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Abstract

High scalability in Peer-to-Peer(P2P)systemshasbeenachieved with the emergenceof
the networks basedon DistributedHashTables(DHT). Most of the DHTs canbe regardedas
exponentialnetworks. Their network sizeevolvesexponentiallywhile theminimal distancebe-
tweentwo nodesaswell asthe routingtablesize,i.e., thedegree,at eachnodeevolve linearly
or remainconstant.In this paperwe presenta modelto bettercharacterizemostof thecurrent
logarithmic-degreeDHTs. Weexpressthemin termsof absolute andrelative exponentialstruc-
turednetworks. In relative exponentialnetworks,suchasChord,whereall nodesarereachable
in atmost

�
hops,thenumberof pathsof lengthinferioror equalto

�
betweentwo nodesgrows

exponentiallywith thenetwork size.WeproposetheTango approachto reducethisredundancy
andto improveotherpropertiessuchasreducingthelookuppathlength.WeanalyzeTango and
show thatit is morescalablethanthecurrentlogarithmic-degreeDHTs. Givenits scalabilityand
structuringflexibility, wechoseTango to bethealgorithmunderlyingour P2Pmiddleware.

1 Intr oduction

Over the pastfew years,Peer-to-Peer(P2P)networks have becomean importantre-
searchtopicdueto their interestingcharacteristics/potentialssuchasself-organization,
decentralizationandscalability. The underlyingprinciple relieson exchangingdata
only betweentheinterestedparties.A P2Pnetwork is principally characterizedby its
structuringpolicy andthelookupprotocolemployed.

Not longaftertheemergenceof thefirstpopularP2Pnetworks,NapsterandGnutella,
it wasrealizedthatscalabilityin thesenetworkswasanimportantissue.P2Pnetworks
basedon DHT (DistributedHashTable)have beenproposedasa solution.Thesenet-
worksareself-organized,fully distributedandhighly scalable.Furthermore,giventhat
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eachnodehasa well definedrouting table, the lookup for any node/itemcanbe ac-
complishedwithin a relatively small numberof hops. As the network sizeincreases
exponentially, the maximumlookup lengthas well as the routing tablesize at each
node(i.e., thedegree)increaselinearly like in Chord[1], Pastry[2] andTapestry[3],
or evenremainconstantlike in Koorde[4] andDistanceHalving(DH) [5].

TheDHT basedP2Pnetworksarealsocalledstructured networks, sincethey follow
a well definedstructure. A closer look to their structureallowed us to notice that
mostof the logarithmic-degreeDHTs fall into two maincategories,dependingon the
nodes’view of thenetwork (we deferthedefinitionof node’s view to Section2). We
call themabsolute andrelative structured exponential networks.

A first contributionof thispaperis thedescriptionof amodelto bettercharacterize
the exponentialstructurednetworks asabsoluteandrelative. Relatedto this work is
the researchdescribedin [6] wherea modelbasedon the conceptof � -ary searchis
proposedfor reasoningaboutDHT networks. Their model addressesonly relative
structuredexponentialnetworks,while oursis moregeneral,addressingthe absolute
networks,too.

Our modelallowed us to observe that in the relative exponentialstructurednet-
works thefingersof a nodearenot totally exploited. Hereinafterwe denotethe “fin-
gers” of a node � to be the single-hopconnectionsof � , andhencerepresentingthe
entriesin the routing tableof node � . In Section3 we proposean approach,thatwe
calledTango, to structuretherelativeexponentialnetworksfor increasingtheirscala-
bility. Tango reducestheredundancy in themultiplicity of pathsbetweentwo nodes
of a relative exponentialnetwork and,assuch,it reducesthepathlengthbetweenthe
nodes. TheTango approachis the secondandthe main contribution of this paper.
In Section4 we compareTango with DKS [7] andwith theDH constant-degreenet-
work. Note that DKS generalizesChord to allow a tradeoff betweenthe maximum
lookuplengthin thenetwork andthesizeof theroutingtableateachnode(e.g.,for an
arity of 2, DKS hasthesamestructureasChord).

Theremainderof thepaperis organizedasfollows. We continuewith thedescrip-
tion of our modelfor absoluteandrelative logarithmic-degreestructuredexponential
networks. In Section3 wepresenttheTango approachandits routingpolicy. In Sec-
tion 4 weanalyzethescalability, thepathoverlapandthesymmetrysupportin Tango
andthenweconclude.

2 Structured exponentialnetwork

In the following we explain thegeneralbuilding rule of a structuredexponentialnet-
work andwe identify two kindsof networks: theabsoluteandtherelative exponential
network. In orderto obtaina morereadabledescription,we usethe following nota-
tions: �����	� standsfor the exponentialnetwork correspondingto the 
��� incremental
building step,and � standsfor theexponentialfactor.
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step 1

step 3step 2

Figure1: Thefirst 3 stepsof anexponentialnetwork with ����� .
2.1 Building rules

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 ����� ����� . As shown in Figure1,
thenetwork ����� � is theinitial network composedof onenode.At step
 , network ����� �
is built by using � instancesof network ����� ����� linkedto oneanother. Giventhisbuild-
ing pattern,onecanobservethatthenetwork sizegrowsexponentiallywith thenumber
of stepswhile themaximumnumberof steps(sayhops)neededto reacha nodegrows
linearlywith thenumberof steps.

Weidentify twomethodsfor connectingall � instancesof �����	����� atthe 
��� step: ab-
soluteandthe relative connections(i.e., fingers). They leadto absoluteandrelative
structuredexponentialnetwork, respectively. We illustratebothmethodsfor anetwork
of size 64, built in four steps,and parameterizedby an exponentialfactor ����� .
Eachnodeis identifiedboth numericallyby usinga uniqueidentifier rangingfrom 0
to 63, andgraphicallyby using � shapes(i.e., light square,light circle, bold square
andbold circle). The shapeorganizesthe nodesin the network whereasthe sizeof
the shapedeterminesthe network building step. Small shapesstandfor instancesof����� � , mediumshapesfor instancesof ������ , andlargeshapesfor instancesof ������! .
Thenetwork instanceof �����#" regroupsthefour network instancesof �����$! . However,
for simplicity, �����#" is not markedin thefigures.In orderto distinguishthefingersof
thereferencenodefrom theothernodes,werepresentthefingersasnon-graynumbers
whereastheothernodesarein gray. Moreover, we introducethe % andthe & opera-
tors.In anetwork of size ' , wedefinebothoperatorsas ()%*�*�,+	(.-/�10�24365�' and(7&8�/�9+	(;:<�=->'�0�243?5�' .

2.2 Absolutestructured exponentialnetwork

An absolutestructuredexponentialnetwork is representedin Figure2 (left). In sucha
network, eachnodehasthesameview of thenetwork. For instance,all nodesseethat
nodesrangingfrom0 to15aresittingin thelargelight squarewhilenodesrangingfrom
48to 51aresittingin themediumlight squareinsidethelargeboldsquare.Thatis, if a
nodeseesthatanode( is sittingin agivenshapethenall thenodesseethat ( is sitting
in thatgivenshape.In suchanetwork, at the 
��� step,the �@:8A fingersof anode� are
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Figure2: (left) Absolutestructuredexponentialnetwork of size64with �B��� . (right)
View of a noden in a relativestructuredexponentialnetwork of size64with �4�C� .
pointingto the �D:EA otherinstancesof ����� �$��� . Moreover, aslongasthereis a finger
of � pointing to each ����� ����� , it doesnot matterto which nodeinsideeach ����� ������ pointsto. For instance,in thenetwork representedin Figure2 (left), thefingersof
node21 at the third stepcan be any instanceof nodesF , G , H where F.I;JKAMLON�N�NPARQTS ,GUIVJ WT�UN�N�NXWZYRS , and H[IVJ W]\^N�NMNX�_A�S .
2.3 Relativestructured exponentialnetwork

A relativestructuredexponentialnetwork differsfrom anabsoluteoneby thefactthat
theview of thenetwork ownedby a particularnodeis relative to its positionwinthin
the network. In Figure2 (right) we expressgraphicallythe relative approachwhere
wereusethesamegraphicalnotationsasin Figure2 (left) for anetwork of size L]� and���`� . Werepresenttheview of anode� , andall theothernodesaredenotedrelatively
to � . Thatis, anodedenotedas -a( correspondsto ��%8( andanodedenotedas :^(
correspondsto �/&�( . In sucha network, nodessitting in the large light squareare
found at distanceb]
dcMe from the referencenode,with :UW6A>fgbh
icMe*f�:OL . As two
examples,we considerfirst �>�jW6A andthen �>�jWkQ . For � equal W_A , the large light
squarecontainsnodesrangingfrom l to ARm . Ontheotherhand,for � equalWkQ , thelarge
light squarecontainsnodesrangingfrom \ to W]� . Moreover, in a relative exponential
network, a node � hasto point preciselyto the nodesoccupying relatively the same
positionsin the �=:CA otherinstancesof �����#�$��� . For instance,from Figure2 (right)
onecannotethatthefingersof nodes29and21arethoserepresentedin Table1.
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Table1: Fingersof nodes29and21for aninstanceof ������" characterizedby k= 4 of a
relativestructuredexponentialnetwork.

Step Offset
Fingersof nodes

29 21W :@A 28 20-�A 30 22-nW 31 23� :^� 25 17-a� 33 25-[\ 37 29� :@ARL 13 5-�ARL 45 37-[�ZW 61 53

2.4 Relation betweenDHT and exponentialnetworks

Most logarithmic-degreeDHT-basedP2Pnetworkscanbeexpressedeitherin termsof
anabsoluteor in termsof arelativestructuredexponentialnetwork. For instance,Pastry
andTapestrycanbeseenasinstancesof the absolutestructuredexponentialnetwork
by instantiatingthe employed alphabetto the shapesusedin Figure2. On the other
hand,ChordandDKS canbeseenasinstancesof the relative structuredexponential
network. For example,asshown in Figure2 (right), consideringthatthepositionof a
node � is thesmall light square,insidethemediumlight square,insidethelargelight
square,� pointsto nodesfoundat distances1,2,3;4,8,12;16,32,48which correspond
exactly to thedistancesatwhichanodemustpoint in aDKS network characterizedby
anarity of ����� .

This modelallows usto statethatnetworksbuilt with therelative andtheabsolute
approachesscaleat thesamerate.Indeed,let 'po bethesizeof network �����#� and q4o be
themaximumnumberof hopsto reachany nodein �����#� . Then,for bothstructureswe
have 'por�C�Os�'po	�ut with '1t^�,A , q4or�`
v:<A , andanumberof +$�[:VAR0wsx+�
y:VAR0 fingers
ateachnode.

3 Tango: a novel approach for reducing unexploited
redundancy

In a relative exponentialnetwork we canidentify two typesof redundancy. The first
oneresultsfrom thecommutativepropertyof theadditionoperationandfrom thefact
thateachnodeownsthesamefingersrelatively to its position.For example,in Chord,
node0 canreachnode6 via node4 (6=0+4+2)andalsovia node2 (6=0+2+4). The
secondtypeof redundancy resultsfrom theunderutilizationof fingers.

To have a clearexplanation,we introducethe notion of positive andnegative re-
gions of a given node � . A node ( is found in the positive region of node � if f(7&8�<zE�B&{( , otherwise,node( is foundin thenegativeregionof node� .
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Figure3: Theareasreachableby node21 in at most3 hopsvia node29 andnode37
respectively. Bothareasoverlapon region J �hW|NMN�Nd�]QkS .

We proposeTango, an approachto addressthe secondtype of redundancy, and
thusincreasingnetworkscalability. Theregioncoveredin atmost
 hopsvia thefarthest
fingeraddedin thepositive (resp.negative) region at step 
 andtheregion coveredin
atmost 
 hopsvia theclosestfingeraddedin thepositive(resp.negative)regionatstep
u-CA overlappartially. For example,asshown in Figure3, theregionsreachablein at
most3 hopsby node21via node29(i.e., from 24to 39)andvia node37(i.e., from 32
to 47) overlap.Let a valid pathbetweentwo nodesin a network instance}*~Re o beany
pathbetweenthesenodeswhoselengthis at most 
�:�A hops. In a relative network,
all theseoverlapregionsincreaseexponentiallythenumberof valid pathsbetweentwo
nodes. Moreover, the cumulatedsizeof the overlap,i.e., the amountof unexploited
redundancy in aninstanceof �����#� growsexponentiallywith 
 .
3.1 Tango definition

In orderto preventoverlapping,theregioncomprisedbetweenthefarthestfingeradded
in thepositive (resp.negative) region at step 
 andtheclosestfingeraddedin thepos-
itive (resp. negative) region at step 
�-9A hasto be equalto the sizeof the network
instance����� � . This representsthe key ideabehindthe Tango approach.This im-
provementcanbe doneat eachbuilding step. It is graphicallyexpressedin Figure4
for a network characterizedby �<��m . Onecannoticethat ����� �#��� is composedof 5
blocks. Thereare4 instancesof ����� � and1 instanceof ���h�i�����]���|����� � , which is the
network reachableby thereferencenodein atmost 
 hopsby usingthefingersdefined
in �����	� .

Let � �o and � �o be the numberof fingersaddedin the positive and,repsectively,
the negative regionsof a nodeat step 
 . We canput � �o and � �o in relationwith the
exponentialfactor � of thenetwork. Hence,knowing thatat eachconstructionstep 

thereare ��:>A fingersaddedto a node,weobtain ���C� �o ->� �o -CA .

Let b �o	� � (resp. b �o	� � ) bethedistanceatwhich the �h�� positive(resp.negative)finger
of the 
��� stepshouldbeplaced.Let ' �o (resp. ' �o ) be thesizeof thepositive (resp.
negative) region of a referencenodeat step 
 . By rememberingthat ' o is thenetwork
sizeat step 
 , onecanestablishthe equationscharacterizingthe sizegrowth andthe
fingerspositioningin Tango asshown in Equations1. Onecannotethatfor � �o �)l ,
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Figure4: Network building patternin Tango where �4��m .
theTango network correspondsto an improvedversionof Chord,andDKS with an
arity � . Thereadercanrefer to Section4 for a comparisonbetweenChord,DKS and
Tango.b?�� � � �>� ��I{J�A�N�N�N��_�� S '��t �Clb �o	� � �Cb �o�� ���pt�� 'po��pt ��I{J�A�N�N�N�� �o S��1
���W ' �o ��' �o	�ut -8b �o�� ���� 
���Ab �o	� � �Cb �o	�ut�� �M��	�Z� 
��EW 'por��' �o -�' �o -CA 
��El

(1)

3.2 Key-basedrouting

Thepurposeof key-basedrouting is to mapa key to a node. Thus,givena message
taggedwith key �D��� , theroutingmechanismconsistsin forwardingthemessagefrom
the senderto the noderesponsibleof �4��� . Let � �� (resp. � �� ) be the first nodeen-
counteredin thepositive(resp.negative)regionof � . Theresponsibilityof a node� is
definedin Equation2.

Besidethenoderesponsibility, thereis thefingerresponsibilitydefiningthenodeto
which a messageshouldbeforwardedto. In Tango we split thefingerresponsibility
of a givenfinger   in negative andpositive sides1. Than,let the focusednetwork be
aninstance�����	¡ andlet '����o	� � (resp. '��1�o�� � ) bethesizesof thepositive (resp.negative)
finger responsibilityasdefinedin Equations3 and4. The finger responsibility ¢n�o�� �

1Thedenominationof Tango comesfrom its ability to have positive routingstepsfollowedby negative
routingstepsandviceversa.
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of finger locatedat position £¤�o	� � relatedto thedistanceb?�o	� � aredefinedin Equation5.
Hence,by using its finger   o	� � , a nodecan cover the region ¢ o	� � in at most 
O:�A
hops. Onecannotethat for � �� �;l , the finger responsibilitydefinedin Equation5
correspondto theoneemployedin ChordandDKS.¢ � � ¥ �B&�¦a§ � ����:EA_¨ s[+��B&*� �� &CAR0d©{N�N�Nv¦aª � ���D:>A6« s[+¬� �� &��B&�A0i©�%{��® (2)

'�� �o�� � ��' �oV¯ '�� �° � ��±² �C' �o<¯ '�� �o�� ��±� ��' �oK�rt�¯ '�� �o�� � �C' �o (3)'�� �o�� � ��' �o³¯ '�� �° � � �² ��' �o³¯ '�� �o	� � �� ��' �oK�rt�¯ '�� �o�� � ��' �o (4)¢ �o	� � �µ´�£ �o�� � &�'�� �o�� � N�N�N�£ �o�� � %�'p� �o�� ��¶ (5)

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 themissingnodeslaying within their responsibility. In
orderto preserve the lookupefficiency, eachnodeadaptsits routing tablein orderto
reachthesamepartof thenetwork in thesamenumberof hopsasit would have been
doneby eachmissingnodeswithin its responsibility. Thatis why in Tango wedefine
thefingerposition £�+	�10 andthefingernode �+	�10 of anode� asin Equation6, where��IVJKA�N�NMN·� �o S , ¸BI{JKA�N�NMN·� �o S and 
�IVJ�AhNKN ¹#S .º �o	� � +��10»� ¢ � N 
��1¼D&8b �o	� � ½ �o	� � +��10»� ( chN ePN º �o�� � +��10xI¾¢[¿º �o	� À +	�10Á� ¢ � N cMÂZ��%8b �o	� À ½ �o	� À +	�10Á� ( chN ePN º �o�� À +	�10xI/¢ ¿

(6)
To dealwith thedynamicsin aTango network, thealgorithmsof join, fault toler-

anceandcorrectionon usedefinedin DKS canbeapplieddirectly to Tango. More-
over, dueto thesymmetryprovidedby theTango networks featuredwith � � �9� � ,
thecorrectiononusecanbemademoreefficient.

4 Analysis

In thissectionwecompareTangowith DKS andChord,andshortlywith theDistance
Halvingconstant-degreenetwork. Unlessstatedotherwise,in ouranalysisweconsider
fully populatednetworks.

4.1 Tango vs. DKS

DKS generalizesChord to allow a tradeoff betweenthe maximumlookup length in
the network (i.e., the diameter)and the size of the routing table at eachnode(i.e.,
the degree). The structureof DKS characterizedby ����W is the sameasthe oneof
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Figure5: Pathsfrom node0 to all theothernodesin a Chordnetwork of size8 andin
aTango network of size13.

Chord.Tango alsosupportsthetradeoff betweenthediameterandthedegree.In this
subsectionwe analyzethe scalability, the pathoverlapandthe routing symmetryof
bothsystems.

4.1.1 Scalability

Thegraphicaldescriptionof theTango network building pattern(Figure4) highlights
qualitatively the improvementof the network scalability. Onecanbe interestedin a
morequantitative analysis. In this subsectionwe show that the sizeof the network
coveredwith Tango is muchlarger thanthe sizeof the network coveredwith DKS
andChord,while keepingthesamenetwork diameterandthesamedegreeat a node.
Thatis, in Tango theexponentialfactoris biggerthanin ChordandDKS. Recallthat
for ����W , DKS is equivalent to Chord. From the sizegrowth Equation1, onecan
deducethesizeof thenetwork (Equation7) coveredwith Tango atastep
��EW .'uor�,+$�¤-�A0us|'po	�utx:{'po	� � (7)Ã t � ���rtd��Ä ÅÆ�P�rtXÇ	È��yÉ� � Ã � � �P��t��uÄ ÅÆ�P�rtXÇ	È��yÉ� (8)

Thesolutionsof thecharacteristicequationcorrespondingto Equation7 are Ã t andÃ � ; seeEquation8. They areusedto express' o in thenon-recursiveEquation9.'po�� + Ã tx:EAR0us Ã t o	�utÃ t : Ã � : + Ã � :>A0us Ã � o��ptÃ t : Ã � (9)

For a step 
 sufficiently high, thesecondtermof Equation9 canbeignored.Thus,
thegrowth ratio,i.e.,theexponentialfactor, of thenetwork sizein Tango is equivalent
to Ã t , where Ã t ��� . This allows us to approximatethe network size coveredwith
Tango at a step 
���A by ' o � Ã t o	�ut , while thenetwork diameterandthedegreeat a
nodearethesameasin DKS, i.e., q o ��
r:>A and +���:EAR01sa+	
�:EAR0 , respectively.

The Tango approachof network construction(Figure4) and the corresponding
equations(Equation1) provide us with anotherway to comparethe size growth in
Tango andDKS. Thatis, Equation10representsthenetwork sizecoveredby Tango
at the 
$�� constructionstep.

9



0
Ê

5
Ë

10
Ê

15
Ë

20
Ê

25
Ë

30
Ê

number of network construction stepsÌ

3053

3

1

10

100

1000

ne
tw

or
k 

si
ze

 r
at

io
, T

an
go

 o
ve

r 
D

K
S

 [l
og

]
Í

k=2
Î
k=3
Î
k=5
Î
k=9

k=16
Î

0
Ï

5
Ð

10
Ï

15
Ð

lookup path length (hops)Ñ
5

15 

25

pr
ob

ab
ili

ty
 (

%
)Ò

DKS: H=10, k=2 
Ó
Tango: H=10, k=2 
Ô
DKS: H=15, k=5 
Ó
Tango: H=15, k=5 

Figure6: (left) Ratiobetweenthenetwork sizescoveredbyTango andDKS,with the
samenumberof fingersatgivenconstructionsteps.(right) Distributionof theshortest
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'por�C� o	�ut - o�� �Õ�·Ö�t � o��_��� � s[+�b ���� ��±× -8b ��·� � �× 0 
���W (10)

Onecannote that the first term of Equation10 correspondsto the network size
coveredby DKS at the 
��� step,i.e., � o	�ut . Thesecondterm,which alsoincreasesex-
ponentially, correspondsto thedifferencebetweenthetwo network sizes.It represents
thecumulatedunexploitedredundancy in DKS. In Figure5 we presentanexampleof
how Tango coversa largernetwork thanChord(DKS, ���CW ) evenat thevery early
building steps.With a routingtableof size3, anodein Chord(DKS, �4��W ), node0 in
ourexample,cancoveranetwork of size8 in 3 hops.On theotherhand,in Tango, in
3 hops,a nodecancovera largernetwork, i.e.,of size13.

To betterunderstandtherelationbetweenTango andDKS, in Figure6 (left) we
plottedthe ratio betweenthenetwork sizescoveredin Tango andDKS at eachcon-
structionsteprangingfrom 1 to 32, for five different valuesof � . Recall that the
network constructionstepcorrespondsto themaximumnumberof hopsto reachany
nodein thecorrespondingnetwork, andthat thenumberof fingersaddedat eachstep
is the samein bothTango andDKS networks, i.e., ��:>A . Onecannotetwo things
here.First, for a given � , theratiobetweenthenetwork sizesis growing exponentially
ateachstep.For instance,for ����W (thecaseof Chord),onecanseethatatstep11 the
sizeof thenetwork coveredby Tango is 10 timeslargerthanthesizeof thenetwork
coveredby DKS, while at stepsAML and �hW theratio is morethan Wkl and �]lZmk� respec-
tively. Second,it is interestingto notethatthegrowth ratio of theratio decreasesas �
increases.For instance,for �/�ØAML theratio equals� only at step WhW . However, since
increasing� in a P2Psystemleadsto increasingtheresourceconsuming,e.g.,routing
tablesizeandtheassociatedmaintenancemessages,at veryeachnodein thenetwork,
it is likely thatrelativesmallvaluesof � will beemployed.

We werealsointerestedin thedistribution of theshortestpathin Tango with re-
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spectto theonein DKS (andimplicitly theonein Chord).In Figure6 (right) weshow
thisdistributionfor �4��W and ����m , andnetwork diameterequalto ARl and Am , respec-
tively. Onecannotethat,while for DKS we geta properbell-shapeddistribution, for
Tango we geta closedistribution,but translatedto theright. This tells usthat,while
in DKS theproportionshortpaths/longpathsis equal,in Tango therearemorelong
pathsthanshortpaths.

4.1.2 Path overlap

As indicatedin [8], node-disjoinpathsareattractiveto P2Pnetworkssincethey provide
independentbackuproutingoptionswhenthemainshortestpathfails. They alsoshow
that de Bruijn networks offer muchmorepathsthat do not overlapthanChord. We
were interestedto seewhat is the pathoverlappingin Tango. For this end, in the
following,we recallthegraphdefinitionsfrom [8].

Define £�+�Ù1�·Ú60 asthe setof all verticesalongsomepath Ù to Ú . Denote Û�+�Ù1�·Ú60
to be thesetof all verticesin £�+	Ùr�XÚ_0 , except Ù and Ú : ÛB+	Ù1�·Ú_0��C£�+�Ù1�XÚ_01ÜUÝRÙ�ÞßÚyà .
For any pairof nodes+	Ùr�XÚ_0 , define£ o +�Ù1�·Ú60 to betheshortestpath(accordingwith the
greedyroutingrulesof thecorrespondinggraph)to Ú through Ù ’s neighbor
 . Defineá +�Ù1�XÚ_0�� Õãâ £ o +	Ùr�XÚ_0 â to bethetotalnumberof verticesin all shortestpaths£ o +�Ù1�XÚ_0 ,
and ä4+�Ù1�·Ú60�� â ÞåÛ o +	Ùr�XÚ_0 â to be the numberof uniquevertices1 in all suchpaths.
Then,definetheaveragepercentageof uniquenodesin all parallelpathsasin Equa-
tion 11,andthepath overlap to be æ�+�ç¤0���A^:{ä4+�ç¤0 .

ä4+�ç¤0�� ÕÆè³Õ�é ä�+	Ù1�·Ú_0ÕÆèVÕ�é á +�Ù1�XÚ_0 (11)

We computedthepathoverlapfor Chord(DKS, ����W ) andTango (theasymmet-
ric construction,�ß�.W ), wherewe consideredclosevaluesof thenetwork size.Thus,
we chose' tiÉ and ' tXê for Chord,and ' ti� for Tango. Thecorrespondingvaluesfor
thepathoverlapare lwN �hQ]l]Q and lwN �hQ]\_A , and l_N �]Q]\Zm respectively. Onecanseethatthe
pathoverlapin bothChordandTango is quitesimilar.

Then,wewereinterestedin thenumberof non-overlappingpathsÛ[�h+	Ù1�·Ú_0 between
any pair of two nodesÙ and Ú in thenetwork. We excludepairslike +�Ù1�·Ùv0 andpairs
betweena nodeandits fingers. In Figure7 we show the distribution of the number
of non-overlappingshortestpathsin DKS andTango for networkscorrespondingto�=�.W andto the ARlk�� iterationof thenetwork constructionstep '1td� , i.e.,sizeof 1024
andof 10946,respectively. Onecannotethatfor DKS thereare mklZë of pairsfor which
thereare two non-overlappingshortestpaths. The percentageof pairshaving more
non-overlappingpathsis decreasingasthenumberof pathsincreases.

In the caseof the Tango network the distribution is quite different. First, note
that thereis a significantpercentageof pairs ( Wk�Zë ) with only one non-overlapping
path. That is, for thesepairs of nodesall the alternative shortestpathshave some
nodesin commonwith the bestshortestpath. Second,while in DKS the numberof

1Notethatthedefinitionof thenumberof unique verticesasprovidedin [8] containsa smallerror. They
definedit asbeing ì�íÆî?ï�ðRñyòVódôUõ6öiíKî?ï�ðñdó .
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Figure7: Distribution of thenumberof non-overlappingshortestpathsin DKS (left)
andTango (right) for '1td� with ����W .
non-overlappingpathsvariesfrom two to thenetwork diameter, in Tango thenumber
of non-overlappingpathsbetweentwo nodesis maximumfour. Moreover, we con-
jecturethat in Tango networks of ' o with 
4�;� and ��� W the maximumnumber
of non-overlappingpathsbetweenany two nodesis maximumfour. Onecanincrease
the numberof non-overlappingpathsin Tango by increasingthe path redundancy.
Thus,onecanmodify Equation1 to obtainatradeoff betweenthepathredundancy and
scalability.

4.1.3 Symmetry

In general,a network hasdifferentcharacteristics,but theway it is organizedtogether
with the correspondingrouting policiesareof greatimportance.A DHT basedP2P
network organizesitself suchthat it achieves efficient routing while being scalable
with thenetwork increase,andresilientto individualnodefailures.

Within a network, eachnodehasa well determinedsetof fingerswhich constitute
theroutingtableof thatnode.Therulesfor organizingtheroutingtablesin a network
characterizetheentirenetwork. Two interestingpropertiesof a P2Pnetwork are: the
routing entry symmetry andtherouting cost symmetry.

Routing entry symmetry. This symmetryprovidesthepropertythatfor any two dif-
ferentnodesof anetwork, � and� , if � hasafingerto � , then � alsohasafingerto � (or
in theneighborhoodof � ). This symmetryprovidesa nodewith theability to perform
in-placenotificationsof routingentrychanges.

Routing costsymmetry. Theroutingentrysymmetryandtheassociatedlookuppro-
tocol provide a network with anotherproperty: theroutingcostsymmetry. That is, it
is very likely thata lookupfrom a node� to anothernode� takesthesamenumberof
hopsasa lookupfrom � to � .
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Figure8: (left) Thegainin averagelookuplengthof symmetric,poorly populatedvs.
asymmetricnetworks,with ���C� . (right) Distancevariationbetweenpairsof nodesin
symmetricandasymmetricTango for threefully populatednetworkscorresponding
to '�� , '�� and '�� .

Thesepropertiescanbeobtainedby usingasymmetricapproachfor organizingthe
routingtableof thenodeswithin anetwork. Thisapproachwassuccessfullyappliedin
Hyperchord[9] andS-Chord[10] P2Psystems.Theroutingentrysymmetryproperty
canbe exploited to diminish the numberof messageexchangedfor maintainingthe
routingtables.

TheTango structuringapproachproposedin theSection2 allowsoneto organize
routingtablesin orderto achieve routingentrysymmetryandroutingcostsymmetry.
To constructaTango network characterizedby thetwo routingsymmetryproperties,
onehave to +�
d0 choosean odd exponentialfactor ( �D���_��m6��Y6��NÆNKN ), and +	
�
d0 have the
samenumberof connectionsin thenegative handsideasin thepositive handsideof
a node,i.e., � �o �ã� �o , addedat eachconstructionstep 
 . Onecan seethat as the
differencebetween� �o and � �o increases,thesymmetryin thenetwork decreases.For
instance,when� �o �C��:EA wehaveanasymmetricnetworksimilartoChordandDKS.

As alreadyshowed in Section3, theTango network scalessimilarly, regardless
whetherit is symmetricor asymmetric.However, in our research,we werealsointer-
estedin looking at theaveragelookuplengthin both typesof network. We did some
measurementson highly sparsenetworksof differentsizes.We considerednetworks
with �4��� andthe identifierspaceof sizeof approximatelyA]NÆA]ATYas�AMl � , which cor-
respondsto the ATY�� sizeiterationwhenconstructingthenetwork, ' t � . Thenetwork
nodeswererandomlychosen.We consideredthequerydistributionto beuniformover
the identifier space.In Figure8 (left) we show the gain in averagelookup lengthof
thesymmetric,poorlypopulatednetwork with respectto theasymmetricone.Onecan
seethat in the symmetricnetworks the averagelookup length is smallerthan in the
asymmetricones.As thenetwork becomesmorepopulated,thegaindecreases.This
is normalsincein a fully populatednetwork theaveragelookuplengthis thesamefor
bothtypesof networks.

We continuedthemeasurementswith analyzingtheroutingcostsymmetryfor the
symmetricand asymmetricapproachesin fully populatednetworks. We measured

13
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Figure9: Network size[N] andaverageroutingdistance[D] of Tango, DH andChord,
with respectto differentvaluesof nodedegree.

the percentage£�+�Ùv0 of any pair of two nodes� and � suchthat the absolutediffer-
encebetweenthe distance( � , � ), in numberof hops,andthe distance(� , � ), equalsÙß� â q8+����µ�v0�:8q8+¬��� �10 â . For this test, we considered����� and the identi-
fier spacesof differentsizes,correspondingto ' � , ' � and ' � . As illustratedin Fig-
ure8 (right), thesymmetricapproachprovidesfull symmetryfor theroutingcost,i.e.,
for AMl]l?ë of pairsthe differenceis 0. In contrast,with the asymmetricapproachthe
percentageof pairswith differenceequalto 0 is lessthan �Zmhë for all threestudied
networks. Furthermore,we have around�hl?ë of pairswith differenceequalto 1. One
cannotethat with the asymmetricapproachwe have pairscharacterizedby a strong
asymmetryof theroutingcost.

4.2 Tango vs. constant-degreenetworks

A constant-degreenetwork is a network whosesizecanincreaseexponentially, while
the nodedegreeremainsfixed andthe diameterincreaseslogarithmically. Someex-
amplesare thosebasedon the de Bruijn graph,suchasKoordeandDH. Given the
constant-degreeproperty, they arewell suitedfor systemswith small nodedegrees.
This is dueto thefactthata smallnodedegreeinduceslow systemmaintenancecosts.
However, whena smalldiameteris required,thenodedegreeincreases.

In our analysiswewereinterestedin theaverageroutingdistanceandthenetwork
size for Tango ( ����� ) and DH with respectto different nodedegrees. We also
plot themfor Chordto have a third party reference.To computethe averagerouting
distancefor DH weusedthe ��� formulafor deBruijn graphsgivenin [8] anddoubled
it to achieve loadbalancing,assuggestedin [5]. As shown in Figure4.2,for thesame
nodedegrees(inferior to 34),andalmostthesamenetwork size,Tango provideslower
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valuesfor the averagerouting distancethanDH. This resultsarenot that surprising
sinceboth Tango and de Bruijn graphsreduceredundancy in multiplicity of valid
paths.

5 Conclusion

First, in thispaperwepresenteda modelto bettercharacterizethestructureof thecur-
rentlogarithmic-degreeP2Pexponentialstructurednetworks,suchasTapestry, Pastry,
ChordandDKS, in termsof absoluteandrelativeexponentialstructurednetworks.

Ontheotherhand,weproposedtheTango approachto betterstructuretherelative
exponentialnetworks to increasetheir scalabilityby exploiting theredundancy in the
lookuppaths.We showedthatTango is morescalablethanthecurrentlogarithmic-
basedDHTs. Weanalyzedthestructureof Tangowith respectto theoneof DKS and,
implicitly, to theoneof Chord. Particularly, we observedthat,for smallvaluesof 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. Weobservedthat,for networkswith relative
largenodedegrees,theaverageroutingdistancein Tango andDH arecomparable.

Given its structuringflexibility and its scalabilitypotential,we choseTango to
be thealgorithmunderlyingtherecentlyreleasedP2Pmiddleware,calledP2PS[11],
that we have developedwithin the framework of our researchprojectsORAGE and
PEPITO.WealsoimplementedseveraldemoapplicationsusingP2PS,includingaPos-
tIt [12] applicationandachildren’sdrawing tool calledP2P-Matisse[13].

As future work, we plan to addressthe redundancy in Tango resultingfrom the
commutativepropertyof thefingeradditionoperation.
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