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Ball probe

Center position error of probe c,, ¢ X O X O O

Diameter error of probe ¢,
(s not included)

Certificate error of reference circle s X X X X O

X position error of measured circles, 1.928 2441 1933 2444 2444
Y position error of measured circles, 1.956 2473 2266 2720 2.720
3419 3805 4.845

X X O O O

Diameter error of measured circles,  2.733  3.197
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Evaluation of Uncertainty by Form
Deviations of Measured Workpieces in
Specified Measuring Strategies

K TAKAMASU*, S. KOGA*, S, TAKAHASHI*, -~
M. ABBE**, R. FURUTANI*** and S. OZONO***

* Department of Precision Engineering,
The University of Tokyo

** Mitutoyo, *** Tokyo Denki University

Effect of Form Deviation of Circle

m  Two circle features have same form deviation (standard deviation)
of 1 pm.

m  Question: When the same measuring strategy (number and
position of measured points) is obtained, the uncertainty of
diameter and center position of each circle feature is same?

Answer: In this paper, we will formulate the calculation methods of
the uncertainties effected by the form deviation of the circle feature.

with Correlatiorror Spectrum
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Methods to Estimate Un

@ares Method + Error Pr@

= Simulation with Constraints
Using statistically characteristics (parameters: 21 geometrical
errors, temperature effects... ) of average of target CMMs.

Statistical parameters as variance and covariance and/or
correlations between the parameters.

Cannot handle biases of the parameters.
m Virtual CMM (PTB)
Using characteristics of the target CMM.
Can handle biases of the parameters.
Need to measure the parameters of the target CMM.

The least squares method + error propagation is theoretically
estimation;

Good to find theoretical characteristics of uncertainties in
coordinate metrology.
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Calculation 'of“Uncerfta%gg&«of Feature

m  From the uncertainty of measured point, the uncertainty
of measured feature can be calculated statistically by
least squares method + error propagation.

m A : Jacobian matrix: Positions of measured points
S : Uncertainty matrix of measure points
W : Weighting function = Inverse matrix of S

—_—

m P : Uncertainty matrix of parameters of feature
Uncertainties of diameter, coordinate of center ...

C=(A'SA)TAIS ™ = (A'WA)LA'W
P=CSC' = (A'S'A) " = (A'WA)*
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P: Uncertainty Matrix of Circle Feature

m In this paper, we examine the method of estimation of
measured parameters for circle feature measurement.
m  Uncertainty matrix P of the circle features;
U. (variance) of X and Y coordinates of center s,2 and s,2
U. (variance) of diameter s,?
covariance of these parameters s, , s,y and s,4
m  Jacobian matrix A and
Uncertainty matrix of
measure points S are

2
need to calculate P S, Sxy Syd
_ 2
P= Xy Sy Syd
2
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S: Uncertainty ;Matrlxgg{;&easured Points
. — co—— ¢ 0) =
[ ] .
Srar\ =

When the form deviation has the 0
specified correlation function, S,
is defined by the autocorrelation 1 0
matrix R, and s?. :
R.ov: correlation coefficients 0 1
between the form deviations of ,
measured points. St S vt Sy

: random error

ran *

m S_, :error with specified i s . g
autocorrelation function

When the form deviation is random 1
error, S, is the unit matrix multiplied oo ;
by the variance s? of form deviation. =sf| 7 . =s?R,,
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Estimation of Uncertai ty Matrix P
= From two types of error matrices S, and S, there are three types

of uncertainties of measured parameters P, P.,, and P,,..
= P_:Form: Random LSM: Random

= P, Form: Not Random LSM: with Autocorrelation
= P Form: Not Random LSM: Random

Gic:

cov

Usually the calculating program in CMM can not handle the autocorrelation function.
Therefore, the uncertainties of the normal calculating situation in measuring by
CMM are defined by P, .. We Use This Method

r+ct

P... is the uncertainty matrix of parameters when the form deviation is assumed as
the random function.

P... is the uncertainty matrix of parameters when the form deviation has the
specified autocorrelation function and calculated using the normal least squares
method without the autocorrelation function.

P, is the uncertainty matrix of parameters when the form deviation has the
specified autocorrelation function and calculated using the autocorrelation function.
Best Method
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Examﬁ“fies of Unce‘_ﬁa’int%stimati_on 5

m  Example: a hole with circularity of 28.8 um, diameter of
20 mm, s; = 3.1 um.
= Autocorrelation function of the hole:

The autocorrelation function and power spectrum of the
hole has large 2nd and 4th order frequency values.

1,

\
VIVIVIV

920 180 270 360
Angle t deg

Autocorrelationc (t) a.u
o
o ol
~—
/
\.:
—
~

-0.50
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Measured Points Umf@g@y Gn Cipfle & 1 1%

= When measuring points are set uniformly on the
measured circle,
P, and P .. are completely same values,
because of S, and S, are the same weighting
function for all measured points.

Y / Measured point

Example: Number of Datan =8

X

~~

Measured circle
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U. of ﬁ?ameter by Number»«of Datan

6

m  Relationship between number of data n and uncertamty

(standard deviation) of diameter s

U. of diameter s, of n = 4 is larger than that
of n=3.

um
[$2]

U. of Center by Number i

When measuring points are set uniformly on the measured circle,
P, and P, are completely same values.

P.a, IS Over estimation when n >=5,

When n is small,

P, is affected by the autocorrelation function of form deviation.
[ [

w

U. of X coordinate s, of n = 5 is larger than

|
= l This is because autocorrelation function of f that of n = 4.
2 i the measured circle has large 2 and 4 order g This is because autocorrelation function of
S o5t frequency values. Odd Number is better! 8 L the measured circle has large 2and 4
54 \ x 2.5 order frequency values. Even Number is
k] \\ Pran s a\ better!
2 =~ > | P
c ~ e e S o~ ran
8 Pcov’v\[\h\ “rees 'S M\~“~-._
§ . h‘V\,\_M g ) Pcov -v\w - - _:
o0 16 32 48 64 S
0 16 32 48 64
Number of Data n NV G BEan
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Measured Points Partlg{@on Circle U. of D‘iameter by Numbeﬁ of Datan
= When the measured data are in the measured area a for m  Relationship between number of data n and uncertamty
partial circle measurement, (standard deviation) of diameter s
S.ov and S, are not same weighting functions.
g 10
Angle a = 180 deg
- No. of Datan = 3 - 64
= P. =P
Y Measured point i r+c cov
2 Pean <P
Example: E 519 =
Number of Data n = 5 5 -Vk_ Prsc Weasured poit
*al2 s S
Measurement Angle a = 180 = N~o P
= e — - cov
X .g -
::I_) Pran
e 0
5 0 16 32 48 64 )
Measured circle Number of Data n Measured circle
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U. of Ijiameter by Numbera»«of Data n Summ%ry of Calculatl ns
m  Relationship between number of data n and uncertainty (standard = Two types of uncertainty matrices S of measured points:
deviation) of diameter s, 1. S,,,: form deviation is assumed as the random
When measuring points are set on the part of 2. S,,: form deviation has correlation
measured circle;
Pran has large under estimation and = Three types of uncertainty matrices P of measured parameters:
% Py IS over estlmgtlon, when the number of 1. P,,: form deviation is assumed as the random
measured data n is large.
2. P.,: form deviation has correlation and calculated using the
f Pric autocorrelation function » BEST
2 \) 3. P, form deviation has correlation and calculated without the
£ N autocorrelation function » USE
= 20
- S Peov - Angle a = 90 deg . 8 8 8
; Sea s No. of Data n = 3 - 64 P,y is the theoretical good estimation, however, the
= i ~P~ == autocorrelation function is need (how to get?) and,
[}
bed ran
Q
%’ 0 T = yic 2 P.., and P,,. have problems, such as over or under
Number of Data n estimation in the specified measuring conditions.
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Conclu§ions

m In this paper, we theoretically analyzed the effects of
the form deviation of circular feature.

m  These errors propagate as the unknown systematic
errors to the uncertainties of measured parameters,
such as the center position and the diameter of the
measured circle.

m The method to calculate the three types of uncertainty
matrices P, P.oy Pr.c Were derived when the form
deviation is assumed as random and has specified
autocorrelation function.

m Using the calculation methods by P, the uncertainties
of the measured parameters can be estimated with the
autocorrelation function of the measured features.
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U.: Measured Points Uniformly on Circle

m  The uncertainty of diameter of n = 4 is larger than that
of n = 3, and uncertainty of X coordinate of n =5 is
larger than that of n = 4, because of the feature has
large even order frequency values.

number of data n

3 4 5
sz:certalnty of diameter 2.80 pm (4.54 ym) 1.78 ym

uncertainty of X

coordinate of center sy 2.78 ym  1.48 pm( 2.26 ym
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Square Measured by 4 Points

m A circle feature with square type form deviation is
measured by 4 points.
Coordinate of the center: Same position
Diameter: Large difference

/]

- [/
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U.: Measured Points Pa(;‘l;iyglly onpi’,rc‘lre'

m  The uncertainty of diameter by P,,. of n =64 is larger
than that of n = 16 in the partial circle measurement,
because of P, can not handle the autocorrelation
function of the circle feature.

number of data n 16 64

gncertalnty of diameter sy 25.5 um (26.7 um
Yy Pr+C

gncertamty of diameter sy 23.5um 23.2 um
y PCOV
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Additional Measuring Points

= Additional measuring points near Point A have almost
same form deviations of Point A by effects of
correlation

m  Therefore, additional measuring points provide bad
effects, when using same weightings (S,,)

P lse S Additional
oY a Point A / Points
( Point A
| + )
/]
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