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Abstrac t 

How can we integrate interrelated theories of individual ele-
ment s o f  cognition ? Computationa l  model s o f  reasonin g pro -
cesse s encod e a n understandin g o f  reasoning .  Consequently ,  a 
computationa l  modelin g languag e ma y b e ideall y suite d t o th e 
presentatio n o f  theorie s o f  cognition .  B y representin g theorie s 
of  a  variet y o f  phenomen a i n a  singl e modelin g language ,  w e 
can potentiall y  explor e ho w thes e theorie s migh t  interact .  Th e 
Task-Method-Knowledg e ( T M K )  modelin g languag e evolve s 
fro m artificia l  intelligenc e researc h o n th e subjec t  o f  multi -
strateg y reasoning .  T M K model s provid e a  compositiona l  ac -
coun t  o f  reasonin g processes ;  the y describ e no t  onl y wha t  th e 
element s o f  a  proces s are ,  bu t  als o ho w th e functiona l  propertie s 
of  thes e element s combin e t o for m th e functiona l  propertie s o f 
th e proces s a s a  whole .  Thi s pape r  explore s th e compositio n o f 
theorie s o f  cognitio n withi n th e T M K framework ,  drawin g o n 
some existin g theorie s withi n cognitiv e scienc e a s examples . 

Introduction 

Th e goa l  o f  cognitiv e scienc e i s th e developmen t  o f  model s o f 
th e functionalit y o f  th e huma n mind .  Th e vas t  majorit y o f  re -
searc h i n thi s field  ha s focuse d o n th e developmen t  o f  specifi c 
model s o f  particula r  phenomen a suc h a s patter n recognition , 
short-duratio n remembering ,  dual-tas k performance ,  etc .  Th e 
underlyin g assumptio n i n suc h researc h i s tha t  thes e individ -
ual  piece s o f  a  genera l  mode l  o f  huma n intelligenc e coul d 
potentiall y b e combine d t o for m a  complet e model .  Thi s ap -
proac h raise s th e issu e o f  h o w suc h a n integratio n migh t  b e 
accomplished . 

T wo ver y successfu l  theorie s o f  a  genera l  framewor k fo r 
model s o f  cognitio n ar e S O A R (Lair d e t  al. ,  1987 )  an d A C T 
(Anderson ,  1983 ;  Anderson ,  1993) .  Bot h o f  thes e theorie s 
model  cognitiv e capabilitie s a s productio n rules .  Integratio n 
of  reasonin g strategie s withi n thes e framework s i s don e b y 
combinin g set s o f  productio n rules .  Thi s provide s a  parsimo -
niou s environmen t  fo r  combinin g model s o f  variou s aspect s o f 
cognition .  Suc h system s generall y provid e a  powerfu l  mech -
anis m fo r  modelin g precisel y wha t  a  min d i s doing .  However , 
suc h system s d o no t  provid e highe r  leve l  abstraction s whic h 
combin e individua l  production s int o mor e comple x unit s o f 
functionality .  Consequently ,  I  claim ,  productio n rul e system s 
ar e ver y limite d i n th e exten t  t o whic h the y represen t  h o w an d 
why a  min d doe s wha t  i t  does .  Thu s a  mode l  i n thes e frame -
work s ma y no t  conve y a  ful l  understandin g o f  a  phenomenon . 

What  doe s i t  mea n t o understan d a  comple x system ,  suc h a s 
th e mind ? O n e answe r  t o thi s questio n i s suggeste d b y a  lin e 
of  researc h whic h examine s computationa l  representation s o f 
physica l  device s (Goel ,  1989;Bhatta ,  1995;Goe l  e t  al. ,  1996 ; 

Goel  e t  al. ,  1997 ;  Griffith ,  1997) .  I n thi s work ,  i t  i s  show n tha t 
a wid e variet y o f  reasonin g task s relatin g t o physica l  device s 
ca n b e supporte d b y model s whic h ar e causa l  (i.e. ,  tha t  sho w 
th e mechanism s b y whic h effect s occur) ,  compositiona l  (i.e. , 
tha t  sho w ho w th e effect s o f  th e separat e element s o f  a  devic e 
ar e combined) ,  an d functiona l  (i.e. ,  tha t  tak e a n intentiona l 
stanc e towar d describin g wh y element s ar e arrange d a s the y 
are) .  Th e basi c ide a behin d thes e model s i s tha t  th e relation -
shi p betwee n th e physica l  constructio n o f  a  devic e an d th e 
intende d effec t  o f  tha t  devic e i s describe d b y a  flow  o f  causa l 
interaction s describin g th e device' s behavior .  Becaus e thes e 
trait s hav e bee n show n t o produc e model s whic h enabl e a  ver y 
broa d rang e o f  reasonin g tasks ,  I  argu e tha t  the y for m a n ex -
ampl e o f  tru e comprehension .  I n othe r  words ,  th e importan t 
contributio n tha t  thi s bod y o f  wor k make s t o th e argumen t  I 
a m makin g her e is : 

A n accurat e causal ,  compositional ,  functiona l  mode l  o f 
a comple x syste m inherentl y constitute s a  dee p under -
standin g o f  suc h a  system . 

The Task-Method-Knowledg e ( T M K )  modelin g languag e 
(Stroulia ,  1994 ;  Goe l  e t  al. ,  1996 ;  Griffith ,  1997 ;  Murdoc k 
and Goel ,  1998 )  provide s a  causal ,  compositional ,  functiona l 
framewor k fo r  describin g cognitiv e capabilities .  T M K model s 
hav e bee n use d t o suppor t  processe s suc h a s explanatio n an d 
adaptatio n i n a  variet y o f  A l  systems .  Fo r  example ,  (Mur -
doc k an d Goel ,  1998 )  describe s a  recentl y develope d agen t 
architectur e fo r  implementing ,  executing ,  an d adaptin g T M K 
models .  T M K model s ar e ver y muc h a n extensio n o f  th e 
physica l  devic e modelin g framewor k fro m whic h the y wer e 
derived .  Th e divisio n o f  reasonin g int o task s (i.e. ,  functiona l 
elements )  an d method s (i.e. ,  behaviora l  elements )  ver y muc h 
duplicate s th e functiona l  an d causa l  feature s o f  th e physica l 
devic e models ,  an d th e explici t  modelin g o f  knowledg e state s 
duplicate s th e compositiona l  aspect s o f  thes e models . 

I  clai m tha t  th e T M K languag e provide s a  usefu l  frame -
wor k fo r  integratin g model s o f  cognitiv e processe s becaus e 
a comprehensiv e mode l  presente d withi n thi s framewor k ca n 
conve y a  dee p understandin g o f  cognition .  Thi s pape r  inves -
tigate s thi s claim . 

Technical Details 

The thre e basi c element s o f  T M K model s ar e tasks ,  meth -
ods ,  an d knowledge .  Task s ar e unit s o f  functionality ;  the y 
represen t  wha t  i s done .  Method s ar e unit s o f  behavior ;  the y 
represen t  h o w somethin g i s done .  Task s an d method s ar e in -
timatel y interconnected ;  task s ar e linke d t o a  se t  o f  method s 
whic h accomplis h thos e tasks ,  an d method s ar e i n tur n linke d 
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t o a  se t  o f  lower-leve l  task s wh i c h ar e necessar y t o accomplis h 
tha t  method .  Conside r  fo r  example ,  th e mathematica l  tas k o f 
addin g a  se t  o f  thre e digi t  numbers .  Thi s tas k migh t  b e accom -
plishe d b y a  standar d lon g additio n algorithm ,  wh ic h wou lde d 
cal l  a  metho d i n th e T M K language .  Thi s me tho d i s define d 
by th e subtask s wh ic h accomplis h it ,  i.e. ,  addin g o f  co lumn s 
and carryin g o f  remainders ,  ordere d i n a n iterativ e loop .  T h e 
tas k o f  addin g a  c o l u m n might ,  i n turn ,  b e accomplishe d b y 
one o f  severa l  methods ,  e.g. ,  direc t  m e m o r y retrieval ,  count -
in g o n one' s fingers,  etc .  T h e k n o w l e d g e portio n o f  th e T M K 
model s provide s th e languag e i n wh i c h th e requirement s o f 
th e task s an d th e capabilitie s o f  th e m e t h o d s ar e defined ;  fo r 
th e additio n task ,  th e k n o w l e d g e portio n o f  th e T M K m o d e l 
migh t  describ e concept s suc h a s numbers ,  digits ,  co lumns , 
etc .  a s wel l  a s relationship s suc h a s s u m s o f  digits ,  adjacenc y 
of  columns ,  etc . 

Conside r  a  m o r e elaborat e example :  qualitative ,  concep -
tua l  desig n o f  physica l  devices .  T h e Kr i t i k  serie s o f  system s 
(Goel ,  1989;Goeletal. ,  1997;Goeletal. ,  1996 )  instantiate s a 
theor y o f  thi s reasonin g process .  Figur e 1  s h o w s a  fe w o f  th e 
highes t  level s o f  a  T M K m o d e l  o f  desig n inspire d b y Krit ik . 
Thi s figure  describe s a  desig n tas k wit h t w o to p leve l  methods : 
case-base d reasonin g an d generat e an d test .  T h e case-base d 
reasonin g metho d involve s retrieval ,  adaptation ,  verification , 
and storage .  T h e generat e an d tes t  m e t h o d involve s genera -
tio n (e.g. ,  b y followin g simpl e desig n heuristics )  followe d b y 
verification .  T h e tas k o f  desig n verification ,  wh ic h i s c o m -
m on t o th e tw o top-leve l  me thods ,  i s  furthe r  elaborate d b y 
tw o lower-leve l  methods :  qualitativ e simulatio n an d physica l 
instantiation .  T h e qualitativ e simulatio n m e t h o d involve s trac -
in g throug h th e desig n t o m a k e certai n tha t  th e devic e shoul d 
accomplis h th e specifie d function .  T h e physica l  instantiatio n 
metho d involve s actuall y buildin g th e devic e an d seein g i f  i t 
operate s a s specifie d (thi s m e t h o d illustrate s a  crucia l  featur e 
of  T M K models ;  the y seamlessl y integrat e reasonin g an d ac -
tio n b y allowin g task s t o b e accomplishe d b y bot h reasonin g 
strategie s an d actio n strategies) . 

Case-Base d 
Desig n 

Generat e 
and Tes t 

Case 
I  Retrieva l 

Desig n 
Adaptatio n 

Case 
Storag e 

Desig n 
Verificatio n Generatio n 

/̂ Qualitativ e ^ 
V Simulatio n J 

r  Physica l  A 
VInstantiation y 

Figur e 1 :  T h e to p fe w level s o f  a  T M K mode l  o f  a  desig n 
process .  Rectangula r  boxe s represen t  tasks ;  roun d boxe s rep -
resen t  methods .  T h e circle-and-arro w diagram s withi n th e 
roun d dotte d boxe s represen t  th e contro l  portio n o f  th e meth -
ods . 

Consider the top level task in this decomposition: de-

sign .  T h e desig n tas k migh t  b e represente d wit h th e followin g 
know ledg e element: ' 

Task design 
-domain :  physical-device s 
-input :  (desired-function ) 
-output :  (new-model ) 
-given :  desired-functio n i s feasibl e 
-it\akes : 

new-mode l  i s internall y consisten t 
AND 
th e functio n o f  new-mode l  i s equivalen t 

t o desired-functio n 
-by :  (case-based-desig n generate-and-test ) 

This knowledge element asserts that design is a process 
which ,  give n a  desire d function ,  produce s a  ne w model ,  wher e 
th e knowledg e type s associate d wit h th e desire d functio n an d 
th e new-mode l  ar e define d withi n th e domai n o f  physical -
devices. ^  I t  furthe r  assert s tha t  fo r  thi s tas k t o b e performed , 
th e desire d functio n mus t  b e feasibl e an d tha t  whe n th e tas k 
i s completed ,  th e ne w mode l  shoul d b e a n internall y consis -
ten t  mode l  whos e functio n i s equivalen t  t o th e desire d func -
tion .  Lastly ,  thi s knowledg e elemen t  assert s tha t  tw o method s 
ar e know n t o accomplis h thi s task :  case-base d desig n an d 
generate-and-test .  Conside r  th e followin g representatio n fo r 
th e case-base d desig n method : 

Method case-based-design 
-domain :  physical-device s 
-given : 

desired-functio n i s feasibl e 
AND 
ther e exist s a n old-mode l  i n th e cas e memor y 

suc h tha t  th e functio n o f  th e old-mode l 
approximate s desired-functio n 

-makes : 
new-mode l  i s internall y consisten t 
AND 
th e functio n o f  new-mode l  i s equivalen t 

t o desired-functio n 
-subtasks :  (case-retrieva l  design-adaptat io n 

design-veri f icat io n case-storage ) 
-control : 

DO 
(case-retrieva l 
design-adaptat io n 
design-verif ication ) 

UNTI L new-mode l  i s verif ie d 
case-storag e 

This method has requirements and results (i.e., : given 
and :  m a k e s )  whic h ar e consisten t  wit h th e desig n task .  How -
ever ,  ther e i s a n additiona l  conditio n require d fo r  th e metho d 

'i n thi s paper ,  I  presen t  example s i n English-lik e pseudo-cod e 
rathe r  tha n provid e a n elaborat e forma l  exploratio n o f  T M K synta x 
and semantics .  A  technica l  presentatio n o f  th e mos t  recen t  computa -
tiona l  implementatio n o f  th e T M K  languag e (i n th e SIRRINE 2 agen t 
architecture )  appear s i n (Murdoc k an d Goel ,  1998) . 

^Th e precis e conten t  o f  th e domai n knowledg e elemen t  itsel f 
is ,  o f  course ,  a  majo r  componen t  o f  th e T M K language .  I n 
general ,  domain s contai n description s o f  bot h abstrac t  concept s 
(e.g. ,  th e concep t  o f  a  function )  an d concret e variable s (e.g. ,  th e 
desired-functio n variable) .  A  detaile d examinatio n o f  thi s 
portio n o f  th e T M K languag e is ,  however ,  beyon d th e scop e o f  thi s 
paper . 
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t o function :  ther e mus t  b e a  mode l  i n th e cas e m e m o r y whos e 
functio n approximate s th e desire d function .  Th e case-base d 

desig n metho d set s u p fou r  subtasks :  retrieval ,  adaptation , 
verification ,  an d storage .  Th e contro l  informatio n fo r  th e 
metho d indicate s tha t  th e first  thre e subtask s ar e t o b e ex -
ecute d i n order ,  repeatedly ,  unti l  a  ne w mode l  i s produce d 
whic h i s verifie d b y th e verificatio n subtask ,  afte r  whic h th e 

fourt h subtas k i s executed .  Unde r  thi s control ,  a  reasone r 
base d o n thi s mode !  woul d continu e t o retrieve ,  adapt ,  an d 
verif y case s unti l  i t  eithe r  succeeded ,  o r  i t  faile d t o retriev e 
any mor e case s (i n whic h cas e th e requirement s fo r  th e adap -
tatio n tas k woul d no t  b e me t  an d th e metho d a s a  whol e woul d 
fail) . 

Thes e example s illustrat e th e conten t  o f  th e task s an d meth -
ods o f  T M K models .  Task s ar e define d b y (i )  th e knowledg e 
whic h the y requir e an d produce ,  an d (ii )  th e method s whic h 
accomplis h them .  Method s ar e define d b y (i )  th e knowledg e 
whic h the y requir e an d produce ,  (ii )  th e subtask s whic h the y 
establish ,  an d (iii )  th e orderin g requirement s tha t  the y defin e 
fo r  thei r  subtasks . 

Topics in Cognition 

To explor e th e notio n o f  T M K a s a  unifyin g them e fo r  th e 
stud y o f  cognition ,  le t  u s conside r  som e specifi c  topic s an d 
model s fro m th e perspectiv e o f  T M K .  I n doin g so ,  w e wil l 
encounte r  deepe r  issue s regardin g th e natur e o f  th e modelin g 
language . 

Visual Pattern Recognition 

A n extremel y basi c tas k whic h form s a  foundatio n fo r  a  wid e 
rang e o f  cognitio n i s tha t  o f  visua l  patter n recognition .  Con -
side r  th e mode l  o f  patter n recognitio n presente d i n (Treisman , 
1988) .  Thi s mode l  involve s fou r  cor e elements : 

•  Immediate ,  simultaneou s recognitio n o f  certai n specifi c 
primitiv e feature s suc h a s colo r  an d size . 

•  Seria l  focus  o f  £Ui  "attentio n spotlight "  whic h bind s togethe r 
cluster s o f  features . 

•  Generatio n o f  a n "objec t  file"  t o labe l  suc h a  cluster . 

•  Recognitio n o f  a  store d descriptio n matchin g a n objec t  file. 

Thi s mode l  ca n b e implemente d i n a  T M K mode l  wit h th e 
followin g task-metho d hierarchy : 

+ Task :  Recogniz e Patter n 
*  Method :  Feature-Base d Patter n Recognitio n 

+ Task :  Assig n Objec t  Fil e 
*  Method :  Spotlightin g 

+ Task :  Identif y Feamre s 
*  Method :  Featur e Recognitio n 

+ Task :  Recogniz e Colo r 
+ Task :  Recogniz e Orientatio n 
+ Task :  Recogniz e Siz e 
+ Task :  Recogniz e Stere o Distanc e 

+ Task :  Focu s Spotligh t 
+ Task :  Creat e Objec t  Fil e 

+ Task :  Matc h Store d Descriptio n 

T wo particularl y interestin g issue s aris e fro m thi s repre -
sentatio n o f  thi s mode l  o f  patter n recognition .  Th e first  o f 
thes e issue s i s th e representatio n o f  th e knowledg e bein g ac -
cessed ;  fo r  example ,  th e for m o f  th e objec t  file,  th e natur e o f 
th e store d objec t  descriptions ,  an d th e mechanis m fo r  match -
in g th e tw o ar e comple x an d interestin g problems .  I  wil l  no t 

conside r  thi s issu e furthe r  becaus e i t  i s  largel y unspecifie d i n 
(Treisman ,  1988) .  Th e othe r  interestin g issu e raise d b y thi s 

decompositio n i s th e natur e o f  th e contro l  informatio n i n th e 
method s above .  Fo r  example ,  th e featur e recognitio n metho d 
has fou r  subtasks ,  al l  o f  whic h ar e execute d simultaneously , 
as man y time s a s ther e ar e input s available .  I n contrast ,  th e 
higher-leve l  spotlightin g tas k i s seria l  an d loopin g i n nature ; 
th e identif y feature s tas k run s t o completion ,  the n th e focu s 
spotligh t  an d creat e objec t  file  subtask s ru n sequentially ,  bu t 
repeatedl y fo r  a s man y cluster s o f  feature s a s ar e available . 

T M K,  i n it s curren t  form ,  doe s no t  hav e sufficientl y pow -
erfu l  mechanism s fo r  specifyin g contro l  t o implemen t  th e 
orderin g requirement s describe d above .  T M K doe s suppor t 
describin g set s o f  task s a s no t  bein g boun d b y orderin g con -
straints .  However ,  i t  doe s no t  suppor t  th e executio n o f  mul -
tipl e instance s o f  th e sam e tas k simultaneously ;  T M K coul d 
specif y a  mode l  i n whic h th e size ,  color ,  orientation ,  etc .  o f  a 
singl e shap e wer e determine d i n paralle l  bu t  no t  on e i n whic h 
thes e feature s wer e identifie d fo r  multipl e shape s a t  once .  Th e 
reaso n fo r  thi s restrictio n i s tha t  task s i n T M K mus t  b e define d 
as bein g boun d t o a  specifi c  proble m variabl e (e.g. ,  th e desire d 
functionalit y i n th e desig n case) ;  th e ide a o f  runnin g a  tas k 
on al l  input s whic h ar e currentl y availabl e doe s no t  hav e a 
formalizatio n withi n T M K . 

Thi s conflic t  afford s tw o possibl e resolutions : 

• TMK needs to be enhanced to support running identical 
task s i n paralle l  ove r  a  rang e o f  inputs . 

•  Visua l  patter n recognitio n i s outsid e o f  th e scop e o f  th e 
T M K framework . 

The latter resolution is not entirely unreasonable; existing 
T M K wor k ha s largel y focuse d o n extremel y high-leve l  cog -
nitio n (suc h a s design )  whic h ar e generall y accepte d t o b e 
roughl y seria l  i n mos t  regard s (Newel l  an d Simon ,  1972) .  Fo r 
suc h a  topic ,  on e coul d expec t  t o trea t  patter n recognitio n 
as inherentl y primitive .  However ,  t o th e exten t  tha t  w e ar e 
seekin g t o us e T M K a s a  unifyin g framewor k acros s level s o f 
abstraction ,  thi s i s a  ver y unsatisfyin g solution .  I  thin k tha t  i t 
i s mor e fiii r  t o sa y tha t  t o th e exten t  t o whic h w e wan t  t o wor k 
at  thi s level ,  th e T M K languag e need s t o b e augmented . 

Automatization 

Automatizatio n i s a  phenomeno n which ,  whil e no t  a s primi -
tiv e a s patter n recognition ,  i s  stil l  a  relativel y basi c elemen t 
of  cognition .  Conside r  th e issu e addresse d b y (Logan ,  1988) , 
speed-u p learnin g i n simple ,  repeate d task s suc h a s lexica l  de -
cisio n an d "alphabe t  arithmetic "  ( a mor e comple x tas k involv -
in g determinin g th e trut h o f  equation s o f  th e for m A-t-2=C ,  etc . 
wher e th e positio n o f  letter s i n th e alphabe t  determine s thei r 
value) .  Logan' s mode l  coul d b e describe d wit h th e followin g 
tas k decompositio n (fo r  th e alphabe t  arithmeti c problem ;  th e 
lexica l  decisio n proble m i s represente d similarly) : 

+ Task: Solve Problem 
*  Method :  Instanc e Retrieva l 

+ Task :  Retriev e Instanc e 
*  Method :  Analytica l  Solutio n 

+ Task :  Comput e Firs t  Lette r  Valu e 
+ Task :  Comput e Secon d Lette r  Valu e 
+ Task :  Ad d number s 
+ Task :  Compar e 
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Some ke y commitment s o f  Logan' s mode l  whic h provid e 
particula r  challenge s t o th e T M K analysi s are ; 

• The instance retrieval and the analytical solution methods 
ar e ru n i n paralle l  an d onl y th e result s o f  th e first  metho d 
t o succee d ar e used . 

•  Th e tim e take n b y th e instanc e retrieva l  metho d whe n a 
singl e instanc e i s i n memor y shoul d b e a  variabl e o f  a 
specifi c  distributio n (unde r  ver y broa d assumptions) . 

•  Th e tim e take n b y th e instanc e retrieva l  metho d whe n N 
instance s ar e i n memor y shoul d the n b e th e min imu m o f  N 

suc h variables . 

The TMK language does not specify a mechanism for al-
lowin g alternativ e method s (a s oppose d t o tasks )  t o b e ru n 
i n parallel ;  thi s would ,  however ,  b e a  trivia l  addition .  Th e 
secon d issu e i s on e o f  h o w th e retriev e instanc e tas k i s im -
plemented ;  however ,  i t  seem s extremel y plausibl e tha t  a  rea -
sonabl e implementatio n woul d satisf y thi s requirement .  Th e 
thir d issu e i s somewha t  tricky .  W e coul d suppor t  thi s metho d 
by performin g th e retriev e instanc e tas k simultaneousl y o n 
al l  instance s o n memor y (a s pe r  th e featur e recognitio n task s 
i n th e previou s example) .  Ther e i s a  significan t  difference ; 
th e featur e recognitio n tas k run s i n paralle l  o n al l  input s an d 
conclude s whe n al l  input s ar e concluded ,  thi s tas k run s o n 
al l  input s an d conclude s whe n an y inpu t  i s  concluded .  H o w -
ever ,  I  fee l  tha t  b y augmentin g T M K t o suppor t  bot h o f  thes e 
sort s o f  parallelism ,  w e ca n represen t  bot h o f  thes e model s o f 
cognition . 

A ke y observatio n her e i s tha t  immediatel y prio r  t o solvin g 
th e problem ,  th e viewer s ar e require d t o recogniz e th e letter s 
and number s i n th e problem .  Thi s woul d b e represente d i n 
th e T M K mode l  a s a  repeate d sequenc e o f  patter n recognitio n 
tasks .  Thes e task s could ,  i n turn ,  b e represente d b y th e featur e 
base d recognitio n metho d describe d i n th e previou s example . 
I n thi s way ,  T M K provide s a  framewor k fo r  integratin g thes e 
models . 

Implicit Memory 

Conside r  th e mode l  o f  implici t  memor y task s fro m (Jacoby , 
1991) .  Thi s wor k generall y posit s tw o genera l  subtask s o f 
recognition :  determinatio n o f  recollectio n an d determinatio n 
of  familiarity .  T w o to p leve l  task s ar e presente d t o subjects : 
inclusio n recognitio n (i.e. ,  recognitio n wit h primin g know n t o 
be correct )  an d exclusio n recognitio n (i.e. ,  recognitio n wit h 
primin g know n t o b e incorrect) .  Th e method s posite d fo r 
use i n th e tw o task s bot h invok e thes e sam e tw o recognitio n 
subtask s bu t  the y us e a  differen t  procedur e fo r  synthesizin g 
th e results .  W e ca n describ e thi s mode l  usin g th e followin g 
T MK decomposition : 

+ Task :  Inclusio n Recognitio n 
*  Method :  Inclusio n Recognitio n Metho d 

+ Task :  Familiarit y Analysi s 
+ Task :  Recollectio n Analysi s 
+ Task :  Inclusio n Resul t  Synthesi s 

+ Task :  Exclusio n Recognitio n 
*  Method :  Exclusio n Recognitio n Metho d 

+ Task :  Familiarit y Analysi s 
+ Task :  Recollectio n Analysi s 
+ Task :  Exclusio n Resul t  Synthesi s 

Let  u s loo k a t  som e o f  thes e item s i n mor e detail : 

Metho d Exc lus ion-Recogn i t ion-Metho d 
-domain :  word - recogn i t ion -domai n 
-makes : 

recognized ? hold s I F AN D ONL Y I F 
st imulu s wa s see n i n t ra in in g 
AND 
st imulu s wa s no t  see n i n pr imin g 

-contro l : 
DO I N PARALLEL 

(Fami l iar i ty-Analysi s 
Reco l lec t ion-Analys is ) 

Exc lus ion-Resu l t -Synthes i s 

This method states that the exclusion recognition method 
produce s a  boolea n resul t  r e c o g n i z e d ? whic h shoul d b e 
tru e i f  an d onl y i f  th e wor d wa s see n durin g stimulu s trainin g 
or  wa s see n durin g stimulu s priming .  Th e metho d has  tw o 
seria l  components :  first  th e tw o memor y task s ar e execute d (i n 
paralle l  o r  arbitrar y order )  an d the n th e result s ar e synthesized . 
Let  u s conside r  th e synthesi s task : 

Tas k Exc lus ion-Resu l t -Synthes i s 
-domain :  memory-syn thes is -domai n 
- input :  ( recal led- f rom-pr iming ? fami l iar? ) 
-output :  (recognized? ) 
-makes : 

recognized ? hold s I F AN D ONL Y I F 
famil iar ? AN D NO T reca l led- f rom-pr im ing ? 

-by :  exc lus ion- log ic -procedur e 

This specification says that the exclusion result synthesis 
tas k take s a s inpu t  informatio n (derive d fro m th e memor y 
subtasks )  abou t  whethe r  th e stimulu s i s familia r  an d whethe r 
i t  i s  recalle d fro m th e earlie r  (exclusive )  priming .  I t  the n 
derive s a  trut h valu e fo r  whethe r  th e wor d i s recognize d b y 
a logica l  inferenc e whic h hold s i f  an d onl y i f  th e wor d i s 
familia r  an d no t  recalle d fro m th e priming . 

Thi s analysi s show s ho w th e T M K modelin g languag e ca n 
encod e a  memor y retrieva l  mechanism .  A  grea t  man y task s 
referre d t o i n cognitiv e model s o f  othe r  phenomen a mak e us e 
of  memor y retrieval ;  i t  i s  possibl e tha t  som e o f  th e familiarit y 
and retrieva l  task s ca n b e use d a s subtask s t o other ,  mor e 
comple x tasks .  Usin g thi s framework ,  knowledg e derive d 
abou t  thes e tw o task s (e.g. ,  implication s o f  thei r  conditiona l 
independence )  ca n b e establishe d withi n thi s mode l  an d the n 
directl y applie d t o othe r  models . 

Reflection 

I f  T M K model s presen t  a  framewor k b y whic h we ,  a s sci -
entists ,  ca n understan d cognition ,  migh t  the y als o provid e a 
basi s fo r  a  knowledg e accoun t  o f  h o w human s understan d thei r 
o wn cognition ? Sinc e human s ar e abl e t o provid e explana -
tion s (albei t  ofte n incomplet e an d incorrec t  ones )  o f  thei r  o w n 
reasoning ,  i t  i s  apparen t  the y d o hav e som e for m o f  interna l 
knowledg e o f  themselves . 

Recal l  fro m th e introductor y sectio n tha t  T M K model s ar e 
originall y derive d fro m earl y wor k i n th e modelin g o f  physica l 
devices .  Thes e physica l  devic e model s hav e bee n use d fo r  a 
wid e variet y o f  tasks ,  bu t  th e mos t  prevalen t  tas k t o whic h 
the y hav e bee n applie d (an d th e on e t o whic h the y ar e mos t 
tightl y tuned )  i s tha t  o f  adaptiv e redesign .  Consequently ,  i t 
i s  no t  unreasonabl e t o suspec t  tha t  T M K model s migh t  b e 
appropriat e t o th e adaptiv e redesig n o f  a n intelligen t  reasoner . 
I n fact ,  som e A I  researc h has  suggeste d tha t  T M K model s d o 
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provid e suppor t  fo r  suc h adaptatio n (Stroulia ,  1994 ;  Murdoc k 
and Goel ,  1998) .  T o th e exten t  tha t  thes e A I  system s us e 

T M K model s t o redesig n themselves ,  th e T M K languag e ca n 
be viewe d a s encodin g th e knowledg e whic h enable s reflectiv e 
learning .  Becaus e thes e model s hav e bee n show n t o suppor t 
thi s sor t  o f  reasonin g i n artificia l  agents ,  i t  i s conceivabl e tha t 
the y coul d approximat e th e analogou s knowledg e possesse d 
by humans . 

I f  w e accep t  tha t  T M K migh t  provid e a  (possibl y limited ) 

accoun t  o f  knowledge ,  ther e arise s th e questio n o f  whethe r 
and t o wha t  exten t  thi s knowledg e i s consciousl y accessible . 
(Stroulia ,  1994 ,  p .  249 )  argue s tha t  reasonin g usin g mod -

el s o f  thi s sor t  correspond s wit h consciou s reflection .  Ar e 
consciousnes s an d model-base d reflectio n simpl y differen t 
perspective s o n th e sam e phenomeno n o r  i s th e relationshi p 
betwee n the m mor e complex ? 

O ne obviou s measuremen t  o f  consciousnes s i s introspec -
tiv e accessibility. ^  I t  i s  apparen t  tha t  human s ar e abl e t o 
introspectivel y describ e thei r  processin g mechanisms .  H o w -
ever ,  i t  i s  als o apparen t  tha t  human s ar e severel y limite d i n 
thi s abilit y  an d frequentl y produc e demonstrabl y incorrec t  o r 
incomplet e description s o f  thei r  o w n reasoning .  H o w ca n w e 
accoun t  fo r  thi s c o m m o n observatio n withi n a  cognitiv e T M K 
framework ? S o m e possibilitie s include : 

1. TMK models are purely conscious reasoning structures, but 
the y ar e inherentl y incomplet e an d incorrect . 

2.  T M K model s ar e purel y unconsciou s reasonin g structures . 
To th e exten t  tha t  peopl e ca n describ e them ,  the y ar e onl y 
inferre d fro m th e consequence s o f  thei r  use . 

3.  T M K model s ar e bot h consciou s an d unconsciou s reason -
in g structures .  The y ar e onl y partiall y  an d inaccuratel y 
availabl e t o consciou s thought . 

The first possibility seems to be the most superficially ob-
viou s choice ;  give n tha t  thes e model s ma y b e elicite d fro m 
peopl e i n a n incomplet e /  incorrec t  form ,  th e defaul t  hypothe -
si s i s clearl y tha t  peopl e hav e incomplet e /  incorrec t  version s 
of  thes e model s i n thei r  consciou s memory .  However ,  ther e 
ar e seriou s problem s wit h thi s idea ;  mos t  significantly ,  muc h 
of  th e wor k o n reflectiv e self-redesig n whic h provide s th e 
primar y motivatio n fo r  T M K model s a s cognitivel y plausi -
bl e structures ,  involve s self-adaptation s whic h ar e difficul t  t o 
envisio n bein g completel y accessibl e t o consciousness .  I  be -
liev e tha t  i t  woul d b e possible ,  wit h empirica l  studies ,  t o sho w 
tha t  som e adaptiv e learnin g scenario s whic h wer e typica l  o f 
th e kind s o f  T M K self-redesig n w e hav e propose d involv e 
component s o f  th e T M K model s whic h ar e no t  consciousl y 
accessible .  I f  thi s wer e done ,  w e coul d rul e ou t  possibilit y  1 
as a n accoun t  o f  th e relationshi p betwee n consciousnes s an d 
T M K models . 

Th e secon d possibilit y  als o seem s initiall y  appealing ;  sinc e 
peopl e clearl y don' t  hav e ful l  acces s t o thes e models ,  w h y 
shoul d w e believ e tha t  the y hav e an y acces s a t  all .  I t  woul d b e 

^Whil e th e limitation s o f  introspectio n a s a  genera l  mechanis m 
fo r  studyin g cognitio n ar e wel l  known ,  i t  seem s lik e a n essentia l 
too l  fo r  studyin g consciousnes s a s a  phenomenon .  I t  i s difficul t  t o 
argu e tha t  som e aspec t  o f  cognitio n i s consciou s bu t  no t  accessibl e t o 
introspection ;  unde r  thes e assumptions ,  wha t  woul d th e ter m "con -
sciousness '  mean ? Fo r  a  mor e detaile d loo k a t  som e o f  thes e issues , 
see (Reisberg ,  1997 ,  p .  589 ,  f.f.) . 

difficul t  t o empiricall y validat e o r  falsif y thi s position ;  fro m 
a behaviora l  perspective ,  i t  i s difficul t  t o distinguis h betwee n 

knowledg e tha t  exist s an d knowledg e tha t  i s  inferre d wheneve r 
i t  i s  needed . 

However ,  ou r  knowledg e o f  memor y phenomen a suggest s 
tha t  i t  i s  unlikel y tha t  thes e model s ar e alway s computed ,  i n 
tha t  man y computationa l  task s hav e bee n widel y show n t o b e 
supplante d b y memor y acces s whe n applicable .  Fo r  example , 
bot h th e effec t  o f  prio r  (eve n "unremembered" )  exposur e t o 
word s o n fragmen t  completio n (TU I  ving ,  1985 )  an d th e preva -
lenc e o f  cryptomnesi a i n mor e comple x task s (Mars h an d 
Bower ,  1993 )  sugges t  that ,  a t  th e ver y least ,  specifi c  memor y 
trace s o f  pas t  inferenc e proces s ar e available ;  t o th e exten t 
tha t  w e hav e ha d occasio n t o infe r  T M K structure s fo r  certai n 
reasonin g task s i n th e past ,  i t  i s  potentiall y  reasonabl e t o clai m 
tha t  thes e inferre d structure s ar e availabl e i n memory ,  eve n i f 
thei r  sourc e (i.e. ,  th e particula r  reasonin g even t  durin g whic h 
thi s T M K mode l  wa s inferred )  has  bee n forgotten . 

Conside r  th e positio n take n b y (Kahnema n an d Miller , 
1986 )  wit h respec t  t o th e issu e o f  th e existenc e o f  norm s 
(i.e. ,  judgement s o f  typica l  instance s o f  a  class )  a s a  memor y 
structure .  Thi s vie w i s ver y simila r  t o th e positio n take n i n 
possibilit y  3 ;  thei r  pape r  focuse s o n post-hoc ,  inferre d norm s 
(analogou s t o inferre d T M K structures )  bu t  clai m tha t  fo r  som e 
situations ,  pre-existing ,  know n norm s d o exis t  (analogou s t o 
remembere d T M K structures) .  Pendin g furthe r  evidence ,  I 
woul d lik e t o mak e a  simila r  clai m here ;  that ,  t o th e exten t 
t o whic h th e T M K languag e provide s a  plausibl e accoun t  o f 
self-knowledge ,  thi s self-knowledg e i s partiall y  bu t  no t  full y 
accessibl e t o consciou s memory . 

The notio n o f  T M K model s a s partiall y  consciou s reason -
in g structure s seem s t o relat e t o th e notio n o f  a  consciousnes s 
"fringe "  a s describe d i n (Mangan ,  1993).' '  Ca n w e conside r 
reflectiv e self-representatio n o f  th e sor t  embodie d i n T M K 
model s t o b e guidin g reasonin g fro m th e fring e o f  conscious -
ness ? I f  so,  w e woul d expec t  tha t  attempt s t o brin g suc h 
representation s int o full y  consciou s focu s (fo r  example ,  i n 
introspectiv e description s o f  one' s o w n reasoning )  t o resem -
bl e othe r  phenomen a whic h involv e shift s fro m fring e t o fo -
cal  consciousness .  A n exampl e o f  suc h a  shif t  whic h Man -
gan present s i s th e "tip-of-the-tongue "  (TOT )  phenomeno n i n 
whic h peopl e k n o w tha t  the y hav e encountere d som e fac t  bu t 
ca n no t  immediatel y recal l  it .  T o wha t  exten t  d o th e limita -
tion s an d restriction s o f  consciou s acces s t o self-knowledg e 
resembl e th e limite d memor y acces s o f  T O T ? Furthe r  researc h 
i s neede d t o addres s thes e topics . 

Conclusions 

I t  i s  clea r  tha t  a  grea t  man y issue s nee d t o b e resolve d be -
for e th e T M K modelin g languag e ca n b e use d effectivel y a s a 
theoretica l  framewor k fo r  synthesizin g model s o f  cognition . 
As I  hav e argued ,  th e T M K mechanism s fo r  specifyin g con -
tro l  o f  instantiatio n o f  subtask s need s t o b e enhance d t o dea l 
wit h a  variet y o f  differen t  kind s o f  paralle l  computation .  Fur -
thermore ,  ther e d o see m t o b e (a t  least )  tw o kind s o f  cognitiv e 
issue s fo r  whic h th e T M K modelin g framewor k provide s littl e 
value : 

•"Thi s pape r  furthe r  cite s (James ,  1890 )  bu t  present s th e notio n 
i n th e contex t  o f  a  modem,  cognitiv e framework ;  i t  i s  thi s mode m 
formulatio n t o whic h I  a m referrin g here . 
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•  Cognitiv e processe s whic h ar e inherentl y atomic ,  i.e. , 
whic h canno t  b e furthe r  decompose d int o elements .  Thes e 
ar e easil y modele d i n T M K (i.e. ,  a s a  singl e task )  bu t  suc h 
model s provid e ver y littl e insight .  Issue s o f  thi s sor t  ca n 
be see n a s belo w th e leve l  o f  abstractio n fo r  whic h T M K i s 

useful . 

•  Cognitiv e processe s whic h ar e inherentl y inamenabl e t o 
teleologica l  analysis ,  (va n Gelder ,  1997 )  argue s tha t  cog -
nitio n ma y no t  b e decomposabl e int o causa l  flows  o f  func -
tiona l  elements .  T o th e exten t  tha t  thi s i s tru e o f  eve n certai n 
cognitiv e phenomena ,  T M K i s probabl y no t  usefu l  fo r  thes e 
phenomena . 

Despite these limitations, I believe that TMK models do 
provid e a  usefu l  mechanis m fo r  integratin g model s o f  cog -
nition .  Th e overwhelmin g majorit y o f  model s o f  cognitiv e 
phenomena whic h hav e bee n develope d d o no t  fal l  int o ei -
the r  o f  th e tw o categorie s above :  the y ar e comple x i n natur e 
and ar e decompose d int o functiona l  elements .  I n providin g 
causal ,  compositional ,  functiona l  description s o f  reasonin g 
processes ,  th e T M K languag e suggest s a n accoun t  o f  h o w 
model s o f  reasonin g ma y b e combine d t o for m a  dee p un -
derstandin g o f  cognition .  Furthermore ,  sinc e thes e model s 
can provid e suc h a n understanding ,  the y als o for m a  plau -
sibl e hypothesi s regardin g th e knowledg e conten t  o f  huma n 
self-understanding . 
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