TR WRREGH

Cache Coherence



- HEZRRRIRER: WRIFFIER
» Cache—EEiMYEEIN: SIEESEFR
» EhXHETEGE Cache—EIHEHHY

— Snoopingtf¥: MSI, MESI, MOESI

« Coherency Misses g s e
— True Sharing i
— False Sharing ’

2025-6-12 TTEUAR G 2



MESI| Write-Back Invalidation Protocol

« MSI ProtocolBJERrPE:
— EHFHMEN—block, F=E2 NEELESS
- BCRIEER{ErT4E BusRd (I-S), HEIRZES AAShared, §
EHAIT=4 BusRdX (S—M)
« BM{E— N RZECachedd 5 RUXFHERATIATRIE
- FRZEREFRDENY, XMPEREEE
. {@fNexclusive state, iV E&ES
— Exclusive state Tx{¥YRiCacheEB &%, HEHE
FIFAULR
— X2 AEHEY “clean” #0 “dirty”
— —MbTFexclusive statefIR, BFRIATER L

=55

dinl

2025-6-12 TTEUAR G 3



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

2025-6-12 TTEUAR G 4




Hardware Support for MESI

© 9 O

Tag State Data Tag State Data Tag State Data

Shared signal S
wired-OR

I/0O devices

Memory

¢ lE\ﬁEEM%ﬁ%*
— BEII—/ ¥R fIshared signal S, XTI FTA Cacheiz sl ZEn] A
— BJLASCHBY, wired-OR line

- BB cache controllers ¥ BusRd

— WERFMARAVRAVIRSE (state S, E, or M)
— I53KCache fR#Eshared signali&iEERS

2025-6-12 TTEUAR G 5



MESI State Transition Diagram

Processor Read
— AT 4 BusRAESS
— BusRd(S) => shared line asserted

« {EEAftECachedr BB A copy
* Gotostate S

— BusRd(~S) => shared line not asserted

.+ TEEHECache i RTFIEIZIR
* (Goto state E

— EpPIATTER LSS

Processor Write

— 1ZCachetRAPIRSEEZE M

— EIESE @A) 74 BusRdX / BusUpgr
« {EfEEfthCache®HYCopies

— Cachel4bTFIRZEE and MBY, AF=4REES

— EERSTSELET, 5litreplacemifE
— MESESLRUEY, 5l#treplacef1BusWB

2025-6-12

T EHURREH

PrRd
Prwr/—

RN
N S
N N
N N
\ N
\
\
\
\
N
N
N

PrWr/—
Flush

Prwr/
BusUpgr

N

TS
N S
\ N

\
\

Prwr/ BusRd/— ‘
] 1
PrRd/—

~
N
\
\
\
1
|
|
1
|
1
1
1
1
1
N
\
1 \
' v
\

BusRdX

PrRd/
BusRd(~S)

(\_/ BuéRdX or ,"

PrRa— DusYpPar— ;

PrRd/
BusRd(S)

BusRd/ .

BusRdX
/Flush

Repllace/

. BusWB

.- BusRdX/— !
Replace/— /

BusRd/— Replace/— /' /



MESI State Transition Diagram — contd

« Observing a BusRd -
— ZRAPKESMEREZ S Pl

- AAFEEHEMBCcopy e
- ZRMMEEES /'
.+ 3 SRR IR Prvr— oo,
- RIFTREFIE B FKAICache PP/
« Observing a BusRdX or BusUpgr N \@ L
— 4%’1"5%1@@5/‘3 block - ) Bu‘s‘Rd/\\/’:‘ FIu?h
— F4bFmodifiedRASAILE, EBredflushE *7 PrRd/— Cz? ESE\I/?/CBEI
% ‘:’*”/;ust)él/CZC :':'
- ?EU;éJpgr: N5 EAFIREMBIR, AF=EIEtR PRy — " e
o BusUpgri— ;
« Cache-to-Cache (C2C) Sharing S S
BusRd(S)

— JEEHlinois versionSZEiXFhE =
— HCache I2{t#dE, MAERHAFREEIUE

e R .



MESI Lower-level Design Choices

EEZXSTSHY, HiE/IBusRd/BusRAxEFizHEHE
— Original, lllinois MESI: cache, ElNE{RiZCachettmemory iR

{8 cache-to-cache HEIEIN T SCIMRIS ZRE

— XFCHAY TS T Mmemory3REXEHE

— FESUITAECIZREEEE (must wait for caches)

— YIRZ 1 Cache HEHIE, EHSelectioniIFE
HRREAModified, 2% ERIRIFR (Flushing) £HEIRE
— EETFRIRLAN FiEE BWEE, (BFEESEELCache HNIREIE,
- EAROLUNILECachetzIWETE, memory AN EIETE?

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

2025-6-12 TTEUAR G 8



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.

— SMESHIMYPRISIASANRE, IRE&I0RICacheRPRIEHE SFE
SR PHVEIREFA—EL

Shared({ii:

— HCacheBRESASHT, HEENEIEHA—ESFiEes—3L

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

— WNRAEEMCPURICache FFIEIRE/IORIRIZART, CachetRAHIAYZEL
ESFEESA—EL

2025-6-12 TTEUAR G 9



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

2025-6-12 TTEUAR G 10



Coherency Misses

HFNHSRPSIEES|E

- HEREZPARiBCacheBREIA

— HELESNHESIHTERENS (FRERGNIESH A Cache BRI AR

— Hfth IS S RFITIEER(ERY 2B coherence miss

« True sharing misses : Cache coherence #l#l5|#eRIEHREEG

- BEEARIEREEGE B— T E

— XSS ES(ERE tbcacheFHIHZ LR

— R EESHEE—MEET HABA RS cachepF H ELIEHOI AT
(modified) , XSGR, FiEHRIcachePRIRIMNRE(H]

— BMERRINALINF, KABARERE

False sharing misses : HFENFEENFHRP

— EER—RPEAEZTE

— RFIRBETEBETEFE, (ME=E T/ MY

- REHZY, ERPEEEIEEENF
SWMBROKNIINF, BBARASFEXTHRE

2025-6-12 TTEUAR G 11



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) P1linvalidates 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

2025-6-12 TTEUAR G 12



e Uniprocessor
cache misses
improve with

cache size increase
(Instruction,
Capacity/Conflict,
Compulsory)

2.75 -

—-—
N .

* True sharing and
false sharing
unchanged going 0.5

from 1 MBto8 MB 025
(L3 cache) 0

—

0.75

Memory cycles per instruction

2025-6-12

N
(9 ]
|

m Instruction

oCold

-

~
vi on N N
|

0 Capacity/Conflict

m False Sharing
m True Sharing

S = E— ===

1MVB

T EHURREH

2 VB 4 VB
Cache size

8 VB

13



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
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- REerInly IEZE—ER
— 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

2025-6-12 TTEUAR G 15



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

- i]‘@"%ﬁi“’?]ﬂﬁ%%l‘ﬂﬂﬁﬁ'\ir e
HIRFEE
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M HEEFELSE

7 fif &

H x
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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 0 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

2025-6-12

T EHURREH
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@) Directory in the Shared Cache
- Shared Cache @*FﬁﬁE’Jﬂ\ECache

— H=CacheEFfAB cache RAYHESE
— Example: Intel Core i7

BREHZcacher

— = cacheFPRIENRIENIE Fpresence bits

— WNERBKkA processorsIPATELZ cache FE MRS T
presence bits(k{i) + statefi;

— Presence bits 87~ 7 & &1%IRcopyHcores

- B REBEEEFAB cachefIHZE cache FRPRE R

— State = M (Modified), S (Shared), or | (Invalid) in private
cache

State Tag Block Data Block in a Private Cache

Presence bits | State Tag Block Data Block in a Shared Cache

2025-6-12 TTEUAR G 19



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{RiIlESingle-Writer, Multiple-

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

. EE.E‘?% ARl iﬁ?‘:"\’. ZIFRRIERR
- FrEIEREEENESE

2025-6-12 TTEUAR G 20



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

2025-6-12 TTEUAR G 21




Read Miss by Processor P

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

directory

- Home Directory: block 2 Modified7
— Directory &% Fetch message 2518 1%IRAremote 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

2025-6-12

RS X W TF-PHYpresence bitE&{\

BIEP, FHIEXTN PAIpresence bitE{\
— PHYLocal cache 1ERTEIWEIRITRIRNSE /U shared
- Home Directory: Uncached -> I\ TFfi#zZ2H3REUR

HENRRES 22



Read Miss to a Block in Modified State

1. Read Miss by P
Requestor Requesting block A

Processor P Shared Cache

<>
Private Cache Memony

+ 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

2025-6-12 TTENWKRREMS 23



' Write Miss Message by P to Directory

- Home Directory: block EModified7

— Directory A% Fetch-Invalidate message Z5%ME28QHICache
(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{ VESFTBRIEEE 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

2025-6-12 TTEUAR G 24



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

2025-6-12 TTENWKRREMS 25



1. Write Miss by P
Requesting block A | ———3|
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

Private Cache <

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

clears their presence bits ) =

<

<

Directory sends data reply Processor R

message, and changes state of
block A to modified

Private Cache

2025-6-12 TTENWKRREMS 26



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

2025-6-12 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

27



Directory Protocol Messages

Message Type

Read Miss

Write Miss

Invalidate

Invalidate

Acknowledge

Acknowledge

Fetch

Fetch &
Invalidate

Data Block
Reply

Data Block
Write Back

2025-6-12

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

HENRRES 28



*» 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
= 4 E @
E =138 -E E
SE|4 2
e |E > &
8|7 re
Z3

Modified

(read/write)

CPU read hit
CPU write hit

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

2025-6-12 TTENWKRREMS 29



Write Miss

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

2025-6-12

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 \Q{? tqie'
request by P
™
i
a o
o'n
-
E § & Read Miss request by P
E E %‘E@b@ Data reply to P, Set presence[P] =1
£ o | & N
0w W P
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

TTENARSEE 30



- PHAHEFEAICache—EEIDIN
— CachetRBYIRZS :

« FABCacheFH

FERAVINE: /B R Cache IRAVIRTR

Block in a Private Cache

Block in a Shared Cache

state|  Tag Block Data

Presence bits | State Tag Block Data

\351_1551_*5 ’ :u\i:f.*g =
T_ i&FE—1EIa =R —

— ConS|stenC b N S 2= ahal|=]
B, AL % LR
(ﬁ)? %ﬂi’,iﬂ:) NEIES
— Coherencef

{EHYTE Frla)i

2025-6-12

e
Bedid o ay

9"%4\InJ FIEﬂa%mE RIS E EIHEA LR
, BlRE&E N CachetRBIEERFIRIRT

T EHURREH
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7.4 Models of Memory Consistency

- (TARTFER—T%?
- B FER—IHEE (IRFFER—1E)
+ BHRRYTFiER—T%E

T EHURREH



FhERE—IERNENX

- EX: HESERNEFER—IEREEES N LIEEA

RIFERITHRIESIRFEEN, STHESRIRIXERFE

SRk RIFRY—FREYRE.

- TEE—BUHRIEA R S S s A PR — ST SIS, XIRR
SENEEUTUN. SN ETEE RERE—RSEREIE"

— IREIHRRTS \HOAUE RS A9 ET A

— —EUEINE BT KA EEEPARNP2 XS A Bt BT AYGIAl IR
- —HMEINRE S R EIP2XI AR B R THYSE R FEXS T PLRr W2

ANl

P1 P2 (A, flag are zero initial)
A=1 while(flag == 0);

flag=1 print A;
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Implicit Memory Model

- fFERE—1%(Sequential Consistency) [Lamport]: %%
ﬁ:%iﬁﬁﬁﬁﬂ‘ B EEEI%&‘ "%ﬂlxiﬁ(swapﬁ MELIEFREFR
IR 2 BEiEsRF, FeSUESBNEBERARE.
EIJ ACIESRUMRAZ ST, éﬁi)ﬁ"\f" WIRRISF A HE

IRERIRF
— FEIEERENITURMIRERIT
- E—HENERELURERRFT

 No caches, no write buffers

MEMORY
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Understanding Program Order — Example 1

« Initially X = 2

P1 P2
r0=Read(X) r1=Read(x)
rO=r0+1 ri=r1+1
Write(r0,X) Write(r1,X)

Possible execution sequences:

P1:r0=Read(X)

P2:r1=Read(X)

P1:r0=r0+1

P1:Write(r0,X)

P2:r1=r1+1

P2:Write(r1,X)
x=3

2025-6-12

P2:r1=Read(X)

P2:r1=r1+1

P2:Write(r1,X)

P1:r0=Read(X)

P1:r0=r0+1

P1:Write(r0,X)
x=4

THETUWRREN
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¢2)) Understanding Program order-Example 2

P1 P2 P3
A=1; .While (A==0);
B=1; . While (B==0);
print A;
{RiZA,BRIHIIR(E/H0;

MNERRAESR; P3MiZimEH A=1;
WNRPIFAVFENIYIZEARNEIRIE, EP3FNANFERINYIB#HTT
SifE, BBAP3FAIEEELBRFHEFARIBE (flalMcache), X
HERMA B R INFER—EEK,
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Optimization 1:
Write Buffers with Bypassing Capability

Read | Read \ Pl P2
Flag? | |y ' Flagl | |,
5 ‘Write Fiagl 13 e ‘Write Flag2 ¢4 Flagl = 1 Flag2 = 1
Shared Bus if (Flag2 == 0) if (Flagl == 0)
critical section critical section
Flagl: 0
M
Flag2: 0 emoty

(a) write buffer

- Flag1#IFlag2A9§r{E&B{EWrite bufferda

. SRIFHBRENFESEFFAR, SRSCHN, PIAIP2TREMH
NIERE

2025-6-12 TTENWKRREMS 37




Optimization 2:
Overlapping Write Operations

P1 ‘ ‘ P2
| | -Read Data 13
General Interconnect Read Head ¢2
' P1 P2
Write Head Write Data
t1 \ t4 \ Data = 2000 while (Head == 0) {;}
l l Head = 1 o =Data
Head: 0 Data: 0
Memory

(b) overlapped writes

- ESLHEAMLE: B SSnYERERR
- STEFMESBIER: BEHTESFE, ReiESHEE
— BHwrite Data 5 Write HeadilY52iF 5 1EFF X
— 1H B3 P2 §55iEEHeadfIFME, Data BIIBIE, 13E/SC AN
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‘ Pl ‘ P2
Write Head 3‘3 |
Write Data ¢2 General Interconnect
Read Data

Read Head
/ t4

/ri

|

Head: 0

Memory

1TIEER{E  (non-bl
scheduling)

|

Data: 0

Pl P2
Data = 2000 while (Head ==
Head =1 ... = Data

(c) non—blocking reads

. 1F11§P1%i 1’E§aﬂ’é’eh)" FTTEiERRIRIE, P27tiTlloverlapped BIF5E

ocking read, speculative execution, and dynamic

- N: oJgeer=4P2 Read Data 12BIF P18JWrite DatafiJigiR, SEiEkk

SC*ﬂL‘J

2025-6-12

T EHURREH
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Z IR RR IR FRIEIE
© REMHTHAIBSRERRAL:

— !Z[IQﬁDHEJ%F_ FHTARIF I THITRVRSR, LABRIESHY
X ’—I—\

— WAL/ F'Txd tRIFARIERE, LB RSIERmS

EEHGEIJ;:'{T 351

o EERYIG R R
— Operations: A, B, C, D
o« BHFLUMIMIAIT (FIIRSER) XEERE?
- EFRS ,“iizéE*’JerAJ\E’JﬂJwM ISASRZIFE

1%%%5%*)5)? BRI TN
- FIRHEAEEOMEE, 21: BT debugging BTREIRE.

i
: SR EEEN, 13 o1t BN
poR R SN bR U

2025-6-12 TTEUAR G 40



BB s F AR R PRI

» I#{ElFEHEvon Neumann {&RBIZYE

» RFFERITHIT

— I TloadFAstore s ELARE R R T
s BLFERITANERERIEX

— BEL=E

FFiR S loadfstoretZ{ERIZS

- = 1) 1%

RATHINERINS ERER. 2)iE

FRARRETHASE—EN, 6%

FEFiRE

+ R YEPIXMERIEIMTEH, BT 7 IERE,
10T S50, B 7 a3 A

T EHURREH



SR IR eI EER R FRURR

- SIMEHERIFRA LI TEERRIRE
+ RERYI AU R SRR R SR i RE
- HHEIRVANRR(ERILALMES R RATHIREE

SR
- i HTER, 1EEES
(B UM

T EHURREH



MIM D4R SR F SR ERR

° N\ I‘ ag 'y [=1-] gTE )} | O — IR S — ‘?
i e
Neumann{zEEY)

- SPMIESRHRIMNITF ISR

- FitsRUIERB AL IERRITFEESIRIE?

— RIAREKRMERS & HRVFE SR A L =R esim A RN

S
ZETARR?
program order (<p) of Core C1 memory order (<m) program order (<p) of Core C2
Li:rl = flag; /+ 0 %/
-+ — — — ———_—— — — — — — -
S1: data = NEW; /* NEW #*/
—————————————— o Ll:rl = flag: /* 0 %/
- — —— — — - — — — — — -
Li:rl = flag; /0 %/
- — - — — - — — — — — — -
S2: flag = SET; /* SET */
______________ - L1: rl = flag; /* SET */
-+ - — - — — — — — - — — — -
L2: r2 = data; /* NEW */
- — ——— — — — — — — — — -
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FIGURE 3.1: A Sequentially Consistent Execution of Table 3.1’s Program.
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