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1 Introduction

A special kind of language change, not centrally studied in historical linguistics, is language grow
ro this change fro as aller syste or perhapse en fro nothing to a larger syste ra
atical gro th can occur y addition of le ical ite s or, perhaps ore interestingly, of rules
his paper descri es atte ptstosi ulate the gro th of natural language nu eral syste s y
co putational techni ues i ilar techni ues could in principle y used to odel the gro th of other
su syste s of gra ar, and a long ter ai of this strand of research is to odel the e olution
of any of the organi ational features of language here are t o salient factors in fa our of using

nu eral syste s asa test ed for this approach, and one salient factor against

n fa our

u eral syste s arerelati ely si ple,

u eral syste s are relati ely self contained




Against

u eral syste sarein arious ays atypical of other language su syste s

hese properties of nu eral syste sarekno n ell enough to need no further ela oration here

rti ci i i rc
he research paradig inspiring this ork is that of Arti cial ife A ife o ery reada le
popular introductions to this eld are e y and e in , and there are no a or
collections ste  ing fro orkshops and conferences angton et al, , , rooks and

aes
Although ter inologically re iniscent of the discipline of Arti cial ntelligence A , A ife

di ers fro it in se eral funda ental philosophical and ethodological principles hereas A at
te ptsto odel o or r intelligence, the products of illennia of e olution, A ife
atte pts to odel the e olutionary processes leading to such products A syste s are typically
architecturally co ple , e odying the progra  ers analysis of the particular anifestation of
intelligence under study such as chess, parsing, isual processing, face recognition A ife syste s
are often, y co parison, architecturally si ple, populated in a ho ogeneous structure y odel
indi iduals ith initially erysi ple internal structures n an A syste ,the progra er ain
tains control of as any e ents in the co putational process as possi le, little or nothing eing left
to chance in an A ife syste , the progra  er de nes oundary conditions for the e olutionary
processes eing odelled, and sits ack to atch the interplay of rando currents A typically
odels the eha iour of a single agent, hereas A ife typically odels ulti agent syste s, in
hich any indi iduals interact in e ol ing populations A ife, eing concerned ith co ple

adapti e syste sin general,is roader in its scope than A , hich is restricted to syste sto hich



one can plausi ly attri ute intelligence
o eclassic e a ples of relati ely easily understood se inal, though not necessarily typical,
ork in the spirit of A ife are on ays a e of ife ar nkel, eife, and ays
ierra progra ay, a, oth these syste s illustrate ho the application of ery si ple
principles o er any generations can gi e rise to entities of re arka le co ple ity  any of the
e ol ed entities, oreo er,sho eha iour that can e interpreted as life like
on ays a e of ifeis played out y shapes de ned y shading s uares on graph paper
hese change their outline e ery cycle ysi ple rules dictating hether s uares ad acent to shaded
s uares get shaded or not, and hether shaded s uares stay shaded o esi ple con gurations
oscillate et eent oshapes so eshapese ecti ely glide across the graph paper y changing like
a snail s foot  till ore co plicated con gurations spa n such gliders, gi ing rise to a es of
o spring shapes, and so e con gurations are capa le of self replication All of this is a surprise, or
as to its fascinated disco erers see e y and for accounts
ay s lerrasyste gro s hole life like eco syste sin the guts of a co puter riginal in
i ally co ple structures are de ned in ter s of con gurations of addresses in core e ory n
di idual instantiations of such structures are nourished y the consu ption of co puting ti e,
for hich they ha e to co pete y carrying out certain actions f they don t get enough nourish
ent, they die, that is they are re o ed fro the arena of the co putation  hese organis s
are also capa le of self replication, ith the possi ility of rando utations a ecting the de nition,
in ter s of core e ory con gurations, of the o spring Allo ed to run for any thousands of
generations, ays ierrasyste se ol e populations of di erse species, hich rese le ecological
types in nature, such as parasites and predators ery so often, there can ea a eof asse
tinction, parallel to that e idenced 7y the real fossil record he ierra organis s are re iniscent

of co puter iruses, the ostfa iliar for of arti cial life



he interest in such ork, and in the any ore speciali ed and perhaps less toy pro ects that
ha e succeeded the ,is in general in the e ergence of co ple ity and order, in often in particular
in the odelling of the e olution of co ple natural syste s y asic ar inian principles fro
si ple eginnings  he thought inspiring the present ork is that the gra  ars of languages
are co ple naturally occurring syste s, and one onders to hat e tent techni ues fro A ife
research can e used to odel their gro th
he di erences et een A and A ife sketched a o e are no dou t starkly si pli ed, ut they
gi eatrue a ourofthe ethodologicaldi erences et een thet oapproaches mne ight further
guess that hereas A is ore application dri en good A ision syste scan e incorporated into
useful ro ots good parsers can e incorporated into useful achine assisted translation progra s,
A ifeis ore curiosity dri en o an e tent this is true, utitisno eing disco ered thatso e
practical pro le s are so co ple that roadly e olutionary, self organi ing, styles of syste , in
hich progra sare left toe ol e their o n solutions, are eginning to e ia le in applied elds
ne particular techni ue in the ider A ife ar ouryis enetic Algorith s As e o a
, a s , old erg and olland for introductions to enetic Algorith s
As i ic the iology of se ual reproduction n se ual reproduction, the genes of oth parents
are rando ly i ed if thereis wuch di erence et een the parents genes, the genotype of the
o spring ill di er fro thatof oth parentsand ill pro a ly e ane genetic i tureuni uein
its population he o spring ill also di er fro others in the population in the pro a ility of its
sur i ing and reproducing

ol ing a orking co puter progra y A in ol es de ning

rdered sets of asic genetic uilding locks, hich can e s all scraps of co puter code

roughly analogous, say, to a ino acids

A reproduction process, y hich these ele entsare i edintone sets such asse lages of



co putercode could ychancefor littlesu routinesof orkingprogra s hichdoso ething

analogous to synthesi ing proteins

ossi le rando utations to the syste s genes

A tness function deter ining the le el of success achie ed y any particular set of the asic
uilding locks at so e task ed y the progra er analogous to an organis uilt of

proteins sur i ing in a gi en en iron ent

learly, in the e pression enetic Algorith , the ter is used or he
si ilarity et een As and iological genetics is or As ork ecause they e ploit the
sa e asic echanis s of selection as iological e olution the echanis s the sel es, a stracted
a ay fro the aterial on hich they operate say A , and the en iron entsin hich they are
e edded say the physical orld , can e applied to try to odel the e olution of any kind of
co ple adapti esyste t should e clear that As ay not only odel iological e olution, ut
any di erent anifestations of e olution, including, for e a ple, the cultural e olution of social
con entions  he key ele ents are selection, inno ation y rando i ing of the asic genetic
units  hate er they ay e, eg genes or e es, other rando inno ation eg y iological
utation or s all indi idual acts of cultural in ention , faithful trans ission of the genetic units
et een generations, and superfecundity ie ha inga ide range of choices fro hich to select
hee peri entsdescri ed later in this paper apply Astogr r ,sets of le ical entries and
phrase structure rules, hich progressi ely e ol e to e press a greater range of eanings nu ers

in this case ith a i alco erage, ini al redundancy,and a i al econo y of e pression



t t oint

f a co putational syste can e host to the e olution of naturalistic gra  ars, rese  ling the
gra arsofkno nlanguages, ithouttherules eing directly in ented andsi ply rittenin y the
progra  er, then presu a ly the syste ust o e e ulating the forces hich ga e
rise to the real gra  ars of languages  he cautionary phrase in so e sense isto ee phasi ed

ects uilt of etal ayal ayslack so e of the propertiesof o ects uilt of protein, ut neither
should possi le si ilarities and parallelis s e ignored
f naturalistic gra  arscan ee ol edin a co puter syste , the para eters of the syste in
hich this is done ay e argued to shed light on the real orld conditions in hich real gra  ars
e ol ed hegra arsofindi idual languages are not the sel es iological o ects he conditions
that gi e rise to gra  ars are in part iological and in part social ra  ars are shaped oth y
the innate iological capacities of hu ans and y the pressures of the social en iron ent o e of
the para etersofaco putersyste in hich life like gra  arsarise could e plausi ly interpreted
as irroring io psychological capacities of indi iduals and other para eterscan plausi ly seen as
parallel to social forces operati e in the Arena of se
f, ho e er, repeated atte pts fail to construct an arti cial syste in hich gra arssi ply
e ol e, then there ould e ounting e idence that natural gra  ars do not arise erely y the
interaction of selection, rando inno ation and faithful trans ission across generations hat
ight an alternati e source of gra  ars e resu a ly so ething like a creationist account is
the alternati e to e olution, so e kind of deli erate, one o , large scale in ention, aster inded
perhaps y so e genius  uch an account ould see the gra  ar of a language as so ething

analogous to speranto or perhaps wuclid s geo etry , a hole integrated syste springing fully




for edfro the ro ofitsin entor, and preser ed utscarcelyi pro ed y succeeding generations
o er illennia

heissue addressed could ee pressedas idhu ans so e hatdeli erately language
or did language ust grow  hu ans and hu an societies he ore one tries to esh out any
non e olutionary e planation of ho languages got to e the ay they are, the less plausi le any
creationist or acro in entionist account see s et on the other hand, the e olutionary style of
e planation, hich holds that the gra  ars of languages e ol ed gradually into their present
shapes, itself stands sorely in need of eshing out t re ains to e de onstrated in detail that
there could e plausi le sets of conditions fro hich classical e olutionary echanis s produce
gra  ars of the fa iliar sort

e ning and ad usting the para etersofa A in hich naturalisticgra arse ol e pro idesa
strictly disciplined fra e ork ithin hich the detailed conditions gi ing rise to linguistic e olution
can ee plored uttingthe atter atitsleast pretentious, alla A doesise ulatea tness dri en
rando search of so e space  he search space is de ned y the properties of the asic genetic
units, and the ore orless co ple con gurationsinto hich they ay eco ined he strategy
guiding the search is de ned y the tness function hich selects the ore pro ising con gurations
for sur i al and reproduction ith each generation

A speci c e a ple, si ulating the gro th of nu eral syste s, ill e pro ided in the ne t

sections, after hich so e due reser ations a out the co plete appropriateness of As to the

linguistic case ill also e set out




tur u r t

n this paper, e necessarily set rather hu le goals, and concentrate on the cardinal nu eral su
gra  arsoflanguages  hat, then, are the nu eral syste soflanguageslike t suits our purpose
to distinguish et een t o road types, hich ill call pri iti e and de eloped aturally,
there are so e inter ediate cases et een pri iti e and de eloped, ut the road dichoto y is

useful ill characteri e the t o types of syste in the ne tt osu sections

ot all languages ha e a nu eral syste o e languages ha e uite si ple syste s, capa le of

counting only toa out ore enlo er n pri iti esyste s,the ordsha enotal aysfully lost

their non nu erical eanings o the ord for ight also ean left hand the e pression for
ight also ean and another the e pression for ight also ean an or hole or
nished or right hand n hat follo s, ill only ention the nu erical eanings

n these syste s, either all the nu eral e pressions are ono orphe ic or at least do not
contain ore than one orphe e 1ith a nu erical interpretation , or a relati ely lo nu er,
such as , , , or ,is used as a asis of addition or ery wuch ore rarely of su traction or

ultiplication o eti es, after a ase nu  er appears in the counting se uence, it is used for
all higher nu ers ut this is not al ays so, and there can e hat appears to e fairly rando
interspersing of orphologically co ple nu erals ith ono orphe icnu erals
a plesofthe rstfe nu eralsin so esuchsi plesyste saregi en elo inso e cases,

the e a ples gi en apparently co prise the hole syste n these e a ples, a single Ara ic digit




indicates that the nu erin wuestion has an arith etically si ple, often ono orphe ic,nu eral
and herese eral Ara icdigits are gi en, thisindicates an arith etically co ple nu eral, typically
re ecting addition nly a single e a ple of each type is gi en here, ut ost of the types are
not unco on oree a ples of the could e gi en, and fro ore than one part of the orld

hese pri iti e types are idely docu ented and discussed in anu er of orkssur eying nu eral
syste s such as onant , Y es , luge , ean , enninger )

ott , al ann , eiden erg

are a

orafe

un ara

uyuge afulu




unisian Ara ic egg counting

otu

oro

eapara, ula dialect

y es calls this type pairing this pairing type, and se eral of the other types illus

trated a o e and elo , are found in Atha askan languages, according to y es sur ey




koi a eroun

iskito

A purely  ased syste is referred to as wuinary uch syste sare eryco on, eing found in

al ostall uarters of the orld, and taking the shape




ost fa iliar type of nu eralsyste in etter kno nlanguagesis deci al, and so eti esalso

partly igesi al his canonical type has the follo ing characteristics

ingle ords for ,

se of addition to  for ,

se of ultiplication y or , and addition for ,

ingle ords for higher ases, typically , ,and so eti esalso

a ples of such syste sare eryfa iliar

urther characteristics,co  on to oth pri iti e and de eloped types of syste , are

o pleteco eragetoso eli it no gaps although the sporadic use of su traction suggests

there can e te porary stages of a language in hich there ay e gaps

oa iguity or ho ony y e a plesof a iguous nu erals are e tre ely scarce, if they

occur at all

ittle, if any, redundancy or synony y fro a astsetof arith etically possi le co inations
for any gi ennu er, typically thereis only a single ell for ed nu eral used in the canonical
counting se uence  he occasional e ception to this generali ation occurs, as in paraphrases

like nglish ersus

ecursion e pressions for higher nu  ers typically contain e pressions for lo er nu ers

nested ithin the



acking trategy the recursi e possi ilities are se erely constrained y a principle to the
general e ect that one uilds on the highest alued e pression a aila le ee urford

Y

, for details and discussion

ro in u r t rti ci

eno ringthearti cial techni uesof enetic Algorith sto earonthisdi erse range of naturally
occurring syste s  he asic idea of As is applied here to gr r the genetic units aking
up each organis arer , hich ay e speci cations of le ical ite s or rules of syntactic
co ination each gra  aris a set of such rules he proposal is to selecti ely reed gra  ars
of nu eral syste s fro an initial rando ly generated set of gra  ars  he interest is in seeing

hether the range of syste sdescri eda o esi ply e ergesaftersyste aticselection of gra  ars
o0 er any generations

he ele entary co ponents of the syste , y hich rules are de ned, are

A oca ulary of ar itrary onosylla les eg

A set of se antic pri iti es hese are the concepts of certain s allnu  ers , hich
it is assu ed are accessi le tothe ind independently of the e istence of a counting syste t
see sright tostipulate that so eofthesenu ersare oreaccessi letothe ind than others
n particular, pro a ly , and areranked highest in order of accessi ility, follo ed perhaps
y a hole hand and othhands , , ,and are, intuiti ely, relati ely inaccessi le
arious possi le eightings for the a aila ility of the se antic pri iti es ere e peri ented

ith  u ers higher than ere udged to e inaccessi le as se antic pri iti es, ithout

ene t of so e linguistic counting syste , and ere ne er included a ong the pri iti es

asic cogniti e operations, such as addition, ultiplication and su traction  hese can e



grasped fro such concrete operations as placing oreo ectsin a pile, aking groups of piles,
and taking o ects out of a pile Again, these asic operations are not e ually accessi le to the

ind t as udged that additionis ost accessi le, and ultiplication and su traction wuch
less accessi le  arious uantitati e interpretations of these di erent degrees of accessi ility

ere e peri ented ith

Ar itrary syntactic categories, here la elled s , s , s, n order for any gra  atical
syste to arise, the notion of ord class wust e a aila le  here is no presupposition of
any particular natural connection et een any such ar itrary ord class and any particular
se antic pri iti e or cogniti e operation  hese ar itrary syntactic la els are used for the
construction of le ical and syntactic rules n the si ulations, the actual nu er of a aila le
syntactic categories ase peri entally aried, ranging et een and clearly there ha e to

e ore than one syntactic category for the concept to e useful

An ar itrary rule in the syste is generated y taking the follo ing steps, in order

ando ly select a  other syntactic category fro theset s ,s s,

ecide, ytherando tossofaco putationalcoin hich ay e iased , hetherto generate

a le ical ite or a syntactic rule

fale icalite isto e generated,select arando se anticpri iti e, and arando onosyl
la le ogether,the other category, the se antic pri iti e and the onosylla le constitute

the rando ly asse led le ical entry ore a ple,

ould e ale ical entry for the ord , gi ingsits eaning as the nu er , and assigning

it to the syntactic category



f a syntactic rule is to e generated, select t orando syntactic categories hich can e the
sa e ,and arando cogniti e operation Ane a ple of such a rando ly generated syntactic

rule is

his rule states that a constituent of category s can e constructed fro a pair of ele ents, of

categories s and s , respecti ely, and that the hole is to e interpreted y the arith etical
addition of the alues of the parts n this ork, all syntactic rules ere inary ranching o
e tralinguistic signi cance eing associated ith the syntactic categories, hich are erely a
kind of glue for uilding syntactic rules, the choice of syntactuic categories asne er eighted
in any ay he choice of cogniti e operation as eighted in so e, ut not all, si ulations,

re ecting the possi le greater accessi ility of addition than, say, su traction

A gra  aris aset ofle ical ite s and phrase structure rules, of the sort ust illustrated a o e
or nu eral syste s atleast,thissi ple ie of hat constitutesa gra  arisargua ly ade uate
Ar o gra arisarando siedsetofrando ly generated le ical ite s and rules

he core routine of the si ulations carried out consisted of the follo ing steps

enerate a large set of rando gra  ars, as de ned and illustrated a o e

elect the ttest gra  arsas parents of the ne t generation

reed a ne generation of gra  ars, perhaps ithso e utation

eturn to step and keep recycling

ple enting this syste in detail calls for a nu  er of decisions to e ade tisa irtue of
the co putational approach that it forces one to specify e plicitly any para eters of gra  ars

hich are seldo ,if e er, conte plated y descripti e linguists, although they are nonetheless real,



and in no ay artifacts arising si ply out of the approach n so e cases, one can ake a plausi le
intuiti e guess at an appropriate alue for so e para eter, and hold it constant in other cases, one
can use the co putational syste to e peri entally anipulate the alues of para eters, ithin
an intuiti ely plausi le range  he relati e success ith hich such e peri ental settings lead to
naturalistic gra  ars can e taken as e idence pointing to corresponding alues in the real orld
conditions in  hich natural gra arse ol ed n yet other cases, unfortunately, the settings of
para etersare deter ined yco putational con enience, although in no case did it see that such
settings ere ery counterintuiti e he oresalient para etersin ol ed in the current si ulations
are entioned elo he rst pare eters entioned are linguistic, ha ing to do ith the nature
of gra  ars the ones entioned later are population genetic , ha ing to do ith the particular

echanics of As

A A A A

o gr r An upperli it of rules le ical and syntactic totalled as
put on the initial population of rando gra  ars he initial gra  ars aried rando lyin

si e et een rule and

o o r r o i erent ratios of le ical ite s to syntactic rules ere
e peri ented ith =n so e si ulations, the pro a ilities of rando rules eing le ical or
syntactic eree ual eestep in therule generation procedurea o e nothersi ulations,

the e pected ratio of le ical rules to syntactic rules as as high as

g go r nso esi ulations, all thenu ersfro to ere
e ually eighted hisi plies e val pro a ilities for le ical ite s ith eanings fro to
A range of other eightings as tried, in hich thenu ers , , , and ere gi en

greater pro a ility of ha ing their o nle ical ite s



g g o o r o ach syntactic rule generated is associated ith a
particular arith etic operation, such as addition, wultiplication, or su traction o eti es
these operations ere assigned to rules ith e ual pro a ility n other cases, addition as

fa oured o er su traction and ultiplication

o his is a crucial aspect of the si ulation ere, one has to try to ake
plausi le assu ptions a out hat factors ight ake one nu eral gra  ar prefera le, to a

group of hu an users, o er another

r r o r g is,other things einge ual, presu a ly desira le a counting syste
that reaches to is ore useful than one that reaches only to
he og in the counting se uence is presu a ly also desira le, as natural

nu eral syste s do not ha e gaps  ut the e istence of su traction in a fe natural
syste ssho sthata tnessfunctionthat akesa single un roken se uencea andatory
property for sur i al is too strict resu a lyin the e olution of natural syste s ith

su traction the higher nu eral eg pre e isted thelo erone eg )

or is also typical of natural nu eral syste s, and so e penalty for
pro idingse erale pressions forthesa enu ershould e uiltintothe tnessfunction
Again, ho e er, this cannot e an a solute prohi ition, as one occasionally nds a natural

nu eral syste ith ore than one ay of e pressing a particular nu er

he o of nu eral e pressions is rele ant  ther things eing e ual, a syste

ith shorter, or less gra  atically co ple , e pressions ust e prefera le

u er of initial gra  ars his is largely a atter of co putation con enience ora A
to ork ell, there needs to e a reasona ly large nu er of initial gra  ars, pro iding an

original gene pool ith enough ariants in it for there to e a chance of it containing ost



of the re uired types of rules and le ical ite s iously, though, these rules are not at
the eginning asse led into coherent sets gra  ars that generate naturalistic se uences of

nu eral e pressions n these si ulations, the nu er of initial gra  ars aried fro to

ercentage selected henu er of gra  ars taken each generation as parents of the ne t
generation needs also to e set n these si ulations, the nu er of gra  ars selected as

reeding stock aried et een and

utation rate  his is the rate at hich, during the i icked e olutionary process, rando
rules ere added to gra  ars or deleted fro the oo high a utation rate pre ents the
e olutionary process fro settling do n to sta le solutions, as the gene pool is e cessi ely
stirred oo slo a wutation rate can lead to con ergence on solutions hich ould not,

ith a higher utation rate, e sta le i en that the ter enetic Algorith is no ore
than a or for the co putational process outlined here, there is no need, of course, to

orry a out any iological erisi ilitude in setting the utationrate hese are not iological

utations, ut ust rando inno ations in the search space

o o i en so e tness function, a ethod needs to e deter ined for

applying it to gra  ars e eral alternati es are concei a le

ro gr r n this synta dri en approach, one e aluates a set of products
of the gra  ar, produced either e hausti ely or rando ly a ing used the gra  ar
to generate a set of e pressions, one checks to see ho this set is alued in ter s of the
tness function, ie  hat co erage it achie es, ith ho any gaps, ith ho uch

redundancy, and so on

ro g 0 this eaning dri en approach, one takes a set of target ean



ings , and tests hether the gra  ar generatese pressions for the ,andifso, ith hat

redundancy, co ple ity of e pression, and so forth

ut

A nu er of si ulations ere run, under di erent conditions hese are descri ed in order of

gro ing co ple ity

n this si ulation, the gra  ars consisted only of le ical entries  here ere no phrase structure
rules  his si ple e peri ent teaches us a lesson a out the tness function hich applies to all

ore co ple si ulations  hich should e para ountin the tness function, co erage or lack of
redundancy  utting it in ter sof real hu annu eral syste s, doesthe opti alsyste ie that

type found ostco onlyin hu an languages

fa our co erage e en at the e pense of assi e redundancy

fa our lack of redundancy, e en at the e pense of gaps in the syste  lack of co erage

fa ourso e kind of alance et een co erage and lack of redundancy

epeated si ulations ererun in hich the tness function al ays preferred a gra  ar gener
ating e pressions for the ost nu ers, regardless of ho any such e pressions it generated for
eachnu er nly hen theco erageoft ogra ars ase ual asrelati e lack of redundancy
in oked to discri inate et een the ,in fa our of the gra  ar generating fe er e pressions

ith this tness function, there as ne er any con ergence on a naturalistic nu eral le icon,

ith ust one ord for each of the nu  ers fro to



Another set of si ulations as run in hich the tness function as the re erse of that ust
descri ed n this case, lack of redundancy, rather than co erage, as para ount he tness
function al ays preferredagra  ar hich had asfe e trae pressionsas possi le for each nu er,
e en if so e other gra  ar actually pro ided e pressions for ore nu ers nly hen t o
gra  ars had e ually fe e pressions asthe co erage of eanings in oked, so that the gra  ar

ith the greater co erage as, then, preferred

n this case also, after any runs, there as no con ergence on a naturalistic nu eral le icon

ith ust one ord for each nu er up to
n rief re ection,it eco eso ious hy thesesi ulations do not ork to produce language
like results arge gra  ars,containing orele ical ite s, are orelikely toco er ore eanings
ust as a longer se uence of thro sof a dieis ore likely to ha e at least one thro landing on each
possi le alue than a shorter se uence of thro s f the selection process al ays fa ours co erage,
large gra  ars ill e selected hich ha e enough le ical ite s to co er all the possi le alues
Al ostine ita ly, such gra ars ill e assi ely redundant
on ersely, if lack of redundancy is selected for, the preferred gra  ars ill e those hich
anage to e press eanings ith only one e pression each all gra  ars, containing fe er
le ical ite s, are ore likely to a oid generating se eral e pressions for the sa enu er ustasa
shorter se uence of thro s of a die is ore likely to a oid repetitions than a longer se uence ut
the price of selecting s aller gra  ars is that they al ost ine ita ly lack so e co erage of the set
of possi le eanings
o a third set of si ulations asrun,in hich the tness of a gra ar as calculated fro
a co ination of co erage and lack of redundancy i ply, and no dou t crudely, the tness of a
gra  arin this case asin ersely proportional to the su of the gaps in the nu  er se uence and

the nu  er of redundant e pressions ogi eane a ple,i agine agra ar hich happened to



pro ide ords for nu ers as follo s

ere there are nu ers une pressed y any ord ie gaps,and super uous ords he
co ined gap redundancy score is thus ra ars ithlo er gap redundancy scores ere
fa oured in the si ulation
n these runs, there asal ayscon ergence to a naturalisticle icon ith ust one ord for each
nu er fro to o eti es this con ergence aas achie ed ery uickly, once in as fe as
generations n other runs, con ergence took as long as generations
he co ined gap redundancy tness function took no account of ho ony 7y, and occasionally
a si ulation con erged on a nu eral le icon in hich a single onosylla le happened to e press
ore than onenu er his ho ony yis, as far as kno , ne er found in real nu eral syste s
urther si ulations should also uild ho ony y a oidanceinto the tnessfunction Asthe ethod
for doing this is straightfor ard, this line of in estigation as not follo ed n the gra  arsthat
e erged in later si ulations, the occasional instances of ho ony y ere tolerated nothing rides
on this, as far as can see
n the oreco ple si ulations descri ed elo , the tness function asal aysso eco i

nation of co erage and lack of redundancy, so eti es ith other factors as ell

n further e peri ents ith ersions generating only si ple le icons, the situation after initial

con ergence on opti al tness asstudied, to see hether this tnessis aintained for long sta le



periods oth wutation rate and population si e ere t eaked  learly, too fast a utation rate
eg e ery cycle stirs up the pool of gra  ars too uch, and opti al tness is only reached
sporadically, ith any lapses wut alsoi portant is population si e ith initial gra  ars
and gra  arsselected each cycle, there as fre uent lapsing fro opti al tnesso erti e, ith
fe periods of sta le opti al tness ith initial gra  ars and  gra  ars selected each
cycle, the situation i pro ed considera ly, ith long sta le periods of opti al tness, ut still the
occasional lapse, hich as al ostal aysi ediately reco ered fro ith this population si e,
a utation rate of utation per gra ars red as,i pressionistically, slightly ore sta le
than a rate of per
he lesson one uickly learns, if one did not kno it efore, is that there is an intracta ly
large nu  er of possi le aria les, oth linguistic and non linguistic, hich a ect the e olution of
gra  arsin this fra e ork y no eans all of the possi le ariations are entioned here, for
reada ility s sake Anyone atte pting to replicate these e peri ents il e or eco e a areof
the ast nu er of theoretical possi ilities t is concei a le that the e olution of real gra  ars
isin fact su ect toas all nu er of real aria les he co putational approach descri ed here
ight in principle lead to the disco ery of so e ery parsi onious agical co ination of settings
of afe aria les, hich gi erise to naturalistic gra  ars Alternati ely, lack of progressin nding
such a co ination ight suggest the conclusion that the e olution of real life gra  arsissu ect

to a great any chance agaries, oth psychological and social

n the ne t series of e peri ents, the rando gra  arscould contain othle ical ite sandsi ple
phrase structure rules, as descri ed a o e

n the eightings for these runs, the rando generation of a syntactic rule as ade aspro a le



as the rando generation of a le ical ite any of these si ulations con erged on nu eral syste s
of a athe atically ery elegant type, ut a type hich is uite unnatural, in the sense of eing
unrepresentati e of natural languages hesyste sarri ed at erehighly econo ical of othle ical
and syntactic resources  hey also achie ed co plete co erage of the nu  er se uence up to any

li it,so eti es ith no costin redundancy ne suche tre eoutco e as

his gra  ar generates a single structure for the nu er , asin

and a single structure for the nu er ,na ely



ut at , structural redundancy sets in, itht o possi le structures for , na ely

he redundancy increases dra atically as one proceeds to higher nu ers n the si ulation that
ga e this result, only inary ranching phrase structure rules had een allo ed  ithout the option
of unary, or non ranching, phrase structure rules or of inary rules hich can include a si ple
le ical ite , rather than a syntactic category, on the right hand side , there e ists no gra  ar
hich can a oid this urgeoning redundancy
ith the possi ility of unary, or non ranching, phrase structure rules, a non redundant gra

ar e actly parallel to eanos a io atic syste for de ning the nu er se uence can arise, as

follo s



his gra  ar generates a single structure for each nu  er, assho n elo for thenu ers ,

and

or the short ter e ories of hu ans, such a syste is highly dysfunctional, and e en self
defeating he alue of a counting syste is in de ning co pact e pressions hich co press infor

ation  he psychological urden of counting the instances of the onosylla le  in an e pression



for a higher nu  er in this syste renders it unusa le wuch syste s do not occurin spoken hu an
languages ut note the eginnings of such a syste in ritten o an nu erals, such
iconic representations of nu ers can also e found in the ideographic cuniefor riting of the

u erians and in gyptian hieroglyphs
uch eano style gra  ars could result fro  arious di erent co inations of circu stances

actors hich fa our the e olution of such unnatural eano type solutions include

itness de ned pri arily as econo y of storage of gra  ar,ie the ttest gra  ar has the

fe est rules and le ical ite s

elati ely fa ora le eighting for co inatory syntactic rules, as opposed to le ical ite s

ne co ination of aria les asfound to gi erise to any syste s closely rese ling the natural
pri iti e syste s descri ed earlier ecall these ere typically found in relati ely s all, and
relati ely isolated co  unities
n these runs, a gra  ars tness asde ned as the highest nu  erit could countto ith no
gaps, and not too uch redundancy ere, the algorith to deter ine tnessis, asically count
fro up ards, and stop at the rst gap, or here there are ore than  an ar itrarily chosen
li it on redundancy e pressions for so enu er he e pected ratio of syntactic rules to le ical
ite s assetat ,and thenu erof a stract syntactic categories per itted as
tarting ith a population of rando gra  ars, the ttest gra  ars ere selected as
parents gra  ars for the ne t generation  hese parents red all ith each other a generation
consisting of a further o spring gra  ars ro this ne generation, the ttest ere again
selected as parents, and so on  he si ulations ran for generations each, at hich stage the

ttest usually the only re aining gra  ar asinspected to see hat nu eral e pressions, up to



, it generated

f the runs, o er half yielded le icon only solutions, su  ari ed as follo s
ords for nu  ers nstances of this solution
gap at
gap at

uch si ple le icons ay perhaps e regarded as the asis on hich so e hat ore ela orate
syste s, ith so e syntactic rules, are founded
n the re aining runs, all solutions in so e ay rese led the natural pri iti e syste s
illustrated earlier  olutions included ase , ase , ase , ase , ase , and arious 1 ed
asesyste s o0 ee a plesaregi en elo note the occasional gaps and redundancies in these

syste s



























hesi ilarities et eenthesearti cially generated syste sand the pri iti e syste sdescri ed

earlier, are striking

t is note orthy that, of all the arti cial gra  ars generated in the runs descri ed a o e, not a
single pure deci al syste e erged e ill e plore hy this is so
ecall that hat is si ulated here is a wuasi social process here y gra  ars are for ed fro
a pool of ariant le ical ite s and syntactic rules hich are so eho a ient in the co  unity
erti e, the pool of a aila lele ical ite s and rules eco esrestricted so that only one gra  ar
ay e constructed fro the ,and this gra  aris the ttest thatthe co  unity has happened
upon After that point of con ergence, only rando utations to the pool of le ical ite s and
rules ay distur the situation And such wutantle ical ite s or rules ill only persist in the pool
if they happen to tin ith e isting rules and le ical ite s tofor agra ar hichis tter than
the one pre iously con erged upon
As readers fa iliar ith any co ple adapti e syste ill kno , there can e ist any local
opti a, that is solutions to a pro le  such as nding an e ecti e counting syste hich are
tter than their close neigh ours in the possi ility space, ut not the ttest solutions o erall, in any
glo al sense t is clear that the arti cial syste sillustrated a o e are local near opti a,in this
sense n other ords, anys all utation to one of the gra  ars arri ed at tended ery strongly
to produce a gra  ar that asless t
fa particular gra  arcon erged upon vy the algorith isatalocalopti u ,then any rando
utation applied to it, in the for of a rando ly added or deleted syntactic rule or le ical ite

ill result in a gra arless t y hate er de nition of tness as used to arri e at the tested



gra  ar than the tested gra  ar fsuchrando utations do not al ays, ut ne ertheless tend

strongly to, result in less t gra  ars, then the tested gra  aris near a local opti u

he rst gra  ars con erged upon y the algorith decri ed a o e ere tested for local
opti ality in this ay oeach of thesegra  ars, rando utations ere applied not serially,
ut al aysstarting ith the tested gra ar  hus for each tested gra  ar, one step utants

ere produced  he results for the  tested gra  ars are aggregated elo

utation produced a less t gra  ar in cases
utation produced an e ually tgra ar in cases
utation produced a tter gra  ar in  cases
hus the pro a ility of a rando utation producing ani pro e ent to one of the con erged
upon gra  arsis lo | hese gra  ars are at or near local opti a
o test hether the algorith  ould recogni e a glo ally opti al solution if it sa one, another
series of runs as carried out in  hich the initial population of rando gra ars as seeded
ithas allnu er of copies of a gra  ar hich  thought as glo ally opti al here

ere no nasty surprises here, and the algorith al ays uickly con erged, after ust one or t o
cycles, on the glo ally opti al solution  he algorith did ho e er ad inister one so ering little
lesson, in that it disco ered a etter gra  arthan the one ith hich had seededit y opti al
gra ar asnot uite opti al, asit allo ed oth deleted and non deleted ariants of ie

and , hich occurred in all the teen e pressions, gi ing redundancy

he algorith e plored here ne er succeeded, in a li ited nu er of trials, in con erging on a
co plete and pure deci al nu eral syste such as is the asis of the counting syste s of ost of

the orlds a orlanguages n se eral occasions it got close



ne its etter e orts as as follo s



As can e seen, this syste is like a de eloped deci al syste upto , ut goes no further

Another near iss though at rst lush it ay not look like it is as follo s









he ain pro le ith this syste 1is the le ical gaps for alues and , and the gaps caused
y the fact that the ords for and are not of the appropriate syntactic category to t into the

higher alued syntactic constructions fthose gaps ere lled ith appropriately categori ed le ical



ite s, the syste ould e close to a odern deci al syste ut note the hint of a igesi al

syste in the arious ays of e pressing

onc u ion

n the arti cial approach descri ed here, a nu eral syste rese ling the do inant type found in
the orld s languages can e erge only ery rarely, though it is not actually i possi le n the
other hand, su opti al syste s, rese ling the syste s found in a nu er of isolated language
co  unities throughout the orld, e erge fre uently fa de eloped syste is arti ciallyi posed
on a co unity ith such a su opti al syste , the de eloped syste is uickly adopted f the
approach outlined here has any erisi ilitude, e ay conclude that the natural pri iti e syste s
ha e an internal sta ility wut are highly ulnera le to in asion through language contact y the
de eloped deci al syste hich pre ails throughout wuch ofthe orld his ts ery ell ith the
facts of language contact in fact, e otic nu eral syste sas ha e eensho na o eare typically
a andoned in fa ourof a odern deci al syste he si ulations here sho that this replace ent

ay eduetoso ekind of real linguistic superiority in co erage,lack of redundancy, and suita ility
to speci cally hu an e oryconstraints of the deci al syste ,and not ust a conse uence of the

superior econo ic or ilitary po er of the in ading culture
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