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. & Abstract

Moment invariants can be used to describe features o

. an object, so as to reduce ambiguity and difficulty of

recognition with a computer vision system. With contiguous
images, certain higher order pixel, or picture element, moments -
have been shown to be invariant with respect to translation,
regtation, and scéling of the image. However, due to the itepa--
tive nature of the required calculations and to computational
speed limitations, these moments’ cannot be computed in real-

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

‘processes. To overcome this- limitation a novel'algorithm, the
Delta Method, hasf’ been devised and applied to a typical

process. This simple, fast algorithm has_been implemented in a
video/personal computer subsystem and - verified with
experimental results using textile garment components, intended

* for -automated assembdly. In this, and for many other-

applications the Delta Method promises to greatly reduce the
time complexity of the processing required .to J'fdentify' an
object. . )
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- Les invariants dé moment peuvent étre utilisés zpour

. décrire les caractéristiques' d'un objet, de facon & réduire les
’ ambigui'tés et les diffic¢ultés de reconnaissance d'un systéme de )
vision par ordinateur. Avec des images contigues,‘ certains
moments de pixel, ou élément d'une image, :
- sqnt invar}ants par rapport a la translation, la rotation eE‘
: de Cependant,‘ en °raisqn des
restrictions sur la vitesse des calculs, ces moments -ne peuvent
étre calculés en temps réel, comme paf/-‘exemple, d'une facgon
asséz rapide pour satisfaire les besoins de plusieurs procédés

Afin de surmonter cette restriction, un nouvel °*

d'un ordre supérieur .

dimensions 1'image.

— industriels.

aigorithme , la Méthode Delta, a été congu et appliqué a um
procédé typiqué. Cet algorithme, simple et rapide, a été
? introduit dans un sous-systéme vidéo/ordinateur personnel et

vérifie ‘expéhimentalement en utilisaﬁt des piéces de tissus de
vétements devant étre assemblées par automatisation. Dans cette-
la Méthode Delta

application, comme dans plusieurs autres,

promet de reéduire gonsidérablement 1la complexité du probléme
1]
-associé a la durée des calculs requis pour identifier nun objet.
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1.1 Introduction

In the past tw? decades, there has been a considerable
amount of work devoted 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
primarily from the need to automate industrial processes, to
explore and e?(ploit environments hazardous to life, to handle

N (w radiocactive and other dangerous materials, and to aid the
‘ handicapped and their therapists. ’

()

-

An intelligent robot might consist of a manipulator that
is integrated with a vision ' system which represents th’ed eyes
(the camera) and the brains or the intellig?nce (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 some of
the known algorithms for edge detection and image processing, .
so the manipulator could "see" and then could compar'é images of
objects intelligently. After considerable investigation, the
method of Moment Invariants was chosen. This ,metpod has the
ability to identify an object (image) independent of its
position, size, and orientation using seven invariant

" parameters that describe a particular image. This ‘means that
for the- pu’rpose of comparison, bnly seven n}lmerical

~
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1.2 Theoretical Consideration of Moment Invariants <

e
\

descriptors, - rather than the- entire digitized image, need be

stored and compared . -

This thesis deals with the design and t_esting of. an auto-
mated ¢ision system, using a fast algorithm for moment invari-
ant. generation. The algorithm was proven in a System designed
for the identification and,\verifica?:;ion of te}g;tile components.
The design of. such a system involves two steps: Creating the
appropriate algorithm_to identify the object, then verifying
:fhat it is free of any defects. This algorithm would ultimately
be implemented in a combined robotic-vision system that will
analyze the data provided so as - to recognize and reject
defective objects while computing the registration correction
for objects which are slightly misaliigned. The system, using
the delta method, is able to analyze the two-dimensional fea-
tures of a textile component and to generate it's moment
inv‘ariants with *a considerable reduction of time over
conventional methods. It will be shown that ,)the delta moment
method of "' calculating. the moments serves both ‘in .the
identification and the verification process (see Chapter 3 for
motre details). ‘

-
4

PN

o

1.2 Theoretical Consideration of Moment Invariants

~

-

¥

. Moment invariants have been used as features in object
recognition, image classification and °scene matching [1-21].
These invariant features extracted from two-dimensional images
are invariant under image translation, scaling and rotation.
The use of moment " invariants was first proposed by Hu [.:1-2] in
1962, for two-dimensional character recognition. The applica-
tion of moment invariants to more ‘complex two-dimensional"
scenes was extended by Sadjadi and Hail [11,14].

Q [
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1.2 Theoretical Consideration of Moment Invariants '
The concept of moment -invarjants is based on invariant

algebra which deals with the properties of certain classes of
algebraic expressions whic¢ch remain invariant under general 1lin-

“ear transformations.

» -
~

1.2.1 A Uniqueness Theorem Concerning Moments

~—— - -

Any geometric pattern can always be represented by a
density ‘(or intensity) distribuytion function f(x,y), with
resp'ect to a pair of orthogonal axes fixed to the visual field.

l'd
-

The two-dimensional moments of order (p+q) of an image,

computed from the continuous image intensity function f(x,y),”

are defined in terms of Riemann integrals as :
% -

©

Mpg = ~ xp.yqrf(x,y).dx.dy (1)

where p,9 € ( 0,1,2,... }
If°it is assumed that f(x,y) Is a piecewise continuous .there-
fore bounded function, and thaté it can have nonzerp values only
in the finite part of the xy plane; then moments of all orders

exist and ’t(he“following uniqueness theorem can be proven. |,

r‘” ° - ° /
~— & '

Uniqueness Theorem : The double moment sequence {mpq}, is

-

imiquely determined by f(x,y): " and conversely, : f(x,y) is

uniquely determined by (mpq). Hence one may use (mpq.} as a
means of representing any two-dimensional pattern.

It should be noted that the finiteness assumption is
important; otherwise, the above uniqueness theorem will no

hold.

~
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1.2 Theoretical Consideration of Moment Invariants

The computations of Mhg consist of multiplying the func-

tion f(x,y) by a nominal xPy9 and’ integrating the result. The

nominals of order 3 or less are xoyo, xoyl, xoyz, x°y3, xlyo,

. xlyl, xlyz, xzyo, xzyl, and x3y°. These are sufficient to

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

can be disregarded.

The moments of order p+q may also be interpreted as the -
response of an imaging system with the transfer function of,
xPy9, and the input, f(x,y). Low oxrder moments have intuitive
relations to objects. For example, mgg is related to mass, mg,
and my; to centre of mass and m,,, my,5, and my, to the princi-

pal axes. . ' : .

1.2.2 The Moment Generating Function -
A\

. The moment generating function of f(x,y) may be defined as

2

M(u,v) = explux+vy].f(x,y) .dx.dy
. e ‘ , o /

If u/and v are considered as complex variables, this expression
ié a two sided Laplace transform. For the invariant development

‘botﬁ u and v are assumed to be real. This fgnction can also be

" written in the form of : s
" © ® (wP (vd
M(u,v) = Z z m . . ,
p=o gm0 P4 Tor S Tgr o

where | the exponential has been expanded by its Taylor series
)equivallent, assuming that moments of all orders exist. This
.equation shows that the moments may -b¢ determined from Lhe
derivatives of the moment generation-functions‘évaluated at the
origin. . (— '
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" 1.2.3 Central Moments

_The central moments of f£(x,y) are defined as :

- Hpg = | (x = X)P.(y - 9. £(x,y) .dx.dy (2)

—H0-
- ;

- 0 g
‘where %X = myo/Mgg , Y = mg1/Mgo- The central moments pyq
defined in, (2) may easily be shown invariant under translation

and can also.be expréssed in terms of the moments Mpg defined

’in (1). \

[

For a digital S§mage, the double integrals in mpg and ppg
can be approximated by double summations as follows : !
A

: P .49 o
m = T I iP.39.£(1,9) . (1.1)
29 i=0 §=0 - ,
. M N _ _ \
bpg = - 2~ (1 -DP.G - 5HTEE5) (2.1)
1=0 J=0 .
{
where i .= my 9/Mpg ,.3 = mpy/Mpg. The summation liﬁi;s M

and N are the dimensions of the intensity matrix f£(i,j) M
which i and j are the discrete locations of the image pixels.

‘ For. many industriagl applications images can be represented. in

black and white. Only size, contour, resemblance and contiguity
are important,—ﬂbt the color or the shade of the object. .In
th%s case the intensity function £(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 iPj9 and integrating the

’

5 £ _

"
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1,2 Theoretical Consideration of Moment Invariants

o

results. In the case of a contiguous image, the function f(i,j)
is always 1 inside\\{‘j;‘he. boundary of the object in the image, O
_ for the background. The double-summatioris of the nominals of

.0

order 3 or less (1)

Moo

i

o

.

M
z.
i=0

M=
o

[N
M . I
o (=)

.

M=

poe
o
.

(=]

- :
{1 s e 4

RS

-
o

o=

oo
o
C .

e
TR
0O

(W
o
Wl

0

N .
D>
3=0

™M=

-
o

™M=~
o

™M=

.
o

[ R
o

u. -
Y
O

.
I ™M=
'O

M=
o

e
e ] [ -1
= 'l o

Computing these _double-sw;rmations

recursive nature of the

?31 culations.

6

' iojl, ceeecenae g i3j°) are:

(1.a)

(1.b)

(1.c)

- (1.4)

(1.e)

(1.£)

” '(1-9‘)\
(1.h)

(1.1)

{

(1.3)
\

Y

lengthy due to the
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i

o
o

The detailed theory behind these derivations can be found

in calculating the central moments.

~

ﬂop
o1
Ho2
”05
PlQ
H11

H12

K20

A

From (2-.1), the central moments of

—J

1

»

M N

z = (i -
i=0 j=0

M N |

T = (i -
i=0 j=0

M N _

T z (i -
i=0 j=0

MoON

T 7% (i -
i=0 j=0 -

M N _

s = (i -
i=0 j=0 )

M N

E E (i [ Sand
i=0 j=0

M N

z z (i -
i=0 j=0

~

M N .

z z (1 -
i=0 =0

M N

z z (1 -
i=0 j=0
"M N ]

- 3z (1 -

i=0 j=0 ”

[ -4

1% (5

-

order 3 are as follows:

?>°.f<i,j‘>
Nl
i)z.fci,j)
i)?.f(i,j)
3)9.£(4,9)

L.£(i,5)

i)z.f(i.j)‘

F)0.£(4,5)

2

‘3) 9. £(4,3)

NieE,g

(2.a)'

(2.b)
(2.c)

(2.4d)

"(2.e)

(2.%)

-

(2.9)

“~(2.h)

(2.1)

(2.3)

,in.Elliot [23). In this paragraph we proceed to use the above

3

3

¥
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>

moments in terms of the ordinary moments :

From
from
From
From
From

From

From

From

Fron

From

(2.a),
(2.b),
(2.¢),
(2.d),
(2.3),
(2.1),
(2.9),
(2.h),
(2.1),

(2.3),

Hoo
bo1
ugz
Ho3,

Hig

H11

K12
20
H2q

30

1l

Moo .

my1-(Mg1/Mgp) Mg = O
mya=Mg1%/Myg = Mp=Y Mgy
mo3—3.§.m02.+2.§2.m01

myo- (M1o/Mpg) Mg = O
my1-(Mg1/Mgg) + Mg
m12—2.§.mll-§.m02+2:§2.mlo
mymy 02/ myg = myy~X.Mgp
321-2.§.mll-§.p20+2.§2.m01

en T =2
m30 3'Xnm20.+2.x .mlo

‘From (2.1) page 5, it is quite simple to express the central
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1

1.2.4 Fundamental Theorem of Moment Invariant s
RS -
To relate the .moments to the theory of invgriant algebr%,
one maf first expand the exponential term in the moment

generation function to obtain:

4 © : N
. o 1
M(u,v) = 2 —— . (ux+vy)P.f(x,Y) .ax.dy
. J p=0 p!

eI ==
- ’

o

s L e
Now after using' the binomial expansion and carrying out inte-

gration: -
. ) 0 1
M(u,v) = E  —— .(kpos +-+ rhops) (u, V)P,

p=0 p! .
-~ T Y ,
. 7 *
Definitions ¢ '
Invariants - An invariant of a single quantic is such a

function of thé coefficients in that quantic, that it needs at
most to be multiplied by a factor which is a function only of
the coefficients in any scheme of linear transformation to be
made equal to the same function. Similarly for an invariant of
two or more quantics is such a function of the two or more
-sets of coefficients in those quantics, that’ it needs at most’
to be multiplied by a factor which is a function only of the
coefficient§ in any scheme of linear transformation, to be made

equal to the same function.
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1.2 Theoretical Consideration of Moment Invariants ) .
“ f

Quantics or Forms = A function of any number of variables
X, Y, 2, ... which is rational, integral and homogeneous in
those variables is called a quantic in x, y, 2, .... . If there
are two variables, x, y, the quantic is called a binary- quan-
tic. If three, then it is called a ternary, if q, a q-ary-form.
The degree of a quantic in the variables x, y, 2, .... 1s gener-
ally spoken of as its order. Quantics of the first, second,
tﬁird, ‘fourth, ... are célled linear, -quadrat}cs, cubicé,

quatrics, ..... i/, i

The following hoﬁogeneous polynomial of two g@riable% u
and v, : . LA -

.

= P -1 p
£ = a,n.uP + ()2 1'1.up VA ()

po* p-

3§

+ (pgl)ﬂai,p-l'“'vp—},+ an.gp

jsncalled a binary 'algebraic form, or simply a binary form, ?f
order p. Using a notation introduced by Cayley, the above form

~

may be written as: -
£ ='(apo; ag-1,17 -+ 7 A1 p-1i aop)(u,v)p
a homogeneous polynomial f(a) of the coefficients Apgr tee ok

2op is\gn algebraic invariant of weight a, if:

]

f(a'po,.....,a'op) = A% f(apo,.....,aop)

where a' po,.....,a op are the new coefficients obtalr\ed from
substltutlng the following general linear transformatlon into
the original form.
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where . : . . i

H C | ' ,” .

1'*0-'

U]
Q ™

O

if a=0 the invagiént is called an absolute invariant; if a#0 it

is called a’%eigtiﬁk invariant. The invariant defined above may
v

depend upon the coefficients of more than one form.

Theorem : If the;algebraic forﬁ of order p has an alge-

braic invariant,

~

f(a'po’ Tevee ,a:op)' = Qa,f(apo'-tu ;',aop)

\ . ) .
then the moment of order p has an algebraic invariant

3

= a -
f(“'pO,..-o.'“'op) = IJ' a f(upo’cno-o,{’-op)

‘ where J ié the Jacobign of thettransformation. - (

7
.

The importance of this theorem is that an invariant ‘func-

tion 'of moments can be found once a corresponding algebraic

 function exists. ' -

¢

A point whlch should be emphasized 1s the generallty
1nvolved in 1linear transfermatlons. The only restriction was

°

T 0. ’

11



A

1.2 Théoretical CMside\ray)ion of Moment Invariants

[y

I 1.2.5 The Normalized Central Momentsg

\

Under the “similitude transformation, i.e., the equal

change of size in both the x and the vy, o
N | ' L . |
) o X! B o] [x] . -
. [Yr} [O le [y]' ) . g - constan‘t, \ .
- ) ‘ - ’
* each coefficient of any algebraic form is an invariant
' - gbtq )
Y ‘ a'pg = P - apgr : : ‘ - @

‘For moment invariant we have:

' = gPta+2 7
u . Mpg=F "Fpq

by eliminating B between the. zeroth order relation,

)

*

and the remaining ones, we have the following absolute simili-
tude moment ‘invariants: ‘ .
» >
Ty _ Ty,
k! = rd , ptq = 2,3, ...-
T (p+q)/2 + 1 u(p+q)/2 + 1 N

- PPN

and u-'lo =.}J.'01 = 0.
~ As showg previously, the central moments kpq are simple

combinations of the moments TpHge
The normalized central moments, denoted by Npq can now be

definedu as:
0 Hpq
pgq = + 2
TN - VR
-

;o Pta = 2,3, ... (3)

&
o
\

¢
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3

»

¥ e * (] ) - . .
- These are inpvariant to size change as well as translation.

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

moments in terms of

H

oo

o1

MNo2

No3

N0

it

M

N21

the central moments :

Koo = Moo , (3.a) .

ko1 T

_— (3.b)
lJ'OOl/2 + 1 - ‘

Ho2
. ‘ (3.¢)
uoo + 1 i ° &
Ho3 '
—573 7 (3.4)
Koo / + 1

“

1

S B10 ) i

h 172
koo + 1

(3.e)

o

7}
11 . L’ (3.£)

oo + 1

H12
— (3.9)
u003/2‘““ 1

" _
20 (3.h)

oo + 1

7

Ha1

- . (3.1)
3/2
boo /2 + 1

K30 -

- (3.3)
“003/2 + 1 .

13
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1.2 Theoretical Consideration of Moment Invariants

4
r

1.2.6 The Seven Moment Invariants

-

_ r -
A set of seven invariant moments (¢), invariant to trans-
'y lation, scale change and rotation, has been derived from the
normalized central moments. Detailed description and derivation

can be found in Hu [1,2]. They are :

$1 = MotNp2 (4.a) "
“ $5 = (Nyg=Ngo) 2+4.1%17 - N : a (4.D)

¢35 = (n30‘3-n12)2+(3-ﬂ21‘ﬂ03)2 \ - (4.0)
’ 84 = (n30tNi) 2+ (Ny1+0g3) 2 . _ ] (4.4)

$5 = (N39~3:-N713) - (M39TNisy). [(n3o+n12)2-3-(n21+q03)2]'
+(34h21‘ﬂ03)-(ﬂ21+ﬂ03)~ [3-(ﬂ30+n12)2‘(n21+ﬂ03)2] (4.e)

¢ = (Nyg=MNp2) - [(p30+ﬂ12)2'(ﬂ21+n63)2]

~

+4.M11. (N30*N12) - (N31+Ng3) - (4.1)
2 ! -
“e @9 = (3.N75"N30) - (N30t MN72) - [(ﬂ3o+ﬂ12)2"3-(ﬂ21+ﬂo3)2]
{ +(3.n31-Ng3) . (Ny1+Ng3) . [3-(ﬂ30+ﬂ12)2'(ﬂ21+ﬂ03)2] - (4.9)
The skew orthogonal invariant (¢5) is used for distin-
guishing mirror images because it varies considerably -under
mirrdring.
J
The method described in . .this section, can be generalized
.~ to accamplish pattern identification not only independent of
R pbsition, size and orientation but also independent of parallel

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

)
.

14 ‘ -
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Chapter 2, . RELEVANT LITERATURE SURVEY

Recognition of visual 'patterns and characters independent
of position, size, and orientation in the visual field has been
a research subject since 1962. In the following paragraphs a
summary of this Tresearch is presented in chronological order :

' “ " |
Hu [1,2] : Reported in his paper, in 1962, the mathematical
foundation of two-dimensional moment invariants and their
applications to visual information processing. His results show
that recognition schemes based on these invariants could be
truly position, sizé and orientation independent, and also
flexible enough to learn almost any set of patterns. Hu adapted
the moment: invariant method to visual pattern recdgnition.
Oﬁherhauthdrs succeeding. Hu extended his work only slightly,
through specific applications. The moment invariants method was
neverjconsidered for-any industrial applications, because- it is
computationally very costly. Its use in defense applications
are extensive, however. This thésis extends Hu's " theory,

_ through an efficient simplification, so as to make its

industrial applications tractable.

©
°

Alt [3] : Applied Hu's results, in 1963, to the recognition of

thehletters and numerals of a particular printed font and simi-.

lar patterns. '
: A

Pl
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[t

)
Figure 2.1 Examples of "similar" patterns. /

In comparing his system with others which have been pro-
posed, we find both advantages and drawbacks . These other meth=

ods use either coincidence -~ the pattern to be read is matched

_with a standard pattern, and the requirement for agreement,

within a specified tolerance, is imposed - or they concentrate
upon certain local or topological properties of the character
to be recognized, such as. corners, branch points, and closed
loops. An exampie of an instance where moment invariants fail
*is 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 vwhere the latter is rounded. This

difference would haVve no. more effect on moments than some

slight noise or change in type font. In fact, it is the kind of
distinction which we wish to disfegard; for in the lLatin

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

»

M T A AanR

s

e ‘

?

Figure‘\z « 2 Two Hebrew characters, d snd r, differ only in the sharpness of & corner,

l6
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. - 'K ' ° . '
Lambert [4] : Performed experiments, in 1969, on the classifi-
cations of printed characters using moment invariant features
with a reported accuracy of 95%, i.e., 95% of -characters read’

are correctly identified. -
. - ) )

2

casy [5] : Used moments, in 1970, as a preprocessing tool to
normalize patterns of handprinted characters.

A i T
~
i
«
r

|
‘ : R
: t -
i 1y
thi

Figure 2.3 sample contours: (a) input (derived from handprinted A's): (b) normalized.

L}

U ngermadizad N ddingd

E

Fiqure 2.4 Super imposed patterns.

-



)

J

“ A

- \
2. Relevant Literature Survey

— N ! )‘

Handprintied characters can be made to appeatr more uniform,'
"i.e., more 1like machine .print, if an .appropriate 1fnear -
transformation is performed on each input pattern. The trans-
formation can be implemented electronically by programming a
flying-spot raster-scanner to scan at a number of spécif_icd
angles in addition to scans along the principal axes.
Alternatively,’curve-follower normalization can be achieved by
transforming the coordinate waveforms in a linecar combinﬂing
network. Second order moments of the pattern are convenient
properties to use in specifying the transformation. By mappiﬁg
sthe original pattern into one having a scalar moment matrix all
linear pattern va_riationsl can be removed. Comparison
experiments with three sets of handprinted numerals showed that
error rates were reduced by integral ifactors if the patterns
were normalized before scanning recognition (sece Fig. 2.3 and

2.4 for normalized patterns).

Smith et al. [6] : Reported, in 1971, the results of a study
undertaken to determine the feasibility of automatic interpre-
tation of ship photographs using the spatial moments of the
images as characterizing ’geaturces.l The photo intorpretaqtion
consisted of estimating the location, orientation, dimensions,
and heading of the ship. The study used simulated images in
which the outline of the ship was randomly filled with black

-and white cells to give a low-resolution high-contrast image of

the ship such as might be obtained by a high-resolution radar.

Ll
KN

»
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Figure 2.5 six examples of simulated ship images.

Hall et al. [7-9] : Used spatial moments, in 1976, as one of
the selected features in categorization of profusion of opaci-
ties in medical X-rays. )
‘

Dudani et al. [10] : Addressed in his paper, in 1977, the prob-
“lem of the automatic 1nterpretatlon of optical images of three-
dimensional scenes. - He was spe01flcaﬂy concerned xslth the
automatic recognltlon of aircraft types 'from optical images. An
experimental system was described in which certain features
called moment invariants are extracted from binary television
images and are then used for automatic classification. This ex-
perimental system has exl;ibited a significantly 1lower error
rate than human observers in a limited laboratory test involv-
ing 132 images .on six aircraft types. Preliminary indications
were that this performance could have been extended to a wider
class of objects. )

g~
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Figure 2.6 Typical images obtained with the experimental 1mage acquisytfon system.
a8

5 In his investigation, a recognition class consisting of

only six aircraft types were used. It was difficult to arrive

at any meaningful results regarding the relationship of rec'og—

nition accuracy to the number of aircraft in the given class
because of the fact that similarity or dissimilarity in shapes
of aircraft under consideration greatly affects the recognition
accuracy. However, for the aircraft used in the recognition
class, the accuracy of correct classification did not jincrease
eignificantly when lowering ‘the number of aircraft-in the
rec—%grzition class to three. ’

Sa?jadi ‘et al. [11] : Extended, in 1978, the applications of
the method of moment invariants to more complex two-dimensional
images without changing the theory. His work was applied-in
space, spy satellites, and in the guiciance, systems of lohg

range missiles. Although’ Sadjadi et al. tried to recognize

20 ,
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2

complex images, their work and applications were of a great

value to this research thesis. .
’ []

@
@

Sadjadi et al. [14] ¢ Proposed, in i980, the use o three—dim-l
ensional moment ipvariaqts as a tool for the recfgagnition of
three-dimensional objects independent of size, position and
orientation. ) ~- )

’,

. The generalization of the result of 2-D moment - invariants
which had linked the 2-D moment in¥variants to binary quantics
is done by linking 3-D moment 1nvar1ants to ternary dquantics.
The existence and number of nth order moments in two and three

dimensions is explored.

- A%

The three-dimensional moments of order p+q+r of a density.
(or intensity) function £(x,y,z) are defined in terms of the

Riemann integrals as:
%

Mogr = xP.y9. 2% . f(x,y,2) .dx.dy.dz

It is assumed that the function f(x,y,z) is piecewise continu-
ous and therefére bounded and it is zero im R3 space except in
a finite part. Based on this assumption J.t can ,be proven -that

the sequence {mpqr) determines uniquely f(x, y,z)
\

2

The moment generation function for three dimhensional mom«-

ents may be defined as:

w\ .
.M(u,v,w) = % exp (ux+vytwz) .f(x,y,z).dx.dy

)

21
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’ o

which can be expanded into a power¥eries:‘

-

00 1 ’
M(u,v,w) = z
1 . o p=0 p!

(ux+vy+wz) P f(x,y,2) .dx.dy.dz

The central moments p’pqr are defined as:

Hpgr = (x-x)P.(y-y)9. (z-2) T £(x,y,z) .dx.dy.dz
C . N

where X = mlOO/WOOO ’ ; = mOlO/mOOO ’ z = mOOl/mOQO
. . _ - \

The nc;_rmalized central moments are defined similarly, and
the 3-D moment invariants are then derived (see Sadjadi [14)]
for detailed derivations). This generalization is not trivial
because of the difficulties which are present in the derivation
of gene;al ternary quanﬁic invariant forms upon which three
dimensional moment invariant rely.

As a special but irpporta;ut subset of gencral ternary quan-
tics, the class of t,ernazly guadratic forms was explored and
several geometrical interpretations éf invariants were given,
It was stated that every geometric property of a_quadratio sur-
face which remains invariant under rotatio/n and translation can
be presented in terms of its absolute forms.

] - 5

The 3-Dimensional moment invariants method proposed here
could be of a great value to the continuation of this research

E

22
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thesis since the Delta Method, proposed in chapter 3, could be
ultimately expanded to handle the recognition of 3-D objects.
. ’ ; - . i

Reddi [16] : Presented in 1981, radial and angular moments of
images and showed the methods for deriving moment .functions’
that are 1nvar1ant with respect to rotation, translation, ref-
lection, and size change without the aid of the theory of alge-
braic invarfants. Hu's invariants were expressed in terms of
these radial and angular moments, and Reddi claimed that this

facilitates visual inspectiom of invariance properties.

-~

. Let g(r,8) be the intensity function in polar coordinates
[i.e., f(x,y) = g(r,8)] and define the following radial and-

angular moments (as defined in (1)):
. \

8.(k,g) = rK.g(r,0) .dr
. o - P
0
T .
$g(P,d, Q) = J cosP 6.sin? 8.g(r,0) .de -
-7
. g~

bg(g) = #g(0,0,9)

o

rK.q(r, o) .cosP e.sin9 6.de.4dr. (1)

=u————,=x

0
®(k,p,q,9) = J
0-

V4
! » L i

Expressing kpq from (2) in polar coordinates we have

' ‘
0
' 0~

rPta*l cosP 6.sin? 8.49(r,8) .dr.de

de o

<

23 '
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\
= &(p+tqg+l,p,q,9)

&

since x=r.cos 6, y=r.sin 6 and dx.dy=r.dr.de.

The seven moment invariants ((4.1)-(4.7)) derived by Hu
{1,2] could be then expressed in terms of angular and radial

moment as follows :

M = 8,.(3,85(T))

M2 = 'Qr(BIQQ(g'ejze))lz

My.= |8,.(4,86(g.e339))|?
My = |8,(4,85(g.e39))|? .
Mg = RP {®,.(4,85(9.¢33%)).(8,.3(4,25(g.739)))

Mg = RP (#,(3,8¢(9.e329)).(8,2(4,84(g.e739)))

IP (®,(4,%6(9.e3%8)) . (8,3(4,%85(g.738)) -

=
~
]

N

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 reflectioq? whereas M, changes sfgn under
reflection. )

4
The advantage of using radial and angular moments is that
it is simple to write the invariants directly (without going
through the theory of algebraig¢ invariants as ‘Hu does). Thus we
may write:

L]

|8 (k, 09 (e318)) | 2

s

G

o

24
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%

as an invariant under rotation and reflection for any k and 1
since changing () to (6+a) or (-8) leaves the expression
unchanged. Also instead of having a weighting function such as
rk, one can have exponentials and similar functionsliﬁ r. For

instance:
p R A - 1
|¢r(ozﬁl e_ e ar.ejle)) lz
) i

can be used as an invariant.
( o
Radial and angular moments can be made invariant with

-

respect to size in a simple manner. Let ga=g(a.r,9) denote the
image contracted/expanded by a and M'; denote the new ith
moment function of g,. Since

(kg = a1 s (x,9), . R
we have: . ) —

Mll = Cl_4.Ml

‘My' = a”8.m,

. M3t = a'lo.M3
M,' = a”10.m,
Mg' = a™20.M |
Mg' = a”?l Mg . ,

M7' = a—zo-M7 . . .

- -y 'S o
and hence M, through M; can be made size invariant as follows:

[

*

My" = My/My
* ;
* 2.5

Mg" = My/M,

*
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Ms™ = Mglat, ®

*e_ 3.5
Mg = Mg/My>

*x _ s .
M,* = My/My .

It may be noted that Ms* is inveféely proportional to the fifth
pover of Ml thus making it very sens%ﬁibe to variations in My

Although it is easier to derive the angu‘J.ar and radial
moment invariants, it is, however, more time consuﬁing‘to cal-
culate them. Comparing the cartesian .moments in (1) to the
angular and radial moments in (1'),‘the amount of calculatiéns
to be performed for each pixel in the intensity—matrix 9(r,8)
is much greater than that in the f(x,y) matrix (conpare
calculating xp.yq.f(x,y) in (1)  to calculating
rK.cosPe.sind9e.q(r,8) in (1')). .

It is worth noting that the delta method derived in the
next chapter could be expanded to apply to the ‘radial and angu-

) .
lar moment invariants.

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

.the moment invariants using the Lnumerical integration

approaches. The undersampling and digitizing effects of a
diéital image as well as the quantization effect of the
intensity levels on moment invariants were also presented.

The transformation of f(x,y) into its discrete vergion
f(i,j) consists of sampling the continuous image function with
an M X N array of points (pixels) and quantizing the continuous
intensity function into K discrete levels. The sampling process
can be viewed as multiplying f(x,y) by a sampling function
s(x,y) to obtain f(i,3).

L
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(a Two different sampling functions were considered, the tra-
ditional rectangular sampling.funcﬁion and the hexagohal func-

- tion, defined by :

_,,\.;l
.- © e
sg(X,¥y) = T I €.(x-M._x,y-N._y) N
=e=00 N=-00 L ) .
and ) ) .
. ‘© © 2M-N
sn(g,.y) = X I €.(x- -_X,y-N._y) .

o - M==00 N=-00 ) , -,

3

respectively. Two sampled versions of the test image, fp(i,3)

o

s | and fH(i,j), were then computed by /

( ) fR(i:j)

and

£(x,¥) X sg(x,y). . .

’

fH(ilj) = f(x,y) X SH(XIY)

respectively . -

-
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% ERROR OF FIRST INVARIANT MOMENT OF
{ SQUARE IMAGE UNDER IMAGE ROTATION

3

Y

- Figure 2.7 Rotation irvariant error of a square image due to digitization.
. ' Teh et al. [171. ‘ °

The set of seven invariant moménts given by Hu are invari-

ant for the case of continuous image’ intensity 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

incroduced by the approximations.
~—

Possible better approximation methods to calculate the
moment invariants by numerical integration approaches were
discussed. and the plotted results are shown in Figure 2.8,

ar

D- Dowble Summotion s
T Tropareidel Mute

S Simeron's Rule N '
€ Cubric Sphine Fting

IMAGE SIZE IN PIXELS

to numerical approximation: '
un. ' ' - -

. L 1 1 L ° . .
305 20 30 40 80 %) /\/
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The relevance Qf this work is dlmlnlshed with the use of a

T, new generatlon of dlgltal cameras capable of handling consider-"

minimize the

P

-ably larger 1nten51ty matrlces that would

.

‘underqampllng, gquantization and dlgltlzatlon errors.

Hatamian [18] : Presented, in 1986,
single Chlp VLSI implementation for generatlng moments of two-
image processing

a fast dlgorithm and its

dimensional dlglta}
applications. The basic building block of - sthe algorithm is a
smgle pole digital fllter 1mp1emented with a single accumula-
tor. These filters are cascaded together in both horizontal and
vertical dlrectlons in a highly regular structure which makes
it very suitable _for:}[,SI implementation.’ The chip has been
implemented in 2.5 u CMOS technology, it occupies 6100 pm X
6100 pm of silicon area. The chip can also be used as a’ general
cell in a systoiic architecture for implementing 2-D transforms

images in real—tlme

h‘avi'ng polynomial basis structure.

. A N &
Hol2 Holzl L] “Hptzd 4 Hyi2)

, : e

B S 0 e N

o ’ . @ i ’ J -

) u’,,osj

| ¥

-4

) ,331

ot

Figure 2.9 'A 2-p digital filter structure for generating lmear combination of moments of an 1mage

Hatamian [177.
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3.1 Introduction _
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Chapter 3° AN ALTERNATIVE APPROACH: THE DELTA METHOD

>
7

3.1 Introduction

The computations of Mhq consist of multiplying the func-

& tion f(i,j) by a corresponding iPj9 and integrating the results

(see. (1)). In the case 'of a dbntiguous image, the function

f(i,j) is always 1 inside the boundary of the object in the
. s

image, 0 for the background.

. The idehtificat.{on and verification method should ‘take
into~ consideration important factors );:Jch as size, contour,
resemklance and contiguity and not the color “or the shade of
the ply fabric. To eliminate differences resulting from the
presence of stripes, colors, shades or patterns, a black and
white image (0 or: 1) has been deliberately chosen to fepresent
the object.- This supplies necessary sufficient information
about the object, while rejecting superflous and confusing
information.

For a conéiguous image all bits are "on" (equal to 1) and
therefore all bytes inside the boundaries contain’ the unsigned
binary integer,‘ 255 (except those on the 1left and right-hand
boundaries). The idea of the delta algorithm is quite simple,
instead of performing the lengthy computations of (1.4)-(1.7)
fore each pi)iel,‘ a line of pixels is chained and t;.he
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3.2 Detailed Derivation of the Algorithm . s

R

¢.

computations are performed only once per line. This new
algorithm simplifies the representation of the intensity matrix
f(i,j), where f(i,j) could be rep;l;esented now in bytes and
programmed in a higher 1level language instead of bits which
requirellow level language programming. It also reduced the
scanning time by a factor of 8 éince now bytes are scanned,
. inétead of bits (see the straightforwa¥d approach [1-18]). For
the first and the last byte of a given iine of an image, up to
8 tests may have to be performed to determine the boundary (see
subroutines BYTE-RIGHT and BYTE-LEFT and—their description, in
Appendix III). Once the boundaries have been established, an
entire line of pixels is then considered as one entity, and the
recursive (lengthy) calculations of the 2-D moments would be
performed once per line rather than once per p1xe1 (as in the
stralghtforward approach),.and if a hole is present the rest of .

the pixels in the line will be 1gnored to magnify the flaw.

> In addition to these simplifications, the delta algorithm
[ M .9 [ [3 »
introduces great reduction in the time complexity of the
computations resulting from its short-cut equations.

-~

3.2 Detailed Derivation of the Algorithm

t

i/

This algorithm utilizes new variables and subsequently new

equations to represent the 2-D moments.

»-The variables are defined as follows:
5 : the number of chained pixels in row i. (see Figure 3.1)
i ! the x-coordinate of the first pixel in row 1.
¢ Yy : the y-coordinate of the first pixel in row i.
Mpq, i’ the contribution of row i to the nominals Mog-

[

g
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3.2 petaf Led Derivation of the Algorithm

B

>x< X i ’ ) | i

D ® Cef)
. 1 Com) ’ . . ,

+

Figure 3.1 the delta method.

Each Mg, i can be expressed ;n terms of Xy Y3, and §.

]

From (1.a), Mgy = 1+1+1+1+ ..... +1 = §&

Yi+Yi+¥i+ ceo e +Yi = S.Yi

From (1.b), mgq

Fron (l.c),‘moz Yi2+¥iz+Yiz+ .....‘+Yiz = §.Y12

From (1.d), mgge= ¥;3+¥;3+v;3+ oo +v;3 = 5.y33

3t

X+ (X{+1)#(Xg+2) 4 (X5 +3)+ o open +(X3+5-1)

it

From (l1.e), mqq
T8 X, +(0+142+3 4445+ . ..., +§-1)

L[

S.Xi+(0+8—1)/2:8

I

§.1.;+(8%-8)/2 - _ -

I

$(0gHE-1) .Yy b

-

=Y [XpH (X (XH2) + e +(X4+8-1)]

The term insid 2. the brackets equals mlo.therefore‘x

1

mq ‘i-[§§i+(52“5)/23 .

From (1.9), My, = 13.¥32(X3+1). Y32+ (Xg+2).¥3 %+ ...

-+

2
X3 +6-1) . Y3

s

i
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3.2 Detailed Derivation of the Algorithm {

From (1.h), my,

By grouplng terms and factoring out X;, this ‘becomes :

Myp =

+ ...

Y

Y% (X3 (XH1) H(Xj+2)+ o.en +(xi+8-;)]

vi2.18x3+(82-8) /2] ,

X; 24 (X3+1) 24 (X +2) 2+ .o, +(X3+8-1) 2 |
2,v.2 2 _ v 2

X oHX 42 X+1+ ... +X; +2 (6 1).xi+(8 1)

§.X3 2,5, (0+142+3+4+ ..... +6- 1) X +(o+1+4+9+

.. +(5-1)%) ] _

Using the polynomial theorem :

/ﬁ\“ ‘ Mo

= 8.X12+(52‘8).Xi+ p2 n

where the last term:

F-1 ¢ S
= n? = §3/3-52/2+5/6
n—O \ s

So the total contribution from (1.h) is:

From (f.i),‘m21

-’

From (1.3), m;q

y ||

ERY 2+(52—5) X;+1/3 53-1/2 §2+1/66

X 2 ¥ H(Xg+1) 2y (Xg+2) 2oy Ll

+(X3+6-1)2. ¥,

+

Yi.[xi?+(xi+1)2+(xi+z)2+.;... +(X;+6-1)2)
Y;.[contribution from one row of mzoj

Yi.[ 6.X32+(82-8).X;+1/3 §3-1/2 82+1/65

X3+ (X3+21) 3+ (x5+2) 3+ oo +(X+8-1)3
xi3+xi3¥3.x12+3ki+1+xi3+3.2.x12+3.22'xi+1.23+

ceves +Xg343(8-1) . X 243, (5-1) 2%+ (6-1) 3

By grouping terms similar to m,, this becomes :

30

=

§.X¢ 43, (0+1+2+43+4+ ..., +5-1).X 243, (0+1+4+

9+ tuue. H(5-1)2) . Xi+(0+148427+ ..... +(5-1)3)
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3.2 Detailed Derivation of the Algorithm
Using the polynomial theorem :

: 3
myp = 5.X;3+3. (82-8)/2.X,2+3.[863/3-82/2-8/6].%;

&

§-1
+ z n3 i
T n=0
where the last term: -
§-1
T nd = 8%/4-5
n=0 “ ‘

.

So the total contribution from (1.3j) is:

~
myo = 8.%;3+3.(82-8)/2.%;%+3.183/3-52/2-5/6].%;,

) +8%/4-83/2+82/4
& .

13

The above can be summarized as follows :
i ‘ Fr0n~\ (1.a), Mop,i = & A RN
From (1.b), Mp1,i < b.43 |
. From (1.c), Mo2,i = S'Yiz

From (1.d), mg3 ; = &Y¥;°

From (1.e), myq j = 8X;+(8%-8)/2

’ From (1.f), myy 5 = ¥j.[6X;+(62-8)/2]
From (1.9), myp 3 = ¥;2.[8X;+(82-8)/2]
From (1.h), myq j = 8.Xiz+(82—é).Xi+83/3-82/2f8/6
From (;.i{, Mpy,i = Yi-[8.X3%+(8%-8).%;+6%/3-62/2+5/6]
From (1.3), myg, 5 = 8-X;3+3.(82-8)/2.%;%43. {33/3—82/2fs/6].xi

+6%/4-83/2+8%/4
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3.2 Detailed Derivation of the Atgor{thm

-

) We define the following abbreviations for the sums :

‘ 5-1
S1= T n =
n=0 -
§-1
S2= ® n?-=
n=0
§-1
S3= ¥ nd=
n=0 -
& ,
The Mpq,i

line of pixels,

+

Using the S1, 52, and S3 simplifications, the m

Pq

(82-5) /2

(83/3-52/248/6) - .

(8%/4-83/2+82/4)

V2

represent the contributions‘ﬁo mpq from -each

in another words:

I 4=

Mbq, if

i=0

J

pq,i

lations are reduced to :

Moo, 1
Mo1,i
mo2,i
Bo3,i
Bio0,1

Bi1,1

my2,4

Mao,1
ma1,i

B30,1

=0t

5.Y4
5.v42

5.v3 : i
5.X 4851

Yi. [ 8.X3+81 ] = Yy.myq 4
v;2. [ 8.X3481 ) .=4Yiz.m1°’i
5.X;242.81.%y,82

¥i-M20,4
5.%;343.81.%,2,3.82.X;483

36
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3.2 petailed Derivation of the Algorithm

i

Calculating the central “moment (upq)} the normalized
central moménts (npq), and, the moment invariants {(¢'s) is a
simple task, which can be done quickly since these moments can
all be represented as a linear combination of the 2-D momenf

\'(mpq), which has to be calculated only once.

"
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4.1 Introduction

Chapter 4 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 integrated system shown in the picture of Figure 4.1
is the result of research which achieved an industrially

feasible, cost effective industrial vision system which

combines a commercially available camera sub-system with a PC-

AT. The system consists of of the following components:

I

-

1- Hewlett Packard PC Vectra (IBM AT compatible) equipped with
an 80287 co-processor.

v

2- An IDETIX vision sub-system by MICRON TECHNOLOGIES INC.
equipped with an I1S256 OpticRAM, a 63701 microcomputer and a
MOS digital camera.

3- 150 watt light source.

38



4.1 Intreduction .

- ( i 4= An _opticai bench 1.5m in length and a 1m by 1m blackboard
* (for the background).

Figure 4.1 T7he Integrated Vision System.

-

4.2 The IDETIX System

3

\ The "IDETIX is a simple, 'inexpensive solution to numerous
applications requiring a low cost, all digital imaging sub-
system. Its electro-optical system is suitable for use with any .
IBM PC/XT/AT compatible computer. The IDETIX has been designed

to interface easily with customer-generated software.

Q

The low cost of IDETIX is directly attributable to the
( technological advance representéd by Micron's OpticRAM. In

t

’ '

39

\
AN
.




GE;{#

k'

4.2 The IDETIX System

P

terms of cost per pixel, the OpticRAM represents a 1000X reduc-
tion in price over earlier generation image- sensing chlps such

as the CCD

(Charge, Coupled Device).

4.3 System Hardware

-~ GRAPHICS
DISPLAY
MONITOR
RS42
CABLE
‘ IDET IX™
con:gk:gm ‘ CAVERA ]
| T HE AD
I~~~ TiDETIX™ CONTROLLER |
IBM 110 Pixel i
3‘;2:;“ Counter 3 1
o -] o e e e o
ousice | £ | 3 | Cave |~ CAMERAMEAD | °
- C?):l‘l:o ' Generator §>3< € § 1100 Feet | Odterentiat | image Array | |
2 Micro- 3z g % ; Receivers/ 1S32A or |
A o Controfier z g $ I | Dnvers 15256 |
: G Clock , ] g sl !.: _________ .-z_...!
| Eaniol Machns {
e )

Figure 4.2 Hardware Block [Dragram.
Micron Technolog;es inc.

[

4.3.1 The IDETIX Camera

*The OpticRAM,

the heart of the systenm is,

[241.

camera head (see Figure 4.3 for the camera head drawing) .

Il

located in the
The

camera head and host computer are conngcted via an RS422 cable

up to 100 feet in length.

40
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4.3 System Hardware . .
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4.3 System Ha;duanie . 3

2 s o«

4.3,2 The OpticRAM - .

¥ ‘ . '
The IS256 OpticRAM image sensor is _a solid-state device

capable of sensing an-image and translating:.it to digital com-
puter-compatible signals. Each of the four arrays on the chip
contains 65,536 sensors arranged as 128 rows by 512 columns of
sensors (Figure 4.4 for whole chip dlagram and Figure 4.5 for
array pair topological information). In our application we
utilized only one of the arrays since the arrays are separated
by an oprical "dead zone" 87 microns wide. However,gall arrays

can be used.

to

»
One array paﬂ as Hlustrated in 1opological information
Column decoder spacing belween arcay psus 3579 '
Rows 0127
Rows 128 255 : 3
Rows 255383 .
Rows 384 511

Figure 4.4 15256 OpticRAM whole chip.
‘ - ", Micron Technologies Inc. (a41.
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4.3 System Hardware
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Figure 4.5 15256 opticRAM Topological Information.
Micron Technologies Inc. [24).
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4.3 System Hardware «

4.3.3 The 63701 Microcomputer . .

'I{r;e "63701 microcomputer, a second source CMOS/EPROM,
peripﬁeral interface onboard 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 host and the 63701
internal memory. This bus is also used to transfer data to the
4-bit microcomputer slices' internal dual port ram (see [24)]
for further details on the 63701 mié:i'o and its interface).

Communication between the PC/AT and the microcomputer is
via an 18 byte command‘’and data register set and a status x%;—-

ister.

4.4 System Software

e

IDETIX is an intelligent machine vision subsystem. The MOS -

f head is con-

(Metal Oxide Semi-conductor) sensor based camera
nected via RS422 interface to the controller board. IDETIX
drivers are supplied as a gsubroutine library coded in assembly

language for efficierncy, . ]

. ¥
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4.5 Testing Environment

Q

]

‘ 4.5 Testing Environment

Several hundred images were digitized and consequently '’
their moment invariants computed in order to establish:

1) The best method of lighting, . .

4

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

. o

since three factors were involved:
a) cﬁaﬁging the exposure time
b) changing the f-stop on the lens
c) changing the intensity of the light source

3) The " best lens, given a maximum distance between lens and

~object of 1.5 m. ) :

The combination of factors that produced the best image
was then established and the selection is as f’ollov\{s:

lens : F1.6, 8.5mm (wide-angle)

Light : a combinatiom™x front ’ligﬁting and elimination of
spectral reflections wusing 150 Watt incandescent 1light-bulb
(see. the section on lighting tonsiderations) '

f-stop : 8

Exposure time : 500 msec.

Object : a 50mm X 250mm white object on a black background, or .-
vice-versa. This size was chosen solely so 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
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4.5 Testing Environment

e

I

fully automated set-up, the CRT image is not required and

larger objects can be digitized and recognized.,

OpticRAM Physical Area Used : only rows 300 - 379 and colunmns
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 .

8'-Distance : a distance of 1.25m (less than the maximum of
1.5m) was used between the lens and the object. This é&stance
allowed the object to fill 65% of the 80 X 640 matrix on the
CRT monitor, leaving space for the ob}ect to be translated and

rotated. -

14 ' ;

- 4.6 Lens Selection and Sarmiple Calculations

4.6.1 Lens Belection

The lens supplied with the IDETIX system is an Fl1.6 16mm-

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

trols the amount of lightqadmitted through the lens while the
focus control focuses the image on the surface of the OpticRAM.
In our particular application a wide angle lens is required for
close-up viewing.

The éelgction of a 1gns requires the consideration of many
parameters s&ch as lighting, edge sharpness of the scene, and
distance from the camera to the scene. The lens provides a-pro-
jection of the scene into the OpticRAM. This means if the lens
is’ not selected properly or is misadjusted, the information

-that the OpticRAM sees will not adequately represent the scene.
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4.6 Lens Selection an, Sample Calcutation

1

‘L, "The fcllowing equations represents basic lens optics:

v MAGE
SENSOR LENS

OBJECT

w

= §'/8
= F/(S-F)
= (S'-F)/F

L . F(Focal length) - St/ (M+1)
= (S*M)/(M+1)
. = (S+5')/(M+2+(1/M))
= (MY(S+S') )/ (Me1)

S!(lens to Object Distance) = S*M
= F¥(M+1)
=(S*F)/(S-F)_
b

‘ . M{magnification) = Image Field of View/opticRam size

Figure 4.6 simple Lens Equations.

'
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4.6 Lens Selection and Semple Calculation -

o

4.6.2 Sample Calculations

3 r

Given the average distance S'=1250mm, the magnification

(M) required to project the object on the OpticRAM
d ’ M= (1250mm-8.5mm)/8.5mm = 146.

Accuracy is the degree to which the measurement represents
the true value of the quantity being measufed.i.Under ideal
conditions, error in accuracy will not exceed the resolution of
the meésurement'system. When measuring the distance between two
edges of ~an image, the accuracy is équivalent to one element
. per edge when the optical image of the object's edge is sharp.
N

The'  resolution is equivalent to thHe least resolvable ele-
ment or increment, i.e., one pixel, n this case.” The scene
resolution,; on the other hand, is the pixel size multiplied by,
the lens magnification (element size is “one pixcl of 4.64u X
4.64y).

R, = The horizontal resolution of the object
= M(magnification) X Horizontal Size )
146 X 4.64 X 1077 = 0.677mm \

f

&
D = The'percentaée of the smallest horizontal distance
detected ‘
= (0.677mm / 250mm) X 100 = 0.271%
M

R, = The vertical resolution of the object

M(magnification) X Vertical Size
146 X 4.64 X 1073 = 0.677mm

0

D, =.Tne percentage of the smallest vertical distance detected
= (0.744mm / 50mm) X 100 = 1.35% ‘

F

. . 48



%.6 Lens Selection and Sample Calcullation

<

Therefore the smallest area detected (in percentage) given
a magnification (M) of 146 times and an object of 250mm by 50mm
is equivalent to the resqlution (or accuracy) R.

-

! “ R 0.271% X 1.345%

0.360% resolution (or accuiacy) . |

i
%

In general, Given the magnification (M), and the size of the
object (a and b), the resolution (R) could be calculated as
*follows: ' ) vy

R, = M X-34.64 X 1073

R, = M X 4.64 X 1073
R L3
h .
Dy = ———— X 100 _ . .
b
R,
. Dy= ——— X 100
a 14
R =Dy X D,
0.4642 x M2
R = . /
axb ‘ ' .
.f 2
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5.1 The Straight-Forward Approach Program

f
.

Chapter 5 APPLICATION SOFTWARE

/

S.1 The Straiqht~-Forward Approach P;oqram

To verify the feasibility of using the moment invariants
method and the running time required, implemcnﬁation programs
were written in both Turbo Pascal and Fortran-77, using a
Heylett Packard Vectra.

The FORTRAN~-77 program starts by generating (simulating) a’
digitized image of size 256 X 256. It then calculates the 2-D
moments in a recursive loop and ultimately the moment invari-
ants. The program required much more than the pre-sect limit of
1 second becaﬂse of the recursive nature of the calculation, in
fact for that size of matrix the ruqning time reached one
minute (see complete listings in APPENDIX I-:and time complexity

.analysis for the time spent)- v

5.2 The Delta Method Program

At first, the delté method was implemented in‘ Turbo~-Pas-
cal to’verify the feasibility and the running time. The input
was a simulated image of 128 X 512 bits of information. This
program took consgiderably less than one second (see APPENDIX II
for a complete listing of the Turbo-Pascal program).

°

!
/
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5.2 The Delta Method Program

Once satisfactory results had been achieved, an
application program, that interacts with the IDETIX system and
uses the delta.method, was written. This program is 1listed in
APPENDIX III and the following is a detailed descriptionjof the

program : )

Lines 001-690 : setting the IDETIX hardware parameters

b

o
N

Lines 700-720 : subroutines to reset the IDETIX parameters

and/or stop the damera

Lines 1010-3240 : calling the camera driver system routines for
image digitizing, image enhancement and display of image on CRT
7

Lines 4000-4100 : service the keyboard for interactive program-
ming "c" will calculate moments and print results "¢" will cal-
culate moments and display the results. "L".or "1" will look at
memory location APTR(5)+C, where the enhanced image is stored.
npn 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 operafion. "P" or "p"
will print the image on an Epson printer. ’
"o or "g" will quit the program.

Lines 5300-5313 : subroutine to set the parameters for enhanc-

ing. -

Y

e ol
N x

o

Lines 6000-6200 : subroutine to calculate the number of white

‘.

nd black pixels. ,

ines 40000-40011 : subroutine to print the image on an Epson

" printer.

51
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. 5.2 The Delta Method Program .

Lines 45000-45200 : subroutine CALCULATE 1, this subroutine
will calculate the delta §, Xg¢, Yg¢ (Xj and Y; in Figure 3.1)

and the m

pq's® - ‘
Lines 45210-45230 : subroutine BYTE-LEFT, this will find the
left edge of the’/ image. x - ’ . .

o«

Lines 45240-45280 : subroutine BYTE-RIGHT, this will find the
right edge of_ the image. '

Lines 45290-50460 : subroutine CALCULATE 2, this will calculate
the seven invariants that répresept the image.

2

Lines 55000-55070 : "subroutine LOOK, this will print or display
the image in HEX numbers. = v

Lines 56000-57000 : the two subroutines that will calculate the
size of the object and then store the first set of moment

invariants for later comparisons.



5.2 The Delts Method Program
- ~

AT B A
f

N Era iy pme
e

Figure 5.1 Tthe Inforpation Displayed By The Delta Method Interactive Program.

B ¢

The delta method reduces the amount of recursive calcula-
tions needed to compute the moment invariants. Using an opti-

mizing compiler the average running time for a program with a
matrix of size 80 X 640 was 0.64 seconds. (see FZ?\}{e 6.1 to

6.28 for running time).
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5.3 Complexity Analysis .

-

.5.3 Complexity Analysis/

-~ -

5.3.1 Space Complexity

The "advantages of the delta (6§) method over the straigﬁt-

. forward (S) method, can be shown by a comparison of tn? time

complexity (running time). The space Eghplexity (space occqpiea
by the data required for processing) of the two methods is

similar. , ' ) —

5.3.2 Time Complexity
v A q
To compare worst case running time 'for° both the § method
and the S method, assume that the image océupies the entire
intensity matrix f£(i,j). -

In the S method a maximum of 10 additions and 20 multipli-
cations is reqguired for each pixel, over the entire image
matrix M X N, as each 'on' pixel contributes to the m_.'s (see

"(1.a)-(1.3)).

pq

Il

In the § method a maximum of N+6 additions and 25 mul€i-
plications is required for each line of pixels, over the entire

image matrix M X N, in order to calculate m for the corre-

pPq. i
sponding line of pixels i. (see (l1.a')~(1.3j')).

To calculate the order of time complexity for the inten-
sity matrix f¢i,j) of size M X N :

-

3traightforward method : ) ‘
# of additions = 10 XM X N ‘ . €5.1)



5.3 Complexity Analysis

a

# of multiplications = 20 X M/X N . (5.2)
Delta method :: , . ' , .

- # of additions = (N +6) X M\ - (6.1)
# of multiplications = 25 X M .0 m (6.2)

. @ < \
For- an 80287-8 co-processor the ‘average number of clock
cycles, for a single multiplication, (64 bit real), is 140.
cycles, and for a single addition the average is 110 (see

[22]).

!

¢ »

Combining (5.1) and (5.2)., (6.1) and (6.2) gives:

Straightforward method : h .
‘ Average # of clock cycles : 3900 XM X N . (5)

,
P v

. Delta method: , )
L . Average # of clock cycles : M X (110 N + 4160) (6)

The ratio of (5) ovef (6) for’ a reasonable large N is given"" as

P

follows (see Frigure 5.2) ¢

(3900 X 'N) ‘ :
% 35 o : o

(110 X N + 4160)

a

4@ - . . :
, ASymptotet~ N= oo, f(N) > 35.45
- .
o
20 - e
4 -
<N L
. 9 —
j —
N~ 10 I&B ’ 10@0
[ . ‘
) . Figure 5.2 rthe Time Complexity Ratio. -
C I | |
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Chapter 6 - ®  DISCUSSION AND RESULTS
. ‘ Sy
< N 4’ . »

) 6.1 Tegting Results

» v . R ‘&

In order to verify fhe reésolution (accuracy) of the-camera
and the sensitivit‘y‘ of the moment invariants, an object was
rotated, translateél, »punctured, truncate_d and distorted
slightly by flawiné and adding appendages to the edges.

. 3 o |

Sl The ob]ect shown in Figure 6.1 was dlgltlzed and its
moment 1nvar1ants calculated wusing tﬁ\e delta method. These
moments were _stored to be compared later byathe next set of
moments . The image was then rotated and in the same time
€£ranslated 1r'1 the X- dlrectlon Band in 'c.heO Y~-direction (seé
Figure 6.2-6.10). In the next set of data the object was
punctured usir)g an ordinary papér punch with a hole diameter of
7mm (less than 0.40 % of the total area) (Figure 6.11—6.1.9),

¢ and jdifferent combinations of- rotations and translations were

<3

applied. "

The object was next distorted slightly -by the addition of
material, 1.2 ¥ of the total area, in Figure 6.20~ 6 22 .and 0.67
$ in Figure 6.23- 6%5. : , .

Ed

¥ Finally the object was cut diagonally in three different ways

to s1mu1ate a ‘situation when the robotic picker fails td pick

oy up the plece of fabric properly (see Figure 6.26-6.28) . Flgure
- -

2 -

056 -



6.1 Testing Results

6.29 summarizes the experimentation results and lists
and their percentage deviation from the original image.

o

-
N

e ¢



6.1 Testing Results ' .

Figure 6.1: image # 1.

' «

; . M(0) = 0.833646D+07
M(1}) =, 0.277061D+09
. M(2) = 0.114987D+11
- ) M(3) =, 0.334412D+12
— . M(4) = 0,297239D+10
MAS) =  0.99$478D+11
M(6) = 0.413192D+13
M(7) = 0,448702D+14
' M(B) = 0.151571D+16 -
' M(9) = 0.417453D+15
¢}
- MU(1) = 0.438104D+14
. MU(2) = 0.229063D+10
MU(S) =  0.350986D+09
MU{4) =  0.493590D+17
MU(S) = 0.833931D+15
MU(L) = O.B97078D+16
MU(7) = 0.777310D+14
. ETA(1) = 0.4630397D+00 o
ETA(2) = 0.329603h-04
ETA(S)_ = 0.519430D-05
ETA(4) = 0.245987D+00
i’ ETA(S) = 0.415600D-02
ETA(4) = 0.447070D-01
ETA(7) = 0.387383D-03
PHI(1) = 0.630430D+00
* PHI(2) = 0.397340D+00
' PHI(3) = 0.724158D-01
PHI(4) = 0.445050D-01
- PHI(S) = 0.441842D-02 -
. . PHI(&) = 0,420008D-01
. PHI(7) = 0.199025D-02
t : . &
TIM1 13106145 TIM2 TIMS 13106146
&
. % CHANBE IN PHI(1) =  0.0%
i . % CHANGE IN PHI(2) =  0,0%
. % CHANBE IN PHI(I) =  0.0%
% CHANBE IN PHI(4) =  0.0%
N % CHANGE IN PHI(5) =  0.0%
% CHANBE IN PHI(&) =  0.0%
% CHANGE IN PHI(7) =  0.0%




6.1 Testing Results

C'D

59

TIMI 13:08:24
%

%

il %

%

%

%

%

M{0)
M{1)
M(2)
M(3)
M(4)
M(3)
M(&)
M{(7)
M(8)
M9}

MU(l)
MU(2)
MUS)
MU(4)
MUL(S)
MU(&)
MU(7)

ETALL)
ETA(2)
ETA(Y
ETA(4)
ETA(S)
ETA(&)
ETA(?)

PHI (1)
PHI(2)
PHIL3)
PHI (4)

PHI(5)°

PHI (&)
PHI(7)

TIM2

CHANGE
CHANBE -
CHANGE
CHANGE
CHANGE
CHANBE
CHANBE

LI B I B B A REs LR N R RN E

IN
IN
IN
IN
IN
IN
IN

1

0.864297D+07
0.277878D+09
0.114682D+11

0.531874D+12
0.308584D+10
0.100090D+}2
0.4156881D+13
0.440096D+14
0.153647D+16
0.443713D+15

0.449079D+14
0.253424D+10
0.876944D+09
0.520651D+17
0.810218D+1%
0.905393D+14
0,729578D+14

0.46011469D+00

0.339252D-04
0.117394D~04
0.237077D+Q0
0.348930D-02
0.412268D-01
0.332211D-03

0.4601203D+00
0.341372D+00
0.4662947D~01
0. 596934D-01
,0,375503D-02
0.4150646D-01
0.164448D~02

TIM3 13:08:25

PHI(1) = -4,47
PHI(2) = ~-9,1%
PHI(3) = -8.5%
PHL(4) = —7.4%
PHI(%) = ~15.0%
PHII&) = =~1.2%
PHI(7) = —17.4%
/
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Testing Results
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Figure 6.3: image #3.

60

4

*r
TIML 13:110212

M(0)
M(1)
M(2)
M)
M4)
M)
M{&)
M7
M)
My

MUl
MU(2)
MU
MU(4)
MU ¢Sy
MUE)
MU(7)

ETA(1)
ETA(2)
ETA(3)
ETA(4)
ETA(S)
ETALL)
ETA(?)

__%HI (1
PRI (2)
,PHI3)
PHI(4)
PHI(S)
PHI (&)
PHIL(T)

TIM2 &

CHANGE
CHANGE
CHANGE
CHANBGE
CHANGE
CHANGE
CHANGE

-

[ ] [N EENE N NN EEREEERE NN

IN
IN
IN
IN
IN
IN
IN

>

0.909483D+07
0.278564D+09
0.114820D+11
0.533278D+12 .
0.324B79D+10
0.102049D+12
0.428487D+13
0.487398D+14
0.1460093D+14
0.488592D+13

0. 473449D+14
0.294991D+10
0.-192984D+10
0.562323D0+17
0.778942D+13
0.924687D+16
0.663782D+14

0. 5750400+00
0. 356632D~04
0.233310D~-04
0.22%5423D+00
0.3122562D~-02
0.370680D-01
0. 2646096D-03

0.573073D+00
0. 3304643D+00
0.5389872D-01
0.536272D~01
0.301598D~02
0.422793p~01
0.127110D-02

TIM3 13110313

PHI(t) =

PHI(2)
PHI(3)
PHI (4)
PHI (3)
PHI(4)
PHI(7)

-8.8%
-14.8%
-18.5%
~17.0%
“31.7%

0. 7%
~36.1%



— 6.1 Testing Results . y

“

Figure 6.4: Image # 4. ’

.

M(0) = 0.B15388D+07
M(1) = 0.249088D+0%
T M{2) = 0.110835D+11
M(3) = O0.511140D+12
M(a) =  0.292727D+10
- M(S) = 0,945997D+11
M(&) =  0.397979D+13
M{7) =  0.470744D+14
M(B) = 0,155291D+14
M(P) = 0,607599D+15
MU(L) = 0.450235D+14
MU(2) = 0.220331D+10
' MU(3) = —.374624D%07
MU(4) = 0.444908D+17
. MULS) = 0.809760D+15
MU(&) = 0.880836D+16&
MU(7) = 0.744366D+14
ETA(1) = 0.692231D+00
. ETA(2) = 0,3313950~04
ETA(3) = —.543465D~07
ETA(4) = 0,244882D+00
ETA(S) = 0.426526D-02
ETA(L) = 0.463944D-0%
ETA(7) '= 0,3%2081D-03
- PHI(1) = 0.4922b4D+00
PHI(2) = 0.,479138D+b0
PHI(3) = ©0.7312685D-01
PHI(4) = %42633D-01
. . PHIS) = '0.440472D-02
—PHI(4) = 0.414092D-01
. PHI(7) = 0.202427D-02
TIMI 13116113 TIM2 TIM3 13116114
N % CHANGE IN PHI(1) =  9.B%
' - %, CHANGE IN PHI(2) = 20.4&%
, % CHANGE IN PHI(3) =  1,0%
% CHANGE IN PHI(4) = -0.9%
. ’ % CHANGE IN PHI(S) = -0,3%
% CHANGE IN PHI(&) = =1.4%
% CHANGE IN PHI(7) =  1.8%

1




6.1 Testing Results’ .
- .

Figure 6.5: Image # 5.

.,,,
2

-

%
%
%
%
%
%
%

Mo
M
M(2)
M(3)
M)
M(S)
M(a)
M7}
M
M(P)

MU(1)
MU(2)
MU (3)
MU(4)
MU (5}
MU &)
MU(7)

ETA(1)
ETAL2)
ETA(3)

T ETA(4)

ETA(D)
ETALL)
ETA(7)

PHI(1)
PHI(2)
PHI(3)
PHI(4)
PHI(3)
PHI(&)
PHI(?)

TIML 13112140 TIM2

CHANGE
CHANGE
CHANGE
CHANSE
CHANGE
CHANGE
CHANGE

[ 2 I B A I ] rrenrnn cenERANRERERL

IN
IN
InN

IN
IN
IN

0.848283D+07
0.296075D+09
0.128092D+11
0.6194683D+12
0.3046751D+10
0.106258D+12
0.4359289D+13
0.49B6355D+14
0.1469602D+16
0.642286D+13

0.487542D+14
0.247533D+10
-.B07415D+09
0.492332D+17
0.949184D+13
0.9790046D+16
0.9146132D+14

0.677561D+00
0.343994D-04
~.112206D-04
0.2349130+00
0.452896D-02
0.467125D-01

437126D-03

677596D+00
459051D+00
485013D-01
. 595554D-01
.380313D-02
.290341D-01
.179994D-02

TIM3S 13112141

PHI{1) = 7.5%
PHI(2) = 135.%%
PHI(3) = =-5.4%
PHI(4) = -7.8%
PHI(S) = ~13,9%
PHI(6) = —30.9%
PHI(7) =

~9. 6%

-



6.1 Testing Results .

TIML 13:14116
¢

%

B %

M¢0)
M(1)
M(2)
M)
M(4)
M(3)
MU&),
M(7)
M(8)
M)

MU<t1)
MU (2}
MU(3)
MU L4)
MU (5)
MuLe)
MU(7)

ETA(L)
ETA(2)
ETA(3)
ETA(4)
ETA(S)
ETA (&)
ETAR(7)

PHI (1)
PHI(2)
PHI (3)
PHI (4)
PHI(3)
PHI (&)
PHI(7)

TiM2

CHANGE
CHANGE
CHANGE
CHANBGE
CHANGE
CHANGE
CHANGE

IN
IN
IN
IN
IN
IN
IN

0.833748D+07
0.287502D+09
0Q.122537D+11
0.583772D+12
0.30053XD+10
0.102974D+12
0.438475D+13
0.483944D+14
0.162356D+16
0.427222D+13

0.473113D+14
0.233971D+10
—4 65P462D407
0.482887D+17
0. 907705D+13
0.944338D+16
0.868335D+14

0. 680605D+00
0. 335384D-04
-.948681D-05
0.240430D+00
0. 452228D-02
0.470487D-01
0.432614D-03

0. 680639D+00
0.4463184D+00
0.7124672D~01
0. 4622561D-01
0.414408D-02
0.320700D-01
0.194587D-02

TIM3 13114117

PHI(i") = 8.0%

PHI(2) = 16.6%

PHI(3) = -—1.6%

PHI(4) = =3.6%

PHI(S) = 6,24

PHI (&) = -23.6%

PHI(7) = =2.2%
<



¢ &

” -

‘» -

+ 6.1 Testing Results

TIM: 13:30130

%
¥4
*
%
*
%
%

.

M(O)
M1y
M(2)
M{3)
M(a)
M)
M)
M(7)
M(B)
M)

MUCL)
MU(2)
MU(3)
MU(Ca)
MU (D)
MU (&)
MU<7)

ETA(1)
ETA(2)
ETA(J)
ETA(4)
ETA(S)
ETA(&)
ETA(7)

-

PHI (1)
PHI (2)
PHI(3)
PHI (4)
PHI(3)
PHI (&)
PHI(7)

TIM2

CHANGE
CHANGE
CHANGE
CHANGE
CHANBE
CHANGE
CHANGE

3 EN R EBEN RN RO RREDR [ 2 I B A B B B B BN |

IN
IN
IN
IN
IN
IN
IN

0.B8314435D+07
0.304086D+0%
0.132779D+11
0.444946D+12
0.302679D+450
0.10B537D+12
0.476132D+13
0.4444630D+14
0.162863D+16
0.628283D+13

0.435890D+14
0.241771D+10.
0.437925D+09
0.509155D+17
0.9680423D+15
0.979390D+16
0.985172D+14 .

0.401262D+00
0.333497D-04
0.4604069D-03
0. 240690D+00
0.4463%63D-02
0.4462982D-01
0. 44%715D~03

0.601295D+00
.0.341478D+00
0.705932D-01
0.423717D-01
0.413808D-02
0.394117D-01
0.193320D-02

TINS 13130150 °

PHI(1}
PHI(2)
PHI{I)
PHI(4)
PHI(3)
PHI (&)
PHI(7)

~4.67%
~9.0%
-2.3%
~3. 5%
-b.3%
-6.2%
~2.9%



' 6.1 Testing Results . .

Figure 6.8: Image # 8.

M(O) = 0.842724D+07

M(1) = 0.325409D+0%

M(2) =, 0.149463D+11

. M(3) = 0.761131D+12

M(4) = 0.301762D+10

M(S) = 0.117114D+12

i} M(&) = 0.540942D+13

M(7) = 0.447289D+14

. M(8) = O0.185007D+1b

- M) ‘= 0,627989D0+13

MUC1) = O.454484D+14

. MU(2) = ©.238100D+10

MU(3) = 0.591505D+09

MU(4) = O.494822D+17

MU(S) =  O.114284D+16

L MU (&) = 0.104432D+17

MU(7) = 0.123240D+1%

ETA{1) = 0.4642769D+00

. ETA(2) = 0.335265D-03

ETA(3) = 0.832891D-0%

' ETA(4) = 0,240013D+00

ETA(S) = 0,%54343D-02

, ETA(4) = 0.316250D-01

ETA(7) = 0.597777D-03

PHI(1) = 0.6428020400

PHI(2} = 0.413113D+00~

PHI(3) = 0.737014D-01

PHI(4) = 0.5630253D-01

- : PHI(S) = 0.429421D+02

. PHI(&) = 0.440025D-01

PHI(7) = 0.212354D~02

s
TIML £3118:05 TInz TIM3 13318106

) 4 CHANGE IN PHI(1) =  2.0%
% CHANBE IN PHI(2) = 4.0%
% CHANGE IN PHI(3) =  1,8Y%
% CHANGE IN PHI(4) = ~=2.4%
‘. - % CHANGE IN PHI(S) = -2,8%
% CHANGE IN PHI(&) =  4.8%
% CHANGE IN PHI(7) =  &.7%
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6.1 Testing Results

Figure 6.9:
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Image # 9.

MO

rMcl)

M(2)

M)

- M(4)e

MLS)

M)

-M(7)

M)

’ M(%)

MU(1)

. MU(2)
MU (3)

MU(4)

MUL(S)

MU(&)

N MUC7)

ETA(1)
ETA(2)
ETA(S)
ETA(4)
ETA(S)
ETA(&)
N ETA(7)

PHIC(1)
PHI(2)
PHI{(3)
PHI (4)
PRI(S)
: * PHIS)
PHI(7)

TIMLI 13:23:117 TIM2

»% CHANGE
% CHANGE
% CHANGE
% CHANBGE
% CHANGE
%" CHANBE
% CHANGE

0.873273D+07
0.370207D+09
0.182973D+11
0.996703D+12
0.311923D+10
0.133349D+12
0.565350D+13
0.4460231D+14
0.201860D+16
0.652188D+15
0.449089D+14
0.240305D+10
0.111%25D+10
0.532139D+17
0.142390D+16
0.120638D+17
0,168994D+15

N EEEREERE]

IIIIPII

0$588888D+00
0.341337D-04
0.146241D-04
0.236129D+00
0.431835D~-02
0.535313D-01
0.749885D-03

0.56889220+00
0.344762D+00
0.727148D-01
0.617273D-01
0.4134070-02
0.454913D-0t
0.2104677D-02

TIMI 13123;:18
A

IN PHI(1) = —6.6%
IN PHI(2) = -12.7%
IN PHI(3) =  0.4%
IN PHI () = -4,5%
IN PHI(S) = —6.4%
IN PHI(&) =  8.3%
IN PHI(7) =, S.9%

‘
3



6.1 Testing Results
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Figure 6.10: Image # 10.

67

TIM1 13123149
%
%
%
%
b4

Z
%

M(D)
ML)
M(2)
M)
M(4).
M)
M{b)
Mt7)
M(8)
M(9)

MUC1)
MU(2)
MU(3)
MU(4)
MU (5
MU (&)
MU(7)

ETA(1)
ETA(2),
ETA(3)
ETA(4)
ETA(D)
ETA(&)
ETA(7)

PHI (1)
PHI(2)
PHI(3)
PHI (4)
PHI(3)
PHI (&)
PHI(T)

TIM2

CHANBE
CHANBE
CHANGE
CHANGE
CHANGE
CHANGE
CHANBE-

t

[ N I I I B B DR B B B B BN B | an g B RN

IN
IN
IN
IN
IN
IN
IN

0. 956403D+07
0.374778D+09
0.181607D+11
0.987451D+12
0.347753D+10
0.140153D+12
0.699222D+13
0.527671D+14
Q,228861D+16
0.742601D+15

0.513027D+14
0.347454D+10
0.388194D+10
0,4608816D+17
0.135643D+16
0.128034D+17
0.146179D+15

0.5630%1D+00
0.3798530-04
0.424392D-04
0.215221D+00
0.479508D02
0.452411D~01
0.%5146753D0-03

0.5463087D+00
0.317102D+00
0.584319D-04
0.505025D~01
0.274742D-02
0.540846D-01
0.134439D-02

N

TIMS 13125150

PHI(1) = -10.7%

PHI(2) = —20.2%
PHI(3) = —19.0%
PHI(4) = -21.B%
PHI(S) = -37.8%
PHItL) =

PHI(7) = -32.5%

28,87
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6.1 Testing Results

Figure 6.11:
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Image # 1.
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TIML 13:50139

™

%

<
B3

%

NN

/

MCO)
MC1)
M(2)
M3)
M4
M(S)
M&)
M(7)
Meg)
M(9)

MU (1)
MU(2)
MU C3)
MU<4)
MU (3)
MU (&)
MU(7)

ETAL)
E 2)
ETATS)
ETA(4)
ETA(D)
ETA(H)
ETA(7)

PHIC(1}
PHI(2)
PHI(3)
PHI (4}
PHI (3)
PHI (&)
PHI(7)

TIM2

CHANGE IN
CHANBE IN
CHANGE IN
CHANGE ' IN
CHANGE - IN
CHANGE IN
CHANBE -IN

0.449893D+07 &

0.249735D+09
0.112905D+11,
0.536833D+12
0.213193D+10a
0.834418D+11
0.382242D+13
0.321890D+14
0.128344D+16
0.3760940+18

0.314892D+14
0.14649238D+10
0, 151132D0+10
0.274302D+17
0.799747D+15
0.487213D+16
0.936823D+14

0.735%543D+00
0.400695D-04
0.337827D0-04
0.254734D+00
0.742759D-02
0.4638244D-01
0.B870068D-03

0.745603D+00
0.53558880+00
0. 903735D-01
0..729258D-01
0.3591378D-02
0.879038D-01
0.308758D-02

TIMI 13150140

PHI(L) = 12.3%
PH1(2) = 2&.5%
PHI(3) = 40.3%
PHI(4) = 3&.9%
PHI(S) = 8F.7%
PHI(&) = 74.6%
PHI(7) = 94.1%

~

4
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v v
)
LS
M(O) = 0.433624D+07
M(1) = 0.239775D+09
M(Z) = 0.1088463D+11
M(Z) = 0.539745D+12
M(4) = 0.210671D+10
M(S) = 0.B35420D+11
MY = 0.390951D+13
M{7) = 0.340991D+14
M(B) = 0.141575D+16
M(?) = 0.3835280+1S
MUCE) = 0.333984D+14
MU(2) = 0.181297D+10
MU(Z) = O0.382017D+10
MU(4) = 0.259910D+17 !
. . MU(S)~ = 0.766273D+15
. MU(&) = O.6B5544D+16
, \ MU(7) = ©0.B72037D+14
: ETAC1) = 0.831889D+00
ETA(2) = 0,451574D-04
. ETA(3) = 0.951524D-04
ETA(4) = 0.257184D+00
ETA(S) = Q.758234D-02
ETA(&) = 0.478355D-01
ETA(7) = 0.B8620891D-03
. PHI(1) = 0.B831934D+00
. > PHI(2) = 0.692558D+00
s PHI(X) = 0.960252D-01
. PHI(4) = 0.748207D-01
PHI(S) = 0.633443D-02
PHI(&) = 0.147813D+00
PHI(7) & 0.3310590-02
3 1w,
TIMI 13154114 TIM2 TIMS 13154114 % F"
% CHANGE IN PRI(1) = 25,5%
. % CHANGE IN PHI(2) = 57.6%
% CHANGE IN PHI(3) = 49.1%

Y. CHANBE IN PHI(4) = 40.4%
% CHANGE .IN PHI(S) = 103.1%
¢ % CHANGE IN PHI(&) = 233.2%
% CHANGE IN PHI(7) = 108.27%

°

0

r ' 69
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' = .

0,4637753D+07

* M0) -
M(1) = 0.247801D+09
’ M(2) = 0.114341D+11 !“"'
. C M3 = 0.57746%D+12
M(4) ' = 0.168787D¢10
M(%) = 07470040D+11
M(&) = ©O,315369D+13
=W M(7) = 0.331283D+13
. - M(B), = 0.131809D+15
M) = 0.242406D+13
' MUCL) = 0.2B6612D+13°
MU(2) = Q.180%74D+10 :
' MU(S) = O.142132D+10
MU(4) = 0.278779D+17
), MU(S) = 0.44726BD+15
‘ . MU(S) = "0.441101D+16
.7 T OMU(T) = 0,930179D+14
. ETA(1) = 0.704472D0-01
- ETA(2) = ‘0.443949D-04
ETR(3) = 0.349430D-04
‘. ETA(4) = 0,271410D+00 .
ETA(S) = 0.630138D-02
ETA(4) = 0.429441D-01
ETA(7) = 0.923061D-03
¢ PHI(1) = 0,705116D-01
S ¢ /PHLI(2) = 0,503940D-02
PHI(3) = 0.8011920-01
¢ PHI(4) = 0©,790483D-01
PHI(S) = 0.4290B1D-02
PHI(&) = 0.331966D~01
PHI(7) = 0.271543p-02 \
TIME 13155151 TIM2 © TIM3S 13355151

% CHANGE IN PHI(1) = -B9.47% £,
% CHANGE IN PHI(2) = -98.9%
% CHANBE IN PHI(3) = 24,4%
% CHANGE IN PHI(4) = 48.4%
% CHANGE IN PHI(S) = {01.77%
% CHANGE IN PHIt&) = -34.1%
% CHANBE IN PHI(7) = 70.7%

™
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6.T Testing Results

M(O) = 0.S543091D+07
M(1) = 0.231572D+09
/ M(2) = 0.114038D+11 -
. © M(3) = 0.43P444D+12
' ” M(4) = 0,1%54140D+10
M(S) = 0.451188D+1t
M(&) = O.33I5525D+13
M(7) = 0.505649D+13
. M(B) = 0.227879D+15
M({95 = Q.241B50D+15
MUC1) = 0.563473D+13
MU(Z) = 0.208032D+10
MU(Y) = 0.172641D+10
MU(4) = 0.248366D+17
MU(S) = 0.662200D415
. MU(&) = 0.438537D+14
. MUT7) = 0.994702D+14
7 ETA(1) = 0.177712D+00
- ETA(Z) = 0.&6356104D-04
ETA(S) = 0.545114D-04
ETA(4) = 0,330100D+00 .
ETA(S) = 0.880121D-02
ETA(6) = 0.382854D-01
ETA(7) = 0.132205D-02
PHI(1) = 0.177778D+00
PHI(2) = 0.317531D-01
PHI(3) = 0.12234%D+00
o PHI(4) = 0.118407D+00
PHI(S) = 0.143514D-01
PHI(6) = 0.919397D-01 _
PHI(7) = 0.663740D-02
TIMI 13157125 TIM2 TIMS 13157126
' 4 % CHANGE IN PHI(1) = -73.2%
% CHANGE IN PHI(2) = -92.8%
% CHANGE IN PHI(3) = B9.9%
S % CHANGE 1IN PHi(4) = 122.3%
% CHANGE IN PHI(S) = 3556.9%
% CHANGE IN PHI(&) = B82.6%
% CHANGE IN PHI(7) = 317.3%

i

°

H
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Image # 15.

TIML 13159129

»

7
%
k4
7%
%
%
%

MDY =. 0.517344D+07
M(1) = 0,200774D+09
M2) = 0.962151D+10
M(3Y = 0.506182D+12
M(3) = 0.153516D+10
M(S) = 0,613545D+1t
M(6) = 0.301835D+13
Mi7) = 0.163005D+14
M{8) = 0.671501D+1%
M(9) = 0.252739D+15
MUC1) = 0.13B8450D+14
MU(2) = 0.182977D+10
MU(S) = 0.177694D+10
MU(8) = 0.203473D+17
MUCS) = 0.387303D+15
MI&) = 0.452831D+16
MUC/Y = 0.746796BD+14
ETA(1) = 0.592014D+00
ETA(Z) = 0.6836346D-04
ETA(Z) = 0.5463918D-04
ETAC4) = 0.334239D+00
ETA(S) = 0.964748D-02
ETA(&) = 0.743B55D-01
ETA(7) = 0.126152D~02
PHI(i% = 0.35920830+00
PHI(2) = 0.350689D+00
PHI(3) = 0,142444D+00
PHI(4) = 0,123981D+00
PHI(S) = 0.164724D-01
PHI(&) = 0.179803D+00
PHI(7) = 0.B44481D-02
TIMZ TIM3 13159129
CHANGE IN PHI(1) = -10.7%
CHANGE IN PHI(Z2) = -20.2%
CHANGE IN PHI(3) = 121,1%
CHANGE IN'FHI(4) =.132,7%
CHANGE IN PHI(S) = 428, 1%,
CHANGE IN PHI(&) = 257.1%
CHANGE IN PHI(7) = 431.0%



6.1 Testing Results
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M(0)
M(1)
M(2)
M)
M4)
M<(S)
M(&)
M(7)
M{8)
M(9)

MU
MU(2)
MU(3)
MU(4)
MU
MU(6)
MU<(7)

ETA(l) =
ETA(2) =
- ETAS) =
ETA(4) =
ETA(S) =
ETAlL) =
ETA(7) =
@ )
PHI(1) =
PHI(2) =
PHI(3) =
PHI(4) =
PHI(5) =
PHI(4) =
PHI(7) =

TiM2

CHANGE IN
CHANGE IN
CHANBE IN
CHANGE IN
CHANGE IN
CHANGE IN
CHANGE IN

B

0.646425D+07
0.257026D+09
0.117329D+11
0.377463D+12
0.211504D+10
0,872177D+11
0.403824D+13
0.311473D+14
0.132942D+16
0.374448D+13

0.304553D+14
0, 1353463D+10
0.246679D+10
0.277677D+17
0.842589D+15
0.712304D+14
0.105639D+15

0. 728830D+00
0, 323940D—-04
0,590332D—-04
0.261363D+00
0.811911D-02
0.470458D-01
0.994322D~03

0.728863D+00
0.531373D+00
0.962291D-01
0.,772503D-01
0. 665494D-02
0.120489D+00
0. 350670D-02

TIM3 14303135

PHI(1) = 9.9%

PHI(2) = 20.9%
PHI(3) = 49.4%
PHI(4) = 435.0%
PHI(S) = 113.4%
PHI(4) = 139,30
PHI(7) = 120,5%
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6.1 Testing Results

Figure 6.17: Image # 17,
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TIML 14:05:14

%
%
%
K
%
%
%

M)
ML)
M(2)
M(3)
Mc4)
M(S)
M(b6)
M(7)
M(B)
M)

MU(1)
MU(2)
MU3)
MUL4)
MU S)
MU (&)
MU(7)

ETA(L)
ETA(2)
ETA(3)
ETA(4)
ETA(S)
ETA(&)
ETALT7)

PHI (11,
PHI

PHI(S)
PHI (4)
PHI (5)
PHI (&)
PHI(7),

TIM2

CHANGE IN PHI(1) =
CHANGE IN PHI(2) =

NS RERr~ FONEERD [ I I B B B B B RN ]

0.660909D+07

0.301839D+0%
0.153848D0+11
0.8404464D+12
0.223815D+10
0.102723D+12
0.528305D+13
0.33503846D+14
0.158892D+16
0.4146611D+15

0.342806D+14
0.159792D0+10
0.499074D+0%
0.3032850+17 o
0.1183593D+1&
0.878118D0+16
0. 139934D+13

0.784811D+00
0.345823D-04
0.114257D-04
0.271844D+00
0.105610D<501
0.7819840-01

. 0.142425D-02

0.784848D+00
0.415880D+00
0. 112054D+00
0.861037D-01
0.844542D-02
0.74435980-01 °
0.4546148D-02

TIM3 14205317

)
18.4%
40.17%

CHANGE IN PHI(3) = 73.%9%

CHANGE IN PHI(4) =

61.6%

CHANGE IN PHI(S) = 170.8%

CHANGE IN PHI(&) =

47.9%

CHANGE IN PHI(7) = 184.8%



6.1 Testing Results

-

L 29

%
%
%
%
%
%
%

M(0)
M(1)
M(2)
M(3)
M(4)
M(S)
M(&)
M(7)
M(8)
M(?)

MU
MU(2)
MU(3)
MU(4)
MU(S)

T MUCS)

MU(7)

ETA(1)
ETA(2)
ETA(3)
ETA(4)
ETA(S)
ETA(S)
ETA(7)

PHI (1)
PHI(2)
PHI(D)
PHL(4)
PHI (5)
PHI (&)
PHI (7)

TIML 14107118 TIMZ

CHANGE
CHANGE
CHANGE
CHANGE
CHANGE
CHANBE
CHANGE

LI I S I B B LI O I K& NN NN

IN

IN
IN
IN
IN
IN

. 0.213612D+10

' 0.559886D-01

>
.

0.747354D+07
0.308558D+09
0.14B755D+11(
0.785790D+12
0.214614D0+10
0.903168D+11
0.445633D+13
0.138273D+14
0.528952D+1%
0.3334644D+15

0.132110D+h14

0.170981D+10
0,337279D+17
0.929250D+135
0.642007D+16
Q.1335%1D+15

0.236527D+00
6.382448D-04 '
0.306122D-04

0.220889D+00

0.408%579D-02,

0.420459D~01

0,874905D-03 el

0.2365660+00

0.547503D~01
0.533597D-01
0.2936250-02
0.312919D-01
0.1421520-02

TIMS 145073515

~64, 3%
-87.3%
*11.9%

0.2%
-5, 9%
~37.9%
-10. 6%

PHI(1)
PHI(2)
PHI(3)
PHI (4)
PHI(S) -
PHI (&)
PHI(7)



6.1 Testing Results
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Figure 6.19: Image # 19.

s

TIM1 142:01136

%
%
%
‘ %
%
%
%

76

M(0)
ML)
M(2)
M{3)
M(4)
M(3)
Ms)
M)
M8
M(9)

ML)

. MUL2)

MU(3)
MU (4)
MU(S)
MU(&)
MU(7)

ETA(1)
ETA(2)
ETA(3)
ETA(4)
ETA(S)
ETA (&)
ETA(7)

PHI(1)
PHI(2)
PHI(3)
PHI(4)
PHI(S)
PHI ¢&)
PHI(7)

a

TIMZ2

CHANGE
CHANGE
CHANGE
CHANGE
CHANGE
‘CHANGE
\CHANGE

\

IN
IN
IN
IN
IN
IN
IN

!

?o.ee:eva-»ow

'O 252308D+0%

"0, 114391D+11
0.574399D+12 -
0.218894D+10
0.871767D+11
0.4158120+13
0.333422D+14
0.144143D416™
0.390591D+13

0. 326595D+14
0.210234D+10
0.6174461D+10
04 260152D+17
0.761393D+15 * - _
0.4&B0823D+14&
0.877541D+14

o 0.702540D+00
0.452237D-04
0. 132822D-03
0.214316D+00
0.627243D-02
0. 560869D—01
0.722927D-03

0.702585D+00
0.4944655D+000
0.6462887D-01
0.318867D-01
0.303934D—-02
0. 140999D+00
0.158722D-02

TIM3 14101137

6.0%
12. 4%

2.9%
—2.8%
~2.4%
180.0%
~0.2%

PHI(1)
PHI(2)
PHI(3)
PHI (3)
PHI (3)
PHI (&)
PHI(7)
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Figure 6.20:

Image # 20.

s

i

4

TIML 14312113

-

NI R NN N

M(O)
(1)
(2)
(3)

MY4)

MAS)
(&)

M(7)

M{(B)
(9)

b

MU(1)
MU(2)
MU(3)
MU (4)
MU ¢35)
MU(6)
MU(?7)

ETA(1)
ETA(2)
ETA(3)
ETA(4)
ETA(S)
ETA (&)
ETA(7)

PHI (1)
PHI (2)
PHI(3)
PHI (4)
PHI (5)
PHI (&)
PHI®?)

TIMZ

CHANGE IN PHI(1) =
CHANGE IN PHI(2) =
CHANGE IN PHIKZ) =
CHANGE IN PHI(4) = 39.8%
CHANBE IN PHI(Y) =
CHANBE "IN PHI (&) =
CHANBE IN PHI(7) =

\ s

v
©.694762D+07
0.261039D+09
0. 115898D+11

0.548964D+12 .-

0.249879D+10 /i -
0.9441868D+11 %
0.423118D+13 «
0.462604D+14{
0. 176429D+14
0.492508D+1%

0.4534643D+14
0.181010D+10
0, 802320D+09
0.329930D+17
0.890849D+15
0.854025D+14
0.730634D+14

0. 934427D+00
0.372849D~04
0. 145305D~04
0.257476D+00
0. 695189D~02,
0. 647999D-01
0.726219D—03

0.934464D+00
0.873101D+00
0.958589D-01
0.744821D-01

- 0.428593D-02

0.8p4181D-01
0. 3'248520—()2

[ TIM3 14112115

4 r
41.0%
98.7%
48.8%

101.5%

59,7%

104,3%
L4



¢4

-

6.1 Testing Results

Figure 6.21: image # 21.

IM1 14110134

%
%
%
%
%
%
%

M(0)
M(l)
M(2)
M(3)
M(a)
M3
Mb)
M(7)
M(B)
M(?)

MUC)
MU2)
MU (3)
MU(4)
MU 5)
MU(6)
MU(7)

ETACL)
ETA(2)
ETA(3)
ETA(4)
ETA(S)
ETA(S)
ETA(T)

PHI (1)
PHI(2)
PHI(3)
PHI (4)
PHI (5)
PHI (&)
PHI(7)

TIM2

CHANGE
CHANGE
CHANGE
CHANGE
CHANGE
CHANGE
CHANGE

~%

IN
IN
IN
IN
IN
IN
IN

0.853944D+07
0.344058D+0%
0.187155D+11
0.1073464D+13
0.314091D+10
0.1387350+12
0.7326844D+13

0.630184D+14 -

0.30234ip+16
0.6338350+15

0.6384846D+14
0.319474D+10
0.397747D+10
0.393042D+17
0. 145931D+16
0.129184D+17
0.168073D+13

0.873373D+00
. 0.438104D-04
0.543441D-04
0. 1B4443D+00
Q.484817D0-02
0.56062260-01
0.768721D-03

0.875617D+00
0.7646747D+00
0.594529D-01
0.403643D~01
0.197140D~02
0.707291D~-01
0.100425D0-02

TIM3 14110135

PHIC(1) = 32.17%
PHI(2) = 74,%
PHI(3) = =~7.47%
PHIC4) = -24.,2%
PHI(S) = ~3&.@%
PHI(&) = 40,37
PHIC(7) = -36.97



6.1 Testing Results

o !

i

- SSe 2
. - .
. M(O) = 0.894489D+07
. M(1) = 0.396472D+0%
MiZ) = 0.210191D+11
M(3) = 0,122854D+13
M(4) = 0,278280D+10
' . M(S) = 0.125%5845D+12
M(b) = 0,679252D413
- s , MC(7) ™ 0.263778D+14
M(B) _ = 0.119955D+16
: M(®) = 0.479591D+15
1]
. MUCL) = 0.255i21D+14
. * MU<2) = 0,342822D+10 a
2 MU(3) = ,0,245875D+10
(’ " , MUt4) = 0,348109D+17
N r MU(S) = 0,139008D+16
‘ . MUCA) = 0,977992D+16
MU(7) = 0.198135D+15
t
. . ETA(1) = 0,318857D+00
s - ETA(2) = 0.428448D-04
0 ETA(3) = 0.307301D-04
ETA(4) = 0,1872600+00
. ETA(S) = 0,580900D-02
; ETA(L) = 0.40B694D-01 .
o s ETA(7I= 0.827987D-03
PHI (1) = ©,318900D+00
i} \ PHI (2) % 0.101704D+00
PHI () 0.436738D-01
PHI (4) = 0.390143D-0!
PHI(%) = 0.161025D-02 1
PHI (&) = 0.2734280-01
PHI(7) = 0.829986D-03
. TIM1 14109100 TIM2 TIM3S 14109101
% CHANBE IN PH1(1) *= -351,9%
% CHANBE IN PHI(2) = -746.9%
) % CHANGE IN PHI(3) = -32.2%
% CHANGE IN PHI(4) = -26.8%
% CHANGE IN PHI(S) = —48.4%
% CHANGE IN PHI(&) = —AS.3%
% CHANGE IN PHI(7) = -47.8%
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. T
. Flgure 6.23: Image # 23.

i 1
¥ M(0)

= 0,712419D+07
Mt1) =  0,255110D+09
M(2) = 0.109956D+11
M(3) = 0.527662D+12
. M(4) = 0,2562005D+10
, M(5) =  0.9670%0D+11
M(&) = 0.426030D+13
M(7) = 0.525804D+14
M(B) = 0.198802D+14
. M(9) = 0.530332D+15
MUCL) = 0.516168D+14
\ MU(2) = 0.184041D+10
MU(3) = 0.288381D+10
. MU(4) =  0.332371D+17
MU(S) =  0.853358D+15
MU(6) = 0.886718D+16
) MU(7) = 0.830897D+14
ETA(1) = 0.101700D+01
ETA(2) = 0.356553D-04
ETA(3) = ‘0.5468192D-04
- e ETA(4) = 0.245349D+00
é; ETA(S) = 0.6299300-02
o ETALS) = 0,654556D-01
T, ETA(7) = 0.4613350D-03
wi ' PHI(1) = 0,101703D+0{
b1 PHI(2) = 0.103442D+01
o PHI(3) = 0.895994D-01a
PEY 1(4) = 0.676919D0~01
, £ PHI(S) = 0.524309D-02
£ PHI(&) = 0.121872D+00
I . PHI(7) = 0.269?680—02
1 .
'x TIMI 14:17:23 TIM2 . TIM3 14117:23
e .
& %2 CHANGE IN PHI(1) = 53,42
# % CHANGE IN PHI(2) = 135.4%
¢z % CHANGE IN PHI(3) = 39.1%
% CHANGE IN PHI(4) = 27,1i%
% CHANGE IN PHI(%) = 4B8.7%
% CHANGE IN PHI(4) = 142,0%
Pl . % CHANBE IN PHI(7) = 69.7%
o R e S
VIR P R A -
e
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.1 Testing Results
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TIMY

AT R
RAEN
L - s
PR

Lt
.

-

M(O)
Mcl)
M2}
M(3)
M4)
M)
M(&)
M(7)
M(8)
M)

MU<¢1)
MU(2)
MU(S)
MU<¢4)
MU(S)
MU(6)
MUC7)

ETA(1)
ETA(2)
ETAY)
ETA(4)
ETA(S)
ETA (&)
ETA(7)

PHI(1)
PHI (2)
PHI (3)
PHI (4)
PHI (3%,
PHI(&) =
PHI(7) =

14315:52 TIM2

%
%
%
%
%
%
%

r
CHANGE IN
CHANGE IN
CHANGE IN
CHANGE IN
CHANGE IN
CHANGE IN
CHANGE IN

3

0.71297BB+07
0.275165D+09
0.124385D+11
0.620509D+12
0.212304D+10
0.827645D+11
0.3789461D+13
0.174876D+14
0.687332D+15
0.337729D+195

0.170553D+14
0.181779D410
0.817086D+09
0.327389D+17
0.803450D+1%
0.420298D+16
Q. 104132D+15

0. 33560604

0.357494D-04
Q. 160782D~04
0. 241283D+00
0.3592135D-02
0.457154D~01
0.767440D-03

0. 335642D+00
0. 1126250+00
0.685597D-01
0.632705D-01
0.416693D-02
0.318894D~01
0. 198482D-02

TIM3 14:15:53

PHI (1) = -49.%3%
PHI(2) = -74,4%

PHI(3) =
PHI(4) =
PHI(5) =

&.4%%
18.8%
33.4%

PHI(6) = ~-34.77%

PHI(7) =

24.8%

o
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6.1 Testing Results

7

0

Sr j
Mg f4114121

- %
%
%
%
%
%
%
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M0)
M(1)
M(2)
M(3)
M(4)
M(S)
Mi&)
M(7)
M(B)
M(F)

MU(1)
MU ()
MU(C3)
MU
MU(S)
MU(&)
MU(7)

ETA(1)
ETA(2)
ETA(3)
ETA(4)
ETALS)
LETA(&)
ETA(7)

-~

PHI(1) =
PHI (2)
PHI ()
PHI (4)
PHI (D)
PHI (&)
PHI(?)

TIM2

THANBE IN
CHANGE 1IN
CHANGE IN
CHANGE IN
CHANGE IN
CHANGE IN
CHANBGE IN

0.732340D+07
0.270301D+0%
0.11B540D+11
0.5756881D+12
0.223774D+10
0.844B94D+11
0.378537D+13
0.231225D+14
0.923751Q+15
0.365823D+135

0.224388D0+14
0.187763D+10
0.189786D+10
0. 3246551D+17
0.774295D+13
0.647919D+16&6
0.935247D+14

0,4 18360D+00
0.350074D-04
0.353846D-04
0.224978D+00
0.5334%51D-02
0.444385D-01
0.644340D-03

0. 418395D+00

0.17%078D+00
0.614314D-01
0.530943D-01
0.320485D-02
0.455167D-01
0. 154B36D-02

TIMI 14:114:21

PHI(1) = -3&.9%
PHI(2) = -40.2% °
PHI(3) = =-8.6&%
PHI(4) =  3.4%
PHI(S) = 2.7%
PHI(E) = -9.&%
PHI(7) = -2,6%
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%

M(0)
ML)
M¢2)
M(3)
M(4)
MS)
ML)
s M7
Me)
M(9)

MUci)
MUC2)
MUCS)
MU<4)
MU(S)
MU (&)
MU C7)

ETA(1)
ETA(2)
ETA(3)
. ETA(S)
ETA(S)
ETA(6)
ETA(T)

PHICL)
B PHI (2)
PHI (3)
PHI (4)
PHI (5)
PHI (&)
PHI(7)

TIM1 141213114 TIM2
' % CHANGE
% CHANGE
% CHANGE

[ IR

IN
IN
IN

0. 400554D+07 ,
0. 158422D+09

0.771635D+10

0.421172D+12 ‘

Q. 149090D+10

0.399574D+11

Q. 299563D+13

0.344627D+14 5
0.1434634D+16

0.2461455D+15 s

0. 339078D+14
0. 145Q466D+10
0. 991368D+09
0. 14653568D+17
0. 592410D+15 -
0.5464729D+1&
0.627455D+14

0. 211338D+01
0.904138D-04
0.46178920-04
0.454412D+00

0. 184489D-01

0. 175848D+00 N
0.1960250-02 ¢

0.211347D+01

0.446624D+01 -
0.437136D+00
0.257114D+00
0.851551D-01
0.751652D+00
0.387269D-01

TIM3 14521314
PHI(1) = 21B.8%

PHI(2) = 9146.3%
PHI(3) = 578.&%

% CHANGE IN
- % CHANGE IN
% CHANBE 1IN
% CHANBE IN

ki
L

PHI(4) = 3B82.6%

PHI (5)
PHI(6)
PHIL(7)

= 2430.0%
= 1392.7%
= 2335.0%
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6.1 Testing Results
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TIM1 14:19:24

%
%
%
%
k4
%
%

M0)
M(1)
M(2)
M{3)
Mc4)
M(5)
Mi{b)
M(7)
Mia)
M(9)

MUCL)
MU(2)
MUC3)
MU(4)
MU(S)
MU (&)
Mt7)

ETA(L)
ETA(2)
ETA(S)
ETA(4)
ETA(S)
ETA(S)
ETA(7)

PHI(1)
PHI(2)
PHI (X)
PHI (&)
PHI(S)
PHI (&)
PHI(7)

'i'IHZ

CHANGE
CHANGE
CHANGE
CHANGE
CHANBE
CHANGE
CHANGE

= 0.398412D+07
= 0,1739100+09
= 0,97&424D+10
Cw 0,402113D+12
= 0.164792D+10
= 0.779715D+11
.= 0,455190D+13
= 0,3569940D+14
= 0,189923D+14
= 0,334B49D+15

0.3463144D+14
0.217293D+10
0. 6038465D+10
0.2&6019D+17
0.797528D+15
0.783458D+16 .
0.841533D+14

E3
-

= 0,228778D+01
= 0.1368930-03
= 0.3804300-03 .
= 0,83I9618D+00
= 0,2%1718D-01
= 0,247341D+00
= 0,265407D-02

0.228792D+01
0.524279D+01
0.11305{D+01t
0.B810350D+00
0, 773433D+00
0. 695800D+01
0.398024D+00

TIM3 14119324

245. 1%
1093. 0%
1654. 97,
1421. 8%
24695, 4%, -

/ 13717.5%
24926, 3%

IN PHI(1) =
IN PHI (2) =
IN PHI(3) =
IN PRI (4) =
IN PHI(S) =
IN PRI (&) =
IN PHI (7) =
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6;1 Testing Results
\

Figure 6.28: Image # 28.

TIM1 (4124110

b

+
»

T e
.
NN

Yo e

85

M(0)
M(1)
M(2)
M(3) -
M(4)
MiS)
Mi&)
M(7)
M(8)
M{?)

1
MUC1)
MU(2)
MUC3)
MU(4)
MU<S)
MU(&?
MU(7)

ETACT)
ETA(2)
ETA(S)
ETA(R)
ETA(S)
ETA(6)
ETA(7)

PHI (1)
PHI(2)
PHI (3)
PHI(4)
PHI (3)
PHI (&)
PHI(7)

TIM2

CHANGE
CHANBE
CHANBE
CHANGE
CHANGE
CHANGE
CHANGE

IN
IN
IN
IN
IN
IN
IN

-

0.405552D+07
0 143490D+0%
0.6350%4D+10
0.310162D+12
0.136163D+10
0.507823D+11
. 0.23311B8D+13
0.290388D+14
0.115620D+16
0.1975690+15%

, 0.285816D+14
“0.127324D+10
0.260341D+10
0.1024346D+17
0.432977D+13
0.423%561D+16
0.456207D+14

0.1737780+01
0.7741446D~04
0.1584100-03
0.3092680+00
0.130722D-01
0.127879D+00
0.137733D-02

0.1737850+01
0.302123D+01
0.219030D+00
0.120610D+00
0. 192573D-Q1
0.584063D+00
0.80&967D~02

TIMI 14124110

PHI (1)
PHI (2)
PHI (3)
PHI (4)
PHI (%)
PHI (&)
PHI (7)

162. 1%
387. 5%
240.0%
125.47%
517.4%
105%. 9%
407. 4%
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6.1 Testgm Results

———

14

X \OF CHANGE

IMAGE # 1 _IMAGE # 2 IMAGE # 3 IMAGE # 4 IMAGE # 5 IMAGE # 6 '

t

.
|
|
I
I

I
I
I
I
I I
| 8, 00.0X -4.6% -8.8% 9.8% 7.5% 8.0 % |
| A —l
. | ¢, { 00.0% -9.1% -16.8% 20.6% 155% 16.6% |-
- [~
| s 00.0 X -8.5°% -18.5% 1.0% -5.4% -1.6% |
I : I
| ¢, 00.0% -7.6% -17.0% -0.5% -7.8% -3.6% |
|— ; y |
| g 00.0 %X -15.0% -31.7% -0.3% -13.9% 6.2 %" |
oA |
| ¢ 00.0% -1.2% 0.7% -1.4% -30.9% -25.6% |
| - —
i [¢;: 00.0% -17.4% -361% 1.8% 9.6% -2.2% |
= |
I , — |
|AvG.= . 00.0%  9.0% J48.5% 5.0.% 12.9% 8.2 % |
- , Y
<y : 1
| . % OF CHANGE . |
I , I
. ' . |
[ IMAGE # 7 IMAGE # 8 IMAGE # 9 IMAGE #10 IMAGE #11 IMAGE #12 |
I |
YT 1 #y: 46X% 0 20X 66X 107 X% 125% 25.5% |
I . ' I
[é;: 9.0% 40X -12.7X -20.2% 2265% S7.6% |
I - —
| ¢4 2.5 % 1.8 X 0.4% -19.0X 40.3X  49.1 % |
| — - e |
18, r  35% 2.4 %  45% 218 % 36.9}74 0.6 X |
I |
| g : -6.3% -2.8% -6.4% -3V.8X 8.7% 103.1% |
I , a—
) $ 0 6.2%  4BX 83X 288X 7%6% 233.2% |
I — |
| ¢, 229% 67%  5.9% -32.5% %1% 108.2% |
. : I
| I
|ave.s  5.0% 35X 6.4% A.4X PS5x T 82X |
n —J
4 q
86

el

4
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6.1 Testing Results . .

(

r ¥ O

| , % X OF CHANGE |

| : l

| |

| IMAGE #13 IMAGE #14 IMAGE #15 IMAGE '#16 IMAGE #17 IMAGE #18 |

|~ I

| ¢4 ¢ -89.4% -73.2% -10.7% 9.9% 18.4% -64.3% |

I |

| ¢, : -98.9 % -92.8X% -20.2% 20.9% 40.VX% -87.3 % |

& | ‘ ‘ — |

' | 5@ 26.4% 8.9% R1.1X H4%X 79X -1.9% |

I |

- | ¢, : 4B.4X% 1223 X% 132.7 % 45.0 %X 61.6% 0.2 % |
l 7|

| ¢5'://101.7 X 356.9 X .428.1 % 113.4 X 170.8 X 5.9% |

l |

* | 8 @ -36.1% 82.6% 257.1% 139.3%X 47.9% -37.9% |
— - ) |

. | ¢, 70.7 % 317.3 % 431.0 X 120.5 X 186.8 %X  -10.6 X |
| ' |

|—= —]

JavG.=  66.8 X 162.1 X 200.1 X 72.2 X 85.6 % 31.2% |

e J

r . )

| % OF CHANGE |

| |

: I . I
| IMAGE #19 IMAGE #20 IMAGE #21 IMAGE #22 IMAGE #23 [IMAGE #24 |

) | N —— s - I
| 94 6W/X ;410X 32,1 X 519 XK. 53.4 % 494 X |

I |

| ¢ ¢ 12.6% 987 X 7%.5X% -76.9X 135.4 X 744 % |

‘ |- : l
| #5 ¢ 2.9% 486 X T4 X -2.2% 391 % 6.4 % |

| g —|

| ¢, : -2.6% 39.8% -2%.2X% -26.8X% 27.1 % 18.8 % |

I : l

| 85 = -2.6% 101.5 % -36.8 X% -48.4 X 68.7 % 33.6 % |

|— ) |

| 8 = 180.0%, 59.7 X 40.5 X -45.3 X% i1{.2.0 X -36.7% |

| = —|

| é; ¢ ‘0.2 % 104.3 X 36.9 % -47.8X 69.7% 24.8 X |

| = !

! s |

|AVG.= 19.3 X 70.6 X 36.1 X 474X 765 % 6.9 % |

L— : |

Figure 6.29 sumary of Results and % of deviation.

<
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6.2 Discussion of ‘Results

6.2‘Discussion of Results

N \ -

N

AN

i’. ) . ,
6.2.1 Errors Due to Hardware and the Edge Enhancement So-
£

lution

Digital compﬁters can not directly process continuous
data. Integrals over infinite 1limits must be replaced by
summations over finite range. (see eq.-1, 2, 1.1, and 2.1).
This approximation introduces slight errors moment invariants.
¥mage 1w Figure

The seven moment invariants of the rotated

14
10.2-10.10 show a relatively small percentage/ of change. These
variations or deviation from the thegory /are due %o three

reasons other than digitization (approximation) error: .

1~ fhe raw data of a conti&uous image is not contiguous ‘itself,
but Q1ooks like a checker-board. This is due to the fact that
the IS256 OpticRAM has dead or inactive pixels covering more
than 50% of its total area (see Figure 4.5). In order to apply

- the delta method on the digitized image, the raw image had to

be enhanced. The first routine had to fill in the Hlank 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 resulting image is .an
enhanced image of 80 X 640. Its contour, however, has ragged

edges (see Figure 6.1-6.28).

e

2- The distortion generated by the wide-angle lens is signifi-
cant. A square object, for eﬁample, will not necessarily give a
square image after translation and/or rotation. To minimize
this distortion, the OpticRAM physical area used was rows 300 -
379 which is in the centre of .the OpticRAM chip (see Figure

4.5). ' -
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6.2 Discussion of Redults

AT 3- The delta method applied to an image such as shown in Figure
6.30 would eliminate six entire rows of pixels, as a black
pixel circled means the end of a line. -

*Nv
) ‘c.i‘a.\ )
' This was verified by tracing the computations of the °
moments and the delta method eliminated six entire 1lines, as
‘shown in Figure 6.31. a
. 4
~ -«

Figure 6.30 Rotated Image.

”~

This problem was corrected by further enha'ncing'the image,

by adding _a 'special subroutine to the delta method program

¢ N (lines 56000-57000). This subroutine will scan wertically, and
calculate approximately the length of the object 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

£y

in Y), along with the first set of moment invariants.

© 2
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6.2 Discussioc\ of Results -
’ “ . s

. . During the regular scanning procedure, if a byte, on _“the
edge of the image, has one bit "off", 'and the next byte is non*
_zero, this bit will be turned "on" and scanning will continue.
, This feature will still allow the progi‘am to detect holes in
the fabric as the edge flag is not set and a single "off" bit

~ in a line will cancel the remainder.

A
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Figure 6 .31 The Rotated Image as the Delta Method sees 1t before Edge Enhancement,
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6.2 Discussion of Results .

6.2.2 Description of Results and their Sensitivity

A

- ! - . .' 3 (]
_Resul‘f:s and their percentage deviation are summarized in
the t;ables' of Figure 6.29. The moment invariants of Figure 6.1-
6.10 of the image after rotation and translation, show

variations in the ¢'s of up 1'70 40% for a 'good' images (no

holes or unwanted flaws are present) "and a va_;iation of up to.

25% over the mean value of all the seven ¢'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 object

\changes the percentage deviation of the moment invariant enor-

mously (see results of IMAGE #11 through IMAGE $#20). The same
ma.gnitude of change took place when an extra amgunt of material
of 0.67% or more was added to the original image.
- u “

Therefore the method is ser}sitivé up to 99.6% for holes
and discontinuities and up to 99.33% for .other flaws. The éen—
sitivity of the hardwa;fe (the vision-system) was ‘calculated to
be 99.64% (see section on sample calculations). This gives an
overall sensitivity (accuracy) for the . combined systenm

(hardware/software) of more than 99.33%.

4 6.3 Criteria for Accepting a 'GOOD' Object

To compensate and ftrectify the error due to the hardware
design discussed earlier, we will allow a 40% tolerance change
in any ¢ and L\ overall change of 25% from the mean value of

-tl;e seven ¢'s before accepting a 'good' object. Therefore the

criteria are as folloys:
\

' ; |
If any of the two following conditions are satisfied, the

object 1is labeled 'BAD’ or ’‘DEFECTIVE'’ : percentage deviation

i
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6.3 Criteria For Accepting A 'GOOD' Object .

4 1
.

of any given ¢ 1s above 40%. AND/OR percentage
the mean value of all seven ¢'s is above 25%.
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7.1 lntroductfon -

s

L4

Chapter 7 * 7 LIGHTING CONSIDERATTIONS

7.1 Introduction

A

The IDETIX camera nheeds a high contrast scene in order to
image the object into the OpticRAM. Unlike a TV camera which
can respond to shades of gray, the OpticRAMs are digital chips
where each picture element makes a black/white judgment 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‘ the exposufe time is the same as opening the f-
stop by one (changing the f-stop to the next smaller number)
or, in other words, doubling thé amount of .light. Contrast can
now be defined as a minimum difference between adjacgnt

threshold changes or slices.

7.2 Front Lighting

\/ R “>
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 scene is necessary and the optimum trip light
level needs to be used. Front lighting requires multiple dif-
fused light sources such that the contrast in the scene is

‘.

~

increased.
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7.3 Back Lighting

.

7.3 Back Lighting

For a backlit scene, the light comes from behind the scene
so thdt the object being viewed is- shadowed into the camera.
Backlighting the object for xﬁaximum contrast will j;ive the\best
repeatable results. Backlighting is recomnended if the camera
is used to measure the object‘. Other techniques of illumir{ating
the object such as shadow imaging, spectral illumination,
spectgr’al elimination and collimated lighting_are‘ illustrated in

Figure 7.1. .
-»
/
s CAMIRA ?)‘(RA LIGHT CAMEIRA
LIOHT LIGHT .
J T v ]
T D | | ¢
g D
. : Do SHADOY MAOING
FRONT BACK (for hole or bump
LIOHT ING LIGHTING defeot drtection)
CAMERA
3
- \
< D
£
- LIGHT  LENS' CAMERA
L IGHT
SPECTRAL LLUMINATION BPLCTRAL ELIMINATION COLL IMATED LIOHTING ~~ -

Figure 7.1 1liwination Techniques.
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Chapter 8 CONCLUBSION ¢

*

-

The solution for the vision system, presented in this

: tpesis, consists of the following parts:

The Hardware: An JIDETIX vision system by MICRON TECHNOLOGIES
INC. equipped with an IS256 OpticRAM, any  IBM AT compatible
Personal Computer equipped with an 80287 co-processor, running

at 8 MHz.

. . t N
The software: An application program that accepts a digitized
image of size 80 X 640 pixels as an in‘put, and calculates the
moment invariants using the delta method, in real-time, spend-~
A S

ing less than 0.64 second. ' -

The.sensitivity of the hardware (the vision system) isﬂ
99.64% and the experimental sensitivity of the combined hard-=
ware/software system is above 99.33%.

The economy in hardware and software,. the execution speed
and the achieved accuracy/sensitivity make this work and the
resulting system implementation particularly suited to

. industrial application. Extension of this system; and the

method it embodies, to 3-dimensional industrial recognition

problems appears to be quite promising.
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APPENDIX 4 - LISTING OF THE FORTRAN-77 PROGRAM

-
SNOFLOATCALLS
€ proctteesetesrnessaccinteoonan Lecusnacncanonncsonmccsvennenamanes 1
¢ | |
c | CALCULATION OF THE MOMENT INVARIANTS |
c | FOR AN IMAGE USING THE STRAIGHT-FORWARD APPROACH |
c | |
c ' ...................................................... fevevaasns I
c | |
c | Copyright (C) MR. MARWAN ZAKARIA |
o | . ROBOTIC MECHANICAL SYSTEMS LABORATORY- *~ i
c | MCGILL UNIVERSITY, MONTREAL CANADA |
¢ | |
2 lecieransacsasoannsnaanan ":””n“.",;a ........................... J
c -
c interface for access to time and date .
c .

INTEREACE TO SUBROUTINE TIME (N,STR) & -

CHARACTER*10 STR [NEAR,REFERENCE)

INTEGER*2 N [VALUE)

END
¢

INTERFACE TO SUBROUTINE DATE (N,STR)

- CHARACTER*10 STR [NEAR,REFERENCE)

INTEGER*2 N [VALUE]
END

CHARACTER*10 TIME1,TIME2, TINE3, TESTDATE
INTEGER*2 F(256,256),1,J,N,H,NN,MM

REAL MUC7),ETA(7),PHICT),XX,YY, HX(10) 4
CHARACTER®1 CF(256,256) ; .

Get Time/Date

CALL DATE (10,TESTDATE) o -
CALL TIME (10,TIMEY)
READC*,550) ((CF(I,d),d=1,256),1=1,256)
DO 5 1=1,10
MX(1)=0
CONT INUE
DO 6 1=1,256
PO 6 J=1,256
FCI1,d)=ICRARCCF(I, J))
CONT INUE .
CALL TIME (10,TIME2) .

b

100
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Appendix 1

‘o

7
8

9

9.

10

DO 7 1=1,128
IF (F(I,128).6T.10) THEN
M=]
Go1p 8
ENOIF

CONTINUE

MM=256-M
Do 9 1=1,128
IF (F(128,1).GT.10) THEN
N=l
Goto 91
ENDIF
CONT INUE
NN=256-N
DO 10 [=M,MM
DO 10 J=N,NN
FF=1%F(1,d)
JIF=J*F(T,d)
11=1%]
JJ=4*y
MX(1)=MXC1)+F(T,J)
MX(2)=MX(2)+JJF -
HX(3)=HX(3)+JJ'JJF‘
MX(4)=MX(4)+1IF -
MX(5)=MX(5)+1%JJF
MX(6)=MX(6)+I*TTF ]
MX(7)=MX(7)+11%JJF -
MX(8)=MX(B)+11*11F
MX(9)=MX(9)+JJ*ITF
MXC10)=MXC10)+J*JJF
CONT INUE ’
XX=MX(4)/MX(1)
YY=MX(2)/MX(1) °
MUC1)=MX(6) - XX*MX (43
MUC2)=MX(10) - YY*MX(2)
MU(3)=NX(5) - YY*MX(4)
MU(4 )=MX(8) - 3*XX*MX(6) +2¥MX(4 ) *XX**2
MU(S)ZHX(D) - 28 YY*HX (S - XXMX( 10)+2%YY**2%MX (4)
MUC6)=MX( 7D 2% XX*MX(5) - YY*MX(6)+2¥ XXV *2*MX(2)
MUCT)SHX(3) - 3FYYRHX (10 )+2%YY*%2%pX (2)
ETAC1)=MUC 1)/ (MX(1)**2)
ETA(2)=MU(2)/(MX(1)**2) .
ETA(3)=MU(3)/(MX(1)**2)
ETAC4)=MUC4)/(MX(1)**2.5)
ETA(5)=MU(5)/(KX(1)**2.5)
ETA(6)=MU(8)/(MX(1)**2.5)
ETA(7)=MU(7)/(MX(1)**2.5)
PHIC1)=ETA(1)+ETA(2)
PH!(2)=(ETA(1)-ETA(2) )**2+4*ETA(3)**2
PHI(3)=(ETAC4)-3ETA(5))**2+ (3*EIACS) -ETA(7))**2
PHI(4)=(ETAC4)+ETA(5))**2+(ETA()+ETA(7))**2
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o

PHI(S)-(ETA(L)-S'ETA(S))"(ETA(‘)*E,TA(S))‘((ETA}‘)*
+ ETA(5))**2-3*(ETA(S)+ETA(T7))**2) Y (3*ETA(6)-ETA(T)
+ )'(ETA(b)*ETA(T))'(3‘(E'TA(4)0ETA(S))"2'(ETA(6)+ETA(T))"Z)
‘PHICO)=CETACT) -ETA(2))*((ETA(4)+ETA(5))**2- (ETA(S)
+ +ETA(T))I**2) + 4*ETA(3)*(ETA(4)+ETA(5))*(ETA(6)+
+ ETA(7))
PHI(7)=(3*ETA(S)-ETA(T))*(ETA(4I+ETA(5))*((ETA(4)+
+ ETA(5))**2-3* (ETA(S)+ETA(T7))**2) +
+ (3*ETA(S)-ETA(7))*(ETACOI+ETA(T))*(3*(ETA(4)+
+ ETA(S5))**2- (ETA(S)+ETA(7))**2)
CALL TIME (10,TIME3)
500 FORMAT(' !,T15,t****** starting Time 1: ! A10, "**event, /
+ ’- ] |'T15’|*ttttt Today"s Date : I‘A.,O’Ii*iitﬁlll)
550 FORMAT (100A1/) ’
600 FORMAY(' !,T1S,'****** gtarting Time 2: ',A10,"'“""'./)
N 700 FORMAT(' ',T1S,'****** gnding Time 3: ',A10, ' ***¥awily)
’ 1000 FORMAT(® ',T23,'PHI(',11,*) =',025.14)
2000 FORMAT(' ',T23,'ETA(',11,') =',D25.14)
3000 FORMAT(' ',T23,'MUC’,11,') =!,025.14)
4000 FORMAT(* ', T23,'MX(',12,') =',D25.14)
5000 FORMAT(' ',//)
6000 FORMAT(' ',T15,'M=', 13, MM=' [3,' N=? 13! NN=!,13//)
po 100 1=1,10
WRITEX*,4000) I,MX(1)
100 CONTINUE
WRITE(*,5000) )
Do 101 1=1,7
WRITE(*,3000) I,M(1) d
101 CONTINUE
WRITE(*,5000)
DO 102 1=1,7
WRITE(*,2000) I,ETA(I)
- 102 CONTINUE
WRITE(*,5000)
po 103 1=1,7
WRITE(*,10600) I,PHI(I)
103 CONTINUE
WRITE(*,5000)
WRITE(*,500) TIME1,TESTDATE -
WRITE(*,600) TIME2 s
WRITE (*,700)TIME3
WRITE (*,6000) M,MM N, NN
sTOP
END

& 102



Appendix 11 -

4

o

APPENDIX II - LISS}ING OF THE TURBO PASCAL PROGRAM
2

ey
[

¢

l . |
f CALCULATION OF THE 2-DIMENSIONAL MOMENTS | -
I OF AN IMAGE USING THE DELTA METHOD |
| |
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.
.
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.
.
.

I I
| Copyright (C) MR. MARWAN ZAKARIA 2
| ROBOTIC MECHANICAL SYSTEMS LABORATORY . | ’
| MCGILL UNIVERSITY, MONTREAL CANADA |
I |

program {inesc;

[y

type Mar =array [0..91 of real; . - -

var 'XST,YST,L :integer; R
M :Mar;
P sarray[0..63,0.,127) of byte;
X,LE sinteger;
A,8,C,0  :INTEGER; ‘

o

()

b4

PROCEDURE Mnm_Update(XST,YST,L:integer;VAR M:Mar); .

VAR 12,X2,Y2 :res!; s
$1,82,S3,L3 :real;
M10,M20 ireal;
sb ireal;

begin -
v2:=LvL;
L33=t2*L;
X2:=XST*XST;
Y2:=YST*YST;

o S1:=(L2-L)/2; ]
§2:=(2*L3-3%L2+L)/6; ' \
§3:=(L".3-2*L3+L2)/4; .
sh:=1; .

MIO}:=M[07+L;

cML1) =M 1] +84*L*YST; .
M[2) :=M[2] +54*L*Y2; {
M[3]:=M[3] +s4*L*Y2*YST;

¢
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M10:=84*L*XST+S1;

ML4) :=M[4]+M10;

M{5):=M[5]+84*YST*K10;

M6):=M[6] +54*Y2*N10;

M20:284*L*X2+84*2*S 1#XST+52;

MI7]:=M(7]+M20; .

M[B):=M(B] +s4%YST*M20;  \

MI9) :=M (9] +S4*L*X2*XST+s4*I*S1*X2+54*3%S2*XST+S3;
END;

-

PROCEDURE BYTE_LEFT(V:BYTE;VAR AANT:INTEGER);

BEGIN
IF v>15
THER IF V>63
THEN IF V>127
THEN AANT:=8
ELSE AANT:=7

L]

b ELSE IF v>31
THEN AANT:
‘ ELSE AANT:

" [1]
vt O

ELSE IF v>3 .

THER IF W»7
THEN AANT:=4
ELSE AANT:=3

ELSE IF W1
THEN AANT:=2
ELSE AANT:=1

END;

PROCEDURE BYTE_RIGHT(NUM:BYTE;VAR AANT:INTEGER);

VAR THP:byte; ~
BEGIN

TMP :2255-NUM;

BYTE_LEFT(TMP, AANT);

AANT :=8-AANT ;—
END;

PROCEDURE TIMER(VAR HOUR,MIN,SEC,FRAC:INTEGER);

TYPE
REGPACK = RECORD
. AX,BX,CX,DX,BP,S1,D1,DS, ES, FLAGS : INTEGER;
END; '
VAR REGS: REGPACK;
BEGIN
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WITH REGS DO

BEGIN
~AX:=$2C00;
MSDOS(REGS); °
HOUR:=HI (CX);
MIN:=LO(CX); .
SEC:=HI(DX);
FRAC:3LOCDX);

END;
WRITELN(HOUR:3,MIN:3, SEC:3,FRAC:3);

END;

BEGIN
FOR YST:=0 TO 127 DO
BEGIN FOR XST7:=0 TO 63 DO
BEGIN P([XST,YST]:=0;
END;
END;

FOR XST:=3 TO 60 BE
FOR YST:=3 TO 125 DO BEGIN
PIXST,YST] :=255;
END;
END;

for XST:=0 to 9 do begin
‘' MIXST):=0; end; -

TIMER(A,B,C,D);

. FOR YST:=0 TO 127 DO
>
BEGIN X:=0;L:=0;
WHILE ((P[X,YST)=0) AND (X<64)) X:=X+1;
\ BEGIN IF X<b4 THEN BYTE_LEFT(PIX,YST),LE);
XST:=8*X+8-LE;
X:=X+1;
L:=L+LE;
L WHILE ((PX,YST1=255) AND (X<64)) DO
BEGIN L:=L+8;
X:=X+1;
END .
IF X<b4
' THEN BEGIN BYTE_RIGHT(F(X,YST],LE);
L:=L+LE;
END;
Mrm_Update(XST,YST,L,M);

¢

END;

.
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J  END;

TIMER(A,B,C,D); .
FOR A:=0 TO 9 DO BEGIN
WRITELN(MIA]) END;

END.
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Appendix 111

APPENDIX IIY - LISTING OF THE DELTA METHOD PROGRAM

17 REM

| i
4 REM, } REAL-TIME CALCULATION OF THE MOMENT INVARIANTS
|

FOR A CONTIGUOUS IMAGE USING THE DELTA "&" METHOD

I

| Copyright (C) MR. MARWAN ZAKARIA -
15 REM | ROBOTIC MECHANICAL SYSTEMS LABORATORY |

' MCGILL UNIVERSITY, MONTREAL CANADA

I

18 REM [ R L R R LR R TR

19 REM

29 DEFINY A-Z:Width "LPT1:",932

32 CAMPORT=&H260
50 KEY OFF

3 REM ALL VARIABLES ARE INTEGERS UNLESS SPECIFIED OTHERWISE
: REM CHANGE THIS [F YOU CHANGE THE SWITCH

70 DIM APTR(14),CAM(29),PBC(6),FBUF(15),MOVS(5),SAV(8),L00(8),BITM#(B), MUK(7), ETA#(T), PHIH#(T7), ME(10),

PRN(3),P(80,80)

72 REM

74 REM

76 REM

78 REM

80 REM

305 OPEN "INSTBAS.DATH AS #1
310 FIELD #1, 128 AS BS
315 GET #1

316 CLOSE

320 K=1: FOR I=1 TO-14
325 APTR(1)=CVI(MIDS(BS,K,2))
330 K=K+2 : NEXT |

332 DEF SEG=APTR(3)

334 PBC(1)=APTR(2)

336 PBC(2)=APTR(4)

338 UMACALC=APTR(6)

340 CAMDRIVE=APTR(7)
342 MKFBUF=APTR(8)

344" MOVSCR=APTR(9)

346 PBC(3)=16384

347 MOVPRN=APTR(14)

348 CALL ABSOLUTE(PBC(1),DMACALC)

: REM APTR = SEGMENT AND OFFSET LIST FOR DRIVER ROUTINE

REM CAM = PARAMETER LIST FOR ,CAMDRIVE - IDETIX H/W DRIVERS
: REM PBC = PARAMETER LIST FOR DMACALC
: REM FBUF = PARAMETER LIST FOR MKBUF

: REM MOVS = PARAMETER LIST FOR MOVSCR

s REM SET UP SEGMENTS AND OFFSETS

REM POINT AT DRIVER CODE SEGMENT
REM DMA SEGMENT = DRIVER DATA SEGMENT
REM DMA OFFSET = BITMAP ADDRESS

REM DMA XFER BUFFER SETUP ROUTINE

REM IDETIX DRIVER ROUTINE

REM IMAGE ENHANCE ROUTINE °

REM GRAPKICS DISPLAY ROUTINE

: REM BUFFER SIZE = 128K PIXELS

.

: REM MOVE PRINT ROUTINE

REM DMA SETUP

350 IF PBC(4) THEN SWAP APTR(5),APTR(4) : GOTO 336

400 DEF SEG

107 -
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610 CREG =&H1 ¢ REM COMMAND REGISTER

612 CAM(2)=0 : REM REFRESH START ADDRESS . ) .
614 CAM(3)=255 : REM REFRESH LAST ADDRESS

616 CAN(4)=300 : REM ROW START ADDRESS

618 CAM(5)=1 : REM ROW INCREMENT

620 CAM(6)=379 : REM ROW LAST ADORESS

622 CAM(7)=160 : REM'COL START MODRESS

624 CAM(B)=1 :+ REM COL mcxsﬁr . y
626 CAM(9)=319 : REM COL LAST ADDRESS

628 CAM(10)=5 : REM ST ROBE COUNT

630 CAM(11)=500" + REM EXPOSURE TIME ( IN .1 ms FOR LOW RANGE )}

631 CAM(12)=RHF " : REM NO HEAD MPX

*632 CAM(13)=CAMPORT : REM IDETIX 1/0 PORT ADDRESS

634 CAM(14)=PBC(6) : REM DMA BUFFER POINTER -
636 CAM(15)=PBC(5) . : REM DMA PAGE

638 CAM(16)=0 : REM CHECK FOR TRANSFER COMPLETE

640 CAM(17)=1 : REM INITIALIZE THE DMA CONTROLLER

642 CAM(18)=0 : REM HANG INDICATOR IS ON

644 CAM(19)=1 - : REM PIXEL COUNTER 1S ON .,

650 FBUF(1)=1 : FBUF(2)=1 : REM PICTYPE 3 .

651 FBUF(3)=0 : FBUF(4)=0 : REM PROCESS ENTIRE BUFFER

: REM POINTER TO BITMAP - INPUT

: REM POINTER TO WORKMAP - OUTPUT .
1 REM POINTER TO WORKMAP = FINAL IMAGE

: REM SCREEN,START OFFSEY

658 FBUF(10)=APTR(4)
660 FBUF(11)=APTR(5)
675 MOVS(4)=APTR(S)
678 MOVS(5)=0

680 PICTYPE=3

682 EXPRNG =0 : REN LOW RANGE o
684 FMODE =1 : REM SINGLE FRAME

£85 PIXC=0 REM INITIALIZE PIXEL COUNTER ' : -

690 GOSUB 700 : GOTO 1010 REM RESET THE IDETIX PROCESSORS

700 REM T L RL LT PR P PEP PP RTR PRI PRI . .
701 REN  |SUBROUTINE TO RESET THE IDETIX PROCESSORS AND/OR STOP THE |
702 REM  |CAMERA (VIA SOFTWARE). ‘ i
703 REM L L Gecsemsansanasnee J
710 DEF SEG=0 : I=INP(CAMPORT+5) )

711 FOR 1=1 TO 1000 : NEXT 1 :REM TIME DELAY

713 IF (CINPCCAMPORT) AND 7 ) <> 7 ) THEN GOTO 710

715 DEF SEG = APTR(3) :REM POINT AT DRIVER CODE SEGMENT

TURNzREM= == e v o crsomorsmo s oa s camm s meo e 4
1010 SCREEN 2 : REM 640 X 200 GRAPHICS MODE
015 CLS : STFLG=0 - , -
1 EXPRNG=&HO '
1682 CREG=( CREG AND &HFB) OR EXPRNG - »
1700 FMPOE=&H1 1 REM FMODE=&H2 IS CONTINUOUS GRABBING OF IMAGE, =&H1 IS SINGLE IMAGE
GRABBI -
1702 CRE =(CREG  AND &HFC) OR FMODE .
3000 GOSUBN\Z00 ! REMesa—eee> TAKE A PICTURE <ovmemmmmeme
3001 CLS : REM CLEAR THE SCREEN J
3010 EF=0

3020 GOSUB 5300 : REM ENHANCE THE PICTURE
3056 REM LOCATE 25,54: PRINT * time (ms) =":LOCATE 25,70 : PRINT CAM(11)/10;
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3100 CAM(19)=1 : CAM(1)=0 : CAM(16)=1 :

3102
3103
3104
3110
3120
3130
3200
3210
3220
3230
3240
4000
4001
4002
4003
4004
¥ 4005
4006
4007
~4010

CALL ABSOLUTE(CAM(1),CAMDRIVE)
3101 GOSUB 6000 : LOCATE 24,2 :PRINT USING " white pixels =###### . black pixels
pixels = ###.#% ";WPX,BPX, (WPX/(WPX+BPX))*100;

CAM(1)=CREG :CAM(16)=0 :CAM(17)=1 :CALL ABSOLUTE(CAM(1),CAMDRIVE)
FBUF(5)=CAM(23)/2
FBUF (6)=CAM(24)
FBUF(7)=CAM(23)

FBUF (8)=CAM(22)

FBUF(9)=CAM(24)

CALL ABSOLUTE(FBUF(1),MKFBUF) :

MOVS(1)=FBUF(12)

MOVS(2)=FBUF(12)

HOVS(3)=FBUF(‘|3)_-1
CALL ABSOLUTE(MOVS(1),MOVSCR) : REM

REM
REM
REM
REM
REM
REM
REM
REM

: REM
: REM
: REM
: REM
: REM
: REM
: REM
. 1 REM

KP$=INKEYS : [F KP$="" THEN GOTO 3100
4015.1F KP$="C" OR KP$="c" THEN :GOSUB 700:GOSUB 45000:REM GOSUB 40000:CLS:SCREEN 2 :GOTO 4100

:REM CALCULATE
4017 IF KP$="L" OR KP$="(" THEN :GOSUB 700:60SUB 55000:CLS:SCREEN 0,0,0 :GOTO 4100 :REM LOOK AT APTR(5)+C
MEMORY LOCAT 10 )
4020 IF KP$="Q" OR KP$="g" THEN :GOSUB 700:CLS :SCREEN 0,0,0:STOP :REM QUIT

4030 IF KP$="P" OR KP$='"p" THEN :GOSUB 700:GOSUB 40000

DISPLAY THE PICTURE
SERVICE THE KEYPRESSES
IF NO KEY IS PRESSED THEN A CONTINUOUS IMAGE IS GRABBED
CALCULATE MOMENT INVARIANTS AND DISPLAY ON SCREEN
LOOK AT MEMORY CONTENTS BEFORE PROCESSING

QUIT THE CURRENT, PROGRAM AND PROMPT C>

PRINT THE IMAGE DISPLAYED ON THE SCREEN

STOP THE CONTINUOUS LOOP FOR IMAGE GRABBING (PAUSE)
RESUME, ONLY "R" CANCELS THE "S"COMMAND

C

o vV O r

REM ENHANCE THE, RAW DATA

: REM PASS INPUT BUFFER DESCRIPTOR TO MKFBUF

: IF MOVS(2) > 80 THEN MOVS¢2)=80

:REM TAKE A PICTURE CONTINUOUSLY

:REM PRINT

Xwhite

T

4080 IF KP$="S" OR KP$="s" THEN :GOSUB 700 :XX$="":XX$=INKEY$:IF XX$<>"R'" AND XX$<> "r* THEN 4080 :REM

w#k4® GTOP THE CAMERA BY PRESSING S, RESUME BY R, Ww#ww
: REM GET THE NEXT INPUT ,
: REM START THE PROGRAM OVER AFTER CALCULATING THE PHI'S sg#

4090
4100
5300
5301
5302
5303
5310
5312
FIOW
5313
6000
6001
6002
6003
6004

GOTO 4010

RUN
REM
REM
REM
REM

FBUF(1)=1 : FBUF(2)=1
TF((CCAM(9)-CAM(7)+1)/CAM(8B) )*((CAM(6)-CAM({4)+1)/CAM(5)))>32768# THEN EEES="PIC

[SUBROUTINE TG SET THE PARAMETERS ON FOR THE ENHANCE/LAYOUT |

|PICTURE.  (PICTYPE 3)

- REDUCE WINDOW SIZE" : Ef=1

RETURN :REM

REM
REM
REM
REM
REM

1 MOVS{4)=APTR(5)

{SUBROUTINE TO CALCULATE THE NUMBER OF WHITE PIXELS, BLACK ]
|PIXELS AND THE PERCENTAGE OF WHITE PIXELS; USING COUNTERS |

JFROM THE HARDWARE.

6005 IF CAM(28)<0 THEN CAN(28)=0
6010 IF CAM(28)>AHFFOD THEN CAM(27)=CAM(37)-1
6020 JF CAN(27)<0 THEN CAM(27)=0
6030 'IF CAM(25)<0 THEN CAM(25)=0

6040 WPX=(CAM(25)*&H100)+(CAM(26))

-
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6050 BQPX=(CAH(Z7)*&MOO)+(CAH(28))
6100 IF BPX=256 THEN BPX=1:WPX=32767 ,
6150 IF WPX=0 THEN WPX=1:B8PX=32767
6200 RETURN:REM

40000 REH  prevemssmsmsmsasseetee et st tatia st sttt 1
40001 REM  |SUBROUTINE TO PRINT THE IMAGE SHOWN ON THE SCREEN ON AN [

40002 REM  |FX80/85 COMPATIBLE DOT MATRIX PRINTER. |

40003 REM Leciimeuenecoecceaanveneosascacncaacnonacseonstonnmeassnasennnona J .

40009 PRN(1)=MOVS(1):PRN(2)=MOVS(2) : PRN(3)=MOVS{3) :PRN(4)=MOVS(4)

40010 CALL ABSOLUTE(PRN(1),MOVPRN)

40011 RETURN:REM: -~ cevmmrrneenmeneoramacencsaceaacnaaneane. Teverenans 4 ,
45000 REM === cr-esesm e s m ettt e 7

45001 REM  |SUBROUTINE CALCULATE 1 THIS SUBROUTINE CALCULATES THE | N
45002 REM  |DELTA “&%, XST, YST AND THE Moq 'S. (FOR 80 X 640 MATRIX) ]

45003 REM  L-cecremenenneemm i es J

45004 C=0 ’

45005 DEF SEG=APTR(2) ' : REM POINT AT DRIVER DATA SEGMENT .
45006 FOR 1=0 TO 9:M#(I1)=0:NEXT | : REM INITIALIZE THESE VARIABLES

45007 REM LPRINT CHRS$(27)"UCHRS(4) :WIDTH “LPT1:™,160 LETTRIX #15,%10,199,85,C

45009 TIM1S=TIMES:LLY=LY : REM TAKE THIS TIME AS STARTING TIME1

45010 FOR YST=0 70 79

45020 L=0:C=YST*80: REM IF (X<80) THEN LPRINT " »

45030 FOR X=0 TO 79 ) .
45035 P(X,YSTI=PEEK(APTR(5) + C) : C=C+1 -

45037 REM BYTES=HEXS(P(X,YST)):LPRINT USING "\\ \\";BYTES;

45040 IF (P(X,YST) > 0 ) THEN GOTO 45060

45050 NEXT X ' s -
45060 IF (X=80) THEN GOTO 45160 ELSE GOSUB 45210

45070 XST=8*X+8-LE

45080 X=X+1

45090 L=L+LE

45100 FOR Xi=X T0 79

45105 P(X1,YST)=PEEX(APTR(5) + C) : C=C+1

45107 REM BYTES=HEXS(P(X1,YST)):LPRINT USING "\\ \\";BYTES;

45110 IF (P(X1,YST) < 255) AND LLY>S THEN GOTO 45130 ELSE L=L+8

45120 NEXT X1 .
45130 LLY=LLY-1:X=X1

45140 IF (X=80) THEN GOTO 45150 ELSE GOSUB 45240 : L=L+LE o

45150 GOSUB 45290 .

45160 NEXT YST .

45165 REM TIM2S=TIMES . -
45170 GOSUB 50215

45171 LINE (1,80)-(639,199),,8F

45172 LOCATE 13, 1:FOR Ix1 TO 7:PRINT SPACES(62);:PRINT USING “phi(#)=##.##¥ "~ "v; 1;PHI#(1):NEXT 1
5173 LOCATE 13, 1:FOR I=1 TO 7:PRINT SPACES(40);:PRINT USING “eta(#)=##.### "~ "w;1;ETA#CI):NEXT I ,
45174 LOCATE 13,1:FOR I=1 TO 7:PRINT SPACES(20);:PRINT USING “mu(#)=##.### """ 1 ;MU#(1):NEXT I
45175 LOCATE 13,1 :FOR [=0 TO 9:PRINT USING "m(#)=#¥. ¥ "~ ""; 1;MR(1):NEXT |

45180 LOCATE 21,35:PRINT USING “TIMI=\\ A\ TIM3=AN \\¥; TIM1S, TIM3S
45200 RETURNZREM---«-cveuoncunneaneinannns ) SRS J
45210 REM, [r-=-r-sesemeeennencacannns LR TR T PR R P P PP R P EPEPEY .

45211 REM  |SUBROUTINE BYTE-LEFT, WHEN THE PROGRAM ENCGJNTE‘RS THE |

°
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45212 REM  |FIRST NON-2ERO BYTE ON A GIVEN LINE BYTE- LEFT WILL TELL WHERE|
45213 REM  |THE EDGE EXACTLY IS BY MASKING THAT PARTICUUAR BYTE. | .
45214 REM  Locomocomm ettt J
45215 V=P(X,YST) '
45220 IF V>15 THEN IF V>63 THEN IF V>127 THEN LE=8 ELSE LE=7 ELSE IF V>31 THEN LE=6 ELSE LE=5 ELSE IF V>3
THEN IF V>7 THEN LE=4 ELSE LE=3 ELSE IF V>1 THEN LE=2 ELSE LE=1
- 45230 RETURN:REM:------vrrreosnmmnnsssaas R T EET TP O J
45240 REM  [r==eessesecseansemsense ot ittt nee y
45241 REM  |SUBROUTINE BYTE-RIGHT, WHEN THE PROGRAM ENCOUNTERS THE |
45242 REM  |FIRST BYTE < 255 AT THE OTHER SIDE.OF THE SURFACE IT USES |
45243 REM  |BYTE-RIGHT TO TELL WHERE THE RIGHT-HAND EDGE EXACTLY IS. |
45264 REM  Lemeeeemmnnmee ettt et et ettt J
45245 NUM=P(X ,YST)
45250, TMP=255- NUM -
45260 V=TMP:GOSUB 45220
45270 LE=8-LE

45280 RETURNIREM- - = = - n s s msnesssmmnnsansonsanoostoneaetaaaacaaenaanaes 4

45290 REM [ ~=-e=sesssesessonceentacorataanaens S TETTTEPRITPPRPIPPY 1

45291 REM  |SUBROUTINE CALCULATE 2, THIS SUBROUTINE CALCULATES THE ]

45292 REM |nu's Bip,q)"+ ETA'S * ¥, AND PHI'S Ug" FOR THE GIVEN IMAGE. |

45294 REM  Levooommmil e ettt e ee 3

45295 SSH=1:L2#=SSH*L*L

45300 L3#=L2#*L - .

45310 X2#=SSK*XST*XST -
45320 Y2#=SSH*YST*YST

45330 S1#=(L2#-1)/2 -
45340 S2W=(L3H*2-L2#*3+SSK*L)/6 ) -
45350 S3M=(L3H*L-L3H*2+L24)/4

45360 ME(0)=MA(0)+L

45370 MA(1)=ME(1)+SSA*L*YST:

45380 MH(2)=M#(2)+Y2#*L

45390 MH(3)=MA(3)+Y2HYSTHL .

45400 M10#=SSH*L*XST+S1#
45610 ME(4)=MEC4)+M10K#
456420 MH#(5)=MH#(5)+M10¥AYST
45430 ME(6)=MI(6)+Y24*M10# . - :
45440 M0M=X2H*L+ST1#*24XST+S2#

45450 ME(7)=M¥(T)+M20# K

45460 ME(B)=ME(B)+M20K*YST

45470 MH(D)=ME(D)+X2H*L*XST+SIH*IEN2#+S2H*I*XST+SIH

45480 RETURN:REM--ccccvcceccccccrcnorcccncennaccccncsctencncncccncrcacacncs J -
50215 DEF SEG=APTR(3) -

50220 XX#=MH(4)/MK(0) 5

50230 YY#=MH(1)/M#(0)

50240 MUK(T)=MR(T) - XXK*HECL)

50250 MU#(2)=M#(2)-YYA*NE(1) - .

50260 MUN(3)=M#(S)-YYH*N#(4)

50270 MUN(4)=ME(D) -SEXXHYMU(T)I+2*MR(L)*XX¥ 2

50280 MUR(S)EMM(E) -2 YYR*MH(S) - XXA*NH(2)+2*YYH# 2*M¥(4)

50290 MUR(E)ZMN(B) - 2MXXH*ME(5) - YYR¥MI(T)+2*XXK" 2%MH#(1)

50300 HUR(7)=MA(3)-3AYYHYMN(2)+2*YYH 2*MN(1) .
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50310 ETANC1)=MUF(1)/(H#(0)"2)
50320  ETAN(2)=MUN(2)/(H#CDN"2)
50330  ETAN(3)=MU#(3)/(N#(D)"2)
50340 ETAN(4)=MUR(4)/(M#(0)"2.5) . .
50350 ETAN(S)=MUN(S)/(N#(0)2.5) ,
50360 ETAW(6)=MU¥(6)/(M¥(D)"2.5)

50370 ETA#(7)=MU¥(7)/(M8#¢0)"2.5)

50380 PHI#(1)=ETAR(1)+ETAN(2)

50390 PHIN(2)=(ETAR(1)-ETANH(2)) 2+4*ETA#(3)"2

50400 PHIH(3)=(ETA¥(4)-3*ETA#(5)) 2+ (3 ETA#(6) -ETAK(7)) 2

50410 PHIH(L)=(ETAN(4)+ETAR(5)) 2+ (ETAR(6I4ETAR(T)) 2

50420 ' PHI¥(S)=(ETA#(4)-3*ETAB(S))* (ETAH(4)+ETAR(5))* ((ETAR(4)+ETA#(5)) 2-3* (ETAK(6)+ETAK(7))"2)
+(3YETAR(6)-ETA#(T) Y*(ETAN(S)+ETAR(7))* (3* (ETAR(4)+ETAR(5)) 2 (ETAR(6)4ETAR(T7))"2)

50430 PHI#(E)=(ETA#(1)-ETA#(2))*((ETAR(4)+ETAR(5)) 2- (ETAHCO)+ETAR(T)) 2) +
LYETAR(3)Y(ETAR(L)+ETAR(5) ) * (ETA#(6)+ETAK(T))

50440 PHI#(7)=(3"ETA#(6)-ETA#(?))\*(ETA#(L)*ETA#(S))*((ET&M)*ETA#(S))‘2-3"(ETA#(6)*ETA#(7))'2) +
(3ETAH(5)-ETAR(7) ) *CETARCO)+ETAR(T) )% (3* (ETAK(4 )+ ETAH(5)) 2-(ETAR(E)+ETAR(7))2)

50450 TIM3$=TIMES

50460 RETURN:REM-----cccrm-ecmeescocc-cotsnssuromcrococnanoneosescmcoonsens

55000 REM  [re<c=smre-sesssmmnssarsasmsssemuesomomstoatne e ]
55001 REM |SUBRGJTINE LOOK , THIS SUBROUTINE WILL LOOK AT MEMORY '

55002 REM ICONTENT STARTING AT LOCATION APTR(5) + .0 AND PRINT IT. I
55003 REM Leccermoemeevroocmirencecerctneiecannancacucocacvanans ca.een 3.
55004 DEF SEG=APTR(2):C=0 ’

55005 FOR YST=0 TO 79

55010  FOR X=0 TO 79

55020 P(X,YST)=PEEK(APTR(S) ¢ €) : CsC+! : .
55030 BYTES=HEXS(P(X,YST)):LPRINT USING “&;BYTES; )
55040  NEXT X . ‘ . .

55050 NEXT YST .
55060 DEF SEG=APTR(3) .

55070 RETURN:REM
56000 DEF SEG=ARTR(2):LY=0:LX=0 N

56005 FOR 11=40 TO 6320 STEP 80

56010  BYT=PEEK(APTR(5)+I1) . -
56020  IF BYT>0 THEN LY=LY+1

56030 NEXT II

56040 FOR 4J=3200 TO 3280

56050  BYT=PEEK(APTR(5)+JJ)

56053  IF BYT>0 THEN LXsLX+8 - -
56055 NEXT JJ ) ‘
56060 DEF SEGWAPTR(3)

56070 RETURN o

57000 FOR 1=1 TO 7:FINCI)=PHI#(1):NEXT 1:RETURN -




