Case study #0 (part Il

Laplacian Stencil Application
(Today : on 2D grid)
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Kernel header (Laplacian.h)
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#pragma once

#define XDIM 2048
#define YDIM 2048
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LaplacianStencil_0_3:
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Size reduced 16K -> 2K

void ComputelLaplacian(const float (&u)[XDIM][YDIM], float (&Lu)[XDIM][YDIM]);
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Kernel Body (Laplacian.cpp)
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#1include "Laplacian.h"
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'LaplacianStencil_0_4
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void ComputelLaplacian(const float (&u)[XDIM][YDIM], float (&Lu)[XDIM][YDIM])

{

#pragma omp parallel for

for (int j
for (int 1
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= 1; j < YDIM-1; j++)
= 1; i < XDIM-1; i++)
Luli][3] =

-4 * ul[1][7]
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Kernel Body (Laplacian.cpp)
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#1include "Laplacian.h"
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'LaplacianStencil_0_5'
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void ComputelLaplacian(const float (&u)[XDIM][YDIM], float (&Lu)[XDIM][YDIM])

{

#pragma omp parallel for

for (int j
for (int 1

= 1; j < YDIM-1; j++)
= 1; i < XDIM-1; i++)

Lulilli] =
-4 * u[1][]]

+ + + +

ul1+1][7]
ul1-11[7]
ul1][3+1]
ul1]1[3-11;
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Size reduced 16K -> 2K

Loop Order Swa,o,gg_o’
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Kernel Body (Laplacian.cpp)

e —

#1include "Laplacian.h"
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LaplacianStencil_0_6
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void ComputelLaplacian(const float (&u)[XDIM][YDIM], float (&Lu)[XDIM][YDIM])

{

#pragma omp parallel for
1; jJ < YDIM-1; Jj++)
1; 1 < XDIM-1; 1i++)

for (int j
for (int 1

Lulilli] =

-4 * u[1][]]
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ul1+1][7]
ul1-11[7]
ul1][3+1]
ul1]1[3-11;
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Benchmark launcher (main.cpp) LaplacianStencil_0_7'
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#1include "Timer.h"
#1nclude "Laplacian.h"

#1nclude <iomanip>

int main(int argc, char *argv[])

1
float **u = new float *[XDIM]; Arrays (u,Lu) allocated as
float **Lu = new float *[XDIM]; P , ”
for (int i = 0: i < XDIM; i+t){ arrays of pointers to allocated arrays

uli] = new float [YDIM];
Lu[i] = new float [YDIM];
¥

Timer timer;

for(int test = 1; test <= 10; test++)

i
std::cout << "Running test iteration " << std::setw(2) << test << " ";
timer.Start();
ComputeLaplacianCu, Lu);
timer.Stop("Elapsed time : ");
¥
return 0;



Kernel header (Laplacian.h)
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#pragma once

#define XDIM 2048
#define YDIM 2048
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LaplacianStencil_0_7"
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Arguments passed as double pointers

(Lag/gcian.cp,o IS largely unchap_g__ed)

void ComputelLaplacian(const float **u, float **Lu);
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Kernel header (Laplacian.h)
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#pragma once

#define XDIM 16384
#define YDIM 256

Rectanqgular size, 16K x 256
(same overall size as 2K x 2K)
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'LaplacianStencil_0_8'

e e e e e e e e e e e e e o e e = = e—

void ComputelLaplacian(const float (&u)[XDIM][YDIM], float (&Lu)[XDIM][YDIM]);
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Benchmark launcher (main.cpp) LaplacianStencil_0_9!
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#include "Timer.h

#1include "Laplacian.h"
#1include <iomanip>
#include <random>

int main(int argc, char *argv[])
{
float **u = new float *[XDIM];
float **Lu = new float *[XDIM];
Arrays (u,Lu) allocated as

// Randomize allocation of minor array dimension

std: :vector<int> reorderMap; “arrays of pointers to allocated arrays”
std: :vector<int> tempMap; . .
for (int 1 = 0; 1 < XDIM; 1i++) tempMap.push_back(i); ' (and allocat’on randomlzed)

std: :random_device r; std::default_random_engine e(r());
while (!tempMap.empty()) {

std: :uniform_int_distribution<int> uniform_dist(@, tempMap.size()-1);

int j = uniform_dist(e);

reorderMap.push_back(tempMap[j]); tempMap[j] = tempMap.back(); tempMap.pop_back(); }

for (int i = 0; 1 < XDIM; i++){
u[reorderMap[i]] = new float [YDIM];
Lu[reorderMap[i]] = new float [YDIM]; }

Timer timer;
for(int test = 1; test <= 10; test++)

{
std::cout << "Running test iteration " << std::setw(2) << test << " ";
timer.Start();
ComputeLaplacian(u, Lu);
timer.Stop("Elapsed time : ");
ks
return 0;



Kernel header (Laplacian.h)
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'LaplacianStencil_0_9'
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Arguments passed as double pointers

#pragma once

#define XDIM 16384
#define YDIM 256

void ComputelLaplacian(const float **u, float **Lu);
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shufps xmm0O, xmm0O, Oh shufps xmm0O, xmm0O, 55h
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Practical use of SIMD in code



Data Stream

Single Multi
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Intel SIMD Registers (AVX-512)

XMMO
ZMMO YMMO
XMM1
MM YMM1
o
o
o
YMM31 XMM31

ZMM31

IXMMO - XMM15
o 128-bit registers
o SSE

JYMMO - YMM15

o 256-bit registers
o AVX, AVX2

JdZMMO - ZMM31
o 512-bit registers
o AVX-512




SSE/AVX Data Types
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Operation
on

32 8-bit
values

in one
instruction!



Sandy Bridge Microarchitecture

Instruction Fetch & Decode Allocate/Rename/Retire

ALUl AI.U| ALU Load Load
VI MUL VI ADD IMP Store Address Store Address STD |

SSE MUL SSE ADD AVX/FP Shuf 7
DIV * AVX FP ADD Avxﬁp Bool
AVX FP MUL Imm Blend lrl)/n Blend

s ! 1

Memory Control

e.g., “Port 5 pressure” when code uses too much shuffle
operations



Example 4-13. Simple Four-lteration Loop

void add(float *a, float *b, float *c)
{
int i;
for(i=0;i<4;i++){
c[i] = a[i] + b[i];
}
}




Example 4-14. Streaming SIMD Extensions Using Inlined Assembly Encoding

void add(float *a, float *b, float *c)

{
_asm{
mov eax, a
mov edx, b
mov ecx,C

movaps XxmmO, XMMWORD PTR [eaX]
addps xmmO, XMMWORD PTR [edX]
movaps XMMWORD PTR [ecx], xmmO




Example 4-14. Streaming SIMD Extensions Using Inlined Assembly Encoding

void add(float *a, float *b, float *c)
{
_asm{
mov eax, a
mov edx,b
mov ecx,C
movaps XxmmO, XMMWORD PTR [eax]
addps xmmO, XMMWORD PTR [edX]
movaps XMMWORD PTR [ecx], xmmO

v Anything that can be done,
can be coded up as inline
assembly

v Maximum potential for
performance accelerations

v Direct control over the code
being generated




Example 4-14. Streaming SIMD Extensions Using Inlined Assembly Encoding

void add(float *a, float *b, float *c)
{
_asm{
mov eax, a
mov edx, b
mov ecx,C
movaps xmmO0, XMMWORD PTR [eax]
addps xmmO, XMMWORD PTR [edX]
movaps XMMWORD PTR [ecx], xmmO

v Anything that can be done,
can be coded up as inline
assembly

v Maximum potential for
performance accelerations

v Direct control over the code
being generated

X Impractical for all but the
smallest of kernels

X Not portable

X User needs to perform
register allocation (and save old
registers)

X User needs to (expertly)
schedule instructions to hide




Intrinsics

T

* A framework for generating assembly-level code without many

of the drawbacks of inline assembly

e Comp
e Comp

er (not programmer) takes care of register allocation

er Is able to schedule instructions to hide latencies

* [Data types

e Scalar: float, double, unsigned int
* Vector: mml28, ml28d, m256, m256i

* |ntrinsic functions

* |nstruction wrappers: mm add pd, mm256 mult pd,

_mm XOr ps, mm sub ss

o M

o M

dCros © mm setl ps, mm256 setzero ps
ath Wrappers: mm log ps, mm256 pow pd



Example 4-15. Simple Four-lteration Loop Coded with Intrinsics

#include <xmmintrin.n>
void add(float *a, float *b, float *c)
{
__m12810, t1;
t0 = _mm_load_ps(a);
t1 = _mm_load_ps(b);
t0 = _mm_add_ps(t0, t1);
_mm_store_ps(c, t0);




Example 4-15. Simple Four-lteration Loop Coded with Intrinsics

#include <xmmintrin.n>
void add(float *a, float *b, float *c)
{
__m12810, t1;
t0 = _mm_load_ps(a);
t1 = _mm_load_ps(b);
t0 = _mm_add_ps(t0, t1);
_mm_store_ps(c, t0);

Example 4-14. Streaming SIMD Extensions Using Inlined Assembly Encoding

void add(float *a, float *b, float *c)
{
_asm{
mov eax,a
mov edx,b
mov ecx,C
movaps xmmO, XMMWORD PTR [eaX]
addps xmmO, XMMWORD PTR [edX]
movaps XMMWORD PTR [ecx], xmmO




Example 4-15. Simple Four-lteration Loop Coded with Intrinsics

#include <xmmintrin.n>
void add(float *a, float *b, float *c)
{
__m12810, t1;
t0 = _mm_load_ps(a);
t1 = _mm_load_ps(b);
t0 = _mm_add_ps(t0, t1);
_mm_store_ps(c, t0);




Example 4-15. Simple Four-lteration Loop Coded with Intrinsics

#include <xmmintrin.n>
void add(float *a, float *b, float *c)
{
__m12810, t1;
t0 = _mm_load_ps(a);
t1 = _mm_load_ps(b);
t0 = _mm_add_ps(t0, t1);
_mm_store_ps(c, t0);

}

v Almost as flexible as inline
assembly

v Somewhat portable

v Compiler takes care of
register allocation (and spill, if
needed)

v Compiler will shuffle &
schedule instructions to best
hide latencies

v  Relatively easy migration




Example 4-15. Simple Four-Iteration Loop Coded with Intrinsics

#include <xmmintrin.h>
void add(float *a, float *b, float *c)

{

~ _m128 10, t1;

t0 =
11 =
t0 =

_mm_load_ps(a);
_mm_load_ps(b);
_mm_add_ps(t0, t1);

_mm_store_ps(c, t0);

}

v Almost as flexible as inline
assembly

v Somewhat portable

v Compiler takes care of
register allocation (and spill, if
needed)

v Compiler will shuffle &
schedule instructions to best

hide
v Re

atencies

atively easy migration

X Coding large kernels is still
challenging and bug-prone

X Un-natural notation (vs. C++
expressions and operators)

X SSE code is similar to AVX
code, but different enough so
that 2 distinct versions must be
written

X Vector code looks very
different than scalar code




Example 4-17. Automatic Vectorization for a Simple Loop

void add (float *restrict a,
float *restrict b,
float *restrict c)

int i;
for(i=0;i<4;i++){
c[i] = a[i] + b[i];




Example 4-17. Automatic Vectorization for a Simple Loop

void add (float *restrict a,
float *restrict b,
float *restrict c)

{
int i;
for(i=0;i<4;i++){
c[i] = a[i] + b[i];
}
}

v Minimal effort required
(assuming it works ...)

v Development of SIMD code is
no different than scalar code
v Ability to use complex C++
expressions

v Larger kernels are easier to
tackle



Example 4-17. Automatic Vectorization for a Simple Loop

void add (float *restrict a,
float *restrict b,
float *restrict c)

{
int i;
for(i=0;i<4;i++){
c[i] = a[i] + b[i];
}
}

v Minimal effort required
(assuming it works ...)

v Development of SIMD code is
no different than scalar code
v Ability to use complex C++
expressions

v Larger kernels are easier to
tackle

X In practice it can be very
challenging to achieve efficiency
comparable to assembly/intrinsics
X Compilers are very conservative
when vectorizing, for the risk of
jeopardizing scalar equivalence

X The no-aliasing restriction might
run contrary to the spirit of
certain kernels




Example 4-16. C++ Code Using the Vector Classes

#include <fvec.h>
void add(float *a, float *b, float *c)

{
-32vec4 *av=(F32vec4 *) g;

-32vecd *bv=(F32vec4 *) b;
-32vecd *cv=(F32vecd *) ¢
*cv=>av + *by;




Example 4-16. C++ Code Using the Vector Classes

#include <fvec.h>
void add(float *a, float *b, float *c)

{ -32vec4 *av=(F32vec4 *) g;
-32vecd *bv=(F32vec4 *) b;
-32vecd *cv=(F32vecd *) ¢

*cv=*av + *bv;

}

v Fewer visual differences
between vector and scalar code
v Ability to use complex C++
expressions (assuming wrapper
types have been overloaded)

v Easy transition to different
vector widths



Example 4-16. C++ Code Using the Vector Classes

#include <fvec.h>
void add(float *a, float *b, float *c)

{
-32vecd *av=(F32vec4 *) a;

-32vecd *bv=(F32vec4 *) b;
-32vecd *cv=(F32vecd *) ¢
*cv=>av + *by;

v Fewer visual differences
between vector and scalar code
v Ability to use complex C++
expressions (assuming wrapper
types have been overloaded)

v Easy transition to different
vector widths

X Heavy dependence on the
compiler for eliminating
temporaries (but it typically does
a really good job at it)

X Limited to the semantics of the
built-in vector wrapper classes
(but we are free to extend those)
X Risk of more bloated executable
code than by using intrinsics




