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Cache T5gER 1

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.
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= Suppose a processor executes at
e Clock Rate = 200 MHz (5 ns per cycle), Ideal (no misses) CPl = 1.1

* 50% arith/logic, 30% ld/st, 20% control

= Miss Behavior:
* 10% of memory operations get 50 cycle miss penalty
e 1% of instructions get same miss penalty

= 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=(1/1.3)x[1+0.01x50]+(0.3/1.3)x[1+0.1x50]=2.54
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Example: Harvard Architecture

Unified vs Separate I&D (Harvard)

Unified I-Cache-1 Proc D-Cache-1
Cache-1 Unified

Unified Cache-2

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)?
— Assume 33% data ops = 75% accesses from instructions (1.0/1.33)
— hit time=1, miss time=50
— Note that data hit has 1 stall for unified cache (only one port)

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
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Size Instruction cache Data cache Unified cache
8 KB 8.16 44.0 63.0
16 KB 382 409 51.0
32 KB |.36 384 43.3
64 KB 0.61 36.9 394
128 KB 0.30 3.3 36.2
256 KB 0.02 32.6 329

FIGURE 5.8 Miss per 1000 instructions for instruction, data, and unified caches of dif-
ferent sizes. The percentage of instruction references i about 78%. The data are for two-
way associative caches with 64-byte blocks for the same computer and benchmarks as Fig-

ure 5.6,
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«  LURFEHRITEILTEMN UltraSPARC 136, {BRi&Cache R3FFEHIT100
clock cycles, FRiBIESRISFEEREINTZE 1 cycle, CacheZZARILA
=ty s

(1) BREFIRHE2Y%, FHBRIESIHELSIR
(2) 810005258 S cache BURELIZ0IR
PRIEF LA EAe T S IR REATHEEE

- it
« CPUtime=I1C*(1 +2%*1.5*100)*T=I1C*4*T
(1) CPI}E(E, EIEMEHEEIRICache kSIS0 MER A

(2) fEITECPIRY, KAFHHRIPAERFHEAEE. Eit, BERSITEINEFERR2ER,
RIRRERRAICPURIRHHERRK, HCPIREFEHEIRERZ BAEK.

Btk CacheXIFECPI, SRIHSHZFAICPURIRENEE
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= S EHREFRICacheXTERERYFZNM:

- B-19f5%: EHiEM{%Cache FIFAEELEIEEXCache, izlafti{i]
YCPUEERISZIN? SRk FE1TihERIE, ARBITECPUEEE,
StrEhSALITRIZ:

(1) E%ECache(fshE/3100%) &R FCPI 791.0, BI#hEHE
730.35ns, EIIFFIESIHEF1.4IR
(2) FHCachea&1979128KB, A/ EE264B

(3) RAEHERN, BFZSEEFEROFE, RHFEBENEER
FRAY1.35(5

%(li) ﬁﬂéﬁ*ﬂﬂﬁ*x& FiH#BRE65ns (TECFFRIAR, MIEVEENE
AY$h/EHER)
(5) onFHjIH'.I?ﬂAcycle 128KBEEMR{F CacheRIKAZE /T
2.1%, RIS EaIMERZHIAEEAXCache BIKHNZES1.9%
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YR FFEi50ut-of-Orderih fTaG4L IR S

MemoryStal [Cycles  Misses

= x (TotalMissL atency — Overlapped MissLatenc y)
Instruction Instruction

- REREARISE:
« Length of memory latency

« Length of latency overlap

- flan: = EAIBIFR, HERigASITLIEESELFRT,
NI FEEMISA, FRiR30%RIKAFFEILIESE
(overlap), BBAIRFKAI70nsEKAFHFHIEZ/I49ns.
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Summary of performance equations in this chapter

inder Cache size
" Block size x Setassociativity

CPU executiontime = (CPU clock cycles + Memory stall cycles) x Clockcycle time
Memory stall cycles = Numberof misses x Miss penalty

Misses .
Memory stall cycles =1C x ——— x Miss penalty
Instruction
Misses - Memory accesses
l—_="'u-'lu;5ral-::suc;1 - -
Instruction Instruction

Average memory accesstime = Hit time + Miss rate x Miss penalty

Memory stall clock cycles
Instruction

CPU executiontime =1C x (CF‘Immim + ) x Clock cycle time

Misses

CPU tiontime =1C CPI - _—
executiontime x( mmm*_fnsuu-:tim

x Miss pf:llﬂ]t}’) » Clock cycle ime

Memory accesses
Instruction

CPU executiontime =IC x (CPImmm +Miss rate x » Miss penaltj.r) x Clock cycle time

Memory stallcycles  Misses

Instruction " Instruction
Average memory access time = Hittimey | + Miss rater; x (Hit timey ; + Miss rate; > x Miss penalty,, )

* (Total miss latency — Overdapped miss latency)

Memory stallcycles  Misses; Misses;a
- = — » Hittimey s + ———— = Miss penalt
Instruction Instruction Instruction pendiyiz

Figure B.7 Summary of performance equations in this appendix. The first equation calculates the cache index size,
and the rest help evaluate performance. The final two equations deal with multilevel caches, which are explained
early in the next section. They are included here to help make the figure a useful reference.
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EITSTE:

CacheHRIRERE nJ3 /=3 3C

- EFITEKI (Compulsory)
— ?%\—Z/’Yib'@%—ik, HEEMNT—%RLoad, BFRNSEINEE
IRIFIRIRR

SRR TR, TERATEERE, FESHAN

Cache, M=t iR E a2 A, ekt
- AR R S

- 3%k (Conflict (collision))
TSR s o
— AANZRVERIEEIE—2H ( % , NSHIhZAEPFE

HAIRERE R (BMERINESRAEETARMNE), AENHEE
S s

~I
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Compulsory misses are independent of cache size

Very small for long-running programs

Miss Rate
14% o Capacity misses decrease as
) capacity increases
10% e Conflict misses decrease
89 4-way as associativity increases
0
Y 8-way Data were collected using
; Capacity LRU replacement
4% Compulsory
2%
0

1 2 = 8 16 32 64 128 KB

2020-3-20 TTENARSEE
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25% T Increased Conflict Misses

Reduced

20% + Compulsory -----------, .
A) Misszs ! 1K 64-byte blocks

15%( ----------------------------------------- —F— AK are common in

L1 caches
______________________________________________ *— 16K

Qs
— '\.§_.// 128-byte blocks
—% 64K

are common in

Miss Rate

-— g —&— 95pK L2 caches

@ § Block Size (bytes)
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RX), FEWNKBEE=GIFID

. BHl: RRCache BRI MRANE M FHISHE
Block Size Cache =4 KB Cache = 16 KB Cache =64 KB Cache = 256 KB

16 bytes 8.57% 3.94% 2.04% 1.09%
32 bytes 7.24% 2.87% 1.35% 0.70%
64 bytes 7.00% 2.64% 1.06% 0.51%
128 bytes 7.78% 2.77% 1.02% 0.49%
256 bytes 9.51% 3.92% 1.15% 0.49%

« Memory latency = 80 cycles + 1 cycle per 8 bytes
— Latency of 16-byte block = 80 + 2 = 82 clock cycles
— Latency of 32-byte block = 80 + 4 = 84 clock cycles
— Latency of 256-byte block = 80 + 32 = 112 clock cycles

« Which block has smallest AMAT for each cache size?

2020-3-20 TTEUAR G 21
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SENAMATR ST

 Solution: assume hit time = 1 clock cycle

— Regardless of block size and cache size

« Cache Size = 4 KB, Block Size = 16 bytes

— AMAT =1 + 8.57% x 82 = 8.027 clock cycles

« Cache Size = 256 KB, Block Size = 256 bytes
— AMAT =1+ 0.49% x 112 = 1.549 clock cycles

Block Size
16 bytes
32 bytes
64 bytes
128 bytes
256 bytes

2020-3-20

Cache = 4 KB
AMAT = 8.027
AMAT = 7.082
AMAT = 7.160
AMAT = 8.469
AMAT = 11.65

Cache = 16 KB Cache =64 KB Cache = 256 KB

AMAT = 4.231
AMAT = 3.411
AMAT = 3.323
AMAT = 3.659
AMAT = 4.685

T EHURREH

AMAT = 2.673
AMAT = 2.134
AMAT = 1.933
AMAT =1.979
AMAT = 2.288

AMAT = 1.894
AMAT = 1.588
AMAT = 1.449
AMAT =1.470
AMAT = 1.549
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BRXKi, SEXNAMATRISZIH

Iﬂfu*k Penalty Cache Size | Cache Size l’.'.;u'hf*hiﬂ- Cache Size {‘.:u."hrf Size
Size - 1K 1K 16K BAK 250K
16 42 15.06% /7321 | 857%/4.590 | 304% /2665 | 2.04%/1857 | 1.00% /1458
2 44 13.4% /6870 | 7.24%/4.186 | 287% /2263 | 1.35% /1504 | 0.70% /1.308
B4 48 0% /7605 N 7.00%/4.360 | 2.64% /2267 | 1.06%/1.509 | 0.51% /1.245

128 56 || 1664% 10318 | 7 18% /5357 @_fmm;%\ 0.49% 11274
[ 1 15% ) 14

256 72 1 2201%/16.847) 951%/7.847 | 3.20%/3.369 p 0.40% /1353

Miss Rate / Average Access Time (in cycles)

what's going on here?

J Remember
* Avg-access-time= hit-time + miss-rate x miss-penalty

- REREREBENGEZEIEMRA); FitERNERRR

. 1F EFEEATERIONMEEIE, 8201 E sEER1640MNFH, B): &
L2/ EHEE, BriRE1640N TS, S53441MNUEREE, IiRH3290NFTS; (ki
i, KIRIEES-65EHZMEERCache, ERANSRAS VA, FITiHE
AEEIN? AR 2
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IRSHIRE

- SIRAEIREFREHEDENER S EMSBIX—HEB
« 2:1CacheZ3&iRM

- AR INTIEEIRE Cache SR S RN/ 200 PIBSEAEE Cache 53
REFEIER

- IEEHEIRE, SENasREdE

Size (KDB3) 1-way Z-way d-way S-way

1 1.65 6.60 6.22 5.44
2 5.90 4.90 4.62 4.09
4 4.60 3.95 3.57 3.19
8 3.30 3.00 2.87 2.59
16 2.45 2.20 2.12 2,

32 2.00 1.80 1.77 1.79
64 1.70 1.60 1.57 1.58
128 1.50 1.45 1.42 1.44

Average Memory Access Time

OOPS! .



Wirita
outtar

Lonwar iavd mamar

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-
soribed in the next section. Jouppi [19290] found the four-entry victim cache could reduce the
2 miss penalty for 209 to 953% of conflict misses. 26



Victim Cache(2/2)

- HAEBE
— 1B &% Cache I B 1ZBRSRAY ) PSS IRERIRA
— Victim cacheSRFIEEEX - FRERRE
— Victim cache/ZHAAT () KM EFTHIAPLR
— BT, B5TIEEVictim cache BB BIZIR, WMEREHIE
1z 5 Cache FERIEREVER,
« Jouppi (DEC SRO)&ZIM
— S 1F85IFAY Victim cacheXJ R/ VR ERE, TTEHERY-
BRLe/ NP B IR SR EE Cache

— MR, I /9489 Victim CacheBe{F4K BEIZIRSE
Cache)H35BUR20%-90%

I
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D IR 5
- P CPUSTFiERRIEREEFIIERFE

_ TR IE] = SehETE) + SR x ST

- EAXRZFES:
— 4. %2 Cacheyz/N(Multilevel Caches)
— 5. 1EEMIETF S (Giving Priority to Read Misses
over Writes)
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— PEMian

xXFZ % Cache
« —fFcachelMIFRINEE

==I0]|z]

— BMEERIFI0RYEERE
. IEHI=%Kcache
— > 5FE=ERgap

— AR R R AT S

&&cacheﬂwc,m

— D5

— Y73g

—i’JU’J‘T— HITE] (AMAT)

Processor Core

Addr

i Inst Addrl I Data

I-Cache D-Cache

Addr

I Block Addrl ‘ Block

Unified L2 Cache

Addr tBIock

Main Memory

'ﬁ%jcggﬂﬂz cachetJLUiIR1FZ L1 cache
oS E SV ER

2020-3-20

T EHURREH




ZREI M (multilevel inclusive)

L1 cache BIREBTEETF L2 cacheR

— JRZE L2 cache T5[A], L2 AN SBTFEMBIRAYZSE]

L1Fmiss, (BIEL2ARaEAR, MM L2352 IAERZRIEREIL1
*  fEL1FIL2ARImiss, MM SE{ELRHE WM HERAYREIL1F0L2
- WL1SRESEISERERNSEIL1FIL2
e  Write-through SREEAFL1ZL2

 Write-back REEATAFL2 ZIE{RKIFiERS, VAR KEHESERY
SR (B ED

o L2RYERENE (EREHDHXL1TIR
— BIL2p9—theiEgtai s, ABAEMELIFITMATRtE EME R K,

- L1IFiL2a9R K aJLAERE e EARE
— 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)
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L1

L2
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1 <—( Invalld 1

-

N o O AN R

L1: 1-way, B=: 2IR
L2 4-way, B=: 4R
RKIVEE
iBEAERES110246
&intkhE: LRU
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1 1 1 < Invalid
N e - L1 lway, BE:
¢ L2: 2-way, BRE:

O 00 N o U1 A W N =

0148

THETUWRREN

2R

AR
LAFAL2BVER K /N [E], L1AYblockSize L2
HblockSizeRy1/2

BHIRE%: LRU
ZEIRLIRERR 5 BYiE B F 5 -
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Q) 2HAEZA (Multilevel Exclusive)

* L1 cache ARJIRAESTEL2 cacheR, LLEGBREEZTIH
« fEL1HRmiss, {(BIEL2ARGEA, S Cache[AIIRAY TR
« fEL1FAL2tYmiss, 1S{UXMNBKERE WHRMAIRZEL1

» L1IRVEERRIIRIZEL?

— L2 FELIEFRIR, LABDEREEL IR E(ERE
- L1ZIL2B9STRAZ/I Write-Back

o L2ZIEH{KSFicache IS RKMEE T Write-Back

« AMD Athlon: 64KB L1. 256KB L2
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«L1: 1-way L2: 2-way

. HIEAEREEF10123456 3
- RS LRU
« RA/NEE]
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. @Eg?&?&-?ﬁ iz CachefyBREL / BhiXiZzKkCacheANiHTF
IX

— Miss ratelL1 for L1 cache

— Miss ratel.2 for L2 cache
- ZREWE: P CacheMIKBRE/ CPULLRNIBTREZIREN
— Miss ratel1 for L1 cache
— Miss ratelL1 x Miss ratelL.2 for L2 cache
—- ERREREEEL2 cachebREMNTIF X
- [EEESE
— AMAT = Hit TimeL1+Miss rateL1 xMiss penaltyL1
—  Miss penaltyL1 = HitTimeL2 + Miss ratelL2 x Miss penaltylL2

— AMAT = Hit TimeL1+Miss rateL1 x (Hit TimeL2+Miss rateL2xMiss
penaltylL2)

2020-3-20 TTEUAR G 36



L1 cache Z&34=<

« ¥JFI-CacheflD-CachefHAILT1 Cache
Miss RatelL1 = %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

- BFESHILT KHRE:
Misses per InstructionL1 = Miss RatelL1l x (1 + %LS)

Misses per InstructionL1 = Miss Ratel-Cache + %LS x Miss RateD-
Cache

2020-3-20 TTEUAR G 37



EHB " ZyCachelJAMATZA5l|

« Problem: 11§ AMAT

— |-Cache &34 = 1%, D-CacheZL¥{E = 10%

— L2 CacheZds=ZR = 40%

— L1 #HRRT{8E] = 1 cycle ( I-Cache FID-CachetB[aE])

— L2 apPATE] = 8 cycles, L2 SR85
— Load + Store I5SHE = 25%
« Solution:

5 = 100 cycles

- HIIFFRIESIHFREL = 1+25% = 1.25
— FIEFRIBHIRIUREL = 1%+25%x 10% = 0.035

— L1AYEERER= 0.035/1.25=0.028

— L1AYEEAFFEE = 8 + 0.4%x 100 = 48 cycles

— AMAT = 1+0.028%x48 = 2.344

2020-3-20 HENRRES

38



Memory Stall Cycles Per Instruction

« 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 TimelL2 + Miss RatelL2 x
Miss PenaltylL2)

« Memory Stall Cycles per Instruction
= Misses per InstructionL1 x Hit TimelL2 +
Misses per InstructionL2 x Miss PenaltylL2

Misses per InstructionL1l = (1 + %LS) x Miss RatelL1

Misses per InstructionL2 = (1 + %LS) x Miss RatelL1 x
Miss Ratel2

2020-3-20 TTEUAR G 39



FZ CachetERE

* Problem: E2FIiE177=4£1000/MF(ik=21h10)
— [|-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)
— ITEmemory stall cycles per instruction FOBXNAYCPI
— WIRIKBL2 cache, BRICPIRZ/?
« Solution:
— L1 Miss Rate = (5 + 35) / 1000 = 0.04 (or 4% per access)
— L1 misses per Instruction =0.04 x (1 + 0.25) = 0.05
— L2 misses per Instruction =(8 / 1000) x 1.25 = 0.01
— 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)
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AEIF/MYL2cacheds B g4 TET(E]

B L2 hit = 8 clock cycles
8192 LO= '
106 [ L2 hit = 16 clock cycles
1.10
4096 :
1.14 Reference is 8 MB

L2 cache with L2 hit=1

2048

1024

512

Second-level cache size (KB)

2.34

256 2.39

1.00 1.25 1.50 1.75 2.00 2.25 2.50
Relative execution time

Copyright © 2012, Elsevier Inc. All rights reserved.
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Miss rates versus cache size for

multilevel caches

100% -
—@—Local miss rate
2k T Solatet i R s éan} --------- —— Global miss rate
: Single cache miss rate
BD'?J{:: P e e S T e e i R e T P A R e e e e R R e e e e R R e e
_f'rD':.'fn I O e e . T i o C e e
ED'?ID P A R R S e o e D T A e L o A e e e R R e e e T ame = e R R R
-
L S R s s .. T e e e s R
4':"'-1';0 B e T e e T e i T o o e S S S b b T, = e L S
34%
BDQ‘FD B B e e T e T e L o e e B e i e A T i St i o
ED% e A e e T e T e e e A e e R D T o e e e A e e T R e e e g e e i
1 D"-f'fcu B e o D e e L e T ot e e B S e e i S A i e St o o
e 8% Pdor 4o 48 g o goy - :
0% . . . . . . . 2% B 2% M-t 8 {4,
4 8 16 32 64 128 256 512 1024 2048 4096

Cache size (KB) 2



M Cachefy—LErAR &1L

7’ LZELL1XSZBIER T, AfkCache2R/ERM= Hl
=58 " CachetfFAHIR LK CacheRIKH=REIA

E*Bgéﬂfzzzmﬁ]a%—-&caCheﬂgyﬂah
—~ tst 5—2% Cache SRRV ER EY
BEEH BRI CachefRZEKATERE

%_.&Cachewﬁvl' = E SRR
BE. —WREX, IJRRESERN, REEHIMERSEDH
9%95‘5(

- HEEXEXIE P CacheBI{EFH

Cache_ﬂ«l?#xj( LURID S8R EL
- Q&@“ﬁllﬂ . F—4CacheFHIEIER R B ERINEFT

:_Fﬁs_,&CacheE

2020-3-20 TTEUAR G 43



Z 2 Cachez 5l

Given the data below, what is the impact of
second-level cache associativity on its miss
penalty?

— Hit timelL2 for direct mapped = 10 clock cycles

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

— Local miss ratel2 for direct mapped = 25%
— Local miss ratel2 for two-way set associative = 20%
— Miss penaltyL2 = 100 clock cycles

- &1t IRSEERE, nIRAE—RKCachefyFTEFH
- ECachelFn: BEKX, BHIKE, REX, EX
T DFRBURES,
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Write Buffer

r
mh BE 1, - HE

Duas

DRAM
(or lower mem)

2020-3-20 TTENWKRREMS 45



1SRRI TE

- BAFEHREAKBERSGE, FEEKAMT, LURSEEE

. erte-Through Cache ->Write Buffer (B4&1), 153 EEXEZEEN

Wme«?%f%; C{F,’éJZ:M\ FSFERETMR, BMEESREIEMBILXEWrite Bufferfg, CPU
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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.
Copyright © 2011, Elsevier Inc. All rights

Reserved.
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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. Copyright © 2011, Elsevier Inc. All rights

Reserved.



IMG: Cache T5EER

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.
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