ETA(~) - 0.1173940-04 
ETA(4) - 0.2370770+00 
ETA(!5) - 0.3689300-02 
ETA(6) • 0.4122680-01 

il. ETA(7) - 0.3322110-03 

PH,I (1) - O. 6012030+00 
PHI (2) - 0.3613720+00 
PHI (3) - O. 6629470-01 
PHI (4) - 0.:5969:540-01 
PHI (:5)" - ,O. 37:5:5030-02 
PHI (6) .. O. 41 :50660-0 1 
PHI(7) .. 0.1644480-02 

TIMI 13/08:24 TIM2 TIM3 13/08:2:5 

" 
" CHANI3E IN PHI(!) - -4.67. 

/ 
" CHANGE' 1 N PHI (2) - -9.17. 

" CHANGE IN PHI(3) - -8.:57. ttg 
Y. CHANGE IN PHI (4) - j7.67. 
" CHANGE IN PHI(!5) .. -1:5.07. 
'7. CHANGE IN PHI lb) - -1.27. 
" CHANêE IN PHI(7) - -17.47. 

r 
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6.1 Testing Result, 

... 

/ 

• 

1 

.. 

Figure 6.3: Image # 3. 

/ 

iF' 

( 

0.9094830+07 
O. 278:564 0+09 
0.1148200+11 
O. :5332780+ 12 . 
0.3268790+10 
O. J 020490+ J 2 
0.4286870+13 

MCO) 
1'1(1) 

1'1(2) 
1'1(3) 
1'1(4) 
111:5) 
1'1(6) 
1'1(7) 
1'1(8) 
1'1(9) 

• 0.4873980+14 
.10.16009:50+16 

O. 688:5920"'1 :5 

MUO) 
MU(21 
I1U(3) 
MU(4) 
MUC:51 
MU(6) 
MUC71 

ETAU) • 
ETA (2) • 
ETA(3) 
ETA(4) • 
ETA(:5) • 
ETA(6) • 
ETA(7) • 

...fHIlll • 
PAl (2) 
PHI (3), 

'PHI (4) 
PHI (:5) ., 
PHI (6) 
PHI (7) • 

0.47:56490+14 
0.2949910+10 
0.-192984D+l0 
0.:5623230+17 
O. 778942D+ 1:5 
0.9246670+16 
0.6637820+14 

0.:57:50400+00 
O. 3:566320-04 
O. 2333100-04 
0.22:54230+00 
0.3122~20-02 
0.3706900-01 
0.2660960-03 

0.:57:507:50+00 
0.33066:50+00 
0.:5898720-01 
O. :5362720-01 
0.301:5980-02 
0.4227930-01 
0.1271100-02 

TlMt 13110112 H1'I2_ Tlt111 13110113 

60 

~ CHANGE IN PHI(t)· -S.8X 
X CHANGE IN PHI (21 • -16.8~ 
X CHANGE IN PHI (3) • -19.:51. 
X CHANGE IN PHI(4) - -17.0Y. 
r. CHANGE IN PHI (:5) • ~31.7Y. 
" CHANGE IN PHI (61 - O.7X 
li: CHANGE IN PHI(7) • -36.11. 

, 



6.1 Test ing Resul ts 

( 

Figure 6.4: 

/ 

(, 

61 

Image # 4. 

MeO) 0.815388D+07 
M(I) 0.2ôQ0880+09 
M(2) 0.II083~0+11 
M(3) O.~11140D+12 
M(4) O.2Q27270+10 
M (:5) 0.9ô:5997D+l1 
M(ô) 0.397Q790+13 
M(7) • 0.4707440+14 
M(8) 0.1:5:5291D+16 
M(9) 0.6075990+15 

MU(l) 
Mu(2) 
Mu(3) 
Mu(4) 
MU'S) 
MU(6) 
Mue]) 

ETAO) .. 
ETA(2) .. 
ETA (3) • 
ETA(4) .. 
ETA(:5) .. 
ETA(ô) .. 
ETA(7) '. 

PHI (l) .. 
PHI (2) .. 
PHI (3) .. 

PHI (4) .. 

7 PHI (:5) .. 
-PHI (ô) .. 

PHI(7) .. 

1 

0.4602350+14 
0.2203310+10 
-.374624~07 
0.4649080+17 
0.8097600+15 
0.8808360+16 
0 .... 443660+14 

0.ô922310+00 
O,331395D"04 
-.:5ô34ô:50-07 
0,2448820+00 
(j.426:52ÔO-02 
6.4ô39640-01 
0.3,\0810-03 

0.4922640+00 
0.4791380+00 
0.73128:50-01 
iŒt426330-01 
1>': 4404720-02 
0.4140920-01 
0.2026270-02 

TII11 13116113 TIM2 Tll1313116114 

( , 

y. CHANGE IN PHI(!) .. 
Y. CHANGE IN PHI(2) .. 
Y. CHANGE IN PHI (3) .. 
Y. CHANGE IN PHI(4) .. 
Y. CHANGE IN PHIC~) .. 
y. CHANGE IN PHI (ô) .. 
Y. CHANGE IN P';fI (7) .. 

p 

\ . 

Q.8Y. 
20.6r. 

1.0Y. 
-o.SY. 
-0.3Y. 
-1.4y' 

1.By. 

" 
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6.1 Testing Results' 

Figure 6.5: 

-

.. L 

62 

Image #1 5. 

MIO) 
MO) 
M(2) 
M(3) 
M(4) 
M(!5) 
M!6) 
M(7) 
M(8) 
M(9) 

, 

.. 

0.8482830+07 
0.29607:50+09 
0.1280920+11 
0.6196830+12 
0.3067~10+10 

O. 1062~80+12 
0.4!51j12S1jl0+13 
O. 4986~:50+14 
0.1696020+16 
0.6422890+1:5 

0.4a7~620+14 
O. 247~330+10 
-.80741:50+09 
0.4923320+17 
0.941j11840+1!5 
0.9790060+16 

MU(I) 
MU(2) 
MU(3) 
MU(4) 
l'IU(!5) 
MU(6) 
MU(7) .. 0.9161320+14 

ETA(ll 
~TA(2) -
ETA(3) -
ETA(4) -
~TAI:S) -
'ETA(6) -
ETA(7) -

0.677~61D+00 

0.34311940-04 
-. 1122060-04 
0.234913ti+OO 
0.4:528960-02 
0.46712:50-01 
0.0437126,0-03 

PHI Il) - 0.677:596D+00 
PHI(2) - 0.4:590:51D+00 
PHI(3) - 0.68:50130-01 
PHI (4) - 0.:59:5:5:540-01 
PHI(!5) - ,,0.3803130-02 
PHI(6) - 0.2903610-01 
PHI(7) - 0.1799940-02 

" 

TIM1 1;$112140 TIM2 TIM3 13112141 

Y. CHANGE IN PHl~l) - 7. :5X, 
X CHAI'IGE IN pHI 2) 1!5.:$Y. 
Y. CHANGE IN PHI (3) • -:5.4Y. 
Y. CHANGE IN PHI (4) - -7.BY. 
Y. CHANGE IN pHI (:5) - -13.9Y. 
Y. CHANGE IN PHI (61 - -30.9Y. 
Y. CHANGE IN PHI 171 - -9 .• 6Y. 

.. ' 



6.1 Testing Resul~s 
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Figure 6.6: Image #1 ,6. 

t 

MIO) 
Mil) 
M(2) 
M(3) 
11(4) 
M(:5) 
/1(6) 
M(7)' 
/1(8) 
M(9) 

MU") 
MU(2) 
MU(;):) 
/1U (4) 
MU 1:5) 
MU(6) 
MU(7) 

ETAUI .. 
ETA(2) .. 
ETA(3) .. 
ETA(41 .. 
ETA 1:5) .. 
ETAI61 .. 
ETA(7) .. 

PH~ Cl) .. 
PHI (21 .. 
PHI (3) '" 
PHI (41 .. 
PHI 1:51 .. 
PHI (6) .. 
PHI (7) .. 

0.8337480+07 
0.287~O20+09 

0.122::1370+11 
0.:5837720+12 
0.300~330+10 

0.1029740+12 
0.4384750+13 
0.4839460+14 
0.1623560+16 
O. 6272220+ 1:5 

0.4731130+14 
0.233971D+l0 
-.6~94620+09 
0.482:5810+17 
0.9077050+1:5 
0.9443550+16 
0.86833:50+14 

0.68060:50+00 
0.336:5840-04 
-.9486810-0:5 
0.2404300+00 
0.4522280-02 
0.4704870-;01 
0.4326140-03 

0.6806390+00 
0.4631640+00 
0.7126720-01 
0:622:5610-01 
0.4146080-02 
0.3207000-01 
Q.194:5970-02 

TIMI 13: 14116 TII12 TIM3 13114117 

IN PHI li'; a.Oi: 

63 

, 
y. CHANGE 
Y. CHANGE 
" CHANGE 
r. CHANGE 
" CHANGE 
Y. CHANGE 

.r. CHANGE 

\ 

IN PHI(2)" 16.6:'. 
IN PHI (3). -1.6Y. 
IN PHI (4). -3.6i: 
IN PHI (5)· -6.2i: 
IN pHI (6) • -23.6:'. 
IN PHI (7) .. -2.2;: 

, ... ' 



. 6.1 Testing Resul ts 

Figure 6.7: 

Il 

64 
'. 

. 
Image # 7. 

M(O) 0.8~144~0+07 

M(l~ 0.3040860+09 
M(2) 0.1327790+11 
M(3) 0.6469460+12 
M(4) 0.3026790+10 
M(~) 0.108~370+12 

M(6) - 0.4761320+13 
M(7) • 0.4466~00+14 

M(8) 6.1628630+16 
~(9) 0.6282830+1~ 

MU(l) 
MU(21 
MU(3) 
MU(4) 
MU(~) 

MU(6) 
MU(7) 

ETAU) • 
ETA(2) -
ETA(3) • 

, ETA(4) -
, ETA(~) 

ETA(6) -
ETA(7) 

PHI (1) -
PHI (2) • 
PHI (3) -
PHI(4) -
PHI (~) -
PHI (6) -
PHI(7) -

0.43:58900+14 
0.2417710+10. 
0.43792~0+09 
O. :5()91:5~0+17 
0.98Q6230+1~ 

0,9793900+16 
O. 98~1720+14 , 

0.6012620+00 
0.3334970-04 
0.6040690-0~ 
0.2406900+00 
0.463~6~0-02 
0.4629820-01 
0.46~71~0-03 

0.60129~0+00 

.0.3614780+00 
0.7()~9320-01 
0.623717D-Ol 
0.4138080-02 
0.3941170-01 
O. 1933200-02 

TIMI 13i301~0 TIM2 TII'I.3 13130.:50-

" CHANGE IN PHItll • -4.6" 
.Y, CHANGË IN PHI (2) · -9.0" 
-X CHANGE IN PHI (3) • .,.2.~Y. 

Y. CHANGE IN PHI (4) · -3.:5y' 
Y. CHANGE IN PHI (:5) • -6.3Y. 
'" CHANGE IN PHI (6) · -6.2Y. 

Y. CHANGE IN PHI (7) · -2.9Y. 



6.1 Testing Results 

'\ 

Figure 6.8: Image fi 8. 

11(0) 0.8427240+07 
1'1(1) • O.32~4090+09 
1'1 (2) • , 0.1494630+11 
1'1(3) - 0.7611310+12 
1'1(4) • 0.3017620+10 
M(~) • 0.1171140+12 
11(6) • 0.~409420+13 

1'1(7) • 0.4672890+14 
M(8) - 0.1850070+1b 
11(9) '. 0.627989tl+l~ 

I1U(1) 
MU(2) 
MU(3) 
MU(4) 
MU(~) 

MU(6) 
l'lU (7) 

- O. 4~b4840+14 
- 0.2381000+10 

0.~91~050+09 

- 0.4948220+17 
0.114286D+16 
0.1064320+17 
0.1232400+1:5 

ETAll) • 0.6427690+00 
ETA(2) - 0.33:526:50-04 
ETAI31 - 0.8328910-0:5 
ETA(4) - 0.2400130+00 
ETAI51 - 0.:5543430-02 
ETA(6) • 0.:5162:500-01 
ETA(7) - 0.~977770-03 

PHI (1) -

PHI (2) -
PHI (3) -
PHI(4) -
PHI (:5) -
PHI (6) -
PHI (7) '" 

0.6428020+00 
0.4131130+00.' 
0.7370140-01 
O. 6302530-0 l ' 
0.4294210~02 

0.4400250-01 
0.2123~40-02 

Tll11 ,[3,18,0:5 Ttl'll! TIM3 13.19.06 

65 

* CHANGE IN PHI(I) -
X CHANGE IN PHI(2) • 
~ CHANGE IN PHI(3) -
~ CHANGE IN PHI(4) -
~ CHANGE IN pHI(:5) -
~ CHANGE IN PHI(6) -
~ CHANGE IN PHI (7) • 

2.0Y. 
4.0Y. 
1,87, 

-2.4Y. 
-2.8Y. 
4.8'" 
6.7" 

... , 
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6.1 Testing Results 
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Fi9ur~ 6. 9: Image # 9. J 

MCOI 0.ê732730+07 
1'1(1) 0.3702070+09 
1'1(2) O. 1829730"11 
1'1(3) ,. 0.9967030+12 

·1'1(4)' 0.3119230+10 
1'1(:51 0.1333490+12 
M(ô) 0.6ô:53500+13 

.1'1(7) 0.4ô02310+14 
1'1(81 0.2018ôOO+lô 
M(9) 0.ô:521880+15 

MU (1 ) 0.4490890+14 
MU(2) 0.2ô03050+10 
MU(3) "'" 0.111:52:50+10 
MU(4) 0.:5321390+17 
MU(:5) 0.1423900+1ô 
MU(ô) 0.120ô389+17 
MU(7) 0.lô89940+15 

ETA( 11 · Of5888880+00 
ETA(2) · 0.3413370-04 
ETA(3) · 0.14ô2410-04 
ETA(4) · 0.23ôI290+00 
ET~(51 - 0.6318350-02 

66 

ETAlô) 
ETA(7) 

PHI (1) 

PHI (2) 
PHH31 
PHI (4) 
PHI (5) 

" PHI (ô) 
PHI (7) 

TIMI 13123117 TIM2 

01. CHANGE 
'Y. J:HANGE 
'Y. CHANGE 
'Y. CHANGE 
'Y. ,CtjANGE 
x' CHANGE 
'Y. CHANGE 

D -
-· --· · · 
, , 

0.5353130-01 
O.749emsO-03 

0.5889220+00 
0.3467ô20+00 
0.7271480-01 
0.ôI72730-01 
0.4134070-02 
0.4549130-01 
0.210ô770-02 

TIM3 13123.18 

IN PHI(!). -ô.ôY. 
IN PHI(21 • -12.7'1. 
IN PHI(3) 0.4Y. 
IN PHI(4) -4.:5'Y. 
IN~ PHI (5)· -ô. 4 'Y. 
IN PHllô) - 8. 3 'Y. 
IN PHIl 7) ~.. :5.9'1. 



6.1 Testing Results 

Figure 6.10: Image fi 10. 

M(O) 0.9564030+07 
M(l) 0.3747780+09 
M(2) 0.1816070+11 
1'1(3) 0.9876610+12 
M(4), • 0.3477:53D+10 
M (:5) 0.1401:53D+12 
M(6) O. 6992220+ 13 
M(7) 0.527671D+14 
M(8) 0.2288610+16 
M(9) 0.742601D+15 

MUIl) 0.51 !50270+14 
MU(2) 0.347454D+10 
MU(3) 0.388194D+I0 

~ 
MU(4) 0.608816D+17 
MW(5) 0.13:5643D+16 
MU(6) 0.128034D+17 
MU(7) 0.146179D+t:5 

ETA(l) .. 0.5630:51D+00 
ETA(2) ... 0.379853D-04 
ETA(3) .. 0.4243920-04 
ETA(4) .. 0.21:52210+00 
ETA(:5) .. 0.479:508D .. 02 

• ETA(6) .. 0.4:52611D-01 
ETA(?) .. 0.:5167:530-03 

PHI (1) .. 0.5630890+00 
PHI (2) .. 0.3171020+00 '-
PHI (3) .. O. :5863190-01 
PHI (4) .. O. :50:502:5D-0 1 
PHI 1:5) .. 0.274742D-02 
PHI (6) .. 0.:540866D-Ol 
PHI (7) .. 0.134439D-02 

TINt 1312:5149 TIM2 TIM3 1312:51:50 

Y. CHANGE IN PHI 11) .. -10.7" 

" CHANGE IN PHI (2) .. -20.2X 
" CHANGE IN PHI (3) '" -19.0Y. 
" CHANGE IN PHI(4) .. -21. 8X 
" CHANGE IN PH-I (5) .. -37.8" 
Y. CHANGE IN PHI(6) .. 28.8Y. 
" CHANGË, IN PHI(7) .. -32.5Y. 1 

\ 
( 
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.Figure 6.11: Image l# '". 

MeO) 0.649893D+07 ; 
Me1> 0.2497:5:5D+09 
MeZ) 0.11290:5D+11. 

Me3V · O. :5:56833D+ 12 
M'e4 0.213193D+I0_ 
Me:5) 0.834418D+l1 
11(6) · 0.3822620+13 
M(7) · 0.3218900+14 
Mee) '. 0.1283440+16 
M(9) 0.3760940+1~ 

MU(1) 0.3148910+14 
MU(2) 0.1692380+10 
MU (3) 0.1:511320+10 
MU(4) 0.2743020+17 
MU (:5) 0.7997470+1:5 
MU(6) 0.6872130+16 
MU(7) • 0.936823D+14 

ETACll • 0.711:5:5630+00 
E~2) • 0.40069:50-04 
ET 3) 0.3:57827D-04 
ETA(4) · 0.2547:56D+00 
ETA(:5) 0.742759D-02 
ETA(6) · 0.6382440-01 
ETA(7) · ?870068D-03 

PHI (U • 0.745603D+00 
PHI (2) · 0.:5:5:58880+00 
PHI (3) • 0.90373:5D-Ol 
PHI (4) · 0,,7292580-01 
PHI (:5) • 0.:5915780-02 
PHI (6) • 0.8790380-01 
PHI (7) • 0.3087:58D-02 

TIMI 13.50.39 TIM2 TlM3 13.50.40 

68 

, j. 

1. CHANGE IN PHI(!) • 
Y. CHANGE IN PHl (2) • 
Y. CHANGE IN PHI (3) c 

'Y. CHANGE' IN PHI (4) 
Y. CHANGE' IN PHI (:5) • 

'Y. CHANGE IN PHI (6) -
'Y. CI;iANGE -IN PHI (7) • 

!2. :5r. 
26.5Y. 
40.3Y. 
36.9Y. 
at1.7'l. 
74.6Y. 
94. 1 Y. 

.. 
. -

<'.: 



6.1 Testing Results 

(-

1. 

l 

,,' 

( 
...... 

1 

'p 

" 

Figure 6.12': Image Il 12. 

! 

Il 

MeO) 
1;1(1) 

M(2) 
1'1(3) 

l'I(4) 
1'1(:5) 
l'I(ô t 
M(7) 
1'1(8) 

M(,?) 

.. 0.ô33p24D+07 

.. 0.23'?77:5D+0'? 
O.1088ô:5D+ll 

.. 0.:5397ô:5D+12 

.. 0.210ô71D+I0 
0.B3:5420D+ll 

.. Q.3909:51D+a3 

.. 0.340991D+14 

.. O.141:57:5D+lô 
,. O.383:525D+l:5 

MU(!) .. O.3339B6D+14 
MU(2) .. 0.181297D+I0 
MU(3) .. 0.382017D+10 
MU(4) .. 0.2:59910D+17 
MU (:5) -.. 0.766273D+l:5 
MU(ô) .. 0.ôB5:546D+16 
MU(7) .. O.B72037D+14 , 
ETA(1) .. 0.831889D+00 
ETA(2) .. 0,4:51S74D-04 
ETA(3) .. 0.9:51S24D-04 
ETA(4) s 0.2S7184D+OO 
ETA(:5) .. Q.7:58236D-02 
ETA(ô) .. 0.6783SSD-~1 
ETA(7) .. 0.862891D-03 

PHI(I) .. 0.831934D+OO 
~ PHI(2) .. 0.ô92:5SeD+OO 

PHI (3) .. O.96Q2S2D-Ol 
PHÎ(4) .. 0.748207D-Ol 
PHI(:5) .. 0.633443D-02 
PHI (ô) .. O.167813D+OO 
PHI(7) ~ O.3310S9D-02 

TINI 131:54114 TIN2 

69 

X CHANGE IN PHI(!) .. 2:5.SY. 
X CHANGE IN PHI (2) .. S7.6Y. 
X CHANGE IN PHI(3) .. 49.1Y. 
X CHANGE IN PHI (4) • 40.4Y. 
X CHANGE.IN PHI (:5) • 103.1Y. 
X CHANGE IN PHI (ô) .. 233.2Y. 
X CHANGE' IN PHI (7) .. 108.2Y. 
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6.1 Testing Resul ts 
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0' Figure 6.\13: Image fi 13. 

'/ 

V 

MIO) 
M( 1) 
1'1(2) 
1'1(3) 
1'1(4) 
MIO) 

--" 
1'1(6) 
J'l(7) 
MI8L 
M(9) 

MUCl> 
MU(2) 
MU(3) 
MU(4) 
MUCO) 
MU(6) 
MU(7) 

ETA Cl) 
ETA(2) 
ETAC-3) 
ETA(4) 
ETAC:5) 
ETA(6) 
ÊTA(7) 

PHI C 1) 
,.. ,PHI (2) 

PHI(3) 
PHI (4) 
PHIC:5) 
PHI(6) 
PHI(7) 

TlM! 13.:50.:51 TlM2 ' 

Y. CHANGE 
le CHANGE 
le CHANGE 
le CHANGE 
le CHANGE 

l4~ .. ~":,' X CHANG~ 5, "',,~ .... X CHANGE 
*'ëlstanh"."4ih "'~~~ .... ~.,;:. 

'\ 

1 " ~ 

"" 
l 

. 1 

1 
1 

& 

1 

70 
0 

\'1) j'l. IJ , 

, ' 

/' 

0,6377:5:50+07 
0'.2478010+09 ~ 0.1143410+11 
0.:57766:S0+12 
0.168787lH'10 
O~ 6700400+11 
0.31:53690+13 
O. 3312830ot13 
0.1318090+10 
0.2426060+10 

~ 0.2866120+13 • 
Q.180:5760+10 
0.1421320+10 
O. 27B7.790+ 17 
0.6472680+1:5 

... O. 4411010+16 
0.9:501790+14 

.. 0.7046720-01 .. • 0.4439690-04 .. 0.3494:50D-04 
0.271410D+00 .. 0.6301:580-02 .. 0.4294410-01 .. 0.92:5061D-03 

.. 0.70:51160-01 .. 0.:5039400-02 .. 0.8011920-01 .. O,7904B30-01 .. 0.6290B1D-02 .. 0.3319660-01 .. 0.27J:54jD-02 

TlM3 13.:5:5.:51 

IN PHI (1) .. -S9.4Y. 
IN PHI(2) •• -9B.9X 
IN PHI (3) .. 24.4" 
Iti, PHI (4) .. 4B.4" 
IN PHIlO) 101.7Y. 
IN PH'I\b) .. -34.1X 

"" IN PHI \7) .. 70.7X 

,:J 

0 • 
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Figure 6. 104: image # 14. 

--- ~--~----~--

M(O) 

M(1) 
M(2) 
M(3) 
M(4) 
M(:5) 
M(6) 
M(7) 
M(8) 
MI9J 

MU(ll 
MU(2) 
MU(3) 
MU(4) 
MU (:5) 
MU(6) 
MU"(7) 

, 

.. o. :5630910+07 

.. 0.231 :5720+09 

.. 0.1160380+,11 
• O. 6386460+ 12 
.. 0.1:541400+10 
.. 0.6:511880+11 
.. 0.33:5:52:50+13 
.. 0.60:56690+13 

0.2278790+1:5 
.. Q.2418:500+1:5 

.. 0.:56347:50+13 

.. 0.2980320+10 

.. 0.172e'410+10 

.. 0.2483660+ 11 

.. o. 6622000+ 1 :5 

.. 0.438:5370+16 

.. 0.9947020+14 

ETA (1) .. O. 1777120+00 
ETA(2) .. 0.6:561040-04 
ETA CS) .. O. :54:51160-04 
ETA(4)." 0.3301000+00 

.. 

ETA(S) .. 0.8801210-02 ' 0 

ETA(6) .. 0.:5828:540-01 
ETA(7) .. 0.13220:50-02 

PHI(!) .. 0.1777780+00 
PHI (2) .. 0.3175310-01 
PHI(3) .. 0.12234:50+00 
PHI (4) .. 0.1184070+00 
PHI(!!) .. 0.14~140-01 
PHI (6) .. 0.919397D-Ol 
·PHI (7) .. 0.6637600-02 

TlM1 13157.25 TIM2 TIM3 13.57.26 

oU'· 
/' Y. CHANGE IN PHI< 1) .. -73.2Y. 

Y. CHANGE IN PHI (2) .. -92.8Y. 
Y. CHANGE IN PHI (3) .. 89.~Y. 

Y. CHANGE IN PHi (4) .. 122.3Y. 
Y. CHANGE IN PHI (5) .'3:56.9Y. 
Y. CHANGE IN PHI (6) .. 82.6Y. 
Y. CHANGE IN PHI (7) .. 317.3'1. 

71 ; 
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Fi,qure 6.15: Image # 15. 

"" 

.. 

/ 

...... -
" 

," 

1 
r t 

l '(" . 
t~,~, 

.f\.. .. , 
THU 13/:59/29 

1 

( 'l. 
% 
% 
Y. 
% 
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M(O) oo, 0.~17344D+07 

11<11 · 0.200774D+09 
"'(21 · 0.9621~ID+I0 M(3)' · O. :5061820+12 
M(4) · 0.1:53:516D+I0 
M(:5) · 0.613:54:50+11 
M(b) · 0.30183:5D+13 
M(7) .. 0.16300:50+14 
M(S) · 0.671:5010+1:5 
M(9) • ' 0.2:527390+1:5 

MU<l ) · 0.1~84:500+1t4 
MU(2) .. 0.1829770+10 
MUeS) · 0.1776940+10 
MU/4) .. 0.203473D+17 
MU(!5) · O. :587303D+l~ 
1'I~(b) · O. 4~2831D+16 
MU(i' · 0.767968D+14 

ETA (1) · O. :5920 140+00 
ETA(2)' • 0.6836:560-04 
ETA (3) · O. 6639180-04 
ETA(4) .. 0.3342390+00 
ETA (:5) .. 0.9647480-02 
ETIH6) · O. 7438:5:50-01 
ElA (7) 0.1261:520-02 

PHI (1~" O. ~920830+00 
PHI (2) · 0.3:506890+00 
PHI (3) .. 0.1424440+00 
PHI (4) .. 0.1239810+00 
PHI (:5) · 0.164724D-Ol 
PHI (6) .. 0.1798030+00 
PHI (7) .. 0.8444810' 02 

T1M2 TIM3 131 :59129 

CHANGE IN PHI (1) 

CHANGE IN PHI (2) 
CHANGE IN PHI (3) 
CHANGE IN'PHI (4) 
CHANGE IN PHI/:5) 
CHANGE I111 PHI (6) 
CHAN6E IN PHI (7) 

.. -10.7Y. 

.. -20.2Y. 
• 121.1Y. 
E ,132. 7Y. 
.. 428.1Y., 
.. 2:57. lY. 
• 431.0Y. 

, 
" 

(j 



6.1 Testing Results 

( 

Figure "6.1"6': Image # ,16. 

~ 

'" 
MIO) 0.64M250+07 
MIll O. :2:590260+09 
1'1(2) O. 1173290+ 11 
1'1(3) O. :5774630+12 
1'1(4) 0.211:504D+I0 
1'11:5) 0.8721771)+11 
1'1(6) 0.40392'60+ 13 
1'1(7) '0.3114730+14 
1'1(8) 0.1329420+16 
1'1(9) 0.3766480+1:5 

MU(ll 0.304:5530+14 
MU(2) 0.13:53630+10 ,1 

MUC5l 0.2466790+ 10 
MU(4) 0.2776770+17 
MU(:!) O. 862:589D+ 1 :5 
MU (6) 0.712306D+16 
MU(1) 0.10:56390+1:5 

ETA(l) - 0.7288300+00 
ETA(2) - 0.3239400-04 

• ETA(3) - O. :5903320-04 
ETA(4) • 0.2613630+00 
ETA(5) - 0.8119110-02 
ETA(6) - 0.6704:58D-Ol 
ETA(1) - 0.9943220-03 

" 
" PHI (1) - 0.7288630+00 

PHI (2) - O. :53137:50+00 
PHI (3) - 0.962291D-Ol 
PHI (4) 0.772503D-Ol 
PHI (:5) c 0.66:54940-02 
PHI (6) - 0.1204890+00 
PHI (7) - 0.3:506700-02 

TIMI 14103134 TI 1'12 TIM3 14103135 

r. CHANGE IN PHI (1) = 9.9Y. 
r. CHANGE .IN PHI (2) K 20.9Y. 
Y. CHANGE IN PHI (3) .. 49.4X 
r. CHANGE IN PHI (4) • 45.0Y. 
li. CHANGE IN PHI (:5) - 113.4Y. 
Y. CHANGE IN PHI (6) • 139.3)'._ 
Y. CHANGE IN PHI (7) • 120.:5Y. 

... 

. 

( 
" 
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6. ~ Testing Results 
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Figure 6.17: Image # 17. 

.' 

M(O) O. 6609090+07 
MO) o . 30 18:i90+0Q 
M(2) O. 1 :538480+ 11 
M(3) 0.8404640+12 
M(4) 0.22381!50+10 
M(5) 0.1027230+12 
M(ô) O. :52830:i0+ 13 
M(7) 0.35038bO+14 
M(8) O. 1 :588920+ 16 
M(9) 0.416b110+1:5 

MU <1 ) 0.34280bO+14 
MU(2) 0.1:597920+10 
MU(3) 0.49Q0740+09 
MUS4) O. 30:528:i0+1 7 " MU(:5) 0.118!593D+16 
MU(6) 0.8781180+16 
MU(7) O. 1 :599340+ 1:5 

ETA( 1) - 0.7848110+00 
ETA(2) • O. 36:58230-0,4 
ETA(3) • O. 1142:i70-04 
ETA(4) • O. 2718b4D+00 
ETA (:5) • O. 10:56100,01 .. ETA(6) • O.78198bO-Ol 
ETA(7) • , 0.14242:i0-02 

PHI ~i • 0.7848480+00 
. ." 

PHI ) 0.61:58800+00 
PHI (3) - 0.1120:ibO+00 
PHI (4) - 0.8610370-Q1 
PHI (:5) - 0.844:5420-02 
PHI(6) . 0.744!5980-01 
PHI (7), • O. 4 :5ôI480-02 

TI,.,1 14:0511ô TIM2 TIM3 14105: 17 

74 

1 

'l. CHANGE IN PHI (1) • 18.4'Y. 
Y. CHANGE IN PHI(2}· 40.1Y. 
Y. CHANGE IN PHI (3) = 73.9Y. 
'Y. CHANGE IN'PHI (4) • bl.ôX 
y. CHANGE IN PHI (:5) • 170.8X 
y. CHANGE IN PHI (ô) • 47.9'Y. 
Y. CHANGE IN PHI (7) a 18b.8Y. 

.~ 



6.1 lesting Results 
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- Figure 6. 18: Image # 18: 

'\ 

M(O) -M(1) -M(2) -M(3) -M(4) .. 
M (S) -M(6) • 
M(7) -M(8) · M(9) · 
MU( 1) = 
MU(2) · , 
MU(3) -MU(4) 
MU(S) '. 
MU(6) 
MU(7) -
ETA(1) • 
ETA(2) -
ETA(3) -
ETA(4) -
ETA(~5) -
ETA(6) 
ETA(7) -

0.747354D+07 
0.308:5:58D+09 
O. 148755D+l f 
O. 785790D+12' 
0.2146140+16 
0.903168D+l1 
0.44:5633D+13 
0.138273D+14 
0.:528952D+1:5 
0.333644D+l:5 

0.132110D-h14 
0.213612D+I0 
0.17098!D+I0 
O.337279D+!7 
O. 9292S0D+!:5 
0.642007D+16 
0.133591D+15 

0.236527D+OO 
O.382448D-04 
O. 306122D-04 
O.:Z;ZOe89D+00 
O. 608:579D-02. 
0.4204:59D-Ol 
0.87490:5D-03 

PHI(!) 0.236:5660+00 
PHI (2) -' 0.:559886D-Ol 

,PHI (3) - O. :567:503D-Ol 
PHl(4) - 0.:533:597D-01 
PHI(5) - 0.29362~D-02 
PHI (6) 0.312919D-Ol 
PHI(7) - 0.142!:52Q-02 

TI MI, 14107115 TIM2 TIM3 14\0'7,11:5 

Y. CHANGE IN PHI(11 - -64.3Y. 
Y. CHANGE IN PHI(2) D -87.3Y. 
Y, CHANGE IN PHI (3) = .,..11.9Y. 
1. CHANGE IN PHI (4) - 0.2Y. 
Y. CHANGE IN PHI (:5) ,- -S.~1. 
y. CHANGE IN PHI (6) - -37.91. 
Y. CHANGE IN PHI (7) - -10.61. 
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6.1 Tèst ing Resul ts / 

Figure 6.'19': Image # 19." 

.'\. 

. 1 -

1 , 
1;. . 

MW) fO.6818191)+07' 
M(1) '<r: 2:523080+09 
M(2) '0.1143910+11 
M(3) .. O. :5743990+12 
M(4) 0.2188940+10 
M(:5) 0.8717670+1 l 

.M(6) 0.41:5812Q+13 
M(7) O. 333&220+ 1 4 
M(8) 0.14414301'16"-
M(9) 0.390:5910+1 :5 

--- MUC1l 0.326:5950+14 
.... J._ MÙ~2) 0.2102340+10 

MU(3) 0.6174610+10 

-- MU(4) O~ 2601:520+17 
MUe:5) 0.7613930+1:5 
MU(6) O. 6808230+ 16 
MU(7) 0.877:5410+ 14 

ETA(ll'·, O. 702:5400+00 
ETA(2) · 0.4:522370-04 
ETA(3) · O. 132.8220-03 
ETA(4) · 0.2143160+00 
ETA(~) .. 0.6272430-02 
ETA(6) .. O. :5608690-01 
ETA-(7) .. _O. 7229270-03 

PHI CH .. 0.702:58:50+00 
PHI (2) .. 0.4946550+000 
PHI (.;3) .. O. 6628870-01 
PHI(4) O. :5188670-0 1 
.pHI (:5) .. 0.3039:560-02 
PHI '6) O. 1409990+00 
PHI (7) .. 0.1:587220-02 

,. 
14.01:37 TIM1 14:011~6 TIM2 ... TIM3 

Y. CHANGE IN PHI (1) .. 6.0Y. 
Y. CHANGE IN PHI (2) .. 12.6Y. 
Y. CHANGE IN PHI (3) 2.9Y. 
Y. CHANGE IN PHI (1\) .. -2.6Y. 
Y. CHANGE IN PHI (:5) .. -2.6Y. 
Y. 'CHANGE IN PHI (6) .. 180.0Y. 
Y. CHANGE IN PHI(7) .. -0.2Y. 

\ 

j \ 
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6.1 Test ing R 

1 
) lts 

Figure 6.20: 

.' 
, 
l 

~ 

77 

Image # 20. 

~ 
" 

..,. 
M(O) • 0.6967620+07 

~" 
O. 2~10390+09 

(2) • d 0.11158980+11 
(3) 0.15689640+12 .<;-

, M 4) .. ~. 2498790'1-10 {I 
, M 15) 0.9441880+11 ;.' 

(6) 0.4231180+13; 
M(7) 0.4626040+14 n(8) 0.1766290+16' 

(9) 0.49215040+1:$ 

MU(l) 0.41536430+14 
MU(2) 0.1810100+10 
MU(3) O. 80215200+09 
I1U(41 0.32991500+17 
MU (:5) O. 890869l)+ 115 
MU(6) O. 815602:50+ 16 
MU(7) 0.9306340+14 

ETAU) .. 0.9344270+00 
ETA(2) • 0.3728490-04 
ETA(3) .. O. 161530:50~04 
ETA(4) - 0.21574760+00 
ETA(15) .. 0.69:51890-02. 
ETA(6) .. 0.6679990-01 
ETA(7) .. 0.7262190-03 

~ 

PHI (1) .. 0.9344640+00 
PHI(2) .. 0.8731010+00 
PHI(3) .. O. 915815890-01 

A 
PHÎ(4) .. 0.7448210-01 
PHI (15) O. 6~815930-02 
PHI(6) .. 0.8 41810-01 

/ 
PH!<P') .. o . 3F48152~-02 

TIM1 1411211~ TIM2 1 TIM3 1411211S 

~ CHANGE IN PHI (1) • 41.0Y. 
Y. CHANGE IN PHI (2/ • 98.n 
~ CHANGE IN "HII(3) 48.8Y. 
X CHANGE IN PHI (4) • 39.8Y. 
~ CHANGE IN PHI (:5) • 101.15Y. 
Y. CHANGE "IN PHI (6) • :59.7" 

" CHANGE IN PHI (7) - 104.3Y. 
; 

l 

" . u. 
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Figure 6.21: Image # 21. 

M(O) ~ O. 8~3944D+07 
M(1) .. O. 3640:5SD+09 
M(2) O.1871l5:5D-t;11 
11(3) .. O.1073MD+13 

il M(4) .. O.316091D+I0 
l1(5) .. O.13S73:5D+12 
l1(6) .. O.732S44D+13 1 
l1(7) O.6501S6D+14 
MeS) O.302341D+16 
M(9) O. 633S:5:5D+ 1 :5 

MU(l) .. O. 6384S6D+ 1 4 

1 MU(2) O.319476D+IO 

1 MU(3) O.397747D+IO 
MU(4) O.393042D+17 
Mue:!!) - o • .l4l5931D+16 
MU(6) O.1291S'lD+17 
MU(7) O.16S073D+l:5 

ETA Cl" "! O. 87l5l573D+00 

~ 
UA (2) - , O. 438106D-04 
ETA(3) .. O. :5'4:5441D-04 

-1 
1 

f , 
ETA(4) .. O.18444:5D+00 
ETA(5) .. O.684S170-02 
ETA(6) .. O. 606226D'-0 1 
ETA(7) .. O.788721D-03 

-- PHI (1) .. O.87:5617D+OO 1 
PHl'(2) .. O.766747D+00 
PHI (3) .. O. :596:529D-O 1 
PHI(4) .. O. 403643D-O 1 
PHl(5) .. O.197140D-02 

1. 

\ 
PHI (6) .. O.707291D-Ol 
PHI (7) .. O. 10042:50-02 

\ 

\ 
14110.34 TIM2 TlM3 14. 1013:5 

1 , 

78 

7- CHANGE IN PHI (1) .. 32.1Y. 
" CHANGE IN PHI (2) • 74.:57-
~ CHANGE IN PHI (3) .. -7.4" 
Y. CHANGE IN PHI(4) .. -24.2Y. 
Y. CHANGE IN PHI (:5) .. -~6.BY. 
" CHANGE IN PHI (6)" 40.:5" 
% CHANGE IN PHI (7) .. -36.9% 

.' 1 

• --'---v 

r • 



6.1 Testing RFsults 

C " \ 

..... 
",,' J Figure 6.22: Image # 22. 

~ 

" ~-6;> 

.. " 

MeO) · o. ë944890+07 
MCl) · 0.3966720+09 
l'Hi) · 0.2101910+11 
l'U3) · 0.1228:560+13 
M(4) · 0.2782800+ 1 0 
Me:5) · 0.12:5801>:50+12 
M(6) · 0.6792:520+13 
M(7) 0.2637780+14 
MeB) • 0.1199:5:50+16 
M(9) · O. 479:5~10+1:5 

MUel) · O. ~:5:51210+14 
MU(2) · 0.3428220+10 
Mu(3) • ,0.24:587:50+10 

~ -'1' 
MU(4) · 0.4481090+17 

"" MUe:5) · 0.1390080+16 
MUeol» · 0.9779920+16 
MU(7) · 0.19813:50+1:5 , 
ETA(ll • 0.3188:570+00 
ETA(21 • 0.4284680-04 
ETA(31 • 0.3073010-04 

, 1 ETA(4) • O. 1872600+00 
ETA(::!) • 0.:5809000-02 
ETA (6) - 0.4086940-01 , 
ETA e71' '" O. 8279870-03 

" PHI(1)· 0.3189000+00 
PHI (2) 

" 
0.1017040+00 

PHI (3) 0.436738D-Ol 
PHI (4) .. 0.390145D-Ol 
PHI e:5) • 0.16102:5D-02 
PHI (6) • 0.27:5428D-Ol 
PHI (7) • 0.829986D-03 

TIHI 14109100 TI 1'12 TIM3 14109101 .. 
7. CHANGE IN PHI(!) '. -51.9y' 
7. cHANGE IN PHI (2) .. -71:: .. 9X 

" CHANGE IN PHI (3) • -32.2y' 
r. CHANGE IN PHI(4) • -26.8X 

" CHANGE I.N PHI (:5) • -48.4y' 
r. CHANGE IN PHI (6) • -45.3X 

" CHANGE IN PHI (7) • -47.8y' 

( 
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6.1 Testing Resul ts 

Figure 6.~3: 

J 

\ 
i 
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'\) 

Image # 23. 

1'1(0) 
1'1 (1) 

1'1(2) 
M(3) 
1'1(4) 
M(~) 

M(6) 
M(7) 
M(B) 
M(9) 

0.7124190+07 
0.2:5eïll00+09 
O. 1099':560+ 11 
0.~276620+12 
0.26200:50+10 
0.9670:500+11 
0.4260300+13 
0.~2~804D+14 

0.1988020+16 
0.~303320+1:5 

0.5161680+14 
0.186041D+I0 
0.2883810+10 

MU(I) 
MU(2) 
MU(3) 
MU(4) 
MU(~) 

MU(6) 
MU(7) 

- ,0.3323710+17 
().8533:580+1~ 
0.8867180+16 
0.8308970+14 

ETA(I) • 0.1017000+01 
ETA(2) - 0.3b6:5:530-04 
ETA(3) - '0.~681920-04 
ETA(4) - 0.2~:53490+00 
ETA(:5) • 0.6299300-02 

-ETA(6) - 0.6:54~:560-01 
ETA(7) - 0.6133~00-03 

PHICll -
PHI (2) .; 
PHI (3) -

~I(4) 
PHI (:5) 
PHI (6) • 

PHI(7) • 

0.1017030+01 
0.1034420+01 
0.89~9940-0h 

0.6769190-01 
0.~263090-02 
0.1218720+00 
0.2698680-02 , , 

TIMI 14,17:23 TIM2 . TIM3 14,17.23 

Y.'CHANI3E IN PHI (1) ~3. 4Y. 
'y' CHANGE IN PHIC2) - 13~.4Y. 

Y. CHANGE IN PHI (3) - 39.1Y. 
Y. CHANGE. IN PHI (4) - 27.1Y. 
r. CHANGE; IN PHI(~) .. 6B.1Y. 

" CHANGE IN PHI(6) -142.0Y. 

- ". CHANGE IN PHI(7) - 69.7Y. 

, 

r 
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Figure 6.24: Image # 24. 

"-

1 

.." 

, \1 

\. 

1. 
M<O) 0.7128780+07 
M(1) 0.27~16~0+09 
M(2) 0.124389D+11 
M(3) 0.620~090+12 
M(4) 0.2123040+10 
MH5) O. 82764~0+11 
M(o!.) 0.3789610+13 
M(7) 0.1768760+14 
M(S) • ,0.6873320+1~ 
M(,?) 

MU(l) 
MU(Z) 
MU(3) 
MU(4) 
MU(~) 

MU Co!.) 
MU(7) 

ETAU) • 
ETA(2) • 
ETA(3) • 
ETA(4) • 
ETA(5) • 
ETA(o) • 
ETA(7) • 

PHI (1) • 

PHI (2) • 

PHI (3) • 
PHI (4) • 

PHI (~;'. 
PHI (0) • 
PHI (7) • 

O. 3377290+1~ 

0.1705530+14 
0.1817790+10 
0.8170860+09 
0.327389D+17 
0.803:'l1500+1!{ 
0.6202980+16 
0.1041320+15 

0.33!56060~ 
O. 3~76940-d4 
O. 160782D-04 
0.2412830+00 
0.5921350-02 
O. 4~71540-01 
0.7674400-03 

0.3356420+00 
0.1126250+00 
0.6855970-01 
O. 63270~O-01 
0.4166930-02 
0.3188940-01 
O. 1984820-02 -

TIMl 14115152 TIM2 TIM3 14115:53 

81 

l-
l( CHANGE IN PHI (t) '" '-4:9.4X 
X CHANGE IN PHI (2) " -74.4Y. 
Y. CHANGE IN PHI (3). 6. 4~ • .c: 
y. CHANGE IN PHI (4) a 18.8Y. 
y. CHANGE IN PHI (5) '" 33.6Y. 
X CHANGE IN PHI (6) • -3b.7Y. 
Y. CHANGE IN PHI (7). 24. elY. 

) 
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Figure 6.25: Image # 25. 

r 1 

0.7323600+07 M(O) 
MU) 
M(2) 
M(3) 
M(4) 
M(:5) 
M(6) 
M(7) 
M(S) 
M(9) 

• O. 2703010+09 
- 0.1185400+ 11 

0.:5758810+12 
0.2237760+10 
O. 8448960+ 11 
O. 3785370+ 13 
0.2312250+14 
0.923751Q+15 
o . 365~23{)+ 1:5 

MU( 1) 
MU(~ 
MU(3) 
MU(4) 
MU(:5) 
MU(6) 
MU(7) 

" ETA (l) • 

ETA (2) • 
ETA(3) • 
ETA (4) • 

ETA.(5) ~ 
ETA(6) • 
ETA (7),. 

PHI (1) • 
PHI (2) • 
PHI (3) • 

PHI (4) • 

PHI (:5) • 
PHI (6) • 
PHI (7) • 

O. 2243890+ 14 
0.1877630+10 
J:).1997860+10 
0.3265510+17 
0.7742950+1:5 
0.6479190+16 
0.93:52470+14 

O.,.A 183600+00 
0~3500740-04 
0.3539460-04 
0.2249790+00 
O. :5334510-02 
0.4463850-01 
0.6443400-03 

0.4193950+00 
0.1750790+00 
0.6143140-01 
0.:5509430-01 
0.3204950-02 
0.45151670-01 
0.1548:560-02 

TIMl (4114121 TIM2 TIM3 14114121 

82 

y. 'CHANGE IN PHI (1) .' -36.9'1 
Y. CHANGE IN PHI (2) • -60.2'1 ' 
Y. CHANGE IN PHI (3)· -4.6Y. 
% CHANGE IN PHI(4)· 3.4% 
Y. CHANGE IN PHI (5)· 2.7X 
% CHANGE IN PHI (6)· -9.6% 
% CHANGE IN PHI(7)· -2.61. 
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Figure 6.2 6 ~ Image # 26. 

l, 

~' ... 

MCOI 
M(1) 

M121 
1'1(3) 
M(4) 
M(!5) 
M(6) 
M(7) 
M(S; 
M(9) 

Mu(l) 
MU(2) 
MU(3) 
MU(4) 
MU (!5) 
MU(6) 
MU(7) 

.. o. 400~~40+07 

.. O.1!584220+09 
• o. 77163~0+10 
.. 0.4211720+12 
.. Q.1490900+10 
.. O. !599~740+11 
.. o. 299~630+ 13 
.. 0.3446270+14 
.. 0.143634D+16 
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- Figure 6.2 9 SlIIITlary of Resul ts and " of devi 8ti on. 
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6.2 Discussion of 'Resulta 

6.2 Discussion of Results 

~~ ~~ '~I . , 
6.2.1 Errors D~e' to Hardware and the Edge Enhancement So

lution 
, 

, 

Digital computers can not 

data. Integrals over infinite 

directly process continuous 

limits must be replaced by 
'" 

summations over finite range. (see eq. - 1, 2 , 1. 1 , an~ 2. 1) . 

This approximation introduces slight errors moment invariants. 

The seven moment invariant's of the rotated mage i11 Figure , 
10.2-10.10 show a relatively smal1 percentag 

variations or deviation from the th~ory 

of change. These 

due t.o three 

reasons other than digitization (approximation) error: • 

1- The raw data of 'a contiJuous image is not contiguous ,itseIf, 

but 'looks l ike a checker-board. This is due to the fact that 

the IS256 OpticRAM has dead or inactive pixels covering more 

th an 50% of its total area (see Figure 4.5). In arder to apply 

'the deI ta methbd on the digi tized image, the raw image had ta 

be enhanced. The first routine had to fill in the ~ank pixels 

and the second enhancing routine had to correct the aspect 

ratio in the X and Y coordinates (see [24] for a complete 

listings of the IDETIX subroutines). The resuiting image is ,an 

enhanced image of 80 X 640. Its contour, however, has ragged 

edges (see Figure 6.1-6.28). 

2- The distortion generated by the wide-angle lens is signifi

canto A square object, for example, will not necessarily give a 

square image after translation and/or rotation. Tp minimize 

this distortion, the opticRAM physical area used was_rows 300 -

379 which is in the centre of 1 the OpticRAM chip (see Figure 

4.5) . 
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'6.2 Discussion of ReluIts 

3- The delta method applied to an image such as shawn in Figure 

6.30 would efiminate six entire rows of pixels, as a black 

pixel circled means the end of a line. 

t " ..... .. ~ 
Thi,s was verified by tracing the computations of' the 

moments and the delta method eliminated six entire lin~s, as 

'shawn in Figure 6.31. 

. 
~ 

Figure 6. 30 Rotated Image. 

This problem was corrected by further enh~ncing'the image, 

by adding ... --8 special subroutine ta the deI ta rnethod program 

(lines 56000-57000). This subroùtine will scan uertically, and 

calculate approximately the length of the abject in the Y

direction (see Figure 3.1 for axis and APPENDIX III for the 

program) and store it in memory, under the variable LY (Length 

in Y), along with the first set of moment invariants. 
1 
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6.2 Discussi~ of Resul ta 

During the ~egular scanning procedure, if "a byte, on the 

edge _of the image, has one _bit "off"", ~ and the next byte is non~ 

zero, this bi t w:i-l~ be turned lion" and scanning will continue. . " 

This feature will still a~ow the program to detect holes in 

the fabric as the edge flag is not set and a single "off" bit 
-

~ in a lin~ will cancel the remainaer. 

c. 
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6.2 Discussion of Resulta 
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6.2 Discussion of Resulta 

\ , 6.2.2 Dascriptio» of Results and their Sensitivity 

Results and their percentage dev'iation are sum~arized in 
, , ~ 

the ~~bles of Figure 6.29. The moment invaria~ts of Figure 6.1-

6.10 of the image after rotation and ~ranslation, show 
i \ 

variations in the cp' s of up 70 49%- for a 'good' images (no 

holes or ul'lwanted flaws are present) 'itnd a v~~iation of up to. 

25% over the mean value of aIl the seven cp's. The reason of 
. 

these variations is contributed to the digitization and 

undersampling errors discussed earlier. 

Creating a hole of 0.4 % of the total area of the obj ect 

changes the percentage deviation of the moment invariant enor

mously (see r-esults of IMAGE #11 through IMAGE #20). The same 
- '/ 

magni tude of change took place when an extra amount of material· 

of 0.~7% or more was added to the original image. 

, 

"
Therefore the method is sensi tivé up ta 99.6% for holes • 

and discontinuities and up to 99.33% for.other flaws. The sen-
, 

sitivity of the hardware (,the vision-'system) was 'calculated to .., 

be 99.64% (see section on 5ampl~ calculations). This gives an 

overall sensitivity (accuracy) for the \ combined system 

(hardware/software) of more th an 99.33%. 

, 6.3 criteria for Accepting a 'GOOD' Object 

To compensate and te'ctify the error due ta the hardware 

1 design discussed earlier, we wil:}. allow a 40% tolerance change 

in any cp a~d !j) overall change of 2 5% fro~ the mean value of 

-the seven cp's .before accepting a 'good' object. The~efore the 
) . 

criteria are as follows: 
\ 

If any of the two following cqnditions are satisfied, the 

object is labeleç1 'BAD' or 'DEFECTIVE' : percentage deviation 



(j. 

--

-n -

... 

6.3 Criteria For Accepting A 'GOOO' Object 

of any given <p is aboya 40% / 'AND/OR percentage deviation lfFom 

the me an vaJue of all seven <P' s is above 25%" 

• 

, 

. 
" 

, . 

, 

, 

.. 

.. 
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7.1 Introductfon _ 
. \ . 

f 
j . • 

" .. 

• CONSIDERAirIO:tlS Chapter 7 LlGHTING 

1/ 

., 

7.1 Introduction 

The IDETIX camera needs a high contra st scene in order to 

image the object into the OpticRAM. Unlike a TV camera which 

can respond to shades of gray, the,OpticRAMs ar~ digital chips . 
whe-re each, picture element makes a black/white judgmeI1t based'" 

on an arbitrary light level used as a threshold (trip light 

level). Portions of the scene that are lighter than the thresh

old level will be judged as black. 

Doubling':- th~ exposure time is the same as opening the f

stop by one (changing the f-st,?p to the next smaller number) 

or, ip other wo~ds, doubling the amount of .light. Contrast,can 

now be defin~d as a minimum difference between adjacent 

threshold changes or slices. 

7.2 Front Liqhtinq 

A front: lit scene, where the camera is 'on the same side of 

the scene as the source light or ambient light, is usually low 

in contrast. In this case, extreme care in setting up uniform 

lighting on'the ~cene is necessary and the optimum trip light 

level needs to be used. Front lighting requires multiple dif

fused l ight soufces such that the contra st in the scene is • 

increased. 

94 

.. 



~-----------------------------------------------------------------------------~--

...... 

, 

-

\ 

\ . ' 
7.3 Beek Llghtlng 

7.3 Back Lighting 

For a backl i t soene, the l·ight cornes from behind the scene 

50 thàt the obj ect being viewed is, shadowed into the camerâ. 

Backlighting the objèct for maximum contrast will ~ive the\best 

repeatable resul ts. Backl ighting is recommended if the camera 
" 

is used to measure the objecte other techniques of illuminating 

the object such as shad'ow imaging., spectral illumination, 
, 

spectral elimination and collimated lighting are illustrated in , 
Figure 7.1. 

• 

-' 

JACK 
lanlNG 

8PlCTRAL (L1'1~ATON 

Figure 7.1 Illunination Techniques. 
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8. conclulion , 
o 

~hapter 8 CONCLUSION 

The solutiop' for the vision system, presented in this 

thesis, consists of the following parts: . 
The Hardware: An '!DETIX vision system by MIC~ON TECHNOLOGIES 

INC. equipped with an IS256 OptiCRAM, any IBM 'AT compatible 

Personal Computer equipped wi th an 80287 co-processor, running 

at 8 MHz. 

. \ ... 
The softwarè: An application program that accepts a digi tized 

" l 
image of size 80 X 640 pixels as an input, and calculates the 

moment invariants using the del ta method, in real-time, spend-

ing less than 0.64 second. 

The sensitivi ty of the hardware (the vision system) is 
6 

99.64% and the experimental sensi.tivity of the combined hard-: 

warejsoftware system is above 99.33%. 

The economy in hardware and software~ the execution speed 
-

and th" achieved accuracy jsensi tivi t}f make this work and the 

resulting 

_ industrial 

method it 

system implementation 

application. Extension 

particularly suited to 

of 

embodies, to 3-dimensional 
:il 

problems appears to be quite prornising. 
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APPENDIX ~ - LISTING OF THE FORTRAN-77 PROGRAK 

.. 1 
SNOFLOATCALLS 

, 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

r' .............................•.... , ...........•.... " ........•. , 

1 1 
1 CALCULATION OF THE MOI4ENT IN~RIANTS 1 
1 FOR AN IMAGE USING THE STRAIGHT'fORWARD APPROACH 1 

1 1 
1················:···············································1 
l ' 1 
1 Copyright (C) KR. MARWAN ZAKARIA 1 
1 ~ ROBOrle MECHANICAL SYSTEMS LABORATQ.RY." ," 1 

1 MCGILL UNIVERSITY, MONTREAL CANADA 1 

1 1 
L •••••••••• , •••••• , •••••••••••••••••••••••••••••••••••••••••••••• J 

o ~ 

interface for access to tlme and date 

INTERFACE TO SUBROUTINE TIME (N,STR) 
CHARACTER*10 STR [NEAR,REFERENCEl 
INTEGER*2 N [VALUEl 
END 

INTERFACE TO SUBROUTINE DATE (N,STR) 
(: CHARACTER*10 STR [NEAR,REFERENCEl 

INTEGER*2 N (VALUE] 
END 

CHARACTER*10 TIME1,TIME2,TIME3,TESTDATE 
INTEGER*2 f(25~,a56),I,J,N,M,NN,HM 

REAL MU(7),ETA(7),PHI(7),XX,YY,HX(10) 
CHARACTER*l CF(256,256> 

. f 

Get lime/Date 

CALL DATE (10,TESTDATE> 
CALL TIME (10,TIME1> 

REAO(*,550) «CF(I,J),J-l,256),lal,256> 
DO 5 1 .. 1,10 

MJ((1 )::0 

5 CONTINUE 
DO 6 1.1,256 

DO 6 Je l,256 
F(I,J)·ICHAR(CF(I,J» 

6 CONTINUE 
CALL TIME (10,TIHE2) 

o 
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~ DO 7 la1,128 

IF CFCI,128).GT.l0) THEN 
Mal 
GOTD 8 

ENOIF 
7 CONTINUE 
8 MM=256-M 

DO 9 la',128 
IF CFC128,1).GT.10) THEN 

Nzl 
GOTO 91 

ENDIF 
9 CONTINUE 

91 . NN=256-N 
DO 10 I=M,MM 

DO 10 J=N,NN 
I-IF=I*FCI,J) 
JJF.j*F(I,J) 
11=1*1 
JJ=J*J 
MX(1)=HXC1)+FCI,J) 
MX(~)=HXC2)+JJF 

" MX(3)=HXC3)+JJ*JJF 
MX(4)=HXC4)+1I F 

'" MX(5)=MX(5)+I*JJF ... MX(6)=HXC6)+I*IIF 
MX(7)=MX(7)+II*JJF 
MX(8)=MX(B)+II*IIF 
MX(9)=MXC9)+JJ*IIF 
MX(10)=HX(10)+J*JJF 

10 CONTINUE 
XX=MX(4)/MXC 1) 
YY=MX(2)/MX( 1) 
MU(1)=MX(6)-XX*MXC4) .. 
MUCZ)=MXC10)-YY*MX(Z) 
MU~3)=MX(5)-YY*MXC4) 

f 
.1 

MU(4)=MXC8)-3*XX*MX(6)+2*MXC4)*XX**2 
MU(5)=MX(9)-2*YY*MXC~-XX*MX(10)+2*YY**2*MX(4) ~-

MU(6)=MX(7)-2*XX*MX(5)-YY*MX(6)+2*XX**2*MX(2) 
MU(7)=MX(3)'3*YY*MXC10)+2*YY**2*MX(2) 
ETA(1)=MUC1)/(MX(1)**2) 
ETA(2)=MUC2)/(MX(1)**2) . ETA(1)=MU(1)/(MX(1)**2) 
ETA(4)=MUC4)/(MXC1)**2.5) "4 
ETA(5)=MUC5)/CMX(1)**2.5) 
ETA(6)=MUC6)/CMXC1)**2.5) 
~TA(1)=MUC7'/CMXC1)**2.5) • 
PHl(1)=ETA(1)+ETAC2) 
PHl(2)aCETA(1)-ETAC2»**2+4*ETAC3)**Z -, PHI(3)aCETAC4)'3*ETA(5»**2+C3*(!!!6)-ETAC7»**2 

'1 t PHI(4)·CETA(4)+ETAC5»**2+(ETAC6)+ETAC1»**2 
.-

101 



.< 
Appendix 1 , 

PHI(S).(ETA(4)-3*ETA(S»*CETA(4)+~TA(5»*C(ETA(4)+ 

+ ETA(5»**2-]*(ETA(6)+ETA(7»**2) ~(3*ETA(6)-EiAC7) 
+ )*(ETA(6)+ETA(7»*C3*C~TAC4)+ETA(S»**2-CETA(6)+ETAC7) )**Z) 

'PHI(6)aCETA(1)-ETAC2»*CCETAC4)+ETACS»**Z-(ETA(6) 

+ +ETA(7»**Z) + 4*ETA(3)*(ETA(4)+ETA(S»*(ETA(6)+ 

+ ETA(7» 
PHI(7)aC3*ETA(6)-ETA(7»*(ETA(4)+ETA(S»*«ETA(4)+ 

+ ETA(S»**Z-3*(ETA(6)+ETA(7»**Z) + 

+ C]*ETA(S)-ETA(7»*(ETA(6)+ETA(7»*C3*(ETA(4)+ 

+,ETA(S»**Z-(ETAC6)+ETA(7»**Z) 

CALL TlME (10, T1ME3) 

'500 FOfIHAT(' ',T1S,'****" Starting Time 1: ',Al0,'*"***',1 
+ ,.-' ',T15,'****** Today"s Date: ,.,,-,0,'******',/) 

SSO FOR'HAT (100Al/) 1 

600 FORHAT(' ',T15, ,* .. *** start,ng T,me Z: ',"10, ,* .. )**, , /) 

700 FORMAT(' ',T15,'-····· Enclin" Time 3: ',Al0,'··****'/) 

1000 FORHAT(' '.TZ3,'PHIC',ll,') .'.025_14)' 

2000 FORHAT(' '.T23,'ETAC',ll,') :',025_14) 

3000 FORHAT(' ',T23,'MlJ('.ll,') .',02S.14) 

4000 FORHAT(' ',TZ3,'MJ«',12,') =',025.14) 

SOOO FORHA T(' " /! ) 
6000 FORHAT(' ',T15,'M='.13,' MM=',13,' N=1,13,' NNa',13/!) 

DO 100 1=1,10 
~1T1:"\:*,4000) I,HX(I) 

100 CONTINUE 
IIRITEC* ,SOOO) 

DO 101 10:1,7 

~ITE(*,3000) I;MU(I) 

101 CONTINUE 

IIRITEC* ,SOOO) 

DO 102 1.',7 
WRITE(*,ZOOO) I,ETA(I) 

10Z CONTINUE 
IIRITE(* ,SOOO) 

DO 103 1"",7 
WRITEC*,1000) I,PHI(I) 

103 CONTINUE 

IIR lTE (* ,5000) 

IIRITEC*,SOO) TIME1,TESTDATE 

IIRITE(*,600) TIMEZ 

IIRITE (*,700)TIME3 

IIRITE C* ,6000) M,MM,N,NN 

STOP 

END 
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APPENDXX II - LISTING 01 THE TURBO PASCAL PROGRAK 
,l~ , 

, 

R 
r' .............................................................. " 

1 • 1 
l, CAlCULATlON OF THE 2'DIMENSIONAl MOMENTS 1 
1 OF AN IMAGE USING THE DELTA METHOD 1 

1 1 
1················· .. ··············································1 
1 1 
1 Copyright (C) MR. MAR~AN ZAKARIA 1 

1 ROBOTIC MECHANICAL SYSTEMS LABORATORY 1 

1 MCGILL UNIVERSITY, MONTREAL CANADA 1 

1 1 ~ 
L •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• J 

program 1 inesci 

type Mar =array[0 •• 9] of real; 

var'XST,YST,L :integeri 
M :Mari 
P :array[O •• 63,0 . • 1Zn of byte; 

X,LE : integer; 
A,B,C,D : INTEGER;, 

PROCEDURE Mnm_Update(XST,YST,L:integeriVAR M:Mar)i 

VAR lZ,XZ,Y2 :reali 
S1,SZ,S3,l3 :real; 
M10,MZO :real; 
54 

begln 

.. Z:=l*li 
l3 ~z:LZ*L; 
XZ ~ =XST*XST i 
YZ: =YST*YST i 

:real; 

S1 :=(L2'l)!2i 
SZ:=(2*t3'3*LZ+L)/6; 
S3 :=(L,..·.3· 2*L3+L2)/4; 
54 :=1i 
M[O] :=M[01 +L; 

. M[1] :=M[1] +54*L*YST; 
M[Z]:=M[Z)+54·L*Y2i 
M[3]:=M[3)+54*L*Y2*YST; 

. 
{ 
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M1 0:-.4*L *)(ST+S1; 

M[4] :-M[4]+M10; .. 
14[5] :""'~5]+84*YST*M'O; 
M[6] :""'[6] +s4*Y2*M10; 

M20:=s4*L *)(2+84*2*51 *)(ST+S2; 

Men:=M (7] +M20; 
14 [8] :=14[8] +s4*YST*M20; , 

M[9]:=M[9]+s4*l*X2*XST+s4*3*S1*X2+s4*3*S2*XST+s3; 

END; 

PROCEpURE BYTE_lEFT(V:BYTE;VAR AANT:INTE6ER); 

BEGIN 

1 F V>15 

THEN l F V>63 

ELSE IF V>3 

END; 

TH EN IF V>127 

THEN AANT: =B 

ElSE AANT: =7 

ElSE IF V>31 

THEM AANT: =6 

ELSE AANT: =5 

THEN IF V>7 

THEN AANT: 0.4 

ELSE AANT:a3 

ElSE IF V>1 

THEN AANT:=2 

ElSE AANT :-1 

P~OCEDURE BYTE_R1 GHTCNlJ4 :BYTE;VAR AANT: INTEGER)i 

VAR TMP:bytei 

BEGIN 

TMP: =255, NlJ4; 

BYTE_LEFTCTMP ,AANT>; 
AANT: sB'MNT r-

END; 

PROCEDURE TIMER(VAR HOUR,MIN,SEC,FRAC:INTEGER); 

TYPE 

REGPACK = RECORD 

" Alt, BX,eX,DX, BP ,SI ,0] ,OS, ES, FLAGS: INTEGERi 

END; 

VAR REGS: REGPAC"; 

BEGIN 

.. 

'. 
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WITH REGS DO 
BEGIN 

-AX:-S2COO; 
MSDOS(REG$) i 
HOUR::HI (eX)i 
MIN:=LO(CX)i 
SEC:=HI(DX)i 
FR~C:=LO(DX)i 

END: 

• 

WRITELN(HOUR:3,MIN:3,SEC:3,FRAC:3)i 
END; 

BEGIN 
FOR YST:=O TO 127 DO 

BEGIN FOR XST:=O TO 63 DO 
BEGIN P[XST,YST1:=Oi 
END; 

END; 

FOR XST:=3 TO 60 ~ 
FOR YST:=3 TO 125 DO BEGIN 
P [XST , YST] : =255 i 
END; 
END; 

for XST:=O to 9 do begin 

M(XST1:=Oi end; • 

TlMER(A, B,C,D) i 

FOR YST:=O TO 127 DO , 
BEGIN X:=Oil:~Oi 

WHllE «prx,YSTl=O) AND (X<64» X:=X+1i 
\ BEGIN IF X<64 THEN BYTE_LEFT(P[X,YST1,LE)i 

XST:=8*X+8 o LEi 
X:=X+1i 
L::L+lEi 

.. 

r 

L WHILE «P[X,YSTl=255) AND (X<64» DO 
BEGIN L:=l+8i 

X: a X+1i 
END;.. 
IF X<64 

\ 

'THEN BEGIN BYTE_RIGHT(I'1[X,YSTl,LE)i 
L:=L+LEi 

END; 

END; 
Mnm_Update(XST,YST,l,M)i 
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~ END; 

TlMERCA,B,C,D) ; • FOR A:-O 'TO 9 'DO BEGIN ~ 

WR ITELN(M [A] ) END; 
END. 

" 

• 

o 

( • 

.. 

( 
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APPENDIX III - LISTING OF THE DELTA METHOD PROGRAM 

1 REM 

2 REM 

3 REM 
4 REM, 
5 REM 
6 REM 
7 REM 
8 REM 
9 REM 
11 REM 

12 REM " 
13 REM 
14 REM 
15 REM 
16 REM 
17 REM 
18 REM 
19 REM 

r- ------. ------. ------------------------------. ----. --. ----------, 
1 1 
1 REAL-TIME CALCULATION OF THE MOMENT INVARIANTS 1 
1 FOR A COHTIGU<lJS IMAGE USING THE DELTA "6" METHOO 1 

1. _ t 1 
~- --------_ .. -_. ------------------------_. --------------~- -------~ 
1 1 
1 USING IS256 OPTIC RAM (lDETIX) 1 
l ,1 1 

~- -------. ---------. --. ----------------.. --------.. --------------~ 
1 1 
1 Copyright (C) KR. MARIJAN ZAKARIA 1 

1 ROSOTIC MECHANICAL SYSTEMS lASORATORY 1 

1 MCGILL UNIVERSITY, MONTREAL CANADA 1 

1 1 L. • ______ • __________ • ________________ • ________________________ • __ J 

29 DEFI'NT A-Z:Y,dth ILPT1:",'32 
32 CAHPORT=&H260 

: REM ALL VARIABLES ARE INTEGERS UNlESS SPECIFIED OTHER\JISE 
: REM CHANGE THIS IF YOU CHANGE THE SYITCH 

50 KEY OFF 
70 DIM APTR(14),CAH(29),PBC(6),FBUF(15),MOVS(5),SAV(8),LOO(8),BITM#(8), MU#(7), ETA#(7), PHI#(7), M#(10), 
PRN(3) ,P(80,80) 
n REM 
74 REM 
76 REM 
78 REM 
80 REM 
305 OPEN IINSTSAS_DAT" AS ., 

310 FIELD #1, 128 AS BS , . 
315 GET '1 
316 CLOSE 
320 1C"1: FOR 1"1 lb,14 
325,APTR(I)=CVl(MIDS(SS,IC,2» 
330 1CII:1C+2 : NEXT 1 
332 DEF SEG=APTR(3) 
334 PBC(1)=APTR(2) 
336 PBC(2)II:APTR(4) 
338 ~HACALC=APTR(6) 
340 CAMORIVE=APTR(7) 
342 MICF8UF=APTR(8) 
344- MOVSCR=APTR(9) 
346 PBC(3)=16384 
347 MOVPRN=APTR(14) 

: REM APTR = SEGMENT AND OFFSET LIST FOR DRIVER ROUTINE 
: REM CAM = PARAMETER LIST FOR ,C~ORIVE - IDETI) H/Y DRIVERS 
: REM PBC = PARAME TER LIST FOR DMACALC . DHA XFER BUFFER SET UP . 
: REM FBUF • PARAME TER LIST FOR MKBUF - IMAGE ENHANCE ROUTINES 
: REM MOVS" PARAHETER LIST FOR MOVSCR - GRAPHICS DISPLJlY ROUTINE 

: REM SET UP SEGMENTS AND OFFSETS 

: REM POINT AT DRIVER CODE SEGMENT 
: REM DMA SEGMENT • DRIVER DATA SEGMENT 
: REM DMA OFFSET • BI~MAP AODRESS 
: REM DMA XFER BUFFER SETUP ROUTINE 
: REM IDETIX DRIVER ROUTINE 
: REM IMAGE ENHANCE ROUTINE ' 
: REM GRAPHICS DISPLAY ROUTINE 
: REM BUFFER SIZE • 128K PIXELS 
: REM MOVE PRINT ROUTINE 

348 CALL A&SOLUTE(PBC(1),DMACALC) : REM DMA SETUP 
350 IF ~BC(4) THEN SlJAP APTR(5),APTR(4) : GOTO 336 
400 DEF SEG 

.107 

r. 

J 



• 

( 

( 

Appendix III 

610 CREG ,",H1 
612 CAM(Z)·O 
614 CAM(3)=255 
616 CAM(4)=300 
618 CAM(5):1 
620 CAM(6)=379 
622 CAM(7)=160 
624 CAM(8)=1 
626 CAM(9)=319 
628 CAM(10)=5 
630 CAH(11)=500' 
631 CAM(12)=&HF 

'632 CAM(13)=CAMPORT 
634 CAM(14)=PBC(6) 
636 CAH(15)=PBC(5) 
638 CAM( 16)=0 
640 CAM( 17)=1 
642 CAM( 18)=0 
644 CAM( 19)=1 
650 FBUF(1)=1 FBUF(2)=1 
651 FBUF(3)=0 FBUF(4)=0 
658 FBUF(10)=APTR(4) 
660 FBUF(11)=APTR(5) 
676 MOVS(4)=APTR(S) 
678 MOVS(5)=0 
680 PICTYPE=3 
~ EXPRNG =0 
684 FMOOE :01 
686 PIXC .. O 
690 GOSUB 700 : GOTO 1010 

: REM COMMANO REGISTER 
: REM REFRESH START ADDRESS 
: REM REFRESH LAST ADDRESS 
: REM ROW START ADDRESS 
: REM ROW INCREMENT 
: REM ROW LA ST AQDRESS 
: REM "COL START~DRESS 
: REM COL INCRE~NT 
: REM COL LAST ADDRESS 
: REM ST ROSE COONr 
: REM EXPOSURE TIHE ( IN .1 ms FOR LOU RANGE ) 
: REM NO HEAD MPX 
: REM IDETIX 1/0 PORT ADDRESS 
: REM OHA BUFFER POINTER 
: REM OHA PAGE 
: REM CHECK FOR TRANS FER COMPLETE 
: REM IN!TIALIZE THE OHA CONTROLLER 
: REM HANG INOICATOR IS ON 
: REM PIXEL COUNTER IS ON 
: REM PICTYPE 3 .. 
: REM PROCESS ENTIRE BUFFER 
: REM POINTER Ta BITHAP . INPUT 
: REM POINTER Ta ~RKMAP . OUTPUT 
: REM POINTER TO ~RKHAP = FINAL IMAGE 

REM SCREEN,START OFFSET 

REM LOW RANGE 
: REM SINGLE FRAME 
: REM INITIAL IZE PIXEL COONTER 
: REM RESET THE 10ETIX PROCESSORS 

700 REM 
701 REM 
702 REM 
703 REM 

r· ............................................................. , 

ISUBROUTINE TO RESET THE 10ETIX PROCESSORS AND/OR STOP THE 1 
ICAMERA (Y"IA SOFTYARE). . 1 
l ............................................•................ J 

710 DEF SEG=O : 1=INP(CAMPORT+5) 
711 FOR 1=1 TO 1000 : NEXT 1 :REM TIME DELAY 
713 IF «INP(CAHPORT) AND 7 ) <> 7 ) THEN GOTO 710 
715 DEF SEG z APTR(3} :REM POINT AT DRIYER CODE SEGMENT 
...-_ .... TURN:REM ................................... - ....................... J 

1010 SCREEN 2 : RfM 640 X 200 GRAPHICS MODE 

1682 CR G=( CREG AND &HFB) OR EXPRNG f.. ; 

.. 

• 1700 F E=&H1 : REM FMODE=&H2 IS CONTlNlKXJS GRABBING Of IMAGE, =&H1 IS SINGLE IMAGE 

AND &HFC) OR FMODE 

3001 CLS 
3010 EF=O 
~020 GOSUB 5300 
3056 RE14 LOCATE 25,54: PRIN! .. 

: RE""M ---» JAKE A PICTURE <:----
: REM CLEAR THE SCREEN 

: REM ENHANCE THE PICTURE 
time (IIIS) -":LOCATE 25,70 : PRINT CAM(11)!10i 
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3100 CAM(19).1 ~ CAM ( 1 )=0 :, CAM ( 16)111: CALL ABSOLUTE(CAM( 1) ,CAHORIVE) 

3101 GOSUB 6000 : LOCATE 24,2 :PRINT USING "-whIte pixels =######1' , black pixels = ###### 

pixels'" tIfIfI.iI'f. "iIlPX,BPX,(\JPX/(WPX+BPX»·100: 

3102 CAM(1)=CREG :CAM(16)=0 :CAH(17)·1 :CALL ABSOLUTE(CAH(1),CAMDRIVE) 

3103 FBUF(S)=CAH(23)/2 

3104 FBUF(6)=CAM(24) 

3110 FBUF(7)=CAH(23) 

3120 FBUF(8)=CAH(22) 

3130 FBUF(9)=CAH(24) 

: REM PASS INPUT BUFFER DESCRIPTOR TO MKFBUF 

3200 CALL ABSOLUTE(fBUf(1),MKFBUF) : REM ENHANCE THE.,RA~ DATA 

3210 MOVS(1)=FBUF(12) 

3220 MOVS(2)=FBUF(12) 

3230 MOVS(3)=FBUF(13)'1 

: IF MOVS(2) > 80 THEN MOVS'2)=80 

3240 CALL ABSOLUTE(MOVS(1),MOVSCR) : REM DISPLAY THE PICTURE 

4000 REM 

4001 REM 

4002 REM 

: REM SERVICE THE KEY PRESSES 

: REM IF NO KEY 15 PRESSED 'THEN A CONTINUOUS IMAGE IS GRABBED 

: REM C = CALCULATE MœENT INVARIANTS AND DISPLAY ON SCREEN 

4003 REM : REM L = LOOK AT MEMORY CONTENTS BEFORE PROCESSING 

4004 REM : REM Q = QUIT THE CURREN\ PROGRAM AND PRœPT C> 

, 4005 REM : REM P = PRINT THE IMAGE DISPL~YED ON THE SCREEN 

4006 REM : REM S = STOP THE CONTINUOOS LooP FOR IMAGE GRABBING (PAUSE) 

4007 REM : REM R = RESUME, ONLY "RIO CANCELS THE "S"COMMAND 

'4010 KPS=INKEYS : IF KPS="" THEN GOTO 3100 :REM TAKE A PICTURE CONTINUŒJSLY 

4015,JF leP$="C" OR KPS="c" THEN :GOSUB 700:GOSUB 45000:REM GOSUB 40000:CLS:SCREEN 2 :GOTO 4100 

: REM CALCULA TE 

Xwhite 

4017 IF KPS="L" OR lePS="I" THEN :GOSUB 700:GOSUB 55000:CLS:SCREEfj 0,0,0 :GOTO 4100 :RÈM LOOK AT APTR(5)+C 

MEMORY LOCATlot 9 

4020 IF KPS="Q" OR KPS="q" THEN :GOSUB 700:CLS :SCREEN b,O,O:STOP :REM QUIT 

4030 IF lePS:"P" OR KPS="p" THEN :GOSUB 700:GOSUB 40000 :REM PRINT 

4080 1 F KPS="S" OR KPS="s" THEN : GOSUB 700 :XXS='"':XXS=INKEYS: 1 F XXS<>"R" AND XXS<> "r" THEM 4080 :REM 

.*.*. STOP THE CAMERA BY PRESSING S, RESUME BY R •• *.** 
4090 GOTO 4010 : REM GET THE NEXT INPUT 

" 4100 RUN 

5300 REM 

5301 REM 

5302 REM 

5303 REM 

: REM START THE PROGRAM OVER AFTER CALCULATING THE PHI'S ..... " 
r' ........................................................... " 

1 SUBROUT 1 NE TO SET THE PARAMETERS ON FOR THE ENHANCE/LAYŒJT 1 
IPICTURE. (PICTYPE 3) 1 
l .......................................... ·· ................. J 

5310 FBUFC1>a1 : FBUF(2)=1 : MOVS(4)=APTR(5) 

)312 1 F«CCAM(9) 'CAM(7)+1 )/CAM(8) ).( (CAM(6) 'CAM(4)+1 )/CAM(5» »327681 THEN EEES=I'PI C 

FI ~ • REDUCE WIND~ SIZE" : [.f1l1 

5313 RETURN:REM····································· •••••••••••••••••••••• J 

6000 REM r···················· ...................................... : .. , 
6001 REM ISU&ROUTI~E TO CALCULATE THE NUMBER OF WHITE PIXELS, BLACK 1 
6002 REM IPIXELS AND THE PERCENTAGE OF WHITE PIXELS: USING COUNTERS 1 
6003 REM 1 FROM THE HARDWARE. 1 
6004 REM l ••••••••••••• , •••••••••••••••••••••••••••••••••••••••••••• " • J 

6005 IF CAM(28)<0 THEN CAM(28)=0 

6010 IF CAM(28»&HFFOO THEM CAM(27)=CAM(27)'1 

6020 1. F CAM(27)<O THEN CAM(27)=0 

6030 IF CAM(25)<0 THEN CAM(25)=0 

6040 WPX=(CAM(25)*&H100)+(CAH(26» 
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6050 BPX=(CAH(27)*&Hl00)~(CAH(28» 
~ 

6100 IF BPX=256 THEM BPX·':WPX~32767 
6150 IF WPX=O THEN WPX-l:BPXz32767 
6200 RETllRN:REM············································ ••.•.•.•••...•• J 

40000 RE~ r' .......•........•••......•....•... , ••..•...•.••.••..•....•. 'l 

40001 REM ISUBROUTINE TO PRINT THE IMAGE SHOWN ON THE SCREEN ON AN 1 
40002 REM 1 FX80/85 CCtlPATlBLE DOT MATRIX PRINTER. 1 
40003 REM L •••••••••••••• , ••• '" •••••••••••••••••••••••••••••••••• " •••• J 

40009 PRN(1)=MOVS(1):PRNe2)=MOVS(2):PRN(3)=MOVS(3):PRN(4)=HOVS(4) 
40010 CALL ABSOLUTE(PRN(l),MOVPRN) 
40011 RETURN:REM···················· ..•....••..............•..•. , ........• J 

45000 REM 
45001 REM 
45002 REM 
45003 REM 
45004 c=o 

r' ............. , ................................... ' ......... '11 

IsDBROUTINE CALCULATE 1 THIS SUBROUTINE CALCULATES T~E 1 

IDELlA "Ii", XSl, YSl AND lHE mpq 'S. (FOR 80 X 640 MATRIX) 1 
L •••••••••••••• " •••••••••••••••••••• '" •••••••• " ., •••••••••• J 

45005 DEF SEG=APfR(2) : REM POINT AT DRIVER DATA SEGMENT 
: REM INITIALIZE THESE VARIABLES 45006 FOR 1=0 TO 9:M#(I)=0:NEXT 

45007 REM LPRINT CHR$(21)"I"CHR$(4):YIDTH "LPT1:",160 lETTRIX #15,"10,199,&5,C 
45009 TIM1$=TIMES:LLY=LY : REM TAKE THIS TIME AS STARTING TIM~ 
45010 FOR YST=O TO 79 
45020 L=0:C=YST*80: REM IF eX<80) THEN LPRINT " Il 

45030 
45035 
45037 
45040 
45050 
45060 
45070 
45080 
45090 
45100 
45105 
45107 
45110 
45120 
45130 
45140 

FOR X=O TO 79 

IIEXT X 

P(X,YST)=PEEK(APTR(5) + C) : C=C+1 • 
REM BYTES=HExsepeX,YST»:LPRINT USING "\\ \\";BYTES; 
IF epex. YST) > 0 ) THEN GOTO 45060 

1 F (X::80) 1I1EN GOTO 45160 ELSE GOSUB 45210 
XST=8*X+8'LE 
X=X+l 
L=L+LE 
FOR Xl=X TO 79 

P(Xl,YST)=PEEK(APTR(5) + C) : C=C+l 
REM BYTES=HEX$(peX1,YST»:LPRINT USING "\\ \\":BYTES: 
IF (peXl,YST) < 255) AND LLY>5 THEN GOTO 45130 ELSE L=L+8 

NEXT Xl 
LLY=LLY·1:X=X1 
IF (X::80) THEN GOTO 45150 ELSE GOSUB 45240 : L=L+LE 

45150 GOSUB 45290 

45160 NEXT YST 
45165 REM TIM2S=TIMES 
45170 GOSUB 50215 
45171 LINE (',BC»'(639,l99>,,8F 
45172 LOCATE 13,l:FOR 1-1 TO 7:PRINT SPACES(62);:PRINT USING "phi(N)=Nf.m····":liPHI#(I):NEXT 
45173 LOCATE 13, ':FOR 1"1 TO 7:PRINT SPACES(40)i:PRINT USING "eta(#)=##.###····"il;ETA#(I):NEXT 1 
45174 LOCATE 13,1:FOR 1=1 TO 7:PRINT SPACES(20)i:PRINT USING "JfIJ(N)=##.f!#iI····"il ;HU#(I):NfXT 1 
45175 LOCATE 13,' :FOR 1=0 TO 9:PRINT USING "m(#)=Nf.",····";I;H#(I):NEXT 1 
45'BC> LOCATE 21,35:PRINT USING "TlM''''\\ \\ T1M3=\\ \\"iTlM'S, TlM3S 
45200 RETURN:REM·························· ~ .•••..........•••...•.......•• J 

45210 REM~ r······ .. •· .. •·••··· .... · ·• .. •• .... ·•·•···•• .. ·• .. ·:· .. ·········l 
45211 REM 1 SUBROUTINE BYTE'LEFT, WHEN THE PROGRAM ENCOUNTERS THE 1 
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45212 REM IFIRST-NON·ZERO BYTE ON A GIVEN LINE BYTE'LEFJ WILL TEll WHEREI 
45213 REM ITHE EDGE EXACTlY IS BY MASKING THAT PARTICU~AR BYTE. l , 
45214 REM l .......... ···························.··············· ........ J 
45215 v-pex, YST) 
45220 IF V>15 THEN IF V>63 THEN IF V>127 THEN lE=S ElSE lE=7 ElSE IF V>31 THEN lE=6 ElSE lE=5 ElSE IF V>3 
THEN IF V>7 THEN ~z4 ElSE lE~3 ElSE IF V>1 THEN lE=2 ElSE lE-1 
45230 RETURN:REM·······················:·············:····················J 
45240 REM r' ......... , .......... " .............................. " ..... , 

45241 REM 
45242 REM 
45243 REM 
45244 REM 

ISUBROUTINE BYTE'RIGHT, WHEN lHE PROGRAM ENCOUNTERS THE 1 

IFIRST BYTE < 255 Af THE OTHER SIDE.OF THE SURFACE IT USES 1 

IBYTE'RIGHT TO TEll WHERE THE RIGHT'HAND EDGE EXACTtY IS. 1 
l ........ " " ............................. " ..................... J 

45245 NUM=peX ,YST) 
45250. TMP=255' NUM 
45260 V=TMP:GOSUB 45220 
45270 lE=S"lE 
45280 RETURN:REM············································ .......•..••.. J 
45290 REM r" ..................................................................... , ...... -: ........................................ , 
45291 REM ISUBROUTINE CAlCUlATE 2, THIS SUBROUTINE CAlCUlATES THE 1 
45292 REM IMU'S H.. "ETA'S"" AND PHI'S " .. " FOR THE GIVEN IMAGE- 1 ~ep,q) , , ~ • 
45294 REM l ........... " ..•........•••.................••........•..••... Ï 

45295 SSI=1:l2I=SS#*l*l 
45300 l3l=l2#*l 
45310 X2I=SS'*XST*XST 
45320 Y2I=SS#*YST*YST 
45330 S1I=el2"l)/2 --
45340 S2I=el3#*2'l2#*3+SS#*l)/6 
45350 S3I=el3#*l'l3#*2+l2')/4 
45360 MMCO)~'eO)+l 
45370 M'(1)=M'C1)+SS#*l*YST: 
45380 M'CZ)=M#e2)+Y2#*l 
45390 M#(3)=M'e3)+YZ#*YST*l 
45400 M10I=SS#*l*XST+S1# 
45410 M#(4)=M#(4)+M10# 
454Z0 M#(5)=M'(5)+M10#*YST 
45430 M#(6)=M'(6)+Y2#*M10' 
45440 M20I=X2#*l+S1#*2*XST+SZ# 
45450 H#(7)=M'(7)+M20' 
45~ H#(S)=M#(S)+M20#*YST 
45470 M#(9)=M'(9)+X2#*l*XST+S1#*3*XZ#+SZ#*3*XST+S3# 
45480 RETURN:REM············································ ••.•••.•.••••• J 

50215 DEF SEG=APTR(3) 'J -

50220 ~X#=Mf(4)/H#CO) 

50Z30 YYI=M#(1)/MMCO) , 
50Z40 MU#(1)=M'C7)'XX#*M'C4) 
50250 HUl(2)zM#(2)'YY#*M#e1) 
50Z6O HUI(3)=M'(5)'YY#*M#(4) 
50270 HUl(4)=M'C9)'3*XX#*M#(7)+2*M'(4)*XX;'2 
50ZS0 MU#(5)kH#e6)·2*YY#*H#C5)·XX#*H.(2)+Z*YY#·Z*M#(4) 
50290 MU#(6)zH'eS)·2*XX#*H'(5)·YY#*M.e7)+Z*XX#·Z*M#(1) 
50300 HUI(7)=H'C3)'3*YY'*M#(2)+Z*yy,'2*M'(1) 
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50310 ETA'(1)aMU'C1)/C"'CO)'Z) 
50320 ETA'(2)aMU'(2)/(M~'2) 
50330 ETA'(3)~'C3)/C",(O)'Z) 
50340 ETA'(4)aMUI(4)/(M'CO)·Z.5) 
50350 ETA'(5)=MU'C5)/CM'CO)·Z.5) 
50360 ETA'(6)~MUlC6)/CM'CO)·Z.5) 

50370 ETA'(7)=MU'C7)/ck'CO)·Z.5) 
50380 PHI'(1)=ETA'C1)+E1A'CZ) 
50390 PHI'CZ)=CETA'C 1) 'ETA'CZ)" Z+4*ETA'(3)"2 
50400 PHI'(3)=CETA'C4)·3*ETA'C5»·Z+C3*ETA'C6)·ETA'C7»·Z 
50410 PHI'C4 )=CEJ A'(4)+ETA'C5»' Z+CETA'(6)+ETA'(7»" Z 

.. 

" . 

504Z0 'P~I'(5)=CETA'C4)·3*ETA1C5»*CETA'C4)+ETA'C5»*CCETA'C4)+ETA'C5)·Z·3*CETA'C6)+ETA#C7»·Z) 
+C3*ETA'(6)'E1A#C7) )*tETA'C6)+ETA'C7»*C3*eETA.(4)+ETA'C5»·Z·CETA'C6)+ETA'(7»'2) 
50430 PHI'(6)=CETA'C1)'ETA'CZ»*CCETA'C4)+ETA'C5»'Z'CETA#C6)+ETA#C7»'Z) + 
4*ETA'(3)*CETA'C4)+ETA'(5»*CETA'C6)+ETA'C7» 
50440 PHI'(7)=(3*ETA'(6)'ETA'(7»)*(ETA'(4)+ETA'(5»*(CET~4)+ETA'(5»·2·3*(ETA'C6)+ETA#(7»·Z) + 
C3*ETA'(5)'ETA'C7»*CETA'C6)+ETA'C7»*C3*CETA'C4)+ ETA'(5»'Z'CETA#C6)+ETA'C7»'Z) 
50450 TIM3$=TIME$ 
50460 RETURN:REM························· .... ·•········· .. ·••··· .. ·•······J 

55000 REM r' ........................................................... " 

55001 REM ISUBROUT/NE LOQK , THIS SUBROUTINE WILL LOOK AT }lEMORY 1 

5500Z REM ICONTENT STARTING AT LOCATION APTR(5) +.0 AND PRINT Il. 1 
55003 REM L .......................... · ....... ·•· .. ·· .. ··· ........ ·,·· .. ·J, 

55004 o'h SEG=APTRCZ):C=O -
55005 FOR YST=O TO 79 
55010 FOR X=O TO 79 
55020 PCX, YST>=PEEICCAPTRCS) + C) : C"C+l 

• 1 
55030 BYTE$=HEX$CpeX,YSf»:lPRINT USING "&"iBnESi 

55040 NEXT X 
55050 NEXT YST 
55060 OEF SEG=APTR(3) 
55070 RETURN:REM··· ........ ·· ............................................. J 

56000 OEF SEG=A~TRCZ):lY .. O:LX .. O 
56005 FOR 11=40 TO 63Z0 STEP 80 
56010 BYT=PEEKCAPTR(5)+II) 
56OZ0 IF BYT>O THEN LY=LY+1 
56030 NEXT Il 
56040 FOR JJ=3Z00 TO 3280 
56050 BYT~PEEKCAPTR(5)+JJ) 

56053 1 F BYT>O THEN lX=LX+8 
56055 NEXT JJ 
56060 OEF SE~PTR(3) 
56070 RETURN 

r 
-.' 

57000 FOR 1=1 TO 7:FI'CI)=PHI'{I):NEXT I:RETURN 

a12 

o 


