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ABSTRACT

N

4 . Al
The thesis concerns binary vision for non-contact inspection

.

.and robotics applications in flexible manufacturing. Two-dimensional

- . A\
silhouettes of three-dimensional cbjects are procegsed to measure a

r

number of features inciuding area, perimeter, g¢ircularity, maximum

radius, moments, and number of holes. This information is then used

to identify and locate randomly positioned objects to provide visual

feedback for part acquisition by an industrial robot or inspection.

4

tasks that might include checking‘dimensional tolerances, verification

of hole placement, and the like. -

Silhouettes are encoded in the system as a linked list of
"vertex poipts” representing chang%ﬁ of direction on the contour. An
-"
algorithm and data structures for extraction of vertex points from a

raster—-scanned binary image have been developed. The method operates
sequentially and no restrictions are imposed on the number or topology
of silhouettes in each frame. Several existing consjﬂ; Eggcing

algorithms are reviewed; the new aigorithm is shown to offer

- - .

considerable improvement in execution timg at the expense of a small
increase. in memory. It is also- demonstrated. that vertex point
approx%mations use significantly fewer points than run—length segment

representations.

(1i1) ~,



NP

System implementation is based on a 232 x 240 CID camera, an
8086/8087 single-board microcomputer, and two custom-built boards.
T architecture features a multiple bus configuration designed for

hiigh speed, parallel operation of dedicated modules: grey-level

histogram generation and -binary image acquisition are at video-ratés.

" The complete software is in EPROM, and includes fe;td%e extraction for

recognition and location-of silhduettes encoded aé\vertex point lists,
TR P
a‘data base for prototype objects and a comprehensive command set.

The software also inclydes communication with a PUMA 600 rtobot

via a serial interface as well as extensions to its VAL language; in

vthié way the robot accesses visual information under program control.

An exafple is given of parts sorting using rhe extended instruction

set.

. : ) ! e
The results of a large number ,of statistical measurements are

used to establish overall system performance.
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CHAPTER 1

INTRODUCTION

Manufacturing industriés, contending with demands for
isf;eased productivity and the escalating costs of human resources,
are turning'tolautomation to remain competitive. The last decade of
evolution in microelectroni;; technology and the more recent economic
difficulties have led to a tre&d towards flexibie automation systems

.
“in which- robotics promises to play an important role. ' Widespread
activity in this area has showﬁ that the capabilities of industrial
robots can.be greatly énhanced with the development of robot sensory
systems, and with vision in particular. Mach;ne visioﬁ also:finds'
application 1in a wide range of inspection’ tasks; recent examples
include hot steel slabs f1.1], surface defects in wood [1.2] and

or

instrument gauges [1.3].

Humanlv;sual abllities are impressive in terms of resolution
and speed as well as in the perception of depth, colour and complex
scenes. However, machine wvision tailored to very specific
appligations can outperform human vision:in highly quantitative and
repetitive tasks. Costs and accuracy have improved markedly with the

availability of inexpensive, powerful microcomputer equipment and

solid state imager devices.

w7



Systems which procéss full grey-scaled images have the
capability of ‘handling complex scenes under unpredictable 'light;ng
~conditions, but have difficulties in meeting the speed requirements of
a production environment., Of note 1s the research carried out at the
University of Rhode Island ([1.4] [i.S] in plecking overlapping work-—
pieces from a bin, and that'of General Motors Research.Laboratorieé
"[1.6) [1.7] in detecting overlapping parts on a cluttered background.

If the brightness of each pixel is restricted to one of two
values corresponding to black or @hite, images are reduced to sil-
houettes and a .considerable saving in storage and processing times can
be achieved. The range of iméges which can then be analyzed is
obviously restricted, but the techniques for processing silhouette
(binary) images are generally well-established, faster, and use far
less memory than comparable resolution gre;—scaled pletures [l.8],
[1.9]. Of course, some image forms are inherently binary including
those of .handwriting, printed text, printed circuit traces and
englineering drawings. l

Early work including that at SRI Internationmal [1.10] has
spawned a lérge number of binary image processing systems both
commercially and at research institutions [l.11]. Measq;ements are
made of the silhouettes of‘ randomly positioned workpleces to
chéracterize their shape and to determine their position and
oriegtation within the image. These typically include area, per-
imeter, number of holes, moments ;f inertia and the like. This

information can then be used for analyses such as| shape identifi-

cation, checking dimensional tolerances. and verifying hole placement.



. . _ - ¢ N
Frequently, location and orientation are used to-guide a manipulator

for part acquisition,. |
a\\\\ ’ Binary image processing methods are also used in the measure-

meirt and location of shape in grey-scaled images which have undergone
segmentation. The process -éf segmenting a grey-scaled (or colour)
image involves 1isolating the contours of Aﬁggions of interest from
%éckground information; resulting in binary representations _[1.12].'
An example is described by Birk, Kelley and Martins {i.13} in which
the binary images of the surfaces of workpleces are detected in a
grey—scaled image of a bin of overlapping workpieces;

(3

An important application of binary systems is in~ the proces—
sing of images formed by the projection of points, 1iné; or g;ids onto
three-dimensional objects. Shaﬁe descriptions can be inferred from
the binary images of the light patterns, distorted bx the curvature of
the object: A well known example of this tg;hnique is thé CONSIGHT-I

. system developed at General Motors Research Laboratories [1.14]. A
line of light is 6}ojected from an angle across a conveyorlbelt carry;
ing workpieces and a linear array c;ﬁera is positioned perpendicular
to the belt so as to view the'line'ffigure l.1 (a)]. When objects
intersect‘the line, they block a portion of ghe light before it

reflects on the belt surface and the camera can easily detect the

presence of the part as shown in figure 1.} (b).

A more recent example is the Real-Time Photogrammetry System
(RPS) developed at the-Nafional Research Council of Canada and
described in [1.15]. 1In this system, the relative positions of the

silhouettes of targets projected on a surface are used to determine
~5
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Figure 1.1 General Motors CONSIGHT-I Lighting Arrangement.
'(repréduced from [1.14])

its x,y,z and yaw,'pitch drd roll coordinates in a three—dimensional

space, as shown Iin figure 1.2.

These few examples have been selected to illusgrate the

versatility of binary vision. Many systems and techniques have been

described: see for example, references [l.11}, {[1.16], [1.17].
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Figure 1.2 Real-Time Photogrammetry System.

This thesis is vision that is

devoted to 2-D ,binary

particularly sulted to non-contact inspection and robotics

applications and to its liﬁzing with an industrial robot. Two-
dimensional projections of three- dimensional objects (silhouettes) are
used to characterize workpieces by measuring a number of features
lncluding position, orientation, area, perimeter,‘cirgularify, maximum

radius and number of holes. An identical set of features are measured

]
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for each‘hole. In inspection applications these measurements may be
used for rapid cheékizbn component preéence or absence, workpiece
alignment, dimensioﬁal tolerances, hole placement, and the like. For
robot guidance they provide visual feedback for workpiece acquisition
and for automated assembly. The primary requirements are processing
speed, cosl,‘ aﬁd .flexibiX1§y. Industry imposes two additional
requirements of a vision system: one is that the system should leave
the working.afea uncluttered, while the other concérn is that of the
user interface since thg operator will -invariably not be expert in
computer vision.

Within this context, contributipns have been made. in the

[

following areas:

.

1. Vertex Point Extraction Algorithm '

A diétinguishing feature of our system is the use of  the "ver-
tex point” encoding scheme for repéesenting the contours of regions in
a binary image. An efficient algorithm and data.structureé for the
sequential extraction of vertex points from a raster scan have been
developed. The new method generates polygonal approximations to the
contours of silhouettes and associated holes in time independent of
region complexity:‘any‘number éf objecté may exist in the frame and
;each may contain any number of!holes.' Objects can be intertwined or
be situated within the ﬁoles of larger objects and.this may occur to
any depth. Arithmetic operations are restricted to comparisqns,
additions and subtractions, and with the use of dynamic &ata
scru;tures this technique is well suited to—-hiéb speed implement-—

ations.
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2: Implementation

A" full hardware/software implementation of the vision system

has been completed using state-of-the—art technology and software

development tools. The objectives have been the following:

(a) To subject the new vertex point extraction
- algorithm and data structur to comprehensive
tests using a wide range of realistic™test objects.,

These have established ° the reliability and

- robustness of the new process.
\ o \
— . (b) To obtain measures of the error characteristics of '
\*\ . - a complete vision system based on the vertex poin?f

technique. A variety of- statistical tests have
‘established the accuracy 1in rdiscriminatioﬁ _and ok
position measurement £6r a number of -obﬁécts of
varying size agd‘shape. ' ' | -
(e) ~To link the visibn system with an industrial robot.
A software package was devéloped ;hich nllowed-for! %
. P
the .incorporation of the vision system iIn the
control of a-PUMA 600 robot. Through a sefial“
interface, the VAL language has been extended to
JAnclude high levél coﬁmands- for inte;actioni with-
;- _ the vision. Extensive tests confirm that tﬁe
vision system meéets the accuféby’requirements for

.

reliable part acquisition.



(d) To establisy the hardware and software requirements

—

for an ecohomical, stand-alone vision system

including substantial consideration of the wuser

-

interface. This has. been achieved with three

6"x12" Multibus boards which include all of the

processing and wmemory requirements. Software

-
*

includes a data base for object\prototypes,.a
dynamic data structure for efficient representatibn

"of frame contents and feature extraction from ,

' ~—

\\ -contours encoded with vertex points.

3. System Architecture

A unique multiplé bus sfructure has been deﬁelbped which
supports par;llel,operation~of dedicated modules to per{Prm video—rage
functions inbludingvhistogqém generation, biﬁary image aéquisition and
the qpllection of grey-scaled images.‘ The architecture also accomo-

dates programmable thresholding for converting grey~scaied %mages ‘to

binary and programmable sglection of background colour. A notable
fe;tu}e_ of this design is its flekibility, allowing for adaitional
hardware to be‘inSertéd with'ﬁinimalﬁsystem'reconfigufatibn.

The apparatus is conﬁigured as shown in figure 1.3..'A solid
state TV camera produces images of objects placed randémly on a Eack-
lie tablé which has been positioned within the working envelope of tﬁe

PUMA robot. The vision systgﬁ, based on the 8086/8087 microprocessor,

X
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determines the idenctity, 1océtion and orientation of the sil@es
of eécﬁ obj‘ect in view. Thié 'iﬁformation is then. made available via
.the geri;l link to the robot contrloll'er which directs the arm to\mové‘
and orierllt‘ its gripper to, pick up the desired objects. The'.system
learns prototype objects in’a ;'teach;by*showing" session with: t1\1e user

issuing Ebmman*ds through the CRT terminall A compléte spetification

of the system is given in Appendix A,

\ 1

y )/w\ @TV camera

| ‘Puma serial | Vision

+

,Controlle\r ] link System |

SR DEEE 7,
T

hal
i

Figure 1.3 Configuration of Robot and Vision System. -
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Chapter 2 of the thesis constitutes a brief description of the
well-known teéhniques for 2-D binary vision. ‘Contour encoding methods
are Introduced as well as calculations used for feature extraction.
Metho®s for silhouette recognition and the determination of location
and angular orientation .are also discussed. Chapter 3 begins wiﬁh a
brief overview of contour connectivity ‘and chain codiﬁg as an
introduction to boundary extraction algorithms. Those which are not
suit;d to high speed implementation are discarded, leaving a selection
of three sequential techniques{ all of which are described in detail.
49%0 of these, in turn, ére found to require excessive post-processing

leaving the method of Aggrawala and Kulkarni. The new algorithm and

data structures are then described in detail and compared with those

of Aggrawala and Kulkarni in terms “of number of edge point

r

comparisons, memory requirements, ~Object Array and Active List

Structures, and representation of frame contents.

/

Implementation details are contained in Chapter 4. The system
: ' -
architecture is described, followed by functional descriptions of .the

binary pixef packer, the histogram. generator, the threshold unit and

the system status register. Software descriptions include that of the

\

major data structures, data base design and the command set. The

chapter concludes with a discussion of the robot/vision interface
. -

package, an outline of the robot/vision coordinate calibration

procedugye, and an example of parts sorting b‘ the robot utilizing
L

-

visual feedback.

~

A set of objects designed to test the connectivity capability

of the system is presented in Chapter- 5 together with examples of

a

p



thei¥ processing. The efficiency of the boundary encoding scheme is

examined, as are the effects of resolution. Performance of the system

is evaluated from the point of view of execution kime and accuracy in
discrimination and in the determination of location\}@? orientation of

vertex point-encoded contours. | Chapter 6 contains conclusions and

comments and concludes with suggestions for further research.
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CHAPTER 2

TECHNIQUES FOR 2-D STLHOUETTE VISION

. »

The operation of current machine vision is functionally analo-
P
gous to-that of the human vision process. In terms of a silhouette

vision system, five principal areas have been identified by Gonzalez

[2.1]:

1) Image Sensing - Visual information exists as a two-
dimensional continuous function and must be spatially
sampled and quantized to facilitate processing by a
digital computer. This is typlcally achieved by an

, Iintegrated array of photosensitive elements arranged as

a matrix of 128x128 or 256x256 pixels with eight bits of

- grey-scale and scanning at a frame rate of 30 Hz.

(11) Segmentation - Grey-scaled images are easily segmented
, . into silhouette; if the scene illumination provides high
contrast between background and objects. The histogram

of such an ar;angement is bimodal as shown in figure 2.1

and a threshold value between black and white is readily

selected between the two peaks. Thresholds can be

12
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(iii)

manually set or determined automatically with a variety
of algorirhms [2.2]). Each pixel 1in the image 1is
assigned a 1 or O depending on its grey-scalé magnitude.
Storage rvtequirements for binary images can be greatly

reduced with the use of run-length encoding or vertex

points.
o
:’ 3
fre&uency
A
4
= .
o l
= i
= H
“ i
.
N
] .
! ;
]
|
]
.I
i
1
]
1
1
I
i |
[ﬂ l
A
i;? [
i
|
by ]
i t
L3
‘; - prevy-scale
black(1) «—{— . uhite(0)
1

i

Figure 2.1 Histogram of High Contrast Scene.

Description - Silhouettes are characterized by measur-
ing several features: area, periméter, number of holes
and others are typical. 1In addition, the number of

separate objects in a frame and object/hole containment

relationships must be detected and represented in an

appropriate data structure.’

13
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i
(iv) Recognition - The identity of silhouettes is deter-
mined by comparing their feature$ with those of-a data
base of prototype, or model objects.
(v) Interpretation - The Interpretation of the contents of

a binary iﬁage i1s very much dependent on application.
In a robot control application, for example, the re-—
quired information may be the identity, ioc§tion and
orientation of objects in the image. ‘In an inspection
task on the other hand, information about the presence
(or absence) of -components, their relative ‘posifions,

and dimensional tqlerances may be desired.

From the large canvass of the literature concerned with these
areas, a small number of specific basic techniques have been selected
for review, primarily in order to establish terminology used in this.

. ) .

work. The references which have been cited also serve as an intro-

duction to the extensive publications in this subject.

.

The techniques of run-length encoding are widely used in the

2.1 Bun-length Encoding

¥

processing and transmission of images to achieve data compression
[i.3]. The method {is mo:; effective for pictures combosed of large
regions‘ of constant {or .nearly constant) grey~level, During the
raster scan, the lengths.or coordinates of runs of uniform grey-level

for each line can be specified.



Binary images are particularly well suited to run-length
encoding and are used in virtually all commercially available binary
vision systems. Run-length encoding yields the fx—coordinagps of
transition points between silhouette and background in each scan line.
of the frame. The original binary image is thus approximated line-by-
line as pairs bf transition points as illustrated-in figure 2.2. For
lines in which no portion of an object appears, no points need be
stored (yi_l and Yi+8 in figure 2.2 a). For any line which intersects

the object, the' x-coordinates of each transition are recorded. For

the example in figure 2.2, the run—length codes are:

line - transitions
7 S R
Yi4] . ¥30 %y
Y142 ¥5r Xgr X710 g
7143 ®90 X100 X110 12
Yi+4 *13» *14 X150 X16
"Ds\ X170 X180 X190 X0

® . )
Yi+6 ™ *210 ¥22°
Y147 . | %230 *24

Transitions in the binary:vid?o are readily detected at video

Ay

rates using standard digital hardware. A simplified design is shown
in figure 2.3. Two counters provide the m-bit y-coordinate {line
L

number)’ and ‘the n-bit x-coordinate of each run-length code. The

vertical synchronizing pulse (VSYNC) clears the y-counter which
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Yi-1
’ O AR IR T LARR ¥
, Vi N
7 Yi+2
7 ///// Yi+3
W /////7/5— Yi+4
Y1 7 Yi+5
DL el Vit6
N0 vieq
277557 Vive i

(a) raster scan of original binary image '

Xy X7 )
Xa 14 )
X X
5 xg x ——— "8
9 x10  x)—— N2
X3 X4 x5 — x5
X7 x18 X19 20
x21 X292
x23 x24

(b) secgments approximation

Figure 2.2 Run-Length Encoding of a Binary Image.

1
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HSYNC —— = om:

.. ) Y - counter =y
VSYNC — | clear

ERC —@-| count
X -counter D X
3% clecar ‘ a
— i
. & s ] : .
e T e /‘ Binary Video
' store .\'R :

U e

— ,. L

i

Figure 2.3 Simplified Run-Length Code Extractor

incrgments at each new line indicated by the horizontal synchronizing
pulse (HSYNC). HSYNC is also used to clear the x-counter which is
incremented by the element rate‘ clock (ERC) pulse indicat%ng the
occurrence of a new ;ixel on the line. 'For each line therefore, the
y-coordinate of the run-length codes 1is available from the y—counter

: -
and the left (XL) and right (XR) x—coordinates are read from the x-

counter at the indicated transitions of the binary video.

1+
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2.2 Vertex Points

y A pair of successive transition points oﬁ the~;ame.line define
a segment and the (x,y) coordinates of these points will be referred
to as edge points. A left e&ge point has thé lessé{ x~coordinate.of
the pair; a right edge point has the greater. For ex;ﬁple, in Figure
2.2 {(b) valid segments are designated as {xl,le, [x3,x41, [xs,xﬁl,
[x6,x7}, [xy,xs], etc. The corresponding edge points for segment
[xl’XZ] are (xl,yi) and (XZ’yi)' For segment [x3,x4], they are (x3,
yi+1) and (xb’yi+l) and so on. An object region is a sét of connected
segments which are of 6pposite 'colour' from the background. Hole
regﬁons are a set of connected égéments of the same colour as tbé
background but entirely surrounded by‘an object region. Segments are
considered to be connected if they occur’ on consecutive lipnes and
there is an overlap in the intervals which they span on the x-axis.
'.Whenever any portion of an object reglon appears jn the current scan
liqg of the raster, that objeét region i;.said go be an ;ctive object.
Ar the first occurrence of a line which contain; no part of an object
which has previously £een active, that object is said to be a complete
object.

The contour of the object region of our example 1s defined by
the ordered list of edge ﬁoinCS (xl,yi), (x3, yi+l)’ e (xz,yi).
Similarly the contour of the hole region is (x7,yi+2), SR ZFC P I
(y6,yi+2). These points 'can bhe regarded as the vertices of a poly-

gonal approximation to a region and obvioyély any collinear points can

be eliminated from rhe edge point list %ithout loss of shape infdr-

mation. The remaining set of points havd been designated as vertex
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points and are shown in figure 2.4. The number of vertex points to
rebresent a contour is alﬁé@? less than or equal to the numbe f edge
points needed. {9 practice, ﬁowever, the number of Gertex point &&j ’
often considerably‘leSS than the pumber of edge points.It is
Iconvenient to represent vertex pbints in a linked list of (x,y)

coordinates as shown. This structure will be referfed to as the

vertex_list. Vertgx‘.points are listed according ta the following

1Y

[ v

!

standards:
— Object region vertices are linked counterclockwise and one vertex
. point is specified as a starting point. This point is that of
maximum y-coordinate with corresponding * left-most x-coordinate.

(VII in figure 2.4)

=~ Hole region vertices are linked clockwise. The starting point for
4 hole vertex list is that point of maximum 'y—éoordinate with

corresponding right-most x-coordinate. (Vlz‘in figure 2.4)

The process of constructing a vertex list Ffor each object
regioﬁ and any associated hole region\in a frame is a form of

connectivity analysis [2.4] [2.5]. ’ o }

2.3  Contour Navigation RV,
Object and hole regions are characterized by measuring a
number of properties of each contour. This 'feature' set is used to

obtain the following information:

=



a. Vertex Points :

b. Data Structure :

1

b,

o
v N

Va3

20

Figure 2.4 Vertex Point Representation of a Region.

(a) vertex points, (b) data structure



(i) identification:

(ii) position:

21
the identity of each silhouette is deter-
mined by comparing its feature set to those
of progotype objecté which have previously
been stored in a data base.

;-]
the (x,y) coordinates and rangular orien-
tation (with respect to the camera co-

ordinate axes) are measured for  each

contour. _ ' s
.-

Features are calculated for each object and hole contour by

'visiting' each point in the vertex list and are classified according

to the time at which they can be determined:

(1) first navigation:

(it} second navigation:

(i1i) post-navigation:

features which are fﬁund by accumulating
qﬁantities which depend only.on the co-
ordinates of each vertex point.

‘
features which are found by accumulating
quantities which depend on the éoordin—
afes of each vertex point and‘on features

found on a first navigation.

features which are derived from those

found on a first or second navigation.

(Eif\
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. points. Consider the contour of figure 3.5 where (x

. 22

. ‘ ..' | y:
The choice of feature set is highly dependent on the c¢lass’ of-
silhouettes which are to be encountered. Table 2.1 summarizes a
number of popular fegtures Put is not exhaustive. The features which

have been implemented are readily supplemented: or changed as the

application warrants. ,
-~ -
Given the contour consisting of the set-of vertex points

[(xi,yi), i =.1,N], tﬁe.following first navigation calculations have

been implemented:

Area - the area enclosed by a contour is given by:

[

1/2 ( )1

i ooz

% i) = Y40

i=1

where subscripts are reduced modulo N. For counter-

]

clockwise traversal, the area will be pﬁsitive. -
Perimeter - ‘the periméter of the contour is-given by:
igl g - % +‘,(;i -y, 0 1_
Centroid -~ the coordin;?ks of the ;enter of area of a conEo;r

(XC,YC) are evaluated by viewing the contour as a set of
connected links with endpoints at consecutive vertex
i-1’
¥y-1) and (xi,yi) are any two consecutive vertex points

separated by a distance Lie

.
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Figure 2.5 Centroid Determination. -

The moment about the x-axis is given by the product of the
abscissa of the centroid and the total length of the contour. This:

. . quantity is equal to the sum of the moments about the x-axis of  each

link with centroid coordinates (fi,fi) and length Ei (2.6]. That is,
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3}
X, + x y y
X, = 1. %“l\ and Y, = 1 -1
i — i
25 2
k,/ .
‘and the:distances L, are given by -
7

B ] 2 ~ 2
’"1_“]("1 Xia1? T Oy my)

A
. The summation zzi is the perimeter as defined previously.
r ‘ .
On the second navigation, we dbtain:
Maximum. -  the maximum of the set of radii defined by the contour
radius ' ' .
centroid (Xc’Yc) and each.of its vertex points (xi,yi):
0
I

s MAX (x -X')z*‘(}f“f)zj
g i c i c

' i=1,N

\

In addition, theF 'eircularity' (P2A) of a contour 1is also
W
~ . -
calculated after the first navigation:

P2A = (Perimetér)zl(hn x Area)
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lUsed for Used for When
Feature Object Contours Hole Contours Obtained
jrea X X ' 1
Perimeter X _ X 1
Circularity {(P2A) . X i P
Number of hblés X | P
s ,

Total hole area X P
Total 'hole area/Area X P
Maximum radigs from centrpid ty X; 2
Minimum radius from centroid X X 2
Average radius from centroid .k X 2
Standard deviation of radius X X 2
Width of Bounding Bﬁx - X X 1
Height of Bounding Box X X |
Pésition of hole within object X X P

Ju
]

Firse navigation

[}
I

Second navigation

o
il

Post-navigation

Table 2.1

Some Silhouette Features

'
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2.4 Object Recognition .

Given a data base of prototype objects, the objective is to
decide which prototype feature set is the best match to an unknown

object. Two popular methods are described by Agin [2.7] and outlined

here:

~

(a) Nearest Neighbour - With a set of }H' features, the prototypes

‘can be viewed as points in an M-dimensional space. The distance from

the unknown silhouette to each prototype is calculated as the sum of
E=4

the squares of the differences of each measured feature. Ideatifica—

tion is established as the prototype for which this distance is
minimum. Figure 2.6 (a) fllustrates an example‘for two featurés and
prototypes of a circle, square and triangle. The distance from an
unknown object (anothér triangle) is calculéted to each progotype and

the minimum is found to be for that of the triangle prototype.

(k) Binary Decision Tree - Recognition of unknown-bgéects based on
a decision tree is illustrated in figure 2.6 (b). From;the feature
set, one is selected which divides the known prototypes into two
distinct classifications {number of cornets in this case). Eacé of
these is similarly divided by other features until each prototype
appears as a leaf in the tree. To identify an unknown object, tests
are made on the seiected features sequentiélly, until a leaf is

encountered.
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(a)

TRIANGLE I

(b)
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. featur?al-
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measure PIA,
number of corners

of unknown object

number
of corners = 4
k4

o

ves

SQUARE

' CIRCLE

a simple binary decision tree

Figure 2.6 (Classification Strategies.
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The nearest neighbour method provides accurate discrimination
but has the disadvantage of requiring a large number of calculations.
Classification withAa binary decision tree is fast but it is often
difficult to choose‘ the appropriate features for constrﬁcting the
tree. In our vision system, object identification is 'based on a
simple feature by feature comparison of unknown objects with proto-
types. If each feature of the unknown silhouette is equal to the
corresponding feature of a proi?type objecF, then identification is
established. The tolerance with which each feature can differ from
that of the prototype and still be considered equal is set by the user

v

in the tolerance vector. The tolerance vector contains corresponding

\

elements to the feature vector and are specified as percentages.

The feature vector currently in use consists of:

Area " - the area enclosed By the object contour
. ' .
Perimeter = the perimeter of the object contour
P2Aa - (Perimeter)%!(&w x Area) !
Max_rad = the maximum of the set of radii from the

centroid of the object to each of its

vertex points

No holes - the number of holes contained in the
object (the tolerance for this feature is
not specified as a percentage, but as an

absolute integer value)

The advantage of this technique is that the r »hﬁ;/;;;;:j‘.

tance of each feature can be adjusted for a particuf)ar application by
setting its tolerance value. If the area of a orkpiece is required

-

—
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to be within a certain range of the prototype for example, then its
tolerance can be éét to detect that range. Features which are of
- lictle imporgance can be effectively ignored by choosing large tol-
erance values. In practice, the size of an object within th; frame
- and its position will introduce errors in feature measurement, typ-
ically of the order of J to 10.percent. Some examples are given in
section 5.5. To eliminate a feature from the recognition process, its
tolerance would be set so that the corresponding feature for every

-

object in the data base will be considered equal.

2.5 Location and Orientation

The location of objects or holes within a field of view are
reported as the coordinates Xé,Yc (in mm) of the centroid of the
_contour (figure 2.7). Centroid locations for any holesgmay be used

for measuring the location of the hole(s) within the object. -

The orientation of a silhouette 1is currently specified as the

S - .
camera frame within the range -180° to +180° (see figure 2%7). This

?
Is one of several wmethods available for determining angular

angle which the maximum radius vector makes with the‘x—atrs of the

orientation but is not necessarily uniqué for some objects. An'
exampl; is'shown in figure ?fgrin which the orientation of a rectangle
cannot be discerned with the ﬁaximum r;dius vector. In general, the
method is appropriate for objects with a unlque maximum radius vector
or those that have greater than two axes of symmetry (circles,

squares, the 1soceles triangle and regular pentagons, hexagons, etc.)}

-



For objects which contain identifiable holes, orlentation can
be determined from the location of the holes as shown in figure 2.9,
The orientation is specified as the angle og the vector between two
hole centroi@s (figure 2.9 a) or between the object centroid and a
hole centroid (figure 2.9 b). The method fails if an object contains

multiple holes from which one or two cannot be uniquely identified.

e

o /ﬁfxc ad :
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1
1
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)/C. ........................................
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Figure 2.7 Object Location and Orientation.



-Figure 2.8 Example of Object for which Orientation

Cannot be Determfnedﬂjrom Maximum Radius.

Figure 2.9 Determining Orientation (8) by Hole Location.

-

31



32

A popular technique for establishing orientation is by way of

the second. moment. The orientation is estimated by the angle (8) of

the principal axes:

where Mxx’ Myy are the second moments about the centroid (Xc’Yc) given

by
N 2 N 2
M = I (xi—x), M = I -Y)
xx i=1 ¢ Yy i=1
N
and Mxy = iil (Xi - Xc)(Yi - Yc) ~1s the product of inertia.
¥
For objects in which the quantities Mxx, Myy = 0 (for example,

a square), the equation for 8 becomes indeterminate. This condition

should be checked before the division is carried out. An example of

this method is shown in figure 2.10.

Further deécripfions of techniques for determining.orientation

can Ee found in [2.8] [2.9}.
,% . . -
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Figure 2.10 Determining Orientatiom by Angle of Principal Axes.
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CHAPTER 3

BOUNDARY EXTRACTION ALGORITHMS

-

Binary image processing is largely concerned with the measure-
ment of shape, location and orientatioﬁ Qf connected regions in a
given scene. Although a number of features used to determine these
quantities can be extracted from exémination of the entire region
(e.g. area counts, moment accumulation), this information can be
calculated from knowledge of theirrboundaries alone. The objective
has been to design an algorithm which would be suitable for video-rate
processing (boundary extraction during the horizontal retraces of a
single frame scan) so that boundary point data is available
immédigtely at the conclusion of the scan. Such a procedure would
greatly enhance the visual processing task in high-speed inspection or
robot guidance‘applications.
A suitable algorithm must be sequential in operation, that is,
the segments are processed 1in§—by—lfne as they appear from the rasfer
to avold the large storage requirements of a complete .frame.

Furthermore, the processing spéed for any segment should not depend on

a J
the shape or number of contours previous to that segment so that a

p
maximum execution time can be determined. With this requirement, the

minimum number of segments per line for which processing is guaranteed

before the occurence of the next line can be specified. IE’is also

34
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»

desirable to eliminate collinear points on the boundary to minimize

storage and subsequent analysis time and to maintain the containment ]
relationships of holes to objects.

This chapter begins with a brief “introduction to the
connectivity characteristics and chain code representation of binary
regions.. An elementary contour tracing procedure is presented to
illustrate the drawbacks of such techniques followed by an outline of
several border tracing strategies which are shown to be inappropriate -
for high speed implementation. In section 3.1, three sequéntiél /
border extraction methods are'réviewed; the first two methodé-utilize
chain codes and require ,additional procedures gto compleée the
‘processing ar the conclusion of the frame and are théreforé not

suitable. An jimproved algorithm iéldescribed n section 3.2;and this

is compared in terms of ex?cution efficiency and memory requirements

to the third method (of section 3.1) in section 3.3.
v
A border point Pi i in a binary image is readily detected by
‘ _.n P .
checking to find if any of its neighbours are different in value from

1

| that of Pi,j' Neighbours may be considered in the‘B-conne?ted or 4-
connected sense as illustrated in figure 3.1. If all eight neighbours
of a Mixel Pi,j in a rectangular array are con;idefed adjacent to
Pi,j’ then the region is said to be 8-connected. If_only the four

horizontal and vertical neighbours of P are taken, then the region

1,3
is considered to be 4-connecte The distinction becomes important
when the proximity of two regioﬁs Eall withid a single pixel.width.

For example,.in figure 3.2 (a) one or two regions are detected

‘depending on the selection of the connectivitf/;ense; in the 8-
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connected sense cell P is adjacent to Q whereas in a 4-connected sense
it is not. 1In figure 3.2 (b), the hole region would merge with the
background in 8-connectedness by virtue of the adjacency: of cells R
and 5 but is qzolated if 4-comnectivity is assumed. A popular

strategy is to consider object regions to be B8-connected and hole

regions as

-4—connected. This would result in figure 3.2 (b) being
' A)
interprgted as an object containing a single hole. he cénnectivity

of "dfgital pictures has been formally treated by Rosenfé {3.1].

', ] 3 >
1,01 Piion] Pienion Piie1

.
P ro [* i LU g

L ikl SR IR SIS I I R S | i

P, . . P, . LU
i=1,j+} i,j+1 1+1,j+1 L\ i,j+!

Figure 3.1‘ The Neighbours of Pixel Pi 5

r

‘(a) 8-connected, (b) 4—connected
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Figure 3.2 Connectivity of Regions.

(a) object, (b) hole
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A complete border representation must retain unot only the
Cartesian coordinates of each border point, but‘the sequence of points
which will yield a clockwise or counterclockwise traversal ;f each
region. A widely known method is that of chain coding as intreduced
by Freeman [3.2]. The chain code of a contour consists of the co-
ordinates of a start point fellowed by a series of directéd links
indicating the position of each boundary point relative to the pre-
vipus boundary point (figure 3.3 (a)). The process is illustrated in
figure 3.3 (b) (¢) for an 8-connected contogp. An 8-element chain

-
code can be extracted by tracing a contour by way of the simple

procedure described in [3-3];

5

1&;

scan the image until & pixel within the region is found

(\\“;thishié taken as the start point);

tracg: procedure; -

~
epeat yntil the start . -point is reencountered;-

-

if this pixel is in the region then turn left;
else turn right;

move forward one pixel; -
end;
end;

/‘\‘

-

An example of the path traced by thi? method is shown in'figdre 3.4,
For the example shown, the initial trace first intersgcts the re?“%l
at pixel p. Since p is in the region, we turn left and step to q.
Pixi}/q ié outéide the regi;n, so we turn right and step to r. Thg

prbcédure is repeatedi resulting in visiting pixels Py 9, T, s, t, u,

v, W, t, X, ete. It is evident that many more pixels are visited than

-

T
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(¢) 8-direction chain code Bf the above boundary.

~

. Figure 3.3 Freeman Chain Code.
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Figure 3.4 Simplistic Contour Tracing.
f.

A
are actually on the border and in_several instance§, border points are
examined twice (pixéi t, for ’?3ample). Assuming that we wish to
follow akl of the borders in a given image, we might systematically
scan the picture executing the trace précedure each time a border
point .is encountered. However, to avoid retraéingmthe same contour
several times, border points must be marked during éhe initial trace.
The trace ﬁrocedure‘is tﬁen subsequently invoked qplf for unmarked
borders. Additional labels must be -applied 1f it is required to
distinguish betweén object and hole contours. Althoggh these prﬁblems
have been considered in more sophisticated versions of this schame
such as those described b&zPavlidis [3.4] and Dbudani [3.5], the
approach clegrly suffers fro; a_ number of Inefficiencies.

The literature includes numerous examples of béundary
extraction algorithms. An approach de;gtibed by Sobel [3.6] makes use

- . ¥
of a neighbourhood encoding technique. The method utilizes a hardware
Y

-
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tapped shift register . for assembling the eight neighbours of each
pixel into a single byte  during the raster scan. The raster scan
sequence is illustrated in figure 3.5 (a)_with the neighboufhood nh(i)
of pixel i-N-l. The serial bit stream s{i) from the raster is fed to
a shift register of length 2N+3 bits as shown in figure 3.5 (b). At
the occurrence of each clock pulse (1), the eight neighbours of pixel
Ci=N-1 aFelread in parallel and stored in bit positions.béltﬁ b7‘gf a
single byte as indicated. There is a delay of N pixels before the
firse neighboﬁrhood is available and the toﬁ and bottom rows.and left-
and right-most columns of pixels are not encoded since these pésitions
do not have a complete neighbourhood. The 8-bit quantities stored for
each pixel then rep;esent the values of the eight neighbours of eaéh
pixel in the original.image. An example of the encoder oufput is
showﬁ in figure 3.5 (c) for a 7x7 section of an image.:.The advan;age
of the technique is Eﬁe capability of accessing all eight neighbours;
of an& pixel in a single operation. Using simple table look-up
procedures‘with the encoded pixels, successive points on the bounda:?
are quickly identified. A fast c;ntour follower 1is described which
generates an 8>direction chain code boundary representation.

P The methods that have been outlined thus Ffar have the
disadvantage that they require storage of a full frame of data to
permit access to ‘points in the image in an arbitrary fashion (the
neighbourhood “encoding procedure requires the equivalent of eight
frames of binary 1image Qatai. An algorithm presented by Pavlidis
[3:7] does not require. stbrage of an entire image; however'an
intermed{ate data structure. known as the line adjacenéy graph (LAQ)

must be constructed from which contour points are then determined.
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Contour Following.
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(c) example encoder output (hexadecimal) for 7x7

section of image.
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As SQOWQ'in figure 3.6 (b) nodes arec édtered into the
Structure corresponding to segments of the binary image. Node 1 for
example, represents ‘;égment [a,b] (of figure 3.6(3)) and this is
divided into two nodes (2 and 3) representing segments [c,d] and [e,f]
which are known to overlaﬁ with segment ta,b]. Similarly, when a
segment joins two segments from the previous 1line (segment [k,1]
connects segments [g,h] and [1,j] for example), the corresponding
entries in the LAG are connected (nodes 9, 10 to node 12 in the
example), The exégrior boundary of a region is then traced from the
exterior nodes of the LAG (nodes 1, 2, 4, 6, 9, 12, 14, 12, 10, 13,

11, 8, 5, and 3) and hole boundaries are determined frem nodes on

interior loops. For this example these are nodes 4, 6, 9, 12, 10 and

7 for the left hole and nodes 1, 2, 4, 7, 10, 13, 11, 8, 5, and 3 for

the right hole.

A similar drawback exists in the extfaction of boundary
desc:iptions by way of quadtree representations of binary imgge§ as
described by Dyer, Rosenfeld and Samet [3.8]. The quadtree structure
is demonstrated in figﬁre 3.7. The original binary image is divided
into four quadrants of equal area, designated as north—we;t (NW),

.north-east (NE), south-west (SW) and south-east (SE). Each of these

quadrant% are similarly divided until the smallest quadrant consists

of four individual pixels. These divisions are stored in the -

structure of figure 3.7 (b). The central ndde_(CN) Tepresenting. the

entire image, contains pointers to nodes representing the four sub—

quadrants. Each of these 1is further divided as long as the

corresponding quadrant is not of uniform color. When a quadrant is
. i
-

4
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Figure 3.6 Line Adjacency Graph Representation.

(a) segments, (b) LAG.
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Figure 3.7 Quadtree Representation.

(a) original birary image divided into quadrants,

(b) quadtree.
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homogeneoué in color, a leaf is entered in the tree. For this
example, the SW quadrant comprises four sub-quadrants, all of which
are uniform. Three whicé'legves a&d one black leaf .are then appended
to this node. The NE gquadrant on the other hand, coptains three

regions of uniform color {two white, one black) but the fourth region

(M) must be Further divided. Given a complefe quadtree structure, an
algorithm is then described for tracing the region boundary by

traversing the tree. Obviously neither this method nor that based on

the LAG would be suitable for high speed implementations.

3.1 Sequential Techniques

A great deal of storage and processing time can be saved if
border extraction 1s carried out sequeﬁtially. Border representations .
are better constructed from row-by-row presentation of the }mage {as
in a raster scan), obviating 'thé need for large frame buffers or
convérs?ons to intermediate data structures.. The only 1image storage
requirements should be that for two consegutive lines of segment data.

For example, the algorithm of Grant and Reid [3.9] processes run-
length segments in raster sequente however, additional storage s

.

requirhd to access segments on earlier lines in a non-sequential

‘ " .
order. In this section we review in detail thtee metheds which may be

classified as sequential in operation. ! @
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Hethod‘l

A method described by Rgsenfeld and Kak [3.10] sequentially
con‘verts run—length segments into &4-connected éhain codes for each
boundary in a binary image. .The algérithrﬁ results in a counter-
clockwise representation of object contours and élockwise for hole

borders. 1[ts operation is illustrated by way of the example of figure

3.8.
line # . .
- al/ A A Aol A 4 /472 ¢ |
2 SN AY YNV kA X/
(a) 4 _ ml, f///gﬁi/ ‘A n : oV Apal/ Ar
4 st/Y/ VAt ~
5
line # ‘
1 122223, 12223, y 1223 ' ,

2 10122223223, 101223221222303, 12223
(b) 3 10000101223221222303222101222232230003, 1122233, 103

. :

5

10000101223221222303222101222232230003000000, 111222333, 1032
R 7 .
10000101223221222303?\22101222232230003000000, 111222333000, 1032 |

> S
/o

T PG

.(c) - .o
: . T start—w”j:]. ‘ T

“start - ; ~

N
/ " start - %
V “- l

Figﬁre 3.8 Sequential Boundary-Extraction: Method 'l.
(a) original input image, (b) 4-direction chain code at each line*,-

(c) paths traced. . -
;o -
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For clarity, “the segments have been labelled [a,b] ... [s,t} in their

raster order and the new elements of the strings added at each line

are underlined. The procedure is outlined below:

(1)

(2)

For each segment on the first line, a string of the form 12...23
is created with the number of 2's equal to the length of the
segment. The beginning of the string represents the right end

of the corresponding segment; the end of the string represeats

the left.

When a segment on a new line oégrlaps w;th'a single segment on
the previous line, additions to the string are made #s follows.
If the. ségment on the new line extends to the left of the
segment on the previéus line (eg. [g;h] and [é:b] of the
example), then append a string of the form 2l..23 EO ghe end
with the number of 2's equal to the length of overlap (a-g).
This can be seen in the first string of line #Zlfh figure 3.8
(b). 1If the left edges were perfectiy aligned (a=g) then a
single 3 would be added. A string of the form 0...03 is added
at the end if the segmeqt.on'the previous line exéends to the
left of cthat on the.new line. Similarly, a string of the form
k2...é is inserted at-the beginning if the new segment extends
to the right of chat on the previous line and a single 1 1f the
right edges ére perfectly aligned (eg. [q%r] with‘[k,l])-
Finally, a string of the form 10...0 is added 1f the segment on
the previous line extends.to the.right of the segment on the new

J
line. .

“»



(3)

(%)

(5)
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’

When more than one segment on Ehe new line overlaps with a
single segment on the previous line, a new string of the form
10...03 1is created for each suécessivs pair of new segments.
For example in figure 3.8 (a) segments [o,p] and [q,r] overlap
with [k,1]. The ;ewgstring 103 1is formed with a number of
iero's equal to (q-p) and represents the.fop of a potential hole

contour.

When a segment on the new line overlaps.withx%ii?& an one
segment of the prévious line, the éorresponding str -gijmust be
merged. For example, in line #3 of figure 3.8((5) we find.
segment [m,n] overlapping segments [g,h] and [1i,j]. Thé end of

-

the étring representing [1i,j] ES‘connecte%;to the beginning of
athe s;;ing representing [g,h] with a string on the form 2...2.
The number of connecting 2's is given by (i-h+l). The merged
string is then extended as in (2) above.

If a segment on the previous line is.not overlapped by any
segment of the new line, afstring of the form 0...0 i1s added to

the .end of its string to close the contour. In our example this

occurs at line 4 for segment [m,n] and at line 5 for segment

{s,t]. ' , .

At the completion of the scan, each region contour is repre-

sented in a closed string of 4-connected chain codes. The starting

point for contour traversel will be the lowest right extremity for

4
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object boundaries and the lowest left extremity for hole boundaries,
taking the first element of each string at its beginning. The paths
e

traced by this procedure are shown in figure 3.8 (c).

Method 2

A strategy for constructing a chain code boundary deséription

from a raster scan device has been proposed by Cederberg [3.11]. 1In
this met od; boundaries are represented by a number of coordinate
pairs (maxpoints) from each of which originate two chains (R-chains)
as shown in figure 3.9 (b). Each R-chain comprises elements of the 4-
/

direction chain code of figure 3.9 (a), Since the‘raster scan moves

L

.from left o right and top te bottom, only four links are required to
represent an 8-conni$ted contour. A min-point is defined at th§
termination of two, R—chains. L ;

A max-point is detected by examination of the 3x3 neighbour-

hood of each pixef (a hardware encoder for assembling the eight

“k\ \:eighbours of each piégl is described and is similar to the design of

figure 3.5 (a)). Max-points ofcur for each of the neighbourhoods

shown below (0 = background pikel, | = g%ject pixel, x = don't care):

t 2 3 4 5 6
/

000 000 000 000 000 - 000

Oll 010 011 010 010 Ol1

lxx 1xl Oix 110 011 001



-
49
7 8 9 1 11 12
000 . 000 000 000 XXX XXX
010 010 010 011 xl1 xlx
100 010 001 000 100 - 101

(a)

(b) ' > R-chaia -«

O = max-point

‘4} | X = min-point

\

\ - . ¥ '
“ 7 .
Figure 3.9 Sedquential Bou‘ndaﬁ—ﬁxt:étion: Method 2.
(a) gster scaﬁ'é'rlain- code directions,
-

{b) objedt boun a-rxr_gnéoded with max-points and R-chains.

TN

N
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The neighbourhoods for detection of min-points are obtained by

the same set of templates, rotated by 180°. A second set of
neighbourhood templates define the R-chain reléments to be assigned to

each border pixel:

3 15 17 19

00x 10x Olx x01 .

11x xlx Olx xlx ‘
< XXX XXX XXX XXX

14 16 18 20

XXX lxx x10 xxl

11x Dix x10 x10 .

00x XXX XXX~ Xxx ~

link O link 1 link 2 link 3

The algorithm is demonstrated by way of the example in figure
3.10.  As the_input image is scanned in the raster, the appropriate
neighbourhood patterns are recognized for each pixel; templates 1. to
12 will detect the max- and min-points as marked in figure 3.10 (a)
and templates 13 to 20 ihﬁicd@e the chain direction/fggzzzé border
R 5

pixel. Chain elements are appended tq the R-chains in the sa

sequence for each row of the image. Each time a match is found in the

border folloding templates (13 to 2Q)4//:;;} link ‘is added rto the
e - ‘

"

current R—gaaln, the next link is added to the succeeding R~chain, and

»
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(c)
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) 1

A

1% . O-= max-poin£

11 o X = min-point

1ok

9 o] [x

8t ’ 0

; .

1. X TN

6 ¢

st R

4T :

31 _ O X

AV *

11, — e ey AN :

' 5 10 . 15 20 -

v : - ‘ “
Max-point (x,v) Left R-Chain Right R~Chain

(8,11) ° 33 001101100
(4,9) - 2211010011 00
(18,8) 3 0012322
(13,3) .- 3 6000000

|
001101100_3 0012322 0000000 3 1100101122 00 33

007707700100765664444444533443433220011

b

Figure 3.10 Raster Scan Chain®ode Examplef‘Mecbod 2.

(a) input image with max— and min-points indicated,
\\\ (b) R—Chains for each max-point,
(c) complete R-Chain for the contour,

(d) conversion to 8-direction chain code.
- - .

-

/ i B
L]



SO on. As max-points are found, two new R-chains are inserted in the

.-

N : list of R-chains; when min-points are detected, the two connecting R-

line # . iist of R-Chains | [max~point coordinates]

. (left R~chain) (right R-chain)

(8,11] (4,91~ (18,8) [13,3]
11 () (00) ' ' X
. 0 G oy )
P (33) (00110) () ‘(ooq . | .
SR M (001101 @ ( )(p% al

‘ ) .:“ 7 ‘ (001101‘1005 (22) - (37 (001) \’ | .
‘ 6 ” (21 (0012) - |

5 (00123) . y,

4 | o (22110@0) (001232) 5 .

3 (221101001) - (0012322)7 () (0000000)

2 ' (2211010011) °

The resulting R-chains for each.max-point are listed in figure

3.10 (b). To represent the cohtqur ‘as a continuodgr'ciockwise or .

—

: -~
cougterclockwise traversal, the end points og each' R—chain must be |,
o ' . ~ . ) . ,ﬂ\a
connected. This is achievel when a min-point is found. For our .
- . r.

_ ——’ '
example, a min-point is detected on line 9 at the end of the left -R-.

= . chain of max-point {8,11) and at the end of the right R—chaig of max-

. . ’
point (4,9).- ‘These two R-chains are then knowd to be connected.

-
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Similar connections Yoccur on lines 7, 3 and 2. The complete contour

-

can be followed by reading one of the R~chajins for the first max—point

coordinate until it points to the end of the connecting R-chain which
~ >

is then read in reverse order. This procedure is continued until the

initial coordinate is found.  The resulting contour traversal for our

d*ample is given_ in Figure 3.10 (c). R-chain representations are

feadily converted to Freeman 8-direction chain codes by substituting:

-

~ J’

7 for 1, 6 for 2 and 5 for 3 in forward-read R-chains
4 Eor 0, 3 for 1, and 1 for 3 in reverse-read R-chains.
Aﬂmﬁk : -

The Freeman code for our example/is given figure 3.10 (d).

3

Object/hole relations ips are ordered in a hierarchy as shown
+ e

. VA ‘ ¢
in figure 3.11, This 1 contains a large object (A) with two holes

o]

(B,C). A third obje (D) is situated in hole C and a fourth object
%

(E) is outside of A. The interpretation of the contents of the image

is changed at each Max~point and ambiguities are resolved at min-

points during the raster scan. For example, new objects are detected

at max-points a and b and found to merge at min-point c. Max-points d

and e indicate the start of potential holes in A, but this is not

-

confirmed until min-points h and i are encountered.
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Imagce
A E
B C
D
bl
Q = max-point
X = min-point
1 - ] n
+

Figure 3.1} Interpretation of Image Contents: Method 2,\'

Method 3 :"N({

A sequential trackipé algorithm is described by Agrawala and
Kulkarni [3.12]; Although the technique has been generalizéﬂ to deal
with multicolour imagbs in [3.13], we d;scribe here ghe method as
appiied only to binary images.

The Agrawala and Kulkgrni proceduge processes_the e&ge'point
data (run—-length codes) ag they are sequentially generated during the
raster scan. The edge poigts from two successive lines are stored‘and
overlapping segments are’ detected to establish the connections

required to generate the boundaries for each distinct reglon (objeét

or hole) in the image.
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The algorithm utilizes two data structures as shown in figure
~ Ln .
3.12. The edge point data from the few line (K) and the old line

(K-1) are stored in two rqws of the Scan Line Array. For each edge

boint in the new line, an object number OLL(K), OR1(K}, OL2(K), OR2(K)
«e. OLn{K), ORn(K) is assigned to the corresponding elemernt Iin the
structure asnthe boundary to which each point belongs is determined.
A second structure,. the object array, contains “the follpwing fields
for each object number:

\

~ "‘\ A

type - this field indicates the type of boundary,

eith@¥ objecdt or-holefg

parent - for hole boundaries, this field 'indicates

the object in which the hole exists.

. | o

status - at any point in the frame, the current

' ST \
statius of ?‘éadh ,bouneﬁar@is labelled as™\

. 0 ,
. ' ‘

tontinuing (con), Terged, ozf;£E£T£nated
(term). .A merged boundary is one which has
‘r -
been found to be connected to another object

or hole.

- Additional fields (feature !, feature 2 .+.+) are added as

. ' s
needed to keep track of a variety of features during scanning. These
may include area, peniméter and,the like. Since these do not enter

into the boundary extraction process, we do not consider them further.

~

oV
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.

K-l OLD |Edge Point | XLI(K-1)]XRL(K-1)] XL2(K-1){XR2(K-1)| -
LINE -[Object No. [ OLE(K-1) ORL(K-1)] OL2(K-}){OR2(K-1)| Scad Line

< . Array
K NEW |Edpge Point | XLI{K) | XRI(K) | XL2{K) | XR2(K)
LINE |Object No. OL1(K) OR1(K) OL2(K) 0R2(K)
.4
S
Object # | Type | Parent | Starus \kbature 1| Feature 2 ...
. ‘ . , , .
A Y
B
c ¥ . . |. Object
5 ‘d' -
D Array
. -
T,
= N
/ 3y

Figure 3.12 Sequential gggndary'Extraction: Method 3.

v

Connections between the edge points of segments on successive
lines are determined from overlap conditions. The segments.are

considered as in f{gure 3.13.

———— L
'

Figure 3.13 Segment Overlap Determination: Method 3.
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The current segment on the qid line;is designated as- [b,c],
correngn&ing-to [XLn{K-1), XRa(K-1)] in the Scan Line Arra&. " The
right edge point of the pgéwﬁéﬁgﬁgegment is labelled "a” (XRn-1({K-1))
and the left edge ﬁB;int of the Eollowing segment is labelled “d"
(XLn+l1(K-1)). Simiiarlﬁ, ‘labels w, X, y, Z .are assigned to edge -
points on the new lire. The appropriate boundarfqionnectionslbétween

- .

the old and new lines are detected by comparing edge point coordinatés

according to the following conditions: ‘ o o
j —
(1) continuation of left boundary (connect b to x) £

(w<b) and (b<y) and (a<x) and (x<c)

(ii) continuation of right boundary (connect y to c) o

‘ P .
(x<c) and (c<z) and (b<y) and (y<d) ’ \::)
. ) 4 )
I - -
B / 29 *

When conditions (i) or ¢ii) are not true, it must be that a-

boundary on the old line has terminated or that additional boundaries

on th% new line have occurred. These are detected by:

(iii)  cretion of hole boundary {connect y to z)

Z<C

(iv) creation of object boundary (connect y to xJ

y<d

—J

(v) termination of hole boundary (connect d to ¢)

SO |

B



\ ) ~,
) s )

. f’(vi) termination of object boundary (connect-b to c)

"‘-«/ ‘ w  c<x

-

/

Creation or Eermination of either object or hole boundaries
¢ e i .
@  Tnecessitate a_horizontal.ﬁbqgection between éﬁge points as indicated

g

above. Whenever én objéct or hole is create its type'is stored in

Object' A?raxb along with a new object nutber and a status of

.

& ) .
uing'. For hole boundaries, the object number of its parent is’
ded. Terminating regions are marked by a 'terminating'
the object array. However, if the object numbers of the

to. . . . » .
points” being -connected in a termination are different, then a
' condition has been detected. 1In this situation, the ‘status of

one ‘boundary is set to 'merged' in the Objeét Array while\the other

remains as 'continuing'. A merged boundary need not be

idered in
o - - .
subsequent processing. Examples of the three casedx o? merge

conditions are given in figure 3.14. "
L] \ .

B

) a | b . cC
— .
fr~Lk‘ ' Figure 3.14 Three Cases of Merge: Method 3.
. (a) Bouﬁdaries A-ané\ﬁ\g:e/both objects,
. (b) Boundary B is merged and A continues,
: ¢ (c¢) Boundary A is merged and B continues. b~
>
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. To "demonstrate the operation of the algorithm, consider the

example shown éq figure 3.15 (taken® from 4(3.12)). The input image
consists of a single object . (body) /spanning lines 1’ through 9 and
cobns one hole which spans lines 3 to 5. The edge point

coordinates for each line are indicated on the diagram. To begin, the

Scan Line and Object Arrays are initialized as follows:

0 Edge Pt. 00 0 0 0 0 Object # Type Parent -Status

Object # O 0 0 0 0 0 v
1 Edge Pt. 1325 60 0 0 0 0] ] o 0

Object # 0O ¢ 0 0 0 O
i .

K 10 20 30
rol ' A I 1 L AL l —d I 1 A A 'y
N Bl

1

line #¢
~
Figure 3.15 Processing Example: Method 3.
7 : .
At the end of the first) l¥ne, the beginn_ing of the object is
detected and assigned object "A". The type is set.to "Body” and

status to "continuing":

+
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. B ST
. 3 T
0 Edge Pt. 0 0 0 070 0 Object # Type Parent Status
Object #» 0 0 0 0 O 0O
l Edge Pt. 1025 0 ¢ O O ’ A Body 0 Con
Object # A A 0 0O 0 Q
5 At the end of the second line, the left and right boundaries
are found to continue: s
1 Edge Pt. 10 25 0 0 0 O Object # Type  Parent Status
i Object # A A 0 00 O
2 Edge -Pt. 8 32 0 O 0 0 A Body 0 Con
Object # A A 0 0 0 O : )

~

On completion of line 3, the beginning of a potential hole
.4/boundary is detected. A new row is added to the Object Array and its

-
"parent' field is set to the enclosing object "A". The hole is

- assigned object "B™:
-
2 EdgePt. 8 32 0 0 0 O Object # Type Parent. Status
/q'z. - Object_# A A 0O 0 0O O .
- 3 Edge Pt. * 6 101235 Q0 0O A Body 0 Con
. Object # A B B A 0 O

B Hole A - Con

A second potential hole is found at the end of line 4 and is

. entered in the Object Array as object "C". Its parent is also "A":

3 Edge Pt. % 10 12 35 0 O Object # Type Parent Status
¥ Object- # & B B A 0 O )
4 Edge Pt. 5 9 11 14 18 36 A Body o Con
~ Object # A ,B B Cc c A 4 B . Hole A Con
4 » c Hole A * Con

| N y o
2 /\/)\

r



.The processing of line 5 does not result in the creation of

any new objects or holes and no update iE\:E;cessary on the Object

Array. The Scan Line Array appears as:

- 4 Edge Pc. 5 9 11 14 18 36
Object # A B B € ¢ A .
3 Edge Pt. S 8 10 12 19 36
Object # A B B C c A ~
jec gJ
\\\\\ At the end of line 6, hole "B" is completéd. Its status in

the Object Array is changed to "terminated":

2
5 -Edge Pt. S5 8 10 12 19 36 Object # Type Parvent Status
Object # A B B ¢ ¢ a &
6 Edge Pt. 611 19 36 0 _Q, A Body 0 Con
Object # A C Cc A 0 0 B Hole A Term
C Hole A Con

The second potential hole (C) is found not to be a hole at the
end of line 7. Tts status in the Object Array is now changed to
"merged”. A third potential hole "D also appears:

A

6 Edge Pt. - 6 Il 19 36

0 0  Object # Type Parent Status
Object # A C C A 0 O ‘ '
.7 Edge Pt. 19 25 2836 0 O A Body 0} Con
Object # A D. D A 0 O B Hole A - Term
c Hole A Merpged
D Hole A Con
Y : . .

LY

The processing of lines 8 and 9 are similar to fhe above

situations. No change takes place _in the Object Array_for line 8 and

in line 9,

?

potential hole "D" is changed to a status of.'merged'. No

“

1)
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a

segments are detecled at line 10, indicating the‘*fé:;:;;tion of

object "A". The resulting arrays are then:

9 Edge Pt. 19 24 0 0 0 0 Object # Type Parent Status
Object # A A 0 00 O :

10 Edge Pt. 0O 0 0 0 0 0 A Body 0 Term’

Object # ¢ 0 0 0 0 0O B Hole A Term

AN C Hole A Merged

D Hole A Merged

The contenﬁs-of the frame can be interpreted from the Object
Array by examination of the 'status' fields. At the end of scanning
the number of regions (objects plus holes) can be determined by
counting the number of objects which have terminated. Object types
are évailable from the ﬂtype{ field and object/hole relationships can
be ,read from the 'parent' field. The contours of object Eeg?ons are

linked counterclockwise and those of holes are connected in clockwise

-

sequence as shown in'figure 3.16.

Lo e N I N 7 T S TR N
N "

o,
'_i.L

' - ] )
(oo T | S 3

Figure 3.16 Boundary Points Extracted: Method 3.

¢

]
—
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3.2 - An lmproved Sequential Algorithm ——“t;Fﬁﬁq.
ay
2 \ In practice, binary images of workpieces in visual inspection

or manipulator guidance applications often consist of a large number

of objects each of which may contain many holes. Consider . for

. instance the inspection of the printed circuit traces of figure 3.17.

It

CR 3CR 2

4

V

Figure 3.17 Binary Image of Printed Circuit Bbard Traces.
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A largé number of the traces consist of long, straight sections on the
contou% énd embody seVer;l holes for component lead ipsertion.
_Dgfects may include broken or missing traces, inadvertant bridges
between traces, and non-existant or plugged holesn In addition,
compohent labels (5CR, 4CR ... in the example) are frequently applied
to the board and'these’ﬁhst be distinguished from actual ;races. in‘a
production environment‘ inspection speed ig very often of prime
importance. -1t is therefore desirable to select a contour extraction
algorithm which will encode the_boundaries as quickly as possible and
with the minimum number of points, Subsequent processing can be
greatly enhanced if there is a data structuré fBr represénting the -
type of each contour (bbject or hole} and the relation of each hole

v
to objects.

An extensive variety of procedures have Q'En established for
) P

-processing chain code representations as would be generated by Methods
i and 2 [3.14] {3.15]. However, ;EZin coded boundaries have the
d§§ﬁﬁﬁ§;tage of containing many redundang links for ;epresenting
straight sections of a contour. Thé encoding technique of Method 3
will use fewer boundary points for horizontally aligned traces; but

may contain collinear paints for regions in other orientations (see

fiﬁure 3. 16).

~In Method 1, no Zelationship-between objects and holes are
madétained during the "boundary extraction process., The type of
contour is determined only after a traversalrof eacﬁ chain; object

® poundaries are linked counterclockwise, and hole boundaries clockwise.

With Methed 2, objegc/hole relationships are retained from the max-

4

b o



., 65

‘ \ .
and min-peint information, but additional processing ?s required ﬁo
join pairs of R-chains to form closed gontours. - . ,

The algorithm of Method B,déZ: noL suffer from rhese draw-
backg. At the completion of a frame scan, object/hole relationships
are available by way of the 'parent' field in the Object Array
structure. Object cyntqurs are closed in thd\gounterclockwise sensé
and holé; contours clockwise, as each region Fterminat%F. A
disadvanta&e of pthis tecﬁnidue- is -that execut;on time is not
complétely independent of the number of regions in the ffame. The

problem arises in situations similar to ‘that shown in figure 3.18.

Previous to line j, traces A and B are treated as separatﬁlobjects,
¥4 f ’

each with a number of holes. When it'dLW@etermined that A and B are

in fact connected at line j, the “parent' field of each of the holes
: < . -

— : .
ip« B must be .changed to point to object A. qu\:}me required for

L3 .
processing 1§he j is therefore dependent on the numb £. holes in B:
] ) a

G{:;n a gixed maximum time to- perform boundary extrag;ion (say, during
Id » - ¢
the horizontal retrace of the raster), we must be able to specify the

nimum number -of éﬁe points Ffor which procegsing'is guaranteed. -
> . _.-‘ . .
The remalnder of this section,dé%dfibes an improved algorithm
~ :

and data structures for the sequential extraction of region boundaries

from aCraster scan. The problem of figure 3.18 is avoidéd by the use

of a dynamic’ﬁgzgjstructure for organizing object and hole boundaries.

at “iny line in the raster. Updates to ‘the structure are accomplished

by simply changing a fixed number of pointersf\—*eugx‘urs are encoded

as a. set 8f vertex points _arranged in coungerclockwise order for
. .

object borders and clockwise for holes (the storage ecgnomieéAachieved

with vertex point representations are demonstrated fn‘ChapterJS).

RO
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" Figure 3.18 Example of Objects for which Processing Time is Dependent -

bn thQNumber of Hbles.

L o -
= Edge point connections between segments on successive . raster

lines are determined with comparisons similar to those of Method . 3,

. N .
however .fewer calculations are required. An additional data structure

”

is described which offers an improved represené%})on of object/Hole
r
relationships. TSEre is no restriction on complexity: objects may

intertwine, intersect frame edges or aBbear_as 'iglands' within the

-

holes of larger objects and this may'occur to any depth. The high-

‘1e0ei'language'implementation of the algorithm occupies less than 2

k bytes of memory and is shown in Appendix B.

~ -

1
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3.2.1 Edge Point Connections
. The algorithm accepts as input-the set of segments which have
been detected for a single new line in the frame, having already
processed segments ffom the prdceeding line. The basic taik is then
to decide the conmnection to be made bet?éen edge points ‘for both
"lines. This can hbe achieved by considering the segments from the
previous line sequentially from left to right (as they occurred 1n the
raster) and those from the new line in the same order. We refer to
the segments shown in figure 3.19: for the previous line (yk 1) the
segment currently being considered is designated by its left-edge
point (a), its right-edge" point (b); and the left-edge point of
following segment (c). Similarly, the current segment, on the new line
(yk) is specified by the edge points d, e and f. éince all
connections for a, b, ¢, d, e and f are determined before advancing to
}

subsequent segments on each line, there is never any need to consider

the edge points of segments previous to [a,b] or [d,e]. 1If a segment

~
oL
lo
—_

¢ Figure 3.19 Current ﬁngments on Previous Line [a, b]

: x | \and New Linébﬁ@]- ¥

.,‘
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is the last on either line, then ¢ (or f) is set to a value which is

greater than the largest (right-most) coordinate in a line.

If the

previous line contains no segments, then a, b and ¢ are each set to

the maximum right value. For a line with 2" pixels, t#herefore, valid

edge polnts may occur from 0 to 27-2 .with the\value 2"™-1 reserved for

this case.

The appropriate connections for a, b, ¢, d, e and f are

decided as follows:

Condition

e < a

d?> b

neither of the above -

£f<¢b

‘u..@ . r\

-
‘o

Interpretation

segment [d,e} is the beginning of a new
object in the frame. Connect € to d.
segment {a,b] is the termination of an

existing object in the frame. Connect g

to b.
segment {d,e] 'overlaps with seghent
[fa,b]. Connect a to d.

segment [a,b} has split and f{e,f] could
be the beginning of a hole.
£f.

Connect e to

segment [d,el is merging with segment

la,b)] and the following segment, and
[b,c] could be the termination of a hole.

Cdnnect ¢ to b.

connect e*fg};j—

2.
o

-
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Connections are made by establishing the 1link field between

# - .
coordinidte points stored in the Verte[jl?s‘f data structure shown in

figure 3.20. The values of a, b and ¢ are obtained from the x field

- X "
and are accessed via corresponding pointers a_ptr, b _ptr, and ¢ ptr-

o

To connect a to b for Example, the 1ink field of the location where 4

is stored is set to the location where b is stored.

-

x y link

o

a_ptr (1 ax ay 5 - a is connected to b

~

2 ' vertex_list (a_ptr). link

= b_ptr

bptr —» 5 bx by,

-~

A

Figure 3.20 (V’értex_list D¥ca Structure.
BN

The line buffer structure is used to hold the edge points for

the line in the frame which‘is about ::o ,bg.,ana‘lysed (Eigure 3.21). It
consists of an !;ff.ﬁy whose maximum m&ired.numbei’ of elements is
equal to the number of pixels in a single line“)and a variable (yk) to
- .

-

or

L



-

—_———

. ’ )
hold the corresponding line number within the Frame. Since edge

_points always exist as pairs, j 1Is even

f

The segment currently being analysed is defined by the point-

ers d ptr and e ptr and has edge point coordinates (x,y) of:

Vs (line buffer(d_ptr), yk) and (line buffer{e ptr), yk)

The f__ptr pointer defines the le

following the current segment.

dptr ——» 2

e_ptr 3 3

fotr —5 4V

-1

-

o
ft edge point of the next. segment

Kl)'

o

X2

Yk

T b

. line number = k

Xj-1

X]

Figure 3.21 Line_buffer Structure. 5

"



{; 71

The highest level of the algorithm can now be written: -

. . .

Get vertex points: ‘procedure;i
- \

1

3 \d
Inlt;alize;

\

Do while there are still more lines in the frame;

Reset g, b,c to the beginning; of the segments of the
previous line; >

Read segments from new line;

Reser d, e, f to the beginning of the new segments;

- | val

.
Do while there are‘Ftill segments on previous line
or new line;

+
N

if "e< a then create_a new_object;
. - h]

' else -

if d> b then terminate_an object;

\ else P

begin;
»
. connect a to d;
. do while (£ < b) or (e > ¢) .
! L
if (£ < b) then split_an_object;
" - ‘ else merge_two_objects;
end; -
connect & to b;
advance to next segment on previous line;
. - . . :
L . . : s advance to next segment,on new line;
- _ . .
2 : . < -
= R end; LA |
end; ‘ '
# i
end; - Cﬁ\ v
end Get_vertex_pointyg;
. / . " .
t N\ - v
-



72

create_a new object:  procedure;

connect e to d;

update the active list;

advance to next segment on new line;
end;
terminate an object: procedure;

connect a to b;

update the actite list;

]

advance to next segment on previous line;

end; .
N\

split_an object: procedure;

connect & to f;

. o
. advance to next segment on new line;
update the active list; )
L
end;
‘ +
w

merge_ two_objects: procedure;

connect c to b;

update the active list;,

advance fo next segment on previous line;

’ ’
end; . : . '
. . Y
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3.2.2  Active Objects Data Structure

B,
The active list data structure, shown in figure 3.22, dynami--

cally represents the objects in the frame which are currently active

and the relationships among them. There are five link fields 1in each

node:

next

hole ptr

last_hole ptr

//;—7"J - forward, back

/

is the pointer to the next node’ in the active
list. The left to right order preserves the
order in which portions of objects™ appeared on

I}

the previous line.

.

points to the node representing the first hole
in the hole list of. an active object. --In hole

nodes, hole_ptr points to subsequent holés  in

the list. k
N

is used to point to the last hole node 'in the
hole list for an active object: It is used to

facilitate the merging of two hole lists.

are used to connect, nodes which are known to be

of the same oabject region. When a node 1is

.

split, its forward pointer is set to the new -
node created and the new node's back’ pointer is

. £ /
set to the original node.

The forward and back links form. a doubly~linked

"circular list ofnodes within the list defined

By the next links.-
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=

3

previous, current
object ptr oliject ptr

|

PN ‘\R.(‘a el

0 » A » B » C » D » E. » F =il
DUMMY ( [ { v
NODE | nil - A ) nil
nil nil :
nil nil G [-. % g il - nil

H nil

R . " . 4
r . buckr\ /\for\card
’/\ . b next
a| | : \

last hale ptr |
L )/‘--..,____

hote ptr
ail

Figure 3.22 Active_list Dara Structure.

.3

In addition to- the links, other fields are defined for each

node: -

. ]
“left, right are polnters into the vertex_list to the co-

ordinates of 'the-lef.t- anc}r right—edge points
of that portion of an active object which
occurred on the 'pfevic.aqg-‘% li‘m- When object
nodes are added to (th.e l'ist: of comp.le,te
objects, the Feft field is wused Aas the

. starting point for the cc‘ntour.



delta XL, deltaLXR . the change in the x-coordinate' of the left-
\ ‘ o and..right-edge point‘ between Ewo-heucCessive
lines ie retaieed ie these fields. When these
changes\are determined for the current line,
the& are compared to the previous. delta XL and
delta_XR, 1f either is identical, then a ¢éol-

linear point has been found and need not be

entered in the vertex list.

The polnters current_object ptr and brevious_object_ptr keep
track of the positioé\of the nodes in active_lisé_which represent the

current object and previous object respectively.

In the example shown (figure 3.22), there are six 1b3ects cur=

4 rently active (A,B,C, D i F). Three -holes. have been detected for

object C (G,H,I),and one hole in object D (J). Hole lists dre linked

" via the hole;étr field. Object A has been spllt resulting in object

B which in turn has been split to form object F. Similarly object D

has split, giving object E. Objects B and represent potential holes

in object A, as does object E within D. ﬁurthermore, objects C and D
are ibcated between objects B and F. ) - 47

The firef node_in cqé active_list 20) is a dummy eode which

allows eimplifiee insertion and deletion at the beginning of.the list.

The dummy node's next field is CSEETEEfed to point te the first active

oéject. . The pfocedures_ for manipulating the active_ list datézf;;'

3

structure are outf&ned in the next gection.

x R o NN

3
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3.2.3 Operations on the Active list

Inserting a node

This routine inserts a node in the active_list to the right of
&g

the node pointed to by "PIR". The parameter "new_object ptr' is a

pointer to the next available unused node in the cache.

- ' :
insert node_to_right: procedure (PTR);
' A
active list (new_object_ptr). next = active_ list (PTR). next;
active list (PTR). next = new_object_ptr;

initialize the new node fields;

end;

Deleting a node

This routine deletes a node from the active list. 'PTR'

~

points to the node whose ‘next’ field points to the node to be-

s '
deleted.

1 L

delete next_node: procedire (PTR); <

-active list (PTR). next = active_list (active 1isf>(PTR),
next). next;

¢

end; ’ ) 4

v ~ " . : - ﬁ

Concatenating two hole lists

-

This .routine joins a hole list defined by FIRST PTR, LAST_ PTR

to the hole list of the object node pointed to b& NODE_PTR.

| //)*“‘15;( v
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joiq_tQ;hole_list: procedure (NODE_PTR, FIRST_PTR, LAST_PTR);
active list (active_list (NODE_PTR). last hole).
hole ptr = FIRST_PTR;

active list (NODE_PTR). last_hole = LAST_PTR;
3
end;

)ﬂ"

Updating for Split

-

. - ‘
When an object region splits (f < b), a node is inserted into
the active_liét lmmediately to the right of the current node. Forward

and back ‘pointers are set (as shown in fi%ure 3.23) to indicate that

the/?hafnodes are known to be part of the same object regioﬁ. It'is

“unknown at this time if the split is the begiﬁnﬁng of a hole region or

not. «Until such time as this is_determined, the two nodes are. treated

o
as’ separate objects. )

— . r . r

. ' frt
* ~
ey

‘update_for split: procedure; ] Qﬁf 3 . ‘ gli f\\_/ .

)
insert_podé_té_:ight.(curren@;&bject_ptr);
Iset forwagd and-back pointers;
previous_pbject_pé} = cuf:entﬁpbject_ptr; .

current_object_ptr = act{yé_;ist (c&rrent_pbjéct_jtr). next;
end; | l |

/
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g
< : .
E A
previous carrent ’}
ohgect_ object_
ptr ptr (
previous  ecurrent ’ . :
= N -
L)
' previous ecurrent
‘
. -9
’ - N
¢ W \
a — b .
»
L4
r3 ‘-'“': ) ‘ . B ’
Figure 3.23 Split. )
(a) object splits, (b) active_list updates .
. ‘ \
!*’n 83 ‘ . 1 .
Updating for Merge i N :
A merge operation is alﬁays done ‘with the current object node

. v '
. and its immediate right-neighbour in’ the aiﬁ}nq:list. There are four
. [ 4 . '

. ]
cases to be considered for a merge and these are illustrated in figure

-

. , . .
3.24. - . .

&

-,



CASE 1

CASE 2

T

_ CASE 4

-

Figure 3.24

our Cases of Merge.

(a) sample objects,

(b) active.]ist before Merge,

(c) active list after Merge.

\

=)
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Case 1

(%]

Case

Case &4

update_ for merge: procedure;

end;

80

the right node was a distinct object region.

r

—

] .
the right node was a distinct object region with holes

(C,D,E). .

T“P .
the right nede was a result of a split from the left

node. JTherefore the right node represents a hole region’

contained in the left node.

the right node was a result of a split from the left

node, bt it also contains a hole list (C,D,E).

.

LY

if next node was split from current node (case 3 or case 4)

then join next node and its hole list to the hole list
. of the current node;

else if the next node has a hole list (case 2)

then joln- next node's hole list to hole list
of current node;

remove next node from forward/back linked chain;
set current node's right field to next node's right field;

delete_next_node (current object ptr);»



Updating for creation of an dbject nede

When an oquct is first encountered in the frame, a node in
the active_@ist is created. The condition for detecting the sl:gart of
a new object (e‘< a) implies that the new object lies to the left‘ of
the current object; that is, it is to.be inserted immediatlely to the
right of the nodé which is lmmediately to the left of the current
object. 1In this manner, the same routine can be utilized for right or

left insertion. Once the node is inserted, the pointer to the pre- -

vious object must be advanced (figure 3.25).

previous current_
object_ object_
ptr ptr

ool

a A N B VY [ c bt o

previous current

!

b -'-""'4A/\*B/§4E/-\4c/\1)

Figure 3.25 Creation.

(a) Active_list before creation,
(b) Active_list after creating a new node (E) and advancing

the previous object pointe%.
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updaté for create: procedure;
) ‘

Insert_node_to_right (previous_object_ptr); ‘

i previous_object_ptr = active list {previous_ object_ ptr).
¥ o

next; :

L]

end; N

Updating for termination of a node

The condition d > b indicates the termination of an active
node. In general, there. are two -cases to be considered:

B
Case 1 (figure 3.26 a%

Although a node has terminated, the object is still active..
This is &etected by chegking if the terminat%ng node has been

split or is the result of a sp;it; that is, by checking th%’
forward and back fields. If this is the case, ény hole lisk

must also be appended to a continuing node. !

-z | )
) N\
. ‘J‘v)
Case 2 (figure 3,26 b) - ' '
The object region is terminating. The active_list node ,
13
representing the object should be removed from the active

Iist and an entry is made in the complete list structure

 pointing to this node (sec section 3.2.4). /?\



update_for_terminate: procedure;
remove the node from the forward/back linked chain;

if the object re@ion 1s complete (Case 2)

then put a pointer to the node in the complete list array;

else if the node contains any holes
then append it§ hole lgst to the hole iist of the
continuing node;
delete_next_node (previous_pbje&t_ptr);

current object ptr = active;;ist ( previous_object_ptr). next;

) )

. M
end;

3.2.4 Tomplete Objects Data Structure

The completq_list.is an array which holds a list of pointers
to aCtdi"list nodes which were found to represent complete chijects.
Each object node in turn may boint to any number of hole nodes via the
hole_ptr field. An example is shown in figure 3.27. The starting

point (SP) is the final value set for the left field in the active

>
list node.



) previous, current,

object object_ !
pul- ;:!Lr .
AL N\ W
,\V\ B L/~ ¢ [ - oA L~ =
te
previous . current
N
A B C L P =
previous ;Ul‘rc:y, :
Cu T I .-
NN .
- I A C A * .-

"Figure 3.26 Two Casds of Terminatifm.

{a) object continues in other nodes,
{b) object is complete,
(c) active Iist update for (a),

(d) active_list update for (b).
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?ﬂ Object #0

#1‘1,_‘\

0 &
.1 o l
2 o SP
| ! 5P| 4
- , ' __ ! Object 4
i & — 1 SPp

nil

? + Hole #0,

nil

SP

?‘ Hole #0

n

SP = starting point in
vertex_list

/

l_'

il

? Objeqt #n-1

4

;
—
;

5

ol
-

SP

Object #2 '

-

nil

e
Hole #0

Hole #1
Q

Hole #2

Figure 3.27 Data Structure Used to Represent

Complete Objects in a Frame.
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3.2.5 Example

To illustrate the operation of the algorithm, consider the-
active list data structure as it would exist at each of the }ines
indicated in the frame of figure 3.28. At éhe end of processing, the
complete list array contains twgkentries, one for each object region,
and the second object node contains a pointer to a third node

representing its hole. This is shewn in figure 3.29. Each of the

three nodes contains a starting pointer (SP) into the corresponding

vertex_list. - -

(,

\

10

&

Figureiﬁ.ZB Sample 10 Line Frame.
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’ L

line #1 ‘

The active 1ist is initial-

previous_object_ptr ized as shown. Since line
1

l #1  contains no segments,

Dummy |—anpil there is no change to the

structure.

Current_object_ptrys nil.

line #2

O s . . .
Dummy (4 1 |—a il bject 1 is ecreated

line #3 =7
Object 1 is updated.
- Object' 2 is created. Q

Dummy |—=a 1 |—al 2 L—a nil

iine #4

- : u
/A Object 1 is updated:

Dummy |—a] 1 b= 2 L—al 3 L—anil Object 2 1is split giving

object 3 (a potential hole).

v ' a x

line #5

/A Object 1 1is terminated and
-

Dummy (—a| 2 b4 3 L—a nqil * added to the complete 1list.

Objects 2, 3 are updated.




line #6

« line #7 +

Dummy {2

L——& nil

nil

Dummy |

line #9

a2 LA pj]

[ 2% I "

* nil

-~ nil

nil

Dummy p—4&

L—a nil

84

Objects 2, 3 merge. Since

‘object 3 was a potential

hole 1in ebject 2, it now
becomes a hole node 1in

object 2.

Object 4 is created. -

Object 2 1is updated.
Xr

*
Objects 4, 2 merge. The, .
hole list of object 2 1is
added to that of object &

and object 2 {s terminated

and discar?z%;b-//

Object 4 is updated.



line #10 Object 4 is terminated and

added to the complete "1ist.

- The complete_list now con-
Dummy |—"A pi]

tains pointers to "nodes 1

and 4. Node 4 contalns a

peinter to its hole.

Additignal examples are demonstrated in Chapter 5.

Complete list

. 0 @
o .
' sP. | @
v | L_I
. . sp Pe | ‘ nil
' SP.| e ) o
nil

. “
Figure 3.29 Complete_list Array for Sample Frame.
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3.3 Algorithm Comparisons
3

.

3.3.1 Number of Edge Point Comparisons

Boundary connections are established b} checking Eor overlap

conditions of segments on successive lines of the image. In method 3,

[

this is achigfed by comparing the coordinates of four edge points on
-}

each line: the left and right edge points of the current segment, the

right edge pdint of the previous segméﬁt and the left' edge point of
L . . .

the follqwing segment (figure 3.13). In the new algorithm, the’ same

connections can be determined by examination of bnly three edge points
from each line. These are the left and right edge points of the
current segment and the. left edge point of the following segment as

shown in figure 3.19. Execution is sequential not only in the Line-

by—-line sense, but from left to right-along each line as well. The

+

) .
possibite overlap ‘conditions is greatly reduced from that needed in

method 3. These are summarized in tableIB.l.

The procedure in method 3 Segins the processing of new
segments by checking for boundary continuation from the previous line
to the new line. Four comparisons are hadé for each of the left and
right boundaries for a total of eight operations to detect a region

continuation. If continuation conditions are violated, then tests are

made for object creation, hole creation, hole términation and finally:
atl _ P

| .
)

object termination. Each of these require one cbmpaé&hen operation.
The detection of oﬂject creation therefore, ‘require® a total of nine

comparisons. The ‘split condition requires® four comparisons to

-

. . . .. '
. resulting number of comparisons required to detect each of .the

8]




ar

JA
Condition

Number of edge point comparisons rgﬁpiredj

,'7 -
Method 3 New Algorithm
Creation of object i
_/-" -\-. 9 1
5 " ..
Continuation
/ : [ 8 4
} — N
& .

.\,
i |
5
1 % -
i1

: —4. L 5(n-1) £ 8
L

4
h ] L]
' .

3(nyl) + 4
\ - .

A

»
Mérge (termination of holes) ’

Splits (creation of holes)

¥
“{n = number of segments Bn line k)

| S—

B .
——  T(n-1)"+ 8
. I {
: ’ \

3(n-1) + 4
(n =

number of segments on line k-1)
r

-

Termination of object

i . . 12
| ———
N vt
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S

L3

.establish the left boundary continuation, four. comparisons to find

that the right boundary does not continue, and then five comparisons

for each of the remaining segments on the new line until the right

boundary“is finally continued. Similarly, a merge situation uses four

comparisons to detect the left boundary condition, four to find that

the right b0uhdary does not continue and then seven-compdrisons for

each of the remaining segments on the previous line. Terminations are:

discovered when none of the above conditions hold, for a total of

twelve edge point coordinate comparisons.

In contrast, the new algorithm begins the processing of new

1

segments by 1mmediately checking for object creation and termlnation,

each requiring only one compan{son. If neither condition holds; then
N .

segments must overlap and the lefr boundary continuation is

established immediately. Three comparisons ofily-are required for each

. .
segment involved in a split or merge situation.

Summarz -

The total number of edge point ﬁompéf;sons required for the

be seen to require fewer than 50% of the number ‘of operations used in

the élgorithm of Method 3.

3.3.2 Memory Requirements

2

Assuming an image resolution of 256 x 256 elements, a maximum

of 256 ObJectS or hole regions (including those eventually found to

- . AR ‘ -
example in figure 3.15 are shown 1in tablg 3.2. The new algorithm can

.
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merge), and no more than 10 segments (20 edge points) per line, the

storage required to hold the data structures of Method 3 and the new

algorithm are calculated below. Images having the Cq%;IGXity of

figure 3.17 would approach these limit specifications.
K q
k)

Number of Edge Point Comparisons

Line # : ' _Method 3 New Algorithm

" 1 (creation) / 9 , 1
2 (continuation)- 8 - 4

3 (split). . 13 o 7

4 (continuation + split) 21 11

5 (3x con&inuation) 24 12

6 (merge + continuation) 23 11

7 (termination + split) 1 25 9

8 (2x continuation) 16 8

9 (continuation + termi;ationj 20 . 6

>
Totals 159 TR T
. & o
" AN

Table 3.2 Number of Comparisons Required for Example of Figure 3.15.
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Method 3
{

The boundary extraction information is organized in a pair of

~

. two-dimensional tables shown in fipure 3.12. The Scan Line Array

contains storage for each of the edge point coordinates for the
previous and_new lines and for the object numbers as they are assigned
o each edge point. The maximum;edge point coordinate cag be
represented with 8 bits as can the object numbers. The dimensions of
the array are then 4 x 20 x 8 bits for a total of 640 bits.
The Object Array structure contains four fields. Tﬁe 'object
#' and 'parent' fields each require 8 bits, given a maximum of 256
objects or holes. The 'type' field needs only l bit of storage (body
*or hole) and the 's?;tus'.field requires 2 bits to indicate one of
{continuation, termination, merged). The array must contain as many
rows as there are objects and holes. The dimensions are therefore 256
x.19 bits for a total of 4864 bits.

New Algorithm

/s

The corresponding structures to the Scan Line and Object

Arrays of Method 3 are the line buffer and active list structures,

shown in figures 3.2l and 3.22 respectively. The line buffer contains

the edge point data for the new line only and tberefore requires 20 x
8 bits = 160 bits of storage.

. Each node of the active_list consists of five pointers;

forward;\back, next, last hole ptr and hole_ptr each of which require

an 8-bit representation for 256 objects and holes. The maximum.

storage needed is therefore 256 nodes x 40 bits for a total of 10240

bits. 1
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]
-

A .
In addition, the complete list array is used to retain
-

pointers to the active list nodes of complete objects in the frame.

This will require 256 x 8 bits = 2048 bits.

\
Summary

[

The overall storaée required by the two methods are:
Method 3: 640 + 4864 = 5504 bits

New Algorithm: 160 + 10240 + 2048 = 12448 bits

For the conditions assumed above, Method 3 will require less

than 50% of the storage needed by the new algofithm.

¢

3.3.3 Object Array vs. Active list Structure

We again refer to the example of figure 3.18. At each line of

the image, the relationships between object and hole regions are
<

represented by the Object Array of Method 3 and by the active_list of

the new algorithm. The two structures are shown in figure 3.30 as

- they would exist after %line j-1 and after line j' of the example.

R1 |
. o

These are now compared:

Method 3 -

-

When bodies A and B are found to merge at line j, the 'type’
field of the remainder of the Object Array is searched and each hole
with 'parent' field 'B’ has its 'parent' field changed to 'A'. This

requires a time proportional to the number of holes in the entire
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array. Thus in figure 3.30 (a) and (c), when body B is foynd to merge

with body A, the four holes with parent B require to be converted to

.

the single parent. A.

]

New Algorithm \J
. i )

. . . ; L}
When objects A and B are found to be connected at line j, the

-

hole list of A is appended to that of B by way of the hole ptr and
last_hole ptr links. This is achieved in two operations regardleés of
the number of holes in either A or B. Thus, in figure 3.30 (b) and

(d), when object B is found to merge with object A, the four holes

with parent B are converted to parent A in a single operation.

Summary

For the simple image of figure 3.18 (one cbject, sfx holes?
the Object Array search involves Jjust six objects. However, if this
configuration were embedded in a complex image containing a large
number of hole régiéns (such as in figure 3.17) the searching process
qgﬁld Introduce a significant increase in the processing time.

The initialization of the Object Array before the start of a
frame scan requires setting each of the fields to-. zero. (Object
Qumbers in .the Scan Line Array must also be zeroed.) The active list .
'is initialized to contain a single dummy node with a 'nil' pointer™ra_
represent an’ ' empty list. During processing Ehe actdve list 1is
consﬁructed and depleted of all nodes before the end of the frame (sce

the example 1in section 3.2.5), returning the structure to its

initialized state. Processing of subsequent frames does not require
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1line j~-1

~line j

Object ¥

Object Array

Type Parent Status
A Body 0 Con
B Body ‘ 0 Co; '
c Hole - A Term.
D Hole B Term
E Hole é B Term
F Hole j B Term
G Hole A Term
. H Hole | B Term .
(a)
'bBEEEE'#f_%§be ' Parent Status.
A Body Con
B Body 0 ‘Mergedg
c Hole - A ; Term
D Hole A Term
E Hole A Term
F Hole A . Term .
G . Hole A f Te;q/?
i | Hole | A 4;rm :
o
(c)

« Figure 3.30

57

—_—

Active list

o T

. ' -l
Dumy (% =8 - ni
i S
EIe:
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Processing of Example in Figure 3.18.
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reinitialization. Forrghe Object Array of Method'B,_inifi,liZQtion

must be performed at the beginning of every frame.

When objects are merged, the ‘'status' field of the oRject
acrray 1s set to 'merged' and the object need no longer be considered.
However, its space in the Object Array remains occupied. In the

active list structure, merged'object nodes (B in our example) are

deleted and made available for future objects or holes.

3.3.4 Representation of Frame Contents

+ A hierarchical ordering of objects and holes contained in a
scene has been described by Kulkarni [3.13] and in Cederberg f3.lll-
The technique is illustrated in figure 3.31 (a) (b). Alternate levels
of the tree represent objécc and hole regions with the first level
indicating the larger objects, and 1lower levels depicting nested
regions. The structure is generated by examination of the fields in
the Objeéf Array of Method 3 (figure 3.31 (¢)). The corresponding
cdmpletq_list consﬁrubted by the new élgorithm 1s shown in figure 3.31
(d).

The hieraf&hy can be established only at the completion of a
frame scan when the parent relationships have béen determined and the
Oﬁjeét Arra& is available. In contrast, the complete list structure
is genqratéd during the border extraction process. As each objegt
region is completed in the frame, the corresponding nodé“f; deléted
from the active_list and is retained by way of a pointer 1in the next

element of the complete list array. To find, say, the total number of

w3



Object # Type

(b}

Parent Status.
1 .—'—’_'—_—_-__m—‘“*‘\\\
A Body 0 Term 5 .,,,d_——————-h\\\\
- - *— LY
B " b —_\
. Hole A Term i - C
.C < . Body B Term '\\\\ D
A
D Body B Term {
E Hole A Term E
F Body E Term B
(c)

oFigure 3.31

(d)

Representation of Frame Contents.

- (3) . original image, '

" (b) object heirarchy,.

(c) Object Array representation,

(d) complete_list répresentation.

.-\_\‘/
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B _ . : .

ohject rggions in the frame, the entries are marely counted. The
equivaleqt_operation for Method 3 requires counting nodes on alternaté
levels of the hierarchy or scanning the Object Array and counting
objects with (type = body) and (status = term). Counting the number
of holes for a ﬁarticulaf object is readily achieved from either the
complete_list or hierarcﬂy tree, but would requi¥e a search of the
Object Array to find eﬁtries with (type = hole), (status = term) and
(parent = desired ijéct ).

The completq_liét structure has the added advantage that it
utilizes the same nodes as were in the active_list. The only
supplemental storage requirement is the 1list of pointers -to each
object node. The hierarchical structure on the other hand, contains

nodes ‘which must have a variable number of children. In the example
of figufe 3.31, the configuration is that of a binary tree. However,
if ’the input image were more -complex (e.g. multiple objects with
several holes each) ‘thg corresponding hierarchical data structure
could become computationally unwieldy. The-comple;q_list‘scheme does
not represent object coﬁtainment information as does the hierarchy;

this would have to be determined from further processing of the

contours.



CHAPTER &

IMPLEMENTATION

This chapter is devoted to the description of the hardware and
software implementations. In section 4.1, the various hardware
componenté of the éys&em are outlined including the architecture which
has been designed for flexibifiﬁy in expansion and high-speed
operation. 1In section 4.2, we dgscribe aspects of the software and
major data structures used in the rep;esentation of the contents of a
frame, the design of the prototype objects database and the command

et. In the final section, the robot/vision interfa;e package 1is
described 1including the extensions made to the VAL programming
language [4.1], calibrétion between the vision and robot coordinate
frames and a sample program for parts sorting by the PUMA under visual
control,

A photograéh of the apparatus is shown- in figure 4.1. A solid
state TV camera is fixed so as to view a portion of the working area
of the PUMA robot. Backlighting provides bimodal images of randomly
positioned workpieces which are fed to the‘vision system where they
are convertgd.to binary. The vertex points fofweach contour are found
from which the idéntity, location énd orientation.of each object <£

determined. This information is transferred to the PUMA controller as

101
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controller : o

. Figure 4.1 .
Photograph of Robot and Vision System.
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a VAL location variable and t:i}robot is then ablo to move and orient
iis gripper to pick up the workpiece. The system is initialized witn
a calibration betﬁoen the vision.and robot coordinate frames, teaching
prototypes of objects which are to be recognized and setting the

tolerances for eaoh feature. These procedures are outlined 1in the

description of the command set.

4.1 Hardware

The master processor of the vision system 1is an Intel iAP%
86/20 microcomputer consisting of the 8086—Based.iSBC 86/12A single
board computer [4. 2] and the 8087-based 1iSBC 337 floating point

coprocessor [4.3]. Additional RAM and EPROM have been added 1in the

form of the iSBC 300 and iSBC 340 for totals of 64K bytes and 32K

_bytes respectively, The board also supports a CRT/keyboard and a

graphics line printer and is shown in figure 4.2 (a) Image and
histogram data are dumped to tne iAPX 86/20 by way of a DMA controller
over the Multibus [&.ﬁ]zat a.maximum'rate of 5OQK bytes/s. The
remainder of the hardware is contained on two additional custom-bullt
cards; the video-rate histogfam generatof ‘fon automatic threshold

selection (figure 4.2 (b)) and a utility board containing the dual
&

‘threshold unit, the system status register, the binary pixel packer

and the serial robot communications interface (figure 4.2 (c)).




-
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Figure 4.2

Photograph of Circuit Boards.
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Images are provided by the General Electric ‘TN2500 digital

-~

television camera [4.5]. The camera produces an 8-bit grey-scale

quantization for each of 248 x 244 pixels at a 30 Hz frame rate. The

scan mode can be selected. as interlaced for ‘wviewing the image on a

standard TV monitor-or sequential for the collection of the image for

analysis. In sequential scanning, each of the 244 1lines are output

twice and in sequence as shown in figure 4.3. The camera is fitted
with a 75 mm, £l1.8 lens and' is ﬁounted approximately 1.5 m above the

viewing surface. ‘This results in a field of vieﬁ of approximately 162,

mn X 128 mm. \\

248 pixels -

o’

2414 ey

[

»
-

Figure 4.3 Sequential Mode Frame Scan.

y

oD 4.1.1 Architecture

The hardware architecture of the vision system is depicted in

-

figure 4.4, The design features a 4-bus structure interconnected by

dedicated units which have been désignéd to opqrate at high speeds.

.
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?he position of each unit 1is dictated by its input and output speed
requirements. With this organization, many low-level operations can
be performed at video-rates (30 frames/s) and ;ome degree of
paralielism :an be achieved. For e#ample, histograms are generated
simultaneously with binary ,O0r grey-scale image acquisition. The
design .is flexible in that the capabilities of the system .can be
exrended when new hardware modules are available by inserting them
between ‘the .appropriate buses. This 1s the case. for the 'Vertex
points extraétor' and 'run-length encoder' shown in broken lines on
the diagggm. These functions are currently carried out in softﬁare
Tor development purposes but a:; now being converted to video-rate
l hardware units, N -

The Intel Multibus connects the iAPX 86/20 microcomputeg, the
DMA Eﬁgtroller, the robot communications interface, the thresﬁold unit
and‘tha System status register. The highest frequency required is the
/‘290K bytes/s rransfer rate from the DMA controller. The Multibus

~

s%pports 16-bit data and 20-bit address 1ines..

k The Video Bus comprises the Optomation Interface signals
(connector J4) of the General Electric TV camera and the binéry video
output from the rhreshold unit. The highest clock rate on this bu; is
the element rate clock (ERC) at @.SQAS MHz which indicates the
‘presence of a new pixel in the raster. Other lines include B8-bits of
video ldata, hor}zontal and vertical synchrohizarion Egiﬁes and the
selection of camera scan mode. |

. Data to be transferred to the microcomputer RAM is placed on

the %MA bus (8 bits wide) and a transfer request is generated. In



108

Wt -

. this system, data is provided by the binary pixel packer for transfer

of binary images or by the high speed memory for the transfer of

histograms (a grey-scale image can alsoc be acquired at the expense of

-

decreasing the spatial resolution to 120 x 120, but 1is not used in

this version of the vision system). )

Modules which are too fast Eo‘interface directly to the DMA
Bus are Wandled by the High S$pead Hémory Bus. The histogram
generagor, for examgle, requires stérage which can keep péce with che
video signals. Thisuis provided in the\high speed memory unit. ,
| In the f¢llowing sections, we outline the designs of the

individual units inX\the form of functional .desctiptions using block
- v

diagrams.

-

"4.1.2 Binary Pixel Packer

Binary iamges are collected by.wéy of the Binary Pixel Packer
module located between the Video Bus and the DMA Bus. A full 232 x
240 binary image is acquired in a sing}é frame time (33 ms) and stored
in the RAM of the iAPX'BﬁfZO via thé DMA controller. This module
achieves a reduction in speed by packing 8 binary pixels into one byte
before each DMA transfer. The block;diagram is shown'in figure 4.5.

When requested to capture aﬁbinary image, the frame detection
logic.awaits the occurrence- of afﬁertical éync pulse indicating the
beginning of a new frame. The MSB of the counter is used to enable

one of the serial in/parallel out shift registers and disable the

other. When the horizontal sync pulse is detected, the counter 1is
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cleared and begins counting the element rate clock pulses.
Simultaneously, binary pixel values are shifted into the serial input
of the enabled shift register. After eight clocks, the shift register
is full and the MSB of the counter toggles disabling this shift

register and enabling the other. The next eight pixels will then be

collected; in the second shift register. At the same time, the

”

previoys eight pixels appear on vYhe DMA bus in parallel and a
AN b

I

monostable (one-shot) is triggered from the MSB of the counter to

generatE‘a transfer request to the DMA controller. After. the next
eight clock pulses the MSB of the counter again toggles and the

process is repeated until an entire Fframe of binary image data has

been transferred.

L Tt .

4

i
4.1.3 Histogéam-Generator

-

Module% which operate on video signals but pfovide data éf
rates too high for direct connection to the DMA Bus are inserted
between' the Video Bus and the High Speed Memory Bus. The histograq '
generator is in this category. Each pixel in the raster, quantized to
8 bits, is used to address 256 16-bit memory locations each of which
are read, incremented and written bgck Into the high speed RAM before
thquggfrrence of the next pixel. If at the beginning of a.f;ame each
memory location is cleared, then Fhe RAM will contain- the histogram of
grey-levels at the end of the frame. This wunit 1is used for

automatically adjusting the threshold unit for conversion of grey-
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scaled images to binary. A functional diagram of the histogram
generétor is shown in figure 4.6.

| The high speed memory (histogram buffer) is constructed from
four Intel 2148-3 RAM's organized as 1024 x 16 bits. These were
selected for their fast access times (50 ns) to keep pace with the
pixel rate of 4.5045 ﬁHz. Upon the presentation of each pixel, the
memory must be read, the contents incrementedkand rewritten before the
next pixel appears 220 ns later; The memory 1s.-organized uas four
pages of 256 x 16 bits allqwing for the Storage of four histograms at
any one time. Two bits of the system status register are used to
select the page. Ths histogram generator is qperated in one of three

4}
modes:

Clear

The clear mode initializes the high speed memory by setting
the contents of all memory locations to zero. This is achieved by
addressing the memory from the sequencer which provides a count from

00 to FF (hexadecimal) By way of the function selector.

.Simultaneously, the eraser unit places TTL LO values on the data bus.

The write lihe is then pulsed for each address from the timing and
control unit. At the conclusion of the count, the selected page of
the memory will ceontain zeros and is ready to begin accumulation of a

.
histogram. '~
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Increment

In increment mode, a histogram is gencrated in the high speed

memory {assuming that a clear operation has previously been per-
-

formed). Memory addresses are provided by the 8-bit grey-level of
each plxel selected via the function selectdé from the Video Bus. As
each location is addressed, the memory contents are read and placed on
the data bus. The data bus controller directs this value to the
incrementor and returns the updated value to the data bus where it is
written into the same location, ' The incrementor unit.consists.of two
8-bit binary adders to increment the incoming 16-bit word'ﬁithin 43

ns.

Read

At the end of a frame, the compléte histogram is contained in
the histogram buffer. Using the sequencer to generate addresses, each
location is read and the corresponding contents are placed on the DMA
Bus. The -timing and control unit then issues transfer request pulses
at a rate of 500 kHz until -the entire histogram is transferred to the

main ‘storage of the iAPX 86/2% board for processing.

4.1.4 Threshold Unit

The dual threshold unit converts 8-bit grey-scale pixels (pi)
to binary pixels (bi) as shown in figure 4.7. Two 8-bit registers
{Intel 8282) hold the lower (TL) and upperh(Th) thresholds which may

be set manually or under program control from the analysis of
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histogram data [4.6].
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4.1.5 System Status Register

The system status register is situated between the Mﬁltigps
and the Video bus. Constructed from an Intel 8282 S8-bit register,
bits are provided for selection of image backgrou;d colgrxgwhite or
black), camera scan mode (interlaced or sequential) and histogram
© pages. As shown in figure 4.8, the remaining four bits are unused ahd
available for fthre expansion. This may include, for example, the

selection of one of multiple cameras connected to the vision system.

MSB i LSB
[X[X[X]X[e]eie(v] .

L

white ( zeros )

—— “r'i ———— Background Colour 1
[ 0 = black ( ones )
L———————————-—Camera Scan Mode 1 = interlaced
' ¢ = sequential
s — Histogram Page Select
« “‘

Not used

Figure'4.8 System Status Register.

4.2 Software

The system software resides on eight

732A EPROM's on the 1SBC
86/12A board. All programming is in the Irel PL/M-86 [4.7] 1anguage
and developed with the aid of MCS-86 sofﬁwa e development utilities
[418] which run on an MDS-230 microprocessor d elopment system. The
8087 supporé libraries [4.9] were used to acces éhe floating point

facility.
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The 16-bit, segmented archigﬁ?ture of the 8086 CPU is well

LY

" suited to high level 1language implementations. PL/M-86 allows for -

complex data structures and is amenable to a modular, top-down design,

the organization of which is shown in figure-4.9. On power—up- the

“Main” module is executed which performs various low-level hardware

initialization. These include programming the Baud rate generators,

the parallel interface, the 8(Q87 coprocessor and setting the default '

grey to b?nar} threshold lﬁyels. Control 1is passed to the "VALr
interface” dule which provides the link between the vision system
softwaré,agjqzéé.VAL operating system of the PUMA robot. At this
point, the vision software is transparent and the environment is that
of thé YaL system.

Access fo the vision software is gained from the VAL monitor
by way of the "Vision Command Dispatgp“ module. From here, all vision
comménds typed by the user are interpreted and the appropriate
function is dispatched frﬁm the "Vision Commands™ module. .

Lower.level functions are organized as libraries and are
available to any of the high level modules. The "Vision Library”
consists of four modules whose functions are briefly described:

N
N

display routines: | for displayir@g’vision system information on

the CRT or line printer.

get CFD: performs the vertex point contour navigations

and generates the CFD.

a
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display
routines

data base
routines

vIsSIOoN

data base routines:
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N
Figure 4.9 System Software Architectlre. .
contains, the software for managing the data

base of prototype objects.
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» recogniction routines: extracts feature vectors from prototype
) objects in the data base and those in the CFD

and'performs tﬁe recognition of objects based

‘on the specified tolerances.

The lowest level functions are arranged in the "Service
Library" consisting of three modules: y
1/0 routines: contains a:variety'df routines for iInput and
output from ‘the CRT/keyboard, the line
printer, and the robot.
hardware routines: a collection of procedures for accessing the

system status register,’ the threshold unit and
the histogram generator.

. <
acquisition routines: configure the DMA controller for collection of

histograms, packed binar§ images or grey-level

images . \\

Two additional modules are contained in a “Temporary Library".
These are functions which are currently achieved in software but are

' currently being converted to hardware units {see figure 4.4);

get RL codes: generate the set of run—length codes from the

packed binary representatiof . man image.

3



get vertex points: implements the sequential boundary extraction

-

algorithm which extracts the vertex points

from the set of run-length codes.

f',‘l..
A "

4.2.1 Frame Description Data Structure

Each time -an image is analyzed by the system, a description of
the contents of the frame is generated, based on a data structure

named Current Frame Description (CFD). This is shown in figure 4.10:

first .- : '
.of,j:f‘-"‘ ~obi. 7 Nobj.at” Nobi gl
hole; | nil hole;

L
| hole,
N )

nil

Figure 4.10 Current Frame Description Data Structure.

The structure 1s a singly-linked list of nodes representing

each object contour found in the frame. The beginning of the list is

©

N

i
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LU .
indicated by a pointer (fgrst'object‘ptr),anq the holes associated
. o

with each objeet contour are represented Ey a second singly-linked
> . .
list of. nodes headed by the -corresponding object node. The fields of

!

each node in the structure are: o -
: _ v
Field Datd-Type , Description
xc . REAL .
. : centroid coordinates
Y . . REAL : :
c
Orientation REAL ‘ angle of maximum radius
Area . . REAL enclosed area
' Perimeter REAL perimeter length
Max_radius’ REAL maximum radius from (xc’Yc) v
to perimeter
Hole ptr WORD next hole pointer
Next WORD next object pointer
Start WORD pointer:ho first vertex point
Edge BYTE frame edge intersection flags

L0 fefefe]e

i ]
‘ Fo L—-top
P bottom
d f left

—-—right .

Notes: ) \“*’/ :

i

L. All dimensions are in units of g@xels;‘-

‘2. Frame edge intersettions are indicated by a logical HI in the

corresponding bit.

3. NIL is indicated by the value (OFFFFH).
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The advantage’of this type of structure is wery fast access to
descriptions of the frame. TFor the example shown by figure &?%O, it

is easy to establish that the frame contains three ocbject regions. Of

f/—_\\.\

these, object 1 contains one. 1e; dbjec; 2 has none, and objéct 3
contains two. To find, sa;,'the largest hoie in object 3, it is a
simple matfer to step through its hole list ?nd retain the node of
greatest area. r“
The dimensions of the fiel& quantities éré stored in the CFD
in units of pixels and must be multiplied by a scaie factor to convert
C e y.

to actual lengths. This scale factor 1is determined during ' a

1

calibration pr&éedure described later.  If any’ part of - an object.

region intersects an edge of the frame, the correngiiiEg bit in the
. )

Edge field 1s set HI as an indication that the feature measurement
will not be accurate. Feature measurement 1is still carried out for
the visible portions of the object. 'The-start field is a pointer to

the starting point in the vertex list of the contour.

»

4.2.2 Déita Base Design

Pfototype objects are taugh; to.the system by placing a sample
of the object in view and storing its %eatureTmeasurements and name
(specified\by‘the user) in a dafa base. A library of routines has
been developad for managing addi;ion,r deletion and searching
operations. The ldata base is of the relational model [4.10] and

consists of two primary data structures as shown in figure 4.11.

.
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INDEX: o name . SRA |
' BYTE(10) { WORD
L9 .
o1 4 !
— '
(74 T
FEATURE: s ,
Area | Perimeter - Max_rad = hole ptr next_free SRA
I REAL | - REAL t REAL WORD - WORD L
0 X !
1 ! 1
2 | b
U149 ;
-

Figure 4.11 Data Base Structure.

The INDEX relation 1s used to hold the names of.all prdtotype
objects which are taught to the system. A maximum of 10 ASCII

characters in the name field is allowed. The corresponding SRA

-

(stored record address) field is a pointer into the relation FEATURE

where‘the actual objgct feature measurements are stored. All entries
into INDEX are placed in alphabetical order. Sincé'INDEX ig used as
the key to the data base, this allows a fast binary search to “be
implemented. The worst case access time ;o find any object name is
O(légzk), where k is the number of entries (the current maximum has

been arbitrarily set at k = 75). For additions to INDEX, a search is
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made to find the correct position for the new object name and all
entries below this position are moved down by one. dn deletion of an
entry, any entries below that which is deleted will be moved up by one
position. In this way, there is never an empty line in.INbEX.

The relation FEATURE holds thévvalues of the features of ob-
jects in the index. This is a d&namic structure in that- whenever an
object is deleted from INDEX; the éorrespondingA!pace in FEATURE is
made available to future additioﬁ cperations so that there are always

150 (arbitrary maximum)-spaces available for object (or hole) fea-
<

tures. The holé_ptr field is used to point to. the SRA of the feature,

values of any holes which may occur in an object. If this field is
NIL, then the object ﬁbntains no holes; otherwise this field forms a
linked list of holes contained in the object. The next_free SRA field
(together with a variable free SRA) ar; used éo determine ghe neft
available space in FEATURE, Area, perimeter and max_ rad ave the
respective feature values (in units' of millimetersj and additional

i
).
features can be stored by adding columns to the structure. The nutmber

\
-
of objects in the data base is stored in the variable No_objects_in

data_base,

-

As in the CFD data structure, much information about the ob-
jects is implicitly stored in the FEATURE relation. For ‘example, the

number of holes in an object is never -stored directly, but can easily

*

be counted by stepping through the linked list formed by the hole ptr

field. Also, since the information is stored in millimeters, the data

base need not be changed if the camera lens or position are‘changed.

The calibration procedure compensates for this.

LY

¥y
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4.2.3 Command Set ‘ 5

The human interface is an important deéign consideration for
machine vision systems. A high level command set facilitates syétem
programming such as adaptaﬁion to different lighting conditions,
teaching of prototype objects and system calibration. A com;and set
was developed for our system and is summarized below. The
descriptions omit error recovery messages and other user aids to which

considerable attention has also been Siven. The instructions are

listed alphabetically.

N P

BACKGROUND . ‘/
The background colour is selected to be either black or white.
This capability is useful, for example, where it may be desired to

measure the features of small holes in large objects which cannot be

contained within the field of view.

example: BACKGROUND @

Background colour: WHITE(Q)
Change (Y/N)? ¥

Enter background colour (B/W): B

CALIBRATE

}4:5 establishes the scale factor between linear dimensions
and those measured by the vision system in pixels. Thé coordinates of
the centroid of an object are recorded in two positions within the

frame and the user then enters the actual distance between these

e

points in millimeters. For best accuracy, the calibration abject
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should be one for which the user can preciseiy determine the centroid

point (a circular disk with a small hole in-the center is appropriate)

apd the two points should bé as far apart in the frame as possible.
The calibrate procedure is aborted if more than one object

appears in the frame or if the calibration object intersects any edge

of the frame. a

exampie: _ CALIBRATE (@ 4
Position object in frame and hit CR: @

Position object in frame and hit CR: @
Enter actual distance in mm:.238 @

CAMERA

The GE TN2300 camera is capable of operating either in the

interlaced mode (compatible with a standard TV monitor) or in the
. ’ -
sequential mode which must be used for collecting an image.

example: CAMERA @

Type camera scan mode (1/S): 1

CFD

The number of objects in the scene is reported and followed by
the values of the features measured for each object, including any

holes. The coordinates of the centroid of each object and

each of any
hales are included. If any object {is intersecting an %dggﬂ:;;d;;;’/fffﬂ_ﬁ

frame, this is reported as a warning to indicate/that the measurements

are only of that portion of the object which appears in the frame.
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OCJECT 41 xmx

Area
Ferimeter
FoA

Hets RAadaog
¥ of Holes

Cuntroid (X.
Orientation

QLJIECT $Z°

Arez .
Ferimeler
[l

MHivite Radiug
t of Holes

Centrold (X,
Drientation

HOLE #1

Area
Forimeter
Foh

Hai:s Radius

Centroxd (X.

Orientation

HOLE &2
Ar ea >
Ferrimeter
F2A
Maie Radius

Certroid (XK.

Oriemtation

QEJECT 42

Aroa
Ferimeter
Foh

Mitste Rardiog’
{ of Holoes

.

Cenbroyved (X,
Drientation

= =592, GQ . MM, Q
= 1Z1l.0 nrg
= =1.%45%
= 2468.4 nm.
=0
Yy = 198.2 , &0.2 wmm.
= 41,7 deqrees
= =75%3.2 sa.mm.
= 12%.3 nmm.
= =1.660
= 22, MM,
= 2
¥y = 137.3 . 84.4 nmm.
= =&5L.4  degrees
1
o
= 7.7 sa.mm.
= 37.0 nmm.
= 1.114
= 6.3 nm.
Yy = 139.9 » 72.5 nm.
= -I8.23 degrees
= 137.4 sga.mm.
= 44,8 nmn.
= 1,110
= 7.6 nmnm, !
Y) = 134.46 , 23.2 wmn.
= -23.5% deqgrees
' e
___________________ o e e e
. ~r
= =639.4 sa.mm.
= 157.8 mnm.
=.~3.099
= 29.3 nm.
= 0
Y)y = 463.4 ., 1108.3 mm.
= -%7.4 degroees

WARDTNG w»ex RIGHT

Edge Internections
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CLEAR
All objects which have been learned are deleted from the data
base, and counters for objects in the data base, ©bjects recognized

and objects rejecte®are set to zero. (see STATUS command)

example: CLEAR @

j‘ - Are you sure (Y/N)? Y
Data base cleared ...

DELETE

Any specified object may bejggy?ted ando@re space. in the data
base occupied by the features of this object is made avallable for

future "LEARN™ commands.

example: DELETE @

Enter object name: WRENCH @
ok ...

DISPLAY : ’

This instruction will display the curhent binary image in its
packed-binary form. Pixels are printed inAhe adecimal charaéters (58
to a line, representing 58l¥ 4 = 232 pixels) in 240 lines. A sample
display for a hexagonal nut is shown below. This may be used to check

the quality of the image in order to adjust the binary thresholds

and/or lighting. - { /f7>

H

>
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example: ,
nnunnununnuunnnnununnunnvnuon0Unuuhunnuuuunnnnuuunuuuuuuou u
VR g0000anDOaRUOaUCONDEOROUANDOLEOUILDODDDORRDANN4U0S44%%,4 1
0eonaaue0eoeuaran oo EROO0Q0I0GUDRNOEH0O0RA00000R00D0O0DN <
BoNRgeeaRe00n0URODOR IR EanDOUO00E0ULL0GHI00000ADLUBO0U 3
0CenQOOCO00GENOO000C00NQUCORUGOAO0uROBBOU0O0tGUdNULHLOD000Y 4
0ONGEA0C0DOANGOO0GB0B0POLRCO0UIECOOBONOBELLOGOOO000UDOUUNED N
0oanNagoBnANANONOGEDBODODNNEO0LSFEBOO000000000600000DKQ00O0LTN ]
GONgaoo0a0UAGNDCOR000DD000C0OFFCADOUOOAORLREOOGOOOOOD0UOOD 7
QLoDoUUNNAOQOOROOBGODECO0CO00LFFFUOOUGUDDOLOLOOGQOD00000UOCND 4]
NEnDCBO0QO00ONCO0OR00000N00CC7FFFEODOCO00DLLO000000GG000G000Q E4
001000000000000000C00d0OV0000TFFFCOO0COOGU0LO00D000D00DD0O0GOL 10

¢ 0000Q00000000000QA0N0D0AD00D01IFFFFFOODCONOD0DDD000000000C0CY 11
DUOBGOUGUODnUﬂﬂOﬂDHUUOncnﬂc:FFFrFBUOGUGUUUUDOUuu&QﬂUUGﬂOﬂD 12
ﬂGDUﬂUDUUUUﬂU&UUUDDDDOOOUDD7FEFFFCUDGUUOBOBUﬂuuQDGUUUDDUHU 13
0000000000000 0000D00DDRRODOFIFFFEFOOCOOOBOGOO000000000Q00U 14
00uea00000G0B0000NLO00O00DDIFFFFFFFOC00000006000000000D0G0N 5
Boore0adNN0g000G00DC0O00D0O3FFELFFFAGONODCO0D000000UI0U0GO00 16
GOnD00e0000C0CO0000NCOGO000BFFRO7FFRO00A00000000000¢0000000 17
00000000000C0000000000KC00AFFOOIFFEN000D000D0000DVO0000Q000 18
0r0000RANEUG00L000000R0CO0DFENNSEFE000000R000000G0000000000 19
D6N0N00000CON0N000C00D0CO00IFCORDFERROVDOONID0000UO0000GA0LD 20

Ceoo0ooonnNoO00C00O00000R0D2FCO0CFFHBO00000000000000000G0008
S0uoeCeOCRODCOONCLOD0O0NON3FBO007FE00GOO0CD0OU0ACUODDODNG0D
AOu0C0G00Co00N00CGONGE0D0DOHFROO0TFOO0CD0CO0O00000C0DVRVO0CD

t
[

rard
3

G0coRaGo000G000000C0CO0OO0OR00ZFLBO0YFEVODOOGOOODO00U0O0GO0UO0RD o4
00000000ODﬂDDDUuGUUOUUOUDOBFBDOU7f§QDUDOUOUUUOUUb0&0000000 s
Cono0ogd000UNO00ADODO0O0000SZF CODIFEOCRDGO00NO0INH00U0000DD oé
G0N300000060CG0000G0D0C00GD3FENG07FE000G0000000060006G0000Q0 27
GuigedoCco000000000000D00GO3FCO00IFN000000000D0000ULLOCVO000 e
ﬂﬂﬂonhODO0BUUUUUHDOUUUDUODBFBnun7FBDDﬂUUDUUDUUUUUGUOUUODBU 9
COOﬂnUUODGnOUGOU0000ODUﬂﬁDBFﬂUUG?FBUQﬂUUBODUOUUUOOUQBDHDUU 30
BOGR0R0OB0000000000000000G03FCONGTFOGO0000000C000000000CL0AD 31
GAGO000000S00EN00C000000Q0NZFCOOCTFEOO000000000000C0N000000C 3z
f0000006G0CO0NCNODOUDO0DO00D3FENOOFTHO0R000GO00000U00O000000Q 32
COGOO0OCOO00O0OO00CDO0DUOPOD3FELOLTFGOGOD0CO0D000000G0000000D0 34
GOL000V0CO00DODODOODOLO0003FFOOLIFFEOOBDO0000C000000C0000R0 35
0oueCOORCOOOPDO0000DO0000D3FFE03FFLOCONOGONDO0GO0000000C000 36
0o0o000000000DNDODONDOONCOINFEOFEFLOCGO0OO000000000000GOQD0U 37
0rona00000000C000C00B00NGUODLIFFFFESFO00000G00G0000GO000GO0D0 i3]
0Oudee000000000C00.00000000 IFFFFFFEOQO0D0000000000G00D0OGOO0D 39
60000ICDOO00000C00000000BCOD7FITEFFGO00000000000000000D0CDD0 40
G00Q0B00000000QCONADNC00COOFFFFFFOUMOOOODO0C0000000000U00D 41
00U 0000000C000C0O00DN0000DIFFFFLAOOOGODO0000000DOD0OOCNOODG 47
Cogo nﬂuouuonunucnnuuuonunnorrrraoannuooouuonououuunoqonoo 43
00n0C00D0DIDLOO00BCODNY000DO0SFFFOOOOORGO000D00000000000000 44
il 006000000C000D0LBOOD0D0ONQ0IFFLNODOCOOOGD0000U0OO0000000000 4%
goonooo0000000G0G000CLO00UQAQ007FRDO000000GONR0ODO0OUO00Q0UODDN Yeé
onnt0oo0000000000000000000000003FONUOOGCCODEO0D0N0GO00CEHO0T0D 47
Gonoo0000CO0DCCOODRDCCOONOCOORENNODOOODCOOOLOOOLODOOOOD000D 48
CNGCQOGDONDOOOCODONONGUQOODUOOODODD0OO0O0CO0RO00C0GO0O0O0O0C000 49
000000000000 OON0006000GE00000000000000000ND00C00000D00N0R0D M
COONno0ONoRAG0N00000000COLO00D00U0G0O00UO0O000000BQ0C0OCU0D L1
00GODO00N0000CU00000O000CGDOCO0D000000O0000OGRODOD0O00DGLO0O00 2
0on000C0000000D00000G0O00OD00000C0000COCGOODODOOOOD00OCOO0OD o3
0¢nd0c0000000000000LD00O00000000CGOBUDCODNDO0000N0ANUDNOODD |
0oranoao0000000000000000C0000000GONNDRO0UO0O00AMODLO0UD0QUND [
HOOROO0CH000000000000ROONROUBOCOONRO0O0ODRODUONUARNUOULDLEQN0E C4a
B aaao 000 eR00O0OBADNDADCERODONOGOOEGRENOOOD0B0DDGNO0ODE0OUOG Cu7
NangoeenoNeoe0nanPBDODOOUDADONGOO0COURV0OGUOUN00O0ARDBU0UBORDDG “e

CouenCoo00Cc0000O0DU00CBBOODUNGNODLDLOUDOUGDDOODGODOON0NDODY Ly
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* DESCRIBE

The values of the features of any specified object in the data

base are displayed. Similar information about any hole in an object

is also provided. /*’/

example:
- Data Base: Features of object: NUT
Area = -455.3 sq.mm.
Perimeter = 81.9 mm.
P2A = -1.,173
Max. Radius = 13.2 mm.
# of Holes = 1
HOLE #1
Area = 160.,9 sq.mm.
Perimeter = 46.9 mm.
P2A = 1.089
Max. Radius = 7.7 mm.
FIND

The name of the desired object is prompted for and if 1t
exists in the current frame, its centroid coordinacés are reported on
the CRT. Multiple occurrénces are denoted. A distinction is made
between a-FIND command and an IDENTIFY command {described later). In
the .F[ND command, the user specifies the name of an object toNbe
located. 1Its features are then extracted from the data base and a
comparison is made to the feature vectorrof every object {n the
current frame. Any matches (determined by the tolerance settings) are

indicated by displaying the centroid coordinates. The time required

is proportional only to the number of objects in the current frame.
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example: FIND @ .
Enter object name: WRENCH @

Found at:
{Xc,Ye) = 93.6, 129.7 mm.
{Xe,Ye) =

172.6, 185.1 mm.

HELP i <ﬂ‘

This command prints a briéf summary of all the commands on the

CRT. )

IDENTIFY

The identity from the data base index of every object in the
frame is reported. If the tolerance settings are such that more than
- one prototype in the data base matches a particular object, then each
possible identity is indicated. If no matches are found for an objeéf
its identity is shown as unknown, and if «an objec; is intersecting any
edge of the frame, this 1is also Hesignated. Identities are exhibited
with corresponding centroid'éoordinates. Since the fe;;ure vector for
every object in the frame must be checked against that of each feature
vector 1in Lhe data base, the time required for this command is propor-—
tional to the product of the number of onects in the frame and the

number of objects in the data base.

e
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example: IDENTIFY @ ,

Object #1

at (Xc,Yc) = 27.5, 212.6 mm. is NUT -
Object #2

at (Xe,Ye) = 56.2, 91.8 mm. is WRENCH
Object #3 vy 3

at (Xc,Ye) = 75.8, 107.2 mm. is NUT
Object #4 _

at (Xe,Ye) = 126,2, 125.0 mm. is unknown ...
Object #5 :

at (Xc,Yc) = 142.1, 181.7 mm. is NUT or WASHER

LEARN

New object prototypes are taught to the system using this
command. The desired name is prompted for, and added to the data base
index in alphabetical position and the feature measurements are added

to the data base. When an object is taught to the system, it must be

-

the only object in the frame and must not be intersecting any edges.
A separate LEARN operation is performed for each stable state of a
sfngle object.

-

example: LEARN (@
Enter object name: WING_NUT @
ok «ne ‘

LIST

This command generates a list of the data base index which is
the glphabetiéal inventory of the names of all the objects taught to

the system using LEARN commands.
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example:

Data Base: Index

BLOCK 1
BLOCK 2
BLOCK 3
GEAR
GEAR-8mm
KEY
NUT
NUT.SIDE
WASHER

0  WRENCH

e 2R~ <N B's (N O T S U R R

LOOK

| The vision system is instructed to acquire ‘a binaryﬂimage.and
to gengrate)the'vertex list for each object in the frame. The current
frame descriptiop is obtained By navigatiné'through tE:\vertex:list of
each object twice. A LOOK command (is automatically executed whereuef

needed in the commands: - N

CALIBRATE, FIND, IDENTIFY and LEARN.

STATUS |

A sample output of the STATUS command is shown. This allows

the user to egﬁﬁine a summary of the current settings of the vision T

s?stem variables. These arg: - \\qﬂ’///*°‘
No. objécts learned: thé number, of objects currently in the
database. \)
.
No. objects recognized: each -time. an IDENT%FY comman?/fs issued,

the number of d&bjects successfully

. identified is added to this count.



No. objects rejected:

Lower, Upper threshold:

Background:

Scale factor:

example:

STATUS . @
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each time an IDENTIFY‘command is issued,
the number of objects not recognized is
added to this count. Together with the
number of objects recognized, these two
counters indicate the success rate of the

system so that tolerances'_ can | be

adjusted.

the thresholds used for conversion from
grey-scaled tquinary images.
. N— )
4 @
the current setting of the background

colour (see BAC%&?OUND command ).

the conversion from pixel dimensions to
linear dimensions in mm/pixel. This

value 1is established ‘%y a CALIBRATE -

command . KSCV

System Status

No. objects learned: 9
No. objects recognized: 27
No. objects rejected: 2

Lower threshold: 63
Upper threshold: 255

Background: WHITE(OQ)

Scale factor: 1.0416 mm/pixel
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TOLERANCE

The amount by which a feature of any object can differ from .

the value of the" corresponding feature stored in the data base 1is

set by the user.

' A

example: TOLERANCE @

Data Base: Tolerance Vector

~d

J ,‘; ;

) Area = 10.0%
Perimeter = 16.7%
P2A = 20.07%

o~ - Max_Radius 7.5%

::P No_holes = . 0

Change (Y/N)? Y _ ﬁi;

@

5y

. Area = 10.0%
- . Change (Y/N/CR)? Y
: Enter new value: 15.5 @

¢ /1n(“ Perimeter = 16.7% ' )

Change (Y/N/CR)? @

THRESHOLD

This command ié used for manual‘selectign of the lower and-

upper thresholds.

i

!

I

L
% example: THRESHOLD @ ]
Lower threshold: 63
Upper threshald: 255
// ' Change (Y/W)? y Y
| - , Type new values (0 to 255) ...
o ™~ : Lower threshold: 66 @
Upper threshold: 198 @
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VAL

Control is returned to the interface software between the
vision and VAL system. The environment is once again that of the VAL

system.

VERTEX

The vertex list of any specified object (or hole) in the.

<
current frame description is.displayed on the line printer.

-~

.

example: VERTEX @°
-  Enter object #: 1 @ . '
Enter hole f: 1 @
' | 4
t
: L YR A P List +“or by Gerorcl, k1
Conktawns 20 points
0 207 208 2
2 206 201 4
" 4 202 203 5 CFD(1).start = 0 )
S 200 205 10 5

10 200 217 21
31 201 218 33
33 201 219 a5 .
35 203 22037 -
' 37 204 223 -39
37 211 223 38
38 212 222 34
346 214 221 34
34- 216 219 30
30 216 M40 27
L7 216 2146 15 ..
13 217 215 9 ’
? 217 2046 &
& 215 204 3 .
3 213 203 H
1 2t0 "0(] ﬂ .
ncxt vertex point address

y - ceoordinate
——e X - coordinate

! vertex point address
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LR Sl oA L T A 2 w3, 4 1~ aay Louis kA, d 1 (S W BRI SER sl b @ L

\/ Contawns 20 paints !

g 333 EEE ?a CRB( CFD(1).hote_prr ).start = 7

12 212 206 14
14 213 207 \7
17 213 208 17
19 214 209 2y
21 784 214 25 }
P23 LG D4
[T Bt A W)
AL SIS W L
. az v 2183 20 &O
c;’,/ 20205 218 24
- Y1 203 t14 23
w3203 214 7T
2Ro00T. P13 20
Y0202 T1b 18
LG 203 2u? 146
14 7071 203-13
13 701 207 1t
11 204 206 7

AT

4.3 Robot/Vision Interface Package
. [ ’ ¢
Although a vision gystem 1s commercially available for use

with the-PUHA robst [4.11], this is not compatible with our version -of
tHe.?AL operating system. The objective has been to implemenE an
interface between our vision. system and the robot withoﬁt alteration
to the existing VAL software. This has been achievea with a
Eg;\ . communication link ;vef the Seriai (9600 Baud, RS-232) line which is
normally used for the CRT cbnnection directly ;o the PUMA Eontroller.

As shown in figure 1;3, thé vision system computer i inserted in this

line, and thé_robot/vision_}nterface software -is used to "comﬁlete"

the circuit. On ﬁower—up, thfs' software link 1is- completely

transparent to the user and_all the VAL system commands are available

described in [4.1].. However, since the vision CPU now hdndlés

‘every character being transmitted in both directions between the

CRT/Keyboard and the PUMA controller, it is possible to extend the
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instruction set of the VAL language by recognizing new sequences of
ASCIT symbols. Extensions to both the VAL monitor and VAL program
instructions have been implemented; these are described briefly,
followed by the calibration procedure between vision and robot

coordinate frames and an illustrative parts sorting example.
g

New VAL Monitor Commands:

MONB6 - gives access to a monitor debugging package which is
used for manipulating the memory, ports and registers

of the 86/12A microcomputer. This was included for
/ .

diagndstic and development work.

VISION - gives access to the command set of the vigion system.

PRINT - allows the output of any VAL command to be displayed

on the line printer connected to the vision computer.

This fagility can be used for obtaining hardcopy of
VAL programs,‘location variables, aisk directories,
etc. ﬁhen prompted, any‘valié VAL command is entered
in the print command and any output which would

normally appear on the CRT is now displayed'on the

line printer.

)

example: .PRINT @

VAL Command? LISTP PALLET @
END PRINT

The listing of the program "PALLET" is then printed.
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- (the upward arrow) is used to automatically issue a
"DO READY" sequence to the PUMA to return it to the
“ready” position. Since this action is required
often, it is convenient to accomplisﬁ%this with a
single keystroke. Similérly, any other keys could ge

pre—programmed for specific VAL commands.

New VAL Proéram Instructions:

The vision system is treated as a 'peripheral device which
supplies gripper location and orientation inforﬁatioﬂ to the robot.
As such, the VAL s&sten; must be capable of 'controlling the vision
systeﬁ fuéctions and requeétiqg information under program contFol.
This is accomplished’ by placing certain commands in a VAL "TYPE"
;taéement, ahd preceding them with a “$" symbol to indicate that it is
5 vision command rather than a character string to be output to the
CRT f(a "PAUSE" cammand could also be wused). All commands
automatically stop the robot, execute the specified vision function,
and finally restart the interrupted robot motien. For this reason a

. dummy statement must be placed after each vision command at which the

VAL program can halt (DELAY 0.0 1is suitable).

SLOOK = , lastructs the vislon system to take a new
picture and produce the current frame

description;
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SFIND objectx, n = . requests that the vision system find‘:l sil—
houette which matchés ‘the description of
"objectx". in the current frame description.
If one is found control passes to the next
statement following the "FIND" command. If
none 1s found, control passes to the'VAL
statement numbered “n". An "objectx“ proto-

a type mus{ have been previously taught to the

vision systeg.

$L6CPILE n - determines the location of the largest object
in the current frame description. TIf the

frame 1is empty, execution passes to the VAL

statement numbered "n”.

Robot/Vision Coordinate Calibration

The two-~dimensional visual coordinate system with origin 0V
and axes XV and YV is embedded' in the three-dimensional frame ofrthe
robot system as shown in figure 4.12. The coordinate system of the”
robot is defined by origin Or and axes Xr, Yr and Zr, Location and
orientation of objects are reported in the XV, Yv frame and must
therefore be tréﬁsformed to’ the X, Y, Z_ system for ;bjéct

acquisition by the robot. A pracedure fpr calibration between .the two

coordinate systems is outlined below:

l. With a pointer in the gripper, the robot is moved to Ov'

. . )
This point.is recorded using the "HERE OV' command.



\

Figure 4.12 Robot and Vision Coordinate Frames.

140
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Similarly one point on XV (XAXIS), and another point on
Y, (YAXIS) are determined. The plane of the camera
coordinate system 1is’ then established in robot

coordinates by:
DO FRAME CAMERA: OV, XAXIS, YAXIS @

Object location and angular orientation of objects in
the camera system are reported to VAL in the location
variable CENTROID. Therefore, to move the robot to thé-é
centroid of an object and to align the gripper with its
orientation, the following compound transformation is

used:

DO MOVE CAMERA: CENTROID @

Pickup points on workpieces are not necessarily the

-

centroidal point and must be determined relative to

r

CAMERA:CENTROID. The gripper is moved minually to the
pickup location and recorded usifig:

1

HERE CAMERA: CENTROID: ppoint @
~ - -
The name “ppoint" is the transformation from the
centroid to the pitkup peint and must be unique for each/ﬁy_'

workplece (or ‘each stahle position of one workpiece).,
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4, When an object is now placed in any random position and
orientation within the camera field of view, the vision
system determines the variable CENTROID and the object

is picked up with the sequence?

APPRO CAMERA : CENTROID : ppoint, d
MOVES CAMERA : CENTROID : ppoint
CLOSEI

DEPARTS d

where-d is some.distance above the object which is large

enough to clear it.’

As an example of the capability of thg system, consider the<:/

/’\‘\ { 3

- foLo L
sorting of two objeects (PART! and PART2) from a random/placement of a

mixture of the two. The silhouettes of both parts“will have been -

taught‘to the system previously. The VAL program containing vision

commands shown in figure 4.13 will accomplish this task. ﬁrhe program.

begins at line 4swith the $LOOK command instructing the vision system

.’

to acquire a binary image and to construct the current frame

description. At line 9, the $F¥ND command requests'tﬁe‘vi ion system
to return the énghlar orientation and location of Ehe cég;r;id of a
PART] in the location yariablé‘CENTROfD. When this iﬁ’Egmpleted,_thé
PUMA moves to a location 75 mT above the pickup point of the pért
whigh is achievedlwith the compound transformati?n on- line l4. The

/

"
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pickup point of PART] relative to 1its centroid and orientation is
specif?ed by the wvariable PICKUPI which aiso has been pﬁeviously
?taught. "The speed of the robot is then reduced (line 15), th; gripper
moves to the part along a straight path (line 16), the gripper is
closed (lime 17) and the object is removed (line 18). Assuming the
existence of a suitable subroutine, ghe part is then dropped in a bin
for PARTl's (line 22). At line 23, execution is réturned-to line &
where a new picture is }aken and the procegs is‘repeated.

When no more PARTI'S are viéible, the §E1ND command on line 9
will cause a branch tonline 27 of the program éhere a éimilar loop is
éxecuted for all visible PART2's. These are sorted into a second bin;
When no more PART2's can be seen, the SFIND statement- on liﬁe 29
causes a branch to line 44.- The first executaﬁle staéement is the
SLOCATE command which returns thg location of the largest ogject in
view; On the assumption that the unknown silhouette is formed from
ovérlapping PART!'s and PART2's, " the subroutine BREAKUP of lime 49“
initiates.a sweep of the gripper to atteﬁpt to separate the objects.
On line 53, control is returned to line 4 where thelentire process is
repeated. When the frame is empty, the éLOCATE statement of line.47 :
then sauses a branch to iine 54 and'the procedure halts.

Although- thié is a rather” Qimple application, it serves to
illustrate the flexibility achieved with visual input provideq to the
robot. Since a new pilcture is taken before each acquisition, parts
can bé moved during thé operation (the robqt itself frequently moves
neighbouring parts when approaching the desired obiect); Of course,

. |

the program is easily_extended to handle a larger number of parts.

o
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Figure 4.13
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UF FILE
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. CHAPTER 5

EVALUATION AND TESTING

e

The performance of a silhouette vision system may be evaluated

f\ -by considering its capability in three major areas:

a)

)
RSN

scene complexity - workpieces are required to have a small number
of stable states and must be either stationary or moving in well-

defined directions at known speed. A binafy image must be readily

extracted by enhancing the contrast between object and background

. .
and workpieces must be separatei and not overlapping. Individual

objects are segregated Qrom the scene by connectivity analysis
. a
routines and these must be capable of handling a large variety of

combinations of intertwined and nested objects and holes.
- . :

- .

P
Y

processing time - the time required for the system to perform the

connectivity analysis and to deterrmine hortpiece identity and/or

location is dependent on the scene complexity and the choice of

feature set.

-ﬁ"""

c¢) accuracy — the accuracy of the syétem in determining the identity

and location of workpietes must be measured. Sources of errorvr

include:

145

=
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l. motion of camera br objects

2. parallax

3. lighting and threshold selection
4. lens focus and distortion

5. sensor alignment and uniformity

6. quantization error

The influence of the first three factors has been greatly re-
duced by ensuring proper fixture of the camera and obﬁects, using
low~profile test objects, providing uniform back lighting for high
contrast images and maintaining a constant threshold throughaﬁt
the testingﬂ The ddminant sources oé error can then be acttributed

_to the final three factors.

The non-uniformi®y which exists in the frame is illustrated in
figure 5.1. The curves were obtained by systematically moving a small

disc occupying épproximately 2%Z of the frame area throughout the

leld
of view and plotting tﬁ&_area measurements at over 322#}ocatio

To facilitate performance comparison of on systems,

. - g
Rosen and Gleason [5.1] have proposed EQ? two setd of ‘standard two-

'
dimensional figures shown in/figures 5.%_§ndhéig;//These are used to

| .
measure the processing/spe s and accyracy of the system ((b) and (c)
[ .
above) which are then ompa to that of a commercial system.
s

The first set consists of eight “discs, 51 mm (2 {nches) in

diameter with a,number of 6.35 mm (1/4 inch) diameter holes ranging

C
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from zero to seven. Since only the number of holes varies, they are

used to measure the processing times of a system as a function of the
; .

number of “blobs” to be analyzed. The second set is a collection of

four subsets of objects of different shapes to indicate discrimination

L 2
capabilities; each figure has a total area of 2027 mm~ (r square

inches) arranged as subsets consisting of one object with a 6.35 mm
(1/4 inch) diameter hole and one without. -
2
AREA (mm™)
J
T 450
4 425
3
2
ARBA  (mm™)
4301 g
1251
. P v
0 50 100 _/ 150 200
. Top left ¢
of image

Figure 5.1 Non-uniformity of Area Measurement.

-
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Figure 5.2 Standard Figures for Measuring Execution Times.
-~ m

|l

SUBSET 1 SUBSET2 - - SUBSET3 . SUBSET & <

- ..A I
2 4 ' s‘

- . ‘\. -
Figure 5.3 Standard Figures for Measuring Discrimination.
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A third set of test figures is presented here, as shown in

.

figure 5.4, These have been devised to give an indication of the

capability of the vertex -points extraction algorithm
connectivity of complex scenes (item (a) above).
The experimental measurements in [(5.1] ‘were {obfained using a

field of view of 102 mm x 102 mm (4 inches x4 inches). The field

&

size in all cases described here was set to 162 mm x 128 mm and the,

size of the standard objects of figures 5.1 and 5.2 were increased

T

proportionately. The sensor resolution is 232 x 240 pixels.

. I section 5{1,f examples of the processing of eégh of the

objects of figure 5.4 are given followed by arn examination of the
& - -

efficiency of the vertex point 'encoding scheme in sect%gg/%sé:égf the’
- . )

effects 1;@ resolution in 5.3.° The overgz#l system performance 1is
Iy . N
measured in the final S?P'ons

ding recognition time and

tion errors.

discrimination, centroid and orien

5.1 Boundary Extraction Examples .

The sequential boundary extraction algorithm is capable o
Q.
handlinb a wide range of silhouette topologies _ objects may be
intertwined or convoluted to any degree (as can holes, within objfttsi

L4
and nesting is permitted. The seven silhouettes of figure 5.4 include
o * - - \ n
different examples of the various*® situations that could ©be

encountered. In each of the following examples, .a 'creation' is

-~

i
executed at the- first occurrence of a line containirdg a portion of the

object; at the first subsequent line containing no portion of the
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OQuter Ring: Object Arca = 9744 mmz
2

l. .

Hole Area = 5735 mm

-

Middle Ring: Object Area = 3536 mm°
Hole Area =71535 mm2
ﬂ-,
Inner Ring: Object Area = 477 mrn2
Hole Area = 110 mm2
!
<:;? 2, S Spiral  (i): Object Area = 1807 mm2
Y .
' t iral (ii): Object Area = 1913 mm2
L a
B N 2
- 3. Object Area = 3328 mm
‘\\ Hole Area = 7 x 41 hmz
& .

Figure 5.4 Test Figures for Demonstrating Connectivity

. Analysié Capébility.
' e
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' 4.  Object Area: 1679 mm®
' : 2
Left Hole Area: 28 mm”
: N Right Hole Area: 51 mmz_
. 2
: 5. Object Areca: 2184 mm
Hole Area: 495 mm2
6. Object Area: 1695 mm>
: : Outer Hole Area: 450 mm2
- Y
K Inner Hole Area: 96 mm2
' 7. Object Area: - 1416 mm2
Left Hole Area: 41 mm2
Center Hole Area: 303 mm2
Right Hole Area: 51 mm2

Figure 5.4 (continued)



object, processing is completed with a Case 2 termination. At this
' —~

&

point, the object node {together with any associated hole nodes in the

hole 1list) is remaoved from the active list and-an entry is made in the

complete list structure to point to this node. The progression of the-

active list data structure i{s shown for each object at the indicated
raster lines. To simplify the diagrams, only the hole_ptr, next and
forvard 1lidks are shown. . The forward/back 1links actually form-a

Houbiyflinked circular 1list of connected nodes. For ins;ance,‘the

forward link of node d (silthdtgf 5,?line iii) points to node a and
rd -

the back link of a points(yb d.

Silhouette 1: Nested Objects

vii
viii

ix

xi /

xii

N

T\



Line

ii

iii

iv

vi

vii

o

<

Active llist

a l— &
a e
a e

1L
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Commgnt
a created.
a splitﬁ, giving b.

Cc created.

c splits, giving 4.

e created.

/

e splits, giving f.

£ merges with e.
Case 3 Merge: f is
hole-in e



viid

ix

oxi

xii

S

L

/\ J«k/[ | . .154'.

e terminates.

Case Terminate: e moved to
\\Uf complete list.

'd merges with c.

Case 3 Merge: d is a Qfle in c.

3

" ¢ terminates.

Case 2 Terminate: ¢ moved to
complete list.

b merges with a.

Case 3 Merge: b is a hole 1in a.

a terminates.
Case 2 Terminate: a moved to
complete_list.

3 objects,

each with 1 hole. -

-
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) -0 -
,f\//‘
.// . . .
! Silhouctte 2; 'Intertwined Ohjects ¢ -
& / ) .
i - - 2
it
111
iv
v
vi
vii
viii
ix ~
X
xi 'ﬁ‘ﬁ
xii
xiia .
_xif
Comment
a and b created.
b splits, giving c. ’
1ii . d created. N
a b dir—— c ’ -
w ] <:::§i)
. . .
iv . : d splits, giving e.
% a bl d e c| . 8 §
' /
\\—\\‘\§ : . ' >
Q [a b d f =} c f created. .
_ 5 S - ?
!
- -
B /-\ Al
vi '|a b{—d £ gl-e c £ splits, giving g.

-+
vii : |a b d h gl e c - F

& ' h

terminates,

Case’'l Terminate: object
continues in node g¢.
created. _ 4 |



Y

“viiic a B d g e c
Ix a b g e c
x a b ‘e c
. )'l l
- * -
xi - a e c
!
xii | c \
*
- x,'iii < C -
xiv “(empty) ‘
o -
”
~J

Complete_list

)
N
oL

1::£
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h merges with d.
Case 1 Merge: object
continues in node d.

d terminates.
Case 1 Terminate: object
contindes in node e.

g merges with b.
Case ]| Merge: object
continues in node b.

b terminates.

Case 1 Terminate; object
continues in node c.

-~ merges with a.

Case 1 Merge: object
continues in node g.

a terminates.
Case 2 Terminate: a5

moved to complete list.

C terminates.
Case 2 Terminate: c¢
moved to complete list.

-

2 objects.,
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2
Silhouétte 3: Object with Several Holes
i
‘ ii
’ iii
iv
V_ - L]
vi
T vii
- viii
ix o ~
x .
Line / Active list ) Comment
1 a a created.
A
i & b ivi
C;/,l( ) a- = splits, giving b.
' '
, \ )
: iii i a b merges with a.
- Case 3 Merge:
/ b is a hole in a.
b
- 0 &
iv T a c a splits, giving c,

Fé

N



vi

vii

viii

by
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c merges with a.
Case 3 rge:

¢ is a hole in a.

. e
a splits, giving d.

#

d merges with a.
Case 3 Merge:
d is a hole in a.

object a splits,

. giving e, £, g, h.

P



ix

(empty)”

Complete list contains 1 object with 7 holes.

159

e, £, g, h, merge
with a.
Case 3 Merges:

- e, £, g, h are

holes in a.

a terminates.
Case 2 Terminate:
a moved to
complete_list.



Line

160

Silhouette 4: Merging of Regions with Holes (Case 2 Merge)

i a b
11 a c
" s
iii S .a
c
iv
v (empty)

]

Hal{

B

Active list

Compent

a, b created
a, b split, giving ¢, d

¢ merges with a (Case 3)
d merges with b (Case 3)

-

b merges with a.

Case.2 Merge: d is a hole
in a.

a terminates.
Case 2 Terminate: a4 is
moved to complete list.

K 4

Complete list contains | object with 2 holes.
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. !

Silhouette 5: Merging of Regions with Common Hole (Case 1, 3 Merge)-

. el
1
ii
iii
iv
‘d'

— Vi

Line Active list Comment
; ‘ » :
i a b, a, b created.
.

»

s l F-Q-h .
1iv a :: — b d i a, b split, gidjmg
L c, d. '

c
iii _4:_\\ . /b merges with ¢
C\Av#/ [a = e k‘id : Case 1 Merge: object

coittinues in node c.

iv _ c terminates.
Case 1 Terminate: object
"continues in other nodes.

=

]

<
M}

d merges with a.
Case 3 Merge: d is a hole
in a.

i

*\\‘k
=

vi " (empty) a terminates.
- : Case 2 Terminate: a is
moved to complete list.

1 -

Complete_list cbntains l object with'} hole.
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iv

vi

4
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Silhouette 6: Intertwined Holes (Case 1, 3, 4 Merge)

S

4

Active list

L]

| ,\
Fid —

3 Co%ment
q_w -

" =, @ created.

DA

splits, giving b. -

3]

s

created. -

Q

&
N

“

splits, giving d.

9]

b metrges with 4.

Case 1 Merge: opjec&\\
continues in node d.

N
d merges with crqf
Case 3 Mergsz d*ls a hole

« in c-
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=t &
i3 ‘ a y ’ sy
. . vii . L ¢ merges with’a. .o
~ ) — , Lase 4 Merge: ¢, 4 are
.-/ < : .
[ both holes in a.
g r
L
-
v
A ’
viii (empty) , @ terminates.
R Case 2 Terminate: a is

govedto complete list.

. T - / -
L9 e

Complete_list contains 1 object with 2 holes.

. ) a < .
Silhouette 7:. Merging of Regions with Holes to Form a Hole

(Case 3, 4 Merges)

' Line ‘A_ct' list LN Comment
S— g <ot E’ a created. . -
ii '/\
/
o ‘{
b
VA

iid

Y

¢
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iv c merges with a. '
Case 3 Merge: ¢ is a hole
in as
d merges with b. .
Case 3 Merge: d is a hole

) in b.
v :a; ~
-
el -
_ . b merges with a.
- Case 4 Merge: b and 4 are
—_— holes in a.
fd
vi (empty) . ' a terminates

' ‘ Cése 2 Terminate: a is (ﬁ\\

moved to complete_list.

3 .
Complete_list contains ! object with 3 holes.

5.2 Vertex Point Encoding Efficiency

N: . .
.The sequential boundary extraction algorithm converts run-

length codes (edge points) into the set of vertex points comprising a
. - -
regionm The reduction in the number of points requiréd“to represent

‘any contour obtained by the use of vertex point encoding 6ver'run~yj’

- ~

lengq& encoding is eggzgésed by'the ratio V:
v = . number of vertex points:
‘T = ]

- number of edge\ggints

-

g
-0 pAn example of the vertex poifit encoding-ag!hn%;:e is shown in %

figure E 5 for the actuag binary&i:ii:/;ﬁ;/ﬁ small circular washer.
» { ’h\) \"
o‘h\-J%NQM’f( Y ) ' ' |
a8 N L)
hd : \& €

. : - N . o 4¢m Yé y
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b
o
Figure 5.5 Vertex Point Encoding Example.

Background pixels are shown as ".', object pixels as 'l' and the
< | .

vertex points are aingicated with an 'x'. The radius of the washer is
approximatelyilj mm; the radius of the hole is approximately 7 mm (the

. ("‘./ V ‘
display is somewhate- distorted Ain the y-direction due to the geometry
of the printed characters).

. . 4

'The wasWer occupies 31 lines of the frame. The external
contour therefore is approximated by 62 edge poigts~ Similarly, the
“hole, which spans 19 lines, compri‘ées 38 edgeéints. In contrast,

N - C %
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%

vertex point encoding requires 33 points on the external contour and

4 L
" 24 points on the hole contour. The ratio v, for/gzzﬁgyegion is then:

-

-

+ 33 _ 24 )
external 62 (ng)’ Vhole = 35 - (63%).

a

Smaller values of V are obtained for contours consisting of
long straight~line segments such as Ea;'triangge, rectangle and
square. Ideally the Eriangle can be repreéented by three verééx

er points and the rectangle and square each by four. In‘bractice
4 ' f

however, quantization of the image sensor causes the encoding

efficiency to be’ sensitive tb angular orientation. This 1is

illustrated in the €{;ts of figure 5.6. The circle, triangle, square

and rectangle (objects 1,3,5 and 7 of figure 5.3) were rotated about

their centroids in 15° increments and the ratio V was plotted against

¢ angle. Reductign of contour points for the circle is nearly independ-
r .

. { ent of its angular orientation and has a mean value of 0.54. For the
square and rectangle it is clear that tﬁe greatest reduction occurs
when they are‘ rec;ilineafly -oriénted and vertex point encoding@g&g

- least efficient for orientatioﬁs at multiples of 30°. Overall, the

mean values of V were' found to be 0.56 and 0.55-respectively. The

e

triangle is encoded with least effiﬁeéﬁky at multgples of 60% when no

side is aligned with one of the frame axes. The mean value of V was

found to be 0,56 for this case.

e
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Figure 5.6 QVérte;/;;)nt Encoding Efficiency for Standard.Figures.
& .
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Figul§'5.6 (continued)
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The valﬁg; of V were similarly obtained for seyeral circular
and square objects occupying various portioné of the frame area. Iﬁ
figure 5.7 (a), the mean V for a circle is seen to belnearly censtant'
in the range 0.50 to 0.60 for all sizes. The square is nearly
constant in the range 0.45 to 0.50 for large areas (greater than 0%
of the frame area), but encoding is less éfficient fér the smaller
sizes where the mean V approaches 0.70. This is depicted in figure
5.7 (v). In figure 5.8, the mean V was obtained for a number of
objects of widely different shape.as measured by PZ2A; this is also
seen to-be entirely within a range of 0.50 to 0.60. On aferage then,

the vertex point represehtatioq~ can be expected to require in the

vicinity of 50-60% of the number of edge points.

A

mean V
) -
1]
1.0+ )
A
&
0.5 4 2 (a)
(b}
¢
T T | pme — =T
o' 5 10 25 50 . 75

% of frame
aréa

-

Figure 5.7 Mean V vs. Area.
1

(a) circles, (b) sqhares



170

B
mean VA R
1.0 .

Figure 5.8 Mean Wus. Shape as Measured‘by‘P2A.
o

5.3 Effects of Resolution

e
0

In this gection, we consider the effect of the image sensor
resolution on the contour  approximations éé created by the vertex
point ex[rqét;d; algorithm. Previously, we have.shown that the number
of wvertex. ﬁ;iﬁts; requifed to represent -a contour 1is Qensifi&e‘ to

LN

0 - . '
angular orientation. Although the use of backlighting eliminates

problems with shadows; imageé are still subject to-degradation due to

-, .
dirt particles and reflections. These frequently result in apparent

object or hole regions which approach the size of individual_pixels

and must be handled by the system for reliable operation. In
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. L [
addition, portions of larger objects may contain narrow protrusions,
L)
necks or concavities with dimensions near to the image resolution.
L Y .
The resolution can also affect ‘the representation of contours of

touching (or nearly touching) objects and these are discussed below.

In the accompanying diagrams, vertex points are mafked'fx'.

Minimum Resolvable Regions

An 'isolated object which 1s quantized as a single pixel is
represented as a single entry in the vertex list with a pointer to

itself. Similarly; objects quantized as a line of single pixels are

approximated by a two—element vertex List representing 'the end points

of the, line. These are shown in figure 5.9 (adand (b). As deseribed—

in section 2.3, features are obtained from navigation of the vertex

-

lists. For the case of the single pixef object, ‘the resulting area

and perimeter are zero and for the line of pixels, the area is found

to be zero with a perimeter equal to twice its length. Since
calculation of the circularity and ceatroid require division by these
quantities, these cases must ‘be given special consideration. . This

could be achieved by checking the length of the vertex list; Pbr a

single element list the corresponding area and perimeter would be set

o
. ' :
to one. For a two-element vertex list, the area would be set to .the .

length of the line. In practice however, images can contai‘nmse

.

pixels due to dirt contamination or lightlng (see figure 5.5, ‘line 7).
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- - REGIONS: VERTEX LISTS:
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] ) ; .
by een

-

o
Figure 5.9 . Special Cases of Vertex Encoding.
(a) si&gle pixel object region,

(b) line of single pixels.

S ' : {
3 : ‘ ‘ :
. ) . ) (
To avoid the time required to' detect and process these cases, the.

following strategy. has been adopted:

(i) object segments of sfngle pixel width are not
permitted during the run-length ehcoding. That 1is,
oily %egments within an object region which contain

two or more pixels are considered valid.”

- .

"(ii) . objeet or hole regions must Tvarain greater than two

vertex points to be included in the Current Frame

'-*_ Description d&ta structure. With (i) above, this
: L 4 el

means that a contour of less than -four vertex points

is not possible.

N
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With conditions (i) and (ii) above, the minimum resolvable
Object and hole regions are shown in figure 5.10 (a) (b). 1In (b), it
is seen that since hole cogtours are encoded with points from within

the surrounding object, a hole with a widt®® of only one pixel can be
~

-

tolerated: Condition (ii) abové, however, doces not permit a‘%ingle

pixel or a horizontally oriented line of pixels as a valid hole

. o
region.
. -y
T TARRTHR T TR
recrovs: XX [x]x NN VIR
R P Xix] NN NN
K o K N
AT~ AR
CONTOURS: [ | Y I NN
@ (b)

ot

Figure 5.10 Minimum Resolvable Regions (Four Vertex Points).

(a) bbjecté, (b} holes. -

1 1

‘
Connectivity

The vertex point extraction algorithm generates lists of

vertex points‘by éonsidefing sagment overlap in the 41Fonnected'sense

~for object reg@Sns and in the " 8-connected segse for hole regions.

.k .
These are-illustrated in figure 5.11. In (a) separate vgftex lists

are formed for objects 1 and 2 which neighbour only at' diagonally

adjacent pixels, A and- B. In figure 5.11 (b)), pier‘. A and B are

vertical neighbours resulting.igﬁgj;fngle vertex list forgbofh_

"
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objects. In figure 5.11 (c), the vertex points for an 8-connected

hole region are shown.

» OBJECT) UBJECT] V/Z’Zd/ /:f /f ///f/
x] TX x| Ix . GALLAL
) \ A 7 %% > ;,Z ﬁﬁ//
— - i > 7] 73
ReGIONs: XL X X} X S X'l//f
I B3 I EIIES ALY X4
P A 0K (X1
7
AR X - P77
OBJECT OBJECT) ARV LAY

-

L :
i *_‘— - ' ’ . I .
L CONTOURS ;. N — . \\\l ': \5
‘ . . | | I :

. (@) . (b) o (@)

' ) \ Y

,;.x,,‘ﬂ ' " )

Figure 5.1! Veriiy Point Connectivity.
(a')._two_distinct object regions, I ﬁ =
. (b) connected object' regiond?) ’
“ (ec) connected hole regions.

Y -

Protrusions/Indentations

-

] 3 ( ’ - . + '
~ io The vertex ‘point encoding of single pixel® protrusions or

indentations on a boundary are sensitive to angular orientation. The
: - L A : .
end point of a protrusion is included in the vertex 1155 only/ for -

, horizontal orientation (figure.5.12 (a)). For other orientatioqs, the

. protrusion widl comprise single pixel segments_ywhich are eliminated R

‘ _—\\‘ according to (i) above and none of these points will appear in the

\

. S & ‘ '
. (t’ ra . -‘ . \. "

o { . . :
- M . '. ) ' . P .
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g
vertex list (figure 5.12 (b)(c)). Singlé pixel width indentations are

. :

encoded in the wvertex 1list for rectilinear orientations a;ﬁ)
\'1 .

demonstrated in figure 5.13. The approximation is triangular in shape

for a horizontal orientation (figure 5.13 (a)) and rectangular for an
e h .
exact _vertical aligonment (figure 5.13 (b)). For other orilentations

(figure 5.13 (c¢)) the quantizing effect will result in different
representations; in some instances the object may close around the
indentation forming one or.several narfow hole regions, depending on

. . [
the length of the inqaptafion;and the orientation angle.

- R .

’
- t
X | X _ {X X] [X]
X - X X
' EE 'y
REGIONS: X B Ix X
X%
o E !
| ~—. - R AN
) ~— f —— 2o '
CONTOURS: T . v |
. ‘ L..._.,/— 4 I /-A_—-—'— .
¢ .
-_/\.. (a) (1)] (C)
) -
k/\/ . /
. ' T ‘."
. N * f¥ j ,
N -Figure 5.12 P;ptrus&oﬁ. ) RN

—

(a) horizontal, (E) vertical, (c) AS.deg;;;;t\

- -
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CONTOURS : ._m

(a) R € (c)

l Figure 5.13 Indentation. .

'
- - f

o ' (a} horizontal, (p) vertical, (¢) 45 degrees.
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Necks

The resolution of the sensor can similarly affect objects with

small necks cohnecting two_ larger areas. The gfﬂgct is the same as .
r'- . - . . . \ ‘

for protrusions described above. For the example of figure 5.14, a

single vertex list is formed only for a.hori;gntal hrientation (figa'F'f
. . 2

5.14 (a)). 1In other orientations, the coné;;ting neck is quantized by

a single "pixel (and therefore ignored) resulting in two separaﬁe

-

contours (figure 5.14 (b)).

r -

4
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. x X
TX X

| X /x-ncck % X

REGIONS: [X v 1 [ [x =

X ) f\x % ™~ neck
, x| [x .
) - Xt |x
F

@ (b)

Figure 5.14 Connecting Necks. : -

r (a) horizontal, (b) vertical. »

P

Touching Objects

-~
. Overiapping or touching objects generally' result in a single

vertex list representing one contour. However, in some instances
5 ot - X
touching objects can be segregated if the. point at which they touch is

quantized by a single pixel. This can occur when a sharp corner of

one object is resting against a étraight-section of the contour QE a
second object located above the first. This is demonstrated in figufe
5,15. P}xel A, bélonging to object 2, i% the result of quantizing the
sharp corner of object 2 which tpucﬁes the bottom of object 1. Stnce
this results in a segment of” single pixel wiéth, it is not seen by the

run—length encoder, and two distinct vertex lists are generated.
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Figure 5.153 Touching Objects which can be Segregated.

5.4 Recognition Time

The processing time for each of the objects of figure 5.2 are
plotted in figure 5.16 against complexity, és measured by the numbér
of holes. Curve (a) is the total time required to recognize each disc
among the eight 1in the .set and 1indicates times. ranging from
approximately 700 ms to 1350 ms. Curve (c¢) shows the.execution times
for the same objects for the Machine Intelligence Corporation V$-100
vision system [5.1]. These times, however, are based on the analysis
of a 128 x 128 element image; in our system, images éontain more than
three times as many pixels (the resolution being 232\x 240).  The
greatest portion of the processing time is that‘pequired for contour
navigation (Curve (b))} which is directly related to the number of

~

‘* vertex points.
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*Figure 5.16 Processing Time vs. Complexity as Measured

exetution times as reported in (5.1]

by the Number of Holes.
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5.5 Discrimination Measurements

An experimental ‘procedure * for gauging discriminatory

capabilities is proposed in {5.1] and duplicated here. Each of the

-

eight objects of figure 5.3 were ~processed by the vision system in 40

random positions and orientations within the frame. The-measurements

of area, perimeter, P2a, maximum radius and hole area at each location

were recorded and the means and standard deviations ($.D.) are summa-

rizéd in table 5.1. By design, the areas »f the objects are nearly

equal, 'so that area is not useful in“discrimination.

‘As reported in [5.1], no single feature can be used to

characterize individual Qbfects. If a Galssian distribution is

é

.assumed for each feature then this can be graphically displayed as in
A\

figure 5.17, using a 99.7% confidence level (3 .times the standard -

deviation).

-~

The maximum radius is clearly able to discriminate among the
four subsets of the. objects. Together with the hole area (or number
of holes) any of the' eight objects are readily recognized. The

perimeter can distinguish three of the subsets but is not reliable for

discriminating between the squares . and rectangles.\ However, the P2A

ratio does improve the discrimination between these shapes. v
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In another test using a Monte Carlo procedure, several objects

were positioned .at 100 random locations within the frame to give a
distribution of area measurements [3.2]. A typical histogram is shown

in figure 5.18. Four sets of test objects were measured, each set

consisting of various size.objects of constant shape:

Ty

Object P24 % of Frame Area Occupied

Circle 1.0 SRR 20.5
:10.5

5.0

2.2

4:3 Rectangle 1.3, . . 27.0
- 19.0

12.4

7.4

4:1 Rectangle 2.0 10.7 o
: 6.8 —

4.0

1.7

8:1 Rectangle 3.2 5.4

L ]
&

If a Gaussian distribution is assumed in each case, the error
in area measurement will fall within + 2.58 standard deviations with

99% confidence. Thesé errors for the above objects are plotted in
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figure 5.19. The curves indicate that the accuracy of the area /;:/\L/K
_hmasurement improves as the object occupies. larger portions of the

frame area. This of course, is expected. Also, the error is seen to

be. insensitive to wvariation in shape factor. To illustrate this
characteristic further, the experiment was vrepeated using a

triangular;shapbd object with P2A = '1.86: The resulting error is
Y

included in figute 5.19. The curves therefore, have value in
estimating the maximum error in area measurement of objects of random
area and shape. For workpiece discrimination based on area alone, the

curves can be used to assess the minimum differences in(jj;a that are ,

required for reliable operation. _ : e

A S | ¢

H
frequency |
i 4 ’
1 Q
30 r
‘-L )
. 20 _ o Qbject Arca= # - -
1.75 % of Frame Area
L 4
- . . )
0 R : o : : '
T o t f T l; "‘ [
930,940 950 Ue0  9Y0 980 990 1000 ‘101D
N ' . AREA (pixels)
. ;
Figure 5.18 . Distribution of Area Measurements. =
J . =
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~*‘-E{§ure 5.19 Error Curves for Test Ubjeéts.
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5.6 Centroid Accuracy Measurements

To measure the accuracy of centroid'dégggmiyétion of the
vision systeﬁ,'40 readings were made for.each of three circular discs.
The diameterg'UEre 25.5 mm, 44.7 mm and 72.0 mm in the 162 mm x 128 mm
field OE, view. The centroid of each disc was ?ound manually and
marked with a pinhole. By positioning the pinhole at several known
locations within the frame, the (x,y). coordinates were rtecorded as

- reported by the vision system. The mean errors in x and i were

calculated and are shown in figure 5.20 with 99.7% confidence limits.
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The measured standard deviations are as follows:

-

Disc diameter % of frame area " Measured Oy Meatured cy

25.5 -mm A 2.5 0.55 mm 0.65 mm
» .

44,7 mm 7.6 ° 0.46 mm o 0.58 mm

72.0 mm 19.6 0.32 mm 0.36 mm

|
Errors in the determination of_xC and Yc improve as the discs

occupy larger areas of the frame and the contours therefore comprise

a greater number of vertex points.

-

1 .
The error analysis for the accuracy of centroid (XC,YC)
determination for run~length encoded circular holes 1s described by

Rosen et. al. [5.3]. They have shown that the worst case errors in Xc

and YC are'giﬂen by: . i . ) @

o = Px/ 12 | . UY = Py/ 12
@
- where Px ='spatial resolution on x axis ‘(mm),
and .Pyt= spat?al resolution on y axis (mm).

L
The quantities Px and Py for our 3;:tem are:
Px = 162 mm/232 pixels = 0.698 mm

o

Py_= 128 mm/240 pixels = 0.533 mm . -
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Figure 5.20-'Errof in Centroid Measurement.

{(a) Xc’ (b) Yc

Hence ,

= 0.201 mm and ay7 0.154 mm .
: . _m‘
: ” .
Actual measured errors in Xc and Yc determined from vertex

point approxfmations‘are seen to be similar E@ these values. 5
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In another test, a 50 mm x SJ mm square was rotated abou't‘,i‘ts

centroid for five different locations 'in the frame to indicate the

~

L
sensitivity of centroid -measurement to angular orientation for a non-

) ' - ) _j’ .
circular object. The mean Xc and YC of 25 readings were calculated
for each position shown in figure 5.21. The resulfs are summarized,

. below. The results indicate a maximum error in XC ofy 3 x 0.27 = 0.81

mm and in Y.of 3 x0.29 = 0.87 mm due- to orientatiog at position I.

Position Xc (mm) . YC (mm}.
Mean S.D. Mean S.D.
1m 43.45 0.27 37.70. © 0.29
2 120.67 0.21 ©38.12 0.17
3 42.57 0.16 © 94.74 0.20
L) N . .
4 . 117.21 0.17 g3.13 0.18
r o
5 84 .84 0.18 \  65.36 0.18
) Yo ‘
5.7 Ofie‘ntation Accuracy Measurements

The triangular objtct of figure 5.22 was. used -to give an

indication of the accuracy of the angular orientation measurement.
o
. . L4
The object was rotated about the axis of. the maximum radius and 50

'

measurements recorded-

The mean'<difference betwéen the angle repo;?ted by the vision

\

system and the measured angle was dend to be__0.13 degrees with a

standard .dev‘iafﬁ of 0.84 degrees. . oL
.. ' A
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128 mm

.‘k ) .
. LI «

]

-

maximum radius

(54 mi). -

LS

or Determining Orientation Accuracy.

Figure 3.22 Trianglé Used £

-

»
.

Ea &
flo {S.Q] has shown that the error in orientation dete;mined by

the maximum radius vector of length 'h' from the centroid to a sharp

N L)
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. !

corner on the’contour is estimated by:
[ L]

o, = (1/[3) tan ! (1/n) 3

)
. S

F%r this example h = 54 mm, giving a value of g, = 0.61

degrees which is very near the experimentally meagured«érrﬁr.

\

{
. _ \\

&
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CHAPTER 6

DISCUSSION

6.1 Conclusions

Machine vision will surely ﬁiay an increasing role in auto-
mated manufacturing with applications identified 1in two principal
categories: inspection and visually—contrblled manipﬁlation. Comput-
er vision is appropriaté for workpiece sorting operations, identifying
or measuring shape, parts fitting or mating, measurement of critical

~ .
dimensions and tool wear, checking for integrity or completeness and

" similar quantitative processes. Silhouette vision 1is particularly

well-suited to the processing of iﬁherently binary images (including
those of printed text, handwriting, printed circuit traces, ete.), the

inéerpretation of structured light patterns and the analysis of
-

isolated regions of grey-scaled pictures. Processing speeds however,

remain a serious limitation‘ in the development of general purposé

vision systems. The real-timé extraction and iﬁte{pretation of

information contained in large quantities of visual data requires

advances in  preprocessing  Thardware, highly parallel machine

‘architectures and efficient algorithms and software, ,”//’”~‘5-1J

Towards this end, a new algorithm and data structures have
~
been developed for the sequential extraction of region contours from

191
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raster-scanned binary images. Existing methods have been surveyed and
three sequential methods were selected for detailed description. The
first two of these are based on the well-known chain coding techni;ﬁg
and were found to require excessive post proéessing, precluding their
~
use in a high speed implementation. The third method, due to
Aggrawalé and Kulkarpi, was then compared with our new procedure. At
the expense of an increase in memory, the new algorifhm is found to
require significantly fewer edée point comparisons, and the dynamic
data structures can be manipulated more efficiently. In particular,
processing time is not dependent on the topology of the contour, no:
initialization is required at the beginning of every frame and the
storage utilized by merged regions is freed for subsequent use. The
completeflist structure used for representing the contents of a
completea frame is constructed 'on the fly'; the hierarchy tree of
. Aggrawala and Kulkarni is ‘available only after additi&nal processing.
The new algorithm approximate;‘contours as. a linked 1list of
vertex points ihdicating_ changes of direction on the boundary.
bperation is completely sequential and no réstriqtions are imposed on
the configuration Sf the regions: an image may ;;ntain any number of
objects and holes which may be.intertwined, nested. or intersecting
frame edges, Scan lines are prdcesseq individually so that a linear
array sensor could also be used. The verte% point encoding scheme is
shown to offer considerablé savings over run-length codes in the
number of -points used for boundary encoding. Measurements indiéate

‘that on average, savings of 50 to 60% can be achieved. A set of rest

‘silhouettes of widely dif%erent shapes was used for demonstrating the
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operation and robustness of the algorithm and, data structures.
Removing single pixel width segments and elimin;ting contours of fewer
than three  points have proven ,effecgive in réduéing i;age
contamination due to small dirt particles and reflections. . These

f}

strategies, howevek} can affect the vertex point representation of
K . ‘ T
regions containing narrow protrusions, 1indentations and connecting

-

necks. 'S

A cofiplete 1implementation of a vision system based on the
vgrtex point technique was undertaken. The architectu}e, designed
Qith an 8086/8087 single board computer, featurés a Elexihle multiple
bus structure which supports high sPeed, parallel operation of
hardware modules: these include video rate histogram generation and
binary image acquisition. The syétem is compact, be}ng completely
contained on tﬁree printed circuit boards including sdftware which has
been confined to on-board EPROM. Software has been deéeloped for
vertex list navigation for feature extraction, object recognition and
the determinétion of location and angular oéientation. A relational
data base ié used to store thelfeatures of prototype objects, enteréd
in a 'teach-by-showing' session. The contents of each frame are
efficiently represented in a dynamic data structure (CFD). This
structure maintains object/hole relationships and provides an easy
method for determining information such as the number of Bﬁ}acts in
the frﬁme, the largest object (or hole),- the object withl the most
holes, etc. Calibration between pixel and 1inéar dimensions is accom-

plished by a simple procedure: am object for which the centroid is

known is shown to the system in two positions and the actual distance

.
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between the cenﬁgoids is entered. All prototype feature measurements

N .~

are stored in linear units sa that if the camera.position were to be

changed, the prototypes. need not be retaught.

»

A software €§mmunications package has‘been developed for
interfacing the vision system with a PUMA 600 industrial robet. By
inserting the vision'proceésor in the serial:line normally used for a
CRT terminal, the instrucfion set of the VAL control language has been
extended to include commands for accessing visual information under
program control. The vision system provides workpiece identification,
location and orientation without modification to the robot éontroller.
High vreliability an& accuracy have been demonstrated in repeated
Operation of a parts sorting application by the robot under visual
control. The 9600 Baud serial communication link was not found to be
a limiting factor in the overall speed of the robot/vision system.

The vision system has been evaluated in terms of execution
speed and discriminafory capabilities, and for comparison purposes two,

. a
sets of stvndard shidpes have been used. In- execution time

measurement, it was found that for increasingly complex objects (as

-

e
measured by the number of holes), the system required from 700 to 1350

is pr cessépg fewer than one third as many pixels. 1In discriminatory
meas rements; nearly identical results were found to those reported
éo the V5-100 system.

Measurement of the errors in centroid and orientation,deterf

mination indicate that vertex point approximation of contours does tot
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.( .
significantly affect these values. In both cases,[ measured errors

were, comparable to theoretical limits. Centroid accu acy was found to

improve as objects occupied larger portions of the fraje area and

therefore comprised a greater number of vertex points.,

6.2 Future Work

Preliminary work has already begun in the design of an
implementation of the sequential boundary extraction algorithm during -
horizontal retrace intervals of the raster scan. The use of the Texas

Instruments TMS 320 and the AMD 29116 processors are being considered

Lo atctain video~gate execution. Additional hardware moaules will be

-«
—“

incorporated 1in the* system architecture for high-speed, parallel

extraction of contour feaﬁures from vertex lists. Replacing the B086-

based computer with the recently introduced Intel 80286 processor will

also offer improvéments in performance. -

Further algorithms coﬁld be.-developed for processing vertex

points. to 'optimize fecognition and orientation determination for

‘shapes in particular applicatioﬁs. These include the recognition Rf
overlapping'or touching workpieces, or the detection of workpieces in

close proximity which might result .in a robot <crashing into

surrbunding objects while atteTpting to grasp another. Additional

measurements of system accuracy could lead to methods of compensating

for focus, alignment and quantization errors. |
Multiple~camera arrangements can be utilized for extending the

two—dimensional techniques to three’ dimensions. For example, one
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camera would give a plan.view of workpieces with another, horizontally

positioned sensor for estimating object heights. Alternatively, the
camera could be repositioned by the robot itself to collect a variety

of views. This will be facilitated by the avallability of smaller

image sensors which would not interfere with the dynamics of the

-

robot. . .

Improvements can be expected with the evolution of sensor
technology and as standard software and computer architectures

specifically designed for image processing tasks are established.



APPENDIX A

VISION SYSTEM SPECIFTCATIONS "
Hardwarge Features , A
“N -
- TV Camera . General Electric TN2500
. 30 Hz frame rate

-

¢
. 4.5045 MHz pix2l rate

. 8-bit grey-scale for each bf,244§2£h pixels
. R5 170 output

.

- Processor ’ . Intel iAPX 86/20 . -
7 v . 8086 microprocessor (16 bit, 5 MHz)
. 8087 numgfic data processor
. 64K RAM g
. 32K EPROM
» MULTIBUS intefface
. RS232C serial interface (CRT terminal)
- Input/Output . Video-réte binary,i;age ac&uisition
. Video-rate histogram generation
. Rosot interface (Sefial, 9600 Baud)
. DMA controller

. TV monitor for displaying camera images

197 ° P
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Software Features

- data.base storage for 75 silhouette prototypes

- images may contain any number of objects or holes of any shap;

prototype objects entered in "teach—by—showing" session

-~ feature tolerance user-settable

fast vertex point extraction

- feature measurements storg@ in "real world” units; selection of a
differenL camera lens or position does not require reteaching of

-

-object prototypes.

- Brey-scale to binary image conversion: autoﬁatic or manual

+

- programmable background color
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APRENDIX® B
} .

PL/M-86 LISTING OF -

VE?RTEX POINT EXTRACTION ALGORITHM

199
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b x 200
- Fu/B-C8 CORPYLER  VERTLY
SIS 1T FLen-B6 V201 COWFILATION OF MODULE YERTEX : .
DEJECT RORULD PLATED IN :FLIWERTEX.ORY o \
CORPILER IRVORED B Qtf’§ (FLSVERTEXLGRC LARGE OFTIRITE(S)
. ST - VLRTEX: 00}
R e e s e e e i n -
- STYERTEX POINTS EXTRACTION -
_l a : -
e _ - ALGORTITHY -
' . - . J-.
. OO S —
- 8 -
ACTIVE_LIST naTa stRuCTURE ¢ -
1110 fmm e ————————— e e -
NORE N S -
-y N \ \ -
- / y B \ \ . -
- [0}---TAJ-=-Cp d---[c )L 1---0g Ts---[F I~} 1L -
- _ KIL el Tnl NIL {x1l o -
- . ' e : -
- R 11 NIL ‘ .
- {41 | -
- - Kit -
A 8 C -
- e el ; (e PREVIOUS LINE -
= L E F . -
R I ' oo HEV LINE -

) e 3, - -
(:i—‘h-—"///" - THIS ALGORITHX EXTRACTS A LIKKED LIST OF YERTICES OF CONTOUAS =

- 7 CONTAINED IM A RASTER-SIANNES BINARY INAGE, THE FRAKE MAY CONTAIN =
- AKY NUMGER DF PDLYGOHAL REGIONS {DBJECT3) WHITH MAY INTEAWEAVE AN} -

- EACH MAY COINTAIN ANY NJMEER OF WOLES, (BJECTS WHICH APFEAR AS -
- PISLANRS! WITHIN WOLES OF LARGER DBJECTS ARE ALSD ALLOWED. THE -
- ‘ N
. ] - QUTPUT OF THIS ALGORLTIM IS THE LINKED LIST OF (XsY) COORDIMATES -

FOM EACH DEJECT ANY MOLE, UBJECTS ARC LINKED LOUNTER-CLOCHWESE AWD -
- HOLES ARE LINCER CLOCK-WISE, A STARTING POINT INTO THE CHALN IS -

GIVEN ' FORA OBJECTSt [T WILL BE THAT FDINT WHICH HAS MAXIMUM 'y' =

- AKD WINIEUR 'x’ } FOR HMOLES IT WILL BE MAXIMUR 'Y' AND macImum 'x!. -

' ’ - COMTINUED ... bt
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201
FLR-DC CONPILER WERTDY .

$EJLCT

~  ACTIVE_LIST 15 THE DATA STRUITURC HITH CONTAINS THE LKFORMATION -

- ABOUT AKY CBUECT WHICH TS CURRENTLY 'ACTIVE' | L,E. SCHE PORTION -

_ - OF THE DBJECT APFEARS IN THZ LAST-LINE OF THE FRARE. THE YARIASLE -

- CURRENT_OBJECTEPTR pornts At sheghasE TN ACTIVE_LIST wkicH 15 -

= CURKEBTLY BEING AKALYIED: AKD | hﬁFTR: B_PTR aka [_PTR) poINT INTS -

- - tee VERTEX_LIST structure ve gpering vwe fmrmsc) vaLues, Tee wexy -
LInc’s SEGHENTS ARE STOREZ Ix THE LINE_BUFFER STRUTTURE WHICH wILL -

"~ EVENTURLLY- BE IMFLEMCKTED IK HARJUARE. THE (BrEsF) WALUES ARE -

= - DaTALNZD FRCK THIS STURCTURE AT LOCATIDHS DEFINE} 8Y THE POINTZRS -
- ( D_PTRs E_PTR: F_PTR ). -° -

.

- A% OFJELYVS ARE TOMPLETED JURING THE RASTER 5CAN POIMTERS TO THEIR -
- KDJES ARE ATBED TO THE SYRUITURL COYRLETE_LIST AKD SUBSEQUENTLY -
\ - tenEved FACH THE ACTIVELIST. A LINKED LIST OF HOLES CONTAINED IN -
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PL/E-CL CORPILEE  VERTCY : S
$EJELT
/. ................................................................................
USERVICE DECLAFATLONG .
.................................. D L L L R L L PSP LT PER N ¥)
1 CRTSSTRINGSOUT: FROCEDURE (FTRI EXTERNAL; 7
32 , DECLARE PR POINTERS
i) JEND CRTSSTRINGSONT
5 - DECLARE -
PESCAGT!Y) BYTZ BATALODH, 0K, PVERTEX POINTS rosma ... »O0H,OAH, 034 §
b1 TECLARE .
. » SEGHENT(IS00) STRUTTURE ¢ X1 BYTES KR BYTE. Y DYTE) AT (8000H);
7 1 BT i '
B N RISDS

&



FL/R-TO COMPILER

10

13

15

14

-1

1

{

VERTIX
LEJECT .
5
JH s e i
CECLARATIONS
DECLAFE _
TRUE LITERALLY "GFTHY
158 ~LITCRALLY 07,
NI LITERALLY *OFFFFH',
Iy LITERALLY *&CTIVELISTO)
MACIMUM RIGNT  LITERALLY ‘OFFW';

DECLARE '
~/”? FFuHAKLScNGT,EUHFLET[ “BYTES
J '

DECUARE . 4
VERTEX_LIST (2000) STRUCTURE (X RYTE,

. Y BTG
. - ¢ LIEK RORD)

DECLARE . _
NER_VERTEX_PTR RanD;
OCCLARE

ALTIVE_LIST (2000 STRUCTURE {ICLTALYL

\ 203

AT (B500H) ]

THVEGER

DELTAXE INTEDER,
EFT KR
RIGRT  WORDs -

. HLE_PIR RIRN
LAST_HILE WIRD,

- FORkaRD Wby,
- ' 3Lk ARG,
. KEAT KORE)
.
DECLARE
KIW_OBJECT_PTR HORD)
CFREVITUS_ORUSCT_PTR - HORD,
CURRENTOBLECTLPTR - WORD:

DECLARE . .
CORPLETE_LIST(S0)  RORD AT {QRODSH) .
COMPLETE_QRJEGTZFTR  WIRT
KD_0BJTCTS_INFRAND  RORD

AT (OROLIHY )

:!‘ DECLARE

( AsReChDUEaF )

C A-FTR: B_PTRs L.PTRy D_PTR:.E_FTRs F_FIR )
«* DECLAPE o

LIND_BUFFERCIB0)  BYTE AT (0B&aiH),

LINENUKBER = BYTE AT (QRICEM),

LINE_BUSFLR.FTE - HORD:

#0
P

AT (0AORDHY )

L

RORD:
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FL/B- &0 CONPILER  VERTLY .
. SLIECT
17 1 READ_NEW_SEGRERTS: FROCEDYRES "
v
/% THIS ROUTIKT IS USZ3 TO STHULATE THE HARDWARE ACRUISITION OF
. RUN-LENSTH COGES FOR OME LINE IN THE FRAME, AS THE CORES ARE
COLLECTED THEY ARE SToAE: IN THE LINC_BUFFER STRUZSURE, ¥/
8 2 DECLARE
HUKLER_OF .LINES _IH_TRAN LITERRLL} 1240
R LINE-BUFFER_PTR = 0]
o2 LINE RUMELF = LIKE_NUBRER ¢ 1)
D T IF ¢ LTHRCCNOMRER = HUMRER_OF _LINES_IN_FRANE )

THER  FRAME_IS_NOT_COMPLETE = FALSL

)4 o ELSE | ,

- . . t
2072 i DO RHILE { SEGMERTCRY.XL €3 OFFH ) AND € SEGMEMT{M).Y = LINE_NUMBER )}
L R ' LIve_FUTFOF{ LIFC_BUFFER_PTR ) = SESHSKTOM).L;
233 LINE _BUFFER_PTE = LINE_BUFFER_FTR + (i
v 2 1 LIRE_RUFFERC LIRE_BUFFER_PTR ¥ = SEGRERT(M}.XRF )

l 7.3 - LINC.BUFFER_FTR = LINE_BUFFERLPIR + L)
26 3 ) K=K+l
28 3 3 HH

1
/F\\} N2 ENT REAT_KLR_SEGHENTS)
k a
4 \%
~'.
3
5
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LD CORRILER VERTLX
$E2ECT
RN IRITIALIZE: PROCEIURT:
/% THIS ROUTINE IS.CALLED PRIDR TD THE START OF THE ANALVGIS OF A NEW
_ FRAME, THE potTERs 7o ACTIVELISTy VERTEX_LIST, ave COMPLETE.LIST
AS GZLL AS THZ NUKBEN-OF “DEJECTS COUNTEA AMD THE FRAKE-CONPLETE FLAD
ARE :thxa-xLG HERE 74
2 K = 0t it COUNTER INTQ SEEHEE?S ARRAY 7
AL . LINE_KUMBER = CFFH: /3 RESET TO GEGINKING OF Frame -~ 1 %/
B : .
2 PREVIQUS.ORJICTPTR = 0}
I 2 HER_VERTEX_PTR = 0) .
3, 2 HEN_DBJECT_FTR = |}
72 CONPLETE_QBJECT_TTR = ) .
ik 2 DUKK (L KEXT . = KILi .
%o CURRENT_OBJECT.R = klLi
2 H-0RJECTS. IL-FEHH& = 0}
a2 FRAKE_TS_MOT_CDZPLETE = TRUE;
2 2 = PAYIHUN _RIGHT:
i3 72 D:F s HAXTHUM_RIGHT)
iy 2 END IRITIALIZE:
51 ADVANCE.OBJLCT-POINTERS: PROCEDURE:
i 2 PREVIQUS_ORJECT.PTR = CURREWT.ORJECT_PTR/
7 2 CURRENT _ORJECT-FTR = ACTIVE_LIST{ CURRENT_ORJECT_PTR ). KEXT}
o
i 2 ERD ADVANCT _OLJECT_PDINTERS) ’ ~
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FL/R-TL TOMPILER: YERIEX

$eJect

LI ADVARCL_ABC: PROCEDURCY
3 2 b= Ci
al 2 B=0i
w2 IF CURRERT_QBJCZT_PIR ) Kl
>
THER T0:
W3 A_PIR = ACTIVE_LIST( CURRENT _ORJECT_FTR ) LESTS
55 3 B_PTR = ACEIML-LI5TC CURRENT_JEJECT_PTR }.RIGKT
a1l A = VERTEXLIST(O AlPTR 1.X0
a 3 B = VERTEX_LIST{ B.PTR 3.0
3% 3 ' 1F ACTIV_LIST( CURRENT_BRJECT.PTR J.NEXT = HIL
THOR = BAXTYUR_RIGHT:
803 ELSE DS
61 4 C.PTR = ATTIVE_LISTC ACTIVELLISTC CURRIRTLOFJETTRTE )L MEXT )LLEFTS
v a2 C = YERTEX_LIST( CLPTR 1. X4 ..
£ 4 HiIH
63 3 Eh
63 2 A NARCE_ABD)
& 1 RESET_ABC: PROTETURES
/y THIS ROUTIKE PDIITIONS At B AKE T TO THZ FIRST POSITION IM

the ACTIVECLIST.  Ir ACTIVELLIST 1% EMPTY: THEH A REHAINS AT
THE HAXIMUY RIGKT VALUZ., IF THERE IS ONLY ONE ACTIVE-OBJECT)

THEK € IS 3ET 70 THE MAXIMUK RIGHYT YALUE, ¥/
72 PROVIQUS_OBJECT_PTR = &
8 2 CURRENT_CRJECT_PTR = UMWY, NEXTS
g0 2 LAl ADVARCE_ARCH

w2 ERD RESLT_ABLC:
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gl
31

HM
B4

£

[/

R

e

[ oI N I . R 36 B o ] Land

r2

L]

ra

uRTE
e

Tk VIRTLY

$ESECT

AOVANTEDET + PROCEDURE:

M- T

an nonu "n

1M DPTR O LIKE_RUFFIR_PTR

THER i
B = LIK_RJFFERC DPSR )3
E = LINC_RUFFER( E_PTE )
IF f_PTR = LINE.RUFFER.PTR

TRIN  F = HAYTRUN_RIGHT! )
ELEE F = LIKE_BUFFERC F_FTR }i

BNl

END ANUANCE_JEF7 -

RESLT.DEF: PROCEDURE;

/% THIL RODUTIKE POSLTIONS 0 E AND F AT THE FIRST SEGHENT ON A NEW
LINE, IF THE MEW LINE CONTAINS HO SEGMENTS) THEM U REMAING AT THE
HACTRUY VALUE, TF THE MEN LEWZ COKTAINS ONCY ONE SEGMENTr THER F
IS SET 70 THE MAXINUAY .

FRR = 0
CALL ADVANCEDEF:

END RESET.IELFS
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Fu/b-C8 CONTILER

%)

)
7
3
T4

23

-

78

S S N S B B R S I O )

ra

b

(=)

D

WERTLY

EJECT

TR TALTRE RN TROCIIURES

/¥

Enn
Enk

TAI5 ROUTINKE IKITIALLIIES THE FIEL3S OF A HEw NO2E ADILD TD THE

ACTIVELIST.
ACTIVE.LIST (RER_BEJLST_PIRYLIELTALXL = 254+
AETIUE-LIaT(HEh,OBJECT_PTR}.ﬂELTﬁ_XR 2361

NEW_VERTEX_FIR - 2
NER VERTEX_FTR'- 1i

1T
Al

HER_GRJECT_PTR}
KEROBJECT PRI
KER_OBJECT_PTR;

CYIVE LISTORER QRJICT_FTRYLLETY
ET!UE-LI T(NCR_OEJECT_PTR) RIGKT
ADTIVELISTINCA_DBJECT_PIRY JHOLE_PFTR
ACTIVE_LIST(HER_ORJICTFIR) LLAST NHOLE
ACTINE_LIST(REN_OBJECT_FTRY.FORRARD
ACTIVE.LISTCRER_GRJECT PTRY . BALK

INITIAVIZE NORES

»
4]

IRCERT_RORE_TORIONT: PROCEDVRTC PR }i

i

I|’|

THIS ROUTILD INSERTS A NOBC In ACTIVE_LISTY 7D THE RIGHT OF THE WOFE
POIKTED 70 BY FTR!

DECLARE FIR hﬂ“D

ETIVE_LISTUNES_OBJCCT_PTRYLNEXT = ACTIVE_LISTARTR) NEXT]
ACTIVELLIGTIPTRYLREXT = NEA_OHJECT_PTR; i

ChLL INITIALISE_WOOEI
HOR_ORJECT_FTR = MER.ODJECT_PIR ¢ i

NSLRTRIDZ_TORIOHT!

n,

"



107

103

107

11¢

113
114

115

3
3

PL/%-B0 COMPILEE  VERTOY
$E0ECT
i
&
H BELETE_KEXT_NDDL: PROCEDURZ(FTRY G
/¥ . THIS RDUTIKE 3ELETES A KOPE FROr ACTIVE_LIST. PTR poinis 1D THE KO2E
vHasE 'REXT! POINTCR POINTS TD THE KORE TO BE BELETED. ) ¥
2 DLCLARE PTR WORD)
2 ACTIVELIST{PTRY.NEXT = ACTIVE_LIST(ACTIVE_LISTAFTR) LHEXT) JNEXT?
2 ENM DELETE_NEXT_WODE:
1 JOIR_TOHDLELIST: PRBC?DUEE( RIDE_PTR: FIRST_FTR, LAST_PIR )¢
4 THIS ROUTINE JOINS A HOLE LIST JEFIKED 8Y ﬁlRST-PTR. LAST_FTR vo tHE
HCLE LIST DF THE CBJECT NODE POTWTEDR To &y NJDE_FTER,
NECLARE ( WORC_PTR: FIRST_PTR, LAST_PTR ) WORDG
2 ACTIVE_LIST( ACTIYE_LISTC NDDE_PTR ).LAST_HOLE ). HOLE_PTR = FIRST_FTH
2 ACTIVE_LIST{ KODE_PTR }.LAST_HOLE = LAST._PTR:
N END JOIN_TO_HOLE_LIST)
i KOVE_XY: PROSEDURE { PAINT, PYR )} ' 'A .
/4 Thts ROUTING MOVES THE (XY} CODAZINATES FOR THE-POINT SPECIFIE)
as PUINT 7o tue Locatron tv vz VERTEX.LIST ansnesses v PIR, ¥/

17

» B
19

120

DECLARE FOINT BYTE. PTR RORD:

VIRTEX_LISTC PIR )X & FOINT]
YERTEX.LISTC PIR ).Y = LINE_MUMBER; v

2 EHD HIVE_XYi

209

/

v/

z



FL/R-BO CORPILER VIRTEX

1t

122
123
124
123
12¢

127

115

134
137
138
137
149
141
142

143

—

M roro P-_'l“

(%]

ra

L3

[ -]

4 Ll Ld et L Lad R

(o8 )

§ EJOT

JOIKCE_Td_De PROCERURES

CALL RDVEXYY Ty BERVIRTEXFIR )i

KERVERTEX_FTR = NEW_NERTEX_FTR & 1}

CALL RIVE_XY{ Er NEWVERTEX_PTR )i

VERTEX_LISTC RER_VERTEX_PTR }.LINN = KEW_VERTES_PTR - 1}
RER_VERTEX_PTF = NLK_VERTEX_PTR ¢ L3

RO JDINLE_TO.NS

JRIR_ATOR: PRICEDURES

]

VERTEX.LISTC AZPTR ).LINL = B_PTR)
ERD JOIN_ALTOLES
JOIN_n_ TG0 PROCEDURL:

DECLARE .- ~ S : . .
CUSRINT.DELTALXL INTEGER;
)

EUREERIDELTA_XL = IRT( by - INCAAG )
IF CURRERT.DELTAXL = ACTIVE_LIST! CURRENT_OWJZET_FTR ).DLLTAIL

THER

<

CALL RIVEXY (Ds ALPTR i
LSt

> oo;
CALL HOVEXY( Dy NEW_YERTEX_PIR);
YERTEX_LISTC APTR ), LINK = NEK_VERTEX.PIR;
ACTIVE_LIST( CURRENT_ODJECT_PTR ).LEFT = NER_VERTEX_PTR
NEW_VEETEX_PTR = KER.VERTEX_PTR + 1}
ACTIVE_LIST( CURRINT_OBJCCT.PTR ).DELTALXL = CUTRENT_DELTA XL
ENDS

ERY JOTH.ATOLDS
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CPLeDe Tovrler  vERIDy

\

AL

145

146

147

140

140
fot
151
tul
153
154

155

158

150
139
163
181
142
163

144

147

r3

[ g 3

ra

ra Erd Cad Gad Eal Cad Led B

[N o5 I o8- B . Ty S Y S8 | —

ra

r

$EJCLT

JOIN_E_TO_BY PRICEDURE:

DECLARE .
CURRTRT_DELTAXE  INTEGERS . . ‘

CURRERTLDLLRAXE = WU R ) - INTOE )

-

JF CURRENT_DELTALXR = BETlvE-LIST( CURRERT_QRJECT_PTR Y. DELTALNR

_ THE
. .
‘ CALL HOVEXY ( E5 DPTR ) _ -

FLOE

D0i

CALL ROVELXY (£, NEWVERTEX_FIR )}

VERTEX_LIST( RER_VERTEX_PTR ) .LINE = B_FTRS

HCTIVELLISTC CURRDNT_OLJETT_FTR }.RIGKT = REW_VERTEX_PR:
RERVERTEX_PTR = NER_VERTEX_FTR + L}

ACTINE_LISTY CURRINTLCE/COT_PTR )LDELTAZXR = CURRENTDELTALXRS
£NDS :

Al JOIN_E.TOELS

JOIN_E_TOF+ FROCEDURE:

CALL POVE_XY U Er- HER_VERTEX_FIR )i .

VERTEX.LIST{ NER_VERTEX_PTR ), LINK = MER_VERTEX_FTR + 1)
ACTIVELIST( CURRENT_QRJECT_PTR ) RIGHT = NEW.VERTEX.PTR:
KERVERTEXFTR = KEN_VERTEX_FTR + 1

CALL ROVEXYC Fs HER_VERTZX_PIR )i
-RER_VERTEX_PTR = NEW VERTLL PTR ¢ 1}

ERD JOTN.E_TOFi

JOINS_TOE: PROCEDURTG : .

YERTEX_LIST( CPTR ), LINL = BPTR;

- ERD JOIN.C_TO.B:
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PL/B-BL CORPILER - VERTEX

$TJECT

EA UFDATE.FOR_TERHINATES PROCEIVRL:

ACTIVE_LISTC ACTIVE_LIST( CURRENT_ORJBIT_PTR

TR Y EDRAARY ), BACK
# = 4CTIVELIST( CURRERT_OBJECT_PTR ). TRCK]
7 2 ACTIVELIST( ACTIVE_LIST( CUFREST_ORJEST_PTR 7.B4TF T FORNAR
= ACTIVE_LIST( CURRENT_QBJECT_PTR ), FORAARD;
7t 0 TF ACTIVE_LISTC CURRERT_OBJECT_PTR 3.BACK = CURRENT_CLJECT_PIR
THEY
72 20}
1533 COYPLETE_LIST{ COMPLETE_ORJECT_PTR ) = CURRENT_ORJECT_PTR;
173 CORPLSTERJECT.RTR = COMPLETE DBJECTPTR + 1
53 N0 JECTS TH_FRAMD = NOOLJECTS_IK_FRAME ¢ 13
76 3 IKD; -
FLSC
TP I N LISTC CLRRENTOEJECT PR T.MILEPTR O 0
7% 2 _ CALL JOIN_TO.MOLE.LIST
( ALTIVZLIST( CURRSNT_DBJEST_FTR 1.BACK,
ATTIVELIST( CURRENT_QBJECT_PTR },ROLE_PTR,
ALTIVE_LIST C CURKENT OBJECT_PTR 1. LAST_HOLE )
CALL DELETE_NLXT_WODD( FRIVIOUS_OLJECT_PTR )i 1
1 2 CUSREKT_OBIECT_PTR = ACTIVE_LIST( PREVIGUS_GRILLT_PTR ). NEXT) ’

1Bt 2 END UPDATE_FOR_TERKINATL

182 1 UPSATE_FOR-CREATE: PROCEDULLS

.

i 2 CALL IRSERT_NOPI_TORIGHT( PREVIDUS_ORJELT.FIR )i
184 2 PREVIOUC ERJECIFIR = ACTIVE_LISTC PREVIDUS_DBJECT PTR Y. HEXT:
{63 2 END UPLATL_FOR_CREATL: .

. /-
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160

s 19
192

193

194

195

1=

197

M2

2
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3

rrrara e,

ra

(B}

2

L

[

[

¥ : [ 2 1-3

VECTIX

$CIECT

URDATL_FOR_SFLIT: FROCEMUNEL:

Chll INSERT. hUDL-TB RIOHTC CURRTRT_OBJECTPTR Vi

CT!VE-L§,1(-hETIU[-L‘ST(EUR&[L.-UPJECT-FTR).MEIT F.FORKARD = ACTIVE_LIST(CURFENT_OJEST_RTS) FORRARD)
ACTIVELLISTC ACNIVE LIGT(CURRENT LCRIECT FTRY (FORRARD) L EACH = ETIU:.L]:T(CJRFEIA.GbaECI FT&Y RERTS
ACTINE_LISTCCURRERT_GEJECT_PTRY LFORRARD = ACTIVELLISTC CUREZMI_OBISTT_PIR D.NERTS
ALTIVELISTH ﬁCEIJL.L SATLCURRENTORJECT FTRILKEXT } BACK = CURRCNILOBJECTLRTFI .

|
ChlL ARYANCI0RJECT_FIINTERT

ERD UFTATE. F"“ SPL]TE

UPRATEFORRLREE: PROCLDURLY

ERD

DCCL&F‘ KTYT_OEECT_FTR TS
NEXT_ORSECIPTR = ACTIVE_LISTC TURRENT_DRJIITRTR ).RCAT:
H ﬁE?IYE-LIET(EURREﬁI.U!JECT_PTR).FﬂRﬂARE = KEXTOBJCLT.FIF 3

THIY  CALL  JOIN_TOUMILELIST
U CURFERTCRJECTLFTR,
KELT_DBIECT.FTH:
ACTIVE_LISTIREXT_CRJECT PIR)LLAGT _ROLE )

ELSC IF ¢ ACTIVELIST (KECTLORJECT_PIRILHOLEPIR ) WIL

THER  EALL JOII(_IU-IIOLE-LIS!
{ CURRENT_GBJCCILFTR:
ACTIVI_LISTIREXT_GRIECTFIRY L HOLE_PTR,
ACTIVE.LISTCREXT OBJECT_PTR).LASTHOLE Vi

ACTIVELICTO ACTIVELLISTC COEENT GBJECT_FTR ) FORRARD ). RACK = ACTIME LIST NEXTQEJECTLFTR ), PAlKi
ACTIVECLTSTL CURRERT _QBJECTPUR ¥, FOFAARD = ACTTVELISTU KEAT_OBSECT_PTR Y.FORRARD:
ACTIVCLLISTC ACTRVELISTC HEXT_QBJECT FTR ).FORWARD }.BALK = CURRERT.DBJECI.FIR:

ACTIVELLIAT nETIUE_LIST(Nﬁ!T_UBJICT_P'R) BACK )L FORASRD = ACTIVE_LIST( CURTERT.ORJECT.PYR . FORRARD;
1

.
ACTIVELLISTC CUPRINT_OBJSCTIFIR )L RIGHT = ACTIVELLISTU KEYT_OBJLET_FIR ), RIGHT:
CALL DELETERDAT_RGBE( CURRERT_ORJLCT_PIR )i

UrATLFOR_VERGE:
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PLAP-CL LOSFILER  VERTEY

$EJECT

CREATE: PROCCIURS
ARl JOTNLTC.N
CALL UPDATE_FOR_CRTATES
CALL ADYANCE_DEF:

END CREATES
J

_TERﬁIlATf: PROCEDURE
CALL JOIN.ATOE:
CALL URDATE_FOR_TERMINATES
CALL ADVANCEZABCH

ERD TERMINATES

KLRGE: PROCEDURLS
CALL JOIN_C_TO.R
CALL UPDATE_FOR_HERGT:
Crll ADVRKCE_ARC:

END MERDE:

SPLIT: PRICEDVRE:
CALL JOIR_E_TD.F)
CALL ADVANCE.DEFS
CALL UPDATE_FIR_SFLITS

END SPLETH

214
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PAY!

177

ol

133

234

53

54
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-Gt CORFILER
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(g

ra

[

[ #3]

g

ra

2

VLnTRS

$EECT

DEVEVERTEXSPAINGS: TRASLIURD P

LAl IHITI ALITES

D0 WMILE  FRANE_IS_NOT_CORFL

m.. RESET_ABCH
CALL READ_KER_SEGHERTS:
AL RES T-DEF:

—

[0 RHLE ¢ (é(‘ﬂnXlFU”-?lBHT) GR (ROMALIRUE_RIGHTY Vi

IOECA THE
ELSE
1) B THEN

ELSE

ERd:

ERL

215

YRLiE:

¥

EALL CREATE:

CALL TERRINATE

DO: . !
CALL JODN_A_TOLD)
PO RHILE (F (R ORGE 3 D)
IF (F ¢ BY THEIN CALL SFLITH
LS50 CALL KERGE;
EXL;

ChLL JOIK.E_TO_®; .

CALL ADVARCE_QRJECT_POINTERS
CALL ALVANTZ.ARD)

CALL aVANCE_DEFF

ERLi

\

CALL CRISTRINGOUT(BMISSAGE))

* D GETSVIRTEXSFDINTS;

EMD VERTEX;
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PL/E L0 DORPILEE VERTEX

SEIECT . ' -

MOMILE THFORBATION:
COTT ARLA SIIE 00BN 20SAS
CONSTANT ARTA 320 = 0835 01
WARTALLT AREA SIO0 < 02T 3T
BAXIHNM STACE SIZE = 20140 200,
490 LINES READ “?

0 PROSRAY EPROR(S) e

n

EXF OF PL/¥-B6 COYFILATION
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