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M2 A 2 Novel View Synthesis, NVS)-= AFE T=igs 2
FE HE Zofoll A QAT AFE] & Y HAE, 2 3D FRAIQH
A2EHPYBD Gaussian Splatting, 3DGS)o] 3 =202 FETT Stk
(Kerbl, B., 2023)(Chen, G., 2024). 3DGS+= EXT3D AHS 7ol 4
Ol o®“d(anisotropic) 7FFAIRE 30| Hetor HAJOEH, 7|E] 4l
A WAPY NeRF(Neural Radiance Fields)o] SRbstd A% =2 42 =
& A" (volumetric rendering) AF H-EES HHog  TAAFTH
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TFolMe At BEFEIE HwA Eob AAHIol AoiEE ft 24
(Finite Element Method, FEM) 7Z|8te] ®HZoup %] 7Hb o
(Position—Based Dynamics, PBD) 5 44 B L7} Hof AA|7HA]o] Z3] 5]
= YHE A4, A4 B&4d0] Hold Aok AnH(constraint—propagation) 3
< TS st et Muller, M., 2002)(Muller, M., 2007).

FAR == 2 AxF F27F I-EH At S Goxel) 1= 2H
Alotstz] flal Qb= A3xF Al A (ChainMail) F1e]&9] A4 A=
S FASAe|L HIAFAIZDGS g Avtete s A8t (Gibson, S.
F., 1997). 2=y ©@3s] HE5ZHQ 428= 7 2](Euclidean distance)olRt

ojEste] AAQ 2H] o PAZ Aot EE WAL Iz AT

nJlo

37, =2 9 7Isterd _HAZE AR, & S *}E*—J d= ﬂl—ri‘r a
Aol ozl MFHAH, FhHerE

R T T P
N BeF Apele) Flsfakal HUAZ Ad) A1 ol mETt waEtt

2 =wolAe ol Aof ARtES sidstal AARMIS &HsH] 9l
o, 3DGS &7l A-gH APG-GS(Adaptive Point—consistent Geometry for
Interactive 3D Gaussian Splatting) ZH|YYIE Al¢tstH, o]&= Al 712 &
A T8 24w O]—rC’V]‘jr
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NE mefnlgB7E 713
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] A (wete T Zlsh AERE &SR] ¢,
¥ (orientation), =7|(scale), 18|31 AMAF 2 A]H
oA oy EAS xEdel= 7+ 23t &< (Spherical Harmonics, SH) 7|
T 59 uF S4e Y er T 24t dloly 7|Hke] ZEAIQE &
A 2@ Z(Gaussian Similarity Graph)E& 153t o] 534 2= 7F-A
S Afolo] fr1Aolr EYARl AAAEE FojoH, ¥
Aete F22 Ao g Az
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of 7Htet Fd w4 A4 (learning—based mesh recovery) 7|&E2 2 A
T7F A Fote AAIZE QIEEEE ¥y o] Otz A&strldle Adst

A oth(Kazhdan, M., 2006)(Andrade—Loarca, H., 2023)(Guedon, A.,
2024). ol#et 7|& TVIHES ERJES QX7 AAZtez WHot= oA
et dAF8 IAE IAE "4l FEH=ZR FolF7] "o, AeEE S

WS ST AT S RS Rl $89 4 Sk B2 9
e} eN
=

R

olgiet w4l F+xo ¥AHE AFALe 2Justy] i, 2gHE v e =
JEES sFoz ddot= ¥ M (radius search) 7]¥te] &2 e
A4 7S] Hitem AAH7 = SFATHWang, Y., 2019). 12y ol2gt
W B JlNES EQES Wnsl Rads Ay 304 West 2 die
Gl 488 A, A delo] FAG Wgom s HEg vue)
£ WA o2 fa o BAT Ask A4 B

5 TE2E F8otek-FEy olx
(k—Nearest Nelghbor k-NN) &4 7] AAF SHOA HlolE 9] F7h4n
of disf O(og n)olzt= FAAQN AIXF Bt A &
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(Bentley, J. L., 1975). mebdl 4&2kg % A4sie Aok An 2 A
queze] AAHel A FokE HA SHad oz Aojsta wejsl
L o Ayt

JE ox3d fEes el Jlskety e Auolet dzoz

_H
I
>

OlESh= B k-NN A2 AA|e] ou|E2] Z A (semantic boundaries)&
AEsE2] Eetth 9hAl dERt BRel o], A= m et HEHAY FHE
M et H3A Fof DS dout AAl EYFormEs Aol A4S
21 o]F(heterogeneous) AAES EASH= 7F-AIFE Atele] HAE &
Skl Feto=A, =g Alof o] A= HlEA At 7]stehA] of
= st "o

olglgt #AIE siEst7] I & AFolMe= QuEX o=z fagt AZ4
S BASILE, HdK(orientation), I7](scale), 18|11 FH 3} T
(Spherical Harmonics, SH) & % &< KD-Tree @A mtojmapelyt 4

T IFSA fAE TehE TS A

|z AW dare]E2 S. F. Gibsono] A|QFSF 3D AHIWY &g
o= g AlEdeldyt &2 33 siRorA FxEo] AAIRE HYPel 2
THE d42 Yl AAEJHGibson, S. F., 1997). 7]&°] &8 7]Ht A]

=
=dold UHE2 ARl 7AH E4e AdsH 23 & ey, f=
_]

277 Aot ulRE EAl(voxel) @919 IS E HlolHE AAte =
Aelstzlol= A4 Hl-go] Erh= AL Stk AdH Y2 oleldt A4 HE
2 map] ) e Be WA g4 Bee s Ak 2o
MEe gEalt wf Jlaketd daue Adsdt. of 54 =ie] dg
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Ayl 942 HFsta, A 32 AA(regular 3D grid) YoM ZF 24 E
Aot AT o] QIH aaet AR 72} 94 A Afolole 58 A
Helet Ad 518 Wt AloF 2 or AHolEM, o] Aof netu|EE x4
oz A, WA, HEA, 244 5 °SFT Am 5 REET &
UL

relaxation

L — —

[Z29 2-1] AdvY da=lEe] Aut 9l bgs oA T2 g2 Q#4d
A2+ &4)

HY 42 At (Propagation)et F3H(Relaxation)®] & SAZ FA4
=, [O" 2-1]12 olF 23 AR} S04 AAsket Aot T B
M et ARATL 27 MRS JlE AY /4F, AL oY 249 of

L= B K

S 7re] Aok ATE et 2= An BAGAE WA Q40 oo
2 5] 9% asote] Aok 24 Sjuto] WAIGHH, Sjure djasts A4 7



B ol aaEo] dAfHeR By olFstm Wyo] A% HAR mAL
Zek oln) Lghd fii Aute] JFS ol olFF JAL, WM abE

Auph £gsa) grob 9 SINE fAlsHe A9e omgtt olF 92 o
A5 WAL 2 azo) 9XE AW 2450l 94 AW A BEow
urE zAstel BE Aok 9N sjasty, Axge] HE 94 dyoz 4
Pach gaelFel el §Ed olgt Al JHKolth B, 24 a4k @
WO Wy EelA Ho) @ Ww AHch 4, 2 2t AL o]FA
7 7% ol & shitel dishAE Alere AASHA FEsithe Zlo] 4314
oz FHEth AA, Wy Aug Agozty wpzos Audn s
g we) Faed

GPU "3} =WoA  Rodriguez 52  SP-A|AdW U (Sparse
Parallel-ChainMail)-& A|oF5FtH(Rodriguez, A., 2015). 7]& AQlwd o]
Aut A= 344 E42 7H17] dige] A2 HEapt ofgots =4
7F A0 SP=AIIH A2 o]E sjiAsty] Qi dut Weke HHAIA wHEA
ol ~AENA HA4k(stencil computation) W&oz zjtAdstict. of whEwpct
GPU 28| =5 LE w9z A4ste, 7 A ert A4le] o] =7t o]
oA ol FRe=Al St AlokE HARShHE WAleR Hupel HPIE

&5 e (sparse blocking) 7I%¥= Tiste] of
2] Aunzp =gskr] QASkAY oln] ok AHol e kESe] Hitt 228

o e EdoEd At mae X ol S AR A oo WY

4% A2 AYE Holsd
AcH(Rodriguez, A., 2016). 7]& A
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#1078t J¥eRE wAaA A WIS
ARAP(As-Rigid-As—Possible) 7|H3}, A4=2] Ao}
2 HItsh= WA4Y HYP(Embedded Deformation
2007)(Sumner, R. W., 2007). & 7| R% HE 7t x=Hst WAF<Q
4 dE BA (explicit mesh connectivity) & AA = AA= 0w, HF2t=
Ad A2 4ol EAsHA] = HIAE 3DGS dlolge] Itz &-8517]ef
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Dynamics, PBD)o] @l Z|§F ®FA]of| o]&skz] ofn 1] Aof xAvto=w
HYe FEgo=s HAAE Algdolde At A 3=
(Muller, M., 2007). 28y 7F-AIQE 719F wdAw} o] 934 27}
HAY dolgel A4 A&ste A2 Fx224 AE A
ojlgiet FAE sfastaz, TReAIRE ARl MPM(Material - Point
Method) &HE Zdsto] 59, R 7 5= &4 HE 2 74 AF
A&d o] PhysGaussian©] At JchH(Xie, T., 2024). 11

o
gt ot A&A oot 7|ut WRIESS AR =8 AT At AFH

HH Q. A|EAREE
A 7HAIRE Aol &ds] AdE o] it o|9F &2 A4 FXH(canonical
space)?t HE I (deformation fieldE ZAFste= HHThYA-2 NeRF 7|8t
HY d?"ﬂ A A AAZE A}, Nerfies= 85 7Hsdt

3
1jr(Pumarola A, 2021). O] At %Z_} ZIRE HT A2 o] TR-AIS
2 AAR FHEAGLu, Z., 2024).

EAH S5 Deformable 3D Gaussians 7|H< EA 7|& A|7He] A &
ZH(canonical space)& AOgH & AIgt Fof o 7|sterd 912 WHILE ohF
HAEZ(MLP) 7|¥te] A ¥y = (neural deformation field) 2 EHS}H
of A7tA HWstE mdsttk(Yang, Z., 2024). oS 3HeE 4D Gaussian
Splatting 7]B42 7HAIQF Eﬂu]ﬂ_ﬂ_ z}iﬂﬁ AZtap Z7bo] AgtE 4214

[oXg B
R E@%m SC-Got s AIAE B 95 maE FAH0E
pejgoan s E4 AHO] gF A84 Aol BAL Asapl wo
(Wu, G., 2024)(Huang, Y.-H., 2024).
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A= A4S Adth(iang, Y., 2024)(Macklin, M., 2016).

74 2o AltE 3DGS-Drag 712 3DGS Aol ZJE 7Hh =)
O zx2e A|dstARt, 24 HEFolu letetd & o] Z)Whet a4
H@HEThH= 2D St mEo] ojm]z] B4 Thold o] &JESte] FE-AIQHY]
A 91xE A SEAA HHshe oY FAH Al 22 7] vt
7tk (Dong, J., 2025).

2 A7 mEdfas olHF WHES AelY TS wlerh A
st &ujut 5 w4 A8 flol, THeARE A T ZE Folf AREAEY]
W dge AXgte=R Ampelth ol ARIHMY dagEel Aok Mot
(constraint—propagation) ¥&lE H|AR 3DGS 7ol &

24 T4 WFT AN WA
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filo
off
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ruft
oX,
_O|L
rr
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filo
g
K
Hl
rl
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FRlE 7]gt #: Y (Point—based rendering)ol4 ZZ|0|E]E Q] 7|5}5H7]

ge oBAl Aostve AT St A4 S8 ofgHE oA A4

K g s
= AAsts 8% 84r 285 firh. 271 A™Surfel) 7IRF AE " 714
< Y de 2718 7K 234 99 123@2D disk) FHiR Fojde

=X, WFl(mesh) gle AR ®M2A 3Hs B a&ids 24dt
At (Pfister, H., 2000). Z2u} o]t 22t HH AH Fx+= BhA| o] 3
Z(orientation) ¥} 27| (scale)E =HA o= Aol 4 U= AHFE7F §lot, 3
2+ A FElE AEoHA mdcks H AT Utk

3DGSE A meEn|eHe] HoJE 22t HAaToA 32k oA BHA
(anisotropic ellipsoid)2 2Fg3to 2 o] BAE 25t 3DGS oA Z+
7HAIRr e Bt ME (e A HAAE Aoty R4 FE (D)2 HAH
ot BAoll A e dA2] 2] (orientation) ¥t I 7](scale)E A9tste] 3zk 7]st
FHE FHHKerbl, B., 2023)Zwicker, M., 2002)(Ramamoorthi, R.,
2001).
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AT 74 AH ddy 8§88 =o]7] Hall AtH GauFRe 59 3%
AFES vE 7 dAGE molmZelels Fsotyl, Fxat dolA ALt
= AE® &4 (rendering loss)oll 7]8tsto] F&A4F PES 2| A g}ot= T2

Aot tt(Liang, Y., 2025). 22y olajgh Hx[H3} 7|§F A2 dr
EE}E =0]7] 9l ¥ FZE UH | duict HhESjof stRR A4t Z]
|

O

= i
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Multi-view Inputs 3DGS Similarity Graph ChainMail Real-time Splatting
Reconstruction Construction Deformation
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s e 10
‘ E ;\r Similarity -:
{_k-NN-Search | KD-Tree

(27 3-1] =dea AA wpo]zatel 7He

1. 3DGS 7§t AH  HHAH  AHHFAH  (BDGS  Reconstruction):  THAA
(multi-view) ¥ o|m|z|e} ZiHzt = AHBE (¥goz wrof IF
3DGS A3t #F& Foll AAQ 32k FHE 3D 7FAIRE FE9 A
do= AFASH.

2. A 2= = (Similarity Graph Construction): 74 %E H]AY 7t

SARMES ZHAIRE A o] kR SiAgi F3HA Aete

Z|EeR she 71E Bt 2], KD-Trees 53l TH o2& BA%H

H vs H4 7R A BUHE SO AS 9 ARE 2AT ol
ol 724 FAE WS ouiEd ddde R

3. Al d M9 (ChainMail Deformation): &% 1T oA A-g2to]
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EE AR ol Fdll 94 meAdY iz 724 dde wAR
ot.

33 0% &4 1 SAE Bt

3DGSE] ZEUEEE2 o5 oM A= 7] 284 Ao glo]l =4
Hog {7t A Wz, 3TAer Tte] YA TRl e
LT Jlskerd Fxo] Sotttal £ 5 Qluh whebA A2 7be] dheeet
k-NN 92 F4g 48 3¢, ¥ dut gAA A= oE 2A7T 94
FO1E =R 2 Age] AT 4 Aot olE sy fld 2 A=

g A" ol oEsh=E di4l, o &4 FARE A E(multi-attribute
similarity metric)E =USFA TR g,0F g Atol9] dEAES AP

ot g&= 32 S HAE e R, &9 AHYA(unit quaternion)
A= I HF g, 27(scale) HE 5, =(s,,5,.5,), 12 A4 4

o=z I
o8 S4e Zgsts TU 25 GRGH A4 A 2 FojHct Tz
T2 98 2 &4 719 AolS theat gol 2t
A, BH DHALS ASAL FHA el f2Hs AR [0, 1] 4
& FAEE T 7RSAISHY ©el AEY

A ZF A WA g « ¢ 2E AFESHHHuynh, D. Q., 2009). AA]|, =7
(scale)EWAS FAISH7] sl F 7FAIQte] EHlo] digh =71 HleS 3
o F Aqtetste] Hrketh UA, ¥ fAE+ ©ee RGB A A o
Al 917F A|ZF A A (Human Visual System, HVS)2] zZt4 EA-S Hhdgh A
g 7SR E AH8ste] AFE3Shtt (Ramamoorthi, R., 2001). 2+ A 24
ce (R, G B)el A5l AA SH A5 #ejo] tigh A1 FALE 5.6./)5 ALt
gt} ofmj SH ¥WE&= 7|2 A4s Uedle DC A42(1=0)85 oyt AlH
of g x4 WIE BEHSts AC AED0)e 25 xddstE=, £

o] Ieix= PN AA|Y] dyH QY AAde I & A 4=
2 Al AHdel fAEE ITU-R BT.601 49 2% 7Fex] w = (0.30,
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3o MAe ol s oE QIS WE, A7(scale), o] FARRE
THAIFEZITE AgAog AdH ou|Ed fAE dHnrE HdE &2
BolMe olgA F=FH IHZE S FERE 4fob AREANS 22 HSE
AAZre 2 Hupste ZQIE 7|9F AW dare]Ee] Aot 18 A
Zl&ttth, Yot g T4 fAweRE 2 & gl 7HeAIgte] 7ot
st Bdx] EAE F85t7] Ydll, FE(Polar Decomposition) 7]15Ee] &
A 2-&(Covariance Adaptation) &2 E396l= AA| oto]matele Aot
Eli=g

HP-AQIHY 71"HE2 2 EAl(voxeDo] A5 617F9] o]& 7Hx|H o]

= Atolel =271 b A7t A2 1" A4t 54 8| E(regular voxel

grid) &< 7Pttt o2t Au T= A WY Al =T} H

P dHiz FAske e WY1 Asl dAb Hlgel w2 Ad AleF
O

2 AHgsfoF  $tR(Gibson, S.  F.,

T

(shear  constraint)e  HA|A
1997)(Rodriguez, A. et al., 2016).
g B Qpold 7EE ASAS FAE
H

2 A AKYESE 9 Tt WS Frotes AASHc
TS fsl daElE2 4 TReAIRE goll dish 7hEAERl 9 ol gt



NG), ol% 2t 27| 4 AY ¢, 191l ¥y Hute] fAE 2%
St BAHE 4 E T THRAIY &4 AH=E oA AR
(Rodriguez, A. et al., 2016). 7] 4 A== 3DGS ¢ A

THEAIQE IR Il ® ARl AlhtEo] MAEM, HYgo] APE= B

ZF ol & e Ad AloF mEe] Hxdd.
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FERIE 718 A9 GPU 7d Yl ¥

daeE

Input:
Hi
— (o 5,
g - (Z,jvd;jeb w;])
Aﬂseed
Output:

def
i

D> Gaussian center positions
> similarity graph edges
[> user-applied displacement

[>deformed Gaussian positions

1: for each element i do

def
ti—oo, 4% —p

end for
def
tseed(;o’ pseeed(i Hseed + Aﬂseed
: /| Propagation
cfor p=1 to P do
Parallel for each g; do

N AR

8: j —argmin;c ;) (¢; + Prop Time (w;;))

9: if ¢ +Prop Time(w, ) <t; then

def

10: 8 def def

<—Cowect(/zi O
11: ty—t .+ Prop Time(wij*)
12: end if

13: end Parallel for

14: end for

15: // Relaxation

16: for =1 to R do

17: Parallel for each g; do

. def
18: M Gttt

def 1
«— U +a - ———

| Ay
19: end Parallel for

20: end for

21: return 23¢f

rest
di]» s W;;

S0+

)

é‘i]-|>r

[#4-1] Aat &

2 dFolM Atske AW FxE
u}, bgstel A @Az FAdH
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dart 7iAlstd s, oot %01‘%7%‘% =50 #5ohs 59 Hl
[e]

A HEg2 =42 Q1 A (stretching) 7} A (shearing)= FHFstE= ZHAIQF
o] =7 (scale)?} =aF(orientation) BFE FAlo] Bajdoz H3IA| Aok T
t}. olo] wat B 7= e A|ot o] 7Ho] AtjA @zlejogHE i B
3 HH(local deformation matrix) FE F4ot1l, ©o|& 3DGSY F&A4F nf

gtole sl AA el d¥d Al Sgste 7S ARt

7k ZFQAIRE g FHO w4 HYS FESoh7] 96, tid = i9F o]
A Noll &8 ke =5 Afolo] AthA] 912 H3E A% 7HA|
ot o A HEE 4 dF¥oR AT w, ¥y HAF o] ;o dith
A WE = 42 g2 2ol AojHn

Dj = Pjorig T Piorip 47 T Hjdet T Hidef T4 4
o] Hlf 55 dWE = %o} 32 Pd peer* " E AR
P=[plpy|psl . 1p,)s Q= [y lgylgs] .- 1q,] ESARE

ojuf HFPH roll o= FPEAZE % %5}“‘%, HYy
Yy 5 WY IF = 7MY & TAehE A9

A Atole] W niepr|HE FHAAEH
(Umeyama, S., 1991)(Miiller, M., 2005).
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o] 9lou, oI5 3DGS &gl A8 B¢ 3DGS 579 FFAT whepn|E o
Aoz 9 A =HgAel Y 4 olrh

2 dlolE o] Z]sketd ER/doltt. Cpp7t 7F B Eol
7] fJoliA= ol HE p,E0] 32k F7HE FEo] Aoldfof gty Iyt
o9l 4 k7} 3 H[Fo|AY, k > 3o|Hk o|xFo] Shte HW
(coplanar) T+ ZlA(collinear) el B2 AH¢ Cp= 3 =5 AH7H
o] g Al4to] BRI ol F=2 JFAIRF D7 3A%t o]
U fxHog chedl FebHo A ARt

i =
T A Y12 7€ 3DGS ¢gryE2 B4 oF2 nH
=

Ir

o,

of

BAE ZAFst
= 0] 7I7h&
Zoz SEstE 2 SEsth(Kerbl, B, 2023). 11 Ay T AEE 7124
¢rE2 FHet gad(flat disk, 2D) FEIY 7F=thst Hb=(thin needle, 1D)
Fefet 2ol AW FLZ(low-rank structure) 2 FH5HA Ft
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olgl WA 7F9AEC] Be] gre Ewol} A Feje] F2E 7
o, @ 7FeACHE 1 o250 FHM() BE G4 2T 37

]
9 TS ASA B 249 Be g 149 AL wet Rustr)

Lo

3 + ol 4 BE ol JAE Alkte] AA R YPEA

ot B APE oAt A PFo] WA HE(rank—deficient) AFEi7}

Z=(condition number)”} WESH AAE EF ZA
(ill-conditioned) A&Hel: det(Cpp) =0 or x(Cpp) > 1)0] HAYSHA Hrt

2% & olye Bl ©ejt A A4MEel o|efrt ofyet,

Eot 22 EAoA HEHA= A

HFGE O

QL whg, oju] 2
ek, Z, g ER FFSAlcte] EASH e TS FAR Frtete] W3
Pe A BFbias oA ol 3DGSH 1EL AL Aol 3
A Aol 722 Restnz, B ATl ) gAY T4 o
44 (anisotropy) & FASHAA SPIAS BT 5 gt WES =St

o
=
=ofl(Polar Decomposition) 7I1H2 AEstrt. F=xHdoz2 B ¢,
o
|

FEo] 2 oEste diA, FHE =4 WY VlerE Bold 19
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1 HAA [Yrts

|

~
2
T2 BE 588 SHH0R HEPH 2 A2 Intel Core i7 CP
NVIDIA RTX 4070 SUPER GPUZ} &AE ©lAag oA $3% 9
Aol AHEH dlolHAL TY AH o ﬁ\-ﬁ:i"—'i HFHEE itz A
AR et 2 BERLE Zdsty, 5 140 Aoz 2" 7
A AR FHE [E 5-1] @%}‘”ﬂfzﬂ% AHG THeARE e FHA
33.6KoA Fdf 3.14Meof ol2+= W2 HI9E %2

E

Dataset | #Gaussians Source Purpose
Fox 33.6k InstantNGP(Miiller, T., 2022) 71245
Ficus 87.4k NeRF(Mildenhall, B., 2021) H] 1l 2] &
Chair 110.8k NeRF (Mildenhall, B., 2021) ] LA 9
Wolf 114.0k PhysGaussian(Xie, T., 2024) H] a2 &
Lego 168.7k NeRF (Mildenhall, B., 2021)) H] 3l 2] ¢
i 1024k iPhone 15 Pro 2%, COLMAP # & =

(Schonberger, J. L., 2016)
Kaggle "Bowl of Tomatoes” (Bethke,

Tomato 259.8k S.. 2020) g4 AF
Bonsai 769.2k 3DGS(Kerbl, B., 2023) g4 A5
Truck 1.09M 3DGS (Kerbl, B., 2023) S4d A5
Kitchen 1.27TM 3DGS (Kerbl, B., 2023) S HAF
Pinecone 2.19M Mip-NeRF 360 (Barron, J. T., 2022) | &24 #H=
TreeHill 2.48M 3DGS (Kerbl, B., 2023) S HF
Stump 2.63M 3DGS (Kerbl, B., 2023) S48 AF
Garden 3.14M 3DGS (Kerbl, B., 2023) g4 A5

[Z 5-1] A dlolgA 34 2 =4

5.1 7FAIH SAE Jm B4

2 Ao E tF &4 (multi-attribute) 719He] 7FAIQE fAE 12zt
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HAE ZJE ool ALEHYe o vehhe 91deta 1473/ (topological
soundness)= THtE2 Hrpetth A2 A (distance) 7|¥He] A4S A&}
o2 wF(orientation), H<F(shape), I A4 = A o&FH oY
(appearance, SH) AEE HXHoZ Frts] ol weat dfze] AAA o]
ojgA Hstst=AE AT

M4 AZA(Global connectivity)2 A AH(vertex) FolA 71 &
A4 Q4(component)o] ZIFH FH O] HlES U FHd 92 84 H
& (Largest Connected Component ratio, LCC ratio)& Argste] JFzoz
=Aoltt olet gEo| Ht AA A<=(Average Degree, 2E/V)E HUYFEH
Stof Tefjzol AubAQl "ERE A Sk dobrh, AdE Iz
sl AAl Zlskerd Z2AE drhd SASHA Hrgsk=RE Algkse|
#ste] k-NN =4 H]-&(k-nearest neighbor local ratio, k-NN LR) Z]&
£ SAsIHh ol IdimAdelA AEo] FHHH olxsE T AA 1A

k-NN g8 o] 2gd o]2o] uge ojujsid,

(28 5-1] fAE &4 Aol whe 7FeAIQt fAE e 37 A
mEl W
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£& k-NN LR gte 7lslsta] @aio] w2 ok ZFelA REFHS]
z o

BA o
e dulsiH, Wiz W2 g2 gtHow de] "oy

H|=1422] o4 A]
(outlier) @120l FZEsHA EAgE AARIG 2dE F59] T4 =
e A W] nbs AorE fs Ao AZALCO= SHistshe &
Alell, 71sterd A4 (k—-NN LR)& HEsSH= Aot
[# 5-2]12 ZF &4 RoH= FAE 73S 0947 248 24
WA A or GAdsteto] mE AFE HelE uEd Aoz, [
3-2]° Wigt EA dF-(ablation study) ¥ AT EA(sensitivity analysis)
o A= ittty &9 [1§ 5-119] (@FH (71 4712 /40 =

o
] A4 w5l A4A diE HojErh

47kA] Aol W2 Male dlogAl(k=20) o] 7FSAIQE fAE Tz
33 AE HE. (@) A dY &4, b) +FF F7h (o +BF F7 ) A
A s SHE A1), £40] FHESE Mo dFAo] A=, el
510 o|xet o] ouiEAor FHEE o] HES & 5 Uth

18

Configuration #Iiilgllpsh RIangT AvgDeg. | k-NN LR
(a) Distance only 963,186 0.948 18.82 0.719
(b) +Orientation 959,223 0.997 18.74 0.712

(c) +Shape 957,995 0.998 18.72 0.705

(d) Full (RBF) 957,743 0.999 18.71 0.706

(& 52 0% &4 SA% 7154 7400 e 18 B4 A

[® 5-2]. RBF $4] stollA] Male dlolE|Al(k=20)S tidez 44 &
At 74EA] AR 2 uigE 24 A3 (E WE dlolE: (a) Distance only,
(b) +Orientation, (¢) +Shape, (d) Full (RBF) ¢ W& Graph Links, LCC
Ratio, Avg. Deg., k-NN LR $x] Z3hHE B4 Fo a9 A&

2+ A= oas] 7HA 9 Mg ALY 244 A BV = Anozls
=9 AlEgdolde Fdsrlol AgstA] vk dolrh. Al WY Hdut
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E A A= HrEAl A AZAALCO) o] $A4H o= StH Eofof
ShH, A4 HED 11 0|9 wkEEojof & 22429l HF 7zl &l
ot §Z2= A8 (Buclidean distance)o|qt =45 o]&3t A4 (a)9]
963,18670¢] 7HAS A2 E =76t LCC HE2 0.9482 Adf
Azt A dd4S HAh ol AA| 7ReAIQEe] oF 5%7F ¥y Hx
oA AlEo] THEGE T T4 4(a)9] 471 B4 o
A 4 Slxol, olHet A= @ttt k-NN A

+ 9 2o]x] Estal, ojn| W7t w2 54

4 3
25 FH3Hredundant clustering)ol]l AR %7 wfE

)
N
o,

:{o

o
iy
o

oL o
oo B

_,4
Z,
12 r2 fr o hu

RBF AEE &3 Wak(orientation) SAIES 2712 E39ket 1A
o dd4de FYAA LCC HlgS 0.9977H4] Eol&7om, 1ys o
84 (isolated components)®] 7HFE 71E 2,6007004 191712 FAAIZT
+ U &40 2 &4 T A9 AFAH Pl 7 ZA 7l B

[eJNe)
oFt. o7]f Eo*(Shape) oAEE =712 Adst 14 (O LCC HSS
0.998717] =ol1 o] 1E @42 72 EUogy woF ARy} ek

’—‘ﬂ’%} A AR oEH oY E4S xgcks 23 4 SH) A=

T A 2T 144 (d+= 0.999 7‘5
QA5 66702 JAstE . RBF #
do] Zﬂ%o}‘: H]’ﬂ%@‘ﬂ ﬁ1]%‘5](nonhnear penalty)«= SH &= Z3tet 7}

£7do] o] A" WA 7ottt olF FSf Arere] Wrolu B3 o] 7|5t

Ao Pt g dBe vs AAsHA FetEe s, 5E
of M gle wol=x2 Fohs Ad2 AE olHw Y ddgol Sdist
Hsol= Bt 544 A#EE 0.706(k-NN LR) sEoz Hgtglo] B
EH%=t, ol uEHeR AA 1Y olkste Ad¥ste] st 9l
& Holerth w2 e 74 E HATH] 29z 75 Ao
et
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Static

Deformed

Kitchen Pinecone Stump

Scene Scene Complexity

#Gaussians #Graph Links
Fox 33.6K 430.4K
Male 102.4K 1.30M
Tomato 259.8K 3.16M
Bonsai 769.2K 9.73M
Kitchen 1.27M 15.47TM
Pinecone 2.19M 271.5M
Stump 2.63M 33.46M

[(E 5-3] AH gl BEHET (Scene Complexity)
Processing Time (ms)

Scene Propagation C%’Séliréce Rendering
Fox 0.43 0.13 0.48
Male 1.55 0.26 0.73
Tomato 3.53 0.63 1.71
Bonsai 12.07 1.40 1.98
Kitchen 18.37 2.47 3.99
Pinecone 32.46 4.30 5.42
Stump 39.35 4.44 4.00

(£ 5-4] W 2 nfo]maie]l TAE Aa] AZF (Processing Time)
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Performance
Scene Total Latency (ms) FPS
Fox 1.04 961.5
Male 2.58 387.6
Tomato 6.25 160.0
Bonsai 17.01 58.8
Kitchen 27.43 36.5
Pinecone 40.93 24.4
Stump 52.64 19.0

[E 5-5] A 2 AA7 A2 A% (Performance)

(& 5-3], [F 5-4], [F 5-5]0A ERIF o Qo] Algt AARS A
o] B et wfrol FAgle]l diE YA Hlth Foxet Maled} &2
AR HolHAle] e & A AlZto] Z47F 1.04mset 2.58msE R &
g, ol& AH&= FIshH 242 961.5 FPSeF 387.6 FPSl sfigsict. %
TR A2l Tomato(259.8K)2} Bonsai(769.2K) | A= ZF2F 160.0 FPS2}F
58.8 FPSE A5, Kitchen(1.27M)olA & 36.5 FPS, & Ad o 122l
Stump(2.63M)A & 19.0 FPSQ] 52 HolEt}

ol AFEFS & dH S5~6d FHAZ Aol (Xie, T,
2024)(Huang, J., 2026). T3t F&AF A3 A= 4t Bv]go] 2] ot
Stump A 2635 7| 7FSLAlCte] WEIAE 4.44msTro R Halrt S
o ol=et Ak F AA Algro]l A Jlopetd E¥E FTtel | sto]

[¢)
dadoz BARe uolet. (18 STIA ST 4 9o, ol
A g ANY B ASATIA o dhtn AU B3ket LxolA
T Be AZE B fAG
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VI. 48
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ABSTRACT

Similarity Graph—based Real-time Deformation
Framework for 3DGS

Kwon, Sang—min
Major in Computer Engineering
Dept. of Computer Engineering

The Graduate School

Hansung University

Recent advances in 3D Gaussian Splatting (3DGS) have enabled
real-time rendering of high—quality three—dimensional scenes. However,
3DGS is an unstructured representation that lacks inherent topological
structure, making it fundamentally challenging to apply dynamic
deformations, as the process of deforming Gaussian primitives often
introduces structural tearing and visual artifacts. To address these
limitations, this paper proposes a framework that explicitly constructs
topological structure among Gaussians and performs stable deformations
based on this structure. A Gaussian similarity graph is constructed using
a multi—attribute metric that integrates spatial distance, orientation,
geometry, and  Spherical Harmonics (SH) coefficients, enabling
semantically  selective  deformation  while preventing non-physical
interference between adjacent objects. User—input displacements are
propagated over the constructed graph via a ChainMail algorithm to
ensure real—time responsiveness, and the Gaussian covariance matrices are
updated through local deformation gradient estimation refined by polar
decomposition to maintain geometric consistency. Experimental results
confirm that the proposed method effectively reduces visual artifacts and
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preserves structural consistency while maintaining rendering efficiency.
This work contributes to extending the applicability of 3DGS from static
scene reconstruction to real-time dynamic applications.

[(Key words] 3D Gaussian Splatting, Real-time Deformation, ChainMail
Algorithm, Point Cloud Graph, GPU Parallel Processing
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