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Abstract: For low efficiency and error-sensitive positioning in large structural static testing, a multi-
source heterogeneous measurement fusion positioning and mapping method was proposed. Under a unified

spatial measurement framework, multi-device collaboration and uncertainty-weighted fusion coordinated la-
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ser tracker, 3D scanner, and laser projector measurement. High-precision entity models were constructed
using multi-station point cloud splicing technology, and the density-based dynamic neighborhood search al-
gorithm and position correction software automatically compensated for manufacturing deviations. An end-
to-end uncertainty transfer model was constructed and verified through Monte Carlo methods. For a model
with 66 613 facets, the improved algorithm reduced neighborhood facet retrieval by 38% ~45% , short-
ened calculation time to 18. 2-20. 5 s, and improved efficiency by 17 %-26% . High-density tests based on
200 points showed max 0. 454 mm and mean 0. 400 mm errors, significantly lower than traditional manual
methods. The repeatability test pooled standard deviation was 0. 178 mm. Within the 3~10 m measure-
ment range, positioning error remained within 1 mm. Uncertainty analysis showed a combined standard
uncertainty of approximately 0.42 mm, consistent with experimental results. For 200-points positioning
scenarios, total time decreased from 1 277 min to 95 min, representing efficiency improvement exceeding
100%. This method significantly improves positioning efficiency while maintaining high precision, and
achieves interpretability and traceability of measurement results through uncertainty modeling. It demon-
strates good stability, adaptability, and engineering application potential under different materials, struc-
tures, and measurement distance conditions, providing effective technical support for high-precision rapid
positioning in large complex structural testing.

Key words: multi-source heterogeneous measurement; fusion positioning; uncertainty propagation; posi-

tion correction; large-scale structure; strain gauge positioning
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Tab.1 Instrument models and their uncertainties

Instrument model

Expression of uncertainty

Laser tracker (Leica AT960)
Laser scanner (Leica T-Scan)

Laser projector (Boeing)

U =10+ 5+1./1 000 [ pm ]
U =30+ 40+1./1 000 [ pm ]

U =0.14+0.2+L/1000[ mm ]

projector

BT AT 73 il A 3 A% 0 SR A N i E T
ERUE
1/U,
Wi=——-—, 3
>(1/0;) )

o, U, o (A 0 A
25 55 001 438 0 A
R V1 5 A
Upy=————, (1)
S(WU)
O U pgers U U 55 510 = 0 0 B 88 5 1
22 5 R A5 o
L fle 95 (35 5 i A o 0 ) — 0
B A B 5 H O L L 6T T %
LD DU T 90 0 0 (T

AR

Low uncertainty
small point cloud volume

High uncertainty
large point cloud volume

(a) fZGLE
(a) Traditional positioning field

FLT [ — LB RO AR [0 4

(b) USMNZE([)
(b) USMN localization field

A E AR

Fig.1 Uncertainty image of the same measurement point

at the same scale
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Fig.2 Schematic diagram of multi-station scanning
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Tab.4 Performance comparison of different spatial search algorithms

. Neighborhood patch
Algorithm type

Proportion of

Average query Memory usage/

retrieval volume effective areas time/s MB

Standard linear octree 66 613 0.15% 24.8 142
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(a) Overall effect
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Fig.5 Position correction render
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(b) Local details
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Fig. 6 Partial point final mapping rendering
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(b) External wall mapping

T HOHR e S5 i A IO R 4 S Bk G
PO B R ASORT JHG w408 e B SRR Al 28 7
fi] [ 5 FEAT I i, O 548 T 5 A BRI RO HE AT 0
Fear b7, Hofm 22 Ge T H 45 R iR 5w .

S5 RMWY S PRoRG U AR R B T 1) £ Al 22
R 0.72°, BT A7 I A5 64 07 1o i 22 249 4% W 78 17 LA
P D AL B A K 22 0. 41 mm, 4% il £E
0.5mm A o £5 F A SCHR H (9 J7 32 0 1 KRR
45 K 5 3 A 0T I A R 2 e TR A KT )

x5 MEARMMAEREESHORMERESIT
Tab.5 Statistics of strain gauge orientation deviation and

center point position deviation

) Direction deviation ~ Center point position
Point

angle/ (") deviation/mm
P1 0.52 0. 38
P2 0. 68 0.41
P3 0.45 0.36
P4 0.61 0. 39
P5 0.58 0.40
P6 0.49 0.37
P7 0.55 0. 38
P8 0.48 0. 36
P9 0.72 0.41
P10 0. 56 0. 38
— P TR,

5 RXBBIELS RS54

Oy S8 R AR ST H Y RE O S 7 R AR JEE S A
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Fig.7 Multi-station fusion positioning network
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Tab.6 Statistics of 200-point errors

Maximum in-  Maximum er- Overall Average in-  Average error  Overall
Inner wall Outer wall ~ Total .
. ) i ner wall error/ ror of the outer maximum  ner wall er-  of the outer average
points points points
mm wall/mm error/mm ror/mm wall/mm error/mm
100 100 200 0. 440 0.454 0.454 0.400 0. 400 0.400

G F U, P A R 09 A ) 25 3 A
0.5mm AW, fixg KiZRZEA#E 0. 5 mm, K1y
BR2ER 0.4 mm. H I & AR AR (E A9 152 22 00 A
KB, N RE 5 A RE DN i 15 25 3 2t BB AL o0 A
PE, TC U 58 3R G 22, 10 W A SC O Tk AE R 2 R U
HYRTAARGREEES Bk, A, &
5 I 5t A5 5 LA R ARR T B 15 2 0 3 AT
5 2, e RS BE P I GE T AT FEE
5.2 ESMWIERE

SRy E — 20 B E P 4 7 B S s B R
P 50 5 R 0 — B0 AR IR T 2 e R
GEEMIEARTR T REZERIEKE . %
IR0 H T PP Al AR AR R i 45 40 T, 22 ok S i i
SR — B, AT H W R 5802 B B e e ]
SERYI e T .

5.2.1 K&t

TE T A HE 19 200 A D 2 5 8CHE A b #i AR
A7 53 A JiE DU 8 JRC 20 A R ) A, e P RE N 6
10> AMEE 5 104>, 78 5 AN [A] 25 [A) o 5 5 4544
X3, DAPRUE &5 S A= .

X BRI AR AT 10 Wk A2 6, A U 4[]
B BsF ) AN 20> 30 4348, L YR i S T AT R
FHREH RGN AL, IR 5 IR R 5 R R
FE—3, 38 bRy = B R A R A 2 R A
ST, AT L5 S ik R 40 A PR e
5.2.2 HBEAEFE

X BT Y 10 Y & 45 R AT it b
TR 5 H A PEAR i 25 o 5 NI R Y
10 R 25 B0 2, (j=1,2,---,10) , U A
WSS A(16)

1 @

=z, 16
x 101211, (16)

HE MR MEZE LA (17)

sz/(;Z(l—?)) (17)

R RS AL R R A R 3B BT A A
G IFREA AR MEZE WA 30(18)

5, = z(s,»)z/m, (18)
Horr, m=20 I 4 .
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Tab.7 Repetitive test results statistics

Measurement Standard
) Average/mm o

point number deviation (s;)/mm
N-01 0.402 0.162
N-02 0. 395 0.174
N-03 0. 408 0.181
N-04 0.399 0.169
N-05 0.401 0.176
N-06 0. 397 0.185
N-07 0. 404 0.172
N-08 0. 398 0.179
N-09 0. 406 0.183
N-10 0. 400 0.168
N-11 0.403 0.177
N-12 0. 396 0.182
N-13 0.405 0.171
N-14 0. 399 0.180
N-15 0.402 0.175
N-16 0. 398 0.184
N-17 0. 407 0.178
N-18 0.401 0.173
N-19 0. 396 0.181
N-20 0. 404 0.176




o514

S50 A RIS A WA P 22 5 e S A S 2145

T4 B I REASBR ME2E 5,—0. 178 mm.,

MK SE R R YT, 20 T 2 Am ol 25 1
FEHIAE 0.2 mm DL, & IFFEA SR E 22 0. 178
mm, P RGEAE EE N & AT BA RIFMER
FEAE S —BOPE W R R R 0 A M
BOR
5.3 AEAMEEEEERRIM

Ry E 2 DAl AR SO 4R Y A B S O YR TR
AN A1 5t B 2% R R A A T R AN TR i R
BN RS B S s g . T S PR R N
IR A7 A R, AAE B — B S 25 F R B ik
M L4 1 S Bk D7 B PR RE L PR A A0 B 53 B I B
BN S AR FE 1 5 o AR

TESE— D 5 PR B8 5 B A L & 25 R, B Bt
RUM B #E % 3 m, 5 m, 8 m A 10 m 43 Bl 1% BL 20 4~
SR8 ) o P el B A 7 W e < o1 =5 s SR B 7R
R 22 45 Rk 8 iR .

*8 ARAMEEBMMEIRE
Tab.8 Errors corresponding to different measurement

distances

Measure Number of mea-  Average  Maximum

distance/m  surement points  error/mm  error/mm

3 20 0.28 0. 36
5 20 0.38 0.40
8 20 0.55 0.72
10 20 0.76 0.94

H1 2% 8 T, B A DN i R A 1S 0, 5 L 1R 22
5 B W O Y R e (E R AR O 22 R R
TR ol R B GE

Oy ELWL B e A R R A RS R = () A %
F 2 R R 22 AR A 4 P 8 T

Distance-error variation

}2 Average error 0.94
14 Maximum error (7
E 12
£ 0.4
£08 036 : - LB
= 0.6 0.38 ¥
0.4 0.28 :
0.2
0
3m Sm 8 m 10 m
Distance/m

K8 Hipg-ir2EEl

Fig. 8 Distance-error variation
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Tab.9 Calibration method and expected magnitude of error components
L Expected
Source of error Calibration method .
magnitude
Laser tracker instrument error u, Measurement standard sphere, 10 repetitions ~10 pm
Coordinate transformation error u, Residual extraction optimized by USMN ~38 um
Scanner instrument error u; Measurement standard sphere, 10 repetitions ~10 pm
Point cloud stitching error u, Multi-station public point residual statistics ~50 pm
Model fitting error u; Geomagic fitting report extraction ~0.11 mm
Position correction algorithm error u; Comparison of deviations before and after correction ~0.05 mm
Projector projection error u, Projection standard target measurement ~15 pm
Environmental factor error ug Comparative measurement under different temperature conditions ~0.02 mm
Error transmission flowchart(from measurement to
final positioning process)
P Pr— — .
4. Multi-station 5.Fitting of 6.Position 7.Laser ;
[ Lo el 2NN 3.3D scaner poit cloud physical Hhis correction projector 8.Environmental
measurement coordmatg measurement stitching and and theoretical algorithm mapping factors
transformation fusion models A
theoretical
m s m p = Error/mm oint
§ 7 030 o» |
— — . — o B o5 / — 6 |
) 0 ; :
0151 & trection X il
-0.30 points Temperature,
I u, iy u, us us u humudity,etc. |
Laser tracker Coordinate Scanner Point cloud 4 Position i U
instrument transformation instrument stitching Modgr(f;lrttlng correction Projector Environmental |
error ; error error error L y algorithm error | LappIng eTon factor error
T T T T T - T
i R J P (S " R
(Residual uncertain IResi i +o) (Geometric deviation'| ( Errors generated by’ _Uncertaint ) _Uncertaint
Introduced by the | generated durin% tl?e,: . Uncertaint ‘li{:ilztiugé;nnig;te:gg : I uncertaint a_risin% : | the calculation aﬂg : introduced by introduced by
uncertainty of the I process of multi- | introduced by the 3D | s e ees i | ! from the fitting of | !search process of the | projection accuracy changes in
laser tracker itself } station coordinate | scaner ifself } Gt %loud S v ‘Ltheoretical and actual! } position correction | | during the laser environmental
" unification ' \pomt cloud stitehing) (77" 1iodels )\ algorithm | projection process conditions
‘|’ :'ﬁiMo’p;t,ef carlo T !
Final output: Positioning result ! verification : )
y i combined standard uncertainty: ¢____E llgr’?ooropsrg:)l:gl;:tﬁzs:
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! error distribution |
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Fig.9 Error propagation
Monte carlo simulation of measurement uncertainty EsHBEBHRERZRMN=MA0M T (a,b,c),BE
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Fig. 10 Monte carlo error distribution histogram
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Tab.10 Comparison of accuracy and efficiency among different positioning methods

Whether to con- Average posi- Maximum

Comparison indi-

Total time  Average time

Positioning principle sider manufac-  tioning error/ positioning for 200 per point
cators
turing deviation mm error/mm  points/min  (min/point)
Traditional manu-  Manual image recogni-
. . i No 1.23 3.00 1277 6.39
al positioning tion and hand labeling
CAD theoretical ) o
o Direct projection of
model projection No 1.15 2.80 112 0.56
o CAD model
only (unmodified)
) Multi-source fusion mea-
The method in o
surement position correc- Yes 0.400 0.454 95 0.475

this article ) o
tion projection
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Fig. 11 Mapping process of three material structures
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(a) Smooth structure

(b) Stiffened structure

-

(o) JREEE RS
(c) Welded joint structure
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Fig. 12 Three types of typical structural mapping processes
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