ST),UG'"*VWEX+G'YUG'ZUN[]* VOaZKKLc"ld)e W'ZUN[* V)

"#3%&'()*+,&
-./012'324567289

"HSOH&! I)#* 1+ 1#-/01234 (| # * 567819:#:6<=>6279:

'05;<67=1>"?@7A2687><'5BCA2>28DEEFFFGO8HGISOBFAEWIE05:<6/7/=1>G1>
2002;>'>1582'4/6P2H'/8'05;<67=1>2H'Q<'356=/@'R/IB4/@ @




A1) g+ D& S & )+ WE

| SWh[&'ih%_,e)fUNK+A'l b Sej“c“
V,"['TUI'm™['g" #hk)_,e)'+)G Memory

" 0/012'nN7@280'56'0/012'nQN50P80 Address

("tag") Data block ("line")
" 0/012'n7@H2DYe W'-g™, #hG9'+2d&

['T++&+%_T' VW) THE*+)*+W 001

| 1dh,'ih%_Wj'U,"~%m,~g,g[+%)T"ou1

100

-TVp]"TH[, VD& TUI'VW'  1o;

+)*+W'fTh & FTAVW'gA, khit)_ WAL

VWE&'+)*+W&S/=0F Ur'lU[#'VW)' T I
$%" T+, THV*VW], AV cache line |
address Read/Write

| S)TEVW._W'ud_,AvA #hG'()*+W &index)

11 #5147 @ #57AB=#$CDEFG#HGIIKUBD) BHQH#R&CKGSG



SIK',UMNV"%U VTATAUK hT'wdx[#+,'alh,p_ T'vA,#h

| v[h,p T&+Ad&'gh kh#) WE&'+)*+W&q'U &'wdm)[#+,',d)
TAUKVW)' %m#+,y"S[K'+U[",p) T'u"p_f,VT y
| YUN"%U, VT [U[#g*U[VABINN<'/88507/>7A209
" #U," UM gTUT)W™ T) THVW_W
" U,V JAW #,\MpT Se"l‘mh

! (l)[)'_,'["/\_+%)T'+%"W Address Data blocks (lines)
UN"%U VTN T'VW) 'ud\T+,y
" T, p)YT'VW)'wdx[#+,',f,p'+)[)
"I [\WMIV,"T'VT'+%"Wq'VI_[',#]\IV,"]
V['wdxM[g T\d'fTAMVI [+M'IV,"W
F P T'UMND)'TUTW)'hT g™ x[#+, i

Read/Write
Il "# 142 @:#57AB=#$CDEFG#HGIIK IEDIRH#QH#R&CKGSG Z




(D[ *+THVW'sU A M) W' -{7620>'3/;;2H'./01289'

| a'fdh,'g[h,p_T'g",khG'+)*+W&' SGTC“
+H))'_'+pT'h%_W-0/0127@H209" .1
UAN"%U VTA)T'V[U[h,VWh,p Address .
T U[\k'U,"A["A_VAﬂ 200 ("tag”) Data block ("line")
" WHT) VA TU\U[pW_W 001
"X P+ THVIGTA_VW'_#)%m,AToL0
hT'g[k+," VW) fdUe& Ul #%\MVW' 52
fTAUN #)Wh™ +%)W'ld)e W 101
| S’ &'UKUV,M"W'+pTq'+)W'hoo AN

| |@H20"Y"#$% & 324G~HH6GY | !
| '#) d"VG IfTVTf, "+TVA_+ [kD 'T"f, pgﬁﬁ?eesléne Read/Write

TUV&'+,"Md' Q7@ #hGC U dyy(index)

11 #5147 @ #57AB=#$CDEFG#HGIIKUBD) BHQH#R&CKGSG €



Block Addr. Memory
Block Addr. Memory /81" BI@O>75<§Z) ffffff 00000
0000 = 00010
00010 N Urd'Q7>8, i g
00011 BN S 00
00100 S : | 01
00110 ‘ \ S 11
100111 o cacheline S TT01000
01000 e . ddres: S0 T e1001
01 - (findex?) S 01010
01010 . v cache . - | 01011
01011 | | 5500 (- 701100
01 107 e - 01120
01110 919 ot
,,,,,, 01111 L 011 10000
10000 | 10001
10 191 10010
10010 0 1 I LS S 10011 -
10011 -t 00
10100 01
10 CN . 10 |
1011 G Hashon© 11666
| Ll L ‘ ash’ 1 |
~ 11000 T rashon MS | 11001
U | jdress bi Address bits*. . ¢ 11010
11010 | Address bits re NN 11011
ﬂ%% ighbour blabks %%%89 |
. nelghbour blocks * helg o 3
ﬁllo " do not collide will usually collide; %ﬂ %9 L
,,,,,, 11111




Block Addr. Memory n N
00000 | ST da, ]+T +, (D[ W+G'sU Ml AN
60011 N | 1dh, QN50R*+Wa&:
00100 I [ FpT'hd%_ W'
00110 § A0 N
00111 Cache UV /°L|J0VTN)T +U,
01000 S wemoy  Data ,d)EIVT) Yo\h, _VW)
01010 N T S Address  blocks f"#$*'+)G'-m" +T9
01 100 L oDt
8%110 O[ oarbage garbage I Idh ' QN5O’FD%) T'
| P N 1 " '
,,,,, 01111 R N 8%(])_ % :Lsgrgageo garbage VW) f#$* +)*+W
10000 . 10008100 )9,k VTATUI
10010 S 110[H00TI0 O\W'[$G'gh kh#) W
1050 P <2730N50P*+ W&
10110 7/ cacheline I TUIV\,pT)VP]"TSy
%2%6(1) e (r?t'idnddr:;'s) which of these carry
11 | useful information,” | TDU LVLSW#"V$)'
11010 " Hashon versus which of them : |
11011 s ave redundant fT)%)T'QN50P*+W&
%%100 3 AddrESS bits dEdUQEd from g ,)Iull fGIV\"TI’g\
11110 7 other information)? —
,,,,,, 11111 b f




CUHEE STUWMTOT>8 g ! XTL1OT:
00010 VA kh#) W& /10000 g;
00011 BN : S 11000 F)*HWE&

00 BN -}'1/81"
00110 | VWBdh’ BI@O>75(

058 . h% W g }ooL2

01 N \ — 701010
01010 10010
01011 3 T Cache .~ - 11010 7@';'\'209(:1
o110 000 )T
Q110 AL e_Vd'
10000 e 100 A 00100 _VW)fdh,
19010 e 19 10100 h%_\W'VW
l , ~oa 111 el n *
10100 //,/:;/ _'_/ f E_; '+) .j\Gq
10110 V7 Index d"T'U,""\b

%2(1)(1)(1) S Which memory 8(1)%%8 V,k[#)

11 | block addresses 10110 VW)'U\W
11010 | can ever be placed 111710 — T :
11011 - Hashon within a given. [$[ pT
11100 - LSS cache location™. 00111 A khiG
11  Address bits (cache index)? . 01111 g , )
11110 - v 10111

11111 “ 11111 "




TSR H=" S)TEVW W /(D]_G'SUMG

- 00
00010 - | H/=0U,"VVINT'U, "%
- 90100 ? m,NMVI@H20'Q7>8
| 3 \ Th - '
88%%9 o Mreqeuggt)g?ﬁlssogddress | V[h1lp_T& VA,kh#)_W&
8%000 tag " index U[# de)[#'l' D
- dio1 ol vmg oma (V[ |@HZOUITHVY)Q
01107 ] e g Tudt[#+, D =gS/IN T
1 JPESEN T 1110 [ n
fffff 01111 ] SRR TAVTEVIM DTV
i e o oo
oo : ToGewsoar I
10 +,%8.
Pé%%g e g%# V[mpT7>9
11010 A | <m[#+ fT’\'VT{/>/
' Hash %V|™M+
11700 s paa  OVIMHTALA) #_VImpT
%%110 /Address bits "
,,,,,, 11111




>#,0(#-.(?#46.(@6%0

"#3%"$H&S ("H#SH)*+)SP,-./*+01-.$21"+'$*3F
3/".&%%*($-$+-+)&P1"+-/*"(4
5/".8&$21"+'$-%%.833$-3$#&11$-3$/) &$Yo-/-
6+/0-1178%"(17$(8&&%$/)&B)*9H&. $2*/3
-11&%$/)&$/-9
<)-1$*=9$/)&.&$*3B("$%0-/-$*($-$1"+-/*"(4
> 1%06$2*/2$@SAS,.&3& (/8SBSAS("/S, &3&(/
C(*/*-117$B

"#3%&'()( * +#,&(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#;"9(  *



1#:"&(23#8$4&

D21"+'38$@$#". YE21"+'8$%* &+/$F-,, &%
C(*/*-1$3/-/&

C(%&G H-9 I-/-
BBB
BB@
B@B
B@@
@BB
@B@
@@B
@@@

I [ I Y G Y G Y GEE I GEPE BN GEFR B GRS DAV

I"#$96&'()( ¥ +#,&(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * AB



1#:"&(23#8$4&

<" %$-%%. | K*(-.7$-%%. | */EF*33 | ;-+)&$21"+'
LL @B$@@B| M*33 @@B

C(%&G
BBB
BB@
B@B
BOQ@
@BB
@B@

ul|lu|lu|la|la|la|yv

Q@@ |J

I"#$%6&'()( ¥ +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * A<




1#:"&(23#8$4&

<".%%$-%%. K*(-.7$-%%. | EF*33 | :-+)&$21"+'
LQ @@$B@B M*33 B@B

C(%&G |> |HO I-/-
BBB
BB@

(G I

BOQ@
@BB
@B@
@@B
@@Q@

@B M&FO@B@@BP

ul|lz|lu|la|w

I"#$%6&'()( ¥ +# &(#-.(1#0%1(23$456%6-,(7&85'9(:6&#:"9(  * AA




1#:"&(23#8$4&

<"%$-%%. | K*-7$-%%. | EF*33 | -+)&$21"+

LL @B$@@B 1%/ @@B
LQ @@$B@B I*/ B@B

C(%&G | > H-9 |-/-

BBB J

BB@ J

B@B N @@ M&FO@@B@BP

BQ@ J

@BB J

@B@ |J

@@B N @B M&FO@B@@BP

@@@ |J

I"#$%6&'()( ¥ +#,&(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9(  * AF




1#:"&(23#8$4&

<".%%$-%%. K*(-.7$-%%. | EF*33 | :-+)&$21"+'
@Q @B$BBB M*33 BBB
R BB$B@@ M*33 B@@
@Q @B$BBB 1%/ BBB
C(%&G | > H-9 |-/-
BB@ J

B@B N @@ M&FO@@B@BP

@BB

@B@
@@B
Q@@

@B M&FO@B@@BP

ul|lz|lua|la

M"#$%&'()( ¥ +#,&(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#;"9( * AG




1#:"&(23#8$4&

<"%$-%%. | K*-7$-%%. | EF*33 | -+)&$21"+

@D @B$B@B M*33 B@B
C(%&G | > H-9 |-/-
BBB N @B M&FO@BBBBP
BB@ J
B<B C <B 7&8D<BB<BE
BOQ@ N BB M&FOBBB@@P
@BB J
@B@ |J
@@B N @B M&FO@B@@BP
@e@ |J

I"#$%6&'()( ¥ +# &(#-.(1#0%1(23$456%6-,(7&85'9(:6&#:"9(  * A)




..'&00(JKL.6MB065-

Address (showing bit positions)

6362 ---- 131211 ----2 10
Byte
offset
d 52 d10
Hit ~ >
A Tag
Index Data
Index Valid Tag Data
0
1
2
> ® [ ]
1021
1022
1023
452 .32
(-

/Z\ \V/2 4 I"#$96&'()( ¥ +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * AH

MORGAN KAUFMANN




IM&'#,&(1;;&00(>68&

*/$/*F&$*3$-13"$*F,"./-(/$=".$,&.=".F-(+&
6S&.-9&PF&F". 7$-++&33%/*F&$T6MOHU

6MBHSAS!*/SHFE&SVEM*33S MBS 33S$,8(-1/7
XG-F,1&

YZ$#NS@ (3$+1"+'8F)*/$/*F&SAS@$+7+1&BFF
&(-1/7SASLBS+7+1&38HIRFF*33%.-/&SAF|\

6MBHSAS@SVSBIRIBSASL(3
L$+7+1&3%,&.$*(3/.0+/*"(

"H$%&' ()( *  +# &(H#-.(/#0%1(23$456%6-,(7&85'9(:6&'#:"9( * FN



7&#O0K'6-,(1#;"&(O&'P5'8#-:&

F,"(&(13%9"'=%; Y ZS/* F&
Y."9.-F$&G&+0/*"($+7+1&3
C(+10%&3%+-+)&$)*/$/*F&
M&F". 7$3/-11$+7+1&3
M-*(17$=."F$+-+)&$F*33&3
<*/\$3*F,1*=7*(9$-330F,/*"(37

)"30-'(  +&$Pd%"+

_)"30-'( $//"++"+
1-02-$3
&1 )+t

= ! L )*++ ("#$5%&'
1-02-%$3 H+&-./&*B

L )*++ ($&" )+ ("HE% &'

M"#$%&'()( ¥ +#,&(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#";"9(

* FH



1#:"&(0&'P5'8#-:&(23#8$4&

*S&(
C+-+)&$SF*33$.-/&SASL
| +-+)&$F*333.-/&$AS \
M*33%$,&(-1/7$A$S@BB$+7+1&3
K-3&$;YCST*%&-1$+-+)&USASL
a"-%3$b$3/".&3%-. &SRQ\S"=$*(3/.0+/*"(3
M*33$+7+1&3$,&.$*(3/.0+/*"(
C+-+)&?$B|B\S@BB$ASL
| :+-+)&?$B]ROB]B_ V@ BBSAS@]
6+/0-1$;YCSASLSVILSVI@]  $AS[]

C%&-1$:YZ$*3$[] ELSALICLS/*F&3$=-3/&.

! I"#$%6&'()( ¥ +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#':"9(

* FQ



O&'P5'8#-:&(JK88#'9

A&($:YZ$,&.=" F-(+&$*(+.&-3&%
M*33$,&(-1/7$28+"F&3SF".&$3*9(*=*+-(/
1&+.&-3*(9$2-38$;YC

*&-18.3,." " (B =S/ F&S3,& (/" (BF&F".7$
3/-113

C(+.&-3*(9$+1"+'$.-/&
M&F".7$3/-113%-++"0(/$=".$F".&P;YZP+7+1&3

_(d/$(891&+/$+-+)8$28)-S*" $#)&($
&S-10-/*(9$373/&F$,8.=" F-(+&

"H$%& ()( *  +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * F=



Increased Line (Block) Size, to exploit Spatial Locality

Example: « Line (Block) Size =4 Words = 16 Bytes
:Address - ‘ « Cache Size = 128 Bytes = 8 Lines (Blocks)
y 25 -.3.22 o Lines (blocks) are alwaysOproperlyO Align
o] 2 :?ly\t/(\a/ord « All or none words in Line brought in Cache
Tag l | 3 Index TWord in Line (Block) 2
0001 1xx 00010xx 00001xx 00000xx
000 V| Tag000 11 {10 [ 01 [ 00 [ 11 [ 10 | 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 | 10 | 01 | 00
00111xx 001 10xx 00101xx 00100xx
001 |V| Tag001 11 {10 [ 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 | 10 | 01 | 00
01011xx 01010xx 01001xx 01000xx
010 [V| TagO010 11 {10 [ 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 | 10 | 01 | 00
01111xx 01110xx 01101xx 01100xx
o5 011 |V| TagO1l 11 {10 [ 01 [ 00 [ 11 [ 10 | 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 | 10 | 01 | 00
10011xx 10010xx 10001xx 10000xx
100 |v| Tagl100 11 {10 [ 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 | 10 | 01 | 00 I
10111xx 10110xx 10101xx 10100xx
101 |v| Tagl01l 11 {10 [ 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 | 10 | 01 | 00
11011xx 11010xx 11001xx 11000xx
110|v| TagllO 11 {10 [ 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 [ 10 | 01 [ 00 | 11 | 10 | 01 | 00
11111xx 11110xx 11101xx 11100xx
111 V] Taglll 11 [ 10 [ 01 | 00 | 11 [ 10 | 01 | 00 | 11 [ 10 | 01 | 00 | 11 | 10 | 01 | 00
32 32 32 32
+ Y Y +
Conceptual _ 11 10 01 00
OHorizontalO .
layout of the 32 Numbers inside boxes
words in a Line Data are addresses ! not contents




OVerticalO Layout of the Words in a Line(Block)

Address R
- 32 5" o000l
- 25 -3, 42  Byte oooeoooxf
o 2 ,inWord 00010 ‘ ‘ |

e 3 00011

— 1 .--o0o0100

Tag _ 3 | Line & Word Index {° .-~ 00101k
Line Index B 00110}

25 . s s s
000|v| Tag000 | =~ . Q1000
001

Tag001 01010|
010

011

Tagolo | .- QMoo
100

Tag100 10000f
101

Tag101 | .. 10010L

Tag011 011101
110

Tag110 | 10100|
111

HEdE4dE4dEdEdEdE=

IR - . OO e

Same example:
e Line Size =4 Words = 16 Bytes

o Cache Size = 128 Bytes = 8 Lines



@45:R(J6S&(!5-06.8'#%65-0

a-.9&.$21"+'3$3)"01%$.8%0+&$F*33$.-/&
10&$/"$3,-/*-1$1"+-1%/7
KO/$*($-$=*GRI&Y$+-+)&
a-.98.$21"+3% =&#&.$"=$/)&F
M".&$+"F, &/ (S *(+.&-38%$F*33$.-/&
a-.98.$21"+'3% ,"110/*"(
a-.98.$F*33$,&(-1/7
($"S&..*%&$28(8&=*/$"=$.8&%0+8&%SF*33$.-/&
X-.17$.83/-./$-(Yo$+ *[*+#1 % : =* 3/$+-($)&1,

I"#$96&'()( ¥ +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * AN



10%

Miss 59,
rate

(\
O- O O 64K

A S -
0% T = o A 256K
16 32 64 128 256
Block size

FIGURE 5.11 Miss rate versus block size. Note that the miss rate actually goes up if the block size
is too large relative to the cache size. Each line represents a cache of different size. (This figure is independent
of associativity, discussed soon.) Unfortunately, SPEC CPU2000 traces would take too long if block size were
included, so these data are based on SPEC92.



23#8%$48&1(T-%'6-06%9(/#0%71>:

XF2&%%&%$MCY5S$,."+&33".

@L3/-9&$,*, &1*(&

C(3/.0+/*"($-(%%$%-/-$-++&33%"($&-+)$+7+1&
5,1*/$+-+)&?$3&,-.-/&PE-+)&SB- (%S| . +-+)&

X-+)$@QFfK?$L[Q$21"+BED Q$#" . %3E21"+

| +-+)&?$#.%/&/)."09)$" . $#.*/& :2-+'
5YX;LBBB$F*33%.-/&3

C+-+)&?$B] \

| +-4)&?$@ @] \

<&*9)/&%$-S&.-9&?$R]L\

I"#$%6&'()( ¥ +# &(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * FF



23#8%$48&1(T-%'6-06%9(/#0%71>:

Address (showing bit positions)

31T -+ 1413:--65:-:210
. 418 J8 44 Byte Data
l_ilt Tag offset
Index Block offset
18 bits 512 bits
V  Tag Data
A
256
° entries
!
J18 432 d.32 4.32
(=
~
Mux
()
\\32

M"#$%&'()( *  +#,&(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#;"9( * FG




1#:"& (760080

g($+-+)&$)*/18$:YZ$,."+&&%3$(".F-117
g($+-+)&$F*33
5/-11$/)&$;YZ$,*,&1*(&
h&/+)$21"+'$=."F$(&G/$1&S&1$"=$)*&.-.+)7
C(3/.0+/*"($+-+)&$F*33
183/-./$*(3/.0+/*"($=&/+)
|-/-$+-+)&SF*33
"'F,1&/&%$%-/-$-++&33

I"#$%6&'()( ¥ +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#;"9( * A=



U'6%&5"5K,"

0($%-/- :#.%/&%$)*/8$+"01%%$j03/$0,%-/&$/)&$21"+'$
+-+)&

KO/$/)&($+-+)&S$-(YoSF&F". 7$#"01%$2&$*(+"(3*3/&(/
<.*/&$/)."09)?%$-13"$0,%-/&$F&F".7
KO/$F-'&3%$#.*/&3%/-'&$1"(9&.

&8]9]8$*=$2-3&$;YCS$AS@8$@B\$"=$*(3/.0+/*"(3%-.&$3/"

#.*/1&S/"$F&F". 7$/-'&3$@BB$+7+1&3

X==&+/*S&$;Y CSAS QNZHREAS@ @
5"10/*"(?$#.*/&$20==&.
1"1%3$%-/-$#-*/*(9$/"$285# . *//&($/"SF&F".7

YZ$+"(/*(0&3$*FF&%*-/&17

g(17$3/-113$"($#.*/&$*=$#.*/&$20==&.$*3$-1.&-%7$=011

"H$%&' ()( *  +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * FB



U'6%&#;R

61/&.(-1*S&?$g($%-1#.%1&3)*/8$j03/$0,%-/8&$
N&$21"+'$*($+-+)&

f&&,$/.-+'$"=%#)&/)&. $&-+)$21"+'$*3$%*./7
&($-$%* /7$21"+'$*3$.8,1-+&%

< *[&$*/$2-+'$/"SF&F".7

-($03&$-$#.%/&$20==&.5/"$-11"#$.&,1-+*(9$21"
["$28&$.&-%$=*.3/

I"#$%6&'()( ¥ +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * F<



U'6%&(1445:#%65-

<)-1$3)"01%%)-,,&($"($-$#.*/1&$F*334
61/&.(-/*S&3$=".$#.*18."09)
611"+-/&$"($F*3372$=8/+)$/)&$21"+

<. */&$-."0(%?$%" (d/$=&/+)$/)&$21"+'

5%(+&$,."9.-F3$"=/&($#.*/1&$-$#)"18$21"+'$28=".8$
&-9%*(9$*/$T&]9]8%*(*/*-1*e-/*"(U

h".$#.*/&: 2-+'
730-117$=&/+)$/)&$21"+'

I"#$96&'()( ¥ +#,&(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * FA



>005:64#%62&(1#:"&0

"#H#P%&" ()*&+*, -
H#(/%&%0%,-1%2#() 3% +(%0(%*1%&1$%)&)4-9
6-7"*5-"%&##%-1+5*-'%+(%2-%'"-&5)4-8%&+%(]
9(:;&5&+(5%;-5%-1+5%$%<-=;-1"*,->

| 7&$%'-+%08&" ()* &+ -
@&)4%'-+%)(1+&*1'%+5*-
A#()3%1":2-5%8-+-5:*1-'%/4*)4%'-+

<A#()3%1":2-5>%:(8"#(%<BC-+'%*1%)&)4->
C-&5)4%&##%-1+5*-'%*1%&%0*,-1%"-+%&+%(
! ) (;;&5&+(5'%<#-"%-=;-1"*,->

VIS HS%R () * ' &(#-.(I#0%1(233456%6-,(78&85'9(:6&#"9(  * <=



>005:64#%62&(1#:"8&(23#8$4&

Direct mapped Set associative Fully associative
Block# 01234567 Set# 0 1 2 3
Data Data Data
1 1 1
T Ta Ta
ag 5 9| |, 9 5

Search T Search T T Seareh 1 T T T T T T I

I"#$%&'()( ¥ +# &(H#-.(1#0%1(23$456%6-,(7&85'9(:6&'#:"9( * <@




B$&:%'C8(5D(>005:6#%676%9
1(5%8%)&)4-%/*+4%D%-1+5*-

One-way set associative
(direct mapped)
Block Tag Data

? Two-way set associative
2 Set Tag Data Tag Data
3 0

4 1

5 2

6 3

7

Four-way set associative

Set Tag Data Tag Data Tag Data Tag Data
0

1

Eight-way set associative (fully associative)

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data
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I"##3%&"()*&+* -
A#()3%&))-"%'-7"-1)-J%KG%DG%KG%LG%D

F*5-)+%:&;;-8

A#()3% 9&)4-% M*+N:*" 9&)4-%)(1+-1+%&I+-5%&))-"
&885-" *18-= K @) H P
K K
D K 7&8FHG
K K 7&8F=G
L H Q-:RKS
D K 7&8FHG Q-:RLS
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&885-" *18-= C-+%K C-+%0
K K A
D K A Q-:RKS
K K 4%+ 7&8F=G Q-:RDS
L K i Q-:RKS 7&8FIG
D K i 7&8FHG | Q-:RLS

"HHSY6&" ()&, -

A#()3% M+ N 9&)4-%)(1+-1+%&I+-5%8&))-"
8885-"
K
D Q-:RKS
K 4%+ 7&8F=G | Q-:RDS
L Q--RKS | OQ-RDS
D 4%+ Q--RKS | 7&8FHG | Q-RLS

M"#$%&'()( ¥ +#,&(#-.(1#0%1(23$456%6-,(7&85'9(:6&'#";"9(

*

<<



'5J(7C:"(>005:6#%6?6%9

T1)5-&'-8%&" ()*&+* *+$%8-)5-&'-'%:*" %
5&+-

A"+%/*+4%8*:*1*'4*10%5-+"51"
C*:"#&+*(1%(1%&%'$'+-:%/*+ 4% L EUA
F 28)4-G%CH(58%2#()3'G%CV@9IHKKK

O’]&$\]%O Kprln modern processors, the main cases of

associativity wider than ~4 are:

H7&$J%DWLX (1) in L2/L3 caches;

(2) to overcome the problem of interaction
E?&$J% DWPX ' |between page size and cache size in

physical-address caches where we need

m&$\J% DWOX the TLB to operate in parallel with

Tag lookup —see next chapter, on virt. mem.
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In modern processors, the main cases of
associativity wider than ~4 are:
(1) in L2/L3 caches;
(2) to overcome the problem of interaction
between page size and cache size in
physical-address caches where we need
the TLB to operate in parallel with
Tag lookup —see next chapter, on virt. mem. 
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Address
3130---12111098---3210

422 48
Tag
Index
Index V Tag Data V Tag Data V Tag Data V Tag Data
0
1
2
®
253
254
255
J22 32
(= (= (= (=

i
# gzl-toJ muItipIex@

Hit Data
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2-$(18%+48&+

6&18(:
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Πώς να προβλέψουμε
το μέλλον;;
Συχνά, το πρόσφατο
παρελθόν αποτελεί
καλή ένδειξη γιά το
προσεχές μέλλον!…
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\* -1
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per Instruction

400

Relative to ALL
accesses to the
entire cache
hierarchy —
not just the
accesses to the
L2 cache
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V5*:85%$%)8&)4-
1)"%(1%:*1*.&#%4*+%+*:-
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M*+%+*:-%04&'Y%#-"%(,-5&##%*:; &)+

11 ]
6' # + & often fewer ways (smaller associativity)

Z20%)&)4-%"" 8HHS V" 8HH#-5Y+ 48 1% &Y LOH-
Z0%2#()3%*M-%": &#H#-5%-+ ASIHE) 3% -
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& often fewer ways (smaller associativity)
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