F Tt )=

2l
P
;

151t

O =R IREW
O CacheZEAH1iR

. A HICache b 5 1%

O

=12k I Cacheff At 5%

0’

Pt AR 54

O

BRI — AR

32224
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4.1 HFHREREEFD

O 7 KAt 2T ENVAR RGBTt B oS8 R/l —
® %, B, HE B
O FH PN FEas ) “Sm, M@ E” 2R 2B 77 E R
® HELETR, BEALOAS B S
® KN, BALYIHE UK
® FEHUN, IHT Lk
® H Hi =47 — % HDRAMA4 %
O MicroprocessorS5Memory < [B] 4 e 25 S 8k R K
® CPUMERESE = KZ60%/ year
® DRAM PEiFEHE R K2 9% /year
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IRARNF IR AL 2
Capacity Speed (latency)
Logic: 2X in 3 years 2x in 3 years
DRAM: 4x in 3 years2x in 10 years
Disk: 4x in 3 years2x in 10 years
Year ~~~ DRAMSIize  Cycle Time
1980 64 Kb 250 ns
1983 256 Kb 220 ns
1986 1 Mb 190 ns
1989 4 Mb 165 ns
1992 16 Mb 145 ns
1995 64 Mb 120 ns

2009 8192 (8 Gbi)
TENE R
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< =) ’ oHE
AT 25 5 DRAM eIk fe =55

Processor-DRAM Memory Gap (latency)
100,000
10,000
S
S 1,000 5 Processor-Memory
£ rocessor Performance Gap
5 100 Growing
10
1 Er 1 1 1 1 1 1
1980 1985 1990 1995 2000 2005 2010
Year
PHEHLIR R 4
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Microprocessor-DRAM{A: Bg 22 7

OF| FH caches R ZZ R AL TR B8 S 17k 2L e L 255
OMicroprocessor-DRAM 1 B8 2 5

® time of a full cache miss in instructions executed

1st Alpha: 340 ns/5.0 ns = 68 clks x 2 or 136 instructions
2nd Alpha : 266 ns/3.3 ns= 80clks x 4 or 320 instructions
3rd Alpha : 180 ns/1.7 ns =108 clks x 6 or 648 instructions

2022/7/27 L R s 4 .
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il R uert H s

Workload or
Benchmark
programs

Processor

reference stream
<op,addr>, <op,addr>,<op,addr>,<op,addr>, . ..

op: i-fetch, read, write

emory LA TERER R I AE AR T 7
: TR I
MEM

2022/7/27 THEHE R L5 6



O 247 )=454)

M2
CPU ...........

- MEEER, FERD, BUNMBEER
- MnEERE, FERKX, SAUMRK

O 347

HAER TR 2R

Mn

NI

=

NS
OH

O Ff RGUEIEMIRIERE, FENM S EEIIMn
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CPU

Register

mIO>»QORC

300ps | 1ns | 3-10ns |10-20ns |50-100ns | S-doms

1000B 64KB

O NHREFESTRE: S

e il s R

(K=
- — /N EEAA 1 A a)
s | 3&%&@%&*%@ B 7] 3

2022/7/27

MEMORY

mIOX>»0ONC
MIO>0OWr

/O device
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/O device

256K  2-4MB  4-16GB 4-16TB
L L
CPU 1 2
: C C
|Register A A MEMORY
C C
H H
E E

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

500B 64KB 256K

TSIV R G

256-512GB 4-8GB
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IR TAE R

0 Temporal Locality (B 18] & &8 4E):

=> TR K I LT VT[] [ 8000 T e Tl Ak B4

O Spatial Locality (Z]H])

= Lt I E S A AN R I By #AL,  MRE E 2 E—)=

To Processor

R

Upper Level

From Processor

Memory

LLocality!

Blk X

2022/7/27
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Lower Level
Memory

BlkY
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A JZ IR G S B T

O Block
® Block : A A Z X HIBlock K /NA] GE A [F]
® i Alar &
® RAAFIRRAER
O 50— )
® = E s R BIREF MM — 1514
® T E 1A N A FIME B i ) i 2R E A7 fifg a5 P
— B — ok
Tk AEUETH L, FRATL ZURTE anAe] 15 1a) Z 4
ZOR: TAAEAEE R EHRNEA R
® {FLO cache 1] FELLDouble, Words, Halfwords, Eibytes
f¥L1cachef¥ PAcache line BY% slot N HA 15 1]
EEKE.....
AT skt A5 AR AT 7 b B B ]
VPR IERS . Block Frame Address + Block Offset

OO

2022/7/27 THEHE R L5 10
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ZAKITERES H (1/2)

sk H — A5 4i: M1FIM2

® MIFIM2RIAE & W& Ui a) Bk a] 435 M -

To Processor

Upper Level

From Processor

Memory
Blk X

2022/7/27
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Lower Level
Memory

BlkY
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FREEIRITERESHL (2/2)

O (2R FI R DA% C
® C=(C,*S;+C,*S,)/(S,+S),)
O  ay(Hit): U7 M FESAEE G RE R SRR L
o X AtEAsIUr A, HPNUREMIFE BT 2dE, NIRAEM2H 3 253
® HitRate (g3 : fRAiles U7 I AR5 2 am B EEA] H= N/(NG+N,)
® Hit Time CArAHEIED) «Uf M E Z IR, Ty,
O R (Miss): 77 A I ERAFEAF R SR S 2 IR E
® MissRate (K%) =1-(HitRate)=1-H = N,/(N;+N,)
® IEMIHEA MR —RAAIU M2 B U a1 s B e B 2IMaH, SRS CPUA BEFEMLHR T )
® I ALIE—ANH I 1A T, RUA Ay HR I B U7 RIS T A Tpg+ T4 Ty = Tag+ Ty
TM 38 5 RN 2R BT84
O AU [

® “FIYUTAFIITE] T, = HT\ +(1-H)(Ty+Ty,) = Tag+(1-H)T,,

2022/7/27 TN R 12
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0 Registers <-> Memory
® i P 25 58 A
O cache <-> memory

o EH@gﬁ#iﬁﬁiﬁ%E{

O mem

ory <-> disks

® HfE FAIERE RSt (REVE LD

®

R 5 R

2022/7/27
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4.2 CachedEAHH

Sample Memory Hierarchy

CPU
LOICache L0 DCache : 1.2 :
F==1 |
.1 Cache :-‘.:':uclw:
i backside
—I I I_ option
.2 1.2 L.2
a * @2
@ Cache Cache Cache
/'O Adapter Main Memory

2022/7/27 TN R 14
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Fie 5 K

AL AT AF T A Cachel,  i{A] il & 7] &
=5 3\

® Iy BRI RIEA] LU TE cache i AR AL &

® H MBIy TAFHE BN B Ecache H HME— {7 B
— M, FEAFHHLbL 5 cached Heibib) 1O R N

j=imod (M), MANcache” %L

Y , ] /\ E,ﬂ/\
* %g%ﬁ %EJFI%’JBZ jﬁj?ﬁ“@& Ajfi%a(:h EFJHAN %?HPFHHQ I

O O

— A HEMmR

- HHNEHEEL

#rcache HGAH, N FHFHHIEF hHSK
K=imod (G),

2022/7/27 AR IR 15
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Q1: Where can a block be placed in the upper levéﬁf o
0 Block 12 placed in 8 block cache:

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

Fully associative: Direct mapped: 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 51234567 Block 51234567 Block 51234567
no. no. no.
Set Set Set Set
Block-frame address 0 1 2 3

Block 1111111111222222222233
MO h1234567890123456789012345678901
2022/7/27 THEHE R L5 16



QLHY iR

O N-waydAHEG: tnREHBENDEE, cache A M, N
cache ) ZH £ G AM/N

O A[EIAHIECEE T 1B U H 2

PEEL AL

G AH B M 1

IEREEEER 1 M
HAMAME 1<N<M 1<G<M

° *ﬂg{ﬁéﬁ@% cache [A] R FH R il vy, DR MR Rk )N, RACR A
® NEER A, RAFMBLAC, HCacheJSEHLELE %, AATBK
® NI KZHOTEANACK I H g, gk TY s 2HAHER .
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2 (1/2): BRI

-CACHEH

4

15k —block &P A tagil, (FridE) , FRid 3 AMNE
® Address Tags: #Fnic By 1Al (R B oAE M — 3R,  IXFEY) BEHRE I 43 A =356

77 :  Address Tags ## Block index## block Offset

2 FHERIR R BT, A Block Index
SR Address tagilis, BT AL BLER /N
® Status Tags: FRICIZELPIRZES, #0valid, Dirty=§

2022/7/27

Block Address Block
Tag Index offset
Set Select
Data Select
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Q2 (2/2) BTk

O 50U B el eRIast
fredk
O A7 &R r 7k

CHATEFL, cacheWJEE £ xEE, RIit

o JIAERAA AR SEEL, AN BRER
® JH HAKR 2 S A7 fith s AN LU A s S

O EORFHEE NS, S

CIL AR AL AR ok, AR iR

O Gt HmM R AR, AP, N tag, index BHES

I EE

2022/7/27
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Example: 1 KB Direct Mapped Cache with 32 B Blocks
O X T2 &N 2N F i fcache:

® I 51(32-N) 47 N Cache Tag

® (KM AT T FEAL (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”

Valid Bit Cache Tag Cache Data
Byte31] " " |Bytel |Bytd0 | O
0x50 Y Byte 63] ** | Byte 33] Byte 32| 1+—
2
3
Byte 1023 " Byte 992 | 31

2022/7/27 THEHE R L5 20
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Example: Set Associative Cache h

: 5 —>cache’® 5| ¥} N.N“{>cache entries
® XN cacheliJF4THAF
0 Example: Two-way set associative cache
® Cache index EFfcacheH 1) — 4
® X — R PEELT N Tags 5% N\ B HBRE R B LR AR
® RHE L As Rk B

Cache Index
Valid Cache Tag Cache Data Cache Data Cache Tag Valid
Cache Block 1 Cache Block 0

y 3
v

Adr Tag ‘ )

Compar vxsm T Mux O Sem’/_( ompare)+———

_ 1 Cache Block
Hit
2022/7/27 AR IR 21
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Q3: B IS

O EAFPEREfitbcache 2, W] REH BLIZER PSR — Bk —>Cachedi O 234 I RIS DL, 1X
I 5 o s L R RO R B, DL N BB, B B, XS T M SR R Y )
o EFmMG, KFRA I, Rk
®  ZHAHIBCAN AR th 2 Fhik 3%

O &k
® [Nl (Random), PENLIEFE—H s #u
- Miei: faiE, 5 Tseil
—  BRel: WHEFEIECacheIRIAEH I 5, AR IR i 2, R
® FIFO— ik i A KB
- R i
- %gggi?ﬂ—éﬂﬁlj%ﬁhﬁ]wachemIIDLU?, HIE 2 I WRE P R A, ROV E St AEL, IRATRER A
® s/ F% (LRU) (Least Recently Used)
— s BIFRIRIA TR B R, SRR
— R PUEER, RS A PR M

2022/7/27 THEHE R L5 22
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LRUFARandomH) b (ARALZH)

Associativity
Two-way Four-way Eicht-way
Sire LEL  Ramdom  FIFO LEU  Random FIFO LRU Ramdom  FIFC
16 KB 114.1 117.3 1155 111.7 115.1 1133 1090 111.8 1104
a4 KB 1034 1043 1059 102.4 1023 CLEN 997 1005 1003
256 KB 022 921 a5 921 a2l 2.3 921 921 923

Data Cache misses per 1000 instructions comparing LRU, Random, FIFO replacement for several sizes and
associativities.

These data were collected for a block size of 64 bytes for the Alpha architecture using 10 SPEC2000 benchmarks. Five
are from SPECint2000(gap, gcc, gzip, mcf and perl) and five are from SPECfp2000(applu, art, equake, lucas and swim)

O WELER R
® KR, RACKREK.
® CacheZF=HIN, RBCHEMK.
® LRU fECache A BV, R
® [ii CacheA & TN, Randomi) 2k R AE K

2022/7/27 THEHE R L5 23



Q4: 5 oM

O X fiEss e /E 526%, HEA/ELH9%
® ST I RS I Ebfsl 9/(100+26+9) KZ1HN7%
® 5 i EECache I ELHI:  9/(26+9) K% N25%

O KRR FA A R N — Pt fCache ) s A

O AmdahlE@E: A2 “5”7 BIEE

O “5” 1A
® HibniR, BN 5, XfCacheE (HEATEE)
® Cache5 F 7 WA M) —HUME ) il

O 5 SN A2 B g v n] ) 58 38T 3 A7 [n) it

2022/7/27
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O EHEiA¥: (Write through)
® fLmi: ZT5CM, &I MRFFARZE KA I —2i
® R HERIE

O SEA
® fLmi: MR, W DUIAFIRE

® . —FMn
O k45 RAET P SRR
® {757 liuik(Write allocate): HRRNT, Jeittpr s B IocETH ANCache, KRG HBHTEAN,
AR ERTEL (Fetch on Write) /574

® MNiZEMZ (no-write allocate): 5RMIN, BHILGN K —RAFMEas, MARAHNMIHA
Cache, HFr%E5EVE (Write around)

o G FUL ERF A ] LN H T 5 BRiEME L, — IGO0
—  Write Back F Write allocate
—  Write through Fino-write allocate

2022/7/27 THEHE R L5 25
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Alpha AX 21064 CacheZE#) (¥i#ECache)

VNSNS o
75t 8KB, Block 32B, 3t256“Block
HiEm G
BHIAW, BRAE, no-write allocate J7 74
BT N8
O 2106493 #3447

® 21ftagh#8fiindex ##507 Lt N Wi

O CachefyH HI2PEE
® iy
® Sy
O CacheZRiY
® Cache[n|CPUK B 1E(Z 5
® Liffi%, 21064 Cache5 N — i AFftiss 2 B PRIE 1677, 41X 2327 FHE107

cycles

O
coo o

2022/7/27 THEHE R L5 26
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Alpha AX 21064 Cache#ity (#iffCache) KA R
Block
Block addrass affss h . £ | EE'EHE
=l ey Data Data
Tag Ir'.ﬂ“ I | In ol
| | @
Valid  Tag Ciata
Llx w2 <2 ¥ i

(256 ~F
ok £

Wrilte
Bufler

| Lowar |ewel I'|"|E'|'I"||!lii i

27
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Alpha 21264 Data Cache

O AT ARRHIE
® Cache size: 64Kbytes
® Block size: 64-bytes
® Two-way ZHAHEE
® \Write back, 5 Z<RUH], write allocate

O 21264 48-bits E4 L, FESCHL NA4-bits YR hE, i CFF
A3-bitsE AL, ST A4 1-bits 4 FE H bl

® 291/ tags##9f7index##6/\ Block offset

2022/7/27 THEHE R L5 28
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Alpha 21264 Data Cache

Block
Block address offset ™ Eu:lfl:lurgss
=P =9 =8= Data Data
| Tag |Irn:|e:c| I —= in out
Valid Tag Data
o L ) B =
(512 @ -
blocks) - .

-

2:1 Mux

@ ¥
buffar

| Lowar level memni i

29
2022/ FIGURE 5.7 The organization of the data cache in the Alpha 21264 microprocessor.
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Cache THBEE/THT

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

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

O Memory stall clock cycles = .
Memory accesses x Miss rate x Miss penalty

[0 Different measure: AMAT

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

0 Note:

2022/7/27 AR IR 30
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I BE o7 Hr &8T5

= Suppose a processor executes at
e Clock Rate = 200 MHz (5 ns per cycle), Ideal (no misses) CPI =1.1
* 50% arith/logic, 30% ld/st, 20% control

=  Miss Behavior:
e 10% of memory operations get 50 cycle miss penalty
e 1% of instructions get same miss penalty
= CPI =ideal CPI + average stalls per instruction
= 1.1(cycles/ins) +
[ 0.36 (BataMops/insl . .
~x0.10 (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% 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

2022/7/27
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Example: Harvard Architecture

= Unified vs Separate I&D (Harvard)

Proc
Unified I-Cache-1 | Proc | |_D-Cache-1
Cache-1 Unified
Unified Cache-2
Cache-2

=  Statistics (given in H&P):

e 16KB I&D: Inst miss rate=0.64%, Data miss rate=6.47%

e 32KB unified: Aggregate miss rate=1.99%
=  Which is better (ignore L2 cache)?

e Assume 33% data ops = 75% accesses from instructions (1.0/1.33)
e hit time=1, miss time=50

* Note that data hit has 1 stall for unified cache (only one port)

AMAT,,_ _ =75%x(1+0.64%x50)+25%x(1+6.47%x50) = 2.05
AMAT,, . =75%X(1+1.99%x50)+25%x(1+1+1.99%x50)= 2.24

2022/7/27
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Slze Instruction cache Data cache L'nified cache
5 KB B.16 44.0 63.0
|6 KB 382 40.9 3.0
32 KB | .36 384 43.3
6d KB 0.61 36.9 a4
128 KB (.30 33,3 362
256 KB (.02 326 324
FIGURE 5.8 WMiss per 1000 instructions for instruction, data, and unified caches of dif-
ferent sizes. The percentage of instruction references is about 78%. The data are for two-
way assoclative caches with 64-byte blocks for the same computer and benchmarks as Fig-
ure 5.6.
33
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O DU T 34T 3 EHL UltraSPARC 1A, R Cache 2 20T 45 N
100 clock cycles, T 154 R B AF i 45 15710 75 221~ cycle, Cache’k
] DL P A7 s

(1) TR AN2%, P& IES VL5
(2) R RF1000%% 45 4 cache Rk AR 301K

O3 3T I P AR SR AT AL B s 1 e

O &i:

(1) CPIRRARK, [H e B HAE I Cache I R T4 P AH Xt B2 M i R K

2) FEVHEHCPIR, SRR FI AL B RS Rk, BIAER & i BN EIX
%gé*ﬂlﬁl, BB BT INICPUIRI ST B e Bk, ELCPIFE 28 T B 3t BB
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&

\

& AN A 2 2R 45 74 i) Cache o 1 BE [ 52

O %Tﬁﬂﬂ%@cmhe PN 2% 2H A BXCache, mrﬂmmcmﬁ AN

RAVFEJUTAEIS TA], PR JE T ECPUTERE. 70 A i H UF@W

(1) H#AHCache (fiy j17'3100% ha/Eﬂ:CPI N2.0, B8R N2ns,

T S AU TEL 31K

(2) PifhCache B = N64KB, Bk /NEBE32B

(3) KA ALA
1. 1%

(4) PHF
INEEOEEED

HECRS, W+ 2 B PEas HAFAE, BP0 A I 2 R

K]

ZERIHI R AR AR 2 T0ns - (TESEBRN I, MU YRS

(5) a1 ~eyele, 64KBE MR Cache RN, 4%, A
B B AR Cache FZRAZ N1 0

2022/7/27
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KA 50ut-of -Orderf AT HI AL FH 25

MemoryStalCycles  Misses
Instruction Instruction

O 5 ZHE MmN

e Length of memory latency

x (TotalMissLatency—OverlappedissLatency)

e Length of latency overlap

O #lan. 7€ i+, His e irac a3 &0y aT, XTI
B a2, BRi30% 1 R 4E P LA 5 (overlap), R4
57K 11 70ns 2R RO 85 5 AF N 49ns.
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Summary of performance equations in this chapter.
qindex Cache size
2 =
CPU execution time = { CPU clock cyeles + Memory stall eyveles ) = Clock evele time
Memory stall cycles = Number of misses = Miss penalty
Memory stall cycles = 1C = ; F{IH!‘EZ“ #* Miss penalty
Misses Miss rate Memory accesses
brstroetion o trstrocton
Average memory access time = Hit ime + Miss rate * Miss penalty
CPU execution time = IC = | CPL i + Mem ary stall v:l_nck cycles | % Clock cycle time
\ ' IT=EITICro )
CPLU execution time = [C = |'{:'P[ —_— Mih‘f.ﬁ * Miss penalty '|f’ Clock cyele time
L 2xzoibion }HTI.TI:I'I.'.'I.TUI.T < -
CPU execution time = [C = |ICP[-_":.:-.1uim1 + Miss rate = MEI,-“DI}; HECERSES o Miss penalty | = Clock cvele time
1 ) NI LCTINT 4
Memory stall cveles Misses : _
y - = 3 bt : 5 o r — Orverls 55 r
Fretrretion _ : ( Total miss latency — Overlapped miss latency
Average memory access time = Hit time| | + Miss rate| | = ( Hit time| 5 + Miss rate| , = Miss penalty 5 )
Memory stall cyeles Misses, - Misses 5 :
¢ - = = Hittime | 5 + = Miss penalty
trstroction =TT L2 frrerrmerion > PEaY g
FIGURE 5.9 Summary of performance equations in this chapter. The first equation calculates with cache index size,
but the rest help evaluates performance. The final two equations deal with multilevel caches, is explained early in the next
sectign_They are included here to help make the figure a useful reference.
202fﬁ?57 ddd 37
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cFtCache 4 BER) 774

O 12505 A7 i 18] = iy A B[R] 4= SR80 XR RO
O M ESCH R, BEARAE

® [ERRAR

® Jil/> KRBT

® i J i I [A]
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4.3 FACachetAl J7ik

O [FGRRE
1. fNCachedk 1K/
2. H-KCacheR =
3. REHERE
O Js /b 2R 30148
4. %2} Cache
5. W LRI T T 5 KL
O 4% am = I TH]
6. W FAER T A7 R34 T Mk % 4
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HTSE

Cache’R 2 AR Kl A 439 =328 3C
O &l 2% (Compulsory)
® E—XijnIE—H, HEEM T —Zload, WA G INEE IRVT R KR
O AF=E (Capacity)
® UIREFHATES, rFHIHmTAREAL, Aieedlii NCache, M HILeH iyl B )5,
o OLEF R, e R AR AL
® e kAE “FlE)” R
O KR (Conflict (collision))
® AR BB AH B EIAE H

® SRZMRMBBIF A (B, Mo B4 b RS B e CRIAE ]
Mol INALE), SR )G AR VTR SO, X m)E TR Rk
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KA
P/ SWIL He Ty 322
PRI Sk
0.14
| way
0.12
conflict

0,11

.08 capacity

0,06

compulsory

0.04

002

0.00 Size

| 2 4 & 16 32 G4 128
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MGEit e

RCELN

O AR, MR KRB ]

O 5l SR RO B B R RAN S AR BB E 1
O a5l V228 204 52 Cache 25 = 1 521

O 7 & R R 75 5 1S /b

O #F42:1Cache% B #1 )

® [[IK/NANKIE MR Cache [fT R XK L9558 T KN AN/ 21T 5 B A ATEK ) Cache R BE R
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k> 3CHY J7 V4

MG TR A] A
O % KCacheB =
® X} i SR AN A B A A DA
O 3 Kk
® 2% om I R K
® T RE SN (BUNEREARBIEN T, B ERD> 17
O 6 o P n] 5 Byl 2D o i) 4 2R A
® VMU AN B AR FE A AR G e H &
® = ELTIN LL i E (N PR B IR e, W e AEXT S )
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O

afCached

4, S A0 B T 2 7 U
HRH N Sl Rl
7N

12 € A7 R R AL IEIR 40
BRI, B2 e R T RE
iEH 167, B Zid42
AN ER, el gtie
= Gt aa) Py FE A,

AJFRAE32 7T KL HE.
AR 4 K 5-6 51| H B & A 5 =
[fJCache, TEIRN/NIrHINZ
D, SRR TR B N ?

NG

(1/2)
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Il!f}i*h Penalty Cache Size | Cache Size | Cache Size lf.".m*lln- Size Em*h{-‘ Size

Size : 1K 1K 16K bAK 206K
16 42 1506% /7321 BAOT% /4500 | 3.04% /2665 | 204%/ 1857 | 1.00% /1458
32 44 134% /6870 | 7T.24% /4186 | 2AT% /2263 | 1.35% /1504 | 0.70% /1.208
bd 48 Afm-\f 00% /4360 | 264% 72267 | 1.06%/1.500 | 0.51% /1.245
128 o6 16.64%/ 10,313 ?W\E_TM %1571 | 0.49% 1274
256 i2 2201% 6847 | 951% /7847 | 3.20% /3360 | 1.15% /1828y 0.40% /1.353

J Remember

¢ Avg-access-time= hit-time + miss-rate x miss-penalty

\

N\

Miss Rate / Average Access Time (in cycles)

what's going on here?
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Size (KI3) L-way Z-way d-way S-way
1 7.65 6,60 6.22 .44
2 590 4.90 4.62 4.09
4 4,60 3.95 3.57 319
8 3,30 .00 2.87 2.59
16 2.45 2.20 212 l:ﬂi\
32 2.00 1.80 1.77 1.79
G4 1.70 1.60 1.57 1.59
128 1.50 1.45 1.42 k_144 J
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Victim Cache (1/2)
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FIGURE 5.13 Placement of victim cache in the memaory 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 [19280] found the four-entry victim cache could reduce the
miss penalty for 203% to 953% of conflict misses.
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Victim Cache (2/2)
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B, SN TS N B B e R ZPE Cache o MK ZE &R, T
N4 Victim CacheBe 4 4KB H #2 Mt 5 Z4E CacheH 5= 2% R4 />
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O EAARFE:
4. % Z%Cachedfi A (Multilevel Caches)
5. 1EEEGSE T 5 (Giving Priority to Read Misses over Writes)
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rates versus cache size
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for multilevel caches
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% i Cachez 4|

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

Hit time, for direct mapped = 10 clock cycles

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

Local miss rate, , for direct mapped = 25%
Local miss rate , for two-way set associative = 20%
Miss penalty,, = 100 clock cycles

OO0 0O0O0

zhe: PEEmARERRE, PD SR — 2 Cache B R R H4H
O 25 —ZiCachekiii: BEKN, EHHBERE, BB, B S RAIRE
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Write Buffer (5 22), FFAlXE HiKIEE AR
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l. Small and simple first level caches

0 Small and simple first level caches
® wE/N, —Mar I R, A W REME A A
® 5—Ui%, RfFTagfE TN, HRHEIEAE 75, WIDEC Alpha
® 5 —ZCache M5 =/ H AT B A&t T &
O Critical timing path:
1) N7 2H (tag), #fi Etag I B
2) tb#tags,
3) P IR ER
0 Direct-mapped caches can overlap tag compare and transmission of data
® Hihifeiitag LLEFFAT

O Lower aglsociativity reduces power because fewer cache lines are
accesse

® fijHiffCache&ity . A &k Dtaglb B A IREL, HEim PRI
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Energy per read in nano joules
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2. Way Prediction

[0 To improve hit time, predict the way to pre-set mux
® Mis-prediction gives longer hit time

® Prediction accuracy
— >90% for two-way
— > 80% for four-way
— |-cache has better accuracy than D-cache

® First used on MIPS R10000 in mid-90s
® Used on ARM Cortex-A8

[0 Extend to predict block as well
® “Way selection”
® [ncreases mis-prediction penalty



