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OpenCL: Execution Model
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OpenCL: Parallelized & Vectorized
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Perform the same operation for multiple vector lanes simultaneously.
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Vectorization (SIMD) e

Perform the same operation for multiple vector lanes simultaneously.

Vector Patterns
<i,i+1,i+2,i+3>

<i,i,i,i>—i

Consecutive: contiguous entries
Uniform: single entry
Divergent: unrelated entries

<ivj777_>

for (i = 0; i < 16; i++) for (i = 0; i < 16; i += 2)
0[i] = I[i] + 2; 0[i] = I[i] + 1;
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Thread Trace

1 abcef
2 abdef
3 abcebcef
4 abcebdef

m Different threads execute different code paths
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Thread Trace

1 abc e f
2 ab de f
3 abc ebc e f
4 abc eb def

m Different threads execute different code paths

m Execute everything, mask out results of inactive threads
(using predication, blending)

m Control flow to data flow conversion on ASTs [Allen & Kennedy '83]
m Whole-Function Vectorization on SSA CFGs [K & H '11]
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m |dea: optimize cases where threads do not diverge

Thread Trace

1 abce f
2 abce f
3 abcebdef
4 abcebdef
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m |dea: optimize cases where threads do not diverge

Thread Trace

1 abce f
2 abce f
3 abcebdef
4 abcebdef

m Option 1: Insert dynamic predicate-tests & branches to skip paths
» “Branch on superword condition code” (BOSCC) [Shin et al. PACT’07]
» Additional overhead for dynamic test

» Does not help against increased register pressure
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m |dea: optimize cases where threads do not diverge

Thread Trace

1 abce f
2 abce f
3 abcebdef
4 abcebdef

m Option 2: Statically prove non-divergence of certain blocks
» Non-divergent blocks can be excluded from linearization
> Less executed code, less register pressure

» More conservative than dynamic test

Simon Moll, Johannes Doerfert, Sebastian Hack Background October 29, 2015 6/25
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m |dea: optimize cases where threads do not diverge

Thread Trace

1 abcef
2 abcef
3 abcebdef
4 abcebdef
5 abcebdef
6 abcebdef

m Option 3: Statically split non-divergence inputs
» Code versions with improved divergence properties

» Orthogonal to both other options = combination possible

Simon Moll, Johannes Doerfert, Sebastian Hack Background October 29, 2015 6/25
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int left =x - 2;
int right = x + 2;
int top =y - 2;
int bottom = y + 2;

int sum = 0;
for (int i = left; i <= right; ++i)
for (int j = top; j <= bottom; ++j)
sum += input[j][i] * mask[j - topl[i - leftl;
output[y][x] = sum;
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auto left =x - 2;
auto right = x + 2;
int top =y - 2
int bottom = y + 2;

int sum = O;
for (auto i = left; i <= right; ++i)
for (int j = top; j <= bottom; ++j)
sum += input[j][i] * mask[j - top]l [1i - leftl;
output[y][x] = sum;
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int left = MAX(0, x - 2);
int right = MIN(width - 1, x + 2);
int top = MAX(0, y - 2);

int bottom = MIN(height - 1, y + 2);
int sum = 0;
for (int i = left; i <= right; ++i)
for (int j = top; j <= bottom; ++j)
sun += input[j][i] * mask(j - (y - 2] - (x - 2)];
output[y][x] = sum;
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auto left = MAX(0, x - 2);
auto right = MIN(width - 1, x + 2);
int top = MAX(O, y - 2);

int bottom = MIN(height - 1, y + 2);
int sum = 0;
for (auto i = left; i <= right; ++1i)
for (int j = top; j <= bottom; ++j)
sun += input[j][i] * mask[j —(y —2)IE - (x—2)];
output[y][x] = sum;

Simon Moll, Johannes Doerfert, Sebastian Hack Motivation
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vector scalar
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S: A[LI[3] = /* ... #/;
if (j <= 1)
P: A[i1[31+= AL3104T;
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for (int i = 0; i <= N; i++)
for (int j = 0; j <= N; j++) {
S: A[LI[ ] = /* ... */;
if (j <= 1)
P: ATil[j1+= A[31[i]1;
}
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A SR A
for (int i = 0; i <= Nj i++) e e .
for (int j = 0; j <= N; j++) { 1 1 1 1
S: ALLIG] = /* ... #/; oo
if (j <= i) l l l l
P: A[L1[j1+= A[10il; S S S
}

Zs ={(s,(1,3)) |0 <i<NAO<j <N}
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Ne o o o o
for (int i = 0; i <= N; i++) ,,,l,,,“,,,lg,,;e
for (int j = 0; j <= N; j++) { l l l l
St AMLI[5] = /* ... #/; e ® e &
if (§j <= i) l l l l
P: A[i][j1+= A[j1[4]; B R I R
} 1
0 : i

0 N

Is ={(s,(i,j)) [o<i< <jsnN}

T ={(.(1,3)) [0< 1 <NAO< <1}
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for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j++) {
S: A[LI[3] = /* ... */;
if (§ <= 1)
P: ATil[j1+= A[31[4];
}

Fs = {(87(17:])) - (173)}
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The Polyhedral Model —_—
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for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j++) {
S: A[LI[3] = /* ... */;
if (§ <= 1)
P: ATil[j1+= A[31[4];
}

Fs = {(87(17:])) - (173)}
Fo, ={(P,(1,3)) = (1,3)} Fo, ={(P,(1,3)) = (3, 1)}

Simon Moll, Johannes Doerfert, Sebastian Hack Background
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for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8) {
s: ALY = /* .o#/5
if (j <= 1)
P: AL [3]+= A[I0ED;
}
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Full Tile Predicate

for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8) {
S: A[i] [l']_= V2 AN
if (j <= 1)
P: AL [3]+= A[I0ED;
}

Fulls = {(S,(i,)) | (j — (j mod 8)) + 7 < N}
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Full Tile Predicate

for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8) {
S: A[i] [l']_= V2 AN
if (j <= 1)
P: AL [3]+= A[I0ED;
}

Fulls = {(S, (i,j)) | (/ — (j mod 8)) + 7 < N}
Fulle = {(P, (i,/)) | (j — (j mod 8)) + 7 < min(i, )}

Simon Moll, Johannes Doerfert, Sebastian Hack Approach
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Uniform Access Predicate

for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8) {
s: ALILG] = /* ... o#/5
if (j <= 1)
P: A[LI[j1+= A[3D[4T;
}

Uniz, = {(S,(i,))) | Fs (i,j +1) = Fs (i,))}
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Uniform Access Predicate

for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8) {
St AMILG] = /* .o #/5
if (j <= 1)
P: A[LI[j1+= A[3D[4T;
}

Unir, = {(S,(i.j)) | Fs (i,j+1) = Fs (i,j)}
Unig,, ={(P,(i,))) | Fr,(i,j+1) = Fp,(i.))}
Uniz,, = {(P,(i,))) | Fr,(i,j+1) = Fp (i)}
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Uniform Access Predicate

for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8) {
St AMILG] = /* .o #/5
if (j <= 1)
P: A[LI[j1+= A[3D[4T;
}

Unize ={(S,(i,))) | Fs (i,j +1) = Fs (i,j)} = {}
Uniz,, ={(P,(i,) | Fp,(i,j+ 1) = Fp,(i,/)} = {}
Uniz,, = {(P,(i,))) | Fr(i,j+ 1) = Fp,(i,/)} = {}
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Consecutive Access Predicate

for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8) {
s: ALILG] = /* ... o#/5
if (j <= 1)
P: A[LI[j1+= A[3D[4T;
}

Consr, = {(S,(i.))) | Fs (i,j +1) = Fs (i,j) + 1}
Cons}'P1 = {(P> (l7/)) ‘ *’rF’1(i>j+ 1) = FP1(i>j) + 1}
Cons]-'P2 = {('D> (lvf)) ‘ FF’z(i:j+ 1) = sz(iaj) + 1}
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Consecutive Access Predicate

for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8) {
s: ALILG] = /* ... o#/5
if (j <= 1)
P: A[LI[j1+= A[3D[4T;
}

Consr, ={(S,(i.))) | Fs (i,j+ 1) =Fs (i,j) + 1} =ZLs
COI’]S].‘P1 = {(P7 (’7/)) ‘ FFH(iaj_'_ 1) = FFH(’.:/.) + 1} =Tp
Consr,, = {(P, (i,.))) | Fr,(i,j+1) = Fr,(i,f) + 1} = {}

Simon Moll, Johannes Doerfert, Sebastian Hack Approach
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Hoisting conditionals

for (int i = 0; 1 <= N; i++)
for (int j=0; j<=N; j+= 8)
if (i <= NumParticles) {

}

Simon Moll, Johannes Doerfert, Sebastian Hack Approach
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CFG simplification UNIVERSITY
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Hoisting conditionals

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

if (i <= NumParticles) {

}

for (int i = 0; i <= NumParticles; i++)
for (int j = 0; j <= 1i; j += 8)
S:

Simon Moll, Johannes Doerfert, Sebastian Hack Approach
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CFG simplification e
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Hoisting conditionals

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

for (int j= 0; j =N 4= 8)
if (reverse) {
} else {

3

Simon Moll, Johannes Doerfert, Sebastian Hack Approach
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Hoisting conditionals
for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= N; j += 8)
if (reverse) {

S: c..
} else {
P: ce
}
if (reverse) {
for (int 1 = 0; i <= N; i++)
for (int j = 0; j <= 1i; j += 8)
S B
} else {
for (int i = 0; i <= N; i++)
for (int j = 0; j <= i; j += 8)
P: B
}

Simon Moll, Johannes Doerfert, Sebastian Hack Approach
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Kernel

A 4

Polyhedral Model
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Kernel

Polyhed:'all Model

Subkernel | Su bkernel | | Subkernel
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Kernel

Polyhedral Model |

/

Subkernel | Su bkernel | | Subkernel | | Scalar Kernel
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Kernel

\ 4

Splitting ]
—————————— ﬂ Polyhedral Model

Predicates Y |

\ Subkernel \ \ Subkernel \ \ Subkernel \ \ Scalar Kernel

Scalar Codelet ‘ ‘ Scalar Codelet ‘ ‘ Scalar Codelet ‘ ‘ Scalar Codelet ‘
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Kernel

\ 4

Splitting ]
—————————— ﬂ Polyhedral Model

Predicates y !

| Subkernel | | Subkernel | | Subkernel | | Scalar Kernel

Vector Codelet| |Vector Codelet| |Scalar Codelet| |Vector Codelet|
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Kernel

Splitti v
- _SPINg I polyhedral Model
Predicates
v A
| Subkernel | | Subkernel | | Subkernel | | Scalar Kernel

Y \ 4 \ 4
Vector Codelet| |Vector Codelet| |Sca|ar Codelet| |Vector Codelet|

» Optimized Kernel [«

Simon Moll, Johannes Doerfert, Sebastian Hack Approach October 29, 2015 21/25
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Pipeline

OpenCL API
OpenCL driver P
Kernel module (LLVM)

\ Barrier elimination \

Barrier-free kernels

Dispatch code
Vector
Polyhedral kernel codelets
Domain . Scalar codelets  —
- Rﬁo_\l\l_le_déé - - - Optlmlzatlon » |0C

Simon Moll, Johannes Doerfert, Sebastian Hack Approach
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Performance

scalar vec only W split mmm Intel |

i -- Flﬂlw

BS DCT LUD Myo Floyd C2D BinOpt

Speed up
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m Model synchronization the Polyhedral Model.
m Apply polyhedral optimizations (scheduling).

m Improve the representation of non-affine parts.

Simon Moll, Johannes Doerfert, Sebastian Hack Conclusion & Ongoing Work October 29, 2015 24/25
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@ % @ % % % vestor scalar
scalar vec only W split s Tntel |
’ 1
e - »{Fopeaios]
Prodicass Polyhedral Model
0.8
&
['subkernel | [ subkernet | [subkernel| [ Scalar Kernel | 206
<0
8
/ l 0.4
Vector Codelet | [ Vector Codelet| [Scalar Codelet| [ Vector Codelet | :
N\ / 0.2
Optimized Kernel o
BS DCT LUD Myo Floyd C2D BinOpt
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work

work group |

work item
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Codelet Score RSN
Y Qek,FeFq
Weons||Box(Consz(dk))|| if n>w
Score,(k) = .
+wyni||Box(Uniz(dk))||
0 otw.
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7e:=() () Consr(dk).

Qck  FeFq,st
Consr(dk)#2
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ig — (ig mod w) ig
partal o] T LT[ [ [ T
L) ig — (ia mod w) + (Wl_ 1)
Mlol o TITTTITTTT [

Simon Moll, Johannes Doerfert, Sebastian Hack Backup
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