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Table2 Coordinates of public transfer stations and corresponding station codes based on deployment optimization method
Point (X,Y,Z)/mm Stations Point (X,Y,Z)/mm Stations
Tracker 0, 1, 2,
A0 (—14.449, 499.432, 2417.128) 3 4 A10 (667.454, —59.840, 1722.959) Tracker 0, 1
(152.140, —172.207, (—229.253, —268.086,
Al Tracker 0, 1, 2 All Tracker 0, 3, 4
4366.682) 4586.361)
(—273.522, 219.969,
A2 (192.527, 47.673, 3493.435) Tracker 0, 1, 2 Al2 Tracker 0, 3
2962.801)
(—739.679, —59.732,
A3 (315.719, 183.123, 1738.658) Tracker 0, 1, 2 || A13 Tracker 0, 3
1436.373)
(2117.609, 92.918, Tracker 1; Theodolite
A4 (428.713, —568.542, 680.516)  Tracker2, 4,5 | Al4
—1340.213) 0,1
(—526.932, —520.559, (2614.255,114.189, Tracker 1; Theodolite
A5 Tracker 2, 4, 5 Al5
19.857) —2455.823) 0,1
(3251.856, 17.790, (312.770, 395.673, Tracker 1; Theodolite
A6 Tracker2, 4,5 || Al6
—2244.601) —1907.029) 0,1
(—2849.393,—52.512, (—863.512, 163.269, Tracker 1; Theodolite
A7 Tracker 2, 4, 5 Al7
—2692.313) —1754.664) 2,3
(382.562, —237.683, (—873.956, 112.451, Tracker 15 Theodolite
A8 Tracker 2, 4, 5 Al8
—2577.567) —746.832) 2,3
Tracker 1; Theodolite
A9 (262.205, 214.063, 2506.915) Tracker 0, 1 A19 (50.335, 351.984, —359.726) 5 3

Tracker5 l

W12 ETARME LT El A

Fig.12 Distribution of common points based on optimization model
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Table3 Transfer station relationship and public point correspondence

Stations Points
Tracker 0, 1 (A0,A1,A2,A3,A9,A10)
Tracker 0, 2 (A0,A1,A2,A3)
Tracker 0, 3 (A0,A11,A12,A13)
Tracker 2, 4 (A4, A5,A6,A7,A8)
Tracker 2, 5 (A4, A5, A6,AT7,AS)

Tracker 15 Theodolite 0,1,2,3 (A14,A15,A16,A17, A18, A19)

x4 BETFEFAENLX AR SLRSTHRUENNVERS

Table4 Public points based on traditional methods and measurable station codes

Point (X,Y,Z)/mm Stations Point (X,Y,Z)/mm Stations
(1573.664, 1664.933, Tracker 0, (1724.744, 249.330,
BO Tracker 2, 5
—2581.941) 1,2 —5044.699)
(364.250, —591.137, Tracker 2, (—11.912, —621.146,
Bl B11 Tracker 2, 4
1021.492) 4,5 1548.641)
(—51.742, —457.908, (—1490.812,1616.829,
B2 Tracker 2, 4 | B12 Tracker O, 3, 4
4780.036) —2635.441)
(783.761, —389.435, (159.189, —393.682,
B3 Tracker 2, 5| B13 Tracker 2, 4, 5
964.200) —1685.123)
(—810.293, —398.572, (—1661.629,209.898, )
B4 Tracker4, 5| Bl4 Tracker 0, 3; Theodolite 2, 3
1381.696) —4928.503)
(202.588, —443.914, (—320.275, —123.019, Tracker 0, 1, 3; Theodolite 2,
B5 Tracker 2 B15
3642.928) 3811.953) 3
(—384.015, 349.633, (1842.580, 73.403, )
B6 Tracker 4 B16 Tracker 0, 3; Theodolite 2, 3
2016.729) —915.609)
(—240.813, —567.812, (—1874.472, 48.679, )
B7 Tracker4, 5| B17 Tracker O, 1; Theodolite 0, 1
461.753) —1756.814)
(302.032, —488.453, (—3251.856, 17.794, Tracker 0, 1, 3; Theodolite O,
B8 Tracker 2, 4 | B18
—587.647) —2244.606) 1
(—22.760, 334.456, (2485.863, 97.144, Tracker O, 1, 3; Theodolite O,
B9 Tracker 0 B19
—2443.372) —1808.962) 1
() 2 e 2 3y 5 2 T 34 R BOTC T S8 R AR L I W A A el R AT
x5 AHBFIHRIFE
Table5 Supplement to public transfer stations
Point coordinates
Point Stations
X/mm Y/mm 7/mm
B20 Tracker 0, 1, 2 1481.341 —12.357 —72.866
B21 Tracker 1, 2 2472.631 19.468 —944.147
B22 Tracker 0, 1, 2 328.255 —74.511 3196.213

BT AL 58 5 T 0 L5 il 43 A AP 13 TR
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DA B die 22 ST 7 AN 0 (R 5E 3 O6 2 L 2 B R 70%%, Tracker0O 5 Tracker2 o fig £ AR O ), 28 %b
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Fig.13 Distribution of common points based on traditional methodological approaches
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Table6 Transit relationship and common point correspondence

Stations Points
Tracker 0, 1 (B0, B15, B17, B18, B19)
Tracker 0, 3 (B0, B12, B14, B15, B16)
Tracker 1, 2 (B0, B20, B21, B22)
4
5

Tracker 2, (B1, B2, B8, B11, B13)
Tracker 4, (B1, B4, B7, B13)
Tracker O; Theodolite 0, 1, 2, 3 (B14,BIS,B17, 818)

R B — i B Al S T T B SR RALANE B AT AR R AR AR AT o BE A AR B S O O
b B 20 AR R K B T S 2 G R A5 D BR L 5 IR R RO /N HL AT GRS BE SR 19 20 4> BV SR A R A
S JEXF L HEAT AT AR 0 8 |, A 15 7 58 0 i A bR SR sk AR5 A 3R 7 RO o

T 35 T e JO5UAL 53 A 5 0 R R 0% A B A il 0 3 SRR Tk B IR A v - C8, C9, C 15/ AE # 5l
UL, AN 2 2wl LR SR T LA s SO 17 AN SR B R R 2 W . ZR b, A I 5 AR 7 4 I s
55 TrackerO W bR E , B EE ST T 84N 3l F) 2 3 0 32, o WAL BT % 8 80 %6 o #H T Tracker2—Trackerd %% ¥
KRB A 24~ 55 (Trackerd \5) A3 ARG, HoA T ORUE £LALECEE AS 2352 W XF Lo i 2 F- 4, A
X 07 52 B 3 ) 368 b A5 S A JRE VR R L 6 TE T 00 ) eE, EL E  F T AT T0 sat k 1Y) Bl 0K

T AT A g I A R ) AR AR Al A S RO R T R A IR il 0 A AN L 14 s B il
it 26 5 0 07 1) A i B) 3 2L EG b s 9 i o

i b IEE AP IR A SCHR O A A B T R R I P 5K 100 %0, B E L TR SN L4
AT 1 (70960 ) Ko e I B 4 A 55 D0 et 45 B8 108 A s e i it 2 AUOE 6 D7 1 (8096 ), B i 17 2 3 2 i w5 A 152
Mo T 9 7E T U B il A 1 v SR 100 %6 2H I 1 A R o
312 AMBEEXLL S5

R FR G BT = 20N B i aSUA 5 T R X 2 DR A e, R R T R S R B oSUA SR O BRI AT T AR AR
fife B, JFF ] 22 2 G2 O3 [m) 0 S 37 05 3 V7 A5 28 40 0 DAk 1 0 S AR ol A AR AR S D AR AR BORE R . TR OT R
Sire S 80 0 s 57 AR B I 10 TR

il id 2% 10 5 A (8) T mT 45, 2 T JLHe ol mi A B AL 7 ¥ 19 RMSE aiion seran 79 0.055 mm , 2 T £ 48
J5 1 1Y RMSE suion ouerar M 0.084 mm, K T He A7 8 43 A 55 W0 820K B2 09 A 5 % ol a0 20 36 SO0 28 07 7 |y
RMSE uion soerer 2 0.065 mm, 2% 3515 AHXE T P9 A0 6 BB 77 3% (00KG B2 43 S B8 T 34 %6 R 15% . 254 3.1.1 4N
TE AR A3 T AT R, AR ST R 0 B kO 4 AN TR B i R AR A T R 2 B RO 5 1T X
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Table7 Coordinates of common transfer stations and corresponding station codes based on the '""method for optimizing

common points in coordinate transformation considering both location distribution and measurement accuracy"

Point (X,Y.,Z)/mm Stations Point (X,Y,Z)/mm Stations
(1633.071, 276.349,
CO (166.261, 301.208, 3041.774)  Tracker0, 1 C10 Tracker 2, 4
5109.840)
- Tracker O, (—1502.665, 1660.177,
Cl1 (251.259, —97.093, 3740.309) Cl11 Tracker 2, 4
1,2 —3004.364)
Tracker O, (1569.358, 1714.410,
C2 (311.642, 178.679, 1834.394) C12 Tracker 1, 2
1,2 —2948.772)
- ) (—151.780, —502.665, -
C3  (—227.573, 39.763, 3614.368) Tracker1l, 3 C13 Tracker 4, 5
4149.868)
(—308.498, 189.626, (—254.938, —462.712,
C4 Tracker 1, 3 Cl4 Tracker 4, 5
2544.343) 2990.352)
(—3271.918, —66.065,
C5 , Tracker 1,3 C15 (618.034, 2.054, 2354.396) Tracker 5
2097.511)
(—3049.891, —23.992, (—3135.681, —93.127,
C6 Tracker4, 5 C16 Tracker 0, 1
—2583.997) —2360.985)
(3335.491, 36.943, (1283.490, 166.106, Tracker 1; Theodolite 0, 1
C7 Tracker4, 5 C17
—1760.785) —4166.688) 2,3
, (3175.898, 83.192, ) (—1359.336, 135.084, Tracker 1; Theodolite 0, 1,
C8 Tracker 3 C18
2497.382) 4339.409) 2,3
(—1328.598, 226.004, (—55.489, —377.058, Tracker 1; Theodolite 0, 1,
C9 Tracker 1 C19
—5129.950) 5077.057) 2,3

K8 NHFIHRIFE
Table8 Supplement to public transfer stations

Point coordinates

Point Stations -

X/mm Y/mm 7/mm
C20 Tracker 2, 4 444.010 505.157 1653.358
Cc21 Tracker 2, 4 772.028 187.272 1958.484
C22 Tracker O; Theodolite 0,1,2,3 —1149.560 674.270 295.042

H ) g A7 ) A A R B Y S A U R iR 25 RIS, B S H S 2R 2 O 38 1 Xl Ak bR
KR 58 JLHE 5 AR A BE O 25 B X B, R G B R TS R A 15 7 SR 7F e 2 4L RS BE 1 A 25 5%, B0 ol A8 A
RMSE J il 3 % & RMSE % He 41 18 s o

Shy A PP AG A B Sl a5 A U T G A bR v RS B 25 R E AR AT T R T S A 3 S A Ak
J7 85 A B8 T7 1 LA A B A 5 0 SRS R 1 Al B 3l A 3 R Tk BT AR B N L A R T R
FE S FE G 3l A5 A bR B B R AR B 3 RMISE 48 b5 L (%) 30, PP Al L AL RS 8 25 5 o — P A Js O SR 11 22 4k
T e B8 S i 22 ¥ 7 B AN 3R 11 s

F11 =ZMHERARMA LB ST ELIRRBETNIER

Tablell Adjusted coordinates and accuracy evaluation indicators for public transfer stations with three layout modes

Opitimize method Traditional method Distribution— Precision method
_ RMSE / , RMSE / , , -
Point (X,Y,Z)/mm Point (X,Y,Z)/mm Point (X,Y,Z)/mm RMSE / mm
mm mm
(—515.339, (1072.767, (1711.50,
A0 3583.839, 0.041 BO 8582.895, 0.085 COo —2099.23, 0.060
—2101.367) —935.859) 2538.31)
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Opitimize method

Traditional method

Distribution— Precision method

Al

A2

A3

Ad

A5

A6

A7

A8

A9

A10

All

Al2

Al13

Al4

Al5

(—348.756,
1634.260,
—2553.127)
(—308.376,
2507.520,
—2772.995)

(315.716, 183.111,
1738.653)

(—72.189,
5320.445,
—3169.321)
(—1027.818,
5981.107,
—3121.343)
(2750.959,
8245.551,
—2583.001)
(—3350.289,
8693.261,
—2653.298)
(—118.330,
8578.514,
—2838.468)
(—238.692,
3494.040,
—2386.728)
(166.559,
4278.001,
—2660.624)
(—730.141,
1414.595,
—2868.870)
(—774.416,
3038.151,
—2380.822)
(—1240.560,
4564.587,
—2660.515)
(1616.710,
7341.160,
—2507.879)
(2113.357,
8456.772,
—2486.608)

0.046

0.054

0.037

0.052

0.039

0.043

0.031

0.042

0.037

0.049

0.033

0.038

0.029

0.064

0.043

Bl

B2

B3

B4

B7

B8

B10

B11

B12

B13

B14

B15

B16

B17

B18

(—136.637,
4979.454,
—3191.923)
(—552.627,
1220.922,
—3058.695)
(282.874,
5036.756,
—2990.213)
(—1311.184,
4619.261,
—2999.363)
(—741.702,
5539.209,
—3168.599)
(—198.857,
6588.596,
—3089.239)
(1223.841,
11045.652,
—2351.458)
(—512.796,
4452.308,
—3221.927)
(—1991.697,
8636.391,
—983.964)
(—341.710,
7686.072,
—2994.472)
(—2162.510,
10929.450,
—2390.895)
(—821.160,
2189.001,
—2723.797)
(1341.685,
6916.555,
—2527.386)
(—2375.360,
7757.767,
—2552.113)
(2750.955,
8245.556,
—2583.101)

0.067

0.075

0.088

0.087

0.073

0.056

0.067

0.046

0.084

0.048

0.068

0.078

0.055

0.083

0.053

Cl

C2

C3

C4

C6

C10

Cl1

C16

C18

(1364.42,
—2497.55,
—1926.20)

(2546.64,
—2221.72,
—3422.46)

(1054.41,
—2360.60,
—2312.28)

(1625.84,
—2210.85,
—3220.52)

(2004.74,
—2466.57,
—8714.65)

(247251,
—2424.44,
—8973.63)

(7115.80,
—2363.51,

(5370.65,
—2174.47,
—9996.35)

(773942,
—2124.12,
—8218.51)

(796.81,
—2903.17,
—1836.71)

(1403.53,
—2863.14,
—2830.17)

(2483.61,
—2432.52,

2822.16)

(2270.96,
—2493.59,
—8845.47)

(6897.41,
—2234.35,
—7668.30)

0.058

0.064

0.071

0.072

0.063

0.049

0.058

0.048

0.070

0.068

0.059

0.068

0.048

0.050

0.046
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Opitimize method

Traditional method

Distribution— Precision method

(—188.126, (1984.966, (322.68,
Al6 7907.970, 0.061 B19 7809.914, 0.058 C19 —2777.50, 0.045
—2205.120) —2503.646) —1034.18)
(—1364.400, (980.449, (2760.72,
Al7 7755.612, 0.062 B20 6073.811, 0.077 C20 —2905.59, 0.067
—2437.523) —2613.133) —3489.18)
(—1374.841, (1971.742, (1601.65,
A1l8 6747.782, 0.056 B21 6945.095, 0.043 Cc21 —2587.74, 0.037
—2488.334) —2581.323) —3967.27)
(—450.559, (—172.643, (2287.67,
A19 6360.673, 0.058 B22 2804.745, 0.045 Cc22 —1726.11, 0.039
—2248.803) —2675.295) —5528.98)
x Tracker5
W14 ETFERMBEL>AGMNEBE oy LAaRsss B R E" WALEEA0F

Fig.14 Distribution of public transfer stations based on the "optimization method for selecting common points for coordinate trans-

fer stations, considering both location distribution and measurement accuracy”

x9 HIXFSRHAREI I E

Table9 Transit relationship and common point correspondence

Stations Points
Tracker 0, 1 (co,C1,C2,C16)
Tracker 1, 2 (C1,C2,C12)
Tracker 1, 3 (CS, C4, CS)
Tracker 2, 4 (c10, C11, €20, C21)
Tracker 4, 5 (C6,C7,C13,C14)

Tracker O; Theodolite 0, 1, 2, 3

(€17, €18, C19, C22)

a2 11 5 AR () ATk, 5k T 48 I il f A A5 1 12 19 RMSE, v M 0.46 mm , 56 T4 58 )5 5 1
RMSE,, 28 0.68 mm , & F 3 B {37 & 43 A7 5 000 K5 19 A8 B B 3
0.059 mm , A% 35 i HH G P b Xt R O 1k B RS BE 43 AR T 3296 TN 2290 o 43 AT = R AN 2 Sl A A SR RS B

N

oA Ik

NN

225 G 1O S ol m AR AN [ AN 06 5 B2 DX 1] 14 i 20 A, S R AN AT 16 BT

FE I A S )Y BN, RO S AR il a5 O AR AT BE T vk B 2 IR Sl A W e B X TE) ) A Ak T
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Tablel0 Adjusted coordinates and accuracy evaluation indicators for survey stations with three layout methods

Instrument Opitimize method Traditional method Distribution— Precision method
station co- ETTuion Erruion ) Errion
) (X,Y,Z)/mm (X,Y,Z)/mm (X,Y,Z)/mm
orinates / mm / mm / mm
(3300.179, 5500.792, (3300.114, 5500.720, (3300.187, 5500.722,
Trackerl 0.047 0.057 0.054
0.118) 0.229) 0.173)
(4099.930, 4400.647, (4099.923, 4400.606, (4099.902, 4400.693,
Tracker2 0.052 0.063 0.063
—4201.152) —4201.121) —4201.109)
(—4301.747, 5500.603, (—4301.732, 5500.629, (—4301.791, 5500.609,
Tracker3 0.048 0.078 0.066
—0.485) —0.493) —0.444)
(—5001.739, 4400.653, (—5001.729, 4400.602, (—5001.791, 4400.618,
Tracker4 0.064 0.097 0.072
—4201.168) —4201.093) 4201.155)
(—500.843, 12001.262, (—500.859, 12001.248, (—500.839, 12001.274,
Tracker5 0.063 0.112 0.081
—4201.156) —4201.173) —4201.196)
. (4599.122, 1500.949, (4599.115, 1500.979, (4599.109, 1500.971,
Theodolite0 0.057 0.089 0.063
—600.717) —600.703) 600.722)
) (4999.516, 7501.190, (4999.390, 7501.143, (4999.414, 7501.119,
Theodolitel 0.058 0.082 0.061
—700.131) —700.079) —700.086)
) (—5000.823, 9501.002, (—5000.852, 9500.939, (—5000.801, 9501.016,
Theodolite2 0.054 0.087 0.064
—800.763) —801.874) —800.814)
) (—5300.852, 3500.973, (—5300.876, 3500.921, (—5300.875, 3500.955,
Theodolite3 0.053 0.084 0.060
—700.727) —700.712) 700.765)

0.12

—e— Traditional method
0.11 —&— Distribution-Precision method
—#— Opitimize method

0.10 -

0.08 -

0.07 -

RMSE/mm

0.05 -

003 1 1 1 1 1 1 1 1 1 1
Trackerl Tracker2 Tracker3 Tracker4 TrackerS TheoO  Theol  Theo2  Theo3  Overall

Instrument station coorinates

B 15 il 3k & A7 RMSE 7t 1
Fig.15 Comparison of station coordinates RMSE
[0.025, 0.065), Ifii & FH A% Gt 75 7 00 2 2 3l s AN 7 B2 X 43 A b 7 [ 0.035, 0.095), R F e iAo & 43 1 5
SR BE 1) Al b 5 dnly o502 S AOOR 35 5 vk 9 A B 2 B2 DX ) 43 A Ak 1 [ 0.035, 0.075 ). S2 50 25 R 58 4 ik 1 2%
A iy 5O A A 152 A a5 2 BR AR B R B AR 0 TE W 5 A Rt
3.2 A BiE
R B IE AR S5 vk B TR R L AR SE 29 10m X 5m X 3m i 55 TKHLSE BR 2 e B3 0 451, 5 T © %60 00 3 A
A BN FE G A I UEAS S VA E B TOL R & M. 2 RGN R 4 /5 TM6100A HLF4
G5 16 ATS600 #'6 BRER AL (135 6 4~ 3t 37 ) , 4 20 1l 10 A 1000 gk 3l 437, ) 5 40 28 3 7 A B AN 26 12 FF /R
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Traditional method
8 Opitimize method
Distribution-Precision method

6 6 6

Point number
S = N W K U AN 9 0 O
1

3
oL 2
I 1 T
0ol,10 |_. A ! Q Q 0 9 0

[0.025,0.035)  [0.035,0.045) [0.045,0.055) [0.055,0.065) [0.065,0.075) [0.075,0.085) [0.085,0.095)

Distribution of uncertainty intervals

B 16 o34 3k 5 445 RMSE {1k
Fig.16 Comparison of RMSE of public transfer station coordinates

Fie 5 2 T3 I AR e B 20 S8 JE G ol o5 AR BR AN R 13 T/ o
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Tablel2 Measurement station coordinates

Instrument station coordinates X/mm Y /mm 7/mm
TrackO 300.247 2400.452 6100.359
Trackl 3600.344 2600.664 —300.021
Track2 4200.254 —1100.515 900.482
Track3 3600.254 2600.515 300.482
Track4 —4300.197 —1300.697 900.857
Track5 —50.762 —1200.341 —5800.379

Theodolite0 —4800.352 1900.272 4400.627
Theodolitel 4900.282 2000.862 1700.773
Theodolite2 4800.341 1900.973 2200.572
Theodolite3 4900.282 2000.862 —3500.683

B AR BE AR RHLER AR IC i, R AU S8, B 8 H A 28 IR o ) e Y, B il 5 AR 5 o S Al a0
IO 5% 2R W3 14 7%, e T AR SO 32 09 2 I Je ol ) AR B0 05 58 A0 1 UL I PP B S8 BT 4 10 A0k iy £ I 3
He SEBL T 10000 B9 UL M R

X2 FE B il AT B A T7 Y 19 20 A R s S vl R AT A OOKS JRE il SR, DNt o 22 AL B RO BE A AR R
15 7R, 28 L5k il 3 22 AR s RO BE AN 35 16 T 7

BE TN JL B il )5 AT B AR T 1k Y UL A SR A S B TR P A R 33 RMSE 2 0.078 mm, 3 K 4 3L 4%
i 5 RMSE 2 0.071 mm , 2% 75 2 80 08 BT A7 i A2 4k T 22 I ol S 00 D30, A0 2 1 i ~F 10 19 2 o I 45, O R AIE T
2 Z G b [ I 2 37 11 2H RS E
4 i

AR SCBF N I 3 B E B TR T, 22 AR S8 B[] I 45 37 vp 2% S B il ORI N T 2 8 P A R S B
R BEAN Y RCRARTT (R, 42 0 7 — R A IR ol A B A U7 ik o B M 2 R G ARG — B S T
NG s FE MR [ 51 A BRURCRURR BR 505 i M TR R A Sk 5 2 ul LA IX e, R AR R AL DT ik
A T AR T A 2 R YR 22 BB G SR R IR O B HE AT N B L AL B 1, e T8 B G R
BORM M A IR w4

VA ARSI 3 A B, o BT I T 05 B A S S Rk . DURE QAT AR A X R 5 KL e 2 0 T
M PEIRET T X 1A SCOO7 ¥k S AL G Y A BT HA IR i 0 A 5 I A JEE ) A R Al o S S 1 T
LT RE . 25 R A SO AL R R K 100 %0, I 3 4 1A 84 T R AR 22 0 0.055 mm 23 5 U 5
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Tablel3 Coordinates of public transfer stations and corresponding station codes

Point (X,Y,Z)/mm Stations Point (X,Y,Z)/mm Stations
Tracker O,
PO (711.827, 19.085, 1206.807) s P10 (283.056, 182.804, 2300.135) Tracker 0, 2
(—808.585, —101.214, Tracker O, ,
P1 P11 (88.557, —489.773, —628.350) Tracker 2, 4, 5
1563.812) 1,3
Tracker O, (—2038.035, —95.084,
P2 (1768.616, —31.582, —321.235) P12 Tracker 2, 4, 5
1,2 —1404.644)
Tracker 0,
P3  (937.887, —235.249, 1684.045) Lo P13 (1837.995, —4.113, —1838.437) Tracker 2, 4, 5
(—2380.905, —74.524, Tracker O, (—531.138, —417.939,
P4 P14 Tracker 4, 5
—1007.668) 3,4 —1389.338)
- - Tracker O, - Tracker 3; Theodolite
P5 (—859.431, —277.337, 482.553) - P15  (—380.360,131.754,1334.297) 01
(—430.091, —193.378, Tracker 0, Tracker 3; Theodolite
P6 P16 (—693.308, 148.646, —117.651)
3382.710) 3,4 0,1
(—194.378, —295.175, - Tracker 3; Theodolite
P7 Tracker 0, 4 P17 (—56.612, 352.679, 460.756)
4712.894) 0,1
Tracker 1; Theodolite
P8 (—225.137,184.432, 3293.822)  Tracker 0,4 P18 (1111.258, 115.511, —1173.516) -
, 3
) (1516.371, 1540.677, Tracker 1; Theodolite
P9 (288.325, —185.346, 3856.021)  Tracker0, 2 P19
—2963.541) 2,3

F14 MEBuEE X RE AL QX

Tablel4 The transfer relationship between measurement stations corresponds to the public transfer points

Stations Points
Tracker O, 1 (PO, P1, P2, P3)
Tracker O, 2 (P2, P3, P9, P10)
Tracker O, 3 (PO, P1, P4, P5, P6)
Tracker O, 4 (P4, P5, P6, P7, P8)
Tracker4, 5 (P11, P12, P13, P14)
Tracker O; Theodolite 0,1,2,3 (P15, P16, P17, P18, P19)

F15 Muh FELRREEITNIER

Tablel5 Transit relationship and common point correspondence

Instrument station coorinates (X,Y,Z)/mm Err ., / mm
Trackerl (6459.82, 200.24, —3181.95) 0.070
Tracker2 (6228.08, —3500.97, —1860.13) 0.065
Tracker3 (671.88, 200.03, —7464.46) 0.087
Trackerd (—524.90, —3701.11, —6956.51) 0.086
Tracker5 (6956.32, —4000.77, —9905.79) 0.078

Theodolite0 (—3089.11, —499.72, —4400.23) 0.081
Theodolitel (780.84, —600.19, —9126.84) 0.082
Theodolite2 (5936.94, —499.57, —458.15) 0.078
Theodolite3 (9408.72, —399.57, —4981.69) 0.073

PRI TR 25 0.046 mm , AL G2 J5 vk 43 3 T+ 24 3406 5 32 % , B A UAE B 43 A 5 D RS B A A A B
NI T L AR T 15040 5 2206 0 LAKE KL BRAEC B3 19 22 22 48 0[] 30 4 373 0y o R 847 S5 491
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Tablel6 Adjusted coordinates and accuracy evaluation indicators for public transfer stations

Point (X,Y,Z)/mm RMSE / mm  Point (X,Y,Z)/mm RMSE / mm
PO (3241.68, —2381.38, —3688.87) 0.063 P10 (2246.65, —2217.67, —3065.01) 0.074
P1 (1807.09, —5021.62, —4306.22) 0.070 P11 (3832.12, —2890.25, —5534.76) 0.050
P2 (4999.96, —2432.03, —4288.58) 0.082 P12 (2584.42, —2495.56, —7423.71) 0.057
P3 (3139.45, —2635.71, —3170.71) 0.056 P13 (5958.26, —2396.38, —5466.97) 0.045
P4 (2072.74, —2474.96, —7308.66) 0.079 P14 (3786.68, —2818.31, —6515.12) 0.097
P5 (2409.33, —2677.79, —5205.64) 0.058 P15 (2287.82, —2268.67, —4236.06) 0.065
P6 (1029.41, —2593.80, —2618.91) 0.065 P16 (2899.97, —2251.85, —5589.35) 0.092
P7 (427.67, —2695.61, —1409.45) 0.047 P17 (3067.60, —2047.72, —4745.61) 0.093
P8 (1247.08, —2216.09, —2568.53) 0.064 P18 (4978.54, —2284.90, —5364.77) 0.085
P9 (1325.39, —2585.78, —1811.16) 0.056 P19 (6368.95, —859.74, —6562.69) 0.088
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Research on the optimization method for the layout of public transfer
stations in multi-system collaborative measurement fields

LIN Xuezhu, DONG lJiyu, GUO Lili, LI Lijuan

(Fundamental Science and Technology Center of Aerospace Vehicle Structures Inspection and Evaluation ,College of
Optoelectronic Engineering , Changchun University of Science and Technology , Changchun 130022, China)

Abstract: In the domain of high—end precision equipment manufacturing and the assembly of large—scale
components, such as large machinery and complex opto—mechanical systems, the multi-system
collaborative measurement field has emerged as an advanced methodology. By integrating diverse
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measurement instruments (e.g., laser trackers, electronic theodolites) for coordinated data acquisition and
fusion, it offers extensive spatial coverage, high precision, and enhanced efficiency, providing critical
measurement support throughout the manufacturing process. The core challenge lies in achieving precise
spatial coordinate unification among these heterogeneous systems, which differ significantly in
measurement principles, error sources, and coverage capabilities. The spatial distribution of public transfer
stations, which serve as common reference points for coordinate transformation between different
instrument stations and systems, is pivotal for ensuring transformation accuracy, improving network
efficiency, and enhancing overall measurement field stability. However, current practices predominantly
rely on manual, experience-based placement of these stations, guided by principles of uniform distribution
over the component’s surface. This approach often neglects critical constraints such as line-of-sight
visibility under complex tooling occlusions, the redundancy of multi-station observations, and the
propagation of measurement uncertainties. Consequently, it frequently leads to suboptimal point selection,
necessitating repeated on-site adjustments, compromising measurement efficiency, and ultimately
degrading the accuracy and robustness of the coordinate transformation. Therefore, there is a pressing need
for a systematic, optimization—driven methodology for deploying public transfer stations within a pre—
planned multi-system measurement network to maximize data fusion precision. To address this gap, this
paper proposes a comprehensive optimization method for the placement of public transfer stations in multi—
system collaborative measurement fields. The methodology unfolds in several interconnected stages. First,
a unified coordinate transformation model and a corresponding accuracy evaluation model for the multi—
system measurement field are established. The transformation model employs a weighted least-squares
approach to solve for optimal rotation and translation parameters between local and global coordinate
systems, while the evaluation model defines overall root mean square error (RMSE) metrics for both
instrument stations and public points to quantify network precision. Second, an optimization model for
station placement is constructed, focusing on two core functionalities: visibility determination and
uncertainty—based optimization. For visibility, the Hidden Point Removal (HPR) algorithm is introduced
to accurately determine the visible region on the target component from each individual station, accounting
for occlusions from tooling and fixtures. Subsequently, a geometric tolerance method is applied to intersect
these individual visible regions, identifying common-view areas observable by multiple stations
simultaneously, thereby ensuring necessary observational redundancy for public points. Third, candidate
points within the common-view areas are generated via voxel-based down-sampling to reduce
computational load. Then, a Monte Carlo simulation is employed for uncertainty analysis. Distinct error
models for the laser tracker (incorporating distance and angular errors) and the electronic theodolite
(incorporating instrument and sighting errors) are used to predict the three-dimensional measurement
uncertainty for each candidate point. Finally, differential accuracy thresholds are applied to filter the
candidate set, yielding an optimal collection of public transfer stations that satisfy both visibility and
precision requirements. The effectiveness of the proposed method is rigorously validated through a detailed
simulation experiment centered on a large aircraft model (10m>X5mX3m) within a measurement volume
of 12m X 9mX4m, featuring complex tooling occlusions. The collaborative network comprised six laser
tracker stations and four electronic theodolite stations. The results demonstrated significant advantages over
traditional empirical placement. Regarding deployment efficiency and reliability, the proposed method
achieved a 100% first-attempt network success rate, meaning all ten stations were successfully integrated
into a unified network with sufficient ( ==3) common points between necessary station pairs without
requiring supplementary points. In contrast, the traditional method only achieved a 70% success rate
initially, necessitating additional point placement to complete the network. More importantly, in terms of
measurement accuracy, the optimized layout yielded a station overall RMSE of 0.055 mm and a public
transfer station overall RMSE of 0.046 mm. These figures represent a substantial improvement of
approximately 34% and 32% , respectively, compared to the traditional method's station overall RMSE of
0.084 mm and public point overall RMSE of 0.068 mm. Analysis revealed that the optimized points were
concentrated in key structural areas (fuselage, wings, empennage) and exhibited a tighter, superior
distribution of coordinate uncertainty. The method effectively suppressed error accumulation, which was
more pronounced in the traditional scheme due to longer chains of coordinate transformations. In
conclusion, this research presents a novel and systematic optimization methodology for deploying public
transfer stations in multi-system collaborative measurement fields with predetermined instrument stations.
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By integrating a visibility analysis framework based on the HPR algorithm and multi—station common-view
intersection with a precision optimization module based on system-specific error modeling and Monte Carlo
uncertainty analysis, the method overcomes the limitations of experience-based placement. The
experimental results on a complex aircraft model confirm that the proposed approach not only significantly
enhances the efficiency and reliability of the initial network establishment but also delivers markedly
superior coordinate unification accuracy for both the instrument stations and the public points themselves.
This study provides a robust theoretical foundation and a practical solution for constructing high—precision,
stable, and efficient multi-system collaborative measurement networks, especially in environments
characterized by significant occlusions. It offers valuable guidance for practical engineering applications in
the precision manufacturing and assembly of large—scale components.
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optimization; multi-system
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