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Spring Mass implementations on
the GPU
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Spring Mass, screenshots
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Spring Mass based models

Discrete model
Particles (mass, velocity)

Springs (energy between
particles)

We seek the position of all

particle at a timestep given
External forces

Gravity
Interaction
Internal forces
Spring connections
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Springs
Connect particles in ||| —e-

a structure
Add forces to

part|C|eS \\\\*\._/\/\/\/_.——”'/// Compressec

Linear relationship
between forces and
the difference bewteen
rest length and actual
length of the spring.

Stretched
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Dynamic particles

Particle (mass)

Moves according to
Newton's 2. law

Ml = —Y; T + Z i+ I
h]

f=ma

Numerical Integration
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Numerical Integration

Explicit Euler Integration

. r(t+A) = x(t)+A-hi(x)
Taylor series of order 1
Y = ®m{(t) 4+ B HE)
t+A) = w(t)+A-(f/m)

Divide into two first order
differential equations
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Other methods of numerical

Integration

r(t+h) = =z(t)+#(t)h+ %.c~':23'[t;a‘?9+%.r“'g:'[rjuhg+r)[a‘14}
Verlet w{t—h) = .J-r_r)_.;~[.*;.n+%.-Hﬂﬁ[s].hf* —éx'iﬁi'{_r}:ﬁ+¢'::[h4)
stabil
Depends on previous w(t 4+ h) = 20(t) — o(t — k) + F()RE2 + O(h*)
position

f
X = —
m

Runga Kutta

Reproduces more terms in
the taylor series

More calculation



Spring Mass on the GPU
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Position texture

Particle positions (X,y,z)
Encoded in (r,g,b) of a pixel
32 bit precision

Integration depends on two previous positions

Three PBuffers (position textures)

Bind the previous two positions textures as input to the
integration fp

Write to the third position texture

Cycle the references for the PBuffers
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Explicit or implicit connections

Differs in the way neighbor positions are
retrieved and defined

Explicit connectivity
Arbitrary spring connections
Implements pointers from particles to particles

Implicit connectivity
Fixed grid based connections
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Scatter to gather

A CPU optimization
Notice that: g; = -g;
Calculate spring forces once, scatter to particles.
But, we have no native scatter on the GPU !

Our choice
Calculate both g;and -g;

Alternatives
Save the results of a single spring forces calculation

For all particles indicate the sign for all texture lookups for
neighbor particles



Explicit connections

A static Connectivity texture
r,g: texture coordinat of neighbor
b: rest length of the current spring

2: lookup tex-coords
: 1: lookup neighbors
——oO

h{ }h

Connectivity Texture Position Texture
%{._J ——
maxConnections w
— v

—~
w-maxConnections



Explicit connections: fp

Loop through all neighbors
Start texture coordinat via vertex attributes
End texture coordinat as constant+start

2: lookup tex-coords
: 1: lookup neighbors
——oO

Connectivity Texture Position Texture

%{._J ——
maxConnections w

— _
—~—

w-maxConnections




Explicit connections

Positive
Generality of connections

Negative
Dependent texture lookup



Implicit Connections

Give texture-coordinates for neighbors
directly as interpolated vertex attributes

fixed pattern of connectivity for all particles

2D cloth

Map directly to the 2d texture (as in the water
example)
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Implicit Connections

3D shape

3d grid connectivity, 18 neighbors (out of the 26 in
cube)




Implicit Connections, flat-3d

How do we map a regular 3d grid to a 2d
texture ?




Implicit Connections, Neighbors

Map neighbor offset to the 7 e
flat-3d texture - e

a) backwards @

b) left —— i E




"
Carving out the shape of a heart

We have a large grid of particles

Approximate some other shape
Alpha channel indicates if the pixel is used
Do not include forces from excluded particles

Excluding fragment computation for unused
pixels
Use early stencil-test Kill



Visualizing the particle positions

Use render-to-vertex

Possibly a large amount of non-used pixels
transfered in the implicit connectivity

Vertex texture fetch

Only transfers those particles that are to be
visualized (ie. the surface)
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Deforming a surface using
vertex texture fetches

Triangulated surface

Vertex attribute
texCoord of the associated particle

Static mesh
Display List /VBO cached on the GPU



Shading of the surface 1

On the GPU we have no connectivity
Information of the surface geometry.

Deformation  changes in shading



Shading of the surface 2

As a minimum we need a normal for
shading

ApprOXimate with n; =normalize X = Xj

|

j Hxi " X H




Interaction: Grabbing

Control some of the particle positions
Mouse/stylus input on the CPU
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Interaction: Grabbing

When grabbed

Read-back all positions

Setup additional rendering to the active
PBuffer
Render positions directly into the PBuffer
Overwriting calculated positions



Interaction: Cutting

Generally
Create/erase springs and particles

Implicit connectivity

Smallest incision possible
Removal of one particle
Cut is as wide as two springs
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Interaction: Cutting in implicit

Improving the granularity
Removing single springs
Assign neighbor texcoords to individual fragments
Missing neighbor  texcoord into alpha=0

Implicit cutting

Percentage of particles in cut




Results

GPU/CPU comparison
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Raytracing on the GPU

Based on SIGGRAPH 2004 GPGPU COURSE and Visualization 2004
Course

Based on the Slides by Carr
Based on slides by Purcell



Cornell Box — Ray Traced Shadows




Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course
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Ray Tracing

Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course



Motivation

Shadows, reflections, refractions, caustics,
color bleeding etc.



Implementation Options

GPU as a ray-triangle intersection engine
Carr et al.: The Ray Engine
Rays and geometry streamed to GPU
Intersection calculation results read back
Acceleration structure traversal done on host CPU

GPU as a ray tracing engine
Purcell et al.: Ray Tracing on Programmable Graphics Hardware
Scene geometry and acceleration structure stored on GPU

GPU performs ray generation, acceleration structure traversal,
Intersection, and shading

Host provides camera info

Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course
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The Ray Engine
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The Ray Engine

Let the CPU do what it does best
Complex Branching
Sorting (traversal, batching of coherent items)
Synchronous execution paths

Let the GPU do what it does best
SIMD computation (intersection, shading)
Parallel execution paths

Keep Both the GPU and CPU busy
Avoid one stalling the other

Slides by Carr et. al. / Graphics Hardware 2002



The Programmable Shading
Crossbhar

Ray Intersection
as a Crossbar

Programmable
Pixel Shading as a
Crossbar

Slides by Carr et. al. / Graphics Hardware 2002



Ray Engine Core

Performs all pairs (N x M) ray-triangle
Intersections
N rays to be queried M triangles to be queried

§ 8

RAY ENGINE CORE| hitRecords<—gpuRayEngine(rays,triangles);

N hit results
*Which triangle hit first (if any)

*Hit location ( barycentric coords )
Slides by Carr et. al. / Graphics Hardware 2002



Store rays and triangles

Fever values to denote a ray than a triangle

Rays
Texture

Triangles
Vertex attributes
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Ray Engine Core ’

@)
® . O GEOMETRY )
0,1 11 normal
TEXTURES g

ICD (color)
Qo 1,0 J

Ray Origins  Ray Dlrectlons

Distance Along Ray
that Triangle was hit

Hit Location
Triangle ID

Frame Buffer Z-Buffer
Slides by Carr et. al. / Graphics Hardware 2002



The Role of the CPU

More suited for organizing the casting of
rays and managing the results

Work in parallel with the GPU
NV_FENCE

The readback Is synchronous !



What's the Pay-Off

Same computation can be done on the
CPU:

hitRecords«—cpuRayEngine(rays,triangles);

For what number or rays R and number of triangles T will:

TIim e(hitRecords<—gpuRayEngine(rays,triangles))

TIm e(hitRecordS<—cpu RayEngine(rays,triangles))

Slides by Carr et. al. / Graphics Hardware 2002



Finding Rand T

Answer: depends on the scene, speed of
GPU, and speed of CPU.

Solution:

Use GPU processing only when we can collect N rays
that need to be intersected with M triangles. For
some N and M, where is is faster to do GPU
processing.

Use CPU processing in all other case
Find ideal N and M experimentally.

Slides by Carr et. al. / Graphics Hardware 2002



Octree Granularity

Example Choose T = 10, R=2 Define Super Cells
That contain
5 412 ~ T triangles
0|3
2 If ray misses super cell during
‘5' 3 traversal, do CPU processing.
—
If ray hits super cell during
210 traversal, queue ray up on super
— 1 2 block list.
S) If super cell list reaches our
target N rays, then:
4 4
— process rays on GPU.

Slides by Carr et. al. / Graphics Hardware 2002



CPU/GPU parallelism

Both the CPU and GPU can be performing
triangle intersection tests at the same time.

Note: A similar model may be taken to handle
shading, where the GPU and CPU work
together, but at different levels of granularity.



Results of the Ray Engine

System Rays/sec. Speedup
CPU only 135,812

CPU & GPU 165,098 22%
Asynch.Readback | 183,273 34%

Inf. Fast GPU 234,102 13%

Slides by Carr et. al. / Graphics Hardware 2002




Conclusions of the Ray Engine

The GPU can be used to as a “co-processor” to
accelerate ray-casting and visibility queries. 8%
- 52 % speedup.

Performance improvements can be achieved by

Interleaving and overlapping CPU and GPU
computation.

Asymmetric AGP bus transfer speeds greatly
Inhibit the ability of the GPU and CPU to work In
cooperation.

Slides by Carr et. al. / Graphics Hardware 2002



Raytracing on the GPU



Raytracing on the GPU

Map complete raytracer to the GPU
Stream processing model

Show the GPU as an alternative to the CPU
Static scenes

Triangle primitives
Uniform grid acceleration structure

Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course



Techniques Used

Data structure navigation
Texture memory stores data structures
Dependent texture fetches walk through data

Flow control
Kernel binding based on occlusion query results

Efficient selective execution of kernels using early-z
occlusion culling
Difficulty in flow control disappearing with newest
graphics cards

PS 3.0

Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course



Streaming Ray Tracer
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Slide by Purcell et. al. / SIGGRAPH
2004 GPGPU COURSE and
Visualization 2004 Course ‘ $




Ray state

Encoded in the 8 bit stencil value
Traversing, intersecting, shading, done



Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course



Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course



Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course
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Texture Memory Organization

0
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Streaming Ray Tracer
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Efficient Selective Execution

Rendering giant screen

filling quad not ideal

Not all pixels need to

process every rendering

pass

Proposed low-overhead

early fragment Kill

Computation mask

Controllable early-Z
occlusion culling

Trade computation for
bandwidth

Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course



Travers or intersect

When to shift from traversing the grid to
Intersecting triangles ?

Simple: Intersect when one grid is found In
traversing

Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course



Comparison Carr and Purcell
raytracer

The Ray Engine, Carr

Slow readback
Utilizes both GPU and CPU

Raytracing on GPU
No slow readback

Not efficient due to lack of control flow
Large amount of fragments idle



Results

Carr: 114M ray-triangle intersections /sec
ATl Radeon 8500

Purcell: 56M ray-triangle intersections / sec
Geforce 3
But, is not bandwidth limited

20M ray-triangle intersections / sec
Pentium Il

Slide by Purcell et. al. / SIGGRAPH 2004 GPGPU COURSE and Visualization 2004 Course



