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Abstract

After introductionof the Classlessnter-DomainRouting,
several high speedlongestprefix matchingroute lookup
algorithms were proposed. Among them, it is known
that multibit trie basedrouting tables, particularly the
technique<alled Controlled Prefix Expansion(CPE)and
SmartMulti-Array RoutingTable(SMART) havealow and
deterministicsearchcostof modestlyhighermemorycon-
sumption.Their searchcostis typically 3 to 4 routingtable
memoryaccessefor IPv4. However, no onecanusethem
without licensingsincethey are patentedor patentpend-
ing. This paperpresents new freely reusablemultibit trie
basedoutingtablecalled Allotment Routing Table (ART)
whichis asfastashoththe CPEandSMART. ThelPv4 per
formanceof oneART configurationis 10M lookupgsecfor
search800K routegsecfor insertion,and2.04Mroutegsec
for deletiononaPentiumlll 1GHzPC.Thisis 16timesin
searchb0%in insertion,4 timesin deletionasfastasthe
BSD radix with 3 timesmore memoryconsumption;an-
otherART configuratiorhasthe performancef morethan
8 timesin search,2 timesin inseartion,50% in deletion
asfastasthe BSD radix with lessmemoryconsumption.
This paperalsodescribeghe pathcompressiortiechnique.
Thealgorithmsof ART arein the public domain. The au-
thor's ART implementationandan ART implementation
in theKAME IPv6 stackfor theBSD kernelarealsofreely
reusable.

1 Intr oduction

It is importantto develop fastand scalablerouting table
algorithmsbecausehe size of the Internetrouting table
is growing rapidly [1] even after the introduction of the
Classlessnter-DomainRouting (CIDR) [2]. The number
of routesin acorerouteris almost100,0003] atthetime of
thiswriting. It is knownthatthemultibit trie based4] rout-
ing tableshave avery low anddeterministicsearchcost.In
particular techniquescalled Controlled Prefix Expansion
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(CPE)[6] andSmartMulti-Array RoutingTable(SMART)
[7] areeasyto implementassoftwaresincetheiralgorithms
arepretty simple. The problemis thatthe CPEis patented
[5] andthe SMART is patentpendingso that no onecan
usethemwithoutlicensing.

This paper describesa newv routing table algorithms
calledAllotmentRoutingTable(ART). TheART is afreely
usablemultibit trie basedroutingtable.

2 Algorithms

2.1 SingleLevel

Assumetheaddressdengthis 4 bits. We needa singlelevel
arrayto make an ART routingtablein this case.lt is easy
to extendthe singlelevel algorithmsto the multi-level al-
gorithmsthatsupportarbitraryaddresdength. Section2.2
describeshe multi-level algorithms.

Tablel shavs all the possible31 prefixesin this case.

Tablel: 4-BIT ADDRESSLENGTH PREFIXES

00 04 34 54 81 94 122 143
Ol Y4 42 63 82 103 123 144
02 23 43 64 83 104 124 154
O3 24 44 T4 84 1Y 134

Here,theleft handsideof '/’ representshedestinatiorad-
dressand the right handside of /' representghe prefix
length,respectiely. Note thatsomedestinationaddresses
canhave differentprefix lengths.For example,destination
address8 canhave prefixlengthl, 2, 3, or 4.

Now let usapplythefollowing mappingfunctionto each
prefix:

baselndg(w, a, )
return(a> w-1))+ (1 <)

Here,w is theaddress$engthin bit, ais theaddressandl is
thecorrespondingrefixlength,respectiely. For example,



w = 4,a = 8,andl = 1for prefix8/1. Letuscall thereturn
value of basdndex() baseindex. Figure 1 illustratesthe
operationof basd ndex().

prefix length (2) add ‘1’ to the right end
<>
0100 00101
| A
\"V“/ \_,V\/
address (4) base index (5)

Figurel: Operationof basd ndex()

Table2 shavs all the prefixesandtheir baseindices.

Table2: PREFIX (P) AND BASE INDEX (B)

P B P B P B P B
00 1 23 9 14 17 94 25
01 2 43 10 2/4 18 104 26
81 3 63 11 34 19 174 27
02 4 83 12 4/4 20 12/4 28
42 5 103 13 54 21 134 29
82 6 123 14 6/4 22 144 30

122 7 143 15 7/4 23 154 31
03 8 04 16 84 24

basd ndex() is one of two keys of the ART. Table 2
shaws that all the possibleroute pointerscanbe storedin
anarrayusingabaseindex asanarrayindex. At thesame
time, this arrayalsoformsa completebinarytreeasshaovn
in Figure2. In otherwords,basd ndex() mapsall the pos-
sible prefixesinto acompletebinarytree[8].
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Figure2: All prefixesmappednto completebinarytree

Let X be an array pointerand b a baseindex, respec-
tively. It is importantto notethat X[b > 1] alwayspoints
to the next mostspecificrouteof X[b] if it existsin Figure
2. This characteristiczontributesto the deletionperfor
manceof ART.

Letr bearoutepointer r—a bethe destinationaddress
of the route, r—I| be the correspondingprefix length, re-
spectvely. Note that the bottomindicesof the complete
binarytreerepresenall the possiblehostroutesin the ad-
dressspace Let uscall thebottomindicesof the complete
binarytreefringe indices. For example,indices16..31are
fringeindicesin Figure2. Whenaddress (0..15)is given,
thecorrespondindringeindex is obtainedby thefollowing
function:

fringelndex(w, a)
return baselndg(w, a, w).

Here,w is the addresdength (w = 4 in this example).
All the addressef0..15) have the one-to-onemappingre-
lationshipwith the correspondingdringe indices.

Insertinga routeto the ART is equalto allotting a new
routepointerto the correspondindpaseindex andall of its
child indicesthat do not have route pointersto more spe-
cific routes(seeFig. 3). As the resultof insertion, the
new routepointeris alsoallotedto thefringe indicescorre-
spondingto all the possibleaddressesf the new routeas
long asthosefringe indicesdo not point to more specific
routesthanthe new route.

Thatis why the routelookupfunctionof the singlelevel
ART is assimpleasfollows:

lookup.s(X, w, a)
return X[fringelndex(w, a)].

Deletingaroutepointedto by routepointerr from the ART
is equalto allotting the next mostspecificroute pointerto
theindiceswhosevalueisr.

Functionallot() in Algorithm 1 is anotherkey of the
ART. It allots a new route pointerr to baseindex b and
all thechild indicesof b thathave routepointerq.

Notethatfunctionallot() doesnot visit further child in-
diceswhenthe value of anindex is not equalto q since
it meanghatthereis at leastone more specificroutethan
the routepointedto by g. This featurepreventsredundant
checkingandincreaseghe insertionand deletion perfor
mance.

Algorithm 1: Allotting router (recursve)

Input: arraypointer: X, smallesffringeindexin X: t,
baseindex b, old routepointer: g, nex routepointer:r
Output:

allot(X,t, b, q,r)

(1) if X[b] = qthen X[b] = r elsereturn

(2) if b>tthenreturn/* bisafringeindex */

B be—bx1

(4) allot(X, b, g, r, t) /* Allot r to left children*/

(5) ++b

(6) allot(X, b, g, r,t) /* Allot r to right children*/

Section2.1.1,2.1.2,and2.1.3give theexamplesandthe
algorithmsof insertion,searchanddeletion,respectiely.



2.1.1 Insertion

Algorithm 2 shaws the insertionalgorithm for the single
level ART.

Algorithm 2: Insertionalgorithm(singlelevel)
Input: arraypointer: X, addresdength:w, addressa,
prefixlength:l, routepointer:r

Output: true if successfulfalseotherwise
inserts(X,w, a, I, r)

(1) b« baselndg(w, a,I)

(2) if ro-a= X[b]—»a andr—l = X[b]-l then
) return false/* Alreadyoccupied:/

(4) endif

(5) allot(X, 1 < w, b, X[b], r)

(6) returntrue

Let usseehow the ART insertionalgorithmworks with
examples. Assumethereis no routesin the ART andwe
inserta routeto prefix 12/2. The insertionprocessis as
follows:

1. insett_g() is calledasinsert_s(X, 4,12,2,12/2).
2. insert_g() callsallot() asallot(X, 16,7, A, 12/2).

3. allot() allotsroutepointer12/2 to index 7 andall of its
child indices(14,15,and28..31).

Here,A meansNULL pointer Figure3-1shavsthe ART
after the routeto prefix 12/2 is inserted. Now assumewve
inserta routeto prefix 14/3. The insertionprocesss as
follows:

1. insett_§() is calledasinsert_s(X, 4, 14, 3, 14/3)

2. insett_g() callsallot() asallot(X, 16, 15,12/2,14/3)
3. allot() setsX[15] to 14/2 sinceX[15] = 12/2.
4

. allot() visits the left child of index 15, which
means that allot() calls itself recursively as
allot(X, 16,30,12/2,14/3). The recursve call
sets X[30] to 14/3 and returnssinceindex 30 is a
fringeindex.

5. allot() visits the right child of index 15, which
means that allot() calls itself recursvely as
allot(X, 16,31,12/2,14/3). The recursve call
sets X[31] to 14/3 and returnssince index 31 is a
fringe index.

Figure 3-2 shavs the ART aftertherouteto prefix 14/3 is
inserted.Now assumewe inserta routeto prefix 8/1. The
insertionprocesss asfollows:

1. insett_g() is calledasinsert_s(X, 4, 8,1, 8/1)
2. insett_g() callsallot() asallot(X, 16,3, A, 8/1)

3. allot() setsX[3] to 8/1 sinceX][3] = A.

4. allot() visitstheleft child of index 3, whichmeanghat

allot() callsitself recursvely asallot(X, 16,6, A, 8/1).
The recursve call eventually allots route pointer 8/1
to index 6 andall of its child indices(12, 13, 24..17)
sincetheirvalueis A.

. allot() visits the right child of index 3, which

means that allot() calls itself recursively as
allot(X,16,7,A,8/1). The recursve call imme-
diately returnssincethe valueof X[7] is not equalto
A(which meansthat no child indicesof index 7 has
valueA).

Figure3-3shovsthe ART afterinsertingarouteto 8/1.
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Note: A prefix (e.g., 12/2) represents a route pointer to the prefix

Figure3: ART routeinsertionexample



2.1.2 Search

Algorithm 3 shavsthesearchalgorithmfor thesinglelevel
ART.

Algorithm 3: Searchalgorithm(singlelevel)

Input: arraypointer: X, addresdength: w, addressa
Output: Matchedroutepointer

lookup.s(X, w, a)

(1) return X[fringelndex(w, a)]

In this example Algorithm 3 becomessfollows:

lookups(X, 4, a)
return X[16 + al.

Thatis why lookup_s() returnsAwhena is 0..7,8/1 when
ais 8..9,12/2whenais 12..13,and14/3whena is 14..15,
respectiely.

2.1.3 Deletion

Algorithm 4 shows the deletionalgorithm for the single
level ART.

Algorithm 4: Deletionalgorithm(singlelevel)

Input: arraypointer: X, addresdength: w, addressa,
prefixlength:|

Output: Deleted route pointer if
Aotherwise

deletes(X, w, a, I)

(1) b « baselndg(w, a,l)

(2) if X[b] = A then

3) return A /* No suchroute*/

(4) endif

(5) allot(X, 1 < w, b, X[b], X[b> 1])
(6) returnr

successful,

Whenroutepointerr (whoseassociatedbaseindex is b) is
deleted,the value of indicesin which r is storedmustbe
replacedwith theroutepointerthatpointsto the next most
specificroute. This processs necessarjor all the multibit
trie basedoutingtables.In the ART, thenext mostspecific
routecanbealwaysobtainedvith onememoryaccessince
it is storedin X[b > 1]. In addition, deletingthe route
pointedto by r from the ART is equalto allotting X[b > 1]
to theindiceswhosevalueisr.

Let usseehow the ART deletionalgorithmworks with
anexample.Assumetherouteto prefix 12/2is deletedrom
the ART in Figure3-3. Thedeletionprocesss asfollows:

1. delek_g() is calledasdelee_s(X, 4, 12, 2).
2. delete_g() callsallot() asallot(X, 16,7,12/2,8/1).
3. allot() setsX[7] to 8/1 sinceX[7] = 12/2.

4. allot() visits the left child of index 7, which
means that allot() calls itself recursvely as
allot(X, 16,14,12/2,8/1). The recursve call
eventuallyallots routepointer8/1 to index 14 andall
of its child indices(28, 29) sincetheir valueis 12/2.

5. allot() visits the right child of index 7, which
means that allot() calls itself recursvely as
allot(X, 16,15,12/2,8/1). The recursve call im-
mediatelyreturnssincethevalueof X[15] is notequal
to 12/2 (which meansthat no child indicesof index
15hasvaluel2/2).

After therouteto 12/2 is deletedthe ART returnsto Figure
3-2.

2.2 Multiple Levels

Thesinglelevel ART describedn Section2.1 requiresan
array that has 2%*! indicesto supportaddressength w.
For example,an array that has 232! indicesis necessary
to build asinglelevel ART for IPv4, whichis notfeasible.
This problemcanbe solved by splitting the singleaddress
into multiple shortaddressed.et uscall thesplitaddresses
strides.This operationcorvertsa singlearrayinto a multi-
bit trie whereina stridebecomes searchkey ateachlevel.
Let s bethestridelengthatleveli (i.e.,w =3 s).

Now let us seehaow it works for IPv4 with anexample.
An |IP addresscan be split into 4 strideseachof whose
stridelengthis 8 bits. Figure4 shows a multi-level ART
with routesto 10/14,10.%/16,10.1.223,and11.1.2.231.

In the multi-level ART, eacharray elementhasa child
array pointer (say pn) in additionto a route pointer (say
pr). Let Xy[i] beindex i of array X atlevel n. If X,[i].pn
is not equalto A, a child array is connectedio index i
and there are one or multiple of more specificroutesin
the descendentirray(s). Function allot(), basdndex(),
and fringel ndex() describedn Section2.1 areapplicable
to the multi-level ART with no change. The multi-level
ART insertionalgorithmallocatesnew arraysif necessary
and calls insett_g(); likewise the deletionalgorithm calls
delete_s() andfreesarraysif necessaryThereis onething
to considerwhenextendingthe singlelevel searchto sup-
portmultiple levels;theremaybethelongestmatchingpre-
fix evenwhenthevalueof pr atafringeindexis A. Assume
IPv4 addresd.0.1.4.5is givento searchthe ART in Figure
4. Thesearchendsatindex 256+4 in thelevel 2 arraythat
hasroutepointersto 10.1.223. The valueof index 256+4
is A, butthelongestmatchingprefixto 10.1.4.5is 10.1/16.
Thatis why themulti-level lookupfunctionmustremember
thevalueof pr unlessit is A eachtime it visits a child ar
ray. Algorithm 5, 6, and7 shav theinsertion,deletion,and
searchalgorithmsfor the multi-level ART. In Algorithm 5,
6, index 0 is usedasa referencecounterthat containsthe
numberof pr and pnin the arraysincethe ART doesnot



useindex 0. Notethatthemulti-level ART doesnotusein- (12)while true

dex 1, either Thisis because routeassociatedvith index (13) ss« ss+ 9]

1is storedin the parentarray (14) s (r—ma> (wW-3s9)&((1 < sl[l]) -1)
(15) if r—l < ssthen break

puaaddresy 1. 1. 1. ] (16) | = fr.ingelndex(sl[l], )
: : : : (27) if X[i].pn= A then
v oo (18) X[i].pn « New Array /* arrayallocation*/
level O—l P : (19) X[0].pn « X[0].pn+ 1/* ref. countert/
~ o o (20) endif
(10425 ! (21) X« XJi].pn
e i =S S o (22) e l+1
| o toma[a] | : ; 223;enoWhiIe
A . A ~ ' ' 24
LU e @ s
» 256+q 10714 [A] | (101%% (26)if inserts(X, sl[I], s, r—I - ss, r) = true then
} 256+] 10.1/16 =t 1o (27)  X[0].pn<« X[0].pn+ 1/* new routeentry*/
SR | ehommg () reumie
T LTimiEE L Goreumiaise
evel 1 1256+4 A |A| o
(11.+%.%) E E
» _‘L level 2 ITﬁ
U 4L’y PR Algorithm 6: Deletionalgorithm(multi-level)
~ ~ Iev*eIS Input:  level O arraypointer: Xp, addresdength:w,
~ ~ a1.1.2%) stridelengtharraypointer:sl, destinatioraddressa,
| | 256+3 A | =——bl 1y correspondingrefix length: pl
prpn N R Output: true if successfulfalse otherwise
i j o RS deletéXo, w, sl, a, pl)
o 256+41112.231A (1) Array X « Xp /* level O array*/
256+311.1.2.2/34 1 (2) Array Xs\[0] « X /* parentarraypointers*/
, , ~ ~ (3) Int ss« 0/* stridelengthsummatiort/
Note: et (00, 100 represens S @ o sl
ntl < 0/ level *
(6) Inti « O/* index*/
Figure4: Multiple level ART for IPv4 (7) IntisV] /* parentindices*/
(8) RoutePointer
9)
(10)if a=0 and pl = Othen
Algorithm 5: Insertionalgorithm(multi-level) (12) if Xo[1].pr = A thenreturn false
Input:  level O arraypointer: Xp, addresdength:w, (12)  Xo[l].pr « A
stridelengtharraypointer: sl, routepointer:r (13) ReturnXe[1].pr
Output: true if successfulfalseotherwise (14)endif
inser(Xg, w, sl, r) (15)
(1) Intl « O/* level*/ (16)while true
(2) Inti /* arrayindex */ (17) ss« ss+sl[l]
(3) Int s/* stride*/ (18) s« (r—ma> (wW-s9)&((1 < sl[I]) -1)
(4) Int ss « 0/* stridelengthsummatiort/ (19) if pl < ssthenbreak
(5) Array X « Xp /* level 0 array*/ (20) i = fringelndex(sl[1], 9)
(6) (21) sl =i
(7) if r-a=0 andr—l| = 0then (22) if X[i].pn= A thenreturn false
(8) if X[1] # A thenreturn false (23) Xs\l] =X
9) X[1] « r /* defaultroute*/ (24) X« XJil.pn
(10) returntrue (25) lel+1

(11)endif (26)endwhile



(27)ss « ss—sl[I]

(28)r « deletes(X, s[[I], s, pl — ss)
(29)if r = A thenreturn false
(30)

(31)/* Freearray(s)if necessary/
(32)X[0].pn« X[0].pn—1

(33)if I > 0 and X[0].pn= Othen

(34) while true

(35) FreeX /* freecurrentarray*/
(36) | « | —1/* getparentevel */
(37) X « Xs\l] /* getparentarraypointer*/
(38) /* child arrayis deleted*/
(39) X[0].pn « X[0].pn—1

(40) if | <0 or X[0].pn> Othen
(42) returnr

(42) endif

(43) endwhile

(44)endif

(45)xeturnr

Algorithm 7: Searchalgorithm(multi-level)
Input:  level 0 arraypointer: Xo, addressength:w,
stridelengtharraypointer: sl, searctkey addressa
Output: longestprefix matchingroutepointeror A
searcliXo, w, sl, a)

(1) RoutePointeimr « Xg[1].pr

(2) Array X « Xg /* level 0 array*/

(3) Int ss « 0/* stridelengthsummatiort/

(4) Int s/* stride*/

(5) Intl « O/* level*/

(6) Inti « O/* index */

(1)

(8) while true

9) ss « ss+ sl[l]

(10) s« (a> (w—s9))&((1 < sl[l]) - 1)
(1) i = fringelndex(sl[I], 9)

(22) if X[i].pn# A then

(13) /* updatecurrentlongestmatchingroute*/
(14) if X[i].pr # A thenImr = X[i].pr
(15) X « X[i].pn

(16) l—1+1

(17) elseif X[i].pr # A then

(18) return X[i].pr

(19) else

(20) returnimr/* pr=pn=A*/
(21) endif

(22)endwhile

3 Comparisonwith Other Algorithms

As describedn Section2.1.3,whena routeis deleted,it
is necessaryor all the multibit trie basedoutingtablesto
find the next mostspecificroute for replacingthe deleted

route. The CPEpaper{6] doesnotaddresghisissueatall.
Assumethat thereis a routing tablethat hasthe routesto
1/4,2/4, ..., 15/4 (addresdengthis 4). Figure5 showvs the
routingtablebasedonthe CPE.

d A
1 14
A 24
IE
I
5 5i4
6 6/4
7174
g 84
J o9
1d  10/4
11 114
14 12/4
13 13/4
14 14/4
15 15/4

Figure5: Theworstcaseof deletionin CPE

Now assumehatthe routeto prefix 15/4 is deleted;the
next mostspecificrouteof 15/4 is A in this case.The CPE
paperdoesnot discusshow to find the next mostspecific
routeat deletionat all. The simplestway to find the next
mostspecificrouteis to backtrackhearrayindices.Hence,
it takes16 memoryaccesset find the next mostspecific
route in this example. On the other hand,the ART can
alwaysfind the next specificroutewith onememoryaccess
asdescribedn 2.1.3. The SMART canalsofind the next
specificroutewith onememoryaccess.

The CPEpaperdoesnotmentionhow to reducehenum-
berof redundantrrayindex visits, eithet As describedn
Section2.1,the ART doesnot visit arrayindicesthathave
theroutepointerspointingto morespecificroutesthanthe
insertedroutes.The SMART paper{7] discusseshisissue
andthe SMART doesnotvisit redundantrrayindices.

The ART hasanadwantageaboutstoringtheoverlapping
routes,which are the routeswhosedestinationaddresss
the sameand prefix lengthsare different. Fore example,
108,109, ..., 10/32 areoverlappingroutesin IPv4. The
arraysin the ART hasenoughindicesto storeall the pos-
sible prefixes so thatit doesnot require extra datastruc-
turesto storeoverlappingroutes. The CPEpaperdoesnot
discusshe overlappingroutesat all. The SMART creates
a linked list sortedin the descendingorder of the prefix
lengthandconnecit to anarrayelementwhenoverlapping
routesareinserted.This operatiorrequiresextra exception
checkingandhandling.

The ART hasa disadantageaboutthe numberof rout-
ing tableaccesseatinsertionanddeletioncomparedo the
CPEandSMART. The CPEandSMART requiresat maxi-
mum 2%~ memoryaccesstinsertionanddeletion(w: ad-
dresslength,l: prefix length). The ART requiresat maxi-
mum2%-+1 _ 1 memoryaccesst maximum.



4 Optimizations

This sectiondiscussesomeoptimizationtechniquego re-

ducememoryusageandto increasensertiorideletionper

formancethatthe authors ART implementatiorf11] uses.
Thesetechniquesregenericenoughto applyto any multi-

bit tries.

4.1 ElementConsolidation

Thedatastructuredescribedn Section2.2 hastwo pointers
(pr andpn) perarrayelement.Thesepointerscanbestored
in asinglelocationasshavn in Figure®.

—

0

0 this element points to a router]
1 this element points to the child arran)

Figure6: Consolidatedlement

The datastructurein Figure 6 is basedon the assumption
that neithera route entry nor an array startsat an odd ad-

dress. This techniquereduceshe array sizeto half. It is

possiblethat both pr and pn exist in the sameindex. For

example,index 256+1 of a level 1 arrayin Figure4 has
routepointerto 10.7/16 andchild arraypointet In sucha

case,pr is storedin index 1 of the child array (Figure7).

Remembemdex 1 is notused.

level 2
level 2

A A

level 3

array A pathcompressetinarytrie is oftenreferredto as
Patriciatrie [9].
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Figure7: Routesto 10.7/16and10.1.%24in ART

The algorithms that support element consolidation are
shavn in AppendixA.

4.2 Path Compression

Path compressioris a well-known trie compressioriech-
nigue. Theideais to removearraysthathave only onechild
array pointer (Figure 8). Let uscall suchan arraytransit

Figure8: Pathcompression

Path Compressiomeducesmemoryusageandincreases
searchperformancean somecaseshut not always. It de-
pendson the prefix lengthdistribution, addresgength,and
the pathlength. Anotherdrawbackof pathcompressioris
thatit is necessaryo comparethe searchkey with the key
in the matchedentry after a matchis found. AssumelPv4
addressl1.20.20.3s givento searchthe pathcompressed
ART in Figure 8. The searchsuccessfullyendsat index
256+ 3 of thelevel 3 arraysinceboth level 0 and 3 fringe
indicesof 11.20.20.3arethe sameasthoseof 11.1.2.231.
However, 11.1.2.231is not the correctdestinationprefix
to 11.20.20.3.Thatis why it is necessaryo comparewo
addressesfter a matchis found. This overheadbecomes



negligible if a pathis long enoughandtherearemary tran-

sit arraysin the path. On the other hand, this overhead
slows down the searchperformancavhena pathis shortor

the numberof transitarraysin the pathis small. Section
5 showvs how muchpathcompressiorns effective for 1Pv4

andIPv6.

TheART algorithmswith pathcompressiois notshavn
in this papelifor thespacaeasonput theentiresourcecode
canbeobtainedfrom [11].

4.3 Avoiding Recursion

Functionallot() is oneof two keys of the ART andit uses
recursion. Changingthe allot() algorithmfrom recursion
to loop increasesnsertionand deletionperformance.Al-

gorithm8 shows a non-recurste versionof allot() with el-
ementconsolidation.

Algorithm 8: Allotting router (non-recursie)

Input: arraypointer: X, smallestfringeindexin X: t,
baseindex: b, old routepointer: g, new routepointer:r
Output:

allot(X,t, b, q,r)

(1) ArrayPointerY

2) Intj<b

3)

(4) if j>tthen

(5) if (X[b]&1) = 1then

(6) Y « X[b]&(~1)

(7 if Y[1] =qthenY[1] «r
(8) elseif X[b] = qthen

9 X[b] «r

(10) endif

(11) return

(12)endif

(13)

(14) startChange:

(15) j«<jx1

(16) if j <tthengotononFringe
(17) /* Handlefringe indices*/

(18)  while true

(29) if (X[b]&1) = 1then

(20) Y « X[b]&(~1)

(22) if Y[1] =qthenY[1] «r
(22) elseif X[b] = gthen

(23) X[b] « r

(24) endif

(25) if (j&1) = 1 then goto moveUp
(26) je—j+1

(27) endwhile

(28)

(29) nonFringe:

(30) if X[]] = gthen gotostartChange

(31) moveOn:

(32) if (j&1) = 1then gotomoveUp

(33) j«j+1

(34) gotononFringe

(35) moveUp:

(36) jej>>1

(37)  X[j] « r /* Handlenon-fringenode*/
(38) if j # bthengotomoveOn

5 Measurementsand Comparison

This sectiondescribeshe performancef the ART by sim-
ulations. The simulationsare performedon a Pentiumill

1GHz CPU runningLinux 2.1.14. Theroutingtableused
for IPv4 simulationsis a combinationof the MAE East
routing table (42,366 routeson Aug. 17, 1999)[10] and
4,000randomlygeneratedouteswhoseprefix lengthsare
longerthan24. Thisis becaus¢helongestprefixlengthfor
inter-AS routeslik e storedin the MAE Eastrouting table
is 24 (Figure9). However, the routingtablesin large ISPs
have bothinter-AS routesandintra-ASroutes.Hence,t is
betterto usetheroutingtablethathasbothtypesof routes.
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Figure9: Routedistribution of MAE East(8/17/1999)

Theroutingtableusedfor IPv6 simulationsis generated
from the MAE Eastroutingtableasfollows:

1. TLA ID: a13-bitrandomnumber
2. NLA ID: leading24-bitof anlPv4 address

3. prefixlength: 24 + prefix lengthof the corresponding
IPv4 address

This is the hardesttonditionfrom the point of view of the
sizeof routingtable. In IPv6, the leading48 bits areused
for routingamongandwithin ISPs[12]. Thatis why there
is no needto look up morethan48 bits.



The sourcecodeandprefix datausedin this sectioncan
beobtainedfrom [11].

5.1 IPv4 Performance

Table3 shavsthelPv4 performanceomparisoramonghe
ART thatsupportssinglestridelengthdistribution whichis
16 bits for level 0, 8 bits for level 1 and 2 (say 16-8-8),
the ART that supportsarbitrary stride length distribution
(and configuredto the 16-8-8 stride length distribution),
SMART, CPE,andBSD radix [13]. Both ART implemen-
tationsuseelementonsolidation.

Table3: PERFORMANCECOMMRISON

Insertion Deletion Search
(K routegs) (K routegs) (M lookupgs)
ART-16-8-8 800 2041 10.00
ART 794 758 6.25
SMART 900 943 6.25
CPE 943 676 5.55
BSD Radix 544 515 0.63

All the routing tablesexcept BSD Radix hasthe 16-8-8 stride
length distribution. ART-16-8-8 supportsonly 16-8-8 stride
length distribution.  ART, SMART, and CPE supportarbitrary
stride length distribution and configuredto 16-8-8. RandomIP
addresseareusedfor searchafter46,366routesareinserted.

ART-16-8-8 hasthe bestperformancesinceit is specially
tunedfor thefixed stridelengthdistribution sothatit does
nothave ary loop. Thesearctperformancef ART is com-
parableto SMART and CPE. The reasonART haslower
insertion performancecomparedto SMART and CPE is
that the ART insertion algorithm requiresmore number
of memorywrites to an array comparedo the othertwo.
CPE hasthe leastdeletion performanceamongthree be-
causeof its overheadf findingthenext mostspecificroute.
SMART hasbetterdeletionperformancéhanART because
the SMART deletion algorithm requiresless number of
memorywritesthanthatthe ART deletionalgorithm.

Table4: MEMORY CONSUMPTION(MB)

ART-16-8-8 ART SMART CPE BSDRadix
17.07 17.07 1742 17.67 5.54

CPE usesalmostthe sameamountof memoryasART
and SMART even though it theoretically requires half
amountof memorycomparedo ART and SMART. This
is becaus€CPEdoesnot useelementconsolidation(paper
[6] doesnot mentionit either).

5.2 Stride Length Distribution and Perfor-
mance

5.2.1 IPv6

Figures10 to 13 shaw the simulationresultsaboutstride
length distribution and performancefor IPv6. The theo-
retical worst casecostof insertionanddeletionis mainly
controlledby the maximumstride length. The actualper
formancehoweverdepend®ntheprefixlengthdistribution
of the routingtable. As for the IPv6 routing table usedin
this paper morethan60% of theroutesin theroutingtable
hasprefix length48.

Theinsertionperformancencreasessthe stridelength
decreasespto somepoint (20-4x7for simpletrie, 16-4x8
for pathcompressettie) anddecreaseafterthat. It means
thatthe stridelengthfor the /48 prefixesis the mainfactor
atfirst, thenthe costof following a pathbecomeghe main
factor Theinsertionperformancef apathcompressettie
is higherthanthat of a simpletrie, particularlywhenthe
pathlengthbecomedonger This is because pathcom-
pressedrie usually allocatesonly one array at insertion.
On the otherhand,simpletrie may have to allocatemulti-
ple arraysatinsertion.

The deletion performanceof a simple trie sharply de-
creasessthe numberof stridesgrows. This suggestshat
the numberof routing table accesseat deletionincreases
asthe numberof stridesgrows, which meansthatthe pre-
fix lengthwithin an array becomedongerasthe number
of stridesgrows. The deletionperformancef a pathcom-
pressedrie alsodecreaseasthe numberof stridesgrows,
but thedegreeof decreasés modest.This suggestshatthe
path length factor also contributesto the deletionperfor
mance.

Thesearchperformancef a pathcompressettie is rel-
atively independenfrom the numberof strides.Thesearch
performanceof a simpletrie is alsorelatively independent
from thenumberof stridesupto 24-4x8,but it decreaseas
thenumberof stridesgrows afterthat. Theseresultsareun-
derstandablasthe characteristic®f pathcompressedrie
andsimpletrie.

Thememoryconsumptiorof bothtriesexponentiallyde-
creasesasthe numberof stride lengthincreases.One ex-
ceptionis 24-4x6becausédevel 0 arrayof 24-4x6requires
128MB of memory The memoryconsumptiorof a pass
compressettie is half aslargeasthatof a simpletrie when
thestridelengthof level O arrayis not 24.

The simulationresultsshowv thata pathcompressetrie
is betterthanasimpletrie in all aspectgor IPv6.
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5.2.2 IPv4

Figures14 to 17 showv the simulationresultsaboutstride
lengthdistribution andperformancdor IPv4. The simula-
tion resultsshav thata pathcompressettie doesnot have
ary advantagdo asimpletrie in all aspectdor IPv4. Actu-
ally thesimpletrie shavsbettemperformancén somecases.
It meanghatthe effectof passcompressiomighly depends
ontheaddresdength.

Thememoryconsumptiorof bothtriesexponentiallyde-
creasessthe numberof stridelengthincreasesn IPv4 as
well asIPv6. Pleasenotethatthesimpletrie with the8-4x6
stridelengthdistribution still has3.8 Mlookupg'secsearch
performancewhich is 6 timesfasterthanBSD radix, with
lessmemoryconsumption.
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6 Conclusion

This paperpresenteca multibit trie basedrouting table
calledART. This papershovedthatthe ART hasgoodper
formancefor all threerouting table operationswith both
theory and simulation. This paperalso shaved that for
IPv6, pathcompressiomeducesmemoryconsumptiorand
improvesthe performanceof all threerouting table oper
ations,and for IPv4, it doesnot have ary advantagego
all threeroutingtableoperations.The ART algorithmsare
freely usable. Therearetwo free ART implementations
availableasof thiswriting. Theoneis usedfor the simula-
tionsin this paper It supportsarbitraryaddresdengthand
prefix lengthdistribution. The otheris usedin the KAME
IPv6 protocolstackfor BSD kernels.
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Appendix

A Algorithms with Element Consolidation

Algorithm 9: Insertionalgorithm(singlelevel)
Input: arraypointer: X, addressength:w, addressa,
prefixlength:|, routepointer:r

Output: true if successfulfalseotherwise
inserts(X,w, a, I, r)

(1) RoutePointeq

)

(3) b« baselndg(w, a,I)

(4) if X[b]&1 = 0then

(5) a«< X[

(6) else

(1) a« (X[bl&(~1))1]

(8) endif

(9) if r-a=g—a andr—l =qg—-lthen
(10) return false/* Alreadyoccupied*/
(11)endif

(12)allot(X, 1 < w, b, g, r)

(13)return true

Algorithm 10: Deletionalgorithm(singlelevel)
Input: arraypointer: X, addresdength: w, addressa,
prefixlength:|

Output: Deleted route pointer if successful,
Aotherwise

deletes(X, w, a, 1)

(1) RoutePointer

)

(3) b « baselndg(w, a, 1)

(4) if X[b]&1 = O0then

(5) r — X[b]

(6) else

(7)1 (X[bl&(~1))[1]

(8) endif

(9) if r = Athen

(10) return A/* No suchroute*/

(11)endif

12)

(13)allot(X, t, b, r, X[b=>1])

(4)returnr



Algorithm 11: Insertionalgorithm(multi-level)
Input:  level 0 arraypointer: Xo, addressength:w,
stridelengtharraypointer: sl, routepointer:r
Output: true if successfulfalse otherwise
inser{Xgp, w, sl, r)

(1) RoutePointeq

(2) Inti/* arrayindex */

(3) Int s/* stride*/

(4) Intl « O/* level*/

(5) Int ss « 0/* stridelengthsummatiort/

(6) Array X « Xq/* level O array*/

(1)

(8) if r-a=0 andr—I| =0then

(9) if X[1] # A thenreturn false

(10)  X[1] = r /* defaultroute*/

(11) returntrue

(12)endif

(13)

(14)while true

(15) ss« ss+ s[l]

(16) s« (r—ma> (W-s9)&((1 < sl[I]) -1)
(17) if r—l < ssthen break

(18) i = fringelndex(sl[1], 9)

(29) if X[i]&1 = Othen

(20) g = X[i]&(~1) /* saveroutepointer*/
(22) X[i] « New Array |1 /* arrayallocation*/
(22) (X[il&(~1)[] =q

(23) X[0] « X[O] + 1 /* ref. counter*/
(24) endif

(25) X« X]i]&(~1)

(26) le1+1
(27)endwhile
(28)

(29)ss « ss— s[l]

(30)if inserts(X, sl[l], s,r—| —ss, r) = true then
(31) X[O] « X[0] + 1/* new routeentry*/
(32) returntrue

(33)endif

(34)return false

Algorithm 12: Deletionalgorithm(multi-level)
Input:  level 0 arraypointer: Xo, addressength:w,
stridelengtharraypointer:sl, destinatioraddressa,
correspondingprefix length: pl

Output: true if successfulfalseotherwise
deletéXo, w, sl, a, pl)

(1) Array X « Xp /* level 0 array*/

(2) Array Xs\[0] « X /* parentarraypointers*/

(3) Int ss « 0/* stridelengthsummatiort/

(4) Int s/* stride*/

(5) Intl « O/* level*/

(6) Inti « O/* index */

(7) Intis\] /* parentindices*/

(8) RoutePointer

9)

(20)if a=0 and pl = Othen

(12) if Xo[1] = A thenreturn false
(12)  Xo[1] « A

(13) ReturnXg[1]

(14)endif

(15)

(16)while true

(A7) ss« ss+ sl[l]

(18) s« (r—a> (w-s9)&((1 < sl[l]) - 1)
(19) if pl < ssthen break

(20) i = fringelndex(sl[1], 9)

(21) sl =i

(22) if (X[i]&1 = Othenreturn false
(23) Xs\l] = X[i]&(~1)

(24) X« Xs\l]

25) lel+1
(26)endwhile
(27)

(28)ss « ss— s[l]

(29) « deletes(X, sl[I], s,pl - ss)
(30)if r = A thenreturn false

(31)

(32)/* Freerouteentryandarrays*/
(33)X[0] « X[0] -1

(34)if | > 0 and X[0] = Othen
(35) while true

(36) FreeX /* freecurrentarray*/
(37) | « | —1/* getparentevel */
(38) X « Xs\l] /* getparentarraypointer*/

(39) /* child arrayis deleted*/
(40) X[0] « X[0] -1

(41) if 1 <0 or X[0] > Othen
(42) returnr

(43) endif

(44) endwhile

(45)endif

(46)returnr

Algorithm 13: Searchalgorithm

Input:  level 0 arraypointer: Xo, addressength:w,
stridelengtharraypointer: sl, searchkey addressa
Output: longestprefix matchingroutepointeror A
searcliXo, w, sl, a)

(1) RoutePointetmr « Xp[1]

(2) Array X « Xp /* level O array*/

(3) Int ss « 0/* stridelengthsummatiort/

(4) Int s/* stride*/

(5) Intl « O/* level*/

(6) Inti « O/* index*/



(7) while true

(8) ss « ss+ sl

9 S (a> (wW-:s9))&((1 < sl[l]) - 1)
(20) i = fringelndex(sl[1], 9)

(11) if X[i]J&1 = 1then

(12) /* updatecurrentlongestmatchingroute*/
(13) r— (X[i]&(~1))[1]
(14) if r#Athenlmr=r
(15) X« X[i]&(~1)

(16) l—1+1

(17) elseif X[i]&(~1) = 0then
(18) return Imr

(19) else

(20) return X[i]

(21) endif

(22)endwhile

B Analysis of Algorithms

The compleity of all threerouting table operationds in-
dependenbnthenumberof routesin the ART. Insteadthe
compleity of all threedependson the stride length dis-
tribution, which is the maximumstride length (say Snax)
andthe numberof strides(sayNs). Theinsertionanddele-
tion time mostlydepend®n theamountof memoryaccess
in allot(). Thatis why both operationsare O(2%=). The
searchtimeis proportionalto thenumberof strides.Thatis
why thesearchs O(Ns). Table5 shovsthemaximumnum-
ber of routing table memoryaccesse$or insertion,dele-
tion, andsearch.

Table5: COMPLEXITY OF ART

Insertion Deletion Search
el i(= 28me — 1) Y me iy ](= 25=) 2N

No arrayshave therouteswhosearray-localprefixlengthis

0 in themulti-level ART asdescribedn Section2.2. That
is why the summationendsat snx — 1. Deletionrequires
one morerouting table memoryaccesgo obtainthe next

mostspecificroutepointerin additionto the samenumber
of memoryaccesseasinsertion.Searclrequireswo rout-

ing memoryaccesseperlevel; oneis theroute pointerac-
cesstheotheris the currentlongestmatchingroutepointer
access.



