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1.  I n t r o d u c t i o n 

Severa l  mechanism s hav e bee n propose d t o explai n huma n thinking ,  suc h a s heuristi c searc h [4] , 

restructurin g [6] ,  deductio n [2] ,  etc .  I n thi s pape r  I  propos e tha t  th e allocatio n o f  attentio n i s th e 

majo r  determinan t  o f  th e cours e o f  huma n though t  processes .  Furthermore ,  I  argu e tha t  thi s ide a i s 

implie d b y tw o know n propertie s o f  th e huma n cognitiv e architecture ,  namel y th e limite d capacit y o f 

workin g memor y an d th e inabilit y  t o inspec t  procedura l  knowledge .  I t  follow s tha t  strategie s fo r 

thinkin g mus t  contai n heuristic s fo r  ho w t o allocat e attention .  I n consequence ,  simulatio n model s o f 

human thinkin g canno t  affor d t o ignor e perceptua l  interactio n wit h th e environment .  Severa l 

example s o f  attentiona l  heuristic s ar e discussed . 

2. Attention and Architecture 

The purpos e o f  thi s sectio n i s t o deriv e th e importanc e o f  attentio n fro m principle s abou t  th e huma n 

cognitiv e architecture .  Th e followin g definition s se t  th e stag e fo r  th e argument .  Le t  u s us e cognitiv e 

uni t  genericall y t o cove r  concepts ,  propositions ,  menta l  images ,  hypotheses ,  frames ,  o r  an y othe r 

declarativ e representationa l  devic e tha t  ma y b e neede d i n a  theor y o f  thinking .  Similarly ,  le t  cognitiv e 

operatio n stan d fo r  rule s o f  inference ,  proble m solvin g operators ,  o r  an y othe r  uni t  o f  procedura l 

knowledge .  Le t  a  stimulu s uni t  b e an y par t  o f  th e environmen t  tha t  i s  represente d b y a  singl e 

cognitiv e unit .  Le t  workin g memor y a t  tim e f  b e th e se t  o f  cognitiv e unit s i n th e proble m solver' s 

awarenes s a t  tim e 1 .  Th e proces s o f  (visually )  attendin g t o a  stimulu s uni t  consist s o f  movin g th e ey e 

t o tha t  unit ,  an d creatin g th e correspondin g cognitiv e uni t  i n workin g memory .  Informatio n 

integratio n i s an y proces s i n whic h tw o o r  mor e cognitiv e unit s ar e combine d t o creat e a  ne w 

cognitiv e unit ,  a s whe n tw o o r  mor e proposition s ar e use d a s premise s fro m whic h a  ne w propositio n 

i s inferred . 

The firs t  par t  o f  th e argumen t  make s us e o f  th e familia r  architectura l  principl e tha t  workin g memor y 

ca n onl y hol d a  certai n numbe r  o f  cognitiv e unit s a t  an y on e time .  Th e caus e o f  thi s capacitl y 

limitatio n i s no t  importan t  fo r  presen t  purposes .  Th e presen t  argumen t  require s onl y tha t  ther e i s 

some limi t  o n th e numbe r  o f  unit s tha t  ca n b e adde d t o workin g memor y a t  an y on e tim e withou t  los s 

of  existin g units .  Th e followin g sequenc e o f  assertion s connec t  workin g memor y capacit y wit h 

attention : 

•  Fo r  man y problems ,  th e give n informatio n consist s o f  mor e unit s tha n ca n b e hel d i n workin g 

memory simultaneously ;  therefore ,  th e thinke r  necessaril y  attend s onl y t o a  subse t  o f  the m a t  an y 

one time . 

•  I n orde r  t o solv e a  problem ,  cognitiv e unit s mus t  b e integrated ;  a  tas k whic h require s n o 

informatio n integratio n i s almos t  b y definitio n no t  a  thinkin g task . 

•  I n orde r  t o b e integrated ,  tw o unit s mus t  b e i n workin g memor y a t  th e sam e time . 

•  Sinc e th e ey e ca n onl y focu s o n on e stimulu s uni t  a t  a  time ,  cognitiv e unit s wil l  arriv e sequentiall y 

i n workin g memory . 

•  Therefore ,  th e orde r  i n whic h stimulu s unit s ar e attende d determine s whic h unit s ca n b e 

integrated ,  an d thereb y affect s th e possibilit y  o f  solvin g th e problem . 

For example, suppose that the integration of units A and 6 is a necessary step in the solution, and 
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that >A is attended to. For integration to occur, B must become attended before A has been forgotten. 

If  th e numbe r  o f  unit s attende d t o betwee n A  an d B  i s to o large ,  A  ma y b e los t  befor e S  arrive s i n 

workin g memory ,  preventin g o r  delayin g th e solution .  I f  th e proble m consist s of ,  say ,  1 0 units ,  ther e 

ar e 10! ,  o r  mor e tha n 3. 5 millio n differen t  order s i n whic h th e element s ca n b e attende d to ,  assumin g 

tha t  eac h elemen t  i s attende d once .  (I f  a n elemen t  ca n b e attende d mor e tha n once ,  th e numbe r  o f 

differen t  order s i s larger. )  Unles s th e thinke r  ha s som e rule s t o guid e th e allocatio n o f  attention , 

he/sh e ca n searc h fo r  a  lon g tim e befor e A  an d B  appea r  simultaneousl y i n workin g memory . 

I n conclusion ,  th e limite d capacit y o f  workin g memor y implie s tha t  a  thinke r  mus t  hav e rule s fo r 

whic h stimulu s unit s t o atten d t o whe n solvin g a  particula r  typ e o f  problem ,  an d i n whic h orde r  t o 

atten d t o them .  Suc h rule s wil l  b e calle d attentiona l  heuristics .  Example s wil l  b e give n i n th e nex t 

section . 

The nex t  par t  o f  th e argumen t  make s us e o f  a  secon d familia r  architectura l  principle :  H u m a n s hav e 

limite d knowledg e abou t  thei r  knowledge ;  i n particular ,  the y d o no t  kno w whic h cognitiv e operation s 

the y ar e capabl e of ,  no r  d o the y kno w wha t  th e lega l  condition s o r  th e output s o f  thos e operation s 

are .  I n othe r  words ,  procedura l  knowledg e tend s t o b e opaque .  Th e stoc k exampl e o f  ou r  inabilit y  t o 

inspec t  procedura l  knowledg e i s ou r  lac k o f  insigh t  int o th e grammatica l  knowledg e tha t  w e us e i n 

understandin g natura l  language .  Th e opaquenes s o f  inferentia l  knowledg e i s confirme d b y wor k o n 

exper t  systems .  Extractin g rule s fro m a  huma n exper t  take s a  lon g time ,  an d require s man y revision s 

of  th e rul e set .  Expert s hav e littl e explici t  knowledg e o f  th e inferentia l  rule s the y possess . 

The opaquenes s o f  procedura l  knowledg e ha s severa l  effects .  First ,  th e thinke r  canno t  anticipat e 

what  th e resul t  woul d b e o f  applyin g a  particula r  cognitiv e operatio n withou t  executin g it .  Bein g 

unabl e t o retriev e th e operatio n an d inspec t  it s "code" ,  th e thinke r  canno t  reaso n a t  a  meta-leve l 

abou t  th e operation .  Second ,  sinc e th e thinke r  doe s no t  kno w whic h cognitiv e operation s he/sh e ha s 

available ,  he/sh e canno t  choos e t o execut e a  particula r  operation .  A  syste m wit h opaqu e knowledg e 

must  evok e it s operation s i n a  data-drive n fashion ,  eac h operatio n keepin g a  look-ou t  fo r  a  cognitiv e 

uni t  whic h ca n serv e a s input ,  an d goin g int o actio n whe n on e i s found .  I n suc h a  system ,  th e 

applicatio n o f  operation s i s controlle d b y th e allocatio n o f  attention . 

The abov e argumen t  i s summarize d i n th e followin g principl e o f  attentiona l  contro l  o f  thinking : 

• A human thinker cannot intentionally apply cognitive operations, he/she can only 

intentionall y selec t  whic h stimulu s uni t  t o atten d t o a t  an y on e moment  i n time .  A 

ne w conclusion ,  proble m solvin g step ,  insight ,  etc ,  ma y o r  ma y no t  flo w fro m th e 

attende d information .  A s a  result ,  th e thinker' s contro l  ove r  his/he r  cognitiv e 

activit y i s  indirect :  whic h operation s ar e applie d an d i n wha t  orde r  i s a  functio n o f 

th e attende d information .  Succes s i n thinkin g require s tha t  unit s ar e attende d i n 

suc h a n orde r  tha t  th e necessar y integration s ca n occur. 

According to this principle, skill in thinking consists in knowing what to look at, and when to look at 

it .  Th e nex t  sectio n give s example s o f  heuristic s whic h encod e suc h knowledge . 

3. Examples of attentional heuristics 

3.1 .  Verba l  reasonin g 

In a n analysi s o f  6 0 think-alou d protocol s fro m a  verba l  reasonin g tas k wit h spatia l  content ,  Ohisso n 

[5 ]  foun d tha t  ou t  o f  252 0 identifiabl e proble m solvin g steps ,  125 5 o r  4 7 % wer e step s i n whic h a 

premis e wa s rea d fro m th e proble m text .  Th e followin g te n attentiona l  heuristic s wer e postulate d t o 

accoun t  fo r  suc h steps : 

1.  Begi n solvin g th e proble m b y readin g th e firs t  premise . 

2.  Begi n b y readin g th e question . 

3.  W h e n al l  premise s hav e bee n processed ,  the n rea d th e question . 

4.  W h e n ther e i s nothin g els e t o do ,  rea d fro m th e proble m text . 
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5. When a new conclusion has been arrived, read from the problem text. 

6.  I f  th e las t  premis e rea d wa s premis e N  ,  the n rea d premis e N + 1 . 

7.  Rea d a  premis e whic h ha s no t  bee n rea d yet . 

8.  Selec t  a n objec t  abou t  whic h a n inferenc e recentl y wa s made ,  an d rea d a  premis e whic h 

mention s tha t  object . 

9.  Selec t  a n objec t  abou t  whic h n o Inferenc e ha s ye t  bee n made ,  an d rea d a  premis e whic h 

mention s tha t  object . 

10.  Selec t  a n objec t  tha t  i s  remembere d a s interesting ,  an d rea d a  premis e whic h mention s tha t 

object . 

The heuristics fall into three distinct classes: rules 1-3 deal with the first and last acts of reading, 

rule s 4  an d 5  determin e whe n i t  i s  appropriat e t o rea d (rathe r  tha n d o somethin g else) ,  an d rule s 6-1 0 

specif y wha t  t o read . 

Each subject s wa s modelle d b y a  differen t  subse t  o f  thes e attentiona l  heuristics .  Fo r  example ,  th e 

behavio r  o f  on e subjec t  wa s modelle d wel l  b y heuristic s 1 ,  5 ,  an d 6 ,  whil e anothe r  subjec t  seeme d t o 

behav e accordin g t o rule s 2 ,  4 ,  7 ,  an d 8 .  I n short ,  interindividua l  difference s i n th e allocatio n o f 

attentio n wer e clearl y visibl e i n th e protocols . 

3.2 .  Classica l  mechanic s 

I n a  stud y o f  proble m solvin g i n classica l  mechanics ,  Larki n an d co-worker s [3 ]  foun d tha t  a  majo r 

differenc e betwee n novic e an d exper t  proble m solvin g wa s th e orde r  i n whic h th e equation s o f  a 

proble m wer e used .  Novice s tende d t o wor k backwards ,  fro m th e desire d quantit y t o th e give n ones , 

whil e expert s tende d t o us e th e equation s i n a  forwar d searc h fashion ,  goin g fro m th e give n t o th e 

desire d quantitites .  Re-formulatin g thes e strategie s a s attentiona l  heuristics ,  w e have : 

1.  Atten d t o equation s whic h contai n man y know n quantities . 

2.  Atten d t o equation s containin g th e desire d quantity . 

The similarity between these two heuristics and heuristics 8 and 9 in the previous example should be 

noted .  Rul e 1  (an d 8  above )  represen t  a  chainin g tactic :  havin g processe d a n objec t  (premise , 

variable ,  etc.) ,  th e thinke r  look s fo r  furthe r  informatio n abou t  tha t  object ;  i n s o doing ,  he/sh e 

encounter s othe r  object s whic h ar e the n processed ;  etc .  Rul e 2  (an d 9  above )  represen t  a  missin g 

par t  tactic :  loo k fo r  object s abou t  whic h nothin g i s know n yet .  Thes e heuristic s see m t o b e ver y 

general .  Also ,  the y nicel y illustrat e th e natur e o f  heuristics :  bot h ar e useful ,  althoug h the y giv e 

contradictor y advice . 

3.3 .  Othe r  example s 

I n a  simulatio n stud y o f  ches s perception ,  Simo n an d Barenfel d [8 ]  foun d tha t  th e eye-movement s o f 

ches s player s coul d b e predicte d fro m th e numbe r  an d characte r  o f  th e chess-relation s entere d int o 

by a  particula r  ches s piece .  Th e attentiona l  heuristi c o f  th e player s coul d b e formulate d a s "loo k a t 

piece s whic h ente r  int o man y importan t  ches s relations" . 

I n hi s studie s o f  children' s conservatio n o f  physica l  quantitites ,  Piage t  [1 ]  hypothesize d tha t  childre n 

fai l  t o conserv e becaus e the y d o no t  coordinat e compensatin g change s i n objects .  Th e attentiona l 

heuristi c non-conservin g childre n lac k migh t  b e formulate d a s "atten d t o al l  change d dimension s o f 

th e objec t  t o b e judged" . 

I n a  stud y o f  proble m solvin g i n geometry ,  Ohisso n [7 ]  foun d tha t  succes s i n findin g proof s wa s 

dependen t  o n attendin g t o th e righ t  geometri c objects .  W h e n confronte d wit h a  figur e whic h 

containe d severa l  differen t  triangles ,  th e subject s ha d n o heuristic s fo r  whic h triangl e t o atten d to . 

However ,  on e subjec t  ha d th e heuristi c "whe n stuck ,  tr y t o discove r  ne w geometri c object s i n th e 

figure" . 
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4- Discussion 

To restat e th e mai n idea ,  succes s i n thinkin g i s ofte n a  matte r  o f  knowin g wher e t o look ;  onc e th e 

righ t  subse t  o f  th e availabl e informatio n i s attende d to ,  i t  i s  ofte n self-eviden t  wha t  ste p t o tak e o r 

whic h conclusio n t o draw .  Conversely ,  i f  th e righ t  informatio n i s no t  attende d to ,  achievin g th e 

solutio n ma y b e impossible .  Huma n though t  i s  therefor e mainl y governe d b y attentiona l  heuristics . 

The validit y o f  thi s conclusio n ca n b e expecte d t o var y acros s tas k domains .  I n domain s wher e al l 

relevan t  proble m informatio n ca n b e kep t  i n min d simultaneously ,  attentiona l  heuristic s becom e les s 

important ,  becaus e n o selectio n i s involved .  Similarly ,  i n tas k domain s wher e th e thinke r  ha s explici t 

representation s o f  his/ho r  operation s (e g mathematics) ,  th e latte r  nee d no t  b e invoke d i n a  dat a 

drive n fashion .  O n th e othe r  hand ,  i n domain s wit h information-ric h display s an d larg e amount s o f 

irregular ,  intuitive ,  an d informall y acquire d inferentia l  knowledge ,  attentiona l  heuristic s ca n b e 

expecte d t o b e th e majo r  determinan t  o f  behavior . 

Attentio n allocatio n i s no t  propose d her e a s a n alternativ e t o othe r  mechanism s o f  thought .  Th e 

theor y o f  thinkin g certainl y ha s t o mak e roo m fo r  mechanism s suc h a s heuristi c search ,  restructuring , 

deduction ,  analogy ,  etc .  Bu t  suc h mechanism s ar e dominate d b y attentio n i n th e sens e tha t  the y 

operat e upo n attende d information ,  an d the y ca n onl y succee d t o th e exten t  tha t  th e righ t  informatio n 

has bee n attended . 

Psychologica l  theorie s ofte n trea t  thinkin g separat e fro m th e perceptual-moto r  interactio n wit h th e 

proble m situation .  Simulatio n model s o f  thinkin g usuall y assum e tha t  th e proble m ha s bee n encoded , 

and tha t  al l  give n informatio n i s availabl e i n workin g memory .  Bu t  i n tas k domain s wher e attentio n 

allocatio n i s th e majo r  determinan t  o f  thinking ,  simulatio n model s canno t  ignor e perceptua l 

interactio n wit h th e environmen t  withou t  ignorin g a  majo r  par t  o f  th e behavio r  t o b e simulated . 
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