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Abstract

We areinterestedn the problemof how a mobile robotcanmeasurehe areaof a
closedregion thatis beyondits immediatesensingange.Our inspirationcomesfrom
scoutworker antswho assespotentialnestcavities. Thesescoutswork literally in
darkto assesarbitraryclosedspacesExperimentaktudieshave shavn thatthe scouts
canreliably rejectnestsitesthat are small for the colory. Thesestudiessupportthe
hypothesighatscoutsusethe“Buffon'sneedlanethod”to measuréheareaof thenest.
We have implementedhe Buffon's needlemethodon a simulatedmobilerobotsystem
andevaluatedits performancehroughsystematiexperiments.The resultsshav that
the methodcanreliably measurehe areaof closedregionsregardlessof their shape
andcompactnessandthatthe methodis undisturbedy partial barriersplacedinside
theseregions.
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1 Intr oduction

Insectstudiesuncover fascinatingexamplesfor autonomousoboticson how, seem-
ingly dif cult, problemscanbe solvedthroughsimplebehaiors. Basedon their ob-
senations,biologistsmake hypothesesboutthe methodismplementeddy thesesim-
ple behaiors. Althoughthesehypotheseareusuallytestedagainstexperimentaldata
collectedfrom insectsthey still beg a constructvist analysis.By constructingoehar-
iors that implementthesehypothese®n physically embodiedsystems,autonomous
roboticscannot only sene asatestbedor biology, but canalsoaccomplisH'technol-
ogy transfer”,adaptingthesesolutionsto arti cial systems.

In this paperwe studyhow a mobilerobotcanmeasurehe areaof a closedregion
thatis beyondits immediatesensing.We call this, asthe problemof blind areamea-
surementsinceit resembleso the challengefaceda blind person(lackinga complete
view of the region beingmeasuredjrying to estimatethe areaof a large room using
his hands(short-rangesensingnly. Here,thetermblindnessdenoteghatthe person
(agent)cannot‘see” the wholeregion (eitherbecausét is too large or becaus®f ob-
jectsthatoccludea completeview) andthathehasto useonly hislocalandshortrange
sensingabilities.

Therehave beenquite a numberof studies[1 2, 3] on areacaoverageof arbitrary
closedregionsby robots. However, to the bestof our knowledge the questionof how
theareasof suchregionscanbe measuredhasnot yet beenaddressed.

In therestof the paperwe rst describehe nestassessmerftvheretheareaof the
nestis onecriteria) behaior of antscoutsprie y summarizehe experimentakesults
andpresenthe Buffon's needlehypothesis. Thenwe describethe experimentalsetup
andthe implementatiorof the Buffon's needlemethodon a simulatedmobile robot.
Section5 describeghe experimentsconductedand presentshe results. In the last
sectionwe summarizeheargumentssupportedy theexperimentsandoutlinefuture
directionsfor theresearch.

2 NestAssessmenin Leptothoraxalbipennis

Coloniesof Leptothoax albipennis a smallmonomorphianyrmicineant speciesin-
habitsmall at crevicesin rocks. Whenthe currentnestbecomesaininhabitablethe
scoutsexplore the ervironmentto nd and assessiewv nestsites. Theseant scouts
assespotentialnestsitesbeforethey attemptto initiate an emigrationof the whole
colory. Mallon andFranks[4 5] obsenedthe visits of individual scoutsto new sites.
They have reportedthat scoutstendto make morethanonevisit to a new site before
attemptingto initiate the emigrationof their entire colory. During their visits, the
scoutsspenta considerablgart of their time exploring the internal peripheryof the
site, while making seeminglyrandomexplorationsof the centralpart of the nest. No
signi cant differencesvere found betweenthe durationof the rst (second)visits to
nestsof differentsizes[5]. It is alsoobsened thatin their seconavisits, the scouts
“brie y butsigni cantly slow down” asthey crosstheir rst visit trails. Basedonthese
obsenationsandmary others,Mallon andFranks[4 suggestedhatthe scoutslay an
individual-speci c pheromondrail duringtheir rst visit, andthatthey usetheinter-



Figurel: Sketchof the Kheperarobotmodel. The
circle representshe body. Thetwo elongatedect-
anglesplacedon the left andright part of the body
denotethe wheelsof the robot. The small rectan-
glesaroundthe bodyshowvstheplacemenbf thein-
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sectionfrequeng of their pathwith this pheromonérail duringtheir subsequentisits
to estimatethe oor areaof the nest. They pointedout that, this stratey is consistent
with the Buffon's needlemethod atechniquen computationafjeometryto estimate
empirically, thatcanbe adaptedo measurespace.

They testedthis hypothesidy tracingthevisits of scoutgto differentpotentialnest
sitesin thelaboratoryervironment. They countedthe intersectionf tracesbetween
the rst andsubsequentisits separatelywithin the centralregion andthe peripheral
region of the new nests.Theresultsobtainedwereconsistentvith the Buffon'sneedle
method. Apart from the Buffon's needlemethod,they have alsotestedwhetherthe
antsusetheinternalperimeterof the nest,andthe *mean free-path-lengttalgorithm'
to assesshe sizeof the nests.However, the experimentsshavedthat (1) scoutswere
ableto choosea standard-sizaestoverahalf-sizeonewith thesamenternalperimeter
and,(2) apartialbarrierplacedinsideastandard-sizeestdid notaffecttheassessment
of thenest.

In previousworks[6 7], we proposedhatexplorationbehaior of the scoutscon-
tainedat leasttwo sub-behwiors; wall following and randomexploration. We then
constructedh mobile robot simulationthroughwhich we hadstudiedthe dynamicsof
the nestassessmergrocessand proved that the two sub-behsiors were con icting;
thatis thewall following behaior improvesthe peripherycheckingof the nestwhile
impairing areameasurementyhereashe oppositebeing true for the randomexplo-
ration behaior. In this work we evaluatethe Buffon's needlemethodasa blind area
measurementethodfor mobilerobots.

3 Experimental setup

We have chosenWebots(Cyberbotics Switzerland)astheroboticssimulatorandused
arobotmodelwhich simulateghe Khepera[§ miniaturerobot(K-Team,Switzerland),
by samplingthe sensoryreadingsfrom a realrobot[9. Therobot haseightinfra-red
distancesensorassketchedn Fig. 3, howeveronly the six sensorplacedin the front

areutilized. Therobotis alsoequippedvith a“pheromonenozzle”anda “pheromone
detector” bothlocatedat the centerof the body, theformerfor laying andthelatterfor

detectinghe pheromonen the simulatedervironment.



(d)

(©

Figure?2: Five setof nestsusedin theexperimentsi(a) circularnests(b) squarenests,
(c) elliptic nests,(d) standardsize nestswith vertical barrier, (e) standardsize nests
with crossbarriers.Thedarkcirclesplacedin the nestsndicatetherelative sizeof the
robot.

3.1 The Nests

Five differentsetof nests,shavn in Fig. 2, areusedin the experiments.Unlike real
nests,usedin the experimentsof Mallon andFranks[4], the entrancesre omittedto
remove thepossibility of therobotleaving the nestprematurelyIn eachvisit, therobot
beganits explorationfrom the centralbottom part of the nest. Theinitial positionof
the robot was kept constantexceptthat its initial orientationwas varied within
degreesof thewall.

Figure 2 (a), shavs the circular nestsusedin our experiments. The diameterof
the smallestcircular nestis approximatelyten timesthe body length of the ant-bot.
The largestnestis ten timeswider thanthe smallestone, and other eight nestshave
sizesin between.Circular nestwith diameterl00 units (robot diameters)s taken as
the standardsize nest. Ten squarenestsin (b) areselectedn sucha way that areaof
eachsquarenestis equalto the areaof its circularcounterpartFigure?2 (c), shovsthe
standardsize nestandthreeelliptical nestshaving sameareaasthe standardsize nest
but with differenteccentricitieg0.968,0.994,and 0.998respectiely). The nestsin
(d,e)arestandardsizenestswith and+ type partial barrierplacedat the center The
lengthof the barriers(in horizontalandverticaldirections)is varied.

3.2 Exploration Behavior

Usingthesix front sensorave designedan explorationbehaior thatis modi ed from
the onesimplementedn our earlierworks[6, 7]. The behaior lies within the spirit



of Braitenbeg's behaiors[1( with noiseaddedto motor activationsand short-term
time dependengincludedto avoid abruptchangesn robot's movement.Detailsof the
implementatiorof the explorationbehavior is givenbelow.
The ant-botis controlledby settingthe speedof its left andright wheels(  and
), whicharecalculatedas

When , the ant-botmovesforward. It turnsleft when , andright when
. Here, isde nedas

where isarandomnumberbetween and , isarandomnumberbetween

and representhe “percevedpresencedf thewall ontheright andleft side

respectiely, is de ned asthevalueof the ‘rotationalactivation’, and denoteghe

infraredreadingswith avaluebetweer0 (no object)andl (very closeobject),where
is theindex. Thechangdn is calculatedas

The rst termon the right of the equationguaranteeshat whenno wall is perceved
andtheinfraredreadingsareall zero,thenary rotationalactivationwill decayto zero
in time. Thesecondermraisestherotationalactivationtowards in proportionto the
amountof wall percevedontheleft sideandtheinfraredreadingsrom theright side.
Thethird termtriesto pull down therotationalactivationto  in asimilarway.
Thevariables, and , indicatethe presencef the peripheraiwall on the left
andright sideof the ant-botrespectiely andthechangen themarede ned as

The rst term on the left side causesthe perceved presenceof a wall to decayto

zerowhenno objectsare sensed.The seconderm, increaseshe perceved presence
of the peripheralwall by the activationsof infrared sensingon that side. The third

termdiminishesthe percevedpresencef any wall if thefront sensordbecomeactive,

to raisethe priority of avoidance. The parameter controlsthe perceved presence
of the wall. Whenthe parameter , both  and  decayto zero, and stay
there.For nonzerovaluesof thepercevedpresencef wall becomestronger Even

with obstacleavoidancein place,the ant-botcanoccasionallyhit themandgetstuck,

particularlywhenits is moving straighttowardsthewall. The rst conditionof allows

ant-botto escapdrom suchsituationsby makingsteepturnsaway from the obstacles
blockingits courseof movement.



Figure3: Explorationpatternsgeneratedy the behaior for circular nestsof (a) the
smallestsize,(b) the standardsize,and(c) thelargestsize.

The exploration behaior generatesandomexploration patternswithin a closed
region. The robot movesin a randomway, while avoiding any obstaclegwalls or
barriersin our experiments)on its way, covering the whole nestover the long run.
Figure3 shavs explorationpatterndor threedifferentcircularnests.

Braitenbeg's original obstacleavoidancealgorithm movesthe robotlike a ping-
pongballin theervironmentdriving it onalmoststraightlinesin freespaceandbounc-
ing from the objectslike a ball. As aresultthe explorationtrails tendsto concentrate
on certainbandsin the ervironmentandthereforeis not very suitablefor the Buffon's
algorithm.

4 Buffon'sneedlemethod

Therobotmakestwo visits to a nestusingtheexplorationbehaior describedibore. In
eachvisit, it startsits explorationfrom the centralbottompart of the nestat a random
alignment.It layspheromonalongits pathduringits rst visit. Duringits secondisit,
insteadof laying pheromonethe robotsenseshe pheromoneandcountsthe number
of intersectionsvith the pheromonerail layedduringits rst visit. The outputof the
pheromonesensot(a binaryvalue)is rst Itered by aleaky integratorto remove ary
artefactsthatmay have occurreddueto a pixellizedimplementatiorof the pheromone
trail andthenthresholdedBuffon'scountis de ned asthenumberof crossingsounted
duringthesecondvisit.

For a given nest,threeparametersffect the Buffon's count: 1) the length of the
rst, 2) thelengthof the secondvisit, and3) the thicknessof the pheromonérail. For
the experimentsreportedbelown, unlessotherwisestated the durationof the rst visit
is x edto 50000steps(the resultingtrail lengthhasa meanof , anda variance
of units), andthe width of the pheromonds takenas0.1, i.e. onetenthof the
bodylengthof the robot. In orderto discountthe effect of the secondvisit, we de ne
normalizedBuffon Count(nBC) asthe Buffon countnormalizedby the lengthof the



secondisit (whichwasalso x edto 50000steps).In therestof thediscussiomBC is
usedasa measurdor theareaof the nest.

5 Experimental Results

Using the experimentalsetupand Buffon's needleimplementationdescribedn the
previous sectionwe have conductedsystematicexperimentsto evaluatethis method
for blind areameasurementWe have measurechBC 100timesfor eachof the nests
shavnin Fig. 2.

5.1 Shape

Figure4 plotsthemediannBC valueobtainedrom differentsizesof circle andsquare
nests(Figure2 (a,b)). In (a), mediannBC valuesmeasuredrom circular andsquare
nestsareplottedside-by-siddor differentsizes.Four pointsworth mentioning:1) nBC
valuesfor squareandcircularnestsareapproximatelythe samefor all sizes.ThenBC
valuesof circular nestsare plotted againstmediannBC of squarenestsin (b). As it
can be seenclearly, most of the pointslie on the line shawing that nBC is
a good measureof areafor circular and squareshapednests. 2) The error barsare
small,showving thatnBC providesarobustmeasurdor area.3) nBC valuesof thetwo
smallestnests(with area348 and 1392 ) arelower thanexpected. Onewould
have expectednBC be larger for smallernests. This artefactis dueto the blending
of the pheromondrails into eachotherat the peripheryas canbe seenin Fig. 3(a).
Sincethe trail densityat the peripheryis differentfor squareand circular nests(due
to the interactionbetweenthe boundaryandthe robot asproducedoy the exploration
behaior), theamountof blendingis different. As aconsequencef thenBC valuesfor
thesetwo nestsizesshav morediscrepanyg, which is marked by two slightly off-axis
pointsin (b). 4) Regressiomanalysisshow thatthereis a logarithmicdecreasef nBC
with area.

5.2 Compactness

In the experimentgeportedabore, we have shavn thatnBC promisestself asa good
measurefor area. In orderto evaluatethe effect of compactnessf the shape,we
evaluatechBC for the setof nestsshown in Fig. 2(c), wherethe elliptic nestscoverthe
sameareaasthe standarctircularnest.

Figure5.2 plotsthe mediannBC valuesfor the nestswith respecto compactness

valuede ned as where and denotethelargeandsmallradii of the ellipse.
The baselinedenoteshe mediannBC valuefor the standardcircular nestwith com-
pactness

Theplot shonvsthatnBC valuesremainapproximatelythe samedespitethechange
in the compactnessf the nest. As the nestbecomedesscompact,the variancein
the nBC valuesincreasqindicatedby the growth in the error bars)alsoaffecting the
medianvalue.
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Figure4: (a) MediannBC valuesmeasuredrom circularandsquarenestsareplotted
side-by-siddfor differentsizes. The error barsdrawn indicatethe interquartilerange
for the nBC values. (b) The nBC valuesof circular nestsare plotted againstmedian
nBC of squarenests.
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5.3 Barriers

Theexperimentseportedsofar have usedcorvex nests.In orderto analyzethe affect
of non-comvexity, we modi ed thestandarctircularnestby placing and+ typepartial
barriersvaryingatlengthatthe centerasshavnin Fig. 2(d,e).

Figure 6 plotsthe mediannBC with respecto varying barrierlength (percentage
of thenestdiameter¥or bothtypesof barriers.Again, the baselinedenoteghe median
nBC valuefor the standarctircular nestwith no barriers. The plots clearly show that,
the partial barrierinsidea nesthasno signi cant affect on the sizemeasurementThe
slightincreasen nBCis possiblydueto thenon-zercsizeof thebarriers.Althoughthe
barriersthemseles,do nottake up muchspacetherobot's explorationbehaior tends
to keeptherobot“a sensinglistanceaway” from the barriers henceshrinkingthearea
beingexplored.

We shouldnote that, as the openingsbetweenthe barriersand the walls reduce
down to a coupleof robot's diametey it becomeanoredif cult for the robotto pass
from onelobeto the othercausingherobotto remainstuckin someof thelobes.As a
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Figure6: MediannBC valuesversusharrierlength(percentagef the nestdiameter)s
shown for nestswith (a) and(b) + barriers. The error barsindicatethe interquartile
values.
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Figure7: MediannBC valuesmeasuredrom circularnestsareplottedside-by-siddor
differentthicknessf the pheromondrail. Theerrorbarsdravn indicatetheinterquar
tile rangefor thenBC values.

resultof this, the variancethe error bar correspondingo the the largestbarrierlength
isincreased.

5.4 Pheromonethickness

As mentionedbefore, the thicknessof the pheromonerail beinglaid can affect the
value of nBC. Figure 7 plots the mediannBC valuesof circular nestsfor different
pheromonéhicknessalues.It canbeclearlyseerthatasthethicknessof thepheromone
increaseshlending(which canbe seerby smallerthan-expectechBC valuesfor small
nestsffectslargernests.

90



6 Conclusions

In this paperwe evaluatedthe Buffon's needlemethodasa blind areameasurement
methodusing mobile robot simulations. We have conductedsystematicexperiments
andanalyzedhe performanceof the method. The resultsobtainedindicatesthat the
Buffon's needlemethodprovidesa very powerful, androbustway to measureclosed
regions.nBCis agoodmeasurdor the areaof closedregions.Also;

nBC seemgo beindependentf theshape However, we agreethat, moreexper
imentsandanalysisneedto be donebeforecomingto clearconclusion.

nBCis independendf the compactnessf the nest.
nBCis independenbf the barriers(or objects)placedinsidethe nest.

The Buffon's needleis a promisingareameasuremernnethod. However, asit is,
thereare mary openquestionghat needsto be investigated:How invariantis nBC
to more comple, andrealisticshapes?ow shouldthe length (duration)of the rst
visit determinedor maximumrobustness?anthe rst visit durationbe determined
on-line,thatis duringthevisit? How canthe Buffon's needlemethodbeimprovedby
makingthe explorationbehaior in uenced by the pheromonehatwaslaid before?
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