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Pa3Butne coBpeMeHHbIX NpoLeccopoB

0 YcnoXHeHne apxXUTeKTypbl napannenbHbiX CUCTEM NPMBOAUT
K YCNOXHEHM0 pa3paboTku napannenbHbIX NporpaMmm noj
3TN apXUTEKTYPbI:

— HeobxoanMo yrnpocTUTb pa3paboTKy;

— Heobxoaumo paspabaTbiBaTb 3PdEKTUBHbIE NPOrpamMmbl
Ons cCUCcTeM C pasfmiMyHbIM KONMYECTBOM BblYUCTIUTENBHbIX

saep/npoLeccopos.
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TexHonoruu cosagaHusa napannesnbHbIX
nporpamMmm

A MPI (Message Passing Interface)
a WinThreads (pthreads)
Q Fork-join
— OpenMP
Q Task Based
— TBB (Threading Building Blocks)
Q Streaming (flat) data parallelism
— CUDA
— OpenCL
Q Nested data parallelism
— Ct

' g‘NN
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Data parallelism

Q Flat data parallel models:
— OrpaHn4yeHHasa pa3MepHOCTb BEKTOPOB;

— OrpaHUYeHHOE KONMYECTBO KOSIEKTUBHbIX onepaumn
(reduction);

— npumepsbl: APL, FO9O/HPF, GPGPU.
a Nested data parallel models:
— NoaaepKnBaroTCA BNOXeHHble/MHOEKCHbIE BEKTOPA,;
— BonbLUOE KONIMYECTBO KOMMNEKTUBHbLIX onepauunm;
— npumepsbl: Nesl, APL2, Paralations.
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Ncnonb3oBaHue Ct

FPhysics, image,
Vf%fer:l, Sf'gngf
Processing, ..

| C/C++
X Compiler

Ct
Runtime

~——— '\

Scalable, Adaptive
Ferformance
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Ct

Q OcHosy Ct coctaBnset 6asosbin Tn TVEC:
— ynpaengaetca Ct runtime;

— MOXET ObITb:
* MSIOTHbIN,
* MHOIOMEpPHbIN,
* pa3peXeHHbIN,
* BJIOXXEHHbIU;

— 3Ha4YeHUda MoryT ObITb CO34aHbl U UBMEHEHbLI TOSTbKO C
nomouwbto Ct API.
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MpeacraBneHue matpuy

Q lNnoTHbIe maTpuULbl
for (row = 0; row < row num; rowt+) {
for (col = 0; col < col num; col++) {

//VcnonesyeMm A[row] [col]
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Pa3peXeHHble MaTpuubl

A CSC (Compressed Sparse Column) doopmar:

— B paHHOM popmaTe BMeCcTo 0gHOro AByMepPHOro Mmaccmea,
NCMOMNb3YTCA TPU OOAHOMEPHbIX.

— 3Ha4eHus HEHYIEBbIX 3J1IEMEHTOB MaTpPULbl U

COOTBETCTBYHOLLME UM CPOKOBbIE MHAEKCHI XPaHATCA B
aToM dbopmaTe No CTPoKam B ABYX MaccuBax Values U

RowIdx.

— MaccuB ykasatenen ColP, UICNONb3yeTCcAa AN CChINKM Ha
KOMMOHEHTbl MacCuBOB Values N RowIdx, C KOTOPbIX
Ha4YMHaeTCcsa onmcaHne o4yepeaHoro ctonobua.
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Pa3spexeHHble MaTpuubl (Nnpumep)

aQ Martpuua:

A=11[0100 0]
[2 0 3 4 0]
(050 0 6]
[0 7 0 0 8]
(00 90 0] ]

A CSR (Compressed Sparse Row) doopmar:
Values = [2 1 57 3 9 4 6 8]

RowIdx = [1 02 31 4 1 2 3]

ColP = [0 1 4 6 8 9]
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MaTpu4HO-BEKTOPHOE YMHOXeHue

for (¢ = 0; ¢ < col num; c++) |
for (e = ColP[c]; e < ColP[c + 1]; e++){
int r = RowlIdx[e];
product[r] += Values[e] /* Alr][c] */ * v[c];

Q Konun4yecTBo ntepauunm BHYTPEHHENO LMKNAa MOXET BbITb
pasfnyHbIM, NO3TOMY cbanaHcmMpoBaTb Harpys3ku Bcex
BbIMMCNUTESbHbLIX MOTOKOB ByaeT TsXKeno (Mpu Knaccu4eckom
pacnapannenmBaHnn BHELLHENO LMKNa)

Q lNpn 0bpaboTke anemMeHTa MaTpuLbl MOTYT BOSHUKHYTb
3aBMCUMOCTM (B DOree CrioXXHbIX arnroputmax)

'gNN
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MaTpMyHO-BEKTOPHOE YMHOXEeHUe ¢ MOMOLLbI0
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MaTpU4HO-BEKTOPHOE YMHOX€eHNe C NOMOLUbIO
Ct

TVEC<F64> sparseMatrixVectorProducSC (
TVEC<Fo064> Values,
TVEC<I32> Rowldx,
TVEC<I32> ColP,
TVEC<F64> v)
{
TVEC<F64> expv = distribute(v,ColP);
TVEC<F64> product = Values*expv;
product = product.applyNesting (RowIdx, ctIndex):;

TVEC<F64> result = product.addReduce () ;

return result;
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MaTpuyHO-BeKTOpHOE YMHOXeHue (1)

TVEC<F64> sparseMatrixVectorProducSC (
TVEC<F64> Values, // [2 1 57 3 9 4 6 8]
TVEC<I32> RowIdx, // [1 0 2 3 141 2 3]
TVEC<I32> ColP, // [01 4 6 8 9]
TVEC<F64> v) // [1 2 3 4 5]

{
TVEC<F64> expv =

TVEC<F64> produc

product = produc

TVEC<F64> result

return result;

distribute (v, ColP) ;
t = Values*expv;

t.applyNesting (RowIdx,

= product.addReduce () ;

ctIndex) ;

@ H.Hosropog, 2010 .
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MaTpu4HO-BEeKTOpHOE YMHOXeHue (2)

TVEC<F64> sparseMatrixVectorProducSC (

TVEC<F64> Values, // [2 1 5 7 3 9 4 6 8]

TVEC<I32> RowlIdx, // [1 0 2 3 1 4 1 2 3]

TVEC<I32> ColP, // [01 4 6 8 9]

TVEC<F64> v) // [1 2 3 4 5]

{
TVEC<F64> expv = distribute(v,ColP); // [1 2 2 2 3 3 4 5 5]
TVEC<F64> product = Values*expv;
product = product.applyNesting (RowIdx, ctIndex):;

TVEC<F64> result = product.addReduce () ;

return result;
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MaTpn4HO-BEeKTOpHOE YMHOXeHue (3)

TVEC<F64>
TVEC<F64>
TVEC<I32>
TVEC<I32>
TVEC<F64>

{

sparseMatrixVectorProducSC (
Values, // [2 1 57 3 9 4 6 8]
RowIdx, // [1 0 2 3 1 4 1 2 3]
ColPp, // [0 1 4 6 8 9]

V) // [1 2 3 4 5]

TVEC<F64> expv = distribute(v,ColP); // [1 2 2 2 3 3 4 5 5]
TVEC<F64> product = Values*expv; // [2 2 10 14 9 27 16 30 40]

product

= product.applyNesting (RowIdx, ctIndex):;

TVEC<F64> result = product.addReduce () ;

return result;

@ H.Hosropog, 2010 . Texuonorus Ct
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MaTpuuyHO-BEKTOpHOE YMHOXeHuUe (4)

TVEC<F64>
TVEC<F64>
TVEC<I32>
TVEC<I32>
TVEC<F64>

{

sparseMatrixVectorProducSC (
Values, // [2 1 5 7 3 9 4 6 8]
RowIdx, // [1 02 31 41 2 3]
ColPp, // [0 1 4 6 8 9]

V) // [1 2 3 4 5]

TVEC<F64> expv = distribute(v,ColP); // [1 2 2 2 3 3 4 5 5]
TVEC<F64> product = Values*expv; // [2 2 10 14 9 27 16 30 40]

product
// [[2]

= product.applyNesting (RowIdx, ctIndex):;
[2 9 16] [10 30] [14 40] [27]]

TVEC<F64> result = product.addReduce () ;

return result;

lgNN
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MaTpn4HO-BEeKTOpPHOE YMHOXeHue (5)

TVEC<F64> sparseMatrixVectorProducSC (
TVEC<F64> Values, // [2 1 5 7 3 9 4 6 8]

TVEC<I32> RowIdx, // [1 0 2 3 1 4 1 2 3]
TVEC<I32> ColP, // [0 1 4 6 8 9]
TVEC<F64> v) // [1 2 3 4 5]

{
TVEC<F64> expv = distribute(v,ColP); // [1 2 2 2 3 3 4 5 5]

TVEC<F64> product = Values*expv; // [2 2 10 14 9 27 16 30 40]
product = product.applyNesting (RowIdx, ctIndex):;

// [[2] [2 9 16] [10 30] [14 40] [27]]

TVEC<F64> result = product.addReduce(); // [2 27 40 54 27]

return result;
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O6paboTka nsoodbpaxerHuu (1)

Q lNpeobpa3oBaHue LBETA N300paxXeHuns

TVEC<KFEF32> colorConvert (TVEC<KF32> rchannel, TVEC<F32>
gchannel, TVEC<F32> bchannel, TVEC<F32> achannel,

F32 a0, F32 al, F32 a2, F32 a3)
{

return (rchannel * a0 + gchannel * al + bchannel * a2 +
achannel * a3);

@ H.Hosropog, 2010 . Texuonorus Ct
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| OG6paboTka nsodbpaxeHuu (2)

A dunbTpaums n3odpaxeHum

TVEC<F32> ConvolveZ2D3x3 (TVEC<KF32> pixels,
TVEC<EF32> kernel) {

TVEC<F32> respixels;

I32 channels,

respixels += shiftPermute (pixels, directions[0][0]) *

kernel [0] [0];

respixels += shiftPermute (pixels, directions[0][1]) *

kernel [0] [1];
/ /..

return respixels

@ H.Hosropog, 2010 . Texuonorus Ct
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| OG6paboTka nsodbpaxeHuu (2)

A dunbTpaums n3odbpaxxeHum (NOSTHbIN NNCTUHT)

TVEC<F32> Convolve2D3x3 (TVECKF32> pixels, I32 channels, TVEC<F32>
kernel) {

TVEC<F32> respixels;

// directions[m] [n] 1s a constant TVEC of size 2 with values {m-1,

respixels += shiftPermute (pixels, directions[0] [0]) * kernell[O
respixels += shiftPermute (pixels, directions[0][1]) * kernel[O
respixels += shiftPermute (pixels, directions[0] [2]) * kernel[O
respixels += shiftPermute (pixels, directions[1][0]) * kernelll
respixels += pixels * kernell[l][1];

respixels += shiftPermute (pixels, directions[1l][2]) * kernel[l
respixels += shiftPermute (pixels, directions[2][0]) * kernel[2
respixels += shiftPermute (pixels, directions[2][1]) * kernel[2
respixels += shiftPermute (pixels, directions[2][2]) * kernel[2

return respixels

}

lgNN
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CopTupoBKa

Q Npesa copTmpoBKu

Keys HEEHOOEHEKD

%qm\,

/ W qmy \
qsan/ \c‘wsnn qmrt/ \qwrt qmn/ \qwrt
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| CopTupoBKa

TVEC<F64> ctQsort (TVEC<KF64> Keys) {
TVEC<F64> pivot, lowerKeys, pivotKeys, upperKeys;
TVEC<Bool> pivotFlags;

132 pivot;
1f (length (Keys) == 0)

return Keys;
pivot = extract (Keys, 0);
pivotFlags = lessThan(Keys, Pivot);
lowerKeys = pack(Keys, pivotFlags):;
pivotFlags = equal (Keys, Pivot);
pivotKeys = pack (Keys, pivotFlags):;
pivotFlags = greaterThan (Keys, Pivot);
UpperKeys = pack(Keys, pivotFlags);

return cat (ctQsort (lowerKeys),
cat (pivotKeys, ctQsort (upperKeys)) ;
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BbinonHeHue Ct

float sroc(], src[], dest(],

= | TVEC<F32> a(sre1), bisre);
TWEC<F32=c=a +1;
TWEC=F32=d=Cc"3
d copyOut] dest);

Ct Dynamic
Engine

JIT
HighdL evel Optimizer

Lowd evel Optimizer

VIP Code Generator

il

SSE *NI  SSEx

a
Faraliel 1M E

Future Scheduler

All Intel Platforms
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BbICOKoyPOBHeBaﬂ onTmMmuniauus

High-Level Optimizer

~20 optimizations {including classic opts)

Increase granularity of parallelism / decrease threading
overhead

<grel=

Eliminate redundant computation

Reduce memory accesses f/ improve locality
<srci> <src2=

<grel= <gre2=

<sum> =>

date

<gre2=

@ H.Hosropog, 2010 . Texuonorus Ct
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H N3KoypoBHEeBasA onTuMmnaauus

Low-Level Optimizer

~10 optimizations

Eliminate redundant checks.

Reorganize the data layout.

Parallelize the data-parallel tasks on multi threads.
SIMD-vectorize each thread.

parallelize:
simdizez

@ H.Hosropog, 2010 . Texuonorus Ct
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| A PheKTMBHOCTL onepauumn

©

150

130

320

Ct (1 thread) B Ct (8 threads)

110

106

a0

93

70

72

Speedup

20

30

10

-10

Intel® Xeon® processor E5345 platform (two 2.33GHz quad-core processors, 4GB memory)
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| A PheKTMBHOCTL peanusauumn

20
7 114
45 - O SSE mCt-1C OCt-8C
40 - 36.3
39 -
g 30 29
E 25
N 20
19 - 12.4
10
10 -
- J 16157 3847
1 1.1 _. 1.41.6
“ | —. | | |
Black Binomia MonteCarlo Convolution Collision
Scholes Tree Detection
NN Intel® Xeon® processor E5345 platform (two 2.33GHz quad-core processors, 4GB memory)
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OobAaABNeHus

TVEC<I8> Red,;
Red = copyin(CRed, Height*Width, 18); // Red <- Cred

TVEC<F32> Xes;
copyout((void*)CXes,Xes); // CXes <- Xes
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OnepaTopbl

TVEC<F32>A =B + C;

a Vector-Vector

— add, sub, mul, div, equal, min, max, mod, Ish, rsh, greater,
less...

QO Vector-Scalar

— addVectorScalar, subVectorScalar, subScalarVector,
mulVectorScalar, divVectorScalar, divScalarVector,
equalVectorScalar, minVectorScalar, maxVectorScalar...

Q Unary

— abs, not, log, exp, sqrt, rsgrt, sin, cos, tan, asin, acos, atan,
sinh, cosh, tanh...

' !NN
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KonnektuBHble onepauun (1)

Q Peaykuyms
addReduce ([1 0 2 -1 41) // 6

Q lNpedomnkcHaga cymma
addPrefix ([1 0 2 -1 4]) // [0 1 1 3 2]
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KonnektuBHble onepauun (2)

Q Peaykuyms
addReduce ([1 0 2 -1 41) // 6

Q lNpedomnkcHaga cymma
addPrefix ([1 0 2 -1 4]) // [0 1 1 3 2]

O Reduction

— addReduce, mulReduce, minReduce, maxReduce,
andReduce, iorReduce, xorReduce, reduce

O Scan/Prefix-Sum

— addScan, mulScan, minScan, maxScan, andScan,
lorScan, xorScan, scan
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[MepemelwieHne gaHHbIX

A Pack/Unpack

— pack, unpack
Q Scatter/Gather

— scatter, gather
Q Shift/Rotate

— leftShiftPermute, rightShiftPermute, leftRotatePermute,
rightRotatePermute, shiftDefaultPermute, rotateDefaultPermute

a Partition
— partition, unpartition
a Miscellaneous
— defaultPermute, omegaPermute, butterflyPermute, distribute
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