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The Problem

* Parallel processors everywhere

* Many different types:
CPUs, GPUs, ...

* Parallel programming is hard

GPU
* Optimising even harder

* Problem:
No portability of performance!

Accelerator
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Pertformance Portability of
Matrix Multiplication
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Generating Performance Portable
Code Using Rewrite Rules

BlackScholes
Dot product ... Vector reduction
1
High-level
programming
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Low-level Expression

Code generation
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OpenCL Program
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(a) High-level expression written by the programmer.

{ rewrite rules ‘

A zs . (join o mapWorkgroup (joinVec o
mapLocal (mapVec (A z . z * 3))
o splitVec 4) o split 1024) xs

(b) Low-level expression derived using rewrite rules and search.

* code generator *

int4 mul3(int4 x) { return x * 3; }
kernel vectorScal(global int* in,out, int len){
for (int i=get_group id; i < len/1024;
i+=get_num_groups) {
global int* grp in = in+(i*1024);
global int* grp out = out+(i*1024);
for (int j=get_local_id; j < 1024/4;
j+=get_local_size) {
global int4* in vec4 =(int4*)grp in+(j*4);
global int4* out vec4=(int4*)grp out+(j*4);
*out_vecd4 = mul3(*in vecd);

}r}

(c) OpenCL program produced by our code generator.




Matrix Multip

kernel void KERNEL(
const global float* restrict A, 0
const global floatx restrict B
global floatx C,
int M, int K, int N)

0O~ O UL Wi+

float acc = 0.0f;

0 ~JO Ol Wi

for (int i =0;1 <K;i+4+=1)
acc = acc + A[id_A(glb_id_1, i)]
« Blid_B(i, glb.id.0)];

C[(id_C(glb_id_0, glb_id_1)] = acc;
t

Naive
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ication in Open

kernel mm_amd_opt(global float *« A, B, C,
int K, M, N) {
local float tileA [512]; tileB [512];

private float acc_0; ...; acc.31;
private float blockOfB_0; ...; blockOfB_3;
private float blockOfA_0; ...; blockOfA_7;

int 1id0 = local_id (0); lid1 = local.id (1);
int wid0 = group-id(0); widl = group-id(1);

for (int wl=widl; wl<M/64; wl+=num-_grps(1)) {
for (int wO=wid0; wO<N/64; wO+=num_grps(0)) {

acc.0 = 0.0f; ...; acc.31 = 0.0f;
for (int i=0; i<K/8; i++) {

vstored (vload4(lid1+M /44-2xixM+16«w1+1id0,A), 16xlid1+1id0, tileA);
vstored (vload4(lid1+N /4+42xixN+16xw0+1id0,B), 16«lid1+1id0, tileB);
barrier (...) ;

for (int j = 0; j<8&; j++) {
blockOfA_0 = tileA[0+64%j+1id1%8]; ...;
blockOfB_0 = tileB[0 +64x*j+1id0]; e

blockOfA_7 = tileA[7+64%j+1id1x8];
blockOfB_3 = tileB[484-64xj+1id0];

+= blockOfA_0 * blockOfB_0; ...;
+= blockOfA_0 * blockOfB_1; ...

acc_28 += blockOfA_7 * blockOfB_0;
acc_29 += blockOfA_7 * blockOfB_1;

acc_0
acc_1

acc-2 —+= blockOfA_0 x blockOfB_2; ...; acc_30 += blockOfA_7 * blockOfB_2;
acc_3 —+= blockOfA_0 x blockOfB_3; ...; acc_31 += blockOfA_7 * blockOfB_3;
}
barrier (...) ;
¥

C[ 04-8x1lid1%N+464xw0+464xw1xN+0xN-+lidO]=acc_0; ...; C[ 04+8*lid1*«N+64%w0+64*w1xN+7+N+lid0]=acc_28;
C[16+8x+1id1xN+64*w0+64*w1xN+0+«N+lid0]=acc_1; ...; C[1648xlid1%N+64xw0+464+w1+N+7xN+lid0]=acc_29;
C[32+4-8xlid1xN+4-64+w0+64*w1xN+0xN+lid0]=acc-2; ...; C[32+8x*1lid1*N+64%xw0+464+w1xN+7+xN+lid0]=acc_30;
C[48+4-8xlid1xN+-64+w0+64xw1xN-+0xN+lid0]=acc_3; ...; C[48+8x*lid1*N+64%xw0+464+w1xN+7+xN+lid0]=acc_31;

I

Generated for AMD
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Functional Definition of
Matrix Multiplication

C A
HEEn AxB = \
Map(rowA —
Map(col B —
B DotProduct(rowfi, col B )
) o Transpose() $ B
)3 A
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Traditional Optimisations

* Register Blocking Loading elements into registers and reusing them.
* Tiling Solving the problem by diving matrices into smaller tiles.

* Vectorisation Using wider vector units if available.

Why can't this be automated by traditional compilers?

 Complex analysis Proving the optimisations are legal.
 Conservative Must always be correct.

* No obvious defaults for parameters Good tile and block sizes depend
on hardware capabilities.
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Register Blocking

kernel void KERNEL(
const global float* restrict A,
const global float* restrict B,
global floatx C, int K, int M, int N)

{

float acc[blockFactor];

for (int glb_.id_.1 = get_global_id(1);
glb_id_1 < M / blockFactor;
glb_id_-1 += get_global_size(1)) {
for (int glb_id_0 = get_global_id(0); glb_id.0 < N;
glb_id 0 += get_global_size(0)) {

for (int i =0;1 <K;i+=1)
float temp = BJ[i * N + glb_id_0];
for (int j = 0; j < blockFactor; j+= 1)
acclj] +=
A[blockFactor * glb_id_-1 * K + j *« K + i]

* temp;

for (int j = 0; j < blockFactor; j += 1)
ClblockFactor * glb_id_-1 * N 4+ j * N 4 glb_id_0]
= acc[j |;
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Register Blocking

kernel void KERNEL(
const global float* restrict A,
const global float* restrict B,
global floatx C, int K, int M, int N)

float acc ;

for (int glb_.id_.1 = get_global_id(1);
glb_id_1 < M / blockFactor;
glb_id_-1 += get_global_size(1)) {
for (int glb_id_0 = get_global_id(0); glb_id.0 < N;
glb_id 0 += get_global_size(0)) {

{

for (int i =0;1 <K;i+=1)

float temp = BJ[i *x N + glb_id 0];
for (int j = 0; j < j+=1)

acclj] +=
A[blockFactor * glb_id_-1 * K + j *« K + i]

* temp;

for (int j = 0; j < blockFactor; j += 1)
ClblockFactor * glb_id_-1 * N 4+ j * N 4 glb_id_0]
= acc[j |;
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Register Blocking

kernel void KERNEL(
const global float* restrict A,
const global float* restrict B,
global floatx C, int K, int M, int N)

float acc ;

for (int glb_.id_.1 = get_global_id(1);
glb_id_1 < M / blockFactor;
glb_id_-1 += get_global_size(1)) {
for (int glb_id_0 = get_global_id(0); glb_id.0 < N;
glb_id 0 += get_global_size(0)) {

{

for (int i =0;1 <K;i+=1)

Heatifempl= B[i + N + ¢glb.id 0];
for (int j = 0; j < j+=1)

acclj] +=
A[blockFactor * glb_id_-1 * K + j *« K + i]

* temp;

for (int j = 0; j < blockFactor; j += 1)
ClblockFactor * glb_id_-1 * N 4+ j * N 4 glb_id_0]
= acc[j |;




Register Blocking
as a Series of Rewrites

register Blocking =
Map(f) = Join() o Map(Map(f)) o Split(k)
Map(a — Map(b+— f(a,b))) = Transpose() o Map(b+— Map(a — f(a,b)))
Map(f o g) = Map(f) o Map(g)
Map(Reduce(f)) = Transpose() o Reduce((acc,x) — Map(f) o Zip(acc, x))
Map(Map(f)) = Transpose() o Map(Map(f)) o Transpose()
Transpose() o Transpose() = id
Reduce(f) o Map(g) = Reduce((acc,z) — f(acc, g(x)))

Map(f)o Map(g) = Map(f o g)
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Register Blocking

—
Map(rowA —

Map(col B —
Reduce(+) o Map(*)

$ Zip(rawfi, colB\)

) o Transpose() $ B
)3 A

Map(f) = Join() o Map(Map(f)) o Split(k)
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Register Blocking

Join() o Map(rowsA —
— -

Map(rowA — Map(rowA —
Map(col B — } Map(col B —
Reduce(+) o Map(*) Reduce(+) o Map(*)
$ Zip(rawfi, COZB\) $ Zz’p(rowfi, colé)
) o Transpose() $ B ) o Transpose() $ B
) S A ) $ rowsA

) o Split(blockFactor) $ A

Map(f) = Join() o Map(Map(f)) o Split(k)
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Register Blocking

Join() o Map(rowsA —

—
Map(rowA —

Map(col B —
Reduce(+) o Map(*)

$ Zip(rowfi, COZB\)
) o Transpose() $ B
) $ rowsA
) o Split(block Factor) $ A

Map(a — Map(b— f(a,b))) =
Transpose() o Map(b — Map(a — f(a,b)))
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Register Blocking

Join() o Map(rowsA — Join() o Map(rowsA
Map(rowA — Transpose() o Map(col B —
—
Map(col B — Map(rowA —
Reduce(+) o Map(*) } Reduce(+) o Map(*)
$ Zip(rowfi, COZB\) $ Zip(rowfi, colé)
) o Transpose() $ B ) $ rowsA
) $ rowsA ) o Transpose() $ B
) o Split(blockFactor) $ A ) o Split(blockFactor) $ A

Map(a — Map(b— f(a,b))) =
Transpose() o Map(b — Map(a — f(a,b)))
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Register Blocking

Join() o Map(rowsA —

Transpose() o Map(col B +

—
Map(rowA —

Reduce(+) o Map(*)

$ Zip(rowfi, COZB\)
) $ rowsA
) o Transpose() $ B
) o Split(block Factor) $ A

Map(f o g) = Map(f) o Map(g)
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Register Blocking

Jot M A
Join() o Map(rowsA — oin() o Map(rows

T'ranspose() o M [B —
T?“anspose() O Map(col — D () ap(co

Map(
—
Map(rowA — Reduce(+)
Reduce(+) o Map(*) } .

) o Map(rowA —

Map(*) $ Z?jp(rowfi, colé)
) $ rowsA
) o Transpose() $ B
) o Split(blockFactor) $ A

$ Zip(rowfi, colB\)
) $ rowsA
) o Transpose() $ B
) o Split(block Factor) $ A

Map(f o g) = Map(f) o Map(g)
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Register Blocking

Join() o Map(rowsA —

Transpose() o Map(col B +—
Map(

Reduce(+)

—
) o Map(rowA —

Map(*) $ Z?jp(frowfi, calé)
) $ rowsA
) o Transpose() $ B
) o Split(block Factor) $ A

Map(Reduce(f)) =
Transpose() o Reduce(Map(f) o Zip())
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Register Blocking

Join() o Map(rowsA — Join() o Map(rowsA —
Transpose() o Map(col B — Transpose() o Map(col B —
M ap( Transpose() o Reduce((act, frﬁf) —
Reduce(+) } Map(+) $ Zip(act, 7@5)
) o Map(m = ) o Transpose() o Map(m —>
Map(*) $ Zip(rowfi, COlé) Map(*)$ Zip(rowfi, colé)
) $ rowsA ) $ rowsA
) o T'ranspose() $ B ) o Transpose() $ B
) o Split(blockFactor) $ A ) o Split(blockFactor) $ A

Map(Reduce(f)) =
Transpose() o Reduce(Map(f) o Zip())

13



Register Blocking

Join() o Map(rowsA

Transpose() o Map(col B —

Transpose() o Reduce((act, next) —

Map(+) $ Zip(act, next)

—
) o Transpose() o Map(rowA

Map(*)$ Zip(rawfi, COZB\)
) $ rowsA
) o Transpose() $ B
) o Split(block Factor) $ A

Map(Map(f)) =

Transpose() o Map(Map(f)) o Transpose()
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Register Blocking

Join() o Map(rowsA — Join() o Map(rowsA —
Transpose() o Map(col B + Transpose() o Map(col B —
Transpose() o Reduce((act, w) — Transpose() o Reduce((ace, Tﬁf) —
Map(+) $ Zip(act, 7@) } Map(+) $ Zip(act, 7@5)

—
) o Transpose() o Map(rowA — ) o Transpose()

Map(*)$ Zip('r()wfi, colé)

o Transpose() o Map(pair —
Map(zx — x * pair._1) $ pair._0

) $ rowsA
) o Transpose() $ B ) $ Zip(Transpose() $ rowsA, col B)
) o Split(blockFactor) $ A ) o Transpose() $ B

) o Split(block Factor) $ A
Map(Map(f)) =

Transpose() o Map(Map(f)) o Transpose()
14



Register Blocking

Join() o Map(rowsA —

Transpose() o Map(col B +

Transpose() o Reduce((act, next) —

Map(+) $ Zip(act, next)
) o T'ranspose()
o Transpose() o Map(pair —

Map(x — x * pair._1) $ pair._0

)$ Zip(Transpose() $ rowsA, col B)
) o T'ranspose() $ B
) o Split(blockFactor) $ A

Transpose() o Transpose() = id
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Register Blocking

' M A
Join() o Map(rowsA — Join() o Map(rowsA —

T M [
ranspose() o Map(col B Transpose() o Map(col B —

— SN
T Reduce((act, next
ranspose() o elce((acc, next) — Transpose() o Reduce((act, next) —
M Zi ¢ }
ap(+) $ Zip(act, next) Map(+) $ Zip(act, next)

T
) o Transpose() ) o Map(pair —

T M T
o T'ranspose() © Map(pair Map(x — x x pair._.1) $ pair._0

Map(x — x * pair._1) $ pair._0
)$ Zip(Transpose() $ rowsA, col B)

) o Transpose() $ B
) o Split(blockFactor) $ A

)$ Zip(Transpose() $ rowsA, col B)
) o T'ranspose() $ B
) o Split(block Factor) $ A

Transpose() o Transpose() = id
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Register Blocking

Join() o Map(rowsA —

Transpose() o Map(col B —

Transpose() o Reduce((act, next) —

Map(+) $ Zip(act, next)
) o Map(pair —

Map(x — x * pair._1) $ pair._0
)$ Zip(Transpose() $ rowsA, col B)
) o Transpose() $ B
) o Split(blockFactor) $ A
Reduce(f) o Map(g) =
Reduce((acc, x) — f(acc, g(x))
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Register Blocking

Join() o Map(rowsA —
Join() o Map(rowsA

Transpose() o Map(col B —
R ; Transpose() o Map(col B

Transpose() o Reduce((act, next) — L —

’ Transpose() o Reduce((ace, pair) —
, —> pose() ((act, pair)
Map(+) D Z1

ap( )$ Zp(a,cc,ne:vt) Map(+)$Zip(a70,

v .

) o Map(pair — Map(x — x * pair._1) $ pair._0)
Map(zx — = * pair._1) $ pair._0

) $ Zip(Transpose() $ rowsA, col B)

) o Transpose() $ B
) o Split(block Factor) $ A

)$ Zip(Transpose() $ rowsA, col B)
) o Transpose() $ B
) o Split(blockFactor) $ A
Reduce(f) o Map(g) =
Reduce((acc,x) — f(acc, g(x))
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Register Blocking

Join() o Map(rowsA

Transpose() o Map(col B —

—
Transpose() o Reduce((act, pair) —

Map(+) $ Zip(act,
Map(x — x * pair._1) $ pair._0)

) $ Zip(Transpose() $ rowsA, col B)
) o Transpose() $ B
) o Split(block Factor) $ A

Map(f) o Map(g) = Map(f o g)
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Register Blocking

Join() o Map(rowsA Join() o Map(rowsA —
Transpose() o Map(col Transpose() o Map(col
Transpose() o Reduce((a_cé pair act, pair

pair) — } Transpose() o Reduce((act, pair)

Map(+) $ Zip(act, Map(x — 0+ x_1 % pair._1)

Map(x — x * pair._1) $ pair.0) $ Zip(act, pair._0)
)8 Zip(Transpose() $ rowsA, col B) )8 Zip(Transpose() $ rowsA, col B)
) o Transpose() $ B ) o Transpose() $ B
) o Split(blockFactor) $ A ) o Split(blockFactor) $ A

Map(f) o Map(g) = Map(f o g)

17



Register Blocking

C A

blockFactor

Join() o Map(rowsA —

Transpose() o Map(col B —

—
Transpose() o Reduce((act, pair) —

B Map(x — 204 x_1 % pair._1)
$ Zip(act, pair._0)

) $ Zip(Transpose() $ rowsA, col B)

) o Transpose() $ B
) o Split(block Factor) $ A
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Register Blocking

C A

18

Join() o Map(rowsA —

Transpose() o Map(col B —
—y
Transpose() o Reduce((act, pair)
Map(x — 204 x_1 % pair._1)

$ Zip(act, pair._0)

) $ Zip(Transpose() $ rowsA, col B)

) o T'ranspose() $ B
) o Split( $A



Register Blocking

C A

18

Join() o Map(rowsA —
Transpose() o Map(col B —

—
Transpose() o Reduce((act, pair) —

Map(x — 0+ x_1 -

$ Zip(act, pair._0)

) $ Zip(Transpose() $ rowsA, col B)

) o T'ranspose() $ B
) o Split( $A
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kernel void KERNEL(
const global float* restrict A,
const global float* restrict B,
global floatx C,
int M, int K, int N)

{
local float A _lcl [sizeMxsizeK];
local float B._lcl [sizeKxsizeN];
float acc = 0.0f;

for (int i =0; 1 <K /sizeK;i +=1) {
A_lcl [14dA( lcliid-0 , Iclid-1)] =
AlidA(i, lcliid 0, lclid._1, grp.id_0) |;
B_lcl[LLidB( lellid 0 , lclid-1)] =
Bl[idB(grp-id-1, lcliid0, lclid-1, i)];

barrier ( CLK_LOCAL_MEM_FENCE);
for (int j = 0; j < sizeK; j +=1)
acc += A_lcl[lLidA(j, lcliid-1)]
x B_lcl [lLidB( lcllid-0 , j) |;

barrier (CLK_LOCAL_MEM_FENCE);
}

Cl[idC(grp-id_0, Iclid_1, grp-id_-1, lcl.id-0 )] = acc;

}
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kernel void KERNEL(
const global float* restrict A,
const global float* restrict B,
global floatx C,
int M, int K, int N)

{
local float A_lcl [SizeM;
local float B_lcl @'\ sizeN]|;
float acc = 0.0f;

for (int i :O;i<K/i—i—=1){
A_lcl[14dA( 1lcliid-0 , Ilcldd-1)] =
AlidA(i, lcliid 0, lclid._1, grp.id_0) |;
Bl [LidB( lclid.0 , lelid.1)] =
BlidB(grp-id_1, lelid0, lclid.1, i)];

barrier (CLK_LOCAL_-MEM_FENCE);
for (int j = 05 j <GizeR) j += 1)
acc += A_lcl[lLidA(j, lcliid-1)]
« Blcl[LidB( lcLid.0 , j)];

barrier (CLK_LOCAL_MEM_FENCE);
}

Cl[idC(grp-id_0, Iclid_1, grp-id_-1, lcl.id-0 )] = acc;

}
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kernel void KERNEL(
const global float* restrict A,
const global float* restrict B,
global floatx C,
int M, int K, int N)

{
local float A_lcl;
local float B_lcl @’ @],
float acc = 0.0f;

for (int i :O;i<K/i—i—=1){
A_lcl[14dA( 1lcliid-0 , Ilcldd-1)] =
AlidA(i, Iclid 0, lclid_1, grp-id_0)];
Bl [LidB( lclid.0 , lelid.1)] =
BlidB(grp-id_1, lelid0, lclid.1, i)];

barrier (CLK_LOCAL_-MEM_FENCE);
for (int j = 05 j <GizeR) j += 1)
acc += A_lcl[lLidA(j, lcliid-1)]
« Blcl[LidB( lcLid.0 , j)];

barrier (CLK_LOCAL_MEM_FENCE);
}

Cl[idC(grp-id_0, Iclid_1, grp-id_-1, lcl.id-0 )] = acc;

}
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kernel void KERNEL(
const global float* restrict A,
const global float* restrict B,
global floatx C,
int M, int K, int N)

{
local float A_lcl;
local float B_lcl @’ @],
float acc = 0.0f;

for (int i :O;i<K/i—i—=1){
Allel[14dA( lclid-0 , 1cIad.1)] =
AlidA(i, Iclid 0, lclid_1, grp-id_0)];
il_idB( Icllid_0 , lclid.1)] =
B[idB(grp_id_1, lclid.0, lclid_1, i)];

barrier (CLK_LOCAL_-MEM_FENCE);
for (int j = 0; j <GizeR) j += 1)
acc += Allel[lLidA(j, lclid-1)]
« Bdel[1.idB ( Iclid-0 , j)J;

barrier (CLK_LOCAL_MEM_FENCE);
}

Cl[idC(grp-id_0, Iclid_1, grp-id_-1, lcl.id-0 )] = acc;

}




Tiling

TiledMultiply(A,B) =

Untile()o
— Map(aRows —
M A ;
aplrowd = Map(bCols
Map(col B — > \ Rewriting Reduce((ac.c, paierTiles) o
Dot Product(rowA, col B ) acc + pairO fTiles. Ox

Transpose() o pairO fTiles._1

) $ Zip(aRowg, bCols)
) o Transpose() o Tile(sizeN, sizeK) $ B
o Tile(sizeM, sizeK) $ A
)

) o Transpose() $ B
) S A
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sizel\/l{

sizeK B

SizeK{
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sizeN

CTlhng

TiledMultiply(A,B) =

Untile()o

—
Map(aRows

Map(m —
Reduce((acc, pairO fTiles) —
acc + pairO f1les._Ox
Transpose() o pairO fTiles._1

) $ Zip(aRowg, bC’ol;)
) o T'ranspose() o T'ile(sizeN, sizeK) $ B
)oTile(sizeM, sizeK) $ A




CTlhng

TiledMultiply(A,B) =
. Untile()o
Map(aRows
Map(bCols
Reduce((acc, pairO fTiles) —
B acc + pairO f1les._Ox
Transpose() o pairO fTiles._1

) $ Zip(aRows, bCols)
) o Transpose() o Tile( SzzeN- $ B

) o Tile( szzeM- $A

%) informatics 2
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CTlhng

TiledMultiply(A,B) =

Untile()o
—

Map(aRows
Map(bCols +—
Reduce((acc, pairO fTiles) —
B acc + pairO f1les._Ox
Trcmspase() o pairOfTiles._l
) $ Zzp(aRows bCols

) o Transpose() o Tzle-- ) $ B
)o T@le -- $ A

%) informatics 2




CTlhng

TiledMultiply(A,B) =

Untile()o
—

Map(aRows
Map(bCols +—
Reduce((acc, pairO fTiles) —
B acc + pairO fTiles._Ox
Transpose) - HOTRIEEES

) $ Zzp(aROws bCols

) o Transpose() o Tzle-- ) $ B
)o T@le -- $ A
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Combining Optimisations

AxB=

—
Map(rowA —

Map(col

DotProduct(rowfi, col B )
) o Transpose() $ B
)$ A

Vg
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(9239, p36
Join() o Map((pl79 —
Transpose() o Join() o Map((p70
Transpose() o Join() o Map((p20 —
Transpose() o Map((p65 —
Transpose()(p65)
)) o Transpose()(p20)
)) o T'ranspose() o Reduce((p75, p0 —
Map((p164 —
Join() o Map((p81 —

I Reduce((p136, p90

80 rewrites Map((p163

Get(0)(pl163) + Get(1)(p163) * Get(1)(p90)

)) © Zip(2)(p136, Get(0)(p90))
))(Get(0)(p81), Zip(2)(Transpose() o Get(1)(pl64), Get(1)(p81)))
)) o Zip(2)(Get(0)(p164), Get(1)(p0))
)) o Zip(2)(p75, Split(block Factor) o Transpose() o Get(0)(p0))
))(Zip(2)(Split(sizeK) o T'ranspose()(pl79), p70))
)) o Transpose() o Map((p4 —
Split(sizeN) o Transpose()(p4)
)) o Split(sizeK )(p36)
)) o Split(sizeM )(p239)
) 22




Combining Optimisations

AxB=

—
Map(rowA —

Map(col

DotProduct(rowfi, col B )
) o Transpose() $ B
)$ A

Vg
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(9239, p36 +—
Join() o Map((p179 —
Transpose() o Join() o Map((p70 —
Transpose() o Join() o Map((p20 —
Transpose() o Map((p65 —
Transpose()(p65)
)) o Transpose()(p20)
)) o Transpose() o Reduce((p75, p0 —
Map((p164 —
} Join() o Map((p81 —
N Reduce((p136, p90
Tiling Map((p163 —
Get(0)(pl163) + Get(1)(p163) * Get(1)(p90)

)) o Zip(2)(p136, Get(0)(p90))
))(Get(0)(p81), Zip(2)(Transpose() o Get(1)(p164), Get(1)(p81)))

)) o Zip(2)(Get(0)(p164), Get(1)(p0))
)) o Zip(2)(p75, Split(block Factor) o Transpose() o Get(0)(p0))

))(Zip(2)(Split(sizeK) o Transpose()(p179),p70))

)) o Transpose() o Map((p4 —
Split(sizeN) o Transpose()(p4)

)) o Split(sizeK)(p36)

)) o Split(sizeM)(p239)
) 23



Combining Optimisations

AxB=

—
Map(rowA —

Map(col

DotProduct(rowfi, col B )
) o Transpose() $ B
)$ A

Vg
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(9239, p36
Join() o Map((pl79 —
Transpose() o Join() o Map((p70 —
Transpose() o Join() o Map((p20 +—
Transpose() o Map((p65 —
Transpose()(p65)
)) o T'ranspose()(p20)
)) o T'ranspose() o Reduce((p75, p0
Map((p164 —
} Join() o Map((p81 —
_ Reduce((p136, p90 —
Blocking Map((p163
Get(0)(pl63) + Get(1)(pl63) x Get(1)(p90)

)) o Zip(2)(p136, Get(0)(p90))
))(Get(0)(p81), Zip(2)(Transpose() o Get(1)(pl64), Get(1)(p81)))

) 0 Zip(2)(Get(0)(p164), Get(1)(p0))
)) o Zip(2)(p75, Split(blockFactor) o Transpose() o Get(0)(p0))

N (Zip(2)(Split(sizeK) o Transpose()(pl79), p70))

)) o Transpose() o Map((p4 —
Split(sizeN) o Transpose()(p4)

)) o Split(sizeK)(p36)

)) o Split(sizeM )(p239)
) 24



Combining Optimisations

AxB=

—
Map(rowA —

Map(col

DotProduct(rowfi, col B )
) o Transpose() $ B
)$ A

Vg
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(9239, p36
Join() o Map((pl79 —
Transpose() o Join() o Map((p70
Transpose() o Join() o Map((p20 —
Transpose() o Map((p65 —
Transpose()(p65)
)) o Transpose()(p20)
)) o T'ranspose() o Reduce((p75, p0 —
Map((p164 —
Join() o Map((p81 —

I Reduce((p136, p90

80 rewrites Map((p163

Get(0)(pl163) + Get(1)(p163) * Get(1)(p90)

)) © Zip(2)(p136, Get(0)(p90))
))(Get(0)(p81), Zip(2)(Transpose() o Get(1)(pl64), Get(1)(p81)))
)) o Zip(2)(Get(0)(p164), Get(1)(p0))
)) o Zip(2)(p75, Split(block Factor) o Transpose() o Get(0)(p0))
))(Zip(2)(Split(sizeK) o T'ranspose()(pl79), p70))
)) o Transpose() o Map((p4 —
Split(sizeN) o Transpose()(p4)
)) o Split(sizeK )(p36)
)) o Split(sizeM )(p239)
) 25




Vlacro Rules

* A macro ruleis a rewrite rule that has a particular

goal and can apply different rewrite rules to
achieve It.

 Examples:
* 1D Register Blocking, 2D Register Blocking
* Tiling

* Map-Map Interchange

£
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Map-Map Interchange Macro Rule

Map(a —
Map(b —
fla,b))$ B
)$ A

\

Transpose()o
Map(b —
Map(a —
fla,b))$ A
)$ B

SZapls
~7 '@ THE UNIVERSITY of EDINBURGH

<
kS z
= W e °
2 S
<=
COTNBS

Map(a —
Map(b —

f(b))$a
)$ A

\

Transpose()o
Map(b —
Map(a —

fla))$b
) o Transpose() $ A

27

Map(a —
Map(b —
f(b.20,b._1)
)$ Zip(a,c)

)$ A
\

Transpose()o
Map(b —
Map(a —
f(a,b..1)
)$ 5.0
) § Zip(
Transpose()$A,

c)

Map(a —
Map(b —
f(b,a.1)
)$a.0
)$ Zip(A,c)

\

Transpose()o
Map(b —
Map(a —
f(a..0,a..1)
)$ Zip(b.0, c)
) o Transpose() $ A



Exploration Strategy

( High-Level Expression ) ]
AA//A//l\\A\\AA Macro Rules A xB =
[ Rewritten Expression j Map(m —
Map(col B —

DotPraduct(rowfi, col]_%)
) o T'ranspose() $ B
)$ A

0NIV5Q
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Exploration Strategy

High-Level Expression

// \‘\A\ Macro Rules

[ Rewritten Expression j

THE UNIVERSITY of EDINBURGH

informatics

1.1

1

AxB =

)SA

Map(rowA —
Map(col B —

Dot Product(rowA, col B)
) o Transpose() $ B

1.2

1.3

TiledMultiply(A,B) =
Untile()o
Map(aRows —
Map(bCols —
Reduce((ace, pairO fTiles) —
acc + pairO fTiles._ 0 x pairO fTiles._1
) $ Zip(aRows,bCols)
) o Transpose() o Tile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A

BlockedMultiply(A,B) =
Join() o Map(Transpose())o
Map(rowsA —
Map(col B
Transpose()o
Reduce(((act, rowElemPair) —
Map(p — p..0+ p._1 x rowElemPair._1) $
Zip(act, row Elem Pair.-0)
)$ Zip(Transpose() $ rowsA, Colﬁ)
) o Transpose() $ B

) o Split(blockFactor) $ A

TiledMultiply(A,B) =
Untile()o
Map(aRows —
Map(bCols —
Reduce((acc, pairO fTiles)
acc + pairO fTiles. 0 x pairO fTiles._1
)$ Zip(aRows, bCols)
) o T'ranspose() o Tile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A

14

Blocked Multiply(A,B) =
Join() o Map(Transpose())o
Map(rowsA
Map(col B +

Transpose()o
Reduce(((act, rowElemPair) —
Map(p + p..0+ p._1 xrowElemPair._1) $
Zz'p((Tc_E. rowElemPair. 0)
) $ Zip(Transpose() $ rows’ ,c:olg)

) o Transpose() $ B

) o Split(blockFactor) $ A

28




Exploration Strategy

[ High-Level Expression ]

AA//A//l\\A\\AA Macro Rules

[ Rewritten Expression j

7 | @ THE UNIVERSITY of EDINBURGH
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1.3

TiledMultiply(A,B) =

Untile()o

—
Map(aRows

Map(bCols —

Reduce((acc, pairO fTiles) —
acc + pairO fTiles._0 * pairO fTiles._1

) $ Zip(aRowg, bCols)
) o T'ranspose() o Tile(sizeN, sizeK) $ B
)oTile(sizeM, sizeK) $ A

28




Exploration Strategy

[ High-Level Expression ]

AA//A//l\\A\\AA Macro Rules

[ Rewritten Expression j

7 | @ THE UNIVERSITY of EDINBURGH
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1.3

TiledMultiply(A,B) =

Untile()o

—
Map(aRows

Map(bCols —
Reduce((acc, pairO fTiles) —
acc + pairO fTiles._0 x pairO fTiles._1

)9 Zz'p(aRow;, bCols)
) o T'ranspose() o Tile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A
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Exploration Strategy

[High—LeveI Expressionj 1 3
‘///’/l\‘\\\‘ Macro Rules Til@dMUZtiply(A, B) =
[ Rewritten Expression j Untzle();

‘/“/// l\‘\\AA\A Map to OpenCL Map(aftows —

Map(bCols —
Reduce((acc, pairO fTiles) —
acc + pairO fTiles._0 x pairO fTiles._1

)9 Zz'p(aRow;, bCols)
) o T'ranspose() o Tile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A

[ Lowered Expression j

7 | @ THE UNIVERSITY of EDINBURGH
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Exploration Strategy

[ High-Level Expression ]

A/AA//)/ \‘\\AA\A Macro Rules

Rewritten Expression

( )
AA//A// m Map to OpenCL

[ Lowered Expression j

> THE UNIVERSITY of EDINBURGH
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1.3

TiledMultiply(A,B) =
Untile()o
Map(aRows —
Map(bCols —
Reduce((acc, pairO fTiles) —
acc + pairO fTiles._0 x pairO fTiles._1
) $ Zip(aRows, bCols)
) o Transpose() o Tile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A

1.3.2

1.3.1 1.3.3
TiledMultiply(A,B) = TiledMultiply(A,B) = TiledMultiply(A,B) =
Untile()o Untile()o Untile()o

MapWrg(1)(aRows —
MapWrg(0)(bCols —
ReduceSeq((acce, pairO fTiles) —
acc + toLocal (pairO fTiles..0)
x toLocal (pairO fTiles. 1)
) $ Zip(aRows, bCols)
) o Transpose() o Tile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A

MapWrg(1)(aRows —
MapWrg(0)(bCols
ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles._0)
* toLocal(pairO fTiles. 1)
)$ Zip(aRows, bCols)
) o Transpose() o Tile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A

MapWrg(1)(aRows —
MapWrg(0)(bCols —
ReduceSeq((acce, pairO fTiles) —
acc + toLocal(pairO fTiles..0)
x toLocal(pairO fTiles._1)
) $ Zip(aRows, bCols)
) o Transpose() o T'ile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A

29




Exploration Strategy

1.3.2

[High—LeveI Expression ] TiledMultiply(A B) =

AA//A//l\\A\\AA Macro Rules Untile()

[ Rewritten Expression j -a Rows —
2 l\\\AA\A Map to OpenCL bCols —

[ Lowered Expression j ReduceSeq((acc,paerfTiles) —

acc —|—pairOfTiles._O)
*pairOfTiles._l)
)% Zz'p(aROw;, bCols)
) o Transpose() o Tile(sizeN, sizeK) $ B
)oTile(sizeM, sizeK) $ A

oNIVgQ
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Exploration Strategy

1.3.2

[High—LeveI Expressionj TiledMultiply(A, B) —
T TS MaoRues | Uit
[ Rewritten Expression j MapWrg(l)(m N

AA//A//l\\A\\AA Map to OpenCL MapWTg(O)(m —>

[ Lowered Expression j

ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles.0)
x toLocal(pairO fTiles._1)

) $ Zip(aROwg, bC’Ol;)
) o Transpose() o Tile(sizeN, sizeK) $ B
)o Tile(sizeM, sizeK) $ A

Vg
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Exploration Strategy

1.3.2

[High—LeveI Expressionj TiledMultiply(A, B) —
T TS MaoRues | Uit
[ Rewritten Expression j MapWrg(l)(m N

AA//A//l\\A\\AA Map to OpenCL MapWTg(O)(m —>

[ Lowered Expression j ReduceSeq((acc, pairO fTiles) —

AA//A// l\ﬂ\\AA\A Parameter Mapping acc + toLocal (pairO fTiles.0)

[Specialised Expression) x toLocal(pairO fTiles._1)

) $ Zip(aROwg, bC’Ol;)
) o Transpose() o Tile(sizeN, sizeK) $ B
)o Tile(sizeM, sizeK) $ A

0NIV5Q
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Exploration Strategy

[ High-Level Expression ]

A/AA//)/ \‘\\AA\A Macro Rules

Rewritten Expression

( )
AA//A// \\\AA\A Map to OpenCL

Lowered Expression

( )
A/AA//,/ \‘\\A‘\A Parameter Mapping

[Specialised Expressionj

> THE UNIVERSITY of EDINBURGH
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1.3.2

TiledMultiply(A,B) =
Untile()o
]\/fapVVrg(l)(cm —
]WapW’rg(O)(lTol; —
ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles.-0)
* toLocal (pairO fTiles._1)
)$ Zip(aRows, bCols)
) o Transpose() o Tile(sizeN, sizeK) $ B
) o Tile(sizeM, sizeK) $ A

1.3.2.1 1.3.2.2 1.3.2.3
TiledMultiply(A,B) = TiledMultiply(A,B) = TiledMultiply(A,B) =
Untile()o Untile()o Untile()o

MapWrg(1)(aRows —
MapWrg(0)(bCols —
ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles.0)
x toLocal(pairO fTiles._1)
)$ Zip(aRows, bCols)
) o Transpose() o Tile(128,16) $ B
) o Tile(128,16) $ A

MapWrg(1l)(aRows
MapWrg(0)(bCols —
ReduceSeq((acc, pairO fTiles) —
acc + toLocal (pairO fTiles.0)
* toLocal(pairO fTiles._1)
)$ Zip(aRows, bCols)
) o Transpose() o Tile(128,16) $ B
) o Tile(128,16) $ A

MapWrg(1l)(aRows —
MapWrg(0)(bCols —
ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles._0)
x toLocal(pairO fTiles._1)
)$ Zip(aRows, bCols)
) o Transpose() o Tile(128,16) $ B
) o Tile(128,16) $ A

1.3.2.4 1.3.2.5
TiledMultiply(A,B) = TiledMultiply(A,B) =
Untile()o Untile()o

MapWrg(1)(aRows —
MapWrg(0)(bCols —
ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles._0)
* toLocal (pairO fTiles._1)
)$ Zip(aRows,bCols)
) o T'ranspose() o T'ile(128,16) $ B
) o Tile(128,16) $ A

MapWrg(1)(aRows —
MapWrg(0)(bCols —
ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles.-0)
x toLocal (pairO fTiles. 1)
)$ Zip(aRows,bCols)
) o Transpose() o T'ile(128,16) $ B
) o Tile(128,16) $ A

1.3.2.6

TiledMultiply(A,B) =
Untile()o
J\/[a,pWrg(l)(a,Rm —

]MapWrg(O)(lTols —
ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles.-0)
x toLocal(pairO fTiles._1)
)$ Zip(aRows, bCols)
) o Transpose() o Tile(128,16) $ B
)o Tile(128,16) § A
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Exploration Strategy

1.3.2.5

[High—LeveI Expressionj TiledMult’iply(A, B) —

AA//A//l\\A\\AA Macro Rules Untile()o

[ Rewritten Expression j

AA//A//l\\A\\AA Map to OpenCL MapWrg(l) (aRowé —

s
[ Lowered Expression j MapWrg(0)(bCols —

A///p/l\Q\\A‘\A Parameter Mapping ReduceSeq((acc, pairO fTiles)

acc + toLocal(pairO fTiles. 0)
* tOLocal(paz'rOsz'les._l)

) $ Z@p(aRows bC’ols

) o Transpose() o Tzle- $ B

) o Tile(128,16) $ A

[Specialised Expressionj

0NIV5Q
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Exploration Strategy

1.3.2.5

[High—LeveI Expressionj TiledMultiply(A, B) _

A/AA//»/l\*\\\A Macro Rules Untile()o

[ Rewritten Expression j

AA//A//l\\A\\AA Map to OpenCL Maprr'g(l) (GRO’LU!; —

[ Lowered Expression j MapWrg(0)(bCols
A/AA//,/ l\‘\\AA\A Parameter Mapping ReduceSeq((acc, pairO fTiles) —
acc + toLocal(pairO fTiles. 0)
x toLocal(pairO fTiles. 1)

) $ Zip(aRowg, bCol;)
) o Transpose() o Tile(128,16) $ B
) o Tile(128,16) $ A

[Specialised Expressionj

o 1 VEQ ’
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Exploration Strategy

1.3.2.5

[High—LeveI Expressionj TiledMultiply(A, B) _

A/AA//»/l\*\\\A Macro Rules Untile()o

[ Rewritten Expression j

AA//A//l\\A\\AA Map to OpenCL Maprr'g(l) (GRO’LU!; —

e
[ Lowered Expression j MapWrg(0)(bCols

A/AA//,/ l\‘\\AA\A Parameter Mapping ReduceSeq((acc, pairO fTiles) —

acc + toLocal(pairO fTiles._0)
Code Generation x toLocal(pairO fTiles. 1)

[ OpenCL Code j ) $ Zip(aRows, bCOlé)
) o Transpose() o Tile(128,16) $ B
) o Tile(128,16) § A

[Specialised Expressionj

o 1 VEQ ’
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Exploration Strategy

[ High-Level Expression ]

A/AA//)/ \‘\\AA\A Macro Rules

Rewritten Expression j 0

{
¥ | N 3u Mapto OpenCL

Lowered Expression j 16

(
A/AA//,/ \‘\\A‘\A Parameter Mapping !

[Specialised Expressionj o1

OO Ui W+

Code Generation

30
31
32

[ OpenCL Code

QNIVEQ
S

> THE UNIVERSITY of EDINBURGH
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kernel mm_amd_opt(global float x A, B, C,
int K, M, N) {
local float tileA [512]; tileB [512];

private float acc_0; ...; acc-31;
private float blockOfB_0; ...; blockOfB_3;
private float blockOfA 0; ...; blockOfA_7;

int 1id0 = local.id (0); lidl = local_id(1);
int wid0 = group-id(0); widl = group-id(1);

for (int wl=widl; wl<M/64; wl+=num grps(1)) {
for (int wO=wid0; wO<N/64; wO+=num_grps(0)) {

acc.0 = 0.0f; ...; acc-31 = 0.0f;

for (int i=0; i<K/8; i++) {
vstored(vload4(lid1+M/442%ixM+16xw1+1id0,A), 16+lid1+1idO, tileA);
vstored (vload4(lid1*N/4+2xix*N+16xw0-+1id0,B), 16xlid1+1id0, tileB);
barrier (...) ;

for (int j = 0; j<8; j++) {
blockOfA_0 = tileA[0+64*j+1id1*8]; ...; blockOfA_7 = tileA[7+64xj+1id1x8];
blockOfB_0 = tileB[0 +64j+1id0]; ..., blockOfB_3 = tileB[48+64%j+1id0];

acc.0 += blockOfA_0 * blockOfB_0; ...;
acc.l += blockOfA_0 x blockOfB_1; ...;
acc2 += blockOfA_0 * blockOfB_2; ...
acc_.3 += blockOfA_0 x blockOfB_3; ...;
}

barrier (...) ;

acc-28 += blockOfA_7 * blockOfB_0;
acc_29 += blockOfA_7 x blockOfB_1;
acc_30 += blockOfA_7 * blockOfB_2;
acc_31 += blockOfA_7 x blockOfB_3;

}

C[ 0+8+1lid1%N+64%w0+64+w1xN+0+«N-+lid0]=acc_0; ...; C[ 0+8*lid1*N+64+w0+64%wlxN+T7+«N-+lid0]=acc_28;

C[16+4-8xlid1*«N+64%w0+64+w1+«N+0+N+1idO]=acc_1; ...; C[164+8xlid1«N+64%w0+64+w1+N+7+N+1id0]=acc_29;

C[32+8xlid1%N+64xw0+64+w1xN+0«N+lid0]=acc-2; ...; C[32+8xlid1%N+64xw0+64+w1x«N+7+N+lid0]=acc_30;

C[48+8xlid1%N+64%w0+64+w1xN+0«N+lid0]=acc_3; ...; C[48+8xlid1*N+64xw0+64+w1xN+7+N+lid0]=acc_31;
P}




Heuristics

For Macro Rules: For Parameter Mapping:

* Nesting depth « Amount of memory used

e Distance of addition and

multiplication * Global
 Number of times rules are applied e Local
For Map to OpenCL: * Registers
* Fixed parallelism mapping « Amount of parallelism

e Limited choices for mapping to local

e Work-items
and global memory

 Follows best practice « Workgroup

£
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Exploration in Numbers

[ngh Level Expression j

‘///'/l\‘\\‘\‘ Macro Rules

[ Rewritten Expression j

‘///’/l\‘\\“\‘ Map to OpenCL

/760 [ Lowered Expression j

‘///’/l\‘\\“\‘ Parameter Mapping

40,000 [Specialised Expressionj

l Code Generation

[ OpenCL Code J
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Exploration Space

=== Fermi (Nvidia) === Kepler (Nvidia) === Tahiti (AMD)
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Performance Evolution

=== Fermi (Nvidia) === Kepler (Nvidia) === Tahiti (AMD)

3000 -

<2000 -
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Randomly ordered OpenCL kernels
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Performance Evolution

=== Fermi (Nvidia) === Kepler (Nvidia) === Tahiti (AMD)
104 1107 3652

Gflop/s)
S
S

<2000 -

Throughput
S
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| | | |
1 10 100 1000 10000
Randomly ordered OpenCL kernels
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Performance Results

Bl Generated [/|[MAGMA [“|cuBLAS Bl Generated [ ]cIMAGMA [7|cIBLAS [ cIBLAS Tuned
Nvidia GeForce GTX 480 (Fermi) Nvidia GeForce GTX TITAN Black (Kepler) 3000 AMD Radeon HD 7970 (Tahiti)
0 — ] | ] ] ] N -
2 750- 4000 B —
5 3000- 2000 -
= 500- —
2 2000 -
S 250- 1000 -
3 250 1000-
c
l_ 0- ] ] ] ] ] 0- ] ] ] ] ] O- T T T T |—
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Performance Portabillity
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Performance Portabillity
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Conclusion

 OpenCL code is not performance portable

* Using a functional approach along with rewrite
rules we can generate performance portable code

* Performance of matrix multiplication on par with
tuned OpenCL code

Toomas Remmelg - toomas.remmelg@ed.ac.uk
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