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Abstrac t 

The perceptual principles that allow people to group 
visuall y simila r  object s int o entities ,  o r  groups ,  hav e bee n 
calle d th e Gestal t  Law s o f  perception .  T w o wel l  know n 
principle s o f  perceptua l  groupin g ar e proximit y an d 
similarity :  object s tha t  li e clos e togethe r  ar e perceive d t o 
fal l  int o groups ;  object s o f  simila r  shape ,  siz e o r  colo r  ar e 
more likel y t o for m group s tha n object s differin g alon g 
thes e dimensions .  Whil e th e primar y functio n o f  thes e 
"laws "  i s t o hel p u s perceiv e th e world ,  the y als o ente r  int o 
our  communications .  Peopl e ca n buil d o n assumption s 
abou t  eac h other' s perceptio n o f  th e worl d a s a  basi s fo r 
simplifyin g discourse :  fo r  example ,  w e invariabl y refe r  t o 
collection s o f  object s simpl y b y gesturin g i n thei r 
directio n an d utterin g "those. "  Th e curren t  wor k describe s 
an algorith m tha t  simulate s part s o f  th e visua l  groupin g 
mechanis m a t  th e objec t  level .  Th e syste m use s featur e 
space s an d simpl e rankin g method s t o produc e objec t 
groupings .  Computationa l  aspect s o f  thi s syste m ar e 
describe d i n detai l  an d it s use s fo r  enhancin g multi-moda l 
interface s ar e explained . 
K e y w o r d s :  Perceptua l  grouping ,  gestal t  perception , 
multi-modal ,  simulation ,  human-compute r  interaction . 

Introduction 

I n natura l  dialogu e a  perso n m a y poin t  t o som e objects , 
simpl y refe r  t o the m a s thos e an d as k someon e t o m o v e 
them ,  remov e them ,  tel l  abou t  them ,  etc .  Th e addressee' s 
understandin g o f  thi s behavio r  require s interpretatio n o f  a 
multi-moda l  act—combinin g th e utteranc e ("those" )  wit h th e 
are a addresse d b y th e gestur e (McNeill ,  1992 ;  Goodwin , 
1981) .  Perceptua l  groupin g allow s a  perso n furthermor e t o 
resolv e a  referenc e t o multipl e object s withou t  requirin g tha t 
ever y ite m reference d b e enumerated .  I f  a  numbe r  o f  object s 
li e clos e togethe r  i n th e directio n pointe d the y wil l  naturall y 
be considere d constitutin g th e referre d group. '  I f  the y li e 
scattere d bu t  hav e a  strikin g visua l  featur e i n c o m m o n ,  the y 
wil l  als o combin e t o for m a  group .  Interestingly ,  th e 
gesture' s for m wil l  generall y no t  chang e th e listener' s 

*  Th e focu s her e wil l  b e o n pre-attentiv e visua l  processin g 
and visua l  features—othe r  factor s contributin g t o referenc e 
resolution ,  suc h a s dialogu e histor y an d functiona l  attribute s o f 
objects ,  wil l  no t  b e discussed . 

interpretatio n o f  i t  becaus e final  resolutio n o f  th e referenc e i s 
base d o n Gestal t  groupin g principle s unrelate d t o th e 
gesture . 

Researc h i n gestal t  perceptio n date s bac k t o Wertheime r 
(1923) .  Sinc e then ,  perceptua l  organizatio n researc h i n 
psycholog y ha s g row n t o includ e bot h classica l 
experimentatio n an d computationa l  modelin g (Feldma n & 
Ballard ,  1983 ;  Rock ,  1983 ;  Marr ,  1982 ;  Palmer ,  1981 ; 
Tversky ,  1977 ;  Rosc h e t  al. ,  1976) .  Severa l  computationa l 
approache s t o explainin g perceptua l  groupin g phenomen a 
hav e bee n offere d (Treisman ,  1990 ;  Palmer ,  1981 ;  Tversky , 
1977 )  an d th e focu s ha s bee n bot h o n finding  feature s i n th e 
visua l  scen e tha t  ca n b e use d t o discer n object s (Treisman , 
1990) ,  an d o n higher-leve l  objec t  recognitio n an d 
classificatio n (Marr ,  1982 ;  Rosc h e t  al. ,  1976) .  Th e focu s 
i n thi s paper ,  however ,  i s  visio n simulatio n withi n th e 
confine s o f  th e computer' s world ,  wher e object s an d thei r 
attribute s ar e wel l  defined . 

Th e notio n o f  groupin g displaye d item s accordin g t o 
Gestal t  principle s wa s propose d b y Dr .  Richar d Bol t  o f  th e 
M I T Medi a Laborator y an d first  explore d b y Chi n (1987 )  i n 
a preliminar y fashion .  Thi s pape r  describe s a  genera l 
computationa l  mode l  o f  perceptua l  groupin g an d discusse s 
it s us e i n human-compute r  interaction .  Th e algorith m 
simulate s th e phenomen a o f  proximit y an d similarit y b y 
codin g objec t  feature s int o multi-dimensiona l  featur e spac e 
and rankin g the m accordin g t o proximit y i n tha t  space , 
producin g perceptua l  grouping s tha t  ca n hel p resolv e 
reference s i n multi-moda l  context . 

Multiple Reference in Human-Computer 

I n te rac t i o n 

I n th e currentl y popula r  "deskto p metaphor "  fo r  compute r 
interfaces ,  th e principl e o f  perceptua l  groupin g i s heavil y 
used :  functionall y simila r  object s ar e groupe d int o c o m m o n 
spatia l  region s an d marke d wit h c o m m o n visua l  features , 
allowin g th e use r  t o locat e the m easil y an d referenc e the m 
wit h pointin g device s suc h a s mic e o r  trackballs .  Usuall y 
suc h "references "  ar e handle d literall y wit h n o interpretatio n 
on th e par t  o f  th e interface .  Fo r  situation s wher e a n 
artificiall y  impose d layou t  i s impossible ,  suc h a s i n terrai n 
maps o r  architectura l  blueprints ,  referrin g t o collection s o f 
object s become s cumbersome .  I n thes e situation s i t  woul d 
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Figur e 1 ;  A  typica l  pointin g gestur e m a y provid e th e 
compute r  wit h a  singl e poin t  (show n b y star) . 

be helpful to be able to refer to objects multi-modaly, using 
th e convention s o f  socia l  communication . 

Multi-Modal Interaction 

Work i s underwa y t o us e perceptua l  groupin g algorithm s i n 
conjunctio n wit h multi-moda l  system s tha t  recogniz e 
speech ,  free-for m han d gesture s an d analyz e people' s gaz e 
(Sparrell ,  1993 ;  Koon s e t  al. ,  1993 ;  Bol t  &  Herranz ,  1992 , 
Thorisso n e t  al .  1992 ;  fo r  relate d wor k se e Tyle r  e t  al. , 
1991 ;  Wahlster,  1991 ;  Hauptman ,  1989 ;  Bolt ,  1987 ;  Chin , 
1987 ;  Bolt ,  1984) .  Bolt ,  a s earl y a s 198 0 (Bolt ,  1980) , 
describe d a  syste m calle d Pu t  Tha t  Ther e wher e multi-moda l 
referenc e t o singl e object s wa s possible .  I n th e Iconi c 
syste m (Sparrell ,  1993 )  utterance s ca n b e mixe d wit h free -
for m gestures :  i f  a  use r  speak s th e word s "Mov e th e chair " 
whil e showin g directio n an d amoun t  o f  motio n wit h a  han d 
gesture ,  th e syste m ca n execut e th e actio n withou t  an y 
furthe r  input .  A  recurrin g proble m i n suc h interaction , 
however ,  i s th e inabilit y  o f  th e compute r  t o "see "  th e world 
i n th e sam e wa y a s peopl e do .  Fo r  example ,  group s an d 
grouping s o f  object s tha t  ar e obviou s t o user s ar e invisibl e 
t o th e machine .  A s a  result ,  discours e method s fo r  referenc e 
tha t  buil d o n assumption s o f  similarit y betwee n speake r  an d 
heare r  canno t  b e used . 
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Figur e 2 :  T h e use r  ca n sa y "Delet e [gesture ]  thes e icons " 
and d o a  gestur e (dotte d arrows )  nea r  a  grou p o f  objects .  T h e 

simulate d perceptua l  groupin g algorith m enable s th e 
compute r  t o infe r  whic h object s th e gestur e refer s t o — 

independen t  o f  it s precis e form . 

A deicti c gestur e m a y i n th e simples t  cas e produc e a 
singl e poin t  o n th e scree n (Figur e 1 )  w h e r e th e perso n 
pointe d (Thorisso n e t  a!. ,  1992) .  Thi s gestur e coul d b e 
accompanie d b y speec h o r  a  ke y pres s tha t  i s  predefine d t o 
m e an "multipl e reference. "  A  perceptua l  groupin g algorith m 
ca n m a k e interpretatio n o f  th e gestur e bot h independen t  o f 
th e gesture' s for m an d o f  th e inpu t  metho d used :  reference s 
ca n b e m a d e wit h a  mouse ,  touc h screen ,  dat a glov e o r  eve n 
gaz e (Koon s &  Thorisson ,  1993 ;  Thorisso n e t  al. ,  1 9 9 2 ) — 
thes e wil l  al l  loo k equivalen t  t o th e compute r  (Figur e 2 ) . 

T h e expectatio n w e shoul d hav e o f  an y algorith m designe d 
fo r  thi s purpos e i s tha t  it s grouping s ar e reasonabl y clos e t o 
what  w e w o u l d expec t  anothe r  perso n t o m a k e i n a 
conversation .  I t  i s  als o a  necessar y requiremen t  tha t  th e 
algorith m take s n o longe r  t o produc e a n outpu t  tha n wou l d 
be considere d norma l  i n a  h u m a n interaction . 

Perceptual Grouping 

Real-worl d image s gathere d wit h camera s fo r  compute r 
visio n system s ar e characterize d b y nois e an d 
unpredictability ,  wit h complicatin g factor s suc h a s zooming , 
pannin g an d change s i n lightin g (Ballar d &  Brown ,  1982) . 
I n contrast ,  computer-generate d object s o n a  graphica l 
displa y ar e fre e o f  thes e complicatin g issues .  Sinc e graphi c 
object s hav e well-defined ,  accessibl e attribute s suc h a s size , 
color ,  etc. ,  th e approac h take n her e lie s a t  th e objec t  level , 
takin g th e object s an d thei r  attribute s a s given . 

Th e factor s mos t  ofte n discusse d i n Gestal t  perceptio n 
researc h ar e (1 )  proximity ,  (2 )  similarity ,  (3 )  goo d 
continuation ,  (4 )  symmetr y an d (5 )  closure .  Discussion s o f 
thes e ca n b e foun d i n Roc k (1983 )  an d Core n an d War d 
(1989) ;  thi s pape r  focuse s o n th e first  two . 

Proximity, Similarity and Perceptual Linearity 

The feature s o f  proximit y an d similarit y ar e bes t  explaine d 
by example .  I n Figur e 3  th e proximit y o f  object s result s i n 
th e perceptua l  grouping s marke d a ,  b  an d c .  Sinc e object s 
ca n b e simila r  i n mor e tha n on e way ,  similarit y i s a  mor e 
comple x measur e tha n proximity .  T o simplify ,  w e ca n sa y 
tha t  th e visua l  feature s o f  (1 )  shape ,  (2 )  size ,  (3 )  colo r  (hue) , 
(4 )  brightnes s (intensity) ,  (5 )  orientatio n an d (6 )  textur e al l 
can wor k towar d makin g object s loo k similar .  I n thi s pape r 
I  wil l  addres s th e first  three . 

I n th e curren t  approach ,  featur e space s ar e assume d t o b e 
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Figur e 3 :  T h e perceptua l  Gestal t  la w o f  similarit y 
comprise s m a n y features ,  thre e o f  whic h ar e s h o w n here :  I n 
spit e o f  al l  object s i n a ,  b  o r  c  bein g equidistan t  fro m eac h 

odier ,  colo r  wil l  m a k e u s se e co lumn s i n a ,  shap e wil l  for m 
row s i n b ,  an d siz e wil l  for m co lumn s i n c . 

T h e la w o f  proximit y allow s u s t o se e a ,  b  an d c  a s thre e 
separat e groups . 
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Figur e 4 :  T h e object s {a ,  b ,  c ,  d }  i n th e layou t  o n th e lef t 
ar e represente d a s vertice s i n two-dimensiona l  space .  Al l 
vertice s ar e connecte d wit h edge s (E j  j) ,  generatin g a  full y 

connecte d graph . 

perceptually linear. This means that the distance between 
an y tw o point s i n tha t  spac e i s  base d o n ou r  perceptio n o f  i t 
rathe r  tha n physica l  measurements .  Fo r  spatia l  positio n 
ther e i s  clos e t o one-to-on e relationshi p betwee n physica l 
distanc e an d th e perceive d distanc e (Core n &  Ward ,  1989) . 
Fo r  othe r  features ,  lik e brightnes s o r  loudness ,  th e 
relationshi p be twee n th e physica l  stimulu s an d th e 
perceptio n o f  i t  i s no t  linear ;  thes e hav e t o b e correlate d i n a 
procedur e k n o w n a s magnitud e estimation .  Thi s i s h o w th e 
Munsel l  colo r  spac e i s  constructe d (Fole y e t  al. ,  1990) , 
whic h her e provide s th e basi s fo r  brightnes s computations . 

The Computational Model 

The perceptua l  groupin g algorith m work s i n fou r  majo r 
steps .  Firs t  (1) ,  fo r  al l  possibl e objec t  pairings ,  i t  compute s 
th e objects '  proximit y (distanc e i n th e 2- D plane )  an d 
produce s a  lis t  o f  edge s fo r  eac h pair ,  wit h a n associate d 
proximit y score .  Thi s scor e i s  inversel y proportiona l  t o th e 
distanc e be twee n objects .  T h e n (2 )  i t  compute s th e 
similarit y o f  eac h edge' s objec t  pai r  alon g on e featura l 
dimensio n (color ,  shape ,  brightness ,  size )  presen t  i n th e 
layout ,  assign s a  hig h scor e i f  th e object s ar e similar— a lo w 
i f  the y ar e not ,  an d weight s th e resultin g scor e wit h tha t 
pair' s  proximit y score .  T h e resul t  ar e edg e lists ,  on e fo r 
eac h feature ,  containin g similarit y score s weighte d b y 
proximity .  Thes e list s ar e subsequentl y ordered .  I t  the n (3 ) 
searche s throug h eac h lis t  lookin g fo r  significan t  difference s 
betwee n adjacen t  edg e scores .  W h e n suc h a  differenc e i s 
found ,  th e edge s s o fa r  compare d ar e grouped .  A t  las t  th e 
algorith m (4 )  compare s th e group s produce d fo r  eac h featur e 
an d combine s thos e tha t  contai n th e sam e objects . 

T h e approac h take n her e bear s resemblanc e t o s o m e tha t 
hav e previousl y bee n proposed .  Experimenta l  evidenc e fro m 
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Figur e 5 .  F r o m th e calculate d distanc e betwee n objec t  pair s 
(a )  a  scor e i s compute d b y normalizatio n an d inversio n (b) . 

brain research seems to indicate the separate processing of 
proximit y an d othe r  feature s (Kossly n &  Koenig ,  1992 ; 
Treisman ,  1990) .  Treisma n (1982 ;  1980) .  an d Palme r 
(1981) ,  hav e propose d tha t  i n th e brain ,  feature s ar e projecte d 
int o separat e space s tha t  ca n eac h contai n on e featur e plu s 
positiona l  dimensions .  Thi s theor y concur s wit h th e 
algorith m describe d here . 

Computing Proximity 

Th e proximit y scor e i s  a  numbe r  betwee n 0  t o 1  tha t 
represent s a  linea r  estimatio n o f  spatia l  proximit y o f  object s 
i n th e 2- D plane ;  hig h score s indicat e closenes s an d lo w 
score s separation .  T o comput e this ,  w e star t  wit h a  layou t 
of  objects ,  a s th e exampl e o f  circle s show n i n Figur e 4 . 
Th e positio n o f  eac h objec t  i s  viewe d a s a  poin t  i n two -
dimensiona l  (2-D )  spac e (x ,  y) .  Thi s spac e ca n b e draw n a s 
a non-directe d graph ,  G={V ,  E} ,  wher e V  i s a  se t  o f  object s 
and E  i s th e se t  o f  edges ,  o r  vertice s connectin g them .  Fo r 
th e layou t  i n Figur e 4  w e hav e V={a,b,c,d }  an d E={Ea,b . 
Ea. c Ea.d -  ̂ b. c ^b.d -  ̂ c,6) -  Eac h edg e receive s a  valu e 
dependin g o n th e proximit y o f  th e tw o object s i t  connects . 
First ,  th e absolut e distanc e betwee n pair s o f  object s i n 2- D 
spac e i s  calculated :  Dprox(i,j) .  wher e j  an d j  ar e th e tw o 
object s (Figur e 5a) .  Thi s distanc e i s the n normalize d b y th e 
longes t  distanc e (max[Dprox(i,j)l )  an d a t  las t  inverte d b y 
subtractin g th e normalize d distanc e fro m 1  (Figur e 5b) . 
Thi s represent s th e proximit y scor e (Sprox )  for  an y give n 
pai r  o f  object s i n th e layou t  an d i s give n by :  Sprox(e )  =  1  " 
(Dprox(i,i )  /  max[Dprox(i,j)]) .  wher e e  i s a n edg e an d i  an d j 
ar e th e object s i t  connects . 

Computing Similarity 

The colo r  spac e use d her e i s a  circular ,  discret e spac e (figur e 
6)  wher e color s wer e chose n base d o n th e basi c colo r  term s 
i n languag e (Ka y &  McDaniel ,  1978) .  A  colo r  scor e (Scol ) 
i s  give n t o a n edg e b y computin g th e distanc e betwee n th e 
color s (Dcol(i,j) )  o f  objec t  pair s tha t  th e edg e connects , 
normalizin g wit n th e longes t  edg e an d subtractin g fro m one : 

Scol(e )  =  1  -  (Dco l  (i,j )  /  max[Dcol(i.j)]) . 
Siz e an d shap e ar e als o treate d a s discret e spaces .  Whil e 

colo r  spac e i s circular ,  however ,  shap e (Figur e 7 )  an d siz e 
space s ar e not .  Fo r  simpl e shapes ,  suc h a s th e one s use d 

BLUE O 0 Q . . . O 

Figur e 6 :  Colo r  i s represente d a s a  circular ,  on e 
dimensiona l  spac e containin g eigh t  colo r  values . 

Figur e 7 :  Th e squar e an d circl e ca n b e represente d a s 
opposit e end s o n a  shap e continuum . 
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E:  A  lis t  o f  ordere d edges . 
N:  Th e numbe r  o f  edge s i n E. 
F:  Th e featur e bein g computed . 
G [COUNT,F ] :  2- D arra y containin g group s o f  edges . 
D:  Differenc e betwee n adjacen t  score s i n th e list . 
Tl ,  T2 :  First -  an d second-orde r  differenc e buffers . 
C O U NT an d i  ar e counters . 
G:  Numbe r  o f  object s i n E  tha t  shoul d b e grouped . 
CEILING :  Variabl e (se e text) . 

D<-0 
Tl  <- 0 
T2*- 0 
COUNT < -  0 

Procedur e FIND-DIFF S 
FOR i  < -  1  T O ( N -1 ) 

Df-(Swi-Swi+i ) 
IF(D>T1 ) 

AND ( D <  CEILING ) 
AND(T2<D-T1 ) 

THEN T2<-(D-T1 ) 
CEILIN G <- D 
Tl<- D 
G<- i 

Procedur e GROUP 
G[COUNT,F]  < -  firs t  G  edge s i n E  ̂  
COUNT * -  (COUNT +  1 ) 

Procedure s 1  an d 2 . 

here, size can be represented along a single, linear dimension 
fro m smal l  t o large . 

The score s i n continuou s space s suc h a s brightnes s ar e 
weighte d b y a n exponentia l  function ,  thu s emphasizin g hig h 
score s an d de-emphasizin g lo w scores :  Sbrjght(e )  =  ̂  " 

sqrt(Dbright(i,j) ^  /  max[Dbright(i,j)]̂ ) -

Finding Gestalts 

Once a  featur e scor e ha s bee n compute d fo r  a n edge ,  S(f\ ,  i t 
i s  weighte d b y th e 2- D spatia l  proximit y scor e (Sprox )  o f 
tha t  edge :  Sw(f,e )  =  S(f,e )  Sprox(e) .  wher e f  i s  th e featur e 
(color ,  shape ,  size ,  brigntness )  an d e  i s th e edge .  Th e 
weighte d score s o f  ever y featur e ar e liste d i n descendin g orde r 
suc h tha t  fo r  eac h featur e w e hav e a  lis t  L(f) :  L(f )  =  {Sw(f,e' ) 
>= Sw(f̂ e" )  > = Sw(f,e"' )  >=•••} •  A  searc h procedur e compare s 
adjacen t  pair s o f  edge s i n thes e lists ,  startin g fro m th e 
greates t  value ,  lookin g fo r  th e larges t  differenc e o n eac h pas s 
(Procedure s 1  an d 2) .  A  second-orde r  differenc e (th e 
differenc e betwee n thes e differences )  i s use d t o determin e 
when th e precedin g edge s shoul d b e considere d a s 
constitutin g a  significan t  group .  Becaus e th e edge s ar e 
ordere d w e ar e ensure d tha t  th e mos t  perceptuall y significan t 
group s str e foun d first. 

The exten t  o f  th e searc h i n eac h featur e lis t  i s  determine d 
by a  constan t  (STOP ,  Procedur e 3) .  It' s  valu e wil l  depen d o n 
th e rang e o f  value s use d i n th e featur e space s an d h o w lon g 
we wan t  t o continu e partitionin g th e layou t  int o subgroups . 
A variabl e (CEILING )  keep s trac k o f  th e highes t  differenc e 

C E I L I N G I S initialize d t o a  valu e highe r  tha n th e 
larges t  possibl e differenc e betwee n adjacen t  edg e 
pairs . 

S T OP I S a  constant . 

Procedure MAIN 
WHILE (CEILIN G >  STOP) 

Tl<- 0 
T2<- 0 
FIND-DIFF S 
GROUP firs t  G  edge s i n E 

Procedur e 3 . 

found so far and limits the search to a value below this every 
tim e a  ne w searc h i s don e o n th e sam e list . 

Forming Groups 

Once thi s algorith m ha s bee n ru n o n eac h featur e list ,  L(f) ,  i t 
has produce d on e o r  mor e list s o f  edge s fo r  eac h featur e tha t 
constitute s a  significan t  "perceptua l  group. "  A  compariso n 
i s the n don e amon g al l  th e resultin g groups .  I f  a  grou p 
occur s mor e tha n onc e (fo r  example ,  i f  ther e i s a  grou p o f 
object s i n th e scen e wher e al l  object s ar e circle s an d o f  th e 
same color) ,  th e tw o group s ar e merged .  A n importan t 
poin t  i s  tha t  whe n applyin g th e abov e algorithm ,  onl y th e 
feature s tha t  var y amon g th e object s shoul d b e use d i n th e 
computations .  Thi s mean s tha t  if ,  fo r  instance ,  al l  object s 
ar e o f  th e sam e size ,  siz e score s wil l  no t  b e use d i n th e 
computations .  T o mak e th e grouping s usefu l  i n human -
compute r  dialogu e i t  i s  necessar y t o ad d a  goodnes s scor e 
tha t  indicate s h o w wel l  eac h grou p stand s ou t  fro m th e rest. ^ 
Such a  scor e allow s th e algorith m t o ran k group s accordin g 
t o h o w "perceptuall y good "  the y seem ,  an d subsequentl y 
make hypothese s abou t  a  user' s multi-moda l  reference s base d 
on contex t  an d dialogu e history . 

Results 

Th e abov e algorith m produce s surprisingl y goo d results . 
T wo typica l  example s fo r  demonstratin g Gestal t  principle s 
ar e show n i n Figure s 8  an d 9  (group s ar e ordere d accordin g 
t o goodnes s i n descendin g orde r  fro m lef t  t o right ,  startin g a t 
th e top) .  Th e thir d exampl e (Figur e 10 )  show s h o w th e 
algorith m avoid s imprope r  assumption s abou t  grou p 
adherenc e i n semi-structure d layouts . 

I n human-compute r  interaction ,  thi s leve l  o f  performanc e 
i s sufficien t  t o simulat e multiple-objec t  referenc e resolutio n 
quit e simila r  t o tha t  observe d i n h u m a n interaction .  Th e 
compute r  ca n loo k a t  th e ranke d group s an d tak e th e bes t  fit 
t o th e curren t  poin t  o n th e screen .  I f  ther e i s doub t  abou t 

^  Thi s scor e i s currentl y compute d b y averagin g th e value s o f 
al l  link s (Sw(f) )  involve d i n creatin g a  group . 

3 Onc e th e edge s hav e bee n store d i n G [COUNT,F ] ,  a n 
additiona l  searc h i s require d t o se e i f  th e numbe r  o f  edge s i s equa l 
t o o r  large r  tha n th e numbe r  o f  object s the y connec t  minu s on e 
(N e >  N o I) .  I f  not ,  th e grap h ha s isolate d node s an d tw o o r 
more perceptuall y significan t  group s o f  object s wil l  b e 
containe d i n a  singl e cel l  o f  G[COUNT,F] . 
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INPUT: 

O U T P U T: 

•  • 

•  • 

•  • -

•  •  • 

Figur e 8 :  I n thi s classica l  exampl e demonstratin g th e 
principle s o f  proximit y an d similarit y o f  size ,  th e syste m 

produce s th e sam e grouping s tha t  peopl e ar e pron e t o make . 

which group is being referred to, it can go down the group 
lis t  t o find  th e next-bes t  fit.  A  syste m coul d als o highligh t 
th e candidat e group s an d as k th e use r  (wit h synthesize d 
speec h o r  printe d text )  whic h on e i t  is .  Thi s wa y reference s 
ca n b e resolve d withou t  requirin g user s t o repea t  a  command . 

Limitations 

Eve n give n th e ver y restricte d natur e o f  th e inpu t  tha t  thi s 
algorith m wa s designe d t o handle ,  i t  stil l  ha s a  numbe r  o f 
limitations .  O n e o f  thes e i s usin g a  full y connecte d grap h 
t o comput e groupings ,  generatin g a n exponentia l  growt h o f 
edge s wit h a  linea r  increas e o f  objects .  Th e proble m ca n b e 
deal t  wit h i n par t  b y usin g onl y edge s tha t  fal l  belo w a 
certai n percentag e o f  th e longes t  one .  Preliminar y test s hav e 
indicate d tha t  performanc e significantl y deteriorate s i f  th e 
longes t  edg e use d i n th e computation s i s les s tha n 6 0 % o f 
th e larges t  distanc e betwee n objects .  Thus ,  u p t o 4 0 % o f 
th e edge s ca n seemingl y b e discarde d withou t  a  seriou s effec t 
on th e results . 

Th e algorith m ca n tak e int o accoun t  proximit y an d 

^  ^ 

•  •  .  • 
•  •  •  .  •  • 
•  •  I  • 

•  V 

INPUT A OUTPUT A 

INPUT: 

OUTPUT: 

• 
•  • 

•  • 
• 

•  • 
•  • 

•  • 

•  • 
•  • 

•  • 

•  • 

Figur e 9 :  Exampl e demonstratin g th e interactio n o f 
feature s competin g fo r  grou p adherence .  (Afte r  finding  th e 

fou r  mos t  obviou s groups ,  th e syste m continue s th e searc h 
and come s u p wit h on e subgrou p befor e groupin g al l  object s 
together .  Notic e tha t  th e tw o whit e circle s a t  th e botto m ar e 

a ta d close r  togethe r  tha n th e othe r  objects. ) 

similarity of objects—two of the five well-known grouping 
principle s o f  Gestal t  perception .  A n importan t  thir d 
candidat e woul d b e goo d continuation ,  whic h woul d mak e 
recognitio n o f  line s forme d b y row s o f  object s mor e robus t 
tha n i t  i s  now .  Whethe r  this ,  an d othe r  principle s ca n b e 
incorporate d remain s t o b e seen . 

Althoug h th e approac h currentl y applie s onl y t o two -
dimensiona l  layouts ,  i t  m a y ver y wel l  exten d t o three -
dimensiona l  spaces .  A n importan t  questio n the n i s ho w 
wel l  th e computer' s simulate d perceptio n o f  groupin g wil l 
matc h th e viewer's ,  w h o i s provide d wit h onl y a  projectio n 
of  th e scene ,  leavin g ou t  som e o f  th e stronges t  cue s fo r 
dept h suc h a s stereopsi s an d motio n parallax . 

Anothe r  limitatio n i n th e curren t  versio n o f  th e algorith m 
i s th e simplifie d treatmen t  o f  shap e space .  Wit h comple x 

•  * 

•  •  • 

* ,  \  ' _ 

: •  •: • 
• 

INPUT B OUTPUT B 

Figur e 10 :  Wit h unstructure d input—object s varyin g alon g th e dimension s o f  size ,  shap e an d brightness—th e 
system' s abilit y  t o comput e realisti c grouping s become s readil y apparent .  I n A  th e whit e object s ar e no t  al l 

considere d constitutin g a  "white "  grou p becaus e th e gra y pentagon s intersec t  them .  W h e n th e whit e pentago n i s 
moved close r  t o th e whit e circle s (inpu t  B ) ,  th e syste m wil l  conside r  thes e a  perceptuall y significan t  group , 

eve n thoug h thei r  shape s differ . 
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shapes ,  man y issues ,  suc h a s orientatio n an d viewpoint ,  wil l 
star t  t o pla y a  significan t  role .  I t  i s  no t  clea r  i f  thes e 
problem s ca n b e handle d i n a  simpl e way . 

Conclusion 

The curren t  wor k i s a n attemp t  t o brin g human-machin e 
interactio n close r  t o human-huma n communicatio n b y 
drawin g o n researc h i n discours e an d compute r  vision .  Th e 
simplicit y an d relativ e computationa l  inexpensivenes s o f  th e 
algorith m describe d allow s i t  t o produc e reasonabl e 
perceptua l  grouping s i n real-tim e durin g interaction .  I t 
highlight s th e poin t  tha t  i n spit e o f  limite d compute r 
intelligence ,  human-compute r  interactio n nee d no t  b e limite d 
t o direc t  manipulatio n o r  arbitrar y communicatio n 
languages . 
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