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Ao AA RS gAte 2 A&ag 4945ty Ao, 7}
g A ofReHA fLxet Ale XF] wE WS THEHoR yHEshal
28 4 Y= = 7|Eo|tt(Maciel et al, 2009; Meier et al., 2005;
Zhang et al., 2018). £35] ¢4 Al& @A = Beo] d=mgids A1z

sl Ao 147 21, ARA} 2L et gola, Afsks 74
A WAl WY WS AZA-Edzorn AAAgA BHSHE Aol &
qsltt, ol@@ ABUINE N&A7} e 22 e B glo] AW

geoldoz S s15A

F= 42 CT(Computed Tomography)e} 22 <]
. 3

el
==

2QgozRy 745 A4 dolHolt CT 25 UE, AF, 28, W
__1;:

2010, T} Iz A ol A TdE mel Wl o
B F27b 23, R 7R Bhsie 542 R dg Sof Agdol
A SIAEE °F 100x100x100 =02 Y
Aol A% 840t B & 9om, o2 THHE Y, AUA|, B

Q4 W AF 2AL Su A ool @Al tigo® olojd 4 9lrk. e



o Wy weoz Aupde oy Wgo] AUXA FaHoe AT 2
¥ Holw, Wiz AA 990z Wmshl st
Pagh Aol AT 4 k. webd B4 9
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Zhofl diet whe SEAd, A 2o 44, 23 oF ®Y
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71&9 &2 7|9t WY 7IHES oldY FAS s oSt &8 o]
2ty 55 _ AW (Finite Element Method, FEM)-& &34 AWL7} =2 #
Hog A 9O (Freutel et al., 2014; Zienkiewicz et al., 1977), A=-
sxy HYll Fyo] weeetal wE WY HEAo| FEst(Duan et al,
2014). ChainMail 7|5t W2 ARE2 Qlelo s HE WS w27 Hdufsh=
4 A3stH (Gibson, 1997), Position—Based Dynamics(PBD)= A|oF =71
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Y F2E Vo=, ARRAF 22| w2 BESSHHA R Alof 7
ol HAHE FASsteE Algdeld =AY E st jbth
HP-ChainMail2 AR&2F =lo] wheg 27] Wyt &4 Jd9=

st gahe 4385t (Rodriguez et al., 2016), PBDE o=% W3 A
ZIdro g A, Fuj, o|HZt Fo] Aok HAste] AA Fx9| LS
Hettk(Miller et al., 2007). ERF o]79] QI E43 HAY A4
4= 285t (Limbert, 2017), A7) AgelA w7 mHo] Hojg v} %=
A& BASH] $Ig+ Skin Tension Constraint(STC)E AFRFH(HAF
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(Maciel et al, 2009). & @7olq Thei A}%x} %o 232 94 39

5}145}‘:} ol& 9 T

HP-ChainMail®} PBD9] & Fefste] wheg Y Hupeb ¢HgA Q1 Ao}
HAE& A sdstke 49 ¥E ZAdYaE FATH(Gibson, 1997;
Miiller et al., 2007). &4, mFe] HAY I Ao et A% A HE
30 2 (Limbert, 2017; Carmichael, 2014), &7} o]% mF ZH A e}
HolAyl A uhee wasly] <5t WA 7|k mE olF AokS PRD
FAY] 9172 B dxg ARt

ol
e
fr
Bl

o

dL FW

QY] FAH Aol ke Pk,

]

1. HP-ChainMail¥} PBD®] 9&5 £t A2 E¢td WY molzat
2 Aekstty. HP-ChainMail-& AREA}F ¢&o] o2 Wy Hutel &4 o
o= Y9otal (Rodriguez et al., 2016), PBD+= Hutd F7F A
o7 o] Aok Bz ]E okttt (Miller et al., 2007). o]& F°f WHE

2. HP—ChainMail A} oA 2 &4 &5 HAA B,..5 7ITe=
PBD A|oF H7} HOE AGHsl= Active Block Restricted SolveE A 2]ghct.
At AN S4std £ A B, 7ITC=Z PBD AlF BrF HAE
ARfo =, M4 =rle mi¥l Frist] ¢4ar Ay He J9e T4
o7 A°F BHAFS Pt o]#gt AAl= ChainMail AE9] sparse/block
7I9F Mup 25 PBD EA w9 Algte] &8t ZAo|th(Rodriguez et al,
2015).
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STCE CT 74t mi #H FHoj 3t
" 7)E HH] 2pol olgsf A FH EH HEE

2], 2025; Limbert, 2017; Wong et al., 2011).

4. AA AP o7 A7 WS shte] GPU 7|9t A9g Sz QroflA

Z+ HP-ChainMail A=te} PRBD AloF HAH-S 2€
star, A7) A& Slsl PBD AA ¢rel]l STCE A= #H At
7I8F A& dlolelet GPU ¥HE A7 27 ?_}Oﬂ/ﬂ
Demirel et al., 2023; A< 2], 2023).

ol

oL

kv

i

ne

el

o]
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. of
oz

] o = Position—Based
Dynamics(PBD), A% z2] A4 Ui] o5 mdge] et e AGE At
tt. o]& &3 HP-ChainMail, PBD, Skin Tension Constraint(STC)2] ©]&
A W A2 Apske] Aol e

Vol e gt maQl9se] AA sholwatele ATt ALgA Yol
HP-ChainMail& §all 3 H3 Aei2 HAutxal, o]F PBD solverolA] A|
g A Adeed depds 0y Bd

o
wde @ STCEl Gge AAeE A, 74 o9l 48

44X+ HP-ChainMail?} PBDE 2 £dd ¥g %
t}. HP-ChainMail 7|8F 3% o=, g4 BE=
z,, = ©]-8% PBD warm-start, OWB} Pk

=z
=
570l A= Active Block Restricted Solve?] A3 LxE Awgsith A



5 H¥ Biw= 7IWo®E B7F AloF HY Ces TS HH, olE

GPUA a8F oz AHzlst7] 93¢t BlockConstraintTable 2 solveStamp 7|

S5 Ay BAS AR
6dole oF B v =&

AA AN AyEle AAS Agsitt, CT 7§t o 1#H 38 =& HF

719k STCO] 4-5t4 9], PBD A9 911 B At 28| x7] Aof 4

S
— [¢]
H SANA B g9 Belsts 47 2 1@ wAe oEd

TEANA = At T A et 2dES AFHoz fgriditt |y
JFRof w2 Hybrid ZAd939] 9 A, Active Block Restricted Solve
o] ALt vlg, o= 912 ¢ @k e A EE 249t Ee FA4 E)

Ay oA STC-only 73}t Distance+STC X7 H|W s, HZ 7]
9 STC7F d=o® 28 wje] w3 wd WSy Az Aol W Hg
we| Folg selgicl.

ggollde A Z2oE FTESt deEe AElst, 9+ ®elet HAE
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2.1 AH ¥y AlEF ol Ma

HZA Aledlolde AHire gL, =8 ZIRE ofiymleold, AAEZ]
ey 5 ohdRt 2obollM ARgEE 718 Z]eolth(Nealen et al, 2006) =
22, gief go] Bt 25 7K
2ol Hge ®sH] s ot = ZI5F WRio] ARREo] gtk
(Meier et al., 2005). AAIZE olm AlEdoldoe Mo AAx 1 A
AP £EE B AlEsiof stRE, FeEel SHA AtelY ol 8T
AA 202 thFo]Z ok (Nguyen et al., 2020).
EZA Wy og= §5tQ 4 (Finite Element Method, FEM), A&~
g &4l ChainMail, Position-Based Dynamics(PBD)7} ¢ltt. FEM2 14
Al geto] 7|Hst] w2 =294 dUEE AESHATL 54 A9 AlLHES
il 2 Zolof tER ISFE RIA 7IHe] AT F8olM= A
Ab H]-go] ItH(Zienkiewicz et al.,, 1977; Freutel et al., 2014). H&F-AL7]
Rl Fdo] destal wE WY BYo] JheShARE, AXY A A
st AH HEolu EAH x4 AFe AYsH mdstke H AL
AtH(Duan et al., 2014).

ChainMail2 Q135 84 Afole] 518 ¥ LS ook, AHgAre] <
glof] wet o] HAE WUEste s XE HASHHA WEYe dufsh= ol
tHGibson, 1997). A& Al2dls &4 9471 di&el
A dlolgel &8st FElsHAT, A2y Fo

oz TWEAF|A= =t ¥ PBD= AlF 275 TEstES AH SRS

1 oo

N

iy
2=
Je
iy
o

&
o
.
flo oo

1 =
Alog QbgAgo] =il ket AlekE FdH A QoA
Qltt= o] Jtk(Miiller et al., 2007; Camara et al., 2016).
< O3t Zo] A 4 Sl

A HASH=

At 4

AA
7 o] =
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[ 2-1] =2 A4 ¥y 29 "W

L | A
=94 AUErt 11 A4t Hl-go] A1
FEM
AEA As 5o AL AAZE Ao Bo] &
A To] Hshal A3 A5 Ao wigsta
Eabu e WY ®Edo] 7Hed AH HE 75 HA
He Aoyt wair =24 Alef w5
ChainMail ) )
o= 25 Al 7 Aol ArH
PED Al Z18F 92 BAS Foll | W Slget AloF geof whet
A WY B ALt H-§o] St
2.2 ChainMail 7]4t ¥H3
ChainMail-2 Gibson(1997)0] Aetet W dye|Zoz2 A& Q4 Afo]
O =A4A Q1 Al $14] AlRte olgste] MPS wEA Aupgitt. o] W2
ozl zasht Ae AAH" FolE ARESHA] Fa, 9IF 84 7+ 58 He

Axet §14 mATo R FAwt webd A8z eldl gE SHAel %
T, W2 AH PelHAE mE Helst sbsstks el 2Urk(Gibson,
1997).

°]% ChainMail> 9|=d4 7|9 di+2 &7 HE A2 &4 =5
o} &=t SP-ChainMail:2 AZ ©lelelE &5 &9z Edstal, A
Hago] AP gL FA o7 AL 535H= sparse parallel TRS ALE
g (Rodriguez et al., 2015). o= AFgape] 2ol ZAZ o R HIAGHE A
ZolA AA ZHldle wiH ABAISHA] i, HiYgo] HEH EF5S FACR
Aestr] firt WAloltt,

HP-ChainMail>  of2fet &% 7[9F Fx  §Jo] Z2E  o]FA4
(heterogeneity)= ®HFgst W o]tk (Rodriguez et al,, 2016). Q1A X2 =

B, 28, wek go] AR ThE B 542 AHnE, 59 o]

FolME 22 wtet Migo] A dutd 4 oy, HP-ChainMail2 A4
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2 BAY 4 U=% ot
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K<l
nn BE o7 fA9 Ze B

94 0L At @r2 A WEAA
Lot metd 9EoR AgY o WY Ane] e gyt 72
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2.3 Position-Based Dynamics @ & A+

Position—-Based Dynamics(PBD)+= Miiller 5(2007)0] A|QFsH 914 =]}
14 WHolet. PBD+ it 7HEEE AL § fIXE AiEste AE
il g, Al 2 WEStER A AAE A HARH o
Ale FAgo R Aol Aloj7t 419 cloth, soft body, ol& AlEE|C]
S e AARE S8 ZofollA AREEo] gtt(Miller et al,, 2007;
Camara et al.,, 2016; Demirel et al., 2023).

= oq:,Loﬂ/q AMgSHE PBD Aok A Alef, £ Aof, o[z A|efe

AE A Ak = AA Al ARt ZlEde fAsHES HA

3}04 T2 dAA-e AR B Aok AFEA @2 FojEw, ¥
A%l Bu] zpolg &9 A HES FLIrh ozt Aok
© 84 Apo|o] ZAk WSS Ajtste], LRt Yoy HIE
A& stk (Kelager et al., 2010).

PBD= o] ofdet ooz &t} Strain Based Dynamics= ¥19
B Alfe=r Aosto] A4 WY YL Ao Miller et al, 2014),
XPBD+= compliance 7HE-& Eoto] Aok /o] AlZF 7HATL gHE S15=0f
st BAE ¥3Fetdti(Macklin et al., 2016). Projective Dynamicsi=

F9 e A9 odA] 2ast AeF Adste] +9H HAS JiA
tHBouaziz et al., 2023). o]8|gt AF+52 PBD7} ©hesh 9] B4 wF

Jol, Tharet M=ot Aok thE 4 Qi AR ABHold meele
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A§F A4S, ASA g hE 2 Wge we
S

2Rl Alof B Ao r FASoF st FEol Aot WE A AEielA Al

=
Ao PH AR ARY 5 GAW, FF ol W Wy G
Lo 51571 Zokete] AEdE s S804 g@4el Asta 4 gt

e M 58 ABUCIANA F2T JE4E F shtoleh. WA A
eJShe AR ofel, WAM FHel 0yt
AN Ay 2Hol I WMFHE WS HFSIr FehCotin et al,

2 sefstt o 4

H
O
O
NS
(o]
o -
St
rE
olo
Mo
>,
i)
B
A
N
BN
N
lo
o
fuj
il
>,
)
iy
lo

T

71& A ANEdoldolMe E7 BEe sidshe BA, A Ee A9
= wostAY AAsts WAlel F& AREEo] tH(Courtecuisse et al.
2014). o] A2 o] H
oA EAets A BhS ZFH oz HIASAE AV ot TE
ARt AT oty Fedl Aol eigat Webdel weEr I whgol
etz HlTHA £2olH, Langer’s lines€t &2 sfiFetd ®Wkds 71
thH(Carmichael, 2014; Limbert, 2017).

Ho] A getd EAS RUsty] 93 ATk A&ohA o] F
ok Wong (0112 A A #HgofA st
£, Limbert(2017)+= 359 A& E4S At
A Aottt B AR xA o] vdg % vhe-E A9Ysty] Qg oo
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) B o () N MEESTCA2s)
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IV. HP-ChainMail - PBD =33 d
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V. Active Block Restricted Solve
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AlphaTable Mapping (HU to Alpha Value)
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6.3 STC Ao A=|et A=z 2§

STCE= Z+ 1
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A17e] 55 wEct(Miller et al., 2007).
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o WAt A% Hohasﬂ Bkl AHEE AF B deldA TS 4
Sastgon, RE dold
Az Agstect. 7 ole Al

Hlo] el Al 79 HE P = scale | &% 37] |Bl
Abdomen 25 512 x 512 x 300 / 4 8 2,560
Head ™ g 512 x 512 x 544 / 4 8 4,352
Lower body =t} 512 x 512 x 1152 / 4 8° 9,216
[® 7-2] 49 74
3% 4%
GPU NVIDIA GeForce RTX 3090
CPU AMD Ryzen 9 3900X 12-Core Processor
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AlZ¥a PBD WHE Sl4-5 H|wW3E Adtojth. M1 PBD WHE-S S38shz] ¢F
oBg PBD WHE 35t Fm oRE BmASH] dYrh o714 Avg
relaxMs = 3F H9] relaxation T+ PBD R ©Ao] A% o A7 A
7S oJulgtty, M1oAl+= ChainMail-only relaxation ©AS] H++ AJ7F
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R R U S I PO
9 + relaxMs
Small M1 205 0.98 - -
Small M?2 - 8.11 300 X
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Medium M3 86 1.07 68 v
Large M1 224 0.92 - -
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Convergence comparison with propagation maximum indicated separately
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7.3 Active Block Restricted Solve &3} &4

g 5Lt x,,,,°l4 Al&Sk= Hybrid Active(M3)€F Hybrid Global(M4)
oltt. M3= 84 &5 AY B, 2t 9Z2F Alort Hristal, M+ AA A

o Mg 2 Wosch webd £ o] Aol PED 7] A7l ohet
o]

7.3.1 Hybrid Active@} Hybrid Global®] A4t 8]-§ B

[ 7-5] Hybrid Active®t Hybrid Global®] A4t v]-& H]W

M4 M3 AlZE
Avg Avg HE&
relaxMs  relaxMs M3/M4

&
FE

M4 M3 a4

Mgt
gt 224 ug

Small 2,560 15 0.59% 846  0.79  9.29%  10.77X%
Medium 2,560 86 336% 853 1.07 12.56%  7.96X%
Large 2,560 476 18.59% 10.04 3.96 39.41% 2.54X
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(a) STC-only (b) Distance+STC
using Abdomen using Abdomen

(c) STC-only (d) Distance+STC
using Head using Head

(e) STC-only (f) Distance+STC
using Lower body using Lower body

[ 7-4] STC-only®} Distance+STC A7} A=} Hlw

[1 7-4]+= STC-only 713} Distance+STC Z719] A7j

i

19 o

1}
St Zoltt. STC-only A= WA HA o5 A7/f FH mH

_49_

I

nE
2 El



A o whgol ¥ FEstA WEErh Distance+STC oAM= A A
oFo] W edge ZolE frAot = WFeR 85ty wwol, 27 3 &
7ol gelo] Atjdoz HYSIElAT STC-only ZAA Uehts w4
7IRF Hhg-2 A5 §SbET, o]i= STCeF 78] A|ofo] M= tE 7|std= H
gotH, Aol A8d B FH HEgo] £ Alefe] deagel os 244
= HojFE

STCE w5 EW AZHgel sl WA N Ak Ase Fast,

=
Distance A|°F2 edge 40|

2 »qg F Ate 48
Ak A Jlstge] t2HE, FAl] A8 49 B/ EW WeW of
Jet Hel AZelE Aolrt WAZ 4 ek £ FolAE STC-only

=
Distance+STC Z719] projection time¥}t deform time= H|W s, ZF 7o
A Ak B gAY} AA deform TAS] A2 AlZHE IRt
o{7]4 projection time<> deform THA A AJxto] ofyzt, Ajof gjuber
At 912 BAZE s W Ao He FY ©A9 ATtelth ¥
Deform time 4| deform ©A Q] 7| A|7to|tt,
E 7-7] STC-only®} Distance+STC *2] A&

Projection Deform
HolgAl PBD Voxel zA i _
time time
STC-only 4.68 ms 32.63 ms
Abdomen 129 X 129 X 76
Distance+STC 58.29 ms 85.94 ms
STC-only 6.98 ms 58.3 ms
Head 129 x 129 x 138
Distance+STC 107.99 ms 156.52 ms
STC-only 9.13 ms 112.23 ms

Lower body 129 x 129 x 289
Distance+STC 201.34 ms  303.08 ms

Ad 2y, 2E HlolgAloA] Distance+STC 712 STC-only ZZHT}
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] & projection time= R Ath Abdomen HoJEJAlofA= STC-only 271
O] projection time®] 4.68 ms AT, Distance+STC XA+ 58.29 ms=
S7Fsteict. Head dolHAlOAZ 6.98 msolA 107.99 msZ F7F5t%2
Lower body HlolE|AloAE= 9.13 msollA 201.34 ms® 715k} o=
Distance A|2Fo] F7t=|HAl AHojof otz edge 7IWF Aok 7} F7bsa,
STCe] WA 7|9t HAw g7 A A|oF Fo] 43=]7] wFolth.

Deform time %A] dloJEjAl 27]9F AoF ol weh F7FSkAH
STC-only Z7oA+= Abdomen, Head, Lower bodyollAl ZtZt 32.63 ms,
58.30 ms, 112.23 ms?7} A =9, Distance+STC ZZo|A= ZtzF 85.94
ms, 156.52 ms, 303.08 ms7t 5= Att. £5] Lower body Hlo|EAlfA]
glole] Z7]et B Q4 7F F7FsHAA A deform ©AC] A2l AJzto]
A F7FskAH

wba] B A2 STCO &4 371 overheadE &A5H7] 9I vl 7} of
Yzt A7 Ayl ofA STC-only 2713 Distance+STC Z70] A2 th2
Aot £ v 39 ¥HgE Hlvhe HS gRlsty] 9t Hx grtolth
STC-only 2712 W2 7|9F o7 3 vhg-5 B2 AHgAo=s gelgd 4
AJ+= Z7olH, Distance+tSTC R A2 A|eFo] A 28T wf STCE
T dhgo] ofBA AHEL PSR E HojF= 2ol

o] Aut= STC7F =02+ HlwA 2F2 projection timel 2 &

s
—

J
l

e
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o] WA 7|gk §hg-& BEY 4 &2 HolErh. ¥ Distance At &7
Agd A At T g2 A FUIeHANL BHW edge Aol #A &I}
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8.1 A

o] =22 CT 7§t A4 doefo|A AREAF ol mE AF 22 WY
I A7 v-e-S BHASH| 95 HP-ChainMail®} PBDE Z2g3st 533 ¥y
Ty dYAE Agtstgct. WAL HP-ChainMail-& PBD HA o ¢hAl= ALA
TZ o= dAR HjAgt Aoltt, HP-ChainMail2 A2 9=le w24 A
nioto] S+ g AH 2,9 €4 £ A B, 84S, PBD+=

z 5 warm-start 27| AJHE ARgsSte] AP, Fu], o|HZ} A|efo] o
ErFE HARNT olF Fof dE WYY wE FAH AoF 7Nt HFIE
shito] A1 wholmekel QoA A5t
Ae AF Hybrid Active A2 Small @ Medium ¥H3 7oA
PBD-only cold-start ARt A2 wtEog Fg XS TSt o=
), 5 warm-start 7] JEHE AMgote 47t PBDE] B HAE2 EY
Uee HolEoh Et U 1,914 AlZSk= Hybrid Globaldt Bl
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[E (3E 1)>-1] Active Block Restricted Solved] & HIE

Algorithm 1. Restricted Block Solve — single iteration

Require

B, s

. : S}
active

H

ox,
il

=
==

o)

ERELELRER R DL B E
Ry 1 2% bel 559 e 19 Ak 73
solveStamp : B9 ¢ Ak FH HYE WA6H7] §5 stamp ¥

z 1 @A) PBD W] B 93]

Ensure:

21 ¢ thg PBD ¥HEe] AW 917
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Az, — 0,a; — 0 for all vertices ¢

© initialize solveStamp,[j] < 0 for all constraint types ¢ and constraints j
. for each b€ B,,,;, do

2

3

4:  for each t€ {d,v,0} do
5! for each ¢ R, do
6

7

8

G — Jild]
if atomic CAS(solveStamp,[j],0,1) #= 0 then
: continue
9: end if
10: compute position correction §;; for all i€ supp(C;)
11: for each i€ supp(C;) do
12: Az, ~— Az, +w;é;
13: a;, — a;,tw;
14: end for
15: end for
16: end for
17: end for

18: for each vertex /i with «; > 0 do
190 2D — 2f 4 Azy/a,
20: end for

21: return z**!

ol&
A 2ot}

STCE | AHgst= 7ol oF EH A4 Aloks Ex9 AoF &
Yo g At AR Ao R &3 4 Utk oRt & =79 H A¥
o &= STC-only®?} Distance+STC ZAS FE3lo] STC A& A2k A
o282 Bk
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Algorithm 2. Detect Skin Surface

Require
tets @ AFRA JEA HE
density(i) © A4 il g3 CT U g
minSkinDensity

max SkinDensily

Ensure:

skinSurfaceFuaces : 9% i TH Az}

ofl

2=
Sl

1: initialize Alpha Table using minSkinDensity and max SkinDensity
2: for each tetctets do

3. airVertexCount — 0

air VertexIndex — —1

skin Vertices — empty list

w A~

6:  let tet = (i1iyisiy)

7 Vi = livisisiy)

8: for each idxesV,, do

9: if Alpha Tableldensity(idz)] =0 then

10: air Vertex Count ~— air Vertex Count +1
11: air VertexIndex — idx

12: end if

131 end for

14:  if airVertexCount =1 then

15: for each idxe V,, do

16: if idx +# airVertexIndex then
17: append idx to skin Vertices
18: end if

19: end for

20: if |skin Vertices| =3 then
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21: register skin Vertices as an external skin surface face
22: end if

23:  end if

24 end for

25 return skinSurfaceFaces

A71A Alpha Tableldensity(idz) = 02 NG Aol &7 = A|Zts} diA)
| ofd 9oz EREIFS ulgtt. shte] AtHANA F7] o] 4
o] sttt Ao, U] Al FH-2 371e Foke AAWE gttt
Tkoto] oF mi 9 HA7Agoer FEI

O

=]
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T 3) STC Aof A &=

STCE =& =9 A7) dA 941} 7|& WA 2ol Aok ¢
o & ARGR 7} ARl 914 BAFL WA o] dfHAEES o
Ao, 7l WAHD wWHo] AL Y AHAAE FH
ampli fication's 285t B T3-S 732}l

[ <FEF 3)-1] STC AeF A= dagE

Algorithm 3. STC Solver for a Triangle Face

Require

Ensure:

Axry Axy Azxy :

N
oX,
o
1o

"
1o
f
oX,
ot

€1 T T T Xy
€13 T I3 Xy

n o~ ey X ey

AW N =

s éunu

()]

tif A=0 or A; =0 then
return 0

7: end if

(@)}

8: C+— A—4,

A— A,
A0

)

9> amplification — 1+a - max(0,

10: compute area gradients:
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() —x3) X n
a T 2[nl|
(z5_2,) X n
wt T 2l
(x;—xy) X n

-
%3 2l[nll

11t denom — L wllv, Al

12: if denom = 0 then

130 return 0

14: end if

150 s ~— k- amplification - C/denom
16: for each ie {1,2,3} do

I7m Az — —s-w; -V, A

18: end for

197 return Ax; Az, Az,

ampli ficationS @A MAo] 715 WAHTE ARE A AejolAnt =7}
ottt = 0 AFolE max(0, (4— A4,)/4,) =00|B2 F7} FE0]

A
HEHA der. Hwr STCe 7]% AoFg2 c=A4- AOE goEER,

TR} o]F Fdll STCe 71% AAS fAsH = 1A 7]J Al
Eoty, A AHolA= 59 vhgol ¥ AsHA vEuEs A
STCE 71& PBD Aoft FdstA “9utd A4 — IHHAJE ALt —
A2 BAF AE7Y 552 WEH TEtA STCE ERe =14
ol ©@A7F ofYz}, PBD FAlez Aot 4 Qe HF HH 47
o AeA 9z HA Aofolt}y. & =79 A7 A= STC-only =
I} Distance+STC F AL FLESIe], WA 7]dt STC/F @=o 2 283 ujjo]
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£ 43t A2 Aokl @A AR wel JaAge vmstart,
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(2% 4 7o AF watu

E (22 4)-1] PBD %2 27 mhejule]

u}2tu] g & vy
Donove 5.0x 1077 A2 HetF Adf AAR
et 5.0x 10 ° ol Aok ot A A wek JdAGE

A F4 3l FIRE 5182 A% max Move
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K 4 A wES Qe A& R Sl
Rmin 3 F 4 HHE 3
Fmax 300 o v sl
[E (3= 4)>-2] Abdomen 7]¥t ¥ 79 A A
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Wy FR  epiCenter p, A2t 7] gradient
71E ¢
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Large (66,120,120)  (—50,—50,—50)  (—12.50,—12.50,— 12.50)
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HE 5) o|W7 Ao} SlukF Bz B

g9, BB A9 34 AE

SH
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8o @oret. BB 47 BAL A 97 WAF iz Move, 712]
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-

CES 2
Aok Sier v, R Aok Suir & Ao St oWz Aok
o v, Thed Fdolt wEde] BAEAE sy AT HE A

HEY A2 i AZ v,
Small M2 1.0x10 6
Small M3 6.0x 10 °

Medium M2 4.0x10 °
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Appendix 5. Dihedral constraint violation

x10-5 Small x10-3 Medium x10-3 Large

dihedralViolation

0 50 100 150 200 250 300 0 50 100 150 200 250 300 [ 50 100 150 200 250 300
solve iteration solve iteration solve iteration

(1% <58 5)-1] 9 Fme] o2 ozt Aok Sjuksr W}
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ABSTRACT

A Hybrid Framework for CT Image—Based
Deformation Simulation: Active Block—Based

Restricted Correction Using HP—ChainMail and
PBD, and STC-Based Incision Representation

Jeon, So—]Jin
Major in Computer Engineering
Department of Computer Engineering

The Graduate School

Hansung University

CT-based medical images are useful for medical simulation because they
represent internal anatomical structures as three—dimensional volumetric data.
However, it is difficult to achieve fast response to user input while maintaining
distance, volume, and dihedral constraints in high—resolution volumetric data. In
incision scenarios, it is also necessary to represent not only visual surface
separation but also the opening and tension-like response of the skin surface
around the incision.

This thesis proposes a hybrid deformation framework that combines
HP-ChainMail and Position-Based Dynamics(PBD) for interactive soft tissue
deformation and static incision response in CT-based volumetric data. The key
idea is to place HP-ChainMail before PBD as a structural prediction stage.
HP-ChainMail rapidly propagates the user input and generates an intermediate
deformation state z,,,, and an active block set B,.;,. PBD then uses z,,, as a
warm-start initial state and corrects the remaining violations of distance, volume,
and dihedral constraints.

To reduce computational cost, this thesis introduces an Active Block Restricted
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Solve that reuses B obtained during HP—ChainMail propagation, to restrict

active»
the PBD constraint evaluation range. Instead of evaluating the entire constraint
set at every iteration, the proposed method selectively evaluates constraints
connected to active blocks. In addition, a BlockConstraintTable is used to store
the correspondence between blocks and constraints, and a solveStamp—based
mechanism prevents duplicated constraints from being projected multiple times
within the same iteration.

For incision representation, this thesis extracts candidate skin surface triangles
from CT data and defines a Skin Tension Constraint(STC) as an optional
surface constraint. STC uses the difference between the current triangle area and
its reference area as the constraint violation and computes positional corrections
along the area gradient. In the static incision experiment, STC-only and
Distance+STC conditions were compared to examine the surface response caused
by area—based correction and the effect of applying distance constraints together
with STC.

Experiments compared ChainMail-only, PBD-only cold-start, Hybrid Active
warm-—start, and Hybrid Global warm-start methods. The Hybrid Active method
satisfied the stopping condition with fewer iterations than the PBD-only method
under Small and Medium deformation conditions. Compared with Hybrid
Global, which starts from the same x,,,, Hybrid Active achieved speedups of
approximately 10.77X, 7.96X%, and 2.54X under Small, Medium, and Large
deformation conditions, respectively. In the static incision experiment, the
STC-only condition showed clearer incision opening and area—based surface
response, whereas the Distance+STC condition produced a more constrained and
stabilized surface response because the distance constraint acted to preserve edge
lengths.

The proposed framework integrates fast input propagation by HP-ChainMail,
constraint—based stabilization by PBD, active block—based restriction of the
computation range, and STC-based skin surface response into a single
GPU-based pipeline. The framework can serve as a basis for interactive
volumetric deformation and static incision simulation using medical image data.

[Keywords] : CT-based  medical image, volumetric  deformation,

HP-ChainMail, Position—Based Dynamics, Active Block Restricted Solve, Skin
Tension Constraint
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