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Represen ta t i o n a n d Recogn i t i o n o f  Biologica l  M o t i o n ^ 

Nige l  H .  Goddar d ̂  
Hughes Artificia l  Intelligenc e Cente r 

23901 Calabasa s Roa d Calabasas ,  C A 9130 2 
and 

Divisio n o f  Biolog y 
Californi a Institut e o f  Technolog y 

I .  In t roduct io n 

T h e h u m a n visua l  syste m ha s a  remarkabl e abilit y  t o dis -
criminat e betwee n differen t  type s o f  movement .  Th e clcissi c 
illustratio n o f  thi s abilit y  i s  Johannson' s Movin g Ligh t  Dis -
pla y ( M L D )  [Johansson,  1973] .  Reflectiv e pad s wer e place d 
at  th e joint s o f  a n acto r  dresse d i n black ,  an d th e acto r  il -
luminated .  Film s wer e take n o f  th e acto r  walking ,  jumpin g 
an d makin g variou s othe r  movement s agains t  a  blac k back -
drop .  W h e n thes e film s wer e show n t o subjects ,  the y al l 
recogni2e d th e displa y t o b e o f  a  perso n walking ,  jumping , 
etc. ,  bu t  reporte d singl e frame s t o b e meaningles s pattern s 
of  dots .  A  presentatio n tim e o f  n o mor e tha n 20 0 mse c wa s 
sufficien t  fo r  al l  subject s t o mak e th e correc t  discrimina -
tion .  I n force d choic e experiments ,  al l  subject s accuratel y 
identifie d 6  h u m a n an d 3  puppe t  generate d pattern s wit h 
a presentatio n tim e o f  40 0 msec .  Furthe r  experiment s [Ko -
zlowsk i  an d Cutting ,  1977 ,  Cuttin g an d Kozlowski ,  1977 ] 
demonstrate d th e sensitivit y o f  thi s faculty :  subject s coul d 
determin e th e actor' s gender ,  an d coul d eve n identif y th e 
acto r  i f  (s)h e wa s know n t o th e subject . 

Thi s pape r  describe s th e earl y stage s o f  a n attemp t  t o 
produc e a  computationa l  accoun t  o f  thi s capability ,  con -
sisten t  wit h th e psychologica l  an d neurophysiologica l  lit -
erature .  Th e followin g sectio n discusse s dat a o n th e hu -
m an visua l  syste m whic h m a y she d hgh t  o n M L D process -
ing .  Sectio n 3  introduce s Feldman' s Fou r  Frame s compu -
tationa l  architectur e [Feldman ,  1985 ]  fo r  th e visua l  sys -
tem ,  outUne s th e lo w leve l  processin g w e believ e occurs , 
an d develop s an d motivate s ou r  targe t  representatio n th e 
scenario .  Sectio n 4  describe s th e processin g architectur e 
whic h activate s scenario s usin g th e outpu t  o f  th e lo w leve l 
system ,  an d detail s it s implementatio n i n a  connectionis t 
network . 

II. MLD Processing in the 

H u m an Visua l  Sys te m 

Ther e ar e tw o obviou s way s th e motio n informatio n avail -
abl e i n th e Johannso n experiment s coul d b e use d t o gen -
erat e th e percept s o f  perso n an d walking ,  o r  th e singl e per -

' correspondence should be sent to the first address 
^An earl y versio n o f  thi s pape r  i s t o appea r  i n Proceeding s o f 

DARPA Imag e Understandin g Worksho p /Si *  unde r  th e titl e "Rec -
ognizin g Anima l  Motion" . 

cep t  o f  walkin g person .  T h e firs t  metho d woul d b e t o us e 
th e motio n informatio n t o inde x directl y int o memory ,  im -
plyin g a  memor y representatio n ric h i n tempora l  informa -
tion .  Thi s metho d place s motio n informatio n i n a  cen -
tra l  positio n vis-a-vi s th e recognitio n process .  Th e secon d 
metho d woul d us e th e motio n informatio n t o reconstruc t 
variou s stati c qualitie s o f  th e scen e objec t  (suc h a s struc -
ture) ,  an d us e thos e stati c qualitie s t o inde x int o memor y 
and recogniz e th e object .  Havin g recognize d th e object , 
th e motio n o f  variou s ke y part s o f  th e objec t  coul d b e use d 
t o discriminat e betwee n gaits .  I n thi s secon d method ,  th e 
motio n informatio n i s use d i n tw o ways :  t o recove r  stati c 
qualities ;  an d t o disambiguat e a  smal l  numbe r  o f  gaits . 

I n thi s pape r  w e addres s th e first  method ,  bu t  d o no t 
rul e ou t  th e second .  Suc h a  motion-specifi c  proces s an d 
memory structur e mus t  pla y a  rol e i n M L D experiments . 
Johansson' s subject s coul d distinguis h gai t  wit h a  presen -
tatio n tim e o f  les s tha n a  quarte r  o f  a  cycl e o f  th e periodi c 
motio n (i.e .  les s tha n a  quarte r  o f  a  ste p i n walkin g o r  run -
ning )  [Johansson ,  1976] .  Thi s implie s tha t  phasa l  relation -
ship s betwee n joint s throughou t  a  cycl e o f  th e gai t  mus t 
be represente d i n memory .  Recognitio n mus t  b e base d o n 
invariant s an d th e absolut e do t  motion s i n a n M L D ar e 
not  invarian t  wit h respec t  t o scal e o r  rotatio n i n th e im -
age plane .  Somethin g lik e th e Johannson' s Visua l  Vecto r 
Analysi s [Johansson ,  1973 ]  mus t  b e takin g place ,  wit h th e 
movement  o f  dot s treate d a s relativ e t o tha t  o f  othe r  dots . 
Relativ e spee d o f  rotatio n abou t  a  join t  o f  th e limb s con -
necte d a t  th e join t  i s  invarian t  wit h respec t  t o scal e an d 
rotatio n i n th e imag e plane ,  an d m a y b e a  goo d candidat e 
fo r  th e recognitio n process .  Howeve r  th e fac t  tha t  upside -
down M L D s ar e no t  recognize d a s suc h [Sumi ,  1984] ,  whil e 
upsid e dow n movin g stic k figures  ar e easil y recognize d (ou r 
own informa l  observation )  implie s tha t  th e motio n invari -
ant s use d i n recognitio n canno t  b e compute d b y th e visua l 
syste m fo r  upsid e dow n M L D s .  Thi s implicate s top-dow n 
feedbac k i n th e computatio n o f  th e invariants ,  unde r  th e 
assumptio n tha t  th e gai t  i s  represente d i n memor y fo r  th e 
objec t  i n it s norma l  orientation .  Th e memor y representa -
tio n the n provide s n o hel p i n computatio n o f  invariant s fo r 
movin g object s i n a n unfamilia r  orientation . 

Furthe r  evidenc e fo r  memor y structure s devote d t o 
representatio n o f  sequenc e an d tim e i s provid e i n [Freyd , 
1983] .  Sh e presente d singl e frame s o f  a  motio n sequenc e t o 
subjects ,  an d the n teste d thei r  memor y fo r  othe r  frame s 
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fro m th e sam e sequence .  Subject s foun d i t  harde r  t o dis -
tinguis h frame s late r  i n th e sequenc e fro m th e stimulu s 
fram e tha n the y di d t o distinguis h frame s eor/ieri n th e se -
quenc e fro m th e stimulu s frame .  [O'Connel l  an d Gerard , 
1985 ]  foun d tha t  childre n develo p th e abiht y t o reproduc e 
familia r  sequence s earhe r  tha n th e abilit y  t o reproduc e th e 
same event s prevente d i n a n unfamUia r  sequence ,  implyin g 
an earl y developmen t  o f  representatio n o f  sequence .  [Rune -
son an d Frykholm ,  1983 ]  argu e persuasivel y tha t  represen -
tatio n o f  bod y motio n i s couche d i n term s o f  causa l  factor s 
as wel l  a s descriptiv e component s (i.e .  forc e an d mas s a s 
wel l  a s velocity) .  MLD ' s o f  actor s Uftin g boxe s wer e pre -
sente d t o subject s wh o ha d n o difficult y discriminatin g th e 
box' s weigh t  qualitatively .  I f  th e acto r  attempte d t o de -
ceive ,  no t  onl y wa s th e deceptio n detecte d bu t  bot h rea l 
and intende d weight s wer e discriminable .  Althoug h w e wil l 
ignor e causau l  factor s i n ou r  model ,  the y wil l  hav e t o b e 
integrate d eventually . 

Whateve r  th e interpretatio n o f  th e psychologica l  re -
sults ,  i t  i s  clea r  ther e mus t  b e a  memor y structur e ric h i n 
informatio n abou t  chang e i n th e environment .  Brai n dam -
aged patient s provid e neuroanatomical  evidenc e fo r  a  sepa -
rat e recognitio n proces s base d o n motio n alone .  Lesion s t o 
th e tempora l  lob e ca n lea d t o th e inabiUt y t o identif y faces , 
whil e leavin g intac t  th e abilit y  t o identif y fro m bod y mo -
tion ;  an d lesion s t o parieta l  corte x ca n impai r  recognitio n 
fro m bod y motio n whil e leavin g objec t  recognitio n unim -
paire d [Damasio ,  1988] .  [Perre t  e l  a/. ,  1985 ]  foun d cell s 
i n th e superio r  tempora l  sulcu s o f  th e macaqu e monke y 
whic h responde d selectivel y t o differin g bod y motion s i n 
view ,  int o vie w an d ou t  o f  view .  [Chitt y e t  a/. ,  198 7 (i n 
submission) ]  foun d cell s i n th e sam e are a tha t  responde d 
selectivel y t o M L D displays ,  t o M L D display s wit h lim b 
segment s suggeste d b y contour ;  als o som e cell s selectiv e 
fo r  stati c for m whic h responde d t o M L D stimuli ,  imply -
in g computatio n o f  for m fro m motion .  Al l  thes e result s 
indicat e representatio n an d recognitio n o f  sequenc e i s ex -
plicitl y  performe d i n th e visua l  system . 

III. Four Frames 

We take as a basis for our computational model the Four 
Frame s architectur e [Feldman ,  1985 ]  fo r  th e visua l  system , 
and it s extensio n t o dea l  wit h kinematic s [Feldman ,  1988] . 
Usin g thi s computationa l  framework ,  w e ma y addres s th e 
questio n o f  ho w M L D imag e sequence s ar e processe d int o 
percepts .  O f  th e fou r  frame s (retinotopic ,  stable-feature , 
world-knowledg e an d environmental) ,  w e shal l  focu s o n 
th e interactio n betwee n th e stable-featur e fram e an d th e 
world-knowledg e formulary . 

A. Retinotopic to Stable-Feature 

The firs t  frame ,  th e retinotopi c frame,  i s  "intende d t o 
model  th e vie w o f  th e worl d tha t  change s wit h eac h ey e 
movement "  [Feldman ,  1985 ,  pag e 265] .  I n ou r  cas e th e in -
formatio n i n th e retinotopi c fram e a t  an y instan t  i s a  rep -
resentatio n o f  th e do t  patter n imag e o n th e retin a a t  tha t 

instant ,  modulate d b y th e recepto r  propertie s an d thei r 
tim e characteristics .  Th e mos t  sahen t  informatio n her e 
wil l  b e retina l  smea r  du e t o th e motio n o f  th e dots .  Th e 
secon d frame ,  th e stable-featur e frame,  compute s intrinsi c 
feature s o f  th e scen e bein g viewed ,  whic h d o no t  chang e 
wit h eye-movement .  Fo r  ou r  purposes ,  th e firs t  importan t 
featur e encode d i n th e stable-featur e fram e wil l  b e th e mo -
tio n o f  th e dots .  Whethe r  vi a th e shor t  rang e proces s o r 
apparen t  motion ,  th e stabl e featur e fram e wil l  provid e a t 
eac h instan t  th e velocit y an d positio n o f  eac h do t  i n th e 
movin g pattern .  Considerabl e wor k ha s bee n don e o n th e 
detaihn g th e kin d o f  computation s necessar y fo r  transfor -
matin g motio n informatio n fro m th e retinotopi c t o stable -
featur e frame  [Hildreth ,  1983] .  W e assum e thi s computa -
tio n i s performe d alon g th e line s suggeste d i n [Feldman , 
1988 ]  an d [Olson ,  1988] . 

However ,  a s state d i n th e previou s section ,  th e posi -
tio n an d motio n parameter s fo r  eac h do t  i n th e M L D im -
ages ar e no t  suitabl e dat a t o us e i n indexing .  Th e stable -
featur e frame  mus t  als o comput e th e invariant s i n term s 
of  whic h objec t  motio n i s represente d i n th e nex t  frame, 
th e world-knowledg e formulary .  W e suggeste d abov e tha t 
fo r  biologica l  motio n relativ e spee d o f  rotatio n o f  th e tw o 
lim b segment s abou t  thei r  c o m m o n join t  migh t  b e suc h a n 
invariant .  I n fac t  w e als o nee d t o kno w directio n o f  rota -
tion ,  an d wil l  nee d som e relativ e positiona l  information , 
suc h a s angl e forme d a t  th e joint .  I n th e followin g sub -
sectio n w e develo p a  representatio n fo r  biologica l  motion , 
th e scenario ,  base d o n relativ e angula r  velocit y an d rela -
tiv e angula r  positio n o f  lim b segments .  W e assum e tha t 
th e invariant s use d t o represen t  scenario s ar e compute d i n 
th e stabl e featur e frame  fro m th e positio n an d velocit y pa -
rameter s o f  th e M L D dots ,  usin g top-dow n feedback .  Th e 
natur e o f  th e feedbac k an d th e detail s o f  th e computatio n 
ar e har d unsolve d problems ,  bu t  w e woul d assum e a t  leas t 
tha t  th e feedbac k i s fro m th e sam e typ e o f  memor y use d t o 
hol d scenarios .  Th e recognitio n proble m i s the n t o inde x 
int o scenari o memor y from  th e invarian t  value s compute d 
i n th e stable-featur e frame . 

B. Representing Biological Motion in the 

Wor ld -Knowledg e Formular y 

Under  th e Fou r  Frame s analysis ,  scenari o memor y i s con -
taine d i n th e world-knowledg e formulary .  Thi s fram e i s 
"th e observer' s genera l  knowledg e o f  th e world ,  includin g 
item s no t  dealin g wit h eithe r  visio n o r  space "  [Feldman , 
1985 ,  pag e 266] .  Knowledg e o f  type s o f  movement s o f  type s 
of  object s i s genera l  knowledg e o f  th e world . 

Our  scenari o representatio n wil l  b e couche d i n term s 
of  visua l  events .  Informall y a n even t  i s an y significan t 
chang e i n on e o f  th e invariant s specifyin g th e objec t  an d 
motion .  A  for m even t  coul d b e arriva l  a t  coUnearit y o f  var -
iou s objec t  features ,  a  colo r  even t  a  chang e i n color ,  an d a 
motio n even t  a  chang e i n spee d o r  directio n o f  movement . 

T o mak e ou r  tas k tractable ,  w e mak e th e followin g as -
sumptions .  Th e motio n t o b e recognize d i s tha t  o f  a n artic -
ulate d stic k figure  wit h brigh t  spot s a t  th e joints ,  movin g 
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paralle l  t o th e imag e plan e an d viewe d orthogonally .  I f 
th e trun k o f  th e figur e i s moving ,  w e assum e th e imag -
in g syste m i s trackin g th e cente r  o f  rotatio n o f  th e trunk , 
so tha t  i n th e imag e th e trun k i s undergoin g pur e rota -
tion .  T h e limb s M e rotatin g abou t  a n en d o f  th e trunk , 
an d s o on .  Thu s w e hav e a  movemen t  whic h ca n b e com -
pletel y describe d b y th e lengt h o f  eac h stic k i n th e fig -
ure ,  an d th e chang e i n angl e a t  eac h join t  ove r  time .  W e 
shal l  cissum e tha t  th e chang e i n join t  angl e ove r  tim e i s 
piecewis e linear ,  i.e .  a  sequenc e o f  segment s o f  constan t 
angula r  velocity .  Thi s treatmen t  i s simila r  t o tha t  o f  [Jo -
hansson ,  1973 ]  an d recall s Cutting' s hierarch y o f  "center s 
of  momen t "  [Cutting ,  1981] .  A s i n th e relate d Tinke r  To y 
recognitio n projec t  [Coope r  an d Hollbach ,  1987] ,  w e hav e 
cissume d a  principa l  view s treatmen t  an d feature s whic h 
ar e invarian t  t o scale^ .  A s viewpoin t  changes ,  s o tha t  mo -
tio n i s n o longe r  paralle l  t o th e imag e plane ,  thes e angula r 
positio n an d velocit y cue s var y httl e an d ca n b e considere d 
invarian t  fo r  th e purpose s o f  indexing . 

We hav e no w delimite d th e clas s o f  movement s i n suc h 
a wa y tha t  a  complet e representatio n i s possible .  Eac h 
join t  undergoe s a  sequenc e o f  constan t  angula r  velocit y 
changes ,  whic h fo r  biologica l  movement s suc h a s walkin g 
i s periodic .  T h e se t  o f  sequence s togethe r  wit h informa -
tio n co-ordinatin g the m describ e th e motio n completely : 
sufficientl y t o unambiguousl y regenerat e it .  Suc h a  se t  o f 
sequence s o f  event s constitut e a  scenario . 

Th e fundamenta l  motio n even t  unde r  thes e assump -
tion s i s a  chang e i n angula r  velocity .  T h e choic e o f  angula r 
velocit y a s th e basi s o f  motio n representatio n i s du e t o dat a 
suggestin g tha t  w e hav e velocit y informatio n avaihbl e fo r 
a variet y o f  tasks ,  bu t  no t  an y highe r  derivativ e suc h a s 
acceleratio n [Jagacinsk i  e t  ai ,  1983 ,  Todd ,  1981 ,  Runeson , 
1975] .  Ther e ar e cell s sensitiv e t o rotatio n [Sait o e t  ai , 
1986 ,  Sakat a e t  ai ,  1985] ,  althoug h no t  sufficientl y highl y 
tune d fo r  particula r  velocities .  Howeve r  th e outpu t  o f  sev -
era l  broEwll y tune d cell s ca n b e combine d t o achiev e finer 
tuning .  [Ferre t  e t  ai ,  1985 ]  foun d cell s sensitiv e t o velocit y 
change ,  whic h woul d b e require d t o detec t  ou r  events .  Bu t 
thes e neurophysiologica l  dat a ar e mor e a n indicatio n o f 
what  i s possibl e i n th e visua l  syste m rathe r  tha n definitiv e 
evidenc e fo r  a  particula r  computationa l  o r  representationa l 
scheme . 

A simpl e graphica l  representatio n follow s fro m th e 
specificatio n o f  a  scenari o give n above .  W e represen t  eac h 
event ,  o r  poin t  (i n time )  whe n th e angula r  velocit y changes , 
by a  grap h node .  T h e node s ar e labele d wit h th e ne w an -
gula r  velocit y an d th e absolut e angl e o f  th e join t  a t  tha t 
time .  Directe d edge s betwee n node s represen t  sequence , 
eac h edg e bein g labele d wit h th e tim e betwee n th e tw o 
nodes .  Eac h sequenc e i s represente d b y suc h a  graph .  T h e 
grap h i s cycUca l  i f  th e sequenc e i s periodic .  T h e graph s fo r 
th e sequence s ar e linke d wit h directe d edge s tha t  specif y 
th e co-ordinatio n betwee n th e sequences ,  usin g label s o n 

'I n fac t  cell s selectiv e fo r  face s b y principl e vie w hav e bee n foun d 
i n th e macaqu e monke y [Ferre t  e t  at. ,  1987] . 

Figur e 1 :  abstrac t  scenari o a n d g rap h 

the edges as before. 
Figur e 1  show s a n exampl e abstrac t  scenari o an d it s 

associate d graph .  A t  th e to p o f  th e figure  w e sho w tw o 
connecte d pendula ,  rotatin g a t  joint s A  an d B .  Th e top -
most  stic k i s stationary .  Ove r  th e cours e o f  eigh t  tim e 
steps ,  th e pendul a underg o th e motio n depicte d fro m lef t 
t o right .  Inter-ste p motio n i s o f  constan t  angula r  velocity . 
Thu s i t  i s  eaisil y  see n tha t  th e uppe r  pendulu m (A )  oscil -
late s wit h perio d 8 ,  an d th e lowe r  pendulu m (B )  oscillate s 
wit h perio d 4 .  Fo r  eac h pendulum ,  a  cycl e o f  thi s arti -
ficial  oscillatio n consist s o f  tw o constan t  angula r  velocit y 
segments ,  on e clockwis e an d on e counter-clockwise .  I n th e 
grap h w e represen t  change s o f  angula r  velocit y b y nodes . 
Thu s ther e ar e tw o node s fo r  join t  A ,  show n i n th e uppe r 
dotte d box ,  correspondin g t o th e tw o change s o f  directio n 
of  rotatio n durin g th e 8  ste p cycle .  Similarl y fo r  join t  B 
ther e ar e fou r  node s correspondin g t o th e fou r  change s o f 
directio n durin g tw o cycle s o f  th e 4  ste p period .  Th e node s 
ar e labele d wit h th e angl e a t  th e join t  an d th e ne w angula r 
velocit y a t  th e joint .  Fo r  example ,  th e leftmos t  nod e i n th e 
dotte d bo x fo r  A  specifie s tha t  thi s even t  occur s whe n th e 
join t  angl e i s 21 0 degree s an d th e ne w angula r  velocit y i s 
-1 5 degrees/step .  Withi n eac h dotte d bo x ar e th e sequenc e 
link s indicatin g th e orde r  o f  th e nodes .  Link s betwee n th e 
dotte d boxe s indicat e coordinatio n o f  th e join t  sequences . 
Th e critica l  simulataneit y link s ar e show n b y th e tw o line s 
wit h arrow s a t  bot h ends . 

IV. Connectionist Network 

Implementation 

The preceding section described the information avaih-
bl e i n th e stable-featur e fram e an d th e world-knowledg e 
formulary .  Fo r  ou r  implementation ,  th e stable-featur e 
fram e provide s th e inpu t  representation ,  an d th e world -
knowledg e formular y th e memor y representation .  Recog -
nitio n i s th e proces s o f  usin g th e stable-featur e fram e in -
formatio n t o activat e structure s i n th e world-knowledg e 
formulary . 
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JOINT ANBLE (dtgrait ) 

W vjj/  \^ 

ANGULAR VELOCITY(  (tagregs/t 1 u-stap ) 

EVENT DETECTOR 

Figur e 2 :  inpu t  m o d u l e 

A. Input and Scenario Representation 

The stable-featur e fram e wil l  comput e th e invariant s use d 
fo r  recognition .  Th e invariant s w e hav e chose n ar e th e an -
gula r  positio n an d velocit y a t  eac h joint .  Usin g th e uni t 
valu e principl e [Ballard ,  1986 ]  w e hav e a s inpu t  represen -
tatio n a  numbe r  o f  inpu t  modules ,  eac h providin g th e angl e 
and angula r  velocit y fo r  on e joint . 

Figur e 2  show s a n inpu t  module .  Eac h mpu t  modul e 
consist s o f  a  se t  o f  angle ,  a  se t  o f  angula r  velocit y units ,  an d 
a singl e uni t  t o detec t  event s (chang e i n angula r  velocity) . 
Eac h angl e an d velocit y uni t  respond s t o a  rang e o f  val -
ues ,  show n b y th e tw o number s i n eac h unit ;  fo r  example , 
th e first  angl e uni t  respond s t o join t  angle s fro m 0  t o 4 5 
degrees .  Thi s figure  i s a n exampl e o f  a n inpu t  modul e fo r 
illustrativ e purposes .  I n th e implementation ,  w e actuall y 
use m a n y mor e unit s t o represen t  th e 36 0 degre e range . 
Th e patter n o f  activit y o f  thes e unit s ove r  tim e describe s 
th e kinematic s o f  th e joint .  W e assum e tha t  th e stabl e 
featur e fram e ha s segmente d th e imag e informatio n int o 
informatio n fo r  eac h joint ,  an d activate s th e appropriat e 
number  o f  inpu t  modules . 

H o w shoul d w e represen t  scenarios ? T h e graphica l 
representatio n develope d abov e i s naturall y implemente d 
as a  connectionis t  network^ .  Eac h grap h nod e i s repre -
sente d b y a  unit ,  an d eac h directe d labele d edg e b y a  lin k 
wit h a n associate d time-delay .  T h e unit s hav e a  sit e fo r 
primin g activatio n whic h arrive s alon g thes e dela y links , 
and anothe r  sit e fo r  inpu t  fro m th e lowe r  level s o f  th e vi -
sua l  system .  Initiall y  al l  unit s receiv e a  smal l  amoun t  o f 
primin g activation .  Unit s expec t  activatio n t o arriv e a t 
bot h site s simultaneously .  I f  primin g activatio n o r  inpu t 
activatio n arrives ,  bu t  no t  both ,  the n th e event s i n th e im -
age ar e no t  correspondin g t o th e scenari o represented .  I f 
th e imag e event s d o indee d correspon d t o th e scenari o rep -
resented ,  the n primin g activatio n shoul d flow  throug h th e 
network ,  buildin g u p a s i t  doe s so .  Fo r  periodi c motion s 
thi s activatio n shoul d saturat e quickly .  Figur e 1  i s  eas -
il y  re-interpretabl e a s a  connectionis t  network ,  th e grap h 

( S H ( S y - . 

*  I n ou r  network s unit s hav e on e o r  mor e lite a a t  whic h link s arrive , 
and wher e inpu t  activatio n i s processe d Thi s enable s differentia l 
treatmen t  o f  inputs . 

Figur e 3 :  evaluatio n n e t w o r k 

node s becomin g scenari o even t  units . 

These scenario event units are complex. The unit has 
fou r  sites :  on e receive s inhibitio n fro m othe r  even t  unit s i n 
th e sam e sequence ;  on e receive s primin g fro m even t  unit s 
tha t  represen t  simultaneou s event s i n othe r  sequences ;  an -
othe r  receive s primin g fro m precedin g events ;  an d th e las t 
receive s inpu t  originatin g i n th e inpu t  modules .  T h e site s 
comput e relativel y comple x function s o f  thei r  inputs ,  suc h 
as s u m o f  square s an d exponentia l  decay .  T h e uni t  out -
pu t  i s a  multiplicativ e functio n o f  th e tota l  primin g (les s 
inhibition )  an d th e inpu t  activation . 

A scenario is recognized when activation flows around 
th e networ k representin g it .  I t  i s  a  simpl e matte r  t o attac h 
a networ k t o th e scenari o networ k t o detec t  whe n an d h o w 
strongl y activatio n i s flowing  throug h th e scenari o network . 
T h e outpu t  o f  thi s evaluatio n networ k i s a  measur e o f  h o w 
simila r  th e inpu t  i s t o thi s particula r  scenario .  Figur e 3 
illustrate s th e evaluatio n network .  T h e dotte d boxe s fro m 
Figur e 1  ar e reproduced ,  togethe r  wit h th e tim e ste p coun t 
( 0 t o 8) .  T h e evaluatio n networ k i s th e bundl e o f  five  unit s 
at  th e botto m o f  th e diagram .  T h e centra l  uni t  i s  th e sum -
mator ,  whic h compute s th e final  evaluation .  T h e fou r  pe -
riphera l  unit s represen t  th e fou r  tim e step s a t  whic h event s 
tak e plac e fo r  thi s scenario ;  the y ar e labelle d i n th e dia -
gra m wit h th e tim e step s the y represent .  I f  th e scenari o 
even t  unit s ar e activate d i n th e correc t  order ,  the n the y wil l 
activat e thes e evaluatio n unit s i n th e correc t  order .  T h e 
soli d link s represen t  th e correc t  orde r  o f  activation .  Thes e 
hav e a n associate d dela y equa l  t o th e tim e ste p differenc e 
betwee n th e sourc e an d destinatio n units .  T h e dotte d link s 
ar e reveres e directio n inhibitor y links ,  wit h n o dela y asso -
ciated .  T h e link s ensur e tha t  th e evaluatio n unit s wil l  no t 
become significantl y activ e unles s the y ar e bein g activate d 
i n th e correc t  order .  T h e centra l  summatio n uni t  check s 
tha t  onl y on e i s activ e a t  a  time . 

233 



B .  R e c o g n i t i o n 

Assumin g th e inpu t  describe d above ,  i.e .  a t  eac h tim e 
step ,  fo r  eac h join t  i n th e image ,  a  readou t  o f  th e angl e 
and angula r  velocit y a t  tha t  joint ,  ho w d o w e inde x int o 
scenari o memory ? W e woul d lik e th e indexin g algorith m 
t o b e toleran t  o f  missin g dat a point s (fo r  example ,  du e t o 
occlusion) ,  an d t o incrementall y converg e o n th e correc t 
scenari o a s mor e an d mor e dat a arrives .  A t  th e sam e tim e 
we mus t  avoi d exponentia l  growt h i n th e numbe r  o f  unit s 
and link s require d a s th e numbe r  o f  scenari o memorie s in -
creases .  W e woul d als o hk e t o b e abl e t o tak e advantag e 
of  evidenc e base d o n structura l  o r  othe r  stati c qualitie s o f 
th e objec t  i f  i t  i s  available . 

Our  inpu t  module s detec t  change s i n angula r  veloc -
ity ,  thu s discretizin g th e inpu t  int o a  se t  o f  sequence s o f 
event s a t  whic h angula r  velocitie s chang e fo r  eac h joint . 
Thes e sequence s ar e exactl y analogou s t o th e sequence s 
of  event s represente d b y th e node s i n th e scenari o graph . 
For  a  give n scenari o w e mus t  matc h th e inpu t  sequence s 
agains t  th e store d sequence s t o determin e whic h inpu t  se -
quenc e correspond s t o whic h store d join t  sequence .  No t 
onl y mus t  a  mappin g fro m inpu t  t o scenari o b e established , 
th e co-ordinatio n betwee n inpu t  sequence s mus t  matc h th e 
co-ordinatio n betwee n join t  sequence s i n th e scenario .  W e 
must  perfor m thi s matc h fo r  eac h scenari o memory .  I f  w e 
assume a  solutio n t o th e first  proble m (matchin g a  par -
ticula r  scenari o agains t  th e input) ,  the n w e ca n achiev e 
recognitio n tim e independen t  o f  th e numbe r  o f  scenario s 
store d i n memor y a t  a  cos t  o f  linea r  increas e i n th e num -
ber  o f  unit s an d links :  w e matc h agains t  al l  scenari o m e m-
orie s i n parallel .  Thi s i s  trivia l  t o d o i n a  connectionis t 
network ;  w e simpl y duplicat e th e matchin g machiner y fo r 
eac h scenario . 

C. The Correspondence Problem 

Solvin g th e correspondenc e proble m i s harder .  We can -
not  wai t  unti l  w e hav e al l  th e dat a befor e attemptin g t o 
match .  Thi s mus t  als o b e a n incrementa l  proces s ove r  time . 
Our  approac h i s t o attemp t  t o matc h al l  inpu t  sequence s 
agains t  al l  store d sequence s i n parallel .  Agai n i t  i s  trivia l 
t o achiev e paralle l  matchin g i n a  connectionis t  network ,  i f 
one i s willin g t o pa y th e pric e i n term s o f  th e numbe r  o f 
unit s an d link s required . 

Figur e 4  give s a  schemati c outlin e o f  th e functiona l  ar -
chitectur e w e adop t  t o solv e th e correspondenc e problem . 
Thi s diagra m show s fou r  functiona l  units ,  depicte d b y th e 
bol d boxes .  Th e inpu t  module s an d evaluatio n network ,  a t 
th e to p o f  th e diagram ,  wer e detaile d above .  I n thi s figure 
we sho w thre e inpu t  module s labelle d # X ,  # Y an d # Z .  O n 
th e lef t  i s a n exampl e scenari o grap h network ,  wit h thre e 
even t  sequence s labelle d # A ,  # B an d # C .  Eac h dotte d 
box i n th e scenari o grap h represen t  th e even t  sequenc e fo r 
one join t  sequence ,  a s i n Figur e 1 .  Ther e b  on e scenari o 
grap h networ k fo r  eac h scenari o i n memory .  I n th e mid -
dl e o f  Figur e 4  i s th e gri d o f  bindin g network s (th e dotte d 
boxes) .  Ther e i s on e suc h gri d fo r  eac h scenari o grap h i n 
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Figur e 4 :  functiona l  architecbtur e 

memory.  A  binde r  gri d i s alway s compose d o f  n  b y n  bind -
in g networks ,  wher e n  i s th e numbe r  o f  even t  sequence s i n 
th e scenari o whic h th e binde r  gri d i s associate d with .  Th e 
heav y arrow s betwee n th e functiona l  unit s indicat e activa -
tio n flow,  th e stripe d arrow s indicatin g top-dow n feedbac k 
not  ye t  implemented .  Eac h inpu t  modul e send s activatio n 
t o th e colum n o f  bindin g network s belo w i t  i n th e dia -
gram .  Eac h ro w o f  bindin g network s send s activatio n t o 
th e scenari o even t  sequenc e whic h i s directl y t o it s left ,  an d 
receive s feedbac k from  tha t  even t  sequence .  Th e scenari o 
even t  sequence s sen d activatio n t o th e evaluatio n networ k 
as show n i n Figur e 3 . 

The functio n o f  th e binde r  gri d i s t o estabhs h a  on e t o 
one mapping ,  o r  correspondence ,  betwee n th e activ e inpu t 
module s an d th e even t  sequence s i n th e scenari o graph . 
The inpu t  i s a  time-varyin g patter n o f  activatio n ove r  th e 
set  o f  inpu t  modules .  Ther e i s on e inpu t  modul e fo r  eac h 
join t  i n th e scene .  Th e th e time-varyin g patter n a t  a n 
inpu t  modul e shoul d matc h th e expecte d patter n repre -
sente d i n on e o f  th e scenari o sequences .  Th e binde r  gri d 
compare s i n paralle l  th e sequenc e o f  event s a t  eac h inpu t 
modul e wit h th e event s i n eac h scenari o even t  sequence . 
Thi s  i s achieve d b y havin g a  separat e bindin g networ k fo r 
eac h input-module/scenario-sequenc e pair .  Thu s th e to p 
lef t  dotte d bo x i n th e binde r  gri d i n Figur e 4  represent s th e 
bindin g networ k tha t  i s attemptin g t o matc h th e event s  ar -
rivin g a t  inpu t  modul e # X wit h th e event s represente d i n 
scenari o sequenc e # A .  Bindin g network s wit h competin g 
interpretation s ar e arrange d t o inhibi t  eac h other ,  s o tha t 
i f  a  consisten t  interpretatio n ca n b e foun d ther e wil l  b e ex -
actl y on e bindin g networ k activ e i n eac h ro w an d colum n 
of  th e grid . 

I f  th e matc h betwee n th e inpu t  event s i s clos e t o th e 
sequence s i n a  scenario ,  a  goo d bindin g wil l  b e found ,  ac -
tivatio n wil l  flow  aroun d th e scenari o network ,  an d th e 
evaluatio n networ k wil l  becom e active .  I f  ther e i s a  par -
tia l  match ,  th e activatio n i n th e scenari o networ k wil l  b e 

234 



i o o o o o o o o i 

MODULE 

SCENARIO 
SEQUENCE BIHOING NEIVORK 

Figur e 5 .  bindin g ne twor k detail s 

lower ,  an d les s consisten t  i n time ,  s o tha t  th e evaluatio n 
networ k ma y becom e somewha t  active .  Th e bes t  matc h i s 
foun d b y readin g of f  th e activit y o f  th e summato r  unit s i n 
th e evaluatio n networ k fo r  eac h scenario . 

Figur e 5  show s th e detail s fo r  on e bindin g network . 
At  th e to p i s a n inpu t  module .  I t  ha s a  se t  o f  unit s tune d 
t o a  particula r  angula r  rang e an d anothe r  se t  tune d t o par -
ticula r  angula r  velocity .  Uni t  E  i s a n even t  detectin g unit , 
connecte d t o al l  th e velocit y tune d unit s i n th e module ; 
i t  fires  whe n th e angula r  velocit y changes ,  ou r  definitio n 
of  a n event .  A t  th e lef t  o f  Figur e 5  i s a  sequenc e networ k 
fro m a  scenario ,  simila r  t o th e dotte d boxe s i n Figur e 1 . 
I n th e middl e i s a  bindin g network . 

A bindin g networ k perform s tw o functions :  i t  peisse s 
on inpu t  event s fro m it s inpu t  modul e t o it s sequenc e 
network ;  an d i t  compare s th e event s occurrin g i n th e in -
put  modul e wit h thos e occurrin g i n th e sequenc e network . 
Event s ar e differentiate d b y th e angl e an d th e angula r  ve -
locit y a t  th e joint ,  an d occu r  whe n th e angula r  velocit y 
changes .  Fo r  eac h even t  represente d i n th e sequenc e net -
work ,  ther e i s a  pai r  o f  unit s i n th e bindin g network ,  a 
detecto r  unit ,  labele d D ,  an d a  relay ,  labele d R .  I n Fig -
ur e 5  ther e ar e fou r  suc h pairs ,  correspondin g t o th e fou r 
even t  unit s i n th e scenari o sequence .  W e sho w th e link s fo r 
one pair .  Th e detecto r  uni t  fires fires  whe n th e appropriat e 
even t  occur s i n th e inpu t  module ,  i.e .  whe n al l  thre e input s 
fro m th e inpu t  modul e ar e active .  T h e rela y uni t  passe s o n 
activatio n fro m th e detecto r  uni t  t o th e appropriat e even t 
uni t  i n th e scenari o sequenc e network ,  modulate d b y th e 
leve l  o f  activatio n o f  th e bindin g unit ,  labele d B .  T h e de -
tecto r  uni t  als o send s activatio n t o th e bindin g unit .  Thi s 
bindin g uni t  ha s a  sit e fo r  eac h even t  represente d i n th e 
sequenc e network .  Eac h sit e receive s activatio n fro m a  net -
wor k even t  uni t  an d fro m th e correspondin g detecto r  unit . 
I f  a  sit e receive s inpu t  fro m th e detecto r  unit ,  i t  expect s 

inpu t  soo n afte r  fro m th e sequenc e network .  Otherwis e 
ther e i s a  mis-matc h occurring .  Th e bindin g uni t  check s 
tha t  th e site s ar e receivin g activatio n i n thi s fashion ,  an d 
i f  s o increase s it s activatio n level .  Otherwis e it s activatio n 
decreases . 

Al l  bindin g network s connecte d t o th e sam e inpu t 
modul e hav e thei r  bindin g unit s arrange d i n a  mutuall y 
inhibitor y networ k (se e Figur e 4) .  Similarl y al l  bindin g 
network s connecte d t o th e sam e sequenc e networ k ar e ar -
range d s o tha t  thei r  bindin g unit s inhibi t  eac h other .  Thus , 
eve n wit h locall y ambiguou s input ,  s o lon g a s globall y th e 
inpu t  i s determinate ,  th e correc t  scenari o shoul d b e th e 
most  highl y activated .  I f  evidenc e fo r  matchin g i s availabl e 
fro m othe r  sources ,  fo r  instanc e for m o r  colo r  matching ,  i t 
ca n b e use d t o influenc e th e scenari o matc h b y providin g 
inpu t  t o th e bindin g unit s i n th e bindin g networks . 

D. Preliminary Qualitative Results 

Th e architectur e ha s bee n implemente d usin g th e 
Rocheste r  Connectionis t  Simulato r  [Goddar d e t  ai ,  1988 ] 
fo r  tw o scenario s -  on e abstract ,  an d on e correspondin g t o 
a runnin g stic k figure.  Unsurprisingly ,  wit h suc h distinc t 
choices ,  th e networ k ha d n o proble m wit h discriminatin g 
inputs .  Th e result s depen d o n th e actua l  parameter s use d 
i n th e activatio n function s an d i n th e time-delaye d links . 
As expected ,  presentin g perfec t  inpu t  cause s th e scenari o 
networ k t o saturat e quickl y (withi n on e cycl e o f  th e mo -
tion) .  Presentin g imperfec t  input ,  e.g .  wit h on e o f  th e in -
put  module s inactivate d t o simulat e occlusion ,  cause d th e 
scenari o networ k t o activat e mor e slowly .  Recognitio n wa s 
fairl y robus t  ove r  quit e larg e paramete r  variations .  Over -
al l  i t  i s  clea r  tha t  th e architectur e solve s th e problem ,  an d 
moreove r  tha t  i t  ca n b e tune d alon g severa l  dimensions : 
speed ,  sensitivit y t o missin g data ,  sensitivit y t o incorrec t 
data .  Exactl y ho w th e networ k shoul d b e tune d i s a  mat -
te r  fo r  furthe r  research ,  an d wil l  requir e psychophysica l 
experiments . 

V. Conclusions 

We have introduced a representation for articulated stick 
figure  motio n tha t  i s  naturall y implemente d i n a  massivel y 
paralle l  network .  A  networ k architectur e fo r  indexin g int o 
thi s memor y representatio n fro m biologicall y plausibl e in -
pu t  ha s bee n designed .  T h e result s o f  th e preliminar y im -
plementatio n an d test s ar e encouraging . 
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