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ABSTRACT 

We discus s th e rol e o f  computationa l  temperatur e i n Copycat ,  a  compute r  mode l  o f  th e menta l 

mechanism s underlyin g huma n concept s an d analogy-making .  I n Copycat ,  computationa l 

temperatur e i s use d bot h t o measur e th e amoun t  an d qualit y o f  perceptua l  organizatio n create d b y 

th e progra m a s processin g proceeds ,  and ,  reciprocally ,  t o continuousl y contro l  th e degre e o f 

randomnes s i n th e system .  W e discus s thes e role s i n tw o aspect s o f  perceptio n centra l  t o 

Copycat' s behavior :  (1 )  th e emergenc e o f  a  paralle l  terrace d scan ,  i n whic h man y possibl e course s 

of  actio n ar e explore d simultaneously ,  eac h a t  a  spee d an d t o a  dept h proportiona l  t o 

moment-to-momen t  estimate s o f  it s promise ,  an d (2 )  th e abilit y  t o restructur e initia l  perception s — 

sometime s radicall y — i n orde r  t o arriv e a t  a  deepe r  understandin g o f  a  situation .  W e compar e ou r 

notio n o f  temperatur e t o simila r  notion s i n othe r  computationa l  frameworks .  Finally ,  w e giv e a n 

exampl e o f  ho w temperatur e i s use d i n Copycat' s creatio n o f  a  subtl e an d insightfu l  analogy . 

1. DESCRIPTION OF THE PROJECT 
I n ou r  research ,  w e ar e attemptin g t o mode l  th e menta l  mechanism s underlyin g th e flui d 

natur e o f  huma n concepts .  Human s ar e abl e t o perceiv e an d categoriz e situation s ver y flexibly ,  t o 

see beyon d superficia l  detail s an d understan d th e essenc e o f  a  situation ,  an d t o mak e analogie s 

betwee n situations ,  fluidl y translatin g concept s fro m on e situatio n int o th e other .  Thes e abilitie s 

ar e centra l  t o ever y face t  o f  huma n intelligence ,  fro m perceptio n an d learning ,  t o recognitio n o f 

concret e an d abstrac t  object s an d situation s (faces ,  letter s o f  th e alphabet ,  artisti c an d musica l 

styles) ,  an d eve n t o act s o f  grea t  insigh t  an d creativity . 

I n orde r  t o isolat e an d stud y th e mechanism s underlyin g thes e abilities ,  w e hav e develope d 

a microworl d i n whic h analogie s ar e t o b e mad e betwee n idealize d situation s consistin g o f  string s 

of  letters .  W e believ e tha t  analogy-makin g i n thi s microworl d require s th e essenc e o f  abilitie s 

centra l  t o perceptio n an d analogy-makin g i n real-worl d situations .  A  simpl e analog y proble m i s 

this :  I f  th e strin g ab c change s t o abd ,  wha t  i s th e analogou s chang e fo r  ijk ? A  reasonabl e 

descriptio n o f  th e initia l  chang e i s "Replac e th e rightmost  lette r  b y it s successor" ,  an d 

straightforwar d applicatio n o f  thi s rul e t o th e targe t  strin g ij k  yield s th e commonsens e answe r  ij l 

(other ,  les s satisfyin g answers ,  suc h a s ijd ,  ar e o f  cours e possible) .  However ,  give n th e alternat e 

targe t  strin g iijjkk ,  a  straightforward ,  rigid  applicatio n o f  th e origina l  rul e woul d yiel d iijjkl , 

whic h ignore s th e stron g similarit y betwee n ab c an d iijjk k whe n th e latte r  i s see n a s consistin g o f 

thre e letter-group s rathe r  tha n a s si x letters .  I f  on e perceive s th e rol e o f  lette r  i n ab c a s playe d b y 

letter-grou p i n iijjkk ,  the n i n makin g a  mappin g betwee n ab c an d iijjk k on e i s force d t o le t  th e 

concep t  lette r  "slip "  int o th e simila r  concep t  letter-group .  Th e abilit y  t o mak e appropriat e 

conceptua l  slippage s — i n whic h concept s i n on e situatio n ar e identifie d wit h simila r  concept s i n a 

differen t  bu t  analogou s situatio n — i s centra l  t o analogy-makin g an d t o cognitio n i n genera l 

(Hofstadter ,  1985) ,  an d ou r  researc h center s o n investigatin g h o w concept s mus t  b e structure d an d 

ho w perceptio n mus t  interac t  wit h concept s t o allo w th e fluidit y necessar y fo r  insightfu l  slippages . 

The letter-strin g microworl d wa s designe d t o captur e th e essenc e o f  th e issue s o f  concept s 

and perceptio n tha t  w e ar e investigating .  Althoug h th e analogie s i n thi s microworl d involv e onl y a 

smal l  numbe r  o f  concepts ,  the y ofte n requir e considerabl e insight .  A n exampl e o f  suc h a n analog y 

i s th e following :  i f  ab c change s t o abd ,  wha t  doe s xy z chang e to ? A t  firs t  glance ,  thi s proble m i s 

essentiall y  th e sam e a s th e on e wit h targe t  strin g ij k  discusse d above ,  bu t  ther e i s a  snag :  Z  ha s n o 

successor .  (Notationa l  note :  i n thi s discussion ,  lowercas e boldfac e letter s designat e instance s o f 

lette r  categories ,  an d uppercas e boldfac e letter s designat e th e categorie s themselves .  Fo r  example , 
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z is an instance of the category Z.) Many people answer xya, but in our microworld the alphabet 
i s no t  circular ;  thi s answe r  i s intentionall y exclude d sinc e th e sna g force s th e analogy-make r  t o 
restructur e thei r  origina l  view ,  t o mak e conceptua l  slippage s tha t  wer e no t  initiall y  considered ,  an d 
hopefull y t o discove r  a  mor e usefu l  an d insightfu l  wa y o f  understandin g th e situation .  On e suc h 
way i s t o notic e tha t  ab c i s "wedged "  agains t  th e beginnin g o f  th e alphabet ,  an d xy z i s similarl y 
wedged agains t  th e fa r  en d o f  th e alphabet .  Thu s th e A  i n ab c an d th e Z  i n xy z ca n b e see n t o 
correspond ,  an d the n on e naturall y feel s tha t  th e C  an d th e X  correspon d a s well .  Underlyin g 
thes e objec t  correspondence s i s a  se t  o f  conceptua l  slippage s tha t  ar e mutuall y parallel : 
alphabetic-firs t  = > alphabetic-last ,  right  = > lefi ,  an d successo r  = > predecessor ,  whic h togethe r  yiel d 
an insightfu l  answer :  wyz .  (Fo r  a  detaile d discussio n o f  th e microworl d an d a  larg e numbe r  o f 
sampl e analog y problems ,  se e Mitchell ,  1988. ) 

Thi s exampl e illustrate s ho w problem s i n th e microworl d ca n contai n th e essenc e o f  man y 
issue s centra l  t o perceptio n i n general :  i n orde r  t o understan d a  situation ,  on e mus t  choos e fro m a 
larg e numbe r  o f  possibl e way s i n whic h th e object s i n th e situatio n ca n b e describe d an d relate d t o 
one another ,  an d i n whic h similarit y t o othe r  situation s ca n b e perceived .  I t  mus t  b e decide d whic h 
concept s ar e relevan t  t o th e situatio n a t  hand ,  wha t  i s salien t  an d wha t  ca n b e ignored ,  a t  wha t  leve l 
of  abstractio n t o describ e objects ,  relations ,  an d events ,  whic h description s t o tak e literall y an d 
whic h t o allo w t o slip ,  an d s o on .  An d i f  thes e choice s lea d t o a  impass e tha t  seem s t o bloc k 
progres s toward s understanding ,  the n on e ma y b e require d t o fluidl y restructur e one' s origina l 
perceptions ,  t o shif t  one' s vie w i n unexpecte d ways ,  an d hopefull y t o arriv e a t  a  deeper ,  mor e 
essentia l  understandin g o f  th e situation .  W e ar e developin g a  compute r  mode l  o f  th e menta l 
mechanism s w e believ e underli e thes e abilities ,  i n whic h a  notio n o f  temperatur e ha s a  centra l  role . 

2. THE ARCHITECTURE OF COPYCAT 
Our  compute r  model ,  calle d "Copycat" ,  solve s analog y problem s i n th e microworld . 

(Earlie r  version s o f  th e progra m hav e bee n describe d b y Hofstadter ,  1984 ,  an d Hofstadte r  & 
Mitchell ,  1988 a an d 1988b. )  I n Copycat ,  concept s ar e modele d usin g wha t  w e cal l  a  "Slipnet" :  a 
networ k i n whic h a  nod e represent s th e "core "  o f  a  concep t  (e.g. ,  first)  an d a  lin k simultaneousl y 
represent s a  resemblanc e o r  relationshi p betwee n tw o node s an d a  potentia l  slippag e fro m on e t o 
th e other .  Fo r  example,/ir.s r  i s  th e opposit e o f  last ,  an d thu s i n som e circumstance s the y ar e 
simila r  an d on e ca n b e slippe d t o th e other .  Eac h lin k ha s a  labe l  tha t  roughl y classifie s th e 
resemblanc e o r  relationshi p th e lin k encodes .  Eac h typ e o f  labe l  i s  itsel f  represente d b y a  node . 
Thus ,  th e node s firs t  an d las t  ar e connecte d b y a  lin k wit h labe l  opposite .  Durin g a  ru n o f  th e 
program ,  node s becom e activate d whe n perceive d t o b e relevant ,  an d deca y whe n n o longe r 
perceive d a s relevant .  Node s als o sprea d activatio n t o thei r  neighbors .  Th e amoun t  o f  similarit y 
encode d b y a  lin k als o ca n var y durin g a  ru n o f  th e program .  Sinc e th e plausibilit y  o f  slippag e 
betwee n tw o concept s depend s o n contex t  (e.g. ,  righ t  = > lef t  i s  plausibl e i n "ab c = > abd ,  xy z = > ? " 
but  no t  i n "ab c = > abd ,  ij k  = > ?") ,  th e degre e o f  similarit y encode d b y a  lin k depend s o n th e 
relevanc e o f  th e link' s labe l  t o th e proble m a t  hand ,  whic h i s measure d b y th e activatio n o f  th e nod e 
representin g th e labe l  (e.g. ,  th e activatio n o f  th e nod e opposit e determine s th e degre e o f  similarit y 
betwee n concept s linke d i n th e Slipne t  b y a n opposit e link) . 

I n ou r  model ,  a  concep t  i s  a  regio n i n th e Slipnet ,  centere d o n a  particula r  nod e (it s  core) , 
havin g blurr y rathe r  tha n shar p boundaries :  an y othe r  nod e i s include d i n th e concep t 
probabilistically ,  t o th e degre e tha t  i t  resemble s (o r  ca n b e reache d b y a  slippag e from )  th e cor e 
nod e o f  th e concep t  (Hofstadte r  &  Mitchell ,  1988a) .  Th e resul t  i s  a  networ k i n whic h concept s ar e 
associativ e an d dynamicall y overlappin g (i n Copycat ,  overla p i s modele d b y links) ,  an d i n whic h 
th e time-varyin g behavio r  o f  concept s (throug h dynami c activatio n an d degre e o f  similarity )  reflect s 
th e essentia l  propertie s o f  th e situation s encountered . 

At  th e beginnin g o f  a  run .  Copyca t  i s  give n th e thre e string s o f  letters ;  i t  initiall y  know s 
onl y th e categor y membershi p o f  eac h lette r  (e.g. ,  a  i s a n instanc e o f  categor y A ) ,  whic h letter s ar e 
spatiall y  adjacen t  t o on e another ,  an d whic h letter s ar e leftmos t  an d rightmos t  i n eac h string .  I n 
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order to formulate a solution, the program must perceive what is going on in the problem. To 
accomplis h this ,  th e progra m build s variou s kind s o f  structure s tha t  represen t  it s high-leve l 

perceptio n o f  th e problem .  (Thi s i s simila r  t o th e wa y th e Hearsay-I I  speech-understandin g syste m 

buil t  perceptua l  structure s o n to p o f  ra w representation s o f  sounds ;  se e Erma n e t  al. ,  1980. )  Thes e 

structure s represen t  Slipne t  concept s o f  variou s degree s o f  generalit y bein g brough t  t o bea r  o n th e 

problem ,  an d accordingly ,  eac h o f  thes e structure s i s buil t  o f  part s copie d from  th e Slipnet .  Th e 

flexibilit y  o f  th e progra m rest s o n th e fac t  tha t  concept s fro m th e Slipne t  ca n b e "borrowed "  fo r  us e 

i n perceivin g situations ,  an d tha t  th e Slipne t  itsel f  i s  no t  rigi d bu t  fluid ,  adjustin g itsel f  (vi a 

dynami c activatio n an d degree s o f  similarity )  t o fit  th e situatio n a t  hand .  A n essentia l  par t  o f  ou r 

model  i s thi s interactio n o f  top-dow n an d bottom-u p processing :  whil e th e program' s perceptio n 

of  a  give n proble m i s guide d b y th e propertie s o f  concept s i n th e Slipnet ,  thos e propertie s 

themselve s ar e influence d b y wha t  th e progra m perceives . 

Th e type s o f  perceptua l  structure s buil t  b y th e progra m includ e description s o f  object s 

(e.g. ,  th e Z  i n xy z i s th e "alphabetic-last "  letter) ,  relation s betwee n object s (e.g. ,  th e Z  i n xy z i s 

th e successo r  o f  it s lef t  neighbor ,  th e Y ) ,  group s o f  object s (e.g. ,  ab c i s a  grou p increasin g i n th e 

alphabet) ,  an d correspondence s betwee n object s (e.g. ,  th e A  i n ab c correspond s t o th e Z  i n xyz) . 

(Se e sectio n 4  fo r  example s o f  thes e structure s i n a  ru n o f  th e program. )  Th e actua l  buildin g (an d 

sometime s destroying )  o f  perceptua l  structure s i s carrie d ou t  b y larg e number s o f  simpl e agent s w e 

cal l  "codelets" .  A  codele t  i s a  smal l  piec e o f  cod e tha t  carrie s ou t  som e small ,  loca l  tas k tha t  i s par t 

of  th e proces s o f  buildin g a  structur e (e.g. ,  on e codele t  migh t  estimat e h o w importan t  i t  i s t o 

describ e th e A  i n ab c a s "alphabetic-first" ,  anothe r  codele t  migh t  notic e tha t  th e B  i n ab c i s th e 

alphabeti c successo r  o f  it s  lef t  neighbo r  i n th e string ,  an d anothe r  codele t  migh t  buil d a  dat a 

structur e correspondin g t o tha t  fact) .  Eac h perceptua l  structur e i s buil t  b y a  serie s o f  codelet s 

runnin g i n turn ,  eac h decidin g o n th e basi s o f  som e loca l  evaluatio n o f  th e structur e bein g buil t 

whethe r  t o continu e b y allowin g th e nex t  codele t  i n th e serie s t o proceed ,  o r  t o giv e u p th e effor t  a t 

tha t  point .  I f  th e decisio n i s mad e t o continue ,  a n "urgency "  valu e i s assigne d t o th e nex t  codele t  i n 

th e series .  Thi s valu e help s determin e h o w lon g th e codele t  ha s t o wai t  befor e i t  ca n ru n an d 

continu e th e building-u p o f  tha t  particula r  structure . 

Al l  codelet s waitin g t o ru n ar e place d i n a  singl e pool ,  an d th e syste m interleave s th e 

buildin g o f  man y differen t  structure s b y probabilisticall y choosin g th e nex t  codele t  t o run .  Th e 

choic e i s base d o n th e relativ e urgencie s o f  al l  codelet s i n th e pool .  Thu s man y differen t  structure s 

ar e buil t  u p simultaneously ,  bu t  a t  differen t  speeds .  Th e spee d o f  suc h a  proces s emerge s 

dynamicall y fro m th e urgencie s o f  it s  componen t  codelets .  Sinc e thos e urgencie s ar e determine d 

by moment-to-momen t  estimate s o f  th e promis e o f  th e structur e bein g built ,  th e resul t  i s tha t 

structure s o f  greate r  promis e wil l  ten d t o b e buil t  mor e quickl y tha n les s promisin g ones .  Ther e i s 

no top-leve l  executiv e directin g processin g here ;  al l  processin g i s carrie d ou t  b y codelets .  Codelet s 

tha t  tak e par t  i n th e proces s o f  buildin g a  structur e sen d activatio n t o th e area s i n th e Slipne t  tha t 

represen t  th e concept s associate d wit h tha t  structure .  Thes e activation s i n tur n affec t  th e makeu p o f 

th e codele t  populatio n (fo r  details ,  se e Mitchell ,  1988) .  (Not e tha t  thoug h Copyca t  run s o n a  seria l 

compute r  an d thu s onl y on e codele t  run s a t  a  time ,  th e syste m i s roughl y equivalen t  t o on e i n whic h 

many activitie s ar e takin g plac e i n paralle l  a t  differen t  spatia l  locations ,  sinc e codelet s wor k locall y 

and t o a  larg e degre e independently .  Copycat' s distribute d asynchronou s parallelis m wa s inspire d 

by th e simila r  sor t  o f  self-organizin g activit y tha t  take s plac e i n a  biologica l  cell ;  se e Hofstadter , 

1984. )  I n summary ,  processe s tha t  buil d u p structure s ar e interleaved ,  an d m a n y suc h processe s 

— som e mutuall y supporting ,  som e competin g — progres s i n paralle l  a t  differen t  rates ,  th e rat e o f 

eac h bein g se t  b y th e urgencie s o f  it s componen t  codelets .  Almos t  al l  codelet s m a k e on e o r  mor e 

probabilisti c  decisions ,  an d th e high-leve l  behavio r  o f  th e syste m emerge s from  th e combinatio n o f 

thousand s o f  thes e ver y smal l  choices .  Th e resul t  i s  a  paralle l  terrace d sca n (Hofstadter ,  1983) : 

many possibl e course s o f  actio n ar e explore d simultaneously ,  eac h a t  a  spee d an d t o a  dept h 

proportiona l  t o moment-to-momen t  estimate s o f  it s promise .  (Not e tha t  sinc e th e progra m use s 
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nondeterminism to arrive at a solution, different answers are possible on different runs.) 

3. THE ROLE OF TEMPERATURE 
I n additio n t o th e Slipne t  an d codelets ,  a n essentia l  elemen t  o f  Copycat' s architectur e i s a 

temperatur e variable ,  whic h play s tw o roles .  I t  measure s th e amoun t  o f  disorganizatio n (o r 
entropy )  i n th e system :  it s valu e a t  a  give n tim e i s a  functio n o f  th e amoun t  an d qualit y o f  structur e 
tha t  ha s bee n buil t  s o far .  Thu s temperatur e start s high ,  an d fall s  a s mor e structur e get s built , 
rising  agai n i f  structur e get s destroyed .  Temperature' s othe r  rol e i s t o contro l  th e degre e o f 
randomnes s use d i n makin g decision s (suc h a s whic h codele t  shoul d ru n next ,  whic h structur e 
shoul d wi n a  competition ,  etc.) .  Th e ide a i s tha t  whe n ther e i s littl e perceptua l  organizatio n (an d 
thu s hig h temperature) ,  th e informatio n o n whic h decision s ar e base d (suc h a s th e urgenc y o f  a 
codele t  o r  th e strengt h o f  a  particula r  structure )  i s  no t  ver y reliable ,  an d decision s shoul d b e mor e 
rando m tha n woul d see m t o b e indicate d b y thi s information .  Whe n a  larg e amoun t  o f  goo d 
structur e ha s bee n buil t  (an d thu s temperatur e i s  low) ,  th e informatio n i s considere d t o b e mor e 
reliable ,  an d decision s base d o n thi s informatio n shoul d b e mor e deterministic . 

The solutio n t o th e well-know n "two-arme d bandit "  proble m (Give n a  slo t  machin e wit h 
tw o arms ,  eac h wit h a n unknow n payof f  rate ,  wha t  i s  th e optima l  strateg y fo r  profit-making? )  i s a n 
elegan t  mathematica l  verificatio n o f  thes e intuition s (Holland ,  1975) .  Th e solutio n state s tha t  th e 
optima l  strateg y i s t o sampl e bot h arm s bu t  wit h probabilitie s tha t  diverg e increasingl y fas t  a s tim e 
progresses .  I n particular ,  a s mor e an d mor e informatio n i s gaine d throug h sampling ,  th e optima l 
strateg y i s t o exponentiall y  increas e th e probabilit y  o f  samplin g th e "better "  ar m relativ e t o th e 
probabilit y  o f  samplin g th e "worse "  ar m (not e tha t  on e neve r  know s wit h certaint y whic h i s th e 
bette r  arm ,  sinc e al l  informatio n gaine d i s merel y statistica l  evidence) .  Copycat' s paralle l  terrace d 
sca n ca n b e likene d t o suc h a  strateg y extrapolate d t o a  many-arme d bandit ,  wher e eac h potentia l 
pat h o f  exploratio n correspond s t o a n arm .  (Thi s i s simila r  t o th e searc h throug h schemat a i n a 
geneti c algorithm ;  se e Holland ,  1975) .  Ther e ar e fa r  to o man y possibl e path s t o d o a n exhaustiv e 
search ,  s o i n orde r  t o guarante e tha t  i n principl e ever y pat h ha s a  non-zer o chanc e o f  bein g 
explored ,  path s hav e t o b e chose n an d explore d probabilistically .  Eac h ste p i n explorin g a  pat h i s 
lik e samplin g a n arm ,  i n tha t  informatio n i s obtaine d tha t  ca n b e use d t o decid e th e rat e a t  whic h 

tha t  pat h shoul d b e sample d i n th e nea r  future .  ̂  Th e rol e o f  temperatur e i s t o caus e th e exponentia l 
increas e i n spee d a t  whic h promisin g path s ar e explore d a s contraste d wit h unpromisin g ones ;  a s 
temperatur e decreases ,  th e degre e o f  randomnes s wit h whic h decision s ar e mad e decrease s 
exponentially ,  s o th e spee d a t  whic h goo d path s crow d ou t  ba d one s grow s exponentiall y  a s mor e 
informatio n i s obtained .  Thi s strategy ,  i n whic h informatio n i s use d a s i t  i s  obtaine d i n orde r  t o 
bia s randomnes s an d thu s t o spee d u p convergenc e towar d som e resolution ,  bu t  t o neve r 
absolutel y rul e ou t  an y path ,  i s  a n optima l  strateg y i n an y situatio n i n whic h ther e i s a  limite d 
amount  o f  tim e i n whic h t o explor e a n intractabl e numbe r  o f  paths .  Thi s appear s t o b e a n 
ubiquitou s principl e i n adaptiv e system s o f  al l  kind s (Holland ,  1975) ,  whic h support s ou r  belie f 
tha t  th e temperature-controlle d paralle l  terrace d sca n i s a  plausibl e descriptio n o f  ho w perceptio n 
take s plac e i n humans . 

1 I t  shoul d b e mad e clea r  tha t  i n Copycat ,  "path s o f  exploration "  ar e define d a s an y o f  th e possibl e 
ways i n whic h th e progra m coul d structur e it s perception s o f  th e situatio n i n orde r  t o construc t  a n 
analogy .  Thu s possibl e path s ar e no t  lai d ou t  i n advanc e fo r  th e progra m t o search ,  bu t  rathe r  ar e 
constructe d b y th e progra m a s it s processin g proceeds ,  jus t  a s i n a  gam e o f  chess ,  wher e path s 
throug h th e tre e o f  possibl e move s ar e constructe d a s th e gam e i s played .  Th e evaluatio n o f  a 
give n mov e i n a  gam e o f  ches s blur s togethe r  th e evaluatio n o f  man y possibl e look-ahea d path s tha t 
includ e tha t  move .  Similarly ,  an y give n actio n i n buildin g a  structur e b y a  codele t  i n Copyca t  i s  a 
ste p include d i n a  larg e numbe r  o f  possibl e path s towar d a  solution ,  an d a n evaluatio n obtaine d b y 
a codele t  o f  a  propose d structur e blur s togethe r  th e estimate d promis e o f  al l  thes e paths . 
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Temperature allows Copycat to close in on a good solution quickly, once parts of it have 
been discovered .  I n addition ,  sinc e hig h temperatur e mean s mor e randomness ,  raisin g th e 
temperatur e give s Copyca t  a  wa y t o ge t  ou t  o f  rut s o r  t o dea l  wit h snags ;  i t  ca n allo w ol d structure s 

t o brea k an d restructurin g t o occu r  s o tha t  a  bette r  solutio n ca n b e found .  Thi s ide a i s simila r  t o th e 

use o f  temperatur e i n simulate d annealing ,  a  techniqu e use d i n som e connectionis t  network s fo r 

findin g optima l  solution s (Kirkpatric k e t  al. ,  1983 ;  Hinto n &  Sejnowski ,  1986 ;  Smolensky , 

1986) .  Note ,  however ,  tha t  th e rol e o f  temperatur e i n Copyca t  differ s fro m tha t  i n simulate d 

annealing ;  i n th e latter ,  temperatur e i s use d exclusivel y a s a  top-dow n randomness-controllin g 

factor ,  it s valu e bein g se t  b y a  rigi d "annealin g schedule" ,  no t  b y th e stat e o f  th e network ,  wherea s 

i n Copycat ,  th e valu e o f  temperatur e reflect s th e curren t  qualit y o f  th e system' s understanding ,  an d 

i s use d a s a  feedbac k mechanis m t o determin e th e degre e o f  randomnes s use d b y th e system .  Idea s 

abou t  suc h a  rol e fo r  temperatur e wer e originall y presente d i n Hofstadte r  (1983 ,  1984) . 

4.  A  RU N O F TH E P R O G R AM 

The followin g se t  o f  scree n dump s show s th e rol e o f  temperatur e i n a  ru n o f  Copyca t  o n th e 

proble m "ab c = > abd ,  xy z = > ?" ,  initiall y  helpin g th e syste m t o quickl y arriv e a t  a  seemingl y goo d 

solutio n tha t  unfortunatel y ha s a  snag ,  an d the n helpin g i t  t o ge t  ou t  o f  tha t  "loca l  m i n i m u m "  t o 

creat e a  deepe r  understandin g o f  th e situatio n an d allo w a  mor e insightfu l  answe r  (wyz )  t o emerg e 

fro m tha t  understanding .  Not e tha t  sinc e th e progra m i s nondeterministic ,  differen t  answer s ar e 

possibl e o n differen t  runs .  A t  presen t  th e progra m produce s thi s answe r  rarely ;  i t  mor e common l y 

produce s xy d (usin g th e rul e "Replac e th e rightmos t  lette r  b y  D " ) ,  xy z ("Replac e al l  C' s b y 

D's") ,  an d yy z ("Replac e th e leftmos t  lette r  b y it s  successor") .  Thes e answers ,  alon g wit h 

severa l  othe r  possibiHties ,  ar e discusse d i n Hofstadte r  (1985) . 

1.  Th e progra m i s presente d wit h th e thre e strings .  Th e 
temperature ,  initiall y  a t  it s  m a x i m u m o f  100 ,  i s  represente d b y a 
"thermometer "  a t  th e left . 

2.  Codelet s begi n t o buil d u p perceptua l  structures .  Dashe d 
line s an d arc s represen t  structure s i n th e proces s o f  bein g built , 
and soli d line s an d arc s represen t  full y  buil t  structures .  O n c e 
full y  built ,  a  structur e i s abl e t o influenc e th e buildin g o f  othe r 
structure s an d th e temperature .  A  full y buil t  structur e i s no t 
necessaril y  permanent ;  i t  m a y b e knocke d d o w n b y competin g 
structures .  Her e th e tw o soli d arc s acros s th e to p lin e represen t 
correspondence s from  th e A  an d B  i n ab c t o thei r  counterpart s i n 
a b d .  T h e shorte r  dashe d arc s insid e eac h strin g represen t 
potentia l  successo r  an d predecesso r  relation s i n th e proces s o f 
bein g built ,  an d th e vertica l  dashe d lin e represent s a  potentia l 
correspondenc e betwee n th e A  an d th e X . 
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^ - ^ ^ r r r 

•r\- ^  — > 
rmm»t->no» \ 

3.  S o m e relation s betwee n letter s withi n eac h strin g hav e bee n 
buil t  an d other s continu e t o b e considered .  Copycat ,  unlik e people , 
has n o left-to-righ t  o r  alphabetic-first-to-las t  biases ,  an d i n genera l 
i s  equall y likel y t o perceiv e relation s i n eithe r  direction ,  althoug h 
here ,  successo r  tend s t o b e activate d earl y w h e n th e C-to- D chang e 
i s noticed ,  causin g th e syste m t o ten d t o perceiv e th e letter s a s 
havin g left-to-righ t  successo r  relation s rathe r  tha n right-to-left 
predecesso r  relations .  A  correspondenc e betwee n th e C  i n ab c an d 
th e Z  i n xy z (jagge d vertica l  line )  ha s bee n buil L Bot h letter s ar e 
rightmos t  i n thei r  respectiv e strings :  thi s underlyin g concep t 
mappin g i s displaye d beneat h th e correspondence .  I n respons e t o 
thes e structures ,  th e temperatur e ha s droppe d t o 76 . 

I  lipl«c € l-»»» > litte r  k r  ••cctiso r  o f  nws t  I«ttcr J 

•  14'» U r*oi1->r*ol t 

5.  a b c ha s bee n identifie d a s a  successor-group ,  increasin g 
alphabeticall y t o th e right  (th e relation s betwee n th e letter s stil l 
exist ,  bu t  ar e no t  displayed) .  A  B - Y correspondenc e ha s bee n 
boilt ,  an d a  rul e (lo p o f  screen )  ha s bee n constructe d t o describ e th e 
a b c - a b d change .  Not e ther e i s n o interna l  structurin g o f  abd . 
Copyca t  currentl y expect s th e chang e fro m th e initia l  strin g (her e 
abc )  t o th e modifie d strin g (her e a b d )  t o consis t  o f  exactl y on e 
kae r  bein g replaced .  Thu s n o structure s ar e buil t  i n th e modifie d 
strin g excq> t  t o identif y wha t  ha s change d an d wha t  ha s staye d th e 
tame .  T h e progra m construct s th e rul e b y fillin g i n th e templat e 
"Tleplac e b y " .  A s w a s mentione d a t  th e beginnin g o f 
sectio n 4 .  ther e ar e severa l  possibl e rule s fo r  describin g thi s 
change .  Not e tha t  a  right-to-left  predecesso r  relatio n betwee n th e B 
an d th e C  i n ab c i s bein g considere d (dashe d arc) ,  an d wil l  hav e t o 
compet e agains t  th e alread y buil t  left-to-righ t  successo r  group .  T h e 
latter ,  bein g m u c h stronge r  tha n th e former ,  wil l  survive , 
especiall y sinc e th e temperatur e i s n o w fairl y  low ,  reflectin g tha t  a 
high-qualit y mutuall y consisten t  se t  o f  structure s i s takin g over . 

i  > 

4.  M o r e relation s hav e bee n buil L Not e tha t  th e potentia l 
predecesso r  relatio n betwee n th e Z  an d th e Y  show n i n th e 
previou s scree n ha s fizzled ,  an d a  potentia l  successo r  relatio n ha s 
take n it s place .  Thi s demonstrate s th e top-dow n pressur e o n th e 
syste m t o perceiv e th e situatio n i n term s o f  concept s i t  ha s 
alread y identifie d a s relevant :  sinc e successo r  relation s hav e bee n 
buil t  elsewhere ,  th e nod e successo r  i n th e Shpne t  ha s becom e 
active ,  causin g th e syste m t o mor e easil y notic e n e w successo r 
relations .  T h e progra m i s als o considerin g a  left-to-righ t 
groupin g o f  th e letter s i n ab c (represente d b y a  dashe d rectangl e 
wit h a  right  arro w a t  th e top) ,  an d othe r  correspondence s betwee n 
th e leQer s i n a b c an d i n xyz .  T h e temperatur e ha s droppe d t o 
71 . 

1 lcpl«c < rwM t  lette r  ̂  ••cc««so r  o f 

E ZL 

f 

lMi«->Uoi l  Bi d >* U r»ott'>raaf t 

6.  x y z ha s n o w bee n described ,  lik e a b c ,  a s a  left-to-righ t 
successo r  group .  (Th e directio n o f  a  grou p i s indicate d b y a n 
arro w a t  th e to p o r  botto m o f  th e rectangl e representin g th e 
group. )  A  stron g se t  o f  correspondence s ha s bee n m a d e betwee n 
th e letter s i n ab c an d xyz ,  an d a  correspondenc e betwee n th e tw o 
group s (dashe d vertica l  line )  i s  bein g considered .  T h e 
temperatur e ha s falle n ver y low ,  reflectin g th e hig h degre e o f 
perceptua l  organization ,  an d virtuall y ensurin g tha i  thi s poin t  o f 
vie w wil l  wi n ou t 
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I  t«pl«c « r»o» > lette r  k y »iicc€»«« r  o < rMM t  U t K r I 

X > 
lMit->Uoi (  •i4->«i 4 rM)t->r*os 4 
rl?li<->rl»h< 

nicc->luc c 
I  •«pl«c « r»o« t  lette r  b y •ucceggo r  o f  rmomi  letter ^ 

7.  A U th e correspondence s hav e bee n m a d e .  T h e correspondenc e 
betwee n th e t w o group s i s supporte d b y concep t  mapp ing s 
expressin g th e fact s tha t  bot h ar e successo r  group s (displaye d a s 
•'sgr p - > sgrp" )  base d o n successo r  relation s ("suc c - > succ" )  an d 
bot h ar e increasin g alphabeticall y towar d th e righ t  T h e concep t 
mapping s liste d belo w th e correspondence s ca n b e interprete d a s 
instruction s o n h o w t o translat e th e rul e describin g th e initia l 
chang e s o i t  ca n b e use d o n th e targe t  string .  Her e th e concep t 
mapping s ar e identities ,  s o th e translate d rul e (appearin g a t  th e 
botto m o f  th e screen )  i s th e s a m e a s th e origina l  rule :  "Replac e 
rightmos t  lette r  b y it s successor" .  T h e temperamr e i s almos t  a t 
zero ,  indicatin g th e program' s satisfactio n i n it s  understandin g o f 
th e situation .  Bu t  the n i t  hit s a  snag :  i t  i s  unabl e t o construc t 
an answe r  accordin g t o th e translate d rule ,  sinc e Z  ha s n o 
successor . 

^ - ^ 
' "  | ; 

: 

r"Z-''''T--^^^^**^~-c~"~~--C !  ^ ~ ^ 
1 b  c |  >  «  b  d 

•  i t 
/  ^  \  — > 

9.  Afte r  breakin g m o r e structure s an d m a k i n g othe r  ineffectua l 
attempt s a t  restructurin g (no t  s h o w n ) ,  th e p rogra m ha s notice d 
th e relationshi p betwee n th e leUer s A  an d Z ,  an d i s tryin g t o 
buil d a  correspondenc e betwee n them .  Undo-lyin g i t  ar e tw o 
slippages :  "leftmos t  - > rightmost"  an d "firs t  - > last" .  Befor e 
th e impass e w a s reached ,  th e description s first  an d las t  w e r e 
neithe r  see n a s relevan t  no r  considere d conceptuall y clos e enoug h 
t o b e th e basi s fo r  a  correspondence .  Bu t  th e combinatio n o f 
hig h temperatur e an d th e focu s o n th e Z  m a k e thi s m a p p i n g 
possible ,  thoug h stil l  no t  easy ,  t o m a k e .  I n fact ,  o n mos t  run s 
of  progra m o n thi s problem ,  thi s m a p p i n g i s eithe r  neve r  m a d e , 
or  quickl y destroye d o n c e m a d e .  B u t  i n thi s run ,  thi s 
correspondence ,  onc e m a d e ,  i s  perceive d t o b e strong . 

leplec e rsos i  lette r  b y successo r  o f  raoe t  lette r  I 

1" 

I' ' 

'  ? 

[ } 
»ld->«1 4 r*ost->no9 l 

SUCC->fUCC 

8.  Bein g unabl e t o tak e th e successo r  o f  Z ,  th e p rogra m ha s hi t 
an impasse ,  wh ic h cause s th e temperatur e t o g o u p t o 1(X) .  Thi s 
cause s competition s be twee n structure s t o b e decide d m o r e 
randomly ,  an d allow s structure s t o b e destroye d m o r e easil y (a s 
ca n b e seen ,  th e A  X  correspondenc e ha s bee n broken) .  I n 
addition ,  sinc e th e Z  w a s identifie d a s th e caus e o f  th e impasse , 
th e n o d e Z  i n th e Slipne t  b e c o m e s highl y activated ,  w h i c h 
spread s activatio n t o alphabetic-last ,  m a k i n g thi s concep t 
relevan t  t o th e problem .  I n turn ,  alphabetic-las t  spread s 
activatio n t o alphabetic-first . 

Icplac e rvos t  lette r  b y successo r  o f  rwvs t  lette r 

Uoat->rBat t 
(iri«->lu t 

10 .  M a n y possibl e w a y s o f  restructurin g th e situatio n ar e bein g 
considere d simultaneously ,  bu t  th e p rog ra m i s begirmin g t o 
develo p a n understandin g o f  th e siuatio n base d o n th e A - Z 
correspondence .  U n d e r  pressur e f ro m thi s correspondence ,  th e 
p rogra m i s n o w beginnin g t o perceiv e x y z a s a  right-to-lef) 
predecesso r  grou p (y z ha s alread y bee n percdve d a s such ,  an d th e 
directio n o f  th e relatio n betwee n th e X  an d th e Y  ha s reversed) . 
Thi s n e w w a y o f  structurin g th e prob le m seem s promising ;  th e 
n e w structure s hav e cause d th e temperatur e t o fal l  t o 6 0 . 
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•cplac c i-M.>̂ t  lette r  by aucccsso r  of  raos t  lette r 

I 

Uoi t  >r«os t 
firs t  >lu t 

11 .  T h e "firs t  - > last "  slippag e ha s engendere d a  complet e 
restructurin g o f  th e program' s perceptio n o f  x y z (whic h i s nov * 
understoo d a s a  right-to-lcf t  predecesso r  group ,  opposit e i n 
directio n f ro m th e grou p a b c )  an d th e p rogra m i s closin g i n o n a 
solution .  Alternativ e w a y s o f  structurin g th e situatio n ar e stil l 
bein g considered ,  bu t  th e l o w temperatur e reflect s th e program' s 
satisfactio n wit h it s curren t  understanding ,  an d wil l  m a k e i t  hai d 
fo r  an y alternative s t o c o m p e t e a t  thi s point . 

Icplac c rw7u t  lette r  t y  luccciso r  o f  rao« 1 lette r 

r»os 1 >l>os (  •ld->*l d Uoj l  >r-oi ( 
«9iT)->pqr|>"'il->l«J t 
rl9h l  >ltl > 
.ut c >p,t d icplac e taoa t  lct1« r  b y pradecesio r  o f  laoa t  lette r 

12 .  T h e m a p p i n g i s complet e an d al l  attempt s a t  buildin g rival 
structure s hav e ceased .  T h e concep t  mapp ing s liste d underneat h 
th e correspondence s giv e th e slippage s neede d t o translat e th e 
rule .  T h e translate d rul e ("Replac e leftmos t  lette r  b y predecesso r 
of  leftmos t  letter" )  appear s a t  th e botto m o f  th e saeen ,  an d th e 
answe r  w y z appear s a t  th e right. 
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