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Abstract

It is known thatthe routingtablebasedon multibit trie, in otherwords, multiple levels of
arrays(hereaftelet us call it MART, Multi-Array Routing Table)hasa very low anddeter
ministic searctcostof modestlyhighermemoryconsumptiorcomparedo otherroutingtable
approachesThe searchcostof MART is typically 2 to 4 routing table memoryaccessefor
IPv4. MART hasthe additionalbenefitsthatit is easyto implementin hardware andits de-
terminismallows for pipeliningroutelookupsin hardware. The primary dravbackof MART
is thatupdateoperationspnamelyaddinganddeletingroutes,arehighly costly relative to the
route lookup operation. In particular MART hasa problemat deletionwhich no paperhas
addressedThis paperproposesan extensionto MART, called“Smart Multi-Array Routing
Table”or just SMART, which givesasolutionfor thisissue.SMART notonly hasthelow cost
anddeterminismof routelookupshbut alsoprovideslow costroute updateoperationswhich
alwayshave lower than 256 routing table memoryaccessesegardlesof boththe numberof
routesin theroutingtableandthe prefixlengthfor IPv4.

1This work wasperformedwhile the authorwaswith MAYAN Networks, Corp.,SanJose CA
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1 Introduction

The size of the Internetrouting tableis growing rapidly [1] even after the introductionof CIDR
(Classlesdnter-Domain Routing) [2]. The numberof routesin a corerouteris almost100,000
[3] asof thiswriting. In addition,the routinginstability [4] is becominga seriousproblem. This
problemis also called ‘route flap’. The route flap often causesdeletingand addingthe entire
setof BGP (Border Gatavay Protocol)routes. It is importantto enhancenot only route lookup
performanceéout alsorouteupdateperformancéecauselow routeupdatemay causearouteflap
storm.

It is known that MART hasa very low anddeterministicsearchcost. For example,the route
lookupcostof aMART implementatiorby PankajGupta,StevenLin, andNick McKeowvn [5] is 2
memoryaccesses theworstcase However, theirMART implementatiorhasaseriousdravback,
which is its highly expensve updatecost. It needs32M routing table memoryaccesse$16M
readsand 16M writes) to adda singleroutein the worst case. Another MART implementation
by SrinivasanandVarghesd6] hasmuchbetterworst caseupdatecost,but it still doesnot solve
a problemof MART at route deletion. Actually, neitherpaperdiscusseghe problemof route
deletionatall. In this paperthe authorfirst discusseshe problemof MART at routedeletionand
thenintroducesa new routingtabledesigncalledSMART (SmartMulti-Array RoutingTable)that
solvesthe problem.SMART is anextensionof MART andits routeupdatecostis alwayssmaller
than256 routingtablememoryaccesse€l28writesand127reads).

2 Previous Work

Figurel shovsanexampleof simpleMART. The MART in Figurel consistf 3 levelsof arrays.
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Figurel: SimpleMulti-Array RoutingTable

Thelevel 0 array X, is indexedby the mostsignificant16 bits of the searchkey IPv4 addressand
has64K elements.Thelevel 1 array X, is indexed by bit 8..150f the searchkey IP addressand
has256 elementsThelevel 2 array X, is indexed by the leastsignificant8 bits of the searchkey

IPv4 addressaindhas256elementsin otherwords,eachlP addres€anbemappedo oneelement
of thearraysof level 0, level 1, or level 2. Hereafterlet uscall thebit lengthusedto index anarray
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ateachlevel stridelength. andlet S; bethe stridelengthatleveli. In Figurel, S is 16, .5, is 8,
andSs, is 8 respectiely. Let W bethebit lengthof IP addresgWV = 32 in the caseof IPv4) then
W = Zgr;%mLevel SZ

Whenarouteis inserted all of the array elementf the routing tablethat correspondo the
destinationP prefix of theinsertedroutearesetto pointto thatroute. For example thedestination
IP prefix of routeA in Figurelis 10.1.1.128/25Thatis why theelementgrom 128to 255in array
X3, which arecorrespondingo 10.1.1.128/25have pointersto route A. The MART in Figurel
alwaysfinishesalookupwithin 3 routingtablememoryaccesses.

Assumeanew route‘route B’ whosedestinationP prefixis 10/8is to beinsertedo theMART
in Figurel. Figure2 shows a pseudocodeto addrouteB to theroutingtablein Figurel. Figure
2 indicatesthatit takes16M (256x 256x 256) routing tablememoryreadsand16M routingtable
memorywritesto addoneentryin theworstcase.

(1) fori=10x 256+ 1t010 x 256 + 255

(2) if X,[¢] is connectedo alevel 1 arraythen
3) Level 1 array X; = Xg[i]
4) for j =01t0255
(5) if X1[j] is connectedo alevel 2 arraythen
(6) Level 2 array X, = X, [j]
(7) for k = 0t0255
(8) if Xo[k] == NULL or prefixlengthof theroutepointedto
by X,[k] < 8 then
(9) X,[k] = B
(10) endif
(11) endfor
(12) elseif X;[j] == NULL or prefixlengthof theroutepointedto
by Xi[j] < 8 then
(13) Xij]=B
(14) endif
(15) endfor
(16) elseif Xy[i] == NULL or prefix lengthof the route pointedto by
Xo[i] < 8then
a7) X[i]=B
(18) endif
(19) endfor

Figure2: InsertingRoute10/8to MART in Figurel

An ideacalled'ControlledPrefixExpansionin apapelby SrinivasarandVarghesd6] reduces
the route updatecostof MART. Hereaftey let us call their MART implementationMART-CPE.
MART-CPE hastwo pointersper element. The one pointer (say pC PFE) pointsto the longest-
matchingrouteassociateavith theelement.Theotherpointer(sayp Next) pointsto thenext level
arrayif it exists. The MART in Figure 1 and2 spreadsa pointerto the longest-matchingoute
all overtheroutingtable.In contrast MART-CPEspreads pointerto thelongest-matchingoute
only within anarray Figure3 shovsthe MART-CPEroutingtablethathasroute A androuteB.
ThereasorMART-CPEdoesnot have to spreada pointerall over theroutingtableis that MART-
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Figure3: MART with ControlledPrefix Expansion

CPE preparesa variablecalled BM P and updatesBM P with the value of pC'PE eachtime
MART-CPEVvisits a deepelevel arrayat routelookup. Therouteinsertioncostof MART-CPEis
256 memoryaccesses theworstcase.

Assumenow routeA is to beremoved. In thecaseof theroutingtablein Figurel, thepointers
of elementl28to 255 of thelevel 2 arraymustbe replacedwith the new longest-matchingoute
afterrouteA is removed, whichis routeB. In the caseof theroutingtablein Figure3, pC'PFE of
elementl28to 2550f thelevel 2 arraymustbereplacedvith thenew longest-matchingouteafter
routeA is removed,whichis NULL. Neitherthe paperby Gupta,Lin, andMcKeown [5] nor the
paperby SrinivasanandVarghesg6] discusse$iow to find the new longest-matchingoutethat
replacesherouteto bedeleted.Thesimplestway is to backtrackhroughthe arrayelementgand
arraysin the caseof MART). This processs expensve. The simplebacktracktakes254 memory
accessen theworstcaseevenin MART-CPE.

SMART solvesthis backtrackingoroblemof MART at routedeletion. SMART alwaysfinds
therouteto bereplacedwith therouteto be deletedat onememoryaccessvithoutary backtrack-
ing. In summarythe performancef threeroutingtablesis asfollows:

Search Insert Deletion

MART fast slow slow
MART-CPE fast fast slow
SMART fast fast fast

3 SMART

First, let usdefinesometerminologies.The baseindex is the smallestarrayindex thatmatchesa
route. For example the baseindex of routeA is 128. Saythatindex j is aboveindex i if thereare
routesX andY suchthat: is thebaseindex of X, j is thebaseindex of Y, andY is a prefix of X,
andj # i. Theindicesabove: areobtainedby removing 1 bits from right to left. For example,
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theindicesabove 11 (00001011)are10(00001010)8 (00001000)andO. If index 7 hasl 1 bits,
therearel — 1 indicesabove:.

3.1 Data Structure

Figure4 shavsthearrayelementstructureof SMART.

| pDef | pLM | pNext |

Figure4: SMART Array Element

A SMART arrayelement atlevel [ hasthefollowing 3 pointers:

e X[i].pLM pointsto thelongestmatchingroutewhosebaseindex is 7, or NULL if thereis
no suchroute.

e Xi[i].pDef pointsto the longestmatchingroutewhosebaseindex is above i, or NULL if
thereis no suchroute. Let uscall theroutepointedto by pDe f elementdefault route.

e X[i].pNext pointsto thenext level arraycorrespondingo index i atlevel .
Eachrouteentryrt Ent hasatleastthefollowing fields:

e rtEnt.dest indicateshedestinationP addres®f theroute
e rtEnt.plen indicateshe prefix lengthof theroute

e rtEnt.pNext pointsto the longestmatchingroutewhosebaseindex is the sameasthat of
rtEnt but whoseprefix lengthis shorterthanrt Ent—plen, or NULL if thereis no such
route.

ThertEnt.pNext field is necessaryo handleoverlappingroutes which have thesamedestination
IP addressandthe differentprefix lengths.For example,10/8,10/9,10/10,. . . 10/32areoverlap-
ping routes.Overlappingrouteshave the samebaseindex sincetheir destinationP addresseare
thesame. SMART makesa singly linkedlist of overlappingroutesusingrtEnt.pNext field. The
linkedoverlappingroutesaresortedaccordingo thedescendingrderof their prefixlengthswhen
theroutesareinsertedor deletedsothatno extra searchcostis introduced.Neitherpaper[5] nor
paper6] discussefiow to processverlappingroutes.

3.2 Routelnsertion

Supposeave usearoutingtablefor IPv4 whosestridelengthsareasfollows: S, = 16, .S; = 8, and
Sy = 8. Assumethereareno routesin the routingtable,thena routewhosedestination P prefix
is 10.1.4/22(sayrouteC) is inserted.Therouteinsertionprocessn this caseis asfollows:

1. Alevel 1 array(say.X,) is allocatedandcleared.

2. Xo[10 x 256 + 1].pNext = X;
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3. X,[4].pLM = C
4. X,[5..7).pDef = C

Figure5 shavslevel 1 array X, afterrouteC isinserted.

Contents
pDef | pLM | pNext
NULL | NULL | NULL
NULL | NULL | NULL
NULL | NULL | NULL
NULL | NULL | NULL
NULL C NULL
C NULL | NULL
C NULL | NULL
C NULL | NULL
NULL | NULL | NULL

Element

o

SO NO| O AW N

255 NULL | NULL | NULL

C:10.1.4/22

Figure5: Level 1 Array X, After InsertingRouteC (10.1.4/22)

Notethat X, [4].pDef doesnotpointto routeC. X, [4].pDe f mustbeoneof thefollowing 2 values
by definition:

1. X:[0].pLM unlessX;[0].pLM is NULL
2. NULL if X,[0].pLM is NULL.

X;[4].pDef is kept NULL since X;[0].pLM is NULL. X;[4].pDef cannotbe setto eitherthe
valueof X[1].pLM orthevalueof X;[3].pLM sincetheir prefixlengthsmustbe24. X [4].pDe f
cannotbe setto thevalueof X, [2|pLM, eithersinceits prefix lengthmustbe 23 or 24. Actually,
thereis no needto updateX;[:].pDe f whenanew routeis insertedo X;[i|.pLM (index i of array
X atlevell). X;[i].pDef is automaticallyupdatedvhenalessspecificroutethantheroutepointed
to by X;[i].pL M is inserted.

Assumenow aroutewhosedestinatiorP prefixis 10.1/20(sayrouteD) is inserted.Theroute
insertionprocessn this caseis asfollows:

1. X;[0].pLM = D

2. X[1..15].pDef aresetto D if their valueis NULL or the prefix lengthof the route pointed
to by eachof themis shorterthan20.

X;[5..7).pDef donotchangesincethey arepointingto routeC andthe prefix lengthof routeC is
22. Figure6 shonsthelevel 1 arrayafterrouteD is inserted.
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Contents

Element pDef | pLM | pNet
0 NULL D NULL
1 D NULL | NULL
2 D NULL | NULL
3 D NULL | NULL
4 D C NULL
5 C NULL | NULL
6 C NULL | NULL
7 C NULL | NULL
8 D NULL | NULL
15 D NULL | NULL
16 NULL | NULL | NULL
255 NULL | NULL | NULL

C:10.1.4/22
D: 10.1/20

Figure6: Level 1 Array X, After InsertingRouteD (10.1/20)

Assumenow a route whosedestinationlP prefix 10.1.4/23(sayroute H) is inserted. The base
index of routeH is 4, but X, [4].pLM alreadyhasa pointerto routeC. Therouteinsertionprocess
in this caseis asfollows:

1. H—pNext = X1[4].pLM
2. X\[AlpLM = H
3. Xi[5l.pDef = H

X;[5].pDef is setto H sincetheprefixlengthof routeH is longerthanthatof therouteoriginally
storedin X;[5].pDef, whichis routeC. Figure7 shavsthelevel 1 array X; afterrouteH is added.

Assumenow aroutewhosedestinationP prefixis 10/8 (routeB) is inserted.In this case the
routeinsertionprocesss asfollows:

1. X,[10 x 256].pLM = B

2. X([(10 x 256 + 1)..(10 x 256 4 255)].pDef = B sincetheirvalueis NULL.

Note that neitherlevel 1 nor level 2 arrayis accessedFigure 8 shavs the whole SMART after
routeB is inserted.

Figure9 shavs a pseudocode of the commonfunctionsusedfor the SMART routing table
operationsAlgorithm 1 shavs arotueinsertionpseudacodefor SMART.



SMART — SmartMulti-Array RoutingTable, Yoichi Hariguchi(2001/04/1(at 18:35)

X1
(level 1)
NULL| D [NULL
NULL |NULL
NULL |NULL
NULL |NULL
H [NuLL
NULL |NULL
NULL |NULL
NULL |NULL
NULL |NULL

H

o~NoO O~ WNEO

OOOT[OOIO0

D

101420\

L d
Az M Az

D [nutL]nuL]15

Az Az

I—, 255

route destination
C 10.1.4/22

D 10.1/20
H 10.1/23

Figure7: Level 1 Array X, After InsertingRouteH (10.1.4/23)
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Input: prefixlengthplen

Output: thefinal level correspondingo ipa
finalLevel(plen)

Q) Intlevel =0

(2) Intlen=0

(3) whiletrue

(4) len = len + Siewer ¥ Siever 1S thestridelengthatlevel level */
(5) if plen < len then return level

(6) ++level

(7)  endwhile

Input: IP addresslest andcorrespondindevel level
Output: baseindex of dest atlevel level
baselndg(dest, level)

Q) Inti=0

(2) Intlen=0

(3) whilel < level

(4) len = len + S
(5) ++1
(6) endwhile

(7)  /* W isbitlengthof IP addresg/
(8) return (dest >> (W — len))&(25-1 — 1)

Input: prefixlengthplen

Output: numberof indicescorrespondingo plen - 1
getNscanglen)

Q) Intlen=0

(2) Intlevel =0

(3) whiletrue

(4) len = len + Sieper

(5) if plen < len then break
(6) ++level

(7)  endwhile

(8)  return 2ten-rien) _ 1

Figure9: CommonFunctionsfor SMART RouteOperations
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Algorithm 1: SMART RoutelnsertionAlgorithm

Input: pointerto arouteentryto beinsertedp Rt Ent

Output: falseif thereis the sameprefixin table,othevisetrue
inser{pRtEnt)

(1) /* Allocatenew array(s)if necessary/

(2) Intlevel =0

3) Int 7, nScan, nSkip

(4) RoutePointep, ¢

(5) Array X = X, /* level O array*/

(6) whilelevel < finalLevel(pRtEnt—splen)

(7 i = baselnde(pRtEnt—dest, level)

(8) if X[i].pNext == NULL then

(9) X[i].pNext = New Array

(20) ++X.nEnt I* numberof entriesin array X */
(11) endif

(12) X = X[i].pNext

(13) ++level

(14) endwhile

(15)

(16) /* InsertpRtEnt to array X */

(17) ++X.nEnt

(18) i = baselndr(pRtEnt—dest, level)

(19) p=X[i].pLM

(200 ¢=NULL

(21) whilep # NULL and p—plen > pRtEnt—plen

(22)  q=p
(23) p = p—pNext
(24) endwhile

(25) if p# NULL and p—plen == pRtEnt—plen then
(26) becopy/(pRtEnt, p, sizeof (xp))

(27) return false

(28) endif

(29) if g== NULL then

(30) if p== NULL then

(31) X[i].pLM = pRtEnt

(32) pRtEnt—pNext = NULL
(33) goto Update

(34) else

(35) q= X[i].pLM

(36) endif

(37) endif

(38) ¢g—pNext = pRtEnt
(39) pRtEnt—pNext =p

9
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(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)

(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)
(47)

I* UpdateX [i].pDef */
Update:
nScan = getNsca(pRt Ent—plen)
++1
whilenScan > 0
if X[i].pDef == NULL or pRtEnt—plen > X[i|.pDef—plen then
X[i].pDef = pRtEnt
endif
[* Skip elementswhose elementdefault route is more specific than
«xpRtEnt */
if X[i].pLM == NULL then
nSkip =1
else
nSkip = getNsca(X [i].pL M —plen) + 1
endif
t =1+ nSkip
nScan = nScan — nSkip
endwhile
return true

Thetheoreticamaximumnumberof routingtablememoryaccesstrouteinsertionis 251 —1
atleveli. Thisvalueis 255 (128writesand127read)in the casethatthe stridelengthof anarray

is 8.

The simplestimplementatiorvisits all the array elementsassociatedvith the nev routeand
checksthe route pointedto by pDef, but it is not necessary Whena route poineris storedin
X[i].pLM, in otherwords, X;[i].pLM is notNULL, thereis no needto checkthevalueof pDe f
of the arrayelementsrom i to i + getNscan(X;[i|.pLM—plen) — 1 sincethe prefix lengthsof
theseroutesarealwayslongerthanthatof thenew route. It meanghatthenumberof routingtable
memoryaccessesanbereducedvhenroutesareinsertedn thedescendentrderof prefixlength.
Thisissueis discussedn Section6.
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3.3

Search

Algorithm 2 shavs aroutelookup pseudacodefor SMART.

Algorithm 2: SMART RouteSearchAlgorithm

Input: IP addresspa asasearchkey

Output: pointerto thelongestprefix matchingrouteto ipa, or NULL if thereis no
suchroute

searchipa)

(1) RoutePointepBest = NULL [* pointerto longestmatchingroute*/

(2) Array X = X, /* level O array*/

(3) Intlevel =0

4) Inti=0

(5) whiletrue

(6) i = baselnde(ipa, level)

@) if X[i].pLM # NULL then

(8) pBest = X[i].pLM

9) elseif X[i].pDef # NULL then
(20) pBest = X[i].pDef

(112) endif

(12) if X[i].pNext == NULL then return pBest
(13) X = X[i].pNext

(14) ++level

(15) endwhile

Thefollowing is anexampleto searchtheroutingtableshavnin Figure8for IP addres40.1.17.1:

6.

VariablepBest is initialized to NULL.

. Array X is setto Xj.

. Array elementX [10 x 256 + 1] is accessethBest is setto B sinceX[10 x 256 + 1].pDe f

is equalto B.

. Array X is setto X [10 x 256 + 1].pNext.

. Array elementX [17] isaccessedlhevalueof p Best doesnotchangesinceboth X [17].p LM

and X [17].pDef areNULL.

pBest, whichis pointingto routeB, is returnedsince X [17].pNext is NULL.

Eachtime an elementof a deeperlevel arrayis visited, it is necessaryo updatelocal variable
pBest with eitherpLM or pDef of the visited elementunlessboth are NULL asdescribedn

Algorithm 2. This is becausehe route pointedto by one of thesepointersbecomeghe longest
matchingroutewhenall 3 pointers(pLM, pDef, andpNext) of the elementin the next level

arrayareNULL. It meanghatthesearchcostof SMART is 3 timesasexpensve asthe MART in

Figurel in theworstcasesinceSMART requires3 memoryreadsper elementvisit. In contrast,
MART needsonememoryreadper elementvisit. The differenceof the searchcostbetweenthe
two is howeververy smallin reality. Thisis because:
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1. If onepointeris in the CPU cacheor the cacheof searchhardware, other2 pointersare
alsoin the cachein the mostof casessincethese3 pointersareconnectedThatis why the
possibilitiesare: 1) all 3 pointersarein the cache,2) noneof 3 pointersis in the cache.In
casel, thecostof 2 morememoryaccessess thesameasthatof 2 moreregisterinstructions.
In case2, the costof 2 more memoryaccessess neggligible sincethe costof loading 3
pointersinto thecacheis morethan10timesasexpensve asthatof 2 morecacheaccesses.
Thatis why the costof 2 morememoryaccesses attheworst2 moreregisterinstructions.

2. Itis possibleto malke it parallelto updatep Best andcheckX [i].pNext in hardware.

3. Thereis awayto reducethe numberof membergerelemenfrom 3to 2. Thisoptimization
of thebasicSMART is discussedn Section4.

The simulationresultof the searchperformancdor MART, MART-CPE,and SMART is shavn
in section6.

3.4 Route Deletion

Whena route (let us call it route Q) is deleted,it is necessaryo updateall the array elements
thathave a pointerto routeQ throughoutheroutingtablein MART. In contrast MART-CPEand
SMART requireto updateonly the elementsn the samearrayin which pointersto routeQ were
stored.

Theupdateconsistof two parts. Theoneis to find theroutethatreplacesouteQ. Let uscall it
routeR. RouteR mustbethe secondongest-matchingouteof thedestinatiorlP addres®f route
Q. Theotheris to replacethe pointervaluein all the necessargrrayelementsasdescribedabove.
As we saw in section2, it is expensveto find routeR in bothMART andMART-CPEsinceit is
necessaryo backtrackhroughthearrayelementgandarraysin the caseof MART). SMART can
alwaysfind routeR with onememoryaccessSuppose pointerto routeQ is storedin X [i].pL M.
A pointerto RouteR is alwaysstoredin either X [i].pDef (in thecaseQ—pNext == NULL) or
Q—pNext (in thecaseQQ—pNext # NULL) becausanelementdefault routealwayspointsto
the secondongest-matchingouteof the associate@lementoy definition.

Algorithm 3 shavs aroutedeletionpseudacodefor SMART.
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Algorithm 3: SMART RouteDeletionAlgorithm
Input: DestinationlP addresspa andthe correspondingprefix lengthplen
Output: trueif successptherwisefalse
delete{pa, plen)

(1) Array X = X, /* level O array*/

(2)  Array save|0] = X [* for freeingarrays*/
(3) RoutePointep, ¢

(4) Intlevel =0

(5) Inti=0

(6) IntnScan

(7)  I* Getthelevel wheretherouteis to be stored*/
(8)  whilelevel < finalLevel(plen)

(9) i = baselnde(ipa, level)

(20) if X[i].pNext == NULL then break
(11) X = X[i].pNext

(12) ++level

(13) savellevel] = X

(14) endwhile

(15)

(16) /* Checkif thereis amatchingroute*/
(17) i = baselndr(ipa, level)

(18) p= X[i].pLM

(19) whilep # NULL

(20) if p—plen == plen then goto Dolt

(21)  gq=p
(22) p = p—pNext
(23) endwhile

(24) return false

13
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(25) Dolt;

(26) /* Remorethematchingroute*/
(27) if p== X[i].pLM then

(28) X|[i].pLM = p—pNexzxt

(29) ese

(30) g—pNext = p—pNext

(31) endif

(32) /* Gettheroutefor replacingthedeletedroute*/
(33) if p—»pNext == NULL then
(34) q = X|i].pDef

(35) dse

(36) g = p—pNext

(37) endif

(38)

(39) /* UpdateX|i|.pDef *I

(40) nScan = getNscafplen)

(41) ++i

(42) whilenScan >0

(43) if X[i].pDef == pthen

(44) X[i].pDef = q

(45) endif

(46) [* Skip elementsvhoseelemenidefault routeis morespecificthanxp */
(47) if X[i].pLM == NULL then

(48) nSkip =1

(49) else

(50) nSkip = getNsca(X [i].pLM —plen) + 1
(51) endif

(52) i =1+ nSkip
(53) nScan = nScan — nSkip

(54) endwhile

(55)

(56) /* Freerouteentryandarrays*/
(57) Freep

(58) whilelevel >0

(59) ——X.nEnt

(60) if X.nEnt # 0then returntrue
(61) FreeX

(62) ——level

(63) X = savellevel]

(64) X[baselndg(ipa, level)|.pNext = NULL
(65) endwhile

(66) ——X.nEnt /* Don't freelevel O array*/
(67) returntrue

The maximumnumberof routingtablememoryaccessn Algorithm 3is 2%-! — 1 atleveli. This
valueis 255 (128writesand127read)in the casethatthe stridelengthof anarrayis 8.
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Sameasthe caseof routeinsertion,it is notnecessaryo visit all thearrayelementsassociated
with the routeto be deletedwhen X [i].pL M is not NULL. It meansthatthe numberof routing
table memoryaccessesanbe reducedwhenroutesare deletedin the ascendenobrderof prefix
length. Thisissueis discussedn Section6.

4 Optimization

The basicSMART routing table operationsare describedn the previous section. This section
discusseanoptimizationto basicSMART, particularlyhow to reducehe memoryusageandhow
to increasdhesearchperformance.

A basicSMART arrayelementas3 membergFigure4). This structuresimplifiestherouting
tableoperationsput requiresalot of memory pL M andpNext canbe consolidatedasshavn in
Figure10 by usingtheleastsignificant2 bits of pDef astheunionidentifierof pNext.

4

10
pDef | |

pNext

v

00 pNextpoints to nothing
01 pNextpoints to a route

10 pNextpoints to a next level array

Figurel10: OptimizedSmartArray Element

This enhancemergares 33% of memoryper element. It alsoreduceshe worst casesearch
costfrom 3 to 2 routingtablememoryaccesseperelementisit. However, it causeshefollowing
‘moving routes’problem. Assumethe situationin Figure11-1. The SMART in Figure11-1has
only oneroute,which is route E whosedestinationP prefixis 10/15. Assumenow a new route
(sayroute F) whosedestinationlP prefix is 10.0.1/24is to be insertedto the table. The route
insertingfunctionhasto:

1. moverouteE from thelevel O arrayto thelevel 1 arrayasshowvn Figure11-2
2. updatetheelementdefaultroute.

This meanghe elementdefault routemay be spreadover multiple arrays.In this case the maxi-
mum numberof routingtableaccesbecome®®: — 1 atlevels.

However, it is possibleto keepthe maximumnumberof routingtableacces2%~! — 1. Note
thattheworstcaseatlevel i happen®nly whenX; ;[baselnde(pNew Route—dest,i—1)]|.pLM
movesdown to X;[0].pLM. Here,pNew Route is a pointerto the newly insertedroute. In this
case,X;[0].pLM can be storedin X;[0].pDef insteadof spreadingit to X;[1..2% — 1].pDef
sinceX;[0].pDef is never used.Let uscall this routetabledefault route. The table default route
is checled whenthe searchfunction visits array element; at level 7, andboth X;[j].pDef and
X;[j]-pLM areequalto NULL. The table default route methodkeepsthe route the updatecost
2%-1 _ 1, Thedrawback,however, is thatthe tabledefault routemethodrequiresan extra check
whena pointerto the elementdefault routeis NULL.
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level 0

0
A Az

2560(10.0)nuL| E
2561(10.1) E [NuLL

[ [

65535

route destination

E 10/15
1)
level O
0 level 1
T iy E table default route
2560(10.0)NuLL »NnuLL| E [O
2561(101 E NULL| F |1

Q

Az

_
_

65535

255

route destination
E 10/15

F 10.0.1/24

(2)

Figurell: Moving a Route

5 Cost Comparison

Tablel shovsthemaximumnumberof routingtablememoryaccesse@MAX-RTA) of therouting
tableoperationamongMART, MART-CPE,and SMART. SMART-TD is animplementatiorof
SMART thatusesthetabledefault routemethod.Let ususeW for thelengthof anaddresge.g.,
32for IPv4, 64 for IPv6[7]), N for the numberof sequenceflevels),ands; for thestride length
ataleveli array

| Algorithm | Search| Insertion | Deletion |
MTRT N eI te% | LTS + 211, 2%
MTRT-CPE | 2N 2(2%) S; +2(2%)
SMART 2N 2S; 14 285;
SMART-TD 2N S; 14+ 5;

Tablel: MaximumNumberof RoutingTableMemory Accesse$MAX-RTA)

In Deletion, the left hand side numbershavs the maximumnumberof routing table memory
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accessew searchfor the secondongestmatchingroutethatreplacesherouteto be deletedthe
right handsidenumbershowns the maximumnumberof routing tablememoryaccesset update
anarrayatlevel i.

5.1 Search

MAX-RTA of MART is NV becausdt requiressinglememoryaccesgperarrayvisit.

MAX-RTA of MART-CPEis 2N becauset requires2 memoryaccessefreadingpCPEand
pNext) perarrayvisit.

MAX-RTA of SMART depend®ntheimplementationslt is 3N in thecaseof 3 memberger
elementand2N in the caseof 2 membergerelement.However, thereis no differencebetween
MART andSMART in reality. Thisis shovn in Section6.

5.2 Insertion

MAX-RTA of MART is 25 becausét spreads pointerall overtheroutingtable.it is necessary
to multiply 2 becaus®ART hasto readthepointerof aroutefirst, thenit writesadifferentpointer
if necessary

MAX-RTA of MART-CPEIis 2S5; becausét spreads pointerwithin anarray

5.3 Dedetion

The paper[5] doesnot describehow to find the secondongestmatchingrouteatall. MAX-RTA
of thesimplestMART is N'.S; + 2S5/,

The paper[6] doesnot describehow to find the secondongestmatchingrouteat all. MAX-
RTA of thesimplestMART-CPEis S; + 2S5;.

MAX-RTA of SMART is 1 + 25;. It becomed + S; whenthetabledefault methodis used.

6 Simulation and Observed Results

Theauthorperformedhefollowing 4 simulations:
e Simulationl: performanceinderarouteflap
e Simulation2: deletionperformancaindersteadystate
e Simulation3: tablesizeandperformance.

e Simulation4: randomrouteupdatevs. sortedrouteupdate

MART, MART-CPE,and SMART usedin the above simulationshave 3 levels andtheir stride
lengthsare S, = 16, S; = 8, andS, = 8. Thesimulationis performedon a machinethathasthe
following specifications:

e CPU: AMD Athlon 600MHz
e Memory: 128MB
e OS: Linux 2.2.14

e Compiler: egcs-2.91.66
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6.1 Simulation 1. Performance under a Route Flap

This simulationsimulatedall 3 routingtableoperationsyhich areinsertion,deletion,andlookup,
for the BSD radix implementatior[8], a MART implementationa MART-CPEimplementation,
anda SMART implementatiorthathas2 membergperarrayelement.Thereasorthe authorused
sampleMART and MART-CPEimplementationss thattherewasno sourcecodeof MART and
MART-CPEavailable. MAE-EAST routingtable[3] on Aug. 17, 1999is usedasthe sourceof
BGProutes.Thisroutingtablehas42,366routesand95 routeshave the prefix lengthlongerthan
24. 2,000randomrouteswhoseprefix lengthis longerthan24 arealsocreatedandareinsertedto
theroutingtableasthe sourceof IGP (Interior Gatevay Protocol)routes. This is becauseVAE-
EAST routingtabledoesnot have IGP routeswhoseprefix lengthsareusuallylongerthan24. It is
importantto includethe IGP routeswhoseprefix lengthis longerthan24 becausét significantly
increaseshe numberof bothlevel 1 arrayandlevel 2 array(seeTable6). Oneshouldnotignore
IGP routesat simulationbecauset is commonthat ISP (InternetServiceProvider) routershave
both BGP and IGP routesin their routing tablesin the real world, andagain,the prefix lengths
of mostof the IGP routesarelongerthan24. Table2 shaws the prefix lengthdistribution of the
routingtableusedfor the simulation.

prefix | number prefix | number prefix | number
length of length of length of
routes routes routes
8 20 17 496 25 435
9 3 18 1081 26 438
10 3 19 3285 27 407
11 9 20 1723 28 406
12 21 21 2082 29 406
13 42 22 2790 30 3
14 110 23 3582
15 184 24 21971
16 4869

Total Numberof Routes:44,366

Table2: PrefixLengthDistribution

Thesimulationprocess:

randomlyinserts44,366routesto theroutingtable
looksup 100,000randomlIP addresses theroutingtable

randomlydeletesall 44,366routesfrom theroutingtable

A W NP

repeatsl to 3 for 100times.

Thesimulationinserts Jooksup, anddeletesoutesrandomlysothatary orderdependengffectis
avoided.

Table3 shavsthe simulationresultof thetreeroutingtableimplementations.

Table4 shows the distribution of the numberof backtrackto find the secondongestmatching
routein MART-CPEatdeletion.
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search| insert | delete | memory
(usfroute) | (usfroute) | (us/route) | USE(MB)

BSDRadix | 2.00 | 4.06 | 3.61 5.54

MART 0.20 | 2.03 | 3.83 9.98
MART-CPE| 0.20 | 1.13 | 2.03 17.42
SMART 0.20 | 1.35 | 1.35 17.42

SMART-TD | 0.20 | 1.13 1.13 17.42

Thevaluesin psaretheaverageof 44,366randominsertion/deletiomnd100,000randomlP addressel®okup.

Thememoryuseis whenthereare44,366routesin thetable.
The simplebacktrackingmethodis usedin MART andMART-CPEfor deletion.
SMART-TD useshetabledefaultroutemethod.

Table3: Performancef BSD Radix, MART, MART-CPE,andSMART

numberof | numberof o
0

backtracks routes
0 2,051 4.6
1 32,581| 73.4
2 .. 9 7,371| 16.6
10 .. 19 584| 1.3
10 .. 39 778 1.8
40 .. 59 120| 0.3
60 .. 99 535| 1.2
100 .. 255 346| 0.8

Table4: BacktrackingNumberDistribution (MART-CPE)

6.2 Simulation 2: Deletion Performance under Steady State

The purposeof this simulationis to comparethe deletionperformancéoetweerMART-CPEand
SMART undertheconditionthatnot mary routesaredeletedat onetime. Thesimulationprocess:

1. randomlyinserts44,366routesto theroutingtable

2. looksup 1,000randomlP addressem theroutingtable
3. randomlydeleteslO routesfrom theroutingtable

4. repeat and3 for 10times.

Table6.2 showvs theresultof Simulation2.

| | delete(us/route)]

MART 2.35
SMART-TD 1.81

Table5: RouteDeletionPerformanceinderSteadyState
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6.3 Simulation 3: Table Size and Perfor mance

Table6 shavstheperformancalifferencebetweertwo routingtablestheone(MAE-EAST) is the
pure MAE-EAST routingtablethathasonly 95 routeswhoseprefix lengthis longerthan24, the
other(MAE-EAST+) is atablewhich hasall the MAE-EAST routesplus2,000randomlycreated
routeswhoseprefix lengthis longerthan24.

level 1 | level2 | search| insert | delete
array | array | (usfroute) | (us/route) | (us/route)
waeeast | 3,441 64 0.20 | 094 | 094
MAE-EAST+ 5,299 2,064 0.20 1.13 1.13
[ diff.(%) | 53.99] 3,125] 0.00 | 20.21 | 20.21|

e MAE-EAST has42,366routesand95 routes’prefix lengthis longerthan24

¢ MAE-EAST+ has2,000more routeswhoseprefix lengthis longerthan 24 in additionto the MAE-EAST
routingtable

Table6: TableSizeandPerformance

6.4 Simulation 4. Random Route Update vs. Sorted Route Update
Table7 showvsthe performancalifferencebetweerthe following two cases:
1. 44,366routesareinsertedanddeletecdrandomly

2. 44,366routesareinsertedaccordingo thedescendingrderof the prefixlengthanddeleted
accordingto theascendingrderof the prefix length.

The IP addresseshat have the sameprefix length are insertedand deletedrandomly Search
performances measureavith 100,000randomlIP addresse®okup.

search| insert | delete
(us/route) | (us/route) | (us/route)
random| 0.20 1.13 1.13
sorted 0.20 0.68 0.68

Table7: UpdateOrderandPerformance

6.5 Observed Results

The simulationresultsshawv the following things:

1. SMART has79.6%asfastasMART-CPEin deletionunderrouteflap eventhough78% of
thesecondongestmatchingroutesarefoundwith 0 or 1 backtracking.Thisis because:

(a) ‘while’ loop overheads notnegligible
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(b) mary memoryaccesseBappereventhoughthepercentagef longbacktrackings low
(about22.0%).

This resultshavs that SMART is muchbetterthanMART-CPEwhena routeflap happens
althoughSMART hasfew advantagesagainstMART-CPEIn the steadystate.

2. SMART-TE has29.8% as fast as MART-CPE in deletionunder steadystate. It means
SMART deletionperformances alwaysbetterthanthatof MART-CPE.

3. SMART is morethan10timesin searchmorethan3 timesin insertionanddeletionasfast
asBSD radix whenthe table default methodis applied. On the otherhand, SMART uses
morethan3 timesasmuchmemoryasBSD radix.

4. Thereis no differencein searchperformanceamongMART, MART-CPE, SMART, and
SMART with thetabledefault routemethod.This resultsuggestshatall the savedelement
default route andthe table default route arein the cache. It is quite possiblebecausehe
Athlon CPUhas64K bytelL1 datacache.

5. SMART improvesrouteinsertionanddeletionperformancecomparedo MART. SMART
is almosttwice in routeinsertion,morethan 3 timesin deletionasfastasthe traditional
MART.

6. Therouteinsertionanddeletionperformancemproves16% whenthetabledefault method
is used. This resultsuggestshat the costof accessinghe whole array affectsthe perfor
mance. Actually, the numberof routeswhoseprefix lengthis 24 is large (21,971). These
routesmoveto thelevel 2 arrayswhenmorespecificroutesexist andit is necessaryo access
thewholearrayelementainlesshetabledefault routeis applied.

7. Neitherthe numberof routesnor the numberof deeplevel arraysseriouslyaffectstheroute
updateperformance.The numberof routesincreasedalmost54%, the numberof level 2
arrayincreased?2timesin Table6. However, therouteupdatecostchangds lessthan17%.
Thisis anexpectedresultof the SMART routeupdatealgorithm.

8. Whenarouteflap happensthe performanceof bothinsertionanddeletionincreasesbout
66% in the casetheseroutesare sortedin SMART. Modernroutersusually have two rout-
ing tables. Oneis ownedby the controllerthat handlesrouting protocolsandthe otheris
ownedby the paclet forwarder The controllercalculatesoutesanddownloadsthemto the
forwarders routing table. The updateperformanceof the forwarderincreasesabout66%
whenthe controllersortsroutesaccordingto the prefix lengthand downloadsthemto the
forwarder It is inexpensveto sortroutesaccordingo only the prefix length.

The simulationresultshows thatthe performanceof SMART is pretty goodfor all 3 routing
tableoperations.Furthermoreijt is easyto implementthe SMART searchin hardwareandmake
it pipelined.The searchperformancéecomesinglememoryaccesspeedn this case.

7 Conclusions

It is importantto keepthe routeupdatecostlow in orderto quickly recover from routeflaps. The
numberof IGP routeswhoseprefix lengthis longerthan 24 is not neggligible, either The route
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updatecostof simple MART is 32M andmorerouting tablememoryaccesses the worstcase.
Theauthorpresente@ nenv multi-arrayroutingtablecalledSMART (SmartMulti-Array Routing
Table) whoseroute updatecostis always lessthan2%~! — 1 routing table memory accesses.
SMART doesnot spreadroute pointersall over the routing table. Instead,eachSMART array
elementhasanelemendefaultroute,whichis thesecondongest-matchingouteof theassociated
arrayelement.ln theory theelementefaultrouteaffectsthesearchperformancebut it doesnotin
reality. The SMART searclcostbecome®nememoryaccessvhenit is implementedn hardware
with pipelining. Theauthorshovedthat SMART is 79.6%fastethanMART-CPEin deletionand
the SMART searclcostis practicallythe sameasthatof simpleMART by simulation. Theauthor
alsoshovedthat SMART is 10timesin searchmorethan3 timesin insertionanddeletionasfast
asthe BSD radix treeroutingtableby simulation.
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