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Required:

* Witkin, Particle System Dynamics, SIGGRAPH '01
course notes on Physically Based Modeling.

+ Witkin and Baraff, Differential Equation Basics,
SIGGRAPH ‘01 course notes on Physically Based
Modeling.

Optional

* Hockney and Eastwood. Computer simulation
using particles. Adam Hilger, New York, 1988.
+ Gavin Miller. “The motion dynamics of snakes

and worms.” Computer Graphics 22:169-178,
1988.
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What are particle systems? Particle in a flow field
We begin with a single particle with:
A particle system is a collection of point masses that
obeys some physical laws (e.g, gravity, heat
. . . X
convection, spring behaviors, ...). + Position, X= L/}
Particle systems can be used to simulate all sorts of
physical phenomena: | . dx |dx/dt
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) If a particle starts at some point in that flow field, how
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Particle in a flow field

We begin with a single particle with:
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Suppose the velocity is actually dictated by a driving
function, a vector flow field, g:
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If a particle starts at some point in that flow field, how
should it move?

Diff eqs and integral curves

The equation
x=9g(x,t)
is actually a first order differential equation.

We can solve for x through time by starting at an
initial point and stepping along the vector field:

This is called an initial value problem and the
solution is called an integral curve.

Euler’'s method

One simple approach is to choose a time step, At, and take
linear steps along the flow:

X(t + At) = x(£) + Ax = x(t) + At .%

~ x(t)+ At -x(t)

~ x(t)+ At - g(x(t),t)
Writing as a time iteration:

xX"=x'+At-g  with g =g, t=iAt)

This approach is called Euler’'s method and looks like:

Properties:

* Simplest numerical method
+ Bigger steps, bigger errors. Error ~ O(At?).
Need to take pretty small steps, so not very efficient. Better

(more complicated) methods exist, e.g., adaptive timesteps,
Runge-Kutta, and implicit integration. &
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Properties:

* Simplest numerical method

Particle in a force field

Now consider a particle in a force field f.

In this case, the particle has:

* Mass,m )
. . . dv d'x
¢ Acceleration, a=X=v=—=—

dat dt

The particle obeys Newton’s law:
f=ma=mx
So, given a force, we can solve for the acceleration:
X =—

m

The force field f can in general depend on the
position and velocity of the particle as well as time.

Thus, with some rearrangement, we end up with:

+ Bigger steps, bigger errors. Error ~ O(At?). _ f(x,x,t)
Need to take pretty small steps, so not very efficient. Better m
(more complicated) methods exist, e.g., adaptive timesteps,
Runge-Kutta, and implicit integration. &b

Second order equations Phase space

This equation:

= M [x Concatenate x and v to make a
m 6-vector: position in phase space.

is a second order differential equation.

Our solution method, though, worked on first order
differential equations.

We can rewrite the second order equation as:
X=V . v
X
. f(x,v,t)| or {}= f(x,v,t)
v=——" \' _
m m

where we substitute in v and its derivative to get a
pair of coupled first order equations.

X Taking the time derivative: another
v 6-vector.

X — v A vanilla 15t-order differential
v f/m| equation.




Differential equation solver

m:{nﬂ

Applying Euler’s method:

Starting with:

X(t+At) = x(t) + At - x(t)
X(t+At) = x(t) + At - X(t)

And making substitutions:

X(t +At) = x(t)+ At - v(t)

v(t+At) = v(t)+ At foxde) i) 1)
m

Writing this as an iteration, we have:

X =x+At-v

m

Again, performs poorly for large At.

Q@

Particle structure

How do we represent a particle?

+—— force accumulator

f
m |«—— mass

Single particle solver interface

getDim L [6]

X —
Vv
¢ getState X
setState v
m \
derivEval v
f/m
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Single particle solver interface

. getDim [6]
v
(| = getState {X:|
m setState — |v
f/m
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Particle systems Particle system solver interface

In general, we have a particle system consisting of n For n particles, the solver interface now looks like:
particles to be managed over time:

get/setState getDim

X, || X, X, derivEval 6n

v, || v, v,

A X, V, X, V, X, V,|

1 2 n
f, f, f,
m | m,| |m, v, — v, —*= v,
m, m, m,
& &
Particle system diff. eq. solver Particle system diff. eq. solver
We can solve the evolution of a particle system again We can solve the evolution of a particle system again
using the Euler method: using the Euler method:
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Forces

Each particle can experience a force which sends it
on its merry way.

Where do these forces come from? Some examples:

+ Constant (gravity)

+ Position/time dependent (force fields)
+ Velocity-dependent (drag)

+ N-ary (springs)

How do we compute the net force on a particle?

Q1
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Particle systems with forces

Force objects are black boxes that point to the
particles they influence and add in their
contributions.

We can now visualize the particle system with force
objects:

Fy [Fye [

x1 x2 xn
v1 v2 vn
f‘l f2 fn
m1 m2 mn

Gravity and viscous drag

The force due to gravity is simply:

f =mG

grav

p—>f += p->m * F->G

Often, we want to slow things down with viscous drag:

fdrag = _kdragv

p—>f -= F->k * p->v




Gravity and viscous drag

The force due to gravity is simply:

f =mG

grav
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Damped spring

A spring is a simple examples of an “N-ary” force.
Recall the equation for the force due to a 1D spring:

f=—k_. (x=r) r=rest length
spring
With damoing: DOOBO00
ith damping < =~ 5
f= —[ksp,,ng (x=n)+ kdampv]

In 2D or 3D, we get:
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Note: stiff spring systems can be very unstable under
Euler integration. Simple solutions include heavy
damping (may not look good), tiny time steps (slow),

or better integration (Runge-Kutta is straightforward). &

derivEval

1. Clearforces

Loop over particles, zero force
accumulators

2. Calculate forces
Sum all forces into accumulators
3. Return derivatives
Loop over particles, return v and f/m

X X, X, | Clear force
v, v, v, accumulators
[f=0]f=0] [f=0]
L rn1 Jb m2 i L mn i
‘F1 |F2‘F3 °ee an|
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Apply forces |Z|
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m1 mZ mn
At s v1 VZ vn
f | f f, |E| Return derivatives
m, || m, m to solver

Bouncing off the walls

Handling collisions is a useful add-on for a particle
simulator.

For now, we'll just consider simple point-plane
collisions.

A plane is fully specified by any point P on the plane
and its normal N.
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Collision Detection

How do you decide when you've made exact
contact with the plane?

Collision Detection

How do you decide when you've made exact
contact with the plane?

Collision Detection

How do you decide when you've made exact
contact with the plane?

Normal and tangential velocity

To compute the collision response, we need to

consider the normal and tangential components of a
particle’s velocity.




Normal and tangential velocity

To compute the collision response, we need to
consider the normal and tangential components of a
particle’s velocity.
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v, =(N-v)N
V,=V-V,

Collision Response
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before after

The response to collision is then to immediately
replace the current velocity with a new velocity:
r _
v = vT - krestiturionvN
The particle will then move according to this
velocity in the next timestep.

Collision without contact

In general, we don’t sample moments in time when
particles are in exact contact with the surface.

There are a variety of ways to deal with this problem.

The most expensive is backtracking: determine if a
collision must have occurred, and then roll back the
simulation to the moment of contact.

A simple alternative is to determine if a collision must
have occurred in the past, and then pretend that
you're currently in exact contact.

Very simple collision response

How do you decide when you've had a collision
during a timestep?

(x-P)-'N<O

A problem with this approach is that particles will
disappear under the surface. We can reduce this
problem by essentially offsetting the surface:

Also, the response may not be enough to bring a
particle to the other side of a wall In that case,
detection should include a velocity check:
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Very simple collision response

How do you decide when you've had a collision
during a timestep?
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A problem with this approach is that particles will
disappear under the surface. We can reduce this
problem by essentially offsetting the surface:
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Also, the response may not be enough to bring a
particle to the other side of a wall In that case,
detection should include a velocity check:
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More complicated collision response

Another solution is to modify the update scheme to:
+ detect the future time and point of collision

+ reflect the particle within the time-step

XX N

Particle frame of reference

Let’s say we had our robot arm example and we
wanted to launch particles from its tip.

How would we go about starting the particles from
the right place?

First, we have to look at the coordinate systems in
the OpenGL pipeline...




The OpenGL geometry pipeline
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Projection and modelview matrices

Any piece of geometry will get transformed by a
sequence of matrices before drawing:

p= Mproject M,iew Mmodel P

The first matrix is OpenGL’'s GL_PROJECTION matrix.

The second two matrices, taken as a product, are
maintained on OpenGL’s GL_MODELVIEW stack:

M M M

modelview = Mview Vimodel




Robot arm code, revisited

Recall that the code for the robot arm looked
something like:

All of the GL calls here modify the modelview matrix.

glRotatef ( theta, 0.0, 1.0, 0.0 );

base (hl) ;

glTranslatef( 0.0, hl, 0.0 );
glRotatef ( phi, 0.0, 0.0, 1.0 );
upper_arm(h2) ;

glTranslatef( 0.0, h2, 0.0 );
glRotatef ( psi, 0.0, 0.0, 1.0 );

lower_arm(h3);

Note that even before these calls are made, the
modelview matrix has been modified by the viewing

transformation, M

view*

Q5

Computing the particle launch point

To find the world coordinate position of the end of the
robot arm, you need to follow a series of steps:

1. Figure out what M, is before drawing your model.

Mat4f matCam = glGetModelViewMatrix();

2. Draw your model and add one more transformation
to the tip of the robot arm.

glTranslatef( 0.0, h3, 0.0 );

=M; M

3. ComPUte Mmodel view" " "modelview
Mat4f particleXform = getWorldXform(matCam) ;

4.Transform a point at the origin by the resulting
matrix.

Vec3f particleOrigin = particleXform * Vec3£f(0,0,0);

Now you're ready to launch a particle from that last
computed point!

Summary

What you should take away from this lecture:

*

The meanings of all the boldfaced terms

Euler method for solving differential equations
Combining particles into a particle system
Physics of a particle system

Various forces acting on a particle

Simple collision detection

How to hook your particle system into the
coordinate frame of your model

Q7





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


