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Abstract

Whenusingcommunicationn multi-robot systemgt’s often not desirableto choosean
abstractform of communicatiorthat separatethe messagefrom the physical ervironment
in which they have meaning.If the messagesare separatedrom the environmentlocaliza-
tion informationhasto be encodednto the messages orderfor the recever to be ableto
situatethe contentof the messagedderewe point out thatif we insteadusea situatedform
of communicationthat exploits the physical propertiesof the signal transferringthe mes-
sagelocalizationinformationis not neededWe demonstratehis ideaby shaving how an
extremelysimple control systemthat usesshortrangecommunicatiorcankeepfour LEGO
Mindstormsrobotstogetherin a group.It’s alsodiscussedhow this ideacanbe extendedto
make it possibleto simplify pathplanningin multi-robotsystems.

1 Introduction

In this work we distinguishbetweensituatedcommunicationand abstracttcommunication.
Abstractcommunications communicatiorwherethe physicalsignalthattransportghe mes-
sagds consideredhotto have any meaningln abstractommunicatioronly thecontentof the
messagéasmeaning.This type of communications encounteredor instancewhenrobots
communicateisingwirelessEthernet.

On the other hand situatedcommunicationis communicatiorwhere both the physical
propertiesof the signalthattransfershe messageandthe contentof the messageontritute
to its meaning An exampleof situatedcommunications ahumansaying:’maoe towardme”.
Fromthe physical propertiesof the soundwe canlocatethe soundsourceandthe contentof
the messageells uswhatto do. Notice thatthe contentof the messag@alonedoesnot give
meaningto the messageaor doesthe physical propertiesof the signal.It is only whenthey
arecombinedthatthe meanings obvious.

In the robotcommunityabstracitommunicationthroughthe useof long rangewireless
communicationjs becomingmore and more usedaswirelesscommunications becoming
cheaperandits efficiengy increases[2D The combinationof abstractcommunicationand
multi-robot systemshasproducedsereral successfutesults[17][7][18][4]. Thesesolutions
usea modelsuchasa 2d map,a graphof landmarksor a self organizingmapto represent
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the ervironment.The robot usesthis modelandits own locationin the modelto mege in-
formationrecevedfrom otherteammembersnto its modelandin this way benefitfrom the
experience®f otherrobots.

Thesesystemgsely on the modelandthe localizationestimateto be correct. Therefore
the robustnesof thesesystemsdependson the robustnessof the localizationmechanisms.
Localizationhasbeenthefocusof muchresearctseefor instancg6][13], but oftenthealgo-
rithmsarenot robust. Oftena blocked corridor, alandmarkthathasmoved or lifting arobot
andturningit 18C is enoughto make theselocalizationsystemdail. Someof the moread-
vancedsystemganhandlethesedisturbancedyut atleastit takessometime for thesystento
recover. Thisimpliesthatcommunicatiorsystemsasecdn localizationarenotrobusteither

We believe that this problemis similar to the problemof good old-fashionedartificial
intelligence(GOFRAI). The GOFAI controlsystemseliedheavily onaworld modelin which
actionswere planned.The key problemwasthat it was difficult to keepthe world model
up to dateespeciallyin dynamiccomplicatedernvironmentsdueto limited sensinganda not
straightforvard mappingfrom the robotssensordo the world model.Dueto theseproblems
GOFAI control systemsawvere often slow andfault intolerant.We encountetheseproblems
agginwhenwetry to find acommonabstractepresentationf the ervironmentthatmakesit
possiblefor robotsto communicateboutit usingabstraccommunication.

Behaviour basedobotics[2][1] hastaughtustheimportanceof exploiting therealworld
andtherobotsinteractionwith it. We have seenthatinsteadof relying on a modelin which
actionsare planned,actionsshouldbe taken basedon sensorinput directly[3] resultingin
fastandfaulttolerantrobots.Thesensightshave beenusedin multi-roboticsto producevery
elggantsolutionsto for instancethe garbagecollectiontask[8][9].

Whenusingabstractommunicatiorwe onceagain have forgottenone of the lessonf
behaiour basedrobotics: The importanceof exploiting the ernvironment. This is the moti-
vation for the work presentechere.We avoid using abstracttcommunicationput asan al-
ternatve, try to explorethe propertiesof a situatedcommunicatiorsystemin which eachof
the communicatingdevices haslimited rangeandthe communicatiorrangeis furthermore
constrainedy the physicalenvironment.

First,in section2, we give a brief descriptionof relatedwork. After that,In section3, the
physicalpropertieof ourcommunicatiorhardwareis investicated.Later, thesepropertiesare
exploited to make an extremely simple solutionto the problemof keepinga teamof robots
closetogetherFinally, in section4, we discusshow to usesituatedcommunicatiorto solve
hardproblemdike pathplaningin distributedautonomousnobilerobotsystems.

2 Reated Work

As will bedescribedoonwe useshortrangecommunicatiorasanexampleof situatedcom-
munication.Therehasalreadybeensomework on shortrangecommunicationln computer
sciencethe work on amorphousomputingis particularlyinteresting[$. Theresearchques-
tionin thisfield is:

How doesoneengineerprespecifiedcoherentehaior from the cooperatiorof im-
mensenumbersof unreliablepartsthatareinterconnectedh unknown, irregular, and
time-varyingways.

Their work is highly relevant, but still their resultsarefrom simulationandthe commu-
nicationdevicesarenot actuatedThefocusof Winfieldswork is to developadhocwireless
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networking for applicationin distributedmobile robotics[19].In his work the assumptioris
alsothat the robotsare equippedwith short-rangedvirelesscommunicationput the com-
municationsystemis analysedvith abstractommunicatiorin mind andthe communication
rangeis thereforeseenasa probleminsteadof anadwantage.

In thework by Ficici etal.[14] the useof local communications exploitedin embodied
evolutionaryrobotics.Whena robot getscloseto a light sourceit is consideredsuccessful
andis given enepgy thatit canuseto transmitits genesto otherrobots.This is not enough
thoughsincetherobothasto bewithin closeproximity to anotherobotin orderto transferits
genesThis way local communicatioris usedto ensurethatrobotsthatgetaroundaremore
likely to passtheir genedo otherrobots.

Interestinglyenougha new industry standardfor shortrangewirelesscommunication,
Bluetooth[16],hasrecentlybeenintroduced.Thevision of this productis to wirelessconnect
notacrossheworld, but within aroom. Thistechnologyis short-range@éndagoodcandidate
for future usein robotics.

3 Reaults
3.1 ExperimentaSetup

The experimentswere run in the main corridor of our office building. The corridor is 35
meterdong and4 meterswide. The heightof the corridoris 4 metersn onehalf and8 in the
otherhalf. In the experimentsve usedrobotsbuilt usingLEGO Mindstorms[15. Therobots
communicatevith eachotherusingtheinfraredrecever/transmitteonthe RCX controlunit.

3.2 Propertiesof the CommunicatiorHardware

We testedone aspectof the communicatiorpropertiesof the RCX by placinga transmitter
pointingupwardssending25 messageper30 secondsA receving RCX wasthenplacedfor
every half ameterfrom thesenderalsopointingupwards.Thesereceving RCXscountedhe
numberof messagethey receved. Theresultscanbeseenn figurel. Thethreegraphgeflect
thefactthatthe heightto the ceiling variesin the building andit canbe seenthatthe ranges
of the communicatiorchangeswith the heightto the ceiling, but overall the communication
rangeis reliablewithin 1.5-2.5metersof the sendeidependingon this height.It is important
to notethatnumeroustherfactorsaffect the quality of communicationput this experiment
just shaws thatthe communicatioris indeedshort-rangedThis implies that we are dealing
with situatedcommunicatiorbecauséf the control systemrecevesa messagé knows that
anotherrobotis nearbywithout examiningthe contentof themessage.

3.3 KeepingTogether

Fourrobotsareusedn thefollowing experimentsThetaskis to make therobotsstaytogether
in agroup.Therobotshave bump sensoron the front andthe sides.Thesesensorareused
in asimplereactve obstacleavoidancebehaiour. If oneof thebumpsensorss actvatedthe
robotis movedbacka bit andby randomturnedapproximatelyd0 ° left or right on the spot.
A communicatiomprocessakescareof the communicatiorbetweerthe robots.The part
of theprocesghatdoesthesendings very simple- it justsendsamessagevery 0.5seconds.
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Figure 1: Communicatiorrangesin differentpartsof the ervironment(averageand standarddeviation of 10
experiments).

The otherpartfirst countsthe numberof messageg recevesin a secondn. This numberis
thenusedto calculatea very simpleestimateof thetime derwvative » using:

g = Ny — Ny—1 (1)

This estimatds too noisyto be useddirectly soanestimaten is calculated:

ﬁt = (1 - CY) ﬁt—l + Oé’flt (2)

In theexperimentsx is choserto be0.1.

Therobotis alsoequippedwith a behaiour thatreactsto changesf n. This behaiour
checksthe sign of 7. If the signis positive it meansthat the robot receves more messages
which meansthatit is moving toward an areawith more communicatiorandthereforethe
behaiour doesnothing.If ontheotherhandthevalueof 72 is non-positve thebehaiour takes
controlof therobotandturnsit approximatelyl80°. After thatthe behaiour is disabledfor
five secondo give therobota chanceo move to anew area.

3.3.1 Without Communication

In this experimentthe purposds to shawv thatwithout communicatiortherobotswill wander
away from eachother It is possiblethatthis is not the casebecauséhe interactionbetween
the ervironmentandthe simple obstacleavoidancebehaiour of the robotscould be ableto

keepthe robotstogether Therefore,to testthis, the behaiour that makesthe robotsreact
to changeof sign of 7 is disabled.Initially the four robotsare placedin the middle of the

corridor making the four cornersof a squarewith side length 0.5 meters.The robotsare
facingaway from the centerof the square.The four robotsare startedat the sametime and
the experimentlastsfor five minutes.During the experimenteachrobotlogs n the number
of messageseceved per secondevery second.The solid line in figure 2 shavs how the

averagenumberof messageseceved by the four robotschangesover time. The average
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Figure2: Thenumberof messagereceved persecondaverageof four robots).

numberof messageseceved is 0.92 andthe 95% confidenceanterval is [84.7;99.1].It can
be seenfrom the figure that the averagenumberof messageseceved staysconstantlylow
throughoutthe entireexperiment.The reasornto why therealwaysis alittle communication
is thatthe robotsaretrappedin the ervironmentso just at randomthey passeachotheror
move in thesamedirection,whichwaswhathappenedowardthe endof theexperiment.The
solid line in figure 3 shaws the frequeng of the numberof messageseceved per second.
The robotsreceved zeromessagemostof the time, but frequentlyalsotwo werereceved.
Rememberinghatmessagearesentevery 0.5 secondt is interestingto notealsothatone,
threeandfive messagearerecevedin sometime intenals. This indicatesthat eventhough
oneof themessagemadeit the otherwaslost. Thisis not surprisingsincein our analysisof
rangesve foundthatat certaindistanceshereis only acertainprobabilitythata messagevill
makeit. Also asmallfractionis lostbecaus¢herobothasmaovedin themeantime,imprecise
timing in the control systemor dueto interferencewith othercommunicatingobots.

3.3.2 With Communication

Now the experimentis rerunbut this time with the behaiour that makesthe robotsreactto
changeof sign of n enabled.The dashedine in figure 2 shavs how the averagenumberof
messagerecevedperseconchangesvertime. Theaverages 2.90andthe 95%confidence
interval is [2.79;3.01].1t canbe obsered thatthe numberof receved messagesariesa lot
overtime. Thereasoris thatthe approximatiorof n changegoo slowly. In the phasesvhere
the robotsare moving closerand closertogethern becomepositive and large. When the
robotsagain aremoving away from eachothereitherbecausehey passedachotheror they
avoidedeachother The numberof messageseceved startsto fall, but it takesquite some
time beforethis is reflectedin 7 so it becomeson-positve and triggersthe turn around
action.The dashedine in figure 3 shavs thefrequeng of the numberof messagegseceved
persecondAgain we canseethata lot of messagearelost becaus®ftenanodd numberof
messagess receved. Furthermoreve canseethattheratio betweerthefrequeny of theodd
numberedbsenationsandthe frequeng of the even numberedncreasessthe numberof
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Figure3: Thefrequeng asafunctionof the numberof messageseceved persecondsumof four robots).

messageper secondncreasesThis canonly be explainedasanincreaseén communication
interferencewith the otherrobots.

3.3.3 Comparison

Sincetherobotsareconstrainedy the ernvironmentwe cannot saythatthe robotsfailedto

staytogethelin theexperimentwithoutcommunicatiorandsucceedeah theexperimentwith

communicationWe canonly concludethatwhenusingcommunicatiorthe robotsstayedo-

getherto ahigherdegree. Thetwo-sidedstudentd-testshavsthatatthe 95%confidencdevel

theprobabilitythatthedifferencebetweerthemean=f thenumberof messagesecevedper
secondn thetwo experimentss zerois lessthan0.001.Meaningthatwhenusingcommu-
nicationthe robotsreceved significantlymoremessagesSincewe know thatthe numberof

messagerecevedis amonotonedecreasindunctionof thedistanceao thesendethisimplies
thattherobotsstayedsignificantlycloserto eachother The problemwith this resultis thatit

doesnt sayarything abouttheindividual robotsinceit is basednly onthe mean.Therefore
it will notshow up in theanalysisif onerobotgot away from the group.Thereforea further
analysids neededFromfigure2 it canbeseernthatseveraltimesduringthe experimentwith

communicatiorthe robotson averagereceved five or more messageper second.This im-

pliesthatall the robot musthave beenwithin communicatiorrangein thosetime intervals.

Thereforewe canconcludethatall therobotsstayedn the groupfor the entirelengthof that
experiment.

4 Discussion

The taskof makingthe robotteamstaytogetherhasbeenchosento investigate oneway of
exploiting situatedcommunication Anotherway to solve this problemis to usethe Boids
algorithm[13. This algorithm presentsa simpleway to make groupsof simulatedanimals
produceaflocking behaiour justby adjustingthe speedandheadingo matchneighborsand
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alsotry to maintaina certaindistanceto them. This producesvery nice looking resultsin
simulationbecausell thevaluesneededor controlaredirectly accessiblén themodel.The
problemis thatit doesnt transferto realervironmentsandrobotseasily Again the problem
is themodel.It is difficult to mapthe robotssensorsnto speedof, headingof anddistance
to neighbors.Also the questionof how to distinguishother robotsfrom the environment
becomesanimportant,yet a difficult question Alternatively, thesevaluescould be obtained
by using abstractcommunicationand a localizationsystem,but as discussecearlierthese
systemsarenot robustandalsothe precisionmight becomea problem.Thereforethe Boids
algorithm,eventhoughit atfirst lookssimple,is notdirectly applicableto realrobots.

The algorithmpresentederedoesnot produceasgoodlooking results,but it is simpler
sinceit only reactson informationdirectly available throughthe robot sensorsn this case
theinfra-redrecever/transmitterThereforeit is alsopossibleto make the algorithmwork on
extremelysimplerobotslik e our LEGO Mindstormsrobots.We cansaythatthe propertiesof
thecommunicatiorhardwaredoesthecalculationfor us.All theparameterthatwe otherwise
would have squeezedut of anadvancedvision or localizationalgorithmwe getfor free by
exploiting thelimitations of the communicatiorsignal.

5 TowardsMore Interesting Systems

The taskof keepingthe robot grouptogetheris chosenbecauset is especiallysimpleand
highlightsthe benefitehatcanbegainedby usingsituatedcommunicationWhatwill happen
whenwe try to solve morecomple problemdik e traditionalproblemssuchaspathplanning
in multi-roboticsandsoforth?Thisis thefocusof ourfutureresearchTo continuewe needio
find out whatshouldbe communicatedHerewe cangetsomeinspirationfrom Amorphous
computing[3. Wherea basiccapabilityof the communicatiordevicesis to propagtea hop
count.Theideais again very simple.Imaginethata robotdetectsan objectof interestto the
robotgroupusingits featuredetectorandsendsout“1”. All robotsthatrecevesthis sendout
“2” . All robotsthatcanhear2” butnot“1l” sendout“3” andsoon(remembethattherobots
useshortrangecommunication)Thisgenerateavery coarseotentialfield whererobotscan
follow thegradientandusetheir navigationbehaioursto getto thelocationof “1”. Also note
thatif we choosea signalto communicatehatdoesnt crossphysicalstructuresike wallswe
getrid of thelocal minimumproblemthatis commonin mostpathplanningalgorithms Also
in this formulationthe robot getsan estimateof the distanceto the targetif it relieson the
factthatthe communicatiorrangeis limited. If the numberit receves,n, is sufficiently high
it knows thatthe distanceto the sourceis roughly n timesthe averagecommunicatiorrange,
becausehevariationsfor high enoughn cancelsout.

Again, by exploiting the physical natureof the communicationmediumwe get rid of
the modelandavoid someerror proneandexpensve calculationsWhich is importantsince
Parker in herrecentreview on pathplanningin multi-robotsystemswrites[11]:

Oneof themostlimiting characteristicef muchof the existing pathplanningwork is
the computationatompleity of theapproaches.
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Also by having the pathplan notin the robot but in the environmentwe canachiee a
high degreeof robustnessMore robotscanbe startedasneededandimmediatelyparticipate.
As long asconnectvity in the communicatiometwork is maintainedobotscanfail without
affectingthesystem.

Whataboutmapsthen?Thefirst questionss whatdo you needmapsfor? If it is usedin-
ternallyfor navigation,thentheabose mentionedapproacttouldbeextendedwith acolorfor
eachlandmarkof interestandtherobotcouldthenatall timeshave anestimateof thedistance
to thelandmarksandan approximatadirectioncalculatedrom the gradient.Nagpal[10]has
madean initial attempton makinga global coordinatesystemin an amorphousomputing
systemA 2d metric mapshouldreally only be consideredasaninterfacebetweera human
operatorandthe robotteamwhich, of course alsois important.How sucha metricmapcan
be build ontop of this systemis aninterestingtopic for futureresearch.

In the currentformulation the communicationdevices have to form a communication
network becausd asubsebdf therobotswandersoutof rangethey would beisolatedfrom the
restof therobotteam.This could alsobe consideredh featureinsteadof a problembecause
sometimesyou might want to divide a robot teamto solve tasksin different partsof the
ernvironment.But robotsthatareto cooperateo solve a taskhave to form a network mostof
thetime.

Finally, it shouldbe mentionedhatthisis a newv approactsotherearealot of problems
thatshouldbethefocusof furtherinvestigations.Whatis for instanceheconnectiorbetween
communicatiorrange humberof robots,ernvironmentsizeandtheresolutionof thegradient.
It seemdik ely thatthe systemwill breakdown if theareathatis coveredby the communica-
tion devicesis smallcomparedo the sizeof the ervironment.Canthis problembe solved by
introducingmemory?How will thisthenaffecttheability to handlea dynamicenvironment?

6 Conclusion

We have pointedout thatwhenonly relying on abstraccommunicatiorusableinformation
directly available in the physical signal that transfersthe messagess lost. We have seen
that by using situatedcommunicationwhich implies keepingthe informationin the physi-

cal signalthe solutionto the problemof keepingrobotsin a groupis very simple. This is

traditionally not the casefor robotsin real ervironmentsit hasbeendiscussedhow situated
communicationcan be exploited to do efficient path planningwith low computationakcost
underthe assumptiorthat the robotsform a communicatiometwork. We have arguedthat
thereis a hugepotentialin exploiting the propertiesof situatedcommunicatiorsystemso

producesimpleandrobustcontrolsystemdor robotteams.
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