
ScalableIP Lookupfor InternetRouters
David E. Taylor, JonathanS.Turner, JohnW. Lockwood,ToddS.Sproull, David B. Parlour

Abstract—IP addresslookup is a central processingfunction of
Inter net routers. While a wide range of solutions to this problem
have beendevised, very few, simultaneouslyachieve high lookup
rates, goodupdate performance,high memory ef�ciency and low
hardware cost. High performance solutions using Content Ad-
dressableMemory (CAM) devicesare a popular, but high costso-
lution, particularly when applied to large databases.We present
an ef�cient hardware implementation of a previously unpublished
IP addresslookup architecture, inventedby Eatherton and Dittia.
Our experimental implementation usesa singlecommodity SRAM
chip and a lessthan 10% of the logic resourcesof a commercial
con�gurable logic device,operating at 100MHz. With thesequite
modestresources,it can perform over 9 million lookups per sec-
ond, while simultaneously processingthousands of updates per
second,on databaseswith over 100,000entries. The lookup struc-
tur e requiresonly about 10bytesper addresspre�x, lessthan half
that required by other methods. The architecture allows perfor-
mance to be scaledup by using parallel Fast IP Lookup (FIPL)
engines,which interleave accessesto a common memory inter-
face. This architecture allows performance to scaleup dir ectly
with available memory bandwidth. We describethe tr eebitmap
algorithm, our implementation of it in a dynamically extensible
gigabit router being developedat WashingtonUniversity, and the
resultsof performance experimentsdesignedto assessits perfor-
manceunder realisticoperating conditions.

Index Terms—IP lookup, Inter net router, recon�gurable hard-
ware, Field-Programmable Gate Array (FPGA), Random Access
Memory (RAM).

I . INTRODUCTION

FORWARDING of InternetProtocol(IP) packetsis thepri-
marypurposeof Internetrouters.Thespeedat which for-

warding decisionsare madeat eachrouter or “hop” placesa
fundamentallimit ontheperformanceof thenetwork. For Inter-
netProtocolVersion4 (IPv4), theforwardingdecisionis based
on a 32-bit destinationaddresscarriedin eachpacket's header.
A lookupengineat eachport of therouterusesa suitablerout-
ing datastructureto determinetheappropriateoutgoinglink for
thepacket's destinationaddress.

Theuseof ClasslessInter-DomainRouting(CIDR) compli-
catesthe lookup process,requiringa lookup engineto search
variable-lengthaddresspre�xes in order to �nd the longest
matchingpre�x of thedestinationaddressandretrieve thecor-
respondingforwardinginformation[1]. As physicallink speeds
grow andthenumberof portsin high-performancerouterscon-
tinuesto increase,thereis a growing needfor ef�cient lookup
algorithmsandeffective implementationsof thosealgorithms.
Next generationroutersmustbe able to supportthousandsof
optical links eachoperatingat 10 Gb/s (OC-192) or more.
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Lookuptechniquesthatcanscaleef�ciently to highspeedsand
large lookup tablesizesareessentialfor meetingthe growing
performancedemands,while maintainingacceptableper-port
costs.

Many techniques are available to perform IP address
lookups. Perhapsthe most common approach in high-
performancesystemsis to use Content AddressableMem-
ory (CAM) devicesandcustomApplicationSpeci�c Integrated
Circuits (ASICs). While this approachcan provide excellent
performance,theperformancecomesat a fairly high pricedue
to thehigh costperbit of CAMs relative to commoditymem-
ory devices.CAM-basedlookuptablesareexpensiveto update,
sincetheinsertionof a new routingpre�x mayrequiremoving
an unboundednumberof existing entries. CAM approaches
alsooffer little or no �e xibility for adaptingto new addressing
androutingprotocols.

The Fast InternetProtocolLookup (FIPL) architecture,de-
velopedat WashingtonUniversity in Saint Louis, is an ex-
perimental implementationof Eathertonand Dittia's previ-
ously unpublishedTree Bitmap algorithm [2] using recon�g-
urablehardware and RandomAccessMemory (RAM). FIPL
is designedto strike a favorable balanceamonglookup and
update performance,memory ef�ciency, and hardware us-
age. Targetedto an open-platformresearchrouter employ-
ing a Xilinx Virtex 1000E-7Field ProgrammableGate Ar-
ray (FPGA)operatingat 100MHz anda singleMicron 1 MB
Zero Bus Turnaround(ZBT) SynchronousRandomAccess
Memory (SRAM), a singleFIPL lookup enginehasa guaran-
teedworstcaseperformanceof 1,136,363lookupspersecond.
Interleaving memoryaccessesof eightFIPL enginesoverasin-
gle36bit wideSRAM interfaceexhauststheavailablememory
bandwidthandyields a guaranteedworst caseperformanceof
9,090,909lookupspersecond.

Performanceevaluationsusinga snapshotof the Mae-West
routingtableresultedin over11million lookupspersecondfor
anoptimizedeightFIPL enginecon�guration. Averagemem-
ory usageper entry was10.8bytes,including 36 bits of next-
hop informationper entry. In additionto spaceef�ciency, the
datastructureusedby FIPL is straightforward to update,and
cansupportup to 100,000updatespersecondwith only a7.2%
degradationin lookupthroughput.Relative to thetargetFPGA
eachFIPL engineutilizeslessthan1%of theavailablelogic re-
sources.While this searchenginecurrentlyachieves500Mb/s
of link traf�c per 1% of logic resources,still higher perfor-
manceand ef�ciency is possiblewith higher memoryband-
widths. Ongoingresearchseeksto exploit new FPGAdevices
andmoreadvancedCAD toolsin orderto doubletheclock fre-
quency and,therefore,doublethelookupperformance.Wealso
areinvestigatingoptimizationsto reducethenumberof off-chip
memory accesses.Another researcheffort leveragesthe in-



sightsandcomponentsproducedby the FIPL implementation
for anef�cient routelookupandpacket classi�er for anopen-
platformdynamicallyextensibleresearchrouter[3].

I I . RELATED WORK

NumerousresearchandcommercialIP lookuptechniquesex-
ist [4][5][6][7]. On the commercialfront, several companies
havedevelopedhighspeedlookuptechniquesusingCAMs and
ASICs.Somecurrentproducts,targetingOC-768(40Gb/s)and
quadOC-192(10 Gb/s)link con�gurations,claim throughputs
of upto100million lookupspersecondandstoragefor 100mil-
lion entries[8]. However, theadvertisedperformancecomesat
anextremecost. 16 ASICscontainingembeddedCAMs must
be cascadedin orderto achieve the advertisedthroughputand
supportthemorerealisticstoragecapacityof onemillion table
entries.Suchexorbitanthardwareresourcerequirementsmake
thesesolutionsprohibitively expensive and precludeSystem-
On-Chip(SOC)portprocessors.

Themostef�cient lookupalgorithmknown, from a theoreti-
cal perspective is the“binary searchover pre�x lengths”algo-
rithm describedin [9]. The numberof stepsrequiredby this
algorithm grows logarithmically in the length of the address,
makingit particularlyattractivefor IPv6,whereaddresslengths
increaseto 128bits. However, thealgorithmis relatively com-
plex to implement,making it more suitablefor software im-
plementationthanhardware implementation.It alsodoesnot
readilysupportincrementalupdates.

The Lulea algorithm is the most similar of publishedal-
gorithmsto the Tree Bitmap algorithm usedin our FIPL en-
gine[7]. Like TreeBitmap,theLuleaalgorithmusesa typeof
compressedtrie to enablehigh speedlookup, while maintain-
ing theessentialsimplicity andeasyupdatabilityof elementary
binary tries. While similar at a high level, the two algorithms
differ in avarietyof speci�cs,thatmakeTreeBitmapsomewhat
bettersuitedto ef�cient hardwareimplementation.A detailed
comparisonof the Tree Bitmap algorithm to other published
lookuptechniquesis providedin [2].

Theremainingsectionsprovideanoverview of thealgorithm
andfocusonthedesignandimplementationdetailsof afastand
scalablelookup architecturebasedon Tree Bitmap. We also
presentperformanceevaluationsof FIPL underrealisticoperat-
ing conditions,including incrementalupdateperformanceun-
der full traf�c load. We concludewith algorithmicandimple-
mentationoptimizationsfor improving lookupperformanceand
discussongoingresearchprojectsemploying theFIPL engine.

I I I . TREE BITMAP ALGORITHM

EathertonandDittia's TreeBitmapalgorithmis a hardware
basedalgorithmthat employs a multibit trie datastructureto
perform IP forwarding lookups with ef�cient use of mem-
ory [2]. Due to the useof CIDR, a lookup consistsof �nding
thelongestmatchingpre�x storedin theforwardingtablefor a
given32-bit IPv4 destinationaddressandretrieving theassoci-
atedforwardinginformation.As shown in Figure1, theunicast
IP addressis comparedto the storedpre�xesstartingwith the
mostsigni�cant bit. In this example,a packet is boundfor a
workstationat WashingtonUniversity in SaintLouis. A linear

searchthroughthe tableresultsin threematchingpre�xes: *,
10*, and1000000011*.The third pre�x is the longestmatch,
henceits associatedforwardinginformation,denotedby Next
Hop 7 in the example,is retrieved. Using this forwardingin-
formation,thepacket is forwardedto thespeci�ednext hopby
modifying thepacketheader.
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Fig. 1. IP pre®xlookuptableof next hops.Next hopsfor IP packetsarefound
usingthelongestmatchingpre®xin thetablefor theunicastdestinationaddress
of theIP packet.

To ef�ciently performthis lookup function in hardware,the
TreeBitmapalgorithmstartsby storingpre�xesin abinarytrie
as shown in Figure 2. Shadednodesdenotea storedpre�x.
A searchis conductedby usingthe IP addressbits to traverse
the trie, startingwith the most signi�cant bit of the address.
To speedup this searchingprocess,multiple bits of the des-
tination addressarecomparedsimultaneously. In order to do
this, subtreesof thebinary trie arecombinedinto singlenodes
producinga multibit trie; this reducesthe numberof memory
accessesneededto performalookup.Thedepthof thesubtrees
combinedto form asinglemultibit trie nodeis calledthestride.
An exampleof a multibit trie using 4-bit stridesis shown in
Figure3. In this case,4-bit nibblesof the destinationaddress
areusedto traversethemultibit trie. AddressNibble(0)of the
address,10002 in the example,is usedfor the root node;Ad-
dressNibble(1) of the address,00002 in the example,is used
for thenext node;etc.

The Tree Bitmap algorithm codesinformation associated
with eachnodeof themultibit trie usingbitmaps.TheInternal
Pre�x Bitmap identi�es the storedpre�xes in the binary sub-
treeof the multi-bit node. The ExtendingPathsBitmapiden-
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32�bit destination address: 128.252.153.160
1000 0000 1111 1100 ... 1010 0000

Fig.2. IP lookuptablerepresentedasabinarytrie. Storedpre®xesaredenoted
by shadednodes.Next hopsarefoundby traversingthetrie.

P

PP

P

P

0 1

1

1

0

0

0 0

1

1

1 1 1

10

0 1

0

0

0

0

0

1

1

1

1

0

0

0

32�bit destination address: 128.252.153.160
1000 0000 1111 1100 ... 1010 0000

Fig. 3. IP lookup tablerepresentedasa multibit trie. A stride,4-bits,of the
unicastdestinationaddressof theIP packet arecomparedat once,speedingup
thelookupprocess.

ti�es the “exit points” of the multibit nodethat correspondto
child nodes.Figure4 shows how theroot nodeof theexample
datastructureis codedinto bitmaps.The 4-bit strideexample
is shown asa TreeBitmapdatastructurein Figure5. Notethat
apointerto theheadof thearrayof child nodesandapointerto
the setof next hop valuescorrespondingto the setof pre�xes
in thenodearestoredalongwith thebitmapsfor eachnode.By
requiringthatall child nodesof a singleparentnodebestored
contiguouslyin memory, theaddressof achild nodecanbecal-
culatedusinga singleChild NodeArray Pointer andan index
into thatarraycomputedfrom theextendingpathsbitmap.The
sametechniqueis usedto �nd theassociatednext hopinforma-

tion for astoredpre�x in thenode.TheNext HopTablePointer
pointsto thebeginningof thecontiguoussetof next hopvalues
correspondingto the setof storedpre�xes in the node. Next
hopinformationfor a speci�c pre�x maybefetchedby index-
ing from thepointerlocation.

Internal Prefix Bitmap: 1 00 0110 00000010
Extending Paths Bitmap: 0101 0100 1001 0000
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Fig. 4. Bitmapcodingof a multibit trie node.Theinternalbitmaprepresents
thestoredpre®xesin thenodewhile theextendingpathsbitmaprepresentsthe
child nodesof thecurrentnode.

Theindex for theChild NodeArrayPointer leveragesa con-
venientpropertyof the datastructure. Note that the numeric
valueof thenibbleof the IP addressis alsothebit positionof
the extendingpathin the ExtendingPathsBitmap. For exam-
ple, AddressNibble(0) = 10002 = 8. Note that the eighthbit
position,countingfrom themostsigni�cant bit, of theExtend-
ing PathsBitmapshown in Figure4 is the extendingpathbit
correspondingto AddressNibble(0)= 10002. Theindex of the
child nodeis computedby countingthenumberof onesin the
ExtendingPathsBitmapto the left of this bit position. In the
example,the index would bethree.This operationof comput-
ing thenumberof onesto the left of a bit positionin a bitmap
will be referredto asCountOnesandwill beusedin laterdis-
cussions.

Whentherearenovalid extendingpaths,theExtendingPaths
Bitmapis all zeros,theterminalnodehasbeenreachedandthe
Internal Pre�x Bitmapof the nodeis fetched. A logic opera-
tion calledTreeSearch returnsthe bit positionof the longest
matchingpre�x in the Internal Pre�x Bitmap. CountOnesis
thenusedto computeanindex for theNext Hop TablePointer,
andthenext hopinformationis fetched.If thereareno match-
ing pre�xesin theInternal Pre�x Bitmapof theterminalnode,
thentheInternalPre�x Bitmapof themostrecentlyvisitednode
thatcontainsa matchingpre�x is fetched.This nodeis identi-
�ed usingadatastructureoptimizationcalledthePre�x Bit.

ThePre�x Bit of anodeis setif its parenthasany storedpre-
�x esalongthepathto itself. Whensearchingthedatastructure,
theaddressof thelastnodevisitedis remembered.If thecurrent
node's Pre�x Bit is set,thentheaddressof thelastnodevisited
is storedasthebestmatchingnode.Settingof thePre�x Bit in
theexampledatastructureof Figure3 andFigure5 is denoted
by a “P”.

A. Split-Trie Optimization

In its currentcon�guration, which we will refer to as the
“single-trie” con�guration, the Tree Bitmap data structure
storespre�xeswith lengthsthataremultiplesof four at theroot
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Fig. 5. IP lookuptablerepresentedasa TreeBitmap. Child nodesarestoredcontiguouslysothata singlepointerandanindex maybeusedto locateany child
nodein thethedatastructure.

of multibit nodes.For example,a24-bit pre�x wouldbestored
at the root of a level 7 node. Examinationof publically avail-
able route table statisticsshow that a large percentageof the
pre�xesin thetableare,in fact,multiplesof four. For example,
in the Mae-Westdatabaseusedin SectionVI for performance
testing“multiple of four” pre�xes compriseover 66% of the
total pre�x lengths.

The “split-trie” optimizationseeksto speedup lookup per-
formancefor typical databasesby shifting “multiple of four”
pre�xes into the leavesof multibit nodes. This caneasilybe
achievedby shifting all levelsof thedatastucturedown by one
bit. As a resultof this shift, the multibit trie “splits” into two
multibit-trieswith asinglebit rootasshown in Figure6. Imple-
mentationof this optimizationrequiresthat two pointers,one
to eachnew multibit root node. Searchesbegin by using the
most signi�cant bit of the destinationaddressto decidefrom
which multibit root nodeto continuethe search.For lookups
on typical databases,this optimizationcouldsave onememory
accessper lookupwhile reducingthememoryspaceperpre�x
requiredfor the TreeBitmap datastructure. The lookup per-
formanceandmemoryutilization of both the“single-trie” and
“split-trie” con�gurationsof theFIPLarchitectureareevaluated
in SectionVI.

IV. HARDWARE DESIGN AND IMPLEMENTATION

Modular design techniquesare employed throughout the
FIPL hardwaredesignto provide scalabilityfor varioussystem
con�gurations.Figure7 detailsthecomponentsrequiredto im-
plementFIPL in thePortProcessor(PP)of arouter. Othercom-
ponentsof therouterincludetheTransmissionInterfaces(TI),
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Lengths

Fig. 6. Split-trieoptimizationof theTreeBitmapdatastructure.

SwitchFabric,andControlProcessor(CP).Providing thefoun-
dationof theFIPL design,theFIPL engineimplementsasingle
instanceof a TreeBitmapsearch.TheFIPL EngineController
maybecon�guredto instantiatemultipleFIPL enginesin order
to scalethelookupthroughputwith systemdemands.TheFIPL
Wrapperextractsthe IP addressesfrom incomingpacketsand
writesthemto anaddressFIFO readby theFIPL EngineCon-
troller. Lookupresultsarewritten to a FIFO readby theFIPL
Wrapperwhich accordinglymodi�es the packet header. The
FIPL Wrapperalso handlesstandardIP processingfunctions
suchaschecksumsandheader�eld updates.Speci�cs of the
FIPL Wrapperwill vary dependinguponthetypeof switching
coreand transmissionformat. An on-chipControl Processor
receivesandprocessesmemoryupdatecommandson a dedi-
catedcontrol channel.Memoryupdatesarethe resultof route
add,delete,or modify commandsandaresentfrom theSystem
ManagementandControl components.Note that the off-chip
memoryis assumedto beasingleportdevice;hence,anSRAM
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Fig. 7. Block diagramof routerwith multi-engineFIPL con®guration;detail
of FIPL systemcomponentsin thePortProcessor(PP).

InterfacearbitratesaccessbetweentheFIPL EngineController
andControlProcessor.

A. FIPL Engine

Consistingof a few addressregisters,a simpleFinite-State
Machine(FSM),andcombinationallogic, theFIPL Engineis a
compact,ef�cient TreeBitmapsearchengine.Implementation
of theFIPL Enginerequiresonly 450 linesof VHDL code.A
data�ow diagramof theFIPL Engineis shown in Figure8. Data
arriving from memoryis latchedinto the DATA IN REG reg-
istern clock cyclesafter issuinga memoryread.Thevalueof
n is determinedby thereadlatency of thememorydevice plus
2 clock cyclesfor latchingtheaddressout of andthedatainto
the implementationdevice. The next addressissuedto mem-
ory is latchedinto the ADDR OUT REG k clock cyclesafter
dataarrives from memory. The value of k is determinedby
thespeedat which theimplementationdevice cancomputethe
next hop addrwhich is thecritical pathin thelogic. Two coun-
ters,memcountandsearch count, areusedto countthenumber
of clock cyclesfor memoryaccessandaddresscalculation,re-
spectively. Useof multicycle pathsallows the FIPL engineto
scalewith implementationdevice andmemorydevice speeds
by simply changingcomparevaluesin the�nite-statemachine
logic.

In orderto generatenext hop addr:
� TREE SEARCH generatespre�x index which is the bit

positionof thebest-matchingpre�x storedin theInternal
Pre�xesBitmap

� PREFIX COUNTONES generatesnext hop index which
is thenumberof 1's to theleft of pre�x index in theInter-
nal Pre�xesBitmap

� next hop index is addedto the lower four bits of theNext
HopTablePointer

� The carryout of the previous addition is usedto select
the upperbits of the Next Hop Table Pointer or the pre-
computedvalueof theupperbitsplus1

The NODE COUNTONES and identical fast addition blocks
generate the child nodeaddr, but require less time as
the TREE SEARCH block is not in the path. The
ADDR OUT MUX selectsthenext addressissuedto memory
amongthe addressesfor the next root node's ExtendingPaths
BitmapandChild NodeArrayPointer (root nodeptr), thenext

child node's ExtendingPaths Bitmap and Child NodeArray
Pointer (child nodeaddr), the current node's Internal Pre�x
BitmapandNext Hop TablePointer (curr nodepre�xes addr),
the forwarding information for the best-matchingpre�x
(next hop addr), and the best-matchingprevious node's In-
ternal Pre�x Bitmap and Next Hop Table Pointer (best-
match pre�xes addr). Selectionis madebaseduponthecurrent
state.

VALID CHILD examinesthe ExtendingPaths Bitmap and
determinesif a child nodeexists for the currentnodebased
on the current nibble of the IP address. The output of
VALID CHILD, pre�x index, memcount, and search count
determinestatetransitionsasshown in Figure9. The current
stateandthevalueof theP BIT determinetheregisterenables
for theBESTMATCH PREFIXESADDR REGandtheBEST-
MATCH STRIDE REGwhichstoretheaddressof theInternal
Pre�xes BitmapandNext Hop Table Pointer of the nodecon-
taining best-matchingpre�xesandthe associatedstrideof the
IP address,respectively.

FETCH_ROOT

LATCH_ROOT

FETCH_CURR_NODE_PREFIXESFETCH_NEXT_NODE

LATCH_PREFIXES

FETCH_NXT_HOP_INFO

FETCH_BEST_PREV_NODE_PREFIXES

LATCH_NXT_HOP_INFO

IDLE
else

else
WAIT_ROOT

CHILD_SEARCH
else

mem_count = n

ip_add_valid_l=0

valid_child = 0 & search_count = kvalid_child = 1 & search_count = k

WAIT_NEXT_NODE
WAIT_PREFIXES

else

mem_count = n

else

LATCH_NEXT_NODE
mem_count = n

PREFIX_SEARCH
else

prefix_index /= 15 & search_count = k
prefix_index = 15 & search_count = k

WAIT_NEXT_HOP_INFO

mem_count = n

else

Fig. 9. FIPL engine®nite-state-machinebubblediagram.

B. FIPL EngineController

Leveragingthe uniform memoryaccessperiodof the FIPL
Engine, the FIPL Engine Controller interleaves memory ac-
cessesof the necessarynumberof parallel FIPL Enginesto
scalelookup throughputin order to meetsystemthroughput
demands.The schemecentersarounda timing wheelwith a
numberof slotsequalto the FIPL Enginememoryaccesspe-
riod. Whenan addressis readfrom the input FIFO, the next
availableFIPL Engineis startedat thenext availabletime slot.
Thenext availabletime slot is determinedby indexing thecur-
rent slot time by the known startuplatency of a FIPL Engine.
For example,assumeanaccessperiodof 8 clockcycles;hence,
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Fig. 8. FIPL enginedata¯ow; multi-cycle pathfrom DATA IN FLOPSto ADDR OUT FLOPScanbescaledaccordingto targetdevice speed;all multiplexor
selectlinesand¯ip-¯openablesimplicitly drivenby ®nite-statemachineoutputs.

the timing wheelhas8 slotsnumbered0 through7. Assume
threeFIPL Enginesarecurrentlyperforminglookupsoccupy-
ing slots1, 3, and4. Furthermore,assumethat from the time
theIP addressis issuedto theFIPL Engineto thetimetheFIPL
Engineissuesits �rst memoryreadis 2 clockcycles;hence,the
startuplatency is 2 slots. Whena new IP addressarrives,the
next lookupmaynot bestartedat slot times7, 1, or 2 because
the �rst memoryreadwould be issuedat slot time 1, 3, or 4,
respectively which would interferewith ongoinglookups.As-
sumethecurrentslot time is 3; therefore,thenext FIPL engine
is startedandslot5 is markedasoccupied.

As previously mentioned,input IP addressesandoutputfor-
wardinginformationarepassedbetweentheFIPL EngineCon-
troller andtheFIPL Wrappervia FIFO interfaces.This design
simpli�es thedesignof theFIPLWrapperbyplacingtheburden
of in-orderdelivery of resultson the FIPL EngineController.
While individual inputandoutputFIFOscouldbeusedfor each
engineto preventhead-of-the-lineblocking,network designers
will usuallychooseto con�gure theFIPL EngineControlleras-
sumingworst-caselookups.Also, theperformancenumbersre-
portedin asubsequentsectionshow thataveragelookuplatency
perFIPL Engineincreasesby lessthan3%for an8-enginecon-
�guration; therefore,lookupengine“dead-time”is negligible.

C. ImplementationPlatform

FIPL is implementedonopen-platformresearchsystemsde-
signedandbuilt at WashingtonUniversity in SaintLouis [10].
The WUGS 20, an 8-port ATM switch providing 20 Gb/s of
aggregate throughput,providesa high-performanceswitching
fabric [11]. This switching core is basedupon a multi-stage
Benestopology, supportsupto 2.4Gb/slink rates,andscalesup
to 4096portsfor anaggregatethroughputof 9.8Tb/s[12]. Each
port of theWUGS20 canbe�tted with a Field-programmable
Port eXtender(FPX), a port card of the sameform factor as
the WUGS transmissioninterfacecards[13]. EachFPX con-
tainstwo FPGAs,oneactingasthe Network InterfaceDevice
(NID) and the otheras the ReprogrammableApplication De-
vice (RAD).

The RAD FPGA has access to two 1MB Zero Bus
Turnaround(ZBT) SRAMs and two 64MB SDRAM mod-
ules providing a �e xible platform for implementing high-
performancenetworking applications[14]. To allow for packet
reassemblyand other processingfunctionsrequiring memory
resources,theFIPL hasaccessto oneof the8 Mbit ZBT (Zero
Bus Turnaround)SRAMs which require18-bit addressesand
provide a 36-bit datapathwith a 2-clock cycle latency. Since
this memoryis ”off-chip” boththeaddressanddatalinesmust



belatchedatthepadsof theFPGA,providing for atotal latency
to memoryof n = 4 clockcycles.

D. MemoryCon�guration

Utilizing a 4-bit stride the ExtendingPaths Bitmap is 16-
bits long, occupying less than a half-word of memory. The
remaining20-bitsof the word areusedfor the Pre�x Bit and
Child NodeArray Pointer; hence,only onememoryaccessis
requiredpernodewhensearchingfor theterminalnode.Like-
wise, the Internal Pre�x Bitmap and Next Hop Table Pointer
maybestoredin a single36-bit word; hence,a singlenodeof
theTreeBitmaprequirestwo wordsof memoryspace.131,072
nodesmay be storedin oneof the 8Mbit SRAMs providing a
maximumof 1,966,080storedroutes. Note that the memory
usageperrouteentryis dependentuponthedistributionof pre-
�x esin thedatastructure.Memoryusagefor theexperimental
datastructureis reportedin theSectionVI.

E. Worst-CasePerformance

In this con�guration, the pathologicallookup requires11
memoryaccesses:8 memoryaccessesto reachthe terminal
node,1 memoryaccessto searchthe sub-treeof the terminal
node,1 memoryaccessto searchthe sub-treeof the most re-
centnodecontaininga match,and1 memoryaccessto fetch
the forwarding informationassociatedwith the best-matching
pre�x. Sincethe FPGAsand SRAMs run on a synchronous
100MHzclock,all singlecyclecalculationsmustbecompleted
in less than 10ns. The critical path in the FIPL design,re-
solving thenext hop addr, requiresmorethan20 nswhentar-
getedto the RAD FPGA of the FPX, a Xilinx XCV1000E-7;
hence,k is setto 3. Thisprovidesa totalmemoryaccessperiod
of 80 ns andrequires8 FIPL enginesin order to fully utilize
the availablememorybandwidth. Theoreticalworst-caseper-
formance,all lookupsrequiring 11 memoryaccesses,ranges
from 1,136,363lookupsper secondfor a single FIPL engine
to 9,090,909lookupspersecondfor eightFIPL enginesin this
implementationenvironment.

F. Hardware ResourceUsage

As the WUGS 20 supportsa maximumline speedof 2.4
Gb/s,a 4-enginecon�guration is usedin theWashingtonUni-
versity system. Due to the ATM switching core, the FIPL
WrappersupportsAAL5 encapsulationof IP packetsinsideof
ATM cells [15]. Relative to the Xilinx Virtex 1000EFPGA
usedin the FPX, eachFIPL Engineutilizes lessthan 1% of
theavailablelogic resources.Con�guredwith 4 FIPL Engines,
FIPL EngineControllerutilizesapproximately6% of thelogic
resourceswhile the FIPL Wrapperutilizes another2% of the
logic resourcesand 12.5%of the on-chipmemoryresources.
Thisresultsin an8%total logic resourceconsumptionby FIPL.
TheSRAM InterfaceandControlProcessorwhich parsescon-
trol cells and executesmemorycommandsfor route updates
utilize another8% of the available logic resourcesand2% of
theon-chipmemoryresources.Therefore,all input IP forward-
ing functionsoccupy 16%of thelogic resourcesleaving there-
maining84%of thedeviceavailablefor otherpacketprocessing
functionality.
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NCHARGE software. EachFPX is controlledby an instanceof NCHARGE
whichprovidesanAPI for FPXcontrolvia remotesoftwareprocess.

V. SYSTEM MANAGEMENT AND CONTROL COMPONENTS

Systemmanagementandcontrolof FIPL in theWashington
University systemis performedby several distributedcompo-
nents.All componentsweredevelopedto facilitatefurther re-
searchusingtheopen-platformsystem.

A. NCHARGE

NCHARGE is the softwarecomponentthat controlsrepro-
grammablehardwareonaswitch[16]. Figure10showstherole
of NCHARGEin conjunctionwith multipleFPXdeviceswithin
a switch. The software provides connectivity betweeneach
FPX andmultiple remotesoftwareprocessesvia TCP sockets
thatlistenon a well-de�ned port. Throughthis port,othersoft-
warecomponentsareableto communicateto theFPXusingits
speci�ed API. BecauseeachFPX is controlledby an indepen-
dentNCHARGEsoftwareprocess,distributedmanagementof
entiresystemscanbeperformedby collectingdatafrom multi-
pleNCHARGEelements.[17].

B. FIPL MemoryManager

TheFIPL MemoryManageris astandaloneC++application
that acceptscommandsto add,delete,andupdaterouting en-
tries for a hardware-basedInternetrouter. Theprogrammain-
tainsthe previously discussedTreeBitmap datastructurein a
sharedmemorybetweenhardwareandsoftware. Whena user
entersrouteupdates,theFIPL MemoryManagerSoftwarere-
turnsthecorrespondingmemoryupdatesneededtoperformthat
operationin theFPXhardware.

Command options:
[A]dd
[D]elete



[C]hange
[P]rint
[M]emoryDump
[Q]uit

Enter command (h for help): A
You entered add

Enter prefix x.x.x.x/s
(x = 0-255, s is significant bits 0-32) :
192.128.1.1/8

Enter Next Hop value: 4
******
Memory Update Commands:

w36 0 4 2 000000000 100000006
w36 0 2 2 200000004 000000000
w36 0 0 2 000200002 000000000

In theexampleshown herea singleaddroutecommandre-
quiresthree36-bit memorywrite commands,eachconsisting
of 2 consecutive locationsin memoryat addresses4, 2, and0,
respectively.

C. SocketsInterfaces

In orderto accessthe FIPL Memory Managerasa daemon
process,supportsoftwareneedsto be in placeto handlestan-
dardinput andoutput. Socket softwarewasdevelopedto han-
dle incomingrouteupdatesto passalongto theFIPL Memory
Manager. A socket interfacewasalsodevelopedto sendthere-
sultingoutputof amemoryupdateto theNCHARGEsoftware.
Thesesoftwareprocesseshandlinginput andoutputarecalled
Write Fip andReadFip, respectively. Write Fip is constantly
listeningon a well known port for incomingrouteupdatecom-
mands.Oncea connectionis establishedtheupdatecommand
is sentas an ASCII characterstring to Write Fip. This soft-
wareprints thestringasstandardoutputwhich is redirectedto
thestandardinputof FIPL MemoryManager. Thememoryup-
datecommandsneededby NCHARGEsoftwareto performthe
routeupdateareissuedat theoutputof FIPL MemoryManager.
ReadFip receivesthesecommandsasstandardinputandsends
all of thememoryupdatesassociatedwith onerouteupdateover
aTCPsocket to theNCHARGEsoftware.

D. RemoteUserInterface

The currentinterfacefor performingrouteupdatesis via a
webpagethatprovidesa simpleinterfacefor userinteraction.
Theuseris ableto submitsinglerouteupdatesor abatchjob of
multipleroutesin a�le. Anotheroptionavailableto usersis the
ability to de�ne uniquecontrolcells. This is donethroughthe
useof softwaremodulesthat are loadedinto the NCHARGE
system.

In thecurrentFIPL Module,awebpagehasbeendesignedto
provide a simpleinterfacefor issuingFIPL controlcommands,
suchaschangingthe RootNodePointer. The web pagealso
providesaccessto a vastdatabaseof sampleroutetableentries
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Fig. 12. FPXWebInterfacefor FIPL routeupdates.

taken from the InternetPerformanceMeasurementandAnal-
ysis project's website[18]. This websiteprovidesdaily snap-
shotsof Internetbackbonerouting tablesincluding traditional
ClassA, B, andC addresses.Selectingthe downloadoption
fromtheFIPLwebpageexecutesaPerlscriptto fetchtherouter
snapshotsfrom the database.The Perl script then parsesthe
�les andgeneratesanoutput�le that is readableby theFastIP
LookupMemoryManager.

E. CommandFlow

Theoverall �o w of datawith FIPL andNCHARGEis shown
in Figure 11. Supposea user wishesto add a route to the
database.Theuser�rst submitseitherasinglecommandorsub-
mits a �le containingmultiple routeupdates.Datasubmitted
from thewebpage,Figure12, is passedto theWebServer asa
form. LocalscriptsprocesstheformandgenerateanAddRoute
commandthat thesoftwareunderstands.Thesecommandsare
ASCII stringsin the form “Add route A1.A2.A3.A4/netmask
nexthop”. Thescript thensetsup a TCPSocket andtransmits
eachcommandto the Write Fip software process. As men-
tionedbeforeWrite �p listenson a TCP port andrelaysmes-
sagesto standardoutputin orderto communicatewith theFIPL
MemoryManager. FIPL MemoryManagertakesthestandard
input and processesthe route commandin order to generate
memoryupdatesfor an FPX board. Eachmemoryupdateis
thenpassedasstandardoutputto theReadFip process.

After this processcollectsmemoryupdatesit establishesa
TCP connectionwith NCHARGE to transmitthe commands.
ReadFip is able to detectindividual routecommandsand is-
suesthesetof memoryupdatesassociatedwith each.Thispre-
ventsReadFip from creatinga socket for every memoryup-
date.Fromherememoryupdatesaresentto NCHARGEsoft-
wareprocessto bepackedinto controlcellsto sendto theFPX.
NCHARGEpacksasmany memorycommandsasit can�t into
a53byteATM cell while preservingorderbetweencommands.
NCHARGEsendsthesecontrolcellsusingastop-and-wait pro-
tocol to ensurecorrectness,thenissuesa responsemessageto
theuser.

VI . PERFORMANCE MEASUREMENTS

While the worst-caseperformanceof FIPL is deterministic,
an evaluationenvironmentwas developedin order to bench-
mark averageFIPL performanceon actual router databases.
The evaluation environment was usedto extract lookup and
updateperformanceas the numberof parallel FIPL Engines
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was scaledup, as well as determinethe performancegain of
thesplit-trie optimization.As shown in Figure13, theevalua-
tion environmentincludesamodi�ed FIPLEngineController, 8
FIPL Engines,andaFIPL EvaluationWrapper. TheFIPL Eval-
uationWrapperincludesan IP AddressGeneratorwhich uses
on-chipBlockRAMs in theXilinx FPGAto implementstorage
for 16,384IPv4destinationaddresses.TheIP AddressGenera-
tor interfacesto theFIPL Enginecontrollerlike a FIFO.When
a testrun is initiated,anempty�ag is drivento FALSE until all
16,384addressesareread.

Control cells sentto the FIPL EvaluationWrapperinitiate
test runsof 16,384lookupsandspecifyhow many FIPL En-
ginesshouldbe usedduring the test run. The FIPL Engine
Controllercontainsa latency timer for eachFIPL Engineand
a throughputtimer that measurethe numberof clock cycles
requiredto completeeachlookup and the test run of 16,384
addresses,respectively. Latency timer valuesarewritten to a
FIFO uponcompletionof eachlookup. The FIPL Evaluation
Wrapperpackslatency timervaluesinto controlcellswhichare
sentbackto thesystemcontrolsoftwarewherethecontentsare
dumpedto a �le. Thethroughputtimer valueis includedin the
�nal controlcell.

A snapshotof theMae-Westdatabasefrom March15, 2002
consistingof 27,609routeswasusedfor all tests.Theon-chip
memoryreadby theIP AddressGeneratorwasinitialized with
16,384IPv4 destinationaddressescreatedvia randomselec-
tions from the route tablesnapshot.Two evaluationenviron-
mentsweresynthesized,one including “single-trie” FIPL en-
ginesandoneincluding “split-trie” FIPL engines.Eacheval-
uationenvironmentwasdownloadedto theRAD FPGAof the

FPXandsubjectedto aseriesof testvectors.

A. MemoryUtilization

Two Tree Bitmap datastructureswere generatedfrom the
Mae-Westsnapshot,onefor the“single-trie” FIPL enginesand
one for the “split-trie” FIPL engines. As previously men-
tioned, our experimentalimplementationallocatedan entire
36-bit memoryword for next hop information. As shown in
Table I, the total memoryutilization for eachvariationof the
data-structureis broken down into usagefor the TreeBitmap
andnext hopinformation.Notethatthesizeof theTreeBitmap
datastructureis reducedbyapproximately30%via thesplit-trie
optimization.

B. LookupRate

Two evaluationenvironmentsweresynthesized,oneinclud-
ing “single-trie” FIPL enginesand one including “split-trie”
FIPL engines.Eachevaluationenvironmentwasdownloadedto
theRAD FPGAof theFPXandsubjectedto aseriesof testvec-
tors. TheTreeBitmapdatastructuregeneratedfrom theMae-
West databaseof 27,609routeswas loadedinto the off-chip
SRAM. Theon-chipmemoryreadby theIP AddressGenerator
wasinitialized with 16,384IPv4 destinationaddressescreated
via randomselectionsfrom theroutetablesnapshot.Testruns
wereinitiatedusingcon�gurationsof 1 through8 engines.

Eachevaluationenvironmentwas�rst testedwith no inter-
veningupdates.Figure14plotsthenumberof lookupspersec-
ondversusthenumberof parallelFIPL enginesfor thesingle-
trie andsplit-trie versions. The theoreticalworst-caseperfor-
manceis alsoincludedfor reference.With no interveningup-
datetraf�c, lookup throughputfor the “single-trie” con�gura-
tion rangedfrom 1.46million lookupsper secondfor a single
FIPL engineto 10.09million lookupsper secondfor 8 FIPL
engines;an 11% increasein performanceover the theoretical
worst-case.Underidenticalconditions,lookup throughputfor
the“split-trie” con�gurationrangedfrom 1.58million lookups
per secondfor a single FIPL engine to 11 million lookups
per secondfor 8 FIPL engines;a 9% increasein performance
overthe“single-trie” con�guration.Averagelookuplatency for
“single-trie” FIPL enginesrangedfrom 656nsfor asingleFIPL
engineto 674 ns for 8 FIPL engines.Averagelookup latency
for “split-trie” FIPL enginesrangedfrom 603 ns for a single
FIPL engineto 619nsfor 8 FIPL engines.

In orderto evaluateperformanceunderupdateload,updates
weretransmittedto theevaluationenvironmentat variousrates
duringtestruns. Updatetraf�c consistedof analternatingpat-
tern of a 24-bit pre�x adda 24-bit pre�x delete. For the the
“single-trie” con�guration, the 24-bit pre�x add required25



TABLE I
MEMORY USAGE FOR THE TREE BITMAP DATA STRUCTURE AND NEXT HOP INFORMATION USING A SNAPSHOT OF THE MAE-WEST DATABASE FROM

MARCH 15, 2002 CONSISTING OF 27,609 ROUTES.

Type Total Total Next Hop Next Hop TreeBitmap TreeBitmap
(bytes) (bytes/pre�x) (bytes) (bytes/pre�x) (bytes) (bytes/pre�x)

Single-Trie 409,937 14.8 124,241 4.5 285,696 10.3
Split-Trie 298,822 10.8 124,241 4.5 174,582 6.3
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Fig. 14. FIPL performance:measurementsuseda snapshotof theMae-West
databasefrom March 15, 2002consistingof 27,609routes. Input IPv4 desti-
nationaddresseswerecreatedby randomlyselecting16,384pre®xesfrom the
Mae-Westdatabase.

memory write operationswhich were packed into 4 control
cells.The24-bitpre�x deleterequired14memorywrite opera-
tionswhichwerepackedinto 3 controlcells.For thethe“split-
trie” con�guration, the 24-bit pre�x addrequired21 memory
write operationswhich werepacked into 4 control cells. The
24-bitpre�x deleterequired12memorywrite operationswhich
werepacked into 2 control cells. Testrunswereexecutedfor
bothcon�gurationswith updatesratesrangingfrom 1,000up-
datesper secondto 1,000,000updatesper second. Note that
theupperendof therange,oneupdatepermicrosecond,repre-
sentsa highly unrealisticsituationasupdatefrequenciesrarely
exceed1,000updatespersecond.

Resultsof test runs of the “single-trie” FIPL con�guration
with interveningupdatetraf�c areshown in Figure15. Results
of testrunsof the“split-trie” FIPL con�gurationwith interven-
ing updatetraf�c areshown in Figure16. For bothcon�gura-
tions,updatefrequenciesup to 10,000updatespersecondhad
nonoticeableeffecton lookupthroughputperformance.For an
updatefrequency of 100,000updatesper second,the “single-
trie” con�gurationexhibitedamaximumperformancedegrada-
tion of 6.5%while the “split-trie” throughputwasreducedby
7.2%. For an updatefrequency of 1,000,000updatesper sec-
ond, the “single-trie” con�guration exhibiteda maximumper-
formancedegradationof 56%while the“split-trie” throughput
wasreducedby 58.9%.FIPL not only demonstratesno notice-
ableperformancedegradationundernormalupdateloads,but it
alsoremainsrobustunderexcessive updateloads.

0

1

2

3

4

5

6

7

8

9

10

11

12

1 2 3 4 5 6 7 8
# of FIPL engines

M
ill

io
ns

 o
f 

lo
ok

up
s 

pe
r 

se
co

nd

No updates

100,000 updates per second

1,000,000 updates per second

Fig. 15. FIPL performanceunderupdateload: measurementsusedasnapshot
of the Mae Westdatabasefrom March 15, 2002consistingof 27,609routes.
Input IPv4 destinationaddresseswere createdby randomlyselecting16,384
pre®xesfrom theMae-Westdatabase.Updatesconsistedof alternatingaddition
anddeletionof a24-bit pre®x.

0

1

2

3

4

5

6

7

8

9

10

11

12

1 2 3 4 5 6 7 8
# of FIPL engines

M
ill

io
ns

 o
f 

lo
ok

up
s 

pe
r 

se
co

nd

No updates

100,000 updates per second

1,000,000 updates per second

Fig.16. FIPL Split-Trie performanceunderupdateload:measurementsuseda
snapshotof theMaeWestdatabasefrom March15, 2002consistingof 27,609
routes. Input IPv4 destinationaddresseswerecreatedby randomlyselecting
16,384pre®xesfrom theMae-Westdatabase.Updatesconsistedof alternating
additionanddeletionof a24-bit pre®x.



Basedon the test results, a FIPL con�guration employ-
ing four parallel search engines was synthesizedfor the
WUGS/FPXresearchplatformin orderto support2 Gb/slinks.
Utilizing customtraf�c generatorsandbandwidthmonitoring
software, throughputfor minimum length packets was mea-
suredat 1.988 Gb/s. Note that the total systemthroughput
is limited by the 32-bit WUGS/FPX interface operatingat
62.5MHz. Additional testsinjectedrouteupdatesto measure
updateperformancewhile maintaining2 Gb/sof offeredlookup
traf�c. The FIPL con�guration experiencedonly 12% perfor-
mancedegradationat updateratesof 200,000updatespersec-
ond.

VI I . TOWARDS BETTER PERFORMANCE

Ongoingresearchefforts seekto leveragethe components
andinsightsgainedfrom implementingFastIP Lookup(FIPL)
on the openresearchplatformsdevelopedat WashingtonUni-
versity. The �rst effort works to increasethe performanceof
FIPL via designanddeviceoptimizations.Othereffortsseekto
increasetheperformanceandef�ciency of FIPL via datastruc-
tureoptimizationsto reduceoff-chip memoryaccesses.Finally,
FIPL searchenginesarebeingincorporatedinto aclassi�cation
androutelookupsystemfor themulti-servicerouterprojectat
WashingtonUniversity[3].

A. ImplementationOptimizations

Coupledwith advancesin FPGA device technology, imple-
mentationoptimizationsof critical pathsin theFIPL enginecir-
cuit hold promiseof increasingthe systemclock frequency in
orderto take full advantageof thememorybandwidthoffered
by modernSRAMs. ExistingDDR SRAMsarecapableof op-
eratingat 200MHz with theequivalentof two readoperations
percycle. Note thatmodernFPGAsarecapableof runningat
this frequency andno throughputis gainedvia anASIC imple-
mentationsinceoff-chip SRAM accessesarethe performance
bottleneck.Doublingof theclock frequency of FIPL, employ-
ing 16 engines,andusinga DDR SRAM directly translatesto
a factorof four increasein lookupperformanceto aguaranteed
worstcasethroughputof over36.4million lookupspersecond.

B. RootNodeExtension& Caching

By bothcachingtherootnodeandextendingits stridelength,
the numberof off-chip memoryaccessescanbe reduced.Ex-
tendingthe stride lengthof the root nodeincreasesthe num-
berof bits requiredfor theextendingpathsandinternalpre�x
bitmaps. The increasein the numberof extendingpathsalso
requiresa larger chunkof contiguousmemoryfor storingthe
child nodearray. In general,thenumberof bitmapbitsrequired
for a strideof lengthn is 2n +1 � 1. Themaximumnumberof
contiguousmemoryspacesneededfor the child nodearrayis
2n .

Selectingthe stride lengthfor the cachedroot nodemainly
dependsupon the amountof available on-chip memory and
logic. In the caseof ampleon-chipmemory, onewould still
want to boundthe stridelengthto prevent the amountof con-
tiguousmemoryspacesnecessaryfor thechild nodearrayfrom

Next Hop Next Hop Next HopNext Hop

Destination Address [31:i]

Fig. 17. Rootnodeextensionusinganon-chiparrayandmultiplesub-tries.

becomingtoo large. Selectionof a stride length which is a
factorof four plus one(i.e. 5, 9, 13, ...) provides the favor-
ablepropertyof implementingtheexactmatchcaseef�ciently .
Normally, the exact matchcaserequireseither the optimiza-
tion of nodesof deptheightor theadditionof leaf nodesstor-
ing a singlepre�x. Selectinga root nodestridelengthof eight
requiresextendingpathsandinternalpre�x bitmaplengthsof
8192and8191bits,respectively. Giventhatcurrentgenerations
of FPGAsimplement16kbblocksof memory, thebitmapstor-
agerequirementdoesnot seemprohibitively high. However,
the CountOnesandTreeSearch functionsconsumeexorbitant
amountsof logic for suchlargebitmaps.

Anotherapproachis to simply representtheroot nodeasan
on-chiparray indexed by the �rst i bits of the destinationad-
dress,wherei is determinedby the stride length of the root
node. As shown in 17, eacharray entry storesthe next hop
informationfor the best-matchingpre�x in the n-bit pathrep-
resentedby theindex, aswell asa pointerto anextendingpath
sub-tree.Searchessimply examinetheextendingpathsub-tree
pointerto seeif asub-treeexistsfor thegivenaddress.Thismay
bedoneby designatinga null pointervalueor usinga valid ex-
tendingpathbit. If no extendingpathsub-treeexists, thenext
hop informationstoredin theon-chiparrayentry is appliedto
the packet. If an extendingpathsub-treeexists, the extending
pathsub-treepointeris usedto fetchthe“root node”of theex-
tendingpath sub-treeand the searchcontinuesin the normal
TreeBitmapfashion.If nomatchingpre�x is foundin thesub-
tree,thenext hopinformationstoredin theon-chiparrayentry
is appliedto thepacket.

Obviously, theperformancegaincomesatthecostof on-chip
resourceusage.TableII shows thefollowing:

� ArraySize(AS): numberof arrayslots.
� On-chip Memory(On-CM): theamountof on-chipmem-

ory needed(in termsof bits andnumberof BlockRAMs
requiredin theVirtex-E targetdevice) in orderto allocate
therootnodearray.

� WorstCaseOff-chipMemoryAccesses(WCOff-CMA): the
amountof off-chip memoryrequiredto storesub-trees.

� Worst CaseThroughput(WCTp): millions of lookupsper
secondassuminga100MHzclock (T=10ns)and200MHz
clock (T=5ns).

Note it is assumedthat all sub-treepointersandnext hop in-
formation are 16-bits each. If more next-hop information is



TABLE II
MEMORY USAGE FOR ROOT NODE ARRAY OPTIMIZATION.

Stride(i) As On-CM(bits,BRAMs) WCOff-CMA WCTp(10ns,5ns)
4 16 512(1) 10 10,20
5 32 1024(1) 10 10,20
8 256 8,192(2) 9 11.1,22.2
9 512 16,384(4) 9 11.1,22.2
12 4096 131,072(32) 8 12.5,25
13 8192 262,144(64) 8 12.5,25

required,theon-chipmemorymaybescaledaccordinglyor the
informationmaybestoredoff-chip andthe16-bit �eld usedas
apointer.

Futureresearchwill seekto morefully characterizethis de-
signoptionby determiningthefollowing:

� On-chip MemoryUsage (On-CMU): thenumberandper-
centageof occupiedarrayslots.

� Off-chip MemoryUsage (Off-CMU): the amountof off-
chipmemoryrequiredto storesub-trees.

� Throughput(Tp): lookupspersecondwhenusinga back-
boneroutingtablesnapshot.

VI I I . CONCLUSIONS

IP addresslookup is one of the primary functions of the
routerandoftenis a signi�cant performancebottleneck.In re-
sponse,we have presentedthe Fast InternetProtocolLookup
(FIPL) architecturewhich utilizes EathertonandDittia's Tree
Bitmapalgorithm.Strikingafavorablebalancebetweenlookup
andupdateperformance,memoryef�ciency, andhardwarere-
sourceusage,eachFIPL enginesupportsover 500 Gb/s of
link traf�c while consumingless than 1% of available logic
resourcesand approximately10 bytes of memory per entry.
Utilizing only a fractionof a recon�gurablelogic device anda
singlecommoditySRAM, FIPL offersanattractive alternative
to expensivecommercialsolutionsemploying multipleContent
AddressableMemory(CAM) devicesandApplicationSpeci�c
IntegratedCircuits (ASICs). By providing high-performance
at low per-port costs,FIPL is a prime candidatefor System-
On-Chip(SoC)solutionsfor ef�cient next-generationInternet
routers.
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