
SIGGRAPH Course: Real-time Physics

Multi-Sensory Physics 
and User Interaction

Doug L. James



Acknowledgements

• Jernej Barbic
• Christopher Twigg
• Dinesh Pai



Multi-Sensory Simulation

Graphics Haptics Acoustics

New algorithms (scalable, real-time, multi-rate, …) 



Offline vs Real-Time Physics

Offline physics
– Given an approximation of some accuracy, 

compute its solution as fast as possible 

Real-time physics
– Given a fixed time budget,                           

compute a solution as accurately as possible
– Rates often dictated by human sensory system

Different algorithm design issues
– Precomputation useful for real-time physics
– “Drag race” analogy



Haptics Preview

[Barbic & James 2007]



Class Overview

1. Reduced-order deformable models
2. Haptic force-feedback rendering
3. Sound synthesis
4. Interactive motion design

• Many-Worlds Browsing



Big Picture

Precomputation Runtime

Multi-sensory 
Feedback

SynthesisOutput-sensitive 
Processing and 
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Parameterize





Reduced-order 
Deformable Models
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Warm-up: Modal Deformations

where



Geometric View of 
Subspace Deformations

r-dimensional subspace

Uq

“reduced coordinates”



Dimensional Model Reduction

• Systematic reduction in model DoFs
– Projection onto lower-dimensional basis

• Classical example:  
– Linear modal analysis (see texts by Shabana)

– U are generalized eigenvectors of M and K: 

eigenvalue eigenvector



Linear Vibration Modes



Identity
Substitute
Project

Dimensional Model Reduction



Reduced 
Equations of 
Motion

Substitute
Project

[Krysl, Lall, Marsden 2001]

Identity

Dimensional Model Reduction



Reduced Internal Forces

slow in general [Krysl, Lall,
Marsden 2001]



Reduced Internal Forces:
Linear Modal Analysis

Linear force terms.

r decoupled oscillators!

Time-stepping is fast
using IIR filters
[James and Pai 2002;
van den Doel and Pai]



Background (solid mechanics):
Internal Forces

internal forces per
area

change in length vs.
original length

strain stressmesh
deformation

nonlinear nonlinear



strain stressmesh
deformation

nonlinear linear

“geometric nonlinearity” “material linearity”
• handles large deformations • approximation for speed

Def’n: St.Venant-Kirchhoff Model



Reduced Internal Forces:
St.-Venant Kirchhoff (StVK)

r cubic polynomials 
in components of q

O(r 4) complexity
[Barbic and James 2005]

for
StVK
only



Large deformation basis?

Linear Modes
k=4 shown

• Linear modes for small deformation only

• Large deformations don’t work
– (although see Modal Warping [Choi and Ko 2005])



Improving the basis:
Add Modal Derivatives

Linear Modes
k=4 shown

Modal 
Derivatives
k(k+1)/2 vectors

[Idelsohn and 
Cardona 1985]



Modal derivatives are 
nonlinear corrections
to linear modes

The “twist” linear mode
and artifacts for large 
deformations

Modal derivative cancels
volume growth



Runtime simulation:
Modal Derivatives, r=2

Basis



Precomputing Modal 
Derivatives
• Solutions to sparse
linear systems of
3n equations

• 30 minutes total for models 
with 14000 elements (k=20)

[Idelsohn and 
Cardona 1985]



Constructing the Motion Basis

Mass-scaled 
PCA

Basis of motion

Scale by frequency pair

Scale by frequency

Why PCA?
• Redundancy
• Smaller r faster



Deformable Spoon (modal derivatives)
r =12; 30 μsec; speedup ≥ 130,000x

Speedup estimate is conservative (all examples):
unreduced linear system solve time not included in timings



Bridge 
r=15; 65 μsec; speedup ≥ 200,000x



Reduced Internal Forces:
St.-Venant Kirchhoff (StVK)

r cubic polynomials 
in components of q

O(r 4) complexity
[Barbic and James 2005]

for
StVK
only



Cubature Optimization
[An et al. 2008]  (to appear at SIGGRAPH Asia 2008)

CURRENT WORK

O(r4)

O(r2)



Graphical Rendering



• Geometry deformed & lit by shaders
• Vertex displacement  [James and Pai 2002]

• Vertex normals  [Rivers and James 2007]

• Deformable PRT

Hardware Rendering using q



Hardware Rendering:
DyRT [James and Pai 2002]





Collision Processing



Bounded 
Deformation 
Trees
Doug L. James
Dinesh K. Pai



Bounding Spheres



Bounding Sphere Hierarchy



Simulator

Hierarchical Updates

...

q

Collision Detector

. . .



c

R

c’(q)

R’(q)

q

Bounded Deformations



• BD-Tree Approach: 
Center tracks average displacement

Center Formula,  c′(q)

Undeformed

Precomputed 

From simulation



Radius Formula,  R′(q)

• BD-Tree Approach:
Increase radius by approximation of 
largest relative vertex movement



Radius Formula,  R′(q)

+ ΔR2 |q2|
R' = R + ΔR1 |q1|

R' = R + ΔR • |q|
Undeformed

Precomputed 

From simulation

R



Output-sensitive evaluation





C:\Documents and 
Settings\djames\Desktop\videos\niagara2
_1p1min_gam15_divx.avi





Altogether now…



Multibody Dynamics



Multibody Dynamics



Reduced Frictional Contact
[Kaufman et al. 2008]  (to appear at SIGGRAPH Asia 2008)

CURRENT WORK





Class Overview

1. Reduced-order deformable models
2. Haptic force-feedback rendering
3. Sound synthesis
4. Interactive motion design

• Many-Worlds Browsing



Haptic Rendering



Bottlenecks:  Close proximity 
and conforming contact

Output-sensitive 
Processing and 
Communication

Synthesis



Time-critical multi-point 
deformable contact
… with Jernej Barbič (CMU�MIT)



Boeing Application: 
Interactive Assembly Planning

Haptics





Multi-point penalty contact



Pointshell Points



Pointshell BD-Tree



Graceful Degradation

• Exploit temporal coherence!



Graceful
Degradation



Rigid—vs—Rigid 



Deformable—vs—Rigid



Deformable—vs—Deformable



Deformed 
Distance 

Fields

precomputed
rest distance field

isocontours

deformed
distance field
isocontours

rest pose deformed pose

Red = exact (offline)
Blue = approximate

(haptic rates)







Class Overview

1. Reduced-order deformable models
2. Haptic force-feedback rendering
3. Sound synthesis
4. Interactive motion design

• Many-Worlds Browsing



Physically Based
Sound Rendering



[James & Pai 2004][Enright et al. 2001] [O’Brien & Hodgins 1999]

Sound: A grand challenge
for computer animation



Precomputed Acoustic Transfer
(with Jernej Barbic and Dinesh Pai)

• Real-time sound radiation
– FEM-based modal vibrations
– Precompute acoustic transfer

• Equivalent multipole source 
approximations

• Output-sensitive sound synthesis



Modal Analysis (FEM)



Modal Sound Synthesis



Acoustic Transfer Functions

Bronze Dragon (20 cm)



MODE 40





Precomputed Acoustic Transfer



How many dipoles?

Evaluation cost ≈ 0.3 μsec/dipole



BEM vs PAT



Example: Bell



Try the demo!

C:\Documents and Settings\djames\Desktop\pat-demo-v1.3



Fast Modal Sounds with Scalable 
Frequency-Domain Synthesis
[Bonneel et al. 2008]  (SIGGRAPH 2008)

CURRENT WORK





Class Overview

1. Reduced-order deformable models
2. Haptic force-feedback rendering
3. Sound synthesis
4. Interactive motion design

• Many-Worlds Browsing



Many-Worlds Browsing
Controlling physics via 
interactive search



Christopher Twigg

Many-Worlds Browsing
is Chris’s Ph.D. thesis work



Rigid Body Simulation is Fast

Havok/NVIDIA Demo



Control!

Pixar







Many-Worlds Browsing



Browse What?!?   



Sampling Possible Worlds

• Data-driven approach
• Sample “many 

worlds”
• Parallel computation
• Compress motion 

data for transmission, 
storage, and 
browsing





Parallel Simulation



Compression

Articulated

Free-flight



Browsing simulations

Constraints

Ranking



Browsing simulations

Constraints

Ranking



Constraints



Constraints

Positive Negative



Constraints

Spatial queries accelerated using fast OBB-Tree---frustum 
tests [Assarsson and Moller 2000]



Ranking Metrics



Parallel Refinement



Refinement



Teaser

• C:\Documents and 
Settings\djames\Desktop\07 
PAPERS\ManyWorldsBrowsing_caf200
7_divx.avi





Backward Steps for Rigid Bodies

with Chris Twigg

CURRENT WORK





Yarn-level Simulation of Knitted Cloth
with Jonathan Kaldor and Steve Marschner

CURRENT WORK



Yarn-level Simulation of Knitted Cloth
with Jonathan Kaldor and Steve Marschner

CURRENT WORK
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Thanks!



Untitled  di Doris Salcedo. L'artista colombiana espone al Castello di Rivoli

Questions?
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