Compilation Technigues

for Automatic Extraction

of Parallelism and Locality

IN Heterogeneous Architectures

JosZ M. Andi—n

PHD ADVISORS. Gabriel Rodr'guez and Manuel Arenaz

COMPUTER ~
GAF o ozon = UNIVERSIDADE DA CORURA



Outline

1. Introduction

2. A Novel Compiler Support for Multicore Systems

3. Locality-Aware Automatic Parallelization for GPGPU
4. Trace-Based AfPne Reconstruction o€ode

5. Conclusions

. . : : : L : COMPUTER )
Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous ArZCh/ItiitSWeS Garxﬁms%ﬁ groyp . N UNIVERSIDADE DA CORUNA

GAC UDC ES



Outline

1. Introduction

2. A Novel Compiler Support for Multicore Systems

3. Locality-Aware Automatic Parallelization for GPGPU
4. Trace-Based AfPne Reconstruction o€ode

5. Conclusions

. . : : : L : COMPUTER )
Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Ar;h/ltiitigures Garxﬁms%ﬁ groyp . N UNIVERSIDADE DA CORUNA

GAC UDC ES



OHPC is a crucial asset for EuropeOs innovation capacit
and Is of strategic importance to its scientibc and

industrial capabilities, as well as to its citizensO
- H2020 Work Programme

OHPC has contributed substantially to national economic
prosperity and rapidly accelerated scientibc discoveryO

- POTUS Executive Order for Creating a National Strategic Computing Initiative

OTo out-compute is to out-competeO

— US Council of Competitiveness
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A New OSoftware CrisisO

Modeling reality in software Is already difpcult

Hardware architecture with multiple levels of increasing
complexity

How do we distribute computations?

How do we distribute data?
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Extraction of Parallelism

libraries

compiler directives

£ CpeniP OpenACC
% programming languages
: [Ec=:]
parallelizing Compllers
)
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Extraction of Parallelism

| " libraries -
" compiler directives
Our Proposal: #
Source-to-Source Parallelizing
Compiler for CPUs and GPUs

" parallelizing compilers
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Extraction of Locality

The Locality Principle: temporal & spatial clustering

Techniques to improve locality:
loop interchange, Pssion and fusion of loops and arrays, tilingE
hardware and software prefetching

data placement

design of ad-hoc memory systems

Implemented in compliler frameworks
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Extraction of Locality

" The Locality Principle: temporal & spatial clustering

" Techniques to improve locality:

Our Proposal

Al'ne Reconstruction of Code from a
Trace of Memory Accesses

' design of ad-hoc memory systems

" Implemented in compliler frameworks
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Outline

2. A Novel Compiler Support for Multicore Systems
KIR: A diKernel-based IR
Automatic Partitioning driven by the KIR
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State-of-the-art vs. Our Approach

Current parallelizing compilers are based on systems of
equations that respect all dependences of statement-
based IRs even If they are merely implementation artifacts

Our approach:

Sequential
C/Fortran
Source
Code

>

O

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures

Compiler IR
(ASTs,
DDG,
CFG)

—

( )

Construction of the KIR

Classibcation
of diK-level
Dependences

Execution
Scopes

diKernel
Recognition

r

—
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Automatic Partitioning

Spurious
diK-level
Dependences

Parallelization
Strategy

~

OpenMP-
enabled
Parallel

C/Fortran
Source

Code

"
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Standard Statement-based IR

for (1 =0;1 < n; i++) {

t = 0; O’i )
for (i =0;j<mje) { )
t =t + A[l[] L4 ] R S R W N N AR N N At~

}
ylil =°%

____________________

~NOoO OB~ WDN B

_______________________

_______________________
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diKernel: Domain-Independent
Computational Kernel

" Characterizes the computations carried out in a program
without being affected by how they are coded

DOMAIN-SPECIFIC
CONCEPT LEVEL
(problem solving methods

and application domain)

DOMAIN-INDEPENDENT
CONCEPT LEVEL
(programming practice)

SEMANTIC LEVEL

(control flow and
data dependence graphs)

SYNTACTIC LEVEL
(abstract syntax tree)

EXT LEVE
(ASCII code)

" SCC of the DDG ignoring [3ow-of-control statements
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0; i < n; i++) {

for (I =

for (= 0;j < m; j++) {
t + A[i][] « X[I;

Building the KIR (1)

~N~NOoO OB~ WDN B
—
I

#
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diKernel-level Flow Dependences

ldentibcation of the [ow of iInformation across the
program

Statement-level dominance

Range of values of variablex produced and used
throughout the execution of statements

D

I‘

EF(x, x;) " USE(x, y;)
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Building the KIR (lI)

!II#II’ %%_"'
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Hierarchy of Execution Scopes

" To expose the computational stages of the program

Based on the hierarchy of loops: one execution scope for
each perfect loop nest

" The root execution scope Is a special node that represents
the program as a whole.

" diKernels belong to the innermost execution scope that
contains all of their statements

" diKernels that compute the loop indices belong to the ES
of the corresponding loop
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Building the KIR (and IlI)

lifor (i =0; i< n; i++) {

2 t = 0;

3 for (j = 0; j < m; j++) { I HSYEIL' (#) S+, %

4 =t + A[][] = X[ %+-./0 12314506$7879%$:1;6<$=>P@
S| }

6| Vil =t DSEST$H

7 } <1J:J0$J<<14:K6:F

!II#II$)/0%I8ILI

%+-./0 ,&23145‘6$$7879$:1;6<1 C(

| D$ESGBH
<1J:JO$06L5IF1/;

!

| D$ESM:$H
0645:J0$J<<14;K6;F

!II#II* %%+l

!II#II*%%-I !II#II, 0/0%-!|:I

") og0nl”
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Outline

2. A Novel Compiler Support for Multicore Systems
KIR: A diKernel-based IR
Automatic Partitioning driven by the KIR
Automatic Parallelization of the Benchmark Suite

Experimental Evaluation
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Spurious diKernel-level Dependences

" They do not prevent the parallelization

" HB06& %' (H) S+ %

%-+-./012314506$7879%:1,6<$=>P@

< DSEgRSH
<1J:J0$I<<14:K6;F

: : : %+-./0 @23145 6$$7879%:1,6<PRPLC(
for (1 =0; 1< n; i++) {

t=0 D$E
for ( = 0; ) < m; j++) { <1J: J0$06L5|F1/

t=1t+ ANl * X[I;
}

y[i] = t; < D$E$M;p$H
) 0645:J0$J<<14:K6:F
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OpenMP-enabled Parallelization Strategy

Find the critical path in the KIR
diKernel-level 3ow dependences
Parallelizing transformations for each type of diKernel
Optimizations for the joint parallelization of loops
Minimize synchronization between diKernels

Minimize thread creation/destruction

I . : : : L : COMPUTER i
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Parallelizing Transformations

1. # llel £ 1.r=0

- #pragma omp paraliel Lol 2. #pragma omp parallel for reduction(+:r)
3. All=2 4. r=r+A[l:
4. } 5.

Array Expansion

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures Gﬂr‘ ”(f £ Group . 3
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Automatic Partitioning driven by the KIR (1)

" H$968Y0' (#)"*$+" %

%+-./0 12314506$7879%:1;6<$=>1

~
@

for (i =20;1 < n; i++) { D$EHG
- <1J: JO$J<<14 K6F

for (j = 0; j <m; j++) {
t =t + A[[i] * X[i]. %o+- /O,&523145 6$57879%:1;6<HRPLC(

oo D$E@-‘G7$H
yli] =t <1J:J0$06L5IF1/;
}

D$E
0645: JO$J<<14 K6;F

~NOoO Ol bk WN B
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Automatic Partitioning driven by the KIR (and II)

" #5068 (H) S+ %

%+-./0 12314506$7879%:1,6<$=>7

Q

DSEHG
<|J: JO$J<<14 K6 F

%-+-./0 ,&23145 6$357879%:1;6<bRPC(
1|#pragma omp parallel shared (A,X,Y) private  (i,},t)
D$E 2|
<|J: JO$06|—5|F1/ 3|#pragma omp for schedule (static )
4, for (i =0;i<ni=1i+1)/{
5 t = 0
6 for (G =0j<mj=j+1){
D$E 7 t = + ((AllDD * (xDD);
0645: JO$J<<14 K6;F 3 }
9 yli] =
10| }
11/}
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Automatic Parallelization of the Benchmark Suite

" Synthetic Benchmarks

Dense/Sparse Matrix-Vector Multiplication
" Sobel Edge Filter

SWIM from SPEC CPU2000

EQUAKE from SPEC CPU2000
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DenseAMUX & SparseAMUX

DenseAMUX

for (1 = 0;
t = 0;
(j:Orj<
= t + A1l

~NOoO o1 b WN B
t

SparseAI\/I UX

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures

i < nj;

1031

1f (1 = 0; i < n;
2 t = 0;

3| for (3 = ial[i];
4 t =t + A[7]

S) }

6| vyIlil = t;

[an

i+4+) |

m; Jt++) {
* x[J];

i++) |

i < iali+1]

* x[Jalj]l;

_1;

J4+)

{

!llll#$%&%l(#)ll*$+lll,%

%+-./0 $23145067$89:;$,<=$89:>?3@1<67%/

H$I$g$K
7L,@;08%; 7714<M6<J

%-+-./0 @23145067$8 $$;<=$89:>?3@1<

H$I$p1$K >
7L;@:0$06=5LJ1/<

H$I$ K
0645@; O$ 7714<M6<J

B C
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SparseAMUX

!Illl#$%&%l(#)ll*$+lll’%
%+-./0 $23145067%$89:;$;<=$89:>?$@1<67$ABC
HSIS3$K 1| #pragma omp parallel shared (A,ia, ja,x,y) private (i, J,t)
7L;@;0%; 7714<M6<J 2] {
3| #pragma omp for schedule  (static )
%ot /O§23145067$8 $5,<=$89:>7$@1< :Bc;1 or B m0n e
H$I$ < 6 for (3 = ialil; J < (iali+l] - 1); J = 3 + 1) {
I t = (t) + ((A[J]) » (x[JalJll));
L,@; O$06 5LJ1/< 3 \
9 ylil = t;
O] }
A
H$I$ K
0645@; O$ 7714<M6<J
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AMUXMS & ATMUX

AMUXMS

lifor (i =0;i < n; i++) {

2| ylil = Alil X[,

3|}

4ifor (j = 0; ] < n; j++) {

5/ for (I = ja[j]; | < ja[j+1]-1; I++) {
6 yil = yiI + All] * X[al]];
7}

8|}

ATMUX

lifor (i = 0;i < n; i++) {

2| vyl =

3|}

4ifor (j = 0; ) <n; j++) {

5| for (I = iafj]; | < ia[j+1]-1; I++) {
6 yballll = yballll + x[] * All];
7}

8|}

" HS6&96' ()" *$+", %o

%+-./0 $4567809:$;,<=>$>?@3$;<=A2%$367P: $F(

H$I $K
09783>0$>::67?N9?M

%-+-./0 1@4567809:$;<l>$$$>?@$;<:A2$36’>9:$

H$LH$K
6009783>O$O9@8LM6/?
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AMUXMS

" #5068 (H) " $+" %

%+-./0 $4567809:$,<=>$>?@$;<=A2$367P{

H$I $K
09783>0%>::67?N9?M

Vo+-.10 1 $:4567809:5;: F>$55>2@$:<=A2$36 ¢

HSL$K
009783>0$09@8LM6/?

b (

D:$

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures

O 0O IO Ul W IN -

S S
W N = O

#pragma omp parallel shared(Ax,ja,y) private(i,),l,t)
{
#pragma omp for schedule( static) nowait
for (i =0;i<ni=1+1){
ylil = (A[l]) * - (x[i]);
}

#pragma omp for schedule( static)
for = 0;j<n;j=j+1){
for (I = jafil; | < (a[j+1] - 1); | =1 + 1) {
yil = (i) + (CAllD) * (xDafl);
}
}
}
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ATMUX

" #S96890' ()" *$+" %

H$}| $K
09783>0%>::67?N9?M

%+-./0 1 $4567809:3;<F>$$$>?@$;<=A2%$36

HSL$K
6009783>0$09@8LM6/?

D

9:$
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12
13
14
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#pragma omp parallel shared(A,ia,ja,x,y)
{

if (omp_get_thread_num() ==
y _ private = v;

0) {

} else {
y___ private = (  float *) malloc(n
}
for (Ii=0;i<n;i=1+1){
y  private[i] =
}

#pragma omp for schedule( static)
for  =0;j<n;j=]+1){
for (I = iafj]; | < (a[j+1] - 1); I =1 + 1) {
y___privatefjall]] = (y__privatefja[l]]) + ((x[)
}
}
#pragma omp critical
if (omp_get thread num() '= 0) {

for (i = ;i<n'i:i+1){
yli] += y___ privateli];
}
}
if (omp_get thread num() '= 0) {
free(y___ private);
}

}
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EQUAKE (1)

1ifor (iter = 1; iter <= timesteps; iter++) {

2 for (i = 0; i < ARCHnodes; i++)

3 for (j = 0;] < 3; j++)

4 disp[disptplus][i][j] =

5| for (i = 0; i < ARCHnodes; i++) {

6 Anext = ARCHmatrixindex[i]; Alast = ARCHmatrixindex[i+1];
7 sum0 = KJAnext][0][O] * disp[dispt][i][O]

8 + K[Anext][0][1] * disp[dispt][i][1]

9 + K[Anext][0][2] * disp[dispt][i][2];

10 suml = K[Anext][1][O] * ...; sum2 = K[Anext][2][0]
11 Anext++;

12 while  (Anext < Alast) {

13 col = ARCHmatrixcol[Anext];

14 sum0 += K[Anext][0][0] * disp[dispt][col][0]

15 + KJ[Anext][0][1] * disp[dispt][col][1]

16 + K[Anext][0][2] * disp[dispt][col][2];

17 suml += K[Anext][1][O] *...; sum2 += K[Anext][2][0]
18 disp[disptplus][col][0] +=

19 K[Anext][0][0] * disp[dispt][i][0]

20 + K[Anext][1][0] * disp[dispt][i][1]

21 + K[Anext][2][0] * disp[dispt][i][2];

22 disp[disptplus][col][1] += K[Anext][O][1] ...

23 disp[disptplus][col][2] += K[Anext][0][2] ...

24 Anext++;

25 }

26 disp[disptplus][i][0] += sumO; ...

27| }

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

EQUAKE (1)

time = iter *  Exc.dt;
for (i = 0; i < ARCHnodes; it++)
for (j = 0; ] < 3; j+t)
disp[disptplus][i][j] *= - Exc.dt * Exc.dt;
for (i = 0; i < ARCHnodes; i++)
for ( =0;]j <3 j+4)
disp[disptplus][i][j]] +=
2.0 = MI][j] * disp[dispt][i][j]
- (M[i][j] - Exc.dt / 2.0 * C[ilD
* disp[disptminus][i][j]] - ...
for (i = 0; i < ARCHnodes; i++)
for ( =0;] <3 j+t)
disp[disptplus][i][j]] /= (M[i][j] + Exc.dt / 2.0
for (i = 0; i < ARCHnodes; i++)
for (j = 0; ] < 3; j+t)
vel[i][j] = 0.5 / Exc.dt * (disp[disptplus][i][j]
- disp[disptminus][i][iD);
I = disptminus; disptminus = dispt; dispt = disptplus; disptplus
}

= ClI0D):;
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

EQUAKE (Il

#pragma omp parallel shared (disp)  private (disp___ disptplus___ private,...)

{
if (omp_get thread num() == 0) {
disp___ disptplus___ private = disp[disptplus];

} else {
disp___ disptplus___ private = ( double **) malloc (ARCHnodes * sizeof (double
for (i = 0; i < ARCHnodes; i =1 + 1)
disp___ disptplus___ private[i] = ( double *) malloc(3 * sizeof (double ));
}

for (iter = 1; iter < (timesteps + 1); iter = iter + 1) {
#pragma omp barrier
for (i = 0; i < ARCHnodes; i =i + 1)
for (=0 j<3j=]+1)
disp___ disptplus___private[i][j] = 0.0;
#pragma omp for schedule (static )

for (i = 0; i < ARCHnodes; i =i + 1) {
Anext = ARCHmatrixindex[i]; Alast = ARCHmatrixindex[i+1];
sum0 = K[Anext][0][0] * oL
Anext++;

while  (Anext < Alast) {
col = ARCHmatrixcol[Anext];

sumO0 += K[Anext][0][O] * oL
disp___ disptplus___private[col][0] += K[Anext][0][O]
Anext++;

}
disp___ disptplus___private[i][0] += sumO; ...
}
#pragma omp critical
if (omp_get thread_num() != 0)
for (i = 0; i < ARCHnodes; i =1 + 1)
for (=0 j<3j=]+1)
disp[disptplus][i][j] += disp___disptplus___privateli][j];
#pragma omp barrier

*));
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EQUAKE (and IV)

34 time = iter * Exc.dt;

35| #pragma omp for schedule (static ) nowait

36 for (i = 0; i < ARCHnodes; i =i + 1) FULLY PARALLEL LOOP
37 for (j=0;j<3;j=j+1)

38 disp[disptplus][i][j] *= - Exc.dt * Exc.dt

39| #pragma omp for schedule (static ) nowait

40 for (i = 0; i < ARCHnodes; i =i + 1)

1 for (=0 1<3 =]+ FULLY PARALLEL LOOP
42 disp[disptplus][il[i] += ...

43| #pragma omp for schedule (static ) nowait

44 for (i = 0; i < ARCHnodes; i =i + 1)

45 for (=0 ]<3j=]+1) FULLY PARALLEL LOOP
46 disp[disptplus][il[j] /= ...

47| #pragma omp for schedule (static ) nowait

48 for (i = 0; i < ARCHnodes; i =i + 1)

49 for (=0j<3j=j+1 FULLY PARALLEL LOOP
50 vellilli] = ...

51 i = disptminus; disptminus = dispt; dispt = disptplus; disptplus = i;

521 '} I+ for iter * |

53 if (omp_get_thread_num() '= 0) {

54 for (i = 0; i < ARCHnodes; i =i + 1)

55 free(disp___disptplus___ privatel[i]);

56 free(disp___ disptplus___ private);

57| }

58|}

. . : . : L : COMPUTER i
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Outline

2. A Novel Compiler Support for Multicore Systems
KIR: A diKernel-based IR
Automatic Partitioning driven by the KIR
Automatic Parallelization of the Benchmark Suite

Experimental Evaluation
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Program Characteristics Compilers
m LW
o L 4 O v
= T c 4 ©®
= ¢ 2 9 - O
? P X £ E O 2
_ o ¢ = o g O -
Benchmark dikernel E = 3530 F |0 |9| o ¥
reg. assig. regular assignment | | o
irreg. assig. | irregular assignment | | .
o | sc.reduc. 1 | scalar reduction S |
E Sc. reduc. 2 scalar reduction , . | |
€ | sc.reduc. 3 | scalar reduction ' Lo
® | reg. reduc. | regular reduction Co o
irreg. reduc. | irregular reduction I |
reg. reculrr. regular recurrence , l |
< | DenseAMUX | regular assignment Lo - Ot
s | AMUX regular assignment L ' |
S | AMUXMS regular reduction A |
< | ATMUX irregular reduction T L |
. | sobell regular assignment ] |
£ sobel2 regular assignment , ' | | | |
@ | SWIM regular recurrence Lo ' U
Z | EQUAKE irregular reduction I " |

Eﬁ t. 2 Intel Xeon E5520 quad-core Nehalem processors at 2.26 GHz
e C |Ve n eSS with 8 MB of cache memory per processor and 8 GB of RAM

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures Gﬂ"cj };’g( ’jhf GrouP . N .
39 /118 ' == UNIVERSIDADE DA CORUNA



Performance: EQUAKE (Execution Time)
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Outline

1. Introduction
2. A Novel Compiler Support for Multicore Systems

3. Locality-Aware Automatic Parallelization for
GPGPU

4. Trace-Based Afbne Reconstruction o€Code

5. Conclusions
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Outline

3. Locality-Aware Automatic Parallelization for GPGPU
GPGPU with CUDA and OpenHMPP
Locality-Aware Generation of Efbcient GPGPU Code
CONV3D & SGEMM

Experimental Evaluation
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Outline

3. Locality-Aware Automatic Parallelization for GPGPU
GPGPU with CUDA and OpenHMPP
Locality-Aware Generation of Efbcient GPGPU Code
CONV3D & SGEMM

Experimental Evaluation
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GPGPU with CUDA

First GPGPU programs look like graphics applications
@GL < ng;om
CUDA enables the use of C
CUDA kernel: specibes the operation of a single GPU thread
Main ideas:
1. Lightweight parallel threads in hierarchy: grid, block
2. Shared memory

3. Barriers
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Host CPU [ Bridge — System memory

GPU
Host interface [
| Viewport/clip/
Input assembler setup/raster/zcull
l l
Vertex work Pixel work Compute work
distribution distribution distribution
l l l
l l l l l l l |
TPC TPC TPC TPC TPC TPC TPC TPC
I [l [l [l [ |l [ [ |l [l |
I [l [l [l [ |l [ [ |l [l |
SM SM SM SM SM SM SM SM SM SM SM SM SM SM SM SM
[ Il |l || Il |l I |1k Il [ 1l Il ]|l Il Il Il [l ([l Il [|1]|L Il |l |
I If |l I {[L If |l If [ {(L If [L I { Nl If [L If { {[L [l [L I 1]l If [L {1l If [L [ [ {[L If |l |
[ Il |1 I [L Il |1 [ | ] Il [ 1]l Il ] |[L Il I |l Il [l ([l Il [|1]|L Il |1 |
) | O | O T EE T ) [
Shared Shared Shared Shared Shared Shared Shared Shared Shared Shared Shared Shared Shared Shared Shared Shared
memory memory memory memory memory memory memory memory memory memory memory memory memory memory memory memory
Texture unit Texture unit Texture unit Texture unit Texture unit Texture unit Texture unit Texture unit
T || | S || (| T || || || | || || e || | e | ||| S
| | | | | | | | | | | | | | | |
( Interconnection network )
l l l l l l
ROP ROP ROP ROP ROP ROP
DRAM DRAM DRAM DRAM DRAM DRAM

Example of CUDA-enabled
GPU architecture
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GPU Memories

SM
| cache
//‘ MT issue
| TPC -~ C cache
| ~—).- :
e |— sp || sp Location Access Scope
D:D D:D registers SM read & write one GPU thread
CIC0 SP || SP local memory DRAM read & write one GPU thread
L shared memory SM read & write all GPU threads in a block
%% %g SP 1| SP global memory DRAM  read & write all GPU threads & CPU
]
— - SP||sP
o ] fsrul [sru
Shared
|| memory
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GPU Programming Features in CUDA

+ 1 Threadipcation
o 2 Thread grouping: warps
=
g 3 Minimization of CPU-GPU data transfers
O |
= 4 Coalescing
O
o
g 5 Maximization of the usage of registers and shared memory
O
8 6 Divergency
£
14 Occupancy
| 8 Threads per block
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GPGPU with OpenHMPP

“@ ?nnpp OpenACC  OpenMP

interaction RPC RPC RPC
address spaces disjoint disjoint disjoint
e transfors | automatic & = automatic& = automatic &
ata transfers
________________ manual ~ manual ~ manual
sw-managed - . - . automatic
explicit handling | explicit handlin .
caches |~ 0 S P e handling
parallelism 00D iterations | 9219S; workers, loop iterations,
specification | 0 U SIMD tasks, SIMD
standard loop directives no no
transformations
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Outline

3. Locality-Aware Automatic Parallelization for GPGPU
GPGPU with CUDA and OpenHMPP

Locality-Aware Generation of E!cient GPGPU
Code

CONV3D & SGEMM

Experimental Evaluation
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GPU Programming Features addressed by our Automatic Technique

+ 1 Threadipcation
o 2 Thread grouping: warps
-
g 3 Minimization of CPU-GPU data transfers
O |
= 4 Coalescing
O
o
g 5 Maximization of the usage of registers and shared memory
O
8 6 Divergency
£
7 Occupancy
| 8 Threads per block
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Chains of Recurrences (chrecs)

Algebraic formalism

Debnition 3.3.1. Given a constant ! Z, afunctiong: NY" Z, and the operat:
+,thechrecf = {1 ,+,g} is dePned as a function:fN " Z such that:

I# 1
{t,+,9t@="1+1 9

j=0

Useful for representing the iterations of a loop and array access patterns

for (i = 0; 1 <= N; i++) {
for ( =0;] <= N; j++) {
. X[l -
}

N Ul = WD

}

We instantiate (particularize) them for each GPU thread

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures Gﬂ"ﬁ,&m’mﬁ“ srOUP =
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Detection of Coalesced Accesses to the GPU
Global Memory

CHRECS xy = [{0,+,1}][{0,+,1}]

1{// only for_ i is threadified 1{// only for_j is threadified
2|for (i =0; i <= N; i++) { 2|for (j = 0; j <= N; j++) {
3 for (j = 0; ) <= N; j++) { 3 for (i = 0; i <= N; i++) {
4 e 4 .
5 } 5 }
6|} 6|}
(a) Source code S1. (c) Source code S2.
T0 T1 T2 T0 T1 T2
(i=0) (i=1) (i=2) (j=0) (iI=1) (i=2)
j=0 | x[0][0]  x[1][o]  x[2][O] i=0 | x[0][o]  x[o][1]  x[0][2]
i=1 | x[o]1]  x[1][1]  x[2][1] =1 x[1][0]  x[1][1]  x[1][2]
i=2 | x[o][2]  x[1]l2]  x[2][2] =2 1 x2][0]  x[2][1]  x[2][2]
& Tstdim | {0} &Y &) S Tstdim | {0,+,1) {0,+,1] {0,+,1}
< 2nddim | {0,+,1} {0,+,1} {0,+,1} < 2"dim | {0} {1} {2}
(b) Non-coalesced accesses. (d) Coalesced accesses.
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Detection of whether an Access to the GPU Global

Memory can be Coalesced

1: FUNCTION 1sSCOALESCEDACCESS

Input: access Xg[ix1][ik2] - - - [ikn] to an N-dimensional array x stored in row-major

order

Input: loopnest L =Ly, Ly,..., L where L; is the threadified loop
Output: returns whether the given access Xy can be coalesced after threadifying

the loop nest L

2: CHRECS xy < [{ ! k1, -+, gk,l}] [{ ! k27 -+, gk,Z}] e [{ ! k,n/s -+, gk,n}]
3: W < warp of GPU threads {TO, T1, T2...}
4: for each thread Ti in W do
5: CHRECS x' + [{! '}, + 98 I & 4+ oot ] [ i 4 g ]
6: end for
7. if(3de{l...n—1},Tjew —{T0} : {! kd,+ gkd} # {! {4 1+, 9 a}) then
8: return false I first n — 1 chrecs differ
9: end if
1.  CHRECSRANGE xn + U™{! ', +, 90}
11: if CHRECS RANGE_x , defines a convex set then
12: return true I threads of the warp access consecutive locations
13: else
14: return (VTj € W —{T0} : {! kn’_|_ gkn} ={! I%,Jr gk M
| threads of the warp access the same location
15: end if

16: end FUNCTION

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures
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Usage of Registers to Store Reused Data within a
GPU Thread

1: PROCEDURE STOREREUSEDDATA INREGISTERS
Input: n-dimensional array X|$;][Sp] ... [Sn]
Input: loopnestL = Lq,Lo,...,L; where L4 is the threadiPed loop
Output: a modiPed program that exploits reused data to maximize the usage of
the GPU registers

2: collect accesseXy|ik 1] [ik 2] - - - [ikn] With k! {1,...,m}

3. CH RECS_XK ! [{ ¢k,11 -, gk,l} ] [{ ¢k,2’ =+, gk,Z}] s [{ ¢k,n1 -, gk,n}]

4: for each thread Ti do

5: CHRECS x¢' " [{¢y' +, 9 peo + Gelot ] - [{ Pl +0 G} ]

6: REUSED DATA x™"" ' m CHRECS_xk

7 if (REUSED DATA X" # ! )then

8: store reused data between the accesses made by in its set of
registers if data are private

9: end if

10: end for
11: end PROCEDURE
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Usage of the GPU Shared Memory for Data Shared
between the Threads of a Block

1. PROCEDURE STORESHARED DATA INSHARED MEMORY
Input: n-dimensional array X[s;1][s2]. . .[sn]
Input: loopnestL = Lq,Lo,...,L where L; is the threadiPed loop
Output: a modibPed program using the GPU shared memory to share data be-
tween the threads of a block

2: collect accessexy[ix 1]lik 2] - - -likn] With k! {1,...,m}
3 CHRECSX¢ " [{'kut+ Okt Il{!k2+ 02t [{'knst Gkn}]
4: for each block B do
5: for each thread Ti in B do | |
6: CHRECS x¢' " [{! ¢+, 90 ! g+ giod ]I B+ g ]
7: end for |
8: SHDATA x" N" CHRECS x['with k! {1,...,m}
9: if (SHDATA x# ! )then
10: store data shared between the threads of block B
In the shared memory
11: end if

12: end for
13: end PROCEDURE
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Increase the Computational Load of a GPU Thread

1: PROCEDURE INCREASELOAD
Input:  access Xglik1]lik2] - - - likn] to an n-dimensional array x stored in row-major
order
Input: loop nest L = Ly, Ly, ..., L where both Ly, L, are threadified
Input: amount of data! to be processed by a GPU thread
Output: a modified program after applying loop tiling under the OpenHMPT
programming model
2 increment the step of the outer loop L; to !
3 for each scalar variable sin L do
4 promote Sto an array §|! |
5: transform reads and writes to sinto loops of ! iterations
6 end for
7. end PROCEDURE

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures Gﬂﬁ%%‘;‘:j‘f&’?j“ crour e \
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Use Scalar Variables to Enable GPU Compiler
Optimizations

1: PROCEDURE INCREASELOAD

Input: loop nest L = Ly, Ly, L3..., L, that results of Algorithm 3.4 where both
L, Ly are threadified, the step of L; is A, and L3 is the created loop with A
iterations

Output: a modified program that uses more scalar variables to enable GPU com-
piler optimizations

2 apply loop fission to L3, the loop created in line 5 of Algorithm 3.4

3 for each loop L} resulting from the fission of L3 do

4: interchange loops until L} is the mnermost one

5 insert a fullunroll d1rect1ve before L

6 end for

7

: end PROCEDURE
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Outline

3. Locality-Aware Automatic Parallelization for GPGPU
GPGPU with CUDA and OpenHMPP
Locality-Aware Generation of Efbcient GPGPU Code
CONV3D & SGEMM

Experimental Evaluation
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CONV3D & SGEMM

S Q. o o =) —_ Q. Q. Q. o ro!
o £ E El|la £ £ E £ E 3
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S T O T \E £ £ £ £ £ £
2 Q% Q| E E E E E E
B EERLIEEREERER
GPU Features S p 9, oo O @ 6 § O O
Coalescing - - - -
Registers - - - -
Shared Memory | - - - -
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CONV3D (1)

!IIII#$%&%I(#)II*$+I"’%

%+-./0 125$2617809%:;<2$=1>9?$ @ ALk

D$ESFIGKEK
2LM=MO$M??17>GO>F

D$ESFIOGRBK
2LM=MO$M??17>G9>F

DSESFIGHUS$K
2LM=MO$M??17>G9>F

'

DSE$/BFHRFBK
0978=MO0$0908LF1/>

1l|int sizex, sizey, sizez, bound = 4;

2

3|void conv3d( float output[sizex][sizey][sizez],

4| float input[bound+sizex+bound][4+sizey+4][4+sizez+4],
5| float coefx, float coefy, float coefz) {

6

7| for (int i = 0; i< sizex; i++) {

8 for (int j = 0; ] < sizey; j++) {

9 for (int k = 0; k < sizez; k++) {

10 float  tempx = input[i][jl[k] + coefx * |
11 (

12 inputfi-1][jlI[k] + input[i+1][jl[k] +

13 inputfi-2][jI[k] + input[i+2][jl[k] +

14 input[i-3][jI[k] + input[i+3][jl[k] +

15 inputfi-4][jlI[k] + input[i+4][j][K]

16 )

17 float tempy = input[i][j][k] + coefy * |
18 (

19 input[i]j-1][k] + input[i][j+1][k] +

20 input[i]j-2][k] + input[i][j+2][k] +

21 input[i][j-3][k] + input[i][j+3][k] +

22 input[i][j-4][k] + input[i][j+4][K]

23 ) |
24 float tempz = input[i][jl[k] + coefz *
25 (

26 inputfi][jl[k-1] + input[i][jl[k+1] +

27 input[i][jl[k-2] + input[i][j][k+2] +

28 input[i][jl[k-3] + inputi][j][k+3] +

29 input[i][jl[k-4] + input[i][j][k+4]

30 )i

31 outputli][jIlk] =

32 outputi][j]k] + tempx + tempy + tempz;

33 }

34 }

35 }

36|}

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures
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CONV3D (1)

" conv3d-cpu: Sequential code

" conv3d-hmppl: Coalescing

1.int |, j, k, size_x, size_y, size_z; CHRECS_1input; =
2. float coefx,coefy,coefz,*input,*output; [{O0,+,1}]1[{0,+,1}1[{0,+,1}]
3.

4. for (i=0;1<size_x; i++){

5. for (j=0;j<size_y;j++){

6. for (k=0;k<size z; k++){
float tempx = input[i][j][k]+coefx*

1. )
8.E
Default OpenHMPP policy

CHRECS_inputT0 = CHRECS_inputqTl =
[{0}1[{0}1[{0,+,1}] [{0}1[{1}]1[{0,+,1}]

Loop nest is permuted toforj, fork, forj

CHRECS inputqT0 = CHRECS input,Tl =

[{O,+,1}]1[{0}]1[{0}] [{O,+,1}]1[{0}][{1}]

_ , , . : L . COMPUTER )
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CONV3D (I}

" conv3d-hmpp2: Registers

4. for (j=0; ] <size_y; j++) {

5. for (k=0; k<size z; k++) {

6. for (i=0; i <size_x; i++) {

7. float tempx = input[i][j][K]+coefx*
8

9

1

(
input[i-1][j][K]+input[i+1][j][K]+

CHRECS_lnputl = CHRECS_:anut2 =
[{0,+,1}1[{0,+,1}]1[{0,+,1}] [{-1,+,1}1[{0,+,1}1[{0,+,1}]

CHRECS_input;T0 = CHRECS_input,T0 =

[{O0,+,1}]1[{0}]1[{0}] [{-1,+,1}]1[{0}]1[{0}]

1"

CHRECS inputj =

[{1,+,1}1[{0,+,1}]1[{0,+,1}]

CHRECS_input3TO =

[{1,+,1}]1[{0}]1[{0}]

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures @ ARCHITECTURE GROUP . UNIVERSIDADE DA CORURNA
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CONV3D (1Y

1| #pragma hmpp conv3d___ hmpp2 codelet

2|void conv3d___ hmpp2 (float output [sizex] [sizey] [sizez],
3 float input [bound+sizex+bound] [4+sizey+4] [4+sizez+4],
4 float coefx, float coefy, float coefz) {

)

6| #pragma hmppcg gridify (3, k)

! for (int j = 0; j < sizey; j++) {

8 for (int k = 0; k < sizez; k++) {

9 float i_ minus4 = 0;

10 float i_ minus3 = input[-4][j][k];

11 float i_ minus2 = input[-3]1[j][k];

12 float i_ minusl = input[-2][3][k];

13 float i plusO = input[-1]1[7][k];

14 float i plusl = input[0][j][k];

15 float i_ plus2 = input[1][j]I[k];

16 float i plus3 = input[2]1[j][k];

17 float i plus4 = input[31[j][k];

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

for (int 1 = 0; 1 < sizex; i++) {
i minus4 = i____ _minus3;
i minus3 = i___ _minus2;
i minus2 = i___ _minusl;
i_ minusl = i__ plusO;
i_ plusO = i_  plusl;
i plusl = i___ plus2;
i_ plus2 = i_ plus3;
i plus3 = i_ plus4;

'_l

plusd4 = input[i+4]([]] [k];
float tempx = 1 plusO0 + coefx «*

(

i minusl + i__ plusl +
i_ minus2 + i__ plus2 +
i minus3 + i_ plus3 +
i minus4 + i_ plus4

) i
float tempy =
float tempz = ...
output [1] [J] [k] =
output [1] [J] [k] + tempx + tempy + tempz;

. . . . . : H H H COMPUTER ~
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CONV3D (V)

" conv3d-hmpp3: Shared memory

4.for (j = 0; ] <size_y; j++) {

o A TO T1

g fojf:cflkg (i 2 (;(; |<<S ZEEZ’XI;(T:JZ){{ CHRECS 1S'dim  2"%im  3¥dim | 15'dim  2"%im 3"dim
= B CHRECSinputyg | {0,+,1F {0f {0oF |{0,+,17 {0 {1}
21.  float tempz = inputfi][j][k]+coefz* CHRECS.inputy | {0,+,1 {0} {! 1} [{0,+,1} {0} { 0}
22. ( CHRECSinputy; | {0,+,1} {0} {1 [{0,+,13 {0 {2}
23.  input[i][j][k-1]+input[i][j][k+1]+ CHRECSinputy, | {0,+,13 {0} {!2} |{0,+,1} {o} {! 1}
24.  input[i][j][k-2]+input[i][j][k+2]+ CHRECS inputys | {0,+,1} {0} {2} |{o0,+,13 {0} {3}
25. inputli]j][k-3J+inputli]fj][k+3]+ CHRECSinputys | {0,+,13 {0} {!3} {0+, {0 ({!2
gg- input(ijfil[k-a]+input[iljil{k+4] CHRECS.inputss | {0,+,1} {0} {3} |{0+,1} {0 {4
Zr ) CHRECSinputy | {0.+.1} {0} {!4} |{0+.13 {0 {!3}
CHRECSinputyy | {0,+,13 {0 {4 |{o,+,1} {0 {5

shared clause of theqgridify  directive

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures Gﬂpﬁg‘g;}fcwﬂ GroUP
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CONV3D (and V)

O©CoO~NOUILA WNPE

#pragma hmpp conv3d___hmpp3 codelet

void conv3d___ _hmpp3( float  output[sizex][sizey][sizez],
float  input[bound+sizex+bound][4+sizey+4][4+sizez+4],
float coefx, float coefy, float coefz) {
float input___ shared[bound+8+bound][bound+32+bound];

#pragma hmppcg gridify (,k),  blocksize
for (int j = 0; j < sizey; j++) {

for (int k = 0; k < sizez; k++) {
int tx = 0;
int ty = 0;

#pragma hmppcg set tx = RankinBlockX()
#pragma hmppcg set ty = RankinBlockY()
int rk = tx + bound;
int rj =ty + bound;
float i minus4 = ..
for (int i = 0; i < sizex; i++) {
i _minus4 = ...
#pragma hmppcg grid barrier
input___shared[rj-bound][rk-bound] = input[i][j-bound][k-bound];
input___shared[rj+bound][rk-bound] = input[i][j+bound][k-bound];
input___shared[rj-bound][rk+bound] = input[i][j-bound][k+bound];
input___shared[rj+bound][rk+bound] = input[i][j+bound][k+bound];
#pragma hmppcg grid barrier

(32x8), shared (input__ shared),unguarded

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42 }
43| )

44}
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float tempx = ...

float tempy = i__ plusO + coefy *

(
input___shared[rj-1][rk]
input___shared[rj-2][rk]
input___shared[rj-3][rk]
input___shared[rj-4][rk]
)i

+ + + 4+

input___shared[rj+1][rk] +
input___shared[rj+2][rk]
input___ shared[rj+3][rk] +
input___shared[rj+4][rk]

+

float tempz = i__ plusO + coefz *

input___shared[rj][rk-1] +
input___shared[rj][rk-2] +
input___shared[rj][rk-3] +
input___shared][rj][rk-4] +
);

output[i][jl[k] =

input___shared[rj][rk+1] +
input___shared[rj][rk+2] +
input___shared][rj][rk+3] +
input___shared]rj][rk+4]

output[i][jl]lk] + tempx + tempy + tempz;
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SGEMM (1)

1{int m, n, k;

2|void sgemm(float  C[m][n], float alpha, float
3| float B[K][n], float  beta) {

4

5/ for (int i =0;i<m; i++) {

6 for (int j=0;j<n; j+t+) {

7 float prod = O;

8 for (int 1 =0;1<k; I++) {

9 prod += A[i[l] * BII0I;

10 }

11 C[i]li] = alpha * prod + beta * CIJi][j];
12 }

13| }

14}

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures

A[m][K],

66 /118

" #5068 90" (#)"*$+", %

%-+-./0 1 $516708$R$;1<8=$>?@9

| DSESFOIG
=JK;KO$K==16<L8<M

%+-./0 ;51315167*$$92$;1<8%$@C

| DSESFO/@I |
=JK;K0$08G7IM1/<

!

| DSES 08
0867;K0$08G7IM1/<

A

C’\\APb TER
\_f lf[( Jn[ CROU"

==

<

IVERSIDADE DA CORUNA



SGEMM (1)

" sgemm-cpu: Sequential code

" sgemm-mkKl: Intel MKL

" sgemm-hmppl: Ofdoading (and check coalescing)

1lint m, n, k;

2|void sgemm(float  C[m][n], float alpha, float  A[m][k],

3| float B[K][n], float  beta) {

4

5| for (int i =0;i< m;i++) {

? forfloéltmt erOa 2, (J) < CHRECS 12?;i;1r115tant£‘5§l?m 1%t dim = 2" dim 15t dim = 2" dim
3 for (int 1 =0 1<k [+4) { CHRECS A [{0,+, 1 {o0,+ 1| {0y {o+11| {of {0+ 1
9 orod += A[[l . Bl CHRECS_B | {0,+,1} {0,+,1} | {0,+,1} { 0} {0,+,1} {1}
10 } CHRECS_C | {0,+,1} {0,+,1} {0} { 0} {0} {1}
11 CliJ[j]] = alpha * prod + beta * CI[i][j];

12 }

13| }

14|}
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SGEMM (Il

" sgemm-hmpp2: Tiling preserving coalescing

liint m, n, k;

2| #define DELTA 16

3

4| #pragma hmpp sgemm__ hmpp2 codelet

5|void sgemm__ hmpp2(float  C[m][n], float alpha, float A[m][K],
6| float BIK][n], float  beta) {

-

8| #pragma hmppcg gridify (i,)), blocksize (128x1)
9| for (int i=0i<mi=1i+ DELTA) {

10 for (int j=0;]<n; j++) {

11 float  prod[DELTA];

12 for (int t = 0; t < DELTA; t++) {

13 prod[t] =

14 for (int | =0; 1 < k; ++) {

15 prod[t] += A[i+][l] * BIIOL;

16 }

17 C[i+t][j] = alpha * prod[t] + beta *  C[i+][]];
18 }

19 }

20| }

211}

I . : : : L , COMPU
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SGEMM (and 1V)

" sgemm-hmpp3:
Let the compiler
use the registers
(fullunroll )

" sgemm-hmpp4:
Use the shared
memory for B

" sgemm-cublas:
NVIDIA CUBLAS
library

O O NN WIN -

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures

alpha, float A[m][k],

(128x1)

int m, n, k;
#define DELTA 16
#pragma hmpp sgemm__ hmpp3 codelet
void sgemm hmpp3 (float C[m] [n], float
float B[k][n], float beta) {
#pragma hmppcg gridify (i, ), blocksize
for (nt i =0; i <m; i =i + DELTA) {
for (int 3 =0; 7 < n; j++) {
float prod[DELTA];

#pragma hmppcg fullunroll
for (int t = 0; t < DELTA; t++)
prod[t] = 0O;
}
for (nt 1 = 0; 1 < k;
#pragma hmppcg fullunroll
for (int t = 0;
prod[t] += A[i+t][1]
}

}
#pragma hmppcg fullunroll

for (nt t = 0; t < DELTA; t++)
Cli+t][7]
}

1++) |

= alpha % prod[t]

}
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{

t < DELTA; t++) {
~ BI1][J];

{
+ beta * C[i+t][]];
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Outline

3. Locality-Aware Automatic Parallelization for GPGPU
GPGPU with CUDA and OpenHMPP
Locality-Aware Generation of Efbcient GPGPU Code
CONV3D & SGEMM

Experimental Evaluation
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Performance Evaluation: CONV3D

Sizex, sizey and sizez In 128, 256, 384, 512, 640 and 768

120 |
[ Jconv3d-cpu
100 H I conv3d-hmpp1l l
B conv3d-hmpp2
go H [ conv3d-hmpp3 B
%)
0
O 60 .
LL
Q)
40 —
20 - —
O . m

CPU (nova) GPU Tesla S1070 (nova) GPU Tesla S2050 (pluton)
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Performance Evaluation: SGEMM (1)

m, n and kin 128, 256, 384, 512, 640, 768, 896, 1024, 1152, 1280,
1408, 1536, 1664, 1792, 1920, 2048, 4096, 6144 and 8192

500 . i
sgemm-cpu
400 H sgemm-mKiI
B soemm-hmppl
B soemm-hmpp2

& 300 ({ [ sgemm-hmpp3 .
9 I syemm-hmpp4
o 200+ sgemm-cublas -
100 - T
O p—
CPU (nova) GPU Tesla S1070 (nova) GPU Tesla S2050 (pluton)
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Performance Evaluation: SGEMM (and II)

8192 .
6144 |
« 4096 |,

2048 .

1024 |

128 |
8192

6144 R | -. o 8192

4096 .
2048
024, %
n 128 128

10242048

m

GPU Tesla S2050 (pluton)
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Outline

1. Introduction

2. A Novel Compiler Support for Multicore Systems

3. Locality-Aware Automatic Parallelization for GPGPU
4. Trace-Based Alne Reconstruction of Code

5. Main Contributions and Future Research Lines
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Outline

4. Trace-Based AfPne Reconstruction o€ode
Problem Formulation
Problem Resolution withCHOLESKY
Extensions for Supporting Nonlinear Traces

Experimental Evaluation
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Outline

4. Trace-Based AfPne Reconstruction o€ode
Problem Formulation
Problem Resolution withCHOLESKY
Extensions for Supporting Nonlinear Traces

Experimental Evaluation
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Problem Statement

1| 0x1e2d140
2| 0x1e2d140 88| 0x1e2d248 - |
89| 0x1e2d340 1. for (1=0;1<=29; i++ ) {
90| 0x1e2d348 2. for (j=0;]<=29;j++){
3. for(k=0:k<i k ++
31| 0x1e2d240 : Oxlezd340 5' )
32| 0x1e2d248 34 Oxlezd348 6. )
33| 0x1e2d240 Ox1e2d350 7'}
34| 0x1e2d248 '

We assume that:
Addresses are generated by a single instruction
Instruction is enclosed in an afbne loop nest

Existing memory optimization techniques based on the polyhedral model, and any
other static or dynamic optimization technigque in the absence of source and/or
binary code, can be applied
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Problem Formulation (1)

V[HF8)]... [fml 8)] = V]co +i161 + ... + inCn)
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Problem Formulation (1)

In our model, only three possible variations of a loop
Index between two consecutive iterations are allowed

» vk

i does not change * | i =0
2. ijis increased by one ' | ;‘ =1
3. ijisresetto 0’ !;‘ = | i;‘

k—|-1| ik | k
1 | "1
"y " k+1| ZIE IIZC "
(.Zk—|—1! .Zk): 2 | _ :!k
k+1 'k k
1 L1 | 1
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Problem Formulation (and lIl)

The stride between two consecutive accesses Is a linear
combination of the coefpbcients of the loop indices

idses V('8 1 V(1 5K)

K= V+ (cot+ ci¥™ +...+ coikt?) |
V+(cot+ aif  +...+ cnik)
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Outline

4. Trace-Based AfPne Reconstruction o€ode
Problem Formulation
Problem Resolution with CHOLESKY
Extensions for Supporting Nonlinear Traces

Experimental Evaluation
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R T 1T
O K(0,77) Y
0 0
] ki’f | ks Tk T
15 + 1 . - it 7 N 1
0 +(27Z ) @g A(LZ 0
L0 0
o ;
i 1
i5 42
[+ (n,7 ) A(n, 7F) k
'k o
iy 1] B

SOlUtiOﬂ Space 2n + 1 candidates
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Problem Resolution(l)

{a,...,a} Sk = e Ik ufwy

' Coefbcients of the Loop Indices
fc $ 2"

Ujiiﬁ) = Wj + Uj’1i1+ ... T uj,(j" l)i(j" 1)
" Iteration Indices

. . ‘1.0 0 .0 o
|k:[#51|__,1¢(jk]$zn%k "ux1 "1 O O? . Wzg/
U= EE Uz 1 U32 "1 ... 0 ? #W =g g
" Bounds #0000 T é #
0 " Wh
U $ Zn/on Uni Un2 Up3 ... 1
w$ Zn

Js +7w &"0T
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Problem Resolution ()

To be a valid solution:

Each consecutive pair of indices must be sequential

ULk +8v 11" k060" ¥

The observed strides are coherent with the
reconstructed ones

. (@f()kJrl#%k) :ﬁc% k _ K
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Problem Resolution CHOLESKY (I)

1| #define N 32;
g ;jn(:ublc? P[N]]{’ AINTINT, 1‘0x1e2d140
1, Iy 7
4 2| 0x1e2d140 88| 0x1e2d248
5| #pragma scop 89| 0x1e2d340
6|for (i = 0; i < N; ++i) { 90| 0x1e2d348
7| x = A[i][i]; 30| 0x1e2d140 g; 0xlezd350
8|  for (3 =0; 3 <= i — 1; ++9) 31| 0x1e2d240 o 8X1e§d§4g
9 x = x — A[L][4] * A[i][4]; 32| 0x1e2d248 xle2d3d
(1113 SRR 94 | 0x1e2d350
10 pli] = 1.0 / sqgrt(x); 33| 0x1e2d240
11 for =1+ 1; ] < N; ++j) { 34| 0xle2d248
12 x = A[i][3];
13 for (k = 0; k <= i - 1; ++k)
14 x = x — A[Jj][k] = AJi]K] ;
15 A[31[1i] = x * plil;
16 }
2l L %&
#pragma endscop " . — _
;_'E't C _% [ ' al] - [O]
2= "61'62 = [0, 1]
1]
$ U=[!1]
Ill
T
w = [1]
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Problem Resolution Building the System

Calculate the observed stride
= a1 # a
Build a diophantine linear equation system
# <$tc-)k—|—1#$t6k) _ kg (gc TH, )Cﬁ;; k ¥ 1 k
One or more solutions: Explore them independently
No solution under current boundaries
Increase dimensionality adding a new loop
Modify boundaries

Discard this branch

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures Gar mm Cw“ srous ~ 3
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Problem Resolution Solving the System

o (Fok1# oK) = ok & (T T )75 k =% Tk

As Indices must be sequential, there are at

most n solutions
{8 1=+(1,"8%,0<1# n}

We only need to calculate the predicted
stride for each valid index and compare with |,

the observed stride

COMPU
GO i eson SSg== UNIVERSIDADE DA CORUNA
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Problem Resolution CHOLESKY (lI)

Solution for the brst two accesses:

"o = s [t al= [0

% 1
# 2= 1527 = [0, 1]
i U= 1]

R

Processing the third access:
a3 = 0x1e2d140

12 = g3 — a5 = O0x1e2d140 — 0x1e2d140 = 0

[ 1] "I
r2="te 2= o))" = 0

[=[I|+(1,'62)]= [o 1 z}

The reconstruction continues until
030 = ag; — agg = 0x1e2d240— 0x1e2d140= Y = 0x100= 256
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Problem Resolution

Increasing the Solution Dimensionality (1)

Add a new loop

" (1:p,2)
Ik+1 — ;_/__ Ol#k

(pt1:n,:)

In CHOLESKY
|
0 ... 0|1

l(1:30) | O
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!6k+1 — A(p’lak)

%6k+1 %

O ... 0|1
0 ... 2910

-
A(0,7°F) 0

- O =

vk [ i ]
i N
ik AL, 0
i 0
iy
i
Aln,7F)|
i
1




Problem Resolution
Increasing the Solution Dimensionality (and Il)

The coefbcient for the new loop can be derived from the
observed stride m

l 0o .
| l 1 —_— -
C(Ok+1| 5K = 1K cy,..., Cp, Cp Cot1re-s Cn 1. = 1kop C%— !k+ I |- Cy
|

In CHOLESKY

%

.. . &
c= 304 300 = 25640 4829$ % = 256 0
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Problem Resolution Updating the Loop Bounds

Loop indices must be sequential and stay into loop
bounds

Ukl + 'W $11%(k+ 1) g n%(k+1)

Inconsistent system—— The branch Is discarded

System with solutions— Overdetermined

L
w O(1)
U’ O(n?)
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Problem Resolution Accelerating the Traversal

In the general case, the complexity of exploring the solution
space for a trace with A addresses generated byn loops Is

o(n)

Ill III
~

k= ks

Each element indicates how many more iterations of each
iIndex are left before It resets under the bounds

" The most plausible value for the next index is ¥ = +( 1,1 %)
where | Is the position of the innermost positive element

Several accesses are recognized in block

I . : : : L : COMPUTER i
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Problem Resolution CHOLESKY (lIl)

| = o ... 01 0... 01
I(1:30) 0 0 ... 29|10
—1 0 1] 0 | oy T T
U = = wW = 1l'w = (1|2
0 | U1 0 M1 W [129]
Ul +"'W11#(31) ¢ g2 (31)
:!10;0...01+:1#1 1$_
0 !'1T 0 ...290 29 -
| "
00 0 .. 0!1 1 .1 _
0!112 ...129 0 29 ... 29
! .
1 1 1 ... 10 ., o
20 28 27 ... 0 29
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Problem Resolution CHOLESKY (and V)

#define N 32;
double p[N], A[N][N], x;
int i, 3, k;

#pragma scop
for (i = 0; i < N; ++i) {
x = A[1][1]; A [ -
xo AL, SAi][K] A[256&i + 8&K]
x = x - A[1][3] ~ A[1]1[J];
10 pli] = 1.0 / sgrt(x);
11 for § =i+ 1;j < N; +4)) {
12 x = A[1][3); %& '
13 for (K = 0, k <= i - 1. ++K) = 256 0 8
14 x = x — A[Jj][k] = AJi]K] ;
15 AL 1i] = x * plil; % (
16 } $1 0 0

171}

18 | #pragma endscop U — & $ 1 $ 1 O )c
1 0 $1

O O IO H=WDN -

|
= 29 29 0
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Outline

4. Trace-Based AfPne Reconstruction o€ode
Problem Formulation
Problem Resolution withCHOLESKY
Extensions for Supporting Nonlinear Traces

Experimental Evaluation
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Supporting Nonlinearity: Input Noise

Some trace bles mainly contain references issued by a
single access, but mixed with unrelated ones (e.g., nearly
afPne or unlabeled tracep

The exploration of the solution space can be modibed to
discard untilmax observed accesses

|
e
o= 1 " 0< e# max

r=0

Tolerance parameter for discarding a branch

. . : : : L : COMPUTER i
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Supporting Nonlinearity: Missing Data

A trace ble may be missing some data to make It
completely representable by an afPne loop

The exploration of the solution space can be modibed to
iInsert untilmax predicted strides

!
e

"k =y kT 0 < e< max
r=0

Tolerance parameter to avoid the exploration of
Improbable branches

Particular case: access guarded by a boolean function

. . : : : L : COMPUTER i
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Supporting Nonlinearity:
Automatically Parallelized Codes with PLUTO

" Codes parallelized by simply adding a OpenMparallel
pragma & the iterations are scheduled statically

" The same algorithm can be applied.

1: FUNCTION PIECEWISEEXTRACT
i Input: 7 the execution trace
OtherW|Se Input: max_depth: maximum reconstruction depth
Output: ' = {S,..., S;_1}: set of perfectly nested afPne loops that form a
piecewise reconstruction of a

Piecewise ;: 'Cu;;eIECEWISEEXTRACT(a ,depth = 1)
; pth < 2
reconstructlon as g Whl:‘(e)r (;/tg ldeéaoth < max_depth) A (]! | > 1) do
6: S/ «+ EXTRACT(S,, W, depth = curr_depth)
Sequence Of 7: if S’ overlaps pengectly with {S;,..., Sy} €l then
perfectly nested X d! e O
; end i
IOOpS 10: curr_depth + +
11: end for
12: end while
13: return !

14: end FUNCTION =0
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Outline

4. Trace-Based AfPne Reconstruction o€ode
Problem Formulation
Problem Resolution withCHOLESKY
Extensions for Supporting Nonlinear Traces

Experimental Evaluation
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Experimental Evaluation: Afbne Codes

1 Sequential
— Parallel

0.5 5 50 500 5k
3mm ‘ﬁ
2mm ﬁ ‘ ‘ ‘

Reconstruction times (s)

covariance ﬁ
trmm ﬁ

adi
doitgen
dynprog

|U#

fdtd-apml _ﬁé
ludecmp _J
fdtd-2d _4
gramschmidt ﬁ
cholesky _J
gemver *
seidel ﬁ
jacobi-2D ﬁ
gesummvy ﬁ
atax #
bicg #
mvt #
reg_detect —J;g
#

durbin

]

trisolv
jacobi-1D f |

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures

2 20 200
Total trace refs (millions)

2k 20k
.

Trace

% Trace % Trace %

3mm
2mm
syr2k
syrk
gemm
floyd
symm
corr.
covar.
trmm

0.02 lu 0.11 seidel 0.00
0.04 adi 0.01 jac-2D 0.00
0.02  doit. 0.58 gesum. 25.01
0.05 dynp. 0.00 atax 25.00
0.05 fdtd-a. 24.21 bicg 25.00
0.00 lud. 0.66 mvt 12.50
0.13 fdtd-2d 0.01 reg_d. 2.07
0.67 grams. 0.58 durbin 100
0.37 chol. 0.58 trisolv 100
0.00 gemv. 21.43 jac-1D 100

% of trace reconstructed without gamma in 48h

Trace

% Trace % Trace %

3mm
2mm
syr2k
syrk
gemm
floyd
symm
corr.
covar.
trmm

99.85 lu 99.71 seidel 95.00
99.84 adi 98.00 jac-2D 95.00
99.85 doit. 98.83 gesum. 74.95
99.83 dynp. 99.98 atax 74.96
99.83 fdtd-a. 75.62 bicg 74.96
99.88 lud. 99.99 mvt 87.46
99.80 fdtd-2d 98.00 reg_d. 99.78
99.60 grams. 99.61 durbin 99.88
99.70  chol. 99.99 trisolv 99.89
99.97 gemv. 78.53 jac-1D 99.00

% of accesses predicted by gamma
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Experimental Evaluation:
Input Noise & Missing Data

Normalized extraction time (log)

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures
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Experimental Evaluation:
Piecewise Reconstruction (l)

for (t1=3;tl1<=3xN-6;tl++) {
lbp=max (ceild (tl+1,2),tl1-N+2);
ubp=min (floord (t1+N-2,2),tl1-1);
#pragma omp parallel for
for (t2=1lbp;t2<=ubp;t2++)
al(tl-t2)][(-tl+2xt2)] = ...

for (i=1;i<=N-2;i++)
for (j=1; j<=N-2; j++)
ali][J] = ...

seidel
(from the PLUTO examples)

WM B

OO0k, WNPE
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Reconstructed Trace Pieces of
seidelfor the Thread #0
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Reconstructed Trace Pieces of
seidelfor the Thread #0
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Reconstructed Trace Pieces of
seidelfor the Thread #0
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max_depth = 3 (41 pieces)




S AR R

Reconstructed Trace Pieces of
seidelfor the Thread #0
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max_depth = 4 (3 pieces)




Reconstructed Trace Pieces of
seidelfor All the Threads
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Experimental Evaluation:
Piecewise Reconstruction(and VII)

10°
108
(o)
o
~ 10’
o
(@)
o . _
6
T 10 ]
"C’, ]
S l
+ 5
@ 10 _r G4 I I R T
o | PANANTANTANTANTANTANTANTAN A 1
% 10 H (& .
g | (A —  adi '
¢ ' +— covcol
O 3 _y
r_LU) 10 t! —e dct
[T Ty floyd
L 12
10 :_ A—A gemver-:
: ¥ seidel
101 B ssymm (]
10 20 30 40 50

Maximum reconstruction depth
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Outline

1. Introduction

2. A Novel Compiler Support for Multicore Systems

3. Locality-Aware Automatic Parallelization for GPGPU
4. Trace-Based AfPne Reconstruction o€ode

5. Conclusions
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Main Contributions (I)

DePnition of a new compiler intermediate representation
called KIR#

It provides the program characteristics needed for the
automatic parallelization of the input sequential code

It is bullt on top of diKernels to handle syntactical variations
of the source code

diKernels are connected with diKernel-level dependences
and are grouped Into execution scopes in order to
recognize the computational stages of the input application

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures -
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Main Contributions(ll)

Generation of parallel code for multicore processors with the insertion of
OpenMP directives#

' Automatic partitioning algorithm of the KIR focused on the minimization
of the overhead of thread synchronization

" Comprehensive benchmark suite that includes synthetic codes
representative of frequently used diKernels, routines from dense/sparse
linear algebra and image processing, and simulation applications

' Comparative evaluation in terms of effectiveness with GCC, ICC and
PLUTO. The ontenders fail to parallelize codes that contain both regular
computations with complex control [3ows and irregular computations,
and they do not optimize the joint parallelization of multiple loops

Compilation Techniques for Automatic Extraction of Parallelism and Locality in Heterogeneous Architectures COMPUTER -



Main Contributions(lil)

KIR-based locality-aware automatic parallelization technique that
targets GPU-based heterogeneous systems #

It exploits data locality in the complex GPU memory hierarchy
' Tested with two representative case studiesCONV3D & SGEMM
' Chains of recurrencesmodel accesses to n-dimensional arrays

" OpenHMPP directives enabled a great understandability and
portability of the generated GPU code

Performance evaluation on NVIDIA GPUs (with two different core
architectures)has corroborated its effectiveness
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Main Contributions(and V)

Reconstruction of alne loop codes from their memory traces,
considering one instruction at a time #

Formulated as the exploration of a tree-like solution space

Large traces are processed in a matter of minutes, without user
Intervention or access to source/binary codes

Extensions to deal with moderate nonlinearity in the tracand with
automatic parallelized codes

Applications such as trace compression/storage/communication,
dynamic parallelization, memory placement ananemory hierarchy
design
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Future Research Lines

Using the trace-based reconstruction to increase the
iInformation available for the construction of the KIR

New automatic partitioning algorithm of the KIR that handles
the interactions between computations for heterogeneous
clusters, considering both CPU-GPU interaction and inter-
node communication

" Auto-tuning to select the best performant variant between
several candidates of a parallelized diKernel

Reconstructing the memory trace ofa broader range of
Irregular computations
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