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Abstract— The BalancedRouting Table search (BARTs) schemeis a
novel method for searching large routing tables at OC-192 and OC-768
speeds.The schemeemploysa compressiontechniquethat leavesall pre-
fix information intact and createsa stand-alonedata structure that canbe
incrementally updated. Performance-critical parts of the update opera-
tion aresuitable for hardware implementation, enablingupdateratesbe-
yond several hundredthousandper second.Simulationswith actual rout-
ing tables have shown that BARTs supports a routing table with 36,292
entries in only 292KB of storage,a table with 72,825entries in 555KB,
and a futur e table with 500,000entries is estimatedto fit in 3.7MB.

I . INTRODUCTION

Advancesin optical technologywill soon boost the link
speedsin the Internetbackbonefrom OC-48to OC-192and
beyond. Thenext generationrouters,althoughstill operating
in the electricaldomain,will have to keeppacewith the link
speedsin order to fully exploit the developmentsin optical
technology, asthis seemsto betheonly way to handletheex-
ponentiallygrowing Internettraffic volumes.IP lookupis one
of the performance-criticalrouter functionsthat requiresfull
attentionin this context.

IP lookup determinesfor eachincoming packet the next
hop to which it will be forwardedby performinga longest-
matchingprefix searchon a routing tableusing the packet’s
IP destinationaddress. Although many IP lookup schemes
have beenpublishedalready(seeSectionII), two recentde-
velopmentscreatethe needfor new schemesthat aresignifi-
cantlymorestorageefficientthanconventionalschemes,with-
out compromisingon lookupandupdateperformance.

Thefirst developmentis theexponentialgrowth of theBGP
routingtables,causedby thetremendouspopularityof theIn-
ternet. ClasslessInter-DomainRouting(CIDR) [1] achieved
almostlinear tablegrowth for several yearsafter its deploy-
mentin 1994,but wasunableto sustainthis. Theexponential
growth seemsto bebackat full strengthsince1999[2]. While
thelargestroutingtablestodaycontainabout100,000entries,
tableswith 500,000entriesmight becomereality within only
a few yearsif thecurrentgrowth continues.

Theseconddevelopmentis that the increasein link speeds
will soonpreventapplicationof SDRAM technology(with its
largestoragecapacitybut limited bandwidth)for routingtable
lookups.Instead,fastermemorytechnologieshave to beused
suchasSRAM, embeddedDRAM, or ternaryCAM (TCAM),
which are substantiallymore expensive and provide signifi-
cantlylessstoragecapacitythanSDRAM technology.

Thispaperpresentsanovel IP lookupschemecalledBARTs
(BalancedRoutingTablesearch)which exploits a new com-

pressiontechniqueto achieveimprovedstorageefficiency over
conventionallookupmethods,in combinationwith wire-speed
lookup performanceand high updaterates. The presented
schemeis optimizedfor SRAM technology. A secondversion
of the BARTs schemeoptimizedfor wide embeddedmem-
ory is presentedin [3]. Thepaperis organizedin the follow-
ing way: SectionII analyzesstate-of-the-artlookupschemes;
SectionIII introducestheBARTsscheme;SectionIV presents
simulationresults,which arecomparedwith theperformance
of existing schemesin SectionV; SectionVI concludesthe
paper.

I I . CONVENTIONAL LOOKUP SCHEMES

Thissectionfocuseson themechanismsthataffect thestor-
ageefficiency of state-of-the-artIP lookup schemes.Actual
performancefigureswill be discussedandcomparedin Sec-
tion V.

TCAM-basedlookupschemesstoreeachroutingtableentry
in aseparatememorylocation,andcomparethosefully in par-
allel with theIP destinationaddressin a singlecycle [4]. The
storagerequirementsfor theseschemesgrow linearlywith the
sizeof theroutingtable.In contrast,SRAM andDRAM-based
schemestypically processsmallersegmentsof theIP destina-
tion addressin multiple successive steps.Fig. 1(a) illustrates
sucha processingstepfor a trie. Thebranchingfrom a parent
node� to oneof � child nodes�������	�
��� � � ����
 is determinedby a
so-calledbranch function thattakesthemarkedsegmentof the
searchkey asoperand.Fig.1(b)showsacommontechniqueto
storeall child nodesof oneparentnodein a table.This elimi-
natestheneedto storea separatepointerfor eachchild node.
Thebranchfunction ������� providestheoffsetof thechild node
within thetable.
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Fig. 1. Branchfunction.



Popularbranchfunctionsareindexing (e.g.,[5-8]) andtest-
ing (e.g., [9, 10]). Indexing usesthe segmentvaluedirectly
asoffset into the table. This is morestorageefficient for ad-
dresssegmentsthat correspondto denselypopulatedpartsof
theroutingtable,asthisresultsin abetterfill rateof thetables.
Testing,on theotherhand,determinesanoffsetby comparing
theaddresssegmentagainstoneor multiple testvalues.Test-
ing is morestorageefficient for addresssegmentscorrespond-
ing to sparselypopulatedpartsof theroutingtable,asthis re-
quiresfewer test valuesto be stored. Someindexing-based
schemesapply a variableaddresspartitioning to obtain seg-
mentsthatcorrespondto moredenselypopulatedpartsof the
routingtable.This typically improvesthestorageefficiency at
thecostof a morecomplex updatefunction.

The Lulea schemeemploys a different “branch function,”
which is basedon a very efficient encodingof a prefix tree
[11]. This schemeachievesthe highestcompressionin state-
of-the-artlookup schemesaswill be discussedin SectionV.
Other but lessstorage-efficient branchfunctionsare usedin
[12-14].

Fig. 2 shows an exampleof an indexing-baseddatastruc-
tureobtainedby applyingprefix expansion[5] on therouting
table in Fig. 3 (with prefixes in hexadecimalnotation)for a
partitioningof the IP destinationaddressinto threesegments
of 16, 8, and8 bits. Fig. 2 revealstwo importantissuesthat
affect thestorageefficiency of a lookupscheme.Thefirst is-

b�b�b�b�c

d@e\f�g+h	i�j'k l m�nok l p$mqn7h	h$r�i�jBj
sut�v w xy)zu{�| } ~

�)�7�$���o�	��� �)�7�$���o�	���
�u��� � �

�B�7�$���o�	�\�

�������	�

�����

�� 	¡

¢	£�¤�¥$¦

§\¨�©�ª	«
¬ ­	®�¯)° ±

²�²	³

´�´�µ

¶¶ ··

¸\¹	º

»\¼7½¿¾
À�Á�Â Ã

Ä

Å�Å	Æ Ç$È�É Ê
Ë�Ë�Ì

Í�Í	Î

ÏÏ ÐÐÑÓÒ�Ô Õ
Ö�Ö�× Ø

Ù�Ú�Û Ü

Fig. 2. Longest-matchingprefixsearchusingindexing.

prefix length result prefix length result
123456h 24 R 123456CDh 32 U
1234566h 28 S ABCDEh 20 V
12345678h 32 T ABCDEFh 24 W

Fig. 3. Sampleroutingtable.

sueinvolvesthe storageandprocessingof commonpartsof
multiple routingtableentriesatonelocation.Fourof therout-
ing tableentriesin Fig. 3 shareacommonprefix1234h,which
usesonly onetableentryin Fig.2. Thismechanismcansignif-
icantly improvethestorageefficiency for largeroutingtables.
TCAM-basedschemes,which storeeachrouting tableentry
separately, are examplesof schemesthat do not exploit this
mechanism.Thesecondissuedealswith so-callednested pre-
fixes.Prefix123456his a nestedprefix of prefixes1234566h,
12345678h,and 123456CDh,which resultsin a table entry
(at offset 56h in the lower table indexed by the secondad-
dresssegmentin Fig. 2) thatcontainsbotha searchresultand
a pointer. This entrycanbecomeratherwide for largerouting
tables,resultingin aninefficientstorageusagefor tableentries
thatonly needto storeoneof two fields.Leafpushing[5] can
overcomethisproblemby moving thenext hopinformationR
into theemptyentriesin thetableindexedby thethird address
segment. However, this reducesupdateperformancebecause
a largernumberof tableentrieswill needmodificationin the
caseof anupdate.

The last important issue is memory management. Data
structurescomposedof variable-sizedbufferscansuffer from
memoryfragmentation,whichcansignificantlyreducetheac-
tual numberof routing table entriesthat can be storedin a
given memory[15]. Lookup schemesthat requirefewer dif-
ferentbuffersizeswill suffer lessfrom memoryfragmentation.

I I I . BALANCED ROUTING TABLE SEARCH (BARTS)

A. Table Compression

The BARTs schemefor fastSRAM is basedon a perfect
hashfunctionfor longest-matchingprefix searches.Thehash
index consistsof a subsetof thesearchkey bits selectedsuch
that for eachhashindex at mostoneprefix exists that canbe
thelongestmatchingprefix of thesearchkey. Thetermscom-
pressed index and compressed table will be usedinsteadof
hashindex andhashtable. The conceptof the compression
will beexplainedusinganexamplethat involvesthetablein-
dexedby the third IP addresssegmentin Fig. 2, andonethat
involvestheuppertableindexedby thesecondIP addressseg-
mentin thesamefigure. Thesetwo tablesimplement“local”
prefixsearcheson theprefixeslistedin Figs.4(a)and(b).

Fig. 4(a) containsthe following prefixes,written in binary
notation:

0110xxxxb (6h)
01111000b (78h)
11001101b (CDh)

prefix length result
6h 4 S
78h 8 T
CDh 8 U

(a)

prefix length result
Eh 4 V
EFh 8 W

(b)

Fig. 4. Localprefixes.



(prefix 6h is paddedwith x’s to matchtheIP addresssegment
size; x meansdon’t care). The two underlinedbit positions
havethepropertythateachprefixdiffersfrom any otherprefix
in at leastoneof thetwo positions.Thesetwo bits canthere-
fore be usedasa compressedindex, for which no collisions
occur. This meansthat for eachpossiblevalue of the com-
pressedindex, atmostoneprefixexiststhatcanbethelongest
matchingprefix of thesearchkey. If sucha prefix existsfor a
certaincompressedindex value,thenthis prefix is saidto be
“mapped”on thatvalue.Fig. 5 shows thecorrespondingcom-
pressedtable. Theprefixesmappedon thecompressedindex
valuesareincludedin thecorrespondingtableentriesastuples
consistingof a testvalue,a testmaskanda searchresult.The
setbits in the testmaskindicatewhich bit positionsarepart
of theprefix. Thebits of the IP addresssegmentforming the
compressedindex canbe specifiedby a so-calledindex mask
that is storedtogetherwith the pointerto the compressedta-
ble asis shown in Fig. 5. The index maskspecifiesthe hash
function that is usedto compressthe table. The actualentry
formatswill bedefinedin SectionIII-C.

PrefixEhis anestedprefixof prefixEFhin Fig.4(b). In this
casethereareno bit positionsin which the two prefixesare
differentfrom eachother. To avoid collisions,thecompressed
index now hasto cover the bit positionsthatareonly part of
thelongerprefixandnotof theshorter. Thesebit positionsare
underlinedin thefollowingbinarynotationof thetwo prefixes:

1110xxxxb (Eh)
11101111b (EFh)
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Fig. 5. Compressedtable.
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Fig. 6. Compressedtablecontainingnestedprefixes.

If the addresssegmentcontainsa value1111b at the under-
lined bit positions,then both prefixesmight matchbut only
prefix 11101111b canbe the longest matchingprefix. For
any othervalue,only prefix 1110b canbe matching. Fig. 6
shows thecorrespondingcompressedtable.This figureshows
thatoneprefix canbemappedon multiple compressedindex
values.

B. Compressed Index Calculation

An optimumcompressedindex is thesmallestcompressed
index that is collision-free,becausethis resultsin the largest
compression.A collision-freecompressedindex hasthe fol-
lowing two properties(seetheprecedingsection):(1) For each
pair of prefixesthatarenot nested,thecompressedindex con-
tains at leastone bit position in which the two prefixes are
different.(2) For eachpair of nestedprefixes,thecompressed
index includesall bit positionsthatarepartof thelongerpre-
fix but not partof theshorterprefix. Thefirst propertyavoids
collisions betweenprefixes that are not nested,whereasthe
secondavoidscollisionsbetweennestedprefixes.

The bit positionsat which two prefixes differ from each
othercanbe determinedby calculatinga bit-wise exclusive-
or (XOR) productover the bit positionsthat arepart of both
prefixes.Thediffering bit positionsshow up assetbits in the
XOR product.If prefixesarerepresentedastestvalues( È5ÉËÊËÌ )
andtestmasks( È5ÍÎÊÐÏ � ), thena bit-wiseXOR product �{Ñ Ò be-
tweena prefix Ó anda prefix Ô over the bit positionsthat are
partof bothprefixescanbecalculatedaccordingto:

�{Ñ ÒZÕ¿� È5ÉËÊËÌ Ñ{Ö È5ÉËÊËÌ Ò��Ø× � È5ÍÎÊÐÏ ��Ñ�× È5ÍÎÊÐÏ �ÙÒ��q� (1)

( Ö and × representbit-wise XOR and AND operators). If
a compressedindex hasProperty1 thenthis implies that the
correspondingindex masksharesat leastonesetbit position
with eachnon-zeroXOR product�{Ñ Ò :Ú�ÛyÜ ÝyÞß�à � Ó�ÍÎÊÐÏ �Z× �{Ñ Ò\�âáÕ 00...0b � (2)

TheXOR product �{Ñ Ò of two nestedprefixes Ó and Ô contains
zerobitsonly. Thebit positionsthatareonly partof thelonger
but notof theshorterof two nestedprefixescanbedetermined
by calculatingabit-wiseXOR productã Ñ Ò over thetestmasks
of theseprefixesaccordingto:

ã Ñ ÒZÕ � È5ÍÎÊÐÏ ��Ñ}Ö È5ÍÎÊÐÏ �ÙÒ��q� (3)

If acompressedindex hasProperty2 thenthis impliesthatthe
correspondingindex maskincludesall setbit positionsthatoc-
cur in eachXOR product ã Ñ Ò calculatedfor any pair of nested
prefixes: Ú�ÛyÜ Ý ß�à � Ó�ÍÎÊÐÏ �ä× ã Ñ Ò��åÕ ã Ñ Ò � (4)

which canberewrittenas

�çæè× Ó�ÍÎÊÐÏ ���'Õéæ[�êæëÕíìÛyÜ Ý ß�à ã Ñ Ò � (5)


