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Abstract. Thisis a projecton Arti cial Life wherewe simulatean ecosystem
thatallows cooperatie interactiorbetweeragentsincludingintra-speci cpredator
warning communicationin a virtual environmentof predatoryevents.We pro-
pose basedn Peircearsemioticsandinformedby neuroethologicatonstraints,
anexperimentto simulatethe emegenceof symboliccommunicatiormmongar
ticial creaturesHerewe describehesimulationervironmentandthecreatures'
controlarchitecturesandbrie y presenbbtainedresults.
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1 Intr oduction

Accordingto the semioticsof C.S.Peircetherearethreefundamentakinds of signs
underlyingmeaningprocessescons,indexesandsymbols(CP2.275). Iconsaresigns
that standfor their objectsthroughsimilarity or resemblancéCP 2.276,2.247,8.335,
5.73);indexesaresignsthat have a spatio-temporabhysicalcorrelationwith its object
(CP 2.248,see2.304); symbolsare signsconnectedo O by the mediationof I. For
Peirce(CP2.307),asymbolis "A Signwhichis constituteda signmerelyor mainly by
thefactthatit is usedandunderstoodassuch,whetherthe habitis naturalor corven-
tional, andwithout regardto the motiveswhich originally governedits selection."
Basedon this framework, QueirozandRibeiro[2] performedaneurosemioti@nal-
ysis of vervet monkeys' intra-speci c communicationTheseprimatesusevocal signs
for intra-speci ¢ social interactionsaswell asfor generalalarm purposesegarding
imminent predationon the group[3]. They vocalizebasicallythree predatorspeci ¢
alarmcalls which producespeci ¢ escapeesponsesalarmcalls for terrestrialpreda-
tors(suchasleopardsprefollowedby a escapéo thetop of treesalarmcallsfor aerial
raptors(suchaseaglesausevervetsto hide underbushesandalarmcallsfor ground
predatorgsuchassnales)elicit carefulscrutiry of thesurroundingerrain.Queirozand
Ribeiro[Z identi ed the differentsignsandthe possibleneuroanatomicadubstrate-
volved. Icons correspondo neuralresponseso the physicalpropertiesof the visual
image of the predatorand the alarm-call,and exist within two independenprimary
representationalomaingvisualandauditory).Indexesoccurin theabsencef a previ-
ously establishedelationshipbetweerncall andpredatoywhenthe call simply arouses
therecever's attentionto ary concomitaneventof interest,generatinga sensoryscan

! Thework of C.S.Peirce[lLis quotedasCP, followed by the volumeandparagraph.



responself thealarm-calloperatesn a sign-speci cway in theabsencef anexternal
referentthenit is asymbolof aspeci ¢ predatorclass.This symbolicrelationshipim-
plies the associatiorof at leasttwo representationef a lower orderin a higherorder
representatiodomain.

2 Simulating Arti cial SemioticCreatures

The framawork (above) guidedour experimentsof simulatingthe emegenceof sym-
bolic alarmcalls?. The ervironmentis bi-dimensionahaving approximatelyl 000 by
1300positions.Thecreaturegreautonomousgentsdividedinto preysandpredators.
Thereareobjectssuchastrees(climbableobjects)andbushegqusedto hide),andthree
typesof predatorsterrestrial predator, aerial predatorandgroundpredator. Predators
differentiateby their visualllimitations: terrestrialpredatorscant seepreys over trees,
aerial predatorscan't seepreys underbushesbut groundpredatorsdon't have these
limitations. The preys canbe teaders, which vocalizespre-de nedalarmsto preda-
tors, or learners, which try to learntheseassociationsT hereis alsothe self-oiganizer
prey, whichis ateacherlandalearneratthe sametime, ableto createyocalizeandlearn
alarmssimultaneously

Thesensonapparatusf thepreysincludehearingandvision; predatordiaveonly a
visualsensorThesensorhiave parameterthatde ne sensoryareasn theervironment,
usedto determinethe stimuli the creatureseceve. Vision hasa range,a directionand
anaperturede ning a circular section,andhearinghasjust arangede ning a circular
area.Theseparameterare x ed, with exceptionto visual direction, changedby the
creatureandvisualrangeincreasediuring scanning.The receved stimuli correspond
to a number which identi es the creatureor objectseenassociatedvith the direction
anddistancerom the stimulus'recever.

Thecreaturediave interactive abilities, high-level motor actions:adjustvisual sen-
sor, move, attadk, climb treg hide on bush andvocalize Theselastthreeactionsare
speci c to preys, while attacksareonly doneby predatorsThe creaturesanperform
actionsconcomitantly exceptfor displacemenactions(move, attack,climb andhide)
whicharemutuallyexclusive. The move actionchangeshe creaturepositionin the en-
vironmentandtakestwo parameterselocity (in positions/interactiodimited to a max-
imum velocity) anda direction(0-360degrees) Thevisual sensomladjustmenmodi es
the directionof the visual sensor(and during scanningdoublesthe range),andtakes
oneparameterthe new direction(0-360degrees) The attackactionhasone parameter
thatindicateghecreaturdo beattacled,thatmustbewithin actionrange If successful
the attackincreasesn internalvariable,numberof attackssuffered,from the attacled
creature.The climb actiontakes as a parametethe tree to be climbed, that mustbe
within the actionrange. Whenup in atree,aninternalvariablecalled'climbed' is set
to true; whenthe creaturemovesit is turnedto falseandit goesdown the tree. Anal-
ogously the hide actionhasthe bushto be usedto hide asa parameterandit usesan
internalvariablecalled'hidden’. Thevocalizeactionhasoneparametethealarmto be

2 The simulator is called Symbolic Creatues Simulation For more technical details, see
http://wwwdca.feeunicamp.br/pojects/artcg/symbceatues



emitted,a numberbetweer0 and99, andit createsa new elementin the ervironment
thatlastsjust oneinteraction,andis sensibleby creaturesiaving hearingsensors.

To controltheiractionsafterreceving thesensorynput,thecreaturefiave abehavior-
basedarchitecturd4], dedicatedo actionselection5]. Our controlmechanisnis com-
posedof variousbehaiors anddrives.Behaviors areindependenandparallelmodules
thatareactivatedat differentmomentsdependingon the sensoriainput andthe crea-
ture'sinternalstate At eachteration,behaiorsprovidetheirmotivationvalue(between
0 and1), andthe onewith highestvalueis activatedand providesthe creatureactions
atthatinstant.Drivesde ne basicneedsopr 'instincts’, suchas'fear' or 'hunger’, and
they arerepresentetly numericvaluesbetweerD and1, updatedasednthesensorial
inputor time o w. This mechanisnis not learnedby the creature put ratherdesigned,
providing basicresponseto generakituations.

Predators' cognitive architecture

The predatorshave a simple controlarchitecturewith basicbehaiors anddrives.The
drivesarehungerandtirednessandthebehaiors arewanderingrestandprey chasing.
Thedrivesareimplementedasfollows:

hunger(0) = 1
0:01; if it attacleda prey

hunger(t + 1) = rampz(hunger(t) + 0:0L:hunger(t)); otherwise

( 0;x<0
whererampi(x) = x;0 x 1
1, x>1

g rampq(tir ednesqt) 0:1);

velocity (t) = 0 .
> ramp; tir ednesg(t) + 0:05 vees )
' velocity (t) > maximum _velocity =2

tir ednesqt + 1) =

wherevelocity (t) is the creatures velocity at the currentinstant(t).

Thewanderingoehaior hasa constanimotivationvalueof 0.4,andmakesthecrea-
ture basicallymove at randomdirectionandvelocity, directingits vision toward move-
mentdirection.Therestingbehaior makesthe creaturestopmaoving andits motivation
is givenby

( tir ednesqt); tir ednesg(t) > 0:5
rest_motiv ation (t) =  0:5; velocity (t) = Oand tir ednesg(t) > 0
0; otherwise

Thebehaior chasingmakesthe predatormove towardsthe prey, if its out of range,
or attackit, otherwise The motivationof this behaior is givenby

hunger(t); hunger(t) > 0:5andaprey is seen

chasing_motiv ation (t) = 0 otherwise



Preys' cognitive architecture

Preys have two setsof behaior: communicatiorrelatedbehaiors andgenerabeha-
iors. The communicatiorrelatedbehaiors arevocalizing,scanningassociatie learn-
ing andfollowing, thegenerabnesarewanderingrestingand eeing. Associatedvith
thesebehaiiors, therearedifferentdrives:boredomtirednesssolitude fearandcurios-
ity. Thelearnerandtheteachedon't have thesamearchitecturepnly teacherhave the
vocalizebehaior andonly learnerdhave theassociatie learningbehaior, thescanning
behaior andthe curiosity drive ( gure 1). Onthe otherhand,the self-oiganizerprey
hasall behaiors anddrives.
Theprey'sdrivesarespeci ed by the expressions

rampz(boredom(t) + rate boredom(t)); velocity (t) = 0

boredom(t + 1) = rampz(boredom(t) 0:1); otherwise

0:05; hiddenon bushor climbedontree

wherer ate = 0:1: otherwise and
0:01;, x < 0:01
rampz(x) = x; 0:01 x 0:99
0:99; x > 0:99
fear(t+ 1) = ramp.(1:0); if predatowasseen

ramp.(f ear(t) 0:05(1:0 fear(t)); otherwise

. _ rampaz(solitude (t) + 0:1:solitude (t)); noprey is seen
solitude (t + 1) = rampax(solitude (t) 0:1(1:0 solitude (t))); otherwise

curiosity (t) = rampz(max; str engthw Mi(t)), wherei WM Aud

Thetirednesdlrive is computedoy the sameexpressiorusedby predators.

Thevocalizebehaior andassociatie learningbehaior canrunin parallelwith all
otherbehaiors,soit doesnotundegobehaior selectionThevocalizebehaior makes
theprey emitanalarmwhena predatoiis seenTheteachehasa x edalarmset,using
alarmnumberl for terrestrialpredatoy 2 for aerialpredatorand3 for groundpredator
The self-oganizerusesthe alarmwith the highestassociatiorvaluein the associatie
memory(next section),or choosesandomlyanalarmfrom 0 to 99 andplacesit in the
associatie memory if noneis known. (The associatie learningbehaior is described
in the next section.)

The scanningbehaior makesthe prey turn towardsthe alarmemitterdirectionand
move at this direction, if analarmis heard,turn to the samevision direction of the
emitter but still moving towardsthe emitter if the emitteris seen,or keepthe same
vision and movementdirection, if the alarmis not heardanymore.The motivationis
given by curiosity(t), if an alarmis heardor if curiosity(t)>0.2 This behaior also
makesthevision rangedouble,simulatinga wide sensoryscanningprocess.

To keeppreys neareachotherandnot spreadut in the ervironment,the following
behaior makesthe prey keepitself betweena maximumanda minimum distanceof



anotherprey, by moving towardsor away from it. This wasinspiredby experiments
in simulationof ocks, schoolsandherds. The motivation for following is equalto
solitude(t) if anotherprey is seen.

The eeing behaior hasits motivation given by fear(t). It makesthe prey move
away from the predatomwith maximumvelocity, or in somesituations performspeci ¢
actionsdependingiponthetypeof prey. If aterrestrialpredatoris or wasjust seenand
theres a treenot nearthe predator(the differencebetweenpredatordirectionandtree
directionis morethan60 degrees) the prey movestoward the treeandclimbsit. If it
is anaerialpredatorandtheres a bushnot nearit, the prey movestowardthe bushand
hidesunderit. If the predatoris not seenarymore,andthe prey is not up on atreeor
underabush,it keepsmoving in the samedirectionit wasbefore,slightly changingts
directionatrandom.

The wanderingbehaior makes the prey move at a randomdirection and veloc-
ity, slightly changingt atrandom.Thevision directionis alternatelyturn left, forward
andright. The motivationis given by boredom(t) if the prey is not moving andbore-
dom(t)>0.2 or zero,otherwise.The restbehaior makesthe prey stopmoving, with a
motivationasfor predators.
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Fig. 1. Preys' cognitive architecture(a) learnershave scanningandassociatie learningcapabili-
tiesand(b) teacher$iave vocalizingcapability The self-omganizemrey is ateachemandalearner
atthesametime andhasall thesebehaiors.

Associative Learning

The associatie learningallows the prey to generalizespatial-temporatelationsbe-
tween external stimuli from particularinstancesThe mechanisms inspiredon the
neuroethologicahndsemioticconstraintslescribedreviously, implementinga lower-
ordersensorydomainthroughwork memoriesanda higherordermulti-modaldomain
by aassociatie memory( gure 2a).

Thework memoriesaretemporaryrepositorie®f stimuli: whenasensoriaktimulus
is receved from eithersensor(auditoryor visual), it is placedon the respectie work
memorywith maximumstrengthat every subsequeriterationit is loweredandwhen
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its strengthgetsto zeroit is removed.Thestrengthof stimuliin thework memory(WM)
variesaccordingto the expression

( 1:0; if stimulusi arrivedatsensors
strengthW Mi(t + 1) = andit isn't alreadyin thework memory
strengthW M (t) 0:2; if stimulusi is in thework memory

Theitemsin thework memoryareusedby the associatie memoryto produceand
updateassociatioetweerstimuli, following basicHebbianlearning( gure 2b). When
anitemis recevedin thevisual WM andin theauditoryWM, anassociatioris created
or reinforcedin the associatie memory and changesn its associatie strengthare
inhibited.Inhibition avoidsmultiple adjustmentén the sameassociatiortausedy per
sistingitemsin thework memory Whenanitem is droppedrom thework memory its
associationsiot inhibited, i.e. not alreadyreinforced,are wealened,andthe inhibited
associationhave their inhibition partially removed. Whenthe two itemsof aninhib-
ited associatiorareremoved, the associatiorendsits inhibition, beingsubjectagainto
changedn its strengthThereinforcemenandwealeningadjustment$or non-inhibited
associationayith strengthdimited to theinterval [0.0; 1.0], aredoneasfollows:

— reinforcementgivenavisualstimulusi anda hearingstimulusj presentn thework
memories

strengthj (k + 1) = strengthj (k) + 0:1(1:0 (maxstr engthj (k) strengthj (k)))
+0:01
wheremaxstr ength; (k) = max; str engthjj (k)

— wealening,for every associatiomelatedto thedroppedvisual stimuli i

8j associateavithi;
strengthj (k + 1) = strengthy (k) 0:1(maxstr ength; (k) strengthj (k))) + 0:01

— wealening,for every associationmelatedto thedroppecdhearingstimuli j

8i associatedvith j;
strengthj (k + 1) = strengthy (k) 0:1(maxstr engthj (k) strengthj (k))) + 0:01



As showvn in gure 1, the associatie learningcan producea feedbackthat indirectly
affectsdrivesandotherbehaiors. Whenanalarmis heardandit is associateavith a
predator a new internal stimulusis createdcomposedf the associategredatoy the
associatiorstrength,andthe directionand distanceof the alarm,which is usedasan
approximatelylocationof the predatorThis new stimuluswill affectthefeardrive and
eeing behaior. Thefeardrive is changedo accountfor this new information,which
graduallychangedearvalue:

> ramp,(1:0); predatoris seen

rampz(strengthjj (t)); predatoris notseenputanalarmi is heard
andthe strongesassociations relatedto a predatoy

rampz(f ear(t) 0:05(1:0 fear(t)); otherwise

fear(t+ 1) = S

This allows the associatie learningto producean escaperesponsegven if the
predatoris not seen.This responses graduallylearnedandit describesa new action
rule associatingalarmwith predatorand subsequenteeing behaior. The initial re-
sponsdo analarmis ascanningoehavior, typically indexical. If thealarmproducesan
escapaesponsealueto its mentalassociatiorwith a predatoy our creatureis usinga
symbol.

3 Creaturesin Operation

Thevirtual ervironmentinhabitedby creaturesvorks asa laboratoryto studythe con-
ditionsfor symbolemegenceln orderto evaluateour simulationarchitectureye per

formed different experimentsto obsene the creatureduring associatie learning of

stimuli. We simulatethe communicatie interactiondetweerpreysin anervironment
with the differentpredatorsandobjects varyingthe quantityof creaturepresenin the
ervironment.

Initially, we usedteacherand learnerpreys and changethe numberof teachers,
predatorandlearnerg gure 3). Resultsshow thatlearnersarealwaysableto establish
the correctassociationdetweenalarmsand predatorgalarm 1 - terrestrialpredatoy
alarm2 - aerialpredatoyalarm3 - groundpredator).The numberof interactionsde-
creasedvhereaghe amountof competitionamongassociationgncreasedasthe num-
ber of teachersor predatorsincreasedThis is dueto anincreasein the numbersof
vocalizingeventsfrom teacherswhatcorrespond$o moreeventsof reinforcemenaind
lessof wealening.Placingtwo learnersin the environment,we could alsonoticethat
thetrajectoriesdescribedy theassociatiorvaluesin eachprey arequitedifferent,par
tially becaus®f randompropertiesn their behaior.

Usingself-omganizersall preys canvocalizeandlearnalarms.Therefore the num-
berof alarmspresenin the simulationss notlimited to threeasbefore.Eachprey can
createa differentalarmto the samepredatorandthe one mostly usedtendsto domi-
natethepreys' repertoireattheend( gure 4). Increasinghe numberof preys, tendsto
increasehe numberof alarms the numberof interactionsandalsothe amountof com-
petition,sincetherearemorepreys creatingalarmsandalsoalarmshave to disseminate
amongmorepreys.

In a nal experimentwe wantedto evaluatethe adaptve advantageof usingsym-
bols insteadof just indexes( gure 5). We adjustedour simulationsby modellingan
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Fig. 3. Evolution of associatiorstrengthvaluesusingTeacherandLearnergassociatiorvaluex
iteration).Exp. A (1 learner(L), 5 teachergT) and3 predatorgP)): associationsvith (a) alarm
1, (b) alarm?2 and(c) alarm3. Exp.B (1 L, 5T, 6 P): (d) winning associationor alarms.Exp.
C (1L, 10T, 3 P):(e)winningassocfor alarmsExp.D (2L, 5T, 3 P): (d) winning associations
in eachcreature.

ervironmentwherevisual cuesarenot alwaysavailable,aspredatorsfor instancecan
hidethemselesin thevegetationto approactpreys unseenThiswasdoneby including
a probability of predatorsbeenactuallyseenevenif they arein the sensoryarea.We
thenplacedlearnempreysthatrespondedo alarmsby just performingscanningindex-
ical responseandpreys that could respondo alarmsusingtheir learnedassociations
(symbolicresponse)Resultsshav thatthe symbolicresponséo alarmprovidesadap-
tive advantageasthe numberof attackssufferedis consistentlylower thanotherwise.

4 Conclusion

Herewe presente@ methodologyto simulatethe emegenceof symbolsthroughcom-
municatie interactionsamongarti cial creaturesWe proposethatsymbolscanresult
from the operationof simple associatie learningmechanisméetweenexternal stim-
uli. Experimentsshaw thatlearnerpreys areableto establishthe correctassociations
betweeralarmsandpredatorsafter exposedo vocalizationevents.Self-oganizersare
alsoableto corvergeto a commonrepertoire even thoughtherewereno pre-de ned
alarmassociationso be learned.Symbolslearningandusealso provide adaptve ad-
vantageo creaturesvhencomparedo indexical useof alarmcalls.
Althoughtherehave beenothersyntheticexperimentssimulatingthe development
andevolution of signsystemse.g.[6,7], thiswork is the rst to dealwith multiple dis-
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Fig. 5. Numberof attackssufferedby preysrespondingndexically or symbolicallyto alarms We
simulatedan ervironmentwherepreys cant easilyseepredatorsintroducinga 25% probability
of apredatobeingseengvenif it is within sensoriabrea.



tributed agentsperformingautonomougself-controlled)communicatie interactions.
Differentfrom otherswe don't establisha pre-de ned'script' of whathappensn com-
municatie acts,statinga sequencef x edtaskto be performedby onespealer and
onehearerln our work, creaturecanbe spealersand/orhearersyocalizingandhear

ing from mary othersatthe sametime, in varioussituations.
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