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Computation Graph Compilation and Optimization
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- /iIFRE (compiler) 2—MitEVER, B2
BE ([RIRIES) BB —TREIES

- FOBEE: BUm, [Rim. F

- 255 LLVM

8
\ Front-end

C++ —» Clang

Go —p Gollvm

Rust —» rustc

——————

Toy —~~->: toyc :

'/

Middle-end

LLVM IR —

LLVM optimizer
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» LLVM IR —»
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LLVM static compiler
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RERR--1TRE
BAMUREND: Tensor (NAEEUE) e

- TensorfiZdk: [2, 3, 4] -
- JCEZREL: int, float, string, etc. |

- HZNizEHJ5: Operator
- HE&REAINEEFEMK
- B OperatoriZfIN M AN Tensor, FiHEM M Tensor

- TensorFlows g > 400N E AN operator

Add Log While
Sub MatMul Merge
Mul Conv BroadCast
Div BatchNorm Reduce
Relu Loss Map
Tanh Transpose Reshape
Exp Concatenate Select
Floor Sigmoid
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- T mzaOperator
- JBZFE<Tensor

JEIER BRI BEEEMRE

- ITEIRES (W=%N) thREOperator

- §NVariable Operator

- ¥55REYOperator

- 4[: Switch, Merge, While Z=FRHg5E:

- FFIRRTZ

=l

- 0 EHBARRSRT RZIBRIKEIR R

Tensor O

Variable

Tensor 1

Tensor 2
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Efrit (1) : BEARREIVLE

- BEARHEEFNTIRCETEE, 1:

-a*0->0

- a * broadcast(0) -> broadcast(0)
a*1->a

- a * broadcast(1) -> a

-a+0->a2

- a + broadcast(0) -> a

- log(exp(x)/y) -> x - log(y)




Elfnt (2)

Q:I:

pl/ (p0 + (p3 - p4))

HFREIHIR

- R HEEARRIATURITIER,

/\""‘I-l_-—.

Parameter 3 Parameter 4
£32[16.16]{1,0} 132[16.16]{1,0}

e

Parameter 0 subtract.6 subtract.10
132[16,16]{ 1.0} 132[16,16]{ 1,0} 132[16,16]{ 1.0}
JVO m Jy]
add.7 Parameter 1 add.11

32[16,16]{ 1,0} 132[16,16]{1,0} 32[16,16]{ 1,0}

Al

divide.8 divide.12 Parameter 2
132[16,16]{ 1,0} 132[16,16]{ 1,0} 132[16,16]{ 1.0}

¢ o

subtract.9 multiply.13
32[16.16]{ 1.0} 32[16.16]{ 1.0}

£32[16,16]{ 1,0)

a

' ROOT

4

I\\\

=

ICE, SR

Parameter 3 Parameter 4
f32[16,16]{1,0} 132[16.16]{1.0}

N

Parameter 0 subtract.6
132[16,16]{1,0} f32[16,16]{ 1,0}

\J?]

Parameter 1 add.7
132[16,16]{1,0} f32[16,16]{ 1,0}

P

divide.8 Parameter 2
f32[16,16]{ 1.0} 132[16,16]{1.0}

AN

subtract.9 multiply.13
f32[16,16]{ 1,0} 32[16,16]{1,0}

Yl /
add.14
f32[16,16]{1,0}

@
4




Elfnit (3)

malEHE

- MR EFRTERANIREE S EEHEY
s, BRAIZEFHIERBARELIGKE

p

 FERIER

(LA

BT BIRSHOMSHINESKE, B
BB A2

~7v

5. BIUEE

LU/

AJBER S [FEAFRYY 5K

Parameter 3 Parameter 4
f32[16,16]{1,0} f32[16,16]{1,0}

N

Parameter 0 subtract.6
f32[16,16]{1.0} £32[16,16]{ 1,0}

T~

Parameter 1 add.7
f32[16,16]{1,0} f32[16,16]{1,0}

£ o

divide.§ Parameter 2
f32[16,16]{1,0} f32[16,16]{1.0}

VW,

subtract.9 multiply.13
f32[16,16]{ 1,0} 32[16,16]{1,0)

N A
add.14
f32[16,16]{ 1,0}

/RO%)T\1
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Efiit (4) : GEMMBEZIRS

- Batch same-type operators to leverage GPU massive parallelism

Concat(Mg[2,4], M,[2,4]) M,[4,1]

M,[4,1]

Mo[2,4] M, (2,4]

N N/ N
=

H H Concat(0,[2,1], 0,[2,1]) [ %
0,[2,1] 0,[2,1]

—

Data-flow graph of a GRU cell
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- BTN TR =
B RINET, bkﬁﬁ5_§¥ﬁg$U

'f j—l

R — P ARSKESRSLISRRNE T S A —1
IR H

Data-flow graph of a GRU cell



Binik (5) : BFala

- HEXHNZ T EFRIRIERILLISS
R PIRISEIFT S
ROBERRHGRE, SR EREE

AT

/
/

e
//
(

mul )
\\ )

/
\
/
4 A //

FE— N REWERIE ()

extern "C" __global__ fusion_kernel (uint32_t num_element,

int global_idx = blockldx.x * blockDim.x + threadldx.x;
if (global idx < num_element)
ylglobal idx] = (xO[global idx] * x1[global_idx]) + x2[global idx]:

. add )
\\\v// B
/,/ -\\_‘\
( fusion )
\ Op ’/
_ a
—L \ —.  FusionPass CodeGen Pass float *x0, float *x1, float *x2, float *y) {
( x2



Elffift (6) : FEIEiH
- M AAFEIREORBH e B RESFE, B AEENNEHEF

Input
=_____‘_,—{=‘I_\\_‘ _____ : Fuse conv + relu Input
I
: conv3x3 : : convlxl : m p— '.____m _____ |
: l : - l : v » +relu : cznvsllxs : : convixl :
| | | | relu | e g |
I relu X relu I ===—g===-1 -
I I
l-----i—--—l !. _______ F / —/ conv3x3
conv3x3 .=
\ add
add ¢
¢ relu
relu
Computation Graph Optimized Graph

Rule-based Optimizer



Btk (6) : BN FEEE

- TASO: Optimizing Deep Learning Computation with Automatic Generation of Graph Substitutions

% $ - $ $ )
\ ‘
Search-Based
—/ Graph Optimizer _/

®
Input Comp. Optimized
Graph Comp. Graph
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REFRE (1) : BEFRiFNRDAEFEDE
B R R F THER

- QBFS, Reverse DFSZ&

- IZRET RHMEINI A ROR o B R (B R 2RV K=

- B—REREKBEES AHER, NEIREIRET

- FrLiskED i/, WERERRASEZEEMEZITE
&/ \HF

- HFNFRIEERE SRR R AR BT B IR KN F G R
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RFRE (2) : RIEEASERYRERARFNE

Goal

Minimize execution time Intermediate

_ , Tensors
® Arbitrary computation graph

Compute Kernels =

e Size constraint on fast memory

How
® Place tensors in fast or slow memory.

® Optimal tensor movement

® Profile kernel performance. @) tastuseoratensor

St ra tegy [D Producer of a tensor D Use (read) of a tensor ]

® Model tensor assignment as ILP.

AutoTM: Automatic Tensor Movement in HeterogeneousMemory Systems using Integer Linear Programming
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RFRE (2) : RIEEASERYRERARFNE

- Bix:
.- 2R
- BE:
- TEE:
- A

(ARSI BEE /MR TRTIE

BIRAYIRENTF, WCPUREF

B IKESANEERERTFS, EERIEIIMFTF (WCPURTE)
UK ERITEE]

S P AR rtermediate
o DR )RR A B A [ Tensors

Compute Kernels -

AutoTM: Automatic Tensor Movement in HeterogeneousMemory Systems using Integer Linear Programming
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RFRE (3)

- DRAMTEEEREXIGPURERIRELEIK, BILUEET
B R TEERS, BE ETEE

-z

=TT E

RERANRELSIKSEITHE

=T GPUSDRAMZ

- Capuchin: Tensor-based GPU Memory Management for Deep Learning

$1  tensor access info

$21  trigger swapping out/in
S22 trigger recomputing

. swap workflow

O recompute workflow

_ S21

Tensor

A
Ko} o

Qeffeco @

@ 2 99e

Allocator

swap
ou’r/inle

memory pool

hl

Tensor Access Tracker

feed- S is
back| trigger?

Policy Maker

Capuchin

<

$1

DW/})Q o
L)

Executor

@ S22

enqueue @

h 4
L1 1 ITl...

compufting stream
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ORI DR EEESREEEE
. BYRBEERARE TN EFIE AT SR
BRI ES RS TR IR A RO

- B T/E:

- TVM, Halide, TACO, Tensor Comprehension, FlexTensorZ

'3 cEIEE®IAT: #l: TVM IR
- A *B
- C = tvm.compute((m, n), lambda i, j: tvm.sum(A[i, k] * B[k, j]), axis=k)




HEKSEERIEL

Affine Transformation

out = tvm.compute((n, m), lambda i, j: tvm.sum(datali, k] * wlj, kI, k))
out = tvm.compute((n, m), lambda i, j: outl[i, j] + bias[il])
Convolution

out = tvm.compute((c, h, w),
lambda i, x, y: tvm.sum(datalkc,x+kx,y+kyl * w[i, kx,kyl, [kx,ky,kcl))

RelU

out = tvm.compute(shape, lambda *i: tvm.max(0, out(xi))



REEEEM TSR

Tensor Expression Language

|

|

C = t.compute((m, n), :
lambda i, j: t.sum(A[i, kI = B[j, kI, axis=k))!

Key ldea: ¢

Separation of Compute Schedule Optimizations

and Schedule
introduced by Halide ¢




BlF: AMRIRALFIERN— P RENMNEF?

C
S

tvm.compute((n,), lambda i: A[i] + B[i])
tvm.create_schedule(C.op)

for (int i = 0; i < n; ++i) {
C[i] = A[i] + B[1i];
}



BlF: AMRIRALFIERN— P RENMNEF?

C = tvm.compute((n,), lambda i: A[i] + BI[i])
s = tvm.create_schedule(C.op)
x0, X1 = s[C].split(s[C].axis[0], factor=32)

for (int xo = 0; xo0 < ceil(n / 32); ++x0) {
= 0; xi < 32; ++xi) {
X0 * 32 + XxXi;
if (i < n) {
C[i] A[1] + B[1];
}

for (int xi

int 1



BlF: AMRIRALFIERN— P RENMNEF?

C = tvm.compute((n,), lambda i: A[i]l + BI[i])
s = tvm.create_schedule(C.op)
x0, xi = s[Cl.split(s[C].axis[@], factor=32)

s[C].recorder(xi, xo)

for (int xi = 0; xi < 32; ++xi) {

for (int xo = 0; xo0 < ceil(n / 32); ++x0) {
int i = X0 * 32 + xXi;
if (1 < n) {

C[i] = A[i] + B[1i];



BlF: AMRIRALFIERN— P RENMNEF?

C = tvm.compute((n,), lambda i: A[i] + BI[i])
s = tvm.create_schedule(C.op)

xo, xi = s[Cl.split(s[C].axis[@], factor=32)
s[C]l.recorder(xi, xo)

s[C].bind(xo, tvm.thread_axis(“blockIdx.x")
s[C].bind(x1i, tvm.thread_axis(“threadIdx.x”)

int 1 = threadIdx.x * 32 + blockIdx.x;
if (i < n) {
C[i] = A[1] + B[i];

}



HERTFRERK
MBI B A S PR AD A0S

- MBI =S (Auto Tuner) TEEEREINERHEREMHISE

Tensor Expression Language

Loop Thread Cache
Transformations Bindings Locality
New primitives for GPU Thread Latency

Accelerators Laeliesn ol Hiding

—_— e o e o e e e e mm e e e mm e e e e e e e e e e mm e e e e e e e e m— e e = e = e = m,

'\ Hardware

— — — — — — — — — — — — — — — — e o o e e e e e e e e e e m— —

Primitives in prior works
Halide, Loopy
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ITEEIR (DAG)

;

ITEEIL

it = A + b IR TR
= s D[i] = max(A[i] + B[i], 0)

D[i] = max(C[i], 0)

BFFERIATLIR MatMul: C[i] = reduce_sum(A[m,i] * B[i,n])

__global__add_relu_kernel(args...) { % 3 EEEJZ
//.. Code
}

Rz SR

void launch_kernel(add_relu_kernel);

R AL AR S B T BRI B 12

N A g
T T T
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Task-parallel Graph @H@
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bio kp aill dev
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GPU

REFLL




5| LFRIEERERZFHES RIFE

+ APEEND: — MBS R

SRR — TR

- GROUP_SYNC: =TSS5 BRI &R

[:},’ append(opB, block_ 2, BES5)

UHHHUU

BE1 BE2 BE3 BE4

“sv [ ow [ ow [ sw [ sw [ sw |

GPU

ta

Hip

group_sync(group_0, group_1)

______ o 1l |

BEO BE1 B BE3 BE4 BES

GPU
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block9 block10

~
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- Cannot schedule

barrier

block2 block3

; e Wait for barrier
| i_~Unable to execute
Matmul Matmul Matmul Matmul 1"/
=
GPU

—___/
Co-schedule to operators
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EALSHHEEEFZENATHEE, MR A
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VA
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[64, 512]

[512, 128]

(64, 128]

|

vblock

|

Better Utilization
Lower Latency

L |

BEO BE 1 BE 2 BE 3 BE 4 BES

J Under utilization of

GPU resource

GPU
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e EAL
 HEEH T

- XLA, nGraph, TensorFlow, PyTorch
- TVM: An automated end-to-end optimizing compiler for deep learning

- Taso: optimizing deep learning computation with automatic generation of graph
substitutions.

- Learning to optimize tensor programs

- Tensor comprehensions: Framework-agnostic high-performance machine learning
abstractions

- Flextensor: An automatic schedule exploration and optimization framework for
tensor computation on heterogeneous system

- Tiramisu: A polyhedral compiler for expressing fast and portable code
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Lab 1 (for week 1, 2)

- Purpose

- A simple throughout end-to-end Al example, from a system perspective
- Understand the systems from debugger info and system logs

- Get ready

- https://github.com/microsoft/ai-edu/ai-system/labs/1



