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Abstract: Combining global positioning tracking with terminal measurement effectively addresses the
overall measurement of large workpieces. The key to accuracy in this system is the transformation from the
terminal to the target coordinate system. This paper introduces existing common feature points to calibrate
the transit pose and addresses their station position constraints. To overcome these challenges, we propose
a new multi-position coupled transit calibration method that eases global measurement system and feature
point positioning requirements by using transit pose coupling with multiple targets to form equations for so-
lutions. A multi-position coupled multi-point transit calibration method is also introduced to enhance pose

solution stability and reduce calibration errors by coupling local feature points with the pose solution. Ex-

W is B H#A : 2024-05-22; 81T H #§ : 2024-06-18.
H4WB . BEE SV AT EEH B (No. 2021 YFB3401704) 5 B 5 23 it R 2 0F 55 2E BHBF 5 52 B A1 397 3 R %
B3 H (No. xexjh20230512) ; [ 5% B 4R B2 5 4 % B 5 H (No. 52305582)



o517 1

AT, 45 < T 1] 26 O 2 SRR 0 4 1) 25 057 28 5 v B b 2687

periments comparing the methods demonstrate that the proposed multi-position and multi-point coupling

transfer calibration method enhances stability and reduces the average measurement error by 10.13%, con-

firming its effectiveness.

Key words: combined measurement; transfer pose calibration; matrix conversion; multi-position cou-

pling

1 7]

Uu\:

it 2 3 R ) R R R AL s A ) RS
el R R 5 A A R B A R SR A R e
30 X 0 R S AR T R A Bk
FUHI, OB = 40 ity v M R 5 B AR E
GPSUGPS) &4 . = Ar bRl EHL(CMM) AT
TR AE BRI, RS I A S Y
i B4 TRT B2 A X DA AR R A s 0 0 i
SR A D Dk ik ORUST e R R U Y
FB, KRB TR FE AT e 5 20, %
by % BV I T A 25 0 52 2 M R O B Y
S . P, TEvE — IR 58 LR R A 9 A A
PERE, T T AN TR AT SRS R ik
B D42 B — Ak

T, 50 A B8 T VF 2 A RO P
(5 7 o AR — R Ak R A
Ul A GE A KRR 2 TR) A bR 41 A I i R 40, R
R A 0 o 7, S AT A I A s TR AR A
T 2 B i O, R AR B RCR R
Besic¢ %57 H] F = A 5 W5 HL(CMM) #5 28 30k
FREA, AR BRI 2 1 b A9 A8 AR, AL CMM
v RGN R RS DR DU RS R LB
I 32 BT A ROE 0 E 5, JE R AE Tl 3L
Yy 8 P AT R LA . Zhao VR A 3t
ST VA AR R G BEAT AR AR G — 1% T I
o BEE T A 3 TR U A N ARG W A AR FE
B, HL 32 A TR 28 kR i B . P A
2 7 ) AR 0 A% 0 T DAREFE O 4 R
Jey 8 I A R G b R 3 3 AR Ay o Ol TR IE
I 2R G 0O ORG B 5 R R L BR T T R i U
R G A R B bR E AN, IR A5 A T
R G Z ) i G S e wh R AR R R

T E A B ER R L T R AR A A
FHef A A b 4 1k BF B o BRIESE AR I T
— il N7 R B AR R A B4 2R O B F 5
5 RAELWOL AR R T B br i BR B IL ) 2 =
Bl SR b B 0 5 R WO BRI IR A bR S
4Ry M bR R BEAT B8 — o Jiang SRT R R
LER R PU /AR I TR AL AR £ VA S VA
P 2% I AR 48 22 [ B O R dE 4 — B
AR &R o ZIT R T g DAY fiE S
P, B2 v B A s G AR P A T il S ) 24 ) R
B Ty R R R I RS T

BEXFE A PR AR E TR R AR SCHES T
— T 2 L LR S T A s SRR D 3k R T JR
IR GAEZ LT B R R AR A 0 P A R
B R B PR Z AR B A P AC
Pyt Oy R AL BEATOR A o 7R R A B —Fh 2
1028 22 )M T B A E 1, B 20 SR TR R AiE ]
I 15 (07 AT R A SR, PR IE T 0 SR i B AR
P I SRk R 22 B/ o

2 NEAFAE B P AR

Oy MR AR b B b 2 R P R B A A AL
VAL S 1 Pl R A VA S E L
WA R b AN 1R

EE 1(a) L, { Oy ) N JLRFAE S4B &R
{Ow ) /N I I & R 48 T AL AR & { Oy )
Sy G RS AR AR R L Oce ) R R 4 Jmy R 5 R
4 (Global Coordinate System, GCS) . H v, 2
HARRAE b Bl 8] 2 128 ORGSR T, /)
W37 5 M &R 48 (Local Coordinate System,
LCS) [ & THe ok B it 0y h 55 80 bR |, b 5% 38 bR
CEAE GCSHi o MY, M, Mcc, Mo 73 3 3R R
F{OwFH{ O} A O FI{ O} { O 1 B { Oce }s



2688 b=

32 %

EAss
Global tracking system QQ
Transit target @ )

(a) FRE [F R AR AY

(a) Schematic model of the calibration principle

FIT o SR AT A5 b e (07 28 o i i 3R

Fig.1 Schematic diagram of common calibration board

{Ow B Oce ) 2 1) B 6 00 006 B o AR i P 5 A A
R R (K 1(b)), il 55 .
P,=MJ.-P
Po=MdcMi" M Py
H:Po H{ O} FI AR, Py M {Ow) T
MARFR . A1) A4S
MY Py=M_ M M «Py. (2)
#E%E%E%fr%m% P, ALK b
=M ) "M (M), (3)
Hod s MR SRR B AR, MY M, M T L
) = 2 WA A R i T A5 . BRI MR g, AT
DL LCS B H H#E 28 LR AR A5 = 2 [0
AR B O} TS IE N P=

(1)

(2, y52) (i =

1,2,-n), £ {Ow} T W H L SN Q=
(xl, vyl 2 G=1,2,n), M ERN:
R 1%
MW‘_( LC L(). (4)
Clos 1

DL 4 5 it 25 o0 fe /N H AR bR
L/

(R, t'c )=
argmin{i”Pi (Ric+Q:+ tic )||} (5)
=

R A S A6 2 kT R 2 8 RY R G
A, 0 A% WL A AT A AR I A A s ) O A TR

er.c l M()‘é

OGC

(b) BFRRFEHE R

(b) Coordinate system transformation relation

BB PQ:

—_

=P

Q:;;

I RN R TV AR R R R S DR
1 22 {8 «

3

(6)

P/=P,—P
(7)

Q=Q —Q

1 37 28 (5) ~3 (7)1 il B -
R?ﬁf:argmin{iﬂ P/— R - L(8)

B (8) e A HJH %
HziP/-(Q,-’)“‘. (9)

X B H R AT 25 S8 o0 i
H=U-X-V". (10)
EREHER=V-U", i T RWATHESE 5
FEFE R AT E . M det(R)=1H,R
R B RN =V U"; Y det(R)=—1
B, T B VA i — ) n B, A
V,:(Ul, Vay — ) Jr"J RT V'e UT >R ILH RIW(

}: DL ok T—tikﬁgt[(
tu‘:P_RKV(‘,'Q~ (11)



o517 1

WA I, 55 2 T ) 4 A G o BRI B Y 2 KA TR b e 2689

Z AT A B M, [F BT 3RS M e Mo AR
P C3), BIATSKR A th M ¢

o TP R G AR, B R E A
R AE SR I E PR R G S Y, A 3
PR AIE R 38 00 B 32 B B R R BRI, = L B
AFAE AL 2 o v B o R B2 I 428 i 02 2 )
AN [T AN [5] b G7  40 7 fie DG 0 s L, A

. °
Global tracking system  Transit target » stands®
L]

(2) PRE [F PR A Y

(a) Schematic model of calibration principle

Local measuring system

%,
3 Sk AhPHAELE

Bt F 2 LR AR v B A S I R A A B
S 1) 249 [0, AR SO S 1 — b 20 M S P e A
SE SR AR5 2, BN A 2 R

Oy
M&(l}/ I <W:Vé{n}

WUI IO$
]| eee | ]
n stands

o
o Jo b
T \ > /1:}
M ac”
0(,]C

(b) BFRRFEHE R

(b) Coordinate system transformation relation

K2 A0 e bR

Fig. 2 Schematic diagram of multi-position combination transit pose calibration

B, 2 SEARAE A1 8 $25, LCS 7 GCS
i BP0 R AR ARG, GCS [ T
Yy, BRSSP R AR AR HE T SR RRAE SRR
T, GCS TC 7 ) B R AF 1, = H AR KR
WIS, BT T —d bR R R, (D)
e /> 2 R R AT AE T 95 2 fif o

NP — ] B, A SRR A B A AR
n A A AT 00 SRR A T O B AR R
FFAE B — 5 Py 7E{ O} FiE R Po, i F GCS
IR AIE A5 A0 M G 7 8 1 3, P oA — A 18] 5 {H .
FES i F AR IE S s Py TE{ O
A ARIE N PO EN{ O I B
MR IC O M R T R B AR A LCS W i
B Pl 5 MR A, B MY — AR AR
o MRAEE 2(b) B AR AR EE R OC R BT R

T .
M(,—;r(‘“>'M%(T'PIl‘:P(,;
M(;TL‘m}' 1CePl=P,
M(;rc{”)' 0P =P,

Horp s MR P R 8 E AR, A M BN b A
R A E R s T MO M Ry 4 X ARk
W AE B, PLAN P S N PLAT P 9 4 X 155 IR Ak
B, 7 B 2H R e R ME o A i DR X — (R A, G0 B 4
TN
RT‘“) tT~“>
MME[% M}
01><f>’ 1

M’[gtﬂ
0. 1

(13)



2690 e K TR 532 %

X ADMMAKT2) A 45 e
RZC“}.< IT‘("PI%“Ft%c)“Ft&j“}:P(; Ric ' Tle= || ARARK5) 15
g
R (RY PP+ 1)+ 2l W' =Py, .
. (14) rorors||a u Lo ik
ry 75 76’b+ v |— | Jo ky|e
Rgc{“)'(R!f‘C'Pff‘Ft'i"(")‘kt(;‘rc{”):PG r; rs 1ol Lcl w i3 Js ks
Horp o RO RY S 30X 3 Y AT 3 T B A B B [e]
Uy P R 3X T s AR S 2de ' A e o 3 X THF- yi=—|f (16)
F o] &, KA 5 A I AR A S — e T AR z L8
Ri Pt = Ric "+Po=—Ric "etoe. (15) 5 (16) 17 91 5 8 I 7] LA 1)
A " ary+br,+crstu—ix —jiy—khr=—e
A EopLC LC__ —
75'%%HERT Ty s Teplr |:U]’P(J ar4+br;+cr6+‘v—izl‘_jzy_kzz:_f .
uY
r Ts Ty ar; +brstorytw—ix — jsy — kir=—g
L 3
B “ (17)
yp 2B M R =i j. k|, PL=|0b]| P IR 0 B, B X (17) M R — A BT
Z ¢ =
s Js ks Tt
F ]
Ty
a b ¢ 0 0 1 0 0 ~h i TALH e
0 a b ¢ 0 01 0 —& —jo —hk|| [=—|/] (18)
0 0 a b ¢ 0 0 1 —iy —j, —k g
w
x
Y
L <
HoboRml1x3ma., HEfih &, id D= x e
a b ¢ 0 0

P,=|y]|, E*:Rgvil‘T(;T(‘: f ’fjt A 3 (18)
0 a b ¢ 0 D RXIME

z g
0 0 a b ¢ e

1 0 0O R
B, I=10 1 O|NBMHEK,R=Ri '= 0 1 R = (19)

0 0 1 P
.1 .1 kl .
n - u FRAE R (19) 45 B 125 50R K 812 B0 17 4
gkl RELESTE S 0l PE g h e TR AR T B
g ks " “ B, TR 0 AR R SS H 4 g A 7 B



o517 1

WA I, 55 2 T ) 4 A G o BRI B Y 2 KA TR b e 2691

Ar=b3Rf#, K A=[D" I —R ] K 3nX
R
ISHE RSB 2= ¢ | A 15 X TR Z
P
i, b= —FE, N 3n X 1HEMSEHEE.
BE— 2 % & T GCS MR fiF 5 2 5 [
FE YRR SUE GCS Mg 9 B JC E $4 i), nr X
FIH GCS Ky Pe, B — e P J7 #2 (15) iR
LA -
R P 4+t =R '(Ps—ti).  (20)
L G =Rl "(Po— i), ML (19) [F] # B
AL

(D zj.m_ G (21)

ALY IR R N R VAR S L € |
Ar=0b, P A=[D" I] R3nxX1200CMZ

zmm,x:mﬁ 12 % 1 #0015 5o L b=

G, 3an X 1B S EIE4
4 S0k % 54850 PiAR T

LCS (#3738 Bl /D, B A5 3R 00 K5 8 A vy
HFT 52 P58 T 10 PR AR 5/ = ) iR 22
525 Z ARPLIY F 4808 22 (M 22 ) BB Bl 22 (O
22V BR2E AR AR R -
RZC“"(R']&C (P!, P,

RLP(RYE[PE P

RL(RY [P P

X (26) AT DAAS 31— et 7 78
Ric+(RYE [P, P P48+ el =
[Poi Po -+ Po,].

(27)

E,=E.+E, (22)
HorpEp H LCS BRI iR 22 s ECN R IR 2
G, 2 E DN A AR v g 2 AR R — B O 22 IR
2R 5 Z G0 0 B RV R O EL b
BLRE 22 43 i, J 70 I 2 o 2 rh AS W] 000 19 1528 22
— B T AR A R A D BE LIRS . 2 E 4y
1 R K BEHL G 22 4 K ) T 0. Rtk , B AL
e 22 ] DU o 7E RS A0 T 2 E B I Ok T
T BN EL W 0, 8D

B(E)——SE =0 (23)

mi=
P BRSNS 5 P AT 2008 H G i bn
B, H AR E ME 32 LCS 78 53k 67 T I A5 1 X5 7 g
Pigszm , R4 (22) f(23) , o] L s 6
FIFH £ 88 Pl Pio- P, A G WD EBEHL R 22 1
%3'1@ ’é\P;ﬁ:P{ﬁ/+ Erk’k: 17 2’ e, Mo :/H\:EP ’
P& R R &, E, HBEPLR 22 00 i,
A
EP{;,CZZP[’:,/JrZEW (24)
=1 =1 =1
i (23) 715 .
> E,=mE(E,)=0. (25)
=1
Z 75 AT AN 43 B AL 158 22 4 £ ) 52

& TH 5 B 4K i B9 AR E M o K5 i% 07 vk i 2
A1)t — 453

Pll,m:l+t'lr‘u>+t(—;rc“>:|:P(;1 Pe, - P(_}m:l

Plz,m:l+t'llzc)‘kt(—;rc(ﬂ:[P(;l Pe - P(}m:l

(26)
PLIHe) o=
P27 T T A
2 RIi‘C'PLk‘F m 't%t - 2 R&; l.P(}k:
=1 k=1 (28)

—meRéc e tic.



2692 e A LR % 32 %
ay Xy, I(S{B_IJ/[E'I-E"/\@O K(ZS)JEBZF/J‘]
& Pu=|b.|sPex=|y:|, kE(1L,m), m H
Cp s
2
=1
(Eak)-rl—I—(Zb/\,)-rz-ﬂ—(z“)-rg—‘—m-u—[il Ji /elJ- Zyk =—m-e
k=1 k=1 k=1 k=1
<k
| i—1
Lk
k=1
( aL) r4+< b‘) r5+( cﬁ> re +m v*[zz Jo ,%2:| Ve|=—mef. (29)
k=1 k=1 1

B A E s, 4 A*(iak),B —

k=1 k=1
B E T RA
A" B C 0 0 m
0 A" B C 0 0
0 0 A" B C 0
q O i M A M B D=
A" B C 0 0
[ 0 A" B C 0 , =R
0 0 A" B C
(30) AT AR Ak H
R
(D m-I F}meﬁ (31)
P

MG (31) , F T AN [ 437 8 5t 7T LA A

HRAEAr=0bKfE , K PA=[D" mI —R ]
R

F3n X A5 EHSEMER o= ¢ [ M15X 11
1)

_7"1_
0 0 —h Th k" e
m 0 —i —j. —k u|l=—m-| /| (30)
0 m _i:s _j:s _ks 1Y 8

w

L P ]

KASHIE, b=—m-E, H3n X 1HWCHZS

5 SR5LRHA

5.1 AEXNERZEE

K3 2l & A e I i R g S g6 1 L %K
AL HOC IR RS A B (6D) &8 2% .

Horp O IR EEAE N R IR RS (GTS) , H
=Yk SR A S I SRS Y 15 pm 6 um/m,



o517 1

AT, 45 < T 1] 26 O 2 SRR 0 4 1) 25 057 28 5 v B b

2693

6D 1L IRAFAE N P E HUBR B € F LCS I, 3k S
GTS Z I8 By 5% e 6 &, HOZ B M0k R
0.03°, LCS FHEEH MW G 130 J7 1% % DMK

33GP1300 2 B TOlk AHAL AT P A~ 16 mm 85 3k 44 )i
By H I R G, LCS NANS 505 w48 2 80bn
ZERMFE 1R,

K1 LCSRZEMISHEMERY

Tab. 1

Internal and external parameters and distortion coefficients of LCS systems
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Tab.3 Results of multi-position single-point coupling and multi-position multi-point coupling

My R Ty /mm
[—0.4801 —0.1143 —0.8684] 79. 419
Single point solution 0.8748 —0.0560 —0.4786 —106. 34
| 0.0013 —0.9943  0.1319] | —258. 42
[—0.4808 —0.1157 —0.8691] 79. 746
Multipoint coupled solution 0.8756 —0.0618 —0.4761 —107. 53
| 0.0012 —0.9943  0.1314] | —258. 26
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