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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
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Reduced-order deformable models
Haptic force-feedback rendering
Sound synthesis

Interactive motion design
Many-Worlds Browsing
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Reduced-order
Deformable Models
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Warm-up: Modal Deformations




Geometric View of
Subspace Deformations

78 r-dimensional subspace
T
g=U"uelk

“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:
2
Kuy,, = w;, Mu,,

, eigenvector
eigenvalue




Linear Vibration Modes



Dimensional Model Reduction
Mii+R(u) = f
Substitute # = Ugq
Identity Project U

U'MUG + UTR(Uq) = UTf




Dimensional Model Reduction
Mii+R(u) = f
Substitute # = Ugq
Identity Project U

U'MUG + UTR(Uq) = UTf

Reduced

Q(t) +R(Q(f)) — f(z‘) Equations of

Motion

[Krysl, Lall, Marsden 2001]



Reduced Internal Forces

slow in general [Krysl, Lall,
e Marsden 2001]

R(g) = U'R(Uq)



Reduced Internal Forces:
Linear Modal Analysis

R(g) = U'R(Uq)

W % q1
2 Linear force terms.
Wo g2 %

— r decoupled oscillators!
Time-stepping is fast
using IIR filters

2 James and Pai 2002;
Ld,r. Q?“ [

van den Doel and Pal]




Background (solid mechanics):
Internal Forces

nonlinear nonlinear
> | strain > | stress

mesh
deformation

change in length vs.  internal forces per
original length area



Def’n: St.Venant-Kirchhoff Model

nonlinear linear
deformation
“geometric nonlinearity” “material linearity”
* handles large deformations + approximation for speed



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

R(g) = U'R(Uq)

4

for
StVK
only

[ pi(g)
P,(q)

\2,(q),

r cubic polynomials
in components of g

O(r?) complexity
[Barbic and James 20095]




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

W - P \ .
gl .. 9 Linear Modes

k=4 shown

Modal

Derivatives
} k(k+1)/2 vectors

[Idelsohn and
Cardona 19895]




Modal derivatives are
nonlinear corrections
to linear modes

The “twist” linear mode Modal derivative cancels
and artifacts for large volume growth

deformations




Runtime simulation: Basis— ==
Modal Derivatives, r=2
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Precomputing Modal ;50"
Derivatives
» Solutions to sparse

linear systems of
3n equations

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




Constructing the Motion Basis

Scale by frequency

S

Scale by frequency pair

e

ngdzgﬁa?ncy Mass-scaled
« Smaller r - faster P?A

Basis of motion U




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

Vertices: 3321
Triangles: 6638

Speedup estimate is conservative (all examples):

unreduced linear system solve time not included in timings
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Bridge
r=19; 65 usec; speedup > 200,000x

Vertices: 41361
Triangles: 59630




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

S 1
R(g) = U" R(Uq)
[ pi(g)
P»(q)
: r cubic polynomials
in components of g

for

StVK \2.(q)
only




CURRENT WORK

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

f(q) = —VqE(q)

:/ o(X :q) dQx
Q

n
~ Y wi g(Xi;q)
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Graphical Rendering
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» Geometry deformed & lit by shaders fv@/

e Vertex dlsplacement [James and Pai 2002} 4
\,J

u; = Uim gm 1

s e

* Vertex normals [Rivers and James 20071 "’/

S; = S; + Z Sim qm
m=1

Hardware Rendering using Q

n;, =s; Xt .
\ti:Ei+ZTiQO

m=1

« Deformable PRT




Hardware Rendering:
DyRT [James and Pai 2002]
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Collision Processing



10NN

Bounded
Deformat
Trees

Doug L. James

Dinesh K. Pai



ing Spheres

Bound




Bounding Sphere Hierarchy




Hierarchical Updates
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Simulator ‘ Collision Detector







Center Formula, c'(q)

 BD-Tree Approach:
Center tracks average displacement




Radius Formula, R'(q)

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




Radius Formula, R'(q)




Output-sensitive evaluation
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C:\Documents and
Settings\djames\Desktop\videos\niagara?
Tp1min gam15 divx.avi







Altogether now...
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Multibody Dynam



Multibody Dynamics



CURRENT WORK

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

Reduced-order deformable models
Haptic force-feedback rendering
Sound synthesis

Interactive motion design
Many-Worlds Browsing

~ b=




Haptic Rendering




Bottlenecks: Close proximity
and conforming contact

Output-sensitive
Processing and
Communication



Time-critical multi-point
deformable contact

... with Jernej Barbic (CMULIMIT)



Boeing Application:
Interactive Assembly Planning




CAD geometry and

Four-lavel hierarchical
pointshell

81920 points
15-dim deformation basis

rigid green
mechanical
component

Distance field
128x128x128



Multi-point penalty contact




Pointshell Points




Pointshell BD-Tree




Graceful Degradation

091441; wgis_l 1612 13 15 13152 1u1 ?811

ddle).

* Exploit temporal coherence!




Graceful
Degradation

Haptic frame computation time [microseconds, log scale]
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Rigid—vs—Rigid

Rigid knight and rigid axe
Slg-laual hierarchical Distance field
pointshell 256x256x256

1,024,000 points



Deformable—vs—RIigid

Deformable bridge and rigid dinosaur

Four-level hierarchical Distance field
pointshell 128x128x128
85018 points

15-dim deformation basis



Deformable—vs—Deformable

4



Deformed
Distance
Fields

rest pose deformed pese

= exact (offline)
= approximate
(haptic rates)

’/ Ty
\

precomputed deformed
rest distance field distance field
Isocontours Isocontours




Deformable CAD and deformable hose

eomet
g Y Deformable distance field

Five-level hierarchical 256x256x256
pointshell

256,000 points
20-dim deformation basis

1 domain, 20 proxies total
20-dim deformation basis
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Physically Based
Sound Rendering



Sound: A grand challenge
for computer animation

e e e
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I - :

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




Precomputed Acoustic Transfer

(with Jernej Barbic and Dinesh Pai)

» Real-time sound radiation 1
— FEM-based modal vibrations | . £ 1
— Precompute acoustic transfer E .,
- Equivalent multipole source f._ ,‘;

approximations
* Qutput-sensitive sound synthesis




Modal Analysis (FEM)



Modal Sound Synthesis




Acoustic Transfer Functions

- Gy
- “w7/ \: =
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Precomputed Acoustic Transfer

GEOMETRY VIBRATION BEM OFFSET SURFACE EQUIVALENT |
+BC MODES + FREQS SOLUTION PRESSURE SOURCES |




How many dipoles?

e 5% Error : 5 o 5% Error
E AEm s W = 20% Error

o o R TR TR TTTrrrs _m

‘ 60
MODE INDEX MODE INDE X

Evaluation cost = 0.3 isec/dipole




BEM vs PAT

Dragon : absolute pressure, 640x480 grid, 307200 samples, mode 30

BEM: computation time: 8h 30min




Example: Bell

Bell

PAT renderer




Try the demo!

@ Precomputed Acoustic Transfer: Output-sensitive, accurate sound generation for geometrically complex vib. .. E
File Edit Wiew Go Bookmarks Tooks  Help

Afgraphics.cs.crmu.edu/projects fpat/

Precomputed Acoustic Transfer: Output-sensitive,
accurate sound generation for geometrically

complex vibration sources

click to play
People -
Carnegie Mellon University _ , i
. ™ 4 N
Carnegie Mellon University B -~ !
Rutgers University and University of Brifish {
Cohmmbia

Abstract ﬁ. i "! 1 _

Simulating sounds produced by realistic vibrating
objects is challenging because sound radiation
involves complex diffraction and interreflection effects that are very perceptible and important.
These wave phenomena are well understood, but have been largely ignored in computer graphics

I*‘.ll.‘.'llii
Cang

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




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

Sparse Frequency-domain

Time-domain Modal Synthesis
Y Modal Synthesis

+11.6 msec +4-11.6 msecr411.6 msec — 11.6 msec —»4¢11.6 msec—r411.6 msec =

Amplitude
Amplitude

1024 samples 1024 samples 1024 samples

fime +

1024 samples 1024 samples 1024 samples
5 bins 5 bins 5 bins
-
L]

1024 samples 1024 samples 1024 samples - -
5 bins 5 bins 5 bins

Cost per frame ~M x 1024 Cost per frame ~M x 3

\ iFFT (once per frame for ALL sounds)

time

8
S
s
£
<<

1024 samples 1024 samples 1024 samples

Output Sound
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Many-Worlds Browsing

Controlling physics via
Interactive search



Many-Worlds Browsing for Control of Multibody Dynamics

= Twi

Abstract

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

@ SIGGRAPH2007




Rigid Body Simulation is Fast

Havok/NVIDIA Demo



Control!







Google

Google Search | I'm Feeling Lucky |

Advanced Search
Freferences
Language Taoaols

Advertising Programs - Business solutions - About Google

@2007 Google




Many-Worlds Browsing

00:00:3€

HPAR -GIS



Browse What?!?



Sampling Possible Worlds

Data-driven approach

Sample “many
worlds”

Parallel computation

Compress motion
data for transmission,
storage, and
browsing






Parallel Simulation




Compression
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Browsing simulations

[ Web Images Groups News Froogle Local Schol
C'O{" )g C computer graphics Search

Web Results 1 - 10 of about 416,000,000 for COmauter|

Computer Graphics Sponsored Links ConStI’aI ntS

www.Dell.com  Up to 20% Off Select Electronics & Accessories from
Dell Home Now!

Motion Graphics College

www.Expression.edu  Learn Motion Graphics And More! Apply Now for
More Information.

Book results for computer graphics
8 Computer Graphics - by James D Foley - 1200 pages

Non-Photorealistic Computer Graphics - by Thomas Strothotte,
Stefan Schlechtweg - 496 pages

Image Processing for Computer ... - by Jonas Gomes, Luiz Velho -
352 pages

Computer Graphics World - graphics, 3d modeling, cad Ran k| ng
and visual ...

Magazine explores 3D modeling, animation, visualization, ®endering,

simulation,

cad, Maya, and other techniques for those who create digital content for ...

cgw.pennnet.com/- 49k - Mar 5, 2006 - -

Computer Graphics

- i =




Browsing simulations

Constraints
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Angular energy
F.unning time

Ranking

Soore: 95 36366
Fank: 1




Constraints

T
"vﬂ.{t-ﬁm

Ay
R

s P ARE RS
i s ] R -'.\‘f‘&{f*%:,%}

A RAR

o=

% e

. R L '%'-. ik L
45 Lt .I ] T TEe i - _... "\;l:-‘\':'- ?,_:i:‘“-'e
.rl‘l I-‘ . .-




Constraints
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Constraints

Spatial queries accelerated using fast OBB-Tree---frustum

tests [Assarsson and Moller 2000]
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Ranking Metrics




Parallel Refinement




Refinement

Bl Many-Worlds Simul:

File Edit Camera Render Simulate Sound  Win




Teaser

» C:\Documents and
Settings\djames\Desktop\07/

PAPERS\ManyWorldsBrowsing caf200
[/ _divx.avi




File Edit WView History Bookmarks Tools Help

aphics.cs.cmu.edu

To spur futurer

others to experiment with. The

this page; source code will shortly be appearingin a
SourceForge project. Tips for gett arted with the

¢ The demo (.zp file, 11ME)

s Visual C++ 2005 SP1redistributable package: you
will need this if you don't have it already. Note that this
1s not compatible with the pre-5P1 redistributable
package.

* Getting started with the MWB demo

Note that this is a pretty sizeable block of research code, so it definitely has bugs in it. Ple:

send me email if you

Cornell University

izvalid XHTML 1.0 Transitional and CSS.

Done




CURRENT WORK

Backward Steps for Rigid Bodies

with Chris Twigg






CURRENT WORK

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




CURRENT WORK

Yarn-level Simulation of Knitted Cloth

with Jonathan Kaldor and Steve Marschner




Acknowledgements

* Funding and support:
— National Science Foundation (CAREER, EMT)
— Alfred P. Sloan Foundation
— NIH
— Pixar
— The Boeing Company
— NVIDIA (hardware, graduate fellowship)
— Intel
— Autodesk
— The Link Foundation






Questions?

i
- |'f
7 j iy

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





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


