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Wouldn't It be great ...

If we could write parallel software once and achieve
efficlency and high performance everywhere?
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Instead, programs are optimized manually for every device.

Problem:
Existing imperative approaches are not performance portable!



Performance Portability in LIFT
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Example Matrix Multiplication

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

High-Level Program
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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)))
10 , toLocal(copy2D(tileA)))
11 ,0, zip(rowOfTilesA, colOfTilesB))
12 ) o tile(m, k, transpose(B))

13 |) o tile(n, k, A)
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Example Matrix Multiplication

Low-Level Program

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

private float acc_0; ...; acc_31;
private float blockOfB_0; ...; blockOfB_3;
private float blockOfA_0; ...; blockOfA_7;

int 1id0
int wid®

local_id(0); 1lidil
group_id(0); widl

local_id(1);
group_id (1) ;

for (int wl=widl; wl<M/64; wl+=num_grps(1l)) {
for (int wO=widO®; wO<N/64; wO®+=num_grps(0)) {

acc_® = 0.0f; ...; acc_31 = 0.0f;

[ ]
Code Generation
vstored (vload4 (1id1*M/4+2*i*M+16*wl+1id0,A)

,16%1id1+1id0, tileA); kernel void mm(global float4* const A,
vstore4 (vload4 (1id1*N/4+2*i*N+16*w®+1id0,B) global float4* const B,
,16%1id1+1id®, tileB): global float2* C, uint n) {

barrier(...); uint i = get_global_id(0);
uint j = get_global_id(1);
for (int j = 0; j<8; j++) { uint nv4 = n >> 2;
blockOfA_ 0O = tileA[0+64*j+1id1*8]; float4 ab = (float4)(0.0f);
. 6 more statements for (uint k = 0; k < nv4; ++k) {
blockOfA_7 = tileA[7+64%j+1id1%8]; float4 a0 = A[ 2*i *nvd+k];
blockOfB_0 = tileB[0® +64*j+1id0]; float4 al = A[(2*%i+1)*nv4+k];

2 more statements float4 b0® = B[ 2*j *nv4+k];
blockOfB_3 = tileB[48+64*j+1id0]; float4 bl = B[(2*j+1)*nv4+k];
ab += (float4) (dot(a®, b®), dot(ad, bl),
acc_® += blockOfA_® * blockOfB_0; dot(al, b®), dot(al, bl)); }
acc_1l += blockOfA_0 * blockOfB_1; uint ix = 2*¥i*(n>>1) + j;
acc_2 += blockOfA_0 * blockOfB_2; Clix] = ab.s01;
acc_3 += blockOfA_0® * blockOfB_3; Clix + (n>>1)] = ab.s23; }
... 24 more statements
acc_28 += blockOfA_7 * blockOfB_0;
acc_29 += blockOfA_7 * blockOfB_1;
acc_30 += blockOfA_7 * blockOfB_2;

OpenCL Programs

barrier(...);

}

C[ 0+8*1id1*N+64*w®+64*wl*
C[16+8*1id1*N+64*w0®+64*
C[32+8*1id1*N+64*w0®+6
C[48+8*1id1*N+64*w0+64™™
. 24 more statements
C[ 0+8*%1id1*N+64*w0®+64* 4 e
C[16+8*%1id1*N+64*w0+64*wl*N+7"8} ¢idO®]=acc_29;
C[32+8*1id1*N+64*w0+64*wl*N+7*N++id®]=acc_30;
C[48+8*1id1*N+64*w0®+64*wl*N+7*N+1id®]J=acc_31;

}ro}
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LIFT Project Overview
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The LIFT Intermediate Language

Algorithmic Patterns

mapSeq(f,| *. [« | x2 | ¥ ) = | fG) [ f)| -0 | f)
reduceSeq(z, f,| % |-~ [ x| x1 ) = | fC-- (F(f (@ x1), x2) -+ ), Xn)
id(x [ [wla)=[x] [x]x
iterate™(f,| x| | 2|0 )= fC-(f(| ]| n]n
m times

Parallel Patterns

mapGlb{O,1,2} 0,1,2} 0,1,2}

mapWrg! mapLcl'

Address Space Patterns

toGlobal toLocal toPrivate

Vectorize Patterns

asVector(| xi | x2 |-+ | x: |) = xl,xz,...,x,ft, x; 18 scalar
asScalar(x, x», ..., x,’\l) =| x| x| | X
mapvec(fa X1y X2y ooy xljl) — f(xl)a f(XZ) ---- f(xn)

)

Data Layout Patterns

Splitm( Dol B0 I I AT AP IR IR R xn) Zip( x| X X, yilya - | vn
_ ‘xl X | .- m .. “ “ xn‘ = [GrvD) | (aya) o)
m >
geti(('xla-XZa ) xn)) — Xj
— -xl _X2 I I e e TSN PP R xl’l
gather(f,| xro) | Xr Xf(n) x| X Xn
scatter(f,| x1 | x Xn Xf(y | Xf@) Xf(n)
slide(size, step,| x1 | x X |)
| step
I
— x| x| Xn
size




Dot Product in the LIFT IL

partialDot(x: [float]y, y: [floatly) = {

join(mapWrgl(A — t1
Step3 | join(toGlobal(mapLcl0(mapSeq(id)))(spliti(

iterate®(A — t2
Step 2 join(mapLcl®(toLocal(mapSeq(id)),
reduceSeq(add, 0, split2(t2)))),

Step 1 join(mapLcl®(toLocal(mapSeq(id)),
reduceSeq(multAndSumUp, 0, split2(t1))))))))

, split28(zip(x, y))))



The LIFT Intermediate Representation
Step 1
A X —
join(
mapLc19(
toLocal(mapSeq(id)),

reduceSeq(multAndSumUp, 0, split2(x))))
FunDecl
Expr Lambda
D params: Param* Pattern Userfun
as: AddressSpace body:- EXpT code: String
- FunCall I. I
1the§1_ Param f: FunDecl MapGlb Join
value: Strin : .
g args: Expr MapWrg o Split
MapLcl n: Int
f: Lambda




The LIFT Intermediate Representation
Step 1

A X0 =
join(A x6 —
mapLcl®(A x5 =
toLocal(A x4 — mapSeq(A x3 — id(x3), x4), x5),
reduceSeq(A x1,x2 = multAndSumUp(x1,x2), 0, split2(x0))), x6)

FunDecl
INZNZ N
Expr Lambda UserF
D params: Param* Pattern Sertun
as: AddressSpace body: Expr code: String
A A
MapGlb Join
MapWrg Split
MapLcl n: Int

f: Lambda
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Dot Product in the LIFT IR

A X0 —
join(A x6 —
mapLcl®(A x5 —
toLocal(A x4 —
mapSeq(A x3 —
1d(x3), x4), x5),
reduceSeq(A x1,x2 —
multAndSumUp(x1,x2),
0,
split2(x0))), x6)
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body

class field

Lambda2

FunCall

are_ 0\ f dataflow
[FunCalD (Join)

arg_0 \

¢
FunCall Split(1 ZSD (MapWrgD
f

body FunCall

param_0 param_1

IciToGlb

FunCall L’ambdal

(FunCall\ [ Join j

/
] N ~f . "
F 1111C2MS1)llt( 1) Machlj

L
(toGlol)al

f f

FunCall

Vf
Iterate(6 (MapSeq

.
_y

FunCall"| UserFun(id)

arg__\ f

\

-

|
Lambdal\ body

FunCall

arg_0 i

param_0 |, FunCall ~ toLocal

ﬁ f arg 0

( 4 N ¢
(ReduceSeq) @iteral(0.0f)} LMapSeqj

¢
]

GeduceSqu @iteral(().()fa LMapSeqj

e

k
UserFun~ N
[(multAndAddD (UserF““(‘d)

glbToLcl

UserFun(add) UserFun(id)

iteration



7
Dot Product in the LIFT IR

fparam 0, -~ _~Gig 0
.

A X0 =
join(A x6 =
mapLcl®(A x5 —
toLocal(A x4 —
mapSeq(A x3 —
1d(x3), x4), x5),
reduceSeq(A x1,x2 —
multAndSumUp(x1,x2),
0,
split2(x0))), x6)

seses dAdGD (Userkunia)

glbTolLcl
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Compilation of LIFT IR to OpenCL
L IR sl > Amon > A > o> enrtion |

» Type Analysis:

Inference of datatypes including shapes and length of multi-dimensional arrays

- Memory Allocation:
Inference of address space and memory allocation for non data layout patterns

« Array Accesses:

Generation of explicit, flat OpenCL array accesses from LIFT patterns
Simplification of generated array indices

» Barrier Elimination:
ldentifying and removing of superfluous memory barriers

» OpenCL Code Generation:

Emitting matching OpenCL code for each pattern;
Cheapest control flow is chosen based on type information

13



Multi-Dimensional Array Accesses

mapWrg®(
Az —>join(mapLcl9(
toLocal(mapSeq(id)),
reduceSeq(A a,xy — a+(xyexxy:1) , 0, split2(z)))),
split??8(zip(x, y)) )
|

;or (..) {

a = a +
x[(2 » 1 id) + (128 * wg_id) + 1i]
*x

vI(2 = 1 id) + (128 * wg_id) + 1i];
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View Construction

mapWrg®(
A Z %join(machl@( C TupleAccessView(0) )
toLocal(mapSeq(id)), L

reduceSeq(A a,xy — a+(xyexxyi) , 0, split2(z)))), C pay R esessVigw(l) )
split??8(zip(x, y)) )

C ArrayAccessView([_id) )

- Data patterns are used to construct a [ SplitView(2) )
compiler internal data structure: View

CArrayAcces sVieW(wg_id))

\ 4

- Every data pattern has a corresponding view [ SplitView(128) )
recording how to access memory . 4

C ZipView )

/"4

- Views are constructed by traversing the AST CMemoryVieW(XD
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View Consumption

- When consuming the Views two
stacks are maintained

- The Array Stack keeps track which
element to access in an array

- The Tuple Stack keeps track which
array to access

( TupleAccessView(0) )

( ArrayAccessView(i) )

( ArrayAccessView(l_id)

€

( SplitView(2) )

€

(ArrayAccessView(wg_id)

€

( SplitView(128) )

v )
)y’ 4

(MemoryView(x))
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Array Stack Tuple Stack
] [0]
[] [0]
[[_id, i] [0]
(2 x Lid) + 1] [0]
[we_id, (2 x Lid) + i] [0]

(2 X [_id) + (128 x wg_id) +i] [O]
(2% [_id) + (128 X wg_id) + 1] |[]

[] []

x[(2 x 1_1d) + (128 X wg_1d) + 1]



Simplifying Array Accesses

- Straightforward generation of arrays accesses leads to
long (really long) array indices

I ((CCwg_idxM+1_id) /M) +(((wg_idxM+1_id)mod M)XN))/N)XN+(((wg_idxM+1_id)/M)+(((wg_idxM+1_id)mod M) xN)) mod N
2 (C wg_1id + 1 _id XN) /N)XN+( wg_id + 1 _id XN) modN
3 1_1d XN+ wg_1d

- Set of arithmetic rules are used for simplification

x/y=0, ifx<yandy+#0
(xXy+2)/y=x+z/y, ity#0
xmody=x, 1x<yandy#0

(x/y)Xy+xmody=x, 1y#0

(xXy)mody=0, 1fy#0
(x+yymodz=(xmodz+ymodz)modz, 1ifz#0

17



Compilation Flow of Dot Product

—_—) Type Memory Array Barrier OpenCL Code
Lrrr IR
Analysis Allocation Accesses Elimination Generatlon
| Lkernel void KERNEL (const global float *restrict x,
2 const global float *restrict vy,
3 global float *z, int N) {
4 local float tmpl[64]; 1local float tmp2[64];
5 local float tmp3[32];
6 float accl; float acc2;
7 for (int wg_id = get_group_id(®); wg_id < N/128;
8 wg_id += get_num_groups(0)) {

9 { int 1_id = get_local_id(0);
- 10 accl = 0.0f;
301n(mapWrg@(7\ — tl 8! for (int i = 8; i < 2; i += 1) {
glbToLel . . 12 accl = multAndSumUp (accl,
join(toGlobal(mapLclo(mapSeq(id)))(spliti( 3 x[2 * 1.id + 128 * wg_id + il,
iterate6(7\ - 12 14 y[2 * 1_id + 128 * wg_id + 1i]); }
L . 15 tmpl[1l_id] = id(Caccl); }
join(mapLcl®(toLocal(mapSeq(id)), 16 barrier (CLK_LOCAL_MEM_FENCE) ;
) 17 int size = 64;
reduceSeq(add, G’ Sp-l'lt (t2>>>>’ 18 local float *in = tmpl; local float *out = tmp2;
JOln(mapLC'[_@(toLOCa'[_(mapSeq(1d>)’ 19 for (int iter = 0; iter < 6; iter += 1) {
.y 20 if (get_local_id(®) < size / 2) {
reduceSeq(multAndSumUp, 0, split2(t1)))))))) ’1 acc2 - 0.0f:
* +128 - 22 for (int i = 0; 1 < 2; i += 1) {
! Sp-l'lt (le(X, y>)>> 23 acc2 = add(acc2, in[2 * 1_id + 1]); }
24 out[1l_id] = id(Cacc2); }
25 barrier (CLK_LOCAL_MEM_FENCE);
26 size = size / 2;
27 in = (out == tmpl) ? tmpl : tmp3;
28 out = (out == tmpl) ? tmp3 : tmpl;
29 barrier (CLK_LOCAL_MEM_FENCE); }
30 if (get_local_id(0®) < 1) {
31 z[wg_id] = id(tmp3[1_id]); }
32 barrier (CLK_GLOBAL_MEM_FENCE); } }

18
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Relative performance compared
to manually written OpenCL code

Experimental Evaluation

Performance of LIF

generated Code on par with OpenCL code

Optimizations crucial for achieving high performance
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Optimizations: None Barrier elimination + Control-flow simplification . Barrier elimination + Control-flow simplification + Array access simplificationO
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LIFT IS Open-Source Software

Papers and more infos at: lift-project.org

CGO Artifact at: gitlab.com/michel-steuwer/cgo 2017 artifact

Source code at: github.com/lift-project/lift

® © ® /() iift-project/lift: The Lift progr= X \| | Michel
& C | & GitHub, Inc. [US] https://github.com/lift-project/lift w ® N a™ BB 5O
O This repository Pull requests Issues Gist A +~ g v
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
1
‘0 1,923 commits ¥ 1 branch v 0 releases 42 10 contributors s MIT
Branch: master v New pull request Create new file Upload files Find file

g 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
M highLevel refactoring 7 months ago

M lib Bump ArithExpr 6 days ago
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