
RoadmapQueryProtocolsfor SensorNetwork
GuidedNavigation in DynamicEnvironments

SangeetaBhattacharya,NuzhetAtay, GazihanAlankus,
ChenyangLu, O. BurchanBayazit,Gruia-CatalinRoman

Departmentof ComputerScienceandEngineering
WashingtonUniversity in St. Louis

Abstract— Autonomous mobile entity navigation thr ough dy-
namic and unknown envir onments is an essentialpart of many
mission critical applications lik e search and rescue and �r e
�ghting . The dynamism of the envir onment 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 a wir elesssensornetwork along with its capability of collecting
and delivering information about the surrounding envir onment
makesit feasibleto usewir elesssensornetworks to aid navigation
in dynamic envir onments. In this paper, we present integrated
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 impr ovesnavigation performance by increasing
network responsiveness,which is required to maintain a high
degree of awarenessin dynamic envir onments. The proposed
strategies include 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, thr ough simulation under realistic �r e scenarios, to
outperform existing approaches in 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 navigation is a crucialpartof severalmission
critical applicationslike �re �ghting and searchand rescue
operationsin disasterareas.Thesescenariosusually involve
dynamicenvironmentsthat make navigation dif�cult and de-
pendenton up-to-dateknowledge of the changingenviron-
ment.Therefore,in suchapplications,themobileentity, which
can either be a humanor a robot, needsto obtain up-to-date
information about the surroundingsin order to navigate the
region safely. For example,in thecaseof a robotnavigatinga
region on �re, the robot would need real time temperature
information of surroundingareas in order to navigate the
region without gettingburnt.On-boardsensorshave beenused
in thepastto obtaininformationabouttheenvironmentaround
the mobile entity's vicinity. However, due to the dynamism
of the environment,just using on-boardsensors,which have
limited spatialscope,is not suf�cient to achieve goodnaviga-
tion performance.Wirelesssensornetworks (WSNs), on the
other hand,presentnew 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, WSNsareeasilydeployableandare
alsoeconomicallyfeasible.Oncedeployed,a WSN canserve

severalmobileentitiesandcanalsobeemployedto co-ordinate
the movementof multiple mobile entities.

The integration of WSNs with mobile entity navigation
requiresthe developmentof network querystrategies that are
optimizedfor navigation aswell asnetwork operation.Exist-
ing approaches[1], [2] that integrateWSNs with navigation
have however not beenable to achieve this. For example,in
the algorithm proposedin [1], changesin the environment
(e.g.,a spreading�re) trigger datadisseminationto all nodes
in thenetwork. In dynamicenvironments,suchglobalupdates
could result in high communicationcost and data loss due
to network contention, which in turn would lead to poor
navigation performance.The query protocol presentedin [2]
alsoqueriesa largenumberof sensorsandhencesuffers from
high communicationcostand low navigation performance.

In this paper, we concentrateon developing WSN query
strategies that areoptimized,in termsof both navigation per-
formanceandcommunicationcost,for thechoosennavigation
strategy. We employ a roadmapbasednavigation strategy [3]
where an initial roadmapof the navigation region is built
either with or without prior information about the area.The
robot then usesthe roadmapto traversethe region, making
navigationdecisionswith thehelpof the informationobtained
from queryingthe sensornetwork.

A primary contribution of this work is the development
of two new spatiotemporalquery strategies called Roadmap
Query (RQ) andRobust RoadmapQuery (RRQ) that are op-
timized for the navigation strategy. RRQ is similar to RQ, but
is designedto be more robust to nodefailures.Both RQ and
RRQ have very low communicationcost, therebydecreasing
dataloss,and increasingnetwork responsiveness,and hence,
improving navigation performance.The low communication
costalso increasesthe WSN lifetime.

We provide extensive simulationresultsunderrealistic �re
scenarios,obtainedusing the NIST Fire DynamicsSimulator
(FDS)[4], in orderto evaluatethesetwo new strategiesagainst
existing approaches.Our simulationresultsshow that, in the
absenceof nodefailures,RQ outperformsexisting approaches
presentedin [1], [2] in both navigation performanceas well
as network operation. The same is true for RRQ in the
presenceof node failures. We also presenta mobile agent
basedimplementationof RQ andprovide 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 solutions to the
problemin sectionIII. Simulationresultsare presentednext,
in sectionIV. We explain our agentbasedimplementationof



RQ andpresentempiricalresultsin sectionV. Relatedwork is
discussedin sectionVI, followedby conclusion,in sectionVII.

I I . PROBLEM FORMULATION

The fundamentalproblemthat we addressin 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 paththat is clearof static anddynamicobstacles. In
addition to pathsafety, a shorterpath lengthaswell as lower
path traversaltime is desirable.

The problem is simple and uninterestingin the absence
of static or dynamic obstacles,where a straight line from
ps to pg would serve as the desiredpath. The problemgets
interesting,in the presenceof static obstaclesand has been
extensively studied in the �eld of motion planning [5], [6],
[7], [8]. However, the problembecomesreally dif�cult with
the involvementof dynamicobstacles(e.g.,a spreading�re).
In suchscenarios,continuousawarenessof the surroundings
needsto bemaintained,in orderto navigatetheregion without
colliding with the dynamicobstacles.Previous solutionsthat
deal with just static obstaclesare incapableof meetingthis
requirementand hencecannotbe applied to such scenarios.
WSNs,on the otherhand,provide us with the opportunityto
meetsuchreal time requirements.Theuseof WSNs,however,
imposessomenew requirementson the query protocolsfor
collecting real-time information from WSNs. Firstly, since
WSNs have limited resources,it is necessaryto minimize
the network resourceusageas much as possible.Secondly,
it is desirable to increasethe network responsiveness,or
in other words, to decreasethe network query delay, such
that a high degree of awarenessof the surroundingscan be
maintainedcontinuously. Both of theserequirementstranslate
into the need for highly ef�cient query protocols with low
communicationcost.

In this paper, we consider the particular scenariowhere
the dynamicobstacleis a �re. The temperatureof the region
traversedby themobileentity in suchscenarios,is thereforea
functionof time andis affectedby the locationandmovement
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 area on �re. Here, a safe path
is de�ned as one wherethe maximumtemperaturealong the
pathis below acertaintemperaturethreshold¢ T . Coolerpaths
are thusconsideredsaferthanhotterpaths.The requirements
for a shorterpath length, lower path traversal time and low
communicationcost remainthe same.

We presentour solutionsto this problemin the following
section.Even thoughwe considerthe speci�c scenariowhere
thedynamicobstacleis a �re, our solutionscanbegeneralized
to othertypesof dynamicenvironmentswheresafetyis de�ned
by changingsensoryvalues(e.g.,lakespollutedby hazardous
�uid, chemicalspills).

I I I . NAVIGATION APPROACH

Our approachto the navigation problem consistsof two
components;a navigation algorithm and a query strategy.
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 changingenvironment.
This knowledge is provided by the query strategy, which
is responsiblefor collecting the required information from
the WSN and delivering it to the mobile entity. Thesetwo
componentsarediscussednext, with the navigation algorithm
being discussed�rst, followed by a discussionof possible
querystrategies.

A. NavigationAlgorithm

The goal of the navigation algorithm is to �nd a feasible
pathfor a givenmobileentity thattakesthemobileentity from
a given start to a given goal location.Although several solu-
tions have beensuggested[5], nowadays,nearly all practical
systemsuse roadmapmethods[3]. Roadmapsare analogous
to the highwaysof the real world. They encoderepresentative
feasiblepaths in the environment.The aim is to searchfor
obstaclesin the limited region of the environment.Insteadof
searchingevery point in space,only the pointsthat areon the
possiblepathsof the mobile entity aresearched.

A typical roadmapalgorithm has a roadmapconstruction
stage followed by a path �nding stage. In the roadmap
constructionstage,the roadmapnodesare selectedusing a
samplingtechnique(seeFigure1(a),NodeGeneration).These
nodesare controlledfor feasibility, i.e., it is ascertainedthat
the mobile entity will not be in collision if it is placed at
theselocations.Feasiblenodesare then connectedto form a
graph(seeFigure1(b), Connection).The edgesof the graph,
representpathsfrom onenodeto anothernode.The resulting
edgesare again controlled for feasibility. The graph that is
obtained,after the edgesthat result in collision have been
discarded,is the roadmap.Once the roadmapis obtained,a
feasiblepathfrom startto goal is 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 algorithm for ROADMAP METHODS canbe
summarizedasbelow:

RMS: ROADMAP METHODS
I. PREPROCESSING: ROADMAP CONSTRUCTION

1. NODE GENERATION (�nd collision-freelocations)
2. CONNECTION (connectnodesto form roadmap)

(repeatasdesired)
II. PATH FINDING

1. CONNECT START/GOAL TO ROADMAP
2. FIND PATH IN ROADMAP BETWEEN CONNECTION NODES

Our navigation algorithm extendsthe traditional roadmap
algorithmby incorporatinginformationaboutthedangerlevel
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 deterministicallyplace 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 III-B.3). While grid sampling
may fail in high-dimensionalproblems, it is suf�cient 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) using it to �nd a path.

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

(ii) Connection:Oncetheroadmapnodesaregenerated,the
nodesthatareneighborsof eachotherin thegrid areconnected
usinga simplelocal planner[9] suchasthe commonstraight-
line local planner(Figure 1(b)). A straight-linelocal planner
returnssuccessif themobileentitycanreachfrom onelocation
to anotherlocationwhenit movesin a straightline. As a result
of this process,we obtain a graph,(roadmap),such that the
mobile entity can traverse the edgesof the graph, without
colliding with any obstacles.In a typical roadmapmethod,
the edgesare weightedbasedon their length.Theseweights
are thenusedto �nd the shortestpathon the roadmap.Since
we are interestedin �nding the safestpath, we usean edge
weight function that balancessafetywith ef�ciency. The edge
weightfunctionused,is a weightedfunctionof thenormalized
maximumedgetemperatureand the normalizededgelength.
The weight of an edgee is thus

We =
½

®( ±e
¢ M

) + (1 ¡ ®)( l e
L ) ±e < ¢ T

1 ±e ¸ ¢ T
(1)

where±e is the maximumtemperatureon e, le is the length
of e, ¢ M is the maximum possible temperature,L is the
maximumedgelengthamongall roadmapedgesE and® · 1
is the weight given to the temperature�eld.

±e in equation1 is calculatedasbelow.

±e = max(±s); s 2 S (2)

whereS is the setof sensorsthat cover edgee andthat have
respondedto the query. A sensoris said to 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 dependenton the querystrategy andwill be
discussedlater. If anedgee is not coveredby thesensorsthat
respondto the query, then We is pessimisticallyset to 1 so
as to avoid traversingthat edge.

(ii) Path Finding: In this step,thedesignatedstartandgoal
locationsareconnectedto theneighboringroadmapnodes(see
Figure1(c), PathFinding).Onceagain, a local planneris used
for theseconnections.At this point, a path from start to goal
can be found, that consistsof a sequenceof sub-paths,�rst
connectingthemobileentity's currentlocationto theroadmap,
thenfollowing the roadmapedges,and�nally , connectingthe
roadmapto the goal location.Since,theremay be more than

onepathto the goal, the mobile entity shouldselectthe most
ef�cient (safe) path, i.e., a path that has the lowest weight
amongall paths.This pathcanbefoundby applyingDijkstra's
shortestpathalgorithm[10] on the roadmap.

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

B. QueryStrategies
In this section,we discussfour different query strategies

calledGlobalQuery(GQ),LocalQuery(LQ), RoadmapQuery
(RQ), andRobust RoadmapQuery (RRQ). Both GQ andLQ
serve as baselinesfor this work, while RQ and RRQ are
two new protocolsthat are optimizedfor our roadmap-based
navigation strategy.

GQ is anintuitive globalquerystrategy in which themobile
entity queriestheentirenetwork onceandcomputestheentire
path from start to goal basedon the obtainedinformation.
UnlikeGQ,LQ is aspatiotemporalquerystrategy suggestedin
[2], wherethemobileentity progressively computessub-paths
to the goal basedon data collectedfrom surroundingareas,
asit traversesthe roadmap.However, LQ queriesall nodesin
a query areaand hence,is not optimized for the navigation
strategy. We presentRQ and RRQ, in order to addressthis
drawback of LQ. Unlike LQ, RQ requiresonly a few nodes
thatcover roadmapedgesin a queryareato respondperquery
and hencehas very low communicationcost. RRQ is very
similar to RQ, but hasthe addedcapabilityof handlingnode
failures.

All query strategies use data aggregation, in order to re-
ducecommunicationcost.Data aggregation, in all the query
strategies, is achieved, using a query tree formed during the
queryprocess.Datais aggregatedat eachlevel of the tree,by
merging the children's informationreceived by a parentnode
with the information of the parentnode, into a single query
reply. Our current implementationsimply packagesmultiple
replies into a single packet. More sophisticatedaggregation
mechanismssuch as compressionand topographicmapping
[11] can also be incorporatedinto our protocols.The query
responseof each node is timed, in order to facilitate data
aggregation. This timing, is basedon the time periodTw that
the mobile entity waits, in order to obtain the query results.
Tw representsthe query delay and is tunedin eachprotocol,
to obtaina high percentageof query results.



The differentquerystrategiesarediscussedin detail in the
following sub-sections.

1) Global query(GQ): In this approach,the mobile entity
broadcastsa querymessage,which is �ooded through-outthe
entire network. On receiving the query message,the nodes
respondwith their locationand temperature.The information
from thenodesis thenaggregatedanddeliveredto themobile
entity which then computesthe edgeweightsof all roadmap
edgesE in accordancewith equation1. The mobile entity
thencomputesa safepathfrom startps to goalpg andfollows
that path.If the mobile entity fails to obtaina safepathfrom
the temperatureinformationobtainedfrom thewirelesssensor
network, the mobile entity issuessubsequentqueriesuntil it
obtainsa safe path. Though this approachis intuitive, it is
quiteclearthat this approachis not a suitablesolutionfor two
reasons;(1) it un-necessarilyqueriesall thesensorsandhence
suffers from a high communicationcost; (2) it doesnot deal
with the dynamismof the environment.

2) Local Query (LQ): In this approach,the mobile entity
�nds its way to the goal by computingsub-pathsto the goal,
usingtemperatureinformationobtainedfrom local queries,as
it moves towards the goal. The mobile entity issuesa local
queryat theendof eachsub-path.Thequeryareaof the local
queryis centeredat themobileentity andthus,moveswith the
mobileentity. All andonly thenodesin thequeryarearespond
to the querywith their locationand temperatureinformation.
As mentionedearlier, the mobile entity waits for a periodTw
to receive the reponsesto the query. After the wait period,
the mobile entity usesthe information obtainedto compute
the weight of the roadmapedgesthat fall within the query
area.Theedgeweightsarecomputedaccordingto equation1.
Using the edgeweights,the mobile entity then computesthe
bestsub-pathPi from its current location, towards the goal.
If the mobile entity is unableto obtaina safesub-path,it re-
issuesthe query, while if it doesobtain a safe sub-path,it
movesalongthe chosensub-path.On reachingthe endof the
sub-path,the mobile entity once again issuesa local query
and the processdescribedabove is onceagain repeated.The
whole processis repeatedtill the mobile entity reachesthe
goal or getsburnt. The path followed by the mobile entity is
thus P = f P1; ::Pk g where Pi is a sub-pathobtainedfrom
query i .

In our implementationof LQ, we assumea circular query
area of radius Rq. We also assumethat the mobile entity
carriesan on-boardsensorthrough which it remainsaware
of the temperatureat its current location.While traversinga
sub-path,if the mobile entity �nds that the temperatureat its
current location is above the threshold¢ T , it stopsmoving
andre-issuesa local query.

LQ, unlike GQ, was designedto deal with the dynamism
of the environment.However, LQ still queriesall the nodes
in a query area, thus resulting in high communicationcost
andlong querydelaydueto network contention.As shown in
our simulations(sectionIV), thehigh communicationcostcan
severelyaffect theperformanceof navigationandendangerthe
mobile entity in a dynamicenvironment.

3) RoadmapQuery (RQ): We developedRQ to deal with
the shortcomingsof LQ. RQ was designedto minimize the
communicationworkload on the network, by optimizing the
query strategy in accordancewith the chosenroadmap-based

navigationstrategy. Sincethenavigationstrategy only requires
themaximumtemperaturealongtheroadmapedges,thequery
message,in RQ, is forwardedonly along the roadmapedges
lying within the query area.This forwarding patternreduces
the numberof nodesthat forward the query messageand is
achieved by requiring that the queriednodeshave knowledge
abouttheglobal roadmapandthat they maintain1-hopneigh-
borhoodinformation.Sincewe usea grid asthe roadmap,the
�rst requirementis easilymetby including the locationof the
bottom left cornerof the grid and the grid squaresize in the
query message.Each queriednode usesthis information, to
constructthe grid. The secondrequirementrequiresall nodes
in the network to maintainneighborhoodinformation which
may introducesomeoverhead.But this is acceptable,since
the sameneighborhoodinformation is also requiredby other
commonservicessuchasroutingandpowermanagement[12],
[13], [14]. This information is maintained,by having each
node broadcastperiodic beacons,also referred to as hello
messages[15]. The period at which the hello messageis
broadcasted,is called the hello period. On receiving a hello
message,the receiving noderecordsthe sendingnodeas 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 querymessage,to respond
to the query. Nodesthat hear the query message,but do not
forward themessage,respondto thequeryonly if they satisfy
certainconditionsthat arediscussedlater. Thus,in RQ, nodes
that rebroadcastthequerymessage,form a backboneof nodes
alongthe roadmapedgesthat fall within the queryarea.Non-
backbonenodesthat respondto the query form leaves that
are attachedto the backbonenodes,thus resulting in a tree
structurewith the mobile entity as the root. The formed tree
is usedto aggregatethe sensorresultsanddeliver themto the
mobile entity.

RQ usestwo simplerulesto determinewhich nodesshould
forward the query messageor respondto the query. We call
the rule that determinesif a nodeshould forward the query
message,as the forwarding rule and the rule that determines
if a node should respondto a query, as the reply rule. By
the forwarding rule, if a nodereceives a query messagethat
is being propagated along edgee = ¡¡ ¡ ¡!pe1pe2 where pe1 and
pe2 are the endpointsof the edge, and the arrow denotes
the direction of query messagepropagation, then, the node
rebroadcaststhe messageonly if it covers edgee and is the
closestto pe2 amongits neighborsthatcanalsohearthesame
query message.By this method,only a few nodesalong the
edgerebroadcastthequerymessage.Thereply rule statesthat
a nodeshouldsenda query reply, if it hasrebroadcastedthe
query messagein accordancewith the forwarding rule, or, if
its temperatureis above ¢ T andit coversa roadmapedgethat
falls within the currentquery area.The forwarding rule and
the reply rule areenumeratedin �gure 2.

Given thesetwo rules,RQ works as follows. On receiving
a querymessage,a nodei that lies within the queryarea,sets
the sendingnodej as its parent,andsetsits hop counthi to
hj + 1 wherehj is the hop countof the sendingnodeand is
containedin thequerymessage.Thehopcountis usedto send
the query resultsat a time that facilitatesdata aggregation.



Forwarding Rule: for rebroadcastingQuery message
If received Querymsgfrom the robot then

pr Ã robot locationon the roadmap
N Ã neighborsthat canhearthe robot
If closestto pr amongN thenrebroadcastmsg

else
Eq Ã edgesthat I cover in currentqueryarea
N Ã neighborsthat canhearthe querymsg
If src of querymsg is alongany edgee 2 Eq then

pe Ã endpointof e in the directionof query
msgpropagation

If closestto pe amongN thenrebroadcastmsg

Reply Rule: for respondingto a Query message
If noderebroadcastedquerymsgthen

sendQuery reply
else

If nodecoverssomeedgein currentqueryareaand
temperatureat nodeis above ¢ T then

sendQuery reply

Fig. 2. RoadmapQuery (RQ) Forwarding Rule, for query message
re-broadcastandReply Rule, for sendingquery response.

Node i then applies the forwarding rule to determineif it
should rebroadcastthe message.If the node is required to
rebroadcastthemessage,it rebroadcaststhemessageandthen
applies the reply rule to determineif it should respondto
the query. If it needsto respondto the query, it calculates
the time t r at which the result needsto be sent and setsa
timer to �re at that time. As mentionedearlier, t r is calculated
such that it facilitates data aggregation and is set equal to
t0 + hmax ¡ h i

hmax
£ Tw , wheret0 is the time at which the mobile

entity sendsthequeryrequestandhmax is a tunableparameter
that indicatesa maximumpossiblehop count.Thus,the timer
is set to �re after time Tr = t r ¡ tc where tc is the time
at which the nodereceives the query message.A nodewaits
for time interval Tr to receive queryrepliesfrom its children.
When the timer �res, node i sendsits query result, which
includesits informationaswell as informationobtainedfrom
any childrenthat it may have. The RQ algorithmis shown in
�gure 3.

The mobile entity actionsin RQ remain the sameas that
in LQ. That is, the mobile entity waits for a time Tw to
receive the query results.At the end of the wait period Tw ,
the mobile entity �nds the bestsub-pathto the goal usingthe
temperatureinformationobtained.It is importantto note that
by reducing the numberof nodesinvolved in a query, RQ
canachieve a signi�cantly lower querydelayTw thanLQ. If
the mobile entity �nds a safesub-path,it 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 shown in �gure 2. In RQ, the querymessage
of a particular query is propagated only along the roadmap
edgesthat fall within thequeryarea.In this section,we derive
two conditionsunderwhich we can guaranteethat the query

WhenQuerymessageis received
1) Accept if in currentqueryarea.
2) Setsendingnodeasparent.
3) Sethi to hop count in msgplus 1.
4) Apply the forwarding rule to see if msg should be re-

broadcasted.If yes,re-broadcastmsg.
5) Apply thereply rule to seeif queryresultshouldbesent.If

yes,calculatetime to sendresultandsettimer SendTimer
to �re at the right time.

WhenQuery reply is received
1) If resultnot yet sentthenstoreelsediscard.

WhenSendTimer �res
1) Sendaggregatedquery result to parent.

Fig. 3. RoadmapQuery (RQ) Algorithm.

messageis receivedby all nodesthatcover any roadmapedge
lying within the queryarea.

The �st condition is that of a sensingcovered network.
A sensingcovered network is one, where every point in
the region is covered by at least one sensor. Without this
network property, it is impossibleto guaranteethata roadmap
edgeis coveredby any sensor. A sensingcoverednetwork is
highly desirable,asit enablesthemobileentity to obtainmore
information about the surroundingsand hencemake 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 the node.That is, RC ¸ 2RS .
The double rangeproperty guaranteesnetwork connectivity
in a sensingcovered network [16] and henceis a desirable
propertyfor suchnetworks.

Querymessagepropagation, in RQ, startsat a nodes, that
receives the query messagefrom 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 connectedto them,and so on. Message
propagation from one edge to anotheroccursat nodesthat
cover the intersectionpoint of two or moreedges.Note, that
only roadmapedgesthat completelylie within the queryarea,
are consideredper query. Since theseedgeslie completely
within thequeryarea,they form a connectedsubgraph.Given
the above, we canprove the following propertiesof RQ.

Lemma1: Given a sensingcovered network, with RC ¸
2RS , a query messageat a node i that covers any roadmap
edgee lying completelywithin the query area,is guaranteed
to be propagatedalong the edge.

Proof: Let edgee = ¡¡ ¡ ¡!pe1pe2 wherepe1 and pe2 are the
endpointsof the edge,and the arrow denotesthe direction
of querymessagepropagation. If nodei covers endpointpe2
then the messagehasalreadytraversededgee andcannotbe
propagated further along edgee. Hence,let us assumethat
nodei doesnot cover endpointpe2. Nodei mustthus,forward
themessageto a neighborthatcoversedgee andthat is closer
to endpointpe2 than nodei is. Sincethe network is sensing
covered,therearea setof nodesS 6= Á thatcover theedgeand
arecloserto endpointpe2 thani is. Also, thereis a nodej 2 S
who's sensingcircle either intersectsor is tangentialto the
sensingcircle of nodei . Themaximumdistancebetweennode
i andany suchnodej is therefore2RS . Thus,if RC ¸ 2RS ,
nodei is boundto have a neighborj in thedirectionof query



messagepropagation andcanforward the messageto nodej .
This is applicableto all nodesthat cover edgee and hence,
the query messageat node i is guaranteedto be propagated
along the edge.

Theorem1: Given a sensingcoverednetwork with RC ¸
2RS , RQ candeliver a querymessagefrom the mobile entity
to every node covering a roadmapedge lying completely
within the queryarea.

Proof: In a sensingcoverednetwork, a query message
from the mobile entity is received by a nodes that coversthe
mobileentity's location,which correspondsto a grid point po.
Nodes coversroadmapedgesEs that have po asan endpoint
andthat lie completelywithin the queryarea.From lemma1
we can guaranteethat the query messagepropagates along
all edgese 2 Es. On reachingthe endpointof the edgesin
Es, the querymessagegetsforwardedto the connectededges
by the nodescovering the endpointsconnectingthe edges.
Since the roadmapedgeslying completelywithin the query
areaareconnectedandsincethe querymessageis guaranteed
to propagate along an edge once it is received by a node
that covers it (lemma 1), the query messageis quaranteed
to be deliveredto every nodecovering a roadmapedgelying
completelywithin the queryarea.

We note,that sensingcoverageandthe doublerangeprop-
erty are suf�cient but not necessaryconditions for guaran-
teeingquerymessagedelivery to all nodescovering roadmap
edgeslying within the query area.RQ can still provide best
effort serviceswhentheseconditionsareviolated.

4) Robust RoadmapQuery (RRQ): RRQ extendsthe RQ
protocol to make it more robust to node failures due to
destructionby �re. To ensureoptimal navigation performance
evenin thepresenceof nodefailures,RRQrequireseachnode
thatrespondsto a query, to not only sendits sensorreadingbut
alsoinform themobileentity aboutfailedneighborsthatcover
roadmapedgesin the currentqueryarea.The new reply rule
is shown in �gure 4. The mobile entity usesthe nodefailure
information to avoid pathswith failed nodes,assumingthat
the failednodeshave beenburnt. This assumptionis required,
becausethe navigation strategy usesan optimistic approach,
in that it considersan edgesafe,if it hasheardfrom enough
nodesthat cover the edgeand have temperatureslower than
the threshold.Given a situationwherethe �re burnsnodeson
one side of the edge,but doesnot affect nodeson the other
sideof the edge,without nodefailure information,the mobile
entity would assumethat theedgeis safeandmaytraversethe
edge,only to get burnt by the spreading�re. This situationas
well asotherspecialcasescanbeavoidedby having thenodes
sendnodefailure information.

Since eachnode maintainsa neighborhoodtable and re-
ceives periodic hello messagesfrom its neighbors,a node
knows if a neighborhas failed, if it hasn't heard from the
neighbor in n hello periods. The choice of n has to be
made carefully, as a lower value of n will give rise to
more false positives and a higher value of n will result in
delayedawarenessof danger, thus leadingto poor navigation
performance.In our algorithm,we choosen = 2. To reduce
the chancesof falsepositiveswe make useof the aggregation
phaseto verify the failed nodeslist containedin the query
reply. Thus,whena nodereceivesa queryreply from a child,
it checksif the child's nodefailure list containsany nodethat

Reply Rule: for respondingto a Query message
If noderebroadcastedquerymsgthen

sendQuery reply¤

else
If nodecoverssomeedgein currentqueryareaand

temperatureat nodeis above ¢ T then
sendQuery reply¤

else
If nodehasfailed neighborsthat cover roadmap

edgesin the currentqueryareathen
sendQuery reply¤

* Here, Query reply containssensorreadingand list of failed
neighbors.

Fig. 4. RobustRoadmapQuery(RRQ)ReplyRule,for sendingquery
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-
lations in NS-2. We simulatedRoadmapQuery(RQ), Robust
RoadmapQuery (RRQ), Global Query (GQ), Local Query
(LQ), and the algorithm presentedin [1], which we will
henceforthrefer to as the DartmouthAlgorithm (DA). The
DartmouthAlgorithm usesa potential�eld method,whereby,
sensorslocated at or near obstacles(i.e., those with high
temperatures)disseminatea negative potential �eld to the
entirenetwork, while thegoaldisseminatesa positive potential
�eld to the entire network. The resultant gradient of the
combined potential �elds directs the mobile entity to the
goal.As every nodemaintainsthepotential�eld counters,the
mobile entity just querieslocal nodesto learnof the resultant
gradient.A major draw of this approachis that any change
in obstaclestate (for example, when the �re spreadsto a
nodeandits temperaturerises)will trigger the �ooding of the
entire network to updatethe potential �eld counterof every
node.Therefore,while DA maywork well in a relatively static
environment,it may introduceextremelyhigh communication
cost in a dynamicenvironment.

We evaluateand comparethe protocols,using 9 different
realistic�re dynamicsscenarios,obtainedusingtheNIST Fire
DynamicsSimulator (FDS) [4]. In all the scenarios,the �re
startsin different locationsscatteredover the region andthen
spreadsover theregion with time.Sincethis behavior presents
two different environments,(1) which is very dynamic and
occursin the beginning, when the �re is still spreadingand
most of the region is still not on �re, and (2) which is less
dynamicandoccurswhena largeareaof the region is already
under�re, we test the performanceof the algorithmsin both
environments,by starting the mobile entity at two different
timesof 50sand200s,after the �re startsspreading.

SinceLQ, RQ andRRQ arespatiotemporalqueries,query-
ing only nodeswithin a local queryarea,we alsoevaluatethe
performanceof thesealgorithmsunderdifferentqueryradiuses
of 90m,130mand180m.Queryradiuseslower than90mcould
not beused,dueto thelimit imposedby theselectedgrid size.

Each simulation was run with 900 nodesuniformly dis-
tributed in a 450m£ 450m area.The communicationrange,
sensingrangeand bandwidthof the nodeswas set to 45m,
20m and 40kbps,respectively. The node sensingrangewas
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Fig. 5. PerformanceComparisonwithout nodefailure.

carefully chosensuchthat the temperaturesensedby a node
gives a good indication of the maximumtemperaturewithin
the sensingcircle. The sensingrangevaluewasbasedon the
temperaturegradient±T at theborderof a �re, thetemperature
threshold ¢ T used by the mobile entity to avoid danger,
and the temperature¢ bur n at which the mobile entity gets
burnt. Mathematically, RS = ¢ bur n ¡ ¢ T

±T . In the simulations,
±T was obtainedfrom the simulation scenarios,while ¢ T
and Deltabur n were set to 60oC and 150oC, respectfully,
assuminga robot as the mobile entity. RC was set to satisfy
the propertyRC ¸ 2RS .

Themobileentity'svelocitywassetto 3m=s anda5£ 5 grid
wasusedastheroadmap,with eachblock in thegrid, measur-
ing 90mx90m.TheperiodTw , duringwhich themobileentity
waits for thequeryresults,wasdeterminedexperimentallyfor
LQ, GQ, RQ andRRQ. In eachof thesealgorithms,Tw was
setto a valuethatpermitteda high percentageof queryresults
to be received by the mobile entity. As expected,the valueof
Tw wasfoundto increasewith thenumberof nodesresponding
perquery. Tw wassetto 250sin GQ.Thevaluesof Tw usedfor

90m 130m 180m
LQ 20 40 60
RQ 10 20 40

RRQ 10 20 40

TABLE I
Tw VALUES USED FOR LQ, RQ AND RRQ.

LQ, RQ andRRQaregivenin tableI. Tw representsthequery
delay achievable using a query protocol. The other tunable
parameterhmax , which representsthe maximum hop count
and is usedin RQ and RRQ to determinethe time at which
a nodeshouldsendthe query response,was also determined
experimentallyand was set to 6, 10 and 12 for query radius
90m, 130mand180m,respectively.

As mentionedearlier (in section III-A), an edge is con-
sideredcovered if certain points on the edge are covered.
The selectionof the points differs with the query strategy.
SinceLQ and GQ query all nodeswithin a query area,any
numberof points(¸ 2) on anedgecanbeconsideredin these
algorithms.In our simulationsof LQ and GQ, we consider
� ve equidistantpointson anedge.However, sincemuchfewer
nodesare queriedin RQ and RRQ, we considercoverageof
only the endpointsof an edgeto indicate edgecoveragein
thesealgorithms.

We usethe following metrics to evaluatethe performance
of the different algorithms.(1) SuccessRatio, de�ned as the
ratio of the numberof scenariosin which the mobile entity
reachesthe goal to the total numberof scenarios.This 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 average time taken by the
mobile entity to reach the goal, over scenarioswhere the
mobileentity successfullyreachesthegoal.Thepathtraversal
time includesthetime thatthemobileentity spendson moving
andthe time it remainsstationarywhile waiting for the query
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Fig. 6. Global QuerySnapshots.The circle depictsthe mobile entity; the crossat the bottom left cornermarksthe startingpoint; and the
crossat the top right cornermarksthe goal. The red region hastemperatureabove 150oC, the greenregion hastemperatureabove 60oC
while the blue region hastemperaturebelow 60oC.

(a) (b) (c)

Fig. 7. RoadmapQuerySnapshots.The circle depictsthe mobile entity; the crossat the bottomleft cornermarksthe startingpoint; andthe
crossat the top right cornermarksthe goal. The red region hastemperatureabove 150oC, the greenregion hastemperatureabove 60oC
while the blue region hastemperaturebelow 60oC.

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

In the following subsectionswe �rst presentthe resultsob-
tainedfrom simulationswithout nodefailure andthenpresent
the resultsobtainedfrom simulationswith nodefailure. In the
simulationswith nodefailure,nodesfail dueto destructionby
�re at a temperatureof 150oC.

A. Without NodeFailure

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

a) SuccessRatio: Figure5(a) shows the successratio of
the differentprotocolsat start times50sand200s.As seenin
the �gure, RQ performsbetter than all the other algorithms,
andachievesa successratio of 1 for bothstarttimes.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 progresstowardsthe goal, andsometimes
causesthe 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 comparison,the successratio of GQ is quite low.
This is because,in GQ, the selectedpath to the goal is not
updated,basedon the changingenvironmentalstate,causing
themobileentity to getburnt in dynamicenvironments,where
the �re encroachesthechosenpath.However, this explanation
appliesonly at starttime equalto 50s.At a starttime of 200s,
the mobile entity usually fails to obtaina safepath,because,
by the time the mobile entity obtainsthe queryresults,which
cantakeaslongas250s,mostof theregion is alreadyengulfed
by �re, disconnectingthe start from the goal. Figure6 shows
snapshotsof a particularscenario,wherethemobileentity gets
burnt on usingGQ while �gure 7 shows snapshotsof thesame
scenario,where the mobile entity reachesthe goal on using
RQ. Thesuccessratio of DA is alsonot asgoodasthatof RQ
or LQ. The low successratio is attributed to high data loss
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 obtains the shortestpath length. This is expected,
since GQ obtains a global view of the surroundingsby
queryingall the nodesin the network andcanhence,choose
the best path available. DA however fails to obtain a short



(a) Start time 50s (b) Start time 200s

Fig. 8. Effect of query radiuson successratio without nodefailure.

(a) Start time 50s (b) Start time 200s

Fig. 9. Effect of query radiuson communicationcostwithout nodefailure.

pathlength,even thoughit is a globalalgorithm.This is again
becauseof datalossdueto its high communicationcost.The
pathachievedby RQ is shorterthanthatof LQ, andis slightly
higher thanthat of GQ. SinceRQ andLQ arebasedon local
queries,the resultantpathlengthis expectedto be worsethan
that obtainedfrom usinga global algorithm.

c) Path Traversal Time: Figure 5(c) shows the path
traversal time obtainedby the different protocols.From the
�gure, we seethat DA achieves the leastpath traversaltime.
This is because,DA hasvery low querydelaycomparedto the
otheralgorithms,asit requiresthemobileentity to queryonly
nearbynodes.The pathtraversaltime of RQ is alsoquite low
and is comparableto that of DA. This is because,the query
delay in RQ is also quite low, sinceonly a few sensorsin a
queryareaarerequiredto participateper query. LQ andGQ,
on the otherhand,attainhigh path traversaltimes,sincethey
query a large numberof nodesand hencehave long query
delays.

d) CommunicationCost: A comparisonof the commu-
nication cost incurredby RQ, LQ, GQ and DA is presented
in �gure 5(d). From the �gure, we see that DA has an
extremelyhigh communicationcost.Thehigh 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
least communicationcost, 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 performanceaswell as increasesnetwork lifetime.

e) Discussion: We observe the following, in the above
comparisons.GQ achieves the shortestpath length,dueto its
globalview, but doessoat thecostof highcommunicationcost
andhigh pathtaversaltime.However, it alsohasa low success
ratio comparedto the other algorithms. The causeof the
low successratio (explainedearlier) emphasizesthe needfor
continuousawarenessin dynamicenvironments.LQ addresses
this requirementand enablesthe mobile entity to stay aware
of the changingenvironment,but still performspoorly dueto
high communicationcost.DA, on theotherhand,requiresthe
involvementof all the nodesin the network, thus incurring a
high communicationcost,which in turn lowers its navigation
performanceand also affects network lifetime. Overall, RQ
achieves the highestsuccessratio and lowest communication
cost, as a result of its ef�cient forwarding and query reply
rules.Theseresultsdemonstratethe importanceof optimizing
the query protocols, in order to navigate successfully in
dynamicenvironments.

2) Effectof QueryRadius: In this sub-section,we compare
the effect of query radiuson LQ and RQ. The query radius
representsthe mobile entity's region of awareness.A larger
query radius implies a larger region of awareness,which
potentially implies better navigation performance.However,
higherawarenesscomesat thepriceof highercommunication
cost and higher query delay, which have negative impacts
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Fig. 10. PerformanceComparisonwith nodefailure.

on the navigation performance.Hence, the best navigation
performancecan be expectedat a small, but yet, suf�ciently
large query radius.This reasoningis supportedby our simu-
lation resultsandis visible in �gure 8 which shows the effect
of query radius on the successratio of the algorithms.The
successratio of the algorithmsdo not improve with increase
in query radius, due to the increasein query delay with
increasingqueryradius.A longerquerydelayimplies that the
mobile entity takes longer to navigate the region, and since,
the region gets more dif�cult to navigate with time, due to
the spreading�re, the slower the mobile entity, the lower the
successrate.Longerquerydelayalso increasesthe dangerof
themobileentity gettingburnt while waiting for queryresults.
The pathlengthandpathtraversaltime (not shown here)also
degrademarginally with increasingqueryradius.Theseresults
demonstratethat the impact of query delay dominatesthe
potential bene�t of a large query area in our settings.The
optimal queryradiusthusdependson the network bandwidth
and the grid size.

Figure 9 shows the effect of query radiuson communica-
tion cost. As expected,the communicationcost of both the
algorithms increaseswith increasein query radius. LQ has
a steeperincreasein communicationcost than RQ since it
queriesall the sensorsin the query areaunlike RQ, which
only queriesa few sensorsalongtheroadmapedges.Fromthe
above results,we observe thata queryradiusof 90machieves
the bestresultsfor the chosensimulationsettings.

B. With NodeFailure

Since it is important to design robust protocols that can
toleratenodefailurescausedby harshenvironments,we now
comparethe performanceof the algorithmsin the presenceof
nodefailures.As mentionedearlier, nodesareassumedto fail
at temperature150oC.

1) PerformanceComparison:In this sub-section,we com-
pare the navigation performanceand communicationcost of
LQ, DA, RQ andRRQ. GQ is not consideredin thesesimu-
lations,dueto its poor performancein the earliersimulations.
The queryradiusof LQ, RQ andRRQ is set to 90m in 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 considernodefailure(�gure 5(a)).We
alsonotethat the successratio of RQ is lower in �gure 10(a)
than in �gure 5(a). This is because,in these simulations,
the mobile entity does not receive temperatureinformation
from failednodeslocatedin regionshaving temperatureabove
150oC. This is a problem when some nodes covering a
roadmapedgeareburnt but thereareotherworking nodesthat
cover theedgeandhave temperaturesbelow thethreshold¢ T .
In suchcases,the mobile entity assumesthe edgeto be safe
and traversesit, only to be burnt by the �re.

RRQeffectively improvesthesuccessratio of RQ whenthe
mobile entity startsat 50s, at which time many new nodes
start failing, due to the spreading�re. On the other hand,
RRQdoesnot outperformRQ whenthemobileentity startsat



200s,sinceby that time, the environmentis relatively stable.
This demonstratesthat a robust queryprotocol is particularly
importantin dynamicenvironments.

RRQ performs better than RQ in some cases,because
in RRQ, the mobile entity receives information about failed
nodesandis thuswarnedaboutpossibledangerareas.Hence,
thecircumstancesmentionedearlierin thepreviousparagraph,
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 situationswhere 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
lessthan2 hello periods.It could alsooccur if 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) comparesthe path length
achieved by LQ, RQ andRRQ. Due to the poor performance
of DA, we omit it in this aswell asin futurecomparisons.As
seenin the �gure, the path length obtainedby RQ and RRQ
aresimilar andmuchshorterthan that obtainedby LQ.

c) Path Traversal Time: Figure10(c) comparesthe path
traversaltimeachievedby LQ, RQandRRQ.The�gure shows
that both RQ and RRQ achieve 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) shows the com-
municationcost incurredby RQ, RRQ andLQ. As expected,
thecommunicationcostof LQ is muchhigherthanthatof RQ
andRRQ sinceit queriesall the nodesin the queryarea.The
communicationcost of RRQ is only slightly more than that
of RQ since it requiresnodesto respondif they have failed
neighborseven if their temperaturesarebelow the threshold.

e) Discussion: From the above performancecompar-
isons,we seethat RQ andRRQ performbetterthanthe other
algorithmsin bothnavigationperformanceandcommunication
cost.We alsonotethat RRQ succeedsin morecasesthanRQ
does,without increasingthe communicationcost too much.
Moreover, thepathlengthandpathtraversaltime achieved by
RQ and RRQ are similar, thus making RRQ the bestchoice
amongthe comparednavigation algorithms.

V. AGENT BASED IMPLEMENTATION OF ROADMAP QUERY

In additionto simulatingbothRQ andRRQ,we alsoimple-
mentedRQ on Agilla [17], [18], a mobile agentmiddleware
for the TinyOS platform [19]. While our queryprotocolscan
alsobe implementeddirectly on an operatingsystemsuchas
TinyOS,anagent-basedimplementationhasseveral important
bene�ts. In addition to easeof programming,this approach
allows themobileentity to usea wirelesssensornetwork even
if it is not pre-programmedwith the RQ protocol.

A. Agilla

Agilla is implementedon top of the TinyOS and motes
platform.An Agilla applicationconsistsof oneor moremobile
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Fig. 11. Agent basedtemperaturecollection. An exploration agent
migratesalongthesensors(triangles)neartheedges.Onceit traverses
the edge,it sendsthe temperatureinformation back to the mobile
entity

agentsthatmove or clonethemselvesthroughoutthenetwork,
coordinatingwith eachother, to achieve application-speci�c
behavior. An agent is a programmed,high-level language
supportedby Agilla. Agilla provides primitives for an agent
to move andcloneitself from sensorto sensorwhile carrying
its code and state, effectively reprogrammingthe network.
New mobile agentscan be injected onto a sensor, thereby
allowing new applicationsto beinstalledafter thenetwork has
beendeployed. To facilitate inter-agentcoordination,Agilla
maintainsa local tuplespaceandneighborlist on eachsensor.
Multiple agents can communicateand coordinate through
local or remoteaccessto tuple spaces.Agilla also maintains
a neighbor list on each sensorwhich contains the address
of all one-hopneighbors.Prior experienceswith Agilla has
demonstratedthat it canprovide ef�cient andreliableservices
neededby highly dynamicapplicationssuchas �re tracking
[18].

B. RQ Protocol usingAgents

In oursystem,theagentsareinjectedinto thenetwork by the
mobile entity, in order to collect the temperaturevaluesfrom
the sensorsnear the roadmapedges.Unlike the simulations,
our agentimplementationsupportsgeneralroadmapsthat can
eitherbe grids or arbitrarygraphs.Figure11 summarizesour
implementationof the agentbasedtemperaturecollection. In
this system,the mobile entity injects an explorer agentinto
the nearestsensorin the WSN througha wirelessinterface.
The explorer agentcarriesthe roadmapedgesthat fall within
the query area. Hence, the agent always knows the local
topology of the roadmap.The �rst sensorthat receives the
agent becomesresponsiblefor the temperaturereadingson
the closest roadmapnode. After injection, the agent starts
exploring the roadmapedges.Explorationof an edgewith an
agentis doneby migrating the agent,alongthe sensorslying
alongsidethe edge.When an explorer agentreachesthe 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�nedperiod,the waiting agentcanassign
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Fig. 12. The experimentalenvironment(8£ 8 meters).

the maximumtemperatureto the correspondingedge.In our
experiments,we have employed the former strategy.

The pseudo-codefor eachagentis presentedbelow:

AGENT EXPLORATION
1. while (endof the edgeis not reached)
2. migrateto the next sensorin the directionof the edge.
3. clone the agentto the nearestsensorsin the directionof

unvisited outgoingedges.
4. reportback to the mobile entity with the

temperatureinformation.

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://www.cse.wustl.edu/» bayazit/sn.

In our experiments,we used a Pioneer-3 DX robot by
ActiveMedia[20], as the mobile entity. The Mica2 mote[21]
network was arrangedin a 4x4 grid as shown in Figure 12.
Eachnodewasassignedan (x,y) coordinatebasedon its grid
position.In the �gure thenodein the lower-left cornerhasthe
coordinate(1,1).Thedistancebetweeneachneighboringmote
wasset to 2 meters.Also, the robot controllercarrieda mote
asa communicationinterfaceto the wirelesssensornetwork.

The goal of the robot, in the experiments,was to move
from (1,2) to (8,8) while avoiding the �re. Experimentswere
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
(70oC) to motes located at (1,3), (3,3), (7,3), (5,5), and
(7,5) (moteswith white dots in Figure 12), and 30oC to the
remainingmotes.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 increasedwhile
the temperatureof the mote locatedat (3,3) was decreased,
thussimulatinga �re spreadingnorthwards.

Static �r e. The path found in this scenariois shown as
thedottedline in Figure13. As is seen,the robotsuccessfully
avoidsdangerousplacesby stayingcloseto moteswith normal
temperature.

Dynamic �r e. This experimentshows the reactionof the
robot when the �re changeslocation. In this case,the robot
follows the samepath as the static �re until it reaches(5,3).
At this point, the �re at (3,3) moves to (3,5). The robot then
successfully�nds a new pathto avoid the�re. This scenariois
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Fig. 13. Spreading�re. Whenthe�re spreads,therobotavoidsinitial
path (dottedline) and follows a saferpath (solid line).

illustratedin Figure13.Thesolid line shows thepathfollowed
by the robot, while the dottedline representsthe initial path.

Throughtheseexperiments,we demonstratethata robotcan
useouragentbasedimplementationof RQ,to successfully�nd
a safepath in a dangerousenvironment.A detailedempirical
studyof RQ andRRQ 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 DirectedDiffusion [22], TinyDB [23],
TTDD [24], SEAD [25], DCTC [26] and MobiQuery [27].
TinyDB and DirectedDiffusion are designedfor �x ed query
areas and hence are unsuitable for applications involving
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 navigationsincethey involve moving entitieswith moving
query areas.Thesequery services,if modi�ed, can be used
along with a navigation strategy, for navigation. But, since
thesequeryservicesqueryall nodesin the queryareaandare
not optimized for navigation, they will potentially not have
very goodnavigationperformance.MobiQuery's capabilityof
continuousquery is however, very useful for navigation and
canbeintegratedwith RQ (andRRQ)sothatthemobileentity
doesnot have to stopandwait for the query results.

Many successfulapplicationshave beenpresentedrecently,
that usewirelesssensornetworks for robot or mobile sensor
navigation [1], [28], [29]. Thesealgorithmsutilize wireless
sensornetworks to compute a path for the mobile entity.
Generally, they computenavigation �elds that have global
minimumsat themobileentity's destinations.These�elds are
computedusingwavefrontexpansions.Suchalgorithmswould
give maximum clearancefrom the obstaclesor dangersin
static environmentsduring the navigation. However, building
the navigation �eld requiresa �ood of messages(all sensors
mustparticipate)increasingthe communicationoverheadand
power consumption.In a staticenvironment,this costcouldbe
negligible. However, whendynamicallychangingdangersare
present,thesealgorithmsrequire continuous�ooding of the
network whenever the dangerchanges.Our 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 participate in 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 deployed
for onemobile entity but is later requiredto supportmultiple
mobile entitieswith differentgoals,wavefrontsof thesegoals
would createproblemsunlessthe network is built to support
several simultaneouswavefronts.Given the samesituation,in
ourapproach,differentportionsof theWSNcanservedifferent
mobileentitieswithout messagecongestion.Finally, our agent
basedarchitecturegives us unprecedented�e xibility that is
lacking in other approaches.Using different agents,we can
customizethe samenetwork for different tasks.For example,
while some�re-extinguishingrobotsuseagentson thewireless
sensornetwork to direct them to the �re, other agentsmay
direct other robotsaway from the �re.

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

VI I . CONCLUSION

In summary, the primary contribution of this paperis four-
fold. First,weproposeanovel sensornetwork guidedapproach
for mobile entity navigation in dynamicenvironments.A key
novelty of our approachis the integration of roadmap-based
motion planningtechniqueswith ef�cient queryprotocolsfor
wirelesssensornetworks. Second,we presenttwo roadmap
query protocols that are specially optimized for collecting
spatiotemporaldata neededfor motion planning. Third, our
simulationsdemonstratethatour roadmapqueryprotocolscan
signi�cantly improve the successratio of navigation while
introducingminimum communicationcostunderrealistic �re
scenariosand nodefailures.Our resultshighlight the impor-
tanceof joint optimizationof motionplanningandsensornet-
work queryprotocolsfor navigationin dynamicenvironments.
Finally, wedemonstratethefeasibilityof ourapproachthrough
a mobile-agentbasedimplementationof roadmapquery on
MICA2 motesanda real robot.
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