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Abstract

Wirelessnetworkdn home officeandsensomapplicationsconsistof nodeswith low mobility. Mostofthesenetworks
haveat leasta few powerfulmadinesadditionally connectedoy a wireline network. Topology information of the
wirelessetworkat thesegpowerfulnodesanbeusedo contmol transmissiopower avoidcongestion,computeouting
tablesdiscoverresouces,andto gatherdata. In this paperweproposeanalgorithmfor topologydiscoveryin wireless
networkswith slow moving nodesand presentvarious performancecharacteristicsof this algorithm. The proposed
algorithm discovers all links and nodesin a stablewirelessnetworkand hasan excellentmessge compleity: the
algorithmhasan optimal messge complgity in a stablenetworkandthe overheaddegradesslowly with increasing
mobility of thenodes.
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1. Intr oduction

Wirelessnetworks arebecomingincreasinglypopular In particular wirelesslocal areanetworks aregainingpop-
ularity in both office and homesettings. Wirelessnetworks are favored over wireline networks for mary reasons.
For example,they are easierto install in existing buildings andthey also give the userscompletemobility. As a

consequencee expectthatin thefuture,they will beevenmorewidespread.
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Oneapproacho wirelesscommunicatioris via the useof basestations.In this approachall nodesin the network
communicatedirectly with the basestation,which redirectsthe traffic to the destinationnode. However, thereare
severaldisadwantagego this approachFor example,in certainapplicationgheremight be no suchpreeistinginfras-
tructureavailable.Also, in mary otherapplicationsge.g.,homeandoffice or sensomlpplicationsthedevicesmightbe
batteryoperatedandthelimited power consumptiorthereforepreventslong rangecommunication.

Ad hocnetworking, ontheotherhand,avoidsthedisadwantagesnentionedabove by allowing all nodesto commu-
nicatedirectly which eachother Unfortunately this approactrequirespartialinformationof the network to be stored
atthewirelessnodeswhich might not be powerful enoughto handlethis. In our work we thereforetake advantageof
thefactthatin mostwirelessnetworksthereis atleastonenodewhich is powerful enoughto storeinformationwhen
required.We call this kind of network a hybrid wirelessnetworkanddescribat in detailin Section2.

Many of the applicationsfor thesenetworks rely on the underlyingtopologyinformation. For example,manage-
mentof a sensometwork or a relief operationrequiresthe knowledgeof connectvity of the nodes.The monitoring
entity needdo learnof ary areasn the network thataretoo denseor too sparsepr of altogetherdisconnecteaodes.
This knowledgecan help the monitor malke betteruseof resourcesn the system. Otherapplicationsfor topology
discovery arepower managementouting in ad hoc networks, network visualization,andresourcediscovery, just to
namea few.

In this paperwe proposeand evaluatea topology discovery protocol. Our designdecisionswere guidedby our
targetdomain: wirelesshomeand office networks. The proposedorotocolrunsin O(N) time in a “stable” network
(seeSection2.3for adefinitionof stable)with N wirelessnodesandworstcasein O(DN?) whenthenetwork is no
longerstable,e.g.,dueto mobility. Theterm D denoteghe averagedegreeof a node. As a partof our protocolwe
alsopresenta methodfor building a meshspanninghe network. This meshcanbe usedin ary applicationto gather
datalocatedacrosghe network andis not limited to topologydiscovery.

In whatfollows, we first describeour systemandfailure modelin Section2. In Section3, we thenformally define
the topologydiscovery problemthat we solve in this paper Section4 goeson to describingthe proposedopology
discovery protocol,andin Section5 we discusssomepropertiesof the protocol. Section6 describesur performance
measurementgndin Section7 we describethe relatedwork. We concludein Section8. A list of symbolscanbe
foundin Table3 (attheendof the paper).

2. SystemAr chitecture and Model

We believe that future homeand small office networks will have the following characteristicsThe network will
mostlik ely consistof awireline anda wirelessnetwork. Thewireline network will atleastbe neededo connecto a
broadbandnodem(e.g.,a cableor DSL modem).In somehomesthe wireline network might be restrictedto connect
thebroadbandnodemto ahomesenerwhichin turn providesservicego wirelessnodes.Theseservicesvould most
likely includewirelessbasestationfunctionality, routing,andDHCP service.In nev homesthe wireline network will
mostlik ely connectmoredevices. It would make senseo connectat leastall desktopgo thewireline network. Some
desktopsnighthave additionalaccesso thewirelessnetwork andprovide servicego theotherwirelessnodes.Mobile

devices,suchaslaptopsandPDAs, will usethewirelessnetwork to communicatevith eachotherandtheInternet.



We expectthat only a few nodeswill move at ary given point in time andthat the speedof movementis very
limited. Theaveragespeedf a moving nodeis expectedo belimited by walking speedwhichis aboutl m/s.
Abstractly we definethe architectureasfollows (seeFigurel). The systemconsistsof Ny nodes.Of theseNr
nodes Ng > 0 nodesareonly connectedo thewireline network andwe denotethesewirelinenodesby By, ..., By, .
Thereare Nj; > 0 nodesthatareonly connectedo the wirelessnetwork andwe denotethesemobilenodesby My,
.. Mn,,. TheremainingNg := Ny — Ng — Njr > 1 nodesareconnectedo thewireline andwirelessnetworks. We
denotethesegatavaynodesby G, ... Gn, - In whatfollows, we wantto referto all nodesconnectedo thewireless
network, i.e., all mobileandgatevay nodes.We denotetheseN := Ny, + Ng wirelessnodesnodesby W, := M,
v Wy = My, Wy +1 = Gi, ..., W := Gn,. Thenumberof wireline, mobile, and gatevay nodesmight
changeduringthe lifetime of a system.Sincethe executiontime of a topologydiscovery protocolis relatively short,

we canassumehat Ng, N, and Ng areconstanturingthatperiod.
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Figure 1. A system consists of wireline nodes (n;), mobile nodes (1/;), and gateway nodes (G;).

Mobile and gateway nodes are called wireless nodes.

2.1 Communication System

Wirelesstransmissionbiave muchhigherbit errorratesthanwireline transmissionsCurrenttransporiprotocols,in
particular TCP/IR aredesignedor wireline networks. They do not performwell if thefrequeng of droppedpaclets
is too high. Hence,wirelesstechnologiedike 802.11use MAC layer acknavledgementgo detectand retransmit
droppedpaclets. This permitsa sendetto detectif thetransmissiorof amessagéasfailed.

Thegatavay nodegprovide routingfunctionalityfor all wirelessnodes A gatavay nodemightoperateasawireless
basestationor it might be a memberof a wirelessad hoc network. In eithercase,it providesrouting capabilityfor
otherwirelessnodesin its neighborhood Logically, the topologydiscovery protocolhasto beindependenfrom the
network layer (i.e., routing layer) sincethe routing tablesmight be computedusing the topology provided by the
topology discovery protocol. Hence,a nodeis restrictedby only beingableto sendmessageto its neighborsij.e.,
messagesentby the protocolarenotrouted.

We abstractway the detailsof the MA C andnetwork layerandassumehefollowing communicatiormodel.Each



wirelessnode can sendlocal unicastmessagesBYy local we meanthat the messagés not routedvia intermediate
nodes. We assumehat all messageare uniquein the sensethat given a messagen one candeterminethe sender
sender(m), thedestinationdest(m), thesendtime ST (m), therecevetime RT(m), andtheacknavledgementime
ACK (m). Thereceietime RT'(m) is thetime at which messagen is receved. It is undefinedj.e., RT'(m) 1, if
themessagés neverreceied. If themessagés notdelivered,acknavledged or the acknavledgements recevvedtoo
late,then AC K (m) is undefinedj.e., ACK(m) 1. To simplify matters we assumehatall timesaredefinedwith
respecto real-time.

CurrentMAC layersdo not provide a robustlocal broadcasmechanism.Neverthelessye assumgand shaow in
Section4.2.3how to implement)sucha mechanism.Any practicalimplementationwill useunreliablebroadcasts
provided by the MAC layerto implementsucha robust broadcastechanism.We assumehat all neighborsof the
senderof n will receve the robustbroadcastj.e., if a nodedoesnot receive n, it is not a neighborof sender(n).
ACK (n) is thereceve time-stampof the (first) acknavledgementecevedfor n.

We assumethatlinks arelik ely to be bidirectional,i.e., if W; canreceve messagefom W; then; canreceve
messagefrom W;. Thisis a valid assumptiorbecausainderlyingwirelessprotocols,e.g.,the 802.11MAC layer,

requirelinks to be bidirectionaltoo.
2.2 Failure Model

A nodecanschedulecertaintasksto be executedat a certainpoint in time. Typically, sucha task sendsone or
moremessagesTo simplify our model,we assumehata nodedoesnot suffer performancedailures: a non-crashed
nodewill executeall its tasksat their scheduledimesandthatthe processingimesarenegligible. Practically thisis
justanaccountingrick anddoesnot meanthatwe have a synchronousystemmodel. We achiere this by addingthe
schedulingandprocessinglelaysto thetransmissiordelayof the messageéseeFigure?2).

A nodehascrashfailuresemanticsi.e.,a nodecanonly fail by prematurelystoppingthe executionof its program.
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Figure 2. In our model we add the scheduling and processing delays to the transmission delay

of messages.

We assumehatif a messagen from nodeW; is deliveredto nodeW;, thenW; hasindeedsentm to W;. This

impliesthata corruptedmessagés never deliveredandhencejt is neveracknavledged.If anacknavledgemenbf a



messagen is not deliveredwithin a predefinedime-outdelay A, we saythatthetransmissiorof m hasfailed. Note
thatevenif m is receivedby dest(m) but theacknavledgemenof m is notrecevedby sender(m) within A, we say
thatm failed.

2.3 Stability Properties

We denotethe link from wirelessnodesW; to W; by L; ;: L; ; is thelink thatW; usesto sendmessage W;.
We saythatalink L; ; is stablein atime interval I if 1) thereexistsatleastonemessagé¢hatis sentbetweenl¥; and
W; in I, and2) all messagesentbetweeni¥; andWW; in I aredeliveredandacknavledgedin time. Predicatestable
is symmetricin thesensdhatif L; ; is stablein I, thenL; ; is alsostablein I. By requiringthatatleastonemessage
is sentvia a stablelink, we ensurghata brokenlink cannotbe calledstableduring periodsin which no messageare
exchangedFormally, we canexpresspredicatestable asfollows:

stable(L;,j,I) :=
A3Im3s € (Wi, W;},3r € {W;,W;} — s: ST(m) € I A sender(m) = s Adest(m) =r
AVm3s € {W;,W;},3r € {W;,W,;} — s: ST(m) € I A sender(m) = s Adest(m) =r = ACK(m) |
We saythatalink L; ; is disconnectedh aninterval I if 1), thereexistsatleastonemessagehatis sentbetweenV;
andWj; in I and2), no messageentbetweeni¥; andW; in I is delivered. We definepredicatedisconnected as
follows:
disconnected(L; ;, I) :=
A 3Im3s € {W;, W;},3r € {W;,W;} —s: ST(m) € I A sender(m) = s Adest(m) =r
AVm3s € {Wi, W;},3r € {W;,W;} —s: ST(m) € I A sender(m) = s Adest(m) =r = RT(m) 1
A disconnectedink is never stableandvice versa.However, alink might neitherbe stablenor disconnectedwe call
suchalink unstable
unstable(L; j,I) := —stable(L;,;,I) A ~disconnected(L; j, I).
A nodeW; is reatableby anodeW}, in intenval I, if thereexistsa pathof stablelinks from W}, to W;:
reachable(W;, Wy, I) :=
,3P = (Py,...,P),Yo € {1,..,1 — 1} : stable(Lp, p,,,,I) NWp, = Wi AWp, = W;.
We saythat the network is stablein atime interval I, if eachlink is eitherstableor disconnectedndary nodeis
reachabldy somewirelessnodeC (seeSection3):
stable(I) :=Vi,j € {1,..., N} : (stable(L; ;,I) V disconnected(L; ;,I)) A reachable(W;,C, I).
Weintroduceawealer propertyof a semi-stablaetwork. In suchanetwork, links arepermittedto beunstableaslong
aseachnodeis reachablevia a stablepathfrom C:
semi-stable(I) :==Vi € {1,..., N} : reachable(W;,C, I).
In whatfollows, we oftendo not provide interval I. In all thesecases/ is assumedo betherun-timeinterval of the
protocol.



3. Problem Description

In somesystema wireline or gatevay nodeinitiatesthe topologydiscovery by sendingrequesimessagesia the
wireline network to all gatevay nodes. In othersystemsthe topology discovery might be initiated by ary wireless
node. To generalizehe problem,we omit the optionalfirst stepof forwardinga topologydiscovery requestvia the
wireline network. We assumensteadthata wirelessnodeC' (coordinator) initiatesthe protocol.

We definethe topologydiscovery problemasfollows. Thediscovery is initiated by nodeC' at sometime s. The
protocolhasto returnthe discoveredtopologyto C within a boundedime R, i.e., at sometime ¢ suchthats < ¢t <
s+ R. We usel := [s, ] to referto therun-timeinterval of the program. We assumethatthe topologyis returned
in form of a predicateT’. Predicatel'(i,j) holdsiff the protocoldiscoveredthelink L; ;, i.e., thatTW; canreceve
messagesentby W;.

We have to specifythatthetopologyreturnedby a correcttopologydiscovery protocolreflectsthe topologyof the
wirelessnetwork. Notethatthetopologymight changedueto mobility duringtherun-timeof the protocolandhence,
we cannotrequirethatthetopologyT is identicalto the topologyof the wirelessnetwork. Insteadwe constrainT” as
follows. First, if the protocolsaysthata link L; ; existsthenit hasto have “proof” thatthis link existedat leastat
somepointin I. Secondjf T saysthatthereis nolink L; ; betweertwo nodesiW; andW;, theneitherthelink must

notbestableor neitherW; nor W; arereachabldy C. More preciselywe requirethefollowing.

R1 Letusconsidetthattheprotocoldiscoversalink L; ;, i.e.,T'(i, j) holds.We requirethatthereexistsatleastone
messagen thatis sentandrecevedvia L; ; duringtherun-timeof the protocol:
Vi,j : T (i,7) = Im : sender(m) =i Adest(m) =j AST(m) € I ANRT(m) € I.

R2 Let usconsiderthatthe protocolsaysthatnodesiW; andW; arenot connectedy alink, i.e., T'(4, j) doesnot
hold. In this casewe requirethatneitheri¥; nor W; arereachabldy C' in I orthatL; ; is notstablein I:
Vi, j : =T (3,j) = (-reachable(W;, C, I) A —reachable(W;,C,I)) V —stable(L; ;,I).

This specificatiorimpliesthatif thenetwork is stable thetopologyreturnedo C consistof all stablelinks. It also
guaranteethatin a semi-stableetwork, thetopologyreturnedby the protocolincludesall nodesandit containsall
stablelinks but it mightalsocontainunstabldinks. However, it will never containdisconnectedinks.

Notethatfor alink L; ; to bestablein I, atleastoneof the neighboringnodesi¥; or W; hasto sendamessagéo
theother Becausef this requirementatrivial protocolcould sendno messageandthusensurehatnolink is stable.
Thistrivial protocolcouldthereforemmediatelyreturnwith anemptytopology andstill satisfyour specification.To
preventsuchtrivial solutions,we notethat otherprotocolsare allowedto sendmessage parallelto the messages
to the topologydiscovery protocol. More precisely the protocoldesignethasto consideran adwersarythat cansend
messagest arbitrary times betweenarbitrary nodesduring the protocol execution. In this way, we excludetrivial

solutionsandforce a correctprotocolto sendmessage discoverthetopologyof the network.



4. Protocol Description

Thetopologydiscoveryalgorithmconsistof two phasesThefirst phasewhich we referto asthe Diffusionphase
is initiated by the coordinatorby broadcastinga topology requestmessage.As the nodesreceive and rebroadcast
this messagethey constructtheir local neighborhoodnformation,andupdateotherdatastructuresusedto construct
a meshwhich at the end of the Diffusion phasespansthe completenetwork. This meshis thenusedin the second
phasethe Gatheringphase to forwardthelocal neighborhoodnformationfrom all the nodesup to the coordinator
Togetherthesetwo phasegprovide the coordinatomwith the requiredtopologyinformation.

Beforewe describethe protocolin detail, we give a brief overview illustratedby someexamples.The coordinator
initiatesthe protocolby broadcasting topologyrequesimessageThe first time a nodereceivessucha messageit
recordsts senderlsaparentrecordghisinformationin themessageandretransmitst usingarobustlocalbroadcast.
To increasehereliability of thealgorithm,eachnodealsorecordsthe senderof thenext (k — 1) requestst receves
asits parentqunlesstherequestvasbroadcastethy a potentialdescendantipndrebroadcastthem. The constant:
is boundedby a smallinteger K, andis determinedoy the coordinator Eachnoderecordsits childrenby checking
if it is listed asa parentof the senderin eachreceived requestmessageln this manney all nodesreachabléy the
coordinatorwill atthe endof the Diffusion phasehave arywherefrom 1 to k& parentstogetherforming a mesh(see
Figure3).

In the Gatheringphase eachnodesendsits andits descendantsheighborhoodnformationto all its parentsvia
unicastmessagesTheseunicastsareinitiated eitherassoonasit hasreceived the neighborhoodnformationfrom
all its children,or whenit haswaited a pre-determine@mountof time inverselyproportionalto its distanceto the
coordinatoy whichever occursfirst. In a failure free run, the coordinatorrecevesthe desiredtopology information
afteratotal of O(N) messageéseeFigure4). We describethe Gatheringphasein moredetail andunderlessideal
conditionsin Section4.3.

In therestof this sectionwe first presenthe messagéormatstogethemwith the datastructurestoredat eachnode
in Sectiond.1. Thisis followedby a formal descriptionof the Diffusionphaseof thealgorithmin Sectiond4.2,andthe

sectionis concludedn Sectiond4.3with a descriptionof the Gatheringphase.
4.1 MessageFormats and Data Structur es

In this sectionwe presentheformatsof themessagessedin the protocol,aswell asthedatastructuresnaintained
locally at eachnodein the network. This sectionis meantto be usedasa referencesectionfor Sections4.2and4.3,
wherethe detailsof how thesemessageanddatastructuresareusedandupdatedaredescribed.

Theprotocoluseshreemessagéypes:Di f f Req, Di f f Ack andGat hResp. Di f f Req is thetopologyrequest
messagénitiated by the coordinatorandlaterrebroadcastetly theothernodesDi f f Ack is aspecialacknavledge-
mentsentaspartof thereliablebroadcastlescribedn Sectiond.2.3,andGat hResp is themessagesedto propagate
the topologyinformationup to the coordinatorduring the secondphaseof the protocol. The fields of the threemes-
sagesredescribedn Tablel, thedatastructuresnaintainedocally ateachnodearepresentedh Table2. Thedetails

of how thesedatastructuresareusedandupdatedwill bedescribedn Sectiond.2and4.3.



Figure 3. An example of the Diffusion phase in a sample network. Starting at the coordinator ,

each node broadcasts arequest message containing its parent node. p and ¢ denotes the lists

of each node’s parents and children, respectivel vy.
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Figure 4. An example of the Gathering phase in the same sample network as in Figure 3.
Starting at the leaves, each node ¢ sends its neighbor information (L;) and its downstream

neighbor information (dL;) to its parent(s).



| Field | Description |

coord the coordinatorof thetopologydiscovery

sender thesendethatbroadcastethis message

par ent this messagés arebroadcasbf amessageeceved by this parent
hopCount thedistancejn hops,from coor d to sender

k maximumnumberof parentf anode
bcast | d auniqueintegerthatidentifiesthe currentprotocolrun
maxEccentricity || theestimatednaximumdistancdrom ary nodeto thecoor d
power Level transmissiorpower to be usedby thetransportprotocol

(a) Thefieldsof theDi f f Req message

Field || Description

sender thenodesendinghis Di f f Ack message
dest thesender field of theDi f f Req beingacknavledged
coord thecoor d field of the Di f f Req beingacknavledged
bcast1ld || thebcast | d field of theDi f f Req beingacknavledged

(b) Thefieldsof theDi f f Ack message

Field | Description
sender thesendeof this message
coord thecoordinator
bcastld auniqueintegerthatidentifiesthe currentprotocolrun
topol nfo theaccumulatedopologyinformationfrom the sendeiandthe downstreamnmodes
eccentricity | themaximumdistancefrom ary dovnstrearmodeto thecoor d
pani crode setto trueiff sendeiis in panicmode

(c) Thefieldsof the Gat hResp message

Table 1. Format of the three messages used in the protocol.

Datastructure || Description
L list of discoreredneighbors.
Parents alist of the parentsf thenode
Chil dren alist of the childrenof thenode
dL theaccumulatedheighborhoodnformationof thedownstrearmodes
HopCount _t h || thehopcountof thefirst parentin thePar ent list of thenode

Table 2. The data structures kept at each node in the network.




coordinator Q

Figure 5. In a 3-resilient mesh each node has at most 3 parents.

We useanadjaceny list to representheinformationin thet opol nf o field of the Gat hResp messageandthe

L anddL datastructuresatthe nodesgventhougha bitfield would reducethe messagasizein densenetworks.
4.2 Diffusion Phase

TheDiffusionphasas thefirst phaseof thetopologydiscoveryprotocol. Thecoordinatotinitiatesit by broadcasting
aDi f f Req messageWhena noderecevessucha messageit rebroadcastit (at mostk > 1 times). The Diffusion
phasehastwo purposeskFirst, it updateghelocal neighborhoodnformationof thenodes A nodel¥V; thatis reachable
by thecoordinatowill receveamessagérom all its neighborsandvice versa.Hence,W; will addall its neighborgo
its neighbotlist (L). The secondourposeof the Diffusionphases to build a coordinatorootedmeshspanningacross
the entire network. If the network is partitionedthe meshmight not containall nodes. However, in a semi-stable
network it containsall nodesreachabldrom the coordinator This meshis usedby the Gatheringphaseto propagate
theaccumulatecheighborhoodnformationup to the coordinator

It is importantto notethatthe meshcanbe usedfor ary kind of datagatheringapplication,andit is notin anyway
dependenbn the topologydiscovery application. It canalsobe usedin applicationssuchasdeterminingthe power
usage or ary kind of dataaggreyationin a sensometwork. We thereforestartby describinghow to constructthis
mesh.In Section4.2.2we thenshav theremainingstepsof the Diffusionphaseandfinally, in Section4.2.3we shov

how we have implementedhe broadcastgp increasdheir robustness.

4.2.1 Building a Mesh

A k-resilientmeshis a connectedlirectedagyclic graph(DAG), rootedat the coordinatorin which ary nodeW; has
atmostk parentswherel < k < K, andK is small,constaninteger. A parentof ; is ary nodeW; suchthatthere
existsalink in the DAG from W; to W;. We call k theresiliencyfactor of the mesh.Note thata k-resilientmeshis
alsoa (k + z)-resilientmeshV1 < x < K — k. Figure5 givesanexampleof a 3-resilientmesh.

The coordinatorinitiatesthe constructionof the meshby broadcasting Di f f Req messagewhich containsthe

resilieng factorof themeshin thek field of themessageWhena nodereceiesthis messaget doesthefollowing:
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e If thisisthefirst Di f f Req thenodehasreceved,thenit
— setsHopCount _t h to beequalto thehopCount field of themessage,

e |f thenodehaslessthank nodesin its Par ent list, andthefield sender is notin the Par ent list, andthis
Di f f Req hasahopCount field smallerthanor equalto HopCount _t h, thenthenode

addsthesender of themessagéo its Par ent list,

incrementghehopCount field of themessagéy one,

copiesthesender fieldinto thepar ent field,

setsitself asthesender , and

rebroadcastthemessage.
¢ If thenodeisin thepar ent field of theDi f f Req, thenit

— addsthesender toits Chi | dr en list.

4.2.2 Updating Neighborhood Information

To updatethelocal neighborhoodnformationwe addthe following to the algorithmdescribedn Sectiond.2.1.
e Thenodealwaysaddsthesender of any messagéo its neighbotlist L.

At the completionof the Diffusion phasethe completeconnectvity informationof the network canbe constructed
from the local neighborhoodnformationavailableat all the nodes.During the Gatheringphasewe collectthis info
andpropagatet up to the coordinatorthroughthe meshbuilt duringthe Diffusionphase.

A nodewill only addlinks to its neighbodist acrosswhichit hasrecevedatleastonemessageuringtheexecution
of the protocol. This meanghatonly links thatsatisfyrequiremenR1 areadded.Notethatthe Di f f Req message
will bereceivedby eachnodeW; thatis connectedo the coordinatowia a pathof stablelinks. In particular W; will
rebroadcasthe Di f f Req messagandaddall nodesconnectedo W; via a stablelink to its neighborlist. We shov
in Section4.3 thatthe neighborlists of W; will be forwardedto the coordinator— which is neededandsuficient to

satisfyrequiremenR2.

4.2.3 Robust Broadcast

The succes®f the Diffusion phasedependson the reliability of the broadcastsif mary broadcast$ail, fewer links
arediscovered.Broadcastin mostMACsfor adhocnetworksarenotreliable.In 802.11for example,broadcastsre
sentwheneerthecarrieris sensedreeandcanthereforeresultin anumberof collisionsasshovn in Figure6. In this
examplewe have simulatedthe Diffusion phaseusing GloMoSim[15] with threedifferenttransmissiorpowers. We
seethat aswe increasethe transmissiorpower andthereforethe neighbordensity more broadcasmessagesollide
andasmallerfractionof thelinks arediscovered.
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Figure 6. Simulation results for three diff erent transmission powers. These GloMoSim simula-
tions used 50 nodes in a 200mx200m area.

We increasdherobustnes®f broadcastdy usinga variationof the RTS/CTSschemeproposeddy [14]. Theidea
is to ensurethatthe broadcasteachesat leastonenodein the neighborhood.To usethis schemewe couldlet each
nodedo a RTS/CTSwith the nodefrom whichit recevedarequesiwheneverit wishesto rebroadcasit.

An RTS/CTSmechanisnis however mostly helpful for largemessagedn the DiffusionphaseheDi f f Req mes-
sageghatarebeingbroadcasaresmallin size,andthelengthymessagexchangeof anRTS, followedby aCTS,the
Di f f Req messageandfinally anacknavledgements unnecessarynsteadanodesimply broadcasttheDi f f Req
andexpectsa Di f f Ack in responsdrom the nodefrom which it recevvedthe requesitt is now retransmitting.If a
nodedoesnot recevesa Di f f Ack within a certainamountof time, it rebroadcastthe message.This is repeated
a small numberof times, or until it recevesa Di f f Ack, which ever occursfirst. Our simulationsshow that this
schemeaddsa lot of robustnesgo the Diffusion phase. For example,in the scenariossimulatedin Figure 6, the
Di f f Req/ Di f f Ack schemaliscorers100%o0f thelinks.

4.3. Gathering Phase

In this sectionwe describethe Gatheringphasethe secondof thetwo phase®of our topologydiscovery protocol.
In the Gatheringphasethe k-resilientmeshbuilt in thefirst phasds usedto sendthetopologyinformationbackto the
coordinator The Gatheringphasés initiated by theleavesin themeshwho sendtheirlocal neighborhoodnformation
to their parentsn aGat hResp messagelntermediatenodeswait for repliesfrom all thechildrenbeforethey in their
turn forwarda Gat hResp messageo their parents.If no failuresoccur, theinformationfrom all nodesreacheghe
coordinatomwho at this pointlearnsthe entiretopologyinformation.

In the restof this section,we describethe Gatheringphasein detail. We first describeit for a stablenetwork,
followedby a discussiorin Section4.3.2on how a few unstabldinks arehandled.In Section4.3.3we thendescribe

how thealgorithmis designedo copewith alarge numberof unstabldinks.

4.3.1 StableNetwork

The meshstructurebuilt in the Diffusion phasedefinesa dependeng betweenGat hResp messagesa nodewaits
for a responsdrom all its childrenbeforeinitiating a responsetself. If a nodehasno children,i.e., if it hasnot
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recevedary Di f f Req messageaftera certainamountof time with itself listed asa parentof the senderit initiates
the Gatheringphase.Eachleaf W; in the meshusesa unicastto senda Gat hResp to eachof its parentswith set
{(W;,L)} asthet opol nf o field, whereL is thelist of neighborsdiscoveredby W;.

Whenreceving aGat hResp messageanodel; combinests dL datastructurewith thet opol nf o field: dL is
setto theunionof dL andt opol nf o andthenall pairscontainingneighborhoodnformationfor the samenodeare
combined.Whena nodehasreceveda Gat hResp from all its children,the nodebuilds its own responsanessage
andunicastst to all its parentswith the combinationof {(W;,L)} anddL asthet opol nf o field of themessage.

In astablenetwork, thet opol nf o fieldin aGat hResp messageontainghecompleteneighborhoodnformation
for all downstreamnodes. The coordinatorthereforehasaccesdo the completetopologyinformationuponreceipt
of the Gat hResp messagédrom the lastof its children. The coordinatothasthusdiscoveredall the links andnodes
reachabletthe endof the Gatheringphase.

4.3.2 A FewUnstableLinks

Theprotocoldescribedbove worksaslong asthemeshstructureconsistof stablelinks. An unstabldink cancausea

parentto wait for a Gat hResp messagérom its child, althoughthe child might neverbe ableto sendit successfully
This problemis more seriousin mesheswith a lower resilieng factor In a 1-resilientmeshone unstablelink can

preventthe downstreaminformationto reachthe coordinator However, a meshwith a resilieng factorgreaterthan

onewill beableto toleratesomeunstabldinks if alternatepathsexist from the nodesto the coordinator The scheme
to make a meshtolerateunstabldinks is describedn therestof this section.

A parentshouldnot wait for an unboundedcamountof time for the reply of a child sincea reply might never be
recevved, e.g.,dueto alink thatfailed or dueto the crashof a downstreamnode. The parentshouldinsteadtime-
out after a boundedamountof time to make surethatit forwardsits own neighborhoodnformationandthat of its
otherchildrenthatit hasrecevedsofar. Thetime-outhasto be chosencarefully. If the time-outis too short,some
topologyinformationmight never beforwardedto the coordinatorsinceary informationthatarrivesafterthetime-out
isignored? If thetime-outis too long, thetopologyinformationmightbecomestale.Dueto mobility somediscovered
links might for examplebecomedisconnectedndsomenew links might appeatbeforetheinformationis forwarded
to the coordinator

We first introducesometerminologyfor a betterunderstandingf our approachlLet thei-th parentof nodeWW; be
P; andits depthfrom the coordinatorpercevedat W; bedp,. Sothe distanceof nodeW; to the coordinatoralong
the paththroughP; is dp, + 1. ConstantA (seeSection2.2)is thetime-outdelayfor unicastmessages,e., thetime
aftera sendemivesup retransmittinga messagelLet ecc denotethe eccentricitywith respecto the coordinatori.e.,
the maximumdistancefrom the coordinatorto ary nodein the network. In our currentimplementatiorthe ecc is an
estimatemadeby the coordinatorandcorrespond$o themaxEccent ri ci t y field of the Di f f Req messageThe
eccentri ci ty fieldis includedin the Gat hResp messagé¢o the coordinatorfor a betterestimationof ecc in the
next Diffusionphase However, thereareotherwaysto estimateheeccentricityof thenetwork andwe hopeto explore
themin thefuture.

We cascadéhe time-outsof the nodes.ldeally, a child ; time-outsexactly A time units beforeits parentP; to

1|f it is notignoredandthetime-outis too short,the messageompleity would increasaunacceptably
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malke surethat; hassufficienttime to sendits currenttopologyinformationto P; beforeP; time-outson W;. Hence,
we setthetime-outsuchthatW; waitsfor timeout = 2 * (ecc — dp, + 1) * A afterreceving thefirst Di f f Req from
P;. It will initiate a Gat hResp whenall its childrenhave replied,asdescribedn 4.3.1,0r whenits timeout for P;

hasexpired. In thesecondcasethe nodeW,; sendsall theinformationit hasavailableto parentP;.

4.3.3 Many UnstableLinks

The protocoldescribedso far gathersall link informationaslong eachnodehasat leastone stablelink to a parent
duringthe Gatheringphase Sincetheresponses sentwithout muchdelayandthe nodesin ahomeor office network
arenot expectedto move at high speedsthemeshwill usuallystaystableenoughfor the Gatheringphaseto succeed.
In thesecommonscenario®ur protocolhasanoptimal O (V) messageomplexity andis ableto discoverall thenodes
andlinks in the network. However, in araresituationa nodein the meshmight displaceitself fastenoughto become
disconnectedrom all its parentssuchthatnoneof the parentsarereachableluringthe Gatheringphase.The support
providedby our protocolfor theseuncommorscenarioss detailedin therestof this section.

A nodefirst triesto sendthe Gat hResp messagéo all its parentsn themesh.If noneof theparentsarereachable,
thenit entersa panicmode.In panicmodethe nodesendsheresponsenessagéo all its otherneighbors.This setof
neighborss determinediuringthe Diffusion phaseasdescribedn Sectiond.2.2.

A Gat hResp messagdrom a parentin panic modecauseghe parentto be removed from the Par ent s data
structure For example supposeéodeW; is theparentof nodeW;. If W; enterspanicmode thennodelV; shouldnot
rely on successfutommunicatiorof its Gat hResp to nodeW;, sincelW; mightstill notbeableto sendthe message
ary further. So,W; removesW; fromits Par ent s list andentersapanicmodeif thislist becomesmpty

Onreceving a Gat hResp messagethe nodeupdatesdts dL variablewith thet opol nf o field of the message,

andthendoeseitherof thefollowing:
¢ If thenodehasnotyetsentits Gat hResp to all thenodesn its Par ent s list, thenit
— sendgherespons@asdescribedn Section4.3.2.
o otherwisef therecevedmessagéasaddednew link informationto dL, thenit

— resendsa Gat hResp messagavith the new link informationto all thenodesin Par ent s .2 If thePar -

ent s list is empty it entersthe panicmode.
e otherwiselt
— ignoresthe Gat hResp message.

A worsesituation could arisewhen a nodeis unableto sendits Gat hResp messagéo ary of its neighbors.
Although a nodein this casedoesnot have ary of its original neighborsdiscoreredduring the Diffusion phase,it
mightstill getits messageacrossdf it broadcast#. We usearobustbroadcasslightly differentfrom theonedescribed
in Section4.2.3;sincethe Gat hResp messagearebig, explicit RTS andCTS messageareused. The RTS/CTSis
donewith the lastneighborfrom whom any messagevasheardor receved. To reducethe sizeof this broadcastve

2Notethatin panicmode,asopposedo in non-panionode,a Gat hResp messagarriving afteranexpiredtime-outis notignored.
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do not sendthe completeneighborhoodnformation,but ratheronly the nodeinformation. The argumentis thatif all

theneighborf a nodehave failed,thenits link informationis not of any useto the coordinator

5. Protocol Properties

In this sectionwe discusssomequalitative propertiesof our protocol. First we explain how our protocolsatisfies
therequirementfR1 andR2 introducedin Section3. Thenwe analyzethe messageompleity of the protocol. Due

to spaceconstrainsve omit proofsof the properties.The quantitate performances presentedn Section6.
5.1 Correctness

Theprotocolcollectslink informationlocally in a neighborist andthencollatesandforwardsthe neighborlists to
the coordinatorduringthe Gatheringphase.The topologyinformationconsistsof thesecollatedneighborlists. Only
if anodeW; recevesamessagérom W; with the sameprotocolidentifier, it addsI¥; to its neighbotist. Adding W;
to the neighborlist of W; is necessaryor the protocolto setT'(i, j). The systemmodelspecifieshatif WW; receves
a messagdrom W; thenindeedthe messageavas sentby ;. Checkingthe protocolidentifier makessurethat no
stalemessagewill beused-in particular only sender®f messagethatweresentafterthe protocolwasstartedare
includedin the neighborist. Hence,our protocolsatisfiegpropertyR1.

PropertyR2 is only guaranteedf the panicmodeis switchedon. However, if the network is stable,the protocol
satisfiedR2 evenif the panicmodeis switchedoff. If the network is stable,alink is eitherstableor disconnecteénd
all nodesarereachabléoy the coordinator Hence to violate requiremenR2, therehasto exist a stablelink L; ; that
is not partof thetopologyinformation(i.e., =T'(i, j)). Sinceall nodesarereachablenodesiv; andW; will bothsend
out broadcasmessageduringthe Diffusion phase SinceL; ; is assumedo be stable,IW; will receive thebroadcast
of W; andhence,W; will include W; in its neighborlist. All links betweena parentand a child are stablesince
eachchild wasableto receve the messagef its parent(andthe network is assumedo be stable). This implies that
the neighborinformationof W; will propagateo the coordinator Therefore,T'(i, j) hasto be partof the topology
information.Notethatin a stablenetwork the discoseredtopologycontainsall nodesandall stablelinks.

If the panicmodeis turnedon, propertyR2 is satisfied independentf whetherthe network is stable. Theinverse
of R2 statesthatif W; or W; arereachableby the coordinatorand ; ; is stable,thenT'(i, j) hasto be partof the
topology If alink L;; is stableand W} is reachablethenW; will receive a messagdrom W; andadd W; to its
neighborlist. Panicmodeguaranteethateachnode; cansendits neighborinformationto the coordinatoraslong
asit is reachableby the coordinator Hence,the panicmodeguaranteeshat R2 is always satisfied. Note thatin a
semi-stablenetwork, the topology returnedby the protocolincludesall nodesandit containsall stablelinks but it
might alsocontainunstabldinks. However, it will never containdisconnectedinks.

5.2 MessageComplexity

Themessageompleity of theDiffusionphasds O(NN). Theprotocolsendsupto &+ N robustbroadcasimessages
during the Diffusion phasewherek < K is the maximumnumberof parentsallowed, and K is a small constant

integer. In responseo eachof thesebroadcastsa noderecevesoneunicastacknavledgemenmessageHence there

15



arealsoatmostk x NV unicastmessagesl heoverheadf arobustbroadcasiessagés comparabléo thatof aunicast
messageavith respecto bandwidthandtransmissiompowerusage Hence we countarobustbroadcastessagasone
unicastmessagé our messageompleity analysis.Thetotal messageomplexity of the Diffusionphasds therefore
O(kN) = O(N), sincek is boundedby a (small)constantx’.

The messageompleity of the Gatheringphaseis alsoO(N) aslong asthe meshis semi-stable We saythata
meshconstructedy the Diffusion phaseis semi-stableiff eachnodeis reachabldrom the coordinatorvia a pathof
stablelinks alongthe mesh.Whenthe network is stable the meshis semi-stableNote however, thatif the network is
semi-stablethenthe meshis not necessarilysemi-stable This definition of semi-stableneshimpliesthateachnode
hasa stablelink to atleastoneof its parents.This preventsthenodego enterpanicmode.Therefore gachnodesends
at mostoneunicastmessageo eachof its parentsduring the Gatheringphase.The messageompleity is therefore
O(kN) = O(N) for the Gatheringphaseaslong asthe meshis semi-stable.

Whenthemeshis not semi-stablesomenodesmightenterpanicmode.|f anodein panicmoderecevesaneighbor
list it hasnot receved previously, it first unicastsa Gat hResp messagéo all its neighbors.Assumingthata node
hason averageD neighborsthe averagenumberof unicastmessages panicmodeis atmost DN pernode. If all
the unicastsmessagethe nodesentfailed, it broadcasts condensednessagdseeSection4.3.3). The numberof
robustbroadcasmessages panicmodeis atmostN pernode.Thetotal numberof unicastandbroadcasmessages
in panicmodeis thereforeat most D N2 and N2, respectiely. Theworstcasemessageompleity for panicmodeis
thusO(DN? + N2%) = O(DN?).

Any protocolhasto sendat leastN — 1 messageto satisfythe requirementd®R1 andR2 sinceeachnodehasto
sendat leastonemessagéo let the coordinatorknow from which othernodesit canreceve messagesiNote thatwe

permitlinks to beunidirectional.Hence our messageomplexity of O(NN) for stablenetworksis optimal.

6. Performance

Thetopologydiscovery algorithmwassimulatedn GloMoSim[15], whichusesa parallel,event-drivensimulation
languagecalled Parsec[3]. 50 nodeswere randomlyplacedin a 200mx200marea. IEEE 802.11wasusedasthe
MAC protocolandthe bandwidthwasassumedo be 2 Mbps. The RandomWaypointmodelwasusedto modelthe
mobility of thenodesin the network. In this modeleachnodemovestowardsa randomdestinatiorat a speedchosen
randomlybetweenra predefinedninimum andmaximumvalue. It thenpausedor somedurationandcontinueswith
this mobility pattern.In our simulationsthe minimum speedwassetto 0 m/s andthe pausetime to 30 secondsWe
expectthe speedf nodesin ourtargetapplicationto bewalking speedj.e., approximatelyl m/s.

All nodesweresetto have the sametransmissiorpower, althoughsimulationswerecarriedout for threedifferent
transmissiorpowers:-10 dBm, -6 dBm and-4 dBm. At atransmissiorpower of -10 dBm the averageneighborhood
sizewasabout4, at-6 dBm it wascloseto 11, andaboutl7 at-4 dBm. Whenthetransmissiorpower was-4 and-6
dBm, the network wassemi-stabldor all simulatedspeedsAt -10 dBm however, the network wasonly semi-stable
upto 0.8 m/s.

One nodewas designatedas the coordinatorand the percentagef links and nodesdiscoveredat this nodeis
presentedh this section.Thetopologydiscovery protocolwasexecutedor 12.5secondsLink andnodeinformation
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obtainedatthe coordinatorafterthis interval werenot considered.

We evaluateour protocolusingthreedifferentmetrics. First, we measurehe percentagef stablelinks discovered
(SeeSection2.3for a definition of a stablelink). It is unreasonabl& expectthatan algorithmwould discover links
that only existedfor a shortamountof time during the executionof the algorithm. Furthermorejnformationabout
links thatdo nolongerexist is irrelevant,andcouldalsoleadto inaccuraténformationat the coordinator We therefore
comparethe numberof links thatour protocoldiscovers,to the actualnumberof stablelinks, andusethis fractionto
evaluateour protocol.

Secondwe measurehe percentagef nodesdiscovered.In someapplicationghelink informationmight not be of
interest;it is simply enoughto learnof the differentnodesin the network. We thereforealsopresenthe percentagef
nodesdiscoveredasaway of evaluatingour protocol.

Third, we measurghe messag@verheadof the protocol. The protocolwasexecutedwith andwithout the panic
modeandfor differentvaluesof theresilieng factorof the meshthatis formedduringthe Diffusionphase A higher
resilieng factorincreaseshe robustnesf the protocolbut at the expenseof anincreasdan the messageverhead.
The panicmodefurtherimprovesthe robustnesf our protocolbut alsoresultsin anaddedincreasdan the number
of messagesentduring the Gatheringphase. During the Diffusion phase every nodesendsa constantnumberof
messagegiesultingin O(KN) = O(N) messagesyhere N is the numberof nodes,and K is the constantupper
boundof the resilieny factor of the meshconstructedduring the Diffusion phase. We thereforeonly presentthe
messag®everheadncurredduringthe Gatheringphase.

In therestof this section,we presenthe resultsfor thesethreedifferentmetricsfor the threetransmissiorpowers
of -10,-6, and-4 dBm.

6.1 TransmissionPower: -10dBm
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Figure 7. Percentage of stable links disco vered for -10 dBm transmission power, and diff erent
values of the resilienc y factor k. #st abl e |i nks denotes the total number of stable links in
the network. The network is semi-stab le up to 0. 8 i s.

The percentag®f stablelinks discoreredusinga transmissiorpower of -10 dBm is shavn in Figure 7. Without
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the panicmodethe algorithmdiscoversnearly all the stablelinks up to 0.4 m/s. An increasein speedreduceshe
robustnes®f themeshandresultsin alower percentagef stablelinks discosered.Thereasorfor therelatively large
decreaseén the numberof stablelinks discoveredis that whenthe coordinatorlearnsof a link from a nodeW; to
anothemodelV;, it cannotinfer thatthereis alink from W; to W; sincewe do notassumaall links to bebidirectional.
Hadwe donethat,the numberof stablelinks discoreredwould have increasedbothwith andwithoutthepanicmode.

It is interestingto notethatincreasingheresilieny factor i.e., the maximumnumberof parentsallowedis useful
only up to a certainspeed:in this caseup to 0.6 m/s. Whenincreasingthe averagenumberof parentsthe average
numberof childrenpernodegrows, andthusalsothe probability that at leastonelink betweena parentanda child
breaks. Especiallyfor higher speedavherelink breakagesre even more common,an increasein the numberof
parentghusresultsin agreatemumberof nodeshattimeoutbeforesendingheir Gat hResp messagedueto these
time-outs,the propagatiorof neighborhoodnformationto the coordinatoris delayedproportionallyto the number
of parents.But in a network with sparselyconnectechodesmoving at a high speedit is importantto forward the
informationasfastaspossible sincea link might disappeabeforeit is used.In a sparselyconnectechetwork with
high speed the coordinatormight thereforediscover a higher percentagef stablelinks if the nodesare permitted
fewer parentsj.e., if theresilieng factoris smaller

We call this tradeof betweenminimizing responseime and maximizing meshresilieng the inversion problem
The problemof inversionsuggestghat the resilieng factorshouldbe a tunableparameterchosenaccordingto the
mobility anddensityof the network.

With panicmodeturnedoff, the protocoldiscoversall the stablelinks aslong asthe network is stable.With panic
modeturnedon, the protocoldiscoversall the stablelinks aslong asthe network is semi-stable.At higher speeds
the network is no longerconnectedisingstablelinks. The coordinatoris thereforeunableto receie all the response
messageandthisresultsin adecreasén the percentagef stablelinks thatarediscosered.We canalsoseethe effect
of the inversionproblemin this case.Whenthe nodesareallowed fewer parentsthe Gat hResp messagearesent
soonerandthe coordinatoris thereforeableto gatherinformationover morelinks beforethey break,resultingin a
higherpercentagef stablelinks discovered.

The messageverheadof the Gatheringphaseis shavn in Figure 8. Whenthe panic modeis turnedoff, the
Gat hResp messagesre only sentalongthe mesh. No effort is madeto repairthe meshand so the numberof
responsenessagestaysnearlyconstanacrosdifferentspeedsTheslight variationsin eachof the curvesaredueto
thediffering structureof themeshatdifferentspeedsAs theresilieng factorincreasesgheaveragenumberof parents
increasegandmorelinks arepartof the meshwhich resultsin a highermessageverhead.

Whenthe panic modeis turnedon, the numberof repliessentduring the Gatheringphaseincreasesnore with
speedf alargerresilieng factoris used. The reasorfor this is the inversionproblem;whena nodehasonly a few
parentsts time-outis shorterandit thereforehasa higherprobability thatthe links to its parentsstill exist. This has
the effect thata network usinga largerresilieng factorentersthe panicmodefor lower speedshannetworks with a
smallervalueof k: theincreasen the numberof message®or k£ = 3, 4, and5, occursalreadyat0.7 m/s,whereaghe
increasdor k£ = 1 andk = 2 doesnotoccuruntil 1.2and1 m/s,respectiely. The numberof repliesdropfor higher
speedsincethe network is no longersemi-stable More links arethusbrokenandfewer nodesenterthe panicmode
by receving Gat hResp messagesentby othernodesin panicmode.
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Figure 8. Number of Gat hResp messages sent for -10 dBm transmission power, and diff erent

values of the resilienc y factor k.
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Figure 9. Percentage of nodes disco vered for -10 dBm transmission power, and diff erent values

of the resilienc y factor k.

Figure 9 shows the percentagef nodesdiscoveredby the protocol. Without the panic mode,the percentagef

nodesdiscosereddecreasewith anincreasen speed.Thisis becaus¢he nodesareno longerconnectedisingstable

links alongthe mesh.We canalsoseethattheinversionproblemcausedetterperformancdor a smallervalueof the

resilieng factorat speedgyreaterthan0.6 m/s. Again, the shortertime-outresultsin moreinformationreachingthe

coordinator

Whenthe panicmodeis turnedon, the percentag®f nodesdiscoveredis significantlyhigherthanthe percentage

of stablelinks discovered. This is dueto the factthatonly onelink to or from the nodehasto be discoveredfor the

coordinatorto learnaboutthe existenceof the node.

Note thatin Figure7, 8, and 9 the protocol hasa similar performancdor ¥ = 4 andk = 5. Thisis because

the nodesonly have aroundfour neighborsandthey canthereforenot have morethanfour parentseventhoughfive

parentsarepermittedby the protocol.
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6.2 TransmissionPower: -6 dBm
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Figure 10. Percentage of stable links disco vered for -6 dBm transmission power, and diff erent
values of the resilienc y factor k.

The percentagef stablelinks discoveredat a transmissiorpower of -6 dBm is shavn in Figure10. Becausef a
strongertransmissiompower, thespeedarenotlargeenoughto shaw significantsignsof theinversionproblem.When
the panicmodeis turnedoff andthe nodesareallowedto have morethanoneparent.the algorithmdiscoversnearly
all stablelinks. Thisis becausenostnodesarereachabléhroughstablelinks alongthe meshfor all simulatedspeeds.
Whenthereis just oneparent,evenasinglelink breakagecloseto the coordinatorsignificantlydecreasethe number
of links discorered. Whennodeshave morethanone parentalternatepathsto the coordinatorareensuredandthe
meshis hencemorerobust.

Whenthe panicmodeis turnedon, all the stablelinks arediscoreredusinga resilieng factorof one,evenat high
speedsTheinversionproblembecomewisible for £ > 2 at speedof 1.8 m/sandabove. Whenk = 2, the protocol
only discorers98% of the stablelinks (insteadof 100%whenk = 1).

The messageverheadof the Gatheringphaseis shavn in Figure 11. Whenthe panic modeis turnedoff, the
algorithm sendsa messagealongall the links in the mesh. The numberof Gat hResp messagesentis therefore
equalto thenumberof links in the mesh andthusproportionalto the averagenumberof parentsTheslight variations
in the numberof messagearedueto differentmeshstructuresat differentspeeds.

Whenthe panicmodeis switchedon, the numberof Gat hResp messagesentis proportionalto the resilieny
factor exceptin the casewhenk = 1. This behaior canbe explainedusingthe graphsin Figure10. Nearly all
the stablelinks are discoreredwhenmorethan one parentis allowed and so very few nodesenterthe panicmode.
Thereforemostof thetraffic flows alongthe mesh.However, whenk = 1, thenumberof stablelinks discosereddrops
significantlyat higherspeedsThis is becausehe meshis muchmorefragile with only oneparentandsoit suffersa
numberof link breakagesTo still beableto discorer 100%of the stablelinks, a large numberof nodeshave to enter
the panicmode. Whenk = 1, thenumberof Gat hResp messagesentthereforeincreasegreatlywith anincrease

in speed.
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Figure 11. Number of Gat hResp messages sent for -6 dBm transmission power, and diff erent
values of the resilienc y factor k.

All nodesarediscoveredin all casesexceptfor at the highestspeedwhenthe panicmodeis turnedoff andonly

oneparentis allowed. In this case49 out of the 50 nodeswerediscovered.

6.3 TransmissionPower: -4 dBm

%St abl e Li nks Di scovered (Panic O f, -4dBm

1004 R o e e — —

- S Refafed o .
3 o - {760
¢ g0t | 2 80+ T
3 3 a {740
o o ~. %)
2] 2] a4 X
8 60t j & 60| ) 1720 S
n ) . -
X X 1700 o
c o " p—
3 40 1 3 40 ¢ 4 680 E
N - | pemen o g
= paren = parents —>x— e, ]
® 50 L2 parents < | ® 90l 3 parents A - 660
&7 3 parents A & 4 parents [ A
) 4 parents -} © 5 parents ---e-- 1640
° 5 parents ---e-- ° #stabl e |inks --=--

0 . . . . 0 h . . . 620

0 0.5 1 1.5 2 0 0.5 1 1.5 2
Speed ni's Speed ni's

Figure 12. Percentage of links disco vered for -4 dBm transmission power, and diff erent values
of the resilienc y factor k.

Figure12 showvsthe percentagef stablelinks discoreredwhenthetransmissiorpower is -4 dBm. In this casethe
averageneighborhoof eachnodeis aboutl7 andsothe algorithm performsquite well evenwhenthe panicmode
is turnedoff. Nearlyall the stablelinks arediscoreredwhenmorethanoneparents allowed. Whenk = 1, themesh
is quitefragile andvulnerableto link breakagesThe performancef thealgorithmis however muchbetterthanin the
-6 dBm caseshowvn in Figure 10. With the panicmodeturnedon, the algorithmdiscoversall the stablelinks when
k < 5. Dueto theinversionproblem,the percentagelropsto 98%startingat 1.8 m/sfor aresilieng factorof five.
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Figure 13. Number of Gat hResp messages sent for -4 dBm transmission power, and diff erent
values of the resilienc y factor k.

The numberof Gat hResp messagesentduring the protocol executionis shavn in Figure 13. Whenpanicis
turnedoff, thenumberof Gat hResp messagets equalto the numberof links in the meshsincethereis exactly one
messageerlink in the Gatheringphase With the panicmodeturnedon, the messag®everheadshowns atrendsimilar
to Figurel11 (noticethedifferentscaleon they-axis). The messageompleity increasesvith increasingspeedsvhen
the numberof parentsallowedis greaterthan1. Thereasornis thatanincreasdn the numberof parentggivesriseto
alternatepathsalongthe meshat high speedsHowever, whenthereis just oneparent,a numberof links in the mesh
break,causinga large numberof nodesto enterthe panicmode. In the caseof a transmissiorpower of -4 dBm, the
effectis howeverlessseverethanin the caseof -6 dBm, sinceeachnodehasmorereachableeighbors.

All nodesarediscoveredin all casesexceptfor at the highestspeedwhenthe panicmodeis turnedoff andonly

oneparentis allowed. In this case49 out of the 50 nodeswerediscovered.

7. RelatedWork

The problemof topology discovery hasbeenextensively studiedfor the Internet. Commercialsystemssuchas
HP’s OpenView [1] andIBM’ s Tivoli [2], automaticallygeneratehe network-layertopologyusingstandardouting
information. Furthermorejn [5], the authorspresenta schemeusing SNMP MIB (Managementnformation Base)
informationto discover physicaltopologyin multi-vendorlP networks,andanalgorithmto determinenetwork-layer
topology independenbf SNMP is proposedn [13]. In ad hoc networks however, this problemhasbeenlargely
overlooked.

The problemof topologydiscovery in ad hoc networks is significantly differentthanin wired networks. There
is no IP subnethierarchyand nodesmight have staleneighborhoodnformation. Additionally, thereis no popular
network managemenprotocol, suchas SNMR for ad hoc networks. Low overhead,on-demandouting protocols,
suchasAODV[11] andDSR[1(, alsodo not storeenoughstateto provide completetopologyinformation. On the
otherhand,link stateprotocols,suchasTBRPF[4]andOLSR[9, requireeachnodeto constantlymaintaina partial
topologyof the network. Thisis anoverheadvhenthelink informationis requiredtemporarilyat a few nodes.Link
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staterouting protocolsalso provide only network layer topologyinformation and might not be ableto discover the
completephysicalconnectvity of thenetwork. Themobility of nodesresultsin communicatiorpathsthatareprone
to frequentink breakagesTheseconditionsmake the problemof topologydiscovery extremelychallengingn adhoc
networks.

Therehashowever beensomework relatedto topologydiscovery for adhocnetworks. In [6], theauthorsprovide
a clusteringschemefor ad hoc network managementThe protocol,called ANMP, usesa distributedsetof nodesor
clusterheadgo maintainnodeinformation. ANMP attemptso incorporatefeaturesof SNMPE andusesa hierarchical
schemeo gathertopologyinformation. The clusterheadsare dynamicallychosenbasedon geographidocationor
network connectvity. ANMP usesthe MIBs at clusterheadsto gathertopologyinformation. However, this scheme
hasthe overheadof constantlymaintainingclusterheadsin the network. Additionally, theinformationin the MIBs
might be staledueto mobility andcouldfail to provide acompletdink informationof the network.

In [8], a Uniform Quorum Schemefor mobility managemenin ad hoc networks is proposed. The ideais to
dynamicallymaintainthe nodelocationdatabaseamongthe network nodes.Thesenodesareself organizingandare
connectedhrougha virtual backbone However, this protocolis designedor locationand mobility managementlt
doesnot provide the completephysicallayerconnectvity of the network.

Anothertopologydiscoveryalgorithmis presentedh [12]. Mobile agentsn thenodesperiodicallygathertopology
information and disseminatet to all the other nodesin the network. However, this schemedoesnot provide an
instantaneouwpologyof the network. This algorithmis alsoextremelyintensiein time andmessagewo discovera
completetopologyof the network.

It shouldhowever be mentionedhatnoneof thetheabove protocolsweredesignedo solve the particularproblem
of topologydiscovery we discussin this paper All the above approachesook at differentvariantsof topologydis-
covery asthey donotaimto discoverall thelinks in the network. Thetopologyinformationis movedamongnodes
in the network dependingon the connectvity andtraffic in areasof the network. In this paperwe look at a different
problemwherethe entiretopologyinformationhasto belearnedat a few pre-specifiechodes. Previous approaches
describedabore do not provide anefficientinfrastructureto solve this problem.

[7] attemptgo solve our problemof topologydiscovery. It providesa protocol,calledTopDisc,to discovertopology
in sensometworks. A hierarchicaltree-basedlusteringschemds usedto gathemeighborhoodnformationfrom all
the sensomodes. However, this protocol providesonly a partial link information of the network. It alsoassumes
a reliable broadcastechanismwhich hasnot yet beendevelopedfor ad hoc networks. The tree structureusedby
TopDiscis alsounstableandsusceptibldo link breakagedecaus®f mobility in the network.

8. Conclusion

In this paperwe have defineda precisesystemmodelandproblemstatemenfor the topologydiscovery problem.
We have also presenteda reliable protocol for topology discovery in wirelessnetworks. The protocol consistsof
two phasesthe first phasediffusesthe initial topology requestmessageacrossthe whole network and the second
propagateshe neighborhoodnformationbackto the initiating node. The secondphasepropagateshe information
usinga meshstructurebuilt duringthe first phase.This meshcanbe usedfor ary kind of datagatheringapplication,
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Symbol Description Sec.
Nr total numberof nodes 2
Ng total numberof wireline nodes 2
Ng total numberof gatevay nodeS(Nt — Ng — Nr) 2
Ny total numberof mobilenodes 2
N total numberof wirelessnodeS(Ng + Niy) 2
B; wireline nodei 2
M; mobile nodei 2
G; gatevay nodei 2
W; wirelessnodei 2
sender(m) sendeiof messagen 2.1
dest(m) recipientof messagen 2.1
ST(m) time atwhich messagen wassent 2.1
RT(m) time atwhich messagen wasreceved 2.1
ACK (m) time atwhich theacknavledgemenbf messagen wasreceved 2.1
A one-way messagéime-outdelay 2.2
L(i, §) link betweemodeW; andW; 2.3
stable(L(i,j),I) stablelink 2.3
disconnected(L(i, j),I) | disconnectedink 2.3
unstable(L(i, ), 1) unstabldink 2.3
reachable(W,, W;,I) nodeW; reachabldrom W 2.3
stable(I) stablenetwork 2.3
semi — stable(I) semi-stablenetwork 2.3
C coordinatomode 3
I run-timeinterval of the protocol 3
T topologypredicate 3
R1 topologydiscovery requirement 3
R2 topologydiscovery requirement 3
Di ff Req messagasentin the Diffusionphase 4.1
Di ff Ack acknavledgemenmessag@artof thereliablebroadcasin the Diffusionphase| 4.1
Gat hResp messagesentin the Gatheringphase 4.1
k-resilientmesh datastructurebuilt in the Diffusionphaseandusedin the Gatheringphase 421
k theresilieng factorof ameshj.e.,themaximumnumberof parentsallowed 421
K theupperboundon & 421
D the averagenumberof neighbors 5.2

andis notlimited to topologydiscovery. Themessageomplexity of the protocolis O(N

Table 3. Symbols used in this paper.

) in astablenetwork with N

nodesandit slowly degradego aworstcaseof O(DN?) whenthenodesaremoremobile. We shaw thatthe protocol

discoverscloseto 100%o0f the stablelinks and100%of the nodesin thetargetedapplications.
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