Physics Simulation

https://rachelcmy.github.io/

mchu@pku.edu.cn
http://vcl pku.edu.cn/index.html



https://rachelcmy.github.io/
mailto:mchu@pku.edu.cn
http://vcl.pku.edu.cn/index.html

Computer Graphics

Modeling

Simulation,
Animation

Rendering
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“The screen is a window through
which one sees a virtual world. The
challenge is to make that world look

real, act real, sound real, feel real.”
— Sutherland, 1965

From: Computer Animation Festival Trailer, SIGGRAPH 2014



Simulating a virtual world



Deul et al. CAVW2014

By changing the latents that the
low-level policy is conditioned on,

Peng et al. SIGGRAPH2022

Muller et al. SCA2020 6



Detormable Object

20 iterations, 62 ms per frame
(real-time demo)

Liu et al. SIGGRAPH Asia2013 Liu et al. SIGGRAPH2017
Anisotropic muscle fiber directions

chest back

Modi et al. CGF2020 Liu et al. SIGGRAPH2013 7



Thin Shell

Selle et al. TVCG2015

Guo et al. SIGGRAPH2018

Liu et al. SIGGRAPH Asia2013

Huamin Wang SIGGRAPH2021
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Fluid

Yy .

Qu et al. SIGGRAPH2019

Huang et al. SIGGRAPH Asia2021

Macklin et al. SIGGRAPH2013

Zhu et al. SIGGRAPH2014



Anything else...

Ni et al. SIGGRAPH2020

Sun et al. SIGGRAPH Asia2021 Chen et al. SIGGRAPH2022 10



- GAMES 103

* GAMES103, GAMES201 on Bilibili

* Physics-based Animation by David Levin | '
* Ten Minute Physics by Matthias Mdller )

20211181872 | ILmAHEEE—T44:00-6:00 | WEBINAR.GAMES-CN.ORG

- GAMES 201 -

* http://www.physicsbasedanimation.com/

* SIGGRAPH(Asia) papers, courses...

20204631 B2 | Jt5iRd a5/ —1%8:30-9:30 | WEBINAR. GAMES-CN.ORG
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https://www.bilibili.com/video/BV12Q4y1S73g
https://www.bilibili.com/video/BV1ZK411H7Hc
https://www.bilibili.com/video/BV1GB4y1u72S
https://matthias-research.github.io/pages/tenMinutePhysics/index.html
http://www.physicsbasedanimation.com/

Some Basics...



The underlying physical laws necessary for the mathematical theory of a large part of physics
and the whole of chemistry are thus completely known, and the difficulty is only that the exact
application of these laws leads to equations much too complicated to be soluble.

Paul M. Dirac, 1929

F =ma

* For a particle:

x = vgcost - t O )
1 ) Lo II:ILL‘,-‘H&IXI
y= H+vgsinf -t + B) (—g)-t _ Mathematica
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Physics Model

The underlying physical laws necessary for the mathematical theory of a large part of physics
and the whole of chemistry are thus completely known, and the difficulty is only that the exact
application of these laws leads to equations much too complicated to be soluble.

Paul M. Dirac, 1929
* For a particle:

* a=f(t), v={f(t)dt+v,. Easy to solve!

* A piece of material consists of infinite number of particles

* When analytical solutions don't exist, we look for numerical solutions

* We need discretization, calculus, differential equations, tensor analysis, field

theories...



Kinematics Dynamics App rox—
imation)

& dv,(t)  f(x,,1)

Physics —J
imulation 2\ _ =
Simulatio B = V(% t g -
Temporal + Spatial + Numerical
Discretization Discretization Solver
I
|
B, (= | [ex-F
—— Xn Ixn+1 =
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Questions:
(discretize momentum equations) based on the representation?

What is the spatial representation?

1.
via time integration (for a single time step)?

2. How to solve
3. How to perform




Your First Simulator:
Spring-Mass System



Spatial Discretization: 1. Particle System

x —— position . _
particles ntime
v — velocity \
XXX X
VIIVI|IV \%
f filf|lf f
—— force calculator mlimllm m
m|_ mass

Particle Structure Particle System



Use springs to mimic elasticity energy

For one spring:

1 2
X;j =Xj—X;,  Ej= gk(||xij|| — o)

J
Force from particle j to particle i: A
18

X..
fi; = k(||x;| - lo)m = —1j;
lj

The total force on particle i:

fi — z fij+fiext

JEN(D)



dx (t) tn
czl)t = v(Xp, 1) Xp () — Xp(th—1) = f v, (t) dt
integrate th-1
—
dv (t) f(X ,t) 1 (tn
Czi)t - n’fp Vp (tn) — p(tn—l) — E tn_lf(Xp, t) dt

19



Temporal Discretization: Explicit Euler

We don’t want integrations

X(ty) — X(tn_1) = [* v (£) dt = v(t,_1)At

tn—1

1 oty 1
v(ty) — V(tp_1) = m It f(t)dt = Ef(tn—l)At

We know this is very inaccurate...

tv(t)

v(t,_)At ]

tln]

, 4 s 4
//////
//////
s s, ,

s 7’
//////
/////
7’ 7’ s

, ’ ,
/////
, , ,

7 7 e
//////
“ ’ ’ s

j v(t)dt,/ -
tn—1]

7

At



* At eachstept,, = t,41:

* For each particle:

* Compute f(t,) = Zfl] using current particle positions: fU = k(”xl]” lo) ”X”

Xij|

* Update its position x(t,,,1) = x(t,) + v(t,,)At

 Update its velocity v(t,,;1) = v(t,,) + %f (t,)At

21



Here is the result




e Suppose At is large — energy increase!

7

Explode!

force balance:
mg = fi

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

23



How to Evaluate Discretization & Integration?

e Discretization = Truncation Errors:

f(z + h) —@ f'(z)h + fﬂ;@-#D O0(h™*Y) Truncation Error

nt" Order Approximation

* Integration - Error could Accumulate:
» Stability:
Do errors accumulate? Is there a upper bound? (Error Propagation, Energy Preservation)

» Convergence (Consistency):

If h - 0, will Error - 07?
» Accuracy and Convergence (Speed):

nt" Order Accurate with 0(h™*1) error



To Improve Stability: Implicit Euler

* Explicit Euler:

* X(th41) = x(t,) + v(t,)At
* V(tns1) = v(tn) + — ()AL

* Implicit Euler:

* X(tn+1) — X(tn) + V(tn+1)At
* V(tnr1) = V(t) + o F(Gran) At

 Later we’ll see why implicit Euler is stable

tv(t)

7 7

7
7 7

7 7 7
, , ., P
//////
. o .

At



Implicit Euler

* Target: solve equations for x,,,; and v,

* For convenience, denote h = At, X, v, f € R3™ are collections of all particles

Xn+1 = Xp T A Vi

Implicit Euler 1
Vit = Vp F A M7 £(Xp41)
Substitute v,, .1 into X, ‘
Xn+1 = Xp + hvy + b2 M7H(Xq44)
Divide f(x,,+1) into 2 parts ‘

Xn+1 = (Xn + hVn + hz M_l fext) + hz M_l fint(xn+1)
— (Xn + h(Vn+h M1 fext)) + h*M™? fint(Xn+1)

denote the first term as 'y — independent of X,,4 ¢ function of X, 4




*Xpy1 =YV T hZM_lfint(xn+1)

. 1
X1 = argming g(x), for g(x) = o Ix — yl + G0

___________________________

This is because:
IxIl§ = x"Mx
dE(x)

dx

fine(Xnt1) =

1
Vg(x) = ﬁM(x —y) —fip(x) =0

X—y—h*Mf;,(x) =0

Applicable to every system
not just a mass-spring system



*Xpy1 =YV T th_lfint(xn+1)

. 1
X1 = argming g(x), for g(x) = o Ix — yl + G0

___________________________

* Implicit Euler = energy minimization: T
X[l = X" Mx

Xji
fi; = k(||xy] - lo)—”x_f”
. . 1)
* Stable under any timestep size L e el

: dE(x) i

1 ) : fint(Xnt1) = dx :

argming -5 [x —ylyu + E(x) | i
L . i Eyj =1k(|lxii” —lp)* |

inertia elasticity | 2 |



Xn_l_l p— argmlnx g / > X

e Newton’s method: /

Funktion
Tangente

S I S S ) S S
.....

Start from a guess X4,

update with

Xr+1 = X — H(g)7'Vg

30



Numerical Solver

* Newton’s method:

Start from a guess X4,

update with

Xp41 = Argming g

Xr+1 = X —H(g)™'Vg,

until converge.

 Compute Hessian matrix H(g) € R3™*3™ at every step

» Solve Matrix equation at every step (main bottleneck)

* Line search: prevent overshoot

" dg
d

f(x)=—x=\79

/

Funktion
Tangente

Algorithm 2: Newton Solver with Backtracking Line Search

x{l) =YV,
g(x(”) = evalObjective(X(”)

fork=1,..., numlterations do
Vg(x®*)) := evalGradient(x'*))

V2g(x®) := evalHessian(x®)
oxk) .= —W2g(xF) 1V g(x*)
a:=1/8

repeat
o= Bo

x 1) = xB) - aix (k)
g(x*+1)) := evalObjective(x(k*1))
until g(x*V) < g(x¥) + ya (Vg(x®))) Tox®);

end




Numerical Solver

To solve nonlinear equation systems:

* Newton’s methods
 Quasi-Newton Methods
e BFGS...

To solve matrix equations (linear or quadratic equation systems):

* Jacobi/Gauss-Seidel Iteration
e Conjugate Gradient

* Multigrid...

No one general optimal solver for all problems



Implicit Euler Results

cloth rod

33



This is Spring-Mass System

Huamin Wang SIGGRAPH2021
GPU-Based Simulation of Cloth Wrinkles at Submillimeter Levels

34



This is Al

so Spring Mass

oi BeamNG.drive /News Community v Support v

Soft-body physics

The BeamNG physics engine is at the core of
the most detailed and authentic vehicle
simulation you’ve ever seen in a game. Every
component of a vehicle is simulated in real-time
using nodes (mass points) and beams (springs).
Crashes feel visceral, as the game uses an
incredibly accurate damage model.

Documentation

Press

e

arch
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A More physical Way

Finite Element Method ut

1 1 1
* Based on continuum mechanics: /7

X X
1) Basis functions  2) Scale by u; 3) Summation

XV

* Energy from deformation: W(F) = uF: F + %trZ(F)
* Force from stress tensor: pX =V -0 + foy

 Spatial discretization

e 1d: intervals;

e 2d: triangles, squares, ...... ;
e 3d: tetrahedra, cubes, ......

 discretization of elastic energy: (e.g. StVK, Neo-Hookean, ......)



Appendix: Linear momentum balance for continuum mechanics

d
(a volume element): [, pd—‘t’dV = ¢, fsurace dS + [, froaydV, For e.g., fooay = P8

fsurface

Traction t, (N /m?, internal
force per unit area/length )
t = on,

O: Cauchy Stress Tensor,

Ny, = ey & fyz = o, n =ny,e, +nye, +n,e,;
jg ondS = j V.-odV « i — Ny, =ey & f, =0, t = 1,0, + n,0,, + n,0,
GI9) Q n, =e, & fy, =0, = [0x Oy O;]n=on

: : d
Cauchy’s equation of motion pd—: =V-0+ 1,4

The equation of motion of an infinitesimal volume of any continuum.




Physics-Based Simulation Topics

n 124 Cloth and

?ngld Bodies ‘,‘-f.-" Hair

m

»@s Soft Bodies

vesh o o S S

(real-time)

Particle i% ‘/ /

(real-
time)

Grid WO / / 4

(contact) (contact)

(meshless)

38



Physics-Based Simulation Topics

(real-time)

Particle i% ‘/ /

(real

‘ (meshless) time;
- W S o/ v/

(contact) (contact)

Hybrid Methods

39



Much More...

* Forward:
New Phenomena
* Coupling and Interaction
* The Growth of Plants
* Animal Development
Acceleration
e Subspace-Physics
e Multigrid Solver
New Representation
* Bubble
* Monte Carlo-based Simulation
Assets Generation

* Landscape Generation

* |nverse:

* Elasticity in 3D Printing

e Artistic Control

Simulation + X (Modeling,

Rendering, Animation, )

* Underwater Swimmer Design

* Phase Change

1324 -

Ma et al.

Synthetic Silvicultu

MILOSZ MAKOWSKI, Adan
TORSTEN HADRICH, JAN !
SOREN PIRK, Google Brain

WOJTEK PALUBICKI, Adam

Geometric Design

3,

@\x

Y

>
*

(b}

open-loop

_& .l(u}
_O
_gég

closed-loop

]

Lo

A. Stomakhin et al.

Solid-Fluid Interaction

Liangwang Ruan?*, Jinyuan Lii
(* joint first authors)

Analyzing Growing Plants from 4D Point Cloud Data - 1575

e —

loss

(d)

|
-,

T (TN

D,:(S)

number of iterations

*b‘v?

3

b i . ol §
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Summary



What We've Covered Today

* The building blocks of simulator:

* spatial representation,
* (linear/nonlinear)numerical solve,

e temporal integration.

* Spring Mass System:
» explicit Euler,

* implicit Euler

* Interesting Simulation Topics



Physics-based Simulation:
Physical Laws (Elastic Potential) + Geometric Constraints (Volume Limiting, Collision and Contact Constraints)

* Force-Based Models:

* Mass-Spring System: Tension, Shearing, Bending Springs [what we learnt today!]

* FEM: Continuum Mechanics, Hyperelastic Models [ GAMES103-P7 ]

* Projective Dynamics [ Talk from Tiantian Liu }

e Fluids: SPH [ htmICG course] APIC [Games201]

* Hybrid: MPM [SIGGRAPH MPM Course] ...

* Constraints:

* Position-Base Methods: [ Ten Minute Physics ] bSol\nng 'th’é"ha}est problem

‘:’, $
in animatign

* Kinematics w.o. Constraints + Constraint Projection

*  No Dynamics!!

* Penalty-Force-Based Methods: [ Again, GAMES103-P7 ]

* Mass-Spring / FEM + Strain/Area/Volume Limiting
+ IPC [ GAMES103-P9 IPC]

43


https://www.bilibili.com/video/BV12Q4y1S73g
https://www.bilibili.com/video/BV1hM4y1L7VY/?p=5&vd_source=69468ebad779e1a70aa2d793ae97c2f0
https://www.bilibili.com/video/BV1hM4y1L7VY/?p=5&vd_source=69468ebad779e1a70aa2d793ae97c2f0
https://interactivecomputergraphics.github.io/physics-simulation/
https://www.bilibili.com/video/BV1ZK411H7Hc?p=7
https://www.math.ucla.edu/~cffjiang/research/mpmcourse/mpmcourse.pdf
https://matthias-research.github.io/pages/tenMinutePhysics/index.html
https://www.bilibili.com/video/BV12Q4y1S73g
https://www.bilibili.com/video/BV12Q4y1S73g
https://ipc-sim.github.io/

Thanks!

Questions?

mchu@pku.edu.cn

http://vcl.pku.edu.cn/index.html
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