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Abstract. This is a projecton Arti�cial Life wherewe simulatean ecosystem
thatallowscooperativeinteractionbetweenagents,includingintra-speci�cpredator-
warningcommunicationin a virtual environmentof predatoryevents.We pro-
pose,basedon Peirceansemioticsandinformedby neuroethologicalconstraints,
anexperimentto simulatetheemergenceof symboliccommunicationamongar-
ti�cial creatures.Herewedescribethesimulationenvironmentandthecreatures'
controlarchitectures,andbrie�y presentobtainedresults.
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1 Intr oduction

Accordingto the semioticsof C.S.Peirce,thereare threefundamentalkinds of signs
underlyingmeaningprocesses:icons,indexesandsymbols(CP2.2751). Iconsaresigns
thatstandfor their objectsthroughsimilarity or resemblance(CP2.276,2.247,8.335,
5.73);indexesaresignsthathavea spatio-temporalphysicalcorrelationwith its object
(CP 2.248,see2.304);symbolsaresignsconnectedto O by the mediationof I. For
Peirce(CP2.307),asymbolis "A Signwhich is constitutedasignmerelyor mainlyby
the fact that it is usedandunderstoodassuch,whetherthehabit is naturalor conven-
tional,andwithout regardto themotiveswhichoriginally governedits selection."

Basedon this framework,QueirozandRibeiro[2] performedaneurosemioticanal-
ysisof vervet monkeys' intra-speci�c communication.Theseprimatesusevocalsigns
for intra-speci�c social interactions,aswell as for generalalarmpurposesregarding
imminentpredationon the group [3]. They vocalizebasicallythreepredator-speci�c
alarmcallswhich producespeci�c escaperesponses:alarmcalls for terrestrialpreda-
tors(suchasleopards)arefollowedby aescapeto thetopof trees,alarmcallsfor aerial
raptors(suchaseagles)causevervetsto hideunderbushes,andalarmcalls for ground
predators(suchassnakes)elicit carefulscrutiny of thesurroundingterrain.Queirozand
Ribeiro[2] identi�ed thedifferentsignsandthepossibleneuroanatomicalsubstratesin-
volved. Iconscorrespondto neuralresponsesto the physicalpropertiesof the visual
imageof the predatorand the alarm-call,and exist within two independentprimary
representationaldomains(visualandauditory).Indexesoccurin theabsenceof aprevi-
ouslyestablishedrelationshipbetweencall andpredator, whenthecall simply arouses
thereceiver'sattentionto any concomitanteventof interest,generatinga sensoryscan

1 Thework of C.S.Peirce[1] is quotedasCP, followedby thevolumeandparagraph.



response.If thealarm-calloperatesin a sign-speci�cway in theabsenceof anexternal
referent,thenit is a symbolof a speci�c predatorclass.This symbolicrelationshipim-
plies theassociationof at leasttwo representationsof a lower orderin a higher-order
representationdomain.

2 Simulating Arti�cial SemioticCreatures

The framework (above) guidedour experimentsof simulatingtheemergenceof sym-
bolic alarmcalls 2. Theenvironmentis bi-dimensionalhaving approximately1000by
1300positions.Thecreaturesareautonomousagents,dividedinto preysandpredators.
Thereareobjectssuchastrees(climbableobjects)andbushes(usedto hide),andthree
typesof predators:terrestrialpredator, aerial predatorandgroundpredator. Predators
differentiateby their visual limitations: terrestrialpredatorscan't seepreys over trees,
aerialpredatorscan't seepreys underbushes,but groundpredatorsdon't have these
limitations. The preys canbe teachers, which vocalizespre-de�nedalarmsto preda-
tors,or learners, which try to learntheseassociations.Thereis alsotheself-organizer
prey, which is a teacheranda learnerat thesametime,ableto create,vocalizeandlearn
alarms,simultaneously.

Thesensoryapparatusof thepreysincludehearingandvision; predatorshaveonlya
visualsensor. Thesensorshaveparametersthatde�ne sensoryareasin theenvironment,
usedto determinethestimuli thecreaturesreceive.Vision hasa range,a directionand
anaperturede�ning a circularsection,andhearinghasjust a rangede�ning a circular
area.Theseparametersare �x ed, with exceptionto visual direction,changedby the
creature,andvisual rangeincreasedduringscanning.Thereceivedstimuli correspond
to a number, which identi�es thecreatureor objectseenassociatedwith thedirection
anddistancefrom thestimulus' receiver.

Thecreatureshave interactiveabilities,high-level motoractions:adjustvisualsen-
sor, move, attack, climb tree, hide on bush, andvocalize. Theselast threeactionsare
speci�c to preys,while attacksareonly doneby predators.Thecreaturescanperform
actionsconcomitantly, exceptfor displacementactions(move,attack,climb andhide)
whicharemutuallyexclusive.Themoveactionchangesthecreaturepositionin theen-
vironmentandtakestwo parametersvelocity(in positions/interaction,limited to amax-
imum velocity)anda direction(0-360degrees).Thevisualsensoradjustmentmodi�es
the directionof thevisual sensor(andduring scanning,doublesthe range),andtakes
oneparameter, thenew direction(0-360degrees).Theattackactionhasoneparameter
thatindicatesthecreatureto beattacked,thatmustbewithin actionrange.If successful
theattackincreasesaninternalvariable,numberof attackssuffered,from theattacked
creature.The climb action takesasa parameterthe tree to be climbed,that mustbe
within theactionrange.Whenup in a tree,an internalvariablecalled'climbed' is set
to true; whenthecreaturemovesit is turnedto falseandit goesdown the tree.Anal-
ogously, thehideactionhasthebushto beusedto hideasa parameter, andit usesan
internalvariablecalled'hidden'. Thevocalizeactionhasoneparameterthealarmto be

2 The simulator is called SymbolicCreatures Simulation. For more technical details, see
http://www.dca.fee.unicamp.br/projects/artcog/symbcreatures



emitted,a numberbetween0 and99, andit createsa new elementin theenvironment
thatlastsjustoneinteraction,andis sensibleby creatureshaving hearingsensors.

Tocontroltheiractionsafterreceivingthesensoryinput,thecreatureshaveabehavior-
basedarchitecture[4], dedicatedto actionselection[5]. Ourcontrolmechanismis com-
posedof variousbehaviorsanddrives.Behaviorsareindependentandparallelmodules
thatareactivatedat differentmomentsdependingon thesensorialinput andthecrea-
ture'sinternalstate.At eachiteration,behaviorsprovidetheirmotivationvalue(between
0 and1), andtheonewith highestvalueis activatedandprovidesthecreatureactions
at that instant.Drivesde�ne basicneeds,or 'instincts', suchas'fear' or 'hunger', and
they arerepresentedby numericvaluesbetween0 and1,updatedbasedonthesensorial
input or time �o w. This mechanismis not learnedby thecreature,but ratherdesigned,
providing basicresponsesto generalsituations.

Predators' cognitivearchitecture

Thepredatorshave a simplecontrolarchitecturewith basicbehaviors anddrives.The
drivesarehungerandtiredness,andthebehaviorsarewandering,restandprey chasing.
Thedrivesareimplementedasfollows:

hunger(0) = 1

hunger(t + 1) =

�
0:01; if it attackeda prey
r amp1(hunger(t) + 0:01:hunger(t)) ; otherwise

wherer amp1(x) =

(
0; x < 0
x; 0 � x � 1
1; x > 1

tir edness(t + 1) =

8
><

>:

r amp1(tir edness(t) � 0:1);
velocity (t) = 0

r amp1

�
tir edness(t) + 0:05: v elocity ( t )

maximum _v elocity

�
;

velocity (t) > maximum _velocity =2

wherevelocity(t) is thecreature'svelocityat thecurrentinstant(t).

Thewanderingbehavior hasaconstantmotivationvalueof 0.4,andmakesthecrea-
turebasicallymoveat randomdirectionandvelocity, directingits vision towardmove-
mentdirection.Therestingbehavior makesthecreaturestopmoving andits motivation
is givenby

r est_motiv ation (t) =

(
tir edness(t); tir edness(t) > 0:5
0:5; velocity (t) = 0and tir edness(t) > 0
0; otherwise

Thebehavior chasingmakesthepredatormovetowardstheprey, if its outof range,
or attackit, otherwise.Themotivationof this behavior is givenby

chasing_motiv ation (t) =

�
hunger(t); hunger(t) > 0:5 anda prey is seen
0; otherwise



Preys' cognitivearchitecture

Preys have two setsof behavior: communicationrelatedbehaviors andgeneralbehav-
iors.Thecommunicationrelatedbehaviors arevocalizing,scanning,associative learn-
ing andfollowing, thegeneralonesarewandering,restingand�eeing. Associatedwith
thesebehaviors,therearedifferentdrives:boredom,tiredness,solitude,fearandcurios-
ity. Thelearnerandtheteacherdon't havethesamearchitecture,only teachershavethe
vocalizebehavior andonly learnershavetheassociativelearningbehavior, thescanning
behavior andthe curiositydrive (�gure 1). On the otherhand,theself-organizerprey
hasall behaviorsanddrives.

Theprey'sdrivesarespeci�edby theexpressions

boredom(t + 1) =

�
r amp2(boredom(t) + r ate � boredom(t)) ; velocity (t) = 0
r amp2(boredom(t) � 0:1); otherwise

wherer ate =

�
0:05; hiddenon bushor climbedon tree
0:1; otherwise

and

r amp2(x) =

(
0:01; x < 0:01
x; 0:01 � x � 0:99
0:99; x > 0:99

f ear(t + 1) =

�
r amp2(1:0); if predatorwasseen
r amp2(f ear(t) � 0:05(1:0 � f ear(t)) ; otherwise

solitude (t + 1) =

�
r ampa2(solitude (t) + 0:1:solitude (t)) ; noprey is seen
r ampa2(solitude (t) � 0:1(1:0 � solitude (t))) ; otherwise

cur iosity (t) = r amp2(max i str engthW M i (t )) , wherei � W M Aud

Thetirednessdrive is computedby thesameexpressionusedby predators.
Thevocalizebehavior andassociative learningbehavior canrun in parallelwith all

otherbehaviors,soit doesnotundergobehavior selection.Thevocalizebehavior makes
theprey emitanalarmwhenapredatoris seen.Theteacherhasa �x edalarmset,using
alarmnumber1 for terrestrialpredator, 2 for aerialpredatorand3 for groundpredator.
Theself-organizerusesthealarmwith thehighestassociationvaluein theassociative
memory(next section),or choosesrandomlyanalarmfrom 0 to 99andplacesit in the
associative memory, if noneis known. (Theassociative learningbehavior is described
in thenext section.)

Thescanningbehavior makestheprey turn towardsthealarmemitterdirectionand
move at this direction, if an alarm is heard,turn to the samevision direction of the
emitter, but still moving towardsthe emitter, if the emitter is seen,or keepthe same
vision andmovementdirection,if the alarmis not heardanymore.The motivation is
given by curiosity(t), if an alarm is heardor if curiosity(t)>0.2. This behavior also
makesthevision rangedouble,simulatinga widesensoryscanningprocess.

To keeppreysneareachotherandnot spreadout in theenvironment,thefollowing
behavior makestheprey keepitself betweena maximumanda minimum distanceof



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

The �eeing behavior hasits motivation given by fear(t). It makes the prey move
awayfrom thepredatorwith maximumvelocity, or in somesituations,performspeci�c
actionsdependinguponthetypeof prey. If a terrestrialpredatoris or wasjust seenand
there's a treenot nearthepredator(thedifferencebetweenpredatordirectionandtree
directionis morethan60 degrees),theprey movestoward the treeandclimbs it. If it
is anaerialpredatorandthere'sa bushnot nearit, theprey movestowardthebushand
hidesunderit. If thepredatoris not seenanymore,andtheprey is not up on a treeor
undera bush,it keepsmoving in thesamedirectionit wasbefore,slightly changingits
directionat random.

The wanderingbehavior makes the prey move at a randomdirection and veloc-
ity, slightly changingit at random.Thevision directionis alternatelyturn left, forward
andright. The motivation is givenby boredom(t), if theprey is not moving andbore-
dom(t)>0.2, or zero,otherwise.Therestbehavior makestheprey stopmoving, with a
motivationasfor predators.
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Fig.1. Preys' cognitive architecture:(a) learnershavescanningandassociative learningcapabili-
tiesand(b) teachershave vocalizingcapability. Theself-organizerprey is a teacheranda learner
at thesametimeandhasall thesebehaviors.

AssociativeLearning

The associative learningallows the prey to generalizespatial-temporalrelationsbe-
tweenexternal stimuli from particular instances.The mechanismis inspiredon the
neuroethologicalandsemioticconstraintsdescribedpreviously, implementinga lower-
ordersensorydomainthroughwork memoriesanda higherordermulti-modaldomain
by aassociativememory(�gure 2a).

Thework memoriesaretemporaryrepositoriesof stimuli:whenasensorialstimulus
is received from eithersensor(auditoryor visual), it is placedon the respective work
memorywith maximumstrength,at every subsequentiterationit is loweredandwhen
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Fig.2. (a)Associative learningarchitecture.(b) Associationadjustmentrules.

its strengthgetsto zeroit is removed.Thestrengthof stimuli in thework memory(WM)
variesaccordingto theexpression

str engthW M i (t + 1) =

(
1:0; if stimulusi arrivedat sensors

andit isn't alreadyin thework memory
str engthW M i (t ) � 0:2; if stimulusi is in thework memory

Theitemsin thework memoryareusedby theassociative memoryto produceand
updateassociationbetweenstimuli, followingbasicHebbianlearning(�gure 2b).When
anitem is receivedin thevisualWM andin theauditoryWM, anassociationis created
or reinforcedin the associative memory, and changesin its associative strengthare
inhibited.Inhibition avoidsmultipleadjustmentsin thesameassociationcausedby per-
sistingitemsin thework memory. Whenanitemis droppedfrom thework memory, its
associationsnot inhibited, i.e. not alreadyreinforced,areweakened,andthe inhibited
associationshave their inhibition partially removed.Whenthe two itemsof an inhib-
ited associationareremoved,theassociationendsits inhibition, beingsubjectagainto
changesin its strength.Thereinforcementandweakeningadjustmentsfor non-inhibited
associations,with strengthslimited to theinterval [0.0; 1.0], aredoneasfollows:

– reinforcement,givenavisualstimulusi andahearingstimulusj presentin thework
memories

str ength ij (k + 1) = str ength ij (k) + 0:1(1:0 � (maxstr ength j (k) � str ength ij (k)))
+0 :01

wheremaxstr ength j (k) = max i str ength ij (k)

– weakening,for everyassociationrelatedto thedroppedvisualstimuli i

8j associatedwith i;
str ength ij (k + 1) = str ength ij (k) � 0:1(maxstr ength j (k) � str ength ij (k))) + 0:01

– weakening,for everyassociationrelatedto thedroppedhearingstimuli j

8i associatedwith j;
str ength ij (k + 1) = str ength ij (k) � 0:1(maxstr ength j (k) � str ength ij (k))) + 0:01



As shown in �gure 1, the associative learningcanproducea feedbackthat indirectly
affectsdrivesandotherbehaviors. Whenanalarmis heardandit is associatedwith a
predator, a new internalstimulusis createdcomposedof the associatedpredator, the
associationstrength,andthe directionanddistanceof the alarm,which is usedasan
approximatelylocationof thepredator. This new stimuluswill affect thefeardriveand
�eeing behavior. Thefeardrive is changedto accountfor this new information,which
graduallychangesfearvalue:

f ear(t + 1) =

8
><

>:

r amp2(1:0); predatoris seen
r amp2(str ength ij (t )) ; predatoris not seen,but analarmi is heard

andthestrongestassociationis relatedto apredatorj
r amp2(f ear(t) � 0:05(1:0 � f ear(t)) ; otherwise

This allows the associative learning to producean escaperesponse,even if the
predatoris not seen.This responseis graduallylearnedandit describesa new action
rule associatingalarm with predatorandsubsequent�eeing behavior. The initial re-
sponseto analarmis ascanningbehavior, typically indexical. If thealarmproducesan
escaperesponsedueto its mentalassociationwith a predator, our creatureis usinga
symbol.

3 Creaturesin Operation

Thevirtual environmentinhabitedby creaturesworksasa laboratoryto studythecon-
ditionsfor symbolemergence.In orderto evaluateour simulationarchitecture,we per-
formed differentexperimentsto observe the creaturesduring associative learningof
stimuli. We simulatethecommunicative interactionsbetweenpreys in anenvironment
with thedifferentpredatorsandobjects,varyingthequantityof creaturespresentin the
environment.

Initially, we usedteacherand learnerpreys and changethe numberof teachers,
predatorsandlearners(�gure 3). Resultsshow thatlearnersarealwaysableto establish
the correctassociationsbetweenalarmsandpredators(alarm1 - terrestrialpredator,
alarm2 - aerialpredator, alarm3 - groundpredator).The numberof interactionsde-
creasedwhereastheamountof competitionamongassociationsincreased,asthenum-
ber of teachersor predatorsincreased.This is due to an increasein the numbersof
vocalizingeventsfrom teachers,whatcorrespondsto moreeventsof reinforcementand
lessof weakening.Placingtwo learnersin theenvironment,we couldalsonoticethat
thetrajectoriesdescribedby theassociationvaluesin eachprey arequitedifferent,par-
tially becauseof randompropertiesin their behavior.

Usingself-organizers,all preys canvocalizeandlearnalarms.Therefore,thenum-
berof alarmspresentin thesimulationsis not limited to threeasbefore.Eachprey can
createa differentalarmto the samepredatorandthe onemostly usedtendsto domi-
natethepreys' repertoireat theend(�gure 4). Increasingthenumberof preys,tendsto
increasethenumberof alarms,thenumberof interactionsandalsotheamountof com-
petition,sincetherearemorepreyscreatingalarmsandalsoalarmshaveto disseminate
amongmorepreys.

In a �nal experiment,we wantedto evaluatetheadaptive advantageof usingsym-
bols insteadof just indexes(�gure 5). We adjustedour simulationsby modellingan
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Fig.3. Evolutionof associationstrengthvaluesusingTeachersandLearners(associationvaluex
iteration).Exp. A (1 learner(L), 5 teachers(T) and3 predators(P)): associationswith (a) alarm
1, (b) alarm2 and(c) alarm3. Exp. B (1 L, 5 T, 6 P): (d) winning associationsfor alarms.Exp.
C (1 L, 10T, 3 P): (e)winningassoc.for alarms.Exp.D (2 L, 5 T, 3 P): (d) winningassociations
in eachcreature.

environmentwherevisualcuesarenot alwaysavailable,aspredators,for instance,can
hidethemselvesin thevegetationto approachpreysunseen.Thiswasdoneby including
a probability of predatorsbeenactuallyseeneven if they arein the sensoryarea.We
thenplacedlearnerpreys thatrespondedto alarmsby just performingscanning(index-
ical response)andpreys that could respondto alarmsusingtheir learnedassociations
(symbolicresponse).Resultsshow that thesymbolicresponseto alarmprovidesadap-
tiveadvantage,asthenumberof attackssufferedis consistentlylower thanotherwise.

4 Conclusion

Herewe presenteda methodologyto simulatetheemergenceof symbolsthroughcom-
municative interactionsamongarti�cial creatures.We proposethatsymbolscanresult
from theoperationof simpleassociative learningmechanismsbetweenexternalstim-
uli. Experimentsshow that learnerpreys areableto establishthe correctassociations
betweenalarmsandpredators,afterexposedto vocalizationevents.Self-organizersare
alsoableto convergeto a commonrepertoire,even thoughtherewereno pre-de�ned
alarmassociationsto be learned.Symbolslearningandusealsoprovide adaptive ad-
vantageto creatureswhencomparedto indexical useof alarmcalls.

Althoughtherehave beenothersyntheticexperimentssimulatingthedevelopment
andevolutionof signsystems,e.g.[6,7], this work is the�rst to dealwith multipledis-



2000 4000 6000 8000 10000
0

0.2

0.4

0.6

0.8

1
 referent terrestrial predator

12
14
32
38
58
59

2000 4000 6000 8000 10000
0

0.2

0.4

0.6

0.8

1
 referent aerial predator

14
32
58
59

2000 4000 6000 8000 10000
0

0.2

0.4

0.6

0.8

1
referent ground predator

14
32
38
58
59

(a) (b) (c)

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0

0.2

0.4

0.6

0.8

1
 referent terrestrial predator (8 preys)

1
16
2
32
42
5
84
88
97

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0

0.2

0.4

0.6

0.8

1
referent aerial predator (8 preys)

1
16
2
29
34
42
5
71
84
88
97

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0

0.2

0.4

0.6

0.8

1
referent ground predator (8 preys)

1
16
29
42
5
88
97

(d) (e) (f)

Fig.4. Evolution of associationstrengthvaluesfor Self Organizers(meanvalue in the preys
population).Exp. A (4 self-organizers(S) and3 predators(P)): associationswith (a) terrestrial
predator, (b) aerialpredatorand(c) groundpredator. Exp.B (8 S,3 Ppredators):associationswith
(d) terrestrialpred.,(e)aerialpred.and(f) groundpred.
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Fig.5.Numberof attackssufferedby preysrespondingindexically or symbolicallyto alarms.We
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tributedagentsperformingautonomous(self-controlled)communicative interactions.
Differentfrom others,wedon't establishapre-de�ned'script' of whathappensin com-
municative acts,statinga sequenceof �x ed taskto be performedby onespeaker and
onehearer. In our work, creaturescanbespeakersand/orhearers,vocalizingandhear-
ing from many othersat thesametime, in varioussituations.
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