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B e l i e f  R e v i s i o n a n d I n d u c t i o n 

Donald Rose 

Pat  Langle y 

Irvine Computational Intelligence Project 

DepMtment  o f  Informatio n &  Compute r  Scienc e 

Universit y o f  California ,  Irvin e C A 9271 7 U S A 

Abstrac t 

Thi s pape t  describe s ho w inductivel y produce d geneialiiation s ca n influenc e th e proces s o f  belie f  revi -

sion ,  drawin g ex£unple s fro m a  computationa l  mode l  o f  scientifi c  discover y cedle d REVOLVER.  Thi s syste m 

construct s componentia l  model s i n chemistry ,  usin g technique s fro m trut h maintenanc e system s t o resolv e 

inconsistencie s tha t  aris e i n th e cours e o f  mode l  formulation .  Th e latte r  proces s involve s reinterpretin g ob -

servation s (premises )  give n t o th e syste m an d selectin g th e bes t  o f  severa l  plausibl e revision s t o make .  We 

wil l  se e ho w generalisation s ai d i n suc h decisions .  Th e choic e i s mad e b y considerin g thre e mai n factors :  th e 

number  o f  model s eac h premis e supports ,  th e numbe r  o f  premise s supportin g th e generalize d reaction ,  an d 

whethe r  a  propose d revisio n t o tha t  premis e matche s an y prediction s mad e b y an y generalizations .  Base d 

on thes e factors ,  a  cos t  i s  assigne d t o eac h premis e bein g considere d fo r  revision ;  th e hypothesi s (se t  o f 

revisions )  havin g th e lowes t  cos t  i s chose n a s best ,  an d it s revision s ar e carrie d out .  B y viewin g generalize d 

premis e reaction s a s a  pariuligm ,  w e wil l  argu e tha t  th e revisio n proces s o f  REVOLVER model s ho w scientifi c 

paradigm s shif t  ove r  time . 

Introduction 

I n thi s paper ,  w e discus s thre e mai n topics :  ho w t o for m simpl e scientifi c  theories ,  ho w 

t o revis e theorie s i n orde r  t o accoun t  fo r  ne w information ,  an d ho w empirica l  generalization s 

ca n hel p t o direc t  tha t  revisio n process .  I n earlie r  papers ,  w e hav e discusse d STAHL p 

(Ros e &  Langley ,  1986a ,  1986b) ,  a  compute r  progra m tha t  discover s explanator y model s 

of  chemica l  substances .  I n thi s respec t  i t  wa s simila r  t o th e STAH L syste m (Zytko w & 

Simon ,  1986) ,  whic h als o constructe d suc h models .  However ,  unlik e it s predecessor ,  STAHL p 

feature d a  unifie d mechanis m fo r  reinterpretin g it s give n observation s whe n inconsistencie s 

arose . 

Yet  STAHL p itsel f  ha d a  numbe r  o f  limitations .  O n e o f  th e mos t  importan t  i s th e nee d 

t o tak e generalization s int o accoun t  durin g th e belie f  revisio n process .  Fo r  instance ,  on e 

shoid d recogniz e whe n revisin g a  premis e wil l  affec t  strongl y hel d generalization s -  i.e. , 

thos e supporte d b y m a n y observations .  Take n together ,  a  se t  o f  generalization s ca n b e 

viewe d a ^  a  paradig m i n th e sens e o f  K u h n (1970) .  Fo r  example ,  m a n y o f  STAHLp' s run s 

involve d observation s associate d wit h tw o mai n paradigm s o f  18t h centur y chemistry :  phlo -

gisto n theor y an d oxyge n theory .  Th e phlogisto n framework ,  whic h cam e first  historically , 

wa^  ba^e d o n th e assumptio n tha t  burnin g substance s emitte d a  substanc e (phlogiston ) 

durin g combustion .  Oxyge n theor y too k a n opposin g vie w o f  thi s process ,  statin g tha t 

when a  substanc e b u m s ,  i t  gain s anothe r  substanc e (oxygen )  i n th e process . 

Historically ,  scientist s lik e Lavoisie r  use d generalization s t o argu e fo r  thei r  paradig m 

(e.g. ,  oxyge n theory )  an d t o reinterpre t  observation s m a d e b y supporter s o f  competin g 
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paradigm s (e.g. ,  phlogisto n theory) .  Gradually ,  prediction s m a d e fro m th e genera l  re -

action s sunamarizin g th e oxyge n paradig m wer e confirme d b y ne w experiments ,  m a n y o f 

whic h wer e propose d afte r  th e observation s o f  th e phlogisto n paradig m wer e reinterpreted . 

Late r  i n th e paper ,  w e describ e REVOLVER,  a  mode l  o f  scientifi c  theor y formatio n tha t 

take s suc h inductiv e generalization s int o accoun t  durin g it s belie f  revisio n process .  Bu t 

first,  le t  u s recoun t  th e earlie r  wor k o n STAHLp . 

STAHLp: Scientific Discovery and Belief Revision 

As w e hav e mentioned ,  STAHL p constructe d componentia l  model s base d o n m a n y kind s 

of  observations .  Fo r  example ,  suppos e th e syste m i s give n initia l  belief s from  phlogisto n 

theory :  charcoa l  an d calx-of-iro n (know n a s iro n oxid e today )  reac t  t o for m iro n an d ash , 

and charcoa l  decompose s int o phlogisto n an d ash .  I n shorte r  notation ,  th e premise s ar e {C I 

Ch}  —^  { I  Ash }  an d {Ch }  —» {P h Ash} .  Th e progra m woul d first  infe r  th e component s o f 

charcoa l  (C h =  {P h Ash}) ,  the n substitut e it s component s int o th e first  reaction ,  yieldin g 

{C I  P h Ash }  - > { I  Ash} .  Cancellin g as h from  bot h side s yield s {C I  P h }  -> •  {I} ,  an d th e 

syste m woul d no w infe r  a  mode l  fo r  iro n ( I  =  {C I  Ph}) . 

Usin g thi s method ,  STAHL p constructe d man y componentia l  models ,  replicatin g severa l 

episode s from  th e histor y o f  science .  However ,  i n th e proces s o f  discoverin g suc h compo -

nentia l  models ,  inconsistencie s ca n arise .  Thi s occur s whe n th e premise s leadin g t o thes e 

belief s ar e themselve s mutuall y inconsistent ;  eithe r  specifi c  observation s m a y b e faulty , 

or  group s o f  premise s canno t  b e believe d simultaneously .  I n bot h cases ,  som e observa -

tion s mus t  b e reinterprete d i n orde r  t o arriv e a t  a  consensus .  I n a n attemp t  t o mode l 

ho w scientist s reinterpre t  thei r  observation s whe n confronte d wit h inconsistencies ,  STAHL p 

use d belie f  revisio n technique s bzise d o n thos e o f  trut h maintenanc e system s (Doyle ,  1979 ; 

de Kleer ,  1984) . 

Let  u s loo k a t  a n exampl e o f  ho w STAHL p handle s th e tas k o f  reinterpretin g (i.e. , 

revising )  it s premises .  Th e first  premis e give n t o th e syste m i s agai n from  phlogisto n 

theory :  th e belie f  tha t  mercur y decompose s int o calx-of-mercur y an d phlogisto n ( { M }  —^ 

{ C M Ph}) .  Th e mode l  M =  { C M P h }  i s the n inferred .  Nex t  STAHL p i s give n a  secon d 

premise ,  on e whic h embodie s oxyge n theory :  { M 0 }  —^  { C M } .  Substitutin g mercury' s 

component s int o th e secon d premis e yield s { C M P h 0 }  —*•  { C M } ,  an d cancellin g C M from 

bot h side s o f  thi s transforme d reactio n result s i n {P h 0 }  —*  {} .  Thi s i s a n inconsisten t 

reaction ,  becaus e i t  ha s input s bu t  n o outputs . 

At  thi s poin t  STAHL p invoke s belie f  revisio n t o find  th e premise s tha t  cause d thi s error , 

propos e revision s t o thos e premises ,  an d implemen t  th e bes t  se t  o f  revisions .  Eac h propose d 

revisio n t o a  premis e ca n b e viewe d a s a  reinterpretatio n o f  th e observatio n encapsulate d 

by tha t  premise .  I n ou r  example ,  th e syste m propose s fou r  set s o f  revision s (hypotheses) , 

eac h o f  whic h woul d remov e th e inconsisten t  reaction : 

(1 )  Premis e 2 :  output s reall y ha d P h an d O ; 

(2 )  Premis e 2 :  output s reall y ha d Ph ,  input s reall y ha d n o O ; 

(3 )  Premis e 1 :  input s reeJl y ha d O ,  output s reall y ha d n o Ph ; 

(4 )  Premis e 1 :  output s reall y ha d n o Ph ;  Premis e 2 :  input s reall y ha d n o O . 

N ow th e syste m mus t  evaluat e eac h hypothesis .  STAHL p use d on e heuristi c t o driv e it s 

evaluation :  prefe r  th e revisio n o f  premise s tha t  suppor t  th e leas t  numbe r  o f  models .  Tha t 
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is ,  th e syste m trie d t o reac h a  consensu s b y alterin g th e curren t  theor y (se t  o f  model s plu s 

th e inconsistency )  i n th e leas t  drasti c way .  I n ou r  example ,  th e cos t  o f  revisin g premis e 1  i s 

2 becaus e tha t  premis e support s th e mode l  o f  mercur y an d th e inconsistency .  I n contrast , 

premis e 2  ha s a  cos t  o f  1  becaus e i t  support s onl y th e inconsistency .  Sinc e th e cos t  o f 

eac h hypothesi s i s th e cos t  o f  it s  suggeste d revisions ,  th e fou r  hypothese s hav e a  cos t  o f 

1,1, 2 aji d 2 ,  respectively .  Th e syste m the n select s th e bes t  (lowes t  cost )  hypothesi s -  i n 

thi s case ,  eithe r  th e firs t  o r  secon d hypothesis .  Eithe r  se t  o f  revision s result s i n remova l  o f 

th e inconsistenc y whe n inferencin g begin s again ,  an d thu s th e premise s wil l  b e mutuall y 

consistent . 

REVOLVER: Using Generalizations to Influence Belief Revision 

We hav e see n tha t  th e STAHL p progra m modelle d a n importan t  aspec t  o f  scientifi c 

discovery :  th e nee d t o reinterpre t  one' s observation s whe n conflict s caus e a n inconsisten t 

theor y t o b e formed .  Whil e STAHLp' s successe s wer e significant ,  it s  belie f  revisio n proces s 

lef t  n o plac e fo r  generalization s lik e thos e use d b y Lavoisier .  I n respons e t o thi s hmitation , 

we ar e integratin g inductiv e reasonin g int o REVOLVER,  a  ne w mode l  o f  scientifi c  theor y 

formation .  Thi s syste m wil l  b e abl e t o us e generalization s a s par t  o f  th e beUe f  revisio n 

proces s stnd ,  ultimately ,  t o formulat e thes e generalization s o n it s ow n initiative . 

Th e us e o f  generalizatio n i n REVOLVER take s th e for m o f  tw o ne w heuristics ,  incor -

porate d int o th e evaluatio n functio n tha t  decide s whic h revision s t o mak e durin g belie f 

revision .  N e w heuristi c (1 )  i s use d t o prefe r  revisio n t o premise s tha t  suppor t  relativel y 

weak generalize d beliefs .  Fo r  example ,  whe n considerin g whic h o f  a  se t  o f  premise s t o re -

vise ,  REVOLVER woul d chang e th e premis e tha t  le d t o th e generalizatio n havin g th e leas t 

niimbe r  o f  supportin g premises ,  al l  othe r  factor s bein g equal .  W h e n selectin g amon g can -

didat e revisions ,  ne w heuristi c (2 )  i s use d t o prefe r  revision s tha t  confir m prediction s mad e 

by stron g generalize d beliefs .  Fo r  example ,  i f  plausibl e revision s hav e bee n generated ,  an d 

onl y on e o f  the m matche s a  predictio n m a d e b y som e generalization ,  the n REVOLVER woul d 

selec t  tha t  revision ,  al l  othe r  factor s bein g equal .  I f  ther e ar e severa l  suc h matches ,  th e 

syste m woul d selec t  th e revisio n matchin g th e predictio n tha t  i s par t  o f  th e mos t  heavil y 

supporte d generalization . 

Let  u s tak e a  close r  loo k a t  ho w thes e rule s wil l  b e incorporate d int o REVOLVER.  Th e 

metho d o f  detectin g inconsistencie s an d generatin g plausibl e revision s wil l  remai n th e same ; 

onl y th e functio n use d t o evaluat e th e revision s wil l  change .  Th e ne w evaluatio n functio n 

select s revision s o f  premise s whic h suppor t  fe w model s an d generalizations ,  an d whic h 

matc h a  predictio n i f  possible .  Ignorin g predictio n matchin g fo r  th e moment ,  th e ne w 

evaluatio n functio n compute s th e cos t  fo r  eac h propose d revisio n b y addin g th e numbe r 

of  model s supporte d b y th e premis e t o b e revised ,  plu s th e tota l  numbe r  o f  premise s 

supportin g eac h generalizatio n t o whic h tha t  premis e lend s support .  Th e highe r  thi s 

nunnibe r  fo r  a  give n premise ,  th e mor e damag e woul d b e don e t o th e belie f  syste m b y 

revisin g tha t  premise .  However ,  i f  revisin g a  premis e woul d matc h a  predictio n mad e b y 

a generalization ,  the n th e cos t  woiil d b e decreased ,  indicatin g tha t  th e revisio n i s mor e 

desirable . 

To illustrat e h o w thes e ne w ride s wil l  b e use d i n REVOLVER,  le t  u s reanalyz e ou r 

previou s example ,  takin g int o accoun t  th e abov e changes .  T h e previou s exampl e onl y 

involve d tw o premises :  { M }  —> { C M P h }  (premis e 1 )  an d { M 0 }  —^  { C M }  (premis e 2) . 
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Suppos e tw o ne w premise s ar e adde d t o th e system :  {1 }  —> {C I  P h }  (premis e 3 )  an d { I  O } 

—> {CI }  (premis e 4) ,  wher e I  represent s iro n an d C I  represent s calx-of-iron .  A t  thi s point , 

th e syste m ca n for m tw o genera l  reactions :  premise s 1  an d 3  lea d t o { X }  —» { C X P h } , 

whil e premise s 2  an d 4  lea d t o { Y 0 }  —» { C Y } .  Th e ne w classe s X  an d Y  represen t  thos e 

substance s obeyin g th e genera l  reaction s describe d (i n thi s example ,  bot h classe s contai n 

M an d I) .  Th e firs t  generalizatio n represent s phlogisto n theory :  whe n an y combustibl e 

burns ,  th e cal x o f  tha t  substanc e (a n element )  remain s an d phlogisto n i s emitted .  Th e 

secon d generalizatio n represent s oxyge n theory :  whe n an y combustibl e burns ,  oxyge n i s 

gaine d an d th e cal x o f  tha t  substanc e ( a compound )  remains . 

Afte r  thi s inductiv e ste p ends ,  standar d deductio n take s place .  REVOLVER follow s th e 

same inferenc e pat h a s before ,  arrivin g a t  M =  { C M P h }  an d the n a t  th e inconsisten t 

reactio n {P h 0 }  —*•  {} .  Th e set s o f  revision s (hypotheses )  propose d ar e als o th e same . 

However ,  th e cos t  assigne d t o eac h i s no w different .  Le t  u s reexamin e th e fou r  hypothese s 

propose d b y bot h STAHL p an d REVOLVER,  alon g wit h th e cost s assigne d b y eac h system . 

Each o f  th e first  tw o hypothese s involve d changin g onl y premis e 2  ( { M 0 }  —*•  { C M } ) . 

Whil e STAHL p woul d assig n eac h a  cos t  o f  1  (becaus e premis e 2  onl y support s th e inconsis -

tency) ,  th e ne w REVOLVER wovd d assig n eac h hypothesi s a  cos t  o f  3 ,  sinc e premis e 2  als o 

support s th e generalizatio n { X 0 }  —> { C X } ,  whic h ha s tw o premise s a s support .  Th e thir d 

hypothesi s involve s changin g premis e 1  ( {M }  - ^  { C M Ph}) .  Whil e STAHL p woul d assig n a 

cos t  o f  2  (becaus e premis e 1  support s on e mode l  plu s th e inconsistency) ,  REVOLVER woul d 

assig n a  cos t  o f  4 ,  sinc e premis e 1  als o support s th e generalizatio n {X }  - ^  { C X P h } ,  whic h 

has tw o premise s a s support .  Th e fourt h hypothesi s involve s changin g bot h premis e 1  an d 

premis e 2 .  STAHL p woid d agai n assig n a  cos t  o f  2 ,  sinc e premis e 1  an d 2  togethe r  suppor t 

one mode l  plu s th e inconsistency ;  i n contrast ,  REVOLVER woul d assig n a  cos t  o f  6 ,  sinc e 

eac h premis e support s a  generalizatio n tha t  ha s tw o premise s a s support . 

To summarize ,  STAHLp' s hypothese s ha d cost s o f  1 ,  1 ,  2  an d 2 ,  respectively ;  thos e o f 

REVOLVER ha d cost s o f  3 ,  3 ,  4  an d 6 .  Not e tha t  th e first  tw o hypothese s wil l  b e considere d 

th e bes t  b y bot h systems ,  bu t  tha t  th e las t  hypothesi s i s clearl y th e wors t  i n th e vie w o f 

REVOLVER,  sinc e i t  involve s premis e change s tha t  woul d affec t  tw o generalization s (al l 

other s woul d impac t  onl y on e generalization) .  I f  w e continu e alterin g thi s exampl e b y 

addin g mor e premises ,  th e choic e o f  bes t  hypothesi s wil l  als o becom e differen t  betwee n 

th e tw o systems .  I n partictdar ,  conside r  th e additio n o f  anothe r  premis e tha t  fits  oxyge n 

theory .  Thi s woul d mea n tha t  it s generalizatio n ({ X 0 }  —> { C X } )  woul d no w hav e thre e 

supportin g premises ,  an d thu s th e hypothesi s cost s woul d no w becom e 4 ,  4 ,  4  an d 7 , 

respectively .  Not e tha t  thre e hypothese s no w ti e fo r  best ;  th e ne w entr y i s th e thir d 

hypothesis ,  whic h suggest s revisin g onl y premis e 1  -  a  belie f  from  phlogisto n theory . 

I n othe r  words ,  addin g mor e suppor t  t o th e oxyge n theor y generalizatio n make s revisio n 

of  th e phlogisto n theor y premis e mor e plausible .  Thi s tren d continue s furthe r  i f  w e ad d ye t 

anothe r  oxyge n theor y premise ;  thi s increase s th e suppor t  o f  it s  associate d generalizatio n 

t o fou r  premises .  Th e ne w hypothesi s cost s woul d thu s b e 5 ,  5 ,  4  an d 8 ,  respectively ; 

not e tha t  th e thir d hypothesi s i s no w th e sol e bes t  choice .  I n short ,  a s th e genera l  belie f 

embodyin g oxyge n theor y gaine d i n strength ,  i t  becam e les s desirabl e t o revis e premis e 

2 (whic h support s it) ,  an d thu s mor e desirabl e t o revis e premis e 1  (whic h support s th e 

genera l  belie f  embodyin g phlogisto n theory) . 

751 



Discussio n 

Whil e th e previou s exampl e involve d inductio n o n a  relativel y smal l  numbe r  o f  premises , 

on e ca n envisio n example s involvin g larg e system s o f  beliefs ,  wher e th e generalization s em -

bod y law s supporte d b y substantia l  observationa l  evidence .  I f  w e loo k a t  eac h la w (plu s 

it s supportin g premises )  a s a  paradig m an d not e tha t  competin g paradigm s m a y resul t 

from  differen t  subset s o f  th e premises ,  w e fee l  tha t  ou r  ne w heuristic s relatin g inductio n 

an d belie f  revisio n brin g u s close r  t o modellin g ho w paradigm s shif t  ove r  time .  I n thi s 

view ,  olde r  paradigm s woul d usuall y consis t  o f  well-supporte d generalization s (i.e. ,  law s 

tha t  summariz e m a n y observations) ,  whil e ne w paradigm s woul d consis t  o f  generalization s 

havin g onl y a  fe w observation s a s supportin g evidence .  InitiEdly ,  ne w heuristi c (1 )  -  pre -

ferrin g revision s t o premise s supportin g wea k generalization s -  wotd d ten d t o protec t  olde r 

paradigms .  W e clai m tha t  thi s i s a  plausibl e mode l  o f  h o w scienc e normall y proceeds ; 

ol d paradigm s ten d t o becom e entrenche d an d requir e a  stead y accumulatio n o f  negativ e 

evidenc e t o overthro w them . 

Thi s negativ e evidenc e come s a s mor e observation s ar e gathere d tha t  fit  th e gener -

alizatio n fo r  th e competin g paradigm .  I n thi s manner ,  th e competin g paradig m gain s 

strengt h Jin d eac h o f  it s  premise s become s les s vulnerabl e t o revision .  Couple d wit h thi s 

effec t  as e th e effect s o f  ne w heuristi c  (2) ,  wher e prediction s m a d e b y th e ne w paradig m 

si e confirme d b y revise d premises .  Eac h confirme d predictio n ca n no w ad d it s suppor t  t o 

th e ne w paradigm ,  whic h i n tur n make s eac h supportin g premis e les s v;ilnerabl e t o revi -

sion .  I n short ,  ou r  tw o inductio n heuristic s reflec t  tw o direction s i n whic h paradigm s ca n 

shift ;  heuristi c (2 )  tend s t o buil d suppor t  fo r  newe r  generalization s havin g Uttl e confirme d 

suppor t  bu t  m a n y predictions ,  whil e heuristi c (1 )  tend s t o retai n suppor t  fo r  olde r  general -

ization s havin g firm  support .  I n ou r  futur e research ,  w e pla n t o us e thi s genera l  approac h 

t o mode l  historica l  shift s i n scientifi c  paradigms ,  i n particula r  th e shif t  from  phlogisto n 

theor y t o oxyge n theory . 
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