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- SBAR(ENLEIE: 48135 - 48275

«  GR{EWEILAERRIT6 Late day

+ Late Day¥Rfg, SIRIZIKRIFR20%=ZR{FLZE
- S82iRlIabAdEl: 48158 - 6815H

o 2MEMESS (50%+50%) + 1/4Bonus (50%)
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- Data-level parallelism (DLP)

Clock rate and IPC are at odds with each other

» Pipelining
. Fast clock
~ Increased hazards lower IPC

» Wide issue
. Higher IPC
- N? bypassing slows down clock

- AJLARRIIRIG ST sl R 5I B ENS?

- AL, (EFEFERANILPEBIFTEE
- #UERF1T (DLP)

- WEEIREITREE IR TR MMEE

« MILPEIR: H1T18<REFINE(F

i}

BIEEH FREHE
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- Data-level parallelism (DLP)

for (I = 0; I < 100; I++)
Z[I] = A*X[I] + Y[I];

LO: 1df X(r1),f1 // 1 is in rl
mulf 0O, f1,f2 // A is in 0O

1df Y(rl1),f3
addf f2,f3,f4
stf f4,7Z(r1)
addi r1.,4,r1
blti r1,400,L0

One example of DLP: inner loop-level parallelism
s Iterations can be performed in parallel

<5>

i}

BIEEH FREHE
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 Exploiting DLP With Vectors

regfile |e

V-regfile |e

One way to exploit DLP: vectors
» Extend processor with vector “data type”

» Vector: array of MVL 32-bit FP numbers
- Maximum vector length (MVL): typically 8-64

» Vector register file: 8-16 vector registers (vO—v15)

i}

BIEEH FREHE

C
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 Exploiting DLP With Vectors

NI
GUNI
& 2
S A
8 -
I508

1df X(rl1) ,f1
mulf fO,f1,f2
1df Y(rl) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1),f1
mulf fO,f1,f2
1df Y(r1) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1),f1
mulf fO,f1,f2
1df Y(rl) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1) ,f1
mulf fO,f1,f2
1df Y(rl1),f3
addf f2,f3,f4
stf f4,Z(rl)

addi r1,4,r1

addi r1.4,r1 |
111, ,

addi r1,4,r1

addi r1.,4,r1 |
111, )

+

bITT r1,400,0

*

1df.v X(rl

,vi
mulf.vs vl,{f0,v2
1df.v Y(rl1) ,v3
addf .vv v2,v3,v4
stf.v v4,Z(r1)

addil rl,10,rl

blti r1,400,0

BIEEH FREHE

Aggregate loop control
» Add increment immediates

Pack loop body into vector insns
5 Horizontal packing changes execution order

ez XY

PEKING UNIVERSITY
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« MIPS-V Instructions

Vector-vector instructions
s operate on two vectors
s produce a third vector
o addv vl, v2, v3

|d/st vector with stride
s vectors are not always contiguous in memory
» add non-unit stride on each access

Vector-scalar instructions 5 lvws [r1,r2], v1 sv[1] = M[r1+1*r2]
n operate on one vector and one scalar s svws vl, [r]l, r2] s M[r1+1*r2] = v[l]
o addv vl, fO, v3

Vector |d/st instructions |d/st indexed
o Id/st a vector from memory into a vector register - indirect accesses through an index vector
» operates on contiguous addresses o lvws [r1,v2], vl ; V] = M[r1+v2[l]]
s Iv [r1], v1 sv[l] = M[r1+] » svws vl, [r1, v2] ; M[r1+v2[l]] = v[l]
s svvl, [rl] s M[r1+1] = v[I]

BIEEH REHE <8>
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« MIPS-V Instructions

s Y

PEKING UNIVERSITY

DAXPY: double-precisiona * x +y

for (I=1; I1<=64;|++)
y[I] = a*x[l]+y[l]

VLR 64

ld [a], fO

v [rx], vl

multv v1, f0O, v2 6 instructions total as compared to
v [ry], v3 600 MIPS instructions!
addvv2, v3, v4

sv V4, |[ry]

i}

BEBH &5HE <9>
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* Instruction Issue

Time

v

Time >

Scalar Pipeline

Time

Limited utilization when only running one thread

Superscalar leads to more performance, but lower utilization
BB BER FEHE <10>
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 Fine Grained Multithreading (FGMT)

Time >
o« FGMT
B HEE Nl e moeen
Saturated workload -> Lots of threads a MU|t|p|e threads in pipe”ne at once

Unsaturated workload -> Lots of stalls

thread scheduler

Intra-thread dependencies still limit performance

« B \Thread (%&fE) MEAZEFATLARIRHAT
—MNEITES

- HERFTHESY, HERLENES "

- SRERIEITR, 20— HEREH, M
XNMHEFIFEFEE T S NEE Many threads — many register files

F W

BIEEH REHE <11 >
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ZEiEHATN

« Simultaneous Multithreading (SMT)

« Can we multithread an out-of-order machine?
s Don’t want to give up performance benefits
» Don’t want to give up natural tolerance of DS (L1) miss latency

Time

Maximum utilization of function units by independent operations

. « Simultaneous multithreading (SMT)

. . Tolerates all latencies (e.g., L2 misses, mispredicted branches)
. Sacrifices some single thread performance

a Thread scheduling policy

L
.... > Round-robin (just like FGMT)

Superscalar OoO Issue

s Pipeline partitioning
. Dynamic, hmmm...
s Example: Pentium4 (hyper-threading): 5-way issue, 2 threads

s Another example: Alpha 21464: 8-way issue, 4 threads (canceled)

i}

BIEEH REHE <12 >
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10N

Simultaneous Multithreading (SMT)

map table

> ————

regfile
) : |
« SMT

o Replicate map table, share physical register file

U

thread scheduler map tables

-

 Large map table and physical register file
o #mt-entries = (#threads * #arch-regs)

i}

BER F5HE » #phys-regs = (#threads * #arch-regs) + #in-flight insns

C

NI
GUNI
& 2
S A
8 -
I508

ez XY

PEKING UNIVERSITY
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« Simultaneous Multithreading (SMT) Pipeline

Fetch Decod Queue Reg Execut  Dcach Reg Retire
e/Map Read e e/Stor Write
e
Buffer

-l ‘-.—I :
P P

Regs

Regs
Dcache

F¥y

- Thread- >
blind

§

Dcache Regs

L »
ANEZES

PEKING UNIVERSITY

SMT Changes

Basic pipeline — unchanged

Replicated resources
a Program counters
s Register maps

Shared resources
- Register file (size increased)
s Instruction queue
5 First and second level caches
s Translation buffers
s Branch predictor

<14 >
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« Simultaneous Multithreading (SMT) vs Chip Multiprocessor (CMP)

o WR{FEZXIEEITIRESEE. ...
o ZAMHESSHHE (CMP) : 0D ERIKE?
o —NZBLEFELMEESE (SMT) | BANEARIKES?

« Both will get you throughput on multiple threads
» CMP will be simpler, possibly faster clock

o SMT will get you better performance (IPC) on a single thread
- SMT is basically an ILP engine that converts TLP to ILP
> CMP is mainly a TLP engine

« Again, do both
s Sun’s Niagara (UltraSPARC T1)
o 8 processors, each with 4-threads (coarse-grained threading)
s 1Ghz clock, in-order, short pipeline (6 stages or so)
» Designed for power-efficient “throughput computing”

:‘\\“"4 »
NPT

PEKING UNIVERSITY

i}

BIEEH REHE <15>
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« Bus-based Multi-core #1 Network-on-chip: Chip Multiprocessor (CMP)
CPU(S) CPU(S)
cpu(s) | [crus) ] [cpucs) ] [[cru@s) o TR el R e
Mem|R| [Mem|R| |[Mem|R| |Mem]|R I I
—— I . gy 1 T
CPU(S) CPU(S)
) ;:5_%?;%\:}:9-9” bus o FRXTRANZE: e.g., mesh or ring
e \ « BEKRYFER: FJREEESZ "hops” AHeH
BB TR 161 el o AR
Fes - BT A BREHTMEERS
. HERME T EE— B = i e e
(EE=REE)

i}

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

H—
PE PE PE PE
H—a L]
PE PE PE PE
H—a—a
PE PE PE PE
Router Arbiter
a—a—Aa
PE PE PE PE

==F3
Y

m

C

SEH REHE

Mesh Topology

o

/i

A

i)

ap

i

2-D torus topology

R e 2 ) S

FR

7y I =
1598 X

PEKING UNIVERSITY

Octagon topology

i : Irregular or ad hoc network
[ 11 g topologies

<17 >
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« Network-on-chip: Chip Multiprocessor (CMP)

Switching strategies

o fiff 5 B anar e i R 2% H Y routers

o JE SCHUHR AL S Bk BE AL S (R A b R
o phit RLE R B PN I8 I B A ) KA 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

L »
NI E®

s PEKING UNIVERSITY
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« Network-on-chip: Chip Multiprocessor (CMP)

+ Well-controlled electrical parameter

+ Reliable interconnection
Output

«+ High performance Channels

T/ile N/etwork Logic

Input
~\\\\Ei:i?nehs

SEH REHE <19>

O O O (O |Header
E g E E Decode
]

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

« Static and dynamic routing
- static routing: [ EB&EH TR € RN B s 2 EEmEE
- BEERMERSIRS
- static routingflt &

« BTSEH, BFAJLPAREBI R A28
- WMRMEHREERE, WERRF A2

» dynamic routing: #3525 2 AR A H B R
- BRAHENEEAREER

o VEA B b5 6] B B 2 FT Be < B I [B) T 23R
 FEEtrafficlRLAI N FHZE R

« REEZRFRBEMEREHNESURE H KA

.« BEESTEIFHI I M4 traffic

BIEEH FREHE

:‘\\“"4 »
NPT

PEKING UNIVERSITY
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- Static Routing Tables

NETES

PEKING UNIVERSITY

D U kSt Fa ' Sa I g (@) rlth m CENTRAL ROUTING DIRECTORY

From MNode

= FETS AEREHER NI, i
HERR P g S N A
- BT GERRAE | ST
STH] BT
- TR P

1 Node 1 Directory Node 3 Diveciory Node 3 Directory

. -|_%-}\A_ ,‘\\ ( ”; . ) Destimation — Mext Node Destination  Mext Node Destination  MNext Nodde
ZlprAal Jﬂz FRHIEARRA T : —

1
Eg?é ‘ 4 : 4 : 4
5 4 4
- ééﬂjija:lg /\\\H/JEQEE o & g g 5
% Nuode 4 Directory Mopde 5 Directory MNoede  Directory

1 2 4

m§WkahmEmmxw =

\/_l\ 1—b Ll Destination  Nexi Node Destination  Nexi Node Destination  Next Node
w E: 29 kORER, 7 ;
s

3

1
A
5
= ;

4
3
4
i

= S I T N

(3]

FIEEHR F#a5HE <21>
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« Dynamic Routing

ERE) 0_’0_’0l @)
oo ‘l O
O—O Ql O
O—O0—O0—0O

anl;

BEEE 0—0—0—0 &

mel, | 2%
O—© ._’Ql =
0—0—0 ‘l i0E
O—O—0—0O

RO

i}
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- EHMEEISH

» = \ _AQ ¢
e B R e
VC %Bﬁéﬁmjlzﬂ%ﬁ{ﬁ i ir"""“"_““"_""_"1: Routing Logic ] I _

. . VC identifier
Sk fits | :
D —-:ED_. : VC Allocator
Ip\tl‘Ch\\ e |

i »
ONELF TR

PEKING UNIVERSITY

Arbitrates between
competing input VC &
allocates output VC

oV Switch Allocator
~

—- —>

eweee— (L) .
i i VC Buffer :

skfigOGERVeR | R o2
2 alifEE SR S ; ¥ BRI IG  E
N . CROSSBAR . 1) VC) 5 H i L UL G
| ! (PxP) :
Input Channel i i i i Output Channel
credit out i i i ~ i
T meutrorr | N VC AbSRAFEERLI Flits

e WA F I VC
BB/ FFaHE <23>
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- iRASEsRiDeadlock

-
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D

(RZEEHEMVER LIS
FRERA T LEEEE

BIEEH FEHE

i »
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- B RS/ ERE N (ESEMERRSFEIFESHAYE

HEEIKAEE, NMSEEIESHRESE LGN
THRIER TR A4 &2 BRiE.

« P1, P2, P3MIPAUNMGREEMHRIR G T —RBREXRIR,

FEKEIMIRIR, (BEEKIKIRN KBRS HE

- LAP1FIP2ZUEE /M, Pl ZUEEMESHSAKEBH &

ZZHARIA R EHERC

P2 RSN IBHEEBRIFCHRZIAEXEKAZID.
- P1, P235I5F3AB. BCiils, PLISKAIBCIEREHRY

SSEERIEN, BEEEFP2ERAICDHEIZSHTEIE
i, S8P1, P2RURRXEHITREMER. EMRHAIEL
RIS ELAREERSER SRS MRS =4S

<24 >



E2 76 2 A A RN
- fRRIZHBTEHiDeadlocklyFiE

|

(RZEEHEMVER LIS
FRERA T LEEEE

BIEEH FEHE

i »
TR )
e 7 K

PEKING UNIVERSITY

LIMEEZ &R 1= ENNERIEUEATHNER, £2XK
AR ENENBENHZEE, piEEd R
IBIIEYMER, BRE—EERROASERILH, BEHA
IRINERSMUYIECEE,; FESREER, BITIEINYIEE
EE, MMEEAIREPREEZ KR

2. BHRERIAGS . 12T A N RRRICIISE T RRUSIREIARS, £
DT SENREER, RERRBINAE

3 RIS RIFRILEEIR A 1275 AN R FE S
RIRIRG R, RIEGEEEEUERNBENSABER, —RER
— MEERIFTFIE, NREIESERBAEFTIREIREA,
NIpzg= R EIsEed, BIRESRBEK, FHHIREIMITtHiE
FEERHITERE, FEBERRENSRIREN
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« Workload Mapping

[ send msg H recv msg }

TaskA : ! Task B
: Mapplng

- BREIEE:

BHES e =R
FHES UL O SRR MESS HBE
$ENIF>KFchannels

SO BL SIS E

REME: NoC OS

OS. RTOS. run-timel@EsS
BURTFAEFORZE
N R

)
> ~
{893

SELE P

PEKING UNIVERSITY
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« FEZAHINoC? MAEREKRZEMTFA?

- XIgEX A=
- FEMFAHNXE? Xz aGH+amsasEzn?
- FXERESEERGHEL?

. EERHIE
+ HFERIBREHA? AERTEEENMAEREE?
. EFEFRERIZITE

© WIISHFHARRNES. REFMTIAR?
- WHMASEIEANNI B R

i}

BIEEH FREHE
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[ == 1 Y ol &
« Workload Ma - FIFAIRELHITIRGTFN P
r in S J € =]
Step1: Workload-aware
Layer Mapping (python)
- 1 NN_Model = Get_model{modelFile) (CEEm— 0 m
B NH_P.

_ : =z Hardware = Get_hardwarz{hardwareFile) ""_Mudelj;q Ha,d«am_jwq % Ge— 000 Mz
%§ = Result = NN_Pzrser{NN_Model EED—~DEEN -
B 2= - 10 i
;% = = B Step2: Selection & Expansion Steps: Backpropagation

o »

5% =1| 3
=N =
@5
[E I
= Repeated X times
~HO+~0oOr-Nae-HOxE MO+ uODr-0aR-NOE R Bt B L B T =l e
Step3: Dataflow Construction and
Simulator Setup (python) State
Send_data_flow_construct : Moo 2>
foraseh |a;:r: sensi O O B Wapped nodes "Iﬁzfs“:r“\éi.r':lm. n2. n3]
N O C Traffl C . for sach Garget_larer O O O ummapped nodes | “MoC size™ :[NN] //N=4
for each node1 in layer: "Data dependency” : {
for each node2 i ‘-"‘9“ layer: [0 O @ Puictd nodes “layer1” : ["layer2”, 32fit]].
packet_size = it = 32bit
packet_layer -3 Cenfigjson
packet_dest =
Hardware_config{nodet)
- “Layer1™:[1]. = .
5 A5 =
S‘Iep_ Rec:rne:c:a':audfluw construct P N oot [%s 2 =
i <[nade)
+  BNoCIREIIBIHRIC AERIEFE L Eime 668 e
are_config(node) N
i : b S o pgin o
Step3
Update State Stepd: Cycle Accurate )
Architecture Simulator (C++) Environment
— | T Late
,1, \ Y B ‘ NoC json ‘T Buffer Computing Logic c icati ’ o :nd“;:‘g“c’
T n ite count PIM Operation Router Pipeline FIM lstency
N Capacity Limitation Aft=ntion Ogeration Routing Funation . FU latency
(R PIM & PU Buffer Pipeline start & stall Congeastion Monitor @ Energy =
EEn Reward 1 | FIM & PU energy
Si f— ) | Buffer energy
rea.json Data Dependency, FIMIPU Operation Communication Latency, | NaC energy
, - — Energy and Latency Energy and Latency C and Energy |
s I Sl ¢ m— *gelecti I
* g T - ection & Expansion: Incremental L " i 3
[ ] *IJ m R L N *; -l % E“ 17 node placement guided by value Description Files Used in This Framework
functlon(Q] and evaluatlon{U]. MNN_Model json Hardware_json NoC json Power json
Model_name = "VGG16" PIM_Resource = { Network= { CIM_Power={
. . : : = 7 “Topology™:mesh, “CIM_ADC":1.48n.),
Update State: Update configuration file S oo, e “CIN_RRAM"0.285nJ,
based on the new mapping state. “input_size™:[224,234], “Routing":dim_order “CIM_Other":0.26n)
“output_size™-[224,224], i
z . “connect™"Layer2” Buffer_Powar= {
) N 0 ‘ *Backpropagation: Backpropagate and Lw om :m a . ZEDRAN033n.,
i e esource = :0.044nJ,
update the value function of the selected “tensor_size™[576.64]. “Array_sie—[32.32], “Reg--0.00050
node. “input_? 4,224], "Cycle™:94, “Cycle N
“Head_num"§, “Credit_delay™-1 Router_power={
1":"2x2", “PUA_loe™:[1.1]. }
*Reward: Get reward from the “connect™"Layer3” "PUI_loc"™[8.8] PU_power={
environment based on current state. 3 .- i - . 1

BIEEH REHE <28>
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RSt (4RiF)
- ELEBR, FENE T SXRNBEEHRICGTRERERNGE

NIELE P

PEKING UNIVERSITY

« Spent a lot of time learning about dynamic EAStE (RiF)
optimizations

Improve locality of data
« Finding ways to improve ILP in hardware P Y

« Qut-of-order execution

Remove instructions that
« Branch prediction aren’ t needed
« But what can be done statically (at compile time)?

Reduce number of branches
executed

« As hardware architects it behooves us to understand
this.

 Partly so we are aware what things software is likely to
be better at.

Many others

« But partly so we can find ways to find
hardware/software “synergy”

BIEBEH FEHE <30>
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O Examples: for i from 0 to 10 %ﬁ%ﬁﬂl’:ﬂ: (ﬁi%)
for j from 0 to 20
o Loop interchange— al[j,il =i + 3 i
£l P g i — « Improve locality of data
Ip inner and outer for 5 from 0 to 20
| for i from 0 to 10 : :
00ps E P » Remove instructions that
o Loop fission—split aren’ t needed
into multiple loops
e eeceeemeameeeeoeeeeeaeeeaeeeeo——— * Reduce number of branches
ARt ' int i, a[(100], o[100]; i executed
 int i, a[100]1, b[100 i for (i = 0; 1 < 100; i++) { !
. for (i = 0; i < 100; i++) {if ari]l = 1; i
2l = i |+ Many others
! 1] = 2; i for (i = 0; i < 100; i++) ;
i } EE b[i] = Z; E
b e Al 5

BIEEH REHE <31>
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- (RIEAFZRIHES

 Register optimization

 Registers are fast, and
doing “spills and fills” is
slow.

« So keep the data likely to
be used next in registers.

« Common sub-expression
elimination

e (a+b) - (a+Db)/4

« Just compute a+b once.

« Constant folding
« Replace (3+5) with 8.

BIEEH FREHE

 Loop invariant code

motion

« Move recomputed
statements outside of

the loop.

for (int i=0; i<n; i++) {

X = y+z;
a[i] = 6*i+x*x;

}

X = y+z;

for (int i=0; i<n; i++) {
a[i] = 6*i+x*x;

}

i »
ONELF TR

PEKING UNIVERSITY

At (4RiF)

Improve locality of data

Remove instructions that
aren’ t needed

Reduce number of branches
executed

Many others

<32>
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it (4miF)
« VBranch)x#

« Using predicates or CMOVs instead of short branches

St (RiF)
« Loop unrolling

Improve locality of data

for (i=0;1<10000; i++)

Remove instructions that

{ . . . aren’ t needed
A[i]=B[1i]+C[1]~
}

« Reduce number of
for (i=0;1i<10000;i=i+2) branches executed
{

A[i]=B[1i]+C[1]~ H
A[i+1]=B[i+1]+C[i+1]; - Many others
}

i}

BIEBEH FEHE <33>
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- Bt A

“Hoist” loads

« That is move the loads up so if there is a miss we can hides

that latency.

« Very similar goal to our 00O processor.

XXXXX LD R1=MEM[x]

XXXXX XXXXX

LD R1=MEM|[x] XXXXX

R2=R1+R3 R2=R1+R3 .

i}

BIEEH FREHE

C

SEIY, > »
& ) 4 M.
ﬁiDzﬂtJﬁﬂkif
525/ PEKING UNIVERSITY

At (4RiF)

Improve locality of data

Remove instructions that
aren’ t needed

Reduce number of branches
executed

Many others

<34 >



At (4Ri¥F)

- Hitnflitbrmix

Static dependency checking

LR »
ANELFES

PEKING UNIVERSITY

At (4RiF)

A superscalar processor has to do certain

Improve locality of data

dependency checking at issue (or dispatch)
Remove instructions that
« Is a given set of instructions dependent on each other? aren’ t needed

« If ALU resources are shared are there enough resources?

Reduce number of branches
executed

« Many of these issues can be resolved at compile time.

- What can’ t be resolved? Many others

« Once resolved, how do you tell the CPU?

BB/ FFaHE <35>
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GPU: Overview ez ¥
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« Application

Great diversity of materials and lights in the world!

%
%

Coupled Map Lattice Simulation [Harris 02]

Sparse Matrix Solvers [Bolz 03]
BIEEH F#FE5HE <37>
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GPU: Overview

« Highly Parallel Coprocessor

« GPU¥A
- BELTHEHDRAMIEF
- ZPERITEZD
- JEE/\#ICache
. HPE(FEANE
« GPU Threads

Hfl'n'

* GPU Threadst+58&& (JLFAFZEcreation/context switch)
o NTXEfull efficiency, GPUZE

BIEEH FEHE

Z/DJLF threads

Contral

;éﬂtxJ"}]

PEKING UNIVERSITY

ALL ALL
ALU

ALU

CPU

GPU

< 38>
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GPU: Overview

« What is GPU Good at

« GPU is good at data-parallel processing
- XJZNdata elementFH{TE{THEREAYITEE{E—Iow control flow
overhead
« High SP floating point arithmetic intensity
« Many calculations per memory access
- EEZFEFRENEEMIEELITE
- EERFREuTEIintensityf18E ZHYdata elementELkEmemory access
RYIERFIT R RIZERItALL AT LABEE AT (RFEEEKHRYcache)

BIEEH REHE <39>



GPU: Overview

« General Purpose GPU

ANEZEE

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

«  “"Compute Unified Device Architecture”

o o |
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« Subsequently, broader industry pushing for

i [ |
o [ |
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od
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O
d
0
O
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od

~150-300 GB/sec

(igh end PU) Memory OpenCL, a vendor -neutral version of same

&

i
il i
[
B
]
EE
i

DDR5 DRAM
—_— ideas.
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|dea: Take advantage of GPU computational
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performance and memory bandwidth to

i

|
i i
[
&
i
e
il

EEEE

accelerate some kernels for general -purpose

computing
« Attached processor model: Host CPU issues

data-parallel kernels to GPGPU for execution
BIEBEH FEHE <40 >
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« Example GGPGPU System & Example GPU

CPU
(host)

GPU w/
local DRAM
(device)

PCi
x16 Graphics

FU FU| FU |FU

Intel* Hi 16 Multiprocessors

Definition Audio

Register File

N\
o TToe L Lo e ] v

R R

4 PCl

Express* x1

8 Hi-Speed
USB 2.0 Ports

1.5GB

RAM (Global Memory)

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

BIEER FREHE <41>
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GPU: Architecture

« Example: NVIDIA Fermi Architecture

Streaming Processor (SM)

GPC

T 3 T 3 T 3 T 3
SM SM SM SM

uler (32 thre

I iemory Controller
Jajjonjuog Aoway

— — — — EEE—— | E——
Polymorph Engine Polymorph Engine Polymorph Engine Polymorph Engine

=
[
3
5
2
Q
-1
3
]

L0 Inst
Warp Sch

Disp

. e il e

Register File (

Memory Controller
Jajjodjuog Adoway

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

GPC GPC

SFU

192KE L1 Data Cach

Tex

BIEEH REHE <42>
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« Example: NVIDIA Fermi Architecture

Streaming Processor (SM)

- - B SMAEBE324 Streaming Processor (SP)

Warp Scheduler Warp Scheduler

Disp::lu Unit Dispat:- Unit > %/I\;EK H—g%}ﬁg dE:S l 2/I\S P

Register File (32,768 x 32-bit)

TTT = . IF{EHI~200GOPS

LD/ST
ore Core

LD/ST
Core

LD/ST
ore Core

Core

CUDA Core

Dispatch Port
Operand Collector

ore Core

64 KB Shared Memeory / L1 Cache
Uniform Cache
Tex Tex Tex

Texture Cache
PolyMerph Engine

Vertex Fetch | Tessellator iieweor

[attribute setup| [ sweam output |

BIEEH FEHE

<43 >
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- Warp

Ex/)\thread scheduling unit (XJFNVIDIA GPUA32 threads)

Stream Multiprocessor (SM)

Stream Multiprocessor (SM)

ck
Stream Multiprocessor (SM) iteback '
=]
| g
SSETCHEN » Decode » Execute »  Memory » Writeback §
Fetch e 2 Off Chi
= ; E @ hip
g | | I I ;'e % - Global Memory
Ei,n ! 1 | | ; [DHAM)
3 _ SIMD Execution Unit | —oyorcoche " 2
c I-cache e 77 ... 7 7 | [ Daacache — . S
> File o7 o7 ~ o7 | | =
t r I ™~

BEER F*EHE < 44 >
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« Memory Hierarchy
® Each thread can: Grid

® Read/write per-thread registers Block (0, 0) Block (1, 0)

® Read/write per-block shared memory ’ ’

® Read/write per-grid global memory Shared Memory Shared Memory

® Most important, commonly used

« Shared memory/L1 cache: ~50 cycles

Registers Registers Registers Registers
® Each thread can also:
® Read/write per-thread local memory Thread (0, 0) Thread (1,0)  Thread (0,0) Thread (1, 0)

L2 cache: ~150 cycles

® Read only per-grid constant memo
»  Global memory (GDDR5): ~500 cycles ® Read only per-grid texture memory [N
® Used for convenience/performance Memory  Memory Memory  Memory
® More details later
Global
® The host can read/write global, —
constant, and texture memory omery
(stored in DRAM) —

Memory
3 NVIDIA Comoration 2008
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GPU: H100 Overview

 Overview

« [ MEEmRAEXTRI— IR
- HENFP32 Core. FP64 Core. Tensor Core, SM Core
o XFHBM3, HBM2el&ilifizass

Peak FP8 Tensor TFLOPS with FP16 = NA 2000/40007 1600/3200°
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 312/624° 1000/2000° 800/1600°
SMs 108 132 114 FP16 Accumulate’
TPCs 54 62 57 Peak FP16 Tensor TFLOPS 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. Tensar) 32 64 64 Peak TF32 Tensor TFLOPS! 156/3127 500/1000° 400/8007
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? 2000/40007 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 <46 >



GPU: H100 Improvements

« Transformer Engine

« XFERREREE
o« FRIEEEG ST o fooiJa%Escaling factor
- S/ ZERoutput range
« EE ~N—EHrange
- ITEEEISREERSR
- scale[a F—FEHJrange

BIEEH FEHE

éx"‘”% »
NI E®

——p Adaptive precision =—p High precision =——p Auxiliary data

PEKING UNIVERSITY
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BEIRH, IREFIANRBALEERERRE

« \R2EEMLE (MLP) ZIESIRHEEME (CNN) | EIFHENSEE (RNN) BEES/IMEE
(Transformer) FlXf=EY
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e | mm | PESHE | HEMAER
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