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Tellin g w h e r e on e i s headin g an d w h e r e thing s m o v e independentl y 

Niels da Vitoria Lobo and John K. Tsotsos* 

Dept .  o f  Compute r  Science ,  Universit y  o f  Toronto ,  Toronto ,  Canad a M5 S 1A4 . 
e-mail :  niels@vis.toronto.edu ,  tsotsos@vis.toronto.ed u 

Abstrac t 

We summariz e ou r  recen t  nove l  approac h t o computin g th e Fo -
cus o f  Expansio n fo r  a n observe r  movin g wit h unrestricte d mo -
tio n i n a  scen e wit h object s o f  unrestricte d shape .  Thi s metho d 
als o detect s point s no t  movin g rigidly  wit h th e scene .  Th e 
approach ,  usin g collinea r  imag e points ,  i s  base d o n a n exac t 
metho d fo r  cancellin g effect s o f  th e observer' s rotatio n from 
opti c flow.  Th e computationa l  result s  ar e bein g presente d else -
wher e (d a Vitori a Lob o &  Tsotso s 1991) .  Here ,  w e argu e tha t 
thi s algorith m i s biologicall y plausible . 

Introduction 

Many years ago researchers (Helmholtz 1925, Gibson 1957) 
hypothesize d tha t  th e 3- D motio n an d th e shap e o f  th e en -
vironmen t  ar e perceivabl e fro m th e projecte d motio n arisin g 
out  o f  th e relativ e motio n betwee n a  monocula r  observe r  an d 
th e scene .  I n thi s paper ,  w e summariz e ou r  recen t  compu -
tationa l  solutio n t o thi s proble m an d discus s it s biologica l 
plausibility . 

The paradig m w e wor k withi n assume s tha t  a n approxima -
tio n t o instantaneou s imag e velocit y (als o terme d image/lo w 
or  opti c flow)  ca n b e measured ,  an d som e progres s ha s bee n 
made toward s achievin g suc h measurement s (se e Watso n & 
Ahumada 1985 ,  Heege r  1988 ,  Flee t  1990) .  Th e subsequen t 
step ,  tha t  o f  computin g th e 3- D motio n parameter s an d shap e 
informatio n fro m th e instantaneou s imag e velocity ,  ha s re -
ceive d ampl e attentio n fro m researchers .  However ,  i n addi -
tio n t o th e fac t  tha t  ever y 3- D algorith m propose d s o fa r  i s 
not  robus t  t o nois e i n th e inpu t  instantaneou s velocity ,  th e al -
gorithm s typicall y suffe r  fro m othe r  importan t  problem s tha t 
disqualif y the m fro m biologica l  candidacy .  Algorithm s tha t 
permi t  genera l  rigi d motio n an d unrestricte d shape s hav e t o 
searc h i n space s tha t  hav e a t  leas t  thre e dimension s (Brus s 
& Hor n 1983) ,  an d th e non-linea r  numerica l  method s use d 
ar e ver y sensitiv e t o th e initia l  guess .  Other s assum e som e 
restricte d for m o f  motio n (eg. ,  n o rotatio n i n a  certai n di -
mension ;  se e Barro n 1988) ,  o r  restric t  th e allowabl e shape s 
(eg. ,  planarity) ,  i n orde r  t o ge t  closed-for m solution s fo r  th e 
unknown s ( W a x m a n &  W o h n 1987) ,  o r  assum e tha t  som e 
parameter s ar e k n o w n an d solv e fo r  th e other s (Ballar d & 
Kimbal l  1983 ,  Matthie s e t  al .  1989 )  — al l  o f  the m to o re -
strictiv e fo r  biologica l  plausibihty . 

The basi s o f  ou r  approac h i s a  techniqu e fo r  combinin g 
collinea r  imag e point s whic h allow s rotatio n t o b e cancelle d 

i n a n exac t  manner .  Alon g an y straigh t  lin e i n th e image ,  th e 
rotationa l  contributio n t o th e imag e velocit y componen t  or -
thogona l  t o th e lin e varie s linearl y wit h length ,  s o tha t  takin g 
^proximation s t o th e secon d derivativ e o f  thi s componen t  o f 
velocit y cancel s ou t  rotation .  Thu s despit e th e unrestricte d 
motio n an d unrestricte d shap e involve d i n th e problem ,  th e 
motio n parameter s ca n b e unlocke d b y a  searc h fo r  th e cor -
rec t  directio n o f  translation ,  whic h i s a  mer e 2-dimensiona l 
searc h an d incur s a  fa r  lowe r  computationa l  cos t  tha n othe r 
algorithm s tha t  searc h i n highe r  dimensions .  T h e algorithm , 
terme d th e F O E Algorithm ,  use s a n operato r  tha t  simultane -
ousl y cancel s ou t  rotatio n exactl y an d sample s th e transla -
tio n contributio n t o fin d th e directio n o f  translation .  Earlier , 
da Vitori a Lob o &  Tsotso s (1990 )  showe d tha t  fo r  thre e non -
collinea r  imag e points ,  th e pair-wis e relativ e depth s o f  th e 
thre e scen e point s ar e dependen t  onl y o n th e unknow n 3- D 
directio n o f  translatio n an d th e k n o w n imag e velocitie s an d 
imag e position s (i.e. ,  that ,  i n principle ,  knowledg e o f  rotatio n 
i s irrelevan t  t o th e calculatio n o f  shap e fro m motion) .  Fo r 
othe r  wor k tha t  cancel s rotatio n se e Prazdn y (1983) ,  Nelso n 
& Aloimono s (1988 )  an d Heege r  &  Jepso n (1990) .  Ou r  ap -
proac h als o straightforwardl y detect s point s tha t  d o no t  m o v e 
i n a  manne r  consisten t  wit h th e assumptio n o f  a  rigid  scene . 
I n thi s p £ ^ r  w e argu e tha t  du e t o it s  simplicity ,  lo w computa -
tiona l  cost ,  inheren t  parallelism ,  an d robustnes s t o noise ,  thi s 
metho d i s biologicall y plausible ,  an d w e explor e it s conse -
quence s fo r  researc h i n biologica l  systems .  W e first  revie w 
our  F O E algorith m an d it s extensio n t o detectin g indepen -
den t  motion .  The n w e discus s th e importanc e o f  th e F O E 
and presen t  th e argument s fo r  biologica l  plausibility ,  alon g 
wit h prediction s tha t  resul t  fro m th e model . 

Locating the FOE and independent motion 

I n thi s section ,  w e summariz e wor k appearin g i n d a Vitori a 
Lob o (fe'Kotso s (1991) . 

Image velocity and scene parameters 

When th e relativ e motio n betwee n th e viewe r  an d a  scen e 
poin t  (a t  dept h Z )  i s describe d b y a n instantaneou s trans -
latio n (C/ ,  V ,  W ) ,  an d a n instantaneou s rotatio n {A,B ,  C ) , 
th e projecte d velocit y i n th e imag e plan e a t  positio n {x ,  y ) 
i s (u ,  v) ,  (Longuet-Higgin s & .  Prazdn y 1980) ,  wher e 

u =  = ^ ^ ^  -  Ax y +  Bix ^  +  I )  -  Cy , 

V =  ^^^!^-Aiy ^  +  l )  +  Bx y +  Cx . 
(1 ) 

*Joh n K .  Tsotso s i s th e Canadia n Pacifi c  Fello w o f  th e Cana -
dia n Institut e fo r  Advance d Research .  Thi s wor k wa s supporte d 
by th e Natura l  Science s an d Engineerin g Researc h Counci l  an d th e 
Informatio n Technolog y Researc h Center ,  a  Provinc e o f  Ontari o 
Cente r  o f  Excellence .  Th e rang e dat a cam e from  th e Rang e Imag e 
Databas e o f  N R C Canada . 

T h e F o c u s o f  E x p a n s i o n 

We defin e th e Focu s o f  Expansio n ( F O E )  t o b e th e positio n 
of  intersectio n o f  th e imagin g surface ^  an d th e directio n o f 

'This surface could be planar, hemi-spherical, etc. 
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Figur e 1 :  T h e F O E :  Thi s figure  show s flow  fields  generate d w h e n 
observe r  a )  onl y translates ,  b )  onl y rotates ,  an d c )  move s wit h bot h 
rotation and translation, the most typical situation. In the second 
cas e ther e i s n o F O E becaus e ther e i s n o observe r  translation ,  whil e 
i n th e first  an d thir d case s th e F O E i s i n th e sam e positio n fo r  bot h 
cases ,  jus t  abov e an d t o th e righ t  o f  th e imag e center .  Tha t  is ,  ou r 
definition of FOE renders its position in the image completely in-
dependen t  o f  observe r  rotation . 

instantaneous observer translation. This^ defines the FOE to 
b e independen t  o f  th e viewer' s instantaneou s rotation .  Fig -
ur e 1  illustrate s h o w ou r  definitio n o f  F O E m a k e s it s positio n 
invarian t  t o rotation . 

Severa l  author s h a v e researche d th e computat io n o f  th e 
F O E eithe r  b y restrictin g th e allowabl e mot io n t o translatio n 
o r  b y approximatel y cancellin g rotation(Jai n 1 9 8 2 ,  Reige r 
8l Lawton 1985). In work related to ours, Weinshall (1990) 
finds  th e F O E bu t  need s t o find  elliptica l  surfac e patche s be -
forehand .  T h e contributio n o f  th e w o r k i n d a Vitori a L o b o 
& TSotso s (1991 )  i s tha t  w e find  th e F O E i n a n exac t  m a n -
ner ,  eve n w h e n th e mot io n include s genera l  rotation ,  wit h n o 
restrictio n o n surfac e shape . 

FOE From Collinear Measurements 

We refer to three image points as a triplet. The unit computa-
tio n o f  ou r  algorith m i s a  collinea r  triple t  computation .  Th e 
computatio n i s a  generalizatio n o f  a n approximatio n t o th e 
secon d derivativ e o f  th e velocit y componen t  tha t  i s  norma l  t o 
th e lin e joinin g th e thre e collinea r  imag e pxaints ,  th e "deriva -
tive "  bein g take n i n th e directio n o f  th e line .  Fo r  point s sub -
scripted by i, (i =1,2,3), let the image coordinates of the 
points be (i,, j/,). tl^eir image velocities be (uj, f,), and the 
depth s t o thei r  counterpart s i n th e scen e b e Z, . 

^Thi s definitio n differ s fro m tha t  o f  Rega n &  Beverle y (1982 ) 
and Cutting (1986) who define the FOE as the intersection of the 
image and the direction of motion, thus making it dependent on 
rotation. 
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F igur e 2 :  T h e F O E Operato r  Thi s show s h p w a n operato r  i s 
made up of intersecting lines of points in the image. On a regular 
256x256 square optic array, at a single point we can have about 60-
70 intersecting lines each of which passes through at least several 
image points. Here, only 9 lines are shown. The image is a dense 
grid of points, shown as hollow squares, each with a flow estimate 
associated with it Some of the points used by each line have been 
blackened to identiiy them. Along each line a Line Sum is calcu-
lated (see Fig 3). The Line Sums are added to give the response of 
the operator at position (x,y) which is where the lines intersect 

T h e computat io n i s th e weighted ^  s u m ^ . 

Sum = (— sin 0){nui — (m + n)u2 + rnus) + 
(cos^)(nvi — (m + n)v2 + mv^) 

(2 ) 

wher e 9  i s th e angl e tha t  th e lin e throug h th e thre e imag e 
point s make s wit h th e imag e x-axis ,  goin g fro m th e x-axi s t o 
th e lin e i n a  counterclockwis e manner ,  an d wher e m i s th e 
distanc e betwee n th e first  an d secon d imag e point s an d n  th e 
distanc e betwee n th e secon d an d third .  B y substitutio n o f 
(ti, ,  vi) ,  thi s generalize d S u m ca n b e verifie d t o b e 

('t/sin^ - Vcostf -I- \fjL (? + '") 
W y3 co s e  -  W x 3 si n 0  ) 

Sum 
= ( ' \Z , 

+ 

i.e. .  S u m =  produc t  o f  translatio n facto r  an d dept h factor . 
S um i s zer o eithe r  i f  th e scen e point s ar e collinear ,  o r  th e 

translatio n facto r  i s  zero ,  o r  i f  th e lin e passin g throug h th e 
thre e imag e point s als o passe s throug h th e F O E .  Thus ,  i n 
general ,  fo r  a  scen e containin g sufficien t  dept h variation ,  i f 
we comput e man y suc h collinea r  triple t  sum s acros s th e com -
plet e image ,  th e F O E wil l  b e i n th e positio n o f  intersectio n 

^  Whe n th e collinea r  point s ar e equi-spaced ,  th e weight s ar e ( 1 , -
2,1) which is an approximation to the second derivative (Rektorys 
1969). 

^ We use the symbol =' to define a calculation; this is to distin-
guis h i t  fro m a n expressio n o f  equality . 
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Figur e 3 :  Thi s show s ho w point s o n a  lin e wer e processed .  Flo w 
estimate s a t  point s ar e groupe d int o triplet s an d summed accordin g 
t o th e weighte d su m o f  equatio n (2) .  The n th e absolut e value s o f 
thes e weighte d sum s ar e summed t o giv e th e Lin e Su m fo r  th e line . 

of  man y triple t  line s fo r  which ,  i n eac h case ,  th e triple t  su m 
i s zero .  Next ,  w e describ e a n operato r  an d a n algorith m t o 
locat e th e F O E . 

The FOE Operator 

Conside r  a n operato r  (calle d th e F O E operator )  wit h man y 
line s passin g throug h it s cente r  (centere d a t  som e (x,y )  po -
sitio n i n th e image )  i n man y direction s i n th e imag e (se e 
figure  2) ,  suc h tha t  eac h lin e passe s throug h severa l  imag e 
points .  Alon g th e line ,  overlappin g triplet s o f  imag e veloc -
it y ar e use d an d summe d (se e figure  3) . 

The absolut e value s o f  al l  triple t  sum s (a s define d b y equa -
tio n 2 )  alon g a  lin e ar e summe d t o giv e a  LineSum ,  an d the n 
th e LineSum s ar e s u m m e d t o ge t  a  respons e a t  th e center .  Fo r 
a rigid  scene ,  ther e ar e thre e reason s w h y th e respons e coul d 
be zero .  First ,  eac h o f  th e triplet s s u m m e d b y thi s operato r 
coul d b e a  collinea r  triple t  i n th e scene ;  however ,  sinc e eac h 
lin e contain s overlappin g triplets ,  fo r  th e zer o respons e t o 
be cause d b y collinea r  scen e points ,  th e whol e scen e woul d 
hav e t o b e a  singl e plane ,  whic h i s quit e rare .  Second ,  ther e 
coul d b e n o translation .  Third ,  th e tru e F O E coul d b e a t  th e 
positio n o f  th e cente r  o f  th e operator .  Fortunately ,  i f  eithe r  o f 
th e first  tw o case s wer e t o hold ,  th e operato r  woul d respon d 
wit h zer o everywhere ;  whereas ,  i n th e thir d case ,  assumin g 
th e first  tw o d o no t  hold ,  ther e wil l  b e a  uniqu e zero .  So ,  th e 
first  tw o case s ca n b e detecte d easil y an d eliminated .  Thus , 
we ca n swee p thi s operato r  acros s th e whol e flow  field  t o ob -
tai n a  respons e map ,  detectin g wher e i t  give s a  zer o respons e 
surrounde d b y sufficientl y non-zer o responses . 

Testing the FOE computation 

Her e test s o f  th e F O E algorith m ar e described .  Th e rang e 
imag e show n i n Fi g 4  wa s use d t o generat e th e syntheti c op -
ti c flow  field  show n i n Fi g 5 .  Thi s flow  wa s use d a s inpu t 
t o ou r  F O E algorithm .  Fo r  th e implementatio n o f  th e F O E 
algorithm ,  a n F O E operato r  wa s centere d a t  eac h elemen t 
i n th e opti c array .  Eac h F O E operato r  consiste d o f  2 4 line s 
passin g throug h i t  (se e Fi g 2) .  Alon g eac h lin e w e centere d 

Figur e 4 :  Rang e dat a tha t  wa s use d t o generat e th e syntheti c 
flow  field  use d i n thes e experiments .  Observe r  move s wit h som e 
instantaneou s 3- D rotatio n an d translatio n parameter s wit h respec t 
t o thes e dept h point s an d th e flow  equation s ar e use d t o giv e a n 
imag e velocit y vecto r  a t  eac h gri d poin t  o n th e opti c anay . 

a triple t  a t  eac h poin t  o n tha t  line .  Withi n eac h triplet ,  th e 
intra-triple t  spacin g wa s suc h tha t  thre e alternat e point s o n 
th e lin e wer e used . 

Fi g 6  show s th e respons e m a p fo r  th e operato r  a s a  func -
tio n o f  (x.y) .  Here ,  respons e map s ar e show n wit h brightnes s 
proportiona l  t o th e Lo g (response) .  Th e darkes t  point ,  th e 
globa l  min imum ,  correspond s t o th e compute d F O E an d i t  i s 
not  surprisin g tha t  i t  i s  exactl y correct .  Eve n wit h nois e (a s 
hig h a s 8 % o n average )  i n th e flow,  th e F O E i s foun d easily . 
Wit h noise ,  th e pi t  o f  th e m i n u m u m broaden s ou t  bu t  i s stil l 
pronounce d (somewha t  lik e Fi g 8. ) 

Functioning in a non-rigid scene 

Object s i n a  movin g observer' s vie w wil l  ofte n m o v e inde -
pendently .  Ou r  computatio n remain s competen t  i n thes e sit -
uations .  Fi g 7  depict s th e flow field  generate d b y combin -
in g th e origina l  rigid  flow  field  use d i n th e previou s sectio n 
wit h th e flow  fo r  a n independentl y movin g rectangula r  patc h 
i n th e uppe r  middl e o f  th e iniage .  Tli e frontoparalle l  patc h 
translate s upwar d an d t o th e right,  wit h a n imag e flow  mag -
nitud e comparabl e t o thos e o f  th e flower  petals .  Th e F O E 
algorith m wa s teste d o n thi s combine d flow field.  Th e out -
put  directio n o f  translatio n i s stil l  correc t  (filte r  respons e m a p 
i n Fi g 8. )  Test s indicat e tha t  eve n wit h large r  patche s th e 
F OE computatio n i s accurate ,  demonstratin g robustnes s t o 
patche s o f  non-rigidit y i n th e scene . 

Finding points that thwart rigidity 

A biologica l  agen t  need s th e abilit y  t o detec t  part s o f  th e 
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Figur e 7 :  Flo w field  combinin g th e origina l  rigid  flow  field  an d 
an independentl y movin g patc h i n uppe r  right  par t  o f  image .  Th e 
fi-ontoparallel  rectangula r  patc h translate s upward ,  t o th e right,  wit h 
an imag e flow  magnitud e tha t  i s  comparabl e t o thos e o f  th e flower 
petals . 

as tha t  whic h wil l  segmen t  i t  fro m it s background . 
O ur  algorith m ca n easil y signa l  tha t  certai n point s ar e 

movin g inconsistentl y relativ e t o th e res t  o f  th e scene .  W e 
achiev e thi s b y usin g th e operato r  tha t  gav e th e m i n i m u m re -
spons e indicatin g tha t  th e F O E i s a t  it s  center .  W e travers e 
eac h o f  it s variou s line s searchin g fo r  triplet s tha t  don' t  giv e 
near-zer o sums .  Suc h triplet s correspon d t o point s suc h tha t 
at  leas t  on e o f  th e thre e point s move s inconsistentl y wit h th e 
res t  o f  th e scene^ .  Fi g 9  show s th e regio n aroun d th e patc h 
i n th e flow field  o f  Fi g 7  bein g marke d b y th e progra m a s 
set s o f  inconsisten t  triplets .  Not e tha t  becaus e th e patc h it -
sel f  i s movin g i n a  plana r  fashion ,  th e triple t  sum ,  whe n al l 
thre e point s ar e insid e th e patch ,  i s  zero .  So ,  a t  a n indepen -
dentl y movin g plana r  region ,  onl y th e boundar y area s o f  th e 
regio n wil l  b e detecte d (thi s depend s o n th e intra-triple t  spac -
in g used) .  Fo r  a n independentl y movin g non-plana r  region , 
al l  th e triplets ,  i n an y w a y overlappin g th e region' s points , 
wil l  b e detected . 

Figur e 6 :  Respons e ma p fo r  noise-fre e flow.  I n thes e maps ,  w e 
sho w brightnes s proportiona l  t o Lop(response) .  Fo r  thi s input ,  th e 
globa l  minimu m i s exactl y a t  th e tru e F O E . 

scene where the overall-rigidity assumption does not hold. 
A poin t  m a y b e measure d a s movin g differentl y fro m th e res t 
of  th e scen e eithe r  becaus e i t  m a y b e a  nois y measuremen t 
-  i n whic h cas e an y subsequen t  us e o f  thi s erroneou s flow 
valu e suc h a s i n th e shap e reconstructio n step ,  shoul d b e ap -
proache d wit h cautio n -  o r  becaus e i t  coul d legitimatel y be -
lon g t o a n independentl y mov in g par t  o f  th e scene .  I f  thi s i s 
th e case ,  thi s mov in g par t  wil l  probabl y nee d additiona l  at -
tentio n an d possibl y s o m e specia l  purpos e processing ,  suc h 

Importanc e o f  th e F O E 

As mentioned earlier, we have already shown in principle 
tha t  relativ e dept h i s a  functio n o f  th e directio n o f  translatio n 
and i s independen t  o f  rotation .  I n othe r  work ,  w e ar e propos -
in g tha t  fo r  th e nois y case s shap e informatio n b e recovere d i n 
stages ,  involvin g qualitativ e an d quantitativ e recover y base d 
o n knowledg e o f  th e F O E .  Th e qualitativ e recover y wor k ha s 
akead y appeare d i n Weinshal l  (1990) ,  an d i n d a Vitori a Lob o 
& T^otso s (1990) . 

*We hav e alread y state d earlie r  i n thi s sectio n tha t  i f  suc h a 
collinea r  triple t  wer e movin g wit h th e sam e rigid  parameter s a s th e 
scene ,  th e triple t  Su m mus t  b e zero . 
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Figur e 8 :  Respons e ma p fo r  th e flow  associate d wit h th e nonrigi d 
scen e i n whic h a  patc h move s independently .  Th e globa l  minimu m 
i s i n th e sam e position ,  indicatin g tha t  th e F O E computatio n i s ro -
bust  t o non-rigidit y  i n th e scene . 

In addition to its use in computing shape, the FOE tells 
wher e on e i s heading .  Thi s coul d b e usefu l  fo r  navigatio n 
tasks .  Also ,  sinc e ou r  computatio n i s a  monocula r  one ,  a 
binocula r  syste m coul d comput e a n F O E fo r  eac h ey e seper -
ately ,  an d thi s coul d b e use d t o obtai n informatio n abou t  th e 
relativ e pose s o f  th e tw o eyes . 

Relation to biological systems 

We suggest that the FOE Algorithm summarized above is 
biologicall y plausibl e becaus e ou r  simpl e calculation s ca n 
easil y b e implemente d b y th e visua l  cortex .  Conside r  Fi g 10 . 
On th e lef t  w e sho w on e o f  th e motio n pathway s fro m Maun -
sel l  &  N e w s o m e (1987) .  O n th e righ t  w e sho w th e stage s w e 
use t o comput e ou r  F O E operato r  respons e m ^ ,  suggest -
in g point s i n th e cortica l  pathwa y a t  whic h ou r  computation s 
coul d b e implemented .  Cell s i n are a V I  coul d comput e nor -
mal  velocitie s fo r  movin g intensit y structure ,  an d the n con -
nec t  t o are a M S T eithe r  directl y o r  vi a are a M T .  (Maunsel l 
& Va n Esse n 1983 ,  Ungerleide r  &  Desimon e 1986) . 

Tanak a e t  al .  (1989 )  hav e describe d cell s i n macaqu e dor -
sal  M S T tha t  appea r  t o b e responsiv e t o pattern s compose d 
of  point s movin g outwardl y o r  inwardl y alon g radia l  lines . 
Thes e cell s hav e bee n terme d "changin g size "  o r  "expan -
sion/contraction "  cells .  A  famil y o f  suc h cells ,  simila r  t o 
eac h other ,  coul d b e computin g i n paralle l  a n invers e o f  ou r 
respons e map ,  wit h eac h cel l  respondin g strongl y whe n th e 
F OE i s a t  it s  center .  Tha t  is ,  eac h cel l  woul d b e encodin g 
a differen t  directio n o f  translation .  I f  suc h a  cel l  wer e com -
putin g a  su m o f  ou r  LineSums ,  the n a  cel l  tha t  respond s t o 
a suictl y expanding/contractin g radia l  flow  shoul d continu e 
it s respons e eve n whe n a  rotationa l  field  o f  th e kin d show n 
i n Fi g l b i s adde d t o th e expanding/contractin g pattern .  I f 

Figur e 9 :  A n enlarge d portio n o f  th e ou^u t  from  th e progra m 
tha t  detect s triplet s centrin g inconsistentl y movin g points ,  whe n 
i t  wa s ru n o n th e flow  o f  Fi g 7 .  Th e delecte d point s correspon d t o 
area s aroun d th e independentl y movin g patch .  Becaus e th e patc h 
itsel f  i s  movin g i n a  plana r  fashion ,  th e triple t  sum ,  whe n al l  thre e 
point s ar e insid e th e patch ,  i s  zero .  So ,  thes e interna l  point s ar e no t 
marked . 

this were to be found, this would be very strong evidence for 
a computatio n simila r  t o ou r  algorithm . 

To comput e ou r  F O E operato r  respons e a t  nearb y posi -
tions ,  neighborin g M S T cell s woul d receiv e inpu t  fro m over -
lappin g triple t  Sums .  Henc e i t  woul d b e reasonabl e t o expec t 
tha t  thes e S w n % ar e no t  bein g re-compute d eac h time ,  bu t 
rathe r  tha t  som e intermediat e cell s comput e somethin g aki n 
t o triple t  Sum%.  Ther e ar e cell s i n are a M T tha t  ar e know n 
t o respon d t o pattern s o f  activit y i n whic h th e cente r  differ s 
fro m it s surround .  Thi s woul d b e a n appropriat e substrat e 
i n whic h ou r  triple t  Sum i  coul d b e computed .  Thes e coul d 
appea r  i n th e for m o f  elongate d cell s computin g a n approxi -
matio n t o th e secon d derivativ e o f  th e norma l  velocities ,  th e 
derivativ e take n alon g th e lon g axis .  A n analogu e o f  suc h 
receptiv e fields  ha s bee n propose d b y Dobbin s e t  al .  (1987 ) 
fo r  curvatur e detection .  T o reduc e connectivit y t o th e M S T 
cel l  computin g th e respons e fo r  th e map ,  th e flow field  m a y 
be sample d quit e sparsely ,  an d w e nee d t o stud y th e compu -
tationa l  effect s o f  suc h spars e sampling . 

I f  th e respons e m a p i s bein g compute d i n paralle l  usin g 
a famil y o f  M S T cells ,  the n som e subsequen t  mechanis m 
woul d nee d t o find  th e globa l  min imum .  Thi s coul d pos -
sibl y b e accomplishe d usin g computation s a t  multipl e scale s 
acros s th e map ,  s o tha t  a  coars e samplin g o f  th e m a p woul d 
indicat e th e ballpar k o f  th e m in imum ,  whil e furthe r  finer 
grai n spatia l  samplin g woul d giv e bette r  resolutio n o f  th e po -
sitio n o f  th e F O E .  A  framewor k involvin g attentio n woul d b e 
suitabl e fo r  achievin g thi s (Tsotso s 1990) . 

Detectin g independentl y movin g point s require s top -
down activatio n o f  th e particula r  M S T cel l  positione d a t  th e 
F O E.  W e hypothesiz e tha t  suc h feedbac k exist s unde r  atten -
tiona l  control ,  bu t  it s exac t  natur e woul d nee d t o b e discov -
ered . 

Finally ,  ther e ar e connection s fro m are a M S T t o area s 7 a 
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Figur e 10 :  I s th e F O E algorith m biologicall y plausible ? O n 
th e left ,  a n abstractio n o f  on e o f  th e motio n pathway s describe d 
i n Maunsel l  &  Newsom e (1987) .  O n th e right ,  stage s leadin g u p t o 
th e computatio n o f  ou r  F O E operato r  respons e map . 

and STP where wide field, "opponent vector" organizations 
hav e bee n found .  Thes e cell s respon d t o pattern s o f  radia l 
flow  t o an d firom  th e fixation  poin t  (Maunsel l  &  Va n Esse n 
1987) .  W e ar e studyin g th e possibl e role s thes e woul d pla y 
i n ou r  framework . 

C o n c l u s i o n 

We have summarized a recent novel approach to comput-
in g th e directio n o f  th e translatio n componen t  o f  egomo -
tion ,  an d detectin g point s no t  movin g rigidl y wit h th e scene , 
i n th e vie w o f  a n observe r  movin g wit h unrestricte d m o -
tion .  Th e detaile d computationa l  wor k appear s elsewhere , 
but  her e w e argue d tha t  thi s approac h i s biologicall y plausi -
bl e an d sketche d som e o f  it s  consequences . 
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