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ABSTRACT practicality of implicit polynomial related techniquesas t
Inspection is one of the most important issues inhave robust and consistent implicit polynomial fits teada
manufacturing. A new inspection technique depending orséts [10]. The problem has been formulated through
implicit polynomial modeling is introduced in this paper. different minimization criteria and constraints. A véyie
The method is suitable for 2D and 3D free form object Of iterative and non-iterative solution techniques,

tolerance inspection. The method is extremely robust, fasPerturbation methods and stopping rules have been
and suitable for parallel processing. proposed in the literature [11,12,13,14]. Lei, Civi and

Cooper [15] have proposed some techniques for
Keywords: implicit polynomials, 2D and 3D free form automated inspection using implicit polynomials,
object inspection. however, these ideas haven't been studied in the literatu
A new method is introduced for free form object
inspection in this paper. The method depends on modeling
1.Introduction of the free form object by an implicit polynomial. A
theorem is introduced and proved for 2D free form object

Inspection in its broadest sense is the process offspection. Same as in 2D case, a theorem for 3D free
determining if a product deviated from a given set of form object inspection is introduced and proved. For
specifications [1,2]. Many different sectors of industry inspection, model of the object must have high quality.
have deve|0ped automatic Systems to detect non.For this reason an ImplICI'[ pOlynomial flttlng method for
conformance and trends, and exercise process coméol o 2D object representation and 3D object representation is
discrete part manufacture. Dimensional inspection is onelso given. In this study, alignment is assumed to be done
of the most important areas of inspection. beforehand.

In the early 1980's, GM installed an intensity- The layout of the paper is as follows. In section
image based machine vision system called CONSIGHT totwo, an implicit polynomial fitting method for 2D is
automatically inspect and sort castings. Many automatecdiven. A theorem is derived for inspection in 2D. A
inspection systems have been present in the litecatu formula is derived to calculate inspection operatioretim
Chin and Harlow have Surveyed some of the ear|y work in Experimental results are plotted for four different kinds of
automated visual inspection in [3] Chin presented aObjECtS. In section three, an ImpIICIt function flttlng
second survey of papers published from 1981 to 1987 inmethod and a theorem for inspection in 3D is given. In
[4]. Newman and Jain has surveyed the automated visua$ection four, conclusions are given.
inspection systems and techniques that have been reported

in the literature from 1988 to 1983 in [5]. 2. Inspection in 2D
Currently, many automated inspection tasks are ] . o
performed using contact inspection devices that require In this section, a new method is introduced for

the part to be stopped, carefully positioned, and theninspection in 2D. The method depends on implicit
repositioned several times. Machine vision can altevia Polynomial modeling of the object. For this purpose, an
the need for precise positioning and line stoppage, andmplicit polynomial fitting method introduced by the
there is also a lower level risk of product damage during@uthors is given at first. A theorem for inspectior2D is
inspection. For automated inspection to be feasible,derived 'and experimental results are given at the end of
however, it must run in real-time and be consistent, the section.
reliable, robust and cost-effective. Inspection procedure is as follows: Template of the
Implicit polynomials are among the most effective ideal object is modeled by an implicit polynomial. Image
representations for complex free-form object modeling Of the object to be inspected is obtained and edge of the
and recognition in computer vision [6,7,8,9]. With this Object is extracted. For each pixel belonging to the edge,
approach, objects in 2D images are described by theil-emma 1 is applied. So each point is tested whettisr it
silhouettes and then represented by 2D implicit inside tolerance values or not. The same method ajiplies
polynomial curves; objects in 3D data are represented by3D as well.
implicit polynomial surfaces. An essential requirement fo
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For inspection, quality of the fitted polynomial is
crucial. Implicit polynomial fitting method introduced by

the authors has the required quality. The fit method is
based on approximating the polar representation of the

contour by a Fourier series and then finding the
corresponding  implicit  polynomial using the
polar/cartesian coordinate conversion formulas. The fi
method is initially derived for star shaped objects. By

partial fitting, complex shapes can also be modeled [16].

In Theorem 1, the fitting method is introduced and the
proof of this theorem is given in the appendix.

Definition 1: Let C, be ann+1 dimensionalvector such
that

C,2+)=(-D'a, , C,(2i+2)=(-D'b, i=0,
1,2,3...
Where
1
2N5 2 1r(k) (1)
= —Zr(k) cos(z—) @)
5 k=1

b, _-——jgr(k)swm2k””5 ®)

Ns k=1 5

r(k) is the radius function formed by edge pixels

(represented in polar coordinates, in centralized forfm) o
the object to be modeled.
Ns is the total number of samples of the radius function

r(k), from O radians tor2radians. Note here that, radius

N N
D KL (¢ +y?)

modd

(X2 + yz)((xz + yZ)N/Z _ ‘m‘}/zj

N =S,
:(ZKS(X2 +y?)" 72

(7)
For N odd:
2
((XZ +y?)"7 - i Kn(X* + yZ)N_%j
modd
, (8)
N e

= (" + y2>(2 K¢ +y3) yj
[l

Example 1. Square data is modeled Iiye introduced
fitting method in this example. The 10®rder implicit
polynomial is fitted to square data. The square data and
fitted implicit polynomial are plotted in Figure 2.1. & i
clear from the figure that the quality of the fit isfaiént
enough for inspection purposes.

Figure 2.1 Square data and 100" order implicit
polynomial fit.

function is equally sampled so index k and angle values

can be used interchangeably.
Define [] to be an operator such that
n+l

Ly

Theorem 1. An implicit function representation of any
star shaped object can be obtained as:

n+l

0c,=> ac,() 4)
i=1

K
X + 12 — n
R Y
(5)
Where K, =(x+y)"0C, andK,=a,
(6)

Final implicit polynomial representation for"Ndegree
approximation is given by
For N even:

Definition2: Let f (X, y) = 0be an implicit polynomial,
define two sets as:

:{(x, y): f(xy)=0;(x y)DDZ}
c(d) ={(x y): (x=x)* +(y-y,)? =d? (x y) 002}

Theorem 2. The distance between a point
(X,,y,) 002 and f (x, y) = Ois d such that
FNnC(d)=¢ and FnC(d+&)#¢ where
e - 0.

Proof: For sufficiently small&, [(X,,Y,) such that
(X,,Y,)OF and
(X,,y,)0C(d+¢) . (X,,Y,)TF s the closest
point of f(x,y)=0to (x,,y,) 002and the distance
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between these two points i§d +&). This distance
reducestalas& — 0.0

Lemma 1. Given a tolerance band:d and an object
having an implicit polynomial modelf(X, y)=0to
observe whether a poir(tX;, y,) is inside tolerance Figure 2.3 Inspection with toler ance=2 pixels
value it is sufficient to check the existence of at least one

real root for one of the following functions having one
variable.

f(x—xl,\/d2 -x? —y1)=0 -d<x<d

have at least one real root within given ranges, then t !

implicit polynomial f (X, y) =0 and the circle having a l )
. T S —
center (X;,Y,) and radiusd has at least one common Figure 2.5 Inspection with tolerance=2 pixels

point. From Theorem 2,it is known that the distance
between point (X,,y,) and f(x,y)=0 is smaller

| @
than or equal tad. So the point (X;,Y,) is inside @

)

1

)
or Figure 2.4 | nspection with toler ance=6 pixels
f(w/dz—yz—xl,y—yl,):o —d<y<d -
(10) | 1
Proof: If one of the functions given in equations 9 and 10 @‘
|

tolerance valué.l

Example 2: In this example, square object introduced in
the previous example is inspected. Defective square shape
given in Figure 2.2 is inspected. For this purpose, two
tolerance values are taken (2 pixels and 6 pixels). For th
first tolerance value some points are out of tolerance

]

Figure 2.6 iﬁgection with tolerance=6 pixels

The existence of at least one real root for Lemma

This situation is ai in Fi 23 To sh leah 1 can be checked by numerical methods [17]. Calculation
IS situation is given in Figure 2.3. To show cleahy cost in terms of multiplication and sum operations is

inspection procedure, random points are plotted on thegiven as:
model in Figure 2.5. In the second tolerance value, all '

points remain in the tolerances. This situation i®igiin Table 2.1 Number of operations required by each term

Figure 2.4. Same as in Figure 2.5, in Figure 2.6 random Fofx #Hof+
points are plotted to see the results of inspection —
s Kq= axX+byy 2 1
procedure. If the point is out of the tolerance value the — -
is plotted in bold format. The actual values for thiapsh Ko= 339)( +§b2xy-aey2 7 2
are given in Table 2.1.1. Ke= | ax+3byx°y-3apxy™bsy’ 10 3
Kq= 3n+] n
Other terms 28+n  11+n
¢ For N" order Fourier Series implicit fit, total number of
sum and multiplication operations are given as:
N
D (Bn+1)+28+N =15N*+25N +28
Figure 2.2 Square to be inspected n=1 o .
multiplication operations,
N N?+3N
Z (nN)+11+N= — +11sum operations.
n=1
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To inspect an object represented with P points on
edge image, total inspection tirhés given as:

2
e @5N2+25N+2@mn+-ﬁ—%§1+11 K

s [N

where

T, is the multiplication operation time

T, is the sum operation time

K p IS the total iteration time to check the existencatof
least one real root for P points.

To increase the speed of the inspection, square
root terms can be approximated by Taylor series. The
function turns out to be a one variable polynomiale Th
inspection time given above takes this approximation into
account.

The Taylor series approximation for

y=4d?-x* —-d<x<d can be given as:
X_Z_X4(2d2+1)

>d Y + HigherOrderTerms

y=d-

2.1 Experiments

In this section, four shapes are inspected for
defects. Two tolerance values are taken for each shape.
For the first tolerance value, defects can be located
whereas in the second tolerance value all points remai
the tolerances. The points that are out of the toberan
value are plotted in bold format. Experimental setup is
given in Table 2.1.1.

Table 2.1.1 Experimental setup

Name of | Degree|tolerancel Tolerance2| Size Size
the Object| of fit | (pixels) (pixels) | (pixels) (cm)
Squarel 100 2 6 160*120 4.23*3[18
Triangle 160 2 4 100*100 3.53*3.%3
Key 60 2 5 100*51 | 2.65*1.3b
Square2 40 1 5 160*120 4.23*3.18

Figure 2.1.1 Triangle data and 160" order implicit
polynomial fit.

Figure 2.1.2 Triangle to be inspected

Figure 2.1.4 Inspection with tolerance=4 pixels

Figure 2.1.5 Key data and 60" order implicit
polynomial fit.

Figure 2.1.6 Key to be inspected
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Figure 2.1.7 Inspection with tolerance=2 pixels C (2i +1) — (_1)i a
RS X nmL nm
Cnml(2i + 2) = (_1)ih1m

Cnm2 (2I +1) = (_1)i dnm
Cnm2 (2I + 2) = (_1)i Cim

Figure 2.1.8 Inspection with tolerance=5 pixels

i= 0123..
1 2w 2m
a,=— R(8, ¢) sinng cosm@ (11)
s $=0 6=0
1 2 2m
b, = Y. D R(6,¢)sinngsinmg (12)
s $=0 6=0
Figure 2.1.9 Square-2 data and 40" order implicit :izn & ;
polynomial fit. Com 7 e R(6,¢) cosng sinmé (13)
2w 2m
d,. == S S R@.¢)cosngcosmd  (14)
a $=0 6=0
1 2 21
- a0 =5 72, ) RO.9)
Figure 2.1.10 Square-2 to be inspected 4 $=06=0

(15)
Let D, be an n+1 vector such that

Dy (2 +1) = (=1)! (x+y)" 0 C,pp
Dim(2 +2) = (=" (x+y)"0Cyy
i= 0123..
) ) ) ) Theorem 3: An implicit function representation of any 3
Figure 2.1.11 Inspection with tolerance=1 pixel dimensional contour can be obtained as:
= K
2 2 2\1/2 _ n
X“+y +z =
( y ) ;(x2+y2+22)”/2
(16)
where
(x+y)acC
Figure 2.1.12 Inspection with tolerance=5 pixels Ko =ag +(x2+—y2)1?;2 (17)
3. Inspection in 3D | ( 2 2)
z+,x“+y*|OD
. . .. Kl = (alor + leZ) + Z 2 2\m/2 im (18)
In this section, a new method is introduced for m=1 (x“+y?)
inspection in 3D. The method depends on implicit
function modeling of the object. For this purpose, an K _'2 Z+\/X2+y2 U D,y for n>2
implicit function fit method introduced by the authors is "™n — (x2 + y2)m/2 -
given at first [16]. A theorem for inspection in 3D is m (19)

derived as in 2D case. 0

Definition 3: Let C,, be an m+1 dimensional vector Theorem 4: Theorem 2 can be applied in 3D with slight
such that modifications in sets as:

F={xy.2): f(x v,2)=0,(x v, 2007}
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C(@) ={x v s (k= +(y-y)? +(z-2)* =
1.

Proof: The same proof applies as in Theorer 2.

Lemma 2. Given a tolerance band:d and an object
having an implicit polynomial modelf (X, Y, Z) =0to
observe whether a and a poif),Y,,z) is inside

tolerancesit is sufficient to check the existence of at least 3

one of the following non-degenerate implicit functions

having two variables.

f(x-&,y—yl,\/dz-xz-yz -21)=0

(20)
or
f(x—xl,\/dz—x2 -7 —yl,z—zl):o
(21)
or
f( d* -z -y -><1,y—y1,2-21)=0
(22)

Proof: If at least one of the implicit functions given in

equations 20,21 or 22 represent a non-degenerate implicit.

function then the sphere having a centéx,,y;,z),
radius d and implicit function f(X, Y, Z)=Ohave

common points. So from Theorem 4, the distance between™

point (x,,Y,,z) and f(x,y,z)=0is smaller tharu.
that is to say the point is inside tolerance value.

To check whether in implicit polynomial/function

is degenerate or not, conversion between implicit faym

parametric form can be achieved [18]. In parametric form

for a certain parameter value the obtained coordinates

must be real valued.

4, Conclusions

A new method for free form object inspection is
in this paper. The method depends on
modeling of the template or ideal object by implicit
polynomials. Image of the object to be inspected is

introduced

10.
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Appendix 1 Using the expansion formulas f@osnég and
. ) o sinn@, given in reference [11], and substituting
Proof of Theorem 1: Since radius functiorr =r (&) for equations 28 to 33 into the expanded formula, we obtain

an object boundary is periodic,can be expanded into the above implicit function fornil
Fourier Series with respect to indéxas

r=a,+ . a,cosnd+b, sinnd
n=1
(23)
Let (r,8) be the polar coordinate representation

of (X,Y)OR?. Then the following equations hold

Ox, y OR?.
X2+y?=r? (24 X = cosd
r
(25) Y =sing (26)
r

Using the expansion formulas f@osnéd and

sinn@ given in reference [11], and substituting
equations 24,25 and 26 into the expanded formula, we
obtain the above implicit polynomial forrl

Proof of Theorem 3: Since radius functiorR(6, @) for

the object boundary in 3D is periodi®(&, @) can be
expanded into Fourier Series with respect to indices as

R(6,¢) =g+ Y. > a,,sinngcosmd +b, sinngsinméb +c,, cosngsinmé

+d,,,,cosng cosméd

(27)

Let (R,6,9) be the spherical coordinate
representation of(X, y,z) JR®. Then the following
equations hold X, Yy, z[] R3.

RE=x*+y?+27° (28)
r’=x*+y? (29)
sing :é (30)
cosp = z (31)
R
sing=Y (32)
r
X

cosd =— (33)
r



