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Departmen t  o f  Compute r  an d Informatio n Science s 

The Ohi o Stat e Universit y 
Columbus ,  O H 4321 0 

kolen-j@cis.ohio-state.ed u an d pollack@cis.ohio-state.ed u 

A b s t r a c t ^ 

M a ny researcher s i n A I  an d Cognitiv e Scienc e believ e 

tha t  th e informatio n processin g complexit y o f  a  mecha -

nis m i s reflecte d i n th e complexit y o f  a  descriptio n o f  it s 

behavior .  I n thi s paper ,  w e distinguis h tw o type s o f  com -

plexit y an d demonstrat e tha t  neithe r  on e ca n b e a n 

objectiv e propert y o f  th e underlyin g physica l  system .  A 

shif t  i n th e metho d o r  granularit y o f  observatio n ca n 

caus e a  system' s behaviora l  descriptio n t o chang e i n 

bot h th e numbe r  o f  apparen t  state s an d th e complexit y 

class .  Thes e example s demonstrat e h o w th e ac t  o f  obser -

vatio n itsel f  ca n sugges t  frivolou s explanation s o f  physi -

cal  phenomena ,  u p t o an d includin g computation . 

Introduction 

Cognitive Science has generally worked under the 

assumptio n tha t  comple x behavior s aris e fro m comple x 

computationa l  processes .  Th e generativ e enterpris e i n 

linguistics ,  fo r  example ,  maintain s tha t  th e simples t 

model s o f  anima l  behavio r  -  a s finit e stat e o r  stochasti c 

processe s -  ar e inadequat e fo r  th e tas k o f  describin g lan -

guage .  O n e need s a t  leas t  a  context-fre e o r  contex t  sen -

sitiv e mode l  t o describ e o r  explai n languag e structure . 

Ther e ar e s o man y difficultie s wit h th e notio n 

of  linguisti c leve l  base d o n left-to-righ t  genera -

tion ,  bot h i n term s o f  complexit y o f  descriptio n 

and lac k o f  explanator y power ,  tha t  i t  seem s 

pointles s t o pursu e thi s approac h an y further . 

Eve n Newel l  an d Simon' s physica l  symbo l  syste m 

hypothesi s (Newel l  an d Simon ,  1976 )  ha s gon e a s fa r  a s 

identifyin g recursiv e computatio n a s th e necessar y an d 

sufficien t  conditio n fo r  intelligen t  action .  Sinc e th e pub -

licatio n o f  thi s hypothesis ,  th e genera l  consensu s o f 

Cognitiv e Scienc e ha s hel d tha t  th e brai n i s computin g 

something ;  determinin g exactl y wha t  i t  i s  computin g 

has emerge d a s th e goa l  o f  thi s ne w field. 

As a  corollar y t o th e result s presente d herein ,  w e 

believ e tha t  question s regardin g th e content s o f  th e 

1. This work was supported by Office of Naval 

Researc h gran t  N00014-92-J-1195 . 

2.  Chomsk y (1957 ,  p  24 ) 

mind' s program ,  o r  grammar ,  ar e fundamentall y flawed. 

Computationa l  complexity ,  ofte n use d t o separat e cogni -

tiv e behavior s fro m othe r  type s o f  anima l  behavior ,  wil l 

be show n t o b e dependen t  upo n th e observatio n mecha -

nis m a s wel l  a s th e proces s unde r  examination .  Whil e 

Putna m (1988 )  ha s prove d tha t  al l  ope n physica l  syste m 

ca n hav e pos t  ho c interpretation s a s arbitrar y abstrac t 

finit e stat e machine s an d Searl e (1990 )  claim s tha t 

Wordsta r  mus t  b e runnin g o n th e wal l  behin d hi m (i f 

onl y w e coul d pic k ou t  th e righ t  bits) ,  neithe r  consider s 

th e effect s o f  th e observe r  o n th e complexit y clas s o f  th e 

behavior . 

The res t  o f  th e pape r  i s organize d a s follows .  W e 

firs t  emphasiz e th e differenc e betwee n complexion ,  a 

judgemen t  relate d t o th e numbe r  o f  movin g part s (o r 

rules ,  o r  line s o f  code )  i n a  system ,  an d th e complexit y 

class ,  whic h m a y b e viewe d a s th e generativ e capacit y 

of  th e chose n descriptiv e framework .  Onc e w e recog -

niz e tha t  descriptiv e framework s appl y t o measurement s 

of  a  system' s state ,  w e ca n demonstrat e tha t  simpl e 

change s o f  th e observatio n metho d o r  measuremen t 

granularit y ca n affec t  eithe r  th e system' s complexio n o r 

it s class .  A  mer e shif t  i n measuremen t  granularity ,  i n 

othe r  words ,  ca n increas e th e apparen t  complexit y o f  a 

syste m fro m a  contex t  fre e languag e t o a  contex t  sensi -

tiv e language .  Finally ,  w e discus s th e meanin g o f  thes e 

result s t o th e Cognitiv e Scienc e community . 

M e a s u r e m e n t s a n d C o m p l e x i t y 

The foundation of the assumption of the symbolic 

natur e o f  cognitio n lie s i n description s o f  huma n an d 

anima l  behavior .  Fo r  example ,  a  lis t  o f  move s describe s 

th e behavio r  o f  th e ches s player ,  a  transcrip t  record s lin -

guisti c behavio r  o f  conversation ,  a  protoco l  o f  intro -

specte d state s durin g proble m solvin g describe s 

deliberativ e means-end s analysis ,  an d a  sequenc e o f 

(x,y )  location s ove r  tim e i s a  recor d o f  ey e movemen t  i n 

a stud y o f  reading .  T o construc t  thes e description s o f 

behavior ,  on e mus t  first  collec t  dat a fro m tha t  behavio r 

i n th e for m o f  measurements .  W e assum e tha t  ou r  mea -

surement s ar e discret e sinc e w e mus t  b e abl e t o writ e 

the m down. ^  Th e measuremen t  m a y b e simple ,  a s i n th e 
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cas e o f  th e cartesia n coordinates ,  o r  i t  ma y b e mor e 

involved ,  lik e th e transcrip t  o r  protocol .  T o emphasiz e 

th e creatio n o f  discret e symboli c representation s o f  th e 

physica l  event s i n th e world ,  w e wil l  identif y thi s pro -

ces s a s symbolization .  Transcriptio n o f  continuou s 

sj)eech ,  fo r  example ,  i s  a  symbolizatio n o f  speec h pro -

duction .  I t  i s  impossibl e t o avoi d symbolization ;  ther e i s 

simpl y to o muc h informatio n inheren t  i n th e physica l 

proces s t o pas s alon g withou t  it .  Imagin e tryin g t o 

describ e th e conversatio n betwee n tw o peopl e o n a 

stree t  comer .  Th e informatio n generate d b y suc h a n 

encounte r  i s infinit e du e t o larg e numbe r  o f  rea l  dimen -

sions ,  o f  movement ,  sound ,  time ,  etc .  Researcher s avoi d 

thes e complication s b y symbolizin g th e physica l  actio n 

int o sequence s o f  measurabl e events ,  suc h a s phonemes , 

words ,  an d sentences . 

Informatio n i s clearl y los t  durin g symbolization .  A 

continuou s rea l  valu e i s a  bottomles s sourc e o f  binar y 

digits ,  ye t  onl y a  smal l  numbe r  o f  distinction s ar e 

retaine d throug h th e transductio n o f  measurement .  O f 

course ,  n o on e want s t o b e shufflin g hig h precisio n rea l 

number s abou t  whe n a  fe w bit s ca n do ,  bu t  i t  i s  wron g t o 

believ e tha t  th e informatio n los s i s mer e modellin g erro r 

if ,  a s w e sho w below ,  i t  confuse s ou r  effort s a t  under -

standin g th e underlyin g system . 

Althoug h judgement s o f  syste m complexit y hav e 

no globall y accepte d methodology ,  th e existin g 

approache s ar e sharpl y divide d int o tw o groups .  Th e 

first  appeal s t o th e c o m m o n sens e notio n whic h judge s 

th e complexit y o f  a  syste m b y th e numbe r  o f  part s mov -

in g aroun d insid e it .  Thu s a  syste m i s mor e comple x i f  i t 

has a  large r  numbe r  o f  uniqu e state s induce d b y thei r 

changeabl e parts .  Th e ter m complexio n ha s bee n 

adopte d t o refe r  t o system s whos e complexit y derive s 

fro m th e numbe r  o f  uniqu e movin g part s comprisin g th e 

syste m (Aid a e t  al ,  1984) . 

Th e secon d approac h i s muc h mor e subtle .  Imagin e 

a sequenc e o f  mechanisms ,  a s specifie d b y a  fixed 

framework ,  wit h eve r  increasin g complexion .  A s th e 

complexio n o f  a  devic e increases ,  i t  eventuall y reache s a 

limi t  determine d b y th e framewor k o f  changeabl e part s 

use d i n th e system .  Thi s framework-dependen t  limi t  ca n 

be modified ,  however ,  throug h th e additio n o r  remova l 

of  framewor k constraints .  Follower s o f  Chomsky' s earl y 

wor k (1957 ,  1965 )  i n compute r  scienc e reporte d o n thi s 

phenomeno n an d enshrine d th e fou r  classe s o f  forma l 

languages ,  eac h wit h a  differen t  framework .  Regular , 

contex t  free ,  contex t  sensitive ,  an d recursiv e language s 

3. This becomes crucial when trying to measure an 

apparen t  continuou s quantit y lik e temperature ,  velocity , 

or  mass .  Recordin g continuou s signal s simpl y postpone s 

th e eventua l  discretization .  Rathe r  tha n measurin g th e 

origina l  event ,  on e measure s it s analog . 

..rrrrrrrrrrrrrrrrrr.. . 

. I r l r l l r r l r l l l r l r r r . . 
Q S y 

F I G U RE I .  Finit e stat e description s o f 
equivalen t  complexity .  Th e first  subsequenc e i s 
fro m th e sequenc e o f  al l  r's .  Th e secon d 
subsequenc e i s fro m a  completel y rando m 
sequence .  Bot h sequence s coul d b e generate d 
by a  singl e stat e generato r  sinc e eac h ne w 
symbol  i s  independen t  fro m al l  othe r  precedin g 
symbols . 

ar e separate d b y constraint s o n th e grammar s use d t o 

specif y them ,  an d correlat e quit e beautifull y  wit h 

automat a operatin g unde r  alternativ e constraints .  O f 

course ,  w e no w kno w tha t  man y othe r  classe s ar e possi -

bl e b y placin g differen t  constraint s o n ho w th e change -

abl e part s interac t  (se e man y o f  th e exercise s i n 

(Hopcrof t  an d Ullman ,  1979)) . 

Thes e notion s o f  complexit y hav e bee n traditionall y 

applie d onl y t o computationa l  systems .  However ,  recen t 

wor k b y Crutchfiel d an d Youn g (1991 )  suggest s tha t  on e 

may b e abl e t o tal k similarl y abou t  th e complexit y clas s 

of  a  physica l  process .  Crutchfiel d an d Youn g ar e inter -

este d i n th e proble m o f  finding  model s fo r  physica l  sys -

tem s base d solel y o n measurement s o f  th e systems ' 

state .  Rathe r  tha n assumin g a  strea m o f  nois y numerica l 

measurements ,  the y explor e th e limitation s o f  takin g 

ver y crud e measurements .  Th e crudes t  measuremen t  i n 

thei r  eye s i s a  singl e decisio n boundary :  eithe r  th e stat e 

of  th e syste m i s t o th e lef t  o r  th e righ t  o f  th e boundary . 

Unlik e numerica l  measurement s whic h ca n b e describe d 

mathematically ,  th e binar y sequenc e the y collec t 

require s a  computationa l  description :  i.e .  i t  mus t  hav e 

bee n generate d b y a  particula r  automaton .  Thei r  pape r 

provide s tw o key  insight s int o th e proble m o f  recogniz -

in g complexit y a s i t  arise s i n nature . 

First ,  th e minimalit y o f  th e induce d automato n i s 

important .  Crutchfiel d an d Youn g propos e tha t  th e mini -

mal  finite  stat e generato r  induce d fro m a  sequenc e o f 

discret e measurement s o f  a  system ,  provide s a  realisti c 

judgemen t  o f  th e complexit y o f  th e physica l  syste m 

unde r  observation .  Minimalit y create s equivalenc e 

classe s o f  description s base d o n th e amoun t  o f  structur e 

containe d i n th e generate d sequence .  Conside r  tw o sys -

tems~th e first  constantl y emit s th e sam e symbol ,  whil e 

th e secon d generate s a  completel y rando m sequenc e o f 

tw o differen t  symbols .  Bot h system s ca n b e describe d 

by one-stat e machine s capabl e o f  generatin g subse -

618 



o 

tim e 

tim e 

F I G U RE 2 .  Th e stat e machine s induce d 
fro m periodi c an d chaoti c systems .  Not e 
tha t  th e lowe r  syste m doe s no t  produc e 1 1 
pairs .  Thi s omissio n i s th e reaso n fo r  th e 
increas e i n numbe r  o f  states . 

quences of the observed sequences (Figure 1). In the 

constan t  case ,  th e machin e ha s a  singl e transition .  Th e 

rando m sequence ,  o n th e othe r  hand ,  ha s a  singl e stat e 

but  tw o stochasti c transitions .  Th e abilit y  t o describ e 

thes e sequence s wit h singl e stat e generator s i s equiva -

len t  t o sayin g tha t  an y subsequenc e o f  eithe r  sequenc e 

wil l  provid e n o additiona l  informatio n concernin g th e 

nex t  symbo l  i n th e sequence .  Thu s tota l  certaint y an d 

tota l  ignoranc e o f  futur e event s ar e equivalen t  i n thi s 

framework . 

Second ,  the y sho w tha t  physica l  system s wit h limi t 

cycle s produce d stream s o f  bit s whic h appea r  t o b e gen -

erate d b y minima l  finite  stat e machine s wit h complex -

io n increasin g wit h th e perio d o f  th e cycle .  Thu s a 

syste m wit h a  cycl e o f  perio d tw o i s hel d t o b e a s com -

ple x a s a  two-stat e machine .  Simila r  complexio n i s 

exhibite d b y system s wit h constraine d ergodi c behavior , 

wher e th e numbe r  o f  induce d state s i s determine d b y th e 

regularitie s i n th e visitin g o f  particula r  bands .  Thes e ar e 

show n schematicall y i n (Figur e 2) . 

Third ,  Crutchfiel d an d Youn g prove d tha t  th e mini -

mal  machine s neede d t o describ e th e behavio r  o f  th e 

simpl e system s whe n tune d t o criticalit y ha d a n infinit e 

number  o f  states .  A t  criticality ,  a  syste m display s 

unbounde d dependencie s o f  behavio r  acros s spac e and / 

or  tim e (Schroeder ,  1991) .  Example s o f  suc h self-simi -

la r  behavio r  ca n b e foun d i n th e sprea d o f  fores t  fires  a t 
th e percolatio n threshol d o f  tre e densit y (Ba k e t  al. , 

1990 )  an d san d pil e avalanche s (Ba k an d Chen ,  1991) . 

Thes e behavior s ar e mor e compactl y describe d a s 

indexe d contex t  fre e languages ,  a  clas s though t  t o b e 
consisten t  wit h th e wea k generativ e capacit y o f  natura l 

languages . 

We bega n t o explor e th e origin s o f  computationall y 

comple x behavio r  i n respons e t o th e questio n o r  genera -

tiv e capacit y o f  certai n neura l  networ k automat a whic h 

hav e finite  specification s an d ye t  infinit e stat e space s 

(Pollack ,  1992) .  Ou r  origina l  hypothesi s bega n wit h a n 

assumptio n tha t  ther e woul d b e ye t  anothe r  mappin g 

betwee n Chomsky' s hierarch y o f  language s an d th e 

stat e spac e dynamic s o f  th e recurren t  neura l  network . 

We wer e encourage d b y Crutchfiel d an d Young' s pape r 

and a  simila r  conjectur e regardin g Cellula r  Automat a i n 

th e wor k o f  Wolfra m (1984 )  an d Langto n (1990) .  Afte r 

many attempt s t o reconcil e ou r  recurren t  neura l  networ k 

findings  wit h bot h th e dynamica l  system s result s an d th e 

traditiona l  view s o f  intrinsi c complexity ,  w e believ e tha t 

th e difficult y o f  ou r  endeavo r  lie s i n th e assumptio n o f 

intrinsi c complexity . 

A p p a r e n t  C o m p l e x i o n 

While the number of states in the systems studied by 

Crutchfiel d an d Youn g ca n b e selecte d b y a n externa l 

contro l  parameter ,  th e tas k o f  merel y increasin g th e 

number  o f  apparen t  state s o f  a  syste m i s trivial .  Th e ke y 

lie s i n bein g mor e sensitiv e t o distinc t  states .  A  roc k a t 

on e leve l  o f  descriptio n neve r  change s i t  state .  B y zoom -

in g t o a n atomi c level ,  th e roc k n o w enter s an d exit s a 

myria d o f  uniqu e state s an d appear s highl y complex . 

Such increase s ar e no t  interestin g sinc e thi s g a m e ca n b e 

playe d wit h an y physica l  system .  Putna m (1988 )  ha s 

prove d tha t  a n ope n syste m ha s sufficien t  stat e genera -

tio n capacit y t o suppor t  arbitrar y finite  stat e interpreta -

tions .  Searl e (1990 )  ha s als o use d thi s notio n t o questio n 

th e relevanc e o f  computationa l  model s t o cognitio n wit h 

hi s "Wordsta r  o n m y wall "  example .  Thu s th e apparen t 

complexion ,  i.e .  numbe r  o f  movin g parts ,  fluctuates  a s 

th e granularit y o f  th e observatio n changes . 

A p p a r e n t  C o m p l e x i t y 

Both Putnam and Searle steered clear of the bulwark 

designe d b y Chomsky ,  namel y th e issu e o f  complexit y 

classe s an d generativ e capacity .  I s generativ e capacit y 

als o sensitiv e t o manipulatio n o f  th e observatio n 

method ? Th e answe r  i s  yes .  W e wil l  presen t  som e sim -

pl e system s wit h a t  leas t  tw o computationa l  interpreta -

tions :  a  contex t  fre e languag e an d a  contex t  sensitiv e 
language . 

Conside r  a  poin t  movin g i n a  circula r  orbi t  wit h a 

fixed  rotationa l  velocity ,  suc h a s th e en d o f  a  rotatin g 
ro d spinnin g aroun d a  fixed  center ,  o r  imagin e watchin g 

a whit e do t  o n a  spinnin g bicycl e wheel .  W e measur e th e 

locatio n o f  th e do t  i n th e spiri t  o f  Crutchfiel d an d Young , 
by periodicall y samplin g th e locatio n wit h a  singl e deci -
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F I G U RE 3 .  Decisio n region s whic h induc e a 
contex t  fre e language .  G  i s th e curren t  angl e o f 
rotation .  A t  th e tim e o f  sampling ,  i f  th e poin t 
i s  t o th e lef t  (right )  o f  th e dividin g line ,  a n 1 
(r )  i s generated . 

F I G U RE 4 .  Decisio n region s whic h induc e a 
contex t  fre e language . 

sion boundary (Figure 2). If the point is to the left of 

boundar y a t  th e tim e o f  th e sample ,  w e writ e d o w n a n 

"1 " .  Likewise ,  w e writ e d o w n a n " r "  whe n th e poin t  i s 

on th e othe r  side .  (Th e probabilit y  o f  th e poin t  landin g 

on th e boundar y i s zer o an d ca n arbitraril y  b e assigne d 

t o eithe r  categor y withou t  affectin g th e result s below. ) 

I n th e limit ,  w e wil l  hav e recorde d a n infinit e sequenc e 

of  symbol s containin g lon g sequence s o f  r' s  an d I's . 

The specific ordering of symbols observed in a long 

sequenc e o f  multipl e rotation s i s dependen t  upo n th e 

initia l  rotationa l  angl e o f  th e system .  However ,  th e 

sequenc e doe s posses s a  numbe r  o f  recurrin g structura l 

regularities ,  whic h w e cal l  sentences :  a  ru n o f  r' s  fol -

lowe d b y a  ru n o f  I's .  Fo r  a  fixed  rotationa l  velocit y 

(rotation s pe r  tim e unit )  an d samplin g rate ,  th e observe d 

syste m wil l  generat e sentence s o f  th e for m r"!" " 

(/I ,  m >  0 ) .  (Th e notatio n r "  indicate s a  sequenc e o f  n 

r's .  A  mor e rigorous  derivatio n appear s i n (Kole n an d 

Pollack ,  1993). )  Fo r  a  fixed  samplin g rate ,  eac h rota -

tiona l  velocit y specifie s u p t o thre e sentence s whos e 

number  o f  r' s  an d I' s  diffe r  b y a t  mos t  one .  Thes e sen -

tence s repea t  i n a n arbitrar y manner .  Thu s a  typica l  sub -

sequenc e o f  a  rotato r  whic h produce s sentence s r"l" , 

r"l"-'',r""''l "  woul d loo k lik e 

n^n+l^nin—n^n+l—n+Nn^njn^nj^n+ l 

A language of sentences may be constructed by 

examinin g th e familie s o f  sentence s generate d b y a  larg e 

collectio n o f  individuals ,  muc h lik e th e Englis h lan -

guag e i s induce d fro m th e uniqu e languag e abilitie s o f 

it s  individua l  speakers .  I n thi s context ,  a  languag e coul d 

be induce d fro m a  populatio n o f  rotator s wit h differen t 

rotationa l  velocitie s wher e individual s generat e sen -

tence s o f  th e for m |r"l" ,  r"l"+',r"^'l"} ,  n  > 0 .  Th e 

resultin g languag e ca n b e describe d b y a  contex t  fre e 

grammar  an d ha s unbounde d dependencies ;  th e numbe r 

of  I' s  i s a  functio n o f  th e numbe r  o f  precedin g r's . 

Thes e tw o constraint s o n th e languag e impl y tha t  th e 

induce d languag e i s contex t  free . 

To sho w tha t  thi s complexit y clas s assignmen t  i s a n 

artifac t  o f  th e observationa l  mechanism ,  conside r  th e 

mechanis m whic h report s thre e disjoin t  regions :  1 ,  c , 

and r  (Figur e 3) .  N o w th e sam e rotatin g poin t  wil l  gen -

erat e sequence s o f  th e for m 

rr...rrcc...cc 11...11 rr...r rcc...cc 11...11.... 

For a fixed sampling rate, each rotational velocity 

specifie s u p t o seve n sentences ,  r"c'"l'' ,  whe n « ,  m , 

and k  ca n diffe r  n o b y n o mor e tha n one .  Again ,  a  lan -

guag e o f  sentence s ma y b e constructe d containin g al l 

sentence s i n whic h th e numbe r  o f  r's ,  c's ,  an d I' s  dif -

fer s b y n o mor e tha n one .  Th e resultin g languag e i s con -

tex t  sensitiv e sinc e i t  ca n b e describe d b y a  contex t 

sensitiv e g ramma r  an d canno t  b e contex t  fre e a s i t  i s th e 

finite  unio n o f  severa l  contex t  sensitiv e language s 

relate d t o r"c"l" . 

Th e previou s exampl e show s h o w a  populatio n o f 

syste m behaviors ,  e.g .  th e sententia l  behavio r  emergin g 

fro m th e famil y o f  rotator s wit h differen t  rotationa l 

velocities ,  ca n b e describe d b y computationa l  model s 

fro m differen t  classes .  Th e tw o language s observe d i n 

th e famil y o f  rotator s ca n als o b e observe d i n th e 

dynamic s o f  a  singl e deterministi c system .  A  slow-mov -

in g chaoti c dynamica l  syste m controllin g th e rotationa l 

velocit y paramete r  i n a  singl e syste m ca n expres s th e 

same behavio r  a s a  populatio n o f  rotator s wit h individ -

ual  rotationa l  velocities .  Th e equation s belo w describe s 

a rotatin g poin t  wit h cartesia n locatio n (Xq ,  x, )  an d a 

slowl y changin g rotationa l  velocit y 0  controlle d b y th e 

subsyste m define d b y JCj ,  Xj ,  an d x^ . 

Xq =  tan h {x q -  9tanhx, ) 

x^  =  tan h (x,-1- 0 tanhxg ) 

JC2 =  4^:2(1-^2 ) 

4 1 
^3 =  5^ 1 +  5^ 3 
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FIGURE 5 .  Th e tw o symbo l  discriminatio n 
of  th e variabl e rotationa l  spee d system . 

X4 = x^il+x^ix^--) {---ianhSx])) 

This system slowly spirals around the (xq, x^) ori-

gin .  Th e valu e o f  jc j  i s a  chaoti c nois e generato r  whic h 

i s smoothe d b y th e dynamic s o f  x ^  an d rotationa l  accel -

eratio n o f  x^ . 

As before ,  w e construc t  tw o measuremen t  mecha -

nism s an d examin e th e structure s i n th e generate d 

sequenc e o f  measurements .  Th e first  measuremen t 

devic e output s a n r  i f  X q i s greate r  tha n zero ,  an d a n 1 

otherwise .  Fro m thi s behavior ,  th e grap h i n Figur e 4 

plot s th e numbe r  o f  consecutiv e r' s  versu s th e numbe r 

of  consecutiv e I's .  Th e diagona l  lin e i s indicativ e o f  a 

contex t  fre e languag e a s a  simpl e corollar y t o th e pump -

in g l emm a fo r  regula r  language s (Hopcrof t  an d Ullman , 

1979) . 

I f  th e underlyin g languag e i s regula r  the n accordin g 

t o th e pumpin g l emm a on e woul d expec t  t o find  pumpe d 

revision s o f  r"l" ,  i.e .  ther e exist s som e assignmen t  o f 

«,  V ,  an d w  suc h tha t  u v w =  r"l "  whic h indicate s tha t 

th e se t  o f  string s mv'vv ,  fo r  i  >  0 ,  i s  als o i n th e language . 

Sinc e th e grap h plot s numbe r  o f  consecutiv e r' s  versu s 

th e numbe r  o f  consecutiv e I's ,  th e mv'v v relationshi p 

constrain s straigh t  line s i n th e grap h t o b e eithe r  vertical , 

as i n th e cas e o f  v  bein g al l  I's ,  o r  horizontal ,  a s i n th e 

cas e o f  V  bein g al l  r's .  I f  v  i s a  strin g o f  th e for m r^l" , 

the n th e grap h woul d no t  contai n an y straigh t  lines .  A 

forma l  proo f  appear s i n (Kole n an d Pollack ,  1993) . 

W h en th e measuremen t  devic e i s change d fro m tw o 

region s t o three ,  w e se e a  paralle l  chang e i n th e Chom -

sk y clas s o f  th e measuremen t  sequenc e fro m contex t 

fre e t o contex t  sensitive .  Figur e 5  show s th e relationshi p 
betwee n th e numbe r  o f  consecutiv e r's ,  consecutiv e c's , 

and consecutiv e I's .  A s i n th e previou s case ,  on e ca n 

20 0 

L's400 ^ 

600 

FIGURE 6 .  Th e thre e symbo l  discriminatio n 
of  th e variabl e system . 

interpret the diagonal line in the graph as the footprint of 

a contex t  sensitiv e generator . 

D iscuss ion :  T h e O b s e r v e r s '  P a r a d o x 

The preceding example suggests a paradox: the variable 

spee d rotator ,  unde r  slightl y differen t  measuremen t 

granularities ,  ca n b e see n a s bot h a  contex t  fre e an d con -

tex t  sensitiv e generator .  Ye t  h o w ca n thi s b e i f  computa -

tiona l  complexit y i s a n inheren t  propert y o f  a  physica l 

system ,  lik e mas s o r  temperature ? Wha t  attribut e o f  th e 

rotato r  i s  responsibl e fo r  th e generativ e capacit y o f  thi s 

system ? Obviously ,  ther e i s n o explici t  stac k pushin g 

and poppin g nontermina l  symbols .  Th e rotato r  doe s 
hav e a  particula r  invariant :  equa l  angle s ar e swep t  i n 

equa l  time .  B y dividin g th e orbi t  o f  th e poin t  int o tw o 

equa l  halves ,  w e hav e ensure d tha t  th e syste m wil l 

spen d almos t  th e sam e amoun t  o f  tim e i n eac h decisio n 

region ,  an d thu s "balancin g th e parentheses. "  O n e m a y 

argu e tha t  th e rotationa l  velocit y an d th e curren t  angl e 

togethe r  implemen t  th e stack ,  henc e th e stac k i s reall y 

there .  Suc h a n argumen t  ignore s th e propertie s o f  th e 
stack ,  namel y th e abilit y t o arbitraril y  pus h an d po p 

symbols .  Likewise ,  claim s regardin g a n interna l  Turin g 

machin e tap e ar e misguided . 

The decisio n o f  th e observe r  t o brea k th e infinit e 

sequenc e o f  symbol s int o sentence s ca n als o affec t  th e 

complexit y class .  Simila r  argument s fo r  sentence s o f  th e 

for m r"l"+V^'' ,  (|a| ,  1* 1 <  C )  give s rise  t o a  contex t 

sensitiv e language .  Fro m thi s perspective ,  w e ca n se e 

tha t  Crutchfiel d an d Youn g accidentall y biase d th e lan -

guage s the y foun d b y assumin g closur e unde r  sub -

strings ,  i.e. ,  i f  strin g x  i s i n languag e L  the n al l 

substring s o f  x  ar e als o i n L ,  whic h undoubtedl y 
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affecte d th e induce d minima l  automat a an d criticalit y 

languages .  Strategi c selectio n o f  measuremen t  device s 

ca n induc e a n infinit e collectio n o f  language s fro m 

many differen t  complexit y classes :  th e choic e o f  metho d 

and granularit y o f  observatio n "selects "  th e computa -

tiona l  complexit y o f  a  physica l  system . 

In other words, the computational complexity of a 

physica l  syste m canno t  b e a n intrinsic ,  objectiv e 

property ;  rather ,  i t  emerge s fro m th e interactio n o f  sys -

te m stat e dynamic s an d measuremen t  a s establishe d b y 

an observer . 

We believe this result has deep meaning for cogni-

tiv e science .  I t  suggest s tha t  th e hierarch y o f  forma l  lan -

guage s an d automat a i s irrelevan t  t o th e account s o f 

complexit y i n physica l  systems .  Sinc e th e brai n i s a 

physica l  system ,  w e canno t  kno w th e complexit y clas s 

of  it s  behavio r  withou t  establishin g a n observer .  Thu s 

th e Physica l  Symbo l  Syste m Hypothesi s relie s o n a n 

unmentione d observe r  t o establis h tha t  a n ant' s behavio r 

i s no t  computationa l  whil e problem-solvin g b y human s 

is .  Th e necessar y an d sufficien t  condition s o f  universa l 

computatio n i n th e Physica l  Symbo l  Syste m Hypothesi s 

provid e n o insigh t  int o cognitiv e behavior ;  rather ,  the y i t 

implie s tha t  human s ar e capabl e o f  writin g dow n behav -

iora l  description s whic h requir e universa l  computatio n 

t o simulate .  Eve n th e computationa l  intractabilit y  o f  a 

competenc e mode l  (e.g .  Barton ,  e t  al ,  1987 )  i s depen -

dent  o n a  particula r  symbolizatio n o f  huma n behavior , 

not  a n underlyin g mechanica l  capacity ,  implyin g tha t 

th e rejectio n o f  mathematica l  model s o n th e basi s o f 

insufficien t  computationa l  complexit y i s  groundless . 

As our ability to establish good measurements has 

increased ,  w e no w kno w tha t  ther e ar e man y area s i n 

natur e wher e unbounde d dependencie s an d systemati c 

form s o f  recursiv e structurin g occur .  Th e codin g o f  th e 

genome,  th e immunologica l  system ,  a s wel l  i n th e sim -

pl e growt h o f  botanica l  structures ,  ar e bu t  a  few .  Thes e 

system s ar e provin g a s comple x a s huma n languages , 

yet  i t  i s  onl y Cognitiv e scienc e whic h presume s upo n 

th e "specialness "  o f  languag e an d huma n menta l  cultur e 

t o justif y a  differen t  se t  o f  scientifi c  tool s an d explana -

tion s base d upo n th e forma l  symbo l  manipulatio n 

capacit y o f  th e computer .  W e ma y hav e t o stop . 
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