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Abstract. We consider a functional, proposed by Blake and Zisserman for computer vision
problems, which depends on free discontinuities, free gradient discontinuities, and second order
derivatives. We show how this functional can be approximated by elliptic functionals defined on
Sobolev spaces. The approximation takes place in a variational sense, the De Giorgi I'-convergence,
and extends to this second order model an approximation of the Mumford—Shah functional obtained
by Ambrosio and Tortorelli. For the purpose of illustration an algorithm based on the I'-convergent
approximation is applied to the problem of computing depth from stereo images and some numerical
examples are presented.
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1. Introduction. In recent years, variational principles with a free discontinuity
set have been introduced to solve reconstruction problems in computer vision theory
(see, for instance, [4, 26, 31]). The variational approach to the image segmentation
problem proposed by Mumford and Shah [27] consists of minimizing the functional

(1.1) Eu,K) = / (IVul® + plu — g|*) dz + aH" 1 (K NQ),
O\K

where 0 C R" is a bounded open set, H" ! is the Hausdorff (n — 1)-dimensional
measure, g € L*°(9), and a, p > 0 are fixed positive parameters. The functional has
to be minimized over all closed sets K C Q and all u € C1(Q\K). In the case n = 2
the function g represents the image to be segmented. By minimizing the functional
one tries to detect the discontinuities of g due to the edges of the objects in the
image, and to cancel the discontinuities due to noise and small irregularities. The
set K contains the jump points of u and represents the edges of the objects. The
functional penalizes large sets K, and outside K the function wu is required to be close
to g and C*.

The Mumford and Shah variational principle can be extended to several recon-
struction problems of computer vision [25]: stereo reconstruction [32], computation
of optical flow [28], shape from shading [33]. Variational problems involving func-
tionals of this form are usually called free discontinuity problems, after a terminology
introduced by De Giorgi [18].
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The Mumford and Shah model has some drawbacks: it is unable to reconstruct
crease discontinuities and yields the over-segmentation of steep gradients (the so-
called ramp effect). To overcome these defects of the first order model, Blake and
Zisserman [9] introduced a second order functional which can be written in the form

F(u, Ko, K1) = / (IV?ul]* + ®(z,u)) dx
Q\(KoUK1)
(1.2) + aH N (Ko N Q) + SR (K1 \Ko) N 9Q)

with «, 8 > 0 positive parameters. The functional has to be minimized over the
unknown sets Ko, K1, with Ko U K closed and u € C?(Q\(KoU K;)) approximately
continuous on Q\Ky. If ®(x,u) = plu — g|*> and n = 2, the functional (1.2) is just
that one introduced in [9] (the thin plate surface under tension). In the second order
model, Ky represents the set of jump points for u, and K;\Kj is the set of crease
points. Since the reconstruction of crease discontinuities is particularly relevant in
those computer vision problems which require the reconstruction of visible surfaces
from two-dimensional images, we have then introduced in (1.2) the function ®(x,u).
A suitable choice of this function will allow us to apply this variational method to
computer vision problems as, for instance, the computation of depth from pairs of
stereo images (see [25]).
If the conditions (see [9])

(13) B<a<2d

are satisfied, the existence of minimizers for the functional F(u, Ky, K1) has been
proved, in the case n = 2 and ®(z,u) = plu — g|?, by Carriero, Leaci, and Tomarelli
[13] (notice that (1.3) are necessary and sufficient for the lower semicontinuity of F'
with respect to the L' convergence). The proof is based on a weak formulation of the
problem by setting

(1.4) F(u):/g(\v2u|2+<b(z,u)) dz + aH" 1 (S,) + BH" 1 (Svu\S.) ,

where Vu denotes an approximate differential, S, is the discontinuity set of u in an
approximate sense, and Sy, is the discontinuity set of Vu. In [12] the existence of
minimizers for the functional F' over the space

(1.5) {u:Q—=R: ueL?*Q), ue GSBV(Q), Vue [GSBV(V)]"} ,

has been proved in any space dimension n, GSBV () being the space of generalized
special functions of bounded variation introduced in [17]. A regularity theorem in
[13] then shows that, for n = 2, any weak minimizer actually provides a minimizing
triplet (u, Ko, K1) of F' by taking a suitable representative of the function and the
closure of S, and Sv,.

Ambrosio and Tortorelli [5, 6] approximated the Mumford and Shah functional
(1.1) by a family of elliptic functionals defined on Sobolev spaces. The approximation
takes place in a variational sense, the De Giorgi I'-convergence. The approximating
elliptic functionals proposed in [6] are defined by

(1.6) E.(u,s) :/(52 +)\6)|Vu\2da:+u/ lu — g|* dz + aG.(s) ,
) )
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where the approximation takes place as e — 0%, \. — 0T, and

(1.7) ge(s)_/ﬂ{e|vs|2+(54:)2 dx

The variable s € [0, 1] is related to the set of jumps K. The minimizing s, are near to 0
in a neighborhood of the set K, and far from the neighborhood they are close to 1. The
neighborhood shrinks as € — 0. The Ambrosio and Tortorelli approximation can be
used to find an effective algorithm for computing the minimizers of E [25, 29, 30]. The
approximation has been applied to several computer vision problems in [28, 32, 33],
and further improvements have been proposed and experimented in [34].

In the present paper we consider the following family of functionals:

Fs(u,s,o'):/Q(az—|—/{E)|V2u\2dm+/g<1>(x,u)dx+(a—ﬁ)ge(s)

(1.8) + BGc(o) +§€/Q(52 + ¢)[Vu|" dx

for suitable infinitesimals ke, &, (., and v > 2. A slight variant of these functionals
has been proposed by Bellettini and Coscia [7] in the case n =1 and in that case the
I'-convergence of F,. to F has been proved (see also the discussion in the beginning
of section 6). We extend their I'-convergence result in the following way: we prove
the lower inequality of I'-convergence in any space dimension n, and we prove the
upper inequality when u is bounded and |Vu| € L7(2), under a very mild regularity
assumption on the sets S, and Sv,, which is fulfilled in computer vision applications.
In the particular case when a = 8 and n = 2, we obtain a full I'-convergence theorem.

The extension of the Ambrosio and Tortorelli approximation to the second order
problem presents several difficulties. The lower inequality cannot be obtained by
means of the slicing technique and consequent reduction to a one-dimensional problem
used in [5, 6]. Such a reduction yields the operator norm of the Hessian matrix in the
I'-limit instead of the euclidean norm. The second derivatives are then estimated by
adapting a global technique proposed by Ambrosio in [3] and relying on a compactness
theorem in the space (1.5) due to Carriero, Leaci, and Tomarelli [12]. Conversely, the
jump part of the functional is estimated by using a slicing argument, taking into
account that the space GSBV is a vector space under a suitable energy condition
(Proposition 4.3).

The major difficulty in the proof of the upper inequality consists in obtaining a
suitable estimate on [ |Vu|?dz from the finiteness of (1.4). Such an estimate would
permit us to adapt the constructive part of Ambrosio and Tortorelli’s proof [6] to the
second order problem. In the case a = (3, n = v = 2, an estimate which yields a full
I'-convergence result is obtained by means of a suitable interpolation inequality in
W22 (Proposition 4.6). If a # (3, we obtain only a partial result, proving the upper
inequality under some mild regularity assumptions on wu.

The discretization of the functional (1.2) is not straightforward and it is difficult
to apply gradient descent with respect to the unknown sets Ky and K;. Conversely,
the I'-convergent approximation yields a sequence of functionals (1.8) which are nu-
merically much more tractable, so that discretization and gradient descent may be
applied in a straightforward way. In particular, a simple discretization method, com-
monly used for computer vision problems [35], may be applied to the functionals (1.8).
We then apply the I'-convergence result to the problem of computation of depth from
stereo images, and we present some computer experiments on synthetic images to
illustrate the feasibility of the approximation.
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2. Notations and preliminary results. Let 2 C R" be a bounded open set.
We denote by B(€2) the g-algebra of all the Borel subsets of Q; for any C € B(Q)
we denote by meas(C) the Lebesgue n-dimensional measure of C' and by H"~1(C)
the Hausdorff (n — 1)-dimensional measure of C. We denote by B,(x) the open ball
{y e R": ly—x| < p}. We denote by M"™*™ the space of n x n matrices endowed with
the euclidean norm. We introduce the following notations: s At = min{s,t}, sVt =
max{s,t} for every s,t € R; given two vectors a, b, we set (a,b) =a-b= )", a;b; and
((L X b)” = aibj.

For any Borel function u : £ — R we define the approximate upper and lower
limits u™(x), u™ (z) by

—in oo 400l lim meas({y € B,(z) : u(y) > t}) _
wr@) = f{tE[ y+od] pL0+ pm 0} )

u” (x) = sup {t € [—o0, +o0] : plir& meas({y € Bpp(f) cu(y) < t}) _ 0} .

The set
Sy={reQ: u (z) <ut(z)}

is the discontinuity set of w in an approximate sense and it is negligible with respect

to Lebesgue measure (see [20, section 2.9.13]). Suppose z = u™(x) = u™ (z) € R; we

say that Vu(z) € R" is the approximate differential of u at x if v (x) = 0, where

_ Juy) = 2= (Vu(z),y — )|
ly — x|

v(y) Vy € Q\ {z} .

If v is differentiable at x, then Vu(z) is the classical gradient. In the one-dimensional
case we shall use the notation v’ in place of Vu. An important property of the
approximate differential is the fact that

(2.1) Vu(x)=0 almost everywhere (a.e.) on {y € Q:u(y) =c} VeeR.

We denote by BV () the space of functions of bounded variation in €, i.e., the
functions u € L*(Q) such that the distributional derivative of u is representable by
means of a vector measure Du = (Dyu,...,D,u) with finite total variation. We
denote by |Du| the measure total variation of Du. If u € BV (), then Vu exists
a.e. in {2 and coincides a.e. with the Radon—Nikodym derivative of Du with respect
to the Lebesgue measure [11]. Moreover, the set S, is countably (n — 1)-rectifiable,
i.e., representable as a disjoint union U2, K; U N, where H" 1(N) = 0 and K; are
compact sets, each contained in a C! hypersurface I'; C R™ [16].
Let E C B(2); we define

P(E,Q) = sup{/ div ¢dx : ¢ € C3(Q;R™),|¢] < 1}.
E

We say that FE is a set of finite perimeter in  if P(E,Q) < +oco. By Riesz’s theorem
(see [21]), E is a set of finite perimeter if and only if 15 € BV(Q2), and P(E,Q) =
|D1g|().

The following Fleming—Rishel coarea formula (see [21]) establishes an important
connection between BV functions and sets of finite perimeter:

+oo
(2.2) |Du|(R2) = / P{{z € Q:u(z) >t},Q)dt.

— 00
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We say that u € BV (Q2) belongs to the space of special functions of bounded variation
SBV(Q) if

|Du\(Q):/ \Vu|dx+/ lut —u” [ dH"t .
Q Su

Functions like the Cantor—Vitali function, whose derivative is concentrated on Can-
tor’s middle third set, are then excluded by SBV () (see [1, 17]).
Given a Borel function u : Q — R we say that u € GSBV(Q) if (see [2, 17])

(2.3) —NVuAN € SBV,(Q) VN € N.
The jump set of u is given by

oo
Su = U S—N\/u/\N~
N=1

Furthermore, if u € GSBV (Q2), then S, is countably (n — 1)-rectifiable, Vu exists a.e.
in Q and is given by (see [2])

Vu=V(-NVuAN) ae on {reQ:|u/ <N} VN € N.
We also set
GSBV?*(Q) = {u € GSBV(Q) : Vu € [GSBV(Q)]"} .

Given u € GSBV?*(Q), we use the notation V7 ,u = V;(V;u) and, in the one-
dimensional case, v = (u’)’. Moreover we set

SVu = U vau
i=1

The following compactness result has been proved by Carriero, Leaci, and Tomarelli
in [12].
THEOREM 2.1. Let (uy) C GSBV?2(Q) be a sequence such that

lunllzz . H"(Sw, U Sou,) , /|V2uh|2dx
Q

are uniformly bounded in h. Then there exist a subsequence (up, ) andu € GSBV?(Q)N
L?(Q2) such that, as k — —+o0,

Up, — U strongly in L'(Q),

Vup, — Vu a.e. in §,

Viup, — Vu weakly in L?(Q; M™<™)
Finally, we recall the following lemma (see [10]).

LEMMA 2.2. Let p: B(Q2) — [0, +00] be a o-finite measure, and let (f;) C L'(Q)
be a sequence of nonnegative functions. Then,

/S sup fi(z) dp(x)

2iEN

k
= sup {Z/ fi(x)du(x) : A; C Q open and mutually disjoint, k € N} .
i=1 " Ai
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We now recall the definition and some properties of I'-convergence (see [15]). Let
X be a metric space and let f. : X — [0,400] be a family of functions indexed by
€ > 0. We say that f. T-converge as ¢ — 07 to f: X — [0, +o0] if the following two
conditions

(2.4) Ve, — 11m('1)r+1f fe(ze) > f(x)

and

(2.5) Jr. — x  limsup fe(z) < f(x)
e—0t

are fulfilled for every x € X. The I'-limit, if it exists, is unique and lower semicon-
tinuous. The I'-convergence is stable under continuous perturbations, that is, fe + ¢
T'-converge to f + g if f. I'-converge to f and g is continuous. The most important
property of I-convergence is the following: if (x.) is asymptotically minimizing, i.e.,

(2.6) lim_ (fe(w) ~inf f.) =0,

e—0t
and if z., converge to x for some sequence €, — 0, then x minimizes f.

3. Statement of main results. Let ®(z,u) = plu —g|?, ¢ > 0, and 0 < 8 <
a < 2. For every u € GSBV?2(2) N L?(Q) and every g € L>(Q), we write (1.4) as

F(u) = /Q (IV2u* + plu — g?) dz + (a — BYH" 1 (S,) + BH" 1 (S, U Svu).

In [12], using Theorem 2.1 and a suitable lower semicontinuity theorem in GSBV?2(),
Carriero, Leaci, and Tomarelli proved that the problem

(P) min {F(u) : u€ GSBV?*(Q)NL*(Q)}

has at least one solution.
For every € > 0 and any function v € W12(£;[0,1]), let us define

ge(v):/g (e|w|2+(“;€1>2) dx.

Our aim is to approximate F, in the sense of I'-convergence, by a family of elliptic
functionals F, which are formally defined by

Fus,0) = [ (@4 k)IVuPdotp [ fu=gPdo+ (@ = 5)0.05)
Q Q
(3.1) + ﬁge(a)+55/(s2+<e)\wl” dx
Q

for suitable nonnegative infinitesimals ke, &, (. (in some cases they are allowed to
vanish; see the statements below). This formula makes sense if u € W?22(Q) and
s, 0 € WH2(Q); however, in the case k. = 0, because of the coefficient o2 multiplying
the second derivatives, the functionals Fi are not coercive in these spaces. In section 5
we identify a domain D(Q) of the functionals F, such that the problem
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(Pe) min {F,(u,s,0): (u,s,0) € D(Q)}

has at least one solution, provided v > 2 and k. 4+ (. > 0.
We define

X(Q) = L*(2) x L®(2;[0,1]) x L=(2;[0,1]) > D(Q)
and we denote by F : X() — [0, +00] the functional defined by

F(u) ifue GSBV?*(Q),s=1,0=1,
+o00  otherwise.

Flu,s,0) = {

Analogously, we denote by F. : X () — [0, +00] the functional defined by

Fe(u,s,0) if (u,s,0) € D),
+00 otherwise.

Fo(u,s,0) = {

We first prove the lower inequality of I'-convergence.
THEOREM 3.1. Assume that v > 2, that

(3.2) lim 2

e—0+ er—1

= +OO’

and that either k. > 0 for € small enough or (¢ > 0 for ¢ small enough. Then, for
every triple (u,s,0) € X(Q) and for every family (uc, s¢,0.) € D(2) converging to
(u,s,0) in [LY(Q)]® as € — 0T, we have

liminf F (ue, $¢, 0¢) > F(u, s,0) .
e—0
Moreover, (3.2) can be replaced by the condition & > 0 in the case o = 3.
Then we prove the equicoercivity of the family (F.) under the same assumptions
on 7 and on the infinitesimals %, &, (¢ made in Theorem 3.1.
THEOREM 3.2. Let (ue, se, 0c) € D(Q) be such that

sup Fe (e, Se, 0¢) < +00.
e>0

Then the family (ue, s¢,0¢) is relatively compact in the [L'(Q)]® topology as e — 0%
and any limit point is of the form (u,1,1) with u € GSBV?(Q) N L3().

We now consider the upper inequality of I'-convergence. We first state our full
T’-convergence result in the special case when n = 2, v = 2 and o = 3. We recall that
a domain ) is strictly star-shaped if there exists xg € Q such that t(Q—x¢)+xo CC Q
for any t € [0,1).

THEOREM 3.3. Assume thatn = v = 2, a = 3, and Q) is strictly star-shaped.
Assume that k. > 0 and k. = o(e*), while & = (. = 0. Then the family (F.)
[-converges to F in the [L*(Q)]? topology as e — 0F.

Then from the properties of T'-convergence and Theorem 3.2, if (i, §¢, 7 ) mini-
mizes F, then the family (i, 5, 7¢) is relatively compact in [L}(Q)]? as ¢ — 0" and
any limit point corresponds to a triple (u,1,1) with u minimizer of F.

Notice that in the case a = 3, £ = 0, the functionals F. do not depend on s;
hence we can write them in the much simpler form

Flwo) = [ (0 m)IVuP do o+ o [ fu= gl do+ 50.(c)
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Now we consider a more general situation. For every set A C R™ and every positive
real number p, we denote by (A), the open tubular neighborhood of A with radius
p, that is, (4), = {x € R™ : dist(z, A) < p}. We define the Minkowski (n — 1)-
dimensional upper and lower content of the set A, respectively, by

A A
M*(A) = limsup meas((4)y) , M., (A) = liminf meas((4),) .
p—0+ 2p p—0+ 2p
It can be shown (see [20, section 3.2.39]) that meas((A),)/p converges to 2H™ ! (A)
as p — 01 for any compact subset A of a C'' hypersurface. In particular, by inner
approximation this implies

M.(A) > H"1(A)

for any u € BV () and any Borel set A C S,,, because H"~!-almost all of S,, can be
covered by C! hypersurfaces. The inequality M*(A) < H"~!(A), which implies

o €8S((4),)

=H""1(4),
p—0t+ 2p ( )

holds under very mild regularity assumptions on the set A [5].

We are able to prove the upper inequality of I'-convergence under the assumption
that v € L>®(Q), |Vu| € L7(Q) and that, for the sets S, and S, U Sv,, Hausdorft
measure and Minkowski content coincide.

THEOREM 3.4. Assume that v > 2, ke =0, {c > 0, & satisfies (3.2) and & =
o(€’71). Then, for every triple (u,s,o) € X(2) such that u € L>(Q), |Vu| € L7(9),
and

M (Sy) <HHS,), M (SuUSvu) <H" S, USv,) ,
there exist (U, s¢,0¢) € D(Y) converging to (u,s,o) in [L1(Q)]3 as € — 0T such that

(3.3) lim sup Fe(ue, Se,0¢) < F(u, s,0).

e—0t

Remark 3.5. The I'-convergence result still holds if the term plu — g|? in the
functional F is replaced by ®(z, u) in such a way that the functional u — [, ®(z,u) dz
is lower semicontinuous with respect to the strong L'(£2) topology and continuous
with respect to the strong L?(2) topology (see section 7). Let ® be a Carathéodory
function on Q x R, i.e., ®(+, p) is measurable for any p € R and ®(z, ) is continuous
for almost every x € 2. Then a sufficient condition for I'-convergence is the following
[19]:

d: QxR —R is Carathéodory ,
0 < ®(x,u) < a(z)+blul?,
with a € L1(Q2) and b > 0.

4. Basic properties of GSBV? functions. In this section we give some tech-
nical results concerning the one-dimensional sections of functions u € GSBV (). Let
veS" 1 ={zeR":|z| =1} be a fixed direction. We set

I, ={z e R": (z,v) =0},
Q,={teR:x2+treQ} (xell,),
Q, ={zell, : Q, #0}.
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The sets €, are the 1-dimensional slices of ) indexed by x € II,, and €2, is the
projection of Q on II,. Given u € GSBV(Q), we define for H" l-a.e. x € €, the
restriction

ug(t) = u(x +tv) for ae. t €.

The following slicing result can be obtained from [1, Theorem 3.3] and [2, section 1].
LEMMA 4.1. Let u: Q — R be a measurable function. Then v € GSBV () if
and only if, for any v € S" 1, u, € GSBV(Qy) for H* '-a.e. x € Q, and

(4.1) /A |ID(=N V uy A N)|(Ay) dH" ™ < 00

for any open set A CC 2 and any N € N.
Moreover, if u € GSBV(Q) and v € S"~1, then for H" t-a.e. x € Q, we have
(a) ul,(t) = (Vu(z +tv),v) for a.e. t € Qy;
(b) Su, = (Su)z-
The proof of the following lemma can be found in Federer [20, section 3.2.22].
LEMMA 4.2. For every countably H™ -rectifiable set E C R" there exists a Borel
function vg : E — S™~! such that

/ (v, ve(z))|dH™ (z) = / HO(E,) dH" (z) Vv e S"
B E,

The function vg(z) is a normal unit vector to F at z in an approximate sense (see
[20, section 3.2.16]).

Although GSBV(Q) is not a vector space, we can prove that the natural energy
spaces for our problems do have a vector structure.

ProrosITION 4.3. The set

y - {u € GSBV(Q) : / V| de +H1(S,) < —|—oo}
Q

1S a vector space.
Proof. Let uy, uz € Y, and v € S"~! be fixed. By Lemma 4.1(a), (b) and
Lemma 4.2 we have

x

for H* 1-a.e. x € Q,, because

/ [ / |u;r|dt+H°<Sum>}dH”1s [ vulde + 35, < o
Q. Q. Q

In particular, u;, € L2 (£2,), and since SBWVoc(€2;) is a vector space w1, +uz, belongs

to SBViec(§) for H* l-a.e. z € ,. Since the condition (4.1) is easily verified the
conclusion follows by using Lemma 4.1. 0

Finally, we show how in GSBV?2(f2) second order derivatives and jump set of the
derivative can be recovered as well by a slicing method.

LEMMA 4.4. Let u € GSBV?(Q) be such that

/ IV2u] dz + H*(Sgu) < +00.
Q
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Then, for any v € S~ the function (Vu,v) belongs to GSBV () and for H" ‘-a.e.
z € Q, we have

(a) ul, € GSBV (Q);

(b) u(t) = (V{(Vu,v)(z +tv),v) for a.e. t € Qy;

(C) Su; = (SVU-V)I'

Proof. By Proposition 4.3 it follows that (Vu,v) € GSBV () whenever V;u €
GSBV(Q) fori =1,...,n. By Lemma 4.1(a) it follows that u), = (Vu,v), a.e. in {2,
for H*"la.e. z € Q,; in particular, v, € GSBV(Q,) for H" l-a.e. z € Q,. Then,
statements (b), (c) follow by applying Lemma 4.1(a,b) to (Vu,v). 0

COROLLARY 4.5. The set

{u € GSBV?(Q) : / |V2u| dz +H" "1 (S, U Sy.) < +00}
Q

1S a vector space.

Proof. The proof is the same as for Proposition 4.3 using Lemma 4.4 instead of
Lemma 4.1. O

We conclude this section with an interpolation inequality in W?22? which provides
a mild estimate of [ |Vu|? dz with the Blake-Zisserman energy (see also [12]).

PROPOSITION 4.6. Let A, B C R™ be open sets with (A)a,. CC B. Then

(4.2) / |Vu|? dz < 16n |:’I“_2/ u? dx + 2r2/ |V2ul? dx} Yu € W22 (B) .
A B B

Proof. We prove the inequality only in the case n = 1; the general case can be
achieved by a slicing argument, taking into account Lemma 4.4(b).

Let x be such that the interval [x — 27, 2+ 2r] C B and choose 21 € [x 41,z +27],
Z2 € [x — 2r,x — r] such that

ru(zy) = /ﬂaz+2ru(s) ds, ru(ze) = /:_Tu(s) ds

“+r

and z3 € [r2, 1] such that u'(x3) = [u(z1) — u(z2)]/(x1 — z2). Then, for any y €
[x — 27, 2 + 2r], using twice Holder inequality we estimate

W) < 20 () +2 ( / " s) ds)2

< 4(u?(z1) + u?(22))

= 7”2

+ 2|3 — ¥

Y
JRECRE
xrs3

4 x+2r x+2r
< —3/ u?(s) ds+8r/ |u" (s)|* ds.
r x

—2r r—2r

By integration we obtain
T+2r 16 T+2r T+2r
/ Ju'|2 dy < —2/ u? dy—|—32r2/ |u" |2 dy .
xr—2r r x—2r xr—2r

Covering A by a finite number of intervals of length 47 contained in B the conclusion
follows. d
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5. The approximation framework. In this section we find a domain suitable
for coercivity and lower semicontinuity of the functionals F, formally defined by (3.1).

We often set w = (u,s,0) and we always assume that 0 < s < 1,0 <o <1
almost everywhere. If k. = 0, we define p = 2v/(y + 2) and

D(Q) = {(u,5,0) € X(Q): u, 5,0 € WH(Q), oVue W(Q;R")},
if ke > 0 we define
D) = WigZ(2) x WH3(9;[0,1)) x W(2; 0,1])

If u € D(Q) and k. = 0, the approximate differentiability of u and of cVu imply that
V2u exists a.e. in {o > 0} and is given by

V(oVu) — Vo @ Vu

g

(5.1) Viu =

We also set V2u =0 in {o = 0}.

In the following we do not need to consider the function s in the case a = 3. We
now prove a compactness theorem for the sublevels of F..

THEOREM 5.1. Assume thaty > 2, ke+(e > 0 and let (wy,) = (up, sp,0n) C D()
be a sequence such that

sup F.(wp) < +00.
h

Then there exist a subsequence (wp,) and w = (u,s,0) € D(Q) such that (wp,)
converge in [L*(Q)]? to w and (Vup,) converge a.e. to Vu in {o > 0}.

Proof. From (4.2), in the case k. > 0, we have that (uy,) is bounded in W?22(A)
for any open set A CC 2. The statement then follows from Rellich theorem. Hence,
in the following we consider the more delicate case when k. = 0 and (. > 0.

From the definition of F. the sequences (s;) and (o},) are bounded in W12(Q).
Moreover, since (|Vuy|) is bounded in L7(2) and

V(O’}Lvuh) = U}LVQUh + Vo, ® Vuy,

vy, = 0, Vuy, are also bounded in WHP(€; R™). Hence, possibly extracting a further
subsequence we can assume that (vp, ) is converging a.e. in Q. It easily follows that
Vup, = vp,/0n, converge a.e. to Vu in {o > 0}.

In order to prove that oVu € W1P(Q; R") (hence w € D()), we notice that by
Hoélder inequality, we have

lim lonVup|dz =0
h—-+oco {a:O}

hence (possibly extracting a subsequence) o, Vuy, converge a.e. to o Vu in the whole of
Q. Since (05, Vuy,) is also bounded in WP (Q; R"), it follows that cVu € WP (Q; R™)
and that o, Vuy, weakly converge in Wh?(Q; R") to oVu. O

Now we prove the lower semicontinuity of F.

THEOREM 5.2. Assume thaty > 2, kc+(c > 0 and let (wy,) = (un, sh,on) C D()
be converging in [LY(Q)]® to w = (u,s,0) € D(Q). Then

o S '
lthg(f) Fo(wp) > Fe(w)
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Proof. In this case we also consider only the more difficult case when k. = 0 and
Ce > 0. It is not restrictive to assume that (F,(wp,)) is converging to a finite limit and,
by Theorem 5.1 and its proof, we can also assume that Vu, converge to Vu a.e. in
{o > 0} and 0}, Vuy, weakly converge in W1P(Q; R™) to oVu.

Since the sequences (sp,) and (o,) are bounded in W12(Q), they weakly converge,
respectively, to s, o and therefore the terms G.(s) and G.(o) are lower semicontinu-
ous. The lower semicontinuity of [,,(s* 4 (.)|Vu|? dz directly follows by Ioffe lower
semicontinuity theorem (see [10, Theorem 4.1.1]).

Finally, the identity

V(o Vuy) = 0, V2up + Vo, @ Vuy,

and the weak convergence of V(o3 Vuy) to V(oVu) easily imply that VZu;, weakly
converge to V2u in L2(K; M"™*™) on any compact set K C  on which (o) uniformly
converges to o, (Vuy) uniformly converges to Vu, and infx o > 0. Then, Ioffe lower
semicontinuity theorem again gives

/02|V2u|2dx§1iminf/ o3 |V2up|? dz.
K h—too Ji

Let 6 > 0; by Egorov theorem we can cover almost all of {o¢ > 6} by an increasing
sequence of compact sets on which (o5,) and (Vuy) are uniformly converging. As a
consequence, the inequality above holds with {o > ¢} in place of K, and letting 6 | 0
we obtain the lower semicontinuity of the term [, o?|V2u|? dz. a

From the compactness and the lower semicontinuity properties of the functional
F, it follows that for any € > 0 the problem

(Pe) min{F.(u,s,0): (u,s,0) € D(Q)}

has at least one solution, provided v > 2 and k. + (. > 0. Finally, if k. > 0, the
problem (P.) has a solution also in the case v = 2.

6. The lower inequality. In this section we prove the lower inequality of I'-
convergence (2.4) and the equicoercivity of the family (F.). In the following it will
be convenient also to consider functionals depending on the domain of integration.

The following lower bound for the jump terms in the one-dimensional case has
been shown by Bellettini and Coscia in [7, Theorem 3.1].

LEMMA 6.1. Assume that ke, &, (. are as in Theorem 3.1 and~y > 2. Let I C R
be a bounded open set and e, — 0. Then, for every sequence (wy) converging to w
in [L*(I)]? as h — 400 such that F., (wy) is bounded, we have

%Tigg [(@ = B)Gey (51, I) + BGe, (o, I)] = (@ = BYHO (S, N 1)

(6.1) + BH (S, U S, )N) .

The condition (3.2) on & can be dropped in the case o = 3.
Since our functionals are slightly different from those in [7], some remarks are
necessary. Indeed, the functionals in [7] are given by

Fo(u,5,0) = / (0% + k)| V2ul? d + / lu — g2 d + (& — B)Ge(s)

+ 86 (o) +§E/ 82|Vu|2dx ,
Q
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hence the differences with respect to ours are two: first they assume that (¢ = 0 and
v = 2 and then they prove the lower bound only in the case when k. > 0 (hence
up, € W22(I)). The assumption that . = 0 is not a problem, since smaller function-
als are considered, and also a general exponent  can be considered, provided (3.2)
holds. However, for technical reasons related to the proof of the I'-limsup inequality,
in particular, the difficulty in estimating the second derivatives of u. = ©.u in the
proof of Theorem 3.4 (this can be avoided in the case n = 1 using suitable interpo-
lating cubic polynomials), we have preferred a different formulation of the energy in
the larger class D(€)), which still provides compactness of minimizing sequences and
lower semicontinuity of the energy. Moreover, the proof of the I'-liminf inequality
of Bellettini and Coscia works, essentially with no modification, also for our more
general functionals. Notice also that our full I'-convergence result Theorem 3.3 fits
exactly in the Bellettini and Coscia framework.

The reason why no condition on &, (besides £ > 0) is necessary in the case a = 3
is that the term & [ s2|Vu|” dx has been added to the energy to force oy, to tend to
zero at least twice (paying asymptotically at least 28 > «) close to jumps of u if s,
is far away from 0 (if this does not happen and (3.2) holds, then the additional term
diverges; see Lemma 3.2(i) of [7]); in the case when a = (3 it is not necessary to force
this behavior of o, since o}, is already forced by the other terms of F, to tend to zero
at least once (paying asymptotically at least 3) close to jumps of u or of w/, regardless
of the values of sy,.

Finally, we notice that we can restate (6.1) as follows:

1}%2141_1;{‘ [tfgh (UJh) + (a - ﬂ)geh (Sh71) + ﬂgsh (Uh7l)]

(6.2) > (a—BYH(Su N I) + BHY (S, U Sy)NT) Vt>0.

The advantage of this new formulation is that the a priori assumption that F, (wp)
is bounded can be dropped.

6.1. Proof of Theorem 3.1. Let (w.) € D(Q), w € X(Q), be such that we — w
in [L1()]? as € — 0. We assume that

(6.3) +o0 > L = limiglf}}(we,Q) = hlir}} Fep(we,, ),

otherwise the result is trivial. For notational simplicity we set w,, = (up, sp, o) and
we assume that w,, converge a.e. to (u,s,0) as h — +o0.

We also assume that (wy,) converges to w fast enough, i.e., Y, ||wp —w|| 1 < +o0.
This assumption and Fubini theorem imply (with the notation of section 4)

lim wpy = w, a.e. in €, for H" l-ae. 2 €Q,
h—oo

for any direction v € S~ !, and this will be useful in what follows.

If either s or o were not identically equal to 1, then by the Fatou’s lemma we
would get

—1)2 _1)2
L > liminf [(a—ﬁ)/ Mdm—l—ﬂ Mdm > 400,
{s#1}

h— o0 46h {o#1} 4€h

which contradicts the assumption that L < +o0o. Therefore, we will assume that s = 1
and o = 1. As before we do not need to consider the function s in the case o = 3.
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The proof now follows by proving separately the following inequalities:

(6.4) hminf/ 12| V2up|? de > / |V2u|? dx |
Q Q

h—+oco

1}3m inf [(Oé - ﬂ)geh,(sha Q) + ﬂgﬁh, (Jh? Q)] > (Oé - ﬂ)Hn_l(Su)

— 400

(6.5) + BH" (S, U Svy) .

The lower semicontinuity of the term [ |u — g|* dz with respect to the strong L'(2)
topology then completes the proof.

Possibly extracting a subsequence (this is allowed, since we are assuming that
Fe, (we, ) is converging) we can assume that both liminf in (6.4) and (6.5) are finite
limits, denoted by L; and Lo, respectively.

We first prove (6.4). Let 1 (t) = fg(l — 7)dT; using (6.3) we have

(1 —O'h)2 L+1
dep - B

for h large enough. Then, by the coarea formula (2.2), we have

|V¢(oh)|da::/ |Vah\(1—ah)dx§/ |:€h|VO'h|2—|-
Q Q Q

P(1)
/’ I%hMm»>tL9>ﬁ::/|v¢wmumf;£gi
0 Q

for h large enough. By the Fatou lemma we then get

(1) L+1

lim inf P > t},Q)dt <liminf | |V dr < ——

/wm) lim inf P({¢)(0n) > t}, Q) dt < lim inf /QI vion)lde < —5

for any a € (0,1). Therefore there exists to = ¢(0) € (¢(a), (1)) for some 0 € (a,1)
such that

(6.6) %Qfg P({1(on) > to}, ) <1 < 400
with 1 = (L +1)/[8(6(1) — ¥(a))].

Then, if we set Ey, = {0 > 0}, by (6.6) we get P(Ep, ) <[+ 1 for infinitely
many h; for notational simplicity we will assume in the following that the inequality
is true for any h (in the general case a further subsequence must be extracted). By
the L' convergence of (0},) to 1 we obtain

meas(Q\ Ep) < 1%0 Q(1 —op)dr — 0.
Then we define
(6.7) v, = uplpg, .
By the locality property (2.1) we get
Vo, = 1g, Vuy, | V2, = 1g, Vuy,

for a.e. x € Q. Since

—NVou, AN =1g,[-N Vu, A N| VN e N,
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and taking into account that Fj has finite perimeter, from [36, Chapter 4, section
6.4] it follows that vy, € GSBV (). Analogously,

—NV (Viup) AN =15, [-N V (Vup) A N] € SBVi0c(2)
for any N € N and any i = 1,...,n. Then v, € GSBV?() and we have
H"(S,, USve,) < P(En,Q) <I1+1 forevery h€ N .

Then, since o, > 6 on Ej, the sequence (vy) satisfies all the assumptions of
the compactness Theorem 2.1, hence we can assume (again, possibly passing to a
subsequence) that (vp) converges in L!(Q2) to some function v € GSBV?(Q) with
Vo, — Vv ae. in Q and V2v;, weakly converging to VZv in L?(; M"*"). Since
(up) converges to u in L'(Q) and meas(Q2 \ Ej) — 0, we obtain that v = v €
GSBV?(Q); moreover, by the lower semicontinuity of quadratic forms with respect
to weak convergence in L? we get

Ly > liminf/ 02|V 2up|? do = hminf/ 02|V2up,|* do > / 02|V2ul|? dx .
h—-+4oco E, h—+o00 Q Q
By letting a T 1 (hence § — 1) we obtain (6.4).

The relation (6.5) will be proved using (6.2) and a slicing argument. Let A C Q

be open and v € S~ be fixed. By using the notation of section 4 we have

G (on ) = | <eh|<v$h7u>|2+w> 0

46h

12
:/ dH”fl(x)/ <€h|5;w|2+ 7(5}” D) > dt
A A dep,

:/ Ge (Sha, Az ) dH" () -
A,

An analogous relation holds for G, (o4, A) and, taking into account Lemma 4.4, for
]:eh (w;“ A)

Since wy, converge to w, in [L1(£2,)]? for H"~!-almost every x € Q,, by using
Fatou’s lemma, (6.2), Lemmas 4.1 and 4.4, and eventually Lemma 4.2, we get

lim nf [tFe, (wn) + (@ — B)Ge, (sn, A) + BGe, (on, A)]

— 400

> [ timint (65, (0) + (@ = 5)Go, (510 A2) + 0. (012 Ar)) dH"(0)
A

y h—+o00

Z (04 - 6)[4 HO(Sul mAa:)dHn—l(x) +ﬁ[4 HO((Sul USu;) ﬂA,;)d’H"_l(x)

=(@=0) /A HO((Su 0 A)a) dH" () + 5 /A HO(((Su U Svur) N A)y) dH" ™ (2)

a/ |V, vy (@) dH™ () + B (v, vou(z))]| dH"(2)
Sund (Svu\Su)NA

for any t > 0, where v, (z) and vy, (z) are approximate unit normals to S, and Sy,
respectively. Since F, (w, , ) converges to L, then by letting ¢ | 0 we obtain

(6.:8)  liminf[(a = £)Ge, (sn, A) + 5Ge, (on, A)]

2 a/ (v, v ()| dH" " (2) + B (v vou(a))| dH" () -
S.NA (Svu-v\Su)NA
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We now apply Lemma 2.2 in the following framework:
b fu(x) = O‘|<V7 Vu($)>|1su, + 6|<V7 Vvu(x)>|]‘SVu-V\Su ’
o p=H""(SuUSvu),
with v varying in a countable dense subset D of S"~!. Since sup,cp f, = alg, +
Blsg.\s, (because any z € Sy, belongs to Sy.., provided (v, VT u(z)—V~u(x)) # 0),
by Lemma 2.2 we have that

(a = BYH"H(Sy) + BH" 1 (Su U Svu)

is equal to the supremum of

k

> {a |l an@) +

i=1 (SVu»ui\Su)mAi

|(vi, vou(2))] dﬁnl(fﬂ)}

among all finite families (A;,v;) with v; € D and A; C © open and pairwise disjoint.
By (6.8) and the superadditivity of the lim inf operator, any of these sums is less than
Lo, whence the inequality (6.5) follows (see also [5]). 0

6.2. Proof of Theorem 3.2. By the equiboundedness of F.(w.) it follows as
before that (s.,0.) — (1,1) in [L}(Q)]? as e — 0F.

Reasoning as in the proof of (6.4) of Theorem 3.1 we can find a sequence €, — 07
and measurable sets Ej, such that meas(2\ E) — 0 and v, = uc,lg, converge in
LY Q) to u € GSBV2(Q) N L?(2). Since (u.) is equibounded in L?(2), by Hélder
inequality ||uc, — v, |1 — 0 as h — 400, hence u,, — u in L*(). |

7. The upper inequality.

7.1. Proof of Theorem 3.3. We can assume without losing generality that
u € GSBV2(Q) N L%(Q), |VZu| € L?(Q), and ¢ = 1. Since we are assuming that
a = [ we simply set s¢ = 1 for any € > 0. We construct a family u. converging to
u in L%(Q), so that we can neglect the term u [ |u — g|? dz, which is continuous with
respect to the strong L?(£2) topology, and we then assume u = 0.

Assuming that € is star-shaped with respect to the origin, we set Q; = tQ with
t € (0,1) and construct a family we = (ue, S¢, 0c) € D(€) such that (as in the previous
section we emphasize the dependence on the domain of integration)

(7.1) lim sup Fe(we, Q) < Fw, Q) .

e—0t

Then, the functions w, ;(z) = we(tx) belong to D(2) and satisfy

lim sup ]:e(we,tv Q) < tin}—(fwa Q) )

e—0t

hence the desired family of the I'-limsup inequality can be constructed by a diagonal
argument by letting ¢ T 1.

In order to construct the family (w.) satisfying (7.1) we follow the outline of [6],
assuming first that

(7.2) M* (S, U Syy) N K) = H" " ((S, U Sy.) N K) for any K C Q compact .

We restrict our choice to the functions u. and o, that, outside a tubular neighborhood
of S, U Sy, with radius depending on ¢, are, respectively, equal to u and 1.



Downloaded 09/17/18 to 192.167.204.51. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

APPROXIMATION OF A FREE DISCONTINUITY PROBLEM 1187

Setting S, = S, U Sy, and 7(z) = dist(z, S,,), by the interpolation inequality
(4.2) we obtain a constant C' depending only on u such that

(7.3) / Vul? dz < Cr—
Qe \(Su)r

for any r sufficiently small. In view of our assumption on k., we can find an infinites-
imal b, faster than e such that x. = o(b?) (for instance, b = (emi/4)1/2), and an

infinitesimal 7). faster than /e such that a. = —2elnn, is infinitesimal (for instance,
Ne = 6)'
With this choice of infinitesimals, we then define
o0 if 2 € (Su)p.,
oc(@) = { l—n. ifze\ (Su)ais -

Let now gy, be the solution of the Cauchy problem

. 1—y
y(t) = 5 y(be) =0,

that is, yc(t) = 1 — exp [(be — t)/(2¢)]. We complete the definition of o, by setting
0e(x) = ye o 7(2) if z e (gu)angbe \ (gu)bg :

Now we turn to the choice of u.. To this aim, we build a smooth function . :
Q — [0,1] such that ¢ =0 in {7 < b./2}, Y = 1 in {7 > b.}, and |Vip| = O(1/be),
|V21e| = O(1/b?). Taking into account that |V7| = 1 a.e., a function ¢, with the
required properties can be built as (x o 7) % p, where p is a convolution kernel with
diameter b./3 and x(s) = [0V (6s/be — 4) A 1]. The assumptions on u and the
interpolation inequality (4.2) yield

we W@\ 5)

so that, if we set u. = u1),, we have u. € W22(€;).

With these choices, we get

(7.4) Fe(we, Q) = / (02 + ko) |VPuc|* d
Qy

(7.5) +8Ge(oe, 2 N ((~~u)ae+bg \ (gu)be))

(76) +ﬁmeas(9t4r2 (Su)b.)

(77) +A 7= meas( \ (Su)a,+s,) -

Since ue = u on {o. > 0} (because ¥ =1 on {7 > b.} D {oc > 0}), the upper
limit of the term in (7.4) does not exceed

/ |V2u|? dx 4 lim sup k.
Q

/ |V2u|* dz .
e—0t QiN{be/2<7<b }

Taking into account (7.3), the identity
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V2ue = VU + 2Vihe @ Vu + uV3i), |

and our choice of b, we obtain that the lim sup above is zero.

Concerning the term in (7.5), from the proof of Theorem 3.1 of [6] it follows that
its upper limit does not exceed SM*(S, N€Y); by (7.2) we obtain that the upper limit
is less than SH"1(S,).

The term in (7.6) is infinitesimal because the Minkowski content is finite and
be = o(e), and similarly the term in (7.7) is infinitesimal because 72 = o(e).

This proves, under the additional assumption (7.2), the existence of a family (w.)
satisfying (7.1). The assumption can be removed as follows. Consider for any A > 0
the penalized problem

min {/ (V20 + Ao — uf?) do+ BH" " (S, U Syy) : v € GSBV*(Q)N LQ(Q)} ,
Q

and let uy be a minimizer (see [12]). Notice that F(uy) < F(u) < +o0, hence uy — u
as A — +oo. Then, it has been proved in [14] that any function uy fulfills (7.2), and
therefore a family (w.) satisfying (7.1) for (u, 1,1) can be obtained from those already
constructed for (uy,1,1) by a diagonal argument. d

7.2. Proof of Theorem 3.4. Since the proof is similar to that of Theorem
3.3 we sketch only the relevant differences. The function o is defined in the same
way and s, is constructed analogously in a tubular neighborhood of S,,. Let 7 (x) =
dist(x, Sy,). In order to construct u. we fix some smooth function v, such that ¢ =0
in {7 < b/2}, Y =1in {m > b}, and |Ve)| = O(1/be). The assumptions on
u yield u € WY (Q\ S,), so that setting u, = uy). we have u. € W17(Q) and
o Vu, € WHP(Q; RM).

The cut-off function 1), is built only in the tubular neighborhood of S,,, otherwise
the term & [(s? + ()| Vue|"dx cannot be controlled in the neighborhood of Sy, \ Sy,.
Then we must set k. = 0 otherwise F,(w,) is not finite.

With these choices the estimates proceed in the same way as in the proof of
Theorem 3.3 taking into account that the upper limit of the term &, [(s?+(.)|Vue| dx
does not exceed

& | |Vu|” dx + limsup €., [Vue|" dx .
Q

e—0t Lﬁ{b€/2<71<be}

In view of the assumption on &.(., we can find an infinitesimal b, faster than e such
1

that £.C = o(bY™1), for instance, b, = (e(£.C)77)2, so that the lim sup above is

Z€ro. O

8. An application to the computation of depth from stereo images. The
I'-convergent approximation has been experimented on the problem of computation
of depth from a pair of stereo images for the purpose of illustration. In the following
Q denotes the open set (0,1) x (0,1) of R?, and = = (x1,z2). In the case of parallel
camera geometry [22] we choose the expression of the function ®(x, u) used in [23, 24,
25]:

O(z,u) = p[L(z1,22) — R(z1 + u,22)]”

where u is the disparity function, g > 0 is a parameter, and R, L are bounded
continuous functions corresponding to the right and left image intensities. Depth is
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inversely proportional to disparity. The I'-convergence theorem may be applied if the
functions R and L satisfy the conditions of the Remark 3.5, which can be fulfilled,
for instance, by means of a convolution of the image intensities with a smooth kernel
having a suitably small diameter. For the purpose of illustration we set v = 2.

A simple discretization method, commonly used for computer vision problems
[35], may be applied to the functionals F, in a straightforward way. Discrete versions
of u, s, and o are defined on a square lattice of coordinates (ih,jh), where h =
I/ (IN=-1),0< i< N-1,0<j < N-—1. We denote by uﬁj, sﬁj, and orzh,j,
an approximation of u(ih, jh), s(ih,jh), and o(ih,jh), respectively. We denote by
ul, ", o" € RV” the vectors of the discrete variables. Then we set k. = 0, (. > 0,
and we discretize

FHu,s,0) :/02|V2u|2dx+€5/(82+C€)|Vu|2dx
Q Q

by
73,h(uha s" ol = Z{(Uﬁj)Zhlg [(u?—&-l,j - 2“?,,1 + “?—1,3‘)2
,J
+ 20wy — Ul — Uy ug)?
(U = 2ul ol )’
(8.1) + fe((sﬁj)Q +Ce) [(u?-&-l,j - U?,j)Q + (U?,j+1 - u?g)z] }
We set

Fe(s,0) = (a = B)Ge(s) + BGe(0) ,

and we discretize G.(s) by

(8:2) Gen(s") = Z {6 [(3?4-1,]' - 3?,]‘)2 + (Sﬁj-i-l - S?J)Z] + E(Si,j - 1)2} )

4,3

and analogously for G.(c). Then we set

Fiu) = “/ [L(x1,22) = R(wy + u(wy, @), )] da
Q

which is discretized by

2
(3.3) Fiwh) = 0 (Ll =Rl )
,J
where R}';, L', denote an approximation of R(ih,jh), L(ih,jh) and, since u}; is

generally not an integer, the discretization of R is computed by means of a linear
interpolation. We set

fe,h(uh,sh,ah) = .7:17h(uh,sh,ah) + fzh(sh,ah) + F(uh) .

€

In order to recover a stable solution, the grid must resolve the width of the
transition region of the functions s and ¢. Then the discretization step should be
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at least h = o(e) as it has been shown in [8] for the discretization of the Ambrosio
and Tortorelli approximating functionals. A global solution of the discrete nonconvex
variational problem could be computed by means of a stochastic optimization method.
However, we use a faster deterministic continuation procedure in which « and 3 are
considered as continuation variables [35]. The functional F!+7F2 becomes increasingly
convex for larger values of these variables. Then a solution of the system of equations

Vf€7h(uh,sh,ah) =0

is computed by using a nonlinear Gauss—Seidel iterative method, with o and g ini-
tially set to high values, then gradually lowered. The continuation procedure yields
experimental good, although not globally optimal, solutions. The parameters « and
0 are lowered according to the rule

(8.4) a® = ag(c)*, B = By(c)*,

where ag, By are the initial values, ¢ < 1 is a real positive number, and each step k of
the continuation procedure consists of 32 nonlinear Gauss—Seidel iterations.

The T'-convergence theorem and the continuation algorithm have been experi-
mented on synthetic stereo pairs of images corresponding to simple patterns. The
images are discretized with N=256. The brightness patterns of all the surfaces rep-
resented in the synthetic images are linear combinations of spatially orthogonal si-
nusoids. The spatial frequency of the sinusoids is chosen to give a reasonably strong
brightness gradient such as that usually required for binocular stereo matching (see
also March [23, 24, 25]). The range of brightness values for L, R is [0,255]. Depth
has to be recovered from the local geometrical distortion of the brightness pattern in
the left image relative to the one in the right image. The periodicity of the brightness
pattern causes further difficulties to the problem of recovering disparity because of
the presence of many ambiguous corresponding points in the two images.

The algorithm was started with an initial estimate of the disparity function u
equal to a constant value, and setting the functions o, s equal to 1 everywhere. The
values of the parameters in the functional were chosen on the basis of the results of a
number of experiments.

Figures 1(a) and 1(b) show the two images L and R of a stereo pair representing an
object shaped as a revolution surface and portrayed against a plane background. The
value of disparity ranges from 14 to 32 pixels (14h < u < 32h). The stereo disparity u
in the images of Figures 1(a) and 1(b) is discontinuous along the occluding boundary
between the curved surface and the plane background. The function u has no creases
in this example.

We set /i = 26 and ¢ = 0.8 in (8.4). The continuation procedure is iterated for
43 steps (1376 total Gauss—Seidel iterations) and the final values of the parameters
are a = 37, 3 = 32.7. Figure 2(a) shows the function o computed with e = 21072,
and Figure 2(b) shows the same function computed with € = 1.3 - 1072. Figure 3(a)
shows the function o computed with € = 6.5 - 1073: in this case o reaches values of
order 10~° along the discontinuity set of u. In the figures representing the functions
o and s by means of grey values, white corresponds to 0 and black corresponds to
1. The figures show the convergence of the functions o. towards the discontinuity set
of the disparity u as e decreases, thus illustrating the behavior of I'-convergence in
this specific example. Figure 3(b) shows the function s computed with € = 6.5-1073.
Because of the presence of the factor & converging to zero, the values of the func-
tions s, might approach zero more slowly than the functions o. as € tends to zero.
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(a) L image of a synthetic stereo pair (only
jumps).

Fia. 1.

(a) The function o computed with ¢ = 2.0 -
1072

Fic. 2.

(b) R image of a synthetic stereo pair (only
jumps).

(b) The function o computed with e = 1.3 -
1072
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(a) The function o computed with € = 6.5 - (b) The function s computed with e = 6.5 -
1073, 103

Fia. 3.

Fia. 4. Surfaces with jumps recovered from the stereo pair 1(a), (b).
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(a) L image of a synthetic stereo pair (only
creases).

FiG. 5.

(a) The function o computed with ¢ = 8.0 -
1073.

FiG. 6.

(b) R image of a synthetic stereo pair (only
creases).

(b) The function o computed with ¢ = 2.0 -
1073,
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F1G. 7. Surface with creases recovered from the stereo pair 5(a), (b).

(a) L image of a synthetic stereo pair
(jumps-+creases).

FiG. 8.

(b) R image of a synthetic stereo pair
(jumps+-creases).
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=4

(a) The function o computed with ¢ = 2.0 - (b) The function s computed with ¢ = 2.0 -
1073. 1073,

FiG. 9.

| I.]_| |"'"I-I'|I:I' '.".'.I' : Z.

I| |I l.lll |
i |"'

Fi1c. 10. Surface with jumps and creases recovered from the stereo pair 8(a), (b).
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For instance, in the present example s reaches the value of 6 - 1072, but takes values
between 0.3 and 0.7 along some portions of the discontinuity contour. Finally, Figure
4 shows the surfaces corresponding to the disparity map recovered from the stereo
pair. The discontinuity set is correctly reconstructed along the occluding contour.

Figures 5(a) and 5(b) show the images L, R of a stereo pair representing a trun-
cated pyramid laid upon a plane background. Disparity ranges from 12 to 24 pixels
(12h < w < 24h) and, in this example, the function « has creases and no jumps.

We set (/i1 = 47 and ¢ = 0.76. The continuation procedure consists of 45 steps
(1440 total Gauss—Seidel iterations) and the final values of the parameters are o =
14.6, 8 = 7.3. Figure 6(a) shows the function o computed with e = 8 - 1073. Figure
6(b) shows o computed with ¢ = 2-1073: in this case o reaches values of order
either 1073 or 1072 along the set of creases of u. The figures show the capability of
I’-convergence in the localization of the creases.

Figure 7 shows the surface recovered from the stereo pair with the creases correctly
reconstructed.

Figures 8(a) and 8(b) show the last stereo pair used in the computer experiments
which is obtained from the previous one by introducing a jump between the truncated
pyramid and the plane background. Disparity ranges from 8 to 24 pixels (8h < u <
24h). In this example the function u has both creases and jumps.

We set /it = 47 and ¢ = 0.76. The continuation procedure consists of 43 steps
(1376 Gauss—Seidel iterations) and the final values of the parameters are o = 14.3,
B = 12.6. Figures 9(a) and 9(b) show, respectively, the functions ¢ and s computed
with € = 2-1073. The function o reaches values of order 10~° along the jumps, and
of order 10~2 along the creases, while s is about 0.3 along the jumps. Finally, Figure
10 shows the surfaces corresponding to the disparity map recovered from the stereo
pair. Both discontinuities and gradient discontinuities are reconstructed.
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