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A b s t r a c t .  This paper describes the analysis of image sequences taken 
by a T.V. camera mounted on a car moving in usual outdoor sceneries. 
Because of the presence of shocks and vibrations during the image acqui- 
sition, the numerical computation of temporal derivatives is very noisy 
and therefore differential techniques to compute the optical flow do not 
provide adequate results. By using correlation based techniques and by 
correcting the optical flows for shocks and vibrations, it is possible to 
obtain useful sequences of optical flows. From these optical flows it is 
possible to estimate the egomotion and to obtain information on the ab- 
solute velocity, angular velocity and radius of curvature of the moving 
vehicle. These results suggest that the optical flow can be successfully 
used by a vision system for assisting a driver in a vehicle moving in usual 
outdoor streets and motorways. 

1 Introduction 

There  is now a good understanding of the optical flow and it is useful to evaluate 
the possibility of computing and using the optical flow obtained frona image 
sequences taken by a camera mounted on a. vehicle moving in a city center and 
in the countryside. 

This paper  is primarily devoted to the analysis of such image sequences. It 
will be shown that  it is possible to recover an adequate optical flow (Horn & 
Schunck, 1981; Nagel, 1983; Verri, Girosi & Torre, 1990) on selected areas of 
the image and to obtain a reasonable estimate of the absolute velocity, angular 
velocity and radius of curvature of the trajectory of the moving vehicle. 

2 A comparison 

When the vehicle moves on a fiat road (see Fig. 1A) the expected motion field is 
characterized by a divergent flow. Panels B, C and D of Fig. 1 illustrate a com- 
parison between three techniques for computing the optical flow from the image 
sequence of which one frame is shown in Fig 1A. The optical flow computed with 
the technique of Uras et al. (1993) (B) has large areas with no vectors. The opti- 
cal flow (C) computed with the technique of Campani  L: Verri (1990) is blurred. 
The optical flow computed with a correlation based technique is clearly superior 
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(D). It is evident that  differential techniques (see B and C)do not provide an 
optical flow which is similar to the expected motion field. The results of this 
comparison were confirmed by the analysis of at least 15 image sequences: con- 
sistently differential techniques provided poor results. In previous comparisons 
differential techniques did not perform badly, because the viewing camera was 
fixed or carefully displaced (De Micheli, Uras ~z Torre 1993) . On the contrary in 
image sequences analysed in this paper, shocks and vibrations introduced a high 
frequency noise which was greatly amplified during the computation of temporal 
derivatives. As a consequence differential techniques were intrinsically noisy and 
failed to provide useful optical flows. Correlation techniques, by construction, do 
not compute temporal derivatives and therefore do not amplify the noise. 

3 T h e  2 D  m o t i o n  f i e l d  

When the vehicle moves on a flat road and the vehicle translation V = ( ~ ,  0, 0) 
is parallel to the optical axis of the viewing camera, it is convenient to model 
the 2D motion field v = (vx, vv) as 

Vi 
v.  = _ 7 .  2 +  TxV + (1) 

v =7 v+ v 2 (2) 

where f is the focal length of the viewing camera, h its height from the 
ground, w the angular velocity and x, y are coordinates on the image plane. This 
2D motion field is a correct model of the motion field when the vehicle moves 
on a flat road over a flat landscape and is also an approximation of the motion 
field at the two sides of the road in the absence of other moving vehicles or 
objects. As a consequence eqns (1-2) are assumed to represent the structure of 
the expected motion field in the case of passive navigation in a fixed scenario. As 
the focM length f is assumed to be known, the expected motion field depends 
on the two quantities: w the angular velocity and the instantaneous velocity V/. 
These two quantities are easily related to the instantaneous radius of curvature 
p by Vi = w p .  The real 2D motion field of passive navigation is the sum of the 
2D motion field caused by the egomotion and the 2D motion field produced by 
shocks and vibrations s = (s~, sv) experienced by the T.V. camera. The image 
sequences analysed in this paper were obtained with a T.V. camera mounted on 
a high quality antivibrating platform, but nevertheless the motion field s is not 
negligible. 

4 T h e  r e c o v e r y  o f  e g o m o t i o n  

The estimation of egomotion is obtained in two steps: first optical flows are com- 
puted and corrected for shocks and vibrations and then motion parameters are 
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Fig. 1. Comparison of optical flows computed with different procedures. A: a frame 
of the image sequence. B: optical flow computed with the technique of De Micheli et 
al., 1993. C: optical flow computed with the technique of Campani & Verri, 1992. D: 
optical flow computed with a correlation based technique. 

recovered from corrected optical flows. Fig 2A and B reproduce optical flows 
obtained when the vehicle was moving along a straight road or along a curv- 
ing road respectively. These optical flows show random upwards and downwards 
global deflections caused by vibrations and shocks. In the case of passive navi- 
gation and if the optical axis is parallel to the ground, the optical flow around 
the horizon, assumed to be located in the image plane near the line y -- 0, is 
expected to have a vertical component  equal to zero. Therefore it is possible to 
assume as an est imate of sv the average vertical displacement < Sy > in the 
strip between the two lines y = - c  and z2 = c. As a consequence a possible 
correction for shocks and vibrations can be obtained by computing in each flow 
the value < sv > and then subtract ing < sv > from the original flows. In these 
image sequences the value < s~ > was significantly smaller than < s v > and no 
correction for horizontal shocks was necessary. The corrected optical flows are 
shown in C and D. These corrected optical flows have the expected qualitative 



ol~m!lso l~U~i oqj~ "a~m! oql jo s:l,tud ao~o[ aq:l 30 :ltl~'!a pu~ aoluaa 'lja I aq~ ol 
~u!puodsoaaoa er suoT~aa oaaql u! pa~tu!~sa s! ~1 'POuF~qo s~. m 3o o~oJ!~so 
S!tl:l uaqM "0 = x s~x~e l'eaDaaA oq~, ~'UOl~ ~,uatuoa~ids!p lqe~luoz!aoq o~'~eaaa~ aq~, 
~uDndtaoa s m sa~m!~sa Isatj g poq~aI~ "pamaojaad st sao~aoA ~u!u!~moa aq~ 
3 ~ (~-I) suba q~Fa ~t puoaas ~ pu~ papa~as!p oa~ ol~tu.~sa ~SaLI at D o~ I~nba "~1 
qapa (g-I) suba moaj pam.~qo sanl~eA aq~ tuo. U s aoj3!p qa!qt~ saoaaoA 
ii ~ uaq~ !pam.~qo ~! ~ 3o al~m~.~a u~ pu~ (5-1) subo tltl~.~ pa~ltf s~. ~ao[j l~ai~do 
palaaaaoa oq~ :aanpaaoad lg a[qnop ~ qIV a s~Insaa aa~aaq sapDoad poq~am s!q& 
'~4 ,{[uo a~tuBsa o~ s s! ~. pu~ 0 o~ Fnba ST m aalam~a~d aq~ a~q~ os 
uo!~lSU~a~ aand ~ s 53ulaom s! ala!qaa ot[~ ~'eq~ samnss~ T P~ "asea i~aauo~ 
aq~ aoj (~ pu~ g poq~aIA[) o~al aaq~o aq~ pu~ (I poq~aIA[) uo!~otu avau!iDaaa 3o 
a~a aq~ u! s pasn aq o~ ~satt aq~ 'spoq~am ~uaaajj!p aaaq~ pasdFu~ OA~R aAA - 
�9 ~ pu~ m sao~om~a~d oza~ oq~ jo uoD~m~.~sa aq~ Sa!ldtu! uot3otuoSa jo s aq~ 
'g-I "suba s po~uasaadaa uo!~omoSa 3o iapotu aql uaA!D "alq~!iaa puv ~u~att!u$!s 
s! ~ao[t aqa aaaqa~ 'a$~tu! aq~ 3o aa~d aoz~o[ aq~ u! *iuo u~oqs oar pu~ ano!Avqaq 

"(] puv 0 u! u~oqs o~v smo U l~aDdo polaa~oa aq~ "(H) ~ a~au!F.am3 
ul ]JUlaOtlI S~t~ pu1~ (V) ~'~ a1~ou[.[[.~13ol 1~ ut ~UlAOttt S1~t~ O[a[.qaA ~q:l a[lqt~ 1IO~[I~, 

oauanbos o~m~ u~ moaj onb!uq3a~ uo!~vpaao3 ~ q~pa po~ndtuo3 s~aott Fo!~do -~ "~!eI 

,N" ,',.,,< \.',~ X N'S t/l I t 
".2"-g"<'~"-."<,-2"-.2"-.~'-.SG.2"-2"-.5~'-g'<'-&~'-g \ ~ ~ ~ ~ 

G O 

�9 ........... , t t l t', & l,,,~'~'~vX."k'~,&\\,,~ 
.... : ..--. ,.. ~'x,~i~i&-.X\-%~ ~i § 

-% 

6#1- 



150 

of  ~ is that  obta ined in the region with  the smal les t  e s t imate  variance.  Method  
3 e s t imates  w and Vi s imul taneous ly  in the three regions (left, center and right) 
�9 As in Method 2 the final e s t imate  is that obtained from the region with  the 
smal les t  variance.  
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Fig.  3. Comparison between the three methods, illustrated in the text, to recover the 
egomotion parameters. Data shown in the first row were obtained with Method 1 after 
one fit (first column) and after two fits (second column). Data shown in the second and 
third row were obtained with Method 2 and 3 discussed in the text. The first column 
refers to the recovery of the instantaneous velocity V and the second column to the 
recovery of the angular velocity w. The broken line is the instantaneous estimate and 
the broken line is the estimate obtained by a suitable Kalman filtering. 

4 .1  C o m p a r i s o n  o f  t h e  t h r e e  m e t h o d s  

Fig 3 i l lustrates  a comparison  between the three Methods  for the case of recti- 
l inear mot ion .  The  first, second and third row corresponds to Method l ,  2 and 
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3 respectively. The angular velocity ~ was est imated only from Method 2 and 3 
( see D and F ). The continuous lines indicate the raw est imate and the broken 
lines represent a smoothing after a Kalman filtering (see legend of Fig. 3). All 
three methods provide an average instantaneous velocity of about  35 Km/hr ,  
which was consistent with the reading of on board instruments.  Method 2 gave 
an average angular velocity around zero, while Method 3 gave an erroneous av- 
erage angular velocity of about  .01 rad/sec.  In addition it is useful to observe 
tha t  the raw estimates provided by Method 2 were usually more consistent than 
those obtained by Method 3 and the first fit of Method 1. A total  of 25 im- 
age sequences were analysed and consistent results were usually obtained. The 
performances of Method 2 appeared to be slightly bet ter  than those of Method 

3. 

5 D i s c u s s i o n  

The results presented in this paper show that  it is possible to compute a useful 
optical flow from image sequences obtained with a T.V. camera mounted on a 
vehicle moving along usual outdoor environments: indeed it is possible to recover 
the egomotion and information on the presence of relative motion. 
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