»
J
Iy o7
NG UNIVERSITY

AT SaEREEER

MR R TR

Bhin: EEHNERESAIRS RS

Fif: [EHEF
20265FHF



T e RN

. ERELER

EALS1E3Rik-48B7a. 4AHa-58%). 5BHa-6R4]

S _R{EAVATE): 5.11-5.25

SE=IR{EVATE]: 5.28-6.13

E1.xlabRE: 48138-5B13H

gE2)xlabldE: 5813H-6813H
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2-Way Set Associative Cachei&it

SEy: »
o 0 3 t A J’ :ﬁ
: - 59 =
&’ PEKING UNIVERSITY

Address Cache
Vd tag data

01101

=) [==—) (=) ==

~—* Block Offset (unchanged)

> 1-bit Set Index

> Larger (3-bit) Tag

Impact on the 3C’s?




2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
vVd tag data
ld Rl M[ 1 ] 0
Lld R2« M[ 5 ]
St R 5>M[ 7 ] 0
St R1->M[ 4 ]
Ld R3«< M[ 0 ]
Lld R2< M[ 8 ] 0
0
RO
R1 Misses: 0
R2
R3 Hits: 0

Memory
0 78
1] 29
2] 120
31 123
a4 71
5| 150
6| 162
7\ 173
8 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

10

i}

BIEEH REHE

C

AR »
NEFER

s PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor

# Ld R1 <« M[
Ld

1

R2< M[ 5
St R2 > M[ 7
St R1—> M[ 4
Lld R3« M[ 0
Lld R2« M[ 8

L N SR e gy —

Cache

Vd tag data

0

0

0

RO

R1

R2

R3

Misses:
Hits:

0
0

Memory
0p 78
1] 29
2| 120
3| 123
4 71
5| 150
6| 162
7\ 173
8] 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

11

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
qLdR1<—M[1] [1]0] O 78
Ld R2« M[ 5 ] 29
St R2>M[ 7 ] s[0
st R1oM[ 4] |-
Ld R3« M[ 0 ]
Ld R2< M[ 8 ] 10
10
RO
R1 29 Misses: 1
R2
R3 Hits: 0

Memory
0 78
1 29
2l 120
3] 123
4 71
5| 150
6] 162
% 173
8| 18
9 21
10 33
11 28
12 19
131 200
141 210
15 225

12

i}

BIEEH REHE

C

N e 7S ¥
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLeM[ 1 ] 11/0] O 78
Ld R2« M[ 5 ] 29
St R2o>M[ 7 ] :,IO I
St R1>M[ 4] |-
Lld R3«< M[ 0 ]
ld R2« M[ 8 ] 10] |
o] |
RO
R1 23 Misses: 1
R2
R3 Hits: 0

Memory
0p 78
1] 29
2| 120
3| 123
4 71
5| 150
6] 162
7} 173
8| 18
9 21
10 33
11 28
12 19
13| 200
141 210
15} 225

13

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache Memory
0 78
1] 29
2] 120
Vd tag data 3 123
-Ld R1«M[ 1] [2]1]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] 110] 1 71 6] 162
Ld R3< M[ 0 ] 150 71 173
ld R2Z« M[ 8 ] 0 8| 18
91 21
0 10} 33
RO 111 28
R1 29 . . 121 19
> [ 150 Misses: 2 13 200
R3 Hits: 0 141 210
| 150 225 14

i}

BIEBEH FEHE <9>

C



2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache

Vd tag data
RriemMm 1] [2[1]0] O 78
ld R2¢~M[ 5 ] 29
St R2o>M[ 7 ]

#St Ril>M[ 4 ] Il OI 1 71
Ld R3¢ M[ 0 ] 150
Lld R2« M[ 8 ] o] |

o] |
RO
R1 29 . .
0 [ 150 Misses: 2
R3 Hits: 0

Memory
0 78
1] 29
2l 120
3] 123
a4 71
5| 150
6] 162
¢ 173
8 18
9 21
10 33
11 28
12 19
131 200
141 210
15} 225

15

i}

BIEEH REHE

C
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
dRri<mM 1] [2[1]0] O 78
ld R2¢M[ 5 ] 29
St R2>M[ 7 ]
~St Rl1>M[ 4 ] Il OI 1 71
Lld R3< M[ 0 ] 150
ld R2« M[ 8 ] 1111] 1 162
150
Zlo] |
RO
R1 29 . i
0~ [ 150 Misses: 3
R3 Hits: 0

Memory
0p 78
1 29
2| 120
3| 123
a4 71
5| 150
6l 162
7\ 173
8] 18
9 21
10 33
11 28
12 19
13] 200
141 210
15 225

16

i}

BIEEH REHE

C
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld Ri<M[ 1] [|2]110] O 78
ld R2«M[ 5] | 29
St R2>M[ 7 ]
St RL>M[ 4 ] 110] 1 71
ld R3¢« M[ 0 ] 150
ld R« M[ 8 ] 1/11] 1 162
150
=Zlo
RO
R1 29 ) _
> [ 150 Misses: 3
R3 Hits: 0

Memory
0] 78
11 29
2| 120
3] 123
4 71
5| 150
6] 162
7\ 173
8 18
9 21
10 33
11 28
12 19
13] 200
14] 210
15 225

17

i}

BIEEH REHE

C
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Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor

Ld R1 « M
Ld R2 « M][
St R2 > M

Ld R2 « M|

Cache

Vd tag data
2l1]o] O 78
29
1111] 1 29
150
(1]1] 1 | 162
150

2lo] |
Misses: 3
Hits: 1

Memory
0p 78
11 29
2] 120
31 123
4 71
5] 150
6| 162
7\ 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15} 225

18

i}

BIEEH REHE

C
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
dRrieMm 1] |2[1]0] O 78
Lld R2< M[ 5 ] 29
St R2 >M[ 7 ]
St RL>M[ 4 ] 1]1] 1 29
-Ld R3« M[ 0 ] 150
ld R2« M[ 8 ] 1{1] 1 162
150
=lo] |
RO
R1 29 . ]
> [ 150 Misses: 3
R3 Hits: 1

Memory
0p 78
11 29
2] 120
3 123
4 71
5] 150
6] 162
71 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15 225

19

i}

BIEEH REHE

C
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Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
WrieMm 11 |2[1]0] O 78
Ld R2< M[ 5 ] 29
St R2o>M[ 7 ]
St R1>M[ 4 ] 1I1I 1 29
‘Ld R3¢« M[ 0 ] 150
Ld R2< M[ 8 ] 1]1] 1 162
150
Zlo] |
RO
R1 29 . .
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0 78
11 29
2| 120
3| 123
4 71
5| 150
6] 162
7 173
8 18
9 21
10 33
11 28
12 19
131 200
14 210
15 225

20

i}

BIEEH REHE

C
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Gios PEKING UNIVERSITY
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLe~M[ 1 ] 11]0] O 78
ld R2«~M[ 5 ] 29
St R2>M[ 7 ] =
St RL>M[ 4 ] Ef1faj 1 29
Ld R3«< M[ 0 ] 150
‘Ld R2< M[ 8 ] 11]11] 1 162
150
z|o]
RO
R1| 29 : :
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0 78
1] 29
2| 120
3| 123
4 71
5| 150
6| 162
7} 173
8 18
9 21
10 33
11 28
12 19
13| 200
14F 210
15} 225

21

i}

BIEEH REHE

C

N e 7S ¥
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache Memory
0 78
1 29
2] 120
Vd tag data 3] 123
ld RL«M[ 1 ] 11]o] o 78 4 29
ld R2<M[ 5 ] 29 5] 150

St R2o>M[ 7 ] >
St RL>M[ 4 ] 2l1]1] 1 29 /5 162
Ld R3« M[ 0 ] 150 71 173
-Ld reeMm[ 81 | [1]2] 1 | 162 8| 18
150 9 21
Z|o] | 10 33
RO 11 28
R1 29 . . 12 19
0| 150 Misses: 3 13" 200
R3| 78 Hits: 2 14) 210
] 15 225 22

i}

BIEBEH FEHE <17 >
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
Vd tag data
ld Rl M[ 1 ] 11]0] o 78
Ld R2Z«~M[ 5 ] 29
St R2>M[ 7 ]
o riom 2] |212l0] 2 18
Ld R3« M[ 0 ] 21
ﬂLd reeMm 81 | [1]2] 1 | 162
150
Zlo
RO
R1 29 ) .
o 18 Misses: 4
R3 78 Hits: 2

Memory
0p 78
1] 29
2] 120
3] 123
4 29
5| 150
6| 162
"\ 7\ 173
8 18
9 21
10 33
11 28
12 19
13| 200
141 210
15 225

23

i}

BIEEH REHE

C

N e 7S ¥

Gios PEKING UNIVERSITY
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b ayin
» CacheltBltAIELYS 9o X IR G

For a 32-bit address and 16KB cache with 64-byte blocks, show the
breakdown of the address for the following cache configuration:

A) fully associative cache B) 4-way set associative cache

Block Offset = 6 bits

Tag = 32 - 6 = 26 bits Block Offset = 6 bits

#sets = #lines / ways = 64
Set Index = 6 bits

C) Direct-mapped cache _
Tag =32 -6 - 6 =20 bits

Block Offset = 6 bits
#lines = 256 Line Index = 8 bits
Tag =32 -6—-8 =18 bits

i}

BEBH &5HE <19 >
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$1§UQ*E fl: lgEISN({JNIJVE:RSITY
« Cache AccessEla9tr

« T avg=T_hit + miss_ratio x T_miss
« comparable DM and SA caches with same T_miss
* but, associativity that minimizes T_avg often smaller than associativity t

hat minimizes miss_ratio

dl:ff(tcache) cache(SA) cache(DM) =20
diff(miss) = miss(SA) - miss (DM) <0

e.g.,

assuming diff(t_....)= 0 => SA better

cache

assuming diff(miss) = -1%, t.. = 20
= if diff(t.,che) > 0.2 cycle then SA loses
BIEEH REHE <20>
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e 2 DT Dt Vi Qs
« Bus-based Multi-core #1 Network-on-chip: Chip Multiprocessor (CMP)
CPU(S) CPU(S)
cpPU($) | | cpu(s) | | cpu(s) | | crpu(s) Mem | R l— R [Mem
Mem|R| [Mem|R| |[Mem]R| |Mem|R I I
—— em] af R e
CPU(S) CPU(S)
o ;IZE%IEEI;E\:F&Q., bus o RXSRIMZE: e.g., mesh or ring
N ivian g \ .+ ERKARER: TTREEEZ "hops” ZREH
(B TR 16 ptay o P
e . EEIHE: T EEHTIMES
HEE MG T BN . B E IRy
(EE=REE)

i}

C

,Eé,H\ZFwQEE %@#@ <22 >
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« Network-on-chip: Chip Multiprocessor (CMP)
"

PE

PE

PE

PE

PE

PE

PE

PE

PE

PE

PE

PE

—E—u—nm

B——a—n

Router Arbiter
1

PE

PE

PE

PE

Bl FEAFE

Mesh Topology

[

A

—

i

ap

i

E |

2-D torus topology

& PEKING UNIVERSITY

Octagon topology

i : Irregular or ad hoc network
g}mﬂ Sﬁj; topologies

<23 >
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« Network-on-chip: Chip Multiprocessor (CMP)

Switching strategies

o fiff 58 B anrr e i R 2% R i routers

o JE SCHURAL S HRL R AN SR IR A e b R
o phit RLEFA B P I8 I B A ) A8 BT
« typically, phit size = flit size

Packet
Header \
Head flit Body flit Body flit  Tail flit

Flit |

Message

Phit Phit Phit

m

BIEEH FEHE

C

e s Y

PEKING UNIVERSITY

<24 >
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« Network-on-chip: Chip Multiprocessor (CMP)

(T »
ANTFES

PEKING UNIVERSITY

+ Well-controlled electrical parameter

+ Reliable interconnection
Output

+ High performance Channels

T/"e N/etwork Logic

Input
\Chinnels

BEBH F#EHE <25>

O O O O |Header
E E E E Decode
]

m

C



ZHERERARRT

« Network-on-chip: Chip Multiprocessor (CMP)

« Static and dynamic routing
- static routing: [ EBEH TR € RN B i Z EEmEE
« BEEZERMERN LIRS
- static routingfl s

« BTSEH, BFAJLPAREBI R A28
- MR BEERE, WERRF A2

» dynamic routing: HRE M2 1) S HTIRSM T B8 B R 3K
- BRTTHENSEEARSEEER

o VEA B b2 6] B B A2 FT Be < B I JB) T 23R
 FEEtrafficiR LA N A ZRZ1L

« FEFZRIFRBENBRESHITLEBHBRE

o ReW% B I Hh o i B 2% i traffic

BIEEH FREHE

u‘”u.,r »
NIECE R

Gios PEKING UNIVERSITY

<26 >
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- Static Routing Tables

D U kSt Fa ' Sa I g @) rlt h m CENTRAL ROUTING DIRECTORY

From Mode

s FETS AEREHER NI, i
HERR RS g S N A
_ BT RS E | ST
STH] BT
- FETREAERAE B

1 Nede 1 Directory Nede 2 Direcioey Niode 3 Directoey

. -|_'§}A_ ,‘\\ ( y ;}? . ) Destimation  Mext Node Destination  Mext Node Destination  MNext Nodde
ZlprAal Jﬂz FRHIEARRA T : —

1
Eg?é ‘ 4 : 4 : 4
5 4 4
- ééHija:}lZ /\\\H/JEQEE o & g , 5
% Nuode 4 Directory Mpde 5 Directory MNuoede & Directory

| 2 4

ALY * BRAIER /A .

\/_I > 1—b LX Destination  Nexi Node Destination  Nexi Node Destination  Next Node
= A 21d kKA, 7 :
]

3

1
)
5
= ;

4
1
4
&

= S R

(3]

FIEEHR F#a5HE <27 >




51‘7 RIEAYLERRZ

. Dynamic Routing

éx‘\”"e» »
NELFE®]

PEKING UNIVERSITY

N n | s
O—0O—C—0 m) i1 e | EEER L
: et O |
‘ @ .l @ i BEBITE P e
&—0— 00 "
— &R IR EHIRIR
BirTim
EIEE o e
| | (Hes HN v
. . B ==l R PREHRER |
IRTI R Y - U — o
T ‘ ‘ﬁg‘l . Ejj gﬁ ==t | -
O0—O0—O0—0O B : . H
—>\ l /J\EI'J S g ; / |
. . . -Dﬁ | N Y A U [ S i
- l \ et |
O—0C—C0C—=0
RITIR RSB R

REER FEHE <28>
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- EHMEEISH

AN NI 1 A B 3 4 A IR — 4144 H 1 VC,
V%I%‘Bi%);}j;ﬁ;llzﬂ;;{;'{% e [ 2 DL flit 7 DAk SEAE

\ ] VC identifier
21X 1 flits ! :
D —p:ED_. | VC Allocator
Ip\m\\ e ]

Arbitrates between
competing input VC &
allocates output VC

Switch Allocator
~

credit out

A BORVCH) | | | o

Q"“ N ! : ! N A AWIT]
b LA ; RIS T (S
- . CROSSBAR . 11 VC) 5%t o 1 VLA
| ¢ (Px P) )
Input Channel i i i E Output Channel
.____4H —l ——
credit out i ; i \\ i
T eurroRr | HIN VC LRI Flits

e WL B VC
BBl ®RaHE <29 >
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SAZERISRYAE LRSI
- iRASEsRiDeadlock

.
~
l—

....... Y N
y

N Y Y
:\_}

RiZIEEMUER LS
FRZARAZ A RIELEE

BIEEH FEHE

e s Y

PEKING UNIVERSITY

- JLNEIRS N RN (ESEMERRTF I FESHREE

HERKARE, NMSEEESERESE BT
THRIER NRITTT A4 &2 BaYiE.

« P1, P2, P3fIPAMINMEIREMAR G T —RKBIEZRIR,

HEKEIMIRIR, (EIBRIFRNHAEPEIRER AfE

- LIP1FIP2EUEE /A, P1 RS MERHSAKEBH &

ZZHARIA R EHESC

- P2 HIEEMNIRHEEB AT CHRZEAEIAZIIRBEED,
- P1. P29 RIHFEAB,. BCH:ER, P1iEKEIBCHEIRBRI

REBERRN, REEFPASRIICDHEIZZBEIRE
i, SEP1. P2iRQTEHITRESEER. ETEHRIEN
IR EASAR B RYER G R S SR F= 5t

<30>



SZo RV BRI,
- fRRIZHBTEHiDeadlocklyFiE

|

N>

RiZIEEMUER LS
FRZARAZ A RIELEE

BIEEH FEHE

e s Y

PEKING UNIVERSITY

1IMEEZ &R 12O ENNERIEUEATPHNER, £2XK
AR EINENBENHZEE, piEEd R
IBIEYMER, BRE—EERROASERILH, BEHA
IRInERSMOYIEREEEE, FEDRIERR, BIEINIEEE
EEE, MMEEAIREPREEZ KR

2 EERENRINGS . 125 AN RFE B R RUESIEA R, £
ZETIRITEENRBASEE, RERINERAIAE

3.HEESFIFRILEEIR A 1275 AN R FE IS4
RIRIRG R, RIEGEEEEERNBENSABER, —RER
—PMEERIFTIIE, NREIESERBAEFTIREIREA,
NIpzg= S EIted, BIRESREK, FHHIREIMITtHiE
FEERHITER, FERERREFSRIREN

<31>



ZHERERARRT

« Workload Mapping

[ send msg H recv msg J

Task A : ! Task B
: Mapplng

lmiilmimrimlimliurilmlm
|||| |||||||||.|| ||||m. ||| || %

BRI )RR -

BESDEERIR

RIS IR R AESS
$ENIFK[Fchannels

s EL S oS EL

R NoC OS
OS. RTOS. run-timelf@Ezs
BURT-HAFOMIZS
N R

5ot PEKING UNIVERSITY

<32>
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ZHERERARRT

 NoGiRitHZE T ERIIAH

- HRIDE
« FEZAHINoC? NAERERZEHA?

- XIgEX A=
- BFEMAHNXE? XigzEaEHtamsasEzn?
- FXEHEEEREMHEL?

. EEEHIE
L REREEEA? AR A
. UFIRRIFISTRIZIE

© WIISHHFHARRNES. REFMTIR?
* AYAEIEANNI R R

i}

,Eé,H\ZngEE %@#@ <33>
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——
Workload M i JFHAIEEYH1T L 7
[ ] — -
orkloa apping FAAWRELH1TIRESFN £
Step1: Workload-aware
Layer Mapping (python)
[ 14 24 NN_Model = Get_model{modelFile] (TEE— O ™
- NM_Farser
= : 1z - Hardware = Get_nardware{hardwareFile) NN_Model json ‘ Hard«ane.jsoq :> Gem—-000O
28 = ” . Result = MN_Parser(NN_Model GED - DEEE m
E = 4D - 1
g % f’ FjI Step2: Selection & Expansion Step5: Backpropagation
5% =1| g
'g 8] = =
g5 "
3=
= Repeated X times
~HO W O-NORTHAxE THA~~ND-NORT HE THA~NO-rDaRT-HQA*

Step3: Dataflow Construction and

Simulator Setup (python) State
Send_data_flow_construct : CY 3 Py
for each layer: OO B Mapped nodes “Nodas per layer” [nl. n2. nd]
N O C ra I I I C . for aach targat_fayer O O [0 ummapped nodes | "NoC size” : [N 1 N =4
fc'feach r;::de; |g Ia‘j:r “ . “Data dependency” : {
I or each nodez in target Iayer: PUICH nodes “layer1” : [["layer?”, 32fit].
packet_size = Bmoe it = 32bit

packet_layer
packet_dest=
Hardware_config{noded}

-} Config.json
“Layer1™:[1]. 2;
i [2.4, 6],
Laygra -[8.9, 14, 15].

"PUJCIII nodes”:[0, 5, 10]

Steps Receive_data_flow_construct
Back- for esch node:

* BNoCHREIAEMRIL S FREFE — T S G

Mapping.json
o= Step4: Cycle Accurate
Update State : Cycle Accura i
Architecture Simuiator (C++) Environment
- ) Late
. ) - | atenc
. B ‘ NoC json ‘T Buffer C Logiz ¢ End to end l;ency
T n ite count PIM Operation Router Pipaline FIM latency
23N Capacty Limitation Attention Ogeration Fouting Function PU latency
FIM & PU Buffer Pipeline start & stall Congestion Monitor @ Energy BN
= T Reward 1 FIM & PU anergy
Areajson Data Dependency, PIM/PU Operation Communicstin Lateney, | ﬁfé*;ﬂ;" L
, — Energy and Latency Energy and Latency C and Energy |
=l IJ \ T8 — hd *gelecti PP
- ection & Expansion: Incremental L . . .
[ ] *IJ m R LQ * *;g i I E“ 1? node placement guided by value Description Files Used in This Framework

function(Q) and evaluation(U). NN_Model json Hardware json NoC json Power json

Model_name = "VGG16" PIM_Resource = { Network= { CIM_Power=
= - ; i Layeri={ » “Ts logy”:mesh, “CIM_ADC":1.48nJ,

Update State: Update cgnflgumtlon file ‘:ernsmjwze":m.u]. "N?vp{:ize':;::.m], “CIM_RRAM an;wn.l
based on the new mapping state. “input_size™:[224,224], "Routing":dim_order “CIM_Other":0.36n.
“output_size":[224,224], 1 }
z . “connest™"Layer2” Router= [ Buffer_Fower= |
[ ) o “Backpropagation: Backpropagate and } } “VC_num”:4, “eDRAN033n..
i r2 PU_R: V¢ 5 “BUS":0.014nJ, b
update the value function of the selected ) a7 84, .n:::_“;;i oo . B R
node. “input_? 4,224], “Cycle"5, }
“Cradit ¢ delay”:1 Router_power={
1) 2", AL

*Reward: Get reward from the “connect”"Layerd” “PU2_loc" [ss] PU_power=[
environment based on current state. ¥ o ¥ = - 4 oo

,EL\E,'\fE\EEiH %gﬁ:@ <34 >
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GPU: Overview NPT |

PEKING UNIVERSITY
- 9
' i

Coupled Map Lattice Simulation [Harris 02]

« Application

Great diversity of materials and lights in the world!

= e

Sparse Matrix Solvers [Bolz 03]
BHEEH FEHE < 36>



GPU: Overview

(DD »
NELFE®]

s PEKING UNIVERSITY

 Highly Parallel Coprocessor

« GPUR=
- BEHETHBRIDRAMAZE
- ZERITEZD
- JFE/I\#9Cache

LTN—

- HITEiT8 1
« GPU Threads

e GPU Threadst+4%i& (JLFAFEEcreation/context switch)
« N7 RFfull efficiency, GPUEEZE/>1,FMhreads

H5Iij

GPU

REER FEHE <37>



GPU: Overview

« What is GPU Good at

_v“'ulr »
NPT TS

PEKING UNIVERSITY

« GPU is good at data-parallel processing
e XJZ“Ndata elementFH{TEH{THEREAYITER{E——Ilow control flow
overhead
« High SP floating point arithmetic intensity
« Many calculations per memory access
- EEFXEFREINEEMIEELITE
- EERFREITEIintensityf1§E ZHJdata elementELkEmemory access

ROZERHIT RRIERMBLLAILAREE AT (RFEE KRTIcache)

i}
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GPU: Overview

« General Purpose GPU

« In 2006, Nvidia introduced GeForce 8800 GPU
supporting a new programming language:
CUDA

I
%% %% %% %% «  “"Compute Unified Device Architecture”
e % S ggﬁ 150.300 GB/sec « Subsequently, broader industry pushing for
%% %% %% %% & ms“l‘m OpenCL, a vendor -neutral version of same
% ﬁ % %Eﬁ (afew GB) ideas.

EEES FEEE EEEE EEEE .
I || 00 B  |dea: Take advantage of GPU computational

o o
o o

i |

SEEE performance and memory bandwidth to
EHE

od
ad
ad
oo

i
[]
EE
i
e
e
]
L]

EEEE

accelerate some kernels for general -purpose

GPU
computing

« Attached processor model: Host CPU issues

data-parallel kernels to GPGPU for execution
,%ZF~\§EE| %Fé‘-#@ <39 >
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GPU: Overview NPT |
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« Example GGPGPU System & Example GPU

CPU
(host)

GPU w/
local DRAM
(device)

PCl Express*
x16 Graphics

16 Multiprocessors FU 'FUY 'FU FU

Intel* H
Definition ﬁdio

4 PCl

Register File

N\
DOODOOGMD JEE

' B R

Express* x1

8 Hi-Speed
USB 2.0 Ports

15GB
RAM (Global Memory)

© David Kirk/NVIDIA and Wen-mei W. Hwu, 2007 7
ECE 498AL, University of lllinois, Urbana-Champaign
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GPU: Architecture

« Example: NVIDIA Fermi Architecture

Streaming Processor (SM)

GPC

Raster Engine

T 3 T 3 T 3 T 3

SM sSM SM SM

I iemory Controller
Jajjonuo0D Alowsy

— — — — — — — — — — — —
ymorph Engine m Polymorph Engine

L0 Instn.

.
=
I
=
o
(5]
=
o
=
o
=

Je|joauon Aowap

Warp Scheduler

Unit

m e

Memory Controller
J8]|ojuon Alowsy

SM SM SM SM SM SM SM SM
3 1 3 1 3 T 3 1 3 1T 3 T 3 1T 3 1

Raster Engine Raster Engine

GPC GPC
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GPU: Architecture

« Example: NVIDIA Fermi Architecture

Streaming Processor (SM)

Instruction Cache

Warp Scheduler Warp Scheduler
Dispatch Unit Dispatch Unit

3

L =

Register File (32,768 x 32-bit)

E I S S

ore Core Core Core

ore Core

Core

ore Core

Core

64 KB Shared Memory /L1
Uniform Cache
Tex Tex
Texture Cache

PelyMerph Engine

Viewport
Vertex Feteh | [ Tessellator

E S
LDIST

LST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST
LDIST

Cache

[anribute setup] | stream output]

m

BIEEH FEHE

==
(A3}

C

- HF 1 SMREFE 32 Streaming Processor (SP)

AN R EMZZE5121SP
I&EEH~200GOPS

CUDA Core

Dispatch Port
Operand Collector

GBI
< ?
S )
< L)
= S
~ 5

1508

ez X%

PEKING UNIVERSITY
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GPU: Architecture NEPE
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- Warp

Bx//\thread scheduling unit (XJFNVIDIA GPUJ32 threads)

Stream Multiprocessor (SM)

Stream Multiprocessor (SM)

ck
Stream Multiprocessor (SM) iteback
5
| o)
Instruction o Decode » Execute »  Memory » Writeback §
Fetch B = Off Chi
= i i i I pe | g "
3 ) :e 2 | Global Memory
. ' | | | g (DRAM)
2 | SIMD Execution Unit | —constcache 2
e Leache Register WAWEEES 7 "0 | [ Datacache o . 2
- File 7 7 — 7 | | 2
4 4 I

%,H\L\EBH %;‘é\#@ <43 >



GPU: Architecture

« Memory Hierarchy

Shared memory/L1 cache: ~50 cycles
L2 cache: ~150 cycles
Global memory (GDDRS5): ~500 cycles

® Each thread can:
® Read/write per-thread registers
® Read/write per-block shared memory
® Read/write per-grid global memory
® Most important, commonly used

® Each thread can also:
® Read/write per-thread local memory
Read only per-grid constant memory

L
® Read only per-grid texture memory
-

Used for convenience/performance
® More details later

® The host can read/write global,
constant, and texture memory
(stored in DRAM)

Memory
3 NVIDIA Comoration 2008

ez ¥

PEKING UNIVERSITY

NT
C il
S, @
< A
& -
7502

Grid
Block (0, 0) Block (1, 0)
Shared Memory Shared Memory

Registers Registers  Registers Registers

Thread (0, 0) Thread (1,0) | Thread (0, 0) Thread (1, 0)

Local Local Local Local
Memory Memory Memaory Memory

Global
Memory

Constant
Memory

Texture
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GPU: H100 Overview

 Overview

- MEETE R AXIBI— IR
« HENFP32 Core. FP64 Core. Tensor Core, SM Core
- XHEHBM3. HBM2eltilihfFe

Peak FP8 Tensor TFLOPS with FP16 | NA 2000/40007 1600/32007
GPU Features NVIDIA A100 NVIDIA H100 SXM5' NVIDIA H100 PCle! Accumulate!
GPU Architecture NVIDIA Ampere NVIDIA Hopper NVIDIA Hopper Peak FP8 Tensor TFLOPS with FP32 | NA 2000/4000? 1600732007

1

GPU Board Farm Factor SXM4 SXM5 PCle Gen 5 Accumulate

Peak FP16 Tensor TFLOPS with 312/6247 1000/2000° 800/16002
SMs 108 132 114 FP16 Accumulate®
TPCs 54 62 57 Peak FP16 Tensor TELOPS with 312/6242 1000/20002 800/1600?

FP32 Accumulate®
FP32 Cores / SM 64 128 128

Peak BF16 Tensor TFLOPS with 312/6247 1000/2000? 800/16007
FP32 Cores / GPU 6912 16896 14592 FP32 Accumulate?
FP64 Cores / SM (excl. Tensor) 32 64 64 Peak TF32 Tensor TFLOPS! 156/312° 500/1000? 400/23007
FP64 Cores / GPU (excl. Tensor) 3456 8448 7296 Peak FP64 Tensor TFLOPS! 19.5 60 48
INT32 Cores / SM 64 64 64 Peak INT8 Tensor TOPS' 624/1248 2000/4000? 1600/3200?
INT32 Cores / GPU 6912 8448 7296 Peak FP16 TFLOPS (non-Tensor)* 78 120 96

2 1

Tensor Cores / SM 4 a 4 Peak BF16 TFLOPS (non-Tensor) 39 120 96

Peak FP32 TFLOPS (non-Tensor)* 19.5 60 48
Tensor Cores / GPU 432 528 456

Peak FP64 TFLOPS (non-Tensor)! 9.7 30 24
GPU Boost Clock 1410 MHz Not Finalized Not Finalized

Peak INT32 TOPS! 19.5 30 24
(Not Finalized for H100) 3

Texture Units 432 528 456

BIEEH REHE <45>



GPU: H100 Improvements

« Transformer Engine

+ XiTRaRE

- TRIERMH ST D oS
- S ERoutput range
« ZERN—EHRrange
- ITREISHBENSER
- scale[a] F—ZHYrange

Fscaling factor

BIEEH FEHE

éx‘\”"e »
NELFE®]
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BB Transformer layer

lﬁ%( | —U-‘_#_ HHHHHH

-
-
-
-
-
-
-
-
-
-
-
-
-
-

——p Adaptive precision =—p High precision =—p Auxiliary data
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- IX10F, SmFHIIRY
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FSSIGN »
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BEIER, MFREFIANRHUATLERIRERR

- \2&EEMNE (MLP) BIERMEMEE (CNN) | fEIAHEmEE (RNN) BEIFEIMGE
(Transformer) FlXi=EY
- AL BREERkHERNFESBHEEGEFREGI 2 BRIEEIRE) D

BaiEY

i & aE

HlLag A

i | omm | RESHE | WEREX
2012 AlexNet 10-2 10-3
2015 ResNets 10! 10!
2017 | Transformer 1 101
2020 GPT-3 102 106
2023 ChatGPT 103 107

M E

AISZSHESEHFIREKIE

BIEEH FREHE

!
ERHENMIER

3,000

2,000

(EOPs)

1,000

i
Hic

= B II ||

2017 2019 2021 2023 2025

BHOBEXRRNEGBREELRE
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- HIRIRREE NIRRT RIRMEE
- BF: 1. 2&&. IEDNE. 3R, EXHRET, ETHBRENSARE. BEF

RS SRR @ e 503
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123 15 P
4|56 *
5 = 3| 4
ol1]2 71819 56 | 72
o B e + = R
S[4]5° 2 |3 N 104 (120 =
6|7]s o1
3la]|5]|=*
2| 3
6|7]s AR
HEN ey O[] w#  Sigmoid Leaky ReLU
FHEH 1 max(0.1z, z)
Y U(x)_1+e_z

L)
i

RelLU
max (0, x)

— ] tanh :
Maxout
— ] = tanh(x) w max(w] z + by, wd z + by)
— ] A )
] ELU
T z>0
ae®—1) <0 - = i
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- BRSPS T HIRIMEE
- BF: 1. &%, IEDNE. 3B, EXHRSTF, ETHRRENSAKE. REF
- #hfl: ZRIEENE, BESNE. SOREME. MEHESHE

$ t
VGG | RelU | | RelLU |
2EHEE (1000) C% ) (?
t | it Sn—
persey— i | AR | i A Bt |
t B Bf*'”""? | | [ sroemr ||
L8/ (4096) TR ] [ osee ] : |
F | " : = ' ReLU |: | 1x18mE
V| nEmees | ! 1 |
I : I . 7 : V| wEmeee |
| ] V[ sasme ] : 1 |
[ s . VL sxswmE |
i S — |
[ J x
t ) BEEHE |«
} Pt ™~ 1
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ETRIF
RRR, ARSHEBRIEMEEIENT, TEMETHRaTERRL

— BIAEX

1 ) 2 2 -1 0 -2 -1 0
3 1 0 P4 5 1 -1 — @ -2 -1
5 -1 2 2 0 ) 1 -6 1
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AINMEZEIEETL

- SCPURRIRSGAZAALL, FREMEMLEITRRIZOERIRMLE?
- EERBEM? WFEEHNZM T AFEFRIE?

CPUEN G HREEI0LE
REXIR SRS RE. MEAE
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AINNEES St E i

. B AEHCPUBTRERSMEHEERSRA? CPUNREBISSIE?
. EERLCHAINNES, EAHHRESRENTHERE

Execute Write Back

Normalized Energy Cost’

Memory Read MAC* Memory Write
l —_ ALU 1x (Reference)
ey , 15 - 10s kB

NoC: 100s — 1000s PEs | PE ALU

100s - 1000s kB

BEBH &5HE <53 >
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EFREHEMENITESREDNT, FARMUREEEHAINLERTRFRE T T iZB9H5

1M % .1 N Yl
1000TOPs /W 100TOPs /W !.OTOPSIW ‘- 1TOPs/W
@ FPGA Simulation . g =
A FPGA Test ‘i -
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B FPGA Product A g | .
A @ ASIC(Digital) Simulation -
J § et ~—> Control Processor ( 100k A ASIC(Digital) Test // e AA | ]
= Instructic | éIS,Ilf(PDigdital) Product A A " 1ocops/w [ _Configuration Bits Accelerator
roduct e L .
I ASIC(Mixed) Simulation A’/ A . A . e Config Scan Chain 12x14
S ASIC(Mixed) Test p e L L7 PE Arra H
ASIC(Mixed) Product o A A ' L <7 Filter y Processing
NBin v 10k [l CPU Product T e N A , /,. n ..‘ ) o Element
o A e . 1 g . -
e . A- A 7 Ifma Bl spad
- - 5> S inst. =3 . Ay A &‘f f’l‘ A A - Global P m
3 a 3 A - e A Y | A'/’A
2 ] . Ad A - e B Control
5 g A At AL dem A4 AA-
g - AN g A 4 45 NSy [ 1
) 5 . A,,i A Ak v ) Ay
H = . A B Aa A% L"{A A, 4%
-~ . A u “m
. A A ° o HA
1000ToPs/w @ o A y Y YV ()
B 100 - A Ad . e ST ‘
T A Poahy A A A’ A A
. A” A AA” A A A‘,’ A/,’
. . 0 A - K A
DianNao e A Aaa DALy : eriss
100TOPs/W . A A A
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0.001 0.01 0.1 1 10 100 1k
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