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A C o m p l e x - S y s t e m s Perspectiv e o n th e 

^^Computa t io n vs .  D y n a m i c s "  D e b a t e i n Cognitiv e Scienc e 

Melani e Mitchel l  (min@santafe.edu ) 
Sant a F e Institute ;  139 9 Hyd e Par k Roa d 

Sant a F e . N M 8750 1 U S A 

Abstrac t 

I review the purported opposition between computational and 
dynamica l  approache s i n cognitiv e science ,  i  argu e tha t  bot h 
computationa l  an d dynamica l  notion s wil l  b e necessar y fo r  a 
ful l  explanator y accoun t  o f  cognition ,  an d giv e a  perspectiv e 
on ho w recen t  researc h i n comple x system s ca n lea d t o a  muc h 
neede d rapprochemen t  betwee n computationa l  an d dynamica l 
style s o f  explanation . 

The "Computatio n vs .  Dynamics "  Debat e 

Cognitio n an d computatio n hav e bee n deepl y linke d fo r  a t 
leas t  fift y  years ,  particularl y i n th e symboli c A I  tradition .  Th e 

origi n o f  th e electroni c digita l  compute r  lie s i n Tliring' s at -

temp t  t o formaliz e th e kind s o f  symboli c logica l  manipula -

tion s tha t  h u m a n mathematician s ca n perform ,  an d compu -

tatio n wa s late r  viewe d b y Newell ,  Simon ,  an d other s a s th e 

correc t  conceptua l  framewor k fo r  understandin g though t  i n 

genera l  (Newel l  &  Simon ,  1976) . 

Anothe r  traditio n fo r  understandin g though t  i s roote d i n 

dynamica l  system s theory .  Dynamica l  approache s t o cogni -

tio n g o bac k a t  leas t  t o th e cybernetic s er a i n th e 1940 s i n 

whic h informatio n theory ,  dynamics ,  an d computatio n wer e 

brough t  togethe r  i n studyin g th e brai n (Ashby ,  1952) .  H o w -

ever ,  wit h th e dominanc e o f  symboli c A I  an d "information -

processin g psychology "  i n th e 1960 s an d 1970s ,  dynamical -

systems-base d approache s wer e no t  extensivel y pursued . 

M o r e recently ,  th e ide a tha t  dynamic s i s a  relevan t  frame -

wor k fo r  understandin g cognitio n ha s becom e popula r  again . 

For  example ,  Thele n an d Smit h (1994 )  describ e th e develop -

ment  o f  kickin g an d reachin g i n infant s i n term s o f  dynami -

cal  notion s suc h a s th e stabilit y  o f  attractor s i n a  phas e spac e 

define d b y bod y an d environmenta l  parameters .  Movement s 

t o ne w stage s i n developmen t  ar e explaine d i n term s o f  bi -

furcation s t o ne w attractor s a s a  resul t  o f  chang e i n orde r 

parameters—infan t  weight ,  bod y length ,  etc.—a s th e infan t 

grows .  Thele n an d Smit h believ e tha t  "highe r  cognition "  i s 

ultimatel y roote d i n thes e type s o f  spatia l  skill s  learne d i n 

infancy ,  an d thu s tha t  highe r  cognitio n wil l  itsel f  b e bes t  un -

derstoo d dynamically .  The y contras t  thei r  accoun t  wit h tradi -

tiona l  "informatio n processing "  theorie s o f  development ,  i n 

whic h ne w developmenta l  stage s ar e cause d b y brai n matura -

tio n an d th e increasin g abilit y  o f  maturin g infant s t o reaso n 

logically . 

M a ny proponent s o f  dynamica l  approache s i n cognitiv e 

science ,  lik e Thele n an d Smith ,  tak e th e adversaria l  posi -

tio n tha t  computatio n an d informatio n processin g ar e mis -

leadin g an d incorrec t  notion s t o us e i n understandin g cog -

nition .  S o m e g o eve n furthe r  an d dismis s mor e basi c notion s 

suc h a s representatio n an d "symbols "  a s bein g harmfu l  t o th e 

cognitiv e scienc e enterpris e (e.g. ,  Freema n &  Skarda ,  1990) . 

I n a  recen t  overvie w article ,  va n Gelde r  an d Por t  (1995) 

see k t o sho w tha t  th e "computationa l  approach"—i.e. ,  tha t 

"Cognitiv e operation s ar e transformation s fro m on e stati c 

symbol  structur e t o th e next "  (p .  1)—i s fals e an d tha t  th e "dy -

namica l  hypothesis"—tha t  though t  i s bes t  understoo d i n th e 

languag e o f  dynamica l  system s theory—i s true .  I n thi s paper , 

I  briefl y revie w th e mai n point s o f  thi s debate ,  argu e tha t  bot h 

computationa l  an d dynamica l  notion s wil l  b e necessar y fo r  a 

ful l  explanator y accoun t  o f  cognition ,  an d giv e m y vie w o n 

h o w comple x system s researc h ca n lea d t o a n importan t  rap -

prochemen t  betwee n computationa l  an d dynamica l  notion s i n 

cognitiv e science . 

Althoug h th e variou s dynamica l  approache s describe d b y 

va n Gelde r  an d Por t  d o no t  ye t  yiel d a  concis e singl e formu -

lation ,  th e genera l  ide a i s tha t  cognitio n shoul d b e character -

ize d a s a  continua l  couplin g amon g brain ,  body ,  an d environ -

ment  tha t  unfold s i n rea l  time ,  a s oppose d t o th e discret e tim e 

step s o f  digita l  computation .  Th e emphasi s o f  th e dynamica l 

approac h i s o n h o w th e brain/body/environmen t  syste m a s a 

whol e change s i n rea l  time ,  an d dynamic s i s propose d a s th e 

bes t  framewor k fo r  capturin g tha t  change .  Thi s i s sai d t o con -

tras t  wit h computation' s focu s o n "interna l  structure"—i.e. , 

it s  concer n wit h th e stati c organizatio n o f  informatio n pro -

cessin g an d representationa l  structur e i n a  cognitiv e system . 

Thi s opposition—betwee n dynamic s a s focuse d o n chang e 

and computatio n a s focuse d o n interna l  structure—bring s t o 

min d a  simila r  debat e tha t  ha s gon e o n fo r  year s i n th e evolu -

tionar y biolog y community ,  an d whos e resolutio n will ,  I  be -

lieve ,  b e instructiv e fo r  th e dynamics/computatio n debat e i n 

cognitiv e science .  Th e predominan t  explanator y framewor k 

i n evolutio n ha s bee n neo-Darwinism ,  a  theor y o f  chang e pa r 

excellenc e (inherite d rando m chang e fro m on e generatio n t o 

th e nex t  lead s t o adaptatio n vi a natura l  selection) .  Bu t  som e 

evolutionar y theorist s hav e questione d th e adequac y o f  clas -

sica l  neo-Darwinis m a s eithe r  a n explanator y o r  a  predictiv e 

theory ,  an d argu e instea d fo r  th e primac y o f  historica l  contin -
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genc y (Gould ,  1989a )  o r  th e self-organizatio n o f  biologica l 

structur e no t  du e t o natura l  selectio n (Fontan a &  Buss ,  1996 ; 

Goodwin ,  1990 ;  Kauffman ,  1993) .  Thes e "historicists "  an d 

"structuralists "  ar e th e connectionist s o f  th e evolutionar y bi -

olog y community—th e peopl e questionin g th e classica l  or -

thodoxy .  Th e selectionist/historicist/smjcturalis t  debat e ha s 

been discusse d a t  lengt h b y Goul d (1989b) ,  amon g others .  I t 

i s  becomin g increasingl y clear ,  however ,  tha t  th e star k op -

position s posite d amon g thes e thre e framework s ar e no t  onl y 

fals e oppositions ,  bu t  ar e hinderin g progres s i n evolutionar y 

theory .  Th e purel y structuralis t  theorie s don' t  explai n ho w 

structure s ca n b e significantl y change d i n evolution ,  an d th e 

purel y selectionis t  theorie s don' t  explai n wha t  intrinsi c driv -

in g force s an d constraint s ther e ar e o n th e formatio n o f  bio -

logica l  structures .  Wha t  i s neede d i s a  theor y tha t  incorpo -

rate s bot h chang e an d structure' . 

Dynamical Notions 

Similarly ,  i n cognitiv e science ,  dynamica l  approache s ar e the -

orie s o f  chang e an d movement .  Althoug h differen t  aspect s 

of  dynamica l  system s theor y ar e emphasize d i n differen t  dy -

namica l  approaches ,  a  c o m m o n them e i s usin g dynamic s a s 

a languag e fo r  describin g continua l  tempora l  chang e i n com -

ple x systems ,  somethin g no t  easil y capture d i n so-calle d com -

putationa l  approaches . 

Dynamica l  approache s vie w th e behavio r  o f  a  temporally -

changin g syste m i n a  geometri c w a y — i n term s o f  "trajec -

tories" ,  "attractors" ,  "bifurcations" ,  an d s o on .  Historically , 

dynamica l  system s theor y ha s bee n usefu l  fo r  understandin g 

comple x system s i n whic h "self-organization "  o r  "emergen t 

behavior "  appears .  I n man y way s dynamic s ha s a  natura l  ap -

peal  fo r  cognitiv e science ,  sinc e i t  provide s way s t o concep -

tualiz e system s undergoin g continua l  change ,  way s t o char -

acteriz e th e relativ e stabilit y  o f  possibl e pattern s o f  chang e 

as a  functio n o f  syste m parameters ,  an d way s t o thin k abou t 

coupling s betwee n comple x processe s suc h a s th e brain ,  th e 

body ,  an d th e environment . 

However ,  ther e ar e som e limitation s t o curren t  dynamica l 

approache s tha t  see m difficul t  t o overcom e withi n a  pur e dy -

namic s framework .  T w o majo r  limitations ,  pointe d ou t  b y 

Clar k (1997 ,  p .  101) ,  ar e scalin g an d styl e o f  explanation . 

First ,  curren t  dynamica l  approaches ,  i f  the y ar e t o b e quan -

titative ,  ca n dea l  onl y wit h low-dimensiona l  analyse s (e.g. . 

Beer' s analysi s o f  a  five-neuron  neura l  networ k controlle r 

fo r  a  walkin g robot ;  Beer ,  1995) ;  i t  i s  no t  clea r  ho w th e 

approache s currentl y bein g propose d wil l  scal e t o higher -

dimensiona l  systems .  Furthermore ,  i t  i s  no t  clea r  ho w th e 

approache s bein g explore d fo r  moto r  abilities ,  simpl e per -

Thi s formulatio n o f  th e evolutio n debate s wa s give n t o m e b y 
evolutionis t  Danie l  McShea ,  persona l  communication .  McShea' s 
formulatio n wa s elaborate d b y Crutchfiel d (1994) ,  wh o propose s a 
particula r  computation-theoreti c notio n o f  structur e ("computationa l 
mechanic s o f  nonlinea r  processes" )  an d a  relate d mechanis m fo r  th e 
transformatio n o f  strucUir e ("hierarchica l  machin e reconstruction") . 
Cmtchfiel d suggest s tha t  a  unifie d theor y o f  thes e tw o processe s 
migh t  b e terme d "evolutionar y mechanics" ,  whic h h e propose s a s 
a genera l  theor y o f  "emergence" . 

ception ,  simpl e languag e processing ,  an d th e lik e wil l  pro -

vid e complet e account s o f  "higher-level "  cognitiv e phenom -

ena suc h a s th e recognitio n o f  an d reasonin g abou t  abstrac t 

idea s ("representation-hungry"problems ,  t o us e Clark' s term ; 

Clark ,  1997) . 

Second ,  whil e dynamica l  approache s provid e usefu l  high -

leve l  description s o f  behavio r  i n geometrica l  terms ,  i n genera l 

the y don' t  o n thei r  o w n provid e a n understandin g o f  h o w th e 

underlyin g syste m give s ris e t o thos e aspect s o f  behavio r  tha t 

ar e functiona l  o r  adaptive .  Fo r  example ,  w e woul d lik e t o 

distinguis h adaptiv e fro m non-adaptiv e behavior ,  understan d 

ho w tw o adaptiv e system s wit h ver y differen t  dynamica l  por -

trait s giv e ris e t o simila r  functiona l  behavior ,  an d understan d 

th e sourc e o f  error s mad e b y a n adaptiv e syste m an d h o w it s 

functio n wil l  b e affecte d b y variou s sort s o f  "lesions" .  W e 

woul d als o lik e t o understan d h o w ne w functiona l  compo -

nent s giv e ris e t o improvement s i n th e system .  I  wil l  argu e be -

lo w tha t  suc h account s ca n b e give n i n a  dynamic s framework , 

but  onl y i n one s i n whic h functional ,  information-bearing , 

and information-processin g component s ca n b e identified . 

Computational Notions 

There are many reasons to question computation as frame-

wor k fo r  understandin g cognition .  Th e vo n Neumann-styl e 

architectur e tha t  ha s dominate d compute r  scienc e fo r  mos t  o f 

it s histor y i s quit e differen t  fro m th e architectur e o f  th e brain . 

The forme r  ha s centralize d control ,  rando m acces s memory , 

and serial ,  deterministi c processing .  Th e latte r  consist s o f 

myria d relativel y simpl e component s wit h n o (known )  cen -

tra l  control ,  limite d interaction s amon g components ,  spatia l 

structure ,  massiv e parallelism ,  comple x dynamics ,  an d i s per -

meate d wit h noise ,  givin g ris e t o stochasti c processing .  I n 

thi s view ,  computationa l  processe s couldn '  t  b e mor e differen t 

tha n brai n processes .  A s Bee r  wrote ,  "th e organizatio n tha t 

th e ver y term s o f  th e computationa l  languag e presuppos e i s 

nowher e apparent "  (Beer ,  1995 ,  p .  128) . 

However ,  i n th e rus h t o ri d th e cognitiv e scienc e worl d o f 

symboli c computationa l  notions ,  man y o f  th e proponent s o f 

dynamic s hav e neglecte d th e reason s wh y computatio n ha s 

bee n suc h a n attractiv e framewor k fo r  cognitio n fo r  suc h a 

lon g time .  First ,  computationa l  notion s hav e provide d u s 

wit h a  ne w notio n o f  "mechanism" .  I n th e histor y o f  sci -

ence ,  th e meanin g o f  "mechanism "  ha s bee n extende d a  num -

ber  o f  times .  Fo r  example ,  i n th e 17t h an d 18t h centuries , 

a "model "  o f  a  scientifi c  phenomeno n wa s a  mechanis m de -

scribe d a s a  combinatio n o f  th e si x "basi c machines" :  th e 

lever ,  th e whee l  an d axle ,  th e pulley ,  th e incline d plane ,  th e 

wedge,  an d th e scre w (Toulmin ,  1993) .  Ove r  time ,  wha t 

counte d a s a  mechanis m i n scienc e wa s graduall y broadened , 

and i n th e 1930s ,  computation,  i n th e for m o f  Turin g M a -

chines ,  cam e t o b e though t  o f  a s a  ne w typ e o f  mechanism , 

one tha t  wa s capabl e o f  processin g symbols .  Furthe r  evolu -

tio n o f  th e notio n o f  "mechanism "  an d "mechanisti c explana -

tion "  ca n b e expecte d (an d ha s alread y occurred ,  e.g. ,  i n th e 

understandin g o f  th e metabolis m an d self-reproductio n o f  bi -
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ologica l  cells) .  Th e kin d o f  explanation—i n term s o f  functio n 

and adaptation—tha t  I  claime d abov e t o b e necessar y require s 

uncoverin g mechanism s tha t  explai n ho w functio n arise s an d 

change s i n comple x system s lik e th e brai n an d ho w informa -

tio n i s processed .  Thi s i s somethin g tha t  a n extende d compu -

tatio n theory—on e tha t  i s relevan t  t o comple x systems—ca n 

offer ;  som e step s i n thi s directio n wil l  b e describe d below . 

Mechanism s explainin g functionalit y ar e precisel y wha t 

Mar r  wa s gettin g a t  i n hi s "representatio n an d algorithm " 

leve l  o f  descriptio n o f  comple x informatio n processin g (Marr , 

1982) .  Thi s i s th e leve l  a t  whic h equivalenc e classe s o f  pro -

cesse s ca n b e described ,  s o tha t  w e ca n understand ,  fo r  exam -

ple ,  h o w tw o processe s wit h quit e differen t  dynamic s ca n us e 

th e sam e higher-leve l  mechanis m ("algorithm" )  t o accom -

plis h a  tas k an d ho w higher-leve l  structure s ("interna l  rep -

resentations" )  giv e ris e t o functionalit y b y carryin g informa -

tion . 

I n othe r  words ,  computationa l  theorie s i n cognitiv e scienc e 

ar e theorie s o f  structure ,  makin g claim s abou t  th e informatio n 

processin g an d functiona l  structur e o f  menta l  state s (e.g. ,  se -

manti c networks ,  neura l  networks ,  schemata ,  Bayesea n be -

lie f  networks ,  fuzz y logic ,  theore m provers) .  Mos t  o f  thes e 

theorie s assum e tha t  informatio n processin g consist s o f  th e 

manipulatio n o f  explicit ,  stati c symbol s rathe r  tha n th e au -

tonomou s interactio n o f  emergent ,  activ e one s (Hofstadter , 

1985) .  Suc h theorie s typicall y canno t  easil y explai n wha t 

drivin g force s an d constraint s ther e ar e o n ho w th e menta l 

state s i n questio n ca n change ,  wha t  trajectorie s the y ca n take , 

thei r  couplin g wit h th e bod y an d th e environment ,  an d h o w 

high-leve l  symbol s ca n emerg e fro m a  lower-leve l  substrate . 

I n short ,  dynamica l  approache s contribut e a  m u c h neede d 

characterizatio n o f  continua l  chang e i n cognitiv e system s an d 

a m u c h neede d framework  fo r  describin g comple x coupling s 

among brain ,  body ,  an d environment .  Computationa l  ap -

proache s contribut e notion s o f  mechanis m an d equivalenc e 

classe s o f  mechanism s tha t  she d ligh t  o n functiona l  an d adap -

tiv e behavio r  i n comple x systems .  Wha t  w e nee d i s a  rap -

prochemen t  betwee n computatio n an d dynamic s (betwee n 

theorie s o f  structur e an d theorie s o f  change )  tha t  ca n provid e 

both .  Other s hav e m a d e simila r  point s (e.g. ,  Clark ,  1997) , 

but  withou t  concret e examples .  I  wil l  argu e belo w tha t  com -

ple x system s researc h i s n o w leadin g i n thi s directio n an d ca n 

provid e concret e example s tha t  wil l  hel p buil d ou r  intuition s 

abou t  h o w t o achiev e suc h a  rapprochement . 

A Complex Systems Perspective 

Attempts at rapprochements between computation and dy-

namic s ar e comin g fro m man y sectors ,  i n particula r  fro m 

researc h o n "complexity, "  i n whic h dynamics ,  computation , 

and adaptatio n ar e beginnin g t o b e viewe d i n a  mor e unifie d 

framework.  Th e goa l  o f  comple x system s researc h i s t o ex -

plain ,  acros s disciplines ,  h o w comple x an d adaptiv e behavio r 

ca n aris e fro m system s compose d o f  larg e number s o f  rel -

ativel y simpl e component s wit h n o centra l  contro l  an d wit h 

complicate d bu t  limite d interactions .  Dynamic s an d com -

putatio n hav e figured  centrall y i n comple x system s research , 

and a  majo r  effor t  i n tha t  field  i s t o understan d ho w sophis -

ticated ,  functiona l  informatio n processin g ca n aris e fro m de -

centralized ,  dynamica l  substrates ,  an d ho w tha t  informatio n 

processin g ca n improv e vi a processe s o f  learnin g an d evo -

lution .  Thi s ha s resulte d i n considerabl e wor k o n extendin g 

dynamica l  system s theory ,  computatio n theory ,  an d evolutio n 

and learnin g theor y t o b e relevan t  fo r  suc h investigations .  A s 

note d b y Crutchfiel d (1994) ,  "Th e interpla y betwee n compu -

tation ,  dynamics ,  an d inductio n emphasize s a  trinit y o f  con -

ceptua l  tool s require d fo r  studyin g th e emergenc e o f  com -

plexity. " 

Thi s interpla y i s exemplifie d b y th e wor k o f  Hofstadte r  an d 

hi s colleague s o n "activ e symbols "  an d menta l  fluidity  (Hof -

stadter ,  1995) ;  Crutchfiel d an d hi s colleagues '  wor k o n th e 

"computationa l  mechanic s o f  nonlinea r  processes "  (Crutch -

field,  1994 ;  Crutchfiel d &  Hanson ,  1993) ;  Moor e an d hi s col -

leagues '  wor k o n understandin g wha t  dynamica l  system s ca n 

comput e an d extendin g computatio n theor y t o continuous -

value d computatio n an d two-dimensiona l  language s (Moore , 

1990 ,  1996 ;  Lindgren ,  Moore ,  &  Nordahl ,  1997) ;  Fontan a 

and Buss' s wor k o n self-organizatio n an d th e developmen t  o f 

hierarchie s i n a n "algorithmi c chemistry "  (Fontan a &  Buss , 

1996) ;  an d Crutchfield ,  Mitchell ,  Das ,  an d others '  wor k o n 

th e evolutio n o f  emergen t  computatio n i n cellula r  automat a 

(Crutchfiel d &  Mitchell ,  1995 ;  Das ,  Mitchell ,  &  Crutchfield , 

1994 ;  Mitchell ,  Crutchfield ,  &  Das ,  1996) .  Thes e ar e onl y a 

fe w examples .  Her e I  wil l  describ e thi s las t  projec t  a s a n ide -

alize d exampl e o f  ho w computatio n an d representatio n ca n 

emerg e fro m a  comple x dynamica l  substrate . 

Cellula r  automat a (CAs )  ar e spatiall y  extended ,  discret e 

dynamica l  system s tha t  captur e som e o f  th e attribute s o f  com -

ple x system s describe d abov e A  C A consist s o f  a  larg e num -

ber  o f  simpl e component s ("cells") ,  eac h wit h limite d com -

municatio n t o othe r  component s an d eac h followin g a  simpl e 

transitio n rule .  Lik e comple x system s i n nature ,  th e micro -

scopi c simpl e component s an d rule s ca n giv e rise  t o highl y 

complicate d an d unpredictabl e macroscopi c behavior .  (Fo r  a 

recen t  revie w o n C A s a s viewe d a s dynamica l  system s an d a s 

computers ,  se e Mitchell ,  i n press. ) 

Our  projec t  focuse d o n one-dimensional ,  binary-stat e C A s 

wit h 7-bi t  neighborhoods .  Suc h a  C A consist s o f  a  one -

dimensiona l  lattic e o f  N  cells ,  eac h o f  whic h ca n b e i n stat e 

0 o r  1  a t  a  give n tim e step .  Eac h cel l  communicate s wit h 

thre e neighbor s o n eithe r  side .  A t  eac h tim e step ,  eac h cel l 

decides ,  base d o n it s o w n stat e an d thos e o f  it s si x neighbors , 

whethe r  t o remai n i n it s curren t  stat e o r  t o chang e state .  Eac h 

cel l  obey s th e sam e transitio n rul e whic h ca n b e expresse d 

as a  look-u p tabl e givin g th e actio n t o tak e fo r  eac h possibl e 

configuratio n o f  7  cells .  Th e look-u p tabl e ha s 2' '  =  12 8 en -

tries .  A t  eac h tim e step ,  al l  th e ceil s updat e i n parallel ,  wit h 

th e edge s wrappin g around . 

My colleague s an d I  carrie d ou t  a  stud y o f  ho w a n evolu -

tionar y proces s (modele d b y a  geneti c algorithm )  coul d de -

sig n thi s typ e o f  cellula r  automato n t o perfor m sophisticate d 
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Sit e 

(a ) 

Sit e 

(b ) 

Figur e 1 :  (a )  Space-tim e diagra m o f  <t>ioo ,  on e o f  th e best -

performin g C A s discovere d b y th e G A i n ou r  experiments . 

The 149-cel l  one-dimensiona l  lattic e i s arraye d alon g th e hor -

izontal ,  wit h tim e increasin g d o w n th e page .  Cell s i n stat e 0 

ar e colore d white ;  cell s i n stat e 1  ar e colore d black .  (Th e 

"greyish "  are a i s a  checkerboar d patter n o f  alternatin g O s an d 

Is. )  I n thi s diagram ,  </>io o start s wit h a n initia l  configuratio n 

wit h 5 1 % Is ,  an d b y 15 0 tim e step s reache s th e correc t  classi -

fication  o f  al l  Is .  (b )  Th e sam e diagra m wit h th e thre e regula r 

domain s filtered  out ,  revealin g th e particles .  (Adapte d fro m 

Mitchell ,  Crutchfield ,  &  Das ,  1996. ) 

computation s (Crutchfiel d &  Mitchell ,  1995 ;  Das ,  Mitchell , 

& Crutchfield ,  1994 ;  Mitchell ,  Crutchfield ,  &  Das ,  1996) . 

Thoug h thi s projec t  wa s no t  mean t  t o b e a  cognitiv e model , 

th e result s hav e turne d ou t  t o hav e som e relevance ,  I  believe , 

fo r  th e computation/dynamic s debat e i n cognitiv e science . 

I n particular ,  w e define d a  "density-classification "  tas k fo r 

cellula r  automat a tha t  require s th e cell s t o perfor m collectiv e 

computation .  Th e tas k  i s t o decid e whethe r  th e initia l  config -

uratio n (IC )  o f  state s i n th e lattic e contain s a  majorit y o f  I s o r 

of  Os .  I f  i t  contain s a  majorit y o f  I s  (Os) ,  th e tas k  i s t o iterat e 

t o a  fixed-point  o f  al l  I s  (Os) .  Thi s tas k  i s trivia l  fo r  a  syste m 

wit h centra l  contro l  an d random-acces s memory :  al l  th e sys -
te m ha s t o d o i s coun t  u p th e numbe r  o f  1  s  i n th e lattic e an d 

divid e b y th e lattic e size .  Bu t  C A s hav e n o centra l  contro l  o r 

globall y accessibl e m e m o r y — e a c h cel l  ca n onl y communi -

cat e locall y wit h it s neighbors .  H o w ca n a  collectio n o f  cell s 

limite d t o loca l  communicatio n cooperat e o n a  globa l  scal e t o 

determin e a  propert y o f  th e entir e lattic e (th e initia l  majorit y 

state)̂ ? 

We use d a  geneti c algorith m ( G A )  t o evolv e cellula r  au -

tomato n transitio n rule s t o perfor m th e density-classificatio n 

tas k (se e Mitchell ,  Crutchfield ,  &  Das ,  199 6 fo r  detail s o f  th e 

algorith m an d th e experiment s w e performed) .  Figur e 1(a ) 

give s a  diagra m illustratin g th e space-tim e behavio r  o f  </>ioo . 

one o f  th e best-performin g C A s evolve d b y th e G A .  Th e 149 -

cel l  one-dimensiona l  lattic e i s arraye d alon g th e horizontal . 

^As wa s describe d i n Mitchell ,  Crutchfield ,  &  Da s (1996) ,  th e 
simpl e "local-majorit y vote "  C A canno t  perfor m th e tas k becaus e 
it  ca n proces s informatio n onl y locall y an d canno t  transmi t  infor -
matio n abou t  loca l  segment s o f  th e initia l  configuratio n t o differen t 
part s  o f  th e lattice . 

wit h tim e increasin g d o w n th e page .  Cell s i n stat e 0  ar e col -

ore d white ;  cell s i n stat e 1  ar e colore d black .  Her e <pio o start s 

wit h a n initia l  configuratio n wit h 5 1 % Is ,  an d b y 15 0 tim e 

step s reache s th e correc t  classificatio n o f  al l  Is . 

We ca n estimat e h o w wel l  a  give n C A perform s th e 

density-classificatio n tas k b y testin g i t  o n a  sampl e o f  ini -

tia l  configuration s t o se e h o w m a n y time s i t  reache s a  cor -

rec t  classification .  <̂ io o reache d a  correc t  classificatio n o n 

approximatel y 8 0 % o f  th e I C sample s draw n fro m a  unifor m 

rando m distribution—thes e th e hardes t  case s sinc e the y al -

most  alway s hav e densit y o f  I s ver y clos e t o 0.5 .  (̂ loo' s 

performanc e wa s almos t  a s hig h a s tha t  o f  th e best-know n 

human-designe d C A fo r  thi s task ;  Das ,  Mitchell ,  &  Crutch -

field,  1994. )  However ,  i t  i s  no t  immediatel y clea r  fro m 

<Aioo' s space-tim e behavio r  h o w i t  perform s th e density -

classificatio n tas k an d w h y i t  obtain s 8 0 % performance . 

A purel y dynamica l  approac h t o understandin g <Aioo' s be -

havior ,  omittin g al l  kind s o f  "informatio n processin g an d rep -

resentatio n talk" ,  woul d conside r  th e system' s time-varyin g 

globa l  stat e t o b e th e 149-dimensiona l  vecto r  encodin g th e 

curren t  configuratio n an d a  syste m trajector y t o b e th e se -

quenc e o f  configuration s th e C A goe s throug h startin g wit h a 

particula r  initia l  configuration .  I n principle ,  attractor s coul d 

be identifie d an d stabilit y  propertie s o f  thos e attractor s coul d 

be determine d (suc h a n analysi s o f  a  simila r  C A ,  provin g tha t 

th e onl y attractor s ar e th e all-O s an d all-I s fixed  points ,  wa s 

give n b y Gonzag a d e S a an d Maes ,  1992) .  However ,  suc h 

an analysi s woul d mis s tw o essentia l  propertie s o f  thi s C A : 

first,  tha t  wit h respec t  t o density-classificatio n performance , 

th e importan t  actio n goe s o n durin g th e transien t  perio d lead -

in g u p t o a  fixed  point ,  an d second ,  tha t  th e transien t  config -

uration s hav e interna l  structur e tha t  canno t  b e identifie d b y 

definin g th e system' s globa l  state s t o b e 149-bi t  vectors .  Pro -

ponent s o f  dynamica l  approache s woul d n o doub t  argu e tha t 

reduced-dimensiona l  description s o f  th e globa l  stat e coul d 

be found ,  an d the y ar e right ;  I  wil l  argu e belo w tha t  use -

fu l  dimension-reductio n i n thi s cas e require s "information -

processin g an d representatio n talk" . 

Our  analysi s o f  (Aioo' s behavio r  build s o n th e "computa -

tiona l  mechanic s o f  cellula r  automata "  framewor k o f  Crutch -

field  an d Hanso n (1993) ,  whic h decompose s C A space-tim e 

behavio r  roughl y int o "patter n bases "  an d "particles" .  Ver y 

briefly ,  thes e patter n bases—calle d "regula r  domains"—ar e 

region s o f  space-tim e consistin g o f  string s i n th e sam e regula r 

language ;  i n othe r  words ,  the y ar e region s tha t  ar e computa -

tionall y homogeneou s an d simpl e t o describe .  Fo r  example , 
i n Figur e 1(a) ,  ther e ar e thre e regula r  domain s (black ,  whit e 

an d checkerboard) ,  correspondin g t o th e regula r  language s 

0* ,  1* ,  an d (01)* .  Particle s ar e th e localize d boundarie s be -

twee n thos e domains .  The y ar e reveale d i n Figur e 1(b) ,  i n 

whic h th e thre e regula r  domain s hav e bee n filtered  out .  Fo r 

convenience ,  som e o f  th e particle s hav e bee n labele d wit h 

Gree k letters . 

I n computationa l  mechanics ,  particle s ar e identifie d a s in -

formation  carriers ,  an d collision s betwee n particle s ar e iden -
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tifie d a s th e loc i  o f  informatio n processing .  I n ou r  case ,  par -

ticle s ar e a n information-base d metho d fo r  reducin g dimen -

sionaUt y i n explainin g ̂ loo' s behavior :  sinc e th e thre e reg -

ula r  domain s ar e simpl e (wher e "simple "  mean s "computa -

tionall y simple "  i n th e sens e o f  simpl e regula r  languages) ,  w e 

ca n deduc e tha t  non e o f  thos e region s alon e carrie s th e infor -

matio n neede d t o globall y determin e th e relativ e densit y o f  O s 

and Is .  I t  i s  th e particle s tha t  ar e doin g th e importan t  work . 

Focusin g o n th e leve l  o f  particle s allow s u s t o understan d 

h o w 4>\o o classifie s initia l  densitie s o f  Is .  Roughly ,  ove r  shor t 

times ,  <̂ io o m a p s loca l  high-densit y region s t o al l  I s  an d lo -

cal  low-densit y region s t o al l  Os .  W h e n a n all-I s regio n o n 

th e lef t  meet s a n all-O s regio n o n th e right ,  a  vertica l  bound -

ar y i s create d an d propagate d wit h zer o velocity .  W h e n a n 

all-O s regio n o n th e lef t  meet s a n all-I s regio n o n th e left , 

a checkerboar d regio n (alternatin g I s an d Os )  i s create d an d 

propagate d wit h velocit y 1  i n opposit e directions .  W h e n on e 

sid e o f  th e propagatin g checkerboar d regio n collide s wit h th e 

black-whit e boundary ,  th e inne r  regio n (e.g. ,  eac h o f  th e whit e 

region s i n Figur e 1(a) )  i s  cu t  of f  an d th e oute r  regio n i s al -

lowe d t o propagate .  Fo r  example ,  i n Figur e 1(a) ,  th e larg e 

inne r  whit e regio n i s smalle r  tha n th e larg e oute r  blac k re -

gion ,  an d thu s th e propagatin g checkerboar d patter n reache s 

th e black-whit e boundar y o n th e whit e sid e befor e i t  reache s 

i t  o n th e blac k side ;  th e forme r  i s cu t  off ,  an d th e latte r  i s  al -

lowe d t o propagate .  I n thi s wa y m a n y cell s collaborate ,  usin g 

loca l  interaction s an d globa l  geometry ,  t o determin e th e rela -

tiv e size s o f  low -  an d high-densit y region s m u c h large r  tha n 

th e neighborhoo d size .  A s ca n b e see n i n Figur e 1(a) ,  thi s 

tyjj e o f  collaboratio n occur s a t  severa l  spatia l  scales . 

Thi s imprecis e descriptio n ca n b e m a d e precis e an d rigor -

ous b y phrasin g i t  i n term s o f  particles ,  particl e velocities , 

and interactions .  T h e microscopi c leve l  o f  behavior—(/>ioo' s 

transitio n rul e o n 7-bi t  neighborhood s an d th e detaile d space -

tim e configuration s tha t  resul t  fro m tha t  rule—give s ris e t o a n 

emergen t  macroscopi c leve l  tha t  ca n b e though t  o f  a s a  "par -

ticl e physics "  fo r  thi s tin y world .  I n Hordijk ,  Crutchfield ,  an d 

Mitchel l  (1996 )  w e showe d h o w particle-leve l  description s o n 

thei r  o w n ca n b e use d t o accuratel y predic t  th e computation -

all y relevan t  behavio r  o f  thei r  correspondin g C A s ,  suc h a s 

classificatio n performance ,  m e a n tim e t o classification ,  an d 

so on . 

Thi s wor k i s relevan t  fo r  th e computation/dynamic s de -

bat e i n cognitiv e scienc e i n tha t  i t  give s a n idealize d ex -

ampl e o f  h o w a  non-traditiona l  for m o f  representation s an d 

information-processin g ca n emerg e fro m a  dynamica l  sub -

strate .  Particle s ar e idealize d example s o f  emergen t  repre -

sentations ,  an d particl e interaction s ar e idealize d example s o f 

emergen t  informatio n processing .  Particle s ar e emergen t  be -

caus e the y ar e nowher e explicitl y  encode d i n th e microscopi c 

C A rules ,  an d ye t  hav e bee n show n t o b e o f  fundamenta l  rele -

vanc e t o a  CA' s ultimat e performanc e (an d thu s t o it s surviva l 

i n th e G A evolution) .  Particle s ar e representation s i n tha t 

the y carr y compresse d informatio n abou t  th e "environment " 

(her e th e IC )  encode d i n thei r  velocitie s an d relativ e phases . 

Particl e interaction s ar e th e loc i  a t  whic h thi s informatio n i s 

combine d an d use d i n decision-making .  Fo r  example ,  th e a 

and / 9 particle s encod e differen t  type s o f  ambiguit y i n th e I C 

(larg e blac k an d whit e region s borderin g on e another) ,  a  de -

cay s int o 7  an d /x .  7  carrie s th e informatio n tha t  i t  border s 

a whit e regio n an d / x carrie s th e informatio n tha t  i t  border s a 

blac k region .  Thes e tw o particles ,  b y havin g th e sam e veloc -

ity ,  als o carr y th e mutua l  informatio n o f  havin g c o m e fro m 

th e sam e ambiguou s regio n i n th e IC .  W h e n (a s i n th e figure) 

7 collide s wit h / 3 befor e / i  does ,  th e informatio n containe d 

i n / 3 an d 7  i s combine d t o deduc e tha t  th e larg e initia l  whit e 

regio n wa s smalle r  tha n th e larg e initia l  blac k regio n i t  bor -

dered .  Thi s ne w informatio n i s encode d i n a  newl y create d 

particl e 77 ,  whos e jo b i s t o catc h u p wit h an d annihilat e th e ̂  

(an d itselO -

Thus ,  i n thi s ver y simpl e system ,  particle s accomplish ,  i n 

an idealize d way ,  tw o o f  th e mai n thing s representatio n need s 

t o accomplish :  compressin g informatio n abou t  th e environ -

ment  an d communicatin g tha t  informatio n t o othe r  part s o f 

th e system . 

Th e "particle-logic "  stor y abov e sound s ver y computa -

tional ,  bu t  i t  i s  certainl y o f  a  non-traditiona l  kind .  Fo r  on e 

thing ,  representation s i n th e for m o f  particle s ar e no t  static , 

passive ,  o r  symbolic—the y encod e informatio n dynamically , 

actively ,  an d numericall y i n term s o f  thei r  velocitie s an d 

othe r  dynamica l  attributes .  Furthermore ,  the y ar e no t  explic -

itl y  defined—the y emerg e fro m a  lower-leve l  dynamica l  sub -

strate .  A n d finally,  ther e i s n o centra l  executiv e processin g th e 

informatio n encode d i n particles ;  thei r  collectiv e dynamic s i s 

what  effect s informatio n processin g i n th e system . 

I n short ,  her e i s a  syste m i n whic h bot h dynamica l  an d 

computationa l  notion s ar e necessar y fo r  a  ful l  accoun t  i n 

functiona l  an d mechanisti c  terms .  Withou t  th e particl e leve l 

description ,  w e woul d no t  understan d wha t  make s on e C A 

hav e highe r  performanc e tha n another ,  wha t  mistake s ar e 

made b y a  give n C A ,  o r  h o w tw o C A s wit h quit e differen t 

microscopi c dynamic s ca n implemen t  th e sam e "strategy " 

fo r  performin g th e task .  Particle s provid e u s wit h a  non -

traditiona l  versio n o f  Marr' s representatio n an d algorith m 

leve l  o f  description ;  the y allo w u s t o discove r  equivalenc e 

classe s o f  mechanism s amon g C A s wit h quit e differen t  dy -

namics .  The y als o allo w u s t o understan d h o w innovatio n i n 

th e evolutio n o f  thes e system s take s plac e (Das ,  Mitchell ,  & 

Crutchfield ,  1994) . 

Th e purpos e o f  givin g thi s exampl e i s t o sho w tha t  fo r 

some comple x adaptiv e systems ,  eve n idealize d one s lik e 

evolvin g cellula r  automata ,  a  ful l  understandin g wil l  requir e 

rapprochement s betwee n "computatio n talk "  an d "dynamic s 

talk" .  M y clai m i s tha t  th e sam e wil l  b e tru e o f  cognitiv e 

phenomena .  Th e C A exampl e an d th e notio n o f  particle s an d 

particl e interaction s ar e no t  mean t  t o b e a  mode l  o f  a  cog -

nitiv e system ;  rather ,  the y ac t  a s a n "intuitio n p u m p "  (Den -

nett ,  1991 )  t o hel p u s m a k e sens e o f  difficul t  idea s i n a  con -

cret e rathe r  tha n abstrac t  way .  I  believ e tha t  man y concrete , 

and progressivel y realistic ,  example s o f  suc h system s wil l  b e 
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necessar y fo r  u s t o mak e sens e o f  th e term s o f  th e computa -

tion/dynamic s debat e an d t o effec t  it s eventua l  resolution . 
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