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M o d e l i n g H u m a n Syllogisti c 

R e a s o n i n g i n S o a r 

Thad A. Polk and Allen Newell 

Departmen t  o f  Compute r  Science , 

Carnegi e Mello n Universit y 

Soar  i s a n architectur e fo r  genera l  intelligence ,  whic h ha s bee n show n t o b e capabl e o f  supportin g a 

wid e variet y o f  intelligen t  behavio r  involvin g problem-solving ,  learning ,  designing ,  planning ,  etc .  (Laird , 

Newel l  &  Rosenbloom ,  1987 ,  Steier ,  et .  al. ,  1987) .  Soa r  ha s als o bee n pu t  fort h a s a  unifie d theor y o f 

human cognitio n (Newell ,  1987) .  W e provid e suppor t  fo r  thi s b y presentin g a  theor y o f  syllogisti c 

reasonin g base d o n Soa r  an d som e assumption s abou t  subjects '  knowledg e an d representation .  Th e 

resultin g theor y (an d system ,  Syl-Soar/S88 )  i s plausibl e i n it s  detail s an d account s fo r  existin g dat a quit e 

well . 

The Task 

Syllogisms are reasoning tasks consisting of two premises and a conclusion (Figure 1, left). Each 

premis e relate s tw o set s o f  object s ( x an d y )  i n on e o f  fou r  way s (Figur e 1 ,  middle) ,  an d the y refe r  t o a 

common se t  (bowlers) .  A  conclusio n state s a  relatio n betwee n th e tw o set s o f  object s tha t  ar e no t 

common (archer s an d canoeists )  o r  tha t  n o vali d conclusio n exists .  Th e thre e term s x,y, z ca n occu r  i n 

fou r  differen t  arrangements ,  called^z^Mre ^  (Figur e 1 ,  right) ,  producin g 6 4 distinc t  syllogisms . 

Premis e 1 :  N o archer s ar e bowler s A :  Al l  x  ar e y  I  P I  x y I  P I  y x I 

Premis e 2 :  Som e bowler s ar e canoeist s I :  Som e x  ar e y  I  P 2 y z I  P 2 y z I 

Conclusion :  Som e canoeist s ar e no t  archer s E :  N o x  ar e y  I  P I  x y I  P I  y x I 

O:  Som e x  ar e no t  y  I  P 2 z y I  P 2 z y I 

Figur e 1 :  Syllogis m task . 

Syllogisms have been much studied (see Johnson-Laird 1983 for review). The essential problem has 

been t o understan d wh y som e syllogism s ar e s o har d whil e other s ar e s o easy .  However ,  th e are a i s als o 

usefu l  a s a  testbe d fo r  cognitiv e theories . 

The Soar Theory of Syllogisms 

The Soar architecture has the following features: 

1.  Proble m spaces .  Al l  tasks ,  routin e o r  difficult ,  ar c formulate d a s searc h i n proble m spaces . 

Behavio r  i s  alway s occurrin g i n som e proble m space . 

2.  Recognitio n memory .  Al l  long-ter m knowledg e i s hel d i n a n associativ e recognitio n 

memory,  realize d a s a  productio n system . 

3.  Decisio n cycle .  Al l  availabl e knowledg e i s accumulate d abou t  th e acceptabilit y  an d 

desirabilit y  o f  proble m spaces ,  state s an d operator s fo r  th e curren t  tota l  context ,  an d th e bes t 

alternativ e i s chose n amon g thos e tha t  ar e acceptable . 

4.  Impass e drive n subgoals .  Incomplet e o r  conflictin g knowledg e a t  a  decisio n cycl e 
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produces an impasse. The architecture creates a subgoal to resolve the impasse. Cascaded 

impasse s creat e a  subgoa l  hierarchy . 

5.  Chunking .  Th e experienc e i n resolving  impasse s continuall y become s ne w knowledg e i n 

recognitio n memory ,  b y mean s o f  constructe d production s (chunks) . 

6.  Annotate d models . 

cognition) . 
State s ar e represented  a s annotate d model s (t o mode l  huma n 

Figur e 2  indicate s th e structur e o f  th e system :  th e collectio n o f  proble m space s (triangles )  wit h 

operator s an d states .  Subspace s aris e fro m impasses ,  usuall y  reflecting  th e nee d t o implemen t  operator s 

or  satisf y operato r  preconditions .  Th e tas k dat a strucmre s occu r  i n workin g memor y an d ar e continuall y 

viewe d b y th e recognitio n memory ,  whic h contain s al l  task-implementatio n an d search-contro l 

knowledge .  Relevan t  knowledg e accumulate s fro m thi s memory ,  peraiittin g step s t o b e take n i n th e 

curren t  spac e or ,  upo n impasses ,  creatin g subgoal s t o b e solve d i n subspaces ,  etc .  Th e micromechanic s 

ar e beneat h th e leve l  o f  detai l  o f  thi s paper ,  bu t  driv e th e entir e system ,  includin g learning . 

L O N G - T E RM R E C O G N I T I O N M E M O RY 

(Productions ) 

\ 7 i ; \ 7 

W O R K I NG M E M O RY 

Comprehend 
Space <"Df^>a—• a 

Syllogis m 
Space 

Build-conclusio n 
Space 

Opr.  imp L 
subgoa l 

Opr.  impl. * 
subgoa l 

Opr.  i m 
subgoa l Opr.  imid . 

subgoa l Prop-to -  pro p 
Spac e 

No operato r 
choice s impass e 

Model-to-pro p 
Space 

Prop-to-mode l 
Space 

•Operato r  implementatio n 

F igur e 2 :  T h e structur e o f  Soar . 

A key assumption, developed strongly by Johnson-Laird (1983), is that humans represent the situations 

presente d i n syllogism s a s models .  A  pu r e m o d e l  i s  a  representation  tha t  satisfie s th e structur e 

correspondenc e condition :  specifie d part s an d relations  o f  th e representatio n dat a structur e correspon d t o 

part s an d relations  o f  th e situation ,  withou t  completenes s (se e als o Levesque ,  1986) .  A  pur e m o d e l 

admit s highl y efficien t  match-lik e processing ,  bu t  i s limite d i n it s representational  power .  A n annotate d 
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model is a representation that makes principled exceptions to a pure model, which increase its 

representational  power ,  whil e preservin g essentia l  match-lik e processing .  A n annotatio n attache s t o a 

data-structur e part ,  assertin g a  varian t  interpretatio n fo r  th e par t  (e.g. ,  no t  assert s tha t  th e par t  i s  no t  t o b e 

foun d i n th e situatio n w h e r e th e correspondenc e m a p p i n g w o u l d otherwis e locat e it) .  T h e armotation s 

use d fo r  syllogism s ar e not ,  optional ,  m a n y ,  targe t  an d source .  Annotat ion s ca n quantify ,  bu t  ar e loca l 

an d d o no t  admi t  u n b o i m d e d processing .  Figur e 3  Geft )  indicate s th e m o d e l s tha t  m igh t  b e buil t  f r o m t w o 

premises .  T h e lin e throug h th e bowl in g pi n indicate s a  no t  annotation . 

Inpu t  premises : 

Pi  Som e archer s ar e no t  bowler s 
P2 Al l  canoeist s ar e bowler s Model  o f  situatio n 

m 

6 
PI  /sub j  :  uche n 

bowle n 

bowle n 

potiav e 

SyUogls m Spac e read-premise ,  build-conclusio n 

Comprehen d Spac e all.some.no.are.not ,  an d on e fo r 
eac h generi c nou n 

Representatio n o f  premise s 

Build-coDclusio a 

Prop-to-prop 

Model-to-prop 

Prop-to-model 

generate-quantifier , 
generate-predicate , 
generat e subjec t 

attend-to-prop, copy-subject, 
copy-object , 
copy-sign ,  copy-quantifier , 
create-auxiliai y 

attend-to-object, 
augment-propositio n 

attend-to-prop, augment-model 

F i g u r e 3 :  Annotate d mode l s ,  p rob le m space s an d operator s fo r  syllogism s 

Reasoning occurs by generating models to correspond to situations, inspecting the models for the 

propertie s o f  th e situation ,  an d formin g n e w proposition s t o asser t  th e result.  Inspectio n i s a  p o w e r  o f  th e 

recognition  m e m o r y (productio n ma tch ) .  Sinc e m o d e l s ar e limited ,  s o m e situation s ca n b e represented 

onl y b y a  disjunctiv e se t  o f  mode l s ;  reasoning  the n include s generatin g set s o f  m o d e l s t o tes t  conjunctiv e 

properties .  Reason in g wit h multipl e m o d e l s occur s i n h u m a n s an d ha s bee n centra l  t o model -base d 

theorie s o f  syllogisti c reasoning  (Johnson-Laird ,  1983 ,  Inder ,  1986) ,  bu t  th e presen t  theor y include s onl y 

reasoning  wit h a  singl e m o d e l . 

Six problem spaces are used in syllogistic reasoning (Figure 3 lists them, with operators, Figure 2 

s h o w s h o w the y lin k together) .  C o m p r e h e n d ,  Syl logis m an d Build-conclusio n fo r m th e top-leve l  pat h 

be twee n th e presente d premise s an d th e response.  T h e k n o w l e d g e t o fo r m t h e m c o m e s f r o m th e 

definitio n o f  th e task ,  plu s genera l  skill s i n reading  an d writing .  C o m p r e h e n d i s a n expectation-base d 

s c h e m e tha t  associate s bot h syntacti c an d semant ic~knowledg e wit h individua l  words .  I t  construct s a n 

initia l  (possibl y incomplete )  m o d e l ;  i t  als o leave s a s a  byproduc t  a  m o d e l  o f  eac h premis e a s a 

proposition ,  wit h part s subject ,  objec t  an d sig n (th e predicate) ,  an d quantifier .  P rop- to -p rop , 

Mode l - t o -p rop ,  an d P rop - to -mode l  h a v e operator s required  t o manipulat e m o d e l s o f  situation s an d 

m o d e l s o f  propositions ,  a s w e U a s attentio n operator s t o instantiat e th e manipulations . 
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The Behavior of the System 

Figure 4 illustrates the system's behavior. (1) It starts in Syllogism and applies read-premise, 

imp lemen te d i n C o m p r e h e n d ,  t o th e first  an d the n th e secon d premise .  (2 )  Th i s results  i n a n initia l 

m o d e l ,  plu s th e t w o intema l  propositions .  Thi s encodin g onl y extract s informatio n abou t  th e subjec t  o f 

th e premise .  (3 )  Sinc e th e overal l  tas k i s t o produc e a  conclusion ,  build-conclusio n i s applied .  It s spac e 

(Bui ld-conclusion )  put s togethe r  lega l  propositions .  T h e tas k d e c o m p o s e s int o discoverin g th e subject , 

predicat e an d quantifie r  o f  th e conclusion .  T a s k k n o w l e d g e permit s detemiinin g s o m e part s withou t  othe r 

part s bein g specified .  Incomplet e o r  incorrec t  k n o w l e d g e leadsj o c o m p o s i n g invali d conclusions . 

0 
Syllogis m 
Space 

Initia l  Sut e eaiche n 
ar e no t  bowle n 

premise ) 

Impass e 

(rea d 
premise ) 

C o ™ p r e h « , < . | - , ^ n  + 

Impass e 

Comprehend 
Spac e 

canoeis t 
bowle n 

Some 
arche n ar e 
canoeist s 

(buU d v 3 j .  •— , 
conclusion )  ̂ :̂̂ / |  |  + 

Impasse 

Build -  ^ 4 ^ 
conclusio n n n ,  V f ^ , 
Spac e L J (̂ ubicct ) 

Impass e 

K n- i  0  _KI- 1 ©  .^l- l  ^ -
f > | _ J (predicate )  = ^ L J (quantifier )  = = ^ \  I  •rcher s 
"^An^.. ^  Archer s •  canoei s 

Impass e | 

Arcfae n 

Impass e 

Some 
ar e 

canoeist s 

canoeist s 
Prop-to-pro p 
Spac e 

© 

quantifier ) 

0 ® 
Mod̂-eo-pro p • ( V ^ . ^ ^ Q •  •  i^l^=^n  + 
Impasse 

© 

8 )  flO) 
Prop-t-ode .  Q(.^, j  n  n  -  D + 

Impass e 
Spac e 

P n , . » . p „ p • , . . = , d , = j > D < x , = > n + 

© 
Prop-to-pro p Q ( ^ :reat e 
Space 

s u b j e c t ) — ! ^ ' — '  •  — ' -  "«*^ ' ^ ) 

F i g u r e 4 :  Behav io r  o n S o m e archer s ar e no t  bowlers ,  Al l  canoeist s ar e bowlers . 

(4) Generating the subject is tried first, which uses Prop-to-prop because the propositions, not the 

m o d e l ,  distinguis h b e t w e e n subject s an d objects .  (5 )  Attend-to-pro p select s th e first  propositio n an d 

copy-sub je a create s th e subjec t  o f  th e conclusio n (archers) .  (6 )  Nex t ,  generate-predicat e i s selected , 

w h i c h use s M o d e l - t o - p r o p ,  becaus e th e proposition s contai n n o usefu l  informatio n abou t  th e predicate . 

(7 )  T h e attend-to-objec t  operato r  applies ,  bu t  n o others ,  becaus e th e m o d e l  i s incomplete .  Thi s lead s t o 

augmen t in g th e m o d e l ,  usin g Prop- to -mode! .  (8 )  Attend-to-pro p select s premise s t o extrac t  m o r e 

information ,  bu t  neithe r  premis e yield s anything .  (9 )  Create-auxiliar y produce s a  n e w propositio n i n 

Prop- to -prop .  I t  attend s t o th e secon d premis e an d applie s operator s w h i c h conver t  it ,  creatin g th e n e w 

premis e Al l  bowler s ar e canoeists .  (10 )  Thi s allow s solvin g i n P rop- to -mode l  t o resiune,  b y focusin g 

attentio n o n thi s n e w propositio n an d usin g i t  t o a u g m e n t  th e m o d e l .  (11 )  T h e m o d e l  n o w suggest s a 
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predicate, so solving is able to continue in Model-to-prop to obtain the predicate for the conclusion (are 

canoeists) .  (12 )  Al l  tha t  remain s i n Build-conclusio n i s t o generat e th e quantifier .  Th e mode l  doe s no t 

represen t  quantifiers ,  s o Prop-to-pro p i s use d again .  (13 )  I t  attend s t o th e first  premis e an d copie s it s 

quantifie r  (some) ,  finally  obtaining .  Som e archer s ar e canoeists .  Thi s i s incorrect ,  bu t  man y human s fai l 

thi s syllogis m a s well .  Correctnes s depend s o n knowledg e bein g availabl e a t  man y loca l  choices . 

Human Data and Soar Performance 

Figure 5 presents data from (Johnson-Laird & Bara, 1984) by 20 University of Milan students on aU 64 

syllogism s (wit h unlimite d time )  an d als o th e response s b y Soar .  Th e fou r  section s o f  th e char t 

correspon d t o th e fou r  figures  (Figur e 1,right) .  Eac h ro w correspond s t o on e o f  th e 9  lega l  responses . 

The to p numbe r  i n eac h ce U indicate s th e nimibe r  o f  subject s givin g tha t  respons e t o a  panicula r 

syllogism .  Som e archer s ar e no t  bowler s an d Al l  canoeist s ar e bowler s (Figur e 4 )  i s abbreviate d 

Oxy,Azy ,  an d occur s i n th e lowe r  lef t  quadrant ,  wher e w e se e tha t  8  subject s responde d Ix z (Som e 

archer s ar e canoeists) ,  7  responde d Ox z (Som e archer s ar e no t  canoeists) ,  3  responde d N V C (n o vali d 

conclusion )  an d 2  subject s gav e illega l  responses .  Vali d response s ar e shade d (Ox z fo r  7/2 0 correct) . 

Onl y 3 8 % percen t  o f  al l  response s wer e correc t  an d 7  syllogism s wer e solve d b y n o one . 

Individual humans behave differently from each other and from themselves over time, due to learning 

and othe r  factors .  Th e dat a o f  Figur e 5  ar e a  composite ,  a s show n b y multipl e responses .  A  famil y o f 

Soar  system s i s require d t o correspon d t o thi s huma n variation .  W e varie d th e theor y alon g 3  dimensions : 

(1 )  whethe r  auxiliar y proposition s ar e created ,  a s i n ou r  exampl e ( 2 choices) ;  (2 )  ho w premise s augmen t 

object s wit h no t  annotafion s ( 3 choices) ;  an d (3 )  whethe r  premise s abou t  som e x  augmen t  object s abou t  x 

( 2 choices) .  Th e first  dimensio n i s on e o f  reasonin g power ,  th e othe r  tw o involv e th e semantic s o f 

interpretin g premises .  Thes e dimension s for m a  famil y o f  1 2 variants . 

This small family accounts for 980 out of 1154 (85%) observed legal responses (126/1280 responses 

wer e illega l  an d no t  recorded )  b y coverin g 13 1 ou t  o f  th e 19 3 cell s (68% )  tha t  contai n 1  o r  mor e 

response s (al l  cell s wit h mor e tha n 6  subject s ar e predicte d wit h on e exceptio n [Oyx ,  Ay z =  Izx]) .  Onl y 

one respons e i s predicte d tha t  i s  no t  give n b y an y subjec t  [Oyx ,  Ay z =  Ozx] .  Frequencie s wer e assigne d 

t o th e differen t  member s o f  th e famil y t o produc e th e fit  show n i n parenthese s i n Figur e 5  (15/2 0 subject s 

wer e assume d i n th e famil y sinc e 2 3 % o f  responses ,  man y illegal ,  wer e unpredicted) .  N o simpl e measur e 

of  fit  i s  available ,  bu t  th e correlaUo n betwee n subject s an d system s i s .87 . 

The theory produces the classical effects, such as the atmosphere effect (Woodworth & Sells, 1935), the 

conversio n hypothesi s (Chapma n &  Chapman ,  1959 )  an d \hefigura l  effec t  (Johnson-Laird ,  1983) .  Spac e 

does no t  permi t  showin g th e analysis ,  bu t  the y nee d onl y b e trace d ou t  i n Figur e 5 .  Th e atmospher e an d 

figural  effect s aris e becaus e th e syntacti c for m o f  th e premise s serve s a s searc h contro l  i n th e constructio n 

of  th e conclusion .  Th e conversio n effec t  arise s whe n thi s searc h contro l  i s  insufficien t  an d a  ne w 

propositio n i s created . 

According to the theory, there are three main sources of difficulty: (1) making unwarranted 

assumption s abou t  th e premises ;  (2 )  faihn g t o conside r  al l  th e implici t  ramification s o f  th e premises ;  an d 
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Figur e 5 :  Dat a (fro m Johnson-Lair d &  Bara ,  1984 )  an d Soa r  prediction s i n () . 

(3 )  failin g t o conside r  al l  th e possibl e conclusion s base d o n a  (possibl y correct )  model .  Syllogism s ar e 

difficul t  t o th e exten t  the y presen t  opportunitie s fo r  thes e processin g difficultie s (e.g. ,  hav e implici t 

ramification s relevant  t o th e conclusions) .  Thi s predict s tha t  bette r  subject s wil l  extrac t  mor e informatio n 

fro m th e premise s withou t  makin g unwarrante d assumption s o r  tha t  the y wil l  searc h fo r  conclusion s mor e 

extensively . 

We designed a family of systems based on 10 parameters, which includes the current 3-parameter 

family ,  wit h th e value s (mostl y binary )  o f  eac h paramete r  bein g independentl y ordere d b y validit y (s o tha t 

bette r  value s correspon d t o mor e powerfu l  an d correc t  way s o f  buildin g models) .  W h e n al l  parameter s 

tak e o n thei r  optima l  values ,  pjerfec t  performanc e shoul d occur .  Bette r  solver s shoul d occu r  withi n thi s 

spac e wit h interpretabl e paramete r  settings .  T o tes t  this ,  w e analyze d anothe r  se t  o f  2 0 subject s 5 8 % o f 

whose responses  wer e correc t  (Johnson-Lair d &  Steedman ,  1978) .  W e implemente d a  smal l  sub-famil y 

(2 4 variant s includin g th e 12 )  tha t  covere d 8 7 % o f  th e responses  an d 6 7 % o f  th e cells ;  i t  di d howeve r 

predic t  1 1 responses  no t  give n b y an y subjects .  Th e paramete r  setting s o f  th e moda l  syste m fo r  th e ne w 

distributio n ar e bette r  (highe r  i n validit y ordering )  tha n thos e o f  th e ol d distribution' s moda l  syste m o n 3 

parameter s an d th e sam e o n th e othe r  7 . 
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The explanatory power of this theory appears better than existing theories. Their predictions are less 

accurat e i n tha t  the y predic t  a  larg e numbe r  o f  response s tha t  wer e no t  observe d i n an y subject s an d the y 

do no t  mak e stron g frequency  predictions .  Mos t  theorie s onl y explai n highl y aggregat e data .  However , 

th e dat a use d her e (Figur e 5 )  i s stil l  aggregate d ove r  subjects ,  an d nothin g ha s ye t  bee n don e wit h timin g 

and protoco l  data .  S o ampl e opportunit y remain s t o challeng e an d improv e th e presen t  theory . 

This theory has much to recommend it generally. It predicts flexible activity, e.g., going back to the 

premise s t o tr y t o extrac t  mor e information .  It s space s (especiall y executiv e ones )  ar e substantiall y  les s 

arbitrar y tha n prio r  simulation s (e.g. ,  Comprehen d embodie s a  theor y o f  elementar y languag e 

comprehension) .  Althoug h no t  reporte d o n here ,  th e presen t  theor y involve s a  theor y o f  learning ,  whic h 

i s a n essentia l  par t  o f  an y genera l  accoun t  o f  huma n cognitiv e behavior .  Thes e attribute s an d other s aris e 

primaril y fro m thi s theor y o f  syllogis m bein g embedde d i n Soa r  a s a  unifie d theor y o f  cognition . 
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