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Abstract
After introductionof the ClasslessInter-DomainRouting,
several high speedlongestprefix matchingroute lookup
algorithms were proposed. Among them, it is known
that multibit trie basedrouting tables, particularly the
techniquescalledControlledPrefix Expansion(CPE)and
SmartMulti-Array RoutingTable(SMART) havealow and
deterministicsearchcostof modestlyhighermemorycon-
sumption.Theirsearchcostis typically 3 to 4 routingtable
memoryaccessesfor IPv4. However, no onecanusethem
without licensingsincethey arepatentedor patentpend-
ing. This paperpresentsa new freely reusablemultibit trie
basedroutingtablecalledAllotment RoutingTable(ART)
whichis asfastasboththeCPEandSMART. TheIPv4per-
formanceof oneART configurationis 10M lookups� secfor
search,800Kroutes� secfor insertion,and2.04Mroutes� sec
for deletionon a PentiumIII 1GHzPC.This is 16 timesin
search,50%in insertion,4 timesin deletionasfastasthe
BSD radix with 3 timesmore memoryconsumption;an-
otherART configurationhastheperformanceof morethan
8 times in search,2 times in inseartion,50% in deletion
as fastas the BSD radix with lessmemoryconsumption.
This paperalsodescribesthepathcompressiontechnique.
Thealgorithmsof ART arein thepublic domain. Theau-
thor’s ART implementationsandan ART implementation
in theKAME IPv6stackfor theBSDkernelarealsofreely
reusable.

1 Intr oduction

It is important to develop fast and scalablerouting table
algorithmsbecausethe size of the Internet routing table
is growing rapidly [1] even after the introductionof the
ClasslessInter-DomainRouting(CIDR) [2]. The number
of routesin acorerouteris almost100,000[3] atthetimeof
thiswriting. It is knownthatthemultibit trie based[4] rout-
ing tableshaveavery low anddeterministicsearchcost.In
particular, techniquescalled ControlledPrefix Expansion
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(CPE)[6] andSmartMulti-Array RoutingTable(SMART)
[7] areeasyto implementassoftwaresincetheiralgorithms
areprettysimple.Theproblemis that theCPEis patented
[5] andthe SMART is patentpendingso that no onecan
usethemwithout licensing.

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

2 Algorithms

2.1 SingleLevel

Assumetheaddresslengthis 4 bits. We needasinglelevel
arrayto make anART routing tablein this case.It is easy
to extendthe singlelevel algorithmsto the multi-level al-
gorithmsthatsupportarbitraryaddresslength.Section2.2
describesthemulti-level algorithms.

Table1 showsall thepossible31prefixesin this case.

Table1: 4-BIT ADDRESSLENGTH PREFIXES

0� 0 0� 4 3� 4 5� 4 8� 1 9� 4 12� 2 14� 3
0� 1 1� 4 4� 2 6� 3 8� 2 10� 3 12� 3 14� 4
0� 2 2� 3 4� 3 6� 4 8� 3 10� 4 12� 4 15� 4
0� 3 2� 4 4� 4 7� 4 8� 4 11� 4 13� 4

Here,theleft handsideof ‘ � ’ representsthedestinationad-
dressand the right handside of ‘ � ’ representsthe prefix
length,respectively. Note thatsomedestinationaddresses
canhave di � erentprefix lengths.For example,destination
address8 canhaveprefix length1, 2, 3, or 4.

Now let usapplythefollowing mappingfunctionto each
prefix:

baseIndex(w, a, l)
return (a � (w � l)) � (1 � l)

Here,w is theaddresslengthin bit, a is theaddress,andl is
thecorrespondingprefix length,respectively. For example,



w � 4, a � 8, andl � 1 for prefix8� 1. Let uscall thereturn
valueof baseIndex() baseindex. Figure 1 illustratesthe
operationof baseIndex().

0100 00101

prefix length (2)

address (4) base index (5)

add ‘1’ to the right end

Figure1: Operationof baseIndex()

Table2 showsall theprefixesandtheir baseindices.

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

P B
0� 0 1
0� 1 2
8� 1 3
0� 2 4
4� 2 5
8� 2 6

12� 2 7
0� 3 8

P B
2� 3 9
4� 3 10
6� 3 11
8� 3 12

10� 3 13
12� 3 14
14� 3 15
0� 4 16

P B
1� 4 17
2� 4 18
3� 4 19
4� 4 20
5� 4 21
6� 4 22
7� 4 23
8� 4 24

P B
9� 4 25

10� 4 26
11� 4 27
12� 4 28
13� 4 29
14� 4 30
15� 4 31

baseIndex() is one of two keys of the ART. Table 2
shows that all the possibleroutepointerscanbe storedin
anarrayusinga baseindex asanarrayindex. At thesame
time, thisarrayalsoformsacompletebinarytreeasshown
in Figure2. In otherwords,baseIndex() mapsall thepos-
sibleprefixesinto acompletebinarytree[8].
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Figure2: All prefixesmappedinto completebinarytree

Let X be an array pointer and b a baseindex, respec-
tively. It is importantto notethatX[b � 1] alwayspoints
to thenext mostspecificrouteof X[b] if it existsin Figure
2. This characteristicscontributesto the deletionperfor-
manceof ART.

Let r bea routepointer, r � a bethedestinationaddress
of the route, r � l be the correspondingprefix length, re-
spectively. Note that the bottom indicesof the complete
binary treerepresentall thepossiblehostroutesin thead-
dressspace.Let uscall thebottomindicesof thecomplete
binary treefringe indices.For example,indices16..31are
fringe indicesin Figure2. Whenaddressa (0..15)is given,
thecorrespondingfringeindex is obtainedby thefollowing
function:

fringeIndex(w, a)
return baseIndex(w, a, w).

Here,w is the addresslength(w � 4 in this example).
All the addresses(0..15)have the one-to-onemappingre-
lationshipwith thecorrespondingfringe indices.

Insertinga routeto the ART is equalto allotting a new
routepointerto thecorrespondingbaseindex andall of its
child indicesthat do not have routepointersto morespe-
cific routes(seeFig. 3). As the result of insertion, the
new routepointeris alsoallotedto thefringe indicescorre-
spondingto all the possibleaddressesof the new routeas
long asthosefringe indicesdo not point to morespecific
routesthanthenew route.

Thatis why theroutelookupfunctionof thesinglelevel
ART is assimpleasfollows:

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

Deletingaroutepointedto by routepointerr from theART
is equalto allotting thenext mostspecificroutepointerto
theindiceswhosevalueis r.

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

Note that functionallot() doesnot visit furtherchild in-
diceswhen the value of an index is not equalto q since
it meansthat thereis at leastonemorespecificroutethan
theroutepointedto by q. This featurepreventsredundant
checkingand increasesthe insertionand deletionperfor-
mance.

Algorithm 1: Allotting router (recursive)
Input: arraypointer:X, smallestfringe index in X: t,
baseindex b, old routepointer:q, new routepointer:r
Output:
allot(X, t, b, q, r)
(1) if X[b] � q then X[b] � r elsereturn
(2) if b � t then return � * b is a fringe index * �
(3) b � b � 1
(4) allot(X, b, q, r, t) � * Allot r to left children* �
(5) ��� b
(6) allot(X, b, q, r, t) � * Allot r to right children* �

Section2.1.1,2.1.2,and2.1.3give theexamplesandthe
algorithmsof insertion,search,anddeletion,respectively.



2.1.1 Insertion

Algorithm 2 shows the insertionalgorithm for the single
level ART.

Algorithm 2: Insertionalgorithm(singlelevel)
Input: arraypointer:X, addresslength:w, address:a,
prefix length: l, routepointer:r
Output: true if successful,falseotherwise
insert s(X, w, a, l, r)
(1) b � baseIndex(w� a� l)
(2) if r � a � X[b] � a and r � l � X[b] � l then
(3) return false � * Alreadyoccupied* �
(4) endif
(5) allot(X, 1 � w, b, X[b], r)
(6) return true

Let usseehow theART insertionalgorithmworkswith
examples. Assumethereis no routesin the ART andwe
insert a route to prefix 12� 2. The insertionprocessis as
follows:

1. insert s() is calledasinsert s(X� 4� 12� 2� 12 2).

2. insert s() callsallot() asallot(X� 16� 7�"!#� 12 2).

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

Here, ! meansNULL pointer. Figure3-1 shows theART
after the routeto prefix 12� 2 is inserted.Now assumewe
insert a route to prefix 14� 3. The insertionprocessis as
follows:

1. insert s() is calledasinsert s(X� 4� 14� 3� 14 3)

2. insert s() 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 recursive call
sets X[30] to 14� 3 and returnssince index 30 is a
fringe index.

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

Figure3-2 shows theART after the routeto prefix 14� 3 is
inserted.Now assumewe inserta routeto prefix 8� 1. The
insertionprocessis asfollows:

1. insert s() is calledasinsert s(X� 4� 8� 1� 8 1)

2. insert s() callsallot() asallot(X� 16� 3�"!#� 8 1)

3. allot() setsX[3] to 8� 1 sinceX[3] �$! .

4. allot() visitstheleft child of index 3,whichmeansthat
allot() callsitself recursively asallot(X� 16� 6�"!#� 8 1).
The recursive call eventuallyallots routepointer8� 1
to index 6 andall of its child indices(12, 13, 24..17)
sincetheir valueis ! .

5. allot() visits the right child of index 3, which
means that allot() calls itself recursively as
allot(X� 16� 7�"!#� 8 1). The recursive call imme-
diately returnssincethevalueof X[7] is not equalto
! (which meansthat no child indicesof index 7 has
value ! ).

Figure3-3shows theART afterinsertinga routeto 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 showsthesearchalgorithmfor thesinglelevel
ART.

Algorithm 3: Searchalgorithm(singlelevel)
Input: arraypointer:X, addresslength:w, addressa
Output: Matchedroutepointer
lookup s(X, w, a)
(1) return X[fringeIndex(w� a)]

In this example,Algorithm 3 becomesasfollows:

lookup s(X, 4, a)
return X[16 � a].

That is why lookup s() returns! whena is 0..7,8� 1 when
a is 8..9,12� 2 whena is 12..13,and14� 3 whena is 14..15,
respectively.

2.1.3 Deletion

Algorithm 4 shows the deletionalgorithm for the single
level ART.

Algorithm 4: Deletionalgorithm(singlelevel)
Input: arraypointer: X, addresslength:w, address:a,
prefix length: l
Output: Deleted route pointer if successful,
! otherwise
deletes(X, w, a, l)
(1) b � baseIndex(w� a� l)
(2) if X[b] �$! then
(3) return !%� * No suchroute* �
(4) endif
(5) allot(X, 1 � w, b, X[b], X[b � 1])
(6) return r

Whenroutepointerr (whoseassociatedbaseindex is b) is
deleted,the valueof indicesin which r is storedmustbe
replacedwith theroutepointerthatpointsto thenext most
specificroute.Thisprocessis necessaryfor all themultibit
trie basedroutingtables.In theART, thenext mostspecific
routecanbealwaysobtainedwith onememoryaccesssince
it is storedin X[b � 1]. In addition, deletingthe route
pointedto by r from theART is equalto allottingX[b � 1]
to theindiceswhosevalueis r.

Let usseehow the ART deletionalgorithmworks with
anexample.Assumetherouteto prefix12� 2 is deletedfrom
theART in Figure3-3. Thedeletionprocessis asfollows:

1. delete s() is calledasdelete s(X� 4� 12� 2).

2. delete s() 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 recursively as
allot(X� 16� 14� 12 2� 8 1). The recursive 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 recursively as
allot(X� 16� 15� 12 2� 8 1). The recursive call im-
mediatelyreturnssincethevalueof X[15] is notequal
to 12� 2 (which meansthat no child indicesof index
15 hasvalue12� 2).

After therouteto 12� 2 is deleted,theART returnsto Figure
3-2.

2.2 Multiple Levels

Thesinglelevel ART describedin Section2.1 requiresan
array that has 2w& 1 indices to supportaddresslength w.
For example,an array that has232& 1 indicesis necessary
to build a singlelevel ART for IPv4,which is not feasible.
This problemcanbesolvedby splitting thesingleaddress
into multipleshortaddresses.Let uscall thesplit addresses
strides.This operationconvertsa singlearrayinto a multi-
bit trie whereinastridebecomesasearchkey ateachlevel.
Let si bethestridelengthat level i (i.e.,w � si).

Now let usseehow it works for IPv4 with anexample.
An IP addresscan be split into 4 strideseachof whose
stride length is 8 bits. Figure4 shows a multi-level ART
with routesto 10� 14,10.1� 16,10.1.2� 23,and11.1.2.2� 31.

In the multi-level ART, eacharrayelementhasa child
array pointer (say pn) in addition to a route pointer (say
pr). Let Xn[i] be index i of arrayX at level n. If Xn[i] ' pn
is not equal to ! , a child array is connectedto index i
and thereare one or multiple of more specific routesin
the descendentarray(s). Function allot(), baseIndex(),
and f ringeIndex() describedin Section2.1 areapplicable
to the multi-level ART with no change. The multi-level
ART insertionalgorithmallocatesnew arraysif necessary
andcalls insert s(); likewise the deletionalgorithm calls
delete s() andfreesarraysif necessary. Thereis onething
to considerwhenextendingthesinglelevel searchto sup-
portmultiplelevels;theremaybethelongestmatchingpre-
fix evenwhenthevalueof pr atafringeindex is ! . Assume
IPv4 address10.1.4.5is givento searchtheART in Figure
4. Thesearchendsat index 256� 4 in thelevel 2 arraythat
hasroutepointersto 10.1.2� 23. Thevalueof index 256� 4
is ! , but thelongestmatchingprefix to 10.1.4.5is 10.1� 16.
Thatis why themulti-level lookupfunctionmustremember
thevalueof pr unlessit is ! eachtime it visits a child ar-
ray. Algorithm 5, 6, and7 show theinsertion,deletion,and
searchalgorithmsfor themulti-level ART. In Algorithm 5,
6, index 0 is usedasa referencecounterthat containsthe
numberof pr and pn in the arraysincethe ART doesnot



useindex 0. Notethatthemulti-level ART doesnotusein-
dex 1, either. This is becausea routeassociatedwith index
1 is storedin theparentarray.
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Figure4: Multiple level ART for IPv4

Algorithm 5: Insertionalgorithm(multi-level)
Input: level 0 arraypointer:X0, addresslength:w,
stridelengtharraypointer:sl, routepointer:r
Output: true if successful,falseotherwise
insert(X0, w, sl, r)
(1) Int l � 0 � * level * �
(2) Int i � * arrayindex * �
(3) Int s � * stride* �
(4) Int ss � 0 � * stridelengthsummation* �
(5) Array X � X0 � * level 0 array* �
(6)
(7) if r � a � 0 and r � l � 0 then
(8) if X[1] ()! then return false
(9) X[1] � r � * default route* �
(10) return true
(11)endif

(12)while true
(13) ss � ss � sl[l]
(14) s � (r � a � (w � ss))&((1 � sl[l]) � 1)
(15) if r � l * ss then break
(16) i � fringeIndex(sl[l] � s)
(17) if X[i] ' pn �$! then
(18) X[i] ' pn � New Array � * arrayallocation* �
(19) X[0] ' pn � X[0] ' pn � 1 � * ref. counter* �
(20) endif
(21) X � X[i] ' pn
(22) l � l � 1
(23)endwhile
(24)
(25)ss � ss � sl[l]
(26)if insert s(X, sl[l], s, r � l � ss, r) � true then
(27) X[0] ' pn � X[0] ' pn � 1 � * new routeentry* �
(28) return true
(29)endif
(30)return false

Algorithm 6: Deletionalgorithm(multi-level)
Input: level 0 arraypointer:X0, addresslength:w,
stridelengtharraypointer:sl, destinationaddress:a,
correspondingprefix length: pl
Output: true if successful,falseotherwise
delete(X0, w, sl, a, pl)
(1) Array X � X0 � * level 0 array* �
(2) Array Xsv[0] � X � * parentarraypointers* �
(3) Int ss � 0 � * stridelengthsummation* �
(4) Int s � * stride* �
(5) Int l � 0 � * level * �
(6) Int i � 0 � * index * �
(7) Int isv[] � * parentindices* �
(8) RoutePointerr
(9)
(10)if a � 0 and pl � 0 then
(11) if X0[1] ' pr �+! then return false
(12) X0[1] ' pr �,!
(13) ReturnX0[1] ' pr
(14)endif
(15)
(16)while true
(17) ss � ss � sl[l]
(18) s � (r � a � (w � ss))&((1 � sl[l]) � 1)
(19) if pl * ss then break
(20) i � fringeIndex(sl[l] � s)
(21) isv[l] � i
(22) if X[i] ' pn �$! then return false
(23) Xsv[l] � X
(24) X � X[i] ' pn
(25) l � l � 1
(26)endwhile



(27)ss � ss � sl[l]
(28)r � deletes(X� sl[l] � s� pl � ss)
(29)if r �$! then return false
(30)
(31)� * Freearray(s)if necessary* �
(32)X[0] ' pn � X[0] ' pn � 1
(33)if l - 0 and X[0] ' pn � 0 then
(34) while true
(35) FreeX � * freecurrentarray* �
(36) l � l � 1 � * getparentlevel * �
(37) X � Xsv[l] � * getparentarraypointer* �
(38) � * child arrayis deleted* �
(39) X[0] ' pn � X[0] ' pn � 1
(40) if l * 0 or X[0] ' pn - 0 then
(41) return r
(42) endif
(43) endwhile
(44)endif
(45)return r

Algorithm 7: Searchalgorithm(multi-level)
Input: level 0 arraypointer:X0, addresslength:w,
stridelengtharraypointer:sl, searchkey address:a
Output: longestprefix matchingroutepointeror !
search(X0, w, sl, a)
(1) RoutePointerlmr � X0[1] ' pr
(2) Array X � X0 � * level 0 array* �
(3) Int ss � 0 � * stridelengthsummation* �
(4) Int s � * stride* �
(5) Int l � 0 � * level * �
(6) Int i � 0 � * index * �
(7)
(8) while true
(9) ss � ss � sl[l]
(10) s � (a � (w � ss))&((1 � sl[l]) � 1)
(11) i � fringeIndex(sl[l] � s)
(12) if X[i] ' pn (.! then
(13) � * updatecurrentlongestmatchingroute* �
(14) if X[i] ' pr (.! then lmr � X[i] ' pr
(15) X � X[i] ' pn
(16) l � l � 1
(17) elseif X[i] ' pr (.! then
(18) return X[i] ' pr
(19) else
(20) return lmr � * pr � pn �$! * �
(21) endif
(22)endwhile

3 Comparison with Other Algorithms

As describedin Section2.1.3,whena route is deleted,it
is necessaryfor all themultibit trie basedroutingtablesto
find the next mostspecificroutefor replacingthe deleted

route.TheCPEpaper[6] doesnot addressthis issueat all.
Assumethat thereis a routing tablethat hasthe routesto
1� 4, 2� 4, '�'�' , 15� 4 (addresslengthis 4). Figure5 shows the
routingtablebasedon theCPE.
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Figure5: Theworstcaseof deletionin CPE

Now assumethat the routeto prefix 15� 4 is deleted;the
next mostspecificrouteof 15� 4 is ! in thiscase.TheCPE
paperdoesnot discusshow to find the next mostspecific
routeat deletionat all. The simplestway to find the next
mostspecificrouteis to backtrackthearrayindices.Hence,
it takes16 memoryaccessesto find thenext mostspecific
route in this example. On the other hand, the ART can
alwaysfind thenext specificroutewith onememoryaccess
asdescribedin 2.1.3. The SMART canalsofind the next
specificroutewith onememoryaccess.

TheCPEpaperdoesnotmentionhow to reducethenum-
berof redundantarrayindex visits, either. As describedin
Section2.1, theART doesnot visit arrayindicesthathave
theroutepointerspointingto morespecificroutesthanthe
insertedroutes.TheSMART paper[7] discussesthis issue
andtheSMART doesnotvisit redundantarrayindices.

TheART hasanadvantageaboutstoringtheoverlapping
routes,which are the routeswhosedestinationaddressis
the sameand prefix lengthsare di � erent. Fore example,
10� 8, 10� 9, . . . , 10� 32 areoverlappingroutesin IPv4. The
arraysin theART hasenoughindicesto storeall the pos-
sible prefixesso that it doesnot requireextra datastruc-
turesto storeoverlappingroutes.TheCPEpaperdoesnot
discusstheoverlappingroutesat all. TheSMART creates
a linked list sortedin the descendingorder of the prefix
lengthandconnectit to anarrayelementwhenoverlapping
routesareinserted.Thisoperationrequiresextraexception
checkingandhandling.

TheART hasa disadvantageaboutthe numberof rout-
ing tableaccessesat insertionanddeletioncomparedto the
CPEandSMART. TheCPEandSMART requiresatmaxi-
mum2w/ l memoryaccessat insertionanddeletion(w: ad-
dresslength,l: prefix length). TheART requiresat maxi-
mum2w/ l & 1 � 1 memoryaccessat maximum.



4 Optimizations

This sectiondiscussessomeoptimizationtechniquesto re-
ducememoryusageandto increaseinsertion� deletionper-
formancethat theauthor’s ART implementation[11] uses.
Thesetechniquesaregenericenoughto applyto any multi-
bit tries.

4.1 ElementConsolidation

Thedatastructuredescribedin Section2.2hastwo pointers
(pr andpn) perarrayelement.Thesepointerscanbestored
in a singlelocationasshown in Figure6.

0

this element points to a route (pr)0
1 this element points to the child array (pn)

Figure6: Consolidatedelement

The datastructurein Figure6 is basedon the assumption
that neithera routeentry nor an arraystartsat an odd ad-
dress. This techniquereducesthe arraysizeto half. It is
possiblethat both pr and pn exist in the sameindex. For
example,index 256� 1 of a level 1 array in Figure 4 has
routepointerto 10.1� 16 andchild arraypointer. In sucha
case,pr is storedin index 1 of the child array(Figure7).
Rememberindex 1 is not used.

without element consolidation

256+1 10.1/16

level 2

pr pn
256+110.1.1/24

level 3

pr pn

Λ

with element consolidation

256+1

level 2

256+110.1.1/24

level 3

10.1/161

Figure7: Routesto 10.1� 16and10.1.1� 24in ART

The algorithms that support element consolidationare
shown in AppendixA.

4.2 Path Compression

Path compressionis a well-known trie compressiontech-
nique.Theideais to removearraysthathaveonly onechild
arraypointer (Figure8). Let us call suchan arraytransit

array. A pathcompressedbinarytrie is oftenreferredto as
Patriciatrie [9].

without path compression

256+11
256+1

256+2

256+2 11.1.2.2/31
256+3 11.1.2.2/31

level 0

level 1

level 2

level 3

129 11.1.2.2/31

with path compression

256+11

level 0

256+2 11.1.2.2/31
256+3 11.1.2.2/31

level 3

129 11.1.2.2/31

Figure8: Pathcompression

PathCompressionreducesmemoryusageandincreases
searchperformancein somecases,but not always. It de-
pendson theprefix lengthdistribution,addresslength,and
thepathlength. Anotherdrawbackof pathcompressionis
that it is necessaryto comparethesearchkey with thekey
in thematchedentryaftera matchis found. AssumeIPv4
address11.20.20.3is givento searchthepathcompressed
ART in Figure 8. The searchsuccessfullyendsat index
256� 3 of the level 3 arraysinceboth level 0 and3 fringe
indicesof 11.20.20.3arethesameasthoseof 11.1.2.2� 31.
However, 11.1.2.2� 31 is not the correctdestinationprefix
to 11.20.20.3.That is why it is necessaryto comparetwo
addressesafter a matchis found. This overheadbecomes



negligible if apathis longenoughandtherearemany tran-
sit arraysin the path. On the other hand, this overhead
slowsdown thesearchperformancewhenapathis shortor
the numberof transitarraysin the path is small. Section
5 shows how muchpathcompressionis e� ective for IPv4
andIPv6.

TheART algorithmswith pathcompressionis notshown
in thispaperfor thespacereason,but theentiresourcecode
canbeobtainedfrom [11].

4.3 Avoiding Recursion

Functionallot() is oneof two keys of theART andit uses
recursion. Changingthe allot() algorithmfrom recursion
to loop increasesinsertionanddeletionperformance.Al-
gorithm8 showsa non-recursiveversionof allot() with el-
ementconsolidation.

Algorithm 8: Allotting router (non-recursive)
Input: arraypointer:X, smallestfringe index in X: t,
baseindex: b, old routepointer:q, new routepointer:r
Output:
allot(X, t, b, q, r)
(1) ArrayPointerY
(2) Int j � b
(3)
(4) if j � t then
(5) if (X[b]&1) � 1 then
(6) Y � X[b]&( 0 1)
(7) if Y[1] � q then Y[1] � r
(8) elseif X[b] � q then
(9) X[b] � r
(10) endif
(11) return
(12)endif
(13)
(14) startChange:
(15) j � j � 1
(16) if j 1 t then gotononFringe
(17) � * Handlefringe indices* �
(18) while true
(19) if (X[b]&1) � 1 then
(20) Y � X[b]&( 0 1)
(21) if Y[1] � q then Y[1] � r
(22) elseif X[b] � q then
(23) X[b] � r
(24) endif
(25) if ( j&1) � 1 then gotomoveUp
(26) j � j � 1
(27) endwhile
(28)
(29) nonFringe:
(30) if X[ j] � q then gotostartChange

(31) moveOn:
(32) if ( j&1) � 1 then gotomoveUp
(33) j � j � 1
(34) gotononFringe
(35) moveUp:
(36) j � j -�- 1
(37) X[ j] � r � * Handlenon-fringenode* �
(38) if j ( b then gotomoveOn

5 Measurementsand Comparison

Thissectiondescribestheperformanceof theART by sim-
ulations. The simulationsareperformedon a PentiumIII
1GHz CPU runningLinux 2.1.14. The routing tableused
for IPv4 simulationsis a combinationof the MAE East
routing table (42,366routeson Aug. 17, 1999) [10] and
4,000randomlygeneratedrouteswhoseprefix lengthsare
longerthan24. This is becausethelongestprefix lengthfor
inter-AS routeslike storedin the MAE Eastrouting table
is 24 (Figure9). However, theroutingtablesin largeISPs
havebothinter-AS routesandintra-ASroutes.Hence,it is
betterto usetheroutingtablethathasbothtypesof routes.
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Figure9: Routedistributionof MAE East(8� 17� 1999)

Theroutingtableusedfor IPv6 simulationsis generated
from theMAE Eastroutingtableasfollows:

1. TLA ID: a13-bit randomnumber

2. NLA ID: leading24-bit of anIPv4 address

3. prefix length:24 � prefix lengthof thecorresponding
IPv4 address

This is thehardestconditionfrom thepoint of view of the
sizeof routing table. In IPv6, the leading48 bits areused
for routingamongandwithin ISPs[12]. That is why there
is no needto look up morethan48 bits.



Thesourcecodeandprefix datausedin this sectioncan
beobtainedfrom [11].

5.1 IPv4 Performance

Table3 showstheIPv4performancecomparisonamongthe
ART thatsupportssinglestridelengthdistributionwhich is
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-
tationsuseelementconsolidation.

Table3: PERFORMANCECOMPARISON

Insertion Deletion Search
(K routes� s) (K routes� s) ( M lookups� s)

ART-16-8-8 800 2041 10.00
ART 794 758 6.25
SMART 900 943 6.25
CPE 943 676 5.55
BSDRadix 544 515 0.63

All the routing tablesexcept BSD Radix has the 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 andconfiguredto 16-8-8. RandomIP
addressesareusedfor searchafter46,366routesareinserted.

ART-16-8-8hasthe bestperformancesinceit is specially
tunedfor thefixedstridelengthdistribution sothat it does
nothaveany loop. Thesearchperformanceof ART is com-
parableto SMART andCPE.The reasonART haslower
insertionperformancecomparedto SMART and CPE is
that the ART insertion algorithm requiresmore number
of memorywrites to an arraycomparedto the other two.
CPE hasthe leastdeletionperformanceamongthreebe-
causeof its overheadof findingthenext mostspecificroute.
SMART hasbetterdeletionperformancethanART because
the SMART deletion algorithm requiresless numberof
memorywritesthanthattheART deletionalgorithm.

Table4: MEMORY CONSUMPTION(MB)

ART-16-8-8 ART SMART CPE BSDRadix
17.07 17.07 17.42 17.67 5.54

CPEusesalmostthe sameamountof memoryasART
and SMART even though it theoretically requireshalf
amountof memorycomparedto ART andSMART. This
is becauseCPEdoesnot useelementconsolidation(paper
[6] doesnot mentionit either).

5.2 Stride Length Distrib ution and Perfor-
mance

5.2.1 IPv6

Figures10 to 13 show the simulationresultsaboutstride
length distribution and performancefor IPv6. The theo-
retical worst casecostof insertionanddeletionis mainly
controlledby the maximumstridelength. The actualper-
formancehoweverdependsontheprefixlengthdistribution
of the routing table. As for the IPv6 routing tableusedin
thispaper, morethan60%of theroutesin theroutingtable
hasprefix length48.

Theinsertionperformanceincreasesasthestridelength
decreasesup to somepoint (20-4x7for simpletrie, 16-4x8
for pathcompressedtrie) anddecreasesafterthat. It means
that thestridelengthfor the � 48 prefixesis themainfactor
at first, thenthecostof following a pathbecomesthemain
factor. Theinsertionperformanceof apathcompressedtrie
is higher thanthat of a simple trie, particularlywhen the
pathlengthbecomeslonger. This is becausea pathcom-
pressedtrie usually allocatesonly one array at insertion.
On theotherhand,simpletrie mayhave to allocatemulti-
plearraysat insertion.

The deletionperformanceof a simple trie sharplyde-
creasesasthenumberof stridesgrows. This suggeststhat
the numberof routing tableaccessesat deletionincreases
asthenumberof stridesgrows,which meansthat thepre-
fix length within an array becomeslongeras the number
of stridesgrows. Thedeletionperformanceof a pathcom-
pressedtrie alsodecreasesasthenumberof stridesgrows,
but thedegreeof decreaseis modest.Thissuggeststhatthe
path length factor also contributesto the deletionperfor-
mance.

Thesearchperformanceof apathcompressedtrie is rel-
atively independentfrom thenumberof strides.Thesearch
performanceof a simpletrie is alsorelatively independent
from thenumberof stridesupto 24-4x8,but it decreasesas
thenumberof stridesgrowsafterthat.Theseresultsareun-
derstandableasthecharacteristicsof pathcompressedtrie
andsimpletrie.

Thememoryconsumptionof bothtriesexponentiallyde-
creasesasthe numberof stride lengthincreases.Oneex-
ceptionis 24-4x6becauselevel 0 arrayof 24-4x6requires
128MB of memory. The memoryconsumptionof a pass
compressedtrie is half aslargeasthatof asimpletrie when
thestridelengthof level 0 arrayis not 24.

Thesimulationresultsshow thata pathcompressedtrie
is betterthanasimpletrie in all aspectsfor IPv6.
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Figure10: SLD vs. performance(insertion)
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Figure11: SLD vs. performance(deletion)
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Figure12: SLD vs. performance(search)
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Figure13: SLD vs. memoryconsumption

5.2.2 IPv4

Figures14 to 17 show the simulationresultsaboutstride
lengthdistribution andperformancefor IPv4. Thesimula-
tion resultsshow thata pathcompressedtrie doesnot have
any advantageto asimpletrie in all aspectsfor IPv4. Actu-
ally thesimpletrieshowsbetterperformancein somecases.
It meansthatthee� ectof passcompressionhighly depends
on theaddresslength.

Thememoryconsumptionof bothtriesexponentiallyde-
creasesasthenumberof stridelengthincreasesin IPv4 as
well asIPv6. Pleasenotethatthesimpletrie with the8-4x6
stridelengthdistribution still has3.8 Mlookups� secsearch
performance,which is 6 timesfasterthanBSD radix,with
lessmemoryconsumption.
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Figure14: SLD vs. performance(insertion)
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Figure15: SLD vs. performance(deletion)
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Figure16: SLD vs. performance(search)
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Figure17: SLD vs. memoryconsumption

6 Conclusion

This paperpresenteda multibit trie basedrouting table
calledART. ThispapershowedthattheART hasgoodper-
formancefor all threerouting table operationswith both
theory and simulation. This paperalso showed that for
IPv6,pathcompressionreducesmemoryconsumptionand
improvesthe performanceof all threerouting tableoper-
ations,and for IPv4, it doesnot have any advantagesto
all threeroutingtableoperations.TheART algorithmsare
freely usable. Thereare two free ART implementations
availableasof thiswriting. Theoneis usedfor thesimula-
tionsin this paper. It supportsarbitraryaddresslengthand
prefix lengthdistribution. Theotheris usedin theKAME
IPv6 protocolstackfor BSDkernels.
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Appendix

A Algorithms with ElementConsolidation

Algorithm 9: Insertionalgorithm(singlelevel)
Input: arraypointer:X, addresslength:w, address:a,
prefix length: l, routepointer:r
Output: true if successful,falseotherwise
insert s(X, w, a, l, r)
(1) RoutePointerq
(2)
(3) b � baseIndex(w� a� l)
(4) if X[b]&1 � 0 then
(5) q � X[b]
(6) else
(7) q � (X[b]&( 0 1))[1]
(8) endif
(9) if r � a � q� a and r � l � q� l then
(10) return false � * Alreadyoccupied* �
(11)endif
(12)allot(X, 1 � w, b, q, r)
(13)return true

Algorithm 10: Deletionalgorithm(singlelevel)
Input: arraypointer: X, addresslength:w, address:a,
prefix length: l
Output: Deleted route pointer if successful,
! otherwise
deletes(X, w, a, l)
(1) RoutePointerr
(2)
(3) b � baseIndex(w� a� l)
(4) if X[b]&1 � 0 then
(5) r � X[b]
(6) else
(7) r � (X[b]&( 0 1))[1]
(8) endif
(9) if r �$! then
(10) return !�� * No suchroute* �
(11)endif
(12)
(13)allot(X, t, b, r, X[b� 1])
(14)return r



Algorithm 11: Insertionalgorithm(multi-level)
Input: level 0 arraypointer:X0, addresslength:w,
stridelengtharraypointer:sl, routepointer:r
Output: true if successful,falseotherwise
insert(X0, w, sl, r)
(1) RoutePointerq
(2) Int i � * arrayindex * �
(3) Int s � * stride* �
(4) Int l � 0 � * level * �
(5) Int ss � 0 � * stridelengthsummation* �
(6) Array X � X0 � * level 0 array* �
(7)
(8) if r � a � 0 and r � l � 0 then
(9) if X[1] ()! then return false
(10) X[1] � r � * default route* �
(11) return true
(12)endif
(13)
(14)while true
(15) ss � ss � sl[l]
(16) s � (r � a � (w � ss))&((1 � sl[l]) � 1)
(17) if r � l * ss then break
(18) i � fringeIndex(sl[l] � s)
(19) if X[i]&1 � 0 then
(20) q � X[i]&( 0 1) � * save routepointer* �
(21) X[i] � New Array 41 � * arrayallocation* �
(22) (X[i]&( 0 1))[1] � q
(23) X[0] � X[0] � 1 � * ref. counter* �
(24) endif
(25) X � X[i]&( 0 1)
(26) l � l � 1
(27)endwhile
(28)
(29)ss � ss � sl[l]
(30)if insert s(X, sl[l], s, r � l � ss, r) � true then
(31) X[0] � X[0] � 1 � * new routeentry* �
(32) return true
(33)endif
(34)return false

Algorithm 12: Deletionalgorithm(multi-level)
Input: level 0 arraypointer:X0, addresslength:w,
stridelengtharraypointer:sl, destinationaddress:a,
correspondingprefix length: pl
Output: true if successful,falseotherwise
delete(X0, w, sl, a, pl)
(1) Array X � X0 � * level 0 array* �
(2) Array Xsv[0] � X � * parentarraypointers* �
(3) Int ss � 0 � * stridelengthsummation* �
(4) Int s � * stride* �
(5) Int l � 0 � * level * �
(6) Int i � 0 � * index * �
(7) Int isv[] � * parentindices* �

(8) RoutePointerr
(9)
(10)if a � 0 and pl � 0 then
(11) if X0[1] �5! then return false
(12) X0[1] �,!
(13) ReturnX0[1]
(14)endif
(15)
(16)while true
(17) ss � ss � sl[l]
(18) s � (r � a � (w � ss))&((1 � sl[l]) � 1)
(19) if pl * ss then break
(20) i � fringeIndex(sl[l] � s)
(21) isv[l] � i
(22) if (X[i]&1 � 0 then return false
(23) Xsv[l] � X[i]&( 0 1)
(24) X � Xsv[l]
(25) l � l � 1
(26)endwhile
(27)
(28)ss � ss � sl[l]
(29)r � deletes(X� sl[l] � s� pl - ss)
(30)if r �$! then return false
(31)
(32)� * Freerouteentryandarrays* �
(33)X[0] � X[0] � 1
(34)if l - 0 and X[0] � 0 then
(35) while true
(36) FreeX � * freecurrentarray* �
(37) l � l � 1 � * getparentlevel * �
(38) X � Xsv[l] � * getparentarraypointer* �
(39) � * child arrayis deleted* �
(40) X[0] � X[0] � 1
(41) if l * 0 or X[0] - 0 then
(42) return r
(43) endif
(44) endwhile
(45)endif
(46)return r

Algorithm 13: Searchalgorithm
Input: level 0 arraypointer:X0, addresslength:w,
stridelengtharraypointer:sl, searchkey address:a
Output: longestprefix matchingroutepointeror !
search(X0, w, sl, a)
(1) RoutePointerlmr � X0[1]
(2) Array X � X0 � * level 0 array* �
(3) Int ss � 0 � * stridelengthsummation* �
(4) Int s � * stride* �
(5) Int l � 0 � * level * �
(6) Int i � 0 � * index * �



(7) while true
(8) ss � ss � sl[l]
(9) s � (a � (w � ss))&((1 � sl[l]) � 1)
(10) i � fringeIndex(sl[l] � s)
(11) if X[i]&1 � 1 then
(12) � * updatecurrentlongestmatchingroute* �
(13) r � (X[i]&( 0 1))[1]
(14) if r (.! then lmr � r
(15) X � X[i]&( 0 1)
(16) l � l � 1
(17) elseif X[i]&( 0 1) � 0 then
(18) return lmr
(19) else
(20) return X[i]
(21) endif
(22)endwhile

B Analysis of Algorithms

The complexity of all threerouting tableoperationsis in-
dependentonthenumberof routesin theART. Instead,the
complexity of all threedependson the stride length dis-
tribution, which is the maximumstride length (say smax)
andthenumberof strides(sayNs). Theinsertionanddele-
tion timemostlydependson theamountof memoryaccess
in allot(). That is why both operationsareO(2smax). The
searchtimeis proportionalto thenumberof strides.Thatis
why thesearchis O(Ns). Table5 showsthemaximumnum-
ber of routing tablememoryaccessesfor insertion,dele-
tion, andsearch.

Table5: COMPLEXITY OF ART

Insertion Deletion Search
smax/ 1
i 6 0 2i( � 2smax � 1) smax / 1

i 6 0 2i � 1(� 2smax) 2Ns

No arrayshavetherouteswhosearray-localprefixlengthis
0 in themulti-level ART asdescribedin Section2.2. That
is why thesummationendsat smax � 1. Deletionrequires
onemorerouting tablememoryaccessto obtain the next
mostspecificroutepointerin additionto thesamenumber
of memoryaccessesasinsertion.Searchrequirestwo rout-
ing memoryaccessesperlevel; oneis theroutepointerac-
cess,theotheris thecurrentlongestmatchingroutepointer
access.


