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Abstract: In response to the need for high-precision geometric feature measurement under complex inter-
visibility conditions in large-scale advanced precision manufacturing, a hidden-point coordinate measure-

ment method based on inertial-visual fused attitude estimation is proposed. The system architecture and
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measurement principles for hidden-point coordinate determination are analyzed, and Monte Carlo simula-
tions are conducted to identify the principal factors influencing measurement uncertainty. An attitude-fu-
sion approach employing spherical linear interpolation (slerp) for quaternions is introduced to optimize in-
terpolation paths during quaternion fusion, addressing challenges associated with attitude interpolation. On
this basis, an inertial - visual fused attitude estimation algorithm is developed. Calibration procedures for
the parameters of the hidden-point measurement system are then formulated. An experimental setup is im-
plemented to validate the effectiveness and reliability of the proposed method through parameter calibration
and hidden-point coordinate measurement experiments. Experimental results indicate that the repeated cali-
bration deviation of the coordinate transformation matrix remains below 0. 03°, and the repeated calibration
deviation of the structural parameter of the hidden-point target remains below 45 pm, confirming the stabil-
ity and reliability of the calibration procedures. Based on the calibration results, the inertial - visual fusion
method reduces the mean hidden-point coordinate measurement error by 60. 63% relative to the monocu-
lar-vision method, with the maximum spatial coordinate error kept within 130 pm over a 10 m range.
These findings demonstrate that the proposed method meets the geometric measurement requirements of
typical high-precision manufacturing environments and exhibits substantial practical potential.
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Fig. 7 Flowchart of inertial-visual fused attitude estimation algorithm
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Tab.1 Variance analysis of attitude measurement based

on calibration dataset

Error statistics Pitch Roll
Mean value/mm 0.004 7 0.019 8
Maximum value/mm 0.010 8 0.036 3
Standard deviation/mm 0.002 9 0.0120
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Tab. 2 Results of repeated calibration of parameter matrix

Yaw/(°)  Pitch/(°) Roll/(*)

1 —142.8249 0.0017

Experiment number

5222
—142.816 3 —0.002 7 5152

—142.8131 —0.014 2 5011

ol A W N
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0.

0.
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0.

Maximum absolute deviation 0.0145 0.0230 0279

S S5 SR W A5 UChE A 5 SR 1] fie K 45 X
2ZE{H R 0.027 9°, S WA SCHR 2 7 s B A R A 1Y
A I 7 VR BE A A5 2 1T 5 0 S 8008 B I
AR 455 R,

5.3 HIREHMSHIRELR

B A A N 45 F S B0 S I 2
P12 T 7, S 56 A7 38 O R B A8 P ORGSR
KT, S5 Ao B b E kA T [ A
ORI Sk BN A TR o X AR ST SR I S 5
B, ov Ml o BUE 43 514 0. 01°F1 0. 003 37,48 A X
(1) EIAE F F o FBUE 2 0. 9,

STLE AT

(1) 7 0 B B BR AN 24 4 m A [ 5 1 1 3k 0

Kl 12 RUAREEA 2 Kobs 52 9240

Fig. 12 Target structural parameters calibration experiment
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Tab.3 Results of target structural parameters calibration

Target structural pa-

Zo/mm "Jo/mm  1Z,/mm

rameter components

Experimental results —168.454 1 —224. 861 8 10.201 7
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Tab.4 Residual analysis of hidden point coordinate esti-

mation based on calibration dataset (mm)

Error statistics Residual error

Mean value 0.0630
Maximum value 0.1233
Standard deviation 0.0309
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Tab.5 Results of repeated calibration of target structural parameters

Experiment number 'Z,/mm 'Jo/mm '2,/mm

1 —168.454 1 —224.8618 10.2017

2 —168.4525 —224.8474 10.167 7
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Tab.6 Evaluation of hidden point coordinate measurement error

Inertial-visual fused method

Monocular vision method

Distance Mean value Maximum value Standard deviation Mean value Maximum value Standard deviation
fmm /mm /mm /mm /mm /mm /mm
3176.6196 0.0927 0.124 1 0.016 4 0.1639 0.2951 0.087 6
5249.100 3 0.069 3 0.1280 0.040 3 0.186 1 0.3116 0.087 2
11518.384 7 0.064 6 0.088 6 0.018 4 0.2256 0.3212 0.078 5

7 ST [i) R TN % 5 s o i ke C B 3 A Ok
FAF T R ILAT SRR B I oK R T —Fh
B TG LB R 5 8 2 A T A ISR AR o I
D51 o JE A A ST R A Al b N AR R ) 5 R
KL I AT T B PR R A R I 4 RO R E R Ok
P B T T SLERP A5 M - 40 00 il 345 2 il
S5k S T IR RS HObR E T ik B T
BT 7N R BE SO BR R R R AR )
SR E VR T 2 Kb RE S5 R A A
B SR T AR S RObR E T I A R AT
FEE, 58 R T R T AR SCREURE T I 8 7 % R JEE
fro MRYGARE LI LR, AR 2 G ) 2% I R A
B ZEZ5 DN - 2 — oM fn 22 ANl i 0..02°, Ak A
B A 2 RO B b e A OR R T A 22 A i
0.03% FE T R0 B b 45 40 2 b 5 B 45 1Y
W TR A 202 s SR A 5 22 - BB O 63 pm, 2549 2 580
b 45 2R H A MR 25 /0 T 45 pm, R AR SChR
J7 U T EEAE R, R Sy GO AT Al b i B 2 A e
BRI SR BB AL hm ) SE g A SR R B T
AG - A 5 Tl 8 25 Ak ) R A0 A M 2 T 9

K BE UL T B T R, AR AR I iR
AR T 60.63% , 76 10 m PN H5e 2 ] il
R 2E AN 130 pm , BENS i AL B RURE 25 T RE
Sy 2 LA R A R T

Ji S I e ) i e AR BRI 5T DL A A
G5 K T P R0 N 5 () 25 D R v U
S BObR A Ty i WS E R R A RS DT T D
T TR ARG R R B A
F 3 1Y 3 2% IMU 5 0 5 0 8 455 B 7y A3 3 9 Fic T
il 10 22 25 B0 Al B B vk IR AR 0 AE AL SRR AE A
o B P A A TR AR R T T AR

FE My R, SRR R B AT, %
M AR

FHFERE BIFHE ST

FR B WL M A R B A IR

FRE TR T, BT

B2 ks AR

FAT4E Y AR M RAL

BB AR

JA YR T R T AT T, b SF



3056 e K TR %5 33 %
SEHk: sion analysis based on sphere center fitting[J]. Infra-
red and Laser Engineering, 2024, 53 (11) : 130-
[1] XIONG Z, HE J, CHANG L K, et al. On-site ac-

[4]

(6]

[8]

curacy evaluation of laser tracking attitude measure-
ment system [J]. Optics Express, 2023, 31(22) :
37212-37228.

LA, A, B, F L RO LI R
G SRESNII]. AREREHE LR,
2015(4): 293-298.

YANG W H, LINJ R, GAO Y, ez al. Modeling
and error analysis of laser target pose measurement
system [J]. Nanotechnology and Precision Engi-
neering, 2015(4): 293-298. (in Chinese)

WANG L, WU X L., KANG Z, et al. Sequential
calibration of transmission ratios for joints of 6-DOF
serial industrial robots based on laser tracker[J]. In-
dustrial Robot: the International Journal of Robot-
ics Research and Application, 2023, 50 (6) :
993-999.

FER, REH, T, F.OOHLIANERE
WO BB A bR E Jr ik [T]. &osh Bk T2,
2024, 53(2): 25-32.

QIZHJ, ZHU D H, LUO T, et al. A high-preci-
sion self-calibration method for laser tracker without
common points [J]. Infrared and Laser Engineer-
ing, 2024, 53(2): 25-32. (in Chinese)
MURALIKRISHNAN B, PHILLIPS S, SAW-
YER D. Laser trackers for large-scale dimensional
metrology: a review [J].
2016, 44: 13-28.
MAISANO D A, MASTROGIACOMO L,
FRANCESCHINI F, ef a/. Dimensional measure-

Precision Engineering,

ments in the shipbuilding industry: on-site compari-
son of a state-of-the-art laser tracker, total station
and laser scanner [J].
2023, 17(3): 625-642.
LA . AT AATH R R E B RN F S
FHRID]. DL P RHR Y, 2016.

FAN Y Y. Spatial Coordinates Measurement for
Hidden Parts Based on Non-diffracting Beam[D].

Production Engineering,

Wuhan: Huazhong University of Science and Tech-
nology, 2016. (in Chinese)

TR, KRE, MkRE, F . BETHROME O
R B A g AR v R ) vk SR A L),
Sh5 gk A2, 2024, 53(11): 130-138.

DING K L, ZHANG X, HE ZH Q, et a/. Hidden

4r

point measurement method of laser tracker and preci-

[10]

[11]

[14]

[15]

[16]

138. (in Chinese)
LIU W L, OUYANG J F, QU X H, et al. Mis-
alignment error calibration of faro retro probe for la-
ser tracker system [J]. Chinese Optics Letters,
2007, 5(5): 281-283.

R, FRak, F o Leica AT960 OGBS AL
BB HT[T]. w4 3 22 43 &, 2020, 45(1) :
8-12.

XU Y M, ZHENG Q, GUAN X. Precision analy-
sis of leica AT960 absolute laser tracker[J]. Jowrnal
of Geomatics, 2020, 45(1): 8-12. (in Chinese)
A, SRBW, FF, F . OMOCHREAL T S HER
B L iR 2 AT R LT ], b ook A2,
2025, 54(5): 146-156.

CHENG ZH, QIU QF, L1Y, et al. Research on
the compensation method for positioning error of la-
ser tracker active aiming target [J]. Infrared and
Laser Engineering, 2025, 54 (5) : 146-156. (in
Chinese)

MA G L, ZHAO B, FAN Y Y. Non-diffracting
beam based probe technology for measuring coordi-
nates of hidden parts[J].
gineering, 2013, 51(5) : 585-591.

e, BE, 28, F. AT LEOLARE
G E B AR /NG B 4 3 1 7 g 7], A
Bk F R, 2024, 45(5): 188-196.

QIU Q F, CHENG ZH, GAO D D, et al. Re-

Optics and Lasers in En-

search on the small-range two-dimensional attitude
measurement method of tracked cooperative target
based on collimating laser [J]. Chinese Journal of
Scientific Instrument, 2024, 45(5) : 188-196. (in
Chinese)

GAO Y, LINJR, HEF Y, et al. A monocular
vision and inclinometer combined system for 6DOF
measurement of double shield TBM [J]. Sensors
and Actuators A : Physical, 2016, 249: 155-162.
REME, RZ, FRHE, F. T EPNPHEKN T
B RGERSLT]. aooh bk T2,
2019, 48(5): 190-195.

ZHANG H J, XIONG ZH, LAO D B, et al.
Monocular vision measurement system based on
EPNP algorithm[J]. Infrared and Laser Engineer-
ing, 2019, 48(5): 190-195. (in Chinese)

BEE, TR, FRBN, F . EBOCR G &
B R Pl b S R[] e M oA



%19 ]

M, A TR - R Rl 2 5 AR B P R e A1 o U

3057

lr‘Ei]'

2024, 32(7): 976-986.

GAO D D, DONG D F, QIU Q F, et al. Large
range automatic attitude measurement method for
laser tracking measurement [J]. Opt. Precision
Eng. , 2024, 32(7): 976-986. (in Chinese)
FT M . MEMS $5 b 35 4 & B PR & & 42 3% 2 4h
EFHARIDI]. MIREE : RRE LR, 2009.

HE K P. Parametric Identification and Error
Compensation of MEMS Inertial Sensors and IMU
[D]. Harbin:
2009. (in Chinese)

WRAE, AR AR, BAis, F . BT IMU Mz 35
B P9 R AL AR SRS A TR T]. R s
FE, 2024, 39(9): 2894-2902.

CHEN H, REN ZH G, FENG Z R, et al. State

Harbin Engineering University,

estimation for diagonal support of quadruped robot
based on IMU and kinematics|[J]. Control and De-

=

I:
FH=ME(2000—) , 5, AL R DA,
TR A, 2023 4F T BRI R 2 3114 5
R DANE S Y= IR R B ]
o

4@ime. ac. cn

E-mail: huangyunpeng?2

[19]

[21]

[22]

cision, 2024, 39(9) : 2894-2902. (in Chinese)
LINJR, XIN R K, SHI S D, e al. An accurate
6-DOF dynamic measurement system with laser
tracker for large-scale metrology [J]. Measure-
ment, 2022, 204: 112052.

LEPETIT V, MORENO-NOGUER F, FUA P.
EPnP: an accurate O (n) solution to the PnP prob-
lem [J]. International Journal of Computer Vi-
sion, 2009, 81(2): 155-166.

DAVID P, DEMENTHON D, DURAISWAMI
R, et al. SoftPOSIT: simultaneous pose and cor-
respondence determination[J]. International Jour-
nal of Computer Vision, 2004, 59(3): 259-284.
XUJL, SUOY, JIANG Y Q, et al. A fast algo-
rithm for matching AIS trajectories with radar point
data in complex environments [J]. Remote Sens-
ing, 2024, 16(23): 4360.

BIHAES:

L

EEIE(1981—), 5 R R e AL
+ R b, FEE A S, 2012 4F F b
T A TR KR A e, B
Pl R R A S A
5 AL B AL B A5 7 i AT 9T . E-

mail:dongdengfeng@ime. ac. cn



