Introduction to Computer Graphics
GAMES101, Lingqgi Yan, UC Santa Barbara

Lecture 22:

Animation (cont.)

http://www.cs.ucsb.edu/~lingqgi/teaching/games101.html



Announcements
® Final project: extended by 1 week

® Homework 7: 175 submissions in total
- Resubmission is welcomed

- May decrease its weight in your final score
® Homework 8 will be released soon today
® Course certification with my signature — %ﬁ
- Will be sent out in electronic version } Z R
after final project and resubmissions

- Sign up for “Certitication Request” (like a homework)

® | ast lecture of this course :(
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Today

Single particle simulation

® Explicit Euler method

® |nstability and improvements
Rigid body simulation
Fluid simulation

Advertisements!
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Single Particle Simulation

Velocity vector field
indicated by arrows

First study motion of a single
particle

A
® | ater, generalize to a \

multitude of particles

To start, assume motion of
particle determined by a
velocity vector field that is a
function of position and time:

U(Qj, t) Witkin and Baraff

Path traveled by
particle in velocity field
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Ordinary Differential Equation (ODE)

Computing position of particle
over time requires solving a first-

order ordinary differential 1
equation:
dx
— =1x =v(x,t
dt ( ) )
“First-order” refers to the first \
derivative being taken.
"Ordinary” means no “partial” _

derivatives, i.e. x is just a

. Witkin and Baraff
function of t
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Solving for Particle Position

We can solve the ODE, subject to a given initial particle position
Xo, by using forward numerical integration

A

Starting

posItion Xg —i-

Witkin and Baraff
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Fuler's Method

Euler's Method (a.k.a. Forward Euler, Explicit Euler)
® Simple iterative method
® Commonly used
® \ery inaccurate

® Most often goes unstable

' tot = gt - At gt

,’j’,‘t+At _ djt —I—Ati.i't
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Fuler's Method - Errors

With numerical integration, errors accumulate

Euler integration is particularly bad

Example: I

T = gt + Atwv(a, t)

=N

Solution path

Euler estimate with small time step

Euler estimate with large time step

Witkin and Baraff
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Instability of the Euler Method

/\

The Euler method (explicit / forward)

T = gt + Atwv(a, t)

Two key problems:

® |naccuracies increase as time step
At increases

® |nstability is a common, serious
problem that can cause simulation
to diverge

jjeeg pue DU
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Errors and Instability

Solving by numerical integration with finite differences
leads to two problems:

Errors

® Errors at each time step accumulate.
Accuracy decreases as simulation proceeds

® Accuracy may not be critical in graphics applications

Instability

® Errors can compound, causing the simulation to diverge even
when the underlying system does not

® |ack of stability is a fundamental problem in simulation, and
cannot be ignored

GAMES101 10 Lingqi Yan, UC Santa Barbara



Instability: A Disastrous Example
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[PLAYERUNKNOWN'’S BATTLEGROUNDS, https://www.youtube.com/watch?v=Bz8n6GBAsys]
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https://www.youtube.com/watch?v=Bz8n6GBAsys

Combating Instability



Some Methods to Combat Instability

Midpoint method / Modified Euler
® Average velocities at start and endpoint
Adaptive step size

® Compare one step and two half-steps, recursively, until
error is acceptable

Implicit methods
® Use the velocity at the next time step (hard)
Position-based / Verlet integration

® Constrain positions and velocities of particles after time
step

GAMES101 13 Lingqi Yan, UC Santa Barbara



Midpoint Methoa

Midpoint
e Com

® Com

method

oute Euler step (a)

oute derivative at midpoint of

Euler step (b)

® Update position using midpoint
derivative (c)

Tmid = x(t) + At/2 - v(xz(t), t)

r(t+ At) = z(t) + At - v(xmia, t)

GAMES101
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Witkin and Baraff
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Moditied Euler

Moditied Euler
® Average velocity at start and end of step

® Better results

AL gt A; (& + &+

dj‘H_At _ .’,t‘t + At Cbt

X

(AL)*

A =t L At 2 - 5 T
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Adaptive Step Size

Adaptive

step size

® Technique for choosing step size based
on error estimate

® \ery practical technique

® But may need very small steps!

Repeat until error is be

® Com
® Com

® Com

oute x7 an Eu

ow threshold:

er step, size T

oute x7/2 two Euler steps, size T/2

oute error || x1 — x7/2 |l

® |f (error > threshold) reduce step size
and try again

GAMES101
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Implicit Euler Method

Implicit methods
® |Informally called backward methods

® Use derivatives in the future, for the current step

wt—l—At _ fL’t _I_ At Zi:‘t—I_At
C.Ut—i_At _ a',:t _I_ At Z.Ii't+At
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Implicit Euler Method

Implicit methods
® |Informally called backward methods

® Use derivatives in the future, for the current step

A = gt At
Zi'/'t—l_At — a’;t + At ',:i,t—|—At
® Solve nonlinear problem for 2! T8 gnd pitAt

® Use root-finding algorithm, e.g. Newton’s method

® Offers much better stability
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Implicit Euler Method

How to determine / quantize “stability”?

® \We use the local truncation error (every step) /
total accumulated error (overall)

® Absolute values do not matter, but the orders w.r.t. step
® |mplicit Euler has order 1, which means that

- Local truncation error: O(h2) and

- Global truncation error: O(h) (h is the step, i.e. At)
® Understanding of O(h)

- If we halve h, we can expect the error to halve as well
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Runge-Kutta Families

A family of advanced methods for solving ODEs

® Especially good at dealing with non-linearity

® |t's order-four version is the most widely used, a.k.a. RK4

Initial condition:

dy

— = f(t,y), to) = y
- ft,y), y(to) =wo
where

kl — f(tnayn)

GAMES101

RK4 solution:

1
Yntl = Yn + Eh (kl + 2k2 + 2k3 + k4) 9
tn—|—1 — tn -+ h

h k
k3: f(tn+§7yn - h 2)7
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Position-Based / Verlet Integration

|dea:

® After modified Euler forward-step, constrain positions of
particles to prevent divergent, unstable behavior

® Use constrained positions to calculate velocity

® Both of these ideas will dissipate energy, stabilize
Pros / cons

® Fast and simple

® Not physically based, dissipates energy (error)

Details in Assignment 8
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Rigid Body Simulation

Simple case
® Similar to simulating a particle

® Just consider a bit more properties

_ X : positions
X X 0 : rotation angle
d v B W w : angular velocity
E X o F/M F : forces
W |‘// [ : torque
[ : momentum of inertia
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Fluid Simulation



A Simple Position-Based Method

Key idea

® Assuming water is composed of small rigid-body spheres
® Assuming the water cannot be compressed (i.e. const. density)

® So, as long as the density changes somewhere,
it should be “corrected” via changing the positions of particles

® You need to know the
gradient of the density
anywhere w.r.t. each
particle’s position

® Update? Just gradient
descent!

[Macklin et al.]
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Eulerian vs. Lagrangian

Two different views to simulating large collections of matters

(“BRmiE”)  LAGRANGIAN APPROACH

o” v
-
’
’
’
s

. Photographer follows the same
bird through out its course.

(“MH&3E")  EULERIAN APPROACH

The photographer is stationary and can take
picture of all the birds passing through one
frame only (say at time ‘t’).

https://www.youtube.com/watch?v=iDIzLkic1pY
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Material Point Method (MPM)

Hybrid, combining Eulerian and Lagrangian views

® | agrangian: consider particles carrying material properties
® Eulerian: use a grid to do numerical integration

® |nteraction: particles
transfer properties to
the grid, grid performs
update, then interpo-
late back to particles

©Disney

[Stomakhin et al. 2014]

GAMES101 260 Lingqgi Yan, UC Santa Barbara



Congratulations!

Rasterization

Light Transport Animation / simulation
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Advertisements



GAMES

GAMES: Graphics And Mixed Environment Symposium
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GAMES 201
Advanced Physics Engines 2020: A

Hands-on Tutorial
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Any Other Rendering Courses?

Real-Time High Quality Rendering (in seminar style)

Soft Shadows and Environment Lighting

Precomputed Radiance Transfer

nteractive Glo

mage-Based Rendering

Non-Photorealistic Rendering

pal lllumination

Real-time Ray

[Mulan by Disney]

GAMES101

[VXGI by NVIDIA]

34

racing & DLSS, etc.

2x Z0OOM

‘ acing - Epic, 1080p, RTX 206

[Siren by Unreal Engine]

DLSS OFF

L2 2xzooM

A

=

\

DLSS ON tuaury Mope)
Ray Tracing - Epic, 1080p, RTX 2060

[RTRT by NVIDIA]
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Any Other Rendering Courses?

Advanced Image Synthesis

Part 1: Ac

Part 2: Aa

vanced Light Transport

vanced Appearance Modeling

Part 3: Emerging Technology for Rendering

-oundations for rendering research!

My Rendering Equation

RT / offline Rendering

GAMES101

g

Appearance Modeling Future Display Equip. Emerging Technology

35
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Ultimate Realism
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Interested in Rendering Research?

® |t is not because of teaching that | was recognized by the
community..., but for research!

® |n rendering research, | hold the human record of 7 first-authored
SIGGRAPH?" papers during Ph.D.

"Lingqgi Yan, first of his name, the unrejected, author of seven papers, breaker of the
record, and the chicken eater." -- Born to be Legendary, by Lifan Wu, UCSD

® Join my group and
become legendary!

. _ Credit: Naruto ,
1 ACM Transaction on Graphics (ToG) Credit: Hearthstone
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Special Thanks to All of You!

(And thank Prof. Ren Ng for many of the slides!)



