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Abstract Point cloud registration is a fundamental task in three-dimensional computer vision,
reverse engineering, and intelligent manufacturing, aiming to accurately align multiple point
clouds into a unified coordinate system. However, in practical industrial scenarios, a vast majori-
ty of scanned objects, such as mechanical gears and cylindrical components, exhibit significant
rotational symmetry, which introduces severe correspondence ambiguity during the registration
process. This inherent geometric ambiguity often misguides traditional optimization-based algo-

rithms, such as the Iterative Closest Point and its variants, causing them to establish erroneous
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feature matches and inevitably become entrapped in incorrect local minima. The problem is fur-
ther exacerbated in real-world environments because industrial point clouds typically suffer from
high-intensity sensor noise, structural occlusions, and local geometric imperfections caused by
manufacturing defects, making reliable alignment exceedingly difficult. Furthermore, while re-
cent data-driven deep learning methods have shown promise, they heavily rely on massive a-
mounts of identically distributed training data. To address these critical challenges, this paper
proposes a novel, interpretable, and geometric prior-guided unsupervised point cloud registration
framework specifically designed for objects of rotational symmetry. The framework consists of
three stages. First, to overcome the instability of traditional principal component analysis in the
presence of noise and missing regions, the algorithm estimates a robust rotational axis prior by
leveraging the intrinsic spectral structure of the point cloud’s covariance matrix. To further en-
hance reliability, a geometric consistency constraint is introduced based on the observation that
surface normals in the lateral regions of the object are approximately orthogonal to the true rota-
tional axis. By combining this orthogonality constraint with a random sampling strategy and a
point-to-axis distance histogram to filter out outliers and identify dominant symmetric structures,
a highly robust rotational axis prior is successfully regressed. Second, based on this reliable pri-
or, an innovative directional Branch-and-Bound global optimization strategy, termed Axial-BnB,
is developed for coarse registration. Instead of exploring the entire SO(3) rotational space, the
proposed method restricts the search for transformation parameters to a highly constrained coni-
cal neighborhood centered around the estimated rotational axis. To accommodate potential minor
deviations in the initial axis estimation, an adaptive expansion strategy is incorporated, allowing
the search radius to gradually enlarge as the rotation angle increases, which significantly prunes
the search space, boosts computational efficiency, and drastically reduces symmetry-induced am-
biguity while strictly preserving the ability to approach the global optimum. Third, following the
coarse alignment, a fine registration stage based on fuzzy clustering is employed to achieve high-
precision alignment. By representing the dense point cloud with a sparse set of cluster centers and
their corresponding covariance matrices, the method efficiently captures the local geometric
trends and structural anisotropy, subsequently refining the pose parameters through a gradient
descent optimization. Comprehensive experiments conducted on challenging public datasets and in-
dustrial-scenario scanned point clouds validate that the proposed method significantly outperforms exist-
ing traditional optimization algorithms and demonstrates vastly superior zero-shot generalization com-
pared to contemporary deep learning models. This training-free, highly interpretable, and efficient
framework successfully provides a robust solution for the precise registration of rotational symmetry

point clouds, showcasing application potential in automated manufacturing.

Keywords point cloud registration; rotational symmetry; probabilistic fuzzy clustering; covari-

ance matrix; random sample consensus

1 35

i3

M = Bt #E (Point Cloud Registration) & =4k JL
o] 4 38 ) il 7] R — AT RALIEDE 2% T AL
W ML N S BT Y AR R
A HIR I OC R B S F T o Al T — 21 %5 ) 722 46 2 8 (e

AR PRS- i), LS B AS = B I 6 5%
FOE SR ME S R e e @ F N AR S
KA,

TE Tl il 3 5 300 ) TR A5 3 S, 1 AR 4 Y
2 AR AR AT B AR B R s ORI T
BHLET B3 1T (Computer-Aided Design, CAD) # 1l
RAE LA R LA 45 4 55 3 XA L Y



9 1 JE T IAAR < M AR AR R IS B0 e 2 X P A 2 T o 2237

SRy DR LRI 29 0 (AR LM S5 M EE &
FEEARR A A1 X5 07 RS HE A M. LA AR BT 4 (Tterative
Closest Point, ICP) Jz HAF AL Sy f5i] , Hie — x4
AT IE A W Sk, {H AE B S E B R BRI A T
CAD BB i1 = U5 X Fr CAD SSz=) b, HAs
PREAEAE & 24 Jm 3 B L, 8005 B 1 B R IR
ST B A R AR R A » 28 B R 42 JRy W A X 55 AEL JRy 5 X
NS R CANE 1 TR .

T Tt o o S A A () T o 2 2R
IR A5 CAD R SMHE 56 B B AT C 1 e e 3 B 1 i
P 0 AL 25 U S B, R X B . kR BOR TRy
5 ER [A B0 46 46 7T RE M S B [ i S iR 2 42 18T () 2
UG AL 2 T () 22 &) Ce) JR 7% 32 0 K 1 52 i T WA 85 38 A
[ i i LB 2 2R . (D B IERR I RCHESS SR W Bl i =
5 0 455 R A 1 X )

R X6 R A 1) A 8 F 58 KRB A — 2K T
1538 3 A% Bt L] B8 A4 BIK B 4 R A i IR 1 5 Ry B
TR AE T DAY o R e g X 2 R H T e
e XSRS S o T J A LA AR AE g BE AL B IR A N
WO AE e B o o — 2R T ik 2 i I e A R X AR
AR i, PRS-Ned ™ i 1 TG Wi B Il 4R 48
Y o[B8 A T 45 45 4 1) JE P ol . SR 12 07 2 R0 X R
ARG B T Al T X B Rl B S e L Sk
L14 IIGE T 43 B # B 0 98 — 48 53 2= 1Y Ji 5 o ke
UE B TE — % 4% 10 T 2 B mT ey By 75 22 R B 190 5 45 4
8 I AER A FIE T 38 3 & B ok o 0 4 0k 52 Sl s
] o SR 1% T7 12 58 A MO = B 42 JR GE T (] L
&3 W43 43 B (Principal Component Analysis,
PCAYRHIETJT o] B FE 5 97 ) . 433 il Bl 52 2
BT A P DA SR A X AR A R T B s
PRGE TR PE A2 B TP L dE DA ARAS A2 W] 58 1 e 5 il
SR SC B Y 2, BRAT W 5% 220 00 B T X6 R PR A I A
11T A A R 3 6 R 58 S5 F X R P S 30 A 3R A R S D
e AR L L 32 30 T B e 5 0 B vk 5 A 1 Jmy 3 e AL T7)

AN Z RGEER WIS . T — T3 T — S i 3 g 1)
J5 v S 0l 2o Bl 2 0 4 4 S I AR o O L DLk A
AR, AR E B A AR S HH R
RS | [ 2 A B9 DI 2R & T % 20 A1 Sh 3 58
1Z AL HE ) A R CRE 5 STHRAE 5 3018 o

BT BB AR SO K T AR X AR R R
SEAEHEAT 56 B AL TN SR TE AU A5 30 3K 2l 9 =LY
B2 T o B2 IO fige e L & 48 4 5 Je X o 2 6 1
FHT A0 = B E AR i 8 . AR Sl i G 1t 43 i
AR A e 18 i e Tl s SR S 5 N TUART — Bk 24 3R S B
JiE e F A p R Ak . 7R MR b b R T e R
EHE 7 B 4y X 8 B (Branch-and-Bound, BnB) 18
R UL H AR 25 6] B 5 38 5 5L T AROR) 3R 2 006G Iic
ARG A BE X 5 . AR SOy 2 TTmR A4

(1) — b AN AR 5 4 B Bl 19 T M B A5 = D
HERE SR 3d 2ok i =51 AT i 8 1Y L AR S 36 20 R4 Jm)
KA R SRS B Y S s T

(OB —Fh & GE it o i 5 vk ) — Btk 2
WA R T Ak T 7R TEMRE R AR B 5 JR) AR AR X B
SEARAEAE N RE & 4 52 RO 5% -0 IS 2k 4 i
RIMA B R,

(3) 4 Y 3 T Ji e 5 b o 56 19 5 e ap SC0E Bt
(Axial-BnB) ¥ sR fiff 3 Rl PR il 76 1€ e 3= il 1 5 T2 41
B 92 BT R A (] A B A AR T A Ho AR T
TC I JoT i

2 MXIE

2.1 fEmfiteAE

TE S = BLAEAT 55 v, 2 2R 2 00 X =2 0] 78 X6 iz
SEF T 4y A2 ) R R AR XA (B S B
N s, s Z B X R O R R R FN . L5
1) A 2 TC M 7 vk R B B0 TR SR 22 [ X DG
ES TR R sy, 7 S BN a 2 N i LK /R A i
RS2 H bR s B AL 4

BT B AT 50T IO B 3 TCPY B o i
e R BARMEW T EZ —, @My ICP ik
A T MERCRAR R AR B2 1 AR T 400 B o7 45 1 T e
LK IR ORI B A R DL A BUR . BT BRI R
FRPE  BF 5T AT 42 it 2 Fhelc i O i, 7E B & R
Y C 1 3 e v L 89 A 3% AU 3 A5 (Trimmed ICP, Tr-
ICP) " 3m3t 5 | A/ N — 3 (Least Trimmed Squares)
Y RAE M . ) R IR 2 (Gen-
eralized ICP, G-1CP) """ 4 2] 5 1 5 £ - 1 9 Fb



2238 it (=3

Bl

e i 2026 4

HARE B4 — BIMCRHER T, F— 2B i sk &
B, CobiglCP™ "3l st 51 A M 6 M B 1% 22 1 1
Oy W AR L) HE R S R T IR B
BT TUAT AR A AL L 3 T — Bk R A
J5 AR AR A S s b SR B B B L X sk
7 % B A% U SERE R 3 3 ) e 1T 30 40 a5 X R il 3
25 [ 1A% B 6 3R o a2k AR AR Ak 1 T 2005 A5 1 4 s
[ AR e SR, e RSB S = e, R ICP K H AR
PR32 o A8 AR RS S5 3 5 A0 400 45 2% 1 e e 7 1k
X 8 A T RS AL B, PR X R 5 S R 1R 1 s X
DL P 17 WA 4 2 e 350 e G A

FE TR oK B0 R A 7 % A AR RS (Coher-
ent Point Drift,CPD)"" & H A AR D) =
21 1E 25 4> A5 2% # (Normal Distributions Trans-
form, NDT)™* 45 Jr 5k 2 AR 2 P 10 ME 3 i ofe 9 X,
CPD ¥4 1 2 e 7 1] S5 Ak Ay ABE 38 2 32 A 3 ) L, 3
X = i 2 W IR A A B (Gaussian Mixture
Model, GMM) , Fi 1 2 f5 K fk (Expectation Maxi-
mization, EM) S A8 B AL TE 28 280 5 M 5 5 2% 5
NDT J5 i WPk 2 2% 05 = 4y s+ Hooks - £
Y TE 25 53 A K i R A BRITAE TP S 2 1 43 A R AR A
17 SR AC v . LSG-CPD™ 51 A i 2 Y 32 1] 2 i
FRREAE L 8 A [ 38 N R A TR P T Y AR ST L 7R H AR
Mo DR & R 2. SR,
LSG-CPD 7¢ A% B Frég s v B30T CPD SR k.
LT 3R oK BT 7 ) T 3 A% 0 2 AR R bR S AR
SR 2Z R 18 5% B G 2R 3 A% B 1Y) i 3 A5 — Xof — (Rl
DU FC ™ J7 Ay e T 48E 35 A 00 17 o AT Ak Ak B A 2 X
O FR WA P L B T v P R

BE TR0 S I B I v R T RO RS
A5 25 T )P R S i E A AR s Xk 22 ) Xk
KA, AR R AT B U 22 4 I R 0 4R LA
25 109 JR B REAE o AT AR B AS L il 3 o 2 fH 3 A8
15 I 1 T o e A b B () A o o I A 2
AT A7 7 Jo BR A . A L T 5 0T A 3 TR C (A
(FCM) B 2550 11y i FuzzyPSRegLSU P —Fp 2t
F GK M R 265 1 H bR s B, % ok BRE 1% 1 B
#5 1) SV R JLAR A 8, X A 2 ) B4 /0N RO 485 47 5 i
UK . FuzzyPSReg ¥ i+ Fh 4 Ja i AL S W Fuzzy-
PSReg-SS fil FuzzyPSReg-02S., i #% i T & &k
R e b X 55 RUBE MG 19 05 2 L 5 R AL B R 22
SEKRM S = I 0T T 82 445 50 i I An 24k
. FEREIEH LB SR R S R R B —
SE (AR | (H 56 4550 3 25 1) O 1k BE % 4 BUE =

B2 R AT R DT TC HEAT: 55 b 3R B T
FOTTEE I, RO e A S J R B T X R A Y
M A RO £k 1 X 1 D¢ &R 7E X 4n CAD g
75 S R G AR B, 23 TR b7 P AN o P L A7 TC R 4F
0 B %) 55 5 5 B A 1% 2R LA A 45 2R B DR X
PRUE B AR HR e It o PRI AR ST AR X 14 il el i
W IR X 55 A 5 4 R 18 2R AR ok R X — PR B
TETRAN bR 7 A PR X AR sl xR L

BT R AT AL RAE 0 T 5« LABE LA — Sork
(Random Sample Consensuss RANSAC)"™ Sy ft %
1l — Z B SCHR S e B AL RE Y O 2 A A
AR TR N A B A R AR R Sk B R
e LIS R S, MR IT IR RS A — i R
IR Ry e U A Y ) R, H R TRk ARCR AR Y 1
WAFTE— 2 141, RANSAC M58 17 80% i
HORTECHE i 8 s e 25 B A I Fl A B
PAL i P R %6 0 AR 5 B AT K i iR AR A
REHR B AT SR A 3T T B R B . W H T
HBEHLARE B R, B OB AT 45 R T BB A 22 57 L 1E
S 55 v B SR AR E A R R

T 2 R AL 19 77 3% « Teaser+ + 7 SR F f# 48
T3 8 8 3w/ ME R R R 22 8] A 48T A ) Sl B
RIS W ILE, AT R E AL 5 &l L
FE ST T2 W48 F 2 (8] rp 0 3 T 0 i 8 4 25 51 (H 2
HoERE 23 32 B0 L BT (952, R PR i S Al 2

DR T LM A B X R 2 T S BORS R  A
AR A [ O AR T VRS
2.2 REFIFE

BEE R 27 ) I R IR BE 27 M ik e iz
B T A5 B 0T PointNet LK i it
PointNet""” ¥ i 25 W §F 2 75 4k 25 1a) I 32 B 42 J&) 4%
HE B J5 5T Lucas & Kanade (LK) ™ 55 1 58
M. Huang %8 A48 00 2 WB 5 F B R G 0
25, 38 2 Fe /M TE X R DG FR YRR AR I R 4R 1R 25 R
SEPL A A ME . 3DRegNet ™ 38 i3 W % 43 25 5 %t 1Y
XN FR A N R B A R SRS 3R SCHR[46-47 ]
R 28 AT i = AR AL T AT 4R 26 25 3 03T
SIARHSERE . OMNet™ $2 1 —Fi L T 2 = 5 8 X
FoUI £ sy 3] o 125 4 R 2%, R 27 ) H B A O 4B 46 3
oS DI B Ry B 2 SRy F TG 1 46 S AR TR JE AR 14 T
e, GeoTransformer " 3 5= 4 % B ) BE 25 A1 5 A7 W1
AR H AN B = 0 A B R 2 2 JUAAT R AE AR S
Y TR S . SR, B T80 9K 3 1Y Oy i K
R HEA TN 2 1 CAD 52 5 2 A R



9 J 5 B A R AR AR 2R SIS A 8 e X R L T v 2239

G ORI O N L BT TR 7 e
FRIZ AL RE T3 AN A A3 24 T 0% AR i DR 1) S5 R [

3 F &

Mz B HE B R TR — A R I By WA A e RV
AR 5V T O Ll /MER A 5 = Z 81
XF 57 iR 25 H AR R BOE SO de /R T A R L X
I Y SF- 5

N
ER.T)=>,IRp. +T—q, |"* (D

Hb, N X s gicht, p, flg, 30 B aa P
HEES =Q FM—4Ix W 5. FEARSCH Hir 5
oL EE S QAN BRI £ S % R IR T CAD
TIAE AL R AR, FL 25 0 58 5 B TC o 3o o o7 5 1
FEARAS s B8l i 5 P ORI TG IR R W IR B R
Ao A BRI RS R s P T
23 [a] p 5 [l 58 8= Q X5

2B 1ICP 557k 5 3k AR R I3l 48 SOk B
HARA AR S8, A2 I A SRR
RO . AR 5 % B A5 2 BE AR B =F 5 Y JL AT 4015 DA AR
UEFC R L[] R Al 2 S5 35 3 o g5 30 4R 48 R Fn EH
s R AR 1B A . 3 T RO 3R 25 1 05 o o D vk
AN 3 2o /5 ) 3R 288 v B L B ) B 2 R I ok
ST BRI B MR AL N i e I3 ) R i — b
ARGE . SR, 24 Ak B E L X AR 1) CAD 55 = 1,
RO Ak 1 6T 0 O 3R 25 F BUR L B A R S LA . A
SR AZ U JEARR 38 3 5 T LA P B SR LA S 5
154 SRy A 2R DA e R 8 2 X R A ot >k 1 i) R, 52
B 2 1 R T oA

AR T S TRT [ Jat A T AR 2R 2 1Y s T MEAE
B T 2 AR AR SR X Xt B P R T Y
EACTRWE . i DR I8 TRV ML J5 2 N A4 AR % 1
M5 2052

x1 HSAXE

155 =94

Ny B3 iz P AR B

Ng [ 5 A5 25 o A R

Ne¢ RApL R
P={p,.i =1, Ny} Btz Hbhp R’
Q={q,+i =1,~Ng} [EHEHS. Hhg €R®
C=f{e;si =1,N¢) Sz RBEPL . Hhe, € R?

R T o X 7 4 = 4E A5 4 (r = Dot
PUBhF R R R i RE . 0 R . o
FoR I8 — 4k S5 1 e i D

Zead A KRB S HEAR S S p, W
A b

1 B B

A = (r.t) € se(3)

T.p)

3.1 EMEE

TR G N B Tk PR [ A A 4 MR 1 e L B
WA SH BT LA B %o e 3 4848 4% 1 T ki 177 By — oA AL
P HE AR BEAR . Ay —Fh JC W B A Ak R e, o8 4
T SO AR R Al ) R

QAL 2 Jr 7R o RSO 3R 2 B 4 T b 28 ) SR 2R OR
W, FCM B 2R 25 SR FH RR [ BB B, AR 78 J2 4% 1] [7)
PERY PRI 3R 2 45 SR ) FBRR AR 1 GBI 3 2%
R AR B U U 22 M B L 51 A IS N B BE S
JE g REIE LG A 1Y R B R L AR & 1) S PRy L
fargsthy . ARSCHYA 5T B bR & F 1 A S B
B J7 18] P JUAT AR 19 CAD /5 25 . GK 50R) B8 25 B
% T4 1 A 3 46 5y F8 L Au J7 1) M, PR ok 7 AR (] 35
AT FCM BUMI R 2, GK BOHI R 2559 H Ar 28 5
T SLH

Jo(Q.CH=> D w'(q, —e)" Y (g, —¢)

j=1i=1

Np Ny
J— a a
c; = E:wijqj/E:wij
i=1 j=1

X' =det(K,)"’K;"

N Np
K. = Zw‘}j(qi- —¢;)(q; —c,)"‘/ij‘j
j=1 i=1
(2)

N(T L
Hop, @ :2 (H‘L’ —C; HZ/H‘IJ —C Hz) o 751131"5\‘1]‘
k=1

FIREP L o, WEHISEIER, o 2B KT, 85
B2, K, € R 25 MEOMIREMBIN I 7 25
M, X0 AREE ¢, X AY I B0 3 4 B (norm-induced
matrix) . D B 4ERE A SCHC 3,

(a) FCM BRI TR 2%
Bl 2 CAD i = BOW RIS E
(FCM HOMI 5 24 (1 25 L T i 1] BROE
1M GK B 2R 28 19 45 5 3040 17 )= 38 JLADIE AR

(b) GEFU % 2%

My =1 W, H AR R HGR AL R R R 2y
X =nn! 0, HFER ST RAECEER Y X =
Cov(P,Q )" i, H /R 1 [ B8 A 3¢ fiff i LA



2240 it (=2

Bl

2
¥

Eind 2026 4F

BT AR L 305 R FH kAR 1k 55 s s B G
B B, PR HE 2R 5 EM S0k B ARIE, &
FREACRFEFEN Ne DMBEEF L ¢, GEH N €
(80,1001 Kz % iy A Ju ¥ 4 B X1, AT DA Wl 35
FEAR 2 B s W Bs 1. 7 b6l 1, GK B R
R B b R EORT DU AL R i AR S Y T (4. P)
5Q Z 8] {5 % iR 2 B

1’\4(‘ Ny

JaPCY= D27 27w, (TG.p, )| TG.p) —c |2

i=1 j=1

3
H1 XA 33D B/ 89 H A o8 R0 EL 4 T R S A
852 TR A SR SRR 50 A9 5 | BEPE AT ke 446 Ak 2L L 45 31
VAN

J.(P.CH=>) {E !

—1
=1 Li=1 T()”pj)_czitl}

4

o3 A b B A 2 () BAT ATk 1T LR JE Sk
i 7 B B AR T A5 L
3.2 fHEHE

B XT b AR B R 2t L Ak 5] 8, A8 SCR F BnB 55
AR M ECHERESE . Z 07 IR/ AE T8 & —Fhoi
K2 R ACHESR , W] T fif ge B Fn 2 06 9 At 1k
Y, BnB vk T 5 2 B e R B ek
REDOO T RIS AR bR AR = 4 IR AR
#E SE3) Fie/MEA (4) 1 SE(3) F 878 1]
6 HHESEFRR  RHMALERRN 3N ERS
B3 AR SE. BT S8,
NS QER S BRIl D ORI IR K A > A |
S, DT R R C 7 o B T 8 i 5 0 e o R L o
BAAH

(5

BnB 5056 F FH A SRS 25 4 L 338 19 3 F — AN T i 280
SETTISN Y I NAST AT A8 C ARRTTR S T, (PLCH
B R R T HATIA . S % SCER52]
Bl E .

BIEE 1V, S — A A p, F— N NERE S MG
HEC, GhkH 20, HLHr) XT Vr e C,,
AUUT 458

Fiws = |R(HDp, —Rr)p; | <

. . (f3e, =m .

ZSm(mm( > ,?)) I p, I =7 (p)

Horb, R(r) 2R r XN B e % A2 e i B . e L r,

N AR EME R v, (p) BC, AERTE B

BPUR T 0 B EFRR FEE N T F T e
JumP;))=Ju@sp;)

0, ifD;, —7,(p;)<0

(6)

[] ) {(2 D, —7, ()17 ) Lelse

(7)
Hip, D, =1 TA.p)—e¢, | . 3Clik[29,31]3%
T bR H AR R DL B i M BORS B G ERE SR . SR,
MIET GK R RIS A 28 B 0 T B
XERRYEN CAD 5 = I, BRI 1k 19 % 2 56 R 5 R
FE MR A BT S ] AR B s M
B b A R 1 b ST S S e A A HE LA R AR
A B TC 2 T L A Mg R I TR) L AR SO e A R D
Y TS L AT fift R 114 TE B 2 Bl e 56, X 48 R a3 ) ik AT
B R G R 3. 2.1 A 3. 2. 2 5085 44 e i
A AR AR A T DL R SR T Al E WY BB R
W 5 575 3. 3 T AR C o 25 B Sk b — Pl A
O W] BRSSO . R ER WA A 3
fis .

N T RERE RO R 5

) \UmBnB iy vl g

B HE T RETACHI R AE) /

IR

3.2.1 Jiehk Rkt
1E CAD 5 = B HEAT 55 o, m] 5 1) e 4% 3 4 o

56 RE %t 25 Dok A ML I Of B B R TR IR
SULSifR DR AR P S IR SR S R 4G DR AR AR S0 SR



9 3 JE T AR < e A SR AR R IS B4 e 2 X R Az T o 2241

WL R A PCA M = AR bR A 9 48 1 v B B
FEFT AN IRAME /IR H—,PCA 451
ST BN A T B 2 B bR e i
FHl s H L BB CAD o5 = I JE B e B kL 3T
TR JR ¥ I X R 5 AL LA B A ek R A R R S B
S =G S E TR A mRBSY . e
B AT A5 SR UL 4, SCHRLC 14 J0E B AE — i 2%

A WA Bl 7 16 5 2 R D 5 R I S 5%
Z AR AT A8 B I G A A el i L A S0
R T e S 58 8 1 B 5 49 SR L 2 98 2k A%
PR, S HARM R X = (x,)00, TOH ey =

ZJCi/NX ’ Ij'\&'ﬁié@ﬁ]‘ﬁ%%ﬁl@ﬁ

=3.655 'ﬁ\’-' . : ~PCA
- 14 oA — Giit ik
: — ATk
1 1
£ ILL
1 2 3 4 5 0
log(1+£i ISR AR )
037 = - PCA
10* gt A =Gk
— ATk
10 A .
&
=
10’ L
10
1 2 3 4 5 6
log(1+ £ B L EEER )
r=21.038 {m B PCA
b, .
o " 1 — Hitt ik
— Ak
10 B 2
= H
T
10! L
7
10°]

2 3 4 5 [3
log( 1+ S BRI EHIE I )

B4 Tl 55 N R AG T ROCR E
CRERMBL A A CAD Lz IKAEAHT L PCA 45 @ H Sk NG T3 BTk 45 5 IR i & AR SO TR 4

O PN L R TR (OB Sk S AR S5 45 2 B R 2D

NX
Com oSl —e)(x,—e)t (8

X i=1

Xt C x #EATFRAEAE 23 i JF AR 95 SCHBR[ 14 109 451815 3]
AL S U={u, ), Hh lu, | =1. HTMW
T DX 45l 3k 1) 5 5 T 2 Al 3 B TE AC PR O A A0 ok 35
AT L3k 8 3 AR AT A i . B RS s A Rk ]
R, MRk m eSS N
N,={n, | Z(n,u,) € [9—0,,90+40,]}
(9

Hrr, 0, R IE G E A SCHC45°, 7EN, b
AR RE L X n, on, o FEAE 3 T 4
n,xXn,

" n, xXn, |
SR R 300 Al A B8 G A 7 8 P, D A o R
55 JR AR X FR A5 F4  a5 X i R ks e — B 2R Y
Rox, TR B 0N Al v R H 5 R

dx)=T—=wH(x,—cy) |

% (10)

Gy



2242 it =N Bl 2% i 2026 4F
Pyt — e BT A (d) . BT P 2 T S R 110 BRI AR RE T
S Jie s il 0 B B 7 AR A R R AR s S |
B B (dD R R D BT 35 0 1 Rt v e RY vl =1
T 1 7 B A X B LB B gy PO
e [/ E S BB ey
Sy KRR B (. A SRR BT R T K A
(7K FER AR (K ASCH 3~5) JFFERE 1. oy = %2,@.
AN AN ARE AR o Nx o
e K W Iy 2
Ly="{i | |d(x) =7 |<6.3k € 1,2, K}
(12) 2. CX:%Z(x,*cX)(x;*cX)T
TE 24T Z AMEE AR e A N SR S Bk — 2 K i /3 C ¢ VR E A R AE [
gt IMER TNk & 5. Cyv, = A,
argmin > (nv)’ (13) /I C o BT oM At 3 e i
v =1 {“m ! 4 U«CX
AN E€R T gyt R AT S MR 5. FOR BAMEEH u, € UDO
H 5 R 50 5 R / /1 3 ) T £
6. N,={n | L, u) €[90—0,,90+6,])

argminz (n}v)” =argminv " (N"N)v (14)
€1 !

Ivi=1 IV
PR B3R AGA E AR A5 T 3K At 3 A1) 7 (] A, B
N'N
| 1. |
KM B/ INVRRE AR X R RRAE W) 5 v, B3R T R
SRRV 1. R T LR T A I O7 i o o gk
A% gy s A R A5 s B @ e 2 7 1 1) i, RS2
PR BB UR XS 5, SR 20 18 BUAR i g e 0 =X K RS
B i BRBE AL TS 2 0 5E e T R AT iR A S
[ 52 Az B THE e 32 Bk O 1] % 5 o DTG 58 i T e
TR IR . o TR 32 4 A Al A D e A
RIvE BVl e & v 5 —v AR LA SR, X AT RE 2K
B I % 55 L IBE AR 2 . AR TR AT Al — T Al 1)
v R Y 0 R 6 2 G I BE P A ) 28 X SR
BT RYBC R 22 , PR 1R 22 BN EAE N B AW W) IR
X5 .
5 T A S0 i P 2 A R hy < AR B 1)
x ;s DGR BT ) R v, BEREMRE N 0, ERE S
i %, KN
X; =coslx; +sind (v X x;) + (1 —cosh) (¥ «

M = (15)

X))V
(16)
ik 1. e Bt
HiA

HE K= (x,) X

W N = (0,

IEAZ A B . 0,

L7 A R BB - K

HAKEEOSEE: o

. WmRMNEE = 0. WILH Yy = 0
8. FOR:=1TOT,, DO

/ /BB P A 1)
9. n,,n, € N,

/ /K A5 T e B Tl
n, Xn,
10. y = 7“ n; < n: I
/ /e A 5 B Bl s L T
11. dx) = [ d—wHx, —cy) |l
/ /38 3 7 VR 0 e N
12 I,=4{i| |dx)—7 <8, Tk €1, K}
13. IF |1, |> n,.. THEN
14. Moy = H[in ‘
15. END IF
16.  END FOR
17. END FOR
/ST 3
18.  N'Nv, = Ay, .4, <A, <A,
19. v =,
20. RETURNv
END

3.2.2 I BnB# R

WniE 5Ca) B AEf kRN T A =4
AL AR A LU — A RUBUS O ol R o B
SO ER B A A . 7R R TR A% 3 B w0 48 X S
Ja s LA A 2R s [ ph BROE B 4 2= 0T B v O e A —
Y B S ), TR 3 P R AR SR, i T
S B 07 AP A T B 3 b AT R RE A AR — e DR 2 N
TE B AR 2 7m 1 b TR AL 0 R O N T 1 — 4k
T2 7S ) b g et B AL B L SR B Y e A 1R 2



9 J 5 B A R AR A AT 2R 2 A e X R L B v 2243

HUBR o O i e TR L AR S 1A i X2 TR R
W < B A E 5% 1 BE 0 1 O, Sh S R I R VE FLL, i
WA R AR o MG RN A0, R FIH
PIERBON B, WAETERE N 0 =n A0 W 4R
7or, £mh
r,=rotpen-Al 17)
BT BRSO o 3CE A2 R R
W 1448 R 25 ) 29 JRAE LA 5 3 b S o Bl Y HE OB
gl zs b, WE 5Ch) FroR , %28 0] DL % 3 4l
Syt Ul 48 R AR, BERERE AR 0 B
CRII 2 SO(3) 23 a] Ji ) i AR 4 A XX (17) B i 9
J& . MET 24 M BnB 5k 900 BKE B9 48 R S ),
DAL 5 0 HE I 48 R 23 (8] B 78 20 A1) R e % 3 b )
BB SR IUMT e s (5 B, R —E R ¥ B A
LA b Ak 58 2 5 B e A i 22 L B T IE R RS

(a) BEd: M 1E FACRT BB 3 2= )
? - 4

6
5

4
- 1(0, 0, %)
0 i
a6 O 5.5-9710
L3
2

e E ’—L:E;/’f
-'l'“%q.": 1232
e . B

8 %00
.2;
= 9

_4| ¥

(b) T 1y 1 BRAIS T BB % 42 1)

10

B 5 4% Es N
(W 3 AR T R R = D
3.3 fEE#

RS FL B B, 25 3 4l A5 2 1 5% i 32 R e 7R K
EERARET ICP ML AR R IR 4F . SR, SE PR 5t
RGBS = HAAER SCT iR i 2 Pk, R,
AR SR OB BE T B 1 R R W U0 Ak B B ok B IR i 2R
5 2 A8 S5 iR, 4 B b eR By BB RE )
V=g g g™t R

Ny N
g(k) _ EZQ/(l)ZZ HT(lan)*C,’ H;Q
e i=1 ’

(TG.p,)—c)'E op

N(<
Q () = [;} ITGp el ] (18)

) {_I:R(r)pj]/\,l[yk19293
op;"” =
1,k =4,5,6

~sind 1 — cosl A
1Ty g ]
Horp, ¢ FoR BARRBCHERT HLAE FE 1 2 & D oT R
(B=1,2,+,6), J, F/REHEA LR, []" B EFF
FR B A R R FRFE . R(r) 2R r XN A e

RS i I

J 1+(1—Si§—n6)aaT+

4 KBWESH

AR X T 0 i S B B A e o R
A3 AT A 5258 5 X Fe 3 A o AR SCIE IR, 2 TE o
5 R B AR SR B9 AR B OK Bl O vk AT b A S
F I A A G-ICP-™ L 3 FHOM B 25 19 Fuzzy-
PSReg" ™", £ T # W fit /s — e K 1E E M i Y Teaser
+ UL BT S &5 1 HERE ™ F13E F 5 K
H 1 TurboReg ™',

TR BE 27 ) J7 v 38w A U GRBCHE 1Y [R) 43 A1 Eodie
A LRI SF (8 R B AR 1R OB T R AR Y I 25
BAs s ML Z T A SO0 STBRTE TR R — F A K
L ) N R e T A S M = G A E A
il M R O B, B R A TR AL PN A Y X AR PE AR B
R fipk tRe DT E e SR, PRk AR STtk — 2B 5 A Geo-
Transformer "' 55 Pare-net™™ W ff 48 & ¥ 19 I8 JiF 2%
I E AT FEREA DK, B FE CAD A5 = 84 B A
HEAT AR AL 200 U1 2 o o 4 R TR 5 A Y
TAYIN AT | T K PF Ak B 3K 3 Jr 2 78 A4 303 55
Y 5 802 A RE T 5 DL J AR SCEE T LR 9 J7 ik
BT ERF UL H S T CPU M % 5 )7
TAT A T2 oMb 3 P G

S 43 B AE BT B R 0 2 R R 42 L e
KR AFARBE M A TFEUE Y, LUK CAD 5 = #di 1
PEAT 10 St Al AR 37 5 5 B Tk CAD AL 4
ZFRAL, A SOK B I e R S R E LN R,

FEAS TR e AR M E MRy R, B RiIR2E €, 1T

@ https://graphics. stanford. edu/data/3Dscanrep/ .



2244 it =3

e i 2026 4

RN

R,R") —1
TRRDZH I )

€, :arccos( 5
() IR 7 SO0 31530 5 3 A B 1) 552 BEL RS 1 F-
(MEAN) . #77 # (RMS) UL} fie KAH (MAXD) K i
A7 54 T AR TTEAL L T RA O

7T

Ny
MEAN = ErréigHT(l,p,-) —ql./Ny
i=1 9%

NM
RMS = erggHT(l 2D —qli/Ny

i=1 4

MAX = max {min|T@4,p,) —ql.}
qeQ

i=1, Ny,

20)
R A THPPAS B AE AN R W) IGO0 B S R R, A
SCAE BRI v X B8 Bl A 2 it n e AL = A 4 A
e, I B P ISTE  VaE YR A 0| <m/2
B 00 2 A T o B B RS B s MRk (0] >
m/2 W T I AL e R R AR S e,

A SCAE I IF B Open3D 0. 18. 0% 5 3 7 42
DT B IR AE S AR 15-13490F AbFE 28 (0 1AL |
HEATPRAL . TR 24 2 O 3k 0 HE B BT GPU i ik
A SCAE R — FE AL E i NVIDIA RTX 4060 Ti i
k. T CPU 5 GPU i B AR B 7 b 77 76 A
JT 25 5 o W3 B AT B TR AS EL 28 ™ A 1T LM 5 DR TR
BE 25 2 T L FE R N 2 5 R A B RCR
ANEXF LG FERR SR T, AR SO Y A AR
BB R AE AT A R, SR R AT R R
(Farthest Point Sampling, FPS) 7 & 80 4~ &
Ferpuo AR BRI A Ak, IR 3% AR 50 Wk H B R (A 2
() BMIHT%E N a=2, NEEHTESER,E
2 %5k 5% FIORLIC HE B BE 4] 5 2 EAT IR E AL R AE
BB E R M B R A KR 1/50, 1
I A5 25 SR RE B2 2000~ 3000 A 5 78 K5 HC 7 [y
B.ARKEEN S sB/MNIBEESAEKERN 1/
75, BT L PSR SLELZY S 4000~5000 4>, K L
TR TEAE Y 1 — R . DL VEAR 45 7 1% R A S B A
5 A B
4.1 I CAD ##E&E N

AR SR AL 693 4 A = BUE 19 ol CAD %%
WAk . BB AL — A B SR Tk A
7R R A5 B 1) 5 2 SO, A B XoF R B i AR R S
S B BB R B0 4L F 100000 2 1000000
Ao TR UE T SE PR Tl 3 5 A5 B 1 ek
=B X SR B B A R AL

(D HF A 8 B 25 0 308 424 147143l 00 A BR o 35
3 DX AN FL R P9 3 A A AR K

(2) Wy e i ik 72 vp AT g Hh B O TS B
BT R L i BEVIEI 51 & 0BG L (15 92 BR A
5P AR R 2 (A A7 A0 22 o 3228 Y BAE IR A L 45
AL ;

(OTEY RN G XS, th F A THRESEHE 7
R B 1M [ S N K] e /N T S

() FH AL ARATAE A% 7% [ A5 W s

[, CAD #5878 & 1 i BT HL AT 1 8% 1 X Bk
PE 5 X B S5 TLART R L (45 550 5 B A R
Meff . TEXFPIE oL T . & 5 1 R A8 1 40 89 1) Bk 1
ERALE,

ARICR CAD sz 850408 43 ) 647 S5 B 37 B 43 4
A2 Y LS S B A BT I M R A AR L 5t
TS0 3 A A 0 ) M R AR A . A
M B 2 30 0 CAD A5 RY Y JL AT R P Bir 2l >k 19
s, PR ZE IR WL 2~ 4,

®2 AEFAEMAT CAD R ZHIREAL R (EXHRBRS)

i 4 T B F 5 I B (mm) A I ()

I HAR R TPE
G-1cpt] 0. 5059 0.8163 4.2688  1.3423
FuzzyPSReg"" 0.2917 0. 4980 2.7387  4.1833
Teaser + % 2.3898  3.1673  9.7284  1.1891
HERE"™" 0.2786 0. 3530 1.5951  5.6157
TurboReg " 0.1851 0.2747 1.8931  4.4734
GeoTrans former" 4. 9350 6.2814  14.9279  4.0214
Pare-net™" 6.3293  8.2307  20.6294 1.8272
A 3Tk 0. 0498 0. 0955 1.2824  3.6538

F 2 2 AT AL 7E CAD #5203t rp L AR SO
P B ) AR I B OF B H 0. 0498 mm, ¥ 7 AR
0.0955 mm. fix KAH 1. 2824 mm., 76 B [n] $% 5 FE 5
- (E A O HRAE AR BT TurboReg™™ s 76 5 i
B R MEE b BT HERESY, 45 R %M.,
ATy RE A WO /D e A X B S B0 JRy 3 dee A )
PR BCAERE . A ECHELE R AN 6 B, H
23 M 4 A1 7E CAD FBEHLRAE A5 2 A AR 810 3
TP AR SO A R i 1 25 RN B e A% 5 R R L Y AR
B B, M8 F GeoTransformer'™ 5 Pare-
net "G LS sk KRB SR N AL AE . &
FEAR ZE N B TR BE 2 ) 5 i R B 1 L 340 A W
. IXERWIZ IS T O T R] 43 A A s A Ryl
i FHHAE CAD sin Bz kg h AR,
AR ETTINGR o] HEAEE A& L&,
HEA RAFnY ] il Bk, BAF & Tl 3 55 oK



9 3 JE T AR < e A SR AR R IS B0 e 2 X R A 2 T o 2245

(h) A ik

(b) G-ICPI™I (¢) FuzzyPSReg!"'! (d) HERE!™! () TurboReg!™! (f) GeoTransformer*™  (g) Pare-net™”!

(a) BIH 1L

I ey b R |

4.2 FEHBEMNX

HA PR 0 S S B s 8 A B F
G i i Z R TRI IR . 25 7 S HE CORCTE 31 IR )
45 A il ETH Hauptgebaude b 36 A4l »
Apartment JF 435 45 K, B A9 8 2E S
B K, Apartment J¥ 51 & R FH H§ 29 365000 4~ £,
Mountain Plain J¥ 4] 5 K 29 102000 4~ &, #53)F

B TE T E LG B 41 Apartment 5 31 8 5 5& 47
2 X, Gazebo Summer Ml Gazebo Winter & %] % Hf
FENL 1Y T 22 807 91 JC B E AL AE . & 7 A )
ARG AL AAE 1 ETH Hauptgebaude J7 514
BN 62 mX 65 mX18 m,Wood Autumn 55 KT Ny
36 mX60 mX22 m,

12 5 FIR 6 Al 1, LR JT IR0 SR 3 b, AR S



2246 it " Bl &5 EiFd 2026 4F
®3 AEAAZHATFT CADHBERALER 1(10]<<z/2, XBH)
AT AR 1 22 (deg) B o) $ 5% B B (mm) R ] ()
‘ " - {H -1 {E ESpigic! SFN ] -1 {H
G-1cP™Y 21. 9365 0.2051 0. 3630 2.1777 0. 6406
FuzzyPSReg " 14. 9106 0. 1553 0. 3258 2. 2042 4. 9547
Teaser ++1% 38. 8930 7.5516 8.6098 16. 6985 1. 4440
HERE"™ 7.3288 0.1077 0.1418 0.8474 3.5183
TurboReg " 3.9447 0.0854 0.1068 0.4144 4.3353
GeoTrans former™" 13. 6991 1. 2401 1.5366 3.7745 2.4271
Pare-net"" 21.1038 1.5573 2. 0982 6.5647 1.5334
ATk 1. 2661 0. 0015 0. 0035 0. 0526 3. 0584
*4 AEAHFZEAT CADBERALER 20101 >7/2, TBEF)
kR AR T (de) B i 45 5% R (mm) fi 1] ()
T S )77 I=ON S
G-1cp™Y 82. 9181 1. 9430 2. 6388 8.0544 1.5187
FuzzyPSReg"" 27.2019 0. 2867 0. 6846 4. 6817 4. 6974
Teaser +—+5% 95. 4588 11. 6320 14. 7389 31. 1386 0. 8749
HERE"™" 15. 2105 0.2927 0.3998 1. 9064 3.3235
TurboReg ™ 3.4672 0. 0865 0.1062 0.5557 4.5557
GeoTrans former™" 56. 3343 3. 4855 4.2591 9. 2698 4.0764
Pare-net™") 116. 9780 4.0162 5. 3402 14. 9297 1.8194
AR 305 2.1951 0.0198 0.0419 0. 1664 3.1070
x5 AAAZEATHAEHERALER 1(/0/<<z/2
ik 4B AR R 2 (deg) B 4 B B (m) A ) Cs)
i FH I T oy R0 T H i
G-1cPHY 13. 2095 0.1919 0.3625 3.4433 1.7479
FuzzyPSReg"" 7.7212 0.2153 0. 3894 3.2774 4.3697
Teaser ++ 31. 1535 0. 7120 0.9243 4.5980 0.2993
HERE"™ 6.7926 0.2195 0.3526 2.8442 3.2352
TurboReg " 1.3754 0.1699 0. 3350 2. 8959 3.1068
GeoTrans former " 36. 2831 0. 6507 0.8391 4. 3454 4.9092
Pare-net"" 68. 0896 0. 4310 0. 6404 4.7635 0. 9234
ATk 4. 2900 0. 1485 0.2679 2. 9048 4. 2230
x6 AAAENATHEHBEERAELER 210/>n/2)
3 40 B AR % (deg) L H R B B (m) ] Cs)
" T ff TH i i BA T TH i
G-1cp™ 41. 9231 0. 2790 0. 4425 4.5898 1. 2280
FuzzyPSReg " 9. 1570 0.1638 0.3014 2. 6975 4.3121
Teaser + + 3% 88. 8084 1. 3500 1. 6646 7.2679 0.2672
HERE" 8.3152 0.2114 0. 3380 2. 8331 3. 6950
TurboReg ™ 2. 8031 0.1768 0. 3297 2.8618 3.1088
GeoTrans former™" 71. 9461 0. 9239 1. 1282 5.0834 4. 8325
Pare-net""] 94. 4930 0. 4497 0.6817 4.9434 0. 6545
A7 6. 6574 0. 1561 0.2796 2. 6623 4.3046

D IEAEAE R 22 FE b5 LW 5 F TurboReg™ . £
JDRTE T B AT B 1 B 40 T T R R 3 5%
P T B AL Y R R X RS 3 HL
B =BG 19 e % 2 A B A5 AR SR 5 1A 9 T 5 3= 3l
Se R TEH I 1 ME UL FE o K A A R R L
I AT BEAE JiE 5% 2 B R 25 ) 51N — 72 1Y 56 55 i
B IE—ERE LR E W BB R AR,

TEANBR 07 48 22 S B8N 52 6 O R AR B R0 7 R %
fife 23 6] P A R IR R S BT RCRE T . AR SCTT IR AR LR
'8 ARy I W R R B I B R N A
2516 00 FATIRE PR 5 AR E M3 55 it it . Teaser +
U R T T AR PLAS S LA L L o
REMETATTIEATAE—E 22 M. AR SCTARRI
O AE T AT R TE R X AR AL 51 BT B B JLAT Se g6, M



9 JE T AR < A AR AR R IS B0 e 2 X R A 2 T o 2247

M HETHECHEARS B . 76 H BR300 1 4 8 2= B0 3
H L AR SO BRSBTS B
4.3 HERUBESH

R 43 M BT 4R B A e AR R L AR SO L SE CAD
A5z T S 36 B RE B I L AT SE B8 A

a7 Brs i O i 240 1R 25 1 A CHI Y i A
7R X6 17 AR R 22 ) T G il 2R AR iR 22
B, sEm BnB 8 2 By B b B8 5k AL B Y
61. 22 0, AR BE T B B BE U 5 4 7 4 1 38. 78 %%,
FESE 0] BnB R By B iR 22 B RGE T L, R
T BB R 7 B 1) 240 SR 1 AR 4 s ) v iE AT 42 )R
89 O T R A . R\ ORI 4, B
5TAZHBT 5. X 5HIEHES 5. L08R
T EFREIIR AR, FERR T BB B Bk
A3 K TC VA 1E L 2 25 3 A5 1) BRLARL T SRR 8IS BUKS
XF 5, R4 E 0] BnB 8 R RN & ALK (H B 7E
B B A Jed 8 S D A A B A 4 2 s ) O T R E G
SRR . A B AT AR IC o SRR L R T o AE b
WS, SRS 1 X6 5

A% (Log)

BnB{# 4 FhIE T RE

L)
61.22%

eI L

K7 SR FE T He R

4.4 HPLEIE

by A S AR RO A R 1 BT, AR SCHE T CAD
B RAE 0 2= HEAT 1M Wl S 50, SR FH 98 1 A8 o vk 3
ZN AN L S5, Gl A A A R A 3 Bl A T O R
(PCA f5 KAEFAEAE J7 0] L Ge it 2 W i) FAS [a] 1) fie 25
(] 48 2% S W& Chr i BB 38 2 € 1] BnB # %) #E17%}
L SIEBG o 72 G0 M Hb TP Ay 25 BT T MR B2 TN AL 1 52
Wi, PEMTFEAR A AR ik 2 (deg) S5 ¥ FERT (), N
AN E] F R T AR T T 19 25 5 T Al S
BRANG | B R s T B N v i SR MR IR S =
SRR PER W E RS I O, LR A R A TR 7,

A T“PCA+FR#E BnB # K74, % 1“4 it
Sy HT AR UE BoB 48 2R A 25 I 39. 0187 %
fRZE 27.6486°, XFH PCA il 5 K AFAFAH J7 1) If:

AN BEAR SRR Bl 64 777 1w, MK 5 e T R R B — A
REL W 1) ol AR 7 90 43 A P A — A B b R A e i
25 ML FEIT

®7 HEXE

S8 21 99 AR 2 (deg)  FEIEERT (s)
PCA+#7if BnB 48 % 39.0187 9.0173
PCA+ &1 BnB 4% 51. 8492 4. 5865
Gi it Mk + bR i BoB &R 27. 6486 6. 7412
GEil #1452 [l BnB # % 8. 7781 3. 1020
Gty pr ik +1CP 44. 6546 2. 0992
ATk 1. 6798 3. 0815

“HrifE BnB 48 R U174 R R 1Y FE IR X
KT 1 BnB R LM H T 5% R EA R
14 B 0] PN 58 48 1 48 2R T A - 28 [ A it DR I A 2 32
) Ja3 38 F5e M0 At A0 52 ) A 35 b e SO T Bk o 2% AR o
P, SRR 2Z A T8 & K. M9l A E e
W8 R, FERT FRE T O . DI“PCA+ &
] BnB 8 &7 0 6], - FERT i 9. 0173 s BEE
4. 5865 s, 3¢ WS 148 2R 25 ] 19 A6 280 4 5 (AR 13
22 if EFHE 51.8492°, Bk B Wik Mk, X —
A FR UL PCA 1 S KABFAE A J5 10 JF AN G0 T
JiE s 5, 1M E 7] BnB 8 R 8 T 5 06 50 2 R Rk,
AT R0 o BE RO S 56 7 1) B MERR 1 . SR R M
B 4 0P 24 30 25 0l B0 5 S O A IX A 9 5 AT 3
HrkneiR k.

“HETF AR HT A E ) BnB 48R 76 A 1% 25 HE
— KR 8. 77817 FERTFRARE 3. 1020 s, {H HH F 45
WG RS2 BT BT AL T e RN R
FE SRS FE A R R A B e . AR SE A 1L A
SCTRAEG T M vk S ah BBl AR — B4R,
IPES GBI 5 5 1B N a0 2 5 e L {45 32 2
SEI T A, TR 3R 1 AR 4 i 22 PR AR E) 1. 6798°,

S ITAL R F BnB HEZR HEAT 42 Jm 48 & 0 B,
ALHIAG oM HICP AR g X B e, Ik 7
iR s BOARIZ R W 25 B 4 Jmy 48 R IR B - 4 FE I
— B PEARE 2. 0992 s, (HH AR IR 25 35 44. 6546°,
3 3% HH 7 TR @ 7 X R ASE A0 Bsf SR a2 9 i 1) 149
4 JRy A R ML L BT Ry % Lk AR Ak Y TCP ik
e Gy 1R %o A A e ST 4 5 b B A D) 8 e 0 7%

T il 552 60 P 235 R 0TI A SO A% O 1R T A R
KR e HHERR P BERE ERAN TR € ) BnB %
P AL T 5 Y T S 56, T 1 52 R 1R T R R
A48 F2 25 ) 52 e 5 6 Bk 1k 5 B0 Jmy 3 e A i T
P o DA 52 RS B %) T o



2248 it (=2

Bl

e Eid 2026 4

4.5 HEFRESH

S ARSI VAR B bR B A S B0 Y T 1
5 B ABAE Dy — b v BE AR TLART Se 0 i S HE AR, B8
DA R RS i B AR OO A R BR A A A
mr.

(DAL E S 3 55 MBS T4

AR SR A U A T 38 S AR R (1Y) 32 R FR A5 A
PO £ DA ARE vk SR, An % s 2 ] (A
I, [E = 5B A= EE R, 2 Jmsit
FMAFEREZES ., XAMNREUL = O KA W
B, A5 T 0.0 R0 A6 7 B X 55 0L, i 2 S 3R
21 R F R BOD SR ICTE AR BT SE Y AL Y B
W7 b A T2 LI e 2 | A S AL TR) R S T B
J ST UE H A bR £ T 18 U S5 3 1F 1 A A 2 )

(2) B0 R Ji@ 5 % Bk X G 1 Wi 4 1R 1k

AR SCAE T A B2 0 48 T AR e 2 3 b X fi =5
] A B2 IR, 5 4 B30 IR IR AN LI L ke =
TR B B X 52, B0 B IR AL X i = o O
] A . T S 5 2R Y, 2 ST 6 T T OKG  b 24 R
SRAS A I AT B RS BT R

&R ENITAEE

ARG AGE 7] BnB 48 2 LA BT A 2 8= ], JF
R Ay R A B e . A i N R B AT AR
FZ3 W], H BaB 1E 4 R AL HE SR, HFE B 45 48 &
TGN R LHES

RN e S

A SO X B o Bk i s BC v v DR P B ke
Xof o 1 5 SO B v B s B A R WA S M DA s B 4
Jey de 0 itp P PR A 4R ) — b L AT S 6 24 o A4 G s
BCAEREZR . 55 BEAT A O B X6 A P A 5 RO 5
B R B AS [ AR SR i A X A L AT o 4
7 o8 BB MR TEA TIA A ST T BT 32T L 421

A fige T L A A e R = Al SR 5 O A E TSR
fifp i B LA R 42 SRR

ARSCTT I E S 8w g R AR e e il vk
T IS T35 15 -5 e B T Al 0L IE 52 9 JR
JUfaf —EPE A A 45 G N U0 10 -5 BE AL A [ 031 35
THAEUE I BE % T2 4 ST 00 5 Bt DL So 96 o v 4
JHE &% T A RE 1) (9 73 S FHE R G e S BN & R
R SE 8 SO (3) 2 [ Y 46 1) 3 il 48 30O i i
P QLY S B B R 5 5 Jim 0 e i T RO 2R 2 Y xS
O JBE i € FURS FCE L AT o RG E B X SR AR, SR
LRI AR SO 5 AR B A T X AR 4 R B Tl
CAD wi = L BUAGEALPERE | £ PRIk 42 JR oR i BE 77 1Y
(] s — 7 b R AR 2 T . 1l 2 26 6 45 A6
ey A Rt - B 0 HLERS A e 5 0 /€ 1) BoB 48
AR T S (1 JLAT S 56 24 5 5 7 0E 5240 o5 s A Ik
2 TN L S S T (3 e AW

S5 T SC Y Bk SRy BRAE 20 B AN SO A o —
Aol e JEE AR LAT S 0 ) SRR HE L, A AR PR R Y
PEHATE I . 2805 s B 2 TR B e e 0 AR A
Y B 2 JUAT A TR 5 e LI T A 32 il 1) 7 D HE R
e 4 Jey FE By 7 1 A T IR SEE 1) BoB 42K 1
PE BB #4535 X 7 0 o 5k e B 7 7 g S5 I P
SR AL LA T 5 A SO 15 Il AT A7 AR PR

RN HE— B RR BT CAD BB Ry JL A
H R R = R IR NSO M E 2 HAR . [H
I, W R L7 % 5 52 2] J7 3k i AL L Bl n 45 &
i CAD gz BUH %) I 546 20 9 47 ol 25 1A
TE S 2 19 3 5 v U SR 004

fEETMAEHE ~SFMR REMAERE—1FE,

s & X

[1] Xu Si-Yu, Zhu Ji-Hua, Tian Zhi-Qiang, et al. Stepwise re-
finement approach for registration of multi-view point sets.
Acta Automatica Sinica, 2019,45(8):1486-1494(in Chinese)
CHRETT LAk 4, M SR, % B R K Z 0 M A s T 7
%, B b2, 2019,45(8) : 1486-1494)

[2] Tang Hao-Lin, Yang Yang, Yang Kun, et al. Non-rigid point

set registration with mixed features. Acta Automatica Sinica,

2016,42(11):1732-1743(in Chinese)

AR R 55, TR G R A Y E R R I ok

%, A2, 2016,42(11) :1732-1743)

[3] Zhao M, Ma L, Jia X, et al. Graphreg: dynamical point cloud

registration with geometry-aware graph signal processing.

IEEE Transactions on Image Processing, 2022,31:7449-7464



9 i

JE T AR < e A SR AR R IS B4 e 2 X P A 2 T o

2249

[4]

[5]

[6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

El-Mehalawi M, Miller R A. A database system of mechanical
components based on geometric and topological similarity:
Part 1. representation. Computer-Aided Design, 2003,35(1) .
83-94
Palacios J, Zhang E. Rotational symmetry field design on sur-
faces. ACM Transactions on Graphics, 2007,26(3) :55-es
Rusinkiewicz S, Levoy M. Efficient variants of the icp algo-
rithm//Proceedings of the Third International Conference on
3D Digital Imaging and Modeling. Quebec City, Canada,
2001:145-152
Rusu R B, Blodow N, Beetz M. Fast point feature histograms
(fpfh) for 3d registration//Proceedings of the 2009 IEEE In-
ternational Conference on Robotics and Automation. Kobe,
Japan, 2009:3212-3217
Marton Z C, Pangercic D, Blodow N, et al. General 3d model-
ling of novel objects from a single view//Proceedings of the
2010 IEEE/RS] International Conference on Intelligent Robots
and Systems. Taipei, China, 2010:3700-3705
Ao S, Hu Q, Wang H, et al. Buffer: balancing accuracy. ef-
ficiency, and generalizability in point cloud registration//Pro-
ceedings of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition. Vancouver, Canada, 2023:1255-1264
Nagar R. Robust extrinsic symmetry estimation in 3d point
clouds. The Visual Computer, 2025,41(1):115-128
Gao L, Zhang L X, Meng H Y, et al. Prs-net: Planar reflec-
tive symmetry detection net for 3d models. IEEE Transac-
tions on Visualization and Computer Graphics, 2020,27(6) :
3007-3018
Wang Y, Luo C. Key-axis-based localization of symmetry ax-
es in 3d objects utilizing geometry and texture. IEEE Trans-
actions on Image Processing, 2024,33:6720-6733
Zabrodsky H, Peleg S, Avnir D. Symmetry as a continuous
feature. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 1995,17(12):1154-1166
Alcazar ] G, Bizzarri M, Lavicka M, et al. Rotational sym-
metries of 3d point clouds using the covariance matrix and
higher-order tensors. Applied Mathematics Letters, 2025,
162:109381
Arun K S, Huang T S, Blostein S D. Least-squares fitting of
two 3d point sets. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 1987(5):698-700
Horn B K P. Closed-form solution of absolute orientation
using unit quaternions. Journal of the Optical Society of
America A, 1987,4(4):629-642
Besl P J, McKay N D. A method for registration of 3d
shapes. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 1992,14(2) :239-256
Chetverikov D, Stepanov D, Krsek P. Robust euclidean a-
lignment of 3d point sets: The trimmed iterative closest point
algorithm. Image and Vision Computing, 2005,23(3):299-309
Segal A, Haehnel D, Thrun S. Generalized-icp//Proceedings
of the Robotics: Science and Systems. Seattle, USA, 2009,2

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

(4):435

Yin P, Wang D, Du S, et al. Cobigicp: Robust and precise
point set registration using correntropy metrics and bidirec-
tional correspondence//Proceedings of the 2020 IEEE/RS]
International Conference on Intelligent Robots and Systems.
Las Vegas, USA, 2020:4692-4699

Bouaziz S, Tagliasacchi A, Pauly M. Sparse iterative closest
point//Proceedings of the Computer Graphics Forum. 2013,
32(5):113-123

He L., Wang S, Hu Q. et al. Gfoicp: Geometric feature opti-
mized iterative closest point for 3d point cloud registration.
IEEE Transactions on Geoscience and Remote Sensing,
2023,61:1-17

Zhao M, Huang X, Jiang J, et al. Accurate registration of
cross-modality geometry via consistent clustering. IEEE
Transactions on Visualization and Computer Graphics, 2023,
30(7):4055-4067

Myronenko A, Song X. Point set registration: Coherent
point drift. IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence, 2010,32(12):2262-2275

Liu W, Wu H, Chirikjian G S. Lsg-cpd: Coherent point drift
with local surface geometry for point cloud registration//Pro-
ceedings of the IEEE/CVF International Conference on Com-
puter Vision. 2021:15293-15302

Mei G, Tang H, Huang X, et al. Unsupervised deep proba-
bilistic approach for partial point cloud registration//Proceed-
ings of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition. Vancouver, Canada, 2023:13611-13620
Yang J, Zhao M, Wu Y, et al. Accurate and robust registra-
tion of low overlapping point clouds. Computers &. Graphics.,
2024,118:146-160

Magnusson M, Lilienthal A, Duckett T. Scan registration
for autonomous mining vehicles using 3d-ndt. Journal of Field
Robotics, 2007,24(10) :803-827

Liao Q, Sun D, Andreasson H. Point set registration for 3d
range scans using fuzzy cluster-based metric and efficient
global optimization. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 2020,43(9) :3229-3246

Bezdek J C, Ehrlich R, Full W. Fem: The fuzzy c-means
clustering algorithm. Computers &. Geosciences, 1984,10(2-
3):191-203

Liao Q, Sun D, Andreasson H. Fuzzypsreg: strategies of
fuzzy cluster-based point set registration. IEEE Transactions
on Robotics, 2021,38(4) :2632-2651

Gustafson D E, Kessel W C. Fuzzy clustering with a fuzzy
covariance matrix//Proceedings of the 1978 ITEEE Conference
on Decision and Control Including the 17th Symposium on
Adaptive Processes. San Diego, USA, 1979:761-766
Fischler M A, Bolles R C. Random sample consensus: A
paradigm for model fitting with applications to image analysis
and automated cartography. Communications of the ACM,

1981,24(6):381-395



2250 it

2

Bl

Eind 2026 4F

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

Barath D, Matas J. Graph-cut ransac//Proceedings of the
IEEE Conference on Computer Vision and Pattern Recogni-
tion. Salt Lake City, USA, 2018:6733-6741

Yang J, Chen J, Quan S, et al. Correspondence selection
with loose-tight geometric voting for 3d point cloud registra-
tion. IEEE Transactions on Geoscience and Remote Sensing,
2022,60:1-14

Yang H, Shi J, Carlone L. Teaser: fast and certifiable point
cloud registration. IEEE Transactions on Robotics, 2020, 37
(2):314-333

Zhang Y X, Gui J, Kwok J T Y. Constructing diverse inlier
consistency for partial point cloud registration. IEEE Trans-
actions on Image Processing, 2024,DOI:10. 1109/ TIP. 2024.
3492700

Lyu M, Yang J, Qi Z. et al. Rigid pairwise 3d point cloud
registration: A survey. Pattern Recognition, 2024:110408
Liu HY, Guo ] W, Jiang H Y, et al. Puzzlenet: Boundary-
aware feature matching for non-overlapping 3d point clouds
assembly. Journal of Computer Science and Technology,
2023,38(3):492-509

Zhao Y, Zhang J, Xu S, et al. Deep learning-based low over-
lap point cloud registration for complex scenario: The re-
view. Information Fusion, 2024,107:102305

Aoki Y, Goforth H, Srivatsan R A, et al. Pointnetlk: Ro-
bust & efficient point cloud registration using pointnet//Pro-
ceedings of the IEEE/CVF Conference on Computer Vision
and Pattern Recognition. Long Beach, USA, 2019:7163-7172
Qi C R, Su H, Mo K, et al. Pointnet: Deep learning on
point sets for 3d classification and segmentation//Proceedings
of the 2017 IEEE Conference on Computer Vision and Pattern
Recognition. Honolulu, USA, 2017.77-85

Lucas B D, Kanade T. An iterative image registration tech-
nique with an application to stereo vision//Proceedings of the
IJCAI’81: 7th International Joint Conference on Artificial In-
telligence. Vancouver, Canada, 1981,2:674-679

Huang X, Mei G, Zhang J. Feature-metric registration: A
fast semi-supervised approach for robust point cloud registra-
tion without correspondences//Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition.
2020:11366-11374

Pais G D, Ramalingam S, Govindu V M, et al. 3Dregnet: A
deep neural network for 3d point registration//Proceedings of
the IEEE/CVF Conference on Computer Vision and Pattern
Recognition. 2020:7193-7203

Choy C, Dong W, Koltun V. Deep global registration//Pro-
ceedings of the IEEE/CVF Conference on Computer Vision

[47]

[48]

[49]

[50]

[56]

[57]

[58]

[59]

and Pattern Recognition. 2020:2514-2523

Bai X, Luo Z. Zhou L, et al. Pointdsc: Robust point cloud
registration using deep spatial consistency//Proceedings of
the IEEE/CVF Conference on Computer Vision and Pattern
Recognition. 2021:15859-15869

Xu H, Liu S, Wang G, et al. Omnet: Learning overlapping
mask for partial-to-partial point cloud registration//Proceed-
ings of the IEEE/CVF International Conference on Computer
Vision. 2021:3132-3141

Qin Z, Yu H, Wang C, et al. Geotransformer: Fast and ro-
bust point cloud registration with geometric transformer.

IEEE Transactions on Pattern Analysis and Machine Intelli-
gence, 2023,45(8):9806-9821

Charalambous C, Bandler ] W. Non-linear minimax optimi-
zation as a sequence of least p th optimization with finite val-
ues of p. International Journal of Systems Science, 1976,7
(4):377-391

Lawler E L, Wood D E. Branch-and-bound methods: A sur-
vey. Operations Research, 1966,14(4):699-719

Yang J, Li H, Campbell D, et al. Go-icp: A globally optimal
solution to 3d icp point-set registration. IEEE Transactions
on Pattern Analysis and Machine Intelligence, 2015,38(11):
2241-2254

Huang T, Peng L, Vidal R, et al. Scalable 3d registration
via truncated entry-wise absolute residuals//Proceedings of
the IEEE/CVF Conference on Computer Vision and Pattern
Recognition. Seattle, USA, 2024.27477-27487

Liu Y S, Ramani K. Robust principal axes determination for
point-based shapes using least median of squares. Computer-
Aided Design, 2009,41(4):293-305

Huang T, Li H, Peng L, et al. Efficient and robust point
cloud registration via heuristics-guided parameter search.
IEEE Transactions on Pattern Analysis and Machine Intelli-
gence, 2024,46(10):6966-6984

Yan S, Shi P, Zhao Z, et al. Turboreg: Turboclique for ro-
bust and efficient point cloud registration. arXiv preprint
arXiv:2507. 01439, 2025

Yao R, Du S, Cui W, et al. Parenet: Position-aware rota-
tion-equivariant networks for robust point cloud registra-
tion//Proceedings of the European Conference on Computer
Vision. Milan, Italy, 2024.287-303

Pomerleau F, Liu M, Colas F, et al. Challenging data sets
for point cloud registration algorithms. The International
Journal of Robotics Research, 2012,31(14):1705-1711

Zhou Q Y, Park J, Koltun V. Open3d: A modern library for
3d data processing. arXiv preprint arXiv:1801. 09847, 2018



9 J 5 B A R AR AT 2R 2 A e X R L B v 2251

YAN Yu-Yang, Ph. D. candidate.
His research interests include generative

model.

ZHAO Ming-Yang, Ph. D., associ-

ate professor. His research interests in-

clude statistical machine learning, with a

particular focus on probabilistic modeling

gk

Background

and robust geometric estimation.

Point cloud registration is a crucial technology in various
fields, including computer vision, robotics, and three-dimen-
sional reconstruction. Its main goal is to precisely align point
cloud data from different viewpoints or sources, which is es-
sential for constructing comprehensive and accurate three-di-
mensional models.

In many practical applications, objects with rotational
symmetry are common. Examples include mechanical com-
ponents like gears and bearings, cylindrical architectural
structures, and certain cellular morphologies in biomedicine.
Point clouds of rotational symmetry objects present unique
challenges and opportunities for advancement.

The rotational symmetry of an object causes its point
cloud to exhibit similar geometric characteristics across its
rotational parts. This leads to ambiguity in registration
methods that rely on conventional geometric feature matc-
hing. Under rotational symmetry, many point pairs have
similar geometric relationships, complicating the accurate i-
dentification of correct correspondences and reducing the pre-
cision and reliability of the registration process. Additional-

ly, noise and partial data deficiencies further increase this un-
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certainty, making it difficult for registration algorithms to
accurately identify true symmetric features and corresponding
points.

If the intrinsic characteristic of rotational symmetry
could be effectively utilized to develop targeted registration
algorithms, it would significantly improve registration effi-
ciency and enable more precise point cloud alignment in com-
plex environments. Such advancements would be highly sig-
nificant for fields such as robotic autonomous assembly,
high-precision three-dimensional modeling, and medical im-
age analysis.

Although there is a substantial amount of research on
point cloud registration, studies specifically addressing the
registration of rotational symmetry point clouds are relatively
limited. Existing general registration algorithms often per-
form poorly when dealing with point clouds that have such
distinct symmetry. Therefore, research on the registration of
rotational symmetry point clouds is both urgently needed and
of profound theoretical value, as it addresses the research gap
in this area and contributes to the improvement of the point

cloud registration technology framework.





