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NEURONAL OSCILLATIONS IN THE VISUAL CORTEX:
I'-CONVERGENCE TO THE RIEMANNIAN MUMFORD-SHAH
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Abstract. The aim of this paper is to provide a formal link between an oscillatory neural
model, whose phase is represented by a difference equation, and the Mumford and Shah functional.
A Riemannian metric is induced by the pattern of neural connections, and in this setting the difference
equation is studied. Its Euler-Lagrange operator I'-converges as the dimension of the grid tends to 0
to the Mumford and Shah functional in the same Riemannian space. Correspondingly, the solutions
of the phase equation converge to a BV function, which is interpreted as the flow associated with
the Mumford and Shah functional. In this way we provide a biological motivation to this celebrated
functional.
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1. Introduction. An intriguing issue that has to be dealt with in the mam-
malian visual system is how the information distributed in the visual cortex gets
bound together into coherent object representations. Along the path going from the
physical object to the observer, radiations are completely independent one of the
other. The retina is constituted in its turn by a mosaic of histologically separated
elements. At the end of this chain, during which the unity of the original object is
completely lost, the object shows up again at the perceptual level as a unit. In which
way is it possible to reconstruct at the perceptual level the unity of the physical ob-
ject? This process is known as “binding” or “perceptual grouping,” and it has been
extensively studied at least from two different points of view: From one side it has
been the subject of research in the experimental psychology of Gestalt, oriented to
infer the phenomenological laws of perceptual organization [33]. On the other side,
neurophysiological studies have been focused on the determination of biological func-
tionalities underlying grouping. In this paper we prove a formal relation between two
of these models: a difference equation describing the phase of neuronal oscillators in
the visual cortex, and the celebrated Mumford and Shah functional, first introduced
as a phenomenological model. The family of discrete Euler-Lagrange functionals as-
sociated with the phase equation I'-converges as the length of the grid tends to 0 to
the Mumford and Shah functional in a BV space related to a Riemannian metric.

1.1. A phenomenological model. Mumford and Shah in their celebrated pa-
per [36] proposed to obtain the segmentation of a given image ug as a minimum of
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the following functional:

E(u, K) :a/

|Vul*dz + BdH" (K) + / |u — ug|*da,
R\ K

R

where K is closed, and u € W2(Q2\ K). This functional has been deeply studied in
the weak formulation, provided by De Giorgi, Carriero, and Leaci in [20], who allow
u to be a SBV function and K its jump set:

(1.1) MS(u) = a/ Vul2dz + BAH™(S(u)) + / . — o |2dz.

n n

In the same paper [20] the existence of minima has been proved; their lower semiconti-
nuity has been proved by Ambrosio [1]. The main properties of the minima have been
established by Ambrosio and Pallara [3], Ambrosio, Fusco, and Pallara [4], Bonnet
[8], David [18], and Bonnet and David [9].

It has also been deeply studied in the problem of I'-approximation of the func-
tional M S, with elliptic functionals. Different families of approximating functionals
have been proposed by Ambrosio and Tortorelli [5], Braides and Dal Maso [13], and
Gobbino [28], who proved a conjecture of De Giorgi. We are interested in this last
result, since it is an approximation of the MS functional with discrete functionals:

(1.2) ! /ng arctan <(“(x +6) = “(x))Z) e dude.

entl €l

Similar approximation problems have also been studied in [10, 11, 12, 14] in order to
investigate the relation between the finite difference expression of the energy of elastic
media and its continuous counterpart.

Here we will study the difference equation satisfied by the phase of neural oscilla-
tors with a technique similar to the one introduced in [28] and prove that it naturally
leads to a nonisotropic version of the Mumford and Shah functional. A different ap-
proximation of nonisotropic functionals, analogous to [13], had already been provided
by Cortesani [17]. Properties of minima of general anisotropic functionals of MS type
have been established by Fonseca and Fusco [26], Trombetti [40], and Fusco, Mingione,
and Trombetti [27]. We also refer the reader to Baldi for a degenerate functional of
this type [6].

1.2. A neurophysiological model. From the neurological point of view there
is a large amount of experimental evidence that grouping is represented in the brain
with a temporal coding, meaning that semantically homogeneous areas in the im-
age would be encoded in the synchronization (phase locking) of oscillatory neural
responses [22]. Shuster and Wagner [38, 39] described the emergence of oscillations in
the visual cortex by modelling every cortical column by densely connected Wilson—
Cowan neurons [41]. The appropriate mean field equations for the cluster of neurons
show that every column can be interpreted as an oscillator. The visual cortex is then
modelled as a collection of oscillators coupled with long range sparse interactions,
represented by the reduced phase equation, on a grid of length 1:

(1.3) dru(t) = A (#(Aeu) ) (@),
where A¢ is the difference operator which acts as follows on each function f:

Aef(z) = flz + &) — f(a).
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The function ¢ is continuous, odd, and periodic of period 27 so that ¢(7w) = ¢(—7) =
0.

The same equation can be adapted to a grid of arbitrary length. Since the function
u represents the phases of the oscillators, we can assume that Agu takes its values in
the interval [—m, 7] and ¢ = 0 in R\[—m, 7]. If p > 0, we call

(14) 06(2) = o €172). Iel £ 0,

and a suitable rescaling of the function u is a solution of the equation

o= o3 0

This finite difference degenerate parabolic equation has been extensively studied in
one dimension in [34, 35]. Its ability to reach phase locking solutions and to present
phase discontinuities has been outlined.

In higher dimension Shuster and Wagner also proposed to convolve with a Gaus-
sian kernel, which expresses the probability that an oscillator is connected to another.
They obtain the equation

(1.5) Bpu(t) = / et |2|A75 <¢|¢| (Aéu)) %

with the change of variable n = ¢/e

1 A u
= —A_., (e g, < € >) d
/]R" eln|~ " ( I\ efn]

In this study we consider (1.5) in the n-dimensional space and with space variant
anisotropic connections. Indeed, several neurophysiological studies show that the
association field between cortical columns are space variant and strongly anisotropic
[25]. Riemannian metric is directly induced by the coupling strength between cortical
columns.

A Riemannian metric is defined in R™ if at every point there is defined a matrix
gi; positive defined and continuous. In this case we call the Riemannian norm |n|, =
9i;mm; and the Riemannian difference quotient

(Aenu(?l)grgn‘)d@ﬂ') if 6‘77'9 # O7
(1.6) Dg,u(z) :=
0 if €lnlg = 0.

If g is the identity, this difference quotient reduces to the standard one, and we denote

it Dyu.
The resulting equation is then

‘77|g

(1.7) Opu(t) = /Rn Dyc <|n|e’79¢€ng (D;;u) h) dn,

for a continuous function h, where @, is defined in (1.4).
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1.3. Relation between the stated models. In this paper we prove a first
relation between the stated models, and we provide a biological motivation for the
Mumford and Shah functional. We prove the existence of a solution u, of the Cauchy
problem associated with (1.7), defined for all ¢ > 0, and we prove that it T'-converges
as € goes to 0 to the gradient flow relative to the Mumford and Shah functional in
the Riemannian space with metric g;;.

Precisely the Euler-Lagrange functional associated with (1.7) is

(1.8) F.(u) = /n (/n e_‘"‘gcpd,”g (D;nu> h(;v)dw) dn,

where @ is a primitive of the function ¢|¢| defined in (1.4) and the following theorem
holds.

THEOREM 1.1. Assume as before that ¢ is continuous, it is odd, ¢ > 0 in [0, 7|,
and ¢ =0 on [r,00[. Let us call B the constant value assumed by the primitive ¢ of
¢ on the interval [w, 00[, and assume that there exist constants o > 0 and p > 1 such
that

(1.9) i(j) —a#0 as z—0".
Then the family F. defined in (1.8) T'-converges in L, .(R™,R/2rZ) to the Mumford
and Shah functional

]’L($) dl"f’ﬁcnl |l/g‘gMdHn_1

g(z) S(u) g9(z)

(1.10)  MS(u,R™) = ey /]R IVguly

if u € SBV, MS(u,R™) = +oo otherwise. S(u) is the jump set of u, v, is the
normal to S(u) in the Riemannian metrics, g = det (g;;), and cyp and cp1 are dimen-
sional constants, defined in (2.2). (We refer the reader to section 2, where the formal
definitions of the jump set and the metric are recalled).

REMARK 1.1. The Riemannian Mumford and Shah functional is obtained for
h=gandp=2:

MS(u,R”):acng/ |Vgu\§\/§dx+ﬁcn1/ \Vg|g\/§dH”_1.
R™ S(u)

In the limit case p = 1, the functional M S becomes the total variation functional, and
an approximation result can be obtained with a modification of the technique used here
as in [30].

The functional F, is a generalization of a Riemannian setting of the functional
studied in [28]. The proof in this last paper is based on the slicing method and uses
in full strength the isotropy of the functional. The main idea of our proof is the
adaptation of the known technique to an anisotropic setting. Indeed, we first note
that any Riemannian metric admits a representation of the form

(1.11) 99&E) = cnn / -ty (&) Vgdn,

|nl2

where ¢,2 is a constant, depending on the dimension of the space (see Proposition
2.5). This representation allows us to write ¢ in terms of an isotropic scalar product
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and to extend to an anisotropic situation a convergence result known in the isotropic
case.

As an application of the I'-convergence Theorem 1.1, we prove an approximation
result for minima of the MS functional.

THEOREM 1.2. Let 1 < g < 400, and let g € LY(R™,R/27Z). Then for every
€ > 0 there exists a solution (u.) of the minimum problem

Me = min{FE(u) +/ |lu—gl?dx : uw € BV(R",R/27Z), |Du|(R") < 1}.
n 6

Moreover, for every sequence (e;) with €; — 0 the family (uc;) has a subsequence

converging in Llloc to a solution of the minimum problem

(1.12)  mg = min{MS(u,R”) +/ lu — g|?dz,u € SBV(R",R/271’Z)}.
R

Finally, me — mg as € — 0.

The proof is mainly based on a compactness result for a family of functions u. such
that Fe(u.) is bounded. Indeed, since for every € the functional F, has a minimum,
by the compactness result, all the minima belong to the same compact subset of BV.
Once this is established, the existence of the minimum point for M .S follows from a
general property of the I'-convergence.

Then we apply the I'-convergence result to the difference equation (1.7). For a
fixed function uy € BV (R,R/27Z), we consider a piecewise constant approximating
family (uge) and for every € > 0 the problem

Byuc(t) = —VE.(uc(t), t>0,
(1.13) {

ue(0) = uge.

We prove that the solution (u.) is defined for every ¢ > 0 and belongs to C([0, +-o00[;
(R™,R/2nZ)).

It converges in BV to a function u € C([0, +oo[; L} (R™,R/27Z)), which will then
be interpreted as the flow associated with the Mumford and Shah functional, with
initial datum wug. This function « is a natural candidate for the flow associated with
the Mumford and Shah functional. By now we can give only a characterization for u
under the additional assumption that p = 2 and out of the jump set (see Corollary
5.5 below). The problem of the behavior of the jump set is still open, even in the
Euclidean situation.

This paper is organized as follows. In section 2 we give some preliminary defini-
tions of I'-convergence and of Riemannian manifold. In sections 3 and 4, respectively,
we prove Theorems 1.1 and 1.2. Finally, in section 5 we describe the behavior of the
flow.

LP

loc

2. Preliminary definitions and notations.
2.1. BV functions and I'-convergence. In this section we recall the defini-
tions of functions of bounded variation and of I'-convergence of functionals.

The class of BV functions is a class of functions whose distributional derivative
is a nonnegative measure. We recall here the definition and refer the reader to [24] or
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[23], where these notions are presented in full details. See also [21], where the set of
BV functions with values in R/27Z is studied.

DEFINITION 2.1. Let @ C R™ be an open set. We denote M(Q) the set of all
signed Radon measures on 0 with bounded total variation. We say that a function
u € LY(Q,R/2nZ) is a function of bounded variation, and we writeu € BV (Q, R/27Z)
if all its distributional derivatives Dyu, i = 1,...,n, belong to M (). It is well known
that the following relation is satisfied almost everywhere:

lim " [ fuly) - 2ldy =0
p=0 By(x)

for some z € R, and all points x satisfying this relation are called Lebesgue points.
The jump set S(u) is the complementary of the set of Lebesgue points of u. If u €
BV (Q,R/27Z), then the set S(u) has Hausdorff measure at most n — 1. Moreover,
for H"~! in almost every x € S(u) it is possible to find a, b € R/277Z and a unitary
vector v such that

mW%/ lu(y) — aldy = 0, mW%/ [u(y) — bldy =0,
p—0 By (z) p—0 B, " (x)

where BY(x) is the half sphere {y € By(x) : (y — x,v) > 0}. The triplet (a,b,v) is
uniquely determined up to a change of sign, and it will be denoted (u*(z),u™ (), vy (x)).
The distributional derivative Du admits the following decomposition:

Du = D%+ D’u + DCu,

where Du = Vul, is absolutely continuous with respect to the Lebesgue measure

£n7
Diu= (u"(z) —u (2)) v H" ' [S(u)

is the jump part, and Du is the Cantor part of Du.

A BV function u is a special function of bounded variation if Dy = 0 and the
set of these functions is denoted SBV(2). A function u belongs to SBV,.(2, R/27Z)
if u e SBV(A,R/27Z) for all A CC Q.

Let us now recall the De Giorgi definition of I'-convergence.

DEFINITION 2.2. If (X, d) is a metric space, a family F; : X — R of functionals
T'-converges to F' as j — oo if the following two conditions are satisfied:

(i) for every w in X and any sequence (u;) converging to u in X,

F(u) < liminf Fj(u;);
j

(ii) for every u € X there exists a sequence (u;) converging to u in X such that

F(u) > limsup Fj(u;).
J

This notion of convergence captures the behavior of minimizers in the sense of
the following theorem.

THEOREM 2.3. Let us suppose that the family F; of functionals I'-converges to
F as j — +o0 and that there exists a compact set K such that F; takes its minimum
on K for every j € N . Then F has a minimum.

We also refer the reader to [19], where these notions are introduced and described.
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2.2. Riemannian metrics. In this subsection we recall the definition of Rie-
mannian metric and refer the reader to [32] for a detailed presentation.

DEFINITION 2.4. A Riemannian metric on a differentiable manifold M is given
by a scalar product on each tangent space ToM, g € M, which depends smoothly on
the point q.

Thus, if M has dimension n and x = (x!,..., 2") are local coordinates of M, then
a metric can be represented by a positive definite, symmetric matrix G(z) = (gi;(x))i;
whose coeflicients depend smoothly on x. Besides, the scalar product of two tangent
vectors v,w € TyM is (v,w), = gij(z)v'w!, and the norm is [v]?> = gi;(x)v'v/. We
remark that a Riemannian metric induces a metric on the cotangent bundle T*M =
Ugem Ty M defined as follows: if ¢,n € T;M, then

(¢mg = g7 (2(q))mi¢;,

where G=1 = (g");; is the inverse matrix of G. If a metric g;; is defined on an open
set 2 in R™ and v € BV (92, R/27Z), the Riemannian gradient is the vector

Vyu=G 'Vu,
and its norm in the metric (g;;) is
[Vgulg = (gijaiuaju)l/Q-

Analogously, if v, is the normal to the set S(u), defined at the end of Definition 2.1,
the normal vector with respect to the metric g is

(2.1) vy =G!

and its norm is |v,|, = (g% (1,)i(vu))/? (see [7]).

Finally, we prove a duality relation between the norm on the tangent space and
the cotangent.

PROPOSITION 2.5. Let v € R", and let us call vy = G~ 'v, as in the definition of
the Riemannian gradient or Riemannian normal vector. Then

n>|p\/§dn

Inlg

(2.2) (lvglg)” = Cnp/n ~Ils [

and

(2.3) <vg,wg>g:cn2/ oty s m{w, m) ><|2 >\fd77

n

for suitable constants c,,, depending on the dimension of the space and p.
Proof. We fix a vector w of Euclidean length 1 and note that

[ calwar L

is a constant independent of w. Denoting A = (a;;):; the square root of G, with
the change of variable £ = nA we have > _(&)% = nenngen = |17\3. Then the second
member of (2.2) can be computed:

el [ gleAlep
L. V9= L. g
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1 1
= — AP = — vy b
Cnp C’np

The first assertion is proved.
In order to prove the second one, we first note that

bij :an/ e lgl?j;d&

where §;; is the Kronecker delta. On the other hand, if we denote A~! = (a%),;,

hk hi ik _ 'Uha gg aj wk
(vg,wq)g = g VWi, = a™ 650" VW = ch/ IEIWd€

_ —le| (€A™ v) (€A™ w)
Cng/" e €[2 dg.

Then, with the same change of variable as before, n = €A™', we get the thesis. ]

3. I'-convergence results: Proof of Theorem 1.1. In this section we first
recover formally the expression of the Euler-Lagrange functionals F,; then we prove
the I'-convergence of the family F, to the Mumford and Shah functional

OlCnprn |v ’lL| dx—|—ﬂcn1 fs(u)|Vg‘g\;ﬂdHn 1 lfUESB‘/,
MS(u,R") =

+00 otherwise.

The proof of Theorem 1.1 is based on the slicing method, a general integral-geometric
technique which allows us to represent the functional F(u) in terms of its one-
dimensional sections. In this way it is possible to reduce the dimension of the problem
to one and recover the I'-limit result through the study of the one-dimensional prob-
lem. The method we use is a combination of the techniques in [28] and [10], where
similar convergence results are provided.

3.1. An approximating family of discrete functionals. Let us first formally
write the expression of the Euler-Lagrange functional for (1.7), giving the definition
of the space where the problem will be studied.

The equation is defined in terms of a metric (g;;);; such that g;; are continuous
functions on R™ and that there are two positive constants A and A such that

(3.1) Anl* < gij(@)n'n’ < Aln> Va,n € R™,
Let us call h : R® — R a continuous function such that
A< h(z) <A VreR"™

Let us recall here the assumptions required in Theorem 1.1. The function ¢ :
R — R is continuous, it is odd, ¢ > 0 in [0, 7[, and ¢ =0 on |7, +oo[. f ¢ : R — R is
a primitive function of ¢ null in 0, ¢ is obviously of class C'*([0, +o00[) and constantly
assumes a value § in [r, +oo[. Moreover, we require that (1.9) holds. A primitive ¢,
of the rescaled function ¢. defined in (1.4) is @ (t) = Lo(e!/Pt).



1402 GIOVANNA CITTI, MARIA MANFREDINI, ALESSANDRO SARTI

We consider the following functional:
(3.2) F.:L* R F.(u / / e Moy, (DS, u(x)) h(z)dz dn,

where D¢, u is defined in (1.6).
REMARK 3.1. F(u) < +oo for every u € LP. Indeed, by the assumption (1.9) on
@ there exists 6 > 0 such that

(3.3) w(z) <e12P Yz e [0,6]

for a suitable constant ci. Here and in what follows we will denote ¢; any constant
depending only on the data of the problem. On the other hand, since ¢ is nonnegative,
@ 1s increasing and takes its mazimum at w. It then follows that

(3.4) o(z) < B <ezP Yz >4

Analogous inequalities hold for ., with the same constant, so that

<cE/ / e |’7|9|D6 )’pdxdngcép/ / e*|”|g|u(m)|pdxdn,
n n RTL R"L

and this is finite if w € LP(R™,R/27xZ). In particular, due to (3.3) and (3.4) we also
have the following: there e:mst positive constants c1,co such that

(3.5) ¢y min{az?, B} < ¢(z) < comin{az?, 8}.
In order to recognize that F. is the Euler-Lagrange functional of the discrete
phase equation, we will work in the following set of piecewise constant functions:
PC? = {u € LP(R",R/27Z) : u is constant on the cube ez + [0, €|" Vz € Z"}.

PROPOSITION 3.1. Let € > 0. Then we have the following:
(i) for every u € PC? the gradient of F, in u is given by

©rG) @) == [ Dy (he e Bl (D5,0) ) ()i,

where we simply denote Dy, the difference quotient when the metric g is the Euclidean
metric;

(ii) VF, is a Lipschitz continuous function on PCP.

Proof. In order to prove (i) we calculate the Gateaux derivative along a direction

P
v e PCP .

lim Fe(u+6v) — Fe(u)
65—0 1)

= lim - s (o, (DG u(@) + 8D, v(x)) — e, (Doyu(x)) )da dn
JAREE )

6—0 0

// he Mg (DS )||"|| Divda di

formally integrating by parts the difference quotient

—/n /n D¢ (h(a:)e_lnlg ||7;7|L (bgwg(D;nu))(ac)v(x) dx dn.

Finally, V F, is Lipschitz continuous because it is compositions of Lipschitz continuous
functions. ]
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3.2. The one-dimensional case. Let us start with studying the simplest op-
erator of the form (1.8) in R:

(36) [ #@pan, (D5yu() o
where n € R, f: R — R, is a continuous function such that
A< f(z) <A VzeR,

with A\, A positive constants. A metric in R is simply defined by a continuous function
b such that for every 7,

|77‘g(w) = b(l‘)|77|

Moreover, by simplicity in dimension 1 we will always assume that n = 1 so that the
functional on an interval I reduces to

. Déu(x
(37) Fsgotud) = [ @) (G )iz,
I b(z)
where D¢ = Df is the difference quotient with respect to the Euclidean metric.
We will give sufficient conditions for the I'-convergence of the functional F 1 7(-, )
to the Mumford and Shah functional

’U/ xT p xT
o fy f@) (L) do+ 8 fyng0) 4 AH (@)
(3.8)  MSyy(u,I)= if € SBV(I),

400  otherwise,

where « is defined in (1.9) and 8 = (7).

We recall the following regularity result, which is proved, for example, in Theorem
2.6 in [10].

THEOREM 3.2. The functional M Sy (u,I) is lower semicontinuous in L}, (I).

In order to prove the I'-convergence result in L}OC(K R/277Z), we need an approx-

imation lemma for sequences converging in L}, (R, R/27Z); see [10].

LEMMA 3.3. Let uc — u in L, (R,R/2xZ). We call Tiv(z) a function whose
values on the interval [y+e(k, k+1)], k € Z, are between uc(y+ke) and uc(y+(k+1)e).
Then, for almost everyy € (0,¢€) and all choices of functions Tyv(x), the family Tgv(x)

converges to u in L}, (R).

LEMMA 3.4. Let us first assume that there are two positive constants & and 3
such that

(3.9) »(z) = min {dzp, B} .

Then for every u € L} (R,R/27Z), for every sequence u; — u in Li (R, R/2rZ)

loc loc
there exists a sequence €; — 0 such that

lim inf F,, 1 pp(u;,R) > MSy,(u,R).

Proof. By simplicity of notation in the proof we will always denote MS(u,I)
instead of M Sy y(u,I), Fe(u,I) instead of F¢ 1 fp(u,I), and D€ instead of D5.
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We will call s € R such that ¢ is constant in [s, +00].
First we assume that I is a bounded open interval of R. Let u; — win L'(I,R/27Z)
and show that

lim inf F (uj, 1) > MS(u, I).

Let 6 > 0 be fixed. Arguing as in Braides [10, p. 82], we can assume that there exists
a subsequence, always denoted €;, and a sequence (y;), with y; € (0, ¢;) satisfying the
thesis of Lemma 3.3 such that

Deu(ke; + y]))

Foyu, 1) 46> ¢ 3 flhes + 70 e,y
J J

kEJj
where we have denoted
Jj = {k‘ cZ Z]ij’ + yj76j(k + 1) + yj[C I}

This is a particular version of the mean value theorem for integrals, where we have
only one inequality, since we are not free to choose y; in an arbitrary way but only
almost everywhere.

Since J; is finite, we can write

Ty =A{k,... . kN, }

and denote

B=dkes |(u; (k4 1)€; + ;) — uj(ke; + y;)) mod 27| <se b o g
€;b(ke; +y;) J

Then we define v; = Ty’ u; as follows:

(22 = ks s+ 1) )+ (4 1) -

J

)uj(ke] +yj), t€ yj+elk k1] ke J],

uj(kej +yj5), te yj+ej]k7k+1_[,k:eJJ?,
u;(kgej + ;) if ¢ <y; +klej,
Uj((k;cvj + 1)6]' + y]-) if t > Y; + (kg\f] + l)Ej.

The choice of y; is made, according to Lemma 3.3, in such a way that v; — u in
LY(I). R
With this notation the estimate of F. becomes

Du(ke; + yj))

I:"Ej(uJ) +6>¢ Z f(ke; +yj)@€jb( b(ke; + y;)
3T Y

kelJ;

D u(ke; + y;)

f( kej—|—yj
+ﬁ
b(ke; +yj) Z

=a ) eif(ke; +y5)
e ver ke )
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The sequence v; converges to u by its choice. On the other hand, the operator MS
is lower semicontinuous so that

lim _ inf Fo (uj, I) > MS(u,I) — 6.
J—T0o0o
The arbitrariness of 6 > 0 gives the thesis in the case where I is a bounded open
interval. The result is still valid for R approximating from the interior by bounded
and open interval I.

In order to deal with the general case, we recall the following theorem about
supremum of family of positive measures, which can be found in [10].

PROPOSITION 3.5. Let Q be an open set and A(Q) be the family of its open
subsets. Let pp : A(2) — [0, 4+00[ be an open set function, superadditive on open sets
with disjoint compact closures. Let p be a positive measure, let 1; be positive Borel
functions such that py(A) > [, Yidp for all A € A(Q), and let (x) = supip;(z).
Then p1(A) > [, ddp for all A € A(Q). O

THEOREM 3.6. Let ¢ and ¢ satisfy the assumptions stated in Theorem 1.1. Then
for every u € L} (R,R/27Z), for every sequence u; — u in L, (R,R/27Z) there
exists a sequence €; — 0 such that

lim _inf Foap(uj, R) > MSpy(u,R).
J—T0o0

Proof. Let a; and b; be sequences of positive real numbers such that sup; a; = a,

sup; b; = 3, and

(3.10) 0i(z) = min{aizpbi} <p(z) Vt>0

by Remark 3.1. Note that we do not require any monotonicity property on a; and b;
so that their existence is ensured. From Lemma 3.4 we have

Byt )2 i [ g0 () e [ ane

lim inf

for every i. In order to apply Proposition 3.5 we set

N:£1+ Z 6137

zeS(u)

where £, is the Lebesgue measure and ¢, is the Dirac measure. We also set

a; f(x) (Ilgl((%))‘)p on I\S(u),

b; L) on S(u)

so that
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By Proposition 3.5 we deduce

>pd:c+ﬁ MdHO(;n).

ns(w) b()

|u

lim inf Fej’l,f’b(uj,R) > Oé/]f(l‘>< b/((xx))

j—+o0

This is the thesis. a

The opposite inequality is simpler. We start with a simple remark.

REMARK 3.2. Let I be a real interval, not necessarily bounded, and let u €
BV (R,R/27Z) such that MSs(u,I) < +o00. Then there exists a constant c¢i inde-
pendent of € such that for every

(3.11) Ac{zel:|z,z+¢NS(u)# 0},

(3.12) /A|D€u(gc)|”da?Scl/léi |u'(z)|Pdx,

where A, = Uzealz, = + €.
Indeed,

/A\Deu(xﬂpdm:/A

(with the change of variable y = x + €s)

1
§cl/ / |/ (z)|Pdxds = ¢ /~ |u/(z)|Pdzx.
0 JA. Ae

THEOREM 3.7. Let ¢ and ¢ satisfy the assumptions stated in Theorem 1.1. Then
for every u € L} _(R,R/277Z),

loc

1 P 1
/ U (x + es)ds| dr < c¢; / / [/ (x + €s)|Pdsdx
0 aJo

lim sup F.1 fp(u,R) < MSsy(u,R).

e—0t

Proof. Let us fix 6 > 0. We can obviously assume that M .Sy ,(u, R) < 400, which
implies that u has only a finite number of jumps. Then there exists M > 0 such that
u has no jumps in I\[-M, M]. Since ' € LP, by the previous remark we can also
assume that M is chosen in such a way that for every e,

(3.13) / (ID“uf? + [u/|P)da < 6.
Ry

From the previous remark it also follows that there exists ¢ > 0 independent of e
such that, for every ¢, for every A satisfying (3.11), A C [-M, M] and with Lebesgue
measure |A| < o, the following estimate holds:

(3.14) / (ID“uf? + [u/|P)dz < 6.
A

In particular, if we call

Iie={ze[-M,M]:[z,z+ € NS(u)#0,|Du(z)| >k},
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then, always for the previous remark,

1 1
[Tre| < —/ |DulPdz < — |u(z)|Pdz — 0
kP Jn. kP s )

as k — 400, uniformly in e. Then by (3.14) we can fix k > 0 such that for every e,
(3.15) / \DfulPdz < 6.
Ije

Let us denote {x1,...,xs} the set of jumps of u, and let us call
J={ze[-M,M]:[x,x+€¢NSu)=Q,|Du(z)| <k}, Is= U[m] — €, 2]
J

By (3.15) and (3.13) and the fact that ¢ (z) < c22P for every z € R, with ¢y indepen-
dent of €, the discrete functional can be estimated as

(3.16) F‘€71,f7b(u, I) =2¢6+ Z wi f(@)pe (D;Elx()l')>dﬂf

+[]f(x)@€b(D;ZL;;:)>dx.

Each of the integrals in the first sum can be estimated using the definition of ¢, and
the fact that maxyp = :

x

(317) * raren (G

f(x))
b(z;)

- € £]'—E b(‘r)

DEU(m))dw - @ zj f<x)da?—>ﬁ

as € tends to 0.
In the last integral of (3.16) we use the fact that D u(x) takes values in the
compact set [—k, k] and punctually tends to u’, while ¢, (2) — ablpz—(‘; uniformly if

(z,z) belong to a compact set. Hence

) -5

almost everywhere. Using again the fact that Déu(x) is bounded by k we can apply
Lebesgue’s dominate convergence theorem on the bounded set [—M, M]\S(u) and
obtain

(3.18) /J f (x)sﬁeb(

Deu(x) o |u’ (z)|P .
b(z) )dI /[M,M]\S(u) bP () I

Putting together (3.16), (3.17), and (3.18) we obtain

lim sup Fe’l’f,b(u,R) < 2c26 + M Sy p(u,R),

e—0t

and this implies the thesis, since ¢ is arbitrary. 1]
Finally, from Lemma 3.4, Theorem 3.6, and (3.5) we have the following corollary.
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COROLLARY 3.8. Let ¢ and ¢ satisfy the assumptions stated in Theorem 1.1.
Then

I — lim Foygp(u,R) = MS;y(u,R) in Ll (R,R/217Z),

lime .oF. 1 rp(u,R) = MS;4(u,R)  for every ue SBV(R,R/277Z),

and

Feipp(u,R) <C MSsp(u,R)  for every ue Ll(]R, R/27Z),

with C' a positive constant. 1]

3.3. The n-dimensional case. In this section we will deduce the general n-
dimensional case from the one-dimensional result, using the slicing method already
used in the nonperiodic, isotropic case by Braides [10].

This procedure is formally similar to a standard reduction in the integral so that
we fix n € R®\{0} and denote (n)* = {z € R": (, z) = 0} the orthogonal space to n

with respect to the Euclidean metrics. For every y € (n)* consider the function Uy
defined by
_ Ui
Uny(t) = u y+tm , teR.

With these notations the operator Fi defined in (3.2) becomes

(3.19) Fe(u,R") = /n /n h(x)ef‘”‘gwewg(D:mu(z))dxdn

_ /R /( ) Foy 1 (1t R)dyel,
n Sy

where
_ (pe-nls 111 _ Iy +tgp)
(3.20) $0) = (he7e ) 0, b0) e
and
A Dy gy (T
Fe,”]:f,b(uny(t)aR):/Rf(t)QOeU(nl)(t)())dt.

In this way the functional F, is represented in terms of one-dimensional sections.
Also the functional M S, defined in (1.10), can be represented in terms of its
sections, and the function u belongs to BV if and only if its sections u,, belong to
BV (R).
THEOREM 3.9. (i) Let w € SBV(R",R/2xZ). Then for all n € R™ we have
Uyy € SBV(R,R/27Z) for almost everywhere y € (n)* and, moreover,

uy, (t) = <Vu(y+tl—z|), |Z—|> fora.e. t €R,
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S(tyy) = {t ER:y+tL € S(u )} uy, (8) = ut (y+tﬁ), up, (8) = u~ (y+tﬁ),
Inl Inl Il

where ut and u~ are defined at the end of Definition 2.1.
(ii) Let u € L}, (R™",R/27Z), and let M Sy, be the operator defined in (3.8). If

- MS¢p(tny, R)dy < +00
U

for every n € B, B a basis of vector space R™, then u € SBV (R™,R/27Z).

We refer to Ambrosio [1] for the proof.

Applying the previous result we get the expression of our Mumford and Shah
functional.

THEOREM 3.10. For every function u € L}, .(R",R/27Z) we have that

/ </ MSf,b(uny,R)dy>dn = MS(u,R").
Rn (m+

Proof. We can assume that v € SBV(R™). In this case by Theorem 3.9 we have
that

K " MSﬁb(uny,R)dy
n

—a/ / )" ddy +ﬂ/ / thO()d
<77 <77 S(unv t

by Theorem 3.9 and by definition (3.20)

= a/n h(zx)e~ s

where the equality follows from [10] for the second integral. Integrating in 7 the
preceding equality we get

<Vu( ) >‘ dz + h(x)e M

S(u)

<y |>‘dH” ),

[nly lg

/ - M ;b (uny, R)dydn
n

:a/nh(x)</"6_
o f h(x)( [ e

(by Proposition 2.5)

o|(Vul),

nlg

o )

lg

<V, 77>‘ dn) dH" 1 (z)

h(x) h(x) -1
= acpp Vgu(z gdx Cn VglgdH" ™ (). 0
I3 IVl 1/5(u) sl )
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Proof of Theorem 1.1. We sketch the proof which follows from the convergence
Corollary 3.8 and the representation of the limit functional provided in Theorem 3.10.
Let u,u; € L}, .(R",R/27Z), u; — u in L}, .(R",R/27Z), let ¢; — 0, and let us prove
that

lim inf F (u;) > MS(u,R").

j—+o0

Indeed, by (3.19) and the Fatou lemma

lim inf Fej(uj)Z/’ /<>L lim inf ﬁ'ej,n,ﬁb((uj)ny,R)dydn
nJ(n

j—too j—too

(by Corollary 3.8)
> / /< ) MS¢p((w))ny, R)dydn = MS(u,R™)
R J ()L

by Theorem 3.10. Finally, the dominated convergence asserted in Corollary 3.8 ensures
that MS(u) = lim.F,(u) for every w, and this proves the second requirement in the
definition of I'-convergence. O

4. Existence of a minimum for the Mumford and Shah functional. We
will give here an approximation result of the minimization problem for the Riemannian
Mumford and Shah functional. It is based on the existence of the minimum for every
F,, on the I'-convergence property, and on a suitable compactness result.

4.1. An embedding theorem. In this section we will prove an embedding
theorem which extends the classical compactness result in the space BV. Indeed,
due to the particular expression of the functional F, we will deal with family (u.) of
functions such that the quantity

(11) N = [ fuddst [ e [ Dguta)ide dn
Q Rn Q

is bounded if 2 is bounded.

THEOREM 4.1. Let (u¢) be a family of functions in L}, (R™,R/27Z) such that for
every bounded set 0, N(uc) is bounded. Then there exists a sequence €; convergent to
0 and a function u in BV, such that Ue; converges to u in L}OC(R",R/%TZ).

Proof. Let us choose a nonnegative radially symmetric cut off function 7 of class

C§°(R™), supported in the unitary sphere, and with integral 1. For every € > 0 we set

ui(@) = [ nl©ude + )

Then we have for QQ bounded

[ < [ ( / nn<£>u6<x+ea>d§>dx<cl,

since 7 is bounded in L*> and (uc) in L}, .. By definition the gradient of (uf) is

Vus(e) =+ [ Vn©uele + c6)de

€ Jrn
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since 7 is radially symmetric

:/nw(@<ue<x+eg>—ue@))dé_

€

Then for any bounded €2

/|Vu§(m)|dac§/ /|D§u€(;v)|dxd§<02
Q l€l<1JQ

by the assumption on N.. By the standard compactness theorem in BV}, it follows
that (uf) has a subsequence (u¢}) converging in L}, to a BVj,. function u. On the
other side,

(e, =0 @) = [ ) (e @+ 66) = e (@) de <5 [ |DE s ()]

l€1<1

Integrating over {2 we get

/ ue, —ug|(z)de < ej/ / ‘D?uq (ac)‘dxdf < c3¢;.
Q ! gl<1Ja

It immediately follows that u., has the same limit as u¢) in Lj,,. O

4.2. A compactness result. Let us now prove a compactness result for a family
(ue) of functions such that F¢(u.) is bounded. Since the argument of the function ¢,
in the expression of F; is the difference quotient and the functions we are interested
in have a different behavior when the argument is small or big, we will also denote
the following: D;’;ue(x) = Dieuc(x) if |Dgeuc(z)| > 7r(e|§|)_% and D;’gue(x) =0
otherwise, and we will call
(4.2) I = {z e R"|D uc(x) # 0}.

This notation will be useful when studying the limit for ¢ — 0, since the term
Dy ue(z) will recover the gradient of u, while D;’;ue(z) will describe the jump
set of the function.

THEOREM 4.2. Let (uc) be a family of functions in L}, (R",R/27Z) such that
Fe(uc) is bounded; then N.(u¢) is bounded.

Proof. Let us call ¢; a constant such that

(4.3) pe(2) > e12”

for all z such that ¢!/Pz < 7. Note that ¢; is independent of €. Let us now fix an
open set ) CC R”™ and estimate separately the integral on I;z and the complement
set. Since u. takes values in [—, 7], we have

_ . _ 1
(4.4) / e €l /+ |Dg§u€(a:)|da:d§§cQ/ e €l /+ e dzdg
n rna n r5na €l8lg

(since @ takes constantly the value £ in |7, +00])

Co _ €
s—/ . |s|g/ el (Deguc)dwde < esF.(u,).
B Jrn e
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By condition (4.3) and the assumption (3.1) on (g;;)ij,

16| DE g ()P dard <c/ / o lel, w(2))dad
/n/n\]+ ‘ | f 4 n ”\I+ Pe ‘f‘( g€ ( )) g

S C4Fe(ue)~

Consequently,

/eflglf’/ |Dgeuc(w)|drdé = e l€ls / +/ | Dgeu(z)|dzd
n Q R™ O\ onrf,

by (4.4) and Hélder inequality

< csFe(ue) —|—/ e I8la </ . | Dgeue(z)|Pdz + c5Q|> dg
n o1,

< (e3+ 1) Fe(ue) + |9

for suitable constants ¢;. Here |- | indicate the Lebesgue measure in R™.
Then lemma is proved. 0

4.3. Approximation of the minima for the Riemannian Mumford and
Shah functional. Let us first modify the functional F, in such a way that its mini-
mum is a BV function.

LEMMA 4.3. Let g € LY(R™,R/27Z) and for every € > 0 let us denote

— q 3 n ny < 1
(45) G.(u) :{ Fe(u)+f$,(;ou gldx if u€ BV(R S];Rf{jrlzigé.wum )<L

Then the family G.(u) T'-converges as € — 0 in L}, .(R™,R/27Z) to the functional
Go(u) = MS(u,R™) —|—/ lu — g|%dx.
RTL

Proof. The lim inf-inequality follows from the I'-convergence of (F,). The lim sup
follows from the pointwise convergence of (F.) if u € SBV and by a truncation
argument for all u. ]

Proof of Theorem 1.2. Since the functional G, is lower semicontinuous in

L} (R™) and the set

loc
{u € BV(R",R/27Z) : |Du|(R") < 1/¢}

is compact in L} (R™), the existence of minimizers for G, follows from the direct
method of the calculus of variations.

We then prove that all the minimizers belong to the same compact set K. Let
(ue) be a family of minimizers. Since

Ge(ue) S Ge( ) < |g‘Lq ]Rn

we can apply Theorems 4.1 and 4.2 and deduce that the family (u.) is relatively
compact in L} . and has a limit in BV.

Finally, by the general property of I'-convergence stated in Theorem 2.3, any limit
point of (u.) is a minimizer for the problem (1.12) and m. — mq as € — 0. O
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5. The evolution problem. In this chapter we fix a function uy € BV, ap-
proximate it by a piecewise constant function, and for every € study the solution (u.)
of problem (1.13) in section 1. Then we establish the properties of the limit of this
family as € — 0.

We now define the space

X = {u € SBVpe(R", R/27Z) : MS(u,R") < +00}.

Let up € X be an initial datum for the parabolic problem. Since the functional F,
is defined on piecewise constant functions, we consider an approximation of ug in the
space PCP(R"™,R/27Z) defined in section 2.

PROPOSITION 5.1. If ug € X, there exists a family (uo.) € PCP(R™,R/277Z)
such that

upe — uo in LY (R",R/2n7Z),

lir% F(uoe) = MS(ug,R™),

and

sup{ Fi.(ugc)} < 400
e>0

(see [29, p. 167] for the proof).

Then we consider the evolution problem in (1.13). By the standard Cauchy—
Lipschitz existence result (cf. [31]), we have the following theorem.

THEOREM 5.2. For every € > 0 the initial value problem (1.13) has a unique
solution u. € C*([0, +oo[, PCP) which depends continuously on the initial datum.

Let us now study the limit of the family (u.).

LEMMA 5.3. Let Q be a compact set in R™, and let (u¢) be the family of solu-
tions of the initial value problem found in Theorem 5.2. There exists a sequence (ex)
convergent to 0 such that (ue,) is relatively compact in C([0,4o0[; L} (R™,R/27Z))
and has a limit w € C([0,+oo[; L} (R",R/27Z)) such that u(t) € BV(Q) for every
t € [0,+o0l.

Proof. We first note that the function t — F(u.(t)) is nonincreasing. Indeed,

d

(5.1) =

Fe(ue(t)) = (VFe(ue(t)), u(t)) L2 )

= —[lu.()llr2 @y = = VFe(ue(t))| L2 ®n)-
This implies that

Fe(ue(t)) < Fe(upe) < Sli%) Fe(uoe) < 400
€
by the choice of the family (ug.) in Proposition 5.1. By Theorems 4.1 and 4.2, this
implies that the family (uc(t)) is relatively compact in L}, .(R™), and for every ¢ the
limit u(t) belongs to BV.
We have to prove the continuity of this limit. Since the functions (u.) take values
in [—m, 7], the compactness in L] . implies compactness in LY for every p. Moreover,

1
to to 2
) = uetlzzery < [ Iz < ([ IOyt ) 1= ol
ty

t1
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< (F.(uoe(1)))? [t — ta] < c|tr — b2

for any € > 0. Letting € go to 0, we obtain the continuity of w. 0
REMARK 5.1. Let us note that if

¢(z)

(5.2) ;

—2a ast—0,
then condition (1.9) is satisfied with p = 2, and all the previous results hold true.
Moreover, if ¢ is of class C?, there exists a constant ¢ such that

(5-3) [Beie1(2) — 02| < ev/e(pee)(2) + [€]7) when |2] < m(el¢])™2.

Let us prove the following theorem, where we will assume p = 2.

THEOREM 5.4. Assume as before that ¢ is continuous, it is odd, ¢ > 0 in [0, 7|,
¢ =0 on [r,+o0[, and assume that assumptions (5.2) and (5.3) are satisfied. If u. is
the solution of problem (1.13) and w its limit, then

j
Opue — 2 cpa div <\g/§8ju> weakly in L}, ([0, +00[xR™, R).

Proof. Let us fix a bounded set 2. By assumption we have

T
/ / / ¢e|n|g(D;nuE(x))dxdndt:O,
0 nJonid,

en

where I} is defined in (4.2). If U CC R™ is bounded, by (5.3)

T
/0 /U /Q\I:;,

as € — 0.
This means that

(be\n\g (D5677]u€(x)) —aDyg u€(m)‘dxd77dt < \/E(Fe(ue) + Cl) — 0

an

(54) b, (Dfmue(x)) —aDg, u(z) — 0in LL([0,T] xR x Q) as € — 0.

On the other side, by Lemma 3.6 in [29]

Dpuc(r) — <Vu, |Z|> weakly *in L},.([0,T] x R"™ x Q)

so that

(5.5) Gepn), (Dgpue(x)) — <Vu, 77> weakly * in L},.([0,T] x R™ x ).

]

Now let & € C§5°(]0, +oo[xR™). Since uc is a solution of the evolution equation, we

have
o 0P
/ / Ue——dxdt
0 n Ot

“+o00
:/0 / (/nhe_|"|9¢6|n|g(D;nue(x))D;nq)(x,t)dn)da:dt
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€

by (5.5) and the uniform convergence of Dg, ® to (V®, %> ase— 0

e n U
- a/ / / he s <vu, > <v<1>, > dndxzdt
0 n JRn ‘77|g |77|g

by Proposition 2.5
+oo hk
=« cng/ / 9" () Opu0,Ldxdt.
o Juw V3

On the other side, dju. is bounded in L% ([0,+oc[xR",R), and the thesis is
proved. O

COROLLARY 5.5. Under the assumptions of Theorem 5.4 the function u belongs to
C([0,4+00[; L2, .(R",R/27Z)) and satisfies the following: u(0) = ug, MS(u(t),R") <

MS(ug,R™), for every t > 0. Moreover, the function u = u(z,t) is a distributional
solution in ]0, +oo[xR™ of the equation

ou g%
% 20 cpo D (\@Vu) ,

where D is the distributional x-derivative, out of the jump set of .
Proof. 1t is a consequence of the results we have proved on the function u in the
previous theorems. O

6. A numerical example. We consider here a simple numerical example show-
ing how the phase equation (1.5) is able to segment an object by reaching phase locking
in semantically homogeneous areas of an image and by decoupling phases between ob-
ject and background. We will consider the figure completion of the well-known square
of Kanizsa (Figure 6.1). In this example we consider an image (z1,22) — I(z1,22)
as a real positive function defined in a rectangular domain Q C R2. Following [37],
we suppose that the image induces a local change of the connectivity e in proximity
of its discontinuities in such a way that hypercolumns appear decoupled across the
boundaries of a figure. We choose a simple edge indicator as the connectivity function,
namely

1
(6.1) s(z1,22) = 1T (VG (o 22) * [(an.22) /0%
where
6.2) Gty — SR m2)l/0))

o\T ’
and * denotes the convolution. The denominator is the gradient magnitude of a
smoothed version of the initial image. Thus, the value of s is closer to 1 in flat areas
(IVI| — 0) and closer to 0 in areas with large changes in image intensity, i.e., the
local edge features. The minimal size of the details that are detected is related to
the size of the kernel, which acts like a scale parameter. By viewing s as a potential
function, we note that its minima denote the position of edges, as depicted in Figure
6.1.

The edge indicator s also induces a metric gé;;, where g = % and §;; is the
Kronecker function. Since this metric is conformal, we get

€ 1 €
|77|g :g|77|7 Dgnu: ﬁDnuv
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20 40 60 80 100 120 20 40 60 80 100 120

F1G. 6.1. The Kanizsa square (left) with the connectivity map g (right).

and, in order to study a curvature equation, we will choose
h=g.

The phase equation (1.7) becomes

Opu(t) = — /n D,* (e\/ﬁlnl@ng (D;nu) \/§> dn

(using the definition of difference quotient)

L e~ VIl () — u(x — en) B eVl u(z + en) — u(x)
-/ ((eln)3/2¢< Jan ) @ e )>d”

since ¢ is odd

B e~ VIl cu(z + en) — u(z)
-2 [ ()

We note that the exponential kernel e~ V91"l can be substituted by a compactly
supported kernel x = x(,/g|n|). The new equation and the corresponding functional
F, satisfy the same convergence results as before. We will assume that y is the
indicatrix function of the square [—1,1]? so that in the numerical simulations the
integral will be approximated with the sum on the vectors

n:(i’j)’ i7j€{0717_1}.

According to the introduction, the function ¢ will be the sin function, extended
with zero, outside of the interval [—m, 7]. To perform numerical simulations the phase
equation has been approximated by forward differences in time:

1 . u"(l4+i1,m+7j)—u"(l,m
uﬁ;l — ufm+2At Z 573(2 4 j2)3/A sin ( .2( s J) : ( ) )’
(ijefo—1,1y & T Vel + )12l +i/2,m + j/2)

where ¢ = 0.03 is the space increment and At = 0.01 is the time discretization. As
n [37], the initial condition is given by a function uwy = D that is proportional to
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FiG. 6.2. Ewolution of the phase equation towards the phase locking solution segmenting the
Kanizsa square.

the distance from a point internal to the object. We impose Neumann boundary
conditions.

During the flow, the surface evolves towards the piecewise constant solution by
continuation and closing of the boundary fragments and the filling in of the homo-
geneous regions (Figure 6.2). In regions of the image where edge information exists,
the level sets of the surface get attracted to the edges and accumulate. Consequently,
the spatial gradient increases, and the surface begins to develop a discontinuity. In
the regions of the image corresponding to subjective contours (i.e., contours that are
perceived without any existing discontinuity in the image) discontinuities of w are
propagated from existing edge fragments (Figure 6.2).
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