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e Automated kernel fusion
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Example: ResNet block

resnet_v13

ReLu := max(input, ©0.0)

Element-wise Addition

4

conv1T convl14

Fused Batch Normalization

Cast[0-52] !

Cast[0-52] <. ii— —p_____ gradients
Ve e ConV13 )--b:fjjff;train_ops_g...




Fused Kernels

e Convenient
e Performant



// Compute a * x + v.

// a 1s a scalar, x and y are tensors.
tmp = tf.multiply(a, x)

out = tf.add(tmp, y)




// Compute a * x + v.

// a 1s a scalar, x and y are tensors.
tmp = tf.multiply(a, x)

out = tf.add(tmp, y)

__global__ void Multiply(int n, float a, float* x) {
int 1 = blockIdx.x * blockDim.x + threadIdx.x;
1f (1 < n) x[i1] =a * x[1];



// Compute a * x + .
// a 1s a scalar, x and y are tensors.

tmp = tf.multiply(a, x)
out = tf.add(tmp, y) Tensors read + written: 4

__global__ void Multiply(int n, float a, float* x) {
int 1 = blockIdx.x * blockDim.x + threadIdx.x;
1f (1 < n) x[1] = a * x[1];

J

__global__ void Add(int n, float* x, float* y) {
int 1 = blockIdx.x * blockDim.x + threadldx.Xx;

if (1 < n) x[i] = x[i] + y[il];



// Compute a * x + .

// a 1s a scalar, x and y are tensors.
tmp = tf.multiply(a, x)

out = tf.add(tmp, y)

__global__ void FusedMulAdd(int n, float a, float* x, float* y) {
int 1 = blockIdx.x * blockDim.x + threadIdx.x;
if (1 <n) x[1]=a* x[1] + yl[1];



// Compute a * x + .
// a 1s a scalar, x and y are tensors.

out = tf.fused_multiply_add(a, x, y) Tensors read + written: 2

25% reduction!

__global__ void FusedMulAdd(int n, float a, float* x, float* y) {
int 1 = blockIdx.x * blockDim.x + threadIdx.x;
if (1 <n) x[1]=a* x[1] + yli1l];



Fused Kernels

e Convenient
e Performant

But

e Development cost
e |nflexibel
e Hard to optimize



Speedup of TF with XLA vs TF without XLA
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7
MLPerf

Submitter Hardware Chip count Software ResNet-50 v1.5 *
NVIDIA DGX-1 8 ngc18.11_MXNet, 65.6

(on premise) cuDNN 7.4
Google 8x Volta V100 8 TF 1.12, cuDNN 64.1

(Cloud) 7.4

Full results: https://mlperf.org/results/
* speedup relative to reference implementation


https://mlperf.org/results/

Example: ResNet block

resnet_v13

A

_( conv2d j—» . gradients

A

A

4

conv14

,. __{ COﬂV2d )—s:f'i'_ - gradients

Cast[0-52]

A

’f( conv13 J“i:°

-3

: gradients




TensorFlow with XLA

. - !
TensorFlow Model TensorFlow Graph

XLA Intermediate
Representation: HLO

Target-specific
code generation
HLO Fusion happens here!

target-independent &
target-specific optimizations



HLO IR

Sample HLO ops Sample data types
e Elementwise math
o PRED

e Spezialized math for neural nets
o Dot, Convolution, Reduce
e Re-organize data

o Reshape, Broadcast, Concat, Tuple e (Composite types
e Control flow o array: F32[2,3], F16]]

o While, Call, CustomcCall o tuple: TUPLE(F32[16], F16)

e Data transfer
o Parameter, Constant

o F16
o F32



RelLuin HLO

broadcast

dimensions={}

f16[128,512,28,28]{3,2,1,0}

operand =f16[] 0

g

maximum
f16[128,512,28,28]{3,2,1,0}

Operation

Type

Shape

\J

Parameter 0
f16[128,512,28,28]{3,2,1,0}

<
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HLO Fusion

e Reduce memory bandwidth
e Compatible loop pattern
e Coalesced memory access



HLO Fusion

1) Fusion (with duplication)

2) Sibling fusion

3) Fusion with multiple
outputs




HLO Fusion

1) Fusion (with duplication)

2) Sibling fusion

3) Fusion with multiple
outputs




HLO Fusion

1) Fusion (with duplication)

2) Sibling fusion

3) Fusion with multiple
outputs




Example: ResNet block

resnet_v13

v ;

conv1i convl14
vioo{ batehnorm. ) T T vixo{ batenom.. ) T e,

Cast[0-52] { convZ2d j——v _. gradients Cast[0-52] - . A{ convZ2d )—ev gradients

- 1 o 1 J/

Cast[0-52] -~ .. —f —p_ " gradients
v e ConV1 3 J P ' train_ops_g...




Fused Add + Rel.u

Fused expression for fusion
loop fusion
kind=kLoop

\ 4 \ 4

Paraméter 0 Paraméter 1
f16[128,512,28,28]{3,2,1,0} f16[128,512,28,28]{3,2,1,0}

0
\4 / broadcast.0

add.0 dimensions={}
f16[128,512,28,28]{3,2,1,0} f16[128,512,28,28]{3,2,1,0}

operand =f16[] 0
\
0

maximum.O
f16[128,512,28,28]{3,2,1,0}

'

__global  void fusion(float *1lhs,

float *rhs, float* output) {

int 1 = blockIdx.x * blockDim.x +

threadIdx.Xx;

if (i < 128%512%28%28) {

¥

output[i] =



std: :function<llvm: :Value*>(const IrArray::Index& index)
MakeElementGenerator(const HloInstruction* hlo,
HloToElementGeneratorMap& operand_to_generator) {
switch (hlo->opcode()) {
case HloOpcode: : kMaximum:
return [...](const IrArray::Index& index) {
1lvm: :Value* lhs =
operand_to_generator.at(hlo->operand(0))(index);
1lvm::Value* rhs =
operand_to_generator.at(hlo->operand(1))(index);
auto cmp = b->CreateFCmpUGE(lhs, rhs);
return 1r_buillder_->CreateSelect(cmp, lhs, rhs);

1



Fused Add + Rel.u

Fused expression for fusion o o
loop fusion __global  void fusion(float *1lhs,
kind=kL
v HETEoRR v float *rhs, float* output) {
Parameter 0 Parameter 1
f16[128,512,28,28]{3,2,1,0} f16[128,512,28,28]{3,2,1,0} . . .
int 1 = blockIdx.x * blockDim.x +
0 ‘///////// threadIdx.x;
Y 1 broadcast.0
add.0 dimensions={} . .
£16[128,512,28,28]{3,2,1,0} £16[128,512,28,28]{3,2,1,0) 1t ( 1 < 128*%512*28*28 ) {

\ operand = f16[] 0 OUtpUt[l] = max(0.0, lhs[i] + rhs[i]);
1

e )

maximum.O
f16[128,512,28,28]{3,2,1,0} }

'



Fused exprg¢ssion for fusion.716
Ipop fusion
kjnd=kLoop
V broadcast.3423
Parameter 6 dimensions={} Parameter 8
f32[512] f32[512] f32[512]
operand = f32[] 100352

divide.940 divide.946 Parameter 7 Parameter 9
f32[512] f32[512] f16[128,512,28,28]{1,3,2,0} ‘ f16[128,512,28,28}{1,3,2,0} |
broadca;Jt 3409 | broadcast.3422 | / A/A/
dimension.sz } convert.917 dimensions={1} convert.926 Parameter 4 Parameter 2
£32[128,512,28,28]{1.3,2,0} f32[128,512,28,28]{1,3,2,0} £32[128,512,28,28){1.3.2,0} f32[128,512,28,28}{1,3,2,0} f32[512] f32[512]
l-l / A/A/ /
0 1 yagl
subtract.745 subtract.751 0 ;rr:::::;si?}? ;ﬁgﬂ::;si(}}; Parameter 5 Parameter 3
f32[128,512,28,28]{1,3,2,0} f32[128,512,28,28]{1,3,2,0} £32[128,512,28,28)1,3.2,0} £32[128,512,28,28)(1,3.2,0} f32[512] f32[512]
Parameter 0 multiply.1905 ; multiply. 1907 . ::;:Z::::;‘E }4 m::;a:;:__g:}z Parameter 1
f32[512] f32[128,512,28,28|{1,3,2,0} f32[128,512,28,28]{1,3,2,0} £32[128,512,28,28)(1.3,2,0} £32[128,512.28,28)1.3,2,0} f32[512]
;ﬁ:ﬂgﬁiﬁf £32[1 28??‘2,3'21&;?143 2,0} £32[1 28"5":1l gi;g '2153?163 2,0} ;m::::;‘ﬁ?
f32[128,512,28,28K1,3,2,0} el N dalii IR ki f32[128,512,28,28{1,3,2,0}
\ lo lo /
add.765 add.766 3
f32[128,512,28,28]{1,3,2,0} f32[128,512,28,28]{1,3,2,0}
convert.732 convert.733
f16[128,512,28,28]{1,3,2,0} f16[128,512,28,28]{1,3,2,0}
1
0 broadcast.3016
add.764 dimensions={}
f16[128,512,28,28]{1,3,2,0} f16[128,512,28,28{1,3,2,0}
operand =f16[] 0

L5

maximum.36
f16[128,512,28,28]{1,3,2,0}

|



Reduction

1 = blockIdx.x * blockDim.x + threadIdx.x;
y in _tiles = 1 / width;
X = 1 % width;

kTileSize

for (int j = @; j < kTileSize: ++j) {
y =y in tiles * kTileSize + j;
if (y < height) {
partial sum += generator(y, Xx);

l sum reduction ) }

atomicAdd(&output[x], partial sum);




Multi-output fusion
v

convert.739 1 = blockIdx.x * blockDim.x + threadIdx.X;
f32[128,512,28,28]{1,3,2,0} y_l n_t 1 l oS = 1 / Wldt h ;
lﬁ1 X = 1 % wildth;
multiply.1911.clone.1
132|128.51228 28l{1.320 . . . . . .
[ e, for (int j = 0; j < kTileSize: ++j) {
0 lo y = y in tiles * kTileSize + j;
reduce.453 reduce.452.clone.1 1F ( y < hei g ht ) {
Subcomputation: add Subcomputation: add .
dimensions={0,2,3} dimensions={0,2,3} pd r‘tlal_s um [ @] += gener‘ator‘ [ @] (y, X) p
£32[512] f32[512] o .
operand 1 =32[] 0 operand 1 =f32[] 0 par'tlal_sum[l] += gener'ator'[l] (yJ X)J

o | ¥
\\% ;/(' 1
atomicAdd(&output[0][x], partial sum[@]);
atomicAdd(&output[1][x], partial sum[1]);



broadcast.3419

Parameter 0 Parameter 2 Parameter 1 Parameter 4 dimensions={} Parameter 6
f16[128,512,28,28]{1,3,2,0} f16[128,512,28,28){1,3,2,0} f16[128,512,28,28]{1,3,2,0} f32[512] f32[512] f32[512]
: operand = f32[] 100352
1 0
S 1 0 1 0
compare \ 0 1 V
greater-than.15.clone.1 add.697.clone.1 divide.944 Parameter 3 divide.938.clone.1
direction=GT f16[128,512,28,28]{1,3,2,0} f32[512] f16[128,512,28,28]{1,3,2,0} f32[512]

pred[128,512,28,28]{1,3,2,0}

e +

select.13.clone.1 broadcast.3418 convert.923

dimensions={1 dimensions={1
f16[128,512,28,28]{1,3,2,0} £32[128 512,28 28]{{1 % 2.0} f32[128,512,28,28{1,3,2,0} £32[128 51228 28]{{1 % 2.0)

W v P

broadcast.3404.clone.1

convert.375 subtract.749 subtract.742.clone.1
f32[128,512,28,28){1,3,2,0} f32[128,512,28,28]{1,3,2,0} 32[128,512,28,28]{1,3,2,0}
multiply. 1512 multiply.1508.clone.1 L
f32[128,512,28,28]{1,3,2,0} f32[128,512,28,28]{1,3,2,0}
v l" l”
reduce.297.clone.1 reduce.296 | '~ reduce.295.clone.1
Subcomputation: add Subcomputation: add Subcomputation: add
dimensions={0,2,3} dimensions={0,2,3} dimensions={0,2,3}
f32[512] f32[512] f32[512]
operand 1 =32[] 0 operand 1 =32[] 0 operand 1 =32[] 0
0

tuple.625 g
(f32[512], £32[512], f32[512], f16[128,512,28,28])

|




1 = blockIdx.x * blockDim.x + threadIdx.Xx;
y in _tiles = 1 / width;
X =1 % width;

for (int j = @; j < kTileSize: ++j) {
y = y_in_tiles * kTileSize + j;
if (y < height) {
partial _sum[@] += generator[0](y, X);
partial_sum[1] += generator[1](y, X);
partial_sum[2] += generator[2](y, X);
output[3][y, x] = generator[3](y, x);

}
atomicAdd(&output[0][x], partial sum[O]);

atomicAdd(&output[1][x], partial sum[1]);
atomicAdd(&output[2][x], partial sum[2]);



'
get-tuple-element. 722
— ndex=0 - =
- fref1ze 512282813204 — R L ——————————
on for fusion.720 e s . | Fused expression for fusion.724 o
fusion \ — Y rput fusion
rput \ - knd=kinput T
4 \ 2
Parameter 0 Parameter 0
frel12z.312.28 28} 3.20) f1ef128.312.28 28%1,3.2.0}
l / |
( v
convert.730 coavert. 739
fz2]128 12,2828} 3.2.0) 32128 912,28 28§1,3.20}
v |
01 01
\j \j
multiphy. 1509.clene. multiply. 1911 clone. 1
fa2[128,512.28.28}(1 3.2.0) f3z{128 312,28 28}1,3. 2.0}
‘3
reduce. 4352 clone.t
Subcomputation: add
e dmn:l:lszfilu}
N2 32{512
1 =2 o (faf) d1 = fazf] o (F22f])
T ] get-tuple-clement. 915
—r - —ye Index=0
e —— | fazis2 =
1 fFused expression for fusion.710 = | e ———
/ locp fsion e ——
/ kind=kLoop o ——
‘ P broadcast. 3423 v -
Pacameter 8 dimensions={} Parameter & o
| {32 fazisz] : fazjsi2|
i \ operand = 132 100332 (fa2))
. II — ".ﬂ R— - - - — -
. f'—"'. 1 v ‘:'"b 3 s
Parameter 9 divide.940 divide 540 gty ,,:':?;*‘"3'
fief128512.28.28H1.3.20) f32(312] fazjs2 #3212 —
= : i ——
"" v = | By Y
n
|

convert.920
32128912

-
subtract. 731

bmdcuum‘

dimensions={1}

fa2l128, 512282801 3200

il £
beoadcast 3409 Pa

dmensions={1)
fazhze s122828l132.0¢

rameter 4
f32]512]

P

faz]s12]

izzhize312.222:¥1,32,0)
...__ :) '-__" B
el broadcast 3011
dimensions=(1} dimension
f3zizamizzazEl0 3200 faz12z 5122878 |
y |
|

171 Parameter 5 : !
[ faz{s12] faz128. 51228 281,320
» " »
multiply. 1507 ~_ multiphy 1903
13212831228 2851,3.2.0} ';31{] 28
u

228281320}

..>~c. >
Parameter 0

Parameter |
f3z{s12)

\

fazls1z]

dimensionss
fazl128, 5122828}

Y

comvert. 733
2828}1,3204

fiof12a3122

|
cormert

f1eh

".3. ; 2
meadtiply. 1908

512.28.28}{1.32.0}

732

A |
get-tuple-element £30
rdex=0

22828l013.2.0)

fre]122512282

‘-l ’:‘
broadcast.133% broadcast 1538
dmensions={1} dimensions=(1} ol B
t220128.512228.221,32,0) f2212851228.28H 3.2.0) 1324 13128322
 add7ee : . '
faz1za 12282813204 f32{128312,2828%1,32.0} l
u
| \
| N ————— R—
v e
tom-call 287 e = fone e

Fused cxpre?s‘o‘\fot fusion.330
input fuiap




Thank you! Questions?

XLA documentation
https://www.tensorflow.org/xla/overview

Public XLA mailing list
xla-dev(@googlegroups.com

XLA on Github
https://github.com/tensorflow/tensorflow/tree/master/tensorflow/compiler


https://www.tensorflow.org/xla/overview
mailto:xla-dev@googlegroups.com
https://github.com/tensorflow/tensorflow/tree/master/tensorflow/compiler

