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What are the problems LIFT tries to tackle?

* Parallel processors everywhere

- Many different types: CPUs, GPUSs, ...
* Parallel programming is hard

« Optimising is even harder

* Problem:
No portability of performance!




Case Study: Parallel Reduction in OpenCL

Summing up all values of an array
Comparison of 7 implementations by Nvidia

Investigating complexity and efficiency of optimisations

First OpenCL Kernel
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Unoptimised Implementation Parallel Reduction

kernel void reduceO(global float* g_idata, global float* g_odata,
unsigned int n, local float* 1_data) {
get_local_id(0);

unsigned int tid
unsigned int i get_global_id(0);
1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
barrier(CLK_LOCAL_MEM_FENCE);
// do reduction in local memory
for (unsigned int s=1; s < get_local_size(0); s*= 2) {
if ((tid % (2*s)) == 0) {
1 _data[tid] += 1 _data[tid + s];
barrier(CLK_LOCAL_MEM_FENCE);
}
}

// write result for this work-group to global memory
if (tid == 0) g_odatal[get_group_id(0)] = 1_datal[0];
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Avoid Divergent Branching

kernel void reducel(global float* g_idata, global float* g_odata,
unsigned int n, local float* 1_data) {
get_local_id(0);

unsigned int tid
unsigned int i get_global_id(0);

1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
barrier(CLK_LOCAL_MEM_FENCE);

N

for (unsigned int s=1; s < get_local_size(0); s*= 2) {
// continuous work-items remain active
int index = 2 * s x tid;
if (index < get_local_size(0)) {
1 _datal[index] += 1 _datal[index + s];

}
barrier(CLK_LOCAL_MEM_FENCE);

}
if (tid == 0) g_odata[get_group_id(0)] = 1_datal[0];




Avoid Interleaved Addressing

kernel void reduce2(global float* g_idata, global float* g_odata,
unsigned int n, local float* 1_data) {
get_local_id(0);

unsigned int tid
unsigned int i get_global_id(0);

1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
barrier(CLK_LOCAL_MEM_FENCE);

N

// process elements in different order
// requires commutativity
for (unsigned int s=get_local_size(0)/2; s>0; s>>=1) {
if (tid < s) {
1 _datal[tid] += 1 _datal[tid + s];

}
barrier(CLK_LOCAL_MEM_FENCE);

}
if (tid == 0) g_odata[get_group_id(0)] = 1_data[0];




Increase Computational Intensity per Work-ltem

kernel void reduce3(global float* g_idata, global float* g_odata,
unsigned int n, local float* 1_data) {
unsigned int tid = get_local_id(0);

1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
// performs first addition during loading

barrier(CLK_LOCAL_MEM_FENCE);

for (unsigned int s=get_local_size(0)/2; s>0; s>>=1) {
if (tid < s) {
1 _data[tid] += 1 _datal[tid + s];
}
barrier(CLK_LOCAL_MEM_FENCE);

}
if (tid == 0) g_odata[get_group_id(0)] = 1_datal[0];




Avoid Synchronisation inside a Warp

kernel void reduce4(global float+ g_idata, global float* ¢g_odata,
unsigned int n, local - float» 1_data) {
unsigned int tid = get_local_id(0);
unsigned int i = get_group_id(0) * (get_local_size(0)*2)
+ get_local_id(0);
1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
if (i + get_local_size(0) < n)
1_data[tid] += g_idata[i+get_local_size(0)];
barrier(CLK_LOCAL_MEM_FENCE);

# pragma unroll 1

for (unsigned int s=get_local_size(0)/2; s>.; s>>=1) {
if (tid < s) { 1 _data[tid] += 1 _data[tid + s]; }
barrier(CLK_LOCAL_MEM_FENCE); }

// this is not portable OpenCL code!

if (tid == 0) g_odata[get_group_id(0)] = 1_data[0]; }




Complete Loop Unrolling

kernel void reduce5(global float* g_idata, global float* g_odata,
unsigned int n, local volatile float* 1 _data) {
unsigned int tid = get_local_id(0);
unsigned int i = get_group_id(0) * (get_local_size(0)*2)
+ get_local_id(0);
1 _datal[tid] = (i < n) ? g _idatal[i] : 0;
if (i + get_local_size(0) < n)
1_data[tid] += g_idata[i+get_local_size(0)];
barrier(CLK_LOCAL_MEM_FENCE);

if (tid < 32) {

if (WG_SIZE >= 64) { 1 _data[tid] += 1 _data[tid+32]; }
if (WG_SIZE >= 32) { 1 data[tid] += 1 _datal[tid+16]; }
if (WG_SIZE >= 16) { 1 _data[tid] += 1 _data[tid+ 8]; }
if (WG_SIZE >= 8) { 1 data[tid] += 1 _datal[tid+ 4]; }
if (WG_SIZE >= 4) { 1 data[tid] += 1 _datal[tid+ 2]; }
if (WG_SIZE >= 2) { 1 _data[tid] += 1 _datal[tid+ 1]; } }

if (tid == 0) g_odata[get_group_id(0)] = 1_data[0]; }




Fully Optimised Implementation

kernel void reduce6(global float* g_idata, global float* g_odata,
unsigned int n, local volatile floatx 1_data) {
unsigned int tid = get_local_id(0);

unsigned int i = get_group_id(0) * (get_local_size(0)=*2)
+ get_local_id(0);

barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {

if (tid < 128) { 1 _data[tid] += 1 _data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }

if (WG_SIZE >= 128) {

if (tid < 64) { 1 _data[tid] += 1 _datal[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }

if (tid < 32) {
if (WG_SIZE >= 64) { 1_data[tid] += 1_data[tid+32];
if (WG_SIZE >= 32) { 1_datal[tid] += 1_datal[tid+16];
if (WG_SIZE >= 16) { 1_datal[tid] += 1_datal[tid+ 8];
if (WG_SIZE >= 8) { 1 _data[tid] += 1 _data[tid+ 4];
if (WG_SIZE >= 4) { 1 _data[tid] += 1 _data[tid+ 2];
if (WG_SIZE >= 2) { 1 _data[tid] += 1 _datal[tid+ 1];

if (tid == 0) g_odata[get_group_id(0)] = 1_data[o]; }
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Reduction Case Study

* Optimising OpenCL is complex

« Understanding of target hardware required

* Program changes not obvious
* Is it worth it? ...

kernel
void reduce0(global floatx g_idata,
global float* g_odata,
unsigned int n,
local float* 1 _data) {
unsigned int tid = get_local_id(0);
unsigned int i = get_global_id(0);
1_data[tid] = (i < n) ? g_idatalil : 0;
barrier(CLK_LOCAL_MEM_FENCE);

for (unsigned int s=1;
s < get_local_size(0); s*= 2) {
if ((tid % (2*s)) ==
1_data[tid] += 1_datal[tid + s];

barrier(CLK_LOCAL_MEM_FENCE);

}
if (tid == 0)
g_odata[get_group_id(0)] = 1_datal[0];

Unoptimized Implementation
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kernel
void reduce6(global float* g_idata,
global float* g_odata,
unsigned int n,
local volatile float* 1_data) {
unsigned int tid = get_local_id(0);
unsigned int i =
get_group_id(0) » (get_local_size(0)=*2)
+ get_local_id(0);
unsigned int gridSize =
WG_SIZE * get_num_groups(0);
1_datal[tid] = 0;
while (i < n) {
1_data[tid] += g_idatalil;
if (i + WG_SIZE < n)
1_data[tid] += g_idata[i+WG_SIZE];
i += gridSize; }
barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1_data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (tid < 32) {
if (WG_SIZE >= 64) {
1_datal[tid] += 1_data[tid+321; }
if (WG_SIZE >= 32) {
1_data[tid] += 1_data[tid+16]; }
if (WG_SIZE >= 16) {
1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {
1_data[tid] += 1_data[tid+ &4]; }
if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 2]; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_datal[0];

Fully Optimized Implementation




Performance Results Nvidia
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(a) Nvidia’s GTX 480 GPU.

* ... Yes! Optimising improves performance by a factor of 10!

+ Optimising is important, but ...
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Performance Results AMD and Intel
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(b) AMD’s HD 7970 GPU. (c) Intel’s E5530 dual-socket CPU.

- ... unfortunately, optimisations in OpenCL are not portable!

* Challenge: how to achieving portable performance?
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LIFT: Performance Portable GPU Code
Generation via Rewrite Rules

BlackScholes
Dot product ... Vector reduction
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Ambition: automatic generation of Performance Portable code
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Walkthrough

1) sum(vec) = reduce(+,0,vec)

|
rewrite rules

@

vecSum = reduce o join o map-workgroup (
join o toGlobal (map-local (map-seq id)) o split 1 o

join o map-warp (
join o map-lane (reduce-seq
join o map-lane (reduce-seq

( ( osplit 2 o reorder-stride 1 o
( (
join o map-lane (reduce-seq (
( (
( (
( (

osplit 2 o reorder-stride 2 o
osplit 2 o reorder-stride 4 o
join o map-lane (reduce-seq osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq
join o map-lane (reduce-seq
) osplit 64 o
join o map-local (reduce-seq (+) 0) o split 2 o reorder-stride 64 o
join o toLocal (map-local (reduce-seq (+) 0)) o
split (blockSize/128) o reorder-stride 128
) o split blockSize

S O O O OO

+) 0)
+) 0)
+) 0)
+) 0)
+) 0)
+) 0)

osplit 2 o reorder-stride 32

osplit 2 o reorder-stride 16 o

code generation
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kernel
void reduce6(global float* g_idata,
global float* g_odata,
unsigned int n,
local volatile float* 1_data) {
unsigned int tid = get_local_id(0);
unsigned int i =
get_group_id(0) » (get_local_size(0)=*2)
+ get_local_id(0);
unsigned int gridSize =
WG_SIZE * get_num_groups(0);
1_datal[tid] = 0;
while (i < n) {
1_data[tid] += g_idatalil;
if (i + WG_SIZE < n)
1_data[tid] += g_idata[i+WG_SIZE];
i += gridSize; }
barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1_data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (tid < 32) {
if (WG_SIZE >= 64) {
1_datal[tid] += 1_data[tid+321; }
if (WG_SIZE >= 32) {
1_data[tid] += 1_data[tid+16]; }
if (WG_SIZE >= 16) {
1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {
1_data[tid] += 1_data[tid+ &4]; }
if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 2]; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_datal[0];




Walkthrough

1) sum(vec) = reduce(+,0,vec)
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@ Algorlthmlc Primitives (a.k.a. algorithmic skeletons)

map(f, x):

zip(x, y):

reduce(+, 0, x):

split(n, x):

join(x):

iterate(f, n, x):

reorder(o, x):

xy [ %0 (x5 x4 [ X5 | %6 [ %7 | X — x| G |EG) g [ECc[E G fxg)
X1 [ % | X3 [ X4 | X5 | X6 | X7 | X8 | .
I 7 (X1, 1) (le ¥,) (x3, ¥3) (x4, Yy (x5, ¥s) (x6, Ye) (x7, ¥7) (x& Yg)
Y11Y21Y3|Y2|Y5|Y6|Y7|Y8
Xl X2 X3 X4 X5 X6 X7 X8 I ) X1 +X2+X3+X4+X5+X6+X7+X8
Xl X2 X3 X4 X5 X6 X7 X8 H Xl X2 X3 X4 X5 X6 X7 X8
xq | %y X5 | X4 x5 | Xg X | Xg — X [ X [ X3 [ x4 [ X5 [ %6 | X7 [ Xg
X1 XZ X3 X4 X5 X6 X7 X8 |_) f( .o f( X1 X2 X3 X4 X5 X6 X7 X8 )..
11 %21 %3 %4 %5 X6 | *7| %8 I “o(Df*o@[ 0B @] o) c(6)[ ‘07| o(8)
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D High-Level Programs

scal(a, vec) = map(A x - x*a, vec)

asum(vec) = reduce(+, 0, map(abs, vec))

dotProduct(x, y) = reduce(+, 0, map(*, zip(x, y)))

gemv(mat, x, y, o, B) =
map(+, zip(
map(A row~ scal(a, dotProduct(row, x)), mat),

scal(B, y) ) )

18



Walkthrough

1) sum(vec) = reduce(+,0,vec)

|
rewrite rules

@

vecSum = reduce o join o map-workgroup (
join o toGlobal (map-local (map-seq id)) o split 1 o

join o map-warp (
join o map-lane (reduce-seq
join o map-lane (reduce-seq

( ( osplit 2 o reorder-stride 1 o
( (
join o map-lane (reduce-seq (
( (
( (
( (

osplit 2 o reorder-stride 2 o
osplit 2 o reorder-stride 4 o
join o map-lane (reduce-seq osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq
join o map-lane (reduce-seq
) osplit 64 o
join o map-local (reduce-seq (+) 0) o split 2 o reorder-stride 64 o
join o toLocal (map-local (reduce-seq (+) 0)) o
split (blockSize/128) o reorder-stride 128
) o split blockSize

S O O O OO

+) 0)
+) 0)
+) 0)
+) 0)
+) 0)
+) 0)

osplit 2 o reorder-stride 32

osplit 2 o reorder-stride 16 o

code generation
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kernel
void reduce6(global float* g_idata,
global float* g_odata,
unsigned int n,
local volatile float* 1_data) {
unsigned int tid = get_local_id(0);
unsigned int i =
get_group_id(0) » (get_local_size(0)=*2)
+ get_local_id(0);
unsigned int gridSize =
WG_SIZE * get_num_groups(0);
1_datal[tid] = 0;
while (i < n) {
1_data[tid] += g_idatalil;
if (i + WG_SIZE < n)
1_data[tid] += g_idata[i+WG_SIZE];
i += gridSize; }
barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1_data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (tid < 32) {
if (WG_SIZE >= 64) {
1_datal[tid] += 1_data[tid+321; }
if (WG_SIZE >= 32) {
1_data[tid] += 1_data[tid+16]; }
if (WG_SIZE >= 16) {
1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {
1_data[tid] += 1_data[tid+ &4]; }
if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 2]; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_datal[0];




Walkthrough

|
rewrite rules

@

vecSum = reduce o join o map-workgroup (
join o toGlobal (map-local (map-seq id)) o split 1 o
join o map-warp (

join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 1 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 2 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 4 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 8 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 16 o
join o map-lane (reduce-seq (+) 0) o split 2 o reorder-stride 32

) osplit 64 o
join o map-local (reduce-seq (+) 0) o split 2 o reorder-stride 64 o
join o toLocal (map-local (reduce-seq (+) 0)) o
split (blockSize/128) o reorder-stride 128
) o split blockSize
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(@ Algorithmic Rewrite Rules

* Provably correct rewrite rules

« Express algorithmic implementation choices

Split-join rule:
map f — joino map (map f) o split n

Map fusion rule:
map f o map g — map (f o g)

Reduce rules:
reduce f z — reduce f z o reducePart f z

reducePart f z — reducePart f z o reorder
reducePart f z — join o map (reducePart f z) o split n
reducePart f z — iterate n (reducePart f z)

21



(2 OpenCL Primitives

Primitive
mapGlobal
map Workgroup

mapLocal
mapSeq
reduceSeq

toLocal , toGlobal

map Vec,
split Vecr join Vec

OpenCL concept

. OpenCL thread hierarch
Work-items P d

| workgroups | [global threads)|

| local threads |

Work-groups

Sequential implementations

Memory areas

Vectorisation

22



(2 OpenCL Rewrite Rules

« Express low-level implementation and optimisation choices

Map rules:
map f — mapWorkgroup f | mapLocal f | mapGlobal f | mapSeq f

Local/ global memory rules:
mapLocal f — toLocal (mapLocal f) mapLocal f — toGlobal (mapLocal f)

Vectorisation rule:
map f — joinVeco map (mapVec f) o splitVec n

Fusion rule:
reduceSeq f z o mapSeq g — reduceSeq (X (acc,x). f (acc,g x)) z

23



Walkthrough

(1) vecSum = reduce (+) 0

|
rewrite rules

@

vecSum = reduce o join o map-workgroup (
join o toGlobal (map-local (map-seq id)) o split 1 o

join o map-warp (
join o map-lane (reduce-seq
join o map-lane (reduce-seq

( ( osplit 2 o reorder-stride 1 o
( (
join o map-lane (reduce-seq (
( (
( (
( (

osplit 2 o reorder-stride 2 o
osplit 2 o reorder-stride 4 o
join o map-lane (reduce-seq osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq
join o map-lane (reduce-seq
) osplit 64 o
join o map-local (reduce-seq (+) 0) o split 2 o reorder-stride 64 o
join o toLocal (map-local (reduce-seq (+) 0)) o
split (blockSize/128) o reorder-stride 128
) o split blockSize

S O O O OO

+) 0)
+) 0)
+) 0)
+) 0)
+) 0)
+) 0)

osplit 2 o reorder-stride 32

osplit 2 o reorder-stride 16 o

code generation
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kernel
void reduce6(global float* g_idata,
global float* g_odata,
unsigned int n,
local volatile float* 1_data) {
unsigned int tid = get_local_id(0);
unsigned int i =
get_group_id(0) » (get_local_size(0)=*2)
+ get_local_id(0);
unsigned int gridSize =
WG_SIZE * get_num_groups(0);
1_datal[tid] = 0;
while (i < n) {
1_data[tid] += g_idatalil;
if (i + WG_SIZE < n)
1_data[tid] += g_idata[i+WG_SIZE];
i += gridSize; }
barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1_data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (tid < 32) {
if (WG_SIZE >= 64) {
1_datal[tid] += 1_data[tid+321; }
if (WG_SIZE >= 32) {
1_data[tid] += 1_data[tid+16]; }
if (WG_SIZE >= 16) {
1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {
1_data[tid] += 1_data[tid+ &4]; }
if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 2]; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_datal[0];




Walkthrough ©)

code generation
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kernel
void reduce6(global float* g_idata,
global float* g_odata,
unsigned int n,
local volatile float* 1_data) {
unsigned int tid = get_local_id(0);
unsigned int i =
get_group_id(0) » (get_local_size(0)=*2)
+ get_local_id(0);
unsigned int gridSize =
WG_SIZE * get_num_groups(0);
1_datal[tid] = 0;
while (i < n) {
1_data[tid] += g_idatalil;
if (i + WG_SIZE < n)
1_data[tid] += g_idata[i+WG_SIZE];
i += gridSize; }
barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1_data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (tid < 32) {
if (WG_SIZE >= 64) {
1_datal[tid] += 1_data[tid+321; }
if (WG_SIZE >= 32) {
1_data[tid] += 1_data[tid+16]; }
if (WG_SIZE >= 16) {
1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {
1_data[tid] += 1_data[tid+ &4]; }
if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 2]; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_datal[0];




(3@ Pattern based OpenCL Code Generation

« Generate OpenCL code for each OpenCL primitive

for (int g_id = get_global_id(0); g_id < n;
g_id += get_global_size(0)) {
mapGlobal f xs = | outputlg_id] - f(xslg_id]);
}

T acc = z;
for (int i = 0; 1 < n; ++i) {

reduceSeq | z £S5 = | .. - face, xs[il):
}

* A lot more details about the code generation implementation can be
found in our CGO 2017 paper
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https://github.com/michel-steuwer/publications/raw/master/2017/CGO-2017.pdf

Walkthrough

(1) vecSum = reduce (+) 0

|
rewrite rules

@

vecSum = reduce o join o map-workgroup (
join o toGlobal (map-local (map-seq id)) o split 1 o

join o map-warp (
join o map-lane (reduce-seq
join o map-lane (reduce-seq

( ( osplit 2 o reorder-stride 1 o
( (
join o map-lane (reduce-seq (
( (
( (
( (

osplit 2 o reorder-stride 2 o
osplit 2 o reorder-stride 4 o
join o map-lane (reduce-seq osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq
join o map-lane (reduce-seq
) osplit 64 o
join o map-local (reduce-seq (+) 0) o split 2 o reorder-stride 64 o
join o toLocal (map-local (reduce-seq (+) 0)) o
split (blockSize/128) o reorder-stride 128
) o split blockSize

S O O O OO

+) 0)
+) 0)
+) 0)
+) 0)
+) 0)
+) 0)

osplit 2 o reorder-stride 32

osplit 2 o reorder-stride 16 o

code generation
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kernel
void reduce6(global float* g_idata,
global float* g_odata,
unsigned int n,
local volatile float* 1_data) {
unsigned int tid = get_local_id(0);
unsigned int i =
get_group_id(0) » (get_local_size(0)=*2)
+ get_local_id(0);
unsigned int gridSize =
WG_SIZE * get_num_groups(0);
1_datal[tid] = 0;
while (i < n) {
1_data[tid] += g_idatalil;
if (i + WG_SIZE < n)
1_data[tid] += g_idata[i+WG_SIZE];
i += gridSize; }
barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {
if (tid < 128) {
1_data[tid] += 1_data[tid+128]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (WG_SIZE >= 128) {
if (tid < 64) {
1_data[tid] += 1_data[tid+ 64]; }
barrier(CLK_LOCAL_MEM_FENCE); }
if (tid < 32) {
if (WG_SIZE >= 64) {
1_datal[tid] += 1_data[tid+321; }
if (WG_SIZE >= 32) {
1_data[tid] += 1_data[tid+16]; }
if (WG_SIZE >= 16) {
1_data[tid] += 1_data[tid+ 8]; }
if (WG_SIZE >= 8) {
1_data[tid] += 1_data[tid+ &4]; }
if (WG_SIZE >= 4) {
1_data[tid] += 1_data[tid+ 2]; }
if (WG_SIZE >= 2) {
1_data[tid] += 1_data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_datal[0];




Case Study: Matrix Multiplication

A X B =

map(A rowA ~

map(A colB -

dotProduct(rowA, colB)

, transpose(B))
, A)
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Tiling as a Rewrite Rules

Naive matrix multiplication

map(A arow .
map(A beol .
reduce(+, 0) o map(X) o zip(arow, bcol)
, transpose(B))
,A)

l Apply tiling rules

untile o map(A rowOfTilesA .
map(A colOfTilesB .
toGlobal(copy2D) o
reduce() (tileAcc, (tileA, tileB)) .
map(map(+)) o zip(tileAcc) o
map(A as .
map(A bs .
reduce(+, 0) o map(X) o zip(as, bs)
, toLocal(copy2D(tileB)))
, toLocal(copy2D(tileA)))
,0, zip(rowOfTilesA, colOfTilesB))
) o tile(m, k, transpose(B))
) o tile(n, k, A)
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Register Blocking as a Rewrite Rules

untile o map(A rowOfTilesA .
map(A colOfTilesB .
toGlobal(copy2D) o
reduce(A (tileAcc, (tileA, tileB)) .
map(map(+)) o zip(tileAcc) o
map(A as .
map(A bs .
reduce(+, 0) o map(X) o zip(as, bs)
, toLocal(copy2D(tileB)))
, toLocal(copy2D(tileA)))
,0, zip(rowOfTilesA, colOfTilesB))
) o tile(m, k, transpose(B))
) o tile(n, k, A)

l Apply blocking rules

untile o map(A rowOfTilesA .
map(A colOfTilesB .
toGlobal(copy2D) o
reduce(A (tileAcc, (tileA, tileB)) .
map(map(+)) o zip(tileAcc) o
map(A aBlocks .
map(A bs .
reduce(+, 0) o
map(A (aBlock, b) .
map(A (a,bp) . a X bp
, zip(aBlock, toPrivate(id(b))))
) o zip(transpose(aBlocks), bs)
, toLocal(copy2D(tileB)))
, split(l, toLocal(copy2D(tileA))))
,0, zip(rowOfTilesA, colOfTilesB))
) o tile(m, k, transpose(B))
) o tile(n, k, A)
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Register Blocking as a Rewrite Rules

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(ace, x))
Map(Map(f)) = Transpose() o Map(Map(f)) o Transpose()

Transpose() o Transpose() = id

Reduce(f) o Map(g) = Reduce((ace, x) — f(ace, g(x)))

Map(f)o Map(g) = Map(f o g)
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[High-LeveI Expression ]

— v

[ Rewritten Expression ]

Exploration Strategy

Macro Rules

1.1

AxB=
R

Map(rowA —

TiledMultiply(A, B) =
Untile()o
-
Map(aRows
Map(bCols

Reduce((ace, pairO fTiles) —
acc + pairO fTiles._0 x pairO,

)$ Zip(aRows, bCols)

) o Transpose() o Tile(sizeN, size

) o Tile(sizeM, sizeK) $ A

BlockedMultiply(A, B) =

Join() geMag(Transpose())
Map(r] a C l
M col

Transpose()o

Reduce(((@@, rowElemPair) —

Tiles. 1 Map(p — p. gt p.-1 * row El 2air. 1) $
Zip(act, rou /'40
)$ Zip(Tr el woll})

() $B o Imummd)\ﬂ

) o Split(blockFactor) $ A

32

[TiledMultiply(A,B) =

Untile()o

Map(bCols —

Reduce((acc, pairOf Tiles) =X

14

Map(rowsA +}

BlockedMultiph|(A, B) =

Join() o Map(['ranspose())o

—
Map(col B +
Transposp()o

WReduce((

) o Transpod

) o Tile(sizeM, sizeK)

() o T

ppirO fTiles. 0 x

ize

ile(sizeN.

$A

) Transpole() $ B

) o Split(blockfactor) $ A

)$ A

ol ranspose() $B

fict. rowElem Pair) —

4 ',,H .0+ p..1 x rowElem Pair. 1) $
l b \et, b Etem Pair. o)
S ZJp(T|anspose() § rowsA, col B)




Exploration Strategy

[High-LeveI Expression ]

4///»/ \\A\\AA Macro Rules

v
Rewritten Expression ]

AA//A//V\\A\\AA Map to OpenCL

[ Lowered Expression ]

1.3

.1

TiledMultiply(A,B) =
Untile(Jo

32; IS

1.3.3
TiledMultiply(A,B) =

Sl

led] \Iulnph/ A, T;zm]Mu,Wzy(A,B) =

Untile()o a (aRawﬁ [-L}mt(

MapWrg(1) aRou.s - — MapW- H}Ll)(aRowc —

MapWrg(0 h(,ols >—>/ MapWrg( ﬂxb(yols =

thuL(Seq :pgbGOl C, %edmrs/l((acc pairO fTiles) —
O,

acc + toLocal (pa: iles=0)— | —acc + toLocal (pairO fTiles.0)

o ddeduce ((ace,pairl) fTile

Untile()o
MapWrg(1)(aRows —
Alapllf'rg(u)(m —
ReduceSeq((ace, pairO fTiles) —
acc + toLocal(pairO fTiles.0)
* toLocal(pairO fTiles.1)

) % Zip(aRows, bCols)
) Transpose() o Tile(sizeN, sizeK) §

'J'\

) $ Zip(aRows, b
) o Transpose{)yo Tile(sizeN, siz rI\)“ﬁB

) o Transpose() o Tile(sizeN, sizeK) $ B
ﬂ%f/‘f'm"f)qﬂ}ﬁfpe \ﬂ *

ﬂ['f‘qmd‘%o c 1

’Y)
\/ [ZL A S

paky

) o Tile(sizeM, sizeK) $ A oy _l_
L@ 8 W) Wy IJW U

)$ Zip(aRows, bCol)

) o Tile(sizeM, sizeK) $ A

) o Transpose() o Tile(sizeN, sizeK) $ B
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Exploration Strategy

[High-LeveI Expression ]

AA//A//V\\A\\AA Macro Rules

[ Rewritten Expression ]

AA//A//V\\A\\AA Map to OpenCL

Lowered Expression

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

[Specialised Expression]

1.3.2

Untile()o
30 MapWrg(1

TiledMultiply(A,B) =

—
(@Rows

1.3.2.3

[Miled Multiply(A,B) =
Untile()o

Map () M@p Wrg(O
MapW lg(())(b('uls —
ReduceSeq(( a

acc + fnLo(‘a 1)1177' iles: ?

* toLocal( pnerfTﬂps _1)

) $ Zip(aRows, Wﬁcc —‘I'

) o Transpose() o T'ile(128,16) $ B

:) qu(:(Zﬁ:o oraamgfﬁrﬁ
« toLocal(pairO fTiles.1)
OfT zl@@m@"ﬁ

) o Transpose() o T'ile

TiledMultiply(A,B) =

[ntiel)o

L)«(b"@@m; —

MapWrg(0 (bCon —

* toLocal, panOszlﬁs _1)

totoeat (pair

) o Transpose() o Tile(128,16) $ B

<

[

TiledMultiply(A,B) =

Untile()o

MapW' Tr](l)(aRoue —
MapWrg(0) l}CUlb —

fT'ile

acc

SE) cc, (L/IOfTI]ES
Local (pairO fTiles._0)

128,16) $ B

MapWrg(1) (anu; $ Z’Z/p

]\[r)p"[ rq(U)(anls —

Tiles.1)

} * toLocall( Zau

)o Tr(msgnsﬁ() o Tile(128.16) $ B-

Sy Py §p08€ﬁ%}f?;;(;§t,§ size
S12€

al Z}wﬁgbC ols)

MapWrg(0 7( ols

JM , >§ﬂ,ﬂz% % % A

o Transpose() o Tile(128.16) $ B

r'\

) o Tile(128,16) § A Yo Tilgt12s,16)$ 4 /mnn M) POPTE028,16) 54\
394 Y3 /UCWL \Pw \ 4 1.3‘5,6""60'—1“}
[MiledMultiply(A,B) = Tiled \[ulttplu((A B) TiledMultiply(A,B) =

Untile()o Untile()o

\IapVVrg(l)(uRous —
7\[41[)“ rg U) h(“ols —

acc+fn 0(’(1] (pa r()?‘;ﬂm _0)

Re

~— )$ZZP(HH&1 S, bCols)
) o Transpose() o Tile(128.16) $ B

* z‘oLowl(pau O fTiles._1)

)oTile(128,16) $ A (

)o Tzlc(lz&‘lb) $A

)o Tile(128,16) $ A

\“,
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Exploration Strategy

[High-LeveI Expression ]

AA//A//V\\A\\AA Macro Rules

[ Rewritten Expression ]

AA//A//V\\A\\AA Map to OpenCL

[ Lowered Expression ]

AA//A// l\‘\\“\A Parameter Mapping ;

[Specialised Expression] 21

=
WN O ©®-1I3 U WN

= e e e
00~ O U

N}
= O

Code Generation

30
31
32

[ OpenCL Code

35

1325

m&ad pt lob
local/él tile

fiply(A, B) =

private acc_31;

private(fl a @ockOfB 3;

private float blonkOfA 0;\.72; blockOfA_T7;

int lldO = local i 1d lldl = local_id(1); >

int \wd[l {u 1( ((aRowS >

for (int wl=widl; W1<M/64 wl4+=num_grps(1)) {
for (int w0= W1d0 w0<N/64; wO+=num_grps(0)

H—
v o\ aplarg(0) (bCols —
for (int i=0; i<K/8;
v>t0164(v10ad4 lid1%M/44-2+ixM+16%w1+1id0,A), 16+lid141id0, tileA);
et hﬂéd@é@ﬁé?f( (ace; pairO fTiles) —

for (int j = 0; j<8; j++)

blockOFA_0 = tileA[0 +& | t ﬁg@ l @T f T l O

blockOfB_0 = nch[Oﬁﬂﬁ QO Cal e Lp@ 1id® Z es -

acc.0 += blockOfA_0 % blockOfB_0; .. 'xcc + block 7 blockO

acc.l += blockOfA_0 % blockOfB_ 1>|< f 1 ’Lles ]_ )
acc d() += blockOfRLT block()fB 2;

acc-2 += blockOfA_0 * blockOfB_2; ...;
acc_3 += blockOfA_0 % blockOfB_3; ...; acc_31 +\ blockOfA_7 * bloQ(OfB 3;

)8 Zzp(aRows bCols)
() o Lile(128:16) 8B~

[ 0+8xlid1xN+64x% 64xw1xN+0+«N+lid0]=ac

[16+8*11d1}N T;mw{? @[

[32+8+lid 1A N+64+W0+64% W1 d(‘(‘ .5 C[3!

[ C[48+8*11d1*N+b4*w0+b4*w1*N+7*N+hd0 =acc_31;

barrier (...)

—Qaaa ~_.

2R \nTalo/10Q 1R\Q

48+8*hd1*N+64*w0+64*w1*N+0*N+11d0 =acc.. d
Fan 9

AL bb(/\.LLlU J.U}




Heuristics for Matrix Multiplication

For Macro Rules: For Parameter Mapping:
 Nesting depth « Amount of memory used
- Distance of addition and * Global

multiplication . Local
* Number of times rules are applied . Registers

- Amount of parallelism

For Map to OpenCL: « Work-items

- Fixed parallelism mapping - Workgroup

+ Limited choices for mapping to
local and global memory

* Follows best practice
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Exploration in Numbers for
Matrix Multiplication

Phases: Program Variants:
High-Level Program 1

Algorithmic

Exploration Algorithmic

OpenCL specific P Rewritten Program

Exploration . OpenCL Specific
Program 760

Parameter 9

Exploration T

P Fully Specialized ;¢ 4

, Program
Code Generation

OpenCL Code 46,000
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Exploration Space for Matrix Multiplication

Fermi Kepler Tahiti
600 - 1500 -
2
u_? 2000 -
SD_, 400 - 1000 -
g
200 - 500 - 1000 -
O
i
|_
0 - 0- 0 -

Only few OpenCL kernel with very good performance
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Performance Evolution for Randomised Search

1wia4

1a|doyy

niyeL

I I I I
10000 20000 30000 40000
Number of OpenCL kernels Tested

Even with a simple random search strategy one can expect to find
a good performing kernel quickly
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Throughput (Gflop/s)

Performance Results Matrix Multiplication

-Generated |Z|MAGMA -cuBLAS

-Generated |Z|MAGMA -cuBLAS

Nvidia GeForce GTX 480 (Fermi) Nvidia GeForce GTX TITAN Black (Kepler)
4000
750 -
3000
500 -
2000+
250 - 1000+
0- 0-
1024 2048 4096 8192 163842 1024 2048 4096 8192 16384

[l Generated [|cMAGMA [/]ciBLAS [BllcIBLAS Tuned

3000 AMD Radeon HD 7970 (Tahiti)

LIl

1024%> 2048 4096 8192 16384

Performance close or better than hand-tuned MAGMA library
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Performance Portability Matrix Multiplication

Executed on

Fermi Kepler Tahiti
100 -

o o | T
O 50- N O
c B, 0
© =
: s
s . X X X X LdxLdx >
S 100 - =
2 5
3 3z
- %)
o 50 & N
NI

o X X x x Ldx Edx

1
1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K
Fermi Kepler Tabhiti Fermi Kepler Tabhiti Fermi Kepler Tabhiti

The six specialized OpenCL kernels

Generated kernels are specialised for device and input size
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GFLOPS

Desktop GPUs vs. Mobile GPU

Desktop GPUs Mobile GPU

Nvidia GeForce GTX Titan Black AMD Radeon HD 7970 ARM Mali-T628 MP6
1024x1024 1024x1024 1024x1024
*1024x1024 *1024x1024 *1024x1024
3000 A
144
2000 + I
2500 A 12
1500 - 2000 A 10
1500 1 81
1000 4
6 -
1000 1
4 -
500 A
500 A 5]
01 0 04
Rewrite— CLBlast Rewrite— CLBlast Rewrite— CLBlast
based + CLTune based + CLTune based + CLTune

Performance portable even for mobile GPU device!
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Performance Modeling of LIFT Programs

untile o map(\ rowOfTilesA .
map(A colO)‘TllesB

Toomas Remmelg )om;},,,k,/;)
PhD Student
University of Edinburgh

0-
>384 <384 -
--- 5=
totalLocalStores
= 807927808 < 807927808 =2051 <20512
(8}
T
<4 =1536 <1536 21232 <12320

10~

totalThreads globalStores

< 24571 =24576

globalLoads

=132 <1325400064 =307 <3072 <7168 =7168 =96 <96

{16} [} []
Predictions
<12 =12
/ \ .
Node 4 Node 6 Node 7 Node 10 Node 11 Node 13 Node 15 Node 17 Node 18 Node 20 Node 22 Node 24 Node 25
(n=86137) (n=42065) (n=24224) (n=35944) (n=24124) (n=13682) (n=15743) (nN=9602) (N=19691) (n=9832) (n=14166) (N=1181) (n=26516)
. t

totall LocaIStores w

0 1000 2000 3000

01000 2000 3000
0 1000 2000 3000

=

01000 2000 3000

&

01000 2000 3000

b=

0 1000 2000 3000
& 1§
01000 2000 300
0 1000 2000 3000
01000 2000 3000
0 1000 2000 3000
0 1000 2000 3000
01000 2000 3000
0 1000 2000 3000



Adam Harries
PhD Student
University of Edinburgh

Graph Algorithms via Sparse Linear Algebra in LIFT

®
LN L]
o S
val sparseMatrixVector = fun( b

ArrayType (ArrayType (Int),N),
ArrayType (ArrayType (ElemT),N),
ArrayType (ElemT, M),
(indices, values, vector) =>
Map (fun (row =>
sparseDotProduct (row, vector)),
Map (Zip,Zip(indices, values))) )

'd Y

A

Image credit: [Kepner2011]
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|dentify hidden parallelism in LIFT programs

Parallelising non-associative reductions

Frederico Pizzuti x «— 0; fori =0tondoz < c-x + ali] done.

PhD Student
University of Edinburgh

x «— xo; fori =0tondox +— A; X x done,

wheres = (7). 2= (), 4= (5 1)

Key idea: Rearrange data as l
matrices to exploit associative

matrix multiplication "'\E’T:\”“W L L ')_’ 14 (1/(?

s o) A CATEAIE T B

- b ' '
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PhD Student =,

,,,,,
fem

University of Edinburgh

Express layers with LIFT primitives

fully_connected(f, weights, bias, inputs) :=
Map((neuron_weights, neuron_bias) » f() o Reduce(add, neuron_bias) o
Map(mult) $ Zip(inputs, neuron_weights)) $ Zip(weights, bias)

Optimise individual layers and across layers via rewrites

Low Power Devices




Stencil Computations in LIFT

Image Processing

Express Stencil with Skeletons

Bastian Hagedorn (rrr;g;;(transpose) 2 b c] map! Ea b

‘ *fabc map(transpose) o |[d e f

. Ph[.) StUdeTt f”de 21 hg ; Tﬂ > slide21 - Ed ef
University of Miinster  transpose) » transpose) [9 h il

slide 2 1)

(map(transpose) o
. b (map(transpose) »
slide 2 1 o Eg ecfﬂ — e 1) H): ﬂ

transpose) /\/

[a d]
—>» [ranspose [b e]

NnNT TW
—~MD O O
e s

[
map( transpose ) |:[

T
Qn N

Larisa Stoltzfus
PhD Student
University of Edinburgh
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Explore optimisations as rewrites
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http://www.ness.music.ed.ac.uk/archives/systems/virtual-room-acoustics

LIFT is Open-Source Software

http://ww .lift-project.org/

https://github.com/lift-project/1ift

0@ () lift-project/lift: The Lift progr: X

— C | & GitHub, Inc. [US] https://github.com/lift-project/lift

O This repository

lift-project / lift

<> Code Issues 0

Pull requests 0

Pull requests Issues

Projects 0

The Lift programming language http://www.lift-project.org/

{0 1,923 commits

¥ 1 branch

Wiki

— Edit

0 releases

Michel

A OM pgEBWm O

Gist a + 3J-

@® Unwatch~> 7 + Star 30 YFork 2

Pulse Graphs Settings

22 10 contributors g MIT

Branch: master v New pull request

g michel-steuwer committed on GitHub Made LICENSE file parsable for github

i docker
s highLevel
i lib

i native

i presentations

Cleaning up the top folder of the repo and restructuring the docker s...

refactoring

Bump ArithExpr
Add support for querying if the dev4i-c§supports double

Added power point slides of ICFP, PL Interest and PENCIL meeting.

Create new file  Upload files Find file

Latest commit 8b13aac 2 days ago
4 months ago

7 months ago

6 days ago

a year ago

a year ago
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