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ABSTRACT 

A method f o r s t r u c t u r e f rom mot ion i s p r e s e n t e d . 
The method makes a m o t i o n assumpt ion about the 
o b j e c t s b e i n g v i ewed . The m o t i o n assumpt ion i s 
t h a t a l l m o t i o n c o n s i s t s o f t r a n s l a t i o n s and r o t a ­
t i o n s about a f i x e d a x i s . P a r a l l e l p r o j e c t i o n i s 
a l s o assumed. T h i s makes i t p o s s i b l e t o i n t e r p r e t 
the m o t i o n o f as few as two r i g i d l y connected 
p o i n t s . The method works f o r b o t h r i g i d and 
j o i n t e d o b j e c t s . R e s u l t s o f a t e s t o f t h i s method 
on Johansson 's d a t a a re p r e s e n t e d . 

1. INTRODUCTION 

Human b e i n g s have many sou rces of i n f o r m a t i o n 
on dep th t h a t do n o t depend on s t e r e o v i s i o n . 
These i n c l u d e mo t i on p a r a l l a x , shape f rom s h a d i n g , 
and t e x t u r a l i n f o r m a t i o n . These sources o f dep th 
i n f o r m a t i o n a re p a r t i c u l a r l y i n t e r e s t i n g f o r com­
p u t e r a p p l i c a t i o n s because they r e q u i r e the use o f 
o n l y one camera. Moreover , t h e r e a re many s i t u a ­
t i o n s where s t e r e o a l g o r i t h m s a r e d i f f i c u l t t o use , 
s o t h a t the a v a i l a b i l i t y o f o t h e r sources o f dep th 
i n f o r m a t i o n i s h e l p f u l . The p resen t i n v e s t i g a t i o n 
i s a l so m o t i v a t e d f o r p s y c h o l o g i c a l reasons . As 
c o m p u t a t i o n a l methods a r e proposed f o r s o l v i n g 
problems t h a t human v i s i o n a l s o s o l v e s these 
methods can be compared w i t h human methods, hope­
f u l l y l e a d i n g t o i n s i g h t s i n human v i s u a l 
p rocesses . 

Th i s paper addresses a method f o r r e c o v e r i n g 
s t r u c t u r e ( i . e . , dep th i n f o r m a t i o n ) b y o b s e r v i n g 
the mo t i on o f o b j e c t s i n the image p l a n e . The 
method assumes t h a t the o b j e c t s a r e reasonab ly d i s ­
t a n t f rom the o b s e r v e r , s o t h a t p e r s p e c t i v e e f f e c t s 
a re s m a l l and the o b j e c t s can be t r e a t e d as i f t hey 
were seen i n p a r a l l e l p r o j e c t i o n . T h i s process i s 
c a l l e d s t r u c t u r e f rom m o t i o n , a f t e r U l lman [ 1 8 , 1 9 ] . 

P rev i ous work in t h i s a rea has been o f two 
k i n d s : p s y c h o l o g i c a l s t u d i e s i n v e s t i g a t i n g human 
a b i l i t y i n t h i s p rocess , and c o m p u t a t i o n a l 
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i n v e s t i g a t i o n s s t u d y i n g how s t r u c t u r e can be 
recovered from camera images. The p s y c h o l o g i c a l 
r esea rch i s rev iewed i n s e c t i o n 4 ; he re i t w i l l 
o n l y be ment ioned t h a t human be ings can recove r 
s t r u c t u r e p u r e l y f rom obse rv i ng the image p lane 
p o s i t i o n s o f p o i n t s . Human be ings can r ecove r the 
s t r u c t u r e of as few as two connected p o i n t s moving 
i n space. 

Computa t iona l s t u d i e s have i n v e s t i g a t e d two 
k i n d s o f o b j e c t s : r i g i d o b j e c t s w i t h s e v e r a l v i s i ­
b l e p o i n t s , and j o i n t e d o b j e c t s w i t h two v i s i b l e 
p o i n t s o n esch r i g i d p a r t . The s t u d i e s o f J o i n t e d 
o b j e c t s were s t i m u l a t e d by some exper iments by 
Johansson [ 9 - 1 3 ] , who showed s u b j e c t s movies of 
peop le moving around dark rooms w i t h l i g h t s on 
t h e i r ma jo r j o i n t s , so t h a t t h e r e were two p o i n t s 
on each r i g i d p a r t . S u b j e c t s had no d i f f i c u l t y 
c o r r e c t l y i n t e r p r e t i n g the mov ies . These s t u d i e s 
w i l l be rev iewed b r i e f l y h e r e , s i n c e a more 
d e t a i l e d d i s c u s s i o n i s a v a i l a b l e i n [ 2 2 ] . 

Ul lman [ 1 8 , 1 9 ] proved t h a t i t was p o s s i b l e to 
r ecove r the s t r u c t u r e o f s e v e r a l p o i n t s on a r i g i d 
o b j e c t g i v e n s e v e r a l accu ra te two -d imens iona l v iews 
o f the p o i n t s . Roach and Aggarwal [ l 7 ] ob ta ined 
s i m i l a r r e s u l t s i n the case o f c e n t r a l ( pe rspec ­
t i v e ) p r o j e c t i o n . One problem w i t h t h i s method was 
i t s s e n s i t i v i t y t o n o i s e . Another problem was the 
i n a b i l i t y t o e x p l a i n human a b i l i t y i n r e c o v e r i n g 
the s t r u c t u r e o f as few as two connected p o i n t s . 
The assumpt ions used by these r e s e a r c h e r s a re no t 

s t r o n g enough t o a l l o w the recove ry o f s t r u c t u r e i n 
t h i s case . 

Seve ra l a t t emp ts have been made to r ecove r the 
s t r u c t u r e o f j o i n t e d o b j e c t s l i k e those s t u d i e d b y 
Johansson. C l o c k s i n [ 4 ] and Raahid [ 1 6 ] used 
h e u r i s t i c methods to r ecove r the connectedness 
s t r u c t u r e . O'Rourke and Bad le r [15] used a known 
human f i g u r e t o g u i d e recove ry o f t h r e e - d i m e n s i o n a l 
s t r u c t u r e . Hoffman and F l i nchbaugh [ 7 ] used the 
assumpt ion o f m o t i o n p l a n a r i t y t o g u i d e recove ry o f 
bo th the connectedness s t r u c t u r e and the t h r e e -
d imens iona l s t r u c t u r e . T h i s p l a n a r i t y assumpt ion 
is a s p e c i a l case o f the assumpt ion used h e r e . 

The p resen t r e s e a r c h a t t e m p t s to u n i f y the 
recove ry o f the s t r u c t u r e o f Johansson- type 
( j o i n t e d ) f i g u r e s and r i g i d o b j e c t s . T h i s i s done 
by add ing the f i x e d a x i s assump t i on : a l l movement 
c o n s i s t s o f t r a n s l a t i o n s and r o t a t i o n s about a 
f i x e d a x i s . T h i s assumpt ion makes i t p o s s i b l e t o 
r ecove r the s t r u c t u r e o f as few as two r i g i d l y 
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connected po in ts . The f ixed axis assumption also 
gives a c r i t e r i o n which can be used to decide 
whether two points are connected, so that both the 
connectedness s t ructure and the three-dimensional 
s t ruc ture of Johansson-type f igures can be 
recovered. 

The algori thm for the recovery of the struc­
ture of r i g i d and jo in ted objects is developed in 
the next sec t ion . An experiment test ing perfor­
mance on Johansson's data is presented in section 
3. Psychological impl icat ions are discussed in 
sect ion 4. 

2. RIGID AND JOINTED OBJECTS 

An algori thm for recovering the structure of 
r i g i d and jo in ted objects is developed in th is sec­
t i o n . F i r s t the f ixed axis assumption is j u s t i f i e d 
on the basis of everyday observations of movement. 
Then it is proved that the f ixed axis assumption 
makes possible the recovery of the st ructure of any 
group of r i g i d l y connected points. The algorithm 
fo r the recovery of s t ructure is developed at the 
same time. The algorithm is then extended to 
jo in ted objects. The development fo r jo in ted 
objects is b r i e f because a more complete develop­
ment is ava i lab le in [ 2 1 ] . 

Many natura l and man-made objects move in ways 
that tend to sa t i s fy the f ixed axis assumption. 
Objects that move with a f ixed or ienta t ion to a 
plane must sa t i s f y the assumption, because only 
planar ro ta t ions are possible, so that the axis 
must point out from the plane. The bodies of auto­
mobiles are an example of t h i s . Objects that move 
through the a i r , such as f r isbees and maple seeds, 
tend to sa t i s f y the f ixed axis assumption because 
they ro ta te rap id ly around a f ixed axis to maintain 
s t a b i l i t y . 

Jointed objects also often sa t is fy t h i s 
assumption. Many animal locomotive systems use 
f ixed axis movements extensively. For example, the 
walking motion of humans involves ro ta t ions about a 
l i ne roughly perpendicular to the l i ne of t rave l 
and pa ra l l e l to the plane the human walks on. At 
the same t ime, the person's arms rotate about an 
axis p a r a l l e l to th is l i n e . Many gymnastics move­
ments consist of ro ta t ions about a f ixed ax is . For 
reasons of s i m p l i c i t y , much machine design is based 
on planar t rans la t ions and ro ta t ions. For example, 
the wheels on a car rotate rapid ly about a f ixed 
ax is . 

Using the f ixed axis assumption, it is shown 
that any r i g i d object sa t i s fy ing i t has the fo l low­
ing property: f i x i n g any point on the object causes 
the other points to trace out c i r c l es in planes 
normal to a f ixed ax is . Under para l le l p ro jec t ion , 
these c i r c l e s pro ject onto e l l i pses in the image 
plane. .The or ien ta t ion of each c i r c l e , and hence 
the s t ructure of the r i g i d object , can be recovered 
to w i th in a r e f l ec t i on by f ind ing the equations 
describing the e l l i pses . 

F i r s t i t is shown that f i x i n g any point on the 
r i g i d object in space reduces the motion of any 
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o t h e r f e a t u r e p o i n t s . Under the f i x e d a x i s assump-
t i o n , t h i s reduces the observed m o t i o n t o a r o t a -
t i o n about a f i x e d a x i s t h r o u g h the o r i g i n . The 
r e s t o f t h i s s e c t i o n assumes t h i s process has been 
a p p l i e d to the image. Le t P be a p o i n t on the 
o b j e c t and l e t v be a u n i t v e c t o r in the d i r e c t i o n 
o f the a x i s . The goa l i s t o 
f i n d P , t h e a c t u a l p o s i t i o n o f P i n t h r e e -
d i m e n s i o n a l space, g i v e n p r ( P ) , the observed p o s i ­
t i o n . 

kx(vxk) / Changing the c o o r d i n a t e 
I'vxlcl 

system i n t h i s way does n o t a f f e c t geomet r i c 
p r o p e r t i e s . Equa t ions (1 ) and ( 2 ) show t h a t in 
t h i s c o o r d i n a t e sys tem, the p r o j e c t i o n o f w s a t i s ­
f i e s : ( p , q ) can be on the p r o j e c t i o n o f some w o n l y 
i f 

Moreover , the d i r e c t i o n o f the m ino r a x i s i s 
( 0 , 1 ) i n t h i s c o o r d i n a t e sys tem, wh i ch may be 
expressed a s _ k x ( v x k ) _ i n v e c t o r n o t a t i o n . S ince 
p r ( p ) - c k x ( v x k ) + k x ( w x k ) , and s i n c e v is c o n s t a n t , P 
p r o j e c t s on to a n e l l i p s e w i t h c e n t e r a t c k x ( v x k ) . 
Thus the m inor a x i s o f the e l l i p s e and a l i n e from 
the o r i g i n to i t s c e n t e r a re c o l l i n e a r , and the 
p r o j e c t i o n of v can be recovered from e i t h e r param­
e t e r , or the two can be combined to c o n s t r a i n the 
sea rch space. S ince the z - c o o r d i n a t e o f v is known 
f rom the r a t i o o f the l e n g t h s o f the axes o f the 
e l l i p s e , t h i s makes i s p o s s i b l e t o recover v . 
F i n a l l y , w can b e found s i n c e w = 0 and I W ' T . 
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However, per formance does n o t improve s i g n i f i c a n t l y 
when t h e r e a re s e v e r a l p o i n t s on the r i g i d o b j e c t ; 
t he e q u a t i o n s deve loped do n o t take advantage o f 
u s e f u l c o n s t r a i n t s o n the r e l a t i v e n o t i o n s o f the 
p o i n t s i n space. Equa t ions ( 3 ) and ( 4 ) do no t 
r e q u i r e the o b j e c t t o b e t r u l y r i g i d ; each p o i n t 
can move i n d e p e n d e n t l y o f the o t h e r s , though each 
must t r a c e out a c i r c l e in a p lane normal to the 
a x i s o f r o t a t i o n . 

Now the a l g o r i t h m f o r j o i n t e d o b j e c t s w i l l be 
deve loped . The f i r s t s t e p i n the a l g o r i t h m a p p l i e s 
t he r i g i d p a r t a l g o r i t h m t o the image, t e s t i n g 
eve ry p o i n t as a r e f e r e n c e p o i n t . Th i s d i v i d e s the 
image i n t o r i g i d p a r t s , and de te rmines the t h r e e -
d imens iona l s t r u c t u r e o f each p a r t . Next the 
j o i n t e d o b j e c t s have t o be b u i l t up ou t o f these 
p a r t s . 

J o i n t s t h a t a re seen ( i . e . , j o i n t s w i t h 
f e a t u r e p o i n t s ) are i d e n t i f i a b l e a s j o i n t s because 
the f e a t u r e p o i n t s co r respond ing to them belong to 
more than one r i g i d p a r t . Once a seen j o i n t i s 
f o u n d , t he s t r u c t u r e o f the two r i g i d p a r t s i t con­
n e c t s must be f o u n d . The r i g i d p a r t a l g o r i t h m 
f i n d s two r e f l e c t i o n s o f each r i g i d p a r t . Each 
r e f l e c t i o n makes a d i f f e r e n t p r e d i c t i o n about the 
p o s i t i o n o f the j o i n t . When the two r i g i d p a r t s 
a re put t o g e t h e r , t he p r e d i c t e d p o s i t i o n s must be 
c o n s i s t e n t , s o t h a t each r e f l e c t i o n o f a r i g i d p a r t 
i s c o n s i s t e n t w i t h o n l y one r e f l e c t i o n o f the o t h e r 
r i g i d p a r t . T h i s means t h a t when the two r i g i d 
p a r t s a r e put t o g e t h e r t he re a re o n l y two v a l i d 
r e f l e c t i o n s o f the two r i g i d p a r t s t o g e t h e r . For 
example, in a s i d e v iew of a w a l k i n g human each of 
the f o u r l i m b s c o n s i s t s o f two r i g i d p a r t s . Each 
r i g i d p a r t has two i n t e r p r e t a t i o n s as g i v e n by the 
r i g i d p a r t a l g o r i t h m , so t h a t t h e r e would be 256 
i n t e r p r e t a t i o n s o f the l i m b s o f the body. However, 
when the p r e d i c t e d p o s i t i o n s o f the j o i n t s a re 
r e s o l v e d , the 256 i n t e r p r e t a t i o n s would be reduced 
to 16 , s i n c e each l i m b has two i n t e r p r e t a t i o n s . 

The j o i n t e d o b j e c t can s t i l l b e assembled i f 
t he J o i n t s a r e n o t seen . Once the r i g i d p a r t a l g o -
r i t h m has ana lysed the s t r u c t u r e o f the r i g i d 
p a r t s , t he r e l a t i v e p o s i t i o n s o f the p o i n t s and the 
d i r e c t i o n o f the a x i s o f r o t a t i o n are known. The 
p o s i t i o n o f the J o i n t ( i f i t e x i s t s ) can then b e 
expressed r e l a t i v e to the r e f e r e n c e p o i n t as a 
l i n e a r comb ina t i on o f a v e c t o r from the r e f e r e n c e 
p o i n t t o any o t h e r p o i n t , a v e c t o r i n the d i r e c t i o n 
o f the a x i s o f r o t a t i o n , and the c ross p roduc t o f 
these two v e c t o r s . These p o s i t i o n s can be reso lved 
f o r any two r i g i d p a r t s u s i n g l e a s t - s q u a r e s m i n i m i ­
s a t i o n o f a l i n e a r f o r m , and then the r e s i d u a l 
e r r o r can b e examined t o see i f i t i s reasonab le t o 
suppose t h a t a J o i n t e x i s t s between the r i g i d 
pa r t s . 

The a l g o r i t h m f o r r e c o v e r i n g s t r u c t u r e o f 
r i g i d and j o i n t e d o b j e c t s beg ins by a n a l y s i n g the 
s t r u c t u r e o f a l l r i g i d p a r t s i n the scenes. Then 
the j o i n t e d o b j e c t s a r e assembled, i n two d i f f e r e n t 
ways depending on whether the j o i n t s a re seen or 
unseen. The r e s u l t i s t h a t the scene i s ana lysed 
a s a c o l l e c t i o n o f r i g i d and j o i n t e d o b j e c t s , w i t h 
t h e s t r u c t u r e o f each b e i n g known to w i t h i n a s c a l ­
i n g f a c t o r and a number o f r e f l e c t i o n s . 

3. EXPERIMENTAL RESULTS 

The s t r u c t u r e f rom mot ion method developed in 
t h i s paper has been implemented and run on 
Johansson '8 [ 9 - 1 3 ] d a t a . These d a t a were ob ta i ned 
f rom a commerc ia l f i l m made f o r e d u c a t i o n a l pu r ­
poses [ 8 ] . The d a t a were encoded by hand us ing a 
Numonics Graph ics Data C a l c u l a t o r . No t h r e e -
d imens iona l i n f o r m a t i o n was a v a i l a b l e f o r t h i s 
d a t a . Two se ts o f d a t a w i t h t h r e e - d i m e n s i o n a l 
i n f o r m a t i o n were t e s t e d i n [21 J . 

The d a t a is shown in f i g u r e 1 . S i x p o i n t s 
were a v a i l a b l e : s h o u l d e r , e lbow, w r i s t , h i p , knee , 
and a n k l e . Twenty-one frames were a n a l y s e d : s i n c e 
the f i l m speed t w e n t y - f o u r f rames per second the 
t ime i n t e r v a l was j u s t under one second. 

The connectedness s t r u c t u r e found by t h r e s ­
h o l d i n g the r e s i d u a l e r r o r s i n the f i t s o f the 
e l l i p s e s i s shown i n f i g u r e 2 . The proposed s t r u c ­
t u r e seems p e r f e c t l y r e a s o n a b l e , s i n c e the shou lde r 
and h i p a r e n o t a s i n g l e r i g i d p a r t . ( i n c l u d i n g 
the s h o u l d e r — h i p c o n n e c t i o n would have f o r ced 
the shou lde r — w r i s t and h i p — a n k l e connec­
t i o n s ) . 

The r i g i d p a r t l e n g t h s proposed by the a l g o -
r i t h m are shown i n Tab le I . These r i g i d p a r t 
l e n g t h s were c a l c u l a t e d by assuming the maximal 
shou lde r — ank le e x t e n s i o n (as measured from the 
image p lane v iew) was 4 .5 f e e t . Most o f these 
l e n g t h s seem reasonab le ; c l e a r e x c e p t i o n s a re the 
s h o u l d e r — elbow and knee — a n k l e l e n g t h s . The 
a l g o r i t h m seems to be r e c o v e r i n g p a r t o f the s t r u c ­
t u r e o f the o b j e c t , bu t the r e s u l t s a re n o t good 
enough to be used f o r t h r e e - d i m e n s i o n a l s t r u c t u r e 
a n a l y s i s . 

T h i s s e c t i o n has r e p o r t e d the r e s u l t s o f a n 
exper iment t e s t i n g the b e h a v i o r o f the a l g o r i t h m on 
Johansson 's d a t a . The connectedness s t r u c t u r e 
recovered i s r e a s o n a b l e . The r i g i d p a r t l e n g t h s 
i n f e r r e d seem l e s s s o . 

4. PSYCHOLOGICAL IMPLICATIONS 

The p r e v i o u s s e c t i o n s have developed an a l g o ­
r i t h m t h a t can r ecove r s t r u c t u r e from mot ion i n 
many s i t u a t i o n s . I n t h i s s e c t i o n the c a p a c i t y o f 
the a l g o r i t h m to e x p l a i n some aspec ts o f human 
mo t i on v i s i o n i s examined. 

The p e r c e p t i o n of dep th by humans is a c o m p l i ­
ca ted process I n v o l v i n g many independent sources o f 
i n f o r m a t i o n , i n c l u d i n g s t e r e o v i s i o n , p e r c e p t i o n o f 
s l a n t and t i l t , and mo t i on p a r a l l a x [ 5 ] . The 
p r e s e n t r e s e a r c h addresses the p e r c e p t i o n o f s t r u c ­
t u r e from mot ion o f r i g i d and j o i n t e d s t r u c t u r e s 
under c o n d i t i o n s where p a r a l l e l p r o j e c t i o n i s a 
reasonab le a p p r o x i m a t i o n o f the camera c o n d i t i o n s . 

The p e r c e p t i o n o f s t r u c t u r e f rom mot ion under 
v a r i o u s k i n d s o f t r a n s l a t i o n and r o t a t i o n has been 
a p o p u l a r t o p i c o f p s y c h o l o g i c a l r esea rch i n 
v i s i o n . Johansson [ l 2 ] c l e a r l y sugges ts the r o l e 
p r o j e c t i v e geometry and r o t a t i o n may p l a y i n t h i s 
p r o c e s s . The f i r s t ma jo r s tudy o f t h i s phenomenon 
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was by Wa l laoh and 0 * C o n n a l l [ 2 0 ] , who demonst ra ted 
what t h a y o a l l a d tha " k i n e t i c dap th a f f a o t ' ' b y 
showing s u b j e c t s tha shadow o f a r o t a t i n g w i r e f i g -
u r e . L a t e r Whi te and Mueeer [ 2 3 ] demonst ra ted t h a t 
s u b j e c t s c o u l d under some c o n d i t i o n s r e c o v e r 
t h r e e - d i m e n s i o n a l s t r u c t u r e a c c u r a t e l y . 

The p r e s e n t a l g o r i t h m w i l l r e c o v e r the c o r r e c t 
t h r e e - d i m e n s i o n a l s t r u c t u r e when the o b j e c t s 
observed do n o t t r s n s l s t e i n dep th and r o t a t e about 
a f i x e d a x i s . T h i s i s c o n s i s t e n t w i t h human 
b e h a v i o r as observed by s e v e r a l r e s e a r c h e r s and 
summsrised b y B r a u n s t e i n [ 3 , page 1 0 7 ] . I f t h e r e 
i s n o r o t a t i o n o r the a x i s o f r o t a t i o n i s perpen-
d i c u l a r t o the image p l a n e , the a l g o r i t h m cannot 
de te rm ine s t r u c t u r e . T h i s i s c o n s i s t e n t w i t h human 
m o t i o n v i s i o n , wh i ch sees p l a n a r m o t i o n i n the 
second case , as observed by Bor jesson and Von Ho f a -
t e n [ 2 ] . 

R i g i d i t y - b a s e d a l g o r i t h m s , l i k e those o f U l l -
man [ 1 8 , 19] and Roach and Aggarwal [ 1 7 ] , p r e d i c t 
a l i g h t l y d i f f e r e n t b e h a v i o r : when t h e r e a re o n l y 
two p o i n t s v i s i b l e , or in some cases a where the 
p o i n t s observed a re c o p l a n a r , the c o r r e c t a t r u c t u r e 
canno t be d e t e r m i n e d . Human m o t i o n v i a i o n does n o t 
have t h i a r e s t r i c t i o n , a s no ted i n Johanna s o n ' s 
expe r imen ts [ 9 - 1 3 , e s p . 13 ] and by Bor jesaon and 
Von H o f s t e n [2 J . 

I n some cases the a l g o r i t h m p r e d i c t s f a i l u r e 
i n g r o u p i n g i n t o r i g i d p a r t e . For example, i n the 
case o f t u m b l i n g m o t i o n the a l g o r i t h m may n o t 
succeed i n f i n d i n g the c o r r e c t g r o u p i n g , a o t h a t 
o b j e c t s t h a t a re a c t u a l l y r i g i d would appear t o b e 
n o n - r i g i d . Tumbl ing m o t i o n has been s t u d i e d by 
Green [ 6 ] , who found t h a t r i g i d i t y i s l e s s p ro -
nounced w i t h t u m b l i n g than w i t h s i m p l e r o t a t i o n . 
Ev idence o n t h i a p o i n t i a s t i l l u n c l e a r ; s e v e r a l 
f a c t o r s seem t o i n f l u e n c e the p e r c e p t i o n o f r i g i ­
d i t y , and t u m b l i n g mo t i on has a p p a r e n t l y been 
l nves t i ga ted o n l y by Green. T h i a r e s u l t m igh t be 
e x p l a i n e d b y a r i g i d i t y - b a s e d a l g o r i t h m i f the 
i m p l e m e n t a t i o n o f the a l g o r i t h m made f i x e d a x i a 
mo t i on e a s i e r t o i n t e r p r e t , auch a s i n U l l m a n ' s 
( [ i s ] , pp . 237-238) proposed i m p l e m e n t a t i o n o f h i s 
r i g i d i t y - b a s e d a l g o r i t h m by an e x p e r t system i n 
w h i c h each e x p e r t i n t e r p r e t a m o t i o n about a s i n g l e 
a x i s . F u r t h e r exper imen ts would a id unde rs tand ing 
o f human m o t i o n v i s i o n under these c o n d i t i o n e . 

The e x p e r i m e n t a l r e s u l t s r e p o r t e d i n the l a s t 
s e c t i o n suggest t h a t the proposed a l g o r i t h m can 
account f o r some aspec ts o f human b e h a v i o r i n 
i n t e r p r e t i n g Johansson- type f i g u r e s . I t seems 
l i k e l y t h a t some h i g h - l e v e l knowledge ia used by 
humans in I n t e r p r e t i n g these images. One way o f 
u s i n g t h i a knowledge has been l n v e a t l g a t e d by 
O'Rourke and Bad le r [ 1 5 ] . Ano the r k i n d o f h i g h -

er e l knowledge has been i n v e s t i g a t e d by C u t t i n g 
[ 5 ] . T h i a r e s e a r c h a t tempted t o e x p l a i n human 

a b i l i t y i n d e t e r m i n i n g gender f rom impover ished 
Johansson- type f i g u r e s ( f o r example , s u b j e c t s c o u l d 
de te rm ine gender w i t h b e t t e r than chance accuracy 
even when o n l y t he a n k l e s were s e e n ) . I t may be 
t h a t the f i x e d a x i s assumpt ion can b e i n c o r p o r a t e d 
in a u s e f u l way w i t h h i g h - l e v e l type knowledge to 
a i d i n t e r p r e t a t i o n o f human movement. Th ia syn ­
t h e s i s c o u l d b e u s e f u l no t o n l y f o r unde rs tand ing 

human v i s u a l p r o c e s s e s , bu t a l s o f o r a i d i n g i n the 
i n t e r p r e t a t i o n o f a t h l e t i c movement f rom monocular 
images [ 1 4 ] . 

One k i n d o f m o t i o n t h a t the p r e s e n t a l g o r i t h m 
cannot account f o r i s m o t i o n I n v o l v i n g s l a r g e 
dep th component. I t s b e h a v i o r i n the presence o f 
o b j e c t s moving i n dep th w i l l depend o n the r e l a t i v e 
amount a o f m o t i o n in d e p t h and r o t a t i o n . W i t h a 
l a r g e r o t a t i o n component and a f a s t camera, the 
a l g o r i t h m w i l l pe r fo rm c o r r e c t l y . I f the r o t a t i o n 
component i a s m a l l , t h e a l g o r i t h m w i l l s t i l l g roup 
the p o i n t s c o r r e c t l y , bu t the s t r u c t u r e w i l l no t b e 
r e c o v e r e d . The s t r u c t u r e the a l g o r i t h m a s s i g n s has 
the the o t h e r p o i n t s s w i n g i n g about the r e f e r e n c e 
p o i n t . U l l s a n [ 1 9 ] observed t h i s i n t e r p r e t a t i o n i n 
an exper imen t i n v o l v i n g the m o t i o n o f a c y l i n d e r i n 
d e p t h . I f the r o t a t i o n and dep th m o t i o n components 
a r e s i m i l a r , the a l g o r i t h m w i l l f a i l , wh ich i a 
i n c o n s i s t e n t w i t h human b e h a v i o r as no ted by 
Bor jesaon and Von Ho fa ten [ 2 ] . 

Th ia s e c t i o n has summeri ted the p s y c h o l o g i c a l 
i m p l i c a t i o n s o f the p resen t approach t o m o t i o n 
v i a i o n . The p resen t approach can account f o r 
s e v e r a l aspec ts o f human b e h a v i o r i n m o t i o n v i a i o n . 
I n a d d i t i o n , the p reaen t t h e o r y p r e d i c t s i n t e r e s t -
i n g t h i n g s i n human a b i l i t y , auch a s the d i f f i c u l t y 
i n i n t e r p r e t i n g t u m b l i n g m o t i o n . The a l g o r i t h m 
cannot account f o r the c o r r e c t p e r c e p t i o n o f s i m u l ­
taneous r o t a t i o n and t r a n s l a t i o n i n d e p t h . 

5. SUMMARY 

A method f o r s t r u c t u r e f rom mo t i on o f r i g i d 
and j o i n t e d o b j e c t a has been p r e e e n t e d . The method 
r e l i e a upon a m o t i o n assump t i on . The ma thema t i ca l 
b a s i s o f t h i s method has been d e v e l o p e d . Teats 
done w i t h Johansson 's d a t a have been p r e s e n t e d . 
P s y c h o l o g i c a l i m p l i c a t i o n s o f t h i s method have been 
d i s c u s s e d . 
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