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Ih c Proble m o f  I'xistcnc c 

Kcnnctli D. l-'orbus 
Dcparimci u o f  Compute r  Science ,  Universit y o f  Illinoi s 

130 4 W .  Springfiel d Avenue .  Urbanu ,  Illinois ,  6180 1 
Arpanet :  forbusC "  U l U C 

Abstract :  Reasonin g abou t  change s o f  existenc e i n objects ,  suc h a s stea m appearin g an d wate r 
disiippearin g whe n boilin g occurs ,  i s  somethin g peopl e d o ever y da> .  Discoverin g metliod s t o rea -
so n abou t  suc h change s i n existenc e i s a  centra l  proble m i n Naiv e Physics .  Thi s pape r  analyze s th e 
proble m b y isolatin g a n importan t  case ,  calle d quantii)>-condiiione d existence ,  an d present s a  genera l 
metho d fo r  solvin g it .  A n exampl e generate d b y a n implemente d progra m i s exhibited ,  an d 
remainin g ope n problem s ar e discussed . 

1.  Introductio n A n importan t  featur e o f  th e physica l  worl d i s tha t  object s c o m e an d go .  I f  w c 
boi l  wate r  stea m appears ,  an d i f  th e boilin g continue s lon g enoug h tli e wate r  completel y disappears . 
Modelin g change s i n existenc e i s a  centra l  proble m i n qualitativ e physics ,  ye t  mos t  theorie s avoi d it . 
de Klee r  &  JJrow n (1984 )  an d William s (1984 )  defin e i t  awa y b y basin g thei r  formalism s o n syste m 
dynamics .  I n syste m dynamics ,  tJi e mode l  builde r  construct s a  networ k o f  "devices "  t o represen t 
tli e syste m unde r  study .  M a n y system s ar c no t  represente d naturall y b y syste m dynamic s (suc h a s 
boilin g water) ,  an d tiic y d o no t  addres s tli e cmcia l  issu e o f  generatin g th e initia l  devic e networ k 
fro m wha t  a  perso n see s w h e n walkin g aroun d i n th e everyda y world .  Kuiper s (1984 )  represent s a 
syste m b y a  collatio n o f  constrain t  equations ;  object s ar e onl y represente d implicitl y  b y th e name s 
chose n fo r  variable s i n th e equations ,  s o hi s syste m provide s n o hel p o n tlii s  issu e cither .  S immon s 
(1984 )  provide s a  mean s o f  specifyin g tha t  object s appea r  an d vanis h i n hi s represonuitio n o f 
occurrence s o f  processes ,  bu t  i n a  wa y tha t  preclude s discoverin g change s i n existenc e no t  explicitl y 
foresee n b y tli c  modeller .  W e l d (1984 )  provide s a  simila r  notio n i n hi s elegan t  ilieor y o f  discret e 
processes ,  bu t  wit h simila r  limiuitions .  N o genera l  solutio n cunenil y exists .  Give n th e rang e o f 
phenomen a (includin g stat e changes ,  chemica l  reactions ,  an d fracture s i n solids )  thi s i s no t  to o 
surprising .  Thi s pape r  present s a  solutio n t o a n importan t  specia l  case ,  base d o n th e framewor k 
provide d b y Qualitiitiv e Proces s tlicor y (Forbu s 1981 ;  1984a) .  Fire t  w e describ e a  genera l  logi c o f 
existence ,  extendin g notion s o f  historie s introduce d b y Haye s (1979 )  an d the n introduc e th e ide a o f 
quantity-conditione d existence .  Nex t  w c describ e a  tempora l  inheritanc e procedur e fo r  reasoning . 
abou t  change s i n existence ,  an d illustrat e it s operatio n wit h a n example .  Finally ,  w e sugges t  a 
directio n i n whic h t o loo k fo r  furtlie r  solution s t o th e proble m o f  existence . 

2.  A  Lo^i c o f  Kxistcnc c Object s i n th e worl d ar e represente d b y individuals .  I n genera l  cri -
teri a fo r  wha t  constitute s a n individua l  depend s o n th e domain .  Historie s represen t  h o w object s 
chang e ove r  time .  Th e histor y o f  a n objec t  describe s it s "spatio-tempora l  extent "  an d i s annotate d 
wit h th e propertie s tha t  hol d fo r  th e objec t  a t  variou s limes .  W e futiie r  assum e tli c  extension s 
describe d i n (Forbu s 1984a) . 

We begi n b y distinguishin g betwee n tv/ o relate d notion s o f  existence .  T h e firs t  i s  logica l 
existence ,  whic h simpl y mean s tha t  i t  i s  no t  inconsisten t  fo r  ther e t o b e som e stat e o f  affair s i n 
whic h a  particula r  individua l  exists .  A  squar e circl e i s somethin g whic h logicall y canno t  exis t  'ITi c 
secon d notio n i s physica l  existence .  v>'hic h mean s tha t  a  particula r  individua l  actuall y doe s exis t  a t 
some pailicul.i r  time .  Clearl y a n individua l  whic h physicall y exist s mus t  logicall y exist ,  an d a n 
individua l  whic h logicall y canno t  exis t  ca n neve r  physicall y exis t  A n examjil e o f  a n individua l 
whic h logicall y exist s bu t  whic h (h(jpefully )  neve r  physicall y exist s i s th e arseni c solutio n i n m y 
coffe e cup . 

ITi e predicat e individiia l  indicate s ilia t  it s  argumen t  i s a n individual .  Bein g a n individua l 
means tha t  ii s  propertie s an d rcl.ition̂ hip s wit h othe r  thing s ca n chang e wit h time ,  an d Uia t  i t  ma y 
not  alway s physicall y exist .  Th e rcl.iiio n Fxis(s-ln(i ,  ( )  indicate s tha t  indivitUci l  i  exist s a t  o r  dur -
ing ,  tim e t .  Th e impor t  o f  llii s  relationshi p i s th e creatio n o f  a  slic e \ o represen t  th e propertie s o f  i 
at  I .  A  slic e o f  a n objec t  U  a t  tim e t  i s  denote d b y at(H ,  i) .  Al l  predicates ,  functions ,  an d relation -
ship s betwee n object s ta n appl y t o slice s t o indicat e thei r  tempora l  extent ,  i.e. .  th e spa n o f  tim e 
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the y ar c tru e for . 

Hayes '  origina l  treatmen t  o f  historie s di d no t  addres s th e interactio n betwee n existenc e an d 
predication .  W h a t  i s th e trut h o f  a  predicat e applie d t o a  slic e w h e n th e individua l  i s  no t  believe d 
t o physicall y exis t  a t  th e lim e correspondin g t o tJia t  slice ? Allowin g al l  predicate s t o b e tru e o f  a n 
individua l  w h e n i t  doesn' t  physicall y exis t  ha s tli c  proble m tha t  ever y fac t  F  whic h depend s o n a 
predicat e P  mus t  n o w als o b e explicitl y  justifie d b y a  statemen t  o f  existence ,  suc h a s 

P<at(ol)j, t)) and F.xists-in(obj, t) -* F 

rathe r  tha n jus t 

P(at(ol)j, t)) -* F 

T o avoi d this ,  w e simpl y indicat e tha t  certai n predicate s whic h depen d o n physica l  existenc e 
impl y tha t  th e individua l  doe s exis t  a t  tha t  time ,  i.e . 

P(at(obj, t)) -* Exists-in(obj, t) 
Thi s allow s th e implication s o f  th e predicatio n t o b e state d simply ,  whil e als o providin g a  usefu l 

constrain t  fo r  detectin g inconsistencies .  However ,  uixonomi c constraint s mus t  b e specifie d care -
fully .  Conside r  tli e statemen t  tha t  a n objec t  i s eitlic r  rigi d o r  elastic .  I f  w e simpl y assume d 

For-AU si € slice, Rigi(l(sl) or Elastic(sl) 

we woul d b e assertin g th e existenc e o f  th e objec t  a t  tli e tim e represente d b y tha t  slice ,  sinc e 
on e o f  th e alternative s mus t  b e true .  Thes e statement s mus t  alway s b e place d i n th e scop e o f  s o m e 
implicatio n whic h wil l  guarante e existence ,  suc h a s 

For-All si € slice Physob(sl) -* [Rigi(l(sl) or Elastic(sl)] 

t o avoi d inappropriat e presumption s o f  physica l  existence . 

Situation s describ e a  collectio n o f  object s bein g reasone d abou t  a t  a  particula r  time .  A  situa -
tio n simpl y consist s o f  a  collectio n o f  slice s correspondin g t o a  se t  o f  object s existin g a t  a  particula r 

time.^ 

A n individual' s existenc e i s quantity-conditione d i f  inequalit y informatio n i s require d t o estab -
lis h o r  rul e ou t  it s existence .  A n exampl e i s Hayes '  (1979 )  conlaincd-liqui d ontology .  I n tlii s  ontol;; _ 
ogy a  liqui d exist s i n a  containe r  i f  ther e i s a  non-/.er o amoun t  o f  i t  inside .  I t  ca n b e extende d t o a 
contained-stuf f  ontolog y tlia t  model s solid s an d gassc s a s follows .  Le t  th e functio n amount-of-i n 
m ap fro m states ,  substances ,  an d container s t o quantities ,  suc h tlia t  A[ainount-of-iii(siib,st,c) J i s 

greate r  tha n zer o exactl y w h e n tlicr c i s som e substanc e su b i n stat e s t  i n containe r  c. ^  Le t  th e fianc -
lio n C- S denot e a n individua l  o f  a  particula r  substanc e i n a  particula r  stat e insid e a  particula r  con -
tainer .  Fo r  insLincc ,  a  colTc c cu p typicall y contiiin s tw o individuals ,  denote d C-S(colTcc ,  liquid , 
cup )  an d C-S(air ,  gas .  cup) .  T h e individua l  denote d b y C- S exist s exactl y w h e n th e appropriat e 
amount-of-i n quantit y i s greate r  tha n zero .  (Se c Korbu s (1984b )  fo r  details. )  Othe r  kind s o f  materia l 
object s als o see m t o b e capture d b y quaiitity-condiiiono d existence ,  includin g object s subjec t  t o sub -
limation ,  evaporation ,  o r  othe r  change s i n a m o u n t  whic h d o no t  caus e "stmclural "  changes .  E x a m -
ple s includ e containe d powdci"s ,  heap s o f  sand ,  an d ic e cubes .  A  bloc k o f  wood ,  however ,  provide s 
a counter-example .  Unde r  certai n condition s th e block' s existenc e ca n b e modele d a s quantity -
conditioned ,  fo r  instanc e w h e n sandin g o r  grindin g d o w n surface s o f  it .  Bu t  severa l  way s o f  chang -
in g th e block' s existenc e canno t  b e s o modele d -  conside r  sawin g th e bloc k i n hal f  o r  bendin g i t 
unti l  i t  breaks .  W e wil l  retur n t o thi s issu e later . 

'  Oualilativ o Proces s lhcc)r > provide s a  wa y t o dclcnnin c wha t  object s mus t  b e considere d logcihc r  fo r  accurat e prcd -
iciion .  I  ler c w c assum e .situation s contai n slice s fo r  al l  o1>jlcL s tha t  exis t  a t  th e tim e i n question . 

^  I n Qt '  theor y a  quantit y consist s o f  a n amoun t  an d a  dciivalive ,  an d th e functio n A  map s a  quantit y int o it s  amount . 
Similarly ,  th e functio n 1 )  map s a  quaniii y  int o it s derivative . 
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3.  Modelin g Chnngc s o f  K\istenc c I n Q V theory ,  processe s ar c th e ultimat e sourc e o f  al l 
change s tha t  happe n i n tli e physica l  world .  Processe s ac t  h y causin g change s i n continuou s parame -
ter s o f  objects .  A  liqui d tlow ,  fo r  instance ,  cause s Ui c amoun t  o f  on e liqui d t o increas e an d tli c 

amount  o f  anothe r  t o decrease .  Thes e change s i n parameter s wil l  caus e inequalit y relationships '  t o 
change .  Thes e i n tur n ca n lea d t o change s i n th e collectio n o f  activ e processes ,  a s whe n th e pres -
sure s i n tw o contiiinei- s cquali/. e a s a  resul t  o f  H o w betwee n them .  The y ca n als o caus e individual s 
whos e existenc e i s quantity-conditione d t o appea r  an d vanisli .  Thes e change s ar e compute d b y a 
tempora l  inheritanc e procedur e tiia t  determine s wha t  th e worl d look s lik e afte r  a  change .  Thi s pro -
cedur e solve s tli c  fram e proble m fo r  simulatio n withi n th e Q P ontology . 

A fe w remark s wil l  m a k e th e pa)ccdur e clearer .  l-"irst ,  th e statement s whic h mus t  b e tru e fo r 
a proces s t o ac t  ar e divide d int o quaniii y  cundiiiun s (whic h refe r  t o mcqualitie s an d otlie r  relation s 
define d withi n Q P theory )  an d prccoiidliion s (al l  othe r  statement s a  proces s depend s on) .  W e 
assume th e fact s suite d i n precondition s remai n unchanged ,  althoug h di e procedur e ca n b e easil y 
modifie d t o trac k suc h change s (an d di e implcmetatio n doc s so) .  Second ,  w e assum e tha t  unles s w e 
k n o w otherwise ,  individual s whic h exis t  remai n i n existence .  T'inally .  di e inequalit y relationship s i n 
tli e Quantit y Space s ca n b e divide d int o tw o classes ,  thos e relationship s i n di e curren t  stat e whic h 
migh t  chang e an d dios e whic h cannot .  Cal l  di e se t  o f  inequalit y relationship s whic h migh t  chang e 
Q.  Importandy .  assumin g dia l  a  particula r  chang e occur s implie s dia t  di e relationship s betwee n th e 
quantitie s i t  mention s chang e an d dia t  n o othe r  inequalitie s fro m S2 change . 

Thin k o f  di e fact s whic h compris e a  situatio n a s consistin g o f  a  collectio n o f  assumption s an d 
consequence s o f  thos e assumptions .  Findin g di e result s o f  a  chang e involve s carefull y modifyin g 
th e assumpdons .  T w o factor s complicat e this .  First ,  th e procedur e whic h generate s possibl e 

changes' *  i s  local ,  an d thu s sometime s hypothesize s change s whic h ar e no t  actuall y possible .  T h e 
procedur e describe d belo w filters  ou t  impossibl e changes .  Second ,  di e indirec t  consequence s o f  th e 
k n o w n chzuige s wil l  invalidat e a  subse t  o f  di e previousl y hel d assumptions .  Fo r  instance ,  a n 
assumpuo n abou t  th e leve l  o f  wate r  i n a  cu p relativ e t o som e odie r  heigh t  i s m o o t  i f  th e wate r  i n 
di e containe r  n o longe r  exists .  Ih e procedur e correcd y detect s m o o t  assumpdons . 

I n wha t  follows ,  " W h e n consisten t  assum e P "  mean s "i f  yo u don' t  alread y believ e ~ > P , 
assum e P .  Otherwise ,  d o nodiing. "  T h e tempora l  inheritanc e procedur e is : 
(1 )  A s s u m e tha t  individual s whos e existenc e i s no t  quandty-condidone d remai n i n existenc e an d 
tha t  al l  precondidon s remai n di e same . 
(2 )  A s s u m e th e inequalide s represente d b y di e hypodiesize d chang e ar e true ,  an d dia t  al l  othe r  rcla -
donship s i n Q  remai n true . 
(3 )  W h e n consisten t  assum e quandty-conditione d individual s remai n i n existence . 
(4 )  W h e n consisten t  assum e dia t  inequalide s no t  i n fi  hold . 
I f  an y require d assumptio n lead s t o a  contradicdon ,  the n asser t  tha t  di e propose d chang e i s incon -
sisten t  'Th e algorith m i s subtle ,  an d i s bes t  understoo d b y analyzin g a n example . 

4.  /\ n Exampl e Conside r  a n ope n ca n partiall y  filled  wit h wate r  sitdn g o n a  stove ,  suc h tha t 
di e burne r  o f  di e stov e provide s a  hea t  pad i  betwee n them .  Assum e th e wate r  i s initiall y  belo w it s 
boilin g temperatur e an d coole r  tha n th e stove .  Figur e 1  show s th e possibl e behavior s (th e envision -

ment )  produce d b y G I Z M O . ^  I n di e envisionmen t  I S indicate s di e se t  o f  quandty-condidone d indi -
vidual s tha t  exis t  i n a  situation .  Th e se t  o f  activ e processe s i s indicate d b y P S .  Possibl e change s 
ar c indicate d b y di e prefi x Q H .  Jh e funcdo n l) s m a p s fro m a  quandt y t o th e sig n o f  it s  dcrivadve , 
whic h correspond s t o th e intuidv e nodo n o f  direcdo n o f  chang e (i.e. ,  - 1 indicate s decreasing ,  0  indi -
cate s constan t  an d 1  indicate s increasing) .  T h e Proces s Vocabular y use d her e consist s o f  heat-flo w 
an d boiling ,  as  describe d i n Forbu s (1984b) . 

^  I n Q P theory ,  numerica l  value s ar e represente d b y collection s o f  orderin g relation s calle d Quantit y Spaces . 

*  Limi t  Analysi s jj.enerale s possibl e change s b y lookin g a t  quantit y spac e informatio n an d th e .sign s o f  derivative s l o 
detemiin e al l  th e possibl e way s ih e inequalitie s ca n change .  Whil e severa l  domain-independen t  constraints ,  suc h a s con -
tinuity ,  reduc e th e numbe r  o f  hypoihesi/c d change s domain-dependen t  iiiloiTnaiio n i s sometime s required .  Th e tempora l 
inheritanc e algorith m provide s a  wa y l o us e suc h information . 

'  fil/.M O iniplcmeiiL s th e basi c operation s o f  Qualiiati\ c  Proces s theory ,  includin g facilitie s fo r  makin g prcdictioa s 
and intcn)retin g mca.surcmcnL s take n a t  a  singl e instant .  Se e 1  orbu s (1984b )  fo r  details . 
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Figur e I  — Predicte d behavior s 

^ -̂.QH O »  SO 
START—QHl  >S 1 

^ Q H2 >S 2 QH3-^S 3 — QH4->S 4 

Abbreviations : 
T =  temperatur e A-o f  =  amount-o f 
T B =  boilin g temperatur e S T =  stov e 
WC =  C-S(watcr ,  liquid ,  can )  H F l  =  heat-flow(stove ,  W C ,  burner ) 
SC =  C-S(watcr ,  gas ,  can )  H F 2 =  hcat-flow(stove ,  SC ,  burner ) 

Start: IS: {WC), PS: {HFl}, DsnXWC)] = 1 
SO:  IS :  { W C } ,  PS :  {} ,  A n X W C ) ]  =  A[T(ST)] ,  al l  D s value s 0 
SI :  IS :  { W C } ,  PS :  {} ,  Ar i (WC) ]  =  A[T(ST)] ,  A[T(WC) ]  =  A[TB(WC)] , 

al l  D s value s 0 
S2:  IS :  { W C ,  SC} ,  PS :  {HF l ,  H F 2 ,  Boiling} ,  Ds[T(WC) ]  =  Ds[T(SC) ]  =  0 

I)s[A-oP(WC) ]  =  -1 ,  Ds[A-of(SC) ]  =  1 
S3:  IS :  {SC} ,  PS :  { H F 2 } ,  Ds[T(SC) ]  =  1 
S4:  IS :  {SC} ,  PS :  {} ,  al l  D s value s 0 

QHO: A[T(WC)] < A[T(ST)] becomes =. QHl: QHO and QH2 occur simultaneously. 
Q H 2:  A[T(WC) ]  <  A[ rB(WC) ]  become s = .  Q H 3 :  A[A-ofl[WC) ]  >  zer o become s = . 
Q H 4:  A[T(SC) ]  <  A[T(S'r) ]  become s = . 

I n th e initia l  stat e S T A R T G I Z M O deduce s tha t  hea t  flow  occurs ,  sinc e ther e i s assume d to -
be a  temperatur e differenc e betwee n th e stov e an d th e water .  I t  als o deduce s tha t  boilin g i s no t 
occurring ,  sinc e w e assume d n o stea m exist s sinc e amount-of-i n fo r  tha t  combinatio n o f  stat e an d 
substanc e wa s zero .  Eithe r  th e hea t  flow  wil l  sto p (i f  tli e temperatur e o f  th e stov e i s les s tha n o r 
equa l  t o th e boilin g temperatur e o f  th e water ,  represente d b y change s Q H O an d Q H l ,  respectively ) 
or  boilin g wil l  occu r  (i f  th e temperatur e o f  th e stov e i s  greate r  tha n th e boilin g temperature , 
represente d b y chang e Q H 2 ) .  I f  boilin g occur s (situatio n S2 )  tlic n stea m wil l  com e int o existence . 
Ignorin g flows  ou t  o f  th e container ,  di e nex t  chang e i s tha t  tli e wate r  wil l  vanis h (QH3) ,  endin g th e 
boiling .  Th e hea t  flow  fro m th e stov e t o th e stea m wil l  continue ,  raisin g th e steam' s temperatur e 
unti l  i t  reache s tha t  o f  th e stov e (chang e Q H 4 ,  resultin g i n th e final  stat e S4) .  W e ca n se e th e 
impac t  o f  diff'eren t  aspect s o f  tli e tempora l  inheritanc e metho d b y seein g ho w thi s descriptio n 
woul d chang e i f  i t  wer e difi'ercnt .  Failin g t o distinguis h betwee n change d an d inherite d quantit y 
condition s (i.e. ,  thos e i n Q  an d thos e i n it s  complement )  woul d rul e ou t  Q H O sinc e w e woul d 
inheri t  th e initia l  assumptio n o f  n o steam .  Inheritin g belief s concernin g quantity-conditione d indi -
vidual s befor e updatin g change d inequalitie s woul d preclud e Q H 3 ,  leavin g u s witl i  wate r  tha t  wa s 
boilin g awa y bu t  neve r  completel y vanishing . 

5.  Discussio n Quantity-conditione d existenc e provide s a  simpl e solutio n t o th e proble m o f 
existenc e fo r  severa l  importan t  classe s o f  materia l  object s i n Naiv e Pliysic s (i.e. ,  containe d stuffs) .  I t 
appear s tha t  quantity-conditione d existenc e ca n b e extende d t o reaso n abou t  al l  change s i n 
existenc e cause d b y processe s whic h affec t  tli c  amoun t  o f  somethin g withou t  nfl'cctin g iL s gros s 
structure .  However ,  i t  canno t  mode l  al l  change s i n existence ;  bangin g a  roc k wit h a  hammer ,  fo r 
instance ,  result s i n tli e roc k breakin g int o severa l  ne w rocks .  Th e reason s rock s brea k a s tlie y d o 
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concer n exactl y wher e tlie y ar e staic k an d th e detail s o f  thei r  microsimcturc .  'Hicr c i s n o simpl e 

descriptio n o f  thi s chang e b y mean s o f  a  smal l  se t  o f  quantitie s becaus e geometi" y i s intimatel y 
involved .  \V c slioul d no t  b e to o discouraged ,  however ,  becaus e i t  i s  no t  clea r  jus t  ho w dee p com -
monscns e model s o f  fractur e reall y arc .  Whil e w e hav e roug h idea s abou t  tJi e numbe r  an d shap e o f 
piece s tha t  resul t  fro m breakin g cciiai n objects ,  w e ofte n canno t  m a k e ver y detaile d prediction s 
abou t  exactl y wha t  piece s wil l  resul t  whe n a n objec t  break s l-lve n traditiona l  Material s Scienc e can -
not  mak e suc h prediction s i n ful l  detai l  fo r  a n arbitrar y piec e o f  material ,  s o w e shouldn' t  expec t 
Naiv e Physic s t o d o so . 

T h e centralit y o f  geometr y i n th e ope n problem s abov e suggest s tlia t  anothe r  clas s o f  answer s 
t o tli e proble m o f  existenc e lie s i n qualitativ e kinematics ,  th e theor y o f  place s an d thei r  spatia l  rela -
tionship s which ,  togethe r  wit h qualitativ e dynamic s (e.g. ,  Qt-'̂ l'tiitiv e Proces s theory )  ma y b e viewe d 
as providin g th e large-scal e structur e o f  Naiv e Physics .  Configura l  informatio n become s eve n mor e 
importan t  whe n considerin g mor e abstractl y define d object s (suc h a s a  trus s o r  a  forc e balance) ,  s o 
i t  appear s tlia t  a  theor y o f  qualitativ e kinematic s migh t  solv e a  larg e clas s o f  existenc e problems . 
T h e nee d fo r  suc h a  theor y i s growin g clearer ,  an d hopefull y thi s pape r  wil l  stimulat e mor e wor k i n 
thi s area . 
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