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Technology?

Nvidia Volta GPU
IBM Power9

Nvidia NVlink



Programming Model?

OpenMP

OpermACE
Pt

Opentt



Compiler Technology?

LLVM

IBM XL Compiler
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Programming Model

OpenMP 3.x = OpenMP 4.x



void vecAdd(double *a, double *b, double *c, int n) CPU
{

for(inti=0+4<n; i++) {
cli] = ali] + b[il;
}
}

void vecAdd(double *a, double *b, double *c, int n)

{

#pragma omp parallel for

for (inti=0;i<n;i++) {
c[i]l = ali] + bl[i];

}

} CPU TARGET

void vecAdd(double *a, double *b, double *c, int n) 4 ) team

{

#pragma omp target map(to: a[:n], b[:n])
\ map(from: c[:n])

for(inti=0;i<n;i++){
c[i] = a[i] + b[i];
}

N |
}
\_ Memory ) Memory




void vecAdd(double *a, double *b, double *c, int n) CPU TARGET
{ team
#pragma omp target map(to: a[:nl, b[:n]) % § § §
\ map(from: c[:n])
#pragma omp parallel for
for(inti=0;i<n;i++) {
cli] = ali] + blil;

} y .
| I
} \_ Memory ) & Memory /
- CPU ~ TARGET
void vecAdd(double *a, double *b, double *c, int n) /[éte§3§m§} [%te;%n%jD
{ e
#pragma omp target map(to: a[:n], b[:n]) //
\ map(from: c[:n]) H— | O
#pragma omp teams parallel for T '
for (inti=0;i<n;i++) { /
clil = alil + blil; This two teams are executing ] &' I
) } the same computation onthe  \_ Memory Memory /

same memory locations without
synchronization. Likely wrong result.



void vecAdd(double *a, double *b, double *c, int n) CPU TARGET

{ 4 I
#pragma omp target map(to: al:n], b[:n]) /[ge%ag%] [éceéagm% \

\ map(from: c[:n])
#pragma omp teams distribute parallel for
for(inti=0;i<n;i++) { [

c[i] = ali] + bl[i]; /
}

} The iterations of the loop are N ! I
distributed to the two teams \__Memory
and the result is correct.

\\
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Memory Coalescing



accesses coalesced Wa rp Of 32 th I‘eadS .
into a Single transacﬁon IIIIOOOOOOOOOOOOOOOOOOOOOOOOOOE ISsueS 32 accesses

® 0 0 .
in one cycle

)
v
/One 128-byte L1 cache line

Accesses must be aligned to the boundary of

a cache line.

warp of 32 threads
accesses Coalesced 00000QO00 oo 0000000000/0000
into a single transaction oo

\ J
|

One 128-byte L1 cache line

Warps may access addresses in any order
within the cache line.



warp of 32 threads

0000

0Q0Q0000000QQ000000QQ0000000

Four transactions are required

Four 32-byte L2 cache line



warp of 32 threads

0000000000000 0000000000O0O0O0OO

32-byte cache line 32-byte cache line 32-byte cache line
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Intra-tread stride
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Taint Analysis



a is tainted

void main()
long int'a = readCreditCardNumber();
long int b = 0;
b = foo(a);
print(b);
}
is b tainted?
long int foo(int p) {
if(p = 0)
print(p);
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Arithmetic Control Form (ACF) Analysis



tx = threadldx.x tx = threadldx.x

t = 256
tx = threadldx.x [ tx > 256 ] [ X = ]
i tx = 256 *addr = a + tx
tx > 456
*addr = a + tx
tx = 256
int readBounded(int* a)
{
int tx = threadldx.x;
if(tx > 256)
*addr = a + tx tx = 256;
return *addr int *addr = a + tx;
return *addr;
}

ACF (*addr) = (T > 256) *([a] + 4%¥256) + (T <=256) *([a] + 4*T)
ACF (*addr) = (0> 256)fal + 4%256) + (0-<=256)%([a] + 4*0)
ACF,(*addr) = [a]

ACF,(*addr) - ACF,(*addr) = 4
ACF (*addr) =[a] + 4
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Iteration Point Difference Analysis (IPDA)

ACF can be used for any pair of expressions.

ACF can be based on the induction variables in a loop nest.

ACF is useful when applied to address expressions in a loop nest.

ACF can make a Data Dependence Graph more precise.

Compiler can transform code based on IPDA.



IPDA Analysis in an example



PolyBench/GPU

Implementation of PolyBench codes for GPU processing

[<< home] [news] [description] [download] [documentation] Version 1.0 available

News

« 03/19/12: Public release of PolyBench/GPU 1.0 Download

conv2D: Two-dimensional convolution

Description

PolyBench/GPU is a collection of PolyBench codes (as well as convolution) implemented for processing on
the GPU using CUDA, OpenCL, and HMPP (pragma-based compiler).

* Codes are run on both CPU and GFU for run-time and output comparison
o Info on HMPP available at http://www.caps-entreprise.com/hmpp.html



for (CIVI = 0; CIVI < NI - 2; ++CIVI)

{
| = CIVI+1;
for (CIV) = 0; CIV] < NJ - 2; ++CIV))
{
B[i*N)] + CIV] + 1] = ... ;
}
}

B + 8*((CIVI+1)*NJ + CIV] + 1)

\

IPAD propagates symbolic expressions

Base address for array B : i
S€ addressio Y from dominant definition to each use.

Assuming that data type size is 8 bytes



for (CIVI = 0; CIVI < NI - 2; ++CIVI)

{
i = CIVI+1;
for (CIV] = 0; CIV] < NJ - 2; ++CIV))

{
B[i*N) + CIV] + 1] =

}
}

B + 8*((CIVI+1)*NJ + CIV] + 1)

Iteration Point Algebraic Difference:

/ B + 8*(}@/\”’+1)*Nj + CIV) 4 1) }B/Jr 8*((CIVI+1)*N) + CIV] + 1) )/

8*(CIVI'*N) + CIVJ’) - 8%(CIVI*N] + CIV))

8*((CIVI'-CIVI)*NJ + (CIVJ)’-CIV)))

8*(ACIVI*N] + ACIV]) =07



for (CIVI = 0; CIVI < NI - 2; ++CIVI)

{
| = CIVI+1;
for (CIV) = 0; CIV] < NJ - 2; ++CIV))
{
B[i*N)] + CIV] + 1] = ... ;
}
}

B + 8*((CIVI+1)*NJ + CIV] + 1)

Iteration Point Algebraic Difference:

ACIVI ACIV]
= # 0
#= 0 =
# 0 # 0

8*(ACIVI*NJ + ACIV)) =107



Loop Collapsing and Loop Interchange



for (i=0;1i < N; ++i)
{
for (j = 0;j < N; ++]))
{
Ali+j*N] = A[i+j*N] * A[i+j*N];
}

}
| Loo llapse
)
for (c = 0; ¢ < N*N; ++c¢)
{
i =c/N;
j=¢C%N;
Ali+j*N] = Ali+j*N] * A[i+j*N];
MiAAAAMALS }




for (i=0;1 < N; ++i) QO for (j =0;j < N; ++j)
Q

{ {
f[or(j=0;j<N; ++j) (\5\ for (i=0;i < N; ++i)
ﬁ: {
Ali+j*N] = A[i+j*N] * A[i+j*N]; Ali+j*N] = A[i+j*N] * A[i+j*N];
} N }
} OQ } |
- Ny
. Loop Collapse
—
—
— for (c = 0; ¢ < N*N; ++c)
| ||: {
T i=c/N;
v == |> J =C % N,
P Ali+j*N] = A[i+j*N] * Ali+j*N];
}

@)



A detailed example of how IPDA Analysis helps



Standard Performance Evaluation Corporation

spec
Home Benchmarks -~ Tools -~ Results ~ Contact Site Map Search Help

# Published Results SPEC ‘A(_’:(_’:]EI_,‘I‘!III

# Fair Use Policy

— 557.pcsp

The SPEC ACCEL"™ benchmark suite tests perf

# SPEC ACCEL

applications running under the OpenCL, OpenAc o, o wopermm—r cwrgor oo g oo
# Documentation . .
; _ suite exercises the performance of the accelerator, host CPU, memory transfer between host and
Documentation Overview
FAQ accelerator, support libraries and drivers, and compilers.
Hun & Reporing Rules
Technical Support T . . .
# HPG The SPEC ACCEL  benchmark is available for purchase via the SPEC order form.

P Publ —
[S88 Bnc Fubies ons June 21, 2017: SPEC HPG announces an update to the SPEC ACCEL™ benchmark. The V1.2

# SPEC ACCEL Release update includes a new suite using OpenMP 4 target directives, bug fixes, improved
e ELIS B documentation and PTDaemon 1.8.1 and is available as of June 21, 2017. Results from V1.1 will
Order Benchmarks be accepted until the review cycle starting August 2, 2017. After that date, all submissions must

be made using V1.2. Please note that results for the OpenACC suite from version 1.2
cannot be compared to results using version 1.1 or 1.0.

@ Order SPEC ACCEL




/ It is an OpenMP program

557 pcsp/ SP = Pentadiagonal Solver

It is a C language program
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HOME ABOUT NAS PROJECTS PUBLICATIONS SUPERCOMPUTING

- NAS Parallel Benchmarks

MR SEOUL
E A 8 NATIONAL
2 UMIVERSITY

| | —
aoo
Oizz=0
O:mz0

Center for Manycore Programming
IENE-CRE PR

Home People Publications SnuCL Chundoong Software Contact



#pragma omp target teams distribute parallel (i,3,k,m,fact,j1,32)
(k = 1; k <= gp2-2; k++) {

(3 =0; 3 <=gp1=3; 3+ { 4-dimensional loop and

j1=3+1;
T A LT e 14ey ¢ Outer-dimension range: 0, 1, 2

facl 1.0/1hsY[2]1[k]I
1ﬁ§Y[3][k][j][i] = G (k =|1; k <= gp2-2; k++) {
1hsY[41[KI[FI[i] = fac ) — — o

oo < m OLI=0 ) <=gpl-3;j++) {

rhs[mIk1[j10i1 = f:  J1 =] + 1;

} . o .
Ihsviaoarg] = v 12 =1+ 25 | 10i1;
1hsY[31[k1[j11[1i] = 1t (Il =1;)il <=gp0-2; i++) { iy

(m=0; m< 3; mHd

rhs[m][kI[j110i] = r rrﬁ i n} [i];
} = 0: i< 3;: M++
1hsY[11[KI[j210i] = 1t ( ) 4 10i];
1hsY[21Ck1[32101] = 1F } TE
(m=0; m< 3; m+d . . .
rhs[m]CkILj2][i] = r [i];
) }
b
) }

} }



#pragma omp target teams distribute parallel

(k

j1
j2

(i,3,k,m,facl,j1,32)

= 1; k <= gp2-2; k++) {

(J =05 3 <=gpl-3; j+H) {

7. ) | is innermost loop and last coordinate
(i =1; i <= gpo-2; i++)]{

facT = 1.0/ThsAIKI[FI[1];

1hsY[31[k1[jIfiT\= facT*1hsY[31[kI[]

1hsY[41[K][3 fac11hsY[41[KIL [

(m = 0; ; m+) {

1hsY[31[k1[j1
| m++) {
= rhs[m][k][j1

ThsY[11[k]1Lj?

| = facl*rhs[m][k]1[j

lhsY[2][k1[j41L1]

LIhsY[2][kILjTJLi1\~

[i]}
1011

10i]

[ m (¢

= rhs[m]Ck1Cj2\[i]/-

’

1th[1][k][j1][i]*lth[S][k][ng;X
LhsY[11[k]ILj110i1*1hsY[4][kIC L]

- lhsYLT1Lk1Lj110id*rhsIm]Ck1CjJLi];

- lhsY[@I[k1[j21[i1*x1hsY[31[kICA1L1i]};

lhsY[@Q1[kI[j2]1[iJ*rhs[m][k1[jI\1i]

’

’

’

- 1hsY[Q1[kI[j21[i1*1hsY[41LkILAIL1];




#pragma omp target teams distribute parallel (i,j,k,m,facl,j1,3j2)
(k = 1; k <= gp2-2; k++) {

(3 =0; 3 <=gpl-3; j++) {
[;12 I j elements from three rows accessed
(1 =1; 1 <= gpo-2; i++) {
facl = 1.0/1hsY[21[k1[j1[i];

1hsY[31[k]1[j1[i] = fac1*1lhsY[3][k} i];

1hsY[4]1[k]1[j1[i] = fac1x1lhsY[4][k]l yil;
(m=0; m< 3; mt) {

rhs[m][k][jI[i] = facl*rhs[m][k i];

3

lhsY[21[k1[j11[i] = 1hsY[21LkJLj1\Li] - ].hSYU][k][j1][i]*thY[3][k]{{J}\[i];

lhsY[3]1[kI[j11[i] = 1hsY[31LkL3j1INi] - 1hsY[11[kI[j11[iJ*1hsY[41[k]J[jIV\i];
(m=0; m< 3; mt+) {

rhs[m][k][j11[i] = rhs[m]LHILj11Qi] - lhsY[LT1ILkILj11Lil*rhsCm]Ck]1[j]I[q];

3

lhsY[11[k1[j21Ci] = 1hsY[11[KHILj210i]l - 1hsY[QILk1[j21[il*1hsY[3]1LkICj10i];

1hsY[2]1[k1[j21[i] = 1hsY[2]1[KI[j21Li] - lhsY[QI[kI[j2J[il*1hsY[4][kYLj1[i];
(m=0; m< 3; m+) {

rhs[m]Ck1[j21Ci] = rhs[m]lCkX[j2]JCi] - 1hsY[QI[kI[Cj21[il*rhs[m]CKINGI0A];
3
}

3 ’ data dependence on loop | = | loop is sequential




#pragma omp target teams distribute parallel (i,j,k,m,facl,j1,3j2)
(k = 1; k <= gp2-2; k++) {

(=0 j<=gpl-3; j++) {
j1=3+1; '
[jz ~ 5+ 2, loop nest is not perfect
(1 =1; 1 <= gpo-2; i++) {
facl = 1.0/1hsY[21[kI[j1[i1;

lhsY[3][k]J[j1[i] = facl*1lhsY[3]1[k]1[j1[i];

lhsY[4][k]J[j1[i] = facl*1lhsY[4][k]1[j1[i];
(m=0; m< 3; mt) {

rhs[m][k][jI[i] = facl*rhs[m][k][j1[i];

}
IhsY[21[k1Lj110i]1 = 1hsY[21Ck1[j110i]1 - 1hsY[11LkI[j110i1*1hsY[31LkILjIL1];
1hsY[31LkILj1101i1 = 1hsY[31Ck1Lj1101i] - 1hsY[11LkICj11Ci1*1hsY[4]1[kILjIL1i];

(m=0; m< 3; m+) {
rhs[m]Ck]I[j11[1] = rhs[m]CkIC311L1]

LhsY[11[k1Lj11Lil*rhsIm]Ck]I[jI[1i];

}
IhsY[11[k1[j2101i1 = 1hsY[11[kI[j21[i] - 1hsY[@ILk1[j21[i1*1hsY[31[kI[j1[i];
1hsY[21[k1[j210i]1 = 1hsY[21[k1[j21Ci]1 - lhsY[@1[k]1[j21[il*1hsY[4]1[kI[jI[i];

(m=0; m< 3; m+) {
rhs[m][k]1[j2][i] = rhs[m]Ck]Cj2]1[1i]
3
3
}
3

LhsY[@I[k1[j21[il*rhs[m][k1[jI[i];




Expression Re-materialization



#pragma omp target teams distribute parallel (i,j,k,m,facl)
(k = 1; k <= gp2-2; k++) {
(J =0; J <=gpl-3; j++) {
(1=1; 1<=gpo-2; i++) {
= 1.0/1hsY[2]1[k]I[jI[i];
1hsY[31[k1[j1[i]l = fac1*1hsY[31[kI[j1[i];
lhsY[41[k1[jI[i]l = facl*1lhsY[41[k1[jI[i];
(m=0; m< 3; mt+) {
rhs[m][k][jI[i] = facl*rhs[m]Ck]I[jI[i];
}
lhsY[21[kJLj+1fi] = 1hsY[2ICkJLj+1]JCi] - 1hsY[L1ICkJYLj+1[i1*1hsY[3I[kILj1[1i];
1hsY[31[kLj+10[i] = 1hsY[31LkJCj+1fi] - 1hsY[11LkJCj+1iI*1hsY[41[kI[j1[i];
(m=0; m< 3; m+) {
rhs[m]CkJE3+1JLi] = rhsm]CkIEGH1J04] - 1hsY[11CkI[GH1Li]*rhs[mILkI[jILi];
}
1hsY[11Ck][3+2I01] = 1hsY[11LKC3+2ILi] - lhsY[@I[kC3+2]Lil*1hsY[31CkI[31Li];
1hsY[21[kJL3+2]Li] = 1hsY[21[k][j+2i] - 1hsY[@ICkILj+2][i1*1hsY[41[kI[jILi];
(m=0; m< 3; mt+) {

rhsCm1[kJ[T+2i] = rhs[mICkICT*2Yi] - 1hsY[@I[kI[j+2] i J*rhsim]kI[3I0i];




#pragma omp target teams distribute parallel (i,j,k,m,facl)
(k =1; k <= gp2-2; k++) {
(3 =0; J <=gpl-3; j++) {

(1=1;1<=gp0-2; i++) { We will focus on m=3
facl = 1. @/lth[Z][k][J][l]

1th[3][k][J][1j] = facl 1th[3][k][Jﬁ][i]-
1hsY[4]1[kI[j1[i] = facl*lhsY[41[k]I[j1[i];
(m=0; m< 3; mt+) {
rhs[m][k1[j1[i] = facl*rhs[m]CkI[j1[i];
}

LhsY[2][k1[j+11[i] = lhsY[2][k1[j+11[i] - 1hsY[11[k1[j+11[il¢lhsY[31[kICjI[il);

1hsY[31[k]I[j+11[i]) = ([ThsY[3I[kI[j+11[i]) - 1hsY[11[kI[j+11[i1*1hsY[41[kI[jI[i];

(m=0; m< 3; m+) {

rhsCm][k]1[j+110i] = rhs[m][k1[j+11[i] - 1hsY[11[kI[j+11LiJ*rhs[m][kI[jI[i];

}
1hsY[11[kI[j+21[1i] = lhsY[11[kI[j+21[i] - 1hsY[@I[kI[j+21[i141lhsY[3I[kI[j1[i]);
1hsY[2]1[k1[j+2][i] = lhsY[21[k1[j+2]1[i] - lhsY[@1[k1[j+2]1[il*1hsY[4J[kI[j1[i];
(m=0; m< 3; mt+) {
rhs[m]Ck]1[j+21[i] = rhs[m][k]1[j+2][i] - 1hsY[@1[k][j+2]1[il*rhs[m]Ck]CjI[i];




(k=1; k <=gp2-2; k++) {
(j=0;) <=9pl-3; j++) {

1; i <=qgp0-2; i++) {

J —
(i

Sequential Execution
InsYE3IKILILH = fac1* IhsYL3IKIGILT




Parallelizing loop k

Intra-thread access pattern.

\o/\e/]\0/0/]0]]'6)

IhsY[3][K][j1Li]



000000000000000000C0O0O0O00O0O0O0O0O0O0OO

warp of 32 threads

Parallelizing loop k

thread access pattern?

Inter-

None of the accesses are coalesced

‘\.," \.»/ ‘\.," \.»/ ‘\./ \.»/
N4 \_/ N4 _/ _/ \_/

IhsY[3][K][j1Li]



#pragma omp target teams distribute parallel

(k = 1; k <= gp2-2; k++) {

[

(0 =0; jJ<=gpl-3; j++) {
(i =1, 1<=gpo-2; i++) {

¥
by
}

facl = 1.0/1hsY[2]1[k]1[jI[i];

(i,j,k,m,facl)

Interchange loops | and |

lhsY[31Lk1[j1[i] = fac1*lhsY[31[k1[j1[i];
lhsY[41[k]1[j1[i] = facl1*lhsY[4]1[k]1[j1[i];

(m=0; m< 3; mH+) {

rhs[m]Ck]I[jI[i] = facl*xrhsCm]Ck]I[j1[i];

h
lhsY[21[k1Cj+11[i] = 1hsY[2]Ck1[j+1][i]
1hsY[31[kJ[j+11[i] = 1hsY[31[kI[j+11[i]
(m=0; m< 3; m+) {
rhsCm]Ck]ILj+110i] = rhsCm]CkICj+11[i]
3
LhsY[1]1[k]J[j+2][i] = lhsY[1][k][j+2][i]
lhsY[2]1[k]J[j+21[i] = lhsY[2][k]I[j+2]1[1i]
(m=0; m< 3; mt) {
rhs[m]Ck][j+2]1[i] = rhs[m][k]I[j+2][1i]
3

1hsY[11[kI[j+110i1*1hsY[31[kI[j1[i];
lhsY[11[kI[j+11[iJ*1hsY[4][kI[jI[i];

1hsY[11[kI[j+11[iJ*rhs[m]CkICjICiT;

lhsY[@1[kI[j+21[i1*1hsY[31[kI[j1[i];
1hsY[QI[kI[j+21[i1*1hsY[4]1[kI[j1[i];

1hsY[@1[k]I[j+2]1[il*rhs[m][kI[jI[i];




#pragma omp target teams distribute parallel
(k =1; k <= gp2-2; k+t+) {

}

}

3

(1 =0; 1<=gpo-2; i++) {
(J=1; 3 <=gpl-3; j++t) {
facl = 1.0/1hsY[2]1[k1[j1[i];
1hsY[31[kI[j1[il = fac1*1hsY[31[kI[jI[i]
1hsY[41[k1[j1[i] = fac1*lhsY[41[k1[j1[i]
(m=0; m< 3; mt+) {
rhsCm]Ck]I[j1[i] = facl*rhs[m][k]ICjICi]
}
lhsY[21[kI[j+11[i] = 1hsY[21[k1[j+11[i]
1hsY[31[k1[j+110i]1 = 1hsY[31[kI[j+11[i]
(m=0; m< 3; m+) {
rhs[m][kJ[j+11[i] = rhs[mICkI[j+1]1[i]
}
1hsY[11[k1[j+210i]1 = 1hsY[11[kI[j+21[i]
lhsY[2][kI[j+21[i] = 1hsY[2]1[k]1[j+2][i]
(m=0; m< 3; m+) {
rhsCm]Ck][j+2]1[i] = rhs[m][kI[j+2][1i]
}

?

.
’

b

(i,j,k,m,facl)

lhsY[11[kI[j+11[i1*1hsY[31[k1[j1[i];
1hsY[11[k]ICj+11[iI*1hsY[41[kI[j1[i];

1hsY[11[k1[j+11[iJ*rhs[m]CkICjICi];

1hsY[@][k]I[j+21[iJ*1hsY[31[kI[j1[i];
1hsY[@I[k1[j+21[i1*1hsY[41[kI[j1[i];

lhsY[@][kI[j+21[iJ*rhs[m][kI[jI[i];
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warp of 32 threads

Parallelizing loop k

thread access pattern?

Inter-

None of the accesses are coalesced

IhsY[3][K][j1Li]



#pragma omp target teams distribute parallel (i,j,k,m,facl)
[ (k = 1; k <= gp2-2; k++) { ]
(1 =0; 1<=gpd-2; it++) {
(J=1; 3 <=gpl-3; j++t) {
facl = 1.0/1hsY[2]1[k1[j1[i];
lhsY[3][k]1[j1[i] = faclxlhsY[3]1[kI[j1[il];
1hsY[4][k]1[j1[i] = faclxlhsY[4]1[kI[jI[i];
(m=0; m< 3; mt+) {
rhsCm]Ck]I[j10i] = fact*rhs[m][k1[jI[i];
k)
lhsY[21[k]1[j+11[i] = lhsY[2][Ck1[j+1]1[i]
lhsY[3]1[k1[j+11[i] = 1hsY[31[kI[j+1][i]
(m=0; m< 3; m+) {
rhsIm]CkICj+110i] = rhsIm]Ck]ILj+1][1]
3
lhsY[1]1[k1[j+21[i] = 1hsY[1]1[k][j+2][i]
1hsY[21[kI[j+21[i] = lhsY[2][KI[j+2][i]
(m=0; m< 3; m+) {
rhsCm]Ck]I[j+2]10i] = rhs[m][k]I[j+2][1i]
3
k)
ks
3

Collapse loops k and |

lhsY[11[kI[j+11[i1*1hsY[31[k1[j1[i];
1hsY[11[k]ICj+11[iI*1hsY[41[kI[j1[i];

1hsY[11[k1[j+11[iJ*rhs[m]CkICjICi];

1hsY[@][k]I[j+21[iJ*1hsY[31[kI[j1[i];
1hsY[@I[k1[j+21[i1*1hsY[41[kI[j1[i];

lhsY[@][kI[j+21[iJ*rhs[m][kI[jI[i];




#pragma omp target teams distribute parallel (i,j,k,m,facl)
(int ¢ = 1; ¢ <= ((gp2-2) * gpo-2); ++c) {
c / gpo-2;
cC % gpo-2;
(3 =1; 3 <=gpl-3; j++) {
facl = 1.0/1hsY[2]1[k1[j1[i];
1hsY[31[kI[j1[i]l = facl*xlhsY[3]1[k1[jI[i];
lhsY[4]1[CkIL[j1[1] facl*xlhsY[4]1[k]I[jI[il;
(m=0; m< 3; mt+) {
rhs[m][kI[j1[i] = faclxrhs[m]l[k1[jI[i];
}
lhsY[2]1CkILj+11C1i]1 = 1hsY[2I[Lk1Lj+11Li] - lhsY[11CkI[j+110i]1*1hsY[31LkI[j1[i];
lhsY[31CkILj+11C1i]1 = 1hsYL31Lk1Lj+11Li] - lhsY[11CkI[j+11[i]1*1hsY[41[kI[j1[i];
(m=0; m< 3; mt+) {
rhsCm]CkICj+1101] = rhsCm]LkILj+1101i] - lhsY[L1ILkICj+11CiJ*rhsCm]lCkILj1Ci];
}
lhsY[11CkILj+21Ci]1 = 1hsYLT1ILk1Lj+2]1[i] - lhsY[@I[kI[j+21[il*1hsY[31[CkI[j1[i];
lhsY[2]1CkIL[j+21[i]1 = 1hsY[21[k1[j+2]1[i] - lhsY[@1[kI[j+21[il*1hsY[41[kI[j1[i];
(m=0; m< 3; mt+) {
rhsCm]Ck]1Cj+210i] = rhs[m]CkI[j+21[i] - l1hsY[QI[k1[j+2][il*rhs[m]Ck]Cj1[i];
}
}
}




warp of 32 threads

IO 0000000000000 0000O0O0O0O00O0O0O0O0OO

Parallelizing loop C
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Inter-thread access pattern?

Perfect coalescing

IhsY[3][K][j1Li]
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O| 114 ms Execution Time 41.13 ms

On Nvidia Pascal (P100)
Kernel is 29.4 times faster
After IPAD-enabled transformations

On Nvidia Volta (V100): 16.4 times faster

Benchmark speedups:
Pascal (P100): 1.53x
Volta (V100): 1.26x

*Benchmarks was not verifying.




1 B
»

O| 114 ms Execution Time 41.13 ms

On Nvidia F 88.5 (P100)
Kernel is 2&4 times faster
After IPAD-enabled transformations

On Nvidia Volta (V100): <4 _times faster

111

Benchmark speedup-

Pascal (P100): “B553x 3.33x
Volta (V100): T:26x 2.3X

*After bug figs with benchmark verifying.
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US 20100251210A1

a9y United States
12) Patent Applicati(m Publication o) Pub. No.: US 2010/0251210 A1

Amaral et al. (43) Pub. Date: Sep. 30, 2010
(54) 1 COMPILER FOR RESTRUCTURING CODE USING ITERATION-POINT
; ALGEBRAIC DIFFERENCE ANALYSIS
(75) 1

BACKGROUND 3; 717/156

[0001] The present invention generally relates to improvements to computer
technology and particularly to compilers for improving the efficiency of computer

programs by informing restructuring code using iteration-point algebraic difference

analysis.



Opportunities in three other Benchmarks
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Symbolic differences of control-dependent expressions ...

... Improve dependence testing ...

... enable code transformations that were not possible ...

... With significant performance improvements...

... and enable increased code portability.
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OpenMP Target Offloading: Splitting GPU
Kernels, Pipelining Communication and
Computation, and
Selecting Better Grid Geometries

Artem Chikin!, Tyler Gobran’, and José Nelson Amarall

University of Alberta, Edmonton AB, Canac
{artem,gobran, jamaral }Qualberta.ca ,u

72 C18

WACCPD 2018

inspires.
SC18: The International Conference for High

Fiftth Workshop on Accelerator Programming Using Directives

Performance Computing, Networking, Storage
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Faculty of Science

ABOUT PROGRAMS DEPARTMENTS RESEARCH & TEACHING STUDENT SERVICES A

Faculty of Science Home / MNews / Worlds fastest supercomputer contains UAlberta technology

World's fastest supercomputer contains UAlberta technology

New supercomputers housed in U.S. facilities incorporate technology developed by computing scientists at the Univ
By Katie Willis on June 13, 2018
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