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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

paper

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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Fig. 1. Branchfunction.
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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-

IPv4 destination address

16 bits 8 bits 8 bits
segment 1 segment 2 segment 3 |
[ [ [
| | |
| | FFh |
: FFFFh : EFh| W :
| | EEh A\Y4 |
| | : : |
| | EOh A\ |
| ABCDh N | |
| . | FFh
L I oon I' con
index |
: |L 78h
— —»
| FFR 6Fn| S
| :
'L 6on| s
-——" 00h
56h
1234n] o R | \\J
0000h 00h

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:

1110xxxx b (Eh)
11101111 b (EFh)
segment 3

LI TT]
7\65f13210

\ ’

test value test mask result

N,/ compressed 11y
Y index 10b[11001101b|11111111b|U
_____ZI)its__O_lb 01111000b|11111111b| T
oobl011000000[11110000b S

index mask pointer
10010000b E

Fig.5. Compressethable.

segment 2

Tes a3 210

test mask  result
11111111b|W
11110000b

test value
11101111b
11100000b

LU A
N \\ ,,///
compressed ‘¥’
index

1111b
1110b

L_/L_ — )
4 bits 0001b
0000b

11100000b
11100000b

%
11110000b|V
%

index mask pointer 11110000b

OOOOllllb

Fig. 6. Compressethblecontainingnestedorefixes.

If the addressggmentcontainsa value1111b attheunder
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 x;;) # 00...0b

®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 Aimask) =Y, Y = \/ ui;. (5)

xi]-:0



tvaly =0110xxxxb tmask, =11110000b
tvals =01111000b tmaskos =11111111b
tvals =11001101b tmasks =11111111b
12 =00010000b
13 =10100000b
xa3 =10110101b Y =00000000b
imask  =10010000b
(@)

tvaly = 1110xxxxb tmask; =11110000b
tvals =11101111b tmasks =11111111b
x19 =00000000b Y =912 =00001111b

imask =00001111b

(b)

Fig. 7. XOR productsfor agiven setof testvaluesandtestmasks.

(Vv represents bit-wise OR operator) Figs.7(a)and(b) shav
the varioustestvalues testmasks XOR productse;; andy;;
andindex maskscorrespondingo the prefixesshavn in Figs.
4(a)and(b). Theindex masksin Figs. 7(a) and (b) shareat
leastonesetbit positionwith eachnon-zeroXOR productz;;
(2), andincludeall setbit positionsthatoccurin Y (5).

To testwhetheranindex maskhasPropertyl by using(2)
requiresall (different) XOR productsz;; that are calculated
for all pairsof non-nestedgrefixes. For m prefixesa total of

( g’ ) XOR productshave to be calculated.Storingandpro-

cessingtheseXOR productsas separatebit vectorsis rather
inefficient. Instead a singlebit vectorof 2¢ bits will beused,
containingonebit for eachpossibleXOR productthatcanex-
ist for anaddresseggmentconsistingof s bits. Thisvectorwill
becalledX vector If acertainXOR productz;; is calculated
for a pair of non-nestegbrefixes,thanthe correspondindpit in
the X vectorwill beset.

To testwhetheranindex maskhasProperty2 by using(5)
only requiresthe bit-wise OR productY” of all XOR products
yi; insteadof the individual products. For this purposeit is
sufficientto storeonly theY bit vector, consistingof thesame
numberof s bits asthe IP addresssegment,and updatethis
vectoreachtime a XOR producty;; is calculatedor a pair of
nestecdprefixes.

Fig. 8 shavs a hardware-basecKOR product“calculator”
that implementstheseconceptsand can calculateall XOR
productsfor m prefixesin exactly m cycles. The prefixesare
written in successie cycles over the input bus into a set of
registersaspairsof testvaluesandtestmasks.Controllogic
ensureghat eachnew prefix is written into an empty regis-
ter. While anew prefixis beingwritten overtheinputbus,the
XOR productsetweerthenew prefixandtheprefixesthatare
alreadystoredin the registersetare calculatedfully in paral-
lel (this is implementedby combinatoriallogic). The z and
y busespothimplementinga logical bit-wise OR function,in
combinationwith somedecodetogic, areusedto updatethe
Y and X vectorsfor the resultingXOR productsz;; andy;;
asdescribedabove.

input bus ybus x bus
register x > J\
tval, / tmask bl s-to-2
w Clomb- Vi decoder /
» logic
register M > J\
2i s-to-.
>—>| tval, / tmask, |—> comb. B decoder
logic |2 4| 7/
tval, /| tmask,
register o7 J\
| s-to-2
ucomb- decoder /
logic |—»
L
2s bits
| Y | | X vector
>
s bits 2’ bits

Fig. 8. ParallelXOR productcalculation.

00000000b
00000001b
00000010b
00000011b
10010000b
10010001b
10010010b
11111111b

X vector register
collision

index mask bus

Fig.9. Parallelindex masktesting.

An optimumcompressedédex cannow be determinedoy
generatingall possibleindex masksorderedaccordingto an
increasingnumberof set bits, and testing theseagainst(2)
and (5) for the calculatedXOR products. The first index
maskthatsatisfiedoth conditionscorrespondso the smallest
compressethdex thatis collision-free. Simplecombinatorial
logic cantestin a singlecycle whetheranindex maskshares
at leastonesetbit positionwith eachnon-zeroXOR product
for which the correspondingit is setin the X vector Fig. 9
shavstherequiredogic for an XOR product10010001b . If
only index masksare generatedhat satisfy (5) thenan opti-
mum compresseddex canbe determinedn at most2?® cy-
clesbecause total of 2¢ differentindex masksexist for an
addressegmentconsistingof s bits. The speedof the index
maskcalculationcanbeincreasedy generatingndex masks
thatalreadyhave a minimum numberof bits setbasedon the
numberof prefixes. The index maskcalculationcanalsobe
adaptedo the memorymanageoperationby only evaluating
index maskghatcorrespondo supporteduffer sizes(Section
II-E).

C. Data Sructure

Fig. 10 shavs a completedatastructureconsistingof com-
pressedsersionsof the tablesshovn in Fig. 2. Thetablein-
dexedby thefirst addressggmenthasafixed (maximum)size



IPv4 destination address

16 bits 8 bits 8 bits
segment 1 | segment 2 | segment 3 |
I I I
| |
| FFFFh | tval/tmask/result |
| | Fh|EFh|FFh|W] |
I imask/ptr | Eh [EOh|FOh|V I tvaltmask/result
| asconforn | o | f—fil:ilif on
| | Oh|EOh|FOh|V | 2h [CDH FFh|U
e~ \\j Tn|78h |[FFh|T
4 ' _ 0h|[60h|FON|S
imask/ptr | tval/result/imask/ptr
123401 00h [+, ||~ o[SGHRIo0H]]
0000h \/A

Fig. 10. Compressedatastructure.

of 216 = 64 K entriesthatis notchangedy recompressiom

caseof updatesThis concepof atablethatis “fully” indexed
by a relatively large first addresssegmentis also employed
in several otherschemes As the routing table portion corre-
spondingo thefirstaddressegmentwill bedenselypopulated
for mary routing tables,not muchcanbe gainedby compres-
sion. At the sametime, it allows alargepartof the IP destina-
tion addresgo beprocesseih onestep,leaving fewer bits for

furtherexamination.

Fig. 11 shows the formatsof the varioustypesof entries,
which are distinguishedby the first two bits. Entry type 00
is anemptyentry Entry type 01 consistsof a testvalue,a
testmask,andnext hop information. Entry type 10 contains
apointer As this entrytypeinvolvesanexactmatchover the
entire addresssegment, no testmaskis needed. Insteadan
index maskis includedthatdefinegshecompressethdex used
to index thereferencedtompressethble.

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

. W bits .
[ 00b | padding |
[ 01b [ test value | testmask | nmexthop |
[ 10b | test value |index mask | pointer |
[ 116 | test value | next hop’ | ' |
| nexthop” [index mask | pointer |

Fig. 11. Entryformats.

both entries. This allows a smalleruniform entry width than
if bothfields werestoredin oneentry. This is moreefficient
aslessstoragds neededor padding,but atthe costof anad-
ditional memoryaccessachtime this entry type is accessed
duringthelookupprocessFor a givenroutingtable,the max-
imum numberof memoryaccesses neededor onelookupis
in therange

c<b<2c—-1 (6)

for an IP destinationaddresartitionedin ¢ sgments. The
lower boundcorrespondgo the situationthat the datastruc-
ture containsno entriesof type 11. The upperboundcorre-
spondgo the situationthatthe datastructurecontainsat least
onelookup“path” with ¢ — 1 entriesof type 11 andoneentry
of typeO1.

It is possibleto corvert an entry of type 11 into an entry
type 10 by insertingthe next hop informationrelatedto the
nestedprefix into thereferencedcompressedhbleat the next
level asalocal prefix of lengthzero. This canberegardedasa
form of leaf pushing[5]. Applying this concepton entriesof
type 1l thatarein a“critical path’ allows oneto forceacer
tainvalueof b anywherewithin theaboverange.However, this
will typically increasethe storagerequirementanddecrease
updateperformanceasdescribedn Sectionll (leaf pushing).

D. Incremental Updates and Stand-Alone Capability

A routing table updateinvolving the insertionof a new or
the removal of an existing prefix requiresthe modification
andrecompressionf atmostonecompressethblecontaining
multiple entries andthe correspondingdditionor removal of
a sequencef single-entrytables“link ed” to that multi-entry
table. Thus,at mostone compresseihdex 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
lookup andupdateprocesseaccesshe memoryusinga form
of time-division multiplexing, thenupdatesanbe performed
without interruptingthe lookup process. The corresponding
memoryaccessesanbeinterleavedin anarbitraryorder

Thenecessarynodificationsof the datastructurefor anup-
dateoperationcan be determinedusing a seconddatastruc-
ture. However, the BARTs schemecanalsobeusedin astand-
alonefashionwithout a seconddatastructure becausall pre-
fix informationis availablein the form of testvaluesandtest
masks.By performingalookup operationusingthe prefix in-
volvedin theupdateoperationasa searchkey, it is possibleto
determineall tablesthatneedmaodification.

The maximumnumberof memoryaccesseseededor an
updatewhen the datastructureis operatedin a stand-alone
fashionoccursin thefollowing cases:

« A compressethblewith 2° entrieshasto berecompressed
into a compressedable with 2°—! entriesfor a deleteoper
ation, or vice versafor an insert operation,where s is the
size of the largestIP addressegment. This requiresa total



of 2% + 25~ memoryaccessefor readingthe original table
andwriting the modifiedcopy of thetable.

o A sequencef ¢ — 1 singleentrytableshave to belinkedto
the above compressedhablefor aninsertoperation,involving
c—2 entriesof type11 andoneentryof type01, wherecisthe
numberof sggmentsinto which the IP addresss partitioned.
Thisrequiresatotal of 2(¢ — 2) + 1 = 2¢ — 3 memorywrite
accesses.

Addedto theseaccesgountsare(a) the maximumnumber
of memoryreadaccesse$or a lookup on the prefix involved
in the updateto determinethe tablesneedingmodification(6)
and(b) amemorywrite accesso link new andmodifiedcopies
of tablesinto the datastructure,so that the following maxi-
mum numberof memoryreadandwrite accessess obtained
for performinganupdateoperation:

25 42571 4 4¢3, (7)

Routingtablescaninclude prefixesthat cannotbecomethe
longestmatchingprefix of the searchkey. An exampleis a
prefix Ob, which is fully coveredby two prefixes00b and
01b. Fully coveredprefixesdo not appearin uncompressed
tablessuchasthoseshavn in Fig. 2, nor do they appeaiin the
correspondingompressedables. Becauseheseprefixesare
relevantfor the updateprocessvhenthe datastructureis op-
eratedn astand-alonéashionthey canbe addedspecifically
by includingthemin emptytableentries(entrytype 00). As
routingtablestypically containvery few of theseprefixes,this
will notbediscussedurther.

E. Memory Management

An IP addressegmentconsistingof s bits canindex com-
pressedablesof s + 1 differentsizes,all beingpowersof 2,
containingbetweenoneand2?® entries. To achieve optimum
compressionthe memorymanagethasto supportall corre-
spondingbuffer sizes.Sucha memorymanageicould for ex-
amplebe basedon a buddy system[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 s or by only usingcompressedhdicesthat cor-
respondo a smallersetof supportedcouffer sizes. In the lat-
ter case a suboptimunmcompressionwill be achiesed,but the
implementatiorof the index maskcalculationasdescribedn
Sectionlll-B becomesimplerandfasterbecausdewerindex
maskshave to beevaluated.

IV. SIMULATIONS

Several simulationshave beenperformedwith the routing
tableslistedin Fig. 12 thataremadepublicly availableby the
IPMA project[17]. Theseinvolvedthe IP destinatioraddress
partitionslistedin Fig. 13 (thenotation16 8 8 representa par
tition having threesggmentsof 16, 8, and8 bits). Theaddress
partitionshave beenchosersuchthatonly sgmentghatcover
thebulk of prefixeswith lengthsupto 24 arevaried. Thetable

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

Fig. 12. IPv4routingtables(February2000).

stand-alonelatastructure notstand-alonelatastructure
numberof | partition entry numberof | partition entry
sggments width sgments width
4 8888 36 bits 3 1688 36 bits
5 86558 32bits 4 14558 32bits
6 844448 | 32bits 5 124448 | 32bits

Fig.13. SimulatedP destinatioraddrespartitions.

indexedby thefirst sggmentof eachpartition hasa fixedsize,
asdescribedn Sectionlll-C. Fig. 13 also shows the entry
widthsusedwith the variouspartitions.

A. Sorage Requirements

Fig. 14 shows the storagerequirementdor the simulated
partitions.Partition 8 4 4 4 4 8 performsbest,closelyfollowed
by partition12 4 4 4 8. Partition 8 4 4 4 4 8 allows the mae-
westtablewith 36,292entriesto fit in 292 KB andthe paix
tablewith 72,825entriesto fit in 555 KB. Partitions16 8 8
and8 8 8 8 clearly performworsethanthe otherpartitions.

The storageefficiency of BARTs improvesfor larger rout-
ing tables. For example,the averagenumberof bytesneeded
to storearoutingtableentrydecreaseom 9.1 bytesfor aads
to 7.9 bytesfor paix for a partition124 4 4 8. Thisis dueto
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Fig. 14. Storageequirements.



theincreasinghumberof commonpartsbetweerroutingtable
entries(seeSectionll). A conserative estimatebasedon the
assumptiorthat the averagestorageper entry will remainat
7.9 bytesfor routing tableslargerthanpaix implies thata fu-
tureroutingtablecontaining500,000entrieswill be ableto fit
in about3.7 MB.

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

Wire-speedprocessingdf minimum-sizedpacletsrequires
26 M lookups/secondbr OC-192and100M lookups/second
for OC-768. If BARTSs is usedin a stand-alonefashion,
andthe lookup and updateprocessesccesghe memoryus-
ing a form of time-division multiplexing, thenthe wire-speed
lookup ratesin combinationwith the maximum number of
memory accesseper lookup determinethe memory band-
width that should be allocatedto the lookup process. The
remainingmemorybandwidthin combinationwith the max-
imum numberof memoryaccessegper updatedeterminethe
worst-caseupdateperformancethat can be achieved for the
given memory system(assumingthat the compressedndex
calculationandnew tableconstructiorareperformedn paral-
lel).

Fig. 15liststheworst-caseipdateratesthatcanbeachieved
in combinationwith wire-speedOC-192lookup speedon a
single bank of SRAM with a cycle time between4 and6 ns
for thethree“stand-alone’partitions. Fig. 16 shovs the same
for OC-768lookupspeedanda pipelinedoperationof BARTS
on four banksof SRAM. Both figuresalso shav the maxi-
mum numbersof memoryaccessesisedto calculatethe up-
daterates. The maximumnumberof memoryaccesseper
lookup b appearedo be dependenbn the numberof address
sgmentsc accordingto

b=c+2 (8)

which implies that the simulateddatastructurescontainedat
mosttwo nestedprefixesin a single searchpath(Sectionlll-

C). The maximumnumberof memoryaccesseper update
were calculatedusing (7). This calculationdid not consider

maximumnumberof worst-casanumberof
memoryaccesses updates/second
partition lookup update te =6ns | t. =5ns | t. =4ns
8888 6 397 27K/s | 111K/s | 237KI/s
86558 7 113 - | 159K/s | 602KI/s
844448 8 45 - 933KI/s

Fig. 15. Worst-caseipdateratesfor wire-speeddC-192lookup performance
(26 M lookups/s)yn asingleSRAM bankwith acycletime ¢..

thefixed-sizedableindexedby thefirst sgmentof anaddress
partition, asit is not involved in a regular updateoperation.
Tablesindexed by the last segmentwere not consideredei-
ther, becausehe simulatedrouting tablescontaineda negligi-
ble numberof prefixeswith lengthsgreaterthan24 thatcover
thelastaddressegment.

Averagdookupandupdateratescanbesignificantlyhigher
than the worst-casenumberspresentedn Figs. 15 and 16.
Although somepaperspresentaverageratesasactualperfor
mancefigures,this is considerechereas misleadingasthese
averageratescanonly be determinedfor given (often artifi-
cial) tracesof IP packets and routing table updates,and are
notgenerallyapplicable.

V. COMPARISON

Fig. 17 shavs reportedand estimatedstoragerequirements
of several well-known lookup schemedor a popular 38K-
entry routing table (mostof theseare obtainedfrom [18]) as
well asestimatedstoragerequirement®f BARTS for a table
of this size,obtainedby interpolatingthe simulationresultsof
thefour best-performingddresgpartitionsin Fig. 13.

BARTs achieves the second-besperformance. Only the
Lulea schemeperformsbetterasit needsonly 160 KB with
an addres9artition of three segments. However, compared
to BARTsthe Luleascheméhasthreemajordravbacks:(1) It
needgour memoryaccessew procesasinglelP addresseg-
ment,whereasBARTs needstypically one,and at mosttwo.
(2) It seemsunableto supportfastincrementaupdates.Fur-
thermoreppdatingachunk(termusedn [11]) alwaysrequires
full recompressionBARTSs supportsastincrementalpdates
and performsinsertsdirectly if thereare emptylocationsin
a compressedable. (3) With the Lulea schemecompressed
chunkscan have 256 differentnon-paver-of-2 sizes(mainly
dueto the varying numberof pointers)for an addressseg-
mentof eightbits. Incrementamodificationsof thedatastruc-
ture would require complex memory managementywhereas
thelargenumberof buffer sizescouldleadto significantmem-
ory fragmentation. BARTs achieves good performancewith
only s + 1 power-of-2 buffer sizesfor an addressegmentof
s bits, andcanefficiently be adaptedo usefewer buffer sizes.

The BARTs schemeutperformsall otherlookup schemes,
which aremostlybasedn fixed“branchfunctions”involving
indexing or testing,thanksto its adaptive compressionmore
bits areusedfor indexing to efficiently compresslenselypop-
ulatedtables whereasnostbits areonly involvedin testingto
compressparselypopulatedables.

Fig. 16. Worst-caseipdateratesfor wire-speeddC-768lookup performance
(100M lookups/s)ynfour SRAM bankswith a cycletime ..

maximumnumberof worst-casenumberof Algorithm Storage || Algorithm Storage
memoryaccesses updates/second Patricia(BSD) 3262KB BARTs (14558) 408KB
partition lookup update te=6ns | t.=5ns | t.=4ns Binary Search[12] | 1600KB BARTs (86558) 359KB
8888 6 397 168K/s | 504K/s | 1.01M/s 6-way search[9] 950KB BARTs (124448) | 317KB
86558 7 113 - | 885K/s | 2.65M/s LC Trie[7] 700KB BARTs (844448) | 305KB
844448 8 45 - | 4.44MIs PrefixExpansion[5] | 450KB
Lulea[11] 160KB

Fig. 17. Storagerequirements$or a 38K-entryroutingtable.



V1. CONCLUSIONS

The BARTs schemeallows to effectively balancelookup
performance storagerequirementsupdateperformanceand
memory managementompleity for a given memorytech-
nology. This is achieved by an adaptve table compression
techniquewhich efficiently compressedenselypopulateda-
blesaswell as sparselypopulatedtables. Simulationshave
shown that an actualrouting table with 36,292entriesfits in
only 292 KB of storage,and a tablewith 72,825entriesfits
in 555KB. A futuretablewith 500,000entriesis estimatedo
fit in 3.7 MB. Only Pink hasreporteda smallerdatastructure,
which, however, doesnot supportincrementaupdateg11].

Performance-criticgbartsof theupdatefunctioncanbeim-
plementedn dedicatechardwareto achiese very high update
rates.Applicationsthatdo notrequirefastupdateperformance
canimplementthe updateoperationin software. A key fea-
ture of the compressioris that it leavesthe prefix informa-
tion intact,which enables stand-alonelatastructurethatcan
be usedfor bothlookup and updateoperations.Performance
evaluationshave shavn that wire-speedookup performance
in combinatiorwith updateatesbeyondseveralhundredhou-
sandpersecondarefeasibleusinga singlebankof SRAM for
0C-192,andfour banksfor OC-768.
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