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ABSTRACT 

We argue that causal reasoning is an essential part of intelligent human behavior, and that 

discussio n o f  i t  canno t  b e divorce d fro m discussio n o f  tempora l  reasoning .  W e therefor e se t  ou t 

t o defin e causatio n i n thre e stages .  I n th e first ,  w e presen t  a n ontolog y o f  time .  W e the n outlin e 

a theor y o f  "causa l  conditionals" ,  whic h allow s on e t o reaso n abou t  multipl e possibl e course s o f 

events .  Finally ,  w e defin e causatio n i n term s o f  direc t  causatio n an d causa l  origins . 

1 I n t r o d u c t i o n 

Philosopher's have long disputed the relative merits of one causal theory over another. Some 

eve n questio n whethe r  o r  no t  th e notio n i s a  usefu l  on e a t  all ,  suggestin g tha t  causalit y i s  simpl y 

an anachronis m tha t  "scientific *  m a n woul d wel l  b e ri d of . 

• Nothing exists from whose nature some effect does not follow. (Spinoza) 

• I assert that nothing ever comes to pass without a cause. (Jonathan Edwards) 

• Causality b to ut the cement of the universe. (David Hume) 

• The Law of Causality, I believe, like much that passes among philosophers, is a relic of a bygone age, 
survivin g lik e th e monarchy ,  onl y i t  i s  erroneousl y suppose d t o d o n o har m .. .  Al l  philosophers ,  o f 

ever y school ,  imagin e tha t  causatio n i s on e o f  th e fundamenta l  axiom s o f  science ,  yet ,  oddl y enough , 

i n advance d scienc e .. .  th e wor d "cause "  neve r  occurs .  (Bertran d Russell ) 

Whether or not causality is respectable in the scientific literature, it is clear that people 

emplo y causa l  terminolog y i n thei r  da y t o da y communicatio n and ,  w e wil l  assume ,  i n thei r 

understandin g o f  th e worl d aroun d them .  Conside r  th e followin g excerpt s fro m recen t  issue s o f 

Newsweek magazin e (th e italic s ar e ours) . 

• March 4, in an article on the dangers of DDT, the chemical is described as "a pesticide that 

«»7encer f  birds ,  threatene d Wes t  Coas t  peregrin e falcon s an d bal d eagles ,  an d possibl y cause d 

cance r  i n humans" . 

• March 11, on Page 3, it reads: "Newly disclosed evidence has reignited the controversy over 

Bernar d Hug o Goet z .. .  mountin g furo r  seeme d t o b e leadin g toward s a  ne w gran d jur y 

investigatio n ... " 

• In the same issue, in a letter to the editor beginning on page 4, one reads: " ... tough laws 

wil l  no t  sto p th e us e o f  dangerou s drug s bu t  wil l  instea d lea d t o obscen e profit s ... " 

• and on page 60 an article is titled "A strike cripples Pan Am". 
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The italic s m th e quotation s ar e mean t  t o highli^ t  implici t  causa l  statements .  Th e particula r 

text ,  Newswee k magazine ,  wa s no t  carefull y selecte d fo r  ou r  purposes .  Th e reafde r  i s inrite d t o 

loo k i n an y mafazin e o r  pape r  o n hi s loca l  newstan d t o verif y th e ubiquit y o f  causa l  terminoiosy : 

bringin f  about ,  provoking ,  instigating ,  affecting ,  preventing ,  enabling ,  etcetera .  Interestingl y 

thi s tendenc y b  no t  a s eviden t  i n th e scientifi c  community .  Generall y th e mor e rigorou s o r 

mathematica l  th e subjec t  th e mor e subtl e th e causality .  However ,  les t  th e reade r  b e give n th e 

impressio n tha t  causatio n i s a  lowl y for m o f  reasoning ,  h e i s referre d t o [Leme r  65 ]  fo r  a n accoun t 

of  causation' s rol e i n scientifi c  research . 

Sinc e causa l  reasonin g appear s t o b e a n importan t  componen t  o f  intelligen t  huma n behavior , 

i t  stand s t o reaso n tha t  researcher s i n A I  shoul d striv e t o understan d i t  an d mak e us e o f  i t  i n thei r 

theories .  Indeed ,  i n recen t  year s ther e ha s bee n som e interes t  i n causation .  Medica l  diagnosi s 

system s stres s th e "causa l  reasoning *  componen t  o f  thei r  system s [Popl e 82 ]  [Pati l  e t  al .  82] . 

Theorie s o f  "qualitativ e physics '  emplo y causa l  notion s •  se e th e specia l  issu e o f  th e Journa l  o f 

Artificia l  Intelligenc e o n th e topic . 

I n thi s pape r  w e propos e a  genera l  theor y o f  causation .  A  theor y intende d t o c^tur e ou r 

intuitiv e understandin g o f  th e ter m an d a t  th e sam e tim e b e rigorou s i n it s  definition .  Befor e w e 

introduc e ou r  theory ,  however ,  le t  u s explor e som e o f  th e propertie s o f  causatio n whic h make s it s 

definitio n hard . 

I n th e first  example ,  D D T i s sai d t o hav e "caused "  variou s things ,  includin g th e silenc e o f 

birds .  Wha t  th e paragrap h i n Newswee k say s i s tha t  th e silenc e o f  th e bird s (withou t  goin g int o 

it s metaphorica l  meaning )  i s explaine d b y th e presenc e o f  D D T .  Bu t  wha t  i s th e natur e o f  thi s 

explanation ? Tha t  thi s explanatio n i s distinc t  fro m materia l  implicatio n i s obvious .  T o quot e 

Quine ,  "Whateve r  th e prope r  analysi s o f  th e contrafactua l  ma y be ,  w e ma y b e sur e i n advanc e 

tha t  i t  canno t  b e truth-functional "  [Quin e 59 ]  (actuall y reproduce d fro m [Barwis e 85]) .  Thu s X 

canno t  caus e X  eve n thoug h X  logicall y implie s X ,  an d thunde r  doe s no t  caus e th e precedin g 

lightnin g althoug h i t  implie s it .  Causalit y contain s a  "direction" ;  ther e i s n o causa l  analo g o f  th e 

logica l  equivalence ,  o r  'i f  an d onl y if" .  Causa l  explanatio n embodie s som e notio n o f  a  process : 

of  machiner y i n action . 

The presenc e o f  D D T ,  Newswee k statemen t  claims ,  triggere d a  physiologica l  proces s whos e 

outcom e wa s "th e silenc e o f  birds" .  Bu t  wha t  exactl y doe s "triggering "  mean ? Conside r  th e 

late r  exampl e abou t  th e Goet z controversy .  Th e ne w evidenc e "reignited "  th e debat e -  doe s tha t 

mean tha t  i f  tha t  evidenc e ha d no t  bee n reveale d tha t  th e controvers y woul d necessaril y  hav e 

remaine d dormant ? O f  cours e not ;  ther e ar e man y othe r  possibl e factor s tha t  coul d reviv e it : 

Goet z coul d hav e confesse d t o b e a  member  o f  th e K u Klu x Klan ,  a  simila r  cas e o f  a  "subwa y 

vigilante "  coul d hav e occurre d i n th e N Y subway ,  an d s o on .  S o th e statemen t  " A cause d B "  doe s 

not  mea n tha t  A  i s a  necessar y conditio n o f  B ,  tha t  i f  A  ha d no t  occurre d tha t  B  woul d no t  hav e 

occurred .  Similarly ,  i t  i s  no t  a  sufficien t  condition .  Th e newl y disclose d informatio n (namely , 

tha t  Goet z ha d sai d t o on e o f  hi s victim s "̂ yo u don' t  loo k to o bad ,  here' s another "  an d sho t  hi m 

a secon d time )  woul d hav e passe d unnotice d i f  a t  th e sam e tim e th e U S S R ha d declare d wa r  o n 

th e U.S. ,  o r  alternativel y i f  al l  medi a wen t  o n strik e an d th e new s coul d no t  spread .  Mos t  causa l 

explanation s hid e man y implici t  conditions ,  usuall y a n infinit e numbe r  o f  them .  I n th e excerp t 

fro m th e lette r  t o th e edito r  i t  say s tha t  th e us e o f  dangerou s drug s woul d lea d t o obscen e profits , 

but  tha t  i s  tru e onl y i f  th e potentia l  profiteer s di d no t  incur e equall y larg e losses ,  whic h i n tur n 

coul d happe n i n an y numbe r  o f  ways .  T o giv e a  mor e macabr e example ,  John' s pullin g th e trigge r 

cause d Mary' s death ,  bu t  tha t  i s  onl y becaus e sh e wa s no t  wearin g a  bullet-proo f  vest ,  tha t  th e 
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gu n wa s loaded ,  tba t  tb e bullet s wer e mad e o f  lea d rathe r  tha n marshmellows ,  an d th e lis t  coul d 

be continue d indefinitely . 

Ther e i s a  ̂ ea t  dea l  o f  philosophica l  literatur e o n causatio n spannin g severa l  thousan d years . 

For  a n overvie w th e reade r  i s referre d t o [Macke y 74] ,  an d fo r  th e curren t  view s o f  som e o f  th e 

outstandin g contemporar y philosopher s t o [Sos a 75] .  Philosoph y i s not ,  however ,  constraine d b y 

th e nee d fo r  proces s model s an d no t  surprisingl y non e hav e surface d i n th e literature .  Philosopher s 

ar e concerne d wit h th e worl d a s i t  reall y  is ,  whil e w e wil l  b e satisfie d wit h findin g a  usefu l  notatio n 

fo r  expressin g knowledge .  Wit h som e luc k ou r  notatio n shoul d correspon d wit h concept s employe d 

by humans ,  bu t  a t  n o tim e d o w e expec t  ou r  theorie s t o b e "true "  i n an y sense . 

We are concerned with the way humans reason about causality because (a) they are relatively 

goo d a t  i t  an d (b )  i t  appear s t o b e a  ver y har d problem .  Whil e causalit y migh t  profitabl y b e 

excise d fro m physics ,  w e suspec t  tha t  th e basi c caiisa l  notion s pla y a n importan t  computationa l 

rol e i n th e wa y human s reaso n abou t  th e world . 

I n tryin g t o pi n dow n causatio n ther e ar e thre e mai n issue s t o b e settled : 

1. Ontology: What entities participate in the causal interactions? What is the relation between 

the m an d ho w doe s on e deriv e ne w entitie s fro m ol d ones ? 

2. Organization: Given a commitment to what things exist, how is the information about such 

entitie s store d an d ho w doe s th e storag e arrangemen t  impos e constraint s o n th e computa -

tiona l  processe s tha t  wil l  mak e us e o f  thi s information . 

3. Computation: What processes are required to make use of the stored information. 

The three issues are in many ways inextricably intertwined. However, the first can be reason-

abl y tackle d i n isolatio n an d tha t  i s precisel y wha t  w e inten d t o d o i n thi s paper .  Ou r  solutio n 

wil l  constrai n th e organizatio n an d sugges t  a  proces s mode l  bu t  ou r  immediat e concer n i s t o settl e 

th e ontologica l  questions . 

Organization of the paper: In section 2 we state our main thesis about causation, and 

contras t  i t  wit h tw o attempt s withi n AI ,  on e b y Schan k an d on e b y Simon ,  t o dea l  wit h causatio n 

i n a  somewha t  genera l  way .  I n Section s 3 ,  4  an d 5  w e outlin e ou r  theor y o f  tim e an d causation ,  an d 

i n Sectio n 6  w e ste p bac k an d attemp t  som e perspectiv e o n wha t  w e presum e t o hav e accomplished . 

2 Thesi s 

In [Simon 65] Herbert Simon offers a specific definition of causality.* The situation in which the 

causalit y i s t o b e determine d i s represente d b y a  se t  o f  linea r  equations ,  an d th e entitie s partic -

ipatin g i n th e causa l  relatio n ar e th e variable s appearin g i n th e equations .  Certai n restriction s 

appl y t o th e se t  o f  equations ,  an d causatio n i s define d essentiall y  b y th e effec t  o f  perturbin g on e 

'Since in the following we will criticize Professor Simon's formulation, it is only fair to point out that it is an old 
one,  datin g bac k i n it s origina l  for m t o th e lat e fifties .  We understan d fro m Professo r  Simo n tha t  h e ha s recentl y 
done mor e wor k o n th e topi c togethe r  wit h a  studen t  o f  his .  We hav e no t  ye t  see n tha t  wor k an d ou r  criticis m 
has n o bearin g o n it . 
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variabl e o n othe r  variables .  Th e relatio n define d b y Simo n an d calle d "causa l  ordering *  i s no t 

transitive ,  an d ther e i s n o tempora l  informatio n (fo r  example ,  a n effec t  ma y preced e th e cause) . 

I n [Schan k 75 ]  Schan k identifie s fou r  type s o f  causa l  relations :  result ,  enable ,  initiation ,  an d 

reason .  I n orde r  t o defin e thes e relation s h e distinguishe s betwee n "actions "  an d "states" .  T o 

reaso n abou t  causalit y Schan k construct s "causa l  chains" ,  an d suggest s ho w suc h chain s ca n b e 

reconstructe d give n onl y partia l  descriptio n o f  them . 

Neithe r  o f  thes e formulations ,  w e claim ,  i s acceptable .  Ou r  thesi s i s tha t  i n orde r  t o defin e 

causatio n one  mus t  hav e a  wel l  define d theor y o f  tim e an d a  representatio n an d mean s o f  reasonin g 

abou t  wha t  w e wil l  cal l  causa l  conditionals .  I n mor e detai l  w e posi t  th e following . 

• A prerequisite for defining causation is having a precise notation for temporal information, 

whic h include s precis e definition s o f  term s lik e fact s an d events .  W e wil l  cal l  i t  a n ontolog y 

of  time .  Simon' s representatio n contain s n o tempora l  information ,  a s h e himsel f  point s out . 

Schan k doe s pa y attentio n t o entitie s lik e "action "  an d "state "  an d t o th e sequencin g o f 

suc h entitie s i n time ,  bu t  thei r  meanin g i s lef t  intuitive ;  h e offer s n o precis e definitio n o f 

them . 

• Causation cannot, in principle, be defined solely in terms of constraints on the simultane-

ous trut h valu e o f  tempora l  assertions .  Fo r  exampl e th e constrain t  F = M A doe s no t  contai n 

causa l  information ,  no r  woul d tha t  informatio n b e obtaine d b y th e additio n o f  othe r  con -

straints .  Thi s i s i n contras t  t o th e approac h propose d b y Simon . 

• Instead it is defined in terms of what we will call a theory of causal conditionals. For 

example ,  th e rul e F = M A i s replace d b y others ,  on e o f  whic h ma y hav e th e roug h for m o f 

"i f  yo u di d thi s t o F  the n tha t  woul d happe n t o A ,  al l  othe r  thing s bein g equal" .  Causall y 

conditiona l  statement s d o no t  suffe r  fro m th e inheren t  symmetr y o f  constraints . 

Based on this we will outline a theory of causation in three stages - develop a theory of time, 

i n term s o f  tha t  a  theor y o f  causa l  conditionals ,  an d finally  us e th e latte r  t o defin e causation . 

3 An ontology of time 

In this section we will briefly outline the theory which is described in more detail in [Shoham 85]. 

The theor y an d notatio n ar e influence d b y th e wor k o f  Jame s Alle n [Alle n 84 ]  an d Dre w McDer -

mot t  [McDermot t  82] .  I n thi s pape r  w e wil l  ignor e mos t  o f  th e technica l  detail s an d tr y t o conve y 

th e mai n ideas .  Thes e detail s  are ,  however ,  important ,  an d th e intereste d reade r  i s encourage d 

t o refe r  [Shoha m 85] . 

The basi c statemen t  abou t  tim e relate s a n interva l  o f  time ,  denote d b y it s tw o endpoints ,  an d 

an associate d proposition .  So ,  fo r  example ,  w e wil l  writ e H0LD{t\,t2,L0CATION{haU,loc) )  t o 

represen t  th e fac t  tha t  th e bal l  6a/ /  i s  i n locatio n lo c fro m t x t o t̂ .  Th e ter m L O G A T I O N {ball ,  loc ) 

i s a  fac t  type ,  an d th e tupl e <  tx,t2 ,  L O C A T 1 0 N  {hal l  ,loe )  >  i s a  fac t  token .  I t  i s  possible ,  a s 

severa l  peopl e hav e done ,  t o similarl y defin e even t  type s an d even t  tokens .  W e fin d tha t  thi s 

separatio n i s somewha t  arbitrar y an d tend s t o obscur e importan t  distinctions .  Fo r  example .  Th e 

bal l  rolle d i s a n fac t  an d Th e bal l  change d locatio n i s a  event ,  thoug h the y bot h denot e th e sam e 

situation .  Also ,  w e wil l  wan t  t o spea k o f  Izci s lik e Th e bal l  rolle d AN D ther e wa s anothe r  bal l  i n 
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it » path ,  o r  Th e bal l  di d N O T roll .  Ho w d o w e conjoi n tw o differen t  entitie s lik e fact s an d events ? 

Furthermore ,  conside r  th e definitio n o f  a n action .  Action s ar e usuall y define d i n term s o f  a n even t 

or  fact ,  associate d wit h othe r  concept s lik e a n acto r  an d a n intention .  Bu t  tha t  intuitivel y woul d 

cal l  fo r  tw o kind s o f  actions :  "even t  actions* ,  lik e Joh n wen t  home ,  an d "fac t  actions" ,  lik e Joh n 

stoo d atill . 

Event s an d fact s hav e enoug h i n common fo r  u s t o lum p bot h int o th e generi c categor y facts . 

We wil l  separat e ou t  "event-like "  fact s fro m "fact-like "  fact s b y thei r  particula r  properties . 

We classif y fact s alon g severa l  dimensions .  A  fac t  typ e ca n b e holographic ,  meanin g tha t  i f 

i t  hold s ove r  a n interva l  I  the n i t  hold s ove r  ever y subinterva l  o f  I .  "Joh n i s stoo d still "  i s  a n 

exampl e o f  a  holographi c fact .  A  fac t  ca n b e gestalt ,  meanin g tha t  i f  i t  hold s ove r  a n interva l 

I  i t  doe s no t  hol d ove r  an y subinterva l  o f  I .  Fo r  example ,  "Joh n walke d 3  fee t  south "  i s gestalt . 

Independently ,  a  fac t  typ e ma y o r  ma y no t  b e mergeable .  Intuitively ,  a  fac t  typ e i s mergeabl e i f 

wheneve r  i t  hold s ove r  tw o overlappin g interval s i t  hold s ove r  thei r  unio n (i n fact ,  th e technica l 

definitio n i s slightl y different) .  Fac t  type s tha t  ar e bot h holographi c an d mergeabl e ar e cal l  liquid . 

For  example ,  "Joh n stoo d still "  i s  liquid . 

Alon g wit h th e classificatio n o f  fac t  type s w e impos e a  certai n structur e o n fac t  types ,  b y 

recastin g Jame s Allen' s [Alle n 84 ]  definition s int o ou r  notation .  Thi s structur e allow s u s t o 

achiev e th e effec t  o f  havin g logica l  connective s insid e th e scop e o f  H O L D ,  s o tha t  th e meanin g 

of  HOLD{ti,t2,AND{fi,f2)) ,  HOLD{ti,t2,NOT{f)) ,  etceter a ar e wel l  defined .  Quantifier s 
receiv e simila r  treatment ,  s o on e ca n spea k o f  fac t  type s o f  th e for m FORALL(x ,  f{x)) .  Th e 

particula r  definition s hav e interestin g propertie s suc h a s tha t  fo r  an y fac t  typ e / ,  NOT(f )  i s 
holographi c (thes e ar e explore d i n [Shoha m 85]) . 

4 A theory of causal conditionals 

To summarize the previous section, all temporal information is expressed by fact tokens, and 

inferenc e rule s whic h refe r  t o th e classificatio n o f  fac t  type s an d allo w th e deductio n o f  ne w fac t 

token s fro m ol d ones .  Thi s informatio n contain s n o modality .  Eac h tupl e presumabl y represent s 

an actua l  fac t  i n th e world .  We sa y "th e world" ,  sinc e ou r  notatio n s o fa r  onl y allow s u s t o 

describ e on e stat e o f  affairs .  Th e theor y o f  causa l  conditionals ,  w e said ,  woul d represen t  an d 

reaso n abou t  informatio n o f  th e roug h for m "i f  X  occur s the n Y  wil l  occur ,  al l  othe r  thing s bein g 

equal" .  We mus t  defin e wha t  th e X  an d th e Y  are ,  an d abov e al l  spel l  ou t  th e meanin g o f  "al l 

othe r  thing s bein g equal" .  Her e to o w e wil l  onl y sketc h th e mai n idea s o f  wha t  w e cal l  "potentia l 

fact s theory" ,  keepin g formalis m dow n t o a  minimum . 

Imagin e tha t  ou r  worl d -  past ,  presen t  an d futur e -  i s  inhabite d b y a  tremendou s numbe r  o f 

potentia l  fact s whic h tr y t o manifes t  themselves ,  a s i t  were .  Fo r  example ,  conside r  a  billiar d bal l 

rollin g acros s th e table .  Ther e i s th e potentia l  fac t  o f  it s  rolling ,  whic h i n thi s cas e als o manifest s 

itsel f  •  cal l  i t  ROLLIN G 1 .  No w suppos e tha t  w e rol l  anothe r  bal l  tha t  collide s wit h th e first  rollin g 

one.  Th e law s o f  physic s tel l  u s tha t  a t  tha t  poin t  th e ball s wil l  sto p rollin g i n th e "expected " 

directio n an d begi n rollin g i n a  ne w direction .  Howeve r  w e do  no t  forge t  wher e eac h bal l  woul d 

hav e rolle d wer e i t  no t  fo r  th e collision .  I n particula r  w e remembe r  ROLLIN G 1 ,  onl y i t  i s  no t  a 

fac t  an y longe r  -  i t  manifeste d onl y a n initia l  segmen t  o f  itself .  We cal l  i t  a  potentia l  fac t  -  i t 

start s ou t  a s a  fac t  bu t  du e t o interaction s wit h othe r  potentia l  fact s i t  become s a  counterfact .  I n 

th e first  scenario ,  wher e th e secon d bal l  wa s no t  rolled ,  ROLLIN G 1  actuall y manage d t o manifes t 
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al l  o f  itself .  I n th e secon d scenari o i t  manage d t o manifes t  onl y th e par t  o f  i t  whic h precede d th e 

collision .  If ,  fo r  example ,  w e rolle d ye t  a  thir d bal l  whic h collide d wit h th e secon d bal l  befor e th e 

secon d bal l  ha s a  chanc e t o collid e wit h th e first  one ,  ROLLIN G 1  woul d agai n manag e t o manifes t 

al l  o f  itself . 

The image to keep in mind then is of a world full of potential facts fighting for existence 

and ver y fe w "real "  fact s whic h ar e selecte d b y som e centra l  arbite r  -  realit y i s  bu t  th e ti p o f  a n 

iceberg . 

Withou t  goin g int o to o muc h detail ,  th e wa y w e represen t  potentia l  fac t  token s i s b y replac -

in g th e previou s S-tuple s <  t\,t2jact-type > b y 5-tuple s <  wor/rf.token-name,ti.fj/oc'-'ypO . 

Toke n — nam e i s a  uniqu e nam e associate d wit h eac h suc h token ,  an d worl d define s th e worl d t o 

whic h tha t  fac t  toke n belongs .  W e wil l  retur n t o worl d definer s soon ,  bu t  first  le t  u s loo k a t  wha t 

thes e fac t  token s mean .  The y ca n mea n on e o f  fou r  things ,  dependin g o n whethe r  th e toke n i s 

potential ,  materialized ,  ghos t  o r  real .  B y convention ,  th e token-nam e determine s whic h typ e th e 

toke n is .  Fo r  eac h potentia l  fac t  toke n <  w,pid ,  ti,t2 ,  f  >  ther e exis t  uniqu e <  w,mid,<i,<s, /  > 

and <  w,gid,ti,t2, f  >  suc h mi d =  MATERIAL(pid )  an d gi d =  GHOST(pid) .  We wil l  sa y 
more abou t  rea l  fac t  token s later . 

For  example ,  conside r  tw o billiar d ball s colliding .  W e hav e th e tw o potentia l  fac t  token s (fo r 

convenienc e w e replac e logica l  function s b y Englis h tex t  i n th e fac t  type): 

< w,rollingl ,  1,9 ,  "6a// i  rol U fro m loc i  i n directio n dirl "  > 

< w,rollingl,2,8 ,  ''ball 2 roll s  fro m loc 2 i n directio n dirS f  > 

Now suppos e w e kno w tha t  th e ball s wil l  collid e a t  tim e t= 4 an d locatio n loc 3 an d rol l  i n ne w 

directions .  W e hav e no t  ye t  sai d ho w w e kno w tha t  th e ball s wil l  collid e -  w e wil l  soo n -  bu t  her e 

we ar e jus t  demonstratin g th e representation .  W e the n als o hav e th e following : 

< w,MATERIAL{rollingl),l,4,''ball l  roll s  fro m loc i  i n directio n dirl "  > 

< w,MATERIAL{rolling2),2,4 ,  "ball S roll s  fro m loc S i n directio n dirS f  > 

< w,GHOST{rollingl),4,9 ,  "hall l  roll s  fro m loc i  i n directio n dirl "  > 

< w,GHOSTlrolling2),4,8 ,  "ball B roll s  fro m loc S i n directio n dirS "  > 

< w, rollings, 4, ti, '^balll rolls from locS in direction dirS" > 

< w,rolling4,4,t2 ,  "ball S roll s fro m loc S i n directio n dir4 "  > 

wher e th e dirS ,  dir4 ,  f  i  an d t 2 ar e agai n determine d i n a n a s ye t  unknow n way . 

What  determine s whic h potentia l  fac t  token s exist ,  an d ho w eac h i s decompose d int o it s 

materialize d an d ghos t  part ? Th e answe r  t o th e first  questio n i s wha t  w e cal l  th e generatin g 

function ,  an d th e answe r  t o th e secon d i s wha t  w e cal l  th e clippin g function .  Togethe r  the y 

represen t  th e "physics "  o f  th e world ,  th e se t  o f  rule s tha t  ar e believe d t o gover n th e world . 

The generatin g functio n i s a  collectio n o f  statement s o f  th e for m "i f  X ,  Y,.. .  materializ e the n 

A,B,.. .  potentiall y  hold" .  Fo r  example ,  i f  yo u (actually )  fire  a  gu n loade d wit h n  bullet s the n fro m 

the n o n i t  (potentially )  ha s n  — 1  bullets .  O r  i f  yo u (actually )  pu t  a  bloc k o n th e tabl e the n fro m 

the n o n i t  (potentially )  i s  o n th e table .  Notic e tha t  th e generatin g functio n onl y add s potentia l 

fact s t o existin g one s -  s o wher e d o th e "first "  potentia l  fact s com e from ? Thi s i s wher e wha t 

we calle d th e "worl d definer "  come s int o play .  A  "worl d definer "  i s  jus t  a  se t  o f  potentia l  facts : 

a se t  o f  initia l  condition s s o t o speak .  Together ,  th e worl d define r  an d th e generatin g functio n 
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t= l  2  3  4  5  6  7  8 

n bullet s i n gu n 

I  -  -  > 

fir e 

I 

I 

n- 1 bullet s i n gu n 

fire 

n- 2 bullet s i n gu n 

I  - -  > 

Figure 1: The potential fact tokens describing John's double shooting 

determine what potential facts exist'. For example, in a world defined by the set {"the gun had 

n biUlet s a s o f  1=1" ,  "Joh n fired  th e gu n fro m t= 2 t o t=3'' ,  "Joh n fired  th e gu n fro m t= 5 t o 

1=6"} ,  an d assumin g tha t  th e onl y generatin g rul e i s th e on e abou t  gu n firing  describe d above , 

we hav e exactl y potentia l  fact s show n i n Figur e 1 . 

Notic e tha t  th e generatin g fuinctio n say s nothin g abou t  ther e no t  bein g n  bullet s i n th e gu n 

afte r  i t  wa s fired.  Thi s i s th e responsibilit y  o f  th e clippin g function .  Th e clippin g functio n i s a 

collectio n o f  statement s o f  th e for m "i f  Y ,  Z,.. .  eve r  materializ e the n th e ghos t  par t  o f  X  wil l 

begi n n o late r  tha n C .  Fo r  thi s t o mak e sense ,  th e typ e o f  th e fac t  toke n X  mus t  b e holographic . 

For  example ,  th e clippin g functio n ma y includ e th e rul e "i f  yo u fire  a  loade d gu n i t  n o longe r  ha s 

th e numbe r  o f  bullet s  i t  use d to" .  Addin g thi s clippin g rul e t o th e scenari o jus t  described ,  w e ge t 

situatio n describe d i n Figur e 2 . 

Thi s i s th e basi c outlin e o f  th e theor y o f  causa l  conditionals .  Th e precis e definition s o f  th e 

generatin g an d clippin g function s appea r  i n [Shoha m 85 ]  bu t  ar e to o length y t o includ e here . 

5 Causation 

Let's summarize the theory of causal conditionals presented thus far. A world is defined by a 

set  o f  initia l  potentia l  fact s calle d th e worl d definer .  Give n a  world ,  th e generatin g functio n 

determine s wha t  potentia l  fac t  token s exist .  Fo r  eac h suc h potentia l  fac t  token ,  th e clippin g 

functio n determine s it s decompositio n int o materialize d an d ghos t  parts . 

5.1 Direct causation 

Each potential fact token X that is not in the world definer was derived by the generating function 

applie d t o a  se t  o f  othe r  potentia l  fac t  tokens .  Eac h toke n i n tha t  se t  i s sai d t o b e a  direc t  caus e 

of  X .  Notic e tha t  i n genera l  a  toke n ha s severa l  direc t  causes .  Referrin g bac k t o Figur e 2 ,  th e 

potentia l  fac t  toke n "ther e ar e n  — 2  bullet s i n th e gu n fro m t= 6 onwards "  ha s tw o direc t  causes : 

'Thi s i s no t  strictl y tru e a s w e sh&l l  see ;  th e clippin g functio n wil l  als o influenc e whic h fact s materialize . 
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*' l  2  3  4  6  6  7  8 
D bullet s i n gu n 

I—MATERIALIZED-- X GHOST > 
fir e 

I-MATER.- I 

n- 1 bullet s i n gu n 

I  MATERIALIZE D X — GHOST > 

lir e 

I-MATER.- I 
n- 2 bullet s i n gu n 

I  MATERIALIZE D > 

Figure 2: The potential, materialized and ghost fact tokens describing John's double shooting 

"there are n - 1 bullets in the gun from t=3 onwards' and *John fired the gun from t=5 to t=6''. 

I n turn ,  "ther e ar e n  -  1  bullet s i n th e gu n fro m t= 3 onwards '  ha s tw o direc t  cause s o f  it s  own : 

"ther e ar e n  bullet s i n th e gu n fro m t= l  onwards '  an d "Joh n fired  th e gu n fro m t= l  t o t=2" . 

However ,  "ther e ar e n  bullet s i n th e gu n fro m t= l  onwards '  ha s n o direc t  causes . 

The direc t  cause s o f  materialize d fac t  token s ar e define d t o b e simpl y th e direc t  cause s o f  th e 

potentia l  token s t o whic h the y belong .  S o i n th e previou s example ,  th e materialize d fac t  toke n 

"ther e ar e n  -  1  bullet s i n th e gu n fro m t= 3 t o t=6 '  ha s tw o direc t  causes :  "ther e ar e n  bullet s 

i n th e gu n fro m t= l  onwards "  an d "Joh n fired  th e gu n fro m t= l  t o t=2" . 

Definitio n o f  th e direc t  caus e o f  ghos t  fac t  token s i s slightl y mor e comple x an d w e wil l  no t 

giv e i t  here .  W e wil l  onl y mak e a  not e o f  th e fac t  tha t  "causin g a  ghos t  fac t  toke n X '  i s  no t  th e 

same a s "preventin g X" .  I f  " X prevente d V  the n i f  X  ha d no t  occurre d the n Y  woul d have ,  bu t 

we hav e alread y see n tha t  " X cause d Y  no t  t o occur "  doe s no t  mea n tha t  i f  X  ha d no t  occurre d 

the n Y  woul d have . 

Finally ,  w e defin e th e direc t  cause s o f  rea l  fac t  tokens .  Rea l  fac t  token s wer e mentione d earlie r 

on bu t  no t  explained .  W e wil l  explai n the m throug h a n example .  Conside r  a  worl d i n whic h Joh n 

and Bil l  bot h sho t  Mar y simultaneously .  Assum e tha t  ther e i s one  generatin g rule ,  statin g tha t 

when th e trigge r  o f  a  loade d gu n i s pulle d the n th e gu n ha s one  les s bulle t  an d th e sho t  perso n • 

i s  dead .  Ther e i s als o one  clippin g rul e statin g tha t  unde r  th e sam e condition s th e gu n n o longe r 

has a s man y bullet s a s i t  di d an d tha t  th e perso n n o longe r  lives . 

I n thi s cas e ther e ar e tw o materialize d token s assertin g Mary' s bein g dea d ove r  th e sam e 

interval .  However ,  t o us ,  observer s o f  reality ,  ther e i s onl y one  deat h goin g on .  W e therefor e 

spea k o f  rea l  fac t  tokens ,  whic h ar e th e resul t  o f  projectin g materialize d fac t  token s ont o reality , 

so t o speak .  I n particula r  ther e i s exactl y on e rea l  fac t  toke n assertin g Mary' s deat h ove r  th e 

interval .  I n general ,  <  w ,  rid ,  ti,t2 ,  /  >  i s a  rea l  fac t  toke n exactl y whe n ther e exist s (a t  leas t  one ) 

materialize d fac t  toke n <  w ,  mid ,  ti ,  tz ,  f  > .  I n ordinar y speech ,  whe n w e spea k abou t  th e cause s 

of  X ,  X  i s a  rea l  fac t  token .  W h e n w e spea k abou t  th e cause s o f  Mary' s death ,  ther e i s exactl y 

one deat h w e ar e referrin g to .  Th e fac t  tha t  i n ou r  notatio n tw o potentia l  death s materialize d i s 

transparent . 

For  eac h rea l  fac t  toke n ther e i s th e se t  o f  materialize d fac t  token s tha t  gav e rise  t o it ,  namel y 
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al l  th e materialize d fac t  token s wit h whic h i t  share s th e tempora l  exten t  an d fac t  typ e (an d o f 

cours e th e worl d definer) .  I n th e las t  example ,  th e rea l  fac t  toke n assertin g Mary' s deat h ha s tw o 

materialize d token s tha t  gav e ris e t o it ,  al l  th e res t  hav e exactl y one .  W e no w defin e th e se t  o f 

direc t  cause s o f  a  rea l  fac t  toke n X  t o b e th e se t  o f  direc t  cause s o f  al l  th e materialize d fac t  token s 

tha t  gav e ris e t o X .  Notic e tha t  thi s i s a  se t  o f  sets .  I n th e sam e exampl e th e direc t  caus e o f 

Mary' s deat h i s th e se t  {{"Bill' s  gu n wa s loaded" ,  "Bil l  pulle d th e trigge r  o f  hi s gun"},{"John' s 

gun wa s loaded" ,  "Joh n pulle d th e trigge r  o f  hi s gun"}} . 

As w e mentioned ,  th e se t  o f  direc t  cause s o f  a  rea l  fac t  toke n i s a  a  se t  o f  sets .  Ther e ar e a 

fe w specia l  cases .  I f  th e se t  o f  direc t  cause s o f  a  rea l  fac t  toke n Y  i s {{X},Sl,S2,...,Sn }  the n w e 

wil l  sa y tha t  X  i s a  direc t  disjunctiv e caus e o f  Y .  I f  th e se t  o f  direc t  cause s o f  a  rea l  fac t  toke n 

Y i s {{X,Z,...,T} }  the n w e wil l  sa y tha t  X  i s a  direc t  conjunctiv e caus e o f  Y .  I f  th e se t  o f  direc t 

cause s o f  Y  i s {{X} }  the n w e wil l  sa y tha t  X  i s th e uniqu e direc t  caus e o f  Y . 

I n th e nex t  tw o subsection s w e introduc e broade r  notion s o f  causation .  Unfortunately ,  du e t o 

lengt h limitations ,  w e ca n d o littl e mor e tha n introduc e them . 

5.2 Indirect causation 

We will say that X is an indirect cause, or simply a cause, of Y if one of the two holds: 

1. X is a direct cause of Y, or 

2. Z is a direct cause of Y and X is an (indirect) cause of Z. 

This is a generalization of the naive notion of a "causal chain". The latter is a special case of 

a lis t  o f  fac t  token s eac h bein g th e uniqu e direc t  caus e o f  th e followin g one . 

5.3 Causal origin 

Given our (informal) definition of indirect causation, we now (informally) define the caiisal origins 

of  fac t  tokens ,  "th e origina l  sin" .  Th e causa l  origi n o f  a  potentia l  fac t  toke n ar e al l  it s  indirec t 

cause s whic h ar e i n th e worl d definer .  Fo r  example ,  agai n referrin g bac k t o Figur e 2 ,  th e causa l 

origi n o f  "ther e ar e n  -  2  bullet s i n th e gu n fro m t= 3 onwards '  i s  th e se t  consistin g o f  th e thre e 

token s "ther e ar e n  bullet s i n th e gu n fro m t= l  onwards" ,  "Joh n fired  th e gu n fro m t= 2 t o t=3 " 

and "Joh n fired  th e gu n fro m t= 5 t o t=6" . 

Th e significanc e o f  causa l  origin s derive s fro m th e significanc e o f  worl d definers .  Th e latte r 

completel y characteriz e th e stat e o f  affairs ,  assumin g a  give n physic s (tha t  is ,  fixed  generatin g 

and clippin g functions) .  Thi s mean s tha t  i n orde r  t o contro l  th e worl d a n agen t  nee d onl y contro l 

th e fact s an d event s describe d i n th e worl d definer .  I f  h e wishe s t o eliminat e a n undesirabl e phe -

nomenon h e nee d onl y eliminat e som e o f  it s  causa l  origins ,  o r  alternativel y ad d som e token s t o th e 

worl d define r  tha t  wil l  preven t  th e phenomenon .  Similarl y  i f  h e notice s desirabl e manifestation s 

he ca n se t  abou t  eliminatin g unnecessar y wor k whic h doe s no t  contribut e t o bringin g abou t  thos e 

manifestations . 
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6 S u m m a r y 

We have defined what it means for one thing to cause another. In doing so we developed an 

ontolog y o f  tim e i n whic h potentia l  fact s abou t  th e worl d ar e decompose d int o materialize d 

and ghos t  parts .  T o captur e th e actua l  physic s o f  th e worl d w e presente d a  theor y o f  causa l 

conditionals .  Thi s introduce d th e ide a o f  generatin g an d clippin g function s whic h sugges t  a n 

organizatio n fo r  ou r  causa l  knowledge .  Thi s organization ,  w e claim ,  fits  wel l  wit h ou r  intuition s 

abou t  ho w peopl e represen t  an d reaso n abou t  causality . 
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