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Abstract. High scalabilityin Peefto-Peer(P2P)systemdasbeenachieved with theemegence
of the networks basedon DistributedHashTable (DHT). Most of the DHTs canberegardedas
exponentialnetworks. Their network size evolvesexponentiallywhile the minimal distancebe-
tweentwo nodesaswell astheroutingtablesize,i.e., the degree,at eachnodeevolve linearly
or remainconstantin this paperwe presenta modelto bettercharacterizenostof the current
logarithmic-dgreeDHTs. We expressthemin termsof absolute andrelative exponentialstruc-
turednetworks. In relative exponentiaihetworks,suchasChord,whereall nodesarereachablén

atmostH hops,the numberof pathsof lengthinferior or equalto H betweertwo nodesgrows

exponentiallywith thenetwork size.We proposeheTango approacto reducethisredundang

andto improve otherpropertiesuchasreducingthelookuppathlength.We analyzeTango and
shaw thatit is morescalableghanthe currentlogarithmic-dgreeDHTs. Givenits scalabilityand
structuringflexibility, we choseTango to bethealgorithmunderlyingour P2Pmiddlevare.

1 Intr oduction

Over the pastfew years,Peerto-Peer(P2P)networks have becomean importantre-
searchtopic dueto their interestingpotentialssuchas self-omganization decentraliza-
tion andscalability A P2Pnetwork is principally characterizetby its structuringpolicy
andthe lookup protocolemployed. Not long after the emegenceof the first popular
P2Pnetworks, Napsterand Gnutella,it wasrealizedthat scalabilityin thesenetworks
wasanimportantissue A betteralternatve arethe P2Pnetworksbasedon DHT (Dis-
tributed HashTable). Thesenetworks are self-omganized fully distributedand highly
scalableFurthermoregiventhateachnodehasawell definedroutingtable,thelookup
for any node/itemcanbeaccomplishedavithin arelatively smallnumberof hops.As the
network sizeincreasegxponentially, themaximumlookuplengthaswell astherouting
tablesizeat eachnode(i.e., the degree)increasdinearly like in Chord[1], Pastry[2]
andTapestry[3], or evenremainconstantike in Koorde[4] andDH [5].

The DHT basedP2Pnetworks arealso called structured networks, sincethey fol-
low a well definedstructure A closerlook to their structureallowed us to noticethat
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mostof the logarithmic-dgreeDHTs fall into two main categyories,dependingon the
nodes’view of the network (we deferthe definition of nodes view to Section2). We
call themabsolute andrelative structured exponential networks. A first contrilbution of
this paperis thedescriptionof amodelto bettercharacterizéhe exponentialstructured
networks asabsoluteandrelative. Relatedto this work is theresearchdescribedn [6]
wherea modelbasedon the conceptof k-ary searchis proposedor reasoningabout
DHT networks. Their modeladdressesnly relative structuredexponentialnetworks,
while oursis moregeneral addressinghe absolutenetworks, too.
Ourmodelallowedusto obsenethatin therelative exponentialtructurechetworks
thefingersof a nodearenot totally exploited.Hereinafterwe denotethe “fingers” of a
noden to bethesingle-hopconnection®f n, andhencerepresentinghe entriesin the
routingtable of noden. In Section3 we proposean approachthatwe calledTango,
to structurethe relative exponentialnetworks for increasingtheir scalability Tango
reduceshe redundang in the multiplicity of pathsbetweentwo nodesof a relative
exponentialnetwork and,as such,it reducesthe pathlength betweenthe nodes.The
Tango approachs the secondandthe maincontribution of this paperin Sectiord we
compareTango with DKS [7], andwith the DH constant-dgreenetwork.

2 Structured exponentialnetwork

A structuredexponentialnetwork is a network built incrementallyusing well-defined
stepslt is composedf nodedinkedtogethewia directededgesaccordingto structur
ing rules,andcharacterizetdy anexponentiafactork whichis thenumberof instances
of network Net; usedto definethe subsequentetwork Net; ;. The network Net; is
theinitial network composef onenode.At stepi, network Net; is built by usingk
instance®f network Net;_; linkedto oneanother

Weidentify two methoddor connectingll k instance®f Net;_ ; attheit” step: ab-
soluteandtherelative connectionsThey leadto absoluteandrelative structuredexpo-
nentialnetwork, respectiely. We illustratebothmethod<or a network of size64, built
in four stepsandparameterizetly anexponentiaffactork = 4. Eachnodeis identified
bothnumericallyby usinga uniqueidentifierrangingfrom 0 to 63, andgraphicallyby
usingk shapedi.e., light squarelight circle, bold squareandbold circle). The shape
organizesthe nodeswithin the network whereashe size of the shapedetermineshe
network building step.Small shapesstandfor instanceof Net;, mediumshapedor
instancesf Netg, andlarge shapedor instancesof Nets. The network instanceof
Net,; regroupsthe four network instancesf Nets. However, for simplicity, Net; is
notmarkedin thefigures.In orderto distinguishthefingersof thereferencenodefrom
the othernodeswe representhemasnon-graynumberswvhereashe othernodesare
in gray. Moreover, we introducethe @ andthe & operatorsin anetwork of size S, we
definetheoperatorasm @n = (m +n) mod S, andm en = (m —n+S) mod S.

An absolutestructuredxponentiahetwork is representeth Figurel (left). In such
a network, eachnodehasthe sameview of the network. For instance all nodessee
thatnodesrangingfrom 0 to 15 aresitting in the large light square Thatis, if a node
seesthata nodem is sitting in a given shapethenall the nodesseethatm is sitting
in that given shapeln sucha network, at the i** step,the k — 1 fingersof a noden
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Fig. 1. (left) Absolutestructuredexponentialnetwork of size 64 with k = 4. (right) View of a
noden in arelative structuredexponentialnetwork of size64 with k£ = 4.

arepointingto the £ — 1 otherinstancef Net; ;. Moreover, it doesnot matterto
which nodeinsideeachNet; ; n pointsto. For instancein thenetwork representeth
Figurel (left), thefingersof node21 atthethird stepcanbeary instanceof nodesa,b,c
whereq € [16...19],b € [24...27],andc € [28...31].

A relative structuredexponentialnetwork differs from an absoluteone by the fact
thattheview of the network ownedby a particularnodeis relative to its positionwithin
the network. For instancenodessitting in the large light squarearefound at distance
dist from thereferencenode,with —21 < dist < —6. Moreover, in a relative expo-
nentialnetwork, a noden hasto point preciselyto the nodesoccupying relatively the
samepositionsin the k — 1 otherinstance®of Net; ;. For instanceasrepresenteth
Figurel(right), thefingersof noden atthethird steparen © 16, n & 16, n & 32.

Mostlogarithmic-dgreeDHT-basedP2Pnetworkscanbeexpresseaitherin terms
of anabsoluteorin termsof arelative structuredxponentiahetwork. ForinstancePas-
try andTapestrycanbe seerasinstance®f theabsolutestructuredxponentiahetwork
byinstantiatingheemployedalphabeto theshapesisedn Figurel. Ontheotherhand,
ChordandDKS canbeseenasinstance®f therelative structuredexponentiainetwork.

This modelallows usto statethat networks built with therelative andthe absolute
approachescaleatthe samerate.Indeed et S; bethesizeof network Net; and H; be
the maximumnumberof hopsto reachary nodein Net;. Then,for both structuresve
have S; = k* S;—1 with S; = 1, H; = i — 1, andanumberof (k — 1) = (i — 1) fingers
at eachnode.Moreover, this modelallows usto statethatif at theit* step,a noden
pointsto nodem, thenin anabsolutenetwork, the networksreachablén atmost: hops
by n andm, usingall thefingersestablishedh thefirst: stepsareidenticalwhile they
differin arelative network. This differenceas atthefoundationof the Tango definition
andits propentiorto increasdinger utilization.
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Fig. 2. (left) Network building patternin Tango wherek = 5. (right) Pathsfrom node0 to all
theothernodesin a Chordnetwork of size8 andin aTango network of sizel3.

3 Tango: anovel approachfor reducingunexploitedredundancy

In a relative exponentialnetwork we canidentify two typesof redundang. The first
oneresultsfrom the commutatve propertyof the additionoperationandfrom thefact
thateachnodeowns, relatively, the samefingers.For example,in Chord,node0 can
reachnode6 via node4 (6=0+4+2)andalsovia node2 (6=0+2+4).Theseconadypeof
redundang resultsfrom theunderutilizatiorof fingers.

To haveaclearexplanationweintroducethenotionof positive andnegativeregions
of agivennoden. A nodem is foundin thepositive regionof noden iff mon < nom,
otherwisenodem is foundin the negative region of noden.

We proposeTango, an approachto addresghe secondtype of redundang, and
thusincreasingnetwork scalabilityby takinginto accounthatthe networksreachable
in atmosti hopsby n andits fingersaddedat stepi, usingall thefingersestablishedh
thefirsti stepsaredifferentin arelative network. Indeed theregion coveredin atmost
1 hopsvia thefarthestfingeraddedin the positive (resp.negative) region at stepi and
theregion coveredin at mosti hopsvia the closestfingeraddedin the positive (resp.
negative) region atstep: + 1 overlappartially. For example theregionsreachablén at
most3 hopsby node21vianode29(i.e.,from 24to 39) andvianode37(i.e.,from 32to
47)overlap.Letavalid pathbetweertwo nodesn anetwork instanceVet; beary path
betweerthesenodeswvhoselengthis at mosti — 1 hops.In arelative network, all these
overlapregionsincreasexponentiallythe numberof valid pathsbetweenwo nodes.
Moreover, thecumulatedsizeof theoverlap,i.e.,theamountof unexploitedredundanyg
in aninstanceof Net; grows exponentiallywith 4.

3.1 Tango definition

In orderto preventoverlappingtheregion compriseetweerthefarthesfingeradded
in thepositive (resp.negative) regionatstepi andtheclosesfingeraddedn thepositive
(resp.negative) region at stepi + 1 hasto be equalto the sizeof the network instance
Net;. Thisimprovementis graphicallyexpressedn Figure2 (left) for a network char
acterizedby k = 5. Onecannoticethat Net; ; is composedf 5 blocks.Thereare4



instance®f Net; andl instanceof Extended Net;, whichis the network reachabldoy
thereferencenodein atmosti hopsby usingthefingersdefinedin Net;.

Letk;" andk; bethenumberof fingersaddedn the positive and,respectiely, the
negative regionsof a nodeat steps. Hence knowing that at eachconstructionstep:
therearek — 1 fingersaddedto anode,we obtaink = & + k; + 1.

Let d+ (resp.d; ;) bethedistanceat which the jtP positive (resp.negative) finger
of the ith stepshouldbe placed.Let St (resp.S;”) be the size of the positive (resp.
negative) region of areferencenodeat stepi. Equationsl establisithe sizegrowth and
thefingerspositioningin Tango. Onecannotethatfor k; = 0, the Tango network
correspondso animprovedversionof Chord,andDKS with anarity k. Thereadercan
referto Section4 for acomparisorbetweenChord,DKS andTango.

di; =j jel.. k] SE=0
diy=di; Sy je[l..kfl,i>2  SF=8S%,+d . i>1 ()
dfo—di“ci i>2 S;i=SH+S;7+1 i>0

3.2 Key-basedouting

The purposeof key-basedrouting is to route a messageaggedwith key Key to the
noderesponsiblef Key. Letp;" (resp.p,;) bethefirst nodeencountereéh thepositive
(resp.negative) region of n. Theresponsibilityof anoden is definedin Equation?.
Besidethenoderesponsibilitythereis thefingerresponsibilitydefiningthe nodeto
which a messagshouldbe forwardedto. In Tango we split the finger responsibility
of agivenfinger F' in negative and positive sides. Than, let the focusednetwork be
aninstanceNet; andlet sz (resp. Sn ;) bethesizesof the positive (resp.negative)
fingerrespon5|b|||tyasdef|ned|n EquationSB and4. Thefingerrespon3|bilityRjE of

finger locatedat position Pi. relatedto the distancecljE are definedin Equation5.
Hence by usingits fingerF, e anodecancwertheregionR 5,; Inatmosti — 1 hops.

R, = [n@({kk_{le *(n@pn@1)>([%-‘ *(p+®n@1)>®n] (2

Spiy = Sis 5Bl = ST Spjye = S Sply = 57 3)
Snzj = S+ Snl e =5, Sn =Si1; Sn =8, 4)
RE, = [PE o Sni; ... PE @ Spf)] (5)

! Thedenominatiorof Tango comesfrom its ability to have positive routing stepsfollowed by
negative routingstepsandvice versa.



3.3 Tango in a sparseand dynamic network

In asparsenetwork, the positionof afinger F (i.e., P) of anoden may correspondo
amissingnode.In thatcasen pointsto the noderesponsibleof P. Hence the nodes
areplaying the finger role of the missingnodeslaying within their responsibility In
orderto presere the lookup efficiengy, eachnodeadaptsits routing tablein orderto
reachthe samepart of the network in the samenumberof hopsasit would have been
doneby eachmissingnodeswithin its responsibility Thatis why in Tango, we define
thefingerposition P(n) andthefingernodeF'(n) of anoden asin Equation6, where
JE[...k],g€1...k]andi € [L..1].

Pri(n) = Rp.inf ©d;; F;(n) =m st. P;;(n) € Rn

P} (n) = Rp.sup & df, F,(n)=m st. P (n)€ Ry, ©)

To dealwith thedynamicsin a Tango network, the algorithmsof join, faulttoler
anceandcorrectiononusedefinedn DKS canbeapplieddirectlyto Tango. Moreover,
dueto thesymmetryprovidedby the Tango networksfeaturedwith k&t = £~ thecor
rectionon usecanbe mademoreefficient. For moredetails thereadercanreferto [8].

4 Analysis

In this sectionwe shortly compareTango with DKS, andwith the DistanceHalving
constant-dgreenetwork. For moredetailsthereadercanreferto [8].

4.1 Tango vs.DKS

DKS generalizesChordto allow a tradeof betweenthe maximumlookup lengthin

the network (i.e., the diameter)andthe size of the routingtableat eachnode(i.e., the
degree).Thestructureof DKS characterizedy & = 2 is the sameasthe oneof Chord.
Tango alsosupportghetradeof betweernthe diameterandthe degree.Moreover, the
network coveredwith Tango is muchlargerthanthe network coveredwith DKS and
Chord,while keepingthe samenetwork diameterandthe samedegreeat a node.That
is, in Tango theexponentialfactoris biggerthanin ChordandDKS. FromEquationl,

one candeducethe size of the network coveredwith Tango at a stepi > 2 together
with theroots(i.e., z; andzz) of its characteristiequationFor astepi suficiently high,

theexponentiafactorin Tango canbeapproximatedo z;, wherek < z; < k + 1,and
thuswe obtainS; ~ z;*~1. Although,thesearchcostin Tango is O(logN), for apprx.
thesamenetwork sizethe highestsearchcostin Tango is 75%of the onein Chord.

Si=(k+1)%Si1—Si» zl:k+1+— \/(2’“+1)2_47z2:’”1_— \/g’“+1)2_4 (7)

. ,i72 . .
S =k + Zl 72 (d;.fb+ +d ) i>2 (8)
1= J J

In orderto comparehesizegrowthin Tango andDKS, onecandefinethenetwork
sizecoveredby Tango attheit® constructiorstepasin Equation8. Notethatthefirst
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Fig. 3. (left) Ratiobetweerthenetwork sizescoveredby Tango andDKS, with thesamenumber
of fingersatdifferentconstructiorsteps(right) Network size[N] andaverageroutingdistancd D]
of Tango, DH andChord,with respecto differentvaluesof nodedegree.

term of the equationcorrespondso the network size coveredby DKS at the it? step,
i.e.,k*~!. Theseconderm,which alsoincreasesxponentially correspondso the dif-
ferencebetweerthetwo network sizes;jt actuallyrepresentthecumulatedunexploited
redundang in DKS. In Figure2 (right) we presentan exampleof how Tango covers
alargernetwork thanChord(DKS, k = 2) evenatthevery earlybuilding stepsWith a
routingtableof size3, anodein Chordcancoveranetwork of size8 in 3 hops,whereas
in Tango, in 3 hops,anodecancoveralargernetwork, i.e., of size13.

To betterunderstandhe relationbetweenTango and DKS, in Figure 3 (left) we
plottedthe ratio betweenthe network sizescoveredin Tango and DKS at eachcon-
structionsteprangingfrom 1 to 32, for five differentvaluesof k. Onecannotethatfor a
givenk, theratio betweerthe network sizesis growing exponentiallyat eachstep.lt is
alsointerestingo notethatthe growth ratio of theratio decreaseask increasesHow-
ever, sinceincreasing: leadsto increasingheresource&eonsumingandthemaintenance
cost,it is likely thatrelative smallvaluesof k will beemployed.

4.2 Tango vs.constant-degeenetworks

A constant-dgreenetwork is a network whosesize canincreasexponentially while

thenodedegreeremaingixedandthe diameterincrease$ogarithmically Someexam-

plesarethosebasednthedeBruijn graph,suchasKoordeandDH. In ouranalysiswve

wereinterestedn theaverageroutingdistanceandthenetwork sizefor Tango (k = 3)

andDH with respecto differentnodedegrees We alsoplot themfor Chordto have a

third party referenceTo computethe averagerouting distancefor DH we usedthe pi4

formulafor de Bruijn graphsgivenin [9] anddoubledit to achiese load balancingas
suggestedh [5]. As shavn in Figure 3 (right), for the samenodedegrees(inferior to

34), andalmostthe samenetwork size, Tango provideslower valuesfor the average
routingdistancehanDH.



5 Conclusion

First,in this paperwe presentec modelto bettercharacteriz¢he structureof the cur-
rentlogarithmic-dgreeP2Pexponentialstructurechetworks, suchas Tapestry Pastry
ChordandDKS, in termsof absoluteandrelative exponentialstructurechetworks.
Ontheotherhand,we proposedhe Tango approacho betterstructuretherelative
exponentialnetworks to increasetheir scalability by exploiting the redundang in the
lookup paths.We shaved that Tango is more scalablethanthe currentlogarithmic-
basedHTs. We analyzedhestructureof Tango with respecto theoneof DKS and,
implicitly, to the oneof Chord.Particularly, we obseredthat, for small valuesof the
exponentialfactork, Tango is muchmorescalablehanDKS (andChord),while for
big valuesof k thescalabilityof thetwo networksis morecomparableHowever, since
increasing: leadsto increasingheresourceeconsumingandthe maintenanceost,it is
likely thatrelative smallvaluesof k& will be employed.We alsoanalyzedTango with
respecto DH, a constant-dgreenetwork. We obsenedthat,for networkswith relative
largenodedegreestheaverageroutingdistancen Tango andDH arecomparable.
Givenits structuringflexibility andits scalabilitypotential,we choseTango to be
the algorithmunderlyingour recentlyreleasedP2Pmiddlevare[10], anddemoappli-
cations:PostltandMatisse[10]. As futurework, we planto addressheredundang in
Tango resultingfrom the commutatve propertyof thefingeradditionoperation.

Acknowledgments

We thankPeterVan Roy andKevin Glynn from UCL, Belgium,andLuc Onanafrom
KTH, Swedenfor their constructve comments.

References

1. I. Stoica,R. Morris, D. Karger, F. KaashoekandH. BalakrishnanChord:A ScalablePeer
To-Peer.ookupServicefor InternetApplications.In ACM SSGCOMM, August2001.

2. A. RowstronandP. Druschel.Pastry:ScalableDecentralizedbjectLocation,andRouting
for Large-ScaléPeerto-PeerSystemsin ICDSP, November2001.

3. B. Zhao,J.Kubiatavicz, andA. JosephTapestryAn Infrastructurdor Fault-toleranWide-
arealocationandRouting. TechnicalReportCSD-011141{J.C. Berkeley, April 2001.

4. F. KaashoekandD. Karger Koorde:A Simple Degree-optimalHashTable. In IPTPS
February2003.

5. M. NaorandU. Wieder Novel Architecturedor P2PApplications:the Continous-Discrete
Approach.In ACM SPAA, June2003.

6. S.El-AnsaryandL. Onanaetal. A Framevork for Peerto-PeerlLookup Serviceshasedon
k-ary Search.TechnicalReportTR-2002-06 SICS,May 2002.

7. L. OnanaandS. El-Ansaryetal. DKS(N, k, f): A Family of Low CommunicationScalable
andFault-Tolerantnfrastructuregor P2PApplications.In CCGRID2003, May 2003.

8. B. Carton,V. MesarosandP. VanRoy. Improving the Scalabilityof Logarithmic-Dgree
Peerto-PeeMetworks. TechnicalReportRR-2004-01JC-Louvain, January2004.

9. D. Loguinor andA. Kumaretal. Graph-Theoretidnalysisof StructuredPeerto-PeelSys-
tems:RoutingDistancesaandFaultResilience In SGCOMM, August2003.

10. P2PSv 1.0,Peerto-PeerSystemLibrary, October2003. Universtig catholiquede Louvain,

andCETIC, Belgium.www.mozart-oz.ay/mogul/info/ceticucl/p2ps.html.



