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All of them cannot be animated or
animated realistically by current simulation techniques in CG...
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Reynolds Number<>Turbulence

Re<5 ’_C_/O\c- Steady flow Re — U[Jd
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5<Re<40 —DO@ = Symmetric vortices Up = v (p—1)gb
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40<Re<200

200<Re<200K@ Turbulent wake

200K<Re v <\ /ST Fully turbulence

[Journal of Fluid Mechanics 1991]
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COLIp]Iﬂg between ObjeCtS and Jurbulence

* One-way coupling
— Newtonian Dynamics + Kutta-Joukowski theorem

* Swimming [SCA04, TVCG11, SIGGRAPH11]

* Flying [s1GGRAPHO3, 09, SCA03]
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* Two-way coupling
— Newtonian Dynamics + NaMokes Equations
e Euler formulation and rigid bd™ s in Lagrangian

formationirocos, 0s, 06, 07, 11,5CA08, 08, |

* Fully Langrangian meshless m  od iscaos, Tvceos, sicareanis,
CGF12, SA12]

Reynolds-Averaged Navier-Stokes
[SA08, SIGGRPAHO09,10 Eurographics12]

=C==0=

Laminar flow Turbulent flow

Applied computational fluid dynamlcs,2001]
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* Other approaches

— Underwater rigid, clothirosz010, sicerapH2012]

* Basset Force
e Kirchhoff tensor

\
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Introduction

 Real-time simulation of immersed rigid

bodies
o A Lagevin Rigid approach

€ Coupling turbulence

v'  Inertial effect «—added-mass tensors
v Viscous effect
«—Langevin model + Turbulence model

 New dynamical representation
* Generalized Kirchhoff equations
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Overview

Pre-computation \

Langevin model L

_p

\

Mean flow Turbulent flow Added mass _7 s \Klrchhoff equations Immersed body dynamies
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Equations of Motion

World frame

Kinematic Equations:

R = RO,
r = Rv

W =

Body-fixed frame
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Equations of Motion
Dynamic Equations:
Newton’s Equations Kirchhoff’s Equations
M-o=F, j‘> W -4 9 % (M ) = O
J -w =1, J w4+wx (J w)+vx(Mg-v)=

< 5

Generalized Kirchhoft’s E.;g.g_%tl:c‘)_r;_s_‘ buoyancy-corrected gravity

M-v+vx (M- w)=FHF,
Jowtwx(J w)+vx (M v) =17y E—I—EFg : Viscous effect
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Equations of Motion

Buoyancy-corrected gravity

Fy=R"(m—p;V)g
I',=p/VPix R'g
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Added-mass Tensors;scerasion;

ma(vﬁ.ﬁ(ﬁ) — (w x pi +v)) —0

on . 0
i) = —_—. 1 B
o (pi) ;”pi_%”,p €

One point quadrature

s,
ff(ZJ dA~ S Flavol(T) Vo(p:) = Z aj Hp P
3B :

(Mf>_w§:zhﬁ—%ﬂ(%:&?))wmw
where
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Normal flux
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Turbulent model
_ (u = (u) +u) .
Navier-Stokes » Reynolds-Averaged Navier-Stokes
{Dm = SVP+V-(AE)(V )+ V7 (1)
Veu) =0 Turbulent viscosity

Energy transport equations

Dik =V - ((v+ E)Vk)+G—¢ 1.2
Die =V - ((v+ F)Ve) + x(C1G — Cae) g

C, =0.09
o = 1.0, 0. = 1.3, C; =1.44 and Cy = 1.92
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Turbulent model in Implementation

G=2vr ) S}
%

where o(w) d(u),
Si. — %( 5Ijz —l_ 8:53-3)

)
1 Dye = x(C1G — Cse)

- x =¢/k
Initial Conditions: . s
3 Ctkz
k(}=§U§§ €0 = ‘uz -
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Turbulent model 1in Implementation

Algorithm 1 Pseudo-code for pre-generated turbu-
lent model.

1: Boundary conditions

2: Timestep t = 0

3: while not stopped do

4: // solve the mean flow (u)

5 Convection by semi-Langrangian

6: Pressure projection by Poisson solver
7

8: // Energy transport

9: Compute turbulent viscosity vy

10: Compute strain tensor term G

11: Integrate turbulent energy &

12: Integrate dissipation rate £

13:

14: t=1t+ At

15: end while ]
16: Output: (x.2) ) D::ta File

H.Xie, K.Miyata, Langevin Rigid




-

Langevin Rigid
Generalized Langevin Equations

{du(t) = —au(t)dt + BdW
dw(t) = BdW

where

1 3
a=(5+5C0)7.  B=(Coe)

Co(Re) = 6.5(1 + 140Re™3) ™1

b=
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Langevin Rigid
Kirchhoff + Langevin Equations

v(t+ At) —v(t) = MY —v(t) x (Ml(t)) At
’ )

+(CoeAt) 2|+ F ( )At)

w(t+ At) —w(t) = Y —w(t) x (Jw(t))At
)

—u(t) x (@%;(t) At
+(C(.]51&t>§5 —|—Fg(ﬁ)Af)

Norm(0,1

—Standard Runge-Kutta Solver
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Langevin Rigid

Algorithm 2 Pseudo-code for the runtime compu-

tation.

1:
2:

8¢
9

10:
11:
12:

Precompute added mass tensors

Initialization of rigid body

Timestep t =0

while not arrive ground do
Calculate buoyancy force and torque
Query x; and &; (Algorithm 1)
Compute translational velocity v
Compute angular velocity w
Integrate (R, x)
Render data
t =14+ At

end while
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Simulation results

Falling paper
Elliptical area 4.0 X 1.0 cm
Thickness 0.01cm




Simulation results f

* Falling paper \
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Simulation results

* Flying paper-airplane




Simulation results

* Falling rubber ellipsoid in water
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[SIGGRAPH2012]

Our work
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Ground truth
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Computation costs

Rigid bodies Meshes  Timestep Average cost
Ellipsoid 1 320 1 ms 1.59 ms |
Ellipsoid 1 320 5 ms 1.63 ms |
Ellipsoid 1 320 10 ms 1.65 ms |
Ellipsoid 2 1280 5 ms 1.71 ms
Piece of paper 1024 5 ms 1.73 ms !
Paper airplane 288 5 ms 1.86 ms |
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Intel Core i7 CPU, 3.20 GHz, 12.0 GB RAM
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Conclusion

e Real-time and realistic immersed rigid
body animation

o Pre-computation of 1nertial and viscous
effects

» Translational and rotational Langevin
model

+ Dynamic equations in Kirchhoff form



Limitation and Future Woak

* Hard to capture all characteristic motions e
—>Hybrid method with data-driven approaches

Steady Tumbling  Fluttering Chaotic Helix Spiral

[TVC 2013]
e Sensitive to control
—>Toward a controllable animation

e Immersed|deformable & character animationsy-

2 J. Yang, F., A simple and efficient direct forcing immersed boundary framework for fluid-structure interacti@ps, Journal of

Computational Physics, 2012
H.Xie, K.Miyata, Langevin Rigid 26



LANGEVIN RIGID:

ANIMATING IMMERSED RIGID BODIES IN
REAL-TIME

THANK YOU!



