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Abstract

The analysis of 3D models has become a hot topic in computer graphics research in recent years.
Aiming at the application problems of mesh denoising and smoothing, mesh parameterization and
non-rigid registration in the field of discrete differential geometry, this paper reviews the litera-
ture on the application of discrete differential geometry theory in analysis, mathematical model-
ing and algorithm design in recent years, and introduces the research progress of discrete diffe-
rential geometry in the field of 3D model analysis. The difficulties and possible research directions
in the future are summarized.
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1. 5|8

KALLK, 3D MASIIAL S R B il . Wi m) TAE . B2 ARt 7t DA Al Tl s b )2 A7 4E
(R AR ZEGSR JLAAT R, AT R 3D ARy — MR R I 4B, FRRR IR AE 25 (8] B N 2511
FEKRI T AT 3D BAY, ETHE R ARG ] XA TR R R, A SO B4 5 K BRI E 3D
BRI AERUEEYE . 3D AL R AR A2 R FH B Ak () 772U AT, DRI T TH A AR B IR 2 3D
BORAE TSN LR E B e o U B S R, AR BT B 200 7 A& TR BT, A
[ S4BT A I 22 el 5 22 e A 3, BEAR B BRI LT SRR BT . X BB BEA N ZE A A
1, JFHBEAEBIRR . KRG ER, JEH &S TX 3D B AT 8 AR sl 7 70 Hr i At
Fo

AR — B (W) B S E (s )% Tt gk, diieaR, AFERCRRIME, A T
G A DL R SR I AR R B B G E B AE R o B BT A S AN R A () FR g il 4. i T 7 R
FHIER, (HBEE B — 2 A ——R AR B, BRBL(L. Euler). %% H(G. Monge). 3% 24 (Elie J. Cartan)#ll
2 (G. F. B. Riemann) S5 NGR4T B0 b A4 I 20 BV 75 T8 55 40 40 1R 30 [l P9 g 26
FFTTERR AN, TG — L 5 2% () AR ZRME I B OC RAS AR AME, BT A HiR e B — R 5T E B &
T, 7E 3D BRI R FERE I PE (2] (3] [4]. ZENLER 2 S K TRl 4R, IRZ 5 E TR
T JUAAT B3 B RFAEAE DA S RFAIE R U (Eigenfunction) 1 A BE SRR L 3D AU N ZE(E 2., MR FHIREE 5
ST R 2% () I 2RI B UL S RN 4892 A fe 7351 (6] [7] [8]-
2. B LR

T4 JUAR] R ) 22 25 A TT DAAE Bl 723 2 2(Differential form) K & v 3 7 o 51 G0 7E MRS P A A5
TEAMU T B R 0-TE30, BN 1830, Rk 2-1E0, BLAIE T Stockes EEE, HAMum 5458
FEHUIE RALHK[9]. 3D B R 5] N B HUH Y TR RN IR 2 10l R R R bR i 1 S A A, S Aty
EARLG, 1ZOTVE R B LAE IR S R AR b, Sl SR A R, AT DAL B ) ) P A (closed-form
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solution), JFE4Jm FORIEMR TS ANAR E ML, 15 2IRI 518 S B RCRAEA T 37 57 T3 278
WAIE. B U & 7 — RAVRIBES M, NI A G SR TE S e L.

2.1. EAER

PN 2L 3D AU, AR AN E T U = e R E R I M = (V,EF), i
VRSV =y, e R 1S <N, |, N, RAMAE, BA v 4R M b AT Hofi E i T
;%Ez{ei =(Vl.,vj)|vl.,vj eV,iij} ; FRIET45#

E= {f = (v,.,vj,vk)|em = (v,.,vj),en = (vj,vk),e, =(vk,vi),em,en,e, IS E} o

SBACRIHE: 76 Mt L T8 45 05, 2 TR, B 30 = v, —v | =0 (B4 ADSRE v, 3i# joe,e,
RIPIT o S B, B Ji= g, f, f, M AL S E A RS DL, R B AR LR BT T R . —
AR G0 N AN PR i & IF A AT A, S B

By LRGP K. B WS BT MNP ATIRE, R R — kb i &

17T LI 5
R EER RS fE M AR, R R RS R S R, —u(v,) . AT EFHS
P P B SRR (0, ) 00 i AR, JERT N u(y) = T, (v) - Hob (o)} W j A0

WAE Y, IN S, =1, EHMMTT S, =00 T v BI=DMER (x, y,2) IR = MrEd, SR LR
IR, WY,

P ERIRES: £ M EUERAFAERE R w , WAL — =M f NEIER R HEREw, ,
TFK w € A M LR E.

22. ¥

P LRI 3T 3D by VHRIR TR AE, AL N FEAST, R R o B SE R B
W RAEOEARER T Vu . BERT Vxw MREE T V-w USRI T A .
BEHET Vu: {£M PEE—AD=MA fN— v BIBEEE SN

Vu(v)zzi:uiVé'i (v). (1)

Lﬁ#%nﬁﬁﬁﬁ%ﬁﬁﬁ~ﬁﬁfimﬁiva:£TM—%Y,4%f%ﬁﬁ,L%%%n%

f
S (v, v, ) R EHHE RS 90 BE T 1A, BBRETE JU R4 F7ER (vyov, ) RO
BUEETV-w: (ERTREw WHT, &30

V()= ¥ aw(s)val,. ©
JieNg(vi) !
Kb N, () FoRBLy, WIS AR, A4, 27 £ TR, w(f)) R Wi, Ve, Hm
v ML AL £, ORI
PNYRHET A ZEHTWRED o e HET, € OB HUE:

Au=V-Vu=Za)U(u,—u_,.), 3)
o 7" FR By, b —Br AR TR A I T AR, Q)AL o MRIRCAH 4 R 0SS I EESR (1) Xt
FRMEZAF 0, = 0, 5 Q) iffv, € N, I 0, 20 () A (LA X o, =15 (4) FHHbviz . 88 0,20,
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FEi AL SRR, MR AR (0 R o, T ORI 2 AR, B[ 0JR A &R o, =w,

apjﬁ%ﬁﬁmgszﬂﬁﬁﬁﬁﬁzﬁ%%Nﬁoﬁﬁ%%ﬂﬁ%iﬁ%ﬁ?ﬁﬁﬁ%%ﬁﬁﬁ%
RAH M2 . BTIZEF, WTRURH PR H(v,) =%||Au(v,.)" o IRZYEAMERLARA TR UK
3 77 #£ . Navier-Stokes 77 f255, #UAF R i H FRk X M. ZEFHE 2R S WY LKA
Laplace-Beltrami 57 (LBO). %:T LBO &1l &Fh = MM HIE LSRRI Z MM H . .

A F TR S A B (AR A P EE 5 R e SO RE , 0 mT DA 5 3 S5 i iR
U (x,¢) Zom B THT B 2E — 5 x 72 ¢ I 20D 7 AT R 8 W3R S 710N :

(A—%ju(x,t)zo. ()
TRRHIES u(x,0) = [ B, (x,2)u, (v)dy sy RRE x BRI, b (x. ) (R SURIRE %

' N

T x %y IR . X b, (x,y) BEATHAAE SRS 5
()= 2o 6 ()4 (2). 5)

Hrb 4,0, 20308 A SE AT AR Ja o0t REFAERE 5§ MR ANRAE . T e ST
SRR %, FTUAN ERRIEE . MRROIE LT 2 RO R SRS [ 11].

3. BT B /LT 3D HE 54

B EAMELZIHFRER, 3D B Hr ORI R AR 3D RIS, SRR, L
Jeit s R, BHE. HBRR LR E RIS BSEIR AT, LT OREARE T R Oy
JURTEERHER G O SE I 5005 . ik, IR 226 T &R R i AL ) R AR Mk T S R A wT DA — 2
AU BB HE S TR e ARSI MR ) = AN L, RIRAE i o O S B0t DA S AR Mk I 7 [ et
KIETTIFIR .

3.1. R AR

7 PR O, 0 7 F (1) D% e o) R SRR S ME 5 R . BhE T RE DL R RE 0 R ) R, SRR R AL 8
57 21 A% AR BT BRI O RE M . BE S T 000 S TR I FLih Sk R R 4, I8 3D BEALfY 2o
St AR, CREFRS AR AR A0 AL R, W 5| T Rk R 2 Bt A T O

R A 5 s (B8 TO0 s AR AR AR ) T AR — B AR AR M T B RME5, — ek, ARBIURFIEAIE: 8 T
EAAr . AR Z 4IRS B AR5 TC18 2 B EBUR AT FREM AT 1), Rk, AbPRGE oA R RFr
A 38 2 TR RS A8T 5 S — AN TR 1 ) A o B 7 ) 00 P A 8 B 6 v 38 e B A A T P A 3 o 7 A e
SRJG Fi B — 2 ORI AL S T A, (31 XA PR AT S NI 1, (B AT 2 5 350 R R 28 40 300 T AR R AR /)N f) 1)
[12]0 SCHR[ 131K i AAFR AL AE S 3N 5 K 25 O B A B8 87 FH - 5 i T 7 XA 65 i) 4882 . Taubin
SENE K R G155 ¥ 2] Laplace 5+ HURFE ) & 25 0], AR5 ik 84 my M0t 7 (W &), PR R ARAIEE 70 O
AR), AT SEBLAE SR H 1. HARTT V2 8 e (3) 5 i T R 3

Au = —Ku, (©6)

H w Q) AR R R B HOE N, A—A N, 5 E, AERT w249 T u 2 XS FRAE K
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KRIE%k, . WS v,y WA SRR, ARETE, KRNt HAaNe, KR e,
HETTT AT SR HY B S T A (4} 0 L) o 2 SR BRIt 58 1 (K ) SR N USRI B B A5 5
R B

u' =h(K)" u @)

XA Gt W E S AEAERR A 18, Taubin 5€ LT BT AR h(K)=(1-AK)(1-uK), Hrhi]
AN TG R F g < =4, , IKBIEREIMZET A, 15 5 BRI AT /M, B S0 1 R84 1) i)

SCHR[10]7E Taubin B 78 B)HEAN b, KAtk i uE 7 vEY e B4R IR PR, 35T SR H0HH R SR i 245 R A
REE TR RS E P 0] SCRR[ 14150 i B AR 1) R, 2 1 — Bl gL 2 ARt B 28 S 1T
J7iE, RIBBVRFEMAS A SMERER H . SCRR[1SHRH T — A0 P B 2 MeoP i WA s 1 i, 3F
PR B BCR A T3 T IABUE K Laplace 5okt A AL BRI 502 o BRIV T4 1) [E) 1 4 I 1)
U R, AT S ALFE[16] [17] [18] [19].

B0t % ) [R) M SRR 2 2 1 URFAIE 25 2R A ), T AR OR R T 3 AR T T & U M Rk . dnd
I 5 A BRZE G B 712201, 3B BT G R RBERFAE RSG5 05 5 P & ) S MRS AR (2103 5 5K,
EC BT B 72502 AU J7 V2 SR 118 A% B9 8O 12 U7 VA (diffusion equation) [22]. ZRTM, X EET5 %A
FH ) BS 5ks SNAT A 22 52 BV BUE AR € PEAANKE B I IR 5200 o 72 PRIT /B, A% R BT B0 23 B RUR S
FURKMER, BTt m . S L Ae ORI il i 50 48 11 DL AGE BV I I s DAL S R AR 2 A FE 8 1Y)
JBR H bR . SCHR[23]25 T Laplace-Beltrami eigenfunctions #&H 7 — N HH H P HESE , B AR B LA 7T Green
bR 0S5 R [F) A% 5 7 FE T L5 Laplace-Beltrami 51 (128 M4 A 104F i, 49 3130 R I =000 18 21 44 i
i (heat kernel) PV I H (1) . Wei 55 N [241 5155 AR B RIAHAIE , 44 I A% 2 18 i) 0 i oy — AMIRRR R R
FMER A8, T — N o ER S k. Liao [25]5%8 AN5I N Laplace B+ UL RHE T
Giaquinta—Hildebrandt %7, sk H & F 4REE bR EX(eigenfunction), F T3¢ dH 00 A MR- AE, RN
T A B

SCHR[26] (271X E N A% AR [ k% LBO BIME 7 8, MESFILE R K, 4t TiE
B2 M FESEL LBO M 7. SCHER[28 14 - B5 ik LBO & MUNPUIATE M4 HES L LBO IR,
FEUEH] 7 Z ks W ST~ B ittt i

SARE R, BEAE SCERER UG ANES 1 51 BOR, B H T AN [F 500 T TR AR AR 1) 58 SCRFREEA R
FHIE], PRI A AR AT — AN D7V Re 8 0] i S 20 () M 75 A0 B LBO 51 1E I8 B i B Rl
AR 73 i 3 2 B SR i A G S SOV S A e DR S A AR R S B AR AR 71T LG 82 A B s ) A e o
IEPREITRE. HETER, BS2LIB M LR [ A& 1) #% 577 18 Heat kernel 7772 AR /2 I 4F R
IR FE AR AT

3.2. MESH

IRZAEE A% E B HEEHAT BIOLIE B ECE Gt 58, AR A AR T8 KRS B A e il . {3
L SRR e B 17 PR ) SR B AT A RGBT RS BRI R . A it [T S B2 K 3D T )
MG FHSEIRU e R Z M@ ——BH Y - MU .

W 2 5 AR 7SI Hh LA P R P L5 L A o TR, T LB AR BT DA B B S RS A B
AEREEI R, FAMERMG S WS CT S AT 2R H[29]. R4 RS SRR, MgESH
WIFERT o VYRS 5B HACM BR A R . f AR A DR AR AR . TS MR S 5L T
%, HREERSHUE A S AT TH AR CESR S PR FR 0, i BB R A SO U
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Mo BATFEHER A T 3T B HU S TLA LS Dirichlet A% &A1 Circle packing Z3ik 7 ik, XH#!
TNE ST AR LE BN TI TE . X275 35 T e S d /MU I BB R k1, RIVHR RS 1) bk 75 258
SCH A LA RE E(MLU) -

(1) Dirichlet A& 77V 244k,

SCHR[3011F 18 1 AR A2 T A2 B T R 32 R SR AR (e PR ANAR I L HESRAE L WIIR IR B TLAS A 28 L AR
e AL BCRRTES(Bulogy) BA KL AR A, ST 45 58 THUA I — BR AR H: = A T Ay IR T fie i 1 8 X

E(vl.):/iEA(vl.)+,uEZ(vi), ®)

Hoi 2,0 W8, E, N GEE € XN Dirichlet BEE, vl &8 1) /N E 7 2 1 A
E, Z%AJ;fuvadudv.

EA(xl.):Zcotay.||vl.—vj"2. )

Jei

E, NERBRYER IR T REE, € UA:
cotg; +cotd, 2
Ez(xi):z—”pi_pj" > (10)

’ 2
5 vl

HA 55 18 i 1 s

Figure 1. A ring on a mesh mapped to a ring on a plane domain

B 1. Mg e — IR B i E Y —3F
NTREER E,, E, BUSHMER] p, > FTELZSBIR B 5O F ) moR TR, BIAEAE(LT)RRAL

oE,
” :g(cotaij+cotﬂlj)|pi—pj|:0 (11)
ATPAVEH, ADFEERT ST AEH TP U B ARRMETE M ERIFRE) .
AT BLgs oK E, 3 s 85 K

OE coté, +cot¢; )| p, — p,|

Z:Z( =0 (12)

2
op, jei' ”v,. -V, ||

zE b, B(11), (12) AR IL T4 (AT DA [ 52 10 A 33 /& Neumann 30 5 4R B Sr 26 v 5 FR 4, il
ALK U BRI P ={p,) .

(2) Circle packing 4% Z£1L

Thurston 7 53 7 FH— FR 5138 (0 F [ SR A LA A1 381 B8 Ao7 B 48 () 2 S ST, AACTTD SEZ3IR 19X 4% 811~F T
(R PR AR RS [3 1] SCHR[32]42 Y — Mo iR 3 A 55 4 I 1 P9 8101 1 1) B O T IR (R T 1 o 107 VR R
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TEHE(Circle packing), BIAREAS = A1 5 AN EAHXS B, Fa HE T 11 SR A SR 1 58 5] £ 22 A28 R 3K 3] £ A Bk
S E B o 2 T7 AR TR AR A P T AR5 1) SCRE BRI TR AR 1) ith 2 2 ) 32 SO AR 1)
WAty 2) R TR R e R, R 2 AR IA R R #4228 BB SR Hessian 46 B,
AT T S g A i A 1 28

TG 55 N [33]0F FE LA circle packing J5 5 (1A%, BEGE S TH SR TR m i il 2R K, R i
Wi K, J5, $RE]—/NHH circle packing FZ L (T, @), RUBF AR O MRS &, R S35
THROE R =T A, E SRR Ricel it 712N

dy, >
(&, K, )1, 0
Hrby, Bv, AR 2 y=efRAN13), LS USRI FHS T,
F(u)= —joz(K K, )du,. (14)

R IFIENGE TR SR AN A B A, 0 TR R AR AN A, TR 2 R RPN AR b
ARBEIIS, A RS2 Circle packing.

CEE IR IA G SCHER, AT LA S S H0A T AR QP S . — AR 2RO R TR N
TR RIS AR R AR o ] [ 353 E D v o R KR R R = I AN T
J t i, AT 5 3 G R A R AL B DL R, RS TR N R TR AR ACRE L DR
IERIZ LS R .

EFNA, ARREES G HARGUR 0] & 1) 2804 B AR R FOR 5 1) B HUM 3 U AR B 1 (451 G S5 9t DA
JOEEIARAE), P4 RSN RSB TR A, AR RIS R 1R

3.3. ERItERELE

3D WIPERCHE i BUZ 4R [Fl— DN SARAEA R AA AR 2 TR BIRIPIAS 3D B, Z8ad WA 2 [ — 4>
AAER R FIREL RS . RRFPOR BAR U, REMUF IR Bk, BA 2N RS SlnE
FARE 2. — B RN 2.

LRGeS

P L o ARMI P AL HE
1 ———
AT SETHRE| |ETHF| | S| |

Figure 2. Classification of registration algorithms

2. BEUEBIRRIS K

AR RCHE ], NG TUART A7 BE SRR R PR BT DU sy, SRALAL I B A il T A B 23 1) S

SR PI AN 2) [ IR (diffeomorphism) I HITET S,, S, € S FUBRST )@ . o S, 20t (R B e 284t 2 e SO(3)

FHEHSHWHET y e DGRBS, =2(S,0p) 5 S, R E R d P HIEEIASIRN. RN
W AR Ak i)

(D*,y*): arg min c?(Sl,DSzo;/), (15)

PESO(}),}/E]"
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AR R d () A S AT B AN B T AU RO BE RS . i 3 o

Figure 3. Transitional deformation between two models
measured by geodesic lines, extracted from Figure 7.2(c)
in reference [1]

B 3. Mtk EE THAMREZ BATIETR,
B 3CRK[ 1] HI Figure 7.2(c)

Pl 3 g A O B €2 ) N AR I TET S, MK 1) 22 3k — ZR 201 o ] g ot T e 380 e 2 00 25 2 ) N\ AR AT T S,
H—MBRISEUTUR 0={6", 6:S*>R, =S, 6,=S5,, MHE(S)=0_(5)+%,(S).

Hr g (S):D->R 2. Wk, Hm—ooolt, O KELNSHINLO:[0,1]>5, H
F10(0)=5,0(1)=S8, . HKEL(O)N:

L(©)=[(v.0(z).v.0(z))

FEA6) T RIS T (., -)1/2 Fe AR LA A A B R L, PERDR IR E R . L(0) &tk
45 R AE (-,-)I/z JEEAH N 0(0) B O (1) MR R, BINHIZE(Geodesic distance). 25 5(15), (16),
AT DL P 7 P i) g R 0 AR A ) R

12

dr. (16)

® = argmin min L(O)}. y
(D,7§SO(3)xr 010,11, ( ) (17
®0):Sl,
O(1)=D(S°7)

EXFAEG ARG ER, B REAT AL RTE S R BIM S, IR D(S, o p) FI 2K FE iR 4
RIEAT: SRR R BIRAR M FEHERE SO (3) LA S HULIE1E v, 15 S, &35 S, PR RS R AT REFEIT

Flge RPN D IR RIS, AT — KA F . @ WA AR e . BRI E B 5y 1R
JR A i DA Re 54 L 2 B[R] IR AR e . 76 SCHIR[34]17, Rueckert 25 AT 78 AR S B A AR W4 B v o |0, 324 7 3k
T AU G FE AR F AR RETH S 7 o SCHR[3S TR FEN U T IME AT 7% o) 8, 3 1 B LA T — A2
I E, HETEE AR GMMME T — N ERIERCHE R R R SCER[361HF 78 sk FE S AR
(AR T TR RG0S = 0 -5 8% 30t 3 1 2 B00m B AR MR FC 7 ) 850, K RE AT B 20 SR 1) 3% SORFAE
MBS IR s IEREESS S, WG T 20 B R 2 T RE R PR AL, 1T /M R R BRI 2 U S
TEo SCHER[371H FE MG ) LI 20 23R I & b i) MRI RS AR IE i) @, KT Laplacian 77 242 & T Ml & V) v 1)
AE WP RC HE i 20 2GR TE 7V b, A 1R 2 B0 50 R Bl Se LR 40 ) b e e /M I R e, B
ERBIME . B RRIT(38] [39] [40] [41] [42]. FIAMEARVERRIT =K, FeT 5ME0 57 R0
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T 225 ) 1) T 7 B R B 52 I FE A [43] [44] [45].

A SR I SR AE AR FE S AR R/ . RRAE 22 1) R 7 THT 8 B (R SR B 45 51, RN T B B P ALK R
TR B A U T U RGO AN R B AR o AR P O Uy vk R B BT RANSAC 777 BT IESHUEER
Ji[46] VA R 28 S I AR L HE (4756 . SCHR[4812E THRHIE mi 2 (B 4R 4 0% RARFEA SRR B s, 81T
— PRI v i

5 P B PR A B, =JE P P 7 T D 10 B S %, R il ot T % AN, Itk AR TR P v 1) 3D ALY,
TRATF T, TEEZMNT T ST URE S I 1E AR 77 T HF BRI Sh(5] [49], &N
BT R E 3D B M U B M 2R, K BB T LT BEAS  SeAE S BAR [50] [51] 5 IR BEANE I 2%
MGEE, B G E RIE SR A S, K o] BB FE R M A R R A BV

4. B4

AR T EE T TUAT R BEARHEZ, K HAE PR L. WU S50t DB A Ik I T Ak P 2 P
FEIR, FERT 2 B BEBEAT MY S 4 . B T LT B A S8R 5 T IR SR B AR SR ORI, L g
SF R LR B R IR _EAT PR 2807 08 SO BRI BCA 0 S i N S8, AN 24 P Mg S
1] 28] 2 302 [ PR e Fe o A SC A B o 2 1T 3D ARG 0 W 40sk P i B B o T LART ) — 8 3 B Uk AL 7 1
TG T GURBT 7T AR R AR RA R e 8. HATHES 3D bl N AU TR, REMA
R, R R BEBORGBR,  PIR Bt A B th SURIZIK, T DAL AR SRATIZ 3D BB ffs v |
1o AL AT 55 B BRI Bk

Sk
[1] Laga, H., et al. (2018) 3D Shape Analysis: Fundamentals, Theory, and Applications. Wiley, Hoboken, 368.
https://doi.org/10.1002/9781119405207

[2] Meyer, M. (2002) Discrete Differential-Geometry Operator for Triangulated 2-Manifolds. Visualization & Mathemat-
ics, 3,35-57. https://doi.org/10.1007/978-3-662-05105-4_2

[3] Sun, J., Ovsjanikov, M. and Guibas, L. (2010) A Concise and Provably Informative Multi-Scale Signature Based on
Heat Diffusion. Computer Graphics Forum, 28, 1383-1392. https://doi.org/10.1111/1.1467-8659.2009.01515.x

[4] Benguria, R.D., Brandolini, B. and Chiacchio, F. (2019) A Sharp Estimate for Neumann Eigenvalues of the Lap-
lace-Beltrami Operator for Domains in a Hemisphere. Communications in Contemporary Mathematics.
https://doi.org/10.1142/S0219199719500184

Qi, C.R., et al. (2017) PointNet++: Deep Hierarchical Feature Learning on Point Sets in a Metric Space.
Wang, Y., et al. (2018) Dynamic Graph CNN for Learning on Point Clouds.

Han, Z., et al. (2017) Mesh Convolutional Restricted Boltzmann Machines for Unsupervised Learning of Features with
Structure Preservation on 3-D Meshes. IEEE Transactions on Neural Networks & Learning Systems, 28, 2268-228]1.
https://doi.org/10.1109/TNNLS.2016.2582532

[8] Minakshisundaram, S. and Pleijel, A. (1949) Some Properties of the Eigenfunctions of the Laplace-Operator on Rie-
mannian Manifolds. Canadian Journal of Mathematics, 3, 242-256. https://doi.org/10.4153/CIM-1949-021-5

[91 Bott, R. and Tu, L.W. (2009) Differential Forms in Algebraic Topology. Graduate Texts in Mathematics Book Series
(GTM, Volume 82). Springer, New York.

[10] Desbrun, M., et al. (1999) Implicit Fairing of Irregular Meshes Using Diffusion and Curvature Flow. ACM SIGGRAPH
Proceedings, Los Angeles, 28 July 2019, 317-324. https://doi.org/10.1145/311535.311576

[11] Vaxman, A., Ben-Chen, M. and Gotsman, C. (2010) A Multi-Resolution Approach to Heat Kernels on Discrete Sur-
faces. ACM Transactions on Graphics, 29, 1-10. https://doi.org/10.1145/1778765.1778858

[12] Field, D.A. (2010) Laplacian Smoothing and Delaunay Triangulations. International Journal for Numerical Methods in
Biomedical Engineering, 4, 709-712. https://doi.org/10.1002/cnm. 1630040603

[13] Taubin, G. (1995) A Signal Processing Approach to Fair Surface Design. Proceedings of the 22nd Annual Conference
on Computer Graphics and Interactive Techniques, Los Angeles, 6-11 August 1995, 351-358.

—_ — —
~N O W
—_ =

DOI: 10.12677/met.2019.85041 362 IR N EASE N


https://doi.org/10.12677/met.2019.85041
https://doi.org/10.1002/9781119405207
https://doi.org/10.1007/978-3-662-05105-4_2
https://doi.org/10.1111/j.1467-8659.2009.01515.x
https://doi.org/10.1142/S0219199719500184
https://doi.org/10.1109/TNNLS.2016.2582532
https://doi.org/10.4153/CJM-1949-021-5
https://doi.org/10.1145/311535.311576
https://doi.org/10.1145/1778765.1778858
https://doi.org/10.1002/cnm.1630040603

PN

[14]

[15]

[16]

[17]

[26]

[27]

[36]

[37]

https://doi.org/10.1145/218380.218473

Ohtake, Y., Belyaev, A. and Bogaevski, I. (2001) Mesh Regularization and Adaptive Smoothing. Computer Aided De-
sign, 33, 789-800. https://doi.org/10.1016/S0010-4485(01)00095-1

Yadav, S.K., Reitebuch, U. and Polthier, K. (2017) Robust and High Fidelity Mesh Denoising. /EEE Transactions on
Visualization & Computer Graphics, 99, 2304-2310. https://doi.org/10.1109/TVCG.2018.2828818

Devito, Z., et al. (2017) Opt: A Domain Specific Language for Non-Linear Least Squares Optimization in Graphics
and Imaging. ACM Transactions on Graphics, 36, 1-27. https://doi.org/10.1145/3132188

Taime, A., Saaidi, A. and Satori, K. (2015) Comparative Study of Mesh Simplification Algorithms. Proceedings of the
Mediterranean Conference on Information & Communication Technologies, Saidia, 7-9 May 2015, 287-295.
https://doi.org/10.1007/978-3-319-30301-7_30

Dym, N., Shtengel, A. and Lipman, Y. (2015) Homotopic Morphing of Planar Curves. Computer Graphics Forum, 34,
239-251. https://doi.org/10.1111/cgf.12712

Liu, X., et al. (2010) Constrained Fairing for Meshes. Computer Graphics Forum, 20, 115-123.
https://doi.org/10.1111/1467-8659.00483

Zheng, Y., et al. (2011) Bilateral Normal Filtering for Mesh Denoising. I[EEE Transactions on Visualization & Com-
puter Graphics, 17, 1521-1530. https://doi.org/10.1109/TVCG.2010.264

Zhang, J., et al. (2018) Static/Dynamic Filtering for Mesh Geometry. /[EEE Transactions on Visualization & Computer
Graphics, 25, 1774-1787.

Yuan, G. and Sheng, Z. (2008) Monotone Finite Volume Schemes for Diffusion Equations on Polygonal Meshes.
Journal of Computational Physics, 227, 6288-6312. https://doi.org/10.1016/j.jcp.2008.03.007

Seo, S., Chung, M.K. and Vorperian, H.K. (2010) Heat Kernel Smoothing Using Laplace-Beltrami Eigenfunctions. In:
International Conference on Medical Image Computing & Computer-Assisted Intervention, Springer, Beijing, 505-512.
https://doi.org/10.1007/978-3-642-15711-0_63

Wei, M., et al. (2019) Mesh Denoising Guided by Patch Normal Co-Filtering via Kernel Low-Rank Recovery. /EEE
Transactions on Visualization and Computer Graphics, 25, 2910-2926. https://doi.org/10.1109/TVCG.2018.2865363

Tao, L., et al. (2016) Secondary Laplace Operator and Generalized Giaquinta-Hildebrandt Operator with Applications
on Surface Segmentation and Smoothing. Computer-Aided Design, 70, 56-66.
https://doi.org/10.1016/j.cad.2015.07.009

Alexa, M. and Wardetzky, M. (2011) Discrete Laplacians on General Polygonal Meshes. ACM Transactions on
Graphics, 30, Article No. 102. https://doi.org/10.1145/2010324.1964997

Manzini, G., Russo, A. and Sukumar, N. (2014) New Perspectives on Polygonal and Polyhedral Finite Element Me-
thods. Mathematical Models & Methods in Applied Sciences, 24, 1665-1699.
https://doi.org/10.1142/S0218202514400065

Carl, W. (2016) A Laplace Operator on Semi-Discrete Surfaces. Foundations of Computational Mathematics, 16,
1115-1150. https://doi.org/10.1007/s10208-015-9271-y

FRIE, KR, L. M SHAGT T R[], 834k, 2016, 27(1): 112-135.

Pinkall, U. and Polthier, K. (1993) Computing Discrete Minimal Surfaces and Their Conjugates. Experimental Ma-
thematics, 2, 15-36. https://doi.org/10.1080/10586458.1993.10504266

Stephenson, K. (2005) Introduction to Circle Packing. Cambridge University Press, Cambridge, 12, 356.

Kharevych, L., Springborn, B. and Schrdder, P. (2006) Discrete Conformal Mappings via Circle Patterns. ACM Trans-
actions on Graphics, 25, 412-438. https://doi.org/10.1145/1138450.1138461

Gu, X.D. and Yau, S.T. (2008) Computational Conformal Geometry. Higher Education Press, Beijing, 389-429.
https://doi.org/10.1007/s11786-011-0065-6

Rueckert, D. and Aljabar, P. (2015) Non-Rigid Registration Using Free-Form Deformations. In: Handbook of Biomed-
ical Imaging: Methodologies, Springer Science + Business Media, New York, 277-294.
https://doi.org/10.1007/978-0-387-09749-7_15

Rodriguez, D. and Behnke, S. (2018) Transferring Category-Based Functional Grasping Skills by Latent Space
Non-Rigid Registration. IEEE Robotics & Automation Letters, 3, 2662-2669.
https://doi.org/10.1109/ICRA.2018.8461169

Yan, L., et al. (2018) Automatic Non-Rigid Registration of Multi-Strip Point Clouds from Mobile Laser Scanning
Systems. International Journal of Remote Sensing, 39, 1713-1728. https://doi.org/10.1080/01431161.2017.1410248

Kuklisova Murgasova, M., et al. (2017) Distortion Correction in Fetal EPI Using Non-Rigid Registration with a Lapla-
cian Constraint. [EEE Transactions on Medical Imaging, 33, 12-19. https://doi.org/10.1109/TMI.2017.2667227

DOI: 10.12677/met.2019.85041 363 IR N EASE N


https://doi.org/10.12677/met.2019.85041
https://doi.org/10.1145/218380.218473
https://doi.org/10.1016/S0010-4485(01)00095-1
https://doi.org/10.1109/TVCG.2018.2828818
https://doi.org/10.1145/3132188
https://doi.org/10.1007/978-3-319-30301-7_30
https://doi.org/10.1111/cgf.12712
https://doi.org/10.1111/1467-8659.00483
https://doi.org/10.1109/TVCG.2010.264
https://doi.org/10.1016/j.jcp.2008.03.007
https://doi.org/10.1007/978-3-642-15711-0_63
https://doi.org/10.1109/TVCG.2018.2865363
https://doi.org/10.1016/j.cad.2015.07.009
https://doi.org/10.1145/2010324.1964997
https://doi.org/10.1142/S0218202514400065
https://doi.org/10.1007/s10208-015-9271-y
https://doi.org/10.1080/10586458.1993.10504266
https://doi.org/10.1145/1138450.1138461
https://doi.org/10.1007/s11786-011-0065-6
https://doi.org/10.1007/978-0-387-09749-7_15
https://doi.org/10.1109/ICRA.2018.8461169
https://doi.org/10.1080/01431161.2017.1410248
https://doi.org/10.1109/TMI.2017.2667227

RIK

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

(48]

[49]

Torbati, N. and Ayatollahi, A. (2019) A Transformation Model Based on Dual-Tree Complex Wavelet Transform for
Non-Rigid Registration of 3-D MRI Images. International Journal of Wavelets, Multiresolution and Information
Processing, 17, Article ID: 1950025. https://doi.org/10.1142/S0219691319500255

Zhang, J., et al. (2018) Non-Rigid Image Registration by Minimizing Weighted Residual Complexity. Current Medical
Imaging Reviews, 14, 334-346. https://doi.org/10.2174/1573405613666170703122534

Lai, R. and Zhao, H. (2017) Multiscale Nonrigid Point Cloud Registration Using Rotation-Invariant Sliced-Wasserstein
Distance via Laplace—Beltrami Eigenmap. SIAM Journal on Imaging Sciences, 10, 449-483.
https://doi.org/10.1137/16M 1068827

Xiong, L., et al. (2017) Robust Non-Rigid Registration Based on Affine ICP Algorithm and Part-Based Method. Neur-
al Processing Letters, 48, 1305-1321. https://doi.org/10.1007/s11063-017-9760-x

Khader, M., Schiavi, E. and Hamza, A.B. (2015) A Multicomponent Approach to Nonrigid Registration of Diffusion
Tensor Images. Applied Intelligence, 46, 241-253. https://doi.org/10.1007/s10489-016-0833-8

Lebedev, V.I. and Agoshkov, V.I. (2019) Poincaré-Steklov Operators and Their Applications in Analysis. Computa-
tional Processes and Systems, 2, 173-2277.

Yu, W, et al. (2018) Steklov Spectral Geometry for Extrinsic Shape Analysis. ACM Transactions on Graphics, 38,
1-21.

Liu, J., Sun, J. and Turner, T. (2018) Spectral Indicator Method for a Non-Self Adjoint Steklov Eigenvalue Problem.

Ma, J., et al. (2017) Feature Guided Gaussian Mixture Model with Semi-Supervised EM and Local Geometric Con-
straint for Retinal Image Registration. Information Sciences, 417, 128-142. https://doi.org/10.1016/1.ins.2017.07.010

Adamczewski, K., Suh, Y. and Lee, K.M. (2016) Discrete Tabu Search for Graph Matching. IEEE International Con-
ference on Computer Vision, Santiago, 7-13 December 2015, 109-117. https://doi.org/10.1109/ICCV.2015.21

Ma, J., et al. (2019) Locality Preserving Matching. International Journal of Computer Vision, 127, 512-531.
https://doi.org/10.1007/s11263-018-1117-z

Schroff, F., Kalenichenko, D. and Philbin, J. (2015) FaceNet: A Unified Embedding for Face Recognition and Cluster-
ing. [EEE Conference on Computer Vision & Pattern Recognition, Boston, 7-12 June 2015, 815-823.
https://doi.org/10.1109/CVPR.2015.7298682

Peyré, G. and Cuturi, M. (2019) Computational Optimal Transport. Working Paper.

Bonneel, N. and Coeurjolly, D. (2019) SPOT: Sliced Partial Optimal Transport. ACM Transactions on Graphics, 38,
Article No. 89. https://doi.org/10.1145/3306346.3323021

DOI: 10.12677/met.2019.85041 364 IR N EASE N


https://doi.org/10.12677/met.2019.85041
https://doi.org/10.1142/S0219691319500255
https://doi.org/10.2174/1573405613666170703122534
https://doi.org/10.1137/16M1068827
https://doi.org/10.1007/s11063-017-9760-x
https://doi.org/10.1007/s10489-016-0833-8
https://doi.org/10.1016/j.ins.2017.07.010
https://doi.org/10.1109/ICCV.2015.21
https://doi.org/10.1007/s11263-018-1117-z
https://doi.org/10.1109/CVPR.2015.7298682
https://doi.org/10.1145/3306346.3323021

	Review on 3D Mesh Model Analysis Based on the Discrete Differential Geometry
	Abstract
	Keywords
	基于离散微分几何的3D网格模型分析进展综述
	摘  要
	关键词
	1. 引言
	2. 离散微分几何的理论框架
	2.1. 基本概念
	2.2. 算子

	3. 基于离散微分几何的3D模型分析
	3.1. 网格去噪光滑
	3.2. 网格参数化
	3.3. 非刚性配准

	4. 总结
	参考文献

