
Impr oving the Scalability of Logarithmic-Degree
DHT-basedPeer-to-PeerNetworks

�
BrunoCarton

�
andValentinMesaros

��
CETIC,rueClémentAder8, B-6041Charleroi,Belgium

bruno.carton@cetic.be�
Universit́e catholiquedeLouvain,placeSainteBarbe2,

B-1348Louvain-la-Neuve,Belgium
valentin@info.ucl.ac.be

Abstract. High scalabilityin Peer-to-Peer(P2P)systemshasbeenachievedwith theemergence
of thenetworksbasedon DistributedHashTable(DHT). Most of theDHTs canberegardedas
exponentialnetworks.Their network sizeevolvesexponentiallywhile theminimal distancebe-
tweentwo nodesaswell asthe routing tablesize,i.e., thedegree,at eachnodeevolve linearly
or remainconstant.In this paperwe presenta modelto bettercharacterizemostof the current
logarithmic-degreeDHTs. We expressthemin termsof absolute andrelative exponentialstruc-
turednetworks.In relativeexponentialnetworks,suchasChord,whereall nodesarereachablein
at most � hops,thenumberof pathsof lengthinferior or equalto � betweentwo nodesgrows
exponentiallywith thenetwork size.WeproposetheTango approachto reducethis redundancy
andto improveotherpropertiessuchasreducingthelookuppathlength.WeanalyzeTango and
show thatit is morescalablethanthecurrentlogarithmic-degreeDHTs.Givenits scalabilityand
structuringflexibility, wechoseTango to bethealgorithmunderlyingourP2Pmiddleware.

1 Intr oduction

Over the pastfew years,Peer-to-Peer(P2P)networks have becomean importantre-
searchtopic dueto their interestingpotentialssuchasself-organization,decentraliza-
tion andscalability. A P2Pnetwork is principallycharacterizedby its structuringpolicy
andthe lookup protocolemployed.Not long after the emergenceof the first popular
P2Pnetworks,NapsterandGnutella,it wasrealizedthatscalabilityin thesenetworks
wasanimportantissue.A betteralternativearetheP2Pnetworksbasedon DHT (Dis-
tributedHashTable).Thesenetworks areself-organized,fully distributedandhighly
scalable.Furthermore,giventhateachnodehasawell definedroutingtable,thelookup
for any node/itemcanbeaccomplishedwithin arelativelysmallnumberof hops.As the
network sizeincreasesexponentially, themaximumlookuplengthaswell astherouting
tablesizeat eachnode(i.e., thedegree)increaselinearly like in Chord[1], Pastry[2]
andTapestry[3], or evenremainconstantlike in Koorde[4] andDH [5].

TheDHT basedP2Pnetworksarealsocalledstructured networks, sincethey fol-
low a well definedstructure.A closerlook to their structureallowedus to noticethat�
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mostof the logarithmic-degreeDHTs fall into two maincategories,dependingon the
nodes’view of the network (we deferthedefinitionof node’s view to Section2). We
call themabsolute andrelative structured exponential networks. A first contributionof
thispaperis thedescriptionof amodelto bettercharacterizetheexponentialstructured
networksasabsoluteandrelative.Relatedto this work is theresearchdescribedin [6]
wherea modelbasedon the conceptof � -ary searchis proposedfor reasoningabout
DHT networks.Their modeladdressesonly relative structuredexponentialnetworks,
while oursis moregeneral,addressingtheabsolutenetworks,too.

Ourmodelallowedusto observethatin therelativeexponentialstructurednetworks
thefingersof a nodearenot totally exploited.Hereinafterwe denotethe“fingers” of a
node� to bethesingle-hopconnectionsof � , andhencerepresentingtheentriesin the
routingtableof node � . In Section3 we proposeanapproach,thatwe calledTango,
to structurethe relative exponentialnetworks for increasingtheir scalability. Tango
reducesthe redundancy in the multiplicity of pathsbetweentwo nodesof a relative
exponentialnetwork and,assuch,it reducesthe pathlengthbetweenthe nodes.The
Tango approachis thesecondandthemaincontributionof thispaper. In Section4 we
compareTango with DKS [7], andwith theDH constant-degreenetwork.

2 Structured exponentialnetwork

A structuredexponentialnetwork is a network built incrementallyusingwell-defined
steps.It is composedof nodeslinkedtogethervia directededgesaccordingto structur-
ing rules,andcharacterizedby anexponentialfactor � whichis thenumberof instances
of network 	�

��� usedto definethesubsequentnetwork 	�

������� . Thenetwork 	�
���� is
the initial network composedof onenode.At step � , network 	�

��� is built by using �
instancesof network 	�

������� linkedto oneanother.

Weidentify twomethodsfor connectingall � instancesof 	�
�������� atthe ����� step: ab-
soluteandtherelative connections.They leadto absoluteandrelative structuredexpo-
nentialnetwork, respectively. We illustratebothmethodsfor a network of size64,built
in four steps,andparameterizedby anexponentialfactor ���! . Eachnodeis identified
bothnumericallyby usinga uniqueidentifierrangingfrom 0 to 63,andgraphicallyby
using � shapes(i.e., light square,light circle, bold squareandbold circle). Theshape
organizesthe nodeswithin the network whereasthe sizeof the shapedeterminesthe
network building step.Small shapesstandfor instancesof 	�
�� � , mediumshapesfor
instancesof 	�

��" , and large shapesfor instancesof 	�

�$# . The network instanceof	�

�&% regroupsthe four network instancesof 	�

��# . However, for simplicity, 	�
���% is
notmarkedin thefigures.In orderto distinguishthefingersof thereferencenodefrom
theothernodes,we representthemasnon-graynumberswhereastheothernodesare
in gray. Moreover, we introducethe ' andthe ( operators.In a network of size ) , we
definetheoperatorsas *+',�-�/.�*+0,�214365876) , and *9(:�;�<.�*>=?��0@)�1�36587�) .

An absolutestructuredexponentialnetwork is representedin Figure1 (left). In such
a network, eachnodehasthe sameview of the network. For instance,all nodessee
thatnodesrangingfrom 0 to 15 aresitting in the large light square.That is, if a node
seesthat a node * is sitting in a given shapethenall the nodesseethat * is sitting
in that given shape.In sucha network, at the ����� step,the �A=CB fingersof a node �
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Fig.1. (left) Absolutestructuredexponentialnetwork of size64 with DFEHG . (right) View of a
noden in a relativestructuredexponentialnetwork of size64with DIEJG .
arepointing to the �K=HB other instancesof 	�

� ���4� . Moreover, it doesnot matterto
whichnodeinsideeach	�

� �$��� � pointsto. For instance,in thenetwork representedin
Figure1 (left), thefingersof node21at thethird stepcanbeany instanceof nodesL , M , N
whereLPO,QRBTSVU
U
U
BTWYX , MZO,Q [Y \U
U
U][_^`X , and NIOJQ [bacU
UTUedfB
X .

A relative structuredexponentialnetwork differs from anabsoluteoneby the fact
thattheview of thenetwork ownedby aparticularnodeis relative to its positionwithin
thenetwork. For instance,nodessitting in the large light squarearefoundat distanceg �ehTi from the referencenode,with =\[fBKj g �ehTikjl=VS . Moreover, in a relative expo-
nentialnetwork, a node � hasto point preciselyto thenodesoccupying relatively the
samepositionsin the ��=mB otherinstancesof 	�

���$��� . For instance,asrepresentedin
Figure1(right), thefingersof node� at thethird stepare �P(mB`S , �P'mB`S , �n'@do[ .

Mostlogarithmic-degreeDHT-basedP2Pnetworkscanbeexpressedeitherin terms
of anabsoluteor in termsof arelativestructuredexponentialnetwork.For instance,Pas-
try andTapestrycanbeseenasinstancesof theabsolutestructuredexponentialnetwork
by instantiatingtheemployedalphabetto theshapesusedin Figure1.Ontheotherhand,
ChordandDKS canbeseenasinstancesof therelativestructuredexponentialnetwork.

This modelallows usto statethatnetworksbuilt with therelative andtheabsolute
approachesscaleat thesamerate.Indeed,let )qp bethesizeof network 	�

� � and r6p be
themaximumnumberof hopsto reachany nodein 	�
�� � . Then,for bothstructureswe
have )sp2�t�\uv)qp � � with ) � �<B , r6pw�x�y=JB , andanumberof .��z=JB`1{uV.��y=JB`1 fingers
at eachnode.Moreover, this modelallows us to statethat if at the ����� step,a node �
pointsto node* , thenin anabsolutenetwork, thenetworksreachablein atmost � hops
by � and * , usingall thefingersestablishedin thefirst � steps,areidenticalwhile they
differ in arelativenetwork.Thisdifferenceis at thefoundationof theTango definition
andits propentionto increasefingerutilization.
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Fig.2. (left) Network building patternin Tango where DPE}| . (right) Pathsfrom node0 to all
theothernodesin aChordnetwork of size8 andin aTango network of size13.

3 Tango: a novel approachfor reducingunexploitedredundancy

In a relative exponentialnetwork we canidentify two typesof redundancy. The first
oneresultsfrom thecommutative propertyof theadditionoperationandfrom thefact
that eachnodeowns, relatively, the samefingers.For example,in Chord,node0 can
reachnode6 via node4 (6=0+4+2)andalsovia node2 (6=0+2+4).Thesecondtypeof
redundancy resultsfrom theunderutilizationof fingers.

To haveaclearexplanation,weintroducethenotionof positiveandnegativeregions
of agivennode� . A node* is foundin thepositiveregionof node� if f *:(��?~��v(z* ,
otherwise,node* is foundin thenegativeregionof node� .

We proposeTango, an approachto addressthe secondtype of redundancy, and
thusincreasingnetwork scalabilityby taking into accountthat thenetworksreachable
in atmost � hopsby � andits fingersaddedatstep� , usingall thefingersestablishedin
thefirst � steps,aredifferentin arelativenetwork. Indeed,theregioncoveredin atmost� hopsvia thefarthestfingeraddedin thepositive (resp.negative) region at step � and
the region coveredin at most � hopsvia theclosestfingeraddedin thepositive (resp.
negative)regionatstep�{0!B overlappartially. For example,theregionsreachablein at
most3 hopsbynode21vianode29(i.e.,from24to 39)andvianode37(i.e.,from32to
47)overlap.Let avalid pathbetweentwo nodesin anetwork instance�?�Ti p beany path
betweenthesenodeswhoselengthis atmost �q=JB hops.In a relativenetwork, all these
overlapregionsincreaseexponentiallythe numberof valid pathsbetweentwo nodes.
Moreover, thecumulatedsizeof theoverlap,i.e.,theamountof unexploitedredundancy
in aninstanceof 	�

��� growsexponentiallywith � .
3.1 Tango definition

In orderto preventoverlapping,theregioncomprisedbetweenthefarthestfingeradded
in thepositive(resp.negative)regionatstep� andtheclosestfingeraddedin thepositive
(resp.negative) region at step �q0}B hasto beequalto thesizeof thenetwork instance	�

� � . This improvementis graphicallyexpressedin Figure2 (left) for a network char-
acterizedby �-�9� . Onecannoticethat 	�

� �&��� is composedof 5 blocks.Thereare4



instancesof 	�
���� and1 instanceof ���b��

���b
��c	�
���� , which is thenetwork reachableby
thereferencenodein atmost � hopsby usingthefingersdefinedin 	�
���� .

Let � �p and � �p bethenumberof fingersaddedin thepositiveand,respectively, the
negative regionsof a nodeat step � . Hence,knowing that at eachconstructionstep �
thereare ��=�B fingersaddedto anode,weobtain ���x� �p 0�� �p 0mB .

Let
g �p�� � (resp.

g �p�� � ) bethedistanceat which the �_��� positive (resp.negative)finger
of the ����� stepshouldbe placed.Let ) �p (resp. ) �p ) be the sizeof the positive (resp.
negative)regionof a referencenodeatstep� . Equations1 establishthesizegrowth and
thefingerspositioningin Tango. Onecannotethat for � �p �/� , theTango network
correspondsto animprovedversionof Chord,andDKS with anarity � . Thereadercan
referto Section4 for a comparisonbetweenChord,DKS andTango.g��� � � ��� ��OJQRB�U
UTU�� �� X ) �� �x�g �p�� � � g �p�� � � ��� ) p � � ��OJQRB�U
UTU�� �p X��2���![ ) �p �t) �p � � 0 g �p�� �
�� �v�CBg �p�� � � g �p � � � � ����o� �v�m[ )qp2�}) �p 0�) �p 0xB �v�!� (1)

3.2 Key-basedrouting

The purposeof key-basedrouting is to routea messagetaggedwith key �6

� to the
noderesponsibleof �k

� . Let � �  (resp.� �  ) bethefirst nodeencounteredin thepositive
(resp.negative)regionof � . Theresponsibilityof anode� is definedin Equation2.

Besidethenoderesponsibility, thereis thefingerresponsibilitydefiningthenodeto
which a messageshouldbe forwardedto. In Tango we split thefinger responsibility
of a given finger ¡ in negative andpositive sides1. Than,let the focusednetwork be
aninstance	�

��¢ andlet )y� �p�� � (resp.)4� �p�� � ) bethesizesof thepositive (resp.negative)
fingerresponsibilityasdefinedin Equations3 and4. Thefingerresponsibility£ �p�� � of
finger locatedat position ¤ �p�� � relatedto the distance

g �p�� � aredefinedin Equation5.
Hence,by usingits finger ¡�p�� � , anodecancovertheregion £Ip�� � in atmost �2=�B hops.

£   � ¥ �n(§¦I¨ � ����=�Bf© uI.��n(-� �  (mBª1�«JU
UTU{¦Z¬ � ���k=�B8­ uI.®� �  (J�n(xB`1�«�'@�y¯ (2)

)y� �p�� � �x) �p:° )q� �± � ��²³ �t) �p,° )y� �p�� ��²� �}) �p � � ° )y� �p�� � �x) �p (3)

)4� �p�� � �x) �p,° )4� �± � � �³ �}) �p:° )4� �p�� � �� �}) �p � � ° )4� �p�� � �x) �p (4)

£ �p�� � �µ´®¤ �p�� � (�)4� �p�� � UTU
U¶¤ �p�� � '�)y� �p�� ��· (5)

1 Thedenominationof Tango comesfrom its ability to havepositive routingstepsfollowedby
negative routingstepsandviceversa.



3.3 Tango in a sparseand dynamic network

In a sparsenetwork, thepositionof a finger ¡ (i.e., ¤ ) of a node � maycorrespondto
a missingnode.In thatcase,� pointsto thenoderesponsibleof ¤ . Hence,thenodes
areplaying the finger role of the missingnodeslaying within their responsibility. In
orderto preserve the lookup efficiency, eachnodeadaptsits routing tablein orderto
reachthesamepartof thenetwork in thesamenumberof hopsasit would have been
doneby eachmissingnodeswithin its responsibility. Thatis why in Tango, wedefine
thefingerposition ¤�.��21 andthefingernode ¡�.��21 of a node� asin Equation6, where��O:Q®B�UTU
U�� �p X , ¸PO:Q®B�UTU
U�� �p X and ��OJQ®B_URU ¹�X .º �p�� � .��21c�x£   U �$�2»6( g �p�� � ¼ �p�� � .��21c�x* h_U i½U º �p�� � .��21¾O-£I¿º �p�� À .��21��x£   UÁh
Âo��' g �p�� À ¼ �p�� À .��21��x* h_U i½U º �p�� À .��21ÃOF£Z¿ (6)

To dealwith thedynamicsin aTango network, thealgorithmsof join, fault toler-
anceandcorrectiononusedefinedin DKS canbeapplieddirectlytoTango. Moreover,
dueto thesymmetryprovidedby theTango networksfeaturedwith � � �t� � , thecor-
rectiononusecanbemademoreefficient.For moredetails,thereadercanreferto [8].

4 Analysis

In this sectionwe shortlycompareTango with DKS, andwith theDistanceHalving
constant-degreenetwork. For moredetails,thereadercanreferto [8].

4.1 Tango vs.DKS

DKS generalizesChord to allow a tradeoff betweenthe maximumlookup length in
thenetwork (i.e., thediameter)andthesizeof theroutingtableat eachnode(i.e., the
degree).Thestructureof DKS characterizedby ���x[ is thesameastheoneof Chord.
Tango alsosupportsthetradeoff betweenthediameterandthedegree.Moreover, the
network coveredwith Tango is muchlargerthanthenetwork coveredwith DKS and
Chord,while keepingthesamenetwork diameterandthesamedegreeat a node.That
is, in Tango theexponentialfactoris biggerthanin ChordandDKS.FromEquation1,
onecandeducethe sizeof the network coveredwith Tango at a step �v�m[ together
with theroots(i.e., Ä � and Ä � ) of its characteristicequation.For astep� sufficientlyhigh,
theexponentialfactorin Tango canbeapproximatedto Ä � , where�K~�Ä � ~m�Å0mB , and
thusweobtain )qp�ÆxÄ � p � � . Although,thesearchcostin Tango is O(¹�Ç`¸8� ), for apprx.
thesamenetwork sizethehighestsearchcostin Tango is 75%of theonein Chord.

)qpw�È.$�z0mBª1suÃ)qp � � =J)qp � � Ä � � � � � ��É Ê � � �¶Ë�Ì �{Í� �_Ä � � � � � �sÉ Ê � � �¶Ë�Ì �{Í� (7)

)sp2�t� p � � 0 p � �Î��Ï � � p � � � � uI. g ���� � ²Ð 0 g ���� � �Ð 1 �v�![ (8)

In orderto comparethesizegrowth in Tango andDKS,onecandefinethenetwork
sizecoveredby Tango at the ����� constructionstepasin Equation8. Notethatthefirst
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Fig.3. (left) Ratiobetweenthenetwork sizescoveredbyTango andDKS,with thesamenumber
of fingersatdifferentconstructionsteps.(right)Network size[N] andaverageroutingdistance[D]
of Tango, DH andChord,with respectto differentvaluesof nodedegree.

termof theequationcorrespondsto thenetwork sizecoveredby DKS at the � ��� step,
i.e., � p � � . Thesecondterm,whichalsoincreasesexponentially, correspondsto thedif-
ferencebetweenthetwo network sizes;it actuallyrepresentsthecumulatedunexploited
redundancy in DKS. In Figure2 (right) we presentanexampleof how Tango covers
a largernetwork thanChord(DKS, ���t[ ) evenat theveryearlybuilding steps.With a
routingtableof size3,anodein Chordcancoveranetwork of size8 in 3 hops,whereas
in Tango, in 3 hops,a nodecancovera largernetwork, i.e.,of size13.

To betterunderstandthe relationbetweenTango andDKS, in Figure3 (left) we
plottedthe ratio betweenthe network sizescoveredin Tango andDKS at eachcon-
structionsteprangingfrom 1 to 32,for fivedifferentvaluesof � . Onecannotethatfor a
given � , theratiobetweenthenetwork sizesis growing exponentiallyateachstep.It is
alsointerestingto notethatthegrowth ratioof theratiodecreasesas � increases.How-
ever, sinceincreasing� leadsto increasingtheresourceconsumingandthemaintenance
cost,it is likely thatrelativesmallvaluesof � will beemployed.

4.2 Tango vs.constant-degreenetworks

A constant-degreenetwork is a network whosesizecanincreaseexponentially, while
thenodedegreeremainsfixedandthediameterincreaseslogarithmically. Someexam-
plesarethosebasedonthedeBruijn graph,suchasKoordeandDH. In ouranalysiswe
wereinterestedin theaverageroutingdistanceandthenetwork sizefor Tango ( �6�xd )
andDH with respectto differentnodedegrees.We alsoplot themfor Chordto have a
third partyreference.To computetheaverageroutingdistancefor DH we usedthe Ù2Ú
formulafor deBruijn graphsgivenin [9] anddoubledit to achieve loadbalancing,as
suggestedin [5]. As shown in Figure3 (right), for the samenodedegrees(inferior to
34), andalmostthesamenetwork size,Tango provideslower valuesfor theaverage
routingdistancethanDH.



5 Conclusion

First, in this paperwe presenteda modelto bettercharacterizethestructureof thecur-
rent logarithmic-degreeP2Pexponentialstructurednetworks,suchasTapestry, Pastry,
ChordandDKS, in termsof absoluteandrelativeexponentialstructurednetworks.

Ontheotherhand,weproposedtheTango approachto betterstructuretherelative
exponentialnetworks to increasetheir scalabilityby exploiting the redundancy in the
lookup paths.We showed thatTango is morescalablethanthe currentlogarithmic-
basedDHTs.We analyzedthestructureof Tango with respectto theoneof DKS and,
implicitly, to the oneof Chord.Particularly, we observedthat, for small valuesof the
exponentialfactor � , Tango is muchmorescalablethanDKS (andChord),while for
big valuesof � thescalabilityof thetwo networksis morecomparable.However, since
increasing� leadsto increasingtheresourceconsumingandthemaintenancecost,it is
likely thatrelative smallvaluesof � will beemployed.We alsoanalyzedTango with
respectto DH, aconstant-degreenetwork. We observedthat,for networkswith relative
largenodedegrees,theaverageroutingdistancein Tango andDH arecomparable.

Givenits structuringflexibility andits scalabilitypotential,we choseTango to be
thealgorithmunderlyingour recentlyreleasedP2Pmiddleware[10], anddemoappli-
cations:PostItandMatisse[10]. As futurework, we planto addresstheredundancy in
Tango resultingfrom thecommutativepropertyof thefingeradditionoperation.
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