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ABSTRACT

Theconceptofautonomyhasparadoxicalaspect･Ontheonehand,itisthe

propertyofanimalitselfandseemsapartfromexperimenters,ontheotherhand,one

cannotbutfindoutsomeslgnificanceinit.Inordertoillustratesuchaspectand

understand itasessential property ofautonomy,Iconducted twobehavioral

experiments.

(Experiment1;A山malS'0wn EstimationofEnvironment;DemonstratedbyTum

AltemationinPillBugs(Armadillidiumvulgare))

Fifteenpillbugs(Armadillidiumvulgare,Isopoda,Crustacean)wereexaminedin

200successiveT-mazes.Though halfofthemkepttumaltemationstable(1),theother

halftriedtodecreaseita鮎rleaningtokeepit(2).InsuchtoomuchsuccessiveT一

mazes,keeplngtum altemationwillacceleratedesiccationintheirbodies.However,

theyhavetendencytoincreaseitwithdrystimulation.Inthisparadoxicalsituation,they

hadbetterstoptumaltemationandescapefromit.Inordertoverifythatindividualsof

(2)estimatedsuchproblematicsituationandtriedtoexploreanotherpathtoescape,all

aiimalsweresubsequentlyconfrontedwithBftychoicepoints,andfromthefifty-nrst

choice,theendofthechosenalleywasshut.Thentheindividualtunedbackandwas

ledtothenextchoicepolnt.Theendofthealleywasalsoshut.hthiswaytheywere

confrontedwithsuccessiveflftyblindalleys･Inthissituation,whileindividualsof(1)

continuedtomoveintheapparatus,thoseof(2)climbed也everticalplainwalland

escapedfiomtheapparatusafterseveral trialsasiftheyhadestimatedthesituationas

'closed'.Incontrolexperiment,na'l'veindividualsdidnotclimbthewall.



(Experiment2;AnimalAutonomous ChoiceofBehaviorImplyingItsOwn Spatial

Cognition:Demonstrationby血eBehavioralExperime山sinPillBugs)

Generally,animalspatialabilityisdestinedtobeconsideredastheselectionofthe

adaptlVebehaviorinthetestspacebytheinnateevaluationfunction.Inthispaper,I

proposetoillustrateitastheircapacitytocreatenovelbehaviorresultingfromanimaト

onglnatlngestimationof也espace･

Eighteenpillbugs(Armadillidiumvulgare,Isopoda,Crustacean)wereindividually

examinedonadisksurroundedbymoat.Theymovedalongltwithrepeatingtouching

andleavlngfrom itbecauseoftheinnateadaptivelocomotivemechanism.Time

inteⅣalsbetweenonewatertouchingand也enextoneweremeasuredandsortedin

descendingorder.ThenZipf-scalingbehaviorwasobservedin.sevenindividualswhile

stochaSticoneintheothers･ThisnovelZipf･scalingbehaviorseemsexplorationofrouts

toescape丘om theexperimentalspace･Itcanbeconsideredtoresult丘om their

notificationofsuchaproblematicconditionwhereincreasespossibilitytofallintothe

waterandtodie.InordertomanifTestthisnovelproperty,theseindividualswere

consecutivelyexaminedonadisksurroundedbyslipperywallwithpartialescaplng

routs.ThentheZipf-scalingindividualsclimbedtheroutsandescapedtotheoutside

whilethestochasticonesandnaiveonescontinuedtomovealong也ewall.



ACXNOWLEDGEMENTS

Iam gratefultoProfTessorK.Itof♭rextensivesupportduringthisresearch,and

thankDr.Y.P.Gunjiforhelpfulsuggestionsandadvice.IwouldalsoliketothankMr.

Sangenforconstructionofexperimentalapparatuses.Thisstudyhasbeensupportedin

partbyTheInstituteofPhysicalandChemicalResearch(RIKEN).



CONTENTS

1.INTRODUCTION...pp.6--9

2.EXPERIMENT1‥…pp.10--34

Animals'OwnEstimationofEnvironment;DemonstratedbyTumAltemationin

PillBugs(Armadillidiumvulgare)

3.EXPERIMENT2‥…pp.35--59

AnimalAutonomousChoiceofBehaviorImplyingItsOwn SpatialCognltlOn:

DemonstrationbytheBehavioralExperimentsinPillBugs

4.CONCLUSION-‥…pp.60

5.REFERENCES.......pp.61-64



1.Im ODtJCTION

1-1.tJnderstiudingofAninalSResdthgfromAbsenceoECommonBzLSis

Inordertounderstandan animal'sbehavior,theexperimentertriestofindout

commonbasisbetween血em.HeproposesastimulustoitinordertoobseⅣeits

reactionandtofindthebasis.Forexample,heproposesapleCeOfbreadasastimulusto

adoglnOrdertoinvestigatehowitreactstofToods.Ifthedogeatsit,hemayinferthat

thedoghasthecommonbasis(inthiscase,'notion')offood.Irepresentthisrelationas

(Bread)× [Food]-(Eat).

Toconflrmthisbasis,nextexperimentissetup.ThestimulusisinferredBomthebasis

infTerredpreviously,i.e.,lfood].Inthisway,onecangetmanyequationssuchas

(Orange)× [Food]-(Eat)

(Meat)× [Food]-(Eat),andsoon.

However,suchcommonbasisdosesnotexistobjectively.Sinceitcanonlybeinferred

fromthefinitepresentationofstimuli,itisalwaysinunstablestate.Namely,thereis

alwayspossibilitytohavean unknownstimulusproposed.Forthissense,basesare

regardedasbeingindefinite,InspiteOfsuchindeflniteness,basesaregenerally

consideredasconfirmedone.Inthisstance,animalsareconsideredasmachinesthat

haveconfirmedbasesasfunctions.Thenifthedogrepeatsbitingandreleaslngthe

proposedegg,theexperimenterinthemechanisticstancewillconsiderthat,fTorexample,

theeggsmellsbadorthedogcamOtdistinguishbetweenan eggandastone.Inthis

casetheequationcanbereprese山edas
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((Egg)+(Badsmell))× [Food]-((Eat)+(dosenotEat))or

(Egg) X (lFood]+lStone])-((Eat)+(dosenotEat)).

Inthisway,ifoneconsidersthebasis'lFood]'confirmed,thenhemustaddparameters

totheinputorfunctionwheneverhemeetssuchacontradictoryreaction.However,if

oneadmitsthatbasesareindefinite,onecanpositivelyunderstandthatthedogusesthe

eggas'Toy'.Inthiscase,theequationcanberepresentedas

(Egg)× [Tby]-((Eat)+(dosenotEat))-(Play).

Ⅰncaseofhumanbeing,thoughweescapehigherunstableplaceordeepplacein血esea

onthebasisof̀Danger',wedoclimbinganddivingonthebasisof̀Pleasure'.We

neverthinkthatclimbersanddiversarecrazy.Ifonebelievesthatthereexistscorrmon

basesbetweenanimalSandus,andregardsthebasesasfunctionsinanimals,heis

destinedtotakeastanceofmechanism･Animalsareregardedasmachinesthatputout

specificreactionscorrespondingtospecificstimuli,andtheunwantedreactionsare

definedaserrors.Thecauseoftheerrorsisalsodefinitelyidenti丘edinthestimuliorin

theanimals.Onthecontrary,ifoneadmitsindeflnitenessofbases,hecanalsoadmitthe

factthatbasesaredecidednecessarily,I.e･,Withoutanytheoreticalbases.As aresult,

understandingofanimalsentailscontinuouschanglngOfbases.h callingbasesas

functions,onecan considerthatanimalscan behavewithoutobjectivefunctionsto

decidereactions,Inthisstance,onecanconsiderthechangingaSCOntinuouscreationof

novelfunctions.Wh enthischangeisregardedastheresultfromanimalS'own capaclty

ofidentifyingenvirorment(orinput)(Moriyama,1998a),suchcapacity iscalled

autonomy.Inordertodemonstratetheaspectofautonomousbehavior,onemust

constitutean experimentthatseemstohavetheoLy'ectivecorrmonbasis,i.e.,the

dogmaticnotionof'tolive'andisalsotransformedtosubjeclivetheirown basis,fTor

example,decisionmakingorconceptmaking･Recently,severalbehavioralexperiments

toshowautonomyresultingfTromtheirincompleteidentificationofenvironmenthave
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beendone(Gunji& Kusunoki,1997;Kitabayashi& Gumji,1997;Migita& Gunji,

1996).Thenotionof'tolive'asthecorrmonbasishasbeenconsideredastheuniversal

functionfbranimalstobehaveandextendedtothenotionof̀toremaingenes',Onthis

basis,thenotionof'fitness'(MaymardSmith,1992),'leamingbyinstinct'(Gould&

Marler,1987)appeared.Theybelievethatanimalbehaviorincludingevolutionand

leamlngCan beexplainedbythenotion of'geneandstatisticalmutation',Inthiscase

allIwanttosayisthatsincewecannotidentifythegene'sstatedefinitely,weobserve

themutationinevitablybutcanregarditasautonomousbehaviorinthegene.

112.PrtICedureoftheExperimenttoDemonstr&teAn indAtLtOnOny

Behavioralexperimentisagoodmethodtodemonstrateanimals'autonomy.One

can seetheirinterestingbehaviorsindailylife,andcan easilysetexperimental

situationsinmacrolevelcomparedtothoseofmolecularlevel.AsIdescribedabove,I

definedautonomyasanimalS'capacityofidentifyingenvironmentbytheirown .

However,theaim oftheexperimentisnottofinditobjectivelylnanimalsbutto

observethatexperimentermustdological jum ptofindoutit.Itmeansthat

experimenterdiscardsthedogmaticbasisof'tolive'tounderstandanimalbehaviorand

inevitably adopts'theirownobservation(identification)'tounderstandthatthoughthe

basisisindefimite,onecan understandthem.Theprocedureoftheexperimentisshown

as也efbllowlng.

1.Wehavetoflndouttheanimal'sregulatorybehaviors.Aregulatorybehavioris

definedasareactioncorresponding toaspecificstimulus.Thebehaviorsare

consideredtobeselectedbynatWalselection.

2.Next,wehavetofindoutvariantbehaviors.Avariantbehaviorisdefinedasa

reactionthatcannotbedecidedwhetheritisaregulatoryoneorstatisticalerroneousone.

ThebehaviorsareregardedasthosethatareresultedfTrom'animals'ownobservation'.

Inordertoextractsuchbehaviors,Onemustsetasituationthatconstituteslogicaltrade-
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off.Forexample,inthepreviousexampleofadogwhichperfわrmed

(Egg)× [Food]-((Eat)+(dosenotEat))-(Play),

theeggseemstobefわodandalsostonewhichcanbeencodedas[notFood1.Soifthe

dog'sreactionis(Eat),thenitisregulatorybehavior,andifitis(dosenotEat),then

erroneousone.Butsincetheactualreactionis((Eat)+(dosenotEat)),i.e.,variance,

onecan transform thebasisfrom lFood]tolToy]toexplainsuchacontradictory

reaction,((Eat)and(dosenotEat)),andchangeittolPlay].Inthisway,onecan

considerthenewbasisasanimalS'own identiBcationandtheanimalSconstituteitas

subjectivenotion.Icallthiskindoftransformation,whichisperformedtoavoid

contradictionbyobserverwithoutanybasis,'logicaljump'.

Inthepreviousexperiment,onecan findoutlogicaljumpintheobserver.However,

suchaspectseemssoeplStemOlogical.Inthenextstep,onemustprovetheconstitution

ofnewbasisasanimals'obtainedcapacity.Inthisprocess,onecanalsofindoutlogical

Jumplnanimals.Theexperimentermayconstituteaproblem-solvingsituationwhere

theanimalsthatshowedvariantbehaviorscan solveitbyuslngthecapacity.Thiskind

ofsolutioncanberegardedasantlClpatOrybehaviorbecauseintheproblematicsituation

theymustconstituteamodelofthesituationandtheirbehaviorinviewofcomputlngits

presentstateasafunctionofthepredictionofthemodel.Namely,theymustpredict

whath叩penSif血eyarestayedin也esituationandmustbehavef♭rsol山ion.Onecan

alsofindoutthatthosethatcouldnotshowvariantbehaviorscannotsolvetheproblem.

Recentlyitwasdemonstratedthatbyenhancinggenerationofvariantsthatappearedin

也eprocessofleamngbehaviorwasusedf♭rnovelsolutionon也ebasisof

animals'own identificationofenvironment(Moriyama&Gunji,1997).
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2.EXPERⅢはENT1

Animals'OwnEstimationoEEnvironment;DemonstratedbyTh Altem&tioELin

PillBu野C4rmadiuidl'JlmVutgan)

2-I.IntrodtLCtion

Generally,thecomerstoneofethologiCaltheoryisthebeliefthatanimalbehavior

comesinmodalactionpattems(MAP)(Barlow,1977).ThoughMAPwasintroduced

preciselytosoftenedtheconceptofPAP(Thorpe,1951)andisconsideredasproperly

renectingthevariabilityamongindividualswhenperfbmlngaParticularaction

sequence,oneinevitablyencou山erse汀OneOuSbehaviorin血etimesequentialseriesof

aMAPinanindividual.Inthispaper,Iillustratethatgenerationoferroneousbehavior

resultsnotBomextemalnoisebutfromanimalS'own estimationofenvironmentby

experimentsofturnaltemationbehaviorinArmadillidiumvulgarer

Beingsetinanopenfield,A･vulgaremovestraight(Iwata&Watanabe,1957a).It

iqsaidthatinnaturalsettings,alinearpathofmovementisthemostefficientadaptive

s廿ategytoadoptwi血Outpreciseinfbmationaboutenvironme山alresourcesorhazards

(Jander,1975).Whenobstaclesareencou山ered,anumberofinvertebratespecies

altemate山ms,i.e.山mintheoppositedirectiontoaprevioustum,andco汀eCtthe

deviationsfrom linearmovement(Hughes,1989a).Suchbehaviorhasbeenalso

investigatedinA.vulgare(Watanabe& Iwata,1956;Iwata& Watanabe,1957a,b;

KupfTermann,1966).Duringconsecutivetrials,aratplacedinthestartalleyofatwoI

choiceT-mazeusuallyonthesecondtrialchoosesthearmthatwasnotvisitedonthe

firsttrial.Thisphenomenonisconsideredtobeexploratoryactivitysinceitreflectsthe

animal'stendencytoinvestigateanunknown partofanewenvironment(Thinus-BlanC,

1996),Ontheotherhand,itissuggestedfわrterrestrialisopodsthatthemechanism
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underlyingtim altemationisbasedmainlyonpropnoceptiveinformationabout

previoustumwhicharises丘ombilaterallyasymm etricallegmovements(BALM)on

thetwosidesofthebodyexperiencedwhiletuming(Hughes,1985,1987,1989b).As

也eresult,tumaltemationcan叩prOXimatelybede丘nedas也eirMAPinanopenfield

withobstacles.Inthiscase,thestereotypedpattemiseach'altematetum ',i.e.onetum

andtheconsecutivetum intheoppositedirection,andthevariantpattemsaretheothers

suchas'tuminthesamedirection.,'backtracking',andsoon.Then,onceaMAPis

defined,theactionsequencesthathaveexcessivevariantpattemsandcauseabrupt

decreaseOfitsstereotypyareregardedas è汀OneOuSbehaviors'.Theyareconsideredas

arlSlngftomextemalnoiseonBALM orinaccuracyofit.The'inaccuracy'implies

somephysicalproblems,forexample,weaknessofasyrrmetry,instabilityofleg

movement,andsoon.Though inthisway,tumaltemationcanbeconsideredasastable

pattem,itisincreasedbythetemporaleffectofdesiccationor･contactwithpredator(a

spider)(Hughes,1967;Carbines,etal･,1992).Actually,landisopodsareweakagainst

desiccationbecauseofpoorwaterproofingmechanism(Edney,1968)andhaveonly

suchpassivedefensiveabilityagalnStspidersassecretion&om tegum entalgrands

triggeredbytheirbite(GoⅣett,1956).TheadaptiveRmctionoftheirtumaltemation

hasbeenalsoconcludedasensuringefficient,directmovementawayfrombiologically

unfavorableconditions.Thesefactsimplythattheirtemporalestimationofenvironment

effectsonthepropnoceptlVemechanism ofBALM.TheobjectivismethologlStmay

c?nsidersucheffectasresultingfromtheuppersystemtocontrolBALM･

Onthecontrary,lnOrdertomanifestthattheestimationistheprocessoftemporary

identificationofunknown environmentbyreferringthepreviousinteractionbetween

themselvesandenvironmentinviewofdeterm1nlngthetemporaryaction,Iconstituted

especialexperiment.

lnthepastexperiments,individualswereexaminedonlythreeorfotusuccessive

T-mazes(e.g"Watanabe&Iwata,1956,Hughes,1967,Carbinseta1.,1992).Insuch

short-pathsituation,tum altemationmayworkefflCiently.However,inmyexperiment,

eachindividualswasexamined200successiveT-mazes.Insuchlong-pathsituation,

keepingtum altemationwillcausewaterdeficitintheirbody.However,theyhave

tendencytoincreasetum altemationwith drystimulation(Hughes,1967).Inthis
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paradoxicalsituation,theyshouldnoticethattum altemationnolongerresultsinany

solutiontosurvive･Theyhadbetterstopltandescapekomthesituation.Thenthey

shouldchangetheirbehaviorfTromautomaticescaplngreSultedfromBALMorupper

controlsystemtoautonomousexploringsoastoflndanotherpathtoescapefrom'the

closedexperimentalequlPmentitself resulted from theirown estimation of

environment･InordertosuⅣiveinsuchenviroIlment,也cyhadbetterhavecapacityto

maketemporarymodelsofthemselvesandenvironmentandchangeitthanhavestable

mechanism orsystemtoregulatetheirbehavior.Thischangewillbeobservedas

spontaneousincreaslngOfsuchexcessivevariantpattemsas'tuminthesamedirection'

or̀backtracking'aRerkeeplnglong-ten tumalternation,i.e.MAP.Suchexcessive

variantpattemsareconsideredas 'erroneousbehavior'.Recentlysucherroneous

behaviorsresultingintransformationofMAPwereinvestigatedinsomeanlmalSand

consideredasbehavioralplasticity (Gunji,1996,Migita& Gunji,1996).Inthe

experimentofrouteformationinants,excessgenerationofpheromone-independent

behaviortrlggeredtransformationoftherouteandwasregardedasdecisionmakingof

antitself(Kitabayashi&Gunji,1997).Inordertoverifysuchexcessivegenerationof

variantpattemsinA.vulgareasresultingfrom theirowncapacityofestimating

environment,Isetanotherproblem-solvingexperimentwhichcanbesolvedo山yby

uslnglt･

2･2.M&teri&lsAMethods

Subjects

OnehundredandfiftyindividualsofArmadillidiumvulgareinabunchwere

caughtonawoodlandpathinthesouthfootofMt･Rokko,Kobe,Japan (34043'N,

135014'E,400ftinaltitude)inJulyformainstockandwerekeptinaplastic

container(20cm indiameter,withsoiltoadepthof2cmandanopaquethickpaper

lid)inthelaboratory.Theywerefedonslicesofcarrot(Heeley1941).Amoist

atmospherewasmaintainedbywettingthesoileveryday.Thelidwaskeptputtingon
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andillum inationwaskeptoffexceptforfeedingandwetting.Thetemperatureofthe

laboratorywaskept23-25oC,血ehumiditywas30-40%.

htheexperimentalphase,someindividuals,eachofwhichwas8-9mminthe

lengthand4-5- in也ewid也,wereselectedamong也emainstockandwereplaced

intopetridishes(8cm in diameter,wi也thinlayerofsoil)respectively.Theywere

alsocertifiedtomoveactivelyonthehorizontalnoorandverticalwoodwall.Each

individualwasleftaloneandfedonasmallpieceofslicedcarrotfor2 days.A

moistatmospherewasmaintainedbywettlngthesoileachday.Illum inationwaskept

offexceptforfTeedingandwetting.

GeneralMethods

On thethirdday,theywereexaminedineachexperiment.Atfirsteachindividual

wasplacedintoanotherpetridishwithoutlidandsoil,andunderlightfortenminutes.

Thissuddenbrightanddryconditioncausestheirmotivationtomove.Forthelight

source,a15-watt月_uorescentlightthathadan intensityof200Lxatadistanceof100

cmfromthemoorofthedishwasused.Sincewhitepaperwasadheredonthefloorof

thedishes,也esoilson也eirlegswereremovedwhile血eyweremovlng丘eely.Then

eachindividual wasintroducedintotheexperimentalapparatusunderthesame

brightness.Oneexperimentlastedfornotmorethan 30minutessothatdehydration

sbouldnotaltertheirbehavior(Warburg,1964).Itwasterminatedin casethatthe

individualstayedputformorethan2minutesorescapedbygettingoverthewallofthe

apparatus･Aftertheexperiment,individualswereretumedtoeachpetridishwithlid

andsoil.AllbehaviorswererecordedbyCCDcameracormectedtoan 8-mmvideo

recorder.

2･3.Expe血 eAt1
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InordertoconstitutelongsuccessiveT-mazes,Idevisedanapparatusasshown in

Fig･1･TheapparatushastwottmtablesandeachofthemmountsaT-maze.Byturning

them,onecanconstit山eanysizeofsuccessiveT一mazes.Twotypesofmazeswere

prepared.Onehaswoodwallsasshown inFig.1,andthedtherhasTeflonwallsand

woodonesasshown inFig.2.Vmitepaperwasadheredontherunwaystomakethem

movefast(Hughes,1992).Twentyindividualswereselectedandeachindividualwas

gentlyloweredintothestartalleyofoneT-maze.As soonastheyttmedthefirstT-

JunCtion,thetumtablewastunedtoleadthem toanotherT-mazethroughthe

connectionpath.Inthisway,theywerefわrcedtorepeattomovefTromoneJunction

toanother.Inthisapparatus,wecanexpecttoobservetheirsuccessivealtematetun sas

shown inFig.3.LocomotionfromoneJunctiontoanotherwasdefinedasonetrial,and

eachindividualwasexaminedfわr100trialsinwoodwallmaze(Fig.I)attheflrStday

(experiment1-1).ThesameindividualswerealsoexaminedinTeflonwallmaze(Fig.2)

fTor100trialsonthenextday(experiment1-2)inordertoinvestigatetheeffectofthe

textureofthewallontheirlocomotiveactivities.

Results

Atfirst,Idefinedsequentialactionpattemof'21314'inFig3as'Lll',andalso'4-

516'as'R-1'.ThecompleterepetitionofthesepattemsbasedonBALMwasexpected

iTeachindividual･However,theotherpattems(6pattems,R-2～R-4andL-2～L-4)

illustratedinFig.4werealsoobserved.Therewasnoespecialdifferenceinbetween

theiractivitiesinexperiment1-1and血oseinト2.

Thetotalnumberofeachsequentialactionpattemineachindividualwascounted

andshown inTable1.IndividualofNo.3climbedthewoodwallandescapedafterthree

trialsinbothexperiment1-land1-2.ThoseofNo.8and10stayedputformorethan2

minutesfrom thebeginnlnginbothexperiments.hdividualsofNo.9and15moved

butinthemiddleofthetrials(No.9,10th trialinexperimentI-1,23rdtrialin1-2;

No.15,48thtrialin1-1,15th trialin1-2)theystayedputformorethan two

minutes.Sincetheamountofeachdatawassosmall,theywerediscarded.Accordingto

No.6,No.14andNo.16,thoughtheystayedputin也emiddleofexpedment1-1(No.6,
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35thtrial;No.14,2lsttrial;No.16,8thtrial)andthedatawerediscarded,theymoved

forcomplete100trialsinexperiment1-2andtheirdatawereshown inthetable.Asa

result,Iinvestigatedthedataoffifteenindividuals.Inthedataoftotalamountofall

individuals(therightendofthecolumns),sincetheamountsofRllandL-1are

obviouslygreaterthan也echancelevel,hm altemationcanbeapproximately

consideredastheMAPinanopenfieldwithobstacles.h thispaper,IcallL-landR-1

'stereotypedpattems',andR-2,3,4andL-2,3,4'variantpattems'.Inindividualdata,

sincetheamountsofeachstereotypedpattemarelargerthan thechancelevelinthe

sevenindividualsofNo.4,6,7,13,17,18,and 19,tum altemationcanbealso

consideredas血eMAPin血em.Icallthem s̀tereotypegroup'.On血eotherhand,in也e

othereightindividuals,LllisnotsignificantlylargerthanthechancelevelinN0.2,ll,

and 12,andR-IisnotlargerinNo･1,5,14,16and20･Ical1them'variationgroup'.

Next,IinvestigatedsequentialtimeseriesoffrequencyofLeaChstereotypedpattem

ineachindividualtoseetimesequentialstabilityof也em.Asetoftensequentialaction

patternswaspickedoutintimeorder,andthatiscalleda'session'･FrequencyofLl

inasessionwascalculatedas

(NumberofL-1)/(NumberofL-1+し2+し3+L-4)

andthatofR-1as

(NumberofR-1)/(NumberofR-I+R-2+R-3+R-4).

Forexample,ifoneobservedsequentialtimeseriesinasessionas

→(良-1)→(L1)→(良-1)→(L-1)-→(R-2)→(良-1)→(L-1)→(良-3)-(良-1)-(し2)→

then,&equencyofL-I-3/4-0.75;

ffequencyofRll-4/6-0.67.

ThenthedataofstereotypegroupwereplottedinFig.5andthoseofvariationgroupln

Fig.6.ThevaluesofSDinRllofNo.1,5,14,16,20,andinL-1ofNo.2,ll,12in

variationgrouparelargerthanthoseintheothers(MaJm-WhitneyU-test;U-46,N.-22,

N2-8,p<0.05).Thisresultinvolvesthatthoseeightpattemshavebigrangechangein

theirtimesequentialseries.SuchinstabilityofMAPisgenerallyconsideredasresulting

fromstochasticextemalnoiseorirmateinaccuracyofBALM.However,timeseriesof

frequenciesofR-1inNo･1,5,16andthoseofL-1inNo.2,ll,and12showslgniflCant

increasefromthefirstsessiontothefirstValueof'1'(Fig16)AInthiswayIfoundout
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1eamlngOftumaltemationinthesesixindividuals･However,rightafterthecompletion

oftheleaning,thevalueofeachleanedstereotypedpattemabruptlydecreasesagain,

i.e.Variantpattemsincrease,andreachthevaluebelow0.5exceptforNo.16.Idefine

suchactionsequenceswhosevaluesoffrequencyarebelow 0.5as'erroneous

behaviors'.ThoughthevalueofR-1inNo.16didnotreach也elevelofe汀OneOuS

behaviorintheseexperiments,itdidinthenextexperimentasshown inFig.6.Icall

thesesixindividuals'Variationgenerationgroup'andtwoindividuals(No.14and20)

terrorgroup'.Thesametendency,i.e.variantpattemsincreaserightafterthe

completionofleamlng,Wasalsofわundinthemazeleammgwi血o山punishmentin

octopuses(Moriyama&Gunji,1997).htheothernineindividualsofstereotypegroup

anderrorgroup,suchleamlngCannotbefわundout.InordertomanifTestthatvariation

generationgroupcouldnoticethatkeeplngtum altemationdoesnotalwaysresultin

efnciency,andthenstartedtoexploreanotherescaplngroutetOgetOutfromthe

apparatusitself,whichresultedinabruptdecreaseofstereotypedpattems,Iconstituted

anotherexperiment.

2-4.Expe血 entl

Methods

Inthenextdayofexperiment112,thesameBlfteenindividualswereexaminedin

theTeflonmazeagaln.Inthistime,aftertheirtumlngOfthefifty-firstT-junction,they

wereinvitedtotheblindalleysituatedat血eendof血eselecteda- (Fig.2).Since

Teflonsheetsareadheredonthewallsoftheblindalleys,too,theycarmotclimbthem.

ThentheyareexpectedtobacktrackandmovetothenextT-mazeontheotherttmtable.

ARertumlngthenextJunction,血eywereinvitedto也eblindalleyagain.hthisway,

theywereledintoblindalleyssuccessivelyforfiRytrials(experiment211).

Ialsoselectedanothertwentyna'l'veindividualsfromthemainstockandexamined

inthesameapparatusforcontrolexperiment･Theseindividualswereintroducedtothe

blindalleyfTromthefirsttrialandwereconfrontedtheblindalleysforfiftytrials

16



(experiment2-2).Inaddition,theothertwentyna'l'veindividualswereexaminedinthe

woodmazeinwhichthewallsoftheblindalleyswerealsomadeofwood(Fig.1).

TheywereledtotheblindalleyfromtheflrSttrial,too(experiment2-3).

Results

Intheexperiment2-1,allindividualsofvariationgenerationgroupnoticedthe

woodwallofthecormectionpart,climbedit,andescapedfromtheapparatusinthe

middleoftheexperiment(No.1,at5thtrial;No.2,14thtrial;No･5,llth trial;No.ll,

13thtrial;No.12,6thtrial;No.16,18thtrial).Theothereightindividualsexceptfor

No.70fstereotypeande汀Orgroupdidnotesc叩eandkeptmovlngaroundin也e

apparatusforflftytrials.No,7escapedat7thtrial.Asshown inthefirstandsecondrow

ofTable.2,numberofescaplngindividualsinvariationgenerationgroupISSlgniflCantly

largerthanthatinstereotype&errorgroup･Moreover,inexperiment2-2,sixteenkept

movlngaround,andonlytwoclimbedthecormectionwallandescapedasshown inthe

thirdrawoftheTable.Twostayedputfわrtwominutesfromthebeginning.Thenumber

ofescapingindividualsissignificantlysmallerthanthatofwanderingones(Binomial

test:p-0.0105<0.05),andequaltothatinStereotype&errorgroup(Table2).These

resultsshowthatindividualsofvariationgenerationgroupwereactuallyenhancedthe

capacltyOfestimatingenvironmentinthepreviousexcessivelongsuccessiveT-mazes

(?xperiment1)anduseditinthis'closedsituation'ofexperiment2-1･Wecanconceive

emergenceof也enotionof̀beingclosed'丘om血eresdtof也easpectof̀escapmg'in

thesesixindividuals,

hexperiment2-3,eighteenindividualsclimbed血ecomerwallsof也eblindalleys

withintwotrialsandescaped,andtwostayedputintheapparatus.Theresultsof

experiment2-2and2-3showthat也isspeciescl血b血ewallo山yas也eresultofexcess

struggleofkeepingforwardgoingtendencylikecentipede(Shafer,1976)atcomer-like

partsanddonotspontaneouslyclimbtheverticalwallsbesidethemduringmovlng.It

wasalsoreportedthatwoodliceclimbverticalwallfortranspirationincaseofsaturated

airconditionbecauseofthelowerhumidityoftheupperplacethanlowerone(Den

Boer,1961)IHowever,sincemyexperimentalconditionwasdry,theyneednothave
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climbedthewallf♭rtranspiration.

2_5.DisctLSSion

Inmyexperiments,Ifoundoutleam gprocessoftumaltemationandsubsequent

generationprocessoferroneous behaviorinindividualsofvariantgenerationgroup

(Fig.6).Thehiddenuppersystemtosensethetemporaldesiccationandcontrolthe

lowersystemofBALM canbeinferredtoexplainthisleamlnglnSuchcontextof

generalethologicaltheoryasneo-Darwinism(e.g.,MaynardSmith,1982).Insucha

stance,leaningisregardedasaninstinctivebehavior(e.g.,Could皮Marler,1987).In

thisidea,1tisexpectedthatoncethevalueoffrequencyofL-1orR-1keeps1stable,

theappearanceoferroneousbehaviorsisconsideredasresultingfromtheeffectof

extemalnoiseonorinaccuracyoftheinferreduppersystem.Otherwise,anothersystem

mustbeinfTerredfortheexplanationoftransitionfromtheleam lngProcesstOthe

generationprocessoferroneousbehavior･However,suchinferenceiscontradictory

becausetumaltemationisguaranteedastheefficientactionforescaplngaSdescribedin

theextantresults.Astheresult,theappearanceoferroneousbehaviorisexactly

consideredasresultingfromthestochasticextemalnoiseorintemalinaccuracy.Onthe

contrary,lnViewoftheoryoflearmngmachines,theprocesswhichrepeatsleamlngand

generationoferrorisconsideredastypicalleam lngWayOfBolt2mannMachine

(Ackley,etal.,1985).Insuchamachine,theobjectiveofleaningismerelydecreasing

theenergyofthesystemandtheerrorisstatisticallyglVentOitasheatforincreaslngthe

energyagaininordertosearchmuchlowerenergeticstate.Anyway,inbothnotions,

leamlnganderrorarearisenfromdifferentmechanisms,andtheleamlnglScompleted

automaticallyby也einteractionbetween也emechanismandenvironment.Moreover,

themostimportantandessentialpremisetorealizethesekindsofleamlngisthatonce

theleamingindividualreceivesthesurroundingenvironment(inanotherword,input,Or

astimulus)asXattimet(representedasX(t)),itcan identifytheotherXinthepast

(representedasX(t-n))withtheX(t).Otherwise,anyleamingbasedessentiallyon

reinforcementcan notberealized.ItinvolvesthatanimalsICan identifyXatanytime
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andtakenotimeforidentification･However,thiscompleteidentificationof

environmentresultsindiscriminationbetweenleamlnganderror,andmakestheidea

thatanimalsarecomplexmachinesthathavemultiplehierarchyofdifferentsystems

controllingwitheachother.Onthecontrary,sinceX(t)isregardeddifferent丘omX(t-n)

intheactualanimalsbecauseofabsenceofanyobjectivebasistoguaranteetheir

equivalence,theytakerealtimetoidentify them.Inthiscase,theidentificationis

consideredasaprocesswithactualtimespan.However,byacceptlngSuchprocess,one

mustadmitthefactthatanimalscamOtfinishtheidentiflCationinfinitetime.For

example,whentheytrytoidentifyX(t)withX(t-1),atfirsttheyhavetorecallthe

infTormationofX(t-1)ftomtheirmemory.However,whilerecallingit,sincetimegoes

byandX(t)changesintoX(t+I),theymustidentifyX(t+1)withX(t).However,while

recallingX(t),sinceX(t+I)changesintoX(t+2),then....Though,inthisway,

identificationwithtimespan resultsininfiniteregressionofenvironmentasInput,

animalsbehaveagainstX(t)inthesamemannerwithhighprobabilityasagainstX(t-1).

Inthisprocess,onecannotbutadmittheideathatanimalsidentifyX(t)withX(tll)not

byanobjectivebasisbutbytheirown temporaryone･ItmeanSthattheytreatthemas

samethingswithoutanyobjectivebasiswhileknowingthemdifferent.Thoughsuch

arbitraryidentificationistheoreticallyIncompletebecausetheprocessneverfinishes,

onecan admitthenotionofanimalS'oⅥmidentification.Suchlocalprocessof

identiflCationcanbefoundoutinanyinteractionbetweenanimalSandenvironment.I

callsuchincompleteidentification'animals'ownestimation'.Theestimationcan be

observedastheprocessoftemporaryidenti丘Cationofunknown environment(X(t))by

refbrringthepreviousinteractionbetweenthemselvesandenvironment(X(t-1))inview

ofdeterminlngthetemporaryactionpattem.Suchestimationwasclearlyappearedas

thetransitionfrom theleamlngProcesstOVariationgenerationprocessin the

individualsofvariationgenerationgroup.

Ithasalready suggestedthattum altemationresultsfrom propnoceptlVe

mechanismofBALM (Hughes,1985,1987,1989b).Forexample,iftheytumleft at

previousjunction('2'inFig･3),themovementofthelegsonthele氏sideofthebody

(i,e.legsonthein-comer)becomesslowerthan thatontherightside(out-comer).

However,aftertmi ng,thespeedisexchanged,i.e.thele氏sidebecomesfastandthe
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rightsideslowintherunway,becauseoftheirtendencyofasym etry.Asaresult,at

thenextjunctiontheyturntoright('4'inFig･3)･Ithasbeenreportedthatthepresent

tum angleincreaseswithgreaterprecedingones,andtendtobecomesmallerthanthe

precedingones(Kupfermann,1966;Hughes,1985).Froふ theseresults,onecan

concludethatthemagmitudeoftheasym etryisdirectlydependentonthepreceding

tumandgraduallydecreasesin血esuccessiveT-mazes･However,也ereisawayto

enhanceitandkeeptumaltemation.Thatistoincreasethesamedirectiontums.Ithas

alsobeenreportedthatpresenttu仙angleincreasewi也thenumberofprecedingfわrced

samedirectiontums(Watanabe&Iwata,1956;Hughes,1985).ItmeanSthatwhenan

individualapproachesaTchoicepointrequiringtwoprecedingright(orleft)tums

(two-tummaze),thetendencyofitstmi nginoppositedirectionisfurtherenhancedin

comparisonwiththesituationofonlyoneprecedingright(orle?)tum(one-tum maze)･

From 也esepastresults,itisexpectedthatthetendency･oftum altemationis

automaticallycompensated,andwecanseetheaspectintheresultsofsevenindividuals

inFig.5Po.4,6,7,13,17,18,and19).Inthegraphs,thevaluesoffrequencyrandomly

moveupanddown butaroundhigh mean Value.However,in theindividualsof

variationgenerationgroup,thevaluesgraduallyincreaseforverylongperiod,i.e.show

theaspectofleamlng.Inthiscase,wecannotbutinferthattheyspontaneouslymadethe

magnitudeofasymm etrylargerthan theprecedingones,i.e.thedecisionofthe

magnitudeisnotdirectlydepende山on也eprecedingtu仙 anglebutdependonmeir

ownestimationa洗ertumlng･Isuggestedthattheestimationistheprocessoftemporary

identificationofunknownenvironmentbyreferringthepreviousinteractionbetween

themselvesandenvironmentinview ofdetermlnlngthetemporaryaction.Inmy

experiments,theenvironmentiseachT-maze.Sincetheycannotknowwhethertheend

oftheselectedalleylSCOnneCtedtoanotherT-mazeornot,e.g.closed,extendedR山her,

andsoonatthemomentofcon丘ontingwiththechoicepoint,thepresentenvironment

isconsideredasunknown one.Theycan onlydeterminethemagmitudeofasym etry

bychance.Astheresult,inFig.6,theinitialvaluesoffrequencyofstereotypedpattems

whichshowleamingtendencyareverylow(mean-0.376,n-6)andnearchancelevel

(0.25)whiletheothervaluesexceptfTorthoseofR-1inNo.14and20areveryhigh

(mean-0.742,n-22).However,也cyincreasethevaluesbyestimatingsuchunkllOWn
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environmentbyrefemingthepreviousinteraction.Forexample,inFig.3,theindividual

at'5'predictstheexistenceofrunwayextendedtooppositedirectionoftheprevious

hm andincreasesthespeedoflegsthatwereoncethein-comerlegsat'4'byreferring

theperviousresultof'3'.Namely,t1- ngtorightat'4'wasresultedfromincreaslng

thespeedofleftlegsbythepredictionofextendedright-runwayduring3.Inthesix

individualsofvariationgenerationgroup,whileoneofthestereotypedpatternsineach

individualshowleamlngPattern,theotheronekeepshighvalueasshown inFig.6.By

referringthehighvalueone,theotheronewasgraduallyincreased.However,wealso

findthegenerationofexcessivevariantpattemsafterthecompletionoftheleamlng

(Fig.6).Inordertoexplainsuchphenomena,onemustinferanothercausesuchas

extemalnoiseoranothersystemtocausesucherrorsasdescribedaboveifoneinferthe

machineryleamlngSystem.Onthecontrary,ifoneadmitsthecapacityofanimalS'own

estimationofenvironme叫,suchgenerationofe汀OneOuSbehaviornecessarilyappears

withoutadding也eo血ersystems.Inthisnotion,thecompletionofleamlnglnVOIves也e

completionofidentificationofenvironment.Namely,inthegraphsofthesixpillbugs

invariationgenerationgroup,bothvaluesofR-landL-1reach1(exceptforNo.12)at

thepointOfcompletionoflem ng.Atthispolnt,theycompletelyadjustedthe

magnitudeofasymmetryoflegmovementintherunwaybypredictingthefTollowlng

r皿Wayextendedto也eoppositedirectionof仇eprecedingtum For也eseanimals,也e

environment(eachT-maze)isnolongerunknown butalreadyknown becausethey

completelypredictthefbrthcomlngSituationandprobablyconstmct也eimageof

'subsequentinfinitezigzagrunWay'･However,suchindividualsinevitablyfindoutor

const血teano也er血 ownenvironme山because也eyarealwaysinongolngprocessOf

estimatingunknown environmentbyreferringthepreviousresult,i.e.alreadyknown

environment.Inmyexperime叫 once血eyconstitutetheimageofin丘nitezlgZag

runway,theylmm ediatelyrealizetheunknownenvironment,i.e.theenvironmentthat

containsthewholemnway.Asaresult,也cytrytogoto也eo山sideworldof血ezigzag

runwaylnOrdertoidentifyit,andexploretheway.As theresult,theyhavetocease

repetitionofaltematetum S.Theirgraphsshowimmediatedecreaseofthefrequencyof

theleanedstereotypedpattems･Inthisway,wecanexplaintheleamlngandgeneration

ofvariantactionsintermsofanimals'own estimationofenvironment.Inthisstance,
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onedonothavetoaddanothersystemorcausetoexplainthegenerationofvariant

patterns.TheyInevitablyappearastheresultfromnaturalexpansionoftheprocessof

theirown estimationofunknown environment.Unfortunately,Icouldnotflndoutsuch

clearaspectsintheothermineindividuals･Ithinkthedifferenceisdependingonthe

extentofthecapacityoftheirestimation･

Bytheway,eventhough IsuggesttheideaofanimalS'own estimationof

environment,onecamoteasilyadopt也eideabecausehecanalsoexplain血eprevious

resultsby也enotionoflea-ngmachineoradditionalprogram tooccurnoise

statistically.Inordertoshowthattheyexactlytriedtomovetotheoutsideoftheinfinite

zlgZagrunWay,Isetexperiment211･hexperiment1,bytakingvariantpattems,they

couldvirtuallygetoutofthezigzagway.However,inexperiment2-I,theirstrategywas

thoroughlydeniedby血eblindalleys.If也eywereleamngmachines,all仇eycando

wouldbetokeepmovingintheapparatus.However,becauseoftheirenhancedor

expandedcapacityofestimatingenvironmentandobviouspresentationofboundary

conditionbyblindalleys,itisexpectedthattheyidentifythatthisenvironmentisclosed

situationandnotice血esu汀Oundingenvironmentmoreeasilythandoinexperiment1.

Astheresult,theycertainlyescaped丘omitbyclimbingtheplainwoodwall.Onthe

otherhand,intheothernineindividuals,onlyoneindividualclimbed.Thatpopulation

issignificantlylowerthan thatinvariationgenerationgroup(Table.2).Suchclimbing

behaviorisqultenovelbecausefTewnai'veindividualswhichdidnotexperiencesucha

I?ngsuccessiveT-mazesclimbplainwallsasinvestigatedinexperiment2-2(Table･2).

Inthisway,thereisstrongsignlflCantcorrelationbetweenenhancementofcapacity

ofestimatlngenVironmentandtheemergenceofnovelbehavior,Thenovelbehavioris

strictlytheoutsideentityagalnStSuchinstinctiveoneasMAP,leaningbyinstinct,and

leamlngmachines.Sucho山sideentitiesaregenerallyconsideredaSerrorsOrreSdts

fromtheothermechanism.Ofcourseitisappropnatemethodtotrytodescribeanimal

behaviorsbydefinitemechanismifonetrytoconsiderthemasmachines.However,

eveninsuchastance,onewilldistinguishbetweenanimalSandmachines.Ontheother

hand,ifonetriestounderstandanimal'sintangibility asautonomy,hemustfeaturethe

negativeerroneousbehaviorandillustrateitaspositiveefficientbehavior.Forthe

experimenters,suchparadoxicalbehaviorcan berecognizedasnovelbehavior.Inmy
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experiments,variantpattemsgeneratedafterleamlngintheexperiment1can be

consideredasnovelbehavior,however,wecansee血emonlyase汀OneOuSbehaviors

andcannotseethem asefficientones.Then,in ordertomanifestthattheywere

necessarilyresultedfromtheanimals'own estimationofenvironmentandnotfTrom

stochasticextemalnoise,Isetexperiment211･Intheexperiment,theywereglVen

obvious boundaryconditionbymeansofencountenngblindalleysandcoulduse

climbingbehaviorasefrlCientescaplngbehavior.Recently,intheleam lngexperiment

ofmazesolutionbyoctopus,wealsofoundoutleamngprocessandvariation

generationprocessinthefirstexperimentalphase.Thenweobservednovelsolutionof

mazein血esecondphasethatenhancedgenerationofe汀OneOuSbehaviorsb山coddbe

solvedbytheircapacityofestimationofenvironment(Moriyama&Gunji,1997).In

thissense,erroneousbehaviorscanbeconsideredasleftoverr?sultedfromtheprocess

of也eirownestimationofenvironme山･Moreover,也ecomputermodelsbaseduponthe

notionofanimals'estimation,whichistheprocessoftemporaryidentiflCationof

umknown environmentbyrefTerringthepreviousinteractionbetweenthemselvesand

environmentinviewofcomputlngthetemporaryaction,werereported.Theyillustrate

autonomoustransitionbetweenschoolinganddisperseinfishes(Gunji&Kusunoki,

1998)andthatbetweenhomingandexploringinotherfish(Migita&Ueda,1998).

BehavioralexperimentsbaseduponthesameideawerealSoreportedandshow

emergenceofnovelbehaviorastheusageof'tool'infood-retrievlngbehaviorinants

(隼itabayashiet･al,1999)andasalsoclimbingbehaviorbypillbugsintheother

situation(Moriyama,i998).

Ifoneconsidersthatanimals'estimationofenvironment'X'Canbeperformedby

theexistenceofcompleteimageof'X'inthem,hehastoinferthemachinery

mechanismormysteriousconsciousnesswhichconstitutesit.Onthecontrary,Iadmit

incompletenessofsuchimageas'X'becauseittakesinflmitetimetogettheoretically

completeimageofit.Suchaspectwasexperimentallyconstitutedastheinfinite

successiveT-mazesinexperiment1.Eventhoughthezigzagrunwayextendedinfimitely,

theindividualsautonomouslysetboundaryandtriedtomovetotheoutsideofthe

autonomouslyconstitutedenvironment.Inthisway,animals'estimationofenvironment

alwayse山ailssuchmovementto也eoutsideanditcanbeconsideredasmeirown
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capacity,Icouldillustratethatthecapacityentailstheemergenceofnovelty,whichis

也eoutsideofexpedmenter'slogic･Suchcapacityisconsideredasautonomyand

positivelyfわundo山 byunderstandingimpossibilityofdividing也eobseⅣer'S

vleWPOintfromtheanimal'sone.
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Table1NumberofBeqtlentidpAttem8

＼ No.1 No.2 No.4 No.5 No.6 No.7 No.ll No.12 No.13 No.14 No.16 No.17 No.18 No.19 No.20 Totd

Ll 59 65 73 62 46 67 68 63 68 33 36 75 75 78 59 927

Ir2 17 29 42 8 4 25 41 28 13 4 4 18 7 ll 9 260

Ⅰ′3 1 2 1 3 0 2 3 3 I 1 1 0 3 0 3 24

L4 6 25 3 0 0 4 7 15 3 3 3 1 3 3 1 77

Total 83 121 119 73 50 98 119 109 85 41 44 94 88 92 72 1288

2X1 14.75 nS 6.13 35.63 35.28 13.22 nS nS 30.60 15.24 17.$2 33.36 43.68 44.52 29.39 248.51

R-1 52 64 72 63 46 66 70 64 70 34 34 74 77 77 62 925

A-2 46 12 5 53 4 27 8 22 34 21 17 30 34 27 60 400

良_3 5 3 2 1 0 1 1 1 0 0 2 1 0 1 0 18

良_4 14 0 2 10 0 8 2 4 ll 4 3 1 1 3 6 69

Told 117 79 81 127 50 102 81 91 115 59 56 106 112 108 178 1412
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Stereotyp&errorgrotLP 1 8

p-0.0014<0.01

p=0.4708>0.05



FigureLegends

Fig.1;Theapparatustoconstmctin丘nitesuccessiveT-mazeswithwoodwall.Each

tumtablemountsaT-maze,andhasahandletobetunedmanually.Teflonsheets

adheredtoboth ttmtables'bottomandreceptaclepartsofthebasedecreasefriction

betweenthemtohavetumtablesoperatedsmoothly.Onecan haveeachindividual

experiencedT一mazesuccessivelybymmlngthehlmtables.Asaresult,eachalleyofT一

mazesbecomes54孤 .Theslightvacancy(0.5mm)betweenconnectionwalland也e

T-mazecanbedisappearedbymeansofslightlypushingthetumtabletotheconnection

wall.Onecanalsointroduce也eindividualsinto也eblindalleys.Theyarenotusedin

experime山1,butusedinexperiment2-3.

Fig.2;TheapparatustoconstructinfinitesuccessiveT-mazeswithTenonwall.Allthe

wallexceptfわrconnectionwallarecoveredwithTeflonsheet.Italsohasblindalleys

withTenonwall.Theywereusedinexperiment2-1.Theotherstructureissameasthat

ofexperiment1(Fig.1).

Fig.3;Theillustrationoftum altemation.TheArabicmmbersshowthetimesequential

locomotionoftheindividual･Theindividualistuningintheoppositedirectiontothe

precedingturn.Thesequentialactionpattem'2)3-.+4'isdefinedas'Ll'.Thatof'4--

5)6'as'R-1'.Theyarecalled'stereotypedpattems'inthispaper.

Fig.4;Variationofvariantpattems(Ll2,3,4,andR-2,3,4),andstereotypedpattems

(Ll and R-1).TheArabicnumberssbow也etimesequentiallocomotionofeach

individual.hL-3(R-3)andL-4(R-4),theindividualSaretryingtoturntotheleft

(right)at血echoicepoint,however,change血edirectionbefわrereaching也enextpoint.
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Fig.5;TimeseriesoffrequencyofL-1(triangles)andR-1(circles)instereotypegroup.

Opensymbolsarethedata丘omexperiment111andll2(fromsession1to20).Closed

ones丘om experiment2-1(from session21to25).Mean (L-1,R-1)andstandard

deviation(SD)inthefirst20sessions(i.e.experiment1-land112)ofeachpattemare

shownineachgraphJndividualnumberisshownbeloweachgraph.

Fig.6;TimeseriesoffrequencyofL-1(triangles)andR-1(circles)invariationgroup.In

thegraphswhichshowleamlngPattem,ValueofSpearmanrankcorrelationcoefncient

(rs),thesamplesize(n),sigmiflCantlevel(p),andthefunctionoftheregressionlinethat

isrepresentedbylong-and-short-dashedlineareshown aboveeachgraph.Thesample

forrsisthepointskomthefirstsessiontothesessionwherethevalueoffrequency

becomes1atfirst.Namely,thisspaninvolvesleamngprocess.Verticalarrowindicates

也ecompletionpol山ofleamlng.
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3.EXPERIMENT2

A血 AlAtLtOJ10mOuSChoiceofBehviorInp吋ingItsOwtLSp&tidCognition:

DemoAStmtionbytheBehvior&lE王PerinentshPinBugs

3-1.IntrodtLCtion

Thesurvivalofmanyspeciesisconsideredtodependontheirabilitytousespatial

knowledge(e.g.,Thinus-BlanC,1996).Thisspatialabilityis･estimatedinsuchspatial

testsasradialarm maze(Olton&Samuelson,1976),watermaze(MorriS,1981),andso

on.heverytest,thesolutionisgivenbytheexperimentersinadvance,whichisthe

mosteffectivebehaviorforsurvival.Thentheindividualsthatleam totakesucha

behaviorareconsideredtohavespatialabilities.In血isway,once也esolutionisglVen

inadvance,thespatialabilitylSregardedasthattoselectthemosteffectivebehavior

amongtheselectiondomainconsistingofthevarietyofbehaviorsinferredinthetest

space.Thisabilityseemstobethesameasthatofrobotswhichhavetheevaluation

丘mctionandtheencodingsystem ofthespatialinfbmation,e.g.,placesin血e

environment,theangularanddistancerelationshipsbetweenthoseplaces,toconstitute

theselectiondomain.Incaseofanimals,thebrain,especiallyhippocanpusandparietal

cortex(e.g.,McNaughtonetall,1989)init,isconsideredassuchan encodingsystem.

However,thecriterionoftheselection,i･e･,theevaluationfunction,isstilloriginatedin

experimenters'concept.Itimpliesthatonecan notfindoutamima1-Originatingspatial

ability,whichinvolvesthechoiceofbehaviorbaseduponanimal'sown evaluationof

thetestspace,asfarastheyconsiderthatthesolutionisthemosteffectivebehaviorfor

survival.Generally,animalspatial cognitioninvolvestheirconstructionofspatial

representation,i.e.,suchspatialinformationasinrobots,However,inthispaper,I

proposetoconsideranimal'SownevaluationofthespaceaSSpatialcognitionand
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especiallycallit'spatialestimation'.Ialsocal1thechoiceofthesolutionbehavior

resultingfTromthisspatialestimation'autonomouschoice'.Then,becausethebehavior

resultingfromtheanima1-Originatingspatialability,i.e.,theirautonomouschoiceof

behavior,doesnotseemeffectivebehaviorforsuⅣival,itwillbefoundoutincasethat

althoughanimalsperfTormineffectivelyagalnStSurvival,theexperimentersinevitably

regard血ebehaviorasthesolution.Since血eextantbehaviorsareconsideredtoremain

becauseofitseffectiveness,experimentershavetoconstituteespecialtestspacetomake

theminevitablyperfわrmineffectively,wherethemoreanimalstrytotakeeffTective

behavior,themoretheyincreaseineffTectivenessagainstsurvival.Thisconditionmakes

theevaluationfunctionnolongerworkappropnately,1nanOtherwordmakesanimals

nottoselectthebehaviorforsurvivalamongtheextantselectiondomainconsistingof

thepredictablebehaviorsinthespace･Forexperimenters,theirdescnptlOnOfanimal

behaviorsbecomesunstable.Iftheywererobots,theywouldencounterdangerofdeath

insuchacondition.However,if血eynotice也econdition,i.ら.,estimateit,也cywill

createthenovelbehaviorfわrsurvivaleventhough itwillseemineffectivebecauseof

suchaparadoxicalcondition.So,thisnovelbehaviorwillbeobseⅣeda§血e

unpredictableoutsideentityof血eselectiondomain.Thischoiceof血eo山sideentity

impliestheautonomouschoiceandthenotificationofinvalidityofevaluationfunction

doesspatialestimation.Inthisway,sinceinstabilityofobservers'descriptionofanimal

behaviorsglVeSanimal'sown spatialestimation,onecan findoutiteveninthose

withouthighlyorgamizedcentralnervoussystemlikebrain.Onceonefindsoutan

effectivespatialbehaviorfわrsurvivalandtriestoexplaintherealizationofthe

effectivenessonlybytheinteractionbetweenanimalsandthespace,heinevitablygets

intomachinerythinkingandintroducestheconceptofevaluationfunction.However,he

can contradictorilyusemachinerythinkingtoescapefrom itselfandcan constitute

specialexperimentsasthemodelstounderstandanimalautonomouschoiceandspatial

estimation.

DetourbehaviorsareusuallytakenasprovlngSpatialrepresentationsandits

abilitieshavebeendemonstratedinseveralspeciesofmam alsandbirds(e.g.,Chapuis,

1987,Ehshinskii,1970).Eveninsomeinvertebratespecies,theydotumaltemation,

i.e.,tumintheoppositedirectiontoaprevioustumwhenobstaclesareencounteredand
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showdetourlng.Thefunctionofthebehaviorisconsideredastheautomaticcorrection

ofthedeviations丘omlinearmovement(Hughes,1989a).Itissaidthatinnatural

settingsalinearpathofmovementisthemostefficientadaptivestrategytoadopt

withoutpreciseinformationaboutenvironmentalresourcesorhazards(Jander,1975).In

pillbugs,Armadillidiunvulgwe,straightmovement(Iwata&Watanabe,1957a)and

tumaltemation(Watanabe&Iwata,1956;Iwata&Watanabe,1957a,b;Kupfermann,

1966)havebeenalsoinvestigated.Itissuggestedforterrestrialisopodsthatthe

mechanismunderlyingtum altemationisbasedmainlyonpropnoceptiveinformation

aboutprevioustumwhicharisesfrombilaterallyasym ebicallegmovements(BALM)

on也etwosidesofthebodyexperiencedwhiletuning(Hughes,1985,1987,1989b).In

thisway,thisspeciescan constituteefrlCientdirectescapingbehaviorawayfrom

biologicallyunfavorableconditionsbyBALM.Wh entheyepcounterobstacles,they

cantum,movealongitandtim intheoppositedirectiontotheprevioustum attheedge

ofit.However,inmyexperiment,theyweresurroundedbymoatfilledwithwater.This

speciescarmotsurviveinwater.Inthiscase,thoughitisassum edthattheymovealong

itbytheeffectofBALM andinhibitoryreactionagainstwater,suchbehaviorwill

increasepossibility tofallintoit･ItmeansthatBALM definedastheeffective

mechanismforsurvivalresultsindeathinthatespecialcondition.Thisparadoxical

experimentalconditionindicates血elimitationofmachineryexplanationofanimal

behaviors,i.e.,instabilityofobservers'descriptionofanimalbehavior,andbecomesa

modeltounderstandtheirautonomouschoiceofbehaviorandtheirownspatial

estimation.hordertofindemergenceofthenovelbehaviorresultingfromautonomous

choiceandalsotoquantitativelyshowit,Zipfanalysis(Zipf,1949)wasappliedbecause

Zipf'slawisemergentinthesensethatisnotobviousconsequenceoftheunderlying

dynamicalmles(Bak,1996).

3-2.M&teriab皮Methods
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TwohundredindividualsofArmadillidiumvulgare(Fig.1)werecaughtinthe

gardenofouruniversitysituatedonthesouthfootofMt･Rokko,Kobe,Japan(34043'

N,135014'E,400ftinaltitude)formainstock.Theywerekeptinaplasticcontainer

(20cm in diameter,withsoiltoadepthof2cmandanopaquethickpaperlid)inthe

laboratory.Theywerefredonslicesofacarrot(Heeley1941).Amoistatmosphere

wasmaintainedbywettlngthesoileveryday.Thelidwaskeptputtingonand

illuminationwastumedoffexceptforfTeedingandwetting.Thetemperatureofthe

laboratorywaskept23-25oC,血ehumiditywas30-40%.

GeneralMethods

Fortheexperiments,someindividuals,whichwere8-9mminthelength,415mm

inthewidthandnotinmolding,wereselectedamongthemainstockandplacedinto

petridishes(8cm indiameter,withthinlayerofsoil)respectively.Theywerealso

certifiedtomoveactivelyonthehorizontalfloorandverticalwoodwall.Each

individualwasleftaloneandfredonasmallpieceofaslicedcarrotfor2days.A

moistatmospherewasmaintainedbywettingthesoileachday.Illum inationwastuned

offexceptforfTeedingandwettlng.Onthethirdday,theywereexaminedineach

experiment.At丘rsteachindividualwasplacedintoano血erpetridishwi也outlidand

soil,andunderlightfortenminutes.Thissuddenbrightanddryconditioncausestheir

motivationtomove.Forthelightsource,a15-wattfluorescentlightthathadan

intensityof200Lxatadistanceof100cm丘omthebottomofthepetridishwasused.

Sincewhitepaperwasadheredonthefloorofthedishes,thesoilsontheirlegswere

removedwhiletheyweremovlngfTreely.Theneachindividualwasintroducedintothe

experimentalapparatusunderthesamebrightness.Oneexperimentlastedfわrnotmore

than30minutesso thatdehydrationshouldnotalter也eirbehavior(W∬burg,

1964).Itwasterminatedincasethatindividualstayedputformorethan2minutesor

escapedfromtheapparatusbyclimbingitswall.Aftertheexperiment,individualswere

retumedtoeachpetridishwithlidandsoil.AllbehaviorswererecordedbytheCCD

cameraconnectedtoan8-7rm Videorecorder.
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313.PreuJnin叩 eXPerinents

Experiment1

Inordertoinvestigatetheirlinearmovementresultinginescapingfromthebright,

drycondition,twentyindividualswereselectedandexaminedwhethertheycouldmove

lOOmm withinplusorminuslOmm ontheplainwhitelinoleum edfloor(Fig.2).Ithas

beenreportedthatwhitefloormakesisopodsmovefast(Hughes,1992).Each

individualwasexaminedodyonce.

Results

75%,i.e,,15individualsin20,clearedthecriterion(x2-5.00,p<0.05)andwere

certifiedtotakelinearmovementwhentheywereexposedinthebright,drycondition.

Experiment2

Inordertoinvestigatethattheycorrectthedeviationsfrom theimitiallinear

甲OVementWhentheyencounterobstaclesbymeansoftun altemationbasedonBALM,

theothertwentyindividualswereselectedandexaminedweathertheycan tum inthe

oppositedirectionto血eprecedingtumat也eobstacle(Fig･3).Eachindividualwasp山

oneachsideoftheboardaltematelyandexaminedfortwentytrialswith30seconds

intervalsineachside.

Results

Wh entheyhadtunedtorightinencounteringtheboard(1inFig.3),theytumed

tole氏attheedgeofitintheprobabilityof72%,i.e.,144trialsin200(x2-38.72,p<

0.001).Wh entheyhadtun edtoleRinencounteringtheboard(1'inFig.3),they
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tunedtorightattheedgeofitintheprobabilityof85%,i.e.,170trialsin200(x2-

98.00,p<0.001).Inthisway,itwascertifiedthatttm altemationworkstocorrectthe

deviations丘om血ei山tiallinearmovementwhen血eyencou山erobstacles.

Expedme山3

InordertoinvestigatethattheycannotescapefTromtheclosedenclosurewhich

impliestheobstaclewithinflnitewidthbecausetheirescaplngStrategylSconsideredto

consistof也elinearmovementand也etumaltemation,也eo血ertenindividualswere

selectedandputinthecylinder(Fig.4(a),(b)).Eachindividualwasleftinitfor15

minutes(900seconds)andexaminedonlyonce.

Results

Sixactionpattemswereobservedasshown inFig.4(a)and(b).Thetimespentfor

eachactionpattemwasmeasured(minlmum unit=1second)ineachindividual.Only

oneindividualclimbedthewall(actionpattem C)andescapedfrom thecylinder

although allofthemhaveabilitytoclimbonsucharoughtexturewall.Inthecylinder,

theymovedforwardalongthewall(actionpattemF)fTor86.7%(mean,N-10)inthe

experimentalperiod,i･e･,780･3secondsin900(mean)･Thisstrongtendencytomove

alongthewallcanbeconsideredastheresultofthetumaltemation.Inthisexperiment,

theyshow linearmovementafterbeingputonthecenterpointofthemoorand

encounterthewall.Thenforexample,theytum toleft.Inturningatthewall,the

propnoceptlVemechanismofBALMworksandthelegsonthele允sideoftheirbody

trytomovefasterthan thoseontherightsidedo.As aresult,theirlocomotivevector

towardthewallandtheymovealongthewal1withtherightsideoftheirbodytouching

toit.Additionallywhentheyretumed(actionpattemR),theychangedthedirectionof

locomotionasshown inFig.4(C)bytheeffectofBALM.Incaseofthefigure,afterthe

individualtunedtoleft(卜う2),theyaredoinganabout-face(3→4-5→6→7)because

ofexcessivemovementofthelegsontheleftsideofitsbody.Though theysometimes

stoodupandleanedonthewallasshown in5'intheirretuming,mostofthem(nine
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individuals)didnotclimbthewallandcontinuedtomove&om5'to6and7.

3-4.Maineェpe血 ents

Experiment1

Theothertwentyindividualswereselectedandeachofthemwasputonthecenter

oftheplaindiskillustratedinFig.5(a).Theywerele允for15minutes.Thediskwas

su汀Oundedbymoat丘lledwi血water.Since也ewaterinhibitedtheirlinearmovement

fromthestartlngPOlnt,theywereexpectedtomovealongthewaterassameastheydid

inthecylinder(preliminaryexperiment3)IHowever,inthis?ondition,movingalong

thewaterwillincreasepossibilitytofallintoit･Sincetheycannotliveinwater,they

hadbetterstopmovlng.However,oncetheyareputonthedisk,itisconsideredthat

theirinstinctivelinearmovementisstimulatedandtheyinevitablyencounterthewater.

ThenanotherinstinctiveBALMalsoworksand血eyareexpectedtowalkalong也e

waterwhichmustbeinhibited.Thisparadoxicalexperimentalconditionindicatesthe

limitationofcompletemachineryexplanationofanimalbehaviorsandbecomesamodel

tounderstandtheirautonomouschoiceofbehaviorimplyingtheirown spatial

estimation.lftheywererobots,theywouldonlyencounterdangerofdeath.However,if

theynoticethecondition,i,e･,estimateit,theywillcreatethenovelbehaviorfb∫

survivaleventhoughitwillseemineffectivebecauseofsuchacondition.So,thisnovel

behaviorwillbeobservedastheunpredictableoutsideentityoftheselectiondomainby

meansofspecialanalysis.Inthisexperiment,IappliedZipfanalysis(Zipf,1949).

Results

Expectedly,theymainlytookfわrwardlocomotion(FinFig.4)alongthewater

withtheotherfouractionpattemsdefinedinpreliminaryexperiment3exceptfor

climbingaction.TwoindividualSunfortunatelyfellintothewater(Ofcoursetheywere

savedassoonastheyfTell).Intheforwardlocomotion,theysometimestouchedthe

41



waterbytheirbothantermae,anothertimebyonlyoneanterLna,andtheothertimethey

movedwithouttouchingthewaterasshown inFig.6.Inthesethreekindsofthe

antenna-reactions,thetwo-antennaereactioncan beconsideredtobethemost

dangerousonebecause血eirbodywereleanedfわrwardto也ewater.However,血 s

behaviorinevitablyoccursas也eresultofmmaltemationbasedonBALM(seecaption

inFig.6).Inviewofmachinerythinking,suchacontradictorybehaviorcan be

consideredtooccurbychancel0nthecontrary,in view ofconsideringanimal-

originatingspatialability,thereispossibility tofindouteffectivenessinsucha

contradictorybehavior.InordertoquantitativelyinvestigateWhetherthetwo-antermae

reactionoccursonlybychanceornot,IappliedZipfanalysis･Thestatisticalstudyof

languagedemonstratesthatthewordfrequencydistributionfollowsahyperboliclaw

(Zipf,1949).IntheZipfanalysis,ahistogram thatgivesthetotalnumberofoccurrences

ofeachwordinthetextiselaborated,Thenonecandrawacurveshowinghowmany

wordsappearwithmorethanagivenfrequency.Itequvalentlyshowstherelative

rankingofwordsversustheirfrequency･Suchacurveisfoundtobelinearondouble

logaritlmicpaper.Inthesameway,thecurveshowingthenum berofcitiesinwhichthe

populationexceedsagivensize(orequivalently,therelativerankingofcitiesversus

theirpopulation)alsofollowstheZipf'slaw(ibid.),Inthisway,Zipf'slawcanbefound

inalotofnaturalphenomenonandconsideredtobeemergentinthesensethatisnot

obviousconsequenceoftheunderlyingdynamicalmles(e.g.,Bak,1996).Rece山ly,it

w警foundoutinimmunesystem(Burgos,1996)･Inmyexperiment,Imeasuredevery

timeintervalbetweentwo-antennaereactionsasshown inFig.6.Eachreactionis

distinguishedwitheachotherinviewofhowlongittakestobeoccurredafterthe

precedingone.Thenthecurveshowlngthenumberoftwo-antennaereactionsofwhich

thepotentialtime&omtheprecedingreactionexceedsagiventimewasmadeineach

individualandrepresentedintheform ofdoublelogarithmicgraphoftherelative

rankingofreactionsversus血eirpote山ialtime･ThetypicalexamplesareshowninFig.7

(a)andFig.7(b).SimilarlyinFig.7(a),everycurveineightindividuals(No.1,2,3,4,6,

15,16,and18)showedapproximatelystraightlinewithslopenearunity(Table1).It

involvesthattheirintervalsdistributenotstochasticallybuthavesomecorrelationwith

eachother.Fromthisresult,onecanconsiderthesequenceoftwo-antermaereactions
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showingZipf-scalingbehaviornotasinslgnificantrepetitionofwatertouching.Onthe

otherhand,similarlyinFig.7(b),everycurveinsevenindividuals(No.7,8,9,10,ll,

13,and19)showedapproximatelyarclinewhichimpliesexponentialfunction(Table.1).

Itimpliesthattheintervalsdistributestochastically.IndividualsofNo.5,14,17and20

stayedputf♭rmorethan120secondsin也emiddleof仇eexperimentsand也eir

experimentswereterminate,andthenIcouldnotgetenoughamountsofplots(lessthan

tenplots)fTortheanalysis.IndividualsofNo.6and12fellintothewater.Inorderto

manifestthattheeightindividualsthatshowedZipf'slawwereenhancedthecapacltytO

estimatetheenvironment,i.e.,theynoticedtheclosedsituation,andcreatedanovel

behavior,whichimpliestheirexplorationofwaterboundary,Isetanotherexperiment.

Experiment2

Theothertwentyindividualswereselected.Eachofthemwasputonthecenterof

theplaindiskillustrateinFig.5(a)andwasleftfTor15minutesinthesanewayas

experiment1.Thenconsecutively,an acryliccylinderwithouttopandbottomwith

partialpaperwallswasputonthedisk(Fig.5(b)).Inthisway,theboundarycondition

ofthedisksuddenlychangedintoslipperywallwith partialroughwalls.Each

individualwasconsecutivelyleftfor15minutes･Itwasconcludedinprelimlnary

experiment3thatnai'veindividualsdonotclimbverticalwalleventhoughitstextureis

rough.Inthisexperiment,itisexpectedthatsomeindividualsshowZipf-scaling

behaviorinthewater-surroundingcondition.Moreover,theyareexpectedtoclimbthe

paperwallandescapefTromthewall-surroundingconditionastheresultofapplication

oftheexploratorybehaviorobtainedinthewater-surroundingcondition.Anotherna'1've

tenindividualsweretestedintheapparatusillustratedinFig.50)asthecontrol.They

wereglVenWall-surroundingcondition丘omthebegirmlng.

Results

Sincetwoindividuals(No.7and18)stayedputformorethan twominutesinthe

water-surroundingcondition,eighteenindividualswereexaminedinbothconditions.
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contradictorilyseemseffectivebecausetheycan haveoppo打unltytOfindoutdamp

placesbygettlngOutfromthem･Inthissense,itcan beconsideredasthenovel

behaviorforescaping.Thenthemostinterestingthingisthattheappearanceof

climbingbehaviorinthewall-surroundingconditionstronglycorrelateswith thatof

Zipf-scalingbehaviorintheprecedentwater-surroundingcondition.TheZipf-scaling

individualsperformedthenovelwall-climbingbehavior(Mainexperiment2,see

Table.3).Naiveindividuals,whichdidnotexperiencewater-surroundingcondition,and

non-scalingindividualsdidnot(ibid.).Recently,itwasreportedthatjustbefore

appearanceofthenovelfood-retrievingbehavioroftheants,inwhichtheycarrythe

foodontheotherbigonebypullingthebigoneasiftheyconsidereditastool,Zipf-

scalingbehaviorwasobserved(Kitabayashi,1999).Inthewater-su汀0undingcondition,

onecanonlyexpectthestochasticoccurrenceofthetwo-antennaereactionsbasedupon

propr10CePtlVemechanism ofBALM andwater-inhibitoryreaction,which are

consideredtoremaintorealizesuⅣivalinnature.Inthisway,仏eyareconsideredto

movebasedonthesetwomachinerymechanisms.However,someindividualsshowed

Zipf-scalingbehavior,whichindicatesthattheydoesnotobeyanyobviousmechanisms,

andexperimenterscannotbutconsideritasnovelbehaviorcreatedbytheanimalitself.

Onthecontrary,onecan considerthisZipf-scalingbehaviortoappearbychance.

However,asdescribedabove,thisbehaviorexactlycontributetoarisetheothernovel

escaplngbehavior.ThisresultconcludestheZipf-scalingbehaviortobenovel

exploratorybehaviortofindoutescapingrouteaStheresultfromnoti丘Cationofclosed

conditionsurroundedbywater.IftheZipf-scalingbehaviorhadappearedbychance,the

correlationwiththeclimbingbehaviorwouldnothaveoccurred.Inthisway,the

ineffTectiverepetitionoftwo-antennaereactionsagainstsurvivalgottobetheeffective

exploringbehaviorforsurvival.Thisbehaviorisnovelandtheoutsideentityof

selectiondomain,whichconsistsofstochasticrepetitionoftwo-antennaereaction,

StaylngPut,andfallinglntOthewater,inthatcondition.Thisautonomouschoiceis

consideredtoresult丘omtheirspatialestimation,i.e.,thenotificationofineffectiveness

ofselectionamongtheselectiondomain,inanOtherwords,invalidityofevaluation

function.Thiscapacityofspatialabilitywasalsoobservedinthewall-surrounding

condition.Theyalsocreatednovelescaplngbehavior.Theseautonomouschoiceand
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spatialestimationwerefToundoutbyconductingparadoxical water-surrounding

conditionwhichenhancedinstabihtyofobservers'descriptionofanimalbehaviorbased

uponeffectivenessforswvival.hthemaze(withtransparentpartitions)solutionin

octopus,byconductingaparadoxicalconditionwheretheirefforttomovefastinthe

pathcontradictorilyresultsindecreasingthespeed,theydecreasedthetimetodetour

thep∬titionasif血eyhadlookedoverthewholemaze(Moriyama,1997).Recently,in

thediscriminationleamlngOfturtle,itwasreportedthatill-suitedexperimentwhichcan

beprovedneithersuccessnornotbyexperimentersderivetheirown leamlngImplying

autonomouschoice(Nomura&Gunji,1999).Generally,mimalsurvivalisconsidered

toberealizedbyselectingandcombiningmodalactionpattems,MAP(Barlow,1977),

whichisregardedasthemostelementarybehavioralunit.Eveninthehighlevelprocess

ofspatialCognition,onceoneconsidersitasextantabilitytorealizesurvivaleffectively,

itisalsoregardedasevaluationfunctionlikerobotstoselectthemosteffTectivebehavior

amongtheselectiondomainconsistingofthevarietyofbehaviorsinferredinthespace.

Then,inthisstance,ineffectivebehaviorsagainstSurvivalareregardedaserrors.Inthis

way,bydiscriminatingeffectivebehaviorsandineffectiveerrors,thedescriptionof

animalbehaviorbecomescompleteandstable･However,bythisstabledescrlPtion,one

cannotrepresentanima1-0rlginatlngevaluationofthespacebecausethecriterionof

efFectivenessisglVenbytheexperimentersinadvance.Incaseofpillbugs,themain

mechanismtocauselocomotionalongthewaterorwallisgenerallyconsideredtoresult

frommachinerymechanismofBALM(seeFig.6).BALMisconsideredtoconstitute

efrlCientescapingbehaviorintheopenfieldwithobstacles(Hughes,1967,1985,1987,

1989b,Carbinseta1.,1992),When也eyencounter也edesiccateconditionorpredators,

linearmovementwillhelpthemtoleavefarfromsuchundesiredconditionsmost

promptly.Sotheymovestraightinbeingputinsuchacondition(preliminary

experiment1).However,therearemanyobstaclesinnaturalconditions.If血eycamot

detouroneofthem,i.e.,stopinfrontofitorretumbackward,theywillbedestinedto

encounterthoseconditionsagain.Inactual,bymeansoftum altemation,theycan

detouritandmoveefficientlyawayfrom suchconditions.ThisnotionofefnciencylS

basedonlyuponexperimenter-originatingbeliefofuniversality･Namely,although One

cannotinvestigateinfiniteconditionstodeterminetheefficiencyofthebehavior,he
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believesthepossibilityofitsuniversalusagefTromtheresultsoffiniteexperlments.

Then,inordertoguaranteesuchuniversality,thetestspacetoestimateitsefrlCiencyis

constitutedbytheobserverandhecangettoobservetheeffectivebehaviorforsurvival

inanytimeinthisselectedtestspace.Inthisway,thenotionofinfimitudeof

environmentsisconvergedintoaselectedtestspace.Sincetheeffectivenessforsurvival

inanimalbehaviorisdefinedinsuchtestspacesselectedbyobservers,thedescnption

ofanimalbehaviorisacmallyincompleteandunstable.Whatmakesitcompleteand

stableisonlyexperimenter'sbelierThisnotionofinstabilityofobseⅣer'sdescnptlOn

lookspessimisticataglance,ThoughasifitdeniedthedescrlPtlOnOfanimalbehavior,

itdoesnotinsisttodos0.0nthecontrary,bytakingitintoaccount,onecan findout

animal-OriginatingspatialabilityastheresultofanimalS'ownestimation(or

evaluation)ofenvironmentnotasthatofmachineryevaluationfunction.Inthe

mechanisticstance,sinceallbehaviorsareconsideredtoappearbasedoninnately

program edmechanisms,unexpectedbehaviorsareconsideredaserrorsortobe

resultingfrom theotherhiddenmechanism･Inthisway,allbehaviorsbecome

predictableinpnnciple.Inthispaper,Iconductedparadoxicalexperimentalconditionto

enhanceinstabilityofobserver'sdescnptionofanimalbehaviorandillustrateamima1 -

0rlglnatlngSpatialabilityasa山onomouschoiceofbehavior.Then也eexploratory

behaviorwasfわundo山asitsresult,sema山icallybythecorrelationwi血也enovel

climbingbehaviorforescaplnginthefbllowlngeXPerimentandquantitativelybythe

Zipfanalysis.Wh ileonecharacteristicofZipf-scalingbehavior,whichisemergentin

thesensethatisnotobviousconsequenceoftheunderlyingdynamicalrules,impliesits

orlglnalitylnanimals,anotheronedosetheirintangibility,whichalsoinvolvestheir

autonomousaspect.As shown inFig.7(a),therelationbetweentimeintervaltandthe

rankshowspowerfunction,i.e.,t-cX(rank)-a.Thisrelationcanbechangedinto(rank)

-N(t)-C'×t-(1′α).Inthisequation,N(t)impliesthenumberoftimeintervalsidentified

inwhichthetimeexceedsagivent.Wh endefiningP(t)astheexistenceprobabilityofa

timeintervalwhoseamountist,thereisarelationshipofP(t)∝N(t).Thenonecangeta

relationP(t)∝C'×t-(1′a).As longasthiskindofpower血nction,evenint-A,t,the

distributiontypeoftimeintervalneverchanges(Takayasu,1986)･Thisunchanged

distributionoftimeintervalimpliesthatevenwhenoneidentifleSthestateoftheanimal
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asstaylngPut,therepetitionoftwo-antennaereactionsisfoldedinit.Namely,the

animalmovesatthemomentwhentheobserveridentifiesitsstate.Inthissense,even

thoughonetriestoidentifytheirbehavior,hecaJmOtdoitinfimitetime.Thisaspect

illustratesanimalintangibility implyingitsautonomy.Byconsideringinstabilityof

observer'sdescnpt10n,Suchintangibilityinanimalsappeared,and1couldillustrate

animalautonomouschoiceandtheirown spatialestimation.Idemonstratedthe

methodologytounderstandanimalintangibilityastheirpositiveautonomy.
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3-6･FiguTYSAndTables
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Table.1RegressionlinesofZipf'slawandexponentialfunctioninmainExp,l

Zipf t ExDOnenti■l
~a ｢ ∩ N -b r ∩ N､

No.1 0.780.99 31 34
N○.2 0.960.99 29 32
No.3 1.060.98 24 26
No.4 0.990.98 33. 36
No.5 - - - - - - - -
No.6 0.890.98 14 15
N○.7 0.010.99 30 33
No.8 0.01 1 32 35
No.9 0.010.99 31 34
No.10 0.020.99 28 31
No.ll 0.040.98 22 24
No.12 - - - - - - - -
No.13 0.020.99 31 34
No.14 - - - - - - - -
No.15 0.770.97 31 34
No.16 0.760.98 27 29
No.17 - - - - - - - -
No.18 0.850.98 25 27
N○.19 0.020.99 32 35



Tablel2RegressionlinesofZipfslawandexponentialfunctioninmainExp.2

Zipf l ExpOnential lEscape
~a r ∩ N l-b ｢ ∩ N l

No.1 0.010,97 29 _32
N○.2 0.010.97 23 25
No.3 0.020.98 33 36
No.4 0_010.97 27 30
No.5 0.020.99 31 34 0
No.6 0.010.99 27 30
No.7 - - - - - - - -
No.8 0.760.96 26 28 0
N○.9 0.78 1 21 23 0
No.10 0.010.97 27 30
No.ll 1.040.98 31 34 0
No.12 0ー920.99 28 31 0
No.13 0.940.98 32 35
No.14 0.870.97 27 29 0
No.15 0.010.97 29 32
No.16 0.020.99 33 36
No.17 1.060.99 21 23 0
No.18 - - - - - - - - -
No.19 0.020.99 30 33
No.20 0.040.98 28 31 0



Table･3Numberofescapmgindividuals

Escape Wander

Zipf-ScaHng 6 1
ExDOn○ntiat 2 9

*Fischerrsexactprobabilitytest

*p-0.0088<0.01

*p-0.4135>0.05



Figurelegends

Fig.1;Sizeoftheexperimentalsubject,Armadillidiunvulgare.Theirhabitatissuch

dampanddarkpalcesasbeneathbark,stones,pilesoffallentreesbecauseoftheir

weaknessagainstdesiccation.Theycanconglobatetheirbodytoprotecttheattack丘om

predatorsanddesiccation.

Fig.2;Investigationofthelinearmovement.75%,i.e.,15individualsin20,couldmove

lOOmm withinplusorminuslOmm ontheplainwhitelinoleum edfloor.

Fig･3;Investlgationoftumaltemation･Whenhavinghmedtorightinencounteringthe

whiteverticalacrylicboard,血eytunedtoleftat血eedgeofitintheprobabilityof

72%(1→2→3).Wh enhavingtun edtole氏inencounteringtheboard,theytunedto

rightattheedgeofitintheprobabilityof85%(1'→2㌧ぅ3').Tumingtole氏after

leavingtheedgewasdeflnedwhentheymovedacrosstheLinel･TumlngtOright,the

Line2.

Fig.4;(a)Actionsinclosedenclosure(upperview)･;(b)Actionsinclosedenclosure

(sideview).Paperwithrough textureisadheredonthesurfaceoftheapparatus.

F...Forward movement,Fw･･.Forward movementon the wall,S...Stay put,

W..,Wanderingapart&omthewall,R..･Retum,C･..Climbing;(C)Detailillustrationof

良(upperview).Sometimes也eyaccidentallyleanon血ewallinthemiddleof也e

processasshownin5'(upperview)･Thesideviewisshownon也ele氏side･

Fig.5;(a)Whiteacrylicdisksurroundedbymoatfilledwithwater･Individualswereput

onthecenterofit(×)atthebeginningoftheexperiments.;(b)Wh iteacrylicdisk

surroundedbytransparentacrylicwall.Thisapparatusisconstructedbyputting
transparentacrylictubeonthewhiteacrylicdiskillustratedin(a).Tworectanglepapers

(10×50mm)wereadheredonthewal1andfわrmedpartialroughparts.Inboth

apparatuses,thesurfacewascleanedbyair-brushaftereachexperiment.
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Fig.6;Timeintervalsbetweentwo-antermaereactions.1,3,and7representtwo-

antennaereactions･t.andt2aretimeintervals･Eachbehaviorwasidenti丘edbypauslng

thevideoatintervalsof0.5second.Inthisfigure,theindividualtumedtoleftatthefirst

encounteringofthewater(1to2).Thenbytheeffectoftim altemationbasedon

BALM,ittriestotumtoright(3).However,thereismoatfilledwithwater,itleaves

fromitandtumstoleft(3to4).Theninthiscase,thoughitgetsmovingawayfTromthe

water(4to5),tum altemationworksagainandittumstoright(5to6).Thenit

encountersthewateragain(7).Inthisway,也eanimalmovesalongthemoat.

Fig.7;(a)AnexampleofZipf-scalingcurve(IndividualNo.2).Thevaluesoftime

interval(t)weresortedindescendingorder(rank)onthedoublelogarithmicgraph.The

unitofthetimeis0.5secondbecausethebehaviorwasidentifiedbypauslngthevideo

atinteⅣalsof0.5second.Ⅰndividualnumber,theequationoftheregressionlineandits

correlationtotheplots(r)arerepresentedabovethegraph･90%ofthewholepoints

wereselected(seeTable.1)tocutofftheonesonboth ends,andbothhyperbolic

equationandexponentialonewerefittedtotheselectedpartasregressionlines.Theone

whichhascorrelationvalue(r)with morethan 0･95isdecidedastheappropriate

regressionline.ThecorrelationvaluewhichexceedsO･95meansthatmorethan90%of

theplotsarepredictedby血eequation･Theexponentimplies血eslopeof血eline.;(ち)

An exampleofexponentialcurve(IndividualNol9)･Theplotsshowedapproximately

arclinewhichimpliesexponentialfunction.Thiskindofcurveimpliesthestochastic

repetitionoftwo-antennaereactions.Individualnum ber,theequationoftheregression

lineandthecorrelationtotheplots(r)arealsorepresentedabovethegraph.

Table.1and2;

Zipf'slaw".Y-C*X-a
Exponentialfunction･･.Y-C*I01bX

r…Correlationvaluebetweenregressionlineandplots

n…Numberofselectedpointstodecideregressionline(90%ofN)

N…Wholenumberofpoints
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4.CONCLtlSION

lmthetwoexperimentsbaseduponsimpleprocedures,Icouldillustratetheaspect

ofautonomywithduplicatedmeaning,i･e.,ontheonehand,itisthepropertyofamimal

itselfandseemsapart丘omexperimenters,ontheotherhand,observerscannotbutfind

outsomeslgniflCanCeinit.Ihopemyworkwillhelpmanyfieldsespecially

investigatingtheconceptof'self'.
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