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��� .�� ���

fA5)*4,+0�>23QTU0�H]W:3�l/@45+32?hV)*=?P@402RI[\0�@-5+TUK]02>2*~H]5+0�l]@=*~32*�3
*=@-JE0Bb��:065+>602R�WjH/?ufP9z36N/N/?P02T�TU06TUR~@45i*-,+0)[\H/?PTU*\>632TU06R~@4*
[\H](+14N�*=36m+0 � ¸ JE06JEH/?hV¬36>2>606T�TU02T}bZfPWu[O0�>2365i@45/T�K/02>6*
J8H]?A0g*-,+365�H/5+0_l]@=*Å32*�3g*=@-Ju02RÈ*-,+065�[\0g>2325�?A06N/(+>60g*4,+0
5+(/Jul]02?ZH/W<JE0QJ8H]?hV836>2>206T�T�02T}bºfhWMaul/@4*4T�36?A0\@-5+TUK]02>6*=06NE36*
3g*4@-J80w*-,+065�H]5+14V��)JE0QJuH/?hV

accesses
32?P0v?A06�/(+@4?A06N�36*

*=,/0�JE36�/@-Ju(/Jnbts�Ju(/14*=@4l/@4*I*4?A@-0w@=TuH]5+0w@45)[\,/@4>Q,�JEH/?P0
*=,/325EH/5+0\l/@4* @4TÅ@-5+T�K/02>6*=06Nu32* 3\*=@4Ju0Bb2|<,+0\5+(]J8l]02?ZH]WXl]@=*4T
inspected

32* 3\*4@4JE0\@=T�>632141=06NE*4,/0
stride�

fAWM32141 *4,+0\5+H/N]02T
32*t*=,+0{TU3QJE081=06.+021X,+3Q.+0�TU3QJu0�T�*=?P@=N]0�TU@
	20{*=,+0Q5
@4*4T~>232141402N
3�WA@-�+02N�TU*4?A@4N/0�*=?P@40�0Q1=T�0�@-Tv>236141402N�.+36?A@432l]1=0�TU*4?A@4N/0�*4?A@40Bb
')(+1=*4@4l/@4*È*=?P@402T\>23Q5/5+H]*ZT�(+K]K/H]?A*

arbitrary
K/?P02WP@=�w14025]C+*-,+TQb

fA5�H/?PN/06?:*=H)>6H/5+TU*4?h(+>2*I3�Ju(]1=*4@-l/@4*I*=?P@=0�WA?AHBJ�3�TU*43Q5+N/36?AN
TU06*�H/WZK]?A06Wj@-�+02T�RBK]?A06Wj@-�u02�+K]365/TU@-H/5u,+36TI*=H
l]0:N/H/5/0:l/32T�02N
H/5�*=,+0�>Q,+H/T�065iT�*=?P@4N/0BbÈ|<,+0�TU0Q32?P>2,/@=5]C�Ju02>6,+3Q5+@-T�J WAH/?
Ju(/14*=@4l/@4*~l]@=*O*=?P@402T_@4T_T�36Ju0n3QT_l]@=5+36?hV�*4?P@=0QTo0Q�+>206K/*~*-,+36*
J8H]?A0z*=,/365GH]5+0kl/@4*_,/36T¬*4H»lB0e@45+TUK]02>2*402Nx32*_3z*=@-Ju0Bb
')(+1=*4@4l/@4*{*4?A@402Tn3614T�HeN/H]02Tn14@45+023Q?_T�0232?P>2,�H]5�*=,/0¬K/?P02WA@4�
1=065+C/*4,/T�1=@-m+08*-,+0{l/@45+36?PV_*=?P@=06TUR�l](+*X@=*X@-T~Wj3QTU*402?Å32T�@-*t*432m+0QT
1=36?AC/02?MTU*4?A@4N/06TQb
FI,+H/@4>20uH]WITU*4?A@4N/02T

–
|<,/0ET�@ 	60uH/W�*=,/0ET�*=?P@4N/0uN/06>2@4N/02T\*4,+0

5+(/Jul]02?�H]W�Ju06JEH/?hV)32>2>602T�TU06To?A06�/(+@4?P02N#325/N#*=,+0�T�K/36>20
>2H]5+TU(]JEK]*=@4HB5tb

If
*4,+0»T�*=?P@4N/0»T�@ 	60»@4Te1=36?AC/0

,
*4,+025�*-,+0

nu
Jul]02?vH/WvJE0QJuH/?hV�32>6>20QTUT

es
@4T�140QTUTUR{l/(+*u*4,+0�T�K/36>20

b

d e

c

0

0 1

0

0 1

1

1

a a

1

1 0

Prefixes
p 32rM`��
p l/r ·+· �
p >2rM` ·+· �
p N/rM`+`/`]`��
p 02rM`/`+` · �1

ba

d

e

c

1
0

0
1

0 1
1

2

4

Prefixes
p 36rX`��
p l]r ·/· �
p >6rX` ·+· �
p N]rX`/`/`/`��
p 06rX`]`+` · �
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?P02�/(/@=?P02Ngl/Vo*-,+0EJE(]1=*4@4l/@4*X*4?P@=08@=TO1=36?AC/0Bb}|�,+08T�*=?P(+>6*4(/?A08H]W
*4,+0o*4?A@40o>2365�l/0o(/TU02Nn*4HnN]02>2@4N/0_H/5�*4,+0oTU*4?P@=N]0oTU@
	20�bBfAW�3
subtrie

H/W�1=06.+0Q1_5»@4TiWP(+1=1-VGKB?A06TU065+*=R
*-,+065»@4*_>23Q5Gl/0
?P02K/1432>602NEl/V�3\Ju(+14*=@4l/@4*�T�(+l]*=?P@40�H]WtT�*=?P@=N]0�5Xb
S:K/N]32*40
H]K/06?A36*=@4H/5+T

–
Lq@=5+>602R J8(/14*4@4l/@4* *4?P@=06T�36?A0

>2H]5+TU*4?P(+>2*402N´l]VªK/06?PWAH/?hJE@45/C�K/?P02WA@=��0Q�+K]325/T�@=H]5+Rn0632>2,
TU(/l/*4?A@40»,+36Te3»14H/>2361���')9 p �~02TU*�')32*4>2,+@45/C�9t?A06Wj@4�+r�b
�:025/>202RI(/K/N/36*=0�H/K/06?A36*=@4H/5+T_32?P0�14@4JE@4*=06N¬*=Hi3nK/36?A*4@=>6(/1432?
TU(/l/*4?A@40Bb�¯:021402*4@4H/5�,+32T�3#K]?AH]l/1=06J°[O@4*-,�Ju(+1=*4@4l/@4*�*=?P@402TQb
cd,+@41=0�K/06?AWAH/?hJ8@-5]CiK/?P02WA@4��02�+KB325/TU@4H]5+R�3�T�02*\H/Wu14H/5]C+02?
K/?P02WA@=�/02T�>2HB(+1=Ny,+3Q.+0�H].+02?h[\?P@=*-*4025k3�TU06*uH]Wv02�+K]365/N/02N
K/?P02WA@=�/02TQb2fPWX*-,+0\H]5+0OH]WM*4,/0O14H/5]C/06?ZK/?P02Wj@4�

es
@4T�N/061=06*=06N/RB@=*

,+36To*=H#l]0�?A06K/1432>602N#l]V�*-,+0�0Q�/K/365+N/06N#K/?P02WA@=�¬[\,+@4>Q,#@=T
5+H]*OK]?A06TU065/*\@-5i*-,+0)*=?P@=0�b �:0Q5+>Q02R~*4,+0

original
K/?P02WA@-�+06T

,+36.+0�*4HEl/0OTU*4H/?P02NETU02K]32?P32*4021-Vqb
0 � � � ��� �
� ���
� �C5��
�,� � . �
� �

fP5�*4,+0�>632TU0�HBW�Ju(+14*4@4l/@4*�*4?A@402T
*-,+0�@45/*402?P5+361~5+H]N/02T
T�*=H]?A0
K/?P02WA@=��@45/WAH/?hJE36*4@=H]5tbG�:025+>60

,
*-,/0

memory
>2H/5]TU(]JEK]*=@4HB5

H/W�Ju(+14*=@4l/@4*M*=?P@402TO@=TO1=36?PC/0Bb�fP5vJE(/1=*4@=l]@=*MN]@=T ��H]@=5/*X*4?P@=06TURq*4,+0
@45+*=06?A5/361:5+H]N/06TvN]H�5/H/*:TU*4H/?P0�K/?P02Wj@4��@=5]WjH/?hJE36*4@4H/5tb<|<,+0
Ju06JEH/?hVy>2H]5/TU(]JuK/*=@4HB5z@-T)1=06T�T

compared
*=HGJu(+14*=@4l/@4*

*4?A@402T}b���(+*E*=,/0�Ju3���H/?vK/?PH+l]1=06J"[�@4*-,kJu(/14*=@4l/@4*EN/@4T���H/@45+*
*4?A@402T)@4T�@45y(+K/N]32*40�H]K/02?P32*4@4H/5+T}b�¯:(+0d*4H�1=0632WwK/(+T�,/@45/C+R
0236>2,�T�(/l/*4?A@40wN/H/06TE5/H/*I,+36.+0w3�1=H]>2321I�~'�9d365+N)(+K/N]32*40
H/K]02?P32*4@=H]5+TÅ32?P0�*4@-J80O>2H/5/T�(]JE@-5]C{325/N8N

ifficult.

� ����� �'� 5G3��,.�� � �F��/���� ��� � .�� �)�

YZ0Q.+021XFIH]JEK/?P0QTUTU06N_*4?A@402T�32?P0{K/36*=,
-co

JEK/?P02T�TU02NvJu(/14*=@4l/@4*
*4?A@402T�K]?AH]K/H]TU02N�l/V��:@=1-TUT�H/5 � � ) bBfP5�3ol/@45+32?hV�*4?A@402RZ3gWj(+1-1
l/@45+36?PV#T�(+l]*=?P@=0�@=Tg?A06K/1432>206Nil]V¬3�T�@=5+C/1=0�1=0Q.+021\Ju(+14*-@=l]@=*
*4?A@40Bb+|<,+@4T�H]K/06?A36*=@4H/5_@4TOK/02?PWjH]?hJE06Ng?P02>6(+?PTU@4.+021-V_H].+02?�*-,+0
l/@45+36?PV�*=?P@40BbqfA*I361=T�H�?P06JEH/./02T
T�@=5+C]1=0w>6,+@=14N)1=@-5+m]TQbqL�@-5+>20
multi-

1=0Q.+021�l/@45+36?PV�T�(+l]*=?P@=0�@-Tzl]02@45+C
replaced

l/V�3
TU@45/C/1=0�1402.+061©Ju(+14*4@4l/@4*Æ*4?P@=0�@4*=T m+5+HB[\5
3QT YZ06./021
FIHBJ8K]?A06TUTU06N)*=?P@=0�b fP5

this
J80Q*-,+H/N�*4,+0wTU*4?P(/>2*-(+?P0gH]WO*-,+0

l/@45+36?PV�*4?A@40¬C/(/@=N]02Tn*-,+0#>2H]5/T�*=?h(+>6*=@4H/5�H]WoYÈF�*=?P@40Bb�|<,+0
N/06>2@4TU@4H/5�*=H�?A06K/1432>20�3

binary
TU(+l]*=?P@40�[\@-*4,�3)Ju(/14*=@4l/@4*

TU(/l/*4?A@40\@=T�l/36TU06NEH]583\Wj@4141�Wj36>2*4H/?
k p `	�wm · rARB[\,+@=>6,8@-T(+T�02?�>2H]5/Wj@-C](+?A36l/140Bb�|�,+0EWj@4141ZWA32>Q*=H]?�@=TO*-,+08K]02?P>2065+*=3QC+0EH]W

5+H]N/02T�K/?P02T�025+*X@-5o3{l/@-5+36?hVoT�(/l/*4?A@40Bb}|�,+0{>6H/JuJuH/5g.+321-(+0
(+T�02Nu@=T�`Mb �Xb2fA5EH/?AN/02?Z*4HETU32./0:JE0QJEH/?hV�R]*4,+0\*4?A@40\@=T�TU*4H/?P02N
32Tg3�36?A?P32V�R�[O@-*4,iWj@4?PT�*O1=06.+021\5]H/N/06T_WA@=?PTU*4R�TU06>2H]5+Ni1406./021
5+H]N/02Tg5+02�]*=R~02*4>BbM')H/?P02H].+02?E*=,/0�@45+*=06?A5/321\5+H/N]02Tg@=5¬*4,+0
*4?A@40\N/Hu5+H/*q,+32.+0:365/VEK/?P02WP@=�u@45/WPH/?PJ836*4@4H/5Xbº|�,+0\1=0636.+06TIH/W
*4,+0 *=?P@40 ,+36./0 3Ç14@-TU*»H]W�K]?P02WA@=�/06T�WAH/?�*-,+36*»K/36*=,tb
9q06?AWAH/?PJ8@-5]C�@45+>2?P0QJE0Q5+*4321n(+K]N/36*=06T�@45¶*4,/@4T�Ju06*=,+H]Nª@=T
.+06?PV{N/@4WAWA@=>Q(+14*hb

B
�	�,��.�6"�9����.���+ 5 � �-.����
��	 � � ��
��J+

s\1=1<*4,/0E*4?P@=06TON]@-TU>2(]TUTU06N�TUHwWj36?�N/HwT�02�/(/025+*4@=361ÈTU0632?P>2,wH/5
the

K/?P02WA@=��14065]C+*=,Xb~cd3214N/./H/C+061 �
�1
�� [13]
K/?PH+K/H]TU06NG3

Ju02*-,+H]N�*=H�N]H�l/@=5/32?PV�T�0232?P>Q,�H/5ª*=,/0GK/?P02Wj@-�ª14065]C+*=,

[\@=*-,+HB(+* (/T�@-5+C8*4?A@40\N/36*=3\TU*4?h(+>2*-(]?A0�bºfP58*4,+@4TIJu02*-,+H/N]R]*4,+06?A0
@=T�3{T�02K/36?A36*=08,+32T�,o*432l/140{WAH/?ÅK/?A02Wj@-�+06T~H]W<0236>6,_1=065/C+*-,tb}fPW
3�JE36*4>2,i@4TgWjH](/5+Ni@45i,/32T�,¬*=36l/140�H]W{K/36?A*4@4>2(+1432?E1=065+C/*4,+R
,+32T�,
*432l/140�H]WÈ,+@-C/,+06?<K/?P02WA@=�
140Q5/C+*4,
@-T�1=H]H/m+06No(+KMbQ��(+*q@4W
a
JE32*4>6,�@-T85+H/*<WAH](/5+Nn@-5�3_,+3QT�,�*=36l/1402RZ*-,+025�*=,+0gK/?P02WA@4�

>2H](+1=N_l/0�WAH/(+5+No06@=*4,+06?<@45
,+36T�,o*432l/140�H]WÈ1=HB[O02?<14025/C+*-,
H/?
,+@4C/,+06?{14065]C+*=,Xbtfh5#H]?AN]02?{*4H¬C+(]@=N]0n*4,+0nTU0632?P>6,#@-5#>632TU0QT
1=@4m+0:*4,+3Q*

fictitious
K]?A06Wj@-�+02TI36?A0{32N/N]02Nu*4H
,+32T�,E*432l]1=06TIH/W

1=HB[O02?�1=0Q5+C]*=,]TQb���H]?�K/?P02Wj@-� ·/·/·]·/· �:WjH](/5+Nv@-5g,/32T�,_*432l/140
H/W)TU@
	20 �]RgK]?A06Wj@-�+02T · ��R ·]· ��R ·/·]· �e325+N ·/·]·/· ��32?P0
K/?P02T�025+*�@-5 ,+3QTU, *=36l/1402TÆH/Wª14H][O02?ª14065+C]*=,

s
b¬|<,+06TU0

Wj@4>2*4@=*-@4H/(+T�K/?P02WA@-�+02T�32?P0i>2361=1402N
markers�

|<,+0�Ju32?Pm+02?PT
>2H](+1=N_JE@4TU140236N
*4,/0�TU0632?P>2,tb6cd@=*-,u32l]H/.+0{JE36?hm+02?È@4*q>6H/(+14N
Ju@=T�1=0632N�*4,+0 T�0232?P>2,"WAH/?´K/?P02Wj@-� ·]·/·/· `���b�')32?Pm+06?AT
H/>6>2(+KBVi>6H/5+T�@=N]02?P32l/140)TUK]32>20)@45d3�T�K/36?AT�021-ViN]@=T�*=?P@=lB(+*402N
trie.

|<,+08>2H]J8K]1=0Q�+@4*=@406T�H]W�*4,/08.+36?A@4H/(/T~3Q1=C+H]?A@4*-,/JuT~N]@-TU>2(]TUT�02N
TUH´Wj32?�32?P0x*432l](+1=36*=06N�@45�Wj@4C/(]?A0�^Xb8|<,/0x5+(]J8l]02?�H/W
K/?P02WA@=�+06Tu@4Tu@-5+N]@=>236*=06N)l/V���� �Å365+N)*=,+0wK]?A06Wj@-��14025]C+*-,�@4T
‘W’ .

Scheme
cdH]?AT�*B>632T�0
lookup

Update Memory

��@45+32?hV�*4?A@40
O(W) O(W) O(NW)9q32*4,

Compressed
Trie O(W) O(W) O(N)

')(+1=*4@4l/@4*B*4?P@=0
p T�*=?P@4N/0��gm+r O(W/k)

® p cd¼=m	�
2k)

O(2kNW/k)
YZF¬*4?A@40

O(W/k) -
Binary

T�0232?P>2,8H]5
K/?P02WA@=�81=0Q5+C+*-,/T ® p 14H/C ¸ cdr ® p �:14H/C ¸

W)
® p 14H/C ¸ cdr

��@4C/(+?P0�^MbµFIHBJ8K]1=06�+@-*4V8FI,+32?P*

� ��.�/�� ��.�� �
pproaches

�<5�.�� 5 � �<���
ookup

|<,+0y?PH/(+*40z14H/H]m+(+K¶321-C+H/?P@4*=,]J
T�N]@=T�>6(+T�TU06N¶T�H�WA32?)32?P0
@-J8K]1=0QJu025+*402Nd@45�K/?PH/>602T�TUH/?PTv14H]>236*=06N�H]5i14@=5+0)>632?PN/TvH/W
*=,/0�l/32>6m+l/H]5+0©?PH/(+*402?PTQb

There
32?P0�H/*4,+02?»,/32?PN][\32?P0

TUH]1=(+*4@4H]5+T�WAH/?MK/02?PWjH]?AJE@-5/C8Wj3QTU*�?hH/(+*40�14H/H]m+(+K
� ��� � �,� �9��/��F5 �	� �
� 5��
fA5/TU*40232NzH/Wv(+TU@-5/CzC+025/02?P@=>

processors
WAH/?vK/02?PWjH]?AJu@45/C

?AH](+*40 14H/H]m+(+K WA(+5/>2*-@=H]5+TUR >2(/TU*4H]J
ASICs

��� )
(Application

L�K/02>6@-Wj@4> fA5/*=0QC+?P32*402N FI@4?A>6(+@4*4T�r�36?A0
N/06TU@4C/5+06N�WjH/?~T�(+>6,vKB(+?PK/H]TU0Bb]s:L�fPFIT�,+36.+0oWA@45/02?�>6H/5+*4?AH]1
H/.+06?»JE06JuH/?hV 32>2>602T�Tª365+N >6325 l/0

designed
[\@-*=,

K/@4K/061=@45+02NE32?P>2,/@=*402>2*4(+?P0
(figure � r�b

� 5 �,�<� �-� � /-/,.�� � �F� � � � 02�4315�.�6��
CAM)FIH/5+*40Q5+*
s\N/N/?P02T�TU32l]1=0dJE06JuH]?A@-02T2� · a ) 36?A0�@=5/.+02?PTU0�H/W

«�s\')RB@4*qK]02?PWjH]?PJuTI3:K/36?A361=14021tT�0632?P>2,uH/5
*4,+0�>6H/5+*40Q5+*
s
H/W
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Ju06JEH/?hVd325/N
returns

3#?P02T�(+14*�b�FIs:'
s
32?P0#(/T�02WP(+1{WAH/?

K/06?AWAH/?PJu@=5]C814H/H]m/(+KuH/5uWj1432* 36N/N]?A06TUT�TUK]32>20�bºS:T�@-5/CEF�s:'
WjH]?M,+@=06?A36?A>6,+@4>2321�36N/N/?P02T�TU02TÅ1-@=m/0OfP9v32N+N]?A06TUTU06T�@45/./H/14.+06T

��@4C/(+?P0 � bµ9t@=K]0214@=5/02N8s\?P>2,+@4*402>2*-(]?A0
32N]N/@4*=@4H/5/321M1=H]C+@4>Bb�|�,+02?P0836?A0 ¸ *=V�K/0QT�H]W�F~sO' 3Q.+36@=1432l]1=0
–
l/@45+32?PV�3Q5+N8*402?P5+36?PV8F�s\'�bºfA5El/@45+36?PV{F�s:'�` �¹T�3Q5+N

· �¹T
>2365�l]0�TU*4H/?P02NMbqfP5)*=,+0�>632T�0�H/W:*402?P5+32?hV�F�s\'�R�`�� TUR
· �¹T{3Q5+N�N]H/5 �¹*�>632?P0_l/@4*4T{>23Q5nlB0_T�*=H]?A06NXbB|<,/0_WjH]1=14HB[O@-5+C
32?P0OTUH/JE0OH]WX*=,/0OT�H/14(+*=@4HB5

s
(+TU@-5/C8F�s\'#T

.

� �	�,��.�6 � � 0
Multiple

� 6�� � � � � �	��
 � � � 5 
 �
��� � � � 0
–

fA5Æ*4,+@=T
Ju02*-,+H]N/R *4,+02?P0�@4T~J836T�m
?P02C/@4T�*=06?�T�(+?P?AH](+5+N/@-5]C
*=,+0{F�s:'eb
cd,+025�3�K/36>2m+06*{32?P?A@-.+06T�*4,+0�JE36T�m�?P0QC+@=T�*=06?g@4T�14H/36N/06N
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