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Abstrac t 

When one looks at transcripts of people answering 
question s o r  carryin g o n dialogue s abou t  everyda y 
matters ,  thei r  comment s ar e filled  wit h plausibl e 
inference s - -  inference s tha t  ar e no t  certain ,  bu t  tha t 
m a ke sense .  Often ,  i n formin g thes e inferences , 
generalization s ar e mad e tha t  ar e equall y uncertain , 
bu t  ar e nevertheles s usefu l  a s a  guid e t o thei r 
reasoning .  Thi s pape r  describe s som e extension s t o 
our  earlie r  descriptio n o f  a  cor e theor y o f  plausibl e 
reasonin g (Collin s an d Michalski ,  1989) ,  base d i n 
larg e par t  o n a  recen t  protoco l  study .  Th e primar y 
focu s i s o n th e inductiv e inferenc e pattern s peopl e us e 
t o for m plausibl e generalizations ,  weakl y hel d belief s 
base d o n fe w examples .  W e als o sho w h o w th e 
model  wa s extende d t o dea l  wit h plausibl e inference s 
involvin g continuou s quantitie s an d inequalities . 

Introduction 

In a previous paper (Collins & Michalski, 1989) we 
presente d a  cor e theor y o f  h u m a n plausibl e reasonin g 
base d o n analysi s o f  a  larg e se t  o f  people' s answer s t o 
everyda y question s abou t  th e worl d (Collin s 1978) .  Th e 
theor y wa s characterize d i n term s o f  Michalski' s  (1987 ) 
variable-value d logi c notation .  Thi s pape r  briefl y 
describe s severa l  kind s o f  revision s t o th e formalis m 
develope d i n tha t  earlie r  paper ,  base d o n th e result s o f  a 
mor e recen t  protoco l  study . 

Ther e ar e fou r  type s o f  expression s i n th e cor e theor y 
of  Collin s an d Michalsk i  (1989 )  tha t  ar e show n i n Tabl e 
1.  T h e firs t  ar e simpl e statement s consistin g o f  a 
descripto r  d  (e.g .  means-of-locomotion )  applie d t o a n 
argumen t  a  (e.g .  birds )  an d realize d b y a  referen t  r  (e.g . 
flying) .  Th e bracket s an d dot s aroun d th e referen t  indicat e 
tha t  ther e m a y b e othe r  mean s o f  locomotio n fo r  birds , 
suc h a s walking .  T h e secon d kin d o f  expressio n involve s 
on e o f  fou r  relations :  G E N fo r  generalization ,  S P E C fo r 
specialization ,  S I M fo r  similarity ,  an d D I S fo r 
dissimilarity .  Eac h relationa l  statemen t  specifie s a 
contex t  ( C X )  wher e th e first  variabl e i s th e domai n ove r 

whic h typicalit y o r  similarit y ar e computed ,  an d th e 
secon d variabl e i s th e descriptor(s )  wit h respec t  t o whic h 
typicalit y o r  similarit y ar e computed .  Th e las t  tw o 
example s o f  relationa l  statement s represen t  th e fac t  tha t 
duck s an d gees e ar e simila r  i n thei r  habitats ,  bu t  dissimila r 
i n nec k length . 
The othe r  tw o type s o f  expression s i n Tabl e 1  ar e calle d 
mutua l  implication s an d mutua l  dependencies. A mutua l 
implicatio n specifie s h o w on e statemen t  i s  relate d t o 
anothe r  statement .  Th e exampl e state s tha t  war m 
temperatur e an d heav y rainfal l  impl y ric e growing ,  an d 
vic e versa .  A  mutua l  dependenc y relate s tw o term s (e.g . 
latitude(place )  an d temperature(place)) .  Ou r  mode l  o f 
dependencie s an d thei r  us e i n plausibl e inference s i s muc h 
lik e Russeirs(1986 )  notio n o f  determinations .  Th e 
exampl e represent s th e belie f  tha t  th e averag e temperatur e 
of  a  plac e i s inversel y relate d t o it s latitude . 

Each typ e o f  statemen t  carrie s wit h i t  variou s kind s o f 
certaint y informatio n tha t  affect s inferenc e conclusio n 
certainty : 

Certaint y (y )  annotate s al l  state -  ments .  I t 
indicate s overal l  leve l  o f  belie f  i n a  statemen t 

•  Typicalit y (x )  annotate s G E N an d S P E C 
statements .  Th e mor e typica l  Englan d i s o f  Europe , 
or  Surre y i s o f  England ,  wit h respec t  t o climat e (o r 
any variabl e tha t  affect s flowe r  growing) ,  th e mor e 
certai n th e inference . 
Similarit y (a )  annoute s th e S I M an d DI S 
statements .  Hence ,  th e mor e simila r  Hollan d i s t o 
England ,  an d th e les s simila r  Jav a i s t o England ,  wit h 
respec t  t o climate ,  th e mor e certai n th e inference . 
Conditiona l  Likelihoo d (a,P )  modifie s 
dependencie s an d implications .  Fo r  example ,  a 
indicate s h o w muc h latitud e depend s o n temperature , 
and P  ho w muc h temperatur e depend s o n latitude . 
Frequenc y (0 )  reflect s th e all/som e distinctio n i n 
logic ,  bu t  a s a  continuou s variable .  I.e. ,  th e 
frequenc y o f  daffodil s an d rose s i n differen t  part s o f 
England .  Th e mor e frequen t  daffodil s an d rose s ar e i n 
England ,  th e mor e likel y the y ar e foun d i n Europe , 
Surrey ,  Holland ,  o r  eve n Java . 
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Tabl e 1 :  Differen t  Type s o f  Expression s i n th e Cor e Theor y 

Statements (S): 

For m 

d(a )  =  r 

Example s 

means-of-locomolion(birds) = {flying... } 

Relationa l 

Statement s (R ) 

ai  RE L 3 2 i n C X (A.d ) 

ai  G E N 3 2 i n C X (A.d ) 

31 SPE C 3 2 i n C X (A.d ) 

31 SI M 3 2 i n C X (A,d ) 

31 DI S 3 2 i n C X (A.d ) 

bir d G E N robi n i n C X (birds ,  3I I  charscCeristics ) 

chicke n SPE C fow l  i n C X (birds ,  biologica l  chars. ) 

duc k SI M goos e i n C X (birds ,  habitat ) 

duc k DI S goos e i n C X (birds ,  nec k length ) 

Mutua l 

Implication s (I ) 

Mutual 

Dependencie s (D ) 

di(a )  =  r i  < = > d 2 (a )  =  r 2 temperature(place)=w3n n &  r3infall(place>=heav y 

< = > grain(place)=ric e 

d;(a)<-±->d2(a ) averag e temperatur e (place )  <--"- > latitud e (place ) 

D o m i n a n c e ( d )  applie s t o G E N an d S P E C 

inference s an d reflects  th e degre e th e subse t  comprise s 
a larg e par t  o f  th e set .  Fo r  example ,  sinc e Surre y i n 
onl y a  smal l  par t  o f  England ,  growin g daffodil s an d 
rose s i s les s certai n tha n fo r  Souther n Englan d a s a 
whole . 

•  Multiplicit y o f  th e argumen t  (H-a )  reflect s 

th e degre e t o whic h mor e tha n on e countr y (th e 
superordinat e o f  th e argument )  ha s daffodil s an d roses . 
Sinc e man y countrie s presumabl y hav e daffodil s an d 
roses ,  H a i s hig h an d th e argument-base d inference s 

ar e mor e certai n (excep t  fo r  th e DI S inference) . 

•  Multiplicit y o f  th e referen t  (Hr )  reflect s th e 

degre e t o whic h Englan d ha s mor e type s o f  flowers 
(th e superordinat e o f  th e referent )  tha n daffodil s an d 
roses .  Sinc e countrie s usuall y hav e man y differen t 
type s o f  flowers,  H r  i s hig h an d th e referent-base d 

inference s mor e certai n (excep t  fo r  th e DI S inference) . 

A similarity transform (a basic inference type) would 
make us e o f  thes e a s follows : 

flower-type(England) = roses 
:  Y  =  high ,  ̂ i g =  high,H b =  high ,  (j )  =  hig h 

Englan d S I M Hollan d i n C X (place ,  climate ) 
:  7  =  high ,  a  =  hig h 

climate(place )  < — > flower-type(place) 
:  Y  =  high ,  a  =  high ,  P  =  moderat e 

England ,  Hollan d S P E C plac e 
:  y  =  high ,  t  =  high ,  5  =  lo w 

flower-type(Holland)  =  roses: :  y  =  hig h 

Table 2 shows a pattern of eight statement transforms 
fro m th e cor e theor y (Collin s &  Michalski ,  1989) .  Give n 
a perso n believe s tha t  th e flowers  o f  Englan d includ e 
daffodil s an d roses ,  th e first  fou r  transform s al l  var y th e 
argument ,  England .  Give n n o othe r  information ,  i t  i s a 
plausibl e inferenc e tha t  daffodil s an d rose s ar e flowers  o f 
Europ e i n genera l  ( a generalizatio n transform) ;  tha t 

Surrey ,  whic h i s a  smal l  count y i n England ,  ha s daffodil s 
and rose s ( a specializatio n transform) ;  tha t  Holland , 
whic h i s simila r  t o Englan d i n it s climate ,  ha s daffodil s 
and rose s ( a similarit y  transform) ;  an d tha t  Jav3 ,  whic h i s 
quit e dissimil3 r  t o Englsn d i n clim3te ,  doe s no t  hav e 
daffodil s 3n d rose s ( 3 dissimilarit y  transform) .  I n gener3l , 
when a n inferenc e involve s a  dependaincy ,  relationship s 
betwee n term s ( G E N ,  S P E C .  S I M ,  D I P )  thes e 
relationship s 3r e specifie d withi n 3  context ,  C X ,  tha t 
relate s t o th e dependanc y governin g th e inference .  Th e 
overal l  certaint y o f  th e conclusio n wil l  var y dependin g o n 
th e similarity/differenc e betwee n th e relate d term s i n tha t 
context ,  no t  simpl y wit h respec t  t o overal l  similarit y 
(whic h i s writte n a s "al l  characteristics") . 

The othe r  fou r  transform s var y th e referent ,  daffodil s 
and roses .  I f  yo u believ e tha t  daffodil s an d rose s ar e 
flowers  o f  England ,  i t  i s  plausibl e ths t  mos t  temper3t e 
flowers  gro w ther e ( 3 generalizatio n transform) ,  ths t 
yello w rose s gro w ther e ( a specializatio n transform) ,  tha t 
peonie s gro w ther e ( a similarit y  transform) ,  an d tha t 
bougainvillea .  a  tropica l  pl3nt .  doe s no t  gro w ther e ( 3 
dissimiliarit y  transform) .  Thes e eigh t  transform s wer e 
one o f  fou r  classe s o f  inference s i n th e cor e theory . 

On th e righ t  sid e o f  th e table ,  i s  a  matri x showin g 
ho w an d i n whic h directio n eac h certaint y paramete r  afi"ect s 
eac h o f  thes e transforms .  Thus ,  typicalit y  (t) ,  whic h 
relate s term s t o thei r  specializations ,  affect s G E N an d 
S P EC transforms ,  whil e similsrit y (a )  affect s S I M an d 
DI S transforms .  Th e certaint y o f  eac h o f  thes e inference s 
i s affecte d b y th e certaint y (y )  o f  th e person' s belie f  i n 
eac h o f  th e premise s i n th e inference .  Fo r  example ,  th e 
mor e certai n th e perso n i s tha t  Englan d produce s daffodil s 
and roses ,  an d tha t  flowers  depen d o n climate ,  th e mor e 
certai n th e inference .  Thes e parameter s ar e describe d i n 
mor e detai l  i n th e Collin s &  Michalsk i  (1989) . 

Ther e ar e a  numbe r  o f  othe r  inferenc e type s ove r  thes e 
form s o f  statement s tha t  ar e describe d i n detai l  i n Collin s 
and Michalsk i  (1989) ,  an d 3  compute r  implementatio n o f 
th e cor e theor y wa s describe d i n Bake r  e t  a l  (1987) . 
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Tabl e 2 :  Eigh t  Transform s o n th e Statemen t  "flower-type(England)={daffodils ,  roses...} " 

Argument-base d 
(1 )  G E N 
(2 )  SPE C 
(3 )  SI M 
(4 )  DI S 

Parameter :  x 

Transform s 
flower-typc(Europe)={daffodils,  roses...) + 
flower-type(Surrey>=  {daffodils ,  roses... )  + 
flower-type(Holland) = {daffodils ,  roses...)  0 
flower-type(Java)=  {daffodils ,  roses...}  0 

0 
0 
+ 

a 

+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 
0 
0 

î a ^ r 

+ 
0 
+ 

0 
0 
0 
0 

Referent-base d T rans fo rm s 
(5 )  G E N flower-type(England)={temperate  flowers... }  +  0 
(6 )  S P E C flower-type(England)={yello w roses... )  +  0 
(7 )  S I M flower-type(England) = {peonies... )  0  + 
(8 )  D I S flower-type(England)={bougainvillea...)  0 

+ means higher values of parameter increase the certainty of the inference, and 
-  mean s highe r  value s o f  paramete r  decreas e th e certaint y o f  th e inference . 

+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 0 
+ 0 
0 0 
0 0 

+ 
0 
+ 

A Protoco l  Experimen t 

The extensions to the core theory of Collins and 
Michalsk i  (1989 )  describe d i n thi s pape r  ar e base d o n a 
ne w se t  o f  protocol s collecte d a s subject s trie d t o reaso n 
abou t  geographica l  attributes .  Thi s experimen t  provide d 
length y example s o f  plausibl e reasonin g fro m give n t o 
unknow n information .  I n thi s experiment ,  designe d an d 
conducte d b y Michel l  Baker ,  w e gav e huma n subject s a 
partially-specifie d matri x o f  geographica l  variable s crosse d 
by countries ,  show n i n Tabl e 3 ,  tha t  w e ha d develope d fo r 
th e compute r  simulation .  W e the n interviewe d fiv e 
differen t  scientist s (wh o wer e no t  geographers )  a s the y 
attempte d t o fill  i n th e missin g cell s i n th e matrix .  Th e 
resultin g protocol s force d u s t o conside r  h o w peopl e 
reaso n abou t  quantitie s usin g "les s than* '  an d "greate r 
than" ,  an d h o w the y generaliz e t o for m ne w knowledge . 

Subject s wer e show n th e entir e matri x an d aske d t o 
fill  i n th e missin g cells ,  i n whateve r  orde r  the y chose . 
The y wer e aske d t o verbaliz e thei r  reasonin g a s the y trie d 
t o fill  i n eac h cell ,  an d wer e prompte d t o expan d o n tha t 
reasonin g anytim e th e reasonin g wa s unclear .  Th e 
session s varie d i n lengt h fro m on e hal f  hou r  t o on e an d 
on e hal f  hour s fo r  differen t  subjects .  Eac h sessio n wa s 
recorde d o n audi o tap e an d transcribed . 

Whil e th e task s fo r  subject s wa s les s natura l  tha n th e 
teachin g dialogu e an d questio n answerin g task s use d 
earlier ,  w e thin k m u c h o f  th e flavor  o f  natura l  plausibl e 
reasonin g wa s capture d b y th e task .  Ther e ar e tw o reason s 
we believ e thi s i s  so :  Firs t  th e sam e kind s o f  inferenc e 
form s tha t  w e hav e specifie d i n earlie r  paper s (Collin s 
1978 ;  Collin s an d Michalski ,  1989 )  wer e predominan t  i n 
th e reasonin g o n thi s task .  Second ,  th e subject s talke d 
quit e naturall y an d a t  lengt h abou t  w h y the y mad e thei r 
guesses ,  s o ther e doe s no t  see m t o b e anythin g artificia l 
abou t  th e discours e the y produced .  Th e tas k di d hav e tw o 
aspect s tha t  mad e i t  differen t  fro m earlie r  protocol s w e ha d 
collected .  Becaus e th e subject s ha d th e matri x i n fron t  o f 
them ,  the y coul d conside r  mor e case s an d variable s tha n 
th e on e o r  tw o the y usuall y  do .  Second ,  becaus e subject s 

wer e aske d a  numbe r  o f  question s wit h respec t  t o th e sam e 
set  o f  variables ,  the y accumulate d mor e knowledg e abou t 
th e sam e topi c are a i n thi s context .  S o thes e protocol s 
had mor e a  flavo r  o f  scientifi c  investigatio n t o for m 
generalization s tha n earlie r  protocols . 

I n analyzin g th e transcript s o f  thes e sessions ,  w e 
sough t  t o identif y an d formaliz e a s man y o f  th e plausibl e 
inference s a s w e coul d find,  eac h tim e considerin g whethe r 
th e forma l  theory ,  a s describe d i n Collin s an d Michalsk i 
(1989 )  accounte d fo r  th e observe d behavior .  Wher e ther e 
wer e discrepancies ,  w e considere d h o w th e theor y wa s 
inadequate ,  an d considere d possibl e extension s an d thei r 
ramifications . 

O ne issu e tha t  aros e wa s foun d i n th e protoco l  o f 
Subjec t  1 ,  w h o trie d t o us e th e valu e fo r  th e amoun t  o f 
availabl e fres h wate r  suppl y i n Ital y t o reaso n backwar d t o 
infe r  th e valu e fo r  precipitatio n i n Italy .  I n th e matrix , 
ther e wer e tw o variable s tha t  directl y affecte d wate r 
supply .  Th e principa l  on e wa s a  qualitativ e valu e (light , 
moderate ,  abundant )  fo r  th e averag e amoun t  o f 
precipitatio n o f  th e country .  Th e secon d wa s a  variabl e 
indicatin g whethe r  ther e wer e an y rivers  i n th e countr y o r 
not  (ye s o r  no) .  Fo r  Italy ,  th e wate r  suppl y wa s liste d a s 
bein g moderate ,  an d th e colum n labele d H A S - R I V E R ? 
had th e valu e Y E S . 

S I :  Let' s g o bac k an d d o Ital y firs t  then.. .  Wha t  th e 
mountain s tel l  yo u i s  tha t  increase s th e 
precipitation .  A n d th e Mediterranea n climat e tell s 
yo u tha t  i t  doesn' t  typicall y hav e a  lot ; 
Mediteranean s ten d t o b e fairl y dr y climates .  S o m y 
gues s abou t  Ital y i s tha t  i t  probably.. .  bu t  th e fres h 
wate r  suppl y als o implies.. .  wel l  i t  coul d ge t  it s 
fres h wate r  al l  fro m th e rivers,  s o th e moderat e fres h 
wate r  supply.. .  becaus e wit h Egyp t  ha d moderat e an d 
tha t  othe r  on e I  inferre d wa s moderate .  M y 
inclinatio n woul d b e t o sa y tha t  implie s tha t  ther e i s 
not  a  lo t  o f  rainfall ,  okay .  Bu t  th e mountain s impl y 
tha t  ther e i s  rainfall,  okay .  S o tha t  lead s m e to.. . 
I' m no t  sur e wha t  variable s I  hav e fo r  rainfall,  ver y 
ligh t  an d light ,  s o I' d g o fo r  light . 
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12x « 

AlghinltM n 

Angol a 

Egyp t 

Florid a 

Ira n 

Ital y 

Jav a 

Louisian a 

Per u 

S(*k«l -
chewan 
Upper 
Volt a 
West 
Indie s 

Tabl e 3 ;  Experimenta l  Matri x o f  Geographi c Dat a 

Climaif l 

Dr y 
Climat e 

Sublropica J 
Humid Trop . 

Semi-Ari d 
Mediteranea n 

Mediteranaa n 

Humi d 
Tropic s 

Subtropica l 

Highlan d 
Ari d 
Dr y 

Climat e 

Humi d 
Tropic s 

.Walfi l 
Suficl y 

Moderat e 
Abundan t 
Modsrat * 
(Irrigated ) 

Moderat e 

Abundan t 

Moderat e 
(Irrigated ) 

Abundan t 

Abundan t 

Grai n 
Grown 

NChE 

Cor n 

Whieat 

Cor n 

Ric e 
Cor n 

Cor n 
Ric e 

Wheat 
Oats.Ry e 

Ric e 
Mille t 
Ric e 
Cor n 

t l u 
Rlv»r ? 

YES 

YES 

t o 

YES 

ND 

YES 

YES 

YES 

ND 

PreclD -

Abundan t 

Ver y Ugh t 

Moderat e 
Abundan t 

Ligh t 

Abundan t 
Ver y Wet 

Ver y Ugh t 
Ught 

Ught 

Ver y Wet 

Abundan t 
Ver y Wet 

Seaso n 
Descriptio n 

Summer  Rai n 

MlldWir̂ te r 
Long Summer 

Even Rai n 
Winte r  Rai n 
Mild  Winter 
Hot  Summer 
Winte r  Rai n 
No Winte r 

Even Rainfal l 
li/lil d Winte r 

Long Summer 
Even Rainfal l 

S u m m er  Rai n 

Winte r  Rai n 

No Winte r 
Eve n Rainfal l 

Sfi U 
TVBC 

Brow n 
Grey 

DarI t  Brow n 
Gre y 

Gre y 

Gre y 

Comple x 
Red-Yello w 

Red-Yello w 
Blac k 

Comple x 

Dark Brow n 
Brown 

Complex 

Red-Yello w 

Temptratuf B 
Range 

Hot 
Ver y Ho t 

Hot 

Ver y Ho t 

IfljxaJ a 

Mountain s 

Plain s 

Lowland s 
Plain s 

Mil d 
Hot 

Hot 

Cool 
Mil d 
Hot 

Ver y Ho t 

Hot 

Mountain s 
Plain s 

Mountain s 
Lowland s 
Lowland s 

Plain s 

Mountain s 

Platea u 

Lowland s 
Plain s 

I n th e first  par t  o f  thi s response ,  th e subjec t  focuse d 
o n th e evidenc e tha t  th e Italia n climat e w a s Mediterranean , 
an d th e fac t  tha t  ther e w e r e mountains .  T h e Mediterranea n 
climat e le d th e subjec t  t o infe r  tha t  Ital y h a d limite d 
precipitation ,  whi l e th e presenc e o f  moun ta i n s indicate d 
tha t  ther e w o u l d b e m o r e rai n tha n other ,  similar ,  lowlan d 
area s wit h th e s a m e genera l  climate .  I n th e secon d hal f  o f 
th e response ,  th e subjec t  base d hi s  inference s o n th e 
evidenc e tha t  th e fres h wate r  suppl y give n fo r  Ital y w a s 
moderate ,  a n d th e fac t  tha t  ther e w e r e rivers .  The r e ar e 
t w o kind s o f  uncertai n informatio n here .  O n e i s th e 
questio n o f  h o w m u c h o f  a  contributio n eac h o f  thos e 
factor s ca n m a k e t o overal l  wate r  supply ,  a  questio n fo r 
whic h th e subjec t  p resumab l y ha d littl e direc t  k n o w l e d g e . 
T h e othe r  p rob le m i s th e lac k o f  informatio n o f  eve n a 
qualitativ e kin d a s t o th e a m o u n t  o f  wate r  availabl e f ro m 
rivers .  Al l  th e matri x supplie d w a s th e fac t  tha t  ther e 
wer e a t  leas t  s o m e rivers . 

I t  appear s f ro m th e patter n o f  thi s subject' s protocols , 
an d f ro m subsequen t  questionin g o f  th e subject ,  tha t  h e 
normal l y treate d wa te r  supp l y a s i f  i t  w a s directl y 
dependen t  o n precipitation ,  independentl y o f  th e presenc e 
of  rivers .  O t h e r  subject s treate d th e t w o a s m o r e 
"additive" .  I n general ,  eithe r  precipitatio n o r  rivers  coul d 
accoun t  fo r  th e wate r  suppl y o f  a  place ,  a n d thi s subjec t 
generall y a s s u m e d wate r  suppl y w a s directl y correlate d 
wit h precipitation ,  unles s ther e w a s ev idenc e t o th e 
contrary .  I n m a k i n g a  c o m p a r i s o n t o E g y p t ,  th e subjec t 
reasone d tha t  E g y p t  h a d m o d e r a t e wate r  suppl y e v e n 
thoug h th e precipitatio n ther e w a s ver y light ,  becaus e 
ther e w a s a  river.  T h u s th e ana log y t o E g y p t  supporte d 

th e conclusio n tha t  th e precipitatio n w a s v e r y light .  B y 
c o m b i n i n g ev idenc e f r o m tlu-e e sources :  th e ana log y t o 
Egyp t ,  th e presenc e o f  moun ta ins ,  a n d th e Medi ter ranea n 
climate ,  th e subjec t  conc lude d tha t  th e precipitatio n w a s 
probab l y light . 

Reflning the Core Theory 

Several issues were raised in this protocol that were not 
specificall y covere d b y th e cor e theory .  Th e first  wa s th e 
reasonin g abou t  inequalitie s o n ordina l  referents .  Another , 
relate d issu e wa s th e us e o f  reasonin g abou t  deviatio n 
fro m a  defaul t  value.Th e logi c o f  thi s inferenc e was : 
Whateve r  i s determine d t o b e th e norma l  valu e o f  rainfal l 
i n a  plac e base d o n othe r  variables ,  mountain s ten d t o 
make th e rainfal l  higher .  S o i f  Mediterranea n climate s 
hav e ligh t  rainfall ,  th e mountain s woul d mak e th e rainfal l 
greate r  tha n light .  A  thir d proble m fo r  th e cor e theor y 
occurre d whe n th e "counte r  evidence "  t o thi s wa s 
considered .  W h e n th e subjec t  sa w tha t  Ital y ha d rivers,  an d 
tha t  accounte d fo r  Italy' s moderat e wate r  suppl y (b y 
analog y t o Egypt) ,  the n tha t  decrease d th e certaint y o f  th e 
inferenc e tha t  Italy' s moderat e wate r  suppl y implie d 
moderat e precipitation .  Thi s inferenc e typ e ha s bee n calle d 
a Functiona l  alternativ e meta-inferenc e i n Collin s 
(1978) ,  an d i s quit e c o m m o n (Pearl ,  1987) .  Th e patter n 
occur s whe n ther e ar e severa l  variable s tha t  independentl y 
ca n influenc e a  dependen t  variable .  Th e conclusio n i s no t 
tha t  th e origina l  inferenc e wa s wrong ,  bu t  tha t  th e 
evidenc e use d t o mak e th e inferenc e coul d b e accounte d fo r 
by othe r  means . 
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T h e nex t  portio n o f  th e protoco l  o f  Subjec t  1 
illustrate s a  ne w componen t  o f  th e theory ,  th e formatio n 
of  a  ne w implicatio n fro m th e wate r  suppl y variable s fo r 
Ital y an d Egypt ,  an d h o w tha t  knowledg e i s use d t o guid e 
hi s inference s abou t  Louisiana .  I n th e matrix ,  Louisian a 
was give n a s havin g a  subtropica l  climate ,  abundan t  wate r 
supply ,  rivers,  an d a  terrai n o f  lowland s an d plains .  Thi s 
protoco l  reveal s tha t  sometim e betwee n th e earlie r 
protocol ,  wher e h e reasone d abou t  Egyp t  an d Italy ,  an d 
thi s one ,  h e m a d e a  generalizatio n tha t  wha t  wa s tru e o f 
Egyp t  an d Ital y wa s tru e o f  al l  places . 

SI: Louisiana ... Precipitation, what is the 
precipitation ? S o th e place s wit h jus t  a  river  an d 
ver y littl e rainfal l  wer e moderat e i n thei r  fres h wate r 
supply ,  an d thi s i s abundant .  N o w ,  unfortunatel y 
tha t  i s  a  cas e wher e I  reall y kno w tha t  Louisian a ha s 
a lo t  o f  rainfall .  Bu t  tha t  woul d b e th e natur e o f  m y 
inference ,  tha t  i t  a t  leas t  ha s a  moderat e precipitatio n 
.. .  fro m th e fres h wate r  supply . 

The generalization from Egypt and Italy is formalized 
as follows : 

Has-river(place) & Precipitation(place) <—> 
Water-supply(place ) 

Has-river(Egypt )  =  ye s 
Precipitation(Egypt )  =  ver y ligh t 
Water-supply(Egypt )  =  moderat e 
Has-river(Italy )  =  ye s 
Precipitation(ltaly )  =  ligh t 
Watp.r-siipnlvritalv )  =  moderat e 

Has-river(place )  =  ye s &  Precipitation(place )  =  ligh t 
< = > Water-supply(place )  =  moderat e 

This generalization is one of the new rules added to 
th e theory ,  describe d i n detai l  i n (Burstein ,  Collin s an d 
Baker ,  1991) .  I t  i s  calle d Reflnin g a  dependenc y t o 
f o r m a n impl icat io n (Tabl e 10 ,  Rul e 3 ) . 
Generalization s lik e abov e inference ,  wher e a n existin g 
dependenc y i s combine d wit h specifi c  example s t o for m a n 
intermediat e statemen t  (th e implication) ,  ar e essentiall y 
th e analog s i n ou r  plausibl e reasonin g theor y o f  th e 
explanation-base d generalization s describe d b y DeJon g 
(1981 )  an d Mitchel l  (1983) .  excep t  tha t  th e initia l 
knowledg e i s i n th e for m o f  dependencies ,  no t  ful l  causa l 
or  inferentia l  rules .  Al l  o f  thes e generalizatio n 
mechanism s hing e o n th e combinatio n o f  genera l  causa l 
or  explanator y backgroun d knowledg e wit h a  ne w specifi c 
cas e o r  case s t o for m a  new ,  potentiall y  mor e usefu l 
genera l  rule .  W e cal l  th e clas s o f  suc h generalization s 
refinements . 

I n thi s secon d protocol ,  th e subjec t  reason s tha t 
place s wit h rivers  an d a  littl e rainfal l  hav e moderat e wate r 
supply ,  s o place s wit h abundan t  wate r  suppl y mus t  ge t 
mor e rain .  Louisiana' s abundan t  wate r  supply ,  bein g 
greate r  tha n bot h Egyp t  an d Italy's ,  mean s tha t  i t  shoul d 
hav e greate r  precipitatio n a s well .  Th e conclusio n wa s 

tha t  i f  Louisian a ha d a n abundan t  wate r  supply ,  the n i t 
must  hav e "a t  leas t  moderate "  precipitation .  I n th e 
formalizatio n o f  thi s inference ,  w e hav e describe d th e 
patter n a s predictin g simpl y tha t  i t  shoul d b e "greate r  tha n 
light" ,  ligh t  bein g th e correspondin g valu e i n th e 
implication .  W e tak e thes e a s equivalen t  wit h respec t  t o a 
{low ,  medium ,  high )  scale .  (Fo r  precipitation ,  th e ter m 
ligh t  correspond s t o th e mor e neutra l  referen t  low ,  an d 
abundan t  i s th e sam e a s high. ) 

Has-river(place) & Precipitation(place) <--+--> 
Water-supply(piace ) 

Has-river(place )  =  ye s &  Precipitation(place )  =  ligh t 
< = > Waier-supply(place )  =  moderat e 

Has-river(Louisiana )  =  ye s 
Water-supplvrLouisiana )  =  abundan t  fo r  >  moderate d 

Precipitation(Louisiana )  >  ligh t  (o r  >  moderate ) 

This is an example of a class of inferences that was 
not  explicitl y  deal t  wit h previously .  Th e issu e i s 
reasonin g wit h inequalitie s o n continuou s o r  ordere d 
variables ,  i n conjunctio n wit h dependencie s betwee n thos e 
type s o f  variables .  Thes e inference s al l  depen d o n th e 
presenc e o f  a  specifie d dependency :  specifie d dependencie s 
ar e thos e labele d wit h a  +  o r  -  t o indicat e tha t  a n 
increase/decreas e i n th e value s fo r  a  ter m o n on e sid e ha s a 
correspondin g positiv e o r  negativ e effec t  o n th e other . 
However ,  b y extendin g th e formalis m t o includ e explici t 
ordering s o n referent s an d allowin g al l  inference s tha t 
contai n statement s o f  th e for m d(a )  =  r  t o als o allo w th e = 
t o b e replace d b y an y o f  < ,  > ,  < ,  an d > ,  w e wer e abl e t o 

rewrit e man y o f  th e origina l  rule s t o cove r  thi s kin d o f 
inferenc e (Burstein ,  Collin s an d Baker ,  1991) .  Fo r 
example ,  i n a  SIM-base d argumen t  transform ,  w e woul d 
rewrit e th e rul e as : 

d(ai)_r where ~ is one of =,<,>,<, or >. 

32 S I M a i  i n C X (A ,  D ) 

D (A )  <  >  d(A ) 
a i , a 2 S P E C A 

d(a2)~ r 

This reformulation to introduce inequalities also 
yield s s o m e n e w derivation ,  transformatio n an d 
generalizatio n rules .  Al l  o f  th e ne w inference s involv e 
specifie d dependencie s (dependencie s o f  th e for m di(A)<- -

"'•->d2(A )  o r  di(A)<~--->d2(A)) ,  lik e th e inferenc e abou t 

precipitatio n above .  Th e n e w rule s fo r  creatin g 
inequalitie s wit h SIM-base d transform s o n dependencie s 
and implication s ar e muc h lik e th e SIM-base d referen t 
transfor m rule s describe d i n Collin s an d Michalsk i  (1989) . 
I n th e ne w rule s fo r  generatin g inequalitie s fro m directe d 

dejjendencies ,  th e tw o argument s a i  an d a 2 ar e relate d b y 

an inequalit y instea d o f  b y similarit y (a s b y di(ai )  < 

di(a2)) .  Fo r  example ,  th e relationshi p betwee n latitud e 

and temperatur e rang e migh t  b e inferre d a s follows : 
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latitude(Alaska )  =  hig h :  y  =  hi ,  n, .  =  lo .  ̂ a =  ̂ > 

temp-range(Alaska )  =  cold :  y  =  hi ,  p ^  =  lo ,  ̂ i g =  h i 

latitude(Equador )  =  low :  7 = hi ,  \X j  =  lo ,  ̂ a =  ̂ ^ 

temp-range(Equador )  =  hot :  y = hi ,  \i j  =  lo ,  [i ^  =  h i 

Equador ,  Alask a S P E C place :  Y j  =  hi ,  T j  =  lo ,  6 j  =  l o 

hot  >  cold :  Y  =  hig h 
lo w <  high :  y  =  hig h 

latitude(place )  <--•-- > temp-range(place ) 
:  Y  =  low ,  a  =  moderate ,  P  =  lo w 

Open Issues 

The revisions to the core theory of human plausible 
inferenc e develope d b y Collin s an d Michalsk i  (1989) ,  a s 
describe d her e an d i n (Burstein ,  Collin s an d Baker ,  1991) , 
wer e par t  o f  ou r  continuin g attemp t  t o formaliz e th e 
plausibl e inference s observe d i n people' s answer s t o 
question s fo r  whic h the y d o no t  hav e read y answers .  Th e 
recen t  wor k wa s motivate d i n larg e par t  b y a  protoco l 
experimen t  tha t  wa s designe d t o brin g fort h mor e clearl y 
people' s use s o f  multipl e source s o f  evidenc e i n formin g 
plausibl e conclusions .  W e hav e show n h o w thi s 
experimenta l  evidenc e supporte d th e introductio n o f  a 
mechanis m fo r  reasonin g abou t  inequalities ,  an d clarifie d 
th e nee d fo r  a n integrate d theor y o f  generalizatio n t o 
accompan y th e cor e plausibl e reasonin g theory . 

Ther e ar e a  numbe r  o f  othe r  issue s apparen t  t o u s i n 
th e experimen t  an d earlie r  protocol s tha t  w e hav e no t  ye t 
addressed .  W e thin k the y ar e amenabl e t o th e kin d o f 
analysi s w e hav e bee n using ,  bu t  th e solution s wer e no t 
as apparent .  W e lis t  som e o f  the m here : 

• Reasoning with complex dependencies and 

implications .  Subject s frequentl y reasone d backward s 

ove r  dependencie s wher e a  numbe r  o f  variable s (e.g . 
precipitatio n an d rivers )  affecte d a  particula r  variabl e 
(e.g .  wate r  supply) .  Sometime s thes e wer e treate d a s 
disjunctiv e variables ,  sometime s a s conjunctiv e 
(neithe r  alon e wa s predictive) ,  an d sometime s a s i f 
thei r  effect s wer e additive .  Thi s ma y requir e severa l 
alternativ e mechanism s b e introduce d int o th e model , 
base d o n th e for m o f  th e causa l  knowledg e used . 

• The tradeoff between ranee and certaintv. Subjects 

appea r  t o trad e of f  certaint y abou t  a  belie f  agains t  th e 
rang e o f  th e referent .  Fo r  example ,  on e migh t  b e 
ver y certai n tha t  th e averag e rainfal l  i n Louisian a i s 
"a t  leas t  moderate, "  somewha t  les s certai n tha t  i t  i s 
"heavy, "  stil l  les s certai n tha t  i t  i s betwee n 4 0 an d 6 0 
inche s a  year . 

• Merging gf qHalit^tivg and q^antitativg rgagoning. 

Sometime s subject s brin g i n variou s quantitativ e 
relationship s t o guid e thei r  qualitativ e reasonin g (e.g . 
th e Amazo n jungl e average s 85 °  o r  1  mil e i n altitud e 
affect s temperatur e a s muc h a s 80 0 mile s i n latitude) . 

•  Th e exten t  parameter .  Collin s (1978 )  identifie d a 

paramete r  h e calle d "extent "  whic h wa s particularl y 
prevalen t  i n tempora l  an d spatia l  inferences .  I t  i s 
necessar y becaus e peopl e hav e a  notio n o f  h o w fa r 
rainstorm s vs .  parade s vs .  continent s exten d i n space , 
and ho w lon g the y exten d i n time .  Thi s notio n i s 
centra l  t o people' s reasonin g abou t  spac e an d time , 
and feature s o f  categories . 
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