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review

- TR RES:

SISD, SIMD, MISD, MIMD

+ MIMD BiE (SRR F #5451
— HBUFESEIRYARRET: HEFEEAIEN) vs. IEREFEEITE)
— 1B{SHRE: LOAD /STOREFZ< vs. iHEEEE

- HEFEIIMIMDES

- &R HEFE (SMP)

- HEFMERRSIarFE

vs. DT HEFE (DSM)
2a13 /3

— Cache—EU4[AJER (Coherence): {EIEZAMIEIRFHICachefREEAME
HEICache— IR RIS =1ERHY

— FERE—4ARA(Consistency): EZLLEFAHFITHUBR T, REH—
LEINISkE X IEINRZEFERITH. BESIFESTHETINF
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—EBrxMRSE, METEYLERERIARFZERA.
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4,

H Ui RYE AR SEEN R

+ RS LIRSS ERTHYAIXEFA 2%
HHTEEIR(E SRV LR ERR N BRI IR

AEZ.

- 5HiXCache, ENBERIZIERN#HSRER,
WM EFAR 20 LA E = Fa0EREE.

. }FSECache, BEEIEMNRHESER—L,
DR REALER M Cachesh, HAIEEEETE,

. E5[E|CacheS{ FRISEINIHZA

ARAVTRS A SEI i I AR,

CacheF

— QAl/\Cacheij&}]l]#—;%kﬁ’]ﬁ*ﬁlﬁﬁﬁ BEENAHE,
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Memory

Bus
A
S ,
Ml < gaocipey%» Physical

< | Memory

Snoopy

My |=— Cache [T |
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Mem ‘ I/O devices

Cache-memory
transaction

- BEAEAI ISR & Caches AT HZ ZA91T 7T
— R FIESRIFE Cache 2R LAY
- XERESXIAEEHIEsLARRERYIA T W

+ Cache ZHREEM (snoop)

HE 2% FRIFRBRSS

- R

fECache FIRAPINE AN B RTEARIHIE

=55

- BIRTARRIC SRS RMRIECachelI—1E

* |nvalidate, update, or supply value
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loads &

Core Stores
Side
Network
Side
issued
coherence

requests &
responses Y

cache
controller

loaded
values

cache

received
coherence
requests &
responses

interconnection network

Coherence controller:

(EX SRS

Cache controller

Side
issued
coherence
responses

Y

LLC/memory e
controller
Network

A

received
coherence
requests

Qemonnection netwoD

Eﬂ memory controller {fE3Coherence controller
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Implementing a Snooping Protocol

» Cache {ZHISEIA L EIREKIEA -
— QMEESAYIESK (load/store)
JZIJJ.I)\JE% (snooper) E/Jlu\% ZK/UF]F'

+ Cache =5l =RRIBX A HEAIBA=ENE
id’ﬁ CaChei;&E/J,lj(,u\ . Ld/StX Processor
A e i T

Tag
— )_L/-_Zl'ﬁ-ﬁljlué%_g%

\

- /
/ Snooper
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State ° Bus snoop
/ Tag
| | | Data | $ / e e o
N 1

&

3 states:

— Modified: {XiZcachelIE1ERUIRY. BRATIZIRcopy

$
— | r \
‘ .y '_ Cache-memory
Mem evices transaction

— Shared: IZIRET$IR, HftbcacheBAJBESHIZR, FHERRFRINSEHHRY

— Invalid: IZIREFER (invalid)
4 bus transactions:

— Read Miss : JgR55FRead Miss on Bus
—  Write Miss: JR5%FWrite Miss on Bus,15Z—MH IR

— Invalidate: {FRIZRIEE it 2EAICopy
— Write back: BRI ERHZSUIRIREH]

SiF#ER, (ERFRIAEhIR

— HBEZNEIAR, EFlinvalidate transaction HIERZ E, SIRIEA &K

- SE{TH: REEETERS FETL

2020-5-22 HENRRES
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CPU read hit

Write miss for this block

Invalidate for
this block

CPU read | Hg’;?fjw )
Place read miss on bus
ae’.t- CPU
N @ read
CPU write Y & e t
2 E Place read '§ >
E(c miss on bus |-
] - =8
8o R
&(o @ |E o
o E '? =
23
Write miss = |®
1 for this block

Exclusive
(read/write)

CPU write hit
CPU read hit

2020-5-22

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

THETUWRREN
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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

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, Invalidate



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
P1l: 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

* [|nitial cache state is invalid
2020-5-22 TTEUAR G 15



Write-back Cache

° Cachei}&ﬂk?& PrRd/—
— Invalid, Valid (clean), Modified (dirty) Prr/—

« Processor / Cache 3#4E
— PrRd, PrWr, block Replace
¢ lE\ﬁE%
— Bus Read (BusRd), Write-Back (BusWB) Privri—

15 Replace/Bus\WB
- 121%]5030he'b|00k eplace/Bus
PrWr/BusRd

° %'I'i\j'c ache_ﬂll'iﬂgikzlkl r /Replace/_
— Treat Valid as Shared PrRd/—
— Treat Modified as Exclusive PrRd/BusRd

- SIANFIHISZEERS

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

2020-5-22 TTEUAR G 16



MSI| Write-Back Invalidate Protocol

3 states: AW

— Modified: {XiZcachelfBIEXIIHI. B
1ZRcopy

— Shared: iZIRETF$R, Hftbcachedrtalge
BRZR, FiESEPIRNEEEHH

— Invalid: 1IZIREFTIR (invalid) PrWr/BusRdX Bust:/FIush )
4 bus transaCtlonS: Prwr/BusRdX \ I BustX/F‘Iush

— Bus Read: EEBT =4 BusRAR R ESS Replace/BusIB
— Bus Read Exclusive (SZHEtEE) : BusRdX N /

« BusRdX -> Bus read with intention to write
- BEPEEEY (exclusive) cache block

— Bus Write-Back: BusWBHEJ-cache Y&z

— Flush on BusRd or BusRdX

« CachelS#UERAIREG L (MAERNFiESEE
1) 5Thk Cache-to-cachefUf&iX, HEFTFiERS

PrRd/BusRd BusRdX/—

1
1
[’
BUSRd/— ,'I /,

2020-5-22 TTEUAR G 17



State Transitions in the MSI Protocol

 Processor Read
— Cache miss = F=4BusRd=E5% o
— Cache hit (S or M) = FRAZ&EE
 Processor Write

— -_lﬂ’_ElIEMod|f|ed47k,L,\EjL R ZEBusRdX Z
£%, BusRdX SxHEtbCachePHIRIRIBRIERE

(invalidate) N
— éZ_MOd|f|ed'lk:u\H__|- L;:L,\%Ejjﬂz Prwr/BusRdX  BusRd/Flush
* Observmg a Bus Read PrWr/BusRdX /" BusRdX/Flush

— WNEZRE Modified, FFEFlushRZESS
- EFTFEESFIEEKAICache
- FlEEREESCacheilk7Z= Shared

« Observing a Bus Read Exclusive

— {EE#tEXDblock
— Wz Emodified, FFEFlushR&ESE

Replace/BusWB

/"

PrRd/BusRd BusRdX/—

1

1

1

II

Replace/—
PrRd/— ~ePac Y
1 s
BusRd/— /!

2020-5-22 TTEUAR G 18



PrRd/—
Prwr/—

§| © ulsT 7 ul[®] 5, "
\ / PrWr/BusRdX Bung/FIush ‘
\ // Prwr/BusRdX /! BustX}FIush
f | /V Replace/ll?»usWE
Memory ¥ /O devices PerT PrRd/— E‘;‘:ﬁﬁ: /
BusRd/— ’ ;
u: 5 7
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
2020-5-22 TTEINIRRES 19



Lower-level Design Choices

° % Mlu\Egt*xJug

- FEREE \ﬂﬂl

ZBusRd AY, IFTFEIPNES
-~ M — SorM — | BURFHAET
 Transition to state S
— MRAASBAMERE, MAEREMLIRSHEERE
- IERESTER KEIERERNEERT

 Transition to state |

T

BERER(E

— IEREGEUETBIRE: ISR, Eithd
AN H TSNS 'ﬁ BOIELERIXS TR E]

i?éiﬂq_%%zk X
=T,

+ ARIEFERREFINFE=RRITERS

2020-5-22
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Satisfying Coherence

- E{&HE(Write propagation)
— Xg‘—ﬁ\shared ginvalidiRNE, EHith

cache%IZ_J o] I,

 {#FBus Read-exclusive (BusRdX) Bus
Read-exclusive EBEAE[E H{ﬂ’,CacheEF-lel’J

]g@kﬂ%%?_ EARE R Z SRR AR
j:

A= Cache Miss
- ST (Write serialization)
— Qﬁggtﬁfﬁﬁbustﬁ’ﬂ—%fﬁfﬁ(BustX)?EZE'\

mﬁkﬁﬁﬁaﬁamsﬁwmkﬁﬁ)u Pwmmw<m«%mm\

PrRd/—
Prwr/—

=35 5ps) ;
EQFE%@A{% %%{’EE’JLEE%%EI’JZKi{BcaChe PrWr/BusRdX \ " BusRdX/Flush

- Replace/BusWB

- ?—”FZ' EFMENSR S HIER %L

« Y¥modified iJ&E’J'ar“&'H%EH—/\UEa% (P)
JTEEﬁ $$ﬁm P T IR
o [F—Ab 5: P LT gy ==
. I X = . AE;E —_
%ﬁ,ﬁﬁﬁTShﬁ iR At
S S BT

/

PrRd/BusRd BusRdX/—

1
1
1
1
/I
Replace/—
PrRd/— oPac Y
BusRdi— ,/  ~
4 .

2020-5-22 TTEUAR G 21
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MESI| Write-Back Invalidation Protocol

« MSI ProtocolBJERrPE:
— EHFFHE— block, FFE2 NRALESS
- BHEEIEREFT4 BusRd (I-S), FHEIRZS AShared, B
BRI =4 BusRdX (S—M)
o B{E—NRECached HHIXFPIE ISR TEIE
- [FRSEREFRREEN, XMEEEE
. {®@Nexclusive state, iV E&ES
— Exclusive state TN E[Cache® &%k, HBEER
FIRAYLR
- XD IREHRAY “clean” F1 “dirty”
— — b TFexclusive state i, BEFBTATTE R L

=55

dinl

2020-5-22 TTEUAR G 23



Four States: MESI

M: Modified

— {XZHBiICacheBBIZR, FHHRIZEHISHOT
— NEHEYCopyEFFIHRYE

E: Exclusive or exclusive-clean

— {XZH\iICacheBBIZR, FRIZRIHIEHOT
- REPRISIERSATEY

S: Shared

— Z 1 CacheFEPEEAR, MBPIRBIEXNT
- REHPRIESIERSATEY

I: Invalid

tBfRIllinois protocol

- B 2/inoisBVIAR A RIAHIF A FRIEX
— MESHMYAYZEFR 2 N AT I AL IR RE

2020-5-22 TTEUAR G 24




Hardware Support for MESI

© 9 O

Tag State

Data

Tag State Data Tag State Data

Shared signal S

Memory

wired-OR

I/0O devices

- BEHIERFIER
— BEII—/ ¥R fIshared signal S, XTI FTA Cacheiz sl ZEn] A
— BJLASCIRAY, wired-OR line

- Ef8cache controllers il BusRd
— WERFMARAVRAVIRSE (state S, E, or M)

— 15k Cache

2020-5-22

NiEshared signali&iEEaLS

T EHURREH 25



MESI State Transition Diagram

Processor Read

RS =4BusRAE5S, HMEJg8e~replace
SE?

BusRd(S) => shared line asserted

- {EEAftiCached BB A copy
 Goto state S

BusRd(~S) => shared line not asserted

. EEA{thCache AR ZIEIZLR
* QGoto state E

*

Prwr/—

Prwr/
BusUpgr

PrWwr/
BusRdX

- R AT A ESS

PrRd/
BusRd(~S)

Processor Write
1ZCache REVIRSEEE M
EIERSZ(FR) =4 BusRdX / BusUpgr

« {EIEEfthcachemf{Copies
CachetR4bTFIRZSE FOMBY, AP RE&ES
BT, EERSTRIRARAIBES [#SreplacesifE
BT, MSHIRER]EES [#2replacef1BusWB

2020-5-22 HENRRES

PrRd/

BusRd(S)

PrRd
PrWr/—

N
~

\
\
\

BusRd/

Flush
N : BusRdX
/Flush
BusRd/— /, ':
\ [N
ro Replace/
PrRd/— SN
R . BusWB
" BusRdX/— |
Replace/—
b BusRdX or
PrRa/— DusUparl—
BusRd/— Replace/— "/
26



ESI State Transition Diagram — cont’ d

« Observing a BusRd

— ZIRAVRSMEREZE S P
- EAFEE bcopy
— ZRMMEZES |
- s EFmMI IR RIFETR(E BusRd/
- RIFRREFREMBETZRIICache e T
« Observing a BusRdX or BusUpgr BusUpor
— BAEIEAERAY block s RN - W
— WFAETFmodifiedIAZSHIER, 1GF=EflushE uskax PiRa— 5 [ Roplaco
L2 i \ us
73 ‘/ /,’ : :.'
— BusUpgr: {XSIEAFIREMIR, Ar=Eiit T * " Repce— |
};Tg{’ﬁ It L/ BusRdX/—
PrRd/— gizﬁig/—_

« Cache-to-Cache (C2C) Sharing
— JEEMlllinois versionSZ X FPIE S
— HCache 12{H&E, MARHANFRHETE

BusRd/C2C !
PrRd/ '

BusRd(S)

2020-5-22 TTEUAR G 27



MESI Lower-level Design Choices

EEZXSTSHY, HiE/IBusRd/BusRAxEFizHEHE
— Original, lllinois MESI: cache, R BRI Cachettmemory&E R

{8 cache-to-cache HEIEIN T SCIMRIS ZRE

— XFCHAY TS T Mmemory3REXESHE

— FESUITAECIZREEEE (must wait for caches)

— YIRZ 1 Cache HEHIE, EHSelectioniIFE
HRREAModified, 2% ERIRIFR (Flushing) £HEIRE
— EEEHHRLAN 78S BKEURE, (BFMEessiEELCachelIEEIE.
- EAROLUNILECachetzIWETE, memory AN EIETE?

o XFEKFESNMIRZ: Owned state = MOESI Protocol
« Owned REHXEE=MIModified?s, WHIFIESERERITEIE
o IZIROJLAZE N Cache X =, (BEFEZE (ownenRE—

2020-5-22 TTEUAR G 28



MOESIFEOwned FiShared k7

« Owned{i,

— O A1 REHAICache t(RIABE ESRIEUE R H RIS R R AT
FEdEE I, MmBEEEMCPUP—EERRiZCachetRBVEIZA, Hith
CPURYCacheIAZ S,

— WNERFMEERISIEES N CPUNCacheHEREBRIART, BENA
—ANCPURYCacheBIRZS 0, EftBCPURYICache BURZS R EBESS.

— SMESHMYAFRISIRESANE, IRSH0RICache i RARIEHES A
SR PHVEIREFA—EL

Sharedf{ii,

— HCachetIRSHSHY, EEESEUEFFA—ESFiEE—EL

— WNRAEHEMCPURICache AR EIAS/IOMEIARY, iZCachetRHH
KRS FhiEes—EL

— WIREEMCPURICache FIFEIRSHORIREIARRT, CachetRAAVEL
ESFEESA—EL

2020-5-22 TTEUAR G 29
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Performance of Symmetric Shared-

Memory Multiprocessors

 Cache performance HHFSER 1Rk -
— EA4MEEE cache missfUIE{EE (Traffic)
- BE5EEEE: ATEENHISES
Al
« Coherence misses
— JB3FR /9 Communication miss

— 4th C of cache misses along with Compulsory,
Capacity, & Conflict.

AY

2020-5-22 TTEUAR G 31



Coherency Misses

HFIHEROSIFES R
- HEERFEZPNAKRUCache BRI

— FARAMESENHSE R TEIRERNS {FIEEMNIEESAY A Cache BRI
— Hithh B2 H =R 1TIEIRIERY &8 coherence miss

- True sharing misses : Cache coherence 5| CHIEUEE(S
- BEEFENGEREHIE F— T8

- WHZ=R (SER) E—FHE—XSIRE(EEHticache RAYHEIR
— QhIEsE Et.lak—’\ﬁr FH i I g2 cache P HBE(EMHIT AIF
(modified) , XESEKM, HIESRicache R RIRE O]

- EIJH‘JHE*'J\?EJM\?-. KABRERE

False sharing misses : HFENFEENFHRP

— EER—RPEAEZTE

- KRFHEEETEEFEFIE, (UXEFE TEIMITE

- REHZY, ERPEEEIEEENF
SWMBROKNIINF, BBARASFEXTHRE

2020-5-22 TTEUAR G 32



Example of True & False Sharing Misses

TEXFIY BT [E)—cachell

TIEIRZES ST PAFNP2IYIEEEY 7 HE=ZFEX, Block(X, Y) 1EP1, P25
QhFShared 25

Request P1 Cache State P2 Cache State Explanation
P1: Write X Shared (X,Y) Shared (X,Y) True Sharing Miss (P2 read X)
Modified (X,Y) Invalid (X,Y) P1invalidates block (X, Y)in P2

P2: ReadY Modified (X,Y) Invalid (X,Y) FalseSharing Miss (Y not modified)
Shared (X,Y Shared (X,Y) Write-Back & Copy block from P1 to P2

(
(
) (
P1: Write X Shared (X,Y) Shared (X,Y) FalseSharing Miss (P2 did not read X)
Modified (X,Y) Invalid (X,Y) P1invalidates block (X, Y)inP2
) (
) (
(
(

>
-

P2: WriteY Moaodified (X, Y Invalid False Sharing Miss (P1 did not read Y)

)

,Y)
Invalid (X,Y Modified (X,Y) Write-Back & Copy block from P1 to P2

)

)

Pl:ReadY Invalid (X,Y) Modified (X,Y) True Sharing Miss (P2 modified Y)

Shared (X,Y) Shared (X,Y) Write-Back & Copy block from P2 to P1

2020-5-22 TTEUAR G 33



Commercial Workload OLTP, Decision Support

Database), Search Enaine

e Uniprocessor 3.95 -

cache misses 31 .

i ) m Instruction

improve with 2'2?: I O Capacity/Conflict
: . - nCold

cache size increase g | u Ealxabimiing

(Instruction, 9 m True Sharing

—
N
T

Capacity/Conflict,
Compulsory)

-
L
o

* True sharing and
false sharing

e
~
o

Memory cycles per instruction
™

o

o 2

o
! !

unchanged going . . [ I
from 1 MB to 8 MB 1 MB 2MB 4 MB 8 MB
(L3 Cache) i Cache size

2020-5-22 TTENWKRREMS 34



MP Performance 2MB Cache

_ 3
e True sharlng, m Instruction
) 0 Conflict/Capacity

false sharing § 25| ocold
. . o m False Sharing
INCrease gOIng g 2 @ True Sharing
from1to 8 £
CPUs 515

@

>

> 1

£

£ o5

0 ‘
1 2 4 6 8
Processor count

2020-5-22 TTENWKRREMS 35



| [T

° % JFS_/\SQ_

RIS, HepE MR
CRIL1FIL2%E 17, {iLZéE?‘ ZIENHZE RS F
HUTERIR(snooping).
15I?E L%Lzﬁﬁ—zi’aiﬁ RSBl 2151NEE, ABEREFE—EIE
— BIRATEMNEZR /3.0 GHz, CPIZ90.7, Load/StorefUsiERH
40%,
- MEBOEEETBI 0% 2 S
nEBERE, AN IESSIIRA—EIELNERE

/2

$<)
>¢

— Cache cycles available = clock rate/CyclesPerRequest*50%

— Cache cycles available = MemoryReferences/clock/processor * clock
rate * processor count * CMR

— CMR Jgcoherence miss rate

5/22/2020 PERIZFRAKRE 36
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- REZeRInTH BIEINE]—E PR
— B2k LREEERAEIERRE B BIR
- HERGHFERFERR-
- ERAXENIERAZ SRR ST, nirm SR

BRARZ—: R EEEME->HTEE

— Z GRS H TRIEIEEERICache banks

— PR L2 RS E SEE SR RS

— B A RIPR S,
- {EIES LR IAAIMILE LIS 2 EL S EIMERY

— WE—EIER GRS BRIFTEAESRE, XELEEAY
o WMARAI BB MRS cache coherence

— EHBEZR (directory)KIZRE Cached HRAPIRES

— BRI TENFAB Cache B8 TiZRAIEIA

2020-5-22 TTEUAR G 38



fRCache—E {4 [a]RRAY L HE

o« SRS ITTHYAI—EUEIDIN,
Eamu

xR A FICREEREXEENEUESN,
blE?E o] L N\ Cache B98N0 .t.ﬁ%El’JlTi IEU
R, 1Zi9%?'_ PNMEESENHEERSUNZE
(ERYSUES

iTEA%ﬁimhﬂﬁiﬁFﬂﬂﬁﬁ'\ir e
HIRFEE
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FHERSHhTFESESP, FMENERBZMEEE. BEaLE
Fitbpy, tBaIRiziza,
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'ffirectory in a Chip Multiprocessor
- BRTEMBALERAZENEINECacher

- BRICRTE 1M

5 CacheF

FRAYIERER

RIMNECache T 1 \banks, LAMEH{TIAIE

— CachefYbanksE{ A LAS coresfVE=18E, tBaILAAE

Cache 0

Cache 1

Cache 2

Cache 3

Cache 4

Cache 5

Cache 6

Processor | Processor | Processor | Processor | Processor | Processor | Processor | Processor
Core O Core 1 Core 2 Core 3 Core 4 Core 5 Core 6 Core 7
Private Private Private Private Private Private Private Private

Cache 7

Interconnection Network (or Crossbar Switch)

Shared Cache Bank 0
+ Directory 0

Shared Cache Bank 1
+ Directory 1

Shared Cache Bank 2
+ Directory 2

Shared Cache Bank 3
+ Directory 3

Memory Controller 0

Memory Controller 1

Memory Controller 2

Memory Controller 3

2020-5-22
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Directory in the Shared Cache

- Shared Cache 8 &FFBRIFAB Cache
— H=CacheEFfABcachetREIHBRE
— Example: Intel Core i/
- BRfEHEcacherh
— XS cacheFRIENRIEINE Fpresence bits
— WERBK N processorsBfATEZE cache FENAEE
presence bits(k{i) + state{i/
— Presence bits §7x 7 & &1% I copyHicores
- B REfBEHEEFAB cacheflHEE cache PRPIAHER
— fEFAB CacheRIRAVIRZ: State = M (Modified), S (Shared),

or | (Invalid)
State Tag Block Data Block in a Private Cache
Presence bits | State Tag Block Data Block in a Shared Cache
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AlthsgFAB Cache (Local (or Private) Cache)
— RMRSEEKAVIR
H=® (Home Directory)
— fFHCachetBX(ER
— BZR{#FFHpresence bits [ state 1BExcacheil
. imf2Cache (Remote Cache)
— 1ZCacheHEE&— N CachetRHIEIA, 4bFmodified B¢shared 25
. Cache—ESIIE BIE{RilESingle-Writer, Multiple-

Readers
- !Z[I — MREARRECachePbTFModified?s, AFARBE—1EWHY
%7(_ = (,\;EﬁCaaCchee7 D?.?Fﬁ%ﬁ%_lsﬁﬁrﬁ) RS

. EE.E‘?% ARl iﬁ?‘:"\’. ZIFRRIERR
- FrEIEREEENESE
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States for Local and Shared Cache

YWFAH (FAF) cache R, F1E3HIRTE:

1. Modified: {{3BiCache B HiZ{EXLT G2

2. Shared: iZIRoJgEfEZ /1 CacheHRBEIAF

3. Invalid: iZIRTK

¥WFHEZECacheFIJIR, FEAFIRTS

1. Modified: Rﬁ—AZBtﬂ!CachezEEﬂAtJ&Eﬂ}mﬁ%
RE— ] AtCache BB IZRIEXERIREIA

2. Owned: X=CacheEmodifiediRBSIEEE
Modified block#Z 5 [B|Z|FE=Cache, (BAEANF
LbFownedZSHIREI LA SN ANitiCachet =

3. Shared: iZiRoJgetEE #1212 1 cache

4. Uncached: iZIRAE{EAF = CacheHn
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Read Miss by Processor P

« Processor P %&3i% Read Miss jBE%8 Home

directory

- Home Directory: block 2 Modified7
— Directory &I1X Fetch message 25181 RAremote cache
— Remote cache )% Write-Back message £l directory (shared

cache)

— Remote cache Bz HRMZ A J9shared
— Directory EEXIMAIHEZHIRIER /T owned
— Directory RIXEUELEP, F
— PHYLocal cache ¥R RIRIBRIASE /I shared

« Home Directory: block @Shared or Owned#s

— Directory &1EZ8

2020-5-22

RS X W TF-PHYpresence bitE&{\

BIEP, FHIEXTN PAIpresence bitE{\
— PHYLocal cache 1ERTEIWEIRITRIRNSE /U shared
- Home Directory: Uncached -> I\ TFfi#zZ2H3REUR
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Read Miss to a Block in Modified State

1. Read Miss by P
Requestor Requesting block A

Processor P Shared Cache

<>
Private Cache Memory

+ Directory

] 4. Datablock A /

reply message to P /

e

2. Fetch Block A 3. Write-Back Block A
Total of 4 MESSages Requested by P Requested by P
Processor Q writes-back
Block A to shared cache

Block A is shared by P and Q

It is owned by shared cache Processor Q

Private Cache
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_,,_ Write Miss Message by P to Directory

- Home Directory: block EModified7

— Directory /1% Fetch-Invalidate message 54MBEEE0/ICache
(Remote Cache)

— QbIEESQRYcache B AR EURN S BRLEP
— QHYcache’EXIMIRAPIRE R Ainvalid
— PHYcache (Local) 32U ERITRASIRE B (& S Imodified

— Directory & 5(7}_‘_ 7 FQHY presence bitEfi7, FEXIRIFPHY
presence bit B{\

« Home Directory: block 2 Shared or Owned

— Directory fR#Epresence bit{ VSR BRI EE AXinvalidate
messages

— DirectoryiZI§t acknowledge;BEFHIEXT N BYpresence bitsE1ii
— Directory RIXEFEREISEELEP, FFPXIMNAY presence bit B\
— PHYcache Fdirectory FBAZRAVIRZSIE M /9 modified

» Home Directory: Uncached -> I\TFfilzZ3RANEE
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Requestor

Processor P 1. Write Miss by P Shared Cache
ﬁ
Private Cache Requesting block A <> Memory

\ + Directory

3-| Data block A ; 2. Fetch-Invalidate
reply message to Block A Requested by P

|

Processor Q
Processor Q sends data reply to P Private Cache
Q invalidates its copy of block A

Block A is then modified by P

Total of 3 messages
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1. Write Miss by P
Requesting block A | ———|
Shared Cache

.-——"‘"_.-—
<> Memory
—

+ Directory
5. DatablockA |—"
reply message to P

Requestor

Processor P

Private Cache

2. Invalidate A

Directory sends invalidate |
messages to all sharers Processor Q

Processor R

Private Cache <

Directory receives acknowledge &
message for all invalidates and 3. Invalidate A 3
. . o

clears their presence bits y =

<

<

Directory sends data reply
message, and changes state of
block A to modified

Private Cache
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1. Invalidate block A

Requestor

Processor P

Private Cache

_—|
"-\._____-_

Directory sends invalidate
messages to all sharers

Directory receives acknowledge
message for all invalidates and
clears their presence bits

Directory sends acknowledge
message to P, and changes state
of block A to modified

2020-5-22 TTENARSEE

Requested by P [ ——

5. Acknowledge A fone= |

Shared Cache

+ Directory

Memory

2. Invalidate A

|

Processor Q

Private Cache

3. Invalidate A

|

Processor R
Private Cache

4. Acknowledge A
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Directory Protocol Messages

Message Type

Read Miss

Write Miss

Invalidate

Invalidate

Acknowledge

Acknowledge

Fetch

Fetch &
Invalidate

Data Block
Reply

Data Block
Write Back

2020-5-22

Source

Local
Cache

Local
Cache

Local
Cache

Home
Directory

Remote
Cache

Home
Directory

Home
Directory

Home
Directory

Directory
or Cache

Remote
Cache

Destination Message Function

Home
Directory

Home
Directory

Home
Directory

Remote
Caches

Home
Directory

Local
Cache

Remote
Cache

Remote
Cache

Local
Cache

Home
Directory

Processor P has a read miss at address A
Request data and make P a read sharer

Processor P has a write miss at address A
Request data and make P the exclusive owner

Processor P wants to invalidate all copies of the same
block at address A in all remote caches

Directory sends invalidate message to all remote caches to
invalidate shared block at address A

Remote cache sends an acknowledgement message back
to home directory after invalidating last shared block A

Directory sends acknowledgment message back to local
cache of P after invalidating all shared copies of block A

Directory sends a fetch message to a remote cache to fetch
block A and to change its state to shared

Directory sends message to a remote cache to fetch block
A and to change its state to invalid

Directory or remote cache sends data block reply message
to local cache of processor P that requested data block A

Remote Cache sends a write-back message to home
directory containing data block A
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*» Three states for a cache block in a local (private) cache
CPU read hit

+ Similar to snooping coherence protocol

Invalidate / Acknowledge

*» Requests by processor

CPU read f Read miss messaggl/

< Black arrows mw - Shared
7 (read only)
*» Requests by directory
5 | 5| CPU write £ ,
< Red arrows ¢ | @ g
= -~ E @
E =138 -E E
EE 2
£e|E > &
8|7 Ee
33

Modified

(read/write)

CPU read hit
CPU write hit

CPU write miss /
Write-back, Write-miss message
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Write Miss

Request by Q
Fetch-Invalidate P, Data-reply to Q, Presence[P] = 0, Presence[Q] =1

2020-5-22

Get block from memory

Read Miss request by P
Data reply to P
Set presence[P] =1

Read Miss request by P
Get block from memory;
Data reply to P, Set presence[P] =1

Shared

Uncached
(read only)
-:.‘?:":Jr
°
Write Miss ﬁf? tq*-e‘
request by P
™
i
a o
o'm
=
7: § = Read Miss request by P
E E *}@@b@ Data reply to P, Set presence[P] =1
R
aw W o
O~ Write Miss (or Invalidate) request by P

Modified

(Processor P)

Invalidate all sharers, clear presence bits
Data reply to P, Set presence[P] = 1 Owned
by shared

cache

Read miss by Q - Fetch P, Data reply to Q
Write-Back by P =2 Presence[P] =0
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Summary

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

— SnoopingiM¥ : MSI, MESI, MOESI
« Coherency Misses

ownership (note: the
ve state is

Exclusiv
. always considered an
—_— Tr u e S h a rl n g owne):‘ship state)
. lidity
— False Sharing
dirt
lusivity
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Summary

« PHINHEFEAICache—EIEIDIN

— CacheIRAPIRE:
» FACacheIIRAVIRZE: / HRF Cache RAPIRZS
State|  Tag Block Data Block in a Private Cache
Presence bits|State|  Tag Block Data Block in a Shared Cache
- PREEBIIRE: WSTZE
- FiEE—TER)RE

— Consistencyff " AR IS AR FiEes R ERNERFE, BIRrE
QOIRE & BAVFrEIhaIfRIESSREFrEMELL) ez

— CoherencefAR AR IR RS 017 ES1E EI LR/ FRIEFART ,
BPifiaE -/ Cache RS ER DI R
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