CA CachefllfZigsS

1 CacheEAHS:

BEXRRT R ZREIRGEN

- BRPEEE

Mn

M2
CPU M1 ...........

- M1 IEERR, FER/]), BUNMBES

- MINEERIE, FEEK, BUNERIE
- FREEFEEMIEGEE, FSEHNMEEEMN
- 1T

L1 Lz
CPU c c
Register é 2 MEMORY I/O device
H 3
E E

PM

D
'500ps | 2ns | 10-20ns |50-100ns | 25-50us

500B 64KB 256K 256-512MB  4-8GB


af://n0
af://n2

FERIRET AR

Block

— Block : REEXRHIBlock X/ Na] §EAE]
— PR

S I SVES

SRR —E
- EEFESEEREEFMEEIN—MNER
- SEFHESEAEIERYARMEHEEFESES
- HuE—EtinRR
St AEWMRABER, Bl mEaEmnenpasiE
Ek: FRERERKNAILUARE
— PRI ITEIEASIR
— AE%KCachetREIA/NOTEERE
— TOH (HR) XK/NEBFEKXKTFCachetRA/
— E(EHbhERRET E)RR
— Hht#&3 Block Frame Address + Block Offset
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- FEERAFIISAIMIEC
— C=(C1*S1+C2*S2)/(S1+S2)
«  aR(Hit): ITIRREFERANREER L
- %@Tﬁ%ﬁ?ﬂiﬁ%ﬁﬂﬁiﬁl‘ﬂ, HAPNDUREMIPIEIRTREUE, N2REM2FIKE
m
— HitRate (f9E) : FFHEEHHREREEMFHILLA H= N1/(N1+N2)
— HitTime (Ap9PAYIE]) SRREEELIRE, TAL
« KB(Miss):iBARAEFRERNRSER L
— Miss Rate (453Z) =1- (HitRate) =1 - H = N2/(N1+N2)
- FHEMIFREDHRE . AR M2FREETERIRIEURRTERIREIMAFR, A

CPUABEEM1iA|E],
— REE— N RAETEATE, B A FRTASAIERT B9 TA2+TB+TAL = TAL+TM
- TMIBEFRATTTE

- EFipERE:
— F9iH1EATE] TA = HTAL+(1-H)(TAL+TM) = TAL+(1-H)TM
— BD: SEFiHEFERIE = PR EHSeE « KT E



BRERALY

R : HEE—PMRMEFRN CacheRINERE

=HE

— £HEETR: RIS A BOSRBTLL MZE cache S B
- EEESR: T E— R REVEREcache R —IE

—i%, FEttt Scacherbbiitblit IR :
j =imod (M), MAcachedrgythzg

- 5 EEREREILNITEEC =
g@@ﬁ?&*@ﬁi E—HHN AT, }t{llﬁ"wﬂ%@*ﬁ
- (BEEENS —
- ERSHEEE
+ Foacher G, MEFFHISE RIESK
* (K=l G),
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Block 12 placed in 8 block cache:

— Fully associative, direct mapped, 2-way set associative
— S.A. Mapping = Block Number Modulo Number Sets

Full iative: Direct ed: Set associative;
block 12 can go block 12 can go block 12 can go
anywhere only into block 4 anywhere in set 0
(12 mod 8) (12 mod 4)

Block 1234567 Block 1234567 Block 1234567
no. no. no.

S&Séédéé

Block-frame address 01 2 3

Block 1111111111222222222233

MO 01234567890123456789012345678901



SHAEANMMERE, cachefJREAM, W
M/N

« N-WayHtHEX:
cachefJHEIG AM/N

« AEHEEAE TRIESEFNEZL

. IREN

. 2fHEx M

. [=EiE ]S 1

. ¢H <N <M

HEY
1

M
1<G<M—

— THERE#E, cacheZS|EIFIFERAIME, HUPSI=RGIE/)N, KUK

BT

— NEHK, KEMBIE, (BCachefISTIIFMEZY, RMNBX
- MRS ET R AR ERIRSR, MigeIIisEEER.
W

E = 2¢ lines per set

A

S = 25 sets <

[+]

tag

B-1

valid bit

Cache size:
C =S x E x B data bytes

lock (the data)



Q2(1/2): B &

ECACHEHRf—block#fisatagl (tFickE) ., tRicH A
[ES
— Address Tags: fRICFTARERTTAE—IRA, XEYIEMUIRLS /9
=#f43: Address Tags ## Block index## block Offset
- S1EEKBRSRAY, iZBBlock Index
- EBA Address tagiiia, EIRATECMTE/)
— Status Tags: FRCIZERAVIRZS, U0valid, DirtyZ
N,

{12
Block Address Block
Tag | Index offset
\ J
¥
Set Select

M& Data Select
biz
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Example: 1 KB Direct Mapped Cache with 32 B Blocks

« WFE=H 2N FHMcache:
— EE(32-N)Y\E 553‘ 73 Cache Tag
— ERIEMINZFTIEERE( (Block Size = 2 M)

+ Block address ————
31 9 4 0

| Cache Tag  Example: 0x50 | Cache Index | Byte Select |
Ex: 0x01 Ex: 0x00

Stored as part
of the cache “state”

Vali Bit Cache Tag Cache Data
Byte 31 Byte 1 | Bytd0 | 0
0x50 Byte 63| °° | Byte 33] Byte 32| 1+—

| Byte 1023 o Byte 992 | 31

4/7/2023 xhzhou@USTC 35



Example: Set Associative Cache

N-way set associative: 88—/ cacheZE5|¥}RN 4 cache entries
— XN cachelliFHTHR(E
« Example: Two-way set associative cache

— Cache index %&#¥cachedy—H
— X—HAPFERIT N I Tags SEIN L FIRTEL L

- RIS Rk EE
Cache Index
Valid Cache Tag Cache Data Cache Data Cache Tag Valid
Cache Block 1 Cache Block 0
) I [ [ [ P R S B |
I |
|- """ " - - - - " F "—"——"——"—"—— " —"—"—"——"F"—"———— —————— 7F 1
Adr Tag
Compar D’ESGH 1 Mux  © Selo ompare)+————
®
Cache Block

36
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Q3: EMmEE

4/7/2023

« FERRE—RRLbcachedfIRE, AIEEHINIZIRERYI RIAY—HE—
CachelRB2BpEHBIER, ZNEEFEEHERINE—IR, LUIENR
FRRAARR, EHiAH—IR, XEEFHHREEEMARRODE,

- BiEMsK, BARE—R, BITEE
— BRI ZM%E
- HERpiE
— BBHE (Random), FEHIEIFE—tREKE
- R B, SFLH|
o @R IRBEEECachetRBERHE, REFNEHBHRE, KERS
— FIFO - IEEREREBRARIR

- i EE
- BAFATE—APZHRENCacheNITF, BEXRRMIEFFERMRE, EARTHE

NBIBR, RATREREHEEMRAIR
— Rs/MERAIE (LRU) (Least Recently Used)
- i BIFRIRTIEFRNBERE, KRR
- TR HEREZ, B SCIIREME
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Associativity
Two-way Four-way Fight-way
Size LRU Ramndom FIFO LRU Random FIFO LRU  Ramdom FIFO
16 KB 114.1 1173 1155 1.7 1151 1133 1090 1118 1104
&4 KB 1034 1043 1039 1024 1023 1031 997 1005 1003
256 KB 9”2 921 9225 92.1 921 ns 92.1 921 92.5

« WML (KHE)
- EEES, FHERIR.
— CacheBEIKA, ELHERRIE.
— LRU ECacheBER/I\IT, FLERIAE
— EECacheBAERINNA, RandomBISIZRIEIET

PR SRl

- SHiki%x (Write through)
- iR: 2T, SRFEEFARBERER—EE
- e EERE
- BEix
- ffir: ERER, BMBRREL
- B —E4nE
o HERESRKUABATFNRRE
- RS9 EGEWrite allocate): S53AT, SRS
Cache, AEBHITEA, tHIRSH
- NEBSELE (no-write allocate): 53T, BEEREN TT—RFi#ES,
MA~E+ER3RE N\ Cache, thFREEEE (Writearound) o
- R LA LT R N A FEE A ENSEE, —RRIER T
» Write Back FBWrite allocate
» Write through Fno-write allocate

HF uche o Memoy Z={t.
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1.1 BEX5S5E5MDHRE

HHik (Write-Through) :

FEXANRIEHL, — R E S NB| RNFRIE . 65 HRNRE R, SR, RISERABEE 2 G ESE
Cache WL T . WMRHIECETE Cache BT, FRAVEHEIE NEH ] Cache BT, HEANBENFRE: WE
HAEATE Cache B, TATHRAEH ENF. 5 EBMXNRBREW, H2HBHRAT, IHEXA RKIgRE.
TR A TE Cache AT, FRAITAS 5 ZEIALACEE R 2 2] 32 4 A7 BT o


af://n18
HUAWEI
高亮

HUAWEI
高亮


HR5ERE (Write back)
R LIRS NEHE, $AE CPU Cache i, AN R REH CPU Cache HE MBI, RN, &

fil&txic CPU Cache BLAIXA™ Block &Mk (Dirty) . Frifffked, SRR, &AE CPU Cache HiiH)
XA~ Block WIEHE, fEAFRAL B0,

MRS NHEHEPON B Cache Block B, JREPRMEIPITFHbIEIEAR, I ARNTMES —F, W4 Cache
Block B MEHRABABARCRIER . WERRALRIT . FATEIIX A Cache Block B MEHE, FAFIEN
. A5, FHELHTESAREE, S AF Cache B, FIFHE Cache Block FHCBERY.

U2 Block HU FBHE AT WARIC IR . A8 A BA T BRI EHE S AN E Cache B, #RJ5HHE Cache Block FRigik
RIS 1

2  Cachel4gEitH

Cache TH8E#T

« CPU time = (CPU execution clock cycles +
Memory stall clock cycles) x clock cycle time

« Memory stall clock cycles =
(Reads x Read miss rate x Read miss penalty +
Writes x Write miss rate x Write miss penalty)

« Memory stall clock cycles =
Memory accesses x Miss rate x Miss penalty

« Different measure: AMAT

Average Memory Access time (AMAT) =
Hit Time + (Miss Rate x Miss Penalty)

« Note: memory hit time is included in execution cycles.
M —er———_——

3/25/2022 xhzhou@USTC 5
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1ERESFtr=Efl

= Suppose a processor executes at
» Clock Rate = 200 MHz (5 ns per cycle), W
* 50% arith/logic, 30% Id/st, 20% control
* Miss Behavior:
*  10% of memory operations get 50 cycle miss penalty mema’y misSS Pencity

* 1% of instructions get same miss penal ~ ~ N
. penalty - s 4t 4 1%k X

= CPlI = ideal CPI + average stalls per instruction

= 1.1(cycles/ins) +
[ 0.30 (DataMops/ins)
x 0.10 (miss/DataMop) x 50 (cycle/miss)] +
[ 1 (InstMop/ins)
x 0.01 (miss/InstMop) x 50 (cycle/miss)]
= (1.1 + 1.5 + .5) cycle/ins = 3.1

= 65% (2/3.1) of the time the proc is stalled waiting for memory!

= AMAT=(1/1 .3gx[1 +0.01x50]+(0.3/1.3)x[1+0.1x50]=2.54

ixO) to3xT) W&
N L1 = RUC 4 N | |
3/25/2022 ma/‘? {-0ta3 xhzhou@USTC L‘!! st

Example: Harvard Architecture

Unified vs Separate I&D (Harvard)

Proc 1% Cad\e ﬁ% Cm

Unified | I-Cache-1 | |Pr‘oc| | D-Cache-1 |

Cache-1 .
Unified
Unified Cache-2 /’{armo( ‘

umf{d ' Cache-2

Statistics (given in H&P):
— 16KB I&D: Inst miss rate=0.64%, Data miss rate=6.47%
— 32KB unified: Aggregate miss rate=1.99%

Which is better (ignore L2 cache)? / &é
— Assume 33% data ops = 75% accesses from instructions (1.0/1.33) '
— hittime=1, miss time=50 ~ — o — "

— Note that data hit has 1 stall fW (%?19 »’c)b%‘) -

AMATHarvard=75%x(1+0.64%x50)+25%x(1+6.47%x50) = 2.05
AMATUnified =75%x(1+1.99%x50) +25%x(1+1+1.99%x50)= 2.24

MBEM :’\T%

3/25/2022 I xhzhou@USTC 7



LJ.IIEF!'#H:IHS‘I'L'I'EHI. UltraSPARC 1AM, {Ri&CacheFHEF100 clock cycles,

= SlaEE 1/ cycle, Cache A BILABFEfFARIESEH
(1) ﬁ!&¥199€§2$732% FERSFRIESIHF.SR i

(2) _ ﬁlﬁ§1 000§f§$cache9éﬂmﬁ7:130:}k 3% Dlﬁ%b\‘k

- &g

« CPUtime=I1C*(1 +2%*1.5*100) *T=I1C*4*T
(1) IBIECPIEHE, EERRBEAICache T HRVIERIR MR LA

(2) 7T HCPIR, KEFHRERIPMAERFHFEEIN. Bit, BERSITENNEFER
AE2ERE, HMERERSNCPURNKIFHESERA, HCPIRTF(EREWmIESthek

B,
Cache %85 bR R CpuiRRfE
CacheXF{EKCPI, BHIFPRAZEACPURIREINEE

3/25/2022 xhzhou@USTC

| FEARELREEAICacheXITERERISNG:

B-19ff%: HiZi{FCache FIFIEEIHE Cache, HIDfth{iIFCPU
MERERIRZIR? e RFIDIHEFRIE, ABBITHECPUMEE. SirEYsH
PATRRI&:

(1) E#8Cache(fHEH100%) BRTCPI 1.0, BIEhEHRA
0.35ns, FEIPF/RIESIHEF1.AR

(2) FAHCacheEE19/4128KB, A )EE264B

(3) RAEHE, BTFZIREIERFE, HFBIRMEIRE
f91.356%

(4) APEIRIKEFFEERZT70ns

(5) dREdEB1 9 cycle, 128KBEIEM{KCachefikH= R
2.1%, HHRB =AM IZEEEACache BIKEEN1.9%

3/25/2022 xhzhou@USTC 10



HAZEMG CacheJCP U = 2% x (1.0X0.35+1.4X2.1% X 65ns)
P4 CacheJCP U [ =45 28X (1.0x0.35X1.35+1.4X1.9% X 65ns)

3 EBAEM

Lo SYES

CacheHHIEE vJ =3 3C (+ Coherence)
IR (Compulsory)
- FRIBAE—R, REENT—%Load, BFRALBNEEX
BRI
- BEXWM (Capacity)

- WREFTH, FrERERFREARE. SaeesliEACache,
N HFEEHEEIRE, HEXEFHIAEE, MeRER.
- AJREaRE g IS
« e (Conflict (collision))
— ‘ENEERFIEEAEEARYRIERT
- HAZHHRBMEEIE—A (3R) P, L&%&}W
il IRIEER B SANE), #AIE XAKERTIE]

3/25/2022 xhzhou@USTC
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MNEiTiEREEIn—EER

- 5 CacheSHEH9%FR
B, RN
— sE bl RN T =LA A ERSZ I
— BRHIMERRNAZ Cache FERIF/NM
- RERPEEE =S INMm R

« F&2:1CacheZI&FRMI

— BIA/NAINRIE RS2 Cache B SRERAIZE T A/ NN/ 2/
PRI ZBEELAYCache L0,

3/25/2022 xhzhou@USTC 18

A 3CHTEE

MFEitH DTN :
- I8KCachegR=
— X SR R AR
+ IBKIR
- REEBIERR thadkdy R dta B A
- EIAESHIZRERE (ot a? )
- B TRELRT R AR IR
— RN R R BT H 2
= R (EUERER, JHEOENES)

3/25/2022 xhzhou@USTC 19



RX), FEREG

. MEEHSETERIRES
— JFLEECache BE, RALNENET, HEHIRZE FE,
B3 - 1
— Cache FEMK, (FRMEIAZIR(RATRA/INGFLA
PN S ~—
— HOK/NMENN, eIfEsasitERum (TaEEPERE)
— HOK/NMENN, B fEPsRRUENN (Cache IRELERLD)
- FFEIEXR (L NEE%E), #uRERYEZEX)
« TERN: EEURAE, FEERERYAE
- JRE: FHihFRE = aperad(a) + R (TR

3/25/2022 xhzhou@USTC 24

Victim Cache(1/2)

+ fECachefiMemoryZ[EiENI—/ M BI£tHEXCache

cache ‘1’1?9
dirpu black
i victm Cache

FIGURE 5.13 Placement of victim cache in the memory hierarchy. Although it reduces
miss penalty, the victim cache is aimed at reducing the damage done by conflict misses, de-
scribed in the next section. Jouppi [1990] found the four-entry victim cache could reduce the

miss penalty for 20% to 95% of conflict misses.
26
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- EXERE
— 1BH Cache I EHZIRGRAT PSRRI EBJE?Q
— Vietim cacheSRFISAREE - SRR
— Victim cacheZHERT (H38) KM EFLIFPLELR

— BT, BB Victim cache REREIZIR, WREH
Bz 5 Cache AR R F A,

ZH B (multilevel inclusive)

L1 cache BIIREBREFEFL2 cache
- i HIESEED(E8)
- B RE L2 cache FfE), L2 MNABEFHEMRAIZSE

L1fmiss, (BfEL2eRasH, A L2#E RIERAEREL1
«  FELIFIL2ARImiss, WA E{RSE ERAIREIL 15012

¢ HLISEESRIS RN SEIL L2

+ Write-through RERAFLIZIL2
* Write-back SREFRIAIFL2 SIBRBIFHEE, IR REIEEGBES

. Lzﬂilﬂﬁﬂlﬂi (:tmmnm

. LliﬂLZH‘élﬂkd\'.lu*El_.liﬂ_JuZil_.l
— Pentium 4 had 64-byte blocks in L1 but 128-byte blocks in L2
— Core 17 uses 64-byte blocks at all cache levels (simpler)

3/25/2022 xhzhou@USTC 31



) ZRAEZE (Multilevel Exclusive)

L1 cache FRRJIRASTEL2 cacheFR, LAt RZEEZE(H]
fEL1Hmiss, (BIEL2ARGER, 1SS Cache[@IRAIE R
EL1FIL2 I miss, BN B{KEE A RAYREIL1
L1RY#EERARIZEL2

— L2 FAELIFRIR, LB L IAEEEH
L1ZIL2A5RA8 /9 Write-Back

L2Z B (K cache BISHRRE A Write-Back
AMD Athlon: 64KB L1. 256KB L2

R cacheRIMERED T

- FERRHE: iZ%hCacheXHBUREL / BiXiz#KkCacheUinTFEIREN

— Miss ratelL1 for L1 cache __/V ¢
— Miss ratelL2 for L2 cache M+M3
- 2RFFEUE: ZBKCacheHREY CPULTEIATESIREL
— Miss ratelL1 for L1 cache At
— Miss rateL1 x Miss ratelL2 for L2 cache N
- 2REUEREEEL? cacheEBENIEIFHIE 4 N3/N
. HgESH Jeayits: N3/N2+N3

— AMAT = Hit TimeL1+Miss rateL1xMiss penaltyL1
—  Miss penaltyL1 = HitTimelL2 + Miss rateL2 xMiss penaltyL2

— AMAT = Hit TimeL1+Miss rateL1x (Hit TimeL2+Miss rateL2 x Miss
penaltylL2)

Nzt + Nt L1 L2 Mem
¢ L Jd
U L2 Mem
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cpd () () [mem)

BAPRERE + (Wiss vade LI, Miss rate L
/
F1.i% Coche Vo oIk
L| cache - B2P=%5hR)
L2 coche mizs rate §9/3)
BB = mss hate L] x L2
I cp1=1 - AR IVE Cyle g R

CPL<| 0B eox: bionch Jrawig) 7eyce
St AL MB.

L1 cache £

« ¥4FI-CacheflID-Cachef HHILT1 Cache
Miss RateL1 = %inst x Miss Ratel-Cache + %data x Miss RateD-Cache
%inst = Percent of Instruction Accesses =1 / (1 + %LS)
%data = Percent of Data Accesses = %LS / (1 + %LS)
%LS = Frequency of Load and Store instructions

- BFESHIL KBURE:
Misses per InstructionL1 = Miss RateL1 x (1 + %LS)
Misses per InstructionL1 = Miss Ratel-Cache + %LS x Miss RateD-Cache




« Problem: it§AMAT
— |-Cache 53 = 1%, D-CacheZeRiiE = 10%
— L2 Cache&d®% = - 40%
— L1 #39HEJ(8] = 1 cycle ( I-Cache FD-Cachetg[E)
— L2 ap9RAT(8] = 8 cycles, L2 S3FFHEE = 100 cycles
— Load + Store I8 HRE = 25%
« Solution:
— B FIESIHFEREL = 1+25% = 1.25
— ST EIESHIEBUREL = 1%+25% % 10% = 0.035
— L1AY5EER= 0.035/1.25=0.028
— L1BYSRFFE = 8 + 0.4x100 = 48 cycles
_ AMAT = 1+0.028x48 = 2.344

« Memory Stall Cycles per Instruction

= Memory Access per Instruction x Miss RateL1 x Miss
PenaltyL1

= (1 + %LS) x Miss RateL1 x Miss PenaltyL1

= (1 + %LS) x Miss RateL1 x (Hit TimeL2 + Miss RatelL2 x
Miss PenaltylL2)



Mgk CachelyiEae
» Problem: {2FiE1774 1000/ MFhE=E 5618 gﬁjcmiéz;@a

%735 |-Cache misses = 5, D-Cache misses = 35, L2 Cache misses = 8
— L1 Hit = 1 cycle, L2 Hit = 8 cycles, L2 Miss penalty = 80 cycles
— Load + Store frequency = 25%, CPlexecution = 1.1 (perfect cache)
— }FEmemory stall cycles per instruction A48 ZXAICP! Vi
— WNERIRBL2 cache, BHICPIRSZ/D? Feip. sl

« Solution: Piakhadd Lis

— L1 Miss Rate = (5 + 35) / 1000 = 0. (094% per access)
— L1 misses per Instruction =0.04 x (1 + 0.25) = 0.05

mEM L2 misses per Instruction =(8 / 1000) %1.25 =0.01

zZ|#L < Memory stall cycles per Instruction =0.05 x 8 + 0.01 x 80 = 1.2

— CPIL1+L2 =11+ 1.2 = 2.3, CPI/CPlexecution = 2.3/1.1 = 2.1x
slower

— CPIL1only =1.1 + 0.05 x 80 = 5.1 (worse)

L0kt ojce — LIGOwiss penatty

M CachefY—LEAH 54518

- EL2ZLLLTIKESETBERT. AfiCache2RKEAE N &
E58 " CachetBRIRIER Cache YK BZTTR
- BEIRUEAREHEE "R CacheYiFEIT
- BEFE—KCacheLERAIRE
— T BEEERMFAP CacheREKAYIERE
- BT CacheiZitEE BRI
- & —IRK, TTRELRELRN, BiEsMHRSFENhsRKRL
- {EBXERTEE — P CachelIVEFT
* CacheRJLUEK, LURIINSUREL
— ZREAMRM: F—KCache PHHIERR R ERMNEETF
FE_ZCacher,
« WNRLIFILAGRA/NARR], HEINT SREFMLIMNS M4



Z K% Cachez=f5l]

Given the data below, what is the impact of second-
level cache associativity on its miss penalty?
— Hit timeL2 for direct mapped = 10 clock cycles

— Two-way set associativity increases hit time by 0.1 clock cycles to
10.1clock cycles

— Local miss ratelL2 for direct mapped = 25%
— Local miss ratelL2 for two-way set associative = 20%
— Miss penaltyL2 = 100 clock cycles

- 50 IRSEIRE, TR SE—RCacheRY5BTFiE

« BZCachelim: BEX, BHIAE, RERX, ESR
DRBIRE.
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LSRR TS

- BRERMEAXEXRSP, FTEEXUMS, LIRS
«  Write-Through Cache ->Write Buffer (BE), 1S53 EEXEZEEH
Write Buffer: CPUAMESSIRERR, BNISESHEEEFIIEXEWrite Bufferfg,
cpuﬁ%ﬁi’ﬁﬂfﬂ%’ﬁ.
- BEPSENEFMESRHENEZML
- EEXYIHEEMRTEFRFEFMERTTAIRNME, EeE5E
. pn, EEME. SEA. s1oRl02mgIEIE—tk, 1 - R3TA
« SWR3,512(R0) //aph, BEE{EMCachel, FEHIVE '%')\wnte Buffer
+ LWR1, 1024(R0O) //55%, 18512(RO)XIN
LW R2, 512(R0)  //5&%, NEFHREAS512(RO)ETEIER 3 i
- mz,;wa R i £ e buf.
ﬁfﬁlﬁ%?&ﬂ’ﬂ&tﬁ E@J"%’?E:EP%%, . SEGRIYOIR—ERBITHEIE A,
2 SBINsE, MBFESIaAhn),_ S LAGkEEL

FIEE

_ smty oS eI s T
. RERRAEIR, A, BESTkee

»  Write-Back Cache ->Victim Buffer
— WERAOBEEREEE T victim buffer

- A EREREERE, TEIEFEEN, victim buffer A BES B IZILAINEZITEAIR
« Solution: w WRDPEEIGIZRIF N Cache

S




Q{E%_L AP I:FI HjI‘Ej

20% A 0.6%
el I REfAELECache VS. #38tbiitCache
16% [Oog PWN:G.&S - 19) % -

1.4% O Purge

D puge MR proess Swatch

12% -
: ¢ Ao N5 A
= 10% - e
@ o,
:z__n 18.8% 0.6%
8% A
13.0%
6% - 2.7%
3.4%
| ” 3.9%
41% | 4.3% 4.3% 4.3%
2% 4 3.9%
2.7% 0.4%
IU 90& .0 3% 0 3% 0 3% 0. Sof"n
0% T
2K 4K 8K 1EK 32K 64K 128K ZSEK 512K 1024K

Cache size
Figure B.16 Miss rate versus virtually addressed cache size of a program measured three ways: without process switches

(uniprocess), with process switches using a process-identifier tag (PID), and with process switches but without PIDs (purge).
PIDs increase the uniprocess absolute miss rate by 0.3% to 0.6% and save 0.6% to 4.3% over purging. Agarwal [1987] collected
these statistics for the Ultrix operating system running on a VAX, assuming direct-mapped caches with a block size of 16 bytes.
Note that the miss rate goes up from 128K to 256K. Such nonintuitive behavior can occur in caches because changing size changes
the mapping of memory blocks onto cache blocks, which can change the conflict miss rate.
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Virtual addrass <64

! 8

|
[ Virtual pagelnumber <50> [ Page offset <14> I ﬁj:ui‘mtjt$§}%'—ﬁ Cac h E‘I'_E 1& #?i_

L
|TLB tag compare address «13>|TLE‘. index c?>&1’cacne index < :Dlocic offset <6>]
—

[ - l To P
5% Wbt

L1 cache tag <26>

TLB tag <43> TLB data <26>

L1 data <512>

L1 tag compare address <26>]
[

Cac}leg\fi ,
@@:”‘_ [ Physical address <40=> ] % i - ﬁ
JI [ L2 tag compare address <21> {Lz cache index <14> [ Block offset <G:-]
163l | = AAFE.
RE 3tk 281 R 1
Figure B.17 The overall picture of a hypothetical memory hierarchy going from virtual address to L2 cache access. The
page size is 16 KB. The TLB is two-way set associative with 256 entries. The L1 cache is a direct-mapped 16 KB, and the L2

cache is a four-way set associative with a total of 4 MB. Both use 64-byte blocks. The virtual address is 64 bits and the physical
address is 40 bits.
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L2 cache tag <21> L2 data <5612>

EN.
=

TolL1cacheor P




4 SRR

=k CachelfiitrTix
-« YEiganPadE

- 1. /NiofEERRE—%KCache
- 2, EEFRNTGE
- {INCachetyss
— 3. Cacheipjalimzkit
— 4, FoPHZECache

— 5. Z{KCache

o RINKHETTE
- 6. XEFMIFRRIER
- 7. aHE

o« PREERBE

- 8. wiF

o B FITIEERMIF I T
— 9, FE{4FREY
— 10, 4RIFESIEHIRYTAEN
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1. Small and simple first level caches

« Small and simple first level caches
- &I, aaRETERE, BRREHIERR
- B—FE, RTegEAR, HEIEELAN, JIDEC Alpha
— F—KCache NIEEAE/\BEEERNGITHE
« Critical timing path:
- 1) B4, tHEtaghIE
- 2) lttags,

— 3) IEEIEHERIR
 Direct-mapped caches can overlap tag compare and

transmission of data

- HuEfERHtag LEBFHT
 Lower associativity reduces power because fewer cache

lines are accessed

— BEAICacheF, AIBUA L tagtliRAVRER, HTOFFEIDFE

xhzhou@USTC
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2. Way Prediction

+ ATidesehEdE), FNERRy oo o SEEID B
a: Conventional parallel access b: Sequential access )

ﬁ (way) tag array data array tag array dala array
— SRS S E KA PATE) gl |g
- ﬁim“ﬂ"]}ﬁﬁﬁﬁ Ll " Y
[

« /90%+ for two-wa

. 0%+ for four- select way - select way
(B

PR C———
<o fem ejep |

<4 | 0 kem Be)

< | u fiem be)
<« | fem be)
-¢— | ufem Be)

¥

4| 0 fem ejep
4| ufem ejep

+ l-cachett,D-cache EEEIFHY ' v

?ﬁﬁﬁﬁ data ~ data

_ QOﬂi‘[‘Eq:'HH%—}T.ﬁH:_FMPS c: Way-prediction Selective direct-mapping
R10000 slag array _dala array 1Y tag amay data array

(1=} tg . [=% X (=N g g A ;. |

_ FBFARM Cortex-A8 5 ||z :§: A1 8H B
= = I 5 loos| = =) = I = lows =
+ Way Prediction iEtEm 1S |'S Ve [
Vi AYH Gt ] pa v = n v ﬁt? Ib— n

PE(EINGE: BEERELINEHK nit? [ .
—EWay PrEdiCtionﬁ'Eﬁg redict non-conflicting -
— tFR "ERIEE" “Way selection” v 5'\_% Frmopping way? dgla

— AEXREINAE, {Efaﬁimﬂﬁ’é FIGIfRE 1: Accesdsm;nd timing for design options.
REEE KA EE c@@&@]ﬁ?ﬂ] % 5
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3. Pipelining Cache

« SCICacheifaadiikk

— &S CachelJ 5, BFTFRASHEEKENETF
— L1 cacheR1p (a2 T4 EEAA

* Pentium: 1 cycle

* Pentium Pro - Pentium Ill: 2 cycles
* Pentium 4 - Core i7: 4 cycles
* IBM Power7: 3 cycles

- B IEINRKERIEREN
— IEI07T oIS RIERAIEI M
— IEI07T LoadiB S S E(E AR RAVE S Iatency
— 1907 1-Cachef1D-CacheAIZERT
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4. Nonblocking Caches

— ECacheZ58HY, CPUFCEEstall
- FEATEFHITIIZS S0 12
« Hit under a Miss
— BB I
— hNCachelJiH =
« Hit under Multiple Misses
— S FRARIRRYCache KW
— O g B SR/ D BRI TTE
— 10T CacheiZIZEHIS Z4td
— FERRTLISHFZ NI EIRS
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Blocking Cache M = Cache Miss = Stall

Execution Time Execution Time
Miss Penalty

____________________________________________ :
i Hit Under 1 Miss Ilfl g S M = Cache Miss, H = Hit, S = Stall:
: Execution Time Execution Time
: Miss Penalty |
i I
! |
I
' Hit Under 2 Misses lr T 5: i M = Cache Miss, H = Hit, S = Stall,
: Execution Time Execution Time
| -
: Miss Penalty
I
I
I

|
Miss Penalty :
|
|

9555!7“—1537:‘1

— Primary: S—IRAEFBUEKATRIKZR

— Secondary: fEREHIFEPHIH

— Structural Stall miss: MSHR {4 RFER
2 item

{ V| Type |Offset Destination or Data

V| Block address

v V| Type |Offset Destination or Data
New miss address
Type: LD, SD, LW, SW, etc. Qffset. block-effset
match Destination register for load or Data for store
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NonBlocking Cache Operation

- HCacheXkHll, F€EMSHR(Miss-status Handling Registers)2&
B AR ML
— WA, MBS EEsRIoadstore T —> 5274 Miss
— WSRRH, HEFHIMSHR ] load/storeRI — F) 12X miss
- WRFBEMSHREFEB DB, ﬂﬂw

- HNEEE#CachelREY
— QMERZIRFEILoadFStored 5SS lEAYSRR
— Load: #R#Ebl Iz B RS eS

— Store: R#Eblock offsetiFEUES \i% Si= TEE
— ERIZRATERIKRHLoad/Storef5, @ SHRAEIIR RIZRIR

{ V| Type |Offset Destination or Data

V| Block address

v V| Type |Offset Destination or Data
New miss address
Type: LD, SD, LW, SW, etc. Offset: block offset
match Destination register for load or Data for store
2023-4-17 xhzhou@USTC 30

5. Multibanked Caches (1/2)

« Multi-Ported Cache
— True Multi-ported Cache Design
- FrBRYEHIFIEdEE IS ECache P2 ZDRY

— Address Decoder, way multiplexor, tag comparator, aligners
— Tag Array, Data Array

- BEMIEINT CacheEFRFNIAIAIATE]
- BB IERE SRR

— Multi-Banked Cache address1 —{ Dual = data-out1
« fEcacheZBLRR % Nbanks data-in1 =1 ported
« 5 \bankE—NiwO address2 —{ Data |- data-out2
BT AR gBank =2 Cache
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 IRIBRSHTINFS A3 R fwilk

Block Block Block Block

address Bank 0 address Bank 1 address Bank 2 address Bank 3
0 1 2 3
4 5 6 7
8 9 10 11
12 13 14 15

Figure 2.6 Four-way interleaved cache banks using block addressing. Assuming 64
bytes per blocks, each of these addresses would be multiplied by 64 to get byte

addressing.

bpE3 BEEBIe
THEEN

- BSERCPUERE
—ERF—ENAMALACPU, EEMEHIT, (FEM
RN (i P
- IERIER
— BRFHIRFAE (fpAEL)
— Bk F—ENATAELZECPU, (EEMKEHIT, FBRTM
FiEssPiRANEMF
- IBEERILRKR, XEHERABN



- HALAEERFEERETIERRICPUSIHR

. *JEFE?I/OHEHI:EIEI’ ? —-«ayo%%;_@kf \% %

Write addre
100 1 | Mem{100] | 0 0 0
108 | |+ [ Memitoar] o o ; No write
116 1 | Mem[118] | o 0 0 buffering
124 1 | Mem[124] | o 0 0
Write address  V v v v
100 1 | Mem[100] | 1 | Mem[108] | 1 | Mem[116] | 1 | Mem[124] . .
Write buffering
(’merg; ng)

. TEXEERE@RED, R

. M%&ﬁﬁﬁﬁﬁ:ﬁ&?@%ﬁ*ﬂﬁ)ﬁﬁ%ﬁ

- RPIESKY, EMARER (BSRE) MARINERIERE

__,,=\@gggwﬂﬁﬁﬁﬁﬂﬁﬁ%ﬁﬁﬂﬁﬁimmﬁpﬁﬁﬁﬁ

. ﬁiﬂyzKB, HRAK/NA 4BytesfU B SR Icache, BITERIE SRR LUFEAEE
K50%, BREMAZ 8KB, LEAREES% ~—  —

. EELIERT, MeEBERIES i\ Cachelt, BILIERISEMES, BMERX
i, e (BSREE) RIEREEEM S Cache FIEEBKTFRIMNUEFE
B AR/NEY8ES LEEELCache PAVAMER,

- RLEHRKRN, FEBEI RS EIERZE RS EREEER

&, BEGiEA:

- HoEat

- PSMEIRAS, EERRLE
- B



iFsaiiitnizablz—: BEASH

// Original Code %‘laﬁé T, T R = ppri s
for (i =0 i < N: i++) XRER
a[i] = b[i] + c[i];
for (i=0;i < N; i++)
d[i] = a[i] + b[i] * c[i;
Blocks are replaced in first loop then accessed in second

// After Loop Fusion
for (i=0;i<N;i++){
ali] = b[i] + cf[if;
d[i] = a[i] + b[i] * c[i;
}

Revised version takes advantage of temporal locality

FiFmRiILHZEMZ2=: RAIMEHZIR

assume: cold (empty) cache,

int sum_array rows(double a[l6][16]) a[0][0] goes here
{

int i, 3j; I

double sum = 0; v

for (i = 0; i < 16; i++)

for (j = 0; j < 16; j++)
sum += a[i] []j];

return sum;

H_/

32 B = 4 doubles

int sum_array rows(double a[l6][16])

int i, j;
double sum = 07 Ignore the variables sum, i,
for (J = 0; j < 16; j++)
for (i = 0; i< 16; i++)
sum += a[i] []];

return sum; blackboard




BlackBoard

a[0][0]~a[0][7]

a[0][8]~a[0][15]

o
=

T.TOOBBBOO——

T.TO1BBBOO
T.T10BBBOO
T.T11BBB0OO
T.TOOBBBOO
T.TO1BBB0OO
T.T10BBBOO
T.T11BBB0OO
T.TOOBBBOO
T.TO1BBB0OO
T.T10BBBOO
T.T11BBB0OO
T.TOOBBBOO
T.TO1BBB0OO
T.T10BBBOO
T.T11BBB0O

Set 0

Set 1
Set 2

Set 3

sum_array rows (double a[16][16])

f@g& 2R

CacheZ 1 : 8blocks
Block: 32 B =4 doubles

2% LH MR

%%émﬁt,égaébo_

alillil in Memory | T.T |

4.1 piR

SS | BBBOO|

Addresses of form T.. TSSBBB0O

SE=148EL, SetfuMi, Tagluz1u
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B RIIEPERRE

c = (double *) calloc(sizeof (double), n*n);

/* Multiply n x n matrices a and b */
void mmm(double *a, double *b, double *c, int n) {
int i, j, k;
for (i = 0; i < n; i++)
for (j = 0; j < n; j++)
for (k = 0; k < n; k++)
c[i*n+j] += a[i*n + k]*b[k*n + j];

L

i1
*

- iR
— FEFETTERANUSEIFREL (doubleBY: 8 bytes)
— Cache BRA/)\ = 8 doubles
— Cache &£ C << n (much smaller than n)

- B—IXER (RS ENTE) : —

- n/8+n=9n/8 misses *

]
*

— Afterwards in cache:
(schematic)

]
*

8 wide



- BXTER ((THEFE21cEfEFTR)

— Again:
n/8 +n=9n/8 misses | =«

Total misses:
— 9n/8 * n2=(9/8) * n3

c =

8 wide

(double *) calloc(sizeof (double), n*n);

/* Multiply n x n matrices a and b */

void mmm(double *a, double *b, double *c, int n) {
dag ok, 3, L2
for (1 = 0; 1 < n;

i4=B)
for (j = 0;

j < n; j+=B)
for (k = 0; k < n; k+=B)
/* B x B mini matrix multiplications */
for (il = i; il < i+B; il++)
for (31 = j; J1 < §+B; j1++4)
for (k1 = k; k1l < k+B; kl++)

c[il*n+jl] += a[il*n + k1]*b[kl*n + j1];
}

il
c a b c
= * +
E EEEEN

Block size Bx B




- fﬁlﬁ)‘ﬁ%ﬁ?ﬂﬁfﬁf#ﬁéﬁ (doubleB!: 8 bytes)
— Cache HRKX/\ = 8 doubles

— Cache /& C << n (much smaller than n) n/B blocks
— TLAFE = F4Ep% : fit into cache: 3B2< C —
N L]
= *

- HEE1NFIER:

— B2/8 misses for each block

:ﬁ- 42
_ 2n/ *B2/8=nB/4 = Block size B x B

/ itting matrix c)
ZILT : = *
& ' £ Afterwards in cache
(schematic)
- remre e e — n/B blocks
—
- HEEANFIER: = EEEEE
— Same as first iteration = %k

— 2n/B * B%/8 =nB/4

« Total misses:

- (wh/e)z = n3/(4B) ]
o FEREARDIRIBIRIIUREL: (9/8) * n3
o« (EME S ERIERKLBUREL: 1/(4B) * n3

Block size Bx B

- EBiX: BAREsiRK—L, (BFFRIE3B? < C!



9. Hardware Prefetching

- FREVRS _
- CPUTEHITRIRAIRT, (12
— CPURAJRES LRI TIXTITES,
1S54
- HIRPBIEHHESH, FRENKN

. 5L e LAER RS (FELE
EttMemoryiRagiti7)

- AXP2106453403, EN2IRIESIR
- EffFRHEIcache, THMIRISRIRSTREEH)
— WRBRAREISBFR, BUBAFEK, BEEMSBHIE, HikH
X ™—1ESHRAITEGAFIRK
- IRGER: RAKNMA16FT, B=H4KBRIEIEIRRKR Cache,
1MREESTREMES, TTLMEIR15% - 25%RIKH, 4R
ISBEJ##i3R50% 953, 163RISBTIIHTRT72 %A%

ek BfRCachelUi
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- #fl: Alpha AXP21064RRBIESTRERA, HEIRKHERESL? E4
KEESWEUEA, Alpha AXP 21064a9i8< Cache b AS KA RERIT

FiHERIEAZE?
- RIRBIFSAEISS Cacherh, EFIENEPXPHEIRS, TESCLMATHHEEE.
— (RIRFAENARPZR925%, apRRSE L MTEHRERE, SEMTFHA50 1 RS tH/EES

— 8KBIES CachefIEE1.10%, 16KBIES cachelI4E3F /90.64%

— AMAT (FREY) = apeRRdIE)+ SRR~ TR apshER* 1+ 500 (1-FBaphER) *
KT
- iR MEETREERNEEEE, IAESERNFERIEERSR.




10, Compiler Prefetching (1/2)

« EISAHENNFREMES, iL%RiFEsSEHITREY
« FRENAIFHSE

— S1FSTEN : {EEUEENEIRF

— CacheTEX: HR1GEHEENZEICache, AN FES
o EfEa)RN

— FRFPSERIRYTREN : P MEFRENFOS ER PR FREY

— FTSHUSMEREN: ST LI S, B%
EREPUR, ReBRERE

— FMBIEEMTIE: NS EMEATIRE
. RﬁEEE‘RHEI, CPUTLIEEMITRIBIR ., T
NABENX
— CacheEFFMEEHRIREIIERS, ATLAIEFRHEIES
F2EE, #FRIIEFEZECacheBAERITECache

5 TFhtiss
- DRAM
- BMMER: HERREMSE, YRARERMTAIREFET, BRI transistor
— HhtERE A
* Lower half of address: column access strobe (CAS)
* Upper half of address: row access strobe (RAS)
« SRAM
— 86 transistors; RFRARRITIFRFHIFORE
Col Col.
1 /lmes 2M word
RIinels
TR Y
! T FEEREERE
gg R e )
(iR fow?
Memary cell
\ Memory
N+ N!, Columnfn(i;ﬂ?ig:s& Sense (one bit)
M "

Data% D
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DRAM devicel¥gE{ftit,

+ Fast Page Mode Operation (§2) dress N cols|
|<— N cols —-I
— Multiple accesses to same row
""-———-.___.__ - —————— /
— Abank include Multiple DRAM Array

» Synchronous DRAM ([@%)
— Added clock to DRAM interface
— Burst.mode with critical word first

DRAM

Row
/ |_Address
/|

Single Data Rate (SDR) - EREEZREUE(L 7 1 é
- BEAGRS, ANEEREREH—EE, [ Nx M SRAM|

— Double data rate (DDR) - WiERZREE(E _ 1
. EREINAFNEERNER MERRENEGE M-bit Output®
M R pofe A0
1st M-bit Access  2ndM-bit  3rdM-bit _ 4th M-bit
RAS L ! ! ! /T
:
1

1 | 1 1
\ y\ /N /N
— I I 1
A X RowAddress X _Col Address X_ ColAddress X Col Address X Col Address X

CAS L

Access Pattern without Interleaving:

CPU |*—| Memory

[ |
T [ ]
D1 available
Start Access for D1 Start Access for D2
] ?7 m i )2 Memory
Access Pattern with [4-way Interleaving: Bank 0
—_— e —
Memory
Bank 1
[ — ) CPU L
Memory
I— ] —| Bank 2
I— ]
=
oz
=
o]
==

Memory
[ ] | Bank 3
Access Bank || ]
Access Bank 2

Access Bank 3 ‘

We can Access Bank 0 again

Access



Channel: Multi-rank

DIMMs

Channel 1 DRAM Chip Arrays
Sk .

ceu | Mc ‘Bl!S = ROLRERRERRRLERLRRNRELLE {
7z Rank 0 Rank 1 y . _E
[Channel 2 “* 2l
— N

64 NN T RUeTS / J\ ) Sense Amps

—=__ Column Mux __~"
fueVme fBus foinam 3= | t d

?MIEPUT’*E K*L*B*R*C

: channels(DIMM ID?)

— L: ranks per channel

i Oftset
— B: banks per rank [ e | |
— R: rows per bank = — &2 J‘ m"
— C: columns per row - D addr
— V: bytes per column. = N =

—— Address

DIMM

Rank

Device
Bank

1
l Data Read & Write operations 10



Cache5VMBIXHI

BHARE
— CacheRATIREHFEE
- VWA T IRSFHEE
SiEpiEFERR
— CacheZRRNEHE(HAL IR
— VMRYTRSSUE F EHOSKL
- —IRTTTHEXR, EUWEREAFEEE
thtik=SE)
— VMZE]HHCPURIMEAE R T HRTE
— Cachef9A/NSCPUEIER T Fo%
T—RiFhE=s
— Cache MR 2EfF

- WT—REHE, ASEHESEYHRS, HEASUHSEER
F, EEEE/0=EE, AT N —iBEARAISWAPES]

TLBZ 2, HM/b....



	CA Cache和存储器
	Cache基本概念
	写直达与写回策略

	Cache性能计算
	基本优化
	高级优化
	分块

	存储器


