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Abstract

Modernnetworking applicationsreplicatedataandserviceswidely, leadingto a needfor location-
independentrouting– theability to routequeriesdirectly to objectsusingnamesthatareindependentof
theobjects'physicallocations.Two importantpropertiesof a routinginfrastructurearerouting locality
andrapidadaptationto arrivinganddepartingnodes.Weshow how thesetwo propertiescanbeachieved
with anef�cient solutionto thenearest-neighborproblem.We presenta new distributedalgorithmthat
cansolve the nearest-neighborproblemfor a restrictedmetric space.We describeour solutionin the
context of Tapestry, an overlay network infrastructurethat employs techniquesproposedby Plaxton,
Rajaraman,andRicha[16].
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1 Intr oduction

In today's chaoticnetwork, dataandservicesaremobile andreplicatedwidely for availability, durability,
andlocality. Thishasleadto arenewedinterestin techniquesfor routingqueriesto objectsusingnamesthat
areindependentof location.Thenotionof routingis thatqueriesareforwardedfrom nodeto nodeuntil they
reachtheirdestinations.Theimportanceof thelocation-independent routingproblemhasspawnedahostof
proposals,many of themin thecontext of datasharinginfrastructuressuchasOceanStore[13], FarSite[3],
CFS[11], PAST [8]. To permit locality optimizations,it is importantthat the routing processuseasfew
network hopsaspossibleandthatthesehopsshouldbeasshortaspossible.

Thesetof propertiesthata routinginfrastructureshouldexhibit is smallbut signi�cant:

1. DeterministicLocation: Objectsshouldbelocatedif they exist anywherein thesystem.

2. RoutingLocality: Routesshouldhave low stretch1, sendingqueriesover theshortestpathpossibleto
satisfythem.

3. Minimality andLoadBalance: The infrastructuremustnot placeunduestresson any of its compo-
nents;this impliesminimal storageandbalancedcomputationalload.

4. DynamicMembership: Theinfrastructuremustadaptto arriving anddepartingnodeswhile maintain-
ing theabove properties.

Althoughclearlydesirable,the�rst propertyis notguaranteedby mostof thedeployedpeer-to-peersystems
suchasGnutella[14] andFreeNet[5]. Thispaperwill arguethatthelastthreepropertiesarecloselyrelated
to oneanotherandareachievedby aninfrastructurethatis capableof solvingthenearest-neighborproblem
ef�ciently.

A simplerouting schemewould employ a centraldirectoryof objectlocations. Objectserverswould
publishtheexistenceof objectsby insertingentriesinto thecentraldirectory. Clientswouldsendqueriesto
thedirectory, which forwardsthemto their destination.This solution,while simple,inducesa heavy load
on thedirectoryserver. Moreover, whena nearbyserver happensto containtheobject,theclient muststill
interactwith thedirectoryserverwhichmaybequitefaraway. Theaverageroutinglatency of this technique
is ������� , where� is thediameterof thenetwork – regardlessof theactualdistanceto theobject.Worse,it is
fault tolerant,sincethedirectorybecomesasinglepointof failurefor thesystem.

Severalrecentproposals,Chord[18], CAN [17] andPastry[9], addresstheloadaspectof this problem
by distributing thedirectoryinformationover a large numberof nodes.In particular, they cancan�nd an
objectwith polylogarithmicnumberof application-level network hopswhile ensuringthatnonodecontains
muchmorethanits shareof thedirectoryentries.Moreover, they cansupporttheintroductionandremoval
of new participantsin thepeer-to-peernetwork. Unfortunately, theseapproachessigni�cantly increasethe
network latency of �nding theobjectover eventheobviouscentralizeddirectorysolution.

Anothersolutionis to publishan object's locationto every nodein the network. This solutionallows
clientsto easily�nd thenearestcopy of theobject,but requiresa lot of work (andnetwork bandwidth)to
publishtheobject.Further, thissolutionrequiresknowledgeof theparticipantsof thenetwork. In adynamic
network, maintaininga list of participantsis aproblemin its own right.

In this paper, we describetheTapestryoverlay routingandlocationinfrastructure.Tapestryusesasa
startingpoint thedistributeddatastructureproposedby Plaxton,Rajaraman,andRicha[16]. Henceforth,
we will referto this asthePRRscheme.This proposalprovidedroutinglocality (althoughwith a complex
routingscheme),andreasonablybalancedstorageandcomputationalload.Whatit didnotprovide,however,
wasdynamicmaintenanceof membership.Theoriginal statementof thealgorithmrequireda staticsetof

1Stretchis theratio betweenthedistancetraveledby a queryon its way to anobjectandtheminimal distanceto theobject.
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Scheme Dynamic Space Stretch,Metric Hops Balanced?
CHORD[18] ���������

���

� � �

�

�����

�

� - ���������

�

� yes
CAN [17] � �
	 �

�

	 - 	

����
��

yes
Pastry[9] yes ���

�

�����

�

� - � �

�

�����

�

� yes
ThisPaper(Tapestry) �����
��������� � �

�

�����

�

� - ���������

�

� yes
Awerbuch,Peleg[1] no � �

�! 

��"

�! 

�����

���

� ���������

�#�

� ,general � �������

�#�

� no
PRR[16] no � �

�

�����

�

� � �%$ � ,special � �������

�

� yes
PRR+ This Paper �����
���!�&��� � �

�

�����

�

� � �%$ � ,special � �������

�

� yes
PRRv.0 + ThisPaper no � �

�

�����

���

� �����
����'���� ,general � �������

�#�

� no

Table1: In this table,
�

is thenumberof nodes,
 )(

����� � , where � is thenetwork diameter. We assume
thenumberof objectsis O(n). Both stretchandhopsrefer to an objectsearch.Inmostcases,the time for
insertionis givenwith high probability. Also, in somecases,variousmessagescanbesentin parallel;we
did notallow for thisoptimizationin statingtheboundsin this table.

participatingnodesaswell assigni�cant work to preprocessthis set to generatea routing infrastructure.
Further, shouldnodesfail, thePRRschemewasunableto adaptto changes.

In thispaper,

* We presentTapestry;a simpli�cation of thePRRschemefor objectlocation.While we cannotprove
thatTapestryobjectlocationmeetsthesameboundsonstretchasthePRRpaper, but wenotethatthe
simpli�cation doesnotappearto hurt its performancetoomuch.

* We extendTapestry(aswell asthePRRapproach)to dealwith a changingparticipantset.We allow
nodesto arrive anddepartwhile maintainingthe ability for existing objectsto be locatedandnew
objectsto bepublished.Thisworksfor asupersetof thespecializedmetricspacethatPRRassumed.

* We alsoobserve thata staticversionof thePRRschemecanbeusedfor generalmetricspaces(i.e.
spacesthatdonotmeettheconditionassumedby PRR)togetresultssimilarto theresultsof Awerbuch
andPeleg [1].

Wenotethatourgoalsareto analyzethesimpleschemesthatarethebasisof thePRRandtheTapestry
algorithms,asmuchasto getthebestpossibleasymptoticresults.

Wepresentasummaryof someof thepreviousresultsandour resultsin Table1. Wenotethattheresult
for generalmetricscanbeimprovedusingresultsof ThorupandZwick [19] to useonly � �

�

�����

���

� space.

1.1 RelatedWork

Someschemesthatexhibit routinglocality includePlaxton,Rajaraman,andRicha(PRR)[16] andAwerbuch
andPeleg [1]. Bothallow thepublicationanddeletionof objectswith onlyalogarithmicnumberof messages
andbothguaranteea low stretch.ThePRRscheme�nds objectswith total latency thatis within a constant
factorof optimalfor aspeci�c classof network topologies.Moreover, it ensuresthatno nodehastoomany
directoryentries. Awerbuch et al. routewithin a polylogarithmicfactorof optimal for generalnetwork
topologies. The Awerbuch schemedoesnot explicitly dealwith load balancing,thoughit could perhaps
be modi�ed to do so. Unfortunately, both thePRRandAwerbuch schemesassumefull knowledgeof the
participatingnodes,or, equivalently, they assumethatthenetwork is static.

Thereis alsoanabundanceof theoreticalwork on �nding compactrouting tables[2, 15, 7, 20] whose
techniquesarecloselyrelatedto thosein thispaper. See[10] for asurvey. A recentandcloselyrelatedpaper
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is thatof ThorupandZwick, who showedasamplingbasedschemesimilar to thatof PRRcouldbeusedto
�nd smallstretchroutingtablesand/oranswerapproximatedistancequeriesfor graphicalmetrics.

Most recentwork on peer-to-peernetworks ignoresstretch.Chord[18] constructsa distributedlookup
serviceusinga logarithmic-sizedrouting table. Nodesarearrangedinto a large virtual circle. Eachnode
maintainspointersto predecessorandsuccessornodes,aswell asa logarithmicnumberof “chords” which
crossgreaterdistanceswithin thecircle. Queriesareforwardedalongchordsuntil they reachtheir destina-
tion. CAN [17] placesobjectsinto a virtual, high-dimensionalspace.Queriesareroutedalongaxesin this
virtual spaceuntil they reachtheir destination.Pastry [9] is basedon thePRRscheme,routingqueriesvia
successive resolutionof digits in a high-dimensionalnamespace.However, it doesnot provide the rout-
ing locality of the PRRscheme.All of theseschemescan�nd objectswith a polylogarithmicnumberof
application-level network hops,while ensuringthatnonodecontainsmorethanits shareof directoryentries.
Moreover, they cansupporttheintroductionandremoval of new participantsin thepeer-to-peernetwork.

Recentpeer-to-peersystemscanlocateobjectsin a dynamicnetwork. Gnutella[14] utilizesa bounded
broadcastmechanismto searchneighborsfor documents.FreeNet[5] utilizesa chaoticroutingschemein
which objectsarepublishedto a setof nearestneighborsandqueriesfollow gradientsgeneratedby object
pointers;the behavior of FreeNetappearsto converge somewhat toward the PRR schemewhen a large
numberof objectsarepresent2. Neitherof thesetechniquesareguaranteedto �nd objects.

Table1 summarizedrelatedwork. In the table, � is the diameterof the network, and � is the baseof
thelogarithmusedin PRR'sscheme;it doesnot dependon

�

, thenumberof nodesin thenetwork. For the
network distanceresults,we assumethatPRR's (describedin Section3) conditionholds.

1.2 Techniques

Thecruxof ourmethodsfor insertionanddeletionof nodesinto thenetwork lie in analgorithmfor maintain-
ing nearestneighborsin our restrictedmetricspace.Our approachfollows thatKargerandRuhl [12], who
give asequentialalgorithmfor answeringnearestneighborqueriesin asimilarly restrictedmetricspace.3

Karger andRuhl describetwo datastructures,onebasedon sampling(alsothe main ideaunderlying
thePRRscheme)which is notdynamic,andonebasedonusinga randompermutationto helpmaintainthe
sampling.Thelatterapproachis dynamicandreminiscentof theChordnetwork infrastructure.

Our resultcanbeusedto give a sequentialdynamicalgorithmfor thenearestneighborproblemthat is
basedon the samplingapproach.Whenviewed assuch,our algorithmgivesslightly betterspacebounds
thanthatof KargerandRuhl's at acorrespondingcostin runningtime.

Wealsopointout thatanalternateschemeby Plaxton,Rajaraman,andRichagivesalow stretchsolution
for generalmetric spaces.This follows from argumentssimilar to thoseusedby Bourgain [4] for metric
embeddings.In particular, we show that this schemeleadsto a covering of the graphby treessuchthat
for any two nodes� and � at distance

 

they arein a treeof diameter
 

�����

�

. Indeed,by modifying the
PRRschemealongthe linesproposedby ThorupandZwick [19] onecanimprove thespaceboundsby a
logarithmicfactor. But wedo notaddressthis issuehere.

1.3 Outline

The remainderof this paperis divided as follows: Then Section2 describesthe detailsof the Tapestry
infrastructure,highlightingdifferenceswith thePRRschemeandintroducingconceptsandterminologyfor
theremainderof thepaper. Section3 describeshow wecansolve theincrementalnearestneighborproblem,
Section4 thenexplainshow this is usedaspartof insertinga node. Section5 discussesdeletion.Finally,

2This is aqualitative statementat this time
3Clarksonalsopresenteda verysimilarapproachin [6].
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Figure1: TapestryRoutingMesh. Eachnodeis linked to othernodesvia neighborlinks, shown assolid
arrows with labels.Labelsdenotewhichdigit is resolvedduringlink traversal.Here,node4227 hasanL1
link to 27AB, resolvingthe�rst digit, anL2 link to 44AF, resolvingtheseconddigit, etc.

Section6 givesa simpleproof that PRRstraw manschemehaspolylogarithmicstretch. Section7 then
concludes.

2 The Tapestry Infrastructur e

Tapestry[21] is the wide-arealocationandrouting infrastructureof OceanStore[13]. Tapestryassumes
that nodesanddocumentsin the systemcanbe identi�ed with uniqueidenti�ers (names),representedas
stringsof digits. Digits are drawn from an alphabetof radix � . Identi�ers are uniformly distributed in
thenamespace.We will refer to nodeidenti�ers asnode-IDsanddocumentidenti�ers asglobally unique
identi�ers (GUIDs). Amongotherthings,thismeansthateveryqueryhasauniquedestinationGUID which
ultimatelyresolvesto anode-ID.For astringof digits � , let

�

�

�

representthenumberof digits in thatstring.
Tapestryinherits its basicstructurefrom the datalocationschemeof Plaxton,Rajaraman,andRicha

(PRR)[16]. As with thePRRscheme,eachTapestrynodecontainspointersto othernodes(neighborlinks),
aswell asmappingsbetweenobjectGUIDs andthenode-IDsof storageservers(objectpointers). Queries
areroutedfrom nodeto nodealongneighborlinks until anappropriateobjectpointeris discovered,atwhich
point thequeryis forwardedalongneighborlinks to thedestinationnode.

2.1 The Tapestry Routing Mesh

TheTapestryroutingmeshis anoverlaynetwork betweenparticipatingnodes.EachTapestrynodecontains
links to asetof neighborsthatsharepre�xeswith its node-ID.Thus,neighborsof node-ID � arerestrictedto
nodesthatsharepre�xeswith � , i.e. nodeswhosenode-IDs���

 

satisfy ���

 ��	�

� for some
 

,
 
�

. Neighbor
links arelabeledby their level number, which is onegreaterthanthenumberof digits in thesharedpre�x,
i.e. �

�

�

�

"

$ � . Figure1 showsaportionof theroutingmesh.For eachforward neighborpointerfrom anode
A to anodeB, therewill abackward neighborpointer(or “backpointer”)from B to A.

Neighborsfor node � aregroupedinto neighborsets. For eachpre�x � of � andeachsymbol �
�

� ���

��� $�� , theneighborset ���

��� � containsTapestrynodeswhosenode-IDssharethepre�x ����� . We will
refer to theseas( �

�

� ) neighborsof � or simply ( �

�

� ) nodes.Whencontext is obvious,we will drop the
superscript� . Let �

(

�

�

�

"

$ . Then,thecollectionof � sets,� �

��� � , form thelevel-� routingtable.Thereis a
routingtableat eachlevel, up to themaximumlengthof node-IDs.Membershipin neighborsetsis limited
by constantparameter!#" $ :

�

�$�

��� �

�&%

! . Further, to theextentpossible,
�

�$�

��� �

�('

!*)+�
�

��� � contains
all ( �

�

� ) nodes.
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Property 1 (Consistency) If �$�

��� � = � , for any � , thenthere are no ( �

�

� ) nodesin thesystem.We refer to
thisasa “hole” in � 's routingtableat level

�

�

�

"

$ , digit � .

Property1 implies that theroutingmeshis fully connected.Messagescanroutefrom any nodeto any
othernodeby resolvingthedestinationnode-IDonedigit atatime. Let thesourcenodebe ��� anddestination
nodebe �

�

�

�

���

�������

��� . Thenroutingproceedsby choosinga successionof nodes: �

�

� �

�	�




� ��� (�rst
hop), �

�

� �

�

�

�
� � ��� (secondhop), ����� �

�

�

�
��� ��� � ��� (third hop),etc.

Property 2 (Locality) Thecrucial propertysharedbybothTapestryandthePRRschemeis thateach � �

��� �

containstheclosest( �

�

� ) neighborsasdeterminedbya givenmetricspace. Theclosestneighborwith pre�x
� � � is referredto asa primaryneighbor, while theremainingonesare secondaryneighbors.

Property2 yields the importantlocality behavior of both the TapestryandPRRschemes.Further, it
yieldsa simplesolutionto thestaticnearest-neighborproblem: Eachnode � can�nd its nearestneighbor
by choosingfrom theset �

�����

�

� ��� ���

�
�




� � . Section3 will discusshow to maintainProperty2 in a dynamic
network.

2.2 Routing to Objects with Low Stretch

TapestrymapseachdocumentGUID, � , to a setof root nodes: �! =MAPROOTS( � ). We call �" theroot
set for � , andeach � �#�" is a root nodefor � . It is assumedthat MAPROOTS( � ) canbe evaluated
anywherein thenetwork.

To functionproperly, MAPROOTS( � ) mustreturnnodesthatexist. Thesizeof a root set,
�

�$ 

�

" $ , is
smallandconstantfor all documents.Thesimplestversionof theTapestryinfrastructureutilizes

�

�% 

�

(

$ .
In this case,we canspeakof therootnodefor a givennode,� .

Property 3 (Unique Root Set) Therootset,�& , for document� mustbeunique. In particular, MAPROOTS( � )
mustgeneratethesame�' , regardlessof where it is evaluatedin thenetwork.

Storageserverspublishthefactthatthey arestoringa replicaby routingapublishmessagetowardeach
� �&�( . Publishmessagesareroutedalongprimaryneighborlinks. At eachhop,publishmessagesdeposit
objectpointers to the object. Unlike the PRRScheme,Tapestrymaintainsall objectpointersfor objects
with duplicatenames(i.e. copies).Figure2 illustratespublicationof two replicaswith thesameGUID.

Queriesfor document� routetowardoneof theroot nodes� �!�) alongprimaryneighborlinks until
they encounteranobjectpointerfor � , thenrouteto thelocatedreplica.If multiplepointersareencountered,
thequeryproceedsto theclosestreplica.At thebeginningof thequery, weselectarootnoderandomlyfrom

�( . Figure3, shows threedifferentlocationpaths.In theworstcase,a locationoperationinvolvesrouting
all thewayto root. However, if thedesiredobjectis closeto theclient, thenthequerypathwill intersectthe
publishingpathbeforereachingtheroot with highprobability.

In the PRRscheme,queriesrouteby examiningall secondaryneighborsbeforeproceedingalongthe
primarylink towardtheroot. Thenumberof secondaryneighborsis setaccordingto theirmetricspace,but
boundedby a constant.

Theorem 1 PRRandTapestrycanperformlocation-independent routing, givenProperty3.

Proof: Thepublishingprocessensuresthatall membersof �) containmappings(objectpointers)between
� andevery server which contains� . Thus,a queryroutedtoward any � �*�) will (in the worst case)
encounterapointerfor � afterreaching� .
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Figure 2: Publication in Tapestry. To publish document8734 , server 39AA sendspublicationrequest
towardstheroot, leaving apointerto itself ateachhop.Server 8224 publishesits replicasimilarly.
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Figure3: Routingin Tapestry:Threedifferentlocationrequests.For instance,to locateGUID 8734 , query
source197E routestowardsthe root, checkingfor a pointerat eachstep. At node1634 , it encountersa
pointerto server 1634 .
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Observation 1 (Fault Tolerance)If
�

�' 

���

$ andthenamesin �" are unrelatedto oneanother, thenwe
canretrydocumentqueriesandtoleratea numberof faultsin theTapestryroutingmesh.

In a generalmetricspace,it is dif�cult to make claimsabouttheperformanceof sucha system.PRR
restricttheir attentionto metricspacesthathave a certaineven-growth property. In particular, they assume
that for a givenpoint � , the ratio of thenumberof pointswithin � 	 of � andthenumberof pointswithin
distance	 of � is boundedabove andbelow by constants.(Unlessall pointsarewithin � 	 of � .) Given
thisconstraint,[16] shows theaveragedistancetraveledin locatinganobjectis proportionalto thedistance
from thatobject,i.e. queriesexhibit � �%$ � stretch.Tapestryis a simplersystemandseemsto provide low
stretchin practice.[21]

2.3 SurrogateRouting

The proceduresfor publishingandqueryingdocumentsoutlinedin Section2.2 do not requirethe actual
membershipof �' to be known. All that is requiredis to be able to computethe next hop toward the
root from a given position in the network. As long asthis incrementalversionof MAPROOTS() is con-
sistentin its behavior, we achieve the samerouting andlocality behavior asin Section2.2. Assumethat
INCRMAPROOTS( � ,� ) producesanorderedlist of thenext hoptowardtherootsof � from node� .

In thePRRscheme,MAPROOTS( � ) producesasinglerootnode� whichmatchesin thelargestpossible
numberof pre�x bits with � . Ties arebroken by consultinga global orderof nodes. The PRRscheme
speci�esa correspondingINCRMAPROOTS() functionasfollows: theneighborsets,� , aresupplemented
with additionalroot links that�ll holesin theroutingtable.To routea messagetowardtheroot node,PRR
routesdirectly to � asif it werea nodein theTapestrymesh.Whenthis processencountersa hole in the
neighbortable4, it continuesfor oneadditionalhopalongoneof theseprecon�gured“root links”. Assuming
thatthesupplementalroot links areconsistentwith oneanother, everypublishor queryfor document� will
headtowardthesamerootnode.

Wecall theaboveprocesssurrogaterouting, sinceit involvesroutingtoward � asif it wereanode,then
adaptingwhentheprocessfails. Rootsgeneratedin thiswayareconsideredsurrogaterootsof � .

In a dynamicnetwork, maintenanceof theseadditionalpointerscanbetricky, sincethey follow from a
“global order”. Tapestryutilizesaslightly differentschemethatreliesoninformationlocal to eachnodeand
alreadypresentin theroutingtable.Ratherthan�lling holesin theneighbortables,we routearoundthem.
Whenthereis no matchfor the next digit, we routeto the next �lled entry in the samelevel of the table,
wrappingaroundif needed.For example,if thenext digit to be �x edwas3, andtherewasno entry, try 4,
then5, andso on. Whenthe routingcango no further (the only nodeleft in the currenttablelevel is the
currentnode),thatnodeis theroot. This schemeis simplerthanthePRRschemeunderinsertsanddeletes,
andmayhave betterloadbalancingproperties.

Theorem 2 SupposeProperty1 holds.ThentheTapestryversionof surrogateroutingwill producea unique
root.

Tapestry's surrogateroutingmechanismmayintroduceadditionalhopsoverPRR;however, thenumber
of additionalhopsis independentof

�

andexpectedto belessthan2 [21].

Observation 2 (Multiple Roots)Surrogaterouting generalizesto multiple roots. First, a pseudo-random
functionis employedto mapthe initial documentGUID � into a setof identi�ers � � , �

� , �����

�
�
. Then,to

routeto root � , wesurrogaterouteto ��� .

4This is highly likely, sincethenodenamespaceis sparse.
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method ACQUIRENEIGHBORTABLE (NewNodeName,NewNodeIP, PSurrogateName,PSurrogateIP)
1 ��� GREATESTCOMMONPREFIX(NewNodeName, PSurrogateName)
2 maxLevel � LENGTH( � ������� )
3 startList � ACKNOWLEDGEDMULTICAST (PSurrogateIP, � , SENDID[NewNodeIP, NewNodeName])
4 BUILDTABLEFROML IST(star tli st, maxLevel)
5 for i = maxlevel - 1 to 0
6 list � GETALLLEVELS(neighbors[ �

"

$ ], � )
7 BUILDTABLEFROML IST(list, i)

end ACQUIRENEIGHBORTABLE

method GETNEXTL IST (neighborlist, level)
1 nextList �	�

2 for
�

� neighborlist
3 temp � GETFORWARDANDBACKPOINTERS(

�

, level))
4 nextList � KEEPCLOSESTK(temp 
 nextList)
5 return nextList end GETNEXTL IST

Figure4: Building aNeighborTable

3 Building Neighbor Tables

Thoughbuilding the neighbortable is not the �rst stepin the insertionprocess,it is the most complex
and interestingstep,so we discussit �rst. We want to build the neighborsets,� �

��� � for a new node � .
Thesesetsmustadhereto Properties1 and2. This amountsto solving the nearestneighborproblemfor
many differentpre�xes.A recentpaperby KargerandRuhl [12] providesa methodfor solvingthenearest
neighborproblemin thesamemetricspaceaswe considerhere.Themethodwe presentbelow hasworse
timeboundsthantheir results,but requiresnoadditionalspaceover thePRRdatastructures.

As in [16], we make thefollowing constrainton thenetwork. Let �
� �
	 � denotetheall pointswithin 	

of � , and
�

��� �
	 �

�

denotethenumberof suchpoints.Weassumethat
�

��� � � 	 �

��%�� �

��� �
	 �

���

(1)

for someconstant
�

. PRRalsoassumethat
�

�
�

� � 	 �

�

"

� �

�
�

�
	 �

�

, but wewill notneedthat.Noticethatour
expansionpropertyis exactly thatusedby KargerandRuhl [12].

Figure4 shows how this is done. We startwith a list of all nodesmatchingsomepre�x; we get this
list via a multicast.Thengeneratea new list consistingof all thenodesknown by thenodeson the�rst list
matchingthe next pre�x; that is, both forward neighborlinks andbackpointers.We thentrim this list to
includeonly theclosest� nodes,andcontinue,until we �nd theclosest� nodeswith theemptypre�x.

We thenusetheselists to �ll in theneighbortable. In particular, to �ll in level � of theneighbortable,
we look in thelevel-� list. For � �

� ���

� � $�� , we keeptheclosestnodewith pre�x �
�

� � . If �

(

���������

�

� ,
thenwith high probability, we know thereis one(or indeed,any constant)numberof suchnodeson thelist
for every � .

Theorem 3 If the
�

is theexpansionconstantof thenetworkand
�

�

%

� (where � is thedigit size),thenthe
algorithmof �gure 4 will producethecorrectneighbortablewith highprobability.

Thenew nodealsoinduceschangeson othernodesneighbortables.In Theorem4, we prove thatany
nodeneedingto updateits level � link is oneof the closest� nodesfor level-� with high probability. We
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method INSERT (gatewayIP, NewNodeIP, NewNodeName)
1 (PSurrogateIP, PSurrogateName) � ACQUIREPRIMARYSURROGATE (gatewayIP, NewNodeName)
2 ��� GREATESTCOMMONPREFIX(NewNodeName, PSurrogateName)
3 ACKNOWLEDGEDMULTICAST (PSurrogateIP, � , L INKANDTRANSROOT[NewNodeIP, NewNodeName])
4 ACQUIRENEIGHBORTABLE (NewNodeName,NewNodeIP,PSurrogateIP, PSurrogateIP)

end INSERT

Figure5: NodeInsertionRoutine. The insertionprocessbeginsby contactinga gateway node,which is a
memberof theTapestrynetwork. It thentransfersobjectpointersandoptimizestheneighbortable.

method ACKNOWLEDGEDMULTICAST( � ,FUNCTION)
1 apply FUNCTION

2 if NOTONLYNODEWITHPREFIX( � )
3 for �

(

�

to ��� $

4 neighbor � GETMATCHINGNEIGHBOR( � � � )
5 if neighborexists
6 � � ACKNOWLEDGEDMULTICAST (GETIP(neighbor) � � � , FUNCTION )
7 wait �

8 SENDACKNOWLEDGEMENT()
end ACKNOWLEDGEDMULTICAST

Figure6: AcknowledgedMulticast

assumeherethatwe only needoneneighbor, but it shouldbeclearhow to extendthis proof to handleany
constantnumber.

Theorem 4 If node� hasa primary forward pointerto � (so � is theclosestnodeto � with pre�x � � � ),
thenwith highprobability, � is amongthe �

(

� �������

�

� closestnodesto � .

Sinceeachnodehasan expectedconstantnumberof pointers,the expectedtime of this algorithmis
� � � �

(

� �������

�

� perlevel or � �������

�
�

� overall.
The numberof backpointersis less than � �������

�

� with high probability, so we get a total time of
� �������

�

�

� with high probability. But onecando better. Using the techniquesof Theorems3 andTheo-
rem4, onecanarguethatwith highprobability, all thevisitedlevel � nodesarewithin aball of radius�

 

���

� .
Further, with high probability, thereareonly � �������

�

� level � nodeswithin �

 

���

� . This meanswevisit only
� �������

�

� nodesperlevel, or � �������

�
�

� nodesoverall.
Furthermore,noticethat

 

�

%

�

�

 

���

� . Supposethenumberof nodestouchedateachlevel is boundedby
� . Weknow (by theabove argument)that �

(

���������

�

� . Thetotal network traf�c is boundedby
�

�

 

�

�

(

�

�

�

 

�

But sincethe
 

� aregeometricallydecreasing,they sumto somethingto ������� , sothetotal network traf�c is
� �

�

� �

(

� ��� �����

�

� .
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4 NodeInsertion

In this section,we will describetheoverall insertionalgorithm,usingthenearestneighboralgorithmasa
subroutine.We would like thenetwork aftertheinsertionto bethesameasif wehadbeenableto build the
network from staticdata.This meansmaintainingthefollowing invariant.

Property 4 If node � is on thepathbetweena publisherof object � andtheroot of object � , then � hasa
pointerto object � .

In this section,we will show that if Property1, Property2, andproperty4 hold, thenwe caninserta node
suchthatall threeaftertheinsertion,andthenew nodeis partof thenetwork. It may, however, happenthat
duringa nodeinsertion,oneor bothof thepropertiesis temporarilyuntrue. In thecaseof Property1, this
canbeparticularlyserioussincesomeobjectsmaybecometemporarilyunavailable.Section4.3will show
how thealgorithmcanbeextendedto eliminatethisproblem.

Figure5 shows thebasicinsertionalgorithm. First, the new nodecontactstheclosestmatchingnode.
Then the nodecontactsthe subsetof nodesthat mustbe noti�ed to maintainProperty1. Theseare the
nodesthat have a hole in their neighbortable that the new nodeshould�ll. We usethe function AC-
KNOWLEDGEDMULTICAST (detailedSection4.1) to do this. As a �nal step,we build theneighbortables,
asdescribedbefore. Notice that we canusethe multicastin step3 of the insertionalgorithmto get the
startList of thenearestneighbortablealgorithm.

Wewouldalsolike to maintainProperty4. Thismeansthatall nodesonthepathfrom anobject's server
to theobject's root have a pointerto thatobject.Onceagain,therearetwo cases,onewherenot �xing the
problemmeansthat the network may return the incorrectanswer, andonewherenot �xing the problem
makesthenetwork slow.

First, the function L INKANDTRANSROOT from Figure5 transfersany objectpointersthat shouldbe
rootedat thenew node,anddeletesany pointersthatshouldnot now beon thecurrentnode. If we do not
move theobjectpointers,thenobjectsmaybecomeunreachable.For performancereasons,while building
the neighbortable,any nodethat addsthe new nodeasa primary neighborrequestsa republishfor any
objectthatwouldhave gonethroughthenew node.

4.1 AcknowledgedMulticast

To contactall nodeswith a given pre�x we introduceanalgorithmwe call AcknowledgedMulticast. The
algorithmis shown in Figure6.

To be valid, the pre�x � mustbe a pre�x of the receiving node. Whena nodereceives a multicast
messagefor pre�x � , it sendsthemessageto onenodewith eachpossibleextensionof � ; that is, for each

� , it sendsthemessageto onenodewith pre�x � � � if suchanodeexists.Weknow by Property1 thatif an
� � � -nodeexist, thenevery � -nodeknows at leastonesuchnode.Eachof thesenodesthencontinuesthe
multicast.

Becausewe needto know when the algorithmis �nished, we also requireeachrecipientto sendan
acknowledgmentto its parentafter receiving acknowledgmentsfrom all its children. If a nodehasno
children, then it sendsthe acknowledgmentimmediately. When the nodestartingthe multicastgetsan
acknowledgmentfrom eachof its children,weknow thatall nodeswith thegivenpre�x havebeencontacted.

Theorem 5 Whena multicastrecipientsendstheacknowledgment,all thenodeswith thegivenpre�x have
beenreached.

Thesemessagesform a tree. If thereare � nodesreachedin themulticast,thereare � � $ edgesin the
tree. Alternatively, eachnodewill only receive onemulticastmessage,sotherecanbeno morethan ��� � �

10



method FIXOBJECTPTRS (sender,deletedNode,objPtr)
1 CONTINUEPUBLISH(sender,deletedNode,objPtr)
2 oldsender� GetOldSender(objPtr)
3 if oldsender= sender
4 TELLSENDERTODELETEPTR(sender,deletedNode,objPtr)

end FIXOBJECTPTRS

Figure7: FixObjectPtrs

suchmessagessent.Eachof thoselinks couldbethediameterof thenetwork, sothetotalcostof amulticast
to � nodesis � ��� � � .

It is possibleto build a simplevariantof this algorithmwhereacknowledgmentsanda little additional
informationaresentto theoriginatingnode. With this modi�cation, themulticastalgorithmrequiresless
timeandno stateon theintermediatenodes.

4.2 Fixing Object Pointers

This is a specialpartial versionof republishthat maintainsProperty4. This function is usedto rearrange
theobjectpointersany time a nodechangesits primaryneighbor. This is not necessaryfor correctness,but
doesensurethenetwork performsbetter.

In essence,thenodemakinga changesendstheobjectpointerup thenew path. Fromtheplacewhere
theold pathandnew pathmeet,a deletemessageis sentbackdown the tree. This requiresmaintaininga
last-hoppointerfor eachobjectpointer. Whentherepublishmessagereachesanodeby adifferentpaththan
theoriginalpublishdid, a deletemessageis sentdown theold path.

If the nodeusesan ordinaryrepublish,(simply sendingthe messagetowardsthe root), it could leave
someobjectpointersdanglinguntil thenext time out. For example,if eliminatingnodeA makesthepath
from someobjectto its rootskip nodeB, thennodeB will still beleft with apointerto theobject.

Notice,however, that Property4 is not critical to the functioningof the system.If a nodeshoulduse
FIXOBJECTPTRS but doesnot, thenperformancesuffers,but becausethe root nodestill hasthepointers,
theobjectswill still beavailable. Further, timeoutsandregular republisheswill eventuallyensurethat the
objectpointersarein theright place.

4.3 KeepingObjectsAvailable

In this section,we explain how theabove algorithmcanbeextendedto keepobjectsavailableevenduring
theinsertionprocess.To do this,we preventanobjectfrom having two rootsat thesametime.

During thetimeanodeis insertingitself, anobjectrequestthatwouldgoto thenew nodeafterinsertion
mayeithergo to thenew nodeor to its pre-insertiondestination.To keepobjectsavailable,if eitherof those
two nodesreceivesarequestfor anobjectit doesnothave, it mustbeableto forwardtherequestto theother
node.

If aninsertingnodereceivesanobjectrequestfor anobjectit doesnot have, it sendstheobjectrequest
backout, routingasif it did not know aboutitself. Thatis, if thenew node�lls aholeat level � , it sendsout
a messagewith the level at �

"

$ to oneof thesurrogatenodes.(This is possibleevenwithout a neighbor
table;thenew nodeneedonly know theidentityof onesurrogate.)Thesurrogatethenroutesthemessageas
it wouldhave if thenew nodehadnotyetenteredthenetwork.

If a surrogatenodereceivesanobjectrequestfor an objectpointerthat is hasalreadysendto thenew
node,it needsto forward it on to the new node. But we want to do this in sucha way that the surrogate

11



method OBJECTNOTFOUND (objectID)
1 if (Inserting)
2 level � LENGTH(GREATESTCOMMONPREFIX(NewNodeName, PSurrogateName))
3 ROUTE(objectID,PSurrogateName, level)
4 elseifnot ROUTINGCONSISTENTWITHNEIGHBORS(objectID)
5 RETRYROUTING(objectID,Neighbors)
6 endif

end OBJECTNOTFOUND

Figure8: Misroutingandroutecorrectionto maintainobjectavailability

doesnot needto keepany stateto show which nodesareinserting. Sowe requireall nodesto “check the
routing” of anobjectrequestor publishbeforerejectingit. By this,wemeanthatthenodestestwhetherthe
objectmadea surrogatestepthatit did not needto make. If it �nds out it did make a surrogatestepinstead
of goingto thenew node,thecurrentnoderedirectsthemessageto thenew node.

To make this work properly, we requirethat the old root not deletepointersuntil the new root has
acknowledgedreceiving them. If this is done,thenthis systemalways�nds theobject. If anobjectarrives
at theold rootbeforetheold root transferspointers,everythingworksasif thenew nodedid notexist. If an
objectarrivesat theold rootafterthethenodehasmovepointers,thentheold rootmustclearlyknow about
thenew node,andsois ableto forwardtheobjectrequeston,andthenew nodeservicesit.

If a requestfor an objectarrivesat thenew node,andthenew nodedoesnot yet have thepointer, the
new nodeforwardsit on to theold root. If theold root doesnot know aboutthenew node,it musthave a
copy of theobjectpointer. If theold root doesknow aboutthenew node,thenit would have forwardedon
theobjectpointersalready. If therequestarrivesat thenew nodeafter it getstheobjectpointers,thenall is
well.

It is possiblefor a requestfor a non-existentobjectto loop until the insertionis complete;we canget
aroundthisby includinginformationin themessageheaderaboutwheretherequesthasbeen.=

4.4 Network Traf�c

Ignoring objects,the total network traf�c requiredfor nodeinsertionis ����������� � � with high probability,
where � is thediameterof thenetwork. Thetotal numberof hopsis � �������

�
�

� with high probability. The
�rst stepis nomorecostlythansearchingfor anobjectpointer, and[16] arguesthat�nding anobjectpointer
requires������� messages.Themulticasttakestime � � � � � where � is thenumberof nodesreached.But �

will besmallanda constantrelative to
�

. Finally, building theneighbortablestakes ���������

�

� messages.
If thereare � objectsthatshouldbeon thenew node,thenthecostof republishingall thoseobjectis at

most � ��� ��� . This givea total traf�c of � ��� � �����

�

� for objectpointermoves.

4.5 SimultaneousInsertion

In a wide-areanetwork, insertionswill not happenoneat a time. If two nodesareinsertedat once,each
may get an older view of the network, so neithernodewill seethe other. Suppose� and � areinserted
simultaneously. Therearethreepossibilities:

*

� 's and � 's insertionsdo not intersect. This is the most likely case; � needonly know about
���������

�
�

� nodeswith high probabilitysothechancethat � is oneof themis small.

12



* For some� �

�

� � , � shouldbeoneof the � �

�

��� neighborsof � , but � hassomefurther � �

�

� � neighbor
instead.

* For some � �

�

� � , � is theonly possibleneighbor.

In the �rst casenothingneedsto be done. In thesecondcase,if � fails to getaddedto � 's neighbor
table,thenthenetwork still satis�esall objectrequests,but thestretchmayincrease.By reinsertinga node
aftera randomamountof time,we canensurethatthissmallproblemis only temporary.

Thethird caseis amuchgreatercausefor concern,sinceif � hasa holewhere� shouldbe,Property1
would no longerhold. This couldmeanthatsomeobjectsbecomeunavailable. This problemcanalsobe
solved by reinsertingthenode,but beforethe reinsertingoccurs,objectsmaybeunavailable,andthis is a
seriousproblemwe wish to avoid.

We will now argue that if we canserializethe multicasts,the restof the insertionalgorithmis easy.
That is, suppose� and � both insertthemselvesat once. Let their commonpre�x be � . If � 's multicast
reachesthe � -nodescommonto boththeir multicastsbefore � 's does,then � will know of � . (Thesame
is obviously true if we reverse� and � .) To seethis, noticethat � is no differentthana nodecompletely
in the network for the purposesof � 's multicast. It is alsothe casethat � will ableto �nd � during its
neighbortablebuilding phase,sinceall thenecessarynodeshave forwardpointersto � . This is, in fact,the
only reasonwe usetheforwardpointersin theneighbortablebuilding algorithm.

But whathappenssome� -nodesreceive � 'smulticastbefore� 'sandotherreceive � 'smulticastbefore
� 's? In this case,it is possiblethat neithernodewill notify the other. (Notice that � and � may be
multicastingto differentpre�xes; � 's multicastpre�x couldbe � , while � 's couldbe � � � for some� , but
thisdoesnotaffect theargument.)

To solve thisproblem,we slightly modify themulticastalgorithmsothatit reachesinsertingnodes.
Onesolutionto thisproblemwouldbeto keepalist of recentmulticastmessages.Werejectthissolution

becauseit raisesa numberof problems.First, it requireskeepingstatethatis not usedin thecommoncase.
Second,it is not clearhow long the time out shouldbe. If it is too short,thenkeepingthe extra stateis
pointless,but it is notworkableto keepthestateforever.

Instead,eachnodesendsdown a“wish list” of pre�xesit couldnot reach.(Notethatthis list for agiven
level canbecompactlyrepresentedasabit vectorof length � , whereeachbit indicateswhethera nodewith
thatdigit wascontactedor not.) Any receiving nodeschecksthewish list to seeif it canreachany nodeon
the list. If it can,thenit sendsthemulticastto thenew node,adjustingthepre�x andholepatternto what
they wouldhave beenhadthenew nodebeencontactedat theright time.

Thenew versionis shown in theappendix,in Figure13. In additionto the informationpassedbefore,
this new multicastincludesthe setof expectedneighbortableholes. If any nodereceiving the multicast
noticesthat a hole hasbeen�lled, it sendsthe multicastmessage(adjustingthe pre�x andhole tableas
needed)to anodein theformerhole.

This canresult in many multicastmessagesto a new node. However, this is not a burden. First, this
is the uncommoncase.Second,it is rarethat the new nodewill be anything otherthana leaf in the tree
(i.e. the new nodewill not have to forward the multicast). Finally, the new nodecansuppressduplicate
multicastmessages.While this would be burdensomefor an establishednode,keepinga little extra state
duringinsertionis notunreasonable.

Doing thisguaranteesthefollowing fact:

Theorem 6 Suppose� and � both insert. If there is a nodethat receives� 's multicastsbefore � 's, and
someothernodethatreceives� 'smulticastbefore � 's, then � will receive� 'smulticastif � shouldreceive

� 'smulticast.

Theproof is in theappendixSection6.
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method DELETESELF ()
1 SENDPOINTERSTOSURROGATES()
2 for level

(

�

to maxLevel
3 SENDREPLACEMENT(backpointers,level, GETNEAREST(neighbors, level)

4 LEAVINGNETWORK(selfID,neighbors)

5 for � � objectPointers
6 FIXOBJECTPOINTERS(o)

end DELETESELF

Figure9: NodeDisintegration

5 Delete

In this sectionwe will talk abouthow nodesleave the network. We considertwo cases:voluntaryand
involuntarydelete.A voluntarydeleteoccurswhena nodeinformsthenetwork thatit is aboutto exit. This
is clearly an optimistic situationthat permits�xup of neighborlinks andobjectpointers. An involuntary
deleteoccurswhena nodeceasesto functionwithoutwarning.

5.1 Voluntary Delete

A deletingnodeshouldremove itself in sucha way thatobjectlocationcancontinueseamlessly. Whenthe
node � leaves the network, several thingshappen.A nodeor setof nodeswill becomerootsfor objects
currentlyrootedat � . Also, someobjectswhosepathsto theroot went through � will have usedifferent
paths.

The�rst stepis to move theobjectpointersfor which theexiting nodeis theroot. Thisneedsto bedone
via amulticast,sincetheexiting nodedoesnothave directknowledgeof its surrogates.Note,however, that
if wearewilling to tolerateobjectsbeingtemporarilyunavailable,thisstepcanbeskipped.

The secondstepis notify neighborsthat the nodeis leaving the network. By itself, this could leave
neighboringnodeswith a hole in their routing table. The nodeswould not know if the tablewasempty
becauseno nodeexists to �ll it or not, potentiallybreakingProperty1. To prevent this, aspartof the“I'm
leaving” messagedescribedabove,for eachlevel � , theexiting nodesendstheclosetlevel � node.Giventhat
information,the othernodescanmaintaintheir neighbortables. (The neighbortableswill not be perfect
aftersuchadeletion,but nodesthatneedperfectneighbortablesmayalwaysreinsertthemselves.)

As a �nal step,the exiting noderepublishesall objectson that nodeusingFIXOBJECTPOINTERS as
describedin Section4.2.

5.2 Involuntary Delete

It will not alwaysbe possiblefor a nodeto deleteitself, so a practicalnetwork shouldhandleunexpected
deletes.We proposethat unexpecteddeletesbe handledlazily. That is, whena nodenoticessomeother
nodeis down, it doeseverythingit canto �x its own state,but doesnot attemptto �x thestateof any other
node.

A deletionwill notbenoticeduntil somenodetriesto sendamessageto thenow-defunctnodeanddoes
not get a response.Whenthat happens,the sendingnodeshould�rst remove the nodefrom its neighbor
table.If thisproducesaholein thetable,it will havetodoadditionalwork toensureProperty1 ismaintained.
Second,it shouldREPUBLISHONDELETE all objectpointersthatwouldhave gonethroughthenew node.
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method DELETEOTHER (deadNode)
1 createHole� REMOVEFROMNEIGHBORS(neighbors, deadNode)
2 if createHole
3 ��� GREATESTCOMMONPREFIX(SelfName, DeadNode)
4 ��� DeadNode[LENGTH( � )+1]

5 ACKNOWLEDGEDMULTICAST ( � , REQUESTNODE[ � ])
6 for objptr in objectPointers
7 if USEDDELETEDNODE(objptr,DeadNode)
8 REPUBLISHONDELETE(deletedNode,objPtr)

end DELETEOTHER

Figure10: DeleteOther

To ensureProperty1, if deletingthenodeleavesa hole in theroutingtable, � performsa multicastto
all nodessharingthe samepre�x as � andthedeadnode. If noneof thosenodesknows of a nodeto �ll
thehole,then � assumestheholecannotbe�lled, andshouldinform all thenodestouchedin themulticast.
Likewise,if � does�nd a nodeto �ll thehole,it alsoinformstheothernodes.Partial psuedocodeis found
in Figure10.

Therearetwo problemswith thisscheme.The�rst problemis thatthereinsertionmaytake a long time
andit is not clearwhatto dowith objectrequestsin themeantime.

Thesecondpracticalproblemcouldbemoreserious.If a nodebecomesunreachablefrom onepartof
thenetwork but is still reachablefrom theother, thenpartof thenetwork will deletethenode,andpartof it
will not. This problemwouldnever bedetected.

It maybethat two nodesnoticethedisappearanceat aboutthesametime andthatbothnodessendout
multicastmessages.However, theonly problemwith multiple multicastmessagesis unnecessarymessage
traf�c.

6 Object Location in generalmetric spaces.

Forany metricspace
�

, weshow awayto routetoanobjectsuchthatthestretchispolylogwith � �

� ��� �

�����

�
�

�

averagespace,where
� ��� �

is the sizeof an object ID, or � �������

�

� . We remarkthat this is the strawman
schemeproposedby Plaxton,Rajaraman,andRicha[16] without loadbalancing,andis quitesimilar to the
schemeof ThorupandZwick [19].

Let
�

�

� � be a set of �

� randomlychosenpoints in the metric space,and let � �

� ���

�����

�

� and � �

� ��� �

�����

�

� . Eachnodein thenetwork storestheclosestnodein
�

�

� � for eachpair �

�

� . Also, eachnodein
�

�

� � storesa list of all network nodeswhichpoint to it.
Supposeanode� wantsto �nd anobject � . Thenstartingwith �

(

�����

�

, � asks(for all � in parallel)
its representative in theset

�

�

� � if it pointsto � . If oneof themdoes,it returnsthepointerto � . If this fails,
it tries

�

�

�
�

� � for all � . Noticethatthereis onenodein
�

�

� � .

Theorem 7 Let ��� bethe largest � such that there is some
�

�

� � that pointsto both � and � . We will show
that � �

�

�

�

� �

�

� �

%

�����

���

� �	�

�

� � with high probability. Moreover, the average spaceusedby the data
structure is � �������

�#�

� .

Theproof in theappendixsectionA.1.
To loadbalance,we let � rangeover all possibleID pre�xes,andonly search� s thatarepre�xesof � 's

ID. This resultsin avery largetablesize.Wedo notknow how to ef�ciently maintainthisdatastructure.
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7 Conclusions

Oneof themostimportantaspectsof apeer-to-peerroutingsystemis theability to adaptto achangingsetof
participants.We illustratehow to adaptto arriving anddepartingnodesin Tapestry, a location-independent
routing infrastructure. This adaptationinvolves an ef�cient, distributed solution to the nearest-neighbor
problemaswell asa distributedalgorithmfor maintaininga pre�x-basedroutingmesh.Both of theseare
presentedfor the�rst time in thispaper. Thecostof our integrationalgorithmsis similar to thatprovidedby
othersystemsthatdo notprovide routinglocality. Theresultis aninfrastructurethatprovidesdeterministic
location,routinglocality, andloadbalance,evenin achangingnetwork. This is auniquesetof properties.
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A Appendix

A.1 GeneralMetric Spaces

Recall that
�

�

� � is a set of �

� randomlychosenpoints in the metric space,with � �

� ���

�����

�

� and � �

� ��� �

�����

�

� . Eachnodein thenetwork storestheclosestnodein
�

�

� � for eachpair �

�

� . Call thesepointers
outpointers. Eachnodein

�

�

� � storesa list of all network nodeswhich point to it. Call thesepointers
inpointers.Theaveragespaceis then ���

� ��� �

�����

�
�

� , thoughthenodesin
���	��


�

� � store � �

�

� pointers.To
seethis,noticethata nodethenumberof in-pointersequalsthenumberof out-pointers,sothetotal storage
is 2

�

out-pointers
�

which is �

�

�����

�

.
Supposeanode� wantsto �nd anobject � . Thenstartingwith �

(

�����

�

, � asks(for all � in parallel)
its representative in theset

�

�

� � if it pointsto � . If oneof themdoes,it returnsthepointerto � . If this fails,
it tries

�

�

�
�

� � for all � .
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Theorem A.1 (Theorem 7) Let � � bethelargest � such that there is some
�

�

� � thatpointsto both � and � .
Wewill showthat � �

�

�

�

� �

�

� �

%

�����

� �

� �	�

�

� � with highprobability.

Proof:
Let ��� �
	 � betheball around� of radius	 , thatis, all thenodeswith in distance	 of � .
Now, considera sequenceof radii suchthat 	��

(

� � for �
�

�

$

�

�����

�

� . If
�

� �	�

�

	�� ��� � � �

�

	�� �

�

"

�

�

�

��� �
	 � 
 ��� �
		� �

�

wecall 	�� good.Wenow show thatif thereexistsagood 	
� thetheoremholds.
Let 	

(

	�� be a goodradius. Thenconsider� suchthat �

�	��


�

�

�

% �

� � �
	 � 
 � � �
	 �

� %

�

�	��


�

�

���

�

.
If

�

��� �
	 ��� ��� �
	 �

�

is 1/2 of
�

��� �
	 � 
 ��� �
	 �

�

. Notice thatgiven a � , with constantprobability, therewill
exactly onememberof

�

�

� � in theintersectionandno othermemberin theunion. We canview each� asa
trial, andsincewehave

�

�����

�

trials,with highprobability, at leastonewill succeed.And if thereis � �

�

�

� �

thatpointsto both � and � , when � queries� , � will getapointerto � , so � �

(

� .
Wewill now arguethatyoucannothave �����

�

bad	�� . Supposethat 	
� isbad.Then
�

� �	�

�

� � ��� � � �

�

� � �

�

is lessthan
�

� of
�

��� ��� � � 
 ��� ��� � �

�

. Noticethat � �	�

�

� � ��� � � �

�

� � � contains
�

��� � � � � $ � ��� 
 ��� � � � � $ � ���

�

,
andsince

�

��� � � ��� 
 ��� � � ���

�

" �

�

� �	�

�

� ����� � � �

�

� ���

�

" �

�

��� � � � � $ � ��� 
 ��� � � � � $ � � �

�

. But this
can happenat most �����

�

times, since
�

� �	�

�

	

�

��� � � �

�

	

�

�

�

" � (sinceit contains� and � ) and the
network hasonly

�

nodes.
Finally, if at any point

�

�
�

�
		� � 
 �
�

�
		� �

�

containsthewholenetwork, thenlet � �

(

�

, andsincethere
is only oneelementof each

�

�

� � , sothey will clearlybepointingto both � and � .
Finally, noticethatif � �

�

�

�

� �

�

� �

%

�����

� �

� �	�

�

� � , thetotaldistancetraveledonlevel � is �����

���

� �	�

�

� � ,
andthelatency (waiting time) is �����

�

� �	�

�

� � . Sincetheremaybe �����

�

levels,thismeansthetotal latency
is proportionalto � �	�

�

� � �����

���

andtotal distancetraveledproportionalto
�

�

� �	�

�

��� �����

�

�

.

A.2 SurrogateRouting

Theorem A.2 (Theorem 2) SupposeProperty1 holds.ThentheTapestryversionof surrogateroutingwill
producea uniqueroot.

Proof: Proofby contradiction.Supposethatmessagesfor anobjectwith ID � endroutingat two different
nodes,� and � . Let � bethelongestcommonpre�x of � and � , andlet � bethelengthof � . Then,let �

�

and �

�

bethenodesthatdo the �

"

$ st routingstep;thatis, thetwo nodesthatsendthemessageto different
digits. Notice that after this step,the �rst �

"

$ digits of the pre�x remainconstantin all further routing
steps.Both ���

���

�

and �

�

���

�

musthave thesamepatternof emptyandnon-emptyentries.Thatis, if ���

��� � is
empty, then�

�

��� � mustalsobeempty, or Property1 is untrue.Soboth �

�

and �

�

mustsendthemessageon
anodewith thethesame�

"

$ th digit, sothis is acontradiction.

A.3 Building Neighbor Tables

Theorem A.3 (Theorem 3) If the
�

is the expansionconstantof the networkand
�

�

%

� (where � is the
digit size),thenthealgorithmof �gure 4 will producethecorrectneighbortablewith high probability.

Proof: We mustshow that given the � closetlevel �

"

$ nodes,we can�nd the the � closestlevel �

nodes.Let
 

� betheradiusof thesmallestball aroundthenew nodecontaining� level � matches.Wewould
like to show thatany node� insidetheball mustpoint to a level �

"

$ nodewithin 	 ���

� of thenew node.If
thatis thecase,thenwe will query � 's parent,andso�nd � itself.

If �

(��

�������

�

� , with high probabilitythereis at leastonelevel-� nodethatis alsoa level- � �

"

$ � node,
so the distancebetween� and its nearestlevel- � �

"

$ � nodeis no more than �

 

� , sinceboth � and the
level- � �

"

$ � nodearewithin theball of radius
 

� . By thetriangleinequality, thedistancebetweenthenew
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method ACKNOWLEDGEDMULTICAST( � ,FUNCTION, holepattern)
1 apply FUNCTION

2 MULTICASTTOFILLEDHOLES(holepattern)

3 if NOTONLYNODEWITHPREFIX( � )
4 moreholes� GETHOLES(neighbors, � )
5 for �

(

�

to ��� $

6 neighbor � GETMATCHINGNEIGHBOR( � � � )
7 if neighborexists
8 � � ACKNOWLEDGEDMULTICAST (GETIPneighbor� � � , FUNCTION holepattern � moreholes)
9 wait �

10 SENDACKNOWLEDGEMENT()
end ACKNOWLEDGEDMULTICAST

Figure13: Acknowledgedmulticastwith a theholepattern

nodeandthenode � pointsto is no morethan �

 

�

"

 

�

(��� 

� . (SeeFigure12.) This meansthataslong as
�� 

�

'

 

���

� , � mustpoint to anodeinside
 

���

� .
Now, we mustshow that

�� 

�

'

 

���

� with high probability. Let � bethenumberof nodessuchthat the
oneexpects �%$���� �

�
�

� level � nodes.Where � is chosensmallenoughsuchthat �%$ ��� � ���

�

�

�

$ . Now
let �

�

bethesizeof theball containing� nodes.We considertwo cases.In the�rst, theinnerball is hastoo
highaconcentrationof level � nodes;in thesecond,theouterball hastoo low aconcentration.
case1 If �

�

" � . That meansthat the ball containing �

�

contains� nodes.Let ��� be a randomvariable
representingthe numberof level- � �

"

$ � nodesin � trials. Thenwe wish to bound � 	

�

�
	��

%

��� . But
� 	

�

�
	��

%

���

%

� 	

�

�
	

%

��� , since�

%

�

�

. But � 	

�

�
	

%

���

(

� 	

�

�
	

%

�%$ ��� ���

�

��	 � � .
case2 If �

�

%

� , thenconsidertheball of radius
�� 

� aroundthenew node. This ball mustcontain � level-
� �

"

$ � nodes(
 

���

� is biggerthat
�� 

� ), so the ball of radius �

 

� mustalsocontain � level- � �

"

$ � nodes.
Further, we know thevolumeof this ball is lessthan

�

�

�

�

. Let � bethenumberof level �

"

$ nodes,then
� 	

�

���

�

	
�

" ���

%

� 	

�

���

�

	

" ��� , andthis is thesameas � 	

�

���

�

	

" �%$ ��� � ���

�

�

�

�

���

�

	

� � , by Equation1. We
know that �%$ ��� � ���

�

�

�

$ sowecanwrite �%$ ��� �

�

�

� �

(

$

"

�

�

, andthen � 	

�

�

�

�

	

" �%$

"

� �

�

�

� ���

�

�

�

�

	

� �

%

�����

� ���

�

�

�

�

�

�

�

�

	

���

�

� , andby choosing� largeenough,� canbemadelargeenoughsothatthiscanbemade
assmallaswe like.

Theorem A.4 (Theorem A.3 (Backpointers)) If node � hasa primary forward pointer to � (so � is the
closestnodeto � with pre�x � � � ), thenwith high probability, � is amongthe �

(

� �������

�

� closestnodes
to � .

Proof: We will show that the probability that � is not amongthe � closestnodesto � canbe made
arbitrarily small. Let �

(

� � �

�

� � or thedistancebetween� and � . Considertheball around� of radius
� . (Shown in Figure11). Since � is theneighbortableof � , thereis no nodein this ball with a matching
pre�x. Further, noticethat theball around� containing� nodesdoesnot contain � , so its radiusmustbe
lessthan � . Finally, considertheball around� of radius � � . It completelycontainstheball around� . We
know, then,thattheball around� of radius � containsno nodeswith pre�x � � � , but theball around� of
radius� � contains� nodesof pre�x � .

Let � bethenumberof nodesin thenumberof nodesin thesmallerball around� . We have two cases,
�rst for large � , andsecondfor small � .
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case1 � " � �����

�

. Theprobability thatthereis no matchingnodeis �%$�� � �

	 , where� is theprobabilitya
nodehasthepre�x � � � .
case2 �

%

� �����

�

. Now, we considerthe probability the larger ball has � � -nodes. Let
�

be the total
numberof nodeswith pre�x � . Then �

�

�

�

(

� � � . Since
�

canbeconsideredasthesumof booleanrandom
variables,wecanwrite that � 	

�

�

" �%$

"

� ���

�

�

� �

%

�����

� ���

�

�

�

�

����� � , if weset �

(

� � �

�

�

� � $ , thenwe
getthat � 	

�

�

" ���

%

�����

� � � � � �

�

�

�(� $ �

�

�

�

�

����� � . Now, let �

(

� �����

�

for � suchthat �

�

� � . Thenthis
is lessthanor equalto ��� �

� � � � �����

�

� �

�

�

� �

�

�

�

�

����� �

%

��� �

� � � �����

�

� .

A.4 AcknowledgedMulticast

Theorem A.5 (Theorem 5) Whena multicastrecipientsendstheacknowledgment,all thenodeswith the
givenpre�x havebeenreached.

Proof: Supposethat node � receivesa multicastmessagefor pre�x � and � is the only nodewhen
pre�x � . Thentheclaim is trivially true.

Now, we assumetheclaim holdsfor a pre�x � of length � , andwe will prove it thenholdsfor a pre�x
� of length � � $ . Supposenode � receivesa multicastmessagefor a pre�x of length � . The � sendsthe
multicastto a nodewith every possibleone-digitextensionof � (i.e., � � � for all � �

� ���

��� $�� . Once
� receivesall thoseacknowledgments,all nodeswith pre�x � have beenreached.Since � waits for these
acknowledgmentsbeforesendingits own, when � sendsits acknowledgment,all nodesof pre�x � have
beenreached.

Thefollowing theoremdoesnot work unlessthemulticastpre�x is de�ned asspeci�ed in theinsertion
algorithm. This doesnot meanthatmultiple insertionsfall apart;it just meansthatthetheoremstatements
becomecomplicatedandunwieldy, thoughthesameideascarrythrough.

Theorem A.6 (Theorem 6) Suppose� and � both insert. If there is a nodethat receives� 's multicasts
before � 's,andsomeothernodethat receives� 'smulticastbefore � 's, then � will receive� 'smulticastif

� shouldreceive� 'smulticast.

Proof: Therearethreecases:
case1: � multicastedto a shorterpre�x than � . This caseis easy, since � doesnot needto receive

� 's message.case2: � and � aremulticastingto thesamepre�x. Suppose� hasalreadyreceived � 's
multicast. It now gets � 's multicast. If � hasnot alreadybe contacted,thenthe �rst-level hole pattern
showsaholewhere� shouldbe,and � forwardsthemessageto � . case3: � multicastedto a longerpre�x
than � . This is very like thepreviouscase.At somepoint in themulticasttreefor � , therewasanodethat
eithersentthemessageto � , or decidedthatit couldnot sendthemessageto any any nodewith thatpre�x
of � . Thesubtreeformedunderthat is exactly the setof nodesreachedby � 's, so we know � is in that
subtree.Thatmeansthat theholepattern� getswith � 's multicastshows a holefor � , so � canforward
themessageto � .

Whenmorethreeor morenodesareinsertedat once,thesituationbecomesmorecomplicated,because
the newly insertednodesare more than leaves in the multicast. In that case,they must maintaina list
of received multicastsandforward thosemulticasts,if appropriate,as they learnaboutnew nodesin the
network.
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