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Chapter 4
Internal Memory “1a)all 3 S|
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Location a8 sl
@AJ\A 62:\5.3\3 «CPU4! (@
Capacity 4=l
Q.._\\.AXSM 2ac ¢ wﬁ\ e;; °
Unit of transfer Jw il sas
Word on bus, block, cluster
Access method il 4ay yh
hodeds o) (SoLa gl ) gdie o) bl

Direct, Random, Associative,
Sequential

Y

Chtacteristics uallaill

Performance ¢\aY!
Sl 3l ey g5y eall g dal) e
Access, Cycle, Transfer time
Physical type (b sl Jaaill
Sl ounlaiia sl Jil Coai o
, magnetic, optical
Al sl [ailiasll
Volatile , oaall 4Lid 5l 5 jidaila o
Erasable

.i~ ..~“
gwswguuﬂ@g)#\#ﬂ\ .
Physical arrangement of bits into
words
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Access Methods (1)
Sequential 2t s) Ll o
Start at the beginning and read through in order -
Gl sall e g ) g o Ml (e ) ciag o
tape (subliaa) lay J3l) (Jia o
Direct il e
0l ) sie AL ST .
Lol Canll o5 (e g A 58 Adhaia ) 480 DA (g il
(Gl a8 gall 5 a8 gall o ading Jaill (e ) @
disk uhiral (a @l Jia e
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(Y) lall %L

Access Methods (2)
Random 4! sdall o
A8y &8) gall 433l 3Y) (pgliall 20aT e
LCaabd) Alas) &85 (e Jate A&l gy o
RAMA Jia o
Associative 4.5 jLiill e
A0 A al) daal) uAcﬁgjﬁMcqz\AJM\ oJJ&cﬁ}q@ub\_\.ﬂ\ s e
i) il 5 ) e s Sl (50 o
.cache 4Ladll 5 SIA Jic
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5 ,SIall 4{%

. &)liall
Memory Hierarchy
Registers <& ol
CPU b ) b Jio s
Internal or Main memory 4alall 5l du Hll 3 SIAl

.cached) (e SiS) 5l (5 siia anai 28 o
”RAM”J\ °

External memory 4 il 5 SIAl)
Backing store (shlia¥)s ALyl o3l e
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A lasy) helsyl
8)liall
Performance
Access time &l (pa y o
4 sthadll ULl e seanlly ol sindl assi Cpy Joalil) cya 30 @
Memory Cycle time 3_SIAll 3 553 (1) @
A 3l I K0 (g gina salainy 4abing 3 g2 el o
sl 4 el = 3 SIAN B y9a (pa ) o
Cycle time is access + recovery

Transfer Rate J! sl Jaza o
bl 4y Jais o Sy o)) oSy (A1) Jaxall
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40l il uﬂi@ﬁ‘

6)liaJl

Physical Characteristics

Decay Jbaaay) o

Volatility _sUaill e
Erasable (>l 4L o
Power consumption 48all &IBlgiul o
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Y L@H

The Botton Line

How much? ¢S

Capacity daudl 1l sall o
How fast? fic il

Time is money 448 (pa 3l 1l gall o
How expensive? 4l ¢ & ) saa L

Tradeoffs among all of these :Adlll Jal sall (0 diajlis
Uayl (Sd g (lall) J81 4alS = S ¢S] A= ¢ il o
Faster = More expensive, More = Less cost (per bit) but slower
Solution : Memory Hierarchy 3_SIAll < 58 :Jall o
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Registers

L1 Cache

L2 Cache
Main memory
Disk cache
Disk

Optical

Tape

el KBS Z0RT

Hiera rchyTlst

Vo3 asel) el e JEY) xie o

cost per bit Gl A< i

Increasing capacity 4=l zls 3

Increasing access time &l () &

o) Az sall - 3 SIAN ) ellaal) B 20 55 (il
frequency of access of the 4zl

memory by the processor — locality of
reference
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So you want fast?
(EaY pae)static RAM i addieg Cosula ol Lii€ay o

very fast lax 3 € 4o yu ) giasi o
need no cache 4lsa 3 SI3 ~Uay (o
Abdall 3 SIAl aladtii) ankatug (oS e

Jas dlle 48K o
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WIGRE

Locality of Reference

Temporal Locality 48 sall dzia sall o

&M\@MJ‘aJﬁ\é'&)ﬂ\ﬂ\ é\y&ww&at@g&y@&a\)ﬂ\w J

Lo e adaie 205 3B e U s pall DGR A 3 cloops and iteration <)) Sl g sl geda daii e
Spatial Locality 4 pall daxia gall o

L By slaiall 5 SIAN ) 9o dma o Jad ol pll penal o

bl JSa8 Al Slaalaill G Jie dmas je B slatiall @8l sall Ley Jrad Al 45y Hlall Gl e 0y
Agma pall Alas o Jaleal) Laga (SaY
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Cachei‘@m

6)li_aJl

Cache Example

~=i Level 1 cache Js¥) (s siuall (e Aibaa 3 SI5 JUall Jaos e 23l o
5810 s | Level 2 AUl (s siwal 5.0.1 ps &5 5« 2 1000 words
1 ps olase a5 (e
:cached) & Jaill Glilee (50 95% i) &3 13
* T=(0.95)*(0.1 ps) + (0.05)*(0.1+1 ps) = 0.15 ps
:cached) & Jaill cililee (50 5% Jlad) a3 13 o
e T=(0.05)*(0.1 ps) + (0.95)*(0.1+1 us) = 1.05 pis
cache hits Cblay) adldal 3al 3 2l (5 o U o

1.1 us\
0.1us

O% https://manara.edu.sy/ 100%
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) sl qu@%@gs
Semiconductor Memory

RAM
random access (3 sde das S gd o 8l gill Glail S gd aaea oY 4kl dpaus o
Read/Write 42US/ee) )8 o
Volatile 3_nUaia e
Temporary storage < ()i e
Static or Dynamic Sxlno gl (Sls (e 55 o
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PH

Dynamic RAM

ClECall 8 aniS Ul oA

Charges leak 48l @yl (e (Sl

refreshing alaaiuny) axe die Ja Alaidl ~Uas

Simpler construction taww ¢l

Smaller per bit 4l jia aaa

Less expensive i< Jil

refresh circuits (every few milliseconds) Jilzd) 3 )la ZUaS
Slower Ual

Main memory 4wt ) 3 SIS a2atus
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[y

Static RAM

flip-flops Ll aladiuly on/off ZileS CLlAl) ¢ A
No charges to leak 4=l & i 3 0¥

No refreshing (iU dalay

More complex construction ladss i) d,

Larger per bit 4lall <) aas

More expensive 4K

Does not need refresh circuits il &l lal zUasy

Faster ayi
Cache 4lias

https://manara.edu.sy/
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Laa oc«\)ﬂ\ %\jd
&)liadl
Read Only Memory (ROM)

Permanent storage a2 (A5 e

Microprogramming 45 Ssall das yll o

Library subroutines 4 Jall gzl pull 484 o

Systems programs (BIOS) ahill cibas y e

Function tables dudua sl Jslasdl e
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ROMI 65
Types of ROM

Written during manufacture gl L) 4,61 o
Very expensive for small runs s_prall LSl 38K 4245 po o

Programmable (once) s 53 5 4o jull ALl
PROM -
Asapll Aals Gf jugadl ~lias e
Read “mostly” W 3¢ 5 58l o
Erasable Programmable (EPROM) 4ax_yall sale) 5 aall 216 o
Erased by UV 4aauinll (3 4 iYL A .
Electrically Erasable (EEPROM) Wil S ~all ALl o
longer to write than read ss! il (o) (e ST A0Sl Ta  cllginss o
Flash memory dacas il S) g3 o
Erase whole memory electrically Wb eS LeleSl 5 SIA aa Say o
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6yliadl

Chip Organization
e sl Jad) il lad e individual memory cell 3aal s 3 SIAl 44la (g giad o
(RS i 5e) j8) aSat Jad 5 (Jlad

s

Control

A Cell

~ Data In / Data Out (sense)
Select

Memory Cell Operations 3_SIAll 4,la cillae
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8liall

Organizationin detail

16Mbit g2 »d S il ASadll 3kl (g o
16 bit (2 Sl (e 1M
At el Al (e (g bit Ala SV Aay 5 (IMbt i JS A 50 16 0
s Cuny ¢4 bit 4l aje iV (e 3362048 x 2048 x 4bit array Gl e
Al siall L8 a8 50 4,194,304 =
Aagiadl 8 dexiiallpins gyl axe JE5
e Y pa ¥l glic z el e

22 bits e Jsasll Al IS e (s ((211=2048) 453l ping had) ) (Jlk o
4 bit (e ddlge 4lS (K ¢(222 = 4 M)

Laa.(CAS) 23ad) ¢ sie Juisi o3 a5 o(RAS) handl )i Bl Jus i3SI ) Saall
..Data In/Sense Lisha Jal ge lagha ¢ ) zUss SELECT line <AV baa Jady
a1 B2l ) ae Dl ye £ Aradl 3y 38 adl) Jlae el ST 4l d8liza) o
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oy |
%4) Lulsi]e Mb 3 S

RAS CAS WE OF

Y vV

Timing and Control

DRAM

Rilmesh :
Counter MUX
;.LH“T'E l‘l“l‘"' . Memory anray
A Address —h- —h' De- (2048 J048 " 4)
M Buifer coder)
L
—> .
& . ¥ ¥ ¢ '
rata Tnpan il
AlD Column
Al ._,.,L:i';“_::hﬁ Sense Amplificr f— Butter ﬁé
and 10 Gate I
Buffer indl 10 Giat l g 1t Outpul D4
Buffer
ﬁ ';.ml'll'l."'llll'l I]L'L'l'lLIL'T

et e & ]

b Rt A A
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PH

cuu_th Refreshi Nng u-n\.uY\

dan i) e diaiaa Gilad) 3 la e

Disable chip 4sg_ il (1Sl clal)

Count through rows saec ¥l jc 2all o

Read & Write back 4zal) 4SS g3¢) )3
Takes time Lila) Ui g (3 jxin o

apparent performance _aUall ¢la¥) ¢ Jasi o
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Dy

s Packaging <l

A9 — ] | 2— Voo Vee —] ) 40— Vs
Al —p]]2 IM 8 31 [fl— ALH 131 -] 2 23 [t 1244

Als —e{|3 A[— ALT 122 {3 22 ol 133

Al — 4 20— A4 W —me{]4 21 [l—CAS
AT —me{]5 28 [1l— A3 RAS —e{]5 20— OF

Afi —m]6 27— AR NC —me{]6 19]Jol— A9

A5 —m]7 26/ Jl— AY AT —mef] 7 15[ Jol— AR

Ad —ml]8 25— Al Al —m] & 17| 1— AT

A3 —m{l9 32 Pin Dip 24[le—Vpp Al —mmf]o 16 Tl— AD

A —melll0 o Z3[le—A 1) A2 — ] 1) 15[Jl— AS

Al —mf] 1] 22— CE AT —m{] 1| 14| Jol— Ad

Al —mf] 12 21— 137 Vee —] 12 13— Vss
[0 g—{] 13 20— 1363

] -—{] 14 19]1—.- 105

D2 )15 15[ 124

Vas —J16 Top View LT[ 103

(a) 8 Mbit EPROM ib) 16 Mbit DRAM

CE = Chip Enable, Vss = Ground, Vcc=+V, OE = Output Enable,

WE - erte Enable https://manara.edu.sy/
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A e gl pladiuly iy ahaiif]
256K 8 bitd LilIs

(e A JSI8 256K A (]
.8 bit e Al gl 45 yall ALK

«zisad N8 bit (psbe 28]
QUL a8 s Bam g x A S
_Bh\j PN C:i\).mj\ s L,’J:;

~

Memory

Address

Register (MAR)
3

A

 J

512 Bit-sense

| Bit #8

"§ o 512 Words by
g in 512 Bits
Q8| Chip#l
- > Decoc_ie 1 of Mermory
512 Bit-sense Buffer
Bit #1 Register (MBR)
h 1
2
e
f o o P IV
é) o —0 8§
Decode 1 of
512 Bit-sense
Bit #7
—
B ey 512 Words by
) g | 512Bits
a8 Chip #8
\ Becode 1 of
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ST
OS5 SIA 2 gl andat

ST 803 e J geanll Tise 53 53 50 3l s Aylay (S @
256K X 8bit adai Sl 53 JUia @
256K x 8bitz i £ oy liSay 1M 5813 e J gl La i 13 o
Pliagd Al ULl (5 sing day ,Y) zalall (e (5] 48 jra LiSay (oS o
AM dphiadl 4 gie Jad 20 glisg e
Bl 83 L oy slimdl Aozl Thas YA o

@SJ:\JS(J.AiC)AM&BJ&‘}CSF@J&M%\H%@\\}&J\M%QL&QLAMQM\O:\M\ .
(bl GlaS 55 (g
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(7) g3 sttt

oLl
Module Organization (2)
Memory
Address

Register (. Y Y "
(MAR) ~
) Al Ll Bl C1 D1
i

1/512

9 ._.1/§12 1/212 1
(1 E L L I E L

o

™ ¢
o ¢

Bit 1
91— ,_\_‘12_'_,___ L\}E\J All chips 512 words by
512 bits. 2-terminal cells

\ A7
P g Ceo Ced O
I'Ol,lp

_ E | G T . t . X
Chip A e — -
Group (B: — s
Enable ¢— H— 5| A8 BS C8 D8
Select 1 —

p—p-1/512 —1/512
of 4 4 4 - —e
GrOUpS E L E E [ F [
> = - -
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ajq_ojt.
Error Correction

Hard Failure 4l lall ¢Uasl) o

Permanent defect aila Jhac o
Soft Error auas yll ol dadll cUail) e

Random, non-destructive 4 3« e 543 sic o

OJS\JH ei\.l dL;:_‘y °
glad) CadS Ciliid gaa) fisala L e B ot A ysin o

S s vie lbal) pmaatl R4S ilaslas Lo (55385 L3S eparity bit dulasy) Alas A »

EJA\)
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6)lioJl

Cache-
5mS Lhie ju (S yiva lgaaa 3 Sl e
CPU 5 A )11 5 I (py pia g o
CPU ) z35ai Ao ) o Lemmny (g g S8

Block Transfer

Word Transfer ("'-’k-"\
("—A_-‘-\

CPU Cache I Main Memory

https://manara.edu.sy/
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aLLaddl 3 SIAl uu.q.m%)s dale daal
. ﬂJLt_o_I[ .
Cache operation=overview
Lo s SI3 1 ga (5 siaaCPU I ol
Ao gl bl e (g giad (SIS 1)) Lo yiias o
.J&\mkﬂ&j@\&dd‘,@\e@uﬁyu\sq.
OSSN A )3 SIAN e 2 el B SIS gy | jaa W g e
CPUD ) (al&Y (e aliis o5 g o

Lgu\; 3 g ga Aty Hl) 3 SIAL) COls Ly LS‘ daacl tags Sladle AN TN
A<
-
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o Ao

6)ligJl
Cache Design
Adsiall ALE 4LIS 20 e (g gian 3 Sl CulS 1Y)

20 /K = SISl axe g K words e (s sing Leie S il )3 SIA andi Li€ay o
K words aas lgia JS cslots sl Clines (o S allss o

C<<M -

€ESN L sl e 58I IS L Ailae kS e Jlpd) LRy @

Memory Block 0
Cache Line 0 Block 1
Line 1
Line C-1
https://manara.edu.sy/ BIOCk (Zn/K)_l
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6)ligJl

Cache Design
Size aaxall e
Mapping Function buaaill 45 e
Replacement Algorithm Jlaiuy) 4 ) )l o2
Write Policy 4US]) 4l
Block Size &l sl ans o
Number of Caches (&SIl S 53 dac e
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e el

Size does matter
Cost 4alsl) o
More cache is expensive S 4Kl culS ) K culS LS o
Speed 4c yull o
More cache is faster (up to a point) ,Sl i ju = Sl EIS »
L) 3oy il EISH Ll o
S s e i) dlee ¢ daw duiln) (IS AiLs) o

https://manara.edu.sy/
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Typical Cache

Processor

O

5)LigaJl

0

rgan

1zation

Address
» [
Address
buffer

Control . Cache ; Control

Data
buffer
k=

Data

System Bus

https://manara.edu.sy/
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c-Lt_o_I[

I\/Iappmg Function

ORI 400l 40yl Lanaia) 13) o
64KByte 4w (IS o
4 bytes -2Cache line / Block (s 4zl 483c o
4 bytes e JS Uai 16,385 (214) & (iU L shadll axe Jia o
16MBytes 4z 4yl 3 SIAl o
24 bit address
(24=16M) -
16Mbytes / 4bytes-per-block = 4 MB of Memory Blocks
& b shdll e 16K Aauw 3 SI3 Ldjn <l L) UA4|\/|bJ\J=.LL.;_\ Llad Lle aagiy o
S Jadl) it L) saeial) S SLI sl o Lga o gy, (S
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)i . ‘ I LakvXs A ‘
- Slial
Direct Mapping
A5 OGS Jady i 511 5 S0 (g gl S AUae 48 T8 JawyY) Jagladll A0
_3)5\55\&433“&3}6&\55\‘;3};}‘4\ Epnl d_,l_}a_,u\u;:,m .

:Cache ||ne u.n&\ LA g;;\ DJS\JM Lﬂjl\ @LL.A 4\.:4:.4 ®

*i=jmodc

.
® QIR
-

i=Cache Line Number

j=Main Memory Block Number
c=Number of Lines in Cache

https://manara.edu.sy/
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C=dms yidllian

6)liadl

Direct Mapping with C=4

/(4 words mx: 1 slot/line/block JS) (3s8d aab GAS Jaa e UWllia 8 U puail) 13) o

e Cache Line Memory Block Held
0 0,4,S8, ..
e 1 1,5,9, ..
e 2 2,6,10, ..
e 3 3,7,11, ...
* In general:
0 0, C, 2C, 3C, ...
e 1 1, C+1, 2C+1, 3C+1, ...
e 2 2, C+2, 2C+2, 3C+2, ...
e 3 3, C+3, 2C+3, 3C+3, ...

https://manara.edu.sy/
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C=dms yidllian

o)liall

Direct Mapping with C=4

Valid Dirty /Tag Block O Main
Slot 0 Block 1 | Memory
Slot 1 Block 2
Slot 2 Block 3
Slot 3 Block 4
Cache Memory Block 5
; Block 6
e s siny (34 JS o) itV
(eg 4 WOI‘dS) K m‘\qggﬁmanara.edu.sy/ BlocK /
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Direct Mapping Addre@uﬁw‘ Jaylaal) A,

6)liadl

Structure

Address is in two parts Osesd (e G sSa () sinll o
SN d e a5 AalS s ) dvaal J8Y W bits cllA e
BSIAN S ol aa oty ) dpaal SISV 5 bits LA e
tag o)l 5 cache line field r (ESl gl Jia N MSBs 4peal SISV clilall apudig
(most significant 4xal SYI) s-r

https://manara.edu.sy/
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Direct Mappingﬁ@%ﬁbﬂ\ C glie A,
Address Stfdcture

VD Tag s-r Line or Slot r Word w

111 3 14 2

(16Mb ) 3&ill) 24 bit (e 055 O sie Lnal (K]
(4 byte e dsh) 2 bit (e AalS e ol dalS Caae
22 bit (s alse gk o

(=22-14) ¢l 8 bit 0o P

slot or line Jashall ol 35840 poal 14 bit o
olall Jin (ui Legd Jadll i 8 (Sl ol clllia
Tag aSadl jlaial s adll sla) IS (e QS (5 sina yiids o
Dirty bit &3l 4L 5 Valid bitidslad) Lla ) #Uss Ul

) 28 el ) ey gl s 30 IS 13 L (305 Valid ABolamal)

J8 5 SIA 8 daa) N AUKY) (s gy Lae |, SN 8 03 ga g die aliet 23 8 QL o e I3 Dirty okl e
) ) “ Al el gl e\asgu\ sale)

https://manara.edu.sy/
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Y

64K SS Direct Mappiffg il Jasass JUia

S 5 S0 At )l) 3 SI
Addr Tag W0 W1 W2 W3 Addr (hex) Data
o |00 [F[F2|F3|Fa ( 888880 F%
1 F
1B 11112 |13 | 14 :

; Line0 | 000002 F3

; _ | 000003 F4

> ‘| 1B0004 11
_ ) | 1B0005 12
Line 1 1B0006 13

_| 1B0007 14
2141

1B0007-=00011011 0000000000000 —

Word = 11, Line = 000000800000 01, Tag= 0001 1011
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Linge +
Tag Word Data
0000 [1T3579286 F = = = 4
D004 :
|
- 1 — 1
0 1
£ - 1
LY Juall .
” FFFH |
64K i) Ll :
. I - Line
4 Words ) : | l'ug 1ata Number
* pooa PFTTEIIT oo [0 1ASTEEAE | OO0
S SSS L4 | 1123581 === == = = o 16 | 11235813 | D00l
‘ﬂ - Ly W 1 Ly W Ly ) ’ ’ Ly W
16— 339C| FEDCBASE = = — — = — — - 16 | FEDCBASS | DCET
m==== FF | 11223344 | 3FFE
PEFC | 12345678 ===k === 16 | 12345678 | 3pFr
o] |
. I . .
. I #hits 32 bins
DO00 I e
non4 I 16 Kword Cache
|
|
FF T i I
|
|
FFFa | 11223344 b = ==l
prwc | 24682468 |
32 hiis

vAaY

6 MBwte Muain Memory
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JA\AA\L.M“\C%}QM}

6jligJi

Direct Mapping pros & cons
Simple ddalul) o

Inexpensive (il dais ) o

Fixed location for given block L & sld <l a8 g0 o

c||nekd\wmsao)5\ﬂ\hk;ﬂmju\.mw5jhé\ J\saﬂd)b&\d&.uc.a\_\)ﬂ\ch;\ 13) e
thrashing o el L ade glala 13 Taa Ao e ) u.u\ﬁ\\.k;w@.\}

https://manara.edu.sy/
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1S Ll Jaslinas
Fully Associative Mapping

bl Jandaasl) JSLEe e ety ) 4S5l (WS Jadadsll oSy o
SN Lo ghad e Jak (ol 8 A 5l 5 SIAN (e & gl (ol Jrand Sy e
Wordusjtag eMa)S\ﬂ\ u,ub.c e;)"_u °

BSIA 8 gl o jie IS Sladl oy

(Jiall & cad) Valid Hsbadl LA 5 Dirty <oshill LAl dalall jelas il
S ST prpmy (S pana Eanll YY)

Aaalll iy 8 ClaSlal) apen (gidad Lol adaiad <l Hla ) Ll 2liss o

Adlle 4dS ) g 138 g &l lall (e S dae ) ZUsS e
(G a) G e il 41 e et Jlasin) Al ] s o

https://manara.edu.sy/
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Fully Associative Cache %M\ JelS i) andats

5\l.al

Organization

.
Memory Address Taz [Daia Wl

[ Tae | Waord | | Wl
W2 By
gl fo LK
&
W
/] 1 * | I I
L ]
| * | |
* | . |
AEE L ]
7 | | | |
L
éf%p W]
1 — I " I | Widj+l1}
Compare . %L.- Widj+2) HJ
| | Widj+3}
(hit in cache) . I
| 1 *
% | [ . |
o ‘im-1 I
« |
I - s ml
L (mmiss in cache)

..........................
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Associative Mapping Qﬁ@ul\ Ladsl) ) gie 4,
Address Structure

GJU_aJ[

Tag 22 bit

Word
2 bit

32 bit e Ul Jl IS dal e o33 22 bit adle
hit Glay! sy sl 8 Sl Jine g wSladl Jia 45 )lia o

Ji (e dsllaall o 8 bt (pe il gall LI (5l o siall pe Faeal JEYI ¢

CuilAd) 23T e

.32 bit e <algall u\M\ = sk

* Address: FFFFFC=1111111111111111 11111100

* Tag: Left 22 bits, truncate on left:
1111111111 1111 1111 1111
3FFFFF

* Address: 16339C =0001 0110 0011 0011 1001 1100

* Tag: Left 22 bits, truncate on left:
* 0001011000110011100111
* 058CE7

:Jla o

https://manara.edu.sy/
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™

il Jla

Sing Example

1S4

Sl
Associative Map

Aulidress Iata
OOO0O0 [ 1AETIZAE = = = =g
Qannod 1
1
e B Lo ] !
1
1
1
1
1
: Line
I Tag ala Number
I r=={3FFFFE[ 11225344 | o00n
- =g =S 0GECET| FERCEASE | 00071
o B e I 1 I I
163398 T
1633%C | FERCEBASE | =1 I 1 ~1-
163340 I I
B ~ e —d - IFFFFD| 33333333 | 3FFD
| D o e = 300000 13579246 | 3FFE
1 -t = 5PFERF] 24682468 | 3FFE
1 1 I
! 1 1 l‘ o b} | 3 32 'h_
1 I I i ]| K Z Ml
: : : 16 Koword Cache
1 1 I
1 1 I
s ) 1 I I I
1 1 1
FFFFF4 | 33333333 F=1 1 1
FFFEFE | 112235344 == =k =d
FREFFFC | 24682468 b = = =1

32 bhits
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Set Associative Mapping

) Taasll 5 KN S Ll Jaydadil) G das a o

sets Gle ganall o 20e ) S 4t o

doghall (e dae e de gaan JS (g 5iaT e

saxaall de genall 8 Lad ol &gl IS Lalasy
_EJS\M‘w&cwéébﬁui&\wawhwgiqﬂﬁw\w\em .
Ac ganall @lli b ghad e Jad (ol 83 SIAN & gy auia gy O Sy Jdie o

2 lines per set 4c sgana J< (. JUa
2 way associative mapping cpalail (S LS Jashads e
saanal e ganal 8 il sl 8 s of el L Sy s

K lines per set 4c sana JS s k JGs
K way associative mapping eladl k <« (S LS Jaglads e
_EJJMS\QLM‘L#QAL'AkJ\OAQSi&&MMd#\OJSﬁQTOSAﬁ .
Lshall aren 8 sl 2 Yoy de gene 8 Adaalll Guds 3 Cand) Jgud) (e 505 o
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Set Associative Mapping

e SetNum =jmod v

* j=main memory block number

* v =number of sets in cache

SetQ | SlotO
Slot 1
Setl | slot2
Slot-3

Main Memory
Block 0

Block 1

Block 2

Block 3

Block 4

Block 5

hﬂ'p
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Calails de ganall 4 Ll (IS)) aulass
Two Way Set AssociativezGache
Organization

Cache Main Memory
Mlemory Adidness Tag [WETH B
'
i S Word , |
E | el | v | | Fo
B,
-]~ il w L | -
#1 Y Fy
¢ Set 0 I I
L ]
I | I I
L ]
| | I I
i L1 k-1 I |
|
r I— Iy S
| Iil
) - -
! | ot 1 l |
T . | |
| | . | I
(hit in cachi) I— by | I
I |
| |
ache) - ==
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Set Associative Mapping
Address Structure

_ Word
Tag 9 bit Set 13 bit > bit

e E.g.given a 13 bit set number for 24 bit address
e Use set field to determine cache set to look in

* Compare tag field of all slots in the set to see if we have a hit, e.g.:

e Address =16339C=0001 01100011 0011 1001 1100
* Tag=000101100=02C
* Set=0110011100111=0CE7
e Word=00 =0

e Address = 008004 = 0000 0000 1000 0000 0000 0100
* Tag=000000001=001
* Set=00000 00000001 =0001
* Word=00=0
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slay] Lf\'“ é)h.u Ac gaDQ %AA 5 U
Two Way Set Associative Mapping

Fxamnle

Tag  SeWord Iaia

" (o000 [TISTITIEY - - - Error in book: 001 tag in cache
nood |
! should be 02C (or come from a
noo T T | .
| different memory block!)
Address e :
008004 — 11235813 L ) Set |
. I lag [ana Number Tag Ixata I
0000 [F7777777 D00[ 13579246 | oooo [oo1] rerrriir | -1
DOC4 ) 11235013 === = —— OOL] 11235813 | 000l
A r L L N} L L Loy L L Lo L
1gg3egsg’_. 030 339C| FEDCEATE [ = = = = = = = = 0zc DCET
r==17F| 11223344 | 1FFE
7EFC | 12345678 - - - - - #—=-4001) 12345678 | 1prr |Lrr| 246824638 |- 4
'] | I
: Y hiis 32 hiis Y hiis 32 hiis :
005 : 6 Kword Cahe :
| 1
1FF T T I ;
E | 1
| 1
| 1
TEFFA| 11223534 == === 4 |
TErC | 24682468 f = mmmm e e e e - =
32 bis

It MByie Main Memory
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K-Way Set Associative

e Juadl 4y 3las) 5 210l Two-way set associative (alail de ganall 48 HLi a285 o
. direct mapping bl Jayaasll
problem bl e Jaaty ol Ala) 35 Ao Jadd a5y o
Caalail S il e Wl Wad claladl g )b e ganall 48 HLIS 2085 Laiy o

A Hlall i) 4S8 o o al ) Sl Camca Cle gand) dae L“,,j'é:l,u'l\ Silig e

https://manara.edu.sy/


https://manara.edu.sy/

bl Jaadadsll (1) Jlasiay) %A)J\js
Replacement Algorithfs' (1)
Direct mapping

No choice <l )b (Hga e
Each block only maps to one line xa 5 ba ae & glll JS dgldas o
Replace that line ball lly Jasiu
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Ac ganall A0S HLI] ¢ 408 )Ll (V) 4.%\1‘ Gl )l &
ReplacemenfiAlgorithms (2)
Associative & Set Associative
Aol 50l 51 Lol 1o 285 dha ) g3 Guakai sy @
Least Recently used (LRU) Lolasiv) J8Y1 Jlaiud
Callaginly o st (S oLl (5F ccpaladly de ganall A8 LS 8 Dia
GAD 1aa ) Al i Ledie a5l dad 340 (aladiuY) A4 ddloa) DA Ll o6 35 S
nall 4o 2l Y
(Al Je) @5 I S Srae ) zlss (il e SSY e
First in first out (FIFO) Jxiw (e Jsl bl (e J )
LSS 8 a8y @ L) Jlagin) e
circular buffer il ol (5 sla J)aS Gudaill Je o

Least frequently used 4wladial )l S8 Eua e SIS G 3
fewest hits ddbal 4o J8l (53 &l Jlagia) o
.counter to sum number of hits Cblay) sxe Clual dlae ) ~Uai o

Random (& sl
Gkl Jews [FU 335n ity LI o
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Write Policy

IS A )5 S s (5 s alle GHSH S Sh (e ol 8 IS 5 o
LS J L 138 Jadal zlias Wild ¢ “dirty” Allad & ol Aa JEQ Jaw e elllia

A8 5

5 S A e ) (Sadla 138 g 0

le2 inla HIS CPUS (o JSY (5 35 o
2l o6 13) 13 nana s e 5 e bl o3a 5SSV B €SI pe Ll 3618 CPU I il s ) 1ika
80138 (e g Aalal) K s 5 AN clalleall
cache coherency problem (Sl clulad 4S50 ASEL] 028 ol o

B_pilee Al 3 SNl 4 gie Liayl /0 ) ki 38 o
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Write through
A 1 3 SIAN ) AUSH Cllee aven a3 s — 3 SIAN elilal 4I5S dalleal Jasw ) dyail) o
S 8 ) el ) A
idas e Ldlail CPUs (snooping) ) aaad Jla 8 4 ) 5 SIAN Cilily 48 ja 481 e Lile o
5SIAN a8 ge (e i B3 5al CPU el Jla L3 CPU JSU dwally dplaall (ISH &las
Ay dalal) Q) b @l
Simple but Lots of traffic .5 4 Gl 48 s o V) Jasey o
Slows down writes 4Ll cillee Uay

4l aladiul cnoncachable memory (s sl o Haill ALY e 3 SIA s AY) Jlall o
Aolall e BGall 2l
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Write Bac

aas QK 8 Loase Gaaal) cillee piea Joaa

D gl Enaat aey S HN A piial (6

Allad & B AR il 1) A 1 58I 8 AT 5 M ole @l Jhasind can 5 13

.out of sync 4l 3all (e (s AV ClalSl & a8 o (Sa
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Cache Performance

effective access timedJlxdll Jiill (1 ) 5 hit ratio Llay! dus Las (G elol Gl ol e i o
¢ Hit Ratio = (Num times referenced words are in cache)

(Total number of memory accesses)

Eff. Access Time = (# hits)(TimePerHit)+(# misses) (TimePerMiss)

(Total number of memory accesses)
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Cache Performance Example

Slot 0

Slot 1

Slot 2

Slot 3

Cache Memory

Cache access time = 80ns

Main Memory time = 2500 ns

Block O

Block 1

Block 2

Block 3

Block 4

Block 5

Block 6

Memory
0-15

16-31
32-47
48-63
64-79
80-95
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Cache Performance Example

ZoA o 8 Gl e e JE Aila 8 15-31 (e S 436 s 55 el 48-95 & gall 8 el Lkt o

Event | Location Time Comment

1 miss |48 2500ns Memory block 3 to cache slot 3
15 hits | 49-63 80nsx15=1200ns

1 miss | 64 2500ns Memory block 4 to cache slot 0
15 hits | 65-79 80nsx15=1200ns

1 miss | 80 2500ns Memory block 5 to cache slot 1
15 hits | 81-95 80nsx15=1200ns

1 miss |15 2500ns Memory block 0 to cache slot 0
1 miss |16 2500ns Memory block 1 to cache slot 1
15 hits | 17-31 80nsx15=1200ns

9hits |15 80nsx9=720ns Last nine iterations of loop

144 hits| 16-31 80nsx144-12,240ns| Last nine iterations of loop

Total hits =213  Total misses = 5
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Cache Performance Example
e Hit Ratio: 213 /218 =97.7%
 Effective Access Time: ((213)*(80ns)+(5)(2500ns)) /218 =136 ns

SN M e ) (e Johal 759% s JUl 138 (& Jladll Jaill e )5 ddlle byl A ol Jaadl e
D Uad YA Cag paddl Jyshall (e 311 (e aallill
D e gl il anhy (AN A 11 5 SIAN GOl gl Blasll U sala
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