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Review: GPU three key ideas

KA “EERcores” FHITHAT

- 3RA “ZALURYCore” LASIMDEINHIT
—Option 1: E~AISIMDEIEIES
—-Option2: HEHIISHEHE

» BT ZNITRERIZIEH B 0 ERIKTE,
IhFGRAVER, RS
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Review: GPUR{EEZ AR RZEERENX

 Thread blocks execute on an SM
* Thread instructions execute on a core

float myVar; ~_shared  float shVar; ~_device  float glVar;

Thread Block
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- ERFlynn3Ri%, BT Rk

— ISR EUREA (SISD)
— IS mEZEURER (SIMD)
— ZIESMEBEUER (MISD)
- ZIESMEZEEEMR (MIMD)
» MIMDE Rk /918 B IR REMIRIERE,
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L EEFE (SUEN) - IR LB NFESSTERS—
EEHJ:, =] yyea 11%ill371_17ﬁi¢

— EIIE ISFE (SitEN)

HEAMBIETSEI RS /|\§EiZEI’\JiH_J,th§I‘Eﬂ1‘§EJZ, BiEZiE
EIENRY, ImiERYIE R A REI HE S

« HE—IEES-FE SRS R ER— N BRIREVITTEN, X
FEs IR ST E
- FRFNEB{SEE
— H=Eult=sERIiEs . IRAREFEEEE
- FFLoad/Storeig <AVt fR & HH T HUEEIH
— ZPIHETEIREE . FRAEBEBIEG
- BT EEEE B HEBRIE RS
 B1dSend. Receive B{ERIAITEUEE(S
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PRI S

Processor Processor Processor Processor

One or
more levels
of cache

One or One ar One or
more levels more levels more levels
of cache of cache of cache

Private
caches

Shared cache

-

Main memaory /O system

EhAHEFEESEM (SMP)
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T HEFEssEtE (DSM)

Multicore Multicore Multicore
MP MP MP

4@ Memory @ Memory FJ Ie] ' Memawr 'O

Interconnection network

1o B Memory 8 O B | Memory - 1o ' Memory i 10

Multicore Multicore Multicore Multicore
MP MP MP MP

SHRALEFMEELE (DSM)
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- Hifkz—: ZUIBHAPIEIEIRRIRYERKHE
B, EINBRINEER, LIRS ZIERIEHE
J_lnjcég 28535 ~ > 500/ B §h/EHA.

—inFHcoreZ |[BJHYZEIR 35~50cycles
— 71' Bt FlB]coreZ |BJAYZEIR 100~>500 cycles
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AR R —

FHIZEIRAT|E]

M &8 (S BiEmZE MENEE W HARTETE
EﬁlﬁllﬂH]‘IEU

SPARC Center HE=FEsS IS t53 <20 1us

SGI Challenge HE=1FES ISY53 <36 1us

Cray T3D HEFMEEE | 34 32 - 2048 1us

Convex Exemplar H=77(EE8 Y FFK + IR 8 -64 2Us

KSR-1 HEFEsE W ZERR 32 - 256 2-6Us

CM-5 NEISUSES AR 32 -1024 10us

Intel Paragon BEEE 2UERIE 32 - 2048 10-30ps

IBM SP-2 ‘BHEEIS ZRFFK 2-512 30-100us

6/4/2021

xhzhou@USTC

16
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- FER—1E (Consistency) :

-t
- FE

(BE

ENENEE—EUE
ShiBzs & HHIFR B Fitse

TR A EFIEE

4]

FERITFHEE

SHE(ERYR a3

27T

- FrEFiEEhIAN 2 Rl
» Cache—&{¥ (Coherence) :

— BRI
—-paE

s ot EEFfEER FoET R E Rl R R alRE
N CacheIRFVE SRR

Sorin D, Hill M, Wood D. A Primer on Memory Consistency and Cache
Coherence[J]. 2011, 6(3):212.
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xhzhou@USTC

18



\

aE—% (Memory Consistency)

TABLE 3.3: Can Both r1 and r2 be Set to 0?

Core C1 Core C2 Comments
S1: x =NEW; S2: y=NEW; /* Initially, x =0 & y = 0%/
Ll:rl=y; 2200 =

JEERIRITIRE (RigTLELF|FZE@ESC Model) :

S1L1S2L2 (0,NEW) S2S1L1L2 (NEW, NEW) L1S1S2L2 (0, NEW) L2S1L152(0,0)
S1L1L2S2 (0,NEW) S2S1L2L1(NEW,NEW) L1S1L2S2(0,NEW) L2S1S2L1 (NEW,0)
S1S2L1L2(NEW,NEW) S2L1S1L2(NEW,NEW) L1S2S1L2(0,NEW) L2L1S152(0,0)

S1S2L2LT(NEW,NEW) S2L1L2S1(NEW,0) L1S2L251(0,0) L2L1S251(0,0)
S1L2L1S2(0,NEW) S2L2S1LT1(NEW,0) L1L2S152(0,0) L2S2S1L1(NEW,0)
S1L2S2L1(NEW,NEW) S2L2L1S1(NEW,0) L1L2S2S1(0,0) L2S2L1S51(0,0)

6/4/2021 xhzhou@USTC 19



Cache—&1%(Coherence)

ondilzmenh]. \ /_\

[ corel | corel

\T/ e o

ke I cache
Time 1
A 42
\ load rl, mem[A]
mrﬁ” |
Time 2
A 42 A 42
add rl, rl, #1 | cnm]\ éﬁl\"
store rl, mem[A] \‘ / \\T/
Time 3

AL 43 Al 42

Example of incoherence
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+ SRR
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1. Z4MEYIAYCache—Ei4E

A—Hr=ERRE (Cache—E1ER)ER)

- | / OFE{E
— Cache® IR ERIBESHI /

PYHIF =R X I N ER 5D HY

- HS20R

1

6/4/2021

ngE%%E’\JCache%Bﬁ??’

OF AT N

NEANE,

S XN EESERTT

AR

hhhhhhhhhhh




Cached portions

of page Physical
. Memory Memory
Proc. |e—s] T < = >
Cache

' DMA transfer,

DMA

DISK

-

Memory —> Disk:

SR cachelEHEMIZSOT, MikBER], FiEsalRBEGE
Disk —> Memory:

CacheHEHEEMNRIBEEE, BEAAEXRF iR SIRF
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Example on Cache Coherence
Problem

@ Memory I/O devices

\u:5/

- P3IT T IR ER, LIEBRFI TulIA
- $tWwrite back caches ...

i) I=|

— AMEERRIREFAIREERI—FRIAR (RIEM) B

— ZER{KH T cache BRIAIITFE
- B, EEFEFWEFRITHER

6/4/2021 xhzhou@USTC
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T "FRERFEE—HEY BIENX

- NENENMNEUBRIRAMEER Y SRR SRS ARIE,
MEAAZNMFRERERE—EE JEEXNENX)
- MNBEHRERITHBERMGE:
_ GMBSEPIIXHTRBZ ENIDGHTIE, B ZEeEE T
SENIXEHTE, NEEANRENE S ESHAE.
- —MMEBENIGHITEZE, B—AMRENGHTE, ENEZETE
BE, NiEXENREERN ASHRE
— NWE—BTHNS LIRS, BMEER MRS E— S THRRS,
M AMEBSEE R IR SRR 2 R0
- 2(BiT
- BIFEHIMEEERITENEER, —RERIEAERE (Bi5HE)
— RFBRERE, EXRUERFEGE (BSHTh)
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‘ ’ | ‘ p time

‘ read-only ‘ read-write| read-write ‘ read-only
Cores2and 5 Core 3 Core 1 Cores1,2,3

FIGURE 2.3: Dividing a given memory location’s lifetime into epochs

Coherence invariants
1. Single-Writer, Multiple-Read (SWMR) Invariant. For any memory location A, at any
given (logical) time, there exists only a single core that may write to A (and can also read it)
or some number of cores that may only read A.
2. Data-Value Invariant. The value of the memory location at the start of an epoch is the same

as the value of the memory location at the end of its last read—write epoch.

Sorin D, Hill M, Wood D. A Primer on Memory Consistency and Cache
Coherence[J]. 2011, 6(3):212.
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2. SEP—HUERIERS =

- E—HRISAIENAR, CachelR RTINS

- S HIERTFRE: HEHRTIFEEIFAB Cacher

« FRE 7 I E L EREA KRR I = F i

- HEHIRIISEH: HEREEHIZIZ 1N FAB Cacher

|

.ggﬁﬁTwFWEﬂ'mﬁ&Tﬁﬁ%ﬁ&mmﬁy
JiPsE,

o MRS BN AR ARSI =R HEEB
AL Cache—E4
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.r-__.-'—'_‘-\-\.\x.‘l
core |
A
privaic
cache data
controller H cache
r::::j:_ inferconnection network =
lazt-lewel
LLC memory rahe
controller [~ .
i (LLC) MULTICORE PROCESSOR CHIP
L i
MAIN MEMORY

FIGURE 2.1: Baseline system model used throughout this primer.
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Cache—&&timY:

- W MLEER

- KiE: IREEHSERRIIAT

* 2 \?ﬁ;g %IU‘EEE'T;§*

_I

W &/ NCachef& T & &I

RAYHTT,

SR AE—ETERI TN

R PIEF R P HESERAVAS R AR
(ERIIRIRFIE—THRST

A FiEeaT

J/
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3. EFRITAIRRFRIN

« S{EEIMY

— " MMESEEEANSUEILZ BIRIEEXZEL
BE—RYRAN (AMEERIE? )
— 5 EE[ECachefIZA4 T, BIFRZEHPE{EED

o
=

A

IXHISEIR,
ShIREEITH REEAT /I CPU A Cache & CPU B CacheR& FEXRTAT
0
CPU A X Caches®q 0 0
CPU B %X CacheZsk 0 0 0
CPUABXETTE YERXERTT 1 0
CPU B j&EX CacheZesl 1 1 1
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- SEHHNY
- SRR E R

2INAT, B #BFEEE

CacheFFTE XS MANZEFEDFE DHT TEHT.
— 5 EEI[ECachefIIHF T, BITE &P EEHTD
I AYSCIHL,
REIEERIT BEATH CPUA Cache & CPUB CacheI& FEXBTAE
0
CPU A =X Cach&3k 0 0
CPU B X Cach&xk 0 0 0

CPUARBXEITTE [ IEEXETT

CPU B =X

6/4/2021

xhzhou@USTC

33



S 8IS FRIMY ERE LRYZER!

+ WE—EHE (F) NS1TEmPETER(FIER, '%E%ﬁ’r'?}
%;ﬁéﬁ T2 X5l #BIMME, MESIERIMYTRE—IXE

» WR—RPZA (RE) FH75, SEHIDIENF
HSHEHIT—IR &, MESIEENTXENFRE
— XESRIHITIERIFE

» — P LERSEIGZ—LERE ZENEREEESEHN
RIVPRIE, MESIEEMYR, FSE|E—1NHaYER

- EEFRENSLIENA, S{EEINYEABX
SR TG TANTEE,
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4,

H Ui RYE AR SEEN R

o MES BN PSS ERETYBICHEFI BB B2
THEEIRE, BN RIBE BB EEIN BRSNS 3.
- 5HjkCache, EFIFMEERIZIERN#HSRERE,
N EFAR 20T LAINEI = FROEHREE.

+ ¥FE[blCache, FEIIRNRMESEME—LE, H
BRETsEERE M Cacherh, thoJgetEEF,

- f£5[ElCacheF 4 TRISEIEA

ARAVTRES M SEI s TR,

jCacheHR

— f“i/\Cachei)%?]l]—/\#—:%l?l’ﬂk"‘uw&ﬂﬁ AAHE,
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S ,
Ml < gaocipey%» Physical

< | Memory

Snoopy
Cache

Snoopy DMA DISKS
M; |—> —
Cache
\

I A s O B SR AR IR RR A E RO fERR RO E — 2
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Mem ‘ I/O devices

Cache-memory
transaction

- BEAEAI1BRYIE N & CachesAT IS5
— R PRSI Cache 28] Y
- XEBEESXI TSR AR W

 Cache {Z #8150 (snoop)

- R

H= 2% FRFMBEESS

fECache FERHYRESABREAERYE

=55

— BEHIT AR &S S RIECacheBY—3 14

* |nvalidate, update, or supply value

6/4/2021
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Cache—&{4$AY=CIR

[f;ads & loaded
SIOFES
C_ore values memory
Side L LLC/memory
cache cache % s controller
controller _Etwor

Network Side ‘

Side A issued received
issued received coherence coherence
coherence coherence

Fesponses requests
requests & requests &
FESPONSES ' FESPONSES '

@comection netD Qemonneclion HELWOD

C_oggﬁgglpcﬁ%%ﬁr)oller: SLIM—EARRIASH (BiE LR, SMRYR—/MEZR. (BN

il : Cache controller fE/3Coherence controller.

Ai3: memory controller {fE/3coherence controller
6/4/2021 xhzhou@USTC 38




Implementing a Snooping Protocol

» Cache {ZHISEIA L EIREKIEA -
— QhIEEEAYIESK (load/store)
JZIJJ.I)\JE% (snooper) E’JIU\@%%X/UFJF'

» Cache ZHIRtRIBX AL HAVAN=EE
iTﬁCaChei;&E’J ,lklu\ ; Ld/StX Processor
TR St [t oo

— FL/-_TEEIJIU\éi_g%

\

- /
/ Snooper

6/4/2021 xhzhou@USTC 39



MSI| Write-Back Invalidate Protocol

« 3 states:

— Modified: {XizcacheifiBE80IRY. BRHNIZHRcopy

— Shared: iZthEF &R, HitbcachehrthalReS Bk, FiESEFH
NE B

— Invalid: iZHREF%ER (invalid)

* 4 bus transactions:

— Read Miss : [gR55FRead Miss on Bus

— Write Miss: RS FWrite Miss on Bus,158Z—/Nd 594k

— Invalidate: {EIRIZIAEE B IEREFRICopyY

— Write back: SHHR{(EHEXOIRIRE(E]

- SiZER, 1EFEFRBE(RIR

— BEZlInvalidate transaction HIES& t, SE(EAEH
- BRI BREESELELERITH

6/4/2021 xhzhou@USTC 40



CPU read hit

Shared

CPU read

Place read miss on bus

CPU write

Place write
miss on bus

Exclusive
(read/write)

CPU write hit
CPU read hit

6/4/2021

=\ (read only)

Write miss for this block

Invalidate for
this block

ad.t- CPU
N @ read
0 b
=y miss ‘
Place read B>
miss on bus 3|2 o
5|2 @
S|E &
Qe 8
23
Write miss = |®
for this block

Cache state transitions
basead on requests from CPU

CPU write miss

Write-back cache block
Place write miss on bus

Read miss

Exclusive
(read/write)

Shared
iread only)

CPU
read
miss

for this block Cache state transitions based
on requests from the bus

SFriBRIRIRFREEERE A FAB Cacheld, EIXS
KRS, EARMERIABIZIREIEIIFAB Cache,
alI{E: Write-back block; abort memory access

xhzhou@USTC
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MSI Snoopy Cache Coherence Protocol

Request

Read Hit
Read Miss
Read Miss
Read Miss
Write Hit
Write Hit
Write Miss
Write Miss
Write Miss
Read Miss
Read Miss
Invalidate
Write Miss
Write Miss

Source

Processor
Processor
Processor
Processor
Processor
Processor
Processor
Processor
Processor
Bus
Bus
Bus
Bus

Bus

6/4/2021

State Transition

Shared or Modified
Invalid = Shared
Shared

Modified = Shared
Modified

Shared = Modified
Invalid = Modified
Shared = Modified
Modified

Shared

Modified = Shared
Shared = Invalid
Shared = Invalid
Modified = Invalid

Action and Explanation

Normal Hit: Read data in private data cache (no transaction)

Normal Miss: Place read miss on bus, change state

Replace block: Place read miss on bus

Write-Back block, Place read miss on bus, change state

Normal Hit: Write data in private data cache (no transaction)

Coherence

: Place invalidate on bus (no data), change state

Normal Miss: Place write miss on bus, change state

Replace block: Place write miss on bus, change state

Write-Back block, Place write miss on bus

Serve read miss from shared cache or memory

Coherence
Coherence
Coherence

Coherence

: Write-Back & Serve read miss, change state
: Invalidate shared block in other private caches
: Invalidate shared block in other private caches

: Write-Back & Serve write miss, Im.r.allid.a\tﬁ:12

xhzhou@USTC



Example on MSI Cache Coherence

Request Processor P1 Processor P2 Bus Memory
State Addr Value State Addr Value Proc Addr Action Addr Value
P1: Write 10 to Al P1 Al WrMiss Al 15
M Al 10
P1: Read Al (Hit) M Al 10

P2: Read Al P2 Al Rd Miss
S Al 10 P1 Al Wr Back A1l 10

S Al 10 P2 Al  Transfer

P2: Write 20 to Al P2 Al Invalidate
| Al 10 M Al 20 Al 10

P2: Write 40 to A2 M A2 40 A2 25

« Assume that A1 and A2 map to same cache block
« Initial cache state is invalid

6/4/2021 xhzhou@USTC 43



Write-back Cache

AErECache—#EEWrite-back Cache
o CachelRIXES PRI/

Prwr/—

— Invalid, Valid (clean), Modified (dirty)
« Processor / Cache &#{E
— PrRd, PrWr, block Replace
* 'Eg%g% PrWr/—
— Bus Read (BusRd), Write-Back (BusWB)

Replace/BusWB
— {Nf&iXcache-block PrWr/BusRd

%r”'Cache—’éSIIEEl@]erte back Cache A
I Cache—EERRINSIREE )

— Treat Valid as Shared L F’:;d/—
I us
— Treat Modified as Exclusive

SINFRAY 2 555

— Bus Read-eXclusive (BusRdX)
— Bus read with intention to write

6/4/2021 xhzhou@USTC 44



MSI| Write-Back Invalidate Protocol

3 states:
— Modified: {XiZcachellBEHB0THY. BRENZ N
iji"COpy Prwr/—

— Shared: IZIRET#R, HfitbcacheFrtBRJEEE
Bz, FEEEFHINS RSN
— Invalid: IZERETHER (invalid)
4 bus transactions:
— Bus Read: AT EBuUsRABEESS \
— Bus Read Exclusive (F2\ZeHE{tEEE) : BusRdX prwr/BusRdx \ /" BusRdx/Flush
« BFEPHHEBEY (exclusive) cache block /V Replace/B?SWB

* bus read with intention to write )
PrRd/BusRd BusRdX/—

— Bus Write-Back: BusWBfF-cache TRAYE A \ orRa Replacel— /'
BusRdi— [/

Prwr/BusRdX BusRd/Flush

— Flush on BusRd or BusRdX

« CacheBHUERNEIREZ L (MAEMNTFEESEEL
#E) 5Thk Cache-to-cacheBUIEIX, HEMFERS

6/4/2021 xhzhou@USTC 45



State Transitions in the MSI Protocol

 Processor Read
— Cache miss = F=4BusRdIZEFH o
— Cache hit (S or M) = ILRAZEHE
 Processor Write

— érﬂEModmed%wﬂi r‘i,u\éaz
BusRdX Z84% . BusRdX S&EftiCacherh

BIXT Kz iMEF‘ (invalidate)
— HAEModifiedR7SHS, FTTREEoE

Prwr/BusRdX Bust/FIush

« Observing a Bus Read Privi/BusRdX g:;ggﬁjgg;v%
- ;zu%zyaz% Modified, F=4EFlush/a\EkE85% /' B ’
- EFfFiE=SFIBFKAICache BrRA/BuSRA BusRAX/—
- 5|EERZLESAICache IR = Shared prRq/— Replacel—
« Observing a Bus Read Exclusive \ BusRy— 7/

— {EEBXRDblock
— WIERIZEREmodified, FEAEFlushfR L%

6/4/2021 xhzhou@USTC 46



PrRd/—
Prwr/—

Prwr/BusRdX BusRd/Flush '

S | 5\ ul[S] 7 ulB| 5,
/
= /? —
Memory l I/O devices
u: 57

PrWr/BusRdX /" BusRdX/Flush

/V - Replace/BusWI

BusRdX/—
PrRd/BusRd prRg/— Replace/—
BusRd/—

Processor Action State P1 State P2 State P3 Bus Action Data from
1. P1 reads u S BusRd Memory
2. P3 reads u S S BusRd Memory
3. P3 writes u I M BusRdX Memory
4. P1reads u S S BusRd, Flush P3 cache
5. P2 reads u S S S BusRd Memory
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Lower-level Design Choices

- 5| A\Bus Upgrade (BusUpgr) $§CachelRIA7SMSEIM

— SERIEEERE (Sl BusRdX) , {BERRAGIEER/E

A MBAIRMERZIBusRd B, TFIHANE

— M > SorM— | BURTFIGAIES

Transition to state S

- NRAASBEAMIERIE, MAREMIEEERISEE

- tRIEE TR R REIEERFIIEIEIRT

Transition to state |

- ZEREEMMERSEE

- HERESHIETEIRE: A ER, HibhEsES & HIE
BiEK, AEAMNHITIENNS., RIEERIRIFRIVHIARET,

AREERL EEiFit=a e
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Satisfying Coherence

- E{&H&(Write propagation)

—  ¥9—“shared Zkinvalidi IS, EiftbcacheZBa I
 {#FHBus Read-exclusive (BusRdX) £85%, Bus Read- Iir\l/?vdj—
exclusive BBEAEEEthCachePRILE i

- Ef R R BRI SR ERER AR RIRIZ Cache

Miss
« S&H1T(Write serialization)
_ B I Ebus USRI (BusRAX S EITIL PWdBUSRAX  BusRaFiush
. FEANESE (SR HSRIENEES) LIERAS TS \ ! \
. EEIR TR RS A tbcache, SARSHLEREL PTVIBUSRIX Aty
{5 /' ’
_ #Z'xsﬁﬁﬁE’J SIR/EERAHIERSLE BuSRAX/—

N PrRd/BusRd Roplace_
Xgmodified RIVSFFIRER—MIEE (P) HFRF \ PRA T
HERASRERST
- F—4MEEESTUNE: HPH TR EELERSRT

PSR
- EftMRSESSHZERE: SEH— MNAGES, X(R
I T S ERIRR XS E it EREE T = th 2 SR T0A0.
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Summary

- HFitENAERLE: SISD, SIMD, MISD, MIMD

- MIMD BB (EIRBI R FiEsR451a
— =AY HERES: HEFEESEIEN) vs. IEREZFE S TTEN)
— 1B{S1REY: LOAD /STOREIE<S vs. BEMEE
- HEFHEAMIMDSS
- EPHEZEZME (SMP) vs. DV HEZE (DSM)
- HEFEeSEIaORFEE81TH
— Cache—E{{4iAJRH (Coherence): {FEZIBNARFHICachefREANTE
HEICache— IR RIS =1ERHY
— FhEESE—M4E(Consistency): FEZEHIEH AITRIER T, RBH
— LN E M IE R HEFM#EES1T . BRSITFESHETINF
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Summary

« Cache —E{1% (FENX)
— QMESEPYIXE 2 FNNIXHITIE, EEZBSBHEE
LIEZENIXIHITE, NhERIREERESHANE.

— WIESENIXEZ g, B—UIEESENXiEH TR, =52
Elym= = kaEI'Jl&_ ENAEIHANE.

- WE—ERTHISEIFERY, BMESHMMEIEEEIE
—EBRIThIRIRE, MRrEEEREFRINF2ERAY,

- H=2ERpIRER: IEIFFIBER
— Cache—&4EiMYEEIN: BIERFISE#H
- ERHEFEPRE

« Snoopy Cache-Coherence Protocols

Il'r Il'r

| T

'I'
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Summary 3/3

- HEZRRRIRER: WRIFFIER
+ Cache—HTHHYEM: SIEEFISEFR
. EErhs{t=1F6E Cache—FiEihiN

— SnoopingiM¥ : MSI, MESI, MOESI

« Coherency Misses
— True Sharing e

ownership (note: the
ve state is

— False Sharing
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