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Abstract

Communicationin multi-hop radio networks hasbecomepopulardueto the

recentadventof new technologies.It is presentnotonly in theubiquitouscordless

andcellularphones,but alsoin personalcommunicationservices,mobiledatanet-

works,andlocal areawirelessnetworks [77]. Multi-hop radionetworks,aswell

asotherwirelesscommunicationsystems,necessitateef�cient implementationof

communicationprimitivesto carryout morecomplex communicationtasks.This

in returnpropelsnew algorithmicchallengesin thetheoryof distributedcomput-

ing andcommunication.

We studyherethe primary communicationproblemsin multi-hop radio net-

works. The main contribution of this work is a collectionof new time ef�cient

communicationproceduresfor variousmodelsof multi-hop radio networks. In

the context of somealgorithmswe proposegenuinelynew algorithmicmethods

in thecaseof otherswe subsumealreadyexisting solutions.All new algorithms

presentedhereareeitheroptimalor bestknown up to ourknowledge.



Chapter 1

Intr oduction

A communicationnetwork [19,75] is calledaradionetwork if its nodesexchange

messagesin thefollowing restrictedway. Firstly, a sendoperationperformedby

a nodedeliverscopiesof thesamemessageto all directly reachablenodes.Sec-

ondly, a nodecansuccessfullyreceive an incomingmessageonly if exactly one

of its neighborssendsa messageduringthecommunicationstep.In otherwords,

it is thesemanticsof how portsat nodessendandreceive messagesthatde�nes

the networks ratherthanthe fact that only radio wavesareusedasthe medium

of communication.We discussalgorithmicaspectsof exchanginginformationin

suchnetworks,concentratingon deterministicprotocols.Speci�c problemsand

solutionsdependrigorouslyon thetopologyof theunderlyingreachabilitygraph

andon how muchthe nodesknow aboutit. In single-hopradio networks each

pair of nodescancommunicatedirectly. This kind of networks is alsoknown as

the multiple accesschannel. Two popularprotocolsusedto exchangemessages

in multipleaccesschannelareAloha andtheexponentialbackoff [53, 83, 89]. In

contrast,multi-hopradionetworkshavearbitrarytopologyandpacketsneedto be

routedvia hoppingthroughasequenceof adjacentnodes.Obviously, exchangeof

informationin multi-hopradionetworksis morechallengingthanit counterpartin
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single-hopradionetworks. We areinterestedin designof ef�cient algorithmsfor

communicationproblemsin multi-hopradionetworks. We �rstly recallstandard

de�nitions of exchangeof informationin radionetworks. And then,we summa-

rize previously known results.Finally, we give a summaryof our contribution to

the�eld.
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1.1 Communication Networks

The advent of new technologiesin both computersand telecommunicationhas

causeda proliferationof computernetworks. Theubiquitouscellularphonesand

portablecomputershave madewirelesscommunicationandmobilecomputation

partof ourdaily experience.

Computer/communicationnetworksarecollectionsof informationprocessing

nodeswhichcommunicateamongthemselves.Nodesareoftenindependentunits

andthepurposeof communicationis to carryoutdistributedcomputationby shar-

ing distributedresources.Suchnetworksneedcommunicationprotocolsthatare

versatileenoughto handlearbitrarypatternsof communicationandburstytraf�c.

Varioustaxonomiesof communicationnetworksarepossible.Oneof themis

basedonscale,thatis, thesizeanddistanceamongnodes;mostpopularcategories

arelocalareanetworks(LANs), likeall thecomputersonacampus,andwidearea

networks(WANs), likeall thehostsof academicinstitutionsin acountry. Another

classi�cationmaybebasedon the technologyusedfor transmission;nodesmay

be connectedby copperwire or optical �ber or a network maybe wireless.Yet

anotherdistinctionis by thecriterionif all thenodesarestationaryor rathersome

aremobile. Anotherclassi�cationis into thefollowing two types:broadcastnet-

worksandpoint-to-pointnetworks.The�rst typeis formedby anumberof nodes

which sharea singlecommunicationchannel;a packet sentby any nodeis tar-

getedto all thenodes.A point-to-pointnetwork is a collectionof nodesof which

certainpairsareconnectedby transmissionlinks; a packet sentfrom a nodeand

destinedat somespeci�c nodemay needto hop througha sequenceof nodes,

alongthelinks thatconnectthem,until eventuallyit arrivesat thedestination.Not

surprisingly, LANs areoftenorganizedasbroadcastnetworksandWANs usually

adoptpoint-to-pointstructure.

Someof thesetaxonomieshave little relevanceto theprinciplesgoverningde-

3



signof algorithmsfor communicationprotocols,on eitherthenetwork or media-

accesslevels. For instance,the fact thata packet comesover a copperwire link

andhascovereda largedistanceis lessrelevantthanwhathappensif two packets

arrivesimultaneouslyatanode,becauseit maybethecasethatbothof themcan-

not besuccessfullyreceived,andhencethey needto besentagain.We consider

mainly synchronousnetworks,thismeansthefollowing. Eachnodehasaccessto

a clock. A clock cycle is calleda stepor a time slot. Theclocksareassumedto

startat thesamestep,with possiblydifferentinitial clock values.All theclocks

tick simultaneouslyat thesamerate.This de�nesthelocally synchronousmodel.

If, moreover, all theclocksshow thesamenumber, in otherwords,haveaccessto

a globalclock, thenthemodelis globally synchronous.We assumethis stronger

model,unlessstatedotherwise.A messageis a �nite stringof bits. A packet is

a messagesuppliedwith additionalinformationto facilitateits traversalthrough

a network. A packet is assumedto have sucha sizethat it canbetransmittedbe-

tweentwo nodesin onestep.A useful(partial)speci�cationof a communication

network is givenby a undirectedgraph(or a directedgraph) >?+@�BADCFEG�HC where

A representsthe setof nodesof the network anda set E that containsall (un-

ordered)pairsof vertices,s.t.,a pair ��IJCLKM�ONPE�C for someIJCLIQNRA if f nodesI

and K cancommunicatedirectly. A nodecansendpacketsdirectly only to these

nodesthatarereachablefrom it. If communicationin a network is over physical

links thenanedgecorrespondsto sucha connection,andif nodescommunicate

by electromagneticwavesthenall thenodesin therangeof a nodearereachable

from it. Additionally, weneedto makeclearhow nodeshandlemultiplemessages

concurrently. In general,anodeof anetwork mayhave thecapabilityto senddif-

ferentmessagesto any subsetof adjacentnodesin a step.Similarly, a nodemay

be eitherable to successfullyreceive all the incomingmessagesin a step,or it

mayaccommodatejustacertainsubsetof them,thesizeof whichmaydependon
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thecapacityof its buffer, or in anextremecase,if many packetscometo a node

in a stepthennoneof themis successfullyreceived.

1.2 Radio Networks

Theareaof our considerationsis radionetworks. Whatdistinguishesthemfrom

othercommunicationnetworksis theway nodessendandreceive messages.We

saythatall neighboursof avertex I�NQA form arangeof IJS Oneof theradionet-

work propertiesis thatamessagetransmittedby anodeis alwayssentto all nodes

within its range.Wealsoassumethatall nodeswork synchronously, andif anode
T transmitsamessageU at timestepV , themessagereacheseachneighbourI of T

at thesametimestep.HoweverthenodeI will receivemessageU successfullyif f
T is theonly nodethattransmitsto I (hasI in its range)at thetimestepV . In every

step,every nodeactseitherasa transmitteror asa receiver. If themessageU is

receivedby nodeI in its correctform thenwesaythat I canhearthemessage.

It is convenientto assumethat if a nodedoesnot heara messagetheninstead

it can hearsomenoise,which is distinct from any meaningfulmessage.If no

messagehasbeensentto nodeI thenit hearsthebackgroundnoise. If at leasttwo

neighbourssendthemessageto I at time step V thenwe saythata collision or a

con�ict occurredat thenode I . If a collision happensthenthenode I hearsthe

interferencenoise.

Radionetworksarecategorizedinto four groupsby thefollowing two indepen-

denttaxonomies.If thenodesof a network candistinguishthebackgroundnoise

from theinterferencenoisethenthenetwork is saidto bewith collisiondetection,

otherwiseit is withoutcollisiondetection. Thenext categorizationis with respect

to the topologyof theunderlyinggraph. If this graphis completebi-directional,

that is, for eachpair of nodesIXW and I

( thereis an edgefrom IXW to I

( , thenthe
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network is saidto besingle-hop,otherwiseit is multi-hop.

In this dissertation,we considercommunicationproblemin multi-hop radio

networkswithoutcollision detection.

Single-hopradio networks with collision detectionarealsoknown asmulti-

ple accesschannelsor broadcastchannels, andarea specialcaseof broadcast

networks.A nodeis usuallycalledastationin thecontext of single-hopradionet-

works. Sincea broadcastperformedby a singlestationmakesits messageheard

by all thestations,sucha broadcastingis successfulin a singlestep. Almost all

work concerningsingle-hopradio networks wasdonebefore1990. Most of the

protocalsandtechniquesfor communicationin single-hopradionetworkscanbe

found in [1, 4, 3, 7, 12, 69, 93, 74, 59, 38, 53, 56, 57, 83, 87, 89]. A systematic

expositionof relatedtopicscanbefoundin booksby Fayolle,Malyshev andMen-

shikow [39] andMeyn andTweedie[72]. Themulti-hopradionetworksarealso

calledpacketor point-to-pointnetworks.

Accordingto theknowledgeaboutnetwork topologynodeshave, we candi-

vide themulti-hopradionetworksinto two groups.Oneis knownradionetworks,

in which eachnodeis awareof the whole topologyof network. Anotheroneis

adhocradionetworksor unknownradionetworks, in which thenodesonly know

theiruniqueidentifyingnumbers(IDs) or labels, therangeof IDs being YZ�[S\S\S]*_^ ,

where * +a`b�

�

� and
�

is sizeof thenetwork . Somework employed large la-

bels,e.g., *c+d���

�
1

� for someconstante , whichcanbefoundin [49, 45]. In this

dissertation,weconsidercommunicationproblemsin bothknownradionetworks

andadhocradionetworks.
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1.3 Communication Primiti vesin Radio Networks

Communicationin multi-hopradionetworkshasbecomepopulardueto therecent

adventof new technologies.It is presentnot only in theubiquitouscordlessand

cellular phones,but also in personalcommunicationservices,mobile datanet-

works,andlocal areawirelessnetworks [77]. Multi-hop radionetworks,aswell

asany otherwirelesscommunicationsystem,requireef�cient implementationof

communicationprimitivestocarryoutmorecomplex communicationtasks,which

makesmorechallengesin algorithmicaspects.

We study here the two classicalproblemsof information disseminationin

multi-hop radio networks arethe broadcastingproblemandthe gossipingprob-

lem. We alsodiscussnew chanllengeproblemon Multipoint-to-Multipointmul-

ticast (M2M multicast).Dealingwith collisionsis oneof themainchallengesin

ef�cient radiocommunication.

1.3.1 Broadcasting

In the broadcastingproblem,we want to distribute a particularmessagefrom a

distinguishedsourcenodetoall othernodesin thenetwork. A precisede�nition of

broadcatingalgorithmsis asfollows. Let a setof nodesbecalleda transmission.

A sequenceof transmissionsf�ghWiC�g

(

C\S\SjSlk is calleda schedule. Givena schedule,

a broadcastingalgorithm can be obtainedas follows: a node I broadcaststhe

messagein step m if I hasreceivedthemessagebeforestep m and I is in gon . This

is a naturalclassof algorithms,which do not make thenodessendanythingprior

to receiving thesourcemessage.
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1.3.2 Gossiping

The problemwhen all the nodesin the network needto perform broadcasting

simultaneouslyis calledgossiping. In thegossipingproblem,eachnode I in the

network initially holdsa messageUqp , andwe wish to distributeall messagesUqp

to all nodesin thenetwork.

A gossipingalgorithmis a well de�ned transmission/receptionprocedure,for

eachnodein thenetwork. Most of thestudieson this topic assumethatduringa

singletimestepatransmittingnodeis allowedto sendacombinedmessagewhich

includesall messagesthat it receivedsofar. We employ this assumptionin here,

unlessstatedotherwise.Therunningtime of a gossipingalgorithmis thesmall-

est numberof time stepsin which the gossipingcommunicationis completed.

Dueto thelargercomplexity, thegossipingproblemposesmorechanlengingthan

thebroadcastingproblem.In this dissertation,we mainly focuson thegossiping

problem.

1.3.3 Multipoint-to-Multipoint Multicast

Next generationwirelessradionetworksareexpectedto supportgroupcommuni-

cationapplications(suchasdistancelearning,videoconferencing,disasterrecov-

ery and distributed collaborative computing). In suchapplications,any of the

nodesof a well-de�ned group may be requiredto sendmessagesto all other

nodesin the group. The problemof exchangingmessageswithin a �x ed group

of nodesin a multi-hop network is called a multipoint-to-multipointmulticast

(M2M). M2M multicastis a naturalgeneralizationof gossiping,in which infor-

mationexchangeconcernsnot all nodesof the network but only a subsetof the

nodes,calledparticipants.
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1.4 Main Ef�ciency Criteria in Multi-hop RadioNet-

works

The performanceof communicationalgorithmsin multi-hop radio networks is

mainly measuredby their worst-timebehavior over all the possiblenetworks of

a givensize
�

, diameter� andmaximumdegree � (maximumin-degreein di-

rectedgraph). Therearealsootheref�ciency criteria: suchasenergy consump-

tion,whichaccounts,e.g.,totalnumberof transmissionsperformedduringacom-

municationprocess.

Neverthelessin this dissertation,we will bepredominantlyinterestedin time

ef�cient communicationin multi-hopradionetworks.

1.5 PreviousWork

Most of thework devotedto radionetworksis focusedon thebroadcastingprob-

lem.

Most of the resultsconcerningdeterministicbroadcastingin radio networks

canbe divided into two parts: thosewhich assumecompleteknowledgeof the

topology of the network at all nodes,or equivalently, dealingwith centralized

broadcastingfor a given network, and thoseassumingonly limited knowledge

of thenetwork at all nodesanddealingwith distributedbroadcastingin arbitrary

networks.Deterministicbroadcastingalgorithmsin multi-hopradionetworksthat

havebeenpresentedin theliteratureareusuallyobliviousor with avery low level

of adaptivity.

Deterministiccentralizedbroadcastingassumingcompleteknowledgeof the

network was�rst consideredin [32], wherean �����P�r�!�

(

�

� -timebroadcastingal-

gorithm wasgiven for all
�

-nodenetworks of diameter� . GaberandMansour

9



[42] showedthatthebroadcastingtaskcanbecompletedin time �����s�t���!�

0

�

� .

Two alternative broadcastingalgorithms(superiorfor small diameters)can be

found in [32, 66]. On the other hand, in [5] the authorsproved the existence

of a family of
�

-nodenetworksof radius 
 , for which any broadcastingrequires

time uv�w���!�

(

�

� . In otherwork of Diks etal. [33] wecan�nd ef�cient radiobroad-

castingalgorithmsfor (various)particulartypesof network topologies.However

in generalcase,it is known that thecomputationof anoptimal (radio)broadcast

schedulefor an arbitrary network is NP-hard, even if the underlyinggraphof

connectionsadmitsa planarembedding[27, 85].

A lower bound uv�

�

� for deterministicdistributedbroadcastingin unknown

radio networks wasproved in [14]. In [21], Chlebus et al. improved the lower

boundto uv�

�

�r�!�

�

� . The bestcurrentlyknown lower boundis uv�

�

�����x��� due

to Clementiet al. in [29]. The �rst distributeddeterministicalgorithmsfor un-

known radionetworkswerepresentedin [33]; however thenetworksconsidered

therewerequite restricted,namely, nodeswereassumedto be locatedin a line,

andeachnodecouldreachdirectly all thenodeswithin a certaindistance.A sys-

tematicstudyof deterministicdistributedalgorithmsin unknown radionetworks

modeledasdirectedgraphswasundertakenin [21]. Theproblemof broadcasting

wasconsideredin [21] in two variants,dependingon whetherthesourcewasre-

quiredto beinformedaboutthetaskhaving beencompleted(radio broadcasting

with acknowledgement) or not (radio broadcastingwithoutacknowledgement). It

was shown that the former task could not be performedon a radio network if

nodesdo not know the size of the network in the model without collision de-

tection. This wasshown to hold even if theunderlyinggraphis symmetric,that

is, for eachedgein the graphthe edgewith the reverseddirectionis alsoavail-

able.Algorithmsweredevelopedin [21] for theproblemof broadcastingwithout

acknowledgementin the modelwithout collision detection. Oneof themoper-

10



atedin time ���

�

� , but wasrestrictedto thecasewhentheunderlyinggraphwas

symmetric. The algorithm developedin [21] for generalnetworks had perfor-

mance���

�

W/W

&)y

� , which wasthe �rst algorithmwith subquadraticrunningtime.

Themodelwith collision detectionis capableof performingacknowledgedradio

broadcasting,it wasshown in [21] how to achieve this in time ���

�

� in symmetric

graph,andin time ���

�	z�{

4|4|� for generalstronglyconnectedgraphs,whereeccis

thelargestdistancefrom thesourceto any othernode.In [24], Chlebusetal. gave

the deterministicalgorithmwith runningtime ���

�

W/}

0

� andthe sameboundwas

obtainedby Peleg usinga probabilisticconstruction.Chrobaket al. [26] were

the �rst who designedan almostoptimal deterministicalgorithmthat completes

thebroadcastingin time ���

�

�r�!�

(

�

� , whichbasedonaselectivefamily(see[21]).

Kowalski andPelc[63] improvedthis boundto obtaina non-obliviousalgorithm

of complexity ���

�

�r�!�

�

�����[�	� . Very recently, CzumajandRytter [31] gave a

deterministicobliviousbroadcastingalgorithmwhich completesbroadcastingin

time ���

�

���!�

(

��� . All known "
���

�

�

1 algorithms(includingthosein [26, 63, 31])

areprobabilisticandnon-constructive. Thebestconstructivealgorithmknown up

to dateis by Indyk [55], which hasrunningtime ���

�

W�~2•]€•W�‚

� .

Randomizedbroadcastingalgorithmsin radio networks were also studied,

e.g., in [9, 31, 60, 64]. For thesealgorithms,no topologicalknowledgeof the

network was assumed.In [9], the authorsshowed a randomizedbroadcasting

algorithmrunningin expectedtime ���������!�

�

�ƒ�����

(

�

� . A fasteralgorithm,run-

ning in expectedtime �����P���!�„�

�o…

�	�D�����!�

(

�

� waspresentedin [64] (alsosee

[31]). In [60], it wasshown thatfor any randomizedbroadcastingalgorithm(and

parameters�

�s�

), thereexistsan
�

-nodenetwork of diameter� requiringex-

pectedtime uv�����r�!�„�

�†…

�	� . It shouldbe notedthat the lower bound uv���r�!�

(

�

�

1Notation ‡

ˆ:‰rŠ2‰•‹XŒ�Œ

denotesafunctionin
ˆ:‰rŠ2‰•‹XŒ\••Ž|•’‘�‹XŒ

for aconstant“ . In all caseswhenwe

usethis notationin this dissertation,constant“ is atmost ” .
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from [5], for somenetworks with radius 
 , holds for randomizedalgorithmsas

well. Thisshowsthatthealgorithmsfrom [31] and[64] areoptimal.But thealgo-

rithm proposedin [64] basedon theundirectedgraph,which cannot be implied

to broadcastingproblemin the directedgraph. In [31], the authorsalsogave a

randomizedalgorithmthat completesbroadcastingin any
�

-noderadio network

in time ���

�

� , with high probability, which improvedthebestpreviously existing

algorithmachievedtherunningtime ���

�

���!�

�

� in [14].

Thegossipingproblemhasmorechallengesthanthebroadcastingproblemin

radionetworks(e.g.,in completegraphs,broadcastingcanbesolvedin time �����’�

but gossipingcannotbesolvedin timelessthan uv�

�

� , eventhenetwork topology

is known in advance).Unfortunately, therearenot too many explorationson this

topic.

The gossipingproblemwas not studiedin the context of known radio net-

worksuntil very recentwork of G �asieniecandPotapov [44]. Onecan�nd therea

studyon thegossipingproblemin known radionetworks,whereeachnodetrans-

missionis limited to unit messages.In this modelthey proposedseveraloptimal

andalmostoptimal ���

�

� -time gossipingalgorithmsin variousstandardnetwork

topologies,including: lines, rings, starsand free trees. They also proved that

thereexistsa radionetwork topologyin which thegossiping(with unit messages)

requiresuv�

�

�r�!�

�

� time. G �asieniec,Potapov andXin [48] studiedgossipingin

known radionetworkswith arbitrarily largemessages,andseveraloptimalgossip-

ing algorithmswereproposedfor awide rangeof radiotopologies.Very recently,

G �asieniecandXin [50] proposeda moreef�cient centralizeddeterministicgos-

sipingalgorithmwith runningtime �����•�_� ���!�

�

� , which improvedtheprevious

bestresultsin [48].

Sofar, thegossipingproblemwasmostlystudiedin thecontext of ad-hocradio

networks,wherethe topologyof connectionsis unknown in advance.A method

12



to obtainagossipingalgorithmfrom oneperformingbroadcastingwasdeveloped

by Chrobaket al. in [26]. If thebroadcastingalgorithmworks in time ����–	�

�

���

thentheresultinggossipingalgorithmoperatesin time ���i— –	�

�

�

�

�r�!�

�

� . Apply-

ing this methodwith thebroadcastingalgorithmfrom [26] with –	�

�

�˜+

�

���!�

(

�

yieldsa gossipingalgorithmworking in time ���

� $'&)(

���!�

(

�

� , which wasthe �rst

sub-quadraticdeterministicalgorithm. For small valuesof diameter�™C thegos-

sipingtimewaslaterimprovedby Ga̧sieniecandLingas[43] to ���

�

�

W

&)(

�r�!�

$

�

�HS

Anotherinteresting���

� $'&)(

� -timealgorithm,atunedversionof thegossipingalgo-

rithm from [43] canbefoundin [98]. Thegossipingalgorithmspresentedin [26,

98, 43] assumethat the nodelabelsare linear in
�

andwe do not seehow they

couldbeextendedto thecasewherenodelabelsarepolynomiallylarge.Clementi,

Monti andSilvestri[29] presentedan
"

�������

(

� -timedeterministicgossipingalgo-

rithm, andsubsequentlyG �asieniecandLingas[43] showed an
"

�������

$'&)(

� algo-

rithm. Both thesealgorithmswork for polynomially largenodelabels.A general

(dependentonly on
�

) boundon a deterministicalgorithmfor gossipingin ad-

hocnetworkswith polynomiallylargenodelabelswas "
�#�

�
0'&)$

� dueto G �asieniec,

PagourtzisandPotapov [45]. Later, they improvedthis resultto "
���

�
$'&)(

� in [46].

A very recent ���

�

3
&)$

�����

W�š

&)$

�

� -time gossipingalgorithmhasbeenproposedby

Ga̧sieniec,RadzikandXin in [49], which is thebestalgorithmknown up to date.

A studyon deterministicgossipingin ad-hocradio networks with messagesof

limited sizecanbefoundin [22].

Thegossipingproblemin ad-hocradionetworksattractedalsostudieson ef-

�cient randomisedalgorithms. In [25], Chrobaket al. proposed���

�

���!�

3

�

�

time Las Vegas gossipingprocedure. This time was later reducedin [67] to

���

�

���!�

$

�

�iC andvery recentlyin [31] to ���

�

�r�!�

(

�

�iS

Mostof thework onM2M multicastproblemconsideredenergy effcientalgo-

rithms,whichcanbefoundin [10, 36,54,68, 73,78, 79,88, 90,91,94,95,96, 97].
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Very recently, G �asieniec,Kranakis,PelcandXin �rstly studythecommunication

timeof M2M multicastin multi-hopradionetworks(see[47]).

1.6 Summary of Results

In chapter
 , we studydeterministicgossipingproblemin known radionetworks,

i.e.,whenall nodesareawareof thenetwork topology. Weproposeanew concept

of minimal covering sets(seede�nition 2). Using this technique,we obtainthe

following results:
› An optimaldeterministicgossipingalgorithmwith therunningtime limited

to atmost
�

steps.Pleasenotethatin all casesstudiedsofar, thetimecomplexity

of any gossipingprocedurewasexpressedby uMCF� notations.
› An asymptoticallyoptimal ������� -timegossipingalgorithmin thecasewhen

themaximumdegree� is boundedby ������� .

Using minimal coveringsetsandclustertechniques[8, 42], we give another

optimal ������� -timegossipingalgorithmfor largermaximumdegrees.
› An asymptoticallyoptimal ������� -time gossipingalgorithmin graphswith

maximumdegree �œ+s���j•hž7Ÿ žr¡/¢¤£l¥§¦7¨

©¤ª/«

£•¥=ži¬

�HC for any integerconstantm„­¯® and � large

enough.

In chapter
 , wealsoproposeanew structurethegossiping-spanning-tree(see

section2.6.1).Basedon thisstructure,weobtainthefollowing results:
› An ef�cient deterministicgossipingalgorithmwith therunningtime �����P�

���r�!�

�

� in any multi-hopradionetwork, which improvespreviousbestresultsin

[48].

In chapter
 , weconsiderthebesttopologyfor thegossipingtaskin multi-hop

radionetworksaswell. Weobtainthefollowing result:

14



› Weprovethatthereis notany radionetwork topologyin whichthegossiping

taskcanbesolvedin time °?67���!�±�

�


P���/9:��
²S

› Wealsoshow thatthislowerboundcanbematchedfrom abovefor afraction

of all possibleinteger valuesof
�´³

and for all other valuesof
�

we proposea

solutionadmittinggossipingin time µ7�r�!�J�

�


t���'¶:�t
²S

In chapter
 , wealsoshow an("one-off") optimalradiogossipingin trees.

In chapter ; , we study deterministicgossipingproblemin directedad-hoc

radio networkswith polynomially large nodelabels,e.g., * +œ���

� 1

� for some

constante . Weproposeanew conceptof apathselector(seesection3.2.2),which

formsacrucialpartin ourgossipingalgorithms.
› An ���

�

3
&)$

�r�!�

W�š

&)$

�

� -time gossipingalgorithm, which is the fastestcur-

rently known deterministicradio gossipingalgorithmin networks with an arbi-

trary topology. Thepreviousbestalgorithmsfor this taskrequire
"

���

�
0'&)$

� time in

[45] and
"

���

�
$'&)(

� time in [46]. Ouralgorithmimprovesalsothepreviousbestup-

perbound "
���

�
$'&)(

� for gossipingin ad-hocnetworkswith nodelabelsonly linearly

large[26, 98].
› An ���

�

�������

(

�

� -time deterministicgossipingalgorithm,which improves

theupperboundof "
�#��·�¸�¹Jº

�

�

W

&)(

CF���

$'&)(\»

� algorithmin [43], if �¼+-�����

W

&)(�½X¾

�

and ���

W

&)(

+-uv�

�

W�~

¾

� for someconstant¿„Àt® .

In chapterÁ , we studyM2M multicastproblemin multi-hopradionetworks.

While theradionetwork topologyis known to all nodes,we assumethat thepar-

ticipatingnodesarenot awareof eachother's positions.Although eitherbroad-

castingor gossipingcouldbeusedto solveM2M multicast,theformeroftendoes

not scalewell while the latter may not be ef�cient becausean applicationmay

involveonly a small fractionof thetotal numberof nodesof theunderlyingradio

network. In here,weaddresstheproblemof minimizingthecommunicationtime.

To thebestof our knowledge,this is the�rst studyof M2M multicasttime in this
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communicationmodel.

We develop new cluster techniques(seesection4.1.2) to preserve locality,

which leadsto thefollowing results:
› A new fully distributeddeterministicalgorithmfor theM2M multicastprob-

lem, which works in time ����ÂÃ���!�

(

�

�d5Ä�r�!�

$

�

� , where 5 is thenumberof par-

ticipantsand Â is the maximumdistancebetweenany two out of 5 participants.

Henceouralgorithmis linearin thesizeof thesubnetwork inducedby thepartic-

ipatingnodesandonly polylogarithmicin thesizeof theentireradionetwork.

Our resultsin thisdissertationappearedin thefollowing refereedpapers:
› L. G �asieniec,I. Potapov and Q. Xin, Ef�cient Gossipingin Known Ra-

dio Networks,in Proceedingsof 11thInternationalColloquiumon StructuralIn-

formationandCommunicationComplexity, SIROCCO2004,SmoleniceCastle,

Slowakia,LNCS 3104,pp. 173-184.
› L. G �asieniec,T. RadzikandQ. Xin, FasterDeterministicGossipingin Ad-

hocRadioNetworks,In Proceedingsof 9thScandinavianWorkshoponAlgorithm

Theory, SWAT 2004,Humlebaek,Denmark,LNCS 3111,pp. 397-407.
› L. G �asieniec,E. Kranakis,A. PelcandQ. Xin, DeterministicM2M Multi-

castin RadioNetworks,in Proceedingsof 31stInternationalColloquiumon Au-

tomata,LanguagesandProgramming, ICALP 2004,Turku,Finland,LNCS3142,

pp. 670-682.
› L. G �asieniec,I. Potapov andQ. Xin, Ef�cient Gossipingin Known Radio

Networks,submittedto Elsevier Journal:TheoreticalComputerScience(TCS).
› L. G �asieniecand Q. Xin, CentralizedDeterministicGossipingin Known

RadioNetworks,submittedto Elsevier Journal:InformationProcessingLetters.
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Chapter 2

Time Ef�cient Gossipingin Known

Radio Networks

Most of thework concerningcommunicationproblemsin knownmulti-hopradio

networksfocusedon broadcasting. Deterministiccentralizedbroadcastingwas

�rst consideredin [32], wherean �����P�r�!�

(

�

� -time broadcastingalgorithmwas

given for all
�

-nodenetworks of diameter� . GaberandMansour[42] showed

thatthebroadcastingtaskcanbecompletedin time �����_�Å�r�!�

0

�

� . Twoalternative

broadcastingalgorithms(superiorfor small diameters)canbe found in [32, 66].

On theotherhand,in [5] theauthorsprovedtheexistenceof a family of
�

-node

networks of radius 
 , for which any broadcastingrequirestime uv���r�!�

(

�

� . In

otherwork of Diks et al. [33] we can�nd ef�cient radiobroadcastingalgorithms

for (various)particulartypesof network topologies.However in generalcase,it

is known that the computationof an optimal (radio) broadcastschedulefor an

arbitrarynetwork is NP-hard, evenif theunderlyinggraphof connectionsadmits

aplanarembedding[27, 85].

Thegossipingproblemwasnotstudiedin thecontext of knownradionetworks

until very recentwork of G �asieniecandPotapov [44]. Onecan�nd therea study
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onthegossipingproblemin known radionetworks,whereeachnodetransmission

is limited to unit messages.In this modelthey proposedseveralalmostoptimal

���

�

� -time gossipingalgorithmsin variousnetwork topologies,including: lines,

rings,starsandtrees.They alsoprovedthatthereexistsa radionetwork topology

in which thegossiping(with unit messages)requiresuv�

�

�r�!�

�

� time.

We study herethe gossipingproblemin known radio networks, i.e., when

all nodesare aware of the network topology. We start our presentationwith a

deterministicalgorithmfor the gossipingproblemthat works in at most
�

units

of time in any radionetwork of size
�

. This is anoptimalalgorithmin thesense

that thereexist radio network topologies,suchas: a line, a staranda complete

graphin which the radio gossipingcannot be completedin lessthen
�

units of

time. Further, we show that thereis not any radio network topology in which

thegossipingtaskcanbesolvedin time °Æ6Ç���!�J�

�


d���'9„��
XS We show alsothat

this lower boundcanbematchedfrom above for a fractionof all possibleinteger

valuesof
�´³

andfor all othervaluesof
�

weproposeasolutionadmittinggossiping

in time µ7���!�±�

�


����'¶x�•
²S Weshow lateran("one-off") optimalradiogossipingin

trees.And then,westudyasymptoticallyoptimal �����	� -timegossiping(where�

is adiameterof thenetwork) in graphswith maximumdegree�¼+-���
•

ž7Ÿ�žr¡)¢È£l¥§¦7¨

©¤ª/«

£•¥=ž
¬

�HC

for any integer constantmÉ­Ê® and � large enough. Finally, we give a more

ef�cient gossipingalgorithm that works in time �����,�Ë���r�!�

�

� in any radio

network, which improvepreviousbestresultsin [48].

Suchtopology-wisecommunicationalgorithmsareuseful in radio networks

that have a relatively stabletopology/infrastructure.And aslong asno changes

occur in the network topologyduring the actualexecutionof the algorithm,the

task of the gossipingis completedsuccessfully. Another interestingaspectof

deterministiccommunicationin known radionetworksis its closerelationto ran-

domisedcommunicationin unknown radionetworks.
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2.1 The GossipingAlgorithm in Time Ì Í

Let thegraph>�+s�BADCFEG� betheunderlyinggraphof connectionsin agivenradio

network, where
�

+?ÎÈA	Î standsfor thesize(numberof nodes)of thenetwork. We

assumethatinitially eachnodeI#NÉA holdsauniquemessageU_p . Thegossiping

task(all-to-all communication)is performedin discreteunitsof time, alsocalled

timesteps. At any unit of time,anodecanbeoneof thetwo transmissionmodes:

thereceivingmodeor thetransmittingmode. A gossipingalgorithmis understood

to be a well de�ned transmission/receptionprocedure,for eachnodeof the net-

work. We assumethat during a single time stepa transmittingnodeis allowed

to senda combinedmessagewhich includesall messagesthat it receivedso far.

Therunningtimeof agossipingalgorithmis thesmallestnumberof timestepsin

which theall-to-all communicationis completed.

We saythat a radio network hasradius 5 if thereexists at leastonenodein

A which is at distance
�

5 from all othernodesin the network, andthereisn't

any nodein A at distance°Ë5 from all othernodesin thenetwork. We call this

specialnodea central nodeandwe denoteit by 4 . Let U_p bethegossipmessage

originatedin the node I�NœA . At any time stepof the gossipingprocessÏƒp

denotesthesetof all messagesacquiredby I until now. E.g.,initially Ïƒp„+¯º�U�p

»

S

De�nition 1 Let ÐZÑ be the Ò=ÓÕÔ BFSlevel in a graph > with respectto a central

node4 , i.e., ÐZÑ˜+¯º�IoÎ¤Â=m)Ö\V�×´��4�CLI²�D+tÒ

»

, where Â=m/ÖjV]×Ø�

T

CLI²� standsfor thelengthof a

shortestpathbetweennodesT and I in > .

E.g.,node 4ONÙÐ�š , all neighborsof 4 arein Ð�W , their neighborsoutsideof ÐÇš andof

Ð�W form Ð

( , etc.

We alsodistinguisha set g of nodesthat have not transmitted(at all) since

thebeginningof thegossipingprocess.Initially gs+¼ADS In a radionetwork with
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a radius 5 anda centralnode 4 , we canpartition thesetof nodesg into disjoint

subsets*Úš’CF*bWHCjSrS•CF*ÚÛ§C s.t.,theset *ÚnÜ+¯º�I#ÝÞÂÞm)ÖjV�×D��IJCF4|�D+dm

»

, for mh+d®�C\��CH
²C\S•SrS•CH5 .

A reasoningpresentedhereis basedonanotionof aminimalcoveringset.

De�nition 2 Theminimal (in termsof inclusion)covering set ßàn is a subsetof

*ÅnBC s.t.,everynodein *ÚnÕ~%W is connectedto somenodein ß:n , anda removal of any

nodefrom ßÄn destructthisproperty.

Observation 1 Each node I_Nƒß˜n is connectedto somenode T

Ná*OnZ~%WHC s.t., T is

not connectedto anyothernodein ßàn8
tº�I

»

S

Figure2.1: Radionetwork with centralnode 4 andradius 5

2.1.1 Outline of the Algorithm

Thegeneralideaof thegossipingalgorithmis asfollows. Initially we show that

in any radionetwork with radius1 andsize
�

thegossipingtaskcanbecompleted

in time
�

S In radio networks with larger radii we show that therealways exist

four distinctnodesIJCLIÞâÇCLK and K„âÇC s.t., I cantransmit(its currentcontent)Ïáp to
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I=â and K cantransmit ÏQã to Käâ in the sametime step,andthat the removal of

both I and K doesnot disconnecttheremainingpartof thenetwork. We call this

approacha 2-vertex reduction. The gossipingalgorithmusesthe new approach

for thepurposeof moving all
�

messagesto someconnectedsubnetwork (of the

original network) with radius1 andsize
�


t
!5%C in exactly 5 unitsof time. This

is followedby the gossipingin the subnetwork in at most
�


R
!5 units of time.

Finally, weusethelast 5 unitsof timeto distributethemessagesto all othernodes

in thenetwork by reversingthetransmissiondirectionin theinitial 5 unitsof time.

This meansthatthegossipingin any radionetwork of size
�

canbecompletedin

time
���

S

2.1.2 Gossipingin Radio Networks with Radius 1

We show herethat in any radio network topology with radius � the gossiping

algorithmcanbecompletedin time
�

, where
�

is thesizeof thenetwork. W.l.o.g.,

weassumethat
�

­�
 . Accordingto thede�nition of a radionetwork with radius

� , we know thatthereexiststhecentralnode 4 which is at distance
�

� from any

othernodein the network. In this case,we cantransmitall messagesUåp , s.t.,

IƒNRAË
dº§4

»

to the centralnode 4 , oneby one,in time
�


-� . Whenthis stage

is completed,Ïáæ�+çº�U�pƒÝÄI�N¼A

»

S And we needjust one time stepmoreto

disseminatethecontentof Ïáæ to all othernodesin theradionetwork.

2.1.3 Gossipingin Radio Networks with Higher Radii

In whatfollowsweshow ef�cient reductionof anetworkwith anarbitraryradius5

to its connectedsubnetwork with radius1. This reductionis basedon theconcept

of 2-vertex reduction,introducedat thebeginningof this section.
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Reduction2è 1

We startwith the proof that any radio network with radius 
 canbe ef�ciently

reduced(by a sequenceof 2-vertex reductions)to its subnetwork with radius �!S

Givena radionetwork with radius 
²S Initially, we identify thecentralnode 4 and

we constructsets*Oš’CF*éWHCF*

( anda coveringset ßêW . As long as Î¤ßêW’Î2­�
 , we can

transmitsuccessfullythecontentsof at leasttwo nodesIJCLKËNë*

( to somenodes

I â CLK â N ßäW at eachtime step,thanksto thecoveringpropertyof ßìWFS Pleasenote

thataftereachtransmissionnodesIJCLK are“removed” temporarily(switchedoff)

from the network andthe contentof the covering set ßìW is recomputed.When

eventually Î¤ßäW’ÎD°œ
 two casesapply. When Î¤ßêW’Îh+c® the radiusof the subnet-

work becomes� , andthe reductionis completed.If Î ßìW\Îo+í� , we call the node

remainingin ßêW an essentialnode
{

W . Let îoW be the setof nodesin *�W that are

not neighboursof
{

WiS If both Î îoW’ÎlC�Î¤*

(

ÎØÀa® , we canalwayschooseI N-îïW and

K�Në*

(

C where I
â

+�4 and K
â

+

{

WiS If eventually Î¤*

(

ÎX+�® also Î¤ßäW’ÎX+�®�C there-

ductionis completed.Alternatively when Î¤îðW’Î�+�® , theessentialnode
{

W becomes

anew centralnodein asubnetwork with radius �!S

Reductionk+1 è k

Weprovenow thatany radionetwork with radius5„��� canbeef�ciently reduced

(by a sequenceof 2-vertex reductions)to its subnetwork with radius 5%C for any

5	­�
²S

In a radionetwork with radius 5é��� , we initially identify thecentralnode 4

andwe constructthe layer sets *Oš’CF*bWHCL*

(

C\SjS\SjCF*ÅÛ�CF*ÅÛF~%W and the covering sets

ßäWHCFß

(

CFß

$

C\S\SjSjC§ß:Û

½

WFCLß:Û . Let "ßÄn beaset *ÅnX
ëßÄn , for all mh+¯�!CH
XCF;�C\S\SjS|CH5M
Ù�!CF5 .

Note, that as long as Î¤ß˜ÛÞÎÄ­c
 , we cantransmitsuccessfullythe contentsof at

leasttwo nodesIJCLK,N-*ÚÛF~%W to somenodesI
â

CLK
â

N-ß:Û during eachtime step,

thanksto thecoveringpropertyof ßàÛ S Wheneventually Î¤ß˜ÛÞÎ²°P
 two casesapply.
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When Î¤ß:ÛXÎD+ñ®²C the radiusof the subnetwork becomes5 , and the reductionis

completed.If Î¤ß˜ÛXÎÜ+c� , we call the noderemainingin ßàÛ an essentialnode
{

Û .

By î8Û we denotethe set of nodesin *OÛ that are not neighboursof
{

Û§S If now

Î2" ßäW\Î|��Î2" ß

(

Î|�¯Î2" ß

$

Î|�RS\S\S��òÎ�" ß:Û

½X(

Î|��Î�" ß:Û

½

W\Îj��Î î8ÛÞÎXÀ�® and Î *ÚÛF~%W\ÎXÀR® wematch

any transmissionfrom a node I•N-*OÛF~%W to a node I â Ndß:Û with a transmission

from a node K N "ßäW˜ó "ß

(

ó "ß

$

ó-S\S\SJó "ß:Û

½X(

ó "ß:Û

½

WàóPîJÛ to its neighbour

K â in the layer which is closerto the centralnode. This reductionprocesswill

terminateeventuallywheneither: the set *OÛF~%W is empty, which meansthat the

radiusof thesubnetwork hasbeenreducedto 5 ; or at somepoint Î "ßäW’Î§��Î "ß

(

Î��

Î
"

ß

$

ÎÈ�GC\S\S\SiC�Î
"

ß:Û

½X(

Î|�òÎ
"

ß:Û

½

WjÎ|��Î¤îJÛÞÎ +-® . But thenwe know thattheessentialnode
{

Û is a neighbourof all nodesin the set *GÛÚ
sº

{

Û

»

S In this case,the essential

node
{

Û becomesa new centralnodesinceits distancefrom any othernodein the

network is
�

5%S Thefollowing theoremfollows:

Theorem 1 Thegossipingtaskcanbesolvedin anyradionetworkof size
�

in at

most
�

unitsof time.

2.2 Optimal Topology for Gossiping in Radio Net-

works

In this sectionwe presenta radionetwork topologyin which radiogossipingcan

beperformedin time µÇ���!�8�

�


����'¶ä�R
²S We laterpresenta simpleargumentthat

radio gossipingcannotbe completedin time °ç67�r�!�J�

�


����'9ä�d
²S We alsodo a

steptowardsclosingthegapbetweentheupperandthelowerbound.Weconclude

this sectionwith a presentationof a muchmorecomplex topologythatallows to

performradio gossipingin time 67�����J�

�


����'9ê��
XC for a fraction of all possible

integervaluesof
�

S
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2.2.1 Upper Bound

A topologyof “gossiping-friendly”radio network supportsthe following trans-

missionstrategy. Initially collect(gather)all gossipmessagesin onedistinguished

node 4 andthendistributethemessagesto all othernodesasquickly asit is pos-

sible (e.g.,in a singletime unit). In orderto achieve this goal we selecta node

(center)4MNÉA andweconnectit with everyothernodein ADS Theremaining
�


á�

verticesin A�
Rº§4

»

areorganisedin anoptimalbroadcastingtree(OBT) usedin

the matchingmodel, see,e.g., [86], with a root ô�S Recall that the OBT hasre-

cursive construction.I.e., having two OBTsof size 


Û each: g

('õ

��ô§W]� and g

('õ

�wô

(

�

rootedin nodesô W and ô

( respectively, wecanconstructanew OBT tree g

(
õ

¥!ž

�wô W]�

of size 


ÛF~%W rootedin ô�WFC by connectingnodeô

( asachild of ô WiS Any OBT g

('õ

��ô��

is partitionedinto 5#�Ë� time layers. The root ô is at the layer �!C andall other

nodesareat the layers 
²C\S•SrCH5Ú���!S Thedivision into layersis de�ned recursively

asfollows. Whenwe combinetwo OBTs g

(
õ

��ô W�� and g

(
õ

��ô

(

� (with well de�ned

time layers �!C\S•SrCF5Ú�-� ) into a new OBT g

(
õ

¥=ž

��ô W]� rootedin ô�WiC only root ô W stays

at time layer 1. Every othernode,both in g

('õ

��ô W�� and g

('õ

�wô

(

�HC formerly at the

layer m is now movedto thelayer m!�ƒ�!C for all mh+¯�!C\S•S•CH5Ä�ƒ�!S Theintuition behind

the time layersin OBTs is that during the broadcastingprocessany nodeat the

level m getsthemessagefrom its parentfrom layer °òm in time step mh
d��C for all

mh+-
²CjSrS•CH5Ã�Q�!S Wealsorecallhere,thatin anOBT tree g†öê��ô��iC in which U is nota

powerof two, somenodesat thelowestlayer µ7���!�[U�¶Ü�Q� canbemissing.In order

to simplify thepresentationwewill usea termOBT ��ÂX� to denoteany g

()÷

�/ø��iS

We point out here,that theOBT ��ÂX� rootedin ô canalsoserve thepurposeof

gatheringat most 
 ù messages(in the radio network model) in the root ô in the

optimaltime ÂJS This is doneby reversingall transmissionsin time. I.e., if during

broadcastingprocess(in thematchingmodel)node I transmitsto node K in step

mD+��!CjSrS•CFÂ , in gatheringalgorithm(in theradionetwork model)node K transmits
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all messagescollectedsofar in stepÂ´
ém|�å�!S Usingthisobservationandassuming

thatthenodesin A�
Úº§4

»

areorganisedin theformof theOBT �’µ7�����8�

�


Ú���'¶§� rooted

in ô§C we show thatwe canmove
�


�� messagesfrom Aò
Pº§4

»

towardsô in time

µ7�r�!�J�

�


d�’�'¶=S These
�


�� messagesarelaterpassedtowardsthecentralnode 4�C

whonow hasall messages.In thelaststepnode4 transmitsthecombinedmessage

(containingall messages)to all othernodesin onetime step(since4 is connected

to every othernodein the network). And the gossipingprocessis completedin

time µ7�����J�

�


P���/¶Ä�t
²S

Lemma 1 There existsa radionetworktopology in which thegossipingtaskcan

becompletedin time µ7�����J�

�


P���/¶˜��
²C for anyinteger
�

S

2.2.2 Lower Bound

Ontheotherhand,notethatduringeachconsecutiveroundknowledge(anumber

of possessedmessages)in eachnodecanat mostdouble. This meansthat after

stepm knowledgeof any nodeis limited to 


n originalmessages.Thus,afterinitial

67�r�!�J�

�


¼�’�'9 stepsof any gossipingalgorithm in any radio network topology,

noneof the nodesis completelyinformed,since 
Üú

©¤ª/«

€

¬

½

W�‚üû

°

�

S Note alsothat

during the last roundof the gossipingprocessthe only nodesthat arepermitted

to transmit,arethosewhoalreadypossessall messages,sincea transmittingnode

cannotreceivemessagesat thesametime. Thefollowing lemmafollows.

Lemma 2 Thecompletionof thegossipingtaskin anyradio networkrequiresat

least 67���!�±�

�


P���/9:��
 steps.

2.2.3 Tightening the Gap

Wehave justpresentedboththeupperandthelowerboundsfor themostsuitable

topology for radio gossiping. Pleasenote that the upperboundand the lower
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Figure2.2: Thebesttopologyallowing gossipingin time 67�����8�
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����/9:��


boundmeeteachotherwhen
�

+�


Û

� �!C for any integer 5 . For all othervaluesof
�

thegapbetweentheboundsis 1. This posesaninterestingquestion,i.e.,which

of thetwo: 67���!�±�

�


 ���/9Ü�™
 or µ7�r�!�J�

�


 ���'¶Ü�å
 is thecorrectexactbound?In this

sectionwe show that the latter oneis not. We proposemoresophisticatedradio

network topologyin which, for largeenough
�

C s.t.,
�á�




Û

�P


Û

½X$


•���B


õ

¦

�iC the

gossipingcanbedonein time 5v��
Ú+œ67���!�8�

�


P���/9˜��
²S

Consideranetwork
�

whichiscomposedof threecomponents,seeFigure2.2:

› atree gïW with aroot ô W (andits two exactcopiesô

( and ô

$ includingadjacent

edges),

› a tree g

( with a root �

$ , and

› a groupof specialnodes:threeroots ô!WHCLô

(

C�ô

$ , threecentral nodes4’W , 4

( , 4

$ ,

andthreehelpers �ÜW , �

( , �

$

S

The structureof trees gðW and g

( is very muchbasedon the structureof the

optimalbroadcasting(in ourcase,gathering)treeOBT ��ÂX� which is of size 

ù and

it containsÂ„�P� (time) levels.Thenodesin ghW and g

( thattransmitin timestep1
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duringthegatheringprocessareunderstoodto beat layer1, thosethattransmitin

time step2 at layer2, etc,seeFigure2.2. Thus,layersin thetreesgØW and g

( are

enumeratedin thereverseorder, comparingto thenumberingof layersin standard

OBTs. The tree gðW is obtainedfrom OBT �B52� via deletionof threesetsof nodes

��W , �

( , �

$ (to be de�ned later) andall edgesconnectedto them. The tree g

( is

obtainedfrom OBT ��5Å
Q;=� via deletionof two setsof nodes�

3 , �

0 andall edges

connectedto thesenodes.The contentof each ��n)C for mÚ+ �!C\S•SrC�� is de�ned as

follows:

›

��W is a set of leaves in gðW that are children of the nodesat layers �

Û

(

�

���HC\S•SrCH5O
�� ,

›

�

( is a setof nodes,from layers ��CH
²CF; and Á in ghW thatbelongto subtrees

rootedin childrenandgrandchildrenof theroot ô=W ,

›

�

$ is asetof nodesof asubtreeof ghW rootedin nodeÂ±WFC whereÂ�W is achild

of theroot ô�W at layer 5

…


²C

›

�

3 contains3 nodesin g

( : two children �oW and �

( of theroot �

$ at layer �

and 
 respectively, andthechild of �

( at layer ��C and

›

�

0 is asetof nodesin g

( thatform asubtreerootedin nodeÂ

(

C where Â

( is

achild of theroot �

$ at layer 5

…


 .

Anotherimportantcomponentof thenetwork is a setof specialnodes.This

setincludes,theroot ô�W of gðW andits entirelyequivalentcopiesô

( and ô

$

C which

areconnectedto thesamenodes(as ô!W is) in thetree gðW . On top of this, theroots

ô W , ô

( and ô

$ aremutually connected.The rootswill be usedto sentmessages

collectedfrom thetree ghW to thecentralnodes4�W , 4

( and 4

$ in onetime step(i.e.,

step 5Å��� ).
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The setof specialnodesincludesalsothreecentralnodes4 WiCF4

( and 4

$ . The

centralnodessharedirect connectionsto all othernodesin the network
�

. In

fact,thedirectconnectionfrom thecentralnodesform a partitionof othernodes.

It meansthatafterwe gatherall messagesin eachof thenodes4§W , 4

( and 4

$ , we

areableto distributethemessagesto all othernodes(i.e.,completethegossiping

process)in asingletimestep.Weshow laterhow to inform all centralnodesin at

most 5é�ò� rounds.In particular, thecenter4�W is connectedto all nodesin ghW at

layers 
²C\S•SrC

Û

(

, to the root ô W , andthehelper �ÜW . Thecenter4

( is connectedto all

nodesin gðW at layer1 andlayers �

Û

(

� ���HC\S•SrC���5ê
ƒ��� , theroot ô

( , andthehelper�

( .

Thecenter4

$ is connectedto all nodesin g

( (includingthehelper�

$ ), thechild of

theroot in gðW at layer 5 , andtheroot ô

$ .

Thelastgroupof specialnodescontainsthreehelpers�oW , �

( and �

$ , where�

$

is the root of g

( . They aremutually connectedandtheir purposeis to exchange

originalmessagesfrom thecentralnodesandto acquiremessagesgatheredin the

tree g

( .

Oncetheconstructionof thenetwork
�

is completedwe show thatgossiping

in
�

canbeperformedin 5O��
�+ñ6wÐ
	��Ü�

�


����/9à�R
 time steps.Theexpression



è �’CF4§CLÂJCjSrS•S is usedto denotethata node 
 sendsits all currentknowledgeto

nodes�’CF4�CFÂ±C\S•SrS and �ÙW�ÎrÎ��

( meansthat transmissions�ÙW and �

( areperformed

simultaneously.

Steps Transmissions

(1) 4

(

è �

(

Î�Î\4

$

è �

$

ÎrÎ (all nodesat layer � in gðW transmit)

(2) ô WDèÊô

(

CLô

$

Î�Î��

(

è �

$

C��%W˜ÎrÎ

(all nodesat layer 
 in ghW transmit) Î�Î (all nodesat layer � in g

( transmit)

(3) ô

(

èÊô WHCLô

$

Î�Î (all nodesat layer ; in gðW transmit) ÎrÎ

(all nodesat layer 
 in g

( transmit)
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(4) ô

$

èÊô WHCLô

(

Î�Î (all nodesat layer Á in gðW transmit) ÎrÎ

(all nodesat layer ; in g

( transmit)

...

( Û

(

) 4\W[è �%W˜Î�Î (all nodesat layer Û

(

in gðW transmit) Î�Î

(all nodesat layer Û

(


�� in g

( transmit)

( Û

(

�R� ) �%WDè �

(

C��

$

ÎrÎ (all nodesat layer Û

(

��� in gïW transmit) ÎrÎ

(all nodesat layer Û

(

in g

( transmit)

...

(k-2) (all nodesat layer 5é
•
 in ghW transmit) Î�Î

(all nodesat layer 5é
Ù; in g

( transmit)

(k-1) �

$

è 4

$

Î�Î��

$

è �

(

Î�Î��

$

è �%W˜ÎrÎ (all nodesat layer 5G
�� in ghW transmit)

(k) �%WDè 4\W˜Î�Î��

(

è 4

(

ÎrÎ (anodeat layer 5 in ghW transmitsto ô�WiCLô

( and ô

$ )

(k+1) ô WDè 4’W˜ÎrÎjô

(

è 4

(

ÎrÎjô

$

è 4

$

(k+2) 4\W , 4

( , 4

$ transmitto all theirneighbours.

During thegossipingprocess(in thenetwork
�

) we �rst collectall messages

in centralnodes4’W , 4

( and 4

$ in time 5G�ò�b+Ê6Ç���!�J�

�


d���'9„�ò� . Themain idea

behindtheremoval of sets�	W through �

0 is to avoid collisionswhenthespecial

nodesact,i.e.,whenthey transmitandlisten.Thelossof nodescausedby removal

of the sets ��W , �

( and �

$ from gðW is compensatedby the nodesavailablein the

tree g

( . In fact, thesizeof
�

formedof treesg´W and g

( anda few morespecial

nodesis 


Û

��


Û

½X$


����B


Û

&)(

�iS This is dueto thefact that thecardinalityof each

�Gn)C for mh+s�!C\S•SrS•C�� is ���B


Û

&)(

�iS Thefollowing lemmaholds:

Lemma 3 There existsa radionetworktopology in which thegossipingtaskcan

becompletedin time 67�r�!�J�

�


t���/9x��
²C for anyinteger
�

+�


Û

� 


Û

½X$


Ù����


Û

&)(

�HC

and 5 largeenough.
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In particular, weconcludethatwe know how to build theoptimal(in termsof

gossiping)radionetwork topologyfor a fractionof all integervaluesof
�

S

2.3 Almost Optimal Gossipingin Trees

In this sectionwe presentan("one-off") optimalgossipingfor any tree-like radio

network topology.

In our new gossipingalgorithm (similarly to what we did before)we �rst

gatherall messagesin theselectednode4 (center)andthenwedistributethemes-

sages(asonecombinedmessage)usingthebroadcastingprocedure.Pleasenote

that thetime complexity of radiobroadcastingfrom thenode 4 to all othernodes

in thetreeis equalto theeccentricityof 4 in thetree(wheretransmissionsareper-

formedlevel by level). Though,this is rathernaive procedureit is alsooptimal.

We show alsothatthegatheringstagecanbeexecutedin optimaltime. Our gath-

eringalgorithmis basedon optimalbroadcastingalgorithmin treesin matching

model[86], in which thesequenceof transmissionsis reversedin time andeach

transmissionchangesits direction. Let �q+í–��´�wô!� be the optimal broadcasting

time from root ô in a tree g in matchingmodel.Thus,if in thebroadcastingpro-

cedurenodeI transmitsto K in time m , in thegatheringprocedure(in radiomodel)

nodeK transmitsto I in time �Ø
Ém��t��S Moreprecisely, thesequenceof transmis-

sionsin optimalbroadcastingin trees(in matchingmodel)is de�ned asfollows.

Any nodeI thatgetsthebroadcastmessage(from its parent)in stepm (andthis is

the only time when I getsa message),it informs its 5 children 4 WHCjSrS•CF4HÛ , oneby

one,in the following consecutive 5 steps: mï�ò�!C\S•S•CLmo��5 (andthesearetheonly

time stepsin which thenode I transmits).Analogously, in caseof our gathering

procedureany node I (apartfrom the root ô ) transmitsto its parenta combined

message(containingmessagesfrom gO�wI�� ) in the time step �ì
�mØ�Ë� , which is
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precededby transmissionsfrom its children 4jÛ�C\S•S•CF4’WFC oneby one,in consecutive 5

steps�x
R��m%��52�o���!CjSrS•C��x
��wm8�����o�R�!S

Weshow thatouralgorithmperformsthegatheringtask,i.e., thatall messages

canbecollatedin theroot ô (in radionetwork model)in time � too. Theproof is

doneby induction.Note,that,sincethewholebroadcastingprocesstakestime �’C

thetime availablefor broadcastingin tree gO��I²� is boundedby �:
�m andthetime

availablefor broadcastingin eachgO��4LÑi� (where4]Ñ is the Ò!ÓÕÔ child of I ) is bounded

by �:
��wm†�ëÒ²�HC for Ò�+?�!CjSrS•CH5%S Thus,by theinductiveassumption(in caseof our

gatheringprocedure)thetime �†
ë�wm!��ÒX� suf�ces alsoto collectall messagesfrom

gO��4�Ñi� in its root 4]Ñ’S And sincenode I (theparentof 4�Ñ ) expectsmessagedelivery

from 4]Ñ exactly at the time step �˜
���mï�ÙÒX�´���!C all gÜæ�� messagescollectedin 4]Ñ

will besuccessfullytransmittedto IJS And thenodeI is readyfor thetransmission

to its parentin time �x
Ùm]S

We show now that the latter gatheringalgorithm is optimal. The proof is

doneby contradiction.I.e., assumethat thereexistsanothermoreef�cient gath-

eringprocedure,andthat it takesstrictly lessthan � time stepsto accomplishthe

gatheringtask. We show that this gatheringprocedurecanbe translatedinto a

broadcastingprocedure(in matchingmodel)withoutany timeoverheads.

Firstnote,thatany transmissionin time m from nodeI in thegatheringprocess

is useful(in termsof informing the parentof I ) if it carriesall messagesfrom

gO��I²�iS OtherwisenodeI is forcedto transmitagain,in orderto deliver to its parent

someremainingmessagesU in gO�wI��HS But this meansthat theremustbe further

sequenceof transmissionssupportingdelivery of the messageU to the root ô�S

This proves that all previous transmissionsfrom I were needless,sinceearlier

we could have hold othermessagesin I andreleasethemonly uponarrival of

themessageU S Thus,having any particulargatheringprocedure,we canremove

from it all transmissionsthatarenot useful.And doingthis,we will not increase
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thetimecomplexity of thegatheringprocedure.Wecall theremoval of notuseful

transmissionsasthepruningprocess.

Note that in a prunedgatheringprocedureeachnode I transmitsonly once

(after it getsall messagesfrom its descendants).Moreover all transmissionsat

childrenof I mustbeexecutedin differenttimesteps(in orderto avoid collisions)

andonly wheneachchild is alreadyproperlyinformedby its children. Usingan

argumentsimilar to theoneusedin the lastproof, we show that reversingtrans-

missionsin prunedgatheringprocedurewill leadto the broadcastingprocedure

(in the matchingmodel)with the sametime complexity, which is (accordingto

our assumption)°��’S But, this contradictsthe fact the optimal broadcastingin

gO��ô�� requires� timesteps.

Lemma 4 There existsa gatheringalgorithmthat collectsall messagesin a tree

in optimaltime.

Recallnow thatbroadcasting(in radionetwork model)in a treewith root ô is

trivial, andit takestime E���ô��iC whereE���ô�� is theeccentricityof thenodeô�S

We now show how to performa “one-off ” optimal gossipingin an arbitrary

treewith adiameter�™S Initially we pick thecentralnodeI!æFC where 4à+,µH•

(

¶ on a

path �Ë+¯I§š’CLIÞWFC\SrS•CLI

•

that formsa diameter�™S A distancefrom I�æ to I

•

(which

is � 
 4 ) is calleda shorterradiusanddenotedby ���|��I§æ�� anda distancefrom I�æ

to I š (which is 4 ) is calleda longerradiusanddenotedby ������I§æ�� . Pleasenotethat

if � is odd thenbothradii arethesame;otherwise�����wI æ��x
����|��I§æ��M+,�!S While

executingour gossipingalgorithmwe initially collectall messagesin thecentral

nodeI æ (usingoptimalgatheringprocedure)andthenwebroadcastthecombined

messageto all othernodesof the tree. The time complexity of our solution is

�O>ìgO�wgO��I§æ/�]�Þ� ������I§æ��iC where�O>ìgG�wI æ'� standsfor optimalgatheringtimein node

I§æFS
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We now show that any gossipingalgorithm must useat least �Ú>vgO��I!æ'�„�

���|��I§æ��iS And indeed,let U be the last message(amongall messagesin the tree)

thatwasdeliveredto I�æFC for the�rst time. Pleasenote,thatthis canhappenat the

earliestat thetime �O>ìgG�wI æ/�iS If this messagecomesfrom any neighbour !+òI!æ

½

WHC

we still needat least ������I§æ�� stepsin orderto completethegossiping.However if

the messageU comesfrom I�æ

½

W we canonly saythat the gossipingrequiresat

least ����I§æ steps.Thisgivesusthelowerbound�O>ìgO��I!æ/�o�"���|��I§æ��iS

Thefollowing theoremholds:

Theorem 2 For any tree g with diameter� wecanconstructa gossipingalgo-

rithm that worksin: optimal time, when � is odd; andin (one-off) optimal time,

when � is even.

2.4 Gossipingin Time #%$�&('

In this chapterwe will discussa classof graphsin which thegossipingtaskcan

be resolved in time �����	�iS Initially we show that radio gossipingin time �����	�

in all graphswith a constantmaximumdegree � . Laterwe show that the linear

gossipingtime canbe achieved alsoin all graphs,where �Ê+c���’•hž7Ÿ�žr¡w£l¥!ž

©¤ª/«

£
¬

�HC for

any integerconstantm[­R® and � largeenough.

2.4.1 Gossipingin Time )�*,+ -/.10�2435.

Thegeneralideaof thealgorithmis asfollows. Initially, wepick thecentralnode

4 andwe partition all nodesinto disjoint subsets,layers ÐÇn , where ®

�

m

�

� .

This is followedby gatheringstagewhenall (other
�


�� ) messagesaremoved

to thecentralnode 4 , layerby layer. Finally, a combinedmessage(includingall

original messages)is distributedfrom 4 to all othernodes,alsolayerby layer. In
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what follows we show thatall messagesthatresideat layer ÐwÛ canbemovedto a

neighbouringlayer ÐÇÛ

½

W (or Ð�ÛF~%W ) in atmost � unitsof time.

Lemma 5 All messagesavailable at layer Ð7Û can be moved to a neighbouring

layer Ð�Û

½

W in at most� unitsof time, where �

�

5

�

� .

Proof. We useherenotationintroducedin section2.1. Let *

š

Û

+@Ð�Û , and ß

š

Û

½

W

(subsetof ÐÇÛ

½

W ) be the minimal covering set for *

š

Û

S I.e., every nodein *

š

Û

is

connectedto somenodein ß

š

Û

½

W

, andremoval of any nodefrom ß

š

Û

½

W

destructthis

property. Note,thateverynodeI�N ß

š

Û

½

W

is connectedto somenodeT

N *

š

Û

C s.t.,
T is not connectedto any othernodein ß

š

Û

½

W


Rº�I

»
³

otherwisewe couldremove

I from ß

š

Û

½

W

S Thus,during a single time step,every node I�N¯ß

š

Û

½

W

receivesa

messageU76 transmittedfrom its uniquenode T

Nƒ*

š

Û

S Later, node T is removed

from *

š

Û

C , whichmeansthatthe(virtual) degreeof eachnodein ß

š

Û

½

W

is decreased

by one. After removal of all T 's involvedin the transmissionswe endup with a

new set *

W

Û

C andits new coveringset ß

W

Û

½

W98

ß

š

Û

½

W

S We repeatthewholeprocess

at most � times,sincethedegreeof nodesin thecoveringsetis decreasedby 1

duringeachroundof transmissions.

This meansthatthegossipingtaskin any radionetwork with diameter� and

maximumdegree� canbecompletedin time
�

��
��ƒ
������™�	� , where��� comes

from thegatheringstageand �x�-���¼
������ from thebroadcastingstage.

Theorem 3 In anygraph >bC with a diameter� anda constantmaximumdegree,

thegossipingtaskcanbecompletedin time �����	� .

2.4.2 Gossipingin Graphs with Lar ger Maximum Degree

A new gossipingalgorithmpresentedin this sectionis basedon the conceptof

ef�cient broadcasting�����?�d�����

0

�

� -time procedureproposedin [42]. We use
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hereverysimilarpartitionof a(network) graphinto clustersandsuper-levels.The

maindifferencelies in greatercomplexity of thegossipingproblem.

Cluster Graph and Tree of Clusters Assumewe have a graph > + �BADCFEG�HC

where ÎÈAqÎ!+

�

anda distinguishednode ÖGNQADS Assumealsothatthediameterof

> is at most �åS A layer Ðrn in > is formedby nodesthatareat (same)distancem

from Ö!C for m[+��!C\S•S•CF�™S All layersin > aregroupedin � super-levels,s.t.,the Ò th

super-level is formedof layers Ð�:

¢

�

Ÿ žr¨

;

~%W

C\S•SrCLÐ

:

�

;

C for Ò_+ �!C\S•SrC<�ïS Eachsuper-level

is coveredby thesetof clusters,s.t.,(1) eachclusterhasdiameter���

•

©¤ª/«

¬

=

� , (2)

theunionof theclusterscoversthesuper-level, and(3) theclustersgraphcanbe

colouredwith �����r�!�

�

� colours,wheretheclustersgraphis obtainedby treating

eachclusterasanode,andintroducinganedgebetweentwo nodesif in theorigi-

nal graphthereis someedgethatconnectsnodesfrom thecorrespondingclusters

or if the clusterssharea commonnode. Note, that the numberof clustersdoes

not exceed
�h³

otherwisewe would beableto remove at leastone(redundant)of

them. It also follows from the constructionpresentedin [42] that eachcluster

at super-level m hasa direct connection(anedgein theclustergraph)with some

clustersatsuper-levels m§
_� and m\�™�!S Thispropertyallowsto de�ne atreeof clus-

ters, which is a BFStreerootedin a clusterthat containsthedistinguishednode

Ö!S The broadcastingprocedureproposedin [42] usestwo typesof information

transferin clusters,from the top layer throughthebottomlayerof a super-level.

I.e., within eachclusterwe have eitherslow or fasttransfers.The slow transfer

is implementedby non-optimalbroadcastingprocedure,while thefasttransferis

performedalonga singlepathof length •

=

S It is known, that transfersin the tree

of clusterscanbeorganised,s.t.,on a pathfrom any leaf to theroot of thecluster

treethereis at most ���w���!�

�

� clustersinvolved in slow transfers.In our gossip-

ing algorithmstheslow transfersareimplementedby limited gossiping(de�ned

below), andfasttransfers(asin broadcasting)areperformedalongsimplepaths.
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In ouralgorithmweuse3 typesof communicationprocedures:

1. L IMITED GOSSIPING – in which eachnodedistributesits (currentlypos-

sessed)messageto all nodeswithin someradius ô�S Notethat if ô�+s� , the

limited gossipingtaskcoincideswith thegossipingproblem.Notealsothat

slow transfersarebasedon limited gossiping;

2. BETWEEN SUPER-LEVELS – in which informationresidingat thetop layer

of a lower (further from the root cluster)super-level to the bottom layer

of an uppersuper-level. This type of communicationprocedureis used

when at leastone clusterof the neighbouringsuper-levels is involved in

slow transfers;

3. FAST TRANSFER – in whichinformationis movedacrossoneclusterby fast

pipeliningalongasimplepath.

Thegossipingalgorithmis implementedin 3 stages.

1. Initially messagesin eachclusterarecollectedin adistinguishednode(pos-

sibly belongingto a fastroute)in thetop layerof eachcluster. This is done

by L IMITED GOSSIPING, where ôO+

•

©¤ª/«

¬

=

C i.e.,maximaldiameterof each

cluster. Sincetheclustergraphcanbecolouredwith ���w���!�

�

� colours,all

limited gossipingsperformedsimultaneouslyin eachcluster(at all super-

levelsof theclustertree)canbepreformedsimultaneouslywith themulti-

plicative ���!�

�

-time overhead.I.e., if gä¬

>

���	� standsfor thetimecomplexity

of limited gossipingin a graphwith
�

nodes,max-degree �	C anddiameter

�™C thecontributionof the�rst stageto thetimecomplexity of ourgossiping

algorithmis ���7g

¬

>

�

•

©¤ª/«

¬

=

���r�!�

�

�HS

2. Messagesfrom eachclusteraredeliveredto therootclusterandin particular

to thedistinguishednode Ö!S During this stagetheexecutionof threetypes
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of communicationproceduresis performedin separate(interleaved) time

steps.E.g.,L IMITED GOSSIPING in time stepsm@? ®���·��BAG;=�HC BETWEEN

SUPER-LEVEL in time stepsm9?,�G��·��CAO;=�iC andFAST TRANSFER in time

stepsmD?ò
ê��·��CAO;=�iS Also, theexecutionof singleroundsof communication

procedures(within eachtype) is synchronisedacrossall super-levels. E.g.,

theprocedureL IMITED GOSSIPING startsandendsexactlyat thesametime

in eachclusterandeachsuper-level. Moreover, whennew messagesarrive

at the bottom of a super-level (e.g., deliveredby the BETWEEN SUPER-

LEVEL communicationprocedure)they arebufferedat thebottomlayerand

allowed to traversetowardsthe upperlayersonly whenthe new roundof

L IMITED GOSSIPING or FAST TRANSFER is aboutto begin.

Thecontribution to thetime complexity of our gossipingalgorithmof each

thecommunicationproceduresis asfollows:

(a) Sinceexecutionsof L IMITED GOSSIPINGs aresynchronisedacrossall

super-levels,simultaneousexecutionof asingleroundof theL IMITED

GOSSIPING procedureis donein time g

¬

>

�

•

©¤ª/«

¬

=

�HS Andsinceeachmes-

sage,traversingtowardstherootcluster, experiencesatmost ���w���!�

�

�

slow transfers(seetherankingmechanismin [42]) basedon L IMITED

GOSSIPING thetotal contribution to theslowdown of eachmessageis

boundedby ���7g
¬

>

�

•

©¤ª/«

¬

=

�����!�

�

�iS

(b) A singleexecutionof oneroundof BETWEEN SUPER-LEVELS proce-

durecanbeimplementedin time �qS Thisisaconsequenceof Lemma5.

Sinceeachmessagehasto passatmost � bordersbetweensuper-levels

thecontribution of this typeof communicationto thetotal time com-

plexity is boundedby �8�	S

(c) A simultaneousexecutionof FAST TRANSFER in potentially many
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clusterson the samesuper-level resultsin a needof pipelinedtrans-

missionof messagesaccordingto the color of a cluster. I.e., during

one roundof FAST TRANSFER, messagesthat traversealonga path

in clusterscolouredwith number1 starttheir journey immediately, in

all clusterscolouredwith number2 messagesarereleasedthreetime

stepslater (in order to avoid collisions betweenlayers), in clusters

colouredwith number3 – six time stepslater, etc. Thus �nally in

clusterscolouredwith the largestnumber– ���������

�

� time stepslater.

After messageis releasedat thebottomlayer it reachestheupperone

in exactly •

=

time steps(a propertyof a fasttransfer).Thusthecon-

tributionof this typeof communication(acrossall super-levels)to the

total timecomplexity is boundedby ���
�h�j•

=

�•���!�

�

���iS

3. Eventually, afterall messagesaresuccessfullygatheredin thedistinguished

node Ö thecombinedmessage(containingall original messages)is broad-

castedto all othernodesin the graph. This canbe doneby reversingthe

gatheringprocesspresentedabove,wherethetime complexity remainsthe

same.

Theorem 4 Thetimecomplexity of our gossipingprocedure canbeexpressedby

therecursiveequation: g

¬

>

���	�D+-���wg

¬

>

�

•

©¤ª/«

¬

=

���r�!�

�

�E�h���ë�q�r�!�

�

�!�q�	�iC where

� is thenumberof super-levelsin theClusterGraph.

Iteratingthe recursive equationfrom Theorem4 for mÃ
�� times: g
¬

>

���	�b+

���7g

¬

>

�

•

©¤ª/«

£]¬

=

£

�����!�

n

�

�F�h��� �-���!�

�

�j���r�!�

n

½

W

�éS•S•S��-�r�!�

�

�¯���x��� �

©¤ª/«

¦�¢È£ZŸ�žr¨L¬

=

£ÕŸ ž

�

S•SrS8�

©¤ª/«

¦\¬

=

� �����HS After further substitutionof the recursive componentby the

complexity ��
�� 
	�’�]� �å� (seethegossipingalgorithmpresentedin section2.4.1)

andtaking �q+��

ž

£•¥!ž

�r�!�

�

C weget:
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Corollary 1 g ¬

>

���	�#+ñ�����	�HC for all graphswith � + ���j• ž7Ÿ žr¡�£•¥!ž

©¤ª/«

£ ¬

� and � +

uv���r�!�

nÕ~%W

�

�iC for all constantintegers m[­R®�S

2.5 #G$B$�& H IJ'LKNMPOëÍQ' -Time Gossipingin Trees

In this section,we give an ef�cient gossipingalgorithmfor treesthat works in

time ���]�����������r�!�

�

� .

2.5.1 Ranking Procedure

Givenanarbitrarytree,we chooseastheroot its centralnode 4 (seepage19). In

the rootedtree,a nodedeterminesits rank accordingto the rank of its children.

Weuseherestandardde�nition of therank,see,e.g.,[42]. (Giventheranksof the

childrenof a nodeI , say ô�WHC

z’z’z

C�ô\Û C let ôjöSR

=

+dU




�h��ô|n��iS If there is a uniquechild

whoserankis ô\öSR

= , thentherankof node I is ô\öDR

= . Otherwise, there are at least

two childrenwith rank ô\öSR

= , andin this casetherankof node I is ô’öSR

=

�-� . All

leaveshavetherank � .)

Lemma 6 Therankof anynodein treeis at most µ7�r�!�

�

¶ (see[28]).

De�nition 3 After all nodesin thetreeare ranked,all nodesget partitionedinto

different stagesets TÜnê+ º�I�ÝØô




�

5†��I²�é+@m

»

, where �

�

m

�

µ7�����

�

¶=S In other

words,onlynodesin TÜn are involvedin transmissionsduring the m th stage.

De�nition 4 A fasttransmissionsetin the 5 th BFSlevel of the treein stage m is

de�nedas U

€üÛL‚

n

+�º�IqÝ�ô




�

5†��I²�:+�m




�

ÂÅô




�

5†�Õe




ô

{\�

V|�wI��]�:+�m




�

ÂÚIqNëÐ�Û

»

S (We

alsode�ne Uðn†+FV

•

Û�W%W

U

€üÛL‚

n

and U�+XV

©¤ª/«

¬

nYW%W

Uðn .)
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Figure2.3: A rankedtreeof size
�

+d;=<

De�nition 5 A slow transmissionsetin the 5 th BFSlevel of thetreein stage m is

de�nedas Z

€üÛL‚

n

+¼º�I_Ý2ô




�

5†�wI��Ä+�m




�

ÂÚô




�

5Ü�Õe




ô

{\�

V|��I²�]�äÀ-m




�

ÂÅIåNáÐ�Û

»

S (We

alsode�ne ZDnÜ+[V

•

Û\W%W

Z

€lÛF‚

n

and Zƒ+]V

©¤ª/«

¬

n^W%W

ZDn .)

Lemma 7 All nodesin U

€lÛF‚

n

transmitto their parentssimultaneouslywithoutany

collisionduring the m th stage, for �

�

5

�

� .

Proof. Considerany two distinctnodesT and I in U

€lÛF‚

n

, whichinterfereeachother.

Obviously, thesetwo nodesmusthave thesameparent� in thetree.Though,ac-

cordingto the de�nition of the rankingprocedure,we know that the rankof the

node � is at least m†�-� if f rank(T )=rank(I )= m]S Also accordingto thede�nition of

thefasttransmissionset U

€lÛF‚

n

, weknow thatthesetwo nodesT and I donotbelong

to U

€lÛF‚

n

, which leadsto contradiction.
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The following proceduremoves messagesfrom all nodeswith rank m into

nodeswith rank ­�m%��� .

Procedure GATHERING( m );

1. Moveall messagesfrom nodesin U´n to ZØn ;

from _a`cbed

f downto_g`ihjd

f layerby layer.

2. Moveall messagesfrom nodesin ZÃn to their parents;

all parentscollectthemessagesfromtheir childrenin k

f oneby one.

Thetime complexity of step1 is �����	� dueto Lemma7. Thetime complexity of

step2 is boundedby ������� becausethemaximumdegreeof thetreeis �	S

Dueto Lemma6, in the tree,thereareat most µ7�r�!�

�

¶ ranks.Thusapplying

the procedureGATHERING, we completethe gatheringstagein time �������c�

�������!�

�

� .

Theorem 5 In any treeof size
�

, diameter � andmaximumdegree � , thegos-

sipingtaskcanbecompletedin time ���]����� �#���r�!�

�

� .

Proof. Thegatheringof all messagesin therootof thetreeis donein time �������É�

�������!�

�

� . This is followedby thetrivial broadcastingstagein time �����	�iS

2.6 Mor e Ef�cient Gossipingin Arbitrary Graphs

We start this sectionwith an introductionof a novel conceptof a gossiping-

spanning-tree(GST).Thesetreesplay acrucialrole in timeef�cient gossipingin

arbitrarygraphs.And indeed,we show thatanarbitrarygraph > containsa GST.

We alsoproposean ���

�
(

� -time algorithmthat constructsthe GST in any graph

of size
�

anddiameter� . In theconcludingpartof this section,wedeliveranew

andmoreef�cient algorithmthatcompletesgossipingin time ������� ���r�!�

�

� .
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2.6.1 The Gossiping-spanning-tree

Westartthis subsectionwith thede�nition of thegossiping-spanning-tree.

In anarbitrarygraph>ò+���A[CFEO� , any spanningtree gï× of > , s.t.,

(1) g†× is rootedat thecentralnode4 of > ,

(2) g†× is ranked,and

(3) all nodesin U

€üÛF‚

n

of gÜ× are able to transmittheir messagesto their parents

simultaneouslywithout any collision, for all �

�

5

�

� and �

�

m

�

µÇ���!�

�

¶ ,

is calledagossiping-spanning-treeGST.

De�nition 6 In a graph >?+ �BADCFEG� , a pre-gossiping-treegmlJ×C�É+ �BADCFE9lJ×C�Ü� is

an arbitrary rankedBFS(spanning)treerootedin thecentral node4 .

Figure2.4: Fromtheoriginalgraphto a rankedpre-gossiping-tree
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Theprocedureconstructingagosiping-spanning-treeGSTfromapre-gossiping-

tree gnlJ×C� is basedon theprunningprocess. During theprunningprocess,a func-

tion CHECK-COLLISION ��m]C/ÒX� is usedto detecttwo nodesin U

€lnÕ‚

Ñ

(if sucha pair

exists)thatarenotableto transimitsimultaneouslytheirmessagesto theirparents

in gnlJ×C�ðS The function returnseithera pair of nodes �

T

C�I�� whosetransmissions

arecauseof thecollisionor it returnsnull if suchapair doesnotexist.

Function CHECK-COLLISION ��m]C/ÒX� : A PAIR OF NODES;

(1) if o

T

CLI�NpU

€lnZ‚

Ñ

and �

T

C%e




ô

{\�

V|�wI²���:N E , whereT

!+�I

(2) thenreturn(T

CLI );

(3) elsereturn(null);

The following procedureconstructsa gossiping-spanning-treeGST q@> on

thebasisof grlJ×C�sq¯> . Theprunningprocessis performed(BFS) level by level

startingfrom thebottom(level � ) of g,lJ×C� (outerloop). At eachlevel we gradu-

ally �x theparentsof all nodeswho arepotentiallyinvolvedin collisionsstarting

with nodeswith thehighestrankat thelevel (innerloop).

Procedure GOSSIPING-SPANNING-TREE( g,lJ×C� );

(1) For i:= � downto1 do

(2) begin

(3) For j:= ���!�

�

downto1 do

(4) begin

(5) While CHECK-COLLISION ��m�C)Ò²�t! + null do

(6) begin

(7) rank�Õe




ô

{\�

V|�wI²��� =j+1;

(8) U

€lnÕ‚

Ñ

+XU

€•nÕ‚

Ñ


�º�I8C

T

»
³

(9) Z

€lnZ‚

Ñ

+FZ

€lnZ‚

Ñ

�Rº�IJC

T

»
³

(10) E9lJ×C�q+-E9lJ×C��
tº²�

T

CBe




ô

{\�

V|�

T

�]�

»

;
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(11) E9lJ×C�q+-E9lJ×C�é�Rº²�

T

CBe




ô

{\�

V|�wI²���

»

;

(12) rerankgrlJ×C� only at thetopBFSlevelsfrom i-1 down to ® ;

(13) recomputesetsin U and Z in new g,lJ×C�

³

(14) end

(15) end

(16)end

We will prove now that the procedureGOSSIPING-SPANNING-TREE con-

structsthe GST of an arbitrary graph > + �BADCFEG� in time ���

� (

�iS We usethe

following inductiveargument.

Lemma 8 Aftercompletingtheprunningprocessat thelevel m in gulJ×C� , thestruc-

ture of edgesin grlJ×C� betweenlevels m[
ò�!C\S•SrCL� is �xed, i.e., the transmissions

within levels m�C\S•S•CF� in all U†Ñ s, for ÒO+s�!C\S•S•CL���!�

�

C are freeof collisions.

Proof. We usethe assumptionthat beforethe m th executionof the outer loop,

all edgesin grlJ×C� betweenlevels from m through � are already�x ed and they

will never changeagain.Note thatduring theprunningprocessat the level m the

updatesinvolve only someedgesbetweenlevels m and m[
��!S Note alsothat the

updatesat the level m are executedalways �rst at the nodeswith higher ranks.

Thus,after a pair of nodesT

CLI with the samerank Ò getsprunedandtheir now

joint parente




ô

{\�

V|��I²� getsahigherrank Òà�t�!C neitherthepair T

CLI nor theedges

leadingto their new parentwill beconsideredagain.This is becausethepair T

C�I

nolongerbelongsto theset U andfurtherupdatesat this level atnodeswith ranks

Ò andsmallercannotchangethis property. On the otherhandthe former parent

of T (e




ô

{\�

V|�

T

� ) might be downgradedto the lower rank after losing its child
T

S But this is not dangeroussincethe prunningprocessis performedat nodes

with graduallydecreasingranksandtheformerparentof T will beconsidered(if

needed)during somelater stageof the prunningprocessat the level m . Which

completestheproof.
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Thefollowing theoremholds.

Theorem 6 There exist ef�cient (polynomialtime)constructionof a >vTØg in an

arbitrary graph >bS

Proof. Followsdirectly from lemma8.

Figure2.5: Fromthepre-gossiping-treeto agossiping-spanning-tree

2.6.2 w�)�)�+ 3G2x0zy|{r}•~�0 -Time Gossiping

Usingtheranksof the >•T´g nodes(constructedin theprevioussection),all nodes

get partitionedinto distinct stage sets T†nv�jUðn´ó�ZØn�� , where �

�

m

�

µ7�r�!�

�

¶=S

We gatherall messagesin the centralnode 4§C stageby stage,usingthestructure

of the >vTØg . During the m th stage,we initially move all messagesfrom nodes

in Uðn to somenodesin ZDn . In order to avoid collisions betweentransmission
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originatingat differentBFS levels we divide the computationaltime into three

separate(interleaved)slots.S.t.,thenodesin Ð7n transmitin time slots Vg?¯® (mod

3), if f m€?�® (mod3); transmitin time slots V•??� (mod3), if f mz? � (mod3); and

transmitin timeslots Vz?�
 (mod3), if f mD?ò
 (mod3).

Later, wemoveall messagesfrom nodesin Z[n to theirparentsin >•T´g .

Lemma 9 During the m th stage, all nodesin set ZÃn of the >•T´g aremovedto their

parentsin time �������iS

Proof. UsingLemma5 weknow thatwecanmoveall messagesbetweentwo con-

secutiveBFSlevelsin time � . In orderto avoid extra collisionscausedby nodes

atneighbouringBFSlevelsalsohereweusethesolutionwith the3 separateinter-

leavedtimeslots,whichslowdownsthewholecommunicationby amultiplicative

constant3.

Whenthe gatheringstageis completed,the gossipingproblemis reducedto

thebroadcastingproblem.Wedistributeall messagesto everynodein thenetwork

by reversingthedirectionandthetimeof transmissionsof thegatheringstage.

Theorem 7 In anygraph > , thegossipingtaskcanbecompletedin time ���]���t�

�������!�

�

� .

Proof. During the m th stage,we moveall messagesin UØn to ZØn in time �����	� due

to maximumdistance� betweenany two nodesin the >vTØg and the prunning

propertiesof the >•T´g . Accordingto Lemma9, all nodesin set Zxn arecollectedto

theirparentsin g†× in time �����#�HS Sincethisprocesshasto berepeated���!�

�

times

(thenumberof differentranks,seeLemma6),weconcludethatthegossipingtime

canbeboundedby �����������������!�

�

�iS
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2.6.3 w�)�+ 3G2Gy‚{r}v~�0 -Time Gossiping

In previoussectionthe transmissionprocesswassplit into ���!�

�

separatestages,

eachcosting�����R�ë��� unitsof time. In thissectionweshow how to pipelinethe

transmissionsof differentstagesat thesametime. Thiswill allow anew gossping

algorithmwith thetimecomplexity �����������r�!�

�

�HS

In order to achive this we split the communicationprocessinto consecutive

blocksof 6 time unitseach.The �rst 3 unitsof eachblock will beusedfor fast

transmissionsof nodesfrom theset U , andtheremaining3 will beusedfor slow

transmissionsof nodesfrom the set ZàS We use3 units of time for eachtype of

transmissionto avoid collisionsbetweendifferentneighbouringBFSlevels,sim-

ilarly aswe did in lastsection.Recallnow thatdueto Lemma5 we canmoveall

messagesbetweentwo consecutive BFS levels in time �	S We computefor each

node I NsZ at level m a numberof a step �

�

ÖÞ�wI��

�

� in which thenode I can

transmitwithout interruptionfrom othernodesin Z at thelevel m .

Thepatternof transmissionsof a node I at the level m andwith therank Ò in

GSTdependsonwhetherit belongsto theset U or to theset Z˜C andit is asfollows:

(1) if I�NpU then I transmitswithin thetime block ���¼
ƒm/�ï�ëÒ

z

�

(2) otherwise( I�NpZ ) I transmitswithin thetimeblock ���¼
ƒm/�ï�QÒ

z

����ÖÞ��I²�iS

Lemma 10 A nodeI transmitsits messageaswell asall messagescollectedfrom

its descendantstowardsits parentin GSTsuccessfullyduring thetimeblock allo-

catedto it by thepatternof transmissions.

Proof. First notethataccordingto thepatternof transmissionsall descendantsof

the node I transmitin earliertime blocks. E.g., if a descendantK of I is at the

level m
â

°�m andthesamerank Ò the �rst termof theexpression���a
�m/�´�•Ò

z

�

is smallerfor KÚS If K hasalsosmallerrank Ò
â

both termsof the expressionare

smaller. It meansthatthenodeK transmitsearlierthanthenodeIJS
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Wewill provenow thatany nodeI following thepatternof transmissionswill

transmitto its parentwithoutbeinginterruptedbyanyoneelse.Firstnotethatthere

will beno collisionsbetweenneighbouringBFSlevelsthanksto the3 time units

availablewithin eachblock. Also therewill benocollisionbetweentransmissions

comimngfrom differenttypeof transmissionthankstwo partsof eachtimeblock.

Wehaveto consideronly potentialcollisionswithin thesametypeof transmission

atthesameBFSlevel in GST. Assumethat I8C�K�NpU andthey areatthesameBFS

level m in GST. If I and K have alsothe samerank Ò they do not interrupteach

otherdueto thepropertyof GST. If they havedifferentranksÒ andÒ â respectively

they transmitin differenttime blocks ��� 
Pm/�D� Ò

z

� and ���œ
Pm)�D� ÒÞâ

z

�	C so

they do not interrupteachother. Now assumethat I8C�K,NƒZ andthey areat the

sameBFSlevel m in GST. They donot interrupteachothersinceeithertheir ranks

aredifferentandboth ÖÞ�wI��HCHÖÞ��KM�

�

�	S Or if they have thesamerank Ò they have

differentvaluesof ÖÞ��I²� and ÖÞ��KM�iS Thiscompletestheproof.

Sincethe numberof blocksusedin the patternof tranmissionsis limited to

�¯��� ���!�

�

thefollowing theoremholds.

Theorem 8 In anygraph > , thegossipingtaskcanbecompletedin time �������

���r�!�

�

� .

Using this theoremwe canextendtheclassof graphsfrom [48] in which the

gossipingcanbecompletedin time �����	� asfollows.

Corollary 2 Thegossipingtaskcanbecompletedin time �����	� in all graphswith

�¼+-���
•

©¤ª/«

¬

� .
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Chapter 3

Deterministic Gossipingin Ad-hoc

Radio Networks

In this chapter, we presenta deterministicalgorithm that solves the gossiping

problemin directedad-hocradio networks with polynomially large nodelabels

in time ���

�

3
&)$

�r�!�

W�š

&)$

�

� . This is the fastestcurrently known deterministicra-

dio gossipingalgorithmin graphswith an arbitrarytopology. The previousbest

algorithmsfor this taskrequire "
���

�
0'&)$

� time in [45] and
"

���

�
$'&)(

� time in [46].

Ouralgorithmimprovesalsothepreviousbestupperbound
"

�#�

�
$'&)(

� for gossiping

in ad-hocnetworks with nodelabelsonly linearly large [26]. The algorithmis

basedon anextensionof theconceptof stronglyselective families[24, 29] from

star-likesub-graphsinto sub-graphswith a moregeneraltopology. We alsoshow

a simple ���

�

���r�!�

(

�

� -time deterministicgossipingalgorithm,which improves

G �asieniecandLingas' [43] upperboundof
"

���w·#¸r¹%º

�

�

W

&)(

CF���

$'&)(
»

� algorithm,if

� +c�����

W

&)(�½X¾

� and ���

W

&)(

+@uv�

�

W�~

¾

� for someconstant¿�À ® . Our new al-

gorithmshaveonly logarithmicdependenceon * , whichmakesthemappropriate

for networkswith evenlarger labels,for examplewhen *Æ+ò���

�…„

� , for a slowly

growing function †å+F†Ø�

�

� .
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Our new algorithmsarenon-constructive sincethey are basedon an exten-

sionof theexistenceof certaincombinatorialstructuresbut noton their construc-

tion. Using theconstructionsdescribedby Indyk [55], our algorithms,similarly

to Chrobak,G �asieniecandRytter's [26] broadcastingandgossipingalgorithms,

aremadeconstructivewith only ���w���!�ˆ‡

€rW�‚

�

� slowdown.

Thechapteris organisedasfollows. In section3.2we recallbasicde�nitions

onselectivity, selective families,andselectors.Wealsointroduceanew notionof

apathselectorwhich formsa crucialpartin ourmaingossipingalgorithm.From

section3.3tosection3.6,webrie�y describethemaintechniquesusedin previous

gossipingalgorithms.Finally, we presentour two fastergossipingalgorithmsin

section3.7.
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3.1 Communication Model

We considerthe following modelof a radio network. A network is a directed,

strongly-connectedgraph>�+Ë�BADCFEO�iC where A representsthesetof nodesof the

network, and E containsan (ordered)pair of distinct nodes ��IJCLKM�ON�AŠ‰ÙA if f

node I candirectly senda messageto node K . If ��IJCLKM�éN�E , thenwe saythat

K is a neighbourof I and I is an in-neighbourof K . The total numberof the

in-neighboursof a node K is its in-degree, andthemaximumin-degreeof a node

is calledthemax-indegreeof thenetwork. Thesizeof thenetworkis thenumber

of nodes
�

+aÎÈA	Î . EachnodeI	NQA is labelledby a distinctpositive integer. The

setof nodesdirectly reachablefrom a node IëN�A is the range of IJS Oneof the

radionetwork propertiesis thatamessagetransmittedby anodeis alwayssentto

all nodeswithin its range.

Thecommunicationin thenetwork is synchronousandconsistsof asequence

of (communication)steps.Duringonestep,eachnodeI eithertransmitsor listens.

If I transmits,thenthetransmittedmessagereacheseachof its neighboursby the

endof this step. However, a node K in the rangeof I successfullyreceivesthis

messageif f in thisstepK is listeningand I is theonly transmittingnodewhichhas

K in its range.If nodeK is in therangeof a transmittingnodebut is not listening,

or is in therangeof morethatonetransmittingnode,thena collision occursand

K doesnot retrieve any messagein this step. Moreover, the “noiseof collision”

is indistinguishablefrom the“backgroundnoise”experiencedby a nodewhich is

not in therangeof any transmittingnode(thatis, thenodesdonothaveacollision

detectionmechanism).Dealingwith collisionsis oneof the main challengesin

ef�cient radiocommunication.A commonlyusedtool for copingwith collisions

is the conceptof selectivefamiliesof sets [24, 29, 26, 45]. In Section3.2 we

recallthis conceptandintroduceanovel, morepowerful wayof usingit.

The (communication)time of an algorithmis the numberof communication
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stepsrequiredto completethe algorithm. That is, we do not accountfor any

internalcomputationwithin individual nodes.Anotherabstractionof the model

is no limit on the size of a messagewhich onenodecan transmitin onestep.

Actually, to simplify the presentationof algorithms,we assumethat if a node

transmitsin thecurrentstep,it transmitsits wholeknowledge.

Thealgorithmswe presentin this chapterarefor ad-hocradio networks: the

topologyof connectionsis unknown in advance.At thebeginningof analgorithm

eachnodeknowsonly its label,its initial message,andtheglobalbound* onthe

nodelabels.Weassumethat *c+����

� 1

� for someconstante .

3.2 Selectivity and Tools

In thissectionwerecallthemechanicsof selectivity. In particular, we referto the

de�nition of selectorswhich form abackboneof anew combinatorialstructureof

anpathselector, a tool thatis usedin ournew radiogossipingalgorithm.

The neighbourhoodof a node I is the set *™–	�wI�� consistingof node I and

all its in-neighbours.For any simplepath �¼+G°àI!š\C�IÞWHCjS\S\SjC�IŒ‹|À , thelengthof � ,

denotedby length�|�Ú� , is thenumberof edgeson � . Theneighbourhoodof � is

de�ned astheunion *å–	�|�Ú� of theneighbourhoodsof nodesI�WHC\S\SjS�I•‹ . Observe

thatnodeI š belongsto *™–	�j�O� sinceit belongsto theneighbourhoodof nodeI�W ,

but anin-neighbourof nodeI!š doesnot belongto *™–��|�Ú� , unlessit is alsoanin-

neighbourof anothernodeon � . If �

T

CLI²�˜NáE and T is theonly nodein *™–	�wI²�

transmittingin thecurrentstep,then I receivesthis transmission.For path � , if

I�n is a nodeon � otherthanthe�rst node I!š , �

T

CLI�nw�äNëE , and T is theonly node

in *™–	�j�O� transmittingin thecurrentstep,then I�n receivesthis transmission.

52



3.2.1 Selectors

We saythata set � hits a set Ž on element• , if �x•‘Ž�+sº••

»

, anda family ’ of

setshitsaset Ž onelement• , if �"•‘ŽR+¯º••

»

for at leastone �sN“’ .

DeBonisetal. [15] introducedade�nition of a family of subsetsof set Y *q^n?

º§®�C\��C\S\S\SiCF*ç
¼�

»

which hits eachsubsetof Y *q^ of size at most 5 on at least

U distinct elements,where * , 5 and U are parameters,* ­ 5?­ U ­ � .

They proved existenceof sucha family of size ���]�B5

( …

��5_
�U@�Ë�������r�!�[* ��+

���]�B5

( …

�B5�
PU �¯�’���������

�

� . For convenienceof our presentation,we preferthe

following slight modi�cation of this de�nition, obtainedby usingthe parameter

ôv+�5M
 U insteadof theparameterU . For integers* and 5 , andarealnumberô

suchthat * ­�5™­�ô�­�® , a family ’ of subsetsof Y *q^ is a ��*åCH5%C�ô!� -selector, if

for any subsetŽ]q¯YÈ*_^ of sizeatmost 5 , thenumberof all elements• of ŽäC such

that, ’ doesnot hit Ž on • is atmost ô . Thatis,

Î•º••�N”Ž�Ý for each�¯N ’ , �"•‘Ž•! +¯º••

»„»

Î

�

ô�S

In terms of this de�nition, De Bonis et al. [15] proved the existenceof an

��*_CH5%CLô�� -selectorof size gO��*_CH5%CLô��D+d�����B5

(
…

�wô[�����]�����!�[*™� . In particular, there

exists an ��*_CH5%CF®!� -selectorof size ���B5

(

�����x*™� – sucha “strong” selectorhits

eachset Ž/qñYÈ*_^ of sizeat most 5 on eachof its elements;andan ��*åCH58CF4j5�� -

selectorof size ���B5x�r�!�Ã* �Ú+ ���B5Ä�r�!�

�

� , for any constant®Q°a4	°@� – sucha

“weak” selectorguaranteesonly thatit hits eachset Ž–qsYÈ*_^ of sizeatmost 5 at

leastonaconstantfractionof its elements.

3.2.2 Path Selectors

An interleavedsequence—D�j˜Mš’C\˜ÅWFC\S\S\S|C\˜

1\½

W�� of �nite sets ˜än is an in�nite se-

quence�|™ðš’C\™DWHCjS\S\S•� obtainedby arbitrarily orderingthe elementsof eachset ˜ìn

into a sequence�




n›š š\C




n�š¤WHC\S\S\S|C




n›š ‹

£

½

W�� , where œ|nÉ+ Î ˜än�ÎlC and setting ™ïnÕ~=Ñ

1

+
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n›š Ñž•

ª<Ÿ

‹

£

, for all integers Ò¼­ ® and ®

�

m

�

eá
¼� . That is, subsequence

�|™on)C\™ïnÕ~

1

C�™ïnZ~

(71

C\S\S\S•� is a periodicsequencebasedon orderedelementsof set ˜ìn ,

for eachmh+-®�C\��C\S\S\SiCBe�
P� .

A path selectoris an interleavedsequenceof properlychosenselectors.Let

’„n bean ��*åCH58CH5

…




nÕ~%W

� -selectorof size gO��*_CH5%CH5

…




nÕ~%W

� , for mh+-®�C\��C\S\S\SiC�µ7�r�!�Ã5X¶=S

Also let

gr …š Û„+��’µ7�����Ã5X¶˜�R���

¡

©¤ª/«

Û<¢

£

n^W2š

5




n

gG��*åCH58C

5




nÕ~%W

�

+���µÇ���!�x5X¶Ä���’�

¡

©¤ª/«

Û<¢

£

n^W2š

5




n

���B


n

5:���!�Ã* �[+����B5

(

�r�!�[*������

(

52�iS

De�nition 7 Thepre�x ofaninterleavedsequence—[�¤’všjC¥’ÅWFC\S\S\S|C¥’

¡

©¤ª/«

Û<¢�� of length

gr …š Û formsa pathselectorTm …š Û�S

Note that accordingto its de�nition the length of the path selector T… …š Û is

����5

(

�����x*��r�!�

(

52�[+d���B5

(

�r�!�

$

�

�HS

3.2.3 ExtendedSelectivity

In previous work the selectivity propertiesof selectorswereusedin the context

of star-like sub-graphs,wherea number(boundedby certainvalue 5 ) of nodes

is competingto communicateto onedistinguishednode 4 , thecentre of thestar.

For example,a singleapplicationof astrong ��*åCF5%CF®=� -selectorallowseachof the

competingnodesto transmitsuccessfullyto thecentre 4 in somestep. To apply

a family ’ of subsetsof Y *q^ means�rst to arrangethe setsof ’ in a sequence

U[WiC\U

(

C\SjS\SjC�U§¦ ¨z¦ . Thenin step m , the nodeswith labelsin U´n transmit,while the

othernodeslisten. In thispaperweextendthenotionof selectivity to graphswith

largereccentricityby proving thefollowing lemma.
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Lemma 11 Let �¯+G°„I šjC\SrS•CLI§Û¥©Ü+�4§À bea directedsimplepath,s.t., Î¤*å–	�|�Ú��Î

�

5%S A singleapplicationof path selector Tu uš Û allows node I š to deliver its own

message Uqš alongpath � to its endpoint4§S

Proof. Let ŽG�'
Ú��� be the set of the labelsof the nodesin *™–��|�Ú� . For m™+

®�C\S•S•C�µ7�����Ã5X¶ , let ŽG�wm/��qªŽG�wmh
���� bethesetof the labelsin ŽO��mð
��’� thatarenot

hit by selector’ên . Notethatset ŽG��mJ
Ù���Ü
«ŽO��m/� containsall labelsthatarenothit

by any ’:Ñ’C for Òé+d®�CjSrS•CLmo
��!C but arehit by ’än)S

Accordingto thede�nition of selectors’Mn , thecardinalityof ŽG��mH
é��� is atmost

5

…




n

C so Î�ŽG�wm 
q���=
¬ŽG��m)��Î

�

5

…




n too. Let ­�n%+�º�I š\CjSrS•CLI§Û¥©

½

W

»

•é�‚ŽG�wm 
q���=
¬ŽG��m)���HC

for mÅ+,®�C\S•SrC²µ7���!�Ã5Þ¶=S Then Î ­�n]Î

�

5

…




n too. Observe that ŽG�’µ7�����Ã5X¶§� is empty,

sinceselector’

¡

©¤ª/«

Û<¢ hits every label in *å–	�|�Ú� , so V

¡

©¤ª/«

Û®¢

nYW2š

�‚ŽG�wmð
R���Ø
"ŽG�wm/���Ä+

*™–��|�Ú� and V

¡

©¤ª/«

Û<¢

n^W2š

­�n%+�º�I š\CjSrS•CLI§Û
©

½

W

»

.

Notethatthecopy of messageUqš startingfrom nodeI�š andproceedingalong

path � will useselector’ên to progressfrom nodesin ­�n , that is, at most 5

…




n

times. Thus the total time spentby messageU_š in all sets ­bn (including time

multiplexing usedfor selectorinterleaving) is:

�’µ7���!�x5X¶:���’�

¡

©¤ª/«

Û<¢

£

n^W2š

5




n

gO��*åCH5%C

5




nÕ~%W

�D+�gr …š Û S

Corollary 3 Let ��+G°àI�š’CjSrS•CLI§Û
©

+-4§À bea directedsimplepath,s.t., Î¤*™–��|�Ú��Î

�

5%S A singleapplicationof thepathselector Tu …š Û , which takes ���B5

(

�r�!�

$

�

� time,

allowsall nodesin � to delivertheir ownmessagesalong � to theendpoint4�S

We remarkthat prior to our paper, the bestavailableupperboundon com-

pleting thecommunicationtaskreferredto in theabove corollarywasthe "
����5

$

�

boundof 5 successiveapplicationsof astrong ��*åCF5%CF®=� -selector.
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3.3 ¯#G$iÍ

;

…




' -Time Gossipingwith ° ± #G$iÍQ'

In [26], amethodto obtainagossipingalgorithmfrom oneperformingbroadcast-

ing wasdevelopedby Chrobaket al. If thebroadcastingalgorithmworksin time

����–	�

�

��� thentheresultinggossipingalgorithmoperatesin time ���i— –	�

�

�

�

�r�!�

�

� .

Applying this methodwith the broadcastingalgorithmrunningin time –	�

�

�é+

�

�����

(

�

yieldsa gossipingalgorithmworking in time ���

�o$'&)(

�����

(

�

� , which was

the�rst sub-quadraticdeterministicalgorithm.

3.3.1 ROUNDROBIN

A simpleROUNDROBIN algorithmavoidscollisionsby globaltime-divisionmul-

tiplexing. It worksin
�

stages,wherein eachstagethenodestransmitoneby one,

in orderof their indenti�ers: ��CH
²C

z’z’z

C

�

. Eachnode I transmitsall information

collectedso far. We can useROUNDROBIN both for broadcastingandgossip-

ing. In broadcasting,if thenode I hasalreadyreceivedthesourcemessage,then

it transmitsthis message,otherwiseit remainsquiet. In gossiping,the message

transmittedby I containsall sourcemessagescollectedby I sofar. ROUNDROBIN

solvesboththebroadcastingandgossipingproblemsin time ���

�
(

� . Thereareno

collisions,soeachmessagewill reachall othernodesafteratmost
�

stages.

3.3.2 w�)®~”y|{r}u²z~�0 -Time Broadcasting

Thealgorithmwasspeci�edasasequenceof transmissionsets. At eachtimestep

V , thenodesthattransmitthemessagearethosethatbelongto the V th transmission

setandhavealreadyreceivedthesourcemessage.

For eachÒQ+ ®�C

z’z’z

CL�r�!�

�

let ³T2Ñ�+ �|T2Ñ®š šjC�T2ÑNš¤WFC

z’z’z

C�T2ÑNš ö,�

½

W�� be a 


Ñ -selector

with UbÑà+d����


Ñ

���!�

�

� sets.Lemma � in [26] guaranteessuchfamilies ³T2Ñ exist.
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Thealgorithmconsistsof stages, with eachstagehaving ���!�

�

�á�M+-�����r�!�

�

�

steps.Thetransmissionsetat the Ò th stepof stageÖ is TJÑ®š �±ö´•

ù

ör� .

Theorem 9 The broadcastingproblemcan be solvedin time ���

�

�r�!�

(

�

� (see

[26]).

3.3.3 The GossipingAlgorithm

A simple,but importantobservationis thatgossipingis notsimply
�

simultaneous

broadcasts,becausethe nodescancollectmany messagesandencapsulatethem

all in onebig messagethat canbe transmittedin onestep. The algorithmtakes

advantageof this feature.

Theessentialideaof thealgorithmis to reducetheproblemto broadcasting.

Weassumethatwearegivenadeterministicalgorithmfor broadcastingwith run-

ning time –	�

�

� .

We�rst describetheiralgorithmhow to solveauxiliary task:assumethateach

node I storesan integer ô’pbNPº§®²C

z’z’z

C

�
»

. Thetaskis to have all nodesagreeon

somenodeIé+�I öSR

= for which ôjp is maximum.

Thekey ideais to usebinarysearchcombinedwith broadcasting.They also

usetheconceptof informingbysilence: if anodedoesnot receiveamessagefor a

speci�edperiodof time thenit caninterpretthis factasa specialinformationand

actaccordingto that.

Procedure FINDMAX . We �rst �nd ô\öDR

=

+ U




�h�wôjp\� , usingbinary search.At

eachstep,all nodeknow that the ô\öDR

= is between
 and � , where 


�

� . Initially



+ ® and � +

�

. If 


+´� , then ô\öSR

=

+


 , and the computationof ô\öDR

= is

complete.

For 


°µ� , we proceedasfollows. Let 4å+ µ��




�[�i�

…


§¶ . Eachnode I for

which 4

�

ôjp

�

� sendsthemessageYÈ4§C��L^ to all othernodes.Sinceall thesenodes
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sendthesamemessage,this is no differentthanbroadcastingfrom a singlenode,

so we can usejust one applicationof the broadcastingalgorithm. Then, after

–	�

�

� steps,eitherall nodeswill receive the messageYÈ4§C\�F^ , in which casethey

know themaximumis between4 and � , or (informing by silence)all nodeswill

not receive anything during time –	�

�

� , in which casethey know the maximum

is between
 and 4˜
R� . Dependingon theoutcome,eitherall nodesupdatetheir

Y




C\�F^ intervals(containingmaximum)to Y)µ��




�p�i�

…


�¶=C��L^ or all of themupdateit to

Y




C²µ��




�¶�i�

…


M
P�j¶j^ .

Given ôjöSR

= , wedetermineI§öDR

= usingbinarysearchagain.Let ô p„+-I if ô|pä+

ôjöSR

= and ô§p +ñ® otherwise. Using the procedurefrom the previous paragraph

appliedto the values ô§p , we �nd the largest I for which ô’på+cô|öDR

= andwe set

I�öDR

=

+RI8S

Algorithm DOGOSSIP. In thealgorithm,eachnode I storesa set ·•��I²� of mes-

sages.Initially ·•��I²� consistsof thesinglemessagethatoriginatesfrom I . When-

ever I receivesamessage,thismessageis automaticallyaddto ·Ù��I²� . Wecanalso

deletesomemessagesfrom ·•��I²� .

Thealgorithmhastwo phases:

PhaseI:

Perform — –	�

�

�������

�

roundsof ROUNDROBIN .

PhaseII:

repeat

UseFINDMAX to �nd anodeI öDR

= suchthat Î ·•��I§öSR

=

�’Î +dU




�h�HÎ ·•��I²��Î¤�iS

Distribuefrom I öSR

= message·•��I§öSR

=

� to all othernodesin thenetwork.

For eachnodeI , set ·•��I²�€¸ ¹º·•�wI öSR

=

�HS

until U




�h�HÎ ·•��I²��Î¤�D+-® .

Lemma 12 If a broadcastingalgorithmruns in time ����–	�

�

�]� , thenDOGOSSIP

completesgossipingin time ���H— –	�

�

�

�

���!�

�

� (see[26]).
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Theorem 10 There is a deterministicalgorithmfor gossipingin directedad hoc

radionetworksthat runsin time ���

�o$'&)(

�����

(

�

� (see[26]).

3.4
¯

#G$Œ» &cÍQ' -Time Gossipingwith ° ± #G$iÍQ'

All of thebroadcastingandgossipingalgorithmsusedin thecontext of adhocra-

dio networksareeithernon-adaptiveor their adaptivenessis verysimple(e.g.,do

nothingbeforereceiving themessage,andthenusedapriori determinedscheme).

The ideaof thealgorithmproposedby G �asieniecandLingasin [43] is a combi-

nationof ef�cient communicationin known andunknown adhocradionetworks.

Thealgorithmgraduallyimprovesits knowledgeaboutaspeci�c partof anetwork

which leadsto moreef�cient informationgatheringduringthegossipingprocess.

Their stronglyadaptivealgorithmrunsasfollows. Initially wechoseacentral

node¼ amongall nodesinvolvedin agossipingprocess.Theremainingpartof the

algorithmis executedin 5É+ µi• ½%¶ (where ô is someparameterdeterminedlater)

stageswith the following invariant. During the m th stagecentralnode ¼ builds

a graphrepresentationof all nodeswithin its in-neighbourhoodof radius mBô and

distributedit to all othernodesin thenetwork.

The algorithm assumethat the diameter� is known. In order to drop this

assumption,we canapply thedoublingtechniqueproposedby Chlebuset al. in

[21]. Thecomputationprocessis organizedinto a logarithmicnumberof phases,

suchthat during phasem the algorithm is run under the assumptionthat � +




n . This doesnot changethe asymptoticrunningtime provided that the latter is

uv���

¾

� , where¿ is a positiveconstant.
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Algorithm ßv	§ÐwÐ




V

{�¾

–OôŒ	




ÂÞ4




ÖjV|�wô!� :

1. For every node I collate informationaboutits in-neighborhood*

½

�wI²� of

radiusô by runningROUNDROBIN procedureô times.

2. Chooseacentralnode ¼ amongall nodes.

3. For mh+¯��C

z’z’z

C�µH• ½8¶ do

(a) Processinformationreceived by ¼ so far andstoreit in a graphrep-

resentation>vn

½

�|¼%� which is a unionof somepathsof > directedto ¼

coveringall nodeswithin in-radiusm�ô from ¼ .

(b) Distributed >vn

½

�‚¼8� to all nodesin the network using deterministic

broadcasting.

(c) With a helpof >vn

½

�|¼%� , collateinformationfrom in-neighborhoodof ¼

of radius ��m\� ����ô by sending*

½

��I²� of everynodeI atdistancem�ô from

¼ to ¼ .

By runningalgorithm ßv	§ÐwÐ




V

{�¾

–OôŒ	




ÂÞ4




Ö\V|�wô!� with parameterôv+,µ). �#¶ , the

following theoremholds:

Theorem 11 There exists a deterministicdistributed gossipingalgorithm that

works in time
"

�#�/. �

�

� for every ad hoc radio networkof size
�

and diameter

� (see[43]).

By runningalgorithm ßv	§ÐwÐ




V

{�¾

–OôŒ	




ÂÞ4




ÖjV|�wô!� with parameterôO+íµà•

¿

>

¶ , the

following theoremholds:

Theorem 12 There exists a deterministicdistributed gossipingalgorithm that

worksin time �������

$'&)(

���!�

$

�

� for everyadhocradionetworkof size
�

, diameter

� andmaximumindegree � , satisfying.
�

�

� (see[43]).

Anotherinteresting���
.

�

�

� -timealgorithm,atunedversionof thegossiping

algorithmfrom [43] canbefoundin [98].
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3.5 ¯#G$iÍ

�

…

;

' -Time Gossipingwith ° ± #G$iÍ

e

'

Basedonselectivefamiliestechniquesin [26, 24,29] anda leaderselectionalgo-

rithm in [24], G �asieniecet al. in [45] gave an ���

�o0'&)$

�r�!�

$

�

� -time deterministic

gossipingalgorithmfor largelabels*,+-���

�±1

� .

Thealgorithmconsistsof 3 stages.

Stage1 The following proceduredecreasesthe numberof messagesthat areto

distributedduringgossipingprocess.Theprocedureconsistsof several iterations

of a loop. In the beginning of eachiterationa numberof messagesis already

distributedall nodesof the network - thesemessagesarecalledsecure, andthe

remainingmessagesarecalledinsecure. Thenodeswhichown insecuremessages

arecalledactiveandtheothernodesarecalleddormant. They alsoassumethatin

thebeginningof eachiterationinsecuremessagesareavailableonly at thenodes

whoown them.A givennodeI a 5 -reachneighborhoodif it in-neighborscontain

at least 5 insecuremessages.TheprocedureREDUCE hadfollowing structure.

REDUCE �B5�� :

loop

1. Run compound
�

-selector, appliedonly to nodeswho own insecuremes-

sages(i.e., only ownersof insecuremessagestake part in transmissions),

in order to collect at least Û

3

at all nodeswith 5 -reachneighborhood(and

possibleat someothernodeswith Û

3

-reachneighborhood).

2. Chosea leader¼ amongthenodeswho received ­

Û

3

messages.If sucha

nodedoesnotexist thenexit theloop.

3. Let ·•�|¼%� be thesetof insecuremessagescollectedby ¼ in this step.Dis-

tributeset ·•�‚¼8� to all nodesof thenetwork securingall messagesin ·•�|¼%� .

end loop
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Lemma 13 Procedure REDUCE �B52� runsin time ���

¬

¦

©¤ª/«®À

¬

Û

� (see[45]).

Lemma 14 After an executionof procedure REDUCE �B52� each nodein the net-

workhasin its in-neighborhoodat most 5 insecuremessages(see[45]).

Stage2 If all nodesareactive thenthe graphis of the degree
�

5 ; recall alsoit

is stronglyconnected.At this stage,they executea strongly 5 -selective families
�

timeswith only active nodesinvolved in transmission,but this time perform-

ing regular gossiping,i.e., eachnode(whenit is its time to transmit)transmits

its whole currentknowledge. Sincethe distancefrom any nodewith insecure

messageto somedormantnodeis at most
�

andthe sizeof 5 -selective families

is boundedby ����5

(

���!�[*™��+Æ���B5

(

�r�!�

�

� eachinsecuremessagewill move to

somedormantnodein time ���

�

5

(

�r�!�

�

� . In casethatall nodeareactive (at the

beginningof this stage)a completegossipingis performed.

Stage3 At this stageevery noderepeatsa patternof transmissionsusedin pro-

cedureREDUCE, where(eventually)all dormantnodesmanagedto securetheir

messages.This is enoughto ensurethat all messagesareeventuallydistributed

to all nodein the network. The costof this stageequalsto the runningcostof

procedureREDUCE ��52� , andit is boundedby ���

¬

¦

©¤ª/«<À

¬

Û

� .

Theorem 13 Deterministicgossipingin directedadhocradionetworkswith large

lablescanbecompletedin time ���

�
0'&)$

�r�!�

$

�

� (see[45]).

3.6
¯

#G$iÍ

;

…




' -Time Gossipingwith ° ± #G$iÍ

e

'

Basedonselectivefamiliestechniquesin [26, 24, 29] andthe ���

�ð0'&)$

�r�!�

$

�

� -time

deterministicgossipingalgorithmin [45], G �asieniecet al [46] gave a new algo-

rithm with runningtime ���

�†$'&)(

�����

0'&)(

�

� .
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Thegossipingalgorithmconsistsof four stages.Stage1 reducesthenumber

of active neighborsof eachnodeto lessthan 5 . Stage2 reducesthe lengthsof

active paths(pathsconsistingonly of active nodes)to lessthan 5 . Stage3 makes

surethatall remaininginsecuremessagesaresentto dormantnodes.Finally, in

Stage4, all nodesrepeatexactly thesamesequenceof transmissionasin Stages1

and2 to distributetheremaininginsecuremessagesto all nodes.Wenow describe

eachstagein detail.

Stage1 Sameastheprocedurein [45].

Stage2 In thisstageprocedureSHORTEN( 5 ) is executed,whichbreakslongactive

pathsinto pathsof lengthlessthan 5 by makingsomeactivenodesdormant.The

purposeof breakingdown long active pathsis to reducethe maximumdistance

from anactivenodeto adormantone.

SHORTEN( 5 ):

1. Theactivenodesrunastrongly 5 -selective family 5 times.

loop

2. Choosea leader¼ amongnodeswho still holdat least 5 insecuremessages.

If no suchnodeexists,thenexit theloop.

3. Distributeall messagescollectedby node ¼ to all nodesof thenetwork.

end loop.

Lemma 15 At the endof Stage 2, there is no activesimplepath of length 5 (or

more) (see[46]).

Lemma 16 ProcedureSHORTEN �B52� runsin time ���B5

$

�r�!�

�

�

¬

¦

©¤ª/«®À

¬

Û

� (see[46]).

Stage3 DuringStage3, theactivenodesrunastrongly 5 -selectivefamily 5 times.

At thebeginningof this stage,thereis no simplepathof length 5 consistingonly

of active nodes(Lemma15). This meansthatat thebeginningof this stageone
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of thefollowing two casesmusthold: eitherthereis no any dormantnodein the

network andthedistancefrom any nodeto any othernodeis at most 5 , or there

is at leastonedormantnodeandthedistancefrom any active nodeto theclosest

dormantnodeis at most 5 . ThusthecommunicationaccomplishedduringStage

3 eithercompletesgossiping(if thereis nodormantnodein thenetwork) or sends

all reamininginsecuremessagesto dormantnodes.

Lemma 17 If there is at leastonedormantnodeat thebeginningof Stage3, then

each insecure message reachesa dormantnodeduring this stage; otherwisethe

completegossipingis performedduring this stage. Stage 3 runs in ���B5

$

�r�!�

�

�

time(see[46]).

Stage4 During thisstageeverynoderepeatsexactly thesequenceof its transmis-

sionsfrom Stages1 and2. Thatis, anodeI is in thetransmitmodein the V -th step

of Stage4, if andonly if I wasin thetransmitmodein the V -th stepof thesequence

of stepsof Stages1 and2. Let � qdA denotethesetof thedormantnodesat the

endof Stage2. If � is empty, thenthefull gossipinghasbeencompletedby the

endof Stage3 (Lemma17),soweassumenow that � is notempty. At thebegin-

ningof Stage4, eachinitial messageUqp is in oneof thenodesin � (Lemma17;

notethatno new dormantnodesarecreatedduringStage3). The transmissions

performedduringStages1 and2 sentthemessagesown by thenodesin � to all

othernodesin thenetwork. Thusif we now repeatall thosetransmissions,then

the messagesknown to the nodesin � at the beginning of Stage4 (that is, all

initial messagesU	p ) will besentto all nodesin thenetwork. Stage4 runsin time

which is exactly thesumof thetimestakenby Stages1 and2.

Theorem 14 Deterministicgossipingin directedad-hocradionetworkswith large

labelscanbecompletedin ���

�
$'&)(

���!�

0'&)(

�

� time(see[46]).
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3.7 FasterDeterministic Gossipingwith ° ± #G$|Í

e

'

Pleasenote thattheknown ef�cient deterministicgossipingalgorithmswith *,+

���

�

� , rely crucially on the ROUNDROBIN procedure,which for large labelsis

prohibitively costly. We proposetwo new gossipingtechniquesthatavoid theuse

of ROUNDROBIN andstill resultin ef�cient deterministicalgorithmsfor gossiping

in ad-hocradionetworkswith largelabels.

Thealgorithmspresentedin thissectionuseprocedureBROADCAST ��I²� , which

distributesfrom I all messagesknown to I (that is, themessageoriginatingat I

andall messagesreceivedby I sofar) to all othernodesin thenetwork. We say

thata messageis securedif it hasalreadybeencommunicatedto all nodesin the

network by an applicationof the procedureBROADCAST ��I²� . Otherwisewe say

thatthemessageis still active. A dormantnodeis anodewhoseoriginalmessage

is alreadysecured.And an activenodeis a nodewhich is not yet dormant.An

activepathis asimplepathsuchthatall nodeson thispathotherthanthelastone

areactive. Thelastnodeof anactivepathmaybeactiveor dormant.

Our algorithmsusea quasi-gossipingprinciple. The quasi-gossipingproce-

dureguaranteesthaton its completionevery not yet securedmessageis commu-

nicatedto at leastonedormantnode.Observethatfull gossipingcanbecompleted

by anapplicationof aquasi-gossipingprocedurefollowedby furtherexecutionof

all transmissionsin thisquasi-gossipingprocedurein exactly thesameorderasin

the�rst run.

Another importantcomponentin our algorithmsis the following procedure

DISPERSE �¤�%� , which is mainly responsiblefor distributionof largeenough(con-

tainingat least� ) combinedactivemessages.
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DISPERSE �¤�%� :

repeat

selecta nodeI whichhasat least� activemessages;

if suchanodeI exists

then BROADCAST ��I²�

³

elsereturn.

Lemma 18 On the completionof procedure DISPERSE �¤�%� , each nodecontains

lessthan � activemessages. If an algorithmexecutesprocedure DISPERSE �
�%�Dô

times,thenthetotal runningtimeof theseexecutionsis ���]���

�o…

�%�†�•ô!�

�

���!�

$

�

� .

Proof. The�rst partof theLemmais immediate.

Thetimecomplexity of theprocedureBROADCAST ��I²� isboundedby ���

�

�����

(

�

�

[26]. Selectionof a nodecontainingat least � active messagesis donein time

���

�

���!�

$

�

� by binarysearchcombinedwith thebroadcastprocedure;for details

see[26]. Thuseachiterationtakes ���

�

�r�!�

$

�

� time. For eachcall to procedure

DISPERSE �¤�Ü� , eachiterationotherthanthelastonesecuresat least� activemes-

sages,sothetotal numberof iterations,overall calls,is atmost �

�†…

�%�ï� ô .

3.7.1 Gossipingin Time Áwx)®~L2Â0

Weassumeherethatmax-indegreeof thenetwork is boundedby � . Thegossiping

algorithmworksin threephasesre�ecting theprincipleof quasi-gossiping.Phase

I is basedon applicationof a strong ��*_CF�	CF®=� -selector5q+ µ'�

�

�����

�

�

…

�G¶ times.

PhaseII is a singleapplicationof procedureDISPERSE �B52�HS PhaseIII repeatsall

transmissionsfrom PhasesI andII.
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GOSSIP1 �

�

CH��� :

Let 5#+œµ��

�

�r�!�

�

�

…

�G¶ ;

PhaseI (moveall messagesalongpathsof length 5 ):

apply ��*åCF�	CF®!� -selector5 times;

PhaseII (makeat leastevery 5 -th nodeof anactivepathdormant):

DISPERSE ��52� ;

PhaseIII: repeatall transmissionsfrom PhasesI andII.

Theorem 15 ThealgorithmGOSSIP1 �

�

CF��� performsradiogossipingin anyad-

hocnetworkof sizen andmax-indegreeat most� in time ���

�

���r�!�

(

�

�iS

Proof. Recallthatthesizeof ��*_CF�	CF®=� -selectoris �����

(

���!�

�

�iS Thustherunning

time of PhaseI is 5

z

�����

(

�r�!�

�

�O+œ���

�

� ���!�

(

�

�iS Lemma18 implies that the

runningtime of PhaseII is �����

�o…

5��

�

�����

$

�

�G+c���

�

�������

(

�

� . Hencethe total

runningtime is ���

�

���r�!�

(

�

� . It remainsto provethatthealgorithmalwayscom-

pletesgossiping.We prove this by showing thatphasesI andII alwayscomplete

quasi-gossiping.

If thereis no simple path of length 5 coming out of a node I , then on the

completionof PhaseI, themessageUqp is known to all othernodesin thenetwork.

If thereis asimplepath � comingoutof I of length 5 , thenat theendof PhaseI,

U�p is known to all nodeson � . Note thaton thecompletionof PhaseII, at least

onenodeon � is no longeractive. Otherwisethe lastnodeon � would contain

at least 5 active messages,which is not possibleafterexecutionof theprocedure

DISPERSE ��52� . Thus U	p mustbeknown to at leastonedormantnode.

3.7.2 Gossipingin Time Áwx)®~

”�Ã�Ä

0

In thissectionwepresentourmaindeterministicradiogossipingalgorithm,which

worksin graphswith anarbitrarytopology. Theframework of thealgorithmis to
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keeptransmittingactivemessagessothatindividualnodeskeepaccumulatemore

and more “local” messages,and to apply periodically procedureDISPERSE �
�%�

with appropriatelychosenvaluesof thethresholdparameter� . Thecontrolof the

“local” accumulationof activemessagesis initially doneusingweakselectorsbut

at somepoint switchesto pathselectors.

Thealgorithmconsistsof threephasesandfollowsthequasi-gossipingprinci-

ple: PhasesI andII completequasi-gossiping,while PhaseIII is anexact repeti-

tion of all transmissionsdonein PhasesI andII. PhaseI is thesameastheinitial

phaseof the gossipingalgorithmproposedby G �asieniecet al. in [45]. Repeat-

edly apply a weak ��*åC\œXC\œ

…

ÁÞ� -selectorfollowed by procedureDISPERSE �jœ

…

ÁÞ� ,

for œ geometricallydecreasingfrom
�

to 5 . The valueof the parameter5 will

besetlater. At theendof the m -th iteration,thesizeof theactive neighbourhood

of eachnode(that is, the numberof active nodesin the neighbourhoodof each

node)is lessthan
�o…




n , andat theendof the last iteration,thesizeof theactive

neighbourhoodof eachnodeis lessthan 5 . In PhaseII we iteratea logarithmic

numberof timesthe pathselectorÅS …š Û followed by procedureDISPERSE �B5

…


!� ,

to reducetheactiveneighbourhoodsof activepaths.Weshow below (Lemma22)

that this computationresultsin delivery of all active messagesto dormantnodes.

The pseudo-codeof the gossipingalgorithmfollows. From now on, the neigh-

bourhoodof anodeor pathrefersto theactiveneighbourhood.

GOSSIP2 �

�

� :

PhaseI (reductionof neighbourhoodsof nodes):

œ�¸

�

,

while œG­�5 do

theactivenodestransmitaccordingto a ��*_C\œ²C¥œ

…

Á=� -selector,

DISPERSE �jœ

…

ÁÞ� ,

œt¸4œ

…


 ;
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PhaseII (reductionof neighbourhoodsof activepaths):

repeat µ7�����Ä5Þ¶:�R� times:

theactivenodestransmitaccordingto thepathselectorÅz …š Û ,

DISPERSE �B5

…


�� ;

PhaseIII, repeatall communicationfrom PhasesI andII.

Lemma 19 At theendof PhaseI, thesizeof theneighbourhoodof each nodeis

lessthan 5 .

Proof. A simpleinductiveargumentusingthede�nition of aselectorshowsthatat

thebeginningof eachiterationof theloopin PhaseI, thesizeof theneighbourhood

of eachnodeis lessthan œ .

Lemma 20 In PhaseII, if at thebeginningof an iteration thesizeof theneigh-

bourhoodof each activepathof lengthat most Ð is lessthan 5 , thenat theendof

this iteration thesizeof theneighbourhoodof each activepathof lengthat most


�Ð is lessthan 5 .

Proof. Consideraniterationof theloop in PhaseII andassumethatat thebegin-

ning of this iterationthesizeof theneighbourhoodof eachactive pathof length

atmost Ð is lessthan 5 . Let � bea pathof lengthatmost 
�Ð which is activeat the

endof this iteration.

If length�|�Ú�

�

Ð , thenthesizeof theneighbourhoodof � is alreadylessthan

5 at thebeginningof theiteration,andit canonly decreasefurther.

If length�j�O�vÀ�Ð , thenlet �[W and �

( bepathsof lengthat most Ð eachwhose

concatenationis path � . The sizeof the neighbourhoodof path �Øn , mì+Æ�!CH
 , at

thebeginningof theiterationis lessthan 5 . ThereforeCorollary3 andLemma18

imply that lessthan 5

…


 active nodesareleft in the neighbourhoodof �Øn at the

endof theiteration.Theneighbourhoodof � is theunionof theneighbourhoods

of �[W and �

( , soits sizeat theendof theiterationmustbelessthan 5 .
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Lemma 21 In PhaseII, at thebeginningof thelast iteration,thesizeof theneigh-

bourhoodof each activepathis lessthan 5 .

Proof. Lemma19 impliesthatat thebeginningof PhaseII, thesizeof theneigh-

bourhoodof eachactive pathof length � is lessthan 5 . This factandLemma20

imply thatat theendof iteration m , the sizeof theneighbourhoodof eachactive

pathof lengthat most 


n is lessthan 5 . Thusat theendof iteration µ7���!�x5X¶ , each

active pathof lengthat most 5 hasneighbourhoodof sizelessthan 5 . We cannot

have an active pathof lengthgreaterthan 5 at the endof this iteration,because

a subpathof length 5 of sucha pathwould have neighbourhoodof sizeat least

5 (thesizeof theneighbourhoodof a pathcannotbe lessthanthe lengthof this

path). Henceat thebeginningof the last iteration,thesizeof theneighbourhood

of eachactivepathis lessthan 5 .

Lemma 22 At theendof PhaseII, either thefull gossipingis alreadycompleted

or each activemessage is in a dormantnode.

Proof. If thereis at leastonedormantnodein thenetwork at thebeginningof the

lastiterationin PhaseII, thenLemma21 impliesthatat thispointof thecomputa-

tion, for eachactive node I andeachactive pathfrom I to a dormantnode T , the

sizeof theneighbourhoodof this pathis lessthan 5 . Lemma11 implies that the

lastiterationin PhaseII sendsthemessagefrom I to T .

If thereis nodormantnodein thenetwork at thebeginningof thelastiteration

in PhaseII, thenLemmas21 and11 imply thatthelastiterationin PhaseII sends

the messagefrom eachnodeto all other nodes,completingthe full gossiping.

(Actually, onecanshow that in this casethe full gossipingis completedalready

by theendof the�rst iterationin PhaseII.)
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Theorem 16 ThealgorithmGOSSIP2 �

�

� performsradiogossipingin ad-hocnet-

worksof size
�

andarbitrary topology in time ���

� 3 &)$

���!�

W�š

&)$

�

� .

Proof. SincePhasesI and II completequasi-gossiping(Lemma22), then the

wholealgorithmcompletesgossiping.

The running time of PhaseI is ���

�

�����

�

� for all applicationsof weak se-

lectors,plus �����

� ( …

5������!�

$

�

� for all applicationsof procedureDISPERSE (see

Lemma18). Therunningtime of PhaseII is ����5

(

�r�!�

$

�

�����Ã52� time for all appli-

cationsof thepathselector, plus ���]�

�†…

5´���r�!�D52�

�

���!�

$

�

� timefor all applications

of procedureDISPERSE (seeLemma18). Thusthe total runningtime of the al-

gorithm is �����

�
(

…

5b��5

(

���!�Ã5��

�

�r�!�x52�������

$

�

� , which is ���

�%3
&)$

���!�

W�š

&)$

�

� for

5�+Ë�

�%('&)$

�

…

�����

W

&)$

�

.
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Chapter 4

Deterministic M2M Multicast in

Radio Networks

In this chapter, we study the problemof exchangingmessageswithin a �x ed

groupof 5 nodes,in an
�

-nodemulti-hop radionetwork, known asthe problem

of Multipoint-to-Multipoint (M2M) multicast.While theradionetwork topology

is known to all nodes,we assumethat the participatingnodesarenot awareof

eachother's positions. We give a new fully distributeddeterministicalgorithm

for theM2M multicastproblem,andanalyzeits complexity. We show that if the

maximumdistancebetweenany two out of 5 participantsis Â thenthis local in-

formationexchangeproblemcanbesolvedin time ����Âx�r�!�

(

�

�•5:�����

$

�

� . Hence

our algorithmis linear in thesizeof thesubnetwork inducedby theparticipating

nodesandonly polylogarithmicin the sizeof the entireradio network. Our so-

lution is basedon a novel applicationof thegraphclusteringmethodpreserving

locality [42] andonef�cient adaptivecollision resolutionbasedon theconceptof

promoters,seesection4.1.1.

Althougheitherbroadcastingor gossipingcouldbeusedto solve M2M mul-

ticast, the former often doesnot scalewell while the latter may not be ef�cient
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becausean applicationmay involve only a small fraction of the total number

of nodesof the underlyingradio network. We are interestedin the casewhen

5 +í���

¬

©¤ª/« À

¬

� , otherwiseour
�

-time gossipingalgorithmproposedin chapter2

is goodenoughto solve theM2M multicastproblem.In this chapter, we address

theproblemof minimizing thecommunicationtime of M2M multicastin multi-

hopradionetworks. To thebestof our knowledge,this is the�rst studyof M2M

multicasttime in this communicationmodel.
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4.1 Paradigmsand Tools

All multicastalgorithmspresentedin thischapterarebasedonthefollowing idea.

Thenodesparticipatingin the multicastprocesscommunicatewith otherpartic-

ipantsvia messages.Eachparticipatingnodehasinitially onemessagewhich is

the label of the node. The aim is that all participantslearn labelsof all other

participants.

In the �rst part of the algorithm, the messagesaregatheredin oneselected

meetingpoint. The messagestravelling towardsthe meetingpoint, from time

to time competewith othermessagesfor the samecommunicationchannel.We

will guaranteethe invariantthateachmessagecompeteswith any othermessage

at mostonce. Moreover, the time spentduring any particularcompetitionwith

Ð othermessagesis boundedby ����Ð����!�

(

�

�iS Note that, althougheachtraversing

messageis kept in a singlecopy, it leavesits tracein eachvisited node. In the

secondpartof themulticastprocedure,a compoundmessagecontainingall indi-

vidual messagesis distributedto all participatingnodesto inform themaboutthe

labelsof theothers.

Althoughthealgorithmsusedfor treesandfor arbitrarygraphssharethesame

generalstructure,they differ dramaticallyin detailsof theirdesign.Thetwo main

differenceslie in the choiceof the meetingpoint and in the way in which the

competitionfor thesamecommunicationchannelis resolved.

In trees,theselectionof the meetingpoint is implicit. Beforethecommuni-

cationprocessis started,onenodeis chosenasthe root of the tree. During the

multicastprocess,all messagesgeneratedby theparticipatingnodestraverseto-

wardsthis root. Themeetingpoint correspondsto the�rst nodewhich is visited

by all messages.In fact,themeetingpoint is thelowestcommonancestor(LCA)

of all participatingnodes,with respectto thechosenrootof thetree.Notethatthe

distancebetweentheLCA andall participatingnodesis alwayslimited to Â±S Each
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competitionis resolved with the help of a systemof synchronizeddescending

selectors.

In arbitrary graphs,the choice(computation)of the meetingpoint is much

morecomplex. Not knowing the positionof participatingnodes,we cannot�x

themeetingpoint in advance,since– in theworstcase– messageswouldhave to

travel alongthediameterof theentirenetwork beforemeetingeachother. Instead,

we proposea new clusteringconcept,that allows us to group all participating

nodesin oneof theclusterswith a relatively smalldiameter, comparablewith Â .

Eachclusterhasits own meetingpoint anda BFS spanningtreerootedin it. In

eachcluster, similarly asin thecaseof trees,wetry to moveall messagesfrom the

participatingnodestowardsthe meetingpoint. However, ef�cient traversallim-

ited to branchesof theBFStreeis notalwayspossible.This is dueto thefactthat

in theclusterthereexist edgesoutsideof theBFStreethatpotentiallycausea lot

of con�icts. Thusthecompetitionis becomingmuchharder. In orderto overcome

thisproblem,weproposeaspecialalgorithmthatresolvescon�icts betweencom-

petingmessages.This algorithmis basedon a novel useof descendingselectors,

combinedwith broadcastingandgossipingprocedures.

4.1.1 ResolvingCompetition

The main dif�culty occurringin radio communicationis the presenceof colli-

sions. It hasbeenshown before,see,e.g.,[29, 26], that the mostef�cient tools

designedfor collision resolutionarebasedon combinatorialstructurespossess-

ing a selectivityproperty. We say that a set � hits a set Ž on element • , if

�p•ÆŽ�+¯º••

»

, andafamily of sets’ hitsaset Ž onelement• , if �‘•ÆŽd+¯º••

»

for

at leastone �aNÇ’ . In [29] we can�nd a de�nition of a family of subsetsof set

º§®�C\��C\S\S\SiCF*�
b�

»

?¼Y *q^ whichhitseachsubsetof YÈ*_^ of sizeatmost 5

�

* onits

all 5 elements.They referto this family asstrongly 58
 selectivefamily. They also
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prove theexistenceof sucha family of size ���B5

(

�����x*™�M+ ���B5

(

���!�

�

� . In [26]

we �nd a de�nition of a family of subsetsof set º§®�Cj�!C\S\S\SiCF*,
d�

»

?@Y *q^ which

hits eachsubsetof YÈ*_^ of sizeat most 5 on at least 5

…


 distinctelements,where

* ­¯5É­ � . They call it as 5%
 selectorandprove theexistenceof sucha family

of size ����5Ä���!�[*™�Ã+d���B5Ä�r�!�

�

� .

In what follows we show how to copewith collisionsoccurringduring the

competitionprocesswith ahelpof selective familiesandselectors.

Promoting Messagesin Unknown Stars

Assume5 nodesfrom A
â

+¼º�I=WiCLI

(

C\S\SjSjCLI§Û

»

areimmediateneighbors(not aware

of eachother)of anothernode K , i.e., they form a starwith a centerin KOC and

they all compete(atsomestageof thealgorithm)to movetheirmessageto KOS The

processof moving messagesfrom nodesin A
â to K is calleda promotion. It is

known, that the mechanismbasedon the selectorideaallows a fraction (e.g.,a

half) of thenodesin AÚâ to deliver theirmessagesto K in time ���B5x�r�!�

�

� [26]. Let

Tà�B52� representthecollision resolutionmechanismbasedon selectors.Note that

Tà�B52�HC if appliedin undirectednetworks,canbesupportedby theacknowledgement

of delivery mechanismin which eachtransmissionfrom the neighborsof K is

alternatedwith anacknowledgementmessagecomingfrom thecentralnodeKOS If

during theexecutionof Tà�B52� a transmissiontowards K is successful,i.e., oneof

I�nhN A
â succeedsin deliveringits message,theacknowledgementissuedby K and

returnedto all nodesin A
â containsthelabelof thesuccessfulnode;otherwisethe

acknowledgementis null. Let —D�B5�� bethemechanismwith theacknowledgement

featurebasedon T„��52�iS In otherwords, the useof —[��52� allows to excludefrom

further transmissionsall nodesin A
â
thathave managedto deliver their message

to K during theexecutionof —D�B52�HS Note that the durationof —[��52� is ����5Ä���!�

�

�HC

see[26].
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Let T€È’��m)� bethecommunicationmechanismbasedonconcatenation(superpo-

sition)of m selectorsTà��


n

�HC�Tà�B


n

½

W

�iC\SjS\SjC�Tà��


W

�HS Wewill call it laterasadescending

selector. Thedescendingselectorextendedby theacknowledgementmechanism,

i.e., the concatenationof —[��


n

�iCÉ—D�B


n

½

W

�iC\SjS\SjCÉ—D�B


W

�iC forms a promoterand it is

denotedby — È �B52�HS Notethatthedurationof — È �B5�� is ����5Ä���!�

�

�iS

Lemma 23 If A â +œº�IÞWHC�I

(

CjS\S\SjC�I Û

»

is a setof neighbors of KÚC andall nodesin

A â
usethesamepromoter — È ��m)�iC where 5

�




n

C thenall nodesin A â
deliver their

messagesto K in time ���B5Ä�r�!�

�

�HS

Proof. The proof is doneby induction, and is basedon the fact that after the

executionof each—D�B


Ñ

�iC for Òé+Rm�C\SjS\SjC\��C thenumberof competingnodesin A
â
is

boundedby 


Ñ

½

W

S

Promoting Messagesin Unknown Bipartite Graphs

Assumethatwehaveaconnectedbipartitegraph– in whichnodesarepartitioned

into two setsÊ and Z˜S In our furtherconsiderations,setsÊ and Z will correspond

to two adjacentBFS levels, upperand lower respectively, in a subgraphof > .

While, in general,nodesin Ê and Z arenot awareof thepresenceof eachother,

we assumeherethateachnode�QN«Z is associatedwith exactly oneof its neigh-

bors(calledlateraparent) Ë�NÌÊ andthis relationis known to bothof them.Note

thata nodein Ê canbe a parentof severalnodesin Z˜C thus ÎÍÊ�Î

�

Î ZìÎÜ+ Ð/S We

assumealso,that initially only nodesin Z areawareof their presencein –�C i.e.,

their parentmustbeinformedaboutit by thechildren. In what follows we show

how to move all messagesavailableat nodesof Z˜C to a singlenodein Ê in time

����Ð§�r�!�

(

�

�HS We �rst assumethat the size Ð is known in advance.As in the case

of stars,we call theprocessof moving messagesfrom Z to Ê a promotion.The

promotingalgorithmworksin 6 stages.
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procedure ENHANCED-PROMOTION(L);

1. All nodesin Z contacttheirparent;

(level Î is formed).

2. All nodesbelongingto – take part in leaderelectionchoosinga node ô

amongall nodesin Ê ;

(nodeÏ is goingto collectall messagesinitially storedin k ).

3. Node ô initiatesbroadcastingto all othernodesin – ;

(thebroadcasttree(with unidirectionaledges)rootedin Ï is created).

4. Eachnode(excepttheroot ô ) contactsits parentin thebroadcastingtree;

(bidirectionaledgesarenowavailablein thebroadcasttree).

5. Theroot ô sendsatokenvisiting all nodesof thebroadcastingtreeto collect

all messagesfrom Z andplacethemin ô

³

(all messagesaregatheredin Ï ).

6. Theroot ô sendsa tokenvisiting all nodesof thebroadcastingtree,in order

to con�rm successfuldeliveryof everycompetingmessage.

Step1 is basedon a singleuseof thepromoter—…È\��m/�HC for mï
��Ú°R���!�[Ð

�

m�S Even

if promotersaredesignedprimarily for promotingnodesin stars,they arealso

provedto beuseful in thecaseof bipartitegraphs(with establishedparent/child

relation).As before,we saythata node �ƒNÇZ contactsits parentË successfully,

whenall othernodesin Z remainsilent. This meansthat the acknowledgement

which is latersentby Ë , will not collide with othermessages.Thetime of step1

is ����Ð§�r�!�

�

�iS

Step2 is basedontheleaderelectionalgorithmfrom [26] combinedwith thevery

recentfastdeterministicbroadcastingalgorithmin [63]. The electionalgorithm

worksin time ����Ð����!�

(

�

�iS
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Step3 is basedonthebroadcastingalgorithmpresentedin [21] andworksin time

����Ð§�r�!�

�

�

Step4 is analogousto Step1. Thisgivesthetimecomplexity ����Ð§�r�!�

�

�HS

Steps5 and6 areimplementedasa simpletree(e.g.,pre-order)traversalin time

����Ð��iC for detailssee[21].

Thusthetotal timeof thealgorithmis boundedby ����Ð����!�

(

�

�iS

4.1.2 Graph Clustering Preserving Locality

Themainpurposeof theclusteringmethodis to obtaina representationof a large

graphasa collectionof its muchsmallersubgraphs(clusters),while preserving

local distancesbetweenthenodes.

Let > + ��A[CFEO� be a graphrepresentinga radio network. Initially we pick

an arbitrarynode 4 in A that becomesa central nodein > . The radiusof > is

themaximumdistance� between4 andany othernode. Theclusteringmethod

groupsnodesbelongingto someconnectedsubgraphs>
â , in thesamecluster ß .

If thediameterof >
â is Â , thediameterof ß is atmost ����Âx�����

�

� .

De�nition 8 A partition ÐÃ�
�%� of thegraph > is a divisionof > into super-levels,

such that, each super-level is composedof Á=Â consecutiveBFSlevels,where the

�r st super-level starts from an arbitrary but �xed BFSlevel Ð

= (note that levels

Ð�š\CLÐ�WiC\S\S\SiCFÐ

=

½

W areexcludedfromthepartition Ð[�
�%� ). Moreformally, the m th super-

level in ÐÃ�
�%� is >vn'�¤�%�G+íº�IïÎ I•N-ÐüÑ’C��wm[
ò�Å
x�%�

z

Á!Â

�

Ò

�

��m[
x�%�

z

Á=Âb
ò�

»

C

for mÅ+ �!CF
²C

z’z’z

C�µH•

½

=

3

ù

¶ , where D is the radiusof > with respectto the central

node 4�S Givena super-level >Ån/�
�%� , its top level is Ð�€ln

½

W

½

=

‚¤Ñ

3

ù

, andits bottomlevel

is Ð�€•n

½

=

‚¤Ñ

3

ù

½

W . Notethat >vn'�¤�%� is notnecessarilyconnected.

De�nition 9 For each node T belongingto the top level of >Ún'�¤�%� , wede�ne the

pre-clusterT

€lnÕ‚

6

C which containsall nodesin >Ån/�
�%� at distance
�

Á!Â from T

S
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De�nition 10 Theclustersareobtainedbygrowingappropriatepre-clusters,ac-

cording to the mechanismusedin the Cover Algorithm presentedin [42]. In

short, the growing algorithm is performedin ���������

�

� stages. In each stage

mä+,�!CjS\S\SjC����!�Ã5 a collectionof clusters ß

n

È

(each at distance
 apart) is created

as follows. We start with an arbitrary (yet available)pre-clusterwhich formsa

core of a new cluster ß

n

š

. At each stepof theextensionprocedure weadd to the

cluster ß

n

š

a new layer of pre-clusters that intersectwith ß

n

š

or are at distanceat

most � from ß

n

š

S Notethat this extensionis successfulonly if the numberof new

nodescomingwith thenew pre-clusters is at leastasbig asthenumberof nodes

in thepre-clusters alreadypresentin thecluster ß

n

š

. If this conditionis not met,

theextensionof thecluster ß

n

š

is terminated,i.e., theconstructionof ß

n

š

completes

without augmentingnodesavailablein the just considered layer of pre-clusters.

Instead,the pre-clusters in the new layer are movedfor consideration in stage

m8����S Theprocessof growingclusters ß

n

W

CFß

n

(

C\SjS\S is performedsimilarly, andit is

continuedaslongaswehaveat leastonepre-clusterthat doesnot forma part of

an alreadyconstructedcluster(in stages �!C\S\S\SiCLm ), or it hasnot beenmovedfor

consideration in furtherstages m%�R�!C\S\S\SiCF���������

�

�iS

Lemma 24 Theclustershavethefollowingproperties:

1. Each clusteris a unionof somepre-clusters,

2. Each pre-clusteris a memberof exactlyonecluster.

3. Each clusteris a connectedsub-graphof > .

4. Thediameterof each clusteris ����Âx�r�!�

�

� , and

5. There is a ���w���!�

�

� -colouringof theclusters,such that,clusters havingthe

samecolor areat distance­�
 apart.
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Proof. Properties1, 2, and3 follow directly from theconstructionof theclusters.

Property4 is basedon the fact thateachpre-clusterhasdiameter
�

Á=Â andthat

duringconstructionof any clusterthenumberof new layersof pre-clustersis lim-

ited to ���!�

�

C sinceeachextensionby a new layerof pre-clustersat leastdoubles

thenumberof nodesin thepre-clustersof currentlyconstructedcluster. Property

5 follows from thefact thatduringeachroundwe constructclustersat distance


apart.Notealsothatthenumberof roundsis boundedby �r�!�

�

S This is becausein

eachroundat leasthalf of thenodesavailablein pre-clustersis usedto build the

clustersof thesamecolor. This is a consequenceof argumentsusedin theproof

of Property4.

De�nition 11 The 
 -partitionof thegraph > comprisestwo differentpartitions:

ÐÃ��®=� which startsat the super-level >bWj��®!� , and ÐÃ��
�ÂX� which startsat thesuper-

level >éW|��
�ÂX� .

Lemma 25 In at leastoneof thepartitionsof the 
 -partition, thereexistsat least

oneclusterthatcontainsall 5 participatingnodesandtheshortestpathsbetween

them.Moreover, in thispartition, anyotherclustercontainingsome(or all) of the

5 points,is coloreddifferently.

Proof. Let I beoneof the 5 points.Accordingto ourde�nition of the 
 -partition,

we canprove that thenode I mustfall into thecentral 
�Â BFS levelsof a super-

level in oneof thepartitions,exceptfor thecasewhen I belongsto the�rst Â BFS

levels(whenall 5 pointsbelongto theclusterbasedon thecentralnode 4 ). Thus,

thereexistsanodee at thetop level of thecorrespondingsuper-level >On/�

z

� , which

is atdistanceÂÞm)ÖjV|�ÕeoCLI²�

�

;!Â from thenodeI . Sinceall otherparticipatingnodes

areat distance
�

Â from IJC thereexistsa pre-cluster(which constitutesa partof

a cluster) T

€lnZ‚

1 which containstheentiresetof 5 participatingnodes.Thesecond
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partof thelemmafollowsfrom thefactthatclustershaving thesamecolorcannot

overlap.

4.2 Ef�cient M2M Multicast

We start this sectionwith the presentationof an M2M multicastprocedurede-

signedfor radionetworkswith the treetopology. M2M multicastin treesworks

in time ÂO�����B5Ä�����

(

�

� -time. We later presenta morecomplex M2M multicast

procedurewhich worksin anarbitrarytopologyin time ����Âx�����

(

�

�t5:���!�

$

�

�iS

4.2.1 M2M Multicast in Trees

Our M2M multicastalgorithmis basedon the following principle. The partici-

patingnodesmakeawareothernodes(includingall otherparticipants)abouttheir

presenceby distributing appropriatelyaimedmessages.Theseareinitially gath-

eredin a selected,central node, and then distributed to all other participating

nodes.

Theoutlineof themulticastalgorithmis presentedbelow.

procedure TREE-MULTICAST( g )

1. All nodesagreeon theroot ô of thetree g

³

(thenodesof thetree Ò are nowdividedinto BFSlevelswith respectto thedistancefrom

theroot Ï ).

2. Messagesissuedby theparticipatingnodestraverse,level by level, towards

theroot ô

³

(tracesleft by themessagesat the intermediatenodesmeeteventually, at the latestin the

root Ï ).
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3. The �rst nodethat is visited by all 5 messages,called the meetingpoint,

distributesthecompoundmessagebacktowardsall participatingnodes;

(thiscompletesthemulticastprocess).

Step1 is straightforward. Sinceall nodesknow thetopologyof > (includingthe

labelsof nodes),they usethe samedeterministicalgorithmto choosethe root ô

(e.g.,the nodewith the smallestlabel). Thereis no communicationinvolved in

this step.

Step2 is basedonsynchronizeduseof promotersandcertainpropertiesof rooted

trees. Note that during the traversal,a messagemay meetothermessagesand

compete,e.g.,for theaccessto thesameparentin theBFStree. Theremayalso

be collisionscausedby simultaneoustransmissionsat adjacentBFS levels. The

latter problemcanbe solved by enforcingan extra rule that nodesat BFS level

Ò (at distanceÒ from the root ô ) executetheir transmissionsin steps m]C where

m§?-Ò���·��BAG;=�FS This slows down thewholeprocessonly by a multiplicativecon-

stant3. Theproblemscausedby thecompetitionof messagesrequiremorecareful

consideration.Whenthecontrolmessagestraversetowardstheroot ô of thetree

g , eachsuccessfultransmissionmustbealwayscon�rmed (seethede�nition of

promotersin section4.1.1). If the acknowledgementarrives, the transmission

is consideredto be successful. Otherwise,a specialpromotionmechanismis

switchedon, which is designedto dealwith the messagecompetition. In what

follows we assumethata messageusesdifferent(interleaved) time slotsfor fast

transmissions(associatedwith an immediateacknowledgement)andslow trans-

missions(associatedwith thecompetition).

In thepromotionmechanism,weuse�����Ã5 promoters—
È

�����HC\S\S\SiCÉ—
È

�������Ã52� that

arerun “simultaneously”andperiodically. The“simultaneous”executionof pro-

motersof differentsizesis doneby the time multiplexing, i.e., the executionof

two consecutive transmissionstepsin any —
È

�wm/� is interleavedwith theexecution
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of singlestepsof every otherpromoter. Moreover the executionof the promot-

ersof differentsizesis synchronized,i.e.,asingleexecutionof thepromoter—DÈ��wm/�

correspondsto two executionsof thepromoters— È ��m’
��’�iC for any mh+�
²C\SjS\S|C����!�x5%S

Any messagetraversingtowardstheroot ô , whenit entersthepromotionmecha-

nismat someBFSlevel, it startsusingpromoter — È �B
!� assoonasit is available,

i.e., whenthenew executionof — È ��
!� is scheduled.At the endof the execution

of — È �B
�� , if themessageis notpromotedto thenext level, it startsusingpromoter

— È ��ÁÞ� assoonasit is available. This meansthat it may wait Îc— È ��
!��Î time steps

beforethenew executionof — È ��Á=� takesplace. In general,themessagecanwait

for theexecutionof —mÈ’��m)� atmost Îc—mÈ��wmÞ
 ����Î timesteps.Notethat,whenthenum-

berof competingmessagesis boundedby 


n

C all messagesarepromotedafterthe

executionof —
È

�B


n

�iS Sincetherunningtime of all previously used(smaller)pro-

motersandthewaitingtimeis boundedby �B
JÎc—
È

�'����Îr�

z’z’z

�#
8Îc—
È

�wm’
����’ÎÈ�

z

���w���!�

�

�

(includingtime multiplexing), thetotal time usedto promotethecompetingmes-

sagesis ����


n

���!�

(

�

�iS

Lemma 26 Thelast message enters the meetingpoint (the lowestcommonan-

cestor(LCA)of all participatingnodes,with respectto ô ) in time ����Âx�Q5Ä���!�

(

�

�HS

Proof. Note that the lowestcommonancestor(LCA) of all participatingnodes

(with respectto ô ) is at distanceat most Â from eachof them. Considera single

message.When it moves towardsthe root (in fact, towardsthe meetingpoint

LCA), it traverseseachedgein two time units, if thereis no competition. The

time complexity relatedto this typeof transmissionscanbeboundedby ����Â²� . If

at any time themessagecompeteswith someother Ð messages,it is promotedto

the next BFS level in time ����Ð������

(

�

�iS Note that two messagescompetingonce

will never competeagainsteachotheragain,sincelateron, they travel alongthe

samepathtowardstheroot of the tree. This meansthat the total time spentby a
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messageon competingwith othermessagesis boundedby ���B5Ä�r�!�

(

�

�iS Thusthe

lastmessagearrivesat themeetingpoint in time ����Âä�t5:���!�

(

�

�HS

Step3 is a simplebroadcastingprocedurethatdistributesthecompoundmes-

sageto all nodes(including all participants)within distanceÂ from the meeting

point. Sincethereareno collisionsin radiobroadcastingin trees,thecompound

messageis distributedto all participatingnodesin timeatmost Â±S

Theorem 17 TheM2M multicastproblemin radionetworkswith a treetopology

canbesolvedin time ����Âê��5:���!�

(

�

�HS

4.2.2 M2M Multicast in Arbitrary Graphs

In thissectionweshow how toperformM2M multicastin arbitraryradionetworks

in time ����Âx�r�!�

(

�

�-5Ä�r�!�

$

�

�HS The algorithmis basedon theclusteringmethod

introducedin section4.1.2,onef�cient promotionof messagesin bipartitegraphs,

seesection4.1.1,andsomeotherobservations.

In view of theclusteringmethod,thereexistsat leastone(andat most �����

�

)

cluster(s)with diameter
�

Âx�r�!�

�

thatcontain(s)all 5 participatingnodes.In what

follows, we considercomputationperformedinsidea singlecluster. Recall that

simultaneousexecutionof transmissionsin clustershaving the samecolor does

not causecollisionsbetweenthe clusters,becauseall clustersof the samecolor

areat distanceat least 
 apart. In order to avoid collisionsbetweenclustersin

differentcolors,weexecutecomputationfor differentcolorsin ���������

�

� (number

of colors)differentstages.This givesan ���������

�

� slowdown in comparisonwith

anexecutionin a singlecluster. Notethathaving thepartitioninto clustersready,

we couldnow performtheM2M multicastin time ����5

z

Â²�NÓ%����ÔX���!�

�

, applyinga

leaderelectionalgorithmandbroadcasting5 times. However, our intentionis to

designan ���]�B5Ã�åÂX�®Ó8�!��ÔX�r�!�

�

� algorithm(thuslinearin thesizeof thesubnetwork
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inducedby theparticipatingnodesandonly polylogarithmicin thesizeof theen-

tire radionetwork). Thecomputationin aclusterß of the 
 -partitionis performed

asfollows.

procedure GRAPH-MULTICAST( ß )

1. Selecta leaderin ß whichbecomestheroot ô of a spanningBFStree g ;

(after this stepthenodesin Õ are partitionedinto BFSlevelswith respectto thedistance

fromtheroot Ï ).

2. Messagessentby theparticipatingnodestravel, level by level, towardsthe

root ô

³

(notethat, in thecaseof a competition,a message mayberoutedto thenext BFSlevel via

(a sequence)of edges,includingthosenotbelongingto theBFStree Ò ).

3. Theroot ô distributesthecompoundmessageto all participatingnodes;

(Thiscompletesthemulticastprocess).

Step1. doesnot involve communication,sincethe topologyof > is known to

every node. Thus the division of > into clusterscan be computedlocally and

independentlyin eachnodeof >�S

Step2. usestwo typesof moves. Somemovestowardsthe root areperformed

alongthe edgesof theBFS tree. However, suchsimplemovesarefeasibleonly

in the casewhen the traversingmessagesare not involved in any competition.

As soonasa traversingmessagestartsto compete(i.e., it doesnot receive the

acknowledgementof thesuccessfultransmission),it entersthesystemof promo-

tion procedures,which is basedon theconceptof the ENHANCED-PROMOTION

procedure,seesection4.1.1.

The promotionalgorithm in arbitrary graphsis more complex than its tree

counterpart,dueto thepresenceof externaledges(with respectto theBFStree)
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thatcausemorecollisionsduringtransmissions.This time, thecompetitiondoes

not alwaysconcerna singlenodethat is a joint parentof nodescontainingthe

competingmessages.In fact, somenodescontainingtraversingmessagesand

their parentmay form a connectedbipartitesubgraph– of > (with partitions Ê

and Z at adjacentBFSlevels). Regardlessof the latterdifference,we would like

to usea similar amortizationargument,while assessingthe time complexity of

themulticastalgorithm.Indeed,we show thatif at any BFSlevel, Ð messagesare

involved in the competition(within a bipartitegraph – ), all messagesfrom the

set Z will bemovedto a singlenodein Ê in time ����Ð§�r�!�

(

�

�iS Thusif two mes-

sagescompeteoncein somebipartitegraph,they will nevercompeteagainsteach

otheragain.Similarly asin thecaseof trees,thepromotingalgorithmis basedon

simultaneous(interleaved)andperiodicexecutionof theprocedureENHANCED-

PROMOTION �wm/�HC for mx+?�!CjS\S\SjC����!�Ã5%C thatdealswith setsof competingmessages

of size 


W

CH


(

C\SjS\S|CF


©¤ª/«

Û

C respectively. Recall that in section4.1.1we explained

how to promotecompetingmessagesin bipartitegraphs,whenthesizeof theset

of competingmessagesis known. In what follows we explain how this assump-

tion canbe droppedandshedmore light on detailsof the promotionalgorithm

usedatany BFSlevel.

At any BFS level, when a messageU traversingtowardsthe root ô enters

thepromotionmechanism,it waits for the �rst availableexecutionof theproce-

dureENHANCED-PROMOTION �����HS Similarly asin trees,if thepromotionwasnot

successful(the numberof competitorswastoo large), messageU waits for the

next (complete)executionof theprocedureENHANCED-PROMOTION ��
!�iC andso

on, for all consecutive powersof two
�

�����Ä58S Note that in trees,sinceall mes-

sagescompetefor thesameparent,any messagepromotedto thenext level, will

never be obstructedby its former competitorsagain. We would like to usethe

sameinvariantin thecaseof generalgraphstoo. Thuswe insistthatall messages
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competingin a bipartitegrapheventuallymeetin oneof the nodesin the set ÊxS

Moreover, we will excludefrom promotionall messagesthatmanagedto gather

in onenodeof Ê , if not all their competitorsin thebipartitegraph – managedto

do so. This is to guaranteethata pair of messagesthatcompetedoncewill never

competeagain.

Recall that, uponthe completionof procedureENHANCED-PROMOTION �wm/� ,

the acknowledgementcon�rming a successfulpromotionof all competingmes-

sagesis sentacrosstheconnectedcomponentof thebipartitegraph –�S If theac-

knowledgementdoesnot arrive (e.g., when the graph – is larger then 


n ), all

nodesin – know that they have to usethenext availableexecutionof theproce-

dureENHANCED-PROMOTION �wmÄ�����iS However, if the con�rmation arrives,the

competingmessagesarestill not surewhetherall messagesin – wereproperly

discovered.

Indeed,theremight be several connectedcomponents–GWHCF–

(

CjS\S\SjCL–äö of – ,

satisfying –ÅW´ó –

(

ó

z’z’z

óÉ–äö�+¼– , thatarenot awareof eachotherat theend

of the executionof ENHANCED-PROMOTION �wm'�iS This happenswhen, for some

reason,all internal transmissionsin each –Mn are not interruptedby local trans-

missionsin othercomponents.This canbecheckedin thefollowing way. Every

component–än hasits leaderÐrn whoselabelwill playtheroleof alabelof thewhole

component–än . Thepatternof transmissionsusedin each–Mn is basedon thecom-

binationof the conceptof strongly2-selective family [29] andof Steps5 and6

in theENHANCED-PROMOTION procedure.Oneset � in thestrongly 
 -selective

family, in relationto thelabel Ð�n , is replacedby eitherthewholeexecutionof Steps

5 and6 in theENHANCED PROMOTION procedure(if Ð7nDNÌ� ) or by a continuous

sequenceof noisycalls (if Ð�n

…

N–� ), meantto blur communicationin the neigh-

boringcomponent.Note that if thecomponent–ìn is connectedby anedgewith

someothercomponent–˜Ñ§C therewill bea stepin theapplicationof thestrongly
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2-selectivefamily whenthebit associatedwith –Mn is setto 1 andthebit associated

with –:Ñ is setto 0 (andvice versa). In this casethe traversalof the messagein

thecomponent–ên will beinterrupted,which is enoughto �gure out that –ìn does

not form thewholegraphof competitors.Thecostof Steps5 & 6 is boundedby

����


n

� andthenumberof stepsin thestrongly 
 -selectivefamily is ���������

�

�HS Thus

thecostof this test(includingtimemultiplexing) is boundedby ����


n

���!�

(

�

�iS

In Step3, the distribution of the compoundmessageis performedwith the

helpof abroadcastingprocedurefrom [66] in time ����Âx�r�!�

�

� �r�!�

(

�

�HS

Theorem 18 The M2M multicastproblemin arbitrary radio networkscan be

solvedin time ����Âx�r�!�

(

�

��5:���!�

$

�

�iS
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Chapter 5

Conclusionand Further Work

In this dissertation,westudiedtime ef�cient communicationalgorithmsin multi-

hopradionetworks.

In chapter2, we proposedseveraloptimalgossipingalgorithms,in which we

closedthegossipingproblemin undirectedknownmulti-hopradionetworkswhen

the worst casescenariois concerned.Oneof possibleresearchdirectionsis to

study gossipingproblemin directedknown radio networks. Anotherone is to

investigatewhetherour new gossipingalgorithmsin [50] canbeusedto improve

theruningtimeof M2M multicastin [47].

In chapter3, wepresentedtwo new radiogossipingalgorithmsin directedad-

hocradionetworks.ThealgorithmGOSSIP1 �

�

CF��� is designedfor graphswith the

maximumindegreeboundedby �	S With therunningtime ���

�

�������

(

�

�iC thisalgo-

rithm performsbestwhenthediameterof thenetwork is large(closeto
�

) andthe

max-degreeis relatively small ( 	²�

�

W

&)$

� ). ThealgorithmGOSSIP2 �

�

� is designed

for graphswith an arbitrarytopology. With the runningtime ���

�o3
&)$

���!�

W�š

&)$

�

�HC

this algorithmis currentlythe best(up to our knowledge)known generaldeter-

ministic radiogossipingalgorithm. An obviousopenproblemis to closefurther

thegapbetweenthebestcurrentlyknownrandomised���

�

���!�

(

�

� -timegossiping,
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givenin [31], andour new deterministic���

� 3 &)$

�r�!�

W�š

&)$

�

� -time gossipingproce-

dure. It seemsthat to improve thedeterministicupperboundonewould needto

introducenew, moreadaptive gossipingparadigms.An implication of our main

algorithmis that now the upperboundsfor deterministicgossipingis the same

for polynomially large nodelabelsas for linearly large labels. Onemight gain

somefurther insight into the time complexity of thegossipingproblemby look-

ing for the caseswhen the linear nodelabelsenablefasteralgorithmsthan the

polynomiallylargelabels.Ourprotocolsmake useof theexistenceof 5 -selectors

of size ����5Ä���!�

�

� shown in [26], but the proof of existencepresentedthereis

non-constructive. A techniqueto construct5 -selectorsof size ����5Ä���!�C‡

€rW�‚

�

� was

describedin [55], andusingsuchselectorswecanmakeouralgorithmsconstruc-

tive with only �����r�!�ˆ‡

€•W�‚

�

� slowdown. Anotherimportantopenproblemin this

context is whetherit is possibleto construct5 -selectorsof size ���B5Ä�r�!�

�

� .

In chapter4, we gave an ����Âx�r�!�

(

�

�s5Ä�r�!�

$

�

� -time algorithm for solving

theM2M multicastproblemfor a groupof 5 participatingnodeswith maximum

distanceÂ in anarbitraryradionetwork consistingof
�

nodes.Ourapproachuses

a clusteringtechniquefor partitioningtheradionetwork anda new algorithmfor

promotingmessagesin clusters.Interestingproblemsleft for furtherinvestigation

include(1) improving theupperboundsof ouralgorithms,(2) developinglocality-

sensitive multicastalgorithmsfor the casewhenthe nodesof the network have

only limited (e.g., local) knowledgeof the topology, and (3) investigatinghow

ef�cient updatingaffectsperformanceof multicastin mobileradiosystems.

91



Bibliography

[1] N. Abramson,Developmentof theALOHANET, IEEE Trans.on Informa-

tion Theory, 31 (1985),pp.119-123.

[2] B. Awerbuch, A new distributed depth-�rst-seachalgorithm, Information

ProcessingLetters, 20 (1985),pp.147-150.

[3] N. Abramson,TheAloha system,in [7].

[4] N. Abramson,Thethroughputof packetbroadcastingchannels,IEEETrans.

onCommunications, 25 (1977),pp.117-128.

[5] N. Alon, A. Bar-Noy, N. Linial andD. Peleg,A lowerboundfor radiobroad-

cast,Journalof ComputerandSystemSciences, 43 (1991),pp.290-298.

[6] N. Alon, A. Bar-Noy, N. Linial andD. Peleg, Single roundsimulationof

radionetworks,Journalof Algorithms, 13 (1992),pp.188-210.

[7] N. Abramson,and F. Kuo, (Eds.), Computer-CommunicationNetworks,

Prentice-Hall, 1973.

[8] B. Awerbuch, D. Peleg, Sparsepartitions,Proceedingsof the 31stAnnual

SymposiumonFoundationsof ComputerScience, Louis,1990,pp.503-513.

92



[9] S.Basagni,D. BruschiandI. Chlamtac,A mobility-transparentdeterministic

broadcastmechanismfor adhocnetworks,IEEE/ACM Trans.on Network-

ing 7 (1990),pp.799-807.

[10] J. L. Bordim, J. Cui, T. Hayashi,K. Nakano,andS. Olariu, Energy-ecient

initialization protocolsfor ad-hocradio networks, Proceedingsof Interna-

tional Symposiumon Algorithms and Computation, India, LNCS 1741,

Springer-Verlag,1999,pp.215-224.

[11] D. BruschiandM. del Pinto, Lower boundsfor the broadcastproblemin

mobileradionetworks,DistributedComputing10(1997),pp.129-135.

[12] D. BertsekasandR.G.Gallager, DataNetworks,PrenticeHall, 1991.

[13] R. Bar-Yehuda,O. GoldreichandA. Itai, Ef�cient emulationof single-hop

radionetwork with collision detectionon multi-hop radionetwork with no

collisiondetection,DistributedComputing, 5 (1991),pp.67-72.

[14] R. Bar-Yehuda,O. GoldreichandA. Itai, On thetime complexity of broad-

castin radio networks: An exponentialgapbetweendeterminismandran-

domization,Journalof ComputerandSystemSciences, 45 (1992),pp.104-

126.

[15] A.D. Bonis, L. G �asieniecand U. Vaccaro, Generalizedframework for

selectorswith applicationsin optimal group testing, in Proceedingsof

30th InternationalColloquiumon Automata,LanguagesandProgramming

(ICALP'03), Volume2719of LectureNotesin ComputerScience,Springer

Verlag(2003),pp.81-96.

[16] R. Bar-Yehuda,A. IsraeliandA. Itai, Multiple communicationin multi-hop

radionetworks,SIAM JournalonComputing, 22 (1993),pp.875-887.

93



[17] S. Banerjee,S. Khuller, A ClusteringSchemefor HierarchicalControl in

Multi-hop WirelessNetworks,In Proceedingsof IEEEConferenceonCom-

puterCommunications,INFOCOM2001,pp.1028-1037.

[18] D. BrusciandM.D. Pinto,Lower boundsfor thebroadcastproblemin mo-

bile radionetworks,DistributedComputing10 (1997),pp.129-135.

[19] B.S. Chlebus, Randomizedcommunicationin radio networks, Handbook

on RandomizedComputing, Kluwer AcademicPublishers,2001,vol. I, pp.

401-456.

[20] I. ChlamtacandA. Farago,Makingtransmissionscheduleimmuneto topol-

ogychangesin multi-hoppacket radionetworks,IEEE/ACM Trans.onNet-

working, 2 (1994),pp.23-29.

[21] B.S. Chlebus, L. G �asieniec,A.M. Gibbons,A. Pelc,andW. Rytter, Deter-

ministic broadcastingin unknown radio networks, in Proceedingsof 11th

Ann. ACM-SIAM Symposiumon DiscreteAlgorithms, SanFrancisco,Cal-

ifornia, 2000,pp.861-870.

[22] M. Christerson,L. G �asieniec,andA. Lingas,Gossipingwith boundedsize

messagesin ad-hocradionetworks,Proceedingsof 29th InternationalCol-

loquiumon Automata,LanguagesandProgramming, ICALP2002,Malaga,

Spain,pp.377-389.

[23] B.S.Chlebus,L. G �asieniec,A. LingasandA.T. Pagourtzis,Obliviousgos-

sipingin ad-hocradionetworks,Proceedingsof the5th internationalwork-

shopon Discretealgorithmsandmethodsfor mobile computingandcom-

munications, Rome,Italy, 2001,pp.44-51.

[24] M. Chlebus,L. G �asieniec,A. Ostlin andJ.M. Robson,Deterministicbroad-

castingin radionetworks,Proceedingsof 27thInternationalColloquiumon

94



Automata,Languagesand Programming, ICALP 2000, Geneva, Switzer-

land,pp.717-728.

[25] M. Chrobak,L. G �asieniecandW. Rytter, A randomizedalgorithmfor gos-

sipingin radionetworks,Proceedingsof the7th AnnualInternationalCom-

putingCombinatoricsConference, volume2108LNCS,pp.483-492,Guilin,

China,2001.

[26] M. Chrobak,L. G �asieniecandW. Rytter, FastBroadcastingandGossiping

in RadioNetworks,Journalof Algorithms43 (2), 2002,pp.177-189.

[27] I. ChlamtacandS.Kutten,Onbroadcastingin radionetworks-problemanal-

ysisandprotocoldesign,IEEETransactionsonCommunications33(1985),

pp.1240-1246.

[28] T.H. Cormen,C.E.Leiserson,R.L. Rivest,Introductionto algorithms,MIT

Press, 1990.

[29] A.E.F. Clementi, A. Monti and R. Silvestri, Distributed multi-broadcast

in unknown radio networks, 20th ACM Symposiumon Principlesof Dis-

tributedComputing, PODC'01,pp.255-264.

[30] Clementi, A., Monti, A., Silvestri, R., Selective families, superimposed

codes,and broadcastingon unknown radio networks, in Proceedingof

12thAnnualACM-SIAM Symposiumon DiscreteAlgorithms(SODA'01),

ACM/SIAM (2001),pp.709-718.

[31] A. CzumajandW. Rytter, BroadcastingAlgorithmsin RadioNetworkswith

Unknown Topology, in Proceedingsof 44thSymposiumon Foundationsof

ComputerScience(FOCS2003),pp.492-501,Cambridge,MA, USA.

95



[32] I. ChlamtacandO.Weinstein,Thewaveexpansionapproachto broadcasting

in multihopradionetworks,IEEETrans.onCommunications, 39(1991),pp.

426-433.

[33] K. Diks, E. Kranakis,D. KrizancandA. Pelc,Theimpactof knowledgeon

broadcastingtime in radionetworks,In Proceedingsof 7th EuropeanSym-

posiumon Algorithms(1999),pp.41-52.

[34] G. De MarcoandA. Pelc,Fasterbroadcastingin unknown radionetworks,

InformationProcessingLetters79 (2001),pp.53-56.

[35] G. De MarcoandA. Pelc,Fasterbroadcastingin unknown radionetworks,

unpublishedmanuscript, 1999.

[36] V. DevarapalliandD. Sidhu,MZR, A MulticastProtocolfor Mobile Ad Hoc

Networks, IEEE InternationalConferenceon Communications, Helsinki,

Finland,2001,vol. 3, pp.886-891.

[37] A. EphremidesandB. Hajek, Informationtheoryandcommunicationnet-

works: anunconsummatedunion, IEEE Trans.on InformationTheory, IT-

44 (1998),pp.2416-2434.

[38] W. Feller, An Introductionto ProbabilityTheoryandIts Applications,John

Wiley, 1961.

[39] G. Fayolle,V.A. Malyshev, andM.V. Menshikov, Topicsin theConstructive

Theoryof CountableMarkov Chains,CambridgeUniversityPress, 1995.

[40] R. Gallager, A perspectiveon multiaccesscommunications,IEEE Trans.on

InformationTheory, IT-31 (1985),pp.124-142.

[41] L.A. Goldberg, M. Jerrum,S.KannanandM. Paterson,A boundon theca-

pacityof backoff andacknowledgement-basedprotocols,in Proceedingsof

96



29thInternationalColloquiumon Automata,LanguagesandProgramming,

ICALP'02, pp.377-389.

[42] I. GaberandY. Mansour, Broadcastin radionetworks,in Proceedingsof 6th

Ann. ACM-SIAM Symposiumon DiscreteAlgorithms, 1995,pp. 577-585.

alsoin Journalof Algorithms, 46 (1), pp.1-20,2003.

[43] L. G �asieniecandA. Lingas,On adaptive deterministicgossipingin adhoc

radionetworks,InformationProcessingLetters2(83),2002,pp.89-94.

[44] L. G �asieniecandI. Potapov, Gossipingwith unit messagesin known radio

networks,In Proceedingsof 2ndIFIP InternationalConferenceonTheoreti-

calComputerScience(TCS'02),pp.193-205.

[45] L. G �asieniec,A. PagourtzisandI. Potapov, Deterministiccommunicationin

radionetworkswith large labels,in Proceedingsof 10thEuropeanSympo-

siumon Algorithms(ESA'02), Volume2461of LectureNotesin Computer

Science,SpringerVerlag(2002),pp.512-524.

[46] L. G �asieniec,A. Pagourtzis,I. Potapov andT. RadzikDeterministiccommu-

nicationin radionetworkswith largelabels,thefull versionof [45].

[47] L. G �asieniec,E. Kranakis,A. PelcandQ. Xin, DeterministicM2M Mul-

ticast in RadioNetworks, in Proceedingsof 31stInternationalColloquium

on Automata,LanguagesandProgramming, ICALP 2004,Turku, Finland,

LNCS3142,pp.670-682.

[48] L. G �asieniec,I. Potapov andQ. Xin, Ef�cient Gossipingin Known Radio

Networks, in Proceedingsof 11th InternationalColloquium on Structural

InformationandCommunicationComplexity, SIROCCO2004,Smolenice

Castle,Slowakia,LNCS 3104,pp.173-184.Full versionis to appearin El-

sevier Journal:TheoreticalComputerScience(TCS).

97



[49] L. G �asieniec,T. RadzikandQ. Xin, Fasterdeterministicgossipingin ad-hoc

radionetworks,In Proceedingsof 9thScandinavianWorkshoponAlgorithm

Theory, SWAT 2004,Humlebaek,Denmark,LNCS 3111,pp.397-407.

[50] L. G �asieniecandQ.Xin, Centralizeddeterministicgossipingin known radio

networks,submittedto Elsevier Journal:InformationProcessingLetters.

[51] F.K. Hwang,The time complexity of deterministicbroadcastingradio net-

works,DiscreteAppliedMathematics60 (1995),pp.219-222.

[52] S.T. Hedetniemi,andA.L. Liestman,A survey of gossipingandbroadcasting

in communicationnetworks,Networks18 (1988),pp.319-349.

[53] J. Hastad,T. Leighton and B. Rogoff, Analysis of backoff proto-colsfor

multipleaccesschannels,SIAM JournalonComputing, 25 (1996).

[54] E. P. HarrisandK. W. Warren,Low power technologies:a systemperspec-

tive, Proceedingsof 3rd InternationalWorkshopon MultimediaCommuni-

cations, Princeton,1996.

[55] P. Indyk, Explicit constructionsof selectorsandrelatedcombinatorialstruc-

tures,with applications,in Proceedingsof 13th Ann. ACM-SIAM Sympo-

siumon DiscreteAlgorithms, SODA 2002,pp.697-704.

[56] L. Kleinrock, QueuingSystems,II: ComputerApplications,JohnWiley,

1976.

[57] M. Kaplan,A suf�cient conditionof nonergodicityof a Markovchain,IEEE

Trans.on InformationTheory, 25 (1979)pp.470-471.

[58] E. Kranakis,D. Krizanc and A. Pelc, Fault-tolerantbroadcastingin radio

networks, in Proc.6th EuropeanSymposiumon Algorithms, Venice,Italy,

1998,SpringerLNCS1461,pp.283-294.

98



[59] F.P. Kelly andI.M. MacPhee,Thenumberof packetstransmittedbycollision

detectrandomaccessschemes,The Annalsof Probability, 15 (1987),pp.

1557-1568.

[60] E. Kushilevitz andY. Mansour, An uv�������±��*

…

�	�]� lower boundfor broad-

castin radionetworks,SIAM JournalonComputing27(1998),pp.702-712.

[61] E. Kushilevitz and Y. Mansour, Computationin noisy radio networks, in

Proceedingsof 9th Ann. ACM-SIAM Symposiumon DiscreteAlgorithms,

1998,pp.236-243.

[62] D. KowalskiandA. Pelc,Deterministicbroadcastingtime in radionetworks

of unknown topology, in Proceedingsof 43rdSymposiumonFoundationsof

ComputerScience, FOCS2002,Vancouver, BC, Canada,pp.63-72.

[63] D. Kowalski and A. Pelc, Fasterdeterministicbroadcastingin ad hoc ra-

dio networks, in Proceedingsof 20th AnnnualSymposiumon Theoretical

Aspectsof ComputerScience, LNCS volume 2607, pp. 109-120,Berlin,

Germany.

[64] D. KowalskiandA. Pelc,Broadcastingin undirectedadhocradionetworks,

in Proceedingsof 22nd Annnual ACM Symposiumon Principlesof Dis-

tributedComputing, Boston2003,pp.73-82.

[65] D. KowalskiandA. Pelc,Timeof radiobroadcasting:adaptivenessvs.obliv-

iousnessandrandomizationvs.determinism,in Proceedingsof 10thInterna-

tionalColloquiumonStructuralInformationandCommunicationComplex-

ity, SIROCCO2003,pp.195-210.

[66] D. Kowalski and A. Pelc, Centralizeddeterministicbroadcastingin undi-

rectedmulti-hopradionetworks,manuscript2004.

99



[67] D. Liu andM. Prabhakaran,On RandomizedBroadcastingandGossiping

in RadioNetworks,8thAnnualInternationalConferenceonComputingand

Combinatorics, COCOON'02,pp.340-349.

[68] Lee,S.,Su,W., Hsu,J.,Gerla,M., andBagrodia,R., A PerformanceCom-

parisonStudyof Ad HocWirelessMulticastProtocols,IEEEInfocom2000,

Tel Aviv, Mar. 2000,vol. 2, pp.565-574.

[69] R. Metcalfe,andD. Boggs,Ethernet:Distributedpacket switchingforlocal

computernetworks,Communicationsin ACM, 19(1976),pp.395-404.

[70] J.L. Massey andP. Mathys,The collision channelwithout feedback,IEEE

Trans.on InformationTheory, IT-31 (1985),pp.192-204.

[71] G.D. Marco andA. Pelc,Fasterbroadcastingin unknown radio networks,

InformationProcessingLetters79 (2001),pp.53-56.

[72] S.P. Meyn and R.L. Tweedie, Markov Chains and StochasticStability,

Springer-Verlag, 1993.

[73] K. NakanoandS.Olariu,Energy-Ef�cient InitializationProtocolsfor Radio

Networks with no Collision Detection,IEEE Transactionson Parallel and

DistributedSystems, 11,(2000),pp.851-863.

[74] N. Pippinger, Boundson theperformanceof protocolsfor amultiple-access

broadcastchannel,IEEETrans.on InformationTheory, 27 (1981),pp.145-

151.

[75] A. Pelc,Broadcastingin radionetworks, achapterin [84].

[76] D. Peleg, Deterministic radio broadcastwith no topological knowledge,

manuscript, 2000.

100



[77] K. Pahlavan and A. Levesque,Wireless information Networks, Wiley-

Interscience,New York, 1995.

[78] J.RulnickandN. Bambos,Mobile powermanagementfor wirelesscommu-

nicationnetworks,WirelessNetworks, vol. 3, pp.3-14,1997.

[79] Ryu, J.,Song,S.,andCho,D., A Power-Saving MulticastSchemein Two-

Tier HierarchicalMobile Ad-Hoc Networks, IEEE VehicularTechnology

Conference, 2000,vol. 4, pp.1974-1978.

[80] K. RavishankarandS.Singh,Asymptoticallyoptimalgossipingin radionet-

works,Discr. Appl. Math., 61 (1995),pp.61-82.

[81] K. RavishankarandS.Singh,Gossipingon a ring with radios,ParallelPro-

cessingLetters6 (1996),pp.115-126.

[82] O.Reingold,S.VadhanandA. Widgerson,Entropy waves,thezig-zaggraph

product,andnew constantdegreeexpandersandextractors,Proceedingsof

41stSymposiumon Foundationsof ComputerScience, FOCS2000,pp. 3-

13.

[83] L.I. Sennott,Conditionsfor thenon-ergodicityof Markov chainswithappli-

cationto acommunicationsystem,J.Appl. Prob., 24,(1987),pp.339-346.

[84] I. Stojmenovic, (Ed.),Handbookof WirelessNetworksandMobile Comput-

ing, JohnWiley, 2001.

[85] A. SenandM.L. Huson,A new modelfor schedulingpacketradionetworks,

in Proceedingsof 15th Ann., Joint Conferenceof the IEEE Computerand

CommunicationSocieties, 1996,pp.1116-1124.

[86] P.J. Slater, E.J.CockayneandS.T. Hedetniemi,InformationDissemination

in Trees,SIAM JournalonComputing, vol. 10,pp.892-701,1981.

101



[87] L.I. Sennott,P.A. Humblet and R.L. Tweedie, Mean drifts and thenon-

ergodicityof Markov chains,OperationsResearch, 21 (1983),pp.783-789.

[88] F. Sailhanand V. Issarny, Cooperative Cachingin Ad Hoc Networks, in

Proceedingsof 4th InternationalConferenceon Mobile DataManagement,

LNCS2574,2003,pp.13-28.

[89] W. SzpankowskiandV. Rego,Sometheoremsoninstabilitywithapplications

to multiaccessprotocols,OperationsResearch, 36 (1988),pp.958-966.

[90] K. M. Sivalingam,M. B. SrivastavaandP. Agrawal, Low power link andac-

cessprotocolsfor wirelessmultimedianetworks,in Proceedingsof 47 IEEE

VehicularTechnologyConference, Phoenix,AZ, USA, 4-7May 1997.

[91] Stemm,M. et al., Reducingpower consumptionof network interfacesfor

hand-helddevices,ProceedingsMoMuc-3, 1996.

[92] A.S.Tanenbaum,ComputerNetworks, PrenticeHall, 1996.

[93] B.S.Tsybakov andN.B. Likhanov, Upperboundonthecapacityofarandom

multiple-accesssystem,ProblemyPeredachiInformatsii, 23 (1987),pp.64-

78.

[94] Wan,P., Calinescu,G., Li, X., andFrieder, O., Minimum-Energy Broadcast

Routing in StaticAd Hoc WirelessNetworks, IEEE Infocom 2001, 2001,

vol. 2, pp.1162-1171.

[95] J. Wieselthier, G. Nguyen,A. Ephremides,Multicastingin Energy-Limited

Ad-Hoc WirelessNetworks,Proceedingsof the 1998IEEE Military Com-

municationsConference, v.3,pp.723-729,1998.

102



[96] Wieselthier, J., Nguyen,G., and Ephremides,A., On the Constructionof

Energy-Ef�cient BroadcastandMulticastTreesin WirelessNetworks,IEEE

Infocom2000, Tel Aviv, Mar. 2000,vol. 2, pp.585-594.

[97] Wieselthier, J., Nguyen, G., and Ephremides,A., Energy Ef�ciency in

Energy-Limited WirelessNetworks for Session-BasedMulticasting, IEEE

VehicularTechnologyConference, May 2001,vol. 4, pp.2838-2842.

[98] Y. Xu, An ���

�

W/}

0

� deterministicgossipingalgorithmfor radionetworks,Al-

gorithmica, 36 (1), pp.93-96,2003.

103



Index

Ö

-partition . . . . . . . . . . . . . . . . . . . . . . . . 81

abbreviations

GST. . . . . . . . . . . . . . . . . . . . . . . . . .41

LCA . . . . . . . . . . . . . . . . . . . . . . . . . 74

M2M . . . . . . . . . . . . . . . . . . . . . . . . . . 8

algorithms×9ØÚÙÛÙÛÜŒÝßÞÉà@á�â�Ø�Ü�ã•ä\Üºå�Ý�æ›â•ç

. . . . . . . 60

CoverAlgorithm. . . . . . . . . . . . . . .80

DOGOSSIP . . . . . . . . . . . . . . . . . . . 58

GOSSIP1

æ›èmé®êtç

. . . . . . . . . . . . . . . 67

GOSSIP2

æ›ènç

. . . . . . . . . . . . . . . . . . 69

acknowledgementof delivery . . . . . . . 76

active. . . . . . . . . . . . . . . . . . . . . . . . . . . . .61

adhocradionetworks. . . . . . . . . . . . . . . 6

adaptive algorithm. . . . . . . . . . . . . . . . . 59

asymptoticallyoptimal. . . . . . . . . . . . . 14

betweensuper-levels. . . . . . . . . . . . . . . 36

broadcastchannels. . . . . . . . . . . . . . . . . . 6

broadcastnetworks. . . . . . . . . . . . . . . . . .3

broadcasting. . . . . . . . . . . . . . . . . . . . . . . .7

centralnode. . . . . . . . . . . . . . . . . . . . . . . 19

centralnodes. . . . . . . . . . . . . . . . . . . . . . 26

clusters. . . . . . . . . . . . . . . . . . . . . . . .35,80

clustergraph. . . . . . . . . . . . . . . . . . . 35,79

collision . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

collisiondetection. . . . . . . . . . . . . . . . . . 5

colours. . . . . . . . . . . . . . . . . . . . . . . . 35,80

combinedmessage. . . . . . . . . . . . . . . . . 19

communicationnetworks. . . . . . . . . . . . 3

computernetworks. . . . . . . . . . . . . . . . . .3

communicationprotocols. . . . . . . . . . . . 4

con�ict . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

deterministic. . . . . . . . . . . . . . . . . . . . . . 18

distributedcomputation. . . . . . . . . . . . . .3

dormant. . . . . . . . . . . . . . . . . . . . . . . . . . 61

doublingtechnique. . . . . . . . . . . . . . . . .59

family . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

fasttransfer. . . . . . . . . . . . . . . . . . . . . . . 36

function

CHECK-COLLISION

æ›ë®éjì�ç

. . . . . . . 43

gossiping. . . . . . . . . . . . . . . . . . . . . . . . . . 8

gossiping-spanning-tree. . . . . . . . . . . . 41

graph í . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

helpers. . . . . . . . . . . . . . . . . . . . . . . . . . . .26

identifyingnumbersor labels. . . . . . . . .6

insecure. . . . . . . . . . . . . . . . . . . . . . . . . . 61

in-neighbour. . . . . . . . . . . . . . . . . . . . . . 51

known radionetworks. . . . . . . . . . . . . . . 6

104



leaderselection. . . . . . . . . . . . . . . . . . . . 61

limited gossiping. . . . . . . . . . . . . . . . . . 36

localareanetworks. . . . . . . . . . . . . . . . . .3

lowestcommonancestor. . . . . . . . . . . .74

mathematicalnotionsá

�

æ›â•ç

. . . . . . . . . . . . . . . . . . . . . . . . 30×

n . . . . . . . . . . . . . . . . . . . . . . . . . . . .20×

n

È

. . . . . . . . . . . . . . . . . . . . . . . . . . . 80
î

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
î

n . . . . . . . . . . . . . . . . . . . . . . . . . . . 27ê

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9Þ

Û . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
ï

lJ×C� . . . . . . . . . . . . . . . . . . . . . . . . 42
ï

æ›â�ç

. . . . . . . . . . . . . . . . . . . . . . . . . 32
ð

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
ñ

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
ð

n . . . . . . . . . . . . . . . . . . . . . . . . . . . .39
ðM€üÛF‚

n

. . . . . . . . . . . . . . . . . . . . . . . . . .39

í
n

æ›òžç

. . . . . . . . . . . . . . . . . . . . . . . . 79
ó

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 40Ù¤Þ�è1ôŒÝßõnæÛö÷ç

. . . . . . . . . . . . . . . . . . . . 52
ó

n . . . . . . . . . . . . . . . . . . . . . . . . . . . .40Ù

Ñ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
ó

€lÛF‚

n

. . . . . . . . . . . . . . . . . . . . . . . . . . 40
ø

p . . . . . . . . . . . . . . . . . . . . . . . . . . .19è

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9
ù

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
ù

áÆæÛö÷ç

. . . . . . . . . . . . . . . . . . . . . . 52
ù

áÆæ›úºç

. . . . . . . . . . . . . . . . . . . . . . . 52

ù

n . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
û

, ü and ý . . . . . . . . . . . . . . . . . 9–14

OBT

æÛãºç

. . . . . . . . . . . . . . . . . . . . . . 24
û

ígþ

æ›ú

æ

ç

. . . . . . . . . . . . . . . . . . . . . 32
ÿ

û

æ��mæ›ènç ç

. . . . . . . . . . . . . . . . . . . . . . 11
�

æ›ò1ç

. . . . . . . . . . . . . . . . . . . . . . . . . 79
�

�

æ›ú

æ

ç

. . . . . . . . . . . . . . . . . . . . . . . . 32
�

�

æ›ú

æ

ç

. . . . . . . . . . . . . . . . . . . . . . . .32
�

n . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
�

È

æ›ë‚ç

. . . . . . . . . . . . . . . . . . . . . . . . . 77
�

æ

�

ç

. . . . . . . . . . . . . . . . . . . . . . . . . 76
�

 …š Û . . . . . . . . . . . . . . . . . . . . . . . . . 54å�æ›úºç

. . . . . . . . . . . . . . . . . . . . . . . . . . 47

þ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

þ
× . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

þ

('õ

æ›â•ç

. . . . . . . . . . . . . . . . . . . . . . . . 24

þ

lJ×C� . . . . . . . . . . . . . . . . . . . . . . . . 42

þe uš Û . . . . . . . . . . . . . . . . . . . . . . . . . .54

þ

æ›úˆç

. . . . . . . . . . . . . . . . . . . . . . . . . 30ú

æ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
�

n . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
�

Û . . . . . . . . . . . . . . . . . . . . . . . . . . . .23
	

æ›ë‚ç

. . . . . . . . . . . . . . . . . . . . . . . . . .55

meetingpoint. . . . . . . . . . . . . . . . . . . . . .74

minimal coveringset. . . . . . . . . . . . . . . 20

mobilecomputation. . . . . . . . . . . . . . . . . 3

multi-hop. . . . . . . . . . . . . . . . . . . . . . . . . . 6

multipleaccesschannels. . . . . . . . . . . . .6

neighbour. . . . . . . . . . . . . . . . . . . . . . . . . 51

105



æ

ù

é

�

é â�ç

-selector. . . . . . . . . . . . . . . . . . 53

noise. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

oblivious. . . . . . . . . . . . . . . . . . . . . . . . . . . 9

one-off optimal. . . . . . . . . . . . . . . . . . . . 30

optimal. . . . . . . . . . . . . . . . . . . . . . . . . . . 14

optimalbroadcastingtree. . . . . . . . . . . 24

packets. . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

participants. . . . . . . . . . . . . . . . . . . . . . . . .8

partition. . . . . . . . . . . . . . . . . . . . . . . . . . 79

pathselectors. . . . . . . . . . . . . . . . . . . . . .53

point-to-pointnetworks. . . . . . . . . . . . . .3

pre-clusters. . . . . . . . . . . . . . . . . . . . . . . 80

pre-gossiping-tree. . . . . . . . . . . . . . . . . .42

procedures

DISPERSE(

ò

) . . . . . . . . . . . . . . . . . 66

ENHANCED-PROMOTION(L) . . . 78

FINDMAX . . . . . . . . . . . . . . . . . . . . 57

GATHERING(

ë

) . . . . . . . . . . . . . . . .41

GOSSIPING-SPANNING-TREE . . 43

GRAPH-MULTICAST(

×

) . . . . . . . 86

REDUCE . . . . . . . . . . . . . . . . . . . . . .61

ROUNDROBIN . . . . . . . . . . . . . . . . 56

SHORTEN(
�

) . . . . . . . . . . . . . . . . . . 63

TREE-MULTICAST( þ ) . . . . . . . . . 82

promotion. . . . . . . . . . . . . . . . . . . . . . . . .76

prunningprocess. . . . . . . . . . . . . . . . . . 43

radionetworks. . . . . . . . . . . . . . . . . . . . . .5

randomisedcommunication. . . . . . . . .18

range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

ranks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

receiver. . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

roots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .26

schedule. . . . . . . . . . . . . . . . . . . . . . . . . . . 7

secure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

selective families. . . . . . . . . . . . . . . . . . 61

selectors. . . . . . . . . . . . . . . . . . . . . . . . . . 53

set
ï

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4

set 
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4

singlecommunicationchannel. . . . . . . 3

single-hop. . . . . . . . . . . . . . . . . . . . . . . . . .6

spanningtree. . . . . . . . . . . . . . . . . . . . . . 42

stabletopology/infrastructure . . . . . . . 18

station. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

stepsor time slots. . . . . . . . . . . . . . . . . . . 4

strongselector. . . . . . . . . . . . . . . . . . . . .53

super-levels. . . . . . . . . . . . . . . . . . . . . . . 35

synchronousnetworks. . . . . . . . . . . . . . . 4

time block . . . . . . . . . . . . . . . . . . . . . . . . 47

time layers. . . . . . . . . . . . . . . . . . . . . . . . 24

traf�c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

transmissionlinks . . . . . . . . . . . . . . . . . . 3

transmitter. . . . . . . . . . . . . . . . . . . . . . . . . 5

treeof clusters. . . . . . . . . . . . . . . . . . . . .35

unknown radionetworks. . . . . . . . . . . . .6

weakselector. . . . . . . . . . . . . . . . . . . . . .53

wide areanetworks. . . . . . . . . . . . . . . . . .3

wirelesscommunication. . . . . . . . . . . . 3

106


