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Abstract This paper proposes an efficient data structure for forwarding IPv4 and IPv6 packets at
the gigabit speed in backbone routers. The LPM(Longest Prefix Matching) search becomes a
bottleneck of routers’ performance since the LPM complexity grows in proportion to the forwarding
table size and the address length. To speed up the forwarding process, this paper introduces a data
structure named BMT(Bit-Map Trie) to minimize the frequent main memory accesses. All the
necessary search computations in BMT are done over a small index table stored at cache. To build
the small index table from the trie representation of the forwarding table, BMT represents a link
pointer to the child node and a node pointer to the corresponding entry in the forwarding table with
one bit respectively. To improve the poor performance of the conventional tries when their height
becomes higher due to the increase of the address length, BMT adopts a binary search algorithm for
determining the appropriate level of tries to start. The simulation experiments show that BMT
compacts the IPv4 backbone routers’ forwarding table into a small one less than 512-kbyte and
achieves the average speed of 250ns/packet on Pentium Il processors, which is almost the same
performance as the fastest conventional lookup algorithms.
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1: Let Bit-Map table BM and an index bm_idx:=0, and
2. routing entry pointer ptri=default routing entry

3. for (addr=IP_Address[m*8m*8+7}, m=0,1,2,3) {

4: get BM_Node:=BM(bm_idx),

5: get byte_idx:=addr / &

6: get bit_idx:=addr mod 8;

7 if (BM_node.childBit(byte_idx)<<bit_idx & 0x80) {
& set bm_idx:=number of all child bit 1; and
9}

10:  else
11: set ptri=number of all prefix bit 1;
12}

13: return pointersiptr];
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1: Let Bit-Map table BM and an index bm_idx:=0, and
2: strt_pos:=0 and

3. routing entry pointer ptri=default routing entry

4: get b_byte_idx:=IP_Address[0:15]) / &

5: get b_bit_idx:=IP_Address[0:15] mod &;

6. if (pntl6_child[b_byte_idx] <<b_bit_idx & 0x80) {

7:  bm_idx:=number of all child bit 1; and

8 set strt_pos:=2; and

9 )}

10: else {

11:  set ptri=number of all prefix bit 1;

12:  return pointers(ptr];

13: )

14: for (addr=IP_Address[m#*8:m#8+7], m=strt_pos™3) {
15 same to #4 ~ #11 lines of Algorithm 1

16: }

17: return pointers[ptr];
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28] go)lB2 B 204 Renlel 2o} 4uigH e 7)) o}
o} AEHE 71d HEF 9" HolERE F3 A9
EE /M FAHEAA dEEA A Sldk £ A
Holl A BMT 299 HolE-2 <} 48,0004 719 dE= 4
uls) 284KBE L2 AM4lo) F83] AF2 & e 22 =2
712 gHEoiFe] =AUt

BMT 299 HolE9 A5 F 71A 79 4™
Hol8% F 712 FH9 IP F4E 8Tl 71 Ay
g oo giF] SHHAL. AFe) AHEE [P 4= AHL
2 RPN P F44 VEYZANA 3 A4 IP T4
oje], X999 Hlol&g A AT Y v ANE
A7) Y& LT IP F4E 23] 94 FAsS HIge
FHch AR 2L getrusage()TTE RIS
o, AA AL P F4 AFE o] IP 548 3
WAHE AASAT E 4~7L A2 TOE W) 7HA A
gleel o 455 ARE RAF3 ok

¥ 3 IPMA 248 HolE ¥ BMT =7} QA

Forwarding # O.f # o.f Bit-Map Built
Tables Routing Prefix Table Time(ns)
Entries Nodes [Size (KB)
Mae-East 48,290 52,858 284 290
Mae-West 29,588 32,462 247 210
PacBell 25,275 26,897 226 190
AADS 16,364 18,093 190 140
Paix 9,618 10,434 141 80

R 45 7} IPMA 298 Hjo]E-o] <# of packets> 3}
o MNP IP F45 IHTD Z4E of BMTY F 711
AL <Seek time> FFHM <Extended seek
time>o) ¥ B AALEE Fdin U dubEy
3} ggAM A5 Zkzt 215~260ns 2} 215~ 250ns &
9o, <Resolved ratio>E 33% ©jst2 -9 & 3t
< B oA 23 33% JEY FHAge] 29E
EE Ao YyrA] izl 514 dee g A
3t X2 = ok onjgih F, gtk Ao
FEXEZ W 3 A4 A4 F A} 9H HE 24
712 & AN Aot AS vt oleid A
ol AHoE TrEAA P T2 grol AA ALEEA) @
€ IP F4 HoA go) BEoA3 917 wjielth B
5& olske 9] AA 32 EdYY F4F AMEEY
<Resolved ratio>7} 100%9l] 7124 =1, E 49 nls)
A9 2018 £EA3}E HAFEt) ojAL Eo] HHo]

A A SARY O 39 BA%A AYH T 98¢ 9
g,

¥ 4 IPMA DB g A9 IP 4 Y533
Mae- | Mae- | Pac- .
East | West | Bell AADS| Paix
# of packets(K) 2000 | 2000 | 2000 | 2000 | 2000
Resolved ratio(%) 3291 329 264 261 21.6
Seek ' time(ns) 260 250 240 240 | 215
Extended seek time(ns) 250 | 2451 230 230 | 215

# 5 IPMA DBl dig ¥4 IP 4 453573

Mae- | Mae- | Pac- .

Bast | West | Bell |AADS| Paix
# of packets(K) 6199 | 6199 | 6199 | 6199 | 6199
Resolved ratio(%) 100 999 992 999 | 99
Seek time(ns) 492 | 501 | 492 | 503 | 492
Extended seek time(ns) 417 | 417 416 | 417 | 416

E 6 72 & A7V FeE HEE ol8std
F 7 AN Hee BEsia Ao F A B
A4 RI1~R23& 5 749} ¢HeAM ALE T +3€
I2E HolBEg uisin, ol EE F3 e ¥4
IP F2o Oig el Ao F iz dRHAAL =
F IVMHIER E4YE 452 AT F UsE A
ot o3 AE uEeE B o 7o AFAYH
[1922]191 HeX= AA P F2E Al 4A5E
A BrlsE gert inka Azidc opAge s )
7B AvEled ARE vlasE 9 sojEe Avle
9. Edigd vlg] FAPF AL 9% "Rt
B7rg & Utk

E 6 & A477I1¢] DB uig AY P & 4534

Ril1 | R12 | R13 { R21 | R22 | R23
# of packets(K) 2000 | 2000 | 2000 | 2000 | 2000 | 2000
Resolved ratio(%) | 305 | 31.3 | 31.3 | 305 | 31.3 | 31.3

Seek time(ns) 190 1 195} 195} 190 ] 195 ) 195
Extended seek
time(ns) 210 | 210 | 215 | 210 | 215 | 210

Iy 55 9 B B4 gt Aol & 2o|E
RoleAg Egto] #dd Y 4FEe B¥XS 5
Rogn givh 49 Cﬂ% glo]&-2 [PMA2® Mae-East
% B 71ge Rizolth dYFLE oiRE 9 134 2
X Hdol FHH, AAFLE FYIPL BE B
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X 7 B 9F71%9 DB WiE AA IP &

523
RI1 | R1Z | RI3 | R21 | R22 | R23

# of

Cackets() | 2262 | 6199 | 6184 12446 | 3088 | 2553

Resolved

%) 100| 100 100| 100| 100| 100

Seek time(ns)] 344 312 312 314 314 321

Extended 260 | 243| 244 245| 242| o4

seek time(ns)

100.0% & | —¢— ipma_random
oo 5 --®-pmarea ||
g | dgu_random

90.0% - —{-- @ - dgu.real

25

\
—_

Resolved ratio

s 8 8
® R
N
%

g
*

8 8
R B
L]
e
|

0.0%

Tie level

¥ 6 EHY AN4ET WY 22

713 "HolEolMe @Y 2004, IPMA ElojBolMe 8
Wl 3od AAe) FaEe Blgo] Hd throlth oy
g HnE W9FA ARG HAFA9 HYH ¢
B A48 8 g RoEr.

R 82 &Y LZEHS /¥ AFEH B =
9] BMT AET29 A%S vu EANEE Aot &
Edolzg F¥EE 7E dF4HEE vin Hridle A
2 gui7t QAT ojm) Z} A7E9 ANFHE 9 2
A AwE "erl Aok F, (1419 BMT 71He 39
3 HolEg L2 A4 ArolEz JEFoe=xn 1457
A g duAste v g AFES ¥HY Hel
& F Ry AFsEA Za4sSs FPA A
@} o2 g F kA £/ 4F7E ¥ 8olA wustd
[15]= 3.2MBel {9 HolEE &A BlojEE 74
3lo) BlEE WME £5F8 A1 ok A [15]= @
A HAE AT A Tl "HaFt Azl 13%
Az w$ doe oHel Tk 8N B dF9)
ARE AT oA 789 4 FEL Y 7
8le] 2% gho] oblI [15]A &% 3t HFZ
o8 Aol BHHA ¥ AEL FEY I ZEAA

= |4 Mo

X 8 71& ¢ ETe] Aevla

Size(KB/# of prefix)
{13] 160/32,732
[14] 950/38,816
[15] 3,200/38,816
[16] 1,200/33,000
[17] 800/41,578
BMT 300/48,290

Lockup speed per packet
652ns / PII 400MHz
430ns / PII 300MHz
226ns / PII 300MHz
650ns / PII 300MHz
1000ns / PII 300MHz
250ns / PII 400MHz

2 &£5E @iEld 715§ ol

[13] > BMT$} HIEE & 0] &3 A7 % BMTY HE-
Wt vl5F gl A 235 Aol [13]00A4 E99
Bo]&¢] Avle 160KBE w9 ZA 3k A4 5= 652ns
E BMTEY 28 o]} =g|ch [13] & 348 HEL
Hloj2 oj=# 2 HolE, ¥ Hold 2 HWA HolEg
TAEY, 7 dAEE 43¢ drg FZo] gasng
AAATYo] ZojAT), o]of nls) BMT= BIE~Y Ho]&
3 AR "HolBe FAHE 94d Fxolth BMTE
7} A AAA © 7 Zega A4S 93 vlE-Y
o HE 19 N$E FHRESE MARE BHo] AT
[13] & HIE 7} 2 E Zhe Hjo]Xx o=@ A Ho] B3 &) )
olEe) M ez g IPFARRE 2 AE 53
AEdte FHo) Sl

5. 0|= o|x&M A1ElF

IPv6 F4&20 Zo|= 128B|EZ 7]&9] [Pv4e] 32HE
Fao] vid] 4uje} Qolz A o]AT FAH HF
S8 ¥ ATl F4 Zold wig sty Frlehe
Aol IPv6E 7I7MBEF 2é SSEHE 2T EY R
THehe AL oEr) dHE [16] e Ty Zojyzg
A HolEE THESL, ZEg2 HojE J)2 A Hojg
£ ol HMEFEZ OllogxFa Zol(W))e] sfAl HY
€ vk ey #jA) Elo]E A "ad AR
O(W/M), M=91= Z7)ol= 2 [16]9] AA| AA&EEE
O(W/Mloga(F-4 do))oln, F4x4ol7l 1288 &3 -
IPv6e} HAMA7He =7}

BMTE IPv6 F4o H{3H Edole) HAd Zoj=
128, ) ® Ezlo] WL 160|128 FAYAZe] 7}
g & Ack =R Pv4 T4 Aa4dEde g8 8
g FAZolE I A4 wiol Wast 2 47
M E o]F ol AM(dual binary search) WHHE of
£3to] IPv6 F4E BMTAA w2z A48 5 IS
< wolmx gtk olF olAFML LR YR F o
Ao ZHA olAFMeE TYY AL k. A WA
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9 95 Zesx Yolo] B oluAMe AR U
A Ade BEAAZ) AN 7P B Lololrny
7 i A4SE G $AHos

= 2XH 0
Zol L& Agste Aot Fu=
BMTolA X9 24L& & o SHE ©Y F F E
glo] T9E AME SEFE LS B Edo)e} ol
T HA gPe YR ojxigMdoz A AN ARPE
g Lo g3 ol Me Fozn ke dAFME
& 4 UEE Ik o)JAL RE ZIx Foi Zo]
7} LA8OIAIQ) T adle gAo R 1~Ls8 MEWNS
Aoy Mz oe Zole =i digjry of
ARNE & ¢ IEE It o] W EAHL =y
28 FF8AY 234 g1 BMTolA olJ@HE
& & Yo Rojuh

5.1 OIF OIXIAY J|¥E & XI2RX

128H1E F4-ol i3 BMT 742 IPv4el 299
s}, out g ojWAM WL F A A=
Tx7F F7hek A, BMTY 2+ AE7} &34 B
Edlo] gl L AR7L st} o] Pue § Eg]
o] Z+ i ojAME Y o HY Lo &3k
BMT x=9| HE A3t 4, BMTE & ==
o Wi T2 Faoltt o} FhE o]RFMNA A
B ZAA P F49 vlasty) 98 Fio))

BMT <Ez|d] jgste 7 Edo] #de] HYgR
£ Z47e] e 2R AHE gaE gl 9x ¥
g gy vpxe 2 edold g dEY
Qa2 Ak A3ty fok @y PAPRE BMTE
TASE DA a3 228 5 42 & 3o,
o] ARE A3y 93 WEe Ve § Efo| ¥
W AN(16) % 2u9folE = 32ulojEojn}

F HA gul BMT JdEE Zagxryt 933
olfi= BMT7} Eglo] 729 ¥ HY go]Eef dEF
o i UYL FEuS BERZ &3l T2
ojFAM AR F A TPy FAHRIF BMT
o ¢17] W&ot} BMT dEZE T2 Fo2 e
B Eglo)e] REJ) fgdhe ZYPA Faoth B E
gole] 74 FEd gigdle TP A2 [Pv4
BMT ZAzide] olsf &4 HAAE 4 glemz =
Y25 wg AFJE Yo} glct. BMT dEZE =
fyxo] Zojz HF § Enjole] FE9 Zojg go
2z B Efglo] gl X gHW=0~N, FE § Ez}o}

#=0)o|t}. Fa2 BMTE ol Es e whje
2 FAHI, &4 } Edols WFS £42 BMTe <
Efrt 522 BMT dEZYE Zdi F4AE AdA
HAA L& o2 FEE et gk

5.2 &Y gn2F

o) ojARA YA ALY ojWAYL 4 R
9 Rz 2HE F2E Y451 sled, UA AR o]
AZML P F4a749 tido] E BMT <E=] #4d
L& A9t} T A U8 o|IAML A Wi o|AAY
A Hddg #Hd LA Zejgx ojiyag 3t

R olnAMe HFHo= MddE ZIyre Zol
E 4 F = dudA 33 ZHole =EysRE A
Ag AFs oMoz s} WE Azt HFHA

£ 9 o)F oY <zHEF

Function Dual_b_search(DA) /* search for destination

address DA */

1: Initialize a low and high limit of outer binary

search;

2: Initialize final routing index BMP to null;

3' While low_o <= high_o do /* outer

binary search */

4: mid_o := (low_o+high_0)/2;

5 Calculate a inner binary search key from DA
{0:mid*8];

6: Initialize a low and high limit of inner binary
search from " the base_address(]
table;

7 ‘While low_i <= high_i do
/* inner binary search */

8 mid_i := (low_i+high_i)/2;

9: To do binary search on sub-trie’s prefix

address;

106 Endwhile

11 If not found a matched prefix node then

12: Modify the high_ o to search

upper half of trie for shorter
prefix;

13: Else if found a matched prefix and there is
no child then

14: BMP = number of all prefix bit;

15 return BMP;
/* end of search %/

16: Else if found a matched prefix and there is
child link then

17 Modify the low_o search the

lower half of trie for longer
prefix;

18 Endif

19: Endwhile

200 return0;

/* fail of dual binary search */
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B oo|xAA L R olW AN Hehg @ Loy
A8 Aole} =20 w3 o|XPAL et 7
AN X3l TEjHavl AAEE 2T
g A AAS T o9 Al 7HA Aol giE
R4 ARE gastA "ok AR s gao)
F&a AYE =27} EAER g e e
gyxrt FHF mejgzolnz Hae Zzych %&H
zElga Hao] AFsT AY=E =27} EAY A
Jde o 2 Zgxst Qe ooz i olwd
Aol Erfole} ¢ W F, L«8HT ¢ 70 zZY

25 tgor AMYAE At mixHog A W
A A%e =g gl AsF A2 HA A4
L«8 ZoloA dajsh= EgPirE glemg 9 o
@M BMTE] 3t9 #E &, L+8Rtt ¢ #& 2
ole] ZIAYAE AMIEE ANHYE 2HE)

o]F oW AN tF GuEEL E 8 BAH
ojgitt. & 82 &2l 3~19¢} 2l 7~10014 F 749 o]
AANe] THHADR L& BoF) 29] 3~199 9%
ol AHAML& BMT #ulo) thdt Adolnz o v=g
AT IFE logal.olth 21 7~109) IR o] AL 9
5 oolaA Mo Adeg Ay LolA Zalgs T o
T ol Molrz Exlo|) 3y #do] WYL
79 At AR 7L 1~2P0] Ak o] ghe 1280 E <
IPv6 A4 BE IP F47 XYY go| 2o X35
< o FAY 5 A FHoty Hgolh

I¥ 62 9A HIAAE olFE RHE FAE AL
stef ZhEksiAl olF ojXAM dmEFY HA FHH
Ag RAFT Yrt. T3 ol B 9= 1Y 69
BMTE ti4og AME A2 "417.1.170] FolA #
S AAHHS Helg Aojct

M ox '1)"

Roulmg Table

T 4%/255
4.17.1+/255.255.255
G*/255
9.20+/255.255.128
12%/255

FART RSN s

9.20.0x

Bit-Map Table D

@: 0000 1010 0100 10..(prefix addr=0)} level 0

1 0000 0000....(=4) } level 1
@) 0000 00600....(=9)

@: 1100 0000... .(=4.17) } level 2
(8 1000 0000....(=9.20)

g 7 °o|F o34 S Hg 2 HIE F49 BMT 74

E 10 olF o)AMY oA

Step 11 9% o4 &y M
- (¥ 13) line 3 computes target level with low and high
bound =
(low_o+high_o0)/2 = 1
- (29 14) Bit-Map table entry of level 1 = @, @
Step 2: W% o]x A4 W Azt
- (29 13) line 8 computes middle node index :=
(low_i+high+i)/2 = 2
- key of binary search := "4.17.1.1"&0x(level*8) = ‘4
- (2% 13) line 9 found a matched node @
- node @ has a child link that means existing a longer prefix
- so, modify the lower bound of outer binary search := 1
- if found a matched node and there is no child link, return
an index as a routing index and exit searching
Step 3: goto Step 1 and to do next level searching

6. 2E ¥ SFIA|

E =2 7VHIE E299E AL & AU MEX
g T2 BMTS IPv69] 128HIE F4E waA 4
g 4 Sle olF olARAA daEEg AV 4
S Fs) BMT7} 43,000 QE 01%4 28 Ho
B2 300-KByte ©l3l2 4= 4 AL B4t ®
tAY Fhol giE] 190~250ns HEE 31%4% A4S
P £ Aoy, o] £re= o 4t Ips(lookup
per second)® A5g YelT} AAFL g 74
EEE 240~410ns 2 oF 2407 IpsE A YT 4 Uk

£ A4 EFgAs BMTS & AZE 76k
9 AFE FYS FAFo s HEHINM F
AT EdHY FAE olgsle AAF vaE e
Folth, =g dYoz WAHE IPv6 Fihe sMd &
AA P F4E FSA olF <P dueEsE A
A3y 1 Fed 2Fske Aol
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