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4.2.2 Basic schemes for Enforcing Coherence

—. Z AL FcachelfI1EH

1. /EH
«<Caching, BVFEMIRALEESSKICaches HREHILE %,

#EHIcopy.

N2 IR FICache MR EHIFH I EE -

R ILEZEHE RS (migration) : iEidmove shared data
to local cache, 3+ H use the shared data in local cache,
Sk B A7 1 I = H 3 #latency .

R EEHIR S (replication) : $§— HIEHIRAESR
—Cache ik 'S 5, NI Bk 5 #1315 Cache

135, PRUEZS AN AL 225 7] [ B 352 HY 3L 3. AT
{Klatency(ZFE ) DN EZHERIZF.
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2. SEILIE %

o IR Z MR RGF, KA ERTE, T
ANRBMHTT %S
+ B|gt4EdCache coherencel i, K Ncache-

coherence protocol.

+ SZPcache-coherence protocol o4 FREFIL
ZHARI IR .

+ FREPIRprotocols,xF M FAS [E] ) ER BR L RS
HIEEAR: ZET HREBEARMRITEAR .
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2. Snooping (!
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1. Directory based (ET Hzx
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. HTCachell %R S5HEFMEHLLHEERE, F
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| Jged to drive Memory Bus

2014/12/15

* when Cache is Bus Master
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Data
(lines)
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Snoopy read port
/W  attached to Memory
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——»Cache controller

snoopin
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Address tag
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1. Write invalidate protocol (5
RTEBITEBAER, ZitemEFTA H
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%l =

ECacheME R snooping

protocol
Processor Bus activity |Contents of | Contents of | Contents of
Activity CPU A's CPU B’s Memory
cache cache Location X

0

CPUA Cache miss 0 0

Reads X for X

CPUB Cache miss 0 0 0

Reads X for X

CPU A writes |Invalidation 1 : 0

AltoX  |forX \

CPUB Cache miss 1 \? 1

Reads X for X
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2. Write update or write broadcast protocol (5 i}

FHEE ) # i iO
*ERitemB EE, ZBIEKIFHA copiestF
I EEFT . NOREAE GRS R, DA

R B REIE R B R ILEIC

ERERERA T & WEH

5, HA ARt
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[ 5 cacheM 5y 5 #ria

A

&

Ui X

Processor Bus activity Contents of | Contents of | Contents of
Activity CPUA's CPU B’s Memory
cache cache Location X
0
CPUA Cache miss 0 0
Reads X for X
CPUB Cache miss 0 0 0
Reads X for X
CPU A writes | Write broadcast AP
A1 to X Of X 1 @ L
CPUB 1 1 / ’1 =
Reads X N

2014/12/15
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RZRG] #H; (BEHD)
R RE— IR EIE; (B0
(B N2 AR Z IRTCBAERIE?)
E3 %Eacheiﬁd’)%ﬁ%ﬁﬂg?—éﬂﬁiﬁﬁiﬁ, X R — b T H R
RBRHES) ;. (EEH) (write merge)

R AEF - RERPE—FH, FEFELRES;
(HERO

s M— MO SR S 3 B — A PRSI H BN RS LE T
*RE] HBERE, EmH;
RELM, BERAL, stall ER|BREREE.
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4.2.4 BEARSZIE AR

)& 1w

v SEBLS TR R R B R
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EASEHE AR (2)
2. Tl PRk 5 #AE B 1

= E AW GRS R
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EARSEPHEAR (3)

3. W)k 2L T smop (sl

Cache#?

) HME? BIEE—

coaXTwrlte-through cachefR%& 5, EANCachefmemory
PN SR .

=Xfwrite-back cache® & Z¢. Fsnoophix, &—
Cacheiz#i|#&snoops every address on the bus. ##t

SR 2= —dirty copy of the requested cache
block, ZAbFEARHLINISEHITER, FRALZblock B HT

, HiZRE[
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1. Hhkan4er bE %

= F|F CachettilitKtag

<CaC

he tagsELE

2. gifRlSEIL G R ?
=F|FHCache blockf¥jValid bitT] J5 {8 Hu {8 %
block T34

3. U] &b P sEmiss? B 4. 211z B [ dirty copy?

R APEEE

AliEIEsnoopingIRE & F Fiblock K
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4. Y] Ab R S AR 2

R 61X ﬁ%’:‘?ﬁ:ﬁ%ﬁ%ﬁ B ATERE S iy block &2

WHEHE Ecache®

‘Ecached copies, (EIJ

SEE=HEE) , MIXfwrite-back cacheit, &“ﬁ
ﬁgiﬁﬁﬁéf'ﬁmﬁbust, M I 2 545 B 18]

%r?ﬁmJ\%ﬂ

5. WA IR i —cache block 2 & &L =) 2

RIEF—Dblock E—#r KRS RIBRZDblock 2
HRILZH (el TFvalid bitEdirty bit) .

REZARIblockt FHEARE, NMcache®EBFE

MbusiE—LRET,

RARJEbloCKIRSERZR.
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‘ Cache Coherence State Encoding I

block Address
T

o, LY
| tag lindex,_. | offset | 1ag

gdata bhlock

Valid and dirty bits can be used

to encode S, [, and (E, M) states _ ¥
V=0, D=x — Invalid Hit? word
V=1, D=0 = Shared (not dirty)

V

1, D=1 = Exclusive (dirty)

2014/12/15 18



=. tfayE/b Hbusts & cache-address tag 5/t

[ % CPU cache accessf)T i 2

1. EHilltags: ZE[E—block¥g n—/Mtags. FHtagsE il
u): JWCPUAMIsnooping V5 8] A] 34T #E4T 5
. Z 7§ Cache with inclusion property: Snooping
activityﬁfﬁﬁ’\é&Cacheiﬁﬁ, M ARZECPU
activity Al X g]Z Cacheit 1T,

= H T RZHHF A BRI RH 2 F Cache R F#IK
X BRI — A A B KRBTSR,
A IR —Z Cacherjtags Kt — 1 i CPUM
snoopingHIz
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‘ 2-Level Caches I
L1 $ [L1s 1S
! ! I
L2$ | L2 $ 12 $ L2$
noope noope noope noope

I I i
* Processors often have two-level caches

 Inclusion property: entries in L1 must be in L2

—
« Snooping on L2 does not affect CPU-L1 bandwidth

- What problem could occur?

2014/12/15 20
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= WA BELECache A iR 2H W8 ,
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20

Fhsnooping protocols

Name |Protocol |Memory-write |Unique feature Machine using
type policy
Write Write Write back First snooping
once invalidate | after first protocol described
write in literature
Synapse |Write Write back Explicit state Synapse machine;
N+1 invalidate Where Memory is  |first cache-coherence
the owner machines available
Berkeley | Write Write back Owned shared Berkeley SPUR
invalidate state machine
llinois | Write Write back Clean private State; | SGI Power and
invalidate Can supply data Challenge series
from any cache
with a clean copy
“Firefly” | Write Write back Memory updated | No current
broadcast |When private, |on broadcast machines;
Write through SPARCCenter
When shared 2000 closest




4.2.5 An examgle protocol

— SR TR KA

~»

Request Source State of addressed Function and explanation
cache block

Read hit Processor Shared or Exclusive Fead data in cache

Fead miss

Processor

[nvalid

Place read miss on bus.

Read miss

Processor

Shared

Address contlict miss: place read miss on bus

Fead miss

|'|

rocessor

Exclusive

Address contlict miss: write back block, then place read miss
on bus

Write hit

Processor

Faclusive

Write data in cache.

Write hit

|'|

Mocessor

Shared

Place write mis= on bus.

Write miss

Processor

Invalid

Place write mis= on bus.

Write miss

Processor

Shared

Address conflict miss: place write miss on bus

Write miss

|'|

Mocessor

Exclusive

Address confhetmiss: write back block. thenplace write miss
on bus

Read Miss  Bus Shared Mo action: allow memory to service read miss.

Read Miss  Bus Exclusive Attempt to share data: place cache block on bus and change
state to Shared.

Write miss Bus Shared Attempt to write shared block: invahidate the block.

Write miss  Bus Exclusive Attempt to write block that 15 exclusive elsewhere: write back

the cache block and malke 1ts state ITnvalid.

201‘!‘[ Lo ALy



Cache’ state transitions based on requests
1. from CPU

‘ CPU read hit
PICPU rea(\jd . = Shared
ace read miss on pbus Read onl

CPU read mis i
Wite by Biocs — ERTTe s

mMIiSsS on bus

] /\
IS on bus

CPU write

CPUJwrite

Place write miss on bus
xclusw_e CPU write miss
ead/writ Write-back cache block

Place write miss on bus

CPU read hit
CPU wrrite hit

2014/12/15



Cache’ state transitions based on requests
2. from the bus

Write miss for
this block

Shared
Read onl

< Read miss for this pfock
= |22  Write-back block;
O o
x £ Abort memory &ccess
(Dx O D
LD Ol ©
Eo|RE
Ew|l=E83
=s|=<&

Exclusive
Read/writ

2014/12/15 25



3. WEEH 2 J5HICache KRS E

Write miss for this block GPU read hit

Shared '

\

¥

CPU read _

Read only

>

x -

S CPU read miss

=5l od3 Write-back btoch _

= ol =1F< Place read missa CPU—réad miss
23| E3s Place read
88| o234 : 3€ for blockmiss on bus
ES| SaI= a<Back block

=2

== PU write

Exclusive
Read/write

Place write miss on bus

CPU write miss
Write-back data
Place write miss on bus

’

CPU read hit
CPU write hit

2014/12/15 26



Example

Al P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value
P1 Write 10to Al
P1. Read Al
P2. Read Al

P2: Write 20to Al

P2: Write 40 to A2

2014/12/15

Assumes Al and A2 map to same cache block,
Initial cache state is invalid
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Example: step 1

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value
P1 Write 10to Al Excl. Al 10 WrMs P1 Al
P1: Read Al
P2: Read Al
P2: Write 20 to Al
P2: Write 40 to A2
Remote Write CPU Read hit
Assumes initial cache state @ Shared
. . Read
Is invalid and A1 and A2 map ei on bus
rite
to same cache block, Remote @us CPU Write
Write Place Write
=
butAl!= A2. Write Back R\’A(jrr;:gtBealzea Miss on Bus
xclusiv
2014/12/15 CPU read hit 28

CPU write hit



Example: step 2

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value
P1 Write 10 to Al Excl. | Al 10 WrMs P1 Al
P1: Read Al Excl. Al 10
P2: Read Al
P2: Write 20 to Al
P2: Write 40 to A2
Remote Write CPU Read hit __|
Invalid )2 ;| Shared
Read
) . miss on bus
Write
Remote| |miss on bus CPU Write
Write Place Write

Write Back Remote Rea .
rite Bac Write Bac Miss on Bus

v

@clusiv . :
CPU Write Miss

2014/12/15 [CPU read hit Write Back =
CPU write hit




Example:

step 3

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value
P1 Write 10 to Al Excl. @ Al 10 WrMs P1 Al
P1l: Read Al Excl. Al 10
P2: Read Al Shar. Al RdMs P2 Al
Shar. Al 10 WrBk  P1 Al 10 | A1 | 10
Shar, Al 10 |RdDa P2 Al 10 | A1 | 10
P2: Write 20 to Al
P2. Write 40 to A2
Remote Write CPU Read hit

2014/12/15

analid

Shared

a

Remote CPU Write
Write Place Write
Write Back ﬁ Miss on Bus

CPU read hit
CPU write hit

CPU Write Miss
Write Back




Example: step4

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value
P1 Write 10 to Al Excl. Al 10 WrMs P1 Al
P1: Read Al Excl. Al 10
P2: Read Al Shar. Al RdMs P2 Al
Shar. Al 10 WrBKk P1 Al 10 Al | 10
Shar. Al 10 |RdDa P2 Al 10 Al | 10
P2: Write 20to Al Inv. Excl. Al 20 |[WrMs P2 Al Al | 10
P2: Write 40 to A2
C(Remote Write) CPU Read hit ____|
Invalid )= > Shared
Read
) ~ miss on bus
Write
Remote| |miss on bus CPU Write
_ Write Bl _Iace Write
Write Back WiteBac Miss on Bu
xclusiv
CPU read hit
2014/12/15 CPU write hit -



Example:step 5

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value
P1 Write 10 to A1 Excl. Al 10 WrMs P1 Al
P1: Read Al Excl. Al 10
P2: Read Al Shar. Al RdMs P2 Al
Shar. Al 10 WrBk P1 Al 10 Al | 10
Shar. Al 10 |RdDa P2 Al 10 Al | 10
P2: Write 20to Al Inv. ExCl. Al 20 |WrMs P2 Al Al 10
P2: Write 40 to A2 WrMs P2 A2 Al | 10
Excl. A2 40 | WrBk P2 Al 20 Al | 20
Remote Write CPU Read hit
Invalid )2 b Shared
/ Read
+ . miss on bus
Write
Remote| |miss on bus CPU Write
_ Write Remaide P_Iace Write
Write Back WiiteiBad Miss on Bus
xclusiv

2014/12/15

CPU read hit O P_U Write Miss =
CPU write hit L‘”te Back




‘ Cache State Transition Diagram I

Each cache line tag M: Modified Exclusive
E: Exclusive, unmodified
I I Address tag I S: Shared
stata’ I: Invahd
bits

- M, read
M, write M M, write = 1
or read

Write miss

Other processor
read/ Write back line

Other processor
intent to write

Read .
miss S

3
AN
O
Read by any Other processor

processor intent to write

2014/12/15



2 Processor Example

M, write M, read
M, write
Block b or read e
'___.-" Write miss
M, read, I — 44.&\?“
M1 Write back line ; P M; intent to write
- v, -
Read e ﬁhﬂ‘“

miss

M. intent to write

M write M, write M, read
2
Block b or read .
- Write miss
M, read, _,-'44..;1‘?"
ME Write back line __..--;“119 M, intent to write
. ok
Rgad,_ ) .;-"’ﬁt..-:"“
miss -

TEIFFFIFFY Ll Lo Ll FEREEy

M, intent to write

2014/12/15 34



‘ Observation I

M, read

M, write
or read . i
Write miss
Other processor

& Other processor
read/ Write back line

intent to write

Read
miss

Other processor

Read by any
intent to write

processor

If a lineis in M or E, then no other cache has

a valid copy of the line!
Memory stays coherent, multiple differing copies
cannot exist

2014/12/15 35



4.3 Distributed shared-Memory Architectures

2 4.3.1 A AT A S5 1)
—. [EX— K RGN T B A S5

«=J;Cache coherence
SHEHIEANHENRT
#)¥-: Cray T3D,JEE 1B LE 0] 48 BUEfE
RA

«=f Cache coherence
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—. JtCache coherence (1)

«=Mmemory distributed among the nodes
«all nodes are interconnected by a network
access can be either local or remote, FHnodeH

P42 il A5 A 8 L T R S8 8 A FE A WA % R TE

IR AS o

RERTEGR, NEHEES
U5 0] B4 5

TRl A HY

2 il 7 2

RIXBRG R cachelf], {H NS coherenceja /3,

¥ AR B L EHHEFRiE Nuncacheable,

private data F£i{FCache.

Cache, BrLLmiEism R g%, MAHE:

AT

2014/12/15

ﬁ#é%&

H o

EASTE
Zblock
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JzCache coherence (2)

RAIPA A B BN S ZH g fudtcache A5
R4k EH coherence. (EY%, cacheH
EHEE, MARBEBEEE)

» PURL: AEEARE4
2 B
R NRELIE T compiler F1E B ¥ cache

coherence;
= NFcache coherence, 3% T Bisingle cache

block FIfL A, BT A FHILZEEHE /25 6] /0
Y (HARRKEEY R R e F3617)

wFeFE T prefetch& >k Htolerating latency HlLi .

2014/12/15
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» R _ LR, DR ZAEEEFR
FHE) LA 5 S fF cache coherence;
Xf jﬁ#ﬂ*ﬁ% &tﬁ%%{zli,% 251 (5340 N ARAE)
ﬁﬁm ’ ‘7? bi’%ﬁ ﬁﬂ!ﬂ%i F[yf
coherenceL I 45 1 i

-—y
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=. FCache coherence

o R P B—FARFE T snooping protocol K]
coherence protocol, XHts2directory protocol. B A7E
AR ST, AR B IE v E, T B ALE
23 RS B A RN ITH B KX

e H SR PRATHIAE 2

<EF—AJREfE A cachefIblock KIIRAS: AIFEHLE
(shared). FKFAcache (uncached) . B 5]
(exclusive)

= FfcachefH iZblockHcopies, blockZEdirty
FE,

2014/12/15 40




Directory protocol S8l 5

+ HHentry 5% EF KIblock fHEX R KI5 1%

AR T B RIS HE R E '3%2?
ﬁ%%%t ock%ﬁ’?ﬁiﬁ%ﬁm%ﬂﬁh tb. Xt
F A BANENTF100HL 2L, XEERME %ee‘
L AT] VR, Lﬁ—*ﬁ%ﬂﬁ%&tﬁ%ﬁﬁ =

WAERZD B KB EE
< HOE B =l
<1t BB R BDHblock KGR, MARE RN
FhE s BT A KIblock;

cEFE—entry4gibits £ .
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ﬁT%i

=15 18] B 3 A RS

(REN

=l N WS

5, H3xHentriesT] 4

2 H X

« T B R AT BREZ A 4757 R As5t 0 sthk 1

cache.

2014/12/15
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Processo
+cache

|Memo“. |Memo“.
|DirectogI.

|Directo“.

Processo
+cache

|Memo“.

Processo
+cache

1/0

|DirectomI.

Directom"

Processo
+cache

2014/12/15

1/O ' Memory

|Directom.‘

/0

Processo
+cache

Interconnection network '

Directo

Memory 1/0

Processo
+cache

43



4.3.2 BT HFKcache—&U 1t ph i3 =LA

— T H UM PR A R

o= AL ERER L s

R AGEXN EERTFFFcachelRFI B A

o SEIN IR
= H X MER B

ZHcache$ %

—cacheKPIRES .
—HERFIRE

—

F— AN AR R R

mMﬁﬁEﬁ%ﬁﬁT#ﬁﬂ%m 5 AbBas, BRoy—BIRAE

BSNZEEHEEL —K)E, FRH

SALHE

2014/12/15

'BcopiesfET
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—. BH*%¥Cache R BEFIRE

» 2 (shared)
=1ZEHFIcopiesFEET —EZ M processorifjcachesH;
% AH3E N Cache (uncached)
R &H — M EF R HERPE AN HcacheH;
2 J1 5 Cexclusive)

NAFFRIEYE S . A B SNEIE N E A

(owner)
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=. W ERILEDlock B — b FE SR L= 2
(H.copiesTEHf L4 #H B FICacheH ? )

1.  H—"data blockitB—4 bit vectors

& bit vector PRI —NRR N MNEFILFESE,
KHbitBEMN B RNZAAE S E Zblock URFR
1ZHHIcopy) ,» AIHiZbit vectorFa~iZblock
Ab-FexclusivelRZESBT Howner.

& BRI NMALE S A I EHEE
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2. BN EAEZ 2 (5 IR SR [F s 5
=5 ANJEM SHIER, —ESFHCache5REl, Hub#
SR EER —RTMER.
3. T HkHjCache—E M i S snooping A [F] 2 Ak
«=SnoopingiBEk (HIEHLH])D 1ENHK R, EfrslEr.
Director sl A BEFE BL3%E M 45 1E ] Wt 5=
55/, T

=DirectorBRAERBE LK, (FRRELEHEM
XEFWAER) , BraEEBIHFNE

JIII“I
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IS

AL B

a5 H X [B%IEH B KRR

Message
Message type source Destination contents  Function of this message
Read miss |.ocal cache Home . A Processor P has a read miss at address A
directon, request data and make P a read sharer.
Write miss |.ocal cache Home P, A Processor P has a write miss at address A;
directon, request data and make P the exclusive owner.
Invalidate Home Remote cache A Invalidate a shared copy of data at address A
directon
Fetch Home Remote cache A Fetch the block at address A and send it to 115
directon home directory: change the state of A in the
remote cache to shared.
Fetch/imvalidate Home Remote cache A Fetch the block at address A and send 1t to 1=
directon home directory: invalidate the block in the
cache.
Data value reply Home [.ocal cache D Return a data value from the home memory,
directon
Data write back Remote Home v D Write back a data value or address AL
cache director,

2014/12/15
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T RAR

AT 5 (local node)

RV TR T4

X711 s (home node)

RIGZT RE BV b R a2 oo H I (Bp
B a] R B 25D

TEFETT A (remote node)

RIBHA B MEBEEEE KT &

R/
0’0

R/
0’0

2014/12/15 49



4.3.3 B P EITER

—. B HICacheH

Invalidate

%f(mﬁuﬁu%‘%%

CPU read

a .‘ ) .‘ Y YO
O

>

CPU read miss
Date Write-bae
read mis

Miss message

210 W\

CPU write

2PU write

Fetch invalidate
Data write back

Exclusive
Read/write CPU write miss
Data Write-back

_write miss
CPU read hit

CPU write hit

2014/12/15

Shared
Read only

CPU read miss
Read miss

Data write-back

Send write miss message

50



s AR BEERICRARS R B E

Data value reply,
Sharers:{P}
Read miss

Shared
Read only

A read miss
Fetch;Date value ref Read miss

S sharers+={P} Data value reply,
Sd 4 Sharers+={P}
2y E
= . D
E == . Write miss
S =a nvalidte; Shares={P};

data value reply

Exclusive

Read/wri

2014/12/15

write miss
Fetch/Invalidate, data
value reply, shares={P}
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Example

Processor 1 Processor 2 Interconnect Directory Memory

P1 P2 Bus Directory Memor
step State|Addr|Valug State| Addr|Valug Action Proc.| Addr | Value| Addr | State | {Procs}| Value
P1: Write 10 to Al

P1: Read Al
P2: Read Al

P2 Write 20 to A1

P2: Write 40 to A2

Al and A2 map to the same cache block

2014/12/15 52



Example
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