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Abstract

The purpose of point set alignment is to obtain correspondences and estimate the transformation
from the model point set to the target point set. Non-rigid point set alignment is difficult to solve, and
the point set may contain distortions such as noise and occlusion to complicate its solution. Proba-
bilistic point set alignment methods are robust to distortions, noise and occlusion, and in this paper,
point set alignment is considered as a probability density estimation problem, which is estimated by
great likelihood and solved by EM algorithms for the correspondences and transformations. The
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transformation between the two point sets is specified in the regenerated kernel Hilbert space, and
the width of the Gaussian filter in the kernel function (i.e., the Gaussian distribution) is gradually
narrowed down during the iteration process. Experiments on synthesized data show that the meth-
od of this paper is robust under various types of distortions such as deformation and noise, and
compared with the CPD algorithm, the method of this paper has less alignment error than it.

Keywords

Point Set Registration, Gaussian Mixture Model, EM Algorithm

Copyright © 2024 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/
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FETHE NS A DS, SRR SR (VA 20 s £R) 5 H A sl AR (BRI B 5E A8 )1 A 20 A 2 7] B
XS T PR A Hh e — > B AR T B ) e, AR A e ROV I R, H SRR 2 40 SR IO N G SR AT AR
WS HHA o A SRR UHEIE AT EH U S L R 2, C N T 24Uk, G RHE[L]. &
BK[2]. HARRBI[3]5E. fEAENIVE sARRCHES, P s S B R, SRAGHMERE R, H o En R & fh
BTG MR A HORARE I 4, Bk, SR T AR 7572k A o s S BT o il

AR, K AENIE s AR TENE R BEA v IR R, G P 4% R ek 545 FH v VR 5 155 28 (Gausssian
Mixture Model, GMM), 7EIENI M sS AR RCAEBL R 75 2 T )2 BN o (] GMM SR U FLHE M BV EH
P2 — 2 IR i R B 2 ol AR B Y i SR H AR R, I B N ol v TR A TR PR 2 R A
Y RUERCHE I 4] 5 — 2 — A R RN R R A A R 2 B, ) — A RV AR,
SR 5K e SR AE AR TR 8 BEA TH in) 8, SR FH B8 5 K fK.(Expectation Maximization, EM)5I%[5] [6]/#
e, FAR RSO T A RRIE s B2 O 1) 230 A SR A e T 28 2K

1998 “E 1 Gold [7]45 A4 H &4 A UL (Robust Point Matching, RPM)&i2:, Jifii iy Chui [8]4F At
RPM BEHHTHAL, ZSCHRAF TR, RPM B gl 822 [RIRE . G 28 1 ik TR 2 (] A8 460 1) BE BT A >4 1
GMM 1 EM BVESEEL, s2hr b, 1R %2240 Cross A1 Hancock [9], Luo F11 Hancock [10]45# 524 s 4
B AE 1] B A A 3T GMM e K ALL4R (maximum likelihood estimation, ML) i1 1 /% . 2010 £F, Myronenko
S N[6] [LL1EE X M AN E NI SARFCAESR Y 1 AH T US4 (Coherent Point Drift, CPD) &%, i 5kiE i &
RACALER R HOKE e 9V AL 1y v o (RIS 2R 5B 1006 B30 (BP H A 2R, R IR s iR & B8 i o
TEER S, DMRFRSERN NG . CPD Sikx SR LG R B S, Hhakrtimg
TEMEAESAMER . ERISERER, 2R G T A AR RIE R

A A Myronenko 25 A EAE, /£ CPD SHykdbati b, {1 EM St ar il (R, JEreik it
FEroxt 51N K Tikhonov 1EIIAEAEZE Hpi bR 25011 2 5 DA — 8 KB A ek N 1) 7 VE G AR Y EA TR ARSR A, 3k
AR T AENI T AT RC R AR, 2 RS L HE 45 SR IR

2. GMM SERLE
ARSCHE X 5 Y FIAS B 2 1A (R HE T VE RS 35 B A 1, 24P X 78 GMM JFit, Y R H GMM
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AEREE AL, GMM LA ALIIEE SR Y, X R GMM B BE I T O A AU AR B S T (X)), FESARR
AT, AT, FHF 4 e HE £ GMM J5 BaME R () B KB A3 B0 R G R

EETIAN B, DRINEAE N A SR SE X = (X, Xy, Xy )| € RMP BLRCEH M A5 E AR
LY =(Y1, Yo Yy ) €R™P, HAG—A A 1x D WATHERR, D Ronamgest, mMAaEmm E i
ST A S Z A A R UL BB T IR® > IR, %48 T {EHIT X, 1384 Y 5&HEH
T(X) HAEXS 5

FEARSCRGIN— A ER R Z={z, eN,:meN, |, Hiz =n, 1<n<N RRWNMHEy,, S5
;X FAUERS, Tz, = N +1 R WINME y , R, W GMM M3 % 52 bR 07 AR R 9

N+1

P(ym)=§P(Zm=n)F’(ym|zm=n)- 1)

HoP(y, |z, =n) NIER A% LR A, B

ym-TOa)

Lo @)

- 2n6°

AT GMM 3 A ARSI & [ [FPE 5 2 67, SCRR[12] P F s iy, B0 Ere, 3
3 e 1) S e T 7 1 — AN B — AR ARG P (Y, | 2, = N +1) ABSI A, ASCH B HEAR
FEERON 1a, FHd a fE 4iw A EoRmR, E=4E% 0 ER A . GMM (KR T B R oRm -

ym=TCx I

1 N ) :
P(Ymm):?/—"‘(l_?/)z . D/ze 20 . (3)
a n:1(2n52)

P(Ynlz,=n)

M
by e[04] R FHMEIE AL, C,, 27 GMM MBS, AL C,, —YM #4Y Co =1,

m=1
nzﬁﬁ%}ﬁ*ﬁiﬂﬁﬁo
AP SRR S AR T AR A AENIVER, A2, AIRes S8/ MG E M, R,
{4 Fi} Tikhonov 1E AL HEZE SR MR e iZ ) A, 7€ Tikhonov 1ENIALHEZE v, A8 T A LLE LK
T(X)=X+v(X). @)

Horrv(X) = GW FIR A B, A SO A2 b BCHEAT IE A6 LUt i e B Tk o 50 T ARRITE 4R AR
e T IR AR AT U S/ M SO0 BULER B OR A -2

L(“’“Old)zz_;iip(zm =Y ™)V~ T(x,)

-M,In(1-y)-(M —Mp)lny+§(p(v).

M ,D
2

2
+ In &2

()

M N
b FR R SHAL M, =Y Y P(nly,m™) <M, 2 AEMESH, o(v) & AHITLIR,

m=1n=1

o(v)=tr(W'GW). (6)

2
Forbt W REOERE, G MR, G (i, j)/l\fn%'?Gij:exp{—%}, tr() e 7k e

3L o
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3. EM EERARER

fETHRE BRI S HAT UM%, W0 EM Sk, BRI T FEAAZ 7 HERE . EM SEIR[13]2 — R AL
BIE R BT S AHEE R, AR B P BR(E-step) Ml KA AP 3R (M-step) IS AN P BR 2 1R) 52 B it AT
NS EM 5I5TE E-step f1 M-step i CRMEA MR 1,6°,T .

3.1. E-Step

E B8 F 24 BT S HUE 0™ FHRIBHER B0, FR/NAM x N 1P FEREF R T3 5 564
SEHIRERE, JORAERE P A HOREATER (I n) WTAZIRA Py, =P (2 =0y, m™ ), LR U 7R
RS

ym-TC0)?
_P(ym|zm:n'n0Id)P(zm:n|n0Id)_ e 252

pmn - o - _T(x P / ' 7
P(yn(n™) - E‘Wﬂ(z“&z)mhﬂ %
k=1 (1-7)a

Hr RN p,, 2 NRME, RoREUTETHRS T T, WIEYE Sy, 5B S x MESEE.
3.2. M-Step

Wi E-step SRAEH T X R RMFELE P, B R REIERMHFTHSE 0. W T8y Mo?, FHANX
(5) 7 IR HoR A S I 2 HONSE T %, WA

M

r :1_Vp' (8)
D i YL VR (68 ©
M,D

HISCHR[LL] AT &0, CPD SEXT S8 B IR FEUK, POV E L T AERIVER SRR, dT B et
AZ WA AR REE M5, I 22805 6 #Fonmli it ibeEz, HItE SRS 4 5 62 KU
BEATHCA,  BIFE EM SRR @i/ A A HARE IV I SE 1 B, ASCRHBEEDS:

p=p-cceC. (10)
Hrp e NHEL Rk, RO Bl N AR5 TR 51 307Kl AR BOERE W -
w=(c +/1§2d(P1)’1)71x(d(Pl)’1PX—Y). (12)
Forh RN LB, d ()RR AR
3.3. SRR ES KK
WK 17 5% = L5 Iy o [P TR AL, MO Bt — AR 0,

BEEISAGAT R AN BB ME R RME. ZFEA =AEESH: v A, HhSHy
TR TR RHE R, B EREAS L (B S AR IV (0 98, A 4261 5 0 (i B DAL A
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)11 BEZ T AR, h R IR E B 0.1, 2 BLJ 3.
ASLAEH EM HZOR A nU SR BCHE I D5 AUAS I T -
AN BAREX, HisRRY, Y624y, 4.06
T4 2 1 MN 2
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H 5T E-step 1 M-step B 23 & FoAMF RN, 45 1EIEAR:

E-step: 1l (7) 587 5 R HRE P

M-step: 4> 5l Fi1 (8)(9)(10) 53 7,6, B 5

HTADITE W

B T(X)=X+GW ;

it BT,
4. KB

T VA AT H IO TE CPD Bk EE Al B S5 B AT IR ARSR AR 72 1A 250, of el ik SRk AT S B0
55 CPD Bkt 7T @ &L, Hrf CPD HAM IR H AT IS, A2 7E MATLAB R2022a
B LRHTH, S5JRUEK CPD HEMILL, A SCEELE & RS 15 B E AL 145

4.1 TWHERKE

SIIG A P AE BRI B I v o 4 T B 22 £ Chui-Rangarajan [8]H 4 BEE S, T AR R AT REA
[, DRIMAE S0 Hh S xof pd SR AL PR IEAT B AR EAL, (AP NS A I SN R BRI BT 7 2

ARSCAEA BB FIEAT T IR, AL

(1) AERIEARTE A

(2) HMEEALE S &,

(3) mARIERIM L.

FEAS T, A8 T S 4088 bR HE TE2S 2340 A I BEAL B 7= £E 11, 7E 0.04 3 0.18 2 A HU{H ;
FEMEFEIAT, IO T FRHEZE Y 0 21 0.05 i s s ERERS I, Ko RUEBEE MR, B 5 A%
PRI 0 3 0.5 XFTARTE . M AR, HSHOMK, MAEN K EREHBA.

FEARFEF, BT OMELRAINNER, AT EREIAMAGER, X w2 ) R G 25 R4,
i 35 5 iR 2 (RMSE) Rl | AL e R 2, tHRE AR

RMSE:J%ENT@J_%W. (12)

Forbt, x RUEERIE i A, S FRFIA L I 2L R R AR
4.2. KR

N T BAEASCIE NS iR BCHE (BRI S RCHESR, AR A PR FITR I & e S AT T
SE PR R0 o LLRGE B4 RN LK

MEFER R, K 1-3 R T AT . MRS . BRI =R E IR ik SO eSS R, H
b AT R AR T i SR S R U AR R IRIUG B, R AT N N AT )R R AR I B HE 45
Xt T b P ARBE AR 1 M4 R s 5 10 SRR, 1 4~6 73BN RS T A . IR R A5 ) 4]
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Figure 1. Initial position and the alignment result of the fish point set with deformation (increasing deformation from left to
1 BRETHMNEEAERIERX)NNRME SEESR

Figure 2. Initial position and the alignment result of the fish point set with noise (increasing noise from left to right)
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Figure 3. Initial positions and alignment results of the fish point sets with missing (increasing percentage of missing from
left to right)
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Figure 4. Initial position and the alignment result of the fu point sets with deformation (increasing deformation from left to
right)
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Figure 5. Initial position and the alignment result of the fu point set with noise (increasing noise from left to right)
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Figure 6. Initial positions and alignment results of the fu point sets with missing (increasing percentage of missing from left
to right)

6. MREREMNEEGRRKLLGIEM)IGAE SEELER

K 1~6 R T EIBIR AR SRR & O AR A E VRS R, WA R LUE 2], AT midk
T HE 45 SR e S i AHETA ) o 9 TR A SO i R 8 5 CPD BB T HUAL, M A (12)tH R 22,
X PR R EMALIEAT 50 ISR, SRS ST IO HE R ZE AP M p MIARHEZE 6 5 DR E B EEER
CPD 5k 5 AU I AL MVERE -

NTTiE, R TG AU A 44 00 ours Bk, ASORRZEGHIRAR ZHIN T 5
AT RNRAREE, WERIADGZHIER, 54T 5% =17 70579 CPD SikA ours SHIE ST X M AR HAE
JERIRCAE R 245 R, K G 4 RIIMERbRHEZE 1L p 0 KB Gita R BRI T (L 1~6):

N T EEMKER CPD 545 ours FLKIRZ IR/, F R (0P EME I R B 7, T
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B 7 NETR SR SRR TR AR T AR EAE FE M R Z G0 T A R P EHE AT £,
R, ours BikLt CPD SUAMIMIRILE L, Horb i T sl AN MR 5, PIANRE Z IR R ZAHZEAS
Ko TR R A ER O, BEE AR NG K, ours SEIRZMINS B /N

Table 1. Means and standard deviations ( z+ & ) of the alignment errors of CPD with ours for fish point sets at different levels
of deformation

1 BREETFETEREZEET CPD 5 ours MELEREMNIJEMIREE(uts)

AT E 0.02 0.35 0.05 0.065 0.08
CPD 2.4e-05 + 1.0e—05 0.0004 + 0.0012 0.0012 + 0.0027 0.0103 + 0.0176 0.0156 + 0.0200
ours 6.0e—06 + 6.1E-06 0.0003 + 0.0011 0.0008 + 0.0020 0.0072 + 0.0177 0.0146 + 0.0249

Table 2. Means and standard deviations ( «+ & ) of the alignment errors of CPD with ours for fu point sets at different levels

of deformation
F2 BEREATRLEFIZEET CPD 5 ours WECEIRERMIEFIFREE(uLs)

BRI 0.02 0.35 0.05 0.065 0.08
CPD 3.4e—04 +1.9e-04 0.0015 + 0.0016 0.0050 £0.0059  0.01370+0.0130  0.0311 +0.0350
ours 2.0e—05 + 6.5e—06 2.2e-04 +£0.0014  0.0020 * 0.0054 0.0081 +0.0134 0.0224 +0.0382
1 AR AR HE LS R BRGNS R
—&—CPD  -®--ours —&—CPD @ ours

0.016

0.012

s
g 3
X 0.008 Y
B i
K K
0.004 -

0 8
0.02 0.035 0.05 0.065 0.08 0.02 0.035 005 0.065 0.08
AR RIPRL

Figure 7. Mean error of the alignment results for the deformation of the fish point set (left) and the fuzzy point set (right)
E7 &an&K(kih)5RREGN)TRNEEERNIIERE

8 NH AR A SARTEAR R T AN A AR L R 22 G h 45 R P I E I 4, BT
ours H ik L CPD ByEHIRZH T /N, Maps ok, ours ByER UMY, BEAMES ORI, BIEZHK
RZEAHZE BRI ) o
Table 3. Means and standard deviations ( «+ & ) of the alignment errors of the CPD method with ours for the fish point set
at different of noise

=3 BREETEMEEB DT CPD 545 ours WELEREMNEFFFEE(uts)
Ik P iR 5 0.01 0.02 0.03 0.04 0.05
CPD 0.0116 + 0.0025 0.0229 + 0.0076 0.0332 £ 0.0084 0.0437 +0.0127 0.0521 + 0.0064
ours 0.0104 + 0.0023 0.0225 + 0.0078 0.0319 + 0.0047 0.0432 +0.0128 0.0501 + 0.0051
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Table 4. Means and standard deviations ( «+ & ) of the alignment errors of the CPD method with ours for the fu point set at
different of noise

4 BREEREEAEB ST CPD 5745 ours MEDEIRZEIEMIREE (1 L5 )

Nt 75 o 0.01 0.02 0.03 0.04 0.05
CPD 0.0183 + 0.0197 0.0246 + 0.0042 0.0354 + 0.0064 0.0500 + 0.0220 0.0583 + 0.0100
ours 0.0138 +0.0193 0.0215 + 0.0029 0.0335 + 0.0055 0.0484 + 0.0222 0.0547 + 0.0074

B RS AR TR R IR 5

—@—CPD - @ ours ®— CPD - @ ours

0.055

@ i
A H
™ 0.025 S
0.01
0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05
Wk 75 5% Y Mgk 75 i i

Figure 8. Mean error of the alignment results for the fish point set (left) and the fuzzy point set (right) noise

8. BRE(EL)SRRE(GIL)RENEESRNERE

9 AR AR BRREAR SR T A FB R E 4 U R ZE S0 45 SR PR E AT &R,
B G T SR BR B A L 0.4 R 0.5 B ours BVEARORTEAF, X FAR AR, TEARIBURE 4
T ours SR ILATHA AR T CPD &%,

T f SRR A AT B, AR SCARYZ: ours 5 CPD ik 2 IR BCHE IR 2 A 2K, 5 T4 A, B
SESLRZEAINT ZEBETE R, VAR, AR SOOI SR AR AT CPD B R RC S AR

Table 5. Means and standard deviations ( «+ & ) of the alignment errors of the CPD method with ours for the fish point set
at different missing proportion

5 BREAENRRESLET CPD 535 ours RIBECHEIRZRINEFIREE(u+5)
S Eagad 0.01 0.02 0.03 0.04 0.05
CPD 0.0037 £0.0056  0.0130+0.0162 ~ 0.0222+0.0185  0.0354+0.0241  0.0598 + 0.0371
ours 0.0033+0.0056  0.0121+0.0201  0.0223+0.0178  0.0264+0.0200  0.0338 + 0.0269

Table 6. Means and standard deviations ( «+ & ) of the alignment errors of the CPD method with ours for the fu point set at
different missing proportion

6. BREAEANERKLLILT CPD 75745 ours WELEIREMEFIREE(u+5)

W & EE 0.01 0.02 0.03 0.04 0.05
CPD 0.0131 +0.0145 0.0217 + 0.0250 0.0406 + 0.0324 0.0564 +0.0473 0.0707 + 0.0500
ours 0.0087 +0.0134 0.0199 + 0.0216 0.0350 + 0.0289 0.0517 +0.0424 0.0579 + 0.0400

DOI: 10.12677/aam.2024.138364 3834 N H it e


https://doi.org/10.12677/aam.2024.138364

AGEsE, MRk

R 2

£ R BRI L v A 2R AR AR RR I L HE S R
—e—CPD ours —&— CPD ours
0.08
0.06

0.06

0.045 g
# o 0.04

0.03 2K
0.015 / 0.02
0 0

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Bk E Bk L

Figure 9. Mean error of the alignment results for the missing fish point set (left) and the missing fuzzy point set (right)
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