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Abstract— Autonomous mobile entity navigation through dy-
namic and unknown ervironmentsis an essentialpart of many
mission critical applications like seach and rescueand r e
ghting . The dynamism of the environment makesit particularly
dif cult to achieve navigation using just on-board sensorsand
existing navigation methods. This motivates the integration of
wir elesssensornetworks with navigation. The easeof deployment
of awir elesssensornetwork along with its capability of collecting
and delivering information about the surrounding environment
makesit feasibleto usewir elesssensornetworks to aid navigation
in dynamic ervironments. In this paper, we presentintegrated
navigation and network query strategies that achieve good
navigation performance with low network communication cost.
The reduced communication cost not only increasesnetwork
lifetime but also improvesnavigation performance by increasing
network responsveness,which is required to maintain a high
degree of awarenessin dynamic ervironments. The proposed
strategiesinclude a roadmap basednavigation strategy coupled
with two differ ent query strategiescalled Roadmap Query (RQ)
and Robust Roadmap Query (RRQ). The query strategies are
optimized for the roadmap based navigation strategy, and are
shown, through simulation under realistic r e scenarios, to
outperform existing approachesin terms of both navigation
performance and communication cost. We also presenta mobile
agentbasedimplementation of RQ and provide empirical results
of its performance on a Mica2 mote testbed.

I. INTRODUCTION

Mobile entity navigationis a crucial part of several mission
critical applicationslike re ghting and searchand rescue
operationsin disasterareas.Thesescenariosusually involve
dynamicernvironmentsthat make navigation dif cult and de-
pendenton up-to-dateknowledge of the changingerviron-
ment. Thereforejn suchapplicationsthe mobile entity, which
can either be a humanor a robot, needsto obtain up-to-date
information aboutthe surroundingsin order to navigate the
region safely For example,in the caseof a robot navigatinga
region on re, the robot would needreal time temperature
information of surroundingareasin order to navigate the
region without gettingburnt. On-boardsensorsiave beenused
in the pastto obtaininformationaboutthe environmentaround
the mobile entity's vicinity. However, due to the dynamism
of the ervironment, just using on-boardsensorswhich have
limited spatialscope,is not sufcient to achiese good naviga-
tion performance Wirelesssensornetworks (WSNSs), on the
otherhand,presentnen opportunitiesto obtain frequent,up-
to-dateinformation abouta large expanseof the surrounding
area. Information obtainedfrom the WSN can be used by
the mobile entity to make good navigation decisions,with
reducedrisks. Moreover, WSNsare easilydeployableandare
alsoeconomicallyfeasible.Oncedeplojed, a WSN cansene

severalmobileentitiesandcanalsobeemployedto co-ordinate
the movementof multiple mobile entities.

The integration of WSNs with mobile entity navigation
requiresthe developmentof network query stratgjiesthat are
optimizedfor navigation aswell asnetwork operation.Exist-
ing approacheg$l], [2] that integrate WSNs with navigation
have however not beenable to achiese this. For example,in
the algorithm proposedin [1], changesin the ervironment
(e.g.,a spreadingre) trigger datadisseminatiorto all nodes
in the network. In dynamicervironments suchglobal updates
could result in high communicationcost and data loss due
to network contention,which in turn would lead to poor
navigation performance The query protocol presentedn [2]
alsoqueriesa large numberof sensorsandhencesuffers from
high communicationcostand low navigation performance.

In this paper we concentrateon developing WSN query
stratgiesthat are optimized,in termsof both navigation per
formanceandcommunicatiorcost,for the choosemavigation
stratgy. We employ a roadmapbasednavigation stratey [3]
where an initial roadmapof the navigation region is built
either with or without prior information aboutthe area.The
robot then usesthe roadmapto traversethe region, making
navigation decisionswith the help of the informationobtained
from queryingthe sensometwork.

A primary contritution of this work is the development
of two new spatiotemporabjuery stratgyies called Roadmap
Query (RQ) and Rokust RoadmapQuery (RRQ) that are op-
timized for the navigation stratgy. RRQ is similar to RQ, but
is designedto be morerobust to nodefailures.Both RQ and
RRQ have very low communicationcost, therebydecreasing
dataloss, and increasingnetwork responsienessand hence,
improving navigation performance.The low communication
costalsoincreaseshe WSN lifetime.

We provide extensie simulationresultsunderrealistic re
scenariospbtainedusingthe NIST Fire DynamicsSimulator
(FDS)[4], in orderto evaluatethesetwo new strat@iesagainst
existing approachesOur simulationresultsshav that, in the
absencef nodefailures,RQ outperformsexisting approaches
presentedn [1], [2] in both navigation performanceas well
as network operation. The sameis true for RRQ in the
presenceof node failures. We also presenta mobile agent
basedimplementationof RQ and provide empirical resultsof
its performanceon a Mica2 mote testbed.

In the next section,we formally presentthe problem that
is tackled in this paper followed by our solutionsto the
problemin sectionlll. Simulationresultsare presentechext,
in sectionlV. We explain our agentbasedimplementationof



RQ andpresenempiricalresultsin sectionV. Relatedwork is
discussedh sectionVI, followedby conclusionjn sectionVil.

II. PROBLEM FORMULATION

The fundamentalproblemthat we addressn this paperis
to nd a safepath for a mobile entity througha sensor eld
from a start point ps to a goal point pg. We de ne a safe
pathasa paththatis clearof staticanddynamicobstaclesin
additionto path safety a shorterpathlengthaswell aslower
pathtraversaltime is desirable.

The problem is simple and uninterestingin the absence
of static or dynamic obstacles,where a straight line from
ps to py would sene as the desiredpath. The problemgets
interesting,in the presenceof static obstaclesand has been
extensvely studiedin the eld of motion planning[5], [6],
[7], [8]. However, the problembecomegreally dif cult with
the involvementof dynamicobstacleqe.g.,a spreadingre).
In such scenarioscontinuousawarenesf the surroundings
needgo be maintainedjn orderto navigatethe region without
colliding with the dynamic obstaclesPrevious solutionsthat
deal with just static obstaclesare incapableof meetingthis
requirementand hencecannotbe appliedto such scenarios.
WSNSs, on the otherhand,provide us with the opportunityto
meetsuchrealtime requirementsThe useof WSNs,however,
imposessomenen requirementon the query protocolsfor
collecting real-time information from WSNSs. Firstly, since
WSNs have limited resources,t is necessaryto minimize
the network resourceusageas much as possible.Secondly
it is desirableto increasethe network responsieness,or
in other words, to decreasethe network query delay such
that a high degree of awarenessf the surroundingscan be
maintainedcontinuously Both of theserequirementdranslate
into the needfor highly efcient query protocolswith low
communicationcost.

In this paper we considerthe particular scenariowhere
the dynamicobstacleis a re. The temperatureof the region
traversedby the mobile entity in suchscenariosis thereforea
function of time andis affectedby thelocationandmovement
of re. In this case,the problem can be restatedas that
of nding a safe path for a mobile entity, from start to
goal, without the mobile entity getting burnt. This speci c
problemhasimportantapplicationssuchas assisting remen
or residentsto evacuatean areaon re. Here, a safe path
is de ned as one wherethe maximumtemperaturealong the
pathis below a certaintemperaturehresholde . Coolerpaths
are thus consideredsaferthan hotter paths.The requirements
for a shorterpath length, lower path traversaltime and low
communicationcostremainthe same.

We presentour solutionsto this problemin the following
section.Even thoughwe considerthe speci ¢ scenariowhere
thedynamicobstacles a re, our solutionscanbe generalized
to othertypesof dynamicenvironmentswvheresafetyis de ned
by changingsensoryalues(e.g.,lakes polluted by hazardous
uid, chemicalspills).

I1l. NAVIGATION APPROACH

Our approachto the navigation problem consistsof two
components;a navigation algorithm and a query stratgy.
Both componentswork togetherto safely guide the mobile
entity to the goal. The navigation algorithm computesthe

path that should be taken by the mobile entity to reach
the goal, basedon knowledge of the changingernvironment.
This knowledge is provided by the query stratgy, which
is responsiblefor collecting the required information from
the WSN and delivering it to the mobile entity. Thesetwo
componentare discussedext, with the navigation algorithm
being discussedrst, followed by a discussionof possible
query stratgies.

A. NavigationAlgorithm

The goal of the navigation algorithmis to nd a feasible
pathfor a given mobile entity thattakesthe mobile entity from
a given startto a given goal location. Although several solu-
tions have beensuggested5], nowadays,nearly all practical
systemsuse roadmapmethods[3]. Roadmapsare analogous
to the highwaysof the realworld. They encoderepresentate
feasible pathsin the ervironment. The aim is to searchfor
obstaclesn the limited region of the ervironment.Insteadof
searchingevery point in space pnly the pointsthatareon the
possiblepathsof the mobile entity are searched.

A typical roadmapalgorithm has a roadmapconstruction
stage followed by a path nding stage.In the roadmap
constructionstage,the roadmapnodesare selectedusing a
samplingtechnique(seeFigure1(a), Node Generation) These
nodesare controlledfor feasibility, i.e., it is ascertainedhat
the mobile entity will not be in collision if it is placedat
theselocations.Feasiblenodesare then connectedo form a
graph(seeFigure 1(b), Connection).The edgesof the graph,
represenpathsfrom one nodeto anothermode.The resulting
edgesare again controlled for feasibility. The graphthat is
obtained, after the edgesthat result in collision have been
discarded,is the roadmap.Once the roadmapis obtained,a
feasiblepathfrom startto goalis found by nding a sub-path
from the starting location to the roadmap,a sub-pathfrom
the roadmapto the goal and a sub-pathin-between,within
the roadmap.An algorithmfor ROADMAP METHODS canbe
summarizeds below:

RMsS: ROADMAP METHODS
|. PREPROCESSING: ROADMAP CONSTRUCTION
1. NoDE GENERATION (nd collision-freelocations)
2. CONNECTION (connectnodesto form roadmap)
(repeatas desired)
Il. PATH FINDING
1. CONNECT START/GOAL TO ROADMAP
2. FIND PATH IN ROADMAP BETWEEN CONNECTION NODES

Our navigation algorithm extendsthe traditional roadmap
algorithmby incorporatinginformationaboutthe dangerevel
on the path, which is collectedthrougha WSN.

(i) Node Generation: Our node generationtechniqueis
inspired by the Probabilistic RoadmapMethod (PRM) [6].
While PRM uses probabilistic sampling to obtain roadmap
nodes,we deterministically place the roadmapnodeson a
uniform grid ( Figure 1(a)). We choosea grid for simplicity
andfor samplingthe areauniformly. Anotherbene t of using
a grid is that roadmapinformation can be easily included
in a query messagewithout increasingthe messagesize too
much (explained in section 111-B.3). While grid sampling
may fail in high-dimensionalproblems, it is sufcient for
navigation on two dimensionalsurfaces.Note, that there is
no direct correlation betweenthe wireless sensorlocations
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Fig. 1. A roadmap.(a) After nodegeneration(b) after the connectionphase and(c) usingit to nd a path.

and the roadmapnodes. That is, while the roadmapnodes
are uniformly placedvirtual points, the sensorscan be non-
uniformly distributedin the region.

(ii) Connection: Oncetheroadmamodesaregeneratedthe
nodeghatareneighborsof eachotherin thegrid areconnected
usinga simplelocal planner[9] suchasthe commonstraight-
line local planner(Figure 1(b)). A straight-linelocal planner
returnssucces# themobile entity canreachfrom onelocation
to anothedocationwhenit movesin a straightline. As aresult
of this processwe obtain a graph, (roadmap),suchthat the
mobile entity can traverse the edgesof the graph, without
colliding with ary obstacles.In a typical roadmapmethod,
the edgesare weightedbasedon their length. Theseweights
arethenusedto nd the shortestpath on the roadmap.Since
we are interestedin nding the safestpath, we use an edge
weight function that balancesafetywith efciency. The edge
weightfunctionused,is a weightedfunction of the normalized
maximum edgetemperatureand the normalizededgelength.
The weight of an edgee is thus
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where ; is the maximumtemperatureon e, l¢ is the length
of e, ¢y is the maximum possibletemperaturel is the
maximumedgelengthamongall roadmapedgesE and® - 1
is the weight given to the temperatureeld.

+ in equationl is calculatedas below.
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whereS is the setof sensorghat cover edgee andthat have
respondedo the query A sensoris saidto cover an edgeif
the edgeor part of the edgelies within its sensingcircle. On
the otherhand,an edgeis saidto be coveredif certainpoints
on the edgeare covered. The points on the edgethat need
to be coveredis dependenbn the query stratgy andwill be
discussedater. If anedgee is not coveredby the sensorghat
respondto the query then W, is pessimisticallysetto 1 so
asto avoid traversingthat edge.

(i) Path Finding: In this step,the designatedtartandgoal
locationsare connectedo the neighboringroadmapnodes(see
Figure1(c), Path Finding). Onceaguin, alocal planneris used
for theseconnectionsAt this point, a pathfrom startto goal
can be found, that consistsof a sequenceof sub-paths,rst
connectinghe mobile entity's currentlocationto theroadmap,
thenfollowing the roadmapedgesand nally, connectingthe
roadmapto the goal location. Since,theremay be more than

one pathto the goal, the mobile entity shouldselectthe most
efcient (safe) path, i.e., a path that has the lowest weight
amongall paths.This pathcanbefoundby applyingDijkstra's
shortestpath algorithm[10] on the roadmap.

In the particularscenarioconsideredn this paper the edge
weightsof the roadmapare updated,as new sensorreadings
are obtained,thus modifying the path in order to avoid the
spreadingre. Note, that by using a roadmapalgorithm, we
gain an adwantageover other motion planning techniquesin
termsof ef ciency in the computationwhile maximizing our
objective (i.e., stayingaway from the danger).

B. Query Strategies

In this section,we discussfour different query stratgjies
calledGlobalQuery(GQ), Local Query(LQ), Roadmapuery
(RQ), and Rokust RoadmapQuery (RRQ). Both GQ and LQ
sene as baselinesfor this work, while RQ and RRQ are
two new protocolsthat are optimizedfor our roadmap-based
navigation strateyy.

GQis anintuitive global querystrategy in which the mobile
entity queriesthe entirenetwork onceandcomputeghe entire
path from start to goal basedon the obtainedinformation.
Unlike GQ, LQ is a spatiotemporafjuerystratey suggesteih
[2], wherethe mobile entity progressiely computessub-paths
to the goal basedon datacollectedfrom surroundingareas,
asit traversesthe roadmapHowever, LQ queriesall nodesin
a query areaand hence,is not optimizedfor the navigation
stratgy. We presentRQ and RRQ, in order to addressthis
dravback of LQ. Unlike LQ, RQ requiresonly a few nodes
thatcover roadmapedgesin a queryareato respondoerquery
and hencehas very low communicationcost. RRQ is very
similar to RQ, but hasthe addedcapability of handlingnode
failures.

All query stratgjies use data aggr@ation, in order to re-
duce communicationcost. Data aggreation, in all the query
stratgies, is achieved, using a query tree formed during the
guery processDatais aggregatedat eachlevel of the tree, by
meiging the children's information receved by a parentnode
with the information of the parentnode,into a single query
reply. Our currentimplementationsimply packagesmultiple
repliesinto a single paclet. More sophisticatedaggreation
mechanismssuch as compressionand topographicmapping
[11] can also be incorporatedinto our protocols.The query
responseof eachnode is timed, in order to facilitate data
aggreation. This timing, is basedon the time period T,, that
the mobile entity waits, in orderto obtainthe query results.
Tw representshe querydelay andis tunedin eachprotocol,
to obtain a high percentagef queryresults.



The differentquery stratgies are discussedn detail in the
following sub-sections.

1) Global query (GQ): In this approachthe mobile entity
broadcasts querymessagewhich is ooded through-outthe
entire network. On receving the query messagethe nodes
respondwith their location and temperatureThe information
from the nodesis thenaggr@atedanddeliveredto the mobile
entity which then computesthe edgeweightsof all roadmap
edgesE in accordancewith equationl. The mobile entity
thencomputesa safepathfrom startps to goalpy andfollows
that path.If the mobile entity fails to obtaina safepathfrom
the temperaturénformationobtainedfrom the wirelesssensor
network, the mobile entity issuessubsequengueriesuntil it
obtainsa safe path. Though this approachis intuitive, it is
quite clearthatthis approackhis not a suitablesolutionfor two
reasons(1) it un-necessarilgueriesall the sensorandhence
suffers from a high communicationcost; (2) it doesnot deal
with the dynamismof the ervironment.

2) Local Query (LQ): In this approachthe mobile entity
nds its way to the goal by computingsub-pathgo the goal,
usingtemperaturenformation obtainedfrom local queries,as
it moves towards the goal. The mobile entity issuesa local
gueryat the endof eachsub-path.The queryareaof the local
gueryis centerecht the mobile entity andthus,moveswith the
mobileentity. All andonly thenodesn thequeryarearespond
to the query with their location and temperatureénformation.
As mentionedearlier the mobile entity waits for a period T,
to receve the reponsedo the query After the wait period,
the mobile entity usesthe information obtainedto compute
the weight of the roadmapedgesthat fall within the query
area.The edgeweightsare computedaccordingto equationl.
Using the edgeweights, the mobile entity then computesthe
bestsub-pathP; from its currentlocation, towardsthe goal.
If the mobile entity is unableto obtain a safesub-pathit re-
issuesthe query while if it doesobtain a safe sub-path,it
moves alongthe chosensub-path.On reachingthe end of the
sub-path,the mobile entity once again issuesa local query
and the processdescribedabore is onceagain repeatedThe
whole processis repeatedtill the mobile entity reachesthe
goal or getsburnt. The pathfollowed by the mobile entity is
thusP = fP1;::Pxg whereP; is a sub-pathobtainedfrom
queryi.

In our implementationof LQ, we assumea circular query
areaof radius Rq. We also assumethat the mobile entity
carriesan on-boardsensorthrough which it remainsaware
of the temperatureat its currentlocation. While traversinga
sub-path,f the mobile entity nds thatthe temperatureat its
currentlocation is above the threshold¢ 1, it stopsmoving
andre-issuesa local query

LQ, unlike GQ, was designedto deal with the dynamism
of the ervironment. However, LQ still queriesall the nodes
in a query area, thus resulting in high communicationcost
andlong querydelaydueto network contention.As shavn in
our simulations(sectionlV), the high communicatiorcostcan
severelyaffectthe performancef navigationandendangethe
mobile entity in a dynamicernvironment.

3) RoadmapQuery (RQ): We developedRQ to deal with
the shortcomingsof LQ. RQ was designedto minimize the
communicationworkload on the network, by optimizing the

navigation strategy. Sincethe navigation stratey only requires
the maximumtemperaturelongthe roadmapedgesthe query
messagein RQ, is forwardedonly along the roadmapedges
lying within the query area.This forwarding patternreduces
the numberof nodesthat forward the query messageand is

achieved by requiringthat the queriednodeshave knowledge
aboutthe global roadmapandthatthey maintain1-hopneigh-
borhoodinformation. Sincewe usea grid asthe roadmapthe
rst requirements easilymetby includingthe locationof the
bottomleft cornerof the grid andthe grid squaresizein the
guery messageEach queriednode usesthis information, to

constructthe grid. The secondrequirementequiresall nodes
in the network to maintain neighborhoodnformation which

may introduce some overhead.But this is acceptablesince
the sameneighborhoodnformationis also requiredby other
commonservicessuchasroutingandpower managemerjtL2],

[13], [14]. This information is maintained,by having each
node broadcastperiodic beacons,also referredto as hello

messaged15]. The period at which the hello messageis

broadcastedis called the hello period On receving a hello

messagethe receving node recordsthe sendingnode as its

neighbor

RQ reducesthe communicationcost by not only reducing
the numberof nodesthat forward a query messagebut also
by reducingthe numberof nodesthat respondto a query RQ
requiresall nodesthat forward the query messageto respond
to the query Nodesthat hearthe query messagebut do not
forward the messagerespondo the queryonly if they satisfy
certainconditionsthat arediscussedater. Thus,in RQ, nodes
thatrebroadcasthe querymessageform a backboneof nodes
alongthe roadmapedgesthat fall within the queryarea.Non-
backbonenodesthat respondto the query form leaves that
are attachedto the backbonenodes,thus resultingin a tree
structurewith the mobile entity asthe root. The formedtree
is usedto aggreyatethe sensorresultsanddeliver themto the
mobile entity.

RQ usestwo simplerulesto determinewhich nodesshould
forward the query messageor respondto the query We call
the rule that determinesif a node should forward the query
messageas the forwarding rule andthe rule that determines
if a node should respondto a query as the reply rule. By
the forwardingrule, if a nodereceves a query messagehat
is being propagited along edgee = Pe!pe, Wherepe; and
pe, are the endpointsof the edge, and the arrov denotes
the direction of query messagepropaation, then, the node
rebroadcastshe messagenly if it covers edgee andis the
closestto pe, amongits neighborghatcanalsohearthe same
guery messageBy this method,only a few nodesalong the
edgerebroadcasthe querymessageThereply rule stateshat
a nodeshouldsenda queryreply, if it hasrebroadcastethe
guery messagen accordancewith the forwardingrule, or, if
its temperaturés above ¢ 1 andit coversaroadmapedgethat
falls within the currentquery area.The forwarding rule and
the reply rule are enumeratedn gure 2.

Given thesetwo rules, RQ works as follows. On receving
a querymessagea nodei thatlies within the queryarea,sets
the sendingnodej asits parent,and setsits hop counth; to
h; + 1 whereh; is the hop countof the sendingnodeandis
containedn the querymessageThe hop countis usedto send

query stratgyy in accordancevith the chosenroadmap-based the query resultsat a time that facilitates data aggreation.



Forwarding Rule: for rebroadcastingQuery message
If receved Query msgfrom the robotthen
pr A robotlocationon the roadmap
N A neighborsthat canhearthe robot
If closestto pr amongN thenrebroadcasinsg
else
Eqﬁ edgesthat| cover in currentqueryarea
N A neighborsthat canhearthe querymsg
If srcof querymsgis alongary edgee 2 E4 then
pe A endpointof e in the direction of query
msg propagtion
If closestto p. amongN thenrebroadcasimsg

Reply Rule: for respondingto a Query message
If noderebroadcasteduery msgthen
sendQueryreply
else
If nodecoverssomeedgein currentquery areaand
temperatureat nodeis above ¢ 1 then
sendQueryreply

Fig. 2. RoadmapQuery (RQ) Forwarding Rule, for query message
re-broadcasand Reply Rule, for sendingqueryresponse.

Node i then appliesthe forwarding rule to determineif it

should rebroadcasthe messagelf the node is requiredto

rebroadcasthe messageit rebroadcastthe messagandthen

appliesthe reply rule to determineif it should respondto

the query If it needsto respondto the query it calculates
the time t, at which the result needsto be sentand setsa

timerto re atthattime.As mentionecearlier t, is calculated
suchthat it facilitates data aggreation and is set equal to

to+ Mmecili £ T, whereto is the time at which the mobile

entitysgﬁxdsthequeryrequesandhmax is atunableparameter
thatindicatesa maximumpossiblehop count. Thus,the timer

is setto re aftertime T, = t, | t. wheret. is the time

at which the noderecevesthe query messageA nodewaits

for time interval T, to receve queryrepliesfrom its children.
When the timer res, nodei sendsits query result, which

includesits informationaswell asinformation obtainedfrom

ary childrenthatit may have. The RQ algorithmis shawvn in

gure 3.

The mobile entity actionsin RQ remainthe sameas that
in LQ. That is, the mobile entity waits for a time T,, to
receve the query results.At the end of the wait period T,
the mobile entity nds the bestsub-pathto the goal usingthe
temperaturenformation obtained.It is importantto note that
by reducingthe numberof nodesinvolved in a query RQ
canachiese a signi cantly lower querydelayT,, thanLQ. If
the mobile entity nds a safesub-pathjt startsmoving along
the sub-path.If no suchsub-pathis found, the mobile entity
re-issuesthe query Here also, the mobile entity is assumed
to have an on-boardtemperaturesensorthrough which the
mobile entity remainsaware of its surroundingtemperature.
If its surroundingtemperaturerises above the threshold,the
mobile entity stopsmoving andissuesa query to nd a safer
sub-path.

Analysis: RQ reducescommunicationcost by imposing the
forwardingrule shavn in gure 2. In RQ, the querymessage
of a particular query is propagted only along the roadmap
edgeghatfall within the queryarea.ln this section we derive
two conditionsunderwhich we can guaranteehat the query

When Query messagés receved

1) Acceptif in currentqueryarea.

2) Setsendingnodeasparent.

3) Seth; to hop countin msgplus 1.

4) Apply the forwarding rule to seeif msg should be re-
broadcastedf yes,re-broadcasinsg.

5) Apply thereplyruleto seeif queryresultshouldbesent.If
yes, calculatetime to sendresultandsettimer Sendimer
to re attheright time.

When Queryreply is receved
1) If resultnot yet sentthen storeelsediscard.

When Sendimer res
1) Sendaggregatedqueryresultto parent.

Fig. 3. RoadmapQuery (RQ) Algorithm.

messagés receved by all nodesthatcover ary roadmapedge
lying within the query area.

The st condition is that of a sensingcaovered network.
A sensing covered network is one, where every point in
the region is covered by at least one sensor Without this
network property it is impossibleto guaranteghata roadmap
edgeis coveredby ary sensarA sensingcoverednetwork is
highly desirableasit enableghe mobile entity to obtainmore
information about the surroundingsand hence make better
navigation decisions.

The secondcondition is the double range property by
which, the communicationrange Rc of a node is at least
twice the sensingrangeRs of thenode.Thatis, Rc , 2Rs.
The double range property guaranteesietwork connectity
in a sensingcovered network [16] and henceis a desirable
propertyfor suchnetworks.

Query messageropagtion, in RQ, startsat a nodes, that
receves the query messagegrom the mobile entity, and is
closestto the mobile entity location. From nodes, the query
messageis forwarded along edgescovered by s and then
along edgesthat are connectedo them, and so on. Message
propagtion from one edgeto anotheroccursat nodesthat
cover the intersectionpoint of two or more edges.Note, that
only roadmapedgesthat completelylie within the queryarea,
are consideredper query Since theseedgeslie completely
within the queryarea,they form a connectedsubgraphGiven
the above, we can prove the following propertiesof RQ.

Lemmal: Given a sensingcovered network, with R¢
2Rs, a query messaget a nodei that covers ary roadmap
edgee lying completelywithin the query area,is guaranteed
to be propagtedalongthe edge.

Proof: Let edgee = Pe!Pe, Wherepe; andpe, arethe
endpointsof the edge,and the arrov denotesthe direction
of query messageropagtion. If nodei coversendpointpe,
thenthe messagédasalreadytraversededgee and cannotbe
propagted further along edgee. Hence,let us assumethat
nodei doesnot cover endpointpe,. Nodei mustthus,forward
the messagé¢o a neighborthatcoversedgee andthatis closer
to endpointpe, thannodei is. Sincethe network is sensing
covered,therearea setof nodesS 6 A thatcovertheedgeand
arecloserto endpointpe, thani is. Also, thereis anodej 2 S
who's sensingcircle either intersectsor is tangentialto the
sensingeircle of nodei. The maximumdistancebetweemode
i andary suchnodej is therefore2Rs. Thus,if R¢c , 2Rs,
nodei is boundto have a neighborj in the directionof query



messageropagtion and canforward the messageo node;j .
This is applicableto all nodesthat cover edgee and hence,
the query messageat nodei is guaranteedo be propagted
alongthe edge. [ |

Theoem1: Given a sensingcoverednetwork with R¢ ,
2Rgs, RQ candeliver a querymessagdrom the mobile entity
to every node covering a roadmapedge lying completely
within the query area.

Proof: In a sensingcoverednetwork, a query message
from the mobile entity is receved by a nodes that coversthe
mobile entity's location,which corresponds$o a grid point p,.
Nodes coversroadmapedgesE s thathave p, asanendpoint
andthat lie completelywithin the queryarea.Fromlemmal
we can guaranteethat the query messagepropagtes along
all edgese 2 E;. On reachingthe endpointof the edgesin
Es, the querymessaggetsforwardedto the connectecedges
by the nodescovering the endpointsconnectingthe edges.
Since the roadmapedgeslying completelywithin the query
areaare connectedandsincethe querymessagés guaranteed
to propagte along an edgeonce it is received by a node
that covers it (lemma 1), the query messagds quaranteed
to be deliveredto every nodecaovering a roadmapedgelymg
completelywithin the queryarea.

We note,that sensingcoverageandthe doublerangeprop—
erty are sufcient but not necessaryconditions for guaran-
teeingquery messagelelivery to all nodescovering roadmap
edgeslying within the query area.RQ can still provide best
effort serviceswhentheseconditionsare violated.

4) Rolust RoadmapQuery (RRQ): RRQ extendsthe RQ
protocol to make it more robust to node failures due to
destructionby re. To ensureoptimal navigation performance
evenin the presencef nodefailures,RRQrequireseachnode
thatrespondgo a query to not only sendits sensoreadingbut
alsoinform the mobile entity aboutfailed neighborshatcover
roadmapedgesin the currentquery area.The new reply rule
is shavn in gure 4. The mobile entity usesthe nodefailure
information to avoid pathswith failed nodes,assumingthat
the failed nodeshave beenburnt. This assumptions required,
becausethe navigation stratgy usesan optimistic approach,
in thatit considersan edgesafe,if it hasheardfrom enough
nodesthat cover the edgeand have temperaturedower than
the threshold.Given a situationwherethe re burnsnodeson
one side of the edge,but doesnot affect nodeson the other
side of the edge,without nodefailure information,the mobile
entity would assumehatthe edgeis safeandmay traversethe
edge,only to getburnt by the spreadingre. This situationas
well asotherspecialcasesanbe avoidedby having the nodes
sendnodefailure information.

Since each node maintainsa neighborhoodtable and re-
ceives periodic hello messagedrom its neighbors,a node
knows if a neighborhas failed, if it hasnt heardfrom the
neighborin n hello periods. The choice of n hasto be
made carefully as a lower value of n will give rise to
more false positives and a higher value of n will resultin
delayedawarenesf dangey thusleadingto poor navigation
performanceln our algorithm, we choosen = 2. To reduce
the chanceof falsepositveswe make useof the aggreation
phaseto verify the failed nodeslist containedin the query
reply. Thus,whena noderecevesa queryreply from a child,
it checksif the child's nodefailure list containsany nodethat

Reply Rule: for respondingto a Query message
If noderebroadcastequery msgthen
sendQueryreply”
else
If nodecoverssomeedgein currentquery areaand
temperatureat nodeis above ¢ v then
sendQueryreply”
else
If nodehasfailed neighborsthat cover roadmap
edgesin the currentquery areathen
sendQuery reply”

* Here, Query reply containssensorreadingand list of failed
neighbors.

Fig. 4. RolustRoadmapQuery(RRQ)ReplyRule,for sendingguery
response.

the parentknows to be alive. Any suchnodeis removed from
the list beforeit is passedup the tree.

IV. SIMULATION RESULTS

In this section,we presentthe resultsobtainedfrom simu-
lationsin NS-2. We simulatedRoadmapQuery (RQ), Rokust
RoadmapQuery (RRQ), Global Query (GQ), Local Query
(LQ), and the algorithm presentedin [1], which we will
henceforthrefer to as the Dartmouth Algorithm (DA). The
DartmouthAlgorithm usesa potential eld method,whereby
sensorslocated at or near obstacles(i.e., those with high
temperatures)ylisseminatea negative potential eld to the
entirenetwork, while the goaldisseminatea positive potential
eld to the entire network. The resultant gradient of the
combined potential elds directs the mobile entity to the
goal. As every nodemaintainsthe potential eld countersthe
mobile entity just querieslocal nodesto learn of the resultant
gradient.A major draw of this approachis that ary change
in obstaclestate (for example, when the re spreadsto a
nodeandits temperatureises)will triggerthe ooding of the
entire network to updatethe potential eld counterof every
node.Therefore while DA maywork well in arelatively static
ervironment,it may introduceextremely high communication
costin a dynamicervironment.

We evaluate and comparethe protocols,using 9 different
realistic re dynamicsscenariospbtainedusingthe NIST Fire
DynamicsSimulator (FDS) [4]. In all the scenariosthe re
startsin differentlocationsscatteredver the region andthen
spreadsver the region with time. Sincethis behaior presents
two different ervironments,(1) which is very dynamic and
occursin the beginning, whenthe re is still spreadingand
most of the region is still not on re, and(2) which is less
dynamicandoccurswhena large areaof theregion is already
under re, we testthe performanceof the algorithmsin both
ernvironments,by starting the mobile entity at two different
timesof 50sand 200s,after the re startsspreading.

SinceLQ, RQ andRRQ are spatiotemporatjueries,query-
ing only nodeswithin a local queryarea,we alsoevaluatethe
performancef thesealgorithmsunderdifferentqueryradiuses
of 90m,130mand180m.Queryradiusedowerthan90mcould
not be used,dueto thelimit imposedby the selectedyrid size.

Each simulation was run with 900 nodesuniformly dis-
tributed in a 450n£ 450m area. The communicationrange,
sensingrange and bandwidth of the nodeswas setto 45m,
20m and 40kbps, respectrely. The node sensingrangewas
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Fig. 5. PerformanceComparisorwithout nodefailure.

carefully chosensuchthat the temperaturesensedby a node
gives a good indication of the maximum temperaturewithin
the sensingcircle. The sensingrangevalue was basedon the
temperaturgradienttT attheborderof a re, thetemperature
threshold ¢ + used by the mobile entity to avoid danger
and the temperaturet ,,,, at which the mobile entity gets
burnt. Mathematically Rs = $2i®T|n the simulations,
+T was obtainedfrom the simulation scenarios,while ¢ ¢
and Deltapy,n, were setto 60°C and 150°C, respectfully
assuminga robot as the mobile entity. Rc was setto satisfy
the propertyRc , 2Rs.

Themobileentity's velocity wassetto 3m=s anda5£ 5 grid
wasusedasthe roadmapywith eachblockin the grid, measur
ing 90mx90m.The periodT,,, during which the mobile entity
waits for the queryresults,wasdeterminedaxperimentallyfor
LQ, GQ, RQ andRRQ. In eachof thesealgorithms,T,, was
setto a valuethat permitteda high percentag®ef queryresults
to be receved by the mobile entity. As expected the value of
Tw wasfoundto increasewith thenumberof nodesresponding
perquery T,, wassetto 250sin GQ. Thevaluesof T,, usedfor

90m [ 130m | 180m
LQ 20 40 60
RQ 10 20 40
RRQ | 10 20 40
TABLE |

Tw VALUES USED FOR LQ, RQ AND RRQ.

LQ, RQandRRQaregivenin tablel. T, representshequery
delay achievable using a query protocol. The other tunable
parameterax , Which representdhe maximum hop count
andis usedin RQ and RRQ to determinethe time at which

a node shouldsendthe query responsewas also determined
experimentallyand was setto 6, 10 and 12 for query radius
90m, 130mand 180m, respecitiely.

As mentionedearlier (in sectionlll-A), an edgeis con-
sidered covered if certain points on the edge are covered.
The selectionof the points differs with the query strateyy.
SinceLQ and GQ query all nodeswithin a query area,ary
numberof points(, 2) on anedgecanbe consideredn these
algorithms.In our simulationsof LQ and GQ, we consider

ve equidistanipointson anedge . However, sincemuchfewer
nodesare queriedin RQ and RRQ, we considercoverageof
only the endpointsof an edgeto indicate edge coveragein
thesealgorithms.

We usethe following metricsto evaluatethe performance
of the differentalgorithms.(1) SuccessRatio, de ned asthe
ratio of the numberof scenariosin which the mobile entity
reacheghe goal to the total numberof scenariosThis is the
most important metric for the application. (2) Path Length
de ned asthe averagelengthof the pathtaken by the mobile
entity, from start to goal over different scenarios.(3) Path
Traversal Time, de ned as the averagetime taken by the
mobile entity to reach the goal, over scenarioswhere the
mobile entity successfullyreacheghe goal. The pathtraversal
time includesthetime thatthe mobile entity spendson moving
andthe time it remainsstationarywhile waiting for the query



(b)

Fig. 6. Global Query SnapshotsThe circle depictsthe mobile entity;

the crossat the bottom left cornermarksthe starting point; and the

crossat the top right cornermarksthe goal. The red region hastemperatureabore 150°C, the greenregion hastemperatureabore 60°C

while the blue region hastemperaturebelov 60°C.

Fig. 7. RoadmapQuery SnapshotsThe circle depictsthe mobile entity; the crossat the bottomleft cornermarksthe startingpoint; andthe
crossat the top right cornermarksthe goal. The red region hastemperatureabore 150°C, the greenregion hastemperatureabore 60°C

while the blue region hastemperaturenelov 60°C.

results. Note that the latter dependson the performanceof
the query protocol. (4) CommunicationCost de ned as the
averagenumberof messagesent per scenarioin which the
mobile entity reacheghe goal.

In the following subsectionsve rst presenthe resultsob-
tainedfrom simulationswithout nodefailure andthenpresent
the resultsobtainedfrom simulationswith nodefailure.In the
simulationswith nodefailure, nodesfail dueto destructionby
re atatemperaturef 15C°C.

A. Without Node Failure

1) PerformanceComparison:In this sub-sectionwe com-
pare the navigation performanceand communicationcost of
GQ,LQ, RQandDA. Thequeryradiusof RQ andLQ is setto
90min thesesimulations.SinceRRQ is designedspeci cally
to handlenodefailures,we do not includeit in this section.

a) SuccesRatio: Figure5(a) showvs the successatio of
the differentprotocolsat starttimes 50sand 200s.As seenin
the gure, RQ performsbetterthan all the other algorithms,
andachievesa successatio of 1 for both starttimes.Although
LQ is similar to RQ, it doesnot perform as well, because
unlike RQ, it queriesa large numberof sensorsand hence
incurs a long query delay The long query delay slows down
the mobile entity's progressowardsthe goal, and sometimes
causeghe mobile entity to be caughtup amidstthe spreading

re with no safe path leading to the goal. Sometimes.the
mobile entity also gets burnt while waiting for the query
results.In comparisonthe succesgatio of GQ is quite low.
This is becausejn GQ, the selectedpath to the goal is not
updated,basedon the changingenvironmentalstate,causing
the mobile entity to getburntin dynamicenvironmentswhere
the re encroachethe chosenpath.However, this explanation
appliesonly at starttime equalto 50s.At a starttime of 200s,
the mobile entity usually fails to obtain a safe path, because,
by the time the mobile entity obtainsthe queryresults,which
cantake aslong as250s,mostof theregionis alreadyengulfed
by re, disconnectinghe startfrom the goal. Figure 6 shavs
snapshotsf a particularscenariowherethe mobile entity gets
burnton usingGQ while gure 7 shavs snapshotef the same
scenario,where the mobile entity reachesthe goal on using
RQ. The successatio of DA is alsonot asgoodasthatof RQ
or LQ. The low succesgatio is attributed to high dataloss
due to contentioncausedby the high communicationcost of
DA.

b) Path Length: Figure 5(b) comparesthe path length
obtainedby the differentalgorithms.We seefrom the gure,
that GQ obtainsthe shortestpath length. This is expected,
since GQ obtains a global view of the surroundingsby
gueryingall the nodesin the network and can hence,choose
the best path available. DA however fails to obtain a short
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pathlength,eventhoughit is a globalalgorithm.This is again
becausef datalossdueto its high communicationcost. The
pathachieved by RQ is shorterthanthatof LQ, andis slightly
higherthanthat of GQ. SinceRQ andLQ are basedon local
gueriesthe resultantpathlengthis expectedto be worsethan
that obtainedfrom using a global algorithm.

c) Path Traveisal Time: Figure 5(c) showvs the path
traversal time obtainedby the different protocols. From the
gure, we seethat DA achievesthe leastpathtraversaltime.
Thisis becauseDA hasvery low querydelaycomparedo the
otheralgorithms,asit requiresthe mobile entity to queryonly
nearbynodes.The pathtraversaltime of RQ is alsoquite low
andis comparableto that of DA. This is becausethe query
delayin RQ is also quite low, sinceonly a few sensorsn a
guery areaare requiredto participateper query LQ and GQ,
on the otherhand,attain high pathtraversaltimes, sincethey
query a large numberof nodesand hencehave long query
delays.

d) CommunicationCost: A comparisonof the commu-
nication costincurredby RQ, LQ, GQ and DA is presented
in gure 5(d). From the gure, we seethat DA has an
extremelyhigh communicatiorcost. The high communication
cost of DA is expected,since it requiresall nodesof the
network to maintainthe potential elds, resultingin periodic
ooding of the entire network. In comparison,RQ has the
leastcommunicationcost, since it queriesonly a few nodes
that lie along the roadmapedgesin a query area,per query

This is one of the main advantagesof RQ, which enhances
it's performanceas well asincreasesetwork lifetime.

e) Discussion: We obsenre the following, in the above
comparisonsGQ achieresthe shortestpathlength, dueto its
globalview, but doessoatthe costof high communicatiorcost
andhigh pathtaversaltime. However, it alsohasalow success
ratio comparedto the other algorithms. The causeof the
low succesgatio (explainedearlier) emphasizeshe needfor
continuousawarenessn dynamicervironmentsLQ addresses
this requirementand enablesthe mobile entity to stay aware
of the changingervironment,but still performspoorly dueto
high communicatiorcost. DA, on the otherhand,requiresthe
involvementof all the nodesin the network, thusincurring a
high communicationcost, which in turn lowersits navigation
performanceand also affects network lifetime. Overall, RQ
achieves the highestsuccesgatio and lowest communication
cost, as a result of its efcient forwarding and query reply
rules. Theseresultsdemonstratéhe importanceof optimizing
the query protocols, in order to navigate successfullyin
dynamicervironments.

2) Effectof QueryRadius: In this sub-sectionwe compare
the effect of query radiuson LQ and RQ. The query radius
representghe mobile entity's region of awarenessA larger
query radius implies a larger region of awareness,which
potentially implies better navigation performance However,
higherawarenessomesat the price of highercommunication
cost and higher query delay which have negative impacts
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on the navigation performance.Hence, the best navigation
performancecan be expectedat a small, but yet, sufciently
large query radius. This reasonings supportedby our simu-
lation resultsandis visible in gure 8 which shows the effect
of query radius on the succesgatio of the algorithms.The
succesgatio of the algorithmsdo not improve with increase
in query radius, due to the increasein query delay with
increasingqueryradius.A longerquerydelayimpliesthatthe
mobile entity takes longer to navigate the region, and since,
the region gets more dif cult to navigate with time, due to
the spreadingre, the slower the mobile entity, the lower the
successate.Longerquery delay alsoincreaseghe dangerof
the mobile entity gettingburnt while waiting for queryresults.
The pathlengthand pathtraversaltime (not shavn here)also
degrademarginally with increasingqueryradius.Theseresults
demonstratethat the impact of query delay dominatesthe
potential bene t of a large query areain our settings.The
optimal query radiusthus dependson the network bandwidth
andthe grid size.

Figure 9 shaws the effect of query radiuson communica-
tion cost. As expected,the communicationcost of both the
algorithmsincreaseswith increasein query radius.LQ has
a steeperincreasein communicationcost than RQ since it
queriesall the sensorsin the query areaunlike RQ, which
only queriesa few sensorsalongthe roadmapedgesFromthe
above results,we obsenre thata queryradiusof 90m achieves
the bestresultsfor the chosensimulationsettings.
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PerformanceComparisorwith nodefailure.

B. With NodeFailure

Sinceit is importantto designrobust protocolsthat can
toleratenodefailurescausedby harshervironments,we nowv
comparethe performanceof the algorithmsin the presencef
nodefailures.As mentionedearlier nodesare assumedo fail
at temperaturel 5¢°C.

1) PerformanceComparison:In this sub-sectionywe com-
pare the navigation performanceand communicationcost of
LQ, DA, RQ and RRQ. GQ is not consideredn thesesimu-
lations,dueto its poor performancen the earliersimulations.
The queryradiusof LQ, RQ andRRQ s setto 90min these
simulations.

a) SuccessRatio: Figure 10(a) comparesthe success
ratio of the algorithms. From the gure, we see that LQ
and DA perform worse than RQ, just like in the previous
simulationsthatdid not considemodefailure ( gure 5(a)).We
alsonotethatthe successatio of RQ is lowerin gure 10(a)
than in gure 5(a). This is because,n these simulations,
the mobile entity does not receve temperatureinformation
from failed nodeslocatedin regionshaving temperaturebose
15(°PC. This is a problem when some nodes covering a
roadmapedgeareburnt but thereare otherworking nodesthat
cover theedgeandhave temperaturebelown thethreshold¢ .
In suchcasesthe mobile entity assumeghe edgeto be safe
andtraversesit, only to be burnt by the re.

RRQ effectively improvesthe successatio of RQ whenthe
mobile entity startsat 50s, at which time mary new nodes
start failing, due to the spreading re. On the other hand,
RRQ doesnot outperformRQ whenthe mobile entity startsat



200s,sinceby that time, the ervironmentis relatively stable.
This demonstrateghat a robust query protocolis particularly
importantin dynamicervironments.

RRQ performs better than RQ in some cases,because
in RRQ, the mobile entity receves information about failed
nodesandis thuswarnedaboutpossibledangerareasHence,
the circumstancementionecdearlierin the previous paragraph,
that causethe mobile entity to get burnt in RQ, do not occur
in RRQ.

We note that, RRQ cannotdeal with all types of failure
situations. This includes situations where the neighborsof
a failed node are not aware that the node has failed. Such
situationsoccur if the neighborsknow that the failed node
exists and the time interval betweenthe time that the node
fails and the time that the neighborsrespondto a query is
lessthan 2 hello periods.It could alsooccurif the neighbors
do not know that the failed node exists, which happensin
situationswhere the failed node gets burnt right at the start
of the simulationand hence,hasnot beenable to inform its
neighborsaboutits presence.

b) Path Length: Figure 10(b) compareshe path length
achiered by LQ, RQ and RRQ. Due to the poor performance
of DA, we omit it in this aswell asin future comparisonsAs
seenin the gure, the pathlength obtainedby RQ and RRQ
are similar and much shorterthan that obtainedby LQ.

¢) Path Traversal Time: Figure 10(c) compareghe path
traversaltime achievedby LQ, RQandRRQ.The gure shavs
that both RQ and RRQ achiese similar path traversal time,
while LQ achieves a much higher path traversal time. The
longer path traversal time of LQ is due to its longer query
delay

d) CommunicationCost: Figure 10(d) shavs the com-
municationcostincurredby RQ, RRQ andLQ. As expected,
the communicatiorcostof LQ is muchhigherthanthatof RQ
andRRQ sinceit queriesall the nodesin the queryarea.The
communicationcost of RRQ is only slightly more than that
of RQ sinceit requiresnodesto respondif they have failed
neighborsevenif their temperaturesre belov the threshold.

e) Discussion: From the abore performancecompar
isons,we seethat RQ and RRQ perform betterthanthe other
algorithmsin bothnavigation performanceandcommunication
cost.We alsonotethat RRQ succeedsn morecaseshanRQ
does,without increasingthe communicationcost too much.
Moreover, the pathlengthand pathtraversaltime achievzed by
RQ and RRQ are similar, thus making RRQ the bestchoice
amongthe comparedhavigation algorithms.

V. AGENT BASED IMPLEMENTATION OF ROADMAP QUERY

In additionto simulatingbothRQ andRRQ, we alsoimple-
mentedRQ on Agilla [17], [18], a mobile agentmiddlevare
for the TinyOS platform [19]. While our queryprotocolscan
also be implementeddirectly on an operatingsystemsuchas
TinyOS, an agent-base@mplementatiorhasseveral important
bene ts. In addition to easeof programming,this approach
allows the mobile entity to usea wirelesssensometwork even
if it is not pre-programmeadvith the RQ protocol.

A. Agilla

Agilla is implementedon top of the TinyOS and motes
platform.An Agilla applicationconsistsof oneor moremobile

Start node A

L A ‘\ A ¢

A

Agent migration path

A

Fig. 11. Agent basedtemperaturecollection. An exploration agent
migratesalongthe sensorgtriangles)nearthe edgesOnceit traverses
the edge,it sendsthe temperatureinformation back to the mobile
entity

agentghat move or clonethemselesthroughoutthe network,

coordinatingwith eachother to achiere application-specic
behaior. An agentis a programmed,high-level language
supportedby Agilla. Agilla provides primitives for an agent
to move andcloneitself from sensorto sensomwhile carrying
its code and state, effectively reprogrammingthe network.

New mobile agentscan be injected onto a sensoy thereby
allowing new applicationgo beinstalledafterthe network has
beendeplo/ed. To facilitate interagent coordination,Agilla

maintainsa local tuple spaceandneighborlist on eachsensor
Multiple agentscan communicateand coordinate through
local or remoteaccesdo tuple spacesAgilla also maintains
a neighborlist on each sensorwhich containsthe address
of all one-hopneighbors.Prior experienceswith Agilla has
demonstratedhatit canprovide ef cient andreliableservices
neededby highly dynamicapplicationssuchas re tracking

[18].

B. RQ Protocol using Agents

In our systemtheagentsareinjectedinto the network by the
mobile entity, in orderto collect the temperaturevaluesfrom
the sensorsearthe roadmapedges.Unlike the simulations,
our agentimplementatiorsupportsgeneralroadmapsghat can
either be grids or arbitrary graphs.Figure 11 summarizeour
implementationof the agentbasedtemperaturecollection. In
this system,the mobile entity injects an explorer agentinto
the nearestsensorin the WSN through a wirelessinterface.
The explorer agentcarriesthe roadmapedgesthat fall within
the query area. Hence, the agent always knows the local
topology of the roadmap.The rst sensorthat receves the
agentbecomesresponsiblefor the temperaturereadingson
the closestroadmapnode. After injection, the agent starts
exploring the roadmapedges Explorationof an edgewith an
agentis doneby migratingthe agent,alongthe sensordying
alongsidethe edge.When an explorer agentreacheghe end
of an edge(i.e., a roadmapnode),it createsa copy of itself
for eachoutgoing edge. Thesecopies,or clones,repeatthe
sameprocess.For eachoutgoing edge, this cloning is done
on the nearestneighboringsensor If a clone fails to return
backwithin a prede ned period, the waiting agentcanassign



Fig. 12. The experimentalervironment(8£ 8 meters).

the maximumtemperatureo the correspondingedge.In our
experimentswe have employed the former strateyy.
The pseudo-coddor eachagentis presentedelow:

AGENT EXPLORATION

1. while (endof the edgeis not reached)

2 migrateto the next sensorin the direction of the edge.
3. clonethe agentto the nearestsensorsn the direction of
4

unvisited outgoingedges.
. reportbackto the mobile entity with the
temperatur@nformation.

C. Experiments

We performeda preliminary evaluation of our implemen-
tation on a physical testbedcomprisedof Mica2 motesand
a robot. The movies of the experimentscan be found at
http://wwwcsewustl.edw bayazit/sn

In our experiments,we used a Pioneet3 DX robot by
ActiveMedia[20], asthe mobile entity. The Mica2 mote[21]
network was arrangedin a 4x4 grid as shawvn in Figure 12.
Eachnodewasassignedan (x,y) coordinatebasedon its grid
position.In the gure the nodein the lowerleft cornerhasthe
coordinate(1,1). The distancebetweereachneighboringmote
wassetto 2 meters.Also, the robot controller carrieda mote
asa communicationinterfaceto the wirelesssensometwork.

The goal of the robot, in the experiments,was to move
from (1,2) to (8,8) while avoiding the re. Experimentswvere
conductedwith two types of re: (a) static re, and (b)
dynamic re. In the static re experiments,the temperatures
of the moteswere x ed throughoutthe experiment.Fire was
simulated by assigningprede ned high temperaturevalues
(70°C) to motes located at (1,3), (3,3), (7,3), (5,5), and
(7,5) (moteswith white dotsin Figure 12), and 30°C to the
remaining motes. Dynamic re was simulatedby assigning
the sameprede nedvaluesasin the static re, but the values
were changedduring the experiment. More speci cally, the
temperatureof the mote locatedat (3,5) was increasedwvhile
the temperatureof the mote locatedat (3,3) was decreased,
thussimulatinga re spreadingnorthwards.

Static r e. The path found in this scenariois shavn as
the dottedline in Figure13. As is seentherobotsuccessfully
avoidsdangerouplacesby stayingcloseto moteswith normal
temperature.

Dynamic r e. This experimentshaws the reactionof the
robot whenthe re changedocation.In this case,the robot
follows the samepath as the static re until it reacheg5,3).
At this point, the re at (3,3) movesto (3,5). The robot then
successfullynds a new pathto avoid the re. This scenarids
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Fig. 13. Spreadingre. Whenthe re spreadstherobotavoidsinitial
path (dottedline) andfollows a saferpath (solid line).

illustratedin Figure13. Thesolid line shawvs the pathfollowed
by the robot, while the dottedline representshe initial path.

Throughtheseexperimentswe demonstrat¢hatarobotcan
useour agentbasedmplementatiorof RQ, to successfullynd
a safepathin a dangerousnvironment.A detailedempirical
study of RQ and RRQ is part of our future work.

VI. RELATED WORK

Several query serviceshave been developed for wireless
sensornetworks, but most of them are unsuitablefor navi-
gation. Theseinclude Directed Diffusion [22], TinyDB [23],
TTDD [24], SEAD [25], DCTC [26] and MobiQuery [27].
TinyDB and Directed Diffusion are designedfor x ed query
areasand hence are unsuitable for applicationsinvolving
mobile entities with changingareasof interest. TTDD and
SEAD are designedfor mobile sinks, but with x ed areas
of interest. DCTC and MobiQuery are however, more suited
for navigation sincethey involve moving entitieswith moving
query areas.Thesequery services,if modi ed, can be used
along with a navigation stratey, for navigation. But, since
thesequeryservicesqueryall nodesin the queryareaandare
not optimized for navigation, they will potentially not have
very good navigation performanceMobiQuery's capability of
continuousquery is however, very useful for navigation and
canbeintegratedwith RQ (andRRQ) sothatthe mobile entity
doesnot have to stop andwait for the queryresults.

Many successfubpplicationshave beenpresentedecently
that use wirelesssensometworks for robot or mobile sensor
navigation [1], [28], [29]. Thesealgorithms utilize wireless
sensornetworks to compute a path for the mobile entity.
Generally they compute navigation elds that have global
minimumsat the mobile entity's destinationsThese elds are
computedusingwavefrontexpansionsSuchalgorithmswould
give maximum clearancefrom the obstaclesor dangersin
static environmentsduring the navigation. However, building
the navigation eld requiresa ood of messagesall sensors
must participate)increasingthe communicationoverheadand
power consumptionin a staticernvironment,this costcouldbe
negligible. However, when dynamicallychangingdangersare
present,thesealgorithmsrequire continuous ooding of the
network whene&er the dangerchangesOur approachavoids
these oods by utilizing only a small subsetof nodes.We
only gatherthe information from the nodesnearthe possible
paths. We further reduce the number of active nodes by
de ning query ranges.Nodeslying outsidethe query range
do not participatein the query and can go to sleep. Our
approachis also more e xible. For example, in approaches



using wavefront expansion,if the WSN is initially deplojed  [9]
for one mobile entity but is later requiredto supportmultiple
mobile entitieswith differentgoals,wavefrontsof thesegoals
would createproblemsunlessthe network is built to support
several simultaneousvavefronts. Given the samesituation,in ~ [10]
ourapproachdifferentportionsof the WSN cansene different [11]
mobile entitieswithout messageongestionFinally, our agent
basedarchitecturegives us unprecedentede xibility thatis [12]
lacking in other approachesUsing different agents,we can [13]
customizethe samenetwork for differenttasks.For example,
while some re-extinguishingrobotsuseagentonthewireless
sensornetvork to direct themto the re, otheragentsmay |14
direct otherrobotsaway from the re.

There are also other applicationsof WSNs in robot nav-  [19]
igation. In [30], a WSN discovers a path, to help an aerial [1¢
robot reachit's goal. In [31], [32], [33] WSNSs are usedto
directrobot(s),in orderto explorethe ervironmentandreplace
broken sensors.Mobile entities are also used to increase [17]
connectvity of a WSN [34], [35], [36], [37].

VIl. CONCLUSION [18]

In summary the primary contrikution of this paperis four- %8%

fold. First,we proposea novel sensometwork guidedapproach [21]
for mobile entity navigation in dynamicervironments.A key [22]
novelty of our approachis the integration of roadmap-based
motion planningtechniqueswith ef cient queryprotocolsfor [23]
wireless sensornetworks. Second,we presenttwo roadmap
query protocols that are specially optimized for collecting [24;
spatiotemporadata neededfor motion planning. Third, our
simulationsdemonstratéhat our roadmapgueryprotocolscan  [25]
signi cantly improve the successratio of navigation while
introducingminimum communicationcostunderrealistic re  [26]
scenariosand nodefailures. Our resultshighlight the impor-
tanceof joint optimizationof motion planningandsensomet- |57,
work queryprotocolsfor navigationin dynamicervironments.
Finally, we demonstrat¢hefeasibility of our approachhrough
a mobile-agentbasedimplementationof roadmapquery on
MICA2 motesanda real robot. [29]

(28]

REFERENCES [30]

[1] Q. Li, M. D. Rosa,and D. Rus, “Distributed algorithmsfor guiding
navigation acrossa sensometwork;” in Proceedingsof the 9th annual
international confeenceon Mobile computingand networking ACM
Press,2003, pp. 313-325.

[2] G. Alankus, N. Atay, C. Lu, and B. Bayazit, “Spatiotemporalquery [31]
stratgies for navigation in dynamic sensornetwork ernvironments, in
Proc. IEEE Int. Conf Intel. Rob Syst.(IROS) 2005.

[3] N. Nilsson,“A mobile automaton:An applicationof arti cial intelli- [32]
gencetechgniques,,in 1st International Joint Confeenceon Arti cial
Intelligence 1969.

[4] K. M. et. al., Fire dynamicssimulator (version 4) technical refeence  [33]
guide NationalInstitute of Standardsand Technology 2004.

[5] J.C.LatombeRobotMotionPlanning Boston,MA: Kluwer Academic
Publishers1991.

[6] L. Kavraki, P. Svestka,J. C. Latombe,andM. Overmars,“Probabilistic  [34]
roadmapsdor path planningin high-dimensionakon guration spaces,

IEEE Trans.Robot.Automat, vol. 12, no. 4, pp. 566-580 August1996.

[7] N. M. Amato, O. B. Bayazit,L. K. Dale, C. V. Jones,andD. Vallejo,
“OBPRM: An obstacle-base®RM for 3D workspace$, in Robotics: [35]
TheAlgorithmic Perspective Natick, MA: A.K. Peters1998,pp. 155—

168, proceeding®f the Third Workshopon the Algorithmic Foundations  [36]
of Robotics(WAFR), Houston,TX, 1998.

[8] J.J.KuffnerandS. M. LaValle, “RRT-Connect:An Ef cient Approach [37]
to Single-QueryPath Planning, in Proc. IEEE Int. Conf Robot.Autom.
(ICRA), 2000, pp. 995-1001.

N. M. Amato, O. B. Bayazit,L. K. Dale, C. V. JonesandD. Vallejo,
“Choosing good distancemetrics and local plannersfor probabilistic
roadmapmethods, IEEE Trans. Robot. Automat, vol. 16, no. 4, pp.
442-447,August 2000, preliminary version appearedn ICRA 1998,
pp. 630-637.

T. H. Cormen, C. E. Leiserson,and R. L. Rivest, Introduction to
algorithms 6thed. MIT PressandMcGraw-Hill Book Compary, 1992.
J.M. Hellerstein W. Hong,S. Madden,andK. Stanek;Beyondaverage:
Towardssophisticatedsensingwith queries, in IPSN'03

B. Karp andH. T. Kung, “GPSR:greedyperimeterstatelessouting for
wirelessnetworks; in MobiCom'0Q

B. Chen, K. Jamieson,H. Balakrishnan,and R. Morris, “Span: An
enegy-efcient coordinationalgorithmfor topology maintenancén ad
hoc wirelessnetworks; in Mobile Computingand Networking 2001,
pp. 85-96.

Y. Xu, J. Heidemann,and D. Estrin, “Geograply-informed enegy
consenration for ad hoc routing; in MobiCom'01

K. WhitehouseC. Sharp,E. Brewer, andD. Culle, “Hood: a neighbor
hood abstractiorfor sensometworks; in MobiSys'04

X. Wang, G. Xing, Y. Zhang,C. Lu, R. Pless,and C. Gill, “Integrated
coverageandconnectvity con gurationin wirelesssensometworks; in
Proceeding®f the 1stinternationalconfeenceon Embeddechetworled
sensorsystems ACM Press 2003, pp. 28-39.

C.-L. Fok, G.-C. Roman,and C. Lu, “Rapid developmentand e xi-
ble deployment of adaptve wireless sensornetwork applications, in
ICDCS'05

——, “Mobile agentmiddlewvare for sensornetworks: An application
casestudy’ in IPSN'05

“TinyOS communityforum;’ http://wwwtinyos.net/.

“Activmedia; http://wwwactvemedia.com.

“Xbow,” http://wwwxbow.com.

C. Intanagonwivat, R. Govindan,D. Estrin,J. HeidemannandF. Silva,
“Directed diffusion for wirelesssensometworking,” IEEE/ACM Trans.
Netw, vol. 11, no. 1, pp. 2-16,2003.

S. Madden, M. Franklin, J. Hellerstein,and W. Hong, “Tinydb: an
acquisitionalgueryprocessingystemfor sensometworks; ACM Trans-
actionson DatabaseSystemg¢TODS) vol. 30 (1), 2005.

F. Ye, H. Luo, J. Cheng,S. Lu, andL. Zhang,“A two-tier datadissemi-
nationmodelfor large-scalewirelesssensometworks; in MobiCom'02
H. S.Kim, T. F. AbdelzaherandW. H. Kwon, “Minimum-enegy asyn-
chronousdisseminatiorto mobile sinksin wirelesssensometworks; in
SenSys'03

W. Zhangand G. Cao,“DCTC: Dynamic Convoy Tree-BasedCollabo-
ration for Target Trackingin SensorNetworks; IEEE Transactionson
WrelessCommunicationvol. 3 (5), 2004.

C. Lu, G. Xing, O. Chipara, C.-L. Fok, and S. Bhattacharya,"A
spatiotemporabuery servicefor mobile usersin sensornetworks; in
ICDCS'05

M. A. Batalin,G. S. Sukhatmeand M. Hatting, “Mobile robot naviga-
tion usinga sensometwork,” in ICRAO4.

A. Verma,H. Savant, and J. Tan, “Selectionand navigation of mobile
sensomodesusinga sensometwork,” in IEEE InternationalConfeence
on PervasiveComputingand Communications2005, pp. 41-50.

P Corke, R. Peterson, and D. Rus, “Coordinating aerial
robots and sensor networks for localization and navigation; in
Proceedingsof the Sesenth International Symposiumon Distributed
AutonomousRobotic Systems ser Distributed Autonomous Robotic
Systems 6.  SpringefVerlag, June 2004. [Online]. Available:
http://cmc.cs.dartmouth.edu/papers/@nvigatesensors.pdf

M. A. BatalinandG. S. Sukhatme,'Coverage explorationand deploy-
mentby a mobile robot and communicatiometwork,” Telecommunica-
tion Systemsvol. 26, no. 2-4, pp. 181-196,August 2004.

——, “Sensornetwork-basedmulti-robot task allocation; in Proceed-
ings of IEEE/RSJInternational ConfeenceOn Intelligent Robotsand
SystemsOctober2003.

P. Corke, S. Hrabar R. PetersonD. Rus,S. Saripalli,andG. Sukhatme,
“Deploymentandconnectvity repairof a sensomnetwith a ying robot;
in Proceedingsf the Ninth International Symposiunon Experimental
Robotics June2004.

A. Kansal, A. A. SomasundaraP. D. Jea, M. B. Srivastaa, and
D. Estrin, “Intelligent uid infrastructurefor embeddedhetworks; in
Proceedingsof the 2nd international confeence on Mobile systems,
applications,and services ACM PressJune2004,pp. 111-124.

D. B. Johnsonand D. A. Maltz, “Dynamic sourcerouting in ad hoc
wirelessnetworks; in Mobile Computing vol. 353.

G. Wang, G. Cao, T. L. Porta,and W. Zhang, “Sensorrelocationin
mobile sensometworks; in INFOCOM'05.

G. Wang, G. Cao,andT. L. Porta,“Movement-assistedensordeploy-
ment; in INFOCOM'04.



