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Votivation

e Juning parallel programs is complex

* The diversity of heterogeneous
accelerators makes it even harder

e Auto-tuning has been successtully

applied to ease this
GPU

 Problem of Performance-
Portability:

« Parametric kernels are complex

e Still falls short on new architectures!

Accelerator
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The Problem of Performance-Portability
Matrix-Multiplication
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* Auto-tuning fails to deliver on a significantly different architecture

* Limitation of Auto-tuning:
Fixed set of parameters and optimisations
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Our Approach to Performance Portability

Image Graph
processing analytics

S

Lift rewrite-based
system
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Lift Data Parallel Language

map(f,| Z1 | Z2 Tn|) = | f(z1) | f(z2) f(@n)
reduce(z,f, 1| T2 Ln |) = f( (f(f(Z,iUl),CUQ)),CUn)
zip( L1 (X2 || Tn|,|Y1 |Y2 |- |Yn |) = (331,y1) (5527192) ($myn)
id(| x1 | 2 T, T | T2 T
Splitm( z1 | 2o T, ) L1 | T2 Iy
m
join( @9 | By | cco |coo|||coc|osc|oco ccall oo Tn ): 1 | X |- Ln
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Matrix Multiplication

Expressed Functionally
C A

A >> map (A rowOfA) —
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Matrix Multiplication
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Matrix Multiplication

Expressed Functionally
C A

A >> map (A rowOfA) —

B >> map(\
zip (rowOfA , colOfB) >>
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Matrix Multiplication

Expressed Functionally
C A

A >> map (A rowOfA) —

B >> map(\

zip (rowOfA , colOfB) >>
) )
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Matrix Multiplication

Expressed Functionally
C A

B

A >> map (A rowOfA) —

B >> map(\

z1p (rowOfA |, colOfB) >>
map (mult))>> (reduce (0.0f ,add)) ) )
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A >> map(A rowOfA —
B >> map(\ colOfB —
zip (rowOfA |, colOfB) >>
map (mult) >> reduce (0.0f ,add)
)
)
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A >> map(A rowOfA —
B >> map(\ colOfB —
zip (rowOfA |, colOfB) >>
map (mult) >> reduce (0.0f ,add)

i
) Naive coden
generation ;

v

1|for (int i = 0; i<M; i++) {

2| for (int j = 0; j<N; j++) {

3 for (int k = 0; k<K; k++) {
4 templk + K«N i + Kxj] =
5 mult(Ak + Kxi], Blk + Kxj));
61}

7 for (int k = 0;k<Ik++) {
8 Clj + Nxi] +=

9 templk + KxNx*i + Kxj];
10 }
11 )
121
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A >>(map (A rowOfA —
B >> map(\ colOfB —
zip (rowOfA |, colOfB) >>

map (mult) >> reduce (0.0f ,add)

|
) Naive coden
generation ;

v

1(for (int i = 0; i<M:; i++)X

2| for (int j =0; j<N; j++) {

3 for (int k = 0; k<K; k++) {
4 templk + K«N i + Kxj] =
5 mult(Ak + Kxi], Blk + Kxj));
61}
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8 Clj + Nxi] +=

9 templk + KxNx*i + Kxj];
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A >>(map (A rowOfA —

B >>(map) A colOfB +—
zip (rowOfA |, colOfB) >>
map (mult) >> reduce (0.0f ,add)

|
) Naive coden
generation ;

v

1(for (int i = 0: i<M: i++)N¥

2

3 for (int k = 0; k<K; k++) {
4 templk + K«N i + Kxj] =
5 mult(Ak + Kxi], Blk + Kxj));
6/ J

7 for (int k = 0;k<Ik++) {
8 Clj + Nxi] +=

9 templk + KxNx*i + Kxj];
10 }
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A >>(map (A rowOfA —
B >)\ colOfB +—»
zip (rowOfA |, colOfB) >>
(map) mult) >> reduce (0.0f,add)

|
) Naive coden
generation }

for (int 1 = 0; 1<M: i++) )}

mult(Ak + Kxi], Bk 4+ Kxj));

}
for (int k = O:k<IK;k++) {

Clj + Nxi| +=
9 templk + KxNxi + Kxj];
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A >>(map (A rowOfA —

B >>(uap) A colOfB
zip (rowOfA |, colOfB) >>

mapimult) >> reduce (O-Of ,add) How to geﬂerate

) Naive code: high performance code?
generation ;

v

1(for (int 1 =0; i<M: i++) M

2| (for (int | = 0; j<N: j++) ?
3 for (int k = 0; k<K; k++)}{ -
4 templk + K«N i 4+ Kxj| =

5 mult(Ak + Kxi], Blk + Kxj));

6}

7 for (int k = 0:k<IGk-++) 4

] Clj + Nsi| +=

9 templk + KxNxi + Kxj];
10 }
11}
121
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Algorithmic Rewrite Rules

Split-join rule:
map(f) = split (k) >> map(map(f)) >> join

Map fusion rule:
map(f) >> map(g) = map(f>> g)

Map-reduce fusion rule:
mapsSeq (f) >> reduceSeq(z, &) =
reduceSeq(z, A (acc, z) — P(acc, f(z)))
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Algorithmic Rewrite Rules

Split-join rule:

map(f) = split (k) >> map(map(f)) >> join
Map fusion rule:

map (f) >> map(g) == map(f>> g)

Map-reduce fusion rule:
mapSeq(f) >> reduceSeq(z, &) =
reduceSeq(z, A (acc, =) — @

(acc, f(z)))

* Rewrite rules are provably correct

e EXxpress algorithmic and optimisation choices
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How to apply
rewrite rules?



A >> map(A rowOfA —
B >> map(\ colOfB —

)

)

zip (rowOfA | colOfB) >>

map(mult) >> reduce (0.0f add) = = =P

15

O~ O O = W DN +—

e T
O — O O

for (int i =0; i<M; i++) {
for (int j =0; j<N; j++) {
for (int k = 0; k<K; k++) {
templk + K«N i + Kxj] =
mult(Alk + Kxi], Bk + Kxj));
}

for (int k = 0;k<K:k++) {
Clj + Nxi] +=
templk + K«Nxi + Kxj;
}
}
}




A >> map(A rowOfA — 1
B >> map(\ colOfB — ?)
zip (rowOfA , colOfB) >> 4
map(mult) >> reduce (0.0f add) = = =P 2

) 7
) 8
9

10

11

12

Gnap(f) —> split (k) >> map(map(f)) >> joi@

15

for (int i =0; i<M; i++) {
for (int j = 0; j<N; j++) {
for (int k = 0; k<K; k++) {
templk + K«N i + Kxj] =
mult(Alk + Kxi], Blk + Kxj));
}

for (int k = O;k<K;k++) {
Clj + Nxi] +=
templk + KxNxi + Kxjl;
}

}
}




A >> map()\ TOwOfA —> 1|for (int i = 0; i<M; i++) {
2| for (int j = 0; j<N; j++) {
B >.> map<)\ COZOfB = 3 for (ini: k = d]; k<IJ(; k++) {
zip (rowOfA | colOfB) >> 4 templk + K#N i + Kxj] =
map(mult) >> reduce (0.0f ,add) = = =P 2 \ mult(Afk + K], Blk + Kxj]);
) 7 for (int k = O;k<K;k++) {
) 8 Clj + Nxi] +=
9 templk + KxNxi + Kxjl;
10 }
1 )
12

Gnap(f) —> split (k) >> map(map(f)) >> joi@

!

A >> split (m) >> map(A rowsOfA
rowsOfA >> map(A rowOfA —
B >> map(\ colOfB —
zip (rowOfA | colOfB) >>
map (mult) >> reduce (0.0f add)
)
)

C_ioi)

15



A >> map(A rowOfA —

B >> map(A colOfB +—

zip (rowOfA | colOfB) >>
map(mult) >> reduce (0.0f add) = = =P

)
)

@ap(f) —> split (k) >> map(map(f)) >> joi@

!

A >> split (m) >> map(A rowsOfA
rowsOfA >> map(A rowOfA +—

B >> map(\ colOfB —

zip (rowOfA | colOfB) >>
map (mult) >> reduce (0.0f add)

)
)
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for (int k = O k<K k++) {
templk + K«N i + Kxj] =
mult(A[k + Kxi], Blk + Kxj));
}
for (int k = 0;k<K:k++) {
Clj + Nxi] +=
templk + K«Nxi + Kxj;

}

O ~J O O =~ W DN

}

}

for (int j = 0; J<N i++) {
for (int k = 0; k<K; k++) {
templk + 2%K*Nxi + KxNxl + Kxj| =
mult(A[k + Kxl 4+ 2xKxi], Bk + Kxj]);
}
for (int k = 0;k<K:k++) {
Clj + Nkl + 2xNxi] +=
templk + 2xKx«Nxi + KxNx*l + Kxj;

}
}




A >> split (m) >> map(A rowsOfA +— 1 [for (int i = 0; i<M/2; i++) {
rowsOfA >> map(A rowOfA g fOfI:OE‘H(litni - 201<J2<1§+J++) +{){
B >> map(A colOfB — 4 for (int k = 0: ke K: ki+) {
Z1D (mwOfA : COZOfB) >> - - -> 5 templk + 2%K«Nxi + K*N*l + Kxj] =
map(mult) >~ reduce <00f ,add) 675 \ mult(A[k + Kxl 4+ 2xKxi], Bk + Kxj]);
) 8 for (int k = O;k<K;k++) {
) 9 Clj + Nxl + 2«Nx*i| +=
) =~ 0] 10 templk + 2xK«Nxi + KxN*l + Kxj;
join 0 }
12|}
13 )
14}

16



A >> split (m) >> map(A rowsOfA +— 1[for (int i =0; i<M/2; i++) {
rowsOfA >> map(A rowOfA +— 2| for (int 1 =0; <2 I++) {
3 for (int j = 0; j<N; j++) {
B >> map(A colOfB — 1| for (int k = 0; k<K; kit+) {
Z1p (mwOfA 7 COZOfB) >> - - -> 5 templk + 2xK«Nx*i + KsNxl + Kxj| =
map (mult) >> reduce (0.0f ,add) S ! OIHAL R 2], Bl Rl
) 8 for (int k = 0;k<K:k++) {
) 9 Clj + Nxl + 2xNxi] +=
) >> ioin 10 templk + 2xKxNx*i + K«Nxl + Kxjl;
11 )
120 )
X>> map(A z — Y>> map(A y — f)) i}}

—
Y>> map(A y — X >> map(A z — f)) >> transpose
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A >> split (m) >> map(A rowsOfA — 1 [for (int i = 0; i<M/2; i++) {
rowsOfA >> map(A rowOfA — ?) fO;‘Oil?;ni J: 201<J2<1§+J++) +{){
B >> map (A colOfB — 4 for (int k = 0: ke K: ki+) {
Zip (T’O’U]OfA : colOfB) >> a— -> 5 templk + 2xKxNx*i + K*N*l + Kxj] =
map(mult) -~ reduce <OOf add) 675 \ mult(A[k + Kxl 4+ 2xKxi], Bk + Kxj]);
) 8 for (int k = 0;k<K:k++) {
) 9 Clj + Nxl + 2«Nx*i| +=
) >> 0] 10 templk + 2xK«Nxi + KxN*l + Kxj;
join 0 |
I 120 )
13 }
X >> map(A z — Y>> map(A y — f)) 141}

—
Y>> map(A y — X >> map(A z — f)) >> transpose

'
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B >> map(A colOfB —
zip (rowOfA | colOfB) >>
map (mult) >> reduce (0.0f ,add)

)

(>> transpose
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A >> split (m) >> map(A rowsOfA +—
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B >> map(\ colOfB +

zip (rowOfA , colOfB) >>
map (mult) >> reduce (0.0f ,add)

)
)

) >> join

X>> map(A z — Y>> map(A y — f))

—

Y>> map(A y — X >> map(A z — f)) >> transpose

'

A >> split (m) >> map(A rowsOfA

B >> map(A colOfB —

e
zip (rowOfA | colOfB) >>
map (mult) >> reduce (0.0f ,add)

)

(>> transpose
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---p
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for (int i = 0; i<M/2; i++) {
for (int 1 =0; 1<2; 14++4) {
for (int j = 0; j<N; j++) {
tor (int k = 0; k<K; k++) {
templk + 2%K*Nxi + KxNxl + Kxj| =
mult(A[k + Kxl 4+ 2xKxi], Bk + Kxj]);
}
for (int k = 0;k<K:k++) {
Clj + Nxl + 2xNxi] +=
templk + 2xK«Nxi + KxN*l + Kxj;

}

for (int i =0: i<M/2:i+4
for (int j = 0; j<N; j++) {
for (int 1 = 0; 1<2; I4+)
for (int k = 0; k<K; k++) {
templk + 2xKxNxi + KxkNxl + Kxj] =
mult(A[k + Kxl 4+ 2xKxi], Bk + Kxj]);
}
for (int k = 0;k<K:k++) {
Clj + Nxl + 2xNxi] +=
templk + 2%K«Nxi + KxNxl + Kxj;

}
}
}

}




A >> split (m) >> map(A rowsOfA — 1 for (i?ti = 0; i<M/2; i++)>{{
2| for (int j =0; j<N; j++
B >> map(A colOfB 3/ for (ith 1 :6]; 1<2J; l++) {
rowsOfA >> map(\ rowOfA — ;1 fog“ ﬁnﬁ{kzokkif?; k*}'{ﬂ\l{l -
. emplk + 2xKxNx*xi + KxNxl + Kxij| =
zip (rowOfA , colOfB) >> --=p milt(A[k+K*l+2*K*i],B[k +JK*j]);
7 1
map (mult) >> reduce (0.0f,add) 3| for (int k — Ok<Kikis) {
) 9 Clj + Nl + 2xNxi] += |
) >> trans pose 1(1) \ templk + 2xKxN*i + KxNxl + Kxj];
) >> join 12/}
13}
14}
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A >> split (m) >> map(A rowsOfA +— 1 for (int i = 05 i<M/2; i++) {
2| for (int j = 0; j<N: j++) {
B >> map(A colOfB — 31 for (int 1 =0; 1<2; 1++) {
rowsOfA >> map (A rowOfA — 4 for (in&izoﬁkﬁ;f?%\l{uK .
zip (rowOfA , colOfB) >> ---p milt(A[k+K*l+2*K*i],B[k +JK*j]);
7 }
) map (mult) >> reduce (0.0f,add) : Lo (int k — Ok<Kikn) {
9 Cli + Nxl + 2«Nxi] 4=
) S~ trans pose 1(1) \ temp[k + 2K« Nx#i + KxNxl + Kxjl;
>> joln 12 )
) j 2
14}

@apm — split (k) >> map(map(f)) >> jo@
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I 14}

@apm — split (k) >> map(map(f)) >> jo@

A >> split (m) >> map(A rowsOfA +—
B >> split(n) >> map(A colsOfB +—
colsOfB >> map (A colOfB —
rowsOfA >> map(A rowOfA
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A >> split (m) >> map(A rowsOfA +—

B >> map(\ colOfB —

rowsOfA >> map(A rowOfA —
zip (rowOfA , colOfB) >>

---p

map (mult) >> reduce (0.0f ,add)

)

) >> transpose
) >> join

@apm — split (k) >> map(map(f)) >> jo@

A >> split (m) >> map(A rowsOfA +—
B >> split(n) >> map(A colsOfB +—
colsOfB >> map (A colOfB —
rowsOfA >> map(A rowOfA
zip (rowOfA | colOfB) >>

---p

map (mult) >> reduce (0.0f ,add)

)
)

)>> transpose

) >> join
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for (int i =0 i<M/2 i++){
for (int j = 0; j<N; j++) {
tor (int I =0; I<Z T++) {
for (int k = 0; k<K; k++) {
templk + 2xKxNx*i + KxNxl + Kxj] =
mult(Alk + Kxl + 2xKxi], Blk + Kxj]);
}
for (int k = 0;k<K;k++) {
Clj + Nxl + 2«Nxi] +=
templk + 2xKxN*i + KxNxl + Kxj];

}

templk + 4xKkNs#i 4 2K Nl + 25K

+ Kxm| =
mult(Alk + K« + 2«Kxi], Bk + Kx
m + 2xKxj));
}
for (int k = 0:k<IGk++) {
Clm + 2%j + 2+«Nx*l 4 4xNxi] +=
templk + 4xKxN*i + 2xK«Nxl 4 2+
Kxj + Ksm];
}
t
}
}
}




for (int i =0; i<M/2; i++) {
for (int j = 0; j<N/2; j++) {
for (int m = 0; m<2; m++) {
for (int 1 = 0; 1<2; 1++) {
for (int k = 0; k<K; k++) {

A >> split (m) >> map(A rowsOfA +—
B >> split(n) >> map(A colsOfB —

colsOfB >> map(A colOfB +—
rowsOfA >> map()\ rowOfA S -> temf[;:mz]i*i(*N*iJrQ*K*N*lnL2>1<K>|<j
zip (rowOfA , colOfB) >> 7 mult(Afk + Kl + 2¢Ks), Bk + Kx

S T = W N =

m + 2xKxj));
map (mult) >> reduce (0.0f ,add) ) ) s | i)
- 9 for (int k = 0;k<K:k

) >> join >> transpose Y OC[<m+2*j+2jN*1:11{\1*q+:

) >> joln 11 ter;{igk:}?:ﬁmwQ*K*N*HQ*
12 }
13 }
14}
15 1
16}

18



for (int i =0; i<M/2; i++) {
for (int j = 0; j<N/2; j++) {
for (int m = 0; m<2; m++) {
for (int 1 = 0; 1<2; 1++) {
for (int k = 0; k<K; k++) {

A >> split (m) >> map(A rowsOfA +—
B >> split(n) >> map(A colsOfB —

colsOfB >> map(A colOfB +—
rowsOfA >> map()\ rowOfA S -> temf[;:mz]i*i(*N*iJrQ*K*N*lnL2>1<K>|<j
zip (rowOfA , colOfB) >> 7 mult(Afk + Kl + 2¢Ks), Bk + Kx

S T = W N =

m + 2xKxj));
map (mult) >> reduce (0.0f ,add) ) ) s | i)
) >> join >> transpose 0 f°é[§“i§§f§§§ﬁ%*q -
) >> joln 11 ter;{igk:}?:ﬁmwQ*K*N*HQ*
12 ) |
13 )
14}
X >> map(A z — Y>> map(A y — f)) 15 }
16}

—

Y>> map(A y — X >> map(A z — f)) >> transpose
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A >> split (m) >> map(A rowsOfA +— 1 for (int i =05 i<M/2; i++) {
. 2| for (int j =0; j<N/2; j++) {
B >> Spllt (H) >> map()\ COlSOfB > 3 for (int m = 0; m<2; m++) {
4 for (int 1 = 0; 1<2; 14+4) {
colsOfB >> map(A colOfB +— : for (int k= 0, <K k1) | |
rowsOfA >> map ( A TOQUOfA — O > 6 temf[;:mz]i*i(*N*l + 2K« Nxl 4 2k
zip (rowOfA | colOfB) >> 7 multAL + 16 + 2k, Bl + K
m + 2xKxj|);
map (mult) >> reduce (0.0f ,add) ) ) g ) Rl
T A 9 for (int k = 0:k<K:;k++
) >> )OI >> transpose 10 C[<rrl+2*j+2jN*l+éL>*1£I*i]+=
) >> J O 11 11 templk + 4xIxNxi + 2% KN« + 2x
Kxj + Ksxm];
12 )
| -
14 }
X >> map(A z — Y>> map(A y — f)) 15 }

Y>> map(A y — X >> map(A z — f)) >> transpose

v

A >> split (m) >> map(A rowsOfA —
B >> split(n) >> map(A colsOfB —
rowsOfA >> map(A rowOfA —
colsOfB >> map(\ colOfB —
zip (rowOfA | colOfB) >>

map (mult) >> reduce (0.0f,add) )
)(>>_transpose)

) >> join >> transpose

) >> join .



A >> split (m) >> map(A rowsOfA +—
B >> split(n) >> map(A colsOfB —
colsOfB >> map(A colOfB

rowsOfA >> map(A rowOfA — ===
zip (rowOfA | colOfB) >>
map (mult) >> reduce (0.0f ,add) ) )
) >> join >> transpose
) >> join

X >> map(A z — Y>> map(A y — f))
—
Y>> map(A y — X >> map(A z — f)) >> transpose

v

A >> split (m) >> map(A rowsOfA —
B >> split(n) >> map(A colsOfB
rowsOfA >> map(A rowOfA — --=p
colsOfB >> map(\ colOfB —
zip (rowOfA | colOfB) >>

map (mult) >> reduce (0.0f,add) )
)(>>_transpose)

) >> join >> transpose

) >> join .

S T = W N =

10
11

12
13
14
15
16

DY T = W N =

10
11

12
13
14
15
16

for (int i = 0; i<M/2; i++) {
for (int j = 0; j<N/2: j++) {
for (int m = 0; m<2; m++) {
for (int 1 =0; 1<2; I4++) {
tor (int k = U; k<K k++) {
templk + 4#IxNxi + 2% KN+l + 25K
+ Kxm| =
mult(Afk + Kxl + 2«Kxi], Blk + Kx
m + 2xKxj]);
}
for (int k = O:k<K:k++) {
Clm + 2% + 2xNxl + 4%Nxi] +=
templk + 4xIxNxi + 2% KN« + 2x
Kxj + Ksxm];

templk + 4*K>|<N>|<1 + 2% K Nxl + 2% K]

+ Kxm| =
mult(Afk + Kxl + 2«Kxi], Blk + Kx
m + 2x[Kxj));
}
for (int k = 0;k<IK;k++) {
Clm + 2% + 2xNxl + 4xNx«i] +=
templk + 4*KxNxi + 2xK«Nxl + 2x
Kxj + Kxm];
}
}
}
}
}




After algorithmic rewrites...
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Tiled Matrix Multiplication

1

A(A B) — 2
A >> split (m) >> map(A nRowsOfA — 3
B >> split(n) >> map(A mColsOfB +— 4
zip ( transpose (nRowsOfA) >> split (k), 5
transpose (mColsOfB) >> split (k) ) >> 6
reduceSeq(init = make2DArray(n,m, 0.0f), 7

A (accTile, (tileOfA, tileOfB)) 8

zip (accTile, transpose (tileOfA)) >> 9
map (A (accRow, rowOfTileOfA) — ™= ™ 1

zip (accRow, transpose (tileOfB)) >> 11

map (A (acc, colOfTileOfB) 12

zip (rowOfTileOfA | colOfTileOfB) >> 13

map (mult ) >> reduce (acc, add) 14

) >> join 15

) 16

) >> transpose () >> 17
map(transpose) >> transpose 18

) >> join >> transpose 19
) >> join 20
21

20

for (int i = 0;i<M/2; i++) {
for (int j = 0;j<N/2; j++) {
for (int k = 0;k<K/4; k++) {
for (int 1 = 0;1<2; 14++) {
for (int m = O;m<2; m++) {
for (int n = O;n<4; n4++) {
temp[n + 4+m + 8xNxi + 16%j + 8| =
mult(

Aln + 2xKxi + 4xk + Kxl],
Bln + 2xKxj + 4%k 4+ Kxm]

);
}
for (int n = O;n<4; n++) {
Clm + 2«Nxi + 2] + Nxl] +=
temp[n + 4xm + 8xNxi + 16%j + 8xl|;




How to map to
OpenCL"



OpenCL Specific Rewrite Rules

* Rewrite rules express mapping and optimisation choices

 Patterns correspond to OpenCL concepts

Examples:

OpenCL thread hierarchy:
map (f) == mapGlby 9y (f) map(f) == mapLclg 2y (f)

OpenCL memory hierarchy:
f = toPrivate (f) f = toLocal (f) = toGlobal(/f)

OpenCL vector types and operations:

map(f) = asVector(n, b)
>> map( vectorize(n, f)) >> asScalar

WNLVE,
&) THE UNIVERSITYOfEDINBURGH
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A (A, B) —
A >> split (m) >> map(A nRowsOfA +—
B >> split(n) >> map(A mColsOfB

zip ( transpose (nRowsOfA) >> split (k),

transpose (mColsOfB) >> split (k) ) >>
make2DArray (n,m, 0.0f),

reduceSeq(init =
A (accTile, (tileOfA, tileOfB))
zip (accTile, transpose (tileOfA)) >>
map (A (accRow, rowOfTileOfA) —
zip (accRow, transpose (tileOfB)) >>
map (A (acc, colOfTileOfB)
71p (rowOfTileOfA , colOfTileOfB) >>
map (mult) >> reduce (acc, add)
) >> join
)
) >> transpose () >>
map (transpose) >> transpose
) >> join >> transpose

) >> join

-->

23

O ~J O UL = W N+

DO DN — /= = = e R e
—_ O O 00 ~J O O i W N — O O

for (int i = 0;i<M/2; i++) {
for (int j = 0;j<N/2; j++) {
for (int k = 0;k<K/4; k++) {
for (int 1 = 0;1<2; 1++) {
for (int m = 0;m<2; m++) {
for (int n = O;n<4; n++) {
temp[n + 4+m + 8xNxi + 16%j + 8xl] =
mult(
Aln + 2xKxi 4+ 4xk + Kxl|,
Bln + 2+Kxj + 4xk 4+ Kxm]
);
;
for (int n = O;n<4; n++) {
Clm + 2xN*i + 2%j + Nxl| 4=
temp[n + 4xm + 8«Nxi + 16%j + 8xl];
}
}
}
}
}
}




A (A, B) —
A >> split (m) >> map(A nRowsOfA +—
B >> split(n) >> map(A mColsOfB

zip ( transpose (nRowsOfA) >> split (k),

transpose (mColsOfB) >> split (k) ) >>
make2DArray (n,m, 0.0f),

reduceSeq(init =
A (accTile, (tileOfA, tileOfB))
zip (accTile, transpose (tileOfA)) >>
map (A (accRow, rowOfTileOfA) —
zip (accRow, transpose (tileOfB)) >>
map (A (acc, colOfTileOfB)
z1p (rowOfTile OfA , colOfTile OfB) ) >>
map ( mult) >> reduce(acc, add)
) >> join
)
) >> transpose () >>
map(transpose ) >> transpose
) >> join >> transpose

) >> join

~— I

zip (a, b) >> map(f)

|

asVector(n, b))

zip (asVector(n, a),
(n, f)) >> asScalar

>> map(vectoriz

D ~~—

-->

23

O ~J O UL = W N+

DO DN — /= = = e R e
—_ O O 00 ~J O O i W N — O O

for (int i = 0;i<M/2; i++) {
for (int j = 0;j<N/2; j++) {
for (int k = 0;k<K/4; k++) {
for (int 1 = 0;1<2; 1++) {
for (int m = 0;m<2; m++) {
for (int n = O;n<4; n++) {
temp[n + 4xm + SxNx1 + 10%] + Sl =
mult(
Aln + 2xKxi 4+ 4xk + Kxl|,
Bln + 2+Kxj + 4xk 4+ Kxm]
);
;
for (int n = O;n<4; n++) {
Clm + 2xN*i + 2%j + Nxl| 4=
temp[n + 4xm + 8«Nxi + 16%j + 8xl];
}
}
}
;
}
;




v

A (A, B) —
A >> split (m) >> map(A nRowsOfA 1
B >> split (n) >> map(A mColsOfB 2
zip ( transpose (nRowsOfA) >> split (k), 3
transpose (mColsOfB) >> split (k) ) >> 4
reduceSeq(init = make2DArray(n,m, 0.0f), 5
A (accTile, (tileOfA, tileOfB)) 6
zip (accTile, transpose (tileOfA)) >> 7
map (A (accRow, rowOfTileOfA) — 8
zip (accRow, transpose (tileOfB)) >> 9
map (A (acc, colOfTileOfB) == P
zip (rowOfTile OfA > 11
colOfTileOfB > asVector (k)) >> 12
map (mult4) >> asScalar >> 13
reduce (acc, add 14
) >> join 15
) 16
) >> transpose () >> 17
map( transpose ) >> transpose 18
) >> join >> transpose 19

) >> join

24

for (int i = 0;i<M/2; i++) {
for (int j = 0;j<N/2; j++) {
for (int k = 0;k<K/4; k++) {
for (int | = 0;1<2; 14++) {
float4 t = mult4(
vioad4(A, K#i/2 + k 4+ Kxl/4),
vload4(B, Kxj/2 + k + Ksm/4)
);
vstored(t, temp, m + 2xN*i + 4x%j + 2x]);
Clm + 2«Nxi + 2xj + Nxl] +=
temp[n + 4sxm + 8«Nxi + 16%j + 8xl|;
}
i
ki
}
i
i




A (A, B) — v

A >> split (m) >>(map(A pRowsOfA +—

1 (for (int 1 = 0;i<M/2; i++) {

B >> split (n) >% map(\ mColsOfB 2
zip ( transpose (nRowsOfA) >> split (k), 3
transpose (mColsOfB) >> split (k) ) >> 4
reduceSeq(init = make2DArray(n,m, 0.0f), 5
A (accTile, (tileOfA, tileOfB)) 6
zip (accTile, transpose (tileOfA)) >> 7
map (A (accRow, rowOfTileOfA) — 8
zip (accRow, transpose (tileOfB)) >> 9
map (A (acc, colOfTileOfB) == P
zip (rowOfTileOfA >> asVector (k) , 11
colOfTileOfB >> asVector(k)) >> 12

map (mult4) >> asScalar >> 13
reduce (acc, add) 14

) >> join 15

) 16

) >> transpose () >> 17
map( transpose ) >> transpose 18

) >> join >> transpose
) >> join I

map (f) == mapSeq(f)

map (f) == mapGlbyg 2y (f)
reduce(z, @) = reduceSeq(z, @)

24

19

for (int j = 0;j<N/2; j++) {
for (int k = 0;k<K/4; k++) {
for (int 1 = 0;1<2; 14++) {
for (int m = 0;m<2; m++) {
float4 t = mult4(
vload4(A, Kxi/2 + k + Kxl/4),
vload4(B, Kxj/2 + k + Kxm/4)
);
vstored(t, temp, m + 2xNki + 4x%j + 2x]);
for (int n = O;n<4; n4++) {
Clm + 2%«Nxi + 2%j + Nxl| +=
temp[n + 4sxm + 8xNxi + 16xj + 8xl];




v

A (A, B) —
A >> split(m) > nRowsOfA +— ]
B >> split (n) > mapGlby A mColsOfB Ifint i = get_global_id (0);
zip ( transpose (nRowsOfA) >> split (k), 2\int j = get global id (1);
transpose (mColsOfB) >> split (k) ) >> 3|for (int k = 0;k<K/4; k++) {
reduceSeq(init = make2DArray(n,m, 0.0f), 4| for (int 1 = 0;1<2; I4++) {
A (accTile, (tileOfA, tileOfB)) 5 for (int m = O;m<2; m++) {
zip (accTile, transpose (tileOfA)) >> 6 float4 t = mult4(
mapSeq (A (accRow, rowOfTileOfA) 7 vload4(A, Kxi/2 + k + Kxl/4),
zip (accRow, transpose (tileOfB)) >> 8 vload4(B, Kxj/2 + k + Kxm/4)
mapSeq (A (acc, colOfTileOfB) +— ™= ™= | );
zip (rowOfTileOfA >> asVector (k) , 10 vstored(t, temp, m + 2xNki + 4x%j + 2:xl);
colOfTileOfB >> asVector (k)) >> 11 for (int n = O;n<4; n++) {
mapSeq (multd) >> asScalar >> 12 Clm + 2xNxi 4+ 2%j + Nxl| +=
reduceSeq (acc, add) 13 temp[n + 4xm + 8xNxi + 16x] + 8x;
) >> join 14 }
) 5}
) >> transpose () >> 16 }
map(transpose) >> transpose 17|}

) >> join >> transpose
) >> join

25



A (A, B) — v

A >> split (m) >> mapGlby(A nRowsOfA —

B >> split (n) >> mapGlby (A mColsOfB + 1 lint i = get global id (0);
zip ( transpose (nRowsOfA) >> split (k), 2 |int j = get global id (1);
transpose (mColsOfB) >> split (k) ) >> 3|for (int k = 0;k<K/4; k++) {
reduceSeq(init = make2DArray(n,m, 0.0f),) 4| for (int 1 = 0;1<2; I4++) {
A (accTile, (tileOfA, tileOfB)) 5 for (int m = O;m<2; m++) {
zip (accTile, transpose (tileOfA)) >> 6 float4 t = mult4(
mapSeq (A (accRow, rowOfTileOfA) 7 vload4(A, Kxi/2 + k + Kxl/4),
zip (accRow, transpose (tileOfB)) >> 8 vload4(B, Kxj/2 + k + Kxm/4)
mapSeq (A (acc, colOfTileOfB) +— ™= ™= | )
zip (rowOfTileOfA >> asVector (k) , 10 vstored(t, temp, m + 2xNxi 4 4xj + 2x]);
colOfTileOfB >> asVector (k)) >> 11 for (int n = O;n<4; n++) {
mapSeq (multd) >> asScalar >> 12 Clm + 2xNxi 4+ 2%j + Nxl| +=
reduceSeq (acc, add) 13 temp[n + 4sxm + 8«Nxi 4+ 16%j + 8xl|;
) >> join 14 }
) 150}
) >> transpose () >> 16| }
map(transpose) >> transpose 17|}

) >> join >> transpose
) >> join

L= ... >>id
f = toPrivate(f)

25



1 int i = get global id (0);
2 /int j = get _global id(1);

A (A, B) — 3
A >> split (m) >> mapGlby (A nRowsOfA 4ffloatd temp.0; float4 temp.1;
B >> split(n) >> mapGlb; (A mColsOfB 2 ggzitzsrgp;;ogzzgtfmp&
zip ( transpose (nRowsOfA) >> split (k), T\foat acc 2; float acc 3;
- 8
transpo§e (mColsOfB) >> split (k) ) >> 0 for (int k = O:k<K /4 kit {
reduceSeq (init = make2DArray(n,m, 0.0f) >> 10
: . . 12 vload4(k + Kxj/2,B));
A < accTile ) (tZl@ OfA ) tile OfB) ) — 13| acc.0 += temp_0.s0 4+ temp_0.s1 +
zip (accTile, transpose (tileOfA)) >> 14) temp.02 + temp.0.53;
. 15
mapSeq ( A ( acciow ’ ’f’O’UJOfT?lG OfA) = 16 temp_1 = multd(vloadd(k + Kxi/2 A,
zip (accRow, transpose (tileOfB)) >> 17| vioadd(k + K + 2xKxj/4,B));
mapSeq (A (acc, colOfTileOfB) ] g acﬁerlnﬁstzerfiefg ngémpl.sl +
z1p (rowOfTileOfA >> asVector (k) , 20 N o
colOfTileOfB >> asVector(k)) >> gé teffipizkmm?@/lgagi(k + K4 26K /4,A),
vioa + Kx)/2, ;
mapseq ( mU1t4) >> asscalar >> 23| acc 2 +=temp 2.50 + temp 2.s1 +
reduceSeq (acc, add) 24| temp 252 + temp 2.53:
) >> join ;2 temp_3 = multd(vload4d(k + K + 2xKxi/4, A)
) 27| vloadd(k + K + 2¢Kxj/4, B)):
) >> toGlobal (mapSeq(mapSeq(mapSeq(id))) ZS acseil;;gefijjg ;Sg?mp&“ +
>> transpose () >> 30 ) o o
map(transpose) >> transpose 31 |C2Nxd + 24] = id(acc.0);
. ¢ 32 |C[1 + 2xNxi + 2xj] = id(acc_1);
) >> join >> transpose 33 C[N + 2¢Nxi + 24j] = id(acc.2);
) >> joln 34 |C[1 + N 4 2«Nxi + 2xj] = id(acc_3);
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1 int i = get global id (0);
2 /int j = get _global id(1);

A (A, B) — 5

A >> split (m) >> mapGlby (A nRowsOfA 4ffloat4 temp_0; float4 temp_1;
B >> split(n) >> mapGlb; (A mColsOfB 2 ggz:élazsrgpg;ogziitfmpg;
zip ( transpose (nRowsOfA) >> split (k), T\foat acc 2; float acc 3;
! 8
transpose (mColsOfB) >> split (k) ) >> o for (inb k = 0k<K/4: kit) {
reduceSeq (init = make2DArray(n,m, 0.0f) >> 10
: . . 12 vload4(k + Kxj/2,B));
A < accTile ) (tzle OfA ) tile OfB) ) — 13| acc 0 4+= temp 0.0 + temp 0.s1 +
zip (accTile, transpose (tileOfA)) >> 14) temp.02 + temp.0.53;
. 15
mapSeq ( A ( acclow ’ ’f’O’U}OfT'Zle OfA) = 16 temp_1 = multd(vloadd(k + Kxi/2 A,
zip (accRow, transpose (tileOfB)) >> 17| vioadd(k + K + 2xKxj/4,B));
mapSeq (A (acc, colOfTileOfB) R -> 13 acferlnﬁsgefiefg ngémpl-sl +
z1p (rowOfTileOfA >> asVector (k) , 20 N o
colOfTileOfB >> asVector(k)) >> gé tefﬁpizkml?(_v/lgagi(k + K+ 26K /4A),
vioa + Kx)/2, ;
mapseq ( mult4 ) >> asscalar >> 23| acc 2 +=temp 2.50 + temp 2.s1 +
reduceSeq (acc, add) 24 temp_2.52 + temp 2.83;
> >> joln ;2 temp_3 = multd(vload4d(k + K + 2xKxi/4, A)
) 27 vload4(k + K + 2xKxj/4, B)); o
) >> toGlobal (mapSeq(mapSeq(mapSeq(id))) ZS aCES +; t;fj:i&so ;)F gempg'“ +
emp_3.8 emp_3.83;
>> transpose () >> 30 ) Y v
map(transpose) >> transpose 31 |C2#Ni + 2#j] = id(acc 0);
) S>> ioin S> t 32 |C[1 + 2xNxi + 2xj] = id(acc_1);
JOo1n rallspose 33 |C[N + 2«Nxi + 2j] = id(acc_2);
) >> joln 34 |C[1 + N 4 2«Nxi + 2xj] = id(acc_3);

The generated code is highly optimised for the Mali GP
26




Automated Exploration
Using Rewrite Rules

Data-Parallel Program 1

Algorithmic
Rewriting Differently
OpenCL Specific Optimised Programs
Rewriting

OpenCL Kernels
Parameter |
Selection

Runs 12,000

e Exploration using rewrite rules is fully automated
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Automated Exploration
Using Rewrite Rules

* Apply rules everywhere possible
e Stop after a certain number of applications
» Classical auto-tuning for selecting parameters

e Pick the best kernel for all sizes and devices

28



Mall Performance Results

Mobile GPU
(ARM Mali-T628 MP6)
14 -
12 -
10 -
>
o 8
L 6-
O
4 -
2 -
O -
. Rewrite— CLBlast Hand
based + CLTune optimized

* Our rewrite based approach outperforms hand
optimised code on the Mali GPU
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Performance Portabillity

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
2000 - — - 2500 - B
1500- 2001
o
G o0 — 1500 -
S 1000 -
500 - 500 -
0- 0-
Rewrite— CLBlast Rewrite— CLBlast
based + CLTune based + CLTune

 [he same methodology achieves good
performance across different classes of GPUs
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=xtensioility

 New optimisations are expressible as rewrite rules

» Automatically used in the exploration for any program
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=xtensioility

 New optimisations are expressible as rewrite rules

» Automatically used in the exploration for any program

Example:

OpenCL dot built-in rule:

zip (z, y) >> mapSeq(mult4d) >> asScalar >> reduceSeq(z, add)
—> dot(x, y) >> reduceSeq(z, add)

Before: After:

L]... L]...

2 temp = mult4(vload4(k + Kxi/2, A), 2 temp = dot(vload4d(k + Kxi/2, A),
3| vload4d(k + Kxj/2, B)); 3| vload4d(k + Kxj/2, B));

4 lacc += temp.sO + temp.sl + 4 lacc 4= temp;

5| temp.s2 4+ temp.s3; 5.

Gl...
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=xtensioility

 New optimisations are expressible as rewrite rules

» Automatically used in the exploration for any program

Example:

OpenCL dot built-in rule:

zip (z, y) >> mapSeq(mult4d) >> asScalar >> reduceSeq(z, add)
—> dot(x, y) >> reduceSeq(z, add)
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=xtensioility

 New optimisations are expressible as rewrite rules

» Automatically used in the exploration for any program

Example:

OpenCL dot built-in rule:

zip (z, y) >> mapSeq(mult4d) >> asScalar >> reduceSeq(z, add)
—> dot(x, y) >> reduceSeq(z, add)

| | | | | | | |
0 2 4 6 8 10 12 14

GFLOPS
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Conclusion

* Classical auto-tuning is not performance portable

e Our approach outperforms hand-tuned OpenCL
code on Mali, where the auto-tuner tails to deliver

* Easily extensible by adding new rules

* Using a functional approach along with rewrite
rules we can achieve performance portability
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Future Work

* Building performance models to avoid executing
code In the exploration to evaluate expressions

e Using reinforcement learning to guide the exploration

* [nvestigating a larger number of optimisations

Toomas Remmelg - toomas.remmelg@ed.ac.uk

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

Supported by:
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