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RESEARCH ON DENOISING OF COLOR POINT CLOUDS
AND THREE-DIMENSIONAL SURFACE
RECONSTRUCTION

ABSTRACT

As a product of digital sampling of the real world, point cloud is
composed of discrete points on the surface of geometric objects and contains
spatial and color information. Its denoising, registration, and reconstruction
are crucial steps in constructing high-precision 3D models. These steps play
a decisive role in improving the quality of point cloud data and lay the
foundation for subsequent applications. However, point cloud data is highly
susceptible to noise interference during the acquisition process. At the same
time, there are also problems such as topological changes and uneven density.
Although existing denoising algorithms can effectively remove Gaussian
noise, they perform poorly in preserving the detailed features of the point
cloud. Among the registration algorithms, the Iterative Closest Point (ICP)
algorithm has a high requirement for the accuracy of the initial registration
pose, and the computational efficiency of this algorithm is low. In the
reconstruction algorithms, the Poisson reconstruction algorithm has a high
computational complexity, is sensitive to boundary conditions, and is likely

to lead to discontinuities in the reconstructed surface. Its topological
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processing ability is limited, making it difficult to accurately capture the
geometric features of point clouds with topological changes.

Aiming at these problems, this paper, in terms of denoising, builds a
graph learning model with point normal constraints. By utilizing the local
geometric features and normal information of the point cloud, it improves
the denoising effect. During the registration process, the existing algorithm
1s improved. The mean-variance minimization objective function is used to
construct an optimization model to reduce the registration error. In the
reconstruction process, the boundary conditions are optimized, and an
isosurface constraint strategy is introduced. An isosurface constraint
reconstruction algorithm with Neumann constraints is developed.

The main research contents and achievements of this paper are as
follows:

(1) Aiming at the denoising of color point clouds, a 3D point cloud
graph learning algorithm based on point normal constraints is proposed. This
algorithm introduces point normal constraints and constructs a framework
for the graph learning denoising algorithm. By using the Dirichlet energy to
penalize the differences in adjacent normals, the accuracy of denoising is
improved. In addition, to further reduce the impact of mixed noise, a point
cloud density function is introduced to quickly capture the correlations of
local features. Experiments on the anchor public dataset show that compared

with the MRPCA algorithm and the AWLOP algorithm, the average signal-
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to-noise ratio (SNR) is increased by 0.13 dB and 2.14 dB respectively.
Moreover, compared with the RSLDM algorithm, the computational
efficiency is increased by 27%. It has successfully achieved multiple
objectives of removing mixed noise, preserving local geometric features, and
improving computational efficiency.

(2) Aiming at point cloud registration, a mean-variance minimization
registration algorithm of fast symmetric iterative closest point is proposed.
This algorithm introduces Anderson acceleration to find the root of the
residual function, optimizes the fixed-point iteration with linear convergence,
and minimizes the objective function of mean-variance. It continuously
iterates and optimizes the transformation parameters to balance the
registration accuracy and stability. Under the Bunny model, the root mean
square error (RMSE) of the proposed algorithm is 0.050 lower than that of
the ICP algorithm and 0.038 lower than that of the GMM algorithm. The
positional deviation between the points in the registered point cloud and the
corresponding points in the target point cloud is smaller, and the registration
error is smaller, enabling more accurate registration.

(3) Aiming at surface reconstruction, a Neumann isosurface constraint
Poisson reconstruction algorithm is proposed. This algorithm adopts
Neumann constraints to efficiently solve the directional derivative of the
outer normal of the variable boundary, forcing the normal derivative of the

implicit function to approach zero at the boundary, and thus improving the
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accuracy of solving the indicator function. The results show that under the
Dc model, compared with the isosurface constraint Poisson reconstruction
algorithm, the D4y, Dsta, and D jpeqn 0f the improved algorithm are increased
by 0.065, 0.055 mm, and 0.045 mm respectively. It has more advantages in
reconstructing the details of complex models, and introduces a low-
distortion and high-precision Poisson reconstruction algorithm in the field of

point cloud surface reconstruction.

KEY WORDS: Point cloud denoising, point cloud registration, surface

reconstruction, point discovery constraint, Neumann constraint
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= LA A 2 S 2- DR

N=U+G+L (2-1)
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G~N(0,02I) (2-2)
X, ofontrdifiz, IFOoRBAHERE. HU, G, Le R¥V

L~N(¢,b) (2-3)

X, pRRMLESH, bzzgoﬁﬁﬁﬁﬁiﬁo

R zs AR B AE v T RS G S e A LIRS TRk, R
N HRRE B AU
2.1.2 FEEERRB—EIELAR

NEIFRI RS, SIARTIERENRE -2, WK 2-207R. KAk
A 50 7 BEEIE, (@) & T BIE L M B 22 5, ] DUGR KR i ik ) B I ) i
etk ne-HHs.

I1Z

1
Ep(a) = S X Xjenqpy | ainy — ajmy 11° 15 (2-4)

A, n; = (n,-l,niz,nig)T%%,ﬁpiLE@%ﬁ%, n; = (nj1:nj2;nj3)T%%i_\‘){—:—'\pj

LT R, p AP R A LA A nyy = exp (-l g =

92

Max 19i-4g;l
qugj)eé 2

25 G M A IE AV O 22 U E o p (o) i ik 1) B 5 R = B 1 R 3R T2
[ IR RS AE, ak(2-5) PR .

Ecop(@) = X Xjency i [(aim; + ajn;)T) (q;;:j)]z (2-5)

R, n; = am.a; = (aq, ay, ..., a) T FERE R E.
T ABEFEMANR S, 51 KA 505 e & AR & 1E 58 i 22 T00 A0 AN
Epoc(a), FFHRHL IEMALTUY, SkiffriaErt, mnQ2-6)ps.
Eioc(@) = Ep(a) + Ecop(a) +lI n; I3 (2-6)
MIRQE-HFIQ-5)FT LAE R, Ep(a) Eqop(@)&n = (ny7,n,7, ..., ny") )
TUREREL,  DRIOBKR S R R AR A 1A M 2= T AN T LS Q-7 FTR
Epe(@) =n"Pn (2-7)
X, PRSMBAERE . X T AR AR S X8, ERERR—BUELR
DRARF L 22 I I ) =y FARFALE
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K 2-2 v ) B R R — B 2 AT JE X L

V=(TN-C) (2-8)
XA, T e (0,1)*+DMNERFIFE, € ={c},, MENFERL, EM
MEEY, B SSPREE 4+ 148
NIE NSRS AR 2 m B, SINEE R = f(c), 29
V ={(TN - C) (2-9)
22 REEMEEEKAR
2.2.1 B AEYH L E (Maximum A Posterior, MAP)
RIS H RS, B SASRVIIMAPA TR, a150Q2-10)FT7R .
Umap (V) = argmax fIV)gV) (2-10)

R, FOIV)IRERTS, g(V)RRV ISR

BT 42 HOR MO 1 2 2 RELE T BAF IV) 5 F (V| U) RS .
b, 2ERQ2-7), R(2-8)RIR(2-9) AR R o B st SULAR R BLF V), sk
Q-1D)FR-

f@W|V) = f(N|U) = exp {~Il N - U I3} (2-11)
R4 22 CklPs, B ig(V), wst(2-12)
g(V) = exp {—ptr(V'L(M)V} (2-12)

A, ﬁ=#i§%~'ﬁﬂ§%ﬁ5ﬁf§ﬁ?§ﬂ@i§§&, MR R 18] R B R R AR T
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24 30(2-9), (2-10), 2-1DMQ2-12)43 H mi = LKA A, X (2-13)Fr
7o
argmax exp (=l U =N 2=l N; — n; 13— Btr(({(TN — C)TL(M){(TN — C))

(2-13)
F Q- 13O EFf ok LL—1, HEH K (2-14).

arl%r:llin Il U—=NIF+ | Ny —ng IF+ Btr((((TN = O)TL(M){(TN — C)) (2-14)

MERENFIMER—Rp, RSFRHEBR T A S P E, S
PR EETY, nQ-15) R,

2
n ZF: Si
Zisa <Si_T1> (2-15)

n
n g
J— 1=1 %1 I
threshold N std

A, stdFhriE 2 EURE .

I P no o2 )
Hp S A BINE R T B2 — g - 31, (5, — 2215 /N 2=y g

(S0 = EESY’ /) LAS I AL T R M ST S B, B L
RS EREFELR] gt A H .
2.2.2 MAP R = EME KR

W BR R B, SREREN R AR KPR EAEREM, DX
R(2-14)3Rfit .

A R B UM R ZE RSN, BRI GRS IREE B FEREM, A2 20(2-
14) [ 52 H & BB R EREL, XS m UM S mIEFENISX S Y Z7RR S,
BH(2-16). (2-17)F1(2-18).

(BTTLT + DU, + (BTTLT + I)N;, = N, + n;, + BTTLC, (2-16)
(BTTLT + DUy, + (BT"LT + DN;, = N, + n;, + BTTLC, (2-17)
(BTTLT + DU, + (BTTLT + DN, = N, + n;, + BTTLC, (2-18)

B oz K(2-15), R@-16)F1 K2-17) 8 26 £ 5 F2 41, R 3L 5 8 B 0k
PULSQRYIEM KM . SRJG 18 IR M UMRAE f5 2B R T M.
2.2.3 Bt

BT Rn ZEER SRR, RN RIRA AR B ) LR, Ak
MEEME 2-3 fn. ZEERSFEIE R s R UATRHE, BT L4 0%,
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e I DR B R AT R AE, N R 2RI N R s HE A B R L
B2 1: Denoising for 3D point cloud based on PNCFGL
¥IA: N,M.k C,¢.
#iH: Denoised cloud U.

1: Initializing U with N;

2:for iter =1, 2, ... r do;

3: Sampling s points from U as a block center;

4: Find the k nearest neighbors of the center of each block to form a surface block;

. o . - 2 2
5:  Optimizing objective function: argr;’un IU—=NIz+ I Ny —n; llz+

Btr((((TN — C)TL(M){(TN — C)), subject to: N = U + G + L;

2
n Z?:l Si
6: _ IS (Si' N > ;
L dthreshold - N i std - N

7:¢ « f(c)
8: U converges.
9: end for

] 2-3 Fel LR K

2.2.4 MERE D HTRHR

NE BV & A LRI RE, 5B 4 EEIP)(SNR) BL K377 1% 22 2 MSE)
VR IR s o} SR B R PPAS

{51 EL(SNR)Y I (2-19) 7R -

= Suge @2l 13
SNR(w,, w,)10lg < 2

. 2 1 . 2
—Yuw.e @1 min lui—uill5+—>u.c @2 min llu;—u;ll
N1 Zule 1ujew2 i jll2 Ny Zule Zujewl i jli2

(2-19)

¥ 77 1% 2 (MSE) I =, (2-20) i 7~ -
MSE(@, @) 5 G Zuge @1 min 12ty = 15+ - Te @ min Il = 13) 2-20)
K, @ = fudil, w € R, w, = {uj}livjlf"i € R

fER s LB RS, SNR 5 R B M, HAEBR, RKBERA

FEAG, RMACRERIEAR; MSE W5 EMACR 27K, HAED, RUZ%
W R 5 SEOUE Z (8] ) i 2208, R 25 MR
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DU b 75 7K R £ M5, fEo = 0.050F, APSS & 0.267. AWLOP Jy 0.315.
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0.232, ASCHEEY) MSE y 0.227, % APSS &L T 0.015, % AWLOP [&fK T
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T 0.17DB. %M J5, APSS. AWLOP. NLD. MRPCA [J°F-¥J SNR 43l KN
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HAT RV FE 2 BEAR A 0 s I RIS o L% B 43 Bl Wi 75 1) 5 M AR TR /DS
CIE I R B AR LT, A AR TR A R JR AT

P g & M B B S B U Sk & 7 i — 8k, wT BATRI B 2% B s 3
M 75 AR 3 T 7 O AN () S TR (M 7 % 2 A 5 M LA Bl AR R DX 3 1
W 7R A, TV I A R U AT DA B IR A ) AN — B A KX RS R
AN G ERAMA, BENS A RObXHUA R A IGME S, 5 a2 B I
FIA SR

# 2-1 anchor 7Y 1) T AN [R] 25 M 595 1) MSE

Noise Levels 0=0.02 0=0.03 0=0.04 0=0.05 Average Time
Noisy 0.259 0.322 0.372 0.417 0.343 654s
APSS 0.208 0.239 0.254 0.267 0.242 898s

AWLOP 0.237 0.259 0.306 0.315 0.280 686s
NLD 0.231 0.265 0.297 0.331 0.281 723s
MRPCA 0.202 0.230 0.242 0.253 0.232 968s
RSLDM 0.201 0.228 0.240 0.249 0.230 1173s
Ours 0.199 0.226 0.237 0.245 0.227 676s

% 2-2 anchor B8 (1) FLRPAS[A] K B 575 1) SNR(DB)

Noise Level 0=0.02 0=0.03 0=0.04 0=0.05 Average Time
Noisy 47.41 45.25 43.18 42.65 44.62 654s
APSS 49.61 48.24 47.60 47.09 48.14 898s
NLD 48.53 47.16 46.02 44.94 46.66 686s

AWLOP 48.31 46.69 45.74 45.44 46.54 723s

MRPCA 49.88 48.60 48.09 47.64 48.55 968s
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RSLDM 49.97 48.65 48.12 47.76 48.62 1173s
Ours 50.04 48.70 48.15 47.81 48.68 676s

2.3.2 RMERIGHIE

it —BIAERTR PNCFGL BB A Rtk 5 T SEE, B0 i X ML,
Hiti 4 NMEMEIRMPIRES, i RRIREISI AR, s, 2050008
S BRI, WIS, HULFER, SIS LR, Wiy
Prxf L £ 5 RS RS . RIDGI BE, AR A4 RHE R R B FR RS, 4
T VF At PNCFGL BLAY 1) 2 RUR

(c) Mk c (d) Wik d
Bl 2-14 HLIR A4 B

Sl as by o Fd S BAL R IR R TR P L i e, X g
FERFIMEI A 0, FRiERZE 53 A E N 0.02. 0.03. 0.04. 0.05. 5% MSE
SNR MEBEVFNHEFR, LAIGIE PNCFGL 1) LMk g, 45 KR R IR B 51 HIE. .
BRIREBIFI HE. « HRUIRRBGIHE. S8ERRERFIHE. s, @
I RPN LR SE, {H ] PNCFGL MRk, 18, 5 L8Rt s2
BRI A DMRR) R S HEE AT S, ZMSCORR .. A S S HgE P RET
oSG 2 BT I B A 7R B ek, S G MR BVEA L, RS RENE FS RPRIR  .
ANl BERTE J M R AR o R R RRIEAR B R T, MU AR L
VRS G B SE R IR IE S IR R BN TR
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0
10 10
: 20
> 0 50
/{ -60
-200 X/mm 70
(a) PIik a LR (b) Y1k a L5
2-15 Witk a it PNCFGL M Hi J5 it b
0 0
20 0 20
40 l 40
g 50
I . I
0 100 . <0
I-100 0 /’ -100
. oo 10
Yimm 0 a0 X/mm
(a) Pk b F:MEHT (b) ik b LM 5
P 2-16 ¥4A b B PNCFGL MR J5 % b
0 0
H -10 -10
-20 -20
723 -30 _23 -30
E 323 -0 E izg : -40
™ 0 -50 N0 -50
S - “
N 200
150 100 150 70 / B
Yimm % 20 Xfmm 80 Njmm 80
(a) Ak ¢ LMmT (b) Wik ¢ LM )5
P 2-17 ¥4k ¢ i@ it PNCFGL 2 M i it be
0 0
-10 -10
-20
e =30 -
£ I.m § 0
-50 -
-60)
=70
-80
Y/mm 0 X/mm
(a) Yk d Z0gHT (b) Mtk d L5

K 2-18 Y1k d i@ ik PNCFGL Ml o %T b
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H1% 2-3 A4, B MSE #5451 &, 1K a /£ 6=0.02 It}, APSS Jy 0.052,
NLD J50.075. AWLOP 30.081. MRPCA Jy0.047, A5 EH40.043, % APSS
A% 7 0.009. % NLD F£K T 0.032. % AWLOP [£ik 1 0.038. % MRPCA [%
fik7 0.004. Y11k b #£ 6=0.03 I}, APSS & 0.075. NLD &y 0.104. AWLOP Jy
0.096. MRPCA 4 0.068, A CH N 0.063, % APSS (£ T 0.012. % NLD [#
ik 7 0.041. # AWLOP £ T 0.033. # MRPCA &Ik 7 0.005. ¥4k ¢ 7 6=0.04
I5f, APSS 24 0.090. NLD 3y 0.130. AWLOP 4 0.142, MRPCA Jy 0.078, A
H%90.073, 5 APSS FEICT 0.012, # NLD &K 1 0.057. # AWLOP [ZAIX 1
0.069. % MRPCA [#{X 1 0.005. ¥4 d 7£ 6=0.05 i}, APSS >4 0.108. NLD A
0.170. AWLOP 4 0.156. MRPCA y 0.094, A CH A 0.084, % APSS &%
7 0.024, % NLD [ZfK T 0.086. #i AWLOP [#{% 1 0.072. % MRPCA [Zf% T
0.010. HILE TR/, ASCHEIEAEZ RS 5 R o w22 AL, RO

H#% 2-4 AT %0, 5t SNRIGFRI F, Y14 afE 6=0.02 5}, APSS 4 83.75DB,
NLD 3 82.65DB. AWLOP & 82.45DB. MRPCA }y 84.02DB, A &N
84.18DB, % APSS #2717 0.43DB. #;NLD #£7} 1 1.53DB. % AWLOP 27} 1
1.73DB. % MRPCA &7} | 0.16DB. #)#k b {£ 6=0.03 i}, APSS &4 76.63DB,
NLD Jy 76.55DB. AWLOP & 76.16DB. MRPCA Jy 78.06DB, A& % %N
78.19DB, % APSS#&7} T 1.56DB. # NLD 27} | 1.64DB. % AWLOP &7} |
2.03DB. # MRPCA $2F 1 0.13DB. #J{k ¢ 7£ 6=0.04 i}, APSS 4 78.66DB,
NLD Jy 77.09DB. AWLOP }y 76.86DB. MRPCA Jy 79.18DB, ALK %N
79.24DB, % APSS #2771 0.58DB. % NLD #&F} 7 2.15DB. % AWLOP &7} 1
2.38DB. # MRPCA #£F 1 0.06DB. #J{k d 1£ 6=0.05 i}, APSS & 76.52DB.
NLD Jy 74.45DB. AWLOP 3y 74.92DB. MRPCA Jy 77.12DB, AN
77.28DB, % APSS#¢F+ 7T 0.76DB. % NLD #£F+ 1 2.83DB. % AWLOP £ 7t 1
2.36DB. # MRPCA &7t 7 0.16DB. it & /i, ASCHE Mt fE % J A
AR, MR T

R 23K as by oo dEAFSE T MSE XL
Method Noisy APSS NLD AWLOP MRPCA RSLDM Ours
0=0.02
a 0.103 0.052 0.075 0.081 0.047 0.046 0.043
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b 0.116 0.065 0.083 0.092 0.057 0.057 0.054

c 0.119 0.061 0.080 0.089 0.056 0.054 0.052

d 0.113 0.063 0.082 0.091 0.057 0.056 0.053

Average 0.112 0.060 0.080 0.088 0.054 0.053 0.505
0=0.03

a 0.160 0.077 0.102 0.092 0.065 0.064 0.062

b 0.159 0.075 0.104 0.096 0.068 0.063 0.063

c 0.161 0.079 0.103 0.098 0.069 0.066 0.064

d 0.160 0.076 0.102 0.091 0.065 0.063 0.062

Average 0.160 0.076 0.103 0.094 0.067 0.064 0.063
0=0.04

a 0.207 0.089 0.132 0.141 0.077 0.075 0.072

b 0.195 0.078 0.121 0.130 0.064 0.064 0.062

c 0.204 0.090 0.130 0.142 0.078 0.077 0.073

d 0.203 0.088 0.127 0.140 0.075 0.073 0.071

Average 0.202 0.086 0.128 0.138 0.074 0.072 0.070
0=0.05

a 0.253 0.103 0.167 0.151 0.089 0.087 0.081

b 0.242 0.096 0.158 0.141 0.082 0.076 0.073

c 0.254 0.102 0.168 0.153 0.091 0.086 0.082

d 0.257 0.108 0.170 0.156 0.094 0.088 0.084

Average 0.252 0.102 0.166 0.150 0.089 0.084 0.080

£ 2-4 Wk av by on dEAFEFIET SNR(DB)X] L

Method  Noisy APSS NLD  AWLOP MRPCA RSLDM  Ours
0=0.02

a 81.55 83.75 82.65 82.45 84.02 84.10 84.18

b 76.32 78.30 77.32 76.69 78.69 78.75 78.83

c 79.50 81.63 80.25 80.33 82.01 82.10 82.16

d 78.68 80.88 79.90 79.58 81.12 81.25 81.31

Average 79.01 81.14 80.03 79.76 81.46 81.55 81.58
0=0.03

a 77.08 80.07 78.99 78.50 80.43 80.44 80.53

b 74.64 77.63 76.55 76.16 78.06 78.12 78.19

c 77.34 80.23 79.09 78.68 80.56 80.61 80.69

d 76.56 79.39 78.30 77.89 79.78 79.87 79.91

Average 76.40 79.33 78.23 77.81 79.71 79.76 79.83
=0.04
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a 74.02 78.56 76.90 76.62 78.99 79.01 79.05
b 71.66 76.08 74.55 74.25 76.54 76.54 76.63
c 74.17 78.66 77.09 76.86 79.18 79.20 79.24
d 73.52 77.96 76.42 76.32 78.43 78.47 78.53
Average 73.34 77.82 76.24 76.01 78.29 78.28 78.36
0=0.05
a 72.52 76.96 74.81 75.31 77.51 77.56 77.68
b 70.06 74.50 72.45 72.79 75.06 75.10 75.20
c 72.65 77.19 75.12 75.54 77.86 77.87 77.91
d 72.15 76.52 74.45 74.92 77.12 77.18 77.28
Average 71.85 76.29 74.21 74.64 76.89 76.92 77.02

2.4 KB

(1) ABFH T — AR T AU AR B 72 5k, BEAMER A SEIE
H VR A e o I B NIKR ve B RE R AR S IEAS P w22 T, 12 B0 A ARV
LRI B 22 AT AR, BRAGVE R B S R R ISR A A, AN A 2 4 i R 2
TRIAERVE R &R, JCIHE M T B 2 LR R M = HE

(2) S50 s A [F) 3000k AT DU AR 5 7K F[¥) anchor 2L, L SNR
A1 MES #5brE B EMEAE. 5 APSS. AWLOP. NLD. MRPCA #i1 RSLDM 4
FOEARELE, AREVEETH RGBSR, % SNR & &7 2.14DB, ¥
MSE = FA 0.0540 76 LMt REER T IRIET, (530 1 7 58 .

(3) HENZAIEE LB R P &R E T AR B, (GEH TEEE SRS
FAE. ARk TARKSU) TR EVERE BUCE M5, P IREs, #
FHE SRR E V. RN, REBEEZ WARMIEN DT, Dlgt— P iRm s s
FE A BORFIRE BE, il AN R SE B R 75 5K o
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#£3E ETREMNFERFIESNE-FER/IMUECE
BEMR

RBCHER S A B OB AT, B AF A AR AR S =
ARG TF, DASEILEE e, dEmisE M@ 50t . Hil, SmIlivrz
ML S A ECHE R . EAREIE M RE(ICP) I i I B -8 500 w5 %o 51 i AR
SEPLRCHE, (FIZBEIEXN WM E UK, 1E R BdE AR R E TR s a6 07 & I
RN, GIENESRIME, FEEEREANE. SRS R GMM)ER)
WA B s R e e, AR B R R R e, AR A3 KR i = Al i
THEFERTC, BOHERCRAC . AH T RS SHE (CPD) R T s A 0 B 5k 28 AN 22 4
REATHCHE, X TR ZE T B B s i, M DLHERR ST 5 2 TR R R &R
B A KSR AR . Bh 25 B UGBS 5535 (DGR ) o K 78 5 50 245 1) 48 PR A 75 s L . e
{H R B30 B M 7S T 05 2 B SRR Y (R 46 ), B PO TR 45 SRANERE

BEXNE bR BV AE SR B A I B ERR,  ASHI AT — PR R AR
VT RRIE-T7 22 e /MU G BV o T IR SRR AE BCHERT U650 B fO0 e AL BA TS, 2K
FH PR 2R A0 . IR SO 4, 51 N2 BRI . Hoadad T 405k 22 o 2
MR, WPV E mOE AT, BERFISE S, W IERIR L,
FHEARBCHER R . B e ¥ME-T7 Zi/ME B AR, ~PETRCERS S Shase v, 1%
KLY R 22
3.1 2RISR EIA(CP)

HEPURP = (01,02, D3 - DI MQ = (q1, 92, Gz, - qu) FERH, FIRHESE
MERERVHIT-H [ Et € RUIEALP_LHINIMER S K P 5 Q% 5%, FH3-1).

e I (DR, Y + Isoga (R) (-1)

R, (Di(R,£) = mingeq Il Ry, + t — q IAZE S SR, + ¢ 5 F 47 52Q (85 5

Iso(ay (R)ARFIRIEAZHESO () AR /R R, RONTEREHER -

0, i RTR=I,dtR =1
Iso(d)(R)={ lf +oo e( )

EREGE S EEJCP)BIE R B IERRG-3) 5 EB-4)RMERE-1).

(3-2)
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~(k) _ argmin

g = qEQnR“bﬁwk—qu (3-3)
(RU+D), ¢erD) = “rg"t”” M N Rp +t—G% 12+ o y(R)  (3-4)

XE-3) 5G4t SVDIKRAR, %7712 05 20 (3-1) BI04k B /N 53 ik
(MM), Hf/MEEAREREU (x), MM SESREGE A 2 1T 1% Ao O 1 385 X 2R bR

g (x|x®), A (3-5).

f(x®) = g(x®]x®),f(x) < g(x]x®), vx # xk (3-5)
BOMURIERE, A TR, wxG-6).
x(HD) = ATIMIR g (| () (3-6)
R X (3-5)5 X (3-6) T HEH H(3-7)-
FlkD) < g(F D)) < (M) = (<) (3)

MM S /N F BRSSO R M. i g, % R,
R E o
3.2 PRI FRIE R Sk

ICP 1 T 3L PRI SICH WA T H S B S5 3 it /M PR P 0 o A ok
e R, R R T A R S BRSO R R B, B e L Sl
R e ) P 5 B
3.2.1 REHRMRE

Y5 — ANAREIEAR XD = G(xk), FEHF(X) = G(x) — x3E XIHFRZE K
$[101], HF® = ¢(x®). IR FiRE L, MG ()RS M L F (x*) =
0. ZEABARIHOE T 07 1% ARk 2 LRI mA % ARG, xGeomt) e (emD)
BEHEARxETD, R 3-8), A LA PSR — AN E A

Xpp )= GO — B 6] (G*T — G * ) (3-8)

K, (65,05, 63, 605, ..., 05) TN (B-9) LRI i/ — e«

(65,63,05,05, .., 65) = argmin || F9 — Y™ 6;(FU=i+D — ple=iy *  (3.9)
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T AR NN S — Pl TR IR 2 R B L AR f v, e n ik DAZR P
ek AT B sEAR IR SE R . Kk, ALK ICPAR AR BRI S A
(3-10).

(R(k+1)’t(k+1)) — Gch(R(k)'t(k)) (3-10)
KA, Gep(R®,tW) = arz%f?m M I Rp; 4+t —TIoRWp; + t® 12 + Igoay (R)

o)A mEQ L5 2 S 4 . SR IS Beke 22 A AR Ik F B 8 FH T
W Grep, PRIHKE RICIHE TE S A R HE R 1) 07 5 2L, AR et o AN B i e
W Rk, FH 5 —HEREXSHACNIMEAR e, X AT # P RN
WIS, 1CPIEAR TS N (3-11).
XKD = G, p (X5 (3-11)
e, TERUGER AT BLT AP SR 22 A8 AR sk B2 B T AR X
- AEAREX O B S fe e RO LU B [ e ()

—

D

ICPIE(R, t') = Giep(RP, t(H)),

(8]

. (R’, t,)%%%&/ﬂfn T&H’J’GICP(XUC)):

B

FAXCE™, L XO G p(X%™), ., Giep(XP), T 5(4-7)
TR IR X 4 -
322 Bl ERBARERH
B BRI N TICPEE, Al Hirm#, nx(3-12).
et il (Di(R, ) + Isoay (R) (3-12)
LA, Y, EWelschif 8, a1 (3-13)Fr.
P00 = 1 —exp (- =) (3-13)
NG-13) Al ik AR Z 838 M B A MR 1, Welsch e BURHN A T B
AETE 5 AT b B () SR D IR
T 3-13) R AR ZetE B SO AR, AR Bl ;57 2 i AR e (R%, £%), 13
H X (3-14).

Zl 1 Xv (” RPL +t— CIL(k) l |D (R(k) t(k))) +ISO(d)(R) (3'14)
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ﬁ*’M@WﬁWﬁmmm@ﬁ%:wﬁﬁ@ﬁ,mﬁ&wp
2@ Y) = % () + =L exp (~ 27) (3-15)
ﬁ%%ﬁwmﬁﬁﬁﬁﬁ,ﬁﬁﬁzmﬁﬁﬁﬁ%ﬁ,mﬁGMﬁ

argmin g w; I Rp; + t = §," 12+ Iso (@ (R) (3-16)

"Rk tk ’\(k)llz

X, w; =exp (—), X (3-16) AT 1@ LSV DISILLES T K A -
323 E-FERNMCEBIRRE
MR SCHRIBY, 25 FEAT B 2o % L 2 ] ) P B AR 25 7 243 210 (3-17) .
Fuver = Xi=1 2;‘1=i+1 Y= |l dijr — lld_u I (3-17)
A, dip WA RS Z AR, p=m— m?—-2), A3&nHIRREH I %
BUEE, A > O 5 FRIE 25 A0 7 22 [RIIN fee Mk, Aot 37 2 B B 4P a4
TEHELART, Mol S %R, Higgss £ X8 s,
fERCAE SN o 3ME-T5 2 B /M B s R BT d i sy - 2Rk A2 R A
3.2.4 S oL EMEEITENIEMR
MABCAERE B TRV S = SIS B bR s Z w22 o 1l 8 i 22 08 0
P55 HR IR S B J5 H bR 2 X B 1P 3 BE B B PR R s EC i JE
e, A G- 18)HEATVEAG .

RMSE = \/%Zli\il I R*p; + t* — Rp; — t I2 (3-18)

577 R Z M, RMSERA5FEGBEIE AR EHN, HEWHER T A
RIS . RMSE#/N, Ui WIE Rl 855 B AR Rz o B 847 2 g
ZERR/N, RS O AR RS B AR Ry, O VR B R MR = 5 B AR RSk
55, AW E S AL E BN, Sl JE A K SRS AL B G R
3.3 B /ESER S5 TiR
3.3.1 B ERE SR

RNISE AT EIEA &, f#F Bunny 5 Dragon /A 3t &S R HEAT 5 = B HE
WA, FESBE LT ECHEE RS Lhse . X 2 )R P I C v o & 00 AT &% Ao
AE B, CLIEBIA IR e
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Bunny s aBHALE 40251 N &S, Dragon St BAELS 58611 /N
A, W 3-1 fase g3 piMdE A ICP AP S Ry kAT I v, o5 S an &l 3-2 A
3-3 fion, EENTE R 3-1 Fios.

04+

0.18
03r

016 = — 0.2 S ey

= 01r
0.14 y ——

012 041+
0.1 02+
03+
0.08
04+
84 05F

0.04 065 . ; . A S
06 04 02 0 02 04 06
004 002 0 002 004 006

(a) bunny SZ{ (b) Dragon 21,
3-1 mnfiA

H 1] 3-2 SE M HT AT N, AR50 ICP Bk Ab 385 1) bunny B8, B A5
I BA AL, BTSRRI ERCOR, HR s A s, il 3-
200)fTn. AT, R 51 bunny 5789,  H S0 4 S5 DGR
HEXT T, BOARBRR S EEE & EY G, R Mt BRE%, WK 3-2(c)
Fus, HREETE T s BAE RS P 5 e Bk

B 3-3 EE AT AT AT, 440 ICP Bk b3 J5 (1) Dragon #5584, k4 M5
RO F o B AR AT, SRR B A it ARG S I 2 b s i, AR
A58 5 P42 i P R 30 IX S AAE B IS, ] 3-3(b) B, AHELZ R, B ib
M5 1) Dragon #5184, K4 M5 R M S50 B E AR HEXS 57, B R4 4R
i, SERGEHEMEEYS, WE3-3FR. S mls g%, {Esp
FRES AT 35 B X, M REAERA NG S ALRC B, R AR T A5 2 O (RS
5oet, =M JS R Dragon A58 B 5 L SHIL JUR AR R 1 5 A 15 4 T R
fiE.

& 3-1 A%, %t RMSE #8451 5, Bunny &= ARMTE ICP 5% N RMSE
4 0.929, FEDLH RAFIUTERE, 1588 T FEE TR R mnf i/ BR TG 28 ik AR AR
s, BeE BB E B AR : GMM 53ET RMSE N 0917, 52 Mk,
GMM i b0 B4 70 A A, TR0 B — e MU I = B R R AR e . T
CPD 5 DGR Hi%E T RMSE HX 8, RUIXMMEIEAE Bunny F8 S 2% JLA
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CEMIR, FIRUERN RO RIS EAER . BT HEIRMEL ICP 5% RMSE R T
0.050, # GMM #H%:FF& 7T 0.038. Dragon sz BAIfE ICP. GMM. CPD.
DGR #iLF RMSE 43514 1.105. 1.286. 1.017. 1.000, Fr#EH Lk RMSE A
0.989, #2243 HlF%MK 0.116. 0.297. 0.028. 0.011. ICP HyLfEALFE Dragon &z
B, RMSE iA%] 1.105. X —#fE et ICP BVAAE T 4R /i =X Mok 2 A AL
WHECHE FE, AP —E R iR 22 R T T3 VAT LB B RMSE
0.989, HHEF ICP BykBE(KT 0.116, FESHEEEL. GMM HikR HF
Dragon /i =AU, RMSE ik 1.286, 2 WHi% 5L E AL AR AY 5 = $ds i i
G AR BkAR . CPD 5HiE4E Dragon mi A F ) RMSE 4 1.017, EAHXT GMM
FICP A — M H, EBET Ar#5%. DGR Hi% T Dragon sz % () RMSE
91.000, T FTHREEEACE 0.989, RMSE F&{% T 0.011. 4% i Dragon s =45
TR I8 B3 ey, TR BRI B B BN v (R 25 P o 485

SRR, S TR ENERCHESS , R s T RS H bR Rz TR R R AL
BWMETAN, SMERRSEES, HEERIEES =5 S a05,
PR AE S (A BB SIS RO SR AR SR S AL B S R, IRIULAT
PR — P BB SE

(D)

i — = ——

008 006 -004 002 O 002 004 008 0003004 002 0: 002 004 008 0.08

(a) bunny Jic. #E By (b) ICP HyLFCHE f5 (¢) A SCHIERHE f5
3-2 bunny A ECHEHT 5% EG

008 -006 -004 -002 0 002 004 006 008

06 04 02 o 02 04 08 06 04 02 0 02 04 08 06 04 02 [ 02 04 08

(a) Dragon fic. #E Hif (b) ICP Sk L HEJ5 (¢) A SCHERLAEfG

] 3-3 Dragon 15 U FL 1 HT 5
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% 3-1 bunny. Dragon BAYAEA[RHIE N RMSE(X 107(-3))%F Lb

WiRrA ICP GMM CPD DGR Ours
Bunny 0.929 0.917 1.062 1.236 0.879
Dragon 1.105 1.286 1.017 1.000 0.989

3.3.2 BC/ESKIR TG IE

ik — B RE PR A R, O RE AR ECRER 4 MU EAF
BT SEER IR, SRIRIRBIGI AR, WAL TS S HOE . ks Rl 3-5.
3-6. K 3-7 5K 3-8 i, EELARME 32 Fr.

-20

: .50
-60 . \ 100 ]
0 \\ -
50 \ - 50\_\ >
—100\ /(,/{g 60 D\\\\ )/{//,(m 0
_150\\/(_; :n 2 -50 400\//(_150 -100
(a) HLBEF 1 (b) MU 2
01 'r
100
50 | 50
1 -mu "
o
75>\' 200 150 /'Xzou
100 150 . o -
- /4/’ " . ,("'/wo
200 /0) S0 0 _—
34 WEL A

1P 3-5 5@ MM ml n, WU 18 TSR SVARCHE /5, S 2% i 58 3638
Ji, BN SRR R, Al E B i, JEWh I AL
WEM 1 SRR UAMRME: FrHRENEL SR 2, FLIRA SRR
#E, RIEDCH HES:, [ RZEME, B RE THURE 2 KN aary
fit, s 3-6 s HUBCEA 3 I FrdR ARl Ja , IS MR HENS &, AR
B S RSP —8, s HERE, AR0EE THIREF 3
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. e
100 — s 50 e

- 100 e 50
50 - 50 0

=" 100

(2) WU ZF 4 BevERT (b) UM 4 )=
Bl 3-8 WL ZAF 4 kAT 5 x0T b
H1% 3-2 EEH AR, 5t RMSE fat5i =, HUREM: 1 42 ICP. GMM,

CPD & DGR #.3y% F RMSE 434 0.630. 0.597. 0.723. 0.598, MiHLEM 1
{EFTHE SN RMSE 4 0.553, #H#F ICP. GMM. CPD /% DGR #i%, RMSE
SRR T 0.077. 0.044. 0.170 J%2 0.045, X FHUBES 2, HEFHRELT, B
JifRi%Z RMSE ¥ 0.507. TfE CPD 5iE T, WK RMSE HUEH X 8 -

EFTHRSIEL T RMSE MBS T CPD HVARK T 0.143. iX—ZHKMH, FrithH
AR LR 2 M S ECHERT,  BE 6% SRS A 25 2= 250d e T T, 98/
TRAEL R AR 2 . BUEA) RMSE 1 AT 51545 31 A B e 45 5 A1 s
PRI SEbR A OB . X T AR 3, Fridfk AR R 1 5B
. TEFTZHIET, HUBEM: 3 1) RMSE £ ICP SLIEMK T 0.104. X —%diE ik
L AT BALE BN A 3 B S BCHERT,  RERE SE A RO AR R = 2 AT
XFMLRFR, IR 1R % . HLIE A 4 /£ ICP. GMM. CPD. J2 DGR %
% F RMSE 7354 1.643. 1.568. 1.702. 1.695, MHLMZEL 4 EFHRALT
RMSE 4 1.551, M#F ICP. GMM. CPD & DGR #.i%, RMSE 435 &K T
0.092. 0.017. 0.151 5 0.144, XL EY], FELFHMREM 4 1) 5= Bduns,
G FIES B E —ERRERRE . NEREET, HMUMRZEM 4 1 RMSE X
N 1.551. AHERT ICP %, Py RMSE FRIK T 0.092. X S it
RES A AR ST Z TR B RO R, 98D T DRI TG B AN B 1 77 A R R 22
fE5 CPD SLRHIXS oy, Pl B B34, RMSEREKT 0.151, XRH
THHREVEEA I ARV F 4 s BdEeT, BE0 SR b & ) i
FoER. [RIFE, AHECT DGR Hi%, PRtz RMSE KT 0.144. XERHIFTHE
BOEAET NI E 4 KRR, 168 LR RFR e A Em v BT —%
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SE IR R PR EEARR T HAR R, RIS H b s s o B AL
BmELAN, SMHERREE S, PWEETRAME EFENEGE, St 5
YR B SISO E ¢ &, FLBE I P B 2% = 4 h i 18

K32k as by o dEEAFEIET RMSE X

Ik ICP GMM CPD DGR Ours
E 0.630 0.597 0.723 0.598 0.553
ELC) 0.561 0.551 0.650 0.523 0.507
EE 3 1.936 1.856 1.957 1.922 1.832
ELLW) 1.643 1.568 1.702 1.695 1.551

3.4 KENE

(1) AESRN 1At ICP MFCHESIR, B 2 AR L - R 22 R 5
R, R AAENSUE RS ICSIOE I, 4606 = BT Ta],  F O BT an Ar 4
oK, SEPLA = RS B HE

(2) 3z PRI A 2R Mg 8 LA UA XS MRS, SIS FREAR, XRS5 1)
KA, MUEILECHOL &, I BCHE SRR R TR . M IME -5 ZE A MUY,
P RCHERG [ SR e 1, IR R ISR, FRRACHE IR 2. SRIRIRIE | A
SREAE 1 s B HE S A R
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%45 EFiEFRORNSEATINENEATR

VAR i E R BRSOk R s i i, 8 SR AV AL 7 R i s B s e AL
L. HALAEE, EAHERER ARG, 6 Sl s
ST, AR T BB R, TR AR R R E N . SR,
EXTAMRAEN RS, VIREWERBOVEHE. HREERE & FEFERL
— RMERR, R EEFR AR A T IR A TAE R KR B, X P BB
G, X T2 PR EOR S RN A KE M IR H, &R A skl
BUR, FINFRAFRCEA Y, EAERE S AN ELS, SRR, iR
AR o

AWTFORFH S50 RN, FEVA R f T A R b, I NSRELA RN, i
A FFAT o FLREA R A% Gt 77 V0 10 A A AU B R, st 7 E Ay il T A2 L
FRALTEINIESE. B, RITEERTE, JUHE M T R SR A YA E
o [FIS, FEALERIR AN R EAR Y S % i, AR MR B E J0 A i o,
RE S AR T 9 ) LI RFALE
4.1 FRREERB—HME
4.1.1AMFREEBILHENX

LEFARRK = {(pyn)YL,, Hip, e RRNSNE, neR3NEL, PSR
HAEM R A E MRS\ X0, RS, ATAEZ R R BV,
an=(4-1) s

V(q) = Xs,=pinper ﬁ;:( pPiuq) N
F,(puq) = @Zoemb(sl) @o,s;Fo(q) 1)
A, Mp (s) AsAEFRTRE ARG )\ X AR JE RER: a0, N =M ZEE
FHG Fo(@) NEdr IR0 g S, r f i~ 0 5 FE ISR

B K@D FE B KR, 2 M m &R KR In = (n],n],ng,~
np)TeR3 AAAEFEREF () (15 17 837V X (@-2) Fir.

V(g) =F(q)n (4-2)

H A @-2)al &, RV AT IR IR N R R s . Faas e By () M
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e, R (@) SEVIFE, H155 R R U 19 S 50 2 T AA T
2, wX@4-3)Fin.
Ay =WV (4-3)
TEMRAEA R, FRRREy () FnN—4 b FEAREINEMEA S, -
DR
X(q) = Yoeo XoBo(q) (4-4)
X, x, ARERBIHEE R A B, (q) N b FEARSE AL
HVARA 7 A AR R R 58, naX(4-5)FTom
Ax =h (4-5)
A, R R B, HFFAS I ED.
HFEAL [ b U 3(4-6)F1 20(4-7) FT

Aij = (VBi, VBj)[0’1]3 (4-6)
b = (VB;, V)0 (4-7)

MG SRR, R ML Zen AR RN, IR R@-5) S b, 15X (4-8)
B o

b; = (VB V)o1p = [J0,11° VB/ (9)F (q)dq]n (4-8)
B &b S in &%, nX@-9)r.
b =Bn (4-9)
HTBMFHRRENE, BRE—MHBARE, Mt (4-10).
Ax = Bn (4-10)

4.1.2 AMARARS BB —H LR
BT TSR RN B SRR R, YRBxEEMELN L=
I, 13 @-11).
E,oi(x,m) =l Ax — Bn ||? (4-11)
RA TR S5 JREA T, SN R R k. SR AR e T e
Ep(a)ETIAHAT AL 2 57, DMRFF B E &t wX@-12)FR.

1
Ep(n) = 2% Xjenqy | @im; — ajmy I 7;; (4-12)

. . = llgi—q;ll
A, nny =y np,nE)" KO8 fip 5 & o =exp (=) 6=
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lg;—q;ll . . N
nanee™ 5 QG FTR A 2 A R

S ARG IR IR Z T E cop (@) IN9RIE R &, DASREUR = 80l T R R sS 1%
%M, s@-13)FR.
Ecop(n) = X Yjenciy Tijl(ain; + “jnj)T)(q;;:j)]z (4-13)
AH, n;=amn; a; = (ag,ay, ..., a,) T HIRKR=.
XAEBEFMANN R, 51 KR 5 G & Ep (a) F1AS & 15 28 P i 22 T
Ecop(@), FRHIL, IENE T, PAmfR EM AR ENE, n@-14)pR.
Ejoc(n) = Ep(a) + Ecop (@) +l n; Iy (4-14)
MAG-12)RA(S-13)rT A £, Ep(a@) MEcop (@) Zn = (0", n,7, ..., ny")
W) ke, BRI RERE A, inal(4-15) R .
Ejoc(n) = n"Mn (4-15)
A, MARIRHAERE .
4.1.3 FEAR
fe QMg HE Al 2 8 a7 R B S TR SE L« AR T RS
FIM s b, FRR BREE IR L8 b B BB RE AERA S S R b TETTZAR,  BIAR R R
HCAEAE 1B B AN R TR T A . B SR E A R, e S A R
M 7 1K) IR AR A s B SR S AL b AT, DA O A B0 1 T 5 JER AR R AR R BT R — B

4%%1&6&&?’9% TR A REAR SRS R BUE,  IRAE SR, SR (E 2R i

(4-16)FT71 -

X)) = Toco %o Bo®) =3, i =123,..N (4-16)
R (5-16)5 AR, n@-17)R.
Ux =-K (4-17)

Aeh, KL Ul AR, UeRM<©.
P M B AT 25 20 R 2 (4-18).
Eiso () =1l Ux — S K |I? (4-18)
42 BREARS S BIFRY
B R SE T AR, S L SRS T T SRARAE Bkl FANE LR 1 7 1 5
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B, HAEE MR AT B Epoyna () 7R -

Rl Prfe ARG H AR ek 80T H20(4-19) 380K

E(x,n) = Ej50(x) + AEp0;(x, 1) + 0E;5c (1) + NEpoyuna (x) (4-19)

A, A 0. nWNIRERE: HARERUR R A E AR, FEARRE AR
T, BERIRD).
42.1 B BEFRREOKE

Fr@-11). K@E-15 @171 AKRE-19) 715, & H bR E A R oRx A
(4-20).

EQen) =l Ux — S K 124 1 | Ax — Bn I+ 00" MR + 1Epouna(x)  (4-20)

R HAR RSN Tt fEdl, n=t4-21).

A% =b (4-21)
AR A ¥ 5buR4-22) TR
( UTU +24ATA  -24TB 1nC
A=( —-ABTA ABTB +6M nD)
77Ebound(x)T 77F 77G
X
| X=(n) (4-22)
0
_ UTK
b= ( 0 )
\ 0

4.2.2 ghE EH 4 BE TN HR R
R 5 G A8 3 5 o ) i o T ASE 2 2 ) ) O 22 R BB TS R B, 2 22
T 46 A2 B RYSRTH 1 B B ok i & . SRR AR BY B B, T8 B KB
B bREZEMBESAT RV, Wa(4-23). H(4-24) 5K (4-25) .
Drnax = max{Di}{, (4-23)
X, DR pim BN A BRSR T A B/ NE RS, Dinax 9B S5 125 P TS AL
BORPEES .
brtEZEPT R (4-24) PR
Dsta = == 2N(D; = Dmean)? (4-24)
B R K E-25) PR .

1
Dmean = EZ{V D; (4-25)
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P 2 FSRAR I A 25 5 T T ASS 20 0 B ) B EBORE 1, e e ot TR 2R s R f
SEMETE L . SSME AR 1 2= ) ol T A28 P 5 1) P2 M, P Ok s ol T A 2 8 A s
R R
4.3 HhEEMSKW 5TiR
43.1 HIEEWHES R

NIGAIE FT R ST 2, ) De 5 Gargoyle 24 3 s 2 B Y347 i 1 =5 A4 F
T, FFSEE AT EM R LR, X E IR AN E A R AT AR e A
SERSEE, DAIF AR R R

Dc 5z B B 56645 M &1, Gargoyle i = AL 58611 A H 4 £
&l 4-1 Frox. 23 nlfEH] ECPSR MPTHRENER Kt AT By, 453K 4-2 F1E]
4-3 iR, EENTE KUK 4-1 M5% 4-2 Pow.

(a) Dc s A Y (b) Gargoyle s z= 17
4-1 A

Hi P8 4-2 58 11 73 BT AT &1, ECPSR ALEEJ5 1) De Y R M4 15 R L 5, ]
4-2(b)FT7R,  HREE FIAE T IRRAEE LA, HAECRERIHAFIE I s, S8EMN
RIHAFH . MHELZTS, PR EMER De BT IRHEEE &, WK 4-
207, HRESFNAE T HORPAETE T W] WL, 0 B0 3 10 1 e 75 8 35 0/, B AR T
TN .

P 4-3 PRI %1, ECPSR fEALFE Gargoyle #EAUE:, 1P 4-3(b)FTw
HRFG AR RSB S5 DG SRR AR A 0 A KR PR Bk, AR A AE AN S o 17
PR SEEME, W 4-3(c)fin Gargoyle FE7U AR EE . A A1 G5 S5 R A 41
RESEUT, AT PHREE R, REER. Rk, M TS EA R B E,
PR AL W RAE IR B B BT B0, AR SEN W, R,
T HLSL R o
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M 4-1 ATR, B2 SR J59% PSR, ECPSR, FT#RTIEAE Dyaxs Do Al
Diean 1845 _EIG FTEE, BIUIEZ PSR, H Diean PE1I% 0.147, #:2 ECPSR, [%
I8 0.045, 1 BA AT SEAE XTAR i A S HE R PR, R LRI, AR
KT AR T AL ROR B o Wk Daa TEFRTT 5, PSRAEE M54 0.667, ECPSR N
0.581, T PTHEHI%ENy 0.526, % PSR F£MK 1 0.141, % ECPSR F&#{ik 1 0.055, %5
REFTIREE bR ZE /N, RS TR A AR e S

(@)Dc H (b)ECPSR (C)AHE
Bl 4-2 Do s5 2 AR SR 29 T P B A 5 A SR EE AR 5 LU AR

(a)Gargoyle iz~ (b)ECPSR (OGS
4-3 Gargoyle & 2 M5 Y SEAE 29 SRTERA B M 5 AR B35 MGG B LUt
R 4-1 De s E M J5 2 o 45 R

Jrik; Dmqx (mm) Dgtq(mm) Dpean(mm)

PSR 3.237 0.667 0.578
ECPSR 3.156 0.581 0.476
ENSYE AP 3.091 0.526 0.431

R 4-2 Gargoyle sz B H 4 Ja iE B M4 R

ﬁiﬁ Dmax (mm) Dstd (mm) Dmean (mm)
PSR 1.478 0.663 0.514
ECPSR 1.397 0.601 0.461

AL 1.322 0.576 0.407
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& 4275, B D TEART 5, PR SVELE HH Gargoyle AL fS, PSR
T 0.156, % ECPSR Ik T 0.075, i AL F A4 5 55 2 B 5 ph I AL 1) B3 K
PEBS TN, HEMERIETE R B Duea TaF51 5, PSR AEEME N 0514,
ECPSR 4 0.461, THT#HE %K 0407, # PSR /N T 0.107, # ECPSR /N 1
0.054. FTHESEVETE I G Az 25 M TSRS (11 250 05 B B /N, ol TSR ) R s 2
S, U AR R RHE AR R 2 A R A RO, S E s m .
4.3.2 HhE EH LI TG UE

it AR P S AE LS s o i T B ROR A A OG R S
SCREE MBI R (B 5388, WIS 5 H ) R o T EA S . HER!
REBN G HE. TR T RN RS 8dE, K, HRASEE 88258 M,
JE R R A 515001 D, FBSCAR SR R EE 390893 Al B B
247983 A~ pio FriREEREMEE KWK 4-5. B 4-6. K 4-7 5K 4-8 s, K
4-3. K 4-4, F 45K 4-6 olfeon TERE . JE3R AR BRRE R
Bretit.

200

100

50
X(m)

(b) RS
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(] 4-4 W HEP IR 5 A R

HIE] 4-5 BT e, RS S EWG, BARREEE . B, BE 4-5
HAAER 2 WA A =R SCEE T W, REERR. EXRA S ENE,
Ml 4-6 EAYEE R | AIE HIREEBCA I r Hin], 1B 4-6 B 45 R 2 1 VIS b 4h
TR, BARECEOREE S, EMREEL . AICRS R ENE, HE4-TE
FZE G 1 R VA ) e s e WL, H I 4-7 SR SE R 2 AT R Y A S R 4R
S, AUE /N AT R, B EIEW T . HE M aEAE, HE
4-8 HIYLER 1 F HAMNUIARE S 7t R A AR A PTG &L, Kl 4-8 E
PR 2 F R R AL BRE W T . Rk, BrRBVAE B AR, BEUE RS
IR B I B RTINSO . DG I S AN R AE . BRI kA

sEVER, EMEURKREEN, uJE s 3 SR

Blon

(b) EALS (c) EMILER 2
K 4-5 &7 8| i AL S5 R

(@ EXHA R (b) EMLER 1 (c) HIZER 2
Bl 4-6 Ja s A i m E S5 R
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(b) LR 1
Kl 4-7 BT 28 s A 5 R

(c) ML R 2

(b) EMER 1 (c) LR 2
4-8 BN S B R
R 43 EEEM G EEmITS
ji?i Dmax (mm) Dstd (mm) Dmean (mm)
PSR 3.927 0.673 0.662
ECPSR 3.766 0.570 0.557
AR 3.712 0.501 0.512
R 4-4 Ja X BRE MG B T4
ji?i Dmax (mm) Dstd (mm) Dmean (mm)
PSR 5.127 0.967 0.872
ECPSR 5.096 0.781 0.776
AR 5.011 0.706 0.711
R 4-5 B L BRE M o 8 o ah R
ﬁ?ﬁ Dmax (mm) Dstd (mm) Dmean(mm)
PSR 5.237 0.857 0.918
ECPSR 5.156 0.781 0.826
AR 5.106 0.716 0.781
* 4-6 HAEM G EEMTEE R
77/2& Dmax (mm) Dstd (mm) Dmean(mm)
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PSR 4.437 0.746 0.768
ECPSR 4356 0.691 0.796
A 4306 0.616 0.721

2 4-3 ATH, A2 SRR 790 PSR. ECPSR, PR TIEAE Duwaxs Dot Fl
Dmean TaF5 LG FTEGE, B0, 2 PSR, H Dyean FFAK 0.150, #:2 ECPSR,
BEAK T 0.045, B B4R S AE 15 il T 20 A S5 HER RS S, 3 Daa TEAR 1T
&, PSR EEMJE N 0.673, ECPSR N 0.570, 15k N 0.501, # PSR [%
k7 0.172, % ECPSR F#MIK T 0.069, 45 H KT FEmIbriEZE /N, EMG
i TS 7R s B

H3E 4-4 TTH1, 3 D TEARTI 7, PSR TE MG A5, Dinax N 5.127,
ECPSR 4 5.096, TMifr#&%E % 5.011, 8 PSR 1 0.116, # ECPSR /b 1
0.085. [Alth, sz S M B N i KB B s/, B REE . B Do
fEART S, PSR fEEMJG A 0.967, ECPSR A 0.781, AR ZAN 0.706,
PSR [k T 0.261, % ECPSR F#fik 1 0.075. Z5HR KM, FritSikiobrit 25/,
TE R m S A DR ELFE B

3R 4-5 AT, 3t Dnax TEFRT 55 PSR FEFH AT SC AR S, Dyax N 5.237,
ECPSR 4 5.156, TMifr#&%E % 5.106, # PSR/ 1 0.131, # ECPSR /b 1
0.050. Rk, sz iE e i A i i KEE S T/, BEMEREETEK. M D
fEART S, PSR fEEMJ5 A 0.857, ECPSR N 0.781, [MiATHREZEN 0.716,
PSR F#fik T 0.141, % ECPSR F#{K T 0.065. £5HFEW, FHEFILIIARIHEZET /],
HAL 5 MRS B R e T = o B Diean T8FRTTH, PSR EEMJG N 0918,
ECPSR 4 0.826, TMATHEEIEHA 0.781, % PSRIE/N T 0.137, % ECPSR Jik/h T
0.045. LA SEEE MG ml = B Ml T AL 1) T X BE B T /0N, i T ASE 28 )

H#E 4-6 A, B2 L4775 PSRy ECPSR, FATEHIETE Duaxs Dy F
Dunean T6W5 EXJE PTG . BIH0, #Z PSR, 3 Diean PFE% 0.147, %2 ECPSR,
BEAI T 0.048, TLHAPTRENEE HI KR BN G HERIIEEGS, Bl Daa TAR11T 5
PSR 7EE M5 0.446, ECPSR A4 0.391, TMiFTHEEIEN 0.316, % PSR F#K T
0.130, % ECPSR [#% 1 0.075. &5HRKM, FriRBERIARAEZEAC, )5 il
TSR 1R 72 BE /N 6
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4.4 KEING

(1) A2 78 285 29 g 4 B A (ECPSR) SEVE T 5| NI 2 490, LML 7
ZA%, DT B HE R A S A LA R AR, Al G iR I R R, MR T
JEFBRAEA T AR LR . 7E Do B8 N ARBCESE 29O A BVE Diars Diia 1
Dinean 73 WIFEFE T 0.065mm. 0.055mm 5 0.045mm.

(2) L IENAE A9 NERATTRE, B0 7O RRSEVE, M e 1 A EE A
IMFZE, IR E 1) ) s N — MR R

(3) R AR BT FRANE L DT 10 S H R IB R B Bk ) S EUE TS
FhbiaZ, 5T IR RET SRR HERIYE, 78 Gargoyle s 2B N Diars Dy 1
Diean 73 53T T 0.075mm, 0.025mm 5 0.054mm, i B H 5 A2 P15 21 4%
Tt

48



i W N i e 2 DA TS

F5F ERMMEHRZERNRERSINIEIE

A B VEGH I REROE B IE RS & 98 AR LK = 2 RO 3.
BotHIEHRE G, RERMIMEN A, 2RliEsH% 2 JRENERET %
WEALER, SR 3 WATRRUNESRERCHERRIE, (HBVEE 4 T4 HE AT R E
AR X T RN AT 50 . FoHE L A R VEREVPAL, PSR 2 &=
3mSR 4 EINE, AEXAEIR

5.1 BT RN S5 H

5.1.1 MEJRIE
BOGEE ik (LIDAR, Light Detection and Ranging) & —Fiil izt 2 580 o -
D& S5 G RAT I TRI R SREX A A4 PR 45 5 i E 8 U R . LiDAR 3=
FHBOC RSB SRR RO S (5 5 A B . T
PRI EIE T AL Rl 5 O 0 HLAE e, 8 A i 0 B SO ik vt A S B2
a2, FERBOCE IR S Bk 2 R BR e, 320 N E AR 8] AT 51
N ) AT X R R IR = B T A E AR, AR KRR
BRI A AR DAL, RERSAR WA H An P R i = 4E KA s a7 B
LiDAR A 80 s S A e B s s (A3 R A P AN i s S SO Bkt - k6
SEAA SR SO R AL 2 () R REAT 4, B F AR DO SOtk iE ) H AR
PIVRRIEIIN , B e S R, SOt oI, 155 AL BB HAR 35 45
R S5 s TSRS O K B (1 H AR 4R 2 s iR B 5 2
ZEWOCR BRI M EAE B, BT AR B A R, AT RS R oy =4k
2 [ R AR ARAE
SO TR B AL N0 — xyz, OGS R 7 L BEAT = (6, 9)
Horhg AT FE, AR, WEASIGIEEN d W EFR S EROL A
AR 2R IARHR (x, y, 2) T LB 2R (5-1)s (R 5-2) 55 2R(5-3) 1.
x = dsimpcos (5-1)
y = dsinysinf (5-2)
Z = cosy (5-3)
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BE & WO TR A AW, K& H AR s AR E BRI, XS
SRR T S mBE . 05 2 B BE R T S it bR A P = 4 T2 RN 2R TR A
NS ERR RN YRR, B AR S R B B A A SR
5.1.2 G BEE

D) S R SE I SRR S TAFR RS BRI TR, TP R — ik B m
RERIRE RS, 1M simscan30 WOLEIXME WL L, BOGEHEEWME 5-1 frx, 5
RIS EROCE B RR G, WK 5-2 frs.

K 52 WotHERKR S
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513 RaBERE

RUFARBERENIREAE 1 HURZEAE 2 AU 3 M s ik, X =
AHUREAFIE5 1 5IRAR N & 5-3 JEMT R0, EATT R A& B 2% (R0 50 AR 40 ¥ 40
o AR RO TSR G I R AHIEL, St RFURE K BE R AR
T2, BThERECENS B s Bl , X SR L E A UR BT 54 2.
o Bt A T HAREO AR AR R TR AE, NS S0 B 5 SR At
IESiE30R

B 3
Bl 5-3 FLAUREAT

<
&0 \\// o
50 -10
¥ -20

40
-30 X

(@ FUREME | iz (b) MUEAF 2 H= () FUEM 3 iz
K 5-4 WOt RIE R s iR
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5.2 EXFNMEH LI 57
5.2.1 EHERE

F MRS S BRI WU AT 1y FUBCER AT 2 U E AT 3 #E4T E b3,
AN 5-5 o, KMERCRINE 5-6 frs. B 5-6 @M ek, ZEVELE
L BRME R R [FIRT,  RERAT MO OR B A 2T = B TR AE o X TR 1, A

PR W P R AR AN 75 ) S R 0 G A 2 e J5 AR AR TR T . T, R AR U AR X
B R s IR A ERAS, A RARTE T AL e B SRR MU E
2 SRR AR BEAL A A A0 7S S AL I 5 B KRS bR, 3R IR AR AR A LA
AT PN O B IR Y R O ey 2 P s e B = S 2oy A S R R oY o
A MU 3 EAmihmgs e Lng s, dhimd i 3R n Y, AT
A TR IR AR B V8 B, OB AT A9 31 T SR IR . BRI &, AR ST
VLA AR G R TR E B i, BRI s R Be 1y, NG 4E
YT A B 4 B 58 Bl

220

210

l wh

™ 200 i ;
wot .
0 %\
70 <
60 ~" 0
50 ‘}\’/
X
(a) (b) (c)
K 5-5 WU E AT 2 e i
280 .| 220
280 270 |
210
260 o N
N 250 200
240 240 -
220 230
140 - 100 ;
120 0 ///gf eo\\ -
- 60 ,_,(/( -
v &% 80 g :ﬂ v 40\“/—10 ux e 50 \4/ ™ o
(a) (b) (C)

5-6 HUMEAF L5

52



i W N i e 2 DA TS

522 EHECEREN

F HEAR ST S SE NS 5 5 WU A 1. HUBCRAT 2 B4 3 B HEAT
A, FRHERCR A 527, 18 5-8 X 599 Fiian. M 5-7 R FHLREM: 1 BI%0UR
JEIRH, TEZMEBOA BOERR T TS Bm g e, Y EC SR AL T Al i AL
Pent. ERCHEFEE, PUMEME | AFE ARSI SRR DU HER 55, A
BALIES > Tosk e B S-8 T IR 2 BCvE 5, BEMEEEAL, IR
R 2 RIKFA SO SHRE, FCAEPR T RIS B U0 2= i
BERN—NENEE, PIEMG 2 SRMTERE 8D HEIMZEN 3,
& 5-0 YN R T G HE 5 A SRRSO . Bord AR, BETOIR TR A
3T 2, RHER MR, SEOLT S BRI R RV . R R A
FOR G 5-10 fis, BEAJEINMEA 1 B8 S IR IR S id, RSO Al
SR HIE I R EAE PR 2 BRAMUEE LS BB RIE R,
PO T A/ AR . SR AR B EAS IR 3 Y
HES, SERY, SRR, S SRR AL L
GEMT, S TUPERE TR AR L BT IR, A S IR AT BN TR
BT EL, R & 1 77 R 5 A IR

CEOORTE, ASCHTIRENEMENUEE 1. 2 A0 3 (0, BouE R EMT ST
RYLH A, R TG S B A P R R A, T IR S AR %, B
A% e PR R R S 4 T 5

290 .

2804 280

260

270 |
240
220 260
200 | 250
180 | \ 240
160 4 230 |

N
200 .
J 100
150 \ 3
s o !
100 <

P -8
(a) HUBRZEAF 1 BCHERT (b) HLBEAF 1 B S5

K 5-7 HULBEAT: 1 BoHERT 5 %) b

53



LR RS A A8 3

280 |
260 280
240 ] 270
220 | 260
200, 250
180 | : 240
160 230
200 b
150 . 100\\\
100 20° * ‘ ]
50 '(5’0/6" 0 ” 0 a0 0 b
(a) LB AT 2 B R (b) HLIk A 2 FCHE S

K 5-8 B EAF: 2 BCHERT 5 X)L

220

210
200
190

100

80 40 -30

(a) HUBZEAE: 3 B Uk Ry (b) BUBE: 3 FoHE )5
K 5-9 A} 3 Ft vk Rl ) e

(a) M 1 =M )5 (b) F4F 2 w5 (c) ZA 3 MY )5
K 5-10 U EAFEM 5

53 KB

AREX VAW T g, IR R RN R A AT R B o) R O iE
Nt 2 2R S EARPMER, X =FEEETNH, MWRGEEEATF,
R Fe . o M, R REE, XTSI T — ME R E
e

54



i W N i e 2 DA TS

FOE REESRE

TEX—FATH, AN B T T AT H RGNS, AT SCs AN 1
LAUMUARERE S, TR — A e B ke . [FE, IR T A SCr00%
m R FEAAR SRR L ik I8 B IR AU DA R 5 18 1) S 45 T T e T
A, IR AU MR NME . BAh, EVEAERLRI T AR TAE T, B
AT T AS & SV e R 2 8], i) R AT AR PR A R AT 1R 9 )5 e 7 v R,
B TEHE— D URACRD Fh R Z AU T T R
6.1 &L

AR EBEERAT

(1) 2T AR R B I 5k, A RO LB s 2 s P R A s
PRI E , 7R S5 A AN R B S0 BAT DUAR I 5 7K ~F (1) anchor AR AYEAT 2516k
JFLL SNR 1 MSE $545 € & & LW GE. 5 APSS ik, AWLOP %%, NLD
B35, MRPCA Hy%'5 RSLDM HyEAMILL, Frigfik T SNR 7EiHH AR BT
[RI[RIIN % = $2 - 2.14DB,  ~F-34 MSE f i F#1IC 0.054. 7£ %15 RSLDM %
WARTHIRINS, THRACRIEF T 27%, ASCHIBE LR S TR R Z ik
B 7M. L, AEENMUGE A M ERIRE WS, EREREE I S EACE,
N R BB T — T AT AR R T %

(2) B TP ARE AR M AME- 7 ZE MU ECHE R, R E R RCHERS
BEAR 1 BCHEIRZ . BAI S, fE Bunny #7N, PR SIEAME ICP 574 RMSE
T T 0.050, #: GMM 5% R4 T 0.038; 7F Dragon BRI, FridHiksiae T
ICP %% RMSE [#{% 7 0.116. #J{k a#£ ICP. GMM. CPD }; DGR %% N RMSE
73179 0.630. 0.597. 0.723. 0.598, 141k a fEFTHR LT RMSE Jy 0.553, #
#F ICP. GMM. CPD X DGR %%, RMSE 433 FF& T 0.077. 0.044. 0.170
J20.045, Bk, ASCEIRAEAFENUMELN, AP A EiRE s h
XF LA B A 22 SE /N, S ECHE RN B S sy, O R SR e SR U R A B
5 BAR S a5, G E RSB LN, 5O R R I S A
N E KRR

55



i W N i e 2 DA TS

(3) B TRk B AR SEE LA EREVE, WHEMRERNS. JE
M5, 7E De B8 T AHBASE L AR A 5L Diax Dyt F1 Dinean 53 53T T
0.065mm. 0.055mm 5 0.045mm. KL, IENAL TN RS, #ER T A
FasE e, MR E A E A I, IR E W iR R R MR R G
e RO SR A LR AR BT FANE BT ) A, IR R R R k) SR S AL
%, RE IR R B REAERRTE, £ Gargoyle MM T Dyars Dysa A1 Dyean
AT T 0.075mm. 0.025mm 5 0.054mm, B 3L MR M B R T .

6.2 BT =

ARSI BHT RU0R .

(D) H VAL SN R B 3] i m JWR Sk, SElR = K

L I NIKAN T RER AR & LA VE M Z T, X AH QBL 2k 22 8] 1) 22 7 2E AT
WA, Jforfe VVERES T RMIIEZER KM, REAREZFGE B8
HERATE A SRR, EARIAA R ITIRI M €, JCHEMN T HA 835 LAk
TE R = s . ARAERIRG R A NER, B8t Vi EE, e HBiELt
HARME 7 PR AT AR R T R

(2) R ZAE ARG JE N TR AR il mi 55, SEDL R e

FEFCHEYTUa X B0 5 LA, SR PRIE S 2 RG  GI N 2B AR
ol T R ZE R BUR, X2 PE S E RS AEET I, BRI SGE %,
PR IEARUEL, SRTHRARBCHERCR o ISR ¥ME-T5 Z i/ ME B AR B, T RCHE
RS EN:, FRIRBCHER %

(3) FH VR 2 2 R S i AT S 20 AA R B B, Sl =4k i T =AY

FEE LA AR EAFIE TSI L0, DAL T2, M 3 ik
B A LATRRAE, B GE TR IO SR L, OGE 1R BRI
TREE . JPRL ENALTAINARA TR, B0k VAR AEE M, Ry g fmg A
HARIMTLE, IFREE R RS o DR TE R Gt ROt SR A HH AR i 5
SNEL DT A S H R R R EE A AL A E R, 1R T RN R U
RAEAERRYE, STt 1 h i EAL R

56



i W N i e 2 DA TS

6.3 EEITIESRE

ARCSE R T T 1A =4 R B ) MR SRR ST T R ARk AR
s EIE-T5 22 B MU BCHESE K T K = AR E A AR A ST, IS
TR . BITIIRISC R, IEAFAE AR 1) =5 3t — PR 7T

(1) FEH &R EMRSFIAA LR R h F T Az S ok, Hir AaH
TR R SR, KB TR R SRS R N s, B
PACSEIE, LA A FSERR R /55K, SR TH A I SEm AR 2 1k . IR R
Z A RN AR TR, LEE— 25 5 R 2 MR R ARG

(2) 575 J& P R SR AL B 0% T e YA AU A 5 B N R AR O, KR
FERMWRE R RS G RS 3 HRB R R, 45 s s
SUE RS JUARHESESEIe AR, S WIGR BCHEI RE, ST O HEMERA 5 b B PRk
ST A RE

(3) T B RE P B A VAL TN KRR i = B T R L S5(H 2
HRFIRIE. S BN TR AR A &, AR R . SIAER
WA AT, R RN ik, SeE T, RJEIRIE 2>
P R SHE LR, B R AET HERR EL MR IS S M A LT AR, i3t — 2D
S e A SRR BRI 5 a1

57



%
S
o
Mo

P2 R VAT

ki

[4]

[8]

[]

W

=P

&

SR B XS 36 38, T — L o [ 3 M B A A FR K B R | DX sk e K sh A T [J/OL ).
2P 22K 2 244, 1-20[2025-03-18].

RKUGE = A BT B B G L R B S RN A B IR S B S B 0] AR L
41,2025,(03):79-81+85.

P AT 2 B e ) o I AR B T & K B B A iR BE S BT AT (0], P [ s e T
#£,2025,(05):33-35.

R, BB, KT 524 T AL BOR ) X,y A E R IR RG] BT
$i7K,2025,48(06):118-126.

Kim G, Eom J, Park Y. Visual perception of wind hazards using cycloidal scanning LiDAR
system[J]. Scientific Reports, 2025, 15(1): 5067.

e AU 2 12 T SO s G [ ] v P < e i 1k ,2024,(10):243-245.

Yu Z, Fan D, Sha L, et al. Process planning of repairing and grinding for cylindrical parts
based on surface defect detection[J]. Measurement Science and Technology, 2024, 36(1):
015434.

Verhoeven V B, Raumonen P, Akerblom M. Fitting Geometric Shapes to Fuzzy Point Cloud
Data[J]. Journal of Imaging, 2025, 11(1): 7.

Zhao F. Point cloud denoising algorithm with geometric feature preserving[J]. Multimedia

Systems, 2022, 28(5): 1679-1687.

[10] Quan S, Zhao H, Zeng Z, et al. Pre-training meets iteration: Learning for robust 3D point

cloud denoising[J]. Pattern Recognition Letters, 2025.

[11] ZE AR 2%, o b, 20 5k, &% T A A R 0 9 A i 2 ) e AR W S [ T 5

71,2025,40(03):493-504.

[12] Zhao F, Huang H, Hu W. An optimized hierarchical point cloud registration algorithm[J].

Multimedia Systems, 2025, 31(1): 1-13.

[13] TEF AR, 5K F, 55 A 8 1 JE Ak A5 0 1) s 2 Rl o T S A AN 75 925 [0 IS 5 v

GH1EL2025,5(01):34-41.

58



i W N i e 2 DA TS

[14] Sun Y, Schaefer S, Wang W. Denoising point sets via LO minimization[J]. Computer Aided
Geometric Design, 2015, 35: 2-15.

[15] Avron H, Sharf A, Greif C, et al. £1-sparse reconstruction of sharp point set surfaces[J].
ACM Transactions on Graphics (TOG), 2010, 29(5): 1-12.

[16] Mattei E, Castrodad A. Point cloud denoising via moving RPCA[C]//Computer Graphics
Forum. 2017, 36(8): 123-137.

[17] Buades A, Coll B, Morel J] M. A non-local algorithm for image denoising[C]//2005 IEEE
computer society conference on computer vision and pattern recognition (CVPR'05). Ieee,
2005, 2: 60-65.

[18] Dabov K, Foi A, Katkovnik V, et al. Image denoising by sparse 3-D transform-domain
collaborative filtering[J]. IEEE Transactions on image processing, 2007, 16(8): 2080-2095.

[19] Deschaud J E, Goulette F. Point cloud non local denoising using local surface descriptor
similarity[C]//PCV (Photogrammetric Computer Vision). 2010.

[20] Alexa M, Behr J, Cohen-Or D, et al. Computing and rendering point set surfaces[J]. IEEE
Transactions on visualization and computer graphics, 2003, 9(1): 3-15.

[21] Guennebaud G, Gross M. Algebraic point set surfaces|M]//ACM siggraph 2007 papers.
2007: 23-es.

[22] Huang H, Li D, Zhang H, et al. Consolidation of unorganized point clouds for surface
reconstruction[J]. ACM transactions on graphics (TOG), 2009, 28(5): 1-7.

[23] Huang H, Wu S, Gong M, et al. Edge-aware point set resampling[J]. ACM transactions on
graphics (TOG), 2013, 32(1): 1-12.

[24] Dinesh C, Cheung G, Bajic [ V. 3D point cloud denoising via bipartite graph approximation
and reweighted graph laplacian[J]. arxiv preprint arxiv:1812.07711, 2018.

[25] Schoenenberger Y, Paratte J, Vandergheynst P. Graph-based denoising for time-varying
point clouds[C]//2015 3DTV-Conference: The True Vision-Capture, Transmission and
Display of 3D Video (3DTV-CON). IEEE, 2015: 1-4.

[26] Duan C, Chen S, Kovacevi¢ J. Weighted multi-projection: 3d point cloud denoising with
estimated tangent planes[J]. arxiv preprint arxiv:1807.00253, 2018.

[27] LiuY, Zou B, Xu J, et al. Denoising for 3D point cloud based on regularization of a statistical
low-dimensional manifold[J]. Sensors, 2022, 22(7): 2666.

59



i W N i e 2 DA TS

[28] Hu W, Gao X, Cheung G, et al. Feature graph learning for 3D point cloud denoising[J]. IEEE
Transactions on Signal Processing, 2020, 68: 2841-2856.

[29] Shrestha A, Mahmood A. Review of deep learning algorithms and architectures[J]. IEEE
access, 2019, 7: 53040-53065.

[30] #% ¥, 245 B3 JE T VR & 98 J¢ R DBSCAN ¥ mi = 26 W 5y [J]. 1F & 15 I ik 4%
A,2020,47(04):24-27.

[31] Qi C R, Su H, Mo K, et al. Pointnet: Deep learning on point sets for 3d classification and
segmentation[C]//Proceedings of the IEEE conference on computer vision and pattern
recognition. 2017: 652-660.

[32] Rakotosaona M J, La Barbera V, Guerrero P, et al. Pointcleannet: Learning to denoise and
remove outliers from dense point clouds[C]//Computer graphics forum. 2020, 39(1): 185-
203.

[33] GRS, AL AR e, 2 3, 55 kL5 ik 5 0B ST 27 >0 B 2% i Jld AL U 7V (] A ML BT LG
#45.,2025,56(01):74-83.

[34] VFEERE, XIS A, 28 ik, 55 0 T 22 SR il S Ige R 0 AL 550025 1) Dok AL @ Nz sl 2 50
RITELT] HH E U RE,2025,36(02):294-304.

[35] Besl P J, McKay N D. Method for registration of 3-D shapes[C]//Sensor fusion IV: control
paradigms and data structures. Spie, 1992, 1611: 586-606.

[36] Serafin J, Grisetti G. NICP: Dense normal based point cloud registration[C]//2015 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS). IEEE, 2015: 742-749.

[37] Zhang J, Zhang S, Chen X, et al. A Novel Medical 3D Reconstruction Based on 3D Scale-
Invariant Feature Transform Descriptor and Quaternion-Iterative Closest Point Algorithm[J].
Journal of Medical Imaging and Health Informatics, 2019, 9(7): 1361-1372.

[38] Xu M, Lu J. Distributed RANSAC for the robust estimation of three-dimensional
reconstruction[J]. IET computer vision, 2012, 6(4): 324-333.

[39] Makovetskii A, Voronin S, Kober V, et al. A regularized point cloud registration approach
for orthogonal transformations[J]. Journal of Global Optimization, 2022: 1-23.

[40] Zhao F, Zhou M, Geng G, et al. Rigid blocks matching method based on contour curves and
feature regions[J]. IET Computer Vision, 2018, 12(1): 76-85.

[41] Rusu R B, Blodow N, Beetz M. Fast point feature histograms (FPFH) for 3D

60



i W N i e 2 DA TS

registration[C]//2009 IEEE international conference on robotics and automation. IEEE, 2009:
3212-3217.

[42] Johnson A E, Hebert M. Using spin images for efficient object recognition in cluttered 3D
scenes[J]. IEEE Transactions on pattern analysis and machine intelligence, 1999, 21(5): 433-
449.

[43] Tombari F, Salti S, Di Stefano L. Unique signatures of histograms for local surface
description[C]//Computer Vision—-ECCV 2010: 11th European Conference on Computer
Vision, Heraklion, Crete, Greece, September 5-11, 2010, Proceedings, Part III 11. Springer
Berlin Heidelberg, 2010: 356-369.

[44] Qi C R, Su H, Mo K, et al. Pointnet: Deep learning on point sets for 3d classification and
segmentation[C]//Proceedings of the IEEE conference on computer vision and pattern
recognition. 2017: 652-660.

[45] Wang Y, Solomon J M. Deep closest point: Learning representations for point cloud
registration[C]//Proceedings of the IEEE/CVF international conference on computer vision.
2019: 3523-3532.

[46] Drost B, Ulrich M, Navab N, et al. Model globally, match locally: Efficient and robust 3D
object recognition[C]//2010 IEEE computer society conference on computer vision and
pattern recognition. [EEE, 2010: 998-1005.

[47] Chen H, Chen B, Zhao Z, et al. Point cloud registration based on learning Gaussian mixture
models with global-weighted local representations[J]. IEEE Geoscience and Remote
Sensing Letters, 2023, 20: 1-5.

[48] 16 Jo 46, 05 B = SR Bl (0 F L B o L5k [0). v SEAL B it 5 R A
#.,2015,27(08):1341-1353.

[49] ZE A T VE T M, 25 SE B9, 45 N T8 RE AR 30 1) DA —— S 7] 4 BE T TT R [1]. 8101 27
#,2023,34(02):712-732.

[50] 72 3CHE, M 2 o, 56 T S LAR B 22 [R]85 4 74 rU R RE AR i 55 3D 4T EN[I]. A2 3R 45
F2441,2024,45(04):131-141.

[51] %k, %) 5 5, % ik, 45 A PEAE B &R 4t B b 2R RE AR 0] U ER £E BB 5
%,2025,27(01):83-99.

[52] T %7 % A &, B AN, 56 i T el AR AL & F 53325 (9] 8 JR I Tl K 2

“Hl
g

61



i W N i e 2 DA TS

##,2008,40(11):1722-1725.

[53] Hou Z, Guo D, Cao J, et al. A method based on the centroid of segregation points: A Voronoi
polygon application to solidification of alloys[J]. Journal of Alloys and Compounds, 2018,
762: 508-519.

[54] Pekmezi G, Chareyre B, Littlefield D. Uniform boundary conditions on models of spherical
particles through alpha shape surface tracking and Laguerre—Voronoi diagrams[J].
Computer Physics Communications, 2024, 301: 109214.

[55] BEEEAIL, B B, S o, Al 3 1 B2 EU B M — Bk SR B ) 2 B M i 5 0 BB [0].9
Y6506 HL T2 R, 2024,61(14):219-228.

[56] Bajaj C L, Bernardini F, Xu G. Automatic reconstruction of surfaces and scalar fields from
3D scans[C]//Proceedings of the 22nd annual conference on Computer graphics and
interactive techniques. 1995: 109-118.

[57] Dey T K, Dyer R, Wang L. Localized cocone surface reconstruction[J]. Computers &
Graphics, 2011, 35(3): 483-491.

[58] Wen P Z, Wu X J, Zhu Y, et al. LS-RBF network based 3D surface reconstruction
method[C]//2009 Chinese Control and Decision Conference. IEEE, 2009: 5785-5789.

[59] Gu T, Lin H, Tang D, et al. Curve and surface reconstruction based on MTLS algorithm
combined with k-means clustering[J]. Measurement, 2021, 182: 109737.

[60] Kazhdan M, Bolitho M, Hoppe H. Poisson surface reconstruction[C]//Proceedings of the
fourth Eurographics symposium on Geometry processing. 2006, 7(4).

[61] Kazhdan M, Hoppe H. Screened poisson surface reconstruction[J]. ACM Transactions on
Graphics (ToG), 2013, 32(3): 1-13.

[62] Kazhdan M, Chuang M, Rusinkiewicz S, et al. Poisson surface reconstruction with envelope
constraints[C]//Computer graphics forum. 2020, 39(5): 173-182.

[63] Xiao D, Shi Z, Li S, et al. Point normal orientation and surface reconstruction by
incorporating isovalue constraints to poisson equation[J]. Computer Aided Geometric
Design, 2023, 103: 102195.

[64] W B A0, 8 R K 5K TN, & B BT B AR 2% il i A Sk AT T (0] b B ML A T
£,2007,(19):2366-2370.

[65] 0% [F AR /N BN 55—l 52 2% b T S M oA o e 22 A1 20 2 A8 i A B0 () Lk A2

62



i W N i e 2 DA TS

241%,2019,55(15):88-98.

[66] Piegl L, Tiller W. The NURBS book[M]. Springer Science & Business Media, 2012.

[67] Lin C T, Cheng W C, Liang S F. Neural-network-based adaptive hybrid-reflectance model
for 3-D surface reconstruction[J]. IEEE transactions on neural networks, 2005, 16(6): 1601-
1615.

[68] Fu G, Sheng B, Luo R, et al. Research on on-machine measurement of machining error based
on T-spline surface reconstruction[J]. Measurement Science and Technology, 2021, 32(11):
115028.

[69] Wu Z, Song S, Khosla A, et al. 3d shapenets: A deep representation for volumetric
shapes[C]//Proceedings of the IEEE conference on computer vision and pattern recognition.
2015: 1912-1920.

[70] Wang Z, Shi F, Zou F. Deep learning based ultrasonic reconstruction of rough surface
morphology[J]. Ultrasonics, 2024, 138: 107265.

[71] HRORE, X538, B, 55 . = 4 i 0 PR 28 U 3 B VR JEE 2 2] U7 V5 [J/OL) AL T RR o
#%,1-9[2025-03-19].http://kns.cnki.net/kcms/detail/11.2187.th.20250211.1646.022.html.

[72] Sulzer R, Landrieu L, Marlet R, et al. Scalable Surface Reconstruction with Delaunay -
Graph Neural Networks[C]//Computer Graphics Forum. 2021, 40(5): 157-167.

[73] 2= 2R 47, S AE N, ¥ Wk 2% Dirichlet % 8] f) 3 1A 25 [J]. 1 B I8 K 2 2 4k (SRR
fi),2023,55(05):88-92.

[74] Xu Z, Zhang H, Wang Y, et al. L 1/2 regularization[J]. Science China Information Sciences,
2010, 53: 1159-1169..

[75] Lin Z, Kang C, Wu S, et al. Adaptive Clustering for Point Cloud[J]. Sensors, 2024, 24(3):
848.

[76] 255 02 0 2B i 2, 56 2 T e K S ME 3 il v (10 22 2 )88 ARAIM #HER 777 [J/0L b
HU AR R 25541, 1-13[2025-03-19].

[77] Torra V, Narukawa Y. On a comparison between Mahalanobis distance and Choquet integral:
The Choquet—Mahalanobis operator[J]. Information Sciences, 2012, 190: 56-63.

[78] B et A b, bis v 1, 55 45 5l 2 P R A R 0 R0 L ) AT 2 s 2R 3% T o s s s
[J/OL].VG % A2 18 K 72+ 4k,1-10[2025-03-19].

[79] %% 35 U, Bk 3 5 ) 25 3 - SRR A B2 48 3R A ) SRR AR X 3B B AR5 [0 45 ) 5 R

63



i W N i e 2 DA TS

,2023,38(07):1927-1934.

19[2025-03-19].

[81] Potra F A, Engler H. A characterization of the behavior of the Anderson acceleration on
linear problems[J]. linear Algebra and its Applications, 2013, 438(3): 1002-1011.

[82] T ZE M, it Ay BH I TN, 55 8 T 16 A SR AL A 02 1 2 39 20y ) 2~ VR SR A 7 v
[J] MUk TFE2441%,2014,50(04):120-127.

[83] Xiao X, Sheng Y. Uncertain vector moving average model based on Welsch loss function[J].
Communications in Statistics-Simulation and Computation, 2024: 1-15.

[84] Cheng Y, Li W, Jiang C, et al. MVGR: Mean-Variance Minimization Global Registration
Method for Multi-view Point Cloud in Robot Inspection[J]. IEEE Transactions on
Instrumentation and Measurement, 2024.

[85] ¥ J7 8, X B, Wy g S, &5k TR A A B0 o5 vE AL b T B b SRV (] MO8 B2
K.,2023,47(06):816-823.

[86] BHIRAR, 2= e, B 290, 55 Ak T ik S MR B e E i3 s Z 8 il THAL &1 1 g 8
FIE] T 515 B R,2022,44(07):2488-2495.

[87] Chang S, Liu Q, Zhao Z, et al. A statistic-based tracking method of equivalent constraint
position for monopile supported offshore wind turbine[J]. Marine Structures, 2024, 98:
103673.

[88] i 2 U6, 7k s Vg, 5 o At 10 2 T KR e 7 VR A AR PO HE 7 BRI [0 3 MROR 222 (T
2217),2018,48(02):596-604.

[89] X1 I AR ¥ 4K 30 % A R IE 52X 3 J7 R AL B 0 2 0] 802 0 B2 2 41%,2010,30(02):364-
374.

[90] Trafimow D. Estimating true standard deviations[J]. Frontiers in psychology, 2014, 5: 235.

[91] Luo J, Ma L, Cui R, et al. VWC-LSPF: Voxelized weighted centroid least squares plane

fitting based on point cloud data[J]. Optics & Laser Technology, 2025, 186: 112665.

64



i W N i e 2 DA TS

BUEF B L ROFRIEHRFE

—. BXERIER

[1] LiuY, Fang Z, Ma L, et al. Design of Axially Symmetric Fluid—Spring Vibration Absorber
with Five DOFs Based on Orthogonal Experiment[J]. Symmetry, 2023, 15(5): 980. (SCI)

[2] Fang Z, LiuY, Xu L, et al. Research on a 3D Point Cloud Map Learning Algorithm Based on
Point Normal Constraints[J]. Sensors, 2024, 24(19): 6185. (SCI, X}t 5 2 &)

3] 7%l XER. aHhE LR RIAR ERFELT]. PUEHA 5 HEOR(CSCD #Z 0l
W, RGO 4 %)

. ENEIFEHR

(1] XA &R, 75 80,5 E R, BEAM A 2R 046 — R C R /N 25 i st e i) 206 B N AR b 7V [P].2023-
O-1(KMILA, SH)

[2] FEASARA R, L0 H,75 8101 E AR — Fr RN 70 2 7 K08 808 B I T AR J7 ik
[P1.2023 CKREHELH], SZH)

[3] Youyu LIU, Zhao FANG, Guodong HU, Songsong LU, Hongwei LI. PIVOT STEERING
APPARATUS OF STAIR CLIMBING TROLLEY AND ITS CORRESPONDING
WORKING METHOD [P]. South Africa: 2023/08522, 2024-3-27.(K & F], C4%48)

[4] Wang Qijie, Liu Youyu, Li Renjun, Shu Da, Fang Zhao. SIX-DEGREE-OFFREEDOM
PLATFORM FOR ADJUSTING POSE AND METHOD OF POSE ADJUSTMENT FOR

ROOF BOLTER [P]. (KHIEH], CFA0)
—=. mE%ER
[11  “Wse 5] SHZE NS FRR AT TH, 2023 55 2708 R RBAR F B

WEETH, THMS: 2023qyhz18, ANMTTH KM =4k di HE .

65



i W N i e 2 DA TS

B

BYEA A, AR LR AR E OO RS . B I BURFER, O HR il A AR
A

20204 12 H, WEBREELTAE, B EEHZ K. £FMHTE, UhEE
JVEMER AT, ARG AR E SIBRMRB K. 4T, 182022 4, HAE
BN A SR LASR I I, JR AL 2 S 2R

FEIL, FREDR AU BRI IR 4 F ) ST R B . IR STIRIE T 46,
FESEN, FIRTEHRROLESR. EmERNBHRE. EERNEWHRER,
F)FE S RBRIES, IRIRERIREUE R . RS IRAET BRI N A, &
SR CENT, AFRIE I TT A . BAMGR IR ARIE RS B SIEEN, BERRANE
IR

W ERIFRAI RN, EREFIRETBBREH FH, 4 TRILFMN
SCRESEAE . RIS, ERA B R H SRS Rt > WA,
TRATBRBR RS A VG I BARE,  1EFREE O T MR & T2k A I AT,
FEIRE TR, BERRR Ui, AIRHVUMEME. IRATRIRE £, 1EIRIBE A
T TR IR IR 5 W

T8 B 2 R R R 813 I H (GXXT-2023-038) [ S0 4, LA M 2B
F S AR 2T R = S WS, X R S R WA, 1 RIEX
Fie S R

FRZ IS, KRR X ER, LB RT. FEECRET
A AUIEAT BT, AT 4 TR A

e 4
202543 H 22 H

66






