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ABSTRACT

A study on the effectiveness of vision system
according to the arrangement of cameras used for

robot’s position control

Min Kwan Ung
Advisor : Prof. Jang Wan Shik Ph.D.
Department of Mechanical Engineering,

Graduate School of Chosun University

The objective of this thesis is to investigate the effectiveness of the vision
system according to the arrangement of cameras used for robot’s position
control.

The used vision system model with six parameters involves two estimation
models, which are the parameter estimation and robot’s joint angle estimation
models. The parameter estimation model is developed based on a model that
generalizes the known robot kinematics to accommodate the unknown relative
camera position and orientation.

Also, the robot’s joint angle estimation model is developed based on the
parameter estimation depending on each camera.

In order to perform this study, robot’s working region divided into three work
spaces such as left, center and right space. Also, cameras are positioned on
circular arcs with radius of 1.5m, 2.0m and 2.5m. Seven cameras are placed on

each circular arc. For the experiment, nine cases of camera arrangement are

- XIV —



selected in each robot’s work space, and each case uses three cameras.

Six parameters are estimated for each camera using the developed parameter
estimation model in order to show the suitability of the vision system model in
nine cases of each robot’s work space. Then, the robot’s joint angles are
estimated using the joint angle estimation model according to the arrangement
of cameras for robot’s position control. Thus, the effect of camera arrangement
to the vision system model is investigated for robot’s point position control.

Finally, the robot’s slender bar position control is performed using the optimal
arrangement of cameras in each robot’s work space, based on the above results
of robot’s point position control, in order to demonstrate the effectiveness of the

vision system experimentally.
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Table 1 Link parameters of Samsung SM7 4-axis robot
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Table 2 Specification of experimental apparatus

- XC-ES51 (SONY)

- AVENIR TV & A=

- T56(H)*485(V) el fr& sta<
+ 59 Meteor2-MC4 (MATROX)
-G E - 640(H)*480(V)

C S E - 25674 %

- ) Sampling rate - 30MHz
- Three 256x8-bit LUT's

- Matorx Imaging Library 8.0DEV
-+ SM7 Robot (44)

- MMC-BDPO41PNB

- MB80OV (4F4 &)

- 2.8GHz

- 256MB
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Photo 1 Experimental apparatus
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Fig. 6 Setting positions of cameras



Table 3 Cases of camera setting for the experiment

case #1 1, 2, 3 15m &= HF XA
case #2 3, 4,5 1.5m F o ujx]
case #3 5,6, 7 1.5m & #SF 9
case #4 8,9, 10 2.0m = HZF X
case #5 10, 11, 12 2.0m % "X
case #6 12, 13, 14 20m §= AT WA
case #7 15, 16, 17 25m #Z HFT X
case #3 17, 18, 19 25m T WA
case #9 19, 20, 21 25m 5 A5 WA
case #1 1, 2, 3 15m &= HF i
case #2 3, 4,5 15m o ujx]
case #3 5,6, 7 1.5m & #3F 9 A
case #4 8,9, 10 2.0m 2= HZFT uwlH
case #5 10, 11, 12 2.0m % "X
case #6 12, 13, 14 20m = A5 WA
case #7 15, 16, 17 25m & HFT )X
case #3 17, 18, 19 25m T WA
case #9 19, 20, 21 25m 5 A5 WA
case #1 1, 2, 3 15m &= HF i
case #2 3, 4,5 1.5m F o ujx]
case #3 5,6, 7 1.5m & #AF 9
case #4 8,9, 10 2.0m = HZF X
case #5 10, 11, 12 2.0m % "X
case #6 12, 13, 14 2.0m §= A5 WA
case #7 15, 16, 17 25m & HFT X
case #3 17, 18, 19 25m T WA
case #9 19, 20, 21 25m 5 A5 WA
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Fig. 7 Experimental procedure of the point position control based on the robot
vision system
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Fig. 8 Comparison between estimation values and actual values of
camera 1 in robot’s left work space
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Fig. 9 Comparison between estimation values and actual values of
camera 2 in robot’s left work space
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Fig. 10 Comparison between estimation values and actual values
of camera 3 in robot’s left work space
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Fig. 11 Comparison between estimation values and actual values
of camera 4 in robot’s left work space
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Fig. 12 Comparison between estimation values and actual values
of camera 5 in robot’s left work space
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Fig. 13 Comparison between estimation values and actual values
of camera 6 in robot’s left work space
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Fig. 14 Comparison between estimation values and actual values
of camera 7 in robot’s left work space
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Fig. 15 Comparison between estimation values and actual values
of camera 8 in robot’s left work space
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Fig. 16 Comparison between estimation values and actual values
of camera 9 in robot’s left work space
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Fig. 17 Comparison between estimation values and actual values
of camera 10 in robot’s left work space
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Fig. 18 Comparison between estimation values and actual values
of camera 11 in robot’'s left work space
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Fig. 19 Comparison between estimation values and actual values
of camera 12 in robot’s left work space
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Fig. 20 Comparison between estimation values and actual values
of camera 13 in robot’'s left work space
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Fig. 21 Comparison between estimation values and actual values
of camera 14 in robot’s left work space
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Fig. 22 Comparison between estimation values and actual values
of camera 15 in robot’'s left work space
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Fig. 23 Comparison between estimation values and actual values
of camera 16 in robot’s left work space
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Fig. 24 Comparison between estimation values and actual values
of camera 17 in robot’'s left work space
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Fig. 25 Comparison between estimation values and actual values
of camera 18 in robot’s left work space
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Fig. 26 Comparison between estimation values and actual values
of camera 19 in robot’'s left work space
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Fig. 27 Comparison between estimation values and actual values
of camera 20 in robot’s left work space
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Table 4 The estimated six parameters of each camera in robot’s left work space

Camera No. C-value Camera No. C-value Camera No. C-value
& 0.78139216 Cy 0.70335889 Cy 0.32897669
Co 0.80040812 Co 0.81952900 o 1.51771307
% 0.49308166 Cs 0.48963842 Cs 0.77506071
CAMI Gy 0.47758359 CAM2 Cy 0.47427812 CAMS Cy -0.82305825
G 106.77635193 G 119.93138885 Cs 379.10092163
G -41.41937256 Cs -93.05249786 Cs| —-1290.23107910
¢y 0.37470567 G 0.39179271 Gy 2.90663385
G 1.52100039 s 1.42333663 C 5.83233166
G 0.75891203 Cs 0.73988038 C3 0.45229217
CAMA Cy -0.86028934 Sl @] -0.88182306 CAMG Cy -3.35162210
G 390.83123779 Cs 419.71173096 C5|-10178.68066406
Cs| —1371.50683594 Cs| —1287.63476562 Ci| —20644.37695312
& 3.02871633 Cy 1.33067143 Cy 0.78657442
Co 6.04192924 Co 0.71789384 C 0.70902514
% 0.44772089 Cs -0.72152913 Cs 0.65244365
CAMY Gy -3.53487921 CAMS Cy 0.23797219 CAMS Cy 0.72101921
C5|-10566.84863281 Cs5|  —954.38604736 Cs 412.53720093
Cr| -22381.23046875 Cy| 1048.93371582 Cs 16.46973610
¢y 1.30084038 G -9.57810974 Gy 0.62886000
G 0.56576604 s 8.21599674 C -1.38137674
G -0.81237864 Cs -1.97715926 C -0.76253426
CAMIO Cy 0.29030108 S @] 5.75917196 CAMI2 Cy -1.49771738
Cs| —736.18096924 C5|-84164.57812500 Cs|  —227.35748291
Cs| 1139.42700195 Cy|—-10175.65234375 Cy| —2116.10278320
& 0.28063336 Cy 2.59312129 Ci 0.68212432
Co -0.71261054 Co 0.01161226 o 0.91153353
% -0.72091448 Cs 2.89574957 Cs 0.46670952
CAMIS Gy -0.97167796 CAMI4 Cy 2.60005140 CAMIS Cy 0.35660237
G 543.29064941 Cs5| 8211.89843750 Cs -31.79991531
Cs| -750.63769531 Cy| 5441.29492188 Cs| -192.36637878
¢y 0.47698578 G 0.69404358 Gy -2.40439272
G 0.89479339 s 0.90388829 C 0.72415292
G 0.40868047 Cs 0.47849259 C3 -1.37376893
Sl Cy 0.20418513 S Cy 0.36983889 Gl Cy -0.66839820
G 3.99459600 Cs -45.46767044 Cs|  —313.09893799
Cs| —207.76237488 Cs| —196.82217407 Cs|  3753.52075195
& -2.51470089 Cy 0.67556232 Ci 0.59327000
Co 0.87119555 Co 1.00102651 o 1.22582304
% -1.44432747 Cs 0.19935782 Cs 0.52854586
CAMID Gy -0.54933065 CAM20 Cy -0.42056781 CAMET Cy -0.98977834
Cs|  -698.17199707 Cs5|  —131.85530090 Cs 453.55502319
Cy| 4045.29248047 Cs| —445.36694336 Cs| 112598535156
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Fig. 29 Comparison between estimation values and actual values
of camera 1 in robot’s center work space
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Fig. 30 Comparison between estimation values and actual values
of camera 2 in robot’s center work space
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Fig. 31 Comparison between estimation values and actual values
of camera 3 in robot’s center work space
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Fig. 32 Comparison between estimation values and actual values
of camera 4 in robot’s center work space
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Fig. 33 Comparison between estimation values and actual values
of camera 5 in robot’s center work space
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Fig. 34 Comparison between estimation values and actual values
of camera 6 in robot’s center work space
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Fig. 35 Comparison between estimation values and actual values
of camera 7 in robot’s center work space

480
—/\— actual vision value
] —X— model's estimation value
S
400
%\ﬁ\&
320 AA&
A
3 "
=%
=
)
S 2404
[
>
Rl g
<
<
> 160 —
80
0 T T T T T T T T T T T T T T T
0 80 160 240 320 400 480 560 640

X - Axis value (pixel)

Fig. 36 Comparison between estimation values and actual values
of camera 8 in robot’s center work space
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Fig. 37 Comparison between estimation values and actual values

of camera 9 in robot’s center work space
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Fig. 38 Comparison between estimation values and actual values

of camera 10 in robot’'s center work space
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Fig. 39 Comparison between estimation values and actual values
of camera 11 in robot’s center work space
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Fig. 40 Comparison between estimation values and actual values
of camera 12 in robot’s center work space
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Fig. 41 Comparison between estimation values and actual values
of camera 13 in robot’s center work space
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Fig. 42 Comparison between estimation values and actual values
of camera 14 in robot’s center work space
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Fig. 43 Comparison between estimation values and actual values
of camera 15 in robot’s center work space
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Fig. 44 Comparison between estimation values and actual values
of camera 16 in robot’s center work space
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Fig. 45 Comparison between estimation values and actual values
of camera 17 in robot’s center work space
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Fig. 46 Comparison between estimation values and actual values
of camera 18 in robot’s center work space
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Fig. 47 Comparison between estimation values and actual values
of camera 19 in robot’s center work space
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Fig. 48 Comparison between estimation values and actual values
of camera 20 in robot’s center work space
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Table 5 The estimated six parameters of each camera in robot’s center work space

Camera No. C-value Camera No. C-value Camera No. C-value
& 2.49679589 Cr 2.48155904 Gy 2.02797198
Co 1.87717557 Co 1.88394809 o 1.62011242
% 0.27949783 Cs 0.42385909 Cs 0.49629307
CAMI Gy -0.02090381 CAMSZ Cy 0.00075561 G Cy 0.05271088
Cs| —4680.67285156 Cs| —4550.99023438 C5| —2953.37231445
Cr| —1823.98840332 Cy| —-2022.69323730 Cs| -1516.14147949
& 0.93276542 G 1.07619298 Ci 0.99459535
2 0.77660441 Co 0.67490631 C 1.03193974
% 0.51905930 Cs 0.33071002 Cy 0.41236413
CAM4 Cy 0.68812913 CAMS Cy 0.96283209 CAMS Cy 0.37889689
Cs5| -104.30691528 Cs| -119.90138245 Cs|  —703.49005127
Cs 128.35557556 Cs 798.89666748 Cy| —124.06555176
& 8.57425785 Cr 0.92102784 Gy 0.92542493
Co 5.86294222 Co 0.85284120 C 0.70579392
% 0.74782103 Cy 0.34683084 Cs 0.58747256
CAMT Gy -1.03840625 Sl Cy 0.56882846 G Cy 0.85601616
C5| -54158.02734375 Cs5| -332.74111938 Cs 191.50128174
Cr|-30171.18750000 Cs 285.42706299 Cs 393.69845581
& 1.00157630 G 0.92197245 Ci 0.77286530
G 0.68466139 Co 0.76198912 C 1.01272619
% 0.70088530 Cs 0.63146937 Cy 0.79383624
CAMIO Cy 1.01537001 CAMIT @] 0.78737944 CAMIZ G 0.57414591
G 359.64901733 Cs 68.66697693 Cs -70.67333221
Cs 473.32785034 Cy 168.91548157 Cs| -517.07135010
& 0.75517195 Cr 0.37866130 Gy 0.64213771
Co 0.84227777 Co 0.77785027 o 0.83566427
% 0.68816233 Cy 0.69512671 Cs 0.49145052
CAMIS Gy 0.78590351 S LUt Cy 0.72902071 CAMIS Cy 0.31766051
G 181.79563904 G 311.25509644 Cs| —173.82489014
G -46.33337784 Cs| -203.62397766 Cs| -112.21878052
& 0.84510332 G 1.31787133 Gy 1.13211763
G 0.80455917 Co 0.85845661 C 0.57824200
% 0.51053005 Cs 0.19870025 Cy 0.32302818
CAMIG Cy 0.52427167 CAMIT @] 0.99067295 CAMIS Cy 1.13831079
Cs5| -213.52816772 Cs| -663.97906494 Cs 106.86331177
Cs 54.04160309 Cs| 1037.50280762 Cy| 1120.27844238
& 1.24305952 Cr 0.77534920 Gy 0.98498881
Co 0.50049353 Co 0.88426441 o 0.50525588
% -0.43661731 Cy 0.67063725 Cy -0.29454976
CAMID Gy 1.59224987 Sl Cy 0.68115079 CAMZL Cy 1.38756359
G 414.87194824 G -16.15355873 Cs 422.77328491
Cs| 2775.09228516 Cy| -130.49957275 Cs| 1958.46081543
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Fig. 50 Comparison between estimation values and actual values
of camera 1 in robot’s right work space
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Fig. 51 Comparison between estimation values and actual values
of camera 2 in robot’s right work space
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Fig. 52 Comparison between estimation values and actual values
of camera 3 in robot’s right work space

480
—/\— actual vision value
] —X— model's estimation value
400
i AM&
B
320
=
[0}
X E
=N
=
>A\ZQS
g 240 A
= R N
>
Q E
B3
<
> 160
80
0 T T T T T T T T T T T T T T T
0 80 160 240 320 400 480 560 640

X - Axis value (pixel)

Fig. 53 Comparison between estimation values and actual values
of camera 4 in robot’s right work space
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Fig. 54 Comparison between estimation values and actual values
of camera 5 in robot’s right work space
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Fig. 55 Comparison between estimation values and actual values
of camera 6 in robot’s right work space
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Fig. 56 Comparison between estimation values and actual values
of camera 7 in robot’s right work space
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Fig. 57 Comparison between estimation values and actual values
of camera 8 in robot’s right work space
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Fig. 58 Comparison between estimation values and actual values
of camera 9 in robot’s right work space
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Fig. 59 Comparison between estimation values and actual values
of camera 10 in robot’'s right work space
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Fig. 60 Comparison between estimation values and actual values
of camera 11 in robot’s right work space
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Fig. 61 Comparison between estimation values and actual values
of camera 12 in robot’'s right work space
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Fig. 62 Comparison between estimation values and actual values
of camera 13 in robot’s right work space
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Fig. 63 Comparison between estimation values and actual values
of camera 14 in robot’'s right work space
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Fig. 64 Comparison between estimation values and actual values
of camera 15 in robot’s right work space
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Fig. 65 Comparison between estimation values and actual values
of camera 16 in robot’'s right work space
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Fig. 66 Comparison between estimation values and actual values
of camera 17 in robot’s right work space
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Fig. 67 Comparison between estimation values and actual values
of camera 18 in robot’'s right work space
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Fig. 68 Comparison between estimation values and actual values
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Table 6 The estimated six parameters of each camera in robot’s right work space
Camera No. C-value Camera No. C-value Camera No. C-value
& 6.35320663 Cr 0.84796131 Gy 6.26769352
Co -3.02472401 Co 1.07246065 o -3.12394714
% -8.77948952 Cs 0.14796330 Cs -8.69426537
CAMI Gy -3.12527108 S Cy 0.69320506 G Cy -2.99331260
Cs| —3341.35424805 C5| —681.04260254 Csl| —4058.94262695
Cy| —58598.77734375 Cs 482.31570435 Ci| -57292.62890625
& 4.41010857 Gy 4.34163809 Gy 1.03997815
o -2.22284341 Co -2.21114612 C 0.85673982
% 7.02940989 Cs 6.96021080 Cy 0.81178033
CAM4 Cy -8.71322918 CAMS Cy -8.63975906 CAMS C 0.62427300
C5| 65351.89843750 Cs| 64155.30859375 Cs|  —260.56295776
Cs| 1501.15417480 Cy| 1837.98815918 Csl| —284.98452759
& 1.12071288 Cr 1.03108346 Gy 0.73693943
Co 0.92060286 Co 0.83615035 C 0.81230968
% 0.81487644 Cy 0.82816136 Cy 0.35678986
CAMT Gy 0.70160967 Sl Cy 0.56442738 G Cy 0.37402034
Cs| —404.60083008 Cs5|  —207.09095764 G5 —300.01434326
Cs| —226.47935486 Cy|  —340.07812500 Cs 121.64942932
& -2.32092285 G -3.83685875 Gy -3.81195545
G 3.35154057 s -2.72502136 C -2.49499774
% 1.18449557 Cs -1.56411803 Cy -1.80580485
CAMIO Cy -1.27517593 CAMIT Cy -1.26231885 CAMIZ Cy -0.83068830
Cs| —7430.61718750 Cs| —9731.12304688 C5| —8102.12158203
Cs| 2884.37304688 Cs| —3899.57568359 Cs| —5665.69628906
& 1.20834470 Cr 13.03629112 Gy -2.86185336
Co 0.94454998 Co 11.92135334 o -4.70089483
% 0.92934030 Cy 2.05389833 Cy 1.58525622
CAMIS Gy 0.52369058 S LUt Cy 9.28756142 Gl Cy -5.85230589
C5| —411.93084717 C5|—-16651.95312500 C5| —8761.49609375
Cy| -624.78912354 Cy| 46335.62890625 Cy| 27705.14062500
& 0.60686231 G -1.22189331 Ci -1.25007832
o 0.71794778 Co 255047774 C 2.54737973
% 0.34429196 Cs -0.10275420 Cy -0.06871910
CAMIG Cy 0.37533870 CAMIT Cy -1.60160303 CAMIS Cy -1.64529741
Cs5| —268.47561646 Cs| —1430.78894043 C5| —1398.37097168
Cs 158.68966675 Cs|  4239.91894531 Csl|  4304.00292969
& -0.01533097 Cr 0.10077456 Gy 0.40298384
Co -0.09060046 Co -0.06670381 o 0.28729698
% 0.63176250 Cy 0.81446987 Cy 1.07266819
CAMID Gy -1.35885406 Sl Cy -1.43992591 Gl Cy -1.09293008
Cs| 1384.73461914 Cs| 1693.23559570 Csl| 1594.19482422
Cs 831.34155273 Cs 757.43640137 Cy| -169.51068115
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Table 7 Estimation values of each joint angle in robot’s left work space

Camera Placement 6, (rad) 6,(rad) dy(mm) 0,(rad)
case #1 (left, 1.5m) 7.024 -96.581 147.866 0.000
case #2 (center, 1.5m) 7.245 -96.133 149.131 0.000
Robot’s |case #3 (right, 1.5m) 7.179 -95.997 146.146 0.000
case #4 (left, 2.0m) 7.176 -96.553 146.672 0.000
left-work |case #5 (center, 2.0m) 7.059 -96.539 147.326 0.000
case #6 (right, 2.0m) 7.530 -96.834 147.868 0.000
SPace lcase #7 (left, 2.5m) 7.152 -96.434 | 146.768 0.000
case #3 (center, 2.5m) 7.235 -96.430 147.445 0.000
case #9 (right, 2.5m) 7.412 -96.941 145.913 0.000
actual value 7.1779 -96.4595 | 147.5000 0.0000
Table 8 Estimation values of each joint angle in robot’s center work space
Camera Placement 9, (rad) 0,(rad) d;(mm) 9,(rad)
case #1 (left, 1.5m) -13.433 63.526 146.042 0.000
case #2 (center, 1.5m) -13.278 63.670 147.964 0.000
Robot’s  case #3 (right, 1.5m) -12.860 63.053 148.238 0.000
case #4 (left, 2.0m) -13.709 64.152 146.603 0.000
center-work|case #5 (center, 2.0m) -13.283 63.403 146.820 0.000
case #6 (right, 2.0m) -13.163 63.899 148.093 0.000
SPace  lcase #7 (left, 2.5m) -13.569 63.429 145.913 0.000
case #8 (center, 2.5m) -13.133 63.350 147.813 0.000
case #9 (right, 2.5m) -13.015 63.160 147.871 0.000
actual value -13.2342 63.2563 147.5000 0.0000
Table 9 Estimation values of each joint angle in robot’s right work space
Camera Placement 6, (rad) 0,(rad) dy(mm) 0,(rad)
case #1 (left, 1.5m) -7.386 97.098 146.125 0.000
case #2 (center, 1.5m) -7.422 96.237 146.310 0.000
Robot’s |case #3 (right, 1.5m) -7.343 96.679 146.347 0.000
case #4 (left, 2.0m) -7.493 96.509 148.791 0.000
right-work |case #5 (center, 2.0m) -7.367 96.381 146.378 0.000
case #6 (right, 2.0m) -7.327 96.338 146.580 0.000
SPace  lcase #7 (left, 2.5m) -7.450 96.582 146.386 0.000
case #8 (center, 2.5m) -7.013 96.856 147.267 0.000
case #9 (right, 2.5m) -7.312 96.326 147.053 0.000
actual value =7.1779 96.4595 147.5000 0.0000




Table 10 Error values between actual and estimated coordinate values in robot’s
lift work space

Camera Placement set estimeireel el average
Fx(mm) | Fy(mm) | Fz(mm) error(mm)
case #1 (left, 1.5m) 398.928 -201.081 119.634 0.904214
case #2 (center, 1.5m) 401.660 -199.508 118.369 1.373345
Robot’s |case #3 (right, 1.5m) 402.012 -199.958 121.354 1.404833
case #4 (left, 2.0m) 399.464 -200.256 120.828 0.588525
left-work |case #5 (center, 2.0m) 399.237 -200.833 120.174 0.659894
case #6 (right, 2.0m) 399.587 -197.563 119.632 1.442518
SIREICE case #7 (left, 2.5m) 400.021 -200.179 120.732 0.435161
case #3 (center, 2.5m) 400.331 -199.597 120.055 0.302436
case #9 (right, 2.5m) 398.713 -198.390 121.587 1.504882

actual value 400.000 -200.000 120.000

Table 11 Error values between actual and estimated coordinate values in robot’s
center work space

Camera Placement set estimated value average
Fx(mm) | Fy(mm) | Fz(mm) error(mm)
case #1 (left, 1.5m) 549.442 98.847 121.458 1.120596
case #2 (center, 1.5m) 548.689 100.735 119.536 0.908061
Robot’s |case #3 (right, 15m) | 550.017 | 103.024 | 119.262 | 1.797130
case #4 (left, 2.0m) 547.815 97.956 120.897 1.803502
center-work|case #5 (center, 2.0m) 549.595 99.941 120.680 0.457869
case #6 (right, 2.0m) 547713 102.470 119.407 1.973503
SipeIce case #7 (left, 2.5m) 549.997 97.277 121.587 1.819938
case #3 (center, 2.5m) 549.510 101.229 119.687 0.785195
case #9 (right, 2.5m) 549.937 101.838 119.629 1.082995

actual value 550.000 100.000 120.000

Table 12 Error values between actual and estimated coordinate values in robot’s
right work space

Camera Placement set estimated value average
Fx(mm) | Fy(mm) | Fz(mm) error(mm)
case #1 (left, 1.5m) 397.938 198.576 121.375 1.650277
case #2 (center, 1.5m) 401.822 198.273 121.190 1.604060
Robot’s |case #3 (right, 16m) | 399.615 | 198862 | 121.153 | 0.961283
case #4 (left, 2.0m) 400.878 197.801 118.709 1.556920
right-work |case #5 (center, 2.0m) 401.000 198.671 121.122 1.158403
case #6 (right, 2.0m) 401.047 198.953 120.920 1.006476
SIDECE case #7 (left, 2.5m) 400.410 198.107 121.114 1.290125
case #8 (center, 2.5m) 397.691 201.161 120.233 1.498016
case #9 (right, 2.5m) 401.049 199.057 120.447 0.854429

actual value 400.000 200.000 120.000
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Table 13 The estimated six parameters of each camera in robot’'s
left work space

0.77582663
0.79487449
0.17496087
0.16029310
-216.19920349
58.91637421
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Table 14 The estimated six parameters of each camera in robot’s
center work space

0.35673407
0.38782841
1.27502966
1.16060829
1766.27685547
-305.47271729

1.20035851

1914.48168945
-313.64306641
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Table 15 The estimated six parameters of each camera in robot’'s
right work space

0.42061743 0.31591585
0.37753591 0.28573227
0.80072069
0.85079783
796.58190918
72.40045166
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Table 16 Estimation values of each joint angle

Robot work space 6,(rad) 0,(rad) d;(mm) | ,(rad)

Robot’s Estimation value 7.311 -97.106 146.856 | 0.000

v left-work space actual value 7.1779 -96.4595 | 146.6500 | 0.0000
Robot’s center- | Estimation value | -13.151 63.409 147.170 0.000

° work space actual value -13.2342 | 63.2563 146.6500 | 0.0000
Robot’s Estimation value | -7.1779 | 96.4595 | 146.6500 | 0.000

o right-work space actual value -7.160 96.136 146.867 0.0000




Table 17 Error values between physical coordinate values and estimated coordinate
values

Average position error (mm)
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Appendix

Image processing program

#include "iostream.h”
#include <stdio.h>
#include <conio.h>
#include <dos.h>
#include <process.h>
#include "Mil.h”

/% Grab scale. =/
#define GRAB_SCALE 1.0

int i,j,max;

/* main function */

void main()

{
MIL_ID  MilApplication;
MIL_ID  MilSystem;
MIL_ID  MilDigitizer;
MIL_ID  MilDisplay;
MIL_ID  MillmageDisp;

double yv,yy,xvalue,yvalue;

double count,m_count,x,y;

int px;

unsigned char array[480];

int counter=0;

long Channel[3] = {(M_CHO, M_CH1, M_CH2};
int kn=1;

char yn;

// FILE *out;




//

//

//

//

out=fopen("cent6.out”,”a+");

MappAlloc(M_DEFAULT, &MilApplication);

MsysAlloc("M_DEFAULT"”, M_DEFAULT, M_DEFAULT, &MilSystem);
MdigAlloc(MilSystem, M_DEV0, "M_DEFAULT"”, M_DEFAULT, &MilDigitizer);
MdispAlloc(MilSystem, M_DEV0, "M_DEFAULT”, M_DEFAULT, &MilDisplay);

MbufAlloc2d(MilSystem,
(long)(MdigInquire(MilDigitizer, M_SIZE_X, M_NULL)*GRAB_SCALE),
(long)(MdigInquire(MilDigitizer, M_SIZE_Y, M_NULL)*GRAB_SCALE),
8+M_UNSIGNED,
M_IMAGE+M_GRAB+M_PROC+M_DISP, &MillmageDisp);
MbufClear(MillmageDisp, 0x0);
MdispSelect(MilDisplay, MillmageDisp);

for(k=1;k<=3;k++)
{
printf("\n ##**%* Adjust your Camera NO. %d . And press any key.” k),
fprintf(out,”\n ***** Adjust your Camera NO. %d . And press any key.” k);
MdigChannel(MilDigitizer, Channellk-11);
MdigControl(MilDigitizer, M_GRAB_SCALE, GRAB_SCALE);
MdigGrabContinuous(MilDigitizer, MillmageDisp);
getch();
MdigHalt(MilDigitizer);
InCAM++;
}
MdigChannel(MilDigitizer, Channel[0]);

while(1)
{
if(counter==3)

{ printf("\n\n #### Next point (y/n)? #####");
fprintf(out,"\n\n #### Next point (y/n)? #####");
yn=getch();
if(yn=='n") break;




counter=0;

nt+;

MdigChannel(MilDigitizer, Channellcounter]);
MdigControl(MilDigitizer, M_GRAB_SCALE, GRAB_SCALE);
MdigGrabContinuous(MilDigitizer, MillmageDisp);

for(i=0;1<640;i++)

{
MbufGet2d(MillmageDisp, i, 0, 1, 480, array);
for (j=0;j<480;j++)
if(max <= arrayljl)
{
max=arrayljl;
}
}

printf("\n Pixel-Max=%d"” max);

xvalue=yvalue=m_count=0.;

for(i=0; 1<640; i++)
{

MbufGet2d(MillmageDisp, i, 0, 1, 480, array);

yv=0.;
yy=0.;
count=0.;
px=0;
{
for(j=0; j<480; j++)
{
if( max - array[j] <= 5)
{
yvV = yv + j;




count = count + 1.
yy = yv / count;
px = 255;
}
}
}
if(px == 255) {
xvalue = xvalue + i,
yvalue = yvalue + yy,;
m_count =m_count + 1;
}
}
x=xvalue/m_count + 1.;

y=480. - yvalue/m_count + 1.;

printf("\n %d Point, %d Camera ===> Center(x,y)=(%1,%1)" n,counter+1,x,y);
//  fprintf(out,”\n %d Point, %d Camera ===> Center(x,y)= %f %1’ nInCAM+1,x,y);
MdigHalt(MilDigitizer);

counter++;

}//while END

MbufFree(MillmageDisp);
MdispFree(MilDisplay);
MdigFree(MilDigitizer);
MsysFree(MilSystem);
MappFree(MilApplication);

} //main END
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