A —A9DS5T 1D A5m

— - X—=3/32(2) -

2021F58208
S i



- MERER] 2 B=E(C
c NRERTETIV
- BIRBERA

TETIMEITDI=a U -3 VE



BB - E—/N\RER (1D)

LL

EEDBEE m, (18 x, NROFE k, BRE |, E
EBNIFETV - m%=—k (x — 1) +m
= fint(x) + fext

* NT] fext L8N REDOEZR, I—TJEEE

* N fine(®)  RDLZEIRREICRDDET DN
« NROWBLRILF— (NTVTv)l)

EG) =2 (e 1)
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° N 150)’:;}:3/1\\ . ] E§ O), ‘,.\\O)EE ml' 1E% xl E RB

* M ADNNR 1 jBED/INR ¢; = (iy, i)
« N\NRERE Kk, BRAK

« JARE x = (X1, ..., Xy) € IR3N(CEJ'D‘(7%§>%’§0)/‘I%_“J*‘JJ\7)1/ :
k.
E(x) = 2 5 (llxi, = x| - )’

ej=(i1,i2)
BB
d*x
MW = —VE(X) +fext

e M e R3VSN 1 m, Rk D &I DXIBTTI 4
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« N BDIES :

- M BO= : j BED=BF t; = (iy,1,,i3)

« ZEBIDIARS

« BCERDIARS
- BIX )BT

/SR IRNTET IV (BIREXRIE, FEM)

i BEDIERDAIE x; € R?

D X =(Xyg, ..., Xy) € RPN
X = (xq,..,xy) € R?N

« ROMTIIvIL:

- BIIRET

e M € R2NX2N

| _ 5L N
F; (%) N B N B —"F. |
g8 > ENRD R ILOZE L &R I FRAZE 1
2
E(x) = Z Bl ”Fj (X)TFj x) — I”T Green'’s strain energy
tj=(i11i2'i3)
d?x
MW = —VE (X) + fext

: SIEROMO /1 BIEOBEEZEND EF XA
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° 1ﬁ% X(t) C\_’_EJ

T v(t) = ZDOEBRE
x(0) = Xy, v(0) = v

DSZONIZES. x(t), v(t) Z2RDDERE

- AENEERZS | B—/\RER

» BRITERD R

5 (sine curve)

- —iIRORRBIC (XERITEENDFE LK)
> 13l t ICRITDIREE (x,,v,) 'S, Bz t+h ICRITD
JARE (X541, Vy1) ZETE 9 D (time integration)
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Forward Euler Symplectlc Euler
Xn+1 = Xp T+ hVn i Xn+1 = Xp T+ hVn+1
___"__nt_l__i_"_ﬂ___‘!'____i_l_M__}__q_l_r_l_t__(_??ﬂ)__f_fﬁr_x_t__)___ ?___"__nfr__l__iY_@___‘_F____f_l__!\_’_[___}__q}_r_l_t__(_???:t)_i_f@_x_t__)___
=7 AR \‘h—h—éé .f-_ k(x(r) -Irl-]]
KPﬁ . D-|-§7J FEﬁ—— . ¢ .
. L | >
« 58P ¢ BUEBNICAZLIE 0 lp X1
- FERBZAETITDE. BRICTTD PN PR
IRl D Bi=U \ IR ICE)ZET D (overshooting) ) m
= IFEREEEBICITRIVF—DFE = O S
() !1'{ t+h) II 0 I.‘frf 1)




(=973 753% © Backward Euler
Xpg1 =Xn + RV, |
Vo1 =Vp + RM™ ! (flnt(xn+1) + fext)

« RADIBENT X1y [CHRITDANNZEDC v, XTI

« 7 BUBEBVICZE (overshoot LX)

* R2PRT
s FIEIRX DSV R ZE#EL)
s HBRIR (TRILF—DREIDT D)

https://single-mass-spring.glitch.me/
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' *

Backward Euler ¢DP.

Xn+1 = Xp + h Vn+1 Vit1 =Vp + R M~ (Fint(Xnt1) + fexe)

=X, + h vV, + hZM_l(fint(Xn+1) T fext)
=X, +hv, + th_l(—VE(XnH) + fext)

________________________________________

_________________________________________

hZVE(y) + My —M(X, + hvy) —h%foye = 0

F(y)
« B F:R3Y o R33N D)U— FEaKDODERBICIFTE = Newton &
y D  y@ _ (Z—;)_l F(y")

. . -1 .
— y(l) _ (th{E(y(l)) + M) F(y(l))
MNT 3w ) VB E D2FEMD (N v 21351)

« KIRRIRIEHDRIDREITID, REBICEND D> SHE8HAE !




IO DS © Forward Euler&Backward Euler
DA ENTICRIDIRIVLF—IREF

Implicit Midpoint

—————————————————————————————————————————

+Xn+1) Backward Euler

© IXRILF—DIR=E

® IRILF—DIEXR ® TR)LF—DiED

Stabilizing Integrators for Real-Time Physics [Diney,Liu,Kavan, TOG18]



INREETTI)U vs EfRATT )L (FEM)

s MNBROBEEDGTE U UNT VY IV ZERT DRIGHE
« ZIEEDAIDIONEIRDICIT

INRBEETIV AT IV

Prostate Brachytherapy

Flexible - Bevel Tip Needle

PIEBVIETES A
8 « EEXRIA L O A

Fast Simulation of Mass-Spring Systems [Liu et al., SIGGRAPH Asia 2013]
Interactive simulation of surgical needle insertion and steering [Chentanez et al., SIGGRAPH 2009]
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« Shape Matching (Position-Based Dynamics)
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» Meshless deformations based on shape matching
[Mdller, Heidelberger, Techner, Gross, SIGGRAPH 2005]
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Shape Matching: CG &

- Ffed
AWIRICH U< EE U TERSTICRAE T
KN FTTDIRICRD
- STE & EENEE
- 212U, PHBEFTILE UTIIRIRTER

= CG,

IR ICRE
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Symplectic Euler Shape Matching
h k a
Un+1 =vn+?(l_xn) Un+1 =vn+Z(l_xn)
Xn+1 = Xp + Vg Xn+1 = Xn + h Vpyq

l x(ét)

* 0 < a <1 (& Shape Matching ICHBE®D MBS ] BRI/ \SXSY
e a =0 DHE D> RENEZILUZL (INRDERKICESHY)
s a=1DIHE > /N\RPERKICENOEFGL
> CARFBETCERODIXRIVF—DHEEHILUZL) ©

s RYDEMNITER © a/h OEBENII(EFE)T D a (FMIES TR !
» SMAMDIEN — X TIR<EOAN - EWEN DDA A
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@ Symplectic Euler Shape Matching
s, Vna1 TV RMTVE () Visr = Vo 5 (8(%,) — Xp)
| Xpt1 =Xp+Hh vy Xn+1 = Xy, + h Vi+1
* Goal position g 8(xn), .
» RIZRIDAIAINZIRED ? all e e 7
ZRIEHINCREBREI VY F TN
FDXRDICHIAEZBUIZED ) .
C(E—AY MIIOBREDR) ¢ o :
- MFR CETENEE ¢ R() !

« BRETOEGIEIR YR, X wvIalxE) HARE (meshless)
« KRR EZHNH TR
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S P8I C & Shape Matching

SR IDEMMBEBOESE U TR ERIR

» KDEHMSER ZRIR

o [olohelo] o] &
o0 00 00 0
e o 0000 o

BRI T 1 XD [T Z2RDHD

FastLSM; fast lattice shape matching for robust real-time deformation [Rivers SIGGRAPHO07] 1o
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SCA 2012

Real-Time Example-Based

ProcDef: Local-to-global Deformation for Elastic Deformation
Skeleton-free Character Animation

Yuki Koyama' The University of Tokyo
Kenshi Takayama?: 2 2ETH Ziirich

Nobuyuki Umetani' 3JST ERATO

' ’ ‘ ‘ Takeo Igarashi’- 3

ProcDef; local-to-global deformation for skeleton-free character animation [ljiri PG09]
Real-Time Example-Based Elastic Deformation [Koyama SCA12]

Takashi Ijiri'%, Kenshi Takayama®. Hideo Yokota'. Takeo lgarashi®?
1Riken, 2 The University of Tokyo, 3 JST ERATO




Position-Based Dynamics (PBD) w A

» Shape I\/Iatchln B 28, QN —=22D
P A— J 2 (DA

« A7J : #IEANIE X, FIHARE v,

« JU—LBOWNIE !

P = X, + hvy, prediction
X,4+1 = modify(p) position correction S
— . . velocity
u = (Xp+1 -~ Xp)/h velocity update pred% _J friction
Vn+1 — mOdlfY(U) Ve|OC|ty CorreCtlon collision correction restitution
Position Based Dynamics [Muller et al., VRIPhys 2006]
18

http://www.csee.umbc.edu/csee/research/vangogh/13D2015/matthias muller slides.pdf



http://www.csee.umbc.edu/csee/research/vangogh/I3D2015/matthias_muller_slides.pdf

PBD THIATE D Shape Matching I D
BR/R TS 2 Fl#Y

ROBUIZHIHY

E TR DTEHHIHY

12I§$fﬂ‘%J iy

Robust Real-Time Deformation of Incompressible Surface Meshes [Diziol SCA11]
Long Range Attachments - A Method to Simulate Inextensible Clothing in Computer Games [Kim SCA12]
Position Based Fluids [Macklin SIGGRAPH13] L iy

\/ A ||3%
Position-based Elastic Rods [Umetani SCA14] *_?@afgﬁj%’g
Position-Based Simulation of Continuous Materials [Bender Comput&Graph14]
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PBD (DEKAK . FLEX in PhysX

Unified Particle Physics for
Real-Time Applications

Miles Macklin Matthias Muller Nuttapong Chentanez Tae-Yong Kim
NVIDIA

« NVIDIA /1Y SDKZ&E2\BE

Unified Particle Physics for Real-Time Applications [Macklin SIGGRAPH14]
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» XITRIDD > DN VERE

[Zheng12]

[Kaufman08]

* PBD CTKLEDTE
s RO BIEFDEDEIVIC =
IN—F 1 DIUDEE S DH LR LB

aEEILD/IN=FT ¢« D)VEL .
THOHEZHITE

— N\

s I FEZRSINIC PBD HDF

Collision detection for deformable objects [Teschner CGF05]

Staggered Projections for Frictional Contact in Multibody Systems [Kaufman SIGGRAPHAsia08]
Asynchronous Contact Mechanics [Harmon SIGGRAPH09]

Energy-based Self-Collision Culling for Arbitrary Mesh Deformations [Zheng SIGGRAPH12]

Air Meshes for Robust Collision Handling [Muller SIGGRAPH15] [Muller15]
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- BSIBHRFBUN BEETAEDBEE
 https://github.com/PBA-2021S/pba

c T—NRA e Fa-—rUPIF

A Survey on Position-Based Simulation Methods in Computer Graphics [Bender CGF14]
A Survey on Position Based Dynamics, 2017 [Bender et al., EG17Tutorial]
http://www.csee.umbc.edu/csee/research/vangogh/I13D2015/matthias muller slides.pdf
https://github.com/nobuo-nakagawa/cedec2017/blob/master/cedec2017.pdf
http://www.tkim.graphics/DYNAMIC DEFORMABLES/ (833 9 &)

« D13 EEHIF

https://code.google.com/p/opencloth/

http://shapeop.org/
http://matthias-mueller-fischer.ch/demos/matching2dSource.zip
https://bitbucket.org/yukikoyama

https://github.com/nobuo-nakagawa
https://developer.nvidia.com/physx-flex
https://github.com/janbender/PositionBasedDynamics
https://github.com/InteractiveComputerGraphics/PositionBasedDynamics
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http://www.csee.umbc.edu/csee/research/vangogh/I3D2015/matthias_muller_slides.pdf
https://github.com/nobuo-nakagawa/cedec2017/blob/master/cedec2017.pdf
http://www.tkim.graphics/DYNAMIC_DEFORMABLES/
https://code.google.com/p/opencloth/
http://shapeop.org/
http://matthias-mueller-fischer.ch/demos/matching2dSource.zip
https://bitbucket.org/yukikoyama
https://github.com/nobuo-nakagawa
https://developer.nvidia.com/physx-flex
https://github.com/janbender/PositionBasedDynamics
https://github.com/InteractiveComputerGraphics/PositionBasedDynamics

