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BT ( Loop Unrolling )
B IR (loop tiling )
fESRERF (loop Reorder ) B 1EIMIUY ( Loop Optimization )
1EIAEEE (loop Fusion )
&¥4R/45 (loop Split )

MAE{ ( Vector) ;

SKEBAY, ( Tensor ) - IS (Instructions Optimization )
{FIEIR ( Latency Hiding ) ] \\ o

Fi#E5SEC ( Memory Allocation ) _:_ FrEtee ( Mertigry Optimization )
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Python
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Caffe 1F TensorFlow ()
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Graph IR *

Graph Optimizer

Tensor IR *
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Ops Optimizer
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Runtime

CuDNN/MLK-DNN

Backend RYRE
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LLVM IR LLVM IR GE IR
CPU/GPU/NPU/TPU/DSP
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Instructions Optimization
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BI=44 Vectorization

Vector reduction. The SIMD register holds the current value of vec_sum. In the reduction step, vec_s

um is converted to a single sum value.

Memory
» P P - - ]
> @ » @ e ——y = @ ?é
> @ > @ e — N @ —
b @ 3 @ .. T
N _/
) V’ \ _/
SIMD register vector body g

reduction step
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BI=44 Vectorization

double sum
for (int i
sum +=

# Change TO

double<4> vec_sum = { 0.0, 0.0, 0.0, 0.0 };
for (int i = @; 1 < n; i+=4) {
double<4> a_val = load<4>(a + i);
vec_sum = add<4>(a, vec_sum);

= 0.0;
(int 1 =0; i < 4; i++) {
sum += vec_sum[i];

7 Huawei Confidential. Ascend
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sik&14 Tensorization

F1128" NTensor CoreZBhY, , —HEH41 SM,

LO Instruction Cache
Warp Scheduler {32 thread/cik)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

INT32INT32 FP32 FP32  FPo4
INT3ZINT32 FP32 FP32  FPo4
INT32 INTS2 FP32 FPS2  FPoa

INT32INT32 FP32 FP32  FPos

TENSOR CORE

INTSZINTS2 FP32 FP32  FPea
INTSZ INTS2 FP32 P32  FPss
INT32 INT32 FP32 FP32  FPes

INT32INT32 FP32 FP32  FPs4

W Wy W L Lo
Cif ol bR T A

s tion Cache
Warp Scheduler {32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

INT32INTSz FP32 FP32  Fpos
INTIZINTSZ FP32 FP32  FP64
INT3ZINT32 FP32 FP32  FPe4

INT32INT32 FP32 FP32  FPs4

TENSOR CORE

INT22 INT32 FP32 FP32  FPos

INT32INT32 FP32 FP32  FPes

INT32 INT3Z FP32 FP32  FPe4

INT32INT32 FP32 EPS2  FP64

W W W LY LD LDI LD DI
st ber e fard| Ger bavl haw) L

SFU

INT32 INT32

INT3Z INT3Z

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

Wi Lor
sT ST

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

W Lo

ST ST

L0 Instruction Cache
Warp Scheduifer (32 thread/cik)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32 FPG4
FP32 FP32 FP64
FP32 FP32 FP84
FP32 FP32 FP&4
TENSOR CORE
FP32 FP32 FP64
FP32 FP32 FP64
FP32 FP32 FPB4
FP32 FP32 FP6a

W W L Lo Lo
ST ST ST ST ST ST SFU

e
Warp Scheduler (32 thread/cli).
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32  FPe4
FP32 P32 FPes
FP32 FP32  FPe4
FP32 FP32  FPe4
TENSOR CORE
FP32 FP32  FPes
FP32 FP32  FPes
FP32 FP32  rFres

FP32 FP32  rFrea

(LT T TR ]
o | X S|

192KB L1 Data Cache / Shared Memory

Tex
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Tex

Warp Schedule¥ {32 thread/elk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

INT32INT32 FP32 FP32

INT32INT32 FP32Z FP32

INT32 INT32 FP32 FP32

INT32 INT32 FP32 FP32

INT32 INT32 FP32 FP32

INT32INT22 FP32 FP32

INT32INT32 FP32 FP32

INT32INT32 FP32 FP32

LD/ LD/ Loy Loy
ST ST ST ST

FP64

FP64

FP84

FPG4

FPB4

FP84

FP&4

FP64

Loy LD/
8T ST

TENSOR CORE

LD/
ST

LDV
ST

~ 192KB L1 Data Cache / Shared Memory

Tex

SFU

L

INT32INT32

INT32INT32

INT32 INT32

INT32INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

Lo! Lo/
ST ST

 Volta Z2f¥gch , —/"SMHE8“"FP64 Cuda Cores , 16" MINT32 Cuda Core , 16”1"FP32 Cuda Core ,

Warp Scheduler (32 thread/clk).
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32
LD/ LD/

ST ST

Tex

FPG4

FP64

FP84

FP&4

FPG64

FP64

FP&4

FPG64

Loy Loy
ST ST

TENSOR CORE

LD/
ST

LD/
ST
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sik&1t, Tensorization

Volta Z2¥gh , —"SMHE8/"FP64 Cuda Cores , 16 NINT32 Cuda Core , 16”1NFP32 Cuda Core |
F1128 1 Tensor CoreZHpY , —£H 4/ SM,

NVIDIA V100 FP32 NVIDIA A100 Tensor Core TF32

<
S S
=
S
b
S
=
o=
N
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sik&14 Tensorization

FimCPU/GPUREH Bl ¥ E AT KEWITEKEIES | WREXKEZIES
FAF/RAUVN, FIFEKEIE<SH—MA A2 ARG EiRHNEFE | W5EiXaIcuBLASHI
cuDNN , AN/ RAJoneDNNZE,

A, SREGHNFNE FEEEH— RSN |, XM ZRIBRIEEREETE

).
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sik&1t Tensorization

HHOREHAR S T BB EHATIESE | B RIS S S IRk
KB EETMARSSN , SEEENSASIKE | FHERREIERR
9 Al NESEELIE)E SR RIS

TVM | BiEHE<SRROSEES 7 |, RO

M Tensor RANFREEEE , KRB ERESE
Tensorization IRHEERSHEEMRGIRIE | (FTARMZESET B iR E2e
Al JRiEEsfGimE TensoriBEMET AT SCIlE S EMAAFLIHA% , NTEZRS RS

11 Huawei Confidential. Ascend


http://www.hiascend.com/

Fha i

Memory Optimization

AAAAAA


http://www.hiascend.com/

IB1FZEIR Latency Hiding

SEIRFEHE ( Latency Hiding ) RIBRAFRIFSITEERS | &AREMESRFITERIREN

ZRIETE,
warp 1 [NGEUTYANM  arithmetic
warp 2 [ arithmetic arithmetic [l
warp 3 _ arithmetic arithmetic
—>
Time
Figure 3.2: There are 3 concurrent warps, but only 1.5 concurrent memory access instructions on

average.

13 Huawei Confidential. Ascend


http://www.hiascend.com/

IB1FZEIR Latency Hiding

SEIRFEE AT LUBIE 222642 | EvA TR iR E R FREN LI

GPU :
{KERTF Wrap Schedule XJZ 2RV E IRIEEFN_L N SCJESCIR

NPU/TPU :
XfREFEAR)/H{T ( Decoupled Access/Execute , DAE ) 22§43
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iH{F3EIR Latency Hiding on GPUs

GPU core, a.k.a. SM, resou

rces (typical values)

15

Maximum number of warps

per SM

Maximum number of blocks
per SM

Shared memory usage

Register usage
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Multiprocesor

CUDA cores
Warp Warp
scheduler| |scheduler

Load-store unit

L1 S / shared memo

Memory controller

Multiprocesor

CUDA cores
Warp Warp
scheduler| |scheduler

Load-store unit

Interconnection network

Memory controller

L1 $ / shared memory

Multiprocesor

CUDA cores
Warp Warp
scheduler| |scheduler

Load-store unit

Memory controller

L1 $ / shared memory

Memory controller

DRAM
chip

DRAM
chip

DRAM
chip

DRAM
chip

DRAM
chip

DRAM
chip

DRAM
chip

DRAM
chip
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iH{Z3ER Latency Hiding on GPUs

* Warp : A set of threads that ex Warp Scheduler Warp Scheduler

ecute the same instruction (on

Instruction Dispatch Unit Instruction Dispatch Unit

different data elements)

A0 AR B AR O RRR AR RRLD AR
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAL AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAL
Warp 8 instruction 11 Warp 9 instruction 11

Warp 2 instruction 42 Warp 3 instruction 33

Warp 14 instruction 95 Warp 15 instruction 95

* Each scheduler issues | instructi

on from one warp per cycle, if i

t has a warp ready to execute.

time

Warp 8 instruction 12 Warp 9 instruction 12

Warp 14 instruction 96 Warp 3 instruction 34

Warp 2 instruction 43 Warp 15 instruction 96
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iBTFAEIR Latency Hiding on GPUs

4 active warps

% Instruction 3
% Instruction 2
% Instruction 1
% Instruction 1
% Instruction 3
v % Instruction &
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time

Il

Instruction 4
(Long latency)

time

2 active warps

% Instruction 3
% Instruction 2
% Instruction 3

{ (
% Instruction 5

Instruction 4
(Long latency)
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Decoupled Access/Execute Architecture Processor

MBS AT AR -
BIEHEET (MAU ) SEEAE, HITAIEE (EP) MERSHEENE (DRA) FIERERS
518 (DCA) 4Hp , AIFITEESFE. ERNNE S IR,
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IBTFIER

- TVM 1%@?&&%@#?‘?&%5%@%ﬁﬁ\i‘aﬁ%\iﬁ ;
fSiERFRIREER,

KEEEHTIE

Input: High-level Threaded Program

vthread 0 1d ex ld ... 1d ex

vthread 1 14 ex d ... 1ld ex

for vthread tx in range(2):
acc_buffer CL[8]
inp_buffer AL[8]
for k in range(128):
1d.dma_copy2d(AL, AL[k][tx*8:txx8+8])
ex.accumulate(AL, CL)

—» read after write (RAW) dependence

-+ read after write (RAW) dependence
&

&

push RAW dependence
push WAR dependence

pop RAW dependence
pop WAR dependence

19  Huawei Confidential. Ascend

Latency Hiding on XPU

Inject Synchronization Instructions

vthread 0 1d - ex —~ 1d 1d - ex —~

barrier

vthread 1 1d - ex - 1d ld - ex -

for vthread tx in range(2):
acc_buffer cL[8]
inp_buffer AL[8]
ex.push_dep_to(ld)
for k in range(128):
1d. pop_dep_from(ex)
1d.dma_copy2d(AL, AL[k][tx*8:txx8+8])
< 1d. push_dep_to(ex)
ex. pop_dep_from(1d)
ex.accumulate(AL, CL)
< ex. push_dep_to(1ld)
® ld.pop_dep_from(ex)

XN e aEREREL | BRI LERXLEREE | LA

Final Single Instruction Stream

acc_
inp_
ex.p
ex.p

# for
d

d.
d.
d.
) d.

d.

ex
ex

o -

t ¢+ ¢ ¢
1 1 e e
d d x 'x
L I B B A |
buffer cL[2][8]
buffer AL[2][8]
ush_dep_to(1d)
ush_dep_to(1d)
k in range(128):
.pop_dep_from(ex)

push_dep_to(ex)
pop_dep_from(ex)

push_dep_to(ex)
.pop_dep_from(ld)

.accumulate(AL[0],
ex.
ex.
ex.
ex.

push_dep_to(1d)
pop_dep_from(ld)

push_dep_to(1ld)

1d.pop_dep_from(ex)

‘e d.pop_dep_from(ex)

- 0

dma_copy2d(AL[0],

dma_copy2d(AL[1],

accumulate(AL[1],

t ¢t

- X 0 -
- % on -

AL[k][0:8])

AL[k][8:16])

cLlel])

cL[1])
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IBTFIER

ER PRI THERRD
8] , RITFARFTE
B5E, FYTIERLE
KR BIRIREZ L
I, AL EK

fToken N\BA/H7I/45

{E.
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Latency Hiding on XPU

Monolithic Pipeline

1d ex 1d ex
0 0 1 1

t

Decoupled Access-Execute Pipeline

ld 14 1d 14
0 1 2

-+ read after write (RAW) dependence

- write after read (WAR) dependence

execution savings

e

>|

Instruction Stream

1d.
ex.
1d.
ex.

1d.
1d.

1d.
1d.

ex.
ex.
ex.

ex.
ex.
ex.

1d.
1d.

perform_action(1d@)
perform_action(ex@)
perform_action(1dl)
perform_action(ex1)

perform_action(1de)
push_dep_to(ex)

perform_action(1d1)
push_dep_to(ex)

pop_dep_from(1d)
perform_action(ex@)
push_dep_to(1ld)

pop_dep_from(1d)
perform_action(ex1)
push_dep_to(1ld)

pop_dep_from(ex)
perform_action(1d2)
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RTZE5EE Memory Allocation

BEREE
ERTE

W E
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RTE5EE Memory Allocation

FEfRE | FAEEX SBRENRESERFTHRZRAESET—RAF

int i, j zomi[10];
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RTE5EE Memory Allocation

ERTE (HFSEENERERE ) | WMFSENTFPRIIRFSFEX S ESE
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RTE5EE Memory Allocation

WA g . FAZHAmallocainewlEH FEHE—ERESE

int *x = new int[10];
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RFESEE Memory Allocation on CPU

EomFERBIL RN FEEL D AR XESRRMMEF RIDRAFEINIR | MERTEEES
BRI/ , —BERFAREEERATRETRZAONGER |, iaHAFEAEREIR.

AFX

(A ]S

% (FEREEE)

Memory

# (Malloc/New H BRI E)

SRR (2REE/HFSEE)
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f[adsichils

Syl

fikithilt

A
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RFSEE Memory Allocation on GPU

» Shared Memory PU chi

Multiprocesor Multiprocesor Multiprocesor

- Local Memory

CUDA cores CUDA cores CUDA cores
Warp Warp Warp Warp Warp Warp
scheduler| |scheduler scheduler| |scheduler scheduler| |scheduler

Load-store unit
shared memo

Load-store unit

L1 S / shared memory L1

Load-store unit

L1 S / shared memory

Interconnection network

Memory controller

Memory controller | | Memory controller | | Memory controller

DRAM DRAM DRAM DRAM DRAM DRAM DRAM DRAM
chip chip chip chip chip chip chip chip
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o Loop Optimizations: how does the compiler do it? https://johnysswlab.com/loop-optimizations-how-does-the-compiler-do-it/

o Loop Optimizations: taking matters into your hands https://johnysswlab.com/loop-optimizations-taking-matters-into-your-hands/

o Understanding Latency Hiding on GPUs - UC Berkeley EECS. https://www?2.eecs.berkeley.edu/Pubs/TechRpts/20 | 6/EECS-2016-143.pdf
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