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ABSTRACT

Wirelesssensornetworks(WSN)consistofsensornodesthatdetectrelevanteventsintheirvicinity
andrelaythisinformationforfurtheranalysis.Considerableworkhasbeendoneintheareaofsensor
nodeplacementtoensureadequatecoverageoftheareaofinterest.However,inmanyapplicationsit
maynotbepossibletoaccuratelyplaceindividualsensornodes.Insuchcases,impreciseplacement
canresultinregions,referredtoascoverageholes,thatarenotmonitoredbyanysensornode.The
useofmobilenodesthatcan‘visit’suchuncoveredregionsafterdeploymenthasbeenproposedin
theliteratureasaneffectivewaytomaintainadequatecoverage.Inthispaper,theauthorspropose
anovelintegerlinearprogramming(ILP)formulationthatdeterminesthepathsthemobilenode(s)
shouldtaketorealizethespecifiedlevelofcoverageintheshortesttime.Theauthorsalsopresenta
heuristicalgorithmthatcanbeusedforlargernetworks.
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INTRodUCTIoN

AWirelessSensorNetwork(WSN)consistsofanetworkoftiny,low-poweredandmulti-functional
devices, operated by lightweight batteries (Ammari & Das, 2012). WSNs can perform complex
tasksthroughthecollaborativeeffortsofalargenumberofsensorsthataredenselydeployedwithin
thesensingfield.OneoftheprimaryapplicationsofWSNsistomonitorenvironmentalorphysical
changesinafieldofinterestusingsensornodes.Theinformationfromthesensornodesarethensent
toabase station(orsinknode)forfurtherprocessingandanalysis.

WSNsareoftenusedtotrackaspecificchangeincondition,oraspecificeventbydeploying
sensornodeswithinagivenfieldofreference.Earlierresearchworks(Ammari&Das,2012),typically
consideredtheuseofstaticsensornodestomonitorthesensingfield.Manyoftheseworksfocused
onthesensornodeplacementproblem,wherethegoalistocoverthesensingareawithaminimum
numberofsensornodes(Cheng,Du,Wang,&Xu,n.d.;Gupta,Das,&Gu,2003;Pan,Hou,Cai,
Shi,&Shen,2003;Tang,Hao,&Sen,2006).However,thisassumesthateachsensornodecanbe
placedindividuallyandaccuratelyinaspecificlocation.Further,itassumesthatthesesensornodes
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wouldnotbemovedinadvertently(e.g.duetohighwindconditions),afterdeployment.Althoughsuch
placementmaybepossibleforsomeindoorapplications,formanyotherapplicationsitisnotfeasible.

Deploymentofsensornodesatpreciselocationsbecomestechnologicallyand/oreconomically
impracticalformanyapplications.Forexample,ifthenodesaretobedeployedinahostileenvironment
formonitoringvolcanicactivityorinasensitivemilitaryzone,itmaynotbepossibletoplacethem
atexactlocations.Suchimpreciseplacementcanleadtoareas,withinthesensingfield,thatarenot
beingmonitoredbyanysensornode.Suchregionsarereferredtoascoverage holes(TheofanisP.
Lambrou&Panayiotou,2009)andanyeventsoccurringintheseregionswillremainundetected.
Additionally,evenifexactplacementispossible,nodesmaybecomefaultyorbeaccidentallymoved
afterdeployment,leadingtotheoccurrenceofcoverageholes(TheofanisP.Lambrou&Panayiotou,
2009;Wang,Cao,Berman,&Porta,2007).

Inrecentyears, the introductionofasmallnumberofmobilenodes into theWSNhasbeen
suggestedasawaytohandletheissueofcoverageholes(TheofanisP.Lambrou,Panayiotou,Felici,
&Beferull,2010).Themobilenode(s)canmovetothelocationsnotcoveredbyanyofthestationary
sensornodesandmonitorthoseareas.Althoughthecostofmobilenodesishigherthanthestatic
nodes,typicallyonlyafewsuchnodeswouldhavetobeaddedtoachievethedesiredcoverage.These
mobilenodeswilltravelalongpre-plannedroutesandvisittheunmonitoredregionstomaximize
areacoverage(Vecchio&López-Valcarce,2015).

Using theguidedmobilityofa setofmobilenodesallowsperiodicmonitoringofcoverage
holes.Areaswithinthesensingradiusofoneormorestaticnodesarecoveredcontinuously.For
theremainingareas,thegoalistoachieveguaranteed periodic coverage.Anyeventwhoseduration
islongerthantheintervalbetweensuccessivevisitsofamobilenodecanbedetectedsuccessfully.
Therefore,itisextremelyimportanttoplantoroutethemobilenodesappropriately,suchthatallthe
coverageholescanbevisitedinaminimumamountoftime(Liu,Dousse,Nain,&Towsley,2013;
Zhu,Fan,Wu,&Wen,2016).

Inthispaper,wepresentanovelintegerlinearprogramming(ILP)formulationforoptimally
calculatingthepathsforasetofmobilenodesinaWSN.Thegoalistofindarouteforeachmobile
nodethatallowsalluncoveredregionsofthesensingareatobemonitoredasquicklyaspossible.
Tothebestofourknowledge,thisisthefirstoptimalformulationforvisitingcoverageholes,using
multiplenodes,inaWSN.Thepathplanningrequirescoordinationamongthemobilenodestoavoid
visitingthesameareasandcovertheentireregioninaminimumamountoftime.Theproposed
heuristiccanbeusedforlargernetworks,wheretheILPmaybecomecomputationallyintractable.

ReLATed WoRK

WSNswithonlystaticnodesusedappropriatenodeplacementstrategiestoachievetherequiredlevel
ofcoverage.In(Chengetal.,n.d.),nodeplacementisformulatedasanoptimizationproblemthat
ensuresthattheresultingnetworkisconnected.In(Panetal.,2003),relaynodesarepositionedto
maximizenetworklifetime.In(Guptaetal.,2003)anapproximationalgorithmisusedtocomputea
connectedsensorcover,withaminimumnumberofsensornodesandin(Tangetal.,2006),arelay
nodeplacementalgorithmwithguaranteedcoverageandconnectivityispresented.

Forapplicationswherepreciseplacementofnodesisnotfeasible,nodemobilitycanbeusedto
improvenetworkperformance(DiFrancesco,Das,&Anastasi,2011;T.P.Lambrou&Panayiotou,
2007;TheofanisP.Lambrou&Panayiotou,2009;Wanget al., 2007).Sensornetworks thatuse
mobile nodes for improved performance have been considered in some recent papers (Bozdag,
Ekici,&and,2005;Gandham,Dawande,Prakash,&Venkatesan,2003;TheofanisP.Lambrouet
al.,2010).In(DiFrancescoetal.,2011;TheofanisP.Lambrouetal.,2010)theuseofmobilenodes
isaimedatimprovingnetworkconnectivityinsparsenetworks.In(Cao,Kesidis,LaPorta,Yao,&
Phoha,2019),controlledmovementofnodesisimplementedforoptimizingthenetworkmonitoring.
In(TheofanisP.Lambrou&Panayiotou,2009),mobilenodesuselocalenvironmentalinformation
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