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Abstract

We areinterestedin theproblemof how a mobilerobotcanmeasuretheareaof a
closedregion that is beyondits immediatesensingrange.Our inspirationcomesfrom
scoutworker antswho assesspotentialnestcavities. Thesescoutswork literally in
darkto assessarbitraryclosedspaces.Experimentalstudieshaveshown thatthescouts
canreliably rejectnestsitesthat aresmall for the colony. Thesestudiessupportthe
hypothesisthatscoutsusethe“Buffon'sneedlemethod”to measuretheareaof thenest.
WehaveimplementedtheBuffon'sneedlemethodonasimulatedmobilerobotsystem
andevaluatedits performancethroughsystematicexperiments.Theresultsshow that
the methodcanreliably measurethe areaof closedregionsregardlessof their shape
andcompactness,andthat themethodis undisturbedby partialbarriersplacedinside
theseregions.
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1 Intr oduction

Insectstudiesuncover fascinatingexamplesfor autonomousroboticson how, seem-
ingly dif�cult, problemscanbe solved throughsimplebehaviors. Basedon their ob-
servations,biologistsmake hypothesesaboutthemethodsimplementedby thesesim-
ple behaviors. Althoughthesehypothesesareusuallytestedagainstexperimentaldata
collectedfrom insects,they still beg a constructivist analysis.By constructingbehav-
iors that implementthesehypotheseson physically embodiedsystems,autonomous
roboticscannot only serve asa testbedfor biology, but canalsoaccomplish“technol-
ogy transfer”,adaptingthesesolutionsto arti�cial systems.

In this paper, westudyhow a mobilerobotcanmeasuretheareaof aclosedregion
that is beyondits immediatesensing.We call this, astheproblemof blind areamea-
surementsinceit resemblesto thechallengefaceda blind person(lackinga complete
view of the region beingmeasured)trying to estimatetheareaof a largeroom using
his hands(short-rangesensing)only. Here,thetermblindnessdenotesthattheperson
(agent)cannot“see” thewholeregion (eitherbecauseit is too largeor becauseof ob-
jectsthatoccludeacompleteview) andthathehasto useonly his localandshortrange
sensingabilities.

Therehave beenquite a numberof studies[1, 2, 3] on areacoverageof arbitrary
closedregionsby robots.However, to thebestof our knowledge,thequestionof how
theareasof suchregionscanbemeasuredhasnot yetbeenaddressed.

In therestof thepaper, we �rst describethenestassessment(wheretheareaof the
nestis onecriteria)behavior of antscouts,brie�y summarizetheexperimentalresults
andpresenttheBuffon's needlehypothesis.Thenwe describetheexperimentalsetup
andthe implementationof the Buffon's needlemethodon a simulatedmobile robot.
Section5 describesthe experimentsconductedand presentsthe results. In the last
section,wesummarizetheargumentssupportedby theexperiments,andoutlinefuture
directionsfor theresearch.

2 NestAssessmentin Leptothoraxalbipennis

Coloniesof Leptothoraxalbipennis, a smallmonomorphicmyrmicineantspecies,in-
habit small �at crevicesin rocks. Whenthe currentnestbecomesuninhabitable,the
scoutsexplore the environmentto �nd and assessnew nestsites. Theseant scouts
assesspotentialnestsitesbeforethey attemptto initiate an emigrationof the whole
colony. Mallon andFranks[4, 5] observedthevisits of individual scoutsto new sites.
They have reportedthat scoutstendto make morethanonevisit to a new sitebefore
attemptingto initiate the emigrationof their entire colony. During their visits, the
scoutsspenta considerablepart of their time exploring the internalperipheryof the
site,while makingseeminglyrandomexplorationsof thecentralpartof thenest. No
signi�cant differenceswerefound betweenthe durationof the �rst (second)visits to
nestsof differentsizes[5]. It is also observed that in their secondvisits, the scouts
“brie�y but signi�cantly slow down” asthey crosstheir �rst visit trails. Basedonthese
observationsandmany others,Mallon andFranks[4] suggestedthat thescoutslay an
individual-speci�c pheromonetrail during their �rst visit, andthat they usethe inter-
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Figure1: Sketchof theKheperarobot model. The
circle representsthebody. The two elongatedrect-
anglesplacedon the left andright part of thebody
denotethe wheelsof the robot. The small rectan-
glesaroundthebodyshowstheplacementof thein-
fraredproximity sensors.Theblobsemanatingfrom
the six front sensors(the two sensorsplacedat the
back are not used)show the approximatesensing
range. The concentriccircles drawn at the center
of the robot indicatethepheromonenozzleandde-
tector.

sectionfrequency of their pathwith thispheromonetrail duringtheirsubsequentvisits
to estimatethe�oor areaof thenest.They pointedout that, this strategy is consistent
with theBuffon'sneedlemethod,a techniquein computationalgeometryto estimate�

empirically, thatcanbeadaptedto measurespace.
They testedthishypothesisby tracingthevisitsof scoutsto differentpotentialnest

sitesin the laboratoryenvironment.They countedthe intersectionsof tracesbetween
the �rst andsubsequentvisits separatelywithin the centralregion andthe peripheral
regionof thenew nests.Theresultsobtainedwereconsistentwith theBuffon'sneedle
method. Apart from the Buffon's needlemethod,they have also testedwhetherthe
antsusethe internalperimeterof thenest,andthe`mean,free-path-lengthalgorithm'
to assessthesizeof thenests.However, theexperimentsshowedthat (1) scoutswere
ableto chooseastandard-sizenestoverahalf-sizeonewith thesameinternalperimeter
and,(2) apartialbarrierplacedinsideastandard-sizenestdid notaffect theassessment
of thenest.

In previousworks[6, 7], we proposedthatexplorationbehavior of thescoutscon-
tainedat leasttwo sub-behaviors; wall following and randomexploration. We then
constructeda mobilerobotsimulationthroughwhich we hadstudiedthedynamicsof
the nestassessmentprocessandproved that the two sub-behaviors werecon�icting;
that is thewall following behavior improvestheperipherycheckingof thenestwhile
impairing areameasurement,whereasthe oppositebeingtrue for the randomexplo-
rationbehavior. In this work we evaluatetheBuffon's needlemethodasa blind area
measurementmethodfor mobilerobots.

3 Experimental setup

We havechosenWebots(Cyberbotics,Switzerland)astheroboticssimulatorandused
arobotmodelwhichsimulatestheKhepera[8] miniaturerobot(K-Team,Switzerland),
by samplingthe sensoryreadingsfrom a real robot[9]. The robot haseight infra-red
distancesensorsassketchedin Fig. 3, howeveronly thesix sensorsplacedin thefront
areutilized. Therobotis alsoequippedwith a “pheromonenozzle”anda “pheromone
detector”,bothlocatedat thecenterof thebody, theformerfor layingandthelatterfor
detectingthepheromonein thesimulatedenvironment.
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(e)

(a) (b)

(c)
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Figure2: Fivesetof nestsusedin theexperiments:(a) circularnests,(b) squarenests,
(c) elliptic nests,(d) standardsizenestswith vertical barrier, (e) standardsizenests
with crossbarriers.Thedarkcirclesplacedin thenestsindicatetherelativesizeof the
robot.

3.1 The Nests

Five differentsetof nests,shown in Fig. 2, areusedin the experiments.Unlike real
nests,usedin theexperimentsof Mallon andFranks[4], theentrancesareomittedto
removethepossibilityof therobotleaving thenestprematurely. In eachvisit, therobot
beganits explorationfrom thecentralbottompart of thenest. The initial positionof
the robot waskept constantexcept that its initial orientationwasvariedwithin �����

degreesof thewall.
Figure2 (a), shows the circular nestsusedin our experiments.The diameterof

the smallestcircular nestis approximatelyten times the body length of the ant-bot.
The largestnestis ten timeswider thanthe smallestone,andothereight nestshave
sizesin between.Circular nestwith diameter100 units (robot diameters)is taken as
thestandardsizenest. Tensquarenestsin (b) areselectedin sucha way thatareaof
eachsquarenestis equalto theareaof its circularcounterpart.Figure2 (c), shows the
standardsizenestandthreeelliptical nestshaving sameareaasthestandardsizenest
but with differenteccentricities(0.968,0.994,and0.998respectively). The nestsin
(d,e)arestandardsizenestswith � and+ typepartialbarrierplacedat thecenter. The
lengthof thebarriers(in horizontalandverticaldirections)is varied.

3.2 Exploration Behavior

Usingthesix front sensorswe designedanexplorationbehavior that is modi�ed from
the onesimplementedin our earlierworks[6, 7]. The behavior lies within the spirit
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of Braitenberg's behaviors[10] with noiseaddedto motor activationsandshort-term
timedependency includedto avoid abruptchangesin robot'smovement.Detailsof the
implementationof theexplorationbehavior is givenbelow.

The ant-botis controlledby settingthespeedof its left andright wheels( �
	 and
��� ), whicharecalculatedas
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The �rst term on the right of the equationguaranteesthat whenno wall is perceived
andtheinfraredreadingsareall zero,thenany rotationalactivationwill decayto zero
in time. Thesecondtermraisestherotationalactivationtowards � in proportionto the
amountof wall perceivedon theleft sideandtheinfraredreadingsfrom theright side.
Thethird termtriesto pull down therotationalactivationto �,� in a similarway.

The variables,8*	 and 8*� , indicatethe presenceof the peripheralwall on the left
andright sideof theant-botrespectively andthechangein themarede�ned as
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The �rst term on the left side causesthe perceived presenceof a wall to decayto
zerowhenno objectsaresensed.The secondterm, increasesthe perceivedpresence
of the peripheralwall by the activationsof infraredsensingon that side. The third
termdiminishestheperceivedpresenceof any wall if thefront sensorsbecomeactive,
to raisethe priority of avoidance. The parameterc controlsthe perceived presence
of the wall. When the parameterc



� , both 8�	 and 8*� decayto zero, and stay

there.For nonzerovaluesof c theperceivedpresenceof wall becomesstronger. Even
with obstacleavoidancein place,theant-botcanoccasionallyhit themandgetstuck,
particularlywhenits is movingstraighttowardsthewall. The�rst conditionof �

� allows
ant-botto escapefrom suchsituationsby makingsteepturnsaway from theobstacles
blockingits courseof movement.
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(a)

(b) (c)

Figure3: Explorationpatternsgeneratedby the behavior for circular nestsof (a) the
smallestsize,(b) thestandardsize,and(c) thelargestsize.

The explorationbehavior generatesrandomexploration patternswithin a closed
region. The robot moves in a randomway, while avoiding any obstacles(walls or
barriersin our experiments)on its way, covering the whole nestover the long run.
Figure3 showsexplorationpatternsfor threedifferentcircularnests.

Braitenberg's original obstacleavoidancealgorithmmovesthe robot like a ping-
pongball in theenvironment,driving it onalmoststraightlinesin freespaceandbounc-
ing from theobjectslike a ball. As a resulttheexplorationtrails tendsto concentrate
on certainbandsin theenvironmentandthereforeis not very suitablefor theBuffon's
algorithm.

4 Buffon'sneedlemethod

Therobotmakestwo visits to anestusingtheexplorationbehavior describedabove. In
eachvisit, it startsits explorationfrom thecentralbottompartof thenestat a random
alignment.It layspheromonealongits pathduringits �rst visit. Duringits secondvisit,
insteadof laying pheromone,therobotsensesthepheromone,andcountsthenumber
of intersectionswith thepheromonetrail layedduring its �rst visit. Theoutputof the
pheromonesensor(a binaryvalue)is �rst �ltered by a leaky integratorto remove any
artefactsthatmayhaveoccurreddueto a pixellizedimplementationof thepheromone
trail andthenthresholded.Buffon'scountis de�nedasthenumberof crossingscounted
duringthesecondvisit.

For a given nest,threeparametersaffect the Buffon's count: 1) the lengthof the
�rst, 2) thelengthof thesecondvisit, and3) thethicknessof thepheromonetrail. For
theexperimentsreportedbelow, unlessotherwisestated,thedurationof the �rst visit
is �x ed to 50000steps(the resultingtrail lengthhasa meanof �hg(i�� , anda variance
of ���eHjg units), andthe width of the pheromoneis taken as0.1, i.e. onetenthof the
bodylengthof therobot. In orderto discounttheeffect of thesecondvisit, we de�ne
normalizedBuffon Count(nBC) asthe Buffon countnormalizedby the lengthof the
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secondvisit (whichwasalso�x edto 50000steps).In therestof thediscussionnBC is
usedasameasurefor theareaof thenest.

5 Experimental Results

Using the experimentalsetupand Buffon's needleimplementationdescribedin the
previous sectionwe have conductedsystematicexperimentsto evaluatethis method
for blind areameasurement.We have measurednBC 100 timesfor eachof thenests
shown in Fig. 2.

5.1 Shape

Figure4 plotsthemediannBCvalueobtainedfrom differentsizesof circleandsquare
nests(Figure2 (a,b)). In (a), mediannBC valuesmeasuredfrom circular andsquare
nestsareplottedside-by-sidefor differentsizes.Fourpointsworthmentioning:1) nBC
valuesfor squareandcircularnestsareapproximatelythesamefor all sizes.ThenBC
valuesof circular nestsareplottedagainstmediannBC of squarenestsin (b). As it
can be seenclearly, most of the points lie on the k


=l line showing that nBC is
a goodmeasureof areafor circular andsquareshapednests. 2) The error barsare
small,showing thatnBCprovidesa robustmeasurefor area.3) nBC valuesof thetwo
smallestnests(with area348 and1392 m

6n3po

`

) are lower thanexpected. Onewould
have expectednBC be larger for smallernests. This artefact is due to the blending
of the pheromonetrails into eachotherat the peripheryascanbe seenin Fig. 3(a).
Sincethe trail densityat the peripheryis differentfor squareandcircular nests(due
to the interactionbetweentheboundaryandtherobotasproducedby theexploration
behavior), theamountof blendingis different.As aconsequenceof thenBCvaluesfor
thesetwo nestsizesshow morediscrepancy, which is markedby two slightly off-axis
pointsin (b). 4) Regressionanalysisshow thatthereis a logarithmicdecreaseof nBC
with area.

5.2 Compactness

In theexperimentsreportedabove,we have shown thatnBC promisesitself asa good
measurefor area. In order to evaluatethe effect of compactnessof the shape,we
evaluatednBCfor thesetof nestsshown in Fig. 2(c),wheretheelliptic nestscover the
sameareaasthestandardcircularnest.

Figure5.2 plots themediannBC valuesfor thenestswith respectto compactness
valuede�ned as �

Bhq

�

`

where �

B

and �

`

denotethe largeandsmall radii of theellipse.
The baselinedenotesthe mediannBC valuefor the standardcircular nestwith com-
pactness�

B
q

�

`



� .

Theplot showsthatnBCvaluesremainapproximatelythesamedespitethechange
in the compactnessof the nest. As the nestbecomeslesscompact,the variancein
thenBC valuesincrease(indicatedby thegrowth in theerrorbars)alsoaffecting the
medianvalue.

6



 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

348 1392 3132 5569 8702 12531 17056 22278 28196 34809

nB
C

area

circle
square

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1

nB
C

 (
sq

ua
re

)

nBC (circle)

(a) (b)

Figure4: (a) MediannBC valuesmeasuredfrom circularandsquarenestsareplotted
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5.3 Barriers

Theexperimentsreportedsofar have usedconvex nests.In orderto analyzetheaffect
of non-convexity,wemodi�ed thestandardcircularnestby placing � and+ typepartial
barriersvaryingat lengthat thecenter, asshown in Fig. 2(d,e).

Figure6 plots themediannBC with respectto varyingbarrierlength(percentage
of thenestdiameter)for bothtypesof barriers.Again,thebaselinedenotesthemedian
nBC valuefor thestandardcircularnestwith no barriers.Theplotsclearlyshow that,
thepartialbarrierinsidea nesthasno signi�cant affect on thesizemeasurement.The
slight increasein nBCis possiblydueto thenon-zerosizeof thebarriers.Althoughthe
barriers,themselves,donot takeupmuchspace,therobot'sexplorationbehavior tends
to keeptherobot“a sensingdistanceaway” from thebarriers,henceshrinkingthearea
beingexplored.

We shouldnote that, as the openingsbetweenthe barriersand the walls reduce
down to a coupleof robot's diameter, it becomesmoredif�cult for the robot to pass
from onelobeto theothercausingtherobotto remainstuckin someof thelobes.As a
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resultof this, thevariancetheerrorbarcorrespondingto thethe largestbarrierlength
is increased.

5.4 Pheromonethickness

As mentionedbefore,the thicknessof the pheromonetrail being laid canaffect the
value of nBC. Figure 7 plots the mediannBC valuesof circular nestsfor different
pheromonethicknessvalues.It canbeclearlyseenthatasthethicknessof thepheromone
increases,blending(whichcanbeseenby smaller-than-expectednBCvaluesfor small
nests)affectslargernests.
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6 Conclusions

In this paperwe evaluatedthe Buffon's needlemethodasa blind areameasurement
methodusingmobile robot simulations.We have conductedsystematicexperiments
andanalyzedthe performanceof the method. The resultsobtainedindicatesthat the
Buffon's needlemethodprovidesa very powerful, androbustway to measureclosed
regions.nBC is a goodmeasurefor theareaof closedregions.Also;

r nBCseemsto beindependentof theshape.However, weagreethat,moreexper-
imentsandanalysisneedto bedonebeforecomingto clearconclusion.

r nBC is independentof thecompactnessof thenest.

r nBC is independentof thebarriers(or objects)placedinsidethenest.

TheBuffon's needleis a promisingareameasurementmethod.However, asit is,
thereare many openquestionsthat needsto be investigated:How invariant is nBC
to morecomplex, andrealisticshapes?How shouldthe length(duration)of the �rst
visit determinedfor maximumrobustness?Canthe �rst visit durationbe determined
on-line,that is duringthevisit? How cantheBuffon'sneedlemethodbeimprovedby
makingtheexplorationbehavior in�uencedby thepheromonethatwaslaid before?
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