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A bstract

In this pgperwe use tedniques fran “arti. aal e’ inestigate the
roke of“intemal dod<s” in certain simple forms ofcogitian. Inthoseper
ate ssts of epearimants we hae evolhed papulatias of “arti..dal agan
isms” exhibiting “e¢ dertwandering’ and “detaur behaviar”. W e show
that in noel enviramats “aganisms’ with “intemal’ dods achieve
betier perfomance than aganisms with no ability o sase time. The
ardhitecture of these aganiams is signi. cantly simpler then altemative
madek of the same behavior: W e therefore sugesst that the use of”’in
temal sasas” an signi..catly simpify aogiitive tesks Tor biolkbgacal as
well a5 arti..dal agenisms.

1 Introductian

T he theme ofthis wakshap is time.  In this pgperwe will eamine the rok of
time ad the ability to messure imeg in cartain very simplke forms of animal
agition and bdaiar:

Itis vell knonn thatvirtually all animak passess “intermal dods” qperating
an avariety ofscaks - fran milissoods tomaihs areven years (Famer1985).
T hese dodss - sane of whose molbaular and genetic mednenisms have bean
identi..ed by recant researdh - regulaie a broed variety of behaviars and bady
rhyttms, fian skbp ad wakelulhess 1o reproduction and migation (¢ schoe
1981). Time ad ryttm are in shart; a basic aampaantofanimal biokgy.



Intemal dods modulie the dyramics of neurcaremitier aa bbilty in
thebrain (| caeetal, 1993 W ageretal 1997). Itis reesaeblk thaeke
10 assume that aogiition cean make use of cbdk datas H ere we use tednioues
fiom “A rti.gall i’ ( agian 199 7) o shovthat“arti. dal aganians” with
“intemal dod<s” are ebke 1o grerate gpparently amplex bdajiars using ex
tramely simplke neural medneniams which did not recpire the amplex “intermal
represeiatias’ pasited by allermative maodek of the same bdavior: T his sug
ossts that abiity 1O messure the passage of time is stragly adhentegos 1o
animak, geatly simplfing the agiitive and behaviaal tesks they are asked
1o perfam.

2 Twosmpk bdaiars

In aurepeiments we“‘evole’ “arti.. dal ageniams” exibiting thowell knonn
anmal bdhavias the abiity © “wandere¢ datly” (VW aler& Il idino 1999,
I iginoetal, 1995) and O“detour’ (W alker& Il idino1999b, Il igino etal
1998).

T he ..iIst behavior we examire is e¢C dent wanckering W hen amawse is
rekesed into an unBEmillar eMramant it “vandass” in what seams o be a
randan Bshion. “0 ptimal foragng theary” predicts honever; thatwandering
will be “eC dat’. o relksse the mause willl repidly visita lrge proportian
of te aa bbbk Eenitay Stphas etal 1986§. The massss bdavoris
in othervwads Ess random tten itssams. A rumber ofFegearmental studies
have supparted this hypothesis ¢ allistel 1990).

T he seaod behavianne eanireis the dbessical “detourprdblem”. W henan
animal sagks 1o readch Tood aramatie ittwill often ..nd an dostecke in thevay. In
these draumstanas teaonyvay itcan reedh s galis totake an indirectraute
invoving the Ioss ohvisual aontectwith the target T hisis “adetour”. D etours
have been damastiated in many animak indudingdiimpanzess (K celherd 25)
ad rats (Taman 193, Toman 1948). In the epaerimeant reparted here we
rieplicate the detour behavior ofFtno day od dnidss as doserved by R egolin et
alR egolinetal 1994).

3 T he epanmaits

Itis well knonn that marual madeling of aamplex behavias can be extranely
di¢ aultand dften adks to prgpcsak vwhidh are “untbiolgal’ intavar: Inaur
epaimats we axadd these di¢ aulty by ulsingasoalidt enetichd boritm
GA)HABENLY 751 itdelll)d 6 o“evohe” paoultians of ‘arti. dal orgen
isms”’ (see methods sactian) aordlled by A rti.dalll eurall etnoks (A NN S)
and displying the abi ity to perfam asettesk in aur . istsst ofFepaimatts
”e¢ dentwandering’,in the secod set adetaur:

B oth sets ofepearmants involhad the evolLition the evolition ofa papulatian
of 100 sudh “aganians”. A the begnning of the exarimait we generaiied



randaom genamnes Tareedch ageniam. A tthe end ofeech generation we messured
agenisms” ability to perfom the sst ek Eadh wes assessad in a rnumber
of dr erent ssttings. 1N the ase of wandering we usaed a “. tness functia”
which renarded aampEtaess and spesd of eploatian (see methads sectian).
In the cse of detour the . ness Tamulla renarded idbots whidh suaessully
seardhed Tor the targetand moved tonarcs it A tihe end ofthe testing proasss
the 20% of .. tiest agenisms were “sehded” Tor rproductian. Eadh of e
selected argenisms wWes macke o praduce e daes. D uning this procsss we
introducsd rendon “mutatias; bits in the ganane ware tipped fion 0 ©
1 orvice versawith a praoebi ity ofF 0.04 per bit/ geneyation (Wandering) and
0.02/biZ gereyatiaon (cetour). T he ocke of st iproductian and mutatian
Wss iterated respectinvely Tor @0 gereratias (Wandaring) and 360 greratias
(Cetaur).

Finally we dosernad the behaviarofargenisms ina“noelevirament” (see
methads sactian) whidh they hed notmetduring the evoluticnary procsss. T his
testmack it passibE 1o messure the rdoustness of evoled netnork an.gura
tias with respect to minardangss in tesk de..nition.

4 R esults

1N both sets ofeperiments we suaessilly evolhad aganisms cpab e ofadhievs
ing hich bwek of perfomance in noel emMrameants as well as in the gpad..c
settings where they had evolhed.

41 W anderrng

In aurwork an wandering behavior we amparaed the perfomance of argan
isms with and withaut “intermal dod<s”. T he resullls shoned that so lbbg as
agenisms were tsted in the same eviramaitwhere they hed evolhed they
athiexed simibar ek of . tness - whether or not they passessed an intermal
cbdk Innoelaevirmamants, an the otherhand arganisms with intermal clods
autperfomed ageniams withaut dods (sse Figare 1).

A N eamination of the trajecitrvies olloned by these tho diesses of argan
ism helps o epln thee resulls.  Figure 2 shons a pical trajectary Toran
agenism with nointermal codk T his strategy is hichly edepted tothe sped..c
envirameaitvwhere the aganism hes evobhed. T he dameter ofthe sami-ardes
and the lbbgth oftte ine segnatts in the tigjectory are perectly adepted to o
the el size uisad Tarevalation pupcsss. T he essy 1O desaibe eMiramentt
dependant strateges evolhad by aganisms with no internal dodk may be am-
pared with the mare amplex beéhaiar produced by aganisns whidh are ebke
10 tEe acountoftime input(see Fgure 3). In earimeants with these agen
isms we doserg &6 in the pravias a2 that the aganism tums an mesting
an dostecke. 1t gppears honever thatitakbko twirs (atan doligue angke) an re
aavinginputfian its intemal dodk 1N many Geses the rdootwi ll then traaarse
the ..eld box Tdllbbning a aurved trgjectory Whidh maxdmizes the numberofaelb
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Foue2: W andaring in a redangular“qpen ..eld bax’: trgjectaries olloned by
rdbots with no “intermal dods”



Figue3 E¢ dency ohwandering in rdoots, with and withaut““internal dods”

visited en raute T he ability 1 pericdclly dhange directian is indgpedant of
the extermal eMramatwhare the rdoothes evolved.
Camparingagenisms with and without“intermal dods” itmay be doserved
that in the absaae of any other saure of input the Tomer hae necssar
ily adgpted 1O the spad..c eMrameats where ey evobad. T he Btier;, an
the other hand have aoasss 1o a saurce ofinput (the “intermal dod<s”) whose
dharacteristics are indgpendat of the extermal emMiramant T his epErrs the
superior perfomance of“doded” aganiams in uneEmillaraMaments.

42 Detouwr

In the e of detour behaviarsystams withautintemal dods ampketely ikd
10 grerake e ective detours; with intermal dods they behaved in vways vhidh
were statistically indistinguishebe fran the behaviar ofthe tho day dd dhids
wad byRegdinetal Regolin etal 1994) in tarepaimaits (V aker&
I igino1999). H ere again an eanination of rajectaries (see Figue 4) Gssts
igitan the vay in whidh a“sanse ofFtime’ can assistbehaviar:

In dic ererit smublAtias Kok evohed dicerait straleges. W e hae not
a8 yet pafomead a detald analysis of these stratleges ar of the undarving
amputatiaal medienisms. 1N gneral honever they gpopear to be based an
simpk ruks, oreampke (sse Figare 4):

1) Main: Move forward turning first clockwise (slowly) and then
anti-clockwise (more rapidly).

2) Taxis: On visual contact with target turn sharply towards the
target. Return to Main

3) Wall following: |If left proximity sensors active turn right.
If right sensors active turn left. Move forwards until obstacle out
of view. Return to Main

@) - an essattial conpaaitin the oerall stategy - requires a sase of



Fgured: D etaur bdhaviar: trajectries Tollbaed by a typical rdootin the Tour
traningeMraomats. L eged Small drdes terminal pants for trajedories
(fwithin ..eld bod). | arge drde targetarea renardd by . tness fTunctian

“ime’. W hen the rdootis a bhgway fran any dostacke it recives no extermal
stimull. Itis only the inputfian it “intemal dods” whidh allons itto madify
is bdhaia; actively epling the emvramaitiornewvstimul. T he ambina
tion ofeplyatian ad taxds, whidh these sasaris make passible ripresants an
e¢ dent strategy Tor mo/ing tonards the taxget even when itis often autsice
the ameara’s ..eld ohvision.

5 Disassianadadisias

Ckssial madek of animal behaviar make no eplidt Bene o time. For
the behaiaist animal behaviaris a smple function of the stimull the animal
reEives fran the autsice warld (VW atsan 19 25). Sdhematically.

@O B=fC)

whereB is thebaeaviarad S asetofFextermal stimul.

T his is the bdaviorwe dosere in “arti. dal agenisms” with no intermal
cobdk Ifthe eeMramentis stebk “arti..dal evolutiat” can adchieve impressive
resulls, s In aur eaimatts with wandaring in a milareMramant 0 p
timal behaiarin ae eMrament may honever be severely subgotimal in a
another: 0 ureperiments showv thatan agenism may evole a hichly en ective
strategy Tor wandering in an gpen ...ed box of ae partiaular shepe; a anall
dhance in the messuremeants of the box is enaugh honever to ampkeiely inal
idate the strategy.  Far anyane wWho hes dosernved the ebsstiaty of realhworld
animal bdavior such a repid dagradatian of performance seams biolgcally
unrealistic

I odam aognitive sdence reaagnizes thatin reality animal behavioris mae



then asmpk respase to extiarmal stimulk. || any behaviars are besteplanad
by pasiting the exstence of “intermal represatatias”’.  Sdematizing ecair

@ Be=fCGuRO
Re=0Ctit R ti1)

whereB ;S tadR  stend TorB enamviar; Stimull and | ntermal represantatias
attime tT hee are the equatias Tora“..nite stake automatan”.

I any cognitive sdatists arge thatnavigatianal ski Ik (sudh as those nesded
Toret dantwandering ordetours) recu re the presance of “topagrephical megps”
(Taman 193, Tolman 1948, ¢ allisel 1990), perhges impkEmertted via “plece
c&lE’ within the animals brain 0 ” Keske & | adel 19 78). In aur onn exen-
mats, antheotherhand “topagephicalmegps” ar“‘plae celE” are exduded by
design; the netnark ardhitecture hes No “hidden neuras”’; there is No locatian
where plece information aauld be represaied; the anly inputs reaaived by the
autput neuras are those fran the sensars and the intermal dods. [nshart

® B =fC:T)

whare T is the autput fran an “intermal dodk’- a caunterwhich aounts uwp
1O a artain numberand o/dkes badk tozera

W eprog inotherwads, thatvery simple “arti..dal agenians” with inter-
nal dods éan perfom et dattwandering and simple detours without resart to
intemal represatiatias. T his does not demastrate that bioldgal agenisms
do ot pessess ar use sudh ripresentatias;  this is a hidhly antroarsial issue
Baetr1)I6Burgess 1997, ¢ alisel 1990, 0 Kese ad | acel 19 78, Toman
1930, Toman1948 ). W hatitdoes showis that the use oftime datacan sigi ¥
icantly smplify a rumber of agiitive tesks.T haere are many draumstanacss in
whidh itis uselul to dange bdhaiar one a cartain time hes passed - even in
the absence dFexdiermal stimul. ¢ iven thatalll animak passess intermal dods
itwaould be surprising ifevolution hed a ld o epldtthem Toragiitive pur
posss. Itsaans vary likely that “dang itwith hyttm” makes e simpler for
biolgcal as well ss arti..dal agenians.

6 I ethods
Gl i rti.dal agenisms

T he arti..dal organisms used in aur eerimants were softnare simulatias (I igino
etal 199§ ofthe wellknonn Khepera oot (| axdada etal, 199 3). Inputto the
rdbotcame fran 8 infrared proxdmity sersars, 4 sarsars inked toa Iineanvideo camera
and 3 “time sersars’. P riadmity sansars hae a sarsary ..ed of20F and are sarsitive
1O dostacks within 3 an of the sarsar:. 0 utput (betneen 0 and 1) is a aotinuaus,

deaessing Tunction of distance to the dostacke. T he video amerahes a..eld ofvisian
of 36~ Eadh sasars praducss an autput ofl ifthe carter of the tarcet ies within its
onn 9 = eld ofvision. T he autputvales of the thiree time sarsars were initially set
10 zerq inaessing respectively by 0.01, 0.02 and 0.03 an each o/ce of amputation.

W hen asasorvale readhed 1 itwes resst to zaro. T he motor gpparatus axsisted



ofa Eft ad a rigitwheel driven by stepping motors whidh can mowve both fornarcs
and badanarcs. T he motorgpparatLs wes aatroled by and rti.dalll eurall etnork
¢ V) with input neurans iepresaniing the state of the sarsars and autput neuras
aoroling the stepping motars. A number of dic erent ardhitectures were tested.
T he architecture .. nallly dhosen wes based an asimpEP eragptran (Il insky & P gppert
1988) inwhich all sa/sars have a directaanectian o the tho autputunits. BEvolutian
ilnohed “mutatias” in aanectian stregths. T he genane ofthe aganism aasisted
ofa ssquence ofbinary aoded numbers 8 bits pernumber) represanting the strangtis
ofindividual comectias.

&2 Simultion eviramets
&.1 W adering

R doots weare tested four times in a rectangular 90 an by 40 an box and four imes
inasguare @ an by @ an ba< 0 n each st the Koot started with a randanly
dhasen pasition and arattatian. For messuremant purpasss the terrain wes diviced
inosouare 10 an by 10 an celk. Each tsstaasisted of 1,000 o/des ofF aomputatian.

.2 Detour

Each evimmaittaxsisted ofan gpen ..ed with no extermal e In the .. 1Isterm-
ramerttherewvss nodostack betineen the ridbotand the target. T hessaod, thidand
Turth emvrameantts sebcted or actual detaur behaviar: In the second eeviramentt
the targetwas plaaed behind a inear dostecke 80 an g In the third evrameant
Kheperawss plaed irsidean 10* 80 an conridor: T he fourth enviramentused a40* 70
an U -shaped dostacke (see Figure 4). 0 bstackss were 3 an high and ofnegligb e thid<
ness; the targetwes 12 an hidh. Itbllons thatin the “evalliation ssssias” the rdoot
wes alnays abke o “s=2” the target even when the path 1o the targetwes dostructed
by an dosteck. T he evalatiaon testwes repesated . \e times Toreech emMiramatit A t
the begnning ofeach o/ce the rdbotwas placed in a randam ly dhasen pasitian 9 0 an
fian the target T he heedingwes dhosen randam by fiam a uniform  distributian.

G3 Fites fuctias
&3.1 W adering

fit=nelb+ (Cydes j g/cesT & anpEia)

W here

Titis the .. thess attributed 1O the Ibot

C elk is the number ofdir erat celk touded by the rdbotduring eplraittn

C ydks is the duration of the eplration (in o/cks)

ad

o/clesT C anpEiian is the number of o/des traversed before the oot hes
tudedeary Ellinthebox (1Fthe ridbotrnevertoudnes all the el o/clesT C anplEtian
is assigned the same \alle as IC yckes)



&3.2 Detour

0 n eexh o/ce of caamputatian, Tor eech argenism the systam aomputess the ollbbning
function

IF (“sameinfiared sasar” > 0 && od pasitian >< new_ pasitian) .. tness + +

IF (“sameinfrared sasor” > 0 && o pasition = new pasian) .. thess —

IF (distencel of argee 15 an.) . tess+ = 10

T he..sttnocampanaTts in the .. thess Tomulhare designed o encourage dostecke
addanas; the st aampanat renarcs the ridbotwhen it gpproadied the target

HA | oel evirametts

4.1 W andering

T he noel eviramentaasisted ofFa 120 an by 90 an baxwhich the agaenisms hed
notenaountered during the evoluticnary process. 4 s in the t&sts of . thess during the
aevoliticnary proesss eech rdbotwes tested fram 4 dic eratstarting pcsitias. ( iven
the lrgersize ofthe newvaviramentthe numberofcomputatian o/dkes wes inaessed
10 3000.

4.2 Detour

Starting
position ’ ® Target

B/ \n

Foures:

T he orgenisms were tested in a aamputer rieplica ofFan experimeantal setting used
by R egolin etal to demastrate detour behavior in tho day old dhidks.  (see Figure
5)

T he arganisms are pleced in a“cagg’ divided in tnho by a barrier: T he partofthe
e an the other side of the banier aattains a coridar: 0 n the end of the comidaor
fdng the target there is awindovw thraugh which the arganisms can “seg” the target
0 n eexh sice of the conidor there are gpertures keding iINto tho ampartmatts, ae
fdng the tarcet, and ae fang in the qoposite directian. T he thwo acompartmants



fdng the target are Ebeled C and D .; the 0 aompartmeants fdng in the other
direction are Bbeled 4 ad B . 4 tthe begnning of eech st the aganism is placed
in the conidor cose 1O the bamrier and alboned to vwander fieely. T he systam recorcs
the .. rstampartment the aganism atiers and the time ittakes O reach it T hetsst
is halted after &0 o/des ofF computatian.
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