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Abstract— The Balanced Routing Table seacch (BARTSs) schemeis a
novel method for searching large routing tablesat OC-192and OC-768
speeds.The schemeemploysa compressiontechniquethat leavesall pre-
fix information intact and createsa stand-alonedata structur ethat canbe
incrementally updated. Performance-critical parts of the update opera-
tion are suitable for hardware implementation, enabling update rates be-
yond several hundredthousandper second.Simulationswith actual rout-
ing tables have shawvn that BART s supports a routing table with 36,292
entriesin only 292 KB of storage,a table with 72,825entriesin 555KB,
and a futur e table with 500,000entriesis estimatedto fit in 3.7 MB.

I. INTRODUCTION

Advancesin optical technologywill soon boostthe link
speedsdn the Internetbackbonefrom OC-48to OC-192and
beyond. The next generatiorrouters,althoughstill operating
in the electricaldomain,will have to keeppacewith the link
speedsin orderto fully exploit the developmentsin optical
technologyasthis seemdo bethe only way to handlethe ex-
ponentiallygrowing Internettraffic volumes.IP lookupis one
of the performance-criticatouter functionsthat requiresfull
attentionin this context.

IP lookup determinesfor eachincoming paclet the next
hop to which it will be forwardedby performinga longest-
matchingprefix searchon a routing table using the paclet’s
IP destinationaddress. Although mary IP lookup schemes
have beenpublishedalready(seeSectionll), two recentde-
velopmentscreatethe needfor new schemeghat are signifi-
cantlymorestorageefficientthancornventionalschemesyith-
out compromisingon lookupandupdateperformance.

Thefirst developmenis the exponentialgrowth of the BGP
routingtables,causedy thetremendoupopularityof the In-
ternet. Classlessnter-Domain Routing (CIDR) [1] achieved
almostlinear table growth for several yearsafter its deploy-
mentin 1994, but wasunableto sustainthis. The exponential
growth seemgo bebackatfull strengthsince1999[2]. While
thelargestroutingtablestodaycontainabout100,000entries,
tableswith 500,000entriesmight becomereality within only
afew yearsif thecurrentgrowth continues.

The seconddevelopmentis thatthe increasen link speeds
will soonpreventapplicationof SDRAM technology(with its
large storagecapacitybut limited bandwidth)for routingtable
lookups.Instead fastermemorytechnologiedave to beused
suchasSRAM, embeddedRAM, orternaryCAM (TCAM),
which are substantiallymore expensve and provide signifi-
cantlylessstoragecapacitythanSDRAM technology

Thispapempresentainovel IP lookupschemecalledBARTs
(BalancedRouting Table search)which exploits a new com-

pressiortechniqudo achieveimprovedstorageefficiency over

corventionalookupmethodsjn combinatiorwith wire-speed
lookup performanceand high updaterates. The presented
schemas optimizedfor SRAM technology A secondversion
of the BARTs schemeoptimizedfor wide embeddednem-

ory is presentedn [3]. The paperis organizedin the follow-

ing way: Sectionll analyzesstate-of-the-artookup schemes;
Sectionlll introducegshe BARTs schemeSectionlV presents
simulationresults,which are comparedwith the performance
of existing schemesn SectionV; SectionVI concludeshe
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Il. CONVENTIONAL LOOKUP SCHEMES

This sectionfocusesn the mechanismshataffectthe stor
ageefficiengy of state-of-the-artP lookup schemes.Actual
performancdigureswill be discussedand comparedn Sec-
tionV.

TCAM-basedookupschemestoreeachroutingtableentry
in aseparatenemorylocation,andcomparehosefully in par
allel with the IP destinatioraddressn a singlecycle [4]. The
storagerequirementgor theseschemegrow linearly with the
sizeof theroutingtable.In contrast SRAM andDRAM-based
schemesypically processmallersegmentsof the IP destina-
tion addressn multiple successie steps.Fig. 1(a)illustrates
suchaprocessingtepfor atrie. Thebranchingfrom a parent
nodep to oneof k child nodescy, ¢s, ..., ¢; is determinedy a
so-calledoranch function thattakesthemarkedsggmentof the
searcltkey asoperandFig. 1(b) shovsacommontechniqueo
storeall child nodesof oneparentnodein atable. This elimi-
natesthe needto storea separatgointerfor eachchild node.
Thebranchfunction f (z) providestheoffsetof thechild node
within thetable.
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Popularbranchfunctionsareindexing (e.g.,[5-8]) andtest-
ing (e.g.,[9, 10]). Indexing usesthe segmentvalue directly
asoffsetinto the table. This is more storageefficient for ad-
dresssegmentsthat correspondo denselypopulatedpartsof
theroutingtable,asthisresultsin abetterfill rateof thetables.
Testing,ontheotherhand,determinesnoffsetby comparing
the addresseggmentagainstoneor multiple testvalues. Test-
ing is morestorageefficientfor addressegmentscorrespond-
ing to sparselypopulatedpartsof the routingtable,asthis re-
quiresfewer testvaluesto be stored. Someindexing-based
schemesapply a variableaddresgartitioning to obtain seg-
mentsthatcorrespondo moredenselypopulatedoartsof the
routingtable. Thistypically improvesthe storageefficiency at
the costof amorecomplex updatefunction.

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

Fig. 2 shavs an exampleof an indexing-baseddatastruc-
ture obtainedby applying prefix expansion[5] on the routing
tablein Fig. 3 (with prefixesin hexadecimalnotation)for a
partitioningof the IP destinationaddressnto threeseggments
of 16, 8, and8 bits. Fig. 2 revealstwo importantissuesthat
affect the storageefficiency of alookup scheme.Thefirst is-
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Fig. 2. Longest-matchingrefix searctusingindexing.

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

Fig. 3. Sampleroutingtable.

sueinvolvesthe storageand processingdf commonparts of
multiple routingtableentriesat onelocation. Four of therout-
ing tableentriesin Fig. 3 shareacommonprefix 1234h which
usenly onetableentryin Fig. 2. Thismechanisntansignif-
icantly improve the storageefficiency for largeroutingtables.
TCAM-basedschemeswhich storeeachrouting table entry
separatelyare examplesof schemeghat do not exploit this
mechanismThesecondssuedealswith so-callednested pre-
fixes. Prefix 123456his 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
apointer This entry canbecomeratherwide for largerouting
tables resultingin aninefficient storageusageor tableentries
thatonly needto storeoneof two fields. Leaf pushing[5] can
overcomethis problemby moving the next hopinformationR
into theemptyentriesin thetableindexedby thethird address
segment. However, this reduceaupdateperformanceéoecause
a larger numberof tableentrieswill needmodificationin the
caseof anupdate.

The last importantissueis memory management. Data
structureccomposedf variable-sizedufferscansuffer from
memoryfragmentationyhich cansignificantlyreducethe ac-
tual numberof routing table entriesthat can be storedin a
givenmemory[15]. Lookup schemeghatrequirefewer dif-
ferentbuffer sizeswill sufferlessfrom memoryfragmentation.

I11. BALANCED ROUTING TABLE SEARCH (BARTS)
A. Table Compression

The BARTs schemefor fast SRAM is basedon a perfect
hashfunctionfor longest-matchingrefix searchesThe hash
index consistf a subsebf the searchkey bits selectedsuch
thatfor eachhashindex at mostone prefix existsthatcanbe
thelongestmatchingprefix of the searchkey. Thetermscom-
pressed index and compressed table will be usedinsteadof
hashindex and hashtable. The conceptof the compression
will be explainedusingan examplethatinvolvesthetablein-
dexedby the third IP addresseggmentin Fig. 2, andonethat
involvestheuppertableindexedby thesecondP addresseay-
mentin the samefigure. Thesetwo tablesimplement‘local’
prefix searchesnthe prefixeslistedin Figs.4(a)and(b).

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

0110xxxxb  (6h)

01111000b (78h)

11001101b (CDh)
prefix | length | result prefix | length | result
6h 4 S Eh 4 \%
78h 8 T EFh 8 w
CDh 8 U

(@) (b)

Fig. 4. Local prefixes.



(prefix 6his paddedwith X's to matchthe IP addressegment
size; x meansdon't care). The two underlinedbit positions
have the propertythateachprefix differsfrom ary otherprefix

in atleastoneof thetwo positions. Thesetwo bits canthere-
fore be usedas a compressedndex, for which no collisions
occutr This meansthat for eachpossiblevalue of the com-
pressedndex, at mostoneprefix existsthatcanbethelongest
matchingprefix of the searctkey. If sucha prefix existsfor a
certaincompressedhdex value, thenthis prefix is saidto be
“mapped’onthatvalue.Fig. 5 shovsthecorrespondingom-
pressedable. The prefixesmappedon the compressedéhdex

valuesareincludedin thecorrespondingableentriesastuples
consistingof atestvalue,atestmaskandasearchresult. The
sethits in the testmaskindicatewhich bit positionsare part
of the prefix. The bits of the IP addressegmentforming the
compressethdex canbe specifiedby a so-calledindex mask

thatis storedtogetherwith the pointerto the compresseda-

ble asis shavn in Fig. 5. The index maskspecifiesthe hash
functionthatis usedto compresghe table. The actualentry
formatswill bedefinedin Sectionlll-C.

PrefixEhis anestedrefixof prefix EFhin Fig. 4(b). In this
casethereare no bit positionsin which the two prefixesare
differentfrom eachother To avoid collisions,the compressed
index now hasto cover the bit positionsthatare only part of
thelongerprefix andnot of the shorter Thesebit positionsare
underlinedn thefollowing binarynotationof thetwo prefixes:

1110xxxxb (Eh)
11101111b (EFh)
segment 3
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Fig.5. Compressethable.
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Fig. 6. Compressethblecontainingnestedorefixes.

If the addressggmentcontainsavalue1111b atthe under
lined bit positions,then both prefixes might matchbut only
prefix 11101111b canbe the longest matchingprefix. For
ary othervalue,only prefix 1110b canbe matching. Fig. 6
shavs the correspondingompressethable. This figure shavs
that one prefix canbe mappedon multiple compressedéhdex
values.

B. Compressed Index Calculation

An optimumcompressethdex is the smallestcompressed
index thatis collision-free,becausehis resultsin the largest
compression A collision-freecompresseihdex hasthe fol-
lowing two propertie{seethe precedingsection):(1) For each
pair of prefixesthatarenot nestedthe compresseéhdex con-
tains at leastone bit positionin which the two prefixes are
different.(2) For eachpair of nestedprefixes,the compressed
index includesall bit positionsthatare partof thelongerpre-
fix but not partof the shorterprefix. Thefirst propertyavoids
collisions betweenprefixes that are not nested,whereasthe
secondavoids collisionsbetweemestedprefixes.

The bit positionsat which two prefixes differ from each
othercanbe determinedby calculatinga bit-wise exclusive-
or (XOR) productover the bit positionsthat are part of both
prefixes. The differing bit positionsshov up assetbits in the
XOR product.If prefixesarerepresentedstestvalues(tval)
andtestmasks(tmask), thena bit-wise XOR productz;; be-
tweena prefix i anda prefix j over the bit positionsthat are
partof bothprefixescanbe calculatedaccordingto:

x5 = (tval; @ tval;) A (tmask; A tmask;) . 1)
(® and A represenbit-wise XOR and AND operators). If
a compressedhdex hasPropertyl thenthis implies that the
correspondingndex masksharesat leastone setbit position
with eachnon-zeraXOR productz;;:

)

The XOR productz;; of two nestedorefixesi and;j contains
zerobitsonly. Thebit positionsthatareonly partof thelonger
but not of the shorterof two nestedorefixescanbedetermined
by calculatinga bit-wise XOR producty;; overthetestmasks
of theseprefixesaccordingo:

Va0 (imask A xi;) # 00. .. 0Ob..

®3)

If acompressethdex hasProperty? thenthisimpliesthatthe
correspondingndex maskincludesall setbit positionsthatoc-
curin eachXOR producty;; calculatedor ary pair of nested
prefixes:

yij = (tmask; ® tmask;) .

Vai;=0 (imask A yij) = yij (4)
which canberewritten as
(Y Nimask) =Y, Y = Yij - (5)

xi]-:0



