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ABSTRACT. We propose a regularization algorithm for color/vectorial images
which is fast, easy to code and mathematically well-posed. More precisely, the
regularization model is based on the dual formulation of the vectorial Total
Variation (VI'V) norm and it may be regarded as the vectorial extension of
the dual approach defined by Chambolle in [13] for gray-scale/scalar images.
The proposed model offers several advantages. First, it minimizes the exact
VTV norm whereas standard approaches use a regularized norm. Then, the
numerical scheme of minimization is straightforward to implement and finally,
the number of iterations to reach the solution is low, which gives a fast regular-
ization algorithm. Finally, and maybe more importantly, the proposed VTV
minimization scheme can be easily extended to many standard applications.
We apply this L' vectorial regularization algorithm to the following problems:
color inverse scale space, color denoising with the chromaticity-brightness color
representation, color image inpainting, color wavelet shrinkage, color image de-
composition, color image deblurring, and color denoising on manifolds. Gen-
erally speaking, this VI'V minimization scheme can be used in problems that
required vector field (color, other feature vector) regularization while preserv-
ing discontinuities.

1. Introduction. This paper is devoted to the regularization of multidimensional/
vectorial signals, such as color images or other vector fields (vector of features,
normal of level sets, etc.), based on the vectorial TV norm. The regularization of
vectorial images in the context of continuous models have already been proposed in
the literature. In [33], Sapiro and Ringach proposed an anisotropic diffusion model
for vectorial images based on the computation of the eigenvalues of the M-D image
defined as a 2-D manifold. The eigenvectors determine the directions of maximal
and minimal change of the vectorial image, and their associated eigenvalues give
their rate of change. In [8], Blomgren and Chan defined a definition of the VIV
norm which satisfies several good properties. Sochen, Kimmel and Malladi in [35]
defined a vectorial image denoising models based on a 2-D manifold embedded in
a (M + 2)-D space and the Polyakov energy. We propose in this paper a vectorial
regularization algorithm that is as efficient as [35] and improve the regularization
algorithms [33, §].
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The proposed VTV minimization model is based on the dual formulation of the
vectorial TV norm. The idea of dualizing the (scalar) TV norm was introduced by
Chan, Golub and Mulet (CGM) in [15] to solve the denoising Rudin-Osher-Fatemi
(ROF) model [32] for gray-scale images in a faster way than the previous models.
CGM introduced in the TV minimization model an extra maximization problem
w.r.t. a new (dual) variable. The new minimization-maximization problem can be
solved using the Sion’s theorem [34]. Sion’s theorem is a generalization of John Von
Neumann’s minimax theorem [40] (see also [2, 22]) introduced in game theory for
minimizing the maximum possible loss.

Based on the CGM model, Chambolle in [13] developed an efficient dual approach
to minimize the scalar ROF model. Chambolle’s algorithm is faster than CGM even
if the convergence of Chambolle’s scheme is linear and the CGM’s scheme is qua-
dratic. Chambolle’s algorithm is faster because the cost per iteration to use CGM
is higher (CGM needs to solve a linear system at each iteration). A recent fast
minimization algorithm for the scalar ROF model was proposed by Darbon and
Sigelle (DS) in [20] based on graph cuts. Although Chambolle’s algorithm is not as
fast as the model of DS to solve the variational scalar ROF model, it is still fast
and presents some advantages compared with CGM and DS. First, Chambolle’s
model use the exact scalar TV norm whereas CGM model regularizes it to mini-
mize it. Then, the numerical scheme of [13] is straightforward to implement unlike
the CGM and DS algorithms. Besides, the TV norm of DS is anisotropic whereas
the TV norm of Chambolle is isotropic. Finally, we will see that the Chambolle’s
model extends nicely to color/vector images whereas the question of extension is
open for the CGM model and the generalization of DS model to color images is not
as efficient as in the scalar case (see [19]).

This paper proposes these two following contributions:

e Extension of Chambolle’s model [13] to multidimensional/vectorial images. We
will see that the extended algorithm presents the same nice properties than the
scalar algorithm since the VTV minimization algorithm is fast, easy to code and
well-posed. Unlike [8, 4, 16], the proposed vectorial scheme does not regularize the
VTV to minimize it. Finally, the numerical solution converges to the continuous
minimizing solution in the vectorial BV space.

e Eixtension of the proposed VTV minimization scheme to several standard applica-
tions such as deblurring, inpainting, decomposition, denoising on manifolds. In fact,
this vectorial regularization scheme can be applied to any problems that require a
L' regularization process for vectorial components.

The paper is organized in two parts. The first part is the introduction of the VIV
minimization algorithm. We introduce some notations and the dual formulation
of the VIV. We then introduce the VTV minimization algorithm and prove its
convergence to the continuous minimizing solution. Then, we compare our model
to related denoising models. The second part of this paper aims at showing that this
vectorial regularization process can be easily extended to any problems that require
L' vector field regularization. We will focus on color image processing problems such
as color inverse scale space, color denoising with the chromaticity-brightness color
representation, color inpainting, color wavelet shrinkage, color decomposition, color
deblurring or color denoising on manifold. But we can also extend this algorithm to
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other problems such as the vector field regularization of diffusion tensors in medical
imaging.

2. Part I: Dual vectorial TV minimization algorithm.

2.1. Notation and definition. In this paper, we are interested in the standard
dual definition of the VTV in order to extend the Chambolle’s scalar algorithm
[13] to vectorial images such as color images or any vector fields. This section in-
troduces some notations and definitions regarding the vector-valued TV norm used
throughout the paper. Let us consider a vectorial (or M-dimensional or multichan-
nel) function u, such as a color image or a vector field, defined on a bounded open
domain Q C RY, as follows:

u : Q — RMu
X — u(x) = (’LLl(X), "'7UM(X))5

where each scalar function u; : @ — R, 1 <i < M is one of the M components (or
channels) of the vector valued function u.

Definition 2.1. For a given vector valued function u : Q — RM | the vectorial TV
norm is denoted the finite positive measure:

(1) /|Du| = sup{/ <u,V-p>dx}
Q pepP L Ja

where p := (p1,...,pm) : Q@ — RM*XN p,i= (pi*, ., pfY) : Q — RN, Vi € [1, M],
V- is the divergence operator such that V-q:= (V-qi,..., V- -qy): Q — RM Vvq:
Q— RM*XN ¥.q; = Zjvzl 02,477 : Q — R, Vi € [1, M], the product < .,. > is the
Euclidean scalar product defined as < v, w >:= Zi\il <wj,w; >, Y(v,w) € (RM)2)
which implies that < u,V-p >= Zf\il < u;, V-p; >, and the L?/Euclidean norm

.| is naturally defined by |v| := /< v,v > = L vZ, Vv € RE.
=1 "1

Thus, the VTV norm (1) can be defined of different ways, depending on the set
P of functions of the dual variable p. Let us consider two sets:

P = {peCHYURMNY : |pl, <1}
Py = {peCi(GRM™Y) « |p[ <1}
where |.|oo in P; is the infinity norm such that |p|ec = _7r%1axM|pi| and |.| in Py

is the L? norm such that |p| = \/Eﬁl <pi,pi > = \/Eﬁl jvzl( F)2. If we

assume that u € C1(;RM), i.e. u are smooth functions, and p € CL(Q; RM*)
are with compact support, then integration by parts gives:

/|Du| sup{/ <u,V-p>dx}
Q peP L Ja

M
sup{ / Z < Vu;, pi > dx}.
Q=1

peP
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Then if p € P; then the supremum of (1) is obtained for:

vu, .
~aif Vu; #0

. , 1<e< M,
any if Vu; =0

which defines the vectorial TV norm for smooth functions u as:

M M
(2) /Q|Du| = Z;/Q |Vug|dx = ;TV(ui),

i.e. the sum of the TV of each channel. Then if p € P, then the supremum is
obtained for:

Vu; .
pi:{ NIRRT

any if Vu=0

where the vectorial gradient of u is defined as Vu := (Vuy, ..., Vuy) : Q@ — RMxN

and |Vu| = \/Ezj\i1 < Vu;, Vu; >. Thus, the vectorial TV norm given by P, for
smooth functions u is:

M N
(3) / | Du| = / Lizy < Vi Vi > / S [Vuyl2dx = / |Vudx.
Q Q [Vul Q \ o1 Q

Hence, the VTV defined in (1) have different expressions for smooth functions u
for different sets P; or P». The difference between sets P; or P is important in the
denoising context. Indeed, the vectorial TV based on P is defined as the sum of the
TV of each channel. This means that channels are considered as independent in the
denoising process, which is not true on real-world images. The vectorial TV based
on P, introduces a coupling between channels. Each channel use information com-
ing from other channels to improve the denoising model as we will see in Section 2.5.

Finally, we want to emphasize that the vector valued TV norm defined by the
set Py, i.e. the L?-norm, is the most standard definition of the VIV norm as intro-
duced in the book of Ambrosio, Fusco and Pallara [1]. From this point, we will use
the L?-norm for the VIV norm throughout this paper.

We now present standard results regarding the VI'V. These results can be found
e.g. in [1, 27, 24].

Definition 2.2. Definition of Vector Valued Space BV (;RM), M > 1.

We define the space BV (Q; RM) of vector valued functions as the set of functions
u € L'(Q;RM) such that [, |[Du| < oo, where the vectorial TV norm [, |Dul is
defined in Definition 2.1 with the set of functions p € P». The space BV (£2;RM)
endowed with the following norm:

ull L1 irry + lull By @irr)y,

where |lul| gy ra) == [, [Dul, is a Banach space.

Theorem 2.3. Lower Semicontinuity Property.
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Let {u,} a sequence of vector valued functions in BV (; RM) which converge in
LY RM) to a function u. Then

[ullpv@ryy < lminf [[u,| gy rm)-
n—oo

Theorem 2.4. Compactness Property.
Every sequence {u,} € BV (;RM) such that ||uy, || rary < M, Vn € N, ad-
mits a subsequence {u,, } converging in L*(Q;RM) to a function u € BV (Q;RM).

Theorem 2.5. Decomposition of |[ul| gy qray = [ |Dul.
Functional [, |Dul| can be decomposed as follows:

/ | Dul :/ |Vu|dx—|—|Dcu|(Q)—|—/ lut —u~|dHN
Q Q JunQ

where Vu is the standard gradient of w with [, |Vuldx = [, \/Zij\il |Vu;|2dx for
u € CYQ;RM), Deu is the Cantor part of Du, Jy is the set of all jump points
of u, ut, u~ are the jump functions and H¥ =1 denotes the (N — 1)-dimensional
Hausdorff measure in RV .

2.2. Vectorial Rudin-Osher-Fatemi (VROF) model. The Rudin-Osher-Fatemi
model [32] is one of the most influential variational and PDE-based image denois-
ing models in image processing. This denoising model removes noise in gray-scale
images while preserving main features such as edges. In the case of vector-valued
images, the ROF model is naturally extended as follows:

. 1
o it { P = ullpvionssn + 5l — ulian |

where f € L>®(Q;RM), £ := (fi,..., fu) is the given (noisy) vector valued image
and [|f — u||2L2(Q_RM) = [, |f —ul? dx is the L? fidelity norm.

Existence of a minimizer for the variational vectorial ROF model (4) can be
proved by standard arguments of the vectorial BV space. We include the existence
proof in this section for the sake of completeness. First, let us introduce truncated
vectorial functions:

Theorem 2.6. Truncated Functions.

Let £ € L¥(Q;RM) and u : Q — RM. We define the truncated function @ :=
(I fill oo my A i V =l fill Los () ) 221

For any u € BV (Q;RM), we have & € BV (;RM) and

() JoIf —a* dx < [, |f —ul® dx,

(37) 1l By @mrmy < [ull By (@mm)-

Proof. The proof is, for example, based on [23]. The definition of the truncated
function implies that |f — G| < |f — u| from which follows (j).
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The truncated function is given by G; = h; o u; where h; : R — R is a Lipschitz
function such that:

3 %f —fillee <t < | fill Lo
hi(t) = |l fillL= if £ > | fill =
=fillee ift < =l fill Lo

Using the chain rule, we have @t € BV (Q; RM).

Following [23], we have |Vii;(x)| < |[Vu,(x)| then [, [Vildx < [, |Vu|dx. Since
u'(x) > u (x) by construction and by definition of the function h; we have Ja, C
Ju; and @F (x) -0~ (x) < u'(x)—u"(x),Vx € Ja,. Then it follows that [, [0~
a|[dHN " < [ g lut —uT[dHN T We also have [Dfy| < [Dwl, ie. [DG| <
|Du|. The terms are summed over and we obtain (jj). O

Then, it is easy to prove the existence of a minimizer for the VROF.
Theorem 2.7. Existence of a Solution for the Vectorial ROF Model (4).
The vectorial ROF model
. 1
it { Plw) = lullsvan + 5518 = s |

where £ € L>(Q; RM), has a solution in BV (;RM).

Proof. Let {u,} be a minimizing sequence in BV (Q;R™) . By definition of the
total variation norm, [|u, || gy (e is uniformly bounded by a strict positive con-
stant M such that [|u, | gy (orm) < M, Vn € N.

By Theorem 2.6, we can modify the minimizing sequence by truncation, obtaining
a new minimizing sequence ,, that is uniformly bounded in BV (Q;RM), i.e.
G| o @rmy < K, G0l pvrmy < M, VneN,

where K = i:q}f}?fM||fi|‘L°°(Sl;R)'

Therefore, according to Theorem 2.4, there exists a subsequence {{i,, } converg-
ing to a function u € BV (; RM). Since T'V is lower semicontinuous in BV (€2; RM)
by definition, we have:

‘ < I N . < B ‘
; = k ; = ;
llull By (ormy < liminf |4, [ gy ey < liminf|lu,, || pyvorm),
k—o0 k—o00

and from Fatou’s Lemma:

If— u||%2(sz;RM) < hknig.}f £ -, ||%2(Q;]RM) < hknig.}f £ —un, ||%2(Q;]RM)7
which implies that

F(u) < liminf F(u,,).

k—o0
It follows that u € BV (€;RM) is a minimizer of F and the vectorial ROF model

(4).
|

Finally, the VROF model (4) is convex, which guaranties the uniqueness of the
minimizer.
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2.3. Proposed algorithm for VROF minimization. In this section, we present
the solution minimizing the vectorial ROF model (4). Using the dual definition of
the vectorial TV norm given in (1), the variational model (4) can be written as

. 1
(5) inf sup { <u,V:p >r2qrnm) +o7lIf - u|%2(QRM)}
U jpl<1 2A 7

Using the minimax theorem [2, 22], inf and sup can be swapped since (5) is
convex in u and concave in p and the set {|p| < 1} is bounded and convex. Thus
(5) is first minimized w.r.t. u using the Euler-Lagrange’s technique, which gives
the minimizing solution of the VROF model:

(6) u=f—-\V.p,
and for each channel:
w=fi —AV-p;, 1<i< M.
Substituting solution (6) in (5), we get the constrained maximization problem:
iugl{ <f,V-p>reqrm) —%HV . p||2L2(Q;]RM)}7

which is equivalent to this minimization problem:
(7) Iglllgfl”v'p_f/)‘H%Q(Q;RM)'

The Euler-Lagrange’s technique gives the necessary condition for optimality at
each x:

(8) —V(AV:-p—f)+ap =0,

where a(x) is the Lagrange multiplier associates with the constraint |p| < 1. As
noticed by Chambolle in [13] for the scalar case, it can also be eliminated in the
vectorial case as follows. If |p| < 1, then the Lagrange multiplier is not active, i.e.
a =0 and V()\V ‘p— f) = 0 and if |p| = 1, then the Lagrange multiplier becomes

active and o = |V()\V ‘p— f)| > 0. In any case, the Lagrange multiplier is equal
to:

(9) a=|V(AV-p—f)|.
Introducing (9) in (8), we get:
VAV-p—1£) = [V(AV-p—1)| p=0,
which can be solved as in [13] with a semi-implicit gradient descent scheme as
follows: p"=Y =0,
(10)  V(V-p"—f£/A) = |V(V-p" —£/X)[ p"" = (p""" —p")/ot,
such that:
_ p"+6tV(V-p" —1£/))
S 1+6tV(V-pr—£/))]
which means for each channel:

(12) il = Py + 0tV (V - pl' — fi/A)
L0ty [9(V - B — 3/ 0) 2

(11) pn-‘rl

1<i <M.
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As in [13], the convergence of the iterative scheme (11) also holds since we have the
following theorem.

Theorem 2.8. Let f € L>®(;RM), the iterative scheme (11) converges to the
minimizing solution (7) for dt < 1/8.

Proof. We follow the proof given by Chambolle in [13] in the case of gray-scale
images. Let us denote |.|x,y,< .,. >x,y the Euclidean norm and inner product

defined in X := L2(Q;RM) and Y := L2(Q;RM*N) with [fx = /32, f2 and
Iply = \/Zﬁl Zj-v:l(pfj)Q. We call i := (p"*! — p")/dt and we have:
Voptt /A% = [Vep" /A& +
20t <V -m,V-p" —f/\>x +5t3|V -n|%,
< Vep" /A -
5t(2 < m, V(V-p" —£/X) >y =btr*nf}),
where 7 := |V - |x is the norm of the divergence operator V-:Y — X. From (10),
we denote p := |[V(V -p" — £/\)|yp" ™! = V(V - p" — f/\) — n such that we have:
2<n,V(V-p" —f/\) >y —dtr?|n} =
(1 =dtr*)nfy + (IV(V-p" = £/ — [pl3).

We have [V(V - p" — £/M[3 — [pl3 = [V(V - p" — £/V3 (1 — [p"'[3) > 0 since
Ip"ly < 1 for n > 0. Hence, if 5t < 1/72, we see that |V - p"Tt — f/\? is
decreasing with n, unless n = 0, which means that p"t! = p". It is clear for
§t < 1/7%. For the case 6t = 1/72,i.e. [V-p"T1 —f/\? = |V -p" — £/)\|?, we have
lply = |[V(V - p™ — /)|y such that either [V(V-p™ —f/\)|y =0or [p" Ty =1,
which means that p"*! = p” in both cases.

Let m := lim |V - p" — f/A% and p be the limit of a converging subsequence
{p™*} of {p"}. If p’ is the limit of {p™**1} then we have:

_,  DP+6V(V-p—f/))
P 14+ 6tV(V-p—f/N)]y’
and if the previous calculation is repeated then we see that m = |V - p — f/\|x =
|V - p’ — £/\|x, which implies that 7j = (p’ — p)/dt = 0 and p’ = p. Hence,
V(V-p—f/A) = |V(V-p—f/N)|y p=0,

which is the Euler-Lagrange equation of (7). Hence p solves (7). Finally, since (7)
is convex, then all sequences AV - p” converge to AV - p.

It remains to show that d¢ < 1/8. Let us define the discrete divergence operator
applied to a vector p; = (p¥,pY), 1 <i < M, M being the number of channels, at
the grid point (i,%,) (following [13]):

(pf)im,iy - (pf)iw_l,iy if 1<z <Ny,
(V-Pi)i,i, = (plm)zzzy if i, =1,
_(p;p)ixfl,iy if iy = Ny,
(p;’)iw)iy - (pf)my_1 if 1 <iy, <N,
+ (pg)lzzy if iy =1,
_(pzy)im,iy_1 if iy = Ny,
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Then, the norm of the divergence operator is defined by 72 := sup,<; [V -p|*. The
discrete square norm of p is

Ip|* = Z Z Z @970, + @7 -

1<i<M 1<i, <Nz 1<i,<Ny
We have:
2
IV - p|

= Z Z Z ((pf)zzzy — (P in 1,4y + (O )iy — (p?)iz,iy71)2

1<i<M 1<i; <Nz 1<i, <Ny

S 4 Z Z Z pz zt,z (pz )zm—l Ty + (pzy)zzz,iy + (pzy)zgm,iy—l
1<i<N 1<i; <Nz 1<i,<Ny
< 8|pf,

using the zero boundary condition po;, = Pn,.,i, = Pi,,0 = Pi,,N, = 0, V(iz,dy),
which implies that 72 = 8 and so 6t = 1/8. We notice that the temporal bound
does not depend on the number of channels. O

2.4. Convex analysis and projection point of view. The VROF minimization
algorithm introduced in the previous section can also be deduced from convex anal-
ysis. Indeed, the projection algorithm of Chambolle [13] for gray-scale images can
be easily extended to the vectorial case.

Theorem 2.9. (VROF Minimization Through Projection) Let £ € L>({;RM),
u:Q—RM X\>0, then the minimizer of

1
(13) ||u||BV(Q;RM) + ﬁ”f - u||%2(Q;RM),
is given by
(14) u=(1- HAKBV(Q;]RNI))f’
where H)‘KBV(Q-]RM) is the orthogonal projection operator onto the closed convex set

associated to ||.||gy ey and defined as follows:

Kpyry) = {V-p e L2(RY), vp e L*(;RY*Y) : |p[ <1}.

Proof. Let us call Jpy(u) = [[u]| gy (q;rrm). The Euler-Lagrange of (13) is equal to:

(15) dJpy (u) + uT_f >0,

where 0Jpy is called the sub-differential of Jpy. The sub-differential 9.J(u) of a
functional J at u € X is defined by z € 9J(u) & J(v) > J(u)+ < z,v —u >x
Vv e X. If J(u) < oo and J is differentiable at u, then d.J(u) = {VJ(u)}. (15)
can be re-written as f_T“ € 0Jpy(u), which, according to convex analysis [22], is
equivalent to

f —
(16) w e dJfy (——),

where Jf, is the Legendre-Fenchel (LF) transform (or conjugate function) of Jgy .
In convex analysis [22], the LF of a function J # oo convex, one-homogeneous
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(J(Au) = AJ(u), A > 0, Vu € X) and lower semi-continuous, defined as J*(v) =
sup < u,v >x —J(u), is the characteristic function of a closed convex set K ;:

0 ifve Ky,
+o00 otherwise

(17) 7 = xe, ) = {
where K ; is defined as:
(18) K;={seX|vxeX, <s,x>x<J(x)}.

Writing (16) as £ € z + +9J%,,(2), defining z = 5. We get that z is the mini-
mizer of 3|z — £||2+ 1%, (z). Since Jj,, is given by (17), we deduce that z is the
orthogonal projection of f/A on Kpy. Ik, is the projection operator onto Kpy .
We have z = Ik, (£) = 552 and finally u = (1 — Ik, )f.

The closed convex set Kpy can be defined according to (18):
Kpy = {S € L (O RM)| vx € L*(;RM), <s,x >r2rM) < %] By (@rM) =

sup < p, VX >p2qpay= sup < V-P,X >r2qru) |,
Ip|<1 Ip|<1

which naturally gives:

Kpy = {V-pe L*(GRM), vp € L*(Q;RY) x L*(Q;RM) : |p| < 1}.
Finally, since (6) gives u = f — AV - p, then the projection operator in (14) is
determined by the iterative scheme AV - p,, — AV - p = g, (f), introduced in

the previous section.
O

2.5. Code and results. The iterative scheme (12) is straightforward to imple-
ment'. We already defined in the previous section the discrete divergence operator.
It remains to define the discrete gradient operator applied to a function v at the
point (i,1,) (following [13]):

(Vo)iv i, = (VO)E 5, (0}, )

iz;iy Zz,iy7 Zx,iy
with
(Voyr , = Vbl = Vi, it ig < Na,
iniy =\ 0 i i, =N,
(Vo)y =4 Vieiyt1 = Vi if iy <Ny,
iy ) 0 it i, =N,

The iterative process (12) is stopped if max(Ju"™ —u"|) < r, where r is a given
residue and we recall that u"t! = f — AV - p”*!. In all experiments, initial values
are chosen to be p = 0, the residual » = 107%.

Before testing the vectorial denoising ROF model, we come back to (12) where it
is interesting to notice that a coupling term between the M channels appears, pre-

cisely \/2le IV (V- pj — fi/A)2. Blomgren and Chan have already noticed in [8]
the existence of a coupling term in the minimization equation of the vectorial ROF

model. They observed that the coupling improves the denoising process compared
with a direct application of the scalar ROF model channel-by-channel. Figure 1

LA Matlab version is available at http://www.math.ucla.edu/~xbresson
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gives an illustrative example of comparison between the vectorial ROF model and
the scalar ROF model channel-by-channel. Globally speaking the coupling term
helps to better restore parts in images where intensities are weak.

As a summary of the first part of this paper, the standard dual definition of the
vectorial TV norm, introduced in (1), will be our basic tool to develop different
color image processing models such as image denoising, vector field denoising, im-
age decomposition, image deblurring and image inpainting. This definition of the
vectorial TV norm uses many advantages. First of all, there is no need to introduce
a regularization parameter of the TV norm as it was done in [8, 4, 16] and many
other papers to carry out the minimization process. Indeed, the vectorial TV norm
is usually not directly minimized but the regularized version [, \/|Vul? + ¢ dx,
€ being a very small parameter to be faithful to the original norm and useful to
avoid numerical instabilities in the minimization flow. Secondly, the minimization
process based on the dual approach is much faster than in a standard regularized
approach [8] (explicit gradient descent flow). Indeed, the direct consequence of the
regularization parameter e is the obligation to use a very small temporal step to
ensure a correct and stable minimization process. Thus the minimization process
is slow because a large number of iterations is necessary to reach the steady state
minimizing solution. Figure 3 presents a comparison between our dual-based ROF
model and the standard e-based ROF model used in [8]. Our model converges fast
to the denoising result whereas the standard model converges slowly because of the
regularization parameter. Besides, the quality of the denoising process is slightly
better with our model, still because of the € parameter. Finally, another advantage
of our approach is to provide a numerical minimization scheme easy to code.

2.6. Other vectorial image Denoising models.

2.6.1. Sapiro-Ringach and Blomgren-Chan’s Models. In [33], Sapiro and Ringach
propose an anisotropic diffusion model for vectorial images based on Riemannian
geometry. From a Riemannian point of view, the vectorial image u : (z,y) —
(ur(x,y),...,ups(x,y)) can be seen as a parametric 2-D manifold embedded in a
M-D Euclidean space. The (square) distance between two close points on the
2-D Riemannian manifold is given by ds? := >y Guodpdy, pv = {z,y}, and
Gy =< Oyu,0pu >, 9,u := 0u/dp, is the first fundamental form or metric tensor
[28]. The metric tensor g,,, is considered as a “vectorial edge” indicator function, i.e.
a detector of discontinuities for vectorial images. More precisely, the eigenvectors
of the image metric g, determine the directions of maximal and minimal change
at a give point on the manifold-image, and their associated eigenvalues give their
rate of change. Eigenvalues of g,,, are provided by:

1
At = 5 (gmm + 9yy + \/(g;vm - gyy)2 + 49%7/ )

and the eigenvectors are (cosfy,sinfy), where 6, = %arctangxig%;yy and 0_ =
04 + 3.

Based on the previous analysis of the image metric g,,, Sapiro and Ringach
propose to define the anisotropic diffusion for vectorial images by smoothing in the
direction of minimal change, _, i.e. parallel to the “vectorial” edge, using the flow:

%—‘; =g(\4, )\_)gZ—E. This approach is consistent with the scalar case presented in
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[12]. Indeed, in the case of gray-scale images ie. M =1, it is easy to show that

(cosf_,sin 9_) = \V r which implies that = 3—92— =V- (\v ‘) and the TV norm is

equal to TV (u) = [, /Ay dx since Ay = |Vu|2 and A_ = 0. From the latter scalar
approach, Saplro and Ringach propose in [33] the following vectorial TV norm:

(19) TVsr(u / FO, A

However, they do not recommend a specific f. One natural choice, as proposed by
Blomgren and Chan in [8], is f := /Ay + A_ because it is equivalent to the TV
norm for the scalar case and it is a non-decreasing function of Ay.

We notice that (19) while considering f = /Ay + A_ is strictly equal to the
definition of the vectorial TV norm used in this paper and presented in Equation

(3) for smooth functions u € C*(Q; RM). Indeed, \/Ar +A_ = \/Guz T Gyy» Juz =
M (0pui)? and gy, = SN (8,u;)? implies that

(20) TVsrlw) = [ VA adx = [

Q

M
Z [Vu[2dx = ||lul| pyorar).-

i=1

Finally, Blomgren and Chan noticed that the norm (20) has the tendency to
produce a color smearing contrary to their definition of vectorial TV given by

2
TVpc(u) = \/Zf‘fl (fQ |Vui|dx) . Since our model corresponds to the norm

(20) for smooth functions u, our algorithm still gets the color smearing. However,
despite of this drawback, as we have already said, the norm (20) offers many impor-
tant advantages. We remind that no regularization of the TV norm is done. Besides,
the number of iterations to converge to the denoised vectorial image is much less
important in our approach than in [33, 8] as shown on Figure 3 and our numerical
scheme is straightforward to implement. Finally, a dual formulation of the vectorial
TV norm provides the basic element to prove the existence of a denoising solution
in Section 2.2, which is difficult to prove with TVpe in [8].

2.6.2. Sochen-Kimmel-Malladi’s Model. In [35], Sochen, Kimmel and Malladi in-
troduce another Riemannian framework to smooth vectorial images such as color
or texture images. In their approach, they represent the given vectorial image as a
parametric 2-D manifold embedded in a (M +2)-D space, M being the dimension of
the vectorial image. The core of their framework is the Polyakov functional, which
measures the weight of a mapping X : ¥ — M between an embedded manifold (the
image manifold) ¥ and an embedding manifold M as follows:

(21) P(X,Z,M):/EdE VIg" 0, X0, X7 hij,

where g, is the first fundamental form of the manifold ¥, dX is the integration
element w.r.t. the local coordinates on X, h;; is the metric tensor of the embedding
space M, g"” is the inverse metric of g,,, g is the determinant of g,,, u,v =
z,y and 4,7 = 1,..., M in our paper and 9,X’ := X"/Ou. Finally, the Einstein
summation convention is used in (21), which means that when identical indices
appear one up and one down, they are summed over. The Polyakov functional is
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related with harmonic maps which are geodesics or minimal surfaces for curves and
surfaces. Indeed, if the metric tensor of the embedded manifold ¥ is chosen to be
the induced metric tensor, g,, := 9, X 9, X7h;j, by pullback procedure, then X
which minimizes the Polyakov action are called harmonic maps and the Polyakov
functional is reduced to the Euler functional:

S:/dE\/Z;,
b))

which describes the length/(hyper-)area of a curve/(hyper-)surface ¥ and /g being
the invariant-area element on X.

In the case of vectorial images, we have X : (z,y) — (x,y, ui(x,y), ..., up(x, y))
and the components of the metric tensor are thus: g,, = 1+ E?il(amui)Q, Jyy =
1+ Ziﬂil(ayui)Q and ggy = Zi\il O0zu;0yu;. This implies the denoising functional
for vectorial images [35]:

M M
1
(22) S :/Q 1+ E |Vu;|? + 3 E < Vu;, Vu; >2 dx,
i=1

i,7=1

where the term >, < Vu;, Vu; >? is a cross-correlation term of orientation

between different channels that directs different channels to align together. Mini-
mizing (22) w.r.t. wu; gives the Beltrami flow: ‘98“; = ﬁ@u(\/ﬁg“”&,ui) =: Agjuy,

M
J

where A, is the Laplace-Beltrami operator.

There exist some connections between the previous model and the dual TV norm.

If we define a new vectorial image as u : (z,y) — (%x, %y,ul(a@, Y), s ung (2,9)),

then the dual vector TV norm is equal to:

M
1+ |Vui? dx.

i=1

(23) lull By o = /

Functional (23) is equal to (22) when the cross-correlation term is null. The so-
lution of the vectorial ROF model irlllf [ull gy (o:rary + 55]If — u||2L2(Q;R1V,)7 where

f= (%x, %y, f1s-- far) as the given image, is given by:
(24) u;=fi —AV-p;, 1<i<M,
and p; is the steady state solution of the following flow:
p! + 6tV (AV - pI' — f;)

- L 1<i<M.
1+ 51&\/1 + XMV -l - )2

(25) p?*l =

An interesting application of (24) and (25) is for gray-scale images. Indeed,
Functionals (22) and (23) are equal for gray-scale images, S(u) = |jullpyv () =
fQ 1+ |Vu|?dx, since the cross-correlation term is null. This means that the
Beltrami flow can be “dualized” in the case of gray-scale images as proposed by
Chambolle in [13]. In other words, the minimizing solution of

1
(26) [ VI 5 -l
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where v : 2 — R, is given either in the standard Euler-Lagrange approach by:

ou  (1+ uz)um — 2up gty + (1 +u)uy,, 1

@ = T+ 1 2)2 =)

Agu
or in the dual approach by:
(28) u=f—AV.-p,
where p is the steady state of:
wpi___ PMHOVOV-p - [)
1+ 6t\/1+ VAV -p" — f)|2

p

We have noticed that the dual approach (28) is faster than the Euler-Lagrange
(EL) approach (27). We mean that the computation of the minimum of (26) is
obtained faster with solution (28) than solution (27), even if we consider an explicit
steepest gradient descent scheme for both approaches. We think that the explicit
computation of the Lagrange multiplier in the dual approach helps to speed up the
minimization speed. We have already observed that the dual approach is faster
than the EL approach in the ROF denoising model. Indeed, Figure 3 presents a
comparison between the dual and the EL approaches, where the dual is clearly
faster. Finally, we have also noticed that the semi-implicit scheme does not really
speed up the minimization in the dual approach. Similar minimization speeds are
obtained with the implementation of the explicit gradient descent scheme.

3. Part II: Extension to standard color image processing. In the first part
of this paper, we have introduced a regularization algorithm for color /vectorial im-
ages based on the VIV norm. In the second part of this paper, we extend this
L' vectorial regularization algorithm to standard color image processing problems.
We will see that the extension works well for many color problems such as the
color inverse scale space, the color denoising with the chromaticity-brightness color
representation, the color wavelet shrinkage, the color inpainting, the color decompo-
sition, the color deblurring and finally the color denoising on manifolds. Generally
speaking, the proposed VTV minimization algorithm can be used in problems that
required vector field (color, other vector features) L' regularization while preserving
discontinuities.

3.1. Color inverse scale space. In this section, we improve the VROF model,
introduced in Section 2.2, with the iterative regularization process proposed by Os-
her, Burger, Goldfarb, Xu and Yin in [31]. This process, also called inverse scale
space, enhances the denoising task defined by the ROF model by better preserving
the contrast. The proposed iterative regularization process is based on geometry.
The basic idea is to match not only the intensity values between the denoising image
and the noisy one but also the normals of level sets in each image while applying the
TV norm which preserves the location of edges while smoothing out the noise. In
this section, we improve the VROF model by extending the iterative regularization
scheme [31] to color images.
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We consider u € C(Q;RM) to explain the model. Given the noisy vectorial
image f € L°>°(Q,RM), an “approximation of normals of level sets” can be computed
by carrying out the minimization model:

1
u; = argmf llull v (o;rm) + ||f u||L2 Q;RM)>

where n; = IVEI is called the approximation of “normals of level sets”. The
Fuler-Lagrange equation of the previous equation is equal to:
M
Vul ; 1
29 V. L4+ —v; =0,
( ) ; |Vu1| A ¢

where v; := f; — u;, Vi. We now introduce n; in the following minimization model:
. 1
us = arglnf Hu”Bv(Q;RM)— <ni, Vu >L2(Q;RM) +ﬁ”f — u||2L2(Q;RM).
u

In the previous equation, we have:

— < ni,Vu >L2(Q;RM): / —Z < ni;, Vu; >
Q -

M Vul
—/Q;uiv-nu—/Zuz |Vu1|'

Using (29), we obtain:

M
V’U,h; / 1
u; V - = ui — v i )
/QZ; V| Z X!

which gives:
. M
Uy = arglnf ||uHBv(Q;RM) + % fQ ZiZI ( - 2Uﬂ)1i —+ (fz — ul)Q)
arginf Hu”BV(Q;RM BN fQ ( fl + v — uz) + 77)7
u

where 7 is independent of u and therefore useless in the minimization process.
Finally, we end up with the modified vectorial ROF model:

. 1 2
uy = arginf [[ul| gy qrm) + o\ If + vi —ullz2qrn),
u

where vy := f — u;. Hence, the implementing iterative procedure for the vectorial
image case is as follows:

1. Initialize: ug = 0 and vg = 0.
2. For k£ = 0,1,2,.... compute ug4; as a minimizer of the modified vectorial
ROF model:
. 1 2
Upt+1 = argjnln ”uHBV(Q;RM) + ﬁ”f + Vi — uHLQ(Q;RM)’

and update viiq = v +f — ugyq.

Figure 4 presents an application of the proposed iterative regularization process,
which better preserve the color contrast.
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3.2. Color Denoising with the Chromaticity-Brightness representation.
In Section 2.2, the color denoising model has been formulated as a vectorial model
in the RGB representation of color images. In [16], authors showed that the
Chromaticity-Brightness model or the Hue-Saturation-Value (HSV) enable to bet-
ter restore color images because these models are closer to human perception. In
this section, we propose to perform the color image denoising in the CB repre-
sentation of color images. In the RGB color model, the given image is given by
fi=(f1,. ., fa) : Q—=RM f >0, 1<i< M. In the CB color model, the image
f is separated into the brigthness component By := |f| : @ — R and the chromatic-
ity component C¢ := f/|f| = £f/Bg : @ — S%. Thus, the brightness component
is a gray-scale image and the chromaticity component stores the color information
which takes values on the unit sphere. Following [27], the previous constraint on
the sphere is introduced as a penalization term in the variational model:

. 1 1
(30)inf {|C”BV(Q;RM) + ﬁHC — Cel[Z2qrmy + %|||C|2 - 1|%2(Q;RM)}7

which denoises the chromaticity component. (30) is regularized using the Ginzburg-
Landau functional [11] as follows:

. 1 1
int, {IClviaimsn + 551 - Cellaqzn + 5o lIDP - UEs(an, +

1
D~ Clix e |

The Ginzburg-Landau functional (|||D]? —1||3) is introduced in order to use the fast
minimization algorithm proposed in Section 2.3. Indeed, we have two minimization
problems. The first one is the VROF:

. O+ A I6) A
inf [|Cll v (@rr) + WHC - ()\+60f + )\+6D)|\%2(Q;RM)’

and the second one is defined by:
. 1 2 2 1 2
(31) l%f %|||D| = U7z mary + %HD = CllL2(rm),

whose the Euler-Lagrange equation is given by D(22(|D|?> — 1) + 1) + C = 0. We
use the following semi-implicit iterative scheme to minimize (31):
L D" + §iC
1+ 6t(22(Dr2-1)+1)

The brightness component is a gray-scale image that can be denoised with the
model [13]. Finally, the denoised image is given by u = C/B, where C and B
are respectively the denoised chromaticity component and the denoised brightness
component.

Figure 5 presents the denoised color image with the CB color representation.

The SNR is 14.57 with the RGB color representation and 14.72 with the CB repre-
sentation.
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3.3. Color image inpainting. Image inpainting consists in recovering/interpolating
an image in regions where the original information is missing, see [6, 17]. Given the
image domain 2, a color image f € L°°(2,RM), a region Q; C  where the image
will be inpainted, the variational color image inpainting model is as follows:

=f

Ujy,

{ i{llf lull gy o, rr)

We propose to solve the previous minimization problem with boundary condition
with the following convex variational model:

. 1 2
Ln‘f/ lull gy rmy + 55 llu — VHLQ(Q;RM)
viove, = f

The minimization problem w.r.t. u is the vectorial ROF model and the minimiza-
tion w.r.t. v gives v|, =u and vig\o, =f.

Figure 8 presents a color image inpainting result.

3.4. Color wavelet shrinkage. In this paper, we have considered for vectorial
images the space of regularization as the BV space. However, other spaces of
smoothness can obviously be used. A popular regularization space is L2(Q; RM).
In this case, the minimizer (not really useful for denoising) of ||u] |%2(Q;RM) + 55| If —
u||2L2(Q;RM) is given by the Tikhonov method [38]. In this section, we consider
the Besov space for color images, which will relate variational model to wavelet
shrinkage through a denoising process as shown in [14].

Proposition 1. (Color Wawvelet Shrinkage) Let £ € L>®(Q;RM), u : Q@ — RM,
A > 0, then the minimizer of

1
(32) ||u||%g(Lp(Q;]RM)) + ﬁ”f_u”%?(Q;RM)a
is given by
(33) 0= (1= Ty, o) )E:

where BY(Ly(Q;RM)) is a Besov space. In the case of p = 1,a = 1, the closed
convex set KBS‘ is given by:

Kpi(r,ormy = {s € L2(QGRY)| Vi, j k¢, ¢ .| <1}

Proof. The proof is the straightforward extension of the paper [14]. In this paper,
Chambolle, DeVore, Lee and Lucier showed relations between wavelet-based algo-
rithms and variational models in the case of the Besov space and gray-scale images.
Let us express the vectorial image u : 2 — RM in an orthogonal wavelet basis for
L?(Q) that we denote 9); , then for f € L2(;RM), we have:

f= Z K ik,

Jiks
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where ¢f 0 @ — RM. The norm of f in L?(Q;RM) is

€Il p2amany = Y lef %,

4,5,k

where i € [1, M] and the norm of f in BY (L, (% RM)) is ([14]):

1/p
£l 20wy = (D Iefiul?)

0,45k,
It can be shown that minimizing (32) is equivalent to the wavelet shrinkage algo-
rithm of Donoho and Johnstone deﬁr}ed in [21]. If we consider £ =3, C;k,w%‘,k
and w=73",,  ci ,¥jx, then (32) is equal to:

fi i 2
Z S’ + ,\ Z [k — Sl

0,45k, 0,4,k

which implies the minimization of

1 .

(34‘) j,k,d)'p + 53 22 j k b j.,lk,'z,b|27

for each i, j,k, 1. (34) is equivalent to minimize E(s) = |s|P + 5x|s — /2. In the
special case of p = 1, the exact minimizer is given by s = It\ max(|t| A,0). Thus the
wavelet coefficients c Ty BT€ shrinked toward zero by an amount of A to obtain the
exact minimizer. Thls corresponds to the wavelet shrinkage algorithm of Donoho
and Johnstone. Thus, wavelet shrinkage can be obtained with the variational model
(32). And the minimizer of the minimization problem (32) can be obtained by a
projection algorithm, whose the closed convex set K1z, (qrm)) (Withp =1, =1)
is defined as follows:

Kpi (L, vy = {8 € L(RY)| vx € L2(RYM), <s,x >p2qpy<

||X||B1 Ly (Q;RM)) Z e S,k w|}

,5,k,¢

and so:

Kpi(r,mrmy) = {s € L(GRY)| Vi, j, k, 9, |¢5 ] <1}

3.5. Color image decomposition. In this section, we consider the color im-
age decompsition task introduced by Aujol and Kang introduced in [4] (another
relevant work is [39]). Image decomposition aims at splitting an image into a
smooth/geometrical component and a textural/oscillating component. This de-
composition can be used to enhance image processing tasks such as the denoising
[3], segmentation [10] or inpainting [7]. The model of Aujol and Kang considers
a regularized version of the vectorial TV norm, [, /|Vul? + € dx, € > 0, which
induces a slow decomposition process as we explained in Section 2.1. We will use
the vectorial dual approach introduced in this paper to speed up the color image
decomposition process.

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 4 (2008), 455-484



FAST DUAL MINIMIZATION OF THE VECTORIAL TOTAL VARIATION NORM 473

Proposition 2. (Color Image Decomposition) Let £ € L>(Q;RM), u,v: Q — RM,
A > 0, then the minimizer of

1
(3) Juw) + 7o)+ g5 IE — (04 9) 22
is given by
u = (1—1_[)\[( )(f—V),
36 b
(30 R i

where Jy, Jy are the functionals whose describe the smooth and textural parts of f.
Since we are interested in the image decomposition algorithm proposed by Aujol and
Kang, then Ju = |[ul| gy (qrry and Jy = ||V|[gy+qmrm) such that:

{u = (1_H>\KBV(Q;]R]\/I))(f_V)7

(37) v = H)\K f—u),

BV (Q;RM )(
We observe that the norm ||.||gy ey was introduced by Aujol and Kang in [4]
and it corresponds to the multidimensional version of the G-norm introduced by
Meyer in [30] to capture oscillating patterns in gray-scale images.

Proof. Tt is easy to prove (37) using the following result. The minimizer of Jpy (u)+
1/lu—g||? is also the minimizer of Jpy+« (z1)+3|/z1 —g|[* with z; = Ig,,, (g). Hence,
the minimizer of Jpy«(u) 4 55 |[u—g||? is the minimizer of Jpy++(22) + 3|22 — g]|?
with zo = I k. (g). Since we have Jpy+«» = Jpy, this implies that we also have
zy = (1 — Ik, )(g). This means that I k. =1 — Ik, , which gives (37).
O

Figure 6 and 7 present two color image decomposition results.

3.6. Color image deblurring. We consider the fidelity term like ||f— Au||?, where
A: X — X is a linear self-adjoint and positive operator satisfying ||A|| < 1. This
new fidelity term allows to deal with the image deblurring problem. We remind
that image deblurring aims at compensating the motion of the camera during the
exposure, see [18, 25] for gray-scale TV deblurring. Given a color blurred and noisy
image f, we propose the following variational color image deblurring and denoising
model:

Proposition 3. (Color Image Deblurring) Let £ € L>=(;RM), u,v : Q — RM,
A:RM - RM Al < 1, Au = (Ajuy, ..., Ayun) : Q — RM X\ n > 0, then the
minimizer of

1
(38) lall By @rary + ﬁ”f - Au”%?(Q;RM)v
is computed via the following reqularized enerqgy:
1 1
(39) ||U-||BV(Q;]RM) + ﬁ”f - AV||2L2(Q;]RM) + 2_77”‘1 - V||2L2(Q;RM)7

Since (38) is convex, the minimizer is given by:

u = (1 - HnKBv(Q;]RM))(V)5
Vo= (L4240A) H(u+ 2A),
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where A* is the L?—conjugate of A such that A*f := (Af f1, ..., Axfn) : Q@ — RM.

Proof. The proof is immediate using the VROF model and computing the Euler-
Lagrange of (39) w.r.t. v. O

Figure 9 presents a color image deblurring and denoising result. The deblurring
process is a non-blind deblurring process since the kernel A is assumed to be known.

3.7. Generalized projection algorithm of chambolle. Based on the work of
Bect, Blanc-Feraud, Aubert and Chambolle [5], the regularization operator can be
generalized to any linear operator for color images.

Proposition 4. (Generalized Projection Algorithm of Chambolle) In the case of
a regularization term defined as J(u) = ||Qul|1, where Q is a linear operator Q) :
X — Y, the projection Ilxi onto the convex set closed set AK can be numerically
computed by a fized point method. We consider vectors p € {p € Y : |p| < 1} such
that:
J(w) = [|Qull = sup [ < Qu.p>.
Ip|<1

The projection Ilxk in the case of ||Qull1 + 5x||f — ul|? is given by the iterative
sequence:

p _ Pnt TQ(Q*pn — f/))
1= .
" T4 TIQ@Q pa — /)]
The previous iterative algorithm converges assuming that the time step T < W

and we have \Q*p,, — \Q*p = I\, (f).

(40)

Proof. The proof is similar to the proof of Theorem 2.3.1. We have:
. 1 2
inf [|Qullx + o3 [If — ullz.,

1
inf sup < Qu,p >12 +—||f—u||%2,

Y Ipl<1 27
1

(41) inf sup < u,Q*p >r2 +-||f —ul|3.,
U jp|<1 2

inf and sup can be swapped using the minimax theorem. The Euler-Lagrange

equation w.r.t. uis u = f — AQ*p, introduced in (41) gives sup < f,Q*p >z
lp[>1

—21lQ*pl|2.. The constrained Euler-Lagrange equation is —Q(Q*p—f/A)+ap = 0.
Following Section 2.3, we have (40). Besides, Section 2.3 shows that the temporal
step that guarantees the stability is 6t > 1/72 with 7 = ||Q*||.

O

Application 1: VTV. In this case, we have Q =V, Q* = -V

Application 2: VTV on Manifold. Using Theorem 3.4, the VROF model can
also be used to denoise color/vectorial images defined on a manifold X:

1
(42) lul[pv(sman + ﬁ”f - Au||2L2(Z;RM)7
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where A > 0, f is the given (noisy) vectorial image on X, |[ul| gy (s;rary =[5 [Vsul,
Vs is the gradient operator on ¥ and ||f — Au||2L2(E;RM) = [ |f —ul* d¥ where
d¥ is the invariant-area element. It follows from the Stokes’ theorem (integration
by parts on the manifold ¥) that < Vgu,p >= — < u,Vy - p >, where Vy- is the
divergence operator on ¥, which is the adjoint of the gradient operator Vy. This
implies that the solution of (42) is equal to:

(43) u=f—-AVyg-p,
where p is the steady state of the following flow:

p" + 6tVs (AVy - p" — )

44 n+1 ,
(44) P 14 6t|Vs (AVs - p” — f)|

given @ = Vy and Q* = —Vyx-.

Gradient operator and divergence operator in (43) and (44) can be defined in a
two different ways. If the manifold ¥ is defined as a parametric manifold, then the
gradient of a function h : ¥ — R and the divergence of a vector field V = (V,,,V,) :
¥ — R? in local coordinates are given by [28]:

{ (Vs h)y = >, 9"oh
Vs -V ﬁ EV (9U(\/§Vu) ’

where p,v = {z,y}, g"” is the inverse of the first fundamental form g, of the
parametric manifold ¥ and /g is the square root of the determinant of g,,,,.

If the manifold X is represented by an implicit level set function as described in
[29], then the gradient and the divergence operator are given by:

Vsh = Py, Vh
P Vv y
Vs -V = \v}mV' (\piijiwlwzl)

where ¢y, is a level set function representing the surface ¥ := {x : ¢5(x) = 0} and
Pgyy =1 — % is a projector operator onto the plane orthogonal to Vs,
which is the normal to the surface 3.

One interesting application of the previous denoising model is for omnidirectional
images, which contain information of a scene in all directions simultaneously without
rotating a camera. Figure 10 presents the denoising of a color omnidirectional image.

The manifold considered is a paraboloid. Its metric, developed in [9], is:

_( 1+42*  day
Guw = 4y 144y )7

which implies the following components of the gradient operator:

(Vs h)e = ¢"8,h + g™vo,h
(Vs h)y = g™O0sh+g"Oyh °

and the divergence operator:

Vs V= 19 (8x(\/§vx) + ay(\/gvy)).

Sl
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4. Conclusion. In this paper, we have presented a regularization algorithm for
color /vectorial images based on the dual definition of the vectorial TV norm. Unlike
the CGM model [15] or the DS model [20], the dual approach of Chambolle [13]
extends nicely to a variety of vector models, producing useful results which are
better than standard methods in many cases.

Indeed, this regularization algorithm offers important advantages. Firstly, it
minimizes the exact TV norm unlike usual approaches such as [8, 4, 16]. Secondly,
the numerical scheme to carry out the minimization process is easy to code. Then,
the number of iterations to reach the steady state solution is low, which offers a fast
color denoising model compared with other related models such as [8, 33]. Finally,
the dual formulation of the vectorial TV norm offers well-founded mathematical
theorems to prove the existence of a minimizing solution.

We have compared our approach to related vector denoising models such as the
model of Sapiro and Ringach in [33]. In our case, a fast and easy to implement
denoising scheme is proposed. We have also proved the existence of a minimizer in
the vector valued BV space. In [8], Blomgren and Chan propose a different version of
the vectorial TV norm, which produces less color smearing than our model. However
[8] does not minimize the exact TV norm and the minimization scheme is slow as
shown in Figure 3. In [35], Sochen, Kimmel and Malladi propose a variational
model which shares some connections with our model except the existence of a
cross-correlation term in their energy which does not exist in ours. However, the
cross-correlation term vanishes for gray-scale images, which induces the equivalence
of our model with the Beltrami model. This also means that the Beltrami flow can
be “dualized” for gray-scale images. Besides, it is difficult to study the existence of
a denoising solution in the Beltrami framework unlike the TV framework.

We have also showed that the proposed fast vectorial regularization scheme can
be easily applied to several standard color image processing such as the color inverse
scale space, color denoising with the chromaticity-brightness color representation,
color image inpainting, color wavelet shrinkage, color image decomposition, color
image deblurring, and color denoising on manifolds.

Finally, and maybe more importantly, we would like to emphasize that this pro-
posed L! vectorial regularization algorithm can be used in problems that required
vector field regularization while preserving discontinuities. A potential interesting
application of vector field denoising is in medical imaging where the proposed reg-
ularization process can be used to denoise Diffusion Tensor Images (DTT). Figure
11 presents the regularization of a synthetic vector field that has been damaged by
noise. Note that the regularization is able to restore the four regions with same ori-
entation although it is very difficult to see them in Figure 11(e). Other applications
may be optical flow regularization [26], image colorization [27], image inpainting
[37], multiscale hierarchical decomposition of color images [36], etc.
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i

(a)  Channel-By- (b)  Channel-By- (¢) Vectorial ROF: (d) Vectorial ROF:

Channel ROF: Channel ROF: Channel #1. Channel #2.
Channel #1. Channel #2.

FiGUure 1. Comparison between the vectorial ROF model and the
scalar ROF model channel-by-channel. The blue plot is the origi-
nal signal, the red plot is the noisy signal and the black plot is the
denoised signal. Figures (a-b) present the denoising result carried
out by the scalar ROF model channel-by-channel. Figures (c-d)
show the result obtained with the vectorial ROF model. The cou-
pling term of channels in the vectorial ROF model allows to better
restore Channel #2 on Figure (d) compared with Figure (b) where
the direct scalar ROF model can not completely restore the weak
signal.

(a) Original Color Image. (b) Noisy Image. (¢) Denoised Image with
ROF.

FIGURE 2. Denoising of a color picture with the vectorial ROF
model. The denoising process takes 1.8sec and 60 iterations. The
picture size is 250x303. (Note: All pictures are in color.)
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(d) Image which lost 79% (e) Inpainting Result.
of original information.

F1cure 8. Color image inpainting process. Figures (b,c) present
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result. The inpainting process takes 2.3sec and 60 iterations and
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FIGURE 10. Denoising of a color image defined on a manifold: an
omnidirectional image painted on a parabolic manifold. The de-
noising process takes 19.7sec and 130 iterations and the picture
size is 574x574. (Note: All pictures are in color.)

Y. Meyer, “Oscillating Patterns in Image Processing and Nonlinear Evolution Equations,”
edition, American Mathematical Society, 22, 2001.

S. Osher, M. Burger, D. Goldfarb, J. Xu and W. Yin, An iterative reqularization method for
total variation-based image restoration, STAM Multiscale Modeling & Simulation, 4 (2005),
460-489.

L. I. Rudin, S. Osher and E. Fatemi, Nonlinear total variation based noise removal algorithms,
Physica D, 60 (1992), 259-268.

G. Sapiro and D. L. Ringach, Anisotropic diffusion of multi-valued images with applications
to color filtering, IEEE Transactions on Image Processing, 5 (1996), 1582-1586.

M. Sion, On general minimaz theorems, Pacific Journal of Mathematics, 9 (1958), 171-176.
N. Sochen, R. Kimmel and R. Malladi, A general framework for low level vision, IEEE
Transactions on Image Processing, 7 (1998), 310-318.

E. Tadmor, S. Nezzar and L. Vese, Multiscale hierarchical decomposition of images with
applications to deblurring, denoising and segmentation, Communications on Mathematical
Sciences, 6 (2008), 281-307.

S. Osher, X.-C. Tai and R. Holm, Image inpainting using a T'V-stokes equation, in “Image
Processing Based on Partial Differential Equations,” Tai, Lie, Chan and Osher eds, Springer,
(2007), 3-22.

A. N. Tikhonov and V. A. Arsenin, “Solution of Ill-posed Problems,” edition, Winston &
Sons, 1977.

L. A. Vese and S. J. Osher, Color texture modeling and color image decomposition in a
variational-PDE approach, in “Symbolic and Numeric Algorithms for Scientific Computing”
(SYNASC), (2006), 103-110.

INVERSE PROBLEMS AND IMAGING VOLUME 2, No. 4 (2008), 455-484


http://www.ams.org/mathscinet-getitem?mr=1852741&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2162864&return=pdf
http://www.ams.org/mathscinet-getitem?mr=0097026&return=pdf
http://www.ams.org/mathscinet-getitem?mr=1669540&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2433697&return=pdf
http://www.ams.org/mathscinet-getitem?mr=2424218&return=pdf
http://www.ams.org/mathscinet-getitem?mr=0857101&return=pdf

XAVIER BRESSON AND TONY F. CHAN

484

P R R T ~—

P R N
NNSAAS AN

SNNINANNANNY
R e

(c) Denoised Vector Field #1

with ROF.

SNmN S NN |
P NN PR

~
N
P
ININ=NSNS N f N
N
\

—
3 T il 0
PR P A WL G
o) [N S OO\
\\\\\\\ - N~ S NNN NN NSNS} S [ e |\
<] L e B e B N B P
o= PRI PP E N B RPNy SRR )
= P N [P I R NN Qs
D N R I R I RSN AN Ty R
= AANTALISINNI N [/ nmre /SN ey
\\\\\\\\\ o N I NN NS mmf SN S s
- AN 2SN NN
Q IR R R A R P AR BT T
v TUVEAZ5=S8 TAN/ A =85S =N
> P R R NN N NP R R
TAVNZININ TN Z AN N7 A
> SANAAN S s Sl ANt AN
2] el A Tl T S et RNy ISP N P
ord AN INANN S = | A= -y
o} [ R N S R O
Z. N R R
SINASZNIN L — NN NS
— SNDE=ASSANNASN A (L
b =11 LN A ANNANSN A==
= ZINEI NI ~sl i s~
P B R e N N
INNAA LN == i Ne N v SN

(a) Clean Vector Field.

, 295-320.

30x30. We
Our
)

ME 2, No. 4 (2008), 455-484

(f) Denoised Vector Field #2
S1ze 18

with ROF.

structure ().
VoLt

(e) Noisy Vector Field #2.
aln

revised October 2008.

)

Zur theorie der gesellschaftsspiele, Math. Annalen., 100 (1928

able to recover the m
xbresson@math.ucla.edu

ector field (e), which has lost the main directions (d).
s

1

noisy v

FiGURE 11. Denoising of a vector field with the vectorial ROF
model

model. The denoising process takes less than 0.1sec, 30 iterations

for #1 and 100 iterations for #2. The picture
can notice the good performance of our denoising model with the

(d) Clean Vector Field.
E-mail address: chan@math.ucla.edu

Received July 2008
E-mail address
INVERSE PROBLEMS AND IMAGINC

[40] J. Von Neumann,


http://www.ams.org/mathscinet-getitem?mr=1512486&return=pdf

	1. Introduction
	2. Part I: Dual vectorial TV minimization algorithm
	2.1. Notation and definition
	2.2. Vectorial Rudin-Osher-Fatemi (VROF) model
	2.3. Proposed algorithm for VROF minimization.
	2.4. Convex analysis and projection point of view
	2.5. Code and results.
	2.6. Other vectorial image Denoising models

	3. Part II: Extension to standard color image processing
	3.1. Color inverse scale space
	3.2. Color Denoising with the Chromaticity-Brightness representation
	3.3. Color image inpainting
	3.4. Color wavelet shrinkage
	3.5. Color image decomposition
	3.6. Color image deblurring
	3.7. Generalized projection algorithm of chambolle

	4. Conclusion
	Acknowledgments
	REFERENCES

