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This paper proposes an efficient method based on neural networks to automatically determine the quality of pellet
components. By using two images (front and side views, referred to below as CIFV and CISV respectively) captured
through the microscope using a CCD camera, it is possible to assess the quality of pellet component. Here we define the
captured image in front view as CIFV and the captured image in side view as CISV. In addition, Two corresponding
template images are defined here as TIFV for front view and TISV for side view, respectively. These template images
were crealed based on the design dimension. Prior to carrying out the quality evaluation, the captured images were
processed to eliminate noise and the images were binarized. Then, the datum matching plane and the datum machining
line for the captured images were calculated. Next, using a coordinate transformation related to the positions of the
datum plane and the datum line, the test hole in the captured image can be moved to the center part of this image in
order to match the template image. After that, the values of certain feature parameters are calculated based on the errors
and on the differences between the captured images and template images. Finally, the values of parameter features serve
as inputs of the neural networks for determining the quality of the component. The experimental results confirm the

effectiveness and efficiency of this procedure for inspecting the quality of pellet components.
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1. Introduction

The pellet component which is made of ruby is used in
blood analysis system which is usually called Automated
Hematology Analyzer”® . In the center of this component,
there is a hole (an orifice) in which blood passes through.
This hole is the most important part for counting the
number of blood cells in blood analysis system. The
accuracy of the hole machining in the component
contributes to good performance of the blood analysis
system. In this paper, we propose a method for testing the
quality of this hole of the component by using neural
networks, and inspecting the quality based on the global

problems: the error rises from the measured positions
located by using the differential method”, and the
determination of quality is not precise. The traditional
methodsVP®OUO evaluate the quality of a component by
using linear determination for each value or the
combination of several linear decisions. Therefore, these
methods are difficult to determine some complex cases.
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The measurement sysiem is composed of a microscope, a TV

CCD camera, a personal computer, X-Y stager & Micro L/Pellet

Scanner™ and an auto- focusing device™ which are Q :

connected with the microscope. The software of this system X-Y stager

is Microsoft Visual C++ Version 5.0 Professional Edition.
This system of the hardware is shown in Fig.1.

In ref. (3), the method now has been able to measure the
dimensions of the important part of the component, and
also has been able to fill the dimensions in statistical table
automatically. Therefore, this method is able to save on
time to measure the dimensions and have higher precision
than previous manual method. However, there are still some
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Fig.1 Dimension measurement system for the pellet component

In order to decrease the errors after auto-calibration and
auto-focusing, the positions in the X-Y stager and the focus
stager are adjusted slightly until the optimum image could
be captured for the measurement. On the other hand, we
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use the template image and template match to decrease the
errors which are described above. In this paper, the quality
evaluation do not base on the large sum of data, but base on
the global properties of the pellet component. We not only
take the advantage of precise calculation of computer and
also try to employ the artificial intelligence to make the
determination.

3. Image Analysis

3.1 Template image - Figs.2(a) shows the dimensions of
the pellet component in front and side views, respectively.

The diameter of this component is 6mm and the thickness is
0.4 mm. Here, we only concern the hole in the center part,
in which the internal diameter of this hole is only 0.lmm
and the thickness of the center part is only 0.12 mm.
Figs.2(b) and (c) illustrate the template images in the side
and front views, respectively. By using C language, both of
them were created based on the design dimensions. In this
paper, the image shown in Fig.2(c) is defined as a Template
Image in Front View (TIFV). In the meantime, the image
shown in Fig.2(b) is defined as a Template Image in Side

- View (TISV).

Fig.2  Pellet component and its template images,
its template image (TISY), (c) the component in front vie

3.2 Captured image and its processing

3.2.1 The image in side view and its processing

Fig.3 shows an original color image (CISV) which was
captured by CCD camera after auto-focusing of the
microscope and calibration of the position.

Fig.3 The original image (CISV) in the side view
In order to improve the efficiency for the processing, the

image was decomposed into RGB primaries. From them we
selected the R primary which is shown in Fig.4(a), because
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(a) the component in front and side views, (b) the pellet component in side view and
w and its template image (TIFV)

the red primary represents the most information of the
original color image. In this image, the object can be
discriminated from the background easily. Therefore, the
image can be binarized by using single threshold value. The
binarized result was shown in Fig.4(b). In Fig.4(a), there is
a dotted line. The upper side of the line is the real image
and the lower side of the line is the virtual image. Usually
the real image is used to process here. Therefore the
position of dotted line which is datum of the machining
plane have to be calculated. Fig.4(c) shows the object
boundary which is detected from the binarized image by
using the difference of its intensities. Based on this
boundary image, the two datum lines which are shown in
Fig.4(d) were calculated. First, the point (a, b) of the cross
between the real and the virtual parts shown in Fig.d(c) is
located according to the shape change of the edge. Based
on the two points, we can draw line(1). Second, the
algorithm for obtaining line (2) is shown as follows:
line(i) = (ed,(i) + ed,(1))/2 )

where ed, (i), ed,(i) are horizontal coordinates of the left and
right edges, i is the vertical coordinate. Then, the
coordinates of the line is gotten, the line sometime might be
a curve but not straight line. Therefore, the least square
estimate is used to calculate a straight line which is shown



as line (2).

By combining the datum line(1) shown in
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Fig. 4 The captured images and its processing, (a)-(f) The
processing for captured image in the side view, (g)-(j) The
processing for captured image in the front view.
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Fig.4(d), the real image shown in Fig.4(e) was able to be
gotten from the binarized image shown in Fig.4(b). In the
final step, based on the position of both of the datum lines
(1) and (2), the tested object can be moved to the center of

the image which is shown in Fig.4(f).

3.2.2 The image in front view and its processing
Figs. 4(g-j) show the processing of the captured image in
front view (CIFV) of the pellet component. Fig.4(g) shows
the red primary of an original color image in front view.
Fig.4(h) is a binarized image of Fig.4(g). By using the
difference of the gray level value, the boundary image
shown in Fig.4(i) was obtained from Fig.4(h). Then, by
using the scanning method, the coordinates of intersections
(A,B,C,D) between the dotted lines and the circle shown
in Fig.4(j) are able to be calculated. Fig.4(k) also shows the
method for calculating center point in detail. Based on the
coordinates of the four points(A,B,C,D) on the circle, the
coordinate of the center point in the circle is able to be
calculated.  According to the machining methods and
experimental data, usually, the round shape might not
change rapidly. Therefore, we use a square to match the
outline of the  measured object. Next, the
coordinate(l,,J;,1,,J,) of the square shown in Fig.4(k) can be
obtained. Then, the coordinate of the circle center (x,y) is
calculated by the following equation:

x=(L+1,)/2;  y=(J,+1,)/2

4,0 §

Fig.4(k) The error of measured circle is enlarged.

~ Finally, in order to match for the template image, the
whole circle ring was moved to the central part of the image,
based on the coordinate of the center point of the external
and internal circles respectively.

4. Image matching and the quality analysis

4.1 Image matching According to machining
methods of the component, usually, several possible
problems of the errors which deteriorate the quality of the
pellet component could occur.  Therefore, our method
here is concerned mostly for these possible problems to
evaluate the quality of the pellet component. In the front
view, as shown in Fig.4(k), the features of quality are the
error sizes of both the internal and the external circles, the
circularity of both the internal and the external circles
which are edge of Fig.4(g) shown in Fig.4(i), the
eccentricity between the internal and the external circles.
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Those parameters are defined as features for the evaluation
of the quality of the component. On the other hand, in the
side view, as shown in Fig.5(a), the important parameters
are the similarity between the template and the captured
images, the size of different(error size) between the
template and the captured images, the verticality of the hole
in the middle part and the symmetry between the left and
the right parts in the image. In Ref. (9)-(13), there are
many methods to calculate the circularity and the similarity.
Here we propose a more simple method to calculate them
and to evaluate the quality.

Y
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Fig.5 Image matching between the template and the captured
images. (a)' The template ‘image of component in the side
view(TISV), (b) the final result obtained from CISV, (c) the
matching result of side view between (a) and (b), (d) the template
image in front view(TIFV), (e) the final result gotten from CIFV,
(f) the matching result of the front view between (d) and (e).

Fig.5 shows the image'\matching between the template
and the captured images. Fig.5(c) shows the matching result
between the template image Fig.5(a) and captured image
Fig.5(b). In the same way, Fig.5(f) is the maiching result

between Fig.5(d) and (e). A value a; (e.g. 150) is used

to represent the gray level of the object for Figs.5(a) and (d), .

in the meantime , another walue a, (e.g. 250) is used to
represent that for Figs.5(b) and (¢). Then, the result M(i,j)

can be obtained as follows:

MED=ITEPD-CUP e, (1)
where T(i,j) and C(i,j) denote the intensities of the template

and the captured images, respectively. The image M(i,j) is

BHFHRC, 120H 108, FRLE 1403

used 1o calculate the errors. An example is shown in
Fig.4(k) that the error was enlarged. In this figure, O,
represents the area of the different part inside the template
circle, (), represents the area of the different part outside

the template circle and () ; represents overlapped part.

4.2 Feature parameters The feature parameters
are calculated based on matching results in front.and side
views shown in Figs.5(c) and (f), respectively.

4.2.1 Feature parameters for the front view In front
view, the following problems of errors are considered: both
of the circularity(roundness) of the internal and the external
circles, the errors of size differences between the template
and the captured images, both of the symmetries of
internal and external circles, the eccentricity between the
internal and the external circles.

Boundary ”
of TIFV

Boundary
of CIFV

Fig.6(a) The enlarged image of error size between the
external edge of CIFV and that of TIFV

Usually these values are calculated based on perimeter,
radius or diameter and the coordinates of thé center of
circle. However, in many cases, the circle may be in bad
condition, e.g. the boundary of the circle is not smooth, so
that the radius is difficult to be calculated. So we present a
more simple method to represent feature values, rather than
to calculate the values directly.

Fig.6(a) demonstrates the ring of the enlarged difference
between the external edge of CIFV and that of TIFV. By
rotating the ring from 0 to 180" (0= 6 < x) in n
steps  to calculate the pixel numbers E,;and E,, along the
X-axis. Before calculation of the feature values, the
dimension was detected approximately by the following
limitation.

E;;l< a XL, and [E, k< a XL,
O<i<n
where L, represents the allowed tolerance which is

shown in Fig.2(b). '« is a coefficient.

If Ej; or E,; meet the requirement above, we continue to
evaluate the quality by the following algorithms. Otherwise
we can determine that this component is bad one directly.
Then the feature descriptions can be given by the following
equations:



(1) Error sizes The error sizes of the external circle

are divided into two parts EQ ,,and EQ),, .
EQ, =8-8NS. or (0, E{MGj}=a, })
EQ,=S,-S5MNS.or (0, E{M(>,j)=a,})......... 2)
where S, and S, represent the areas (pixel numbers) of the
template and the captured images, respectively. The area E

Q. refer to the pixel number of concave area and EQ,,
refer to the pixel number of convex area shown in the

Fig.6(a). If the values EQ,, and EQ,, are zero or near

zero, then the measured object in the front view must be a
'good component. Otherwise the quality must be determined
by considering other features.

(2) Circularity(roundness) This value is evaluated by
the following equation:

6£=(§,(Eli —e)? + ;(Ez,- —e)* ) .....3)

where  e=( ZEI[ + E2)/2n, and E;; and E, are the
i=l
pixel numbers between the edge of CIFV and TIFV. In the
case the edge of the captured image is on the outside of the
edge of template image, the value of the pixel number is
positive, in the opposite case, the pixel number is negative.
(3) Symmetry of the circle The symmetry is evaluated
by the equation (4).

SCZZ|(E1i—E2i) I/ D)
i=1

If the value is zero or near zero, this symmetry is in good
condition. Fig.6(b) show a situation which circularity is
not in good condition. But if the symmetry of circle is good,
then this component in front view also can be considered as
a good one.

(4) Eccentricity Fig.6(c) shows the eccentric case
between the internal and external circles. As described in
section 3.2.2 the coordinate (1,.J,) of the center point(O)
and  (0)(i,j,) can be calculated. The distance (O’0) is
calculated by the following equation:

0'0°= (X 0 = x)* (Yo " ¥o) ceeeeieeieeeieenns 5)
O’o represents the cccentricity between the two circles.

Therefore, there are nine feature parameters for evaluating -

the quality of front size.

) ©

Fig.6(b) a shape of the circle in special case, Fig.6(c)
eccentricity between internal and external circles.

As mentioned above the values EQ),and EQ,, represent

the error size of external circle. &, and S, represent the
circularity and the symmetry of the external circle. The

other feature values (EQ ;EQ,;, &, and S;) for evaluating
the internal circle can be calculated in the same way. We
can calculate the limitation of those values to determinate
the quality based on the designed tolerance. This problem
will be described in Appendix

4.2.2 Feature parameters for the side view In the side
view, Fig.7(b) shows an example of  matching result
between the TISV and CISV. The feature values was
calculated only based on the positions of five horizontal
scanning lines(1-1°,2-2°,3-3’,4-4’,5-5’) and two vertical
scanning lines (X,-X,, X,’-X,"). The line positions depend
on template image shown in Fig.7(a).

Fig.7(a) The tested position indicated by the dotted lines in
TISV for measuring the result shown in Fig.7(b)

Fig.7(b) The enlarged image of crror size between the edge
of CISV and that of TISV

In each line, there are two values in the left and the right
positions of the hole, which represent the matching result of
the difference between CISV and TISV in each line.
The pixel numbers of the different sizes are calculated by
the following equations:

255 511
E= D PG, j). E'= 3 P(i,j) .. (6)
=0 : j=255
1€ {1y, 1y, 13, 1y, 15}
255 511

Ey= Y P, ) oo, %

i=255

E=Y PG, J),
=0

j € {jxl—X[ij?.-XZ'}
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+1, if M (i, ))=a,
-L i MGj)=q
+0, if M G, j)e{la,—a, 10)

M(i,)) is the intensity in the matching image as shown in
Fig.7(b). As depicted in Fig.7(a), E, and E; are the pixel
numbers of horizontal scanning lines in the left and the
right parts, respectively. E,; and E,;’ also denote the pixel
numbers of vertical scanning lines in the upper and the
lower parts.

The following parameters are important feature
parameters to evaluate the quality of the component in the
side view: ,

(1) Symmetry between the left and the right parts in
CISV. The value (S,) is calculated by using the following
equation,

S, = S/(N,+2)

where P(i,j) =

where  S=( 3" |E = E ' )+E,- E, HIE,-E,,l),
pewy
w, € {1,2,3,4,5}, N, denoles the number of the sets of w N
(2) Similarity ( 8 ; )between the template (TISV) and
the captured images (CISV) The similarity is defined as
Jollows:

8= (D BN,y oo )
PEW,
where e =( Z E))/N,
PED,
w,€ {X,,.X,",X,,X,°,2 4,24},
N, denotes the number of the sets of « -
(3) Verticality V of the center hole This value

V can be obtained by using the following
equation:
V=IE,-E;+IE;-E +IE,-E,|
HEp-Ey BBy +HEy Byl oo (10)
where V refers to as verticality of the hole . If V cquals
to O or smaller than a limitation value, then this feature of
the component is in good condition.
(4) Errorsize This value E; is calculated by using the
following equation.

Em( D0 1B oo (11)
peE
w3 € {X[,X[’$X29X2,al32737435’1‘72,73’a4,’5,}

where E, represents the error size of CISV.
(5) Maximum error ‘
‘M, =Max(E,, ,E,;. .Ey ,E,» E, E, .E; E, E,
where M, represents the maximum error among the tested
errors.
This five parameters( S;, 8 ,V, E,, M, )are used to evaluate
the quality of the pellet component in the side view.
4.3 The structure of neural networks Because the
front and the side views reflect the different features of

BYHC, 1208108, FR 124

component, so we use two types of neural networks"? to
evaluate the quality in the front and the side views,
respectively.

One set of the input values of the networks is error
sizes(EQ,, EQ,, EQ;, EQ,), the circular degrees (& 2,
d ), symmetries (S, and S;) and eccentricity(oO’) for
evaluating the quality of the component in the front view.
In the same way, the five values (S,, ¢, V, E, M, ) are
used as input parameters for evaluating the quality in the
side view.

Here, we apply the back propagation (BP) networks
(15)~(17) as a neural networks structure shown in Fig.8
for classifying the quality of the component. We used three
layer structure of PB networks which is easier to be
analyzed and have an ability of nonlinear separation for our
problem. o

The neural classifier gives one output value ranging from
I to 0, which represents the quality is good or not. The
neural networks are three layers: 9(input units) — 15(hidden
units) —1(output unit) and 5(input units) — 10(hidden units)
—I(output unit) for the front and the side views, respectively.
The quality of performance of the neural networks is
determined by many factors such as the number of the
training exemplars and the number of hidden nodes. Here,
the estimation of the number of hidden nodes is an
important task. If the number of hidden nodes is too small,
the network can not remember the training data. For
sufficiently large number of hidden nodes, the network can
be optimally trained. So the number of hidden nodes
depends on the training exemplars. If the problem is
complicated, then it needs more (raining exemplars to be
trained.

Of course, some researchers used other methods such as

- genetic algorithms to determinate the number of hidden
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nodes based on the training exemplars.

Iy

input units output unit

hidden units

Fig.8 back propagation network structure

Another problem is how to determinate the number of
the training exemplars. One is relative to the number of
input variables. If the networks need to be developed into
arbitrarily complex models of the data, the number of
training exemplars must be greater than the number of
inputs. Otherwise, the decision boundary is only linear, but
not nonlinear.  Another one is relative to the worst-case
testing error’” that can be approximately estimated as
follows:



Testing error = N, / N, (12)
ng :(ni +n())nh
where N, is the number of training exemplars, and N,

is the number of the weights. In addition, n; ,n, and n,
}epresent number: of input, output and hidden layer,
" separately. From this equation, we can' determine the
training exemplars approximately.

5. Experimental result and its discussion

5.1 The allowed tolerances of pellet component

Usually, in the different situations of the components,
there are different requirements of tolerances. Here the
sample PR5-6 was used as an example, which the
tolerances were shown in Fig.2(b), to demonstrate our
algorithms. Based on' the tolerances, we calculate the
maximum limitations for each feature parameter. In the
meantime, all of the dimensions are changed into the
number of pixel. Here, the magnification of lens in
microscope is 10. In this case, the interval between two
pixels represents 0.732 ¢ m. According to the tolerances,
the maximum limitations of each feature is calculated as
follows:(the calculation method is described in Appendix.)

Table 1 Maximum limitation for CIFV
Mncl Mﬂnz I\/IS(‘ Mo( Mﬂil MH:Z MSi Mn‘i M()'n
4568 | 4863 | 13.66 46.66 866 893 4.1 3.07 13.7
y A
é e Hyper-plane
W
N -
N
ot
94
g, Bad
Good O'\‘
0 O\‘
A P %

Fig.9 an example of the nonlinear separation

5.2 Training data and the number of exemplars

Because the input vector which contains 9 parameters are
Jdifficult to be illustrated by using graph, so we use two
dimensions shown in Fig.9 to explain our design for the
classification. Supposed the vectors (x,y ) are divided into
two groups ( good and bad groups ) by the dotted line
which is nonlinear separation. But the curve is very difficult
to be described by an equation, therefore, we can select the
boundary vectors as marked by circles and stars to train
the neural networks. After the neural networks having been
trained successfully, that can be used to classify the data
into two groups.

In our problem, we also can select the training exemplars
to train the neural networks based -on the allowed tolerances
and the requirements of precision. If the selected exemplars
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are used to train the NN success{ully, the networks can
separate the measured component into two groups by a
hyper-plane as same as the nonlinear curve as mentioned
above. The selection of training examples for classification
is described as follows.

(1) If bothEQ,; andEQ, reachto the maximum
limitations, the component is bad one. The limitation has an
approximated relationship shown in Fig.10. We use the
training exemplars to represent the relationship. The more
the exemplars are selected to train, the more precise the
network is suitable for the classification.

EQ,
\
_.Mml
t

Mg ++ Mg,
0 | SEa, 0 |

>EQ,

Fig.10 The approximated relationship between the limitations
of the error sizes.

(2) The Ilimitation eccentricity O’o has a
relationship with other parameters as shown in Fig.11.

_M()'U

Fig.11 the relation between O’o and the other values

(3) As shown in Fig.6(b), If the symmetry in very good
condition (S, and S;= 0), even other feature values(E{),,,
EQ,,, & %) are not in the range of maximum limitation, this
component also can be considered as a good one. The
new limitations are used as training exemplars which can be
gotten from experiments.

(4) Fig.12 shows the relationship between the error sizes E
Q and the roundness( 82 or & .2).

EQ

¢

Mﬂ(‘

Fig.12 the relationship between error size and

roundness
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EQ, represents both EQ,, and EQ,, EQ; represents
both EQ; and EQ,, .

In Figs.10,11 and 12, the upper parts of the curves
indicate that the values are larger than the error limitations.
Conversely, the lower parts indicate that the values are
smaller than the error limitations. Based on those curves,
the exemplars are selected. ‘

Other training exemplars are directly gotten from the
good and bad components which have been inspected by
using the traditional method.

We used 200 training exemplars to train the networks of the
front view. In the same way, for the side view, 100
exemplars were used to train.

We have tested the effectiveness of our method by using
70 components (50 pieces are good one, 20 pieces are bad
one). The successful rate is up to 100 percent. Because of
the errors of the measurement system, The measured data
have to be tested for several times. Here, the average of 5
testing values for each measured data was used to calculate
the feature values.

Of course, for practical use, 200 training exemplars are
not enough, the number also depends on the precision of
classification and the structure of NN. According to
equation (12), if appropriate training exemplars are used
more than 1500, the performance of networks of the front
view will be much better. ‘

5.3 Comparison with the traditional methods

The traditional methods®@MEONY eyalyate the precision
and accuracy only for a single value such as a length, an
angle by using probability and statistics. In the meantime,
those traditional methods mentioned above evaluate the
quality of a component by using linear determination for
each value.

In our method, it is possible for more flexible and more
precise way to classify the quality. After the neural
networks having been trained by using appropriate training
exemplars successfully, the determination is efficient, and
the quality of the components can be classified by a non-
linear hyper-plane. If there are new designing
requirements for evaluating the quality, it will be
convenience to add the training exemplars which satisfy the
new requirements. By improving the structure of networks
and the training exemplars, the ability of determination of
the networks can be improved.

6. Conclusion

In this paper, we proposed the global properties of image
to determinate the quality of the pellet component based on
neural networks by comparing with template image. In
addition, we proposed the new algorithms for evaluating the

similarity, symmetry and circular degree of the component.

The experimental results show the potential efficiency and

effectiveness of our method to detect the quality of pellet

components. Compared to previous methods, our method

has several advantages:

(a) By using template matching, it can avoid the errors
risen from locating the measured position [3].

(b) It can inspect the quality in more precise way. It can

THHC, 120105, P12

make nonlinear classification and can cover the
situation in more detail by improving the training
exemplars.

Our classifier can tell the quality more directly. The
processing used neural network is parallel calculation
which also has some features of human intelligence.

Of course, we should continue to perfect the structure of
neural networks. And using more appropriate data to train
the networks and to get the nonlinear hyper-plane of the
optimal boundary between good and bad qualities of the
tested images, so that it is effective in many situations in
practical use. In order to improve the efficiency and
effectiveness of this system, we should determine the
number of hidden units and the number of training
exemplars which are more appropriate to satisfy our system
requirement. And continue to research the relationship
between the capacity of memory and the number of hidden
nodes

(©)
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Appendix :

An example for calculation of maximum limitations
Those values are calculated based on the tolerance and the
requirements. The following shows an example how to calculate
the values. As shown in Fig.2(b), the length of external
diameter(D) is 160, m and the tolerance(T) is *10 s m. The
internal diameter(d) is 1002 m and its tolerance(t) is £ 3 4m.
Then the values of external circle R, R, R, equal to 80 .
m 85, m and 75 u m, separately. The positions of them are
shown in Fig:A. In the same way, the values of internal circle r,
T T €Qual to 50 2 m, 51.5 2 m and 48.5 ;2 m, separately. The
maximum limitations can be calculated as follows:

1. The maximum limitations of error sizes of the area in the
external circle are calculated as follows.
Mgy = 7 X(R*-R,; 2 /u?
=7 X(80% 75% /0.732? =4568.8

Mﬂcz =X (Rmux -R)z /u2
=7 X(85%- 80%) /0.732% =4863.6
where u  represents the length of interval between two pixels, M

aer @nd M, , represents negative and positive errors , respectively.
2. The maximum limitations of error sizes of area(}; in internal
circle are calculated as follows.
Mgy=n X1y, H?
=7 X(50°- 48.59/0.732* =
Mgp =71 Xl =1 02
=7 X(51.5%- 50%) /0.732> =892.7
3. The maximum limitations of symmetries of both external and
internal circles are calculated as follows.
Mg, = D~ D) Xn/(nXu)=10/0.732 =13.66
Mg = (dpw— d) Xn/(nXu)=4.098
where the n represents the rotation steps , Mg, and Mg
represent the symmetries of the external and internal circles,
respectively.
4. The maximum limitations (M ,, and M ;, )of circularities of
both external and internal circles are calculated as follows.

1 T n
Mau=(2(5- e)’ + Z(—g—— e)2 )(2n X u?)
=1 i=1

M ;. =(nX (5-0)% +n X (5-0))/(2n X 0.7322)
=46.66

n t ) n t 5
M;.=( ("‘_e) + ——e) Y(2n X u?)
259" 2G
=(n X (1.5)* +n X (1.5))/(2n X 0.732?%)
=3.07

866.3

g1

EQ,

Fig.A The designed tolerance of circle:
(a) negative errors, (b)positive errors
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