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Searching Very Lar geRouting Tablesin Wide EmbeddedMemory

JanvanLunteren
IBM Research,ZurichResearchLaboratory

CH-8803Rüschlikon,Switzerland

Abstract— Exponentially growing routing tables create the need for
increasingly storage-efficient lookup schemesthat do not compromise
on lookup performance and update rates. This paper evaluates the
mechanismsthat determine the storage efficiency of state-of-the-art IP
lookup schemes.A novel schemenamedBARTS(BalancedRouting Table
Search) is proposedfor searching large routing tables in wide embedded
memory at OC-192and OC-768speeds,while alsosupporting fast incre-
mental updates. BARTS supports a 38K-entry routing table in 255 KB
and a 72K-entry table in 453 KB; a 500K-entry table is estimatedto fit
into 3 MB. Mor e sophisticatedmemory managementcan further reduce
thesefigures to 215, 375 KB, and approx. 2.5 MB, respectively. This is
sufficient to handle the large routing tables towards which the Internet
seemsto beheadingin the near futur e.

I . INTRODUCTION

The Internetis on the verge of facinga crisis. Its tremen-
douspopularitycausesBorderGateway Protocol(BGP) rout-
ing tablesto grow exponentially, creatingseriousproblemsfor
routermanufacturers.ClasslessInter-DomainRouting(CIDR)
[1], deployed in 1994,broughtsomerelief as it achieved al-
most linear tablegrowth for several years,asreflectedin the
TelstraBGP table[2]. However, since1999,the exponential
growth seemsto be back at full strength. The largest rout-
ing tablestoday containabout100K entries. If the current
growth continues,routingtableswith 500Kentriesmightshow
up within only a few years.

The problembecomeseven more seriousbecausethe in-
creasein link speedsdrivenby advancesin opticaltechnology
will soonpreventapplicationof SDRAM technology(with its
largestoragecapacitybut limited bandwidth)for routing-table
lookups.Instead,fastermemorytechnologieshave to beused
suchasSRAM, embeddedDRAM, or ternaryCAM (TCAM),
which are substantiallymore expensive and provide signifi-
cantlylessstoragecapacitythanSDRAM technologydoes.

This paperpresentsa novel IP lookup schemefor search-
ing large routing tablesin embeddedmemory. The Balanced
RoutingTableSearch(BARTS) schemeexploits thewidedata
busesavailablein this technologyto achieveimprovedstorage
efficiency over conventionallookup methods,in combination
with wire-speedlookupperformanceandhighupdaterates.

I I . CONVENTIONAL LOOKUP SCHEMES

This sectionfocuseson themechanismsthataffect thestor-
ageefficiency of state-of-the-artlookup schemes.The actual
performanceof theseschemeswill bediscussedin SectionV.

IP lookupschemesbasedon TCAM technologystoreeach
routing-tableentry in a separatememory location and com-
parethe IP destinationaddressin parallelwith all entries[3].
The storagerequirementsfor theseschemesgrow linear with
the routing tablesize. In contrast,SRAM- andDRAM-based

schemestypically processsmallersegmentsof theIP destina-
tion addressin multiple successive steps.Fig. 1(a) illustrates
sucha processingstepfor a treein which thebranchingfrom
a parentnode � to oneof � child nodes�������	�
��� � ����
 is deter-
mined by a so-calledbranch function that takes the marked
segmentof thesearchkey asoperand.Fig. 1(b) showsa com-
montechniqueto storeall child nodesof oneparentnodein a
table,which removesthe needto storea separatepointer for
eachchild node.Thebranchfunction ������� providestheoffset
of thechild nodewithin thetable.

Popularbranchfunctions are indexing (e.g., [4]–[7]) and
testing (e.g., [8],[9]). Indexing takes the segmentvalue di-
rectly as offset. With addresssegmentsthat correspondto
moredenselypopulatedpartsof theroutingtable,this is more
storageefficient, asit resultsin betterfilled tables.With test-
ing, theoffsetis determinedby comparingtheaddresssegment
againstoneor multipletestvalues.Testingis thusmorestorage
efficientfor addresssegmentsthatcorrespondto moresparsely
populatedpartsof theroutingtable,asfewertestvalueshaveto
bestored.Someindexing-basedschemesapplya variablead-
dresspartitioningto obtainsegmentsthat correspondto more
denselypopulatedpartsof theroutingtable,improving storage
efficiency at thecostof a morecomplex updatefunction.

A different type of “branch function” basedon a very ef-
ficient encodingof a prefix tree is employed by the Lulea
scheme[10], which achievesthehighestcompressionin state-
of-the-art lookup schemes,see Section V. Other but less
storage-efficientbranchfunctionsareusedby [11]–[13].

Fig. 2 shows an exampleof an indexing-baseddatastruc-
ture that is obtainedby applyingprefix expansion[4] on the
samplerouting tableI, for a partitioningof the IP destination
addressinto threesegmentsof 16, 8, and 8 bits. Fig. 2 re-
vealstwo other important issuesthat affect the storageeffi-
ciency of a lookupscheme.Thefirst involvesthestorageand
processingof commonpartsof multiple routing-tableentries
at onelocation.Five of theentriesin TableI sharea common
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Fig. 2. Longestmatchingprefixsearchusingindexing.

TABLE I

SAMPLE ROUTING TABLE.

prefix length result prefix length result
123444h 24 P 1234Eh 20 S
123456h 24 Q 1234EFh 24 T
12345678h 32 R ABCDh 16 U

prefix 1234h,which only usesonetableentry in Fig. 2. This
mechanismcansignificantlyimprovethestorageefficiency for
largeroutingtables.TCAM-basedschemes,which storeeach
routing-tableentry separately, are examplesof schemesthat
do not exploit this mechanism.The secondissuedealswith
so-callednested prefixes.Prefix123456his a nestedprefix of
prefix 12345678h,which resultsin a tableentry(at offset56h
in the middle table in Fig. 2) containingboth a searchresult
and a pointer. This entry can becomeratherwide for large
routing tables,resultingin inefficient storageusagefor table
entriesthatonly needto storeoneof thetwo fields.Leafpush-
ing [4] canovercomethisproblemby moving thenext-hopin-
formationQ into theemptyentriesin thetableindexedby the
third IP addresssegment.However, thisreducesupdateperfor-
manceasa largernumberof tableentriesneedmodificationin
thecaseof anupdate.

Another important issue is memory management. Data
structurescomposedof variable-sizedbufferscansuffer from
memoryfragmentation,which cansignificantlyreducetheac-
tual numberof routing-tableentriesthat can be storedin a
given memory[14]. Memory fragmentationcan be reduced
by limiting thenumberof buffer sizesandby defragmentation.

Improving storageefficiency will typically degradeupdate
performance.Lookup performanceis not affectedif thevari-
ouslevels in thedatastructurearestoredin separatememory
banks(asshown in Fig. 2) andif pipeliningis usedto obtaina
lookupratethatonly dependsonthememorycycletime. Wire-
speedlookup performancefor OC-192andOC-768requires
cycle timesof at most26 and10 ns, respectively, which are

feasiblewith state-of-the-artembeddedmemorytechnologies.
Branchfunctionsthat areableto efficiently processlarger IP
addresssegmentshavetheadvantagethatfewermemorybanks
are needed.This typically resultsin a more efficient useof
eachbankasit is sharedby a largerpartof thedatastructure.

I I I . BALANCED ROUTING-TABLE SEARCH (BARTS)

A. Table Compression

TheBARTS schemeis basedonaspecialtypeof hashfunc-
tion. Thehashindex consistsof a subsetof thesearchkey bits
thatareselectedsuchthat themaximumnumberof collisions
for any hashindex is limited to aconfigurablebound ì thatis
apowerof 2 andequalsatleast2. A collisionoccursif two pre-
fixesmappedon the samehashindex canbothbe the longest
matchingprefix of thesearchkey. Collisionsfor a givenhash
index are then resolved by at most ì parallel comparisons.
Note that the termscompressed index and compressed table
will beusedinsteadof hashindex andhashtable.

Theconceptof thecompressionwill now beexplainedusing
an exampleinvolving the table indexed by the secondIP ad-
dresssegmentin Fig. 2 for a selectedcollision bound ìîíðï .
This table implementsa local prefix searchon the prefixes
shown in TableII. Thecompressionresolvestheproblemdis-
cussedin SectionII regardinga nestedprefix with bothnext-
hopinformationandapointerby actingasif therearetwo pre-
fixes,oneassociatedwith thenext hop information,theother
with thepointer. This is thecasefor prefix56hin TableII. The
correspondinglist of prefixesin binarynotationnow becomes:

0100 0100b (44h)
0101 0110b (56h- next hopQ)
0101 0110b (56h- pointer)
1110 xxx xb (Eh)
1110 1111b (EFh)

(prefix Eh is paddedwith x’s to matchtheIP addresssegment
size,wherex means“don’t care”). Thetwo underlinedbit po-
sitionsarean exampleof a compressedindex, for which the
maximumnumberof prefix collisions is limited to ìîíñï
(SectionIII-B will discusshow thesebit positionscanbe de-
termined).Fig. 3 shows the correspondingcompressedtable.
The prefixesthat aremappedon a certaincompressed-index
valueareincludedin thecorrespondingcompressedtableen-
try astuplesconsistingof a testvalue,a testmaskandasearch
result.Thesetbits in thetestmaskindicatewhichbit positions
arecoveredby the prefix. Note that prefix Eh is mappedon
multiple compressed-index values.

A compressedtableentrywill becalledablock, andparam-
eter ì will becalledtheblock size. A tuplecontainingnext-
hopinformationwill bedenotedasa next-hopentry, anda tu-
ple containinga pointer will be called a pointer entry. The
bits of theIP addresssegmentthatform thecompressedindex
canbe specifiedby a so-calledindex mask that is storedto-
getherwith thepointerto thecompressedtableasis shown in
Fig. 3. Theindex maskspecifiesthehashfunctionthatis used
to compressthetable.Theactualentryformatswill bedefined
in SectionIII-C.



TABLE II

LOCAL PREFIXES.

prefix length result
44h 8 P
56h 8 Q, ptr
Eh 4 S
EFh 8 T
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Fig. 3. Compressedtablefor ����� .
The memory width allows an entire block to be read in

oneaccess.Parallel testlogic will thendeterminethe longest
matchingnext-hop entry (i.e., the matchingnext-hop entry
with the mostsetbits in the testmask)aswell asthe longest
matchingpointer entry. The test logic can be simplified as
therecanbeonly onematchingpointerentrybecausepointer
entriesinvolve anexactmatchover the entireIP addressseg-
ment. A furthersimplificationof theparalleltestlogic canbe
realizedby orderingthenext-hopentriesby theirprefix length.

B. Compressed-Index Calculation

This sectionpresentsa hardware-basedcompressed-index
“calculation” for optimum compressionof a table involving
� prefixes in exactly � cycles. A similar calculationcan be
implementedin software,but will performslower.

An optimum compressedindex will be calculatedby a
“brute-force”countof theactualnumberof collisionsthatoc-
cur for eachpossiblevalueof eachpossiblecompressedindex.
The smallestcompressedindex for which the numberof col-
lisions for all valuesis boundedby ì is thenselectedasthe
optimumcompressedindex. This requiresa counterarraythat
includesonecounterfor everypossiblecombinationof acom-
pressedindex andacompressed-index value.Thetotalnumber
of counterscanbederivedasfollows. A total of �5�
�� different
compressedindicesconsistingof � bits canbeextractedfrom
anIP addresssegmentwith � bits, eachof which canhave ï 

differentvalues.It canbeshown thata compressedindex can
consistof a maximumof ����� �M���¨ì �¡ �¢ bits for a block size
ì (derivationomittedowing to spacelimitations).Thisresults
in a total numberof countersequalto£ í �T¤D¥ ¦T§P¨ ©«ª.¬ �­
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A counterneedsto beableto countfrom µ to ì� ¶¢ for ablock
size ì , wherethe maximumcountervaluecorrespondsto a

TABLE III

NUMBER OF COUNTERS AS A FUNCTION OF ·&�¹¸�ºT» .
counter totalnumberof counters� “size” º¼�¾½ º¼�¾¿ º¡�¾À º¼�ÂÁ º¼�¾Ã

2 2 bits 81 243 729 2187 6561
4 3 bits 65 211 665 2059 6305
8 4 bits 33 131 473 1611 5281
16 5 bits 9 51 233 939 3489
32 6 bits - 11 73 379 1697

counteroverflow. This countercanbe realizedby a register
with � �M���¨ì �« Ä¢ bits. Table III shows the requiredcounter
“size” andnumberof countersasa function of block size ì
andIP addresssegmentsize � .

All countersareconnectedby combinatoriallogic to acom-
mon bus on which the prefixes are written as test values
andtestmasksin successive cycles. The combinatoriallogic
causesthecounterto increaseby oneif theprefix mapson the
compressed-index valuecorrespondingto that counter. If the
countervalueexceedstheblocksize,anoverflow flagis raised.
Arbitrationlogic will determinethesmallestcompressedindex
for which noneof thecorrespondingcountershasexperienced
anoverflow. Fig. 4 shows thecounterandcorrespondingcom-
binatorial logic for a compressedindex specifiedby an index
mask01100100b andwith value101b .

Theindex-maskcalculationcanbefurtheroptimizedby fil-
teringout nestedprefixesthatcanneverbethelongestmatch-
ing prefix for a givencompressed-index value(thiswill not be
discussedfurtherin this paper).
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Fig. 4. Combinatoriallogic andcounterfor index mask01100100b and

compressed-index value101b .

C. Data Structure

Fig. 5 shows theentriesusedto build theactualdatastruc-
ture.Thevariousentrytypesaredistinguishedby thefirst two
bits. Entry type00 is anemptyentry. Entry type01 is anext-
hop entry containinga test value,a test mask,andnext-hop
informationasdiscussedin SectionIII-A. Entry type10 is a
pointerentry. As this type of entry involvesan exact match
over the entire IP addresssegment,no test maskis needed.
Instead,an index maskis included,defining the compressed
index usedto index thecompressedtablethatis referenced.

Entry type11 is a specialpointerentry involving an index
maskequalto zerofor referringto compressedtablesconsist-
ing of at most ì prefixesthatarestoredwithin asingleblock.
To efficiently handlesmalltablescontainingfewerthan ì pre-
fixes, multiple tablescan be storedin the sameblock. The
entriesof eachcompressedtable are identified by an entry-
selectionfield, which is storedwith the pointerinsteadof the
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index mask.Entryselectioncanbebasedonanoffsettogether
with acount,or onabit vectorin whicheachbit correspondsto
a locationwithin theblock. An exampleof thelatter is shown
in Fig. 6 for compressingthetableindexedby thethird IP ad-
dresssegmentin Fig. 2. Theentry-selectionfield andmemory
managementcanbe simplified by enforcingpower-of-2 table
sizesthroughpaddingwith emptyentries(type00).

D. Incremental Updates and Memory Management

The datastructurecanbe incrementallyupdatedby creat-
ing modified copiesof the correspondingcompressedtables
in memory, and linking them by an atomic write operation
into thestructuresimilar asdescribedin [4]. Hardware-based
compressed-index calculationandcompressed-tableconstruc-
tion enableupdateratesin excessof hundredsof thousandsper
second,aswill bediscussedelsewhere[15].

If power-of-2 tablesizesareenforced(asdescribedabove),
thenthememorymanagerhasto support�D  ï buffer sizescor-
respondingto compressedtableswith ï ¯ �iï � ��� � �iï ��¬ � entries,
which matchesvery well with a buddy system[16]. Other-
wise, all buffer sizescorrespondingto small compressedta-
bleswith fewer than ì entrieshave to be supportedaswell,
requiringmoresophisticatedmemorymanagement.If mem-
ory fragmentationwereto becomeaproblem,thentheBARTS
schemecanbe adaptedto usefewer buffer sizesby eitherre-
ducingthesegmentsize � , or by only usingcompressedindices
thatcorrespondto supportedbuffer sizes.In the lattercase,a
suboptimumcompressionwill beachieved,but theimplemen-
tation of the index-maskcalculationas describedin Section
III-B becomessimplerbecausefewercountersareneeded.

IV. SIMULATIONS

Several simulationshave beenperformedwith the routing
tableslistedin TableIV, whicharemadepublicly availableby
theIPMA project[17]. Thesesimulationsinvolvedblocksizes
betweenï and �¢ï in combinationwith thefollowing partitions
of theIP address:16 8 8, 16 4 4 8, 14 5 5 8, and12 6 6 8 (the

notation168 8 representsapartitioninvolving threesegments
of 16, 8, and8 bits). The first segmentof eachpartition in-
dexesanuncompressedtable,theremainingsegments“index”
compressedtables.All entriesfit into 32bits for thesimulated
routing tables,while also including an 18-bit next-hop field.
Fig. 7 shows theeffect of the addresspartition on thestorage
requirementsfor afixedblocksizeof 8,whichcorrespondsto a
memorywidth of 32bytes.Fig. 8 showstheeffectof theblock
size(memorywidth) for a fixedpartition12 6 6 8. All simula-
tionsinvolvedpower-of-2 buffer sizes,excepttwo simulations
with partition 12 6 6 8 andblock sizes16 and32, marked in
Fig. 8 as‘N=16*’ and‘N=32*’.

Partition126 6 8 performsbestof all simulatedpartitions.It
allows the72K-entrypaix tableto fit into 492KB for ì í�� ,

TABLE IV

IPV4 ROUTING TABLES (FEBRUARY 2000).

routingtable prefixes routingtable prefixes
Aads 19056 Mae-east 54499
PacBell 27085 Paix 72825
Mae-west 36292
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into 463KB for ì í ¢�� , andinto 453KB for ì í��¢ï , using
power-of-2 buffer sizes. The sametablefits into 419 KB for
ì í ¢�� andinto 375KB for ì í��¢ï if non-power-of-2buffer
sizesaresupported.Storageefficiency improvesnot only for
largerblocksizes,but alsofor largerroutingtables.For exam-
ple, theaveragenumberof bytesneededto storeonerouting-
tableentry decreasesfrom 7.4 bytesfor aadsto 6.3 bytesfor
paix for a partition 12 6 6 8 and ì í��¢ï (power-of-2 buffer
sizes). This resultsfrom the increasingnumberof common
partsbetweenrouting-tableentries,seeSectionII. A conser-
vative estimate,assumingthe averagestorageper entry will
remainat 6.3bytesfor routingtableslargerthanpaix, implies
thata500K-entryroutingtablewill fit into only 3 MB.

V. COMPARISON

TableV lists reportedandestimatedstoragerequirementsof
several well-known lookup schemesfor a popular38K-entry
routing table(mostof thesearefrom [18]). It alsogivesesti-
matedstoragerequirementsof BARTS for this tablesize,ob-
tainedfrom thesimulationresultsby interpolation.

BARTS achieves the second-bestperformance. Only the
Lulea schemeperformsbetteras it needsonly 160 KB with
anaddresspartitionof threesegments.However, comparedto
BARTS, the Lulea schemehasthreemajordrawbacks:(1) It
needsup to four memoryaccessesto processa singleIP ad-
dresssegment. BARTS needsexactly one. (2) It seemsun-
ableto supportfastincrementalupdates.Moreover, updating
a chunk (term usedin [10]) always requiresfull recompres-
sion. BARTS supportsfastincrementalupdatesandperforms
insertsdirectly if thereareemptyentriesin a block (which is
likely for largerblocksizes).(3) With theLuleascheme,com-
pressedchunkscan have ï���� different non-power-of-2 sizes
(mainly dueto thevaryingnumberof pointers)for anaddress
segmentof 8 bits. Incrementalmodificationsof thedatastruc-
ture would requirecomplex memorymanagement,while the
largenumberof buffer sizescouldleadto significantmemory
fragmentation.BARTS achievesgoodperformancewith only�   ï power-of-2 buffer sizesfor anaddresssegmentof � bits,
andcanefficiently beadaptedto usefewerbuffer sizes.

BARTS outperformsthe other lookup schemes,which are
mostly basedon fixed “branchfunctions” involving indexing
or testing,thanksto its adaptive compression:morebits are
usedfor indexing to compressdenselypopulatedtableseffi-
ciently, but mostbits areonly involvedin testingto compress
sparsetables.BARTS alsooutperformslookupschemesbased

TABLE V

STORAGE REQUIREMENTS (IN KB) FOR A 38K-ENTRY ROUTING TABLE.

Algorithm Storage Algorithm Storage
Patricia(BSD) 3262 BARTS (126 6 8, N=8) 269
Binary Search[11] 1600 BARTS (126 6 8, N=16) 259
6-way search[8] 950 BARTS (126 6 8, N=32) 255
LC Trie[6] 700 BARTS (126 6 8, N=16*) 231
PrefixExpansion[4] 450 BARTS (126 6 8, N=32*) 215
Lulea[10] 160

on ternaryCAMs for largeroutingtables.BARTS usesanav-
erageof 6.3bytesto storeasingleentryof the72K-entrypaix
table(partition12 6 6 8, ì í��¢ï ). Removing the18-bit next-
hopinformationfrom those6.3bytesleavesabout32 bits that
areeffectively usedto “store” and“search”the prefix part of
eachrouting-tableentry. These32binarybits requirelesschip
areathanthe32associative ternarybitsa ternaryCAM usesto
“store” and“search”theprefix partof a routingtableentry.

VI . CONCLUSIONS

BARTS is a novel IP lookup schemethat achieves wire-
speedlookup performancefor OC-192 and beyond using
pipeliningtechniques,thatefficiently handleslargeroutingta-
bleswith morethan100K entriesin wide embeddedmemory
andsupportsfastincrementalupdatesusinga hardware-based
updatefunction. This paperhasfocusedprimarily on thestor-
agerequirements.Anotherpaper[15] will analyzetheupdate
performanceandmemorymanagementissuesin moredetail.
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