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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! 2'5:’.-
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To achieve performance portability!
we need high-level abstraction!

Traditional imperative programming!
approaches always lead to non-portable code

Traditional compiler & runtimes have no freedom!
to explore alternative implementations



Lessons from the past

1963

A Case agains+ the LD TN Statement.

by tdsger W.D:jko+ra
Technolog:ical Univers:ity

Eindhoven, The Nether_ands

Since 8 number of years I am fam.l:ar with the obser
quality of programmers is a decreas:ing funection af the de
stotements in the programs they produce. Later I discover
the go to statement has such disastrous effeacts and did I
Lhal the go to stetement should be abolished from all "hi
procrammirg lenguzges (j.e. rverything except —perhape- p
At that time I cic not sttach too much importznce to this
subrit my eccnsideraticone for publicstion becauese in very

in whick the subject turned ug, I have been urged to co s

My first remark is that, althougt the prcgrammer's a

he has conmetructed a correct progiam, Ll glugﬁﬁﬁ_ﬁi&‘ﬂﬁ.




“High-level” abstractions like 1f and for have!
carried us through the sequential age of computing

We need appropriate high-level abstractions!
for the parallel and concurrent age of computing
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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

WY R
Y_ ¥ | ¥ N

S \ / P
\ /
~ \ / s
S \ / P
\\ \ / //
Second OpenCL Kernel v Q>/7




Programming with OpenCL

» Case Study: Parallel reduction in OpenCL

kernel void reduce(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 datal[tid] = (i < n) ? g idatal[i] : 0O;

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 _dataltid + 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 _datal0];




Programming with OpenCL

» Case Study: Parallel reduction in OpenCL

Kernel function executed in parallel by multiple work-items

\

kernel Woid reduce(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_1d(0);
1 _data[tid] = (i < %;—%—g:}éa%&%}}—+4%)
barrier(CLK_LOCAL_MEM_FENCE);
// do reduction in loca/l memory
for (unsigned int s=1;/s < get_local_size(0); s*= 2) {
if ((tid % (2xs)) =94 0) {
1 data[tid] += 1 _gataltid + s];
barrier(CLK_LOCAL _MEM_FENCE);

}
}

// write result for/this work-group to global memory
if (tid == 0) g_oddtal[get_group_id(0)] = 1 _datal0];

/

Work-items are identified by a unique global id
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Programming with OpenCL

» Case Study: Parallel reduction in OpenCL

Work-items are grouped into work-groups Local id within work-group

\

kernel void reduce(global float* g_idata, obal float* g_odata,
signed int n, local fFloat* 1 _data) {
et_local_id(0);

et_global_1d(0);
? g_idatal[i] : o;
_FENCE);

unsigned int tid

unsigned int i
1 data[tid] = (1 < n
barrier(CLK_LOCAL_ME
// do reduction in 1

al memory
for (unsigned int s=1

s < %ft:TUtaT:sizefﬁjt—?j= 2) {
if ((tid % (2*s)) ==\0) {

1 datal[tid] += 1 _datal[tid + s];
barrier(CLK_LOCAL_MEM_FENCE);

}
}

// write result for this\work-group to global memory

if (tid == 0) g_odata[%?t:g;oup:idLQJJfB 1 _datalo];
}
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Programming with OpenCL

» Case Study: Parallel reduction in OpenCL

Big, but slow global memory Small, but fast local memory

——— _

unsigned int n, 1éca1 fl}at* 1 _data) {
unsigned int tid = get_local_id(0);
unsigned int i = get_global_id(0);
l_data[tid] = (i < n) ? g idatal[i] : 0;
barrier( CLK_LOC R

(unsigned int s=1; s < get_local_size(0); s*= 2) {

f ((tid % (2*s)) == 0) {
1 data[tid] += 1 _dataltid + s];

Fad =l
—_ —_ —_ L/, )

/ write result for this work-group to global memory
f (tid =5/ 0) g_odatal[get_group_id(0)] = 1 _datal[0];

kernel void reduce( oat* g_iM(obal ﬂ):at* g_odata,

|

Memory barriers for consistency
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Programming with OpenCL

» Case Study: Parallel reduction in OpenCL

kernel void reduce(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 datal[tid] = (i < n) ? g idatal[i] : 0O;
barrier(CLK_LOCAL_MEM_FENCE);

// do reduction in local memory

for (unsigned int s=1; s < get_local_size(0); s*= 2) {
AT ((T1d % (2Z¥5)) == 0) { ™)

1 datal[tid] += 1 _datal[tid + s];
}
barrier(CLK_LOCAL_MEM_FENCE);
| AN y

// write result for this work-group to global memory
if (tid == 0) g_odatal[get_group_id(0)] = 1 _datal0];

Functionally correct implementations in OpenCL are hard!
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Unoptimised Implementation Parallel Reduction

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] : ©O;
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 datal[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_data[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) {
unsigned int tid = get_local_id(0);
unsigned int i = get_global_id(0);
1 data[tid] = (i < n) ? g _idatal[i] : ©O;
barrier(CLK_LOCAL_MEM_FENCE);

for (unsigned int s=1; s < get_local_size(0); s*= 2) {
// continuous work-items remain active

int index = 2 * s * tid;
if (index < get_local_size(0)) {

1 data[index] += 1 datal[index + s];
}

barrier(CLK_LOCAL_MEM_FENCE);
}

if (tid == 0) g odata[get _group_id(0)] = 1 _datal[0];
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Avoid Interleaved Addressing

kernel void reduce2(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] : ©O;
barrier(CLK_LOCAL_MEM_FENCE);

// process elements in different order
// requires commutativity

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];
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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);
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;
// performs first addition during loading
if (1 + get_local_size(0) < n)
1 _data[tid] += g_idata[i+get_local_size(0)];
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 _dataltid + s];
}

barrier(CLK_LOCAL_MEM_FENCE);
}
if (tid == 0) g _odata[get_group_id(0)] = 1 _datal[0];
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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 _data[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]; }
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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 data[tid] = (i < n) ? g idata[i] : 0;
if (i + get_local_size(0) < n)
1 _data[tid] += g_idatal[i+get_local_size(0)];
barrier(CLK_LOCAL_MEM_FENCE);

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

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

= 1 _dataltid+32];
1 dataltid+16];
= 1_data[tid+ 8];
= 1
1

+
]

+
+

+
]

e el il ade o
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Fully Optimised Implementation

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);

barrier(CLK_LOCAL_MEM_FENCE);

if (WG_SIZE >= 256) {

if (tid < 128) { 1 _datal[tid] += 1 _datal[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 _datal[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 _datal[tid] += 1 _datal[tid+ 4];
if (WG_SIZE >= 4) { 1 _data[tid] += 1 _datal[tid+ 2];
if (WG_SIZE >= 2) { 1 datal[tid] += 1 datal[tid+ 1];

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

e el adie ol adn ade o
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Case Study Conclusions

» 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

BlackScholes

Dot product ... Vector reduction
|
High-level ] <
. te\’“
programming or'th‘“‘c pat
* A\9
High-level Expression (iterate) [ -..)
Algorithmic choices & Exploration with
Hardware optimizations rewriting rules
rterns
+ (9]¢ e“c‘L pa
(map-workgroup)
Low-level Expression =

Code generation

(local memory|

OpenCL Program () (barriers)

* Ambition: automatic generation of Performance Portable code

Michel Steuwer, Christian Fensch, Sam Lindley, and Christophe Dubach “Generating Performance Portable Code
using Rewrite Rules: From High-Level Functional Expressions to High-Performance OpenCL Code” in ICFP 2015.
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http://www.lift-project.org/papers/steuwer15generating.pdf
http://www.lift-project.org/papers/steuwer15generating.pdf

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)
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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) ) )
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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

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

mapSel

reduceSeq

toLocal , toGlobal

map Vec,
split Vec, j01n Vec

OpenCL concept

Work-items

Work-groups

OpenCL thread hierarchy

//\

" workgroups | |global threads

local threads

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;

reduceSeq f z xs =——p |for (a0t 1 =0; 1 <niwri)

acc = f(acc, xs[i]);
}

- 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)
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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

$B

Y op(p
ip(§ee,
$ Zip(T

) o Transp
) o Split(block

(A,B) =
T'ranspose())o

P

e()o

act, rowElemPair) —

p..0+ p._1 * rowElemPair..1) $
lowElem Pair. 0)

anspose() $ rowsA, colB)
e()$B

Factor) $ A

) o L ranspose() o b
)$ A
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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%@o_\z\
1 1.3.

1.3.

3

3

)

iled Multis lg(A
Untile()

—

a

L

TiledMultiply (A, B)
=ipatte()o

MapWrg(1 )(a]?ous —
MapWrg(0 (bCols
ReduceSeq Q@GOZ
acc + toLocal pa Of 7

o)
S

1)(aRows —
MapW rg (0){bCols+
ﬁeduce G(acc, pairOfTiles ) —

acc + toLocal (pairOf Tiles. _0)

* toLocal ( OfTgles. 1)
)$ Zip( aRous Iﬂ uce(

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

oTile(sizeM, sizeK) $ A aCe |

| ©. 8§ W W]

ac&.ﬁ%ﬁi%@ f T le,

)

U A}

ki )

) $ Zz’p(aRow

)
)

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)

PR Zip(aRow, bCold)

I’

) o Transpose() o Tile(sizeN, sizeK) $
Zi?‘“‘ﬁa‘[‘/; Frboc 1
[ A U C O._ L

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

Untile ()o

TiledMultiply (A

B)

—

20 MapWrg (1)(aRows —

1.3.2.3
TiledMultiply(A,B) = TiledMultiply(A,B) = TiledMultiply (A,B) =
Untile()o nt ZH Untile ()o
s M@pw rg( 0)¢bCols+— oo
MapWrg(0 (bCols — MapWrg(0 bCols $# MapWrg (0)(bCOISH

ReduceSeq((

aqc.y
acc + toLocll( (g r

x toLocal ( pCLLTOfTLl(i.S 1)

)$ Zip( aRows, bCOlaCC —I-

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

Se@faﬁﬁ@, Pairo

Y%toLocal( pan‘OfTLles 1)

toks

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

) 'l)'l T'le (128, 16 $:f

ocal |rOf

f T Iléts cc,pairOfTiles ) —
+t Local(éaerleles 0)
x toLocal (pairOfTiles. _1)

T |Ie£sp<aﬁ®§ws>

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

) o le(128,16) $4 \

ReduceS) @:c az

acc +ZoLocal (pair

ransp

* toLocgl per fTilgs._1)

M sm

osefy= T Hersiz

. *toLocaI aerleles 1
bC%I
spose( o Tile(128, 16

Goa O 0Cal UJClII OfTiles. —1)
Tlledh[ultzply(A B) = TiledMultiply @ B) TiledMultiply(A,B) =
Untile() le()o 7 Untile()o
MapWrg(1 aR0w9|—>$ Z I p ( (i ﬁ@WﬁFjoﬁ C O | S) MapWrg(1l )(aR01119 —
MapWrg(0 )(bC’ols — MapWrg (0 (bC0|S>—> ]MapWrg bCols —

acc + ocal a) 5 iles.-0)

* toLoyal p(mOfTvles 1)

) $ Zip(aRoWws bCols)
) o Transpose() o Tile(128,16) $ B

)oTile(128,16) $ A

‘)ZL Rojs, gSIZE!
) o T'ranspose() o Tile(12 16(5,8//

)oTIIe 128 16) $ A

) o Tile(128,16) § A

~—_
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Exploration Strategy

[ High-Level Expression ]

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

[ Rewritten Expression j 0

= l\\\\AA\A Map to OpenCL

[ Lowered Expression j 16

‘/“//’/l\‘\\“\‘ Parameter Mapping !

[Specialised Expressionj o1

OO Ui W+

Code Generation

30
31
32

[ OpenCL Code

45

1.3.2.5

glom oag * A, B
local J"Q@ 512 1le m
private]
prlvatelﬂja

private float blockOfA O(),
1nt hd = ocal 1d( lidl = loc lld 1)

Mgty (aR OWS
for (int wl= w1d1 wl< M/64; wl4+=num_| grps(l)) {

for (int WO—W]dO w0< N/64; wO+=num_grps(0)

«» —osM-ap\Wkg (0) (bCols—

for (int 1=0; i< K/8i++) {
vstored(vload4(lid1+M/442xixM+16xw1+1id0,A), 16+lid1+1id0, tileA);

peacentReduceSeqlace, pairOfTiles ) —
for (int j = 0; j<8; j++) {

okl ace-d- tokocal{pair@f Tiles. _0)
o T ekOm© « b ?;k..ltéL@éa% iﬁ‘@fT lles. 1

acc2 += blockOfA_0 * blockOfB_2; ...; acc_30 += blockOfA ¥ % blockOfB_2; )
acc.3 += blockOfA_0 x blockOfB_3; ...; acc_31 +=,blockOfA_7 % blquOfB _3;

acc_31;
DlockOfB._3;
blockOfA _7;

} .

e ) § ZIP (aRows bC ols)

C[ 0+8xlid1 +64 64 w1xN—+0+«N-+lid CC RN -+ 1$ cc_28;

C[16+8 ldl 29:

oot ransposel) o Tile (128 16) 8- -

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 \ o TllQ/1‘)Q 16) qz

lllb\L U,J_U}LIJI_\




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

47

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

g
3,
Q)
S
— )
2 jel
Q o
-C -
(@)}
>
o
i -
—
&
>,
1000 = =
0 -

I 1 | 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 Tahiti
100 -
O o
8 o0 Em
©
=
S 4. X X X X X L X
8100 -
)
=
© N
L 50- £
0- 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 Tabhiti Fermi Kepler Tabhiti Fermi Kepler Tabhiti

Generated kernels are specialised for device and input size

The six specialized OpenCL kernels
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Desktop GPUs vs. Mobile GPU

Desktop GPU Desktop GPU
(Nvidia GeForce GTX Titan Black) (AMD Radeon HD 7970)
512x512 1024x1024 2048x512 512x2048 512x512 1024x1024 2048x512 512x2048
*512x512 *1024x1024 *512x2048 *2048x512 *512x512 *1024x1024 *512x2048 *2048x512
3000 - 2500 - _L_ ]
2500 - ] 2000 -
7)) — — — T
2000 - - =
% | 1500 -
=1 1500 - H
L
- 1000 -
O 1000 -
500 _ I 500 =
0- — L — L — — o-{m. L L L L
Rewrite— CLBlast Rewrite— CLBlast
based + CLTune . cIBLAS CuBLAS based + CLTune . cIBLAS
Mobile GPU
(ARM Mali-T628 MP6)
512x512 1024x1024 2048x512 512x2048
*512x512 *1024x1024 *512x2048 *2048x512
Rewrite— CLBlast Hand
based + CLTune clBLAS optimized

Performance portable even for mobile GPU device!
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Using Lift as a code generation backend

Sequential C

NAS Parallel Benchmarks

Programs
Parboill

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

y
LLVM IR

Para
Functi
IL

§6 Data

§4 ldioms
Expressed as

Constraints

llel
onal

§8 Optimizing
using Rewrite Rules

Optimized

OpenCL
Kernel

CPU

iIGPU GPU
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Using Lift as a code generation backend

EP IS MG histo tpacf lbm o stencil sgemm
4 4 4 41 41 3 L
S S
§3- 3 R 3 3 [] 3- S -
3 < © 3]
N m ®
5 g
0 2- 2 2 2 24— S s
O [ ] o 8
S " S
1 - 1 - 1 1 k11 <3 3.
(o)) o
2 I Kal ]
3 Ul LI
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

>

@)

S 10

D

)

& 1_-_D I_.=. S l | ] |
Ll BT

C

0y 0. C5, 0 0Op C500 0, C50, 0 Cp OO C Q. C0, 0.0y C5 0 O
nsPrRsr - CnsPenRes - nsRerRer, - nsRenRen, nsenRen, nsRenBsy, - CnsPenRess, - nsPenRe
S”e/}/)?[Q LN 81}3’2?4 N 'Sffe/}/)??( N Sffe/gg)( Ny Sg}e/}/?)?< LN S”Q/}/;[Q N Sffel}/;;:z N Sffe/gg)( Ny

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

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

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

® 9 (O in-seciecy f:The Jforeas x Lichel
= C | & GitHud, Inc. (US,  hitps:)ygithub.com;| fr-project/iift | @ B Pm L < :.:vn @ :
O This r2posiory Pullrevuesls Issues  Gisl e+ g-
lift-project / lift @Urwatch 7 & Sar 350  VFork 2
<> Code Issues 0O Pull requests 0 Proects 0 Wiki Sulse Graphs Settings

The L'ft programming language htto:/jwww lift-project.arg) - Edit

01,823 commits I 1 branch 0 releases A1 10 contabutars a3 Ml
Branch. master = New pull recuest Craatenew ke  Uploadlles  Finc lis Ck awnload
g michel-stevwer comm tt2c on GitHub Made ICENSE fi 2 parsable for githuk Latest commit §013a4c 2 days ago
m docxer Cleaning up the top fcider of the repc anc restructuring the cacker s.. 4 manths ago
M highLevel refactoring 7 months ago
M b Bump ArtheExpr g days ago
i native Add suppeort for querying if the de suopors double a year ago
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