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Abstract

Here we examine the partial regularity of minimizers of a functional used for image restoration in BV space. This functional is
a combination of a regularized p-Laplacian for the part of the image with small gradient and a total variation functional for the part
with large gradient. This model was originally introduced in Chambolle and Lions using the Laplacian. Due to the singular nature
of the p-Laplacian we study a regularized p-Laplacian. We show that where the gradient is small, the regularized p-Laplacian
smooths the image u, in the sense that u € C Le for some 0 < & < 1. This functional thus anisotropically smooths the image where
the gradient is small and preserves edges via total variation where the gradient is large.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Over the past decade, PDE and variational method based diffusion models have grown significantly to tackle
problems of image restoration and reconstruction. The challenge of these problems is to construct a model that can
effectively remove unwanted noise while at the same time retaining significant features of the image. Thus we want
to recover an image u from given noisy image /, where I = u + noise.

Total variation (TV) based regularization was first proposed by Rudin, Osher, and Fatemi in [21] in order to remove
noise while retain important features, such as edges. This has been studied extensively in [1,2,5,6,20,24,25] and [11].
The definition of the total variation of a function u € L! (£2), 2 C R" open, is

TV(u) = sup{fudiv(w)dx: pe Cé(.Q,R"), lo| < 1},
2

and is denoted by [ | Du|. Differentiability, or even continuity, of u is not required for TV (u) to be finite. Thus images
with discontinuities (i.e. edges) are allowed as solutions in the space of functions of bounded variation (BV) on £2,
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which is the space of functions u € L1(£2) with TV (1) < oco. In addition, the diffusion resulting from minimizing the
TV norm is strictly orthogonal to the gradient of the image, and tangental to the edges. This is important for preserving
edges while smoothing the image. However, TV-based regularization sometimes causes a staircasing effect [7,11,12].
Consequently, the restored image can be blocky and even contain artifacts, such a false edges.

A number of alternative total variation techniques have been proposed, such as adaptive total variation (see [23])
where minimizing [ |Dul is replaced by

min/a(x)|Du|.

The control function « is used to reduce the diffusion where there is likely an edge.

Another model was proposed by Chambolle and Lions [11], which uses a combination of TV diffusion where
there are likely edges (where |Vu| > €) and isotropic diffusion in more homogeneous regions (where |Vu| < €). This
minimization problem is

n /IV|2+ / IVul 6JFA/( N
mm — u ul— - - u—
ueBV(R2) 2¢ 2 2

2

|Vu|<e |Vu|>e

where [ is the noise image and A > 0 is a parameter.

A partial regularity result was obtained in [13] for this model which shows that if £ ({|Vu| < €}) > 0, then there
exists a nonempty open set £2 C £ on which u is C'** and |Vu| < €. Thus we do have smoothing where |Vu| < €. In
this paper we consider the problem where we replace the isotropic part in the above problem with an anisotropic term
fIWI <e |Vul|? for 1 < p < 2, thus resulting in a term that gives rise to anisotropic diffusion instead of isotropic in the
region where |Vu| < €. The objective here is to discuss the partial regularity of this problem as for the isotropic case
as in [13] for the case p = 2. We refer the reader to [19] for other theoretical and numerical results regarding more
general functionals for use in image restoration, including the use of the p-Laplacian.

Improving on this, different models have been proposed using a variable exponent p(x) such as Blomgren, Chan,
Mullet, and Wong [7] where they propose the minimization problem

min/ [Vu|PUVED g

where limg_,¢ p(s) =2 and limg_, o, p(s) = 1 with p monotonically decreasing; and in Chen, Levine, Rao [9] they
propose a model similar the one above by Chambolle and Lions with exponent p(x). Numerical results in [9] show
promise for this method.

2. The minimization problem

For simplicity we consider the problem with € =1 and A = 1 in the above

1
min {/goo(Du)+—/(u—I)2dx},
ueBV(2)NLA(2) 2
2 2

where ¢y is the following C! convex function defined on R":

el ifx <1

po(x) = [ r

|x|—§ if |x| > 1,

forl<p<2,1/p+1/g=1,1¢eL>®(2)NBV(£2), and 2 C R" is a bounded domain with Lipschitz boundary. As
in [4] or [16] we may define the above functional on BV (£2) using

/wo(Du)é/wo(vu)dx+/’Dsu|.

2 2 2

However, due to the singular nature of ¢p we instead consider a regularized version of the above problem for proving
partial regularity, namely
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1
min {/wE(Du)+—/(u—1)2dx} 2.1)
ueBV(2)NL2(£2) J 2Q

for the C'(R") function g, € > 0, defined by
%(m2 +e)r/? if x| <1,

Pe (x) =
‘ {(1+e>(f’/2>-1|x|—;<1+e)<f’/2>—1(p—1—e) if x| > 1,

where §2, I, and p are as before. As above,

/goe(Du)é/¢€(vu)dx+/|Dfu|.
2

2 2

We note that for € > 0, ¢ € C!(R") and C? is on the interior of the unit ball B;(0). First we show that f @e(Du) is
lower semicontinuous in L' (£2) for any € > 0. The following lemma is actually a special case of Lemma 2.3 in [10],
however this proof can be generalized to any continuous function ¢ of linear growth.

Lemma 1. For any € > 0, the functional f @e(Du) is lower semicontinuous in L' (£2).

Proof. Let V = {¢ € Cé(.Q, R™): |¢(x)] < 1forall x € £2}, where | - | is the usual vector norm in R”. Without
loss of generality we can adjust ¢, if necessary so that ¢.(0) = 0 and ¢.(x) = |x| — K where |x| > 1 for ap-
propriate constant K. From [18] we have for each x € R”, ¢ (x) = supgy<nix -y — @X(y)} where ¢} is the

convex conjugate of ¢ defined by ¢} (y) = sup,cpn{x - y — @e(x)}. For the special case of ¢ =0 we in fact
have @o(x) = supyy<1{x - ¥y — |y[”/q}. The linear growth property of ¢, actually gives finite values for ¢Z(y)

only when |y| < 1. In addition we see that @7 (y) = supyepn, |xj<1}{* - ¥ — @e(x)}. We also note that for € > 0,
©X(y) =x"(y) -y — ¢ (x*(y)) where x*(y) is a continuous function of y. From [8] we have for any g € LY ()",

peV o

Now define the following functional on BV ($2):

/%(fﬁdx:SUP{/8~¢—<P:(¢)61X}. (2.2)
2

J(w) = sup{—/udiv¢+¢:(¢)dx}
peV o

= sup{/vu.¢_<p:(¢)dx+/¢.0su}
%
2 2

where the last equality follows from integration by parts. From the above discussion we easily see that for every ¢ € V,

/VM'¢—<Pf(¢)dX+/¢-DsM</§05(Du),
2

2 2

giving J (u) < [ ¢e(Du).

For the reverse inequality we follow, for example, [10], noting the continuity of ¢}. Fix € > 0. For any u € BV(£2)
there exists an open set O, such that support (D’u) C O, and |O¢| < €. We can also find ¢, € C?(.Q, R™) with
l¢1] < 1 and

/Dsu-¢12/|DSu|—e

2 2
from the definition of the TV norm. By (2.2) there exists ¢ € C ?(.Q, R™) with |¢,| < 1 such that

/V“'¢2—¢:(¢2)dx>/¢€(Vu)dx—e.

2 2
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Now define
¢ _ { ¢1 on OE ’
"¢y on2)\O..

Let 1y be the standard mollifier on R” and let ¢, = 14 * ¢. Note that ¢, has compact support for sufficiently small .
Then

J(M)>/Vu'¢a—wf(%)der/%-Dsu-
2

2

Letting ¢ — 0 in the above inequality we then have

J(u)>/Vu‘¢—gp:(¢)dx+/d)~Dsu
19)

2

>/w s — 0¥ () dx +/¢1 Du— ()
2

2

2/%wmw+/wmhu@—k
2 2

where
(&) = [ 1931+ 92 | ey 00" O
O.

and L" denotes Lebesgue on R”. Clearly u(€) — 0 as € — 0. The reverse inequality is now proved and so

) = / ¢ (Du).

2

Lower semicontinuity now easily follows as in Giusti [15]. O
We also have the following approximation lemma:

Lemma 2. Let ue BV(2) N L2(£2). Then for any € > 0 there is a sequence of functions {u,} C BV(£2) N LZ(Q) N
C®(82) such that

Up —>u in Lz(.Q) and

/%(Dun)dx% /(pe(Du)-

2 2

Proof. Fix € > 0 and for simplicity write ¢, as ¢. Consider the function ¢, (x) £ ¢(x) + |x|/n. Then from [4] there
exists u,, € BV(§£2) N C*°(£2) such that

(D) Nuw — 1l 2y < 1/

2) | [oV1+(Dup)?dx — [o /14 (Du)?| < 1/n.

3) |fg‘ﬂn(Dun)dx_f_Q§0n(D”)|gl/”- O

Proof. The proposition there is actually stated for functions in BV, but an adjustment of the proof on which this
proposition is based [3] gives us estimate 1 for u € BV (£2) N L?(£2). We then have
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+1/n( |Du,|dx + |Du|)
J s
gl/n—l—l/n( |Duy|dx + |Du|).

[ ]

From (2), f o |Duy|dx is bounded. Letting n — 0 proves the theorem. O

Ugo(Dw)dx—/w(Du) < ‘/gan(Dun)dx—/wn(Du)
2 2 2 2

These lemmas now imply

Theorem 1. For any € > 0, there exists a solution u € L°°(§2) to problem (2.1). In fact, we have
lullLo(2y < M llLe(s2)-

Proof. The proof of existence and uniqueness is standard using lower semicontinuity and strict convexity. The L
bound follows as in Lemma 2.1 in [13] using both of the above lemmas and by considering the approximating func-
tional

1
. s 2
min Du +—/u—l dx}
uer‘H"‘(Q)r’\Lz(.Q){ f<p€( ) 2 ( )
2 Q2

where
. %(|x|2+6)p/2 lf|X|<17
pe(x) = /12— -
€ %MHH—F%U‘FE)FQ_% if x| > 1

isin C'(R") and ¢, (x) < gof(x) forallx e R". 0O
3. Main theorem
Now we state the main theorem of this paper.

Theorem 2. If u solves (2.1) for € > 0 and L" ({|Vu| < 1}) > 0, then there exists a nonempty open region 2 on which
uis CY% |Vu| < 1, and u solves
—diV((pp(Vu)) =I—u on .5,

in addition, we have |Vu| > 1 a.e. on §2 '\ Q.

Without loss of generality we consider the case where € = 1 and we let ¢ = ¢1. To prove the above theorems, we
follow the general procedure to that in [17] for proving partial regularity for weak solutions u € L2([0, o], BV(£2))
to the time evolution problem

au .
5, = diva (P (V)

on £2 C R! or R? where ¢ is a convex linear growth function satisfying local ellipticity and continuity assumptions.
The essential part of this theorem will be a decay result. There is, however, no restriction on n for this result.

4. Proof of the main theorem
First we prove some lemmas. We have from [17]

Lemma 3. Let u € BV(E) for open region E € 2 with smooth boundary. Then there exist constants cy, co < 1/2 such
that if p € B1(0) and h € C'(E) with supg [Vh — p| < c10, then for any vector py € B, (p) we have
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/w(Du) —/¢(Vh)dx—/§0ll(P1)‘Vh'D(“—h)

E E E
+/(¢m(m> -p1—@i(p1)) - D(u — h) +supw(|Vh — p1|2)/|Vh — pilPdx
E E E
> f Du— Bl + / |D<u—h)|2>,
EN{Du¢B;(p)} EN{DueB,;(p)}

where @ : R — R is a nondecreasing, nonnegative function with lim;_.o w(t) = 0.

Recall that

_ 2
|Du — Bl + / D@ — 1)
EN{Du¢B, (p)} EN{DueB, (p))
means
|Vu—ﬁ|+/|DSu|+ / |V(u—h)|2.
EN{Vu¢B;(p)} E EN{VueBs(p)}

Throughout the rest of the paper, # will be the solution to (2.1).

Lemma 4. Let E € 2 be an open elliptical region. Now suppose h € C'(E) satisfies supg |Vh — p| < c1o and
2

Ll (p1) =I—h onkE 4.1)

3)6,'3)6.,'

for some p1 € Be,s (p) and smooth vg. Then we have

/ |Du - pl+ / D@ — b

EN{DugB, (7)) EN{DueB, (p))
< C3( / lu —vgldH" ™" + supw(|Vh — p1|2)/|Vh — p1|2dx).
E
E E

Proof. Such a solution / exists by the linear theory. From Lemma 2.5 in [13] we have

/gp(Du)—/(p(Vh)< 1/2/(h—1)2dx— 1/2/(u—1)2dx+/|h—u|d7%"—1
E E E E JoE

where &, u are understood in the sense of trace in BV on d E for the last integral. Using this, integrating by parts, and
using Young’s inequality for (u —h)(I —h)=—(u—-1I)(h—1)+ ({ — h)? the lemma is proved. O

Now we define the “energy” by

1 / _ 2
|Du — p| + [ |Du — p| )
|Br|<

By (a)N{Du¢ B (p)} B, (a)N{DueB, (p)}

D(r,p,a) £

Our next goal is to prove

Theorem 3. There exist constants €] €2 depending on ¢ and p such that if

D (ro, p1,X0) < €1

for some rg, xo € 2 and some p| € B, (D), then there exists p € By (p) such that lim, _, oo @ (r, p1, X9) = 0. Further-
more, p = Du(xgp).
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[P

From now on, we drop the “a” in B, (a) and @ unless noted otherwise. In order to prove Theorem 3, we will obtain
estimates for faE lu — vg|dH"™ ' |Vh — p1|, and fE |Vh — p1|?dx for a suitable Lipschitz function v. These will
then be used to prove a decay estimate for @ on a smaller ball and different p, whose difference can be estimated.
This decay estimate will be used to prove the theorem.

Now fix a. From the proof of Theorem 2.8 in [13] we have

Lemma S. If B, > € §2 and for suitable Lipschitz function v, we have

sup [Vu — pi| < & (r, p1)?

B2

with 8 such that (1 —48)" L =1 + 5L that is, § = m Additionally,
L" (B2 N {u #v}) <ear"0(r, pp)' =,
Using this lemma obtain an L estimate for u — v.

Lemma 6. If |p1 — p| < c10, then there exists € > 0 such that @ (r, p1) < € implies supg, Vv — p1| < D, p1)23,

the v from the previous lemma with § = SaiD +1) and with the following estimate for r suﬁ‘ictently small:

= vll oo, < 5 (L7 (Brya N fu # 0})) /",

Proof. This follows from the previous lemma and Lemma 2.7 in [13] where we use the bound supp » Vv < |pl +
c1o0 + D (r, p1)28 in that proof instead of supg, , |[Vu| < 1 used there. O

We can now estimate |VA — py| on E for any 7 < r/2 for the solution / to (4.1). Let vg be a smoothing of v defined
by vg =1, * v where ) is the standard mollifier on R". Then from the linear theory [13,14], taking 8 = @ (r, p1),we
have || k]| E) < c6 and

sup |Vh — pi| < c7(P(r, p1)° +rllh — Izoo(r)) < cs(@(r, p1)° +7).
E

Let T be an appropriate transformation such that ifh=ho T-Lid=uoT, ﬁ;} =uvgo T T=1Io T-! Eisan
ellipsoid centered at a, T(E) = B’ is a ball of radius 7 centered at T (a), and

~Ah=T-h onB,
h=17s ondB.
We note that the Jacobian of 7', which depends only on the eigenvalues of the matrix [¢y,;; (p)] for p = p; is bounded

from above and away from 0. Furthermore these bounds can be made independent of a and p due the uniform
ellipticity. We also have from [13],

|Vi(x) — Vh(y)|
5 lx—yl2

< ~n+1/2/| Gl dH" !+ FIT = Rl
B’

where B C B’ is concentric with B’ and with radius 7 /2. Now choose E C B,/4 centered at a with diam(E) =r/8
and such that both

/|u—v|dH” 1o / lu — v|dx (4.2)

r/4

and

/\u—ﬁgm—pl-(x—a)|dH"71 co /|u U, — P1- (x—a)|dx 4.3)

r/4

hold, where i g, /4 denotes the average of u over B, 4.
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Lemma 7. Let v, vg be as above. Then

/|I/l _ Uﬂ|d7‘["—1 < c“r"(CP(r, p1)1+25 4 CP(V, p1)1+1/(2n)).
oE

Proof. By the properties of vg we have supp [vg — v| < r®(r, 1) 72 and combining the results of the last two
lemmas with estimate (4.2) we obtain

/ lu — vl dH" < e @, pr)' T,
OE
From these two estimates the lemma follows. O

Lemma 8. If h solves (4.1) and |p1 — p| < c10, then

/ IVh — p1*dx < coo(r" T h = Il ooy + 7" @ (1, ).
E

Proof. Multiply (4.1) by h —vg, integrate by parts, use the fact that (4.1) is a linear equation with constant coefficients,
and then use Young’s inequality to arrive at

/IVh—mlzdx<C12f(h—I)(h—vﬂ)dX+Cl3f|Vvﬂ—P1|2dX-
E E E

By the uniform bounds of Vi and Vvg we see that |7 — vg ooy < c14(diam(E)) < cysr. For the other part of the
estimate we use from [22]

/|Vv,s—p1|dx<c16/|Vv—p1|dx.
By 4 B2

Finally, to estimate || B |[Vv — p1]dx the construction of v gives

/ Vv — p1ldx < c17 / |Du — p1|* + c18@(r, p1) < c19@ (1, p1).
B2 By pN{DueBs (p)}

By combining the above two estimates, the lemma is proved. O
We now arrive at our decay estimate.

Theorem 4. There exist positive constants €, ¢y, k depending only on n, §2, u such that if @ (r, p1) < € and r < ¢,
then there exists py € R" such that @ (kr, py) < %QD(V, p1) +c3ir and |py — pa2| < 35D (r, pl)l/2 + c34r.

Proof. Using Lemma 4 and the estimates obtained in Lemmas 7 and 8 we have
- 2
pu-pi+ [ |pw-n)
EN{Du¢B; (p)} EN{DueB; (p)}
2
< e (e p Y L o(es@ (o p1)’ + 1)) (IR = Ty + 1" p1)).

Letting p» = Vh(a), we now estimate sup|Vh(x) — Vh(a)| over a ball B, C E C E. Since h — ﬁBr/4 —p1-(x—a)
also satisfies (4.1) we see that

IVA@) =V _ en [~ L s 7
P2 S |0p — 5,5 — p1 - (x —@)|dH"™" + V2T — o). (4.4)
B

aB’
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Recall the ball B is concentric with B’ and has radius 7 /2 and center T (a). Changing back to the original variables,
using (4.3), and Poincaré’s inequality, the right side of (4.4) is estimated as

€23

S /2 /}Uﬁ —iig,, — p1- (=) dH"" +exr b = Il

IE
o 4 dH™ + dH! V20, — 1
\r”+]/2 lvg —uldH n+3/2 lu—iip,, — p1-(x —a@)|dH"™" +cor'?|h = Ik

r/4

c25 _
<rn+—1/2/|vﬁ—uld7'i" b+ n+1/2 / |Du — pi| + casr' 2 ||h — Il Lo (x).
OE Bs

Now let £ = 7! (E) and restrict k as necessary so that B, C E C E. Then we can see that after changing variables
in the left side of (4.4) and using Lemma 7 we obtain

172 1 172 '
sup|VA(x) — Vh(y)| < czs(r—,,/ vp —uldH" ™+ —— | |Du— pi| +«2r|h — 1||Lm<E)>
Byer p

r/4

1
< C27K1/2<®(I’, p1)1+28 + o, p1)1+1/(2n) + r_n f |Du — p1| +r|h — I||L°°(E)>'

B4
We thus obtain
sup| Vi (x) — VA(y)| < casc 2 (@ (r, p1) 2 + &, p)' TV 4 @, p) 2 1 llh = Tl o))
This is our desired estimate for supg [Vh(x) — Vh(y)|.
Now using the inequality |Vu — Vh|?> > 1/2|Vu — p1|? — |Vh — ps|? we arrive at

pu-pl+ [ iDu-pap
EN{Du¢B; (p)} EN{DueB, (p)}
2
< czg(r"(D(r, p)!H/Cm 4 w(Cg(CD(r, )’ + r)) PR — I||Loo(E))
2
+ 629<w(08(¢(7, PV’ +1)) "0, p1) + f [Vh — p2|2dx>. 4.5)

Kr

For the rest of the proof we denote @(r, p;) by @. Using the estimate for |VA(x) — Vh(y)|, recalling that
p2 = Vh(a), and dividing the above inequality (4.5) by «”r" we have

@ (kr, pp) < cyok M@ H/Cm C30K_"a)(c8 (@i)‘S + r))2 + c306 P
+ 030(60(03(@5 + r))zk_" +kr)rih = I LoE).

Now restrict k again so that k¥ < ﬁ. Then restrict @ and r so that c306 @@ 4 30k 7w (cg (P8 + 1))? < 1/4.

This proves the decay estimate for @. Finally, we derive the estimate for [p2 — pi|. From the linear theory [14] as
applied to & we have

|P2_Pl|=|Vh(a)_p |<C3ZE/|UIS—MB/ p1- (x—a)|dH” ]+C33V||I—/’l”LOO(B/

1
<C32E/Ivﬁ—u|dﬂ +C32E/|M—ME—P1 (x —a)|dH"~ Y esarllh = e k).
Y2

Then using the boundary estimates, Poincaré’s inequality, and Holder’s inequality, we get | p» — p1| < c3s@ (r, p1)'/> +
caarlh = IlleE). O
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By using this decay estimate iteratively, we then have Theorem 3. We actually have Theorem 3 holding for all
x € B, 2(xq) if @ (rg, p1,x0) is sufficiently small by noting that @ (r/2, py x) <2"®(r, p1,xo) for all x € B;/2(x0).
Theorem 2 then follows [4,13,17].

5. Questions for further study

In addition to the above result on partial regularity and the more difficult problem of the p-Laplacian, one may also
hope to show that the above open set 2 where the solution is smooth is also dense in £2, or even that its complement
has dimension n — 1. For the case of n = 2 in image restoration, this last case would correspond to 1-dimensional
edges of objects.

Acknowledgments

The author would like to thank the reviewers for their helpful comments.

References

[1] R. Acar, C.R. Vogel, Analysis of bounded variation penalty methods for ill-posed problems, Inverse Problems 10 (1994) 1217.
[2] F. Andreu-Vaillo, V. Caselles, J.M. Mazon, Parabolic Quasilinear Equations Minimizing Linear Growth Functionals, Springer-Verlag, New
York, 2004.
[3] G. Anzellotti, M. Giaquinta, Funzioni BV e tracce, Rend. Sem. Mat. Univ. Padova 60 (1978) 1-21.
[4] G. Anzellotti, M. Giaquinta, Convex functionals and partial regularity, Arch. Ration. Mech. Anal. 102 (1988) 243-272.
[5] G. Aubert, L. Vese, A variational method in image recovery, SIAM J. Numer. Anal. 34 (1997) 1948-1979.
[6] P. Blomgren, T. Chan, Color TV: Total variation methods for restoration of vector-valued images, IEEE Trans. Image Process. 7 (1998)
304-309.
[7] P. Blomgren, T. Chan, P. Mulet, and C.K. Wong, Total variation image restoration: Numerical methods and extensions, in: Proceedings of the
1997 IEEE International Conference on Image Processing, vol. 3. pp. 384-387.
[8] H. Brezis, Integrals convexes dans les espaces de Sobolev, Israel J. Math. 13 (1972) 9-23.
[9] Y. Chen, S. Levine, M. Rao, Variable exponent, linear growth functionals in image restoration, SIAM J. Appl. Math. 66 (4) (2006) 1383-1406.
[10] S. Levine, Y. Chen, J. Stanich, Image restoration via nonstandard diffusion, Technical Report #04-01, Department of Mathematics and Com-
puter Science, Duquesne University, 2004.
[11] A. Chambolle, P.L. Lions, Image recovery via total variation minimization and related problems, Numer. Math. 76 (1997) 167-188.
[12] D. Dobson, F. Santosa, Recovery of blocky images from noisy and blurred data, SIAM J. Appl. Math. 56 (1996) 1181-1198.
[13] Y. Chen, M. Rao, Y. Tonegawa, T. Wunderli, Partial regularity for a selective smoothing functional for image restoration in BV space, SIAM
J. Math. Anal. 37 (4) (2005) 1098-1116.
[14] D. Gilbarg, N. Trudinger, Elliptic Partial Differential Equations of Second Order, second ed., Springer-Verlag, 1983.
[15] E. Giusti, Minimal Surfaces and Functions of Bounded Variation, Monogr. Math., vol. 80, Birkhiuser, Basel, 1984.
[16] R. Hardt, D. Kinderlehrer, Elastic plastic deformation, Appl. Math. Optim. 10 (1983) 203-246.
[17] R. Hardt, Y. Tonegawa, Partial regularity for evolution problems with discontinuity, Manuscripta Math. 90 (1) (1996) 85-103.
[18] I. Ekeland, R. Temam, Convex Analysis and Variational Problems, North-Holland, Amsterdam, 1976.
[19] M. Nikolova, Weakly constrained minimization: Application to the estimation of images and signals involving constant regions, J. Math.
Imaging Vision 21 (2004) 155-175.
[20] L. Rudin, S. Osher, Total variation based image restoration with free local constraints, in: Proceedings of IEEE ICIP-94, vol. 1, Austin, TX,
1994, pp. 31-35.
[21] L. Rudin, S. Osher, E. Fatemi, Nonlinear total variation based noise removal algorithms, Phys. D 60 (1992) 259-268.
[22] R. Schoen, L. Simon, A new proof of the regularity theorem for rectifiable currents which minimize parametric elliptic functionals, Indiana
Math. J. 31 (3) (1982) 415-434.
[23] D. Strong, T. Chan, Spatially and scale adaptive total variation based regularization and anisotropic diffusion in image processing, Technical
Report, University of California, Los Angeles, CA, CAM96-46 (1996).
[24] D. Strong, T. Chan, Edge-preserving and scale-dependent properties of total variation regularization, Inverse Problems 19 (2003) S165-S187.
[25] L. Vese, A study in the BV space of a denoising—deblurring variational problem, Appl. Math. Optim. 44 (2001) 131-161.



