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A b s t r a c t 

Capturing correct changes both locally and glob-
all y i s  crucia l  t o predictin g th e behavio r  o f  physi -
cal  systems .  However ,  du e t o th e natur e o f  qual -
itativ e simulatio n techniques ,  the y canno t  avoi d 
losin g som e informatio n whic h i s  usefu l  fo r  find-
in g precis e globa l  behavior .  Thi s pape r  describe s 
ho w globa l  constraint s ar e represente d an d m a -
nipulate d i n curren t  simulatio n systems ,  usin g a 
model  o f  a n interna l  combustio n engine .  Th e ba -
si c ide a o f  ou r  approac h i s t o automaticall y gener -
at e additiona l  informatio n fo r  maintainin g globa l 
constraint s durin g simulatio n s o tha t  simulatio n 
technique s ca n filter  globa l  behavior s wit h th e suf -
ficient  information .  Thi s i s don e b y automaticall y 
introducin g variable s an d controllin g thei r  value s 
t o guid e correc t  transition s betwee n th e behaviors . 
We expres s thi s ide a withi n th e framewor k o f  Qual -
itativ e Proces s (QP )  theory .  Thi s techniqu e ha s 
been implemente d an d integrate d int o a n existin g 
qualitativ e simulatio n progra m QPE. 

Introduction 

Understanding the behaviors of physical systems is 
an importan t  par t  o f  commonsens e physics .  Give n 
a syste m description ,  a  qualitativ e simulato r  pre -
dict s th e behavio r  b y finding  possibl e state s an d 
th e transition s betwee n them . 

Conceptually ,  w e vie w determinin g possibl e be -
havio r  a s a  proces s o f  filtering  illega l  state s an d 
illega l  stat e transition s (Struss ,  1988) .  Transitio n 
filtering  shoul d b e don e a t  tw o differen t  levels :  lo -
cal  an d globa l  filtering.  Loca l  filtering  focuse s o n 
whethe r  a  transitio n betwee n tw o state s i s lega l  o r 
not ,  base d o n th e relatio n betwee n th e tw o withou t 
considerin g th e othe r  states .  I n qualitativ e simu -
lation ,  thi s i s determine d b y th e change s o f  stat e 
variable s an d continuit y (thi s proces s i s calle d limi t 
analysis) .  Fo r  example ,  fo r  stat e variabl e a  an d b , 
i f  a  <  b  an d a  i s increasin g whil e b  i s no t  changing , 
the n nex t  stat e m a y b e a  =  b .  O n th e othe r  hand , 
globa l  filtering  concern s finding  correc t  behaviors , 
i.e ,  correc t  sequence s o f  transitions . 

Simulatio n process ,  whethe r  i t  i s  numerica l  o r 
qualitative ,  finds  behavior s onl y b y loca l  filtering. 
I n spit e o f  th e lac k o f  globa l  filtering,  numerica l 
simulatio n ca n find  correc t  behavior s sinc e i t  use s 
precb e metri c information .  However ,  i n th e cas e 
of  qualitativ e simulation ,  th e localize d natur e o f 
simulatio n combine d wit h qualitativ e descriptio n 
i s no t  sufficien t  t o infe r  precis e globa l  behaviors . 
Thus ,  understandin g h o w t o automat e globa l  fil-
terin g an d h o w t o integrat e i t  wit h loca l  filtering 
i s crucia l  t o designin g a n intelligen t  reasonin g sys -
tem . 

Recen t  wor k i n globa l  constraint s ha s focuse d 
on applyin g th e ide a o f  qualitativ e theor y o f  dy -
nami c system s t o qualitativ e simulation s (Le e & 
Kuiper ,  1988 ;  Struss ,  1988) .  Afte r  state s an d tran -
sition s ar e compute d b y a  qualitativ e simulator , 
eac h stat e i s converte d t o a  poin t  i n a  phas e space ^ 
an d eac h transitio n t o th e segmen t  whic h connect s 
it s predecesso r  an d successo r  state .  Onc e th e be -
havio r  o f  a  syste m i s expresse d Ji s a  trajector y i n a 
phas e space ,  the n som e geometri c constraint s ar e 
applie d t o thi s trajector y fo r  filtering  behaviors . 
Th e trajector y shoul d b e checke d i n ever y phas e 
spac e du e t o th e localize d natur e o f  simulations . 
Thi s approac h wa s usefu l  fo r  som e cases ,  suc h a s 
th e stabilit y  o f  a  cycle ,  eve n thoug h thi s approac h 
ca n b e applie d onl y t o a  limite d clas s o f  systems . 
Basically ,  thi s metho d i s no t  adequat e fo r  reason -
in g tas k wher e threshol d play s a n importan t  rol e 
(Le e &  Kuiper ,  1988) .  Furthermore ,  understand -
in g thi s approac h i s no t  eas y fo r  th e peopl e w h o 
do no t  hav e mathematica l  background .  Obviously , 
peopl e d o no t  see m t o us e thi s phas e spac e fo r  fil-
terin g behaviors . 

Thi s paper s present s a n approac h t o exten d 
qualitativ e simulatio n t o includ e globa l  filtering. 
Instea d o f  checkin g globa l  behavio r  afte r  gettin g 
locall y correc t  behavior ,  th e globa l  constraint s ar e 
als o filtered  durin g limi t  analysis .  Give n th e con -
straint s abou t  th e behavio r  afte r  a  particula r  state . 

^ A phas e spac e fo r  a  syste m i s a  Cartesia n produc t 
of  stat e variables . 
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th e transition s t o th e illega l  behavio r  fro m th e 
stat e ar e pruned .  Sinc e thi s filtering  i s don e b y 
limi t  analysis ,  ou r  approac h ca n captur e th e globa l 
constraint s whic h ar e sensitiv e t o th e change s o f 
variables .  Ou r  approac h i s illustrate d usin g a n im -
plemente d mode l  o f  a n interna l  combustio n engine . 
We describ e ho w subtl y differen t  expansio n peri -
ods wit h an d withou t  combustio n i n th e cylinde r 
ar e captured . 

Problem 

Envisioning is a process of deriving all possible be-
havio r  o f  a  syste m give n th e qualitativ e descrip -
tion s o f  th e system .  Th e behavio r  i s represente d 
by a  se t  o f  qualitativ e state s an d th e transition s 
betwee n them .  W h e n thes e state s an d transition s 
ar e expresse d a s a  graph ,  th e grap h i s calle d th e 
envisionmen t  fo r  th e system . 

Lik e th e stat e o f  a  finite  automaton ,  eac h stat e i n 
an envisionmen t  ha s th e summar y o f  informatio n 
abou t  it s pas t  pat h (Hopcrof t  k  Ullman ,  1979) . 
Th e nex t  transitio n firom a  stat e b  determine d 
onl y b y th e constraint s betwee n th e informatio n 
i n th e state .  Thi s i s th e localit y natur e o f  sim -
ulation .  Th e pas t  behavio r  need s no t  b e trace d 
fo r  thi s sinc e th e curren t  stat e ha s al l  informatio n 
abou t  these .  Thi s techniqu e ca n predic t  accurat e 
behavio r  o n th e assumptio n tha t  eac h stat e car -
ries  enoug h informatio n s o tha t  loca l  filtering  i s 
sufficien t  t o ge t  globall y correc t  behavior .  Unlik e 
numerica l  simulation ,  whic h use s precis e metri c in -
formation ,  qualitativ e simulatio n sometime s can -
not  avoi d losin g som e usefu l  informatio n durin g 
suppressio n o f  details .  W e canno t  alway s expec t 
th e loca l  filtering  t o guarante e th e globa l  filtering 
i n qualitativ e simulation .  I n thi s section ,  w e il -
lustrat e on e o f  th e example s usin g a  mode l  o f  a n 
interna l  combustio n engine . 

I n a n interna l  combustio n engin e (Ferguson , 
1976) ,  a  pisto n i s connecte d t o a  crankshaf t 
throug h a  connectin g ro d (Figur e 1) .  I t  goe s 
throug h fou r  phase s (i.e. ,  intake ,  compression , 
power ,  an d exhaust )  t o complet e on e cycle .  Th e 
rapi d hea t  rise  b y combustio n i s translate d int o 
pressur e whic h act s o n th e pisto n t o forc e i t  down . 
Then ,  b y th e geometry ,  positiv e torqu e i s trans -
mitte d t o th e crankshaf t  b y th e connectin g rod . 
Th e flywheel,  whic h i s connecte d t o th e crankshaft , 
als o get s positiv e torqu e durin g thi s powe r  stroke . 
Th e heav y flywheel  give s bac k t o th e crankshaft , 
durin g th e thre e othe r  strokes ,  th e surplu s energ y 
i t  too k durin g th e powe r  stroke .  Th e interactio n 
of  th e motion s o f  eac h part ,  an d pressur e change s 
play s a  ke y rol e i n understandin g thi s system . 

I n buildin g ou r  model ,  w e hav e focuse d o n th e 
interaction ,  ignorin g feature s irrelevan t  t o show -
in g ou r  motivatin g example ,  suc h a s intak e an d 
exhaus t  flows.  Fo r  this ,  ou r  mode l  i s buil t  base d 

Cylinde r 

Pisto n • 

Connectin g Ro d 

:;:x:x:|:i;|>:?:;:|:;:|d̂B::::::::::̂ ^̂ ^ 

Crankshaf t 

///////// / 

Figure 1: Piston cylinder geometry 

on th e followin g assumptions :  (1 )  Workin g fluid  i s 
idea l  gas ,  (2 )  Fixe d mas s o f  workin g fluid  throug h 
cycle ,  an d (3 )  Combustio n i s modele d a s hea t  ad -
ditio n fro m externa l  source .  I n additio n t o these , 
frictio n i s considere d i n motion .  Wit h thes e as -
sumptions ,  a  piston-cylinde r  repeat s th e cycl e o f 
compressio n an d expansio n a s th e pisto n move s 
upwar d an d downwar d (Figur e 2a) .  W h e n th e 
crankshaf t  i s  a t  To p dea d cente r  ( T D C )  an d Bot -
to m dea d cente r  ( B D C ) ,  th e pisto n reache s it s 
highes t  an d lowes t  position ,  respectively .  Eac h 
par t  eventuall y wil l  sto p movin g du e t o friction . 

Suppos e combustio n happen s a t  TDC.  Th e ex -
pansio n perio d afte r  combustio n (i.e. ,  powe r 
stroke )  i s slightl y diS'eren t  fro m th e expansio n 
withou t  combustion :  eac h par t  wil l  no t  sto p 
durin g th e forme r  whil e i t  migh t  sto p dur -
in g th e latter .  Onc e th e pressur e i s increase d 
by combustion ,  sa y (pressur e ?cylinder )  > = 
combustion-pres ,  th e pressur e remain s hig h 
enoug h t o accelerat e th e crankshaf t  eve n thoug h 
th e pressur e i s decreasin g durin g followin g ex -
pansio n period .  Th e geometr y o f  th e engin e 
i s designe d s o tha t  onc e th e pressur e reache s 
combustion-pre s a t  TDC,  th e pressur e unti l  BD C 
i s greate r  tha n nonstop-pres .  Th e nonstop-pre s 
i s a  pressur e sufficien t  t o overcom e th e friction  o f 
eac h part . 

However ,  i t  i s  impossibl e t o distinguis h thes e 
differen t  behavior s wit h curren t  qualitativ e sim -
ulators(Figur e 2b )  sinc e i t  require s filtering  paths , 
i.e. ,  sequence s o f  states .  I n othe r  words ,  correc t 
analysi s o f  th e behavio r  afte r  combustio n require s 
t o preven t  th e transitio n fro m th e combustion , 
(pressur e ?cylinder )  > = combustion-pres , 
t o th e pat h ende d i n sto p state ,  (pressur e 
?cylinder )  <  nonstop-pre s durin g th e followin g 
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Figur e 2 :  Th e behavio r  o f  a  piston-cylinder .  Thes e sho w abstrac t  behavior s rathe r  tha n actua l  state s 
i n envisionments .  Whil e CLTD C represent s "combustio n last s a t  T D C ,  i.e. ,  (pressur e ?cylinder )  > = 
combustioD-pres ,  ~CLTD C represent s th e stat e (pressur e Tcylinder )  <  combustion-preB . 

expansion ,  whic h canno t  b e don e b y loca l  filtering. 
I n Figur e 2b ,  th e differen t  statuse s a t  TD C ar e cap -
ture d whil e th e differen t  expansion s ar e not . 

Figur e 2 c show s th e desirabl e envisionmen t 
whic h capture s th e accurat e behavio r  o f  a  piston -
cylinder .  Thi s ha s mor e state s tha n Figur e 2 b an d 
distinguishe s th e behavior s wit h an d withou t  com -
bustion .  Sinc e w e d o no t  giv e an y constrain t  dur -
in g th e compressio n perio d afte r  combustion ,  th e 
behavio r  durin g th e perio d ar e th e sam e a s th e 
behavio r  withou t  combustion . 

Modeling Global Constraints 

As th e exampl e proble m show s i n th e previou s sec -
tion ,  w e nee d som e mean s t o filter  nex t  behavio r 
fro m a  particula r  state .  T o includ e thi s filtering  i n 
modelin g process ,  underlyin g qualitativ e physic s 
shoul d provid e som e mean s t o captur e behavior s 
and t o giv e constraint s t o th e behavior .  W e us e 
Qualitativ e Proces s (QP )  theor y (Forbus ,  1984 )  fo r 
our  basi s sinc e i t  provide s th e languag e fo r  condi -
tionalize d descriptions :  vie w an d process .  Vie w 
allow s u s t o captur e interestin g feature ,  i.e. ,  be -
havior ,  b y specifyin g condition s o f  relate d individ -
uals .  I t  ca n als o expres s th e constraint s i n th e con -
ditions .  O n th e othe r  hand ,  proces s provide s th e 
means t o contro l  transitions ,  a s describe d later . 

Event 

I n thi s section ,  w e introduc e a  notio n o f  even t  t o 
model  th e constraint s i n th e behavio r  afte r  som e 
point .  I t  allow s th e effec t  o f  th e stat e t o b e ex -
plicitl y  reflecte d i n followin g paths .  Intuitively ,  i t 
i s  use d t o memoriz e som e point ,  i.e. ,  som e spe -
cia l  event ,  an d it s effect s explicitl y  sinc e the y ar e 
los t  durin g simulation .  Thi s i s  define d i n thre e 
parts :  individuals ,  quantit y conditions ,  an d rela -
tions .  Wheneve r  al l  individual s i n individual s exis t 
and al l  condition s i n quantit y condition s ar e satis -
fied,  th e even t  i s active ,  relation s contai n th e con -
straint s abou t  followin g behavio r  afte r  th e even t 
happens .  Figur e 3  show s h o w thi s i s represente d 

Deleven t  CLTDC ;; ;  Combustio n last s a t  TD C 
Individual s 

?ps t  :typ e pisto n 
?cy l  :typ e cylinde r 

:condition s (part-o f  ?cy l  ?pst ) 
Tor s :typ e crankshaf t 

:condition s 
(connecte d ?p8 t  ?ctb ) 

?c- g :typ e contained-ga s 
:fon n (c- s ?su b GAS ?cyl ) 

QuantityCondition a 
(pressur e ?c-g )  > = 

(combustion-pre s ?ps t  ?cy l  ?crs ) 
when (positio n ?crs )  =  TD C 

Relation s 
CLTDC-EXP (pressur e ?c-g )  > 

(nonstop-pre s Tps t  ?cy l  Tcrs ) 
when (no t  ((velocit y ?pst )  >  0) ) 

Figure 3: An example of def event. 

i n th e exampl e o f  combustio n a t  TDC. 

Quantit y condition s consist s o f  a  se t  o f  state -
ment s an d eac h statemen t  i s expresse d b y 

[condition s whe n configuration s o r  state s o f  objects ) 

I t  say s th e even t  occur s i f  condition s ar e tru e i n 
some configuration s o r  state s o f  object s (e.g. ,  th e 
pressur e i n a  cylinde r  i s increasing ,  decreasing ,  o r 
not  changing) .  Keywor d "when "  i n quantit y con -
dition s i s als o use d t o guid e th e negation .  Suppos e 
th e quantit y condition s ar e writte n i n th e wa y don e 
i n Q P theory .  (W e simpl y us e combustion-pre s 
instea d o f  (combustion-pre s ?ps t  ?cy l  Tcrs )  a s 
i n th e previou s section. ) 

QuantityCondition s 
(pressur e ?c-g )  > = combustion-pre s 
(positio n ?crs )  =  TD C 

Thi s representatio n implie s CLTD C doe s no t  hap -
pe n i f  a t  leas t  on e o f  thes e condition s i s false .  How -
ever ,  wha t  w e wan t  t o expres s i s whethe r  o r  no t 
CLTDC happens ,  dependin g o n whethe r  th e pres -
sur e o f  a  cylinde r  reache s combustion-pre s a t 
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TDC.  W e ar e no t  intereste d i n whethe r  o r  no t  th e 
pressur e re&che a th e poin t  whe n th e positio n i s no t 
at  TDC.  Th e quantit y condition s i n Figur e 3  exactl y 
captur e this . 

Relation s explicitl y  represen t  th e effect s o f  a n 
even t  whe n th e even t  happens .  Eac h statemen t  i n 
th e field  i s expresse d b y 

[name constrained-bthavior 
when configuration s o r  state s o f  objects ) 

The first part of every statement represents the 
name o f  th e relation .  Th e remainin g part s sho w 
th e constraine d behavio r  afte r  th e event .  Fo r  in -
stance ,  i n CLTDC,  th e relatio n CLTDC-EXP repre -
sent s th e constraine d behavio r  durin g expansion , 
i.e. ,  (no t  ((velocit y ?p8t )  >  0)) ,  afte r  com -
bustion .  (Whe n th e velocit y o f  th e pisto n i s non -
negative ,  th e ga s i n th e cylinde r  i s expanded. ) 

I f  th e behavio r  afte r  th e even t  di d no t  hap -
pen (i.e. ,  "n o event" )  i s  als o constrained ,  thi s 
i s describe d b y a  keywor d ":neg" .  Otherwise , 
as i n CLTDC-EXP,  i t  b  no t  specifie d a s a  de -
fault .  Suppos e whe n th e pressur e a t  TD C i s les s 
tha n coabuBtion-pre s a t  TDC,  th e pressur e dur -
in g followin g expansio n cycl e i s no t  greate r  tha n 
nonstop-pres .  (W e simpl y us e nonstop-pre s in -
stea d o f  (nonstop-pre s Tps t  ?cy l  ?cra )  a s i n th e 
previou s section. )  Thi s constrain t  i s  the n adde d t o 
relatio n field  a s follows : 

CLTDC-EXP 
(pressur e ?c-g )  >  nonstop-pre s 

when (no t  ((velocit y ?pst )  >  0) ) 
:ne g (pressur e ?c-g )  < = nonstop-pre s 

Filtering Behaviors using Event 

I f  w e assum e underlyin g simulato r  finds  ever y cor -
rec t  se t  o f  state s an d loca l  stat e transitions ,  wha t 
we nee d fo r  dealin g wit h even t  b  simpl y t o preven t 
th e transition s t o th e state s whic h lea d t o th e im -
possibl e behavio r  (Figur e 4) .  Th e remainin g par t 
of  th e envisionmen t  shoul d no t  b e affecte d b y thi s 
filtering.  Fo r  example ,  i n Figur e 4 ,  th e pat h fro m 
si  i s  a  par t  o f  th e behavior ,  eve n thoug h th e tran -
sitio n from  s O t o s i  i s  illegal .  Thu s i t  mus t  b e 
protecte d from  th e filtering. 

Limi t  analysi s i s a  proces s t o comput e ever y 
stat e chang e b y derivativ e relation s o f  variable s 
and continuity .  Thus ,  i f  th e continuit y conditio n 
i n unwante d transitio n ca n b e automaticall y  vio -
lated ,  curren t  limi t  analysi s ca n b e use d fo r  filter-
in g behavior .  W e d o th b b y introducin g a n ex -
tr a variabl e whos e continuit y break s dow n i n th e 
transition s sinc e limi t  analys b canno t  preven t  th e 
transition s wit h exbtin g variables .  Intuitively ,  thi s 
variabl e b  use d a s th e ta g whic h inform s after -
ward s whethe r  th e even t  happene d o r  no t  a t  som e 
point .  Sinc e ejic h stat e sometime s canno t  includ e 
sufficien t  informatio n t o predic t  th e nex t  state ,  a s 

shown i n combustio n example ,  th e explici t  infor -
matio n abou t  th e pas t  b  automaticall y include d 
by specifyin g a n even t  i n tha t  case . 

For  thu ,  w e nee d som e mean s t o expres s behav -
ior s wit h a n extr a variabl e an d t o constrai n th e 
transition s betwee n the m b y controllin g it s values . 
View s i n Q P theor y ca n nicel y captur e th e behav -
iors .  Onc e th e behavior s ca n b e identified ,  filtering 
some behavior s afte r  a  particula r  stat e durin g limi t 
analys b mus t  satbf y th e followin g restrictions :  (l ) 
I f  th e behavio r  b  constrained ,  th e transition s fro m 
th e stat e shoul d b e mad e onl y t o th e path s whic h 
describ e th e behavior .  Th e transition s t o other s 
shoul d b e prevente d (Figur e 5a) .  (2 )  I f  th e be -
havio r  b  no t  constrained ,  th e transition s t o ever y 
possibl e pat h shoul d b e mad e (Figur e 5b) . 

Implementation 

I n th b section ,  w e sho w ho w globa l  constraint s 
expresse d b y de f  even t  ar e filtered  i n th e frame -
wor k o f  Q P theory ,  usin g th e combustio n model . 
A de f  even t  b  translate d int o severa l  view s wit h 
an extr a variabl e an d filtering  b  don e base d o n th e 
variable . 

Generating Views 

At  first,  w e nee d t o dbtingub h whethe r  o r  no t  a n 
even t  happens .  Th b b  capture d b y generatin g tw o 
view s fo r  eac h cas e wit h a n extr a variable .  Th e 
name o f  th e even t  an d th e nam e prefixe d wit h ~ 
axe use d fo r  th e name s o f  th e tw o views .  Fo r  exam -
ple ,  tw o views ,  i.e. ,  CLTDC an d ~CLTDC,  ar e intro -
duce d fo r  even t  CLTDC.  Th e extr a variabl e b  se t  t o 
positiv e whe n th e even t  happen s an d se t  t o non -
positiv e otherwbe .  Th e followin g show s part s o f 
th e view s CLTDC an d ~CLTDC,  respectively .  Th e in -
dividua b o f  bot h view s ar e sam e a s th e individual s 
of  th e even t  CLTDC.  A n extr a variabl e CLTDC-ta g 
b introduce d wit h differen t  values . 

CLTDC: 
QuantityCondition s 

(positio n ?crs )  =  TD C 
(pre s ?c-g )  > = combustion-pre s 

Relation s 
(CLTDC-ta g ?ps t  ?cy l  ?c-g )  >  0 

"CLTDC: 
QuantityCondition s 

(positio n ?crs )  =  TD C 
(pre s ?c-g )  <  combustion-pre s 

Relation s 
(CLTDC-ta g ?ps t  ?cy l  ?c-g )  < = 0 

Two different views are also generated for each 
relation :  on e fo r  th e subsequen t  behavio r  afte r  th e 
even t  an d th e othe r  fo r  th e behavio r  afte r  n o event . 
The individual s o f  bot h ar e als o sam e a s thos e o f 
th e event .  Th e quantit y condition s o f  bot h includ e 
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Figur e 4 :  Filterin g behaviors ,  (a )  Ther e ar e thre e possibl e path s fro m sO .  Suppos e onl y th e pat h whic h 
start s wit h s 2 shoul d b e selecte d fro m s O du e t o th e constrain t  b y a  structur e description .  I t  require s t o 
preven t  th e transitio n t o s i  an d 53 .  (b )  Th e transitio n fro m a 4 t o STOP shoul d b e prevented ,  (n- p represent s 
nonBtop-prea. ) 
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Figur e 5 :  Th e behavio r  fro m TD C t o BD C i n a  piston-cylinder .  I n (a) ,  expansio n afte r  bot h CLTD C an d ~CLTD C 
ar e constraine d an d differen t  fro m eac h other .  I n (b) .  th e expansio n afte r  ~CLTD C i s no t  constrained . 

th e configuration s o r  som e state s o f  object s spec -
ifie d afte r  when .  I n additio n t o these ,  th e forme r 
include s th e assumptio n tha t  th e ta g i s  positiv e 
whil e th e latte r  include s th e assumptio n tha t  th e 
ta g i s non-positive .  Th e relation s o f  th e view s con -
strai n th e behavio r  an d ar e take n fro m th e rela -
tion s o f  th e event .  Th e nam e o f  th e relatio n an d 
th e nam e prefixe d wit h ~  ar e use d fo r  th e name s 
of  th e views .  Th e foUowing s sho w part s o f  vie w 
CLTDC-EXP an d ~CLTDC-EXP ,  respectively .  Sinc e 
th e behavio r  durin g expansio n afte r  ~CLTD C i s no t 
constrained ,  th e relatio n field  i n ~CLTDC-EX P i s 
lef t  empty .  I f  i t  i s  als o constrained ,  th e constraine d 
behavio r  wil l  b e describe d i n th e field. 

CLTDC-EXP: 
Quant  ityCondi t  ion s 

(no t  ((ve l  ?pst )  >  0) ) 
(CLTDC-ta g ?p8 t  ?cy l  ?c-g )  >  0 

Relation s 
(pre s ?c-g )  >  nonstop-pre s 

"CLTDC-EXP: 
Quant  ityCondi t  ion s 

(no t  ((ve l  ?pst )  >  0) ) 
(CLTDC-ta g ?ps t  ?cy l  ?c-g )  < = 0 

Relation s 

0 

Transit io n 

Once these views are generated, the correct be-
havio r  fo r  eac h cas e ar e selecte d b y controllin g th e 
continuit y o f  th e extr a variabl e durin g limi t  anal -
ysis . 

The first  requirement—whe n th e behavio r  i s 
constrained—i s easil y solve d sinc e th e view s gen -
erate d b y a n even t  ar e manipulate d t o se t  th e ta g 
variabl e wit h thi s i n mind .  Th e continuit y o f  th e 
ta g variabl e i n th e illega l  pat h i s violated .  O n th e 
othe r  hand ,  th e continuit y o f  th e variabl e t o th e 
lega l  pat h i s maintaine d (Figur e 5a) . 

I n cas e o f  th e secon d requirement—whe n th e be -
havio r  i s  no t  constrained ,  i t  include s th e transitio n 
betwee n tw o state s whic h hav e differen t  ta g values . 
Not e tha t  thi s cas e happen s onl y t o th e behavio r 
afte r  n o even t  sinc e a n even t  i s introduce d t o giv e 
constraint s t o th e behavio r  afte r  th e event .  I f  th e 
behavio r  afte r  n o even t  ar e no t  constrained ,  i t  im -
plie s th e transitio n t o th e constraine d pat h afte r 
th e event ,  sinc e th e pat h i s on e o f  th e possibilitie s 
fro m n o even t  (Figur e 5b) . 

Thi s transitio n require s t o chang e th e ta g fro m 
of f  t o on ,  i.e. ,  fro m ta g < = 0  t o ta g >  0 .  Thus , 
we nee d som e mean s t o connec t  th e state s whic h 
hav e differen t  value s o f  th e tag .  Ther e ar e tw o 
approache s t o handlin g this : 

Make a s a  continuou s change :  I n Q P theory , 
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change s ar e cause d onl y b y processes .  Thus ,  le -
gal  transitio n ca n b e don e b y generatin g a  d u m m y 
proces s whic h change s th e ta g fro m of f  t o on .  Th e 
proces s consist s o f  th e sam e fields  a s th e fields  o f 
th e vie w fo r  th e unconstraine d behavior .  Thus , 
i t  become s activ e durin g th e pat h fo r  th e behav -
ior .  It s influenc e field  describe s th e chang e o f  th e 
ta g variable .  The n limi t  analysi s finds  th e correc t 
transitio n b y checkin g th e continuit y o f  ever y stat e 
variable ,  includin g th e tag . 

M a ke a s a  discontinuou s change :  Elve n thoug h 
we assum e qualitativ e physic s deal s wit h onl y con -
tinuou s changes ,  reasonin g abou t  discontinuou s 
chang e i s importan t  t o explai n m a n y phenomena . 
Basically ,  a  discret e chang e i s m a d e b y specifyin g 
th e add-lis t  an d delete-list .  Th e transitio n i s mad e 
fro m th e stat e whic h implie s delete-lis t  t o th e stat e 
whic h implie s add-lis t  (Kim ,  1992) .  Thus ,  w e ca n 
directl y mak e th e transition ,  eve n thoug h th e con -
tinuit y o f  th e ta g i s violated ,  a s fa r  a s th e transi -
tio n implie s th e lega l  change s o f  othe r  variables . 

I n qualitativ e reasoning ,  avoidin g unnecessar y 
distinction s i s important ,  sinc e thi s reduce s com -
plexit y an d give s mor e abstrac t  analysis .  Thu s i t 
i s  importan t  t o mak e a  distinctio n onl y whe n th e 
effect s o f  a n even t  resul t  i n qualitativel y differen t 
behaviors .  Unles s th e effect s clearl y mak e differ -
ences ,  suc h a s th e compressio n perio d i n CLTDC, 
we d o no t  conside r  whethe r  o r  no t  th e even t  hap -
pens .  I n othe r  words ,  th e extr a variabl e fo r  ta g 
i s no t  used .  CLTDC-tag ,  fo r  instance ,  i s no t  con -
sidere d durin g th e compressio n period .  Sinc e th e 
transitio n betwee n th e stat e wit h ta g an d th e stat e 
withou t  ta g doe s no t  violat e th e continuit y du e t o 
th e ta g variable ,  n o extr a wor k i s don e t o connec t 
th e influence d behavio r  t o th e subsequen t  uninflu -
ence d behavior .  Fo r  instance ,  th e differen t  path s 
durin g expansio n ar e connecte d t o on e pat h fo r 
compressio n i n CLTD C (Figur e 2c )  withou t  extr a 
manipulation .  Continuit y checkin g betwee n th e 
stat e variable s i s enough . 

Thoug h multipl e event s ar e defined ,  the y ca n 
be handle d withou t  an y difficult y sinc e the y ar e 
manipulate d b y independen t  additiona l  variables . 
Thus ,  ther e i s n o interferenc e betwee n th e events . 

Usin g thi s approach ,  QPE (a n implementatio n o f 
QP theory )  produce s th e envisionmen t  fo r  severa l 
example s includin g a n interna l  combustio n engin e 
(Figur e 2c) ,  a  sprin g block ,  an d a  neo n bulb . 

Discussion 

I n thi s paper ,  w e hav e show n ho w simulatio n tech -
niqu e combine d wit h qualitativ e informatio n fail s 
t o captur e globa l  behavior s throug h qualitativ e 
simulation .  A  mode l  o f  a n interna l  combustio n 
engin e ha s bee n use d t o illustrat e this .  W e ex -
ten d curren t  simulatio n method s b y providin g th e 
means t o constrai n subsequen t  behavio r  afte r  som e 
event .  W e describ e ho w th e constraint s ar e filtered 

by curren t  limi t  analysis .  Ou r  approac h i s mor e 
intuitiv e an d simple r  tha n previou s approaches . 
Our  ide a ha s bee n implemente d an d teste d o n sev -
era l  examples ,  includin g combustio n i n a n interna l 
combustio n engine . 

We hop e t o eventuall y analys e a  rea l  system . 
Thi s wil l  requir e tightl y integratin g dynamic s an d 
kinematics .  Ou r  approac h ca n provid e th e mean s 
t o lin k geometri c constraint s wit h possibl e mo -
tions .  I n a n interna l  combustio n engine ,  fo r  in -
stance ,  th e interactio n betwee n th e behavio r  dur -
in g powe r  stroke ,  an d th e geometr y o f  a  piston -
cylinde r  coul d b e capture d b y thi s technique .  Ou r 
techniqu e i s on e ste p toward s tha t  final  goal ,  b y 
providin g mor e accurat e predictio n o f  behaviors . 
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