§33% 190 e M TR Vol.33 No. 19
2025 4£ 10 Optics and Precision Engineering Oct. 2025

XEHS 1004-924X(2025)19-3106-15
= R = B SBIE 5y A TR I B

RAE, T R HHEL N R, AT
(ERELA¥ HRIR¥EK, T 400054)

T T BT I T4 G A5 2 5 AR 5 T A0 0 T A 8 A R 313 5 R I B 3 2 S 0 4 P S, B o — T
S A5 7 AR Sk A A b D i 1 e, R AR A Y =R E O LART R AE B A 2 3 22 R 0 o A R A
VLR B AR AR 31 3 2 4% [) 1) 4 1 R AR 48 38 1) DX 0 3, S0 2 Jm R i e 1 3 R SR A o AR L 4 4 3 T 4B 38 o A
AE B4 DR SHOREL T 9 7 1%, AR AR A 2 R AR IR R 8 5 A 48 43 T 1o 4 BURRAE A0, AR 418 3040 A1 R A 1 R A ST R AT S ) 2 D T
B 25, I Bt Sk T R PG B 35 240 S 25 12 L S0 B3 R 15 DG TR AT, 5 00 o R i AR B VA o i J Sk A ) 8 0 5 T o
5 TR H O gk R AR B A 2 Ak R AR 12 Bt 2 A B A (Tterative Closest Point, ICP) 8% , 5 1 - VORS Bt o 55 M4 1E
R SR A 5 A A TG M 152 25 , 1 — A0 48 w8 W T 10 0 VA0 T RO ARk S P AR AR S 6 R S B T R A o5 S P S IR g SR ] AR
SO AR T A SR AR R R R TC 5 VR T & L TCMERS FBE 3R 5 T 2200 L b RERT R AR T 43 %6 UL b TR A Ik e %
R A T AN () A0 0 A S T o, LA A AR M R R

X B W EFEEARRS AL ; T B E STAAL 3 AR R I AR AL AR R

FESZEE:TP391. 41 ERARIRAD - A

doi: 10. 37188/0OPE. 20253319. 3106 CSTR:32169. 14. OPE. 20253319. 3106

Rapid registration for neighborhood distribution of 3D point cloud
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Abstract: A fast point-cloud registration method based on neighborhood distribution features is proposed
to address the high computational cost of traditional high-dimensional feature extraction and the slow per-
formance of dense registration algorithms that rely on coarse-fine two-step feature matching. First, three
deep geometric features of neighboring points are defined, and a low-dimensional, multi-scale neighbor-
hood distribution descriptor is introduced to substantially reduce feature-computation complexity while en-
hancing descriptor discriminability for efficient characterization of local point-cloud properties. Second, a
rapid coarse-registration scheme is developed using the neighborhood distribution descriptor: feature points
are selected according to the global undulation degree and neighborhood distribution direction; initial corre-

spondences are established based on the neighborhood distribution descriptor; and Euclidean-distance con-
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straints between point pairs are strengthened to remove incorrect matches, enabling efficient and accurate
coarse alignment. Finally, to accelerate dense registration, the iterative closest point (ICP) algorithm is
improved using a k-dimensional tree and voxel-grid downsampling, and a quadratic fine-registration strate-
gy 1s employed to correct downsampling-induced errors, thereby further improving fine-registration accura-
cy and efficiency. Experiments on Stanford models and industrial part point clouds demonstrate that, com-
pared with conventional feature-descriptor-based methods, the proposed approach increases registration ac-
curacy by over 22% and reduces computation time by more than 43%, confirming its effectiveness, ro-
bustness, and practical applicability for rapid registration of object-surface point clouds acquired from differ-
ent viewpoints.

Key words: point cloud registration; neighborhood distribution feature; matched point pair optimization;

iterative closest point; voxelized grid method
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Fig.1 Neighborhood point projection feature
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Fig. 2 Principle for fast coarse point cloud registration based on NPD feature
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point cloud
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point cloud
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= KRR E R PR AR (R, T) 5, 5 B AR
AT HCHE o XF T T 2 i A TR Y 7 £
FH UG SR A AT FLHE o = 1 HL AR fF B
2R,
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Tab.2 Information of different point cloud models

Point cloud model Number
Bunny source point cloud 40 256
Bunny target point cloud 40 097
Dragon source point cloud 41 841
Dragon target point cloud 34 836

Crankshaft source point cloud 176 734
Crankshaft target point cloud 161 181

R4 HAEANTEFETEAR

Tab.4 Run time for different features of feature points

Feature point Descriptor ~ Run time/s

Bunny target point cloud FPFH 30. 858
SHOT 18.473

3DSC 34.135

NPD 12.781

Dragon target point cloud FPFH 29.632
SHOT 15.063

3DSC 26.003

NPD 10.593

Crankshalft target point cloud FPFH 40. 805
SHOT 14.746

3DSC 10.192

NPD 6.157

5.2 HHETEEE

S 42 1F NPD R AE 5 % R AE /9 3 5 B
], AT HEAS [R) R ARl AR i 5 A4 B . SR A
SCHRRAE 23 32 T 15 AR I H bR 5 B RRAIE 2, LB
UK 3PN, G AE A5 0 5 A 5 A 78 [ 12 48
BRI ], ISR 4 BTR .

®3 BREAZHHIERRE

Tab.3 Feature point extraction for target point cloud

Point cloud model Feature Point Count

Bunny target point cloud 1324
Dragon target point cloud 1468
Crankshalft target point cloud 2453

R B 5 AR B R AR W S e, A [
R[] — FEAE TS T & A 22 5 . R4 WAL,
NPD $FAEAR 5 TR AE T 75 5 s d5c e, Dt A
16T NPD Rk 25 4B 3t 3458 2 i JLAH]
e, OO AR 4E BEARRAE , B BRI .
T B R I TR 2 T 9 AT e A 7 AL
o MO, Ml s BAT S 2R E A T R R
RT3 B o R 1 50 B S 8%, D PR A T ol
S B T HAAR SRR TR A AR o
25 W AR S s A A
5.3 EAEEEMREXTL

SR IR 5L T NPD R 9 B 7 5303 76 05 = e
WEAT 55 i PERE S5 IR X L B T FPFH RRAIE
SHOT HAE LA e 3DSC F#AiE B = Fft 5 T IC 76 55
o HAKR (1) R FHAS SCHEIBURFE 8207 5 42 X
REAE 55 (2) 43 51 L FPFH ¢ fiE . SHOT $R1iE
3DSC RFAEAE Ky A ABLEE % A4 filf R A — B4
I (Sample Consensus Initial Alignment, SAC-
TA ) S 13 8 f A DT TC 50X, 58 0K E 74 5 (3)
K A% 58 1ICP 5306 58 UK o e o b 28 120 3
55 220 AR

N T AN [ R I AR 1 KL TG o B 0 S I 4
R T RS RIECHERCR 0 5 s o ff ik
TN [ R A A 348 T o B 1 A R TG v S 4 R 4
T R6 T S HERCR niE 6 Frs o i ERCR
K, Bbr sl = i, I 5l = o 206 G 1B LY



3114 e KEE TR

33 %

Initial position of Bunny Based on FPFH

Based on SHOT

Based on NPD

Based on 3DSC
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Initial position of Bunny Based on FPFH

Based on SHOT
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(b) Dragonf&iil
(b) Dragon model
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Fig. 5 Effect of coarse registration algorithm based on different feature descriptions
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Fig. 6 Fine registration effect of registration algorithm based on different feature descriptions
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Tab.5 Comparison of coarse registration algorithms based on different feature descriptions

Point cloud model  Coarse registration method

Rotational error/(°)

Translation error/mm Coarse registration time/s

Bunny FPFH 11.
SHOT 10.

3DSC 7.

Ours(NPD) 7.

Dragon FPFH 7.
SHOT 15.

3DSC 11.

Ours(NPD) 5

269 2.989x10°* 59.410
287 2.255X107° 79.457
760 2.224X107° 87.019
684 1.802>X107* 36.084
060 1.717X10°° 42.885
934 3.873X10°° 81.085
450 3.476 X107 79.062
.094 9.395x 10" 19. 836

F6 ETARFMERRRERZNBERELRIILL

Tab.6 Comparison of fine registration results of registration algorithms based on different feature descriptions

Point cloud model Registration method

Rotational error/ (")

Translation error/mm  Fine registration time/s

Bunny FPFH+ICP
SHOT+ICP
3DSCH+ICP
Ours(NPD+Improved ICP)
Dragon FPFH+ICP

SHOT+ICP
3DSCHICP
Ours(NPD+Improved ICP)

1.322 1.682x10°° 10. 455
1. 601 2.155X10°° 7.858
1.638 2.506X10°° 8. 404
0.131 3.512x10°* 3. 364
0 2.729X10°" 7.272
0.188 1.022X10°° 6.561
0 3.175x10°" 8. 845
0 2.119x10* 2.065

TR BCE B B, 6 S 2% 6 ML, 4 il B39k
P58 BT o5 2 e o 5 5 2 T o R B 5 R i A —
FE DX o RH A LA 3 AR BT NPD RRAE 9 i
WL PR IR 2 e FRIR T 2296~85% , i 1fE #E A
BEAR T 57%~76% , BL M RE et . IR AE T,
FE T NPD F#AE 9 B 5505 1 1T & 4E R 1 %%
PR IFEE SR Z AL MR LRI T A = 1
Bl i, B 08 T R S = 5 5= ] Y
WETR 25 A0 M CHE AR AR R A5 07 25 1 S Al L HE AT RS
e 7, o 26 BUAS: T 8 o T R 0 5 T A

25 o0 BEOMURS 0 v i B2 L O T NDP RRAE 1Y
c o A R L LA B B HERE T BRI T 43 %0~
75% , HiR 2% e/ B AEE RE AR .
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Fig. 7 Registration effect of NPD feature-based algorithm under different Gaussian noises
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Tab.7 Registration results of each algorithm under different Gaussian noise

Rotational error/ (") Time/s
Method
0.1r 0. 27 0.3r 0. 47 0. 57 0. 17 0.2r 0. 37 0. 47 0. 57
FPFH+ICP 0.192 0.069 0.119 0.048 0.192 51.114 53.984 55.802 63.829 72.804
SHOTH+ICP 0.276 0.319 0.028 0.285 0. 359 89.094 94.875 101.002 113.397 123.113
3DSC+ICP 0.137 0 0.056 0.151 0 91.875 110.382 121.600 133.947 162.208
NPD+Improved ICP 0 0 0 0 0 22.525 23.759 25.336 27.614 29.083
Translation error/mm
Method
0.17 0. 27 0.3r 0.4r 0. 57
FPFH+ICP 4.858x10°" 4.838x10°" 4.323x10°" 4.965Xx107" 5.937X10°*
SHOT+ICP 6.874x10* 1.269x10* 4.521X10* 7.476 10" 1.127x10°°
3DSC+ICP 4.759X10* 3.105x10°* 4.202X10* 1.008x10"*° 8.373x10°*
NPD+Improved ICP 2.754Xx10°" 3.093%x10* 2.881x10* 3.598X10* 2.989x10*
—=&— FPFH+ICP —&— FPFH+ICP
—e— SHOT+ICP 16  —e— SHOT+ICP
0.4 _—a— 3DSC+ICP —a— 3DSC+ICP
—v— NPD-+Improved ICP E —v— NPD-+Improved ICP
~ L 12t
5 =
5 E
5 02p 5
£
& =
g
£ ar
0.0 v e v < %
0.0 0.1 0.2 0.3 04 0.5 00.0 0.1 0.2 0.3 04 0.5
Standard deviation ratio of Gaussian noise Standard deviation ratio of Gaussian noise
(a) HEFIRZE (b) FHRE
(a) Rotational error (b) Translation error

P8 A [ ey S0 MR P A% A U T o R 22 Tk A

Fig. 8 Dot plot of registration error of each algorithm under different Gaussian noises
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Fig.9 Dot plot of registration time of each algorithm un-

der different Gaussian noises
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(a) Initial position of the crankshaft point cloud
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H 4 5 # 1% 2 (Root Mean Square Error, RMSE)
A Ry TE G B2 PR 46 A, B

"L (28)
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Ao Ny RoR DEEL S XH 0, p, MR = P Y g,
VERCAY &, g HbR S = QA

ik RMSE 5 fic o B[] A1, i of 5509k i i 1 3
% A TR AE 52 e S B N o AR SR 6 AR R U
TR A, 5T A = PCLJELE CPU | EIARESZ R,
Joits B GPU B, BOK 305 09 TAE A2 5
WA oF A7 o T B TR A SR oK TG o A5 SR AR 4t
P8 Bl R W E 10 s .

H & 10 B4 8 T A1, [k 36 F 3DSC R 1E 9 i
WERE AL AR TR0 TAE A7 & W (E Y b+
AR 5 ICP X 47 Iy 07 2 45 2 4 = T o A SR
B2 RIS = 5 b s o 5 2
F T A 2 R RSO R A% A B T G T
FH I 254 Fr s i s 3£ T FPFH $RAE . SHOT 4% |
3DSC FEAE LA S NPD ¢ AF 9 56 L 5 8 B o J7 1
A ARG T ol 2 L VR R L R R v s
22 IR .

(b) ICP (c) FPFH+ICP

(d) SHOT+ICP

(e) 3DSCHCP

(f) NPD+gi 3 ICP
(f) NPD+ Improved ICP
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Fig. 10 Registration effect of crankshaft point cloud
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Tab.8 Crankshaft point cloud registration RMSE, time,

and peak memory usage

] ] RMSE/ . peak mem-
Registration method Time /s

mm ory/MB
ICP 3.629 376.819 43.508
FPFH+ICP 0.329 192. 809 47.430
SHOT-+ICP 0.337 165. 569 60.008
3DSCHICP 0.467 234.982 119.914
NPD+Improved ICP  0.228 79.025 65. 464

AR HLAY B vk, 3 F NPD $FRAE A9 T o 53 3%
LA PERE R . FEXSE LR T T 30%0~51% LK
TN A5 2% 548 BUATE AR R, L7 T v FE IS I B
I8 T 52%~66 %0, [l B i 5 11 430 %% 28 SR 31K .
SIS E B T NPD RRAF A G o 55 7 AR 34T b
58 R SE PR Toll 4 o5 2 B AT 55, 5 T #2505 =
114 T [ A EL A B P 3
5.6 EMFERREAE

R I UE AR SCHR R X AN S s 0 T

fig, R AR IR FE AT WHU-TLS E4h 5 =8
P L JEATBCAE DL G0 . HH S8 4 2 A FRAE AR ALY
AN TR AU A7 025 X AR AIE B il M B LA A R K
A FEAE A R 1 55, Xk DL VE B 50 B BC HEAE 55 o
I, P WHU-TLS Bl el TR A A S
TN FWBRE S S ER LR EN = 5 s
Mo B B 23736, Afr A s & N
31 109, A [H) 55 36 Y B v 25 SR an 46 9 FIroR |, ic
ORI 11 FTR o

R EIFERATHEEIRESHE

Tab.9 Outdoor scene point cloud registration error and

time
Registration method ~ RMSE /mm Time /s
1ICP — —

FPFH+ICP 0.025 109. 808
SHOT+ICP 0.026 85. 385
3DSC+ICP 0.035 129.739
NPD +Improved ICP 0.019 70. 390

Notes: — indicates registration failure.

(a) P18 L Z WA L

(a) Initial position of tunnel point cloud

(b) ICP (c) FPFH+ICP

(d) SHOT+ICP

(e) 3DSCHICP

(f) NPD+ 3£ ICP
(f) NPD+ Improved ICP

BI1L #5075 0 o B ROR

Fig. 11 Point cloud registration effect in outdoor scenes
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