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Abstract: We present a novel geometric approach for solving the stereo problem
for an arbitrary number of images (greater than or equal to 2). It is based upon
the definition of a variational principle that must be satisfied by the surfaces of
the objects in the scene and their images. The Euler-Lagrange equations which are
deduced from the variational principle provide a set of PDE’s which are used to
deform an initial set of surfaces which then move towards the objects to be detected.
The level set implementation of these PDE’s potentially provides an efficient and
robust way of achieving the surface evolution and to deal automatically with changes
in the surface topology during the deformation, i.e. to deal with multiple objects.
Results of a two dimensional implementation of our theory are presented on synthetic
and real images.
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Principes variationnels, évolution de surfaces, EDP’s,
méthodes de niveaux et le probleme de la stéréoscopie

Résumé : Ce rapport expose une nouvelle méthode géométrique de résolution du
probleme de la stéréoscopie a partir d’'un nombre quelconque d’images (plus grand
ou égal & deux). Elle est basée sur un principe variationnel que doivent satisfaire
les surfaces des objets de la scéne ainsi que leurs images. Les équations d’Euler-
Lagrange déduites de ce principe variationnel fournissent un ensemble d’EDP’s qu’on
utilise pour déformer un ensemble de surfaces initiales qui vont alors se déplacer
vers les objets & détecter. La résolution de ce systeme d’EDP’s par surfaces de
niveaux permet potentiellement de réaliser de maniere efficace et robuste le processus
d’évolution des surfaces tout en prenant en compte automatiquement les problemes
de changement de topologie durant la déformation ce qui permet de traiter le cas
d’objets multiples. Les résultats d’une implémentation bidimensionnelle de notre
théorie sont présentés sur des images synthétiques et réelles.

Mots-clé :  Principes variationnels, EDP’s, évolutions géométriques, Stéréoscopie



PDE’s, level set methods, and Stereo 3

1 Introduction and preliminaries

The idea that is put forward in this paper is that the methods of curve and surface
evolutions which have been developed in computer vision under the name of snakes
[14] and then reformulated by Caselles, Kimmel and Sapiro [1] and Kichenassamy
et al. [15] in the context of PDE driven evolving curves can be used effectively for
solving 3D vision problems such as stereo and motion analysis.

As a first step in this direction we present a mathematical analysis of the stereo
problem in this context as well as a partial implementation.

The problem of curve evolution driven by a PDE has been recently studied both
from the theoretical standpoint [8, 9, 19] and from the viewpoint of implementation
[16, 21, 22| with the development of level set methods that can efficiently and robustly
solve those PDE’s. A nice recent exposition of the level set methods and of many of
their applications can be found in |20].

The problem of surface evolution has been less touched upon even though some
preliminary results have been obtained [22, 2].

The path we will follow to attack the stereo problem from that angle is, not
surprisingly, a variational one. In a nutshell, we will describe the stereo problem (to
be defined more precisely later) as the minimisation of a functional (we will explore
several such functionals) with respect to some parameters (describing the geometry of
the scene); we will compute the Euler-Lagrange equations of this functional, thereby
obtaining a set of necessary conditions, in effect a set of partial differential equations,
which we will solve as a time evolution problem by a level set method.

Stereo is a problem that has received considerable attention for decades in the
psychophysical, neurophysiological and, more recently, in the computer vision lite-
ratures. It is impossible to cite all the published work here, we will simply refer the
reader to some basic books on the subject [13, 10, 11, 12, 7]. To explain the problem
of stereo from the computational standpoint, we will refer the reader to figure 1.
Two, may be more, images of the world are taken simultaneously. The problem is,
given those images, to recover the geometry of the scene. Given the fact that the
relative positions and orientations and the internal parameters of the cameras are
known which we will assume in this article (the cameras are then said to be calibra-
ted [7]), the problem is essentially (but not only) one of establishing correspondences
between the views: one talks about the matching problem. The matching problem
is usually solved by setting up a matching functional for which one then tries to find
extrema. Once a pixel in view ¢ has been identified as being the image of the same
scene point as another pixel in view j, the 3D point can then be reconstructed by
intersecting the corresponding optical rays (see figure 1 again).

RR n~°3021



4 Olivier Faugeras and Renaud Keriven

U

Figure 1: The multicamera stereo vision problem is, given a pixel m; in image 1,
to find the corresponding pixel mo in image 2, ..., the corresponding pixel my,
in image n, i.e. the ones which are the images of the same 3D point M. Once
such a correspondence has been established, the point M can be reconstructed by
intersecting the optical rays (m;,C;), i =1,--- ,n.

In order to go any further, we need to be a little more specific about the process
of image formation. We will assume here that the cameras perform a perpective
projection of the 3D world on the retinal plane as shown in figure 2. The optical
center, noted C in the figure, is the center of projection and the image of the 3D
point M is the pixel m at the intersection of the optical ray (C,m) and the retinal
plane R. As described in many recent papers in computer vision, this operation
can be conveniently described in projective geometry by a matrix operation. The
projective coordinates of the pixel m (a 3 x 1 vector) are obtained by applying a 3 x4
matrix P to the projective coordinates of the 3D point M (a 4 x 1 vector). This
matrix is called the perspective projection matrix. If we express the matrix P; in

INRIA



PDE’s, level set methods, and Stereo 5

the coordinate system (C,x,y,z) shown in the figure 2, it then takes a very simple
form:
P, = [I50]

where I3 is the 3 x 3 identity matrix. If we now move the camera by applying to it a
rigid transformation described by the rotation matrix R and the translation vector
t, the expression of the matrix P changes accordingly and becomes:

P, = [RT — RT{]

Figure 2: The focal plane (z,y) is parallel to the retinal plane (x1,¥1) and at a
distance of 1 from it.

With these preliminaries in mind we are ready to proceed with our program
which we will do by progressing along two related axes. The first axis is that of
object complexity, the second axis is that of matching functional complexity. They
are related in the sense that an increase along one axis usually implies a corresponding
increase along the other.

In the first two sections we will consider a simple object model which is well
adapted to the binocular stereo case where it is natural to consider that the objects
in the scene can be considered mathematically as forming the graph of an unknown
smooth function (the depth function in the language of computer vision). In section 2
we consider an extremely simplified matching criterion which will allow us to convey

RR n-~3021



6 Olivier Faugeras and Renaud Keriven

to the reader the flavor of the ideas that we are trying to push here. We then move
in section 3 to a more sophisticated albeit classical matching criterion which is at
the heart of the techniques known in computer vision as correlation based methods.
Within the framework of this model we study two related shape models. The first
model assumes that at every point in the scene the tangent plane is parallel to the
retinal plane of one of the cameras (the so-called fronto parallel hypothesis). The
second model relaxes this hypothesis by introducing a general tangent plane at every
point. In the section 4 we introduce a more general shape model in which we do not
assume anymore that the objects are the graph of a function and model them as a
set of general smooth surfaces in three space. The next step would of course be to
relax the smoothness assumption but we will postpone this to a future paper.

Let us decide on some definitions and notations. Images are denoted by I, k
taking some integer values which indicate the camera with which the image has been
acquired. They are considered as smooth (i.e. C?, twice continuously differentiable)
functions of pixels m; whose coordinates are defined in some orthonormal image
coordinate systems (xk,yr) which are assumed to be known. We note Ix(my) or
Ii(x,yr) the intensity value in image k at pixel my. We will use the first and
second order derivatives of these functions, i.e. the gradient VI, a 2 x 1 vector
equal to [%, %]T, and the Hessian Hy, a 2 X 2 symmetric matrix.

The pixels in the images are considered as functions of the 3D geometry of the
scene, i.e. of some 3D point M on the surface of an object in the scene, and of the
unit normal vector N to this surface.

Vectors and matrixes will generally be indicated in boldfaces, e.g. x. The dot
or inner product of two vectors x and y is denoted by x -y. The cross-product of
two 3 x 1 vectors x and y is noted x X y or [x]|xy, where [x]x is an antisymmetric
matrix.

We will make extensive use of differential calculus and of the chain rule for com-
puting the derivatives of the composition of functions. We remind the reader that
the derivative of a scalar function with respect to an n x 1 vector is a 1 X n vector,
i.e. a linear form on R", the second order derivative of a scalar function with res-
pect to this vector is also called its Hessian, it is a symmetric bilinear form which
is represented by a symmetric n x n matrix. The derivative of an n x 1 vector with
respect to a p X 1 vector is a n X p matrix. We will also need derivatives of matrices
with respect to vectors and matrices which are tensors but we will be able to avoid
using tensor calculus altogether. Partial derivatives will be indicated either using
the 9 symbol, e.g. g—){, or as a lower index, e.g. fx.

INRIA



PDE’s, level set methods, and Stereo 7

Our approach is an extension of previous work by Robert et al. and Robert
and Deriche, [18, 17|, where the idea of using a variational approach for solving the
stereo problem was proposed first in the classical Tikhonov regularization framework
and then by using regularization functions more proper to preserve discontinuities.
We differ from this work because we do not assume that the depth is the graph
of a function defined in the focal plane of the first camera which allows us to deal
with an arbitrary number of cameras, because we take into account the projective
deformation due to the orientation of the tangent plane to the object, as in [5],
because we use a deformable surface approach based on a measurement criterion
which is intrinsic, i.e. does not depend upon the parametrization of the objects, and
therefore we can cope automatically with discontinuities, e.g. with multiple objects.
Our work can be seen as a 3D extension of the approach proposed in [4] where we
limit ourselves to the binocular case, to finding cross-sections of the objects with a
fixed plane, and do not take into account the orientation of the tangent plane to the
object.

2 A simple object and matching model

This section introduces in a simplified framework some of the basic ideas of this paper.
We assume, and it is the first important assumption, that the objects which are being
imaged by the stereo rig (a binocular stereo system) are modelled as the graph of
an unknown smooth function z = f(z,y) defined in the first retinal plane which we
are trying to estimate. A point M of coordinates [z,v, f(x,y)]? is seen as two pixels
m1 and mo whose coordinates (g;(x,v), hi(x,y)),i = 1,2, can be easily computed as
functions of x,y, f(z,y) and the coefficients of the perspective projection matrices
P; and Py. Let I; and Is be the intensities of the two images. Assuming, and
it is the second important assumption, that the objects are perfectly Lambertian,
we must have I1(my) = Iy(mg) for all pixels in correspondence, i.e. which are the
images of the same 3D point.

This reasoning immediately leads to the variational problem of finding a suitable
function f defined, to be rigorous, over an open subset of the focal plane of the first
camera which minimizes the following integral:

i) = [ [m(e,) = Bamae,)dady = [ [ 18(f.2,y)dzdy, .

computed over the previous open subset. Our first variational problem is thus to
find a function f in some suitable functional space that minimizes the error measure

RR n~°3021



8 Olivier Faugeras and Renaud Keriven

C1(f). The corresponding Euler-Lagrange equation is readily obtained:

om om
(I, — I)(VI; - af —VI,- 8]3) 0 (2)
dm omo

The values of %5 i L and % 7 are functions of f which are easily computed. The terms
involving I1 and I are computed from the images. In order to solve (2) one can
adopt a number of strategies.

One standard strategy is to consider that the function f is also a function f(z,y,t)
of time and to solve the following PDE:

where ¢(f) is equal to the left hand side of equation (2), with some initial condition
f(z,y,0) = fo(x,y). We thus see appear for the first time the idea that the shape of
the objects in the scene, described by the function f, is obtained by allowing a surface
of equation z = f(z,y,t) to evolve over time, starting from some initial configuration
z = f(x,y,0), according to some PDE, to hopefully converge toward the real shape
of the objects in the scene when time goes to infinity. This convergence is driven
by the data, i.e. the images, as expressed by the error criterion (1) or the Euler-
Lagrange term o(f). It is known that if care is not taken, for example by adding
a regularizing term to (1), the solution f is likely not to be smooth and therefore
any noise in the images may cause the solution to differ widely from the real objects.
This is more or less the approach taken in [18, 17]. We will postpone the solution of
this problem until section 4 and in fact solve it differently from the usual way which
consists of adding a regularization term to C1(f).

Another strategy is to apply the level set idea [16, 20|. Consider the family of
surfaces S defined by S(z,v,t) = [z, v, f(x,y,t)]T. The parameters x and y are used
to parameterize the surface, ¢t is the time. The unit normal to this surface is the
vector N = +——L1__ [VfT 1]7, the velocity vector is S; = [0,0, f;]7 and hence the

VIHV?

evolution of the surface can be written

VI+ [ V] [P
This expression of the evolution of the surface directly leads to a straightforward
application of the level set methods. Consider a function w(x,y, z,t) whose zero

level set is the surface S, i.e. at each time instant ¢, the set of points (z,y, z) such
that u(z,y, z,t) = 0 is identical to the surface S. Note that the function u can be

INRIA



PDE’s, level set methods, and Stereo 9

considered a temporal sequence of volumetric images. The next question is, given
the fact that the time evolution of S is given by (3), what should the evolution of u
be? this question has been answered in [16] and the answer is:

un = P) V|
VIFIVIE

where Vu is the gradient of u with respect to the first three variables. There are
a couple of subtle points here. The first is that the level set methods have been
designed for closed manifolds (curves or surfaces, say) but here the surface S is
not closed in general, being a graph. This problem can be solved, as described for
example in [3, 20]. The second point is that the coefficient of the term | Vu | in
the previous equation is defined only on the surface S and not in the whole (z,y, z)
volume. But this term is needed at all points to solve for u.

We will not delve further into the last issue because it will be solved as we proceed
toward better models.

3 A better functional for matching

It is clear that the error measure (1) is a bit simple for practical applications. We
can extend in at least two ways. The first is to replace the difference of intensities
by a measure of correlation, the hypothesis being that the scene is made of fronto
parallel planes. The second is to relax this hypothesis and to take into account the
orientation of the tangent plane to the surface of the object. In the first case we
move along the matching criterion axis, in the second we move both along the shape
and matching criterion complexity axes.
We explore those two avenues in the next sections.

3.1 Fronto parallel correlation functional

To each pair of values (z,y), corresponds a 3D point M, M = [z,y, f(z,y)]’ which
defines two image points m; and ms as in the previous section. We can then clas-
sically define the unnormalized cross-correlation between I; and Iy at the pixels mq
and mgy. We note this cross-correlation (Iy,I5)(f,z,y) to acknowledge its analogy
with an inner product and the fact that it depends on M:

<11712>(f7$7y) =

e T s~ Tm )Tt )~ T g

RR n~°3021



10 Olivier Faugeras and Renaud Keriven

equation where the averages I; and I, are classically defined as:

T R +qI Nam' k=12 5
k(mg) = Ipg k(my +m')dm =1, (5)
- —-q

Finally, we note | I |? the quantity (I, I).
Note that <I1,I2> = <IQ,11>.
To simplify notations we write [* instead of 4pq I 1P I *% and define a matching

functional which is the i?tegral with respect to x and Y of minus the normalized
1) .
1] 2]

// | 11]1’I|212 dx dy—// 2®(f, z,y)dzdy (6)

the integral being computed, as in the previous sectlon over an open set of the focal
plane of the first camera. The functional 9@ is — LT I ‘ ‘ I | ( f,x,y). This quantity varies
between -1 and +1, -1 indicating the maximum correlatlon. We have to compute its
derivative with respect to f in order to obtain the Euler-Lagrange equation of the
problem. The computations are simple but a little fastidious. It can first be seen
that 9@ is a sum of two terms:

cross-correlation score —

(Lf-112])r 1
(I, I —(I1, I
| Iy |*- |Iz\2<1’2> \Il|'\12|<1’2>f
The results needed to compute (I1,I5)f and (| I | - | I3 |)f are summarized in the

following lemma which is proved in Appendix A.

Lemma 1 The partial derivatives (I1,I2)f and | Iy |f k = 1,2 are given by the
following formulas:

Oom om
(I, Io) = a—fl (VI L) + a—fQ (11, V1) (7)
8mk

where the values of the quantities (VIy,I5), (I1,VI3) and (VI It), k =1,2 can be
found in Appendiz A.

We can then proceed to solve the Euler-Lagrange equation as described in the pre-
vious section. But we will not pursue this task and explore rather a better functional.

INRIA



PDE’s, level set methods, and Stereo 11

Y1

Figure 3: The square window (1234); in the first image is back projected onto the
tangent plane to the object S at point M and reprojected in the retinal plane of
the second camera where it is generally not square. The observation is that the
distortion between (1234); and (1234)y can be described by a collineation which is
function of M and the normal N to the surface of the object.

3.2 Taking into account the tangent plane to the object

We now take into account the fact that the rectangular window centered at mso
is not rectangular but is the image in the second retina of the backprojection on
the tangent plane to the object at the point M = (x,y, f(z,y)) of the rectangular
window centered at m; (see figure 3). In esssence, we approximate the object S in a
neighbourhood of M by its tangent plane but without assuming, as in the previous
section, that this plane is fronto parallel, and in fact also that the retinal planes of
the two cameras are identical. Let us first study the correspondence induced by this
plane between the two images.

3.2.1 Image correspondences induced by a plane

Let us consider a plane of equation NTM —d = 0 in the coordinate system of the first
camera. d is the algebraic distance of the origin of coordinates to that plane and N
is a unit vector normal to the plane. This plane induces a projective transformation

RR n-~3021



12 Olivier Faugeras and Renaud Keriven

between the two image planes. This correspondence plays an essential role in the
sequel.

To see why we obtain a projective transformation, let M be a 3D point in that
plane, M; and M3y be the two 3D vectors representing this point in the coordinate
systems attached to the first and second cameras, respectively. These two 3x1 vectors
are actually coordinate vectors of the two pixels m; and ms seen as projective points
(see section 1). Furthermore, they are related by the following equation:

M, = RT(M; —t)
Since M belongs to the plane, N"M; = d, and we have:

RTtN”

M, = (RT y

)M,

which precisely expresses the fact that the two pixels my and mo are related by a
collineation, or projective transformation K. The 3 x 3 matrix representing this
collineation is (RT — %). This transformation is one to one except when the
plane goes through one of the two optical centers when it becomes degenerate. We
will assume that it does not go through either one of those two points and since the
matrix of K is only defined up to a scale factor we might as well take it equal to:

K =dR” - RTtN” (9)

3.2.2 The new criterion and its Euler-Lagrange equations

We just saw that a plane induces a collineation between the two retinal planes. This
is the basis of the method proposed in [4] although for a very different purpose. The
window alluded to in the introduction to this section is therefore the image by the
collineation induced by the tangent plane of the rectangular window in image 1. This
collineation is a function of the point M and of the normal to the object at M. It
is therefore a function of f and Vf that we denote by K. It satisfies the condition
K(my) = mo. The inner product (4) must be modified as follows:

<I17 I2>(f7 Vf,z, y) =
/ (Ii(m1 +m) — Li(m)) (I (K (my + m)) — Ip(mg))dm,  (10)

INRIA
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Note that, the definition of (I1, I) is no longer symmetric, because of K. In order
to make it symmetric, we should define it as:

(I, I)(f, Vi z,y) = /*(Il(ml +m) — Ii(m1)) (L2 (K (my +m)) — L(my))dm +

/*(Il(K H(ma +m')) = Ti(m1))(Ia(m2 +m') = Ty(mz))dm’  (11)

The definition (5) of I; (resp. of I3) is not modified in the first (resp. second) integral
of the right hand side, that of I (resp. of I1), on the other hand, must be modified
as follows:

To(ms) / L(K(m1 +p))dp Ti(mi) / L(K Y(ma +p))dp' (12)

Since this new definition does not modify the fundamental ideas exposed in this
paper but makes the computations significantly more complex, we will assume the
definition (10) in what follows, acknowledging the fact that in practice (11) should
be used.

We now want to minimize the following error measure:

(I1, I3) .
st V0 == [ [t vy = | SCALE UL

Since the functional 3® now depends on both f and V f, its Euler-Lagrange equations
have the form 3®; — div( 3®vy) = 0. We must therefore recompute 3P; to take
into account the new dependency of K upon f and compute 3®v;.

We will simplify the computations by assuming that the collineation K can be well
approximated by an affine transformation. Because of the condition K(mi) = ma,
this transformation can be written:

K(mi+m)=~mg+ Am

where A is a 2 x 2 matrix depending upon f and Vf.

In practice this approximation is often sufficient and we will assume that it is
valid in what follows.

Under these assumptions, | I |f is not modified but (I,I5)f, and | Iy |; are,
because of the new dependency in A. The results are summarized in the following
lemma which is proved in Appendix A:

RR n-~3021



14 Olivier Faugeras and Renaud Keriven

Lemma 2 The partial derivatives (I1,I2)s and | Io |f are given by the following
formulas:

8m1 81’112

(I, Ir) s = a7 (VI, Ir) + B (I, VIo) +
/*(Il(rm +m) — I1(m1)) VI (ma + Am)T Apmdm  (14)
Bmz
| I |- | I |f= o (VIp, L) +

/ “(I(my + Am) — T3(my))VIy(ms + Am)TAymdm (15)

where the values of the quantities (VI,1y), (I1,VIy) and (VI Iy) can be found in
Appendiz A.

Note that, not surprisingly, equations (14) and (15) are similar to (7) and (8) with
correction terms which are caused by the added complexity of our matching func-
tional. This allows us to compute the first part of the Euler-Lagrange equation, ®.
The expression for Ay is found in the next section.

Concerning the second part, we have | I; |3, s= 0O since Iy is not a function of Vf.
The following lemma yields the needed results:

Lemma 3 The partial derivatives (I1,Is)vy and | I |vs are given by the following
formulas:

(I, L)y = / (Ii(my +m) — To(m1))V Iy (ms + Am)T (Am)y rdm,
and,
| L || Iz |vp= / (Iy(ma + Am) — I(ms2))VIs(ms + Am)T(Am)vfdm,

expressions in which the quantity (Am)yy denotes the 2 x 2 matriz defined as
[Awp.m, Awy),m].
The proof is similar to those given in Appendix A.

These expressions allow us to compute the second part div( 3®vy) of the Euler-

Lagrange equations as soon as we will have made explicit the relationship between
A and f and V f which is the object of the next section.

INRIA



PDE’s, level set methods, and Stereo 15

3.2.3 The matrix A and its derivatives

We have to compute the derivatives of the matrix A with respect to f and Vf. We
will use a mixed projective-affine approach and first compute the matrix K of the
collineation K. Let (x1,y1) be the affine (image) coordinates of mq, (x,y) those of m.
We denote by m1 +m the point of affine coordinates (x1 + x,y1 + y) or of projective
coordinates (1 + z,y1 +y,1). Let K be the 3 x 3 matrix of the collineation K with
row vectors k;,i = 1,2,3. The affine coordinates of the point K(m; + m) are thus
equal to

kl(ml —+ m) Y,2 . kz(ml + m)

X, — —
>~ k3(m; + m) k3(m; + m)

(16)

where m; is the vector of projective coordinates (x1,y1,1) and m the vector of
coordinates (zx,y,0).
According to the section 3.2.1, we know that the matrix K can be written as:

K = dR” — TN”
where

d=afa+yfy+f
T =RTt (17)

NT = (fwafya 1)

We have used the fact that K is defined up to a scale factor to get rid of the term

W. We have therefore established the dependency between the collineation

K and f and Vf. We deduce easily that:

% Rt
% =2RT — [T00] (18)
& =yRT - [0T0]

Let us now look at the affine approximation. We can assume in general that the
point mg, image of my by K, is not at infinity (can you see why?), hence one divides
the numerators and the denominator of Xy and Y3 in equation (16) by kgm; and we

introduce the affine coordinates x9 and yy of ma:
kim
$2+k3m1
. 14 23m
K(mi+m) = By
yz-l—kam1

kam
1+ kgmj
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16 Olivier Faugeras and Renaud Keriven

The affine approximation is obtained by assuming that % < 1, 1:1;11 < 19 and
kom

kom; <K Y- Expanding X3 et Y5 up to the first order with respect to these quantities,
we obtain the following expression for the matrix A:

1 ki — kg
A=— 1
k3m1 le—k:; ] ( 9)

This expression, combined with (18) allow us to compute the partial derivatives of
A with respect to f and Vf and, eventually, div(3®v ). But we will not pursue this
computation since we present in section 4 a more elaborate model that encompasses
this one and for which we will perform the corresponding computation.

4 An even more refined model

In this section we consider the case when the objects in the scene are not defined
as the graph of a function of x and y as in the previous sections, but as the zero
level set of a function @& : R?® — R which we assume to be smooth, i.e. C?. The
coordinates (z,y, z) of the points in the scene which are on the surface of the objects
present are thus defined by the equation (z,y,z) = 0. This approach has at least
two advantages. First, by relaxing the graph assumption, it potentially allows us to
use an arbitrary number of cameras to analyze the scene and second, it leads very
naturally to an implementation of a surface evolution scheme through the level set
method as follows.

Let us consider a family of smooth surfaces S : (v,w,t) — S(v,w,t) where
(v, w) parametrize the surface and ¢ is the time. It is in general not possible to find
a single mapping S from R? to R3 that describes the entire surface of the objects
(think of the sphere for example where we need at least two) but we do not have to
worry about this since our results will in fact be independent of the parametrization
we choose. The objects in the scene correspond to a surface S(v, w) and our goal is,
starting from an initial surface Sg(v,w), to derive a partial differential equation

S: = BN, (20)

where N is the unit normal to the surface, which, when solved with initial conditions
S(v,w,0) = Sg(v,w), will yield a solution that closely approximates S(v,w). The
function [ is determined by the matching functional that we minimize in order to
solve the stereo problem. We define such a functional in the next paragraph. An
interesting point is that the evolution equation (20) can be solved using the level
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PDE’s, level set methods, and Stereo 17

set method which has the advantage of coping automatically with several objects in
the scene. In detail, the surfaces S are at each time instant the zero level sets of a
function u : R* — R:

u(S,t) =0

Taking derivatives with respect to u, v, ¢, noticing that IN can be chosen such that
N= |Vu|, where V is the gradient operator for the first three coordinates of u, one
finds easily that the evolution equation for u is:

uw=0|Vu| (21)

Using the same ideas as in the section 3.2, we can define the following error
measure:

C4(S,N) = — //|I| 51y da_//4cI>Sva)d

1,j=1,i#7 (22)

In this equation, the indexes ¢ and j range from 1 to n, the number of views. In
practice it is often not necessary to consider all possible pairs but it does not change
our analysis of the problem. In equation (22), the integration is carried over with
respect to the area element do on the surface S. With the previous notations, we
have

do =| S, x Sy | dvdw

do plays the role of dx dy in our previous analysis, S that of f, and N = |S”§§ i

the unit normal vector to the surface S, that of V f.

Note that this is a significant departure from what we had before because we are
multiplying our previous normalized cross-correlation score with the term | S, X Sy, |-
This has two dramatic consequences

1. It automatically regularizes the variational problem like in the geodesic snakes
approach [1], and

2. it makes the problem intrinsic, i.e. independent of the parametrization of the
objects in the scene.

Note also that each integral that appears in (22) is only computed for those points
of the surface S which are visible in the two concerned images. Thus, visibility and
occlusion are modelled in this approach (see section 5 for more details).

The rest of the derivation is extremely similar, although technically more compli-
cated, to the derivations in the previous section, namely we write the Euler-Lagrange
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18 Olivier Faugeras and Renaud Keriven

equations of the variational problem (22), consider their component 3 along the nor-
mal to the surface, set up a surface evolution equation (20) and implement it by a
level-set method. This is all pretty straightforward except for the announced result
that the resulting value of (3 is intrinsic and does not depend upon the parametriza-
tion of the surface S.

We will in fact prove a more general result. Let ® : R3 x R® — R be a smooth
function of class at least C? defined on the surface S and depending upon the point
S(v,w) and the unit normal N(v,w) at this point, which we denote by ®(X, Y).
Let us now consider the following error measure:

C(S,S.,Sw) //(I) v,w), N(v,w))h(v, w)dv dw (23)

where the integral is taken over the surface S and h(v,w) =| S, x Sy, |.
We prove in Appendix B the following theorem:

Theorem 1 Under the assumptions of smoothness that have been made for the func-
tion @ and the surface S, the component of the Euler-Lagrange equations for criterion
(23) along the normal to the surface is the product of h with an intrinsic factor, i.e.
which does not depend upon the parametrization (v, w). Furthermore, this component
s equal to

h(—®xN + 2H(® — ®yN) — Trace((®xy)rs + dN o (Pyy)rs)) (24)

where all quantities are evaluated at the point S of normal N of the surface, Ts is
the tangent plane to the surface at the point S. dN is the differential of the Gauss
map of the surface, H is its mean curvature, ®xvy and Pyy are the second order
derivatives of ®, (Pxvy)ry and (Pyvy)rg their restrictions to the tangent plane Ts of
the surface at the point S.

Note that the error criterion (22) is of the form (23) if we define ® to be
i 1
- <IZJ I)
i,j;i#”i"”j' ’

According to the theorem 1, in order to compute the velocity # along the normal
in the evolution equations (20) or (21) we only need to compute ®g, PN, Pgn and
dnN as well as the second order intrinsic differential properties of the surface S.
Using the fact that the function ® is a sum of functions ®;; = v ‘I |(I,, I;), the
problem is broken down into the problem of computing the corresponding derivatives
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of the ®;;’s, which, for the first order derivatives is extremely similar to what we have
done in the section 3.2. The computations are carried out in Appendix C.

In terms of the level set implementation, we ought to make a few remarks. The
first is to explain how we compute (3 in equation (21) at each point (z,y,z) rather
than on the surface S. It should be clear that we do not have any problem for
computing N = —Jt and 2H = div(y) and dN which is the differential of the
Gauss map of the level set surface going through the point (x,y, z). The vectors ®x,
dv, the matrices ®xy, Pyy are computed as explained in the Appendix C.

The second remark is that we can now write equation (21) as follows:

Vu Vu
- (P—" Y _ div(— L\ B - YV —
u =| Vu | div( ~u |) dw(| oo |)V1 Vu

Trace((Pxy)rg + AN o (Dyy)rs) | Vu| (25)

where at each point (x,y,z) the tangent plane Ts is that of the level set surface
u = constant going through that point. The operator V indicates derivatives with
respect to the space variables (z,y, z) whereas V1 indicates derivatives with respect
to the coordinates of the normal.

The first term | Vu | div(@%) is identical to the one in the work of Caselles,
Kimmel, Sapiro and Sbert [2] on the use of minimal surfaces or geodesic snakes
to segment volumetric images. Our other terms come from the particular process
that we are modelling, i.e. stereo. Because these terms involve only second order
differential quantities, we would like to make the following conjecture which we hope
can be proved in the near future.

Conjecture 1 Under some reasonable smoothness assumptions on the image inten-
sity functions, the equation (25) admits a unique stable viscosity solution in

C(R3 x [0,00[) NL>®(0, T; WhH*(R3)) for all T < co. WhH® s the space of bounded
Lipschitz functions in R3.

5 Two-dimensional implementation

We now present an implementation in two dimensions of the theory that has been
described in the previous section. The situation is described in figure 5 which depicts
a planar object S with two connected components. This object is observed by the
five cameras numbered from 1 to 5 and the level set corresponding to some value k
has been drawn to illustrate how the visibility condition is taken into account when
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20 Olivier Faugeras and Renaud Keriven

Figure 4: The 2D implementation of the algorithm described in the previous section.
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solving equation (25): the point M on the level set is seen only by the cameras 3 to
5 and not by 1 and 2.

Planar objects are viewed by linear cameras. Pixels and images are functions of
only one variable. The inner product (10) is:

(5. 1)(8.N) = oo [ (Lt m) = i) (15 (B e+ ) = Ty )

We use the affine approximation: Kj;(m; +m) = m; + az;m. The surface S(v, w) is
a plane curve S(v) and the error measure:

/ &(S(v), N(v))h(v)dv

where h(v) = [S,| and @ is still — 377, ;25 WU“Iﬁ' Let o be the arc-length
bl b 2 J

parameter of S (do = h(v)dv), T the unit tangent, and & its curvature, the normal

component § of the Euler-Lagrange equation simplifies to the intrinsic quantity:

B =kd+ s+ #(TTT - NN®L] N + TT(dgn + £Enn)T

In order to implement the evolution equation (21) of u(z,y,t), the following steps
are required to get (3 at point M = (z,y) at time ¢

e Considering the level set S(v) of ¢ passing through point M, determine from
which cameras is M visible, let us call them the S-cameras. They are deter-
mined by assuming that the level curve going through the point is opaque.

e Compute the normal N and the curvature x of S at M.

e For each S-camera, compute m;, aa'gi and %mi.

e For each pair of S-cameras, compute a;j, ajjg, Qijn, %aij, and %aijN .
g ComPUte <Il7I]>7 <Ii7[j>87 <I’HI]>N7 %(IZaI‘ﬁ and %(I'LaI])N
e Compute @, g, Pn and %CI)N hence (.

This scheme has been tested with synthetic noisy images of 2D objects viewed
from a number of cameras located around them and on a number of real images.
Some implementation details are discussed in the Appendix E.

We first present our results on three synthetic objects, each one being meant to
demonstrate one feature of the algorithm. All those results have been obtained with
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18 cameras observing the scene and are presented in an homogeneous manner: on
the left hand side of the figure we show the views from some of the cameras, on the
right hand side we show the convergence of the zero level set.

We start with figure 5 which demonstrates that the algorithm works for non
convex objects. Notice that the background is dark.

P P
®? o ® »
HEINE 1IN - s || « »
Camera #1 & o . % & R - %
= ) o (s e
s 0 || o
Camera #4 hd & » ¥ * & " *
B a5
t=0 t=t1
EEgam "7 « * ¥ s
Camera #8 & fod & »
R 3
® ([ Vo) (e ( ) om
* e ' &= I B
-Cll -m L 4 " Y
amera :
& - * & % % *
t=t2 t=tmax

Figure 5: 2D case — Detection of a non convex object.

Figure 6 shows the stereovision process for two circles viewed on a random back-
ground. This example shows that our algorithm can deal with multiple objects (note
the change in topology at time ¢2) and can cope with a textured background without
being fooled.

Figure 7 shows the results for two squares viewed on a black background. This
example shows that our modelling can cope somewhat with non smooth objects.

Figure 8 shows a real example in the case of two cameras. The stereo pair of a
human face is shown on the left hand side of the figure, the trace of the epipolar
plane (vertical in this case) being shown in red. On the right hand side of the figure
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Figure 6: 2D case — Detection of two circular objects.

we show the evolution of the zero level set at four time instants. The red curve is the
result of the correlation algorithm described in [5] while the blue curve is the level
set. It can be seen that the convergence is satisfactory.

In terms of computing time, it takes between five and ten minutes on a fast
workstation to achieve convergence in the examples shown. We are clearly still far
from real time video but reaching this goal was clearly not the purpose of this paper.

6 Conclusion

We have presented a novel geometric approach for solving the stereo problem from
an arbitrary number of views which degrades gracefully with the number of views. It
is based upon writing a variational principle that must be satisfied by the surfaces of
the objects to be detected. The design of the variational principle allows us to clearly
and cleanly incorporate the hypotheses we make about the objects in the scene and
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Figure 7: 2D case — Detection of two squares.

how we obtain correspondences between image points. The Euler-Lagrange equations
which are deduced from the variational principle provide a set of PDE’s which are
used to deform an initial set of surfaces which then move towards the objects to
be detected. The level set implementation of these PDE’s potentially provides an
efficient and robust way of achieving the surface evolution and to deal automatically
with changes in the surface topology during the deformation.

Our implementation is so far only two-dimensional, i.e. it works only in epipolar
planes but the results we have obtained on synthetic noisy planar images look pro-
mising enough to lead us into thinking that the approach will also be successful in
3D.

As far as the theory goes, we conjecture that the PDE that we have obtained in
the most general case that we have considered has, under some technical smooth-
ness assumptions, a unique solution in the viscosity sense. Issues of stability and
correctness of the solution should also be explored.
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Figure 8: 2D case — Detection of a human face in an epipolar plane (in red).

To finish on a methodological note, we believe that it is by working in such well
defined conceptual or mathematical frameworks, as the calculus of variations or the
theory of PDE’s, where the tools exist to prove (or disprove) the correctness of algo-
rithms, that we will be able to bring computer vision up to the level of predictability

where it can be used reliably in real applications and interfaced to other components
to build complex systems.
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A  Proofs of lemmas 1 and 2

We first prove lemma 1. Using the definitions it can be seen that the derivative of
(I1, I2) is given by:

(I, L)y = /*(Vfl(ml +m)- 85;1 g—?(ml))(b(m +m) — To(myg))dm +
[ m -+ m) =~ Tem)) (VT +m) - S22 = T2 o)), (26)

while the derivative of | I | k = 1,2 can be easily obtained from that of | I |?:

| I | - | I | 1= [ (VIg(mg +m) - —— — — (mg))T(my, + m) — I(my))dm
k Elf / k(Mg a7 af k) Lk (m k(myg o)

The derivatives 61}“ k = 1,2 do not need to be computed since they cancel out from
the integrals, for example
* Ol — oIy, * —
8—;(mk)(Ik(mk +m) — Ty (my))dm = 8—;(mk)/ (Ir(mg +m) — T(my))dm = 0

This last remark allows us to rewrite (26) and (27) in a simpler manner:

<Il,12>f = 8m1 / VI1 m1 + m)(]g(mg + m) Ig(mz))dm +

*

Om2 [ (L (my + m) — T (ma))V Iy (ms + m)dm (28)

of

3mk
| I |- | Ik |j= 7

/ VIu(mi + m)(Te(mp +m) — To(my))dmk = 1,2 (29)
These are the expressions of lemma, 1.

We now prove lemma 2. Similarly to lemma 1, the derivatives of I, k = 1,2
with respect to f are not needed.

A computation alike the one that led to (28) yields:

3({;}12) _ 8;;1 /* VIi(my 4+ m)(Iy(mg + Am) — Ty(my))dm +

8m2 O0A
of " of

+ [ @ms +m) T V(s + Am)” (202 4 Oy
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which immediatly yields (14). We also need:

8m2 oA

2|1 T2 1y= [ (Ta(ma + Am) = To(ma) VIo(ms + Am)T (S22 4+ Sm)dm

which yields (15. where we have written:

(VI I) = / " VIy(ms + Am)(Iy(ms + Am) — Ty(ms))dm

B Proof of theorem 1

We assume for simplicity but without loss of generality that the parametrization of
S is orthogonal, i.e. that S, - S,, = 0.
Let us write (S, Sy, Sw) for A(S,, Su)®(S, N) where

h(Sy, Sw) =| Sy X Su |
S, X Sy

N =
h

The Euler-Lagrange equations of the error criterion (23) can be written

d d
Us = oUs, — o vs,
Since h does not depend upon S, we have g = h®g and
vg, = ®hg, + h®yNg,
There is a similar expression for ¥g . We first prove the following lemma:

Lemma 4 The derivatives of h with respect to S, and Sy, are given by

_ 1Sl 1S P
) - h

Proof : We use the fact that h? =| S, X S,, |?. From this it follows that

hs ST hg, st (30)

hhs, = (Sy X Sw)?(Sy X Sw)s,

It is easy to verify that (x X y)x = —[y]x for all vectors x and y of R3. From this
follows the result that
hhs, = —(Sy X Sw)¥ [Sw]x
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But the matrix [S,]x is antisymmetric, hence —[Sy]x = [Sw]%. From this it follows
that:
hhs, = [[Sw]x (S X Su)]”

The vector in bracket is:
Sw X (Sy X Sw) =| Sw |2 Sy — (Sy - Sw)Sw

The result follows from the assumption that the parametrization of .S is orthogonal.
O

Let us now attack the computation of Ng, and Ng_ . We have the following lemma:

Lemma 5 The derivatives of N with respect to S, and S, are given by:

_ 1!
T h

1

Ns N

hg NV Ng, =——h§ NT (31)

Proof : By definition we have
1

Ng =
Sv h

1
(Sy X Sy)s, — ﬁ(Sv X Sw)hs,

Replacing (S, X Sy)s, and hg, by their values in this expression, we obtain

1 | Sw [* T
Ng, = _E[Sw]x ~ 3 (Sy x Sy)S,
and similarly for Ng, :
1 | S, |? T
Ng, = E[SU]X 3 (Sy X Sw)S,,

Now do the following rewriting:
(Sy X Su)S) = —([Sw|xSw)Sy = —[Sulx(SyS;)

and similarly:
(Sy % Sw)sg = [Sv]x(swsg)

Replacing now in Ng, and Ng_, we obtain

| Sw [*

1 T
N, = —7 [Sul (- =5s,81)
1 R,
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2
‘S’;' Swsg can be

Let us now use the fact that h? =| S, |?| S, |2
rewritten as

1
IS, P

But S,SI'— | S, |?> I is equal to [S,]%. We obtain a new expression for Ng,:

(SeSe— 1Sy I’ T)

1

N
ST hS,

nTs, oSy %
Because the parametrization is orthogonal, we can find a simpler form for [S,,]x [S,]%-
Indeed we have

Sw X (Sy X (Sy X x)) = —(%x, Sy, Sw)Sy

for all vectors x of R3. Thus
[Sw)x[Su]% = —Su(Sy x Su)"

Combining this with equations (30), the results follows for Ng, and a similar com-
putation yields the result for Ng . O

Returning to our original goal, we have now discovered that
Ys, = ®hg, — dyh§ N7

and
Ys, = ®hs, — dyhi NT

We encourage the reader to make sure that he agrees with the dimensions of the
various matrices appearing in these two expressions.

We now have to compute 3—@1/1& + g—wwsw. Applying the chain rule for derivation,
we obtain the following terms:

d d
@ - - @ v w
(dvhsv + dwhsw)Jr x(Svhs, +Suwhs,, ) +
v[Nyhs, + Nyhg, — L NI — pf NT —
d d I
= - NTT =
(dvhsu + dwhs“’) ]
(SToxyhE + SToxyhl, + NIOyyhL +NLdyyhL )NT

(32)

Remember that we are only interested in the terms along the normal N. This allows
to eliminate a number of terms, according to the following lemma:
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Lemma 6 In equation (32), the following term belongs to the tangent plane and can
therefore be discarded:

®x(Syhs, + Swhs,) + @y [Nyhs, + Nyhs, —h§ NI — h§ NI

Proof : Indeed, &yN, and ®xS, (resp. ®yN, and $xS,,) are scalars and hg,
(resp. hs,) is the tangent plane to S according to (30). Similarly ®yh§ (resp.
®yh§ ) is a scalar and N, (resp. Ny,) is the derivative of the unit vector N and is
therefore orthogonal to N, hence is in the tangent plane. O

We now study the vector (%-hg, + +hg, )"
normal N to the surface.

and show that it is directed along the
Lemma 7 The vector (g—vhsv + j—whsw)T s in the direction of the normal N to

the surface. Its component in that direction is equal to 2hH, where H is the mean
curvature of the surface.

Proof : Let us first compute the normal component. According to equations (30),
we have
d | Sw |2

R T —
d,Uth

Sul g d,r ISPy L d
. )S. hs, = . Sww+dw(

| S, |?

d
Svfu—l__( h

h dv

)Sw

Taking the inner product with the normal N, and using the fact that h? =| S, |?|
S. |? we obtain:
d d

—hg, + —hs, )’ - N = h(

( Sm; -N Sww -N
dv dw

|So [* [ Sw [?

) = 2hH

as shown in Appendix D.
Let us now consider the component of our vector (j—vhsv + j—whsw )7 in the tangent

2
plane to the surface. This is the sum of four contributions. The terms j—v(ls’,‘:‘ )Ss,

2 2 2
j—w(%)sw and the projections of ‘SZ| S,, and |S,?L| Sww onto the tangent plane

which are given by, given the fact that S, and S,, are orthogonal:

|Sw |QSM)'S1) |Sw |2Sm)‘sw
Sy Sw,

WIS h (S, P

and 1Sy 2 Suw-So.. | Su |2 Suw- S
v ww * 'usv v ww * wsw

b8 E T TR 8P
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Let us use the notations of Appendix D) and let E =| S, |> and G =| S,, |>. The
component along S, is equal to:

(Gt e (S0 +

But we have S,,-S, = %Ev and, because S, Sy, =0, Syw Sy = —Spw-Sw = —%Gv.
Substituting in the previous expression, we find:

lGUE—GEv(g)_%Jrl GE, 1 G, _,
2 E? E 2EVEG 2VEG

It can be verified that this is also true for the component along S,,. O

Let us now consider the term containing ®xvy in equation (32). We prove the follo-
wing lemma:

Lemma 8 The term SUTq)xyhgv + Sg@xyhgw s equal to the product of h by the
trace of the restriction to Ts of the linear map R® — R3 defined by ®xvy .

Proof : Just replace hg, and hg, by their values (30). We obtain:

Svabxyhgv + Sg@thgw = h(tl(I)xytl + tz@xyfg)

Introducing the two unit vectors t; = ‘g—:‘ and ty = S—ZI which form an orthonormal

[
basis of T's, we obtain the result. [

Let us now consider the term containing ®yv in equation (32). We prove the follo-
wing proposition:

Proposition 1 The expression Ngéyyhgv -I—Ng(I)Yyhgw 1s equal to the product of
h by the trace of the product of the composition of the differential AN of the Gauss
map of the surface S with the restriction to the tangent plane Ts of the surface of
the endomorphism defined by the Hessian ®yvy of ®, respectively.

Proof : Using again the notations of Appendix D, we express N, and N,,, which
are in the tangent plane to S, as linear combinations of S, and S,:

e f

—N, = Sy Sw
S, TS, P
f g

N, = S, Su
S, TS, P
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Replacing N, and N,, by those values and hg, and hg, by their values in equations
(30), and taking once again into account the fact that h2 =| S, |?| Sy, |2, we obtain
the following expression:

2f

g T
A S, + ——S, ®vv Sy
NG vy Sy + w @YY Su]

[
—h[——ST®yvS,
s, S0 ovySo Su

Using the vectors t1 and ty defined in the previous lemma, we obtain for the term
within the bracket:

€

E

2
—ft%@wtl + %tgq)YYtz

tToyyt, + A

Considering the two symmetric matrices

|

we verify that our expression is the trace of the product BC. The matrix C represents
the restriction of the endomorphism defined by the Hessian ®yy of @ to the tangent
plane of the surface expressed in the orthonormal basis tq, to of that plane. The
matrix B represents the differential of the Gauss map of the surface S expressed in
the same basis. O

C— t{@yytl t?@yytz
tIdyyt; t3dyyty |’

>~
Qle >~

If we put together the results of lemmas 6, 7 and proposition 1, we obtain a proof of
theorem 1.

C Computation of the derivatives &g, Pn, Psny and Oy

We compute in this Appendix the necessary ingredients in order to apply theorem
1 to our case. As shown in section 4 it is sufficient to focus on one of the ®;;,
say ®12 which we call ®. This is a function of the point S = (S!, $2, S%) on the
surface through the corresponding pixels mi and my and the matrix A induced by
the tangent plane at the point .5, and of the unit normal N to the surface at that
point through the matrix A. In effect, the equation (9) still holds and the equations
(17) defining K can be written in terms of S and N:

d=-S-N

T = R't (33)
N= (Nb N2a N3)
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The derivatives of K with respect to S and N are therefore quite simple:

Kgi =dgR" = -N;R"

. 34
Ky, =dy,R" — TN}, = S'R" — [0 T 0] 349

Using the expression (19) giving the affine approximation A of the collineation K,
we can now compute Ag and An and Ann which are needed in order to compute
relation (24). These entities are tensors which we will actually not need for reasons
that will become clear in the sequel.

We arrange the results as a series of lemmas.

Lemma 9 The row vector ®g is computed from the following quantities:

omy Omj,
I, L)g = (VI, LY — + (I, VLY —=
(I, I))s = (VI4, I) 55 + (I, VI) 55 T

/ “(Li(ma +m) — Ti(m1))VIy(ma + Am)T (Am)gdm

amg T

I || I |lg= (VI [h)—=
||| Iz ]s <V2,2>8S

/ “(I(ms + Am) — T(ms))VIs(ms + Am)”(Am)sdm

Proof : The proof is just a matter of applying the chain rule to the definitions
of (I, ) and | Ij, |, k = 1,2. Note that %% &k = 1,2 is a 2 x 3 matrix and that
(Am)g is the 2 x 3 matrix [Agim, Agom, Agsm]|. O

A similar result holds for @, as stated in the following lemmas:

Lemma 10 The row vector N is computed from the following quantities:
* R—
<I1, IQ)N = / (Il(ml + m) - Il(ml))VIQ(mQ + Am)T(Am)Ndm

Proof : Again, this is just a matter of applying the chain rule. Note that (Am)y
is the 2 x 3 vector [Anx,;m, Ay,m, Ay,m|. O

For the matrix ®gn or Pxvy, we have the following lemma:
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Lemma 11 The matrix ®gn can be computed from the following quantities:

* 8m1T
as
— T
T, .
o (m) / VIZ (my + Am)(Am)ndm +

/ "(Li(my 4+ m) — Ti(m1))[Am)SHy, (Am)n + VIF Agam]dm

(I, I,)sn = VI (mi 4+ m)VII (my + Am)(Am)ndm —

811 8m1
vit dm'——
/ 1 (my +m')dm’ 55
Proof : Again, it is just a matter of applying the chain rule. The quantity
(Am)§Hp,(Am)y is the 3x3 matrix [m” A Hy, A v, m] and the quantity VI Agnm
is the 3 x 3 matrix [VIQTASINJ. m|. Note that VI, and Hj, are evaluated at the image
point ms + Am. [

Finally, for the Hessian ®nn or @yy, we have the following result:

Lemma 12 The 3 X 3 symmmetric matrix @yy can be computed from the following
ETPTESSIONS:

(I, LN = / “(I(my +m) — Ti(m)[(Am)L Hy, (Am)x + VIF Annm] dim

Proof : Again, it is just a matter of applying the chain rule. The quantity
(Anm)"Hp,(Anm) is the 3 x 3 symmetric matrix [m” A% Hy, A y,m]. The matrix
is symmetric because if we transpose its ¢jth element we obtain mTAT HﬂAN m
which, because the Hessian Hj, is symmetric, is also equal to the jith term., Similarly,
VIZ Annm is the 3 X 3 symmetric matrix whose ¢jth element is VI2 A, N, m. It
is symmetric because of the Schwarz equality (A n;, N; = An; N;)- Note that VIy and
Hj, are evaluated at the image point ms + Am. [

D Results on the differential geometry of surfaces

We use the notations of [6]. Let U be an open set of R?> and S : — S be a
parametrization of the surface S. The vectors S, and S, span the tangent plane
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T (S) at the point M of S. The first fundamental form of S at point M is the
quadratic form I, defined in T/(S) by the 2 x 2 symmetric matrix:

Pl

The unit normal at point M is N = ‘gvigw‘ and defines a mapping from S into

the unit sphere, called the Gauss map. The differential of this mapping is a linear
mapping from T)(.5) into the tangent plane to the unit sphere at the point N. Since
this plane is parallel to Tp/(S) by construction, we think of this linear mapping as
one from Tps(S) into Tps(S). The second order intrinsic properties of the surface at
point M, such as the principal directions and the principal curvatures are obtained
from this linear mapping expressed in the basis S,, S, of Tas(S). The 2 x 2 matrix
B = [b;;], i,j = 1,2 is given by the equations of Weingarten:

by, = LE=¢C

b = it b= i
where

e=—N,-'S,

f=-Ny:S,=-N, 8,

g=—Ny-Sy

The principal curvatures k1 and ko are the eigenvalues of the matrix B and the mean
curvature H = 1(k; + k;) is easily shown to be equal to:

_1eG —2fF +gE

H 2 EG - F?

which reduces to (% + &) when the parametrization is orthogonal, i.e. F = 0.

E Bells and whistles for the 2D implementation

In practice, # has been corrected with two terms: we used 3 — 61k — €2Gs,,,, (P)
where ¢; are positive constants and Gg is an increasing function, null for values
less than @4, (—1 < Dpyaz)-

mazx

e The term —ejx makes the solution smoother, allowing to take greater time
steps thus accelerating the convergence.
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e Assuming ® has been normalized with respect to the number of cameras used
for each particular point, so that & is equal to —1 where the correlation is
maximum, the term —e2Gs,, .. (P) leads to an inward evolution where the cor-
relation is not good enough. (P4, < ®). This also accelerates the convergence
and avoids local minima. The initial curve can be chosen far from the objects
(but must not intersect them).
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