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Parallelization Is Hard

for 1 i1n 1 to I do
for 3 in 1 to J do
for k in 1 to K do
shared_buf[jl[k] = f( input[il[3j]1[K] );

for k in 1 to K do
for|{j in 1 to J do
output[il[j1[k] = g( shared_buf[jl[k] );

Transposed!




Parallelization Is Hard

1 for i in global_id(®) to I do
for j in 1 to J do
for k in 1 to K do
shared_buf[jl[k] = Ff( inputfil[j]1[k] );

for k in 1 to K do
for j in 1 to J do
output[il[jl1[k] = g( shared_buf[jl[k] );
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Parallelization Is Hard

1 for i in global_id(1) to I do
2 for j in global_id(@) to J do

for k in 1 to K do
shared_buf[3]l[k] = Ff( inputlil[3][K] );

. . Diff t thread
for k 1n global_1d(0) to K do

for j in 1 to J do
output[il[jI1[k] = g( shared_buf[jllk] );
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Parallelization Is Hard

for 1 i1n 1 to I do
for j in group_1d(®) to J do

for k in local_id(®) to K do
shared_buf [k] = F( input[il[Jj]1[k] );

. : Diff t thread block

for j in local_id(®) to J do

output[i1[j1[k] = g( shared_buf[Jj]



Parallelization Is Hard

1 for i in group_id(®) to I do
2 for j in local_id(®) to J do
for k in 1 to K do
shared_buf[3]l[k] = Ff( inputlil[3][K] );
barrier();

for k in local_id(®) to K do
for j in 1 to J do
output[1]l[jI[k] = g( shared_buf[jllk] );




Parallelization Is Hard

1 for i in group_id(®) to I do
2 for j in local_id(®) to J do

for k in 1 to K do
shared_buf[3]l[k] = Ff( inputlil[3][K] );

i e Samelndlces
for j in local_id(®) to J do

output[il[Jjl[k] = g( shared_bufl[jl[k] );
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Parallelization: Approaches

User-provided schedules
Polyhedral compilation + heuristics

Functional IR (Accelerate, Futhark) + heuristics

Proposed approach:
Functional IR

Generate parallelization constraints

Explore the design space automatically

Avoid evaluating invalid parallel mappings
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Example
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Example

—
1 | map” (
2
3 map® (
4 map’”’ (toPrivate (id)))
51) % & [[[T]k]m]N) N\
\

Identity function
(copy)
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Example

—
1 | map” (
2
3 map (
4 toLocal O map (toPrivate(id)))
510) K]JT

Composition

N
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Example

| mapA(

2 map® (toGlobal (g)) o

3 mapC(

4 tolLocal (f) o map” (toPrivate(id)))
51) % X [[[Tlklm]N)
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Parallelization:

mapParamA mapA (

mapParanB map” (toGlobal(g)) o
3 mapc (
4 tolocal (f) o map” (toPrivate(id)))
51) 8 X [[[T)k]am)N]

mapParamC mapParamD

Associate a with each map
scheduling choices as integers

Model parallelization restrictions as



Parallelization:

Code value  Map transformation

0 mapSeq

1 Fused with the outer map

10, 11, 12 mapLcl in dimension 0, 1 or 2 respectively
20, 21, 22 mapWrg in dimension 0, 1 or 2 respectively
30, 31, 32 mapGlb in dimension 0, 1 or 2 respectively
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Constraint:

(IF: accesses private memory ]
THEN: cannot be parallel

| mapA(

2 map® (toGlobal (g)) o l

3 mapC(

4 tolocal (f) o map” (toPrivate(id)))
50) % & [[[TIk]m]N)

Private memory access constraint. maps that consume or produce private memory cannot
be parallelized because private memory is restricted in scope to a single thread.
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Constraint:

r IF: accesses private memory ]
THEN: cannot be parallel

| mapA(

2 map® (toGlobal (g)) o l

3 mapC(

4 tolocal (f) o map” (toPrivate(id)))
50) % & [[[TIk]m]N)

Private memory access constraint. maps that consume or produce private memory cannot
be parallelized because private memory is restricted in scope to a single thread.

Code value Map transformation

Vm : m.usesPrivateMemory 0 mapSeq
] 1 Fused with the outer map
GEN CONSTRAINT: mapEncodlng(m) /10 <1 10, 11, 12 mapLcl in dimension 0, 1 or 2

20, 21, 22 mapWrg in dimension 0, 1 or 2
30, 31, 32 mapGlb in dimension 0, 1 or 2




Constraint;

| mapA(

2 map® (toGlobal (g)) o

3 mapc(

4 tolLocal (f) o map” (toPrivate(id)))
51) % Xt [[[T)xlm]n)

(mapEncoding (mapParamD) /10 < 1)
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Constraint;

| mapA(

2 map® (toGlobal (g)) o

3 mapc(

4 toLocal (f) o map” (toPrivate(id)))
51) % X [[[Tlklm]N)

(mapEncoding (mapParamD) /10 < 1)
map¢C is local or sequential A mapA is a mapWrg



Constraint;

| mapA(

2 map® (toGlobal (g)) o

3 mapc(

4 toLocal (f) o map” (toPrivate(id)))
51) % X [[[Tlklm]N)

(mapEncoding (mapParamD) /10 < 1)
(mapEncoding (mapParamC) /10 < 2) A mapEncoding (mapParamd) =20+ w
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Constraint;

| mapA(

2 map” (toGlobal (g)) o

3 mapc(

4 tolLocal (f) o map” (toPrivate(id)))
51) % X [[[Tlklm]N)

(mapEncoding (mapParamD) /10 < 1)
(mapEncoding (mapParamC) /10 < 2) A mapEncoding (mapParamd) =20+ w
(mapEncoding (mapParamB) /10 < 2) A mapEncoding (mapParamd) =20+ w
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Constraint;

| mapA(

2 map” (toGlobal (g)) o

3 mapc(

4 tolLocal (f) o map” (toPrivate(id)))
51) % X [[[Tlklm]N)

(mapEncoding (mapParamD) /10 < 1)
(mapEncoding (mapParamC) /10 < 2) A mapEncoding (mapParamd) = 20+ w
(mapEncoding (mapParamB) /10 < 2) A mapEncoding (mapParamd) =20+ w

mapA is not parallel v mapA and map®B are not parallelized in the same way
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Constraint:

| mapA(

2 map® (toGlobal (g)) o

3 mapc(

4 tolLocal (f) o map” (toPrivate(id)))
51) % X [[[Tlklm]N)

mapEncoding (mapParamD) /10 < 1
mapEncoding /10 < 2

( ( ) )

( ( ) ) A mapEncoding (mapParamd) =20+ w
(mapEncoding (mapParamB) /10 < 2) A mapEncoding (mapParamd) =20+ w
( ( ) )

(

mapParamC
V (mapEncoding (mapParamA) # mapEncoding (mapParamB))
mapEncoding (mapParamd) /10 < 1) V (mapEncoding (mapParamA) # mapEncoding (mapParamC))
—((mapEncoding (mapParamA) /10 =1) A (mapEncoding (mapParamB) /10 =2) A

mapEncoding (mapParamd) /10 < 1

(mapEncoding (mapParamB) %10 = mapEncoding (mapParamA) %10))

+10 more hierarchical parallelism constraints
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Constraint Satisfaction

I
1 mapA(
2 | map® (toGlobal(g)) o
3 map® r j
4 tolocal (f) o map"” (toPrivate (id) neeperam: - 20
50) 8 X [[[T]k]m]n) morparan - o

+10 more hierarchical parallelism constraints
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Constraint Satisfaction

1 | mapWrg(0) (
2 mapLcl (0) (toGlobal (g)) o
3 mapLcl (0) (
4 tolocal (f) o mapSeq(toPrivate (i mapEaramg
ma aram
5 ) $ (2 [[[ ]K] ]N) maSParamC
mapParamD
( 0 /10 < 1)
( 10 /10 < 2) A 20 =20+ w
( 10 /10 < 2) A 20 =20+ w
( 20 /10 < 1) Vv ( 20 + 10
( 20 /10 < 1) VvV ( 20 + 10
-(( 20 /10=1) A ( 10 /10 =2) A
( 10 %10 = 20 %10))

+10 more hierarchical parallelism constraints

20
10
10
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Heuristics

Sequential Map Fusion Heuristic

Perfectly nested sequential maps can always be fused to reduce search space

VYChain € MapNestingChains, Vm1 € Chain, Vm2 € Chain,
m2.perfectlyNestedIn(m1)
GEN CONSTRAINT: —((mapEncoding(m1) =0) A
(mapEncoding(m2) = 0))

Code value  Map transformation

0 mapSeq
1 Fused with the outer map
10, 11, 12 mapLcl in dimension 0, 1 or 2 respectively

20, 21, 22 mapWrg in dimension 0, 1 or 2 respectively
30, 31, 32 mapGlb in dimension 0, 1 or 2 respectively 28
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Convolution in

def conv( in: [[[T]inchslinw line,
ks: [[[[Tlinchslkerw | kertr loutchs
kerStepX : int, kerStepY: int
)+ LT owschs loutw loutrr =
mapND; (slideWin: [[[T] inChs] kerw lkerH =
map(singleK: [[[T]inchslkerw lkern =
reduce(+, 0, map(*,
joinND; (zipNDs (slideWin, singleK)))),
ks), slideND,(kerH, kerStepY, kerW, kerStepX, in))
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Results: Exploration Efficiency

® Manual - Solver — Random

Performance
[GFLOPs per sec]
—_ N [§®) €8]
9] o a1 o
Qo ---+~

—
(e’

9] ]

Exploration duration
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Results: Exploration Efficiency

® Manual - Solver — Random

Performance
[GFLOPs per sec]
o 8 8

—
(e’

9] ]

rb%ec'x@?’e’c f\{&s\ \Q&& q%‘id& AN

Exploration duration

Peak performance after 95 minutes

35



Results: Exploration Efficiency

® Manual - Solver — Random

Performance
[GFLOPs per sec]
o 8 8

Y
o

9] ]

3936\0960 f\i&g\ \Q'ﬂ&o q%id& AN

Exploration duration

Peak performance after 95 minutes

Peaks before the random approach produces even 1 result (a bad one)
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Results: Performance

VGG-16 on Mali-G72 GPU

9 Lift [ ARM-CL-Direct [EE ARM-CL-GEMM B TVM
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Performance
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Results: Performance

VGG-16 on Mali-G72 GPU

9 Lift [ ARM-CL-Direct [EE ARM-CL-GEMM B TVM
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Lo L12,1L14 L19,121 124,126 ALL CONV
L28
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Results: Performance

VGG-16 on Mali-G72 GPU

= Lift I ARM-CL-Direct [EE ARM-CL-GEMM HE TVM

Lol ol v o D ok 0l
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Performance
[GFLOPs per sec]
[
o
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Results:
Performance & Memory

VGG-16 on Mali-G72 GPU

= Lift I ARM-CL-Direct [EE ARM-CL-GEMM HE TVM
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Results:
Performance & Memory

VGG-16 on Mali-G72 GPU

¢ % .0 EEN Lift N ARM-CLDiect BN ARM-CLGEMM EEE TVM
5
g o
g8 A~
£5 2
& o
S
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128
&
‘g 100 BN Lift BB Diret [N GEMM BN TVM
)
§ é‘ 10
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E LO L2 L5 L10 L12,L14 L19, L21 124,126
VGG layer L28

3.6x less memory on average than ARM-CL GEMM
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Results:
Performance & Memory

VGG-16 on Mali-G72 GPU

= Lift I ARM-CL-Direct [EE ARM-CL-GEMM HE TVM
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3.6x less memory on average than ARM-CL GEMM

2.7x less memory on average than TVM
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Conclusions

Expressive IR + Given application + Given set of
optimizations

Custom-tailored constraints

Automatic parallelization is too complex to navigate
using hand-coded heuristics

Deeply nested scheduling model on GPUs

Constraints help prune the search space
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