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Multi-scale feature fusion point cloud registration algorithm
based on LGSA-HFFNet
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(School of Automation, Harbin University of Science and Technology ,Harbin 150080, China)

Abstract: To address challenges in valve pose estimation based on point cloud registration—such as complex backgrounds, occluded
or missing features, and noise interference—the article proposes a lightweight graph-spatial attention-hierarchical feature fusion
network ( LGSA-HFFNet) algorithm. This approach designs and employs a multi-scale parallel convolutional feature extraction layer to
enhance feature extraction, prevent gradient explosion during training, and accelerate convergence. It further incorporates a lightweight
graph-spatial attention ( LGSA) module, a streamlined enhancement combining graph and spatial attention, to overcome neural
network difficulties in extracting features from disordered point cloud information, enabling effective extraction of local point cloud
features. Finally, the system is validated through pose estimation experiments and deployed in real-world valve pose estimation tasks.
Experimental results demonstrate that the LGSA-HFFNet algorithm achieves an average relative translation error of 0.05 m and a
rotation error of 0. 984 degrees in valve point cloud registration experiments. It exhibits excellent robustness, with translation and
rotation registration performance degrading by only 2% and 7. 5% , respectively, under complex backgrounds. Registration time is
reduced by 80.32% compared to the iterative closest point (ICP) algorithm, with performance significantly outperforming traditional
methods like ICP and semidefinite-based randomized sample consensus (SDRSAC). In ModelNet40 benchmark tests, rotational and
translational errors were reduced to 2. 293 degrees and 0. 006 m, respectively, with rotational accuracy reaching an advanced level and

translational accuracy showing a significant advantage over existing models. In experiments using real-world valve pose estimation
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datasets with high noise interference, the proposed method achieves errors of 2. 175 7 degrees and 0. 036 m, representing reductions of

at least 28. 98% and 17. 81% compared to existing models.

Keywords : point cloud registration; graph attention; spatial attention; feature fusion; lightweight network

0 3

T

R ECHE AR T A 5 2 A AN 6] 8 A ) A% I 2
RAEFB N =Gk 5 2 R e P A% A 4y 00 5 2 7]
—AFR R R E RS SR, s R
FA AR AR e B R
SO AR TR T A 0 i Ak 5 S B A T
Yo B F S BABL A A AR T AR iU & R X
F BLHE S A PR H AR T S R

BT H AR S = B TAE R ) EZ/EH, HAR
XEERBROCAEBRK B, HEAC LAY (iterative
closest point, ICP) B EAE N i = L HEL G A R H i 4
AR A 3 SRR A = A AR = 2 ()
S5 VETC 8 0 58 I BC T A (E RO HERICR 32 3 5 =
GROLE AR R T, SCER[ 6 [ 48 i —Fh B T i =
B T8 SCRFAETHEEA0) 8 O AT A7 79 T8 530 12 ik DR T 1
XTHME M- IR, SCHR[ 7 188 T —Fh B TR A =
BCE AL 2 Al T B8l I BL] K 4 B ( K-dimensional
tree , KD-Tree ) SZ3 1CP 557k (1) A5 B AT EC . SCHK[ 8] 1)
IEAR AR AE S AU ACBO 38 7, JUS T By
BCAEROR | (L BC e B e, SRR 9 ] 44 i PR i A E
ELT RIS BRI HE S s I () S 2% B 35 T S B
M SCHER[ 10 ] £ ) 7 B2 T RE AL R AL 1Y 5 E 1 2 1
[ #1 £k Fli A — X ( semidefinite-based randomized sample
consensus , SDRSAC) J5 ¥ , il fb 1 Be i 1T 50 /2, 1HL e
SRS EARBORAOC TR R R R OR, SCHR[ 11]
P —Fh g & BRI SR I R R AR A B =
Vo LR RS D Ol T E | 2 (S S I VA A LT £
[P ROR O A SE R R E 25 . SCHR[ 12 421 1 —
o i T i@ e AN 2 R R i R I DG I AT R 2 BC T Y
T UG TR RS R . SCER[ 13 148 T —Fh
filt G Z2 M = JURAAE , 08 0 B 5 22 B 3 07 RBE il
A e 4 5 R R A R AE A T VR B 0k (R T AT AR
(3=

HTR R TAT I 5 2 e 7 1 IR B 2 ) O
2l A GRS 28R TP S T B B4
FRFIE . SCHR[ 14 ]38 T — P T 5 = A A IE R #U0 %)
N R TR R 2 2] SR A b R R T AR (R
TAEFARAR  SCER 15 ] $ i T — b L T XU O AT ml A
HARF-% [ e 0 = 4E 20 50 AR R O R R0 | A ok T k)
PRUPUA AR IC HE R) 8, SCHR 16 ] 48 H A9 Z R RS | 5 1)

2438 320 ) FH IR RE 0E 0 A 1) 25 [ A s ofe 5 48 X6 07 A
FEREXT I A R GG RS B DR ECAE M, SCER[ 17 48
WY — BRI A BRI S 2 SR IROC B SR A
TR MRS | TR RALBE % A 60 = BE M rh RS T 84
AR SCHR[ 18 ] $2 Hh —Fh Rl & A & [ 8 N AR A
TR S S R IR S IO R T A AR 48 A R
AT AE AR, SR 19 ) B UK R AT E
BIUT R FAE 25 2 FAE 32 BT, A R4 T T 1 28 T 4%
TER AP TR HERE . SCHER[ 20 1 38 3 1 3R 2 TE B AL
il 55 2 H A X 38 L 7 ( pointeloud registration with deep
attention to the overlap region, PREDATOR ) T, TE A
ZHETSIAEEEE LR, R ES A B L
BUAS T8 ah B SCmk [ 21 ] 42 1 59 Transformer fC
ViSRS ( registration Transformer, REGTR) , 1E 38 X 95 i
sl T 223k A -2 R R AL R TR
PLHIFE s B P B R T . SCHR [ 22 ] St 1 — i g ok
JUIAT 45 4 Transformer, ] A 8% 2% 3 i = JLAR] &5 44 (1) 44
SRR, 7 17 46 38 SCTE By HL B Ty T RS T —
HR

TESEBRI I, 2 R A R R P AR AL Tk
EGRIEAE WS L AR P AR R, 1A A s
HES I R MM R AR SR IBORTDE IE , O HAKH A% 52 5
LR A RFAEDE L , X ¢ 5 S B DL I e DR G 115
R R S R R, FEAR SO IR DI AG 3 S ey 10T G
I PR e R B TR DRI TS A 155 0 51 AL AR A
Rt S5 HOy RS T Rk 2 S TR R, AT
B E R 22X LAl A 25K

BEXS LA B[R], A SCHE Y — b ik T2 A - ] U
NP B 22 RO RRAE Rl 5 5 2 E T M 2% (lightweight
graph-spatial attention-hierarchical feature fuse network,
LGSA-HFFNet) , %M 45455 & BURE R R ) 23 0]
TERHLE AT 22 RO R AR SR S R, 2% 0 -t 5
RHESAE B R o R BRI B 22 ROBE AL 5 d5 i it
Z )2 AP A s AR A = AT I e, AR5
F DTS

1) Wit 2 REIAT & PURHIE S UZ | IF7E G AVRHIE
FEBGI R ST ASR 22450, 16 i R b BBl ak R =
JRFRRIE 5 42 R R AR IR 2 45, 3 AL 1Y SRR e )
FNZAGRE ST RIS 0 4% H S0 32 90 2k 14 R et i sk
EES &

2) Bt A TR RO S A ) T AL r A
Pl 2 )33 AL LGSA Ak v th sl = 5 BAFE Y



%1

TE e %5 3T LGSA-HFFNet 2 KBS HE R G 05 = e i Bk 355

TG i i P 222 8 2% A % B DRT i f ) 250, i A o) 2%
XF 5 SRR A B 0 8 7, B THRRAIE e 2 R0 M RS 4R
SETR RS IBORS 13 | () I X608 2 1 WL E AT iR Ak
Wk BEAGRE BEUR o5 SR TR AIOR

3) PR TR ML A BT IR T 05 = B o 5L 5
TESE b T A 3% 5 h 56 3F LGSA-HFFNet Y A 8P 76
ModelNet40 $H4E | F il B 52 1 1] 8 = Al v Eois 48 1k
FFT 12 % L SE 5 S0 A AR () fIE e vk

1 EF LGSA-HFFNet IZ REHSIRE S
~EEEE

1.1 EEREEN

AR SR ) BE T R AL R s ) v 2 LI 1
TC T DO 26 32 2 F A 2 R R B R R 55 2 T o 8 2 el
BEHLHAR 5 2B, 48 B AR ZE R A 1 B

W25 BUSER IR HERAPLHIRER 25 e [ml AR B
128x4 1024
f
HiRE= ‘ﬁé m" B i—’ Concat —- \ 204%022]22567
WL LGSAE comiDg | Coneat | 'fﬁaafﬁ/
BatchNorm
/ MLP

Concat }—»

Kl 1 LGSA-HFFNet 4514
Fig. 1 LGSA-HFFNet architecture

B 2 A5 BURAIE S USSR X ASER i = F1 E A i = AT
FRIETHR I, 159 21 55 2 A RRAE IF X 5 2 R AR 2047 % A G
fith, 5 0 2 AR AR B T, I M g e sk, T HEE
LGSA YL Transformer FE 48 3% 2 32 BUS Xt 5 5 %) 22 [6]
B SCARFAE RN 2 6] 0 B AR AIE , (ol FH 4 AU v AL 35 VR
BRFEAERE | RS 8 = 2 sV RHIE | R SO R 23 ] 4
FEAFAE, i D h Ry BRI A8 R 7 B S B R4

SRR, B TR RRAE R S Al R B A
S5 HPRE S PEE N 1x1 024 KN, F R FH B2
EHBNR S = 5 BAR i s PR R 1x2 048 (45 FHIE,
e TR T 2 J2 I NAIL I 5 25 335 1T AR H X A5 Al A
=55 EAR A5 2 8] 1 J5E 2 1 o R - % o) s AT 30
SRR T AR LAV STECR R ERE 1 3 ATk f 2 AN
SRS 1l B AE, B S B eSS
1.2 BHRESRFHERIUER

X T 45 28 IR i 2= I bR i 2, 38 (1 45 AR
LEBIHBRIBCHRRAE | LA S BT 5 25 RRAE 4 i *E?Fiﬂ:f’%
et L U A S S N | FE W K () S 11 ¢ B 5 Lk
TG R4 AT LA — 5 2 B L 3 S = R AE, AL Jmy 3

FIEANHURR

BEXTLL B IR, B it BA A [R]85 B 1 01 4T 5 R

JZ DI SRR E 42 OB B (9 R 4R ICRE ), JF 5 A Bk 22

SR LA P 48 T HT SR A B () AT, S e 45 ) AN 1R 2
R,

A SCHRZERHIE SR BUBE SR

/ /

W.x) |

M?LMW

CO"VI 1 Convlx1 Conv3x3 (‘onvl 1 H

K2 skZERREEH

Fig.2  Structure of the residual module

LGSA-HFFNet f5R 22 BB Se 0 1x 1 (194 B2
AT IE R, D8/ 15 5 AR5 o0 L B B R Ry
7x7.5%5 3x3 (A RR)Z 73 AL FEIF T 1x1 B )= i
0 S  IRBURZ T 3~ 15 B2 R, KIRZ



356 f# £ ¥

47

7 () BRI R P 4 Ry R A, 358/ INRR A2 BT 1) B B S 6
Jrr A s RFE A B B B S R T 33 1 1x 1 B R E
ATRRAESG DR I JR B I 2% i i Rp TR B Ol T 4TI
YN RnRR e M | Vel B T S TR AR R ) fE, A
TG | AR 02 i FH 110 5% 25 3% S AL i, 7% 2 e 1 8k R 3%
= (1) B,

HW,x)=F(W,x) +x (1)
R x KA F(W,x) HERERELW hA)R
WILEALE s H( W, x) WERZERBYUH B e Zdm it . &ad
MG AL S RS F(W,x) 2B #ikE T 0, 15
RIZ 05 BT LA rh E) )2 HEE BB A R )2 . [FIRT
TERE R 22 SR B A FH AR T AL )2 1 ReLU B0
PRI, A R S I RN RS P I DRl SIGH B
1.3 LGSA #&h

FH T 1 25 R SRR X ST R A% G T T PIL
LR B R T LA RO R 6 A JLART R AIE  (EL7E A % 5
X 2Z 6] A7 AR AE B IO T AN S U, th TS o
HERT A AE JR T RRIE S 2 TR 7 e [m) T, A 22 ()7 3
TR AR 25 B0 AC o 25 SR AT R A e 25 K B i 22
PR A SCHR A 45 6 TR 1 3 5 s Rl 3 P i e
fEIR -25 [l 2 AL LGSA #ibk Hofdi K & S AL
TR ER AR 5 6T 22 [ 7 OC 2 Pk A SRR fif FH 25 i)
TR IIWLHIFR IS 2 1928 B B R AR FU LT RRAE , FL 4%
FtnpE 3 s,

HER

B

LK A R EEEARE |
R J

"’(’,’ff_’_f_i::l:ff_fZé%;%;;i,: C%ﬁ I @
s L

i A
REBRHE #

SEERARIE |

| RxGE

13 LGSA Fibkasity
Fig.3  Structure of the LGSA module

e = FRIE f A B B R I 3h & K il i 3%
(K-nearest neighbor, KNN) F 14 ## #] #5 F 25 ¥, sh &
KNN [&T3 3 13804 E 25 [ o B A i 55 05 30 408 19 IR G
B ARAG L AR BRI S B S 2 TR SCAR L Y AR
L, Hat = (2) B,

d(i,j)=./ 2 (x, ~x)° (2)

N(i) =fi,u(d(i.j) k) (3)

K. d(i,g) HEA S HAT SMER NG S
55N G kAN S ARIERE B R, 3hAS KNN &
FERRRAT AR R EHT ., SEAS A W T
2538 i JU S5 R S SUE BRI GE J1 . o 1P A R
TR SR Be 8 k= 15 EIRHEE N ERE,

e R T 2 AU BB B, A%t S PRl FH 5 b
ZHE R TSI ER A TR AR ] T
LM EEE R, SE5ERERPLH T,
LGSA-HFFNet () {3 2 1AL 2 AU H T 53k B =
775 BIFE T % UL B it (s B U0 5 S AR AT
PR B ) B AN 4519 5 AT G S Y R AR e
Rt IR AP R (4) ~ (7) iR,

h = Wg . x"‘ (4)
¢; =fLeakyReLU(aT : hlf) (5)
€x (ei')
@, N (6>
2 exp(eik)
keN(i)
G = Z aij . h/- <7>
JENCD "

5
A b S RURHE s By R B, BOARABTT RURHIE s B, A DEEE
Je AR AR AR ;G R B R S A RS T S
YORFIER 5 se, N1 SAFIER 5T, 9 Softmax JH— LR
BT 3 RS SR R AGE

P B I BEHA U T 8 2 SRS m 2 T S
2% 1) [R) P s PN 246 S0 T AR 0T Y 2 A () A0 42 T IR 2 AR i
PREEE T, RIS, Ry TR AR A B R T AL R o AR
LAY AU R A LA RRAEAR B P25 a8 s B &
BePE  LGSA ] AZs BRI, TR
FIWL ST S AL B AR S X e
SRR AR 53 ) 8O- 24 3 £k R0 e Kt Ak, A5 31 4
JRREAE R R TR P AR AE [ T AT 5 AR P, B e 1
23 ) BT RHIE 5 i A RRE AR 3, 75 3 B e 4 A 2 )
TR JTRHIE, Rk K= (8) A (9) Pk,

M=0(fy [F,.F,]) (8)

S=x-M (9)
s fy, R s Wi ARRIE s S D fie i ity
A 23 ) T RHE

FEAATF T VI B TR AE 0 23 () 3 3 Atk s, o e
B P IS B2 X PR RRAE AT R A Rl A
PR, R TR R R S R il RS R T ik
PERE ]y B BT .l R A AR IR il 2
(B, o5 3 RS BB RIS T8 (9 Y BB R, O 35 PR AIK
W28t B ol A SR 22 E AL R IR R AE S
TR TR FRAE AN, 8 0RA5 B 8 B I SR e 7k o
1.4 REKEHE

FEXRAR 5 = FlE A5 0 = FRAE S US| o P 25 R AE
PATPHE B 1x2 048 R/ PFERHE , I 4 A A8 e ]



%1

TE e %5 3T LGSA-HFFNet 2 KBS HE R G 05 = e i Bk 357

AR A T BCE TS A A0, AR [l A B el —
AL R ISNHLIRN G ) e b 55 B R FNSEF2 Inl o T 647 (]
I, AL E 4 A4 7 32 U2 , Ho 2 oo o 4 i ok
2 048.1 024 512 .7, feJ b t0 2 0% i i ) dt B AT 45
B AR I,

Sy T B U S BE I LGSA-HFFNet 1] M, 4
{BIfAHEES (chamfer distance,CD) "™ RS 44 A5 % pRER,
TR LABC S S SRR 5 2 B0 I 5 e 5 e /M R
L BAR, IE5 [ Mg SEeE R, HEaAn=(10) ix,

[ L.
dey(PY Pg) = —min | x =y || 5 + Z-min |y —x | 5
PT yeby stP?fl

(10)
K. Py MR 5 Py 2 W25 3 AR 46 i (1) B
zix € Py e Pg, 3N (10) 5 1 Wit BN S = T
B AR HAr S = SRS 5 2 Tk e
B/MUEW RSB 2E5/N BT UV A SR
ELE N AN

2 EWRERSH

2.1 BINRAEEEKE

D) SRV R

it PR A O PREEARAILAY IR T 1A AL g A BRI H
1) B UL LI 1A B S P R 1 0 s B HE O LR R B
S AL AR N B TS ok LS A P UL NVIDIA
Jetson Orin Nano #x A ZUTT B4, B 1124 20 TOPS ; #LAH,
T P A RS B £0. 5 mm (I PMEDLES A TR LB 5
BRI OE Gemini 335 XH IRBEFIHL, 75 1 m LA
PR FIREEDR2E < 1% , AT A 8080 IR U A0 18 2 X S B 2
SR , ALEs NG BRI 4

| : |
| Jetson Orinnano |

(- AR

4 PLES AL

Fig.4 Robot structure

FEVNGR B B, 5256 fiff 09 RE 4R B 55 40, CPU
AMD Ryzen R9-9950X, GPU Jy RTX4090 24 GB, NTE K
64 GB, ZGiJRAHy Ubuntu 22. 04 {51 B 49 B 2% ) HE 21
FK A R AS 24 Python3. 9, PyTorch 2.5.0, CUDA 12.4,
WG B AP G E, AN S s FREE
4 096 A~ R Sh ALK KN 8 FFUh , BEVIZridt
FEBW T2 165 LA T Adam DLALES , B 1R 2% 2] %
90.000 2, BANZRAECH 200 5,

TERR] S BE S I B B, T2 0 PR B i PR AE R 3K
SRy R A PN R R AT DA ADL B SE IR 1] RS TAE S 5t
TR ] SR AN [vi) o (0 B 1R R W) 1R 1 L3, BT T A
B 40 e MLER AN G AR BB IR B 1 m,
BLEBAEUMEDLIE R AT 88 L, B R o B
1 280x 720, T FE G 3 # R BE g 848 %480, L7 f
90°x65° , 3 12 F1A4 P o 1) Jr O R B R &2 5 R
PRI [R] 04 4 94 B s PRI DR 08 2y 30 fps, BOE ]
TERTH A 0° 3L HE(E , AR I P AT 25 4% 85 1 17T 181 B8 S0 em
KA, N 450 5] 0° B Sl iz 8, 38 s il R E N
4°/s . W1 E ARSI FHR 1B H AR R B |
M aAR T AT BAR T X 8=, %S = i AT
BB S R BRIE IS AU R i P TR 12 B R O
A N I e o A B A R N R AT =B B fab )
TE TR R AR 50 L 5256, BOHE i 1 0 e 15 Ry 24
2 Hz, [IIOEEAGTHC 805 Ko = AR 5 iR,

i A

i,

(a) BEMESRIR =

(a) Calibration of experimental scenarios

) ERGF RS

(b) Experimental scene point cloud

K5 Scsedst s sl s

Fig.5 Experimental scenarios and point cloud scanning



358 % & L F ¥

2) W1 5 2 e v S 0 R iR 22 45t

M FARLGAEN N TG, TS T 5 .
Ubuntu22. 04 Nvidia Jetpack 6. 2; FHTF-XF LAY ICP S ¥:3)
AEH S = HEE PCL $24E A SCEAY (i ] ONNX 5] 2535
B DL AR SR PLIENGCR 4R 5541 T ROS2 LAk A48
VERGEH, 16 RGO 5 FVEAS b AR BT e i 231
BN RBP4 1.2 GB, Al A 30 8 6 ¥ R
AR ARITEEE L,

SR RAENUE B s AR 2 12 s, 3t 24 BB
I, A FAR OIS TCP 5309 A1 SDRSAC B3k A7 B i i
B, ARSI 8 st B rh s T3 S Bl v S
HIEI0 S, ICP ™) 2 5 Al SDRSAC!H™ & i i 1 12 3 3 i
HRAT I 5 2 SCE AL 12 3 (s B8, 280t
T LS SR T A5 5T B8 5 1R 25 PN BTk FE I 1EA T 2
OYMT , A REIS R A5 2 TUAh BAE I A0 AA Rk T ARG I B RES
OISR AR S A 25 T A5 B Y Ak
HTAE, ARG Bk g B Aent, S2iad B dh A SO R
TRIr e Rl AL I E 6 s,

BAIR AR

b sz

HHLRE AR AR R
(a) BCYERT (b) BEHESS
(a) Before registration (b) After registration

K6 FCHESs Rl diik

Fig. 6  Visualization results of point cloud registration

Hi P 6 FTA, AL 1o I 1 1) e A ORI, 32 R
JEARPLAN A 5 B I 15 52 W, S IR SR £ i 2 15 SR oA
B 2= TR ) Ry R il T fE 2 HAA SR 22 5% . ¥ Tis 8h
R R B Y 52, B B DR AT 9 o7 B 0
ST IERE VB S BOKR figk | T 1 245 2R B0 AR 0 Jié e e
72 R MR PR T U 7 Pios . fERE R = HHR
M s 2 AR 22 S B K B4 3 gl i 301, 1 98 5900k 52 R AIE Bk
RFEMABNR , B 12 3l B 2547 RS B B 4 v, (E AR
SCHEE A2 P RFAE 72 AL B 82 i /0, HLAE RE A8 T X
FLR P AR 53k

e Ll SR rh S5 AL n il A T 1R 22 AN 14T 8 i, AR
PE R ] = BEHE AT 55 FE AR 220K, 1R 1) 7 o7 B A A ]
ARG TR L ABILR SR B0 TR B2 E AN AL N 230 3R45 52
W IR AT 55 R 1 2 BN e AR i, Kl 8
AL, T SR AR e S o 1 8 0 1A T A I TN JEE 5

$ 47186
350r
nsF
300 . = ICP
215t - o SDRSAC
< 2s0p . % A AREY:
:ﬁ,& 2251 o | e
B 200} .,
& 175} ‘ .
% 15.0F ‘ . .
E 1251 " " " ..ll'-
10.0 | .. “ o ?. ..l
I
2.5- r | .-'
ST IAAAlTAAAAfAAA:f=AAA$AA:.I
0 5 10 15 20 25
Ao AE WIS
(a) AT HERE R 2
(a) Relative rotational error
045 = [CP
e SDRSAC
0.40 :
" o RICHE
035 | u
L |
S 030 e | . "
L1
oK 0.25 e
é | ® it " [ ] -' ]
%0,20- J :.‘.' by
B oI5t ’ e,
0.10 *s
..
0.05 'o.
AAa °
ofF AAAAALAAALAAAAAMLALALARS
0 5 10 15 20 25
R UE
(b) X PR IRZE

(b) Relative translation error

K7 B RIRZERT L

Fig. 7 Registration error comparison diagram

WA o FH TS B A R B (192 Bl m] S D HILBRCE R
ISR RIHLAL AR 2R Y RS 5 v Tl e e I v 5% 22 B K Ml
RO TR BERE TR 22 B BT, S BT 5 R X T A R 22 A
BRI R S, R 3 300k E 1 S 30 1) 2% TR 2
FEMS RS HE AT 25 6 o B, SE R eSS R e Rk 1
B

151 n
10 "
n -
[ 3
ok ‘AA:::x:xlill“ll:“.A:‘
i " -
n ]

=5F | - -l‘. ¥ W
I |
]

BLHER 29 /(°)

= ICP
ar || o SDRSAC
“251 “ “‘ A Z’Kiﬁ&
-301
_35 C L - 1 1 L 1 L

0 5 10 15 20 25

FCAE M
(a) Xl ek Aok iR 22

(a) X-axis rotational registration error



5514 TR o & T LGSA-HFFNet ()2 N BERHE fl-& o 5 BC ARG v 359
. 1 LGSA-HFFNet 35 - Y i 1 #E 1 Sk 371,458 5 Al

e, w0 73 ms, AL 4% SDRSAC  ICP F00% 51 7 FE 41 71 4t

ol o K e, Herb RIS 1CP B4R 7124 80. 32% , 8% SDRSAC 453k
< PTF2 98. 4%
ﬁ_‘ 10 + %o .
x e [ .. .‘o.
g ok A:I:A=AA.AIIAAAAAAA:‘A11

o N SDRSAC
“10F [ .. ll'..
20— 5 10 5 20 > 1CP
e AE WIS
(b) Yilie sk Fo kiR 22
(b) Y-axis rotational registration error
20 A
20
1or T NV 5 LS AN o 10
......O.......Q.‘h ™ E&Mﬁ
ol :AAAAAAAAAAAAAAAA 280s e .
" "o K9 SEFERTXT

ALAER 20 /()
I

-20} “ = [CP
e SDRSAC
P o AI
.
,40 1 1 1 1 1 1
0 5 10 15 20 25
Hc A
(c) ZHh ek Rk iR 22

(¢) Z-axis rotational registration error

K8 FCHEiestins

Fig. 8 Rotational registration error diagram

®1 XWEELERFEIT

Table 1 Experiment registration error statistics

TR RENE ICP  SDRSAC  LGSA-HFFNet
X Hh 0.098  -0.135 0.002 9
i Y 0112 0.034  -0.0002
FRIRZE/m
A -0. 163 0.003 0.000 3
HIXFRZE  0.253 0.276 0.005 0
X #h -1.684 0.982 0. 145
i Y -1.379  15.736 0.051
TERERZE/(°)
A 4.262 2.685 0.571
MXFiRZE 9.870  15.823 0. 984
SEYFET/ms 371 4585 73

FH# 1 A0, LGSA-HFFNet 83 57 259 40 X £% 1%
ZRE 0. 05 m, HXTHEFE IR 2K E 0. 984° , TE LR S =
B v S5 AR T PR S 2 B

FERCHESE S0 A2 rpr i SR IR G0 45 e v SR I AR
0L, 3 FRELECHERE RS X L AN 9 7k, ICP . SDRSAC

Fig. 9  Algorithm time comparison
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Table 2 Different experimental scenarios registration

errors statistics

R A WESME AR BT R
X % 0.002 1 0.002 9
Yl -0.000 1 -0.000 2
PR iR/ m
Z 0. 000 1 0.000 3
RS IR 2 0.004 9 0.005 0
X % 0. 152 0. 145
‘ Yl 0.022 0.051
IR (°)
A 0. 548 0.571
AR R 22 0.921 0.984
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Fig. 11  Rotational registration error of point clouds in
different experimental scenarios
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Fig. 12 Point cloud translation registration error in

different experimental scenarios
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Table 3 Comparison of registration performance on the
ModelNet40 dataset

[ITR{EERER RRE/(°) RTE/m W ik
RMSE/(°)  RMSE/m
ICP 25.051 0.251 33.682 0.289
Go-ICP 3.173 0. 121 14.055 0.104
SDRSAC 2.782 0.011 3.922 0.012
PointNetLK 12.174 0. 108 18.332 0. 146
DCP 4.852 0.022 6.710 0.027
Predator 2.635 0.028 3.900 0. 039
REGTR 1.542 0.018 2.627 0.023
LGSA-HFFNet 2.293 0. 006 3.732 0. 009
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Fig. 13 ModelNet40 dataset registration results visualization
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Table 4 Comparative analysis of registration performance in ModelNet40 with noise

MRS = R

[ITRGiHERES e T Tie % T
RRE/ (%) RIE/m RMSE/(°) RMSE/m RRE/ (%) REE/m = oMSE/(*)  RMSE/m

icp 25.563 1 0.248 35,075 0.248 26.124 0 0.246 0 36.821 0 0.296

Go-ICP 2.8522 0.029 12. 264 0.029 2.7540 0. 045 0 11.4350 0.024

SDRSAC 2.921 2 0.012 3.027 0.013 3.0170 0.013 0 3.645 0 0.014

PointNetLK 13.651 0 0. 108 14.293 0.120 20.992 0 0.128 0 32,6810 0.152

DCP 4.9720 0.018 7.882 0.023 7.934 6 0.030 7 10.207 1 0.054

Predator 2.866 0 0.032 4.203 0. 044 40170 0.076 0 7.008 0 0. 102

REGTR 1.894 0 0.019 2.009 0.024 2.3940 0.021 0 2.4170 0.026

L.GSA-HFFNet 2.313 0 0. 006 2.433 0. 009 2.360 0 0.007 0 2.3950 0.011
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Table S Real valve point cloud registration results

3 6 ModelNet40 17 £ RISL I 45 R
Table 6 Results of ModelNet40 dataset ablation experiment

[N { N7 RRE/(°) RTE/m cD Baseline NIIEESEN RRE/(°) RTE/m
Icp 28.1123 0.352 1 0.418 5 LGSA-HFFNet TR F R RS 159.799 7 0.061 7
SDRSAC 29.288 2 0.269 5 0.326 1 LGSA-HFFNet 2t 14.054 6 0.032 6
PointNetLK 10.618 3 0.203 7 0.167 5 LGSA-HFFNet LGSA 3.6253 0.010 4
Predator 6.4350 0.060 9 0.002 2 LGSA-HFFNet  Fk22EBI+LGSA 2.293 0 0. 006 0
REGTR 3.063 4 0.043 8 0.001 7
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Fig. 14 Valve dataset registration results visualization
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Fig. 15  Ablation experiment relative translation error
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