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Abstract— In this paper we evaluate a method of using inter-
leaved spanning tr eesto composea resilient, high performance
overlay mesh.Though spanning tr eesof arbitrary type could be
used to construct an overlay mesh, we focus on a distrib uted
algorithm that computes

�

minimum spanning tr ees on an
arbitrary graph. The principal motivation behind this strategy
is to provide applications with a

�

-redundant, high quality
mesh suitable for demanding applications lik e A/V broadcast,
video conferencing, data collection, multi-path routing, and �le
mirr oring/transfer. We elaborate details of

�

-MST, pointing out
advantages and potential problem points of the protocol, and
then analyze its performance using a variety of metrics with
simulation as well as a functional PlanetLab implementation.

Keywords: System design, Experimentation with real net-
works/Testbeds.

I . INTRODUCTION

Over the past several years,considerablework has been
donein designingoverlaynetworksto optimizeandenableap-
plicationsover the Internet.Detour[1], for instance,improves
routing ef�ciency by exchangingcongestioninformation be-
tween nodes and adaptively routing through overlay paths
that correspondto better routes.Resilient Overlay Network
(RON) [2] allows distributed applicationsto perform overlay
path selectionin an application-speci�cmanner, detectpath
failures, and recover by routing data through other overlay
paths. High-performancestreamingmedia systems[3], [4]
enable a pair of nodes to communicatethrough multiple
overlay paths simultaneously. Overlay networks have also
emerged as a powerful method for delivering content [5]–
[9] and coordinatingmulti-point communicationalgorithms.
CoopNet[10] streamsmediaandemploys stripingover multi-
ple overlay treesto enhanceboth performanceandreliability.
Byers et al. [11] proposea system for performing multi-
point transfersacrossrichly connectedoverlaysby judiciously
coordinatingdelivery of subsetsof datain a highly distributed
and concurrentfashion.Cheng et al. [12] addressthe dual
problem of collecting data from several hosts by carefully
schedulingthe movementof data.

The performanceof theseapplicationsis highly dependent
on the ability to operateover good quality overlay paths.A
richly connectedoverlay network comprisedof high quality
virtual pathsprovidesthe ideal settingfor theseapplications;
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applicationscanthenreactquickly to �uctuating performance,
useapplication-speci�cpath selection,or coordinateconcur-
rent communicationover multiple paths.

Proposedin this paper is a mesh-�rst approach,where
the densegraph of all possibleoverlay links is reducedto
a minimal topology composedof � trees. In particular, we
focus on a distributed algorithm to compute � Minimum
SpanningTrees ( � -MST), where edge weights correspond
to any one of the standardperformancemetrics, such as
latency, bandwidth,and loss rate. The mesh is constructed
using initial estimatesof network propertiesand re�ned over
time. Like other unstructuredoverlays,such as End-System
Multicast [5], we view the tasks of mesh constructionand
routing as independent.A standardrouting protocol is used
to propagatethe performancecharacteristicsof the selected
links.

The primary motivation to constructan overlay mesh of
� trees is to ensurethe existenceof � edge disjoint over-
lay paths betweenany two nodes, to promote fault- and
performance-tolerance,and to enablepath diversity. Though

� -MST includesthe � bestlinks of every nodein the overlay,
it doesnot boundthe diameteror the degreeof the network.
However, it is possibleto addresstheseadditionalconstraints
with otherdistributedheuristicsthat will be discussedin later
sections.Also, treeshave important propertiesthat simplify
aspectsof meshmaintenancein the distributed environment.
For example,the addition of any link createsa fundamental
cycle, the removal of any link along a fundamentalcycle
restoresthe tree property, and any edgefailure partitionsthe
treeinto two components.All thesepropertiescanbedetected
andmaintainedwith limited local knowledge.

Thoughwe have beendevelopinga prototypeoverlay net-
work thatutilizesa � -treemethodologyfor meshconstruction,
this paper focusesnot on our architecturebut primarily on
discussionandanalysisof the � -treestrategy for high perfor-
mancemeshapplications.We are not interestedin using this
strategy in peer-to-peer�le sharingor distributedobject loca-
tion settings,but aremoreinterestedin applicationsrequiring
resilient, high performancedatadelivery like A/V multicast,
video conferencing,data collection, multi-path routing, and
�le transfer. The needfor suchapplicationsis most pressing
in infrastructure-typesettingslikePlanetLabaswell asin large
corporationswhereoverlay networks of lessthan1000nodes
suf�ce. In suchenvironments,a largeamountof dataconcern-



ing neighborsand link quality is availableor obtainable,and
we seeka distributedsolutionthat makesef�cient useof this
rich quantityof information.

I I . BACKGROUND AND RELATED WORK

Over the last several years,extensive work hasbeendone
in the realm of overlay network design. In general, these
systemscan be broadly classi�ed into two categories: tree-
�rst strategiesandmesh-�rst strategies.Herewe summarizea
few systemsthat aremost relevant to our study.

A. Tree ConstructionStrategies

A numberof projectshave studiedstrategies for building
application-speci�c overlay trees, particularly for multicast
applications.The treesare constructeddirectly, and they de-
�ne, implicitly, an uniquecommunicationpathbetweenevery
pair of nodesin the overlay network. Theseapproacheshave
the advantageof not requiring the executionof a distributed
routing algorithm.

TheALMI (ApplicationLevel Multicast)project[13] lever-
agesa techniqueto computea minimumspanningtree(MST)
at a centralizedadministrationpoint basedon information
retrieved from inter-nodeprobes,which is subsequentlypro-
grammedinto the network.

Yoid, HMTP, andOvercastusethetechniqueof constructing
a distribution treeby having groupmembersexplicitly choose
parentsfrom their known setof neighbors[14] [15] [6]. Yoid's
treeis static,but HMTP andOvercasttreesadaptto changesin
link characteristicsandpeeraddition/removal by periodically
trying to swap local links in the overlay. A good discussion
of switch-treeimprovementprotocolsmay be found in [16].

TMesh [17] improves upon single shared tree overlays
by randomly inserting “shortcut” links into the topology.
Effectively, this reducesthediameterof thenetwork andbetter
supportsmulticastgroupsin which only someof thenodesare
participants.

OMNI [9] considersa two-tier multicastinginfrastructure
consistingof servicenodesandclientsthat connectto service
nodes.The system provides algorithms for organizing the
servicenodesinto an appropriateoverlay structurebasedon
the changingdistributions of client connectivity. An initial
centralizedcomputationis followed by a distributed iterative
re�nement to obtain a tree that minimizes the minimum
averagelatency andcontrolsnodedegree.

NICE [18] partitionsnodesinto clustersof �x edsize,elects
representative nodesto representthe cluster, and repeatsthe
processrecursively in order to createa hierarchyof nodes.
Tree maintenancefor � nodescostsonly

�������	�

��
 resulting
in a highly scalablesystem.

B. MeshConstructionStrategies

Mesh-�rst strategiesconstructa richly connectedgraph�rst
and then computeoverlay pathsor source-speci�cmulticast
treesusingwell known distributedroutingalgorithms.We now
review existing methodsof mesh-�rst overlay construction,
summarizingthe positive andnegative propertiesof eachand
highlighting previous approachesandresultswhererelevant.

a) CompleteGraph: It is possibleto perform overlay
routing calculationsbaseduponinformationthat describesall
availablenetwork links. TheRON projectat MIT is evaluating
thebene�ts of overlayroutingatopsucha graph.Their results
indicate that a connectedoverlay provides improved fault
toleranceandperformanceto that observed in the underlying
infrastructure[2]. Thoughthe routesprovided by the overlay
are very near to optimal, from the standpointof minimizing
each of several metrics, the actual execution of a routing
algorithmacrossa densenetwork, with

���

�
��
 edges,is rather
expensive: inter-server traf�c becomesunacceptablylargewith
networks even assmall as50 to 100 nodes[2].

b) � RandomLinksGraph: Thek-Randomlinks strategy
is simpleandfully distributed:every noderandomlyselects�

of its edgesfor inclusion in the graph,resulting in a global
edgecount that is lessthan or equal to ����� . This approach
allows for high partition resiliencewith little overhead,for if
a node detectsa link failure, it may selectanotherrandom
link from its pool without coordinatingwith anotherpeer. If a
failed nodereturnsto the network, it is similarly simplefor it
to rejoin.A k-Randomgraphalsohasprobabilisticallyuniform
degree distribution, which tends to promote load balancing
for multicastnetworks,aswell asshallow diameter. Themain
problemwith thisstrategy is thattheselectedlinks maybebad,
leadingto routing inef�ciencies. The approachof choosing�

randompeersis seenin numerousarchitectures.Narada,for
example,chooseslinks at randominitially, andthenimproves
the quality of the meshincrementally[5].

c) � BestLinksGraph: This strategy is similar to the � -
Randomgraph,except that eachnodeautonomouslychooses
its � best links. Becausepairs of nodeswill independently
include eachother in their selections,the k-Best-Linksgraph
is composedof as few as

�

������
���� and at most ����� low
weight links. While this graph has low aggregateweight, it
generallydoesnot guaranteeconnectivity, andit might exhibit
large diameterseven if it is connected.We have found this to
be especiallytrue in real world scenarioslike PlanetLab.

d) Short-LongStrategy: To select � links, a nodemay
choose����� of the best(short) links of which it is awareand

���	� random(long) links. This strategy providesa low-weight
topology with probabilistic connectivity properties.This is
closely related to the � -MST strategy, which also includes
many of the bestlinks of the graph.

e) Connect-Improve Strategies: Several architectures
take the approachof quickly choosinglinks, often randomly,
to provide fast joining and subsequentlyrely on local im-
provement to improve the “goodness”of the mesh. In the
Naradaprotocol, for example, a node joins the network by
choosingrandompeers[5]. As thenodediscoversmorepeers,
it evolves its randomly selectededgesto include links of
higher utility, while preventing partitions through a special
mechanism.However, the initial graph is far below optimal
and every node must continuouslyrun the improvemental-
gorithm, for evolution to proceedproperly, causingrelatively
slow convergenceandhigh bandwidthutilization [5], [18].



f) DHT Mesh: Structuredoverlayslike distributed hash
tables(DHTs) [19]–[22] view theoverlayasa distributeddata
structurethat dictatesboth thenetwork topologyandmessage
routing. This integrated view has been shown to be mas-
sively scalable,requiring

�������	�

��
 neighborinformation and
guaranteeing

��� � ���

��
 diameterfor arbitrarily sizednetworks.
Thoughoriginally developedfor scalableobjectlocation,these
overlays are now being used for applicationstraditionally
supportedon unstructuredoverlays[7], [8], [23]. The address
structureof systemslike CAN, Pastry, andTapestryprovides
massive scalability and failure redundancy without the need
for a traditionalroutingalgorithm.Thesesystemsaredesigned
with a scalability-�rst philosophy that focusesprimarily on
routingbaseduponanarbitraryaddressingschemeandsecon-
darily onroutingto maximizelink performance.Consequently,
thesesystemstendto exhibit higherRDP, the overlay routing
latency comparedto unicastroutesprovidedby the infrastruc-
ture. The locality propertiesof thesesystemsare currently
being investigatedand improved upon [24]–[26] but it is as
yet unclear as to whether structuredoverlays can support
the minimizationof arbitraryapplication-speci�cmetricsand
provide the desiredlevels of pathdiversity.

I I I . � TREE OVERLAYS

In thissectionwe describemajoraspectsof our architecture,
�rst giving an overview of the system, and then brie�y
decomposingimportantaspectsof the system.

A. Overview

The goalsof our architectureareseveral:
High Performance:Themeshshouldretainmany of thebest

links (i.e., links with low latency, highbandwidth,andlow loss
rate)from theoriginal denseoverlaynetwork. In addition,the
meshshouldexhibit boundeddegreeanddiameter.

Multiple Paths: A con�gurable numberof multiple paths
should be guaranteedby the network to improve real-time
performancein the event of failure, to tolerate �uctuations
in network performance,to enableapplication-speci�cpath-
selection,andto allow for concurrentuseof network resources.

Exploit Network Information: Whatever information is
availableat startupandthroughoutthe lifespanof the overlay
should be fully utilized to maximize the ef�ciency of the
network asquickly aspossible.

Self Organizing: We seeka fully distributed solution that
allows for incrementalpeeraddition,unexpectedpeerfailure,
andother topologicaluncertainties.

We take a novel mesh-�rst approachof computinga sub-
graph of the known links that is composedof � spanning
trees.Becausea � -treenetwork is composedin this manner, it
contains

���

� ��
 edgesand is able to provide � overlay paths
betweena pair of nodes.Though it is possibleto compose
a network of � spanningtrees of arbitrary type, we focus
primarily on the methodof using � minimum spanningtrees
after associatinga cost metric to the communicationlinks
betweenpairs of nodes.The � -MST strategy bearsstriking
resemblanceto the best known approximationalgorithm for

�nding a � -connectedminimum-weightsubgraph,which is a
well known NP-Hardproblemfor �

�

� [27]. The resulting
mesh,therefore,partially satis�es someof our designgoals
by providing multi-connectivity using many of the bestlinks
in the overlay network. We also take advantageof the extant
foundationof researchthathasbeendevotedto thedistributed
computationof minimum spanningtreesbeginning with Gal-
lagher, Humblet,andSpirain [28]. We build on their work by
developingan algorithmthat computes� minimum spanning
treesin a concurrentanddistributed fashion.

Somehave criticized the useof Minimum SpanningTree
algorithmsin Internetcontexts for several valid reasons[16]:

Criticism - MSTsrequire a large amountof information to
compute:In order to �nd the MST of a graphwith � edges,

���

��
 informationis required.For acompletegraph,thisvalue
is

���

� ��
 . However, it is possibleto reducethe amount of
informationconsideredby the algorithmby “binning” [29] or
by only feeding a small percentageof randomlinks to the
algorithm. Though this does not computea true MST, our
results indicate that the quality of the tree does not suffer
muchwith incompleteinformation.

Criticism - MSTsmustbe recomputedin the eventof node
addition: In orderto addressthis problem,we have developed
a multi-hop treeimprovementprotocolthat canrestorea sub-
optimal MST to an MST.

Criticism - MSTs do not bound degree or diameter, and
therefore are subjectto “hotspots” and long latency: This is
true,but it is possibleto addgreedydegreeboundanddiameter
heuristicsto the protocol to provide theseconstraints.

Criticism - MSTstake a long timeto computeandhavehigh
message complexity: The fastestalgorithm for the distributed
MST algorithmproducesa solutionin

��� �������




���	�

��
 time,
where

�

is themaximumnodedegreeof theinputgraphand
�

is thediameterof theconstructedtree[30]. Whenthediameter
heuristic is enforcedand when the initial MST is computed
using

��� � ���

��
 connectivity information for each node, the
resulting spanningtree can be computedin

�������	�

�

��
 time.
The messagecomplexity of the algorithmis

���

�

� ���

�

�

��
 ,
where � is the number of edgesin the input graph. By
limiting

�

, the messagecomplexity could be lowered to
���

�

���	�

��
 .
�������	�

�

��
 convergenceand
���

�

� ���

��
 message
complexity for sparsegraphsmakes the systemviable for
a wide range of applications.We also observe that

���

��


convergenceand
���

����
 messageson completegraphsmay
be consideredexpensive in many circumstances;however,
for high performanceinfrastructureapplications,where the
meshmust be very good before it will perform acceptably,
the � -MST approachis typically much fasterand consumes
fewer messagesthan random-improve strategies, which take
considerabletime and bandwidth to converge to a similar
“goodness”metric. This will be discussedmore later.

Criticism - MST protocols are too complex: In compari-
son to many network protocols,MST algorithmsare indeed
complex. However, they can be implementedcorrectly; our
implementationperforms well in real-world scenarioslike
PlanetLab.



B. � -MSTBackground

� -MSTs are computedin the following greedy fashion.
Let �����

���


 representthe edgesof the minimum weight
spanning tree of graph

�

; if graph
�

is not connected,
then �����

���


 would correspondto a forest of disconnected
components.Furthermore,let

�	�

�����

���


 refer to a sub-
graphof

�

obtainedafter removing the edgesin ���
�

���


 .
We compute:

����
��

�

�




�������

for ���


 ���������

� 
 do
���




�����

���
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�

�




�

�! �"
#

���

�

�


$�

�! �"

�

���

end for

More simply, the �&%�' MST of the compositegraph is the
minimumspanningtreeof theinitial graphexcludingtheedges
of previously computedMSTs. The algorithm then outputsa
subgraph

�)(




��"

#

�

�

�����

�

( that is comprisedof the �

minimum spanningtrees.
Themotivationfor pruningtheoriginal graphto a � -MST is

three-fold.First, the � -MST providesan approximationto the
bestknown theoreticalalgorithmsfor graphpruning.Second,
the � -MST approachextends previous efforts that employ
centrally computedminimum spanningtrees for streaming
applications.Third, a � -MST sub-graphhasa numberof de-
sirablepropertiesthat facilitate the taskof meshmaintenance
in a distributed setting.We now examineeachone of these
considerations.

1) RelatedGraph Theoretic Results:Techniquesfor using
interleaved spanningtreesto computeconstrainedminimum-
weight connectedsubgraphshave been well explored in
previous literature. The algorithm with the lowest known
approximationfactor for the � -connectedminimum weight
subgraphproblemis by Khuller andVishkin [27] andusesa
graphalgorithmdevelopedby Gabow [31]. Theapproximation
algorithm works as follows. It takes the undirectedgraph
and forms a directedgraph

�

where every undirectededge
is replacedby two anti-paralleldirectededgesof the same
weight. A polynomial-timealgorithm,discoveredby Gabow,
is then used to �nd � edge-disjointdirected trees with the
smallestcumulativeweight.If at leastoneof thedirectededges
is pickedby Gabow's algorithm,thecorrespondingundirected
edge is included in the pruned subgraph.It can be shown
that the prunedsubgraphis � -connectedand is at leasta 2-
approximationto the minimum-weight � -connectedsubgraph
of

�

. The resultingsubgraphhasbetween� � �
�	� to �

�

�

�*�




edges.
A relatedapproachis the algorithm by Roskind and Tar-

jan [32], which canbe usedto �nd � disjoint spanningtrees
of minimum total weight given an undirectedgraph. These
spanningtreesaccumulateto generatea � -connectedsubgraph.
This approachdiffersfrom thepreviousonein that it performs
this computationon an undirectedgraphandyields �

�

�

�+�




edges.Consequently, it might result in a subgraphwith more
edgesthan the Khuller-Vishkin strategy.

Both algorithmsexhibit limited concurrency, do not lend
themselves to distributed computation,and do not factor in
diameterand degree. However, given their similarity to � -
MST, they becomean interestingpoint of reference.In fact,
we haveempiricallyobservedthatthe � -MST algorithm,when
executedwithout degree and diameterconstraints,computes
solutions that closely approximatesthe solutions computed
by the Roskind-Tarjan algorithm for the various network
topologiesthat we have studied.

2) RelatedOverlay ConstructionStrategies: Otherclosely
relatedwork includesALMI, in which theauthorsdemonstrate
that a single MST, computedin a centralizedfashion and
then disseminatedto overlay peers, provides for a good
multicast tree. Also relevant is the work done on TMesh,
which augmentsa multicasttreewith random“shortcut” links
to improve latency performanceby reducingnetwork diame-
ter [17]. However, insteadof augmentingthe initial structure
with only sparselinks, we augmentwith completetreesthat
provide “shortcuts”while also increasingglobal redundancy.

3) � -MST Properties: We brie�y note a few properties
of the subgraphscomputedby the � -MST algorithm when
executedwithout the degreeand diameterconstraints.While
thesepropertieshold only in an approximatemannerif the
degreeanddiameterconstraintsareimposed,they still provide
insight into a numberof interestingpropertiesthat areuseful
for maintainingthemesh.All of thesepropertiescanbeproved
with simple graph-theoreticrefutation arguments,which are
omitted for brevity.

Property1: � -MST includesthe � bestlinks of every node
in the graph.

Property2: Let , be an edgebelongingto the tree
�

�

. Let
, connecttwo sets of nodes �

"

and �

�

in
�

�

. If the cost
of , risesdramatically(due to a fault or �uctuating network
conditions),then

�-�

canbe repairedby addingthe minimum
weightedgeconnecting�

"

and �

�

in
���/.0"

. Onedoesnot need
to considerany otheredgesto repair

�1�

.
Property3: Consider an edge , that is in

�-�

. Let the
cost associatedwith , be lowered, potentially when new
information is revealed about the overlay network. Let ,32

be the edgewith the maximum cost in the cycle createdin
�

�

#54

,76 . If weight(e) 8 weight(e'), thentheminimum-weight
propertyof

�
�

couldberestoredby swappingin , for ,92 . One
doesnot needto make any otherchangesto

�
�

.

C. DistributedMinimumSpanningTree Algorithm

The distributed computationof a minimum spanningtree
wassolved by Gallagher, Humblet,andSpirain their ground-
breakingpaper[28]. We now provide a brief review of their
algorithm, referredto as GHS in this paper. Pleaserefer to
[28] or [34] for a thoroughdiscussionof GHS.

We assumethatneighborinformationcomesfrom someout-
of-bandmechanism,andthatall probinghasbeendoneby the
startof the algorithm.



The algorithmbuilds the componentsin levels. At the start
of thealgorithm,eachindividual nodecomprisesa component
of sizeoneandis at level 0. At eachstep,oneof thenodesin
eachcomponentis electedasa leaderof the component.The
leader's UID andthecomponent's level numberis usedasthe
componentidentity, compid. The leaderbroadcastsan initiate
messagealong the spanningtree edgesof the componentto
start a searchto �nd the minimumweight outgoingedge, or
mwoe. On receiptof theinitiate message,eachnodeprobesits
remaininglinks in order of increasingweight to identify the
lowest-costedgethat leadsto a differentcomponent.A node
performsa probe by sendinga test messagecontaining the
node's compidto its bestneighbor. The neighborsendsback
anacceptmessageonly if it belongsto a differentcomponent.
If it belongsto the samecomponent,it respondswith a reject
message.Theresultsof thesearchareconvergecastbackto the
leaderthroughreportmessages.The leaderthenidenti�es the
mwoeof theentirecomponentandsendsachangerootmessage
to the node that is adjacentto the mwoe. On receipt of the
changeroot message,a nodesendsa connectmessageacross
its mwoe. Whenconnectmessageshave beensentboth ways
alongthis edgebetweentwo componentsof the samelevel, a
mergeoperationoccursto createanew componentwith level=
level + 1, andoneof thetwo endpointsof themwoeis elected
asthe leaderof this new component.If a connectmessageis
sentto a componentthat is at a higher level than the sender,
an absorb operationoccurs,and the lower level component
getsincorporatedinto the higher level component.When the
algorithmterminates,thereis just onecomponentthatincludes
all thenodesin thegraphconnectedby theminimumspanning
tree.

GHS is messageef�cient in that it uses
���

�

���	�

�

�

��


messages,which is optimal. However, its time complexity,
���

�

� ���

��
 , is not optimal. Subsequently, several othershave
developedfasterversionsof the protocol [30], [33].

D. Distributed � -MST

The distributed � -MST algorithm may be considered
as � instances of the distributed ����� algorithm, la-
beled �����

"��

�����

�

�
�����

�

�����

( , which generate � forests
�

"��
�

�

�
�����

�
�

( . Eachprocesssorts its �

�$�

links and feeds
themin non-decreasingorderby weight to �����

"

. If an edge
, can be addedto

�
"

without creatinga cycle and if it is
identi�ed asthemwoeby acomponentin

�
"

, then , is addedto
�

"

. Otherwise,���
�

"

hands, off to �����

�

, which performs
the sameoperation,and the edge is similarly promotedto
subsequentinstancesof MST until it canbesuccessfullyadded
to a tree.If ���
�

( is unableto addthe edgeto
�

( , the edge
is taggedin a mannersimilar to the original MST algorithm
so as to exclude it from further computations.

The � -MST algorithm computesthe � treesconcurrently,
andtherefore,at any giventime, a singleprocesshasmember-
ship in � trees.For this reason,additionalstatewith respect
to each MST must be kept internally and additional infor-
mation must be appendedto messages.First, the component
identi�er requiresan additional�eld treeiddenotingthe MST

a)
 b)


c)
 d)


Test message for tree 1


Test message for tree 2


Branch for tree 1


Branch for tree 2


Fig. 1. The minimum spanningtreescomputedby 2-MST for a 4 node
network. In

�����

, peerstest their closestedges.Since no peer yet has any
branches,all theseedgesare included in the ®rst MST. In

�	�
�

, peerstest
the next closestneighbors.Becausetheseareinterior edges,they arerejected
and promotedto the secondMST. In

�����

, the secondinstanceof the MST
algorithmteststhe newly injectededges,andbecausethe secondtreehasno
links yet, all theseedgesareaccepted.

�	
��

shows the completed� -MST.

with which the subtreeis associated.Second,each process
� maintains ��� , ,��

����� ���

to store the tree to which the link
�

�

�
�


 belongs or is being consideredfor. In GHS, every
link belongsto one of three categories: branch denoting a
spanningtree edge,rejecteddenotinga non-outgoingedge,
or basic denotingthe initial state.In the � -MST algorithm,

� , �7,���� messagescauselink ��� , ,��

�

s to beincremented,thereby
allowing thelinks to beprocessedby higherinstancesof MST.
When ��� , ,��

�
�

� ����


�

���

, the link hasfailed to join all trees
���

���
�

�����
�

� 
 andmay thereforebe consideredas rejected.
At the start of the algorithm,every processin the network

wakesup andbegins searchingfor peersto join to. At �


 �

in GHS, thereare � subtreesof sizeone;in � -MST, thereare
� � subtrees,eachnode constituting � trees.Each process�

storesa vector �"! �

�

�

�
�

� �
�

�����
�

�

�

to specify the � different
componentsto which it belongs.

Let � be a particular processin the execution. For each
�#�

� �������

� 
 , the processsearchesthrough its links to �nd
the lowestweight basicedge,best, that alsohasthe property

��� , ,��

�
�

� ��� 


� . This edgeis the minimum weight outgoing
edgeunder considerationby the process� for inclusion in
forest

�
�

. Let
�

be the remote node associatedwith best.
� sends a ��,%$�� messageto

�

containing �"! �

�

�

�
�

�

�

� 


�

��,�&

�

,��

�
�

�

�
�

��,�' , �

�
�

�

�
�

��
 . Node
�

processesthe messageas
follows:

if
�

��� , ,��

�%��� ���)(

��� , ,��

�+*��

�

�


 then wait
if

�

��� , ,��

�
�

� ���),

��� , ,��

�
*

�

�

�


 then reject
if

�

��� , ,��

�%��� ����
 


��� , ,��

�+*%�

�

�


 then DoMSTCheck
whereDoMSTCheck checkswhetherthe two subtreesbelong
to the samecomponent.

Whenprocess� receivesa Rejectmessagefrom
�

, the link
�

�

�
�


 is not a part of
�

�

. It must then incrementthe ��� , ,��

�



associatedwith that link so that the algorithmcanattemptto
join it to the next forest. When �




�

� �

, the algorithm
hasfailed to join the link to any tree,andmay be considered
rejected.

As links arerejectedfrom earlytrees,they becomeavailable
for evaluationby higher instancesof the algorithm. Because
edgesarealways selectedin order of minimum weight, each
successive instantiationof MST receives as input the edges
with the lowestpossibleweights.Whenall links in the graph
have stateeither � �%&�� ��� or � , �&,�����,

�

, i.e., ��� , ,��

� � � ����


�

� �

,
the algorithmis completeandoutputsthe graphconsistingof

� forests.

E. RoutingAtop � -Trees

We utilize a link stateprotocol to computerobust,dynami-
cally adaptive routeswithin our constrainedmesh.Link state
protocol enablesquick disseminationof network conditions
and allows for �e xible, application-speci�c,path selection.
The protocol we use is basedupon Radia Perlman's New,
Improved Link State Distribution Protocol [35]. Link state
routing also facilitates our fault recovery and improvement
mechanisms,which we describein the following sections.

F. Peer Addition

The GHS algorithm can be easily extendedto allow for
incrementalnodeaddition.Becauseeachnodebegins at level
0 uponstartupfor eachtreethat is beingconstructed,the �rst
node it testswill always absorbit. This doesnot guarantee
optimal placement,however, and the improvementphaseof
theprotocolmustbeusedto repositionthenodeinto theglobal
MST. Most MST algorithmsoffer a similar facility.

G. Fault Recovery

Considera singleGHStree.If a nodeor link failureoccurs,
each adjacent node independentlydetects this failure and
performsan actionaccordingto whetheror not the failed link
is its parent,meaninga link thatpointstowardsthe leader, or
a child. If the link pointing to the tree's leaderfails, the node

� that detectsthe failure designatesitself as the new leader
of the componentconsistingof itself and its children. If the
failed link points to a child, � sendsa failure messageacross
the overlay to the leader of its component.The leadersof
the two componentsthen changetheir componentidenti�ers
and broadcasta messagealong each tree to tell the nodes
to updatetheir componentidenti�er and roll back rejected
edges to basic. When the leaders receive a convergecast
acknowledgementfrom each of its children, they broadcast
an initiate messageto begin a new searchfor the mwoe.

In thecaseof multiple concurrentfaultsat differentpartsof
thetree,or failurestakingplaceduringa mergeor absorb, sev-
eral initiate messagesmay traversea componentconcurrently,
eachtaggedwith a different componentidenti�er. If a node
receivesa differentinitiate with thesamelevelasitself, it must
comefrom upstream.Suchmessagesareacceptedonly if they
aremorerecentthanotherinitiate messagesthatit receives,the
orderingof which is determinedby a simplesequencecounter.

initiate messagesof higher level result only from merge and
absorboperations,andareacceptedwithout exception.

The protocol describedabove rolls GHS back to an ex-
pensive phase,where nodesmust test all interior edgesof
their component.This drawback could be addressedin one
of three ways. First, the messagecount complexity may be
avoided by disseminatinginternal node memberknowledge,
which we describelater, so that interior edgesarenot probed.
Second,the systemcould roll backonly someof the rejected
edgesto basic, therebyallowing the partition to be repaired
usinga possiblysub-optimallink. The issueof optimizing the
sub-optimaltreecould thenbe addressedby the improvement
phaseof the protocol. Third, one could exploit Property 2
describedin Section III-B.3, which states that the lowest
weight link , that could repair the partition in

�-�

is in
���/.0"

.
In the event of a single link failure in � , the process� that
discovers the fault could identify the edge , from

� �/.1"

that
connectsthe two partitionsof

�
�

andnotify the endpointsof
, to shift the edgefrom

�
�/.1"

to
�

�

. This procedurewould
continueuntil eitherno link canbe addedor until the failure
shifts into the last forest,at which point it executesthe full-
blown repairproceduredescribedabove.

H. IncrementalImprovement

Our improvementprotocol exploits the propertiesof trees
to restorethe global optimality after peeradditionor changes
in link characteristics.Centralto this is the useof a link state
protocolto propagateinformationaboutthecurrentconditions
of a spanningtree.

Assumethat the overlay is currently in a sub-optimalstate.
Once in a while, each node checksto see if it is able to
make an improvementusing local informationgatheredfrom
periodic probesand the link state that has beenpropagated
throughoutthe network. Locally, a nodepicks a non-branch
link , and adds it to this tree, thus creatinga fundamental
cycle. If any of the links along the cycle are heavier than , ,
thenanimprovementcouldbeperformedby swappingthis link
for , . We will call the decreasein weight associatedwith this
changedelta. The nodethen performsa similar computation
usingeachof its othernon-branchedges,andtheimprovement
thatis foundwith thelargestdeltais theimprovementthatwill
bemade;if no suchlink exists,thenthe treeis alreadya MST
andnothing is done.

Once the best improvementis determinedlocally, a peer
may then executethe swap on the network. In a distributed
setting,we must be careful to avoid possiblepartitions and
loops that may form as a result of disagreementabout the
network's link state.Figure2 shows a treewheretwo separate
processes,� and � , wish to perform an improvementat the
sametime on different links, but therearesharedlinks in the
cycles createdby the improvementprocess.Note that if the
two processesmodify the samelink or links on the shared
path,it is possiblethata loop and/orpartitionmayoccur, thus
obliteratingthe spanningtree.

The protocol to executethe improvement,without creating
loopsor partitions,worksasfollows.A process� �rst sendsa



a) original tree
 b) A wants to swap e1 and e2.

B wants to swap e3 and e4.


e1


e2


e3


e4


A


B


c) A and B both make

the improvements.


Fig. 2. Possibleconcurrency errorsresultingin loopsand/orpartitions.

lock messagealongthe improvementcycle to all of the edges
that may be affectedby the improvement.Next, it sendsan
improvemessagealongthecycle to addthe improvementlink,
removethebadlink, andreadjustparentpointersappropriately.
Finally it forwardsan unlock messagein the reversedirection
to �nalize the improvement.A full descriptionof this protocol
is beyond thescopeof this paper, but we have devisedsimple
ways to ensurethat no concurrentimprovementstake place
on sharedlinks, and that the tree remains in a survivable
state at all times; parent pointers are always such that the
fault recovery mechanismworks if any link or nodealongthe
improvementcycle goesdown.

I. Degreeand DiameterBoundHeuristics

On real world topologies,it is possiblethat an MST could
exhibit hot spotsand suffer from high diameter. However, it
is possibleto modify the distributed MST algorithmsto add
heuristicsthat approximatelylimit the degreeanddiameterof
the MST.

To limit degree, for example, a node can reject ��,%$��

messagesfrom peersif its degree target has been reached.
However, this is not suf�cient by itself. Considerthat there
may be a “hub” node � that is close to a large numberof
peers.In such a case,at �


 �

, many nodeswill test � ,
and because� has no links at the start of the algorithm, it
will acceptall requests.To bound its degree, � will accept
the �rst

�

�"!�� ��,���� messages,and will then senda special
� ,%$��
& ��� messageto the remainingpeers,notifying them that
their respective componentsmustrestartthesearchround.All
subsequent��,�$�� messageswill thenbe rejected.We note that
the greedy algorithm does not attempt to build the lowest-
weight spanningtree for a given degreebound,which is an
NP-Hardproblem.

A similar methodologymay be usedto control network di-
ameter. Let $����7,

���


 denotethenumberof nodesin component
�

, and let
�

��&

���


 denotethe distancefrom a node
�

�

�

to the node farthestfrom
�

within the samecomponent.A
componentcan computethe $����&, and

�

��& values for each
nodeinsidethecomponentthroughapairof carefullydesigned
broadcast-convergecastoperations.The diameterconstraintis
then enforcedby requiring that a merge of two components

�

"

and
�

�

alongan edge
�

�

�

' 
 canhappenonly if
�

��&

�

� 


�

�

��&

�

' 


,

� �

���	� �

$����7,

���
"




�

$����7,

���

�


 
 , for some�x edconstant
� . Again, this is a greedyapproach,which doesnot necessarily

computethe lowestweight spanningtreefor a givendiameter
bound.

J. ReducingkMSTComplexity

All techniquesfor improving theperformanceof distributed
MST algorithmsmaybeappliedto the � -MST algorithm.Such
techniquesmay be found in [36] [30].

An additional method that can be used to reduce the
messagecountandtime complexity is to simply let everynode
know themembersof its component.This maybedonein the
ReportandInitiate phasesof theprotocolby having all nodes
report a list of their children to the root, who subsequently
broadcaststhis list when initiating the next searchphase.
Thiseliminatesintra-componenttesting,whichalwaysleadsto
rejection,thusreducingthemessagecountto

���

�

���	�

��
 at the
expenseof increasingthe sizeof reportand initiate messages
from

�����


 to
���

��
 .
A similar techniquecanbeusedby employing Bloom �lters

insteadof completelists, thusproviding nodesanapproximate
view of componentmembership;somecon�gurable percent-
ageof the time, a node will concludethat a remotepeer is
alreadya memberof its component,even when it is not, and
mistakenly reject it in a pre-emptive fashion.However, with
high probability, the�nal treewill still beconnectedandclose
to the optimal result.

K. Bandwidthand LossRateMetrics

The designersof RON pointed out the bene�ts of being
able to route accordingto multiple metrics,suchas latency,
bandwidth, and loss rate. Becausepruning a graph based
on only one metric could limit a routing algorithm's ability
to optimize other important factors, we take the approach
of computingmultiple overlay networks, eachcomposedof
trees that either minimize latency or loss rate or maximize
bandwidth.This allows severalapplicationsto executeconcur-
rently, eachrouting atopa graphoptimizedfor an appropriate
metric (as illustrated in Figure 3). For bandwidth-intensive
applications,it would be ideal if the mesh provides paths
that have few bottlenecksat the physical link layer. We are
currently extending our algorithms to incorporatephysical
topology information, if suchinformation is available.
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Fig. 3. InteractionBetween� -MST MaintenanceandRouting
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Fig. 4. (a) Time to computenumberof links for variousvaluesof � , ���

���

. (b) Bandwidthconsumedby � -MST constructionfor variousvaluesof � .
Datavaluesareplotteduntil the � -MST constructionis completed.

IV. EVALUATION

In this section, we evaluate various aspectsof � -MST
meshesin simulationandalsostudythePlanetLabdeployment
of a � -MST overlay network.

A. � -MSTComplexity Measurementsfrom PlanetLab

To evaluatethe performanceof � -MST, we usean 80 node
deploymentof the algorithmacrossPlanetLab. The algorithm
is implementedas describedin SectionIII-D. Protocolmes-
sagesare queuedat nodesand handledin a batchedmode
onceevery second.Traf�c measurementsincludethemessage
overheadfor constructingthe meshas well as heartbeatand
othermaintenancetraf�c.

Figure 4(a) shows global link count as a function of time
for several valuesof � . Near time �


 �

, there is very little
parallelismin the constructionof the different trees.This is
becausebeforetree �

� �

maytestany edges,it must�rst wait
for tree � to reject some.Once there are somelinks in the
pipeline, higher tree instancesbegin to successfullyexecute,
creatingbranchesand rejecting links. Finally, the tail end of
the curve againdemonstrateslimited concurrency, as the last
treesare waiting for lower instancesto processtheir links,
mostof which will be interior.

Figure 4(b) illustrates the bandwidth consumptionof the
algorithm.The bandwidthutilization of MST is at its highest
whencomponentsareprobingfor outgoingedges,particularly
the later stageswhere interior edges becomeincreasingly
numerous.At the start of the run, when all sub-treesare
composedof a small numberof nodes,a larger proportion
of testmessagesareacceptedby peers.As componentsform
into larger trees,more of a process's test messagesresult in
rejection,since its better links correspondto nodesthat are
alreadypart of its component.Towards the end of the run,
whencomponentsspanmuchof thenetwork, therejectionrate
is at its highest,particularly when the network demonstrates
large localizedpockets.

In Figure4(b), the“bumpy” patterncorrespondsto pointsin
time whenlarge local subtreeshave formed.In the �rst steep
portion of eachcurve, bandwidthis increasingas treesin the
WesternUS,EasternUS,andEuropeform. Oncetheseregions
�nish testing their relatively local links, they begin merging

with oneanother, decreasingbandwidthutilization temporarily
and causingthe downturn in the �rst “hill. ” Bandwidthcon-
sumptionagain increasesoncetheseinter-locality links have
formed,andis highestduring the last phasesof the algorithm
as nodestest peersto which they are alreadyconnected.We
will continueour analysisof � -MST's bandwidthutilization
in the following sectionwith simulationsof largerexecutions.

B. � -MSTComplexity Measurementsfrom Simulation

In orderto studymoregeneraltrendsof � -MST in networks
of varioussizes,we executeda � -MST simulationacrosstwo
topologies.The �rst was createdby using Internetrouter in-
formationobtainedby the InternetMappingProjectat Lucent
Bell Laboratoriescirca November1999.From this map,1000
edge-nodeswere chosenand a pair-wise distance,measured
in termsof hopcount,wasusedasthecostmetric to compute
the subgraph,since actual latency data was unavailable (as
discussedin [37], [38]). The other topology was a Transit-
Stub network producedby Georgia Tech's GT-ITM topology
generator;we generateda 50,000nodenetwork andthenchose
1000 nodesat randomto perform our experiments.For both
topologies,when fewer than 1000 nodeswere needed,the
requiredset of nodeswas chosenrandomlyfrom these1000
nodepools.

Although in practiceinput meshesfor � -MST will likely
be sparse, in these experiments we use fully connected
graphs,which give worst-casemeasuresfor convergenceand
communication.Recall that the messagecomplexity of an
optimal implementationof MST is

���

�

���	�

�

�

��
 , andwith
a fully connectedgraph, the � term is �
� . For this reason,
we are interestedprimarily in the time and the number of
messagesrequiredbeforeall treesareformed,whenthe mesh
is connectedand usable,not the complexity requiredfor the
algorithmto exhaustall internaledgesin the last phase.The

�
� bandwidththat is usedby the algorithmcanbe dealtwith

by reducingthenumberof edgesconsideredby thealgorithm.
In our simulation,one “count” indicatesthe time required

to perform a send-receive operationor internal action. For
example, at time �


 �

, process� may wake up and send
a messageto

�

, which
�

will receive at time �


 �

. Broadcasts
andconvergecasts,therefore,eachtake

���

diameter
 time.
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Fig. 5. Time to compute� -MSTs on (a) router topology, (b) transit stubtopology, (c) transitstub topologywith groupmemberknowledge.
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Fig. 6. Messagesrequiredto compute� -MSTs on (a) router topology, (b) transitstub topology, (c) transitstub topologywith groupmemberknowledge.

We �rst executed � -MST on the InternetMapping Project
router topology with network sizes up to 1000 nodesand
valuesof � varyingfrom 1 to 4. On this topology, theprotocol
performedsurprisinglywell, demonstratingfast tree building
on networks of all sizes and showing constantchangesin
time for various � s. Also, therewasonly a linear increasein
bandwidthas the numberof nodesin the network increased,
which is the best possiblecase;this indicatesthat very few
interior nodeswere testedat eachlevel of the algorithm.

On the Transit-Stubtopology, however, we observed worse
behavior. As thenumberof nodesincreased,the time required
to compute � treesincreasedmuch more steeplythan in the
previous topology; the time required to compute � trees is
roughly � ve timesthat requiredto performa similar execution
on the Internet Mapping Project topology. Furthermore,the
numberof messagesrequiredto performthe distributedcom-
putationincreasedquadraticallywith the nodecount.This is
becausetheTransit-Stubgraphexhibits morelocalizationthan
theprevious topology, causingan increasein intra-component
testingandpushingthecomplexity of creatingthemeshclose
to the worst caseof

���

� ��
 .
In order to reduce the worst case complexity of MST

algorithms, one could reduce edge count (by choosing a
subsetof links) or disseminategroupmembershipinformation.
The latter approachautomatically forces the messagesize
complexity of the algorithmto

���

����
 for even sparsegraphs,
but reducesthemessagecountcomplexity to

���

�

���	�

��
 . This
is becauseif peersknow which edgesarealreadyinterior, they
neednot test them. Despite the seeminglyexpensive nature
of this strategy, in a practical setting it addsonly minimal
overhead.Becausethe network is a tree, when a peer joins
to another peer through a merge or an absorb operation,

the affected edges can exchange membershipinformation
and then broadcastnew memberupdatesto the rest of the
sub-component,therebyrequiringmembershipinformationto
traverse a link only once. Consider that for a 1024 node
network, where each peer has a 4 byte address,a total of
4KB of information must be sent to eachnodeduring a run
of MST, amortizedover the durationof the execution.

We usedsimulationto testtheeffectivenessof groupmem-
bershipdisseminationfor the poorly performingTransit-Stub
topology. Becausethereis no needto testinterior edgesusing
this method,the algorithm is extremely fast, requiring only
100 stepsfor a 1000nodetree,versusover 800 stepswithout
the optimization.Also note that the messagecount produced
with enhancedgroup knowledge is along the sameorder of
magnitudeas the messagecount from the Internet Mapping
Projectgraph.

C. � -MSTPerformanceResultsfrom Simulation

We next evaluatedthe quality of the � -MST meshusing
simulation.First, we comparedthe averagecostof redundant,
edge-disjoint,shortestpathsfor the meshesgeneratedby sev-
eral differentmeshconstructionstrategies.We also evaluated
the quality of the computedpathswhen there is incomplete
knowledgeregardingedgecosts,a situation that might arise
when one wants to minimize the probing costs as well as
lower the time requiredto compute� trees.In suchsituations,

� -MST simply computesthe MSTs of the sparsegraph.
Figure 7 plots the averageshortest-pathhop count of four

edge-disjointshortestpathsfor threepruningstrategieswhile
varying the number of mesh edges.The experimentswere
performedon the router topology from the InternetMapping
project.Thethreeplotscorrespondto hopcountswhenthereis
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Fig. 7. Averagehop count of four edge-disjointshortestpathsunderdifferent levels of information for router-level topology from the InternetMapping
Project.(a) All the edgeweightsin the original graphareknown. (b) Eachnodeknows the edgeweightsto forty other nodesin the system.(c) Eachnode
knows the edgeweightsto forty othernodes,including ®ve of its closestneighbors.
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Fig. 8. Averagelatency of four edge-disjointshortestpathsunderdifferent levels of informationfor topologyfrom GT-ITM. (a) All the edgeweightsin the
original graphare known. (b) Eachnodeknows the edgeweightsto forty other nodesin the system.(c) Eachnodeknows the edgeweightsto forty other
nodes,including ®ve of its closestneighbors.

completeedgeinformation,wheneachnodeknows of only 40
edges,andlastly wheneachnodeknows of 40 edgesof which
5 are closestneighbors.In all cases,� -MST demonstratesa
lower hopcount,with otherstrategiesperformingasexpected.

In Figure 8 we run a similar test across the GT-ITM
topology. On this topology, � -MST performswell, while the
random strategy performs very poorly. As we had found
in our other simulation experiments,the Transit Stub graph
demonstratesa large amountof localization,wheregroupsof
nodesare in relatively denseareasthat arequite distantfrom
similar groups.Choosingrandomlinks in this scenarioignores
this locality property;thoughpicking randomneighborsupon
startupis fast, it may not provide adequateperformancefor
demandingapplications.

D. � -MSTPerformanceResultsfrom PlanetLab

1) LatencyMeasurements: We extendedour testing to a
practicalenvironmentusingan89 nodePlanetLabnetwork. In
Figure9, the roundtrip latency of threeedge-disjointshortest
pathswere computedfor mesheswith various edgecounts.
The resultswe obtainedfrom this were similar to that of the
GT-ITM topology, with � -MST performingmuch betterthan
the otherstrategies (asshown in Figure9).

2) Mesh Improvement: Choosingrandomlinks generally
producesa poor quality mesh, which means that it must
be improved considerablybefore it is of reasonablygood
quality. We illustrate this in Figure 10, where we run a
Naradaimprovement [5] simulation atop � -Randomand � -
MST graphsandplot how the averagelatency of the shortest
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Fig. 9. Roundtrip latency of threeedge-disjointshortestpathsfor varying
edgecounts.

pathschangesover time. For eachmeshwe apply incremen-
tal improvementsby having eachnode periodically probe a
randomnon-neighbor, and add the correspondinglink if the
resulting improvement to the shortestpaths is above some
threshold.For the � -Randommesh,theimprovementalgorithm
periodicallydropslow-utility links while preventingpartitions
using the heuristicmechanismsproposedby Narada.For the

� -MST mesh,the improvementalgorithm dropsa low-utility
link immediatelyafter addinga high-utility link, with the link
to be droppedchosenfrom the fundamentalcycle createdby
thenewly addedlink; the ability to detectthis cycle is unique
to � -MST.

At time �


 �

, the � -MST meshis alreadyvery close to
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Fig. 10. Naradaimprovementstrategy performedon Randomand k-MST
graphs.

optimal, thoughthe randommeshmustgo throughover 3000
improvementcycles beforethe meshquality is similar to � -
MST. Of course,in orderto compute� -MST in the�rst place,
the upfront expenseof the MST algorithmsmustbe incurred.
But becauseNaradaprobesrequire transferof routing tables
with

���

��
 values,suchan improvementstrategy canbemuch
more expensive and time consumingthanMST computation.
The Naradaimprovementalgorithm also doesnot ensure � -
connectivity as the meshis re�ned. Even though every pair
of nodeshasthreeedge-disjointpathsin the randommeshat

�


 �

, our experimentsindicate that fewer than 50% of the
redundantpathsremainafter3000improvementcycles.The � -
MST mesh,on theotherhand,is alwayscomposedof � trees,
therebyensuringtheexistenceof � edge-disjointoverlaypaths
betweenany two nodes.

3) Loss-rate Measurements:We thenevaluatedthe quality
of the � -MST meshfor transmittingdatastreamsover overlay
paths.We usedobserved loss-ratesfrom periodic PlanetLab
probesas the link-weight metric in order to computethe � -
MST. We then transferreda constantbit-rate datastreamof
1 Mbps through � distinct overlay pathsbetweenevery pair
of nodesand monitoredthe packet loss.Figure 11 compares
the different meshconstructionstrategies by calculatingthe
cumulative distribution function of the loss-ratesassociated
with the overlaypaths.� -MST overlaypathsexhibited signif-
icantly lower loss-ratesthan the other pruningschemes,with
loss-ratesthat were lower by more than 5% for about 20%
of the paths.A 5% improvementis consideredsubstantialfor
streamingapplications.

E. ApplicationPerformance

As a benchmarkapplication,we implementeda multicast
�le mirroring utility to reliably send100 megabytesof �les
to eachoverlay node along the edgesof degree-constrained
multicast treesthat were computedatop meshesbuilt using
thebandwidthcostmetric. In the transferprotocol,eachchild
computesits shortestpath, using link stateinformation, to a
�le sourceand periodically requestsan advertised�le until
it becomesavailable from its parent.When the �le becomes
available, the child transfersit using TCP and immediately
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Fig. 11. Cumulative distribution function of the loss-rateson overlay paths.

writeseachpacket to disk soasto make it availableto its own
children.Thoughthis methodologyis not a real-timemulticast
transferscheme,it still givesinsight into the ef�ciency of the
systemby illustratingits ability to delegatetransferloadalong
the network.

Theaveragedatarates(asshown in Figure12) for all three
strategiesweresurprisinglyhigh, with theconstrained� -MST
topologyandthecompletegraphproducingtreesthatsustained
over 2.5 megabits-per-secondfor the bulk of the transfer. The
pipelinedTCP transfermethodwe employed seemsto allow
for substantialtransfer concurrency. For trees computedon
both the � -MST and completegraph, 100 megabyteswere
transferredto eachof 80 geographicallydispersednodesin
lessthan8 minutes,for a total transferof 8 gigabytes.Thetree
computedatoptherandomgraph�nished mostof its transfers
within 12 minutes,thoughthe remainingnodestook over 30
minutesto synchronize.

V. CONCLUSIONS

In our paper, we proposedusinginterleaved spanningtrees
to composean overlaymesh.We focusspeci�cally on a strat-
egy of using � minimumspanningtreesfor meshconstruction,
andevaluatethemethodologyusingsimulationanda working
implementation,which was run atop PlanetLab. Our results
show that � -MST mesh demonstratesgood characteristics,
including low weight and good path diversity, despite the
sparsenessof thegraph,for networksof lessthan1000nodes.
Onour PlanetLabimplementation,our prototypedemonstrated
reasonablebandwidthutilizationduringconstruction,low loss-
rates for data streams,and high performancein a realistic
multicast �le transfer scenario.Though there is an initial
expenditureto constructa high quality network, seenboth
in termsof messagecount and time complexity, this cost is
modestcomparedto the cost required for random-improve
strategies to converge to a similar result. Though our pre-
liminary resultsare promising,we are still investigatingthe
behavior of � spanningtree networks in medium-scale,real-
world applications.
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