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("index")

Address

Search

Memory

Data block ("line")
000
001
010
011
100
101
110
111

Read/Write
cache line

("tag")

address
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z!! "##' ;/4?@:#57AB=:#$CDEFG#HGIJKLGM)##' NO' ,,P#Q#R&CKGSG
Read/Write

Search

Data blocks (lines)Address
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("index")

Address

Search

Memory

Data block ("line")
000
001
010
011
100
101
110
111

Read/Write
cache line

("tag")

address
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000
000
000
000
001
001
001
001
010
010
010
010
011
011
011
011
100
100
100
100
101
101
101
101
110
110
110
110
111
111
111
111

00
01
10
11
00
01
10
11
00
01
10
11
00
01
10
11
00
01
10
11
00
01
10
11
00
01
10
11
00
01
10
11

011

11

00000
00
00
00
00
00
00
00

010

101
110
111

100

001

011

000

010

101
110
111

100

001

011

000

010

101
110
111

100

001

011

000

010

101
110
111

100

001

000

010

101
110
111

100

001

011

01
01
01
01
01
01
01
01
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11

neighbour blocks
will usually collidedo not collide

neighbour blocks

Address bits
MS

Hash on

Address bits
LS
Hash on

Cache

MemoryBlock Addr. Memory Block Addr.

("index")
address

cache line

L
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000000

110

000000000000

011

001

100

110

010

011

001

111

101

000

010

101
110
111

100

001

011

000

101
110
111

100

001

011

000

010

110
111

100

001

011

01
01
01
01
01
01
01
01
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11

00000
00
00
00

00
00
00

000

010

101

10000

010

101

111

Address

Address bits
LS
Hash on

garbage

garbage

garbage

MemoryBlock Addr.

("index")

cache line

from

V
al

id

garbage

1
1
1

1
0

0

1

versus which of them

deduced from

which of these carry
useful information,

are redundant
(since they can be

other information)?

Cache
Data

blocks
Memory

1

address

000

10010

00100
11101
00110
00111

01

ƒ
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! TDULVLSW#"LS]^d lVT)'
fT)%)T'QN50P'+)*+W&'
g,)'u"p_fG'V`"T',g`



01011

00100
10001
10010
10011

00110

11001

11010

11011

00110
11001
11010
11011

111

000
00001
00010
00011

11111
11110
11101

00111

00010
01001
01010

111

00010

01001

01010

01011

00100

10001

10010

10011

101

001

011

101

001

011

101

001

011

01

01

01

10

10

10

11

11

00

00

00101

001

011

000

010

101
110

00

100

001

011

11

00000

00001

00010

00011

11111

11110

11101

00

cache location
Address bits
LS
Hash on

Memory

Cache

Index

Block Addr.

(cache index)?

within a given

block addresses
Which memory

can ever be placed
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111
11010

000

010

101
110
111

100

001

011

000

101
100

001

011

000

010

110
111

100

001

011

01
01
01
01
01
01
01
01
10
10
10
10
10
10

10
11
11
11
11
11
11
11
11

00000
00
00
00

00
00
00

010

101

111

001

011

010

110

100

001

011

000000000000000000000

110

111

101

010

00100

101

=?

The processor

garbage

Data

Hash on
LS
Address bits

tag index

1
1

1
0

0

P

10

1

V

garb.

1
garb.

Tag

Hit

MemoryBlock Addr.

Data

requests this address110

garbage

1 00

01

10

00

10

00
11

00

‰
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! !"#$%"$#&$'("#$#)*+)$,-./*+01-.$21"+'$*3$
3/".&%$*($-$+-+)&$1"+-/*"(4

! 5/".&$21"+'$-%%.&33$-3$#&11$-3$/)&$%-/-
! 6+/0-1178$"(17$(&&%$/)&$)*9):".%&.$2*/3
! ;-11&%$/)&$/-9

! <)-/$*=$/)&.&$*3$("$%-/-$*($-$1"+-/*"(4
! >-1*%$2*/?$@$A$,.&3&(/8$B$A$("/$,.&3&(/
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C(%&G > H-9 I-/-

BBB J

BB@ J

B@B J

B@@ J

@BB J

@B@ J

@@B J

@@@ J
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C(%&G > H-9 I-/-

BBB J

BB@ J

B@B J

B@@ J

@BB J

@B@ J

<<B C <B 7&8D<B<<BE

@@@ J

<".%$-%%. K*(-.7$-%%. !*/EF*33 ;-+)&$21"+'

LL @B$@@B M*33 @@B
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C(%&G > H-9 I-/-

BBB J

BB@ J

B<B C << 7&8D<<B<BE

B@@ J

@BB J

@B@ J

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

@@@ J

<".%$-%%. K*(-.7$-%%. !*/EF*33 ;-+)&$21"+'

LQ @@$B@B M*33 B@B
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C(%&G > H-9 I-/-

BBB J

BB@ J

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

B@@ J

@BB J

@B@ J

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

@@@ J

<".%$-%%. K*(-.7$-%%. !*/EF*33 ;-+)&$21"+'

LL @B$@@B !*/ @@B

LQ @@$B@B !*/ B@B
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C(%&G > H-9 I-/-

BBB C <B 7&8D<BBBBE

BB@ J

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

B<< C BB 7&8DBBB<<E

@BB J

@B@ J

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

@@@ J

<".%$-%%. K*(-.7$-%%. !*/EF*33 ;-+)&$21"+'

@Q @B$BBB M*33 BBB

R BB$B@@ M*33 B@@

@Q @B$BBB !*/ BBB
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C(%&G > H-9 I-/-

BBB N @B M&FO@BBBBP

BB@ J

B<B C <B 7&8D<BB<BE

B@@ N BB M&FOBBB@@P

@BB J

@B@ J

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

@@@ J

<".%$-%%. K*(-.7$-%%. !*/EF*33 ;-+)&$21"+'

@D @B$B@B M*33 B@B
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! !*/$/*F&$*3$-13"$*F,"./-(/$=".$,&.=".F-(+&
! 6S&.-9&$F&F".7$-++&33$/*F&$T6M6HU

! 6M6H$A$!*/$/*F&$V$M*33$.-/&$WM*33$,&(-1/7

! XG-F,1&
! ;YZ$#*/)$@(3$+1"+'8$)*/$/*F&$A$@$+7+1&8$F*33$

,&(-1/7$A$LB$+7+1&38$C:+-+)&$F*33$.-/&$A$[\
! 6M6H$A$@$V$B]B[$WLB$A$L(3

! L$+7+1&3$,&.$*(3/.0+/*"(
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7&#0K'6-,(!#;"&(O&'P5'8#-;&
! ;"F,"(&(/3$"=$;YZ$/*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,/*"(3?

^[]_$M
&

-30.*(9$-(%
$C

F
,."S

*(9$;-+
)&

$Y
&

.=
".F

-(+
&

!"#$%&'()*++
#,#+&-./&*0

)*++"+
1-02-$3

#+,#+&-./&*0

!"#$%&'()*++-$&"()*++
1-02-$3

$//"++"+)"30-'(

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

!!=

!!=
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!#;"&(O&'P5'8#-;&(23#8$4&
! `*S&(

! C:+-+)&$F*33$.-/&$A$L\
! I :+-+)&$F*33$.-/&$A$_\
! M*33$,&(-1/7$A$@BB$+7+1&3
! K-3&$;YC$T*%&-1$+-+)&U$A$L
! a"-%$b$3/".&3$-.&$RQ\$"=$*(3/.0+/*"(3

! M*33$+7+1&3$,&.$*(3/.0+/*"(
! C:+-+)&?$B]BL$W@BB$A$L
! I :+-+)&?$B]RQ$WB]B_$W@BB$A$@]__

! 6+/0-1$;YC$A$L$V$L$V$@]__$A$[]__
! C%&-1$;YZ$*3$[]__EL$AL]cL$/*F&3$=-3/&.



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

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

! <)&($;YZ$,&.=".F-(+&$*(+.&-3&%
! M*33$,&(-1/7$2&+"F&3$F".&$3*9(*=*+-(/

! I&+.&-3*(9$2-3&$;YC
! `.&-/&.$,.","./*"($"=$/*F&$3,&(/$"($F&F".7$

3/-113

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

! ;-(d/$(&91&+/$+-+)&$2&)-S*".$#)&($
&S-10-/*(9$373/&F$,&.=".F-(+&



32

Hit
32

Word in Line (Block)Tag 3

25

2

25 32

2

32 32

Index

Data

011011 00
111 xx

011011 00
111 xx10

011011 00
111 xx01

011011 00
111 xx00111

011011 00
110 xx11

011011 00
110 xx10

011011 00
110 xx01

011011 00
110 xx00110TagV

011011 00
101 xx11

011011 00
101 xx10

011011 00
101 xx01

011011 00
101 xx00101TagV

011011 00
100 xx11

011011 00
100 xx10

011011 00
100 xx01

011011 00
100 xx00100TagV

011011 00
011 xx11

011011 00
011 xx10

011011 00
011 xx01

011011 00
011 xx00011TagV

011011 00
010 xx11

011011 00
010 xx10

011011 00
010 xx01

011011 00
010 xx00010V

011011 00
001 xx11

011011 00
001 xx10

011011 00
001 xx01

011011 00
001 xx00001TagV

000

001

010

011

100

101

110

111 Tag 11

10 01 0011

V

2 2
32

25

Address

3

Tag

011011 00
000 xx11

011011 00
000 xx10

011011 00
000 xx01

011011 00
000 xx00000TagV

=?=

in Word
Byte All or none words in Line brought in Cache

Lines (blocks) are alwaysÔproperlyÕ Aligned

Line (Block) Size = 4 Words = 16 BytesExample:
Cache Size = 128 Bytes = 8 Lines (Blocks)

are addresses !  not contents

Increased Line (Block) Size, to exploit Spatial Locality

words in a Line
layout of the

Conceptual
ÔHorizontalÕ

Numbers inside boxes



011
01111

10
01
00

010
010
010
01011

10
01
00

001
001
001
00111

10
01
00

000
000
000
00011

10
01
00

=?=

Cache Size = 128 Bytes = 8 Lines 

Line Size = 4 Words = 16 Bytes

Same example:

25

2

32Hit

25

5

ÔVerticalÕ Layout of the Words in a Line(Block)

11 01 0010

2 2
32

25

Address

3

111

110TagV

101TagV

100TagV

011TagV

010TagV

001TagV

TagV

000TagV000

001

010

011

100

101

110

111

in Word
Byte

Line & Word Index
Line Index

Tag 3

Data

111
111
111
11111

10
01
00

110
110
110
11011

10
01
00

101
101
101
10111

10
01
00

100
100
100
10011

10
01
00

011
011



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

@45;R(J6S&(!5-06.&'#%65-0

! a-.9&.$21"+'3$3)"01%$.&%0+&$F*33$.-/&
! I0&$/"$3,-/*-1$1"+-1*/7

! K0/$*($-$=*G&%:3*e&%$+-+)&
! a-.9&.$21"+'3$! =&#&.$"=$/)&F

! M".&$+"F,&/*/*"($ ! *(+.&-3&%$F*33$.-/&

! a-.9&.$21"+'3$! ,"110/*"(

! a-.9&.$F*33$,&(-1/7
! ;-($"S&..*%&$2&(&=*/$"=$.&%0+&%$F*33$.-/&
! X-.17$.&3/-./$-(%$+.*/*+-1:#".%:=*.3/$+-($)&1,





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

23#8$4&1(T-%'6-06%9(/#0%7I>:
! XF2&%%&%$MCY5$,."+&33".

! @L:3/-9&$,*,&1*(&
! C(3/.0+/*"($-(%$%-/-$-++&33$"($&-+)$+7+1&

! 5,1*/$+-+)&?$3&,-.-/&$C:+-+)&$-(%$I :+-+)&
! X-+)$@QfK?$L[Q$21"+'3$W@Q$#".%3E21"+'
! I :+-+)&?$#.*/&:/)."09)$".$#.*/& :2-+'

! 5YX;LBBB$F*33$.-/&3
! C:+-+)&?$B]_\
! I :+-+)&?$@@]_\
! <&*9)/&%$-S&.-9&?$R]L\



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

23#8$4&1(T-%'6-06%9(/#0%7I>:



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

!#;"&(7600&0

! g($+-+)&$)*/8$;YZ$,."+&&%3$(".F-117
! g($+-+)&$F*33

! 5/-11$/)&$;YZ$,*,&1*(&
! h&/+)$21"+'$=."F$(&G/$1&S&1$"=$)*&.-.+)7
! C(3/.0+/*"($+-+)&$F*33

! i&3/-./$*(3/.0+/*"($=&/+)

! I-/-$+-+)&$F*33
! ;"F,1&/&$%-/-$-++&33



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

U'6%&V>"'5K,"
! g($%-/- :#.*/&$)*/8$+"01%$j03/$0,%-/&$/)&$21"+'$*($

+-+)&
! K0/$/)&($+-+)&$-(%$F&F".7$#"01%$2&$*(+"(3*3/&(/

! <.*/&$/)."09)?$-13"$0,%-/&$F&F".7
! K0/$F-'&3$#.*/&3$/-'&$1"(9&.

! &]9]8$*=$2-3&$;YC$A$@8$@B\$"=$*(3/.0+/*"(3$-.&$3/".&38$
#.*/&$/"$F&F".7$/-'&3$@BB$+7+1&3

! X==&+/*S&$;YC$A$@$V$B]@W@BB$A$@@

! 5"10/*"(?$#.*/&$20==&.
! !"1%3$%-/-$#-*/*(9$/"$2&$#.*//&($/"$F&F".7
! ;YZ$+"(/*(0&3$*FF&%*-/&17

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



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

U'6%&V@#;R

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

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

! <)&($-$%*./7$21"+'$*3$.&,1-+&%
! <.*/&$*/$2-+'$/"$F&F".7
! ;-($03&$-$#.*/&$20==&.$/"$-11"#$.&,1-+*(9$21"+'$

/"$2&$.&-%$=*.3/



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

U'6%&(I445;#%65-

! <)-/$3)"01%$)-,,&($"($-$#.*/&$F*334
! 61/&.(-/*S&3$=".$#.*/&:/)."09)

! 611"+-/&$"($F*33?$=&/+)$/)&$21"+'
! <.*/&$-."0(%?$%"(d/$=&/+)$/)&$21"+'

! 5*(+&$,."9.-F3$"=/&($#.*/&$-$#)"1&$21"+'$2&=".&$
.&-%*(9$*/$T&]9]8$*(*/*-1*e-/*"(U

! h".$#.*/&:2-+'
! Z30-117$=&/+)$/)&$21"+'



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

>005;6#%6?&(!#;"&0

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

! ! ?/&$%'-+%&''()*&+*,-
! @&)4%'-+%)(1+&*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%'-+%&+%(1)-
! ! )(:;&5&+(5'%<#-''%-=;-1'*,->



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

>005;6#%6?&(!#;"&(23#8$4&



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

B$&;%'C8(5D(>005;6#%6?6%9

! !(5%&%)&)4-%/*+4%D%-1+5*-'



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

>005;6#%6?6%9(23#8$4&

! 9(:;&5-%E ?2#()3%)&)4-'
! F*5-)+%:&;;-8G%H?/&$%'-+%&''()*&+*,-G

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

! F*5-)+%:&;;-8
A#()3%

&885-''
9&)4-%
*18-=

M*+N:*'' 9&)4-%)(1+-1+%&I+-5%&))-''
K O H P

K K :*'' 7&8F=G
D K :*'' 7&8FHG
K K :*'' 7&8F=G
L H :*'' Q-:RKS 7&8FIG
D K :*'' 7&8FHG Q-:RLS



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

>005;6#%6?6%9(23#8$4&

! H?/&$%'-+%&''()*&+*,-
A#()3%

&885-''
9&)4-%
*18-=

M*+N:*'' 9&)4-%)(1+-1+%&I+-5%&))-''
C-+%K C-+%O

K K :*'' 7&8F=G
D K :*'' Q-:RKS 7&8FHG
K K 4*+ 7&8F=G Q-:RDS
L K :*'' Q-:RKS 7&8FIG
D K :*'' 7&8FHG Q-:RLS

! !"##$%&''()*&+*,-
A#()3%

&885-''
M*+N:*'' 9&)4-%)(1+-1+%&I+-5%&))-''

K :*'' 7&8F=G
D :*'' Q-:RKS 7&8FHG
K 4*+ 7&8F=G Q-:RDS
L :*'' Q-:RKS Q-:RDS 7&8FIG
D 4*+ Q-:RKS 7&8FHG Q-:RLS



!"#$%&'()( * +#',&(#-.(/#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%(I%&%'$'+-:%/*+4%LEUA
F?)&)4-G%OL?/(58%2#()3'G%CV@9HKKK

! O?/&$J%OKWPX
! H?/&$J%DWLX
! E?/&$J%DWPX
! D?/&$J%DWOX

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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B&%(>005;6#%6?&(!#;"&(K',#-6L#%65-



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

N&$4#;&8&-%(O546;9
! F*5-)+%:&;;-8J%1(%)4(*)-
! C-+%&''()*&+*,-

! V5-I-5%1(1?,&#*8%-1+5$G%*I%+4-5-%*'%(1-
! Y+4-5/*'-G%)4(('-%&:(10%-1+5*-'%*1%+4-%'-+

! Z-&'+?5-)-1+#$%"'-8%<Z6[>
! 94(('-%+4-%(1-%"1"'-8%I(5%+4-%#(10-'+%+*:-

! C*:;#-%I(5%H?/&$G%:&1&0-&2#-%I(5%E?/&$G%+((%4&58%
2-$(18%+4&+

! 6&18(:
! \*,-'%&;;5(=*:&+-#$%+4-%'&:-%;-5I(5:&1)-%

&'%Z6[%I(5%4*04%&''()*&+*,*+$

Πώς να προβλέψουμε
το μέλλον;;
Συχνά, το πρόσφατο
παρελθόν αποτελεί
καλή ένδειξη γιά το
προσεχές μέλλον!…



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

7C4%64&?&4(!#;"&0

! V5*:&5$%)&)4-%&++&)4-8%+(%9V[
! C:&##G%2"+%I&'+

! Z-,-# ?H%)&)4-%'-5,*)-'%:*''-'%I5(:%
;5*:&5$%)&)4-

! Z&50-5G%'#(/-5G%2"+%'+*##%I&'+-5%+4&1%:&*1%
:-:(5$

! Q&*1%:-:(5$%'-5,*)-'%Z ?H%)&)4-%:*''-'
! C(:-%4*04 ?-18%'$'+-:'%*1)#"8-%Z?P%)&)4-



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

7C4%64&?&4(!#;"&(23#8$4&

! \*,-1
! 9V[%2&'-%9VT%]%OG%)#()3%5&+-%]%E\M^
! Q*''%5&+-N*1'+5")+*(1%]%HX
! Q&*1%:-:(5$%&))-''%+*:-%]%OKK1'

! _*+4%`"'+%;5*:&5$%)&)4-
! Q*''%;-1&#+$%]%OKK1'NKWHa1'%]%EKK%)$)#-'
! @II-)+*,-%9VT%]%O%b%KWKH%c EKK%]%d



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

23#8$4&(Q;5-%RS

! e(/%&88%Z?H%)&)4-
! .))-''%+*:-%]%a1'
! \#(2&#%:*''%5&+-%+(%:&*1%:-:(5$%]%KWaX

! V5*:&5$%:*''%/*+4%Z?H%4*+
! V-1&#+$%]%a1'NKWHa1'%]%HK%)$)#-'

! V5*:&5$%:*''%/*+4%Z?H%:*''
! @=+5&%;-1&#+$%]%aKK%)$)#-'

! 9VT%]%O%b%KWKH%c HK%b%KWKKa%c EKK%]%PWE
! V-5I(5:&1)-%5&+*(%]%dNPWE%]%HWL

per Instruction

400

Relative to ALL
accesses to the
entire cache
hierarchy —
not just the
accesses to the
L2 cache



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

7C4%64&?&4(!#;"&(!5-06.&'#%65-0

! V5*:&5$%)&)4-
! !()"'%(1%:*1*:&#%4*+%+*:-

! Z?H%)&)4-
! !()"'%(1%#(/%:*''%5&+-%+(%&,(*8%:&*1%:-:(5$%

&))-''
! M*+%+*:-%4&'%#-''%(,-5&##%*:;&)+

! 6-'"#+'
! Z?O%)&)4-%"'"&##$%':&##-5%+4&1%&%'*10#-%)&)4-
! Z?O%2#()3%'*^-%':&##-5%+4&1%Z?H%2#()3%'*^-

& often fewer ways (smaller associativity)



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

T-%&'#;%65-0(J6%"(>.?#-;&.(!OU0

! Y"+?(I ?(58-5%9V['%)&1%-=-)"+-%
*1'+5")+*(1'%8"5*10%)&)4-%:*''

! V-18*10%'+(5-%'+&$'%*1%#(&8N'+(5-%"1*+
! F-;-18-1+%*1'+5")+*(1'%/&*+%*1%5-'-5,&+*(1%

'+&+*(1'
! T18-;-18-1+%*1'+5")+*(1'%)(1+*1"-

! @II-)+%(I%:*''%8-;-18'%(1%;5(05&:%8&+&%
I#(/

! Q")4%4&58-5%+(%&1&#$'-
! ['-%'$'+-:%'*:"#&+*(1



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

T-%&'#;%65-0(J6%"(B5D%J#'&

! Q*''-'%8-;-18%(1%
:-:(5$%&))-''%
;&++-51'
! .#0(5*+4:%2-4&,*(5
! 9(:;*#-5%

(;+*:*^&+*(1%I(5%
:-:(5$%&))-''


