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%45]. SPARCstation 20's Memory Module

‘ SPARCstation 20 B I e

Memory
Controller

h

SIMM Slot 0

SIMM Slot 2

SIMM Slot 1

SIMM Slot 4

SIMM Slot 3

SIMM Slot 5

SIMM Slot 6

SIMM Slot 7

Memory Bus

—
FEfi A 22 1) 58 BE M 12841

/DRAM SIMM

DRAM

DRAM

DRAM

DRAM

DRAM

DRAM

DRAM

DRAM

DRAM

DRAM

IRV BRIE B RAER — PN E T

memory.37
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2445 SPARCstation 20’s Memory Module

¢ one memory module (HWFE4)
— 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

A A5124TX51251, HABAML -1
BIRIS0 R WIRATRIS8AL, F£16x8=12841% DRAM Chip 15
. 4T |<— 512 cols —
2 IR o 2562K bes
ropnE . o = e
migae | | PRAMCHO o AL One page
4 - \
—fER 8 T \,
79, % o 250K x 8 T 512 x 8 SRAM J
frihiAg D =2Mb 17 g . =
=1 l =T Its bits<127:0>| _ -
I T
__—>{512x 8 SRAM - emory Bus<127:0>

~

164t F BIAT G2 AT LAZRAF 16X 512X 8 F 8
LCPUT A —HUEL N AFX (BP: fTHUBEAHRED B, "TEEMN
ITRMPEEE, TR AHSRAMSERL, &R !
CachefTIRERMNAFR—HRELX, S —Ebl, XKHREER T

20104F4 H5H AW —

J= g 7
frEn \ \tlit’sgz:ibl/ -
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PCHLEAF 2% HIY) BLES 1)

o EAPAE IS T TP AL Hanadan

* PR IO FEIE T T
25 FrDRAMIES H AR — 4 i B AL A

& NAF S INHETE F AR BB N A4 1l T A4 e A H

¢ HETHATH ZDDRAIDDR2 N £ 4% -
— BIRAXNFNEAEL, FHoAd S5 E NP TH
— DDR4&H 1841 5|1, DDR2F 2401 5|

— PCHLEM H — AR A %13 21 841 DIMMH 18
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A O MICPURJIE R

o HEURLERE
— HhHEERRIERR
o CPUMLBLZR R E T BN R SHEERE, Wb bk 5 | Lk
%, BEHATESRIY B, NPKECPURLHES: AR FIAEAE 5 F Hihik 26 45
&, BAESHAESRY B EG S ENE; & Xty R K
- BIRLEHIER
o CPUHIRE&H I E T — IR ERN & REIERE, MLAeEs R EdEs
&%, BEBCPUSIIELER 2N ITHNT RS HY, YV RBEW
PS5 CPUBEE B A%
— BHIRER
o INRCPURL/IEa4 LA O R/ BEHLEE—R, HBHPES—
H, WrHBMEE. HCPURI/IEmSLns T, WFESMNHITERE,
¢ ROMXFIRAMEK f1%143
- EHEZEEFEROMARAMEKX.
— ROMEX HRFHBIOSERAIEFE, EHROME FHiE; RAMX AT
HPRER, EHARAME F ik
- BEEEES R PR ERN, BIGHEIFROMX FMRAMX F ks Fl
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2. CPURN F 17 IER

CPUHEH-Z8A15~A0, ¥IELD7~D0, WRAR/EEE, MREQAWHIERIEE . 0000H~3FFFH R4
FFIX, 4000H~FFFFH P RREFX . F8K X ARLROM: i MI16K X 8ALRAME: it B iZ /i es, ERitHH
WFEEFE, FEBROMG A . RAMD F5CPU%EE:.

N ‘ ROMI Fy Y R iEf5 5

fi#: KI2J0000H~3FFFHARSEREFX, ROMX EFINLEZ00, K14467 4. B =AHEE .
ROMR K/NAg: 214X 81=16K X 847=16KB RAM S B I B
ROMS ¥l 16K X807 / 8K X 4hL =2X2 =8, FH MY B2, May B2E 5 FH 55 1 P DL JE
ROME: i W HBHEAL BN 1347, IEBICPUKL3MHibEZkA12~A0 B, AT k2
BRI 5 4000H~FFFFH A B A FEFFIX, RAMX EREALZ01. 104 11, K146 44%ME.  ELgGmiTR?
RAMX K/pA: 3X214X8{7=3X 16K X 8fi/= 48KB B R A
RAMBS Uk : 48K X8AL / 16K X 8L =3X1 =3, FHM LY E3ME, A EAT RB. SHERES, #
RAM i W BBHEST #1447, EBICPUK 1440 HbEZA13~A0. SIS gL !

|71 738« j‘?’ﬁ“/AW:&F Yob a

EFROMG H B2 —qQ Gz Y,p q )

b

FAROM: F R MREQ “\15 B P L o

A, AREE, 0 A 2 )_|| —'>°—°D°

T RERR, T AL 11X 1K 001 000

S A, —

F%: MREQES | | B = - ]

MR AT el i vl oy Rl g Il | R 2
N S I

NA (R B, E: - \

RNEFERRE. D, H— \\

D, : A\ L
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r

A ;. frfifae 5 CPUR B Z BE AR UK

100,000,000
10,000,000 - N —&— Disk seek time
1,000,000 - —— DRAM access time
100.000 —&— SRAM access time
—0— CPU cycle time
N 10,000
- 1000 1 FCPUT AR
100 - e, NWAAEELLRIE
——4a (E1~2AH B
10 A g, AERES
[l NAFE S, CPU
0 A FEESR.
1980 1985 1990 1995 2000 2005
M EETTLLE B4 2 fiEE N A7 VT 1) A8 I FE iR =

DRAM. fE#5CPU 2 |f] ° %%iﬁﬁﬁjS:% 13K
P B 22 BE AR Ak ! o KH ZERIFERTAR
« 7 EFEFCPUZ AN A Cache
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P E DRAMEfi 7 & 1) Fa T

o2 —: XHGHAAFATEM, RSO A5 HEE
REZREH G AREZHSTHRAR, AFRREERH
AT4T V5 1R)”

DDR SDRAM (Double data-rate synchronous DRAM)#H

DDR2 SDRAM
o NEE R aETE AEEE  feiE

=100MHz =100MHz =200MHz =100MHz =200MHz =400MHz

DDR SDRAM DDR2 SDRAM
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1R E DRAMAAfi% 28 1 B 107

* 2 BREREEIR

29 AN B TEAE AR R T AR

RespQ

=]

A

Memory
controller

-P‘I Buffer I-i—

¥ L Data

U_l[lllllljﬂl Ll.ll][l[l[ll]‘

DIMM(s)

¥ Commands

Y

Data

DIMM(s)

CPU

Processor bus

/0 bus

}

| I/O bridge I-‘—b

Display
adapter

Disk
controller

Network
interface



IRVTFRERZ —: SRR

= P hichl

o ZIRIAER A S PSR

/ —?
~- RS | | | |

& TN IMEL R
St F M b 25 77 BEMA RFI IR 2 /7258 MDR I I | |
ANRETR = B U ol |
— WO
EHEAE AN ORAMETE S |
PREMAT e/ B Hl Rk, Hukg7ES PERD J Hihk 2 Fn B £

F T fifd3 5598

RE R N BEAT PR B 132/ LSS [ e
— TP
EAEAME o | %]
FMEEH B CHMAR, MDRFIES o % 4F§ B i ny . et
AT 2 R — MR AR R 17
B SR PSR o o N N R
ARAE AN [F ) gmtik J7 =Rl 43 A # -
S Ym AL X gkt
, —| EEE
BOESIFHES
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HE S gl 2 B 71 2%
Y Huhk R AR
MAR | ‘@8 4 Pyt

bk 7E ] — R SR
DT, PRESEGAL”

Blan: — MERPATIER,
71— AMEBSEIIDMA ],
AR A AR B AL E

R NEEAS B TC T 46 U il
Ja, REEAE R — R T
seEREA BRI T —4
2911 4 BERE R Bt 2 ?
EEN AT !

¥ ¥
MAR RAW MAR RAW

0000 1000

0001 1001

-,

0777 1777

MDR MDR
O R
AT E BRI AEAR

FO00
FOO1

Tl

MDE

BT

memory.46
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AL X G bk 22 B ERAFfek 2%

B A 5L TF A —, B A Sl S B
ViR, WRTERT Bl | =5 N
LU BT MR D 2 [
UL S TIE
MAR MAR MAR MAR
00000 ooool 00002 00003
0ooo4 oooos 00006 0ooo7
— 00010 ooo 00012 — 00013
37774 3775 37776 37777
MDR MDR MDR MDR
%Oﬁﬁ%l %ﬂﬁi}i %Zi‘ﬁﬁ%l %31:;%@%1 I
A PR A AR
T SRR SRR S

FATTEBAI .

memory.47
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Increasing Bandwidth — Interleaving(3& X)

Access Pattern without Interleaving: CPU |+ >| Memory
e |
1 I
D1 available I
Start Access for D1 Start Access for D2
Memory
S ——
Bank 0
: : M
Access Pattern with Interleaving: > Bzr:ﬂy
[ | CPU |
] | Memory
"|LBank 2
N :
| Memory
| "|LBank 3

Access Bank 1

Access Bank 2

|
Access Bank 3|

Access Bank O

We can Access Bank 0 again

memory.48
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far

Ty »
S$ 1

NG

o EEKEME. B8, LB BLL

— CIZETT | Gehb AL [ FEAEERAL [ AR AL [ HLA T

& FREARTR

— AHEAFEOT ) B R 1 AT S 1 oA 1 ThRekR

o ERETFEESEENLYT Rk A5

— SRAM : EEHR, HE/D, AJHRENEEFES
- DRAM: #EEE, AEKX, AEER

¢ RAMD HAZR:

- TERERES: $AT. FIHE, Rl AT RS st SE A B

- HhbRERD AR AT, FIHBHEREAD A%

G, TR S AR AR RS

o A AR B

- DR PWKRHATES, TR EENETFHR
- KHAZEIIFME, SRR

— 5| ACache (F—H¥HITFEANR)

memory.49
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B mE S A 4% (Cache)

F E AN EKE
* 2R IR B R R Ab e
o B CachellHlFICPUEA T AL 72
¢ Cachefl 172 B FBegt 7 =
— EHEEBRYT | AAHERBRYT / A AHER RS
¢ cacheFEFI A/ P EFE
¢ Cache®B# &k
¢ cache-friendly &7

¢ Cachefl) 5 KB
— Write Back F1Write Through

¢ CacheZ# b7
¢ CacheM:gevH
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What we want in a memory

B HAT A, B&T @A T JLMEESS:
Register, SRAM, DRAM, Hard Disk, Magnetic Tape and Optical Disk

Capacity Latency Cost
Register <1KB 1ns $59%
SRAM 1IMB 2ns 5%
DRAM 16B 10ns b
Hard disk™ 100GB 10ms ¢
Want 100GB 1ns cheap

* non-velatile

PR AR K R — b B 3 A A AL B A 1 4 e 7
RIS — Pl as, AR ERANFHE!
FISGEE MR R, KA RS SR EHILRIA AR !

memory.51
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THEHL P AR H)

NI
X
N
3

B 7R A7 HYUPF [ WAIRE
1 ns(0.5~1cycle) T <1KB
2 ns(1~3cycle) cachefEfi& 28 1MB
10 ns(10~100cycle) FHEER(RAMATIROM) Wﬁﬁ%%ﬁ 256 MB-1GB
10 ms (10~100cycle) SMTEAESE CRREE. BEAL. JBED HNFf 7% 40GB-200GB
10's Ja & e (RGP, 6D 10TB-100TB

o Srbre R, RARS
- hIREMERIG, BFMBRANR—NEREXGM, BHRME, i TAE
° Iﬁ;i‘jj%
1) CPUIEITHY, TERIERIELCRIL K B Firan
2) WIFEN() AP EN(fF) FdEm, sSEthlmlcache, WifE, EXHcache
3) tEEVES A fEcache, M5 HIRAM, MWZERAMS, NIEXHRAM
4) MEEAERAM, W5 RAER, #BRAEFMERHEHE —~RAM —cache
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Al Bi: AESEAEE AR T RAR R G

hEETFHE B
BRREGMNLET
IR L

1, WY AR
2, REWKX

3, FREUATTE]E K
4, U7 in] 35 B

(BT

Traditional Memory Hierarchy

2010%F4

ASHZH—




DAt a5 0 BAE R G514

ke —#8 T WX,

H4AE“ Disk Cache”,
F T 17 80K % 2 1

i BRI \

5] N\“Disk Cache” [f]
U4k

(1) B4 " 3
1T, DA G A H /)
(2)F Lerf [A] 45 R 438

5 5 [ £ 2 Hi ] AR

S T VA Contemporary Memory Hierarchy

(DG
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ERA g B 458 (Memory Hierarchy)

Lower Level

To CPU Upper Level Memory
Memory

Block X

From CPU R - Block Y

Bl B RAEM LW R Z M B il iR
Upper Level: FEEFHCPU
Smaller, faster, and uses more expensive technology
Lower Level: FEEiE&CPU
Bigger, slower, and uses less expensive technology

® Block: f/MEEBAI R —NERKIR, HNEIA
B AT AXFERWEGHERERNI? FEEEF “F/Eg G2t ” !

o A EEHE (Temporal Locality)
& X WY )i BB TG AR AT BEAS A XA i)
g ks YT IR S B IR B AE R CPU K7 A 28
¢ ZFE|FHFME (Spatial Locality)
& X WY ) 3 B B AR U BR TG AR FT REAS A8 V7 1a]
. KWl U5 el ) B T AR IR B T 2 SR CPUR 7 il 2%
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i FEER 2 =: 5/ ACache

o REMAEFPHIZITE It 4s REH
— TERCERSIRNEIRR Y, R AR kAT A 4R R AE AR 28 B0 — MB/DTE Bl A
— XL R N RE U ) i R
o FERFEA VR RERERE KRR
— 184 LA, MHbELS, MAEFERETREFRERRT.
- B BN, BHTRER. “LFUIRH
o FEFFU5 1) R ER A 20 D 2 1R) )= A 04 R i 1] JR s
o ETREFU R R AP 1) A7 22 5K Be PRE A5 21 iy by
— HECPUNEAFZAIRE —MRENBFRIFHSS, HhBRAFBERGER (B

BUIRD WM, f RPN REERE, RESHEHLT, CPU
A BN HE P IR S B, AL H £

XN EEEAENMN T EHEFMCPUZ B Cache! -
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Typical Memory Reference Patterns

&
- O MR T A TEMPORAL LOCALITY —
sse o If an item is referenced,
it will tend to be
referenced again soon

SPATIAL LOCALITY —
N N If an item is referenced,
- . " nearby items will tend

to be referenced soon.

fime

M TR U !
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REFP I SR ER I B BE 254511

R S TR " sum = o;
. for (1 = 0; 1 < nj; 1++)

Xt NG 5 2P sum += a[i];

\ *V = sum;
10: sum <-- 0 * BFIELYIAN
11: ap <-- A Aﬁﬁéﬁ'aﬁ@@#ﬁfﬁf ZY;, B0
12: i <—-0 HTEATFH
13: iT (1 >= n) goto done o FEeAFNEL T
14: loop: t <-- (ap) A Hal[i]pvin EHENERY
15: sum <-- sum + t  Rdifrrsumfl TSR

- — 5 A Bret R 2 Ay By R

:33 ?p :__ ?p++14 AR LTRETRIE | o sum, ap i
18: 1T (1 < n) goto loop ﬁﬁ?%\iﬁ
19: done: V <-—- sum  EdifEEf (e = Bihhby Vﬂﬁﬂﬁ’hﬁ

) R 84 R BHE B Bt ) B35 1 R0 = 1) J= 3 o &% B AR B AE WA B 2

F4: OXOFC (10> —~0x108 (13) —~0x10C (14> —~0x11C (I8f —0x120 (19)
ENEBA, E-BREAR-EERmx L NX

BWABITIES, BIEA NSRS NPT, SRR R R T
Big:. RAEBAATHEF: 0x400—0x404—0x408—>0x40C—......—~0x7A4

BATTRIZINFAR, WINPT, Pril, 2R R
BABATTRAPIT LK, BB E m .

BACK

20104F4 H5H AW
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—

REFP I SR ER 1 IR B 254512

ANREFARNBH, WR— X EAHASIHRZ R FEEE L ? MNEFEHER? ZEsumiizth
JRI BRI 1R] SR R AT 2 TR R, for IR )2 8] J) 3 ok R ek 1) J3 o 4] 2

= . 18 & B AE TR 28 TR 3 AT AR S8 I e A
FEITBA: M=N=2048F} 37275 7

int sumarrayrows(int A[M][N])

{

inti,j, sum=0;
for (i=0; i<M, i++)
for (j=0; j<N, j++)
sum+=A[i][]];

return sum;
}
T BB: ALO] 101
int sumarraycols(int A[M][N]) A[O1[1]
{

inti,j, sum=0;
for (j=0; j<N, j++)
for (i=0; i<M, i++)
sum-+=A[i][J];
return sum;
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REFF B R B SR 2 25451 2

TP EA: 8§2§8
inti, j;.;l:lm:O; forfE®rik
for (i=0; 1<2048, i++) 0x17C

for (j=0; j<2048, j++) 0x180
sum+=A[i][j]; 0x184

return sum;
...... .
0x404

T BEA T B 18] = 350 ek 0 22 1] = 3 ek o A
(1) #HAHA: Vi AHA0][O], A[O][1] ,......, A[0][2047];

A[1][0], A[1][],...... A[L][2047;...... 5ERUGRF—3, giggg

s 18] JR R A 4 !

B 4 AT ]85 B I — K, BT AR IRtk 2 |
(2) Afsum: BAAEERE B2 A R

YRR E YT Fsum, B AL 7R SRR 1T | _

SRR E fRAL G

(3) forfsRIE: TR S BIFELAR, RO RI | o hr st i

RAEEHH FIsum
TEIMA R & S T H $4T2048x2048K%, it LA 8] & 38 ML i ! FEEFFERFH, &
Ja A4 BBl as !
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REFF B R B SR 2 25451 2

& - OXOFC
e 0x100
inti,j, sum=0; forfE3 ik
for (j=0; j<2048, j++) 0x17C
for (i=0; i<2048, i++) gxigg
sum-+=A[i][j]; X
return sum;
: 0x400 A

2 P B B 1 I 7] e 308 14 R 2% ] SRy 0 1k 431 00

(1) FAA: V7P HA[0][0], A[1][0] ,......, A[2047][0]; OxCO4
A[O][1], A[1][1],...... A[2047][1];...... EENIREAR—E,
FIRBEIL 204843 TC, FHATHBAAL/NT2KB, B 25 A R s ik |
(R FE M ZE, REFA)

(2) ZFgsum: ([HEFA) SEfRiz 4T 45 B (2GHz Intel Pentium 4):
(3) forfgEik: (RFREA) FEFA: 59,393,288 B4 & #H

FFB: 1,277,877,876 B8 E A
memory.61 ‘*5%}_‘?'6\ Hj%%}_‘%B‘H%le 'f%” 201044 /5 H 2



Cache(FiEZAF) AT AR ?

¢ Cache2—M/NEB&E
' HSRAMA %

¢ CacheHE#HIWEAECPUL AR, HEJL
- 5CPU—FER

o FEFFIZITH, CPUME A —E2 BilE/+s
A ST tEE DI fECached, Cache
2 R E AP 2% P N AR B S

¢ HCPUFREMNNFIL(E)BIRETES
i, K Cache, EH, BMEZEM
CacheH 2HL, WA U7 n 778

o). B2 SCIN Cache L 75 2 g Rk L i) 81 2

GnAr] 43R 2

FHEH A Cache 6] 1 ] B 2

Cache @b, BA&Fp?

B $r 4R I SRR ARAIF Cache FT MM ) — B0k 2

za i E R Hu b B ARy CachetitiE? ... ...

FHEDRETRAIMEFRER, #RAEF
Bi(Block), Cacheth#43 BiAH [F /M
B, #KACachefT (line) A (Slot)

RIEE AR

memory.62

G LIBURE

Cachefifit2s
4 9 10 3
EHEHRIEME B
10 || m#ECachefEfig2s
T
0 1 2 3
4 5 6 V4
8 9 10 11
12 13 14 15

CacheXt &7 A (ghiFes) 2 /iEH? 4?2
EH, ﬁ)?J\ (ﬁw%ﬁ)ﬁ:ﬁglﬁﬁkﬂiﬁﬁm =
RPN IEE T fECache 2 B AAEB WA R B

2, #CaChefATHL 0 F4#h 54 5% GFHE4F!

2010445 H 21—




Cache FJ#/EILTE

PO AR

HEPATIE SR
T, SEIESH
EEHIE!

un R V5 B HfE
B AfEcache

BRI ER
KEL(miss)

BRRALHE

Receive address
R A from CPU

1s block
containing RA
in cache?

Access main
g memory for block
containing RA

Vi
5 BAE

cache

Allocate cache
slot for main
memory block

Fetch BA word
and deliver
to CPU

|

Load main
memory block
into cache slot

l

Deliver RA word
to CPU

DONE
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CacheBt5] (Cache Mapping)

o fFAaRCachelIBREfThaE?
— V7R B )R X B R Cache b, Z%iR | Cache {4t ?
— Cachefglt D, A EFIWUR 2| —ACachefEr
& UATEEAT BT ?
— EEFRITBKRADEER EFT (Block)
— CacheffFBl— N EHAFBIN N ERALFR AR (Slot) BifT (line) Bt (Block)
— W EFFPFCache I LUT =Fp 07 it 47w it
- HFE(Direct): AN EFHBLE B Cache [ 8+
o &fHEBE(Full Associate): TN FHRBLE F|CacheFfEEEF
« ZHER(Set Associate): AN FAFIRBLUN 2| Cache ) [E & 4 K ERE
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The Simplest Cache: Direct Mapped Cache

¢ Direct Mapped Cache (EfHW i Cache)
— BEFRE RN 2] — € i Cachel (17)
— HWHREIMET (Module Mapping)
- BUKARA:
Cachef5=F75"5 mod CachefE%k
2445): 4=100 mod 16 (fECacheitf 165%)
(BiBH: T 100T N BN BCache )54t d, )

& KPR
- KHEL, e
- LHFBBIIR G
- [EABRE, CachefFEEMEAZ LA, oK
Flan, FREAEFOREFIGHRFNLFIZICachet iy, HTEMIEAGE

HilF|CacheZE 08, HlffiCacheH BTN, UH PN EFIRAGEEAN
Cache. XS4 E K CachedEA.

SKIP
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BITREAT VT ) ?

+ —
S S Cache AR R EE

iz HIEWUE ) Cache HEAURE K] W EF#ES

Wi AR T

Cachex Al #&Hu% CuEli

E WAL 512 1 H

0 thi¥

Cachek/h: 2B=

—8K F=16/% x 512

%/l ~ E S

KA 2205 : \‘

=1024K F=2048%k - 0220CF

X 512/ B / 15 1 ‘\ 1 B

—— g
/ 7 4L

Cache#rid (tag) MR | v

8 %) N AEE B B FEAF bk :

LA PR = N 5

= Frtag fi iR R T e

EE‘: tag E N AVA Cac e%m y{mﬂﬂ

e 2N T ol 20388 |y
2461. fRxECacheky
Z=, W X0220CH —

0000 0010 0010 0000 1100B5E 1B+ 100015 (BIEE17H) HEE124 N8 T !




Cache Organization: Cache Tag and Cache Index

o BUE AP R 3247, 12T gk
¢ fBECache£H K/NA1BHEEMEf Cache
— Cache Index: The lower N bits of the memory address
— Cache Tag: The upper (32 - N) bits of the memory address

31 N 0
Cache Tag Example: 0x50 Cache Index  Ex: Ox03

Valid Bit Cache “tag” @ =757 ﬂuBﬁgdeMa
Byte O 0 @
Byte 1 1
Byte 2

@ =1%F7|1 0x50 Byte 3 3 —
Byte 2™- 1 oN_q

— P T A RER M R A AT Bed
- KAMAZRFESE: REPRETF T AATREGEN, BEAHREICache
(FRIAAR—RERBRAF 7! )
— REMRBRIK, BBR/NMEBS 2R —4CachefT B EAF S N
& A] DUHE T 38 RHR /N RA H 25 1) = B
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Ex2: 1 KB Direct Mapped Cache with 32 B Blocks

¢ For a2"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 = 2M)
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
Byte31] * " |Bytel |Bytq0 |0
® |1 0X50 v Byte 63| - * | Byte 33| Bytd 32| 1+—
2
3
Byte 1023 " Byte 992 | 31
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Ex3: 64 KB Direct Mapped Cache with 16B Blocks

¢ BEEXFMCachez BRABEEBA T, KN AH16B. CacheIFIEXEEN
64KB, FAfrittA3247, #MFTgmbt. BR: YA R4, Vi RE R

ﬁ:iiﬂo 31 Memory Address Byte
I I |
Hit Tag @\ 16 412 42 2 @ Byte offset R G/qu )
Index )8 Block offset
16 1
. e Word
vV tag data 4+
| ® ® p [ ] p p 4K
Entries
J16 J32 J32 J32 J.32
(=
IEER!
( Mux )
;|: @ \l\32 @ Data

HER: CacheB%/MT? RELK? I (64K /16)= 4K 4T
memory 69 2+ E 4KX(1+16)+64Kx8=580Kbits=72.5KB Hi#fi 764KB / 72.5KB = 88.3% 1014115111



WA Cache I A& ?

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

2. Huhib1200%F N A BCAE S 114 .
KIh: [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 :H#BAT 73 o 16KIREHE . FR/DNALA32075. 3247 k)

% CachelEMEMBWT: Cache Zt#A16K x 4B= 64KB #/#%
L )14
1 ~ ~ N ~— —
32 -14 -2 32

FrLL, Cachelik/pA: 2 X (32 + (32-14-2)+1) = 21X 49 = 784 Kbits
FHRKNRAANFIR? 21 X (4% 32 + (32-14-2-2)+1) = 214X 143 = 2288 Kbits
B KAPA2MANFIE? 214 X (2m X 32 + (32-14-2- m)+1)
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MBS Cache H AR E K

& XA R Cacheff—fESlot (ATLineBRIRENtry) H. FRA4 WS Ek S AHBE ST
R E: |

HRAE £ RICache ML PHHELES K Cache ZHURE K
iR BAAL R 512

Cache E¥ed
.-:I D m
1

CacheXK/h: 2135 =8KF=161
X 51257/ 18
FEHE AN 220%=1024KFE
=2048Ht x 512F/ Hh
Cachetbrit (tag) T st i
EY 5 WA = fE :
FfrtagHa HxF B Huhk A7 F A 15 81 *
A7
PANPRICHH SRR, Ui B 2R N
HHELEST A . LERT R AR — T 2047 Bt
CHEAEE, MIHE., - -

). ECachel=s, W
Xt01EOCH - yuEAT 15 1] ?
0000 0001 1110 0000 1100B AZH15ERA K124 80! AT MU BlfE R cachefE



2445]: Fully Associative

¢ Fully Associative Cache
- XLfCache®5l, A4

BRI A [R B B3 BT Cach e T A s
¢ By definition: Conflict Miss =0
— (BB PR R, RARER 2 WCachetk, #HASKAEMNK)
¢ Example: 32bits memory address, 32 B blocks. Hitssfr #i% K 2
— we need N 27-bit comparators

memory.72

31 4 0
Cache Tag (27 bits long) Byte Select
Ex: 0x01
Cache Tag Valid Bit Cache Data l
:@<— Byte 31| ** |Bytel |Byte0
—@47 Byte 63 Byte 33| Byte 32
_.@47

201044 JI5H 2 —




Fully Associative Cache

- One cache “line” READ HIT:
One of the cache tags matches
TAG | Data I g the incoming address; the data

Address associated with that tag is
from CFU e ,g returned to CFU. Update
ta

usage info.
TAG | Da
REEAD MISS:
Mone of the cache tags
@ Ig matched, so initiate access to
rmain memory and stall CFU
] 1 1 v
; " n i : until complete. Update LEU

cache entry with address/data.

TAG | Data

Miss

[#)
:5' Data to CFU

Data from memory a——'

- HEEBGRTE, P,
- RAARFBRGAR GERAATIRD , KR EER. & $Cach
— CachefrEfrEitn, BB HERAREZ BN, }/’Fg.s;(/a\g ache
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ZH AHERBL ST (Set Associative)

o ZHAHERBII 255 E B A2 A BRI ST B RF A
¢ MCachefi A7 4, EFRBGE|Cachefl @ AKAE—HEH .
WERN: ZHiBEREBREG . HPN S, BEHXRR:
Cached S5 =FF7#5 mod Cachedi %k
5. fRxECacheXl|srh: 8KF=84Hx2FE/HX5125 /8
4=100 mod 8
(EAEFH 1005 N LS BlCache I 44 KAERARE . )

L 4 %)ﬁ

— &6 T BRSSPSR . JCacheFIHE 1R, T
A NABRBLE; HBHRE A ER, UERh BT

- FAWANE (RR2BAME) BEH. —BRE8HANEL EHE
MAR/DH . R KAEIL2 Cahcef1L3 Cahced {# FH4- B UL E.
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RHLET K CacheZH 4R B

X

ZHAHE
B

BIELE LM Cache a3
PABIE I AL 51257,
CacheX/h: 2B3F=8KZ
=164l x 5125/ f#i=84Hx2
Fili/ ZAx51257/ #di
EHFEKRND: 2205=1024K
HF=2048Ht x 5125/ Ht

Cachefrid (tag) FgHXT
NFEEY B WA EAE B

Ffrtagfs H X N HHEAL F
WA E A B+
AN PRIC SRR, UiEH
B FR ) b b AR X S A
244. B Cachelyas, W4
XT0120CH .G #EAT 15 ) ?
0000 0001 0010 0000 1100B 2% 140 BE
fK1001ER (RNZEOER) FREE12/NBATT,
Bk, BRERIE—4H,

memory.75

A AL (1 Cache AR RE B

Cache

04 «

T

14 <

i

0

Fric

Frid

i

14 14
15 £

3 f

FHEMS
i
0
1% 0 4%

0 fif

| @

S i

¥ EFEHHEFRE R %€ Cache
YA Cachebpic HET L

—-v—

T 20 4

15t

L

1A%

2046

2047

255 Mt

20104F4 H5H AW



#1: A Two-way Set Associative Cache

¢ N-way set associative
— N entries for each Cache Index (£:/~CacheZl & N or 17)
— N NEREBS AT AT EAE
¢ Example: Two-way set associative cache
— Cache Index IEFEHHF I —ACachefT&EA (217)
— XHXANES KBS CachelT I Tag 4737 ELE
— WRIELLR S R e s BIEWANMT, BiAfECached:

_ Cache Index _
Valid Cache Tag Cache Data Cache Data Cache Tag Valid
Cache Block 0 Cache Block 0

: @

[ -FF--------- I -1 -"r--====== N 1711
I P . I
| = e = — — L

VL@ A 4 @

Adr Tag | ® v ®
Comparg— ) S\Sel 11 Mux 9 sel (/‘C_ Compare
® OR ©
Hit | @ yCache Block
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#2: A N-way Set Associative Cache

N-way Set-Associative Cache

INCOMING BDDRESS

TE— CE— o

1Lk

+

{

_<

...<

M direct-m apped caches, each with £2¢ lines

S

[

t

MEM DATA
DATATO CPU

HIT

memory.77

R

-

AM— O

of a set

This same line in each subcacheis part

201044 JI5H 2 —



Disadvantage of Set Associative Cache

¢ N-way Set Associative CachefiX}T Direct Mapped Cache:
— WEHEANMECh: N1
- REHIHIMUXKE
— BUBRAEAWR G T EABAEER], T ERBUN A Bl FiE
FEEEYS T, ARG, Frelal SR BdEBekR, & RENHFKE

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

Adr Tag - Y Y
4’@_ >,S\Se|11 Mux OSeIO/_C—

1 Cache Block
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P

E{*[IJ Iy%%il‘jil‘ JI}Elx'\

Fully associative Direct-mapped MN-way set associative
address address address
| L 1 r
m— | I ; N
—s 1 "
ooo ‘1)
—M | I \
e | T 11 T | [ T 1
S
* compare addr with * compare addr with * compare addr with N
each tag simultaneously only one tag tags simultaneously
* location A can be * location A can be * location A can be
stored in any cache line stored in exactly one stored in exactly one
cache line set, but in any of the N

cache lines belonging to
that set



PR RIER, RIEMRK

+ Hit: Ei {5 EECache
— Hit Rate(fy 1 %¥): fECache K%

— Hit Time (fy/EFE]) : ZECache s V5 M) Bt ], AFE:

Time to determine hit/miss + Cache access time
(BF: AW (Rl +Cachet); A))
¢ Miss: Z#HEEA#ECachers
— Miss Rate (%) = 1 - (Hit Rate)
— Miss Penalty (BRRHK): Ui lR)—A BB {eh ]
¢ Hit Time << Miss Penalty (Why?)

memory.80
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Average access time(*F3ij [a] 5 [8])

Program-Transparent Memory Hierarchy

1.0 (1.0-0) e
M
cPU >
TFTJ‘ EM*J
"CACHE" "MAIN
MEMORY"

Cache contains TEMPORARY COFIES of selected
main memory locations... eq. Mem[100] = 37
GOALS:

1) Improve the average access time
RV R, DR R !
0 HIT RATIC: Fraction of refs found in CACHE.
(1-a)  MISS RATIO: Remaining references.

i
A¥E

t._ =ot_+(1-o)t +t )=t +(1-0)t_

2) Transparency (compatibility, programming ease)

CachextiE/F AZZENK: BFAHERBEIFIERLFAECache!
memorys1  JG2E HIEFSE BAE EFF MICache Z IR B AT #t

-
Challenge:
To make the
hit ratio as
high as

possible.
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& A 5P U7 1) TR ) S

& PV HBAT - How high of a hit ratio?
T= HTC+ (1- H)(TC+ TM)
=T+ (1-H)T,,

Suppose we can easily build an on -chip static memory

T ~ with a 4 n5 access time, but the fastest dynamic
*BI1. %% H=0.85, Te=1ns memoties that we can buy for main memory have an

Ty =20ns, JU3p-2 5 1A B average access time of 40 nS. How high of a hit rate do

B TAZ D7 we heed to sustain an average access time of b n57?
. T=4ns
2. A R HIZ H £]0.95, £t _t . 5-4 |
T 2% SR S 4 e 2 T T
%, T=2ns “

WOW, a cache really needs to be good?
o513, 5w 2 5 0.99HE ?
%: T=12ns

VIR S h R E R R IR K
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R AR R LR AR

& =PFrBst =
- BB S (RE AL E)
— MBS RS (B EE R
— N-BRAHAHBEBLS: N-BRBLS CENARRERIALE)

o fH A KERSE?
- —ANEHFEHE B Cache i, AR BN
o EIEWUN: RECE B, ﬁl
o FHERBRGT: XRECE B, ACachefT#
-N%ﬁﬁ%%%.%%ﬁ%$ AN

¢ REEMmiss rateHH4a xRN ? Fiy i8] )< R e ?
- BEME, MR EMA4A? ( Cache XK/PHIRAK/N—ER )
o RELE. HIERBSHEE, SMAHBRBLE R
o fHRIIE]: EEEBL HDN, MBS &K
— FHBIF R UL
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RIS

One-way set associative Two-way set associative

(direct mapped) Set Tag Data Tag Data
Block Tag Data 0

0 1

1 2

- 3

3 < > /1>9

N KBEFEH B2 2

5

6 Four-way set associative

7 Set Tag Data Tag Data Tag Data Tag Data

RKKEAZD? 1
KKEAZD? 4

Eight-way set associative (fully associative)

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data

KERE % /b7 8 BACK

memory.84 201044 5 H 2 -



Bl +: Cachefi o Fl1o<EE)

3

¢ WH=/K/MHZFKCache,
#HE AT, BIT—NF
— Cachel: £HE
— Cache2: 2-H4H tHEX
— Cache3: HiZmgt
2 LA B A HE G5

Address of memory
block accessed or miss

Contents of cache blocks after reference

miss Memory[O]
8 miss Memory[8]
0 miss Memony{0]
6 miss Memory[0] Memory[6]
8 miss Memory[8] Memory[6]

Cachett£=ZF 745 mod 4

ﬁ‘:ﬁﬂ%%{kﬁ%j‘] g//l\ ; - Contents of cache blocks after reference
= i block sccessed | ormiss [ Set0 | seto | seti | seti _
@%Eaﬁ?ng)ﬂ‘% ﬁ miss Memory[O]
) 8 miss Memory[O] Memory[8]
‘E‘j% Hy%grj‘ 0 hit Memory[0] | Memory[8]
. 6 miss Memory[O] Memory[6]
2%£ﬂ*ﬁﬁf 8 miss Memory[8] Memory[6]

é*ﬁﬁa‘é\
SAHBRHI SRR R B

HEBU R |
TR R, BRI HRAK

memory.85

Address of memory
block accessed or mlss

Cache 5= Z &5 mod 2

Contents of cache blocks after reference

(Blooko | Slock1 | Biocka | Blooks _

miss Memory[0]
8 miss Memory[0] Memory[8]
0 hit Memory[0] Memory[8]
6 miss Memory[0] | Memory[8] | Memory[6]
8 hit Memory[0] Memory[8] | Memory[6]




RERE 5P ALK/

Address FEFEHHE320E, B K/
3130+-12111098++-3210 K162, Cachei K

INFAKER, s BREDL

memory.86

-.._\22 .,“8 A AR /4
Tag E[{]E'\ Mﬁi‘%g//l\ 2
Index
Index V Tag Data V Tag Data V Tag Data V Tag Data
1]
1
2
. ™ N ™ o ¢ ™ ol 9 ?
253
254
255
J22 J32
t . P P
ol =

é-tﬁﬂ mulﬁplexoD

e REGL |
EF' %?‘:ﬁ ? Data

Sy stk i JUAE? 4L

BEPHNTT:

MY TEAL, Ftak4d
Frid 5 32-4-12=16/i;
BB AKX 16=64K fif

R I —%(2-way)
fH2HL, FL2KAH

bR 532-4-11=1741
S E AKX 17=68K A

IRIK B 1 hn 24 (4-way)

fReHATR, FRiKY
b i 32-4-10=184
EAIEL AKX 18=72K fif

A FHIRRY

A F 14, FHAKE
Fris i 32-4=2847
ST AKX 28=112K fif

20104F4 H5H AW



The Need to Replace! (fAli 75 EF#? )

¢ Direct Mapped Cache:
— BUNME—, TREEFHR, BLEEMAREREEHRERER

¢ N-way Set Associative Cache:

— BN EFEHEEN/Cachelm ik, FEEREH
¢ Fully Associative Cache:

— BN EFBIEA AR E CacheE B, FHEREH

5. #FCache miss in a N-way Set Associative or Fully
Associative Cache, W|FJgEFFEE#, HIER:

— MEFRU —HR
— EFNEPERAK 2 Cachetd

— Xt ECachetd 4% W T T B/ A BT ) EAFERET, A% BN
cachefH i — N FE AR

memory.87 2010%F4 H5H 21—



¥ (Replacement) &%

& 0]z .
ZH AHBERBILSRT IS, R 2 58 O I PRI o A EAF SR OFN8E (v, bl
i WA TEFHL6HR, MB\BPUHRER, BREEHE|CacheE—4H, K
M, FH AP 3R, BA R HEE—RYE?
XL VEIR RS ) B, AR EEE
o HRBBEZESR:
— e HFIFO  (first-in-first-out)
— Biis/PAHLRU ( least-recently used)
— BAZLEHRILFU (least-frequently used)
— B #EE (Random)

G

X B ) 45 SRS R i T ) G2 SULTF o o P P O R B 3R 4L, 5 B LUR AR R
RRENEZNE, ARERMERNH. AXEBRFRZETLES,

memory.88 20104F4 15 H 21—




(FIFO)

(H%) B#EVE-LES

¢ BRITERITHABII —RIEIKE.

Bl: e EFFRISH{1,2,3,4,5}F I B B|Cache R —4 9+, X TFH—
bk, FEEINE/IA . AREIARTEN.

C1}
CC

1 2 3 41 2 51 2 3 4 5
- 5|5/ |5% |5*

3 LY %] 1] 4] 4 4% |5] |5
" 212 12% 1|1 | A*| [1*] A*] 13| |3] |3
31 (31342121212 ] (2% (4] |4
v W J
1* 1* 1* 1* 1* 1* 5 5 5 5* 4 4
4451 212|222/ |2 A ][|1]][1% |5
i 3131343/ [3/13* 2]|2]]|2] |2*
4114114] 4] 4] |4%13]|3]| |3

J W

T, FIFOTR R R AR, Bl SRR R K T4 74
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(B%) BHHEZ-

5 1T ]

=
/D

J(LRU)

o SRICHITHDH B —RIEIKEE
Bil: e EFFHI5H1,2,3,4,5 RN BT RCache[d] —4AH, X T[F—
Mo, 3/, ARG/, SHEZLITENL
1 2 3 41 2 51 2 3 4 5
1| (2| (3]|4]]2||2||5/|1| 2| /3|4 |5
1/ 12/|3/14]]1](2]|5] |1]]|2] 3] |4
1/12](3]|4]|[2][2]|5]|1] 2] |3
1 12]13|/4]| 4| 4|5 |1] |2
3/13/[8]]4] 5] [1
31714 J
1714 J v J A
SATI% v o Vo4 NN
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(%) FHFER-HITmD K

¢ A EEiTE
T CachefF A &R

S s N - DN Y

| (B JREHT TRIER AP U 7] B Aol X)) i

’ Fllj 3?35’?%1&1&o *&%%T%ﬁ?? ﬁ

f‘ﬂﬁhtﬁ%l 23412341,......, TMCache®4HHAE3

&, Br, AE

EFIFO, EELRUE&, HayZRE A0,

X PG FR A EISE(Thrashing / PingPong).

o ZHEZEAEESLIR, HFAREEBINERELZIE, a8
TR E— TS, BT RER IR X T
FIEHE . XN EEFR A LRUAL

HARSZH




(H%) BEE-mirs/ b

> GHAMER, THEERE 240, THEUE RN U I R .

> AR, BRUT R ES B0, L HARKITH SN, HAAL,

> Rowh Hazd Rgh, FiEitgEasE R0, HReml.

> R Hizd owmnt, THEUE 3K —H ) =R, HiiE
RS E N0, HAML.

1 2 3 4 1 2 5 1 2 3 4 5

0111/ 21/3101/11/21|01}11(21/31/05
02 122232021222/ 02/12]2234
031323330515 25350423

0 4142 4|34(34/34|03/13|12

memory.92 2010%F4 H5H 21—



(B%) BHER-HALFA

* ALEH (LFU

B#piCacheF 5| R EER DK, LFUBHS®EAH

RHEIvH B R S

) Hik:

]]-]%];

o

(XFEVRELRURT J3REL, EAZEEMA. D

SR ALt 5% 38 HI A

PIEE— MR, SERELLR.

BN S R A

SEPLF SR EAENE e E R TR T

RE R EE. THEAME! D

memory.93



B3I (Valid Bit)

Valid bits

Y TAG DATA
T
L_I
i) RERNE AN
chPU 0 ME h-1DFE‘*a
]
|- =] Nem|E |

Froblem:
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 EE ) GHTEL [Hv=1
¢ At power-up / reset : clear all valid bits 1 5 & A7 fV=0
¢ Set valid bit when cache line is first replaced. B — Rk B i V=1
¢ Cache Control Feature: Flush cache by clearing all valid bits, Under

program/external control. L {FV=0yflCache

memory.94 2010%F4 H5H 21—



20

o BEWENRGEE —ANAEN2KXI6MK T, BHA —MKFEKAHFHEE
Cache, FArfliCache [AlF1EHEAZ#ELFI R/ A6AF . BECacheF iGN
2%, ARG EH NFEAE AT, 1. ..., 4351 Esk, —HLERE 10K, &
Cachelb EfFHR10f5. RALRUA . A2 HTCache I &5 F1 A7 bt %143 .
R CacheFIEERE T £/0? XRAMRUSBEER?

o % BEXHFHREFHwUL. BF1641.

FIF: 32KF-=5128k x 64F |
Cache: 4KF=16% x 4l / 4 x 64 F /| 1¥

5 4 6

4352/64=68, Bt LLALEEES T A i RE & X BT 68HLIE 15 [a] 104K .
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F04T F1AT H2 4T F31T
s04] | 0/64/48 16/0/64 32/16 48/32
w141 | 1/65/49 17/1/65 33/17 49/33
924 | 2/66/50 18/2/66 34/18 50/34
%5340 | 3/67/51 19/3/67 35/19 51/35
5441 | 4 20 36 52
#1541 15 31 A7 63

LRUEE: B—XER XN TEB—IRAGE —F Kot LR,
PLUE QIRTERS A 20 i 28 —FE R R #ar .

Fr L, st Zp A (43520-68-9x20)/43520=99.43%

HERRE: tm/ta=tm/(tc+(1-p)tm)=10/(1+10x(1-p))=9.54%

memory.96
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=20

0 1 1k D fil 3 fi
(O4E| 0/16/32/48 16/32/48/64 32/48/64/0 48/64/0/16
1H 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
34 3/19/35/52 19/35/51/67 35/51/67/3 51/67/3/19
424 4 20 36 52
1541 | 154 31 47 63

MRUEE: FE—R68FERMT; 52,3,4,6,7,8,100R&HAERMT; B59KE

H8F-RanH; HR#Aar.

L sy Zp o (43520-68-7x4-2 x8)/143520=99.74%
HERE: tm/ta=tm/(tc+(1-p)tm)=10/(1+10x(1-p))=9.774%

memory.97
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5% (Cache—Z{E Al &)

o HAEAETECachef R A7 P EIE 1 —B 2
— BHACache WA AR EMFREIAR, HXtCache BN AEHATEFH, BAFHE
Cachefl F 17 fal R 35— BT iH] 7
- UTFHABESHIL“Cache—SU )&~
o HZNREAE AV E RN
Biltn: /OWA ] EERE AR, WiCacheTMABHEH, NWI/OKE&BL
XN EFER TN BT HIOREZBH T EHERITTHKNE, WXM
CachetH A BT
o [{ZACPUHT A % BHICacheMIL = 471
EACPUEET H & Cache IAZ, XS E 77 B u A ALCPU A T MY
H1Cacheld i) N AR A L -
o HHMIEH
- Bard (Write Hit) : BB #BITELECached
- Bhf@H (Write Miss) : BEEF#BITAFECache s
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F AR Cacheh B A 1

Basic Cache Algorithm

OM REEFEEEMCE TCO Mem [X]: Look for X among cache tags...

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

EEAD: return DATA(I)
WEITE: change DATA(I): Start Write to
hMem(X)

MISS: X not found in TAG of any cache line

EEFLACEMENT SELECTION:
Select some line k to hold Mem[X] (5 2Bt 5 30)

o READ: Read Mem[X]
[MEF«;SE%’J Set TAG(k)=X, DATA(K)=Mem [X]
WRITE: Start Write to Mem(X)

Set TAG(k)=X, DATA(K)= new Mem[X]

memory.99 20104F4 15 H 21—



Write Policy: Write Through versus Write Back

¢ HhtFHCacheiltbCacheBER S, 154 Cacheltb#ifiCache& 5% it
¢ XTHad, HTwo options
— Write Through (BidRNE. EHIE. HE)
o [EBCacheflEFRIT
 What!!! How can this be? Memory is too slow(>100Cycles)?
10%H)fFfETE S fECPIXGINA]: 1.0+100x10%=11
- FHAEZM (Write Buffer)
— Write Back (—%X 5. BH. [F5)
o RN —IKE[EICachedt, BIFMEHAL (“dirty bit-JEAL")
o RRBRFEFHRERFRK, EHAREER
¢ XNTEA AW, HTwo options
— Write Allocate (5431iL)
o W EFHIEANCache, RIFEFHNHEIT
o RERHZE /R, ERXKEFENEFE IR
— Not Write Allocate (3EE47AL)
« HEEIFHRIT, MRATHFBE|Cache i

HECacher] HIF 5 73 BLEE 7 Fic % 29 o
Ea|Cacheild # H 5 4 ic ‘

memory.100 201044 5 H 2 -




Write Through ¥ HJWrite Buffer

< »| Cache |+
Processor DRAM

Memory
Write Buffer Controller

¢ fE Cache 1 MemoryZ [&]i1—/~Write Buffer
— Processor: [[|Ff 5##fE2|CachefWrite Buffer
— Memory controller: ¥ Z N AS F7F

¢ Write buffer (BE& M) &—"FIFOR\%

- —f&H4Im
— EEEHER<<DRAME (FH) MERBFHT, BREF
* BPEFH IR A

— Store frequency > 1/ DRAM write cycle(3i 5k, i
Write buffer Hifl(% ), < kAFHZE

memory.101 20104E4 {5 H 21—



Write Buffer Saturation (BZZwFn)

« »*| Cache |[«&=—
Processor DRAM

— —

Write Buffer

o REBZ LA R
— The CPU Cycle Time < DRAM Write Cycle Time (&M _Lanit)
— Store frequency >> 1/ DRAM write cycle(X & 4EHi % E)
Bl: R CPU W% Eimiz /M FDRAME A H, FHH—BiEAREKREREH
e, WAEBEZEMmELK, HeErRESEmEmE (HRD

& WS ZZ P rn?
— fIn—A"=%Cache

Cache |« |2
Processor ) DRAM
Cache
— >
Write Buffer
— fEFWrite Back 5 [{iCache BACK

memory.102 20104E4 {5 H 21—



B HE (Cache—Z: v) )

;HL: X T E b o5 £ T K ]2 : Ao F A H T,
Write Through . Write Allocate/ S Ao £ 15 2 K o2 2

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

EEAD: return DATA[I]
WEITE: change DATA[Il]; Start Write to Mem[X]

MISS: X not found in TAG of any cache line

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

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

WEITE: Start Write to Mem[X]

— T —

BACK
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P

BRI%2: Write Back®& 1%

1B X T Rl gk 65 &t T Kok
Write Back . Write Allocate !/

OMN EEFEEENCE TO Mem[X]: Look for X among tags...
HIT: X = TAG(i), for some cache lines |

EEAD: return DATA(I)
WEITE: change DATA(I); Goarp-tiiriga-de=lianf]

MISS: X not found in TAG of any cache line

EEFLACEMENT SELECTION:
Select some line k to hold Mem[X]
Write Back: Write Data(k) to Mem[Taag[k]]

EEAD: Read Mem[X]
Set TAG[k] = X, DATA[k] = Mem[X]

WEITE:

Sepmert Wit ot o bd o L]
Set TAG[k] = X, DATA[k] = new Mem[X]

ls write-back worth the troubkle? Depends on (1) cost of write; (2) consetency issues.
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SH&2: Write BackH e (“RE”) 47

1T
NI

Write-back w/ "Dirty” bits

DV TAG DATA
U
L_I
cPL i iy BEES AN
2 ] MEMORY
L_I
E E e m[E] BACK

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

HIT: X = TAG(i) , for some cache line |
EEAD: return DATA()

WRITE: change DATA(); Starc-Writeroeivemq D[il=1

MISS: X not found in TAG of any cache line
EEFLACEMENT 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: Stariieior=to=ivtorfie D[k]=1
Set TAG[k] = X, DATA[K] = new Mem[X]

memory.105
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Cachet: g1l 5 ks

¢ CPURE: CPUHATHS[A]+5ERF N AEYT IR B[] . Bl

memory.106

CPUHT[E]= (CPUHAT I £ %+Cacheft k5 [ FHZE I AT %) X B8 3
Cachetf 2k 5 FHLZ 1) I g =15 1 P28 I S i+ B 5 VR P28 I A 4k
LRV PR ZE A BhB=(EE IR L | FEFF) X BB E x B RHK
BEENFRBEIR:
« [AE (write back) :
B, JTERERET A, #er A — 5 iniel 52
HEERHZE N £ =(5RE F2/7) x BHRE x Btk K+B 5%
« HE (write through) :
355 KB Fwrite bufferPHLZE P #E4>
EEERRZEN =B R 1BF) x BEKRE x BHRRTIKR+EZMHE
B 5E 8] 5 B ZE B E R BHLZE W] LLABE AT, NI B 5RE %8
o WAEFHZER B E=(Ui 2 RS | 12F7) x SRR x SRBR
o WHPLZENS =84 &4/ FEFF) x (BRRE $8%) xBR KRBT K
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2B RALH RABIR B RZ K7

#Code CachelJEKZ 2%, Data CachelJBER 4%, BRE—
S FE B AE A AR AT AR 25 RHLZE I ICPICR 2, miss penalty 100/ 4
MR HSPECInt2000KR &, NMEHTRRF KR EHECache, A3
R E SR ED?

STt R

B HIBL R B B R . 1Xx2%x100=2.0x]
SPECIint2000/1i f£ 54 (Load MIStore)$iifE K : 36%, FrLl

BAE HI BRI B R . 1X36%Xx4%x100=1.44x|

F8 S FEHE B BRI 28 . 2x1+1.44x1=3.441, B[,

SRR RIE S ER 3440 I PP AL TE A i A FH 2R A

BRIk, BRAfEfs oS BHZE M H 45 CPI% s K3 2+3.44=5.44. .

CPU time with stalls IXCPIstallxClock cycle 5.44

CPU time with perfect cache ~  IXCPIperfectxClock cycle 2

R Cache N xAEFEK, MAPISEESR2.721%,
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250 : AbBH AR 5 i A el 2% A AR I RO R L

Ny

o 1. B2 LBIFCPIEAL, BErEEAZ, N
DX A 74 25 B ZE T A A5 CPIZUY K 2111+3.44=4.44. 4.
CPU time with stalls IXCPlIstallxClock cycle 4.44

CPU time with perfect cache ~  IXCPIperfectxClock cycle 1

FHUER 5. A7 ae P ZE P fe i 18] dy 2N AT I 18] 1 BE A3 AN -
3.44 /1 5.44=63% bFt+3] 3.44 | 4.44=77%

25 CPI#/D, CachePHZEHISEMEA
o $12: fRE EFITESERINAE, CPIAZE, M.
FHREBEAKA GRS, AR BRI, Brimiss#iik 420016 8.
FE&IESRAER BB ECh: (2%x200)+36%x(4%x200)=6.88
e AR SSPH S CPIUY K 5]2+6.88=8.88
gz VN p e gl et IXCPIstallofslow xClock cycle  5.44

= 1.23

B8 KT DL 25 FR) 1 R IXCPIstalloffast xClock cycle/2  8.88/2

HAT AN B BHREIHLAS ) P BE R R IR I FIPLER R L. 21% .
WA B Cached RIKITE, NiZE21H !
. CPUIRPPIIA S, CachedtkHikmtiik

riﬁﬁ%ﬁﬁ%%%’ ﬂﬁ%ﬁ‘ﬁéj@/%_" Eﬁ%ﬁ%ﬁﬁgﬁﬂeﬁg! 20104F4 5 LRI



Cache X/ Block KN EEZR 58 R

CachetEBEH LR EME, MELAZFEECache X/ Block K/, CacheZkF&EH K
Block size vs. miss rate

Cache size
H& F: Figure 5.11

25 (bytes)
=0 e | |
Miss rate 15 | —— K
15K
m} 10 o —l—
-~ - S i il = K
b |
A . — Fa . —— 255k
16 32 o 128 256

Block size (bytes)

* spatial locality: larger bPlocks — reduce miss rate
*» fixed cache size: larger bPlocks
— fewer lines in cache

— higher miss rate, especially in small caches

CacheX/p: CachejiX, MissZifk, {HEAME!
BlockX/: Block X/p5Cache K/pE IR, HARKK, HAREK/PH!

memory.109
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Block Size Tradeoff (B K/NiEFE)

HoK BRI F A spatial locality, BUT:
— K, NFHIEE LR, BRIR KRR K
— Bt K, WCachemlids/b, &k L7t
Average Access Time:
— = Hit Time x (1 - Miss Rate) + Miss Penalty x Miss Rate

. . Average
Miss Miss Accesgs
Penalty Rate Time

Exploits Spatial Locality

Increased Miss Penalty
Fewer bIOCkS: & Miss Rate

compromises
temporal locality

.

Block Size' Block Size ] Block Size

FTLL, BRR/NILIRGE A !
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2 KCache®l H

¢ RI5IA\CachefiAR R —/Cache. ILfFERKLCache RGN TR
¢ ZCacheR&H, FEARNHZEBHE:
[1] BBRIZ %
F I (On-chip)Cache: ¥CachefICPUEE—A A |
4hE5(Off-chip)Cache: AM#ECPU K M & k37 % B —~Cache
Bk Cache: HH—/ A Cache
Z % Cache: [EF{FAHLL CachefIL2 Cache, AL EIRALEZ AL Cache
L1 Cache®FEIICPU, H#EEZ L2k, HAEWKL2K
[2] BR& /53 5L
SriL: TRBAEAIR S5 A IAE S B I HE Mg S Cached
—f%L1 Cache#f&4riLCache, Hft4?
L1 CachefjarFitIA b @ P REEE ! HHA?
e TREBEBENTR S EBAE—~Cache
—f&L2 Cache#f £Ek& Cache, Hft4?
L2 Cacheff)firH & LAy R AIEEZE! AHA°?
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ZIZAL AR 2 % Cache

Per core:

-32KB, 4-way L1 $I

-32KB, 8-way L1 $D

D -256KB, 8-way L2
l ‘ Shared

256K 256K 256K

L2 L2 L2 _ i
Cache Cache e 8 MB, 16-way L3

R ———

Nehalem Core iTRFEESERZETFE5EEIE]
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% Zcache ) 14 g8

¢ RFAL2 CachefI&R%, HERPEMITEMT:
— #L2 CacheBFArERER, NBREKHIKHAL2 Cache 7 ] i [H]
— BN, EYjEELE, FFEZFILL CacheFIL2 Cache (BrAFIFLTE L)
o Bl¥: FLBEIBEHKICPIAL, FrAVIREEEELL Cachefandr, BiZA5GHz.
B U7 il — IR EAF IR 8 100ns, BFEMA R RAE. &P EIRLSELL
CacheH SR Z 2%, EHHIN—L2 Cache, 5RIE[E] K5ns, THAEK
FIMF 4 RBR R I A0.5%, RIACEEBHERIIEE T 2/0?
it MR HEF—HCache, NHLEKRHF—H:
B: L1BRRTHESRF), HEEKPIRA: 100nsx5GHz=5001 it &}
CPI=1+500x2%=11.0
WA —%Cache, NIH PR
Bl: L1%kZR(IFRIL2 Cache): 5nsx5GHz=254 4k
L 28R 5% (7 18] FE47): 500/ I
CPI=1+25x2%+500x0.5%=4.0
Rlgt, —FMMERELE %11.0/4.0=2.81%

memory.113
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Bt X ErCache M TR R RS

¢ FRABUTERES, RAECachedtki, WiiF|DRAMAHEUHE B RS
CPU ¢ Z7ZEDRAMAFICachex [EJf&4nH A7 ZBlock

= ¢

Cache

Bus

Memory

a. One-word-wide
memory organizatiol

4x(1+10+1)=48

memory.114

W SRR ESRAREABlockfeHim R (miss penaltyfx/) We?
T4 Ui R AR -
FIBHHE B ATF: 1AL Bl
V7 R NAFRIRIEAC I TE] - 1045 S b

MB L EARRE A7 1A S
€ —ABlockF 47, WERKRBIURS N Z DI B2

—

CPU

g

__— Multiplexor

—

' Cache |

_._.—o——‘—'_'__—'_.—/_.—/_._ﬁ‘—__-_‘—ﬁ\_'_\—-—._

Bus

—_—

Memory

b. Wide memory organization

Two-word: 2x(1+10+1)=24
Four-word: 1+10+1=12

CPU

>

Cache
G
Bus
a0 L
Memory || Memory || Memory || Memory
bank O bank 1 bank 2 bank 3

c. Interleaved memory organization

Interleaved four banks
one-word: 1+1x10+4x1=15

20104F4 H5H AW




= >]: SPARCstation 20’s Memory Module

¢ one memory module (RFS) “TUEER” ¢ —ITA— (PO
— 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

A B E5124Tx512%!, 3B 8/ F1H
BRI %5 W RAT RS FI8AL, F£16x8=128f7 | DRAM Chip 15

|<— 512 cols —
256K x 8

, ¢ =2Mb r——————17
1 DRAM Chip 0 ® __—+~J1 One page |
% ® /’//// \I}\l ______
- = |
S 256K x 8 T 512 x 8 SRAM :
v =2Mb | -~ !
//

__—>{512 x 8 SRAM

\

frggey  \ _bits<7:02 164N (AT SR AT LAZE A7 16X 51 2x 847 $#E
HCPUVS | —BUELZEM N ZRX (B: 47HBREARRED B, " EEMN

ITEMIRE, fT2MAHSRAMSEDL, KR!

CachefTiZE R NN R —EIELEX, SE—NEHbt, RAREEH TR
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5>]: 128MBHIDRAMTESE 25

'J'ELS'L\’,‘E‘:E.:
«H 8 DRAM: B ik

(irsahka, FiHshky)

& i~ 16Mx8 bits
ATHUME, FHuhkE 1247
4314734096 %1 (847/%1))
R HE—ATHRHZEF

A 1) Hu ik 3 B A ) — 5

(8=t fr) iEH
HiEA = fE EAFRICPUZ [FIfE3% 1

s&=—/™ CachefT”
soss s [0 |30 [ou [io2s o |o7  TCachefTEAITH
—MTRMAH, B—IRYs

63 v56 55v 48 47v 40 39v32 31 ' 24 23v16 15v 8 7 ' 0 ﬁﬁ‘j‘rﬂ&’ u)ﬁ{falm
At 72 il A
EAAER AL A ALRI64-bitBHE a 45 B
(i.)) I8 HLTT
B RE:

16MB=4096x4096x81 64-bit IF
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S BB Cache 2R

FfF: 4GB=220x 27Hix 25B/Hk 127 127
Cache: 8KB=128ZHx2##/ZHx32B /& ic 4:0] 2F 5¢ MY
&3 a3

RALRU, GAF R 127 e

LRUAZ, HTwEFRZzdHA2) ¢ [T 0 0
MRIERE M. 7T PLIXEE

E: ZDALA0, WTFRKE L 127
)@ﬂ(%o%o _‘[/Zﬁygl’ U\”J 4 [T B AR M |

AN > T

T IR LR, 0 {Eiﬂ ) " B0 )
=i LRU {F 4 ZAl =

ﬁ%ﬁiﬁ?@*ﬁﬁg 2 4440 E—

AxENELTAE (erte W s
Through) .

FRD 1T

Cache—Zf4: 2; ? \'3 g

S HMESIHMY (- A i

RGN RIETEANB).

RAEHT R TAIT4) Pentium PN 2 Z¢HE Cache B 45 14
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SEAE. N B FastMATH AL F 52

¢ FastMATHAb B2 EMIPS S #4 ik N\ T 1k A 2 28

KA 1250 K 451 Memory Address %Cachef:
%4 CachefIfECachesr 7 3L O 256 (16KB /64B) I Byte
priliEsilfE 5 & B oI A
Hit Tag @418 48 Y442 (B  Byteoffset . (Mux)
Index Block offset
.18 . 512 . Word
v_tag data £
| p P | e | ammms p 256
Entrieg
\\18 \\32 \\32 ----- \\32
::é) I
'Mux
E|: ® \|\32 @ Data

BEEHEREEE Y AR IRMA T SESM SRR TR, BOSH K g
SPEC2000int#1$54 HIERLZEEFRESHHA: 0.4%, 11.4%, 3.2%
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SEH. Pentium 4 cachefEfig 52

S| jsacacheRiRA T

\/

6ANL, I AR

¢ Pentium 4953/~ cachef#- %8s, 4 BHL:
— —%Zcache
« BIRSAF (L1%¥Ecache) , 8KB
« THRYLGAF, 8KB

cache
(48GB/s)

— TS (L2 cache) , &FE H256 KB~2MB

2560, HFEhIER

L1##Ecache(8KB)

memory.119
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ZAFAEIA T FE LA

LR AN

bl

& [ SRAFSORTT LA H AR ML 5 T ?

(LUE
Type What cached Where cached Latency (cycles) | Managed by
CPU registers 4-byte word On-chip CPU registers 0 | Compiler
TLB Address translations | On-chip TLB 0 | Hardware
L1 cache 32-byte block On-chip L1 cache | | Hardware
L2 cache 32-byte block Oft-chip L2 cache [0 | Hardware
Virtual memory 4-KB page Main memory 100 | Hardware + OS
Buifer cache Parts of files Main memory 100 | OS
Network buffer cache || Parts of files Local disk 10,000,000 | AFS/NES client
Browser cache Web pages Local disk 10,000.000 | Web browser
Web cache Web pages Remote server disks 1.000.000.000 | Web proxy server

L GEAESOR ST BRI H i AT 42

FIA B G F 1 1 = BTN L 1) fra e K 9 R ) B BT A ) B (R 1w o, T 158
Y e R I ITE -l Y s R TE S 8

memory.120
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5N
¢ 5| ACachelZ:At 2 2 Fr 17 Al B R R4 e o
— B 6] R &R A AN 2 ) JR R
¢ 5| ACachefd/b T X WAFRITi R, CPUREEREFCacheF B EIFER
¢ CacheflE1FZ 8] FIBRER 77 2
— EELS (BB . Hibb=45E | cachefT &R 5| | SRy HbhE
— MBI (2B o Huhb=p5E | SR HLAE
— HAHBEMLT (ZHIAAERRET, AN o Huhb=FRE | cacheA &5 | Hepy it
o Wi cachef a2
- W KRcacheHFE, EFHIEK/NH
— X Z %cacheFH R (HKER3I%LE)
- KHREERFEE, HXHIFITHE LG aH
— AgefrH R, RABRAEEB AN A S cache P R AMERHBARE
— ZiFEa i B iRiE P
- R 5 Hcache-friendly 27
¢ Cachel) 5K
— Write Back fWrite Through
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FH=1F A

memory.122

EFE RN A

O EEEEARP R LS

o BRI RS AN
B AT
I3 0x 81 Rl |51

o BIUF AT I
=FrE: . B Bk
B HE - B s bk ) B

i
BT b
o BEIRR
g
o AR
Hbhl B A A
17 B PR AR 2
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Fritiae RUR I E B R E R R LI

o BAERZ(OS)HEIT &R B, HENES

WETTHEVL BRI, FHE

BRI . e voimE o 1O 1R
o TERESAE Sl —Fh A IR YU th oy gl T

oSk - - |

j B’ _ -

¢ CPUBUTHIFEF B ETERIER e . i i

SR P RRFF 2 4 T e
¢ EHEYPFRIFEFEOSHHFE

Fro WAL EAFFEOSHA
TP

¢ CPUBATIRA W, W EAEfrtE 5 0 B 450 2
sedefE, W, CPUFETH
— NP S B AR MMU wR e
(Memory Management Unit)

BB OS 5¢ B A i# 25 U 7]
OSH“#EAE” JrECfF il as VR, FrlL, 26T M— FHERERIMRRS.
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2. — 8

LRYFE e B B e A B R

ZH#E“ hello.c " C-YEFEF

1 #include <stdio.h>

2

3 int main()

4 {

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

I ThRE 2
i “hello,world”

hello.cJASCIIX A F -~

# i n ¢c |l ud e <sp> < s t d i o .
35105 11099 108 117 100 101 32 60 115 116 100 105 111 46
h > \n \n i nt <sp>m ain () \n {
104 62 10 10 105 110 116 32 109 97 105 110 40 41 10 123
\n <sp> <sp><sp><sp>printf (" hel
10 32 32 32 32 112 114 105 110 116 102 40 34 104 101 108
| o , <sp> w o r I d\ n "™ ) ; \n }
108 111 44 32 119 111 114 108 100 92 110 34 41 59 10 125

printf.o
hello.c P& pello.d compiler | hello.s |assembler| hello.o ™ linker | hello
—  processor—— ccl) " @) " 4
c
source (cpp) modified assembly relocatable executable
program source program object object
(text) program (text) programs program
(text) (binary) (binary)

memory.124
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23] HellolEFHIHATIERE

Unix &4t i3 sh al TR hellofshel [y 24T -

unix> ./hello [Enter]
hello, world
unix>

Hellof2Fr# B ahja, wENRIZHEEREW T -

1. ShelllBFEBFERF &8 /hello” P EFAFFRIHFHEE, REFEE T

2. “Enter"#¥iANJ5, shellAHIEEAENFR MR HEF, BHNEI[EETE
FHRFRFEhello” B REEL_ER B4R hello B AR 30, BHEAEHIES
RIEFEIE (“hello, world\n”) MEEAR ] E1E;

3. AbFEE Mhello EREFFHITE ARSI IHHAT

4. Hellof2/F#“hello, world\n” BB A5 N EF LR F 788, BT
HE B~ b
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2 2>): Hellofe 7R m)ITRE

Red: shellfy& 4743

CPU
register file Blue: RJ#AT AN,
; o = VA \ﬂ‘ (it
— |
) Tﬁt | system bus memary bus
- i__-"'-’ : uhe”On
”m_ - fie main
Memary IT =il bridge =g L5 | memaory |“hello,world/n”

| i
< | ——{HH>
41/\_, o bus 4} Expansion slots for

other devices such

us graphics disk as network adapters.
controlPsr adapter controller
mouse keyboard display ;;—_—E—_—;.
“hello” “hello,world/n” disk | HelloR AT

W helloBE TR 2 ERIEA? MR N7 VR A B B F 7 2
HelloF2 R 2 75 A IR B AR fE R IZAT 2 275 EL R Rk U 2
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BAE R BERE P AT IR HITE R

¢ ZEHelloFBFHPATERETF, HellolEFrARBREERE T HES. Brdt. BENEFERXE
AR, TRKERERSERMERIRS R . i, I printf B i R
o BAERGRAE N FHFE e AR 2 TR A B — D B2
o BIEERZEMWNN EEREH:
~ EHRIEEE, PUEEILLTFEWANEK:
G B ZHERARA BT IR, AR 1R AE A B YR A F - AR R A
T RAANE RS ® L, AHPEPRE AR RSO
- AP ERARG R D
o BEERGBE T =ANEARKIEMS GHRE. BHFAMEEE. XP) SO RIERE
- X (files) BXIOWEFIHEER
— BRIEAESR (Virtual Memory) X7 EFEMBEIIOK R ER
— 3 (processes) EXTALFEZE. EHEMI/OBREWIHBE RS

processes
_—'—'_EA\-\_‘—\—_
— T,
wirtual memucery
e _

r_,_r'-'_'_ -\-\_‘_\_"

files
e !
- Ty

processor MIAin myESrmioiry 1O dewvices
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A}

iHFE (processes) unix> Jhello [Enter]

¢ Hellof2Fiz4Th, Hellof2Fablh (B4 hello, world
- B RS RIEH A B OOk 51 H unix>

— MEBBIRALEPIT AP — K558
o HRERBERFENEBITEFH—FHER
- —MRG LA LRI TR ZHE, AN EERTFRE CRM S FHAS
- SEfr b, BERSIGEBTBPATRZHRETHTES
— BAERG LI B IRSPATHIHLEIFR A« LT 3XPI# (context switching) ™
& BHRER LT3
— FRHREBITHHERNEREER, Flln: PC. FEREANTE. TENRE. B/RE
- REPH RSB TAB LB ITHER BT
o TRV (EFIEZ, REGEH RE-AH#BIEESIT
— BT VBRI EEBT RIS T, B— 2B EIAT, T, o
A% T RN BT EH EEER BT

shell | hello FFas, ShelH SR S1THIA

Time process | process A “Hello” 5 Sheli# 1T R A A
* | application code OS{RfEshell L3¢, Al H#: A helloit 2

: | G }HWHfrﬁmﬁﬁ$mﬁ,ﬁﬁ%%%%

SWIEH sk shell 2 RS, FE#Ashellgf

— ooyt BTFE—AMRORA R, AR

" OScode f Oy MR RIEAT, B DUEAT I R
Wl EREIIE.

application code

l i application code
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F1it 75 B B (Memory Management)

o BRMBERF RENEHFTEE:
- BERG CFIEREER)
- IEAEPATH— R
UL THAT S, A R E R,
o WEMKAZIERF, RENFEEETES:
- BIERG
- HTAHPERF
IR PREREZUR D, W THREE IR 2 I AR F Ay
/O, HEALAENAATERRES. B, FRHFFEHTEHESY
Ao, RATREiLSE LSRN
* EZEEFRET, FHESKH oMt —2 00 LEN 23
o X WAEST HOSB&FMAT, XA N 77t 25 & # (memory

management).
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Memory Management Schema

o RGP REZHIFMHAH T EFRBRINES:

(1) T REFFEFEREK. EFR, DERAIIE)

(2) XA #(Exchange) 7 I F17E & (Overlap) HA
AT A THRERENHRE (Flw: FE—NZHHERESESF1/O)
i, ShEERE — AR RN SR 2R, RFOSHFAAHARHENIT, B
BN 3B i 2 AR A X
4 X (Partitioning ) #1143 T (Paging) &A% # B PR Fh S22 5 2K
AT B ORI NIEFFRANE . S RF HEE

(3) BRI g2 (Virtual Memory)

R, EARERE R —RIARER, MmaXH %ERT
Demand Paging” , FEAMER FA1E) LA 2 WA TR E

WA TTICT, FIAT ik oS B F AR 25

SKIP
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B4y X (Partitioning)

o T

- BERS: e WAIER S

- FPK: K —
* RESXFTER: FHKEAFNEE KX

(fixed-size partition), 192K
o H—NHREREAEERN, 2REE—1EE

2N R = 2N R 256K

B, XN FHI96KFIEEFE T 73 BL256K 147X .

o B X7 AR
- RARBEKERTX, AR 384K
HEFZM. SHERT, HEX D
X K /N B 75 SKAS AT REAT SR AL 19 23 X K
NFE
). G e] A R B L 2

memory.131

TN A HE

A PR A A R 2R K 7 X 7
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A S K43 X (Partitioning)

o FHEUMAX----TZKSX  (variable-length partition)
- SRS KNGHREFHERD—F.
- ¥R R, BIEEEFESETSAETZ/NTHRMIN. HE#K, 77
fifiae IR Sk %, PRI A7 1 2 B R 28T B

RAEE L MRAEE L e TG REE S MRAE T
R 1 HER2 1 PR 1 #AES
R > HEF2 4 R 4 R 4
3 HER 3 HERR 3 PR 3 HEFE 3

X IR

ER T A2 !
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4R (Paging)

‘ %j:l%]\ﬁg H

— EAFS R 2K B D RAAE R, A
R R4 Rl 73 B B KRR R Bk BT | 1
- BERFE (Jpage) AREIFFMEA AT HBIFRES | 71 |
(W HE/page frame)H Famit MMI il
R G TR AT I — A 1E Wja— | ARRD K
- BAERGNGAUREER AT AT 4
— W T (page table)SLPLiE HE bl fm) My 2 bt 1 17
¥ (Address Mapping ) o 14 AT |18
o Z4EMAt (Logical Address) : 7
— R HITES B Bk v
o YFEHHE (physicalZtMemory Address) :
—  FRIER A B R SE B A A ik Eﬁﬂ%ﬂiﬂﬂﬂt

. BB AR A IR B A
WA T M AR T 0 PTDLOGIE S AT R gpu g g 2 BB I B4 |
WA ELE, HAMEm L RT3 R o — TR

K H “4Z 7 T / Demand Paging” 77 2% F A7 #4741 AC !

memory.133
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RETUAFGE R G ) B A A%

L

o BIUFHEBRKIGINFHRER—X T &
- — 5, HTHEARNEAFRE, EHEFEZE R
- A7, RGREFF AN R PR B A R BORER
& BIAFAE ORI SE 5
— FEFF AR U SE PR 2518 K18 2 (1038 48 bk & 18] A 4 S A2 P
- FERFPATH, 32802 R BN Y SRR 77, HAE A
HR o AF e b
- RAPITH, B EA RN (WAL B LD Rk A B
ik (AR A7 bk B S it )
- ERAEREFFEREIE VT R R, HBERGHAT MR B KI5 B A
o BRSBTS BRIERGILRUPMESEIL, BRIBRIERGETH
LM, WPtE. $EN ETXU#H. S0, EBRhhk = E.
SRITAL P S
T & A4 1 4 4 P — ol o
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L4

RE UAFfol TR O SE R

£ (2 1) 2] £ (2 1) 2] T4
LY P
i it T AE # i
Z2E 3P WIER ST
Fo 4 22 3P /] F P F2 Rk A B
65 4t S| FARRLA B
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OxfELELEff

4

RiE F0L s 1k =[]

0xc0000400

kernel virtual memory

* BEAGNHERBET —MES

- IR AR A, JF
HEHFZF R K

o BHER EHFMBAIORAKHZ
— OSTFEANHEE I
—3, AR GZiE)
¢ Linux#1ER G K B
(HARUNiIXx RER R HRIL)
- W% (Kernel)
- AP (User Stack)

— L= (ShW

— # (heap)

[A]

0x4000e000

g

¥

user stack
(created at runtime)

v
t

memory mapped region for
shared libraries

T

run-time heap
(created at runtime by malloc)

— A EHE (Read/Write Data)—— &
—- HE%#E (Read-only Data)\

read/write data

- g (Code)
. IR RS EIENREELAA
ERB|EE?

0x08048000

read-only code and data

SEhr LA NSNS
BT AP 5 Rl B %

0

unused

memory.136

MR, BEA B

memory
4 invisible to
user code

printf () function

B, hellof2 B8N
BAIENN, HILE!
2 H B Rl bk 2 [A]
TR A A 1tk 2 A
%) , RETHATC
PRI N B
FIAHS B # 5 BL
VRIEEVEZIFERA D,

} loaded from the
hello executable file




MIPSHE 7 F 238 W f7-fi 25 23 Fic

¢ FAPMIPSTEFAR TN T FE BEAT #7045 70 i
o FAAPATICHEAR TR AN T AU 45 AR AT B B stk

e T bsp/FFf THicy, Stack

WAEER, AR aRmr, R[BE]J5E B 257k ¢

BERRIEshE&EIE (. Chiimalloc HiFX . $R) EHE

(heap)H MK H S AT ARV (freefs) T

B X AL FHER B, HEX A THERIKN, SF88HEX L. .
Oynamic data

4 J5F6% $gp [E £ % 4 0x 1000 8000, Hi6fifmEE |
377 ) 325 | 5 0x 1000 0000 Fox1000 frff  $4p—=1000 8000y,  Staticdata

HASB0HE X AT 52 f110x 1000 00004k FFERAEI 1000-0000pe,

Text
FREFEACHS M E 5 10x0040 00004k FF U577 15

P CHIMIHA 2 % 0x 0040 0000 pc—+0040 0000y,

Reserved

XA NN EY G248 Hhka<TE !

memory.137
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gy==|

B A EE

o SEBUBFEASER, THE:
RA/N (FERESUAF A% B RO T/ Page” ) MZK?
A E AR R AT o X E#?
REFFER | FEAl B2 TR U] BRAR 2
ZHE A Y B U (T e B, RO R AN PR 7
TR ERAFZRIAIEET AR (5CachefTHSKESHLL) 2
TR SEEL, BRI Zil X LEF R 7
AT AN AR IR TSR B EE 2
WMRERKIABANEERT, BAT?
WA ORI HERE AT E BOAF A XA A RERE D 17 2

o B =R AR SE BT 3
AR B B
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TRARRG

Virtual page No. Page table
] Physical page or Physical memory
Valid Disk address
BRTCHARS R4 2 ) E—
EAE (FHRJLaAN ]
S YRR ) —
T et L o
I3 BRI ) U ; 7 Disk storage
o B ERFZ REGOUR Y A :é/ — T
%1@\ 1 4 ™ —
I |
o HLPAHIOBE GBE) Mk T~ |
ﬁﬁ?%ﬂﬁ?ﬁﬁ%iéﬂﬁk ‘ ﬁ%%%%ﬁﬂ%%m * | |
& B TR 30T MR T IS D 15 T Hh b FORE £ T M -4 FF
¢ ValidZ“0”#H“miss” (FRH S~ _~

FiCachefftt:

W
page fault / k1) JK/NECacheH Block K1§% ! 32KB~64KB

® CPU#Lﬁ?Eéﬁ‘T, BHAERERKREHE SKFAAFHBEBLT | Why?
Bl 31k L e Ay 3 7F ) FE M i T 3t B SR AR R BT | Why ?
o HuhbEH R CPUT HIMMUSEEL

memory.139 %Fﬁwrlte BaCkg%m%! Why’>
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R G5

* o

¢
*

*

BN BEE IR

AT RPFEANNL. B (Dirt)
L BEAEHINL. V5 RRAL, 25
Jnts 22 AN iR

TR IE R KD E
TURAE A7 B B I R AE TR
b5 77 A8

WA IBUGR T oy 25 [A) 5 K T )

(1) JERATBEIRK, N T ik—A s

ABRRAEURET R, RFED
MRV LRI %

Bl EVAXRSGH, FAHERE
WA E ik 23 =2GFE I K B U AE 1
2%, WS12FFIHAT T, W
NEBRBRLZAIE22ANATERT. B
W, XA KK TR A FE A4+
RAEEW

(2) RAFTARZHRE, BIMHER

— AR

memory.140

JR E ikt

\ BN Boh ﬁﬁa, Bt LRSS GHED
22T
0EEN | 1 11
1ER | 1 13
2EW | 1 16
SEW | 1 10
4ER | 1 14
HIER AR
O R TTR A K T

« —HTK: FET 7, RHEIKD

« —HICR: WAIILHIE

« “EBMERTFR: —RAK. —HAR

« RFVURD T, S H0E A I TUR TR BT AE )
RIEENTF, HAAESMF, TURMEHLER H

o Jei (fB]E) TR

201044 /5 H 2




{8]'& T (inverted page table)45 14

grak: TURKIK/NE TUREEE, AR

e | frde | ESibhb HEM T EHE, 48/ T TWERK/D
[
£ 2 P B3 ot
(hash) & £k ]ﬁ . Hftﬂﬂaﬁ
I G E G S 1151 5 e
5, %I
- =l
s s
TETHE S
nE=
S T — i ¥
Wi —N e = -
¢, MR RAES | fF
THEIT rash 2 A B IR iy e

H KR TN B

18] B B e by "

memory.141
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yiog 4
&

k3% #e A )2

Lk IR

unit of
mapping

-

also unit of
transfer from
virtual to
physical
memory

NI EEIEARFEACcess

actually, concatenation (& EX)

PA

PA Memory VA Virtual Memory
0| frame0 1K ™ pqqr|— O0[ page0 |iK
1024 1 | 1K Trans 1024 1 1K
/ MAP
7168 7 ] 1K \
1% b bk O A B M kIS A 31744 31 1K
«—10—*
VA |page no. dilsp MMV=0K}, KT
Page TM — Righthy, KA FHI
Page Table _| —— |
Base Reg = Acces‘si/ |
. 1V G . PF# > . :
index Rights i is more likely
Into !
page i
table table located frame no. disp
in physical

memory.142
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{5 B0 A A ge B A+ H 1R O

AR MR GO
1) #k1 ( page fault)
PR AValid CERUAL 1 AL 0 B
N AL : MHE DG RRBINE, HAFRESN, WEENAFEE TR
BeRpAL L, B#ERRLTFCache, RARISH:, TEHEIKE,
P dirty” AL € R B EE A
ARG BT HPITHILZE, HarsEgEE, SR )RR 2R
TR RBEPAT
2) {#37&F5] ( protection_violation_fault )
FEAEZAE: HAccess Rights (FFEUUIR) 5 Bre € 9 B AR EBAE A A A
FMNALE: ERER EER NERTPHEER
FEAEL NG SARiE<SNPATHEE, ZursEgLit
Access Rights (FFHUBFR) AT BE KU HUE A RS ?
R = Read-only, R/W =read/write, X = execute only
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TLBs --- Making Address Translation Fast

. —IRAAFT | HZE Y5 R JLIRNAE?

0/1/2/3K?

L EEBRTURIKE|Cached, XMEECache B TR I Gl TURFR N
Translation Lookaside Buffer or TLB (#7&)

TLBAEAELR, WEFH

index, R Tag, BR

SwREE N Taglt; #
MBS, METRS &
fikTag, 1&ALH
index, H{EHRTI.

Virtual Address |Physical Address
(tag+index)

Dirty |Ref |Valid |Access

BBV 5 4y iitag+Index | s [ A B T AE 2

J6H B TS

1

BFTLBH K

A TLBHHY
V=0 B¢
Tag#VA,
R P R,

IR

\ 4

R ok |k |-

virtual page # valid tag TLB page frame#  7IATLBEIH il 2P f7 45
' R A

RHJIRH
Physical memory

..K

%\

.\ ‘
.

=

O

%

p=il
i

V=0, U'JJ@%
0, B
ik

memory.144
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Rrlolel-lol-]lrlo]l- -]~ ]~

Disk storage

< >
i l

vz

I

ﬁi%tlj%'?%ﬁagﬂ%? FA 2 —— : - T




Translation Look-Aside Buffers

Miss1:
TLBHEAVA
Miss2:
T EANTEF A
Miss3:
PA ZEE 17,

Main
Memory

{BAfECache e
miss1>>miss2, Why? misle hit2

KA TLBAHH I L 4
b B TR Page fault ‘

T LA PRt T A 1721 t 20t
MEHETLB AR (missl)

Miss1HIAbEE: BENF IR, FHREH2, 1 TLBH)—LL s BRI FEFR
/l%ﬁi@ﬁé%)\TLBEP ﬂ‘—:&ﬁi&hﬂ%}ﬁe gyl TLBK/p: 16~512T%

KE M ArhEm, BN SRR igjﬂfg 054/!‘5'3‘?5%}@
o , B T Foe. 10~100/HH4H |
ARSTBRHLEACRNS: BAREHIIRI T S, 00-09%
KBS g P25 7] 9 AF IR
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254 =FMARISRERH S
¢ =MARIBRKR: TLBHR. CachedtR. HtIT
& =PRI A S LR AT BB T

Page
E Possible? If so, under what circumstance?

miss [AJfg, TLBar I EX—Ewmd, HEF EASER

miss [ hit hit |ATRE, TLBBRRIBTRA Redmr™, 15 BT, /ﬁdl:"fﬁa?:“tCache
miss | hit | miss |A[EE, TLBERRMEIRAGedmS, 5REFF, HEAIfEA7ECache
miss | miss | miss | g, TLBEURTURFIRESE, 5 BRANEFEE, —EHALECache

hit | miss | miss |AmRE, TURSRK, BHIGEEAEER, TLBH—EBRAIXIERD

hit | miss hit /L

miss | miss | hit [RATRE, JUEREBRK, HHEEALEESRE, CacheF—EHEHIZEER

B FIE RN Z 2Nty hity hit, BB, UREFILIR? AEEY XA

L EHET, BRFHENZAM4?hity hite missfmiss. hit. hit JRFEV R EFLX
DL EHET, BRREREM 42 miss. miss. miss FEiREELE. FIHHERD2K
NTFERMBEGFZ BREH 42 miss. hit. miss REV5BLLE. HIFED D20k
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Virtual address

21 30 2B ree-inireai e -14 13 12 11 10 9 :rveene 3 2 1 0O
YWirtual page number Fage offzet
.20 412
Walid Dirty Tag Fhyszsical page numbsr
(=) ~—
TLB =
TLE hit
=) ——
(=)=
(O
420
3 I
i‘mﬁt%jﬁ VA->PA Physical page number | Fage offsat
............................................................. Fhys ke ak Adoias s e EEErT
(RS P ical acldrass Caches ind
MREPA) M cacheB £ e i | Seche s | ofser
J18 s 44 +E
- B -
B J12 Data
Valid Tag B
Cache
—r v |
o
Cache hﬂ«—{j_
—- e

s

affsen



A
1
lg
|
|

]
5
)

T bbb

| FEITTS € 2042 ) | T 124) | Sl

e

¥ TIB#igC Tazd s,

Bl
B

| ®idcTazd | %3 | srmsar. |
|

Y. R C Tazg 3 + B W FRic ( Tag ) « ErfgEho

" .

il



CPUV AL FE

CPU 25 HEH I VA

TLE ftdk. @/M—ﬁ%ﬁ\%

N\ETL

TLR #hIRbER.
A EFH IR

v

+2 Vi B RIE Pa.

______

i

i

i

: Fi ral“hF' ‘:F'“ﬂifi = :

| |

| M\ cache %_ltﬁ HH— 3 S |7ﬂ i |

| lF |

E :

i

' i

| |

| i

| i
i
i
i
i

MR — T 3| £7

_________

EFHE cache,
BieTa .
cache SRR BFMOAE

58] cache FFHEE




7 AR 73 B G EE 3

* DTHAGHFR R
- A BRI, L. FARFRERENRE —1NFL (WEEF) AR

> BURFAR

- B BT RAREZE MR, BRIEges HELn e — & IR 8 A )

A, sk, BE., RIPMIEZEERATE

* TERARGHISEI

memory.150

- BEFRBROSKHIEFHREMHERER TS MR EFER, — PN REFFSMUE
BOMZ A BV R, 44 RS P B0 12 48 45 M 3l 40 T ol ) 28 S ARG S B B0
(B, &R, TREF. BlER. IS

BOBF WA BB, ETRERER. MFERUECARERGEHRER
BT VRN LI AT AR P A, DUB B BE S, P AE B K R P
7 BARGR LA SE R P R BORR 7, BABAEEFP AL EILRAER
R, ML B IR

BRA G MR EFHH— A HEAE

R0 B A= B AR - W32 3R S M BT R S ) — SR JST 3R 23, DRI 20 BOW R 1 3 R
AEYI (M2 O R R AR B2 E B D

20104F4 H5H AW



BB A AE i A H B b BR AR

4

5 A AT i = B A M+ B A (S B i

]
0 '@: Bk
Lo 2 B 16K
& 0 1 16K 24K 2
e 1 1 28K ASK O Ex Sk
5 1 10K SHE pltle
28K 3 1 6K 20K 48
0 B | | B | desatil | VAEA 1 B | sex
2 Ex G4
10K B .
’ Faults (R H15): e
3 B BB (BORFETE) « A= 0 .
bk 5t B EEHERERK —
Ry EH: U7 HEBAEARTE VIR 7 X F8 e R E 112K
sk 120K
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A e ATt s 1) Hh b 28

N, ) »
By B Ui 2 1 i bk 2R [
2rs Bs B P Hichl
: // ,/ .f/
Z H i Hhohtb HAaeEu 002 6ES2 FAFECHhE
l l i f/
1= $_> 406E82
0 S60 | 000
1 001
= — ™ o002 40 31
e 6 S60 ——>é— S
004
005
B& B =
EBREENFHFEE —1TH A CIERE) MBRE
_:J"—

memory.152
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5 B RIBLIUA ) L

* TERARZEHFF R

- iR BWARSRFNERAS AN, MBREEM Y, 5HTHRE. B
B, BUNRY, ET2ERFINE; FRURAKNE (k. I Ba3)
SARKE, VFHE BIEE AN EFZE

- B BKEAMHRE, 8. ZEAE, BUIERK, SEESEWREL, H
SEBIAE TP L2 REFRLE, AFAH, ERIR%

(Bltn: —AMRBOAWE, EHE—ANEBOSE XD

*» B ARG HEATE
- B ARG S. BEREROE, BNEAT, #AEFTIL T A B
MR B TR B A B
- ABRENTE BE—A) #TRSEER

- WRI\WEIAEBIER H B H Z BN K TRSRE, FRIR, K5 HRIE T
HE TR AP BB WAL EAF RO TURE AL, P 1) 21 0T N 800
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B 2 RE S 2 ) St ik 22 it

L4

ERRENF A

Rt a

FRRIgHl

By ot sX R 17 il 25 HhHE 32 R =

D,

HES | BS | BEROs | TR | Eiik
|
BEf:an l
B WS | mpHRE | EHk

memory.154
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(B%) Pentium#ibH 23154k 75 =

ERAEBUIRIR -
o SLEPZEE(GZEFAL): HERERS
o FAran(FATARSUE): RE324L 1 1647 / 8ALEH B A
o TEfEET(HAD F0E): FEEATH bR B

BN => P HhELA (=> N fERubL)

53 B 4

B HIER:
(1) Bt H725SR (RS ERAH)

(2) 8/16/32fi B EA (ERAH)

(2) it F B (HESH, AREHFAFRE)

(3) ZhtFfrssl (BB, BESPAMIAREHFHARE, )
> A B A bR e b A bk
> B A bk i 3R DL LB R 7S (1:847 / 2:164L / 4:324% / 8:6447)
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(B%) PentiumibF2IHHFR

FHk775K = R7S
SR (RS A 5 A EEEEL) BAEE=A
BT 77 Gl H A A7 an T N B R 2D HEH= (R)

AR (LA H18/16/3217 (i ) LA=(SR)+A
FEhE(HbhEASBES H HE 252 5) LA=(SR)+(B)
Stk s w (- 4EL U ) LA=(SR)+(B)+A

< LG9 AR Ik vty (i B (4R Uy ) LA=(SR)+ (I)XxS+A

Sl AR B A A% B (4R U n)) LA=(SR)+(B)+(l) +A
Sehib s EE A AR B A AL 1 (— 4E LD 1)) LA=(SR)+(B)+(1)xS+A

\HHXF (47 4R bl Fe A 1) R Hilk=(PC)+A

memory.156
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( B%) PentiumithE

135 A7 1 4% -4k

BUAM AT A

SS |

B

CS

BOR I (B 1 )

L AT
DTS

*

L R ¥
1/2/4/8

L AL

i B BR

~ FEHb

& W=
® 8/16/3241

AL
Tﬁ%ﬁf@ﬂk

memory.157

2 P Hh hk 2% 5]
/\/

N\

5

hE:

B IR
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i?ﬁ%ﬂ%ﬁhﬂg;hzﬁﬁ%u)

4

¢

¢

2R RY?

- ABREFTZERFALTI, PR TR AR P EmYE, SR

FEAE LT A AR P B E X, N MR AT G R
BAE RGN PRI T B2 R
DU Bl R AR Al R s
—  HbHBEUR CEEA R E AL v R Y D
o VIRIEEAL. BAEP . FEP
— Ui (U5 MRS A U RIBUR AR
o TR EENR
U 0 J T 1 1
- HEBRTIEER/WERO; PRI €R/EEXRO
o LA ) PR 44 I -

M ERF REEVTH BT B AR XML =X

- WTRERECHEBXNER: fEE
— XWHEXEERRAEAMEAER: AT
— NRFFRHELE (WOSH. TR . AuijH

memory.158
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B DR RO S HF

o ATHNBIERGRIFMRTFIRASTR, LM ER LT =MEARTIFE:
- XFERPHMEITER:
. EHBA (Supervisor Mode)
HT BB ERG &M DB HIERE N R G S, WA NZ(Kernel)3iiE, B
(Supervisor)ifE. AT RGEBEFERT AL HE AR BT Ak A AR b B B 20 (Supervisor
Mode), BRMEHETFRE, HHKES. BEE, ZOE
« AP (User Mode)
SERIAERERRIIRE SRR PR, R‘RGETH A HER, AP 2
AP, 8@ RS BREPRES, WAV ESBEHAES
- F—E#ACPURSREEHRAHAEEMARBHHAHES (R « XHa
REBEHE: User/SupervisorBizfil. TWREHE. TLBS ., OSHRZAT LLAH%:
TR S (—RAESHES) REXERE
— RAHECPUAEE B AR A P A LR PILE .« " MepEb” (REH
D) HCPUMNA P AU B E B R b3 iR [B]7$84 (return from
exception) fFCPUMNEHREFZIH A IRE
o Eit ER=ATHEEFHE U RAAFAEOSH ML H, OSHLAEFH IR, HPilkH
PR TR, HORA P R R 685 0S4 B4 A7 2 A]
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R

iy

L N AT X

o LTI HHEEE Bk SR B M L
SRR Mkt 5 e B R B S
o ERfAR: U
_ WA RS FTE Mk 2R o1 I
ek Y B L
_ A ST B LRk | nBF
SCHL, ZERRFF T IR B A it :
ITHIBE R B LT SCELRE
Bt EAE P IS
o BFEEMLETEEmI IR (B
IELAEHHE) SRSEIRH ‘
o IR R AR R B Hb B 4T R R WA Eh
WP, SRR IR

na

.:-"'"_\""-\.._\_\_\_\-\_H_
: | LR
% EFT: atn-1 —FE
|
.
: | Fhet
-
BEF
b LR
b1 PR
‘ BREFAR
T EhE

NRE A I REAT AW, EAEFER N, WA BcE AT, A5 5 )

memory.160
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SR MRS T AT 7 1

X 3R

¢ BRI

- RGEAFEF L E MR

- AR AR, R R R AR TR LA S
- HREBATH, RREFIRSHFSTRREERE)MT TR #E )

BEAT XS, AR A AT Uy el iRk, a0 A8 54k

"HIR R

— AMERERAERA ARV I, SO RRE A U AT — B, M AR
0, BERAHEATEN TAE. i, BAERGEFWUTRFASR, BrLlafitos

IR IRES T PRI N0

* R
- EHEPHRHREREEERS A M H, XA E LI

memory.161

- BARHRERRTRAIRE, FINEIRFEE

— AIREERE AT LG R SRR R SR AR RST8], T AMA ATV ) A A 2ERE 25 )
- RAHERRPEHE, 50, TH P EEREL T A4

— PentiumXRHZFE
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PG

o EBUFHS SN EF L MNEFEENE, AR —MHEEER
o SINERIEMER, HREFRATUAE - MERNEEEERF, TRMESTRE

FrI RS 2K

B AR TR ER, E—8oBER AR ES, —HoFREws
RHIE (FRAT) HCache-MMERFIHRE K15 %

KA AAHBCELS, Wi TR SCILZ S ) B bk e, B ARSI
BT HOS5E R (cache missAb 3 lAE/:SZI0)

K HWrite Back 5 R 1%
WERPEFEAL, TTET FRER. BB, BERHEETiE S
28 AT I R TR B¢ PR Cachedr, #ROARIRTLB

BoRA. B, BRAZMEEER

RFMERTTER

— AR R B E A B E At AR AR 05 AT B kb A 57 4 iy

— AR i8] 77 AT AR B PR 1 4 Wy

® & 6 6 6 O O O o
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RE R4

o TAEBRIIZY K
CHAPEUTSS: BERL. WRR. BB AFEE
MRS RSk, BT, WOtk
S BTENME: TS, R
-IEWRE T ERE: K. SR
- IRTHEEIBR BRI Sy &FFM. Cache. £ (W) . #ifF UMD
o TERERISBLH:

CEEMNRENR . FEMNDRIR. MR EIEE, #%5CPUERKERH
BRI, A o JE IR G R A -

s —~Cache— X HF~H{ . By
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AREE G2

o LR EMEH I AR A R
— gt GEIZBIT) —~FSH ~FEE (NFEEK) ~Tfribas
¢ SO 5CPURIER
— HhkERER: BFRORAEF TN LT R, MOCATH R, &
MRT RIEZSE, BB R EESFEES, FEHEEISRPRIERE
S5 L.
- BEERERE: ZRORAEM TN LT R, aRERNT RS L
— BHIZGHKERE: WEES. EFIOVIRESELdH &R
IVA: )1
o HiEfEfE%:. MROM. PROM. EPROM. EEPROM. Flash ROM
& BT X gtk FrtE 2%
— ELegmbk: AR R R
— A X gmtk: RN HBER] 4 Bk
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