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SHE (Convolution)

Input feature map

filter

Element-wise
multiplication



SHE (Convolution)

Input feature map
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filter

Element-wise
multiplication

Sliding Window processing
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CPURITFERT
- RFBRIIPITF N

Z Ecache Kt FIERT foeed
- Register, L1, L2, L3, Main Memory L1 Cache (on
chip, banked)

: :FﬂJﬁ;J 2SRRI FREAN S A9 AR A I FRE
ﬂl L2 Cache Unified

Quantity Speed Cost
L3 Cache (Unified)
Registers 512 bytes 1 ?
L1 cache 32 KB 2 ?
L2 cache 512 KB 10 $200/MB Main Memory
Main memory 32 MB 100 $50/MB

Source: https://web.stanford.edu/class/ee282h
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tput . tput
CUPY e miaIEE °“Tp“
/ .

Write ‘é‘gg: EEASIE (SIMD)

PR A, T TR

Decode

I Vector operations

(SSE / AVX)

Fetch
input

Source: http://dlIsys.cs.washington.edu/



http://dlsys.cs.washington.edu/

SIMD (Single Instruction, Multiple Data)

SSE Data Types (16 XMM Registers)

_m128 | Float | Float | Float | Float | 4x32-bitfloat

__ml2&d | Double | Double |2xﬁ4-bitduuble

~mizsi [B|e|e|e|e|e|e[e|e|B|B|B|B|B|B]|B| 16xs5-bitbyte

__ m128i | shnrtl shurtl 5hnrt| sh nrtl shnrtl shnrtl shnrtl 5h0rt| Bx 16-bit short

_mizai | st | st | st | int | ax3zbitinteger
_ m128i | long long | long long | 2% 6dbit long
_ m128i | doubleguadword | 1x 128-bit quad
AVX Data Types (16 YMM Registers)
_mm256 | Float | Float | Float | Float | Float | Float | Float | Float | 8x32-bitfloat
__mma256d I Double | Double | Double | Double | 4x 64-bit double

__mm256i 256-bit Integer registers. It behaves similarly to _ m128i.0Out of scope in AVX, useful on AVX2

AVX QOperation
mm2se | ox72 | x| x5 | xa | x3 | x | wa | xo |
mm2zss | vz | v | vs | va | va | v | w1 [ vo |

_ _mma2ase XT+Y7 X6 +Y6 X5+Y5 X4+¥4 X3 +Y3 X2+Y2 X1+Y1 X0+Y0

https://www.codingame.com/playgrounds/283/sse-avx-vectorization/what-is-sse-and-avx
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- Clm,n] = Alm, k] x Blk,n]
- Cli,j1 = Xp=0Ali,p] x B[p, /]

A B




B EiEREIRGE

Zp o Ali,p] X Blp, /]

ST ATRRIS?

X EHISCIN

C for (int 1 = 0; 1 < m; i++) {

¥

for (int j = 0; j < n; Jj++) {
for (int p = 0; p < k; p++) {

¥

}

C(i, j) += A(i, p) * B(p, J);
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CPU Care
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registers

cache line

CPU Care
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L2 Cache Unified

L3 Cache (Unified)

Main Memory
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~ output
UL PEES i

registers elementwise back
® /ALU\/ALu\/ALu\/ALU\
/V
BEm 110 =l
| necade Vector opera CPU Core
L1 cache oadcast T (SSE ! Avx)
EE Registers

T L1 Cache (on
. input chip, banked)
cache line

L2 Cache Unified

L3 Cache (Unified)

Main Memory
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. Z[EZR|registerflJE

2]

S ARIBIERER]S
RSB LSS

, SCRRF

T

RAEA

\HIER,

float8 csum|regsA|[regsB| = {{0.0}};
for (intp = 0; p < k; p++) {

// Perform the DOT product.
for (int bi = o; bi < regsB; bi++) {
float8 bb = LoadFloat8(&B(p, bi * 8));
for (int ai = o0; ai < regsA; ai++) {
float8 aa = BroadcastFloat8(A(ai, p));
csum/ai|[bi] += aa * bb;
}
}
}

// Accumulate the results into C.
for (int ai = o0; ai < regsA; ai++) {
for (int bi = o; bi < regsB; bi++) {
AdduFloat8(&C(ai, bi * 8), csum[ai][bi]);
}
}
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- Tiling
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- Fr=2RY2
- BLAS &
- Intel Math Kernel Library (MKL)
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ALU ALU
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- HHERTSESIRT

- NTFZEN L
- CPULEFEMETE

Registers

L1 Cache (on
chip, banked)

L2 Cache Unified

L3 Cache (Unified)

Main Memaory
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output

CPU

P

input

output

T

Write
back

\

Decode
A

Fetch

!

input

Vector operations
(SSE / AVX)

GPU: specialized accelerator

Fetch

Decode

[au) [av) [av) [aw)
[a0\ (a0 [Av) [aw)
[a0\ (a0 [Av) [Aw)
[au) [av) [av) [aw)
[a0)\ [av) [av) [aw)

Write back

Source: http://dlIsys.cs.washington.edu/
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- SIMT (Single Instruction, Multiple Threads)
- JF—2HCores?BZIp— " cluster —
- EE—AYaXcoresEf 1 THERIAVIES e W e e

~\

. 32NN RFE N—Brapkwarp, Liwarp NERIEAE R cores_E = e e s
- ‘:-;;:»-—-" =53

- —MwarpRFMEZAZITHERES, (BR(FEARNEYEL

( Register File )
(32,768 x 32bit) |




Kernel Execution

Instruction Buffer

Dispatch Unit
&

Warp Scheduler

Dispatch Unit
B

Register File (32,768 x 32-bit)

Core

Core

e A warp consists of 32 threads
o A warp is the basic schedule unit in kernel
execution.

e A thread block consists of 32-thread
warps.

e Each cycle, a warp scheduler selects one
ready warps and dispatches the warps to
CUDA cores to execute.

\ SMO Thread Block Pool

\ thread block 1

WL LTI | woacz | = # | e

warp warp
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CPU memory hierarchy

GPU memory hierarchy

SM SM
Reg
Shared Read-only
L L memory cache
L2 cache

Core Core
Reg Reg
L1 cache L1 cache
L2 cache L2 cache
L3 cache
DRAM

GPU DRAM
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L-n“-ead}_, Registers | Registers: RO cycle / R-after-W ~20 cycles

L1/texture cache: 92 cycles
Shared memory: 28 cycles
Constant L1 cache: 28 cycles

L2 cache: 200 cycles

DRAM: 350 cycles

(for Nvidia Maxwell architecture)

http://lpgpu.org/wp/wp-content/uploads/2013/05/poster andresch acaces2014.pdf
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“IMhread blockiTE

MRIERZINBICRERE E

(__Block0 ) (_ Block1 ) (_ Block2 ) (_ Block3 )
(__Blockd4 ) (_ Block5 ) (_ Block6 ) (_ Block7 )
(__Block8 ) (_ BlockS ] ( Block10 ) (_ Block11 )

Block 12 Block 13 Block 14 (__Block 15 )

oS LA =

N
— 7\ ;& =+ :
ﬁE/]\E,‘J | L E,‘Jélzl B matrix
} BlockItemsK
K N
BlockItemsX
K |
A matrix C matrix
[~
Block, ,
BlockItemsY BlockItemsY
—— N
BlockItemsK BlockItemsX




Warp Tile

- B Pthread-blockdiH—2E4l
I Fkwarps

- Tile AFIBMmemoryHloadZl]
shared memoryH
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AR BT X

B matrix

A matrix

C matrix

BlockItemsY

B tile
BlockItemsK
Warp, Warp, Warp, | Warpg
A tile
Warp, Warps Warps | Warp,
(SMEM) Thread Block

BlockItemsX ™.

(SMEM)

(RF)
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. Main loop body
""" I ST

Global to Store
Shared Memory shared
Shared Memory to Load Load Load
Registers shared shared shared
! loop-carried
| dependency
Registers to | |
CUDA cores | |
I i I

__syncthreads()

0
.
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NVIDIA Tesla V100 GEMMs
CUTLASS performance relative to cuBLAS
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Tensor Processing Unit (TPU)
- E—RTPU

28nm process

9090 |epll

runs at 700MHz - B — ey e
consumes 40W oo iy y SORCIML  oooco )

An in-depth look at Google’s first Tensor Processing Unit (TPU)
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- Matrix Multiplier Unit (MXU): 65,536 8-bit SEJNER

- Unified Buffer (UB): 24MB of SRAM

. Activation Unit (AU): TR EGEE

2T

TPU Instruction

Function

Read_Host_Memory

Read data from memory

Read_Weights

Read weights from memory

MatrixMultiply/Conv
olve

Multiply or convolve with the
data and weights,accumulate
the results

Activate

Apply activation functions

Write_Host_Memory

Write result to memory

14 Gigls

PClo Gen3 x16

14 Gig/s

&

[[] oncrp o
[[] oats Butrer

[ controt

Not to Scale

Host Interfaco

14 Gig/s

D

X/ 30 GiBls

[ Woight FIFO |
s | | i Fetchen

30 Gis/s

- | - G 306!8!-

10 GiB/s

=]
L}
H
=)
=

f

Buffer Systolic
(Local Data
Activation Setup
Storage)

(S

Gi

J

& 167 Gig/s

167

Matrix Multiply
(64K per cyclo)

B—

Normalize / Pool
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CPU with AVX/SSE

CPU GPU

scalar vector

11

21

31

TPU

12

22

32

matrix

13

23

33
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output

CPU

I

input

output

T

Write
back

[ A\ AEU \ [ A\ /AW
I

Decode

T

Fetch

!

input

Vector operations
(SSE / AVX)

GPU: specialized accelerator

‘ Fetch ‘

I Decode ‘

[a0) [a0) [Av) [
[a0) [a0) [Aw) [Aw)
[a0) [0 [Aw) [A0)
[a0) [a0) [AD) [
[a0) [a0) [Aw) [0

| Write back ]

TPU: Matrix Multiplier Unit

§ S, N S

ALU = ALU =%/ ALU |\ ALU \-

ALU ™/ ALU Y/ ALU > ALU

f S S B |

ALU 7/ ALU ) Alu > ALY -

P SN S S

ALU 7>/ ALU ™/ ALU > ALU T

t ottt

ALU ™/ ALU TP/ ALU P ALU T

§ S, N S

ALU = ALU =%/ ALU |\ ALU \-

ALU ™/ ALU Y/ ALU > ALU

f S S B |

[ A ' AL/ Al Y A

| Fetch ‘
| Decode ‘
4 1 + ¢ [ S _
ALU 7/ ALU 7/ ALU > ALU T [ ALU P/ ALU TP/ ALU P ALU >
t ottt
ALU ™/ ALU TP/ ALU P ALU = [ AU P/ ALU TP/ ALU P ALU >

S, S B

A\ A = A\ >
ALU 7%/ ALU T/ ALU > ALU >
ALU T/ ALU T/ ALU | ALU >
ALfU ™/ ALU 7>/ ALU ¥ ALU >
A '/ A '/ A\ A >
A\ A\ A\ A\ >
ALU T/ ALU T/ ALU > ALU >

)

ALU ™/ ALU TP/ ALU \=» ALU >
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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



