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Uniqueness and Approximation of a Photometric Shape-from-Shading Model*

Roberto Meccal and Maurizio Falcone!

Abstract. We deal with an inverse problem where we want to determine the surface of an object using the
information contained in two or more pictures which correspond to different light conditions. In
particular, we will examine the case where the light source direction varies between the pictures, and
we will show how this additional information allows us to obtain a uniqueness result solving the well-
known convex/concave ambiguity of the shape-from-shading problem. We will prove a uniqueness
result for weak (Lipschitz continuous) solutions that improves previous results in [R. Kozera, Appl.
Math. Comput., 44 (1991), pp. 1-103] and [R. Onn and A. Bruckstein, Int. J. Comput. Vision, 5
(1990), pp. 105-113]. We also propose some approximation schemes for the numerical solution of
this problem and analyze the properties of two approximation schemes: an upwind finite difference
scheme and a semi-Lagrangian scheme. Finally, we present some numerical tests on smooth and
nonsmooth surfaces coming from virtual and real images.
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1. Introduction. The three-dimensional (3D) reconstruction of an object is a classical
problem in computer vision which has always attracted a great deal of attention, starting from
the pioneering works of Horn and Brooks; see, e.g., their book [20]. This is a difficult inverse
problem where the goal is to reconstruct the surface from a single image; moreover, it is now
well known that this problem is ill-posed since there can be many solutions (no matter which
regularity is required for the solutions) unless additional conditions/information is added to
the problem [49, 12]. This explains the growing importance of a generalization of this classical
problem which can take into account multiple images of the same object. These images should
contain more information on the object as is the case for images taken from different points
under the same light conditions (stereovision) or from the same point under different light
conditions (photometric stereo). Our paper is devoted to the analysis and approximation of
the photometric stereo problem via a partial differential equation (PDE) model for which we
will prove uniqueness.

From the point of view of applications, the shape-from-shading photometric stereo (SfS-
PS) problem has a great potential impact since laser scanners are rather expensive and can
produce a 3D reconstruction only for objects with small dimensions since they must fit into the
detector. Moreover, the distance from the object may represent a problem in the use of laser
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scanners. These physical difficulties have reduced the impact of the 3D scanner technology
in many areas, so that the preservation of sculptures and other artifacts in digital archives is
still limited.

In order to overcome these difficulties, several researchers have proposed using one or more
digital pictures of the object as basic data for the 3D reconstruction, that is, the SfS problem
[20, 12, 19]. Even if the first to take an interest in the problem were some opticians [8, 16, 39],
the rise of the computer age has marked a true turning point in research in this area, driven by
the efforts of Horn [20, 18] and his collaborators at MIT. All of these activities were devoted
to solving the inverse problem in the framework of smooth solutions. More recently, starting
from the first work of Lions (see [40, 26]) new results have been obtained in the framework of
weak solutions (in the viscosity sense), giving SfS problems a stronger theoretical foundation.

To put this paper into perspective, let us refer to previous works on SfS and SfS-PS.
Many papers have been written to obtain the surface only using a single picture, and it is
well known that the problem is ill-posed (see the surveys by Zhang et al. [49] and by Durou,
Falcone, and Sagona [12]). In fact it has been shown that there is no uniqueness even for
regular solutions due to the convex/concave ambiguity. Because of that it was natural to
introduce new models where one can use more than one picture. An interesting result has
been obtained by Chambolle [5] considering the stereo vision technique: he proved that if we
have two images of the same object taken from two different points of view (with the same
light source), then the solution of the problem is unique. Other tentatives have been made to
set up a well-posed problem and overcome some limitations of the model. A number of papers
deal with the perspective SfS model [35, 45, 7, 3], and it has been proved that for I continuous
there is a unique solution in the viscosity sense, provided that one can apply a “neutral” set
of boundary conditions (usually referred to as state constrained boundary conditions in the
literature); these boundary conditions are very natural if the model has an attenuation term
depending on the distance between the object and the camera. However, it has been shown
that even the perspective SfS model suffers in general for the presence of ambiguities when
the brightness function is not regular I (see the recent paper [4] for more details).

In the framework of photometric stereo models, the perspective formulation of the SfS
problem has been considered only by [44]. In that paper the authors study the problem
exploiting three perspective images without adopting the most used variables p = u, and
q = uy. In this approach they do not solve the PDE problem but compute the height u of the
surface by the classical technique of integration along paths (see [48, 10, 11] for more details).

The technique that we will analyze here is the SfS-PS, where we have as inputs several
images of the object (always photographed from the same point of view) and the corresponding
light source position for each image. This problem was originally introduced by Onn and
Bruckstein [31] and Kozera [22].

The first step is to construct a formulation of the problem that allows us to obtain the
uniqueness of solution, and that is coherent with the single image model. We will see how
this formulation is also efficient from the computational point of view. The analysis of this
differential approach has given other interesting results on the SfS-PS problem such as those
contained in the papers [27] and [28], where several features such as uniqueness of normal
vectors and symmetries of surface are exploited.

The outline of the paper is the following.
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In section 2 we introduce our hypotheses and describe the classical SfS orthographic prob-
lem where only one image is used. In section 3 the new differential approach is explained in
detail, also giving some results used to prove the uniqueness of the weak solution. This proof
will be the main result of section 4, which also contains the setting of boundary conditions
in order to have a well-posed differential problem. Section 5 is devoted to the analysis of two
approximation schemes: the first is an upwind finite difference scheme, whereas the second
is a semi-Lagrangian scheme. We will prove some properties for these schemes, and, in par-
ticular, we will establish convergence for both of them. Finally, we will present a number of
numerical results using the above-mentioned schemes. We have taken into account virtual
and real images, also considering smooth and nonsmooth solutions.

2. Shape from shading and photometric stereo technique. We start by giving an outline
of the SfS problem and introducing our basic assumptions. In this paper we work on the
simplest version of the SfS problem, where we attach the camera to a 3D coordinate system
(Ozyz) such that Ozy coincides with the image plane and Oz coincides with the optical axis.
The classical assumptions for this model are the following:

(A1) The light sources are at infinity.
) The surface is Lambertian.

) There are no self-reflections on the surface.
4) There are no black shadows on the surface.

) The optical point is sufficiently far from the surface so that perspective deformations
can be neglected.

We will assume that there is a unique light source at infinity whose direction is indicated
by the unit vector w = (w1, ws,w3) = (@, ws) € R3, where (w3 > 0). The assumption on the
complete illumination of the surface from the light source w is guaranteed by the following
condition:

(2.1) u((z,y) +tw) < u(z,y) +tws Yt > 0.

Under the assumption of orthographic projection, the visible part of the scene is, up to a
scale factor, a graph z = u(x,y), where (z,y) is an image point. It is well known [20] that the
SfS problem can be modeled by the image irradiance equation:

(2.2) R(n(z,y)) = I(z,y),

where I(xz,y) is the gray level measured in the image at (x,y) (in fact I(z,y) is the irradiance
at (x,y), but both quantities are proportional) and R(n(z,y)) is the reflectance function,
giving the value of the light re-emitted by the surface as a function of its orientation (i.e.,
of the unit normal n(x,y) to the surface at point (z,y,u(z,y)). This normal can easily be
expressed as

1

n(@,y) = V14 |Vu(z,y)|?
du

where Vu(z,y) = (5% (z,y), g—;(x, y)). Irradiance function [ is the datum in the model since
it is measured at each pixel of the image, for example, in terms of a gray level (from 0 to

(2.3)

(=Vu(z,y),1),
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255). In order to construct a continuous model, we will assume that I takes real values in the
interval [0,1]. The function u : @ — R representing the height of the surface at every point
(which is the unknown of our problem) has to be reconstructed on a compact domain 2 C R?
(the reconstruction domain). Also assume for simplicity that w is given (in some works, w as
well is considered as unknown (see [6, 9]) even if this problem is sometimes ill-posed [2]). In
our case

R(n(z,y)) = p(z,y)(w - n(z,y)),

and, considering a Lambertian surface of uniform albedo p(z,y) = 1, (2.2) can be written
using (2.3):

(2.4) Iz, y)V1+ |Vu(z,y)|? + @ Vu(z,y) —ws =0 V(z,y) € Q,

which is a first order nonlinear PDE of Hamilton—Jacobi type. Note that the equation depends
only on Vu, so if u is a solution, u + constant is also a solution. In order to have a well-posed
problem we must add the Dirichlet boundary condition u(z,y) = g(x,y) for all (z,y) € 99,
which we will assume given in our problem (and this is a nontrivial assumption). Then the
complete problem can be written as follows:

H(z,y,Vu(xz,y)) =0 on €,
29 { u(z,y) = g(z,y) on 09,

where H is the Hamiltonian of the problem.

Points (z,y) € Q such that I(z,y) is maximal correspond to the particular situation where
w and n(z,y) have the same direction: these points are usually called singular points.

Let us mention that (2.4) is not the most general equation of SfS [32]: since real surfaces
are not purely Lambertian, some papers are concerned with non-Lambertian SfS problems
[1, 24, 38]; moreover, the situation is more complex in the presence of other lighting models
[42, 47] or when the interreflections are taken into account [29, 15]. We will also consider the
equation which appears in most of the papers and corresponds to a frontal light source at
infinity (i.e., w = (0,0,1)). Then (2.4) becomes the “eikonal equation”:

(26) |Vu(x,y)| = f(ﬂi',y), (xvy) € Q,
where
1

In the last few years, new models have appeared. The main goal of those models is
to modify the classical assumptions in order to deal with real-life applications. The major
modification that has been considered is to replace the usual assumption that the projection of
scene points during a photographic process is orthographic with the more realistic assumption
of perspective projection [33, 23, 17, 30, 41, 34, 45]. Even if this evolution of the orthographic
problem is a concrete step forward for the SfS problem, all the cited works do not allow one
to obtain a unique solution when considering as given data a single (perspective) image and
the direction of the respective light source.
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We want to emphasize one more time that using only one image, because of the presence
of singular points, it is not possible to find the unique solution of the SfS problems. This is
also true for some perspective SfS problems. In fact, even for more complicated perspective
models [35], where the light source is taken close to the object, it is not possible to obtain
uniqueness [3]. To try to find the unique solution, we increase the information about the
surface in a natural way (i.e., starting with the same data types of the SfS problem). The
technique we use to increase the information in this sense is the photometric stereo (SfS-PS)
method.

Let us assume that we have k different pictures of the same surface taken from the same
point of view but using a different light source for each image. This will produce k equations
similar to (2.4), i.e.,

(2.8) Li(z,y) = n(z,y) -w' Y(z,y)€Q i=1,... k.

3. Photometric stereo: A review of previous results. There are various possible ap-
proaches to constructing a model for the SfS-PS problem even in the simple case of a graph
surface. In this work we will focus our attention on a model where the unknown is given by
the height of the surface, studying the conditions which can guarantee a uniqueness result
(giving a complete characterization of the solution) and developing a numerical method for
the approximation of wu.

Let us introduce the SfS-PS problem for two directions of the light sources (w’ and w”).
Following Kozera [22], we obtain the system of nonlinear PDEs

—Vu(z,y) & + wj
1+ [Vu(z,y)[?

—Vu(z,y) - 0" + wf
1+ |Vu(z,y)|?

= Il(x¢y) V(m,y) €,
(3.1)

= IQ(x7y) V(.Z',y) € Qa

coupled with the Dirichlet boundary condition u(z,y) = g(z,y), which we assume to be given
for every (x,y) € 0.

For the reader’s convenience we briefly recall the uniqueness results for regular solutions
proved by Kozera [22]. The starting point is the following technical lemma.

Lemma 3.1. At every point (x,y) €  the first derivatives of u can be expressed in terms

of I, Is, W', and w" in the following form (we have omitted the dependence on (x,y) of ut,
Il, IQ, and A)

(W (W' ") = w1 + (W) (W' ") = w)) s £ (Whwh — wéwg)s\ﬂ

/
(3.2) uy = S p ,
(5 — (@ - W) + (W — wh(e - ") I+ (W — whef)evA

) o GO G+ ) — ) & (e —wiwl)eVR
. u, = )
Y (wh —wh (W' - W) + (W — wh(w - w")) Iz £ (Wjwh — wéw’l’)E\/K

where

(34) A= A(:E,y) =1- I12(x7y) - 122(x7y) - (w/ ’ w//)[w/ -w' = 2I1($7y)*[2($7y)]
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and the function ¢ = e(x,y) can take only the values +1 in such a way that f(x,y) =
e(z,y)\/Alz,y) is continuous.
Note that by the previous lemma one has two different values for u, and u, at every point.
Theorem 3.2. Let Q2 be a simply connected region of R?, let I; € C* : Q — [0,1], i = 1,2,
and let Iy, I, € CY(2). Suppose that A > 0 on Q and that for each choice of the + sign,

(3.5) ot = (Wi — wi (W - "N + (Wi — Wh(W' - ") & (wjwhy — wéwi’)\/K

does not vanish over . Then a necessary and sufficient condition for the existence of exactly
two solutions to (3.1) of class C? is

O etmmr = Dot to o Do) = D
(36) Fyu‘r (way) - 8.’Euy (xay) or ayux (:c,y) - axuy (xvy)

with uf and uyi defined, respectively, by (3.2) and (3.3).
Corollary 3.3. Let Q be a simply connected region of R%, let I, € C1 : Q — [0,1], i = 1,2,
and let Iy, I, € CY(2). Suppose that A =0 on Q and that

(3.7) 0 = (wh — W& W)+ (W — W W)

does not vanish over . Then, a necessary and sufficient condition for the existence of exactly
one solution u € C*(Q) to (3.1) is

0 0
(3.8) @ux(m,y) = %uy(x,y)

with ug and u, defined, respectively, in (3.2) and (3.3) taken with A = 0.

Using the analysis given in [27] it is possible to show that the set of points for which
Dg :={(x,y) € Q: A(z,y) = 0} is not the only one that allows us to obtain uniqueness of the
first partial derivative. In fact there exists another set D; in the image domain 2 where there
are no ambiguities on the first derivative, since one of the two normals to the surface has no
physical meaning. It should be noted that these sets are not easy to find because they strongly
depend on the position of the light sources and on the surface. However, the measure of these
sets is usually very small with respect to the image domain €2 (typically Dy has measure 0).

Let us also mention that the hypotheses of regularity on the data (e.g., I, Iy € C1(2))
is not a sufficient condition for the uniqueness of u even in the regular case because of the
strong hypothesis A =0 in Q.

As we said in the introduction, we want to focus our attention on the regularity of
reducing the hypotheses and allowing for weaker solutions, e.g., Lipschitz continuous solutions.

In general, two cases must be considered in the analysis of this problem:

(C1) the nonphysical case, where we wonder whether there exists a surface u related to the
images I1, Iy and to a couple of vectors w’ and w” which are not correlated (i.e., the
images I, Is do not correspond to the light sources at w’ and w”);

(C2) the physical case, where we assume the existence of a surface u and the two images I
and Iy are correlated since they are expressed in terms of w’ and w” as

—Vu(z,y) - @' + wj
L+ |[Vu(z, y)

 —Vu(z,y) - &" +wy

(3.9) Li(z,y) = o Dloy) = 1+ [Vu(z,y)?
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In what follows we will focus our attention on the physical case (C2) which is clearly more
interesting for computer vision applications.

4. A new differential approach to the SfS-PS using two images. Let us start with a
simple 1-D case (where Q = [a,b] and W’ = (w],w}), W’ = (w],wd)) to fix some ideas of our
method. The SfS problem leads to the following nonlinear system of PDEs:

_ / /
“U @A A p ) ae e 9,
1+ ug(2)?
_ " "
(4.1) U (@)t + wy = lh(x) ae. z €,
1 + Ux(x)Q
u(a) = ugq, u(b) = up with ug, up € R.

Note that the PDEs appearing in the SfS-PS model are all of first order. Setting the
equation a.e., we allow for solutions which are differentiable a.e. in €2, so we allow for Lipschitz
continuous solutions due to the Rademacher theorem [37].

For the nonlinear system (4.1) the next result stands.

Theorem 4.1. Let ' and w” be two linearly independent vectors. Let I (x), Io(x) € L™(Q)
such that 0 < I(x), Is(x) < 1 for x € Q, where Q is a connected subset of R. Then, there
exists a unique Lipschitz continuous solution u(zx) for the system (4.1) determined from a
stngle boundary condition.

Proof. If we consider

Uy d 1
——— and v=——,
V1+u2 V14 u2

then it is possible to rewrite the system (4.1) as

wl  wh v\ _ (4
(43) <wa' w><>‘<1>

If the light source vectors are linearly independent, the linear algebraic system (4.3) has a
unique solution (v1,v9). From v we can easily get u,, in fact, u, = —l’j—;. If we know the first
derivative, we can compute u from the fundamental theorem of calculus:

(42) vy = —

(4.4) u(z) = ug + /I uz(s)ds

or, starting from b,

b
(4.5) u(z) = uyp —/ ugz(s)ds.

Note that the use of boundary conditions is crucial in obtaining w by integration. |

Note that if we repeat the same argument in dimension n considering n + 1 light sources,
it is always possible to write a formula for the first partial derivatives of a smooth surface as
shown in [22]. Clearly one of the troubles in this problem is to reduce as much as possible
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the number of light sources (i.e., the number of images) necessary to get a single surface. The
next step will be to consider the two-dimensional (2D) case repeating the elimination of the
nonlinearity. We try to reduce the space dimension of the problem by looking for a solution
with only two images corresponding to two (known) light sources.

Let us consider the system (3.1) and eliminate the nonlinearity in the first equation by
the relation

J— . x4 !
(4.6) T [Vl ) = LAz y) & e

Il(xvy)

Substituting it into the second equation we obtain the following linear equation:

ou ou
(Ia(2, y)wy — I (x, y)wi’)afx + (Ia(@, y)wy — I (z, y)wé’)afy

= (Ir(z,y)ws — [1(x,y)ws) V(z,y) € Q.

(4.7)

Then adding the Dirichlet boundary condition we obtain

{ b(xay) : V'LL(CE,y) = f(x,y) v(xay) € Qv
u(z,y) = g(z,y) V(z,y) € 09,

where b is a 2D vector field defined in Q by

(4.8)

(49) b($7 y) = (IQ ($7 y)wll — I ({L', y)wlll7 IQ(xv y)wé - I (1’, y)w/Zl)
and
(410) f(CU,y) = IQ(x,y)wé - Il(:v,y)wg’.

Note that the fact that b(x,y) does not vanish in € implies that there are no equilibrium
points for the dynamics, so b has neither pits nor source points in the domain. We will see
in section 5 a better result that allows us to have a weaker solution using some regularity
features of b(z,y).

Solving (4.7) along the characteristic curves (i.e., the trajectories solving the system

i(t) = bi(x,y),
(4.11) { y(t) = ba(z,y)

for any given initial condition), we pass from a 2D PDE to a 1D differential problem. In the
general case, the characteristics of the linear differential equation (4.7) will depend on the
surface since b depends on I; and I». This implies that the characteristic curves can have
rather complicated shapes, but we need only have b Lipschitz continuous in order to have
uniqueness of the characteristics. However, in some particular cases the characteristic curves
are very simple and can even be completely independent from the surface u(z,y). This is the
case, for example, when the light sources are such that the characteristics are straight lines.
Remark: A wvariable albedo model. 1t is interesting to note that in this simple model one
can include a variable albedo since this does not affect the solution of our system. The albedo
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function p has the bounds 0 < p(x,y) < 1; since it represents the percentage of light reflected
by the object at a point (x,y) € Q, p does not depend on the light sources. Then, considering
the photometric stereo equations with the unknown albedo, we get

—Vu(z,y) @ + b
L) TS pary) Vi) e D
1+ [Vu(z,y)|

—Vu(z,y) - &" + wh
1+ [Vu(z, y)[?

p(x,y)

(4.12)
p(x,y)

= L(z,y) V(z,y) € Q.

Repeating the same arguments as before for the cancellation of the nonlinearity, we can
also drop p from the final equation (4.7). So, the solution can be reconstructed independently
on p. Once we have u(z,y) we can easily derive n(z,y), and then we can compute the albedo
by applying either of the two irradiance equations, that is,

(4.13) p(x,y)zm or p(z,y) =

Ig(l',y)
W - TL(IL’,y) ‘

Example 1. We now consider a particular position of the light sources. Let us take the two
light vectors w’ = (0,0, 1) and w” = (sin(y), 0, cos(p)) (¢ € (=F,0)U(0, §)); see Figure 1(left).
The irradiance equation becomes

(1.14) () sin(e) 00 = (Da(ay) ~ D) cos()) V(ry) € 0

This case has been already studied by Lee and Brady [25], who did not generalize the
reasoning for all the other possible light source directions. Furthermore it is useful to under-
stand how the information on the surface is given by the light. We can see that the main
information is given in the direction of the vector &”, which in our case coincides with the
direction of the x axis (the same thing, but with the y axis, happens if we take the second
light source w” = (0, sin(p), cos(p))). This allows us to approach a 2D problem like a 1D case,
considering it along the characteristic curves.

) w

!
!
1
x \<|"6 T

Figure 1. On the left, the two light sources of Example 1 (that is, coplanar to the xz plane), and on the
right, the light vectors of Example 2.
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Example 2. Generalizing the first example, we take the second light as a generic unitary
vector (i.e., w” = (sin(p) cos(),sin(f) sin(¢), cos(p)) with ¢ € (=5,0)U(0, %) and 6 € [0, 27]);
see Figure 1(right). We note that the equation becomes

ou ou
(415) _Il(x7y)w/1/% - Il('rvy)wg@ = 12(x7y) - Il(xay)wg V(Z',y) € Qv

and the curves where the information is driven by the characteristics are the same as before,
that is, still straight lines. In particular, now they are parallel lines with a 6 inclination.
The approximation of the linear equation (4.7) is, in fact, very difficult if we don’t consider
schemes that take care of the direction of the luminous information.

5. Existence and uniqueness of the weak solution. In this section we will weaken
our assumptions on the solution of (4.8) and ask for solutions which satisfy the equations
a.e. (x,y) € Q. Since a Lipschitz continuous solution has a gradient a.e. (by the Rademacher
theorem [37]), the space of Lipschitz functions in © will be a natural choice (this space will be
denoted by Lip(€2)). We have to complete the analysis extending the uniqueness results from
CH(Q) to Lip(2). This extension will be very useful for real applications since the objects
have, in general, nonregular surfaces.

Let us observe that the SfS problem, using only one image, is an ill-posed problem (even
for smooth surfaces) due to the convex/concave ambiguity [12, 26].

If we remain in the context of the applications, it is possible to consider the advantage
of the study of an inverse problem such as the SfS. In this case (that is, the physical case),
in fact, we can understand what happens to the function coefficients b(x,y) and f(z,y). If
we consider a solution u € Lip(€Q) and consider the points where it is not differentiable as
the family of regular curves (v1(t),...,v(f)), where ¢ is the argument of the parametric
representation, it is clear that these curves also contain the points of discontinuity of the
functions b(z,y) and f(x,y) because they depend on I (x,y) and Iy(z,y) by definition. This
means that our problem (4.8) has, in the linear equation, discontinuous coefficients. That is,
if we consider our differential problem as an inverse problem of SfS with photometric stereo
technique, searching for a weak solution implies a study of the linear PDE with discontinuous
coefficients. Moreover, there is a relation between the set of points of discontinuity of b(z,y)
and f(z,y) and the set of points where the solution w is not differentiable; in fact, they are the
same (see Figure 2). Another feature of the discontinuities b(z,y) and f(x,y) comes from the
fact that, considering Lipschitz continuous solutions, they can have only jump discontinuities.

Lemma 5.1. Let us assume to be in the physical case (C2), and let (y1(t),...,vk(t)) be the
family of jump discontinuity curves for b (i.e., for Iy and Iy). Then, the vector field b(z,y)
does not vanish in §; that is,

(5.1) b(z,y)[ # 0 V(z,y) €

Proof. Let us suppose by contradiction that there exists a point (7,%) € € such that
b(z,y) = 0; that is,

(52) { e B
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Jo

|
- |
. [ N
—1 1 —1 1
w(z) =1—|z| I(z) = w - n(x)

Figure 2. A schematic example shows that the points where the image function I is discontinuous are the
same points for which the solution u is not differentiable. On the left the Lipschitz function; on the right the
associated image through the light w.

We emphasize that if the point (Z,%) belongs to a curve of discontinuity 7 (t),...,vk(t), the
same reasoning holds. It is enough to consider the values I1(Z,y) and I2(T,7) obtained by the
same limit to (Z,7).

Now, if @ = &@”, then also w} = w4 because the light source directions belong to the upper
semisphere. This is redundant with the conclusion of (5.2) (that is, I1(x,y) = I2(x,y)) since

where (w1, ws) =& = @”, but it is not the situation of the photometric stereo technique.
In this case it is necessary to consider only the case when &’ # &”, that is,

This means that the vector (I1(%,y), —I2(Z,y)) is orthogonal to (wf,w}) and to (wi,w)). We
can consider two cases:
1. The vectors (wy,w}]) and (wh,w)) are orthogonal and coincident (that is, (wf,w]) =
(WY, wh)); see Figure 3.
2. The two vectors (w},w]) and (wh,w}) are orthogonal and placed in the opposite direc-
tion (that is, w] = —wf and W} = —w)); see Figure 4.
For both cases we can consider, instead of the two null components of the vector b in (5.2),
only one equation (because it is easy to see that in these two cases they are the same). Let
us take, for example, the first. That is,

(5.3) I(Z,y)wy — (T, g)wi = 0.

Now, to complete the proof, let us consider the definitions of images I; and I as in the



UNIQUENESS AND APPROXIMATION OF AN SFS-PS MODEL 627

(Wi, wi) = (w5, w))
(Il (f, ?)7 _I2 (Ta g))

Figure 3. On the left the position of the orthogonal vector corresponding to the first case. On the right, in
red, the set of all the possible light sources corresponding to this situation.

(Wi’,wi) (I](T,g),fIQ(Ey g))

(wg: w’2) y

Figure 4. On the left, the position of the vectors corresponding to the second case. On the right, the set of
all the possible light sources in the unitary sphere.

physical case. By replacing their definitions we have
—Vu(z,y) - &" +wy , —Vu@,y) & +wy ,

— — Wi —— Wy = 07
L+ [Vu(z,7)? L+ [Vu(z, )
—VU(T, y) : (wilawél) + wgw/ _ —VU(T, g) : (wia wé) + wé " __

wi =0,
HVeEyP L ViEVuE@pP
0 0 0 0
~ 5 BTl = 5 (@ Pletn + Wi+ oo (@ Pl + 5@ gl — whef =0,
ou, ouw, ou, ou,
~ 5 BTl = 5 (@ Pefen + ofiul+on @ Pl + 5@ gl - whef =0,

which implies
wi o owl Wy

wy oW wy
Then, using the spherical coordinates for the light source vectors, we get

(5.4) cospy  sinpycosfly  sin g sin by

cospy sing;cosf;  singgsinfy’
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In the first case we have that 61,02 € {7, %ﬂ}, whereas in the second case 61,6y € {%T“, %’r .

Our goal is to prove that #; = 6 in order to obtain the contradiction because in this case
we have that @ = &” (i.e., w' = ") and this it is not the case for the photometric stereo
technique.

) #Iteis clear that, for both cases, if 22:2? = +1, then 0; = 65, while 22233 = —1 means
1 7 b2

Let us suppose, by contradiction again, that 6; # 0. Then, from (5.4) we have

COS (P2 sin @9
L - Ld = tan ] = — tan 9,
Cos 1 sin @1

which is not possible because 1, @2 € [0, 5]. [ |

We will see that this lemma will be useful in two important points: in section 5, for the
proof of the uniqueness of solution of the problem, and in section 6, for an important remark
about the semi-Lagrangian numerical scheme.

It is clear that the structure of the vector field b(x,y) near the point of discontinuity
is very important. In fact, the characteristic curves do not have to find obstacles for the
propagation of the information across the domain. In Figure 5 we sketched all the possibles
cases of behavior of b(z,y) around a point (Z,7) belonging to a fixed discontinuity curve ~(t).
In Figures 5(a) and 5(b) we consider the vector field well structured for the information flow.
In the other two cases of Figures 5(c) and 5(d) we are not able to obtain a unique continuous
solution without knowing more about the height of the surface on the curve ().

ot

Figure 5. The vector field with respect to the discontinuity curve y(t).

Let us start by proving a result describing the global structure of b(x, ). We will emphasize
later the importance of this result with respect to the curves of its discontinuity. In fact, it
is possible to prove that the characteristic field has the features described in Figure 5(a) or
Figure 5(b).

Theorem 5.2. Let us assume to be in the physical case (C2), and let y(t) be a regular curve
of discontinuity for the function b(z,y) (and f(x,y)). Let (Z,7) € y(t), and let n(Z,y) be the
outgoing normal with respect to the set QT (located on the right of y(t)); then we have

(5.5) lim  b(z,y) - n(z,7) lim  b(z,y) - n(z,y)| >0.
(z,y)= () (z,y)=(T.9)
(zy)eqt (z,y)€Q™
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Proof. Let us define the quantities

I == lim  Ii(z,y), I == lim ILi(z,y),
(zy)—=(@Y) (zy)—=@Y)
(z,y)et (z,y)eQ™

I = lim DL(z,y), I7 = lim D(z,y).

2 itap Y R
(zy)eat (z,y)eQ™

In order to work with the vector field b(x,y) in the neighborhood of (Z,y), we consider the
relations

i b(x,y) = (b],b5) = (IFwy — I wi, I wy — I wy),
(ﬂz,y)T(gg)
z,y)e
(56) e o et
m (z,y) = (la 2) (2‘*’1 1 Wiy dg Wy 1“2)-
(z,y)—(Z.Y)
(z,y)eQr™

Denoting as (n1,n2) = (n1(Z,y),n2(T,7)) the two coordinates of n(Z,y) and replacing (5.6)
in the inequality (5.5), we obtain

bibn? 4 b by nd 4+ nina(bi by, +b3b7) >0
which gives, in explicit terms,
(5.7) (I — I} (I;w rw’l’)nf + (I wh — I W) (I wh — I wh)n?

+ | (L W) Im NIy wh — Iy wh) + (I; wi — I7 W) (I wh — IFwl) |ning > 0.

Let us separate the coefficients that multiply n? in (5.8), n3 in (5.9), and nqing in (5.10). We
can write them, respectively, as

(5.8) IfIy (w))? — Io + Iy wiw! — I Iy wiw + I I (w])?
= I Iy (w)? = (I + I I wiwt + TP I (WF)?,

(5.9) I (wh)? — I Iy whwy — If Iy whel + I 17 (wh)?
= I;IE(WQ) —whwh (I I + I I )+I1Jrff(wlzl)2,

(5.10) I wiwh — I7 I whwh — I Iy wiwh + I I wlwh
+ I I whw) — I who! — I I whw! + I W w)
= 21 I wiwh — wiwy (I7 I + I 1) — wiwh(I7 12 + I 1) + 20 IT wiwh
=21 I wiwh — (Wiwh + wiwh) (7 I + I L) + 21 [T wiw).



630 ROBERTO MECCA AND MAURIZIO FALCONE

To proceed with the proof in the case (C2), we consider the following equality for the image
functions:

—Vu(z,y) &' +wy  —Vut &'+ wh

I = lim  L(z,y)= lim

(z.y)—(@.7) (zy) =@y /1+ |Vu(z,y)? V14 [Vut]2’

—Vu(z,y) & +w;  —Vu @ +wj

I = lim L(z,y)= lim = ,
! (J(nyg),,)_é(g—@ (=.9) (H(C;Ey;)—;(g?) 1+ |[Vu(x,y)|? V14 |Vu?
_ L~ % T+ %
If= lm Ly - lim Vu(z,y) - &" + wj _ VU +w37
(a(i;:y;)—é(g@ (ﬂg;:y;)—é(g@ 1+ |[Vu(x,y)|? V14 |Vut]?
_ T " . - ~n 1"
= lim Dby = lm @yl &THey Ve oty

(z.y)—(@7) @)@ 1+ |[Vulz, )2 J1+ Ve |2

(z,y)eQ™ (z,y)eQ™

Note that in the coefficients (5.8), (5.9), and (5.10) all terms are divided by a common de-
nominator

V14 [Vut 21+ |Vu|?

which can be dropped since it is strictly positive. Consider the following quantities (always
positive because of the absence of the black shadows):

if = —Vut &+ W, iy =—-Vu & +ws,

~/

5.11
( ) it = —Vut " —I—u)g, iy = —=Vu -w —I—u)g,

and, considering the same differences (as in Theorem 5.4),

if —ip = —VuT & + w4+ Vu - & — wh,
(5-12) 4 - + ~n " — . "
iy —iy = —Vu' W' +w3g+ Vu W' —wg,
we have
R — ~
i =i +&-W,
(5.13) Z; =iy + €0,
where
ou™  Out Ou~  Out
14 =Vu~ - Vu" = = - - :
(5.14) §£=Vu u = (61,62) <8x or " Oy 8y>

Now, substituting (5.13) into (5.8), (5.9), and (5.10), we obtain, respectively,
(i V2 (wh)? + i (wh)260" + (72 (wi)? + i1 (] )26 — [ig 7 +i7 66" + i i + i3 €07 |t
— (il — igwi)? + €|i7 (W) + T (W])%0 — i (iT&" + i3 )]

= (igwh — iTwh)? + €| (7o — iz W)@ —&"wh)),
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(i 2 (wh)? + i3 (Wh)2€6" + ()2 ()2 + 17 (w260 — [iTig + i3 €9 + iy + i1 €3 |wheos
— (igwh — i wh)? + €|i7 (Wh) 6" — iT ()% — whef (i7" + i3 )]

= (iywh — iTwh)? + €| (iTwh — igwh)@wh — 'wh)],

2(i2_)2w'1w'2 + 265 wijwséw” + 2(i1_)2w£'wg + 2] wiwhéw

— (Wl + W) [z’;ig Vil iy + z’;@’]
—N\2 MM —N\2 S A/ "o
= 2(i7 ) wiwy + 2(iy ) “wiwh — 2iy iy (wWiwy + wyiws)
+ & |2i5 wiwh@" + 21T wiwiw' — (Wiwh + wiwy)(i7@" + iy d")

. e N2 1,1 N2 o
= —2i] iy wiwy + 2(i7 ) “wiwy + 2(i5 ) wiwy — 2] iy wiwh
— I~ — M M~ /i n, ! —~// -—~/

+ & 205 wiwsw” + 2] wiwy @' — (Wiwy + wiwy)(i; W + iy @")
_ e INfe— —
= —2(i7 wy — 19wy ) (iy wy — iy wp)

(6. — o~ c— N N~ !N ! e —~// -—~/ |
+ &£ 2i5 wijwow” + 2i] wiwyw' — (wiwy + wiwy)(i] @ +i5W")|.

Substituting them into (5.7), we have

(7] —izwh)m — (igwh — i7wf)ns
(e — i) @ — &) + (7wl — i3 ) @ — T3
+ (2i5wiw§@" + 2i] wiwhw' — (wiwh + wiwh) (i7" + i;fo'))nlng} > 0.
In order to verify the previous inequality we continue to manipulate the left side, obtaining
after some algebra
(5.15)  [iy (mwy + nows) — iy (nawf + nowy)]
[ig (1w + naws) — iy (niwy + nawsy) — (n1é — n2r) (wWiwsy — wiwy)] > 0.

In order to conclude the proof, let us emphasize that

(5.16) (n1&2 — n2é1) = 0.

Using (5.14) we can write the previous equivalence as follows:

(5.17)
ou~ Ou’ ou~ Ou’ ou~ ou~ ou™ out
niéa—n21 = m <(‘9y_8y> —ng <6x_855) = —Wnrl-aiym— <_8xn2+8yn1)
= lim v(—ng nl)u(xvy) - lim v(—ng nl)u($’y) = au;(fv @) - E(jv ?) =0,
(@)= (@) ’ (@)= (@9) ’ ot ot

(z,y)eQ™ (z,y)eQt
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\’YZ \72

NN (// §\{4

Figure 6. Two examples of impossible structures for the vector field b(x,y).

where in the last passage we use the orthogonality of (—ns,n1) with respect to the normal
vector (nj,ng) of the discontinuity curve «y(t). This means that we have to consider the
gradient in the tangential direction with respect to v(t) for both sides Q1 and Q~, that is,
85: and 8“ . Now, since we are assuming the continuity for the surface u, we have that these
two derlvatlves are equal for all the points (Z,7).

Finally, from (5.15) we arrive at
[i5 (e + naws) — iy (MW + naw3y)]? > 0,

which ends the proof. |

The conclusion of the previous theorem is related to the structure of the vector field b(z, y).
In fact, near the points of discontinuity, the condition (5.21) allows us to respect the structure
represented in Figures 5(a) and 5(b). If we consider intersection of discontinuity curves, it is
clear that some behaviors (as in Figure 6) for b(z,y) cannot appear. However, this condition
on the vector field b is necessary for the construction of a unique Lipschitz solution shown in
the following theorem.

Theorem 5.3.  Let us assume to be in the physical case (C2). Consider the problem

b<$7y) : VU(QZ,y) = f(x7y) a.e. ((IJ,y) € Q7
(5.18) { u(z,y) = g(z,y) V(z,y) € 0.

Let us suppose that (y1(t),...,vk(t)), the family of reqular discontinuous curves for b(z,y)
and f(x,y), are not characteristic curves (with respect to the previous problem). Then, there
exists a unique Lipschitz solution of (5.18).

Proof. As said before, in order to prove the uniqueness of a Lipschitz solution, we consider
the characteristic method. For problem (5.18) the characteristics are given by

(5.19) (b)

where s is the variable of the parameterization and z(s) is the value of u on the projected
characteristic (that is, z(s) = u(z¢(s), yc(s)))-

The initial condition for integrating this system of ordinary differential equations is taken
from the values of the function u known on the boundary I'y, := {z € I' = 9Q : b-n < 0}.
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Then
(a0) zc(0) = o,
(bo)  ¥e(0) = wo,
(co)  u(ze(0),yc(0)) = g(zo, yo)

with (zg,yo) € 0. It is possible now to use the result (5.1), given that there is no possibility
of having pits or source points in the domain 2 since the vector field b(z, y) is always different
from the null vector inside this domain.

Starting from the boundary, it is possible to integrate until the first point of intersection
between the projection of the characteristic and the first jump discontinuity curve using the
standard method [13]. Let us consider the point (z1,y1) € 7; to also be a point of the
characteristic passing through (zg,o); that is, there exist § and ¢; such that (x1,y1) =

(2(5). 9e(5)) = 75 (F;) (see Figure 7).

o0

Figure 7. A schematic representation of a first intersection point (zc(5),yc(5)) between the projected
characteristic and the curve of discontinuity y(t).

Now we can begin to solve another Dirichlet problem on the characteristic, very similar
to the starting one:

b(z,y) - Vu(z,y) = f(x,y) V(x,y) € (zc(8),yc(s)) with s > 3,
(5.20) { u(xe(8), ye(5)) = lim u(ze(s), ye(s).

The well-posedness of (5.20) is guaranteed from the type of discontinuity of the functions
b(xz,y) and f(x,y). In fact, the jump discontinuity allows us to work with prolongation by
the limit. We are considering the problem only on a specific characteristic taking as initial
starting value the limit of z(s)s—s for the system of ordinary differential equation (5.19).
Using Theorem 5.2, it is possible to understand that we do not need additional information
about the solution u inside the domain. In fact, the only information we need to reconstruct
the surface over all the domain 2 is the Dirichlet boundary condition.

The argument can be extended to all discontinuity points, that is, for all the points of
(71(t),...vk(t)). This means that the integration along the characteristic s > 5 is intended
until a new point of discontinuity of the functions b(x,y) and f(z,y), that is, until a new
intersection point between the characteristic and one of the v; curves. |

Theorem 5.4. Let us assume to be in the physical case (C2), and let (y1(t),...,vk(t)) be
the family of jump discontinuity curves for b (i.e., for Iy and I3). Then for every two distinct

points (z,y), (,y) € Q\(71(¢), ..., (t)) we have
(5.21) b(Z,7) - b(Z,7) > 0.
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Proof. We define the quantities

we replace them in the analytical form of b(x,y) (4.9) as
b= (01(2,9). 02(.9) = (b — Dl Tow) — o),
b:= (bl(j7:g>7 bg(lﬁ,g)) = (IQwi - _[10.)1/, _[20.)5 - IlwIQI)7
and we write (5.21) in explicit terms as
(I — i, Loy — Tw) - (Tow — Do, Bowh — hiwf) > 0,
(Iowi — T ) (Tow — L)) + (Tawh — Tw)(Towh — Tiwh) > 0.
We get

-~

LL(wh)? — [ Lww! — L Lw,w! + LI (w))?
+ Ll(wh)? — L Twhwl — Ty Twh! + T, L (w))? > 0,
and reordering the terms we get
LI ((wh)? + (@5)*) — I (wiw] +whwh) — T (whiw] +whed) + TiL((w])” + (@5)?) > 0,
which can be written in compact form as
(5.22) LLI&?+ LL|[&"? > (LL + LL)d - &

Now we have to take into account that our images all have bounded values in (0,1]. The
only way to have the left side of (5.22) equal to zero is to take @’ and @” such that |&'| and
|@”| are equal to zero at the same time. But this is not permitted by the photometric stereo
technique definition used to solve the problem (because the direction of the light sources must
be different).

It is clear that if we take the two light directions such that &’ - @” < 0, condition (5.21) is
verified, but now we want to prove it (through the (5.22) formulation) in a more general case.

Let us define the following quantities:

7 —Vu(z,y) - @ + wh I — —Vu(z,y) - @ + wj
1+ [Vu@, 9P L+ [Vu(z,g)?

i, — —Vu(z,y) - " +w§,’, 7, — —Vu(z,g) - " + wf
1+ |Vu(z,y)|? 1+ |Vu(z,y)[?

Substituting them into (5.22), we observe that the denominator of all the terms on both sides
is the same, that is,

V1+[Vu(@, g)PV1+ V@, g
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and we can study the inequality without it because it is always positive. The quantities

~

i1 =—-Vu(z,y) @' + wj, i1 = —Vu(z,7) & + wh,

5.23 - - ~
:23) V(@) T i = ~Vuleg) &+ o

i2
are positive by definition, and it is possible to calculate the differences as

(5.24) i1 =i = —Vu(@,§) & +wh + Vu(7,9) & —wh,
| iy — iz = —Vu(Z,7) - &" + wf + Vu(z,7) - 0" — wj.

Defining £ := Vu(z,y) — Vu(Z,y), we have

- = L~
(525) /.31 _31 _’_5 SJ/,’
19 =19+ & W'

Substituting the previous equalities for i1 and 7» into (5.22),

(52 + EVBIT P + (1 + VI — [ + €3V + (2 + 65| - & 2.0,
@I + Rl PED" + ()1 P + e P — [ivhy + 1260 + ity + 1060 |-T 20,
(i@ — 110")% + € [52\6/12&” + 01 |@" 20 — (20’ + 10" - J/’} >0,

(2 — 1" )? + €[l |25 + 1|5 — Bl P& — 1| %" > o,

(G2 — 01&")2 > 0,

which is obviously always verified. |

The previous result is very important in terms of the propagation of information since it
says that the vector field b does not have strong changes of direction in the image domain.
Especially for the numerical schemes, this result will permit us to obtain good results of
approximation even if the interpolation formula will be stopped at order one.

Now we explain why Lipschitz continuous solutions have the minimum regularity required
for this type of SfS model. Let us consider the problem in the physical case, where it is easier
to understand why a discontinuous function cannot be a solution of problem (5.18). Let us
consider the 1D problem, taking, for example, the two functions

() = r+1 ifzx<l1, s (z) = r+1 ifzx<l1,
B 243 ife>1, 2V 7)) —z+2 ifx>1.

If we choose a light source directions w such that there are no shadows for both surfaces,
then it is possible to write the corresponding relations

__Cu@ ) e
= U wen T U ey

This is because the derivative of u;(x) and ug(z) (where they are regular) coincide.



636 ROBERTO MECCA AND MAURIZIO FALCONE

It is clear that these two functions, when we fix the {2 domain, are different on the boundary
0f). However, we will see in the next section that not all the values at the boundary are
necessary to identify the solution. Following the previous constructive proof to obtain a weak
solution, we need to know the values at the jump of u at every point of discontinuity to
identify the solution. This strong limitation implies that this kind of SfS model will not be
able to handle discontinuous solutions since, using a light source at infinity, it is impossible
to distinguish different discontinuous surfaces which have the same derivative.

5.1. Boundary conditions for the SfS-PS model. In this section we want to introduce
the concept of consistent boundary conditions and show how this notion can be useful for the
solution of our differential problem. Let us start by showing the role of boundary conditions
in our model.

5.1.1. The role of boundary conditions. Let us now focus our attention on the impor-
tance of the boundary conditions. It is well known that from the orthographic point of view
of the SfS problem, if no boundary conditions are considered, there is a nonuniqueness due
to the fact that if u(x,y) is a solution, then u(z,y) + ¢ (¢ € R) are also solutions of the same
problem. For the SfS-PS problem, we have another kind of inconvenience which gives rise to
an ill-posed problem.

A simple example. We consider a first example proposed in [31], where we have two
surfaces u9 (z,y) and u® (z,y) defined as

{ ul (z,y) = s(z) + r(y),
u? (z,y) = —s(x) + r(y),

where s(z),r(y) € Lip(Q2). The unit normals to these surfaces, defined a.e., are

(5.26)

”(jr (.%‘, y) =
(5.27)

A
\
—
~
=
~
—~~
<
~—
—_
~—

(x v) = \/s 2+1

It is very easy to see that the images of both surfaces coincide for the light directions:

(5.28) wg = (0,sinp,cosp), @€ (—g, g),
in fact,
—r'(y )sing0+cosg0
5.29 w2 - T =w?.-n? z,Yy).
(5.29) gl (z,y) = NEIE Ty e (z,y)

This means that if we choose two angles 1 and s, we have to solve the following nonlinear
system:

—r'(y) sin 1 + cos 1

V(@) +1(y)? + 1
(5.30)

—r'(y) sin gy + cos @y = Ih(x a.e. (x Q

Vs ()2 + 7 (y)? + 1 2(7,y) (z,y) € Q,

= NL(z,y) ae (z,y) €9,




UNIQUENESS AND APPROXIMATION OF AN SFS-PS MODEL 637

where the equations are redundant. In this case the system admits at least two solutions,
namely ug(m, y) and u® (x,y), that differ just for the boundary condition.
The same ambiguity appears when taking the surfaces

(z,y) = s(z) +r(y),

u? (z,y) = s(x) —r(y),

u

3 4w

(5.31)

»

which have the unit normals
1
s'(z)?+r'(y)? +1

n—%— (1‘, y) =
(5.32) \/

ni(%y) - \/8’(.%’)2+?“/(y)2—|—1 (_S ((L‘),T‘ (y)71)'

Given the light sources

(5.33) wé = (sinp,0,cosp), @€ <— g, ;r),

we have the same gray-level images; in fact,

™

—g i L3 L3
s'(y) sing + cos —wf niy).

VI@P P+

A rather general example. Now since in the orthographic model the camera is placed at
infinity with respect to the surface, it is clear that the previous two cases can be generalized
given a surface rotation of an arbitrary angle (namely 6) with respect to the z axis.

Let us start by defining two parametric surfaces h‘i and h? as a generic rotation of the
functions uﬂ and u® of an angle § with respect to the z axis, that is,

(5.34) Wl -nl(x,y) =

cosf —sinf 0 x xcosf — ysinf
hi(x,y) = | sinf cosf O Y = | xsinf +ycosh |,
0 0 1 s(x)+r s(x)+r
55 | (@) + (1) (@) +r()
cosf —sinf 0 x xcost —ysinf
W (z,y) = [ sin@ cos® 0 Y = | xsinf + ycosh
0 0 1 —s(x) +r(y) —s(z) +r(y)

Consider the change of variables

{ﬁ—xcose—ysine,

(5.36) .
n=axsinf + ycosb,

which corresponds to

(5.37) {x =nsinf 4 £ cos b,

y=mncost —&sinb,
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and write hi and h? as follows:

hE.(&,m) = (€,m,s(nsin + € cos 0) + r(ncosd — Esin b)),

(5.38) ) |
hZ(&n) = (&, —s(nsinf 4 £ cos0) + r(ncosd — Esind)).

If we also consider the light source depending on a parameter 8 as
(5.39) wg, = (cos (9 + g) sin ¢, sin (0 + g) sin ¢, cos cp) = (—sinfsin ¢, cosfsin p, cos ¢),

it is easy to see that the previous two cases can be obtained by choosing two specific rotations,
that is, 0 = 0 and 0 = 7.

A generalization of the previous ambiguity can be obtained by just verifying that ni -wg, =
nf . wf, for all #. Fixing € and computing the normal vectors ni and n? | we get
(5.40)
0 (—scos@ +rsinf, —ssinf — rcosf, 1) ~ (—scosf +rsinf, —ssinf —rcosd, 1)
i ~/(=scosO+rsinf)? + (—ssinf —rcos6)2 +1 24+r2+1
0 (scos@ +rsinf, ssinf — rcosf,1) _ (scos@ +rsinf, ssinf —rcos6,1)
nf_\/(scosﬁ+rsin9)2+(ssin0—rcos€)2+1_ s2+r2+1 ‘

To verify that both normal vectors lead to the same image, we consider a generic light
direction wg. Subtracting, we get
n‘i : wf; —nf W
—sin# sin p(—scosf + rsinf) + cos O sin p(—ssinf — r cos #) + cos

(5.41) s24+r2+1
_ —sinfsinp(scosf + rsinf) 4 cosfsinp(ssinf — rcosf) + cosp

0.
s2+r2+1

The above remarks show that the role of the boundary conditions is crucial in character-
izing a unique solution even for the SfS-PS problem.

5.1.2. Consistent boundary conditions. In the previous section we presented a way to
find the unique solution using the characteristic field across all the domain 2. This approach
can be used in two different ways depending on the direction of the characteristic field that
we want take into account.

If we call v(x, y) the unit outgoing normal vector to 02, it is possible to define the following
subsets of 0€:

Fin =1} (z,9) € 0Q:v(z,y)- lim b(z,y) <0,,
(z,y)—(@.9)
(z,y)€Q
Fout =T \ Fina

which are, respectively, the sets of points where the characteristic field is incoming and outgo-
ing with respect to €. Let us recall that, in our hypotheses, the vector field b is not continuous.

)
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This means that in all the discontinuous points of b belonging to 02 we have to consider the
limit vector from the inside of the domain. Let us emphasize once more that Theorem 5.2 clar-
ifies also some ambiguous cases for I';,, and I',,;. In fact, if a curve of discontinuity coincides
on a part of the boundary, we have to consider the limit vector of b(x,y).
Then, we can write
00 = ot U TG,

Let us explain what happens in a simple case going back to a previous example where
the light sources are w’ = (0,0,1) and w” = (sin(p) cos(f), sin(6) sin(p), cos(p)). Then, the
vector field that defines the characteristic field, that is, b(x,y) = (=L (z, y)w], = (z,y)wh) =
—I(x,y)w"”, can be represented by straight lines all parallel to &@” but with the head on the
opposite side of it. In this case it is possible to see the two sets I';, and I'y,; of a particular
domain 2 (i.e., image domain) as in Figure 8.

////////%

ri.n

Q

NONNUNNNN

Figure 8. Domain Q and the distribution of the Ui, and Loy sets considering a constant characteristic
field (represented by the arrows) as in the previous example.

As we have seen before, we get to the uniqueness of the weak solution through the char-
acteristic method. In the proof we have not specified the orientation of this vector field,
assuming the direction we consider is orientated as the vector field b. In other words, the
problem we solved in the proof is the forward problem, that is,

b(z,y) - Vu(z,y) = f(z,y) ae. (z,y)€Q,
(542) { u(x, y) = gin(x7 y) V(I, y) € Lin.

In the same way we can consider the opposite direction and repeat the proof of the
uniqueness theorem, obtaining the same result. Let us consider then the following backward
problem:

—b(l',y) ) VU(ZE,y) = _f(xvy) a.e. (l’,y) € Q,
(543) { ’LL((L', y) = gout(xa y) V(ﬂf,y) € I_‘out-

It is clear that, when we consider a global boundary condition g(z,y) (as in the general
problem (5.18)) defined over all the boundary domain 0f2, we need to define the consistency
of this function with both of the previous cases. That is, when we start to solve the solution
from I';,, for example, we need to obtain, through the characteristic method, the exact value
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of g(x,y) on the “other side” of the boundary, that is, I'yy;. With the aim of defining the
condition of compatibility of this boundary condition, we will define all the constraints that
it has to respect to make the problem well-posed.

Let us emphasize that all the points of €2 which are not points of discontinuity for b
can be reached by a characteristic curve; that is, for all these points the solution can be
determined in a unique way. We start by considering (5.42). We denote by (5(t;xo,yo) the
characteristic curve passing through (zo,y0) € i and (21,y1) € Tour N B(¢;20,y0). Now,
following the characteristic method, we determine the value of u;, at point (z1,y1). Fixing
9in(1,y1) = uin(x1,y1), we obtain the boundary condition g;,(x,y) defined in I, UT . Let
us call it g;,,(z,y). We can repeat this argument to build g,,,(z,y) defined in I';, U Tpys.

Definition 5.5. A function g(z,y) € C(T'in) N C(Tour) is a consistent boundary condition if

gout(x’ y) = ?m(xa y) .

5.2. Uniqueness. Now we want to prove the equivalence between problem (5.18) and

c - !
vu(x7y) w + LU3 — Il(xay) a.e. (.’L’,y) € Q’
1+ |Vu(z,y) 2
. L i
(5.44) Vule,y) STHWs ) ae (ny) € Q)
1+ [Vu(z,y)[?
u(z,y) = g(z,y) V(@,y) € 00

Proposition 5.6. If v(z,y) is a solution of the nonlinear system (5.44), then it is also a
solution of (5.18).

Proof. We will prove that the two problems are equivalent in the physical case, that is,
when we consider the relation between the two images and the surface:

_ —Vou(z,y) - & + wh

I x’ = Gw/ v 5 x, E Q,
- 1(z,y) (v) ERNTEAL (z,y)
' —Vo(z,y) - @" + wf
I(z,y) = Gur(v) = , (@, € Q.
2(z,y) (v) ORI (z,y)

Let us call G (v) and G, (v) the operators that describe the SfS classical problem applied
to the surface v. We now want to emphasize how the functions I(x,y), I2(z,y) and the
function w, solution of problem (5.18), are correlated. First, we fix the light sources, so the
applications G, (v) and G~ (v) are univocally determined (that is, if we assign a surface v,
it is always possible to calculate the brightness images I1 and I, respectively, for the light
vectors w’ and w”), but they are not bijective (because it’s not possible to determine the
surface v only by the single function of the brightness and the value of the surface on the
boundary of the set ©). Now we want to verify that, if u satisfies (5.18) and we add the
condition u(z,y) = v(x,y) for the (z,y) € 9N, then u(x,y) = v(z,y) in Q. If we consider v as
the solution of the nonlinear system, we can use the fact that it generates the image functions
I, and I,. Then, by substitution we have

(5.46) V(. y) - (@ G (0) = "G (0)) = WhGlun (v) — W Go (v);
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then

. et Vi . o~ ’
Vulz,y) - <(:), Vou(z,y) - &" + wh o Vo(z,y) - w +w3>
V1t |Vo(z,y)? L+ [Vo(z,y)[?

, —Vo(z,y) - & + wf y—Vu(z,y) - & + wj

S T+ V(g V1 F V(e )P

9

Vu(z,y) - ((=Vo(z,y) - &)@ + wid + (Vo(z,y) - & )o" — wid”)
= —Vo(z,y) - 0"wh + wiws + Vo(z,y) - &'wi — wiws,

Vu(z,y) - (=Vo(z,y) &+ Vo(z,y) - &)0" +wie’ —wid”) = —Vu(a,y) - (&"ws — &'wsy),
for which
Vu(z,y) - (Wie" — whd") = Vo(z,y) - (@'wh — @0"wh),

and this implies the equality Vu(x,y) = Vou(z,y) in . If we consider the condition u(z,y) =
v(z,y) for the points (z,y) € 02, we obtain the extension of the equality also in all the
domain. |

We will use now this result for the uniqueness of solution of problem (5.44), as follows.

Corollary 5.7. The nonlinear system (5.44) admits only one solution.

Proof. 1f, by contradiction, we take two solutions of problem (5.44) called vy (z,y) and
va(x,y), then, by (5.6) we can also say that both are solutions of problem (5.18). However, by
the uniqueness result Theorem 5.3, this implies vy (z,y) = va(z,y) for any (x,y) € €. [ ]

6. Some approximation schemes for the SfS-PS linear equation. We have seen how the
system of nonlinear equations can be transformed into a stationary linear equation. In this
section we are going to present some numerical schemes to compute the weak solution of the
problem.

For simplicity, let us consider a square domain €2 like the set [a, b]? (in the numerical tests
[a,b] = [—1,1]) and with a uniform discretization space step A = (b — a)/n, where n is the
number of intervals dividing the side of the square. Then we have x; = a + A, y; = a + jA
with 4,5 = 0,...,n. We will denote by Q  all the points of the lattice belonging to €2, by Qq4
all the internal points, and by 04 all the boundary points.

6.1. Finite difference. We start with a standard finite difference approximation of the
partial derivatives of wu:

du . ) — U($i+1, yj+1) B u(.’Ei,]_, ijr].) )

%(ﬂ% y;) = A + O(A*) (central),
Ou  —_ w(@iyji1) = u(@iy)) :
y (i, y5) = A + O(A) (right).

Note that even if we use the implicit finite difference schemes (usually used to amelio-
rate the stability of this kind of technique), we must respect some constraints to guarantee
convergence [46].
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Starting with knowledge of the solution on part of the boundary, we use the two above
approximations to build the following implicit scheme for (4.8):

bi(zs, yj+1)

6.1) Ulzi,y;
( ) (.%' yJ+1)+ 2b2(xl,yj)

(U(zit1,Yj+1) — U(®i-1,j+1))

= U(xi,yj)+ f(Z'i,yj)-

ba(i,y;)
In particular we will use the values at the left, right, and lower sides of the domain as boundary
conditions. Since we divide by the second component of the vector field b, it is clear that the
numerical scheme is not defined at every point (z;,y;) such that ba(x;,y;) = 0 (note that
situation can appear even if |b| # 0).

Then, for every line of the domain (and for j = 0,...,n — 1) we have to solve the linear

System
AUjy1 = B,

where the unknown vector that contains all the values of U in the (j + 1)th row and the
right-hand side can be written as

bl
U1.+A VRS §AOR
2J b%,jf 3J gb‘i]_ 0,5+

Ui
J+1L A
(6.2) Ujsr = : , B= : ,
A
Un—2j+1 Un—2,j + 17272_]071—2,]’
n—4<,j
Un—1,j+1 1

A b NES
Un—1j + 70— Jfn-1, — 55 Unj+1
-1, i

and bi{j = bi(xj,y;) and b,zj = ba(xj,y;). It is important to remark that the matrix A of the
coefficients is tridiagonal:

b}
,J+1
. 0 0
Mo o b
_ 723 \J
ae, L i 0 0
(6.3) a=| 0
0
0 0 Cbnai 1 by 241
T ng%j . 2b%72’j
b1 11
0 0 — 20 1

Let us analyze the stability of this scheme via the classical von Neumann analysis. If we
prove the stability for this scheme, we can use the principle of Duhamel (see [43]), which states
that the scheme for the inhomogeneous problem is stable if the corresponding scheme for the
homogeneous scheme is stable.
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To this end, take the homogeneous differential equation
and consider the following implicit scheme:

bi(zi, yjs1)

6.5 U(xi,y; +
( ) (‘T y]+1) 2b2($@,yj)

(U(xit1,y541) — Uxim1,y541)) = Ulxi, y5)

with u(zo,y;), w(zn,y;), and u(x;, yo) given for 4,5 =0,...,n.

Let u(x;,y;) be the continuous solution of the finite difference scheme (6.5) and U(z;, y;)
the solution of the scheme which is computed, so that U(z;,y;) contains rounding errors. The
error at every mesh point (z;,y;) is defined as

E(zi,y5) = w(wi, yj) — U(zi, y;).-

Assume that the solution is periodic. Substituting into the scheme the solution developed in
Fourier series, we get

(66> E('Tla y]) = eocheiBiA’

where i? denotes the imaginary unit; then a finite difference scheme with constant coefficients
is stable if

(6.7) e®2 <1 VaeR.

Theorem 6.1. The numerical scheme (6.5) is unconditionally stable.
Proof. We have to show that condition (6.7) is satisfied. Taking the scheme (6.5) we have

cCTDAJIBIA | b (ea(j—i-l)AeiB(i—l-l)A B ea(j—i-l)AeiB(i—l)A) — OIAIBIA

2
where b = MAX (g, 4 )eQy % Dividing by eUtDAIBA viglds
14 g(eiBA i) =gl
E . —aA
1+ 5(218111(5A)) =e 7
then -
o—a _ 1 — bisin(BA) <1 -

140 sin?(BA)
However, even if the stability can be reached, if there exists a point (z;,y;) such that
ba(xi,y;) = 0, the discretized problem (6.3) cannot be solved.
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6.1.1. Forward upwind scheme. In order to introduce a finite difference numerical scheme
which does not need to consider a particular direction of the vector field b in order to be well
defined, let us consider the following implicit upwind scheme:

F F U U

U . — ! .
]'. . Z+17] 7’_17] . 7]+1 7.7 1
(68) b}~ o 07,
‘bl ‘U-‘rlj 2U1{3+UZF ’bQ ‘U]-i-l QUF+U,J 1+f
" 2A 2A I

fori,j =1,...,n—1. The artificial diffusion introduced in the right-hand side of (6.8) produces
the upwind correction for the vector field b, taking the forward or backward discretization for
the first derivatives in order to follow the characteristic lines [36, 43]. In particular, the
numerical scheme is consistent of order 1 with respect to both partial derivatives.

Now the computation of U can be obtained via a global linear system where all the
internal points of the grid are included. This means that the dimension of the system is of
[(n—=1)(n—1)] x [(n —1)(n — 1)]. Note that a priori the corresponding matrix has a block
structure. In fact, writing the scheme (6.8) as

1 1 1 1 2
i (PPl e (BN 1071 + 19251
i+1,5 2A i—1,j A i A

b2 — b2, b2+ b2,
7,7 1,7 F 1,] 7,] _
Ul (m) ~ Vi <2A> = Jud»

we obtain the block linear system

(6.9)

S
D}F DyF % .. . . 0 me B{lOCI
DiF DI§ D5* % e 0 Ublm Bbm
0 D2F Dg D3F O ... 0 Ublocd BblOC3
(6.10) : . " : = : ,
F F
0O .. o0 Df, DF, D%, 0 Ubloc,_5 Bioc, s
Ir Sr UF BF
0 e “ e 0 DTL 3 DTL 2 Dn_2 bFl‘OCn_Q }II)}‘OC”_Q
0 . . . 0 D£112 Df;—l Ublocn,l Bblocn,1

where DI, D,fF, D,ﬁF are matrices of R(~1*(=1) and Ulﬁocr, b]flocr are vectors of R"~! (with
r=1,....n—1and k=1,...,n—2). In particular,

163 4163 b} . —1bd 1
- on L0 0
b3 I, 163 1 H103 b3, =153 1| 0 o
2A A 2A
DF — . . 4 .
,, o - . . ) 0 ,
bl +|b | ek |+\b [ bl \bl [
0 0 _Pn—2,rtl® 2, n—2r n—2r n—2 o 2,7
1
0 o Cbna, r*‘bn PO R L 1r|+“’n 1,

DS* — diag b7y — 103 4| 035 — 1034 bn Y ne1k — 10n_1 k]
k 2A T 2A T 2A 2A ’
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2 2 P P
DIF _ dia _bl,k+1 + 107 | _b2,k+1 + 103 1|
k g 2A bl 2A PR

2 2 2 2
_bnf2,k+1 + |bn72,k+1| _bnfl,k+1 + |bn71,k+1|
2A ’ 2A ’

ul’ob%;fill +uo,1bh;fi1' +fin
U2,0% + fo1

Blfiocl = ’

Und,()ibi_m;f%_z’ll + fn-21

by 11 t1bh 1l by—1,1—1br 11
Up—1,0—" 72An e N 72An =+ fr-11

by b1,
U/O,q ’qQA el +f1,q

foq
F .
Bioe, = : forg=2,...,n -2,
fn72,q
bl

—|pt |
n—1,q | n—1,q
—Un,q N + fn-1,4

b7 ;=167 b1 1 H1b1
—Uln = SA = +u0,n—1 = 5A = +f1,n—1
b%,nfl_w%,nfll
U + fan-1
F _ .

Bblocn,1 - . )

b2 o110 o,
—Up—2p—— 2An ==+ fnon-1
bi—l,n—lf‘bi—l,n—ll b}l—l,n—lf‘b}z

— 11l
—Un—1,n A — Unpmn-1 A ==+ fa—1n-1

and
(6.11) Uboe, = Ut ... U, ,)  forr=1,...,n—1

After this global description of the discretization matrix is it important to emphasize the local
structure of the matrix. It is clear that it depends on the vector field b. In fact, we note that a
lot of coefficients in the previous matrices are zero. That is, if we consider the two quantities

by, + b bi; — Ibi;
A A

only one can be different from zero, depending on the sign of bil,j' The same argument is true
for the other coefficients far away from the diagonal:

b+ 10 b — |b;
2A 7 2A
The above remark shows that the matrix appearing in system (6.10) may also have zero

elements on the five diagonals. This way of discretizing problem (5.18) allows us to approxi-
mate the solution by considering the inflow part of the image boundary (i.e., gin(z,y)) since
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we follow the characteristics which propagate the information at the boundary across the
domain. In Appendix A.2 we describe how it is possible to compute the unique solution of
problem (5.18) starting from the other side of the boundary (namely, the backward upwind
scheme), that is, I's,, considering as initial boundary data gou:(z,y).

6.2. A forward semi-Lagrangian discretization. A second numerical approach to solving
(5.18) is to mimic the solution along the characteristics in the general case, i.e., when they
are not parallel to the axis as in the finite difference case. We then consider the following
equivalent equation obtained by dividing the two sides of (5.18) by the norm of b(z,y):

Sfly)
(6.12) Vou(z,y) = V(z,y) € Q,
’ [b(z,y)]
where V,u denotes the directional derivative of u in the direction p(z,y) = ‘bg 2’;'

We observe that the division by |b(z,y)| doesn’t involve any kind of difficulties for the
numerical scheme, due to Lemma 5.1. Now, considering the definition of directional derivative,
we can write

u(z — hpi(2,y),y — hpa(x,y)) —u(z,y)  f(z,9)

1 lim — = Q
(6.13) lim - o] Y@ €0,
which leads to the approximation

h  [b(=,y)]

Considering a uniform discretization {23 as in the previous section, we can finally write
the semi-Lagrangian scheme

f(@i, y5) L
[b(xi, ;)]
This scheme has the advantage of following a numerical integration along the characteris-
tics of (5.18), but it has some computational drawbacks:
e it computes for every point (z;,y;) € Qg a linear system for the interpolation of the
point w(z; — hp1(xi, y;),y; — hp2(zi,y;)) with respect to the (uniform) grid;
e it is an iterative method since it is based on a fixed point scheme.
We introduce two discrete functions u”(x;,y;) = uj'; and "t (2, y5) =
on the grid nodes. Therefore, the iterative scheme (6.15) corresponds to

fl,j
|bij

(6'15) U(:Eivyj) ( - hpl(xhy]) hpz(l‘z,y])) +

"+1 defined only

(6.16) it =" (@i = hpa (i, y5), 95 — hp2(2, 7)) +

h v(xzay]) € Qd

If we assign an initial function u ., such that u®(x;, y;) = g(w;,y;) for any l(z;,y;) € 0Qq,

2]7
it is possible to start the iterations by computing the successive approximation wu; ;H as in
(6.16).
This numerical scheme works by following the direction of the characteristics. This means
that it will need the boundary data on the inflow part of 9Q (i.e., I';). As explained in
the previous section, also for the semi-Lagrangian scheme it is possible to approximate the

solution using the other part of the boundary condition (that is, gout(x,y)); see Appendix A.1.
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6.2.1. Consistency and convergence. In this section we want to prove the convergence
of the semi-Lagrangian numerical schemes, given as known the construction of the bilinear
interpolation and the order of consistency [14]. In fact, for both schemes (backward and
forward) we have the following order of consistency:

(6.17) O(h) + o(f)

for which we can obtain order one of consistency if we take h = A.

Let us now give a proof of the convergence of this method. In this case we will show
that the numerical algorithm is a nonincreasing map in L% (£2) on the Banach space function
Whee(€), that is, the Sobolev space notation for the Lipschitz-type functions.

In order to prove the convergence of the scheme using the existence of a unique fixed point
for the nonexpansive map [21], we give the following definition.

Definition 6.2 (condition A). If D is a subset of a Banach space X, T' is a mapping from
D into X, and x1 € D, then M(x1,t,,T) is the sequence {x,}72 , defined by xpi1 = (1 —
tn) Ty + tn Ty, where {t,}5° is a real sequence. If a point x1 and a sequence {t,}>2 | satisfy
the three conditions

oo
(6.18) D ity =00,
n=1

(6.19) 0<t, <b«1 V positive integers n,

then x1 and {t,}o2, will be said to satisfy condition A.

Note that if ¢,, € [a, b] for all positive integers n and 0 < a < b < 1, then it is obvious that
the sequence {t,}°2 , satisfies (6.18) and (6.19).

Theorem 6.3. Let D be a closed subset of a Banach space X, and let T : D — X be a
nonezpansive mapping with X compact. If there exist x1 and {t,}>2 that satisfy condition
A, then T has a fized point in D and M (x1,t,,T) converges to a fized point of T

Using the previous result, we want to prove the convergence of the numerical semi-
Lagrangian schemes using the fact that the operator that defines the schemes satisfies condition
A.

Theorem 6.4.  The numerical scheme (6.16) (and (A.2)) converges to the unique weak
solution of problem (5.18).

Proof. First we define the map T described by the numerical scheme (6.16) on the Lipschitz
functional space:

(6.20) T(w) () = ul(a.y) + hple.y)) — b o?)

[b(z, )|
It is easy to see that (6.20) is nonexpansive in W5h*°(Q). In fact, if we take two functions u
and w both in W1°(Q), then

1T (u)(z,y) — T(w)(@,y)]loo

f(z,y) f(z,y) H
b(, y)| 10(2, )| ] o0
= [[u((z,y) + ho(z,y)) — w((z,y) + ho(z,9)) o = w(z, y) — w(z,Y)lloo-

u((z,y) + hp(z,y)) —h —w((z,y) + hp(x,y)) + h
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The iterative method uses this map to build the sequence by the recursive scheme, that is,
u™! = T(u™). In order to use the previous theorem we define some objects useful to this
purpose. Let M (v°,t,,T) be the sequence defined as

(6.21) v = (1 —t, 0"+, T (0",

where v € WH*(Q) is the initial data and {t,}°° is a sequence of real numbers such that
o0
Y tp=00 with0<t, <b<1,
n=0

with b € R. In our case it is also possible to take t, as a constant sequence (for example,
t, = 2 would be enough).

In the weakest case (where we prove the existence and the uniqueness, Theorem 5.3), we
consider that the functions b(z,y) and f(z,y) are discontinuous on the same curve ~y(t) C Q.
The operator T is applied on functions taken in a discrete domain 4. Then if we consider
J@u) ith (7,y) € Q4 as the values of a function in W*°(Q), the following can be considered

[b(,y)]
true:

v e WH(Q) vn > 0.

We finally have all the necessary hypotheses satisfied in order to apply the previous the-
orem, Theorem 6.3. |

The computational cost for every iteration of both schemes is considerable, taking into
account that for every internal point of the grid we have to solve a linear system whose
dimension is small and constant for every point. Since in the numerical tests we use a bilinear
interpolation, at every pixel we solve a linear system of dimension four.

The stopping criterion is based on the convergence of the succession of approximations
u™ through the Cauchy criterion with the infinity norm; that is, since u" converges to u, the
algorithm will be stopped when

(6.22) |u"™ — u”“Hoo = max |u"(x;,y;) — u”“(wi,yj)] <e
(24,y5) €4

with € opportunely chosen small.

7. Numerical tests. In this section we will test the semi-Lagrangian and the upwind finite
difference scheme (forward and backward) on a set of surfaces. In order to prove the efficiency
of the model previously described, we use both synthetic and real images, and also consider
regular and Lipschitz continuous surfaces.

7.1. Synthetic images. The different types of surfaces represented in Figure 9 have been
chosen because their geometrical and analytical properties have an impact on the convergence
of the schemes. In particular, vi(z,y) is a regular surface with three peaks corresponding to
very big slopes. In order to verify that the numerical schemes converge even if some theoretical
assumptions with respect to Theorem 5.3 are not verified, we use the surface va(z,y), which
has an easy disposition of the point of nondifferentiability of the surface. We will see that it
is possible to choose the field b in order to have some curves of nondifferentiability coincident
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vl(x,y) ’UQ(JJ,y) 7)3(1"3/)
[0.989,1.088] [0.0,0.5] 1.365,0.0]

Figure 9. Benchmark surfaces used for the numerical tests with the respective range of values (below).

with the characteristic curves. The last surface vs(x,y) still is a.e. differentiable like the
previous one, but it does has not have a regular structure. In particular we can see that the
boundary is also not differentiable everywhere.

For our numerical tests we consider two light sources expressed in the spherical coordinates
(w = (sin(y) cos(f), sin() sin(y), cos(¢))) in order to avoid black shadows using (2.1). As
explained in section 4, this new differential approach can work also with a variable albedo.
In this numerical test we will consider a uniform albedo (equal to 1). The size of the images
taken into account varies from 100 x 100 pixels (with A = 0.02) to 800 x 800 pixels (for a
spatial step A = 0.0025).

For the semi-Lagrangian scheme we start with the iterations of (6.16) and (A.2) until
condition (6.22) is satisfied. We choose h = A to obtain the best convergence order. The
linear system obtained from the upwind schemes is solved using the Gauss—Seidel method
since the matrix of discretization (6.10) is diagonally dominant.

Once we construct the images (see Figure 10, 12, and 11) from the analytical formula
of the surface (namely v(x,y)), we compute the initial guess, for both methods, such that
u®(z4, ;) = v(z;,y;) for all (x4, y;) in 94 and u® = 0 in Q4. We use a parameter ¢ = 107 for
the convergence of the iterative methods and, denoting by 7 the index of the last iteration,
the error in the L*(€;) norm appearing in Tables 1-4 is defined as

E= max |u"(z;,y;)— v(zi,y,)
(a:i,yj)eﬂd| (i:y5) (i, y5)

Test 1. Here we show how the numerical schemes work on smooth surfaces having rather
high gradients. The starting images are shown in Figure 10 with the respective light sources
written in polar coordinates.

In Table 1 the errors in the L*°(€;) norm are written for each numerical scheme, and the
order of convergence is indicated. We note that the upwind schemes are faster than the semi-
Lagrangian schemes, but are less accurate. Moreover, even if the regularity of the surface
should preserve the theoretical order (i.e., 1), the numerical order of convergence is lower
than 1.
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y -
0 200 300 400 s00 600 700 800

Test 1. I has w’ : 1 = 0.1,0; = 0.

Figure 10. Benchmark images and their light sources (in spherical coordinates). These initial data have

been used in the numerical tests in Table 1.

9 |
100 200 300 400 00 600 700 800

I has W : s =0.1,05 = 1—787r.

Table 1
Error in L (Qq) norm and order of convergence relative to v;.
A SL-F error SL-F order UW-F UW-F order
0.02 | 1.985 x 10~ * 2.115 x 1071
0.01 | 9.754 x 1072 }'832 1.212 x 1071 g'géé
0.005 | 4.788 x 1072 1'010 6.812 x 1072 0'889
0.0025 | 2.376 x 1072 ‘ 3.685 x 1072 ‘
A SL-B error | SL-B order UW-B UW-B order
0.02 | 1.985 x 107* 2.031 x 1071
0.01 | 9.754 x 1072 1'832 1.088 x 107 ¢ 8'3(5):1)’
0.005 | 4.788 x 1072 1' 010 5.628 x 1072 0'973
0.0025 | 2.376 x 1072 ‘ 2.866 x 1072 ‘

Test 2. The surface vy has been chosen to analyze how the curves where the images Iy
and I are discontinuous (shown in blue in Figure 11) can influence the convergence of the
numerical schemes.

Let us consider this surface for a first set of starting data (images and respective light
sources are shown in Figure 11) in order to see that the discontinuity curves do not block the
convergence of the numerical schemes. Note that the order is 1.

I L L I I l
W W «. W W W

Test 2. I) for w': 1 =0.1,0, = . Iy for w” : o =0.1,0, = ;717r.

Figure 11. Benchmark images and their light sources (in spherical coordinates). These initial data have
been used in the numerical tests in Table 2. For each surface it is possible to see the curve where the surface is
not differentiable (in blue).
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From Table 2 we can see that the semi-Lagrangian schemes have smaller errors than
the upwind ones. It is also possible to see the better convergence of the semi-Lagrangian
approximations looking at the order of convergence.

Table 2

Error in L*°(Qq) norm and order of convergence relative to va.

A SL-F error SL-F order UW-F UW-F order
0.02 | 3.829 x 1072 2.808 x 1072
0.01 | 1.919x 102 g'ggg 1.483 x 1072 8'3?;1;
0.005 | 9.930 x 1073 0'984 7.880 x 1073 0'913
0.0025 | 5.020 x 1073 ‘ 4.180 x 1073 ‘
A SL-B error SL-B order UW-B UW-B order
0.02 | 3.678 x 1072 2.808 x 1072
0.01 1.872 x 1072 g'ggg 1.483 x 1072 g'gi}%
0.005 | 9.390 x 1072 0'998 7.880 x 1072 0'913
0.0025 | 7.540 x 1073 ‘ 4.180 x 1073 ‘

Test 3. This test uses vz and is intended to show that surfaces with a high Lipschitz
constant can cause trouble in the approximation. In this case the curves where the surface is
not differentiable (shown in blue in Figure 12) are not straight lines as in the previous case.
This aspect influences the approximation and the convergence of the numerical schemes used.

o \

Test 3. I for ' : 1 = 0.1,0; = 0.

Iy for w” : 3 =0.1,05 = 1—7877.

Figure 12. Benchmark images and their light sources (in spherical coordinates). These initial data have
been used in the numerical tests in Table 3. It is possible to see the curve where the surface is not differentiable
(in blue).

In Table 3 we can see the convergence of all the numerical schemes although the order is
not close to the theoretical one. With the aim of understanding how the order is influenced
by these curves, we will consider a particular configuration of the vector field with respect to
the surface vs.

Test 4. Since for Table 3 we can see that the order is less than we expect, with the aim of
explaining what happens regarding the surface vs, let us now take into account the surface vs,
exploiting the possibility of orienting the vector field b(z,y) parallel to some of the curves of
nondifferentiability of the surface. In particular, a very interesting result is presented in Table
4. In fact, starting with the images shown in Figure 13, we can see that the order is not close
to 1 at all, but is almost 0.5. This depends on the vector field b(z,y); in fact, from Figure 14
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Table 3
Error in L™ (Qq) norm and order of convergence relative to vs.
A SL-F error SL-F order UW-F UW-F order
0.02 | 1.890 x 10~* 2.920 x 1071
0.01 | 9.126 x 1072 (1)'8‘;’2 2.064 x 1071 g'ggé
0.005 | 4.639 x 1072 0'675 1.339 x 107¢ 0'738
0.0025 | 2.905 x 1072 ‘ 8.027 x 1072 ‘
A SL-B error | SL-B order UW-B UW-B order
0.02 | 1.767 x 10~* 1.781 x 1071
0.01 | 1.119x 107! 8'222 1.395 x 10~¢ 8'223
0.005 | 7.564 x 1072 0'775 9.685 x 1072 0'656
0.0025 | 4.122 x 1072 ‘ 6.145 x 1072 :
Table 4
Error in L™ (Q4) norm and order of convergence relative to va with angles 61 = m and o1 = 0.1.
A SL-F error SL-F order UW-F UW-F order
0.02 | 6.221 x 1072 1.123 x 1071
0.01 | 4.359 x 1072 8'232; 7.966 x 1072 g'igg
0.005 | 3.068 x 1072 0'5036 5.638 x 1072 0'498
0.0025 | 2.164 x 1072 ) 3.989 x 1072 ‘
A SL-B error SL-B order UW-B UW-B order
0.02 | 6.221 x 1072 1.123 x 1071
0.01 | 4.359 x 1072 8‘232; 7.966 x 1072 g'igg
0.005 | 3.068 x 1072 0'5036 5.638 x 1072 0'498
0.0025 | 3.989 x 102 ’ 3.989 x 1072 ‘

w w o L) il

Test 4. I for o1 =0.1, 61 = 7. I for 3 = 0.1, 03 = 3.

Figure 13. The images that allow us to obtain a vector field b(x,y) constant and parallel with respect to
some curves of discontinuity of the surface.

it is possible to see that some curves where the surface is not differentiable coincide exactly
with the projection of the characteristics. For this kind of surface, even if the assumptions
of Theorem 5.3 are satisfied, we have that the numerical schemes are convergent. The slower
convergence order, in fact, depends on the coincidence of some discontinuous curve of the
vector field b(z,y) with the characteristic curves.
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Figure 14. In these overlapping images we emphasize in red the points where the surface is not differentiable.

We also note that the vector field b(z,y) (in blue) has the same direction as one of these curves.

t g = 0.2,0, = 3.226.

1

s 1 = 0.263,0, = —0.305. I for w

I, for o'

Figure 15. Beethoven bust: real images.

7.2. Real images. In this section we want to solve the SfS-PS problem in a real applica-

The size of the

images is 77 x 210 pixels, and the spherical coordinates of the light sources used for these

tion. We apply it for the pictures of a Beethoven bust shown in Figure 15.
pictures are written below each image.

The computing times relative to the semi-Lagrangian forward and backward schemes are,
respectively, 2.033 and 2.13 seconds. The surfaces approximated with both schemes are shown

in Figure 16.

, we note that the boundary condition is not satisfied on

Observing the computed surface
the right-hand side. This situation depends on the direction of the vector field b(z,y) and on

the error propagation in the numerical method. In fact

the propagation of the information

)
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Figure 16. Approzimated surface of the Beethoven bust using the semi-Langrangian forward scheme (on
the left) and the semi-Langrangian backward scheme (on the right).

Figure 17. Approximations of the Beethoven bust with the forward and backward upwind schemes, respec-
tively, from the left to the right.

is driven by b(zx,y), for the forward semi-Langrangian scheme starts from the left-hand side
and arrives on the right-hand side accumulating errors. It is interesting to note that for the
semi-Langrangian backward scheme, which starts from the right-hand side, the compensation
of the errors during the iterations gives a better matching of the left boundary.

If we compute the surface using the upwind finite difference, we obtain the reconstruction
of Figure 17. Clearly, considering that this numerical scheme follows the characteristics in
the inflow direction, we obtain the same results as the semi-Langrangian forward scheme.
The main advantage is related to the computing time. In fact, it needs only 0.12 seconds to
converge. The same observations also can be done for the backward schemes.

From the left-hand pictures in Figures 16 and 17 (related to the forward approximation) it
is possible to see that the reconstructed surface does not match with respect to the right side
of the boundary condition. This is due to the fact that for this direction of reconstruction both
numerical schemes do not need the boundary condition stored on the right boundary (i.e., on
[out). The reason they do not match is related to some real aspects which are not considered
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in our assumptions, such as the not-so-exact orthographic view, the error on the light sources
coordinates, and noise. They can bring a loss of consistency of the boundary condition (see
section 5.1). Instead, for the backward schemes (shown in the right-hand pictures of Figures
16 and 17), even if they suffer from the same effects, a sort of compensation between them
and the propagation error allows the matching between the surface and the left part of the
boundary condition.

8. Conclusions and future perspectives. In this paper we have analyzed the SfS-PS
problem under classical assumptions (introduced in section 2). We have shown that we can
reduce the problem to a first order stationary linear PDE where the unknown is the surface
z = u(z,y), and we proved a uniqueness result in the class of Lipschitz continuous surfaces,
provided that Dirichlet boundary conditions are given. The reconstruction of the real surfaces
is based on the numerical solution of that linear PDE.

Two numerical methods have been proposed and analyzed: an upwind finite difference
scheme and a semi-Lagrangian approximation scheme. Both converge, but the first is faster
than and, in general, less accurate than the second. The fact that this approximation leads
to good results in our tests in several benchmarks on virtual and real images motivates us to
proceed with this research in new directions. The first direction is to consider an SfS model
which includes perspective deformations as has been done for the classical problem with a
single image. The second direction is to compare this method with a variational approach
where the unknowns are p = du/0x and g = Ju/dy, with the goal of reducing the demand for
a priori knowledge of boundary conditions. We will develop these topics in our future work.

Appendix. Other numerical schemes. For the reader’s convenience we will briefly de-
scribe the schemes corresponding to the integration of the characteristic field in opposite
directions. These methods use the same construction as the schemes described in this paper,
but they solve an equation with a reverse sign; i.e., they solve the following linear differential
problem:

—b(l',y) : vu($7 y) = _f(xay) a.c. ($7y) € Qa
(A1) { u(z,y) = g(x,y) V(z,y) € 09.

A.1. Backward semi-Lagrangian scheme. It is easy to check, using the same arguments
presented in this paper, that the semi-Langrangian scheme for (A.1) is

_ fig
2%

(A.2) ul T = (i + hpr (@i, y5), yj + hpa(wi,v5)) h Y(zi,y;) € Qa,

where p := b(x,y)/|b(x,y)|. Note that now the vector field b has a reverse sign with respect
to the forward scheme, so we will need the boundary conditions on the complementary part
of 0N used for the forward semi-Lagrangian scheme.

A.2. Backward upwind scheme. Using the same construction as the forward upwind
scheme, we introduce an artificial diffusion that guarantees this time the possibility of following
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the orientation of the characteristics in the other direction. The implicit numerical scheme

U-b UB U-b U
_pl Titly Lj 2 i+l i,y —1
(A.3) bi; 5A —bi; oA
B B B
|H‘U+u 2U;;5 + ULy, |2|UJH» U5+ Uf e
J 2A 2A Z”
fori,j =1,...,n — 1 can be rewritten as
1 1 1 1 1 2
UB bij +1bil\ UB bij =il B b ;| + 163
(A 4) ,L+]-v] 2A Z717] 2A (2% A

2,4 1%, 2,
+U5 (W) -U5, <J%AJ> = fij

obtaining the block linear system with the same structure as the forward one. In particular in
this case, denoting by Df, D;?B , DiB (note that we used the upper index B to indicate that
all the definitions refer to the backward scheme) the matrices of RM=Dx(=1) "and by USOCT,
bb10C the vectors of R" ™! (withr =1,...,n—1and k=1,...,n —2), we have that

(b3 L I+163 0 b} bl
_ "1, =~ 1, 1, QAL 0 0
by L +1vd [b3 . 1+163 .1 b} +1bd
B A — N A 0 0
D = . . . . .. . :
0 0 b}L72 7‘+|bn 27“ 7“771 2T‘+‘b7l 27‘I b}t 27‘+‘bn 27"
0 0 by 1r+“’n 1, _“’n 1r‘+“’n 1,r|
2 2 2 2 2
D55 — ding g+ 163 k’ b g 105 b ok T 105 oxl bn 1 x+ 1050 14l
k 2A 2A 7T 2A ’ 2A ’

2 2 2
I 1. bl,k+1 - |b1,k+1| b2 k41 |b2,k+1|
D:;® =diag | —
k 2A ’ 2A T

2 2 2 2
_bn72,k+1 - ‘bnf2,k+1| _bnfl,kJrl - |bn71,k+1|
2A ’ 2A ’

bl 1_‘b%1| b% 1_|b%1|
U105 x +U0,1 a - t fi1
163 1|
u2,07+f2

B
Bbloc1 - Z )
I o LY
Up—2,0—— 2An =+ fr—21

T e LI b1 +lbh g
Up—1,0—" 72An = = Up,1 72An ’ +fn—1,1
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