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Abstract

The development of communication in a pop-
ulation of agents is viewed as the ehavio of a
d namical s stem dete ministic communica-
tion s stem is shown e pe imentall to have point
att acto sthat co espond to pe fect communica-
tion oweve the dete minism e ui ed fo the
p esence of point att acto s impedes the develop-
ment of communication  co esponding att ac-
to t pe fo the stochastic s stem is de ned and
the e istence of these att acto s in a stochastic
ve sion of the s stem is demonst ated

ntrod ction

The development of communication in a population of
agents can e viewed as the ehavio of a d namical
S stem see eg  teels ashimoto ee
an anal sis ased on this viewpoint is pe fo med t is
demonst ated pe tu ation e pe iments that a de-
te ministic communication s stem has point att acto s
that co espond to pe fect communication oweve the
dete minism that is e ui ed to satisf the conditions
of att acto hood hinde s the spontaneous development
of communication The stochastic s stem is p efe a le
in this espect and has points pla ing the same ole
as the att acto s in the dete ministic s stem  oweve
the concept of an att acto has no mathematicall igid
e uivalent in stochastic s stems The efo e a modi -
cation of the de nition of a point att acto is used to
anal e the ehavio of the pa ticula stochastic s stem
at hand The stochastic ve sion of the s stem is shown to
have att acto s satisf ing this de nition and to develop
communication mo e elia 1 than the dete ministics s-
tem
ection ie  desc i es the algo ithm used in-
dividual agents to adapt thei communicative ehavio
a p ocess of self-o gani ation the local adaptations
de ned  this algo ithm lead to a glo all cohe ents s-
tem of communication nsection ad namicals stem
model of the dete ministic s stem is developed ection
e pe imentall investigates the p esence of att acto s

in this s stem The investigation of att acto s in the
stochastic ve sion of the s stem is desc i ed in section

inall section concludes
. eDeeo ento o nication
n this section an algo ithm will e ie desci ed

that when used  individual agents leads f om an ini-
tiall andom situation to a state whe e agents efe to
the situations in thei envi onment with the same wo ds

The stochastic algo ithm is a slightl adapted ve sion of
that int oduced in e ong and is desc i ed in
m h  thesis e ong e e the ehavio

of the stochastic s stem is anal ed elating it to a
dete ministic ve sion

ach agent has a set of These meanings ep-
esent situations in the envi onment that a e impo tant
to distinguish and the cu ent meaning can e dete -
mined di ectl f om senso data The have een de-
veloped an autonomous concept fo mation method
see e ong and ma in p inciple di e fom
agent to agent e e howeve the conditions of the
e pe iments have een chosen such that all agents de-
velop ideal conceptual s stems and ecause of this the
concepts of the di e ent agents a e identical o each
meaning an agent has a set of etween some
wo d and the meaning The set of wo ds is open and
dete mined  the wo ds that the agent has eceived in
a situation ep esented  that meaning n association
etween a meaning and a wod  consists of a
component and a component
oth eal valued num e s The total st ength of
the association is a weighted sum of its use and success
components inall fo each wo d associated with
a meaning  an estimate of the conditional p o a ilit
is maintained

t each time step afte eceiving senso info mation an
agent dete mines its meaning that co esponds to the
senso data t then selects a wo d f om the set of wo ds
associated with this meaning ased on the association



st engths n the dete ministic ve sion of the s stem the
agent selects the wo d with the highest association n
the stochastic ve sion it uses the olt mann dist i ution
to choose a wo d

whe e is the num e of wo ds associated with the
cu ent meaning and is the tempe atu e of the dis-
t i ution ow tempe atu es favo st ongl associated
wo ds  igh tempe atu es encou age e plo ation up to
the point whe e in the limit the elements a e e uip o -
ale

hen the agents have p oduced a signal the eceive
the wo ds p oduced  all of the agents  iven this new
info mation the ma decide that thei senso ased sit-
uation dete mination was unli el o sta with thei ini-
tial dete mination ased on the action value estimates
of the chosen situation an action is selected n the

st signal ased case the ewa d following the action is
compa ed against this estimate f the ewa d confo ms
with the e pectation the signal ased situation dete -
mination is deemed co ect and the component
of the association with the most often eceived wo d is
inc eased and those of the associations with othe wo ds
a e dec eased othe wise it is dec eased Thus no feed-

ac evaluating p oduction ehavio is given and the
feed ac evaluating wo dinte p etation is dete mined
the agent itself ased on its own impe fect info mation

ence it does not e ect whethe the agent inte p eted
the wo d co ectl 1ie acco ding to its use  the pop-
ulation ut onl whethe the association to

e co ect u the mo e independent of the situation
dete mination the values of the associations with
wo ds that we e eceived a e inc eased and the use val-
ues of the othe wo ds associated with the situation a e
dec eased

. ang age as D na ics

n this pape the d namical s stems pe spective on
language is ought to ea the tools of the domain
will e used to anal e a s stem of agents that adapt
thei communication ehavio The app oach of us-
ing concepts f om d namical s stems theo has p oven
f uitful efo e in othe language lea ning and develop-
ment wo n ollac fo e ample language
induction was found to co espond to a phase t ansi-
tion in the weights of a lea ning netwo The d -
namical s stems pe spective has also een found use-
ful in othe a eas of adaptive ehavio esea ch see
ee otand an elde

The communicative ehavio of the agents is gove ned
thei inte nal state in pa ticula the associations
etween wo ds and meanings of each agent The whole
of the associations of all agents the efo e dete mines the
language spo en the agents This language is not
static ut continuousl va ies as a esult of inte action
etween the agents These d namics will e studied
viewing the whole of associations as a d namical s stem
The va ia les of this s stem a e association st engths
etween a meaning and a wo d fo some agent The in-
te p etation ehavio gove ned  estimates of the con-
ditional p o a ilities will not e ega ded he e
ince the p oduction ehavio al ead dete mines the
optimal inte p etation ehavio the e t a info mation
these va ia les would ield is not e pected to weigh up
to the la ge inc ease of the state space this would involve
The e a e fou situations that need to e distinguished
the agents in the envi onment and the envi onment
contains ve agents n the ideal case each of these fou
concepts has a single wo d st ongl associated to it in
which case the e a e at least fou wo ds nthe eginning
of the e pe iment most ut not necessa il all wo ds will
e used at least a few times in each situation due to e -
plo ation and the andom initiali ation ot all possi le
associations necessa il e ist in p actice howeve the
do The efo e the anal sis will conside all com ina-
tions of meanings and wo ds fo all agents as va ia les
esulting in a d namical s stem with at least agents
meanings wo ds dimensions  epending on
the p oduction ehavio of the agents e t a wo ds ma
e int oduced in which case the dimensionalit of the
s stem inc eases
. Attractors in t e Deter inistic ase
t will e investigated whethe the dete ministic s stem
of communication has att acto sthat co espond to pe -
fect communication

point att acto is a point whe e all neigh o ing t a-
ecto ies a e di ected towa ds the ed point wuch a
point att acts the s stem to itself f om some neigh o -
hood This neigh o hood is called the

lthough the info mal de nition of att acto s ma seem

uite clea the e is no consensus a out a fo mal de -
nition fo att acto n t ogat an att acto is
de ned as a closed set fo which the following condi-
tions hold

is an an t aecto that sta tsin

sta s in it fo all time

This
means that  att acts all t a ecto ies that sta t suf-
cientl close to it The la gest neigh o hood fo



which this is t ue is called the of

is the e is no p ope su set of  that

satis es conditions and

mathematical p oof of the e istence of att acto s
co esponding to pe fect communication can e found
inm h thesis e ong n the following an
e pe imental investigation will e p esented

The o ective of this investigation is to test the h poth-
esis that the communication s stem has att acto s that
co espond to pe fect communication The a ove de -
nition p ovides a wa to pe fo m this test if conditions

and hold in points whe e communication is pe fect
then the h pothesis can e con med The thi d condi-
tion is t ivial fo point att acto s since a single point has
no p ope su sets

The st step is to identif the points in phase space
whe e communication is pe fect ince all va ia les ta e
values in the inte val the phase space has the shape
of an -dimensionalh pe -cu e see g f communica-
tion is pe fect the wo d that is most st ongl associated
must e di e ent fo each meaning 1so these associa-
tions must e the same fo eve agent The most sta le
con gu ations satisf ing these conditions a e co ne s of
the phase space h pe -cu e whe e the st ong associa-
tions a e ma imal and the wea associations mini-
mal These co ne sa eh pothesi ed to e att acto s

ote that these conditions select a ve  small f action of
the co ne s in the vast ma o it of the co ne s the con-
ditions a e violated eg ecause fo some agent seve al
wo ds a e st ongl associated with one meaning o vice
ve sa o ecause co esponding meanings of di e ent
agents a e associated with di e ent wo ds  onc etel
while the num e of co ne sin the -dimensional space
is ast onomical onl of these
com ine each of the fou meanings with the same uni ue
wo d fo all ve agents

n the e pe iments the st two conditions can e

tested e amining the distance to the nea est att ac-
to iven the a ove anal sis of the location of at-
t acto s a st aightfo wa d wa to o tain this value is
to calculate the distance to the nea est co ne of the
h pe -cu e ince not all co ne s a e h pothesi ed at-
t acto s com ining this distance with an indicato that
sa s whethe the co ne is a h pothesi ed att acto al-
lows us to monito the conve gence to h pothesi ed at-
t acto s e pe imentall

The condition that the s stems should tend towa ds at-
t acto s has to hold within a neigh o hood a ound these

att acto s Thus it is necessa to de ne neigh o hoods
a ound the att acto s within which the movement of
the s stem is to e monito ed e e these neigh o -
hoods will e dete mined as a egion cente ed a ound
each att acto whe e the distance to the att acto is e-
low a th eshold see gu e This de nition ields an
n-dimensional h pe -sphe e with a adius e ual to this
th eshold The gu e illust ates this fo the th ee di-
mensional case

n this section e pe iments a e epo ted that investigate
the two conditions of the att acto de nition e istence
of an open set of initial conditions and inva iance

The second condition fo att acto hood states that an
att acto must have a neigh o hood such that wheneve
the initial condition of the s stem falls within this neigh-

0 hood the distance to the att acto must tend to e o

see gu e This su section sta ts with a desc iption
of the e pe imental p ocedu e to investigate this which
is ased on pe tu ations and p esents the esults of the
e pe iments

pe tu ation he e
signi es that the s stem is ta en out of its cu ent state
and moved to a andom point within a distance of the
nea est co ne of the h pe -cu e that contains the phase
space see g That is its new state is a andom
point within the h pe -sphe e with adius and the co -
ne as its cente ost of the co ne s do not ep esent
successful s stems of communication oweve if the
co ne co esponds to good communication and is a h -
pothesi ed att acto the distance of the s stem s state to



this h pothesi ed att acto is monito ed ove time The

uestion that is then investigated is whethe this dis-
tance tendsto eo s ema ed a ove inte p etation
info mation is not ep esented in the phase space 1l
inte p etation info mation sto ed the agents is eset
du ing a pe tu ation thus ende ing the state elated
to inte p etation neut al

Neighborhood of the Attractor

n the e pe -
iments a pe tu ation is pe fo med eve time
steps sta ting at time step The st uestion

to e as ed is whethe the dete ministic s stem moves

towa ds a state of good communication f this is the

case the second condition of the att acto de nition can
e tested
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igu e at each point in time shows the distance of
the state of the communication s stem to the nea est
co ne of the afo ementioned h pe -cu e The top left
g aph shows the complete time se ies  pa t f om the
distance two othe lines a e plotted and
idelit measu esthe ualit of communication and
is calculated as the ave age p o a ilit that a concept
encoded into a wo d  one agent will ield that same
concept when the wo d is decoded  anothe agent
is an indicato function that tells whethe the

s stem is in the neigh o hood of a h pothesi ed att ac-
to tis ina and ta es the value of one when the
s stem is within a h pe -sphe e with adius of a
co ne of theh pe -cu ethat ep esents an ideal s stem
of communication

n gue itisseen that du ing an initial pe iod un-
til a ound time step the e a e onl small changes
in the distance  ote that the co ne to which the dis-
tance is calculated ma change du ing this pe iod since
the location of the s stem in phase space eeps chang-
ing Then the s stem sta ts moving towa ds a pa ticula
co ne

The dec ease of the distance to the co ne issteep and
co esponds to a isein delit fte time steps
the delit measu e e uals one which implies that the
s stem is moving towa ds a co ne with ideal communi-
cation The neigh o hood of this co ne is not ente ed
until ust afte time step see indicato  when the
distance to has d opped elow

n optical inspection of the g aph appea s to show

that the distance uic 1 d opsto e o oweve since
updates move the association st engths eoo
one these values can neve e eached completel and
hence the distance will neve actuall eo
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igu e showsat pical e ample of a un whe e accu-
ate communication did not develop spontaneousl The
distance to a co ne also d ops su stantiall in the e-
ginning ut not as fa asin the p evious case Then in-
stead of conve ging e ponentiall to the co ne it eeps
va ing at an inte mediate level s the g aph shows
the delit of communication du ing this pe iod is onl
t time step the st pe tu ation ta es
place The s stem is moved to a andom location within
distance of the closest co ne visi le as a uic

d op in the distance value = oweve this closest co ne
does not co espond to good communication This can
e seen f om the fact that the delit measu e does not
immediatel ise to one nspection evealed that wo ds
did not alwa s uni uel identif a meaning ut we e



sometimes associated with seve al meanings This is the
esult of the dete ministic selection mechanism that gov-
e ns wo d p oduction if one wo d happens to e slightl
st onge associated to seve al meanings at one point
man agents the agents continue to use this wo d fo
these meanings esulting in a so t of deadloc that can
onl e esolved petu ing the s stem to othe e-
gions of the state space

The e pe iments a ove illust ated two wa s fo

the s stem to each co ne s of the h pe -cu e whe e
communication is ideal spontaneousl o as the esult
of a pe tu ation n all of the ten uns the s stem a -
ived at such a co ne afte one o two pe tu ations o
in fou of the cases without e ui ing an pe tu ation
at all This situation ena les us to investigate the second
condition of the att acto de nition

n the following e pe iment the h pothesi ed att ac-
to s found using the p ocedu e desc i ed a ove a e used
as sta ting points nea to which the pe tu ations will
place the s stem The evolution of the distance to this
h pothesi ed att acto is then monito ed ove time o
the h pothesi ed att acto to e a eal att acto this
distance must tend to e o n this e pe imental inves-
tigation this c ite ion is e amined in two wa s
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i st the evolution of the distance to the h pothesi ed

att acto afte the pe tu ations is inspected visuall
igu e shows this evolution fo the pe tu ations of
the st un of thee pe iment ve time steps
thes stemispe tu ed These events a e seen as sudden
inc eases in the distance in the g aph with values that

can va etween e o and the ounda of the
h pe -sphe e that has een selected as a neigh o hood
within which conve gence is tested fte eve single

pe tu ation in all of the uns the s stem eacted with
a steep descent towa ds the h pothesi ed att acto
econd it has een investigated whethe the descents
towa ds the att acto s a e monotonic  calculating the
di e ences etween eve pai of su se uent distances

descent is monotonic if at eve  time step the distance
to the att acto eithe dec eases 0 emains at the same
level f all descents a e monotonic this is an
that the distance to the att acto tends to e o This
e amination showed that afte eve single pe tu ation
in all of the uns the distance to the att acto dec eased
monotonicall

n summa  all of the h pothesi ed att acto s that
we e encounte ed had the p ope t that the s stem
when having its initial condition in a neigh o hood of
this att acto tends to move towa ds the att acto
which concludes the e pe imental investigation of the
second condition of the att acto de nition

The nal pa t of the e pe imental evidence e ui ed to
investigate the p esence of att acto s is the condition
that att acto s must e inva iant sets an t a ecto
that sta tsin sta sin fo all time This uestion has
een e amined fo all of the att acto s that we e found
in the pe tu ation e pe iment The p ocedu e was as
follows t the end of each of the pe tu ation e pe i-
ments desc i ed in the p evious su section at time step
the s stem is alwa s at close distance to a h -
pothesi ed att acto ince the stochastic update ule
neve eall conve ges to e ual the goal value this dis-
tance willneve e e o savethee t emel unli el case
whe e the initial state of the s stem happens to e an at-
t acto t time step then the s stem is moved
to the location of the h pothesi ed att acto u se-
uentl the e pe iment is continued as usual without
an pe tu ations fthe location of the s stem in phase
space emains e actl e ual fo asu stantial num e of
steps this is e pe imental evidence that the h pothe-
si ed att acto is an inva iant set n all uns of the e -
pe iment the s stem maintained a e o distance to the
h pothesi ed att acto afte time step Thus
the e pe imental evidence also satis es the e ui ement
of inva iance in the de nition of an att acto
igu e shows the distance to the att acto ove time
in units of pa t f om the evolution of this dis-
tance efo e time step the onl event that is vis-
i le is the pe tu ation onto the att acto om time
step on the s stem has a e o distance to the
h pothesi ed att acto  nspection of the data showed
that the distances do indeed e ual eo ie thee ae
no uctuations at a scale that escapes visual detection
This esult was identical fo all of the uns

. e toc astic ste

ofa it has een demonst ated e pe imentall that the
h pothesi ed att acto s of the dete ministic s stem a e
indeed att acto s nitself this esult is of limited inte -
est since the selection of wo ds ta es the wo d with the
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highest association value the communicative ehavio
does not change once the s stem is within an att acto
neigh o hood The value of this anal sis is in its po-
tential to shed light on the ehavio of the
s stem This s stem is almost identical to the dete -
ministic s stem with the impo tant di e ence that as-
sociation st engths a e not used in a solute compa ison
du ing wo d selection ut as weighted elativep o a ili-
ties seee n the stochastic s stem communication
develops mo e consistent] and fo a wide ange of pa-
amete s ue to the stochastic natu e of the s stem
the de nition of att acto s cannot e used oweve it
will e shown he e that the stochastic s stem does have
points that pla a ve simila ole to that of the point
att acto s in the dete ministic s stem n section
de ne a modi ed concept of att acto s that can e used
in the stochastic s stem and using the same e pe imen-
tal p ocedu e as efo e demonst ate that the stochastic
s stem contains such att acto s

The imp oved development of communication in the
stochastic s stem can e seen f om g The g aph
shows that fo the stochastic s stem ight the devel-
opment of communication is conse uentl o se ved ove

the whole ange of pa amete values that has een e -
amined nl fo the ve lowest value of is the
ave age delit su stantiall lowe thanone o thispa-

amete setting one of the ten uns eached a delit of
while the delit of the othe nine uns all e ceeded

o the dete ministic s stem on the othe hand

left the ave age delit e ceeded  inonl one of the
e pe iments n summa these e pe iments show that
in the s stem of communication unde stud stochas-
ticit is a useful cha acte istic of the s stem that has a
positive in uence on the development of communication

The va ia les of the dete ministic s stem we e associa-
tion st engths etween meanings and wo ds ince com-
municative ehavio does not change as long as the wo d

Fidelity
Fidelity

L 1 1 1 J

10000 20000 30000 40000 50000
Timesteps

0 0
0 10000 20000 30000 40000 50000 0
Timesteps

which has the highest association st ength emains the
same fo each situation this ields mo e info mation
a out the s stem than the p oduction p o a ilities n
the stochastic s stem howeve changes in the magni-
tudes of the association st engths do in uence commu-
nicative ehavio when the s stem is in the neigh o -
hood of an att acto The efo e the p oduction p o -
a ilities will e used as the va ia les dete mining the
state of the stochastic s stem
o the stochastic s stem the distance to an att ac-
to will alwa s continue to uctuate due to the stochas-
tic wo d selection mechanism and does not necessa il
conve ge to e o f om some neigh o hood of initial con-
ditions  oweve it ma well e the case that such a
s stem is att acted a point wuic 1 moves towa ds it
and sta s within a small of the point e e
the condition that the s stem should move towa ds the
point will e eplaced  the condition that the s stem
should move towa ds a h pe -sphe e a ound the point
nalogousl instead of e ui ing the s stem to emain
inside the point att acto when it is placed the e thes s-
temis e ui ed to emain inside the h pe -sphe e a ound
the point The conditions a e not st ict athe the de-
g ee to which the a e satis ed dete mines to what e -
tent such points can e compa ed to point att acto sin a
dete ministic s stem Thus the de nition is int oduced
to anal e the ehavio of the s stem unde investiga-
tion ut p ovides no fo mal igidit
To test whethe a point satis es these new att acto
conditions tests analogous to that of section ma e
ca ied out the s stem should when placed within a
la ge neigh o hood of the att acto with high p o a-
ilit move into the smalle neigh o hood dete mining
the att acto and it should once within this neigh o -
hood with high p o a ilit emain within it see gu e
f these two conditions hold the small neigh o hood
ma e viewed as an att acto and will e called such
in the following
o0 pa amete values and the distances of
the individual uns sta well elow once conve ged
The efo e this value will e used as the adius de n-
ing the att acto s of the stochastic s stem n the fol-
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lowing e pe iments a value of will e selected fo

the pa amete since the
s stem eaches low distances ea liest fo this pa ame-
te value pe tu ation is pe fo med putting the
s stem outside the neigh o hood dete mined  the at-
t acto  ut within ala ge neigh o hood of the cente of
the att acto o the adius of thisla ge h pe -sphe e

avalueof will eused Thus thee pe iments should
test whethe the s stem when within a adius of of
the cente of the att acto moves into the att acto  a-
dius and whethe the s stem once within this
adius of emains the e These two conditions a e
the counte pa ts fo the stochastic s stem of conditions
one and two of the dete ministic att acto de nition
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igu e shows a un of the st pe tu ation e pe -
iment t time step the distance of the s stem
st d ops elow ntil time step the dis-

tance to the cente of the att acto continues to va
ut does not e ceed ie s stem emains within the
att acto  ta ting with time step and epeated
at eve multiple of time steps a pe tu ation is
pe fo med The s stem is moved to a location outside
the att acto  ut within a neigh o hood with adius
s the g aph shows fo one of the uns the s stem

uic 1 ecove s f om each pe tu ation and e-ente s
the att acto within seve al hund eds of time steps The
g aph is t pical fo the ten uns

s has een e plained the stochastic natu e of the
s stem implies that sometimes the ehavio will di e
f om what is gene all o se ved This was indeed o -
se ved on one occasion du ing the ten uns n that
case the s stem did not immediatel e-ente the at-
t acto afte a pe tu ation ut st moved outside the
neigh o hood of the att acto  oweve  efo e the ne t
pe tu ation the s stem had e-ente ed the neigh o -
hood of the att acto again
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igu e  shows a un of the second pe tu ation e -
pe iment whe e the s stem is moved to a andom lo-
cation the att acto fte eve pe tu ation in
eve un the s stem emained in the att acto with
again one e ception whe e the s stem tempo a il es-
caped f om the att acto  ut afte time steps long
efo e the ne t pe tu ation it had e-ente ed the at-
t acto again
Togethe the two pe tu ation e pe iments that we e
desc i ed a e an e pe imental demonst ation of the h -
pothesis that the stochastic s stem has att acto s that
co espond to pe fect s stems of communication

. onc sions

The development of communication has een anal ed
f om a d namical s stems pe spective t was demon-
st ated that a dete ministic communication s stem has
point att acto s that co espond to pe fect communica-
tion The dete minism of that s stem impedes the spon-
taneous development of communication howeve ve

simila, stochastics stemisp efe a lein this espect ut
point att acto s e ui e dete minism and could not e
p esent oweve thep esence of points with a ve sim-
ila  ole was suspected This h pothesis has een tested
e pe imentall pe fo ming pe tu ation e pe iments



simila to those used fo demonst ating the p esence of teels The s nthetic modeling of language
point att acto s in the dete ministic s stem The out- o igins
come of the e pe iments was that the stochastic s stem

has att acto s de ned analogous to point att acto s ut t ogat ) o
suited fo the stochastic s stem that co espond to pe - _ ddison- esle  u lishing  ompan
fect communication eading

The signi cance of this wo is twofold i st it esta -
lishes that the association update algo ithm fo individ-
ual agents esults in att acto s fo the population that
co espond to pe fect communication t the same time
howeve the esults have a much oade scope even
if speculative the suggest an e planation of how la ge
populations of animals and humans ma come to use
the same wo ds in simila, situations an astonishing feat
given the huge space of possi ilities and lac of cent al
cont ol That e planation is that once ce tain egions of
this immense association space a e ente ed inte actions

etween individuals a e such that the population as a
whole is d awn towa ds using wo ds the same wa

. Ac now edge ents

The autho would li e to than h istophe on-
newin el and e et aege fo impo tant suggestions
and wuc teels fo invalua le di ections and p oviding
an e cellent envi onment fo esea ch
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