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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

S XL =F =L (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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Cray T3D HELF A SYEFA M 32—2048 1us
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Sorin D, Hill M, Wood D. A Primer on Memory Consistency and Cache
Coherence[J]. 2011, 6(3):212.
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\

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; L2422 =%

JEERIRITIIE (RigTLELF|RiZEESC 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)

S1S2L2LT1(NEW,NEW) S2L1L2S1(NEW,0) L1S2L251(0,0) L2L1S251(0,0)
S1L2L1S2(0,NEW) S2L2S1L1(NEW,0) L1L2S1S2(0,0) L2S2S1L1(NEW,0)
S1L2S2LT1(NEW,NEW) S2L2L1S1(NEW,0) L1L2S2S1(0,0) L2S2L1S1(0,0)

2025-5-26 TTEUAR G 18



FiE—24%(Coherence)

load r1, mem[A] / \ /_\

core | core 2

cache r/ | cache
Time 1
A 42
load rl, mem[A]
ED[E 2 |
Time 2
A 42 A 42
add rl, rl, #1 | ::l:urel\- éml\'
store rl, mem[A] / \\T/
Time 3

Example of incoherence

2025-5-26 TTENARSEE 19
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Cached portions
of page Physical
. I Memory [Memory
- Bus
Proc. l——| " |= >
Cache

' DMA transfer,

DMA

DISK

D

Memory — Disk: i cachef# s, mka
A, frfigas 2 B IH 2

Disk — Memory: Cache a2 FRIBESE, ©FIHFA
FE X IRATA 8 5 A
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Example on Cache Coherence
Problem

@ \ U:SMTE/— @ I/O devices
- P3RIT Iy SiRER, WEREEE T ulNARRIE

. ¥¥write back caches ...

— AMEERRIREFAIREERI—FRIAR (RIEM) B

— ZER{KH T cache BRIAIITFE
- B, EEFEFWEFRITHER
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FERGEE—HEY

- WMENEMNUERAMEAEE(ENnSAHERSARNIE,
NEABXMEERF=—E (coherent)lY (FJEIETNEN)
- MBFEERITHBESRME:
— AMBSEPYWXH{T—RBEZENXIXHITE, B ZEgsEH B
IESENHEHTE, NIEMREERESHNE.
- —MMBEESIXHTEZ G, B EEXNGETIE, FHEZE
FETE, NEXEREERN HEHIE
— ME—EBTHNELIRRF, EMEERE/ N ESEN E— BT
RE, MNFFERIEEEFIREE M EEEN
- 238
— %%ﬁﬁﬁ MBS ERI TERNGR, —IXEIRETE=R (B
)
— IF SR RE, BEvmLIEERFHITE (58H1Ti)
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‘ ’ | ‘ p time

read-only

read-only ‘ read-write | read-write ‘
Cores1,2,3

‘ Cores2and 5 Core 3 Core 1

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.
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2. SLH—HMRNEANLE
- E—HRIS BN, CachelR{HFTINEE

- HEHIERNTZ:
o P T N S A SRR T ik e
R ERER,
- = HIERNE T
 RMPE TSGR, R 75 e SRy
FEAERYIPIZE,
o« MRS MR A R RIS 2R AEE
mAREMCache—&11%.
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.r-__.-'—'_‘-\-\.\x.‘l
core |
A
privaic
cache data
controller .- cache
::::j:_ inferconnection nelwork _ =2
lazt-lewel
LLChimemory rahe
coajtroller - .
1 {LLC) MULTICORE PROCESSOR CHIP
L i
MAIN MEMORY

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

FEIMY

* WS UIERRUEIR—ETERITN
- KiE: IRBHSEHERRIVIAE

* 2 \?&;E %lb\ﬂﬁﬂﬂ&i*

3% (directory): ¥1IEF
SN EXERIIHRTT

— Y0 (bus snooping): &

fiEss =2

SERAYIA

E— 1R

S,

B Cachefg T

=xyhid

FiEsr P RIEIRIE 29, BIRFES IR

HIREIRNEER.
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3. ETRITAIFFFIMY
- S{EE (write-invalidate)}}i¥

- E— MU EREE N SR BRI EX12EL
BE—HIAIEIY
— 5l FESRICacheIFAT, WIFREHEIEETD

10

AY|
-~

X HISCHL,
W FEZRAT N BEATHN CPU A CacheN % CPU B Cache N % FAXFEITCA
0
CPU A X CacheZzk 0 0
CPU B X CacheZsk 0 0 0
CPUAR XL E 1 TEEX TG 1 0
CPU B %X Cache’k 3 1 1 1
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- SE#i(Write Update)fiiy

- Z—MEEREREL

2INAT, B #BFEEE

CacheFFTE XS MANZEFEDFE DHT TEHT.
— 5 EEI[ECachefIIHF T, BITE &P EEHTD
I AYSCIHL,
REPRERAT N ST AN CPUA Cache N & CPUB Cache N & FEEXEITTHE
0
CPU A X CachZik 0 0
CPU B X CachZik 0 0 0

CPUAKXH. 5 H 1 I HEEXHIT

CPU B i#X
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HXBHRITZXET HEIEME, MESEERINTRE
—IRERIRE

+ WR—RPSAFHITE, SEMHTEIFHS
PIRHAT—IXI 1, MESIERIMY MUENFIRE
— RSHEITERIRE

» —PMEERESTS—GIERRE Z AREREEE
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FRVTRIIER,
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4,

H Ui RYE AR SEEN R

o MMES BN ACINS(EEINYAICHEFI R 22
HITERE (invalidate)iR{E, B NMRIOB RFERE
HEIREIERAE R,

- 5HiXACache, EHFBERIEIERIN#ESEER,
WM EFAR S LR R=FAEEE.

- ¥WFE[E|Cache, BRIIEIRIESEME—LE,
E I RIETsEER /M Cacherh, thaJgetEEF,

. E5[E|CacheS{ FRISEINIHZA

ERAYRSSEI R T AR,

CacheF

Oy
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FIH

Memory
Bus

Py <:)Snoopl(:>
Cach -

Physical
Memory

P, |=— Snoopy_
Cache

>
Snoop

Cache

@

s OfrLsl R AR

Y

THETUWRREN

DMA

DISKS|

Raa IRTFiERR RV E —E
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Mem ‘ I/0O devices

Cache-memory
transaction

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

+ Cache ZHREEM (snoop)

H= 22 FRFMBEESS

- R

fECache FIRAPINE AN B RTEARIHIE

)

— BEHITAERIREESHKIRIECacheH—HE

* |nvalidate, update, or supply value
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Core
Side

Network
Side

interconnection network

Cachelfl i 2
iU AL TP

loads &
stores

issued
coherence

requests &
responses Y

loaded
values

received
coherence
requests &
responses

2025-5-26

cache

ilk*‘v
o
e/
=
Y

o LLC/memory memory
controller
Network

Side
issued
coherence
responses

Y

A

received
coherence
requests

Qemonnection netwoD
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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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MSI| Write-Back Invalidate Protocol

« 3 states:
— Modified: {XiZcachellBIZBUIRY. BREYIZHcopy
— Shared: iIZIREF &R, HftbcacheBEJRESHIZIR, TFiEEEF
RS 25T
— Invalid: iIZEREFZIR (invalid)
« 4 bus transactions:
— Read Miss : [R&%FRead Miss on Bus
— Write Miss: JR&5FWrite Miss on Bus,{5Z|—M# HAI5R
— Invalidate: {ERIZIREE MR RICopyY
— Write back: BHER{EBESNIRIRE(E]

- SIFMER, {FIEFRBEHI(tIR
— BHZlInvalidate transaction HIlfER % |, B
EA BTk
- BT B&E5TEEs% BT

2025-5-26 TTEUAR G 38




CPU read hit

Write miss for this block

Invalidate for
this block

CPU read | {r;}};}t??ﬂ?w )
Place read miss on bus
ad.t- CPU
3 o read
CPU write e & S t
a § Place read § >
E(c miss on bus BEn
o - ES
8ia R
&(o ©(E 9
(g 2w
218
Write miss = |
1 for this block

Exclusive
(read/write)

CPU write hit
CPU read hit

2025-5-26

Cache state transitions
basad 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
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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
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
2025-5-26 TTEUAR G 42



Write-back Cache

.+ BIv—MMSISElcachelinvalidatethil Pro-

Prwr/—

« SHBEPENMERE+ B/ Cache

« CachelIX®E :@\
— Invalid, Valid (clean), Modified (dirty)

« Processor / Cache #{E /@ww

Replace/BusWB
— PrRd, PrWr, block Replace
Prwr/BusRd

’ lE\ﬁE% Replace/—
— Bus Read (BusRd), Write-Back (BusWB) \P Ré/
r —
— {Xf&iXcache-block PrRd/BusRd

2025-5-26 TTEUAR G 43



Write-back Cache

* C&Chét;&’lk?es\ PrRd/—
— Invalid, Valid (clean), Modified (dirty) PriVri—

« Processor / Cache 3#4E
— PrRd, PrWr, block Replace
¢ :'E"ﬁga%
— Bus Read (BusRd), Write-Back (BusWB) Prvr—

2 Replace/BusWB
— {4E3%cache-block
PrWr/BusRd

. ¥dCache—EEHIHIRZSIEEE Repicsi—

— Treat Valid as Shared PrRd/—
— Treat Modified as Exclusive PrRd/BusRd

+ SIANFIHISZEHRS

— Bus Read-eXclusive (BusRdX)
- HEAER . SEHHEEIEN

2025-5-26 TTENWKRREMS 44




MSI| Write-Back Invalidate Protocol

« 3 states:

— Modified: {¥iZcachelHEIEXGIAY. BRENIZ .
ikCOpy Prwr/—

— Shared: IZIRE2F1$tR, HftbcachetBAIEES
BiZR, FEsETFHRSESAHY
— Invalid: IZREFHER (invalid)
« 4 bus transactions:

_ BUS Read: ii%&&HjFEBUSRdE'\%%% PrwWr/BusRdX Buthz!/Flush

— Bus Read Exclusive (J2ZeHEtEEE) : BusRdX  Prwi/BusRdx \ " BusRdX/Flush
. BEPHREAY (exclusive) cache block /V Replace/Busie
- HEATERISHAEEIEK

PrRd/BusRd BusRdX/—

1
1
!
II
BUS Rd/_ /’, ot

2025-5-26 TTEUAR G 45

— Bus Write-Back: BusWBFFcache HREYEiR
— Flush on BusRd or BusRdX
« CachelSEUBHMEISRZ L (MARMNFEESEE
#8) 5Shk Cache-to-cachefEIX, FHEFTFIEES

readx vs read + write



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 Prir/BusRaX 2‘;;@%553;38
_ ;zu%zyaz% Modified, FZ4EFlush S 4EEE5% /' A ’
- EFTFEMESSFNIBEKAYCache BrRA/BuSRA BusRAX/—
» 5|ERRLELEFZAICacheIRZS= Shared PrRd/— Repla?e/—
+ Observing a Bus Read Exclusive \ usRdm S

— {EEBXRDblock
— WIERIZEREmodified, FEAEFlushfR L%
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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
2025-5-26 TTEINIRRES 47



Lower-level Design Choices

+ 3| ABus Upgrade (BusUpgr) $§CachelRIXZF M SEIM
— S|E{EEERIE (S BusRdX) , {BEERIRANITIRE
- % MAEBBREEZIBusRd B3, ZTEFRMINS
— M - SorM— | BFURTHIERET
* Transition to state S
— NBRAASBEAMIERE, MAREMIEEEIEERE
- ERESTEE REIEEEIEERT
 Transition to state |
- ZEREEHMBIEREEERE
- WRIEEREUETHRERE: ISR, EtthEzRiES K HIEN
BigX, AR TIENNS. BEIMESRIXSFRICEEMRE,
- AEEERLESFINEhEESAYEsE
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S5&H17(Write serialization)

Satisfying Coherence
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