it a
3t Tr
'r) R

* diffus
= true

»fl + refr

Yol e
efl * € * diffu
= true;

VAXDEPTH)

survive = SurvivalProl
estimati

if;

"adiance = Samplelight
*.X + radiance.y + radiar

v = true;

st brdfPdf » EvaluateDiffuse
3t3 factor = diffuse * INVPI
st weight = Mis2( directPdf
3t cosThetaOut = dot{ N, L
E * ((weight * cosThetalut

sndom walk
jive)

yt3 brdf = SampleDiffuse( diffuse, N

srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);

3on = true-*
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fl + refr)) &3

), N

ef] e - distuse = Stream Filtering

= true;

WXDEPTH) u Optlmlzmg GPU COde

survive = SurvivalProbabl
estimation 3

if;

“adiance = SamplelLight

*.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut) / direct

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*




INFOMOV - Lecture 12 - “GPGPU (3)” 3

Introduction

Beyond “Many Independent Threads”

Many algorithms do not lend themselves to GPGPU, at least not at first sight:

Divide and conquer algorithms

. . = Sorting In fact, lock-free implementations of
i linked lists and hash tables exist and
- difus can be used in CUDA, see e.g.:

o
|

Anything with an unpredictable number of iterations

1+ refe = Walking a linked list or a tree _ haudhuri ¢

T = Ray tracing Misra & Chaudhuri, 2012, Performance
Evaluation of Concurrent Lock-free
waoes) = Anything that needs to emit data in a compacted array Data Structures on GPUs.

,,‘s | = Run-length encoding hat th bili g finked
e - sopleiy - = Duplicate removal /Yote that the possibility of using I() e
e lists on the GPU does not automatically
el G = Anything that requires inter-thread synchronization justify its use.

3t cosThetaOut = dot( N, L );
E * ((weight * cosThetalut

= Hash table
= Linked list

INCOR walk
rive)

yt3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Introduction

Beyond “Many Independent Threads”

Many algorithms do not lend themselves to GPGPU.

In many cases, we have to design entirely new algorithms.
et In some cases, we can use two important building blocks:
el

+fl + refr)) &S — SOrt

el 2e - aituse " Prefix sum

WAXDEPTH)

survive = SurvivalProbabl
estimatior

if;

~adiance = SamplelLight( &ra
*.X + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI

st weight = Mis2( directPdf, brd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut)

sndom walk - done prope
rive)

3t3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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= [ntroduction

o »= The Prefix Sum

= Parallel Sorting

fl + refr)) &3

), N

ef] e - distuse = Stream Filtering

= true;

WXDEPTH) u Optlmlzmg GPU COde

survive = SurvivalProbabl
estimation 3

if;

“adiance = SamplelLight

*.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut) / direct

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Prefix Sum

Prefix Sum

The prefix sum (or cumulative sum) of a sequence of numbers is a second
sequence of numbers consisting of the running totals of the input sequence:

), N

t a = nt Input: Xg, X1, X2

3t Tr

o) 8 = ( Output: xg,x¢ + x1, X9 + X1 + x5 (inclusive) or 0,xy,xy + x1 (exclusive).
E * diffuse
= true;

f]l + refr)) &8 (4

el e - aifruse Example:

= true;

inclusive

VAXDEPTH)

survive = SurvivalProbabi eXCI usive
estimation doi

if;

~adiance = SamplelLight( &ra

*.x + radiance.y + radiance

v = true; =, = = =
t brdfed - Evalustedifuse Here, addition is used; more generally we can use an arbitrary binary
st weight = Mis2( directPdf, berdf

cmmenot - v, .. assoclative operator.

E * ((weight * cosThetalut)

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Prefix Sum

inclusive
Prefix Sum exclusive

In C++:

it a
3t Tr = 1
'r) R = (I

E * diffuse

»-truc; // eXCIUSive Scan
fl + refr)) &8 (4 Ou-t [@] — @;

), N

= for (i =1; 1 < n; i++ ) out[i] = in[i-1] + out[i-1];

VAXDEPTH)

survive = SurvivalProbabi
sdtane = smmpleige s (Note the obvious loop dependency)

*.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut) / direct

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N, 1
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);

3on = true-*
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Prefix Sum

Prefix Sum

The prefix sum is used for compaction.

it = nt
)52t = 1

4 ); Given: kernel K which may or may not produce output for further processing.

)

it & = nt
5t Tr = 1 R
'r) R=(D *r

= * diffuse;
= true;

fl + refr)) &3 (dept

), N )
efl * £ * diffuse;
= true;

JAXDEPTH)

survive = SurvivalProbabilis
estimation - doing it

if;

"adiance = Samplelight( &rand
2.x + radiance.y + radiance.:)

v = true;

st brdfPdf = EvaluateDiffuse! L, I

yt3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, brdfpd!

3t cosThetaOut = dot({ N, L );

E * ((weight * cosThetaOut) / directod:

sndom walk - done properly, close
rive)

]
3t3 brdf = SampleDiffuse( diffuse, N, r1,
srvive;

pdf;
' = E * brdf * (dot( N, R ) / pdf);
-3on = true:
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Prefix Sum

it
)52t
), N
3)

)t 4 = nt
5t Tr = 1
'r) R = (D

= * diffuse;
= true;

xf]l + refr)) 83 (dept

), N
efl * € * diffuse;
= true;

JAXDEPTH)

survive = SurvivalProbabilis
estimation - doing it

if;

"adiance = Samplelight( &rand
*.X + radiance.y + radiance.:

v = true;

st brdfPdf » EvaluateDiffuse! L

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, bedipd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direct®d

sndos walk - done properly,
sive)

]
yt3 brdf = SampleDiffuse( diffuse, N, 1

rvive;

pdf;

' = E * brdf * (dot( N, R ) / pdf);
3on = true-*

Prefix Sum - Compaction

Given: kernel K which may or may not produce output for further processing.

output array size

boolean array

exclusive prefix sum

output array
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Prefix Sum

3t a
5t Tr
'r) R

E * diffuse
= true;

»fl + refr

), N )
efl * E * diffuse
= true;

WAXDEPTH)

survive = SurvivalProbs
estimatior

if;

“adiance = SamplelLight

».x + radiance.y + radiance

v = true;

3t brdfPdf » EvaluateDiffuse

yt3 factor = diffuse * INVPI

st weight = Mis2( directPdf, brd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut

ndom walk done prog
rive)

yt3 brdf = SampleDiffuse( diffuse, N

irvive;
pdf;

Son = tru

for ( d =1; d <= log,n; d++ )
for all k in parallel do

H
' = E * brdf * (dot( N, R ) / pdf);
i ue*

For each pass:

Each thread in the warp reads data
Prefix Sum

Each thread in the warp sums 2 input elements
Each thread in the warp writes data.

out[@] = 0;

for (1 =1; i < n; i++ ) out[i] in[i-1] + out[i-1];

In parallel: 1(1|21(1({1|21|1|1|21|1]|1

[ERY
(IR
(B
(IR
(IR

n=16

if k >= 241
x[k] += x[k - 29-1]

[
N
w
H
9]
(o))
~
(0 0]
(0 0]
(0 0]
(0 0]
(0 0]
00
00
(0 0]
(0 0]
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Prefix Sum

For each pass:

= Each thread in the warp reads data

Prefix Sum Each thread in the warp sums 2 input elements
Each thread in the warp writes data.

out[@] = 0;

for (1 =1; 1 < n; i++ ) out[i] in[i-1] + out[i-1];

In parallel:
25 . Notes:

= The scan happens in-place. This is only correct

for (d =1; d <= log,n; d++ ) if we have 32 input elements, and the scan is

), N );

for all k in parallel do done in a single warp. Otherwise we need to
WAXDEPTH)
. double buffer for correct results.
s:::f::tz:Survivava ! 1-F k S= Zd—l
S faica e gttt Span of the algorithm is log n, but work is
.x + radiance.y + radiance X [ k] += X [ k _ 2d—1] p g g

n logn; it is not work-efficient. Efficient
e Gt algorithms for large inputs can be found in:

v = true;
st brdfPdf » EvaluateDiffuse

st weight = Mis2( directPdf
3t cosThetaOut = dot( N, L );
E * ((weight * cosThetalut

Meril & Garland, 2016, Single-pass Parallel
Prefix Scan with Decoupled Look-back.

NCOR wWalx

jive)

yt3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Prefix Sum

Prefix Sum

out[0]
for (1 =1; i < n; i++ ) out[i] = in[i-1] + out[i-1];

-~ In OpenCL:

3t Tr
'r) R
* diffu
true;
01+ refry) 8 int scan_exclusive( _ local int* input, int lane )
E;f'l‘ 2;E * diffuse {
R if (lane > @ ) input[lane] = input[lane - 1] + input[lane];
XDEPTH) if (lane > 1 ) input[lane] = input[lane - 2] + input[lane];
Ve = Sy yeibrcbe if (lane > 3 ) input[lane] = input[lane - 4] + input[lane];
ﬁhméhwmmt if (lane > 7 ) input[lane] = input[lane - 8] + input[lane];
*.X + radiance.y + radiance O . .
e if (lane > 15) input[lane] = input[lane - 16] + input[lane];
s factor & aiffie - Twir return (lane > @) ? input[lane - 1]
st weight = Mis2( directPdf, brd!
3t cosThetaOut = dot( N, L ); }
E * ((weight * cosThetalut) L
sndom walk done prog
rive)
it} brdf = SampleDiffuse( diffuse, N
srvive;

pdf;
' = E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Prefix Sum

), N

it a
5t Tr
'r) R = (I

* diffuse
= true;

f]l + refr)) &8 (4

), N )
efl * E * diffuse
= true;

WAXDEPTH)

survive = SurvivalProbabil
estimatior i

if;

~adiance = SampleLight( &ra
>.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI

st weight = Mis2( directPdf, brd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut)

sndom walk - done prope
rive)

3t3 brdf = SampleDiffuse( diffuse, N

srvive;
pdf;

v =E * brdf * (dot( N, R ) / pdf);

3on = true-*

Prefix Sum

You can find an implementation of the prefix sum for arbitrarily-sized arrays in the
OpenCL template:

cl int Buffer::ParallelScan()

This replaces the contents of a buffer with the prefix sum of the same buffer.




Today’s Agenda:

= [ntroduction

o »= The Prefix Sum

= Parallel Sorting

fl + refr)) &3

), N

ef] e - distuse = Stream Filtering

= true;

WXDEPTH) u Optlmlzmg GPU COde

survive = SurvivalProbabl
estimation 3

if;

“adiance = SamplelLight

*.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut) / direct

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*




INFOMOV - Lecture 12 - “GPGPU (3)” 15

Sorting

GPU Sorting
Observation:

= We frequently need sorting in our algorithms.

it a
3t Tr = 1
'r) R = (I

: * diffuse But-

= true;

f]l + refr)) &8 (4

) = Most sorting algorithms are divide and conquer algorithms.

efl * E * diffuse
= true;

VAXDEPTH)

survive = SurvivalProbabl
estimation i 3

if;

~adiance = SamplelLight( &ra
*.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut) / direct

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Sorting

GPU Sorting: Selection Sort

__kernel void Sort( _ global int* in, _ global int* out )

{

. int i = get global id( @ );
e int n = get_global_size( 0 );
- ditfus int iKey = in[i];

N int pos = 0;

efl * E * diffuse
i for( int j = 0; j < n; j++ )
VAXDEPTH) {

survive = SurvivalProba

vive = ¢ §2y int jKey = in[j];

if;

S g bool smaller = (jKey < iKey) || (jKey == iKey && j < i);
= trve; pos += (smaller) ? 1 : O;

3t brdfPdf = EvaluateDiffuse
3t3 factor = diffuse * INVPI
st weight = Mis2( directPdf, brd! }
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direct Out [ pOS] = iKey;

sndom walk - done prope

rive) Pl }

3t3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Sorting

GPU Sorting

3t

3t T

* diffu

= true

AXDEPTH )

survive = SurvivalP

if;

"adiance = Samplelight
».X + radiance.y + radia

v = true;

st brdfPdf » EvaluateD
yt3 factor = diffuse y
st weight = Mis2( directPdf
3t cosThetaOut = dot( N, L
E * ((weight * cosThetalut

sndom walk

sive)

3t3 brdf = SampleDiffuse( diffuse
irvive;

pdf;

= E * brdf * (dot( N, R ) pdf
3on = true-*
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Sorting

GPU Sorting

), N );
efl * E * diff
= true;

AXDEPTH)

survive = Survivalp

if;

"adiance = Samplelight
».X + radiance.y + radia

v = true;

3t brdfPdf » EvaluateDiffuse
3t3 factor = diffuse * INVP
st weight = Mis2( directPdf
3t cosThetaOut = dot( N, L
E * ((weight * cosThetalut

sndom walk

jive)

3t3 brdf = SampleDiffuse( diffuse, !
irvive;

pdf;

v=E * brdf * (dot( N, R ) pdf);
3on = true-*
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Sorting

GPU Sorting

Bubblesort:

Fo i)
efli s ESd
= true;

AXDEPTH)
survive = SurvivalProl
if;

"adiance = Samplelight
».X + radiance.y + radia

v = true;

st brdfPdf » EvaluateDiffuse
st3 factor = diffuse * INVP
st weight = Mis2( directPdf

et = L) Size: number of comparisons (in thiscase:5+4+ 3+ 2+ 1 =15)
Depth: number of sequential steps (in this case: 9)

jive)

yt3 brdf = SampleDiffuse( diffuse, N
irvive;

pdf;

v=E * brdf * (dot( N, R ) pdf);
3on = true-*
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Sortlng Bitonic sort*,**:
=  Work: nlog(n)?
GPU Sorting = Span:log(n)?

Compare element in
top half with element
in bottom half

3t a
5t Tr
'r) R

Subdivide red box and
recurse until a single
comparison is left

E * diffuse
= true;

»fl + refr)

), N )
efl * E *
= true;

WAXDEPTH)

All boxes can execute
in parallel.

survive = S

v = true;
st brdfPdf
yt3 factor
st weight =
3t cosThetal —
E * ((weight * cosThetalut

sndoe walk - done prog
rive)

| *: Batcher, ‘68, Sorting Networks and their Applications.
2 s Ll ditfuse **: Bitonic Sorting Network for n Not a Power of 2;

srvive;

e R http://www.iti.fh-flensburg.de /lang/algorithmen/sortieren/bitonic/oddn.htm

3on = true-*
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Sorting

GPU Sorting
You can find an implementation of the bitonic sort in the OpenCL template:

cl int Buffer::ParallelSort()

it a
3t Tr = 1

) 8 = This replaces the contents of a buffer with the sorted values.

= * diffuse
= true;

f]l + refr)) &8 (4

), N )
efl * E * diffuse
= true;

VAXDEPTH)

survive = SurvivalProbabil
estimatior

if;

-adiance = SamplelLight( &ra
*.x + radiance.y + radiance

v = true;

3t brdfPdf » EvaluateDiffuse

3t3 factor = diffuse * INVPI

st weight = Mis2( directPdf, berdf
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut)

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Sorting

b {dept

= » insid
it = nt
)s2t = 1.9f
) N )

)

it & = nt - nc, |
3t Tr =1 - (R@
'r) R = (D * nmt

E = diffuse;
= true;

fl + refr)) &8 (depth

), N )
efl * £ * diffuse;
= true;

AXDEPTH)

survive = SurvivalProbabilitc,
‘estimation - doing it prope !
if;

-adiance = Samplelight( &rand. |
».x + radiance.y + radiance.:)

v = true;

st brdfPdf = EvaluateDiffuse! L, I
3t3 factor = diffuse * INVPI:

3t weight = Mis2( directPdf, bedipd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directods

sndom walk - done properly, closel, ¢
rive)

3
yt3 brdf = SampleDiffuse( diffuse, N, r

srvive;

pdf;
= E * brdf * (dot( N, R ) / pdf);
-3on = true:

Take-away:

GPGPU requires massive parallelism. Algorithms that do not
exhibit this need to be replaced.

The parallel scan is an important ingredient that serves as a
building block for larger algorithms, or between kernels.




Today’s Agenda:

= [ntroduction

o »= The Prefix Sum

= Parallel Sorting

fl + refr)) &3

), N

ef] e - distuse = Stream Filtering

= true;

WXDEPTH) u Optlmlzmg GPU COde

survive = SurvivalProbabl
estimation 3

if;

“adiance = SamplelLight

*.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut) / direct

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Compaction

Stream Filtering

for ( int i = @; i < items; i++ )

/ {

a2t = // do something elaborate, ‘items’ can be 0..10

), N

3) }
it & = nt

5t Tr = 1
'r) R = (D

oG e void ComplexTask( int taskID )
= true; {

of]l + refr)) 88 (des // do gener‘ic WOr'k
z;f'l‘ 2;E * diffuse; S
= true;

if (condition == true) // true 50% of the time

AXDEPTH) {

v // do additional work
if;

"adiance = Samplelight( &rand }

*.X + radiance.y + radiance.:

v = true; }

st brdfPdf = EvaluateDiffuse! L

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, bedipd!
3t cosThetaOut = dot({ N, L );

E * ((weight * cosThetaOut) / directs

sndom walk - done properly,
sive)

]

yt3 brdf = SampleDiffuse( diffuse, N, 1
rvive;

pdf;

Y = E * brdf * (dot( N, R ) / pdf);
3on = true-*
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CompaCtiOn void ComplexTask( int taskID )

{
// do generic work
Stream Filtering ::H.:-(condition == true) // true 50% of the time
{
// do additional work
bool needsAdditionalWork]..]; }
void ComplexTaskPartl( int taskID ) )

{

// do generic work
£ Tr =3
'r) R = (D

i if (condition == true) // true 50% of the time
- true; {

L+ refe) 8 // do additional work
el LE - ditruze needsAdditionalWork[taskID] = true;

= true; }

AXDEPTH) }

survive = SurvivalProbabl
estimation - d 2
if;

adiance « SampleLight( drand void ComplexTaskPart2( int taskID )

*.x + radiance.y + radiance

v = true; {

st brdfPdf = EvaluateDiffuse! L o . .

3 factor = diffuse = NPT, if (needsAdditionalWork[taskID])
st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot{ N, L ); {

E * ((weight * cosThetaOut) / direct

sndom walk - done properly
sive)

:
3t3 brdf = SampleDiffuse( diffuse, N, 1
rvive; }
pdf;

' = E * brdf * (dot( N, R ) / pdf);

3on = true-*
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CompaCtiOn void ComplexTask( int taskID )

{
// do generic work
Stream Filtering ::H.:-(condition == true) // true 50% of the time
{
// do additional work
void ComplexTaskPartl( int taskID, }
__global int* taskIDs, }

__global int* taskCount )

it a nt

R Ta0y // do generic work

'r) R = (D

= * diffuse

o if (condition == true) // true 50% of the time
fl + refr)) 83 (4 {

), N );

o1+ € * diffuse // schedule additional work
i taskIDs[taskCount++] = taskID;

WAXDEPTH) }

survive = SurvivalProbabl
estimation - d 2 }
if;

-adiance = Samplelight( &rand

*.x + radiance.y + radiance

e void ComplexTaskPart2( int idx )
st brdfPdf = EvaluateDiffuse! L

3t3 factor = diffuse * INVPI; {

st weight = Mis2( directPdf, berdf

e e DoWork( taskIDs[idx] );

sndom walk - done properly }
sive)

:

3t3 brdf = SampleDiffuse( diffuse, N, 1
rvive;

pdf;

' = E * brdf * (dot( N, R ) / pdf);

3on = true-*
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COmpaCthn void ComplexTask( int taskID )
{
// do generic work
Stream Fi]tering ::n;.(condition == true) // true 50% of the time
{
// do additional work
void ComplexTaskPartl( int tasklID, }
__global int* taskCount, )
- __global int* taskIDs )
' {
e T - // do generic work

'r) R

= * diffuse
= true;

if (condition == true) // true 50% of the time Reducing the number of atomics:
f1 + refr)) &s {

’:fgr:ee * diffuse // schedule additional work [} Store ’1' or ’O’ |n an array dependlng
' int arrayIdx = atomic_add( taskCount, 1 ); it TR
]
m:)sl . } e yTox] = taskiD; = Do a prefix sum over this array;
o - } = Do asingle atomic_add, which yields
. X : ru.!ian:e.y + radiance the base |ndex;
EBZ:E:‘"S;:;%““ o void ComplexTaskPart2( int idx ) = Use the values in the array as offsets
TN = oML ) strecerery - L to this base index.
);dcn walk - done prope Dowor‘k( taSkIDS [ idX] ) ;
sive) }
it} brdf = SampleDiffuse( diffuse, N
apr;i\.le;

H
v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Compaction

Stream Filtering

Stream filtering is used in multi-pass kernels.

Examples:
?:'T'ﬂ. = 10k threads need to find an element in a linked list or a tree
Tt = 10k threads trace a path from the camera to the light
1 rerry) 8 = 10k threads update tanks and decide if the tank needs to fire
), N ) S
In all cases, the conditional code is executed by a continuous set of threads.
AXDEPTH)

survive = SurvivalProbs

6 Compaction is used to restore occupancy.
“adiance = SamplelLight

*.X + radiance.y + radiance

v = true;

3t brdfPdf » EvaluateDiffuse

yt3 factor = diffuse * INVPI

st weight = Mis2( directPdf, brd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut

sndoe walk - done prog
rive)

yt3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

' = E * brdf * (dot( N, R ) / pdf);
3on = true-*




Today’s Agenda:

= [ntroduction

o »= The Prefix Sum

= Parallel Sorting

fl + refr)) &3

), N

ef] e - distuse = Stream Filtering

= true;

WXDEPTH) u Optlmlzmg GPU COde

survive = SurvivalProbabl
estimation 3

if;

“adiance = SamplelLight

*.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut) / direct

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Optimizing GPGPU

* gDEBugger CL - ocl_lab
File Edit View Debug Breakpoints Tools Help

b e 0 B B B N N

s@n a8

7800
11840
8440
1972
11400
2988
5732
7304
12148
9420
8676

Function Calls History X Calls Stack X Debugged Process Events
Function Calls Histor: 5> 0x012e231f - od_lab.exe ‘ Thread Terminated:
0x012e169¢ - od_lab.exe : Thread Terminated:
gDEBugger T s = ;
'ETh 0x012e3be0 - od_lab.exe gThread Terminated:
st Tr 0x012e60b3 - od_lab.exe w Thread Terminated:
r) R BaseThreadInitThunk - kernel32.dll :Thread Terminated:
. diff RtlInitializeExceptionChain - ntdll.dll :Thread Terminated:
iffus =
= true s Thread Terminated:
: Thread Terminated:
s & Thread Terminated:
z = & Thread Terminated:
), N ); :Thread Terminated:
efl * E * diffu i Process Exit
= true;
Performance Graph
Counter Name
AXDEPTH
) W GDB GL Frames/sec: GL Context 1
survive = SurvivalProl OS CPUs Average Utilization
estimati & GDB CL Kernel Commands Utilization: CL Context 1 Queue 1 ¢
if;

-adiance = SampleLight @ GDB CL Write Commands Utilization: CL Context 1 Queue 1

».x + radiance.y + radiar @ GDB CL Read Commands Utilization: CL Context 1 Queue 1
W GDB CL Queue Busy: CL Context 1 Queue 1

Ateet 4 @ GDB CL Queue Idle: CL Context 1 Queue 1

::;b;::::: : sz:::i:w-( : @ GDB CL Work items/sec: CL Context 1 Queue 1

st weight = Mis2( directPdf, t S v % Add performance counter...
3t cosThetaOut = dot( N, L
E * ((weight * cosThetalut

sndom walk done

jive)

3t3 brdf = SampleDiffuse( diffuse, !
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*

X Properties

Process Not Running

To start debugging your application, press the Start
Debugging button (FS)

Performance Dashboard

Frame... CPUs ... Kerne... Write... Rea
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OpenCL Command Queues Viewer

File Edit View

=10l x|

& od_lzb

Command Name

| Parameters

| Duration (ms) | Accumulated Time (ms) | Wait for Submit {ms) | Wait for Execution (ms) ﬂ
]

I Device 1 - Intel(R) Core(TM) i7-4800MQ CPU @ 2.70) | NDRangeKernel P4 Kernel 1 (clearGrid) 0.293024 0.293024 4,117472 0.053120
Il Device 2 - Intel(R) HD Graphics 4600 NDRangeKernel P5 Kernel 1 (fllGrid) 2.422400 2.715424 0.043840 0.033216
&1l Device 3 - Quadro K4100M AcquireGLObjects Image 1 0.000000 2.715424 0.000000 0.000000
* W Context 1-Queue 1 NDRangeKernel P3Kernel 1 (render2) 5.932415 8.647840 0.037440 0.037376
W Device 4 - Intel(R) Core(TM) i7-4800MQ CPU @ 2.70 | pje e Obects Image 1 0.000000  B8.647840 0.000000 0.000000
AcquireGLObjects Image 1 0.000000 3.647840 0.000000 0.000000
< I I ﬂ MNDR.angeKernel P1Kernel 1 (clear) 2.637280 11,285120 0.042272 0.228238
Properties View ¥ | ReleaseGLObjects Image 1 0.000000 11,285120 0.000000 0.000000
it =y MNDRangeKernel P& Kernel 1 (simulate1) 1.011380 12,296480 0.030368 0.039968
& | NDRangeKernel - P5 Kernel 1 (fillGrid) NDRangeKernel P4 Kernel 1 (dearGrid) 0.283648 12580128 0.030944 0.530304
2, T 2394496 ns MDRangeKernel p5 Kernel 1 (filGrid) 2.423712 15.003840 0.048512 0.514304
- - CopyBuffer Buffer 1 -> Buffer 2 0.479808 15.4835648 0.061024 0.038240
| MEELITEILTETD RO NDRangeKernel P& Kernel 1 (simulateX) 23.699552  39.183200 0.041696 0.030400
Waited for Execution 30,656 ns NDRangeKernel P4 Kernel 1 (dearGrid) 0.286400 39.469600 0.055392 0.042734
| Kernel Program 5 - Kernel 1 NDRangeKernel P5 Kernel 1 (filGrid) 2.3944965 41,854096 0.045376 0.030656
. . AcquireGLObjects Image 1 0.000000 41.864096 0.000000 0.000000
Work Dimensions 1
), NDRangeKernel P3 Kernel 1 (render2) 6.064763 47.928364 0.043923 0.033504
S8 | Global Work Offset (0) ReleaseGLObjects Image 1 0.000000 47.928864 0.000000 0.000000
=B Global Work Size 200000 AcquireGLObjects Image 1 0.000000 47.928864 0.000000 0.000000
Local Work Size 0 MDRangeKernel P1Kernel 1 (dlear) 2611840 50.540704 0.059072 0.231744
y —/ | ReleaseGLObjects Image 1 0.000000 50.540704 0.000000 0.000000
; Event Wak List Empty NDRangeKernel P& Kernel 1 (simulate) 1011456  51.552160 0.038048 0.031424 [
:S Event None ﬂ 4 | LI
:; Graph View x
Bl |[Device 3 C1 Q1 |WD..| NDRangeKernel — PS5 Kern 1 (f. NDRangeKernel - P3 Kern 1 (renderz)

4 6m

|

3t3 brdf = SampleDiffuse( diffuse, !
rvive;

pdf;

=E * brdf * (dot( N, R ) / pdf);

48m

S50m

5Zm

[@]= ¢ 5B
r

X

Properties X

00
840

72
400
63
32
04
148
20
75

X Performance Dashboard X

=

=l

[

Process Not Running

To start debugging your application, press the Start
Debugging button (FS)

flue | Scale
0[1

15[1
891
0[1/
0[1/
90 [1
10 [1
55,6¢

2

0.0

10.9

86.5 0.0 0.0 87.7 12.3

Frame... CPUs ...

<

Read ... Queue...Queue...Work ...

| 2]y

Kerne... Write...
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Optimizing GPGPU

EBugge - Textures, Buffers and Images viewe!

File Edit View Image
<A = |cL context 1 (shared - GL2) =l || [1000% ~
* gDEBugger CL - OpenCL Com

File Edit View Images list X Grid Zoom: _\«l—

é od lab I;ﬁ All Images = | = = il

Image 1(GL2 Tex1)

B Device 1 - Intel(R) Core(TM) i7 0|1.40129850-044 | 334686132041 | 3,953063=-041
I Device 2 - Intel(R) HD Graphic 1|8.66551=-041 1.05036252-040  1.25028052-040 L
=1l Device 3 - Quadro K4100M 216092652040 | 1.9005811=-040  1.5731544=-040
L. @ Context 1 - Queue 1 2(2.1952022=040 | 263347422040 0.4530788
. \ 55988427 0.2275823 5
. Device 4 - Intel(R) Core(TM) i7 4/0.5556842 22758232 0.55568481
5(0.22758219 0.21752454 015155315 X
6021755671 0.15229404 0.18567486
| 7[0.64918673 0.18662782 0.64301412 ning
Properties View Buffers list b 8|0.23737302 0.58879709 0.32737328
it 8 s OpenCL Buffers 9 0.58879656 0.02718390% 062289055 pur application, press the Start
I | NDRangeKernel - P5 Kernel | -~ CLBuffer 1 0.027584319 062246019 048634028 )
r) Lol CL Buffer 2 0.58581167 0.48634002 0.58581114
Duration 2,394,496 | © ™ & Buffer3 0.43771052 0.62232453 0.43771026
i |
i Waited for Submission 45,376 ns 0.62223399 0.72977182 8.54843018
=k 0.72577161 034843072 03341537
= s e
akechiogExccution S ILEES 0.88548235 0.39411378 0.88573371
Kernel Program S 0.31414795 0.5543524 0.31414822
fl rrogram o
e ) - 0.55435294 0.59964895 0.48752452
), Hork Himensions Properties view 7 [0.55564842 0.48753479 076034023
52 | Global Work Dffset (0) 0.6112090% 0.76034075 061120856
-
=i - 0.66431344 059892613 066431357
Global Work Size 200000 CL Buffer 3
0.5389255% 0.40351409 0.44316214 =
Local Work Size 0 General a0 An3c1201 DLAATIETAY 1_DOLODTIC ﬂ
’
Event Wait List Empty Buffer Name CL Buffer 3 Information panel I x —
:: Event None Buffer Handle 0x09b06250 Buffer Format: '”'u'?;F 'l Offset: IEI ﬁ Stride: ID ﬁ
it; S &
:; Graph View Size 40,500KB
i - ) 3
| — Flags CL MEM READ WRITE =L e o R . . ) 82.7| |(12.3
CL Buffer 3

Frame... CPUs ... Kerne... Write... Read ... Queue...Queue...Work...

461 45m S0m 5z > | »] S
m 1 Mg
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Optimizing GPGPU

temp = input[3] // input is in global mem

Faster OpenCL Instead, use:
if (get local id(®) == @) local
1. Optimize memory usage barrier(CLK_LOCAL_MEM_FENCE);
temp = local
= Read data from global memory once
- = Use local memory when possible
- ditfus = Careful: reading the same global address in 32 threads is not a good idea!

2. Make sure there is enough work to hide latency

), N );

efl * E * diffu

e— = On AMD: use multiples of 64 threads (called a ‘wavefront’)

o bty » Tweak manually for performance, ideally per vendor / device
f:(;ﬂnm:c = Samplelight

2.x + radiance.y + radiance

e 3. Minimize the number of host-to-device transfers, then their size
:t3 ;actor - d\i':f::cc'wf'n";i

st weight = Mis2( directPdf, bed

3t cosThetaOut = dot( N, L ); . . . . .

B iRt conaoon) 101 4. Minimize the number of kernel invocations

R

G e http://developer.amd.com/tools-and-sdks/opencl-zone/amd-accelerated-parallel-processing-app-sdk/opencl-optimization-guid
pdf;

H
v =E * brdf * (dot( N, R ) / pdf);
3on = true-*
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Optimizing GPGPU

pinned = clCreateBuffer( Kernel::GetContext(),

CL_MEM_ALLOC_HOST PTR | CL_MEM_WRITE_ONLY,
sizeof( myData ), 0, 0 );

Faster OpenCL

native log If (A>B) C += D; else C -=
Smaller things: native_exp
native_sqrt B Replace this with:
; native_sin
i = Use float4 whenever possible native pow int factor = (A>B) ? 1:-1;
i C += factor*D;

e asehe = Use predication rather than control flow

e » Bypass short-circuiting

Yol e

=i = Remove conditional code if(a&&b&&c&&d){..}

WAXDEPTH)

g = AOS vs SOA performance becomes

i : : becomes

'u;ian:c = SamplelLight n RedU.Cln atomlcs

R Eoatince. & radiance 8 bool cond = a&&b&&c&&d;

et - el = Reduced precision math if(cond){..} select(r, 0.5, x==1);
3t actor = use * INVPI

n: weig:tt;::sf(;ir"c'c‘t?f:f t . SElECt ( r‘_, 1 . 9_, X==2) ;
E * ((weight * cosTP;eta.;O':t . i1 u Plnned memory

INGOR wWalk
rive)

yt3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*




Today’s Agenda:

= [ntroduction

o »= The Prefix Sum

= Parallel Sorting

fl + refr)) &3

), N

ef] e - distuse = Stream Filtering

= true;

WXDEPTH) u Optlmlzmg GPU COde

survive = SurvivalProbabl
estimation 3

if;

“adiance = SamplelLight

*.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, berdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut) / direct

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
rvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3on = true-*




3t a
3t Tr
'r) R

E * diffuse

= true;

»fl + refr

), N )
efl * € * diffu
= true;

WAXDEPTH)

survive = SurvivalProbs
estimatio

if;

"adiance = Samplelight

2.x + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse
3t3 factor = diffuse * INVPI
st weight = Mis2( directPdf
3t cosThetaOut = dot{ N, L
E * ((weight * cosThetalut

sndom walk done ¢
sive)

3t3 brdf = SampleDiffuse( diffuse, !

srvive;

pdf;

' = E * brdf * (dot( N, R ) / pdf);

3on = true-*
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