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Research on the non-probabilistic reliability calibration method
for robots in workspace partition
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Abstract : The high-precision positioning in the whole workspace domain is the key to realizing the full-range precision operation of large
workspace robots. To improve the reliability and spatial adaptability of parameter calibration in the full workspace domain of the robot,
this article studies the non-probabilistic quantification methods of many uncertainties in the robot itself, analyzes the difference of the
influence of uncertain parameters on the end positioning accuracy of the robot in different workspace domains, and partitions the whole
workspace domain according to the non-probabilistic reliability index of positioning accuracy. A non-probabilistic reliability calibration
method for robots under the framework of workspace partition is proposed. The example shows that, after partition calibration
compensation, the average lower and upper bounds of error intervals in x, y, and z directions decrease by 40. 16% , 59.36% , and
59.08% , 40.87% , as well as 54.24% , 33.98% , respectively. Moreover, the compensated robot has a fast response speed and small
fluctuation during movement. It is proved that the proposed method is effective in reducing the end error range in the whole working
domain, improving the absolute positioning accuracy of the robot and the spatial adaptability of the calibration.
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Table 1 MD-H parameter table of robot KR 1000Titan

EFTRE MELNR  ETHHMA CTEM eim

R
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5 0 0 -90 05 -
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DV4 68.5 0.013 68.487,68.5 0092 RN (i) A2
DV5 49.5 0.011 49.489,49.5 KRR (R ) A2
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DV8 37.8 0.016 37.8,37.816 JINVEFAL (R AR )
DV9 30 0.013 30,30.013 AVE AL (R i ) 242
DV10 30 0.009 29.991,30 .02 Ji Rl A2
DV1l 25 0.013 25,25.013 JERSLE AR
DVI2 25 0.009 24.991,25 0022 A AT A%
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PRmL B SO AU E SRR T3 2 A
LS N E A BEAEA 1, 10 3 B U7 E P LS A K 3

SERR B SIS B AR 2E , AR SO A v I AL S
P o PR iR 2 lim JAX? + AY? + AZ° 5Bl R
[0,2.5], T A HLAF AAE S AL R AL RE A7 RS BE 1 JEHE
REGTIREE R, , WAGERWNE3 R,

R3 MBEARKVUESREFEMEATRE

Table 3 Robot end position points and their non-probabilistic reliability

SRS BLES AR HAT TAEZS [H] AL A o PR B R ElF RS
p,/mm p,/mm p./mm VAXE £ AY? + AZ% Byl R

1 ~1223.941 ~1010.7043 2 749.576 3 [0, 2.541 205 104] 0.984

2 -990. 703 8 -1 062.904 9 901. 194 7 [0, 2.577 056 405 ] 0.97

3 -2 102. 070 2 -1 670.295 0 206.738 4 [0, 3.244 466 201] 0.7

4 ~1934.781 0 -1 602.623 6 318.268 6 [0, 3.287 477 271] 0. 685

5 -1769.824 1 -1367.8375 1 541.580 1 [0, 2.883 088 978] 0. 867

6 -282.2810 -265. 461 4 630.782 9 [0, 1.528 609 486 ] 1

99 ~1839. 103 768.335 5 1 725.947 [0, 2.514 111 821] 0.994

100 71.229 56 282.290 5 1 607.912 [0, 1.439 864 451 ] 1

H1 ¢ 3 W, AL i AR g (57 AN [1] A s o7 5 A2 o Aor CEEEE———
R FEE (22 T 5 e A 2 S (32 3 o ) A B 0, 5 8 [ Re!
RATAERE RN 1, /MY 0.685) , EEFHA ., — &
il R 2 WM ASIE AE BRI B BEAE | B AR S 2L IS, 1 1S, 2028, 36 40, 02 4, 09<R <1
L E PR FAE I, DLE A SR AEIR % T
SEASCH I AL A A 8 Ve S BB A BT P |
AT AT A LR R B, HoRe 7 EAR BIHLEF N iz ) A AR AT A R 0.75<R<0.9
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100 M) 434 4 AN EG, RS R (AR AR S DL 9 5 55
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K 6(a) WE 1 2P ITA B AR bR S5, I 6(b) b
WAL TE 5y XRS5 5, B 6 (¢) FTLLE Y, 4043 5 1Y
T3 TR A A b st B 3 BT, A ) JE A R T S e
KL

FIREHL, 25 2 29 ~ 55 4 J2 90 M 4L 2 4,
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Fig. 5 Hierarchical division of coordinate points
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Fig. 6 Re-subdivision of the first level coordinate points
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Fig. 7 Re-subdivision of the second level coordinate points
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Fig. 8 Re-subdivision of the third level coordinate points
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Table 4 Interval calibration values of parameters in each subspace domain
T 5 Aa,/mm Ad,/mm Aay/(°) Ab/(°) AB/(°)

1

-0.023 5,0.027 54]

0.001 268,0. 006 273 ]

[-0.009 529,0.001 434]

-0.003 193,0. 003 592

[ [- [
2 [-0.03897,0.07235]  [-0.00986,-0.00277]  [-0.0182,0.002596]  [-0.002 462,0.005264] [ -0.005 36,0.005 832]
3 [-0.0372,-0.0102] [-0.006 729,0.001 44] [ -0.041 189,0.011 09] [ -0.007 504,0.002 893 ] -
) 4 [-0.05347,-0.0255]  [-0.002011,0.001 013]  [-0.029 04,0.006 258]  [-0.028 42,-0. 011 78] -
5 [-0.01289,0.01597]  [-0.003 815,-0.000457] [-0.067 58,-0.0454]  [-0.020 21,0.020 53] -
6 [-0.0135,0.001332]  [-0.0005423,0.00071] [-0.03401,0.01286]  [-0.0017 66,0.001 314] -
1 [-0.01058,0.02096]  [-0.005787,-0.002991] [-0.001 114,0.008 625] [ -0.003 671,0.003 304] -
2 [-0.04255,0.09328]  [-0.003152,0.03586]  [-0.01336,-0.004 757] [-0.005 237,-0.001 2797 [0.0022249,0.007 721]
3 [-0.0351,0.256 8] [0.001 972,-0.015533] [ -0.010 07,0.071 6] [ -0.008 714,0.002 278 ] -
) 4 [-0.2508,-0.015 02] [-0.010 02,-0. 001 5] [-0.009 264,0.026 25]  [0.002 527,0.011 38] -
5 [-0.016 43,0.009 77] [-0.002 124,0.001 219] [ -0.041 68,0.078 91] [-0.023 44,0.023 57] -
6 [-0.01137,0.008 09] [-0.000 303 4,0.000 765 1] [-0.010 65,-0.002 0587 [ -0.002 234,0. 001 524] -
1 [-0.06247,-0.028 5] [-0.001 688,0.005 013] [ -0.003 68,0.001 86] [ -0.004 782 8,0. 004 26] -
2 [-0.1599,-0.033 16] [-0.010 49,0. 002 936] [-0.06296,-0.001 14]  [-0.002 466,0.006 104]  [0.003 66,0. 005 87]
3 [-0.0581,0.017 64] [-0.022 23,0.003 088] [-0.074 61,0.041 19] [-0.007 72,-0.002 116] -
) 4 [-0.1389,0.02025] [-0.002 81,0.001 474] [0.008 098,0.071 1] [-0.017 32,0.017 99] -
5 [-0.0213,0.014 13] [-0.003 54,-0.001 558] [ ~0.047 55,0.079 5] [-0.019 93,0.015 76] -
6 [-0.01453,0.005 24] [0.000 505 4,0.007 448] [ -0.017 43,0.022 73] [-0.001 244,0.002 657] -
1 [-0.03688,0.033 71] [0.003 444 3,0.006 105] [ -0.003 007,0.009 306] [ -0.002 549,0. 005 26] -
2 [-0.21106,0.037 97] [0.003 53,0.047 6] [0.004 6,0.018 94] [ -0. 008 44,0. 004 102] [-0.008 58,0. 004 269
B 3 [-0.3452,0.022 06] [-0.007 256,-0.002 821]  [~0.044 78,-0.034 66]  [0.003 044,0.007 058] -
— 4 [-0.2314,-0.023 24] [-0.019 17,0.002 919] [-0.011 67,0.028 98] [-0.0799,0.035 2] -
5 [-0.02371,0.022 98] [-0.007 108,0.003 185]  [0.039 17,0.069 56] [-0.060 7,0.036 77] -
6 [-0.004881,0.009 891] [ ~0.000 363 6,0.000 450 2] [0.021 04,0.044 17] [-0.004 213,0. 002 965] -
1 [-0.070 5,-0.0384 8] [-0.002 566,0.006 852] [ -0.003 178,0.008 72] [ -0.002 811,0.006 102] -
2 [-0.2978,-0.143 1] [-0.082 9,0. 006 35] [-0.016 59,0.005 596]  [0.001 447,0.004 144] [-0.020 89,-0. 008 476
3 [-0.3691,0.070 1] [-0.067 44,0. 024 18] [-0.034 22,-0.00 65] [ -0.003 526,0. 007 395] -
— 4 [-0.159,0.276 2] [-0.018 95,0.001 418] [-0.017 99,0.018 74] [ -0.025 24,0. 033 18] -
5 [0.02921,0.078 3] [-0.002 534,0.003 8417 [ -0.020 14,0.088 34] [0.025 18,0.041 8] -
6 [0.006191,0.008 591]  [0.000 282 5,0.000 548 9]  [0.00 475,0. 024 03] [-0.004 188,-0. 001 43] -
1 [-0.4357,-0.040 09] [0.005 849,0. 008 438 [-0.006 309,0.004 508]  [0.001 907,0.007 571] -
2 [-0.3007,0.036 08] [ -0. 056 44,0. 004 391 ] [-0.024 71,-0.001 719]  [-0.005 107,0.001 142]  [0.005 171,0. 041 22]
A 3 [0.042 15,0.534] [ -0.064 96,0. 004 222] [-0.061 02,-0.04554] [ -0.008 236,0.004 538 -
) 4 [-0.3588,-0.033 78] [-0.008 15,-0.002 515] [ -0.027 99,0.028 81] [0.021 619,0.048 2] -
5 [-0.03409,0.032 23] [-0.023 26,-0. 008 27] [0.0304,0.077 13] [-0.054 21,0.060 11] -
6 [-0.009186,0.01315]  [0.000 5587,0.000 743 7]  [0.042 84,0.074 24] [0.003 576,0.007 164] -
1 [-0.468 09,0.032 03] [0.004 831,0.007 561] [0.004 851,0. 006 29] [ 0. 005 476, -0. 002 775] -
=(Z) 2 [0.128,0.3592] [-0.061 17,0.004 226] [-0.02 106,0. 005 46 [-0.001 205,0.005 142] [ -0.0054,0.0053]
3 [-0.3189,0.084 6] [-0.087 17,0.004 218] [-0.037 04,0.070 14] [0.002 7,0.005 842] -
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Aa/mm
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Aay/(°)
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4 [-0.3854,0.075] [-0.003 446,0.002 467]  [-0.03473,-0.03048]  [-0.024 59,0.053 65] -
=(Z) 5 [-0.0698,-0.036 98] [0.002 667,0.005 033 ] [0.035 8,0.081 6] [-0.509 1,0.063 72] -

6 [0.00136,0.020 1] [0.000 326 4,0.0007 366] [ 0.041 82,0.047 13] [0.003 2,0. 0081 92] -

1 [-0.5293,-0.023 2] [0.005 649 4,0.007 255]  [0.004 959,0.006 7297 [ ~0.007 658,0. 003 243] -

2 [-0.3733,0.223] [0.003 55,0. 068 94] [0.008 01,0.042 4] [-0.003 897,-0.003 176] [ =0.005 2,0. 047]
3 [-0.197,0.385 1] [-0.073 03,-0.004 614] [ -0.087 27,0.039 34] [ -0. 006 478,0. 007 351] -
Y 4 [-0.3572,0.034 48] [-0.003 558,0.002 753] [ -0.024 52,0. 041 42] [0.017 37,0.061 93] -

5 [=0.0662,-0.049 87] [-0.002 821,0.003 5067 [0.077 78,0.080 16] [ -0.044 73,0. 045 53 -

6 [0.005 89,0.079 58] [-0.000 523 2,0.000 759 1] [0.027 8,0.068 2] [ -0. 008 333,0. 006 628 -

1 [-0.5232,-0.209 7] [0.003 49,0. 00 905] [0.003 22,0. 008 645] [ -0.005 06, -0. 003 56] -

2 [-0.7812,0.540 4] [0.020 28,0. 078 23] [0.024 53,0.048 7] [-0.004 738 4,0.005 4217  [0.009 78,0.071 54]

3 [0.367,0.687 8] [-0.078 17,0.064 42] [-0.086 74,-0.041 25] [ -0.005 373,0.006 836] -
e 4 [-0.05373,0.067 49] [0.005 504,0.072 81] [-0.077 11,0.058 2] [0.023 79,0. 052 66] -

5 0.05533,0.559 5] [-0.057 75,0. 005 394] [-0.078 78,0.079 33] [0.043 5,0.066 8] -

6 [-0.02193,0.007789] [ -0.000 926 6,0.000 822 5] [0.040 75,0. 085 83 [ -0.006 146 7,0.006 141] -

1 [-0.5145,0.262 1] [0.004 103,0.009 468 [0.004 913,0.007 116] [ ~0.008 471,-0. 004 098] -

2 [-0.6096,0.6135] [-0.060 19,0.074 07] [-0.063 18,-0.019 96]  [-0.004 251,0.003 243] [ -0.062 55,0.079 38]

3 [0.489,0.694 1] [-0.083 32,0.073 53] [-0.054 749,0.088 82]  [0.002 42,0.006 003 ] -
e 4 [0.0366,0.072 81] [-0.059 81,0.0794 2] [-0.068 92,0.079 95] [ 0. 055 06,0. 040 19] -
5 [-0.6205,-0.052 46] [-0.008 188,0. 060 22] [0.035 3,0.080 68] [-0.052 09,0. 045 05 -

6 [-0.005325,0.02517]  [0.0007037,0.000752]  [0.038 5,0.053 72] [ -0. 006 798,0. 005 655 ] -
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Table 5 The result of partition compensation
— . RN N N JNEL JANEEN JAEN -7
F A8 £ S BRABRIC I LT bRy R VTR el ohit BT
{ MR FEMER JEMER IR
Y5 SR WRERE WHEERE R
P./mm P} /mm P_/mm P! /mm P)',/mm P!/mm AX/mm AY/mm AZ/mm R, R, R, I3 R,
439. 482 —-340. 300 548.461 -0.589 -0.273 -0. 580
1 439.783  -339.90 549. 38 1 1 1 1
440. 372 -339. 630 549. 960 0. 301 0. 401 0.919
475.738 -294. 380 466.427 -0.625 -0.611 -0.597
2 476.140 -294.16  467.112 1 1 1 1
476. 765 —-293. 550 467. 709 0.402 0.216 0. 685
358.252 799. 710 1750.28 —0.528 -0.470 -0.570
3 358. 847 800.12 1 750.79 1 1 1 1
359. 375 800. 590 1 751. 360 0.595 0.410 0.510
319. 819 290. 050 787.613 -0.541 -0.423 -0.780
4 320. 344 290. 40 788. 10 1 1 1 1
320. 885 290. 823 788. 880 0.525 0. 350 0.487
—385. 003 1 215.300 1967.200 -0.558 -0.520 -0. 406
5 -384.500 1215.67 1967.82 1 1 1 1
—383. 946 1 216. 190 1968.230  0.499 0.370 0.617
—389. 195 1 084. 070 1 825.990 -0.270 -0.508 -0.519
6 -388.770 1084.59 1826.53 1 1 1 1
—388. 495 1 085. 100 1827.05 0.430 0.520 0.535
-51. 081 436. 419 1918.470 -0.390 -0.540 -0.724
7 —50.488  436.832 1918.68 1 1 1 1
-50. 098 437.372 1919.41 0.593 0.413 0.214
—181. 826 247. 038 1 702.500 -0.460 -0.430 -0.415
8 —-181. 550 247.56 1702.92 1 1 1 1
—181.092 247. 990 1703.34 0.274 0.522 0.422
199.450 -1 200. 400 899.230 —0.408 -0. 440 -0.251
9 199.950 -1 200.00 900. 00 1 1 1 1
200.358 -1 199.600 900. 251 0. 500 0.370 0. 670
417.156 -1 630.200 904. 182 -0.503 -0. 528 -0.214
10 417.773 -1 629.70 904 42 1 1 1 1
418.276 -1 629.200 904. 636 0.617 0. 460 0.240
-1 025.430 1 400. 170 1911.360 -0.613 -0.390 -0.490
11 -1024.900 1400.70 10911.73 1 1 1 1
-1 024.280 1 401. 090 1912.220 0. 540 0.530 0. 362
-1 518. 620 1 632.410 1686.280 -0.581 -0.491 -0.610
12 -1517.900 1632.55 1 686.66 1 1 1 1
-1 517.360 1 633.040 1 687.270 0.676 0. 140 0.373
-191.860 -1 727.200 1347.540 -0.592 -0.478 -0. 690
13 -191.250 -1727.00 1 347.97 1 1 1 1
=190.655 -1 726.500 1 348. 660 0.613 0. 198 0.429
-24.140 -1 504. 500 1534.400 -0.500 -0. 550 -0.699
14 =23.341 -1504.30 1534.94 1 1 1 1
-22.841 -1 503. 800 1 535.640 0.799 0. 155 0. 540
1784.434 269.242 3200.860 -0.620 -0.941 -0.323
15 1784.920 269.549 3 201.48 1 1 1 1
1 785.539 270. 490 3201.800  0.485 0.307 0.614
1 316.999 —-175. 960 3384.370 -0.791 -0. 496 -0.317
16 1317.860 -—175.54 3 384.88 1 1 1 1
1 318. 646 —-175. 040 3385.190  0.856 0.420 0.503
1 450. 851 2 497. 870 2 118.670 -0.318 -0.292 -0. 587
17 1450.930 2498.18 2119.16 1 1 1 1
1 451.249 2 498. 470 2 119.750 0. 080 0. 309 0.493
1 906. 675 2 445. 570 1696.400 -0.430 -0.237 -0.330
18 1906.810 2445.89 1 696.86 1 1 1 1
1 907.241 2 446. 130 1 697. 190 0. 136 0. 320 0.458
1452.647 -2 709. 800 1944.120 -0.670 -0.224 —-0. 648
19 1453.290 -2709.30 1944.65 1 1 1 1
1454.561 -2 709. 000 1 945. 300 0. 644 0. 540 0. 531
1866.941 -2 684. 100 1431.060 -0.638 -0.384 -0. 680
20 1 867.330 -2 683.50 1 431.40 1 1 1 1
1867.970 -2 683. 100 1.432. 080 0.391 0.618 0.335
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Fig. 10 Coordinate point space position before and after compensation
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