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Qualitativ e R e a s o n i n g a b o u t  th e G e o m e t r y o f  Flui d F l o w 

H y u n - K y u n g K i m 

Qualitativ e Reasonin g Grou p 

Beckman Institute ,  Universit y o f  Illinoi s 

Abstract :  Understandin g th e interactio n betwee n dynamic s an d geometr y i s crucia l  t o capturin g 

commonsense physics .  Thi s pape r  present s a  qualitativ e analysi s o f  th e directio n o f  fluid flow.  Thi s 

analysi s i s dependen t  o n qualitativ e description s o f  th e surfac e geometr y o f  rigi d bodie s i n contac t 

wit h th e fluid  an d a  pressur e chang e i n fluid.  Th e ke y proble m i n designin g a n intelligen t  syste m 

t o reaso n abou t  fluid  motio n i s ho w t o partitio n th e fluid  a t  a n appropriat e leve l  o f  representation . 

The basi c ide a o f  ou r  approac h i s t o incrementall y generat e th e qualitativel y differen t  part s o f  fluid. 

We d o thi s b y dynamicall y analyzin g th e intereictio n o f  geometr y an d pressur e disturbance .  Usin g 

thi s technique ,  w e ca n deriv e al l  possibl e fluid flows. 

1 Introduction 

Understanding the interaction between dynamics and geometry is crucial to capturing commonsense 
physics .  Withou t  spatia l  recisoning ,  dynamic s canno t  full y  explai n th e physica l  world .  Fo r  example , 

applyin g th e sam e forc e t o differen t  point s o n a n objec t  ca n caus e dramaticall y diff"eren t  behaviors . 

Withou t  geometri c information ,  thes e behavior s woul d b e difficul t  t o predict . 

Unfortunately ,  th e genera l  spatia l  reasonin g proble m i s intractable .  Thus ,  recen t  researc h ha s 

focuse d o n mor e constraine d problem s suc h a s motio n i n limite d domain s [2,3] ,  mechanica l  mecha -

nism s [7,8 ]  an d fluid  ontologie s [1,6] .  Th e studie s dealin g wit h mechanica l  mechanism s an d motio n 

focu s onl y o n rigi d objects ,  ignorin g th e motio n o f  fluid.  I n addition ,  th e fluid  ontolog y researc h i s 

insufficien t  t o full y  explai n fluid  behavior .  T w o basi c approache s t o fluid  ontolog y ar e contained -

stuf f  ontolog y an d piece-of-stuf f  ontolog y [1,6] .  Neithe r  o f  thes e approache s suffice s t o explai n th e 

geometr y o f  fluid  motion .  Suppos e w e wan t  t o explai n th e motio n o f  th e ga s i n a  pisto n whe n th e 

valv e i n th e middl e o f  th e righ t  sid e i s ope n an d th e pressur e insid e th e pisto n i s greate r  tha n th e 

pressur e outside .  Sinc e con<otne(i-s^u ^  ontolog y treat s th e ga s i n th e pisto n a s on e object ,  i t  i s 

impossibl e t o reaso n abou t  differen t  flow  direction s i n th e variou s part s o f  th e piston .  Similarly ,  i t 

appear s t o b e impossibl e t o conside r  th e motio n o f  ever y piec e o f  th e gas .  Peopl e d o no t  see m t o 

use eithe r  ontolog y t o explai n thi s problem .  However ,  peopl e ca n reaso n abou t  th e ga s nea r  th e 

to p surfac e movin g downwar d t o th e righ t  an d th e ga s nea r  th e botto m surfac e movin g upwar d t o 

th e right ,  etc . 

Thi s pape r  present s a  techniqu e fo r  reasonin g abou t  th e directio n o f  fluid  flow  i n two-dimension s 

usin g incrementa l  generatio n o f  th e place s i n space .  W e exten d th e wor k o f  [5,8,3 ]  o n places—fro m 

th e rigi d bod y domai n ont o th e fluid  domain .  Sinc e fluid  motio n i s determine d b y th e pressur e 

differenc e an d th e geometr y o f  surfac e contac t  wit h th e fluid,  w e assum e qualitativ e description s o f 

thes e tw o term s a s input .  Th e theor y predict s a n equivalenc e clas s o f  place s tha t  ar e create d base d 

on th e qualitativ e behavio r  o f  th e fluid.  I n addition ,  i t  describe s th e flow  i n eac h o f  thes e places . 

Sectio n 2  present s th e theor y fo r  reasonin g abou t  flow  directio n i n qualitativ e an d geometri c 
terms ,  give n a  pressur e chang e an d surfac e geometry .  Th e fluid  ar e partitionie d s o eac h par t  ha s 

th e sam e qualitativ e fluid  motion .  Sectio n 3  explain s ho w envisionment s qualitativel y simulat e 

th e behavior s o f  fluid  i n eaic h part .  I n sectio n 4  w e summariz e ou r  result s an d discus s possibl e 

extension s t o ou r  theory . 

2 A Qualitative Theory of Fluid Motion 

The key problem in commonsense reasoning about fluid motion is how to partition the fluid at 
an appropriat e leve l  o f  representation .  Ou r  approac h partition s th e fluid  int o a  se t  o f  place s b y 
recisonin g abou t  pressur e wav e propagatio n an d geometry .  Thes e tw o factor s determin e th e flow 
direction .  We sho w ho w t o decompos e spac e incrementall y int o places . 
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2. 1 Quali tat iv e Direct io n 

In spatial reasoning, the concept of direction is essential in describing the position, force, and 

motio n [8] .  W e assum e a  singl e globa l  referenc e frame .  Thi s referenc e fram e ca n b e translate d 

but  no t  rotated .  I n ou r  theory ,  directio n i s represente d b y a  qualitativ e vecto r  [8 ]  an d qualitativ e 

vecto r  arithmeti c i s use d t o comput e th e directions .  I n ou r  2 D spac e representation ,  th e firs t  an d 

secon d component s o f  a  qualitativ e vecto r  represen t  th e qualitativ e directio n alon g th e x-axi s an d 

y-axis ,  respectively .  T o represen t  th e x-axi s direction ,  w e us e " + "  fo r  "right "  an d "- "  fo r  "left " 

and "0 "  fo r  center .  Fo r  th e y-axis ,  " + "  i s  use d fo r  "up "  an d "- "  fo r  "down "  an d "0 "  fo r  center . 

For  example ,  (— )  indicate s th e vecto r  lie s t o th e lowe r  lef t  o f  som e referenc e frame . 

Definitio n 1  (Inversion )  Inversion{v )  i s th e qualitativ e vecto r  v  rotate d b y 18 0 degrees . 

Definitio n 2  (Open-Half-Plane )  Open-Half-Plane{v )  ar e th e vector s whos e vecto r  do t  produc t 

wit h V  i s  "+" . 

2.2 Rigid Object Representation 

Rigid objects are represented by their surfaces in contact with the fluid. In our 2D space, a surface 

i s represente d a s a  lin e segment .  Fo r  eac h surface ,  w e represen t  th e directio n o f  th e lin e segmen t 

as th e positio n o f  on e end-poin t  relativ e t o th e other .  (W e defin e end-point s a s th e point s wher e 

th e lin e segmen t  meet s th e neighbors. )  I n general ,  th e relativ e positio n ca n b e define d fo r  an y tw o 

points : 

Definitio n 3  (Relative-Position)i?e/afive-Fost7ton(pl,p2 )  i s th e qualitativ e vecto r  whic h repre -

sent s th e directio n fro m poin t  p 2 t o poin t  pi . 

Conside r  a  surfac e wit h end-point s p i  an d p2 ,  whic h ar e connecte d t o othe r  adjacen t  surfaces . 

Th e directio n o f  th e surfac e i s represente d b y Relative-Position(p2,pl) . 

Informatio n abou t  th e relativ e positio n ca n b e propagate d usin g transitivity : 

L a w 1  (Transitivit y o f  Relative-Position )  Fo r  an y point s pl,p2 ,  an d p3 ,  Relative-Positio n 

(pl,p3 )  i s compute d b y addin g give n value s Relative-Position(pl,p2 )  an d Relative-Positio n 

(p2,p3) . 

Th e surfac e norma l  represent s th e directio n whic h point s fro m th e surfac e int o fluid. 

Definitio n 4  (Surfac e N o r m a l )  Surface-Normal{s )  i s  th e qualitativ e vecto r  whic h represent s th e 

surfac e norma l  o f  th e surfac e s . 

Definitio n 5  (Surf-Rel-Pos )  Fo r  an y tw o adjacen t  surface s s i  an d s 2 whos e end-point s ar e 

(pl,p2 )  an d (p2,p3) ,  Surf-Rel-Pos{sl,B2 )  represent s Relative-Position(pl,p3) .  Thi s represent s 

th e relativ e directio n o f  tw o adjacen t  surfaces . 

2.3 Fluid 

Unlike a solid, a fluid moves and deforms continuously as long as a pressure difference exists. Its 

shap e i s determine d b y th e container .  Thes e propertie s o f  fluid  mak e the m difficul t  t o individuat e 

i n a  reasonin g system .  I n general ,  peopl e d o no t  reaso n abou t  th e individua l  molecule s o f  fluids, 

but  rathe r  the y focu s o n th e collectio n o f  molecule s withi n fluids. 

Pressur e W a v e Propagat io n ( P W P ) :  W h e n a  pressur e disturbanc e occur s i n a  compressibl e 

fluid,  th e disturbanc e travel s wit h a  velocit y o f  sound .  Fo r  example ,  i f  w e thro w a  ston e int o th e 

pon d i n rest ,  w e ca n se e th e circula r  wave-front s o n th e surfac e ar e divergin g fro m th e source .  I f  th e 

disturbanc e i s du e t o th e lowe r  pressure ,  the n a n expansio n wav e i s propagated .  I f  i t  i s  du e t o th e 

highe r  pressure ,  the n a  compressio n wav e occurs .  Th e pressur e wav e move s fro m th e sourc e towar d 

th e wave-front s an d i t  i s  perpendicula r  t o th e wave-fronts .  A s th e pressur e wav e i s propagate d 

throug h a  stil l  fluid,  th e fluid  propertie s (i.e. ,  pressure ,  temperature ,  an d densit y an d s o on )  chang e 

and i t  star t  t o move .  A s a  compressio n wav e i s propagated ,  th e fluid  molecule s hav e a  velocit y 

whic h ha s th e sam e directio n a s th e wav e propagation .  O n th e othe r  hand ,  whe n a n expansio n 

wave travels ,  th e fluid  ha s a  velocit y whic h ha s th e opposit e directio n o f  th e wav e (i.e. ,  towar d th e 
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sourc e o f  th e disturbance) .  Th e induce d velocit y o f  th e fluid  b y wav e propagatio n i s muc h slowe r 

tha n th e wav e propagation . 

Definitio n 6  (Prop-Constraint )  Suppos e a  surfac e s  i s i n contac t  wit h th e fluid.  Prop-Constrain t 

[Syd )  i s tru e whe n PWP i s prevente d i n directio n d  nea r  s . 

L a w 2  (Surface-Constraint )  Suppos e s  i s i n contac t  wit h th e fluid  an d it s surfac e norma l  i s sn . 

The n th e pressur e wav e canno t  propagat e fro m th e surfac e t o th e fluid.  Thu s fo r  ever y d  whic h 

belong s t o Open-Half-Plane(sn) ,  Prop-Constraint(s,d )  i s true . 

Continuou s C h a n g e ( C N ) :  W e cissum e th e flow  i s smoot h an d stead y (laminar) .  W h e n flow 

i s no t  lamina r  bu t  fluctuating  an d agitate d {turbulent) ,  i t  i s  impossibl e t o explai n th e behavior . 

Even i n fluid  mechanics ,  n o genera l  analysi s o f  fluid  motio n i n turbulenc e ye t  exist s an d ther e ma y 

neve r  be .  Peopl e als o hav e difficult y explainin g th e directio n o f  th e turbulen t  flow.  I n lamina r 

flow,  th e change s o f  propertie s ar e continuous .  T o suppor t  lamina r  flow,  w e zissum e th e surfac e i s 

smoot h an d th e change s i n surfac e ar e no t  abrupt . 

2.4 Place Generation 

In FROB [3], given a geometric description of the surface, the places needed to envision the possible 

motion s o f  a  bal l  ar e generate d b y th e constraint s o f  geometr y o f  th e surfac e an d gravity .  Sinc e th e 

gravit y constrain t  i s  th e sam e everywhere ,  spac e ca n b e divide d withou t  regar d t o th e neighbors . 

However ,  sinc e a  directio n o f  PWP ca n kee p changin g b y th e surfcic e geometr y o f  rigi d bod y a s i t 

propagates ,  th e plac e canno t  b e generate d withou t  considerin g interactio n betwee n thes e two .  Eve n 

thoug h tw o give n space s hav e th e sam e geometry ,  the y ca n b e partitione d i n completel y differen t 

ways wit h differen t  direction s o f  pressur e wave . 

I n fluid  motion ,  qualitativel y differen t  part s hav e differen t  fluid  direction s sinc e th e pressur e 

wave arrive s fro m differen t  directions .  Thu s place s i n ou r  reasonin g proble m shoul d b e distinguishe d 

by differenc e o f  th e directio n o f  pressur e wav e i n eac h part .  Continuou s interactio n o f  pressur e wav e 

and geometr y suggest s ou r  plac e generatio n shoul d b e incrementa l  a s th e pressur e wav e propagate s 

fro m th e sourc e o f  disturbance . 

Definitio n 7  (Place )  A  Plac e i s define d b y it s boundarie s (i.e. ,  left ,  right ,  up ,  an d down )  an d 

th e directio n o f  th e pressur e wav e an d th e directio n o f  th e induce d velocity .  Give n a  plac e P ,  Pres -

Wave{? )  return s th e th e directio n o f  pressur e wav e i n P .  Th e boundarie s represen t  th e adjacen t 

place s o r  surface s o f  a  give n place . 

Definitio n 8  (Place )  P/ace(s )  map s fro m a  surfac e s  t o th e plac e i n whic h s  i s a  boundary . 

L a w 3  (Connectivit y o f  Place )  Give n tw o adjacen t  surface s s i  an d s2 ,  Place(sl )  an d Place(s2 ) 

ar e als o adjacent .  Furthermore ,  sinc e th e relativ e directio n betwee n th e tw o surface s i s Surl-Rel-Po s 
(sl,s2) ,  Place(8l )  i s  oriente d i n th e sam e direction . 

As th e la w o f  Connectivit y o f  Plac e shows ,  t o represent s th e connectivit y o f  places ,  th e numeri c 

informatio n i s no t  used .  I t  i s  represente d b y th e relativ e positio n betwee n th e place s i n qualitativ e 

terms .  Fo r  example ,  i n i n Figur e 1  Place(s5 )  i s locate d t o th e righ t  o f  an d abov e Place(s3 )  sinc e 

Surl-Rel-Pos(s5,s3 )  i s (-+) . 

I n ou r  approach ,  place s ar e generate d incrementall y fro m th e initia l  pressur e chang e t o th e 

directio n o f  PWP.  Fo r  example ,  i n Figur e 1 ,  whe n porta l  become s open ,  th e expansio n wav e i s 

propagate d fro m th e outsid e t o s i  an d s 2 first  sinc e the y ar e clos e t o th e outside .  The n place s ar e 

generate d aroun d thes e surfaces .  Afte r  that ,  place s nea r  s 3 an d s 4 ar e generate d a s th e pressur e 

wave keep s traveling .  Figur e 1  graphicall y show s thi s incrementa l  generation . 

Sinc e th e surface s o f  a  rigi d bod y ca n b e th e onl y explici t  boundarie s o f  th e fluid  fro m th e input , 

our  approac h first  generate s th e place s nea r  th e surface s b y propagatin g th e pressur e wav e acros s 

th e pair s o f  adjacen t  surfaces .  Th e place s o f  th e spac e whic h ar e no t  bounde d b y th e surfac e ar e 

not  generate d a t  first  sinc e i t  i s  impossibl e t o trac e ever y poin t  an d giv e th e boundar y o f  th e place . 

But  a s place s aroun d th e surface s ar e generated ,  th e whol e spac e ca n b e covere d b y th e propert y 

of  fluid,  CC.  Fo r  example ,  i n Figur e 1 ,  whe n place s nea r  si ,  s2 ,  s3 ,  s4 ,  85,an d s 6 ar e generated ,  b y 

119 



Figur e 1 :  Incrementa l  Plac e Generatio n i n Piston-Cylinde r 
An ov& l  rcpr«aent t  th e a  plac e generated .  Th e location !  o f  oval i  repreten t  th e connectivit y  o f  placet . 
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Figur e 2 :  Example s o f  Forwar d Propagatio n whe n Sur f  ace-NorDial(B2 )  =  (0+ ) 
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CC,  a  plac e whos e Pres-Wav e i s (-0 )  i s generate d betwee n the m . 

To propagat e a  pressur e wav e acros s th e pair s o f  adjacen t  surfaces ,  th e first  ste p i s t o determin e 

th e propagatio n orde r  betwee n th e adjacen t  surfaces .  Give n a  newl y generate d place ,  ou r  syste m 

check s ho w th e pressur e wav e ca n propagat e towar d adjacen t  surface . 

Definitio n 9  (Forward-Propagation? )  Suppos e s i  an d b 2 ar e tw o adjacen t  surface s an d thei r 

end-point s ar e (pl,p2 )  an d (p2,p3) .  I f  th e Pres-Wave(Place(sl) )  belong s t o Open-Half-Plane{Rel a 

tive-Position(p2,pl)) ,  the n Forward-Propagation?{B2 ,  b1 )  i s true .  Otherwise ,  i t  i s  false . 

As Figur e 2  shows ,  whe n Forward-Propagation?(s2 ,  si )  i s  true ,  w e ca n infe r  th e sourc e o f  distur -

banc e i s no t  close r  t o s2 .  Thu s th e followin g la w i s introduced . 

L a w 4  (Forwar d Propagation )  Suppos e Forward-Propagation?(s2 ,  si )  i s  tru e an d th e end -

point s o f  s i  an d s 2 ar e (pl,p2 )  an d (p2,p3) .  The n s 2 belong s t o nex t  wav e fron t  o f  s i  i f 

Pres-Wave(Place(sl) )  belong s t o Open-Hall-Plane(Sur f  ace-Normal(s2) )  (blocked )  (Figur e 2a )  o r 

i f  b 2 i s no t  blocke d an d Pres-Wave(Place(sl) )  belong s t o Open-Hall-Plane(Relative-Positio n 

(p3,p2) )  {further )  (Figur e 2b) .  8 2 belong s t o sam e wav e fron t  o f  s i  i f  b 2 i s no t  blocke d an d 

Pres-Wave (  Place(Bl) )  belong s t o Open-Half-Plane(lnverse(Relative-Position(p3,p2)) )  (Fig -

ur e 2c) . 

L a w 5  (Furthe r  Propagation )  Suppos e Forward-Propagation?(s2 ,  si )  i s  true .  I f  8 2 \ 3 furthe r 

tha n s i  fro m th e source ,  the n Pres-Wave(Place(s2) )  fro m th e sourc e belong s t o Open-Half-Plan e 

(Pres-Wave(Place(sl))) . 

Thi s la w show s i f  PWP i s no t  blocked ,  the n i t  smoothl y change s th e directio n acros s th e adjacen t 

surfaces . 

A pressur e wav e travel s fro m th e sourc e o f  disturbanc e t o th e al l  directio n unles s i t  i s blocke d b y 

th e surfac e o f  th e rigi d body .  Unles s th e directio n o f  PWP i s change d b y an y surface ,  the n Pres-Wav e 

of  an y poin t  ca n b e simpl y inferre d a s directio n fro m th e sourc e t o tha t  point .  However ,  a s th e 

wave travels ,  a  ne w sourc e ca n b e generate d b y geometr y o f  th e surfaces .  Figur e 3  show s ho w a 
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Figur e 3 :  Ne w Sourc e 

ne w sourc e i s generate d whe n wav e arrive s a t  poin t  A  fro m th e source . 

We identif y th e case s t o generat e th e ne w source . 

L a w 6  ( N e w Soturce )  Suppos e Forward-Propagation?(82 ,  si )  i s  tru e an d th e end-point s o f  s i 

and 8 2 ar e (pl,p2 )  an d (p2,p3) .  The n ther e ar e tw o case s t o generat e a  ne w source :  (1 )  Blockin g 

-I f  8 2 i s blocked ,  the n ne w sourc e i s generate d aroun d p2 .  (2 )  First-Movin g -  I f  s 2 i s furthe r  tha n 

b1 fro m th e source ,  the n ne w sourc e migh t  b e generate d i n Place(Bl) .  Sinc e th e fluid  i n Place(sl ) 

start s t o mov e earlie r  tha n tha t  o f  82 ,  thi s ma y caus e a  pressur e disturbance . 

Once th e nex t  surfac e t o b e propagate d i s chose n an d a  ne w sourc e i s identified ,  Pres-Wave(Plac e 

(s2) )  i s  determine d b y th e relationshi p betwee n s i  an d 82 ,  say ,  whethe r  b 2 i s i n th e nex t  wav e 

fron t  o r  th e sam e wav e fron t  an d a  ne w sourc e migh t  b e generated .  I n th e ceis e o f  Blocking , 

Relative-Positio n (p3,p2 )  become s Pres-Wave(Plac e (s2) )  sinc e a  ne w sourc e o f  disturbanc e 

i s generate d nea r  p2 .  I n cas e o f  First-Moving ,  PWP b y th e origina l  an d th e newl y generate d 

sourc e shoul d b e considered .  I f  a  pressur e wav e ca n arriv e a t  b 2 withou t  th e blockin g b y sur -

face ,  th e relativ e directio n fro m th e sourc e o f  disturbanc e t o th e surfac e 8 2 ca n b e compute d 

by addin g tha t  o f  Bl(i.e. ,  Pres-Wave(Place(sl)) )  an d Relative-Position(p3,p2 )  b y th e la w o f 

Transitivit y o f  Relative-Position .  Sinc e ou r  approac h i s baise d o n th e qualitativ e information ,  ev -

er y possibl e inferenc e i s made .  Thu s Relative-Position(p3,p2 )  an d Pres-Wave(Place{8l) )  -| -

Relative-Position(p3,p2 )  ar e possibl e direction s fo r  Place(s2) .  I n th e cas e o f  Sam e wav e front , 

at  leas t  th e part s o f  s 2 whic h ar e close r  t o s i  hav e th e sam e Pres-Wav e a s si .  Thu s place s o f  s i 

and b 2 ar e merged .  A s w e mentione d previously ,  durin g generatio n o f  th e place s base d o n this ,  ne w 

place s ma y b e generate d b y th e CC. 

2.5 Inferring Propagation in Backward Direction 

Since our approach propagates the pressure wave across the connected surfaces and divides the 

spac e base d o n th e place s nea r  th e surface ,  i t  ma y no t  suffic e give n a  mor e complicate d geometry . 

For  example ,  i n Figur e 4  whe n Place(sl )  i s  generated ,  a  ne w plac e canno t  b e generate d an y mor e 

sinc e ther e i s n o surfac e adjacen t  t o e l  i n th e forwar d directio n o f  PWP.  B y th e sam e reason ,  ne w 

p\ac e canno t  b e generate d afte r  Place(s4) . 

However ,  b y th e revers e inferencin g o f  th e forwar d PWP,  thi s proble m ca n b e solved .  A s w e ca n 

expect ,  thi s revers e inferenc e ma y brin g ou t  ambiguities .  Sinc e ou r  techniqu e doe s no t  us e an y 

metri c information ,  severa l  possibilitie s ca n b e introduced .  Bu t  usin g som e constraint s du e t o th e 

characteristic s o f  fluid,  w e ca n eliminat e man y ambiguities . 

Definitio n 1 0 (Backward-Propagat ion? )  Suppos e s i  an d s 2 ar e tw o adjacen t  surface s an d 

thei r  end-point s ar e (pl,p2 )  an d (p2,p3) .  I f  th e Pres-Wave(Place(sl) )  belong s t o Open-Half-Plan e 

(lnverBe(Relative-Position(p2,pl))) ,  the n Backward-Propagation?{B2,Bl )  i s  true . 

I f  Backward-Propagation?(s2,Bl )  i s  true ,  the n Forward-Propagation?(sl ,  b2 )  i s true .  Thu s 

si  belong s t o th e nex t  wav e fron t  o r  th e sam e wav e fron t  o f  b2 .  W e identifie d ho w t o infe r  whethe r 

82 belong s t o previou s o r  sam e wav e fron t  o f  s i  fro m th e geometri c analysi s fo r  al l  possibl e cases . 
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SI 
Figur e 4 :  Comple x Geometr y 

Figur e 5 :  Example s o f  Backward-Propagation?((0+),8l ) 
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(b ) 

L a w 7  (BackAvar d Propagat ion )  I f  BackwardPropagation?{s2,8l )  i s  true ,  th e relationshi p be -

twee n s i  an d b 2 i n propagatio n o f  a  pressur e wav e is :  (1 )  sam t  wav e front -  Pres-Wave(Place(sl) ) 

belong s t o Open-Hall-Plane(lnverse(Surface-Normal(s2))) ;  I n addition ,  i f  Relative-Positio n 

(p i  ,p2 )  i s equa l  t o th e Pres-Wave(Place(sl)) ,  the n thi s geometr y ca n b e th e revers e o f  th e Block -

in g i n forwardin g propagatio n (Figur e 5a) ,  (2 )  previou s wav e fron t  -  unles s 8 2 i s sam e wav e fron t 

(Figur e 5b) . 

I n cas e o f  sam e u>ot;e/ronf ,  Pres-Wave(Place(s2) )  i s  compute d b y addin g Pres-Wave(Place(sl) ) 

and Relative-Position(p3,p2) .  Fo r  th e revers e o f  th e Blocking ,  Pres-Wave(Place(82) )  ca n b e 

any d  whic h belong s t o Open-Half-Plane(Surface-Normal(sl) )  an d i s no t  constraine d ca n b e 

Pres-Wave(Place(s2)) .  I n th e cas e o f  previou s wav e front ,  w e canno t  comput e th e possibl e direc -

tion s bu t  ca n giv e constraint s whic h filter  th e illega l  ones . 

L a w 8  (Source-Constraint)Suppos e Backward-Propagation?(82 ,  si )  i s  tru e an d th e end-point s 

of  s i  an d s 2 ar e (pl,p2 )  an d (p2,p3) .  Then ,  (l )  pressur e wav e canno t  propagat e fro m p 2 t o s2 .  Thu s 

fo r  ever y ( f  whic h belong s t o Open-Half-Plane(Relative -  PoBition(p3,p2)),Prop-Constraint(B2 , 

d)  i s true .  (2 )  pressur e wav e canno t  propagat e fro m s i  t o 62 .  Thu s b y th e la w o f  Furthe r 

Propagation ,  fo r  ever y d  whic h belong s t o Open-Half-Plane(lnverse(Pre8-Wave(Place(8l)))) , 

Prop-Constrain t  (E2,cf )  i s  true . 

By th e inferrin g i n revers e order ,  i t  i s  no t  eas y t o determin e th e directio n o f  a  possibl e pressur e 

wave ;  ther e m a y b e severa l  possibilities .  W h e n ther e ar e severa l  possibilitie s fo r  on e problem ,  peopl e 

ten d t o eliminat e inadequat e one s b y constraint s t o ge t  th e final  solutions .  B y givin g th e Surfac e 

an d Sourc e constraints ,  w e ca n filter  ou t  th e illega l  ones .  Fo r  example ,  i n Figur e 5b ,  i f  w e appl y 

thes e tw o constraints ,  th e onl y possibl e direction s fo r  Pres-Wave(Place(s2) )  ar e (-0 )  an d (—h) . 

I n cas e o f  c ,  n o directio n i s lef t  afte r  filtering  out ,  whic h mean s Pre8-Wave(Place(8l) )  canno t  hav e 

th e directio n o f  (--f-) -  Lik e i n c ,  eve n i f  th e illega l  place s generate d b y revers e inferenc e b y th e lac k 

of  information ,  the y ca n b e filtered  ou t  later . 
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Figur e 6 :  Flo w an d Surfac e Interactio n 
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3 E n v i s i o n i n g F l o w direct io n 

Given an external disturbance of pressure, the space of interest is incrementally divided by con-
necte d places .  Ou r  syste m compute s ever y possibl e combinatio n o f  th e places .  The n th e fluid  i n 
each plac e start s t o mov e i n th e directio n o f  a  pressur e wav e i f  i t  i s  a  compressio n wav e o r  i n th e 

opposit e directio n o f  a  pressur e i f  i t  i s  a n expansio n wave .  B y th e connectivit y o f  th e places ,  w e 

can predic t  th e nex t  plac e wher e th e fluid  wil l  go .  Fo r  example ,  i f  th e induce d velocit y o f  a  plac e i s 

(+ - ) ,  the n th e fluid  i n tha t  plac e wil l  flow  int o th e place s wher e ar e locate d t o th e righ t  o r  dow n 

fro m th e pld^e . 

When th e movin g flow  come s t o th e place ,  the n th e induce d forc e b y th e interactio n o f  th e flow 

and surfac e o f  th e rigi d bod y ma y b e applie d t o th e flow.  Figur e 6  show s a n exampl e o f  this .  Arrow s 

represen t  th e directio n o f  th e induce d velocity .  W h e n th e fluid  i n Place(82 )  arrive s a t  Place(83 ) 

wit h th e velocit y  (+0) ,  i t  keep s goin g t o tha t  direction .  However ,  th e are a nea r  th e surfac e b 3 

chang e an d ha s les s molecul e o f  th e fluid  compare d t o th e othe r  part s o f  Place(83) . 

Compared t o th e pressur e disturbance s i n previou s section ,  th e influenc e o f  disturbanc e o f  flow 

and geometr y i s smal l  an d loca l  sinc e a s soo n a s i t  happen s th e flow  i n tha t  plac e change s th e 

directio n b y th e induce d force .  Thu s it s disturbanc e i s diminished .  Bu t  eve n i f  th e induce d forc e 

i s applie d t o th e movin g flow,  th e flow  doe s no t  immediatel y chang e th e directio n t o th e directio n 

of  th e applie d forc e sinc e th e flow  alread y ha s th e momentum .  Sinc e thi s eff"ec t  i s  loca l  t o th e flow 

i n tha t  place ,  i t  generate s a  loca l  plac e insid e th e pleice .  It s efi"ec t  assume s t o b e limite d insid e o f 

th e place .  Eve n thoug h w e ca n infe r  thi s regio n exist s insid e o f  th e place ,  i t  seem s t o b e impossibl e 

t o explicitl y  giv e thei r  boundar y sinc e it s efl'ec t  keep s diminishin g an d th e interactio n betwee n th e 

flow  clos e t o tha t  regio n an d tha t  disturbanc e keep s changing . 

Sinc e th e loca l  plac e i s als o generate d b y pressur e change ,  tw o kind s ar e possible : 

Definitio n 1 1 (N-Local-Place )  Suppos e P  represent s Place(s) .  I f  th e pressur e adjacen t  t o s  i s 

lowe r  tha n th e othe r  par t  o f  insid e o f  P ,  the n N-Local-Place{P,e )  i s generate d nea r  s . 

Definitio n 1 2 (P-Local-Place )  Suppos e P  represent s Place(B) .  I f  th e pressur e adjacen t  t o s  i s 

highe r  tha n th e othe r  par t  o f  insid e o f  P ,  the n P-Local-Place{?,B )  i s generate d nea r  8 . 

We identifie d th e interactio n betwee n flow  an d geometr y a s follows : 

L a w 9  (Pulling )  Suppos e P  represent s Place(s )  an d th e flow  wit h th e velocit y v  i s enterin g 

th e plac e P .  I f  Surface-Normal(8 )  belong s t o Open-Hall-PleLne(u) ,  the n N-Local-Place(P,8 )  i s 

formed .  Thi s N-Local-Plac e give s th e forc e i n directio n o f  Inver6e{Surface-Normal(s) )  t o th e 

flow  i n P  (i.e. ,  i t  pull s th e flow  int o th e surface) . 

L a w 1 0 (Pushing )  Suppos e P  represent s Place(s )  an d th e flow  wit h th e velocit y v  i s enterin g th e 

plac e P .  KSurface-Normal(B )  belong s t o Open-Half-Plaui e (inverBe(u)) ,  the n P-Local-Place(P,B ) 

i s formed .  Thi s P-Local-Plac e give s th e forc e i n directio n o f  Sur f  ace-Normal(s )  t o th e flow  i n P 

(i.e. ,  i t  pushe s th e flow  int o th e surfjice) . 

Pushin g happen s sinc e th e fluid  molecule s hit s th e wal l  an d thos e collision s incresis e th e pressur e 

near  th e wall . 
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Thu s fluid  directio n i n eaw; h plac e ca n b e envisione d b y startin g fro m it s origina l  plac e an d trav -

elin g int o th e adjacen t  place s wit h possibl e changin g o f  it s  directio n du e t o th e surfac e interaction . 

Th e flow  wil l  b e sto p i f  i t  goe s t o equilibriu m afte r  moving . 

4 Discussion 

This paper presents a theory of geometry of fluid flow in two-dimensional space. Given qualitative 

description s o f  geometr y an d a  pressur e chang e i n fluid,  w e ca n determin e th e possibl e direction s 

of  fluid  motion .  Th e intercictio n betwee n th e surfac e geometr y o f  rigi d bod y an d pressur e wav e 

propagatio n i s identifie d i n ou r  theory .  Thi s ide a i s bein g implemented . 

We hav e onl y deal t  wit h th e velocit y chang e o f  fluid  here .  W e pla n t o expan d ou r  theor y t o 

hav e a  complet e theor y fo r  reasonin g abou t  fluid.  Reasonin g abou t  th e othe r  importan t  propertie s 

of  fluid,  suc h a s pressure ,  temperature ,  an d densit y s o o n i s lef t  a s futur e work .  W h a t  w e hop e t o 

analyz e eventuall y i s a  rea l  system ,  suc h a s interna l  combustio n engine ,  whic h shoul d b e explaine d 

by tightl y integratin g dynamic s an d kinemati c o f  rigi d bodie s an d fluid.  Ou r  theor y fo r  analyzin g 

th e direction s o f  fluid  flow  i s on e ste p toward s tha t  goal . 
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