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Z4f]: SPARCstation 20's Memory Module
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Z4f. SPARCstation 20’s Memory Module

+ one memory module (KAL)
— Smallest: 4 MB = 16x 2Mb DRAM chips, 8 KB of Page Mode SRAM
— Biggest: 64 MB = 32x 16Mb chips, 16 KB of Page Mode SRAM

FMERES124Tx5125], HESMIEE

BRE/GHEH AATRIISE, 3t16x8=12861 DRAM Chip 15
. 7 |-— 512 cols—-|
SR ° 256K xba
; LV [ (R
fkr ][ oRAMCROT | e o ]
—se#d 3 e \
B o | 20Kxs T 512 x 8 SRAM )
it i MY sbis
AL P
L
| 512x 8 SRAM 4/ -~
N 16/ T BT AP 16x512x B 0

HCPUY I —HuER M MAFR (Bl TR Bf, TEHEN
ATRINER, TR ASRAMER, TERERR!
CachefTRERMAFR—PELER, S My, RARREHIR

memory.37 20085126

PCHLELF il s HIPI LG

o EEEHIETAFLLAR

o TR KA R:
BT F DRAMS A #9567 — /MR EIV B B

o TR AURAE AR b i P AR ARl o A e e

B BT %i4T M ZDDRFMDDR2 Y £ 4 :

- BRARFIERRR, FhdS S ERFR BT
— DDR4% 184451, DDR2%5 240131

- PCHLEMR h—BHERE % H 24 B4/ DIMMIF 8

-

memory.38 2009757126

FEf a5 i MCPURE S

o BT ELEE
- HhhbgEmER
o CPUMIMMSR¥usE TRA THAZMMIUIEE, KILFHGA BT IH
&% WHFCPUMILLE MR D UL RAE, WAL A1E
FY R RS .
- FELmERE
+ CPUBHREL St T —RATES MR ABIBEE, WILEHDA IS
W%, BEECPURIREEIEZABATUT ROEA S, M RFK
M ECPUBIR NS
- BHKmER
+ WIRCPUR/Gr& &ML D A W/ SEMEHE—M, HRPES—
B, WATHERE. HCPURIEMORNTF, WHEEHHUATER.
+ ROMKFIRAMI f1%i4;
- EFEZARFEROMAMRAMK
- ROMRAXRFHARLERESF. IR TREFS, BHAROMB AL RAMXA
RAEBA PR, SHARAME A E
- BEFAED A OREABERN, LUHEFEFROMXFRAMK ¥ ik H

memory.39 2000475112611

4. CPUMEFFHIERE

CPUMHERAI5~A0, JIEKZD7~DO, WRAE/S(ET, MREQAWHHRIIT. 0000H~3FFFHN REHE
FER, 4000H~FFFFHY A FREFR. FSK X AREROMEE H 16K X SEIRAMG A B %728, ERPLHHH
HREEAR, FHROMIGH . RAME { 5CPUEE.

ROMIAER I A 5
#%: BEX0000H~3FFFHARATFFX, ROMXFPIALER00, fK1441K4FH, BB =AE.
ROMIKK/NK: 214X 8fir=16K X 85=16KB RAMR & (1 24

ROMIE¥h: 16KX8HL /8K X4 = 2X2 =8, FHMY fE2AF, MAEY fR2ME  SHERALRE.
ROMIS H Py fr 359 1347, B BICPUE13MTMEEERA12~A0 I X ES
B4 4000H~FFFFHA M BRI, RAMKESPIGLROL, 10, 11, {K14Rh @M.  Hlb7R?

RAMER A/ : 3X 214X 8fr=3X 16K X 8fir= 48KB AL iﬂwﬁ
RAMARF#: 48K X 8HL / 16K X 8f = 3X 1 =3, FIyi b33, M7m LAY R )k,
RAMt: f P RT3 1442, EBICPUIRL4ATHNEEEAL3~AO, E@ﬁﬂ:'
I JHAWRE A
EBROMIE K L2 T Vip—
BHROMITH R g e o
%, TS, R A A Djl.. :
EHRBREE, £ Au 1 1 001 00
FESRT. 2] i T T [ [
[ MREOHS il o e e gy i [., Al
Btpuki o1 B L s s A e
HEBAEETR, ol N — ~  —— ]
RTEPEFRE. o t .
memory.40 -

H 15 G EH—1?

1B F7fkae 5 CPUME £ B AR ALK

100,000,000 * \
10,000,000 * —— Disk seek time
1,000,000 R —#—DRAM access time
100,000 —— SRAM access time
' —0—CPU cycle time
« 10,000
R == HFCPUT AR
100 |ty 1, AERELED
. Celo M
10 = A, ARERER
1 e HAFESHIT, CPU
0 e BAETEER.
1980 1985 1990 1995 2000 2005
A EETUR AT WA P =1
DRAM. TE#&5CPU 2/ REEFEH RS REE
P ZPERACR AR - RAZBRFEBEA
« EEFMCPUZEMACache

memory.41

R DRAMAF fifi 853 L I 15

o 22— RAEBRART SR, DRSS A S R
REZRGEAGLH WHSBTRNE, FESRMELBHRAT AT "
DDR SDRAM (Double data-rate synchronous DRAM)RIDDR2 SDRAM

I B 1 f
W’Wﬂk:lUDMHZ W =ﬁ|;ﬂHz_1: HE=200MHz j_[—LU JULUL Annf

I o el Bk fifEoe [15] Kl 2k
F3) — F:31) e
DDR SDRAM DDR2 SDRAM
h\—u—\-h—i
R g [some]
24, a4 == ——
RENFEHE I R e

BEANTHR | 2
noooo]~Joooon

memory.42 [T




MR . BRI

. o 5 8 e | BRI BRARABTF BN
SpERBRIRAERE . . E— MAR [“HE B, WEEA— R,
- BT | I B L N 1 X 1 | SR ABE T
BT MEHR - v - -
SRS R BVARTEE R 2 VDR L [~ T u| — P, —EERR, | AR
BB Vi el l—-[—] g%ﬁzg @%ﬁfﬁ B AMREBDMA R, |EETRAHITER!
— OIS = RS BT R.
e R Ay
TR CRAMR RS TR l l l
PIEML R SRR it PRI BB HE AR R
RERIRT AT RN/ S MAR | RW MAR | RW MAR | RW
- EHBRIEMER 000 1000 7000
wRELMME 000 100 o0
FAMEREEMVMAR, MORFIES Mk A e (. e
BT R — N R orir 17 el
BEIRBEIIR VY R B et Y
TREEA R 4k 7 KT 5% MDR MDE MDE
gt RS X ik OB B BT
SReE FOSE X 4 FEAT R
A X hE 2 R A f s Increasing Bandwidth — Interleaving(3Z X)
Egéigﬁzgg MAR /1’&131:132:&11.&2!]5}&:9{ Access Pattern without Interleaving: 4—.
BRE BT, HHEZER R R (63 e E————
l X&5, HXXmt I
] D1 available
l l l l Start Access for D1 Start Access for D2
MAR MAR MAR MAR Memory
nooon oooal ooz fLiLik]
L = o008 ooon? A Patt ith Interleaving: W
= L= L= L= e e i g
"""""""""" I e |
| Bank 2
"""""""""" o s |
3 27T 31T 3 = Memory
R i MR MR 2 Access Bank 1 ‘
%oﬁﬂel %v}gyﬂ' %2&9&1 gsﬁyel st % Access Bank 2‘ |
AR R £ Access Bank 3
Kft 4 pERE R IR fa] &5 “ " We can Access Bank 0 again
YT AR B i 9] 55 SR R ?ﬁz&ﬁ?ﬂf’

ooyt TERUARSESR RS LA~ MER, META RRHAE o

memory.46 I

B G

o RN B, dERAN

— RAZHTC | GRHLELY | FERE AL /AL / ALK
o TR

- WHRERER SRtk TEKE /TR EEkS
o RBAEAESRBENL F A

- SRAM: BER, AR/, WG NAEIERES

- DRAM: HEE®, #&X, AEE
+ RAMISH44AR:

- FEBEBEF): BT, FUHE, H3e TR LSS M B

- HAhEREEEAE. AMT. FUMhERETAE

- EEEH: WEHEMOEE YR80 RS
o REAAE SRR K

- BAARATESE, TARBEEENEFRR

- RAZERIERES, SRS AFR

- 3|ACache (F—HMEERZA)

memory.47 J—

B R 7 A (Cache)

FTE R E
2 RAR PP ] R AL
B A CacheblAIMCPUNE AT A E 8
CacheMEAFZ MBS 7R
- BB/ BB/ AR
cacheZA B MM A /ML
CacheB# sk
cache-friendly l5&F

Cachel)'E 5KHg
- Write Back fiWrite Through

CacheR#EsE
CachetREPFAl

-

-

-

-

-

-

-

-

-

memory.48 J—




What we want in a memory

FIHBALE, B8 TRAH UTILAFF#R:
Register, SRAM, DRAM, Hard Disk, Magnetic Tape and Optical Disk

Capacity Latency Cost
Register <1KB 1ns 5559
SRAM 1MB 2ns $$$
DRAM 1GB 10ns &
Hard disk* 100GB 10ms ¢
Want 100GB ins cheap

* non-volatile

A AN A WA R A B A5 A B2
BMAR TR, BAREERINEE!
HRGEBGENERBIER, RASBEBBEMRNRITENKERER!

AL 1R RS

SLRUFER [ RAEE

1 ns(0.5~1cycle) <1KB

2 ns(1~3cycle) cachefFf&#% 1MB

10 ns(10~100cycle) R EBRAMAIROM) WS  2seme-16B

10 ms (10~100cycle) ‘ SMERESS (it TRAR. B8 Mﬁ{%g& 40GB-200GB
10s ‘ SRR (R, Nt ‘ 10TB-100TB

- AT MAERR, BRARE
» R, BEEBRAR—ANEREREH, KNG, HATAE
o T
1) CPUIBATH, MEMMRERARIKEFFE
2) WFHEN(R) MR DI () HARM, SEiFiRcache, M7E, H(Hcache
3) wmiiEH A Ecache, MVFFIRAM, WMAERAMH, MEX HRAM
4) WHAEBATERAM, WFRBES, BESMEAPIEH —~RAM —cache

BB SR BARR G

ARG

hRE&ETERS
BERGEMNLET
PR .«

1, MR
2, REWK

3, TR
4, Vi F SR AR

[mm N\

Traditional Memory Hierarchy

memory.51 [

FFRE—FRS WX,
FfE Disk Cache”,

TR B BaE 2R

LIS . \

B] A\“Disk Cache” K
ﬂ&b:

(V)SH R % #
17, DB
RE 4.
(QF L M REE
ESEEZ AR
IR .

Contemporary Memory Hierarchy

(ARG

memory.52 R

B AR 45K (Memory Hierarchy)

Lower Level
To CPU Upper Level Memory
Memory
Block X
FromCPU | Block Y
* Jdf B RAEAT R Z MR il (53

Upper Level: EEEIECPU

Smaller, faster, and uses more expensive technology
Lower Level: FEBEZBCPU

Bigger, slower, and uses less expensive technology

¢ Block: B/MERBEALR—MEKS, HARIA
FE: At 2EMBRUSHRERNT  ZEEHF “FFU IR 5!

+  ERFEHE (Temporal Locality)
A3 RIS I A B TTAR AT AR AR A S
Mt AEBOEHET R BIRBTZESIECPURIGE ST
+ ZRFEEE (Spatial Locality)
A3 RIS I B BTG ARG B TRAR T AR AR ARV 1)
Bk AR I I ARG BT I BISRIE CPU R AR 28

memory.53 R

PR =: FIACache

o REREBFRBITERIERRYH
- ERENFRREA, BF-ER R P EFESN—MRANEREA
- XMBEIR ATV A R
o REFEAE U R R I R
- 184 BN, MibER, FHEFBRRTFEFBREENIT.
- BoE. SR BATRES. BFURH
o FRFPUTIRRIE S 22 18 R AR A TR R At
o AT R U ER R RS R 2 wa e

- ECPUMERZRRE—MUE/NERKFMEE X BRFHRIER M
KD WRFFRARE, B TRFTRKRBERE XEHFLT, CPU
RRE SN RERF RSO MPUR, MALYHER.

AR B EATF EFERMCPUZ A fCache !

memory.54 [
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Typical Memory Reference Patterns

address

TEMPORAL LOCALITY —
If an item is referenced,
it will tend to be
referenced again soon

data

SPATIAL LOCALITY —
If an item is referenced,
o* nearby items will tend
to be referenced soon.

program . @ % &

time

FEFP ) R S EE 2545 1

B

EH=Y sum = 0; A e
WETHREF for (i = 0; i <n; i++) 2k
XL YR B R sum += a[il; 0xOFC [ 10

\ *v = sum; 0x100 TL
e rere ] mmm
ap <= A ARFEapENis- =4, BAK o0
i <-o0 Toe ey
if (i >= n) goto done , =
loop: t < (ap) FEFRaLilfum BoTanT oaw [Tt
sum <-- sum + t  jditdEsumflt T
ap <-- ap +14 TR LT AR | | sum, ap it
o< * 3 0x400
H if (i <n) goto loop ﬁ?‘]’fﬁ\;ﬂ;ﬁ 0i404 —:[?]—
: done: V. <-- sum  RHEHN MR Wﬁﬂ’iﬂ: 0x408 [~=t5
0x40C
I, 34 PSR AR P B RS BB .2 ox10 (1T
#84: OXOFC (I0) —~0x108 (I13) —~0x10C (14) —~0x11C (I8) —-0x120 (I9) 0x414 [ ol
EREK, fi—BINRRR— AR NA e
HARATIES, WA PIRL M AR, BRFHRAT, W AER R i
Hide: RAEBAEEGTT: 0x400—~0x404—~0x408—~0x40C— ......~0x7A4 OX7A4

BATREIFIR, WHRFUE, Bol, ZRFEHEE:
FABUTTREBIIELK, FTOAR A R R

TFREA-ABITFRGA! BACK
TR ) s SR B 2812 FEFFHY R Btk SR B 2851 2
UTEFEARBSD, B—ANEAATAKZRRHEET? WRFHER? ZEsumB2E FERFBA: OXOFC 5
SRR R R ? TRV, forfERh 22 AR AR (] RS fT 2 - 0x100 12 -
FEBA: s SUATERE R B HAT IR SE MR R inti, j, sum=0; forfgFh ik = "
int sum‘arrayrows(lnt A[M][N]) M=N=20481 EFZ A7 for (i=0; <2048, i++) ox17¢ =T33
T for (j=0; <2048, j++) 0x180 134
{ - . 8§%8 12 sum+=A[i][j]; ox184 [T 135 ]
|ntf|, i, sijm—o ) i return sum; ...
or (i=0; i<M, i++) forfAF 4k e & e
for (j=0; j<N, j++) 0ox17C =l | | 0x400 ALO]10] A
+=A[I][j]; 0x180
e, o A KT R A R R oot ALl *
} . (1) BA: BRBAHAOI] AL ... AlONZoa7 COIEOTT
. - XCH AL1110]
FEE. oxdo0 FTTOTET A ALLIO), AL .. ALLJ204T)... eI B, 000 L
int sumarraycols(int A[M][N]) 0x404 | A[O][1] R R | .
{ oo # BXEAA[IERR B K, LA ER#HEE!
inti, j, sum=0; 0xc00 A[:]l[]ZO[;l]'/] = (2) ZZfsum: ANZEAEEFEFBHHE; sum
for (j=0; j<N, j++) 0xc04 [™A[TIIT] BREHRBEN Fsum, BT LI AR AR HESSF ! S E AL
for(=0; 1<, 1) .. (3) forf@sh: TESRMEAIEQHAESIEN, FURFRMEN meEstd Ksum
eturn oo =ALILE: o TSR ERIIT20482008%, FUMMRIIEE!  AWEFFED, B
) 1
B " AR
) . = N
TR 0 R0 0 e 3 264512 Cache(FREZAF) 2T AFER?
FERFBB: gi%g :; . %a;ge’iaggﬁﬁﬁﬁﬁﬁﬁﬁigv By Cache7piti
R~ — ] i " CocheBEMIEECPUB . B Ca ][ o] [ 3]
for (=0 1=2045. 1) ons0 19 BIFEAN, CPUISH— e/
for (i=0; <2048, i++) X 34 ¢ : EFF R E B
Ryl ox184 135 | A& WSk NWFECached, Cache A
o Sume=Al) - R TR LA AR M7ECache 7B
: ¢ BCPUREMNHFER(S)BIRRIES ELEMEE
x ALOJLL] Cache#EH, ]
% i B9 CacheLHI T E MR R L2 ) 2 Lo JL+ JL2 {5 |
FR/F BB B ) SR A e 2 (A R A A ALO][2047]
0xc00 AT ITo] 1 mske 2] s J[ 6]
(D A WHIBFHAONOL AL ... ALROTIOL  oxcos [AETITT] LTI Cache (B

A[0][1], A[L][1],...... ,A[2047][1];...... SEEBIRFA—3K,
FRBEL 20484 1T, EMBA/NTF2KB, MBHZRTIHE!
CHTRTES, FEFA sum
(2) Fi/sum: (FRFA) LFRIBITE E(2GHz Intel Pentium 4):
(3) forfEshk: (FBFA) FEFFA: 59,393,288 I AR
FBFB: 1,277,877,876 i BiEM

emory 59 BFALEFBHR21.5 f5!! I

[ 8 I[ 9 J[10][ 1]
12 J[ 13 J[ 14 |[ 15 |

Cache ELWI, BAM?
BRI ERRECache IMMKI— B ?
S H TP B RSB Cachetlilk? ...

CacheSt ¥ R (SRIFH) REEN? K42
$R(Block), Cachet s mutH FIA M REVMN, BFRAGERERS ERESES
e, #HCachedT (line) ZA# (Slot) RPN R T i Cache T FER MR E .

1k, CacheEATHARTHELEHX GRS

EFNBETRMURKR, WhHEF

10



Cache FJ#fEIL T2

T HABRT,

ekt B R A
FEPUTHRSIRE A
S ég?ﬁéﬁ #Ecache RYmAL

Bleliver BA woud
i O

nemory.61 20090557126

Cachelt5t(Cache Mapping)

v HrafCachelIBUHTIEE?
— B35 R H RS EER BB Cache R, iR BICachefifTkb?
- CachelthERFD, ZAEFHBUFI—ACachefliF

o ITHEAT U ?
— IBEFERSBARMAFREFR (Block)

- Cache®#F— =AM PLALIFR A (Slot) BAT (lined BIR (Entry)
Bk (Block)

— WEFYHICache Tk I AT =Ry AT S
 Hi#E(Direct): HAEFFHMSTBICacheli A E#+
o 2ABE(Full Associate): A EFHBU BICachefMERIE P
 4LAEX(Set Associate): BN EFRBETBICachelt & A KAETH

emory.62 J——

The Simplest Cache: Direct Mapped Cache

+ Direct Mapped Cache (E#&M&tCache)
- BEFHERIHE—AE EMCacheld
— kBB (Module Mapping)
- BUXRRN:
Cachefli’5 =755 mod Cachefli%
2. 4=100 mod 16 (fRECacheItH 164
(UB: EAFFL005 MBS BCachelfy 4t . )

o R

- BRER, fhwrE

- EWMEEEK g nE

- ERBRE, CacheFMERMAARRRIFM, drhRIE

B, FHEFROREEIGREN T HFCacherf i, BFEMAALE
HHlB|CacheB0ME, HIfECache HEMER, BHE - NEFERAREAN
Cache. XFERETAHEBIKM CacheFEA.

SKIP

memory.63 2000475112611

BB Cache AR R~ EE

B " : . - o :

: ) Cache #HELURREE  H04s
S FH ) Cache #140R LR —
Cachez [ #Hefs
TR A 512F 1k "
CacheR/pb: 213 2 )
=8KF=16## x 512

15 8

FIH

EFERD: 2202
=1024K ¥=2048%%
x 5127/ #t 1=

Cachefzig (tag)

e
acmt R
EAtagiR iR s =
REFHEE s Rl
¥, BEcuche LmG : JL

N [ X§0220CH “ache b 047
Py oSt —

memory.64 0000 0010 0010 0000 1100B45 15k AI0001 e (HIZEL7H) a1 thim! BACK Lo

Cache Organization: Cache Tag and Cache Index

o fBREETFHUL 324, #F L
+  fBSECacheRRA/ Ny 1BHKHEMS Cache
— Cache Index: The lower N bits of the memory address

317 Cache Tag: The upper (32 - N) bits of the memory address 0
N

| Cache Index Ex: Ox03|

2N B\/%%Che Data
Byte 0
Byte 1
Byte 2
0Ox50 Byte 3

| Cache Tag __Example: 0x50
Valid Bit Cache “tag” @ =77

©]

w N P o

%

Byte 2% 1 2 -

- FRATHARRE: FEFHRALT R
- WHAMZRRME: EFTHSEFHAATREEA, ERERARCache
CEREAR—SERE T D
- RAWRBEMK, EAHBMEBUNBIR—ACachefTHIEAFHIHIN
¢ TGO RN R/ RA 2 0 R e

memory.65 2000475112611

Ex2: 1 KB Direct Mapped Cache with 32 B Blocks

+ Fora2" byte cache (N=10 in this example):
— The uppermost (32 - N) address bits are always the Cache Tag
— The lowest M address bits are the Byte Select (Block Size = 2"")
Suppose Block size is 32B , M=5

31 10 9 5 4 0
| Cache Tag _Example: 0x50 | Cache Index | Byte Select |
Ex: 0x01 Ex: 0x00
®
Valid Bit Cache Tag Cache Data ® o
Byte 31] - - [Byte 1 [Bytd0 |0
0x50 Byte 63] - - [Byte 33[ Bytd 32| 1
2
3
Byte 1023 *+ Byte992|31

memory.66 200045112611

11



Ex3: 64 KB Direct Mapped Cache with 16B Blocks

o BREFNCacheZ MRMEEBI TR, SAIKH16B. CachefipX A RN
64KB, FAFHubkN32fr, HFWhHAL. K. UHEFHILDTRIS, WELRNE

i . 1 Memory Address g Byte
Hit B  syeofise Y
Block offset
Word
4K
Entrie

_,;C:')
_[,j ® ¥ @ Data

Ffi: CachefF£4T? FBEK? 3t (64K / 16)= 4K 1T
nemory.67 FEEE 4KX(1+16)+64Kx8=580Kbits=72.5KB Hif 64KB / 72.5KB = 88.3% ,..,.. ..

W E Cache I AR ?

Consider a cache with 64 Blocks and a block size of 16 bytes.
What block number does byte address 1200 map to?

% Hihik1200%F NEAF ISR 1148
B4: [1200/16=75] module 64 = 11

How many total bits are required for a directed mapped cache with 16K
Entries of data and 1-word blocks, assuming a 32-bit address?
(Cache :HEBUH R « 16KIHHE. AP HIANB20F. 3200 hit)

%&: CacheMfEfMmAIT: Cache#£#16K x 4B= 64KB ##

2].4

32-14-2 32
Bibl, CacheffiR/MA: 21 X (32 + (32-14-2)+1) = 214X 49 = 784 Kbits
RPN EIR? 2Y X (4% 32 + (32-14-2-2)+1) = 214X 143 = 2288 Kbits
FRKDR2AERL? 21 X (2mX 32 + (32-14-2- m)+1)

\emory.68 J——

A HBE LS Cache AR 2 E

FEFFRAIEFICachedE—HSlot (FTLineBRIENtry) o FRAEWST B ABRBS

BE:
YR EAMCache IR

A Cache 41805 EE

FBRT 512 . ETANE

Cache

CacheX/h: 2135=8K =164

x 512/ 1

EFKND: 220%=1024KF

=2048% x 512/ B
Cachef#wit (tag)
W EEAEFR z 5
FAFtag iR th R REHEBL F 084 154
EFFR
PRGN, U B
AL g . BFTIE
LHAE, MR

Al g

14

Hi A

3

2047 B

2. BEECacheRy %, WA
$$0220CHETLHEAT U I 7
0000 0010 0010 0000 11008 $E17HkrhEySE12/M 85! FTBLAT BUER cachetlirh

memory.69 [

2645]:  Fully Associative

+ Fully Associative Cache

- XmCache®il, Hfl4?

2k [ L BT Cach e RN bR &

+ By definition: Conflict Miss =0

- (BHBBAHRE R, EAYRBELBMCachetk, MASREMNR)
+ Example: 32bits memory address, 32 B blocks. i@ #HE K ?

— we need N 27-bit comparators

31

4 0
| Cache Tag (27 bits long) | Byte Select |
Ex: 0x01
Cache Tag Valid Bit Cache Data 1
—0—] Byte 31| - |Byte 1 |Byte 0
F—0—] Byte 63| * | Byte 33| Byte 32
_.@._
_.@._

memory.70 R

Fully Associative Cache

READ HIT:
One of the cache tags matches
the incoming address; the data

o One cache “line”

:

wrl

Address associated with that tag is
fromCPU _ ;722 L7 ,g returned to CFU. Update
L = usage info.

T

Lo READ MISS:
‘.‘b None of the cache tags

9 —|§ matched, so initiate access to

main memory and stall CFU

until complete. Update LRU
cache entry with address/data.

L Data to CPU
Data from memory

Ty N —
- ( ), 5 N o
~ Cachelmfr¥tin, HEBERARL MM }*Ji‘M*iCache

memory.71 200075126

HAHBERRSS (Set Associative)

o GURRCHRST 45 A BB AT A A M B (4 A
+ ¥CacheTHMSH, IEEHFHRBHEICacheE A ME—E S,
W ZRBIRS . ARSBRE. BEXRRL:
Cachefl 5= 5 mod Cache41 ¥t
3f): BsECachelfN: BKE=84Ix2Ml/Ax512¢ /1l
4=100 mod 8
(AL 1008 R B B Cache B4 RAE BT, )

. "ﬁ’)ﬁ
- AT HEBRSEMAMBERE MRS, HCacheMAE N1, W
BB SERARE—MER, WRLEER.
- SARME GRA2BEMED BEH. —REE4MEN L
BURDE . EBRABENIL2 CahcefL3 Cahcerh {# F4-H LI E.

memory.72 200075126
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{EE:
HIRELFMCacheZ A
BAR KRR H512F,
Cachek/h: 213F=8KF
=164 x 512/ Hi=841x2
18/ Hx5125 18
FEAEKRAN: 220=1024K
F=20484 x 512F/ H#
Cachedwit. (tag) FRHXF
AR B WA AR B
FFFtag R xS ML T

WA ELFARES
WAFRHSER, W
BRI LTRSS R A
4. BECacheh %, fmfT

F0220CHETEHEAT I ?

0000 0010 0010 0000 1100BE 24 K

001k CEFEEI7H) 124 #G.
BTl BeBtEIB—4i.

y.73

ZH M BRWLET R Cache H 21 /&

HIERE 3 () Cache 185N EfRE

Cache

EfpitE 20 2

W EFEHITIEA [ E Cache
R A CachebFid#H T LR S

f5]1: A Two-way Set Associative Cache

+ N-way set associative
— N entries for each Cache Index (&/~CacheZAH N or 17 )
— NANEZBU AT ITERE
+ Example: Two-way set associative cache
- Cache Index BFH H ffj—/ CachefTHE (217)
— SHXAMES T RIBACachefT I Tag HATHET L
- RS R E R REBNMT, BAZECached

Cache Index
Cache Data Cache Data

Cache Block 0 Cache Block 0

Valid Cache Tag Cache Tag Valid

Cache Block

#2: A N-way Set Associative Cache

N-way Set-Associative Cache

INCOMING JADDRESS]

N direct-mapped caches, each with 2¢ lines

of a set

k

r

o=

MEM DATA-
s ¢
HIT

This same line in each subcacheis part

memory.75

= 0

Disadvantage of Set Associative Cache

+ N-way Set Associative Cache#fi%} ¥ Direct Mapped Cache:
- HBBROABC: N1
- BEHSHHIMUXER
- BREHW RS AR A BAER, W E B Bl B
EHEERH D, TAKBRAD, FIUTRCEIERE, FRIENFRE

Cache Index
Cache Data

Cache Block 0

Cache Data
Cache Block 0

Valid Cache Tag Cache Tag Valid

Cache Block

memory.76

=R TR B S

Fully associative Direct-mapped
address Iadd"’i” i
ogo
—— ]
* compare addr with * gompare addr with
each tag simultaneously only one tag

* location A can be
stored in any cache line

* location A can be
stored in exactly one
cache line

N-way set associative

address

s

* com pare addr with N
tags simultaneously

* location A can be
stored in exactly one
sat, but in any of the N
cache lines belonging to
that set

R, RIE, RESK

+  Hit: EUR{E BrECacheH
— Hit Rate(firh #): ZECache i
— Hit Time (fr i i) :#ECache P Y7 It fa), HE:
Time to determine hit/miss + Cache access time
(BI:  HBFEHE +Cachef [])
+ Miss: ERM{EBARECached
— Miss Rate (R#%/RHE) = 1 - (Hit Rate)
- Miss Penalty (REERR): NEFFEHBICache , FHECPURIN A

Time to replace a block in Cache +

Time to deliver the block to the processor
(Bf: Cache®#t + ACPU K [A])
+ Hit Time << Miss Penalty (Why?)
+ Average Access Time = Hit Rate x Hit Time + Miss Rate x Miss Penalty

memory.78
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Average access time(F245 7] B [A])

Program-Transparent Memory Hierarchy

1.0 (1.0-a)
cPu — DYNAMIC
— RAM

"CACHE" “"MAIN
MEMORY"
Cache contains TEMPORARY COPIES of selected
main memory locations... eg. Mem[100] = 37

GOALS:
1) Improve the average access time
ERETITIREE, BHRRATR! Challenge:
o HIT RATIO: Fraction of refs found in CACHE. To make the
(1-0t) MISS RATIO: Remaining references. hit ratio as

Hit Time Miss Penalty
T =0t +(1-a)(r 4+t )=t +(1-0)p,
2) Transparency (compatibility, programming ease)
CacheX{EFFREBHN: BFARERBEEFERECache!

memoy70 TBA BABBMFSERRAE E4FM Cache 2 A HIfR AT #e

high as
possible.

20001751261

FFE fy TP XU ir i 18] 6 8 i

¢ BRI, How high of a hit ratio?
T =HTe+ (1 - H)(Te+ Ty)
=Ter (1-H)Ty Suppose we can easily build an on -chip static memory
with a 4 n5 access time, but the fastest dynamic
memories that we can buy for main memory have an

average access time of 40 nS. How high of a hit rate do

i1, Fdrd8H=0.85, Tc=1ns,
Ty =20ns, WYy

g‘ﬁl?irfnd:l we heed to sustain an average access time of 5 n5?

2. Fdr EHIRF2]0.95,
TR X a0 ?

&: T=2ns fup=ty _q B8
B3, RN 0.0008? gl b Rk

% T=12ns

WOW, a cache really needs to be good?
VR S A PR MRRIEF K

memory.80 20001751261

R G AT I R ELER TN KR

o ZFBRHITR
- EEBS BB (RE— AR
- EHBBT. (ERBA (LA AL
- N-BRAUAHBRMT: N-BRBUl CENATRERBLE)
o AAamKELE?
- —ANEFRBSEICache TR, FRERFAALE
- EEBUSH XBRERIE H1
« GBS KBBERTE, JCachefTHl
o N-BROVHEDLA: KRBT, AN
¢ REKEMmiss rateTHARXRRIR? My PR RE?
- HWE, fRNERRMAT ( Cachek/MgokAh )
o SRMIE. BRI, RATHRARIE
« Aol ELEGHEA, SATRBUER
- MBI

memory 81

memory 82

KERBEAH

One-way set assoclative Two-way sot assoclative

(diract mappod) Set Tag Data Tag Data

Block _Tag Oute. o
o 1
1 2
2 3
3
3 KBENEDST 2
2 Four-way sot assoclative
7 Tag Data Tag Dota Tag Data Tag Oata
= o |
I T [ = _|_ _]
REEEHRZHD? 1 -

KEREHZDT 4

Eight-way sot assoclative (fully associative)
Tag Data Teg Data Tog Data Tog Data Tag Data Tag Data Tag Data Tag Data
T Lee, 2. Tag - D 2 oo ]

I T T T T T T T T 11
REREAZ DT 8 BACK

BF: Cacheft R FIELSE

¢+ BESAKMMESKICache, RS

Contonts of cache blocks aftor roforence

momory
W, BT—AF bleck acconted 0t [ |
- Cachel: 248t ! . Ji oo Mdomondcn | T

[ 8 misy Mamonf8) |
- Cache2: 2-BR4AHEX P 0 miss o] |
— Cache3: E#mat | : | ms | Meootd] | ]
AT R RAHEIF Cache#?’fﬁ#? mod 4

HASERE MR 5 S | el L A
FhCache? !
e ! _»I_m,-‘;. |
2BR AR s KT |
AT Cacheﬁ%l‘ﬁ#? mod 2

R == |-
B HBRGT E

TOREER, USRS |

memory.&3

Memory{B] | Memonyt]

memory 54

RIKESHRILALR A

i Srpkaf, gka  RARIESILET A
M3 z11 0983210 k1655, Cachefik
. R | hwakge, W FEM  HBBaERT
. BB RE DT Y TAGA LS, 3tAKA
e #37 h32-4-12=1641
BRI AKX 16=64K AL

| sempen—fieway)
AR, FoKA

| FRaR H32-4-11=1741

| BAIBAKX17=68KAL

RBRBE N 245 (4-way)
HFALAR, FE1K4
A3 132-4-10=1861
TR 5 AKX 18=72K L

BRI -

BAAHIA, FHAKE
3 532-4=2801

A AKx28=112K fir

200051126112

Tog Dota ¥ Tog Dam

i T UG
a FEFZH? due
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The Need to Replace! (faf i Fr 28 #? )

+ Direct Mapped Cache:
- BUME—, IER/EEER, ELERMATEARRERER
+ N-way Set Associative Cache:
- BN EESIEANNCache T iL#E, FHBEH
+ Fully Associative Cache:
- B EHEBIETEB B Cache/T Rl , FHBEHR
##: FCache miss in a N-way Set Associative or Fully
Associative Cache, WITTRETFHER#., HLdEN:
- AEFEEH— MBI
- EF-ANHBUHRRMZECachetl
- XRICachet E¥ HWTIHERAS N EIFHN, BIEEMN
cachel i i — N EFFR

¥ (Replacement) &y

o )RR
AAHBRMST T, BT SBOALM B /MBS B EFF BORsH A, L
EHEREAEES 16, RERHRR, EREEFICacheF—4,
Yo, B—HPRBFAH R, BLFHEB—H0?
XA IR R IR, AR,
o BRABRHEES:
— Ze#SEHFIFO  (first-in-first-out)
- BRIEHAALRU (least-recently used)
- BAZHERLFU (least-frequently used)
- BEMLE RS (Random)

&%
X R IE BRI A [ X BT RITH M B BRI AL, HRLUFERER
SGURNERAR, FRERMMEANE. FXNEORETUEE.

(B%) BHREE-SLHEH (FIFO)

¢ BRIBBREHENRR— IR E.
Bl: B2 EFFIN5IR(1,2,3,4 5} AW BN BICacheFl—AH, XFH—
HuHbR, EHEME/A. AEAERELR.

1 2 3 41 2 51 2 3 4 5
%] x| i) [a 1 [a ][44 [5][5] [5][5] [5% [5¥
gptipy L F] 26441144 |5] |5 ) (5] 5] ]9*) 5%
f 2 2] |2+ [2] [2] 1%] 1] 1*] [3] 3] [3]
L1 3] [3] (34 [2] [2] [2] [2] (24 [4] [4]
R AN, A O
5] 1] 2#] [2#] [a#] [2% [5] [5] |5 |[5*| [4| 4]
111 |1* |5
e 2| 2] 2] 2] (2] 27 1] |2 [2] [17 [5]
WAL 18 B [ (3] (3] 37 22 2] 2
LI L ]lalla][4][a][4] [44[3][3] [8]

J

J
BT, FIFORR—FfEikEE, PRI NHEA MRS .

memory.8

(B%) BHEE-BiL&DH(LRV)

v BRIEESER DR PRk,
Bl: B XA HISHR{1,2,3,4,5 R s BlCache A—AH, MFR—
HHRGE, BB, AR/, SHIARTES.

KLiTEN
AR
St/

(B HHHR-BLEOH
o R—HOERREYE, I Are A MK TR .

o MAHSHEBNICEE (BN FBe R 52 U ) A6 X )BT
T CacheFrfABEY, WP RBHME. HWBEHLT, B
BeHibEREL1,2,34,12,3,4.1,......, MiCacheH RE3
1, B4, PELEFIFO, BELRUES:, HaphREEH0,
XFBLEFR N FSE(Thrashing / PingPong).

o GEEREEIN, HARETBSERLIN, TR
AR E MRS, RETHER DRI E AR
BRI EN. XATEERR ALRUAL.

Patss)

(B%) B %-BrmOH

o VARG
* AN, THRERE2A. TR U IR .
* A, BT KRR B, HEARKTH ML, EATAE.
* R LRARIER, FHHEEER0, XaeLml.
* Rarh LA T, T3NSI — P B LR, Wi
HHBRE RO, HKML.

12 3 4 1 2 5 1 2 3 4 5
01/11/21/3101/1121)01]11)21]3105
02/1222320212/22/02|12/22|34
03/1323/3305/15/25/35/04|23

0 4/14/24|34/34/34/03|13|12
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(A%) BHH-HANS

v BARGEH (LFU) H¥:
B#ECache 5| HREE M. LFUBHSE/MEH

R RE.
(XPEESLRUF SEM, BT, )
+ BENLEE::

KA M FO AR P — AN, BRI REx.

CEHLRI R, YRR AE R RGBT T
RIBBEIEE. TOARME! O

B (Valid Bit)

Valid bits
vV TAG DATA
1]
U]
) Tem[A] IMAIN
CPU T = MEMORY
T
: =] Tem[ET

Problem:
Ignoring cache lines that don't contain anything of value...e.g., on
- start-up
- “Back door” changes to memory (eg loading program from disk)
Solution:
Extend each TAG with VALID bit.
® Valid bit must be set for cache line to BE )G {FV=1
* At power-up / reset : clear all valid bits  JFPLELE fir V=0
* Set valid bit when cache line is first replaced. %—&wﬁﬁﬁﬁvil
® Cache Control Feature: Flush cache by clearing all valid bits, Under
program/external control. iﬁﬁﬁv:o‘(wueache

241

o BEAHHIREE —ABERNI2KXIAMER, BB 4KE MR 4B
Cache, EFMCacheZ HMPIRZHIINKPH64F. BECacheFF ik
%, NEBRFHAEREITTO. 1. ...\ 435190, —HEHI0R. &’
Cachelb EFHR10MF. RALRUS . RN CacheMG A E/7 L HIRI4 .
VKA Cache FRERM T £4? KAMRUREER?

o B BREFETHL. FF164.

FAF: 32KF=5128k x 64F /
Cache: 4KF=16% x 418 / 41 x 64 F /| 4§

R [ g EEESD
5 4 6

4352/64=68, BT AL SR T AT R R X AT 68 LE VY ] 10K .«

memory.93 [

241

0 1 14 2 1 3 A
041 0/64/48 16/0/64 32/16 48/32
141 1/65/49 17/1/65 33/17 49/33
241 2/66/50 18/2/66 34/18 50/34
34 3/67/51 19/3/67 35/19 51/35
441 4 20 36 52
1541 1541 31 47 63

LRUKH:: B—WEH N TE—RRBF—FRed AK/ VA,
LS OWAEH, H 203 (M B —F R vt HRH e,

FTLA, AP EEp ok (43520-68-9x20)/43520=99.43%

WEERE: tm/ta=tm/(ptc+(1-p)tm)=10/(p+10x(1-p))=9.54%

memory.94

241

0 filf 1A 2 1 3 il
041 0/16/32/48 16/32/48/64 32/48/64/0 48/64/0/16
141 1/17/33/49 17/33/49/65 33/49/65/1 49/65/1/17
24 2/18/34/50 18/34/50/66 34/50/66/2 50/66/2/18
341 3/19/35/52 19/35/51/67 35/51/67/3 51/67/3/19
a | 4 20 36 52
1541 1541 31 a7 63

MRU$H:: $F—R68FRMH; 52,34,6,7,810KEHAFRAT; H59K%
HeFRAT; KK

FrLl frh#p 2l (43520-68-7x4-2 x8)/43520=99.74%

FEERSE: tm/ta=tm/(ptc+(1-p)tm)=10/(p+10x(1-p))=9.774%

memory.95 R

BN (Cache—Bk ) )

o RABEREECacheMEREHHIRN —3?
- BEXhCacheh MIAAFREFRAEIA, LxtCacheHHMRARTEHN, REE
Cache I EF7 30 4% — B 5 .
- UTFHR &I Cache—Bik i@
o LEAAREEMAVEEFR
Bign: VOREWEBEEEAFN, MRCacheFHMAAFHBH, MIOREE
HRX R EFRTHARTER: FIOREBH T LTS, WA
CachetliH i AT
« YUEACPUHHE & B HICache iR F /7R
FACPUBET A% CacherP IR, WIXHRLH E A B TTRIHABCPUH S R
fiCache @ WA HERTHK -
o BFRERL
- B (Write Hit) : BEEHHLELFECached
- EXRfrd (Write Miss) : BEERBITARIECached

memory.96
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FA ) Cachesh B 1

Basic Cache Algorithm

HIT: X = TAG(i) . for some cache line i

READ: return DATA(I)
WRITE: change DATA(i); Start Write to
Mem(X)

MISS: X not found in TAG of any cache line

REPLACEMENT SELECTION:
Select some line k to hold Mem[X] (B4 BAR)

READ: Read Mem[X]
Set TAG(K)=X, DATA(K}=Mem[X]

WRITE: Start Write to Mem(X)
Set TAG(K)=X, DATA(K)= new Mem[x]

ON REFERENCE TO Mem [X]: Look for X ameng cache tags...

Write Policy: Write Through versus Write Back

+ SbECacheilbCache BEA S, 4 CachetbBidfiCache& 5 tit
+ XTEé, FTwo options
- Write Through (@XRE. SHi&. BEE)
+ IR ECacheMEFFHT
* What!!! How can this be? Memory is too slow(>100Cycles)?
10%MIFFiEIE S CPIIEME]: 1.0+100x10%=11
- EAESM (Write Buffer)
- Write Back (—R#E. SFH. HE)
+ FEREERf—RE[EICachetk, MHEMEBAL (“dirty bit-JEF")
o RARMREFHFRETR, FHTTHRRER
« XFERGH, HTwo options
— Write Allocate (54F)
 #EFESEEACache, RIFEFMPILATT
- RERAZRREE, AERHFENEFE—A R
— Not Write Allocate (I- 5 4C)
- EEEEFET, REAEFHRSCache

HECachelTAIEE HRRE SR Hit 22
BR|Cachei@ ¥ AE 4

emory.98 J——

4 oo 17 -2

Write Through® f{Write Buffer

Cache
Processor L DRAM
T T ey

- Memory
Write Buffer Controller

+ #E Cache fll Memory2Z [f]i—AMWrite Buffer
— Processor: @ E##EF|CachefWrite Buffer
— Memory controller: ¥4 A &S X7
+ Write buffer (54 ) B—/FIFOBA%I
- —REAM
- FERRBUE<<DRAME (A MEHAT, MRIF
o BEFHEE
— Store frequency > 1/DRAM write cycle(JiE5)it, {F
Write buffer fUfI(BEH), &RAEMSE

memory.99 200075126

Write Buffer Saturation (‘EZZpHafT)

Cache [+—
Processor DRAM
——

Write Buffer

o REBGMMFIT A
— The CPU Cycle Time < DRAM Write Cycle Time (&¥_bnik)
— Store frequency >> 1/ DRAM write cycle(X &A% S)
Bl: WRCPU IS o8 RET T D TORAME F, 3 H— B 1) Py R AKX BIN S
16, MTEERNER, HLARETEHEN A

¢ AR S E A ?

— —AZ=%Cache
Processor [«——| DRAM
Cache
(I1T}—
Write Buffer
— fEHWrite Backi = [f{jCache BACK

memory.100

B 5% (Cache—Z 4 ) )

L XTI ik G HA T L% 2 eI T R,
Write Through . Write Allocate/ B o 4T 152 H o 7

ON REFEREMNCE TO Mem[X]: Look for X among tags...
HIT: X == TAG(i), for some cache line i

READ: return DATA[I
WRITE: change DATA[I]; Start Write to Mem[X]

MISS: X not found in TAG of any cache line

REFLACEMENT SELECTION:
Select some line k to hold Mem[X]

READ: Read Mem[X]
Set TAG[K] = X, DATA[K] = Mem[X]

WRITE: Start Write to Mem[X]

BACK

memory.101

B2 Write Back&

M8 XTHEHEGENH T K b?
Write Back . Write Allocate /

ON REFEREMNCE TO Mem[X]: Look for X among tags...
HIT: X = TAG(1) , for some cache lina |

READ: return DATA(I)
WRITE: change DATA(i); e el

MISS: X not found in TAG of any cache line
REFPLACEMENT SELECTION:
Select some line k to hold Mem[:
Write Back: Write Data(k) to Mem[Tag[k]]

READ: Read Mem[X]
Set TAG[K] = X, DATA[K] = Mem[X]

WRITE:

Gimarte el ok aohd g L]
Set TAG[k] = X, DATA[K] = new Mem[X]

Is write-back worth the trouble? Depends on (1) cost of write; (2) conebtency issues.

memory.102 N
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‘B##%2: Write Back & (“BE") fir

Write-back w/ “"Dirty” bits

DV TAG DATA
4]
14
- il i A e mlA] IMAIN
GEY 0 MEMORY
14
M il E TIEm[E] BACK
T

‘ON REFERENCE TO Mem[X]: Look for X among tags...

HIT: X = TAG(i) , for some cache line |
READ: return DATA(i)
WRITE: change DATA(i); Searewriteeoriviermd D[]=1

MISS: X not found in TAG of any cache line
REPLACEMENT SELECTION:
Select some line k to hold Mem[X]
If D[K] == 1 (Write Back) Write Data(k) to Mem[Tag[K]]
READ: Read Mem[X]; Set TAG[K] = X, DATA[k] = Mem([X], D[k]=0
WRITE: D[k]=1
Set TAG[k] = X, DATA[k] = new Mem[X]

Cachefk REVPAL 5 &

¢ CPURYIE]: CPUBRAT I &1+ 45 A 72 U I I 130 B :
- CPUNIH= (CPUBUTH##i+CachekEE5 2 E MM EE) X HEEH
- Cache ¥ 7|2 FH 2 I b B =i i 1 (L ZE I S 50+ B 4 BELZE I S
- IR MEFEEN =GR / BFY) x SRR x RRERIK
~ EBMERRE R
« BB (write back) :
RN, WE-REFS AR, Ser=4E— e S HE
SRR B =(5 WA FEF) x BRIBE x 5 RIBH R +FE SHE
« HE (write through)
B REAMwrite buffer ELEFEHS
BRMEI BB =(BWE B x BRIER x BRERK+ SEMHEE
- BEESHERSZNHETURERT, WARHEASEA%E:
+ RTRFEEER S =(WFRREL / FEFF) x RELR x RELHK
+ RTFFEENSE =S FH / BF) x CRIERY <€) x REEHRK

o RELH R IBUR IR Z K ?

#Code CacheffI#i% %2%, Data Cachefik¥E K4%. BE—4
SRR AR SRR MCPI2, miss penalty 100 4.
SR ASPECInt2000K A &, MEA e 8H RIERCache, H
BREERIRED?

ST RMT:

18 MR SR 1x2%x100=2.0x1
SPECInt20008 7§54 (LoadFStore)E H: 36%, BrLk

i M IR ST . 1x36%x4%x100=1.44xI

1B MEIE B M REER B, 2x1+1.44x1=3.441, HE:

4G 4180 B 34NN FEFEAE SR SRS

ISk, B WA BB 2R T A4 CP IS K B 2+3.44=5.44. #:

CPU time with stalls IxCPIstallxClock cycle _ 544

CPU time with perfect cache  IXCPIperfectxClock cycle 2

R Cache RRAERM, NhHAFEERR2 7265,

memory.105 200075126

BE): AT AR P50 R T A7 2% AR I R I UL

o Bil1: e EBIFCPIRAL, RPFEEERAE, W
BRI 7 i 38 BELBE T (A CPISIY K $01+3.44=4 .44, .
CPU time with stalls IXCPIstallxClock cycle 4.44
CPU time with perfect cache  IXCPIperfectxClock cycle ~ 1

FUETTSI: 77 ik 28 RELIE FTTE I TR) v A BAT I 18] 67 EL IO«
3.44/5.44=63% EF+3 3.44 1 4.44=77%
Z#: CPIE/N, CachefAZMEMEK

o Bl2: e LR RAEEINR, CPIAZK, W
EFREAKT AR, BB HAAZE, FlhmissHikh 20044k,
FRIR RAM KRR A (2%x200)+36%Xx(4%x200)=6.88
e etk aRBEE R CPISIY X B2+6.88=8.88

PR ML AR A AR IXCPIstallofslow xClock cycle  5.44
B PRIB IHLAR RO AR IXCPIstalloffast xClock cycle/2  8.88/2
FETTA: BEERBRIATALES (M A R R BB e S L AR A 1. 265 .
MR CacheRIIMITE, BiiZR2fF!
it CPURTPITIZEIR, Cachefitkifi R
LBBIIT UG PR R, BEREFI RS ER!

Cache X/, Block K/NFIRELZR F) R A&

Cachetf B iy SRR 52, TiScBE 5Cache R/, Blockk/h. CacheZ¥i&H %
Block size vs. miss rate

Cache size
H&P: Figure 5.11

25 (bytes)
- - ——1k
Miss rate 15 - . ,/ T
(%) 10 4 — 16k
_ [ — i
5
e —— —m— 256k
] T T 20 1
16 3z 64 128 256

Block size (bytes)
« spatial locality: larger blocks — reduce miss rate
* fixed cache size: larger blocks

— fewer lines in cache

— higher miss rate. especially in small caches

CacheX/p: Cache K, MissHRuif&, HRAFBR!
Blockk/h: Block K/h5Cache kAR, HABAKR, BAREKRAN!

memory.107 N

Block Size Tradeoff (B /ML)

« BKREMREFFIA spatial locality, BUT:
- K, WREES L, REBREKR
- 8K, NiCacheWiZzp, K¥FE LI}
+ Average Access Time:
— =Hit Time x (1 - Miss Rate) + Miss Penalty x Miss Rate

wiss Miss Average
Penalty Rate ) ) ) Time
ExpJoits Spatial Locality
Increased Miss Penalty
Fewer blocks: & Miss Rate
compromises
temporal locality
/
Block Size Block Size Block Size

BBk, SR DBFUEH !

memory.108 [




G HiCache$ B

.

.

AIBIACachefiREF R —AMCache. iL4ERE Cache RERN EH
FCacheR4ih, FEFHMHBAR:
[1] BBUBH
J#(On-chip)Cache: #CachefICPUEE— /A £
ShB(Off-chip)Cache: RMEFECPUA T &L Bt B —4Cache
HgiCache: RF—A ) HCache
%4iCache: FEMERILL CacheRiL2 Cache, HEKRALALZEALS Cache
L1 CacheE#&iiCPU, FERL2MR, HLARL2K
[2] BR&/43SE
S0 $REIEANIRS 2 FEAEBTES B KA AR 4 Cacher
—f&L1 Cache#f£4}Cache, HH4?
L1 Cacheffifr Rtk REEE | Hft4?
BeA: SREIERRSHBIE— A Cacherh
—fRL2 Cache# B A Cache, HftA?
L2 Cacheffifrh R thar I RIEER ! Bit4?

AL TR AR H R £ 2F Cache

Per core:

-32KB, 4-way L1 I
-32KB, 8-way L1 8D
-256KB, 8-way L2

Shared
-8 MB, 16-way L3

1TtV R TS

Mehalen Core

£ g cachefiH:#E W L FECacheIFEESE RS
© RFIL2 Cachel R4, FRAHKNH | ORI, RiEcachelith, MABDRATIMNBARS
o ) cPu + FEDRAMAICacheZ [a] feHiffI B &Block
- HL2 CacheMATHRMER, MRXIAXHL2 CachetiiFINFI l R o B BRSES BBk RS Criss penaly B> 1
- BN, BYEERS FEBBLL CacheMIL2 Cache (BABKEK) - AR LA :
o PIF HHIBHICPINL, B HEETELL Cache AT, REMIEASGHz. s BOBHILBINTE: 1D BB L=
B —RE MM ER100ns, MIEHANERILE, RPHRAIESTLL o Kggﬁggﬁﬁgﬁjgﬁﬁfﬁ T
Cache sk ® 5 2%, FHM—/ L2 Cache, WHINFENSns, TWEARK I - B—ABlockal s, MABmRAEDE e |
BIEL2 Cachet R W N0.5%, HAMBEREHT E? — . L-'eu
f#: WMRRB—KCache, MRERE—F: ——
Bl L1GRKROHEER), HBARBKRN: 100nsx5GHz=5001 4 _ [ |
CPI=1+500x2%=11.0 Mamory ’-] ol
MmRE —KCache, NHFHMBHRK: s Marmory || Mamery || Marrary || Memory
Bi: L1fksk(hRIL2Cache): 5nsx5GHz=254MK 4 . bank 0 | bank 1 | bark2 || bank3
L2BRR(FIAEFF): 50044 Memory . Interioaad memory organization

memory.111 2000475112611

CPI=1+25x2%+500x0.5%=4.0
FEik, —#FmMHERER11.0/4.0=2.80%

. Ona-wordkwide

Interleaved four banks

Fremmary
1+4x15+4x1=65

memory.112

b, Wide memary organzaion
Two-word: 1+2x15+2x1=33
Four-word: 1+15+1=17 [

one-word: 1+1x15+4x1=20

& >J: SPARCstation 20’s Memory Module

.

one memory module (HfES) “IRER” . —TH—T (3D
— Smallest: 4 MB = 16x 2Mb DRAM chips, 8 KB of Page Mode SRAM
— Biggest: 64 MB = 32x 16Mb chips, 16 KB of Page Mode SRAM

F/AGAH5124Tx5125), 34584

FBRFE/GE LR AFATHEZISHAL, F£16x8=1284L | DRAM Chip 15
|‘— 512 cols —-|
256K
Y — o | omee ||
] DRAM Chip 0 . [ ] _——{~,}1 One page !
J— Lone page
g I Y
=z 256K x 8 T 512 x 8 SRAM |
= =2mb [ -7 S
_L JEUSa 8 bits bits<127:0>| _———~~
57 SRAM P emory Bus<127:0>
— gy ' bits<7- s
P\ bits<T:03—— 164N BTN TT LB 77 16x51 2xBRIMR

HCPU A —HUELMAAEX (B: fTHLLERD Bf, TEEN
!

TEIEE, TEWASRAMIEI, HBERIR

memory.113

CachefF MR MATIR—SEH, B ML, RAFRREBIR

H>]. 128MBDRAMTE 2%

mAR=128MB

*E18 /4 DRAMS K 9

& M 16Mx8 bits
oATHidE FUHkE 126
14735409651 (842/31)
AR ATHRLZFE

[GEE TR H))

3 i — 5

WF}
T (A=)

—
DRAM7 o

HihkA =4

[roosts HEEFFNCPUZ IAERER

R—/ “CachefT”

Py s o

16MB=4096x4096x84%

memory.114

bits |bits |vits |bits [bits |bits |bits |bits
56-63 |48-55 [40-47 |32-39 |24-31 [1623 | 815 [o07

—A-CachefTEH AL FIR
—AMTEME, B—KW
R, WERR

|ss 5655 4847 4039 3231 2423 1615 87 0

EMABRMIE A AbEI64-bit IR

=
o 47, Fidhbd

@ 64-bit XF

(i.j) 184 7T
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Sef): FEREHLE Cache41ZR

EFF: 4GB=22x 27Hx 25B/{R 127 ] s o 12
Cache: BKB=1284Ix2{li/4Ix32B/H  7° s =

e ==Ll ==
I = S
FALRU, BEF L @ e o 7 32
LRURL, AFiagizger o =

A AR, LR .
B WALKO, WTFYH A
Hgk oM. A1, W 3 ;
TFRHGKE L.
gﬁ%: LEUR al TNZAL
Write Back) , 73 R T ) T
FREHAERS (Write HEn . *
Through)
Cache—B(¥:
SCHEMESINLEE HHAL s |
R RRFEN ). Pentium (A ##1E Cache 55 H)

2

SRl P EFastMATHAL T 88
+ FastMATHALBR S RMIPSEH B A Rk B0 8%

KA 12 BARRLH Memory Address #Cachef:

4 CacheR¥dfCache/pFF 3L 0 256 (16KB/64B) I Byte
FAERIES & B4 A4
Hit 1oy 412 ® syeoffset Mux
Block offset
Word
..... 256
Entries
CERE—TT &
® ¥ @ Data

SRAELERESR SBERETSEINSEFHGR, HOSTERMTH MK
SPEC2000int(fii# 4 BHRMEZABRESHA: 0.4%, 11.4%, 3.2%

SEfl: Pentium 4ffjcache s i 2% ZAAERRI N AR
o A GAFHARTT LR AR Lk T T ?
o 4 cache RinAFIBMH: Bilgm:
;g 6AfL I BkYR Type What cached Where cached | Latency (cycles) | Managed by
% CPU registers 4-byte word On-chip CPU registers 0 | Compiler
¢ Pentium & A3 cachedFfift, FRAH: e Address transhaions t_n:-clu}\ B 0 4 ¢
§E§# - —#%cache L1 cache 32-byre block On-clup L1 cache 1
. L2 cache 32.bvte block Off-chip L2 cache 10
b HIREAT (L1Micache) , BKB Virtual memory 4-KB page M.\nunlrnh\n-' 100
- fB&BAF, BKB Disk 'cache Parts of files Main memory 100
- Z“HBLF (L2 cache) , AE 4256 KB~2MB Network buffer cache | Pans of files Loal disk 10,000,000 | AFSNFS client
L2 Browser cache Web pages Logal disk 10,000,000 | Web browser
cache Web cache Web pages | Remote server disks 1.000,000,000 | Web proxy server
(48GB/s)
% L1%#Rcache(8KB) Al BEERNEATRNENZLHL?
RABBITR TR SRS 1) SR R AR BB, TR
VIR AR, FTHER B A G T3
— — 3 .
BUrNG FB=UF BUAFESR
+ BIACacheft AR FFi I ¥ R E 1L P
— TR JR A 2 )R e TEAH
+ BIACachel> T X WK, CPUBEEEIRERICacheHBEIFR o TEEEHEANRETE
+ CacheflEFFZ MM R o B RN A NS
- HEwS GBS o M= | cachefT&5I | Pyl BEET
- SAABRBRAT (ZBAT) . Hl=FRRE | Hep ik Jioti et
- SHAMBKBLST CZLEBIBST, ARSI - Hk=F5:E | cacheIRF] | SeAbik o BRI
. mfTHRFCcachelhE? SRR AR, BR. BERA
- HKcache&F &, FEHHKN FE AR M- 3 M R
- A% Hcachei RQERILE) e
- RAGSEERIE, FRAHGHRLT b BRI
- RAEdreRE, FAARMEHAEA RN Scach e BN M R 2 o B
- GEBRL AR o B
- B RS Hcache-friendly 927 o TERERDY
+ Cachelty5 $imk Ml
- Write Back fiWrite Through TR REE

20



Trilas BURH B B BRI R R EIL

¢ BRERLOS)TITAHMET, MR
WAL PR, A
BRI

o FREESMEA— R PRt B
OSkEH

o CPUBTIERIT M RERER
SR PRI Z 4.

o EFHRANEEHOSRALE
7o B hEFEMOSTH P
B

¢« CPUBTIRAR, BRI

nER o RS Lo i

BiRfE, B, CPURENH 7
—MERBERIAMMU EEERE
(Memory Management Unit)
hBhOSTE AR R U IR

L, OSH MR HEAHBHE, FiMl, KTH—TEROHS.

83 —MARBRFREELEERE

ZHI" hello.c "C-HERF

1 #include <stdio.h>

2

3int main()

4{

5 printf(*hello, world\n");
6}

hello.cJASCIL AR R
# i ncl ude«<sp> < s tdio
35105 11099 108 117 100 101 32 60 115 116 100 105 111 46
h >\n\nintx<sp>main () \n{
104 62 10 10 105 110 116 32 109 97 105 110 40 41 10 123
\n <sp> <sp> <sp> <sp>printf (" hel
103232 3232 112 114 105 110 116 102 40 34 104 101 108
I o, <sp>w or I d\ n ™) ;\n
108 111 44 32 119 111 114 108 100 92 110 34 41 59 10 125

BRI EER:
#H“ hello,world”
printf.o

hello.e | P Inelio.s | compiler |hello.s |assembler|hello.o¥ linker | hella

p’:’g“i"’ (ce1) (ag) (14) >
source PP modified assembly relocatable execulable
program source program object object
(text) program (text) programs program

(text) (binary) (binary)

emory.122 J——

83 HelloEFFHPAT

Unix B4 B3 T H4TREFEhellofyshel 41447
unix> ./hello [Enter]
hello, world
unix>
HelloB2FP¥iRshE, HHLNEIfEERm T :
1. ShelBFFEIFRE" helo” PEFREAFFE REFRIEFH;

2. “EnterBIAJE, shel ABRAEATN MAH BFF, GinfsREE
FHIFRE hello” BIRA LIRBEE Whello BAR3CMF, HRASHIES
AREGFEHE (“hello, world\n”) MRS £ 1

3. sbEMhello ERFHIRSREITHIAT:

4. Hellof2/F#4  hello, world\n” 8 M =15 A EFF IR B H 7748, FHNFFHRN
HEIERE L

memory.123 200075126

H>1: Hellof2/F IR ILE

cru Red: shellfr44T4b#E
Blue: WIPTICHEINER
Cyan: hellof2fFhiTid 78

register ﬁle i
syslgm bus memory bus

: : “hello”
i T main

Memaory I t = { bridge |Si— 1 memory |“hello,world/n”

— 14
4} 10 bus KIL :'E:;En:g';is for
other devices such

<41>

us graphics disk as network adapters.
control adapter controller
mouse keyboard display F—
“hello” “hello,world/n” disk | HelloBJHTCHF

W helloBUEATIAEEA ? MRBA? BRI HUCEE BB R 7 7
Hellof2F R B A S IR EAT? 70 ELE s FIRRAL SO

memory.124 R

BAERRAERFRITERE P HIER

+ FEHell oFBFPATIERY, HelloBFARBAERW IR, Bord. MAMEFHRXL
BEHRR, TRKERERGRIKRSREENH.

+ WIERGR AN IR F R Z FIBA K — AR KR,
» MERARFHAEEMER:
- ARV, LUABIUUTHAE &:
GEE SR R BEIR, DAL B R A P R A
MFTEEANEREE TS, AP EFRE AR —-BERED
- WA P ERARER A RIERED
o BERGEN EMEAMHRME GEE. BEFHS. b SHBEERETE
- 3t (files) ZAOREMHRER
- BRIAEGERR (Virtual Memory) ST EFFRERIOKMRERT
- ¥#2 (processes) BRI, EFEMOREZNHERT

processes
i

wvirtual memonry
A

files
~
—_—

processor main memaory /O devices

memory.125 R

B, VA printfEET EEA .

Time

lﬁﬁ (pl’OCGSSGS) unix> Jhello [Enter]
+ HelloRBFFIEATH, HellofEF&UN (B3 . hello, world
- BrERERIRH A M S A unix>
- RLE B RTERIT A — & &IRS
¢+ HERBERGENBITEFN—FHhS
- —AREEMURNETRSHEE, ESMEFTRECEMGRARL
- LR, MERGULAEBLHIITREAETHIES
- RAERELIE R OPATRHLEIFR G L F X0 (context switching)
o HEMHETX
- IRBEB TR MO REMEL, Bl PC. FEMERNLIE. EENAR. BURE
- REPH —ERT LTI AR AT RN BT
o ETFUid®E (R, R RE MRS
- TSR EAEEAT SRS T, &—’r?’rﬁtﬁ@l&bﬂ%&&ﬁ LRI, %R
BRIFH TR LT, WS EERN LT

shell | hello
| process

FFhh, ShelBRERHLTRA
A “Hello”fFShell #HAT REEWH A
. OsfRFFshell R, I Ahellodti2
T context Hellogt AR ikat, BTRAEWA
SWIER OsPRshel AR ET X, HAshel g
~ | contexy HOTEERMEMERAYE, HAR
D ey MEAEANERESRIZAT, BTCLEATIY MR
. EENE.

application code
S sH2s
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T4 2% 5 7 (Memory Management)

¢ RYIRAEERRF, RENEEPEE.
- BERG CREREREF
- EEPITHR—NRPER
AR FHATFMEE, BEERREE.
¢ BERRASERF, RENEHRTAE:
- RS
- EF N APBRR
WRTEFERTUELIR D, W R THEERE LS MRS
110, HHEAENAATERRE. Hit, FESTESTEES)
B, RAREESEREATFES.
¢ EZUEBRFRET, FHEENRAPBORE— SRS ENE A
e RO RES HOSTHFNAT, KB KT i & E (memory

management),

memory.127

Memory Management Schema

o BRGEHREB MM EFNRRIER:

(1) FREFERFEKEK. EFR FRREFDE)

(2) SRR ¥e(Exchange) F R FIE % (Overlap) Bk
BRI TLTREREMIRE Pl E—NAFERBAAESRFIO)
B, AbFEARH— LIRS B, AFOSEWAIMMBRIIT, R
g A=k 2 FE A (B ik 1
4K (Partitioning)#14 T (Paging) & 38 #2 I B Fh L H 7 R
A A E R RN HEEARER. EEAARE

(3) RBHFEHE 2R (Virtual Memory)
EMUERAYTOFR, ERREFERE—REAERE, MEKMH HFAR
Demand Paging” , FESMERI A7 A LA B & W BEAT R «
BAEEETRT, SIAT BRI R .

memory.128 [

faj B2 X (Partitioning)

AA&KA X (Partitioning)

o HEAEMA.

- EAESREE KA LBNKFER, S8
AR S BUE K MR

B (Mpage) TISZIAFM 3T A RIS
(WiE/page frame) TRk

. RBAESTUERA R — R []u] [}
BRGNS AR TR mar ||

- W TE(page table) KL L PR HHE ]
#¥ (Address Mapping ) m
+ Mk (Logical Address) E |
- BEFARSHTH K ML n
«  fpEik (physicalB®Memory Address) :

— TRISGRQ SRR KRR A TR L Jﬁ" Jﬁ]m Ehhit
Ffl: REREH—MEENESHHEABINTF?

RS ORI MUY _
RMANGA, ERHERELE SN EERE BB TG

R BT/ Demand Paging” 7 R EAFHHAT SR BACK

o EFSER: « BEHERMHR---TEKASX  (variable-length partition)
- BHER% EE e Y L NINCE s Y
_ AR 4K 125K - A THARST, BARSEEMBNSEEENRMIL. HEBK, 7
; sax BBRNRARSEKRE, AUAKBORARTR.
o RBRARFER. HAKERSHEERSK
(fixed-size partition). 192K [
. S AMEEALEN, SEAT— ARk e e Rk R R R
MRS 2865 5 ez e e izt
B, XtTFRL06K MR T4 MI256K MK . =4
Fia e m“ a’ e a W e Tw- FLTV R
¢ Tﬁﬁﬁzﬁiﬁ&‘]ﬁ)ﬁx ,{&,‘] ath ar 7 EFN
- EXRERKENAR, HTRLE 3mK i T o TR ey
BREFEE. SHEHRT, SRS
R K/ T R AR T RSB0 5 R K ,
N—EE. 41 B 1) 4
FIL SRR R EA AT AR AR R TEUMTARAT!
| (Paging) BRI R G A S

o BEMEBIRI B A R RAER— X T
- —/H, ATERMBESREEA, EFARZIIRH
- 57, REEFNNARFER EFAERRER
o EEAEBR ISR
- BRI EFZ R RE S S it 2 P R ST

- BFUITH, EHRRERRF RN NBIERAN LT, HhERAK
WATERAERA b

- BAWATI, BRI R (RAREE R EEE) iR
b (R TRk ekt ik )

- EREBRFERIEWAREN, MRERAHTEFRREZ FINFBITH
o BEERENA RS SIREREIRIMELI, BRIBERETH
WEBRE, MR, HRNETINHR. FPREIE. Ralhikam.
BAALESE,
T AN B £ 8 P — £ F KMo

memory.132




N S puu. \ » memory
REFAFEAE AR IR 52 5 REFAHBHE 2 8] ettt * invisible to
kernel virtual memory user code
© BEAEMEBRRMET AMER
PLCLF L) ' user stack
G At 4 semim - O ARRE WREA, (crealed at unfme)
PP £ AEAEmR i
EY Yy RERGRT o BAEREANRMRIORE NS )
Ao 6.2 2 7] iibab -l e - OSfrfg MR B
e PR —B, Fouil G2E) i m memary mapesd (EGRN AN | oot () funcion
o Linuxdb{ER GBI eciesd DU,
......... (HABUNiXREE B KB, Horol
_ Al (Kernel) T B
A K - JF# (User Stack) é) ?{gg?}igi
- JEE (Shared Libraries) | - mahetp EO R
ﬂ‘pﬂf,fi _ i@ (heap) — {= al runtime oy malloc) m;ﬁ%ﬁﬂ%)\hn
- B’ (Read/Write Data)——» raadiwris data
- f\:gﬂ(t? d(R)‘fd‘O"'V Patd—_ " | loaded from the
- odel ——— > helle utable fil
presEw- pR— PR MR TR EAREAA | rea-only cods and data | T
BRRER? 5 o oranmmn, sadih™ "
- BACK o AYORE AR SEUZHETH unused
S— o XA, B B .
s p . L At
MIPSHE 7 FIE4E I 77 o5 70 i R a5 2

o FAMIPSEFE SR T IR T AR I
o EANTRAT IO AR e T e 4 AR R ik

HRATIER, ASIMERK. $p+THE FHfoe [ Slack

RN, AR Er R, I8 E R E R ¢

BERHHASE cu: ChimallocHiERE. BR) #iE

(heap) s K ] FEBEAT A2 BORVR IR (freel) T

AL FHEAR R, HER AL FHEARIRS, BWASIER L. .
Dynamic data

A JRTR%rSgp A sE i 40X 1000 8000, Ft16ffREE .

97 43 B 9 0x 1000 0000 Bjox 1000 fiff  39p—>1000 8000y,  Static data

B A B0 X M 52 B90x 1000 00004k FERATFI 10000000y, T

TRFR S M E 22 90X 0040 00004 FFEAFEK 0040 0000

#PC 1A #41E 4 0x0040 0000 pe hex Sesaed

XA HRE R (28 HhikEE!

memory.135

o SRBUERBREE, FHB.
PR (FERIUTFAES T R YRR h T/ Page”) MEK?
SRR R T X B R
PR FEfRZ M R 2
BB A AT, RO 3R R ?
TSR ZEMATHAT R A (5CachefTRISRIEHALL 2
TERWFALH, FREPEDRBLRFER?
ST R ) BUR )3 E 2
MRBERNABEREEE, BAK?
AR RS B WK AP AR 2

H=MRAEMES ISR
HHR HBR BIR

memory.136

DRARG

Virtual page No.

BRI AT 42

BEHE EELEAN
rFefEM )

Valid Disk address

Page table

Physical page or Physical memory

VY FEAE GBS AR Sl 2 (B #R R
SRR/ I U
ggﬁiﬁzrﬂﬁﬁﬁ%ﬁ@ﬁi&
AT A MBI G Mk i
BRSATP R RLR

A TR T BB T RS
Valid 4“0 $tHA“miss” (FRA
page fault / §37)
CPUPTIRS N, HARERZE
SR b = AF YT E AL

otk BCPUFIMMUSEHE

memory.137

-

-

Disk storage

Tl

HEREEEEEEEEE

FERERANELEH: £
T T I AR AR T bt 5y FF
FiCachetfH:
FR/PHiCacheBlock k8% ! 32KB~64KB
KRB Why?
BB AERAEIR GRF | Why?
F A Write BackB5k#! Why?

TRGH

¢ BARBHE-ATE

¢ RBTRFHEENL. EH (DI
B, FHESBIAL, VFIRRAL, %
WLEFFRL, KTH

o FURTRH RN RE

¢ FURERFDHEIHIRERRE
b2

o IRGRITR b 2 (BRI LA

(1) FTRFBARR, HTik— iR
BABKHEYREZE, REY
BAHTRITHEHZ

I EVAXRGS, S SRR
FE I3 =2 MBS
2, BSLEHW/IHTAR, NiE
ARBREWVE22ATNER. &

B, RAKKRREIBAE LT
RAEAK

) RETHHSHE, SIHESE

—ARE

memory.138

e

. bl
AR BEE g R KNG (@MW

L Lo n
§ 1 1 13
.} L 16
1aE 1 1w

AHE | "

FIPER A%

« IR TURIE R K778

« —HWR: FHEY AR, BEKS

s —HHR: HHMALKE

 CEBREERE: BB —EAR

BARG T, HHTER KRN RRAIER
REANF, HAFESE, TROERERD

- R (EE) R

sH2s
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18] & 1K (inverted page table)&5#4)

Tkt TR/t BUESBRE, FIAR
WS | | Ehk BENTEE, fTRERD

TS T po
(hashE B e e
P s m e
B
(hact TR
= #iES

TIES
i A

iR [Tes [ ot |

TRFEHT 0 BT TRAER

ST
18] ] T g g 47T

memory.139 200075/

AL hE R B 00 Yy B L KRR

PA Memory VA Virtual Memory unit of
0| frameO |1K —— Addr _— 0 age 0 1K "/melpping
1024 11K Trans 1024 1 1K
/ MAP also unit of
7168 7 | 1K transfer from
virtual to
physical
memory
BEIA O Y BT A 31744 31 |1K
10—
VA [page no. [ disp ] _—HV=0i, RAHRT
LIEGRIEAT AAccess
Page Tabl Righth}, KA&EPEH
Page Table 7 /Pf
Base Reg A .
v TR pRa ,--+ actually, concatenation(E 1)
. T is more likely
into . 1
Pe;)gle table located \frame no. \ disp \ PA
able in physical
memory

memory.140 20001F5/126

{5 BV I P T B A 5 B

TRRE AR E L
1) $® ( page fault)
PR Bvalid (HRAL /AL K 0 R
ABRIAbEE. MRS BBINE, HEAFEREEN, WM NERE—TUE
MBS, BREZEEMTFCache, RARSHE, FHWEKN, R
e dirty” N ER B ESHE
RELBLRE: AWHESCHIITHEE, ATEREER, LREFEEIR
TR GREEPUIT
2) R85 ( protection_violation_fault )
FHZAE: HAccess Rights (FEEUIR) 5 TR 5 i B Ak B A AR RF IR
AR, R LSRR WERTHER
FHABETRIE: LAHSORATHEE, LasERLIE
Access Rights (#FBUIBR) T fEIRIER (5 Lk ?

R = Read-only, R/W =read/write, X = execute only

memory.141 [

TLBs --- Making Address Translation Fast

P — WA B LKA FR? 0/1/2/3K?
EEHEEENTRIUEEICached, EFFFECached MITURITHR M TR A
TLBAAIEERT, WA Translation Lookaside Buffer or TLB (&%)

index, RfTag, BR
EMEEATagltt; & Virtual Address |Physical Address [Dirty |Ref |Valid |Access

AR, MBS (tag+index)

Eﬁlag)ﬁgg;y BT tag+Hindex | R TE S
i i TLB FIATLBHIE BIAFFE

virtual page # Iva}hd tag page f:me# olyes géﬂb vggf? "
SEHEIE x Physical memory
ETLB —
ETLBHIY . =
V=0 &
Tag#VA, ﬁﬁ_
TR Disk storage
ETRTH
V=0, Nk 1
5, e —
s 3 :
memory.142 TEREETagB? AR— 1 s

Translation Look-Aside Buffers

Miss1:
TLBHEHAVA
Miss2:
WHAEER
Miss3:
PA EXFH,

Main
Memory

{BAFECache
miss1>>miss2, Why?

BIATLBAH IR b 7
PRTHOEE!

T DRI R AT LU 3R AR 2t t

AEFTLBSKHAL (miss1)
Miss1HIAb3: BRFERE, HxEni2, W TLB ) — 5 R R AR
TLBA/N: 16~5123

HTRTEATLBS, LA, T
CERTT, AT R SR AR EE kb 1204 R T4-8B)
KEBAMR: PR, BhD BRATHE SRt 0.5-1 Bl E
STFIMAE S LR S IE T ﬁfg*; Olg;/oo’f IR
RIS A WU R TERE + 90~99%

memory.143 2000,

Page fault

20t

Z2H: =MARBRMHE
o SRARRSBK: TLBERK. Cachelftk. B
=R R A DL T BB RS BT

hit miss [ATAE, TLBATNRE AT, AXFEFLERR

.
Page
TLB | table Possible? If so, under what circumstance?
hit

miss | hit | hit |ATRE, TLBERAMERRWEEST, FREER, BMAEECache

miss | hit | miss [ATAE, TLBERAMEFRAHedS, f5EBIEXFH, HWHEATECache

miss | miss | miss |FIAE, TLBERRITEFAEGLK, BRAEEE, —EHAECache

hit | miss | miss |RATHE, JURGER, WHHEEAEES, TLBH —EH KRR

hit | miss hit [GE=

miss | miss | hit [RAfE, TURGK, HIMEBFEIF, Cacheh—EHEHEME

BEFHEULALZRNIt. hity hit, SR, FHEEFLK? FEERHER!

U EAEH, BIFHIEREMA?hit hite missfmiss. hit. hit REHHEFLR
U EAER, BRFMBELRMAA? miss. miss. miss Fiama. HHHFED2R
N FRIFMBIFZ BRI RAA2 miss, hits miss RFWHHRES. HHEEDS2K

memory.144 200051126112
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Virtual adgdress

(= Putting VM. TLB. Cache all together
e | . e [T
e fz l—l—l’)
——— f _
AL VA->PA [ oo N |
WRIEPAV HcacheER EFF [ G e e | scheindex [ Cligot | | offao
+|s \l_s 4 1_2
i = [ P pagys browm sk |
I [ UpdstsTiB | ,Ij?iﬁw;i\, ]
[ i Yo Fing wictim
- page and write
Cache nit (T § e pack o sk
= (T3 5 10 b T S 0
43 A4 B =X He g BB AT 28 A MU b BR AR
o DRRGMEA
- R BN, TS, BN RESBORE AR (ANE TR | mwe —— i sy
e \ . Bl i+ B s
- Bk BTHAREE DHVHLE, BETHESHI-— BB SR 28|
B GE. BE, BPAESETE g e e
. ABERSKSIL ; ' v | = aax OB | am
- B RROSHEFHESHERRS A TRNERR, —MREFHEMUE = C I T s
BASASREA, REEEROGE R R TR S MM 5 . e g/ N N T — (e
Chidw, R, TR, BEE. KA ' s = dnk
- BERWHBAREM, ETREEY. SERRUAREREHEETE 1 e e
- BEERMSHER AR AR, DRRREAE, PRI v Faults (SRHEIR): o
- NBRGHE RGP NBKRIS, SR AT MR BRAER S BB (B «+ BAM=0 N
e, WL BE R IR, SRR RARK i
- BRAJURIA PR —DTHEME AP VR R AR IR
- EARAS RRFNBESMTRE TS, BT B AR rame
RERK (T4 TR RS REHN)
BB A 28 P Hh bk AR 50 43 B B T 1 bR
: o FBRREMRER
Wrrs By Py Uk
P - P BMAREEAN RS TN, KREESEMYE, 5THE &
[ordo] oo ] e | gt B, BHARY, ETSURFLE, FRAVNR Ok, 5D B
; ?__‘ HFTBKE, ¥ EHAEUERHAEEER
" 9 [_sa=n | - B BEETHA, R, RETE, BREK STHSRERKSR, B
o . BERMETHEEROBRIN, FIAM, BHRE
1 a0 Bl —MREORHUS, W —MEBR SR )
B v o R 2 ¢ B RS A G
- “L - B HRGA. BESERNR, BREAT BAEERURINEALL
— - EEE B, TURALARE R = B
ma | e | #ow | @ | - BREARZ (R #BTHEEMEn
: g - BEBMNEIBRRNEN SERMANNTRE, BATR ARRETH
e i sl R i HEM TR A TR A O TOARHUAL , 05 8 BT PO SR

memory.149 2000475112611

memory.150 200045112611




BRI B U7 i 4% X k2R

[8% [#5 [eras | Aems | s
¥

y
EZWMS | Witk | Titiht

B wFEa
Bttt o

BriRsatit o

B U B A fi s Aok R e o B ]

memory.151

(A% Pentiumib B 32/ F-ht 5

BB RIE
o MEE(LENFAE): HESRARS
o WAR(FEETU): RE320L/ 164% / SALEFFFRE
o THEEITMbI ). REATHIERE R
EEEHAE => REHIELA (=> A7EMbE)
B 4R
BEPHER:
(1) BFFRESR (BREHEREH)
(2) 8632w EA (BREHD
(2) EutFraEs (HBAH, AREMFFEREDM
(3) Aehk A Fae (HELH, RESPAMMAERBRATERET. )
* 7 el AR ab R Lol dg ik
% b A5l As b i B SR LA HL 45 TS (1:84 / 2: 1643 / 4:324% / 8:644)

memory.152

(H%¥) Pentiumib3 8834k

Tk Bk

DATCIRIRTY.VNESE (3] BER=A
FAERE G 27 A2 AR 10 P25 0 B 50 A= (R)
Wi B (b b iS ALY H8/16/3247 i f5 ) LA=(SR)+A
k(o bk BEY H ERE 2540 75) LA=(SR)+(B)

( B2%) PentiumAb# 3 H /2 6# 28 Sk

At

SS

BT

T HI T
FEhEHAARMFS (4l U ) LA=(SR)+(B)+A ! 1/2/4/8
VA S (4 4217 1) LA=(SR)* (IXS+A BURTI(BUlIE T ) = i
EhE AR RS (A Vs 1)) LA=(SR)+(B)+(l) +A —@— B}ng?ﬁ
FENE A LEAA AR LA A e (24 U )) LA=(SR)+(B)+(I)XxS+A
ARXF (R R4 b, R diil) R HhE=(PC)+A TR
BB
Sk
BRI B AR S B R R BE A SRR
o HARTREDT o ATHBERENFARRPREIR, BIHFAHEH U T =MHESTIE:
- WRAEFPSERFRLTR, LR ST RN ERYE, RE

FAEEY M EMEFREER, NS M EFEATERRY
¢ RERGEFNAPEFSRERY
o UTRRREFHRHE
- R CERBBIYEHIET R T TR
o VHEERL. WERP. RSP
- VHERAL G RERAES BT o7 AR )
« WEPEEMR
o VHRENBE
- BIRBAHRER/WERRO; FEFBARERERRO
o BEARKRP I
FsE FIERAF R 8807 R T B CATE R MK ML EX
- WTRESFMXNER: TETE
- MRERROFEMWEMBASHFR TERTT
— XRBEBOHEE WOSHB. TRE) « Ak

memory.155

- XREDFHMEBITER:
o HHEHER (Supervisor Mode)
AT B RE R BT R AONEEN RGHEAR, RN I (Kerne ) BERE, 3R
(Supervisor)#fE. AT RGN AT 3BT AL R BIURR 4 B R (Supervisor
Mode), BHFERFRE, MHES. FHE, BOF
« AR (User Mode)
SERAFSRIE R TIRR KRR P R, UREBTH P HEN, LBEEEIBE
RAPER, RERARE. BREFRE, RHEERAE
- E—FHCPURBTRBHRIAESTARBA P HRE (R « XL
RAE|IE: User/SupervisorlA L, TEEHEE. TLBZ%. OSHET ALY
HHIES (—BBAERRS) REXLERE
- REHECPUAEB TSR BN EHRMNLH: WA BB (RGEWR
D CPUMWA PR PIEEBER: REAEFHEE RS (return from
exception) FCPUNEELRAFHIIM RS
o B BB =R IRTURREEOS ML A, OSHATUAEH K, FHBLA
PHBRRERRR, kA #ER R EOSAMA MFEEZ R

memory.156
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AR P B AL AT A A X A AR

o LB SR LI

SRR R R R A

. ERRTR: e

- W RSB HUE S
Y.

- B BRI SR [ BEE |
T, ERFRTER BN il
FTHIEE S . BT SR . lBEE|
e R sl v s

. BFEELLEMNEELTME & Ty

I L) SesEBLA e I

. EENBERARNBLETRRH | o ¥
Wi, FSBLEUR

SRR AN, BEFRA, WHPBFET, TUVEBT

SR MR R T7 BT A AR T

¢ BRFHFTR
- RGEATBEELRE— MR @
- AR RERFN, RBEHRPBENRTELBTES
- BHRETH, BEFREFERTNREFRD N HINE GFH
BATER, MR A TR R, R 5 RER
- AERBRRBERERG R, REANRETHREA—R AEBFSH
0, WEMARHATENTIE. i, MEREFRIRFER, HUmikos
HEFPREEHHEL0
o FR TR
- FRTERBEHEEMRSASMS L, ERAHRFAOIR
- BRAFMBREFRAR, FMIPBREE
— WIRERRA LAVS SR RSB 2E W, TSN AR i R A
REHBHEFEIRE, F50, WHARERBLETIF
— PentiumEHEFE

B

o BRFERERERNEFEZNNEEEENG, WAR—HYEFHER

o BINBRIERSE, EEFATUE-MRNERERAEEE, TRMEETRE
FEERBEE R

o BWFEREAETATCER, B-BRFRAERE, —MERERS L

o THIR FRAF HCache-MMERMREAR S

o RSB, BN TREIEEMI YR, B

o RITAGEBHOSSER (cache missbH hBEMESZIL)

+ RHWrite Back’S 5

o TRFIEFRBEANL. WRGR. EABR. B, R TES

o ZBERARTRERTUREFFBRKCached, FRAREKTLB

o BHHRR. SBR. BRASMEEER

AERL

HRRBINA %
BAERTAS: Bl WU, HE. B
A RS A BRE. BoLE
BEETER: MRS, Rik
BEERTERI: Bk EHK
CEUIRA RS FE. Cache. I (WD) « B UMD
. B R

- EEMRENS. AEMNEIR, MEAREIER, B5CPUEEINER
EEEEIRT, MBS ERETN

o WGBSR
— ETF PR PR I S AL AR AR A IR R BT ML 097 #AF R~ Cache—~ £~ M~ i WH
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