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What are the problems Lift tries to tackle?

Parallel processors everywhere
Many different types: CPUs, GPUs, ...
Parallel programming is hard

Optimising is even harder

Problem:
No portability of performance!
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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 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_global_id(0);
1 _data[tid] = (i < n) ? g _idatal[i] : 0;
barrier(CLK_LOCAL MEM_FENCE);

NI

for (unsigned int s=1;
s < get_local_size(0); s*= 2) {
if ((tid % (2*s)) == 0) {
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_data[tid] = 0;
while (i < n) {
1 _data[tid] += g_idatal[i];
if (i + WG_SIZE < n)
1_data[tid] += g_idatal[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 _data[tid] += 1 _data[tid+32]; }
if (WG_SIZE >= 32) {
1 _data[tid] += 1 _data[tid+16]; }
if (WG_SIZE >= 16) {
1 _data[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 _data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_data[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.
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(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

[ICFP 2015]

[GPGPU 2016]
[CASES 2016]

[CGO 2017/]

Algorithmic choices &

Hardware optimizations

BlackScholes

Dot product ... Vector reduction
|
High-level ‘ .
i . rern
programming or'\t\‘\m‘c pat
Y Mg (map)
High-level Expression (iterate) (.-
Exploration with
rewriting rules
S
onCL Pater®
+ ° (map-workgroup)
Low-level Expression C)
Code generation
- ms
dware paradid
* Har (local memory)
OpenCL Program (-] (barriers]

* Ambition: automatic generation of Performance Portable code
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Walkthrough

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

I
rewrite rules

@

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

( (+) 0) osplit 2 o reorder-stride 1 o

( (+)

( (+)
join o map-lane (reduce-seq (+)

( (-+)

( (+)

)
) osplit 2 o reorder-stride 2 o
) osplit 2 oreorder-stride 4 o
) osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq )
join o map-lane (reduce-seq )
) o split 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

o O O O o o

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_data[tid] = 0;
while (i < n) {
1 _data[tid] += g_idatal[i];
if (i + WG_SIZE < n)
1_data[tid] += g_idatal[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 _data[tid] += 1 _data[tid+32]; }
if (WG_SIZE >= 32) {
1 _data[tid] += 1 _data[tid+16]; }
if (WG_SIZE >= 16) {
1 _data[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 _data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_data[0];




Walkthrough

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

map(f, x): X 1% [ %5 [ %0 [ X5 | %6 [ %7 [xg | = JexplfCoplfCep)|felfca)|Exe)[FCxo|ECxg)

: . 23|56 | 7 [8]

le(x, y). > [y ¥ ¥o)X3 ¥3)Xy ¥X5 YR Y7 YlXg y8)|
Y1 Y21Y3|YalYs|Ye|Y7|Ys

reduce(+, O, X)Z X1 | Xy | X3 | X4 | X5 | X | X7 | Xg — XXy XXy HX X XX g

Spllt(n, X): X1 | %o [ X5 Xg [ X5 X6 | X7 | Xg  — X1 | Xy X3 [ X4 x5 [ xg X | Xg

jOiTl(X)Z Xl X2 X3 X4 X5 X6 X7 X8 H Xl X2 X3 X4 X5 X6 X7 X8

iterate(f, n, x):

T€OTd€T(G, X)Z X1 | Xy | X3 [ X4 [ X5] X | X7 | Xg  — s o o6 o6 o ise)
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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, vy)))

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

scal(B, y) ) )

18



Walkthrough

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

I
rewrite rules

@

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

( (+) 0) osplit 2 o reorder-stride 1 o

( (+)

( (+)
join o map-lane (reduce-seq (+)

( (-+)

( (+)

)
) osplit 2 o reorder-stride 2 o
) osplit 2 oreorder-stride 4 o
) osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq )
join o map-lane (reduce-seq )
) o split 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

o O O O o o

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_data[tid] = 0;
while (i < n) {
1 _data[tid] += g_idatal[i];
if (i + WG_SIZE < n)
1_data[tid] += g_idatal[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 _data[tid] += 1 _data[tid+32]; }
if (WG_SIZE >= 32) {
1 _data[tid] += 1 _data[tid+16]; }
if (WG_SIZE >= 16) {
1 _data[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 _data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_data[0];




Walkthrough

I
rewrite rules

@

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

( (+) 0) osplit 2 o reorder-stride 1 o

( (+)

( (+)
join o map-lane (reduce-seq (+)

( (-+)

( (+)

)
) osplit 2 o reorder-stride 2 o
) osplit 2 oreorder-stride 4 o
) osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq )
join o map-lane (reduce-seq )
) o split 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

osplit 2 o reorder-stride 16 o
osplit 2 o reorder-stride 32

o O O O o o
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(2 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 [ o map g — map (f o g)

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

reducePart  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)
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(2 OpenCL Primitives

Primitive
mapGlobal
map Workgroup

mapLocal

mapSeq

reduceSeq

toLocal , toGlobal

map Vec,
split Vec, j01n Vec

OpenCL concept

Work-1tems OpenCL thread hierarchy

" workgroups | | global threads

local threads

Work-groups

Sequential implementations
Memory areas

Vectorisation
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(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 [ — joinVec o map (mapVec f) o splitVec n

Fusion rule:
reduceSeq f z o mapSeq g — reduceSeq (A (acc,x). f (acc,g x)) 2
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Walkthrough

@ vecSum = reduce (+) 0

I
rewrite rules

@

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

( (+) 0) osplit 2 o reorder-stride 1 o

( (+)

( (+)
join o map-lane (reduce-seq (+)

( (-+)

( (+)

)
) osplit 2 o reorder-stride 2 o
) osplit 2 oreorder-stride 4 o
) osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq )
join o map-lane (reduce-seq )
) o split 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

o O O O o o

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_data[tid] = 0;
while (i < n) {
1 _data[tid] += g_idatal[i];
if (i + WG_SIZE < n)
1_data[tid] += g_idatal[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 _data[tid] += 1 _data[tid+32]; }
if (WG_SIZE >= 32) {
1 _data[tid] += 1 _data[tid+16]; }
if (WG_SIZE >= 16) {
1 _data[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 _data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_data[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_data[tid] = 0;
while (i < n) {
1 _data[tid] += g_idatal[i];
if (i + WG_SIZE < n)
1_data[tid] += g_idatal[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 _data[tid] += 1 _data[tid+32]; }
if (WG_SIZE >= 32) {
1 _data[tid] += 1 _data[tid+16]; }
if (WG_SIZE >= 16) {
1 _data[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 _data[tid+ 1]; } }
if (tid == 0)
g _odata[get_group_id(0)] = 1_data[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 | xs > output[g_id] = f(xs[g_id]);
}

T acc = z;

for (int i = 0; i < n; ++i) {
reduceSeq f z xs =—p 2ce - 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

@ vecSum = reduce (+) 0

I
rewrite rules

@

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

( (+) 0) osplit 2 o reorder-stride 1 o

( (+)

( (+)
join o map-lane (reduce-seq (+)

( (-+)

( (+)

)
) osplit 2 o reorder-stride 2 o
) osplit 2 oreorder-stride 4 o
) osplit 2 o reorder-stride 8 o
join o map-lane (reduce-seq )
join o map-lane (reduce-seq )
) o split 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

o O O O o o

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_data[tid] = 0;
while (i < n) {
1 _data[tid] += g_idatal[i];
if (i + WG_SIZE < n)
1_data[tid] += g_idatal[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 _data[tid] += 1 _data[tid+32]; }
if (WG_SIZE >= 32) {
1 _data[tid] += 1 _data[tid+16]; }
if (WG_SIZE >= 16) {
1 _data[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 _data[tid+ 1]; } }
if (tid == 0)
g_odatal[get_group_id(0)] = 1_data[0];




Case Study: Matrix Multiplication

A X B =

map(A rowA -

map(A colB -

dotProduct(rowA, colB)

, transpose(B))
, A)

28
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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))
JA)

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((acc, x) — f(acc, g(x)))

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

High-Level Expression

// \‘\A\ Macro Rules

[ Rewritten Expression j

Strategy

1.1

AxB =

Map(

—

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

Tiles._1

) $ B

M

)os,

Join()

Map(rh V‘/ a

BlockedMultiply(A,B) =

rowA —

1

3

TiledMultiply(A,B) =

Map(T'ranspose())

(col F
Transpose()o

Reduce(((act, rowElemPair) —
Map(p —

D@1 * rowEle
Zip(act, rnu
) $ Zip(Transpose()§ rows A v

ap(co

S

) o Transpose() $ B

[\l'/',t(bl()(:kF actor) $ A

N

4

Untile()o
I 0ws
ﬂr[ap(lm —
Reduce((acc, pairOfTiles) v\

14

Blocked Multipl
Join() o Map!
Jfap(m H

Map(col B {
Transpo:

\geduce((

acc 4
) o T'ranspose() o Tile(sizeN, size
)o Tile(size}l‘sizeflf) $A

2)

irO fTiles. 0 * paigO fTiles._1

CO
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Exploration Strategy

[ High-Level Expression ]

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

[ Rewritten Expression j

‘/“//’/l\‘\\“\‘ Map to OpenCL

[ Lowered Expression j

1.3

TiledMultiply(A,B) =

Un%@w
141 1.3.

1.3.3

3

)o

iled Multis lg(A
Untile()

a

ReduceSeq

MapWrg(1 )(a]?ous — y Zzg(1)(aRows —
e
MapWrg(0 (bCols MapWrg(0)oCols —
Z@GOZ %F’d?l(‘é’ A((acc, pairO fTiles) —
acc + toLocal pa Of 1 acc + toLocal( pan OfTLlea 0)
* toLocal ( OfTgles. 1) * toLogal (p T
e diediice( ace; pail: ile.

) o Transpose() o Tile(sizeN, sizeK) $ B el sizeK) $ B
Tile(sizeM, sizeK) $ A ]

= ———> || TiledMultidly(A,B) =
trte()o

o)
S

TiledMultiply(A,B) =
Untile()o
MapWrg(1)(aRows —
MapWrg(0)(bCols —
ReduceSeq((acce, pairO fTiles) —
acc + toLocal(pairO fTiles..0)
x toLocal(pairO fTiles._1)

) %Zzp(aRou )8, bCols)
) o Transpose() o Tile(sizeN, sizeK) $
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ace _I_

)

)

| ©. 8§ W W]
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Exploration Strategy

[ High-Level Expression ]

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

[ Rewritten Expression j

‘/“//’/l\‘\\“\‘ Map to OpenCL

Lowered Expression

( )
‘/“//’/l\‘\\“\‘ Parameter Mapping

[Specialised Expressionj

1.3.2
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Exploration Strategy

[ High-Level Expression ]

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

[ Rewritten Expression j

‘/“//’/l\‘\\“\‘ Map to OpenCL

[ Lowered Expression

)
‘/“//’/l\‘\\“\‘ Parameter Mapping !

[Specialised Expressionj

)

Code Generation

OpenCL Code

OO Ui W+
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1.3.2.5

m_a ptgglobgl
local/?ﬁoag JM lAy A B )
brivateladef b actg;&@( ) Bockors s

private float blockOfA _0;\.Z; blockOfA _7;

int th = local_ 1d(
int W1d0

1 = local_id(1)

ol 1§<(aR0ws o

for (int wl=widl; w1<M/64 wl4+=num_ grps(l)) {
for (int WO—W]dO w0<N/64; wO+=num_grps(0

e — 0oV @pWr g (0 )(bCOlS —

for (int i=0; 1<K/8ﬂ +4) {
vstored(vload4(lid1+M/442%ixM+16xw1-+1id0,A), 16+lid1+1id0O, tileA);

poacenifRedce Se( (ace, PairO fTiles) —

Tl o “ i e talneal{pair® fTiles._0)
acc.0 4= blockOFA_0 * blockOfB_0; tacc ﬁ'l- blockg 16 fT Zl eS. 1 )

blockOfB_0 = tileB[0

7 * blockO
accl += blockOFA_0 # blockOfB_13K..
acc_2 += blockOfA_0 * blockOfB_2; ...; acc_30 += blockOf * blockOfB 2;

acc.3 += blockOfA_0 x blockOfB,E’)7 ... acc-31 +=blockOfA_7 % blquOfB _3;

} ] 7

i) § Zip(aRows, bCols)

C[ 0+8xlid1 +64*@+'64*w1*N+0*N+hd0 =accPN..; i 412% 1} 1$ =acc_28;

C[16+8xlid1 [16 do c_29;

C[32+8*hd1}§+64 f@w‘? aCZC I; { 43w ﬁ?)v NFlid Ec 30;

C[48+8>(<11d1*N+64*w0+64*w1*N+O*N+11d0 =acc_3; 48+8*11d1*N+64*W0+64*w1*N+7*N—|—hd0] acc_31;
b \ ’T’alo/1‘)9 1qu A
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Heuristics for Matrix Multiplication

For Macro Rules: For Parameter Mapping:
- Nesting depth « Amount of memory used
- Distance of addition and multiplication - Global
- Number of times rules are applied * Local
 Registers
For Map to OpenCL: - Amount of parallelism
- Fixed parallelism mapping » Work-items
- Limited choices for mapping to » Workgroup

local and global memory
- Follows best practice
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Exploration in Numbers for
Matrix Multiplication

Phases:

é\lgcl)rithmic ...........
xploration
é)pelnCLt'speciﬁcA...- .....
xploration -
gl )
xploration . . .

Code Generation

37

Program Variants:

High-Level Program 1

Algorithmic
Rewritten Program

OpenCL Specific

Program 760

;ully Specialized 46,000
rogram

OpenCL Code 46,000



Exploration Space for Matrix Multiplication

Throughput (GFlop/s)

Fermi Kepler Tahiti
600 - 1500 -
2000 -
400 - 1000 -
200 - 500 - 1000~
0 - 0 - 0-

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

.
@
3.
@
Q.
O
o
=1000 x
> T
Q. @
: -
(@)
-
O
L
-
o
=.
1000 - =
O -

| | | 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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Performance Results Matrix Multiplication

Bl Generated [JMAGMA PlcuBLAS Bl Generated [JMAGMA BllcuBLAS
Nvidia GeForce GTX 480 (Fermi) Nvidia GeForce GTX TITAN Black (Kepler)
4000-
3000-
2000-
1000 -
0- 0-

10242 2048° 40967 8192° 163842 10242 20482 _409@_ 8192% 16384°

Bl Generated |]cIMAGMA [/]ciBLAS [BlIcIBLAS Tuned

3000 AMD Radeon HD 7970 (Tahiti)

LIl

10242 20482 4096 8192 163842

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

Executed on

Fermi Kepler Tabhiti
100 -

() 5 >I'I<'I
O 50 - N | O
- PO
© =1
: s
2 - X X X X X X <
S 100 - =
g 5
i 3 e
_ %
o 50 5N
N | D

.- X X X X | x L x

| | | |

| |
1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K 1K 2K
Fermi Kepler Tahiti Fermi Kepler Tahiti Fermi Kepler Tahiti

The six specialized OpenCL kernels

Generated kernels are specialised for device and input size

41



GFLOPS

Desktop GPUs vs. Mobile GPU

Desktop GPUs

Nvidia GeForce GTX Titan Black

1024x1024
*1024x1024

AMD Radeon HD 7970

2000 1

1500 -~

1000 A

500 -

1024x1024
*1024x1024

3000 -

2500

2000 -

1500 -

1000 -~

500 -+

Rewrite— CLBlast
based + CLTune

Performance

Rewrite— CLBlast
based + CLTune

Mobile GPU

ARM Mali-T628 MP6

1024x1024

*1024x1024
141
121
101
g-
6-
4-
5.
0-

Rewrite— CLBlast
based + CLTune

portable even for mobile GPU device!
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Toomas Remmelg
PhD Student
University of Edinburgh

Performance Modeling of LII'T Programs

untile o map(A rowOfTilesA .
map(A colOfTilesB .

, toLocal(cd
,0, zip(rowQO,

) o tile(m, k, transp®
) o tile(n, k, A)

Performance Model

totalLocalStores

=384

= 807927808 < 807927808
<48 =4 = 1536

8
totalLocalStores

=132! < 1325400064 =307 <3072

Node 4 Node 6 Node 7 Node 10 Node 11
(n=86137) (n=42065) (n=24224) (n=35944) (n=24124)

8 8 8 8 8

8 8 8 8 8

8. 8. 8. 8. 8.

& & & & &

8. 8. i 8. 8. 8. %%

= = = = =

o- o- o- o- o-

<1536

totalThreads

<2457 224576

globalLoads

<7168 =7168

Node 13
(n=13682)

Node 15
(n=15743)

Node 17
(n =9602)

9 10P0 20.00 SQO

0
9 10P0 20.00 SQOO
9 10P0 20.00 SQOO

coalescedGlobalStores
<12 =12

\
Node 18
(n=19691)

9 10P0 20.00 SQOO

Node 20
(n =9832)

9 10P0 20.00 SQOO

0 1000 2000 3000

Node 22
(n=14166)

4

Node 24
(n=1181)

9 10P0 20.00 SQOO

Extract Features

0 1000 2000 3000

<=

>

10- s ’. ...

5' ..

™ ]

.

¥ o

[ ]

[ )
°
0 -
-5_
°
10- S o ] °
10 5 0 5 10

used to drive the
rewrite process



Graph Algorithms via Sparse Linear Algebra in LIFT

Adam Harries
PhD Student

®
University of Edinburgh oo B
o o o
val sparseMatrixVector = fun( b
ArrayType (ArrayType (Int),N), °
ArrayType (ArrayType (ElemT),N), 3 ’ 6 .

ArrayType (ElemT, M),

(indices, values, vector) => G: (V,E) Al‘ x ATX

Map (fun(row =>
sparseDotProduct (row, vector)),
Map(Zip,Zip(indices, values))) )

'4 Y

Image credit: [Kepner2011]

Differently
optimised kernels
or different inputs




|dentify hidden parallelism in LITT programs

Parallelising non-associative reductions

Crederico Pizzut x «— 0; for: =0ton dox «— c-x + ali| done.

PhD Student
University of Edinburgh

x «— xg; for: =0tondox — A; X x done,

aheres = (2 20— (2). 2= (5 1)

Key idea: Rearrange data as l
matrices to exploit associative AT T T T =
matrix multiplication LU - %

1
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.....

PhD Student T, X =

Naums Mogers =l > >|]

....
oer=”

University of Edinburgh L

P — — — — — — — — — — ——_ —_ —_—__—__—__—__—_ —_—_—_ —_ — — — —_—

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)

Optimize individual layers and across layers via rewrites

Low Power Devices




Stencil Computations in LI

Image Processing

Express Stencil with Skeletons

Bastian Hagedorn (map<(t ) map! [a b c]
map(transpose) ° b [ ]

PhD Student S/idg 21 op %?j e gr’i — ;rl;izg(tzrinfpose) ° ES 2 H
University of Miinster ~ [ansose) « lg il transpose) Eg h iﬂ

(map(transpose) o (
- b map(transpose) o
slide2 1 o Eg ecfﬂ — e 1) [[b e]]

transpose) /\/

—>» lranspose Eg gﬂ

—_——

[——1
NT TO

-~MD D O

map( transpose ) |:

Acoustics Simulation

Larisa Stoltzfus
PhD Student
University of Edinburgh

||_:|_|“_ll—l|
1 1 \

I =T
>0 T
—_—h —=h0

o0 O T

e, 1
=l
Qn NHw

Explore optimisations as rewrites

ool |80
%E neighborhoods
—> .
input EE EE ;\I/:Srlapplng



http://www.ness.music.ed.ac.uk/archives/systems/virtual-room-acoustics

Data Parallel Idealised Algol: A New Foundation for LI['T

reduce (+) 0 (map (Ax. fst x * snd x) (zip xs ys))

v

asScalary (join (mapWorkgroup (Azs;. mapLocal (Azsy. reduce (Ax a. (fst x = snd x) + a) 0 (split 8192 zs3)) zs1)
(split 8192 (zip (asVectory xs) (asVectory ys))))))

Functional

Formalisation of
strategy preserving translation ¢
Of funCtional into imperative COde parforWorkgroup (N/8192) (joinAcc (N/8192) 64 (asScalarAccyq (N/128) out)) (A gid o.

parforLocal 64 o (4 lid o.
newPrivate num{4) accum.
accum.1 := 0;
for 2048 (A i.
accum.l := accum.2 +

(fst (idx (idx (split 2048 (idx (split (8192 = 4) (zip (asVectors xs) (asVectory ys))) gid)) lid) i)) *
(snd (idx (idx (split 2048 (idx (split (8192 = 4) (zip (asVectory xs) (asVectory ys))) gid)) lid) i)) );

out := accum.2))

v

kernel void KERNEL (global float #*out, const global float *restrict xs,
const global float *restrict ys, int N) {
for (int g_id = get_group_id(®); g_id < N / 8192; g_id += get_num_groups(0)) {
for (int 1_id = get_local_id(®); 1_id < 64; 1_id += get_local_size(0)) {
float4 accum;
accum = (float4)(0.0, 0.0, 0.0, 0.0);
for (int i = @; i < 2048; i += 1) {
accum = (accum +
(vload4 (((2048 * 1_id) + (8192 * 4 % g_id) + i), xs) *
vload4 (((2048 * 1_id) + (8192 * 4 x g_id) + i), ys))); 1}
vstore4 (accum, ((64 * g_id) + 1_id), out); } } }

Imperative

+ Collaboration with Robert Atkey (Strathclyde), Christophe Dubach, and
Sam Lindley (Edinburgh)

- More further down the line: formalisation of OpenCL and similar low-
level models to enforce them via type- and effect-systems



Application of Lift as a code generation backend

Sequential C Programs
NAS Parallel Benchmarks Parboill

BT[] IS [|CG || LU||DC [|MG|| EP || SP || FT || US ||sad || bfs []ssemm| [cutcp| | spmv

§4 ldioms
Expressed as

Constraints

§6 Data
Parallel
Functional
IL

§8 Optimizing
using Rewrite Rules

y
LLVM IR

Optimized
OpenCL
Kernel

CPU iIGPU GPU
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Preliminary results

EP IS MG histo tpacf lbm o stencil sgemm
4 4 4 41 41 3 L
S S
5 B s W3
S 3- 3 3 3 [ 3- o 3
g « 1
N m ®
& 3
0 2- 2 2 2 2. = 3
O [ ] o 8
o1 a o
1 -1 - 1 1 k11 <3 3.
() o
> 08, ol ]
3 (U8, L0
o-HHHE o LIHE o-D o= o L KM o o o1—

CofonFr,  CR(ORER, ORISR,  CRSRTR,  CR[aRFR,  CR(ERER,  CRISRER,  CR(GRER,

Heterogeneous code generation gives a speedup in all cases

EP IS MG histo tpacf lbm stencil sgemm
__ 10000+
O
c
8 1000+
o
) __
0p)
o 1007 [] T
>
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D
)
& 1_-_D I_=. S .ﬂﬂ I_& ] |

e Oop@o Y Oo 6,o Q /;O eo C0r, 66, Cor 606 Q Oopeo /;O eo Cor, 0606
St fio/if%o 'S‘f,. /70(/)/%o -S/, /70(/7”4,0 S/, /70(/7’14,0 6‘[‘,. ,’C‘(O/W,o St /70(/)/%o S/, /70(/7”4,0 St ;7794/744,0

Performance close to manual written code —when parallelisation strategy is comparable
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Lift 1s Open-Source Software

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

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

® © ® /) iift-project/lift: The Lift progr= X '\ Michel
- C | @ GitHub, Inc. [US] https://github.com/lift-project/lift w O M GpE B P 5
O This repository Pull requests Issues Gist A +- ﬂ'
lift-project / lift @Unwatch~ 7 % Star 30  YFork 2
<> Code Issues 0 Pull requests 0 Projects 0 Wiki Pulse Graphs Settings

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

0 1,923 commits ¥ 1 branch L 0 releases 42 10 contributors s MIT

Branch: master v New pull request Create new file  Upload files  Find file

a michel-steuwer committed on GitHub Made LICENSE file parsable for github Latest commit 8b13aac 2 days ago
B docker Cleaning up the top folder of the repo and restructuring the docker s... 4 months ago
i highLevel refactoring 7 months ago
M lib Bump ArithExpr 6 days ago
B native Add support for querying if the device supports double a year ago

i} presentations Added power point slides of ICFP, PL Interest and PENCIL meeting. a year ago
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