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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-
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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:

1110xxxx b (Eh)
11101111 b (EFh)
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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)



îuï�ð�ñ*ò
= 0110xxxxb

îuóäðyô�õ
ò
= 11110000bîuï�ð�ñ ö

= 01111000b
îuóäðyô�õyö

= 11111111bîuï�ð�ñ ÷
= 11001101b

îuóäðyô�õ�÷
= 11111111bø ò�ö = 00010000bø òç÷ = 10100000bø ö�÷ = 10110101b ù = 00000000bú óäðyô�õ

= 10010000b

(a)îuï�ð�ñ*ò
= 1110xxxxb

îuóäðyô�õ
ò
= 11110000bîuï�ð�ñ ö

= 11101111b
îuóäðyô�õyö

= 11111111bø ò�ö = 00000000b ù = û ò�ö = 00001111bú óäðyô�õ
= 00001111b

(b)

Fig. 7. XOR productsfor agivensetof testvaluesandtestmasks.

( ü representsabit-wiseORoperator).Figs.7(a)and(b) show
thevarioustestvalues,testmasks,XOR products�{Ñ Ò and ã Ñ Ò
andindex maskscorrespondingto theprefixesshown in Figs.
4(a) and(b). The index masksin Figs. 7(a) and(b) shareat
leastonesetbit positionwith eachnon-zeroXOR product�{Ñ Ò
(2), andincludeall setbit positionsthatoccurin æ (5).

To testwhetheran index maskhasProperty1 by using(2)
requiresall (different)XOR products�{Ñ Ò that arecalculated
for all pairsof non-nestedprefixes. For Í prefixesa total of

(
ó ý

) XOR productshave to becalculated.Storingandpro-

cessingtheseXOR productsasseparatebit vectorsis rather
inefficient. Instead,a singlebit vectorof þ�ÿ bits will beused,
containingonebit for eachpossibleXOR productthatcanex-
ist for anaddresssegmentconsistingof Ï bits. Thisvectorwill
becalled � vector. If acertainXOR product�{Ñ Ò is calculated
for apair of non-nestedprefixes,thanthecorrespondingbit in
the � vectorwill beset.

To testwhetheran index maskhasProperty2 by using(5)
only requiresthebit-wiseOR product æ of all XOR productsã Ñ Ò insteadof the individual products. For this purposeit is
sufficient to storeonly the æ bit vector, consistingof thesame
numberof Ï bits as the IP addresssegment,andupdatethis
vectoreachtime a XOR product ã Ñ Ò is calculatedfor a pair of
nestedprefixes.

Fig. 8 shows a hardware-basedXOR product“calculator”
that implementstheseconceptsand can calculateall XOR
productsfor Í prefixesin exactly Í cycles. Theprefixesare
written in successive cycles over the input bus into a set of
registersaspairsof testvaluesandtestmasks.Control logic
ensuresthat eachnew prefix is written into an empty regis-
ter. While anew prefix is beingwrittenover theinputbus,the
XOR productsbetweenthenew prefixandtheprefixesthatare
alreadystoredin the registersetarecalculatedfully in paral-
lel (this is implementedby combinatoriallogic). The � andã buses,bothimplementinga logical bit-wiseORfunction,in
combinationwith somedecoderlogic, areusedto updatetheæ and � vectorsfor the resultingXOR products�{Ñ Ò and ã Ñ Ò
asdescribedabove.
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Fig. 9. Parallelindex masktesting.

An optimumcompressedindex cannow be determinedby
generatingall possibleindex masksorderedaccordingto an
increasingnumberof set bits, and testing theseagainst(2)
and (5) for the calculatedXOR products. The first index
maskthatsatisfiesbothconditionscorrespondsto thesmallest
compressedindex that is collision-free.Simplecombinatorial
logic cantestin a singlecycle whetheran index maskshares
at leastonesetbit positionwith eachnon-zeroXOR product
for which thecorrespondingbit is setin the � vector. Fig. 9
showstherequiredlogic for anXOR product10010001b . If
only index masksaregeneratedthat satisfy(5) thenan opti-
mum compressedindex canbe determinedin at most þ ÿ cy-
clesbecausea total of þ�ÿ different index masksexist for an
addresssegmentconsistingof Ï bits. The speedof the index
maskcalculationcanbeincreasedby generatingindex masks
thatalreadyhave a minimumnumberof bits setbasedon the
numberof prefixes. The index maskcalculationcanalsobe
adaptedto thememorymanageroperationby only evaluating
index masksthatcorrespondto supportedbuffer sizes(Section
III-E).

C. Data Structure

Fig. 10 shows a completedatastructureconsistingof com-
pressedversionsof the tablesshown in Fig. 2. The tablein-
dexedby thefirst addresssegmenthasafixed(maximum)size
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Fig. 10. Compresseddatastructure.

of þ ��Ã ÕÅÄZÆ K entries,thatis notchangedby recompressionin
caseof updates.Thisconceptof a tablethatis “fully” indexed
by a relatively large first addresssegment is also employed
in several otherschemes.As the routing tableportion corre-
spondingto thefirstaddresssegmentwill bedenselypopulated
for many routingtables,not muchcanbegainedby compres-
sion.At thesametime, it allowsa largepartof theIP destina-
tion addressto beprocessedin onestep,leaving fewerbits for
furtherexamination.

Fig. 11 shows the formatsof the varioustypesof entries,
which aredistinguishedby the first two bits. Entry type 00
is an emptyentry. Entry type 01 consistsof a test value,a
testmask,andnext hop information. Entry type10 contains
a pointer. As this entrytypeinvolvesanexactmatchover the
entire addresssegment,no test maskis needed. Insteadan
index maskis includedthatdefinesthecompressedindex used
to index thereferencedcompressedtable.

Entry type 11 is a specialentry for nestedprefixes. It in-
cludesboth next hop information and a pointer. This entry
typeoccurs,for example,in the lower tablein Fig. 10, which
is indexed by the secondIP addresssegment. Becausethe
next hop informationand the pointerfields canbecomesig-
nificantly wide for largeroutingtables,it wasdecidedto split
this entrytypeinto two entriesthatarelinkedto eachotheras
shown in Fig. 11. Thenext hopinformationis distributedover
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Fig. 11. Entry formats.

both entries. This allows a smalleruniform entry width than
if bothfields werestoredin oneentry. This is moreefficient
aslessstorageis neededfor padding,but at thecostof anad-
ditional memoryaccesseachtime this entry type is accessed
duringthelookupprocess.For a givenroutingtable,themax-
imum numberof memoryaccesses

B
neededfor onelookupis

in therange
�DC B Céþ
�FEHG (6)

for an IP destinationaddresspartitionedin � segments. The
lower boundcorrespondsto the situationthat the datastruc-
ture containsno entriesof type 11 . The upperboundcorre-
spondsto thesituationthat thedatastructurecontainsat least
onelookup“path” with �IEJG entriesof type11 andoneentry
of type01 .

It is possibleto convert an entry of type 11 into an entry
type 10 by insertingthe next hop informationrelatedto the
nestedprefix into thereferencedcompressedtableat thenext
level asa localprefixof lengthzero.Thiscanberegardedasa
form of leaf pushing[5]. Applying this concepton entriesof
type11 thatarein a “critical path,” allows oneto forcea cer-
tainvalueof

B
anywherewithin theaboverange.However, this

will typically increasethe storagerequirementsanddecrease
updateperformanceasdescribedin SectionII (leafpushing).

D. Incremental Updates and Stand-Alone Capability

A routing tableupdateinvolving the insertionof a new or
the removal of an existing prefix requiresthe modification
andrecompressionof atmostonecompressedtablecontaining
multipleentries,andthecorrespondingadditionor removal of
a sequenceof single-entrytables“link ed” to that multi-entry
table. Thus,at mostonecompressedindex calculationis re-
quiredfor eachupdateoperation.Updatescanbe performed
incrementallyby first creatingnew tablesandmodifiedcopies
of existing tablesin memory, and then linking theseby an
atomicwrite operationinto the existing datastructure.If the
lookupandupdateprocessesaccessthememoryusinga form
of time-division multiplexing, thenupdatescanbeperformed
without interruptingthe lookup process.The corresponding
memoryaccessescanbeinterleavedin anarbitraryorder.

Thenecessarymodificationsof thedatastructurefor anup-
dateoperationcanbe determinedusinga seconddatastruc-
ture.However, theBARTsschemecanalsobeusedin astand-
alonefashionwithoutaseconddatastructure,becauseall pre-
fix informationis availablein the form of testvaluesandtest
masks.By performinga lookupoperationusingtheprefix in-
volvedin theupdateoperationasasearchkey, it is possibleto
determineall tablesthatneedmodification.

The maximumnumberof memoryaccessesneededfor an
updatewhen the datastructureis operatedin a stand-alone
fashionoccursin thefollowing cases:K A compressedtablewith þ ÿ entrieshasto berecompressed
into a compressedtablewith þ�ÿ�L � entriesfor a deleteoper-
ation, or vice versafor an insert operation,where Ï is the
sizeof the largestIP addresssegment. This requiresa total



of þ ÿNM þ ÿ�L � memoryaccessesfor readingthe original table
andwriting themodifiedcopy of thetable.K A sequenceof �NEHG singleentrytableshave to belinkedto
theabove compressedtablefor an insertoperation,involving
�OE þ entriesof type11 andoneentryof type01 , where� is the
numberof segmentsinto which the IP addressis partitioned.
This requiresa total of þ��)�PE þ � M G Õ þ
�NEJQ memorywrite
accesses.

Addedto theseaccesscountsare(a) themaximumnumber
of memoryreadaccessesfor a lookup on the prefix involved
in theupdateto determinethetablesneedingmodification(6)
and(b) amemorywrite accessto link new andmodifiedcopies
of tablesinto the datastructure,so that the following maxi-
mumnumberof memoryreadandwrite accessesis obtained
for performinganupdateoperation:

þ ÿ M þ ÿ�L � M ÆÓ�RESQ�� (7)

Routingtablescanincludeprefixesthatcannotbecomethe
longestmatchingprefix of the searchkey. An exampleis a
prefix 0b , which is fully coveredby two prefixes 00b and
01b . Fully coveredprefixesdo not appearin uncompressed
tablessuchasthoseshown in Fig. 2, nordo they appearin the
correspondingcompressedtables.Becausetheseprefixesare
relevant for theupdateprocesswhenthedatastructureis op-
eratedin a stand-alonefashion,they canbeaddedspecifically
by including themin emptytableentries(entry type00). As
routingtablestypically containvery few of theseprefixes,this
will not bediscussedfurther.

E. Memory Management

An IP addresssegmentconsistingof Ï bits canindex com-
pressedtablesof Ï6M G differentsizes,all beingpowersof 2,
containingbetweenoneand þ�ÿ entries. To achieve optimum
compression,the memorymanagerhasto supportall corre-
spondingbuffer sizes.Sucha memorymanagercouldfor ex-
amplebebasedon a buddysystem[16], which matchesvery
well with the power-of-2 buffer sizes. If memoryfragmenta-
tion wereto becomea problem,thenthe BARTs schemecan
be adaptedto usefewer buffer sizesby either reducingthe
segmentsize Ï or by only usingcompressedindicesthatcor-
respondto a smallersetof supportedbuffer sizes. In the lat-
ter case,a suboptimumcompressionwill beachieved,but the
implementationof the index maskcalculationasdescribedin
SectionIII-B becomessimplerandfasterbecausefewer index
maskshave to beevaluated.

IV. SIMULATIONS

Several simulationshave beenperformedwith the routing
tableslistedin Fig. 12 thataremadepublicly availableby the
IPMA project[17]. TheseinvolvedtheIP destinationaddress
partitionslistedin Fig.13(thenotation168 8 representsapar-
tition having threesegmentsof 16,8, and8 bits). Theaddress
partitionshavebeenchosensuchthatonly segmentsthatcover
thebulk of prefixeswith lengthsup to 24arevaried.Thetable

routingtable prefixes routingtable prefixes
Aads 19056 Mae-east 54499
PacBell 27085 Paix 72825
Mae-west 36292

Fig. 12. IPv4 routingtables(February2000).

stand-alonedatastructure notstand-alonedatastructure
numberof partition entry numberof partition entry
segments width segments width

4 8 8 8 8 36bits 3 168 8 36bits
5 8 6 5 5 8 32bits 4 145 5 8 32bits
6 8 4 4 4 4 8 32bits 5 124 4 4 8 32bits

Fig. 13. SimulatedIP destinationaddresspartitions.

indexedby thefirst segmentof eachpartitionhasa fixedsize,
as describedin SectionIII-C. Fig. 13 also shows the entry
widthsusedwith thevariouspartitions.

A. Storage Requirements

Fig. 14 shows the storagerequirementsfor the simulated
partitions.Partition8 4 4 4 4 8 performsbest,closelyfollowed
by partition12 4 4 4 8. Partition 8 4 4 4 4 8 allows themae-
west tablewith 36,292entriesto fit in 292 KB andthe paix
tablewith 72,825entriesto fit in 555 KB. Partitions16 8 8
and8 8 8 8 clearlyperformworsethantheotherpartitions.

Thestorageefficiency of BARTs improvesfor larger rout-
ing tables.For example,theaveragenumberof bytesneeded
to storearoutingtableentrydecreasesfrom 9.1bytesfor aads
to 7.9 bytesfor paix for a partition12 4 4 4 8. This is dueto
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theincreasingnumberof commonpartsbetweenroutingtable
entries(seeSectionII). A conservative estimatebasedon the
assumptionthat the averagestorageper entry will remainat
7.9 bytesfor routing tableslarger thanpaix implies thata fu-
tureroutingtablecontaining500,000entrieswill beableto fit
in about3.7MB.

B. Lookup and Update Performance (Stand-Alone Operation)

Wire-speedprocessingof minimum-sizedpacketsrequires
26 M lookups/secondfor OC-192and100M lookups/second
for OC-768. If BARTs is used in a stand-alonefashion,
andthe lookup andupdateprocessesaccessthe memoryus-
ing a form of time-division multiplexing, thenthewire-speed
lookup ratesin combinationwith the maximumnumberof
memory accessesper lookup determinethe memory band-
width that shouldbe allocatedto the lookup process. The
remainingmemorybandwidthin combinationwith the max-
imum numberof memoryaccessesper updatedeterminethe
worst-caseupdateperformancethat can be achieved for the
given memorysystem(assumingthat the compressedindex
calculationandnew tableconstructionareperformedin paral-
lel).

Fig.15lists theworst-caseupdateratesthatcanbeachieved
in combinationwith wire-speedOC-192lookup speedon a
singlebankof SRAM with a cycle time between4 and6 ns
for thethree“stand-alone”partitions.Fig. 16 shows thesame
for OC-768lookupspeedandapipelinedoperationof BARTs
on four banksof SRAM. Both figuresalso show the maxi-
mum numbersof memoryaccessesusedto calculatethe up-
daterates. The maximumnumberof memoryaccessesper
lookup

B
appearedto bedependenton thenumberof address

segments� accordingto
B Õ � M þ (8)

which implies that the simulateddatastructurescontainedat
mosttwo nestedprefixesin a singlesearchpath(SectionIII-
C). The maximumnumberof memoryaccessesper update
werecalculatedusing (7). This calculationdid not consider

maximumnumberof worst-casenumberof
memoryaccesses updates/second

partition lookup update
î�T

= 6ns
î�T

= 5ns
î�T

= 4ns
8 8 8 8 6 397 27K/s 111K/s 237K/s
8 6 5 5 8 7 113 - 159K/s 602K/s
8 4 4 4 4 8 8 45 - - 933K/s

Fig. 15. Worst-caseupdateratesfor wire-speedOC-192lookupperformance
(26M lookups/s)onasingleSRAM bankwith acycle time

î�T
.

maximumnumberof worst-casenumberof
memoryaccesses updates/second

partition lookup update
î�T

= 6ns
î�T

= 5ns
î�T

= 4ns
8 8 8 8 6 397 168K/s 504K/s 1.01M/s
8 6 5 5 8 7 113 - 885K/s 2.65M/s
8 4 4 4 4 8 8 45 - - 4.44M/s

Fig. 16. Worst-caseupdateratesfor wire-speedOC-768lookupperformance
(100M lookups/s)on four SRAM bankswith a cycle time

î�T
.

thefixed-sizedtableindexedby thefirst segmentof anaddress
partition, as it is not involved in a regular updateoperation.
Tablesindexed by the last segmentwere not consideredei-
ther, becausethesimulatedroutingtablescontaineda negligi-
ble numberof prefixeswith lengthsgreaterthan24 thatcover
thelastaddresssegment.

Averagelookupandupdateratescanbesignificantlyhigher
than the worst-casenumberspresentedin Figs. 15 and 16.
Althoughsomepaperspresentaverageratesasactualperfor-
mancefigures,this is consideredhereasmisleadingasthese
averageratescanonly be determinedfor given (often artifi-
cial) tracesof IP packetsand routing tableupdates,andare
not generallyapplicable.

V. COMPARISON

Fig. 17 shows reportedandestimatedstoragerequirements
of several well-known lookup schemesfor a popular 38K-
entry routing table(mostof theseareobtainedfrom [18]) as
well asestimatedstoragerequirementsof BARTs for a table
of thissize,obtainedby interpolatingthesimulationresultsof
thefour best-performingaddresspartitionsin Fig. 13.

BARTs achieves the second-bestperformance. Only the
Lulea schemeperformsbetteras it needsonly 160 KB with
an addresspartition of threesegments. However, compared
to BARTs theLuleaschemehasthreemajordrawbacks:(1) It
needsfour memoryaccessestoprocessasingleIP addressseg-
ment,whereasBARTs needstypically one,andat mosttwo.
(2) It seemsunableto supportfastincrementalupdates.Fur-
thermore,updatingachunk(termusedin [11]) alwaysrequires
full recompression.BARTs supportsfastincrementalupdates
andperformsinsertsdirectly if thereare empty locationsin
a compressedtable. (3) With the Lulea scheme,compressed
chunkscanhave þVUZÄ differentnon-power-of-2 sizes(mainly
due to the varying numberof pointers)for an addressseg-
mentof eightbits. Incrementalmodificationsof thedatastruc-
ture would requirecomplex memorymanagement,whereas
thelargenumberof buffer sizescouldleadto significantmem-
ory fragmentation.BARTs achievesgoodperformancewith
only ÏWM G power-of-2 buffer sizesfor anaddresssegmentofÏ bits,andcanefficiently beadaptedto usefewerbuffer sizes.

TheBARTs schemeoutperformsall otherlookupschemes,
which aremostlybasedon fixed“branchfunctions”involving
indexing or testing,thanksto its adaptive compression:more
bitsareusedfor indexing to efficiently compressdenselypop-
ulatedtables,whereasmostbitsareonly involvedin testingto
compresssparselypopulatedtables.

Algorithm Storage Algorithm Storage
Patricia(BSD) 3262KB BARTs (14 5 5 8) 408KB
BinarySearch[12] 1600KB BARTs (8 6 5 5 8) 359KB
6-way search[9] 950KB BARTs (12 4 4 4 8) 317KB
LC Trie[7] 700KB BARTs (8 4 4 4 4 8) 305KB
PrefixExpansion[5] 450KB
Lulea[11] 160KB

Fig. 17. Storagerequirementsfor a38K-entryroutingtable.



VI. CONCLUSIONS

The BARTs schemeallows to effectively balancelookup
performance,storagerequirements,updateperformanceand
memorymanagementcomplexity for a given memorytech-
nology. This is achieved by an adaptive table compression
technique,whichefficiently compressesdenselypopulatedta-
bles as well as sparselypopulatedtables. Simulationshave
shown that an actualrouting tablewith 36,292entriesfits in
only 292 KB of storage,anda tablewith 72,825entriesfits
in 555KB. A futuretablewith 500,000entriesis estimatedto
fit in 3.7MB. Only Pink hasreporteda smallerdatastructure,
which,however, doesnot supportincrementalupdates[11].

Performance-criticalpartsof theupdatefunctioncanbeim-
plementedin dedicatedhardwareto achieve very high update
rates.Applicationsthatdonotrequirefastupdateperformance
canimplementthe updateoperationin software. A key fea-
ture of the compressionis that it leaves the prefix informa-
tion intact,whichenablesastand-alonedatastructurethatcan
be usedfor both lookupandupdateoperations.Performance
evaluationshave shown that wire-speedlookup performance
in combinationwith updateratesbeyondseveralhundredthou-
sandpersecondarefeasibleusinga singlebankof SRAM for
OC-192,andfour banksfor OC-768.
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