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Introspectio n a n d Reasonin g abou t  th e Belief s o f  othe r 

Agents ^ 

Anthony S. Maida 

Departmen t  o f  Compute r  Scienc e 

Th e Pennsylvani a Stat e Universit y 

ABSTRACT 

A cognitive agent uses representations to reason about the world. An 

"introspective "  cognitiv e agen t  ha s th e abilit y t o manipulat e representation s 

(met a representations )  o f  it s  o w n representations .  I f  suc h a n agen t  wer e t o 

embody it s  belief s i n it s  representations ,  the n th e agen t  coul d reaso n abou t  it s 

o wn belief s b y manipulatin g it s met a representations . 

A "belie f  reasoner "  ca n reaso n abou t  th e belief s o f  othe r  agents .  Ther e ha s 

bee n considerabl e researc h i n th e constructio n o f  belie f  reasoners .  Thi s pape r 

observe s tha t  th e constructio n o f  suc h system s can ,  i n larg e part ,  b e reduce d t o 

th e tas k o f  constructin g introspectiv e systems . 

We illustrat e h o w a n introspectiv e agen t  ca n us e analogy-base d reasonin g t o 

construc t  a n architectur e fo r  belie f  reasonin g o n th e basi s o f  examinin g it s o w n 

architecture . 

1.  Introduction . 

Thi s pape r  view s th e tas k o f  reasonin g abou t  th e belief s o f  othe r  agent s i n term s o f  mor e 
basi c processe s o f  introspectio n i n whic h a n agen t  reason s abou t  it s o w n beliefs .  W e begi n wit h 
th e assumptio n tha t  agent s thin k i n a  proposition-lik e "mentalese. "  T h e intuitio n underlyin g ou r 

lin e o f  argumen t  i s  a s follows :  I f  agent s thin k i n a  proposition-lik e mentalese ,  the n t o describ e 

thei r  belie f  states ,  w e ca n us e a  metalanguag e capabl e o f  describin g arrangement s o f  propositions . 

I f  th e languag e is -  capabl e o f  describin g an y possibl e arrangemen t  o f  propositions ,  the n th e 

languag e i s  capabl e o f  describin g an y possibl e belie f  stat e o f  th e agent .  I f  a n agen t  alread y use s 

suc h a  languag e t o introspectivel y describ e an d reaso n abou t  it s o w n beliefs ,  i t  shoul d b e possibl e 

fo r  thi s agen t  t o adap t  thi s language ,  b y som e analogy-base d process ,  t o describ e th e belief s o f 

othe r  agents . 

2. Cognitive Science: The Representational Theory of Mind 

Th e notio n tha t  a n agent' s belief s determin e it s behavio r  i s compatibl e wit h th e metapho r  o f 
a "knowledge-base d system "  a s use d i n artificia l  intelligenc e o r  th e "representationa l  theor y an d 

computationa l  theor y o f  m ind "  a s use d b y philosopher s o f  cognitiv e scienc e (e.g. ,  Fodor ,  1981) . 

I n thi s view ,  a  cognitiv e agen t  represent s th e worl d b y th e us e o f  som e interna l  language ,  a  "men -

talese, "  suc h a s a  propositiona l  language .  Thi s vie w ha s le d t o th e "knowledg e representatio n 

'  Thi s researc h wa s supporte d b y O N R contrac t  N00014-8S-K-0521 .  Thank s t o Ros s Canfleld ,  Minqu i  Deng , 
Minko o Kim ,  Dre w McDermott ,  Jo e Niederberger ,  an d Bonni e Webbe r  fo r  hel p wit h variou s incarnation s o f  thi s 
manuscript . 
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hypothesis," upon which much of artificial intelligence and cognitive science is based (cf, Fodor, 

1980 ;  Pylyshyn ,  1984 ;  Smith ,  1982) .  Thus ,  th e primar y assumptio n o f  thi s pape r  i s compatibl e 

wit h m u c h o f  mainstrea m cognitiv e science . 

2.1. The Semantics of Belief Sentences. 

T o sa y tha t  a n agen t  ha s a  belie f  i s  t o sa y tha t  th e agen t  ha s constructe d a  representatio n 

i n it s menta l  languag e an d tha t  th e agen t  take s thi s representatio n a s accuratel y describin g some -

thing .  Fo r  instance ,  sa y tha t  a n agen t  name d "Pa t "  believe s tha t  a  do g name d "Fido "  i s fero -

cious .  Thi s mean s tha t  i n th e menta l  languag e whic h Pa t  use s t o represen t  th e world ,  ther e i s a n 

expressio n tha t  reside s i n hi s dat a base ,  whic h represent s th e propositio n Fid o i a ferocious .  I t  als o 

means tha t  Pa t  bear s som e relatio n t o thi s expressio n indicatin g tha t  i t  i s  believe d b y Pat . 

I f  w e assum e tha t  Pa t  think s wit h propositions ,  the n th e sentenc e "Pa t  believe s Fid o i s fero -

cious "  ca n b e take n t o b e tru e exactl y i f  th e propositio n (1) : 

(l) (is-ferocious Fido) 

resides in Pat's data base and the proposition is somehow marked as true (possibly implicitly, by 
virtu e o f  i t  simpl y residin g i n th e knowledg e base) .  W e hav e sketche d fo r  th e abov e belie f  sen -
tenc e a  semantic s i n term s o f  th e prepositiona l  conten t  o f  a  knowledg e bas e an d w e wil l  ca U thi s a 

knovuledg e baae d aemantiea. ^ 

2.2. Belief Spaces as Nested Mental Models. 

A perspicuou s notatio n fo r  depictin g th e belief s o f  cognitiv e agent s i s b y th e us e o f  belie f 
space s (cf. ,  Fauconnier ,  1985) .  A  belie f  spac e ca n b e construe d a s a  menta l  mode l  o f  anothe r 

agent' s representatio n o f  th e world. ^  Thi s naturall y lead s t o a n architectur e whic h i s a  tre e o f 

neste d menta l  model s o r  belie f  space s (cf. ,  Fauconnier ,  1985 ;  Maida ,  1984) .  Figur e 1  depict s suc h 

a tree . 

A-agent 

B-sel f 

O 
I>-Milc e 

Q 

Figur e 1 .  A  tre e o f  belie f  spaces .  Neste d ellipse s indicat e subtrees . 

Each ellipse in this figure is a belief space; the nestings indicate nestings of the belief spaces. The 

ellips e labele d " A "  indicate s th e agent' s knowledg e (beliefs) .  Th e ellips e labele d " B "  indicate s 

th e agent' s knowledg e abou t  it s o w n knowledge ;  tha t  is ,  object s i n thi s spac e represen t  object s i n 

th e paren t  space .  Ellips e " C "  indicate s th e agent' s knowledg e abou t  Pat' s knowledge ;  tha t  is , 

object s i n thi s spac e represen t  object s i n Pat' s dat a bas e (no t  shown) .  Finally ,  th e syste m ha s 

knowledg e tha t  Pa t  ha s knowledg e o f  Mike' s knowledg e (indicate d wit h ellips e D ) ;  tha t  is ,  object s 

i n thi s spac e represen t  object s i n Pat' s spac e tha t  represen t  object s i n Mike' s space . 

'  Thi s contraat « wit h th e pouible-worl d semantic s o f  Hintikk » (1962) .  Se e Halper n &  Mose s (198S )  fo r  & 
guid e t o moda l  logic s o f  knowledg e an d belief .  Th e poesible-world s approac h attempt s t o defin e knowledg e 
withou t  referenc e t o th e interna l  structur e o f  th e agen t  wh o ha s th e knowledge .  Th e approac h describe d i n sec -
tio n 2. 1 i s sometime s calle d th e "syntacti c approach. " 

*  Belie f  space s o r  analog s hav e bee n use d b y Moor e (1973) ,  Cohe n (1978) ,  Martin s &  Shapiro ,  1983 ;  Rapapor t 
& Shapiro ,  1984 ;  an d Kobs a (1985) .  I n linguistics ,  Fauconnie r  (1985 )  ha s mad e heav y us e o f  belie f  spaces . 
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Simulative Reasoning. Simulative reaaoning* is the process of one agent reasoning about 

th e belief s o f  a  secon d agen t  a s i f  th e secon d agen t  wer e reasonin g wit h hi s o w n beliefs .  T h e 

belief-spac e architectur e i s highl y suggestiv e o f  simulativ e reasoning .  I n principle ,  on e coul d hav e 

inferenc e processe s i n eac h belie f  space .  I n thi s paper ,  w e wil l  assum e ther e i s on e actua l  inferenc e 

engin e i n th e roo t  space .  T o conduc t  simulativ e reasonin g i n a  chil d space ,  th e inferenc e engin e 

wil l  simulat e a  virtua l  inferenc e engin e i n th e chil d space . 

2.3. Intro8p4»ction as Representations of Representations. 

Suppos e w e hav e a  cognitiv e agen t  w h o no t  onl y maintain s representation s whic h describ e 

thing s externa l  t o itself ,  bu t  als o maintain s representation s o f  it s  representations .  T h e agen t 

coul d the n hav e belief s abou t  it s representation s an d w e coul d sa y tha t  th e agen t  i s introspective . 

3. Reducing Belief Reasoning to Introspection. 

T o some ,  th e belief-spac e architectur e m a y see m unparsimonious .  W o u l d i t  b e plausibl e t o 

assume tha t  a  cognitiv e agen t  woul d jus t  happe n t o hav e a n architectur e consistin g o f  a  tre e o f 

dat a bases ,  simpl y t o reaso n abou t  others '  beliefs ? Fortunately ,  w e ca n reduc e th e belief-spac e 

architectur e t o mor e basi c principles .  T h e belief-spac e architectur e seem s t o b e a  consequenc e o f 
any knowledge-base d syste m tha t  ha s a  sufficientl y rich  self-mode l  an d capacit y t o reaso n b y anal -

ogy . 

T h e basi c ide a i s t o hav e th e syste m replicat e a  theor y o f  it s  o w n inferenc e abilit y  i n a 
model  o f  anothe r  agent ,  s o tha t  th e cop y i s suitabl y modifie d t o appropriatel y describ e tha t  othe r 

agent .  W e wil l  cal l  suc h a n operatio n projtetiv e analogy. ^ 

3.1. Replication of One's Self-Model and Inference Machinery. 

Suppos e a n agen t  ha s a  partia l  descriptio n o f  it s  o w n structure ,  includin g a  descriptiv e 

sketc h o f  th e operation s o f  it s  o w n analogy-base d reasonin g ability .  Thi s i s illustrate d i n Figur e 

2a below .  T h e larg e circl e indicate s th e se t  o f  proposition s tha t  th e agen t  believes .  T h e inne r  cir -

cle ,  labele d "self-model, "  consist s o f  th e se t  o f  proposition s tha t  describ e th e agent' s beliefs .  Not e 

tha t  thi s "self-model "  i s  th e agent' s sel f  image .  Fo r  reasonin g abou t  it s beliefs ,  th e agen t  ha s 

acces s onl y t o th e informatio n delimite d b y th e inne r  circl e (i.e. ,  it s  self-model) ,  an d no t  th e oute r 
circle .  I f  th e agen t  wer e t o m a k e a n analog y betwee n it s o w n structur e an d th e structur e o f  som e 
othe r  entity ,  th e analog y woul d hav e t o b e base d o n it s self-model . 

I f  th e syste m learne d tha t  anothe r  agent ,  sa y Pat ,  ha s structur e simila r  t o it ,  the n th e sys -

te m coul d creat e a  descriptio n o f  Pat ,  show n i n Figur e 2b ,  b y makin g a  cop y o f  it s  o w n self-mode l 

and modifyin g i t  appropriatel y t o appl y t o Pat .  (Fo r  instance ,  thi s migh t  b e don e b y replacin g al l 

occurrence s o f  th e symbo l  "self "  i n th e descriptio n wit h th e symbo l  "Pat." ) 

Ther e i s on e mor e ste p neede d i n orde r  t o construc t  a  tre e o f  belie f  spaces .  Suppos e th e agent' s 

self-mode l  contain s a  descriptio n o f  th e analog y process .  I f  so ,  the n a  cop y o f  thi s descriptio n wil l 

hav e bee n duplicate d i n th e descriptio n fo r  Pat .  I f  th e agen t  the n reason s abou t  wha t  woul d hap -

pen t o Pat' s dat a bas e i f  h e (reciprocally )  though t  abou t  th e system ,  i t  wil l  conclud e tha t  Pa t  wil l 

construct ,  withi n hi s o w n dat a base ,  a  mode l  o f  th e system .  W e wil l  cal l  thi s reciproca l  projectiv e 

analogy .  Tha t  is ,  th e origina l  agen t  ca n apprehen d tha t  Pa t  ca n us e hi a ow n reaaonin g t o reaao n 

abou t  it .  Hence ,  w e hav e sketche d h o w th e constructio n o f  a  tre e o f  neste d belie f  space s migh t  b e 

automated .  T h e nex t  sectio n wil l  describ e a n example . 

*  Cre&r y (1979 )  seem s t o hav e bee n th e first  t o us e th e term .  Dinsmor e (1985 )  discusse s simulativ e reasonin g 
Tro m a  linguisti c perspective . 

'  We cal l  thi s "projectiv e analogy "  because ,  first,  i t  i s  a  kin d o f  analogy ,  an d second ,  th e proces s o t  attribut -
in g one' s ow n characteristic s t o anothe r  i s calle d "projection "  b y som e psychologists . 
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Sytta * Syst M 

Self-aode l 
Se1f-aodt 1 

f-d*$cr1ptio n \ 

O O 
I  hiv e •  se i 
1 rctso n b y analog y I 

P a r t  A Part B 

Figur e 2 .  I f  a  syste m wit h a  self-mode l  (A )  learn s o f  a n entity ,  sa y Pat ,  wh o ha s simila r 

structur e t o itself ,  the n th e syste m ca n creat e a  mode l  o f  Pa t  b y projectiv e analog y (B) . 

4. A Detailed Example. 

I n thi s section ,  w e giv e a  detaile d exampl e o f  th e projectiv e analog y process .  I t  i s  th e sim -

ples t  exampl e w e ca n thin k of .  W e ar e goin g t o ge t  a n agen t  t o realiz e tha t  anothe r  agen t  (Pat ) 

can reaso n b y modu s ponena .  However ,  w e wil l  fai l  t o ge t  th e agen t  t o realiz e tha t  Pa t  realize s 

tha t  i t  (th e origina l  agent )  reason s b y modu t  ponena .  Th e reaso n fo r  th e failur e wil l  b e tha t  th e 

origina l  agen t  doe s no t  hav e a n explici t  mode l  o f  th e analog y process ;  th e agen t  doe s no t  realiz e 
tha t  i t  reason s b y analog y an d thu s canno t  attribut e thi s characteristi c t o anothe r  Pat . 

For  ou r  exampl e w e wil l  brea k dow n th e proces s o f  evolvin g fro m a n introspectiv e agen t 

int o a  belie f  reasone r  int o tw o steps .  The y are : 

We mus t  giv e th e agen t  a  theor y o f  it s  ow n inferenc e ability .  W e wil l  cal l  thi s a n auto -

rationa l  theory. ^ 

We als o nee d a  capacit y t o replicat e thi s theor y an d modif y th e cop y t o describ e th e infer -

enc e abilit y o f  anothe r  agent ;  tha t  is ,  a  capacit y fo r  projectiv e analogy . 

Th e auto-rationa l  theor y m a y onl y partiall y  describ e th e agent' s inferenc e ability .  I n ou r  case , 

th e auto-rationa l  theor y wil l  no t  describ e th e capacit y fo r  projectiv e analogy .  Wi t h a  partia l 

theory ,  th e replicated-and-modifie d theor y constitute s a  partia l  theor y o f  th e othe r  agent . 

4.1. A Partial Auto-Rational Theory. 

We wil l  postulat e a n agen t  tha t  ha s thre e rule s o f  inferenc e wire d int o it s menta l  structure . 

Thes e are :  1 )  a  procedura l  versio n o f  modu t  ponena ;  2 )  a n abilit y t o d o propoaitiona l  introtpeetion ; 

and ,  3 )  a n abilit y fo r  projectiv e analogy .  Thes e thre e abilitie s characteriz e ou r  agent' s capacit y t o 

do inference .  I f  th e agen t  ca n represen t  explicitl y  tha t  i t  ha s thes e abilities ,  the n i t  ha s a  theor y 

of  it s o w n rationality—a n auto-rationa l  theory . 

M o d us ponen s an d propositiona l  introspectio n ar e define d below .  Th e letter s p  an d q  rang e 

ove r  propositiona l  formula s an d th e symbo l  h t  stand s fo r  "believe s that. " 

M o d u s P o n e n s .  I f  th e proposition s p  an d p -> q resid e i n th e agent' s dat a base ,  the n th e 

propositio n q  wil l  resid e i n th e agent' s dat a base . 

Propositiona l  Introspection .  I f  th e propositio n p  reside s i n th e agent' s dat a base ,  the n 

th e propositio n (h t  sel f  "p" )  reside s i n th e agent' s dat a base. ^ 

*  Moor e (1985 )  use d th e ter m auto-tpi$ttmi c t o refe r  t o a  theor y o f  one' s ow n knowledge .  We ar e concerne d 
wit h a  particula r  aspec t  o f  one' s ow n Icnowledge ,  namel y one' s knowledg e o f  hi s rationality .  A n auto-rationa l 
theor y i s a  kin d o f  auto-epistemi c theory . 

^  W e wil l  assum e tha t  a  propositio n i s marke d a s tru e i f  i t  reside s i n th e dat a base . 
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Suppose further that the axiom schemas (a)-(d) below reside in the agent's data base. 

(»)(bt8elf"(p&P->q)->qr) 
(b )  (b t  sel f  "(b t  sel f  "p" )  - > (b t  sel f  "(b t  sel f  "p")")" ) 

(c )  ((b t  sel f  "p" )  &  (b t  sel f  •'p->q") )  - > (b t  sel f  "q" ) 

(d )  (b t  sel f  "p" )  - > (b t  sel f  "(b t  sel f  "p")" ) 

Axioms (a)-(d) present a partial auto-rational theory of the agent's reasoning. Expressions (a) and 

(b )  ar e deaeriptiv e bu t  the y ar e no t  eauaal .  Axio m (a )  i s tru e exactl y i f  th e agen t  reason s b y 

modut  ponen a a s th e axio m describes .  However ,  th e agent' s believin g th e axio m doe s no t  caus e 

th e agen t  t o reaso n b y modu a ponena .  Axio m (b )  i s  tru e exactl y  i f  th e agen t  ca n d o propoaitiona l 

introapeetion . 

Ebcpression s (c )  an d (d )  ar e causa l  becaus e the y ca n b e interprete d directl y b y th e inferenc e 

engine .  The y enabl e th e syste m t o d o simulativ e reasonin g abou t  it s belief s i n it s self-model .  W e 

wil l  cal l  expressio n (a )  th e assumptio n o f  awarenea a o f  rationality ;  (b )  th e assumptio n o f  awarenea a 

of  propoaitiona l  introapeetion ;  (c )  th e assumptio n o f  auto-ayllogiati e interpretation ;  an d (d )  th e 

assumptio n o f  introapeetiv e interpretation . 

Auto-ayllogiati e interpretatio n allow s th e agen t  t o simulat e reasonin g b y modu a ponen a i n it s 

self-model .  Introapeetiv e interpretatio n allow s a n agen t  t o simulat e propoaitiona l  introapeetio n i n 

it s self-model . 

4.2. Genesia of Attributiona of Rationality in Othera. 

Figur e 3a ,  usin g th e belief-spac e notation ,  depict s a n agen t  wit h th e abov e auto-rationa l 

theory .  Expression s (a )  an d (b )  ar e i n th e agent' s self-model .  Elxpression s (c )  an d (d )  ar e i n th e 

roo t  space .  Figur e 3 b depict s th e agen t  afte r  th e theor y ha s bee n replicate d an d modifie d b y pro -

jectiv e analog y t o describ e anothe r  agent ,  Pat .  T h e replicate d expression s ar e indicate d b y apos -

trophes . 

Agen t 

A B 

Figure 3. Replication of a partial auto-rational theory. 

We will now describe the projective analogy process. It involves two components: 1) universal 
generalization; *  an d 2 )  universa l  quantifie r  elimination .  Univeraa l  generalizatio n transform s a 

cop y o f  expressio n (a )  int o (q )  b y replacin g a  constan t  (whic h mus t  b e o f  typ e "agent" )  wit h a 

universall y quantifie d (actuaU y quantifie d ove r  agents )  variabl e a s show n below : 

(a )  (b t  sel f  "(( p &  p ->q )  - > q)" ) 

\ y 
Universa l  Generalizatio n i  o n Agent s 

(q) (forall (x) (bt x "((p & i^>q) -> q))") 

•  Universa l  generalizatio n i s a  for m o f  inductiv e reasoning .  I n thi s pape r  i t  wil l  b e th e mean s b y whic h w e 
make a  generalizatio n abou t  agents . 
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Univtrsal quantifier elimination transforms an expression such as (q) into (a') below by instantiat-

in g th e variabl e wit h a  constant . 

(a')(btPat"((p&p.>q).>qn 

Upon applying the composition of universal quantifier elimination and universal generalization to 

eac h o f  th e expression s (a) ,  (b) ,  (c) ,  an d (d )  w e ge t  expression s (a') i  (b') ,  (c') ,  an d (d' )  below . 

(a')(btPat"((p&p->q).>q)") 

(b' )  (b t  Pa t  "(b t  Pa t  "p" )  - > (b t  Pa t  "(b t  Pa t  "p")")" ) 

(c' )  ((b t  Pa t  "p" )  &  (b t  Pa t  "p->q") )  - > (b t  Pa t  "q" ) 

(d' )  (b t  Pa t  "p" )  - > (b t  Pa t  "(b t  Pa t  "p")" ) 

The expressions (a')-(d') describe the replicated and modified structure of Figure 3b. We started 

wit h a n agen t  wh o ha d th e menta l  representatio n o f  Figur e 3a ,  an d b y projectiv e analogy ,  th e 

agen t  arrive d a t  th e structur e o f  Figur e 3b .  Expression s (a' )  an d (b* )  compris e th e agent' s mode l 

of  Pat .  Expression s (c' )  an d (d' )  allo w th e agen t  t o d o simulativ e reasonin g i n Pat' s belie f  space . 

The agen t  ca n attribut e t o Pa t  onl y wha t  i t  realize s abou t  itself .  Notic e tha t  th e agen t  doe s 

not  attribut e a n abilit y  t o d o projectiv e analog y t o Pat .  Thi s i s becaus e th e agen t  doe s no t  expli -

citl y  tha t  i t  itsel f  ha s thi s ability .  Notic e als o tha t  th e agen t  ha s a  mode l  o f  itself ,  bu t  doe s no t 

vie w Pa t  ha s havin g a  mode l  o f  himself . 

4.3. A-wareneu that One hma a Self-Model. 

Withou t  a  self-model ,  th e agen t  woul d no t  realiz e tha t  i t  thinks .  However ,  t o realiz e tha t  i t 

has a  self-model ,  th e agen t  mus t  hav e a  mode l  o f  it s  self-model .  I t  i s  fo r  thi s reaso n tha t  th e pro -

jectiv e analog y proces s di d no t  attribut e a  self-mode l  t o Pat .  Base d o n analog y wit h itself ,  th e 

syste m di d no t  realiz e tha t  i t  ha d a  self-model .  However ,  th e syste m ha s th e abilit y  t o infe r  a 

model  o f  it s  initia l  model .  I t  ca n d o simulativ e reasonin g o f  itsel f  i n it s  self-model . 

Self-Replicatio n o f  One' s Self-Model .  A s th e agen t  think s wit h it s self-model ,  thi s ca n 

caus e i t  t o realiz e tha t  i t  ha s a  self-model .  Th e agen t  ca n actuall y construc t  a  cop y o f  it s  self -

model  i n it s self-model .  Thi s i s don e a s follows . 

Sinc e th e agen t  ca n reaso n b y modu s ponen$ ,  i t  ca n manipulat e expression s (a )  an d (d )  t o 
get  expressio n (aa )  below .  Similarly ,  th e agen t  ca n manipulat e expression s (b )  an d (d )  t o ge t  (bb ) 

below .  Sinc e th e agen t  ca n reaso n b y propoaitiona l  introspection ,  i t  ca n appl y thi s t o expressio n 
(c )  t o ge t  expressio n (cc )  below .  Th e agen t  ca n als o appl y propotitiona l  introspectio n t o ge t 

expressio n (dd )  below . 

(aa) (bt self "(bt self "(p & p->q) -> q)")") 

(bb )  (b t  sel f  "(b t  sel f  "(b t  sel f  "p" )  - > (b t  sel f  "(b t  sel f  "p")")")" ) 

(cc )  (b t  sel f  "((b t  sel f  "p" )  &  (b t  sel f  "p->q") )  - > (b t  sel f  "q")" ) 

(dd )  (b t  sel f  "(b t  sel f  "p" )  - > (b t  sel f  "(b t  sel f  "p")")" ) 

Agent 

Figur e 4 .  Usin g simulativ e reasonin g t o creat e a  mode l  o f  one' s self-model . 
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4.4. Simulative Reasoning. 

Wit h wha t  w e hav e s o far ,  th e agen t  ca n d o simulativ e reasonin g i n Pat' s subspac e b y vir -

tu e o f  expressio n (d') .  Sinc e th e agen t  ca n reaso n b y modu s ponena ,  i t  ca n manipulat e expression s 

(a' )  an d (d' )  t o ge t  expressio n (aa' )  below .  Similarly ,  th e agen t  ca n manipulat e expression s (b' ) 

and (d' )  t o ge t  (bb' )  below . 

(aa') (bt Pat "(bt Pat "(p & p->q) -> q")") 

(bb') (bt Pat "(bt Pat "(bt Pat "p") -> (bt Pat "(bt Pat "p")")")") 

Expressions (aa') and (bb') can be construed as Pat's self-model within the system's model of Pat, 

as show n i n Figur e 5 . 

Agent 

c d  c *  d ' 
sel f 

(̂|a a •  b b ^ 

Figur e 5 .  Usin g simulativ e reasonin g t o creat e a  mode l  o f  another' s self-model . 

4.5. Reciprocal Projective Analogy. 

I n sectio n 4. 4 w e sa w a  replicated-and-modifie d mode l  o f  Pa t  (i.e. ,  expression s (a' )  an d (b') ) 
partiall y  underg o anothe r  replicate-modif y cycl e producin g expression s (aa' )  an d (bb') .  However , 

thi s ne w mode l  i s no t  ver y functional .  Fo r  instance ,  ther e ar e n o formula s analogou s t o (dd' ) 

whic h woul d enabl e simulativ e reasonin g i n tha t  space .  Additionally ,  thi s second-generatio n 
model  canno t  eve n partiall y  replicate . 

Realiiin g tha t  Other s Believ e tha t  Y o u ar e Rational .  Fo r  th e agen t  t o believ e tha t 
Pat  coul d reaUz e tha t  th e agen t  itsel f  i s  rational ,  w e woul d nee d t o creat e a  mode l  o f  th e agen t 

withi n Pat' s subspace .  W e hav e calle d thi s reciproca l  projectiv e analogy .  Thi s woul d requir e 
simulativ e reasonin g i n Pat' s subspace ,  usin g th e rul e o f  projectiv e analogy .  Thi s canno t  b e don e 
becaus e th e agen t  doe s no t  mode l  Pa t  a s havin g th e abilit y  t o d o projectiv e analogy . 

5. Sununary and Conclusions. 

So fa r  w e hav e achieve d th e following .  W e hav e show n ho w i t  migh t  b e possibl e fo r  on e 

agent  t o infe r  tha t  a  secon d agen t  ha s belief s an d tha t  thi s sc v m d agen t  realize s i t  itsel f  ha s 

beliefs .  W e hav e argue d theoreticall y tha t  i t  shoul d als o b e possibl e t o infe r  tha t  thi s secon d 

agent  ca n infe r  tha t  othe r  agent s hav e beliefs ,  an d tha t  thos e othe r  agent s ca n mak e simila r  infer -

ences .  I n essenc e thi s amount s t o a n architectur e o f  belie f  spaces .  Th e importanc e o f  thi s i s tha t 

th e intuitiv e notatio n o f  belie f  space s ca n b e interprete d a s a  kin d o f  cognitiv e architectur e wit h 

possibl e psychologica l  reality .  Th e architectur e woul d hav e a  natura l  explanation . 

Limitation s an d Furthe r  W o r k .  Th e languag e w e hav e bee n usin g t o expres s auto -

rationa l  theorie s ha s been ,  fo r  th e mos t  part ,  propotitiona l  a s oppose d t o predicat e based .  Tha t 

is ,  i t  view s proposition s a s atomi c an d canno t  describ e thei r  subparts .  Thi s mean s tha t  th e 

languag e i s inherentl y unabl e t o describ e variou s interestin g phenomena .  I n particular ,  projectiv e 

analog y canno t  b e describe d i n th e languag e becaus e tha t  woul d involv e th e referenc e t o subpart s 

of  propositions .  Consequently ,  w e canno t  hav e a  full y  introspectiv e agen t  wh o reason s b y analog y 

i f  hi s declarativ e menta l  languag e i s onl y propositional .  I t  woul d neve r  b e abl e t o represen t  t o 

itsel f  th e proces s o f  projectiv e analogy .  Th e reaso n w e coul d no t  ge t  ou r  agen t  t o realiz e tha t  Pa t 

realize d i t  wa s rationa l  wa s trace d bac k t o th e fac t  tha t  ou r  origina l  agen t  di d no t  hav e a n expli -

ci t  mode l  o f  th e projectiv e analog y process .  I t  appear s tha t  thi s canno t  b e remedie d i n a  proposi -

tiona l  framework .  .|g 3 
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The robustness of the projective analogy process we described should also be scrutinized. 

Our  characterizatio n i s reall y a  kludg e t o demonstrat e th e feasabilit y  o f  th e idea .  I t  i s  unlikel y t o 

be robust .  Th e domai n o f  projectin g propertie s fro m onesel f  t o other s shoul d simpl y b e anothe r 

domai n t o stud y analogica l  reasoning . 

I n summary ,  topic s fo r  futur e researc h includ e th e following :  1 )  w e nee d mor e detaile d 

introspectiv e models ,  particularl y beyon d th e propositiona l  level ;  and ,  2 )  w e nee d t o loo k a t  mor e 

case s o f  a n agen t  reasonin g b y analog y fro m hi s ow n structur e t o mak e inference s abou t  anothe r 

agent . 
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