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ABSTRACT 

A rea l - t ime c o m p u t e r v is ion sys tem designed for t he 
l i m i t e d e n v i r o n m e n t of c i t y sidewalks is p resen ted . This 
sys tem is p a r t of a p r o t o t y p e m o b i l i t y aid for the b l i nd . 
The overa l l device endeavors to keep b l i nd pedes t r ians 
on a safe pa th down the s idewalk, and also warn of 
upcoming obstac les. The scene analysis a l g o r i t h m uses 
semant ic mode ls o f the env i r onmen t to i n t e r p r e t edges 
in the m u l t i - f r a m e image da ta as borders of var ious 
ob jects , as wel l as to assign d is tance es t ima tes to these 
objects . The inpu t is a 64 by 64 by 6 b i t gray-scale image 
t aken f r o m the vantage po in t of the shoulder of a pedes­
t r i a n once a second. Along w i t h each image, the t h ree 
d imens iona l t r a n s f o r m a t i o n of the camera loca t ion since 
the prev ious f r ame is assumed to be p rov ided by 
ha rdware . A f te r an i n i t i a l segmen ta t i on i n to edge l ines 
rep resen ted as arcs of c i rc les , p red i c t i ons of edges (gen­
e ra ted by analysis of prev ious f rames) are used to iden­
t i f y edges in the c u r r e n t f r a m e . Edges not iden t i f i ed by 
th is process are i n c o r p o r a t e d i n to the p o r t i o n o f the 
th ree d imens iona l wor ld mode l t h a t they are the mos t 
cons is ten t w i t h . The induced th ree d imens iona l wor ld 
mode l of ob jec ts can t hen be used to p rov ide mob i l i t y 
i n f o r m a t i o n to the b l ind user. The emphasis t h r o u g h o u t 
the sys tem has been on ef f ic iency. The design t rade-of fs 
and techn iques used to ob ta in h igh process ing ra tes are 
discussed. Most of the v is ion sys tem is c u r r e n t l y r unn ing 
in rea l - t ime on a 16 b i t m ic ro -p rocessor . Field t r i a l s of 
the comp le te p r o t o t y p e device wi l l begin soon. 

I I n t roduc t ion 

An e f fo r t to p roduce an op t i ca l l y based e lec t ron i c 
m o b i l i t y aid fo r b l ind pedes t r ians has led to the develop­
m e n t of a n a t u r a l scene analysis p r o g r a m for the t yp i ca l 
scenes encoun te red by a pedes t r i an . The r e s t r i c t i o n to 
the seman t i c l y r i c h doma in of c i t y sidewalks has al lowed 
the visual process ing to be p e r f o r m e d in rea l t ime on a 
16 b i t m i c rop rocesso r . The na tu re of the task is such 
t ha t pe r fec t ob jec t de tec t i on and recogn i t i on are not 
r equ i red , bu t r a t h e r the p robab i l i s t i c de tec t i on o f po ten­
t i a l obstac les. The m a i n goal of the sys tem is to de ter ­
m ine a p p r o x i m a t e l y where the sidewalk is (w i th respec t 
to the user ) , and secondar i l y to warn o f ob jects b lock ing 
the p a t h ahead. This task m u s t be p e r f o r m e d in rea l -
t i m e on rea l -wor ld s idewalks. 
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Most r ea l - t ime v is ion systems to date have dea l t 
w i t h very cons t ra ined image domains , due to the enor­
mous c o m p u t a t i o n a l r e q u i r e m e n t s i nhe ren t in v isual p ro ­
cessing. These inc lude i ndus t r i a l par ts r ecogn i t i on [ l ] , 
b lood cel l coun t i ng , and au toma t i c nav igat ion. Faster 
hardware and m o r e e f f ic ient sof tware techn iques wi l l 
g radua l l y allow m o r e comp lex domains to be hand led at 
h igh speeds. Our approach has been to s t a r t w i th very 
fast segmen ta t i on , and amor t i ze semant ic process ing 
over severa l f rames , u t i l i z ing p red i c t i ons f r o m models of 
prev ious ly recogn ized objects to guide the parse of the 
c u r r e n t image. At the h igh end, our sys tem is s im i la r to 
many semant ica l l y o r i en ted sys tems, such as [2 ] and [3 ] . 
F inal ly our use of m u l t i - f r a m e da ta is s im i la r to many 
aspects of [4 ] [ 5 ] [ 6 ] . 

I I Constraints 

In o rder to achieve rea l - t ime process ing, we have 
had to impose severa l cons t ra in t s upon the opera t ions of 
the sys tem: 

1. I npu t is r e s t r i c t e d to c lean, sun- l i t . mos t l y shadow-
f ree s idewalks. 

2. Cer ta in in i t i a l s t a r t i ng cond i t ions wi l l be suppl ied to 
the sys tem f r o m the outs ide (wh ich way the camera 
is po in t ing , where the sun is, etc ) 

3. False posi t ives are al lowed ( i t is OK to occasional ly 
warn about non-ex is ten t obstacles) 

4. We m u s t accept t h a t w i t h i n our reso lu t i on and p ro ­
cessing t i m e ce r t a i n classes of ob jects are 
unde tec tab le . These inc lude objects whose w id th 
fal ls below the Nyquist sampl ing ra te of the c a m e r a 
(ma in l y sk inny poles), and objects w i th ve ry low con ­
t r a s t w i t h respec t to the b a c k g r o u n d , o r those 
against a wi ld ly changing backg round . At the same 
t i m e , we wished to c o n s t r u c t the p r o g r a m modu le l y . 

a l lowing knowledge about ob jects and scenes to be 
separa ted f r o m the c o n t r o l s t r u c t u r e ( b u t w i t hou t 
sacr i f i c ing ef f ic iency. ) 

I l l Overview of the Program 

The i npu t scenes are successive 64 by 64 by 6 b i t 
g ray wide angle images t a k e n f r o m the vantage po in t o f 
the shou lder of a pedes t r ian , at a ra te of one or two 
f rames per second. This re la t i ve ly low reso lu t i on is the 
h ighest possible under the hardware and t i m i n g con ­
s t ra in t s . The overa l l o rgan iza t ion of the p r o g r a m is: 
A f te r v ideo acqu is i t ion of the i npu t scene, d ig i t i za t ion 
and no ise- remova l , the i n f o r m a t i o n processed in t h ree 
passes as fol lows: 
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1. segmen t the p i c t u r e i n t o l i nked chains of edges, 
2 . f i t curves to these chains and pu t the m a t h e m a t i c a l 

d e s c r i p t i o n of the curves in to an associat ive data­
base, and 

3. m a t c h these curves against several data bases ( the 
wo r l d mode l ) wh ich inc lude curve p red i c t i ons f r o m 
prev ious scenes. 
The resu l t s of these ma tches iden t i f y seman t i ca l l y 

the ob jec ts be longing to the curves. Knowing whe the r an 
ob jec t is ho r i zon ta l or ve r t i ca l allow one to p ro j ec t the 
curves out i n t o t h r e e d imens iona l space to d e t e r m i n e 
t h e i r d i r e c t i o n and range. F u r t h e r heur i s t i cs are 
emp loyed t h a t u t i l i ze loca t ion i n f o r m a t i o n f r o m prev ious 
f r ames to m a k e an i ndependen t m o t i o n s te reo based 
es t ima te of the ob jec t ranges. At th is stage the p r o g r a m 
should know where the sidewalk and any close obstac les 
are loca ted , and can p roceed to o u t p u t th is i n f o r m a t i o n . 
(Obstacles are t he c o m m o n sor ts o f large phys ica l 
ob jec ts t h a t one m i g h t encoun te r on a c i t y s idewalk: 
phone poles, l a m p posts, Are hyd ran ts , t r a s h cans, sign 
posts, au tomob i l es (off to one side), pa r k i ng m e t e r s , 
t rees , bushes, e tc . ) 

IV Coordinate System 

The coo rd ina te sys tem used for the th ree d i m e n ­
sional outs ide wor ld is c e n t e r e d on the focal po in t of the 
c a m e r a as i t moves t h r o u g h space. The Z-axis is 
o r i en ted in the d i r e c t i o n t h a t the camera i s po in t i ng , the 
Y-axis po in ts s t r a i g h t up, and the X-axis po in ts to the 
r i g h t o f the camera . Thus the t h r e e d imens iona l l oca t ion 
of a l l ob jec ts is always d e t e r m i n e d re la t ive to the pedes­
t r i a n , and are r e - c o m p u t e d each f rame . Points in the 
wor ld are mapped to po in ts in the image plane t h r o u g h 
the usual p ro jec t i ve g e o m e t r i c a l equat ions. 

One of the f u n d a m e n t a l p rob lems of c o m p u t e r v is ion 
is t h a t th is p r o j e c t i o n o f the t h ree d imens iona l wo r l d 
(X.Y.Z) to the image p lane (x.y) cannot be reversed 
w i thou t add i t i ona l da ta of some k i nd . One of the m a i n 
goals of the semant ic phase of our sys tem is to p rov ide 
th is add i t i ona l da ta via semant i c knowledge about the 
p robab le locat ions, o r i en ta t i ons , and re la t ionsh ips 
be tween t yp i ca l ob jec ts encoun te red w i t h i n the sidewalk 
env i r onmen t . This add i t i ona l i n f o r m a t i o n usual ly is in 
the f o r m of a hypothes is on the value of one of X.Y, or Z. 
Given th is va lue, along w i t h the image plane fea tu re loca­
t i on (x ,y ) , t he rema in i ng two th ree -d imens iona l coo rd i ­
nates can be found by su i tab le man ipu l a t i on of the p ro ­
j e c t i o n equat ions. 

The m o t i o n o f the c a m e r a in the wor ld between 
f rames wi l l cause the p ro jec t ions of edges of t h r e e 
d imens iona l ob jects on to the image plane to change. 
The genera l case of the c a m e r a t r a n s f o r m a t i o n involves 
six p a r a m e t e r s . (AX.AY,AZ,t),^,p). For a c a m e r a m o u n t e d 
upon the shou lder of a pedes t r i an i t can be safely 
assumed t h a t AY and p are app rox ima te l y zero, as t h e r e 
is l i t t l e t o r s iona l r o ta t i on , and the he igh t of a p a r t i c u l a r 
pedes t r i an rema ins rough ly cons tan t . ( I t should be 
no ted t h a t the mechan ics o f the h u m a n v isual sys tem 
goes to a g r e a t deal of e f for t to keep p near 0, a p r o t a ­
t i on of up to six degrees of the head is coun te red by an 
oppos i te r o t a t i o n of the eyeba l l in the socket . The shape 
o f the h o r o p t o r in many an imals ind ica te t ha t the he igh t 
of the an ima l is t aken to be a cons tan t for some v isual 
process ing. ) The equat ions to p e r f o r m th is t r a n s f o r m a ­
t i o n can be c o m b i n e d w i t h the image plane p r o j e c t i o n 

equat ions to ob ta in the loca t ion w i th in the c u r r e n t image 
plane of a wor ld po in t f r o m a previous f r a m e . 

V The World Model ( the Sidewalk World) 

Our wor ld mode l is t he t yp i ca l s idewalk e n v i r o n m e n t 
as encoun te red by a pedes t r ian . Most m o d e r n s idewalks 
are cons t ruc ted of slabs of whi te conc re te , and are t h r e e 
to twelve feet wide. Many r u n in s t r a i gh t l ines fo r an 
en t i r e b lock before ending in a co rner , whi le o thers m a y 
be cu rved . For s imp l i c i t y i t is assumed t h a t al l s idewalks 
encoun te red by the vis ion sys tem are s t ra igh t for t h i r t y 
feet beyond the c a m e r a unless a co rne r is ahead. Side-
walks ma in l y d i f fer in t he i r w id th and the presence (or 
absence) of a grass bo rde r on t h e i r s t r e e t side. These 
var ia t ions are mode led by a few s imple pa rame te r s . 

Wi th in the 64 x 64 image the bo rde rs of the s idewalk 
on e i the r side wil l o f ten appear as h igh con t ras t l ines. 
These l ines w i l l be in the lower hal f of the image, at a 
h igh ly inc l ined angle. Var ious objects b o r d e r i n g on the 
s idewalk somet imes are of s im i l a r op t i ca l i n tens i t y , 
r educ ing the con t ras t of the sidewalk edges. A large 
va r i e t y o f ob jects can border c i t y and suburban side­
walks. These inc lude: bushes, shrubs, t rees , grass, d i r t , 
dr iveways, walkways, walls of a l l types, doors , and win­
dows. On the s t r ee t side usual ly one finds pavement and 
au tomob i les . These objects occur a t fa i r l y p red ic tab le 
locat ions, and many t imes w i th good con t ras t c o m p a r e d 
to the whi te s idewalk. 

Most ob jects located upon the sidewalk p rope r have 
t h ree f o r t u n a t e p rope r t i es : they do no t move, have 
s te reo t yp i ca l locat ions w i th respec t to the edge of the 
s idewalk, and usual ly do not b lock the pa th . Objects in 
th is class inc lude: phone poles, l amp posts, f i re hyd ran ts , 
t ra f f i c signs, p a r k i n g m e t e r s , t rees, ma i l boxes, phone 
booths, mos t t r ash cans, and bushes. Many of these 
ob jec ts also have the p r o p e r t y of being rec t i l i nea r , and 
a p p r o x i m a t a b l e as cy l i nders or boxes (and thus p roduce 
good, h igh c o n t r a s t edges.) 

U n f o r t u n a t e l y o the r ob jects are more unp red i c t ­
able. These inc lude : paper boxes, bags, newspapers, 
t r a s h , garbage cans, p a r k e d b icyc les , and badly p a r k e d 
cars . Such obstacles can appear anywhere on the side-
walk, and are no t always very rec t i l i nea r . However, t hey 
do have some p rope r t i es t h a t fac i l i t a te t he i r de tec t i on . 
Many are shor t , so t h e i r bo rders are w i th in the two edges 
of the s idewalk. They also res t d i r ec t l y upon the g round , 
enab l ing t h e i r d is tance to be accu ra te l y d e t e r m i n e d and 
ver i f i ed over severa l f rames . 

F ina l ly t h e r e is the class of mov ing objects which 
are the ha rdes t to hand le , as the i r shape and loca t ion 
m a y change d ras t i ca l l y f r o m f r a m e to f r ame . This class 
inc ludes: pedes t r ians , dogs, b icyc les , occasional ly a car 
cross ing the s idewalk, and wind-b lown t r ash . For­
t una te l y , most mob i le obstacles are alive or con t ro l l ed 
by humans , and wi l l t r y no t to co l l ide w i th a pedes t r ian . 

VI Low Level Processing 

I n i t i a l segmen ta t i on of d ig i ta l images is now a fa i r l y 
wel l developed a r t . bu t no genera l techn ique is know to 
be (close to ) o p t i m a l for the large class of n a t u r a l 
images, and the speed of var ious a lgo r i t hms can d i f fer by 
o rde rs of magn i t ude . The necessi ty for r ea l - t ime pe r fo r ­
mance is the mos t severe cons t ra in t imposed upon our 
sys tem. Many p romis ing segmenta t ion techn iques had 
to be r e j ec ted out of hand on ef f ic iency g rounds . 
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The speed of the i n i t i a l segmen ta t i on a l g o r i t h m 
domina tes the p e r f o r m a n c e of the overa l l s ys tem, as t he 
semant i c phase is usual ly many t imes fas te r [ 1 ] . Thus a 
poor qua l i t y ( b u t fas t ) segmen ta t i on a l g o r i t h m may be 
p re fe rab le to h igher qua l i f y (bu t s lower) a l g o r i t h m i f one 
can make t h e semant i c phase work a l i t t l e ha rde r . This 
is the case in our sys tem. Our segmen ta t i on a l g o r i t h m 
only d i r e c t l y compares two p ixels at a t i m e , and thus is 
sensi t ive to noise, b u t runs at a very h igh speed. In some 
sense every modu le in the sys tem a f te r the p ixe l c o m ­
par i son has some componen t who's job is to he lp c o r r e c t 
fo r the defec ts i n t r o d u c e d by the i n i t i a l fast segmenta­
t i on . 

The segmen ta t i on a l g o r i t h m used is an edge fol low­
ing a l g o r i t h m t h a t d i f fers f r o m the usual (such as 
desc r i bed in [ 7 ] ) . in t h a t we fol low several edges s imu l ­
taneous ly . Most edge fo l lowers grow an edge l ine po in t 
by po in t ser ia l l y f r o m one end of the l ine. We ins tead 
grow many edge l ines in pa ra l le l by add ing to b o t h ends 
of m a n y edge l ines s imu l taneous ly . The advantages of 
t h i s m e t h o d co r responds rough ly to those ga ined by a 
b r e a d t h f i r s t versus a d e p t h f i rs t search , in t h a t t he re is 
m o r e g lobal i n f o r m a t i o n avai lable when one is f o r ced to 
m a k e local dec is ions. This allows edge t h i nn i ng to take 
p lace at the same t i m e as edge fo l lowing, and c o n t r i ­
bu tes to the speed of the a l g o r i t h m . 

In m o r e de ta i l , edge po in ts in the i npu t are found 
using a pseudo - random scan [ 8 ] . In the area a round 
each po in t a search is made for ex is t ing edge l ines and 
o the r i so la ted edge po in ts . Based on comp lex dec is ion 
ru les , an ex is t ing edge l ine may be ex tended to the new 
po in t , a new edge l ine may be c r e a t e d between the new 
po in t and ano ther po in t , or two edge l ines may be jo ined 
t h r o u g h the new po in t . (These ru les are s im i la r to those 
found in [ 9 ] , b u t w i t h less comp lex weight ings. ) The dec i ­
sion ru les m e n t i o n e d above help t h i n the edges, ma in l y 
by fo rc ing edge l ines to be essent ia l ly con t inuous . The 
f ina l r esu l t of pass 1 is the co l l ec t i on of edge l ines 
ob ta ined a f te r a l l the edge po in ts have been processed. 

The edge fo l lower tends to be conservat ive , as i t 
knows t h a t pass 3 wi l l connec t b r o k e n l ines. This is pos­
sible as pass 3 has access to m o r e g lobal i n f o r m a t i o n 
about the ob jec ts w i t h i n t he scene, and thus may have 
reason to bel ieve t h a t t h r e e rough l y co l l i near l ine seg­
men ts may in fac t be the edge of one ob jec t . Pass 1 does 
no t have enough i n f o r m a t i o n to dec ide i f a gap between 
two l ine segments is due to noise b reak ing up a single 
edge, or is rea l l y an occ lud ing ob jec t or a gap between 
two ob jec ts . 

In our sys tem, noise in a single p ixe l many t imes 
can lead to t he b reak -up of a po ten t i a l edge l ine i n t o two 
pieces. The defects in th is edge segmen ta t i on can be 
mode led as h igher level noise. That is. as b r o k e n edges, 
miss ing edges, and m i s o r i e n t e d edges. Semant ic ru les 
about l ine segments can take these defects i n t o accoun t , 
and somet imes even m a k e use of c e r t a i n p rope r t i es of 
the "no ise" . For examp le , the b reakup of a edge l ine 
co r respond ing to the edge of an ob jec t in the scene may 
be caused by a sur face d i sco lo ra t i on near the ob jec t 
edge. I f t h i s is the case, t h e n the "no ise" wi l l be ser ia l l y 
c o r r e l a t e d f r o m f r a m e to f r ame . Thus the b r o k e n edge 
wi l l be b r o k e n in the same way in severa l f r ames , and the 
re la t i ve l oca t ion of the b reak can be (and is) used as a 
fea tu re o f t ha t edge (wh ich can help to re - i den t i f y i t in 
successive f rames . ) 

VII The F i t t i ng of Edges to Curves 

Pass 2 ga thers i n f o r m a t i o n about each edge l ine , 
summar i zes i ts a t t r i b u t e s , and sorts i t to p e r m i t qu ick 
searches. Pass 1 sor ts the edge l ines by x-y l oca t ion and 
compu tes t he i r leng th . Pass 2 compu tes t he i r " cu rva ­
t u r e " and angle o f i nc l i na t i on f r o m the ho r i zon ta l , and 
sor ts t h e m by angle. Edge l ines t ha t are too convo lu ted 
are b r o k e n up in to smal le r (and s imp le r ) segments . This 
covers the few cases in wh ich the conservat ive edge fol­
lower descr ibed above is not su f f i c ien t ly conservat ive . 
This can occur when two s t ra igh t l ine segments i n t e r s e c t 
at a shallow angle. Pass 1 canno t d is t ingu ish th is case 
f r o m a single shal lowly cu rved l ine segment . Pass 2's 
c u r v a t u r e s ta t i s t i cs are needed to resolve th is case. 

We devised a fast a l g o r i t h m to f i t l ines to arcs c i r ­
cles. The ma in po in t for our app l i ca t ion was to w i th in a 
m i l l i - second classi fy a g iven l ine segment as a rough l y 
s t r a i gh t l ine, a gen t l y cu rv ing l ine, or noise. I t is possi­
ble t h a t in the f u t u r e we may make use of f iner deta i ls of 
the curves, bu t in an e n v i r o n m e n t o f r o t a t i n g t h ree 
d imens iona l ob jects absolute c u r v a t u r e is of l i t t l e use. 
and m o r e genera l i n f o r m a t i o n on ob jec t sur face o r i en ta 
t ion and d is tance is needed (such as d iscussed in [ 10].) 

VIII Representation of Objects 

Our t h ree d imens iona l r e p r e s e n t a t i o n necessar iy 
emphasis the edges of ob jects , g iven the na tu re of our 
i n i t i a l segmenta t ion . The rep resen ta t i on rough ly resem­
bles a co l l ec t i on of t h r e e d imens iona l edges of the 
ob ject , bu t the locat ions of the edge l ines re la t i ve to 
each o ther is not f ixed as in 3D wire f rame models in 
c o m p u t e r g raph ics , bu t r a t h e r are al lowed to vary as 
needed. As mos t ob jects in the s idewalk wor ld are some­
what rec t i l i nea r , many are rep resen ted by planes pa ra l ­
lel to the X.Y or Z axis (a s im i l a r r ep resen ta t i on was used 
in [4 ] . ) For example , a phone pole can be fa i r l y wel l 
a p p r o x i m a t e d by a rec tang le fac ing the observer . The 
s idewalk p rope r is a p p r o x i m a t e d by a rec tangu la r slab 
who's pos i t ion and w id th is upda ted every f r ame w i th new 
data. 

To achieve h igh process ing speeds, some of our 
r ep resen ta t i on is p rocedu ra l r a t h e r t han semant i c But. 
as we have bu i l t up the n u m b e r of ob jects t ha t we nan 
dle, a n u m b e r of c o m m o n subrou t ines have e m e r g e d , 
al lowing new objects to be added and rep resen ted fa i r l y 
easi ly. High process ing speeds verses separa t ion of con­
t r o l s t r u c t u r e s and knowledge are not necessar i ly i ncom­
pat ib le , bu t to ob ta in bo th one m u s t have i n te r ven ing 
sof tware step tha t t r a n s f o r m s h igh level abs t rac t i ons 
i n to a f o r m comb inab le w i th c o n t r o l s t r u c t u r e s . I t also 
helps to have a very f lexible c o n t r o l s t r u c t u r e . Our sys­
t e m puts bo th edge data and ob jec t bu i ld ing p rocedu res 
in to associat ive data-bases, thus al lowing the flow of con­
t r o l to be d e t e r m i n e d by the data. In r e t r o s p e c t , m o s t 
of the ob jec t hand l ing p rocedu res cou ld have been gen­
e ra ted by mach ine f r o m s ta t ic desc r i p to r s r a t h e r t han 
by hand , and we may go to such a sys tem in the f u t u r e . 

DC Representat ion of Visual Knowledge 

With the knowledge of how to recogn ize and 
r e p r e s e n t ob jects hand led by the ob jec t r e p r e s e n t a t i o n , 
the rema in i ng v isual knowledge of i n t e res t is t h a t t h a t 
te l ls you where an ob jec t is ( i t ' s d is tance and d i rec t i on . ) 
A n u m b e r of huer i s t i cs of va ry i ng degrees of gene ra l i t y 
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exis t to do th is j ob . w i t h va ry ing degrees o f accu racy and 
cons t ra in t s . These a re : 

1. I f the ob jec t is know to be res t i ng on (or ve ry near ) 
the g r o u n d p lane, t hen Y is known to be -UserH ig th , 
and X and Z can be ob ta ined by back p ro jec t ion . 

2. I f the ob jec t has a known d is tance f r o m the edge of 
t he s idewalk ( fo r examp le , phone poles are usual ly 
one foot in ) , and al l one has is a piece of an edge of 
the ob jec t (usua l ly no t the g round plane in tersec­
t i on ) , t h e n one can ob ta in the ob jects (X.Y.Z) loca­
t i o n as fol lows: take the image plane (x.y) loca t ion 
of the edge p iece, p r o j e c t i t as a l ine t h r o u g h the 
o r i g i n ( the foca l po in t o f the camera ) in to (X.Y.Z) 
space, and i n t e r s e c t th is l ine w i th the plane wh ich is 
the cons tan t d is tance in f r o m the sidewalk. This 
i n t e r sec t i on X and Z wi l l be the ob jec t ' s loca t ion on 
the g round plane. (The equat ion of the plane pa ra l ­
le l to the s idewalk is ob ta inab le because the equa­
t i o n of the sidewalk edge is assumed to be known.) 
Even i f t he cons tan t d is tance in f r o m the sidewalk 
edge is i n c o r r e c t l y guessed, wh ich can lead to dis­
tance e r r o r on the o rde r of 50% or mo re , at least 
some d is tance i n f o r m a t i o n has been p rov ided , and 
one can m a k e s imp le decis ions l ike "wi l l 1 r u n i n to i t 
in two seconds or twen ty seconds". In f u t u r e 
f r ames , m o t i o n s te reo can t i g h t e n up th is d is tance 
es t ima te (and c o r r e c t the cons tan t d is tance t e r m ) . 
By the t i m e an ob jec t i n i t i a l l y s ighted twen ty or 
m o r e feet away comes to w i t h i n f ive feet o f the 
pedes t r i an the loca t ion of the ob jec t wi l l have 
appeared in t h i r t y f r a m e s o f sol id data, hopefu l ly 
p i npo in t i ng i t ' s loca t ion to w i t h i n a foot . 

3. Once the ef fects of c a m e r a t i l t and pan have been 
s u b t r a c t e d , the d i f ferences in locat ions of a fea tu re 
in successive f rames can be used to de te rm ine i ts 
range and d is tance by work ing backwards f r o m the 
p r o j e c t i o n and c a m e r a t r a n s f o r m a t i o n equat ions. 
"We emp loy m o t i o n s tereo as a secondary d is tance 
cue tha t is used to check up on our p r i m a r y cues 1 
and 2 above. 

4. There are some d is tance heur i s t i cs t ha t are only of 
use for d e t e r m i n i n g the equat ion of the s idewalk 's 
bo rde rs . These inc lude m a k i n g use of the known 
cons tan t w id th of the s idewalk. 

5. F in ia l ly , the loca t ion of an image fea tu re re la t ive to 
the cur ren t , i n t e r p r e t a t i o n of scene can be used to 
ob ta in a p robab le d is tance es t ima te . For example , 
edges near the vanish ing po in t of the sidewalk are 
p robab ly ( bu t no t necessar i ly ) far away. Edges way 
off to one side and in the sky mos t l i ke ly belong to 
upper s tor ies of bu i ld ings or the backg round , and 
may be safely ignored . (One misses overhangs th is 
way, b u t overhangs in genera l are very h a r d to 
recognize, .as many are of very low con t ras t to beg in 
wi th . ) 

X Semantic Analysis 

The seman t i c phase endeavors to bu i l d a t h r e e 
d imens iona l mode l o f the outs ide wor ld t ha t i t is mov ing 
t h r o u g h , such t h a t edges in the image f rames 
co r respond to edges of ob jects in th ree d imens iona l 
m ode l . The var ious d is tance huer is t i cs l is ted above are 
emp loyed b o t h to in i t i a l l y place objects as wel l as to ver­
i fy t h e i r l o c a t i o n / i d e n t i t y over several f rames . (An 
ob jec t whose d is tance var ies wi ld ly f r o m f rame to f r a m e 
may be mis - iden t i f ied . ) F u r t h e r cons t ra in t s ex is t t h a t 

s imp l i f y the semant i c analysis task. These are: 
1. Most ob jec ts in t he s idewalk wor ld res t on the 

g round plane ( t hough we do no t assume t ha t t he i r 
po in t of con tac t is v is ib le.) 

2. Most ob jec ts can be rough ly a p p r o x i m a t e d by planes 
pa ra l l e l to the x, y. or z axis (as in [4 ] . ) 

3. Loca t ion accu racy need on ly be enough to avoid 
ob jec ts most of the t i m e . For examp le , d is tances to 
ob jects need only be c o m p u t e d w i t h an accu racy of 
±20% when ob jec ts are c loser t h a n 8 feet , and ±40% 
when ob jects are f u r t h e r away. 

4 . The c a m e r a t r a n s f o r m a t i o n wi l l be c o r r e c t l y sup­
p l ied mos t o f the t i m e (by ha rdware ) to w i t h i n 1% 
angular a c c u r a c y and 10% t rans la t i on accu racy . 
In o rder to speed the i den t i f i ca t i on of edges in a new 

f rame , p red i c t i ons o f edge locat ions f r o m prev ious 
f rames are used. Much of the speed of the semant i c pass 
is due to the essent ia l ly ha rdware so lu t ion of the succes­
sive f r ame r e g i s t r a t i o n p r o b l e m . Most r e - o c c u r r i n g 
edges can have t h e i r l oca t ion in successive f r a m e s deter -
m ineed to w i th a few pixels be using the c a m e r a 
t r a n s f o r m a t i o n . The overal l ef fect is a so r t of "boo t -
s t r a p p i n g " r e - i den t i f i ca t i on o f scene fea tu res , s im i l a r to 
t h a t desc r ibed i n [ l l ] . ( I t may be possib le t h a t i n the 
f u t u r e we can dispense w i t h the spec ia l c a m e r a m o t i o n 
t r a c k i n g hardware and recover th is i n f o r m a t i o n i nc re ­
men ta l l y f r o m op t i ca l f low.) 

In m o r e de ta i l , the semant i c phase is b r o k e n up in to 
severa l subpar ts . These are: 
1 . Edge l ines f r o m the prev ious f r ame are f i rs t 

t r a n s f o r m e d by the c a m e r a t r a n s f o r m a t i o n and 
t h e n m a t c h e d against edge l ines in the c u r r e n t 
f r a m e , c u r r e n t l ines t h a t appear to be d i r e c t des-
cenden ts o f p rev ious l ines are removed f r o m the 
c u r r e n t da ta base as "exp la ined" . The o rde r in 
wh i ch o ld ob jec t ' s edges are searched for is deter ­
m i n e d by t h e i r re la t i ve semant ic i m p o r t a n c e and 
da ta qua l i t y . Thus the edges of the sidewalk are 
usual ly searched for f i rs t , fo l lowed by the o the r 
ob jec ts rough ly r a n k e d by the i r n u m b e r o f (v is ib le) 
edges. 

2. The ma tches made in 1 induce new i n f o r m a t i o n t h a t 
can be used to c o n s t r u c t an upda ted t h ree d imen ­
sional mode l of the ob jec ts t ha t the edges belong to. 
These models can then make c la ims for gaps in 
t he i r edge out l ines . 

3. The c la ims made in 2, along w i th var ious gener ic 
c la ims for new ob jects are ma tched against the 
r e m a i n i n g da ta base of edge l ines. Residual l ines 
wi l l be c l a imed as backg round noise. 

4. New ob jec t edges obta ined in 3 allow for f u r t h e r 
upda t i ng of the th ree d imens iona l models , wh ich at 
t h i s po in t can be used by the b l i nd nav iga t ion sys­
t e m . Pred ic t i ons and search schedul ing fo r the 
nex t f r a m e are made at th is po in t . Objects who's 
ex is tence is no longer suppor ted by the edge l ine 
ev idence are de le ted in favor o f m o r e cons is ten t 
i n t e r p r e t a t i o n s . 

Thus at any one po in t in t ime the wor ld mode l da ta 
base of the sys tem conta ins models of several ob jects 
(phone poles, bushes, automobi les , e tc . ) t h a t are mov ing 
by. as wel l as a mode l of the sidewalk p roper . 
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XI Exper imenta l Results 

Figure 1 is a sample image taken from an Bmm 
movie of a sidewalk. One of our test sequences consists 
of 30 digitized images from this movie. The forward 
motion between each frame was one and a half feet. On 
our half speed XL68.000, passes 1 and 2 can process this 
movie at the rate of one second per frame. The seman­
tic processing of pass three takes an additional half 
second per frame. When applied to this movie, the sys­
tem correctly discovered and tracked the sidewalk 
edges, as well as edges of several objects off to the right 
of the sidewalk. No objects were found to be blocking 
the sidewalk. Figure 2 displays a digitized image from 
the middle of this sequence with the wire-frame model of 
pass 3 superimposed. (A similar fit is made for each 
frame of the movie.) A computer animated reconstruc­
tion of the outside environment given the world model 
produced by pass 3 is seen in figure 3. (The detail on the 
parked car is simulated.) We expect to be running field 
trials of the entire system in a portable cart trail ing 
behind a blind subject shortly. 

XII Incorporat ion i n to a B l ind Aid 

The overall functioning of this system as a blind aid 
is part of the lineage of a large number of previous tac­
tile blind aids devices designed over the last twenty 
years [12][ 13][l4). The computer vision component and 
the blind interface component have been separated out 
from each other via the following reasoning: 
1. Assuming a perfect computer vision system that 

knows where every object of interest is located, how 
could one best communicate this information to a 
blind pedestrian? What sort of user interfaces and 
interactions will allow the user to make rapid, accu­
rate use of the information provided? 

2. How does one build a portable (wearable!) computer 
vision system that will locate at least the majority of 
the objects of interest? 
Our solution to 1 has been presented in the previous 

portions of this paper. Our solution to 2 is to use two 
output channels - stereo synthetic speech for cognitive 
(high level) information, and a linear array of 18 tactile 
elements as a pointing device. The stereo speech unit is 
a combination of a normal speech synthesis system with 
a audio processing unit that can "throw" the computer's 
speech, allowing it to appear to come from a particular 
direction and distance. (For example, a phone pole 

might seem to announce "phone pole".) The tactile 
array is a skin tapping device worn as a head-band, each 
element corresponds to a particular angular direction, 
and the frequency of taps of an element corresponds 
inversely to the distance of the feature being pointed to. 

Currently we intention to have the speech unit make 
major announcements (the blind don't want it babbling 
all the time, they listen to sound shadows and street 
sounds.) The tactile output will be used for communicat­
ing more mundane information, such as "you're veering 
off to the left of the sidewalk, veer a bit to the right", by 
"flashing" the edge of the sidewalk on the appropriate 
side of the tactile display, should the user veer toward it 
In any case, one of the main reasons for putting the 
whole system on a micro processor, rather than simulat­
ing it on a mainframe, was to have the capability of 
expermenting in the real world with various blind inter­
face systems. Also, despite years of experience in test­
ing blind aids, it is very hard to tell how the blind will 
react to a particular device without letting them make 
extensive use of it under real world conditions 

XIII Perspectives on Future Direct ions 

Within the hardware and timing constraints 
imposed, we feel that the current system performs well. 
and cannot be much improved upon. However, for use in 
a robust blind aid. the system has several limitations 
which must be overcome. These include the low sensi­
tivity to low contrast edges in shadowed or complex 
scenes, and the low resolution (""1 degree/pixel ) More 
important is the limitation to processing of edge data 
only, at the exclusion of surface data. It would be nice to 
have more information about the sidewalk than just 
where it's edges are. such as how flat it is, are there any 
broken sidewalk slabs or holes9 Also, the current system 
must treat any high contrast edge on the sidewalk as a 
potential object edge, even though most are only flat 
shadows or stains. 

Various surface processing techniques proposed in 
the l iterature can solve many of these limitations Tex­
ture gradients [15] should provide a fairly robust broad 
classification of the scene into flat and upright surfaces 
Optical flow can provide approximate distance estimates. 
Luminance gradients could indicate surface curvature, 
which could be used in identifying (and segmenting) 
phone poles, walls, automobiles, etc. [10). Finally, 
stereo gradients can not only determine general dis­
tance estimates, but for the special case of the almost 
flat sidewalk, they can be tunned to spot vertical devia-



t ions as smal l as hal f an inch (such as un-even sidewalk 
t i les t h a t one m i g h t t r i p upon) . More i m p o r t a n t l y , s te reo 
can d e t e r m i n e t h a t a da rk p a t c h is f lat, and can be 
safely ignored. This would be s im i la r to the sys tem 
descr ibed in [16 ] . However, for th is special ized s tereo 
a l g o r i t h m to work , i t m u s t have a very good es t imate as 
to where the f lat s idewalk is in the f i rs t p lace. This is 
where the o the r sur face process ing techn iques en ter the 
loop. Such a sys tem cou ld prov ide very robus t per fo r ­
mance under even e x t r e m e cond i t ions (such as wet (and 
reflet l ive! ) s idewalks in the ra in ) , bu t at the expense of 
special purpose hardware . 

C u r r e n t l y we are in the in i t i a l stages of designing a 
sur face process ing o r i e n t e d vers ion of our sys tem sys­
t e m along the l ines descr ibed above, wh ich is to be 
i m p l e m e n t e d in VLSI. This sys tem wi l l be cha rac te r i ze 
by h igher reso lu t i on (w i th separate foveal and pe r i phe ra l 
reso lu t i on ) , h igher f r ame ra tes (approach ing 30 f rames a 
second) , s te reo process ing , and extensive use of sur face 
process ing techn iques. I t wi l l d i f fer f r o m o ther vision 
systems in t h a t i t wi l l be op t im ized for the sidewalk 
env i ronmen t . For examp le , the stereo sect ion wil l no t 
have to deal w i th the s te reo f r a m e reg i s t ra t i on p rob lem 
in i ts genera l f o r m , bu t for the m u c h s impher case of 
e x t r a c t i n g the (mos t l y f la t ) g round plane. Evidence ind i ­
cates t ha t the v is ion sys tem of many animals ( inc lud ing 
man 's ) has a bu i l t in specia l case so lu t ion for e x t r a c t i n g 
the g round p lane, wh ich is s im i la r to our p roposed tech­
nique. 

REFERENCES 

[ l ] Perk ins . W. A. "A mode l based vision sys tem for 
i ndus t r i a l pa r t s . " IEEE Trans Comput vol. C-27 
(1978) 126-143. 

[ 2 ] Brooks . R., Gremer . R. and B in fo rd . T. "The ACRO­
NYM Model-Based Vision Sys tem. " In Proc IJCAI-79 
Tokyo. August. 1979. 105-113. 

[ 3 ] Saphi ro . L.. Mor ia r t y . J.. Mulgaonkar. P. and Hara l -
ick . R. "S t i cks . Plates, and Blobs: A Three-
Dimens iona l Object Representa t ion for Scene 
Analys is . " In Proc First NCAI Stanford.CA. August, 
1980. 26-30. 

[ 4 ] Wil l iams. T. "Dep th f r om Camera Motion in a Real 
World Scene." IEEE Trans Pattern Analysis and 
Machine Intelligence vo l . PAMI-2, no. 6 (1980) 511-
516. 

[ 5 ] Tsuj i , S.. Osada. M and Yachida. M. "Track ing and 
Segmen ta t i on of Moving Objects in Dynamic Line 
Images. " IEEE Trans Pattern Analysis and Machine 
Intelligence vol . PAM1-2. no. 6 (1980) 516-522. 

[ 6 ] Roach. J. and Aggarwal , J. "De te rm in ing the Three-
Dimens iona l Mot ion and Model of Objects f r o m a 
Sequence of Images" . Un ivers i ty of Texas at Aust in 
Labora to ry for Image and Signal Analysis resea rch 
r e p o r t TR-B0-2. 

[ 7 ] McKee, J. and Aggarwal , J. "F ind ing the edges of the 
sur faces of th ree -d imens iona l curved objects by 
c o m p u t e r . " Pattern Recognition vol . 7 (1975) 25-
52. 

[B] Kavasznay. L., and Joseph. H. " Image process ing. " 
P r o c IRE no. 43 (1955) 56-57. 

[ 9 ] Prager . J . " E x t r a c t i n g and Label ing Boundary Seg­
men ts in Na tu ra l Scenes." IEEE Trans Pattern 
Analysis and Machine Intelligence vol. PAM1-2. no. 
1 (1980) 16-27. 

[10 ] Tenenbaum. J. and Barrow, H. "Recover ing I n t r i ns i c 
Scene Charac te r i s t i cs f r o m Images." in Computer 
Vision Systems, Hanson, A. and Riseman, E. eds., 3-
26 (Academic Press, New York . NY, 1978). 

[ 11 ] Hannah, M. "Boo ts t rap S te reo . " Proc. First NCAI. 
Stanford.CA. August . 1980. 38-40. 

[12 ] Coll ins, C. "Tact i le te lev is ion: Mechan ica l and 
E lec t r i ca l Image Pro jec t i on . " IEEE Trans on Man-
Machine System no. 11 (1970) 65-71. 

[ 13 ] Coll ins, C. and Madey. J. "Tact i le sensory rep lace ­
m e n t . " Proc. San Diego Biomedical Symposium 
Vol. 13(1974) 15-28. 

[14 ] Coll ins. C, Scadden. L. and Alden. A. "Mob i l i t y s tu ­
dies w i th a tac t i l e imaging dev ice. " Proc Conf. on 
Systems and Devices for the Disabled. Seat t le , 
(1977) 170-174. 

[15 ] Wi tk in . A. "A S ta t i s t i ca l Technique for Recover ing 
Sur face Or ien ta t i on f r o m Tex tu re in Na tu ra l 
Imagery . " In Proc First NCAI. Stanford.CA. August . 
1980. 1-3. 

[16 ] Gennery. D. "A Stereo Vision System for an Auto­
nomous Vehic le . " In Proc IJCAI-77, Cambr idge . MA. 
August, 1977, 576-582. 

709 


