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Introduction (1) Introduction 2)

m  Calibration methods of CMSs (Coordinate Measuring Systems) are m  These evaluations of uncertainty of the parameters are calculated

essential to measure accurately and to evaluate uncertainty of in the machine coordinate system.

measurements. = However, the specified measurement tasks are done in a workpiece
= We formulated the method to evaluate the uncertainty in coordinate system after the calibration.

coordinate metrology and proposed the error propagation method = In this article, the estimation methods of uncertainties using the

to estimate the uncertainty of kinematic parameters in the calibrated CMS after the calibration are formulated.

calibration of the CMSs.
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Introduction @ Uncertainty evaluation
Calibration = Evaluation I = lst step: calculation of S,
M — = CMS Structure and Parameters
2: A variance and covariance matrix of f forward kinematics of CMS
measuring point(s) is . .
calculated in machine coordinate system. P k|nemat|c parameters (KPs)
» q readings of encorders
a1 S % s m o w X P G
©.0.u) ®.0,u) position _mm
; v x=f(p.a)=|y| p=|p2| d=[a
CMS Structures and KPs Kinematic Machine Coordinate System ] ) , . .
Parameters - = Calibration Methods :
e e I & [ == A Jacobian matrix in calibration Equation (1)
.= 7m7 - U. of KPs £ \ S - ‘error mlatrix in‘calibration
g = Uncertainties of kinematic parameters
1: A variance and covariance ma 3: U. in specified measuring task S, U. (variances) of KPs
kinematic parameters is | is caliculated in work coordinate system. S, U. (variances) of S S
calculated by calibration conditi coordinate conversior[ P'J =(Atsta)?
— pecified Measuring Task in Soe covariance Spr Sr -
Calibration Method kpiece Coordinate Sys¢m Equation (2)
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Uncertainty evaluation of a measuring point (2)

= 2nd step: calculation of T,, T, ,and T,
m  Uncertainty of a measuring point after the calibration
i, U. of aMP

SX U. of X coordinate
sy U. of Y coordinate
sz U. of Z coordinate

sxy  covariance between X and Y coordinates
syz covariance between Y and Z coordinates
sxz covariance between X and Z coordinates

2

sx? sxy sxz
2
T=|sxy sy” syz|=T,+T +T,
sxz syz sz’

_ t 2 t 2
_ApSpAp+quq Aq+5m E Equation (3)
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Uncertainty evaluation of a measuring point (3)

i propagation from S, and A, (Jacobian of MP)

P
T, propagation from s (U. of encoder) and A, (Jacobian
of MP)

Tn U. of probing is s, (random)

source uncertainty different point %Y :_;md Z
coordinates
kinematic T s s
parameter P y y
encoder g no yes
probing T no no

T =T, +Ty+T, — t

1= 'p " g™ 'm To=ApS, Ay
2 t

Tq=54Aq Aq .

Tm=s§,E Equation (3)
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Uncertainty evaluation of measuring points (4)

m  Uncertainty of measuring points after the calibration in 2D
Ty U. of two MPs

. U. of n-MPs 7

SXp o S (| SXX;  SXY,
[J  measuring point 1 RIEM syZ [[syix,  syiYs
|| measuring point 2 2T %, Sy | SKE SKY,
1  measuring points "
182 SXiYs SY1Ya |SX;Y2 Y,

lez SXi Yy S X, e SXiY,

2
sxl yl syl syl XZ syl yn
To=| XX, SY.X, SX: :
2
%Yy SY1¥n o SY,
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Uncerta’i’inty of a specified measuring t,a:sk_

m  3rd step: calculation U. s, of a specified measuring task

Size d measurement (distance between point 1 and point 2) in XY
coordinate plane (2D)

_ ) Ay (X1, Y1)
Gy definition of size measurement o b V1
Ay Jacobian matrix of Gd
d
Sy U. of size measurement
from two points
(x2¥2) 0O X
— — 2 2 —_—
d =Gy (X1, X2) =/(Xg = X1)" + (Y2 — V1)

Ad:[aGd aGdJ:(—x1+x2 —ViHY, XXy —Yi+Ya)
By &% \/(Xz - X1)2 +(y2 - Y1)2

Sdz :Ad Tl,z A:, Equations (4), (5) and (6)
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Summary of uncertainty evaluation

Calibration : Evaluation
b =
5 o sX* sxy sxz
(2 T=|sxy sy* syz|=T,+T,+T,
sxz syz sz’

[ ] P:[ } q:{ J =A, S, A, +SIA, AL +5L E .
g E Y, S S ShY,
i XX, VX, S SKY,

armeters HH:>

SKY, SiY2 SXY2  SY:
U. of KPs

U. of\peasuring point(s)

U. of Kps: Sp

U. of measuring task
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Example: 2D-CMS by two line cameras 8

= 2D-CMS: triangulation by two angles of line cameras

f forward kinematics
u, and u, offset angles of each camera from Y axis
b X coordinate of camera 2 of 200 mm
= Encoders q
tyandt, angles from images of each camera

xy)

_ btan(,-u)
X\ _| tan(t, —u,) - tan(t, —u,)
()10 b D)
tan(t, —u,) - tan(t, - u,)

camera 1 camera 2
(0,0, u) (b, 0, up)
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Equation (7)
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= Calibration conditions for 2-D CMS
calibrated by external 2-D CMS
no. of points 25

positions in X of 50-150 mm and Y of 50-150 mm
at 25 mm intervals

cameras cameral at (0, 0), camerzgg at (200, 0)
I I I
U. of probing 10 um : : :
U. of external g 190F — ~ RCRCACRAR
measuring system 5um E 1";"?““‘\
U. of line cameras 0.001deg g 190 — .;@‘@3‘?{\\“!, -
> 50 4/ s
RS
0 N
(] 50 100 150 200
X position mm
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= Calibration results of the two dimensional line camera
standard deviations of the three kinematic parameters
correlation coefficients between the parameters

standard deviations of u,, u, and b are same levels of uncertainties in
calibration

low correlation between u, and u,
large negative correlation between u, and b
large positive correlation between u, and b

correlation coefficient for

standard deviation

u, b
Uy 0.0033 deg 0.0077 /047447
U 0.0033 deg - \ 04744/
b 12.5 pm - -
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Evaluation after calibra

ion;(1)

= Positioning uncertainty from T, in machine coordinate system

contour map of RSS of sx and sy
U. of probing s, is 10 pm
U. of camera s, is 0.001 deg

U.is 17.8 um - 22.2 ym

in measuring range 40
£ 35
£
30
c
S
2 K 25
SX SX! o
T1=[ )2,]=Tp+Tq+Tm 2
SXy sy 20
- t 2 [
=Ap Sy Ap+sgAgAg+sp E . 5
Equation (3) 0 50 100 150 200
X position  mm
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ateg2) e
m  Size measurement uncertainties from a specified point (100, 100)
by sd
contour map of sd
U. of probing s, is 10 pm
U. of camera s, is 0.001 deg

U.is 14.5 um - 15.7 ym
in measuring range

£
3
§
g
>
d =Gg (x4,%2) = (x~100)* + (y ~100)* =W\
2 _ t i % 50 100 11‘50 200
Sg ,Ad '|'172 Ad Equations (4) and (6) X posifion  mm
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£
£
2
£

Evaluation after cal ibration (3)

m  Example: size measurement between (100, 100) and (150, 150)
same level standard deviations 11.5 um - 14.6 um for x,, y;, X, and y,
large positive correlations between x, and x,, y, and y,

= U. of distance measurement

simple RSS: 26.1 pm
(76% over estimate)

with correlations: 14.8 ym

SUpes =/14.67 +12.02 +13.92 +11.5?
-26.1
sd =14.8

standard deviation correlation coefficient for

(o Y1 X2 Y2
146 00266 ( 0.4696 > 0.1091
12.0 - 00332 (0.2171 D
139 - - 01351
Sepostion 115 = = =
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Evaluation after calibration (4)

= Distribution-A: U. of a measuring point in machine coordinate
system

evaluated by T1
effected by the selection method of the coordinate system
uncertainty of positioning is over estimated

= Distribution-B: U. of size measurement from (100, 100)
evaluated by s, using T, , and A,
symmetrical distribution: selection method of the coordinate system
and parameters does not influence

200,

2

¥ positon  mm

0 50 100 150 200 50 100 150 200
X position  mm X position mm
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Evaluation after calibrati Conclusions

= Relationship between measuring sizes and U. in measuring range = In this article, we formulate theoretically the evaluation (3 steps)

after the calibration method of uncertainty of measurements after the calibration of the
random U.: 15 um coordinate measuring system.
correlation effects: 2 ym m  Using this method, we can evaluate the uncertainty in the specified

measuring tasks such as size measurement in the workpiece
coordinate system.

m  Furthermore, we suggest that the uncertainties distribution of size
: measurements of the coordinate measuring system shows the
ii 4 performance of the coordinate measuring system.

L.

17

16

15

Uncertainty of size measurement

! |
50 100 150

14§
I Measuring size mm
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