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ABSTRACT

In this article we analyze the motion of 3-D objects either in
terms of image contours or intensity gradients. We make the
assumption that the objects viewed are locally rigid and
planar. We suppose that the projection is perspective and use
the "perspective" velocity vector, which has been introduced
by G.L.Scott'’. We give spatial relations on the "perspective"
velocity field both in the case of points lying on a contour and
in the case of dense image points. We utilize these spatial
relations to estimate the "perspective" velocity field using the
normal velocity component on a contour or the motion
constraint equation in the 2D image. In the first case the
Kalman filter is used. In the second case a Gauss-Seidel
relaxation algorithm is proposed. We demonstrate that if the
"perspective" velocity vector is known at three points, one
can reconstruct the 3-D motion parameters and the plane
orientation. We also demonstrate that if the "perspective"
velocity vector is known at four points the 3-D motion
parameters and the relative depths can be reconstructed
solving two systems of three linear equations and a system of
four linear equations.

1. INTRODUCTION

In many applications the retinal motion results from the
presence in the scene of moving 3-D objects and/or from
retinal motion in a static environment. The principal task is
therefore the analysis of an image sequence for estimating the
motion of 3-D objects. It is well-known that the retinal
motion contains also information on the structure of the 3-D
objects. Thus the reconstruction of the depth map constitutes
the other task in motion analysis.

There exist two approaches in motion perception and
analysis. In the first one the motion is considered discrete in
the time, and in the second continuous. Psychophysical
experiences support the distinction of the two types of motion
in biological vision'. In machine vision the two approaches
are considered. The discrete motion analysis is based in token
matching', while continuous motion analysis is intensity
gradient based’. Our study is concerned with the continuous
motion analysis.

It is well established that 3-D structure information can
be extracted from motion measurement. In human vision
local 3-D rigidity assumption is decisive for 3-D inference
from 2-D motion®. The same assumption is generally used in

machine vision and particularly in the domain of robotics.
Hypotheses concerning surface structure (as planar or
quadratic) do not relax not in the least the 3-D rigidity
assumption.

We use a gradient-based method for determining the
retinal motion. This means that we utilize the motion
constraint equation in the whole image plane or the contour
normal displacement as initial motion measurement. Thus we
obtain at every point of the image plane or the contour a
single component of the velocity field. The following stage of
the analysis consists to estimate the retinal velocity field
using a single velocity component. In order to make this,
methods using smoothing constraints are known in the
literature™®. We use the "perspective" velocity vector, which
is introduced by G.L.Scott'’, to represent the retinal motion.
We propose a method for estimating the "perspective"
velocity field. We make the assumption that the objects are
locally rigid and planar.

The last stage of the analysis consists to determine the
3-D motion parameters and the structure or depth
characteristics from the retinal velocity field. One can
distinguish two approaches for reconstructing the 3-D objects
structure and motion. The first one uses the velocity field as
sparse, and the second as dense. In the second approach one
must dispose the first and second derivatives of the velocity
field. For the case of a sparse velocity field we give here a
system of linear equations for determining the 3-D motion
parameters and structure.

In Section 2 we recall the main equations for the
"perspective” velocity field and we consider the hypothesis of
plane surfaces. In Section 3 autoregressive spatial relations on
"perspective" velocity field are given. Using these relations
and the measurement of a single component we apply the
Kalman filter for a recursive estimation of the 2-D velocity
field on a contour and a relaxation or gradient method for
estimation in the whole image plane. In Section 4 we give a
system of linear equations for determining the 3-D motion
parameters and structure or depth characteristics. A
discussion and some conclusions constitute the last Section,
where some applications are also given.

2. THE "PERSPECTIVE" VELOCITY FIELD

Let us consider a 3-D coordinate system O(X,Y,Z) that is
fixed with respect to the retina, OZ being the line of sight®.
The camera focal length is normalized (f=1). Let



V&=(Vx,Vy,V;) be the translational velocity and
Q=(Qx,Qy,Q,) be the angular velocity of a point P(X,Y,Z) in
an observer-relative decomposition. If the observer is moving
through a static environment the velocity of P is -V, and -
Q. For a point P(X,Y,Z) the velocity components are given
by

X=Vx+ZQy-Y Q,

Y=Vy+XQ,-ZQx (2.1)

Z=V;+Y Qx-XQy
TR)e "perspective" velocity vector is obtained by dividing by
zZ
u=Vy/Z+ Qy-yQ,
v =Vy/Z -Qx +xQ;, (2.2) w
=V, /Z +yQx xQy
Let (¢,) be the retinal velocity field. It is related to the
"perspective" velocity field by (2.3)

d=u-xw
W=v-yw

Formulae (2.2) are valid in the whole image plane for a
moving observer. Otherwise their validity is limited in the
image of the moving object, and in the motion analysis a
segmentation will be necessary or the detection of
discontinuities on the 3-D motion parameters.

Formulae (2.2) show that the "perspective" velocity
components are depending on the depth Z of P. If one wants
obtain expressions depending only on two-dimensional
coordinates, one must make a hypothesis concerning the
surface shape. A simple and plausible hypothesis is that the
surface is locally plane. In other words one takes in
consideration only the surface orientation. Let us define a
plane (excluding degenerate case in which the plane contains
the nodal point) nxX+nyY+n,Z=1. For a perspective
projection we have 1/Z = nyx + nyy + n; and we obtain from
(2.2)

u=(n;Vx+Qy)+nyVix+(ny Vx-Q,)y
v =(0zVy-Q)+(nxVytQ)x+nyVyy  (2.4)
w = n,;V; +(nxV-Qy)x+(Qx+ny Vy,)y

G.L.Scott'” indicates that if there exists a first order
"perspective" velocity field, like this of (2.4), there exists a
one-parameter family of such fields, consistent with the same
motion: (u-cX, v-Cy, w-C).

3. ESTIMATION OF THE "PERSPECTIVE" VELOCITY
FIELD

3.1. Spatial relations on the "perspective" velocity field

The expressions (2.4) for the 2-D velocity field suggest
spatial relations, which are locally valid, depending on the
validity of planarity assumption. We develop in detail the
discrete case. For the continuous case we give only the
general spatial relations. For the component u we have

Ox oy 0xdy

All second order derivatives are also vanishing for the other
components v and w.

We consider now the case of discrete points lying on a
contour. Let us put on again the expression for the component
u

u=a;xtbyte;
We consider a series of points (x,,yi). We can write
U U = 81(Xgea1 =X b1 (Yies1-Yid)
Ul = (XX ) Thi(yieye)  (3:2)
Upe1-Ugx = 83 (X -Xie2) P01 (Yio1=Yi)
We can write the same equations for the components v and w.
A consequence of (3.2) is that

Yie+1 = Vi
Vi~ | =0 (33)
Up-1 “Up—2 X1 ~ X2 Vi-17Vik-2

Uk+1 ~ Uk X+l ~ Xk

Up —Ug-1 X = Xk-1

and the same for v and w. One can then write

Dy (s 1-wi)-Da et (W=t ) D 1 (Ui 1-Uk2) = 0 where Dy and
D,y are calculated from (3.3). Thus one can obtain an
autoregressive relation on the velocity.

3.2. Motion measurement from 2-D images: gradient methods

From image changing intensities one can measure only
a single component of the two-dimensional or "perspective"
velocity field. The motion constraint equation gives a
relationship between temporal and spatial gradients of image
intensity g(x,y) and retinal velocities®

gd+ g+ g=0 (3.4)
This equation is not valid at occluding edges, it assumes the
intensity of any pixel does not change significantly over a
short time interval and that the image irradiance changing is
entirely due to motion.

Another approach that is gradient-based uses the
normal component of the velocity at contour points. This
supposes that a stage of edge detection is preceding™ . The
measurement of normal component is given by equation
(3.4), but it is erroneous for occluding edges. Another method
to measure the normal component is to consider a
displacement on the perpendicular direction from the first
contour to the second”.

3.3. Estimation of the "perspective" velocity vector on
contour points

We propose to use the autoregressive relation given in
section 3.1 for estimating the "perspective" velocity field.

Let us consider the equation (3.4) and write the
autoregressive relation for the component u

Uy = Bkuk + Bk-luk-l + Bk-Zuk-Z

where the identification of [, is obvious. We can write the
same relation for the other wvelocity components. We
designate &, the state vector. It is given by
& = [ Ut Uz Vi Vier Vo Wi Wi Wk-z]T
The state equation is given below




Wiy 0 0 S
&= 00 Py 0 Gt
Ho 0 Dp

where the noise vector ), is zero-mean with covariance Qy
and the transition matrix @y is

By Bi- ﬁk—z%

q)kﬂ\k = |:|1 0 0 0

Ho 1 o H
The equation of measurement is given by
Ve=[Ci 00 ¢ 0 0 c3c 0 0] &+ 7
where y; is the measured projection of the velocity on the
normal vector of the contour

(C1i €215 C310) \/fxz(xk,yk) +fyz(xk’yk)

=(Fl(Xi Y1) Fy (X Vi) - (Kt (Xio, i) Yty (X, ¥6)))

and z, is a measurement noise which is supposed zero-mean
with variance R,. The system and measurement noise are
supposed independent between them and between different
points. This is a classical linear estimation problem and the
solution is the well-known Kalman filter for the discrete
case’’. We discuss here how to apply the filter on a contour.
If the contour is closed, one can choose any point as initial
and develop the filter around the contour. It is obvious that
the velocity at the first points will be worst estimated than
that of last points. In all cases a second application of the
filter around the contour will be necessary. If the contour is
not closed, the same technique can be applied inversing the
sense of direction of the filter at the final point.

3.4. Estimation on the image plane

One can use the spatial relations on the "perspective"
velocity field and the gradient equation (3.4) for estimating
the retinal motion. We have three spatial relations for each
velocity component at each point. The more natural way to
use them is the minimization of a quadratic functional, which
has the following form

N(IIAUIFHIAUIPHIASUIFHIA VIFHIA VIFHIAVIP
HIAWIFHIAWIFHIAWIP) + [IGU+G,V+G,W+Gf
where U, V and W are the complete velocity components, A,
Ay, A;, Gy, Gy, G,, G, are linear operators on the image plane,
and || |P is the euclidean norm. The operators A, A, and A,
are determined from the spatial relations. The operators G,,
G,, G,, where
8z = Xi8x:ij ~Yij8yi>

and G, contain the spatial and the temporal gradient of the
image intensity. The minimization of the above quadratic
functional gives a system of linear equations, given below
(3.5)
NT(AD A HA) A HA) A JUHG,(GU+G, V4G, W+G,)=0
N[(A)'AHAY) ArH(A3) As]VHG, (G U+G,V+G,W+G)=0
NT(A) A HA) ' AHAS) A TWHG,(GUHG, VG, W+G,)=0
where superscript T signifies the adjoint operator. We specify
in the following the operators A;, A,, As;, and we give a
method to solve the above system of equations.

The quadratic functional to minimize is given below
J'J' [AZ [(0) 20 ) Uy H (Vi) F2(vi ) H (v, )

HWi ) H2(Wyy ) +(Wyy)’] Hgeutg,v+g,whg)’] dx dy
The smoothness constraint of this functional is to be close to
the surface reconstruction constraints by a thin plate model'>.
The minimization leads to a system of linear equations
of the following form

Ui = U i~ 8xij Vi

Vig= Vij - 8yij Vi

Wii= Wi~ Vi
with

VN (i) (2 ) (22 ) 17 (@uij w17 €y v T G wi &)
and where the averaging is given below for the component u
(without loss of generality we use the same weighting factor
%)
u i = 0.4 jrug rug gty gg)

0. 11 o1 MG oy T UG oy T U )

-0.05 (U270 Ui U 1) (3.6)

We can use these equations in an iterative method,

such as the Gauss-Seidel method, for determining the
solution of the system of equations

n _ —(n)
ul(,r;%) =uij - Zuij y[(,’})
n _ —(n)
v =i - gy y ™
n _ —(m
wl(,r}+) = Wi, - uij V,'(,r;')
This method is the same utilized by B.Horn and B.Schunck®
to determine the optical flow. The difference lies in the
choice of local averaging. The local averaging used here is
the discrete version of
*u ot otu
PP
Ox“dy~ Ox" Oy
and that of B.Horn and B.Schunck is the discrete version of

u+2

% %
u+t——m=+—
ax? 6y2
This is the consequence of the different functional minimized
for the two methods.

4. 3-D MOTION PARAMETERS AND STRUCTURE
ESTIMATION

We consider now that the retinal velocity field is
estimated and we will determine the 3-D motion parameters
and structure using it. If the 2-D velocity field is dense,
H.Longuet-Higgins and K.Prazdny* and A .Waxman and
S.Ullman" give a method to calculate at each point the 3-D
motion parameters and the surface orientation and curvature
scaled by the depth. They use ¢, P and their 1* and 2™ order
spatial derivatives. They reconstitute all information
contained in the optical flow, but one can remark that



derivation amplify the errors of 2-D velocity field estimation.
Nevertheless A.Waxman and S.Ullman'* give directly the
velocity field and its spatial derivatives as initial observable.

Our approach is different, but it can be considered as
complementary. We use the "perspective" velocity field at
distinct image points. If the retinal velocity field is sparse,
this is the single method for 3-D motion and depth
reconstruction. The information about structure in the case of
a sparse velocity field is the relative depths, in the case of a
dense field is the surface orientation and eventually the
curvature.

We study separately the case of planar surfaces and
that of curved surfaces.

4.1. Planar surface
If the "perspective" velocity vector is known at three

non-aligned points from the expressions (2.4) results that one
can obtain nine values, called the essential parameters.

nyVxtc=a,, nyVx-Q,=b,, n,Vy+Qy =c¢,

nyVy+Q,= a,, nyVy+c=b,, n;Vy-Qx=c¢,

nyVz-Qy=a;, Qx+tnyV,=b;, n,V,+c=c¢;
This system of non-linear equations has been solved by
M.Subbarao and A.Waxman'' to obtain: nx/ng, ny/nz (nz_0),
nzVx, n;Vy, n;Vz Qx, Qy and Q,. (One can -easily
demonstrate that the condition n,_0is equivalent to:
(aste;)(cs-by)H(bster)*(cs-a))H(bstey)(aste ) (aztb) £ 0). In
general there exist two solutions. The duality can be resolved
using spatial or temporal coherence'.

4.2. Non-planar surface
Let us consider that the three components of the

"perspective" velocity vector are known at four image points.
From (2.2) one can write

7= Vx (4.1)
u; = Qy +,Qy +x;c

fori=1, 2, 3, 4, and a similar equation for Vy and V,. We
assume that V, 0 and we put e, = Vyx/V, and e,= Vy/V,.
Let us consider two points. We have (4.2) and (4.3)
el(wi-w)-(Qzte, Qx)(yiry)t(e1 Qy-0) (xXimx)=uiry
e2(Wi-w)-(e2Qx ) (yiry ) H(QzHe:Qy ) (XimX))=Vi-v;
Knowing the "perspective" velocity vector at four non-
aligned points we obtain two systems of three linear
equations (the first from (4.2) and the second from (4.3)).
Solving the two linear systems we obtain:

e, Qe Qx=¢e5 ¢, Qy-c=¢, 4.4)

e, Qste, Qy=ces, e, Qxtc=¢ 4.5

From the two last equations of (4.4) and (4.5) we obtain a
system of four linear equations

@ 0 1 00RO &0

O 0o
SO e 0 ‘I%QYD:DT%D
[b 62 1 ODE)ZD @SD
O M ~“0 oo
B, 0 0 1He B @O

If e+e,” # 0, the solution is:
Qx = [ei(e5-e5)+e(esteq) /(e +e,”)
Qy= [el(e4+eo)'32(33'35)]/(312"‘322)
Q= [31235+32233'31ez(e4+eo)]/(elz+ezz)
¢ = [e’eses ese e(es-es)]/ (e +e,’)
Then from (4.1) we obtain Z/V,. If e*+e,> =0, (4.4) gives
Q,=e;=¢€s
c=e¢s=-¢4 .
Qy is obtained from: v{+Qyx +y,c-x,Q, =0,
and Qy from: u-Qy +y,Q +x,c = 0.
The solution has been obtained assuming that V, 0.
This is equivalent to have

WM—wy V172 ¥TX
wy=wy Yy —y3 X~ x3|#0

W3 = W4 V37V4 X37X4

We remark that one can separate the translational and
the rotational component of the 2-D velocity field. Therefore
it is possible to determine the focus of expansion that is the
point

(Vx/Vz, Vy/Vz)
where the translational velocity component is vanishing.

One can also determine an instantaneous time-of-
collision, which is an interesting parameter in passive
navigation

_ 1
CXQy —yQy -V, /Z

'|N

Tcol ==
VA

5. APPLICATIONS AND CONCLUSIONS

We have applied the method presented here on a
simulated motion of a quartic curve, whose the equation on
the image plane is given in the following

x*+y'=1
The 3-D parameters were: ny=ny =0, n,V,=0.1, Vx=Vy
=0, Qx=Q;=0, Qy=0.1. Four iterations along the contour
were necessary to estimate exactly the retinal velocity field,
when the measurement noise is zero. In Fig. 1 we give the
obtained results, which is the true 2-D velocity field and the
estimated one. They are coinciding.

Fig. 1. The true and the estimated 2-D velocity field for a
quartic curve lying on a plane.

We summarize in the following the principal results
contained in this article.

Using the assumption of local 3-D rigidity and local
planarity we have given spatial relations on the "perspective"
velocity field. For points lying on a contour an autoregressive
relation of order 3 for each component velocity component is
given (3.4). In the whole image plane three spatial relations
are given (3.1) for each velocity component.



The spatial relations on the 2-D velocity field are used
to estimate it, utilizing for a contour the perpendicular
component of the velocity and for the whole image the
motion constraint equation. In the case of a contour we
propose a recursive method utilizing a Kalman filter as
estimator. In the case of the whole image plane we propose a
classical relaxation method to solve the system of linear
equations.

Finally we give a system of linear equations to
determine the motion parameters and the relative depths.
Four points and their velocities are considered. A least
squares resolution may be used to reduce the effect of the
retinal velocity field estimation noise on the estimated 2-D
velocity field. We show also that the translational and the
rotational component of the velocity can be separated, and
therefore the focus of expansion may be determined. We give
also the instantaneous time-of-collision.

Before closing this article we would like comment
certain aspects, which merit more attention. The stage of
initial local measurements from image intensities is very
important. We have seen that we can obtain a good
estimation of the retinal velocity field from a single
component and that we can reconstruct the 3-D motion and
structure exactly from the retinal velocity field. The stage that
eventually introduces important errors is the initial
measurement. We think that an effort must be consecrated to
improve this measurement stage, or eventually a method
matching contours globally must be determined.

Another important and difficult problem, which is not
studied here, is that of discontinuities on the 2-D velocity
field. Discontinuities arise at occluding boundaries at both
cases of several moving objects and depth discontinuities. If
only depth discontinuities are present, a detector at the stage
of estimation of the retinal velocity field must be used to
avoid the propagation of errors. If several moving objects are
present in the scene, a segmentation of the retinal velocity
field is necessary.
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