
GPGPU GPGPU 
programmingprogramming withwithprogrammingprogramming withwith
image image processingprocessinggg p gp g
applicationsapplications
Szirmay-Kalos László

SSIP 2011



A dA dAgendaAgenda

Incremental rendering pipeline
GPU and its programming models:GPU and its programming models:
Shader API (Shader Model 3, Cg)
– Filteringg
– Image distortions
– Global image functions (average)

Histogram– Histogram
Gather or Scatter
CUDACUDA
– Matrix operations
– Fluid dynamics
– N-body (molecular dynamics)



Rendering pipelineRendering pipelineg p pg p p
1,1,1

Perspective -1,-1,-1

Virtual reality
Camera transformation,
Illumination

p
Transform. + 
Clipping

12 1.2.

Screen transformation + Rasterization display
color depth
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Hw support for tHw support for textextureureHw support for tHw support for textexture ure 
mappingmappingpp gpp g
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Linear 
interpolation:
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Image in the GPU
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T t filt iT t filt iTexture filteringTexture filtering



GPUGPUGPUGPU Interface

Transformation+Vertex
1 1 1vertices

Same program for all 
vertices

Illumination

Geometry

Shader 1,1,1verticesvertices.
Single vertex output.

All vertices are processed 
independently Geometry 

Shader (SM 4)

Cli i + S t f

independently.
SIMD

Clipping + Screen transform 
+ Rasterization + Interpolation -1,-1,-1fragments

(pixels)

Same program for all 
pixels.

Single pixel output.

TexturingTexture
Memory

Fragment
Shader

All pixels are processed 
independently.

SIMD

Compositing (depth buffer, 
transparency)

Buffers: color, depth, etc.



I iI i
1,1,1

Image processingImage processing

Geometry: ”triangles”Geometry: full screen quad -1,-1,-1

Input
Image

Output
ImageRendering

Texture Texture orTexture
Raster Memory



I iI i
1,1,1

Image processingImage processing
Full screen quad (CPU):
lVi (0 0 HRES VRES)glViewport(0, 0, HRES, VRES)

glBegin(GL_QUADS);
glVertex4f(-1,-1, 0, 1);
glVertex4f(-1 1 0 1);

-1,-1,-1

glVertex4f(-1, 1, 0, 1);
glVertex4f( 1, 1, 0, 1);
glVertex4f( 1,-1, 0, 1);

glEnd( );

Input
Image

Output
Image

g ( );

Vertex shader (Cg):
void VS(in float4 inPos : POSITION,

out float4 hPos : POSITION) {

Texture Texture or

out float4 hPos : POSITION) {
hPos = inPos;

}
Texture

Raster MemoryFragment shader (Cg):
void FS( in float2 index : WPOS,

uniform samplerRECT Image,How to compute a single outputp g ,
out float4 outColor : COLOR ) {

outColor = F(index); 
}

How to compute a single output 
pixel from the input pixels.

Gathering!



Luminance transformationLuminance transformationLuminance transformation Luminance transformation 
and and thresholdingthresholding
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void FS(
in float2 index : WPOS,
uniform samplerRECT Image,

if fl t th h lduniform float threshold,
out float4 outColor : COLOR ) 

{
float3 color = texRECT(Image index);float3 color = texRECT(Image, index);
float I = dot(color, float3(0.21, 0.39, 0.4));
outColor = I > threshold ?                                                     

float4(1 0) : float4(0 0);float4(1.0) : float4(0.0);
}



Ed d t tiEd d t tiEdge detectionEdge detection

void FS(
in float2 index : WPOSin float2 index : WPOS,
uniform samplerRECT Image,
out float4 outColor : COLOR ) 

{{
float2 dx = float2(1, 0);
float2 dy = float2(0, 1);
float dIdx = (texRECT(Image, index+dx)–textRECT(Image, index–dx))/2;float dIdx  (texRECT(Image, index+dx) textRECT(Image, index dx))/2;
float dIdy = (texRECT(Image, index+dy)–textRECT(Image, index–dy))/2;
float gradabs = sqrt(dIdx * dIdx + dIdy * dIdy);
outColor = float4(gradabs, gradabs, gradabs, 1);(g , g , g , );

}



Filt iFilt i
u=0..1 HRES

FilteringFiltering
v=0..1 Tex

void FS(

Tex

VRES

in float2 index : WPOS,
uniform samplerRECT Image,
uniform int N, // kernel width
uniform float sigma2,
out float3 outColor : COLOR ) 

{
tC l fl t4(0 0 0 0)outColor = float4(0, 0, 0, 0);

for(int i = -N/2, i < N/2; i++) for(int j = -N/2, j < N/2; j++) {
float2 duv =float2(i, j);
float w exp( dot(duv duv)/2/sigma2 ) / 6 28 / sigma2;float w = exp( -dot(duv, duv)/2/sigma2 ) / 6.28 / sigma2; 
outColor += texRECT(Image, index- duv) * w;

}
}}



Separation ofSeparation of
u=0..1

Separation ofSeparation of
coordinatescoordinates v=0..1 Tex

id HFS(

Tex

void HFS(
in float2 index : WPOS,
uniform samplerRECT Image,
uniform int N // kernel widthuniform int N, // kernel width
uniform float sigma2,
out float3 outColor : COLOR ) 

{{
outColor = float4(0, 0, 0, 0);
for(int i = -N/2, i < N/2; i++) {

float w = exp( -i * i/2/sigma2 ) / sqrt(6 28 * sigma2);float w = exp( i  i/2/sigma2 ) / sqrt(6.28  sigma2);
outColor += texRECT(Image, index - float2(i, 0)) * w;

}
}}



Exploitation of biExploitation of bi--linearlinearExploitation of biExploitation of bi linear linear 
filteringfiltering

L(X)

L(X+2)

L(X-1) w(0)

L(X+1)

w(1) w(-1)w(1) w(-1) w(-2)

X X+1 X+2X-1 X X+1 X+2X-1
hh0 1



Di t tiDi t ti f(x y):DistortionsDistortions f(x,y):
Inverse of

the mapping

Source Target
Texture mapping is a 
homogeneous linear 

float2 f( float2 outPixelCoord )

g
distortion filter!

float2 f( float2 outPixelCoord )
{

float2 inPixelCoord = …
return inPixelCoord;;

}

void FS(
in float2 index : WPOSin float2 index : WPOS,
uniform samplerRECT Image,
out float3 outColor : COLOR ) 

{{
outColor = texRECT(Image, f(index) ).rgb;

}



Distortions withDistortions withDistortions with Distortions with 
antianti--aliasingaliasinggg

Uniform supersamples:
• Regular grid

void FS( f(x,y)

g g
• Poisson disk
• Low-discrepancy
• Random

void FS(
in float2 index : WPOS,
uniform samplerRECT Image,
uniform float2 offsets[4] // in [0 1]^2

Source Target pixel

uniform float2 offsets[4],          // in [0,1] 2
out float3 outColor : COLOR ) 

{
outColor = texRECT(Image, f(index+ offsets[0])).rgb;outColor  texRECT(Image, f(index+ offsets[0])).rgb;
outColor += texRECT (Image, f(index+ offsets[1])).rgb; 
outColor += texRECT (Image, f(index+ offsets[2])).rgb;
outColor += texRECT (Image, f(index+ offsets[3])).rgb;( g , ( [ ])) g ;
outColor /= 4;

}



AveragingAveragingAveraging Averaging 
(Reduction)(Reduction)( educt o )( educt o )

CPU:CPU:
glViewport(0, 0, 1, 1);

void FS(void FS(
uniform samplerRECT Image,
uniform int2 ImageRes,
out float3 outColor : COLOR )out float3 outColor : COLOR ) 

{
outColor = 0;
for(int x=0; x<ImageRes.x; ++x)for(int x 0; x<ImageRes.x; ++x) 

for(int y=0; y<ImageRes.y; ++y) {
outColor += texRECT (Image, float2(x, y));

outColor /= ImageRes.x * ImageRes.y;/ g g y;
}



AveragingAveragingAveraging Averaging 
(Reduction)(Reduction)( educt o )( educt o )
CPU:
for(RES = image resolution/2; RES > 1; RES /= 2) {

glViewport(0, 0, RES, RES);glViewport(0, 0, RES, RES);
Draw full screen quad;
Texture ping-pong;

}}

void FS(
in float2 index : WPOS,,
uniform samplerRECT Image,
out float3 outColor : COLOR ) 

{
outColor = texRECT(Image, 2*index).rgb;
outColor += texRECT(Image, 2*index + float2(1, 0)).rgb; 
outColor += texRECT(Image, 2*index + float2(1, 1)).rgb;

C l C ( 2*i d fl 2(0 )) boutColor += texRECT(Image, 2*index + float2(0, 1)).rgb;
outColor /= 4;

}



Exploitation of the builtExploitation of the built--ininExploitation of the builtExploitation of the built in in 
bibi--linear filterlinear filter

CPU:
for(RES = image resolution/2; RES > 1; RES /= 2) {

glViewport(0, 0, RES, RES);
Draw full screen quad;
Texture ping-pong;

}}

Fragment shader:
id FS(void FS(
in float2 index : WPOS,
uniform samplerRECT Image,
out float3 outColor : COLOR )out float3 outColor : COLOR ) 

{
outColor = texRECT(Image, 2*index + float2(0.5, 0.5));

}}



Hi tHi tHistogramHistogram

CPU:
glViewport(0, 0, 256, 1);

0 255
g p ( , , , );
Draw full screen quad;

Fragment shader:

0 255

void FS(
in float2 index : WPOS,
uniform samplerRECT Image,

if iuniform int2 ImageRes,
out float outColor : COLOR ) 

{
tC l 0outColor = 0;

for(int x=0; x<ImageRes.x; ++x) for(int y=0; y<ImageRes.y; ++y) {
float col = texRECT (Image, float2(x, y));
if (index x <= col && col < index x + 1) outColor++;if (index.x <= col && col < index.x + 1) outColor++;

}
}



G thG th SS ttttGather versus Gather versus SScattercatter

Alg.

inputs outputs

Scatter:
for each input 

for each relevant output

Gather:
for each output 

for each relevant input p
Add input’s contrib. to output 

p
Add input’s contrib. to output 



G thG thGatherGather

inputs outputs

for each output 
for each relevant input

Add input’s contrib. to output 



G thG thGatherGather

inputs outputs

for each output 
for each relevant input

Add input’s contrib. to output 



ScatterScatter::ScatterScatter: : 
NotNot onon FragmentFragment ShaderShader

inputs outputs

for each input 
for each relevant output

Add input’s contrib. to output 



ScatterScatter::ScatterScatter::
NotNot onon FragmentFragment ShaderShader

inputs outputs

for each input 
for each relevant output

Add input’s contrib. to output 



ScatterScatter::ScatterScatter::
NotNot onon FragmentFragment ShaderShader

inputs outputs

Write collisions: atomic operations or synchronization



Can you prefer gather?Can you prefer gather?Can you prefer gather? Can you prefer gather? 
PParticle transportarticle transport

source detector

e.g. photons



Can you prefer gather?Can you prefer gather?Can you prefer gather? Can you prefer gather? 
PParticle transportarticle transport

source detector

importons



Hi tHi t
1,1,1CPU:

glViewport(0, 0, 256, 1);
lB i (GL POINTS)HistogramHistogram

1 1 1

glBegin(GL_POINTS);
for(x=0; x < RX; x++)

for(y=0; y < RY; y++)
glVertex2f(x/RX y/RY);

Vertex shader

-1,-1,-1glVertex2f(x/RX, y/RY);
glEnd( );

Vertex shader

void VS( in float4 position : POSITION,
uniform samplerRECT Image,
out float4 hPos : POSITION ) Vertex shader

{
float col = texRECT(Image, position.xy);
hPos = float4(2*(col - 0.5), 0, 0, 1);

Fragment shader Additive
blending 1  2 15 6 4  9 31 

}

blending

Fragment shader
void FS( out float4 outColor : COLOR ) 
{{

outColor = float4(1, 1, 1, 1);
}



ShaderShaderShaderShader
programmingprogramming



ShaderShaderShaderShader
programmingprogramming



CUDA (CUDA (OpenCLOpenCL))CUDA (CUDA (OpenCLOpenCL))
GPUGPU

Kernel program:

Threads
Thread block

block, block,  
Shared
memory

Warp, Warp, …
SIMD

execution

SIMD



AddAdd twotwo NN elementelement vectorsvectors
Runs on the GPU, but can be called from the CPU

Add Add twotwo N N elementelement vectorsvectors

__global__ void AddVectorGPU( float *C, float *A, float *B, int N ) {
int i = blockIdx.x * blockDim.x + threadIdx.x; // szálazonosító; //
if (i < N) 

C[i] = A[i] + B[i];
}

0 ,…, blockDim.x-10 ,…, gridDim.x-1

float C[100000], A[100000], B[100000];

int main ( ) {
…
int N = 100000;
…
int blockDim = 256; // #threads in a block: 128, 256, 512
int gridDim = (N + blockDim – 1) / blockDim; // #blocks
AddVectorGPU<<<gridDim blockDim>>>(C A B N);AddVectorGPU<<<gridDim, blockDim>>>(C, A, B, N);
…

}
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NumericalNumerical integrationintegration
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NN b db d i l tii l tiNN--body body simulationsimulation

Position p + velocity v → forces f
( it C l b d W l P li)(gravity, Columb, van der Waals, Pauli)
Forces → acceleration aForces → acceleration a
Acceleration → updated position+velocity

f = float3(0, 0, 0);
for(int i = 0; i < N; i++) 

if (i ! i d ) f F ( [i] [i d ])if (i != index) f += Force(p[i], p[index]);
float3 a = f/m;
v[index] += a * dt;v[index] +  a  dt;
p[index] += v[index] * dt;





Positron EmissionPositron EmissionPositron Emission Positron Emission 
TomographyTomography

e-

e+

Mediso NanoPETTM/CT



M diM di PET/CTPET/CTMedisoMediso PET/CTPET/CT


