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ABSTRACT

A representative set of binary image processing techniques
selected from the literature is described. The measurement of shape
as the fundamental information contained in silhouettes is examined.
Operations on digital binary images are demonstrated including smooth-
ing, connectivity“analysis and determination of position and orient- .
ation. The effects of digitizing errors at the boundary of a sil-
houette are digscussed and examples of industri%l vision systems which
use binary images are presented.

A binary image processing system has been designed and imple-
mented. The apparatus is based on a General Electric TN2500 digital
television camera and an Intel iSBC 86/12A microcomputer. Hardware for
the acquisition of binary images from the camera is described followed
by the software for calculating areas and centroids. The systgﬁ“fs

capable of "1earniné” a set of objects in a "Teach'" mode and then

making an identification based on their area in the "Run' mode.
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CHAPTER 1

INTRODUCTION

Image processing is a rapidly emerging discipline which is
gaining acceptance as~a versatile tool in science and technology.
Interactive or automated picture processing with the intent to
detect, localise or classify the contents of images is receiving
considerable attention in the literature. The co-evolution of the
microprocessdr has encouraged widespread research and development
in this area. A recent bibliography by Rosenfeld [17], the tenth
of a series, lisés over 700 published works covering the year 1979
alone.

The methodologies of image processing have ascended from
experimental laboratory apparatus to custom-designed computer vision
systems. Applications are appearing in diverse activities ranging
from meteorology (where the objects of interest, clouds for example,
may be kilometers in size) t6w;;aicine (where subjects such as cells
are of the order of micrometers). ’

O0f primary contention among developers of automated vision is

the selection of binary or grey-scaled images. Grev-scaled data has

the potential of handling complex scenes in which lighting conditions
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may vary uncontrollably. Alternatively, binary images (silhouettes)
generally offer quicker processing and smaller storage requirements,

but their range of suitability is somewhat restricted. However, with

]
!

the use of novel lighting techniques, silhouettes have proven approp-

=

"v . . . (] 3
riate in inherently binary applications such as shape measurement,

text processing, engineering drawings, weather maps, etc.

FEATURE
PREPROCESSING EXTRACTION " CLASSIFICATION
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Figure 1.1 Silhouette Processing

Silhouette processing is graphieally portrayed in fig. 1.1.
The “preprocessing' device provides a conversion from the incoming
grey-scaled image into a data structure containing the binary version
of the image. A feature vector, X, is generated in the 'feature
extraction' phase and presented to the "classification' module. Based
on the feature vector, and possibly some a priori modgls, a decision
vector, D, is produced.

The feature vector represents various characteristics or
traits of the image in question. The decision vector is designed to

contain information for solution of the problem at hand.



With motivation from the marked increase of act;vity in
picture processing, éspecially in the realm of automated manufactur-
ing, this work presents a cross section of the strategiés currently
pursued in binary image processing. The objective is twofold;
firstly to act as an introduction to the literature and secondly, to

_present the design and implementation of a binary image vision system.

Chapter 2 is a review of the quantitative study of shape and

form. At this point, contours are assumed to be continuous, two-

dimensional functions.

Chapter 3 deals with the manipulation of binary images after

t,

conve¥rsion to discrete two-dimensional arrays. Included is a dis-

cussion of the erroneous effects of digitization.

Chapter 4 describes representative examples of binary image
N}%rocessing schemes as are being applied to the industrial environ-

ment.

These chapters constitute the literature p;ofile.

The design and implementation of a visibn system 1s pre-
sented in Chapter 5. 1In its early stages, non~contact area measure-~
ments are taken from which various shapes are identified.

Chapter 6 éompletes tbe thesis with a discussion of con-

-~

clusions and suggestions for topics of further investigations.
3



CHAPTER 2

‘ L
SHAPE QUANTIZATION

2.1 Introduction
The quantization of shape is a primary problem in image
processing and has received considerable attention in recent vears.

Unfortunately, shapesis a very difficult characteristic to describe.

Investigation of human shape perception has indicated that shape is

a multi-dimensional qugptigy énd‘it is, ther®fore; not surprising
to find that a multitude_of‘mafﬁematical shape éescriptprs have been
invented. Pavlidis has summarized a number of algorithms in [21.

Attneave and, Arnoult produced one of the first publicized
investigations in this area [3]. Their work resulted in the con~

. . //,/
clusion that the fundamental information which characterize® a shape
.

for human recognition is contained in 1ts perimeter and not within
the enclosed area. Further, the greatest amount of information will
be obtained from points of maximum change in the contour gradient
(1.e. corners, vertices). Straight line segments and any circular
sections of uniform curvature, therefore, represent redundant inform-

ation. Some mathematical models for shape have made good use of

these assertions.

i~
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In [4], Pavlidis has drawn a distinction between "external"
(those concerned only with’contours) and "internal" (tﬁose which
include the enclosed area) shape descriptors. He also discriminates
between "'scalar transform" and ''space domain" techniques. Scalar
transforms extract an array of scalar features from a shape while
spafe domain methods produce a new picture from the old.

( To be a true function of shape, shape descriptors must be
diménsionless and independent of scale or porientation. If theyv are
related to specified ideal shapes (often circles), then they are
de;ignated as "sh#%e factors". Findlly, the analysis can be further
subdivided into "information preserving"” and information ''mon-
preservingt. Usipg'a "non-preserving" shape descriptor, it will
not be possible to reconstruct the original shape. Information pre-
serving techniques permit the original¢shape to be reproduced.

The remainder of this chapter is devoted to a description of

.

some of the more widely known shape descriptors. Further lists are

*

given in Underwood [5] and more recently in Bookstein (6.
t i

2.2 Information Non-Preserving Shape Descriptors

Each of the shape factors presented in this section are
examples of the type "information non-presetving'. They are use-
ful individually for only = limited number of applications and

clearly will be inappropriate for non-trivial shape measurement.

Many wide%y different shapes can have identical shape factors.

» Performance can be improved however, by using various combinations



of these descriptors.

P2A '

A very popular shape factor, PZA, is defined as follows:

1

length of the perimeter

where, P

2
P .
P2A = —="
4T A A

enclosed area

The factor 1/47 normalizes the quantity to unity for a circle and

> 1 for other shapes. Thus, this ratio is soméﬁimes referred to as
the "circularity" of an object. Table 2.1 gives the P2A factor for
some common figures. As each shape more closely approximates the
circle, its corresponding shape factor approaches 1. Aside from
its information non-preserving quality, there exists another draw-
back to this calculation. The quantity P2A is very sensitive to
the resolution of the boundary. The perimeter squared can grow

large as increasingly better resolution is introduced.

G

A recently proposed shape factor [ 7] has eliminated the
problem of border resolution sensitivity. The method is based on
the average distance between points in the object apd its ﬁearest

border point. The factor "G" is given by:

where, A enclosed area

G="‘~—5
(&)~ d’ [%f X dA} /A

A

shortest distance from dA

"
i

to border



Shape P2A Shape Factor
; . a a 373 = 1.65
Equilateral Triangle ﬂ
a
a
. 4
Square a a T = 1.27
a

i 6
Regular Hexagon - = 1.10
R Y3
Regular Octagon Sr- 1.05
(1+v2)= :
Circle 1

Table 2.1 P2A Shape Factor for Some Common Figures




For a circle of radius '"r'",

d = [ff dr dA] et
A

Cff dr 2nr dr]/wr2 (dA = 2nr dr)

n

_ 1,
3

¢ . G = E— = 911'

o 2
G )

“
The quantity G, normalized to unity for the circle is given by:

A

G = ————
97 (d)2

For all regular polygons, the factor G and P2A are identical.
For assymetrical Figures, G and P2A differ, but G is insensitive to

resolution. Danielsson gives figure 2.1 as an example:

P2A = 2.51

G = 1.56

Figure 2.1 Arbitrary Shape with Large Number of Boundary Changes



g
The shape factor G is an indication of ''compactness'. Clearly, the

resemblance of figure 2.1 to a circle is better indicated by G than

. 9
by P2A. \

€
o}

The eccentricity, €y of a shape is described by Bribiesca

and Guzman [8]:

Bl

where; 1 = distance between farthest
1 ax max
e, = —%}—- neighbours of points ogn
P the contour
lp = maximum distance, contained

within the shape, perpendic-

ular to 1
max

The distance "1 "
max

is the major axis of the region, ”lp"

is the minor axis and the rectangle of sides lmax and lp is termed
the "basic rectangle'. Figure 2.2 gives an example for an arbitrary
shape. Eccentricity is an indication of '"elongation'" of an object,
but there is a difficulty which makes its use undesirable. As in

figure 2.3, lmax can be non-unique and two (or more) different values

for € can be obtained. <

In this case, the authors (87 hgye suggésted choosing lmax

which has the shortest corresponding.lp. However, (1maw/lp) is not
necessarily unique either. A solution which alleviates this problem
is to express the eccentricity in terms of the minimum area encasing

rectangle., 1In this definition, eccentricity is expressed as the

ratio of the longest to the shortest dimensions of the minimum area
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—
» rectangle which just encloses the object.

. AN

_ “max -

eo - 1p lmaxl lmax2

_ lmaxl _ lmaxZ
1 1. 7T %21
Figure 2.2 Basic Rectangle pl p2

Figure 2.3 Example of Non-Unique Eccen-

tricity

—J- @

The second moment of area of an object is a function of
the object's shape. It has its origin in thg study of mechanics
- where it is usually termed "moment of inertia', although this is
not correct when dealing with areas. (Moment of inertia should be
used to denote integrals of mass). The polar moment of inertia is

given by (see figure 2.4):

3 = /R dA o

"o,
.

For a circle of radius ''r

[
I

2
;Sr® (27r dr) (dA = 27r dr)

=2t
2
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This leads to the normalized shape factor, J, defined by:

0 where, Jo = polar moment of

A inertia of a

circle
= encldsgﬁ area
N
For all shapes other than circles, J > 1. This shapex
factor is not sensitive to the resolution @f the boundary, but

pre-caleulation of the center of area is necessary.
-

dA

where, C is center of area

Figure 2.4 Calculation of Moment of Inertia
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Two-dimensional shape can be decomposed into one-dimensional
distributions along the x- and y-axes (figure 2.5), These distri- <
butions can then be subjected to common statistical calculation of
higher order moments. Zusne [9] has suggested the following inter-

pretations of moments with respect to shape (Table 2.2).

Moment . Interpretation
First: S (x-x) dAy S(y-y) dA . " Centroid
Second: f(x—§)2 da, f(y—§)2 dA Compactness
Third: f(x—§)3 dA, }(f;§)3 dA Symmetry
Fourth: f(x—-;)4 da, f(y¥§)4 dA Elongation

Table 2.2 Interpretation of Moments of Area

It is often convenient to allow the centroid of the object
to correspond to the origin of the coordinate system such that

X = ; = 0. Dudani et. al. [10] have reported on the use of high

order moments for the recognition of aircraft.

2.3 Information Preserving Shape Descriptors .

Shape Numbers

A recent paper by Bribiesca and Guzman [ 8] summarizes a
technique for finding the ''shape number" of a closed contour. This
method uses a grid to approximate the shape and information is ex-

tracted from the approximation. The information preserving prop-
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erty is regulated by selection of the appropriate grid resolution, -

~

The procedure is as follows:

(a) The shape is approximated with a grid, oriented so as to
coinci&e with the major‘axis of the object. Every cell on
the grid of which more than 50% is' contained within the
contour, is shaded as a 'black" region. The‘boundary of
the entire black region is now the approximation. Figure
2.6 illustrates this procedure.

(b) The boundary of the black region is now encoded into a
string of digits using a(}~for each convex corner, a 2
for each straight corner, and a 3 for each concave corner,
"There are as many strings of digits as there are digits
independént of where on the boundary the encoding is
started: Regarding each string of digits as one weighted
numbet with symbols 1, 2, 3, the shape number is now
arbitrarily taken as the minimum number from this set.

(See figure 2.7).
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(b)

(a)

A

Figure 2.6 Extracting Shape Approximation

original shape overlayed with érid

(a)
(b)

boundary of shaded region

Boundary Codes (Clockwise)

+ Shape
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12_1312».l
N e N N
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N NN
[aa B B o BEA B B B
M~~~
N = A~
HNAHD A
NN~ e
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Number

~N M NN~
— M~ NN
N~ N
L B0 B B B B

N
o N Y
NN M
N~ N
~N N~ e N
N o N~

22121312131

—F NN~ N~
e NN~ AN~
— M NN N

NN

Extracting Shape Number from Boundary

Figure 2.7



It is obvious that the size of« the approximating grid

determines how many digits will appear in the shape number, and

-
.

more importantly, how accurately it represents the original region.

The “order' of the shape number is the number of digits it consists

of and may bé chosen beforehand to yield any desired precision. The
choice is made by selecting a grid size based on the eccentricity of
the object. This procedure is covered in detail by the authors.

Shape numbers can be used for comparing two shapes., The
degree of similarity is defined as the largest order for which- the
shape numbers of two contours remain equal.

Shape numbers may not exist for some contours. For example,
if the shape contains a "meck' which is smaller than the grid size,
then the approximating technique may produce two discrete shapes.

A higher resolution grid must then be used.

Closed fipures always have a shape number of even order.
However, a shape number with an even pumber of digits is not neces—~
sarily a closed figure. The lowest order for closed contours is

four (shape number = 1111) and represents a square.

ékeletons (Medial Axis)

Some recent efforts in the study of shape quantification
have been directed towards the calculation of skeletons or medial
axes of objects. (Badler and Dane [11], Shapiro, et. al. [12]).

The idea was first proposed by Blum [13]. Other well-known work
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includes that of Rosenfeld and Pfaltz [14] and Montanmari [15].
The approach is to reduce the given shape into a line drawing
consisting of the points which do not have a unique nearest-neighbour =

-

on the contour. Each point of this line can then be labelled with

-

its distance to the original boundary. Thus, reconstruction can be
accomplished by tracing thé envelope of a series of circles centered
on the skeleton. Figure 2.8 demonstrates this procedure. The locus
of points at which a wayé front propagating from the contour inter-
sects itself also defines thg skeletpn..
The medial axis is an example of a space tréﬁsform. The

original drawing is reduced, in this case, to a line drawing which
charécterizes the original shape. The. output from a space transform

is suitable for input to‘syntactic (167, [17], or structural [18]

pattern recognition processes.

-



(a)

(b)

(a)
(b)
(c)

contours
skeletons

reconstruction

P b 2l hadindestedbadindingh o2
S 7NN N
A Yy \
{4t L |
\ \ ‘1\ 1 V4 I ’I
NN -c-/’.c{- ______ e

Figure 2.8 Skeletons

with a series of circles on skeleton
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Fourier Shape Descriptors

The Fourier descriptors in Zahn and Roskies [19] are
obtained from the Fourier transform of a parametric representation
of the boundary of a shape. The angular direction of the contour
is expressed as a function of arc length (see figure 2.9).

Assuming that the contour is smooth (i.e. the tangent exists
everywhere), one point is selected as the starting point (x(0), y(0)).
From this point the initial angle 50 is determined and all remaining

angles are expressed relative to this. That is:

o (2) =6(R) - 6 where, 9(3) is the angular direction
5 = 8(0) of the curve at x(2), v(2)
0
¢$(0) =0
1f the total length of the“curve is "L", then ¢(L) = -27n for

%
clockwise traversal. Therefore, the function ¢ (t) is defined as:

¢*(t) = ¢(12‘-§-)+t

which normalizes any plane closed curve to the interval [0, 247 inde-

pendent of translation, rotation or perimeter length. For a circle

N

% % )
note that ¢ (t) = 0 for all "t". Finally, & (t) is expanded into its
Fourier series:

Al
x

ES
¢ (8) = a + T (a cos kt + b
0 -1 R .

K sin kt) .
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In polar form: J%t) =a + ¥ A cos (kt—& )
°© k=1 K k

»~

L]

where (Ak, gk) are the polar

b )

coordinates of (ak, K

x( y(2)

x(0),y(0)

Figure 2.9 Parametric Representation of Contour

The Fourier descriptors are the pairs (Ak’ ak) where Ak is

the kth harmonic amplitude and ay is the kth harmonic phase angle.

The set (Al’ al), (AZ’ az) A (An, an) will be unique for'a given
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shape. By choosing "n' sufficiently large, shape information can
be accurately retained.
Other well-known work in this area includes that of Persoon

and Fu [20];



CHAPTER 3

PROCESSING OF 2-D BINARY IMAGE DATA

3.1 Introduction

Images that occur naturally are continuous functions of I@ght
intensity over a two-dimensional plane. To facilitate processiné by
digital computer, it is necessary to sample the data at known inter~
vals and to restrict the valuye of the sampled peoint to within a known’
range. In the case of two—di%ensional binary images (silhouettes) this
range 1is [0, 1]. conversion from continuous to discrete functions is
generally the first step in image processing problems, of course not
without some loss of information. The following discussior includes
the definitions of terms. ¢

S

Each "frame" of image data (one complete picture) is uniformly
AN

sampled at m rows 6f n picture points ("pixils"). The “grey-level"
N e
of-a pixelfshallfbe‘desigﬁateq as g(i,j) where 0 < i < (m-1) and
0 <j % (n-1). For silhouettes, g(%,3) ¢ {0, 1} for all i, j. Fur-
thermore, the data are often available in a '"raster scan" fashion, that

is, serially by consecutive rows. Referring to fiéure 3.1, the order
is:
IS
g(l,1), g(1,2), ... g(1,n), g(2,1), g(2,2), ... .

g(.’.,n), v g(m’l)’ g(m.l’), e g(m.ﬂ)

22
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g(l’l) g(lsz) g(l)B) e 8(1)n)
g(2,1) g(2,2) g(2,3) g(2,n)
g(m,1) g (m,2) g(m,3) g(m,n)

Figure 3.1  Frame Sampling

The distinction is drawn between 8-connected and 4-connected
objects contained in this matrix. A silhouette represented by a
region of "1's" in the matrix is said to be 8-connected if all 8
immediate neighbots of any pixel g(i,j) are considered to be 'con-
nected' to that pixel. On the other hand, if only the neighbors
8(i-1,3), g(1,3-1), g(i,3+1), and g(i+l,j) are to be taken as
connected to g(i,j), then the object is said to be 4-connected.

In practice, the horizontal and vertical resolution (n and m)
are often of the order 102 making the number of pixels of the order
104 [21] [22]. Pixel geometry is usually one of square, rectangular
or hexagonal shape. The hexagonal grid has special merit in image
processing because of its good symmetry properties. Smooth curves
can be better approximated than with its square or rectangular counter-
parts. However, square and rectangular pixels are most common and

the remainder of this work assumes this configuration.
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3.2 Elementary Operations on Binary Images

The purpose of this section is to introduce a few of the
basic operations that have been applied to binary images. Goldberg

and Gougeon [237] have divided these techniques into three categories:

1. Point Operations: g(i,j) of the resultant processed image

depends only upon g(i,j) of the original

image. For silhouette processing this
is not of much use.

2. Spatial Operations: &,j) of the resultant processed image
is a function of several points in the
original image.

3. Multi-Image Operations: the processed g(i,j) depends on the

g(i,j)"'s of more than one input image.
)

Examples of each type of operaélon are now presented.
1. Point Operations:

Because of the limited range of magnitude of g(i,j) in
binary images, point operations are not very useful. However, in
obtaining binary values from grey-level images the thresholding
technique is a point operation. The effect is to separate objects

from the background.

I

g'(i,3) 1 if g(i,j) > 8

0 otherwise

-4
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where, g'(i,j) is the resulting binary image matrix
g(i, i) is the grey-level input image matrix
$ is the grey-level threshold. 0 < § i'g(i’j)max

g(i,j)max is the maximum grey-level possible in g(i,j)

2. Spatial Operations

Spatial operations are widely used in image processing {247,
[25]. A common application of these functions is that of image
"smoothing' to reduce noise elements. The implementation involves
moving an a x b window, centered on successive g(i,j)'s, throughout
the image. The new g(i;j) is a function of the pixels that fall

within this window (often a = b = 3). A popular format for smoothing

binary images is:

ABC window size: 3 x 3
DETF
GHI g(i,j) =|1if (A+B+C+D+F+G+H+1I) >34

0 otherwise

where, A, B, ... I are elements in the original image
g(i,j) is the resulting image matrix

$ is a threshold satisfying 0 < & < 8



Figure 3.,2(a) shows a sample binary image containing an
object with a hole and several 'noise" pixels. Figures é.Z(b)
through (j) show the results of applying this smoothing operation
for values of § ranging from 0 to 8. For the lower values of §
(0 to 4) the smoothing function tends to "thicken" the image and
noise is not deleted. The extreme case is § = 0 when the entire
image is filled with 1's. Higher values of § (5 to 8) introduce
a "thinning" effect and small areas of noise are deleted. The
extreme case is § = 8 where the resultant image is actually thinned
so much that pieces of the object are deleted. As an intuitive

selection, one might say that & = 5 produces adequate noise reduc-

x
tion with minimal effect on the desired image.

3. Multi-Image Operatiomns
An example of a multi-image operation is "template match-

ing" wherein an unknown image is compared to a previously stored

4

image. The known image is translated or rotated until the correl-
ation between the two is highest. A recent example (Perkins [26])
is described in which industrial parts are identified in a frame
containing overlapping or incomplete parts. The technique is to
attempt to match a template at various locations within the frame

by superimposing models on a grey-level picture.
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3.3 Connectivity Analysis

The connectivity of digikél pictures has been formally treated
by Rosenfeld in [27]. An outline of a connectivity algorithm as pre-
sented by Agin [287] is given below. )

The purpose of connectivity analysis in binary images is to
segregate the image into groups of pixels which form connected regions
of uniform g(i;j).

Figure 3.3(a) shows a silhouette image consisting of a large
"blob" with ; hole and a smaller region (binary value "1") which inter-
sects the right énd bottom edges of the frame. In figure 3.3(b), a
connectivity analysis has been applied and the image has been separated
into components by giving each member of the connected regions the same
label. Although the background (component '0'") has been divided by
component '"'3", both regions are labelled as background since any region
of binary 0's are assumed to be background if they touch the edges of
the frame. The hole (component '2") is not treated as background for
this treason.

The algorithm makes use of an "active line" data structure which
,éc any time consists'of the pixel values in a single line of the image.
A pointer keeps track 6f the next line in the image. To begin, the active
line is assigned the string in line #1 and the pointer points to line #2,
At this time, a:comparison is made of the segments of binagy 1's in the
active line and those in the new line indicated by the pointer. One of

three cases can occur:
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Case 1: Seéments do not overlap because the active line segment
is to the left of the current segment (that which is
indicated by the pointer).

e.g. Active line: 0011111000000000

Current line: 000 0C0CO00O000011100

Case 2: Segments do not overlap because the active line segment
is to the right of the current segment.
e.g. Active line: 0000000000111 000O0

Current line: 0000111100000000

Case 3: The segments overlap.
e.g. Active line: 00000001111 1110000

"Current line: 00000111111000000C0 -

For Case 3, overlap depends on whether the image is to be considered

4~ or 8-connected. For example:

4-connected overlap: 000000001111 0000GC

00o0l11111060000000

8-connected overlap: r-0 00000111100000

LOOOlllOOOOOOOOO

Successive pairs of lines in the image are examined. At
each comparison, it is decided which of the three cases applies and

the pixels are labelled according to which region they are connected.



35

As an example, again consider figure 3.3(a). Line #1 is
initialized as active and the current line is line #2. In line #1,
the segments of 0's are labelled as 0 since they are background, and
the 1's are labelled 1 as the first-object found. When compared with

line #2, Case 3 applies and the segment of 1's in line #2 receive the

same label as those in line #1 since they are connected. (In this

instance the label is "1"). Also, the pixels of value 0 in line 2
are classified as background. The process is repeated for lines #2

and #3.

When comparing lines #3 and #4 the following situation exists:

col.# 6 7 1415 line #
00000110000000C00O0O00O0 1
0000011000000000CGO0O00O0 2
active line - 00000110000000000O00 3
current line -~ 0000011000000220000 4

The pixels in columns #6 and #7 are labelled as 1's as des-
cribed above, but those in columns #14 and #15 must be temporarily
labelled "2" since it is not yet known that they are part of the same
"blob". The algorithm builds two separate regions (in addition to
background) until lines #6 and #7 are compared. At this point the

following labels have been assigned:

col.f & 7 1418 line #

nN 000G600110000000000C0CG0O0 1
000001100000000000O00 2
000001100000000G00O00O0 3
0000011000000220000 b
0000011100002 220000 §

active line » 0000111110022222000 6
current line »- 0001111111111111000 7
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In this situation, a Case 3 overlap hés occurred with line
#7 and two segments in line #6. It is now known that the region VA
is connected to region "1" and all the labels "2" should bejreplaced
with "1's"., The two connected components are merged.

As processing continues and the hole is encountered (line #8),
unique labels are applied until further along it is determined that
this region is disconnected from the background. The labels remain
and identify the hole as a distiﬁcc component of the image.

After (or during) the labelling procedure, components of the
image can then be described with the various characterizing features

(area, centroid, P2A, etc.). N
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E.A Encoding Techniques )

Freeman Chain Code -

A widely known method for encoding geometric configurations
was described by Freeman [29]. Since its introduction in the early
1960's, it has been a common technique for representing contours in
many image processing applications. Itdhas given rise to several
zériations of not only representation, but manipulation af shape
boundaries and is tailored for digital computers. The basic process

is one of approximating a curve with a series of line segments whose

lengths are determined by the desired resolution and whose directions

are limited to a finite set of values. The resulting curve is a

piece-wise linear approximation of the original contour (figure 3.4(a)).

For example, in figure 3.4(b), an arbitrary plane curve is
approximated by overiaying a grid and connecting, in sequence, the
grid nodes which lie closest to the curve. In this case, the 8-
direction links are used and the resulting chain code is given in
figure 3.4(c). Each octal digit in the code can be represented by
only 3 binary digips. For a closer approximation of the boundary,
a finer grid can be selected.

Once the chain code is ascertained, ‘there exists a variety
of operations utilizing its information. The'perimeter of the

boundary can be calculated as the number of even octal digits plus

T

the square root of two times the number of odd digits. (This assumes

a square grid size of unity).

PR
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(a) Left to Right: Chain code links for 4, 6, 8 and 16 directions

o pn

Ld . s
original curve
6

LECEEOS NS

Arbitrary » [
'start’
link

Freeman 8-direction
chain code
approximation

(b) An arbitrary curve and its chain-code approximation

22222 10070 00111 07706 75544 44565 65544 44432 21

(c) 8—direétion chain code of the above boundary

Figure 3.4 Freeman Chain Code
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Elementary expansion or contraction can be realized readily
by an appropriate change of grid size.‘ Expansion can also be per-
formed by replacing chain code digits with multiple digits of the
same value. {i.e. a 2 x expansion of the code 07654321 is
0077665544332211).

Rotation in multiples of‘900 is accomplished by adding
(modulo 8) the corresponding even digit to each digit in the code.
Rotations through odd multiples of 45° are obtainéd by adding the
correct odd digit. These rotations however, except in trivial
cases, result in distortion.

Figure 3.5 illustrates some of these operations. Others
are described in [29].

Using these techniques, shape descriptors such as P2A, eccen-
tricity, etc. can be extracted from Freeman chains. In [30] a method
is proposed for finding the minimum-—-area encasing rectangle fo; an
arbitrary closed curve. The eccentricity of this rectangle can be
used as a shape descriptor. In addition, a detailed review of other
operations on chain coded curves is given in [31]. A variation of
the chain code which takes advantage of raster scan presentation

devices is given in [32].
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Perimeter length:

# even octal digits: 10
# odd octal digits: 6

perimeter length = 10 + (v2) (6)
= 18.49 grid units

start -

Chain Code: 22120 07067
54544 3

(a) Original contour and (b) Calculation of perimeter length
its chain code .

Chain code:

22221 12200 00770 06677
55445 54444 33 ‘

(c¢) Expansion by a factor of 2

Chain Code: 44342 21201
76766 5

(d) Rotation by +9OO: add (modulo 8) 2 to-each digit

Figure 3.5 Some Operations on a Freeman Chain
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Run-Length Coding

Run-length coding is a method for representing silhouettes
which profits from the redundancies inherent in binary images. Only
the edge transitions in each line of data are noted for future pro-
cessing,

Consider figure 3.6 as an example. For each line in the
original matrix, the column numbers for ever§ transition from back-
'ground to object (0 to 1) or object to”background (1l to 0) are re-
corded. It is-;ssumed that all the pixels between each pair of column
numbers are 1l's. As shdwn, when a éilhouette contains a hole (or
there are multiple sSilhouettes) the technique simply notes multiple
pairé for the affected lines. To handle this situation with a chain
code, a chain for each boundary is formed, including holes.

Generally, run—lgngth égding greatly reduces the amount of
data to be processed. The worst case occurs when storing a checker-
board pattern where alternate pixels are of the same value, as can
appear in noisy images. "Run-length codes are well suited for input

to connectivity analysis routines. A well known scheme is described

by Agin in [28].
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(b) The corresponding run~length codes

Figure 3.6 Run-Length Coding Example



Neighborhood Coding

| There are many instances in which the 8 immediate neighbors
of a pixel are used in b;nary image processing, for example, filter-
ing andkcontour following. Sobel [33] has proposed an interesting
variatig? for storing binary images.upon which these operations are
to be pegformed.

Sgnce much of the processing time is used to access the
eight neiébbors of each pixel, it would be advantageous to store
the neighbwrs of each pixel’assembled as one byte (8-bits). The
savings rejﬁit from reducing to a single access, the problem of
examining all 8 neighbors. The technique stores each pixel 8 times
however, and:results in an 8~fold increase in the requifed buffer
memory. K . .

Hardw;re in the férm of a "tapped shift register" is des-

cribed which allows this information to be extracted from a raster

scan input. Figure 3.7 shows the configuration, given in [33].
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(reproduced from (33D
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3.5 Determining Location and- Angular Orientation

L e

To- determine the location of am object within an image frame
it is necessary to spécify the coordinates of a unique point on the
object. A suitable point is the centroid, or center of area. For

a digital binary image, the coordinates of this point (xc,yc) are

given by:
1 m~1 n-1
x = z I i- g@,3)
c Area 5=0 1=0
1 m-1 n-l (1.1)
y = T z i - 8{(1i,]
c Area §=0 =0
m-1 n-1
where, Area = I r s(l,3)
j=0 i=0

g(i,j) is an element of the binary matrix of

size m X n

The angular orientation of an object can be evaluated by
several different methods (Martini and Nehr [34]). For example,
a shape can be radially scanned from the center ' of area and the
distaﬁce to the contour expressed as a function of angle can -be
stored (fig. 3.8). The function R(¢) is inva;;ént relative to.the
position of the object, and displays a phase shift for different
angular displateménts. R(¢) from an unknown object can be compared
to that of a previously stored object and the angular distance
between the two can be found by determining the phase shift, How-

ever, there are problems with this method. When the object is not
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P

R(9)
0 r .
A¢ r2
248¢ r3
34¢ rA

Figure 3.8 Di'stance From Centroid to Contour as a Function
of Angle (Polar Signature)

(a) Maximum radius from centroid (b) Minimum-area encasing
rectangle

Figure 3.9 Methods for Determining Angular Displacement, 6

@
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convex or it contains holes, R(¢) assumes multiple values. Also,
knowledge of the border points is necessary. ’

De Coulon and Kammenos [ 35] have solved the first problem by
summing the radial distance from the centroid to each contour inter-
section. This approach, it is reported, tends to account for the
contribution of features‘such as holes, minor protrusions, etc,

A cross—correlation of the signatures of a reference object

and an unknown is given in [35] as:

C(a) =

o [
H ™3

Rl(ei) + R (814-3)

i=1 2

where C(a) 1is the cross-correlation for phase shift "a"

n is the number of sample points
chei) is the unknown polar signature

‘Rl(ei) is the reference polar signature

The angular position of the peak of this function gives the
relative angular displacement of the two objects.

Also described in [35] is the absolute difference function:

™3

Cd(a) = Rl(ei) - R2 (61+a)

1

i

where, Cd(a) is 'the absolute difference function at phase shift "a"
n is the number of sample points
Rz(ei) is tﬁé_gnknown polar signature

Rl(ei) is the reference polar signature



The angular displacement of R2(6) with feépect to Rl(e)
is then given by "a'" for which Cd(a) is minimum.

Other methods for determining angular orientation are illus-
trated in fig. 3.9. Agin [41] uses the angle of the maximum radius,
r , from the centroid. Alternatively, the orientation of the

max

major side of the minimum-area encasing rectangle could be used.

~

3.6 Boundary Errors in Quantized Binary Images

Uncertainty in digitized images arises at border points and
is dependent on the resolution used in the quantizing process and
the positioning of objects over the grid. Consider the examples
shown in figure 3.10. A 4 x 4 square posit d parallel to the
axes in 3.10(a) will cover 16 grid points. In 3.10(b), however,
depending on the quantizing process, a different number of gfid
points can be classified as belonging to the square, in this case,
18. The discrepancy arises ;t the edges of the équare where it
is not clear whether or not a grid point will be included as part
of‘fhéhébject (i.e. their areas are different). Even more uncertain

is the measurement of the perimeter. Rosenfeld [36] has proposed

two methods of measuring perimeters in digital pictures:

(1) The perimeter, P, is taken as the area of the border
of the object, where border points are those which
have any 4-connected neighbor not belonging to the

object.



49

(2) Each border point is visited in succession and P is
calculated by counting 1 for each horizontal or
2

vertical move and ¥ for each diagonal move.

Clearly, these definitions can give widely different
results. For the examples in figure 3.10, the results of the two

methods are: *

Method 1 Method 2 Actual Perimeter
Figure 3.10(a) 12 12 16

Figure 3.10(b) 10 2 + 8/2 = 13.3 16

Kulpa [37] and Sankar and Krishnamurthy [38] have suggested

[

that the area of digitized objects be evaluated using Pick's theorem:

A = i+b/2-1
P
where, Ap = area of polygon
i = number of pixels interior to the objecc‘
b = number of pixels on the boundary

For the éxample of figure 3.10(a), Pick's theorem gives
Ap = 9 and in figure 3.10(b), Ap = 12, Again, it is necessary to
be clear as to yhich points comprise the actual boundary. Ellis
and Proffitt [39] have proposed the use of lattice pointshwhich
specify the centers of pixels as opposed to grid points, The tech-

nique is illustrated in figure 3.11. The lattice is a mesh of the
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Figure 3.10 A 4 x 4 Square with Different Orientations on a
Quantizing Grid
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lattice
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Figure %!ll The Lattice Points of a 4 x 4 Square
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same size and shape as fhe grid. - However, a grid coordinate specifies
a particular pixel and its area, whereas a lattice coordinate only
indicates a point on the object. (Lattice points need not necessarily
be centered on—the grid). Lattice points, also, do not give a true

measurement of perimeter in Pick's theorem. For figure 3.11:

The errors introduced with image digitization give rise to
uncertainty in measuring the lengths of curves of which users must
be aware. For a particular application, the definition of perimeter
must be estaSlished beforehand, In addition, the area can vary
depending on an object's orientation oﬁ the quantizing grid.

These errors are most prominent for small objects. TFor
lafge; ones which cover greater areas on the sampling grid, rela-
tive errors decreése. ‘Depending on the me;hoq¢of evaluating peri-

meter, measurements such as P2A can take on widely different values.



CHAPTER 4

COMPUTER VISION FOR INDUSTRIAL APPLICATIONS

~

4.1 Introduction

Industrial vision has evolved from photocells simply
counting objects as they move along an assembly line, to full
scale television'mdnitoring éystems relaying information to
computers,

A demand for machines to extract and interpret inform-
~ation from video signal;”ﬁ;é'abééared due to the concern for
increased productivity in auéééated manufactqring.l The influx of
microcomputer-based ‘equipménts has made such apparatus attractive
to assembly line operators where manual tasks are unreliable and
expenéive C40].

Research and development in. this area is an ae%ixs and
growing effo;t. Progress towards practical industrigl vision
stems from the Science of digital picture and image processing.
A survey of the literature shows active programs at such organ-
izations as Stanford.Rééearch Institute (SRI), [41], [42], [43], [44],
[45], University of Rhode Island [46], [47J, [48], (491, [503, [513,
University of Nottingham [52], [60], General Motors [26], [53], [54],

(551, [56], [66], and University of Edinburgh {57]. The state-of-

52
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the~art in industrial vision has been summ;rized by Stewart [58].

The folléwing section in this,chapter gives a brief overview
of the functional requirements of machine vision systems. In keeping
within the scope of this thesis, section 4.3 describes some represent-
ative syvstems which operate on binary pictures. SiﬂCé‘fﬂe introduction
of the SRI Vision Module, several similar schemes have been reported
[523, [593, [60], (617, [62]. The General Motors CONSIGHT-I system
has been included becéuse of its unique lighting arrangement. The NBS

system illustrates the use of binary image processing in servo applic-

ations.

4,2 Functional Requirements of Industrial Vision

Rosen [63] has classified industrial machine vision applic-
ations into two categories. Im the first instance, visual capabgl—
ities pro*%de information for manipulative functions, for example,
determining the location and orientation of randomly positioned items
on a conveyor belt. The second groué pertainé to inspectipn,oper-

‘ations where non-contact examination measures, for.example, the
dimensions of a workpiece. Figure 4.1 (taken from [63]) summarizes

these groupings. ,

.,

(a) Sensor-Controlled Manipulation
Most automated manipulators without sensory feedback rely on
the precise alignment of objects presented to them. In many cases,

these part presentation devices can be eliminated with the use of a



machine vision system [46], [50], [52], [57]. Visual feedback has
allowed the automation of intricate operation; such as integrated
circuit wire bonding [64].

In figure 4.1¢a), manipulative tasks in automated maqufac—
turing have'been grouped into 4 situations which can be enhanced with
machine vision. The first two cases deal with the presentation of
workpigces to manipulators. The second two illustrate the role of

vision in feedback for assembly and manufacturing processes,

(b) Inspection

In figure 4.1(b), inspection applications are divided into
two categories;'ﬁighly quantitative mensuration and qualitative/semi-
quantitative mensuration. Highly quan;itative operations are those
in which machine vision provides non-contact measurement of critical
dimensions, tool wear, etc. Qualitative mensuration involves sorting,

label reading, etc. A survey of inspection automation is given in [65].
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4.3 SRI Vision Module

| The SRI Vision Module is anm LSI-11 microcomputer-based binary
image processing system [41]. The system was designed as a cost-'
effective solution to many industrial problems. |

Input to the system is provided by one of a number of different
television cameras with resolutions of 128 x 128 or 256 ; 256 pixels.
Since processing is achieved line-by-line, a one-dimensional diode
array camera 1s also suitable.

Images are thresholded to binary values to give high contrast
silhouettes. The binary data is run-length encoded to reduce process-
ing time and memory requiréments, and the run-length codes are used as
inputs to connectivity analysis software (see [280).

Table 4.1 (taken from [41]) shows some of the useful features
extyacted from the image data. The connectivity analysis allows more
than one object to be in the field of view, providing no eonfour

touches another.
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Position Features:

(a) Center of gravity
(b) Center of bounding rectangle

Shape Features:

(a) Area

(b) Square root of area

(¢) Perimeter length ‘

(d) Maximum, minimum and.average length of radius vector
from centroid to perimeter

(e) Number of holes im the figure

(f) Total area of all holes in the figure

(g) Number of local maxima and minima in the radius vector
(corners and notches)

(h) Dimensions of bounding rectangle .

'

Orientation Features:

(a) Angle of axis of least moment of inertia

(b) Angle of maximum and minimum length radius vectors
from centroid to perimeter

(c) Orientation obtained from best match of corners and
notches in the figure with those of a prototype

Table 4.1 Features Used in SRI Vision Module

Prototype objects are '"taught" to the system beforehand.
Interactive software allows additions, deletions or changes to the
set of known objects. When a particular workpiece can have multiple
stable positions beneath the camera, each state is taught as a differ-
ent shape.

Identification of unknown objects is realized with a ''mearest-
neighbor" technique. A distance from the unknown part to each proto-

type is calculated as the sum of the squares of the differences of each

T ———
—————

measured feature. The object in question is then identified as the
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'
. oo
« prototype from which this distance measure is minimum. A disadvaptage
: . | 3 '
of this technique is'that it is not always clear which features should
be measured to give acceptable discrimipnation among similar shapes.

-ag R . . R
The ajlternative used is a binary decisjon tree as shown in figure 4,2

(froslﬂbl]). A large number of features, (say x;, - xn), are con- h
sidered in generating the tree, bu; final recognition is based on a

" selected few, (xl, Xy x3, Xys Xgo in figqre 4:2). For example, of all

. measured features, ome is selected (x3) which divides the known proto-
types into two classifications, ngh of these are sim%}arly divided.

l ~

Finally, when an identification is requested, a sequence of queries is :

. . Z ) ‘ Qa
instigated as in figure 4.2,
Various lighting techniques have been used to ensure clean k\
*(low noise) binary images. These include back-lit tables, fluorescent
backgrounds illuminated by ultraviolet lamps, and color filters. Cycle
times are reported to be in the vicinity of 2-5 seconds. Specifications
for the commercially available version of the system are included in

Appendix "B". : ‘

[ ’ M f:‘{:? 3
- ' e
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4.4  General Motors CONSIGHT-I

The CONSIGHT-I system is a viéion—baseq Eobqglthat picks
_up parts from a moving conveyor belt [557, TIts distinguishing char~
acteristic is its ability to work om visually noisy images through
the use of a unique lighting technique.

‘The vision hardware consists of a 256 element line camera
and a PDP-11 minicomputer. The linear array is placed perpendicular
to the direction of motion of the conveyor belt whose position is
reﬁorped to the computer by a belt position/speed indicator. A special
lighting arrangement projects a single line of light across the belt
directly beneath the linear array camera. Objects intersect this light
source to provide shape ;nformation to the computer. The overall sys-
tem configuration is shown in figure 4.3 and details of the lighting
arrangement in figures 4.4, 4,5, and 4,6.

Similar to the SRI Vision Module, there are ﬁwo modes of oper-
ation: a setup mode in.which the system learns ne; parts, and an
operate mode in which.part transfe£ operations are’performed. The
following component descriptors (features) are used for object iden-
tification and location: d
" 1. external position reference

2. color (black or white) R
3. count of pixels (area)

4, sum of x-coordinates

5. $um of y-coordinates

.

6. sum of product of x- and y-cobrdinates
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7. sum of x-coordinates squared
8. sum of y-coordinates squafed
9, min x-coordinate and associate y-coordinate
10. max x-coordinate and associated y-~coordinate
N -
11. min y—coordiﬁéte and associated x-coordinate
12. max y-coordinate and associated x-coordinate

13. area of largest hole

14. centroid coordinates of largest hole

Again, the binary image is subjected- to connectivity analysis
routines and the above features identify individual objects.
System spee& limitations are reported in [(66] to be imposed

only by the cycle time of the associated robot arm.
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4.5 NBS Vision System

A vision-based control system for a robot has been developed

by the National Bureau of Standards (NBS) and‘is described in [67].
Other visual-servoing work is reported in [42] and [44]. The é&stem
consists of an 8-bit microcomputer; a solid st;le TV camera (resol-
ution 128 x 128) and a strobographic light source which projects a
plane of light. Both camera and strobe are mounted at the wrist of
a robot arm.,

The camera and strobe are &ligned as shown in figure 4.7. i
If the plane:of light strikes any object within a distance of 1 metér
of the camera, a line of light is reflected as shown in the example%
of figure 4.8. Figure 4.9 is the calibgation chart used to determine
" the distance to the object. The reflected line becomes longer and
appears nearer to the bottom of the 128 x 128 matrix as the camera )
moves closer to the object. The resclution of the chart is coarse
at greater distances and improves with the proximity of the object.

With the strobe duration contr‘olled by the Com.puter, thres-
Holdiﬁg of the.image data to form silhouettes can be optimized for
various ambient lighting condirions. In addition, the camera iris
setting is automatically adjusted. Run-length codes are genérated
in the interval between line scans.

The NBS vision techniqﬁe.;s used to enable a robot to "zero
in" and grasp an object placed randomly on a table. The first step

is to.scan the table in a plane parallel to the table surface. TFrom

this data, a coarse determination of an object's location is calcul-

>



66

N . sl

ated. -This estimate allows the robot to approach for a second,

€

mdre_accurate view. This more precise measurement allows the arm
to position over the object and to take thhird view before the

-

actual acquisition,. .

ST —
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Figure 4.8 Examfale Objects and the Line Segment Patterns Formed by the
Plane of Light as Seen by the Camera
(reproduced from [67])
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CHAPTER 5

AN IMPLEMENTATION

5.1 Introduction

Hardware and software for a basic silhouette processing
system have been developed. The hardware is designed around a
sélid state matgix television camera and a 1l6-bit microcomputer.
Software is written in a high level, structured microprocessor
language. ' A photograph of the system is shown in figure 5.1.

In its present form, the system identifies object§ placed
individually within the camera's view on the basis of their area.
Also; the éentroid coordinateé\within the frame are determined,
There are 4 modes of operation, two for the actual recognition
process and two which are dev;lopment aids for the programmer.

% Recagnition begkns in the "Teach" mode in which various

objects are shoyn to the machine, their areas calculated, and an
identifier assigned to each shape. Later, in the "Run" mode, any
of the‘learned objects can be reshown to the system at which time
the centroid and appropriate identifier are displayed on the CRT.

A JMonitor" mode is available for overseeing the operation
of the microcomputér and a '"'Graphics'" mode for displ#ying the binary

»

image of each object as it resides in the memory.

: 70
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5.2 - System Hardware

A computer vision system consists of four modules assembled’
as shown in figure 5.2. The processing is performed with am Intel
single board computer based on an 8086 CPU. 1Images, stored in the
on beoard RAM, are acquired from a Generdl Electric TN2500 solid state
matrix camera and transferred via the Intel SBC 501 DMA controller,

A fourth component is-a custom built iﬁterface between the camera and'
the DMA board. -

Communiﬁation between the CPU board and the DMA controller is:
accomplighed by way of the Multibus. Figure 5.3 gives the priority
resolution scheme between these two modules. Each i; housed EnianE )
iSBC cardcage along with the interface module. The BPRN/ pin of the
DMA conirollér is tied to ground so thgt this beard always has the
highest priority in accessing the Multibus. Only when a DMA oper-
ation is not in progress does the BPRO/ pass on Multibus availability
to the'CPU board. The custom interface module does not access the
Multibﬁs and derives only its power supplies from it.

A brief description of each of the 4 major components follows.
Further details of the operation of the camera, DMA controller and CPU.

¥

board can be found in [68], [69] and [70] respectively.

Solid State Digital T.V. Camera

—

Increasingly, tasks traditionally relegated to analog devices
are being replaced with new digital technology. Such is the case with

the General Electric TN2500 solid- state—dtigital T.V. Camera.

-
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o BPRN/

iSBC 86/12A
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BPRN/ - Bus Priority In

BPRO/ - Bus Priority Out

Figure 5.3. Priority Resolution Between Modules

-
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'Figure 5.4 CID Sensor Geometry
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The heart of the camera is the CID (charge injection device)
matrix sensor with more than 60 000 discrete picture elements (pixels)
integrated on one chip. These are arranged as 248 rows of 244 elements, \\
each of which is electronically scanned to give an 8-bit representation
of the grey-level at that particular point. Figure 5.4 gives the format

N
of the CID sensor.

In addition to the digital output of the camera, a composite
video signal is also produced for comnection to a television monitor

(‘\\ (RS170 scan). Frame rates of 60 Hz (standard TV interlaced format)
and 30 Hz. (sequential operation) are available. :

The TN2500 cé&%iscs of two units; a remote head which contains

the actual sensor and scanning circuitry, and the camera control unit

(C.C.U.) which houses timing and processing functions. Connection to

the camera is made through the C.C.U. with a 25 pin plug. All signals

3
produced by the C.C.U. at this interface are TTL compatible.

Scanning of the CID imager array is done in a raster fashion
and in addition to the 8 video bits, several other signals are pro-
duced and made available at the C.C.U. output. Specifically, those

r ) :
utilized in this application include the "element rate clock" (ERC),

"synchronized blanking' (SBLNK), '"vertical sync' (VSYNGC), and "inter-

lace Y244 sequential(I v244 seq).

The element rate clock'denotes the presentation of thg~d1gital
output for each pixel being scanned. Synchronized blanking signals
the horizontal and vertical retrace intervalg during the scan. Vert-

ical sync indicates the beginning of a new scan and interlace v244 seq~
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uential changes the mode of the scan from interlaced to sequential.
When this pin is taken "LO" the scan of the pixels reverts to a
sequential output of every line of the frame from top to bottom. In
this mode, the composite video ca;not be displayed on the monitor
since it expects the interlaced format. In addition, two pins act
as 'enables' for the ERC and video data bits.

Of the 248 horizontal pixels only 237 are actually made

3
available during each line scan. This is necessary to keep the line
interval compatible with standard television speeds (i.e. 52.614 us
line time and 10.88 us horizontal retrace). Similarly, onlv 241% of
the 244 lines are actually available. Timing diagrams for these
intervals are given in [687.

A variety of lenses may be attached to the remote camera
head. Instead of the 25 mm fl.4 lens which is supplied with the
unit, this application makes use of a 75 mm £1.8 lens.i At a height
of approximately 1.25 m, the fiéld of view with this lens is 23 cm

by 17 cm.

DMA Controller

Tge Intel SBC 501 Direct Memory Access controller board
provides direct memory access of 8 (or 16) bit data between a
peripheral device (in ghis case the matrix camera) and the system
memory. Up to 216 bytes can be tran;ferfed independently of the
CPU onée it initiates the operation. For this particular system,

¥

usg was made of the facility to interrupt the CPU and transfer each

Y

s



77

data byte into RAM and relegate control'back to the CPU.

The SBC 501 includes 5 I/0 ports through which the CPU can
comnunicate with external devices. In this system the 4-bit tag
register was used to control the camera and the camera/DMA interface
board. Bit 1 of the tag register sets the camera mode to either inter-
laced or sequeantial and bit 3 issues the reset signal to the interface
board.

The CPU initiates the transfer by programming a sexies of
registers on the DMA board.\ The DMA board is assigned a switch select-
able base address (chbsen as FOH) and,o&£put to these registers is
relative ﬁo this base. The number of byvtes to be transferred is first
fed to the 16-bit length register (Base + C and Base + D). For this

case the number of bytes will be:

/

232 x 240

5 + (29 x 4) = 7076 = lBA4H

10

Of the 237 scanned pixels in each row of the matrix sensor
the camera/DMA interface board accepts only the first 232, Simiiarly,
only the first %40 lines are accepted. Division by 8 gives the num-
ber of bytes. In addition, there are 4 lines (29 éytes/llne) of
invaléd image data at the beginning.

The control register (Base + A) 1is set as shown:
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Bit 0 - write from device to memory
1 - 8 bit transfer
2 - DMA busy
ojojojojojijij1 3 - inhibit transfer
Control Reg < O7H 4 - enable interrupts
5 - override CPU access of

multibus

6 - *
7 _} not used

The address register (Base + E and Base + F) is set to AQOQOQH.
Details'of this figure are described in the section concerning the CPU )
board. :

Figure 5.5 shows the software for the DMA controller. Following
the output of the control registers, bit 1 of the tag register (Base + B)
is set low, placing the camera in sequential mode. Next, bit 3 is set
low which issues the reset signal to the camera/DMA interface. During
the actual transfer the CPU is simply idled by a time delay loop. (After
each byte is transferred the length registered is automatically decre-
mented, and the address register incremented). Finaily, the tag register

is reset to place the camera back into interlace mode and disable the

interface board. Output to Base + 9 resets the DMA board.
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DECLARE BASE LITERALLY "0F0H’;
= - C-OUTRUT(RASEHORM)<0;

DUTPUT(BASE+OTH) =0A4H)
QUTRUT(RASE+ORH)I=1EH; /% LENGTH REGISTER OF IHA ROARD #/

BUTRUT (BASE+0AH) =07H) /% CONTROL REGISTER OF DMA ROARD &/

DYTRUT (BASE+0ER) =0 .
QUTFUT(BASE:OFHY=0AOH; /% FIRST ABIRESS REG, OF IMA ROMRD  #/

QUTFUTCRASE+QEHY=024i /¥  CANERA -) SEQUENTIAL HODE  #/

CaLL TIME(230))
CALL TIME(250);
CALL TIKE(259)}

BUTFUTEBASEOSHI=0AH) /¢ RESET/GD ¥/
CALL TIKE(Z50))
CAtL TINE(250)}
CaLL TIRE(ZSY)

QUTRUT(BASZ+0BH) =0) ‘5 /% CAREFA -) INTERLACED NBIE 3/
QUTPUT(RASE#)TR) =0}

Fig. 5.5 DMA Controller Software

Single Board Computer

The host processor for the vision system is an Intel SBC
86/12A single board computer. Centered on the 16 bit 8086 CPU,
‘it also includes 32K RAy, 8K EPROM, an RS232 serial communications
interface, 3 programmable I/O ports and a programmable interrupt.
controller and timer. Switches are conflgured S0 as to allow
multiples of 8K of the on-board RAM to be accessed by other bus
mastevs through the,Multibus.“

In this application, the top 16K &f RAM is made available

for image acquisition from the DMA contno;lef: The starting

—~-



80

address of the incoming data is set to'AOOOH (seeApage 2.7 of [70)).
Through the appropriate jumpers and switches, this address is mapped
into the on-board RAM beginning at location 4000H of the 32K address
space. A connection between posts 127 and 128 is the only modific-
ation to the factory default jumpers.

The format of each acquired image as it resides in the on-
board RAM is shown in figure 5.6. The top of the image is stored at
location 4000H with the first valid image data beginning at 4074H.
The 240 lines are stored in con;ecutive locations with the last byte

at S5BA3H.

bytes . L
line M

e 29

4000H

4074H T T 1T T-2C
(first valid . ;
image data) )

- T T 1 SBA3H (last valid
) image data)

Figure 5.6 Image Data Format in RAM
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Camera/DMA Controller Interface

Since the matrix camera produces image data at the rate of
4.5045 MHz and the SBC 501 DMA Controller has an _upper limitc of 1 MHz
data transfer rate, it is necessary to include an interface module
between these two units,

The implementation is restricted to dealing with binary images
{silhouettes) and therefore one bit is sufficient for representing
each pixel, although the camera presents 8 bits for each pixel. Assum-
ing these 8 bits have been thresholded to give just one bit per pixel,
we can take advantage of this fact to reduce the 4.5045 MHz rate by
a factor of 8. Figure 5.7 illusérates the circuit that accomplishes
this task without loss of information. An entire image is tollected
during one'frame with the camera in sequential mode (1/30 sec.).

Before a frame grab is initiated, TAG3/ from the DMA con-
troller is held HI, clearing flip flop Al. With the Q output of
- Al L0, flip flop A2 is reset and its Q output disables the element
rate clock(ERC). The Q output of A5 is LO, thereby holding XFER REQ/
ﬁI. A XFER REQ/ must be issued to the DMA board each time a b&te of
data is to be transferred. When TAG3/ goes LO (i.e. a transfer
operation is iﬁiciated by the CPU), flip flop Al is enabled and the
next occurrence of VSYNC from the camera sets the Q output. VSYNC
signifies the beginning of a frame. .When the Q output of Al goeé HI

flip flop A2 is enabled and the next SBLNK negative transition sets

A2..
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Timing for VSYNC and SBLNK when the camera is operated in
the sequential mode is shown in figure 5.8.

The group of monostables A3, A4, and A5 detect any transition
of the MSB of counter A6. At each transition a delay of approximately
0.5 us is initiated followed by a negative pulse of duration 0.5 ys.
This pulse provides the XFER REQ/ signal to the DMA board.

A four bit binary counter A6, serial-in/parallel out shift
registers A7 and A8 and tri-state buffers A9 and AlQ provide the data
rate reduction between the camera and the DMA controller. After A2
detects the first negative edge of §§f§§, the counter will be cleared
synchronously witﬁ SBLNK. The MSB of the counter is used to gate ERC
into one of the shift registers and enable one set of tri-state buffers.
The first 8 ERC pulses shift the first 8 video bits into A8. At this
time, the MSB of A6 changes and the next 8 video bits will shift into
A7. During the time the second 8 bits are filling A7, Al0Q has been
enabled allowing the previous 8 bits to appear in parallel on tﬁe
data bus to %he DMA controller. At the same time, a XFER REQ/ has

been generated and the DMA board accepts 8 bits in parallel. This

sequence is repeated as long as SBLNK remains HI.. When EEZEE drops
LO (correspo#ding to the end of a scan line), the counter is cleared
and the process repeats until 1BA4H XFER REQ/'s have been generated
to reduce the DMA controllers length register to zero. Since the
camera outputs each line of video data twice (fig. 5.9), only alter-
nate lines are collected by toggling A2.

The video data is fed through 3 invertors before entering

the shift registers. These act as -a buffer as well as a delay.
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The corresponding ERC pulses are subject to 4 gate delays béfore

appearing at the shift registers, and the data must be kept in

synchronization with the clocks.

Threshold Logic

The 8 bits which are presented from the camera represent the

grey~level at each pixel.

logic shown in fig. 5.10 was used.

To convert to a binary value the threshold

from the camera are considered.

Only the 4 most significant bits

\
thresholded
4 MSB'S —_"‘g? A<B-—————-——————:>— binary
5V © from -—_—‘Bz image data
camera — B3
7485
ANA AQ
AN/ Al
AYA'A% A2
ANA— A3
all resistors
are 2.2 KQ PIP 4-bit
switch Magnitude
I LLJ Comparator

7

Figure 5.10 Threshold Logic
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The DIP switch allows adjustment of the threshold value

depending on lighting conditions. Presently, A3A2A1AO are sét to 0011
so that whenevg;ythe 4 most significant bits of video data (83838180)
are > 0011, the thresholded binary value is taken as 1. Otherwise, it

is 0. The four least significant bits of video data from the camera

were found to be too variable under 'the existing lighting arrangement.

Lighting
Lighting is a crucial factor in .silhouestte processing. In
practical situations, proper lighting techniques must provide a high

contrast,\lob noise silhouette of 3-dimensional objects. A popular

method is to place the objects on a back-lit Tight table. However,,

+

"for experimental purposes, some arbitrary shapes were cut from black

_paper and 2 75 watt spot lamps were used to illumithhte them against

a grey background. This was found to provide an adequate silhouette
‘ )

for system testing. A sample image is shown in é;: photograph of

figure 5.11.
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5.3 Sydtem Software
- .

‘Programming for the system was written with Intel's PL/M-86
language [71], and developed using Intel's MCS-86 software develop-
ment utilities [72]. This software is run on an MDS-230 micro-
processor de&elOpment system. _

The overall structure of the software is given in Figure 5.12.
For convenience, each level of the structure chart is stored as a
library and each module is individually contained in separate fileé.
The service library (:FI: SERVIC. LIB) contains utilities for common
" tasks such as input/output'to the CRT, displaying error messaées, math

functions, etc. These programs are available to all other modules in

the system.

-

In keeping with modern programming practices, a top-down
design was incorporated and care was taken in the selection of approp-~
riate data structures. Whgrever possible, global variables have been
avoided and most roufines are written so that éhey are application
independent. Egiting, compiled and list files are stored on f10pp§
disks and the final hexadecimal 8Q§6 code is.reségent on Intel 2716
EPROM.

Details of the Monitor mode are contained in Appendix "A".

Other modes of operation are described in the following sections.

Graphics Mode

The Graphics Mode is accessed when the command 'G' is given
from the system module. In this mode, locations 4074H to 5BA3H of

the on-board RAM are 6utput (in hexadecimal) 29 bytes per line. This
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}
data represents the current image ceollected from the matrix camera.

To suspend the output, the user types CNTL 'S'; to resume,

’

‘

CNTL 'Q'; and to terminate output and return to the sysgém the command
CNTL 'C' is issued. At the end of the display, control is automatic-
ally returned to the system.

Graphics mode is intended as a debugging tool for the pro-'
grammer, With this aid, one can easily check the binary data as it

is presented by the system hardware.

Teach Mode . .

-

The first step in the recognition process is the Teach Mode,
accessed by typing 'T' on the keyboard. In this mode, numerous |,
silhouettes can be shown to the system, identifiers assiéned, and
the new object added to the directory of learned shapes.

In its present coﬂfiguration, Teach Mode. also displays the

centroid of each object.

- To input a new shape, the command 'I' is issued. The system

responds with the centroid and calculated area and requests input of
an identifier (arbitrary name of the object). This name along with
its corresponding 1l6-bit area is added to the list of known objects,
'(OBJECTSID). The 'L' command can be used to display this:list on
the CRT.

At present, the software is designeﬁ\to handle 20 objects

although this is easily changed. Exit to the system module is

«

achieved by typing 'Q'.



-~ ~

Run Mode

" %

The Run Mohe is the second stage of recognition. Duriné the
Teach Mode, an object idéhtif}er list.is constructed. In Run Mode
operation, any of the learned objects can now be shown again (in any
orientation) and its area is determined. The routine 'SEARCH' scans

the object list and returns the area which, is closest to that of
—
the object in question. The corresponding object identifier. and

- N

new centroid are also displayed. This process is initiated with
the keyboard command 'I', and can be repeated as desired (with the
same or a different previously learned object). Return to the system

-module is accomplished with the 'Q' command.

L)
.
»
a

Global Varijables

The image is stored in the on-board RAM with valid data
beginning in absolute location 4O74H. For software reference, the
ﬁatrix IMAGESROQ (249).IMAGE$C6L (29) is positioned at this address.
This structure contains 240 rows of 29 8-bit bytes to give a binary
matrix of 232 x 240 bits. Any position in the image caﬂ now be
referenced, 8—bits at a time.

The Varlabies TOPSOFSIMAGE, BOTTOMSOFSIMAGE, LEFTSOFS$SIMAGE
and RIGHT$0F$IMAGE are stored at absolute locations 7004H to 7Q007H
inclﬁéively. These bytes store the®coordinates of the extremities

of the.image within the above matrix. The intent is to reduce the

, area and centroid calculation times by skipping'locations in the

—

matrix ‘which are known to contain no part of the object.
The area (number of Bit§ which are HI) of the object is stored
as the variablé AREA at location 7002H (absolute). This value is

needdd for searching in the object identifier list.
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Image Routines Operation

The module "FI:IMAGE" in the service library contains procedures
for processing the binary image collected from theicamera. Their

functigns are described below:

-
*

EDGESCHECK - To' prevent misidentification, each shape must be
. pgesented entirely within the fiéld‘of view of the
camera. This routine scans the four edges of ‘each
frame checking for non-zero bits. If any are found,

an error message is displayed and procéséing is
( v
immediately terminated for that frame. The left
ed%é of each frame contains Z.HI bits which are
always transmitted by the came}é. Therefore, on the
left édge, the objecF is considered to be overlapping
_the edge of the frame if any of the third bits in are
‘ set. ‘02 the right, if any right most bits a;e set,

the object is rejected. The top and bottom rows must

L be all zeros to clear this check.

, FINDSARBA - The ar%a of/zhe object withig the frame is the
totalknumber of non-zero bits. In this routine,
éach row of the image is scanned and the 8-bit
value of each byte in the row is used as an index
to a table. The table contains the number of bits

~in each byte and this value is added to the variable
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AREA, Also, the appropriate summations for the
centroid are carried out. At each pixel which is
set, the row and column values within the matrix
are accumulatéd in the 32-bit variables (SUMXHI,

SUMXLO) and (SUMYHI, SUMYLO). Finally, the AREA

is displayed, and the values:

SUMXHLI, SUMXLO and SUMYHI, SUMYLO
AREA AREA

are calculated and displayed as the centroid.

LOCATESTOP, LOCATESBOTTOM, LOCATESLEFT, LOCATESRIGHT -~ These

FRAMESGRAB -

procedures scan the image matrix and determine the
. .

extremities of the object within the frame. The

appropriate ﬁériables are set to these values.

(TOPSOF$IMAGE, BOTTOMSOFSIMAGE, LEFTSOFSIMAGE,

RIGHTSOFSIMAGE) .

This procedure programs the registers of the SBC 501
DMA controller, and controls the acquisition of data
from the camera. After setting the camera to sequen-
tﬁal mode, a time &elay is executed while data is
being transferred. Imn the present configuration (no
éttempﬁvwas made to optimize acquisition‘time) the
delay is 150 msec. After data transfer, the“camera
is returned to interlaced operation to that 1ts com-

<

posite video signal can be displayed on the monitor.
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14

s

18

7
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-

-

$€ECT

/¥ -
EXTERNAL  USAGE DECLARATIONS

..... - g/

{RT4STRINGSGUT: PROCEDURE (PTR) EXTERNALS
BECLARE PTR POINTER;
END CRT$STRINGSOUT/

CRTIN: PROCEDURE BYTE EXTERNAL)
END CRTINV

ERRORSHESSAGE: PRCTEDURE (ERRORNUMBER) EXTERMAL
DECLARE CRRORNUMBER BYTE;
END ERRORSMESSADE}

SHOMBYTE: PROCEDURE (RITSPATTERN) EXTERMALF
BECLARE BITSFATTERN BYTES )
END SHONBYTE:

CHARSREADY: PROCEDURE 3YTE EXTERNALI
END CRARSREADYS

HONITOR: PROCEDURE EXTERMALG -
EXD HONITOR:

TEACH: PROCEDURE EXTERNALI
EXD TEACKS

-
GRAPHICS: PRGCEIURE EXTERNALI
EXD GRAPHICS?

RUN: PROCEDURE EXTERMALS
EXD UN; /

DECLARE
STGRON (%) 3YTE DATA OCHHODHOAH,!
PRONPT(#) BYTE DATA (ODRIIAH,'-7+93H)
£XND 3YTE,
¢ SYTE, BRF WORD.
TOMMDS (0 3YTE DATA CUSRKGTY,
DBJECTSIDSPTR BYTE AT (7000H);

95
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$EJECT .
/¥ INTTIALTZE "YiaART AND PIT o

W I DISABLES J¢ DISABLE IMVERUPTS v/
V25 L QUTPUT (IDAR) =AM} -

V28 L=0H;

27t QUTPYT (ODAR) =0H;

ot S2H;

¥ SUTPUTLIDAN =0H;

n o C=0H;

oY OUTRUT {ODAH) = 40K} /v USART RESET 1/
2t CUTPUT (STRK) = 4ERS /% USART NODE CONTROL  #/

A S UTPYT (DS 2036H; /8 °IT MODE CONTROL W

RS QUTPUT(IDARY =378 - /i A

35U - IRF=0008Y) : -

¥ QUTFUT L3DARY sLAR(3RF) § J¢  SET 24UD RATE SO W/

7oL BUTPYT{DD4H) =HIGH(BRF) It 2500 Y

£{ I CALL TIME(109)} .

: .
Vo SYSTER CONRAND DI35PATCH 1/
P
\
/4L OBJECTSIMPTR=) /¢ COINTER TO LIST OF LEARNED JBJECTS ¥/
t

0ot CriD=y;

Wt 30 RHILE 1

2 o2 CALL CRTESTRIEGSOUT (3313H0%) 7

g o2 AL DRTSSTRINGSOUT (SPSONPTY j .« [t PROMPT FOR JOMMAMD ¢/

“ o2 CHMD=LOK (FTNDB (BCORMANDS ) CRT TN 40} ¢ )

52 IF CHND=TFi . ) .

THEN CALL ZRRORSMESSAGE o)
£L5E

g o2 30 CASE CHY)

T CALL TEACH;

¥ 3 CALL RUN;

50 3 . CALL dOMITOR;

503 CALL GRAPHICSS

3 END;
532 £hb;
yd

56 1 END ADNS

MODULE INFORMATION:
CORE WEA SIZE =l 290

CONSTANT AREA SITE = 0000M 0
UARIABLE AREZ 31ZE = 044 [}
HAXTHUK STACX SIZE = 04Ad 100
122 LINES R8s

) PROGRAN ESROR(S
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€
$€JECT . &
V4
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EXTERNAL USAGE DECLARANIONS
o - ‘/
H CRTSSTRINGIOUT: PROCSDURE{PTR) SXTERNALS fff‘ ’
2 DECLARE PTR POINTERS . ‘ '
2 END SRT$STRINGIOUT; . !
CRTIN: PROCEIURE BYTE EXTERNALS . .
2 END CRTIN:
. & "~ b -
1 ERRORSHESSAGE: PROCEDURE(ERRORNUMBER) EXTERMALG . . \
2 DECLARE ERRORNUMBER SYTES o o P
2 END CRRORSHESSAGES T 8-
t SYONBYTE: PROCEDURE (BITSPATTERN) ZXTERMAL; ’
2 DECLARE BITSPATTERY BYTE;
2 END SHORBYTE; . s
! EDGESCHELK: PROCEDURE BYTE EXTERMALS
2 END ERGESCHECK) s
1 FIXDSAREA: PROCEDURE EXTERMAL)
2 END FINDSAREAS .
1 FRAMELGRAB! PROCEIURE EXTERMAL .
2 END FRAE$GRABS
<
{ LOCATESTOP: PROCEDURE AYTE TXTERNAL
2 END LOCATESTOPS
{ LOCATESBOTTOM: PROCSTURE 3YTE EXTERNALS )
2 END LOCATESBOTTON:
1 LOCATESLEST: PPOCEDURE (TOP.BOTTOM) 3YTE EXTERMAL;
2 BECLARE (TOP,BTTON) BYTE N
2 END LOCATESLEFT r ‘ \
1 LOCATESRIGHT: ROCEDURE (TOP/20TTON) 3YTE CXTERWAL
2 DECLARE (TOP,50T7OM) BYTE;
2 END LOCATESRIGHTS ) ’
1 DECLARE

AREA WORD AT (70IZH) »

TOPSOFSTHAGE 3YTT AT (FX04H) /¥ EATREMITIES OF IMAGE ¢/
BOTTOMSOFIMAGE SYTE 4T «700SH)r /X NITHIN [MAGE FATRIC W/
LEFTLOFSIHAGE BYTE AT (7004},

RIGHTS0F S IMAGE BYTE AT (7970} ,
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TEACH YODE ' : L ABE. 3

$EJECT

31 TEACi{:‘ PROCEDURE PUBLIC;

/%

i 2

= ODHsO/H/Q3H) »

— O TR ——

5 b 4

GLOBAL DECLARATIONS

&/

DECLARE " t

TEACHBSIGNON(®) BYTE DATA (OCH,QDH,OAH,’ TEACH HODE - Seauenvrar Beeaation’,

TEACHSPROKPT (1) BYTE DATA (ODH,O8R, §2103H)
TEACKSCONMANDS (1) 3TFE DATA (/ILD'),

THAGESRON{240) STRUCTURE {(IMAGESCOL(29) 3YTE) AT (4074H), :
03JECTSIB(20) STRUCTURE(AREA HORD, NAME(30) BYTE) AT (4000H), : .
OBJECTSIDSPIR SYTE AT (J000H) ; R

~a

P
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$EJECT

TEACH MODE »

- OF

ADD -
_— -

THIS ROUTINE ACCERTS AS IHPUT TME NANE -

A MEW OBJECT TO BE ABMBER TO THE LIST OF -

- KHOWH OBJECTS. AN ELEMENT OF THE STRUCTURE =
=~ # (BJECTSID s ASSIGHED THE NAKE AND -

o

- OBJECTSIDEPTR 1s InCREmENTED. -

O [ TR

ADD: FROCEDURE;

JECLARE

LISTREL<Y) BYTE DATACODH AR,

CRT BYTE,

ADDSPROMPT (#) 3YTE DATA(ODH,QAR,’Enves DBJECT IDENTIFIER: 7007tsd3R))

IF QBJECTSIDSRTR=21 THEM CALL CRT$STRINGSQUT(RLISTFULLY)

ba;

ELSE

OBJECTEID(OBJECTSIDERTR) , AREA=ARER
CALL CRTSSTRINGSOUT(RADDSPRONPTY .

{NT=04
B0 WHILE CNT(=24) {
IF (CRJSCTSID(QRIECTSISRTR)  NAME (CHT) t=CRTIN) =0DH THEN

00;
ORCESTSID(OBJECTSITSRTR) , NANE (CNT+1) =0aH)
QRJECTSIDCOBJECTSIDSRTRY . NAME (CNT+ 1) =03K)
JRJECTSIDSPTR=0BJECTSIDSFTR + L
RETURNG
ENDi
INT=CNT+L)
END:

ORJECTHIRI IRJECTEINGPTRY, HANE (CNTY=0ARS
FRIECTSIDCOBIECTSTOGPTR)  NAME (CNT +1) 2604}
DRJECTSID(ORIECTSIDSFTR) . NAME (CHT+2) =034)
JBIECTSIDSRTR=0RIECTSIDERTR {7

END+

END A0/

- JRJECT LIST FULL -’ QDH, Q&K 43H)
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L
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- L1ST -
- . ‘ R
= {H1S ROUTIKE QUTPUTS THE LIST OF -
- CURRENTLY KNOWN 0BJECTS To THE CRT -
- ALING NITH THREIR CORRESPOMDING AREAS, -
--------------------------------------------- &/
- \\ T
2 LIST: SROCEMRE; ¥ =
I % QECLARE
REARING (&) FYTE DATACODN, JAH, JAH, T AREN IDENTIFTERS! 1AM DH I3H) 4
CHT ST
SLANKS (1) BYTE DATALY TaeIHY
CRLF(3) BYTE JATACIRH,IDH/3H) »
EXPTT () 3YTE JATACQAH)ODH,!  -NO HEMBERS IN I3T-7,GDH,34H,93HY;
3 CALL CRTESTRINGSOUT /RHEADTING) 5
3 CALL CRTSSTRINGHOUT (3CRLFY)
3 WF JBJECTSIDSFTR=) THEN CALL CRYSSTRINGSQUT(BEMPT M) )
ELse
3 B) SMi=0 70 OBJECTHIDSPTR-1)
4 CALL SHOMBYTE (NIBH (ORJECTSIDILNT) . AREA) )
4 CALL SHONSYTELRRA03 TS INT) L AREA)
¢ CALL CRTSSTRINGIRUTSHERNKS) )
6 CALL CRTSSTRINGSO0TIE0BIRCTS{DICUT  WAED J -
3 Ty ' .
3 70 LET B
/ /
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PL-35 CONPILER TEACH “0DE RaGE
$ELECT
I COXMAND  DISPATCA W )
a8 2 CALL cayssrnzuasoux(975565;31@ucn>; ’

%o 20 MHILE
T3 TALL CRTESTRINGSOJT STEACHEPRQHPT):
n 3 CHD=LON (F INDB BTEACAECORNANTS CRT TN DY) 5
73l 1F CHND=OFFH THEN
TR CALL ZSRORBMESSAGE(0): -

£Let
53 20 CASE CMNDS
7% n0;
78 CALL FRAMESORARS
B s IF STGTSCHECK TMEN CALL IRROFEMESSAGE(T);

oy or
0s 0
S TF TOPSOFEIMARE .=_JCATESTORY=)FFH THEN JALL ERROREMESSAGE D)
eLse

B 3
3 ROTTONSGF § IMAGE =LOCATESROTTOM;
35 LEFTS0F $INAGE 2L ACATERLEF T (" 00 SOF S INAGE, SQTTOMS0F $ 12AGE) ¢
30 7 THTBOF S IMASESLOCATEERIGHT (TIPSO STHAGE ,ROTTOASOF $14A5T
7o CALL FINRSARESS
® £aLL A
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o S 4D
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W 4D
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RUN MODE

$EJELT
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v

EXTERNAL

YSAGE DECLARATIONS

CRTSSTRINGSOUT® PROCEDURE(RTR) ‘ERNAU
DECLARE PTR POINTER
HD CRY$STRINGSOUT)

CRTIN: PROLEDURE BYTE EXTERRALS
THD CRTING

ERRORSHESSAGE: PROCEDURE (ERRORNUNBER) EXTERNALS
DECLARE ERRORNUMBER 3YTc/
4D ERROREHESSAGE )

SHOWBYTE: PROCEDURE(BITSPATTERN) EXTERWAL;
BECLARE RITSPATTERN RYTE)
IND SHOKBYTE:

EDOESCHECK: PROCSMURE 2YTE EXTERNAL}
EMD EDGESCRECKS

FINDSAREA: PROCZDURE EXTZRMALS
END FINBSAREA

FRAMEEGRAB: FROCEDURE EXTERNAL
END FRAKESGRABI

LOCATEST0P: PROCEDURE BYTE EXTERNAL;
END LECATESTOR:

LOCATESROTTON: PROCEDURE BYTE EXTERMALJ
END LOCATESBOTIONS

LOCATESLEST: PROCERURE(TOP,BOTTON) 3YTE EXTERNALS
DECLARE (70P,BOTTOM) BYTES
END LOCATESLEF TS

LOEATESRIGHT: PROCEDURE (TOP.BOTTOM) BYTE EXTERMALS
DECLARE (70P,83TT0M) B(TE;
END LOCATE$RIGHTS

DECLARE
ARER §ORD AT (7002K1,
TORSOF LINEGE RYTE AT (7904M)
0TTIHEORSIMAGE BYTE AT (7905H},
LEFTROFSTMAGE BYTE &T (792eH),
RIGHTSOFSTHRGE JYTE AT \TI07HYS
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2L/H-36 COMPILER " RUN ¥ODE S PABE 3
$EJECT

LI RUN: PROCEDURE PUBLICS

-

GLABAL DECLARATIONS

- i/

n o2 JECLARE .
AUNSSTIGNOM(E) BYTE DATA (QCH,QDH.0AH:’ RUN MOBE - SeauewvaL Openatron’s0DH.Q
- KHIO3HY,
_RUNSPROMPT () BYTE DATA {(ODH,0AH:7}7,03R),
RUMSCOMMAKDS (1) BYTE DATA (?10")
s CHND 3YTE,
- IHAGESRONCZ40) STRUCTURE (IMAGELCOL(29) BYTE) AT {(40744),
JBJECTSID(20) STRUCTURE{AREA MORD, RAME(39) 3YTE) AT (5000W),
OBJECTSIDSPIR BYTE AT (7GOOR): .

'
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PL/K-36 CONPILER RUN HOBE ) ¢ PGS
$EECT
‘s“ -
/' ------------- B el Al b E DL D LD DS
. SEARCH .

- THIS ROUTINE 5TEFS THROUGH THE LI37 -
- OF JBJECT IDEHTIFIERS ANR CUTPUTS THE -
- MAME OF THE JX8JECT wHORE ARER {3 (L%~ -
- EST 7O THAT OF THE JIVEN [MAGE. -

“
--------------------------------------------- ¥
32 GEMCH: PROCEDRES
B3 DECLARE ,
ONT BYTE, .
BIFF HORD, v
HINDIFF wORD,
) MINDIFF SCNT BYTE,
CRLF G0 SYTE DATACHIH,08H, Davh 0340
ENFTY(¥) 3YTE DATACGOM, 08,7 -NQ MENBERS IN LIST-/,ORH:OBH:03H) ;
W3 NINDIFF=0FFFEH; -
53 IF SRJECTSIDIPTR=) THEN CALL IRTSSTRIMGSOUT (3EXPTY) ; ’
ELSE
T3 10 =0 TO JBJECTSIDSPIR-1j .
B IF AREAY:OBJECTSIMCNT), AREA THEN JIFF=AREA-0BSECTSIDCINTY . ARERS pe
0w o ELSE JIFF=OBUECTSIH(ONT) . AREA-RRERS
TR IF IFFC MINDIFF -THEY
0o B0 ,
oS HINDIFF =11FF
oS MINDIFF4ENT=0NT
55 ali
I £
93 CALL CRTESTRINGSOUT $(SEF! 5
8 3 CALL CRTSSTRINGSOUT (30BECT 1D (MINDIFF 40N, NAKE) § )
¥oO3 BN SENCH;
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S
PL/N-34 COMPILER RUN HODE PAGE S
SEECT (:~\___~
.
oo COMXAYD  JISPATCH v
*
9 LALL CRTSSTRINGSOUT (SRUNSSTSHON 5
582 20 WHILE ) -
13 CALL CRTSSTRINGSOUT (3RUNEPROMPT) ;
$3 3 CEND=LON (F INDB (@RUNSCONRANDS /CRTIN/ )
54 1 IF CHMD=QFFH THEN
55 3 CALL ERRORSNESSAGE () Al
ELSE
T 30 CASE CHND;
57 s 0i
8 S CALL FRAMESORARS
9 S IF EDGESCHECK THEN CALL SRRORSHESSAE (7Y
£LSE
TR _ 00;
2 s T COPSOFEINARE SLOCATESTOR S0FFH THEN CALL EARORSHESSAGE (8
£1 35
843 3G
65 7 30TTONEDC S IMAGE =L OCATE 30T TON S
s 7 LEFTSOF § IHAGE =LOCATE SLEF T TR $0F § IHAGE , BOTTONSOF $ INAGE "
5 RIGHTSOF $ INAGE=LOCATESRIGAT (TOPSOF SIMAGE , 30T TONSOF ¢ IMAGE
- Vi «
® " CALL FINBHAREA;
9 7 CALL JEARCHI
I €405
e END
S €MD
) RETURM;
"o £NDi
53 i

N END RUNI

PR END PUNSKOLES

YODULE INFORHATION:

JODE SREA SIZE g2FH 5o

CONSTANT AREA SIZE = 000 Sk

VARIABLE AREM 3128 = 30107 D ¢
MAXIHUM 3TACK 3IZE = 004iK o0

189 1INES SEST

§ FROGRAM SRRORS)

1

£ OF AL M-8 IOMPILATION



*L/H-3s COHPILER SRAFHICS

ISIS-IT PL/M-88 V2.0 CONFILATION OF MODULE SRAPMICSMODE
03JECT MOBULE PLACED IN :F{:GRAPH.0BJ

SOHPILER INVOAED 3T:

EE R

~ o~ n

- R

A

1t

L

var . —

12 o

GRAPHICISMODE: D0J

PLMBs tF [1RAPH,IRC LARGE JPTINIZE’D) TITLE( JFAPKICSH

SRR R R R RO AR R AR R E R R RN R R F s

-

BRAPHIC

E2]

PUTTING 2F BYTES PER LINE.

o A e W W e

3

"HIS ROUTINE QUTPUTS 70 THE URTr THE HEX CONTENTS
OF THE MEMORY CONTAIMING THE ACQUIRED [MAGE.
IMAGE SPATIAL RELATIONSHIPS ARE PREJERVED 3Y JuT-

P L

¥

FEEER AN RN R R R RN B R RPN R e/

CRYSSTRINGSOUT: PROCZIURE (PIR) EXTERNALS
DECLARE »T3 POINTER)
END CRTSSTRINGSOUT)

SHONBYTE: PROCEDULRE (BITEPATTERN) EZXTERMALI
DECLARE BITSPATTIM BYTES
END SHONBYTES

CHARSREADY: ®ROCEMRE BYTE CXTERNALI
END CHARSREADY

CRTING PROCEDURE 3(TE Z{TIRNAL:
£k CRTING

108
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PL/M-35 COMPILER GRAPHILS - PpGE 0

$eJECT - ’

12 L " -GRAPHICS: PROCEDURE PUBLIC)

13 2 DECLARE
CRLF4®) BYTE DATACODH, AR/ 23H)
IR(I49) STRUCTURECIC(29) BYTEY AT (4374H),
X BYTE,
Y BYTE,
CHAR 3YTE)

o2 30 120 30 237

{5 3 CALL CRTSSTRINGSOUT (BCRLE) 5

16 3 IF CHARIREADY THEX *

17 3 00;

134 1F ((CHAR:=CRTIN)=13H) THEN /v CHEDX SR CNTRL'S! W/
19 4 D0 WHILE CHERCLiH; oo d ey v
NS IF CHARSREADY THEN /v 77 10 DNTRL'DY ¥/
A5 1F C(CHARS=CRTIN) =903H) THEN

NS RETURMS

3 S D .

W4 Y

B3 D0 (=0 10 23

%4 CALL SHOMSBYTECIR(Y), TCU0) S - .
7o ENYi

%3 EXD; )

2 1 END GRAPHICSS

301 END GRAPHICSHAODE;

HOMULE TNFORMATION: .
CODE AREA 3IZE = 20%H 1500 ’
CONSTANT AREA SIZE = 000K 0D
UARTABLE AREA SIZE = 400 3D
MAXIMUM STACK SIZE = 000CH (2D
§7 LINES SEAD '

3 PRAGRAN ERRGR(S)
£4D OF PL/M-30 COMPILATION
Ay
e T e -~
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FL/M-38 COMPILER TMAGE ROUTINES FABE 1

ISIS-1] PL/M-8o V2.0 COMPILATION OF MODULE IMAGEROUTINES '
OBJECT HODULE °LACED IN :FL:IHAGE.0BJ . . 4
CO¥PILER TNVOKED 37 PLMB6 :F1:IMAGE,SAC LARGE OPTINIIE(S) TITLEC IHAGE ADUTINES"

-
< 7
i IHAGESROUTINES: 20;
JORRERE R SRR AR R RN R R EE N ST R LR F R SR RN E
H %
1 I4A5E ROUTINES t
H ' .
1 138 38/12 UISI0N SYSTEM Aucusy 1980 ¥
f Autmon: O, Carson
¥ ¥
¢ THIS OBULE CONTAINS THE MECZ3SARY SOFTVARE ¥
t FOR ACQUISITION AN) PROCESSING OF 3IGITAL INAGE t
t JATA SAQN THE CAFERA, H
H 1
i RouTHEs thCLUdED ! ¢
L T P 1
L EDOESCHELK %
t FINDSAREA H
¥ LOCATESTOP i
¥ LOCATESHOTION 1
¥ LOCATESLEFT ¥
] LOCATESRIGAT +
H FRANESORAR 3
t ¥
RN R RN R R R R AR ERF R ERE R REY/



PL H-34 COMPILER

- A D

~~4

IR~

18
9
20
A

an
s

P D s

—-

ros

— tp r> - Pty - T3 13 e

[

2 ra —

111

IHAGE ROUTINES PADE

L]

.80

e m e m e —————— e A————————— - 4/

CRTSSTRINGSQUT! PROCEIURE(PTR) EXTERNALI
DECLARE TR FOINTER)
EXD CRTSSTRINGSOUT)

CRTIN: PROCEDURE IITE EXTERNALS
EXD CRTIN

ERROREMESSAGE: PROCETURE .ERRORNUNYER) EXTEANALS
JECLARE ERRORNUMBER BYTE:
EMD ERRORINESSAGES

SHINBITE : SRUCEREGTTSATIERN) EXTERMC
DECLARE 31TSPAITERN 3VIE; ° \
END SHOKBYTE;

CRTSBYTE4CUT: PROCEIURE(CHAR) EXTERNALI
DECLARE CHAR 317Ei
EXD CRTSBYTESQUT!

DIVIDES3243178: PROCEDURE (DTVIDENDNI,DIVIDEMBLO,DIVISORHI, DIVISORLD) wORD ZXTERMAL;
BECLARE
{DIVIDENDHI, DTVIDENDLY, DIVISORKE, DIVISORLYY HORD:
END DIVIDESI2H3ITS)

QUTPUTSDECIMAL: PROCEIURE (BINARYSRYTE) CUTERMALS
BECLARE  BINARYSBYTE 3YTE)
END QUTPUTSRECINALS

<

BECLARE "'B
THACESRON(240) 3TRUCTURE «IMABTSCOL (29Y73YTEY AT (4074H),
TOP$OFSINAGE BYTE AT \7094r) »
BOTTOHEGF §IMAGE BYTE AT (73254),
LEFTSQFSTHAGE BYTT AT (7928W),
RIGHTSOFSIHAGE XYTE AT (7907H),
AREA WORD AT (79924):



//

PL/M-34 CONPILER IHAGE SOUTINES PAGE
SEJECT -
"o T .
- EBGE  CHECR -
, - CHECHS FOR 0BUELT :‘iTE‘T(S‘EE—Y‘ION OF EDGES OF FRAME, - (
- 50 et o e e e ‘/ ‘
' /
31 EDGESCHECK: FROCEIRE BVIE FUMLICH ., ////’/ ,
%oz DECLARE /o "
) ROKCNT WD :
, SOLENT YT, - e
~_ TOF 3(7E, )
3TIN 3(TE,
LEFT 8YTE, T
RIGHT BYTE; . :

%
7
3
9
2
y

™
va

B
3
3
1

3/

18

19
§
X

5

47
1}

ol Ll ) Ld g 1D

[P R 7 PN E]

[ Ny )

oot

L)

LEFT/RIGHT, BOTIOH, T0P=0s

1% —
o CHEiy S10ES Y ‘ ’
t
30 RCHCNT=0 70 239 ¥ \g
IF IHAGE SRR (RDKENT) . ZHAGE ECOL (0 0F0H THEN MEOLEFT ENE Y A
LEFT=OFFH; \
£ IFAGEROMIRINCHT)  IMAGESCOL(ZO)MOFON THEN /% Ruewt Edee ¥/ \
) RIGHT=0FFH;
TMABE $ROR (RORCHT) . THAGE SCOL (0) = IMAGE SRON (RONCNT) , IMAGESCIL /D) AND uFH: \
ENDi
/¥ CHEDY TaP  ANY  3OTTOM 3
50 COLONT=L 79 27
IF TRAGESKIN(D) , IKAGESCOL (COLONT) (30 THEN A TR EIGE %
TOF=0FFH;
IF IMAGESRON(ZID IMAGESCOL(CILONTI O ) THEW /v 30TTOM E6E W
BOTTON=6FFH3

Exﬁa

1F LEFT THEN TALL fRRCRSMESSAGE 335
17 RIGAT THEM CALL ERROSSMESIACE ()
IF T0P THEM CALL ERRORSHESSAGES1:

IF BOTTOM THEN CALL ERRORSXEISAGE(S):

IF T0P IR 20TTCM SR _ZTT 0% SIGHT THEN SETURN PPN
RETURN 0}

END €DBESCHELNS

112

<4

—— -
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¥
PL/M-36 COMPILER THAGE ROUTINES d ‘1
$EJECT ' \\
/%
3 - -
" - AREA & CEMTER-OF-AREA -

- CALCULATES AREA awy CENTROID oF oBUECT IN IMAGE =
- MATRIX,

Ca
[}

-8 1 - FINDAREA: PROCEFURE FYBLICS

212 DECLARE
AREALABEL(¥) BYTE DATA(ODH, OAHOAH) " Area: 1)O3H) s
CSLABEL(») 3YTE DATACOBH,OAH,?Cexrrora: /00N, 0aH, O3H)
ALABEL(®) BYTE DATALY  Xc = T,01H),
YLABEL(#) RYTE DATACOAd.DBH,'  Ye = /4 03His
AREAUNITS () BYTE DATA(? B17s ser.’s03H),
(SUNXLO, SUMXHI ) SUNYLO, SUNYHI) NORD,
ROK BYTE,
TENP BYTE]

B

.74

~ PABE

113

4
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‘N
PL/%-36 COMPILER IRAGE ROUTINES - . PAGE 3

$ELECT

mo e - e
- LINE §C 4N -
- IHCREMENTS A;Eh TOTALS AND -
- suns X ANd Y CO-ORDINATES JURING -
- SCAN OF DME ROW OF fﬁAGE KATALY, - .
- —— -- ;/

302 LINESSTAN: PROCEDURE (LINESNUMBER)

563 DECLARE MUMRER$OF$BITS(¥) BYTC DATA LA YNV NI SN TSR IR T)
(SN R P TR RYL N RTRIE YRIZTLINT,
: LLLLHLDLDHHDTL 034435
NEIRTEIRIE TV ATRIEFEINIE TRINTEY,
I EN N RIS R I TR TATE YT T)
D313 053080405 0505000
L 23T b 50445151080
9054 315181405151815151017
D225 003040035,434 613
RSETATL YRS YL YRTRTE YE SN IR TRINITY)
25343605 3045905 50
L84S S50 05:51605:008007 0
23505400540 40540 550
4S80 0551805100467
b3 0580556518607
bS3153181808000715081 807120 170300
3% 3 BECLARE
LINESHUMBER BYTE, .
{RONCNT SRIFTINTD) RYTE,
18P 3YTE,
DELTAY MTES
% 3 20 RONCNT= LEFTIOFEIMASE “( RIENTLOFSIHAGE)
57 4 IF (TERP=TRAGESRONILINE SKUNBER) | INAGE SCOL (RONCHTYY {> ) THEM
8§ 00:
¥ 5 ARE&=ﬂﬂHS£RSGf§3ITS(TEHP) + AREN/
0 3 30 SRIFTCNT=0 T0 75 \5
ol 4 o TEMP=SHL(TEN? L)
2 4 IF CARRY THEM
33 0% utH
4 7 DELTAX=SHIFTONT + SHL RONCHT.3);
S 7 IF (OFFFER-DELTAX) (=ZUMXLO “HEN SUMXAT=SUMXHD + 10
o7 7 SUMXLO=SUMXLD + JELTAXS
8 7 IF (OFFFFH-LINE SHOMBER) (=SUMMLD THEY SUKYHI=SUMYR] » |5
N7 SUKMYLO=SUNYLO + LINEENUMRER)
"oz END§ :
2% £ND;
7303 i
74 4 £Hd;
%03 END LINESSTaM



PLM-36 COMFILER

76
n

78
"

80
81
82
83
84
85
86
87
88

89

2

[Z5 I % 2%

rory [} 2 [N ]

r>

THAGE ROUTINES T

$EJECT

AREA, SUMYLO » SUNTHT , SUNXLD ) SUKYNT =03

D0 RO0k= TCPEOFSIMAGE TO 30TTOHSOFSINAGE
CALL LINESSCAN(RORN) i
ENDS

CALL CRT4STRINGSOUT (QAREALAREL)
CALL SHONBYTE(HIGH(AREAN)/

CALL SHORBYTECLOAGAREANYS

CALL CRTSSTRINGSQUT (BAREAUNITS) /

CALL CRTSSTRINGSQUT(BCLABEL) )

CALL CRTSSTRINGSOUT (BXLABEL} ;

CALL QUTPUTSDECIMAL (LOW{DIVIDESI2SBITS (SUMXHI,SUNXLO 0, AREA)) ) S

CALL CRTSSTRINGSOUT (BYLABEL)

CALL QUTPUTBDECIMAL (LON(BIVIDESIDSRITS (SUHYHI, SUNTLO,0sARER)))

END FINDAREA/

N

PAGE

S
115

6



PL/M-34 COMPILER IHABE ROUTINES
$EJECT
/r B e ]
- AITNDOR SETS .
= LOCATES TOPs BOTTON, RIGHT AND LEFT -
g - EXTREMITIES OF IMAGE WITKIN FRAKE, -
---------------------------------------------------- 7%
AV LOCATESTOP: PROCEDURE BYTE PUBLICS =
2 DECLARE
RON BYTE,
CoL BYTE:
RN 2 10 RON={ 70 238;
93 3 00 COL=% T 237
9 4 IF IMAGESRON(RDR) . IMAGESCOL(COL) ()0 THEM RETURN ROM:
W4 END;
7 3 £
98 2 RETURN JFFH;
o9 2 END LOCATESTOR)
106 ¢ LOCATESROTTON: PROCEDURE 8YTE PUBLIC
101 2 DECLARE
ROM BYTE,
COL 3YTES
102 2 DO R0N = 1 T0 213)
133 00 COL=) 19 284
104 4 IF IMAGESROR(239-R0W) . IHAGESCOL (COUY (20 THEN RETURN (233-30m)3
{9 4 END/
107 3 £ND)
g 2 END LECATESKOTTOM;

Ty

116
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PL/M~86 CORPILER HAGE ROUTINES ~  P&GE 3

$EJECT
109 1 LOCATESLEFT: SROCZAURE (TOP/30TTOM) HYTE PUBLICS
1 DECLARS
0P BYTE )
30TT0H FMTE,
ROW BYTE,
coL BYTE;
Hy 2 30 TOL=0 7O 38
1?3 DO SQW=T0P TO S0TTOM;
1 4 TF IMAGE SRON(RON), IHAGESCOLACOL) () ) THEN RETURM COUS
1s /4 3D
1y 3 ENS
1 2 EHD LOCATEMLEFTS *
s 1 LOCATESRIGHT: PROCESURE(TOR,BOTTOM) 3YTE PURLICS
9 2 DECLARE ‘
P 3TE
3077OM SYTE,
RON BYTE,
CoL 3YTE;
2 DO COL=0 7O 28 '
03 B0 AON=TGP TO SOTTOH;
224 IF IMAGEERON(RON) . MAGESCOL(28-COL) () O THEM RETUSN (28-COLY
13¢ 4 £X0;
25 3 N -

124

L]

« END LOCATERRIGHT)
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127
128
129

130
134

132

133
134

135

-

139
140
141
142
143
{44

145

36 COMPILER

$EJECT

/¥

1 FRAKE SERA

IHAGE ROUTINES

118

PAGE ¢

; Y

- DRA8S JNE FRAME O
- (OMTROLLER IS PR0
- TRANSFER,

HE BRAD -

F INAGE JATA FROM CANERA. MA -
GRANXED FOR INTERRUPTE] -

B: PROCEDYRE PUBLIC)

2 DECLARE 3ASE LITERALLY ’0FM/:

ra

WIPY

ra v

LY

faLL
{alL
GaLl

L I

ro

CALL
CALL
{all

r2 r2ra

rar2

N END FRAHE

! SuD IRAGE

“IIULE INFORMATION:

{ODE ARZ4 31XE
CONSTANT <RES ZICE
WAIARLE ARES SITE

T (RAST+QBH) =0}

QUTPUT(BASE+QCH) =0A4H}
QUTRYT (BASE+ODH) = LBHS

QUTPUTNBASE+QAH) =07H}

QUTPUT/BASE+(ER) =4
QUTPUT (SASE-JFHY =0A0H}

QUTPUT (BASE+0BH) =02Hi
TIHE(2S) S
TIME(250) 4
TIRE(DS)
JUTPUT (RASE+OBH) =08H)
TIHEL230) |

TIMEC230)}

TIHECZS)) @

QUTRUT (BASE+ORY) =07
QUTPUT (BASE+Q9H) =07

$GRAYI

$ROUTINES)

ISCEN 14Bed
1Nk n
Wil o

/% LENGTH REGISTER OF DHA S0ARD ¥/

/v CONTROL REGISTER OF DMR 30ARD ¢/

/% FIRST ADDRESS REG. OF DMA 30ARD ¥/

/¢ CAMERA -) SEQUENTIAL MODE l\l/

/v RESET/GO ¥/

/4 DAMERA -) INTERLACED Y038 &/



PL/K-38 COMPILER IMABE ROUTINES

HAXIRUN STAEN SIZE = 0otoH 14D
372 LINES READ
O PROGRAN E3R0R(S)

END OF PL/X~36 COMPILATION

" PAGE

119
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PL/M-36 CONPIL HATH SOUTINES FAGE L

ISIS-IT PL/M-86 Y20 COMPILATION OF HODULE MATHROUTINES

OBJECT MODULE PLACED IN :F1:MATH.0BJ

COMPILER INVOXED BY: PLMBs :FL:MATH.SRC LARGE OPTIMIZE(3) TITLE( HATH ROUTINES"
&

1 HATHERQUTINES: DOJ
R2212 2288 3222222228 08223821222 223122 22822232232 22323381
¥ ¥ L4
¢ AATH ROUTINES H :
* Al L3
1550 38/12 WISION SYSTEM Hoversen 1980 i
1 AuTHOR: . CAsson ¢
t - ¥
t THIS MOJULE CONTAINS PROCEBURES FOR 32/ (4 amd  #
¢ 8 31T ARITRMETIC FUNCTIONS. 1
¥ 3
i RouTInES TRCLUPED! H
¥ = essccncsccscemsaane ¥
v DIVIDERIHRITS v
X QUTRPUTSRECIMAL €
¥ ]
U L I A L L T T LI T LY
/% - m——— ————
EXTERYAL HSAGT DECLUARATIONS
--------------------------- ¥/
3
A CRTSSTRINGEOUT: PPOCEDURE(PTR) ZXTERNAL)
I DECLARE ©TR POINTER)
¢ 2 END CRISSTRINGSOUT:
5 1 CKTIN: PROCEDURE SYTE ZXTERMAL;
§ 2 ERD CRTING
7o SRRORENESSASE: PROCEDURE (ERRORNUMBER) SXTERMML,
3§ 2 DECLARE ERRORNUMBER BYTE;
¥ 2 END ERROASMESSADE/
i ! SHONBYTE: PROCEDURE(BITEFATTERR) CXTEPNALS
1 2 DECLARE BITSPATIERN SYTE,
G "

{2 END SHONBYTE;

CRTERTTESOUT: “ROCEDURE:LHAR) EXTIRNAL:
DECLACE CAF 87T

IND CRTLRITESOSTS

[N,
N e et
Ya ¥y
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PL/4-35 COMPILER HATH ROUTINES PAGE 2

$EJECT

/% - Iy Sa——

- DIVIDE ROUTINE -

= THI5 PROCEIURE RETURNS THE 1§ §IT -
= QUOTIENT FROM THE DIVISION OF Two 31 -
= BIT BINARY NUMSERS. - ’

e < S

14 1 DIVIDES32$B175: PROCEDURE (DIVIDEMDHI,DIVIDENDLO,BIVISORHI,BIVISCRLD) HORD FUBLICI

7 2 BECLARE
QUDTIENT RORD/ -
{VIVIDENDHI, DIVIDENDLO} RORD,
(DIVISORH1, DIVISORLD) WORD, /
N SYTE, -
$HY BYTE; N



°L/K-B4 COMPILER HATH ROUTINES
$EJECT

8 2 SHIFT$DIVISORILEFT: PROCEDURES

/% SHIFTS (DIVISORHI,QIVISORLO) { BIT LEFT AS 4 32 31T HORD «/
19 3 DIVISQRHI=SHL(TIVISORHI 1)} 4
N3 IF (DIVISORLD AND $000H) (39 THEN "
3 DIVISORKI=0IVISORKHI OR 300LH;
23 JIVISORLI=3HL (DIVIS0RLO ) )
33 END SHIFTSDIVISORSLEFT:
02 SHIFTSDIVISORSRIOHT: PROCEDURE;

J SHIFTS OIVISORMI DIVISORLOY | 3IT RIGHT A5 & 32 #IT A0RD ¥/
%3 DIVISORLO=SHR(DIVISGRLO, L)
%3 IF (DIVISORHI AND 000{H)}()Q THEM
a3 SIVT30RL0=0IVISARLY IR 3M00H/
83 DIY3S0RKI=SHR (BIVISORHT, L)
¥ 3 END SHIFTSDIVISORSRIGHT;
3 2 LESSTHAN: PROCEDURE (AT ALO,BRIBLOY 3YTES

/1 (ARLALDY ¢ (BELIBLOY  THeEw aevumns TRUE

ELSE RETUANS FAL3E ¥/
U3 JECLARE
(AHIALD BRI BLD) AQRDS
RIS IF AHI(BHI THEN SETURN OFFH
4 3 IF AHIVEHI THEN RETURN OH:
% 3 IF ALD(BLO THEN RETURN OFFH;
B 3 RETURYM )
9 3 END LESSSTHAN;
02 SURTRACT: PROCEDLSE;
N 7 (DIVIDENDHI,DIVIDENDLO) ¢= (DIVIDENDHI,DIVIDEMDLO) - (DIVISORHI,BIVISORLO)
i3 IF DIVISORLDIVIDENDLY
THEN DIWIDENDHI=DIVIDENDHI-JIVISORH: -1/

33 ELSE DIVIDENDHI=RIVIDEMDHI-DIVISORHT)
% 3 BIVITENDLO=DIVIDENDL-BIVISINLYS
£ 03 END SURTRACTI

t/

PAGE

3
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PL/H-34 COMPILER MATH ROUTINES FAGE 4

$EJECT

i 2 QUOTIENT=0;
g 2 W=y}
8 2 30 WHILE LESSSTHAN(DIVISORHI,DIVISORLG, 2 IVIDENDHI., DIVIRENDLO)Y )
¥ 3 CALL SHIFT$DIVISORSLEFT:
503 N=Heli
a3 ENDi
2 2 CALL SHIFTSDIVISORSRIGHT!
T2 N=p-1}
M 2 DG ONT=Q 70 »i -
¥ 3 IF NOT(LESSETHAN(DIVIDENDHI , DIVIDENDLO, RIVISORNI,DIVISORLO))
THEN DOJ
7 4 CALL SUBTRACTS
8 4 (UOTIENT=QUOTIENT + )
%4 END; z
& 3 QUBTIENT=SHL (QUQTIEXT, L))
6l 3 CALL SHIFTSDIVISORS$RIGHT)
-~ 62 3 END; y
-«
63 2 QUOTIENT=SKR (QUOTIENT,7-¥))
4 2 RETURN QUOTIENTS

85 2 END DIVIDES32$BITSI
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PL/H-36 COHPILER HATH ROUTINES

24

67

68

é9

3!

8

84

8

ro

s [

r

$EJECT

- QUTPUT DECTIHAAL -

- THIS PROZEDJURE OUTPUTS THE JECIMAL -
- EQUIVALEMT OF THE GIVEN 3~8IT SINARY -

= YALUE, -
o o o o v */
‘s._\\\ )
JUTPUTEDECINALY PROCETURE(BINARYSRYTE) PUBLIC)
SECLARE
SINARYS$BYTE BYTE,
(AT BYTE,

JECIMALLD BYTE)
DECINALLO=0) »
IF (BIMARYSRYTE)=130) AMD (BINARYSBYTE¢=199)
THEM CALL CRTSRYTESQUILU )
ELSE IF (BINARYSBYTED=200) THEM CALL CRTSRYTRSQUT('2'Y;
50 OHT=0 1B 7i

DECIMALLO=DECIMALLO + DECINALLO:
DECIMALLO=DEC (BECIMALLD)

IF  (BINARYSSYTE 4ND 30H) (30 s
T THEN 20
DECTHALLO=DETTMALLY + L)
DECIMALLI=DEC (BECIMALLYY 5
ENBS .
SINARY$BYTE=SHL (BINART$3YTE, 1)/

END}

CALL SHOREBYTE (DECIMALLD)

END JUTRUTSDECINALS

END MATHSROUTINGSS

HODULE INFOFXATION:

8BS AREA 331
CONSTANT ARER 31%C

NI 103
10044 bl
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PL/K-34 COHPILER MATH ROUTINES PAGE 3

VARIABLE AREA STZE = 000EH 140
HAXTHUM 3TACK SIZE = 00GEH 14D
196 LINES READ ‘

% PROGRAM ERROR(S)

END OF PL/M-88 COMPILATION



FL'M-36 COMPILER oRT ROUTINES

T315-11 PL/¥-36 V2.0 CONPILATION OF MODULE CRTROUTINES
0BJECT HOGDULE PLACED IN :FL:CRT.ORJ

CGMPILER INVOKED &Y: PLHBS :FI:CRT,SRC LARGE OPTIMIZE(3) TITLE(’  CRT ROUTINES")
' .

~ N,
- PN ~

-

~ \

{ CRTSROVEINES: 267

¢

JREERE R RN R B RN AR AN R R AR RO R

]

CRT ROUTINES

THIS MODULE COMTAINS A LOLLECTION OF 3ENERAL
170 soutrnes Fon commusrcATION wiTH THe CRT
TERNINAL, ,

ROUTINES INCLUIEDS

------------------

CRT$STRINGSOUT
CRTIN
ERROREHESSAGE
5 SHORSBYTE
CHAREREADY
CRT$BYTESQUT

M A s WA WC A MK MR M A W K A e

LRt R R R e R ey it eyt ieaaaazdsaissitlyy

M Mk BN M AR M M MK M A M K A e W
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PL/M-36 COMPILER CRT ROUTINES

(=]

< O O S O~ N e

—

-

[

o ————

€ Cd d o D

$EJECT

e - 7

- CRT STRING out -

- Qutruts A§EII CHARACTERS POINTED 70 8Y 'PTR’ unTIL -
- END-0F-TEXT (03M) ts emcounreres, -

CRTSSTRINGSOUT: PROCEDURE(PIR) PUBLIC)

DECLARE
PTR POINTER,STRING BASED PTR(1) BYIE,
[ BYTE;

1=0;

B0 RHILE STRINGCII (034}
DO RHILE (INPUT(CDAK) AND O1H)=0i /% HAIT FOR TRANSHIT READY 8/
13
QUTPUT (OBBH) =STRING (1}
I=14}

END;

- /# QUTPUT MEXT ELEMENT 1/

ENB CRT$STRINGSQUT;

427
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3

14
15
16

18
19
2

1
(s

=)

2

3 6D el PO P Gd P

CRT ABUTINES

$EJECT

/

- ter1

I'N

- EcHos AN agrumns one ASCII cwaracter sroMm tHe [RT COMSOLE. -

CRTIN: PROCEDURE BYTE PYBLIC:
SECLARE CHAR BYTES

* DO RHILE (INPUTICDAH) AND 02H)=0i
. END/
CHAR=THPUT (ODBH) AND 7FH3
B0 WHILE (INFUTCODAH) AMD J1H)=0i
K
QUTPUT{0DSH) =CHAR
RETURM CHAR}

ENDB CRTING

/t
/¥

/¥

RAIT FOR RECEIVE READY ¢/

INPUT CHARACTER ¥/
KAIT FOR TRANSHIT SEADY &/

ECHO CHARACTER ¥/

1/

PAGE
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)
(]

2%
k]
28
7
%

ki

U
kN

93

I

}

b L Ced 0 G ed Tl Ked G G T2

ra

$ CJeCY

_—

CRT ROUTINES

ERROR HESSAG

£§ -

- TAKES APPSOPRIATE ACTION an [RT FOR GIVEM ERROA Z0N2ITION, -

ERRORYMESSABE: PROCEDURE (ERRORNUMBER) °uBLIC)

DECLARE

tRRORO(®) BYTE DBATA (OBH,9AH, ' TLLEGAL COMHAND?,ODH,ORRH,OIHY,
ERRORY (3) BYTE DATA (DH,)AH,/SYNTAC ERRORL,GAH,ODH 33H) »
ERROR2(¥) BYTE DATA (0AH,OBH, /™ s QAH, 08K, 03H)

ERROR4(¥) 3YTE DATA {ODH,9AR) "RicHt
ERRART¥Y BYTE DATA /IDH.dAd: 'Tor e35e ixversectTIon’ HA3H)
ERRORS (%) SYTE DATA (ODH,J0AH)'Bovvom €)GE INTERSECTION'»OIH)

ERROR7 () BYTE DATA (ODH,JAd 08K, !

ERRORICO 3YTE DATA (DD, OAH:'LEFT £d6E tnremsecTION’ H03R)

EBGE INTEASECTION sJ3H) .

- QBJECT REECTED -7.Q3H)+

ERRORB(®} 3YTE DATA
ERRURMUMBER BYTE;

30 CASE ERROSHUMBER}

(DR, AR, ' ANALYSIS SUSPENDED - No osuect couna’ QDN QAR OTHY

(HiH

CALL CRTSSTRINGSQUT/BERRORO) /
CALL CRTYSTRINGSOUT (SERRORIY ;
CALL CRTESTRINGSQUT(BERRORI)
CALL CRYSSTRINGSOUT(BERRCRY)
CALL CRTSSTRINGSQUT(BERRORA) 5
CALL IRTESTRINGHOUT (BERRORS) ¢
CALL CRTSSTRINGSQUT (ERRARS) 5
CALL CRTSSTRINGSOUT(BERRORY)
CALL TRTSSTRINGHQUT (BERRORS) ;

END ERRORSMESSAGE]
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18

18
39
Iy
i
42

43
44
i5
16

47

[ IR N

rar>

ra e

(93

CRT ROUTINES

SEJECT

T S A —

SHONBYTE: FROCEDURE (BITSPATTERN) 2UBLIC;

DECLARE

HEC(®r IYTE JATA (' 91234587594BC0EF )+

FITSPATTERN RYTE. HEXDIHIT BYTES

HEXDIBIT=RITSPATTERN AND JFOH} /%
HEXBIGIT=SHR(HEXDIGI™ 45

20 RHILE (INPUT(ODAH) AND OtH) =i
ENO7

QUTPUT (ODBM) =42 L{HECDIGITH } /

HEXDIBIT=R]THRATTERN ND JFH) ¥
D0 KHILE (IMPUTCODAHY AN DIH) =0
Y

QUTPUT (0DEHY 248  (HENBTHITY 4

~

i

END SHONAYTES

HASN HIBH JRDER 3178

QUTPUT HIGH ORDER 8173

HASK LOW JRDER 3ITS

QUTPUT LON ORDER BITS

%/

¥/

¥/

PAGE
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PL/M-24 CONPILER /T R0LTINES PNEE 5
$ £JE0T
/i ............................................................
- CHARACTER SEADTY - el
- - S e e T
h 1F & 7T4ARACTER WAS SEEN INPUT FROM THE CRT» "HEN -
- THE vaLuE TRUE 15 agturned. OTueRwise: FALSE. -
------------------------------------- +/
8ot SRARBRESL( T ROCEIURE BYTE VRIS
@2 TF P SRPUTOODARY ShD )2 =0

THEXM RETURN O/

stz ELSE RETURN CFFH;
22 IND CAAREREADYS
[ R e et CL s S TP LR
- cRT 3YTE DJUT -
- Jureur Grven ASCII cuamacter 1o CRT -
-------- ————- cmeemacmane &/
SOt CRTSRYTERRUTY SPOCETURE(CHARY PUBLIC)
56 2 DECLARE CRAR 3YTE)
NN 30 WHILS CINPUTAOTAHY SND JMRYEY, .
o 3 [hh
5702 JUTPYT I ODSHY =CHARS
58 7 thD CRTSRYTE2QUTS *

P SN JRTESOUTINESS

¥IDULE INFORMATION:

COOE aREN STIE = 220N sS4

CONSTANT RESQ SITE = 200M 00

IARIABLE AREN 812D = 0l 3

e DU STACN SI2E = IO Lab

201 LDMET CfAD s
§ PROGRAYM 9530

D 9F FL/M-36 SMFILATION
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CHAPTER 6 W\

DISCUSSION

6.1 Conclusions

Image processing problems are, in general, a problem of data
reduction. Often images are represented by large amounts of data
from which useful information or features must be extracted.

Of primary contention among computer vision designers is the

selection of binary versus grev-level images. Grey-level systems are

—

capable of processing complex scenes in which lighting may be uncon-
trollable, but they require large buffer memories and extensive com-
puting resources. Binary (silhouette) processing involves smaller
image buffers than do equal resolution grey-level svstems, processing
is generallv faster, but flexibility is lost. However, with carefully
engineered lighting and thresholding techniques, silhouette vision is
capable of handling a wide range of tasks.

The fundamental information contained in a silhouette is shape.
Shape can be quantitatively examined using two basic methodologies:
information preserving and information non-preserving descriptors.
The former techniques allow a shape to be reconstructed from its
mathematical description to a pre-selected resolution. The latter
descriptors are indications of shape characteristics such as circul-
arity, elongation, etc. and manv widely different shapes can exhibit

N 132
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identical traits of this nature. If an information non-preserving
descriptor is related to a reference shape, then it is termed a shape
factor. A combination of information non-preserving descriptors for
a shape will vield a more accurate representation.
Computer vision (both grey-level and binary svstems) are

finding applicatién in industrial environments. It is convenient to
ivide application areas into two categories: inspection, and sensor-
controlled manipulation. In particular, binary svstems are adequate
for such roles as sorting workpieces, identifying or measuring shape,
parts fitting or mating, measurement of critical dimensions and tool
wear, and checking for integritv or completeness. Other inherently \
i
)

binary images include text, handwrating, and various types of line
drawings. In addition, a binary computer vision svstem can be used
as visual feedback for servoing applications.

A binary image has been successfully acquired from a GE TNI500
digital matrix camera during a single television frame (33 ms). Using
an Intel iSBC 86/12A microcomputer, the area and centroid coordinates
have been determined with software. Calculation times increase with
the area of the object being observed, with a typical cycle time of 2
seconds for a shape occupving approximately 307 of the frame area. A
hardware implementation would drastically reduce this time by evaluating
the area and coordinate summations as the data is dumped from the camera.////‘\\-
Identification of various shapes has been realized based on their area,
Experimental measurement has shown that objects which differ in area

by approximately 2, can be discerned with high accuracv.

EN



6.2 Future Work
Further development of the silthouette vision system can progress
in several directions.. An implementation of the various shape descrip-
N
tors will allow identification of a wide range of shapes which may have
‘nearly equal area. The use of run-length encoding will speed up the
processing as well as the exploitation of the 8086 assembly language
software. Connectivity analysis would permit several objects to be
examined in the same frame. For utilization in a manipulator system
for example, orientation should also be evaluated.

If these functions are designed in hardware, a substantial speed
increase can be achieved. The addition of a specialized numerical pro-
cessor can enhance the performance of the 8086 microcomputer.

A variety of tecﬁniques can improve binary vision, including the
use of dynamically controlled threshold settings for adaptation to dif-
ferent lighting conditions: Noise pixel elimination is also desirable

for less than ideal lighting situations.



APPENDIX "A"

iSBC 86/12 VISION MONITOR

A svstem command of "M" tvped on the kevboard gives access to
the iSBC 86/12 VISION MONITOR. In this mode various facilities exist
to examine and manipulate memoryv, read or write to 1/0 ports, and
branch to begin execution at any location,

Whenever addresses or data are requested, only the last 4
hexidecimal digits are accepted for word values and only the final
2 in the case of bytes values. For entry of less than the required
number of digits, leading zeros are appended to bring the total to
either 4 or 2 as the case may be.

Errors are flagged with a caret beneath the offend~
ing character (which is ignored) and input continues normally.

The commands and correct syntax are summarized below.

F - Fill Memory Locations with Data

et ) (s0) (r9)

segment

The memory locations ''segment:offset' to 'segment:range' are set to

the value of "data'. 1If segment is omitted, 1t is assumed to be zero.
135
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J - Jump to Address and Begin Execution
@

osgmene (¢ )

Execution branches to "segment:offset". Segment is assumed zero

if omitted.

Q -~ Return to System

Control 1s returned to the systen.

S - Substitute Memory

1

(Ei)* — _offset ¥ ret
N
nd

CRE=1'0

\ J

()

The substitute command displays the current contents of '"segment:
offset (again segment is zero if omitted) and allows new data to be
substituted following the space character. Entering a comma advances

the display to the next location until terminated with a "return'.



D - Dump Memory Locations

(}Z}A { of fsat F~ ret

Cseamenc () (H e

The memory locations "segment:offset' to "segment:range' are displayed
on the GRT. Each offset value is displayed in the left margin before
16 bytes of memory contents. 1f omitted, "segment" is assumed zero.

If the range is omitted, only one memory location is displayed.

I - Display Input Port Data

(::>_____. port number ______<::>

The data on input port 'port number' is displayed on the CRT.

0 - Write Data to OQutput Port

<:::>———— port number <:Z:> ‘ data “‘"—<:::)

Data is output to the specified output port.
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C - Copy a Block of Memory to a New Location

offset 2{ret

Sezment 3+ )

The block of memory specified by "segment:offset" to "segment:range:
is copied beginning at "segment2:offsetl'". Omission of either '"seg-

ment" or "'segment2" defaults them to zero.
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2L%-36 OMPILER

13

YISION HORITOR

865607
T Q—— . ,
EXTEANAL USAGE DECLARATIONSG
{ CRTSITRINGSOUT: PROCEDUREFTR) EXTERNAL)
2 DECLARE"PTR POINTERS
N Exb CRTSITRINGSQUT)
{ SRTIA EROCETURE BYTE CXTZRYAL)
2 0 RTIN
{ CRROREMESSADE: FROCEIURE FERROPRUNGERY SYTRERMALS
: DECLARE ERRORNGABSR NTES
2 THD ZRRORSHESSAOES
{ SHON$RYTE: PROCEDURE (BITSPATTERN) EXTERNAL)
2 BSCLARE BITSPATTERY RYTES
2 IND SHINSRYTES *
i THARSREADY: PROCEDURE RYTE E(TERMALS
2 M) CHARSRSHDY
! CRTSBYIESQUT: PROCEDURE (CHAR) EXTERMALS
N DECLARE CHAR BYTE:
2 £ND CRTSRYTEZSOUTY

{ HONITOR: FROCEDURE °UBLICH

LATATION STRUCTURE (OFFSET wORD, ZZGHEWT AORDY.
MEMSAT FOINTER AT (ALGCATIONY/

LONTENTS BASED MENSPIR B17E,

TND BYTE:

AIGHUIRIT ORD,

HOMCHNR () BYTE DATA VFMIQUEC"
MONSIINONCE) 3YTE DATA -OTH,QDH JAN,'
AONFROMFT OO SYTE DATA WGUS/D8H, . 22N},

TRLF I8 SVTE DATA CODHODARQTH)Y 4

-- Y

/% 3e€ sacE 3.1
/% QPERATORS MANUAL rom cdpraT OF
/% POINTER sacues,

fABE

+

oF L4 36 COMPILER ¢/

x/
¥/

$8C 36717 JISION MONITER')J3H,

140
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*L/M-36 CONPILER JISION SINITOR P PAE 3
§ EJECT
/%
- GET WOR3 -
) i s

- nruts ASETT cuamacTeRs From vee CRT uwrru ONE_OF THE -
- JELIMITESS IS EMCOUNTERED, THE HEX BIT PATTERNS OF THE -
- LAST FOUR CHARACTERS INPUT ARE PACKED INTO THE -
= RETURMED MRS, -

............ e %/

» GETEMORD: PROCEDURE CDELIMITERY, DELIMITERT) WORD:

13 TECLARE -
HEX(#) BYTE DATA (701234367394BCDEF")
«CC HORD, CHAR 3YTE,
(DELIHITERL,9ELIMITERD) BYTE

n3 ACC=0)

303 DO RKILE ((CHAR:=CRTIN)O)JELIMITERL) AND (CHARODELIMITERD);

Mo CHAR=LON (F TNDB (BHEX CHAR 161

3 IF CHAR=OFFH THEW CALL ZPRORSVESSROE(D) )

7o ELSE 905

%S AED=SHLLACE 142

WS ACC=ACE 0 CAMR

WS END

oA END;

03 RETURN ALCS

M3 3 END GETHNORDS
O
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FL/R-36 COMPILER VISIEN HONITOR ' CAGE 4
1/./\
$ EJECT
/¢

- GET AJdRRESS -

- InsuTS AN ABDRESS VITH AN OPTIONAL SEGHENT From tee CRT, -
= ANY LOCATION IN THE | HEGABYTE RANGE MAY §E ACCESSED. THE -
= SEGMENT, IF INCLUDE), IS FOLLOWER 3Y /!7. ALS0, 4 qanGE -
= OF up TO 54K (JFFFFH) MAY FOLLOW THE OFFSET 3EFARATER Y -

= A comrA 1F THE HIGHSLIMITSREQUEST ramramerer 15 TRUE. -
e e m s o ee s e e e e m e e o mman Y,
L GETEADDRESS: PROCERYRE (MIGHSLIRITBREQUESD) ;
33 BECLARE
RITSIN BYTT. CHAR 37T,
HEC(x) BYTE JATA(?0123450789ABCEF "),
KIGHSLINITSREQUEST SYIES
B 3 LOCATION, SECHENT =} /¥ DeFauLT seement ¥/
RYE LOCATION. JFFEET= /% INITIALLZE OFFSET LV
8 3 0 RIS 1)
3?0 DO KHILE (BITSIN:=LON(FINDR(SHEL, (CHAR:=CRTIND » 18) V) CLOF NS /¥ Input ASCIT CHARACTERS FROW ¢/
L LOCATION. OFFSET=34L LOCATION, OFFSET, 4/ : /t CRT 10 HEX foAmAT M OFFSE™ ¥/
T LOCATION, JFF3ET=LICATION, SFFSET 4R BITSING S NOR ¥/
£ 3 en’
3 IF (CHAR=":"Y ThEN 00; .
5 9 LOCATION, SEGHENT=LOCATION, DFFOET)
¥ 95 LOCA{IGN.0FFSET=GET$KORB(’u’;' 'y
7 5 IF HIGHSLIMITSREQUEST THEN HISALIMIT=GETSWORDOIH,’ )}
9% RETURN;
90 3 D
fL3E
44 IF (CHAR='7) THEN M
S IF 4IGHSLIRITEREQUEST THEN HIGHLINIT=GETSNORD(GIH.! ")
5 5 RETURN?
58 3 £Nl
18
37 4 IF (CHAR=9D4) IR (CHAR=' ') THEN DO}
9 5 HIGHLIHIT=LOCATIGN. OFFSET)
8 3 CETURYT .
S - R
£L3e
3204 CALL ERO0R4KESSAGE(DY;

5 i

$4a2 3 END JETSADDRESS:



FL/%-36 COMPILER YISIGN “ONITOR

83

48

(=)

B e NN LN S N O O NN e e b e e e e GG

4

$ EJECT

[ e e e

- JyyP -

- QuTPuTs COMTENTS OF ®ENOAY POINTED TO 8Y THE VOA3S -
= LOCATION.OFFSET any LOCATION, SEGMENT, Twe aamce of -
= LOCATIONS 15 0BTAINED rRom 7HE ‘GETADDRESS’ rsoce- -
- URE. HEX PATTERKS ARE OUTPUYs 16 TO A LINE AND -
= LMW 3E SUSPEXDEY oY «EvInG CHIRL '87) mEsuses wimw -
- CNTRL "0 axp TERMINATED oy enteatms CNTRL (/. -

LuMP: FROCSDURES

DECLARE
COUNTER AYTE,
CHAR 3YTE;

CALL GETSARDRESS(OFFH) 7
CALL CRT4STRINGSQUT(RCRLFYS
50 RHILE HIGHLIMITY=LOCATION, OFFSETs
CALL SROWBYTE (HIGH{(LICATION.OFFSET)Y; JE JUTPUT LEFT mAAGINY ¥/
CALL ZHONBYTEALOR{LOCATION.QFFSET)) /¥ LABELS X/
CALL CRTSBYTEEQUTC ")
COUNTER=0/
IF CHARSREADY THEM
M i
IF (CRAR:=CRTIN} =13H) THEN /v Cagex ron (NIRL 'S0
B0 NHILE CHARCMULRG A NRLY
IF CHARSREADY THEM /% ONTAL 0 «
IF (CCHAR:=CRTIN) =03H) THEN RETURN:

/¥ D8TALN JUTPUT AAWGE ¥/

END}
£NDi
DO NHILE (COUMTER(=1D) AND (HIGHLIMITY=LOCATION,JFFSET)!
GALL CRISBYTESQUTC "33
COUNTER=COUNTER L}
CALL SHOMBYTE(CONTENTS) )
LOCATION. DFFSET=LACATION, OFFSET » 1)
END;
CALL CRTSSTRINGSOUT(RCRLF: S
thD:

END DUMFi

"
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FL H-54 COMPILER JISION HONITOR FAGE 8

$ EJECT

/% cmemcmem—.—— -

- o flLl -

- FILLS THE MEMORY RANGE D8 TAINED FROM THE PRO- -
- cesuRe TOETADDRESS wiIve ANy SIT PATTESN DPYT -
= AFTER THE ADIRESS FOLLOWE) 8Y A SPACE, -

-- — ammnne %
o2 FILL: PROCEIVRE}
LRSI DECLARE

FILLSRATA RYTE,
FILLPROMPT (#) BYTE DATACS -/5Q3H);

33 CAtL GETSADDRESS(OFFHIJ

85 3 CALL CRTSSTRINGSQUT(SFILLORONPT) 3

98 3 FILLSDATA=LOR(GETSRORB(ODH, 7,/ )3

7 3 B0 WRILE HIGHLIMIT)=LOCATION,OFFEET!

98 4 CONTENTS=F ILLSDATAI

99 4 LOCATION, OFFSET=LICATION. OFFSET + &)
0wy 4 END;

13 END FILL)



PL/N-86 SOMPILER

108

149

i
it
12

-

(Y]

Rrd Gt &l

~

VISION XONITOR

$ £JECT

/; —— -— ———

~

. INPUT FIRT -

= INPUTS THE /ALUE OF AM INPUT PORT AN2 2ISPLAYS [T ON -
- e CRT. .

......................................................... -—

INPUTSPORT: PROCEIURE;

BECLARE
PORTHUR wORD,
BLANK(®) RYTE JATACY -',03H))

PORTHUR=BETSRORD (! )71
CALL CRTSSTRINDSQUT BBLANA)
CALL SHONBYTE(INPUT/LOMPORTNUMY!

END INFUTEPORTS

- gFT2dT PORT -

QUTPUTSPCRT: PROCEDURE;

JECLARE
PORTNUA wORD,
T BLAMMGE) BYTE DATAC -7 03HYS

PORTHUM=OETSOMOSI" /7 1))
CALL CRTSSTRINGHQUT ZRLANN 7
QUTPUTCLONSPORTIUM ) =L INCGETERORT (0DHs 2+ 200 4

INB CUTPUTSPRTS

AGE

1

4
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AR

143
118

ry

Red €t

YISTON HONITCR

$ 5T

/% e vmmeean

- JUKP

- TRAMSFERS TONTROL TO SPECIFIED LOCATION ,
1

st s —————————————

»

JuMp: PROCEDURES

DECLARE (C5,IF) ~GRD;
DECLARE EXECUTESCODE(Y) BYTE DATA

{448y /¢ INC 3P &/
44K, /8 NG 57 v/
4Ry /4 IR SP oY
K, 8 INC S w

0CBH) § /¥ RET W/
DECLARE EXECUTESCODESPTR POINTER DATA (REXECUTELLINEY )

TALL GETSABDRESSAYS
CS=LOCATION. SESHENTS
IP=LOCATION. JFFSETS

CALL EXECUTESCODESPIRICS,IPY

END ke

&/

FAGE

146

3
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123

24

134
13
133
134
135

136

(3] ot Cod €3

()

- e

3

JISION MOMITOR 2AGE

§ EEDY

4]

- capy -

- f{orteEs 4 BLOCK OF MEMORY SEGINNING AT THE GIVEN NEW MEMORY LOCA- -
- TION, FORMAT 15: (SEG:OFF/RANGE-HENSEG I HEWOFF -

€0PY: PROCZOURE;

DECLARE
LOCATION? STRUCTUREOFFSET NORD, SESHENT wORD).
HERPTRZ POINTER AT (ELOCATIOND),
CONTENTS2 BASED MENPTRZ BYTE)
HIGHLINIT? NORDi

CALL GET$ADDRESS (OFFH) j

LOCATIOND, CFFSET=LOCATION, OFFSET:
LOCATIONZ, SEGHENT=LOCATION. SEGHENTS
HIGHLIRITI=KIGHLINIT/

/% HIGH LIMIT REQUESY &/

CALL CRTSBYTESQUTI-7Y)
CALL GETSADDRESS(D) 4 /% Ng HIGH LINLT AEQUEST o/

30 NRILE 4ICHUINIT2)=LOUATICND.OFFSET)
CONTENTS=CONTENTSZ)
LOCATION, JFFSET=_0CATION, OFFSET+ L
LOCATIONZ, OFFSET=LOCATIOND, OFFSET+L)
END;

EMD COPYF

147
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137
138
137

{40
{41
142
14
tia
146
W
143
W
159
151
{52
153
134

155
158

Y

(%) () (=3

T VIRV, R AT IV R T T I o ]

-

VISION MONITOR

§ EECT
/§ mmmem - - -

: SYUFITITYTE :

: DISPLAYS SPECIFIED MEMORY CONTENTS AND ALLOMS NEW CONTENTS :

- 10 5€ ENTERED. -

e e e e e e oo Ly
SUNSTITUTE: PROCEDURE

DECLARE CHAR BYTE)

TALL GETERLIRESS(OY; JE ND RIGW LIMIT SEQUEST ¥/

B0 WHILE 1)
CALL SHONSRYTE(CONTENTD)
IF (CHAR:=CRTIM}='»' QR CHAR=" ' THEN
ha;
IF CHAR=' ' THEN 107
CALL CRTSBYTESQUT*-7Yi
CONTENTS=LON(BETRERDS ¢ 7 "¢ 1))
END
CALL CRTSSTRINGEOUT(STRLEY S
LOCATION. OFFSET=LOCATION, OFFSET + L)
CALL SHONSBY R (HIGH LICATIONFFSET))
CALL SHONSBYTE(LIN(LOCATION, OFFSETY) S
CALL CRTSBYTERQUTC 1)
3]
£Lse
RETUSHI
END;

END SLISTITUTES

2AGE

1§

1

4

8
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158
159
1ad
st
182
183
Lo4

143
L4
167
148
169
179
1951
172
i

174
173
{73
177

DISPATLA o/

'% Do FomEVER ¥/

CALL CRYSSTRINGIQUT (BHONPRONFT) ;

CHND=LON CFINDR (BNONCHND CRTIN,8)) ¢
IF CHND=OFFH THEN
CALL SRROREMESSAGE (0)1

EL3E

D0 CASE C¥ND

END

CALL
CALL

FILLY
i

RETURN:

CALL
CALL
CHLL
{ALL
CALL

36 COMPILER YISION OMITOR

$ EJECT
/3 CONNAND

2 TALL CRTSSTRINGSOUT(RMONSIGNOM ;

2 CuD=0)

? 20 WHILE 4

3

3

3

3

3

Y

[

4

4

&

4

4

§

4

3 o

2 XD HONITORS

! END SRC3412SHONITOR;

HODULE TNFORMATION:
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