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A method is presented for the recognition of eomplex 2D-

industrial objects by matching extended features and

internal features in Fourier Space. The technique places no

Limitation on the shape of complex objects. The technique

enables recognition of complex objects when they are

partially occluded with touching or overlapping boundaries.

To implement the proposed technígue, a nehr type of extended

features are proposed. These extended features are unigue in

that they encompass structural information on the location

of internaL features in an object. AIso a slightly modified

representatíon of existing Fourier Descriptors is defined,

Unlike Fourier Descriptors defined by some other

investigators, the proposed Fourier Descriptors are not

magnitude invariant and hence allow size discrimination

between objects.

A preliminary microcomputer based part recognition system

has been implemented for the recognition of parts with

multiple internal. features such as holes, slots etc.. The

system has two modes of operation (i) a 'training" mode for

the automatic generation and storage of models in the data

base and (ii) a "runtime' mode where object models are

ii
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automatically generated and compared with candidate models

in the database.

The main emphasis in this thesis is on the introduction of a

technique for the recognition of partially occluded"

complex, industrial object,s using Fourier Descri-ptors, âs

opposed to the actual mechanics of the matching process or

the functioning of the database storage and retrieval tasks.

1l_l-
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1 - 1 Probl em flef i ni t-i on

One of the challenges facing factory automation is the

automatic retrieval of industrial objects that have complex

shapes by autonomous robots" Currently, conmercially

available systems can recognize isolated two dimensional

parts against contrasting backgrounds. However the problem

of object recognition is considerably more complex when

objects are partÍally occluded and are touchíng or

overlapping. This type of problem can be divided into four

sub-problems IBolles and Cain, t9B2l as fol].ows:

(a) portion of an object.

. (b) collection of objects when
touching.

(c) collection of objects when
overlapping.

(d) collection of one or more objects that are
defective dimensional ly.

L.2 Research Obiectives

Object size is important

industrial objects, and hence

the recognition process should

one or more are

one or more are

in discriminating between

Fourier Descriptors used in

not be invariant to size. The



location of int,ernal features with

object boundary is also important in

objects. Thus st,ructuraL information

in the shape model.

With the above technical objectives, a system is deviced

comprising of (i)

Descriptors which are not size invariant and (ii) a newly

proposed ext,ended feature which encompasses st,ructural

information.

1.3 Thesis overview

respect to the global

discriminating between

should be incorporated

Chapter 2 reviews existing literature and consists of the

following; (i) basic shape recognition techniques such as

the method of moments, polygonal approximation, Eough

Transform and Fourier Descriptors and (ii) existing systems

for the recognition of complex industrial parts. Chapter 3

describes (i) the proposed Fourier Descriptors, (ii) the

proposed extended features, (iii) the basic approach for

recognizing complex industrial objects and how the basic

approach can be extended to address some of the

aforementioned sub-problems. Chapter 4 presents experimental

results from a preliminary system for the recognition of

partially occluded objects. St.atistical analysis on the

repeatability of dimensional data, for the identification of

defective objects is also Present.ed. In chapter 5, hardware

.)

an unconventional set of Fourier



and software employed in the experimental work is described.

A brief description of (i) primitive image processing

funct.ions such as thresholding, edge detect,ion, segmentation

of edge points into internaL features and (ii) the method

employed in matching 'runtime' and "training" mode object

models is given" Chapter

reconnendations for future work.

6 presents conclusions and
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I"I TEFI..A.TI]FÈE FTE\ZI EV{I

Shape recognition is based upon shape descriptors. Two

simple shape descriptors are an object's area and perimeter.

A slightly more complicated shape descriptor for example is

the smallest circumseribing rectangle. As yet there is no

general agreement on a minimr¡m set of shape descriptors to

guantify a given object"

We shall first review basic shape recognition techniques

based upon (a) area methods, (b) boundary methods and (c)

special axes methods" Then Iúe shall review some integrated

object recognition systems, based upon some of the

aforementioned shape recognition techniques.

2.1 Area Methods

The most conmon area method is the method of moments. This

rdas first proposed by Eu t19621. The (p,q)Èh moment of a

shape is defined as follows;

rm(p,q) = l*= y= r ( x "y) dx dy p,g - 0, L,2. .- (2.L)
J

where r(x,y) is equal to 1- in the bounded regíon
of the shape and 0 outside.



This method has produced moments that, are invariant under

image rotation, translation and scaling and this makes the

technique desirable for object recognition. The t,echnique

also has some disadvantages and these are as follows;
(1) A sinple shape may require just the first few

moments but a complicated shape will require many
more" This puts a severe limitation on practical
applications as the calculation of moments is
computational intensive.

(21 The distortion of the image by noise and poor
segmentation is not easily modelled using moments
IFaugereras, 19831.

( 3) When dealing with
agglomerated object,s,
shape are radically
structural resemblance
shape "

Another approach for shape modelling incrudes segrmenting the

shape into convex subregions IKurozuml" L982, pavlidis,

L9771 " Given a set of object points, S, a convex region is
defined as one in which (i) for every two points, p and q in
S, the line segment from p to q lies entirely in S or (ii)

for every point p and q in S, the midpoint of the line
segment from p to q lies in S. The problem associated with
this method is that there is no unique convex segmentation

of S lKurozumi, Lg82] and for this reason the technigue has

lirnited application.

partially occluded or
the moments of the resulting

different and bear no
to those of the original



2.2 Boundarv Methods

A family of shape recognition techniques us¡e the object

boundary in the recognition task. These are known as

'boundary methodso. Among these Polygona1 approximation,

Hough Transform and Fourier Descriptors are the three

prominent methods and are described below;

2.2 -l Polvcronal Arcrcroxi mat-i ons

Aggregation of edge elements in an image resulting in a

piecewise linear approximation is termed 'polygonal

approximation'. There are two major ways by which this is
accomplished. The first of these is based upon defining a

number of critical points (corner points) along the

boundary. The second is based upon the use of successive

approximations ùo iterate

representation. Both methods require the guantization of the

edge image. The con¡mon method for this is the

superimposition of a grid (usually squares) on the edge

image IFreeman, 1961a, Freeman, 1961b]. The nearest grid
point, to an intersection of the grid and the edge image, is
taken as a point/node on the curve.

The line scan method [Freeman, L9'17a, Freeman, L977b] can be

used to define critical points. It is based upon the

computation of the discrete average slope at each point/node

o

the best-fit polygonal



on the objects boundary. The slope is generally based upon a
moving average involving 4 to 9 nodes" The nr¡mber of nodes

in the moving average is caLled the aperture size, w. The

aperture size determines the degree of noise filt.ering. lrtith
reference to figure 2.La, the incremental slope 6k is
defined as follows:

where e¡=

and where xx¡- =

aretan

arccot

(yy*/xx*) for lxx'-l
(xxt/ yy'.) for lxx*l

YYr. =

k-1
Ext

f=k-w

(2.2'

¿

s

lYv*¡

lvv'.¡

Figure 2.Lb

curve having

k-1
t"'

1-k-rd

xl = 1,0r-1

yl=L,0,-1

shows ô¡.(w=5) vs

a 90- corner. It

{being x component of
chain link vectorl

{being y component of
chain link vector l

node number for a

can be seen that

7

chain coded

6* is zeto
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for straight lines and passes through mrn or max turning

point,s at cornêrer. Table 2.L shows some shape f eatures that

can be extracted from a plot of incremental curvature. For

example a horizont,al line in a plot of incremental curvature

would indicate a shape of constant curvature, while a zero

value would ind.icate a shape equivalent to a straight line.

There are a nt¡mber of fterative methods proposed for

polygonal representation based on successive approximation.

we shall review a typical lterative þechnique proposed by

Ramer (L9721. The process is started by selecting two points

on the closed curve. The initial point is joined to the

final point by a straight line" The largest perpendicular

distance of a boundary point to the straight, line is

computed. ff this value is more than the pre-determíned

threshold then the curve is bisected" This process is

continued in an Iterative fashion. Figure 2.2 demonstrates

this process for a simple curve.

The advantages of Polygonal Approximation are (i) it can

model any shape, (ii) it can successfully recognize

partially occluded objects as some of the line segments

would be fully visible. The disadvantage of this technique

is that the matching of a large amount of line segments

becomes a complex task.
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2.2.2 Eouoh Transform

Hough transform methods are based upon transformirtg the

pixel data from space domain in image plane to a variety of

different domains where the global characteristics are more

easily recognized lHough, L9621 " Hough transform is used

extensively in biomedical applications.

To identify straight lines, Eough initially proposed a

slope-intercept formulation" In its standard form this can

be written as follows;

y = mx + c (2.31

where x and y are coordinates of edge points
the space domain and 'm' and 'c' are the slope
intercept of a given line. Eguation 2.3 could
rewritten as

For a constant x and y (say xo, yo) a plot of 'm' versus 'c'
can be made. This plot essentially shows all the straight
Iines that can paas through the point (xo, yo). To

illustrate the complete procedure let us consider three

potentially collinear points (xr, yr), (N=, lzl , (x", yg)

shown in figure 2.3a. The objective of the exercise is to
determine if the three points are collinear and if so what

are the parameters of the straight line passing through

these three points.

1)

m = y/x-c,/x (2.41

in
and

be
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The procedure is started by plotting three curves of 'm'
versus 'c' such that each curve corresponds to one of the

three aforementioned points. Figure 2.3b shows the t.hree

curves corresponding to the three poínts. As can be seen in
figure 2.3b, the three curves intersect at one point. This

indi-cates that the three points are collinear. The values of
'm' and 'c' corresponding to the point of intersection are

the slope and int,ercept of the straight, line joining the

aforementioned collinear points. Thus the problem of finding
a line is reduced to a matter of detecting a cluster in the

parameter (m,c) space.

In complex images with many lines, 6rn nn x tì€ accumulator

array is set up. Eere nñ corresponds to the number of
equally spaced intervals to be used in digitizing 'm' and no

the number of equally spaced intervals to be used in
digitizing 'c'. Now for every edge point in the space

domain, a series of points are computed in the (m,c)

parameter space. Rather than plotting these points on a

graph the corresponding cells in the accumulator array are

incremented. A threshold value is now applied to identify
accr¡¡nuLator cells with a high amount of activity. Each

accumulator cell with a high amount of activity corresponds

to a line in the space domain"

1Ar.*



One of the complications with this type of parametrization

is that the values of slope and intercept are unbounded.

Duda and Hart (L972 ) suggest.ed ( 0,p) as alternative
parameters as follows;

xcose+ysine=p (2.5)

Ílhere 0 is the angle of a line passing through
origin (0,0) and being normal to another line l'
passing through an image point (x',y') and p being
the length of the normal. The advantage of this
parameterization is that 0 and p are bounded as
fol Iows;

The advantages of Eough's Transform are (i) the t.echnique

can be extended to any analytical curve and has been

successfully applied to the detection of circles, êllipses,
parabolas and corners and (ii) the technigue is relatively
unaffected. by noise and gaps in the image. The main

disadvantage of this technigue is that the computational

complexity increases exponentially with the number of

parameters required to define the curve. This linits the

technique' s application.

and

0es es360-

lpl S (Image length2 + Image frlidth2ll/2

t5



2 -2 -3 Forrri er f)escrri rcf-ors

A number of different representations

have been defined. Zahn and Roskies

angle vs. length metric as follows;

Assu¡ne I is a clockwise orient.ed closed curve ( see
figure 2.41 with parametric representation (x(l),
y(l)) = z(11 where I, the arc length, is 0 s I s L.
The angular direction of I at any point I is given
by 0 ( 1) . The cr¡muLative angular bend at any point I
is given by ø(1) where ø(l) = 0(l) 0(0). A
normalized variant ø'lt-) is defined as follows:

6'(Ll = 0Í"X/2¡l + t
The domain of O" (t) is IO,2¡ I such that ø'(O ) =
6'(2¡l = 0. Eence the Fourier Descriptors can be
defined by the equation

6

6-(t) = E c*eJr'e
k=--

of Fourier Descriptors
(L972) have defined an

1
cr-=-

2¡

where the set c¡ = ê¡ç -jb* are the real and
imaginary component of the descriptor coefficients.

The magnitude of the coefficients of the above
Fourier Descriptors are invariant to position, size
and orientation. The phase angle is a function of
the orientation. Information regarding the
orientation of an object can be obtained from the
phase angle.

2l
î
| ø-rt)s-J'.c ¿a
I

0

i-6
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Granlund (1972) proposed aLternative Fourier Descriptors

based upon a complex parametric function as follows;

Assume I is a clockwise oriented closed curve (see
figure 2.41 with parametric representation (x(I),
y(l)) = z(l) where l, the arc length, is such that,0
< I s L. An imaginary point moving along the
boundary generates a complex function u(l) = x(t) +
y( I ) . This complex function is periodic with a
period L. The Fourier Descriptors in this instance
are described as follows;

A-

The magnitude of the coefficients of the above
Fourier Descriptors are not invariant to sJ-ze,. They
are however invariant to translation and orientation
(note the direct current (DC) term is sensitive to
translat.ion). Information regarding the orientation
of an object can be obtained from the phase angle
d.ata.

L
r
I u( I ) e-r <21 '/r'>^1 dl
I

0

u(l)
æ

-E

Another Fouríer Descriptor [Rohlf, L984, Kiryati, 1989] is
based upon the length of a radius-vector from the centroid
(also defined as the origin) to boundary points as a

function of the angle the radius-vector makes with the

horizontal axis (see figure 2.5). This descriptor is
described as follows;

A- gJ- <2Ç/r''' L

1_B
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æ

r(0) = f, r-gJ-o
Il=_6

the magnitude of the coefficients of the above
Fourier Descriptors are not invariant to size. They
are however invariant to position and orientation.
Information regarding the orientation of an object
can be obtained from the phase angle.

1
ln

2¡

2¡
rI r(0) e-s-e de
J

0

A comprehensive comparison of the relative merits of the

three Fourier Descriptors is not available in literature"

Eowever some advantages and disadvantages of each are as

follows;

1) In Fourier Descriptors based upon angle vs.
length metric, ø-(t) contains discontinuities for
polygonal curves. As a result of this A-
decreases slowly as n increases lPerson and Fu,
L9771. Fourier Descriptors based upon the complex
parametric functions and t.hose based upon the
radius vector metric do not have this problem.

2, The magnitude of the coefficients of the Fourier
Descriptors based upon the angle vs. length
metric are size invariant. In contrast the
magnitude of the coefficients of the other two
types of Fourier Descriptors are not size
invariant.

3) The magnitude of the coefficients of all three
Fourier Descriptors are invariant to position and
orientation. Information regarding orientation is
resident in the phase angle data.

20



4't the Fourier Descriptors based upon angle vs.
length metric are more sensitive to noise as
compared to those based on the radius-vector vs.
angle metric IRohlf" 1984] "

5) The radius-vector vs. angle technique is limit,ed
to applications where any radius-vector
intersect,s the global boundary at only one point.
(see figure 2.61.

6) In all three instances, Fourier Descriptor
coefficients of the partially occluded object
model bear little structural similarity to the
coefficients of the partially occluded object
model.

7l In all t,hree instances, only the global boundary
of the shape is used in computing the shape
descriptor. Structural information on the
locat,ion of internal features is not incorporated
in the shape descriptor. This is important as all
available information is not being used.

2.2"4 Other boundarv Methods

there are additional shape recognition methods based upon

Contour Complexity, Shape Regularity and Global Geometric

Shape" These are discussed below.

1- ) Contour Comrclexit'v

Contour complexity is a measure of the jaggedness
or texture of the object boundary. A simple
measure of contour complexity is the number of
vertices in a polygon approximation of the
boundary of an object. Another measure of contour
complexity is angle regularity" Consider a closed
polygon with n vertices and m boundary points.
Then the angle regularity, A, is given as follows
lLevine, 19851;

1_

A1 =-
n

r m-l
I (er- 0-) + E
L k=

27
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2l Shape Reqularitv

Shape regularity is based on the concept of
uniformity of the lengths of the various segments
of the polygonal curve. Shape regularity is
determined by comparing the length of sides of an
object with that of a regular polygon. As an
example consider an object, of n sides and of total
perimeter length given by P. Then shape
regularity, is defined as follows [Levive, 1985];

where 0k = the interior angle at
the kth boundary point,"

where L = P/n
and where l¡- = Length

of the

Az=

3) Global Geometric Shape

[-

Global geometric shape considers the global shape
of the objects while ignoring boundary
irregularities. There are a nr¡mber of global
geometric shape descriptors. These include the
following ILevine, 1985] ;

p2

n
E

=1
(lk - L)2

2L(n-21

Compactness,

where

of the kÈh segment
polygonal cnrve.

t'''

A3

Average Bending, Ae =
Energy

P=
A=

4¡A

polygonal
polygonal

object perimeter
object area

1 m-l
E

n k= 0

23
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where R(k) = curvature
p = perimeter

Elongation, As

Often a recognition task may deploy a number of descriptors

based upon contour complexity, side regularity, and global

geometric shape" An example of such a descriptor [Levine,

19851 may be as follows;

where D
I|ú

lp-wl
D

diameter
wid.th of

at
of

point k
curve

The advant,age of the method presented in this section is
that descriptors are simple and easy to compute and r¿ill
provide sufficient discrimination for many simple

applications. The major disadvantages of these descriptors

are as follows;
(i) Structural information about the location of

internal features is not used in the recognition
Process.

(21 Objects with similar global characteristics but
with fine local differences could be wrongly
classif i-ed.

(3) Descriptors of partially occluded objects will
bear no resemblance to those of the fullv visible
object.

1A

of object(major axis)
object (minor axj-s)

Ae, 3{ (4, . A= . Ao)



2.3 Special Axes Methods

Medial axis transform was first proposed by Blum (L9z2l.

This method is also known by other names such as skelet.on,

Distance Transform,

lLevine, 19851. The

two dimensional objects

There are a variety of
transform. Two of then are briefly discussed below;

1) The 'Wave-Front' or the 'Grass-Fire analogy"(see figure 2.71, approach considers each point on
the boundary of the object. as a source which
propagates disk shaped wave fronts. tsing the
"grass-fire" analogy, the fire spreads radiatly
until two or more wave fronts meet and the fire i;
extinguished. The fire ext.inction points are
considered points on the skeleton.

2l Another approach is termed maximal disks IBrum,
19781. In this approach disks of the largest sizepossible are fitt.ed in the boundary curve. The
locus of the center of these disks forms the
skeleton (see figure 2.8).

Generally disadvantages of these approaches are as follows;
1) They siruplify the object to an extent whereby

significant information about the object is lost
such that (a) reconstruction of the original shape
is impossible and (b) probability of improper
classification of similar objects increases.

2l By using these technigues a two dímensionar object
is reduced to a one diiensional stick f igure. The
one dimensional stick figure still has to be
modelled in some analytical fashion for shape
recognition.

Stick Figures and Symmetric Transform

irnplementation of the process reduces

to a one pixel thick stick figure.
methods available to implement this

25
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2.4 Exist,inq Svstems for Complex Industrial parts:

To dat,e a nr:mber of approaches have been developed for the

recognition of complex industrial parts. some of these are

discussed below:

2.4.1 Model Based Svstem:

Perkins (l-978) deveLoped a model based vision syst.em for the

recognition of rndustrial parts. A description of the system

is as follows;

A picture is digitized, and edge points are then
extract,ed. The edge points are linked together to form
"Chains'. The chains are plotted in 0-S space where S
is the distance of an edge point along the chain and e
the change in angular direction. Straight lines in
real space become horizont.al lines in 0-S space, while
arcs become straight lines with slopes proportional to
the arc's curvature. The objective of plotting data in
0-S space is to separate the edge points into groups
to be fitted by different curves. This is achieved by
computing the curvature (DO/DS) at each edge point. An
abrupt change in curvature indicates a breakpoint and
a new grouping of edge points" The chains are
converted into concurves by fitting (using Ieast
sçIuares) straight lines and arc to grouping of edge
points.

System operation consists
involves developing a model in 'training" mode for
updating the database. The second involves conducting
the recognit,ion exercise in "runtime' mod.e. The
process of matching a runtime image to items in the
database consists of three steps as follows:
(1) Comparison of General Features: In this step

the concurves in the model are compared to the
concurves in the runtime image. This is done
by comparing the following propert,ies:

of two modes. The first

2B



a) The general description of
(straight line, circle,
shape ) .

The number and length ofb)

c) the number and length of straight
lines "

d) Bending energy"

f ) For closed concurves, minimr¡m and
maximum moments of inertia, ratio of
area/perimeter2 .

Based on t,he above comparison, the concurves
from the modeL are matched with concurves in
the runtime image. This is done by computing
the likelihood of mat.ching each concurve in
the model against each concurve in the runtime
image. For example, if there are five
concurves each in the model and t,he runtime
images, then the likelihood of t,he resulting
25 combinations would be computed.
Combinations with the highest likelihood would
be selected for the tentative transformation .

(21 Forming Tentative Transformations: The next
step in the recognition process is to
translate and rotate a concurve in the runtime
image to duplicate the corresponding model
concurve. For this purpose, the first
combination (with the highest likelihood) of
model and runtime image concurves are taken.
ff the model concurve s1'rnmetry is 1 then the
model and runtime image concurves are aligned
by cross correlation in e-S space. If the
concurve has rotational slmmetry greater than
one then the next combination (second highest
permutation) is taken and the centers of the
concurves aligned. The program is designed to
reject transformations that. produce poor
correlation in e-S space or unaceeptable
spacing between concurve centers.

(3) Checking Tentative Transformations: Once a
transformation is complete and the image
concurves are remapped, there is the final
step of verifying the vatidity of the

29
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transformation. This consists of creating
equally spaced perpendicular multisectors on
the model concurves. these multisectors are
superimposed on the runtime image concurves. A
good transformation wilI result in the runtime
image concurves bisecting the multisectors at
right angles.

Some disadvantages/limitations of Perkinsrs Approach are

follows;
(l-) The matching of a large amount of straight

line segments becomes a complex task,
(2 If the boundary concurve in a runtime image is

partially occluded then all the global
geometric properties of the concurve will be
different from that of the model concurve.
then matchíng would only be made on the basis
of concurves of internal local features. This
is a serious limj"tation as a large amount of
information on the object boundary is not used
in the matching process.

In the matching process, the system does not
take into account the location (structural
informaLion) of internal features in relation
to the global object boundary.

(3)

2.4.2 Local Feature Focus Method:

Bolles and Cain (L982) introduce an approach called the

'Local Feature Focus Method" for the recognition of

partially occluded object,s. The analysis is based upon the

recognition of local features such as corners and holes in
the object. The technique is based upon forming clusters of

Iocal features that lie near each other in the "training'
mode. Then in run time mode (i) the most important feature

is identified and a cluster developed by adding neighboring

30
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features and (ii) a graph is formed in which the nodes

represent image-feature to model-feature mat,ching pairs, and

edges represent pairwise consistent assignments between

nodes" Matching is then performed using maximal clique(s).

The major disadvantage of this approach is that it, assumes

the presence of sharp local. features such as corners. Their

approach would not function if the object boundary was in
the form of French curves ie. large continuous arcs.

2.4"3 Boundary Èlatchinq Usinq Footprints:

Kalvin et al. (1986) proposed a two-dimensional, model

based, approach in which boundary segments are matched using

footprints. Their approach can be summarized as follows:

Given a composite scene in which a number of objects

overlap, the first task is to find breakpoints along the

complex outer boundary that delineate the boundaries of the

individual objects. This is accomplished by finding points

on the boundary that exhibit sharp concavity.

The delineated object boundary (ie. edge points between two

adjacent breakpoint.s) is plotted in the form of an arclength

vs. turning angle graph (in a manner similar to perkins"

l-978). The graph is discretized into a seguence U3, where j

JI



= l- to n and where n is the number of eguarly spaced

intervals along the x-axis. For each element, uJ, in the
sequence, a footprint is computed. The footprint is obtained

by computing t.he f.irst four Fourier coefficients of a

discrete seqnrence starting at II3 and of length hrs (the

window size). rn order to emphasize sharp features, the
total turning angle at U3

the footprint at Ur.

rn the 'training' mode, in order to store model data, a five
dimensional space, divided into hypercubes, is defined.
Associated with each hypercube, is a list of object models

whose footprints pass through the hypercube. Then in runtime

mode' given a set of footprints, F, of a partiarly occruded

object, those models that are repeatedly associated with
hypercubes that contain sections of F are retrieved. The

retrieved models are termed candidate models. The candidate

models are then individuarly matched to the occluded object.

The advantages of this method are;
(1) The generation of candidate modeLs results in an

algorithm that degrades in a sub-linear fashion
with increase in database size.

is added as¡ a fifth dimension to

(2) There are no constraints (except
discussed below) on the shape
boundary.

(3) The system can
objects.

accornmodate partial ly occluded

for concavity,
of the object

32



the disadvantages/Iimitations of this approach are

fol lows;

(1) In order to accommodate part,ially occluded
object,s, the Fourier transforr¡ (of discrete points
in a window) is computed at every di-screte point
on the boundary curve. This exhaustive (brut,e
force) nethod generates a lot of data that. has to
be st.ored and later utilized for matching in the
'runtime' mode. To achieve this, for a database
containing 100 parts (i) a database of 32 x 10G
hlpercubes is created I Kalvin et al . , ]_986I to
hold the footprints, (ii) only 0.1% of the
hlpercubes did not hold a model number while 99.9e"
of the cubes held one or more model numbers. Based
upon the above, the size of the database is
estimated to be greater than 1-00 megabytes ( a32 x
106 hypercubesl x laverage of three bytes per
hlpercube I ) .

(21 the method of finding breakpoints by identifying
sharp concavity fails in the following situations;(a) if two objects overlap without forming points
of sharp concavity at points of intersection and(b) if an object has a sharp concavity in its
boundary contour.

(3) If the visible boundary is less than the window
size then no candidate models will be selected,

(4) The recognition process does not take into account
the location (structural information) of internal
features in relation to the global object
boundary.

as

2.5 Sr¡mmarv

Method of Moments and Hough transform are computationally

intensive. stick Transform methods and methods based upon

boundary complexity, regularity, and global geometric shape,

simplify the object to an extent whereby significant

33



information about the object is lost," As a result
reconstruction of the original shape is impossible"

Furthermore the probability of improper classification of

símilar objects increases. Polygonal Approximation is used

extensively in the recognition of industrial objects. In

this transforrn" the objecÈ boundary is divided into many

straight line segments and this enables the technique to
recognize partially visible object,s. The disadvantage of

this technique is that the matching of a large amount of

straight line segments becomes a complex task. This

disadvantage is aLso evident in the approach described by

Perkins (1978) 
"

Fourier Descriptors are used extensively in the recognítion

of objects as they can model any shape and only the first 10

15 coefficients (depending on shape complerity, [Rohlf,

19841 ) of the Fourier Descriptor have to be matched for
recognition. The traditional disadvantage of Fourier

Descriptors based techniques is that they cannot recognize

partially visible objects. The Fourier Descriptors of a

partially visible boundary has no structural resemblance to

that of the futly visible model boundary. Kalvin et. al.
(l-986) in their work on recognizing partially visible
objects, Çfot around this lirnitation by computing the Fourier

transform (of discrete points in a window) at every discrete
point on an arclength vs" turning angle graph" Although this

3t+



"brute force' method was successful in recognizing partially

visible objects, it did so at the cost of making model

database extremely large.

In all approaches except the one described by Bolles and

Cain (L9821 , the informat,ion on the locat,ion of internal"

features with respect to the boundary is not used in object

recognition. In many recognition applications there may not

be internal local features such as holes and slots. Eowever,

in many industrial applications, for example in aerospace

manufacturing, the location of internal features is
significant and can be utilized in the recognition process.

Based upon a general survey of literature, it appears that
Fourier Descriptors would be very useful for the recognition

of complex industrial objects if the recognition of
partially occluded objects is accommodat,ed. In the next

chapter we d.escribe an approach using extended features

which wilI enable the recognition of partially occluded

objects using Fourier Descriptors. The proposed technique is

also unique because it makes use of structural information

on the location of internal features.
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CH.Z+.PTEFÈ

RECOGNTTION USING FOURIER DESCRIPÎORS OF EXTENDED
FEATURES:

The technigue for recognizing partially occluded complex

industriaL objects is described in three sections. The first
section describes the proposed Fourier Descriptors and

demonst,rates some of its properties. The second section

describes a technique for recognizing complex indust,rial
objects. In the third section, extension of the basic

recognition technique for overlapping and touching objects

is discussed.

3"1- Proposed Fourier Descriptors

The rad.ius-vector vs. angle representation of Fourier

Descriptors tRohlf, L984, Kiryati, 19891 described in
section 2.2.3 requires the centroid to be also the origin.
this condition is easy to satisfy if there is only one

closed curve in the scene. When dealing with complex objects
(with multiple internal features), there will be multiple

closed curves in the scene. Thus, to use t.his representation

of Fourier Descriptors for the recognition of complex

objects, the reguirement that the centroid of a connected

closed curve is also the origin, should be dropped. The

proposed Fourier Descript.ors are similar to the
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aforement,ioned radius-vector vs. angle representation except.

for this regui-rement.

The proposed Fourier Descriptors are described as follows;

A simple connected closed planar curve, B, shown
in figure 3.1a, can be represented parametrically
as a function of r(0-). 0- represent,s t,he angular
arc length meastlred from Bo, where 0o = 0, to some
point Bn where e- = eo + ôn. 6 - 360/k where k is
the number of terms in the discrete time domain
sequence. r(0-) is the absolut,e distance between
the object's focus and a point B- on the curve e.
The focus is defined as (i) the center of geometry
when dealinE with internal features or (ii) an
artificial point (to be described later) when
dealing with segments of the global boundary
called extended features.

Using this metric, wê can compute and plot the

characteristic curve of r(0) vs. e for any closed planar

cnrve where the centroid of an internal feature lies within

the closed curve. Based upon this metric, r(0) would be

periodic and will

charaeteristic plot can then be sampled to produce a

discrete sequence. The discrete seçnrence can be transformed

to t,he frequency domain by computing the Discrete Fourier

Transform (DFT) or Fast Fourier Transform (FFT) to produee

Fourier Descriptors.

If the boundary curve is highly concave, as shown in figure

3"1b, then the centroid will lie outside the boundary curve.

have no discontinuities. The

3/
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In this inst,ance, Fourier Descriptors are generated as

fol lows;

(i) A point on the object boundary, closest to the
centroid is defined as t.he first point on the
curve. An addit,ional k-l point, equally spaced
along the object boundary are now generat,ed. The
distance from the focus to each one of these
points is now computed to produce a discrete time
domain seçnrence with K terms.

It. is rare to find objects with internal features that are

highty concave. Thus this representation will have limited

application. The representation was described. for the sake

of completeness and will not be discussed further.

As an illustration, wê shall compute the FD of a 4" x I'

rectangle shown in figure 3.2. First we divide the global

object boundary into 16 segments, each suhtending a 22.5

degrees arc at the focus (which in this case is the

geometric center) " The nr¡mber of segments has been chosen

arbitrably to illustrate the principle. The values for r(0)

vs. e for the rectangle are tabulat.ed in table 3.1. An

analog plot of r(0) vs. e is shown in figure 3.3. The

analog plot is sampled (the 16 points used to draw Fig. 3.3

are used instead) and converted to Fourier domain by an FFT

algorithm [Press, 1988] to produce FD shown in table 3.2. A

16 point FFT requires 16 elements in the time domains as

input and produces a descriptor consisting of 16 parameters

in the frequency domain. Each parameter has a real eomponent

39



rÞ o

13 12 11

F
lg

ur
e 

3.
2;

 Ë
 x

 8
" 

R
ec

to
ng

le

J 4



Segment
#

0
1
2
3
4
5
6
7
I
9

10
L1
L2
13
L4
15

e
( degrees )

0"0
22.5
45"0
67.5
90.0

t_12 " 5
1_35.0
157"5
L80.0
202.5
225.0
247.5
270 "O
292.5
315.0
337.5

r(0)
( inches )

2.000
2 "L65
4.472
4.330
4.000
4.330
4.472
2"165
2"000
2.165
4 .472
4.330
4.000
4"330
4.472
2.165

Table 3.1-: r(0) vs.
Rectangle

0for4nx8'
in Figure 3.2

55.868

Tf
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Terms

DC
1
2
3
4
5
6
7

Real
Comp.

55.86800
-0.00000

-10. L2354
-0 " 00000
-5.98900

0 " 00000
2.L2354

-0.00000

Imag.
Comp.

0.00000
-0.00000
-0.00000
-0.00000

0.00000
-0.00000
0.00000
0.00000

Table 3.22 Fourier Descripitors
Figure 3.2

Mag.

55 " 86800
0 " 00000

10 .12354
0.00000
5.88800
0.00000
2.L2354
0.00000

Phase

0.00
0.00

l_80 " 00
0.00

1_80.00
0.00
0.00
0.00

of 4n x 8" Rectangle in
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and an imaginary component. The magnitude and phase angle of
each parameter are also computed and are shown in table 3.2"

The first half of the 16 parameters of the Fourier

Descriptor are a mirror image of the second hatf lRamirez,

19851. Thus, table 3.2 only shows first eight coefficients
of the descriptor. The first term is called the Direct
Current (DC) term and normally represents the average value

of r(0). In our caser âs a function of the FFT algorithm

lPress, 19881 used, âIl the coefficients of the FD are

scaled by a factor of L6 (16, being the number elements in
the input time domain sequence). To verify this, note that
the magnitude of the first term (DC term) in table 3.2 is
55"868. This is exactly equal to the summation of all r(0)
values in table 3.1"

For a rectangle, it can be seen from table 3.2, that the

magnitude of the second, fourth and sixth coefficients are

high while the others are zero" This we will see later is
characteristic of rectangular shapes. hle shall now see the

characteristícs of some other shapes.

3.1.1 Properties of FD With Respect to Shape

Figure 3"4 shows a 4' x 4n square. The values for r(0) vs. 0

for the square are tabulated in table 3.3. An analog plot of
r(0) vs. e is shown in figure 3"5" The FD of the square are

/1 Aaa
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Segment
#

0
1
2
3
4
5
6
7
I
9

L0
11
L2
13
L4
15

e
( degrees )

0"0
22.5
45.0
67 "5
90.0

112.5
1_35.0
157.5
180.0
202.5
225.0
247.5
270.0
292.5
315.0
337.5

r(0)
( inches )

2.000
2.165
2.828
2.L65
2.000
2.L65
2.828
2.L65
2"000
2 "L652.828
2.L65
2.000
2.L65
2.828
2.L65

Table 3"3: r(0) vso 0 for
Figure 3.4

4" Square in
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shown in table 3.4. ft can be seen that besides the DC term,

the magnitude of the fourth coefficient is high. This is

characteristic of squares"

Now, lets consider a circle shown in figure 3.6. The values

of r(0) for , various 0 are all equaJ- to the radius of the

circle. This is evident i-n figure 3.7 where r(0) is plotted

against 0. The FD of the circle are shown in table 3.5. From

table 3.5 it can be seen that all the parameters (except the

DC term) are zero. Eence, a circle in the Fourier domain

can be called a shapeless feature.

In snmmary, the comparison of t,he first eight coefficients

of the Fourier Descriptors' of a rectangle, sguare and a

circle lead to the following observations;

A circle has a shapeless boundary and as such the
magnitude of all coefficients are zero ( except the Dc
term).

In the case of the rectangle, the
coefficients are high.

In the case of a square, the
hish.

of the shapes examined so far, the proposed Fourier

Descriptors have a unique value for each shape. We will see

some more examples of this in chapter 4. The ability of the

proposed r(0) representation of Fourier Descriptors to

4B

second and the fourth

fourt.h coefficient is



Term

DC
1
2
3
4
3
6
7

Real
Comp "

36.6000
-0 " 0000
-0.0000
-0.0000
-3.3000

0 " 0000
-0 .0000
-0.0000

fmag.
Comp "

0 " 0000
-0 " 0000
-0.0000
-0.0000

0 .0000
-0.0000

0.0000
0 " 0000

Table 3.42 Fourier Descripitors
in Figure 3.4

Mag.

36.6000
0.0000
0 " 0000
0.0000
3 .3000
0.0000
0.0000
0.0000

Phase

0.00
0.00
0.00
0.00

180.00
0.00
0.00
0.00

of 4" Square
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Term

DC
1
2
3
4
5
6
7

ReaL
Conp.

32 " 0000
-0.0000
-0 " 0000
-0 " 0000
-0 " 0000
0.0000

-0 " 0000
-0.0000

ïmag "
Comp "

0 " 0000
-0 " 0000
-0 " 0000
-0 " 0000

0 " 0000
-0 " 0000
0.0000
0.0000

Table 3.5: Fourier Descripitors of 4n Circle
in Figure 3"6

Mag.

32.0000
0.0000
0 " 0000
0.0000
0.0000
0.0000
0.0000
0.0000

Phase

0.00
0.00
0.00
0"00
0.00
0.00
0.00
0.00
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exhibit a unique descriptor for each shape is similar to
that of the radius-vector vs" angle representation described

in literature lRohlf , L984, Kiryati, ]-9891.

3 "L "2 Properties of FD With Respect to Rot-at-i on

The proposed Fourier Descriptors' magnitude is rotation
invariant. while the phase angle is sensit,ive to rotation. To

verify the sensitivity of the phase angle to rotation,
consider the first shifting theorem IWeaver, 19831 which

states as follows;

If the discrete Fourier Transform of a NÈh order

seçnrence {f(k)} is {F(j)}, then the discrete Fourier

Transform of the shifted sequence {f(k-n)}, n € tO,N-

1l , is given by '{ F ( j )q"-r- 1 .

As an example, rd€ will compare the results obtained by (i)

taking the unshifted 4n x I' rectangle in figure 3.2 and

mathematically manipulating its Fourier Descriptors to
obtain t,he descriptors of a shifted rectangle,. and (ii)

physically shifting the rectangle (as shown in figure 3.8)

and then computing its Fourier Descriptor.

If the 4" x I' rectangle in figure 3.2 is rotated by 22.5

degrees then t

N = 16 {total number of terms}
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n = 1 {the number of terms by which the sequence is

shifted] ; and

F t{f(k-l)}l = {F(j)Wn"-r-}

- {F(j)w"-r

Now from ù,able 3 "2,
F(J) = (55.868,0), (0,0), (-10.1,0), (-5.88'0), (0'0)

(2"L23,01 , (0,0) ----- 3.2

Substituting equation 3"2 in equation 3.1 we get the
fol lowing;

F I {f (k-1) } 1 = (55.808,0), (0,0}, (-7.07]-, +i7.O7Ll , (0,0),

(0, +i5.888), (0,0), (-1.5, -il.5), (0,0)

= F(j) " e-2ttíj/L6

= F(j) " e-níj/8
nj rj

= F(j) { cos 
- 

i cos 
- 

} --- 3.1

To verify the above, we physically shift
figure 3.2 to produce figure 3"8. The
shifted time domain sequence is shown in
table 3.6. the shifted time domain seçnrence
is converted to the Fourier domain and the
first I coefficients of the descriptor are
shown in table 3.7. It can be seen
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Segrment
¿tt

0
1
2
3
4
5
6
7
I
9

L0
1t
L2
13
L4
15

e
(degrees )

0.0
22.5
45.0
67 .5
90.0

l_12 " 5
135.0
157 .5
180.0
202.5
225.0
247.5
270.0
292 "5315.0
337.5

r(0)
( inches )

2"165
4.472
4.330
4.000
4.330
4 "472
2 " 1_65
2"000
2"165
4"472
4.330
4"000
4"330
4 .472
2.L65
2.000

Table 3"6: r(0) vs. e
Rectangle

for 4" x 8" Rotat.ed
in Figure 3.8
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Term

dc
1
2
3
4
5
6
7

Real
Comp.

55.9000
-0.0000
-7.2000
-0.0000
-0.0000

0.0000
-l_ " 5000
-0 " 0000

Imag.
Comp.

0 " 0000
-0 " 0000

7 "2000
-0 " 0000

5 " 9000
-0.0000
-1.5000

0 " 0000

Table 3"72 Fourier Descripitors of 4" x I' Rotated
Rectangle in Figure 3"8

Mag "

55.9000
0.0000

10. L000
0 " 0000
5.9000
0.0000
2.1000
0 " 0000

Phase

0 .00
0.00

135.00
0.00

90.00
0.00

225.00
0.00



that the real and imaginary components of the coefficients
in equation 3"3 are approximately equal to the correspondi-ng

real and imaginary components in table 3.7.

From the

(a)

(b)

above, the following conclusions can be derived;

The magnitude of the Fourier Descriptors is
rotation invariant.

The information pertaining to orientation resides
in the phase angle and can be used to determine an
objects orientation.

3 " 1.3 Properties of FD With Resr¡ect to Scale

Figure 3"9 shows a 2n x 4n rectangle. The values for r(0)

vs. e are the same as in table 3.1 (for 4n x I' rectangle)

except that they are exactly half in magnitude. The analog

plot of r(0) vs. e is also similar to figure 3.3 except for

the r(0) values being half in magnitude. The FD of the 2" x

4" rectangle are shown in table 3.8. Table 3.9 shows a

comparison between the magnitude and phase angle of FD of 4"

x 8" rectangle (shown in table 3.21 and a 2" x 4n rectangle
(shown in table 3"8). It can be sreen that the magnitude of
the FD of the 4n x I' rectangle are twice as large as that
of the 2n x 4n rectangle" Thus the proposed Fourier

Descriptors are not scale invariant although there is a

Linear relationship between magnitude of sequences in the

time and Fourier domains" We will see later that this very

property will enable the proposed descriptor to encompass

58



(.
,j'

l

\0

1+

13 12 11

9-
oo 01

15

10

F
ìg

ur
e 

3.
9:

 t
 

x 
{ 

R
ec

to
ng

lo3 4 5



Term

Ðc
1
2
3
4
3
6
7

Real
Comp "

27.9000
-0.0000
-5 .1000
-0.0000
-2.9000

0.0000
1.1000

-0.0000

Imag.
Comp.

0.0000
-0.0000
-0.0000
-0.0000

0.0000
-0.0000

0.0000
0 " 0000

Table 3.8: Fourier Descripitors of 2" x 4"
Rectangle in Figure 3.9

Mag.

27.9000
0.0000
5.1000
0.0000
2.9000
0.0000
1.1000
0.0000

Phase

0.00
0.00

180.00
0.00

180.00
0.00
0.00
0.00

60



Term

DC
1
2
3
4
5
6
7

4 x I Rectangle

Mag.

55.868
0.0000

10.1235
0.0000
5.8880
0.0000
2.L235
0.0000

Phase

00.00
0.00

L80 " 00
0.00

180.00
0"00
0.00
0.00

Table 3.9: Comparison of Fourier
4" x 8" and 2n x 4n Rectangles in
3"9 respectively.

2 X 4 Rectangle

Mag "

27.9000
0.0000
5.1000
0.0000
2.9000
0.0000
1. r.000
0.0000

Phase

00.00
0.00

180 .00
0.00

180.00
0.00
0"00
0.00

Descripitors of
Figures 3"2 and

ol-



structural information (on the locat.ion of internal local

features) in the recognition of complex j-ndustrial objects"

3.1.4 Properties of FD With Respect to Imaqe Reconstruction.

The proposed Fourier Descriptors have the ability to

reconstruct a curve in time domain. This is demonstrated by

way of an example. Consider the 4" x I' rectangle in figure

3"2 for which figure 3.3 shows the plot of r(e) vs. e. Table

3.2 shows the corresponding FD. To reconstruct the r(0) vs¡.

0 plot from the FD in table 3"2, we take the FFT of the

Fourier coefficients in Table 3.2. The resulting FD are

shown in table 3.10. Table 3.11 shows the computation of

r(0) from the FD in table 3.10. Figure 3.10 shows the

reconstructed plot of r(e) vs. e. By comparing the original

and the reconstructed curve it is evident that the two

curves are identical except for minor amounts of

degradation. The degradation is due to noise introduced in

the computation

3-1-5 Summarv of Prorcosed Fourier Descriptors

In this section lde have proposed a slightly modified

representation of an existing Fourier Descriptor. The

following has been demonstrated;

(1) Every shape has unique Fourier Descriptors.
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Term

DC
1
2
3
4
5
6
7

Real
Comp.

28.09200
38.54801
67.64400
73.L8799
60 " 09200
73.L8799
67.64400
38.54801

Imag.
Comp.

0.00000
-0.00000
-0.00000
0.00000
0.00000
0.00000
0.00000

-0.00000

Mag.

Table 3.10: Fourier Descriptors of Fourier
Descripitors of 4'x 8" Rectangle
in Table 3 "2

28 " 09200
38.54801
67 "64400
73 "L8799
60.09200
73.l.8799
67.64400
38.54801

Phase

0.00
0"00
0"00
0"00
0"00
0"00
0.00
0.00
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Term

DC

Fourier Coeff" (Real)

Nyquist Freq.

28.09200
38.54801
67.64400
73.]-8799
60.09200
73.L8799
67 "64400
38.5480L
38.54801
38.54801
67.64400
73.L8799
60.09200
73.r8799
67.64400
38 " 54801

r(0) = Fourier Coeff/N

Table 3.lL: Negative and Positive Frequency
Terms Reconstructed from Table 3"10

1"756
2.409
4.228
4.57 4
3.756
4.57 4
4 "228
2.409
2.409
2"409
4 "2284"574
3.756
4.57 4
4 "2282.409
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(21 The Fourier Descriptors are not scale invariant,
but the magnitude of the coefficíents are
Iinearly proportional to the magnitude of the
input time domain sequence"

(3) The magnitude of the coefficients of the Fourier
Descriptors are rotation invariant. The phase
angle of the coefficients holds information
about the orientation of the object.

(4) The original time domain image can be
reconstructed from the Fourier domain by
computing the DFT of t,he Fourier domain
sequence. Being able to reconstruct an object
boundary indicates that no information about the
boundary is lost in creating the Fourier
Descriptors.

3.2 Recognition of Complex Industrial Objects.

In the proposed system, t,he recognit,ion process consists of

two modes. The first one is called 'training mode' and the

second is called "runtime mode'. In the 'training mode'

models of objects are created and stored in a database file.

In 'runtime mode', models of objects are created and matched

with models in the database. The process of creation of

models is identical in the two modes.

A model principally consists of Fourier Descriptors of two

types of features" The first of these are internal features

such as holes, slots, ete.. The second type are extended

features. Extended features are artificially created

segments of the object's global boundary.
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For purposes of demonstration let us consider a complex

industrial object shown in figure 3"11. The object consists

of four internal features (circle, sçFlare, large rectangle

and a small rectangle) "

To generate Fourier Descriptors of the internal features,

the boundary of each of the four internaL features is
processed (as described in section 3.1), with the centroid

being defined as the focus. This produces four Fourier

Descriptors, each of which uniquely corresponds to a shape

and size of one of the internal features.

1o generate Fourier Descriptors of ext.ended features, the

global boundary of an object is divided into a nr¡mber of

segments by a heurist.ic (to be described later in sections

3.2.L and 3.2.21. Each segment is called an extended

feature" Specifically with reference to figure 3.L2, it can

be seen that there are four extended features corresponding

to boundary segments between points Pa to Pz, P2 to Pg, P3

to P¿ and P¿ to Pa. Associated with each extended feature is
an artificial point called a focus. A discrete sequence r(0)
is comput.ed where r(0) is the distance from the focus to the

boundary points" The time domain seçluence r(0) is converted

to the Fourier domain using an FFT algorithm. The resulting
Fourier Descriptors uniquely define the extended feature's
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shape and its locat,ion with respect to neighboring int,erna.L

features "

Referring to figure 3"I2" in the 'training mode", a totaL

of eight Fourier Descriptors will be generated (four from

internal features and four from extended features) and.

stored in a database under the object,'s serial number. In

'runtime mode', when an object is to be recognized, a model

of the 'runtime' object is created. If the object is the

same as the one shown in figure 3.L2 and is not partially

occluded then a total of eight Fourier Descriptors will

again be generated. If the object is the same but partially

occluded then (i) a few of the internal features and

extended features may be missing and (ii) a few new extended

features would be created. These new extended features will

not match with any Fourier Descriptors in the model of the

candidate object. The degree of occlusion will determine the

number of features that are successfully matched. A system

could be configured to declare an object recognition task

successfully completed when a pre-determined number of

internal and extended features are successfully matched

(details of matching are discussed in section 5.2.6).

Two heuristics are proposed for the generaùion of extended

features and their Fourier Descriptors. These are as

follows;

1^



(i) One for objects with two or more internal
features.

( ii ) Another for objects with less t,han two internal
features.

The heuristic for objects with two or more internal
features (complex objects) is the primary focus of this
thesis. In this heuristic, a minimr¡m of two internal
features are required to generate an ext,ended features. For

completeness, a companion heuristic is being suggested to
accoromodate objects with less than two internal features.
These heuristics are as follows;

3"2.1 Heuristic #1, For The Generation of Extended Feat-rrres
and Fourier Descriptors For Obiects htith Two or More

For purposes of demonstration we again consider the complex

rigid object, with four local features, shown in figure
3.f-2. The extended features and foci are generated as

follows;

fnternal Features

a) The geometric center for each internal feature is
determined. This is computed as follows;

Calculate the center of gravity of the
internal feature where each pixel inside the
internal feature is assumed to have a mass
of unity and each pixel outside the feature
a mass of Zêfoo

Find the shortest cord between the geometric
center of each internal feature and the global
object boundary. the point, where this shortest
cord meets the global boundary, is called a
critical point. htith reference to figure 3.L2, ít

7T
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can be seen that there are four internal features
and four critical point.s, Pt, Pz" Pa and Pa.

c) Global boundary segments between adjacent critical
points (going clockwise around the boundary) are
called extended features. Again with reference to
the object in figure 3.L2, it can be seen that
there are four critical points resulting in four
extended features as¡ follows;

Pr to Pz
Pz to Ps
Pa to P¿
P¿ to P:-

c) To demonstrate the computation of the coordi-nates
of the focus of extended features we consider
extended feature Pr-Pz (see figure 3.12). The
(x,y) coordinates of the focus are computed as
foI lows;

x=(xft+xfzl/Z

y = (yf, + yf=l/2

where

( xf r ,yf t-) are the x and y coordinates of
the geometric center of the internal
feature ùhat determined the first
critical point, P'.

Simi-larly ( xf = ,yf = ) are the x and y
coordinates of the center of geometry of
the internal feature that determined the
second critical point, Pz.

Having described the generation of extended features and the
focus, wê describe the generation of Fourier Descriptors as
fol lows;

(1) A discrete sequence, r(0), the distance from the
focus to the extended feature's boundary points is
computed. The values of 0 are limited to those
between 0a and 02 where (i) ea is the angle
formed by the line which joins the focus and the
first critical point and the horizontal axis and
(ii) 02 is angle formed by the line which joins
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the focus and the second critical point and the
horizontal axis.

An extended feature is an open curve. It is
desirable that r(0) be periodic and have no
discontinuíties. To achíeve this, ân extended
segment between two critical points is traced
backwards in an ant.i--clockwise direction. This
forms a closed cr¡rve. To simulate this, the
discrete r(0) sequence is also repeated backwards.

The discrete sequence of the closed curve is now
converted to the Fourier domain by a FFT algorithm
previously used. In the current implementation the
time domain sequence has 256 discrete terms.

(21

(3)

So far we have described the method for generating Fourier

Descriptors of the object shown in figure 3.L2. By referring

to two additional objects, r{ê now describe some additional

features of the heuristic which make the technigue

potentially widely applicable.

Let us consider the object shown in figure 3.1-3. This object

has three internal features. These internal features are

circular and are labeled Cr, Cz and Cg" Both Cr and Cs have

a large amount of points on the global boundary that are all

equidistant and the shortest distance from the internal

features' geometric center. This leads to a large amount of

critical points on the global boundary. This scenario is

handled as follows;

For a set of critical points, delete all critical
points that have neighboring pixels, on both
sides, that are critical points. using this
method, in figure 3.13, the nunber of critical
points are greatly reduced. All critical points
between Pt-P. and P¡-P. are eliminat.ed.
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In figure 3.13, internal feature ez will give rise to
critical points, Pz and Ps, if both of these points are

equidistant from t,he geometric center of Cz. Two points are

considered equidistant if the difference of their distances

is less than a threshold value.

Thus, if the Pz and Ps are indeed equidistant from the

geometric center of C=, then Figure 3.L3 will have a total

of six critical points and thus six extended features. The

foci and Fourier Descriptors of the six extended features

would be computed in a manner similar that which was

previously described in section 3.1.

Let us nord consider the object shown in figure 3.1-4. This

object has six relatively large internal features in

addition to 24 small holes (pilot holes for riveting). In

this case extended features are generated as follows;

(1) Usually pilot holes are in large numbers. It is
not desirable to use them to generate ext,ended
features for the following reasons;

(a) Pilot holes are typically repeated at
fixed distances along the object's
boundary. Their distance from the edge
is usually also fixed. This would result
in the Fourier Descriptors of the
extended features being very similar.

(b) A large number of extended features
would be generated. This would increase
the computational complexity of the
technique.
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The pilot holes are generally of a fixed size
(even independent of the size of rivets). Hence
they can easily be recognized. In the proposed
technique pilot holes are ignored in the
generation of extended features.

(21 The eLimination of pilot holes leaves six internal
features (Cr,Cz,Cs,Co,Cs,C.) for the generation of
extended features. Critical points, pr to pø,
corresponding to the six internal features, are
shown in figure 3.14. It can be seen that Ps and
P6 are close together. This is undesirable for the
following reasons;

(a) Extended segment generated from critical
points Ps and P6 would contain
information on a very small boundary
segment "

(b) Critical points Ps and Pe can lie at the
same point on the global boundary curve.

Hence it is proposed that,
from an internal features'
object's global boundary,
internal feature, then
ignored in the generation

3.2.2 Heuristic #2 For The Generat'ion of Extended Features
and Fourier Descriptors For Obiects With Less Than Two
Int'ernal Features

In this heuristic we consider simple objects, with less than

two internal features" In these cases, extend.ed features and

foci are generated as follows;
(1) Ignore the presence of any internal features in

the generation of extended features.
(21 Compute the curvature and t.he change of curvature

at all points on the global boundary curve.

77
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(3) A maximum of ten points with the highest change in
curvature and a change in curvature higher than a
threshold value, are selected as critical points.
For example, with reference to the object in
figure 3.15, points Pt, Pz and P3 are chosen as
critical points. Similarly, with reference to the
object in figure 3.16, points Pt, P=, P., P4 and
Ps are chosen as critical points.

As defined in the previous heuristic, boundary
segments between critical points are defined as
extended features.

To demonstrate the computation of the coordinates
of the focus of extended features we consider
extended feature P¿-Ps in figure 3.16. The (x,y)
coordinates of the focus are computed as follows;

x=(xPo+xPsr/2
y = (ypo + ypsl /2

where

(xP¿,yP¿) are the x and y coordinates of
the first critical point, P+.

Similarly (xP=,yP-) are the x and y
coordinates of the second. point, P=.

(4)

5)

From this point the computation of the Fourier Descriptors
of the extended segments are identical to that described in
section 3 "2.L "

To summarize the generation of Extended features by the

proposed Eeuristics, the following observations are made;

(1) Regardless of shape, complex objects with more than two
internal features, can be recognized using the extended
features defined in the proposed heuristic #1. This
heuristic requires a minimum of two internal features
to generate extended segments. This is not a serious
limitation as complex objects typically have several
internal features.

tö
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121 For completeness, a second heuristic is proposed, for
the generation of extended features" to accommodate
objects wit,h less than two internal f eatures. The main
disadvantages of the second heuristic are l

(a) The extended features do not make use of
structural information on the location
of any internal feature present.

(b) If an object has no points with sharp
changes in curvature t,hen no extended
features would be generated. An example
of this would be a global boundary in
the shape of a circLe.

3.3 RecoqniÈion of overlappinq and Touchinq Obiect,s.

In this sect,ion we discuss how it is proposed t,o recognize a

collection of partially occluded complex industrial objects.

objects that are partially occluded can be divided into

those that are overlapping and those that are touching.

Lets uE assune the criteria for recognizing an object in

'runtime' mode is the successful matching of (i) two

internal feature and one extended feature for objects with

two or more internal features in the 'training mode" model,

and (ii) one extended feature for object,s with less than two

internal features in the 'trainíng mode' model. The method

for object recognition varies depending on whether object

boundaries can be segmented.. If object boundaries can be

segmented then recognition is conducted as follows;

(l-) Eeuristic discussed in section 3.2.L is used to
generate extended features of segmented objects
which have more than two internal features in the
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'runtíme" image" Internal features and generated
extended features are then used to tent,atively
match 'runtime' objects with candidate models in
the database. Objects r¿ith less than tr¿o internal
features in the 'runtime image' are totally
ignored in this step.

(21 The edge image of tentative candidat,e models are
superimposed on the edge image of the
corresponding segmented 'runtime' objects. If an
object is matched correctly, then all portions of
the edge image in the 'runtime" object must
coincide with the corresponding portions in the
tentatj-ve model object. This step essentially
confirms the validity of the match between a
'runtime' object and the model object.

(3) Eeuristic discussed in 3.2.2 is now used to
generate extended features for objects that have
less than two internal features in the "runtime'
image. As discussed before (i) internal features
and generated extended features are then used to
tentatively match 'runtime' objects with candidate
models in the dat,abase and (ii) validity of the
tentative match is confirmed.

In cases where segrnentation of object boundaries is not

possible, the method for recognizing objects that are

overlapping or touching is more complicated. This method is
sr¡¡omarized as follows;
(1) Eeuristic discussed in section 3.2.I is used to

generate extended features in the "runtime' image.
Internal features and generated extended features
are then used to match "runtime' features with
candidate models in the database. Objects with
Iess than two internal features are included in
the exercise, but will not generate any extended
features and will thus not form matches with
candidate models.

(21 The edge image of matched candidate modeLs are
superimposed on the edge images of the
corresponding "runtime' features. Portions of the
'runtime' edge image, that do not coincide with

0z



the edge points of any matched candidate models
are extracted.

( 3 ) Heuristic discussed in 3.2.2 is norr used to
generate extended features in the extracted edge
image from (21 above. Internal features and
generated extended features are then used to match
"runtime' features with candidate models in the
database.

For purposes of demonstration consíder six objects shown in
figure 3.]-7. Figure 3.18 shows these objects overlapping and

touching. In table 3"t2r wê see the effect of segmenting the

boundary of objects. rt can be seen that if the object
boundaries are segmented then all objects can potentialry be

recognized" otherwise only four objects can be recognized.

Thus the benefits of segmenting the boundary of an object
from other objects in the field of view are as follows;
(1) Segmenting will mitigate the possibility of

boundaries of different objects merging to produce
extended features that would not be recognized.

(21 The matching process is sirnplified as all the
extracted features (internal and extended) from an
object can be grouped.

Segmentat.ion

the following
(1_)

(21

(3)

of object boundaries is considered possible for
reasons;

The objects may be of different colors.
The object surface may have different
ref lectance properties,

In the case of touching objects, the
boundary may be detected.

B3
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Segmentation

##
Local Ext,ended
Feature Feature
Matched Matched

A 2

3

2

0

2

3

Þ

E

#
LocaL

Object Feature
matched Matched

1

3

2

4

2

1

No Segmentation

Yes

Yes

ïes

Yes

Yes

Yes

#
Ext.ended
Feature Object
Matched Matched

Table 3.L2: The fmpact
Boundary On

2

3

2

0

1

1

0

4

Note; Object,s A,
extended
heuristic
extended
heuristic

2

3

Yes

Yes

No

Yes

No

Yes

of Segmentation of Object
Object Recognition

0

1

B, e, E and F have their
features generated by the

in 3.2.1- while Object D has it.s
features generated by the

in section 3.2.2.
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(4) Because objects may be lying
partially on top of each other, they will
reflect varied degrees of light into the
camera.

3 . 4 Sr:mmarv: Recoqnition of Partial lv occluded , Complex
Industrial Obiects.

In this chapter, the basic technigue for using extended

features for the recognition of comprex industrial objects

was. presented. The advantages of this technique are as

follows;

(1) The technigue can recognize 2D objects which are
partially occluded. Since the t,echnique is based
upon Fourier Descriptors, it places no limitation
on the shape of the global object boundary or on
the shape of the internal features for complex
objects (objects with more than two internal
features ) "

(21 Extended features (for objects with two or more
internal features) not only carry information
about. the shape of the object's global boundary
but. also structural information on the location of
internal features. This can improve the efficiency
of the matching process.

(3) Extended features can be automatically generated
wit,hout human intervention"

(4) The proposed method uses¡ information on the
structure of the object to generate extended
features" As a result a small quantity of extended
features, covering the total global boundary, are
generated. This is in contrast to the technique
presented by Kalvin (1986), where a very large
guantity of Fourier Descriptors are calculated
(one for each discrete point on the arc vs.
turning angle graph).

The main disadvantages of this technique are as follows;

B7



(1) Ob jects wit,h less t.han two internal f eatures
require sharp changes in curvature in the global
object boundary to generate ext,ended features.
This dependance on shape limit,s the application in
some instances.

For objects with less than two internal features,
the extended features generated, are not based
upon structural informat,ion on the location of any
internaL feature which may be present.

Tf large portions of an object are occluded then
recognition will only be based upon the matching
of visíble internal features as no extendeã
features may be generated.

(21

(3)

The first two disadvantages are inherent limitation of t,he

heuristic for object,s with less than two internal features.
Thus this technique is more applicable to complex parts with
multiple internal features and hence the tit.le of this
thesis 'Recogni-tion of Partially Occluded Complex Industrial
objects'. The third disadvantage is also an inherent
limitation of this technique but is not limited to the
proposed method.

rn the next chapter hre shall present some experimental

results from a preriminary computer vision syst.em for the

recognition of partially occluded objects with more than two

internal features which have had their boundaries segmented,

we will also present statistical analysis of repeatability
of dimensional data. Determinat,ion of repeatability wilt
enable the recognition of dimensionarry defective objects.
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CH.A.PTEFÈ 4

E:<PEFÈ Tn{TEÀTT.Zà'I, FÌ.ESIJI,IP S

In this chapter we present results from a computer vision

system, developed for the recognition of partially occluded,

complex industrial objects whose boundaries have been

segmented. This implementation is limited to handling

object,s that. have t¡¿o or more internal features (as outlined

in section 3.2.1). We also present statístical analysis on

the repeatability of dimensional results"

In section 4.L lde describe the operator interface, for

operating the system in 'Training" and "Runtime' mod.es. In

section 4"2 we describe the format of data in object models.

Object models are (i) stored in a database file during

"training' mode and (ii) are used for matching in the

'runtime' mode. In section 4"3 we present examples involving

the recognition of partially occluded objects. In section

4.4, we present examples showing the extraction of basic

shapes from the Fourier Descriptors. Fínally, in section

4.5, we lpresent analysis of repeatability of dirnensional

data associated with basic shapes"
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4.1 Operat'or Tnterface

The interaction of the system with the human operator is
described in this section. Appendix Al shows typical
interaction with a human operat.or in the 'training' mode

while Appendix A2 shows int.eraction in the "runtime' mode.

For purpose of demonstration, in both instances, the same

part (figure 4.L, serial #2222 in our experimental database)

is used. Upon start up, the system requires the operator to
select an operating mode from t,he following;

CONDT]CT OBJECT REEOGNITTON
AT]TO EALIBRATE THE SYSTEM (NOT IMPLEMENTED)
ADD AN OBJECT 1O THE DATABASE
LEAVE CompuVision & EXIT TO DOS

rf the operator selects 'ADD AN oBJEcr ro rHE DATABASE" (ie.
'training" mode), then the system asks for the object's
serial. number as follows;

INPT]T SERIAL NO. OF OBJ. (TNT.<9999) & THEN PRESS ENTER

The serection of 9999 as the highest serial number

arbitrary to some extent. rt was felt that serial numbers

to 9,999 were sufficient for our experimentaL database.

upon receiving the serial number, the system grabs an image

from the video camera and proceeds with the construction of
a model. As a diagnostíc message, the system prints the

number of internal features found, the length of their

TS

up
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boundaries and

follows;

the following

Feature# #

the position of their geomet,ric center

0
1
2
3
4

(internal) features

of Edge Points X

The screen display above indicates that besides the global

boundary, four internal features rrere found. rn a future
implementation there would be no need for thi-s diagnostic.
rt is only included in this preliminary system to enable the
operator to confirm that all is well in the primitive image

processing stage (which include thresholding, edge

detection, segmentation of edge image into global boundary

and boundaries of internal features).

593
2LT

40
47
35

have been extracted"

C.of G. Y - C.of G.

228.4
218.0
282.L
r72 "O
244 "6

as

The system continues with the creation of the model and upon

completion prints the following message;

Addition of Serial# 2222 to Dbase Completed.

This indicates t,hat the system has successfurly created a

moder of serial # 2222 and has added it to the database

file "

252.5
2LL.5
257.9
260.2
318.7
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The system now cycles back to the initial menu and enables

the operator to select 'CONDIICT OBJECT RECOGNITION", (ie.

'runtime' mode) " The system then enùers recognition mode and

grabs an image from the camera and continues with its
processing" As discussed before, the system prints a

diagnostic message as follows i '

The following (internal) features have been ertracùed.

Feature# # of Edge Points X - C.of G. Y C.of G.

0
1
2
3
4

The system continues with the creation and matching of the

'runtime" model. tlpon completion, it prints the following;

592
2L3

4L
47
35

Object Recognition Now Complet.ed

Based Upon Matching
4 Out of 4 Local Features &

4 out of 4 Global Boundary Segments
The Current Object Has Been Matched
To Serial #2222 From The Database

228.4
2L7.7
282.2
L72.L
244.8

In rqgards the 'runtime' object, the system now asks if

further information on (i) the tentative matching process or

(ii) object dímensions and shape, are required. If the

252 "4
2LL "3257.8
260.2
3l-8.6
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response is 'yes" then the system prints the following
information on the screen;

Details of Matching current object to one From the Database
*i****************i*************t*t******i******t*********r

Current Object Features

InternaL

1
2
3
4

Extended

FEATURE# SHAPE
COORDINATES

l_

2
3
4

3
L
4
2

Serial #2222 Features

t_

2
3
4

Internal

1
2
3
4

RECTANGLE
RECTANGLE
SQUARE
EIRCLE

The screen display above, shows (i)

and extended) in the "runtime

matched with which features in the

gives the shape, size and location
in the 'runtime object'.

DIM#1

(mm)

Extended

29.30
10.58
L6.67
L3 "77

DIM#2

(mm)

1
2
3
4

POSTTION

X (mm)

98.15
L7.T7

3
I
4
2

2L7 "73
282.20
L72.05
244.79

which features (internal

object' are tentatively
candidate model and (ii)

of the internal features

Y (mm)

21L.3L
257.83
260.L7
3L8.62
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4.2 Format of Data in Obiect Model

fn this implementation, object models are created and stored
(i) in a database fire (dbasel.dat) in 'training" mode and
(ii) temporarily in a current object file (cobj.dat) for use

in the matching process in the "runtime' mod.e. As an

example, !rê will again consider the part with serial #2222.
Figure 4.2 shows the format of data in the model of the
object" The four internal features give rise to four
extended features (Note: As indicated in section 3.2.L, the
number of extended features can be more than the number of
internal features" rn this preliminary implementation,
internal features are strategicalry located such that they
each create only one critical point. This results in there
being only one extended feature per internal feature).

rn figure 4.3, the data for each internal feature consists
of (i) the minimum and maximr¡m distances of edge points from
the focus, (ii) the number of edge points in the boundary,
(iii) the area of the internal feature, (iv) the x and y

coordinate of the geometric center (using camera coordinate
system; the top left hand corner of camera's field of view
is defined as [ 0,0 ] ) ,

Lerms/coefficients of

includes the real and irnaginary components and the
magnitude).
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*************************************t*t**t***********tt***
* The data is placed in an ASCII file in the following *
* order; *.
*****t**tt****t*t*t****rr*r**t****tt**************t**t*****
* '8888.8' to signify start of object model. *
*¡
* Object's serial number. *
*¡
* '4' to signify the nr¡mber of internal features in i
* object. *
*¡
* '999999.9" to signify data on internal feat. # 4 to *
* follows. t
* data on feature #4 (format
*
* '999999.9' to signify data* follows.* data on feature #3 (format shown in figure 4.3). *

I 'nrnnrg.9' to signify data* follow.* data on feature #2 (format
*
* '999999.9' to signify data* follow.* data on feature #1 (format
*
* '999999"9' followed by* extended feat. # (1
* data on feature #(1-x)
t
* '999999.9' followed by* extended feat. # (2
* data on feature #(2-x)

shown in figure 4.3). t
*

on internal feat. # 3 to *
*

* "999999.9' followed by an integer 'x' signify data on* extended feat. # (3 x) to follow.* data on feature #(3-x) (format shown in figure 4.3) "t
* '999999"9' followed by an integer 'x' signify data on* extended feat. # (4 x) to follow.

*
on internal feat. # 2 to *

*
shown in figure 4.3). *

*
on internal feat. # 1 to *

t
shown i-n f igure 4.3 ) . *

* data on feature #(4-x) (format shown in figure 4.3). *
tt**t***************r******i***********************t*******

an integer 'x' signify data on
x) to follow.
(format shown in figure 4.3).
an integer 'x' signify data on

x) to follow.
(format shown in figure 4.3).

Figure 4.2 Format of Data in the Model
of an Object with Four Int.ernal
Features.

*
*
*
*
*
t
*
*
t
*
*
*
t
*
*
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*******t*i*********************i******t*****t****t****
* Data is placed in an ASCII file in the *
* following order i *
****t********************t*********tt**********t******
**
**
* Minimum dist,ance of edge points from the focus t'o *
r the geomet,ric center *
*t
* Maximum distance of edge poínts from the focus *
* to the geometric center *
*
* The number of edge points in the* the internal feature.
*
r The area of the internal feature.
* The x and y coordinate of the focus.
t
* The first fifteen terms/parameters of the* Descriptors as follows;.
* For term 1 real, imaginã.Ílr maçt.,* For term 2 real , imaginËrrf r rnãrÇf . ¡* For term 3 real, imaginârlr mag.,* For terrn 4 real" imaginãîlt mag.,* For term 5 real, imaginã.t! r maç¡. ,r For term 6 real, imaginarf , rtr€rÇf . ¡* For term 7 real , imaginêrrf r maç¡. ,* For term I real, imaginêrlr mag.,* For term 9 real, imaginârlr mag",* For term 10 real, imaginârlr maçt.,t For term Ll real , imaginary, iltâg . 7* For term 12 real , imaginâËf r rrrêÇf . ¡* For term 13 real, imaginêrlr maçt.,* For term 14 real, imaginârlr maçt.,* For term 15 real, imaginâry, mag.,

*
boundary of t

**********t*******t*****t*t************t*****t****r***

*
*
*
*
*
*

Fourier *
*
t
*
t
*
I
*
*
*
*
*
*
*
*
*
*
*

Figure 4.3 Format of Data for Every Feature in an Object

Irl0de1"
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Similarly for extended features, with reference Èo figure
4.3, the data consists of (i) the minimum and marimum

distances of edge point,s f rom the focus, ( ii ) the nr¡¡nber of
edge points in the boundary of the extended feature, (iii)
the area of the ext,ended feature (in the case of the
ext'ended feature this is equal to the perimeter or the
number of edge points in the boundary), (iv) the x and y
coordinate of the geometric center (using camera coordinate
system) ' (v) the first fift.een terms/coefficients of the
Fouríer Descriptors (as before, each term includes the real
and imaginary components, and their magnitude). In the
eurrent implementation (i) the number of edge points and the
area of extended features, (ii) the location of t,he focus of
an extended featurer âfê not used for matching and hence do
not have any functionar value. rn future implementations
these can be eliminated"

The average size of a object moder (with four internal
features) is 5 kilobyt,es. Thus a daLabase of 100 object.s
will be about 0"5 megabytes in size. By comparison, in
Kalvin's (1986) techniçIue, a database for J_00 objects is 100

megabytes in size.

rn this section we present several examples involving the
recognition of partially occruded complex objects (with more

than two internal features) which have already been

9B



segmented from other overlapping and touching objects" These

segmented objects can also be construed to be portions of a

complex object which has not been fully assembled.

A database of fully visible objects is created

mode and is shown in Appendix 83. It consists

the following six objects;

Part With Serial #11-l-l- as figure 4.4
Part with Serial #2222 as figure 4"I
Part with Serial #3333 as figure 4.5
Part with Serial #4444 as figure 4.6
Part with Serial #5555 as figure 4.7
Part with Serial #6666 as figure 4.8

Table 4.1 below, sruumarizes some recognition exercises

conducted using partially occluded objects shown in figures
4.9 to 4.L6. The recognition algorithm is programmed to
declare a match if (i) two or more internal features and

(ii) one or more'extended features, are matched with a

candidate model. In table 4"L, it can be seen that all
part.ially occluded objects are recognized except for the

object in figure 4.15. Looking at figure 4.15 it is evident

that only one internal feature is visible. Since two

internaL features are required to generate an extended

feature¡ no extended features were formed" Hence the object

was not matched.

in

of
"training'
models of
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Figure 4"4: Complex Object with Serial
In Database
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Figure 4.8: ComPlex object
In Database

with Serial #6666
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Figure 4"15: partially Occluded Object
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Figure 4"L6: Partially Occluded Object
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Partially Serial Features in Object
Occluded # Model In Database
Object's Matched
Figure Against InternaL Extended

4.9
4. l_0
4"11
4.L2
4.13
4 "r4
4. l_5
4.t6

111L
2222
2222
3333
4444
5555

6666

3
4
4
4
2
2

2

Features Successfully
Matched

3
4
4
4
2
2

2

Table 4.1 Recognition Exercises
Involving Partially Occluded Objects.

Int.ernal Extended

2
2
2
2
2
2

2

1_

1
1
1
1
1

1
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4.4 Recoqnition of Basic Shaoes

Now we will experimentally demonstrate (what wa!¡ previously
indicated in section 3.1)

to recognize basic shapes"

magnitude of Fourier Descriptors of (i) the internal
features of figures 4"L obtained during 'runtime" mode and

shown in Appendix A4, and (ii) of internal features of
figure 4.5, shown in Database in Appendix 43. Table 4.2 is
an extract from these figures. As previously indicated in
section 3.1, the following concrusion can be drawn from the
data ì

(L) A circular object is shapeless. Besides the DC
term, all other coefficients are low. The ideal
value of coefficients 2 to 15 is zero. The random
values obtained are due to noise. Noise courd have
been introduced in a variety of places including
the following; (i) the objects under the camera
were made of paper with shapes drawn with pencil,
this would have led to shapes that were not ideal,(ii) the process of threshotding, (iii) the
process of edge det.ection and (iv) the compuùation
of r(0) vs. e"

(21 A rectangular object has the third, fifth, seventh
coefficients high. The rest are low. In table 4.2,
we note that. for figure 4.5, the fifth coefficient
in the descriptor for the rectangle is not high.
this discrepancy is attributed to noise.

the proposed descriptors' ability
To demonstrate this, consider t,he

(3) A square object has
coefficients high.

the fifth and ninth
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Large
Rect.
5636

24
L7L7

20
607

35
114

26
103

7
160

7
L27

I
64

Figure 4.L

Fourier Coefficients

Square
1735

4
L2
16

110
6

15
2

23
1
7
7

28
7
4

Circle
L452

1
18

2
13

4
2
3

13
5
9
I
2
5
4

Rect.
L920

3
360

7
L2
1_L

61
L1
38

9
I
4
7
1
1

Figure 4.5

Sguare
l_945

3
76
10

L2L
5

26
9

29
5
9
7
7
4
1

Large
Circle

2362
1

L4
t_6
22

5
7

10
4
9

10
9
7

10
2

Table 4.2 Fourier Descriptors of
Basic Shapes, Extract.ed From Models
of Figures 4.L and 4.5 in the
Database in Appendix 43.
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4.5 Dimensional Analvsis of ReneatabiliLw

There are two types of errors in any measurement syst.em.

These are systematic and random error. In our application,
the systematic errors would include the folLowing;

Scaling
Dj-stortion in Camera Opt.ics

In our application we are not measuring distances to sub-

píxel accuracies" Hence distortion in the lens and image

sensor are not major factors. This leaves scaling as the

other systematic error. Scaling can be addressed by

introducing a calibration factor (discussed in section

5"2"5). Thus measurement of system accuracy is not

important, as it is largely dependant on the selection of a

calibration factor" Random errors are of concern and hence

we determine repeatability as a measure of randomness.

Statistical data rdas collected and an analysis for
determining the repeatabitity of dimensions of internal
features was conducted.. As a test case, the object in figure
4"1- was selected. Table 4.3 below summarizes the analysis.
In table 4.3, the three sigma repeatabilit,y varied between

0.29L mm for sma-Ll dimensions (6 mm), to 1.130 mm for medium

size dimensions (l-4 mm), to L.I7L for large size dimensions

( 48 mm) . Since the calibration factor rdas 1.1, this
translates into a three sigma repeatability of 1.065 (I.L7 /

l- 16



Sample #

1
2
3
4

Sigma

Three
Sigma

Internal Features (mm)

Circle Length Width

6 "349
6.L94
6 "2L8
6 "392

Large Rectangle

0"097

0"291

48.686 L4.822
48.099 L4.234
48.054 l_4.116
48.807 L4.822

Table 4"3 Statistical Analysis for
Repeatability on the Dimensions of
Internal Features of Object in Figure
4"1.

0.390 0 "377

L.L7L2 I .130

LL7



1"1-) pixels. This level of repeatability is the best that
can be expected as the edge d.etection algorithm finds edges
only to

Knowing

features, the system can categorize parts with dimensions
outside a given 3 sigma range as defective.

the closest, pixel.

the dimensional. repeatability, and the shape of

The sunmary of experimental results presented in this
chapter is as follows;
(1) From a description of the operator interface, itis evident that the methoa ót forming models in'runtime' and "training" modes is compreteryautomated. rn 'training" mode t.he operatór hasonly to enter the object's seriar n'mber. rn the'runtime" lnode the operator has only to initiatethe recognition task.
(21 The average size of an object moder is 5kilobytes. Thus a database of ã 100 objects wiltbe about 0-5 megabytes. This database size is twoorders of magnitude smaller in comparison to thedatabase in the technique describãd by Kalvin,(1986).

(3) The propoged technique can recognize (i) complexobjects that are overlapping and touching ana ìiilportions of complex industiial objects that are
lot fully assembred. The current imprementation islimited to handling objects segmentãd objects withtwo or more local internal features.

(4) Th" system was abre to automaticarly recognizebasic shape and measure basic dimensions. Thethree sigma repeatabitity of dimensions of locar.internaL features was fõund to be approximatery1-06 pixels- The determination of repeatabilitywill enable the recognition of parts that aredimensionally defectivã. Argorithmã for computing
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edges to sub-pixel aceuracy wilr enhance thisdimensional measurement capaÈility ILyvers et al.,
l_989I .
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CH.ã'PTEFÈ 5

DESCFÈI PTIO1\T

SYSTED1I

5.1 Imaqe Processinq Hardware

The image processing system consisted of the following:

- A general purpose, 500 x 500 pixel video camera
(Panasonic color, model # hIV-3240)

OF

- A Data Translation Frame Grabber (DT-2853-sq-60H2).

- A IBM PCAT with a 8087 coprocessor operating at 10
YIZ in the DOS environment.

- Turbo 'e' Compiler.

the DT 2853 board, like most image processing boards had the

capability to do primitive image processing functions such

as thresholding, edge detect.ion, segmentation etc.. These

capabilities could not be utili".ed as supporting software

was not available. The board was used only to capture the

image. The píxel data was then down loaded into the host

computer where all subsequent processing took place.

5.2 Software Developed.

E ><P EFÈ I I4EI\TTAI,

In this section software developed is described. All souree

code is written in Turbo rC' version 2.0. The system can be

divided into two modes. The first is the 'training" mode in
which object models are added to the database. The second

L20



mode is termed Lhe 'runtime' mode. rn this mode the

conducts recognition on unknown objects.

5 " 2.1 Thresholdincr

For purposes of concentrating effort on the primary task ie.
the use of Fourier Descriptors of extended features, the
task of thresholding was deliberately made trivial. This was

achieved by having the object painted black (pixel value 0),
in sharp contrast to the white background (pixel value 255).

This made the histogram bi-modal. Good thresholding (a

measure of separating the object pixels from the background

pixels) was achieved by using a thresho.Ld value of L2s. rn
an actual manufacturing situation, the thresholding of an

image would me considerabry more complicated. rt would

require the use of a technique for the automatic generation

of an optimum threshold value for each image.

5.2.2 Edqe Detection

systern

A simple technique based upon applying four different 3 x L

pixel filter (see figure 5.1-) to each object pixer was

utilized" This produced satisfactory results as is evident
from the one pixel thick and unbroken edges of figure s.2.
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Figure 5"22 Eexadecimal Coded Edge Image
of a Port,ion of the Object in Figure 4.L

L23



5.2.3 Detection of Internal Features in Edqe Imaqe

The detection of internal features \das accomplished by means

of a simple argori-thm in which the following rules were

coded:

(i) All edge pixel on the global boundary of
an object are connected.

(ii) All edge pixels of an internal feature
are connected.

(iii) If the centers of two edge pixels are
less t,han a specified threshold value
then the two edge pixel are considered
connected"

(IV) The distance between the edge pixels of
any two internal features or the
distance between the edge pixels of an
internal feature and the object
boundary, is large cornpared to the
threshold value in (iii) above. This
would typically be the case in
industrial parts.

The above rdas implemented as follows:
(i) Conduct analysis on edge pixels starting

at the top left hand corner and
proceeding left to right and top to
bottom in the edge image.

(ii) The first pixel would belong to the
object's global boundary. This would be
placed in boundary feature #0. At this
time feature #0 would have one pixel
while internal features #I, +2, #3, #4,
#5 would be empty. Due to memory
limitations the system was limited t.ó
five internal features.

(iii) The second and all subsequent pixels
wilL be tested to see if they are
connected (a distance less then the
threshold) to any pixel in any feature.
If a current pixel is connected to a
feature, it is then added to that

LZ+



feature" If the pixel is not connected
t.o any feature then a new feature is
created and the pi-xel added to it " In
some instances a pixel is found to be
connected to two or more features. In
these instances the two features are
merged.

This produced satisfactory results as was evident from the

results in chapter four"

5.2.4 Area and Center of Geometrv of Internal Featrrres

The area

equivalent

center of

calculated

of internal

to the total

area (center

as follows:

features is calculated. This is
number of pixels in the feature. The

of geometry) of the feature is

x

Y=
E

y=

where P(x,y) has a value of one if an edge poj_nt exists at
(x,y) and a value of zero if no edge point exists at (x,y).

5.2.5 Svstem Calibration

500

0

v

x=
E

x=
Area of Feature

500

0

Y=
E

y=

Since the proposed descriptors are not invariant to scale,
some system calibration is required. In the current
implementation, a calibration factor is manually entered in

1-25
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the system. The calibratíon factor, for a given camera
height above the object" is determined by the following;

Calibration Factor: =

rn future implementat,ion, it would be usefuL to have
accurate ranging device to calibrate the system.

5.2.6 Uatchinq of fnternal and Extended Feat'ures in

Dimension of a selected internal
feature as determined by the system

the matching of a feature in the "runtime' and. 'training'
modes is accomplished as follows;

(i) The likelihood of the Fourier Descriptors
(E'D) of two features being equivalent is
measured on a scale of 0 100. The
initial score given to the match is
zero.

(ii) The value of the highest coefficient in
the FD of the 'training" feature is
determined.

(ii) A fraction (25e") of the value in (ii)
above is defined as a threshold value.

(iii) Coefficients in the 't,raining' FD, that
are greater then the threshold value(ie. are significant) are further used
in the analysis while the others are
discarded "

(iv) Each significant coefficient in the
'training' FD is compared to its
counterpart in the "runtime" FD. The
extent of similarity will determine the
number of points awarded to the match"

(v) Combination of features with the highest
score (and a score larger than a
threshold value) are declared as being
matched.

L26
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5.2.7 Matchinq of a Partiallv Occluded Obiect with Database

The matching of a partially occluded object with a candidate

object models in the database is accomplished as follow;
The first feature of the partially
occluded object is matched with the
first feature of the first candidate
model in t.he dat,abase. If no match
occurs, then the second feature of the
first candidat.e object is matched. This
process continues until. all features in
the candidate object have been tested or
a successful match found. This is
repeated for all features in the
partially occluded object. Upon
completion, it is determined if the
required number of extended and internal
features have been successfully matched.
If so, a tentative match between the
partially occluded object and the
candidate model is declared. If not,
t.hen similar analysis is repeated with
another model in the database.

obiects:
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EHAPTER 6

CONCLUSIONS AND RECOTIÍIIIENDATTONS FOR FUÎURE WORK

rt, has been demonstrated that a technique based upon Fourier

Descriptors of extended features can be successfully applj-ed

in the recognition of complex indust,rial objects which are;

Additional advantages of t,he proposed technique include the

fol lowing;

(i) No limitation is put on the shape of the complex
objects.

(21 The extended feature incorporates structural
information on the location of internal features
in addition to the shape of the global boundary
segment. This greatly facilitat.es the matching
procegs.

(3) Cornpared to another Fourier Descriptor based
t.echnique in literature, the proposed extended
feature method requires less computational
resources and will have a smaller database in an
equivalent application.

(i
(2
(3

partially assembled
overlapping and touching.
dimensionally defective.

In order to concentrate effort on the principal task,
several sections of the system software were simplified or

not implemented. This has limited the current implernentation

to a specific family of objects. In section 6.L, limitations
of current implementation and related future work is

L2B



reviewed" rn 6"2 we review the inherent limitations of the

current technique and related future work.

6.1 l,imitations of Current fmplementation and Future

hlork.

(1) Interface a sensor t.o automatically determine the
distance of an object from the camera and thus to
calibrate the system. This is currently
accomplished manually.

(21 Incorporate subroutines that will accomplish the
foI lowing:

(a) fmplement the heuristic outlined in
section 3.2.L to accommodate instances
where there are more than one boundary
points which are the minimr:m distance
from the focus of an internal feature.

(b) Implement heuristic in section 3.2.2..
This will enable objects with less than
two internal features to generate
extended features.

the three sigma dimensional repeatabitity in the
current implementation is limited to l-.06 pixels.
This is because the edge is located to the nearest
pixel. Téchníques for sub-pixel edge detection can
be utilized to obtain improved repeatabilities.
The system can only accept a maxirnum of five local
internal features. This is a limitation set by the
size of the Random Access Memory in the
microcomputer. this limitation is easily overcome
by the use of virtual memory computers.

The current implementation has a fixed threshold
value that is used to separate the object pixels
from the background pixels. For flexibility, it is
desirable to automatically generate an optimum
threshold value for each image.

(3)

(4)

(5)

L29



(6) Develop/adopt a technique ùo segment the
boundaries of overlapping and touching objects.
This will improve the matching process and allow a
greater degree of occlusion while maintaining
ability for recognition.

6"2 Future Work to Improve the Basic Technicrue.

( l- ) Improve the technigue for the recogni-tion of
objects with less two internal features such that
it can be applied to any global boundary shape.
Integrate this method with the proposed method for
objects with more than two internal features.
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Appendix A1: Listing of
with System Software for
Object (serial #2222) to

Int.eraction
Adding an
the Database.

L34



CompuVision

Automated rnspection system for rndustrial parts
Version 1"0

c T0 CONTINUE úIITE CompuVision
e TO EXIT CompuVision

Screen Cleared

MAKE A SELEEÎION AND THEN PRESS ENTER

]- CONDUET OBJEET RECOGNITTON
2 AUTO CALTBRATE TEE SYSTEM (NOT TMPLEMENTED)
3 ADD AN OBJEET TO THE DATABASE
9 LEAVE CompuVision & EXIT TO DOS

MAKE A SELECTION FROM O TO 9 AND THEN PRESS ENTER

Screen Cleared

*t****************
* CompuVision *
*tt**tt*t****t****

INPUT SERIAL NO. OF OBJ.(INT.<9999) & THEN PRESS ENTER

The following features have been extracted.

135

r****************
* CompuVision *
***t******rt*****

System in Learn Mode



Feature# # of Edge Points X C"of G" Y C"of G.

0
l_

2
3
4

Screen Cleared

593
2LL

40
47
35

Addition of Serial# 2222 to Dbase Completed

*t*t**************
r CompuVision *
********rrrt*t**r*

228.4
218"0
282 "LL72.0
244 "6

TYPE 'c' AND TEEN ENTER TO CONTINUE

Screen Cleared

CompuVision

Automated Inspection System for Industrial Parts
Version 1.0

252.5
zl-t-.5
257.8
260.2
318.7

c T0 CONTINUE WITH CompuVision
e TO EXIT CompuVision

MAKE A SELECTION AND THEN PRESS ENTER

r36



Appendix A2: Listing of Interaction with System Software for
the Recognition of an Object (serial #2222) in
the Database"

L5 /



Automated Inspection System for Industrial Parts
Version l-.0

c T0 CONTINTE WITE CompuVision
e TO EXIT CompuVision

MAKE A SELECTION AND THEN PRESS ENTER

Screen Cleared

t*****************
r CompuVision t
t*i***tr****ttr*r*

CompuVision

1
2
3
9

MAKE A SELECTION FROM O TO 9 AND THEN PRESS ENTER 2

CONDUCT OBJECT RECOGNITTON
AT]TO CALIBRATE THE SYSTEM (NOT IMPLEMENTED)
ADD AN OBJECT TO THE DATABASE
LEAVE CompuVision & EXIT TO DOS

Screen Cleared

t******t***t*t***
* CompuVision *
*****t*t****tt***

System in Object Recognition Mode
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The following features

Feature# # of Edge

0
1
2
3
4

Screen Cleared

have been extracted.

Points X C.of G.

592
2L3

4L
47
35

228"4
2L7 "7
282 "2L72.L
244 "g

Object Recognition Now Completed

**t***t*******i***
* CompuVision *
**t***t****rt*****

Based Upon Matching
4 Out of 4 Local Features &

4 Out of 4 Global Boundary Segments
The Current Object Has Been Matched
To Serial #2222 From The Database

Y - C.of G.

252 .4
21L.3
257.8
260.2
318.6

TYPE 'm' FOR MORE DETAILS ON
TYPE 'c' TO CONTINIIE WITEOUT

Screen Cleared

MATCEING
ANY FT]RTHER DETAILS

r39



Details of Matching current object to one From the Database
****t*t**t****tt************t*************t*****r*****t****

Current Object Features

Local.

1
2
3
4

Boundary

TYPE 'M' FOR SHAPE & DIMENSIONAL ANALYSIS ON CI]RRENT OBJEET
TYPE 'c' TO CONTINTE WITHOUT FIIRTHER DETAILS

FEATT]RE# SHAPE
COORDINATES

l_

)
3
4

3
1
4
2

Serial #2222 Features

LocaL

I
2
3
4

1
2
3
4

Screen Cleared

REClANGLE
RECTANGLE
sQrrARE
CIRCLE

Boundary

DIM#1

(mm)

Screen Cleared

CompuVision

Automated Inspection System for Industrial parts
Version 1.0

1¿lu

1
2
3
4

29.30
l_0.58
L6.67
L3.77

TYPE 'c' TO CONTINUE

3
1
4
2

DTVL#2

(mm)

POSITION

x (mm)

98.l-5
L7.L7

2L7.73
282.20
L72.05
244.79

Y (mm)

2LL "3L
257.83
260.r7
318.62



c T0 CONTINUE WITH CompuVision
e TO EXIT CornpuVision

MAKE A SELECTÏON AND TEEN PRESS ENTER
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Appendix A3:
Models of Síx
#3333 , #4444,

Database Containing
(Serial #1111, #2222,

#5555, #6666) objects.
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8888.8
111_1
3 " 000000
99999.9
3.L68202 6.9798L9

33.000001
L07 " 690005
190 " 921005
346 " 708008

1 1095.352 0.000 1095.352
2 10.313 -0"566 10.328
3 L72.508 30.675 L75.2L4
4 -29"442 -1.638 29.488
5 2 "543 -1.899 3 .L7 4
6 7 " 135 l_1 .014 13 .123
7 -24 "876 7 .l_00 25.870
B L2 "27L 3 " 570 L2.779
9 -2.L56 2,224 3.097

10 11" 388 6.552 l_3 .138
11 1.906 2"7L7 3"319
12 0.806 -0.485 0.940
13 3.692 -0.395 3.7L3
L4 -2"477 -0"r44 2"48L
15 -l_.1_02 -2"335 2.592

99999.9
2"342566 7"596000

31 " 900001
89.540004
165.878006
31_8. L48987

1 952.906 0.000 952.906
2 -13"938 18.316 23.0L6
3 -229"826 -11.615 230"LLg
4 -37 "54L 27.273 46.402
5 45.510 -2.348 45.571-
6 -l_0.114 -22.500 24.668
7 5.605 L9.277 20.075
8 25 .7 47 -1 .609 25 .797
9 4.045 -L7 .661 l-8.119

10 -6 .7 62 -L .87 4 7 .OL7
11 -7.895 3.907 8.809
L2 -2.582 0 " 383 2.6LO
13 -0.958 6.000 6.076
L4 1.189 6.348 6 " 458
15 3 "944 0.178 3.948

/* Serial #1111 STARTS HERE */

r43



99999.9
3.821396 8.770762

42.900001
L47.620006
223.451004
3l_4.61_4990

1 L270.140 0.000 L270.140
2 5.540 0.554 5.568
3 -267 .L72 8.081 267 "2944 3 " 594 -2.994 4.67L
5 30.120 3.964 30.380
6 -6"450 5.873 8.723
7 29.563 -9.061 30.920
8 3.306 -6.325 7 .L37
9 -25.449 5.151 25.965

10 1" 699 3.584 3.96-l
11 8 .1_40 1 .657 8.307
L2 -4.435 0.439 4.457
13 1.964 -5 .l_71 5 .531
L4 3.504 -3.024 4.629
15 -2.87L 3.7I7 4 "696

99999.9
2 34.5224L4 55.151835

150 " 700003
l-65.770007
L94.664505
316.381989

l_ 9072.965 0.000 9072.965
2 -10.718 0.132 LO.7rg
3 593.705 -14.575 593.884
4 35.227 -L.297 35.251
5 -553.L29 27.L74 553.796
6 -29.353 1_.803 29.408
7 -254.024 19.739 254.'lL4
8 -28.887 2.488 28.994
9 L22.sLO -L2.066 123.103

l_0 -L.284 0.L42 r.292
11 1l-l_.393 -L3.739 LL2.237
L2 32.660 -4.436 32.960
l-3 -34.2L7 5.076 34.592
L4 LL.326 -L.922 LL.472
l_5 -59.009 10.239 59.891_

99999.9
3 23.734845 38.306889

88.000002
96.800004
]-78.399506
332 .428497

1 6183.684 0.000 6183.684
2 -365.420 4.485 365.447
3 -172.277 4.229 r72.329

L44



4 169.251 -6.234 169.366
5 299.489 -L4.7L3 299.850
6 -L32.458 8.138 L32.708
7 -20.299 L.497 20.354
8 66"932 -5.764 67.L79
9 47.45L -4.674 47 "68L10 -42.079 4 "666 42.337

11 23.486 -2.897 23"664
12 35.346 -4.801- 35.67L
13 15.363 -2.279 15.531
L4 -23.492 3.780 23.794
15 5.794 -1.005 5.881

99999.9
l_ 28.39851_5 41_.354859

89.100002
98 " 0L0004
207 .186005
330.66L499

1 6832.933 0.000 6832.933
2 76.087 -0.934 76.093
3 -313.513 7.696 313.607
4 -135.l-89 4.979 135.281
5 3LL.O74 -L5.282 37L.449
6 43.564 -2.676 43.646
7 -27 .64L 2.039 27 .7L6
8 -63.r22 5"436 63.356
9 65 . 8l_8 -6 .482 66 .l_36

10 43.914 -4.870 44.184
l_l_ -7 .352 0.907 7 " 408
L2 -34.57 4 4.696 34.892
13 26.L52 -3.879 26.439
L4 18.178 -2.925 ]-8.4L2
l-5 7 .668 -1.331 7 .783

8888.8
2222
4.000000
99999.9
6.196518 7.L97237

37.400001
L62.140007
252.403000
325.910004

1 1418.991 0.000 1418"991
2 -0.689 0.529 0 " 868
3 2.695 0 .269 2.708
4 -l-0.565 -2.606 10.882
5 3.325 0.352 3 " 344
6 -8.L79 -5.458 9.833
7 3.820 -0.946 3.935
8 -2 "1,29 10 .471 10 .685
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9 4.467 0.517
l_0 -2.663 -7.770
l_1_ 11 .336 -3.535
t2 2 " 5l_l- -2 .472
t-3 6.32r -3.293
t4 5.515 2.490
l_5 7 .485 -2.5L7

99999.9
6.834794 9.824038

51.700001
238.370010
L78.1_06995
269 " 136993

l_ L720.519 0.000 L720.519
2 -0.984 3.704 3.832
3 -1"098 L2.L7L L2.220
4 -6.332 -0.155 6.334
5 -59.029 90.480 108.032
6 l_l_.91"9 3.L97 L2.34L
7 -10.400 1.054 10"453
I -1" 453 -8 " 053 I .l_83
9 4.3L6 -23 .684 24.07 4

10 -12.955 1.954 13.102
11 7.486 0.807 7.529
L2 3.782 -9.573 10.293
l_3 L2.929 -20.560 24.287
L4 -1.088 -6.760 6.847
l_5 3"874 3.364 5.L31-

99999.9
5.247662 8.6171_4s

45 .100001
L82.710008
28B " 231995
263 "8940L21 1481 .262 0.000 1481 .262

2 -6.655 1.669 6.861
3 -l-38.LL2 9.739 138.455
4 -24.867 28 .97 4 38.1"82
5 -44.818 -15.511 47.426
6 -2 "77 4 -9 .792 L0 .r77
7 29.994 5.9L7 30.572
8 2.L77 -21.861 2r.969
9 7.202 10.844 13.0L8

l-0 7 .692 L0.558 l_3.062
11 -rr.487 -5.582 12.772
L2 2.548 3 .679 4.475
13 -3.795 1.439 4.058
14 -8.018 O.234 8.021
15 1.451 -2.403 2.8O7

4 .497
8.21,4

rL.87 4
3 .523
7.L28
6.051-
7.897

rr+b



99999 "9
L4.542249 48.67552L

23L.000005
283L.400L23
222.658997
2r9.270044

1 56L3 .725 0.000 561_3 .725
2 -9.25L -8.923 12.853
3 L739.470 27.776 L739"692
4 22.768 1.559 22.82L
5 632.248 22.568 632.651
6 -L2.349 0.990 12.389
7 L09.329 L7 .820 LLO.7-tL
8 -5.372 22.677 23.304
9 -1_04.668 -8.035 L04.976

1_0 1_2 "188 9 "L28 L5.228
l_l_ -165 .378 -1_9.108 L66.479
L2 l-6.031 5.564 16.969
13 -l_19.094 -14.048 119.920
L4 7"355 -0.319 7.362
t-5 -56.76L -L4.832 58.667

99999 "93 49"7273t6 106.035581
200.200004
220.2200L0
200.382996
244.20349L

1 L3287.570 0.000 t3297.570
2 -563.863 6.920 563.906
3 -1-618 .278 39.726 l-618 .765
4 848 .537 -31.253 849.l-13
5 7L3.37L -35.046 7r4.23L
6 -475.633 29.22L 476.529
7 -113"035 8.338 LL3.342
8 392.709 -33.818 394 "L629 20 .655 -2.034 20 .755

10 -20L.7L0 22.369 202.946
1l_ L72.8l.4 -13.9L4 l_l_3 " 668
L2 L42.739 -19.386 L44"049
13 -88.91_1 13.189 89.884
L4 -42.454 6.831 43"000
ls 1l_7.633 -20 .4IL 119.391

99999.9
1 47.917555 92.387489

194.700004
2L4.170009
255. 445496
24L.58200L

1 13260.648 0.000 l-3260.648
2 L342.L79 -L6.472 1342.280
3 -327.830 8.048 327.928

L47



4 -L027.808 37.856 1028.505
5 L20.974 -5.943 L2L.L20
6 31,7 .L7 4 -l_9.486 3L7 .772
7 310.185 -22.88L 311.028
I -105"788 9.110 106.L80
9 -118.643 l_1.685 LLg.2L7

10 -74"L07 8"218 74.56L
11 115"975 -14.304 116.854
L2 84.095 -rL.422 84.868
13 21.585 -3.202 2L.82L
14 -9L.732 1-4.760 92"9L2
l_5 -29 .366 5.095 29.805

99999.9
4 34.227556 60.953250

L2L.000003
133.l_00006
2L5.255005
297.523499

1 9240.300 0"000 9240.300
2 -503.843 6.183 503.881
3 782 "447 -l_9.208 782.682
4 362.L36 -13.338 362.382
5 273"572 -L3.440 273.902
6 -7 "729 0 "475 7 "7447 276"350 -20.385 277.LOL
8 10.740 -0.925 L0.779
9 86"22L -8.492 86.638

1_0 42 " 855 -4.753 43.118
1L 78.406 -9.670 79.000
L2 -9"272 1"259 9.357
13 7 4.0O4 -LO "977 7 4 "BL3L4 20 .876 -3.359 2t.L44
15 L7 .647 -3.062 17.911_

99999.9
2 40"351799 62.363402

136.400003
150.040007
270 " 317505
294.902008

1 10286.330 0.000 L0286.330
2 44L.249 -5"415 44L.282
3 -232.066 5.697 232.L36
4 -488.379 r-7.988 488.71_0
5 395.869 -19.448 396.346
6 L40.392 -8.625 140.657
7 80"628 -5.948 80.847
8 -l_55 .270 13.371 155.845
9 26.224 -2.583 26.351

t_0 55 .L42 -6 .11_5 55.480
11 73.91-8 -9 .LL7 7 4 .478
L2 -40.694 5.527 41.068

1,48



l_3 -L6 .373 2 .429 16 . 552
L4 -1-.710 0.275 L.732
15 5L.442 -8.926 52.270

8888.8 /* Serial
3333
4.000000
99999.9
6.455822 7.48053L

38.500001
L7 4.240008
2L4.604004
269.639008

l_ L475.304 0.000 L475.304
2 -0.410 0.274 0.493
3 5.857 16.361 L7.378
4 -13.238 -3.587 13.715
5 l_8.504 -6.866 L9.737
6 -L"299 6.568 6"695
7 -0 .67't -3.030 3.105
B 1 " 604 4.309 4.598
9 L0.40L -6.259 12.138

10 5.024 1.095 5.L42
1l_ -2.807 4.586 5.377
L2 -3"130 -4.346 5.356
l_3 -2.L64 0.672 2.266
L4 L "239 r.329 1-.817
15 -2.52L L.L97 2.79L

99999.9
6.027LLg l_2.890066

62 .700001
313.39001_4
280.528992
264.2L2006

1_ L920.879 0.000 L920 .879
2 -2.2L0 -L.547 2.698
3 -358.996 2L.954 359.666
4 -4.763 4.508 6 " 558
5 8.390 -8.361 11"845
6 7.933 -7.933 L]-.2L9
7 6L .482 -O .269 6t- . 483
8 -7.87r 8.809 11.813
9 -38.926 -0.332 38.928

10 5.893 -6.270 8.604
l_l_ 7.406 3.847 8.346
L2 -3 " 510 2 "200 4 .L42
13 4 "728 -4 " 098 6 "257L4 1.320 0.568 r "43715 -1 .315 0.45L 1_.390

#3333 STARÎS HERE */
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99999 "9
7 .684454 1l-.059299

60.500001
302.5000r.3
276.980011
L78.91_6000

l_ l_945 .407 0.000 1945 .407
2 L.967 -2.188 2.942
3 -75.308 13.154'16.448
4 4.236 9.458 10.364
5 -L20.428 11.839 121.008
6 -3.186 -3.824 4.977
7 22.930 -11.235 25.535
8 -6.141 -5.922 8.531
9 28.097 -5.659 28.66L

l-0 4.463 2.578 5 " 154
11 -6.561 6"699 9.377
L2 6.659 2.443 7 " 093
13 -7.27L 2.463 7.677
L4 -4.23L -0.211 4.236
l_5 -0 .032 -1 .834 1.834

99999.9
LO "492783 l_1.907589

63 " 800001
427.130019
2LL.968994
L77.699997

1 236L.98s 0.000 236L.985
2 0.01_5 -1.001 L.001
3 L2.650 7.O20 L4.467
4 -7.831- 13.908 L5.962
s -8.592 20.690 22.403
6 3.392 -3.890 5.161
7 -5.688 -4.L28 7 "0288 9.277 2.263 9.549
9 -3.L76 -2.L47 3.833

10 5.321 -6.822 8.652
11 -9.569 -2.090 9"795
12 -0"988 8.766 8.821
1-3 -6.329 -3.927 7.448
L4 2.723 -9.56L 9.941
l-5 -0.649 I "7 43 1_.859

99999.9
4 68.566033 L04.236055

280.500006
308 " 5500L3
2L3.286499
223.669495

1 L8778.424 0.000 L8778.424
2 683.448 -8.388 683.500
3 -1356.996 33.312 1357.405
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4 -95.311 3.51_1 95.376
5 -373.L62 18.332 373.6L2
6 -263.073 L6.L62 263.569
7 -L12.82L 8"322 LL3.L27
8 76.700 -6.605 76.984
9 L29.890 -L2.793 130.51_8

10 L08.294 -12.01-0 108.958
11 50.684 -6.251 51.068
12 -25.350 3.443 25.582
13 -48.l_06 7 .L36 48.632
L4 -64.L36 10.319 64.960
15 -L8.27L 3. t-70 18.544

99999 " 91 27.843956 44.620862
7l_.500002
78.650003
244 .47 4503
178. 307999

1 6930.048 0 " 000 6930.048
2 -33 "775 0 " 414 33.777
3 671.31_1 -16.480 67L.51_3
4 5.618 -0.207 5.622
5 2L6.87L -10.654 2L7.L33
6 L2.307 -0.756 12.330
7 98.533 -7 .268 98 .801-
B 11.995 -1.033 12.040
9 54.266 -5.345 54.529

10 9.202 -1.020 9.258
l_1 34.968 -4.313 35 " 233
L2 5.551 -0 .754 5.602
l-3 25.996 -3.856 26.280
L4 1. 906 -0.307 t_.931
1s 2L.624 -3.752 2L.948

99999.9
2 69.906914 93.063768

236.500005
260.15001-1
278.7545L7
22L.563995

l_ 17556 .408 0.000 l_7556 .408
2 -6L.396 0.753 61.401
3 -984.233 24.L62 984.530
4 -205.864 7 .s82 206.003
5 -11-.835 0.581 1t_.849
6 -44.49L 2.733 44.575
7 -36.652 2.704 36.752
8 3.r32 -O .270 3.143
9 -43.r44 4.249 43.352

L0 52. B0l_ -5.856 s3 .125
l-1 -4L.7L4 5.145 42.030
L2 L4.357 -1.950 14.489
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13 2.027 -0.301
L4 -5.229 0.841
15 9.576 -L.662

99999.9
3 20.987770 41.807038

64.900001
71.390003
247.566498
266.925507

l_ 557 4 "777 0 . 000 557 4 .777
2 -53.565 0"657 53.569
3 765.20L -18.785 765.43L
4 -16"509 0.608 16.520
5 285"963 -14.048 286.308
6 6.098 -0.375 6.110
7 L25.379 -9.248 L25 "7L98 20 .269 -r.7 45 20 .344
9 72.700 -7 .L60 73.051_

10 L " 4L4 -0 .1_57 L .422
1-1 63.423 -7 .822 63.903
L2 -6.932 0.941_ 6.996
13 41.850 -6.208 42.308
14 2 "738 -O .440 2.773
15 28.060 -4.869 28.479

2.049
5 "297
9 "7L9

8888.8
4444
2.000000
99999 "9
10.389254 11.487190

6l_.600001
416. 2400L8
269.993988
291".063995

1 2333.L79 0.000 2333.L79
2 0.165 -0.363 0.398
3 7 .776 -1.523 7 .924
4 -8.785 0.012 8.785
5 4"500 -3.548 5.731
6 5.296 -l-.1-50 5.420
7 -6.320 -6.053 8.751
8 -0.381 -7 "997 8.006
9 L.862 2.805 3.367

10 r_.403 L.32L L.927
11 -5 .408 -1 .61_3 5 .644
L2 5.305 -0.950 5.390
1_3 2.786 -0.954 2.945
L4 1.680 1.454 2"222
t_5 1.580 8.308 8.456

/* Serial #4444 STARTS HERE */

LJ¿



99999.9
5.41_6258 8.106484

40 .700001
164.560007
L91.095993
28r.705994

1 1416.541_ 0.000 1416.541
2 -3.525 2.56L 4"357
3 -7.590 30.973 31.889
4 -l_3.846 9.872 17.005
5 -44.680 61.163 75.744
6 11.409 6.595 13.178
7 -L.924 4.648 5"030
B -19.175 -2.699 19"364
9 -L2.OL2 9.145 15.097

10 -4.469 -L.547 4.730
1_1 5. 026 1" 030 5 " 130
L2 -0.041 -1.191 r"L92
13 6"757 -L.842 7.004
L4 -0.043 L.L24 L.L24
l_5 0.813 -2.648, 2.770

99999.9
2 28.475945 101_.987514

2L3.400005
234 " 740010
230.544983
286.385010

L 10756"105 0.000 10756.105
2 -2580.015 31.663 2580.2LO
3 501.528 -L2.3L2 501.679
4 L092.859 -40.252 l_093.600
s -274.831 13.502 275"L63
6 L97 "452 -L2.L3L L97.824
7 -54 "592 4.027 54 "7 40
I 533.6r-7 -45.952 535.592
9 -50s .797 49.8r7 508 "24410 463.653 -51.418 466.496

11 -L70.353 2r-.011 L7L "644L2 182.008 -24.720 t_83.679
l_3 -L57.334 23 .338 159.055
L4 22L.353 -35.6r-6 224.200
15 -72.260 12.538 73.340

99999.9
L 23.5292L8 t-04.31-0084

216 " 700005
238.37001-0
230.544983
286.385010

1 83L2.960 0.000 8312.960
2 -l_658.1s3 20.350 1658 .278
3 1869 .238 -45.887 1869.801
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4 -64.216 2.365 64.259
5 t_35 .893 -6.676 136 " 057
6 6l_9 .444 -38.056 620.6L2
7 -439.37L 32.4LO 440.565
8 708.622 -61.023 7LL.244
9 -440.962 43.43r 443.095

10 48L.L27 -53.356 484.076
11 -205.6I_0 25.360 207 .L68
12 176.650 -23.992 L78.272
13 37.895 -5.62L 38.3L0
L4 -46.045 7.409 46.638
15 169 . 451 -29 .402 l_71 . 983

8888.8
3J33
2.000000
99999 "92.689368 22.308792
89.100002
249.260011
224 "649994
337.583008

L L292.658 0.000 L292.658
2 -30.673 3.730 30.899
3 558.894 -72.080 563.523
4 -9.915 -16.975 19.658
s 348.338 -101.5s0 362.838
6 l_3.665 -17.510 22.2Lr
7 239 "4]-8 -l_01.468 260.032
8 24 "770 -5 " 438 25.360
9 1_64.981 -87.900 l-86.936

10 22.365 5"433 23.OL6
1l_ I_09.951 -73 .57 4 1,32.297
L2 l-4.955 9.222 L7 .569
13 72.359 -60.920 94.589
L4 I "277 8.7L4 12.019
15 48.1_69 -47.L77 67.423

99999.9
8.928636 9.99L565

53.900001
309.760013
222 .483994
289.222992

1 L996.426 0.000 1996 "4262 -L.454 -0. 01_5 1_ .454
3 6.006 7.051 9.262
4 -5.439 4.944 7.350
5 1 .007 -2.7 49 2.927
6 r.228 -12.695 L2.754
7 -L.493 -10.301 10.409
8 12.983 L2.007 L7.684
9 -l-.755 -r_.203 2.r27

]Jç

/* SeriaL #5555 STARTS HERE */



10 0.378 -9 "992
l_l_ -5.887 6.860
L2 -5.920 L.7L2
13 -8.405 6.250
L4 -0.785 L.949
15 -1.283 3.439

99999.9
2 34,76L245 108.74032L

279.400006
307.340013
223.566986
31_3.403015

t- L3934.974 0.000 13934.974
2 1190 "537 -14.61_l_ l_l_90.627
3 -35L7 "225 86"343 3518.285
4 -827 "558 30"481_ 828.119
5 7 48 "687 -36 .'lg1- 7 49 .590
6 54.982 -3.378 55.086
7 133"025 -9"813 133.387
8 310 " 617 -26.7 49 3LL.767
9 -207.897 20.476 208.903

10 -386.341 42.844 388.709
l_t_ 9l_.504 -LL.286 92.L97
L2 242.859 -32.984 245.089
13 -4"780 0"709 4.833
L4 -29.L76 4.694 29.551
l-5 L2.936 -2.245 13.130

99999.9
1 34.844585 84.3962L6

20L.300004
22r.43001_0
223 " 566986
313 " 40301_s

1 1L492.409 0.000 LL492.409
2 -543.l_54 6 " 666 543 .195
3 -l_597 .776 39.223 l_598 .257
4 285.765 -10.525 285.958
5 -252.203 12.390 252.508
6 -376.033 23.L02 376.7 42
7 43L.634 -31.839 432.806
B L56.777 -13.50L L57.357
9 -L29.555 12.760 130.181

10 61.700 -6.842 62.O78
11 -26.r72 3.228 26"370
L2 -r7r.BB2 23.344 L73.460
13 57.667 -8.554 58.298
L4 66.863 -l-0.758 67 .723
15 -42.052 7.297 42.68r

9.999
9.040
6.l_63

LO .47 4
2.LOL
3.67L
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8888.8
6666
3.000000
99999.9
5.374023 7 .799167

40.700001
158 .51_0007
282.794006
27 4 .450012

1 L385 "759 0.000 1385.759
2 -0.257 -3.635 3.644
3 -L4.493 26.628 30.31_7
4 -1.759 -2.342 2.929
5 -72.254 24.083 76.L62
6 -7 .6L9 -l_1,206 t_3.551
7 0.358 -4.52L 4.535
8 -6"040 -4.230 7.374
9 5.333 -11.302 L2.497

10 4.588 7 .56L 8.844
11 0 " 049 -7 .757 7 .757
L2 7.555 6.406 9.905
13 4 "7 40 -6 .955 8.41_6
L4 1.983 3.893 4.369
15 0.571 -1.541 L.644

99999.9
6 " 0351_83 10.338s18

52.800001-
232.32001_0
204.7 44995
272.479004

1 L677.817 0"000 1,677.8L7
2 -3.315 -0.77L 3.403
3 1_66.705 L4.304 167.31-8
4 -5 " 983 6.635 B " 934
5 -72.796 32.L73 79.589
6 -6.2L3 10.71_8 12.389
7 -53.283 17.369 56.043
8 -1.359 9.108 9.209
9 -6.565 -3.990 7.682

10 3 "222 3.773 4.96L
11 6.223 -8.488 10.525
L2 L.822 0.236 1.837
1"3 l_.020 -0.984 L.4L7
L4 -3 .860 r-.069 4.006
15 -1.105 2.858 3.064

/* Serial #6666 STARTS HERE */
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99999.9
6.445482 7.478973

38.500001
L73.030008
252.593994
2L8 " 684998

l_ L469.466 0.000 L469.466
2 -0.695 -0.020 0.695
3 10.926 13.408 L7.296
4 -9.393 0.874 9.434
5 15.470 -2.348 L5.647
6 -6.268 5.188 I .l_37
7 -0.692 -8.317 8.346
8 6.765 3.520 7.626
9 L2.476 -1.587 L2.576

10 1.565 4.356 4.629
L]_ -6.3L4 2.L84 6.681
12 -1.928 -8.567 8.782
L3 l_.9L1_ 0.895 2.t11
L4 1.813 4.832 5.161
l_5 -5.387 2.575 5.97L

99999 " 92 51"357359 73.353348
1-60.600003
1-76.660008
228 " 669495
245.582001-

l_ t2228.570 0.000 L2228.570
2 L82.778 -2.243 L82.792
3 -470.819 l-1_.558 470.96L
4 -2L4.140 7.887 2L4.286
s 529"O49 -25.990 529.687
6 t-02.81-6 -6.3L7 103.010
7 -63.911_ 4.7L4 64.085
8 -85"835 7.392 86.153
9 LL2 .469 -LL .077 l_13 . 013

10 7L.7 47 -7 "957 72.r87
11 -4.L34 0 .51_0 4.165
L2 -57.04L 7.747 57.564
l-3 38.029 -5 .641_ 38 .445
L4 4L.250 -6.637 41.780
15 L6.789 -2.9r3 L7.040

99999.9
3 58.704885 69.5706L7

178.200004
196.020008
243.769501
273.464508

l_ l_3256.193 0.000 132s6.193
2 495.L72 -6.077 495.210
3 189.188 -4.644 189.245
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4 2L.445 -0"790 2L.460
5 L9.763 -0.97L L9.787
6 -2L"049 L.293 21.089
7 -]-0 "784 0.795 l_0. 81_3
B 9.966 -0 " 8sB l-0.003
9 -4"51_0 0.444 4.532

10 -9.357 1"038 9.4L4
11 5"L26 -0.632 5.164
L2 -1.334 0"181 L"347
13 0.702 -0.104 0.710
L4 -0.589 0"095 0.596
15 -4.593 0.797 4.662

99999 " 91 34"440360 65.759200
138 " 600003
L52 " 460007
267 .694000
246 " 567505

1 9846.094 0.000 9846.094
2 -L352"846 16"603 1352.948
3 L82.602 -4.483 L82"657
4 628"575 -23.L52 629.OOr
5 -85.531 4.202 95.634
6 -89"293 5.486 89.461
7 267"337 -L9.720 269.063
B -53.642 4.6L9 s3.841
9 -2L"2't9 2.096 2I.382

10 105 " 958 -11_.750 106.607
1_l_ L2 .443 -1 . 535 12 .537
L2 -25.649 3.484 25.885
13 66 " 548 -9.871- 67 .276
14 -2.L04 0.339 2 "L3L15 -3.471, 0.602 3.523
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Appendix A4: object
#2222 obtained During

t'lodel for Serial
'Runtime" Mode.
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8888.8
4.000000
99999.9
6.339738 7.426057

38.500001-
169.400007
244.785995
31_8.62L002

1 l_45L .920 0.000 1451- .920
2 0.403 0.979 1.059
3 -L2.764 13.413 18.516
4 0.873 -2.LL2 2.285
5 11.141 -6.914 L3.Lr2
6 0.656 4.599 4.646
7 -0 " 058 L.725 t.726
8 0 " 941 -3.269 3.401
9 1,3.044 L.298 13.l-09

l-0 t.282 -4 "67 4 4.847
11- -2.L26 8.578 I " 837
12 -4.962 -6.685 8.325
1_3 r.47r 0.957 1.755
L4 -3.569 4.001 5.362
15 2.139 -3.577 4.168

99999 "9
6.816049 9.853131

5l-.700001
242.000010
L72.054993
260.1-70013

1 l_735.390 0.000 L735.390
2 -1.705 .3.130 3.564
3 -0 .47L l_2.338 12.347
4 -15 " 504 -4 .372 l_6.l_09
5 -46.352 99.600 109.858
6 4.725 3.911 6.134
7 -8.357 -r2.24L 14.823-
8 L.649 1.007 r.932
9 -9.227 -2L"592 23.48L

10 0.520 0 "577 0.776
l_l_ 7.079 -L"023 7 "L52L2 2.703 -6.782 7.301
l_3 5.702 -27 .525 28.L09
L4 6.36r- 3.886 7.454
t_s 3.580 -1.360 3 .830

99999.9
5.288546 8.58472s

45 " 100001
LB2.7l_0008
282.199005
257.828003

1_60



1 1465.833 0.000 1465.833
2 -4.7 48 L4.637 15 .388
3 -L22.938 23 .259 125 .l_l_9
4 -18"862 -6.885 20.080
5 -56.845 0.029 56.845
6 -L0.427 7.714 L2.970
7 37.902 -22.rLB 43.883
8 6 .349 -l_ . 205 6 .462
9 -0.762 7 .577 7.615

l_0 9.887 -4.677 10.937
11 -2.493 12.0L2 L2.268
L2 -5.335 -8.473 10.0L2
l-3 -9.762 3.983 10.544
L4 2.L92 12.437 L2.629
15 2.283 -13.08L L3.279

99999.9
L4.65L460 49.076243

234.300005
2835.030123
217.725998
2LL.313995

1 5635.816 0.000 5635.816
2 -L7.887 -16.435 24.292
3 17l.6.65'l -53.972 L7L7.505
4 11.870 15.588 L9.s92
5 606.462 -29.185 607.L64
6 33.650 10.510 35.253
7 1_l_3.765 -9.892 114.1_95
8 25.328 -5.2L7 25.860
9 -L02.663 9.409 103.093

10 3.837 -6.247 7.331
11 -l_58.135 28 .693 L60 .7L7
L2 -7.158 1.630 7.342
l_3 -L23.377 32 "202 L27 .sLO
L4 -7 .975 2 .754 I " 437
l-5 -6L " 403 t_6.780 63.655

99999 "93 50 .32L728 105.956509
205 " 700004
226.2700LO
L94 " 890503
235 " 7 42004

1_ L3273.181 0.000 L3273.l-81
2 -461.043 5.6s8 46L.077
3 -L628.945 39.988 L629"436
4 713"116 -26.266 713.600
5 8L2 .l-81 -39.900 8l-3.161
6 -433 .932 26.659 434 "7507 -2L7 "0L2 l_6.008 2L7 .60L
B 358.871_ -30.904 360.199
9 126.556 -L2.465 L27.L69
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10 -238 .7LO 26 .472 240 .L7 4
l_1 2L "352 -2.633 21 .51-3
12 L84.2LL -25.019 185.902
13 -29.497 4.375 29.8L9
L4 -11_l_.386 L7 .922 112.819
l_5 7L.954 -t2.485 73.029

99999 " 9
l_ 47 "902902 92.59'1633

191_.400004
2LO " 540009
249 "962494
234 " 570999

1_ 1_3258 .482 0.000 l-3258 .482
2 L349.872 -16.566 1349.973
3 -298.574 7.330 298.664
4 -1052.294 38.758 1053.008
5 73.689 -3.620 73.778
6 280.424 -L7.228 280.953
7 354.870 -26.L77 355.834
8 -88.737 7.642 89.065
9 -115 .892 Lt.4r4 l_l_6.453

10 -1_01.533 11.260 102.156
11 108.374 -13.367 l_09.195
L2 79.gLL -10.853 80.645
13 40.568 -6.01_8 4L.OL2
L4 -71-.359 LL.482 72.277
15 -44 .492 7 .720 45 . 1-57

99999.9
4 34.45L545 61-.76872L

L22.100003
l_34.31-0006
208.420502
289 " 395508

1 9234.241 0.000 9234.24L
2 -579.836 7.L16 579.880
3 747.07r -18.340 747.296
4 301.191_ -11 .094 301.395
5 304.202 -L4.944 304.569
6 -38.184 2.346 38.2s6
7 240.626 -L7 .750 24L.280
8 35.872 -3.089 36.00s
9 56.8L8 -5.596 57.093

10 40.28L -4.467 40.528
1l_ 94.266 -LL.627 94.980
12 -20.003 2.7r7 20 .LB7
l-3 63.670 -9.445 64.366
L4 24.606 -3.959 24.922
1s L6.932 -2.938 17.l_85

IÔZ



99999 "92 40.L62224 62"L43753
136.400003
l_50 " 040007
263.492493
288.224487

l_ l_0281 .327 0.000 10281 .327
2 433"576 -5.321 433.609
3 -l-91 .541_ 4.702 L91" 599
4 -539.656 ]-9.877 540.022
5 352.398 -L7.3L2 352.823
6 130.091_ -7 .992 130.336
7 L22.226 -9"016 122.558
8 -140 " 4l_8 L2.092 140.938
9 I " 900 -O.877 9.943

10 53.800 -5.966 54.130
l-l_ 93.052 -LL"477 93.757
L2 -30.856 4"191 31.139
l_3 -22 "960 3 " 406 23.2L2
L4 -19.815 3"188 20.069
15 46.830 -8.L26 47"530
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