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A VARIATIONAL APPROACH TO ADDITIVE IMAGE DECOMPOSITION INTO
STRUCTURE, HARMONIC AND OSCILLATORY COMPONENTS

MARTIN HUSKA * AND SUNG-HA KANG! ALESSANDRO LANZA *AND SERENA MORIGI §

July 7, 2023

Abstract. We propose a non-convex variational decomposition model which separates a given image into piecewise-constant,
smooth and oscillatory components. This decomposition is motivated not only by image denoising and structure separation, but
also by shadow and spot light removal. The proposed model clearly separates the piecewise constant structure and smoothly
varying harmonic part, thanks to having a separated oscillatory component. The piecewise-constant part is captured by TV-like
non-convex regularization, harmonic term via second-order regularization, and oscillatory (noise and texture) term via a H~!-norm
penalty. There are interesting interactions between these three regularization terms. We explore effects of each regularization and
the choice of parameters carefully. We propose an efficient alternating direction method of multipliers based minimization for fast
numerical computation of the optimization problem. Various experiments are presented to show the robustness against high level
of noise, applications to soft spotlight and shadow removal, and the comparisons with other methods.

Key words: image decomposition, cartoon, harmonic, oscillatory, non-convex optimization

1. Introduction. The task of decomposing images into their semantically different contents is of great
interest in various image processing methods, such as image restoration, compression, segmentation, and object
recognition. It can simplify the characteristics of the image to achieve better results for different imaging
tasks. For example, in [9], the proposed model decomposes the given image into a piecewise-constant part
and a harmonic part. This method has advantage that the structured part, the piecewise-constant component,
is separated extremely cleanly without any noise. However, even for low levels of noise, the harmonic part
captures the general smooth field but including the noise, which eventually corrupts the image. The seminal
work of Y. Meyer [20], where the G-norm function space was introduced, proposed to separate the image into
geometric part, e.g. using TV denoising [24], and oscillatory texture or noisy part. Various work has followed
[2, 3, 4, 5, 14, 17, 23]. In [23], for example, the G-norm is approximated by a negative Sobolev norm of H~!.

In this work, we propose an additive image decomposition model, which separates an observed image
into a cartoon/structure component, a smooth part, and an oscillatory term. The structured part models
homogeneous regions with sharp edges, the smooth part presents smoothly varying intensity characterized by
small high-derivative norm, and an oscillatory term is modeled by the use of H~!-norm penalty. We assume
that the observed image f in vectorized form, f € R™ of dimension m = mj X mg, is representable as the sum
of a piecewise-constant component v, a smooth component w, and an oscillatory component n, such that

f=v+w+n=u+n, (1.1)

where u := v + w represents the underlying noise-/texture-free piecewise-smooth image. In case of noise, the
oscillatory term n € R™ in (1.1) is assumed to be i.i.d additive white Gaussian noise, i.e. n ~ Gauss(0,0?),
with known variance ¢2. Figure 1.1 illustrates the objective of the separation task where f is a balanced sum
of v and w and a realization of Gaussian noise characterized by ¢ = 10. The v is the shadow-free image.
The gradient magnitude of v is obviously sparse, and the first and second derivatives of w are very small in
magnitude.

Typical image decomposition models separate image into two components. Levine in [16] proposed an
adaptive two-components decomposition model based on the edge detection of the input image, using Huber
penalty for the structure component and L, norm for the texture part. The authors in [14] used Bounded
Mean Oscillations (BMO) space to model the oscillating patterns (texture). The model in [2] is extended
to color images in [5], providing a novel way to solve the G-norm-related subproblem, since the projection
algorithm proposed in [2] cannot be used for color images. The work [17] extended the H ! space to the whole
family of models using H~® space. Later on in [29] the authors extended the TV-G decomposition model to
manifold-valued images, using the L, approximation to G-norm. A rather different additive two-components
decomposition on manifolds is presented in [9] into piecewise-constant (structure) and smooth components, while
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= v + w +

Fi1G. 1.1. A noisy image f decomposed following model (1.1).

the additive white noise is handled via Ly residual. Recently, in [18] a non-convex non-smooth structure-texture
decomposition model has been presented, where the structure component is modeled via TV-like non-convex
penalty, while the H~! space is used to approximate the G-norm for texture or noise separation. In [3], the
authors proposed a three decomposition variational model of structure, texture and noise, where the latter is
captured by the negative Besov norm.

In addition to texture/noise removal, this work is closely related to Retinex theory and shadow removal.
Retinex is a theory simulating how human perception of image intensity gets distorted under certain uneven
lighting conditions, i.e. the color-preservation property of human vision system [21]. Shadow removal and
Retinex both have similar difficulties in a way that there is a large region of smooth gradient change independent
of any edges and details of the image. The proposed method efficiently separates the shadow and soft light
effects.

The main contributions of this work are summarized as follows:

e We propose an effective three-parts additive decomposition non-convex variational model to separate
an image into piecewise-constant, smooth and oscillatory components. This shows advantage over
structure separation even for high level of noise, and shadow and spotlight removal;

e We characterize our proposed model in terms of convexity and coercivity, and we provide existence
results for the non-convexity, non-coercive variational problem;

e We develop a fast and efficient algorithm for this model, based on an Alternating Directions Method of
Multipliers (ADMM)-based minimization algorithm, and also outline a simple strategy for an effective
selection of all the parameters in the model and in the proposed ADMM algorithm.

This paper is organized in the following way. In Section 2, we propose a new three-term variational model
for image decomposition. Each of the three penalty terms is carefully considered in each subsection: Subsection
2.1 details TV-like non-convex term for piecewise-constant component, Subsection 2.2 shows the new harmonic
term, and Subsection 2.3 investigates the statistical properties of H~'-norm approximation for Gaussian noise
and the proposed H !-norm based regularization term. In Section 3, insights on the effect of different penalty
terms are presented, and a careful discussion on the parameter selection is discussed in Section 4. In Section 5,
we discuss the existence of global minimizers for the proposed variational problem, and we describe an efficient
ADMM-based numerical method for its solution. Various numerical examples are illustrated in Section 6, which
show advantage over high level of noise, and shadow and noise removal. Comparisons with other methods are
presented. Conclusions are drawn in Section 7.

2. The proposed non-convex variational decomposition model. We propose a model which sepa-
rates a given image into piecewise-constant, smooth homogeneous and oscillatory components. For this objective,
we look into the following model problem, which decomposes a given image f into three components v, w,n
having distinct features.

{v",w*,n*} € arg min {v (IVello + w3 + Inll) + 5 11f - <v+w+n>|3}, (2.1)

where the given image f € R™ gets decomposed into three ideal components v*, w*, n*. The ¢y pseudo-norm
||z]|o counts the nonzero components of a vector x to induce sparsity. The operator H(-) represents a derivative
of order higher than one, in particular, we use second order derivative in this paper, and || - ||3 represents the
square of I norm. | - ||¢ is the G-norm that models the oscillatory component. The scalar value v > 0
represents the regularization parameter balancing the regularization terms and the fidelity term.

The ¢y pseudo-norm of Vv in (2.1) forces the gradient to be sparse encouraging the recovery of piecewise-
constant components, but its combinatorial nature makes the minimization of (2.1) an NP-hard problem. Thus,
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it can be approximated by the sum of function values ¢1(-;a) as follows

IVollo = # i [[(Vo)al #0,i=1,....,m}~ Y ¢1 (|(Vo)ilsa) := Ra(v), (2.2)

i=1

where ¢1(-;a) : [0,4+00) — [0, 1] is a non-convex sparsity promoting penalty function, and

|(V0)il = V1@v)il? + [(0u0)if?

represents the i-th gradient magnitude in terms of ¢5 norm. Detailed characteristics of ¢1(+; a) of this term will
be given in Section 2.1. The parameter a allows to tune the degree of non-convexity of ¢ (+; a), such that ¢, (+; a)
tends to the ¢y pseudo-norm for a — oo. Compared with the classical convex TV prior, it promotes sparsity of
gradient norms of the cartoon component more strongly, while better preserving sharp discontinuities [10, 11].

For the recovery of smooth functions, the use of TV-like penalties is not appropriate, since fine scale
details are lost and smoothly varying features produce staircase effects. Therefore, we consider a second order
differential operator H(-) in (2.1), and we define Rq(w) as

Ra(w) i= 37 dal|(Huw)s )= D [(3w), (23)

Jj=1

where ¢, : [0,00) — [0,00), ¢2(t) = t2. This induces w to be a smooth component with relatively small first
and second-order derivatives. We penalize deviations from a piecewise constant model by constructing R (v)
with a gradient operator, while to penalize model roughness or bumpiness (curvature), we use in Ro(w) a
second-difference operator. Using this higher-order operator yields second-order Tikhonov regularization which
favors “smooth” solutions.We present further details in Subsection 2.2.

A usual convention through the Meyer’s space approach, introduced in [20], is to define the highly oscillating
component n in terms of a vector field g, such that n = V - g, where an appropriate space is chosen for the field
components g = (g", g¥). In [3], the discrete version of the Meyer’s space G is introduced as

G={neR™*™ | Jg e R™*™ x R™*™ gt.n="V-g},
which leads to G-norm of n defined as

[nllc =inf {||lg]lc | n =V g, g = (g" g") € R™*™M> x RM1xm2} (2.4)

here ||g|lococ = max; ;

gi.;| where |g; ;| = ,/(gf’j)2 + (97 )2 for g; j being the (i, j)-th couple of the vector field g.
The space G is a very good space to model oscillating patterns such as texture as well as noise, characterized
by functions of zero mean, which attain a small norm in G space [3]. In order to overcome the computational
difficulties derived by working with |n||g, the authors in [28] proposed to replace the space G with G, = W1
with 1 < p < +o0o, furthermore simplified for p = 2, as proposed in [23]. In this case, the space G5 is actually

replaced by the negative Sobolev space H ! which is the dual space of H}, and is endowed with the following

seminorm
Inll - =1inf S llglla = /> lgijl> [n=V-gp, (2.5)
4,7

which is proved to be bounded for oscillatory functions [23]. In this paper, we adopt the norm in (2.5) to model
the oscillatory component, due to its potential to allow easier-to-handle regularizers w.r.t. the classical G-norm.
Let g be defined in the image vectorized form as g € R%2™ g := (gh, g4, ... g% g%, 9%,...,g%)". We define the
penalty ¢3 : [0,00) — [0,00) to be

m

Ra(g) =5 | Y _((g")7+(g)%) |, where ¢s(t) =t (2.6)

Jj=1

In summary, combining the approximations (2.2), (2.3) and (2.6) with a data fitting term F(v,w, g) in the
variational model (2.1), and introducing three parameters v1,72,vs € Ry, with Ry = (0, 00), to balance the
regularization terms, we propose the following minimization model

{v",w*,g"} € arg  min J (v, w, g), (2.7)
v,wER™, geR2™m
3



where

1
T, w,9) = NR1(v) + TRo(w) + TRs(g) + 5 F(v,0,9)

=7 ¢1(|(Vv);la) + Z¢2 |(Hw), ) + L ¢3 > (g %Z — (vj +w; +
i=1 =

Jj=1

Here, R;(v) is non-convex, Ro(w), R3(g) and F(v,w,g) are smooth and convex functions, thus model (2.7)
is a non-convex optimization problem. In this work, we denote by R; and Ry the sets of nonnegative and
positive real numbers, respectively. An accurate choice of the parameters 71, 72, v3, affects the results. Figure
2.1 (a) shows the graphs of the penalty functions ¢;(¢;a) in Rq(t) (solid line), ¢2(t) (dashed line) in R4 (t), and
¢3(t) (dot-dashed line) in Rg(t). As it will be discussed in Section 4 and Section 5, a good set of parameters,
including a, allows for a suitable repositioning of the intersection points between these regularization terms to
enforce the efficacy of the proposed decomposition model.

The rest of this section discusses each proposed regularizer, followed by the effects of different penalty terms
in Section 3, leading to a discussion on the parameter selection in Section 4. In Section 5 we point out some
important characteristics of the cost functional (2.7) for its efficient minimization.

2.1. R1(v) Penalty function. The ¢, pseudo-norm is often understood to be the ideal regularizer to
induce sparsity. The alternative £ norm is the convex relaxation of the ¢y pseudo-norm, and plays a fundamental
role in sparse image/signal processing. However, the ¢; norm in sparsity-inducing regularizers can be considered,
in general, to be over-relaxed. A substantial amount of recent work has argued for nonconvex regularizers in
favor of their superior theoretical properties and excellent practical performances [22, 12, 25]. For the penalty
R1 in (2.7), we require the following conditions for ¢;(+;a), both for modeling and minimization algorithm;

a) be non-convex, such that the regularizer R, promotes sparsity of the gradient magnitudes of the
piecewise-constant component v more effectively than the classical isotropic TV regularizer;

b) have the range in [0, 1] independent of the parameter a, so that the degree of non-convexity represented

by a can be freely tuned, without affecting the ¢; upper bound.
¢) have a form such that the associated multi-variate proximity operator

. « 2

proxg(q) i= argmin { 61 (Jzllzsa) + 5 o g3}, g€R™,
zER™ 2

admits a closed-form expression.

Following these requirements, we chose the regularizer to be a re-parametrized and re-scaled version of the
minimax concave (MC) penalty [30], namely a simple piecewise quadratic function defined by:

b1(ta) = { —§t2+\/ﬁt for t € [0, 2/a), (2.8)

1 for t € [\/2/a,+00).
In Figure 2.1 (b), we show the plot of the MC penalty functions ¢1(¢; a) defined in (2.8) for three different values
a € {1,3,9} of the concavity parameter. The solid dots on the graphs represent the points (\ /2/a, d1 (\ /2/a; a))

which separate the non-convex quadratic piece of the penalty from the constant one. The MC penalty satisfies
the following properties:

¢1(t:a) € C([0,00)) N C=([0,00)\ {v/2/a}),
! (ta) = V2a—at for tG[O,M) T(tia) = —a forte[O,\/%)
Pltia) = 0 forte[\/Z/ia,oo)7 i(tia) = 0 forte (y/2/a, ).

In particular, we notice that

, te[0,+00)\ {V2/a},

a= ‘mtin ¢ (t;a)

such that the parameter a represents the degree of non-convexity of ¢; and, hence, can be referred to as the
concavity parameter of ¢;. Note that for a — oo, the ¢1(-;a) converges to the ¢y pseudo-norm graph, which
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Fic. 2.1. (a) Graphs of ¢1(t;a) (solid line), ¢2(t) (dashed line), and ¢3(t) (dot-dashed line), used in Ri(v), Ra2(w) and
Rs3(g), respectively. For illustration purposes, we plot scaled version of ¢3 to underline how the intersection points between ¢1, P2
and ¢3 can be modified by tuning the regularization parameters (more details in Section 4, in relation to equation (4.3)). (b) Plot
of the regularization term ¢1(t;a) defined in (2.8) for different values of the concavity parameter a.

attains a constant 1 everywhere except at the origin, where it attains zero. This is stated by the following result
together with the sparsity promoting property of Rq(v) inherited directly from the ¢;(-;a) function.
PROPOSITION 2.1. Let ¢1(+;a) be the function defined in (2.9). Then for any vector v € R™ we have

Ri(v) := Zfbl(l(Vv)j\;a) < [IVolo. (2.10)

J

Let p := miny. (vu),|>0 |(Vv);]. If

w>a=/2/a, (2.11)

then the equality in (2.10) holds.
Proof. The result (2.10) follows from the fact that 0 < ¢1(-;a) < 1. Moreover, from the properties of ¢1(-; a)
we have:

Tim 3 61(1(V0);:a) = [Voll.
J

If the smallest non-vanishing gradient magnitude p is greater than @ defined in (2.11), then ¢1(|(Vv),|;a) =1
for every element j of nonzero gradient magnitude, thus equality holds. O

We remark that (2.10) in Proposition 2.1 holds true for the vector v € R™ itself, i.e. >, ¢1([vjl;a) < [v]o.
However, we present the proposition in terms of gradient to emphasize on the ”accountability” intensity changes
for piece-wise constant parts.

The MC penalty in (2.8) provides a recognized alternative to any £,-norm based penalty, with p, 0 < p < 1,
and induces sparsity of the image gradient magnitudes more strongly than the ¢; norm thus better favors
piecewise-constant solutions.

2.2. R2(w) Penalty function. The Ro(w) term is designed to capture the smooth component w. We
promote sparsity of the second-order derivatives H(-) and use ¢o(t) = t2. We define the regularizer Ro(-): R™ —
[0, 00) as follows

Ro(w) =Y ¢ (((Hw);) = Y [(Hanw)} + (Haow)] + (Honw)} + (Howw)] =Y [(Hw); . (2.12)
j=1 j=1 j=1
The linear second order operator H(-) is applied to each pixel j = 1,..., m of the image w € R™, which results

in a vector of second order derivatives (Hw); = (Hpnw);, Hrow);, (Horw);, (HUUIU)]‘)T along the principal
horizontal (h) and vertical (v) directions and their mixture. This regularizer Ro(-) is an extension to second-
order Tikhonov, which extends the neighborhood Laplacian discretization by adding diagonal directions to the
conventional horizontal-vertical Laplacian discretization.
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FiG. 2.2. Effect of Ra(w): The components v, w and n are from Figure 1.1. (a) Histograms of |Vv|, |Vw| and |Vn| ; (b)
Histograms of |[Hw|, |[Hv| and |Hn|. Logarithmic scale in the z-azis is applied. Notice a larger separation distance between w and
v, as well as between w and n when the new proposed H (second order derivative) is used.

The variational decomposition model in [9], which decomposes the image into piecewise constant and smooth
part, uses the gradient norm to capture smooth functions, and in [8] a combination of first and second order
derivatives is applied for reconstruction of piecewise-smooth signals. Another common way to include second
order derivatives as energy penalties is to consider the Hessian Schatten-norm regularizer, as proposed in [15].

In this paper, the proposed term Ro(w) in (2.12) which not only favors the smoothness of the image, but
also the use of linear operators, allowed us to simplify the computation for w via normal equations, as detailed in
Section 5. Moreover, oscillations that usually characterize Gaussian noise present smaller magnitudes of |V (-)]
with respect to |H(-)|, unlike what happens for smooth regions. This motivates to exploit the second order
derivatives to capture the pure smooth w image component and to increase the components’ separation.

An insight into this separation is illustrated in Figure 2.2, where (a) is the histogram of the gradient
magnitudes [(V(-));|, for every pixel j = 1,...,m, and (b) is the histogram of the second order derivatives
magnitudes |(#(-)),| for the components v, w and n of the image illustrated in Figure 1.1; here n represents a
noise component. We notice that the minimum nonzero magnitude |Hv| attains the same value as |Vv| (where
ming, (ve), >0 [(Vv);] = 0.39), and the maximum magnitude |Hw| attains value 0.001 that is of approximately
one order smaller than the maximum magnitude of |Vw| (where max; |(Vw);| = 0.012). Therefore, the use of
the second-order-based operator H(-), instead of the gradient-based operator, V(-), allows for a larger separation
distance between w and v. For the oscillatory (noise) component n, the nonzero gradient magnitudes range in
[0.006, 0.29], while for the nonzero second order derivatives magnitudes |Hn| € [0.01,0.64]. Again, using the
H(-) operator gives a larger separation distance between w and n components.

We note that other regularization terms can be utilized for each R1(v), R2(w) or Rs(g), as long as each
regularization gives good separations, as illustrated in Figure 2.2. Otherwise, we chose simple terms, e.g. linear
operator for Rq(w) and lp-norm for Rs3(g), for simpler and faster computation.

2.3. R3(g) Penalty function and statistical characterization of the H !-norm for Gaussian
noise. In this section, we explore a faithful bound estimation of the H ~!-norm approximation value ||g||2 of
IIn|lzz-1 , as well as of the associated regularization term R3(g). This is under the assumption that n is white
additive Gaussian with known standard deviation o.

The additive noise is modeled as an m; X my discrete random process N := {N[i, j] : [¢,j] € Q}, (2 is
the image domain) with N[i,j] denoting the scalar random variable modeling noise at pixel [¢, j|; we assume
Nli, j] zero-mean Gaussian with variance 2. Let G be an m; x my discrete random process G := {G[i, j] =
(G"[i, 4],G"[i, 4]) : [i,§] € Q}, with G[i, j] denoting the 2-dimensional vector random variable at pixel [i, j] with
bivariate Gaussian distribution having variance 03, that is,

Gli, j] ~ Gauss ([ 8 ] , { %3 002 D . (2.13)

g9

We assume that the two components G"[i, j] and GV[i, j] are uncorrelated as indicated by the diagonal covariance
matrix in (2.13), while G[i, j]’s are identically distributed and correlated.
Given a single realization n := {n[i, j] € R: [¢,j] € Q} € R™*™2 of the noise process N/, and a single realization

6



g :={gli, ] = (¢"[i,7],9°[i,4]) € R?:[i,j] € Q} € R™1*™2 of the process G, then the statistical representation
of the relation n = V - g reads as

nli,j] = Dng"[i, 5] + Dug"[i, 5], Vli,j] € Q (2.14)

with Dy, D, linear transformations, explicitly represented by
. 1 . . . Vs - ors - .
n[z,]]:g(gh[z+1,]]fgh[z,]]+g [17]+1]79 [Zaj])v V[Za]} GQ, (215)

with § € R being the discretization step. However, since here we want to analyze the statistical characterization
of the H~!'-norm we clearly will replace the realized, deterministic values nli, j] and g[i, j] with the associated
random variables N[i, j] and G[i, j] when concerning with relationships (2.14) and (2.15). The main result on the
relation between the two discrete probabilistic distributions followed by G and N is summarized in Proposition
2.2, whereas results on the distribution of R3(G) are presented in Proposition 2.3.

PROPOSITION 2.2. Let N be a mq X mq i.i.d. Gaussian noise process with variance o2, and G be a m1 X ma
identically distributed and correlated random process with bivariate Gaussian distribution having variance 0‘3,
which are related by (2.15). Then

9 5202
7= AT+ )= py) (210

where pg and pq are scalar values representing Pearson’s correlation coefficients between GMi+1,4] and G4, §]
as well as between G[i, + 1] and G°[i, j], and between D,G"[i, j] and D,G"[i, j], respectively.
Proof. By applying the sum rule for normal variables to (2.15), we have

GMi+1,5] G"i,j ol .

[ 5 ]}, ES J] ~ Gauss(0, 6—3) = DhGh[z,]] ~ Gauss(O,aﬁ) ,
GV[i,j+1] G[i,j o2

[ g ], [5 J] ~ Gauss(0, 6—3) = D,G"[i,j] ~ Gauss((),o?i) ,

and 03 is related to 03 by the following

oh= 51— py) . (2.17)

where p, denotes the Pearson’s correlation coefficient between G"[i + 1, ;] and G"[i,j] as well as between
G"[i,j + 1] and G"[i,j]. Applying again the sum rule to (2.14), we state

NTi,j] ~ Gauss(0,0%)  with 0% = 20%(1 + pa), (2.18)

where pg is the Pearson’s correlation coefficient between Dy, G"[i, j] and D,G"[i, j]. Replacing (2.17) into (2.18),
the relation in (2.16) between o, and o follows. O

In Proposition 2.2 it is assumed that G follows a bivariate Gaussian distribution. This result was proved
experimentally by employing a Monte Carlo simulation. In particular, we generated 200,000 samples n €
R™1x™m2 of white Gaussian noise processes with different noise standard deviations o = {10, 15,20}. First, we
estimated the correlation coefficient between ¢"[i, j] and g"[i, j] resulting in 0.07 value which implies G"[, j],
G"[i, 7] in (2.13) have very small to no correlation [1]. Then we estimated the coefficients pg and p, in (2.16).

In Table 2.1, together with the estimated values of pgq, we report estimates of pyn, which is the correlation
between the realizations g"[i+1, j] and ¢"[i, j], and pgv, which is the correlation between ¢*[i, 7 +1] and ¢*[i, 5],
for increasing image dimensions m = {1282, 2002, 2562, 4002, 5122, 10242, 20482, 4000?}. As expected, pg,, and
pg, are equal and we refer to them as pg.

The estimated values of p; and py, for both ¢" and ¢?, remain constant for each value of the noise standard
deviation o, whereas with increasing dimensions m, the change follows a logarithmic growth. For an arbitrary
image dimension m, we suggest the following polynomial regression for pg and p, in terms of the image dimension

pa(x =logy(m)) = 1.29 x 107°2% — 8.35 x 10~ 42?2 4+ 1.81 x 1022 4 0.33 ,
pg(z =logy(m)) = 2.93 x 107 %2° — 2.53 x 10~ *2* + 8.72 x 1072 — 0.152% + 1.342 — 4.34 .



TABLE 2.1
Pearson’s correlation coefficients for varying o and image dimension m: pgy between adjacent pizels and pq.

=10 o=15 o =20
m Pd Pgh Pgv Pd Pgh Pgv Pd Pgh Pgv
1282 | 0.460 0.623 0.623 | 0.460 0.623 0.623 | 0.460 0.623 0.623
2002 | 0.462 0.650 0.650 | 0.462 0.650 0.650 | 0.462 0.650 0.650
2562 | 0.463 0.663 0.663 | 0.463 0.663 0.663 | 0.463 0.663 0.663
4002 | 0.464 0.681 0.681 | 0.464 0.681 0.681 | 0.464 0.681 0.681
5122 | 0.465 0.689 0.689 | 0.465 0.689 0.689 | 0.465 0.689 0.689
10242 | 0.466 0.701 0.701 | 0.466 0.701 0.701 | 0.466 0.701 0.701
20482 | 0.467 0.702 0.702 | 0.467 0.702 0.702 | 0.467 0.702 0.702
40002 | 0.467 0.702 0.702 | 0.467 0.702 0.702 | 0.467 0.702 0.702

L LA

~ Gauss(0, a DhGh ~ Gauss(0, O’d D,G" + D,G? ~ Gauss(0, 0>
~ Gauss 0 a D G” ~ Gauss( O od N ~ Gauss 0,02 = 152

Fic. 2.3. Histograms of sample distributions obtained by Monte Carlo simulations using 20000 samples of Gaussian noise
realizations n with standard deviation o = 15. The red solid line is the associated theoretical probability distributions.

Assuming the number of samples sufficiently large, Monte Carlo simulations allowed the validation of the
asymptotical behavior of the variables G*, G*, D,G", D,G", D,G" + D,G". In particular, we generated
20,000 samples of Gaussian noise realizations n with the same standard deviations ¢ = 15. For each sample
n the values ¢", ¢V, Dng", Dyg¥, Dng" + D,g" were computed, the normalized histogram of these values was
constructed and shown in Figure 2.3. The associated theoretical probability distributions are illustrated in solid
red line. The theoretical standard deviations o4 and oq are computed by (2.16) and (2.17) respectively, and
the Pearson’s correlation coefficients pg and p, are given from Table 2.1. We notice that all the variables, as
expected, follow the Gaussian distributions asymptotically.

The following Proposition 2.3, which assumes i.i.d. Gaussian random processes P, therefore uncorrelated,
provides theoretical expected values for |P||2 and R3(P). Even though the results in Proposition 2.3 cannot
directly apply to G due to its correlated nature, we will use them to evaluate approximations of ||G||2 and R3(G)
supported by encouraging simulation results. For further insight onto the sum of correlated squared Gaussian
variables we refer the reader to [7]

PROPOSITION 2.3. Let P be an m = my X mg i.i.d. random process consisting of random variables Pli, j]
following bivariate Gaussian distribution with variance s*, then the following relationships hold:

(i) [|P|la ~ GT'(2,2m, sv/2) has a Generalized Gamma Distribution with expected value

E[|[P|ls] = ﬁ”%mi/“’) _ /G e T 1/2) - ),

(ii) R3(P) = (||73||§)2 ~ GI'(1/2,m/2,4s") has a Generalized Gamma Distribution with scale parameter
1/2, shape parameters m/2 and 4s*, and expected value

E[R3(P)] = 4s*(m + 1)m
8



Proof. The sum of 2m independent squared Gaussian distributed variables of variance s? follows a Gamma,
distribution with shape parameter m and scale parameter 2s2

P13 =Y IP[ijll3 ~ T(m,2s%). (2.19)
[i,5]€Q

The distribution of the ||P||2 in (i) is then trivially obtained by taking the square root of the Gamma-distributed
variable (2.19) which follows the Generalized Gamma distribution

IPllz = 4/IIPII3 ~ GT(2,2m, 5v/2),

with shape parameters 2 and 2m, and scale parameter sv/2. The Generalized Gamma distribution represents a
generalization of x distribution for non-standard-distributed variables. The expected value is given in terms of
the Gamma function I'(+) as

I'(m+1/2)

E[IP] = vas

thus concluding (i). From (2.19), the square of the Gamma distributed variable results in
2
Rs(P) = ¢3(IPl3) = (IPl3)” ~ GT(1/2,m/2,(25%)%) ,

with expected value E[R3(P)] = 484% = 4s*(m + 1)m, thus proving (ii). O
Even though Proposition 2.3 cannot be directly applied for our process G due to the correlations between
pixel variables G[i, j] and G[k,l] for [i, ] # [k,!], for practical usage, we approximate the expected values of

G|z and R3(G) by results from Proposition 2.3 as

E[|Gll2] ~ V25, e T(m /2 =InT(m) (2.20)
E[R3(G)] = 40y (m + 1)m. . (2.21)

This is justify by the Monte Carlo simulations reported in Table 2.2, where we present a computational validation
of Proposition 2.2 and approximations (2.20)-(2.21), with 20,000 realizations of a Gaussian noise process for
each standard deviation o in range o = {1, 5, 10, 20, 40,60} /255 and sample dimension m = m; X ms in range
m = {200%,400%}. In this table, we also consider ||g|l2 = (37, (g1)%+ (g?)?)!/? for comparison with R3(g). For
each sample set, and for each increasing noise standard deviation values o, we report in the first block in Table
2.2 the standard deviation o, computed according to formula (2.16) in Proposition 2.2, and the experimental
standard deviation &, directly obtained from the samples. Analogously, in the second and third block of Table
2.2, we validate the approximation drawn from (i) and (ii) of Proposition 2.3 respectively. The approximate
expected values E[||G||2] and E[R3(G)] in Table 2.2 were calculated using the o4 value in (2.16). The reported
ratios, being constant across different values of o and close to one, indicate a low relative error introduced as a
consequence of neglecting the correlation between Gli, j] and G[k,!] for [i, j] # [k, 1].

Based on these statistical investigations, in the following we provide a formula which relates the approxi-
mation to ||G||3 with the Ly norm of the noise process A.

COROLLARY 2.4. Let N € R™ be a Gaussian noise process with known standard deviation o, i.e. N ~
Gauss(0,0%1,,). Then, under the approzimation drawn from Proposition 2.3, we have

202

E(IG]3) ~ C-E[IN]Z),  C~—F. (2.22)

Proof. The norm of a Gaussian noise process of arbitrary standard deviation o distributes as ||N|3 ~
I'(%2,20?) , while ||G||3 approximately distributes as defined in (2.19). Computing the ratio of the respective
expected values, we have

_ ElGI) _ 2mo?
EVE] ~ mo?
9
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TABLE 2.2
Results on o4 estimations and validation of the expected values of ||g||2 and of the model regularization term R3(g) -

m = 2002 o= 1 5 10 20 40 60
o, 070 349  6.99 13.98 27.96 41.94
g, 070 352  7.04 14.08 28.15 42.25
Gg/0, 1.007 1.007 1.007  1.007 1.007 1.007
E[|Gl.] 078 388  7.75 15.51 31.01 46.52
lgllz 078 390  7.81 15.62 31.23 46.86
lgllz/E[lIG]l2] 1.004 1.004 1.004  1.004 1.004 1.004

E[R3(G)] 0.36 225.82 3613 5.78e+04 9.25¢+05 4.68¢+06
Rs(g) 0.38 236.07 3786 6.08¢+04 9.71e+05 4.92e+06
9)l

Rs(9)/E[Rs(G)] 1.05  1.05  1.05 1.05 1.05 1.05
m = 4002 o= 1 5 10 20 40 60
o, 073 3.66 7.32 14.63 29.27 43.90
o, 0.74 3.68 7.36 14.71 29.42 44.15
69/09 1.005 1.005 1.005 1.005 1.005 1.005
E[|G|2] 1.62 812  16.23  32.46 64.92 97.38
lgll. 1.63 816 1632  32.63 65.26 97.95
lgll2/E[lIG]l2] 1.003 1.003 1.003  1.003 1.003 1.003
E[Rs5(G)] 6.94 4337 69400 1.11e4+06 1.78e+07 8.99e+07
Rs(g) 7.17 4496 71903 1.15e+06 1.84e4+07 9.33e407
Rs(9)/E[R3(G)] 1.04  1.04  1.04 1.04 1.04 1.04
TABLE 2.3

Comparison to /C value computed via formula proposed by [8] and via (2.22) for different image size m.

m= ‘ 322 642 1282 2562 5122

VC by [3] | 0.843 0.906 0.965 1.021 1.073
VC by (2.22) | 0.840 0.904 0.964 1.021 1.073

which concludes the proof. O

This provides a statistical insight onto the distribution of the H ~!-norm approximation for Gaussian noise
images. In [3], the authors propose a formula to estimate C' value. An alternative formula is obtained by

substituting o, as defined in (2.16) into (2.22) for 6 = 1, thus obtaining C' ~ m. In Table 2.3, we

report the calculated values of v/C' computed by the formula (2.22) and by Proposition 3.5 in [3]. We note that
these values are extremely similar and depend on the image dimension.

3. Effects of model penalty terms. In this section, we investigate the potential of each penalty term
in the proposed variational model (2.7), to discriminate against the different image components. Towards this
aim, let us consider our idealized variational model (2.1) for additive decomposition, with terms |Vv|o, [[Hw]|2
with #(-) of second order, and ||n| -1 in (2.4) evaluated by the approximation given by (2.5). A good model
is given by a choice of spaces/norms so that, with the given desired properties of v,w and n, we can obtain
IVollo << [[Vwlo, [[Vullo << [[Vnllo, [[Hwllz << [[Hvllz, [Hw]l2 << [[Hnll2, and finally [|n)lz-1 << |v]|lz-1,
Il << llwl s

To illustrate this, six different synthetic test images w1 to ug are presented, all having the same dimension
10



TABLE 3.1

Case study: model norms approzrimating values corresponding to the images ui,...,us in Figure 3.1

Chessboard z= 17 2m 8w 16w 64m 1287
(IVuq|lo =~ 513 1531 7540 15272 54944 89920
|[Huqllo = 5147 8868 19830 28507 57700 81730
luil|g-1 =  2.48e6 2.39¢6 527582 255416 63056 31843
Diagonal Stripes z = 1w 2m 8T 16m 647 1287
(IVuzllo ~ 511 1024 4096 8192 32768 65536
[[Huzll2 = 10215 14449 28891 40856 81711 115556
|[uz||z-1 =  2.10e6 2.34¢6 554548 272684 67252 33494
Blurry Stripes z= 0.5 2m 47 16m 327 1287
[Vusl|lo &~ 132257 232915 247452 260769 261632 261632
([ Hus||2 ~ 0.27 4.36 17.45 278.93 1113 16950
lusl|g-1 = 676799 1.99¢6 1.14€6 296022 148488 38027
Blurry Chessboard z= 0.5m 1.57 4dr 8 327 641
[Vugllo = 142514 247336 259889 261389 261109 258047
|[Husgllo = 0.38 3.46 24.62 98.48 1571 6224
lugl| -1 = 719103 1.63e6 628639 305844 74601 37304
Shading Stripes (¢,z) = (40,4m) (40,167) (40,647) | (0,167) (10,167) (80,167)
[Vusllo = 227040 254455 261632 | 261632 226701 256769
[[Husllo ~ 8.72 139.46 2204 0 34.87 278.93
|lus||z7-1 =  1.95e6 1.97e6 1.95¢6 1.95¢6 1.95e6 1.99¢6
Noise Image o= 1 ) 10 20 40 60
[Vugllo = 258999 261992 262108 262132 262139 262141
([ Hug|2 ~ 2287 11396 22861 45657 91493 136451
lugl|lg-1 =  499.45 2796 5164 10581 22403 33071

m = 5122 pixels, and defined as follows:

Chessboard:

—80,
80,

sin(jz/512) cos(iz/512) < 0
otherwise

Diagonal Stripes: us(i,j) = { _Zg: Zitlil(e(jv:;s{e)Z/mm =0
Blurry Stripes: ug(i,j) = 80sin(jz/512)
Blurry Chessboard: u4(i,j) = 80sin(jz/512) cos(iz/512)
Shading Stripes: us(i,5) = j/2 + csin(jz/512)
Noise Image: ug(i,5) ~ Gauss(0,0%)

The first two images u; and us are piecewise-constant scalar fields with sharp edges; us and u4 represent smooth-
gradient scalar fields with varying frequency of oscillations according to parameter z; us is a combination of
constant-gradient slope with oscillations, which represents a nonzero mean scalar field, and the image ug is a
realization of Gaussian noise with different standard deviation o. Figure 3.1 shows these test cases with varying
parameters z, and Table 3.1 shows the associated norm values which characterize the three penalty terms in
(2.1).

First, in Table 3.1, the piecewise-constant images such as u; and wus attains the smallest | Vu.||o compared
to the other two norms ||[Hus||2, and ||u.|/g-1, e.g., when z = 7, ||[Vu|o values are around 500, while other
norm values are much bigger. For uy, ||Vuqllo is smaller compared to other norms until z = 167, then for
z = 647 and 1287, ||[Hu1||2 and ||u1]|z—1 values become more comparable with ||[Vuy||o. This effect is consistent
with the visual effect, that for z = 647 or 1287, the image no longer looks like a piecewise-constant image, but
it looks more like a texture. In fact, for z = 1287, we notice that the approximated H ~!-norm values are the
smallest. Across the images, ||[Vu.||o for u; and us are the smallest around 500, compared to ||Vu|lo of the

11
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Fi1G. 3.1. Case study images ui—¢ for different z values, frequencies z/2m, and standard deviations o.

other blurry or noisy images ug to ug above 130,000.

Second, for blurry smooth images us and w4, notice the small values of ||Hu.||2 < 0.5, in comparison to the
other norms above 100,000. Comparing across the images, Table 3.1 shows that the slope image us also give
small ||Hu.|o values, around 9 and 0, since this image is also dominated by a smooth component.

Third, as z increases, the details become finer in each row, and decreasing H '-norm values represent
this fact accordingly. Also notice that in the last column of Table 3.1, H '-norm values are similar around
31,000-38,000 across the rows. This gives a clear idea what level of details is preferred in H ~'-norm.

Fourth, the mean of the image affects the norm values. Images u5 are combination of slope and sine functions
with increasing oscillations and fixed magnitude ¢ = 40 (first three columns), and increasing amplitude of the
oscillating part fixing z = 167 (next three columns). As oscillations increase from left to right ||Hus|2 values

12



increase, but ||Vus|lo and |Jus| ;-1 values stay relatively the same. This effect is due to nonzero mean of the
texture, in such cases H ~'-norm values remain large.

Fifth, for the noise images ug, H ~!-norm value is always smaller compared to ||[Vug|lo and ||Hug||2. The
H~1-norm values increase as the noise level increases. Comparing the ||ug|| -1 values with other images, when
o = 60, the noisy ug gives a similar value of H~!-norm around 33,000, this is due to the image resolution, and
the visual effect is similar across images with similar norm values. We can see that the H ~'-norm value stays
small only for the noise images ug, and relatively large for non-texture but oscillating images wu_s.

The Table 3.1 shows the norm values for images in range [0,255]. When the image intensity range changes,
the reported values would change, but their relative behavior would be preserved.

4. Model parameter selection. Learning from the previous section, we propose simple strategies for
an effective, automatic selection of all the parameters 71, 2, v3 that balance the energies in the minimizing
function J in (2.7). The goal is to adjust the model parameters in such a way that each regularization term
Ri(v), Ra(w), R3(g) perform as well as possible. This can be achieved by balancing the energy contribution
from each term to the total energy J with suitable v, v2, v3 parameter values, such that:

1 1 1
Ra(v)’ 725 Ro(w)’ 3% Rale)

We propose to estimate the values for Rq(v), Ro(w), R3(g) using some a priori knowledge of the image com-
ponents v, w and n.

First of all, the estimate of v, follows Proposition 2.1 which states that Rq(v) is a good approximation
of the ¢y pseudo-norm penalty. The value Rq(v), defined by the sum of sparsity inducing functions ¢;(-; a),
approximately represents the number of image pixels that form edges and can be estimated by simple edge
detection filters on f. Similarly, the minimum jump (x in Proposition 2.1) can be estimated, thus in order to
satisfy (2.11) the value a is set as

"M~

Aa=TH="T [(Vv);], 0<7<1, (4.1)

min

3 [(Vv);1>0
and consequently the value for a is given by (2.11). In general, for images with values in the range [0, 1], the
value @ is less than 0.1. The higher the ~; value, the less edges of different gradient magnitude are captured in
.

Secondly, the penalty Ro(w) is a quadratic penalty term which relies on the convex function ¢o(-). We
assume that the second order derivatives of w have small magnitudes, see for examples the images u3_5 of Table
3.1. Having a priori knowledge on the smooth image component we expect, we could compute a value ¢ as

t:= max [(Hw),]| - (4.2)

Alternatively, we experimentally set ¢ = 1073a. Values smaller than # are captured by Ra(w), while higher
values should be penalized by Rq(v). This suggests that ¢ be set by the abscissa of the intersection point
between the functions ¢ (-) and ¢o(+). This is illustrated in Figure 2.1 (a) where ¢ is marked by a circle. Then
the parameter 7, is obtained by solving

27101 (t; a) .

e (4.3)

% o) =maoitia) = =
This procedure allows a control over what magnitudes should be favored either by R;(v) or Ra(w).

Finally, in general, the value of R3(g) depends on frequency and magnitude of the oscillatory signal as
shown in Table 3.1: R3(g) increases with signal magnitude; and decreases with increasing frequency. When
the proposed variational model (2.7) is applied to noisy images, where n represents white Gaussian noise, the
regularizer R3(g). Assuming to know the noise level o which degraded the observed image f, we can estimate
the term R3(g) by (2.21), and set 3 to be the inverse of its approximated expected value E[R3(g)], that is

1

B 4ot(m+1)m’ (44)

73
where o4 is defined in Proposition 2.2.
When instead the proposed variational model (2.7) is applied to images with a textured component, as
in the example illustrated in the end of Section 6, R3(g) does not follow a generalized Gamma distribution.
13
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F1G. 4.1. Effect of the ratio v1/v3 on the dispensation of the piecewise-constant oscillations in f into v and n.

Input image f

An insight on the selection of parameter =3 is suggested by the decomposition results v and n w.r.t. the
relative ratio 1 /3. The Figure 4.1 illustrates the decomposition of the input image f consisting of six different
frequencies with the same amplitude. Increasing the relative ratio -y, /73 shifts the oscillatory signal into the n*
component. Suitable choices for v3 w.r.t. a fixed y; allow for a good control on the scale of texture to capture
in n* component, in terms of frequency and/or oscillations. The larger the relative ratio 71 /73 is, the more
oscillations of smaller-frequencies are captured in n*.
In summary, a general strategy for an automatic selection of the parameters 71, 2 and 73, when either v,

or 3 can be estimated, consists of

1. computing the estimation for 3 (alternatively ;).

2. setting v = 73 for 7 > 1 (alternatively v3 = 7y, for 7 < 1).

3. estimating @ via (4.1) and ¢ via (4.2).

4. computing 7, via (4.3).

5. ADMM-based numerical solution. In this section, we first provide details on the discretization of
the differential operators. We analyze the existence and uniqueness of the optimization problem (2.7) and finally
describe an efficient algorithm, based on the ADMM strategy, to obtain the numerical solution of the proposed
variational model (2.7).

5.1. Discrete Differential Operators. Given a grayscale image z represented as a matrix mj X mq, the
first-order and the second-order differential operators at a pixel (i, 7) are discretized using the following standard
finite difference approximations: (V42):; = 2 j+1—%ij, (Vo2)ij = Zig1,j—%ij, (Henz)ij = i j—1—2% j+%i j+1,
(How2)ij = zim1,; — 22i5 + Zit1,5, (Hho2)ij = (Hon2)ij = Zij + Zit1,j4+1 — Zij+1 — Zig1,; for 1 < i < my,
1 < 7 < ms. Discretizations for boundary pixels come from assuming antireflective boundary conditions for z,
[26].

If the image z is represented in column-major form as an m-dimensional column vector with m = mymes, the
discretized first- and second-order differential operators are represented by matrices D := (DI, DI)T € R2mxm
and H := (Hf,  HL  HL  HL)T € R*™*™  respectively, with Dy, Dy, Hppy Hywy Hpoy Hyn € R™*™ coefficient
matrices of the finite difference operators approximating the first-order horizontal and vertical partial derivatives
and the second-order horizontal, vertical and mixed horizontal-vertical partial derivatives.

Using matrices D and H, the discretized gradient and the discretized second-order differential operator at
a pixel j of the vectorized image z are defined as follows

(Va); = (Dx); == ((Dn2);, (Dy); )M eR?, (5.1)
(H(x)); ~ (Hz); = ((Hanz);, (Hoo);, (Hpow);, (Hono);) " € RE. (5.2)

In analogy with the continuous setting, we define the discrete version of the divergence operator in terms
of the adjoint V* of the gradient V that, applied to a vector field g = (g, gv), is
V.g=-V'g~ D'y

Using these discretizations of the differential operators, and, making all the penalty terms explicit, the
14



minimization problem (2.7) reads as

{v,w",g"} € arg  min__ - J(v,w,9), (5-3)
U)weR’HL,geRz’HL
with
N : 72 2, Wya, L T A2
Tww,g) =Y 61 ((Du)sls0) + 2 H0lE+ L gl + S If ~ w0+ D793 (5.4)
i=1

5.2. Analysis of the model. In this section, we outline some important analytical properties of our cost
functional J in (5.4), with particular focus on its convexity and coercivity, at the aim of proving the existence
of global minimizers. We remark that some of the reported results (or their proof) depend on the discretization
choices outlined in Section 5.1 for the differential operators D and H. However, analogous results could be
obtained in a similar manner for other discretization schemes.

In the following Proposition 5.1, whose proof is provided in Appendix A, we analyze J with focus on its
convexity. To simplify the notations, we introduce the total optimization variable x := (v; w; g"; g“) € R*™,

PROPOSITION 5.1. For any v1,7%2,73,a > 0 and any f € R™, the function J in (5.4) is proper, continuous,
bounded from below by zero and non-convex in x. Moreover, J is strongly convez in w and strictly convez in g
for any v1,72,7v3,a > 0 and any f € R™, whereas it is convex (strongly convex) in v if parameters 1, a satisfy

1
< (<
- ( ) Al >\max

a=7——, 7. €[0,1] (7. €10,1)), (5.5)

’71 >\max
where Amaxy € Ry denotes the mazimum eigenvalue of matriz DT D, which is equal to 8 for D defined in
Section 5.1.

Motivated by non-convexity of the cost function J, which does not allow us to obtain uniqueness results
for its global minimizers, in the following we analyze the behaviour of J at infinity, in particular coercivity, and
demonstrate the existence of global minimizers.

First, in the following Lemma 5.2 we provide explicit forms for the null spaces of the finite difference matrices
D and H defined in Section 5.1. Then, in Proposition 5.3 we state the existence results.

LEMMA 5.2. Let z € R™ be the vectorized (column-magjor) form of an my X ma image, with m = mq X ma,
and let D € R?*™X™ gnd H € RY™*™ be the discretization of V and H given in Section 5.1 which compute
the discrete first- and second-order partial derivatives of image z. Then, the null spaces of D and H are the
1-dimensional and 3-dimensional linear spaces of (vectorized) my1 X ms constant and affine images, respectively;
i formulas:

nu = span C , nu = span , , C , .
(D R R™ W(H A AN AC) R™ 5.6

with basis vectors hW A hB) € R™ defined by

Lo Lo
A =1,,, h® = vec myrows,  h®) = vec . ) . (5.7)
1 2 mo
mq N 15

mso columns
Proof. Tt follows from definitions of matrices D and H given in Section 5.1 that
null(D) = {zeR™ (Dz); =02 Vj=1,....,m}, null(H)= {zeR™ (Hz); =0, ¥j=1,...,m}. (5.8)

Recalling the finite difference choices outlined in Section 5.1 and noting that here we are considering a vectorized

image z, we have:
2
0 -1 0 1 J 0
(Dz)j:<0><:>(_1 10) Zj+1 :(0)’ (5'9)
—_— ——

Zj+my
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Zj—m,

8 10 -2 0 10 o 0
(H)j=| o | = |01 -2 1 00 J - | o (5.10)
00 1 -1 -1 1 i+l 0
0 Zj+my
H Zj+1+m

where in (5.10) we neglected the fourth row of matrix H as it coincides with the third one. It is easy to prove
that the solutions of underdetermined linear systems in (5.9) and (5.10), which correspond to the null spaces
of coefficient matrices D € R?*3 and H € R3*6, respectively, read

null(ﬁ) = span(ao) cR?, null(ﬁ) = Spaun(cul7 o, a3) C RS, (5.11)
with basis vectors ag € R? and aq, az, a3 € RS given, e.g., by
a=(1,1,D07, a;=(1,1,1,1,1,D)7, ay=(1,2,2,2,3,3)7, a3=(2,1,2,3,2,3)7. (5.12)

A 2-dimensional visualization of the basis vectors is given in Figure 5.1. Hence, conditions (5.9) and (5.10)

o o1 Qg as
1 2 1

11 111 1,23 2122

1 11 2|3 3|3

FIG. 5.1. 2-dimensional visualization of basis vectors ap € R3, a1, an, a3 € RS defined in (5.12).

are equivalent to say that image z is locally (i.e., over the local stencils for D and H) constant and affine,
respectively. In order to prove that such local properties extend to the whole image, we notice that, by shifting
one pixel horizontally or vertically (i.e., moving from pixel j to pixels j £ 1 or j +my), the intersection of the
shifted local stencil with the original one is made by one pixel for D and three pixels for H (see the red-bordered
stencils depicted in Fig. 5.1). This means that the local constant or affine configurations must be the same
for all pixels and, hence, the null spaces of D and H are given by the 1-d and 3-d linear spaces of (vectorized)
mq X mgq constant and affine images, respectively. In (5.7) we report one among the infinity of possible sets of
basis vectors for the two null spaces. O

PROPOSITION 5.3. For any v1,72,7s,6 > 0 and any f € R™, the function J in (5.4) is not coercive in x,
nevertheless it admits global minimizers.

Proof. Proving that 7 is not coercive in z is immediate by considering how the restriction of 7 to the line
1(t) = (f;0m;00m) +t (1in; —1pm;5021), t € R, behaves at infinity. In fact, it follows from definition (5.4) that

lim J(I(t) = lm ¢ > ¢ ([(Df)jlsa) p Smm < +00, ¥91,72,93,6 ERyp, VFER™,  (5.13)
j=1

[t]—o0 [t]—o0

where the second-last inequality comes from definition (2.8) of ¢1, namely from max;cr, ¢1(t;a) =1Va € Ry .
Proving that, in spite of non-coercivity, J admits global minimizers for any v1,v2,73,a € Ry 4 and any f € R™
is less straightforward. In fact, for f a constant image, the limit in (5.13) is equal to zero, which is the minimum
value that the (non-negative) function J can ever attain at (finite) domain points z € R*™. We proceed as
follows. First, we detect all the possible paths of non-coercivity for J, namely paths towards infinity in the
domain R*™ of J along which the value of 7 does not tend towards +o0o. Then, we compute all the possible
limit values of J along these paths and, finally, we prove that these or lower values are attained by J at (finite)
domain points 2 € R*™. This implies that, even if a global infimizer exists at infinity, then a corresponding -
i.e., characterized by the same function value - global minimizer exists as well.

Paths of non-coercivity. We start noting that the function J in (5.4) is given by the sum of four non-negative
terms. Hence, whenever the value of one of these terms goes to +o0o, the value of the total function J goes
to +o0 as well. Then, the term (y3/2)|g||5 is coercive in g, hence possible paths of non-coercivity for J must
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be sought by keeping g bounded (that is, letting only ||(v;w)|l2 approach +00). The non-convex regularization
term in 7 is bounded from above by y1m < 400, hence it does not affect coercivity of 7. The sum of the two
remaining terms in J is a quadratic function of y := (v;w) € R*™ which can be written as

Q c R2m><2m
Qy) = % Q15 + % 1Qay — 2[5 = %yT( 1201 Q1 +Q3Q2 )y — 27 Qay + % 1213, (5.14)
with
Q1= (0 H) e RZ™2™ Qo = (I, I,) €R™*?™ 2= f - DTgcR™. (5.15)

The Hessian matrix @ in (5.14) is symmetric positive semi-definite and its null space, given by the intersection
of the null spaces of @ and Q2, is given by null(Q) = {(v;w) € R*™: v = —w, w € null(H)}. The paths of
non-coercivity for Q are thus only those approaching at infinity a direction parallel to null(Q). Along all other
paths, @ and, hence, J tend to +o0.

Limit values. In order to compute the limit values of J along all its paths of non-coercivity, it suffices to
analyze the behaviour at infinity of the restrictions J, of J to the family of parameterized affine subspaces
Sz, C R¥™ with parameter zg = (vo; wWo; go) € R*™, of the form

Spy =20+ V, V=span (1/(1), u<2>,u<3>) O (h“’); —h(”;on) . i=1,2,3, (5.16)

where h() € R™, i =1,...,3 are defined in (5.7) and represent the basis vectors of null(H), i.e. of the subspace
of affine images (see Lemma 5.2). Based on (5.16) and on the definition of J in (5.4) , the restrictions read

Tz (t1,t2,t3) = T (Io +t1 v+t ) 4ty V(3)>

= j (Uo + t1 h(l) + tg h(2) + t3 h(3) , Wo — tl h(l) - tg h(2) — t3 ]’L(g) 5 go)

o)
2

1 2
+% | Huwo |2 + 72—3 lgolls + 3 |f = (o +wo+DTgo)|l,,  (t1,t2,t3) €R®, (5.17)

Tag (t1,t2,t3)

m

_ (1) (2) 3)
’Yljz:;(?l (H(D(Uo—i-hhl +tg b2 +t3h3>)

J

Teo

where the latter term J ., depends on z¢ but not on (t1,t2,t3), hence the behaviour of 7., at infinity - i.e., for

| (t15t25t3)|ly = 0o - depends mainly on the former term J,,(t1,t2,t3). It comes from the definitions of matrix
D in Section 5.1 and of vectors AV, h(?) h(3) in (5.7) that DM = 0,,,, Dh? = (lm;Om), Dh®) = (Om; 1m).
It follows that D (vo +t A 4t h2) 4y h(3)) = Dvg + t2(1m; 0m) + t3(0;5 1,,) and, hence,

[(D(vo +t1 V) + 2 b + h(g)))j\ = [(Dwo); + (t25t3)],  j=1,....,m. (5.18)
Taking the limit, with a little abuse of notation (the limit does not formally exist), we have

+oo if ||(t2;t3)]|y = 00

li Duvg) ..+ (to;t3)| = T . - T 5.19
R T R CERER (TP IO el Ak AP S PRV CAL)

j=1,...,m. Based on (5.17)—(5.19) and on the fact that lim; . ¢1(t;a) =1, Va € Ry, we can thus write

1 .
im Ty (f,bests) = La) 3 || (t253)]]; = o0 (5.20)
I(tnstaita)ll, o0~ 70 T 123 4] = oo, (tasts) — (Fa; ) € R?
with limit values léi), léf) € R, given by
K =ym+ Toy, 12 =m) ¢ (|(Dvo)j+(t_2;t_3)|;a) + T - (5.21)
j=1
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After noting that zw(? < 1353), we complete the proof by demonstrating that, for any v1,v2,7v3,a € Ry4, f € R™,

2o € R*™ and any (f1,%2) € R?, there exists a point = (v;w;g) € R*™ such that J(z) < lég). In fact, e.g., for
= (v,w,g) = (vo+ D(Lh® + 5303, wo — D(LhP +1303)) | go) € R'™, (5.22)

we have that J(x) = léf).
]

Non-coercivity of function J for v and w being opposite constant images is quite evident from the expression
of J in (5.4). It is also evident that global (and also local) minimizers of 7 are defined modulo opposite constant
offsets for v and w, namely if x* = (v*; w*; g*) is a minimizer for 7 then any y*(t) = (v* Ft L w =t 1,,; g*), te
R, is also a minimizer. This property, which is typical of all variational decomposition models where the cartoon
component is sought by promoting sparsity of its gradients, makes our model in some way “redundant” and lets
the employed optimization algorithm (when convergent) be a naive responsible for the selection of one among
the infinity of equivalent minimizers. In order to make this selection more transparent, different strategies at
the modelling level are possible. In Proposition 5.4 below we outline the most natural one, which ensures the
equivalence between the original model and its modified version in terms of minimum cost function value.

PROPOSITION 5.4. For any v1,72,73,a > 0 and any f € R™, the function J in (5.4) is constant along
straight lines in its domain R*™ of direction defined by the vector

d = (lm; —1; Ogm) . (5.23)
Hence, any constrained model of the form
x* € argmin J (), (5.24)
z €Ceq

with Ce., C RY™ one among the infinity of (4m — 1) dimensional affine feasible sets defined by
Ceg = {ac eR*™ . 'y = ¢ with ch;éO}, ceR™, geR, (5.25)

admits solutions and the solutions are equivalent to those of the unconstrained model (5.3)-(5.4) in terms of
(minimum) cost function value.

Proof. Proving that J(z) = J(z + td) Vo € R*™ Vt € R, with d defined in (5.23), is straightforward:

J(@+td) = Tw+tly,w—tly,g+t02m)
- S , ) 72 o 2, V3 4
71;451 (1Dv); + (DEFa)); b a) + S 1(Hw), — (HEk T2+ 5 gy (5.26)

1
+§|}f—(v+%+w—%+DTg)HZ = J(x) VzeR™ VtcR, (5.27)

where in (5.26) we used the fact (stated in Lemma 5.2) that constant images are mapped to the zero vector by
matrices D and H. This implies that, if z* € R*™ is a minimizer of J, the straight line y*(t) = 2* + td, t € R,
contains an infinity of minimizers equivalent to z* in terms of function value, namely J (y* (t)) =J (Jc*), VteR.

We now notice that any (4m — 1)-dimensional affine hyperplane C, , defined in (5.25) is not parallel to the
vector d (due to condition c¢’d # 0), hence it intersects any straight line of direction d in one and only one
point. Therefore, if y*(t) = z* + td, t € R, is a set of equivalent minimizers for 7, there is one and only one
element of the set which also belongs to a feasible set C. , of the form in (5.25). Since according to Proposition
5.3 the function J admits global minimizers, it follows that the restriction of J to any feasible set C., also
admits global minimizers which are characterized by the same (minimum) cost function value. O

Solving numerically constrained models of the form in (5.24)-(5.25) is slightly more complicated (and, in
general, less efficient) than solving the unconstrained model (5.3)-(5.4). A second strategy that can be used to
eliminate redundancy of the unconstrained model without imposing hard constraints consists in adding to our
cost function J in (5.4) a “very small” regularization term capable of making 7 not constant on straight lines
parallel to the vector d in (5.23). This is the strategy we use in the ADMM-based numerical solver presented
in the following Section 5.3, where we implicitly add (in the sense that we add the term by directly including a
regularization matrix x I in the system of normal equations) the regularization term (r/2)|z||3, with x € Ry,
being a very small parameter.
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5.3. Applying ADMM to the proposed model. In this section, we illustrate in detail the ADMM-
based iterative algorithm used to numerically minimize the proposed unconstrained model (5.3)-(5.4) which
presents a good separable structure. We first resort to the variable splitting technique to deal with the non-
differentiability of the non-convex penalty term ¢;(-;a). By introducing the auxiliary variable t := Dv € R*™,
we formulate the following constrained optimization problem

{v*,w*,¢g*,t} + arg min J(vwg, t), s.t. t= Do,

v,w,g,t
with
i 1
Fw.w9.0) =1 3 0r (sl )+ 2 3 [(Hw) [+ gl + 517 - (0w D2
Jj=1 Jj=1

The corresponding augmented Lagrangian functional for the optimization problem reads as
- i g
2 3
L(o,w,9,80) =0 D 61 (15150) + 2 |(Hw); P+ Lg)3
i—1 j=1

B 1 2
—{p,t = Dv)+ St = Doll3 + 5 [|f = (v +w+ DTg)

(5.28)

where 3 > 0 is a penalty scalar parameter, and p € R?™ represents the vector of Lagrange multipliers associated
with the linear constraint t = Dwv.

To simplify notations, in the following we denote by x := (v;w;g) the (4m)-dimensional column vector
formed by stacking the three optimization variables v, w € R™, g € R?*™. We then consider the following
saddle-point problem:

Find (z%,t%,p*) € R¥x R?*™x R*™
st. L(x*,t%p) < L(x*t%p%) < L(x,t;p%), Y(z,t,p) € R™x R x R™ . (5.29)
An ADMM-based iterative scheme is applied to approximate the solution of the saddle-point problem (5.28)—

(5.29). Having zero-initialized vectors t© and p(©| the k-th iteration of the proposed alternating iterative
scheme reads as follows:

2* D = argmin £(z, t®); p*)) | (5.30)
:L’E]R‘Lm

4D = argmin £(z* 1Y ¢; p®) | (5.31)
tE]R2'm,

pFHD = (k) _ g(pk+1) _ (kD) (5.32)

For the z-subproblem (5.30), the first-order optimality conditions read

(U(k+1) +w(k+1) +DTg(k+1) _ f) —|—DT ﬂDT(t(k Dv(lc)) 0
(w(k-i-l) + ,U(k+1) + DTg(k-i-l) f) 4 ’}/QHTHw(kJ'_l) _ 0 (533)
D(DT g+1) 4 (41 (k1) £ 4 0n, Hg(k+1)||§g(k+l) 0

By replacing the nonlinear term H g(’”‘l)Hz in the third equation with the value at the previous iteration k,
(5.33) reduces to the following linear system of equations

LoD =y | (5.34)
where
I+BDTD I o £+ BDT(#®) — 1 (0))
L= I I+~H"H D . oy = f (5.35)
D D DD + 245 || gW o1 Df

which is solved for z(*+1) = (yp(k+1); (k41 g(-+INT - The block in (5.35) containing the discretized operator
HTH slightly worsens the conditioning of the linear system. A suitable approximate solution of (5.34) is
determined by solving the following system of regularized equations
(L + wl)zHD =4 (5.36)
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with a small scalar parameter x > 0, that allows the system to be efficiently solved using iterative preconditioned
conjugate gradient linear solver.

The t-subproblem (5.31) can be written omitting the constant terms as

. B
kD) = argmin ¢ 1 > é1(ltjlsa) = {p.t) + 5|t = Dol3 5. (5.37)
teR2m -
J

The minimization problem in (5.37), rewritten in component-wise form, is equivalent to the following m inde-
pendent 2-dimensional problems of the form

X (1 1
t) = argmin {¢1<||t||2;a> + 5t - an%} , (5.38)
tcR2 [0 2

withj=1,...,m,a = /v and ¢; = (Dv(k'))j +p§-k)/,8. Necessary and sufficient conditions for strong convexity
of the cost functions in (5.38) are demonstrated in [9]. In particular, the problems in (5.38) are strongly convex
if and only if the following condition holds:

a<a = fB>ayy = pf=7(ay1), for 7>1. (5.39)
Under the assumption (5.39), the unique solutions of problems in (5.38) can be obtained in closed form as

£ — min(max(v — ¢/||g; 12, 0), 1) g5,

and ¢ = 2 .
oa—a oa—a
We remark that the condition on § in (5.28) only ensures the convexity conditions (5.39) of ¢-subproblem
(5.38), but does not guarantee convergence of the overall ADMM scheme. In case that convexity conditions (5.39)
are satisfied, following [6], the convergence of the proposed two-block ADMM-based minimization algorithm
could be investigated in future work.

where v =

In the numerical experiments, we set the coefficient 7 in (5.39) to be 7 = 5, the 8 value to be 50, and & in
(5.36) to be k = 1079, This setting has always guaranteed the ADMM convergence in our experiments.

6. Numerical Examples. In this section, we present experimental results on the additive decomposition
of synthetic and real images. We first validate the proposed variational model (2.7) for the decomposition
of images corrupted by an increasing level of additive Gaussian noise (Example 1) and different blending of
the additive components (Example 2). Then, we investigate the performance of our model when applied to
specific applications such as soft shadow removal and spotlight removal (Example 3). Finally, we compare our
proposal to three interesting variational models, namely [3], [9] and [18], proposed in literature for the additive
decomposition of images (Example 4).

The code has been implemented in MATLAB environment and Windows OS. When the ground truth images
are known, quantitative measurements to evaluate the quality of the decomposition are provided by Signal-to-
Noise Ratio (SNR) values, defined by SNR(z*, z) := 10logy, ( ||z — E[z]||3 / ||* — «[|3 ), with 2* the computed
estimate of the original image x and F[z] denoting the mean value of x.

For the oscillatory component n, we report the Experimental Standard Deviation (ESD) of the signal defined
as

ESD(n) = ”"\/% . (6.1)

Relying on the discrepancy principle, given a known, or estimated, value for the noise standard deviation o, the
values of ESD(n) should approach to it. For all the experiments, we terminate the iterations of the ADMM
algorithm as soon as two successive iterates satisfy either of the two following conditions

k> 400, |2t —2® /=™, < 1076, (6.2)
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Example 1: Degradation by different noise levels. We test the performance of our model (2.7) in
decomposing a piecewise-smooth image f, shown in Figure 6.1 first column, obtained as a composition of a
piecewise-constant rectangle shapes v with smoothly varying illumination w, and different noise degradations n.
The test image u, in Figure 6.1 top row, represents a non-trivial case, in which, even if the w and v components
of the noisy-free image u are well-separable, (in fact [(Hw);| € [0,0.34] and |(Dv);| € [85.14,120.41], for all j),
the noise degradation corrupts not only the image but also the separability.

We set the model parameters following the discussion reported in Section 4. In particular, we set: a =
0.5 min;(|(Dv),|) = 42.57, see (2.11); and consequently a = 2/a* = 0.001, £ = 10~3a = 0.043; v, = 1/#(|Dv|) =
1/1055; 72 = y2¢1(t,a)/t? = 0.0012, see (4.3). The parameter 3 is computed according to the formula (4.4)
where o4 is defined for the different levels of noise. In particular, the noisy images f - see Figure 6.1 first
column - have been degraded by a Gaussian additive noise characterized by standard deviations in the range
o = {5,25,35,100} which lead to the following estimates of 3

o =5 o =25 o =35 o =100
04 =349 og =17.47 0g = 24.46 o4 =69.90
v3 = 1/9.55¢el1 v3 =1/5.97el4 v3 = 1/2.29¢15 v3 =1/1.53el7

The results are reported in each row of Figure 6.1 (from the second column) for increasing noise level o. In
each column, the resulting denoised image u* = v* + w*, and its components v*, w*, and n* are shown. Even
for severely corrupted images, the effect of the proposed regularization term R3(g), weighted by an appropriate
parameter -3, well captures the noise oscillations. It achieves ESD values close to the noise standard deviation
used to corrupt the original image. In case of strong noise, as in the last row of Figure 6.1 where the noise is
stronger than the edge magnitudes, the smallest rectangle goes into the n* component.

Example 2: Different Textures. In this example, we evaluate the performance of our decomposition
model when the oscillatory function represents texture component of a noisy-free image (the first column
of Figure 6.2). In particular, we kept the original components v and w as in the previous example adding
a texture pattern inside the rectangle areas. In the first row of Figure 6.2 the texture is represented by
horizontal stripes, while in the second row, the texture component is represented by a chessboard-like pattern.
In the remaining columns of Figure 6.2 we report the resulting components v*, w* and n* respectively. Both
visually and quantitatively we can appreciate the texture captured entirely in n* attaining the texture image
SNR(n*) = {21.11,17.82}, respectively, keeping high quality reconstruction of both v* and w* as well.

Example 3: Different blending. We validate our model under different blending of the v and w image
components. This leads to different magnitudes of the first and second order derivatives, and, consequently,
affects the component separability. In Figure 6.3, the different images u are obtained by the linear mixtures of
a piecewise component v, a QR code image, and a smooth component w, namely:

ut):=1—-tv+tw, te][0,1]. (6.3)

Then, they are corrupted by additive Gaussian noise of standard deviation ¢ = 15; the resulting degraded
images f(t) are shown in the first column of Figure 6.3 for ¢ = {0.2,0.5,0.8} respectively. For visualization
purpose, the images illustrated in the second and third columns of Figure 6.3 have been slightly modified: the
image v}y is thresholded (TH) using mean value of v* as the threshold value, and the image w}; ¢ is histogram
stretched (HS).

For all the three blending considered, the recovered noise component n* approaches to the standard deviation
of the noise o = 15, as illustrated in the last column. From top to bottom, the edges of the QR code images v
become less significant with respect to the noise contribution. The noise interferes more with edges of v, thus
achieving worse SN R(v*) results. On the other hand, the stronger the w component is, the better its recovery
is, as highlighted by the increasing SN R(w*) values. This experiment demonstrates how the proposed model
efficiently decomposes an image even when the contributions of each component in terms of grey-level intensities
are not equally balanced.

Example 4: Soft light and shadow removal. Our decomposition model (2.7) can be successfully applied
to remove soft shadows and soft light effects. Soft shadows and the ”"dual” effect of soft light are ubiquitous, but
remain notoriously difficult to extract from photographs without damaging the underlying content. Currently
shadow removal algorithms rely on shadow detection by an initial segmentation which turns to be somehow
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u 0.4v 0.6w

SNR(u*) =46.05 SNR(v*) =46.51 SNR(w*)=40.64 ESD(n*)=488

SNR(u*) = 32.00 SNR(v*)=30.39 SNR(w*)=2888 ESD(n*)

24.89

SNR(uw) = 26.63 SNR(v*) =2471 SNR(w*)=27.49 ESD(n*) = 34.58
SNR(fyo100) = —4.84 | SNR(u") = 13.78 SNR(v*) = 10.68 SNR(w") = 16.72 ESD(n*) = 99.28

FiG. 6.1. Ezample 1: Decomposition results for different levels of additive Gaussian noise with o = {5,25,35,100}. The
column u* shows clean denoised image, v* shows the piecewise constant part, w* the captured smooth part and n* the noise.

easy in natural scenes with umbra, but particularly difficult in case of penumbra (soft shadow), even more
challenging in case of noisy images. For shadow removal, the proposed decomposition model (2.7) is directly
applied to the noisy corrupted images, the smooth component w in (2.7) captures the shadow contribution,
while the noise is separated in the n component, and the structures are enhanced in the v component.

In Figure 6.4 (first column) we show four images corrupted by additive Gaussian noise with standard
deviation o = {10, 10, 5,5}, which represent the initial data f. In particular, the first two rows report images
representing optical illusion examples. The change of lightning makes us perceive the shadowed objects/areas
to be of different colors, even though in the image these parts have the same intensity. The first image is the
Logvinenko illusion in which the top faces of the cubes have the same intensity value; and the second image is
the Adelson’s checkerboard illusion where the fields (squares) A and B have the same intensity value. These
images are typically used in Retinex theory models [13, 19].

Figure 6.4 shows the separation result; the denoised image u*, the piecewise constant part v*, the soft
shadow in w* where a constant 0.5 is added for visualization purposes, and the recovered noise n*. As we
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input image f

input image f

SNR(v*) = 28.05 SNR(w*) = 39.42
SNR(v*) = 27.50 SNR(w*) = 42.12 SNR(n*) = 17.82

Fic. 6.2. Example 2: Decomposition results for different types of texture without noise. The column v* shows the piecewise
constant part, w* the captured smooth part and the oscillatory texture is captured in n*.

SNR(f(0.2)) = 16.72

SNR(£(0.8)) = 10.26

SNR(w}¢) = 12.10

SNR(w}g) = 25.72

SNR(v}y,) = 18.56 SNR(w}¢) = 29.18 ESD(n*) = 14.96

F1G. 6.3. Ezample 3: (first column) noisy tmage f given by blending w and v according to (6.3) for t = {0.2,0.5,0.8}; (second
column) v* component, (third column) w* component, (fourth column) n* noise.
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SNR(f) = 1444 | SNR(u*) = 20.83 v 4 0. ESD(n*) = 10.72
&
S'NR(u’.") = 27.14 v w +05 ESD(n*) = 10.15
.
SNR(f) =14.01 | SNR(u*)=16.01 vt w*+0.5 ESD(n*) = 4.93
.
SNR(f)=14.01 | SNR(u*) =16.01 v* w* 4 0.5 ESD(n*) = 4.93

Fic. 6.4. Example 3: Soft shadow removal for noisy input images f in the first column. The second column shows denoised
images u*, and the third column shows the structure part of f in v* components. The shadows are well separated in w* and shown
in the forth column, and the noise n* is captured in the last column.

expected the component w* captured the soft shadow. The ESD values clearly indicate that the noise added
to the images is accurately recovered. The soft cast shadow images illustrated in the last two rows of Figure
6.4 represent particularly difficult cases in which the input images f contain noisy-like texture located on the
tiles. Together with the image compression artifacts, the crevices ‘edges’ between the tiles are numerically
over-smoothed. The SNR values are thus slightly less significant in these cases; nonetheless, applying our
decomposition algorithm produces visibly denoised u*, even correctly separate the soft shadow component w*.

Finally, we demonstrate the performance of our decomposition model (2.7) on images f with a visible soft
light effect which are corrupted by additive Gaussian noise with o = 30 (first column of Figure 6.5). The result
shows a clear separation: the denoised image u* = v* 4+ w*, the piecewise constant v* and the spot light w*,
together with the noise component n*. The proposed method separates the image in an excellent way, clearly
showing the details in v*, and a clear location of spot lights in w*.

Example 5: Comparison to related works. We explore similarities and differences to some previous
work, [3], [9] and [18], where variational formulations are adopted for the additive decomposition of images.

In Figure 6.6, we compared with the two-component decomposition model introduced in [9], which similarly
decomposes the observed noisy input f into v* (cartoon) and w* (smooth) components, treating the noise via
{5 fidelity residual. For comparison, we applied our decomposition model to the same synthetic image [9][Figure
8.5], illustrated in Figure 6.6 (first row) which has been corrupted by Gaussian noise. Increasing values of noise
degradation, i.e. standard deviation o = {5,15} are shown in Figure 6.6. The smaller level of noise o = 5
corresponds to the one used in [9]. For low level of noise, results are well recovered also by the variational model
in [9]. However, the SNR values attained by our model are higher and also the quality of the decomposition
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SNR(f) = 7.64 (u*) = 19.98 Wi ESD(n*) = 29.59

Fic. 6.5. Example 4: Soft light removal on noisy input images f in the first column. The second column u* shows denoised
image, and the third column v* shows the structure part of f. The spot light is well separated in w* shown in the forth column.

is improved: the third row of Figure 6.6 shows much cleaner component w*, validating the use of a H~'-norm
penalty to capture the oscillatory component instead of the ¢ residual. For a higher level of noise, ¢ = 15, by
applying [9] the noise component is not well separable with respect to the v component, and the regularization
term | Vw||3 under-performs compared to the ||Hw||3 regularization term introduced in our model (2.7). This
is confirmed by a visual comparison in the last two rows of Figure 6.6, where the smooth component w* using
[9] incorporates visible residuals from v and noise n. The combination of the higher-order regularization term
on w and the H~'-norm-based term on n, poses an advantage of the proposed method.

In Figure 6.7, we represent the different separation capabilities of our model compared with the three-
component variational model proposed in [3]. The model in [3] tackles the structure-texture-noise decomposition
of an observed noisy input image, using total variation, negative Sobolev, and negative Besov norms, respectively.
We recreated the piecewise-constant synthetic image presented in [3] and added an additional smooth-gradient
bell function w, as illustrated in the first row of Figure 6.7. The model in [3] decomposes the noisy corrupted
image into the square in the center as structure component, the horizontal stripes as texture component, and a
separate noise component. Our proposed model instead, separates the structure component v which combines
the square and the stripes, the noise term n, and also the smooth component w. A similar example without
the square box is shown in the second row of Figure 6.7, where v* contains only horizontal stripes and a higher
noise degradation. The proposed model separates them clearly, while model in [3] recovers the smooth function
w into the v* component producing inevitable staircases effects.

In the last example illustrated in Figure 6.8, we compare our decomposition model with the two-term
decomposition model in [18]. The authors proposed a structure-texture decomposition based on [23] with the
total variation regularizer replaced by a parametrized non-convex penalty function. Comparing the two models
term by term, the structure component term in [18] is similar to our Rq(v) and their texture term is similar
to the H~!-norm based term R3(g). The additional term Ro(w) makes the difference allowing for a more
significant structure decomposition © = v+ w as a piecewise-smooth contribution, which better fits the mixture
composition of real images. In Figure 6.8, the comparisons to [18] are shown. Ad hoc 3 values are selected to
enable R3(g) to capture the correct texture scales, while taking into account the influence of the relative ratio
~1/73 on the final decomposition result, as shown in section 4. For the three examples of piecewise-smooth
images considered we set the parameter ratios v;/v3 = {0.25,0.25,15}. The first and second rows of Figure
6.8 show two results for two different parts of the Barbara image where we set 1 /v = 0.25 which allows to
capture small-scale texture in n*, while in v* only the main structure is kept. The image in the third row of
Figure 6.8 is characterized by the amount of fur texture which overwhelms the face feature edges, thus even for
the increased ratio 71 /3 = 15 the fur texture is not entirely captured in n*.

The H~!-norm term captures the oscillating patterns, this includes both noise and textures at a sufficiently
small scale detail. This example demonstrates how to successfully apply our model to separate textured regions
from noisy-free images.
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<

Results using model in

LEEWm

SNR(u*)=27.84 SNR(v*)=27.03 SNR(w*)=2223 ESD(u* - f)=23.02
ours

% EE

SNR(u*) =35.38 SNR(v*) =32.46 SNR(w*)=35.40 ESD(n*) =4.84

SNR(f) = 20.93

Results using model in

)III

SNR(u*) =23.60 SNR(v*)=14.88 SNR(w*)=14.08 ESD(u* — f)=12.78
ours

SNR(u*) =2447 SNR(v*) =21.19 SNR(w*)=26.43 ESD(n*) =14.74

SNR(f) = 11.41

F1G. 6.6. Ezample 5: Comparison to [9] for o = {5,15}. For low level of noise (top two rows), SNR values are higher for the
proposed method. For high level of noise v = 15, not only the SNR values are higher for the proposed method, but also for [9] the
residues are present in w* and n*.

7. Conclusion. We proposed a new method to decompose a given image f into piecewise constant, smooth
homogeneous and oscillating components which can represent noise and/or textured parts. The variational
model is composed of a TV-like non-convex regularization, to capture the piecewise constant part, a new
harmonic term, and a H~!'-norm based penalty which captures the oscillating patterns. This includes both
noise and textures at a sufficiently small scale detail. In depth experimental analysis gave us an insight on
the nature of the three different metrics (norms) involved in the proposed variational model, allowing for an
interesting highlight on the interactions between these regularization terms. This led to automatic selection of
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= 17.70 ESD(n*) = 34.29

SNR(v*) = 26.30 SNR(w*) =27.71
NR(v NR(w

SNR(f) = 4.97 s = 19.05 S

FiG. 6.7. Ezample 5: Comparison to [3]. These results are obtained by applying the proposed decomposition model. The
model in [3] would decompose these images into structure, texture, and noise, thus the smooth function w* would be incorporated
into the structure component, resulting in staircase effects.

w* + 0.4

w* 4+ 0.4 2n* 4+ 0.4

w* + 0.4 2n* 4+ 0.4

F1G. 6.8. Ezample 5: Structure-texture decomposition, comparison to [18]. From top to bottom we set v1/vs = {0.25,0.25,15}.
In these images, n* captures the fine detailed textures.

free parameters in the cost functional. A theoretical analysis on the coercivity and convexity of the proposed
variational model highlighted the existence of global minimizers. The variational model is then solved by an
efficient ADMM-based algorithm which reduces the solution to a sequence of convex optimization subproblems.
Various experiments are presented to show the robustness against high level of noise, flexibility of decomposition
for various applications as soft light and soft shadow removal.
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Appendix A. Proof of Proposition 5.1.
Proof. Tt comes immediately from the definition of our cost function J in (5.4) and of the penalty function

¢1 in (2.8) that J is proper, continuous and bounded from below by zero.
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In order to demonstrate that the function J defined in (5.4) can never be convex jointly in (v;w;g) with
g = (g";¢"), it is sufficient to prove that the restriction of J to a straight line in its domain R*™ is not convex
for any v1,72,7v3,a € Ry, and any f € R™. In particular, we choose the straight line parameterized as follows

0t) = t (1;,=150m—2; O ; Oy 3 15001 ), tER. (A.1)
—_—— =~ Y ——
v w g g°

To derive an explicit expression for the restriction Jp(t), we first introduce details on the two sub-matrices Dy, D,
of D = (DI, DI)T which, as described in Section 5.1, represent the forward finite difference discretizations of
the first-order horizontal and vertical partial derivatives of a vectorized m; x mo image (with m = mims),
respectively. More precisely, matrices Dy, D, € R™*™ are defined by

Dh = Lm1 & Im2> Dv = Im2 & Lm17 Ln = 0 0 -1 1 ) (A2)

where ® is the Kronecker product operator and L, € R"™*" denotes the unscaled forward finite difference
operator approximating the first-order derivative of a n-samples 1-dimensional signal. We have not specified
the last row of L,,, which induces the boundary conditions for operators Dy and D,,, since the following proof
holds true independently of the chosen boundary conditions.

We note that, for v, g, g* and Dy, D,, defined as in (A.1) and (A.2), respectively, we have

(Dv); =t(-1;-2), (Dv)y =t(1;1), (Dv); = ((Dpv);; (Dyv);) =0 for j=3,..., M,
lglz = llg®lz=1t".  DTg=D7g" =t (~1;1;0p2) . (A.3)

Hence, replacing (A.1) into the expression (5.4) of function J and then using (A.3), we have that the restriction
Je of J to the straight line in (A.1) reads

Je(t)

I+ ottt (60 (VBltha) + 61 (V2 Itia) )

JTa (VB4 vE) VaRl for e [0./Z)

1
5 I£15 + %t“ X { 1—at®+2v2alt for [t| € [,/%,ﬁ) . (A4)

2 for |t| € [\/g,—i—oo)

where (A.4) comes easily from the definition of ¢; in (2.8). It is then immediate to note that J; is infinitely
many times differentiable for [t| € (0,/2/(5a)) and that the second-order derivative J;" satisfies

2 7
Vye Ry, VfER™, |t € (0,\/5a> — J'(t) = 67312 —Tyia <0 for |t < ’/6%' (A.5)
3

It follows from (A.4)-(A.5) that

/ [ 2
V’yl,’}/g,’}/g,aER++,v‘f€Rm, 35€R++: ﬂ/(t)< 0 V|t|€(0,5), 5:m1n{ g%, 5a} (AG)
3

From (A.6), we can conclude that the restriction Jy in (A.4) and, hence, the total function J in (5.4), are
non-convex (in the variables t and (v; w; g), respectively) for any 1, 72,73, a € R44 and any f € R™.

In order to analyze convexity of the function J in (5.4) separately with respect to the variables v, w and
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g, first we rewrite J in the three following equivalent forms:

jv(v)
G 1
J(v,w,9) = Y o1 (|(Dv);l;a) + 3 ol + Au(v,w,9), (A7)
j=1
Jux(w)
v 1
T(vw,g) = [Hully + 5wl + Au(v,w,9), (A8)
Tg(9)
78 4 1 T 112
j(v,w,g) - ? ||g||2+§ HD gH2 + Ag(v,w,g), (Ag)

where A,, Ay, Ag, in (A.7)-(A.9) are affine functions of variables v, w, g, respectively. It follows that J is
convex in the variables v, w, g, if and only if J,,, Jw, Jy, in (A.7)-(A.9) are convex in the same variables.

First, we notice that the quadratic function 7, in (A.8) is clearly strongly convex for any v» € Ry,
whereas the quartic function 7, in (A.9) is strictly convex (and coercive) for any v3 € R44. Hence, the total
function J is strongly convex in the variable w and strictly convex (and coercive) in the variable g, for any
Y1,72,73, @ € Ryq and any f € R™.

Deriving convexity conditions for 7, in (A.7) is less straightforward. First, we rewrite the penalty function
¢1(-;a) : Ry — R defined in (2.8) in the following equivalent form

V2at for t € [0,/2/a)

S for te[(2/ato0) (4.10)

Gi(tia) = ~ 5 + qltia),  qltia) = {

where the introduced function ¢(-;a) : Ry — R is clearly continuous, convex and monotonically increasing on
its entire domain Ry, for any a € Ry . Then, based on (A.10), we can rewrite the function 7, in (A.8) as
follows

Tu0) = 10l 2 3 (21D + (Do)l o)
j=1
= L= al D) + 9 3D )
j=1
= %UT (In —vaD"D)v + v iq (zj(v);a), zj(v):=|(Dv),l, j=1,...,m,, (A.11)
7 — B )
where the introduced functions z; : R™ — R, j = 1,...,m, are all continuous and convex on their entire domain

R™. Bach term of the summation defining 7> in (A.11) is convex (as composition of a convex function, z;,
and a convex monotonically increasing function, ¢). It follows that JU(Q) is convex for any v; € R, 4 and, hence,
the total function 7, in (A.11) is convex (strongly convex) if the quadratic function T s convex (strongly

convex) or, equivalently, the Hessian matrix I,, — yia DTD of jv(l) is positive semi-definite (definite). By
introducing the eigenvalue decomposition of the symmetric positive semi-definite matrix DT D € R™*™,

DTD = VTAV, A =diag\,..., ), VIV=vVvT=1,, (A.12)
with A\;, i = 1,...,m, indicating the real non-negative eigenvalues of DT D, then we have
I, —71aDTD = VIV —~4aVIAV = VT (I, — v1aAN)V = VTdiag(1 —yiaAi,...,1 —yia\,) V. (A.13)

Since V' is orthogonal, then the Hessian matrix in (A.13) is positive semi-definite (definite) if and only if the
diagonal matrix in (A.13) is positive semi-definite (definite), that is if and only if
1

l—myiaX; > (>)0Vji=1....m <= 1—madlnwx > (>) 0 <= a < () Y .
1 \max

(A.14)
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This proves condition (5.5), with the equivalent formulation in terms of the coefficient 7 following straightfor-
wardly. We finally note that for a gradient discretization matrix D = (D], DI')T defined as in Section 5.1 - or,
more formally, as in (A.2) - the eigenvalues of matrix DT D are upper bounded by Apmax = 8. This can be easily
derived by using Gershgorin’s theorem [27]; we refer the reader to [6] for details. O
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