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ABSTRACT 

The s t ruc tu ra l propert ies of opt ic flow f i e l d s are 
used to develop const ra in ts on the motion of image 
features over t ime. For several r es t r i c t ed cases 
of motion, these constra in ts g reat ly s imp l i fy the 
determination of in ter- f rame motion and the 
inference of environmental in format ion. These 
s t ruc tu ra l propert ies are b r i e f l y reviewed. 
Procedures are presented for computing, and making 
environmental inferences from, opt ic f low produced 
when camera motion is known, t r a n s l a t i o n a l , or 
r es t r i c t ed to a plane. Some appl icat ions are 
discussed. 

I . INTRODUCTION 

Opt i c f l o w i s t he f i e l d o f v e l o c i t y v e c t o r s 
genera ted on an imaging s u r f a c e by the moving 
p r o j e c t i o n s o f e n v i r o n m e n t a l p o i n t s . The a n a l y s i s 
o f f l o w f i e l d s p r o v i d e s u s e f u l env i r onmen ta l and 
movement c o n t r o l i n f o r m a t i o n w i t h o u t 
" t o p - d o w n " , semant ic knowledge and o f t e n by s imp le 
compu ta t i ons [ 1 ] . There a r e , however, s i g n i f i c a n t 
problems w i t h comput ing o p t i c f l o w f rom r e a l wo r l d 
image sequences, n o t a b l y how t e c h n i q u e s f o r 
env i r onmen ta l i n f e r e n c e can be a p p l i e d to computed 
f l o w f i e l d s wh ich are n o i s y and imp rec i se and how 
to sepera te p a r t i c u l a r image t r a n s f o r m a t i o n s , such 
as l i g h t source and o c c l u s i o n e f f e c t s , f rom image 
mot ion which co r responds t o o p t i c f l o w . 

In t h i s paper we c o n s i d e r r e s t r i c t e d cases o f 
mo t ion f o r wh ich t h e p rocess ing o f o p t i c f l o w , f rom 
r e a l w o r l d image sequences, i s r o b u s t . These cases 
o c c u r r f r e q u e n t l y i n i m p o r t a n t s i t u a t i o n s . The 
s t r u c t u r a l p r o p e r t i e s o f f l o w f i e l d s a re rev iewed 
and used to deve lop c o n s t r a i n t s on the mo t ion o f 
image f e a t u r e s o v e r t i m e . For s e v e r a l r e s t r i c t e d 
cases o f m o t i o n , these c o n s t r a i n t s g r e a t l y s i m p l i f y 
t he d e t e r m i n a t i o n o f o p t i c f l o w and the i n f e r e n c e 
o f e n v i r o n m e n t a l i n f o r m a t i o n . 

F i n a l l y , in p rocess ing image sequences, a f l o w 
f i e l d i s g e n e r a l l y approx imated b y the 
d i sp lacemen ts o f f e a t u r e s between success ive 
images. Wh i le t h e r e are s i g n i f i c a n t d i f f e r e n c e s 
between a f l o w f i e l d and a d i sp lacemen t f i e l d , in 
t h i s communicat ion t h e y are r e f e r r e d t o 
i n t e r c h a n g e a b l y . 

• T h i s r e s e a r c h was suppor ted by NIH Grant No. R01 
NS14971-02 COM and NSF Grant MCS79-18209. 

II OPTIC FLOW FIELD STRUCTURE 

A. T r a n s l a t i o n a l / R o t a t i o n a l Components 

The mot ion o f f e a t u r e s in success ive images, 
IMAGE(i) and IMAGE(i+1) , produced by a camera 
moving r e l a t i v e to a s t a t i o n a r y env i ronment can be 
d e s c r i b e d by 5 parameters [ 2 , 3 ] : two ( T 1 ( i ) , T 2 ( i ) ) 
f o r the u n i t v e c t o r d e s c r i b i n g the d i r e c t i o n o f 
t r a n s l a t i o n w i t h r e s p e c t t o the camera c o o r d i n a t e 
system; two ( R 1 ( i ) , R ? ( i ) ) f o r the u n i t v e c t o r 
d e s c r i b i n g the a x i s o f r o t a t i o n w i t h r e s p e c t t o the 
camera c o o r d i n a t e system; and one ( R 3 ( i ) ) f o r the 
e x t e n t o f r o t a t i o n about the a x i s o f r o t a t i o n . 

For a p lana r r e t i n a , the t r a n s l a t i o n a l f l o w p a t h s 
are s t r a i g h t l i n e s which i n t e r s e c t a t a p o i n t 
c a l l e d the Focus of Expans ion /Con t rac t ion or FOE 
fo r s h o r t . The p o s i t i o n e d of the FOE is de te rmined 
b y the i n t e r s e c t i o n o f the r e t i n a l su r face w i t h the 
t r a n s l a t i o n a l a x i s . The d i r e c t i o n o f mot ion a long 
a f l o w p a t h , e i t h e r towards or away f rom the FOE, 
r e f l e c t s whether the co r respond ing env i ronmen ta l 
p o i n t i s becoming more or l e s s d i s t a n t . The 
env i r onmen ta l depth of a p o i n t is a s imp le f u n c t i o n 
o f i t s p o s i t i o n and d isp lacement a long a 
t r a n s l a t i o n a l f l o w p a t h [ 4 ] 

D * z ' 
Z = 

d ' 

where D is the d i s t a n c e of an image p o i n t f rom the 
FOE at i ; d ' is the d i sp lacemen t of the image 
p o i n t f rom i t o i + 1 ; z ' i s t h e e n v i r o n m e n t a l 
d i sp lacement o f the p o i n t r e l a t i v e t o the observe r 
a long the z a x i s f rom i to i + 1 ; and Z is t he 
env i r onmen ta l depth a t t ime i . 

R o t a t i o n a l f l o w p a t h s , f o r p lanar r e t i n a s , are 
con i c s e c t i o n s . The i m p o r t a n t f a c t about 
r o t a t i o n a l f l o w i s t h a t i t i s no t a f u n c t i o n o f 
env i ronmen ta l d e p t h . That i s , t he parameters 
R1 ( i ) , R 2 ( i ) , R 3 ( i ) are s u f f i c i e n t t o de te rm ine the 
n o t i o n o f a p o i n t , due to camera r o t a t i o n , f rom 
IMAGE(i) to IMAGE(i+1) . 
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B. Recovery of Camera Mot ion 

The3e p r o p e r t i e s enab le t h e r e c o v e r y o f t he 
camera mo t i on parameters f rom a d i sp lacemen t f i e l d . 
Given such a f i e l d , one t echn ique [ 5 , 6 ] i n v o l v e s 
sea rch ing t h r o u g h the bounded space o f r o t a t i o n a l 
parameters ( R 1 ( i ) , R 2 ( i ) , R 3 ( D ) t o de te rmine image 
d i s p l a c e m e n t s , due to r o t a t i o n , w h i c h , when 
s u b t r a c t e d from the e s t a b l i s h e d d i s p l a c e m e n t s , 
y i e l d t r a n s l a t i o n a l components wh ich n e a r l y 
i n t e r s e c t at a p o i n t c o r r e s p o n d i n g to a FOE. 

The i n f e r e n c e o f these parameters i s s i m p l i f i e d 
when e n v i r o n m e n t a l mo t ion is c o n s t r a i n e d . Amoung 
such c o n s t r a i n t s are r e s t r i c t i o n s on the p o s i t i o n s 
o f the t r a n s l a t i o n a l and r o t a t i o n a l axes , t h e i r 
r e l a t i v e o r i e n t a t i o n and mo t ion o v e r t i m e . Such 
c o n s t r a i n t s r e s t r i c t t he mot ion o f image p o i n t s , 
s i m p l i f y i n g the d e t e r m i n a t i o n o f image m o t i o n . 
Some b a s i c cases are p resen ted be low . 

These d i sp lacemen ts can be de termined in s e v e r a l 
ways. Since image mo t ion is c o n s t r a i n e d to a known 
l i n e , t e m p o r a l - s p a t i a l g r a d i e n t a n a l y s i s [ 7 , 8 ] 
(based upon app rox ima t i ng the p roduc t d l ( s ) / d t • 
d s / d l ( s ) , where I ( s ) i s t he i n t e n s i t y a t p o s i t i o n s 
a l ong a l i n e ) w i l l p r o v i d e s o l u t i o n s , p r o v i d e d 
c e r t a i n r e q u i r e m e n t s conce rn ing image smoothness 
and the e x t e n t o f mot ion h o l d . Another g e n e r a l 
t echn ique i s d e t e r m i n i n g the o p t i m a l match f o r an 
image subarea from the r o t a t e d IMAGE(i) a long a 
f l o w p a t h w i t h r e s p e c t to IMAGE(i+1) . Such a window 
need o n l y be a ID a r r a y o f i n t e r p o l a t e d i n t e n s i t y 
v a l ues a long a p o r t i o n of a f l o w p a t h . F i gu re 2 
shows a f l o w f i e l d produced by camera mo t i on w i t h 
r e s p e c t to some i n d u s t r i a l p a r t s u s i n g such a 
f e a t u r e . Edge-based d e s c r i p t o r s , such as 
z e r o - c r o s s i n g s , r e g i o n b o u n d a r i e s , and i n t e n s i t y 
i s o - c o n t o u r s can a l s o be matched e a s i l y . 

I I I . CASES OF CAMERA MOTION 

Given a computed depth map and known camera 
motion, the posi t ions and displacements of image 
points in l a te r images can be predic ted. 
Differences between predicted and the determined 
posi t ions can be used to re f ine the i n i t i a l l y 
computed depth map or supply evidence for some 
other type of image transformation or independently 
moving ob jec t . 

B. Translat ional Motion 

Processing t rans la t iona l motion requires 
determining a FOE. The techniques for known motion 
are then app l icab le . Some techniques for t h i s are 
1) searching through T 1 ( i ) , T2(i) for a FOE and 
corresponding flowpaths along which the strength 
and number of matches of extracted features are 
maximized; 2) Determining the FOE from computed 
image displacements. For a perfect displacement 
f i e l d , t h i s is given by f ind ing a common 
i n te r sec t i on . Given an e r r o r f u l displacement 
f i e l d , approximations to such a point must be 
found, us ing, for example, least squares e r r o r . 
Add i t i ona l l y , i f the d i rec t ion o f t rans la t ion stays 
f ixed over several images, then using the 
straightness of the flow paths as a constra int can 
f i l t e r out bad matches; 3) Using a measure of the 
consistency of the environmental inferences wi th a 
pr ior surface models to guide FOE search[9] . 
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A. Known Camera Motion 

Processing known camera motion (when a l l 5 
parameters and the extent of the t ran3 la t lona l 
displacement are given) involves applying the 
ro ta t i on speci f ied by R1( i ) , R2( i ) . R3(i) to 
IMAGE(i) and to determine the posi t ion of the 
t ran3 la t iona l axis between the rotated IMAGE(i) and 
Image(i+1). The inference of environmental depth 
then involves f ind ing the 1 dimensional 
displacements along the t ran3 la t iona l flowpaths for 
image points ( f i g . 1). 



IV. APPLICATIONS 
In figure 3 is shown a determined FOE from a 

portion of a messy flow f i e l d . A least squares 
intersection is determined for strong matches and 
used to i n i t i a l i z e a more refined search. It is 
d i f f i c u l t to infer the FOE when it is positioned 
far from the actual image and computed matches tend 
to be para l le l . 

Robot Control 

When motion is constrained to a known plane P, 
the axis of rotat ion (R1(i) ,R2(i)) is determined 
and the position of the FOE is constrained to a 
l ine L, determined by the intersection of the image 
surface with a plane, paral lel to Pf and containing 
the focal point. Processing involves f inding, for 
a computed displacement f i e l d , a value for the 
extent of rotation R3(i) which yields translational 
components whose intersections with L form a t ight 
cluster corresponding to a FOE. 

This is done by searching through the bounded 
set of values for R3(i) (the extent of rotation 
between successive Images is generally l im i ted) . 
The scatter of the intersections of the 
translational components along L can be used as an 
error measure. If several displacement vectors are 
used, the intersections of the translational 
components can be histogramed along L and a value 
for R3(i) selected which produces a strong, sharp 
peak. 

An industr ial robot generally exists in an 
environment where known or restr icted motions 
occur. Potential uses of motion processing involve 
image sequences produced from a stationary camera 
positioned with respect to a moving conveyor belt 
or one di rect ly attached to a robot arm. I have 
recently begun the analysis of image sequences 
produced in this la t ter case. There is much useful 
information for co l l is ion determination, 
control l ing grasping, and object recognition. 
There are also considerable technological problems, 
notably the necessary speeds of processing and the 
load and bulk of attached cameras. 

The load and bulk problems may be resolvable 
through the use of optic fiber transduction 
elements. In figure 4, several such elements are 
shown attached to an idealized cartesian arm. This 
particular arrangment shows some of the appealing 
properties of such arms and the use of multiple 
optic sensors: an encompassing view of the 
workspace and a direct decomposition of image 
motion into translational and rotational components 
by the placement of the sensors. 

B. Motion Knowledge Source for VISIONS 

These techniques are being applied towards the 
development of a Motion Knowledge Source for the 
UMASS VISIONS system [10,11]. The restr ic t ions of 
constrained camera motion, with respect to 
stationary outdoor house scenes are s igni f icant ly 
weaker than the semantic constraints currently used 
to control image interpetation by the VISIONS 
system. 
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