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Abstract

This paper considers a wavelet analogue of the classical Ginzburg-Landau energy, where the H!-
seminorm is replaced by the Besov seminorm defined via an arbitrary regular wavelet. We prove that
functionals of this type converge, in the I'-sense, to a weighted analogue of the TV functional on char-
acteristic functions of finite-perimeter sets. The I'-limiting functional is defined explicitly, in terms of
the wavelet that is used to define the energy. We show that the limiting energy is none other than the
surface tension energy in the 2D Wulff problem and its minimizers are represented by corresponding
Whulff shapes. This fact as well as the I'-convergence results are illustrated with a series of computational
examples.

1 Introduction

Fourier analysis provides many elegant approaches to differential operators and related tools in PDE-based
image processing. Our work develops the idea of using a more localized basis than the Fourier one in the
context of variational methods based on diffuse interfaces ([14],[5],[6]). Our philosophy involves looking for
new types of pseudo-differential energy functionals, that inherit important properties of classical functionals,
but leave out the computational drawbacks associated with the discrete differentiation.

Wavelets appeared in the variational context in a number of works ([8], [12] and more). We use a well-
known characterization of function regularity in terms of the wavelet coefficients, we also take a widely
used PDE -based functional to become a prototype of the new energy we design. However, our approach is
conceptually different from the wavelet-PDE techniques that use wavelets to solve PDEs numerically [4],[11]
as well as those involving differentiation in the wavelet domain [9]. The energy functional we study is entirely
“derivative-free” as it is defined, nevertheless, it exhibits behavior analogous to the ones of energies used in
material science and fluid dynamics.

In classical fluid models, an interface between two fluids is treated as infinitely thin and sharp, and is
endowed with properties such as surface tension. Diffuse-interface theories replace this sharp interface with
continuous variations of an order parameter, such as density, in a way consistent with microscopic theories
of the interface. In the inhomogeneous systems which involve domains of well-defined phases separated by a
distinct interface, the diffuse-interface description assumes the smoothness of the transition between phases
and approaches the sharp interface model asymptotically. At the same time, if used in signal processing
applications, diffuse interface models tend to produce results that are oversmoothed comparing to the optimal
output [7]. The Ginzburg-Landau energy

GLAf) = 5 [ 19F@)Pdn+ 1 [ W(t@)dz, W(H) = (=1 4Gr)

is used in modeling of a vast variety of phenomena including the second-order phase transitions. The wavelet
Ginzburg-Landau energy that was introduced in [13], is defined as

€ 1
WGL(f) = If5 + 5 [ W(S@)do, £ < I, (@war)
where |u| g is a Besov or Besov-type seminorm (described further in 2.1.1), and has a similar diffusive nature.

It also approaches its sharp-interface limit (provided the above seminorm is defined via a regular compactly
supported wavelet) in a similar manner as the classical Ginzburg-Landau energy.



However, the ways in which the minimizers of WGL and those of GL converge to their sharp limits
are different. The classical GL energy produces minimizers with smooth transitions between two steady
states, where the sharpness/smoothness of such transitions is determined by the interface width parameter e.
Wavelet based functionals are inherently multiscale and take advantage of simultaneous space and frequency
localization, thus allowing much sharper transitions for the same values of the interface parameter e and,
at the same time, retaining the regularity of minimizers. This phenomenon is partially produced by the
translation-invariant dyadic wavelet transform ([20],[10]) used in the WGL energy design to define the B-
seminorm.

The WGL energy has been shown to have properties easily utilizable in image processing due to the
properties of its minimizers to have relatively narrow interface for comparatively large values of e ([13],[7]).
As an illustration, let us consider the problem of minimizing the following energy:

E(u) = WGL() + pilu — f132 0. (InpWGL)

It is a reformulation of the WGL minimization under the constraint u(z) = f(x),x € Q, which represents a
typical problem setting for the variational inpainting. This model’s design focuses on operating with binary
functions, while the problem of image inpainting clearly involves grayscale or color images. Therefore, the
above variational problem applies to each bit of the image separately. Fig. 1 shows the given image f with
significant part missing (a) and the final output (b), synthesized from the minimizers of (InpWGL) for every
bit.

Figure 1: (a) Grayscale image occluded by an artificial grid (about 40% of the pixels are lost), (b) output of
the WGL-based bitwise inpainting method.

The notion of I'-convergence was introduced by E. De Giorgi and T. Franzoni in [18], where it was
designed primarily as a notion of convergence for variational functionals on function spaces (one can find
details in [2]). One of the highly convenient tools provided by I'-convergence is the fact that minimizers
of approximating functionals converge to the minimizer of the limit energy. This, in particular, is true
for diffuse interface problems that converge to the sharp-interface ones as the diffuse interface parameter
decreases: for instance, the classical Ginzburg Landau energy converges in the I'-sense to the Total Variation
seminorm, as was shown by Modica and Mortola in [24]. The respective minimizers evolve from H'-regular to
piecewise constant functions, thus reducing the interface width to zero. Another well known and extensively
used example of I' convergence is the approximation of the jump-dependent Mumphord-Shah functional by
elliptic functionals defined on Sobolev spaces described in [3]. Again, the H! minimizers of the approximating
functionals converge to the piecewise-regular minimizers of the approximated energy. Both of the above
variational approximations give certain advantages in numerical handling of the related energy minimization
problems and were used in image processing applications, such as segmentation, inpainting and more [21],
[15], [16], etc.

The modified Ginzburg-Landau functional we introduce in this paper is wavelet-based, however, it in-
herits many intrinsic properties of energies associated with diffuse interface models. We also prove the
convergence of the Wavelet Ginzburg-Landau energy to a bounded multiple of the TV seminorm (a weighted
TV seminorm) evaluated on the characteristic functions of sets with finite perimeter. In the general form it
can be stated as the following theorem.



Theorem 1.1 Let ¢ be an r—regular (r > 2) compactly supported wavelet and let |-|p denote the associated
Besov seminorm in RY . Extend the definition of the WGL energy to all BV functions by setting WG L (u) =
oo whenever u ¢ H'. Then
(a) 7

r 2

WGL(ue) = Goo(u), Goo(u) = ?C’(u)|u\TV,

as € — 0 with respect to the Ly convergence u, — u, uc € H' on the set of characteristic functions v = xg
of finite perimeter sets E C RN. The variable coefficient C(u) is a limiting value of the H1 — B seminorm
ratio associated with the function w:

C(u) = lim [unl 5 for any sequence {u,} C H', s.t. u, o
n— oo ‘Un|H1

(b) The limiting energy G has the following form:

Goolxs) = /8 plila) 0)d(a),

where 7i(x) is the normal to OF at a point x, ¥ is a wavelet used to define the B-seminorm and p is a positive
“density” function that depends on i, ¥ and N (space dimension).
(c) For every sequence {u.} such that not only ue — u but also |uc|Ty — |u|rv, the regular convergence

takes place:
WGL(ue) — Goo(u) as € — 0.

Thus, in all dimensions, the classical surface tension model is recovered. An explicit, 1D complexity formula
for p in the case N = 2 is derived in Section 3.3.3.

Our result is partially related to the one proven in [1], where the authors also consider a non-local
anisotropic energy model involving the double-well potential. However, the non-local part of energy func-
tionals in their study differs from the non-local component of WGL, namely - the Besov seminorm. The
differences can be clearly seen in the respective integral operators as well as in the scaling with respect to a
decreasing positive parameter. Our proof has certain geometric elements and uses advantages of the wavelet
localization.

After proving the main I'-convergence result we establish the general form of the limiting functional
and express it as a function of the wavelet defining the B seminorm. The limiting functional, acting on
the characteristic functions of sets with finite perimeter, is anisotropic and matches the role of the surface
tension energy in the Wulff problem [26]. Numerical simulations confirm that the WGL minimizers converge
to the minimizers of the respective Wulff problem that were computed as the convex inner envelope of the
energy graph in polar coordinates.

2 WGL energy in a regular wavelet basis

This section proves the general theorem about the I'-convergence of WGL energy on the set of characteristic
functions of finite perimeter sets. The proof, essentially, consists of two steps. First, we establish the
relation between the WGL energy and the TV functional, using the classical result of I'-convergence and the
equivalency relation between the H' and Besov seminorms. In this manner, we obtain a sufficient condition
for the I'-convergence of the WGL energy to a multiple of the TV seminorm. It suffices to prove that the
H' — B ratio can be extended to the set of characteristic functions of finite perimeter sets by its continuity
w.r.t. the L; convergence. Namely, any function of the form u = yg, where E C RY has finite perimeter,

should have an associated value JR(u) such that for any sequence wu,, L u, {u,} C H?

R(u) = lim M.
n—oo ‘un‘Hl
The second part of the proof demonstrates that such extension of the H' — B ratio exists and is a well-
defined function, thus establishing the I'-convergence. We also remark on the I'-limit of WGL being, in fact,
a weighted TV functional and describe the source of the weighting function - a positive density distributed
over the set boundary.



2.1 WGL and GL energy functionals
2.1.1 Definitions and facts

CONVENTIONS

The sign of scalar product (-,-) always denotes the one of Ls.

All wavelet functions we consider are, by default, compactly supported. We also assume those are
sufficiently regular for the B%,Q (Besov 1-2-2) space to be equivalent to H'. Namely, we additionaly require
that 1 belongs to C? and has m > 2 vanishing moments ([20],[23]).

Consider an orthonormal wavelet ¢ and its scaling function ¢. Define the wavelet mode (j, k) as

Vip(x) = 2N 22 — k), j=0,1,2,...,k € RV,
and the wavelet transform of a function f € Ly at the mode (4, k) as
WG k) = (f,¢5k)-
Similarly, let us also denote
djn(x) =2N7"2¢2x — k), j=0,1,2,...,k e R,

When discussing multi-dimensional cases, we use i as a general notation for the wavelet functions, assuming,
wherever needed, summation over all of those. From now on we will be using the semi-continuous dyadic
wavelet transform ([20]), which produces the following decomposition for any function u € Lo:

u() = / (t, o) bo i+ 3 / ORI IwT)
J

We will also use the following notation for the continuous analogues of projections of an arbitrary function
u € Ly on the wavelet-generated “approximation” or “detail” subspaces V; or W; (as defined in [25]):

Py,u= /<U,1/)j,u>¢j,ud”’

j—1

Pyu= /<U, Go,u)Poudpt + Y Piv,u.

s=0
Whenever we consider functions on finite rectangular domains we will also, without further adjustment of
notations, assume that the wavelet transform is periodized (details of this procedure can be found in [20] or
[25]). Furthermore, while working with compactly supported functions within the chosen finite domain, one
can assume that the periodization of the wavelet transform does not introduce any specifics related to the
exceptional behaviour at the domain boundary.
NOTATION Expressions of the form Xy, or Xy, where X is a normed space (L? or H'), when used in
the norm (or seminorm) index imply the following evaluation of the norm (or seminorm):

lallxw, = (s $r.0lx = [Wa(G, m)]lx,

||U||Xv0 = [[{u, o.x) |l x

where k is the variable with respect to which the norm is taken, and, analogously,

lulxw, = Kuin)lx,  lulxy, = [{u, do.n)|x-

NOTATION

will be used as a short notation for




DEFINITION For any function v € Lo define its B-seminorm in the discrete form as

- 1/2
ulpa= > 27> [t u) :
§=0 k
or, alternatively, in the translation-invariant form:
1/2

“+oo
s = | 32 [ 15,0
3=0

These seminorms are evidently equivalent and, according to the above convention, we will be using the
translation-invariant form only, naming it B-seminorm for simplicity. Appendix A.3.1 gives additional details
on the relation between the discrete and translation invariant B-seminorms.
If ¢ is an r-regular wavelet, » > 2, the B-seminorm coincides with the Besov 1-2-2 (35’2) seminorm and is
equivalent to the H' seminorm on the space H'([0,1]"V) (see Appendix A.2 the seminorm definition in case
of the unbounded domain). In this paper we consider only r-regular wavelets with r > 2.

NoTATION We will use B as an abbreviation for the set of all functions u for which the B-seminorm is
finite endowed with the corresponding norm ||ul|g = /[u|% + [[u[|7,. In other words, B will denote the Besov

B%,Q or an analogous Besov-type space depending on the wavelet we choose to generate the B-seminorm.
DEFINITION For any function v € H! and define its H1 — B ratio to be

_ luls
uls’

where B is a Besov seminorm generated by an r-regular, » > 2 orthonormal wavelet .
DEFINITION(I'-convergence) A family of functionals {F¢} on a space X converges to a functional F' in the

I' sense as € — 0 if the following requirements hold:

(i) there exists {un}, €n, un — u, such that

limsup F,(u,) < F(u),

(ii) for any sequence €, — 0, function g and function sequence g, — g in X

F(g) <liminf F, (gy).

An important fact: global minimizers of F, converge to global minimizers of F' ( for details see [22],[17]).

Lemma 2.1 (A classical result of T'-convergence [24], details of which are discussed in [19]).
Define a generalization of the GL functional on the set of BV functions:

«/ v _ | GLc(u), ue HY,
GLS(“)_{ +oo,  we€BV\H.

Then, as € — 0, %GLE converges to the Total Variation functional in the T' sense as € — 0.

2.1.2 The role of seminorm equivalency in the I'-convergence of the wavelet Ginzburg-Landau
energy.

First, we are going to establish relations between the GL and WGL energies that appear due to the respective
norm equivalency. Then we restate the problem of establishing the I'-convergence of WGL so that it takes
a more concrete and approachable form. Let B denote a classical Besov space B3 , with a norm generated
by an r-regular wavelet . l
Now we will compare the regular and wavelet Ginzburg-Landau energies using the equivalency of the
respective seminorms:
alulgr < |ulp < blu|gr.



The constants a and b depend on the wavelet ¢. Some remarks about the seminorm equivalency can be
found in Appendix A.2.
Substituting the above estimates in the definition of WGL implies

/|vu|2da:+—/w Ydx < WGL( /|V |2dx+—/w
2

We will use variable rescaling to investigate the asymptotical behavior of the WGL functional. Let €, = a“e,
ep = b%e, uq(x) = u(x/a), up(r) = u(z/b), then

2 1 “ 2
E/|Vu|2dm—|——/VV(u)dz: 6—/|Vu|2dx—|—a—/VV(u)dm:
2 4e 2 4eg,

_fa 20y 4 L _
=5 /|Vua| dx + I /W(ua)dac = GL, (ug)-
An analogous statement is true for €, and wuy, so
GL., (ug) < WGL(u) < GL, (up).

For any sequence vl — y,

liminf GL,, (v{9) > /|V ))|dz,

€q
hence,

hm inf WGL( / |V (u(z))|dx. (L)

There exists a sequence u(® — u such that
limsup GL,, / IV (u(z))|dz.
€p

Then this sequence also satisfies
b
hmsup WGL(u'9) < \[ /\V x))|dz. (H)

Now, if u, M, ue e H and u € BV \ H! then, naturally, |uc|g and |u.|p increase to +o0o. However,
due to the seminorm equivalency, the ratio fR(u.) stays bounded. The above estimates use the most general
values of the equivalency constants ¢ and b, which provide the equivalency relation on the entire space. In
fact, the argument stays valid after re-assigning:

|UE|B
‘U€|H1

||Bb

a = liminf
|’U,5|H1

= lim sup
This proves the following sufficient condition for the I' convergence of WGL and explains the origin of
statement (a) in Theorem 1.1.

Lemma 2.2 Let B be a subset of BV such that for any element w € B and any sequence {u.} C H!,

w© B34 the numerical sequence R(ue) converges to the same limit depending on u. Then WGL functional
I'-converges to a limit defined on B.

An example of a countable set of functions with the same ratio of H' and B seminorms is a wavelet basis generated
by a regular wavelet ¥
[bikle _ 1
[jkle [0l




2.2 The H' — B ratio defined for characteristic functions of finite perimeter
sets in RY

Let us extend the notion of the H' — B ratio to the set of characteristic functions of finite perimeter sets.
By proving that this value exists and is well-defined we will show that part (a) of Theorem 1.1 holds true.
For any u = x g, where E C RY is a finite perimeter set (|0F| < oo) define its H' — B-ratio M(u) as a limit
of such ratios of its wavelet decomposition’s partial sums, provided this limit exists:

J
R(u) = lim R(uy) = lim sl uy = Z/<U7¢jﬁ>¢j,ﬁd”'
3=0

J—o00 J—o00 |UJ|B ’

Now we will prove that the above limit exists and coincides with such limit of any sequence of functions in
H' approximating u in the L, sense.

2.2.1 Characteristic function of a hyperplane in RY and its wavelet domain restriction to
[0, 1]

In order to prove that the H1— B ratios of partial sums of the above wavelet series representing a characteristic
function u = x g, converge, we explore the relation between the projections of the characteristic function on
consecutive wavelet scales. Based on this, we conclude the proof by showing that B and H! seminorms of
respective partial wavelet sums grow asymptotically as constant multiples of 27/2, where J is the maximum
wavelet scale in the partial sum.

REMARK The partial wavelet sums u; converge to the function u € BV \ H*, so both |us|g: and |us|p
seminorms tend to oo as J — o0o. Therefore, any finite number of terms in the series is negligible for the
purposes of computing the limiting H1 — B ratio. In particular, one can disregard the contribution of Py, u
within |uy|g1, |us|p when computing R(u).

We start from considering a characteristic function of a half-space. Even though it does not belong to
L2, its formal wavelet decomposition exists: the wavelet transform at every wavelet mode is well-defined
since we consider compactly supported wavelet kernel, moreover, the reconstruction formula (IWT) is locally
valid.

DEFINITION 1 Let 7 be a hyperplane in RY . It divides RN in two half-spaces, let x» denote the characteristic
function of one of them.

The choice of the half-space is not important since it can only affect the sign of wavelet coefficients of the
respective characteristic function, which is negligible since we are going to operate with the squares of those
coefficients. This definition is illustrated in Fig.2

Lemma 2.3 The formal wavelet decomposition of x. has the following special form:
X‘ﬂ'(z) :PVoXﬂ(x)+ZU(2jI)7 U:PWOXﬂ'-
j=0

The wavelet transform of x» is invariant with respect to translations parallel to the hyperplane: if k—m is
parallel to m, then (Xx,¥; 1) = (Xx, Vjm)-

Proof. Let us compute the wavelet transform of y, formally with respect to a compactly supported smooth
wavelet . We use the translation-invariant dyadic wavelet transform, hence, one can assume that the
coordinate origin lies on 7 and hence, x, is homogeneous of degree 0. Then

(s 30) = [ xnl@)2¥9720@ = W) = [ o w2970 — e = 27V )
Therefore, according to (IWT), x is written in the needed form. The last part of the statement is implied,

again, by the translation invariancy of the wavelet transform and the linear structure of x,. It shows, in
particular, that the range of the wavelet transform for this function can be obtained by translating the
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Figure 2: Illustration to the Definition 1 and Lemma 2.3: positions of the compact supports of the dilated
and translated wavelet kernels 1, ; relatively to hyperplane 7 in R? suggest that wavelet transform values
vary only w.r.t. the shifts in the direction of 7 (normal to the hyperplane).

wavelet kernel along the direction normal to the hyperplane. B

The following lemma describes properties of the same function within a finite domain, in particular -
[0,1]". Tt is more convenient to consider restrictions of the above function in the wavelet domain with the
purpose of preserving the uniformity of the function structure at each wavelet scale. According to the remark
in the beginning of this section, we also omit the projection on the subspace Vj in computations related to
the H! — B ratio.

DEFINITION 2 Given a hyperplane w, define f™ to be a wavelet-domain restriction of x. to the unit cube,
assuming the hyperplane intersects it:

(oo}
fﬂ—(x) :ZPijﬂ—(J?), P)VVJ'JMr :/ ) <X7‘r7¢j,ﬁ>¢j,f{d/{
j=0 R:k;€[0,27]
and its partial wavelet sums

J

=y O 5 205 2l
=0 R:ki€[0,29]

Figure 3 gives an intuitive illustration to the definition and a numerical example. Here instead of the

completely self-similar representation as such for the half-space we get the one where each next level has

both the variable and the range of translations rescaled, i.e. the same pattern gets 27 times shrank in each

direction and the same number of times more repeated. As the wavelet scale j increases

|Pw, f(x) — Pw,(XxX[0,1¥)|B = o(|Pw, f(x)|B)

due to the compact localization of wavelets. Indeed, the above difference consists of only those wavelet modes
whose supports include points from 7 N 9[0,1]Y. The conclusion follows from the fact that the Lebesgue
measure of this intersection as a subset of the hyperplane endowed with the N — 1 dimensional Lebesgue
measure is zero: pu%_ (7 N0, 1]V) = 0.

The following lemma describes the asymptotic behaviour of the H' and B seminorms of f7 as J — oo.
Its proof also demonstrates that, for the purposes of computing the H' — B ratio, one can perform the
differentiation and integration needed for computing those seminorms in the wavelet domain.

Lemma 2.4 Functions f (as in Definition 2) satisfy:
@I f7 15 = @7 — 1)||f’r||2Lgv0

O)IFF 7 = @ = DIfF Ry, as T — o0
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Figure 3: (a) Illustration to the Definition 2: supports of v, ; included and not included in the wavelet
domain restriction to the unit square. (b) Computational example: the original characteristic function and
its wavelet domain restriction to the unit square (in the case of Daubechies 4 wavelet).

Proof. 1. Preliminary discussion An important instrument of this proof is the self-similarity described in
Lemma 2.3 applied to a bounded subset of wavelet transform modes that defines f™:

J

77 = 30277 (47 o, Yadh, (WF - f,)

Jj=0

where k,, is a projection of the translation vector k£ on the normal n to the hyperplane 7. Here we disregard
the wavelet coefficients near the boundary of supp f™, since they do not affect the asymptotical behavior of
|f™|z or | f™|m (as was remarked after the definition of f™). Hence we assume (f™,1; 1) = (X, %j k) so the
proportionality between the coefficients of different levels is preserved.

This proof will also use the following property of the Fourier transforms of the wavelet and its scaling
function:

3 Z [h(279€))2 =1 for ae. £ € RV,
Here the Fourier transform of a function f is assumed to have the form

9= [ 1w

2. Main part of the proof To prove the statments (a) and (b), we are going to define the values that
actually coincide with the r.h.s. of the respective relations and then show that those values are asymptotically
equivalent to the Lh.s. seminorms. For any function u € R let

J

Ba0) =22 [ (a0

Jj=0

J N
0 =323 [ 1ok v P
j=0 i=1

Proof of (a) Let us show that 3;(f™) is exactly equal to (2/+1 — 1)||f7r”2L%v0:

W Z/ 2T V) dk—Z/ 2 f7 o = (27 = 1)

The statement (a) of this lemma is proven once we show that 8;(f™) is equivalent to the B-seminorm of
f7 as J — oc. Indeed, in terms of the Fourier transforms of f™ and 1,

~ J B B
() = / FRE)2 S 2% (2 ) e,
j=0



J oo
S5 = / FORS @2 S 227 (276 e,
=0

=0

Let us show that the difference of the above values is o(8;(u)) as J — oo.

J J
857 = U151 < [ 17 @P - iz )P - (3 Wz 7o e+
=0 3=0
+ I OR pEIOR? 3 2ilue ok <
§=0 j=J+1
2 [ 1r(©) 222%2 OPISOR+ S IO P+
j=J+1
+ I OF e PP Y e
j=J+1

Now, recall that we assumed 1) to be r—regular with r > 2, so ¢ € H?, A, € L2(RYN). Also, since v is
compactly supported, so is A, hence, A, € C(RY) N L2(RY) and thus A, € L>(RY). Therefore,

HEORLD = () Zfﬂw “g)P e Lo ®Y).

An analogous statement is true for the scaling function ¢. Therefore, we obtain

J

/If” 12D 2% (2798) lo(€)Pde < [l | Bl 17132

7=0

o0

JUAC Zzw R S e < JIE@FE weEToR? Y ek,
j=J+1 7=0 J=J+1

oo

/ FOPOSIEIOR? Y 2P < -+ Dbl | B 5 e
j=0

j=J+1

Hence, the entire expression estimating |3;(f™) — | f7|%| from above is bounded by a function of order O(.J)
as J — oo, while 3;(u) = O(27). So, B;(f™) = 27T =1)||f™|3. = |f7|%, i.e. the statement (a) is proven.
Wo

Proof of (b) We prove statement (b) using the same strategy. Evaluation of {;(f™) with respect to
(WF — f7) shows that it equals to the r.h.s. of relation (b):

G(fM) = 222] Z/ 27 N0k, (™, thox) | Pdk =

ke[0,24]N

ZQJ Z/ 90,7, o) Pk = (277 = 1)1y,

[0,1]N

To prove that (;(f™) is equivalent to |f7|2 71 we rewrite both expressions in terms of the Fourier transforms:

J
(fm) =3 2% / am?|e | fred (276 [,
§=0

10
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Let us estimate the difference:

J J
Cr(f™) = |52 = 4n? / P OPO 10RO =D [9(277E1P)dE =
=0 i=0
J 0o ) .
= 4n? / P ORS WEEOD SO+ 3 [HEe)R)de
j=0 j=J+1

Here both 9, ¢ and A, A¢ are continuous and compactly supported, hence, ¥)(€), ¢(€), €24(€), 24(¢) €
L>(RY) and

/Ifl /T OPI16O)PdE < [1€6(E) 71/ (E)IIZ2

JIePI@P S bR Y oo pd <

=0 j=J+1

<

< H@H/If”(f)IQZQZW(TJf Z 279¢)2dg < J|AY| Lo | Bt | 7132
i=0 o

G (™) = 1713 < O(1) +0( ), ICJ(f”) —1f7 /¢ (fT) =0, J — o0
Hence, C;(f7) = (21 = DI |y, = 17130

COROLLARY 1 (from lemma 2.4) There exist functions pg and pgr such that for any hyperplane m with

normal vector M,
717 = 27 s (o )* (7in), /715 = 2752 (pB)?(7Tx),
where s s the n — 1-dimensional measure of the part of the hyperplane inside of the unit cube.

Proof. Due to the translation invariancy, functions f’T/, associated with all hyperplanes 7’ parallel to 7
and intersecting the unit cube, have the same structure of wavelet decomposition up to a shift in indices.
By lemma 2.3 the values of the wavelet transform repeat along the hyperplane, while the total amount of
the repeating values W f w’ (0, k) is proportional to the area of the hyperplane enclosed within the unit cube. B

Using lemma 2.4 and its corollary, we can define the values pp and pg1 as explicit functions of the normal
to the respective hyperplane.

DEFINITION 3 Take an arbitrary hyperplane © with a normal vector it that intersects the unit cube [0, 1]V
non-trivially, let the area (the N —1 dimensional measure defined on the hyperplane) of the crossection equal
s. Restricting the wavelet indices in the same manner as in definition 2, define:

1/2
J /

pu(i) =571 g, =57 S0 [ o Pds|
=0/ Ri0<ki<1

1/2

o (1) = 72|y = 5712 [Z / O, (I )Pl

:0<K; <1

COROLLARY 2 (from lemma 2.4) Consider a function u that is a restriction of some x(x) to [0,1]V
either spatially or in the modes of its wavelet transform. Then the H1 — B ratio of u exists and has the form

1f™z,
|f7r|H5V0

Next step is to consider a polyhedral set P in RY and apply the relations derived above to each of its
faces.

R(u) =

11



2.2.2 H' — B ratio of characteristic functions of polyhedra generalized for all finite perimeter
sets

Consider a polyhedron P C RY with M faces F;, i = 1,...,M. Let n(F;),i = 1,...,M denote the
hyperplanes containing respective faces and let u = xp.

Lemma 2.5 The H1 — B ratio of u = xg, where E C RY is a polyhedron, satisfies

S s (R IR
gm0 Y |fF i Xi(pm )2 ((F)) Bl

R(u)? =

where n(F;) denotes the normal to the face F; and w(F;) - the hyperplane through F;.

Proof. Let us estimate the difference
J
F;
1> Pull = > 1T EP
=0 i

To simplify the discussion, let u(¥?) denote the wavelet domain restriction of function u to the polyhedral
face F;:

Z/ w00 () dk, K (Fi, j) = {k:supp (2’ — k) N F = @, # i}
keK (F; ])

We also notice that the wavelet transform of any characteristic function is uniformly bounded:

[Ovmrs Yi)| < 27M72C, O = max /Qw(w)dw

QCRN

By construction, the difference between the partial wavelet sums Z;}:O Py, u and the partial wavelet sums

of auxiliary functions ), ijo iju(F") can possibly have non-zero wavelet transform only at the modes
J» k such that supp v, intersects U;0F;. Therefore, the Sobolev and Besov seminorms of this difference can
be majorized (up to a constant multiple) by the product of the coefficient upper bound squared and the
measure of all wavelet mode indices relevant to the polyhedron edges:

J
12 Pwu=3 f;
=0 i

Here C’ depends, besides C, on the total length of all polyherdal edges, the size of the wavelet support and
the space dimension .

Furthermore, one observes that Z}]:o Py, wF?) has the structure analogous to the one of fj,r(F"’), only
with the set of wavelet modes restricted to those in a neighborhood of the polyhedral face F; rather than to
the modes inside the unit cube. Hence, by a similar argument,

J
1D P,u
=0

J
G <0 2% NNy = ¢y,

2 T IRIRR < O

Finally, we achieve:

J
‘ZPWJU’E%’ _Zlfj
i=0 i

\ZPwu—Zf

< 0(J).

+Z|ZPWU ‘f]

12



This, together with lemma 2.4, conclude the proof of the first equality. The second equality follows from the
first by the Corollary from Lemma 2.4. B

The next statement establishes that the H1 — B ratio R is a well-defined function on the set of charac-
teristic functions of finite perimeter sets.

Lemma 2.6 Let u,, — u in Ly, where u ¢ H'. Denote uy = Py u and v’y = Py,u™. Then

|u"|H1 |UJ|H1
|an‘B - |UJ|B SO(”U*un”Lﬂ
J

Since the estimate is independent of the scale J, R(u) can be defined via any sequence f,, — u in La:
Py, fn )
R(u) = lim [Py, ful: or R(u) = lim R(uy).

Proof.
Fix an arbitrary scale J.

[wilmr uglm
Wil |usls

_ ‘(W}Hl — |ugla)|uGls — ([u}ls — luglB)|[uf|m
|u}|Blus|B

n __ n __

|y —uglme | |y —uglplugla _ 2wl —uslp

luslB [ Blusle T alusls

where a is the constant from the seminorm equivalency relation a| - |1 < |-|p < b| - |g:. Now, since
| —uslp < OQ27||u— unlL2),

and, as it was shown earlier, |u;|p = O(27), we conclude

||U’}|H1 uglm

|Un‘B |UJ|B | <O(|lu — un||2)-
J

Lemma 2.7 The H' — B ratio exists for any function xg, where E C RN has finite perimeter. It satisfies

> _ Jou(pB)*(n(s))

= T 2 (n(s)

R(xr)

Proof.
Let P, be a sequence of polyhedra approximating the set E in the sense of the IN-dimensional Lebesgue

measure, i.e. xp, 2 XEe- By lemmas 2.6 and 2.5

. oy Jop, (o) (a(@))ds(a)
M(u) = lim Ryp, = lim Jop, (pB)?(0(s))ds(x) ’

here 7i(z) denotes the normal to 0P, at the point « € 9F,. Since the functions pg, py1 are bounded and
continuous (because the projection operator Py, is continuous w.r.t. rotations in space, and the densities
depend on the 0-th wavelet scale projection only by lemma 2.4), the surface integrals converge uniformly
w.r.t. n. Passing to the limit, we get the needed expression. l

We have thus proven part (a) of Theorem 1.1. The variable coefficient C'(u) that appears in the statement
is indeed the limiting value of the H! — B ratios of the partial wavelet sums of v. Our next step is to prove
part (b) using the fact that the H! — B ratio, despite its integral form, is a local functional.

13



2.2.3 TI-limit of WGL energy as a weighted surface area functional

Lemma 2.8 The I'-limit of the WGL energy at any function xg, where E C RN has finite perimeter, equals

V3 [ el

Goo = OB = 5" o o ) 1

where n(x) is a normal to OF at the point x € OF.

Proof.
1. Localization Since the regular Ginzburg-Landau energy is a local functional, the theorem about its
I'-convergence is true independently of the spatial domain of functions in consideration. Since we use the
classical result as the main tool in proving the WGL I'-convergence, we can consider the asymptotic behavior
of the WGL energy locally. Indeed, we can do that due to the fact that the wavelet kernels we use are
compactly supported and the observation that any finite number of wavelet scales can be excluded from the
Besov seminorm in the WGL expression without any impact on the I'-limit.

2. Additivity As discussed above, the I' - limit of WGL is invariant w.r.t. the exclusion of any finite
number of wavelet scales or any set of wavelet modes indexed within a set of measure zero from the Besov
seminorm. Therefore, one can locally redefine the B-seminorm in the WGL expression as

S NN dr, AZu=—Y 2% )l
i = (- Swutohutons, Adu=-322 [ (0,5l

K:supp psij  SQ

then the entire WGL energy can be viewed as a single integral over the domain of consideration, and,
therefore, is additive with respect to any partition of this domain.

3. True for polyhedra In particular, this implies that the I'-limiting energy calculated at some x p, where
P is a polyhedron with faces Fi,..., Fjs, can be also expressed as

B
wulry = Z P | F.

An arbitrary set E, in its turn, can be approximated by a sequence of polyhedra P, with perimeters |P,|
converging to the perimeter of E. Then lej" — R(xp,) — R(xg). Letting n — oo can be viewed as an
infinite refinement of the domain partition and leads to the required expression for the I'-limit. Hl

The last part of Theorem 1.1 - statement (c¢) - is implied by the following argument. As we proved in
Lemma 2.6, the L; convergence of functions is sufficient for the convergence of the respective H! — B ratios.
However, it does not imply the convergence of TV seminorm values. One can obtain an analogous statement
about the pointwise limit by making the theorem conditions stronger, i.e. requiring the TV seminorms to

converge as well.

3 The I' - convergence of the wavelet Ginzburg-Landau energy to
the weighted Total Variation functional in one and two space
dimensions

This section describes the WGL energy and the I'-limiting functional defined on functions of one and two
variables. The distinguishing feature of the one-dimensional case is the fact that the WGL converges to
a constant multiple of TV, since characteristic functions of sets in R! have degenerate boundary. Two-
dimensional case is relatively easy to visualize and implement numerically. We assume that the compactly
supported wavelet functions in two dimensions are obtained as separable products of one dimensional wavelet
and scaling functions. It is the simplest case that can be considered for numerical implementation supporting
the theorem proven in the previous section. In both cases, the limiting functional is expressed as a function
of the wavelet associated with the B seminorm used in the WGL definition. In 2D it is naturally anisotropic
and matches the role of the surface tension energy in the Wulff problem.

All sets considered in this chapter are bounded, therefore, can be considered as subsets of the unit interval
or square in one and two dimensions respectively.

14



3.1 H!'— B ratio of the step function in 1D.

Consider a step function S(x) = —xz>0 + Xa<o. Notice that S — Py, S has compact support.

Lemma 3.1 The wavelet decomposition of a step function S(z) = —Xz>0 + Xe<o satisfies

S(z) — Py, S(x) = Z U(27z), where U(z) = /\I/(m)z/)(x —m)dm, V' (z) = 2 (z).

Jj=0

Proof. The self-similar structure of S projected on each wavelet scale follows from its homogeneity
property S(ax) = S(z), « > 0 and was proven in Lemma 2.3 for all space dimensions. To prove that
Pw,S(z) = [ ¥(m)y(z —m)dm it suffices to compute the respective values of the wavelet transform of S at
the coarsest scale:

o= [ Sla)onde = / e / = / =)

Inverting the wavelet transform produces the needed expression.

Using Theorem 1 and Corollary 2 from Lemma 2.4 we reformulate the above result to obtain the following
theorem.

Theorem 3.1 In the one dimensional case the WGL energy I'— converges to a constant multiple of TV on
the set of characteristic functions u = xg of finite Borel sets E:

r _ V3|02

WGL*(uE) — Goo(u) = 2|1/) *¢|L |u|TV7

as € — 0, w.r.t. the convergence u. 3 u, {uc} € HY(R).

3.2 Explicit form of the WGL I'-limit and the H' — B ratio in 2D.

This subsection demonstrates a way to obtain an explicit form of the I'-limit of WGL on the functions of
two variables. Let u(x) = xg(x) be a characteristic function of a set E with finite perimeter. First, as an
intermediate stage, we consider the case when F is a polygon. One can see a straightforward connection with
the one-dimensional energy if the sides of the polygon are parallel to the coordinate axes. In the general case
we determine the connection between the direction of the polygon edges and the respective contributions to
the B andH' seminorms of the partial wavelet sums. We establish explicit formulas for the I'-limit of the
WGL (and related H! — B ratio) on characteristic functions of polygons in terms of the direction and size
of the edges and the wavelet that was chosen to generate the B -seminorm.

Lemma 3.2 Let E C [0,1]? be a rectangle with sides parallel to those of the unit square. Then
R(xe) = R(S), where S is a unit step function on R*.

Proof.

As was shown in the discussion of the general case of polyhedra in R, the I'-limit and the respective H' —
B ratio are functions of certain values characterizing separate polyhedral faces (Lemmas 2.5, 2.8 ). Those
characterizing values are the “densities” pp and pg1( Corollary 1 from Lemma 2.4) , and N — 1 -dimensional
measures of the faces.

The half-planes containing the sides of the rectangle share the same values of pp and pg1, because those
are invariant with respect to taking the complementary half-plane as well as to switching the variables x and
y.

Let 7 be the right half-plain of the coordinate system, then x,.(z,y) = S(z)I(y) . The vertical and
diagonal components of its wavelet transform are identically zero, as well as the partial derivative with
respect to y. Computing pp and pgy1 according to Definition 3 we find those are equal to the corresponding
values for the one-dimensional step function. W
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3.3 H! - B ratio as an anisotropic energy functional in two dimensions

In this subsection we find the densities pp and pgy1 in the 2D case specifically, using one-dimensional
characteristics of the step function. Moreover, we express those values in formulae of 1D complexity.

3.3.1 Dependence of the Besov seminorm of a partial wavelet sum of an indicator function
on the shape of the set boundary

Consider a line A that forms angle S with the horizontal axis and assume 0 < § < 7/2 (the case when
B = 0,7/2 was described in Lemma 3.2 ). Due to the fact that we use a separable wavelet basis, the
dependence of the limiting energy on the edge direction is 7/2-periodic.

Since this discussion focuses on the translation invariant (t.i.) Besov seminorm, one can, without loss
of generality, assume that the A\ passes through the coordinate origin. Let 7 denote one of the half-plains
separated by A. Then x,(z,y) = S(y — tan Sx).

Using Definition 2 for our case N = 2, let us denote G(x,y) = f3\(z,y). The omitted limits of integration
below imply that the integration is performed over the maximum applicable domain. We proceed with
computing (y(f*) via the semi-discrete t.i. dyadic wavelet transform, as an integral of coefficient squares
over the corresponding index set:

1905, = [ [1 [ [ Stcost+sin g e = 1y g — mdsdy P

where ¥(9) equals ¥ or ¢ depending on the desired wavelet orientation, and the notation itself implies
summation over three possible combinations: 1 = 1, ¥5 = ¢ (horizontal), or ¥; = ¢, s = ¢ (vertical), or

1 = 1, o = 1p(diagonal).

Let us find diagonal, horizontal and vertical components of the energy || f*||2, using the above model.
Wo
Let t := tan (.

1 1 1
g g, = [ [ 1 [ 8 =atyit@ = Koty —mydsayaiam =[] [ 8= 0@yt - dodyPac

// xt — c)p(z)dx] dc—// (zt)(x + c/t)dz|?)dc =

t/ |/\I/(xt)w(x — ¢)dz|?|dc = t|\I/(xt)\i%V
Analogously,

17200 s, = [ /S<y—mt>¢>< oty — dedyPde= [ | [ wiat+ oGy de =

/ / (xt)d(y — c/t)dy|>dc = t|\IJ(:rt)

To compute the horizontal component energy we employ the relation S(y — xt) = —S(z — y/t) and get

I, = [ 1] St utyi@oty = dedslae = [ | [ 8= vjors@oty - dedyfie =

= [1 [ vwmow-owlac= [1 [ v - odyPac = w/ol;

The line segment that lies within the unit square has length (cos@3)~!. Therefore, according to the
definition,

(PB)2(5»¢) = sinﬁH\I!(xt)H%%Vo + sinﬁ||\I/(xt)||2L%/0 + cosﬂ||\I/(y/t)||2L%/0, t = tan f.
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As was mentioned in the proof of lemma 2.7 pp is continuous w.r.t. . Lemma 3.2 implies
(pB)*(0,9) = (p)*(x/2,¢) = IIStlligvo = [¥|2:,

which has no contradiction with the continuity of pg. Indeed, if 5 — 0 the third term in the sum representing
p% (B, 1) approaches ||¥[|?, while the first two terms converge to 0 as 8 — 0. If, in its turn, 8 — 7/2, the
second term converges to ||¥||2, and the other two terms vanish.

3.3.2 Dependence of the H' seminorm of a partial wavelet sum of an indicator function on
the shape of the set boundary

In order to determine py1 in accordance with definition 3, we will find the H' seminorm of the function
G = Py, f* and show that A = 0. Using the same notation Y(;) (which also implies summation over
horizontal, vertical and diagonal components of the wavelet transform) to keep the generalized form of the
discussion, consider 9, G in more detail:

0:G(.y) = /1 /1[/ S(y — ta)v)(y — k) (@ — m)dudyl) (y — k)Y (@ — m)dkdm =
/ / /¢ 1)tz = k)ihea) (& — m)dz] 1y (y — k) Om (=1 (o) (x — m))dkdm =
_ /0 | / ) (=) (2l (y—k)be) () dk— /0 [ / o) (t— K)oy (@~ V)l (y— K)o (e — 1) dk—
/ / /1/’ (tr — K)o (x — m)dz]ip)(y — k) (x — m)dkdm =
_ /0 il / Wy (t— k)i (@)dalibiy (y— k) ie) () dk— /0 Y / bt (b= k) (1— 1) el (y—K)bga) (e — )b+

+ / / t / oyt — k)b (& — m)daliy (y — k)b (@ — m)dhdm (dzf0).

Since the boundary terms resulting form the integration by parts in (dxf0) correspond to a subset of
measure zero in the two-dimensional set of wavelet indices (k,m), those bring no contribution to the L?

norm of 9,G:
1 1
10,2, = / / [t/w(l)(m Ry (@ — m)da]2dkdm.
0 0

Now, analogously to the computation of |G|%, we will use the fact that the wavelet transform values are
repeated along the lines parallel to the edge. We also recall that the length of the edge inside the unit square
equals (cos 3)~!

1 1
10.G|7, = sinﬂ/ [t/w(tm)w(x —m + k/t)dz]*dmdk + sinﬂ/ [t/w(tm)gb(x —m + k/t)dx]*dmdk+
0 0

1
+COSB/ [/w(l/ty)qb(x — k4 tm)dz)*dkdm = sint ﬁ
0

By a symmetric argument,

cosz g 1P (E2) IZs,, + 16E)7s )+ cos Bl /s -

19,61, = 575 D/l + v/l )+ sinfl)|2;
Therefore,
3
(o (B, v) = §;§2§<||w<m>|m +||¢(tx)|\igo)+cosﬁ\\w(w/t)\lizvo+
6 s I0G/Ol, +10G/0lE, ) +sindlvl; =
-3
vl + = Smﬂ SR, + S v/l + 5 ﬂnwx/wnm
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3.3.3 Conclusions about the I'-limit of the WGL energy in 2D

The above derivations allow to restate the general theorem in the case of R? using explicit formulae for the
components of the I'-limiting energy. One acquires a straightforward tool to compute the I'-limit of WGL
on any characteristic function u = xg of a finite perimeter set £ C R2. Indeed, both expressions for this

energy —
Goolu) = ?WUNMTV where 9(u) = ff;f gl(ggja?)ﬁl(g)’

and the alternative one,

Golt) = [ plia). 0)d(a). where p = L2

- become explicit formulae after one substitutes

) _ sin” g 2 sinfg
P (B,9) = COS26H1/)(tx)”L€VO + cos? 3

pQB(@w):sinm\I/(mt)@%V —|—sinﬁ\\11(xt)|%%/ +cosﬁ|\I/(y/t)|2L%/, where ¢t = tan §.
9 9] 0

cos® f3

sin’ 3

cos 3
sin’ 3

lo)lzs + [(z/0)l7e + [z /)lIZs, » and

Numerical application of those formulae and more details on the role of the I'-limit of the WGL energy in
2D follow in the next section.

4 Relation of WGL to the Wulff problem.

4.1 The I'-limit of WGL as a surface tension energy in the Wulff problem

In general, the term Wulff problem refers to the problem of minimizing the energy of a fixed-volume object in
RY over possible shapes of its (N — 1)-dimensional surface, while the surface tension energy is not uniformly
distributed. A Wulff shape in 2D can be defined as an equilibrium minimal surface for a crystal or drop of
fixed volume which has the least anisotropic surface energy.

In the material science, the free energy of the surface of an isolated bounded crystal depends on the
orientation of the surface with respect to the crystalline lattice. Thus, the total surface free energy is defined
by [ f(n(z))dS(z), where n(x) is the unit normal to the surface element dS(z), f(n) is the free energy
density in the direction n and the integral is taken over the entire surface of the crystal. In thermodynamic
equilibrium, the crystal takes a shape minimizing the surface free energy. A method for finding the minimizing
shape given the energy density f(n) was first proposed by Wulff and is referred to as Wulff’s theorem. He
presented a constructive solution to this minimization problem based on the geometry of the surface tension.
Given a polar plot of the surface tension density, consider the hyperplanes passing through each point of the
surface on this plot orthogonally to the respective radius-vectors. Then the inner convex envelope of those
hyperplanes gives the minimizing crystal shape, which, rescaled to the needed volume, leads to the solution
of the problem[26].

The study of an anisotropic crystal growing in a melt gives rise to an equation relating the normal velocity
of the motion to both the orientation of the crystal and to its curvature. Osher and Merriman [26] proved,
that in the case when the outwards normal velocity is equal to f(n), for f the surface tension and n the unit
outwards normal, the asymptotic growth shape is precisely the Wulff crystal, appropriately scaled in time.
This shape minimizes the surface energy for a given volume.

Recall that the I-limit of the WGL energy in RY can be written in the following form (part (c) of
Theorem 1.1):

3

Goo(u) 5/,

p(ii(x), )di(x),

where p = —— € |la , a Yy construction and a an are e — equivalency constants: a|u|gr >
h ppBl b,b/al b tructi d db the H! — B ival tant <
H

|u|p < blu|g1 . Being an integral of some bounded positive density over a closed N — 1-dimensional surface,
Goo can be interpreted as the total free surface energy. It is not rotation invariant, thus making the problem
essentially anisotropic, analogous to the minimization of inhomogeneously distributed surface energy. The
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anisotropy of WGL and hence its ['-limit arises from the one of Besov seminorm. The primary source of
anisotropy is the way the wavelet kernel in R? is constructed, more precisely, - the fact that wavelet functions
have specific orientation in space.

Treating the I'-limit of WGL as the total energy of the surface, we can approximate the problem of its
minimization by the one of minimizing the WGL instead, as ¢ — 0. Then the respective WGL minimizers
form a sequence approximating the G, minimizer in L.

Let us consider the WGL-based Wulff problem in 2D. Its aim is to minimize the I-limiting energy (a
weighted TV functional) on the set of characteristic functions u = yg of the finite perimeter sets £ C R?
with fixed area |E| = A.

Consider the approximating problem of minimizing the WGL energy on the set of 2D functions f :
[0,1]2 — {0,1} under the constraint m({z : f(z) = 1}) = A, where 0 < A < 1. Integrating the constraint
into the energy functional subject to minimization, we obtain the problem:

u = argmin%\ﬂgz + i/f(x7y)2)(f(x,y) — 1)%dxdy + )\[/f(x7y)2d$dy — AP

Next step we take is to introduce a modified WGL energy that allows a degree of freedom in handling the
anisotropy.

WGL() = 517" |ae + arl o + sl ) + 4o [ £ (o) ~ 1Pdady (WGLe)

Here aq,as > 0. The I limit exists in this case due to the same reason as before.
Lemma A.1 in the Appendix implies that minimizers of the modified WGL ( or WGL?) energy with the
area constraint are C'*°.

4.2  Numerical evidence of I'-convergence: proximity between energies and
between minimizers

As was mentioned in Section 4.1, the I'-limit of WGL , which we denoted G, matches the role of the
surface tension energy. We will consider the WGL energy as a variational approximation to G,, compare
their values and respective minimizer shapes. In the series of figures (Fig. 4-6) we consider the results of
numerical computations done via the 1D formula (according to Section 3.3.3) coupled with those of finding
the WGL energy minimizers via the gradient descent method in 2D. Each figure contains four images A-D:
(A) the surface tension analogue (the I'-limit of WGL or modified WGL® based on a weighted B-seminorm)
computed via 1D formula; (B) the corresponding Wulff shape found by the classical method we described in
Section 4.1(as a convex inner envelope of the lines tangent to the radius vectors to points of the polar plot
of the surface tension); (C) the minimizer of the modified WGL energy with the area constraint found by
the gradient descent simulation in 2 (D) matching of the shapes from B and C.

A. B. C. D.

Figure 4: A. Wavelet surface tension analogue G; B. Wulff shape corresponding to A; C. numerically
obtained minimizer of the WGL problem with fixed area constraint, image resolution 256 x 256, e = 1/100,
@ = 1; D. matching B and C - minimizer shapes match up to a rescaling constant.

Two computational examples below consider energies with variable coefficient in front of the diagonal
component of the Besov seminorm. As the weight of the diagonal coefficient energy increases, the numerical
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convergence slows down making it harder for the approximating WG L® minimizer to approach the limiting
shape in practical computations, see in particular Fig. 5.

il o | o e

Figure 5: A. Wavelet surface tension analogue - I' limit of WGL®, a; = 1,ay = 7; B. Wulff shape corre-
sponding to A; C. numerically obtained minimizer of the WGL problem with fixed area constraint, image
resolution 256 x 256, € = 1/100, p = 2; D. matching B and C - minimizer shapes match up to a rescaling
constant (with minor deviations).

Bl ¢ | ¢ |

Figure 6: A. Wavelet surface tension analogue - I' limit of WGL%, a1 = 1,a3 = 0.1; B. Wulff shape
corresponding to A; C. numerically obtained minimizer of the WGL problem with fixed area constraint,
image resolution 256 x 256, ¢ = 1/32, u = 1/4; D. matching B and C - minimizer shapes match up to a
rescaling constant.
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A Appendix

A.1 Rescaling of the classical Ginzburg-Landau energy
Recall that the classical Ginzburg-Landau energy is defined as

E.(u) = e/ |Vu|*dx + % / W (u)dz, W(u) = (u? —1)2

We will reformulate the classical result of Lemma 2.1 by introducing the variable rescaling. Let u(x) =
v(az), then

[1vu@rds = [ 1vow)ay
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[ 1vaide = [ Vot
J Wiz == [ wewy

Rewriting F. as a function of v produces

1
« _ 2
E&(v) = e/|Vv| dx + E/W(v)dx
Let us take a = v/2 and denote

1
Fe(u) = 5 E EY?(v /|w| dx+—/W
Then, according to the above statement,

F. 5 Fu) = ? / \Vulda.

A.2 Remark about the H! and B seminorm equivalency

In the main case we consider B seminorm is computed via the periodic wavelet transform of function defined
on [0, 1]V, The periodized scaling function ¢ is identically 1, therefore, the projection of any function on the
subspace V; brings no contribution to its H'-seminorm.

In the case of functions from H'(R™) the context of our discussion would require defining the B-seminorm

of a function u as
1/2

+oo
i = { 1Pl + 320 [ G
=0

This, however, would not alter the statement of the main theorem or any elements of its proof, since the

term €| Py, |3, where u, L u, does not contribute anything to the I'-limit — it converges to 0 as € — 0 for
any sequence 1, approximating v = yg, £ C RV,

A.3 Semi-continuous dyadic wavelet transform
A.3.1 Shift-invariant Besov seminorm

We use the semi-continuous wavelet transform with discrete(dyadic) scaling and continuous translation in
space rather than the entirely discrete wavelet basis decomposition. The corresponding translation invariant
Besov seminorm (| |p,..s.) can be easily interpreted in terms of the discrete non-redundant wavelet transform
that is used to define the usual Besov seminorm(| |p4.). In the argument below we assume all argument
shifts to be done over the periodic domain, i.e. all shifts are circular translations modulus 1.

s = [ ot [ 3o Z e D) =

0,11V 520 —0

Z / L s an = 3292 / [ (@) n(e)del2dn

= (0,17 J[0,1)¥

=Y 0% /[0 Q,V]N|/u(a:)1pjm(x)dx|2dn, i=1,.. N

Our numerical experiments were implemented in Matlab, with the Stationary Wavelet Transform (swt,
swt2) routines serving as a substitute for the semi-continuous wavelet transform used in our analysis.
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In the actual numerical computations the values of h are quantized, thus the translation invariant Besov
seminorm of a 2D image of size 2V x 2V (rescaled to the domain [0, 1]2) equals

N 2791 2N 1
‘u|?3,t.i.{2N><2N} = ZQ2J Z 272N Z |/u($)27N¢j,k+2jm2*N(f)dx|2 =
kiIO

7=0 m;=0

20 12N 2N _1

1
Z24j274N Z Z ‘/u(z)d}j,k—lﬂjm?*]\](x)dl’ﬁ = Z 274(N7j) Z |/U($)7/)j,m2*N(1')dI|2v 1= 17 2.

k;i=0 m;=0 m;=0

A.4 Regularity of minimizers of the modified WGL energy

We consider minimizers of a modified version of the WGL energy: E(u) = WGL(u) + A(u), whose Euler-
Lagrange equation has the following form:

EApu —u® +u— Au)u =0, A(u) is a constant w.r.t. x,
where A,, denotes the Wavelet Laplace operator:
oo 27
Ayulw) = — ZQ%/ (u, ¥j,1) 05,1 () dk
=0 0
One can prove by a standard compactness argument that the energy E has at least one minimizer. The

following lemma shows that all bounded local minimizers are C*° smooth.

Lemma A.1 Let a function u € H'NL> be a solution of the above equation (either on [0,1] with periodic
boundary conditions or on RY ), then u € C™.

Proof. Let us project this equation on some wavelet mode ;
(2% — 1 + Aw)(u, Vi) = <u3,1/1j7k>.

This implies that the values of the wavelet transform W (u?) are asymptotically proportional to those of
W (A,u). Now, u® € H' because

Wi = [ Vet (@)Pde = [ (@) Vo) Pdo < full uff

Hence, Ay,u € H', i.e. uw € H?. In general, given v € H* N L™, we have u? € H*, because
0?7 < Cllull ool
Proceeding to higher order spaces H* and performing each step in the same manner as for k = 1 constitutes
the "boot-strapping” argument that proves the lemma. B
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