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S o m e C a u s a l  M o d e l s a r e D e e p e r  t h a n O t h e r s * 

Tom Bylander 

Laborator y fo r  Artificia l  Intelligenc e Researc h 

Departmen t  o f  Compute r  an d Informatio n Scienc e 

Th e Ohi o Stat e Universit y 

Abstract 

T h e effor t  withi n A I  t o improv e th e robustnes s o f  exper t  system s ha s le d t o 

increasin g interes t  i n "deep "  reasoning ,  whic h i s representin g an d reasonin g abou t 

th e knowledg e tha t  underlie s th e compile d knowledg e o f  exper t  systems .  O n e vie w 

i s tha t  dee p reasonin g i s th e sam e a s causa l  reasoning .  Ou r  ai m i n thi s pape r  i s 

t o sho w tha t  thi s vie w i s naive ,  specificall y tha t  certai n kind s o f  causa l  model s 

omi t  mioTinat\o u tha t  i s  crucia l  t o understandin g th e causalit y withi n a  physica l 

situation .  Ou r  conclusio n i s tha t  "deepness "  i s relativ e t o th e phenomen a o f  inter -

est .  I.e .  whethe r  th e representatio n describe s th e propertie s an d relationship s tha t 

mediat e interaction s amon g th e phenomen a an d whethe r  th e reeisonin g processe s 

tak e thi s informatio n int o account . 

1. Introduction 

Most  exper t  system s depen d upo n compile d representation s an d reasonin g 

processes .  Thei r  representation s associat e dat a wit h conclusions ,  an d thei r  reason -

in g processe s us e thes e associations ,  bu t  the y d o no t  tak e int o accoun t  th e reason s 

w hy th e dat a an d conclusion s ar e related .  Withou t  thi s extr a knowledge ,  exper t 

system s wil l  b e limite d i n wha t  explanation s the y ca n provid e an d i n reaisonin g 

abou t  thei r  ow n limitations . 

Within AI, there hcis been increasing interest in deep reasoning, i.e. represent-

in g an d reaisonin g abou t  thes e "reasons. "  A  numbe r  o f  suggestion s hav e bee n 

made tha t  identif y dee p reasonin g wit h causa l  reasoning .  Har t  suggest s tha t  dee p 

reasonin g involve s commonsens e idea s abou t  causalit y a s wel l  a s mathematica l 

modelin g (Hart ,  1982) .  Michi e suggest s tha t  th e fundamenta l  law s o f  th e domai n 

constitut e dee p reasonin g (Michie ,  1982) .  A  numbe r  o f  program s coul d b e sai d t o 

perfor m dee p recisonin g beise d o n thes e criteria .  Instea d o f  summarizin g an d com -

parin g thes e programs ,  whic h woul d probabl y b e confusin g rathe r  tha n enlightenin g 

give n th e plethor a o f  domain s an d reasonin g methods ,  m y strateg y i s t o tak e on e 

progra m an d compar e a n explanatio n o f  it s  domai n b y th e program' s builder s wit h 

an explanatio n produce d b y th e program .  Th e goa l  o f  th e compariso n i s t o gai n 

insigh t  o n th e relationshi p betwee n "causa l  reasoning "  an d "dee p reasoning. " 

* 
Thi s researc h i s supporte d b y Ai r  Forc e Offic e o f  Scientifi c  Researc h gran t  AFOSR-82-0255 , 

and gran t  NIH R G O A OE 82048-0 2 fro m th e Nationa l  Institut e o f  Handicappe d Research . 

This is not a claim that expert systems cannot perform interesting problem solving. 
Chandrasekara n an d Mitta l  (Chandrasekaran ,  1983 )  hav e pointe d ou t  ho w a n exper t  system ,  fo r  a 

particula r  reasonin g situation ,  ca n full y incorporat e th e appropriat e dee p knowledge .  However ,  i t 

woul d no t  incorporat e th e dee p knowledg e fo r  tiios e situation s tha t  wer e no t  considere d i n it s  design . 
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2.  T w o Causa l  Explanation s 

Thes e tw o explanation s ar e take n fro m a  pape r  b y Patil ,  Szolovits ,  an d 

Schwartz ,  whic h describe s a  progra m calle d A B E L (Patil ,  1981) ,  on e th e first 

program s t o perfor m interestin g causa l  reasoning .  Th e first  explanatio n i s b y th e 

authors ;  th e secon d b y th e A B E L program .  Th e reade r  i s forewarne d tha t  thes e 

explanations ,  althoug h the y concer n th e sam e domain ,  d o no t  involv e exactl y th e 

same phenomena . 

Explanation #1. "... let us consider the electrolyte and acid-base dis-

turbance s tha t  occu r  wit h diarrhea ,  whic h i s th e excessiv e los s o f  lowe r 

gastrointestina l  fiuid  (lowe r  G I  loss) .  Th e compositio n o f  th e lowe r 

gastrointestina l  flui d an d plasm a fluid  ar e a s follows .  I n compariso n wit h 

plasm a fluid,  th e lowe r  G I  fluid  i s ric h i n bicarbonat e (HCO3 )  an d potas -

siu m (K )  an d i s deficien t  i n sodiu m (Na )  an d chlorid e (CI).. .  Th e los s o f 

lowe r  G I  fluid  woul d resul t  i n th e los s o f  correspondin g quantitie s o f  it s 

constituent s (i n proportio n t o th e tota l  quantit y o f  fluid  loss).. .  Therefore , 

an excessiv e los s o f  lowe r  G I  fluid  withou t  prope r  replacemen t  o f  fluid  an d 

electrolyte s woul d resul t  i n a  ne t  reductio n i n th e tota l  quantit y o f  fluid  i n 

th e extracellula r  compartmen t  (hypovolemia) .  Becaus e th e concentratio n o f 

K an d H C O3 i n lowe r  G I  fluid  i s highe r  tha n tha t  i n plasm a fluid,  ther e 

i s a  correspondin g reductio n i n th e concentratio n o f  K  (hypokalemia )  an d 

H C O3 (hypobicarbonatemia )  i n th e extracellula r  fluid.  Finally ,  a s th e con -

centratio n o f  C I  an d N a i n th e lowe r  G I  fluid  i s lowe r  tha n tha t  i n 

plzLsm a fluid,  ther e i s a n increas e i n th e concentratio n o f  C I 

(hyperchloremia )  an d N a (hypernatremia )  i n th e extracellula r  fluid."  (Patil , 

1981 -  p .  894 ) 

Explanatio n #2 .  "Moderat e lowe r  G I  loss ,  reduce d rena l  H C O3 

threshold ,  an d norma l  H C O3 buffe r  bindin g jointl y caus e n o H C O3 change . 

Th e n o H C O3 chang e cause s lo w extracellula r  fluid  H C O 3,  whic h cause s 

lo w seru m H C O 3.  Th e lo w seru m H C O3 an d lo w seru m P C O2 jointl y 

caus e lo w seru m pH .  Th e lo w seru m p H cause s K  shif t  ou t  o f  cell s an d 

cause s increase d respiratio n rate .  Th e increase d respiratio n rat e cause s lo w 

seru m P C O 2 ,  whic h cause s norma l  H C O3 buffe r  binding .  Th e lo w seru m 

P C O2 als o cause s reduce d rena l  H C O3 threshol d an d increase d respiratio n 

rat e cause s increase d ventilation .  Th e lowe r  G I  los s an d K  shif t  ou t  o f 

cell s jointl y caus e K  loss .  Th e K  los s cause s lo w extracellula r  fluid  K , 

whic h cause s lo w seru m K. "  (Patil ,  198 1 -  p .  898 ) 

Both of these explanations have a causal story to tell, but in different ways 

and i n differen t  terms .  Th e crucia l  differenc e i s tha t  th e first  quot e make s us e o f 

our  physica l  understandin g abou t  ho w th e worl d works .  I t  evoke s a  physica l 

representatio n o f  th e bod y an d appeal s t o ou r  understandin g o f  ho w physica l 

phenomen a behave .  Th e secon d quot e i s a  differen t  typ e o f  a  physica l  explanation . 

Whil e th e secon d quot e causall y relate s physica l  states ,  i t  doe s no t  expres s an y 

physica l  relationship s tha t  le t  u s understan d th e causa l  assertion s i n term s o f  som e 

physica l  principle .  Assertion s lik e "lo w seru m p H cause s K  shif t  ou t  o f  cells "  im -
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body 

extracellula r  flui d 

plasm a flui d 

relativel y lo w 
concentration s 
of  K  an d HCO3 

Gl  flui d 

relativel y hig h 

concentration s 
of  K  an d HCO3 

Figur e 1 :  Representatio n o f  Patil ,  Szolovits ,  an d Schwartz' s Explanatio n 

plicitly depend on the structure of the human body and how certain parts of the 

bod y behave .  Wit h respec t  t o physica l  phenomena ,  th e firs t  explanatio n i s dee p an d 

th e secon d explanatio n i s compiled . 

3. An Analysis of the First Explanation 

Th e first  quot e build s u p th e representatio n displaye d i n figure  1 .  (N a an d C I 

hav e bee n omitte d fo r  th e purpose s o f  thi s discussion. )  Th e bod y ca n b e though t 

of  a s havin g a  containe r  o f  extracellula r  fluid.  Th e extracellula r  fluid  compartmen t 

ca n b e decompose d int o a  plasm a fluid  compartmen t  an d lowe r  G I  fluid  compart -

ment .  Lowe r  G I  fluid  ha s certai n concentration s o f  H C O3 an d K ,  whic h happe n t o 

be greate r  tha n i n plasm a fluid.  W h e n th e amoun t  o f  lowe r  G I  fluid  decrease s (a s 

happen s i n diarrhea) ,  a  correspondin g amoun t  o f  H C O3 an d K  als o decrease .  I t 

ca n b e inferre d tha t  th e tota l  concentratio n o f  H C O3 an d K  i n extracellula r  fluid 

als o decreases . 

This representation lists the parts of the situation: fluid compartments, fluids, 

H C O 3,  an d K .  I t  incorporate s structura l  relationship s betwee n th e parts ,  e.g. ,  con -

tainer ,  composed-of ,  an d concentration ,  a s wel l  a s behaviora l  informatio n abou t 

them ,  e.g. ,  fluid  i s somethin g tha t  ca n b e contained ,  an d ca n move .  Als o a  fluid 

ca n b e compose d o f  othe r  things ,  includin g H C O3 an d K  i n thi s case .  Th e physi -

cal  principl e tha t  thi s explanatio n appeal s t o i s tha t  whe n a  certai n amoun t  o f 
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flui d moves ,  th e flui d als o take s wha t  i t  i s  compose d o f  alon g wit h it .  Wit h a  lit -

tl e bi t  o f  qualitativ e (o r  quantitative )  analysi s abou t  concentrations ,  i t  i s  no t  har d 

t o determin e ho w certai n concentration s wil l  increas e o r  decreas e dependin g o n ho w 

flui d moves . 

In general, reasoning about physical situations faces two problems: (l) changes 

i n physica l  structur e ca n chang e th e overal l  behavio r  an d propertie s o f  a  situation , 

and (2 )  change s i n a  part' s  behavio r  ca n chang e th e overal l  behavio r  an d propertie s 

of  a  situation .  S o t o perfor m dee p reasonin g abou t  physica l  phenomena ,  represen -

tation s nee d t o expres s th e structur e an d behavio r  o f  physica l  situation s an d thei r 

constituents ,  an d reasonin g processe s nee d t o b e abl e t o tak e thi s informatio n int o 

account .  M u c h o f  th e wor k i n naiv e physic s i s aime d a t  reasonin g abou t  physica l 

informatio n suc h a s behaviora l  propertie s o f  components ,  connection s betwee n com -

ponents ,  an d containmen t  o f  substance s (Hayes ,  1985 ,  deKleer ,  1984 ,  Forbus ,  1984 , 

Bylander ,  1985) .  Ther e ha s als o bee n researc h o n reasonin g abou t  ho w shap e af -

fect s behavio r  (Forbus ,  1983 ,  Stanfill ,  1983 ,  Shoham ,  1985) . 

4. An Analysis of the Second Explanation 

Th e secon d quot e i s a  descriptio n o f  th e causa l  networ k illustrate d i n figur e 2 . 

The physica l  relationship s tha t  support s th e causa l  networ k i s no t  presen t  i n thi s 

explanation .  Fo r  example ,  on e par t  o f  th e causa l  networ k i s tha t  los s o f  G I  flui d 

contribute s t o lo w concentratio n o f  K  i n th e extracellula r  fluid .  However ,  thi s 

representatio n doe s no t  hav e structura l  an d behaviora l  informatio n suc h a s 

"Extracellula r  flui d ca n b e decompose d int o plasm a flui d an d G I  fluid. " 

W hy i s thi s additiona l  informatio n important ? I f  th e progra m onl y ha s causa l 

network s suc h a s i n figure  2 ,  th e omitte d physica l  informatio n become s a  larg e se t 

of  assumption s tha t  ar e implicitl y  encode d int o th e causa l  network .  Th e resul t  i s 

tha t  th e robustnes s o f  th e causa l  networ k depend s o n th e likelihoo d tha t  thes e 

physica l  assumption s ar e true . 

For example, suppose that GI fluid in a particular person had a lower con-

centratio n o f  K  tha n plasm a fluid ,  the n th e causa l  networ k woul d b e wrong .  Sinc e 

th e causa l  networ k doe s no t  expres s wher e G I  flui d sit s i n th e body' s structur e an d 

tha t  G I  fluid  normall y ha s a  greate r  concentratio n o f  K  tha n plasm a fluid,  th e pos -

sibilit y  tha t  thi s informatio n i s wron g canno t  b e hypothesize d an d canno t  b e 

reasone d about .  Thes e ar e th e sam e characteristic s o f  compile d reasonin g tha t 

typica l  exper t  system s have .  Causal  network s represen t  mor e informatio n abou t  as -

sociation s betwee n dat a an d conclusions ,  bu t  becaus e the y d o no t  represen t  physica l 

relationships ,  causa l  network s an d thei r  reasonin g processe s ar e als o compiled . 

Each causa l  lin k i n ABE L ha s a  "slot "  fo r  statin g it s assumptions .  I t  i s  unclea r  wha t  kin d o f 
informatio n wa s bein g represente d b y th e assumptions ,  an d wha t  reasonin g processe s coul d b e per -
forme d o n them .  I t  i s  conceivabl e tha t  a  causa l  networ k coul d poin t  t o th e informatio n tha t  sup -
port s it ,  bu t  thi s additiona l  informatio n woul d b e somethin g differen t  tha n causa l  networks . 
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norma l  HCO3 

buffe r  bindin g 

lo w seru m pCP 2 

F i g u r e 2 :  Representatio n o f  A B E L ' s Explanatio n 

5. Some Misconceptions about Deep Reasoning 

I t  migh t  b e claime d tha t  representation s lik e figure 1  ar e n o bette r  of f  tha n 

thos e lik e figure 2  becaus e th e informatio n i n figure 1  i s a  ver y qualitativ e 

representation ,  whil e figure 2  coul d relat e physica l  state s i n mor e detail .  Thi s lead s 

t o th e misconceptio n tha t  reasonin g a t  a  greate r  leve l  o f  detai l  i s  "deeper "  reason -

ing .  Thi s simpl y misse s th e point .  A n y representatio n wort h considerin g ca n 

describ e thing s a t  variou s level s o f  detail ,  bu t  withou t  representin g physica l 

relationships ,  certai n kind s o f  reasonin g processe s ca n neve r  b e applied ,  n o matte r 

th e leve l  o f  detail . 

Another misconception is that quantitative reasoning, such as solving or 

simulatin g differentia l  equations ,  i s  deepe r  tha n qualitativ e reasoning .  Thi s i s a 

misconceptio n abou t  th e rol e o f  quantitativ e reasonin g i n reasonin g abou t  th e 

world .  A  quantitativ e mode l  i s use d whe n a  situatio n ca n b e mappe d int o it ,  an d 

th e result s o f  applyin g th e quantitativ e proces s ca n b e interprete d i n term s o f  th e 

situation .  T o d o this ,  ther e need s t o b e a n understandin g o f  wha t  th e situatio n i s 

like ,  whe n th e mappin g i s applicable ,  ho w t o appl y th e mapping ,  an d ho w t o inter -

pre t  th e results .  Eac h o f  thes e step s involv e representatio n an d reasonin g 

(presumabl y qualitative )  ove r  an d abov e th e quantitativ e model .  Quantitativ e 

reasonin g supplement s othe r  reasonin g processes ;  i t  doe s no t  substitut e fo r  them . 
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6.  T h e Genera l  Na tu r e o f  D e e p Reasonin g 

On th e basi s o f  thes e examples ,  I  propos e th e followin g definitio n o f  "deep" : 

A representation is "deep" with respect to a ciaiss of phenomena iff 

th e representatio n describe s th e propertie s an d relationship s b y whic h th e 

phenomen a interact . 

A reasoning strategy is "deep" with respect to a class of phenomena 

if f  th e strateg y reason s base d o n ho w th e phenomen a interact . 

Relative to a certain class of phenomena, deep representations describe the 

propertie s an d relationship s tha t  lead s t o interactio n amon g thes e phenomena ,  an d 

deep reasonin g processe s operat e o n thi s information .  Becaus e physica l  phenomen a 

interac t  o n th e basi s o f  physica l  structur e an d behavior ,  ther e nee d t o b e represen -

tationa l  primitive s whos e meanin g ar e structura l  an d behavioral ,  an d reasonin g 

processe s tha t  ca n tak e thi s informatio n int o account . 
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