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Abstrac t 
Ther e ar e strikin g parallel s betwee n ecologica l  psycholog y 
and ne w trend s i n robotic s an d computer  vision ,  particu -
larl y regardin g ho w agent s interac t  wit h th e environment . 
We presen t  som e idea s fro m ecologica l  psychology ,  in -
cludin g contro l  law s usin g optica l  flow ,  affordance s an d 
actio n modes ,  an d describ e ou r  implementatio n o f  thes e 
concept s i n a  smal l  mobil e robo t  whic h ca n avoi d 
obstacle s an d pla y ta g solel y usin g optica l  flow .  Thi s 
wor k tie s i n wit h thos e o f  other s arguin g fo r  a 
methodologica l  approac h i n robotic s whic h foregoe s a  cen -
tra l  model/planner .  Ecologica l  psycholog y ma y no t  onl y 
contribut e t o robotics ,  bu t  roboti c implementation s i n tur n 
provid e a  tes t  be d fo r  ecologica l  principle s an d source s o f 
idea s whic h coul d b e teste d i n animal s an d humans . 

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

Classical symbolic systems have proven to be powerful in 
modelin g som e aspect s o f  huma n cognition .  However ,  th e 
thing s human s d o easil y (e.g. ,  recognizin g patterns ,  movin g 
aroun d i n th e world ,  speaking )  ar e difficul t  t o explai n an d 
mimi c wit h a  symboli c approach .  ( W e tak e th e symboli c 
approac h t o mea n symbolic/syntacti c processin g only ,  de -
spit e argument s fo r  it s all-inclusivenes s (Ver a &  Simon , 
1993). )  Withi n bot h th e cognitiv e scienc e an d A I  communi -
tie s a n increasin g dissatisfactio n wit h thi s approac h ha s le d 
t o th e emergenc e o f  alternativ e approaches .  I n cognitiv e 
science ,  ecologica l  psycholog y an d especiall y connectionis m 
ar e influential ,  an d i n th e fields  o f  robotic s an d compute r  vi -
sion ,  non-symboli c an d situate d architecture s ar e havin g a 
stron g impact . 

I n thi s pape r  w e explor e th e similaritie s betwee n ecologi -
cal  psycholog y an d thes e ne w trend s i n robotic s an d com -
pute r  vision .  Fo r  it s o w n reasons ,  ecologica l  psycholog y 
has avoide d explanation s o f  perceptio n an d actio n whic h 
requir e a  centra l  model/planne r  an d ha s promote d tighte r 
bindin g betwee n perceptio n an d actio n throug h th e concept s 
of  contro l  laws ,  affordances ,  an d actio n modes .  W e presen t 
thes e idea s an d relat e som e o f  ou r  wor k implementin g the m 
i n a  smal l  mobil e robot . 

Behavior-Based Robotics and Active 

V i s i o n 

In the past few years, a new approach has developed in 
robotic s calle d behavior-base d robotic s (Brooks ,  1991a) . 

Althoug h earlie r  wor k o n mobil e robot s ha d som e successes , 
e.g. ,  SRI' s Shake y (Nilsson ,  1984 )  an d Moravec' s (1981 ) 
C A R T,  the y wer e generall y o f  th e "sense-model-plan-act " 
variety ,  requirin g intens e computatio n fo r  inferrin g th e 
locatio n an d identit y o f  objects ,  updatin g a  centra l  worl d 
model ,  an d plannin g a  cours e o f  actio n t o achiev e som e 
define d goa l  state .  I n contrast ,  th e ne w approac h (Brooks , 
1991b )  attempt s t o buil d u p robot s throug h network s o f 
simple ,  full y  functiona l  behavior s mappin g sensor s t o 
actuators ,  wit h n o centra l  model .  Comp le x behavio r 
emerge s fro m th e dynami c interactio n betwee n th e agen t 
wit h it s simpl e mapping s an d th e environment ,  producin g 
what  appear s t o b e goal-directe d action . 

Most  o f  th e wor k i n robotic s use s sensor s othe r  tha n vi -
sion .  Sonar ,  infra-re d detectors ,  laser-ligh t  stripers ,  an d dead -
reckonin g provid e metri c distanc e informatio n an d tradition -
ally ,  th e robo t  use s thi s informatio n t o plac e itsel f  a t  a  par -
ticula r  poin t  i n it s worl d mode l  an d t o pla n a  metri c pat h 
throug h th e environment .  Th e typica l  rol e o f  visio n i n thes e 
robot s i s t o creat e o r  augmen t  th e model .  Usin g visua l  in -
formatio n a s simpl y anothe r  wa y t o obtai n metri c value s al -
low s on e t o trea t  compute r  visio n a s a  separat e task ,  on e o f 
scen e analysis :  creatin g a  descriptio n o f  th e three-dimen -
siona l  worl d fro m two-dimensiona l  images .  Th e numerou s 
means o f  constructin g suc h model s (e.g. ,  shap e fro m shad -
ing ,  structur e fro m motion) ,  a s the y ar e presentl y formu -
lated ,  ar e ofte n ill-pose d problem s requirin g assumption s an d 
nois e model s whic h d o no t  generaliz e t o real-worl d visio n 
(Aloimono s &  Rosenfeld ,  1991) .  However ,  wit h activ e con -
tro l  o f  th e visua l  syste m {activ e vision )  thes e problem s be -
come well-posed ,  usuall y wit h uniqu e solution s an d a  fe w 
reasonabl e assumption s (Aloimono s &  Rosenfeld ,  1991 ; 
Ballard ,  1991) .  Purposiv e o r  animat e visio n (Aloimonos , 
1993 ;  Ballar d &  Brown ,  1992 )  goe s on e ste p furthe r  tha n 
finding  bette r  solution s t o th e ol d problems ;  rathe r  i t  pose s 
th e question ,  "Wha t  i s visio n for? "  (Ballard ,  1991) .  I f  visio n 
i s use d t o achiev e th e goal s o f  th e organism ,  wher e a  goa l 
need no t  b e a  discret e stat e o f  th e world ,  th e syste m ma y no t 
need t o mode l  th e worl d a t  al l  befor e actin g upo n it . 

Ecological Psychology and Robotics 

Many of the papers in animate vision and robotics have 
made passin g referenc e t o th e work s o f  J.J .  Gibson ,  bu t  w e 
woul d lik e t o prob e furthe r  int o th e relevanc e o f  hi s idea s 
(se e Pickerin g (1992 )  fo r  othe r  points) .  Ecologica l  psychol -
ogy ,  a s develope d b y Gibso n (e.g. ,  1955 ,  1966 ,  1979) , 
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view s animal s an d thei r  environment s a s "inseparabl e pairs " 
tha t  shoul d b e describe d a t  a  scal e relevan t  t o th e animal' s 
behavior .  So ,  fo r  example ,  animal s perceiv e th e layou t  o f 
surfaces ,  no t  th e coordinate s o f  point s i n space .  A  mai n 
tene t  o f  th e ecologica l  approac h i s tha t  th e opti c array ,  Ih e 
patter n o f  ligh t  reflecte d fro m thes e surfaces ,  provide s 
adequat e informatio n fo r  controllin g behavio r  withou t  furthe r 
inferentia l  processin g o r  mode !  construction .  Thi s vie w i s 
calle d direc t  perception :  th e anima l  ha s direc t  knowledg e of , 
and a  relationshi p to ,  it s  environmen t  a s a  resul t  o f  natura l 
laws .  H o w fa r  int o cognitio n perceptio n play s a  rol e i s a n 
ope n question ,  bu t  minimally ,  th e informatio n involve d i n 
bot h perceptio n a n d actio n coul d groun d other ,  non -
perceptua l  tasks .  Th e strateg y i s t o pus h natura l  la w a s fa r 
as possibl e int o cognition ,  thu s placin g mor e constraint s o n 
th e cognitiv e system . 

The Gibsonia n approac h ca n b e summarize d i n th e ide a 
tha t  i t  i s mor e desirabl e t o pu t  th e anima l  i n it s environmen t 
tha n t o pu t  th e environmen t  i n th e animal .  Rathe r  tha n in -
ternall y representin g detaile d knowledg e o f  th e world ,  ani -
mal s detec t  an d us e informatio n abou t  i t  a s i t  i s  required . 
Thi s i s th e "fundamenta l  hypothesis "  o f  th e ecologica l  ap -
proac h t o vision : 

Optical structure specifies its environmental source and 
.. .  therefore ,  mobil e organism s wit h activ e visua l  sys -
tem s tha t  ca n pic k u p thi s informatio n wil l  se e thei r 
environment s an d suitabl y adjus t  thei r  activity ,  i f  an d 
when the y detec t  tha t  information ,  an d onl y the n 
(Turve y e t  al. ,  1981 ,  p .  243 ,  emphase s ours) . 

Now, if we replace "mobile organisms" with "mobile 
robots, "  o r  mor e generally ,  "agents, "  thi s hypothesi s i s jus t 
as applicabl e t o behavior-base d robot s a s i t  i s  t o animals . 
That  is ,  sufficien t  informatio n i s availabl e i n th e robot-envi -
ronmen t  interactio n t o contro l  th e robot' s behavio r  withou t 
furthe r  inferenc e o r  reconstruction .  I n addition ,  appropriat e 
perception-actio n dynamic s i n th e robo t  provid e a  non-infer -
entia l  sourc e o f  informatio n upo n whic h othe r  aspect s o f 
computatio n (planning ,  mapping ,  reasoning ,  etc. )  ca n b e 
base d an d b y whic h the y ca n b e limited . 

Simila r  hypothese s migh t  b e mad e i n regard s t o th e othe r 
sense s o r  sensors ,  bu t  i t  i s  primaril y visio n tha t  seem s th e 
most  promisin g fo r  unifyin g th e field s o f  robotic s an d eco -
logica l  psychology .  Bot h woul d gai n fro m suc h a  union . 
The latte r  ca n provid e insight s int o wha t  kind s o f  informa -
tio n ca n contro l  th e action s o f  agents ,  tha t  is ,  wha t  ecologi -
cal  law s ar e a t  wor k fo r  a  give n task ;  an d th e forme r  ca n 
provid e a n experimenta l  an d demonstrativ e settin g i n whic h 
t o tes t  th e viabilit y  o f  propose d contro l  strategie s an d facili -
tat e th e discover y o f  ne w ones .  Th e ne w robotic s an d th e 
ecologica l  approac h complemen t  eac h othe r  wel l  an d bot h 
ultimatel y hav e th e sam e concerns ;  thus ,  mobil e robotic s 
provide s a  promisin g tes t  be d fo r  ecologica l  principles . 

Optical Flow and Control Laws 

A relevant case is the study of optical flow. As an observa-
tio n poin t  move s throug h th e environment ,  th e patter n o f 
ligh t  reflecte d t o tha t  poin t  change s continuously ,  creatin g 
optica l  flow  (Lee ,  1980 ;  Gibson ,  1958) .  Optica l  flow  con -

tain s informatio n abou t  bot h th e layou t  o f  surface s an d th e 
motio n o f  th e poin t  o f  observation .  Fo r  example ,  i f  a n ob -
serve r  i s translating ,  the/oca ^  o f  expansio n (FOE) ,  o r  cente r 
of  th e radia l  flow  pattern ,  specifie s th e observer' s heading . 
I f  th e observe r  i s movin g a t  a  constan t  velocity ,  the n th e 
time-to-contac t  wit h a  surfac e i s give n b y th e relativ e rat e o f 
expansio n t  =  r/v ,  wher e x  i s th e "opti c variable "  toM-global 
(Tresilian ,  1991 ;  Lee ,  1976) ,  r  i s th e visua l  angl e betwee n a 
poin t  o n th e surfac e an d th e F O E ,  an d v  i s th e rat e o f  chang e 
i n thi s angle . 

The observer' s headin g an d time-to-contac t  ar e jus t  tw o 
example s o f  informatio n availabl e i n optica l  flow.  O n e wa y 
an agen t  ca n us e thi s informatio n i s b y actin g t o achiev e a 
certai n typ e o f  flow.  Fo r  example ,  t o maintai n ambien t  ori -
entation ,  th e typ e o f  optica l  flow  require d i s n o flow  a t  all . 
I f  som e flow  i s detected ,  the n th e agen t  shoul d chang e th e 
force s produce d b y it s effector s (e.g. ,  wing s o r  legs )  s o a s t o 
minimiz e thi s flow,  accordin g t o a  L a w o f  Control : 

AFinterna l  =  f(Aflow )  (1) . 

That  is ,  th e chang e i n th e agent' s interna l  force s (a s oppose d 
t o externa l  force s lik e wind )  ar e a  functio n o f  th e change s i n 
th e optica l  flow  (here ,  fro m n o flow  t o som e flow). 

Gibso n (1958 )  describe d variou s contro l  law s a n anima l 
migh t  us e fo r  locomotion : 

...to begin locomotion, therefore, is to contract the 
muscle s s o a s t o m a k e th e forwar d opti c arra y flow 
outward .  T o sto p locomotio n i s t o m a k e th e flow 
cease... .  T o ai m locomotio n a t  a n objec t  i s  t o kee p th e 
cente r  o f  flow  o f  th e opti c arra y a s clos e a s possibl e t o 
th e for m whic h th e objec t  project s (1958 ,  p .  187) . 

These types of rules have been noted by scientists studying 
th e contro l  o f  balance ,  steering ,  an d brakin g i n human s (Lee , 
1976 ;  Le e &  Lishman ,  1977 ;  Yi lma z &  Warren ,  i n press ; 
Warren ,  e t  al. ,  i n press )  an d th e contro l  o f  flight  i n flies 
(e.g. ,  Colle t  &  Land ,  1975 ;  Reichard t  &  Foggio ,  1976 ; 
Wagner ,  1986a-b) .  Ambien t  orientation ,  o r  hovering ,  i s 
controlle d b y minimizin g th e globa l  optica l  flow:  purel y 
vertica l  flow  (say ,  upward )  wil l  induc e increase d lif t  b y th e 
fly  t o minimiz e tha t  flow  (Srinivasan ,  1977 ;  Gotz ,  e t  al. , 
1979) .  Similarly ,  a  fly  i n a  rotatin g dru m wil l  produc e a 
differentia l  thrus t  wit h th e tw o wings ,  trackin g th e dru m b y 
rotatin g abou t  it s o w n vertica l  axi s (Collett ,  1980a-b) . 

Warre n (1988 )  propose d a  se t  o f  contro l  law s a  fly  migh t 
us e fo r  eac h o f  it s majo r  activities .  Fo r  example ,  th e law s 
of  contro l  fo r  hoverin g i n th e fac e o f  vertica l  an d horizonta l 
flow,  respectively ,  coul d b e 

A U =  {k/c)A y 

A(Fl-Fr )  =  (A:/c)A w 

(2 ) 

(3) . 

wher e U  i s th e amoun t  o f  upthrus t  give n b y th e tw o wings , 
(k/c )  i s  th e rati o o f  th e dra g constan t  t o a n optica l  scalin g 
coefficient ,  y  i s th e vertica l  componen t  o f  th e optica l  flow, 

F i s th e forwar d thrus t  give n b y a  wing ,  an d w  i s th e hori -
zonta l  componen t  o f  th e optica l  flow. 

Whic h contro l  law s gover n th e fly's  behavio r  a t  an y on e 
tim e depen d upo n th e goal ,  o r  "globa l  actio n m o d e "  o f  th e 
fly  (Warren ,  1988) :  cruising ,  landing ,  foraging ,  pursuin g 
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conspecifics ,  etc .  Fo r  eac h o f  thes e globa l  actio n modes ,  ob -
ject s i n th e environmen t  wil l  "afford "  certai n actions . 
Strictl y speaking ,  th e "affordances "  o f  surface s i n th e envi -
ronmen t  ar e constan t  fo r  a  particula r  anima l  (Gibson ,  1979) , 
but  th e globa l  actio n m o d e determine s whic h one s th e fl y 
uses .  Fo r  example ,  whil e foraging ,  a  fl y  wil l  us e a  flower' s 
affordanc e o f  nourishmen t  an d support ,  whil e avoidin g al l 
othe r  surfaces .  However ,  whe n tired ,  th e fl y  migh t  avoi d 
flowers ,  bu t  us e th e affordanc e o f  a  restin g plac e whic h larg e 
stationar y object s wil l  have .  Onc e a n actio n m o d e i s 
adopted ,  th e law s o f  contro l  direc t  th e actua l  outpu t  o f  th e 

fly-

Ecological Robotics 

We discuss below some work demonstrating that the control 
law s outline d i n th e previou s sectio n ca n b e use d suc -
cessfull y t o contro l  a  mobil e robot .  W e cal l  thi s practic e 
ecologica l  robotics .  I t  shoul d b e note d thoug h tha t  an y m o -
bil e agen t  (b e i t  biologica l  o r  artificial )  wit h a  devic e t o reg -
iste r  th e optica l  flo w ca n us e contro l  law s lik e thes e t o 
achiev e it s goals ,  wit h onl y th e adjustmen t  o f  som e con -
stants .  Thu s th e stud y o f  optica l  flo w fo r  th e contro l  o f  ac -
tio n provide s a  domai n i n whic h experiment s i n tw o separat e 
fields ,  ecologica l  psycholog y an d mobil e robotics ,  ca n hav e 
direc t  relevanc e t o eac h other . 

Obstacle Avoidance 

Our first work (Duchon & Warren, 1994) looked into con-
tro l  law s fo r  th e mos t  crucia l  abilit y  o f  a  mobil e agent : 
avoidin g obstacles .  Th e robo t  ha d a  12-inc h bas e an d a  sin -

gl e camer a wit h a  60 °  field  o f  vie w place d abou t  7 5 c m of f 
th e ground .  A  fas t  patch-matchin g optica l  flo w algorith m 
(Camus ,  1994 )  provide d a  dense ,  robus t  flo w fiel d a t  4 
frame s pe r  second ,  allowin g u s t o contro l  th e robo t  movin g 
at  a  spee d o f  4  cm/s .  Becaus e w e teste d th e robo t  i n a 
tightl y constraine d offic e environmen t  wit h poo r  lighting , 
we equippe d th e robo t  wit h a  coupl e o f  "emergency "  reflexe s 
whic h woul d sto p an d tur n th e robo t  90 °  whe n i t  go t  to o 
dar k (i.e. ,  whe n n o flo w coul d b e seen )  an d whe n a  cras h wa s 
immanen t  (x< l  sec) . 

We investigate d th e performanc e o f  tw o contro l  law s i n 
thi s environment.  I n th e Balanc e Strategy ,  th e agen t  move s 
so a s t o equat e th e averag e magnitud e o f  optica l  flo w see n 
on eac h sid e o f  th e F O E (a s som e bee s d o [Srinivasan , 
1992]) .  I n th e Avoid-Closes t  Strateg y th e agen t  turn s awa y 
fro m th e poin t  i n th e visua l  field  wit h lowes t  x . 

We generall y foun d th e Balanc e Strateg y t o b e mor e stabl e 
sinc e i t  take s th e entir e field  o f  vie w int o accoun t  whe n de -
terminin g th e amoun t  o f  rotation ,  wherea s th e Avoid -
Closes t  Strateg y i s base d onl y o n a  loca l  region .  Fo r  exam -
ple ,  t o g o throug h a n aperture ,  th e Balanc e Strateg y allowe d 
th e robo t  t o hea d straigh t  dow n th e middl e (wher e th e flow 
woul d b e equa l  o n th e tw o sides) ,  wherea s th e Avoid-Closes t 
Strateg y require d th e robo t  t o sequentiall y  avoi d on e sid e o r 
th e othe r  o f  th e apertur e unti l  th e side s wer e n o longe r  i n th e 
fiel d o f  view .  However ,  bot h o f  th e contro l  strategie s al -
lowe d th e robo t  t o wande r  an d avoi d obstacle s successfull y 
as illustrate d i n Figur e 1 .  Dar k region s unde r  th e table s an d 
textureles s chai r  back s cause d problem s fo r  th e robot ,  bu t  it s 
abilit y  t o avoi d hand s place d suddenl y i n it s pat h demon -
strate s th e utilit y  o f  thes e contro l  laws . 

K EY 

V starting position and orientation of the robot 

n smal l  chai r 

large chair with arms 

table 

= 10 feet 

tras h ca n 

hand, temporary 

emergency tau stop 

emergency dark stop 

end poin t  o f  ru n 

n n 

B 

1 1 
1 i| i  1 

u 
• 

1 1 

i 

" i I  u 

Figur e 1 .  Obstacl e Avoidance .  A :  Balanc e Strategy .  Th e robo t  successfull y avoid s th e hand s place d i n it s 
path .  Th e tria l  i s  stoppe d du e t o floo r  debri s afte r  50 0 frames .  B :  Avoid-Closes t  Strategy .  Th e robo t  i s  posi -
tione d jus t  i n fron t  o f  a  chai r  an d th e ta u refle x make s i t  sto p an d tur n 90 °  t o th e right .  I t  avoid s th e hand s an d jus t 
misse s a  chai r  ar m befor e runnin g int o a  dar k area .  I t  ha s a  proble m agai n wit h th e darknes s unde r  th e tables ,  bu t 
th e reflexe s eventuall y poin t  th e robo t  i n a  favorabl e directio n an d i t  head s dow n th e middl e o f  th e roo m toward s 
th e farthes t  comer .  Th e tria l  i s  stoppe d du e t o cabl e length s afte r  100 0 frames . 
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At  leas t  tw o othe r  group s hav e independentl y implemente d 
simila r  ideas .  Sandin i  e t  al .  (1993 )  buil t  a  robo t  whic h 
woul d balanc e th e flow  see n fro m tw o camera s facin g later -
ally .  C o o m b s e t  al .  (i n press )  hav e recentl y designe d a  robo t 
wit h tw o camera s facin g forward ,  on e wit h a  wid e angl e len s 
(115° )  an d on e m o r e fovea l  (40°) ,  bot h o f  whic h ar e 
controlle d wit h activ e gaz e stabilization .  Wherea s the y 
balanc e th e maxima l  normal s o f  th e optica l  flow  i n th e lef t 
and righ t  periphera l  fields,  w e tak e a n averag e o f  th e entir e 
lef t  an d righ t  fields  relativ e t o th e F O E .  Thus ,  th e Balanc e 
Strateg y use d her e ca n avoi d a  head-o n collisio n wit h a  well -
texture d wal l  fro m onl y 4 0 c m awa y (n o suc h surface s wer e 
presen t  i n th e trial s o f  Figur e 1) ,  becaus e nois e i n th e 
syste m break s th e symmetr y an d onc e a  smal l  differenc e i n 
th e flows  i s acte d upo n th e differenc e become s greate r  unti l 
th e robo t  ha s completel y avoide d th e wall .  Also ,  n o gaz e 
stabilizatio n i s require d sinc e durin g a  fas t  rotation ,  th e 
amount  o f  flow  shoul d b e equa l  o n th e tw o sides ,  specifyin g 
no rotation ,  s o optica l  flow  du e t o th e agent' s o w n rotatio n 
i s cancelled . 

Othe r  roboti c implementation s base d o n th e insec t 
literatur e (e.g. .  Clif f  (1992) ,  Franceschin i  e t  a l ,  (1992) ,  an d 
Sobey (1994) )  hav e al l  use d metri c distanc e calculation s an d 
a mappin g functio n fo r  plannin g a  (local )  pat h o r  fo r 
trackin g (cf .  below) .  Thi s informatio n i s totall y absen t 
here .  Aloimono s (1992 )  an d Nelso n &  Aloimono s (1989 ) 
too k a  simila r  approac h t o our s bu t  require d a n additiona l 
intermediat e representatio n o f  a  "hazar d m a p "  base d o n 
norma l  flow  t o find  th e headin g o f  th e safes t  path . 

The Game of Tag 

Wandering around and not hitting things may help an agent 
avoi d gettin g hurt ,  bu t  surviva l  require s mor e goal-directe d 
behavio r  suc h a s tha t  exhibite d i n predator-pre y interactions . 
A lio n attackin g a  her d o f  zebra s wil l  chas e th e closes t  o r 
slowes t  anima l  i n th e herd ,  an d the n us e it s claw s t o brin g 
down th e prey .  Th e prey ,  fo r  it s  part ,  mus t  recogniz e tha t  i t 
i s  bein g attacke d an d mak e sur e tha t  th e predato r  come s n o 
closer .  I n humans ,  th e children' s gam e o f  ta g i s a  (usually ) 
gentle r  for m o f  thi s interplay . 

Our  implementatio n o f  ta g i s slightl y differen t  fro m th e 
typica l  game .  W e conside r  ta g t o b e a  globa l  actio n mode , 
lik e foraging ,  an d th e aspect s o f  ta g lik e chasin g an d escap -
in g t o b e subordinat e actio n modes .  Instea d o f  th e concep t 
of  It ,  ther e i s onl y a n agen t  an d a  target .  Whil e i n th e 
watchin g mode ,  th e agen t  doe s no t  m o v e unti l  a  movin g 
targe t  appear s i n it s field  o f  view .  I t  the n fixates  th e targe t 
by centerin g i t  i n th e fiel d o f  vie w an d track s i t  throughou t 
th e trial .  I n ou r  simples t  implementation ,  n o segmentatio n 
of  th e targe t  i s done .  Instead ,  th e conU-o l  la w fo r  fixating  i s 
simpl y t o tur n t o th e righ t  (increas e forc e o n th e left )  i f 
more flow  i s see n o n th e right : 

( F l - F r )  =  A:(|wr|-|wl| ) (4) . 

Whil e watching ,  thi s mean s tha t  th e robo t  wil l  tur n toward s 
th e sid e wher e th e targe t  appear s an d wil l  continu e t o d o s o 
unti l  th e amoun t  o f  flow  i s equa l  o n th e tw o side s o f  th e 
fiel d o f  view ,  i.e. ,  i t  ha s fixated  th e target .  Thi s contro l  la w 
wil l  b e functiona l  a s lon g th e targe t  i s th e sol e o r  fastes t 

movin g objec t  (e.g. ,  a  rabbi t  i n a  field),  th e targe t  i s th e 
closes t  object ,  al l  th e movin g object s ar e potentia l  target s 
(e.g. ,  a  schoo l  o f  fish),  o r  th e motio n signal s ar e 
subsequentl y filtered  (se e Prokopowic z e t  al .  (1994 )  fo r 
furthe r  discussio n o f  h o w an d w h e n t o us e variou s kind s o f 
informatio n fo r  tracking—thoug h w e woul d argu e tha t 
motio n signal s ca n stil l  b e use d w h e n th e agen t  i s  moving) . 

y \ < - m 
watchin g hadowin g 

ri  >  m 

escapin g 
caught ! 

Fl+Fr- 0 

or  n o chang e i n 

for some time 

dockin g ^  2 
docked ! 

escaped ! 

Figur e 2 .  Th e actio n mode s fo r  ta g an d th e transi -
tion s betwee n them .  Fixatin g take s plac e continuousl y 
throughou t  th e game .  A  miss !  wa s recorde d i f  th e tar -
get  fel l  outsid e th e robot' s field  o f  view .  Th e transitio n 
condition s an d contro l  law s fo r  eac h m o d e ar e describe d 
i n th e text . 

If the target withdraws from the agent (i.e., the optical 
flow  ha s a n focu s o f  contraction ,  detectabl e b y \l x  =  r \  < 
-me ,  wher e m e i s a  "margi n value" )  the n th e agen t  chase s it . 

I f  th e targe t  approache s th e agen t  (i.e. ,  r |  >  m e )  the n th e 

agen t  enter s th e escap e m o d e ,  backin g u p unti l  i t  i s  caugh t 
or  successfull y escapes .  Chasin g i s define d a s havin g tw o 
parts :  a )  th e shadowin g m o d e i n whic h th e agen t  matche s th e 
spee d o f  th e target ;  an d b )  th e dockin g m o d e i n whic h th e 
agen t  make s a  controlle d approac h (rathe r  tha n a  har d attack ) 
wit h th e target .  Shadowin g i s achieve d b y 

A(F l  +  Fr )  =  M  (5 ) 

i.e. ,  increasin g forc e i f  th e targe t  i s escapin g an d decreasin g 
forc e i f  th e agen t  i s gainin g o n it .  Escapin g i s essentiall y 
th e sam e excep t  tha t  th e agen t  need s t o continu e t o increas e 
th e distanc e fro m th e targe t  a t  al l  times ,  whic h ca n b e don e 
by addin g th e ter m -k\ x t o th e right-han d sid e o f  equatio n (5) , 
wher e \i .  i s  th e m i n i m u m amoun t  o f  acceleratio n fro m th e 
target .  Th e agen t  exit s th e escapin g o r  shadowin g mode s i f 
i t  ha s stoppe d accelerating . 

The secon d aspec t  o f  chasing ,  docking ,  i s  achieve d b y 

A ( F l + F r )  =  A:( x +  0.5 )  (6 ) 

where x is the derivative of T, and can be used to control de-

celeratio n prio r  t o contact .  I f  x  i s kep t  equa l  t o -0.5 ,  th e 
observe r  wil l  jus t  touc h th e targe t  (Lee ,  1976) .  Dockin g i s 
complet e whe n x  i s belo w a  certai n margi n value ,  m c . 
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whic h ca n als o b e use d t o registe r  tha t  i t  ha s bee n caugh t  i f 
i t  i s  escaping .  Onc e th e escap e o r  doc k i s complete ,  th e 
agen t  stop s an d th e proces s begin s again—th e agen t  wait s 
fo r  a  targe t  t o com e int o it s field  o f  view .  Figur e 2  give s a 
summary o f  thes e contro l  laws .  (Furthe r  discussio n ca n b e 
foun d i n Warre n (1988)) . 

I n th e offic e environmen t  o f  Figur e 1 ,  w e videotape d a 
serie s o f  escape s an d chases .  Th e experimente r  brough t  a 
4x1 2 inc h texture d targe t  int o th e robot' s field  o f  vie w an d 
moved i t  awa y fro m (o r  towards )  th e robo t  a t  a n appropriat e 
rat e an d wit h a  fe w change s i n direction .  Eve n withou t 
explici t  segmentatio n o f  th e target ,  th e robo t  successfull y 
chase d dow n th e targe t  7 0 % o f  th e time ,  wit h som e chase s 
lastin g 3- 4 meters .  Escapin g wa s mor e difficul t  sinc e th e 
robo t  ha d t o mov e backward s whil e facin g th e targe t  an d 
onl y 4 0 % o f  th e escape s stoppe d soo n afte r  th e targe t 
stoppe d approaching . 

We als o implemente d thes e control s law s wit h segmenta -
tio n base d o n a  simpl e difference-of-boxe s operato r  actin g o n 
th e horizonta l  dimensio n o f  th e optica l  flow,  bu t  foun d tha t 
th e percen t  o f  successfu l  chase s di d no t  increase .  Thi s ma y 
hav e bee n du e t o th e crud e natur e o f  th e segmentatio n algo -
rithm .  Animal s undoubtedl y hav e mor e sophisticate d mean s 
of  segmentatio n whic h woul d includ e othe r  propertie s o f  th e 
targe t  (e.g. ,  color ,  shape ,  size ,  an d typ e o f  interna l  motion) . 
Nevertheless ,  segmentatio n i s har d an d a s wa s see n wit h th e 
obstacl e avoidanc e algorithm ,  relianc e o n precis e segmenta -
tio n ca n lea d t o les s robus t  performance .  Psychophysica l  ex -
periment s i n ou r  la b (Warre n &  Saunders ,  i n press )  indicat e 
tha t  human s d o no t  segmen t  th e scen e befor e determinin g 
thei r  headin g either .  Furthe r  wor k i s underwa y t o investigat e 
th e exten t  t o whic h 3- D model s o f  th e environmen t  ar e use d 
by human s whe n navigatin g unde r  circumstance s simila r  t o 
th e robot s here . 

Conclusion 

We have discussed behaviors like obstacle avoidance and the 
game o f  ta g whic h ca n b e produce d i n a  robo t  wit h n o 
reconstructio n o f  th e visua l  scen e (Aloimonos ,  1993) .  A t  a 
minimum ,  thi s wor k point s t o a n approac h eschewin g a  cen -
tra l  mode l  i n favo r  o f  a  tighte r  bindin g betwee n actio n an d 
perception .  Thi s methodolog y has  bee n explore d b y a  num -
ber  o f  robotic s researcher s (e.g. ,  Aloimonos ,  1992 ;  Brooks , 
1991b ;  Coombs ,  e t  al. ,  1995 ;  Horswill ,  1993 ;  Pfeife r  an d 
Verschure ,  1993 ;  Sandin i  etai ,  1993 )  an d ha s eve n produce d 
higher-orde r  behavior s lik e plannin g (e.g. ,  Mataric ,  1992 ; 
Meeden,  1994) .  Th e similaritie s betwee n thes e approache s 
and our s base d independentl y o n Gibsonia n idea s suggest s 
tha t  th e applicatio n o f  th e theorie s an d result s fro m forty -
five  year s o f  ecologica l  psycholog y wil l  surel y enhanc e thi s 
endeavor . 

Our  wor k als o tie s i n wit h recen t  physiologica l  studie s 
and lesio n case s (Milne r  &  Goodale ,  1993 )  tha t  sugges t  sep -
arat e "what "  an d "how "  pathway s i n th e brain .  Th e lesio n 
case s hav e indicate d a  differenc e betwee n knowin g wha t  a n 
objec t  is ,  an d knowin g ho w t o maneuve r  it .  Thi s chang e o f 
emphasi s i s als o reflecte d i n som e philosophica l  approache s 
t o knowledg e whereb y t o "kno w that "  firs t  require s on e t o 
"kno w how "  (Bechtel ,  1990 ;  Ryl e 1949) .  Ou r  robo t  doe s no t 

need t o kno w wha t  a n objec t  i s  i n orde r  t o avoi d it ,  no r 
identif y a  targe t  befor e knowin g ho w t o contro l  it s  escape . 
I n essence ,  w e hav e implemente d a  simpl e "how "  pathway . 
But ,  sinc e a n approachin g conspecifi c  ma y affor d matin g a s 
wel l  a s escape ,  i t  i s  importan t  tha t  al l  th e affordance s o f  a n 
objec t  b e recognize d an d on e o f  the m acte d upon .  Neura l 
network s woul d b e a n idea l  mean s o f  satisfyin g th e man y 
sof t  constraint s (affordances )  o f  a n objec t  an d choosin g a 
singl e outpu t  (actio n mode )  (se e als o Brooks '  subsumptio n 
architectur e [1991b ]  an d Pfeife r  &  Verschure' s distribute d 
adaptiv e contro l  [1993]) .  I n an y case ,  knowledg e o f  th e 
affordance s o f  a n environmen t  provide s a  basi s fo r  a  choic e 
of  action ,  an d tha t  action ,  onc e chosen ,  ca n b e controlle d 
withou t  a  centra l  mode l  o f  th e world .  Suc h procedural , 
functiona l  knowledg e seem s necessaril y  prio r  t o mor e 
abstract ,  declarativ e knowledge. 

Finally ,  th e fac t  tha t  thes e contro l  law s ar e essentiall y 
universa l  fo r  mobil e agent s wit h perceptua l  system s capabl e 
of  detectin g optica l  flow  mean s tha t  the y ca n b e investigate d 
i n insects ,  animals ,  human s an d robots .  W e ar e beginnin g 
an interactiv e approac h wit h th e las t  tw o kind s o f  agents . 
Roboti c modelin g help s u s determin e th e plausibilit y  o f 
contro l  law s tha t  hav e bee n hypothesize d fo r  biologica l 
agents ,  an d fro m psychophysica l  studie s w e hop e t o find 
ne w contro l  law s usefu l  i n a  robot .  Th e stud y o f  contro l 
law s base d o n optica l  flo w thu s provide s a  uniqu e 
opportunit y fo r  cognitiv e scientists ,  compute r  scientist s an d 
engineer s t o wor k together ,  solvin g th e sam e problems . 
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