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network
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A

o
=

— 5l £S5 [BICachefIFMHT, HIFRERE(EED
I HISEHL,

SLIEERTH BEATH CPU A CacheR& CPU B CacheR& EFEXETAR
0

CPU A =X CacheZsk 0 0

CPU B %X CacheZ®q 0 0 0

CPUAKXETTE {EIEXERTT L 0

CPU B X Cachesey 1 1 1

6/7/2021

xhzhou@USTC




- SEHHNY
- SRR E R

2INAT, B #BFEEE

CacheFFTE XS MANZEFEDFE DHT TEHT.
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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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(EX SRS
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Implementing a Snooping Protocol

» Cache EHIzEICA G HBEKMA :
— QMEZERYIESK (load/store)
DU ES (snooper) E’JIU\@%%X/UFJF'

» Cache =l ZRRIBX A EAYEN = E5E

_ i j_ﬁ-Ca Chei;&E/J ,lklu\ Ld/St X Processor
j: 1 & /Cache )
—IE State [Tag |Data
— FL/-_TEEIJIU\éi_g%
\ j

/ 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: B, HESIIRIRER]

SiF#ER, (ERFRIAEhIR

— HBEZNEIAR, EFlinvalidate transaction HIERZ E, SIRIEA &K

- SE{TH: REEETERS FETL
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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

2021-6-7

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
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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
2021-6-7 TTEUAR G 21



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

2021-6-7 TTEUAR G 22



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 /,

2021-6-7 TTEUAR G 23



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/— /!

2021-6-7 TTEUAR G 24



PrRd/—
Prwr/—

§| © ulsT 7 ul[®] 5, "
\ / PrWr/BusRdX Bung/FIush ‘
\ // Prwr/BusRdX /! BustX}FIush
f | /V N 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
2021-6-7 TTEINIRRES 25



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

2021-6-7

T EHURREH

H

-IE%’{?AELJ
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Satisfying Coherence

- E({&#E(Write propagation) o
— X—A shared SinvalidiiE, HftscacheEBaI T P

- {&EFBus Read-exclusive (BusRdX) &5%, Bus Read-
exclusive EE{EEHtECachedpItR

- B IR R E R SR FRER AR EIFY 2 Cache
Miss
- ST (Write serialization)

— FrBdHIlEbus ERYBEAE(BusRAX)#R /ST
. FTEAERSE (SIERHSEEAIES) LIRS HER
. gﬁ%%ﬁmsﬁwmﬂﬂ%mxﬂmdm,%Eﬂﬂam
73
- AARMBHNEERFEsHIlER g%k L
. Ftmodified IRINSFFIRERA— MBS (P) HFAF4E
BEEESS
. E—HEERSTHNE: B TERMES BRI
NS
. EENBEEIHZRIOIERE: SO MAEES, XRE
T SRR AL ER ST = B ST AL,

PrWr/BusRdX BusRd/Flush

PrWr/BusRdX " BusRdX/Flush

/' Replace/BusWB

PrRd/BusRd BusRdX/—

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

2021-6-7 TTEUAR G 27
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« MSI ProtocolBTRPE :

— ERHHEHR—block, FFE2 NELLEESS

- B RIEHRIETT4 BusRd (I-S), FHEKZSHShared,
SEHAT=4 BusRdX (S—M)
o B{EE—P R Cached® SRIXFPEIRAIAFIE
- (FHZEERGER, XMPEREERE
 {&@MMexclusive state, VS ESS

— Exclusive state T’ YEICache B 1%L, HEEF 2L
— XM EGIRAY “clean” FO “dirty”
— —PMbFexclusive statefYtR, BRI A=ERLES

2021-6-7 TTEUAR G 29



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

2021-6-7 TTEUAR G 30




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

2021-6-7

NiEshared signali&iEEaLS
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MESI State Transition Diagram

Processor Read
— ERAI"4BusRAESS, HMERI B Ereplace O\ PrRd
aE?

— BusRd(S) => shared line asserted

« EE{tBCacheFBEBZHIcopy

Prwr/— BUSRd/
« Goto state S Flush
Prwr/ |
— BusRd(~S) => shared line not asserted BusUpgr ] \
. N BusRdX
- EHE{BCacheATFEIZLR /FLlltSlsh
Prwr/ BusRd/— A\,
e Goto state E BusRdX PrRU/— \ /% Replace/
' /% BusWB
S A > \ .
- RS TRRF RS P
us —
Processor Write PR ) =S e
N N BusRdX :
— 1%CacheRAVIASEEE M " BuUpgr |

PrRd/— L,
BusRd/— Replace/— "/

— TEIESE(@AFH) ™4 BusRdX / BusUpgr
« {EIEEfthcachemf{Copies
— BEmFHCachetR{MTFE FIMESHS, AR &ES
— BT, EERSTHIRARIRES [#SreplacesifE
- BT, MSHIRER]EES [#2replacef1BusWB

2021-6-7 TTEUAR G 32
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ESI State Transition Diagram — cont’ d

« Observing a BusRd PrRd
— ZIRAPINENERER S
- RAfFEEHtcopy /'
- ZRMMEZS Wil
- RBEREFIRIRRIFTRE
- RIFTREHIEEFERAICache
« Observing a BusRdX or BusUpgr

BusRd/
Flush
Prwr/ '
BusUpgr |
BusRdX/
Flush

- 4%—1?%*5@59 bIOCk EL\;VF'de Engd/ ( Re;;Iace/

PrRd/—

— XFFAbTFmodifiedRKSAIER, $EF-EflushEES

BusWB

‘ BustX'/CZC ;

— BusUpgr: 12% |@1’Ef5ﬁﬂﬂﬂ%, Z:Fz Eigﬁik}?%{? PrRd/ ~, Replace/—
« Cache-to-Cache (C2C) Sharing e O BURI— |
PrRd/—  Replace/—

— JE3EHllinois versionSZ X Fht =
— FHCache IRHEURE, MARHRNFREEIE

BusRd/C2C !
PrRd/ !

BusRd(S)

2021-6-7 TTEUAR G 33



MESI Lower-level Design Choices

£EZXSSHY, HiE/IBusRd/BusRdxEESRHEURE
— Original, lllinois MESI: cache, A E{Ri&Cachettmemory s 1R
{8 cache-to-cache HXE1EIN Y SEIMBIS 14
— XFPEIIAANT ST Mmemory3REXEHE
— FESUITAECIZREEEE (must wait for caches)
— R Z  Cache LE=EHE, EHBSelectioniIFE
HPIRESAModified, B EAIRIFR (Flushing) &EIE(E
— SEFEFIRLINF#ESS 2SR, (BFEE5EE CacheHUEEIE.
- EAROLUNILECachetzIWETE, memory AN EIETE?

o IXFEKFELSNINZE: Owned state = MOESI Protocol

« Owned SRHEAIModifieds, IREIESRFERNEUE

o IZRATLA#HEZ N CacheEE, {BRFEE (ownen RIE—

2021-6-7 TTEUAR G 34



MOESIFEOwned FiShared k7

« Owned{i,

— O\ A1z~ EHRICache R SRR R B IR R A EHT
IEEE L, mBEREEfCPUFR—EERR1ZCachetRIVEIA, Hith
CPURYCacheIAZ S,

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

— SMESHIMYAPRISIKSAE, RS A08ICache i RPFIEIESFE
sEPRIEEEFHA—EL

Shared(ii,

— HCachetIRSHSHY, EEESEUEFFA—ESFiEE—EL

— WNRAEHEMCPURICache AR EIAS/IOMEIARY, iZCachetRHH
HNEIESEFEe—E

— WIREEMCPURICache FIFEIRSHORIREIARRT, CachetRAAVEL
IESEEsEA~—EL

2021-6-7 TTEUAR G 35
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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

2021-6-7 TTEUAR G 37



Coherency Misses

HFNHEIRAISIE(ES |

- HEHREZINARiBCache BEIAR

— BENNEESENHE A TEIREINS (FIRE ISR B Cache AIRIA
— Hfth IR S RHITIEER(ERY 2B coherence miss
True sharing misses : Cache coherence 5 |EEUREE(S

- BEEARNGIEEENE F— N T=
- WH=ZR (STHR) BE—FHFE—REIRESE{EEHticacheARRYHZ1R

— LbhIEEE Et.lek—A ZETFEfthah B2 cachedhH BB Z(EXUTHIF
(modified) , S5, FHiEXFicache AT RIRSH]

- EDHEHJ&J’CIJ\?EJM‘%"‘-, KBUNARERE

False sharing misses : HFENFEENFERAP

- ESR—RFHNARZE

- XFHRBETBREFENRE, (MXNEE T HIMIKE

- REHZRY, BRFISEEIEFESHF
SWMBROKXPDAINF, BARASF=EXTIRY

2021-6-7 TTEUAR G 38



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

2021-6-7 TTEUAR G 39



Commercial Workload OLTP, Decision Support

Database), Search Enaine

3.25 -

* Uniprocessor cache
misses improve with cache

Lo
I

m Instruction
O Capacity/Conflict

208

size increase (Instruction, 2.5 5 Cold
Capacity/Conflict, Compulsory) 2.25 - m False Sharing
2 - @ True Sharing

—
=]
wn

e True sharing and false
sharing unchanged going
from 1 MB to 8 MB (L3 cache)

-
M -
o

Memory cycles per instruction
i

0.75
0.5 A
0.25 -
1MB 2MB 4 MB 8 MB
Cache size

R R
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| MP Performance 2MB Cache
ommercial Workload: OLTP, Decision Support (Database), Search Engine

_ 3
* True sharing, m Instruction
false sharing c o5 | O ConflictCapacity
: . S : 0 Cold
Increase going G m False Sharing
from 1to 8 CPUs & | ©TrueSharing
=
g
E 1.5
>
-
% o5
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— Cache cycles available = clock rate/CyclesPerRequest*50%

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

— CMR Jgcoherence miss rate

6/7/2021 PERIZFRAKRE 42



Acknowledgements

* These slides contain material
developed and copyright by:
— John Kubiatowicz (UCB)

— Krste Asanovic (UCB)
— David Patterson (UCB)
— Chenxi Zhang (Tongji)

« UCB material derived from course
CS152, CS252. CS61C

« KFUPM material derived from
course COE501, COE502

2021-6-7 TR REE 43



