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Image restoration with a new class of forward-backward-forward diffusion
equations of Perona-Malik type with Applications to Satellite Image
Enhancement

Patrick Guidotti*, Yunho Kimf, and James Lambers!

Abstract. A new class of anisotropic diffusion models is proposed for image processing which can either be
viewed as a novel kind of regularization of the classical Perona-Malik model or, as it is advocated by
the authors, as a new independent model. The models are diffusive in nature and are characterized
by the presence of both forward and backward regimes. In contrast to the Perona-Malik model, in
the proposed model the backward regime is confined to a bounded region and gradients are only
allowed to grow up to large but tunable size thus effectively preventing indiscriminate singularity
formation, i.e. staircasing. Extensive numerical experiments demonstrate that the method is a
viable denoising/deblurring tool. The method is significantly faster than competing state-of-the-
art methods and appears to be particularly effective for simultaneous denoising and deblurring (cf.
Section 4.1). An application to satellite image enhancement is also presented.
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1. Introduction. The Perona-Malik model, while of considerable theoretical interest, has
been limited in its applicability by its strong propensity to singularity formation among other
reasons. This problem results in images with strong cartoonish look due to staircasing. TV-
based models have experienced tremendous success but typically lack any sharpening capa-
bility. The proposed model offers a handle (two regularization parameters) which makes it
possible to harvest the desirable sharpening features of Perona-Malik type models in a con-
trolled fashion. This is done by introducing a very mild regularizing term, which still allows
gradient growth while effectively introducing a bound for its maximal size. It is obtained as
the gradient flow associated to

[Vul?

E,s(u) = /Q[% log(1+ |Vaul?) + 6 | dz, (1.1)

where 6 > 0 and p € (1,2]. This is an eventually convex functional which exhibits a concave
region of the form [1 < |Vu| < M(p,d) < ool responsible for the controlled growth of gradi-
ents. While the functional with p = 2 was introduced in [1] for theoretical purposes such as
understanding the onset of staircasing for Perona-Malik, it provides, as it is advocated here,
a viable tool in applications to image processing, especially for p 2 1. It should be observed
that the model obtained by choosing p = 1 would effectively lead to (a d-sloped) TV model.
Indeed the relaxation of Ej s turns out to be a rescaled TV functional in that case. Numerical
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experiments based on a discretization of the nonlinear PDE (1.2) described later indicate that
p = 1 is, however, not an optimal choice in applications. Best results are obtained for p close
but not equal to one.

Just as for Perona-Malik, the corresponding gradient flow

1

=V 5

+ 6| VulP*) V], (1.2)
is of forward-backward type, at least for § small enough. As pointed out above, the backward
regime is confined to the annulus where

1 <|Vu| < M(@,p)], (1.3)

whereas the backward regime in Perona-Malik is the outer domain where |Vu| > 1. It is
essentially a consequence of (1.3) that solutions of (1.2) enjoy better regularity properties
than those of PME, i.e., they never develop any discontinuities. These equations provide
a well-posed family of models which are not only amenable to analysis (cf. [1]) but also
offer practical benefits such as performance enhancement and robustness in the simultaneous
presence of noise and blur. In a way, the new models are an interpolation of two classical
models, PM and TV. This is essentially due to the fact that solutions u of (1.2) evolve as
solutions of Perona-Malik as long as the gradient is large but not too large, whereas they
exhibit a (p-Laplacian type, p ~ 1) diffusion for small and very large gradients. It has been
proven that the discontinuity set of solutions to TV can not grow [2] and it is well-known that
Perona-Malik has strong sharpening features. The tunable parameters ¢ and p of the new
model makes it possible to benefit from the sharpening features of Perona-Malik while still
enjoying many of TV’s desirable properties. Extensive numerical experiments clearly support
this theoretically grounded claim.

It is worthwhile reiterating that (1.2) is not well-posed in the sense of classical solutions
but rather in the weaker sense of Young measure valued solutions. Latter are constructed
via time discretization and successive minimization (cf. e.g. [3, 1]). They do, however, have
center of masses which evolve according to the convexification of the driving energy, which in
this case and in contrast to Perona-Malik, is not trivial.

2. Properties of the Model. It is well-known that staircasing is an artifact which appears
in discretizations of the Perona-Malik equation. It is a manifestation of the forward-backward
nature of the equation and a typical occurrence is depicted in Figure 2.1. Indeed, a solution,
in the attempt to flee the backward regime, is forced into developing vanishing or infinite
gradients thus generating the staircasing phenomenon. The proposed regularization, on the
other hand, reduces the size of the backward region and solutions can escape the backward
region merely by developing small and large gradients. Their size is effectively controlled by
the parameters 0 and p with ¢ playing the dominant role as explained later. Staircasing is
effectively replaced by a form of micro-structured ramping as can be clearly seen in Figure 2.2.
In this way it is still possible to exploit the sharpening properties of Perona-Malik without
incurring its full cost.

The micro-oscillatory phenomenon, which is akin to a similar one well-known in material
science, can be mathematically captured by the use of Young measures (in particular weak
Young measure valued solutions in the sense of [3]). This is done in [1] where, for p = 2,
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Figure 2.1. Manifestation of the staircasing phenomenon widely observed in discretizations of the Perona-
Malik equation

equation (1.2) is shown to be globally (in time) well-posed and the micro-structured nature
of the gradients of its solutions is fully described by the use of Young measures. This remains
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Figure 2.2. The micro-ramping phenomenon exhibited by (1.2)

true for values of p < 2 and further comprehensive investigation in that direction is being
pursued. It is referred to [1] for the details with p = 2. It is pointed out that the case p =1
is not of interest in this paper for the reasons cited above. For p = 1, E;5 possesses the same
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backward regime as the original Perona-Malik model. Moreover, the convexification E;%(u)
of By 5(u) is given by

Efs(u) = 5/ |Vu|dzx,
Q

and
Efs(u) < Eps(u) unless Vu=0.

Hence p = 1 is not an appropriate choice for the development of a confined backward regime
as discussed earlier. On the other hand, for p > 1, the following minimization problem can
be considered

sl A Fps(u) = Bpaw) + Gu) (2.1)

for a convex G. Then, due to the properties of E, 5(u) and by convexification', one is led to

st Aot = Bps) + G = int  {ES@) = B + G} (22)

Since it is not the purpose of this paper to provide analytical details of this variational model

and its associated PDE model (1.2), they will be considered in a subsequent paper. In the
experiments performed later in this paper, two distinct functions G are considered

Glu) 0, for denoising,
u) =
Jo luo — Ku|*dz,  for deblurring or denoising-deblurring,

with the aim to understand how (1.2) affects the recovery from degraded images by noise and
blur. Since the images of interest are 2D and boundary effects can be dealt with by introduc-
tion of a buffering frame around the image, periodicity will be assumed with periodicity box
given by Q = [0,1] x [0,1] C R2.

Theorem 2.1.Given a periodic function ug € L*(Q) and 1 < p < 2, the minimization
problem (2.1) has a minimizer on 0 in Wp(Q) regardless of which function G

G=0 or G(u):/ lug — Kul*dzx
Q

is chosen. Here K is a convolution operator with nonnegative kernel k € L'(2) satisfying
Jo k(x)dz = 1.

Proof. For G = 0, it is obvious that any constant is a minimizer. For the other G, choose
a minimizing sequence {u, }nen. Due to relaxation (2.2), the proof is classical. The uniform
boundedness of || Kuy,| 2oy implies uniform boundedness of [, u,(x)dx since

‘/sz(x)dx‘ = ‘/Qk*un(x)dx‘ < | Kunll 20,

While it is not true in general that F** + G coincides with the convexification of F' + G for a convex
function G, it is true for the functions considered here.
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which leads to the uniform boundedness of ||uy|y1.(q) through Poincaré’s inequality. Then,
Rellich’s compactness theorem implies the existence of a weak limit % such that

U, — 4 in WH(Q), and u, — @ in L*(Q).

WP sequential lower semicontinuity of E finally implies that @ is a minimizer on 2. W

For some details, the reader is referred to [3]. While this variational problem is related
to the proposed model (1.2), the interest here is mainly in the behavior of the associated
PDE (1.2), which inherits a nice property from the Perona-Malik equation: it does enhance
edges. Yet, unlike the Perona-Malik equation, it is well-posed as can be shown using Young
measure-valued solutions. It should be stressed that this kind of regularization with a confined
backward regime is different from others proposed before. The extensive numerical results
about (1.2) presented later will clearly underscore and strongly corroborate this important
claim.

We conclude this section with a couple of remarks. First notice that a mathematically
rigorous connection between the appropriate gradient flow of (1.1) and the TV flow has been
obtained in [30]. In their paper they use I'-convergence techniques combined with the con-
cept of maximal slope curves to show that time-rescaled gradient flow curves of (1.1) do
indeed converge to gradient flow curves to the total variation energy. They obtain their
result for p = 2. While this paper is motivated by the Perona-Malik model and its subse-
quent modifications/variations, it should be pointed out that the use of non-convex regular-
ization/penalization was also suggested in [31] in a Bayesian framework. Finally an analytical
and numerical study of the well-known staircasing phenomenon was performed by [29] by
using a fourth order regularization in a one dimensional setting.

3. Implementation. In this section, the attention is focused on the implementation of an
efficient numerical method for nonlinear diffusions of the form
ur = V- (g(Vu)Vu) (3.1)

on [0,1]%, such as (1.2) is, with appropriate initial data and either periodic or Neumann
boundary conditions.

3.1. Spatial Discretization. Details about the spatial discretization of (3.1) are given
first. The one-dimensional periodic differentiation operator D is discretized spectrally by
means of the discrete Fourier transform Fp, which yields the discretization

Dy = f&lANfN (3.2)

where N denotes the number of grid points used and
Ay = 2widiag (—g+1,—g+2,...,0,1,...,g> .

Then, the discretization of the two-dimensional differentiation operator D,, where z = x, y,
has the form

—1
DanN = Fy yAsNNFN N,



FORWARD-BACKWARD-FORWARD DIFFUSION IMAGE RECOVERY 7

where Fy n is the two-dimensional DF'T operator and
ApnN =IN® AN, Aypnn=Any @IN.

That is, A.n v is the diagonal matrix of eigenvalues of D..n n. The resulting system of ODEs

is
du
M .
i N,NU, (3.3)

where

Lyn = § D..NnNGNND2N N,

Z=TY
and Gy, v is a diagonal matrix consisting of the values of g(Vu) at the grid points.

3.2. Time-Stepping. For diffusion equations, it is generally not practical to use explicit
time-stepping methods, because of the severe constraints they impose on the time step. A
straightforward alternative is to use backward Euler for time-stepping, and an iterative method
such as MINRES [25] to solve the associated system of equations.

However, there are two significant drawbacks with this approach. First, the number of
iterations required by such methods tends to be very large, unless the time step is prohibitively
small. Second, even when convergence to a reasonably small tolerance is achieved, this is
not sufficient for image denoising or deblurring, because solutions tend to exhibit staircasing
and high-frequency oscillations. In view of the difficulties associated with both explicit and
implicit time-stepping methods, it is worthwhile to consider an alternative approach to solving
the system of ODEs (3.3).

For problems with periodic or Neumann boundary conditions, spectral methods are an
attractive option since the solution can be expressed as a linear combination of basis functions
that automatically satisfy the boundary conditions. They are quite effective for problems
with constant coefficients, because then these basis functions are eigenfunctions of the spatial
differential operator, which allows the Fourier coefficients (or Fourier cosine coefficients, in
the case of Neumann boundary conditions) of the solution to be evolved in time, independent
of one another.

This property does not extend to variable-coefficient problems, even in the linear case.
However, even though the Fourier coefficients are coupled, it is still possible to evolve each of
them forward in time using an approximation to the solution operator that, in some sense, is
optimal for that coefficient. This approach allows high-order accuracy in time, and favorable
stability properties, to be realized with a far lower-dimensional Krylov subspace than is feasible
for iterative methods such as MINRES that are used within implicit time-stepping schemes.

This is the basic idea behind Krylov subspace spectral (KSS) methods. They were first
developed in [20] for the purpose of solving parabolic variable-coefficient problems. Let
S(t) = exp(Lt) represent the exact solution operator of the one-dimensional problem w; = Lu,
with periodic boundary conditions, where L is a second-order variable-coefficient differential
operator. Functions are discretized on an N-point uniform grid, and u” is used to denote the
computed solution at time t,, where ¢, = nAt for some time step At. Then, each Fourier
coefficient of the solution u(x,t) at time ¢, can be approximated by the bilinear form

a(w,t + At) = VAze Sy(At)u”, (3.4)
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where €, is a discretization of exp[2miwz], and Sy = exp[LyAt], where Ly is an N x N
matrix obtained by spectral discretization of L.
In [10] Golub and Meurant describe a method for computing quantities of the form

u’ f(A)v, (3.5)

where u and v are N-vectors, A is an N X N symmetric matrix, and f is a smooth function.
KSS methods, introduced in [18, 20|, apply this method with A = Ly, f(\) = exp(At) for
some t, and the vectors u and v are equal to €, and u"”, respectively.

The basic idea behind the approach of Golub and Meurant is that the bilinear form (3.5)
can be viewed as a Riemann-Stieltjes integral

b
u” f(A)v = I[f] = / () da(y),

where a and b are the smallest and largest eigenvalues of A, respectively, and the measure a(\)
is derived from the components of u and v in the basis of eigenvectors of A. As discussed
in [5, 9, 8, 10], the integral I[f] can be approximated using Gauss quadrature rules. The
nodes and weights can be obtained using the symmetric Lanczos algorithm if u = v, and
the unsymmetric Lanczos algorithm if u # v; see [12]. Alternatively, for the case u # v, a
block approach can be used, based on block Lanczos iteration [11]. Applying this approach to
implement spectral methods significantly improves accuracy over the unsymmetric Lanczos
algorithm [17].

K-node KSS methods applied to diffusion equations achieve O(At25~1) accuracy in time,
and, given sufficient regularity of the coefficients, the 1-node KSS method can be shown to
also exhibit unconditional stability [16, 17]. In general, KSS methods provide a “best-of-both
worlds” compromise between the efficiency of explicit time-stepping methods and the stability
of implicit methods. These desirable properties are due to their use of quadrature rules that
are tailored to each Fourier coefficient of the solution, but this adaptivity opens the door to
other benefits as well. For example, Fourier coefficients can be computed in parallel, with the
only shared data being a low-dimensional Krylov subspace generated by the solution from the
previous time step.

KSS methods compute a Jacobi matrix corresponding to each Fourier coefficient, in con-
trast to traditional Krylov subspace methods (see, for example, [13, 14, 23]) that normally use
only a single Krylov subspace generated by the initial data or the solution from the previous
time step. While it would appear that KSS methods incur a substantial amount of addi-
tional computational expense, that is not actually the case, because nearly all of the Krylov
subspaces that they compute are closely related by the wave number w, in the 1-D case, or
&= (wy,ws,...,w,) in the n-D case.

In fact, the only Krylov subspace that is explicitly computed is the one generated by
the solution from the previous time step, of dimension (K + 1), where K is the number of
block Gaussian quadrature nodes (which corresponds to 2K scalar nodes). In addition, the
averages of the coefficients of L7, for j = 0,1,2,...,2K —1, are required, where L is the spatial
differential operator. The overall computation can be carried out in O(N log N') operations
per time step using symbolic calculus [19, 21].
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With these considerations, the algorithm for a single time step of a 1-node block KSS
method for solving (3.1), with appropriate initial conditions and periodic boundary conditions,
is as follows. The average of a function f(x) on [0,27] is denoted by f, and, as before, the
computed solution at time t,, by u™. The operator L is a linearization of the operator on the
right-hand side of (3.1), defined by Lu =V - (¢(Vu™)Vu).

" = fit(u"), v = Lu", v = fit(v)
for each w do
all = —§(27rw)2
[V @(w) — allzl”(w)
ag = (u™,v) + a11|@" ()[* - 2Re [a" (w)v(w)]
2= a3 — |a™(w)]?
a2 = a2/ fu
agy = ag/f2
T = a2 — a11

b1z = |a1a|®
d= VT + T
s = sgn(r)

t = —2s/(saz1 +d)

wy = 1/v/1 + byat?

wo = agtwi

A1 = a1 + biat
Ay = ag — biat
e1 = exp(\At)
eg = exp(A2At)

W (w) = (W) (Jwi[Per + [wale2) + fowrwz(er — e2)

end
un-l—l — iﬁ't(,&n-i-l)
The quantities a11, a12 and ago are entries of a 2 x 2 Hermitian negative definite matrix that
is the (1,1) block of the block tridiagonal matrix produced by block Lanczos iteration. This
block has eigenvalues A\; and Ao, which are the two scalar nodes for 1-node block Gaussian
quadrature. The quantities w; and ws are the first components of the normalized eigenvectors
corresponding to A1 and Ao, respectively; they are used to obtain the entries of the single block
weight.

The above algorithm is first-order accurate in time, due to the use of one block Gauss
quadrature node. Future work involves the generalization of existing higher-order KSS meth-
ods for linear PDE to the nonlinear case by combination with methods based on exponential
integrators, such as those described in [28].

4. Numerical Experiments. This section is devoted to extensive numerical experimenta-
tion. One of the advantages of the proposed model is, unlike other models which are usually
specialized for one task (either image denoising or image deblurring), its applicability to both
image denoising and deblurring problems. The two parameters ¢ and p in the model deter-
mine the convex and the concave regions. By tuning 6 and p, those regions can be enlarged
or reduced and this yields control over the forward or backward nature of diffusion. In all
experiments, gray-scale images of size 256 x 256 are used. The emphasis is on the recovery of
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noisy blurred images. Therefore, the most important results will be presented first. Later a
variety of pure denoising and deblurring experiments will also be considered which illustrate
the model’s performance as a function of the parameters 6, p.

4.1. Noisy blurred case. Experiments with noisy blurred images, which are the kind of
images on which model (1.2) proves to perform the best, are presented in this section. Clearly
the smoothing effect sought for when denoising images is not easily reconciled with the need
for sharpening in the deblurring process. It follows that image recovery for images which
are simultaneously corrupted by noise and blur is a highly ill-posed problem. The parameter
0 > 0 of the model makes it, however, possible to walk the fine line between smoothing and
sharpening and yields a viable method for a reasonable recovery. Again, the fine tuning of
the exact location of the backward regime will enable this.

Blur and noise are assumed to be known. The noise is considered to be Gaussian white
2. As for blur, it is referred to Table 4.5 below. The exact procedure
used to generate noise and blur is described in the following sections. To deal with blur, the
model needs to incorporate a priori knowledge about the blur, so an additional term is added
to (1.2) yielding

noise with variance o

u =V |[( + 6| VulP7?)Vu] + MK (ug — Ku). (4.1)

1
1+ |Vul?

This is the gradient descent flow of the modified functional F',
Flu) = Eyg(u) + A / o — Kul?(z)de, (4.2)
Q

which includes a blurring operator K. Its adjoint operator, which appears in (4.1), is denoted
by K’. Numerically, the equation

u =V-|[( +5|Vu|p*2)Vu] + MK * (ug — k * ) (4.3)

1
1+ |Vul?
is solved with u(-,0) = ug. The blurring operator is taken in the form Ku = k % u with
a blurring kernel k. The additional forcing term is needed not only in order to boost edge
sharpening, but also to recover fine scale texture. While better choices for the forcing term
may be found, the decision was made to use the simplest one in this paper. Throughout
all experiments A = 30. The main advantage of the proposed model is the possibility of
tuning the character of the diffusion by varying the two parameters § and p in (1.2). The first
integrand in (1.1) is the energy functional for the Perona-Malik equation and thus introduces
the backward regime [|[Vu| > 1] needed for edge sharpening. The second and regularizing
integrand in (1.1), on the other hand, shrinks the backward regime to finally give (1.3). The
effects of varying § and p will be studied in the following sections.

In the n'” iteration, one solves (4.3) for one time step with a step-dependent §,. It is
natural to assume that the values of §,, need adjustment depending on the amount of noise
and blur present in the image. It was experimentally determined that behaviors of §,,/d such
as the one chosen below would be appropriate. Basically, this choice makes the denoising
effect dominant during the initial iterations, when one aims at a significant noise reduction.
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The deblurring effect then takes over and becomes more pronounced as more iterations are
performed. The starting value of § is set at 0.02 whereas

5 — (1+n/10)6 for 1 +n/10 <5,
" | max[0.1,5 — (n — ny)/10]6  for n > ny ,

where n satisfies 1 +n;/10 <5 <1+ (n; 4+ 1)/10.
In numerical experiments o = 5,8 were used. With noise level ¢ = 5, §,, was chosen as
indicated above, whereas when o = 8 the choice was

5 _{(1+n/10)5 for 1+n/10 < 7,

max[0.1,7 — (n —ny1)/10]6 for n > ny,

with ny satisfying 1 4+n;1/10 <7 <1+ (ny + 1)/10.

In Figure 4.1, the graph of 4,,/d for the first case is shown. Numerically this graph shape
resulted in better recovery than simple use of a fixed high value of § for a few iterations
followed by a lower § value in the remaining iterations.

I I
Haxis = leration n

Taxis = delhan.'delha

I I I I I
0 20 40 60 an 100 120 140 160 180 200

Figure 4.1. Graph of 6, /6.

Next recovery results obtained for noisy blurred images are presented for various noise
levels and blur types (cf. Table 4.5). In all experiments it was observed that both edge
sharpening and noise reduction were effectively taking place from the very first iteration.
This is somewhat contrary to the expectation that the smoothing effect would prevail while
0, grows and the sharpening effect would be predominant while §,, decreases. It was also
observed that noise tends to reappear even as images get sharpened, if (4.3) is solved on a
longer time interval with a small 9,

In Figure 4.2, two types of blur were used, 3 x 3 average blur of type I and 5 x 5 out-of-focus
blur of type IV with noise level set at ¢ = 5, and o = 8, respectively.

In Figure 4.3, a 5 x 5 out-of-focus blur of type IV was used with the noise level set at
o = 5,8, respectively.

PSNR values for the experiments shown in Figures 4.2-4.3 are given in Table 4.1 below.

Finally the proposed model is compared with other state-of-the-art algorithms. In Fig-
ure 4.4, a 15 x 15 Gaussian blur of type VI was used to blur the original image and noise was
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Figure 4.2. Top Row - Noisy blurred images, Bottom Row - Recovered images corresponding to the
above images. Left two columns - 3 X 3 average blur of type I and noise levels o = 5,8, respectively. Right
two columns - 7 X 7 Gaussian blur of type V and noise levels o = 5,8, respectively.

Figure 4.3. Top Row - Noisy blurred images with 5 X 5 out-of-focus blur of type IV and noise levels o0 = 5
(left two), o = 8 (right two), Bottom Row - Recovered images corresponding to the above images.

added of level ¢ = 3. The output of the proposed model is compared with the frame based
algorithm presented in [6]. Table 4.2 offers a side-by-side comparison of the corresponding
PSNR values. The proposed model delivers acceptable results as compared to the algorithm
in [6] in a shorter amount of time. This proves that a PDE based method can indeed be very
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PSNR (noisy) | recovered PSNR (recovered)
oc=25 29.74 33.56
Fiore 4.9 Left two 1 =2—3 97.76 32.25
B = Risht twg |7 =5 98.52 32.16
& c=38 26.96 31.21
o=5 26.50 30.58
Fionce 4.3 Left two 1 =2—3 26.96 31.21
gure <. Risht two L2 =0 26.72 20.67
S 25.62 28.90
Table 4.1
PSNR wvalues for the experiments shown in Figures 4.2—4.3.
efficient.

Figure 4.4. Recovery from a noisy blurred image of size 512 x 512 with 15 x 15 Gaussian blur of type VI
and noise o = 3. Left: Noisy blurred image, right: Recovered image

PSNR | Time(s)

Proposed model 24.33 13.2

Single-System (x = 1, A\ = 0.005) in [6] 24.64 20.7

Two-Systems (k" = 1, \* = 0.005) in [6] 24.75 63.2

Linearized Bregman (k = 1,A = 0.01) in [6] | 24.67 126.2

Analysis Approach (u = 0.1, A = 0.05) in [6] | 24.58 32.1
Table 4.2

Recovery experiment (15 x 15 Gaussian blur and additive noise o = 3). Figure 4.4 was obtained using the
proposed model. It is referred to [6] for further details concerning the results used as a comparison.
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In Figure 4.5 another comparison is offered that emphasizes the efficiency of the proposed
model as a recovery tool for noisy blurred images.

Figure 4.5. Left to Right: Noisy blurred image (3 x 3 average blur of type I and o = 5), recovered image
from [15], recovered image with proposed model.

The proposed method is also compared with ROF ([26]), ForWaRD ([24]), AKTV ([27]),
BM3D([4]), and DSDM (the direct sparse deblurring method, [22]). The same comparison
experiments presented in [22] are borrowed and performed here.

Image | ROF | ForWaRD | Proposed Method | AKTV | BM3D | DSDM
Textl | 65.43 62.75 41.85 60.68 69.87 14.60
Rose | 6.68 5.75 5.24 4.90 4.83 5.62
Koala | 9.80 8.98 8.05 8.45 7.97 8.64
Castle | 14.23 12.82 13.79 12.51 11.77 13.62
Table 4.3

RMS Errors for different methods.

Notice that proposed method performs better as compared with ROF and ForWaRD and
that it performs as well as the AKTV and DSDM methods but in a much shorter amount
of time. In particular, DSDM and AKTYV take much longer due to dictionary learning and
weight updates, respectively. Figure 4.6 depicts, from left to right, a noisy blurred image, the
output image of AKTV, and the output of the proposed method. While AKTV was able to
recover a better image, the proposed method computed its output (on the right) in only 26
seconds. This is to be compared with the 6457 seconds it took AKTV to deliver its output
image (on the right). In fact, AKTV does not even recover an image of comparable quality to
that of the proposed method in hundreds of seconds in the experiment presented in Figure 4.6.

Lastly, a concrete application to satellite images is considered. While we had no access to
images taken from satellites, the same procedure described and implemented in [7] was followed
in order to simulate the typical degradation of satellite images, in order to appropriately
compare degraded and restored images, etc. Firstly the same convolution kernels were used
as the ones described in [7] corresponding to two different satellites: SPOT 5 and a specific
mode of SPOT 1.
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Figure 4.6. Left to Right: Noisy blurred image of size 512 x 512 (5 x 5 gaussian blur of o = 1.5 and
noise with standard deviation 8.2), recovered image by AKTV [27] (RMSE = 6.12, PSNR = 32.39, Elapsed
time = 6457 seconds), recovered image with proposed model (RMSE = 6.79, PSNR = 31.48, Elapsed time =
26 seconds)

Figure 4.7. Ideal reference images of size 256 x 256

The two convolution kernels with corresponding levels of Gaussian noise in [7] are

h(E,) = e~ ekl =2l (Sinz(igf)> <sin2(72rzn)> <sin7£;m)>7 e {_ % %}

where ¢ = 1.505,7, = 1.412 and the standard deviation for the Gaussian noise is o1 = 2.4,

d
T g e (0 iy [

where 7¢, v, are the same as before and the standard deviation for the Gaussian noise is
oo = 0.5. Two reference images are shown in Figure 4.7 which will play the role of ideally
clean images and to which the restored images are compared. These reference images are
obtained by applying a prolate blur function to oversampled sharp images followed by down-
sampling. The reader is referred to [7] for more details about the experiment. In this section,
a comparison is offered between the proposed method and the simple ROF model for image
restoration.




16 PATRICK GUIDOTTI, YUNHO KIM, AND JAMES LAMBERS

Figure 4.8. Left column : degraded images of size 256 x 256 with (h1,01), Right column : degraded images
of size 256 x 256 with (h2,02).

Figure 4.8 shows two degraded images using (hi,01) and (hg,09). Figure 4.9 and Fig-
ure 4.10 depict the images restored by the ROF and the proposed model, respectively. For
better visual comparisons, a few smaller regions were chosen from the reference and from the
restored images. For (hy,01) the proposed model performs on par with the ROF model. How-
ever, for (hg,09), when there is a significant amount of blur, the proposed model outperforms
the ROF model. It is known that the ROF model does not capture small details well and
these experiments are a further confirmation of this. The proposed model, on the other hand,
is able to recover small details as long as they are characterized by big changes in the modulus
of the gradient. This is evident in the last two columns of Figures 4.9 and 4.10. The same
columns, however, also point to a potential susceptibility to artifacts of the proposed method.

4.2. Noisy case. In the following experiments, Gaussian white noise with standard de-
viation o = 5,10, 15,25,35,50 are considered. This and the next sections will illustrate in
which way the proposed model’s performance is affected by the choice of the two parameters
§,p. Given a clean image f, a noisy image f is generated in MATLAB by

f = f+ o x randn(size(f)).
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Reference image I  ROF, (h1,01) Our Model, (h1,01) ROF, (ha,02) Our Model, (hg, 09)

Figure 4.9. For visual comparisons, we added the method used for recovery and the information of blur
and noise at the bottom of each column.

Then, taking uy = f, (1.2) is solved. As explained, larger p and larger § values tend to shrink
the backward regime, thus giving way to diffusion.

This is confirmed by numerical experiments. Values of p close to 2 are too strong to
preserve edge sharpness while denoising, even for a short amount of time. Hence, preference
is given to p values close to 1. As for the other parameters, § = 0.2 and dt = 0.007 are used
throughout all those experiments unless otherwise stated. In addition, since solving (1.2) for
a long period of time delivers a stationary solution, it is hoped that a significant noise removal
effect can be obtained by solving (1.2) for a short amount of time before sharp edges start
getting dull. This is exactly what is observed.

Figure 4.11 shows how the quality of the recovered images is affected by different choices
of p.

As can easily be expected, numerical experiments (Figure 4.11) do confirm that larger p
values require smaller time steps for decent recovery, but still do not preserve edges as well as
smaller p values. This is apparent in Figure 4.12.
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| — ! |

Reference image II ROF, (hy,01) Our Model (h1,01) ROF, (hg,02) Our Model, (hg,09)

Figure 4.10. For visual comparisons, we added the method used for recovery and the information of blur
and noise at the bottom of each column.

Figure 4.11. Noise level is 0 = 10, § = 0.2, and dt = 0.005. From left to right : Noisy image, recovered
images with p = 1.1 and p = 1.3 after 20 iterations.

The image obtained with p = 1.05 is clearly better than the one obtained with p = 2
in that edges are sharper, i.e. better preserved. There does not, however, appear to be
monotonicity in p in this sense as smaller p values prove unable to remove noise as compared
to larger p values. For this reason a good choice appears to be p = 1.1, a value which is used
throughout denoising experiments.
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Figure 4.12. Noise level is 0 = 10. Best denoising results with p = 1.05 and p = 2, respectively.

Next the noise removal capabilities of the proposed model are tested on images cor-
rupted with noise of varying intensity. In Figure 4.13, the results of experiments with
o = 10,15, 20,25,35,50 are depicted which were obtained after 10, 15, 25, 30, 45, 55 iter-
ations, respectively. Computational time for every 10 iterations was approximately 3.6s. In
order to better characterize the enhancement process, PSNR values are shown in Table 4.4.
It is recalled that

255 )

PSNR(fo, f1) = 20log; MSE(fo, f1)

Noise level c=10|0c=15|0c=20|0=25|0=35| 0 =250
PSNR (noisy) 28.14 24.66 22.12 20.16 17.25 14.15
PSNR (recovered) | 33.70 31.79 30.01 29.09 27.44 26.15

Table 4.4
PSNR walues for the noisy and recovered images corresponding to the experiments shown in Figure 4.13.

Denoising experiments with various kinds of images follow below. These experiments
highlight how well the proposed model preserves sharp edges while removing noise. For
comparison purposes, images recovered with a state-of-the-art denoising algorithm, BM3D
[4] are also shown in Figure 4.14 and Figure 4.15. Let us emphasize again that BM3D is
superior to the proposed model for pure image denoising by nature, but it is not applicable
for recovery from noisy blurred images.

4.3. Blurry case. Gray-scale images are considered along with 6 different types of blurring
kernels described below.

While it is assumed that p € (1,2], the case p = 1 was also tested for comparison purposes.
It obviously corresponds to the use of total variation as a regularizer for Perona-Malik. In
Figure 4.16, a blurring kernel of Type I was used with § = 0.002 and dt = 0.06.

It is expected that larger p values would lead to more diffusion. This is indeed con-
firmed by the experiment. Table 4.6 contains the PSNR values computed every 50 itera-
tions. This gives some insight into the recovery process for the chosen values of p, i.e. for
p=1,1.01,1.1,1.3,1.5,1.7,1.9,2.
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Figure 4.13. 6 = 0.2, p = 1.1, dt = 0.007; 1st row, from left to right: Noisy images with o = 10, 15, 20,

3rd row, from left to right: Noisy images with o = 25,35,50, 2nd and 4th rows: Images recovered from
the corresponding noisy images right above.

In the experiment, the n'” iteration consists in solving (4.3) for one time step with ¢§,, = %
in place of §. It does not seem to be possible to achieve the same deblurring effect by solving
(4.3) alone with fixed ¢ because of the strong attraction of (1.2) towards constant stationary

solutions. In other words, diffusion seems to prevail even if it is quite small. Solving (4.3) using
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a
b |
4

Figure 4.14. 6 = 0.2, p = 1.1,dt = 0.007; top row, from left to right: Noisy images with o = 10, 15, 25,
middle row: Images recovered from the noisy images right above, bottom row: Images recovered with a
state-of-the-art denoising algorithm, BMS3D [/], for comparison.

a smaller § in the n'? iteration, makes it possible to preserve the edge sharpening property
of the Perona-Malik equation. This is true in spite of the fact that the proposed model is
well-posed.

Experiments confirm that any value of p close to 1 will be suitable for image deblurring.
Values of p larger than 1.5 lead to stronger diffusion and smaller § values need to be used in
this case in order to compensate for it. Loosely speaking, p and § are inversely proportional.
It should be observed, however, that much smaller § values do not consistently work well all
the time.

In Figure 4.17, a closer look is taken at the case p = 1.01. The output image after
10 iterations is already a good approximation to the original image and one can see that
additional iterations add more texture to the output images.

Next other types of blurring kernels are considered which are found in the list given earlier.
A value p ~ 1 is fixed for the reason given before. In all experiments, the parameters 6 = 0.002
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Figure 4.15. § = 0.2, p = 1.1, dt = 0.005; top row, left to right: Noisy images with o = 10, 15, 25,
middle row: Recovered images corresponding to the noisy ones right above, bottom row : Images recovered
with a state-of-the-art denoising algorithm, BM3D [4}], for comparison.

and dt = 0.06 are fixed, whereas §,, = % is used in the n'" iteration as before. Figure 4.18
shows experiments performed on images blurred with type II kernels, while Figure 4.19 de-
picts experiments of blur type IV and Figure 4.20 experiments of blur type V. In all these
experiments, edges of the blurry images do get sharpened almost instantaneously (within the
first few iterations), while texture is recovered subsequently along with still sharper edges.

Furthermore, comparing the output boat images from Figure 4.18, Figure 4.19, and Figure
4.20, it is noticed that there appear more artifacts in case of blur type II. It is checked
numerically in Figure 4.21 that size and smoothness of blur are the determining factor for
recovery quality. This is to say that less artifacts are observed in smoother blur cases. While
edges of the processed boat image (blur type II case) do look sharper, more artifacts can be
found in the image than in the other two processed boat images. As for the second woman
image, the recovered images (blur type V and VI) look sharper and contain significantly less
artifacts than the one with blur type II.
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T

3 x 3 average kernel 5 x 5 average kernel 3 x 3 out-of-focus blur
Type I Type 11 Type 111

fspecial(‘gaussian’,7,1) | fspecial(‘gaussian’,15,1.5)
is used in Matlab is used in Matlab

5 x 5 out-of-focus blur | 7 x 7 Gaussian kernel | 15 x 15 Gaussian kernel
Type IV Type V Type VI

Table 4.5
The 6 different types of blurring kernels used in the experiments.

Figure 4.16. 3 x 3 average kernel, blur type I; Left to Right and Top to Bottom: Blurry image,
Recovered image with p =2, p = 1.9, p = 1.01, p = 1, Original image.

Figure 4.22 depicts the results of a blind deconvolution. This is to determine how much
the edge sharpening property of the model helps reconstructing a better image in the absence
of any knowledge concerning the type of blur. Two images were used which were taken at
night with an ordinary digital camera. A simple guess for the blur present in the blurry images
without estimating the actual blur might be an out-of-focus blur or an average blur. As one
can notice, the blurry images do become sharper with the help of such a simple guess on the
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Iterations | p=1|p=101 |p=11|p=13 |p=15|p=1T7T|p=19 | p=2
50 34.75 34.72 34.65 34.48 33.45 30.99 27.24 | 25.96
100 36.00 35.97 35.94 35.70 34.95 32.85 28.75 | 26.98
150 36.67 36.65 36.60 36.39 35.70 33.81 29.77 | 27.74
200 37.14 37.15 37.06 36.88 36.22 34.46 30.52 | 28.35
250 37.47 37.49 37.41 37.22 36.60 34.92 31.11 | 28.86
300 37.73 37.76 37.70 37.50 36.89 35.28 31.58 | 29.30

Table 4.6
PSNR values corresponding to the enhancement of the blurry image from Figure 4.16 with a PSNR of 26.49
for the blurry image. Computational time for 50 iterations is approximately 17s.

Figure 4.17. A closer look at the case p = 1.01 in Table 4.6. First row, from left to right : Blurry
image, output images after 10 and 20 iterations (PSNR values : 26.49, 31.20, 32.91); second row, from left
to right: output image after 30, 40, and 50 iterations (PSNR values : 33.76, 34.30, 34.72). Computational
time for 10 iterations amount to approximately 3.6s.

blur and texture is recovered.

As a final remark it is noted that numerical experiments indicate that better recovery is
achieved for blurring kernels with rounder support. The stability properties of the chosen
discretization of (1.2) seem to deteriorate if the extra term in (4.3) contains a blurring kernel
the support of which significantly deviates from radial symmetry. Figure 4.23 with blurs of
motion type is evidence for this. Recovery indeed improves as soon as horizontal motion blur
becomes non-horizontal one. Table 4.7 shows the three blurring kernels used in Fig 4.23.
However, we cannot determine whether this is due to the model or is a short-coming of the
chosen implementation. It seems that this is not only a defect of our proposed model, though,
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Figure 4.18. 5 x 5 average kernel of blur type II. Left: Blurry images, PSNR=22.86(woman) and 24.60
(boat); middle: output images, PSNR=30.08 (woman) and 29.88 (boat) after 50 iterations; right:output
images, PSNR=32.23 (woman) and 32.49 (boat) after 300 iterations.

Figure 4.19. 5 x 5 Out-of-focus blur of type IV. Left: Blurry image, PSNR = 25.01 (woman) and 26.98
(boat); middle: output, PSNR=380.14 (woman)and 32.28 (boat) after 50 iterations; right: output PSNR=383.69
(woman) and 35.21 (boat) after 300 iterations.
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Figure 4.20. 7 x 7 Gaussian blur of type V. Left:output PSNR=24.75 (woman)and 26.35 (boat); middle:
output, PSNR = 27.68 (woman) and 30.29 (boat) after 50 iterations; right: output, PSNR=30.96 (woman)
and 31.54 (boat) after 300 iterations.

Figure 4.21. Comparison between the three blur types, II and V and VI after 300 iterations. Left (type
II): PSNR=32.49 (boat) and 31.98 (woman); middle (type V): PSNR=31.5} (boat) and 32.60 (woman);
right (type VI): PSNR=29.85 (boat) and 31.05 (woman).
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Figure 4.22. Blind deconvolution of night scenes, size reduced to 512 x 512. Recovered with a simple guess
of a radially symmetric blurring kernel.

since it is also observed in the ROF model, which is shown in the last row of Figure 4.23,
where we applied the gradient descent method to compute the images with parameters \ =
3, At = 0.001 fixed. All the six images in the last two rows were obtained by stopping at
proper iterations before the images get further deteriorated. Nevertheless, the ROF model
is not affected as much as our proposed model is by the intermediate blur types A and B in
Table 4.7. Especially, the ROF model was stable in the case of the blurring kernel B with
much bigger At =0.1.

5. Conclusion. A new class of anisotropic forward-backward diffusion equations of Perona-
Malik type is proposed and a comprehensive set of experiments are designed and run to prove
the usefulness of the model. The main feature of the model is that it exhibits both smoothing
and/or sharpening depending on the modulus of the solution gradient. In other words, the
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1 x 5 horizontal blur | 3 x 5 blurring kernel A | 3 x 5 blurring kernel B

Table 4.7
Three blurring kernels corresponding to the experiments in Fig 4.25.

Figure 4.23. Recovery results. Top row : Blurry images, Middle row : Recovered images by our proposed
model, Bottom row : Recovered images by the ROF model. Left column - 1 X 5 horizontal motion blur,
Middle column - 3 x 5 blurring kernel A in Table 4.7, Right column - 3 X 5 blurring kernel B in Table 4.7.

model delivers smoothing in regions of small or large gradient modulus, whereas it delivers
sharpening in an intermediate region. This leads to good recovery from noisy blurred images.
Unlike the Perona-Malik equation, the model is well-posed and produces good quality images
from noisy blurred images faster as compared to other state-of-the-art recovery algorithms. A
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noticeable advantage of the model is its ability to allow for control over the desired smooth-
ing and sharpening effect. The parameter J, in particular, controls the size of regions where
smoothing or sharpening takes place, respectively, whereas p controls the overall regularity of
the solution and values p ~ 1 seem to lead to optimal performance.
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