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IMAGE RESTORATION: WAVELET FRAME SHRINKAGE,
NONLINEAR EVOLUTION PDEs, AND BEYOND*

BIN DONGT, QINGTANG JIANG!, AND ZUOWEI SHENS

Abstract. In the past few decades, mathematics based approaches have been widely adopted
in various image restoration problems; the partial differential equation (PDE) based approach (e.g.,
the total variation model [L. Rudin, S. Osher, and E. Fatemi, Phys. D, 60 (1992), pp. 259-268]
and its generalizations, nonlinear diffusions [P. Perona and J. Malik, IEEE Trans. Pattern Anal.
Mach. Intel., 12 (1990), pp. 629-639; F. Catté et al., STAM J. Numer. Anal., 29 (1992), pp. 182—
193], etc.) and wavelet frame based approach are some successful examples. These approaches were
developed through different paths and generally provided understanding from different angles of the
same problem. As shown in numerical simulations, implementations of the wavelet frame based
approach and the PDE based approach quite often end up solving a similar numerical problem
with similar numerical behaviors, even though different approaches have advantages in different
applications. Since wavelet frame based and PDE based approaches have all been modeling the same
types of problems with success, it is natural to ask whether the wavelet frame based approach is
fundamentally connected with the PDE based approach when we trace them all the way back to their
roots. A fundamental connection of a wavelet frame based approach with a total variation model and
its generalizations was established in [J. Cai, B. Dong, S. Osher, and Z. Shen, J. Amer. Math. Soc.,
25 (2012), pp. 1033-1089]. This connection gives the wavelet frame based approach a geometric
explanation and, at the same time, it equips a PDE based approach with a time frequency analysis.
Cai et al. showed that a special type of wavelet frame model using generic wavelet frame systems
can be regarded as an approximation of a generic variational model (with the total variation model
as a special case) in the discrete setting. A systematic convergence analysis, as the resolution of
the image goes to infinity, which is the key step in linking the two approaches, is also given in
Cai et al. Motivated by Cai et al. and [Q. Jiang, Appl. Numer. Math., 62 (2012), pp. 51-66], this
paper establishes a fundamental connection between the wavelet frame based approach and nonlinear
evolution PDEs, provides interpretations and analytical studies of such connections, and proposes
new algorithms for image restoration based on the new understandings. Together with the results
in [J. Cai et al., J. Amer. Math. Soc., 25 (2012), pp. 1033-1089], we now have a better picture of
how the wavelet frame based approach can be used to interpret the general PDE based approach
(e.g., the variational models or nonlinear evolution PDEs) and can be used as a new and useful
tool in numerical analysis to discretize and solve various variational and PDE models. To be more
precise, we shall establish the following: (1) The connections between wavelet frame shrinkage and
nonlinear evolution PDEs provide new and inspiring interpretations of both approaches that enable
us to derive new PDE models and (better) wavelet frame shrinkage algorithms for image restoration.
(2) A generic nonlinear evolution PDE (of parabolic or hyperbolic type) can be approximated by
wavelet frame shrinkage with properly chosen wavelet frame systems and carefully designed shrinkage
functions. (3) The main idea of this work is beyond the scope of image restoration. Our analysis and
discussions indicate that wavelet frame shrinkage is a new way of solving PDEs in general, which
will provide a new insight that will enrich the existing theory and applications of numerical PDEs,
as well as those of wavelet frames.
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1. Introduction. Image restoration, including image denoising, deblurring, in-
painting, and computed tomography, is one of the most important areas in imaging
science. Its major purpose is to enhance the quality of a given image that is corrupted
in various ways during the process of imaging, acquisition, and communication, thus
enabling us to see crucial but subtle objects that reside in the image. Mathematics has
become one of the main driving forces of the modern development of image restora-
tion. The partial differential equation (PDE) based approach (e.g., the total variation
(TV) method and nonlinear evolution PDEs) and the wavelet frame based approach
developed in the last few decades are successful examples among many mathematics
based approaches.

One of the most commonly used nonlinear PDE based approaches for image
restoration, especially in the classical problem of image denoising, is nonlinear dif-
fusion. Since the introduction of second-order nonlinear diffusion by Perona and
Malik in 1990 [51], a variety of second-order nonlinear diffusion has been proposed
(see, e.g., [15,67,24] and the references therein). Fourth-order nonlinear diffusion was
proposed in [68,69] to resolve the blocky effects that Perona—Malik (PM) diffusion
and its variants tend to produce in image denoising. Later, fourth-order nonlinear
diffusion was also studied in [48], and high order diffusion with an edge enhancing
functional was proposed in [62]. The theoretical properties of high order diffusion
have been studied in [25]. Other than nonlinear diffusions, nonlinear hyperbolic equa-
tions, such as shock filters [50], were also used for image restoration. What these
PDE models for image restoration have in common is that they seek a good balance
between the two seemingly contradictory objectives: smoothness at locations where
noise or other artifacts have been removed, and preservation or even enhancement of
the sharpness of edges, corners, etc., which are singularities.

Wavelet frame based methods are generally considered to be a different approach
from the nonlinear PDE based methods, and they were developed along a fairly
different path. Wavelet frame based image processing started in [18,19] for high-
resolution image reconstructions, where an iterative algorithm that applies threshold-
ing to wavelet frame coefficients at each iteration to preserve sharp edges of images
was proposed. In order to gain more flexibility, in [12,10], the authors introduced an
additional weighting and proposed the model now known as the balanced model. It
was shown in [7] that the algorithm of [18,19] converges to a solution of a special case
of the balanced model. The balance algorithm has been applied to various applica-
tions in [14,11,16,17]. The model proposed in [12,10] is called the balanced model,
since it balances the sparsity of the wavelet frame coefficient and the smoothness of
the restored image. This includes two other wavelet frame based models as special
cases. One is known as the synthesis based model [23,35,36,38,39], where the sparsity
term in the balanced model is emphasized. The other is known as the analysis based
model [13,33,59], where the smoothness of the restored image is emphasized. The
three approaches are different from each other, unless the underlying wavelet frame
systems is in fact orthonormal/biorthogonal. However, what they have in common is
the penalization of the sparsity of the wavelet frame coefficients of the image being
restored.

Ever since the early 1990s, numerous image restoration models and algorithms
based on PDEs and wavelets (wavelet frames) have been proposed and studied in
the literature. Many of them are rather successful in the accurate modeling of given
image restoration problems. These approaches were developed through different paths
and generally provided understanding from different angles of the same problem. As
shown in many numerical simulations, implementations of the wavelet based approach



608 BIN DONG, QINGTANG JIANG, AND ZUOWEI SHEN

and the PDE based approach quite often end up solving a similar numerical problem,
and their numerical behaviors are often comparable, although different approaches
have advantages in different applications. Since all these different approaches are
modeling the same type of problem with success, it is natural to ask whether the
wavelet frame based approach is fundamentally connected with PDE methods when
we trace them all the way back to their roots. A fundamental connection between
a wavelet frame based approach and a general variation model (with TV model [55]
as a special case) was established in [8]. It was shown in [8] that a special type
of wavelet frame model using generic wavelet frame systems can be regarded as an
approximation of the variational model in the discrete setting.

Motivated by [8] and [46], this paper establishes a fundamental connection be-
tween wavelet frame shrinkage and nonlinear evolution PDEs, provides interpretations
and analytical studies of this connection, and proposes new algorithms for image
restoration based on the new understandings. This connection automatically gives
the wavelet frame based approach a geometric explanation through nonlinear PDEs,
and, at the same time, it equips the PDE based approach with a time frequency
analysis by the nature of the two approaches. Together with the results in [8], we
now have a better picture of how the wavelet frame based approach can be used to
interpret the general PDE based approach and how it can be used as a new and useful
tool in numerical analysis to discretize and solve various variational and PDE models.

Some earlier results in [64,65,66] showed the correspondence between Haar wavelet
shrinkage and second-order nonlinear diffusions. This work was recently generalized to
wavelet frame shrinkage and higher order nonlinear diffusions for the one-dimensional
case in [46]. However, it is not clear how two-dimensional (2D) wavelet frame shrink-
age can be related to nonlinear PDEs. Can we theoretically justify such a connection?
Furthermore, can we observe something new and something we could not see without
establishing a relation between them? These important questions have yet to be an-
swered. As we will see, this fundamental connection between wavelet based shrinkage
and nonlinear evolution PDEs provides answers to all these questions.

The key idea of the wavelet frame based approach is to apply shrinkage (especially
soft-thresholding) to wavelet frame coefficients iteratively, so that it converges to
an optimal solution of some objective functional. The bridge between the wavelet
frame based approach and the PDE based approach is established when we see that
a proper choice of numerical scheme of solving nonlinear evolution PDEs can be
viewed as applying a properly chosen shrinkage operator on wavelet frame coeflicients
iteratively. Corresponding optimal properties are also discussed. Furthermore, the
asymptotic analysis, i.e., when the image resolution goes to infinity, will be given for
a few important cases. The connection between the wavelet frame based and PDE
based approaches will become clear once we show the following.

First, we show that we can approximate a generic nonlinear evolution PDE (of
parabolic or hyperbolic type) using iterative (discrete) wavelet frame shrinkage by
properly choosing the underlying wavelet frame systems and carefully designing the
associated shrinkage operator. Such a nonlinear evolution PDE includes the nonlinear
parabolic equation called the Perona—Malik (PM) equation [51], the nonlinear hyper-
bolic equation known as the Osher—Rudin shock filter [50], and many others as exam-
ples. Our key observations are the connections between the (discrete) wavelet frame
decomposition and differential operators (that were observed in [8]), and between the
(discrete) wavelet frame reconstruction and divergence operators. The approxima-
tions by wavelet frame transforms is fundamentally different from the widely used
finite difference approximation and the well-known wavelet Galerkin methods, in that
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the underlying solution and its derivatives are sampled differently in different func-
tion spaces. We will elaborate on what the samplings corresponding to wavelet frame
transforms are exactly, how they are related to the existing methods, and why they are
superior. Our arguments are also supported by our numerical experiments for image
restoration, in which the advantage of approximating nonlinear diffusion equations
using wavelet frames shrinkage over some standard finite difference discretization is
presented. Various optimal properties in wavelet frame domains for these numerical
schemes are discussed. Furthermore, we provide a rigorous convergence analysis of
the discretization by wavelet frame shrinkage. We prove that, for a certain quasilinear
parabolic equation, the associated iterative wavelet frame shrinkage algorithm does
converge to the solution of the PDE as mesh-size goes to zero. The given conver-
gence analysis can be generalized to other well-posed nonlinear evolution PDEs under
suitable conditions.

Second, and more importantly, the connections between wavelet frame shrink-
age and nonlinear evolution PDEs provide new and inspiring interpretations of both
approaches. On one hand, the optimality property of the wavelet frame shrinkage
sheds lights on that of the PDEs’. In addition, some of the wavelet frame shrink-
age algorithms that are commonly used in image restoration, such as iterative soft-
thresholding algorithms, lead to new types of nonlinear PDEs that have not been
considered in the literature. In particular, one of these PDEs can be regarded as a
regularized version of the well-known mean curvature flow. On the other hand, the
nonlinear PDE based approach also provides new insights into the desirable choices
of adaptive thresholds for wavelet frame shrinkage, which have not yet been system-
atically studied. In particular, the idea of anisotropy of the PM equation can be used
to create an adaptive wavelet frame shrinkage algorithm that outperforms the tradi-
tional wavelet frame shrinkage algorithms. As shown by the numerical experiments
of this paper, the performances of some of the new iterative wavelet frame shrinkage
algorithms inspired by our theoretical studies are generally better than some existing
iterative wavelet frame shrinkage algorithms that are currently widely used in image
restoration.

Finally, although we will mostly focus on PDE models and wavelet frame shrink-
age for image restoration, the significance of our findings is beyond what it may
appear. In fact, our analysis and discussions in this paper already indicate that the
wavelet frame based approach is a new way of solving PDEs in general. We believe
that the advantage of the wavelet frame based approach over existing methods is not
limited to image restoration. PDEs are one of the most powerful tools for modeling
the physical world. Finding numerical solutions of PDEs has always been at the heart
of numerical analysis. For different types of PDEs arising in different applications,
the quality measures of the solutions may be different, and it is very hard to predict
if the wavelet frame based approach can outperform conventional methods. However,
given the vast collection of wavelet frame systems with a variety of desirable prop-
erties suitable to approximate functions living in different function spaces, we think
the wavelet frame based approach will at least provide a new school of thought as a
complement to the existing theory and applications of numerical PDEs.

The rest of the paper is organized as follows. We start with a brief introduction
of wavelet frames and fast wavelet frame transforms in section 2. In the same section,
we also collect several examples of wavelet frame filters that will be used in later
sections. In addition, we will introduce a general formula for iterative wavelet frame
shrinkage and discuss its optimality properties when different types of shrinkage are
used. Then, we discuss how wavelet frame shrinkage algorithms can be regarded as
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a discrete approximation to nonlinear evolution PDEs in a rather general setting.
Differences between our approach and some existing numerical methods for PDEs,
such as finite difference methods and wavelet Galerkin methods, are discussed at the
end of section 2. Generic connections between wavelet frame shrinkage and nonlinear
evolution PDEs are established in section 3. In section 3.1, we start with generic
derivations for the correspondence of wavelet frame shrinkage to nonlinear diffusion
equations. We will show how the commonly used PDE models for image restoration
can be derived from iterative shrinkage of wavelet frame coefficients. In section 3.2,
we present some new high order diffusion equations that correspond to the B-spline
tight wavelet frame systems which are commonly used in image restoration. In the
same section, we also study the rotation-invariant high order diffusion equation and its
associated frame filter banks. In section 3.3, we show that some of the iterative wavelet
frame shrinkage algorithms, i.e., iterative soft-thresholding, commonly used in image
restoration lead to new nonlinear diffusion equations. We also discuss how we can
borrow the idea of anisotropy of the PM nonlinear diffusion to design new iterative
wavelet frame shrinkage algorithms which are adaptive to local image features. In
section 4, we prove the convergence of the iterative wavelet frame shrinkage algorithm
to the solution of a second-order nonlinear diffusion equation as mesh-size goes to
zero. We also address stability and convergence of generic iterative wavelet frame
shrinkage algorithms. Finally, numerical experiments are presented in section 5.

2. Preliminaries and main ideas. This section starts with an overview of
wavelet frames, including some basic concepts of wavelet frames such as vanishing
moments, and generic iterative wavelet frame shrinkage algorithms. Then, we provide
some of the general ideas of how wavelet frame shrinkage algorithms can be regarded
as discrete approximations to nonlinear evolution PDEs. Finally, we point out the
fundamental differences between the wavelet frame based approach to solving nonlin-
ear evolution PDEs and the existing methods such as finite difference methods and
wavelet Galerkin methods, especially in the context of image restoration.

2.1. Review of wavelet frames. In this subsection, we first briefly introduce
the concept of wavelet frames. The interested reader should consult [53, 54, 21, 22]
for theories of frames and wavelet frames, [56] for a short survey on the theory and
applications of frames, and [31] for a more detailed survey.

A set X ={g;:j € Z} C Ly(R?), with d € N, is called a frame of La(R?) if

AFIG ey < D192 < BIfI3, ey forall f € Ly(R?),
JEZ

where (-,-) is the inner product of Ly(R?). We call X a tight frame if it is a frame
with A = B = 1. For any given frame X of Ly(RY), there exists another frame
X ={g; : j € Z} of Ly(R?) such that

F=2 (fi97)g; forall fe Ly(RY).
JEZ

We call X a dual frame of X. We shall call the pair (X, X ) bi-frames.

For given ¥ := {¢y,...,%1} C Lo(R?), the corresponding quasi-affine system
X (¥) generated by ¥ is defined by the collection of the dilations and the shifts of ¥
as

(2.1) X(0) = {Yopr: 1<L<LineZkeZ,
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where 1, 1, is defined by

_ [ 2%y(2n—k), n>0,
Yon k= { 2nd¢£(2n . —an), n < 0.

When X (¥) forms a (tight) frame of Ly(R%), each function ¢, £ = 1,..., L, is called a
(tight) framelet, and the whole system X () is called a (tight) wavelet frame system.

The construction of framelets ¥ is usually based on a multiresolution analysis
(MRA) that is generated by some refinable function ¢ with refinement mask p €

05(Z%) and its dual MRA generated by ¢ with refinement mask p € 05(Z%) satisfying

¢=2">" plklp(2-—k) and ¢ =2 plk|a(2- —k).

keZ keZ

The idea of an MRA based construction of bi-framelets W = {¢1,..., ¢} and ¥ =

{{/;1, .. ,{Z;L} is to find masks ¢ and ¢¥, which are finite sequences on Z%, such
that, for £ =1,2,..., L,

22)  we=2"> qUVKG2 k) and Py =2 GOK|H(2- k).

keZd kczd

For a sequence {p[k]}rezz of real numbers, we use p(w) to denote its (two-scale)
symbol (it is also called a filter here):

Pw) =) plkle ™.

kez?

When p is a sequence with finitely many nonzero terms, its corresponding two-scale
symbol p(w) is a trigonometric polynomial, and we shall call it a finite impulse re-
sponse (FIR) filter.

The mixed extension principle (MEP) of [54] provides a general theory of the con-
struction of MRA based wavelet bi-frames. Given two sets of FIR filters {p, qV,. .., q(L)}
and {p,q"V,...,qP}, the MEP says that as long as we have
(2.3)

L L -
=~ = . ~(
w)—f—z dYw)q (w)=1 and pw) +Z a9 (w w+u) =0
=1

for all v € {0,7}%\ {0} and w € [, 7%, the quasi-affine systems X (¥) and X ()
with ¥ and W given by (2.2) form a pair of bi-frames in Ly(R?). In particular, when
p=pand q) =q¥ for ¢ =1,...,L, the MEP (2.3) becomes the following unitary
extension principle (UEP) discovered in [53]:

L L
(24) [PW)P+)_1d0w)P =1 and pw)plw +v)+Y_ 3 (w)g" (w +v) =0,
— (=1

and the system X (V) is a tight frame of La(R?). We call {p,qV,...,¢™} and
{p, @V, ...,qP)} a pair of bi-frame filter banks if they satisfy (2.3). p is called the
lowpass filter, and ¢, g are called the highpass filters. If {p, qV,. .., q(L)} satisfies
(2.4), then it is called a tight frame filter bank. Note that some of the filter banks we
use in later sections only satisfy the first identity of (2.3) or (2.4), and they shall be
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called undecimated bi-frame filter banks or undecimated tight frame filter banks. In
this case the system generated by the functions associated to these filters does not
form a frame or tight frame for Ly(R?). However, these filters do form frames or tight
frames (undecimated) for sequence space £(Z%). Since image data are elements in
{5(Z%), undecimated (tight) frames in the sequence space can also be used to efficiently
represent images. Therefore, we shall consider both types of filter banks and refer to
them all as bi-frame or tight frame filter banks.

In this paper, we shall refer to the tight wavelet frame system constructed by
Ron and Shen in [53] as the B-spline tight wavelet frame system. Here, we present
two examples, both of which have been widely used in frame based image restoration
problems (see, e.g., [16,19,18,7,11,12,13,26,45,27,28,70]). Notice that the framelet
masks shown by the following examples correspond to standard difference operators
up to some proper scaling, which is also true for framelets constructed by higher
order B-splines [53]. This is a crucial observation in [8] indicating that a link does
exist between the variational and wavelet frame based approaches. We shall further
extend such an observation to framelet masks that are not standard finite difference
operators.

Ezample 2.1 (Haar framelets). Let p = 1[1,1] be the refinement mask of the
piecewise constant B-spline By (z) = 1 for « € [0,1] and 0 otherwise. Define q; =
£[1,—1]. Then p and ¢ satisfy both identities of (2.4). Hence, the system X (1)
defined in (2.1) is a tight frame of Lo(R). The mask g; corresponds to a first-order

difference operator up to a scaling.

Ezample 2.2 (piecewise linear framelets). Let p = [1,2,1] be the refinement
mask of the piecewise linear B-spline By (x) = max (1 — |z|,0). Define q; = %[1, 0,—1]
and gqo = %[71,2,71}. Then p, g1, and g satisfy both identities of (2.4). Hence,
the system X (U) where ¥ = {¢1, 12} defined in (2.1) is a tight frame of Ly(R). The
masks g1 and go correspond to the first-order and second-order difference operators,
respectively, up to a scaling.

In the discrete setting, let an image f be a d-dimensional array. We denote by
Ty := RN1xNax--xXNa the set of all d-dimensional images. We will further assume
that all images are square images, i.e., N7 = Ny = --- = Ny = N, and they all have
supports in the open unit d-dimensional cube 2 = (0, 1)d. For simplicity, we will focus
on d = 2 throughout the rest of this paper. We denote the 2D fast Lev-level wavelet
frame transform /decomposition with {g(®, ¢, ... )} (see, e.g., [31]) as

(2.5) Wu={W u:0<I<Lev—1,0<(<L}  wuecl,.

We will mostly consider the case Lev = 1 in this paper, and, in that case, W, = W ,.
However, all results we have can be generalized to Lev > 1 without much difficulty.
In some of our analytical results and numerical experiments, we also use multilevel
wavelet frame decomposition for better image restoration quality.

The fast wavelet frame transform W is a linear operator with W, yu € 7, denoting
the frame coefficients of u at level [ and band ¢. Furthermore, we have

Wiou = qi[—] ®u,

where ® denotes the convolution operator with a certain boundary condition, e.g.,
periodic boundary condition, and q; ¢ is defined as

. . . . . 27k, ke 2z?,
(2.6) Qe=qe®G10® - ®qGoo with ¢ ek]= { l 37 k¢ 9l72
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Notice that qo = q¢, and we let go = p for convenience. Similarly, we can define
Wu and W, yu. We denote the inverse wavelet frame transform (or wavelet frame

reconstruction) as WT, which is the adjoint operator of W/, and by the MEP, we
have the perfect reconstruction formula

(2.7) u=W Wu forallucT,.
In particular, when W is the transform for a tight frame system, the UEP gives us
u=W Wu forall ucl,.

2.2. Vanishing moments. The concept of vanishing moments of wavelet frames
and their associated FIR filters is closely related to the orders of differential operators
and their corresponding finite difference operators. The correspondence between the
vanishing moments of wavelet frames and the orders of differential operators was
crucial to the analysis of [8]. In this subsection, a key observation, which is given in
Lemma 2.3, is the connection between the vanishing moments of FIR filters and the
order of finite difference operators (and the orders of approximation as well).

For an FIR highpass filter g, let g(w) = Y, .52 g[k]e~*** be its two-scale symbol.
Throughout this paper, for a multi-index o = (a1, ) € ZE_ and w € R?, denote

aa aal +ag

Ow®  Owy?Ow™’

al = a1!a2!, ‘Ot| = o1 + a2,

We say q (and g(w)) have vanishing moments of order a = (a1, a2), where o € Z2
provided that
8 181 97

> KPqlk] =i 5589w =0

kez?
for all B € Z2 with |8] < |a| and for all B € Z2 with |8] = |a| but 8 # a. By
convention, we say that g has the vanishing moment of order (0,0) if ), g[k] # 0.
We also say g has total vanishing moments of order K with K € Z, if

18 0P .
(2.8) kzz:z kPqlk] = zlﬁlaw—ﬁq(w) =0 forall Be Z% with |8] < K.
€

Suppose K > 1. If (2.8) holds for all 8 € Z2 with |8] < K except for 8 # By with
certain By € Zi and |Bg| = J < K, then we say q has total vanishing moments of
order K\{J + 1}.

Clearly, if g has vanishing moments of order «, then it has total vanishing mo-
ments of order at least ||, and it has total vanishing moments of order K\{|a|+ 1}
with K > |a| + 1. It is obvious that if >, kP qlki ke = 0 for all 0 < By <
a1, ks € Z, and ZMGZ k;g?q[k'l, ko] =0 for all 0 < B3 < g, k1 € Z, then q has vanish-
ing moments of order e = (a1, 2). To have a better understanding of the concept of

vanishing moments, let us look at two examples.
Let ¢ (w) = €™t — e ™1, Then

e 0 0
0) =0, —G(0) = 2i #0, —(0) =0.
01(0) =0, 57-6:(0) =21 #0, 5-4(0)
Thus @; (w) has vanishing moments of order (1,0). In addition, we have
0% 0% 9%
L G0)=0, —2—G(0)=0, ~— g (0)=0
aw%ql( ) ? aUJla(A)qu( ) I awgql( )
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Therefore, g has total vanishing moments of order 3\{|(1,0)| + 1}, or 3\{2} (it does
not have total vanishing moments of order 4\{2} since %(/]\1(0) = —2i #0).

Let ga(w) = (e™1 — e7™1)(1 — e~™2)2, Then

8
ai—ﬁaz(o) =0 for |8 <3and 8= (3,0),(21),(0,3),
and ﬁ;w%@m) = —4i # 0. Thus g2 has vanishing moments of order (1,2). Observe
that %;Ug@ (0) = —4 # 0. Therefore, g2 has total vanishing moments of order 4\ {4}
(instead of 5\ {4}).

LEMMA 2.3. Let q be an FIR highpass filter with vanishing moments of order
o € Z3. Then for a smooth function F(x) on R?, we have

1 o«
(2.9) Jal Z qlk|F(x + ck) = Caaw—aF(:c) +0() ase—0,
kez?
where Cq is the constant defined by
1 o ilel g

If, in addition, q has total vanishing moments of order K\{|a|+1} for some K > |a|,
then

[64

(2.11) ﬁ 3" qlk]F(x + k) = Ca O plz)+ OEE1o) a5z 0,

ox™
kc72

Proof. The proof is by straightforward calculation based on Taylor’s expansion.O

2.3. Wavelet frame filter banks. For any nonlinear evolution PDE considered
in this paper, we can simply use the filter bank of one of the tensor-product B-spline
wavelet frame systems constructed in [53], as long as the highest order of vanishing
moments of the highpass filters is no lower than half of the order of the PDE. All
we need to do is choose appropriate parameters for each of the highpass filters such
that the ones that are inactive in the given PDE, i.e. the filters whose associated dif-
ferential operators do not appear in the PDE, converge to zero asymptotically. One
may also simply set those parameters to zero. However, choosing a parameter that
asymptotically goes to zero sometimes leads to better image restoration results. This
idea first appeared in [8]. We will also present some specific choices of the parame-
ters associated to the inactive highpass filters in Corollaries 3.3 and 3.7. Numerical
examples showing the benefit of having inactive highpass filters in the filter bank are
given in section 5.

However, using B-spline type filter banks for all nonlinear evolution PDEs may
not always be efficient, especially when we have too many inactive filters. We need
to compute the decomposition transform associated to those inactive filters in any
case; otherwise the first identity of (2.3) is violated, and we will not have the perfect
reconstruction (2.7). In some applications, when image quality is less of a concern
than computation efficiency, it is desirable to specifically construct a filter bank for a
given PDE that has as few filters as possible. Therefore, we list some of the FIR filter
banks that will be used in later sections. As we will see, these filters can be used to
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discretize different types of nonlinear evolution PDEs, especially nonlinear diffusion
equations.

Let {a,b™) b} be a piecewise linear B-spline tight frame filter bank of [53]
(given by Example 2.2):

+
B~

. . 1 . .
(efzw + ezw) —_ Zezw(l + efzw)Z,

DO | =

a(w) =
(2.12)
b (w) =

=S

) . ~ . . 1 . .
(ezw . efw.z)7 b(2)(w) _ (efzw + ezw) _ Zezw(l . efuu)2.

| =
==

By the tensor product, we can construct the separable 2D piecewise linear B-spline
tight frame filter bank from (2.12), which is commonly used in image denoising, image
inpainting, and other areas. We note that all filter banks in this subsection except for
(2.14) are undecimated bi-frame or tight frame filter banks, which means they only
satisfy the first equation of (2.3) or (2.4).

Ezample 2.4. Let a, b, and b be given as in (2.12). The separable 2D piece-
wise linear B-spline tight frame filter bank p, ¢V, ..., q®, with w = (w1, ws), is given
by

It is straightforward to obtain the following orders of vanishing moments of ¢V, ... ¢(®:

B1 = (170)7 B2 = (071)7 Bs = (270)7 Ba = (1v 1)’:85 = (0’2)7 Bs = (Zv l)a Br = (1v2)7 Bs = (252)'

These filters will be used to discretize nonlinear diffusion equation (3.28).

We can construct a type of tight frame filter bank similar to (2.14) with fewer
highpass filters.

Ezample 2.5. Let a be given in (2.12). A separable 2D piecewise linear B-spline
tight frame filter bank with fewer highpass filters is given by

(2.14)

Ple) = Aln)alen). 7)) = L2 (e — ) (14 7)o,

l/]\(2) (w) _ g (6iw1 + e*iwl) (eiwg . 671&12)’ {1\(3) (w) — %6 (1 . e*i‘*’l)2 (1 + e—iwz)Zeiwleiw27
{1\(4) (w) _ g (eiwl _ e—iwl) (ein _ e—iwg)’ Z]\(S)(w) _ i(l _ e—iw2)2eiw2 )

These filters will be used to discretize nonlinear diffusion equations (3.31) and (3.32).

Furthermore, we can construct tight frame filter banks which result in the rotation-
invariant diffusion equations of arbitrary orders.

Ezxample 2.6. The lowpass and highpass filters are given, respectively, by

(215) ﬁ(w) = 22% (1 + e_iwl)m<1 + e—in)mei[M/Q](wl—i-um)’ m>1,
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and

(216) G (w)

_ 227,];_k <m> (Z) ei[%]wl ei[m/2]w2 (1 + efiwl)mfs(l + efiwz)mfk

s
(1 =) T (1= )",

These filters will be used to discretize the rotation-invariant nonlinear diffusion equa-

tion (3.37).

Now, we present filter banks that will be used for the diffusion equations of the
PM and TV models, image inpainting diffusion, and shock filtering.

Example 2.7. The following bi-frame filter bank is constructed for the PM diffu-
sion (3.20):

Plw) = plw
(217)  {gV(w) =
A(2)( ) =

)= (1 + e ) (14 e2),
(1= ), @ ) = (1= e ) (0 e o),
(1 _ efzwg) t’i (w) — Tlt}(]‘ _ 7%.)2) (6 + elw1 + 672“’1)

I\D\H I\J\H

Example 2.8. The following bi-frame filter bank is constructed for the image in-
painting diffusion (3.23):

(2.18)
Plw) = p(w ) =i +e7 ™)1 +e™2), g (w) = (1 —e™1), ¥ (w) = —5(1 —e™2),
A{B) (w) — (1 _ efiwl)Zeiwl (6 + efiwg 4 eiw2)7
/\(4)( ) (1 _ e—iwg)Qeiwg (6 + e—iwl +eiw1)’
(1) o ~(2) i (3) ~(4)
q (w)=%(6 P-1),q (w=5“"-1),q (W=q (w=1

Ezxample 2.9. The following bi-frame filter bank is constructed for the nonlinear
hyperbolic equation of shock filters (3.27):

(2.19)
Ppw) =p(w) =1 +e ™)1 + eii“2)2eiwlei“’2
GV (w) = L — e ) (1 e )2, G0 (w) = Len — e )(1 4+ e el
GO (@) = (1= 712 (64 ¢ o2,
G (w) = —5(1- emw2)2¢iw2 (6 4 e_wl + ™),
7 (@) = (™ e (6 e 1 e2), 3 (w) = (e — e ) (64 e 4 ),
i =7" =1

Finally, we note that the filter bank that can be used to discretize a given PDE
is not uniquely determined, even though we do not allow inactive highpass filters in
the filter bank. For example, other than (2.18), we can use the following filter bank
for the image inpainting diffusion (3.23):

) = 36 = (14 1 g g
=L, g =

@) = 75(1 — e TIN)2EML(6 4 e T ) (22 deT VR 462 4 o7 IR 20
G (@) = 5 (1~ €72 (6 eI 4 (22 4 4 A T g ),
3(1)(w) = l(ew2 —e ), 5“(2)(0.;) = l(e"“l — e—iw1)7’§(3>(w) _ 6(4) (@) = 1.

2 2
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However, constructing multiple filter banks for a given PDE is not the focus of this
paper. Therefore, we shall only use the filter banks presented in this section as
examples.

2.4. Tterative wavelet frame shrinkage. Iterative wavelet frame shrinkage
(especially soft- and hard-thresholding) is the key ingredient of the wavelet frame
based approach for image restoration in [18,19,14,11,16,17,70,28]. In this section,
we review the formula for more general iterative wavelet frame shrinkage, which goes
beyond soft- and hard-thresholding, and rewrite it in a compact form that will be
repeatedly used in later sections.

Let {p,q™),...,q"™} and {p,q™"),..., g™} be a pair of FIR filters that satisfy
the first equation of (2.3). Let {u$};ez2 be the initial data. The (one-level) wavelet
frame transform based denoising consists of the following processes:

Ln =Y plilufin, HY = ¢ §luly,, neZ’1<0<1L,

JEZ? JEZ?
(2.20) L
wi=Y pli-nlln+> > ¢-nS(HY), jez?
nez? =1 neZ?

where Sp,1 < ¢ < L, are the shrinkage functions. The first step in (2.20) is called
the analysis process, and the second is called the synthesis process after shrinkage.
L., and H,(f) are the lowpass and highpass outputs of u°. The shrinkage functions
we consider in this paper are not limited to the well-known soft-thresholding that
is frequently used in image restoration. As we shall see in later sections, different
shrinkage operators will correspond to different PDEs.

PRrROPOSITION 2.10. Let {p,qV,..., ¢} and {p,q",...,q")} be a pair of bi-
frame filter banks, and let u; be the resulting signal given by (2.20) after one-step
frame shrinkage of ug with these filter banks. Then

L
(2.21) wf=uf+ > > G0 - nl(Sue) - ¢)| je?,

—_g®’
(=1 neZz2 ¢=Hn

where HY) is defined by (2.20).

Proof. Since {p,q,...,qP} and {p, gV, ..., q")} satisfy the first equation of
(2.3), u? can be recovered from the synthesis algorithm (2.20) with Sp(§) = £, namely,

L
=Y pli-nlln+> > §[-nHY, jez’

nez? (=1 neZ?
Thus,
L
uj= > pli—nlLa+Y Y q9 —n]Si(HY)
nez? (=1 neZ?
L L
=uj=> > @V -nlH 30> a0 - nlS(H)
=1 nez?2 (=1 nez?

L

W +30 > a0l - nl(Sue) ~8)|_ ., d€z O

=1 nez?
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The frame shrinkage process (2.20) can be applied iteratively:
HOF = 3" qOlulL, 1<0<

+
j€Z2
(2.22)
ul = §1+qu(/g ( J(HOFT) Hg)7k71>’ k=12 .
(=1 neZ?

In this paper we will also consider the channel-mixed frame shrinkage (coupled
frame shrinkage):

(2.23) u;zz plj — n]Ln +ZZ%£']—TLS[( HY H® HL)Y, § €72

nez? =1 neZ?

where Sy, 1 < £ < L,n € Z? are functions of several variables. If u}, j € Z*, are given
by (2.23) after channel-mixed shrinkage, then one can obtain similarly to the proof of
Proposition 2.10 that

(2.24) u}=uf +Z 3 q“)g—n](&;( HY HO . ,H;L))—Hﬁﬁ), jez?
=1 nez?

The channel-mixed frame shrinkage process can also be applied iteratively:

(2.25)
HOF =" g5l 1<0<L,
JEZ?
L
uf =uf T+ Y g0 —n] (SE(HQ%‘H, L HPRY Hﬁf%’f*l), k=1,2,....
=1 nez?

Although the choice of shrinking functions S; can be general, they need to be mean-
ingfully chosen. In this paper, we will focus on a few specific shrinkage operators
which are closed-form solutions of certain optimization problems.

Next, we rewrite (2.22) and (2.25) in operator form. Let Wu =: d be the
wavelet frame decomposition of u defined by (2.5), and let W T d be the reconstruction

operator using a duel wavelet frame. We have W T W = I. For simplicity, we assume
the level of decomposition is 1, i.e., Lev = 1 in (2.5). For a given wavelet frame
coefficient d = {dy, : m € Z%,0 < ¢ < L} and threshold a(d) = {asn(d) : n €
72,0 < ¢ < L}, define the multiplicative shrinkage operator Se(d) as

(2.26) Sa(d) ={Sa,..a)(den) = den(l —apn(d) :n € Z?0< (< L},

Note that Sq, ,, (d¢n) in (2.26) denotes (Sq(d))s,n, whose value may depend on more
values than merely d;,, (see, e.g., (3.17)). Similarly, we denote the anisotropic and

isotropic soft-thresholding operators as 7'; and 7'(21, respectively, where
(2.27)

T(d) = {m,nwde,n)

|Z | max{|dsn| — arn(d),0} :n €Z*0< < L}

and

dem
T2(d) = {Tjﬂ'n(d)(dan) = Re {Rz,n - az,n(d),O} meZ*0< 1< L},
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where Ry = (ZWW‘:WE‘ |dg/,n|2)%. Observe that Rypn = Ry if |,3@/| = |,3[| For
all shrinkage operators, we always fix the threshold g, = 0, which means we never
penalize the low frequency coefficients dg .

With the notation in (2.5) and choosing the shrinking functions S; as S, and
T%, we can rewrite both (2.22) and (2.25) as

(2.29) ubF =W S (Wub1), k=12

g Ly ey

which shall be referred to as the iterative multiplicative wavelet frame shrinkage (al-
gorithm), and

(2.30) W =WITE  (Web ), k=1,2,..., p=12

which shall be referred to as the iterative (anisotropic/isotropic) wavelet frame soft-
thresholding (algorithm). Here, a*~! = {ayn(d*~!) : m € Z%2,0 < ¢ < L} with
d"~' = WuF~1. When W is the transform associated with a tight wavelet frame
system, we have W = W in (2.29) and (2.30). We note that the shrinkage operator
(2.26) is in fact so general that it includes (2.27) and (2.28) as special cases. In
other words, the iterative multiplicative shrinkage (2.29) includes (2.30) as a special
case. We shall give more details in section 3.3, where we present nonlinear diffusions
that are in correspondence to (2.30) with various choices of thresholds. However, we
will keep the two types of thresholding separated in notation and in our discussions,
since they have different thresholding mechanisms and have rather different optimality
properties, as will be shown in the following subsection.

Although the iterative algorithms (2.29) and (2.30) may not correspond to a
certain optimization problem, the solutions of two consecutive time steps of both
algorithms possess certain optimality properties. Given an «, we assume that

(2.31) 0<a<l, ie,0<ai,<1,forallmeZ? 0<(<L.

Consider the quadratic optimization problem

1 1 o
min 5 d = Wl + 572, 4]

where d = {d;, : m € Z?,0 < ¢ <L} and Vitecd = 1fi’rnd&n tneZ?0<
¢ < L}. We first observe that

. 1 2 1 (8%
Sa(Wu) = argmdln§||d — Wul; + §H1 T d‘

which is easy to derive by simple differentiation. Also, we have (see, e.g., [32,20,8])

2
)
2

2
)
2

1
T5(Wu) :argmgniﬂd—WuH%—&— HadH , p=12
L

where o - d := {Oég)ndgm, TmeZ2,0<(< L},

b= el and = Y00 (X leal?)
Ln n

=1 By =l

(2.32) Id,
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Here we regroup B¢, 1 < £ < L, according to the order of vanishing moments |3;| of
highpass filter ¢), and we assume the largest number among |31],...,|8z| is m.

When we have a tight frame system, i.e., W = W by [9, Proposition 3|, we have
1 o 1 T 2 1 TN g2
(233) Sld =Wl = SIWTd—ul+ (1 - WWT)d|3.

Therefore, the iteration (2.29) has the following optimality property:

W argming 3 [|d — Wub 13 + 3|/ 125 - dH] bi-frame,

(2.34) uF={ WT argming 1|W'd — u* 13+ (|1 - WWT)d|3

+§||\/1f:;¥'d”2} tight frame.

Similarly, the iteration (2.30) has the following optimality property:

W argmina d - Wat-13 + b1, | bikame
(2.35)  uwF =< WT argming 2|W'd — w12+ LT - WWT)d|3
—&—Hak_l . dH1 @} tight frame.

Judging from the formulas of the shrinkage operator, the parameter a*~! depends
only on the wavelet frame coefficients d*~1. The first optimization problem in (2.35)
is a synthesis based model [23, 35,36, 38, 39], and the second optimization problem is
a balanced model [18,7].

2.5. Wavelet frame shrinkage and nonlinear evolution PDEs. In this
subsection, we discuss how wavelet frame shrinkage is related to nonlinear evolution
PDEs in general. We shall focus on the motivation of such a connection and leave the
details to later sections. We will also discuss the similarities and differences between
our approach and some of the existing approaches, i.e., the finite difference and wavelet
Galerkin methods.

Throughout this paper, all the evolution PDEs we shall consider take the following
general form:

L
o . o5 o8t
(2.36) Ug = ; Dy ®y(Du,u), with D= <[“)x/31’ ce [“)x/-’L>

where we assume the PDE is defined on R? for the moment, and |ay|, |B¢| > 0 for
all 1 < ¢ < L. Note that (2.36) includes diffusion, hyperbolic, and Hamilton—Jacobi
equations as special cases. In this paper, we shall focus on nonlinear diffusions. How-
ever, we will also discuss a nonlinear hyperbolic equation used for image restoration
called the shock filter [50].

Given a pair of bi-frame filter banks {p, ,...,q (L} and {p,q",...,q"M},
and their associated transforms W _and W we have WTW = I. We split the low
and high frequency components of W and W according to the notation in (2.5) as

VV]OW = W() and Whigh = {Wg 1 S / S L}

We define ﬁvflow and f/‘vfhigh similarly. Assuming that g9 and g have vanishing mo-
ments of orders By and ay, respectively, our key observation is based on the following
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relations, which can be derived using Lemma 2.3 by choosing A and A properly:

(2.37) A Whighu ~ (Du)| and (5\ . Whigh>T . (w)j:1 ~ —( S (i:)lw)r
=1

where u = u| and v, = (v)| for some smooth functions v and vy, f; denotes the

restriction of f on Z*, A Whighu = {\Wyu : 1 < < L}, and (:\~Whigh)T~(v4)eL:1 =
ZeL=1 XgWETvg. Note that the first approximation of (2.37) was observed earlier in [8],
while both approximations of (2.37) in the one-dimensional setting were used in [46].
Using the observation (2.37), we can discretize (2.36) as

~ T
(238) /’l\l,_k(:/’l\l,_k(_l — T ()\ . Whigh) . (‘Pg(A . Whig;’l\l:k’_l,/’l\ll_k(_l))jzl )

where/ﬁ";/denotes an approximation to the value u(hj, 7k) of u(x,t) at (hj, k), where
h and 7 are the spatial step size and the time step size. Recall that from Proposition
2.10 and the iterative shrinkage formula (2.24) that follows, we have the following
general expression of the iterative wavelet frame shrinkage algorithm:

(2.39) wb = bt WL Wit — (Sg(vvhighukfl))f:l} .

Comparing (2.38) with (2.39), we will show that, if the shrinkage operator S, is
properly chosen, the iterative wavelet frame shrinkage algorithm will match (2.38) in
the sense that u* = u”* for all k > 1 as long as u” = w". This implies that (2.39),
and its equivalent operator form (2.29), is a discrete approximation of the evolution
PDE (2.36) if the shrinkage operator is properly chosen. On the other hand, for some
type of given shrinkage, such as the soft-thresholding operator, we will work our way
backward and find the associated (new) evolution PDEs. The main ideas here will be
followed and carried out in detail in sections 3.1 and 3.2 to establish the connections
between the nonlinear evolution PDEs (especially the nonlinear diffusions) and the
wavelet frame based approach for image restorations. Furthermore, in section 3.3,
we will discuss how we can further generalize such a relation, and how new evolution
PDEs and iterative wavelet frame shrinkage algorithms can be created.

2.5.1. Difference from finite difference approach. The main advantage of
wavelet frame based discretization of PDEs is that it equips the nonlinear diffusion
PDE approach with a space-frequency analysis and multiscale analysis through the
multiresolution analysis associated to wavelet frames. This is impossible to achieve
by other finite difference methods. This provides a new angle from which to under-
stand the nonlinear PDE approach. It further provides new types of nonlinear PDEs
motivated by the wavelet frame based approach. On the other hand, as we will see
in this paper, the PDE based approach in turn gives the wavelet frame based ap-
proach a geometric explanation and motivates us to develop new wavelet frame based
methods which are different from the already available wavelet frame methods, which
are mainly based on the sparse approximation of underlying solutions in the wavelet
domain. We elaborate on some of the details as follows.

1. Finite difference methods and our approach are different in how discrete
data is sampled from the unknown function. For a standard finite differ-
ence method, discrete data w is sampled from its continuum counterpart
normally by u = Rju, where Ry, is the restriction of v on a certain grid with
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mesh-size h. However, the wavelet frame based approach samples u using
the associated refinable function, which generates the underlying MRA of the
wavelet frame system, as u = Thu with (Thu)r = 2"(u, pp k) (see (4.9)).
The sampling used by the wavelet frame based approach is more general and
better than that used by finite difference methods in the following sense.

(a) When u is continuous, the two samplings are equal to each other asymp-
totically (see Lemma 4.9 for details).

(b) When u € Ly(R?), the sampling Thu is still well defined, while Rju
is not. More importantly, with the samples of u, the sampled values
of various differentiations of u can be obtained by applying a standard
wavelet decomposition on Tpu. In this way, we are able to directly link
the sampled values of derivatives to wavelet frame coefficients, which
can be used to analyze various properties of the underlying solution,
e.g., singularities.

2. For standard finite difference approximation of the operator D = (

9Pe \L
oxBe )2:1

(differentiation) and ZeL=1 % (divergence), there is not a bi-frame struc-
ture for the finite differencing of differentiation and divergence. However,
when we use wavelet frame transform to discretize differentiation and diver-
gence, A - Whyigl, approximates the differentiation and A - W}Igh approximates
the divergence. By augmenting the associated lowpass filter, we always have
W TW = I. This property is used extensively, and without it, we would not
be able to rewrite the standard iterative wavelet frame shrinkage algorithm
(2.20) as (2.21) (see the proof of Proposition 2.10). In other words, we would
not have the general iterative wavelet frame shrinkage algorithm (2.39) that
can be used to link with (2.38). Note that if we start with a certain finite
difference scheme, we can complete the corresponding system to a certain bi-
frame system. Therefore, implicitly, the finite difference method is also frame
based, although it may not have the MRA structure and wavelet frames asso-
ciated to it. However, the completion to a bi-frame system is not considered
by finite difference methods.

3. Finally, the advantage of the discretization by wavelet frame transforms
over the finite difference methods is the multiresolution structure of wavelet
frames, or the multiple decomposition levels of wavelet frame transform. This
automatically casts a multiscale analysis and space-frequency analysis to the
PDE based approach. The multilevel decomposition allows us to detect sin-
gularities of the underlying solution and its directives in the presence of noise.
The ability to detect singularities enables us to activate wavelet frame bands
and the associated shrinkage algorithms adaptively according to the orders of
singularities. These advantages of discretization by wavelet frame transforms
over finite difference methods will be illustrated in our numerical simulations
in section 5 (Tables 1 and 2), where multiple decomposition levels are used.

2.5.2. Difference from wavelet Galerkin. The basic idea of the wavelet
Galerkin method [1,42,47,52] is to represent the solution by a linear combination
of a refinable function ¢ for an orthonormal wavelet system. One can form the weak
form of the given PDE using refinable functions as test functions and then obtain a
linear system with a stiffness matrix, or an iterative scheme associated to the linear
system, which has entries like (g%, %> called connection coeflicients. The key idea
of the wavelet Galerkin method is to make the stiffness matrix sparse in the wavelet

domain. In order to make this idea work, the wavelet system used has to be close
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in some way to the eigenfunctions of the differential operator. However, it is hard to
design such a wavelet system in general.

Our approach here never tries to make the stiffness matrix sparse. Instead, our
methods are based on the properties of the underlying solutions. One example of such
properties is that the underlying solutions for many differential equations considered
in this paper are piecewise smooth functions, which can be sparsely approximated by a
wide range of wavelet systems. Iterative algorithms are derived by carefully designing
shrinkage operators based on prior knowledge of the underlying solutions. Such prior
knowledge can be obtained either from the given data or by a prior analysis of the
underlying solution. For example, when soft-thresholding is used, we assume that the
underlying solution has a good sparse approximation in the wavelet frame domain.

Finally, to solve a given PDE using the wavelet Galerkin method, one needs
to compute the connection coefficients first, which is an additional complication in
solving PDEs, especially given the fact that many refinable functions do not have
analytic forms. Our approach, however, is much easier to implement in practice.
We can use the exact same algorithmic structure to solve a large class of (nonlinear)
PDEs. We do not need to alter the fast wavelet frame transforms; we simply need
to choose the right shrinkage operator and proper parameters A and A, which can
be calculated analytically. In other words, ease of implementation and flexibility in
solving general nonlinear PDEs are the major advantages of our approach over the
wavelet Galerkin method.

3. Wavelet frame shrinkage and nonlinear evolution equations. This
section establishes connections between the wavelet frame shrinkage algorithm (2.29)
and the nonlinear evolution PDE of the form (2.36). As illustrated in the previous
section, discretization of the PDE (2.36) using wavelet frame transforms can be written
as (2.38), and the iterative wavelet frame shrinkage can be written as (2.39). The
connections can be made by comparing the formulas (2.38) and (2.39). This is the
key observation that we shall rely on in this section. As a further illustration of the
observation, we use a specific evolution PDE and the Haar framelet as an example. For
the rest of this section, however, we shall discuss the connections in generic settings.

Consider the following PDE:

8@1(8u ou ) 8@2(8u ou )
Ut = — + — .

—, U Y, U
3171 8I1761’27 6562 81‘17 (91172’

If we choose tensor-product Haar framelets to discretize the involved differential op-
erators, a discrete form of the above PDE can be written as

W= - W e (AW L What T ak )
—TXgWJ‘bg()qu’ljkil, AQWQﬁkil’ ﬂkil).

For the same wavelet frame system, the iterative shrinkage algorithm (2.29) can be
written as

’Ll.k _ uk—l _ WlT [Wluk—l _ Sl (Wluk_17 Wguk_l,uk_l)]
- WQT [Wguk_l — SQ(Wluk_l, Wguk_l,uk_l)] .

Comparing the above two formulas, to link the two iterative algorithms, we can simply
define Sy, £ = 1,2, as a pointwise defined operator such that, for &, € R,

Se(€1,€2,€) = € = TADe(E1,€2,) = & (1= TADe(€1,62:0)/) |
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as long as the ratio ®y (&1, &, ¢) /&, is well defined. In particular, when qy(g—g, (;97“ u) =

ge(|Vul?, u)% (nonlinear diffusion), we have

Su(6n,&,Q) =& (1= Thugn(€ +8.0)

The parameters Ay and Xg are chosen so that AW, =~ 5%’ and XZWET =~ a%,'

3.1. Wavelet frame shrinkage derived from PDESs. In this section, we fo-
cus on the relation between the iterative multiplicative wavelet frame shrinkage and
nonlinear diffusion equations. A nonlinear hyperbolic equation known as the shock
filter [50] will also be studied; this can be cast (formally) into the form of a nonlinear
diffusion. In fact, the arguments we use to link wavelet frame shrinkage with nonlinear
diffusions can be applied to general nonlinear evolution equations (2.36). Therefore,
in the rest of this paper, we will mostly focus on nonlinear diffusions.

We will show that, with proper choice of the shrinkage functions, the wavelet
frame shrinkage (2.22) (or, equivalently, (2.29)) is a discretization of the following
nonlinear diffusion equation for u = u(zx,t), € R% ¢t > 0:

L

oo 8By 2 APy,
_ _ 1)1+
(3.1) w=) () {92(<axﬂf> )6%"’3}’

l=1

with g, : R — RT smooth and f being the initial function u(zx,0) = f(x),z € R2.
More precisely, let {p,q™,...,q"P} and {p, gV, ..., g™} be a pair of bi-frame filter
banks. With ug = f(hj), the sequence u;“ generated by (2.22) (or, equivalently, from
(2.29)) approximates u(hj, k7), where h and 7 are the spatial and temporal step sizes,
provided that S in (2.22) satisfies

T 52
3.2 Si(6) =€{1— L,EER1<I<L,
(32) (&) g{ cgf)cé?haﬂﬁege((cé?)%mﬁa)} ¢

or, equivalently, the shrinkage operator S, in (2.26) satisfies

(33) Sa/qn(d) (dZ,n) = dé,n(l - aﬁ,n(d&n))

’ (1 p ’ ( - )) et
= Ugn — = v 7 Y 7 s < < ,
C&E)C’éjh\wlﬂml (Cég))zhz\m\

where ay, B¢ in Z%_ are the vanishing moment orders of g0, ¢'*), and CN’&), ng) are
defined by (2.10).
In this section we will also consider the channel-mixed nonlinear diffusion

L
e By 9Py, Py 0Py
_ _ 11+
(34) Uyt Z( 1) D {gé(awlﬁla ('99352""’ 8w5L>8wﬁ’}’

{=1

with g, : RY +— R* smooth, and show how to design some tight frame and bi-
frame filter banks and choose appropriate shrinking functions/operators such that
the iterative frame shrinkage (2.25)/(2.29) is a discretization of (3.4).

Finally, applying similar techniques, we will show how can we design tight frame
and bi-frame filter banks and the associated shrinking functions/operators to dis-
cretize the PM equation [51], the Bertalmio—Sapiro—Caselles—Ballester image inpaint-
ing diffusion [5], and a nonlinear hyperbolic equation known as the Osher—Rudin shock
filter [50].
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3.1.1. Shrinkage for nonlinear diffusions. In this subsection, we discuss the
correspondence between frame shrinkage and high order nonlinear diffusion. Let
q¥,1 < ¢ < L, be a tight frame filter bank. Suppose ¢),1 < ¢ < L, have
vanishing moments of orders 3, with C’g; # 0, where Cg} are the constants defined
by (2.10) with ¢ = q(*), respectively. We will show that, with properly chosen shrink-
age functions, the iterative shrinkage (2.22) or equivalently (2.29) is a discretization
of the high order nonlinear diffusion equation

L

o o B ())E)

{=1

for u = u(z,t), x € R? ¢t > 0, with u(z,0) = f(z) and some smooth diffusivity
function gy : R — RT.
Recall that h and 7 denote the spatial step size and the time step size. Lemma 2.3

ensures that we can use FIR filter ¢*) to approximate partial derivatives ﬂgiu(m, t)

oxP
and %Gg(a:,t), where
8Peu\ ?\ 9Peu
Gel(, ) := gé((awm) ) DB

Indeed,
HPe
(3.6) 55, W(hd k) ~ (Z h\m\ > q“mlu(hg + hn, k),
nez?
HB¢ . ( \,3/ 1 0
(3.7) o5, Gelhd, Th) = C“’) ] > ¢ [m]Ge(hj — hm, k)
meZ?
(=1)1Bel 1

= a1 2 47l - miGi(hm k7).
Cﬁtz meZ?

where (2.9) with e = h and € = —h has been used in (3.6) and (3.7), respectively
Let u? = f(hj),j € Z% From (3.5), (3.6), and (3.7) with k = 0, u ,j €72,
defined by

71 70 L

Bt e A O[5 — @]
T ;c“ hlﬁ\zq J ((c“ h|5|zq m*'”) )

' (C“’ hleel Zq() Tﬁv*’”)

give approximated values of the solution u(x,t) at (hj,),j € Z2. The above equation
can be rewritten as

(3.8)
L 2
W o 21 mie( () ) (G ) i<
U;j=U; —T Y —r—— q’lj—mlg| | ——Hm 77{ Jjez,
’ 7 ; C;i) BBl mgz [ } Cﬁ(f[,) KBl c ) BBl

where H'% is defined by (2.20): H = =3,4d9mul, ., =3, a¥n]f(h(n+m)).
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Repeating the above process, we have ul, u?, ..., which are approximated values
of the solution w(x,t) at (hj,27), (hj,37),..., respectively. More precisely, assume

we have/'t\ﬂf_l, approximated values of u(zx,t) at (hj,7(k — 1)),4 € Z?. Then from

(3.6), Zu(hg,r(k — 1)) ~ 1/(C5) WP, 0 @Ok Y. This, together with
(3.7), implies that

oPe

S Gelhd. (k= 1)

N(_l)lﬁel 1 Z (g)[._m} ( Z (z)nT\a( ))( Z é)[T\J( )
B I e Y SN hIBI a o c“’> pipal 2 @ Enm

Thus, @}, 5 € Z?, defined by

5k ~k—1 L

it B B Z) )
’ 7'] o ;CU’) h|5‘zq ( e) h\ﬁ\zq T\k+m) )
. ( e) hlﬁ ‘ Zq(é) T\I(er)

give approximated values of the solution u(z,t) at (hj,7k),j € Z?. Hence the high-
pass filters ¢©),1 < ¢ < L, give a discretization of (3.5), which can be rewritten as
follows: for j € 72,

L

(39) /_’l;,?( /_’12;( 1 72#2(1(4)[‘7 7m}ge<(¥7_[%‘),k71)2>

— Cg;) Rl 4= Cg;) Bl Bel
1
. - (Z)vk_l —
(c},? oMo ) k=1,2,...,

where H(O-*F=1 1 < ¢ < L, are the highpass outputs of/i\i;*l defined by (2.20) with

u? replaced by w1,

Let u® be the resulting sequences of the wavelet frame shrinkage (2.22) with
ug. = f(hj),j € Z*. Comparing (2.22) and (3.9), we have that u J,] € 72, for
O =u%

all k > 2 as long as w and

2

r
5{1 - ge(
(ng))thﬁgl (ng))Qh?Wl

(3.10)  Su(€) = )} £eR, 1</<L.

If u” is generated from (2.29), the equivalent operator form of (2.22), then condition
(3.10) can be translated equivalently to
(3.11)

T dz .
Sa den) = den(1—aem(den)) = den | 1— : ,1<¢< L.
@) = (10l ) = don (Cé?)%%ge( (Oé?ww))

In other words, the iterative wavelet frame shrinkage algorithm (2.22)/(2.29) generates
the exact same sequence as (3.9) provided that u = u” and (3.10)/(3.11) is satisfied,
where (3.9) is in fact a discretization of the nonlinear diffusion (3.5). In the following
theorem, we summarize this result on the relation between the wavelet frame shrinkage

algorithm (2.22)/(2.29) and the high-order nonlinear diffusion (3.5).
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THEOREM 3.1. Let u” be the resulting sequence from the iterative wavelet frame
shrinkage (2.22)/(2.29) with u(;. = f(hj),j € Z%, and using a tight frame filter bank
{p,qW,...,qPY with q¢'9 having vanishing moment B,. Then, u* is a discrete
approzimation of {u(hj,k7):j € Z% k = 1,2,...} with u(zx,t) the solution of (3.5)
provided that the shrinkage functions satisfy (2.22)/(3.11). Furthermore, if the «
given in (3.11) satisfies (2.31), we have that both the optimality properties in (2.34)
hold for u.

Remark 3.2. In Theorem 3.1 and many other results in this paper, the statement
that “u is a discrete approximation of {u(hj,k7):j € Z? k = 1,2,...} with u(x,t)
the solution of a given PDE” means that the discretization by (2.29) is consistent
with the given PDE. Since all the consistency proofs are very similar to each other,
we present a detailed proof of consistency for a specific PDE later in Proposition
4.3, which can be easily modified to a proof for Theorem 3.1, as well as all other
consistency results in this paper. To show that u* indeed converges to the solution of
the given PDE, we need it to be well-posed and the algorithm to be stable, in addition
to consistency. A complete proof of convergence of the discretization given by (2.29)
to a specific PDE is given in section 4. Although the analysis is only applied to one
particular PDE, one can easily see from the proofs in section 4 that, as long as the
given PDE is well-posed, we can always show convergence of (2.29) with properly
chosen shrinkage functions.

With Theorem 3.1, we have the following easy corollary.

COROLLARY 3.3. Let u* be the resulting signal from the iterative multiplicative
wavelet frame shrinkage (2.29) with ug = f(hj),3 € Z2, and using a tight frame filter
bank {p,q(l), .. .,q(L)}, with L > 2, ¢'9 having vanishing moment By. Let L be an
integer with 2 < L < L. Then, u* is a discrete approzimation of {u(hj,k7) : j €
72,k =1,2,...} with u(zx,t) the solution of

I 2
P Py Py
_ E 1\ 14|8|
(3.12) w=p (=1 OxBe {ge(<3wm> ) OxBe }7

(=1

provided that the shrinkage operator of (2.29) is chosen as
(3.13)

T (de,n)2 T
d(,'n{l - (Cé[>)2h2‘52|g[((Cél[)thﬁ@‘)} fOT 1 S l S I;7

&) M, 2 ~
den{1 — St ge (“amr ) Y for L< e < L,

Sagm,(d) (dé,n) = d@,n(lfaf,n(dé,n)) =

where C’éo),C’(gl) > 0 and sy < 2|B¢|. Furthermore, if the a given in (3.13) satisfies
(2.31), we have that both the optimality properties in (2.34) hold for u®.

Remark 3.4. Theorem 3.1 and Corollary 3.3 imply that we can use the tight frame
filter bank {p,q®,...,qD} or {p,qV,q@, ..., ¢} with L > L to approximate
the same PDE (3.12). Numerically, the discretization by Corollary 3.3 can produce
better image restoration results than the discretization by Theorem 3.1. This is in
fact consistent with our earlier findings in [8], where we discretize variational models
using B-spline tight wavelet frames.

Similarly, when a pair of bi-frame filter banks {p,q"), ..., ¢} and {p, 6(1),5 2
9B

are used for frame shrinkage, the formulas used to discretize partial derivatives mu(w, t)
2 . I . 8 By
and aawtsz Go(z,t) in the diffusion equation (3.1), where Gy(z,t) = gg((gmi}; )z)gng,



628 BIN DONG, QINGTANG JIANG, AND ZUOWEI SHEN

are
HPe
—a:cmu(h] Tk) ~ 4) hlﬁel Z q /) u(hj + hn,7k),
nez?
HBe ) 1Bel 1 N
ogp: Cehd TR~ ( c<)f> e > @i = m|Gi(hm, Th),
meZ?

where C'Y) and 5&2) are the constants defined by (2.10) with ¢ = ¢ and ¢ = ¢,
Be ¢
respectively. Then u? w1thAﬁ’ f(hj),3 € 72, defined by

L

1) W= 7Y s 3 a5 - mla(( e )’)

)
= meZ? C,Bz h!Bel

1
o ———— Dk
(o“) plBe ™ )
Be

for k = 1,2, ... provides a discretization of the diffusion equation (3.1), where H (k=1
1 < ¢ < L, are the highpass outputs of w* ! defined by (2.20) with u° replaced by

“u" 1. Let u” be the resulting sequences from wavelet frame shrinkage (2.22) with
u? = f(hj),j € Z*. Comparing (2.22) with (3.14), we have u* = u* for k > 1 if
(3.2) holds. Therefore, in this case, the wavelet frame shrinkage algorithm (2.22) (or
its equivalent form (2.29)) approximates the nonlinear diffusion (3.14).

THEOREM 3.5. Let u® be the resulting sequences from wavelet frame shrinkage
(2.22) /(2.29) with ug = f(hj),J € Z2, and using a bi-frame filter bank {p,q"V, ... ¢V}
and {p, @V, ...,qg B} with q©) (resp., g ) having vanishing moment By (resp., ).
Then, u® is a discrete approvimation of {u(hj, k) :j € Z?,k = 1,2,...} with u(x,t)
the solution of (3.1) provided that (3.2)/(3.3) is satisfied. Furthermore, if the o given
in (3.3) satisfies (2.31), we have that the first optimality property in (2.34) holds for
u”.

Similarly, one can easily derive the correspondence between the wavelet frame
shrinkage and diffusion of (3.4). In this case, the discretization scheme for (3.4) with
a bi-frame filter bank {p,q™",...,q™} and {p,qV,...,qM} is, for k =1,2,...,

(3.15)
L (1),k—1 (L), (0),k—1
—~k k1 1 (01 ( Hor Hom )( " )
Uj = Uy -T =) L8 q []7m]gg PR )
v ; C&) sl mgg CD plen” " o) el )\ ) pisel

where uf = f(hj),j € Z*, and H)#=1 1 < { < L, are the highpass outputs of u**
with q(®.

THEOREM 3.6. Let u* be the resulting sequence from the wavelet frame
shrinkage (2.25)/(2.29) with ug = f(hj),3 € Z2, and using a bi-frame filter bank
{p,qW,....qPY and {p,q", -, @V} with ¢ (resp., §¥)) having vanishing mo-
ment B¢ (resp., ). Then, u* is a discrete approzimation of {u(hj,kt):j € 72 k =

2,...} with u(x,t) the solution of (3.4) provided that the shrinkage functions Sy of
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(2.25) satisfy

(3.16)
B T&0 &1 195
Sl ba) =6 G(Z)Cw)hae|+ﬁe|ge(0(1)hﬁll T c(“hm)’fl’”"& <
X Be B BL
1<e<1,

or equivalently the shrinkage operator of (2.29) is chosen as

(3.17)
Sag,n(d) (dl,'ru cee 7dL,n) = dé,n (1 - aé,n(dl,na SRR dL,n))

d (1 ; ( dl)n dLyn ))
= Qg m T = 7 ge 1 R 7
Ca) Oy plec+18: ™"\ 05 piss] O nibel

for1 < ¢ < L. Furthermore, if the a given in (3.17) satisfies (2.31), we have that the
first optimality property in (2.34) holds for u*.

With Theorem 3.6, we have the following easy corollary.

COROLLARY 3.7. Let u* be the resulting signal from the iterative multiplicative
wavelet frame shrinkage (2.29) with u?- = f(hj),j € Z?, and using a bi-frame filter
bank {p,qV,....q¢'®} and {p,qV,....q"X)} with L > L > 2, ¢ (resp., ¢*)
having vanishing moment B¢ (resp., ay). Then, u® is a discrete approvimation of
{u(hg, k) : 3 € Z%,k =1,2,...} with u(x,t) the solution of

L

e Pru 9P\ 9Py
_ _ 1)1+
(318) Uy = Z( ]‘) ¢ 8%‘1[ {g£<8w,31 ’ 8w52) amﬁf }’

{=1

provided that the shrinkage operator of (2.29) is chosen as

(3.19)
Sagyn(d)(dé,n) = d[,n (]- - Oél,n(dl,'ru ey dL,n))

T dl,n dz,n T
B den (1 5gzogi>h|ae\+\ag\94 <C/(311)h‘ﬁ1' ’ cé22>h\a2|>) forists<l,

= ~(0) [ A ~(2) (L) -
{9 O dim Cy2do, oy dy,
diom (1— s gz( e —iEr e L")) for L< ¢ <L,

IR RIBL]

where C’éj) >0,j=0,1,...,L, and s¢ < |ow| + |Be|. Furthermore, if the o given in

(3.19) satisfies (2.31), we have that the first optimality property in (2.34) holds for
k

u”.

Remark 3.8. Theorem 3.6 and Corollary 3.7 imply that we can use a bi-frame filter
bank {p,q™",..., ¢} and {p,q"",..., g} or {p,q"V,..., ¢} and {p,qV, ..., g}
with L > L to approximate the same PDE (3.18). Numerically, the discretization by
Corollary 3.7 can produce better image restoration results than the discretization by
Theorem 3.6.

3.1.2. PDE models for image restoration. In this subsection we show how
iterative wavelet frame shrinkage can be used to discretize some PDE models com-
monly used in image restoration. We will consider the PM equation [51] and a modified
TV equation, the Bertalmio—Sapiro—Caselles—Ballester image inpainting diffusion [5],
and the Osher-Rudin shock filter [50].
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1. PM and TV models. The most commonly used diffusion equation is
(3.20) uy = div(g(|vVul?)vVu),

namely,

w= g o)+ () Dam )+ o o)+ () Do b
where g is the diffusivity function. If g(2?) = Tz Where ¢ > 0, A > 0 are

constants, (3.20) is the PM model; it is the (modified) TV model if g(z?) = ﬁ,

where ¢ > 0, ¢ > 0 are constants.
Let {p,q",q?} and {p,q™",q®} be a pair of bi-frame filter banks defined
by (2.17). Then ¢, g™ have vanishing moment of order (1,0) and ¢(®,g® have

vanishing moment of order (0, 1) with C((ll)o) = C~'((11)0) = C((g)l) = 5((3)1) = —1. Thus,

by Theorem 3.6 with g1 (£1,&2) = g2(€1, &) = g(&3 + £3), if
4161 (4(€%+€§)

2 2
(821) Si(61.6) =& — 379 47E; (4(51 +€2))7

) s =6 - e

or equivalently

2 2
(322)  Sey o (@(drmsdom) = dom (1 B %g (4(d1,n) + 4(ds.p) )) =12

h2

then the iterative channel-mixed frame shrinkage (2.25)/(2.29) results in a discretiza-
tion of the PM equation.

2. Image inpainting diffusion. The (slightly modified) diffusion equation for image
inpainting is

ug = V(Au) - Vut +eAu, (x,t) € D x (0,T)

with initial condition u(z,0) = f¢¥' x € Q, an extension of f from D to Q\D, where
e >0 and

_0
vult = { %y } .
oz
We consider the more general equation
(3.23) uy = V(g(Au)) - vut + eAu,

where ¢ is a smooth function on R. Equation (3.23) can be written as

0 Ju 0 ou

= Bn (g(Au)a—x) + p ( - g(Au)a—y) + eAu.

Thus (3.23), or equivalently (3.24), can be expressed in the form of (3.4) with L = 4,
ﬁl = (130)a /62 = (07 1)7 ﬂb’ = (230)7 /64 = (072)3
a1 = (Oa 1)7 Qo = (1a0)a Qg3 = (O7O)a Qy = (070)7

(3.24) Ut

and

91(51752753754) = 9(53 +§4)7 92(51752753754) = _9(63 + 64)7
93(&1,82,83,84) = ga(&1,82,83,84) = —¢.
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Therefore, in order for the wavelet frame shrinkage to be in correspondence to the
diffusion equation (3.24), the analysis highpass filters g, ..., q™ need to have van-
ishing moments of orders (1,0), (0,1), (2,0), (0,2), respectively. The synthesis high-
pass filters ¢) and g(® should have vanishing moments of orders (0,1) and (1,0),
respectively, and filters ¢ and g are just the delta filter which have vanishing
moment of (0,0) order.

The bi-frame filters needed to discretize (3.24) are given by (2.18). Indeed, the
highpass filters ¢V, ¢, ¢, ¢ and gV, ¢, g, g® have vanishing moments of
orders (1,0), (0,1), (2,0), (0,2) and (0,1), (1,0), (0,0), (0,0), respectively. One can
easily obtain

1

C(l) — _ C(Q)

(1,0) 95 Y01 =

B _ @ 1 =
,0(2, =C ,C oy =1

_oo __ 1 ae _Fme _
0,2) — IR (BY C(10)__§7 C(o, =C

Thus by Theorem 3.6, if the shrinkage functions Sy of (2.25) and the diffusion function
g satisfy

Se(&1,62,83,8) =& —

478y 483 + 484
2 (— 2 for £ =1,2,

Se(€1,62,63,84) =& (1 - 4/12> for ¢ = 3.4,

or equivalently if the shrinkage operator Sy of (2.29) satisfies

h? h2

den (1 — %) for £ = 3,4,

Sa[,n(d) (de’n) = { tn ( g( )) or

then, with the filters given by (2.18), the wavelet frame shrinkage (2.25)/(2.29) is a
discretization of the diffusion (3.23).

3. Osher—Rudin shock filter. The Osher—Rudin shock filter (nonlinear hyperbolic
equation) is governed by

(3.25) w + [VulF(L(w) =0, (z,t) € Qx (0,T),

with initial condition u(x,0) = f(x),z € 2, where F is a Lipschitz continuous function
satisfying

(0) =0,
sign(x)F(x) > 0 for x # 0.
The simplest example for F' is F'(z) = z. A desirable choice for L(u) is

2 2
Up Uy + 2UglyUgy + Uy Uyy
|Vul?

(3.26) L(u) = ,
which is the second derivative of © in the direction of n = ‘ ‘ Here we consider the

case F'(x) = x and show that the wavelet frame shrinkage is connected with the shock
filtering of (3.25) with L£(u) given by (3.26). In this case (3.25) is

2 2
Up Uy + 2UglyUgy + Uy Uyy
|Vul

Ut = — )
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which can be written as

0 iouy ) 2 (e 20— ot (i 28
(327) = g (9(vul) 50 ) + 5 (909uP)50) — (Va5 — o(17ul) g 5.

where g(z) = —v/z, > 0. Thus (3.27) is an equation in the form of (3.4) with L = 4,

/61 = (1,0), 162 = (Ovl)a 63 = (2a0)7 /84 = (072)a
oy = (1’0)7 Qo = (Oa 1)) a3 = (070)7 ay = (070)3

and g1 = g2 = g3 = g1 = g(£2 + £2). Therefore, in order that the frame shrinkage
corresponds to the diffusion with (3.24), the analysis highpass filters qa, ..., q®
have vanishing moments of orders (1,0), (0,1), (2,0), (0,2), respectively, while the
synthesis highpass filters g!) and ¢ should have vanishing moments of orders (0,1)
and (1, 0), respectively, and q® and g'¥ are just the delta filters, which have vanishing
moment of (0,0) order.

The filter bank that satisfies the above requirements is given by (2.19). Indeed,
the highpass filters gV, ¢®, ¢®, ¢ and gV, g, ¢®, g'* have vanishing moments
of orders (1,0), (0,1), (2,0), (0,2) and (1,0), (0, 1), (0,0), (0,0), respectively. We have

1 _ (2) _ 3) _ (4) _ ~1)  _ A2) ~(3)
C10 C = -1 Czo C - C(01) C(10)__ C(oo)_C(oo)_l'

Thus, by Theorem 3.6, if the shrinkage functions Sy of (2.25) and the diffusion function
g satisfy

2 2
S€(§1a£25537£4) 5@ 47_5[ (51 ;52) for £ = 172a

2 2
Su(€r, €0, 60, 1) = € + TS 47& (51 *52) for ¢ = 3,4,

h? h?
or equivalently if the shrinkage operator S, of (2.29) satisfies

dp (1= 5 (rnlld2n) )} gor g =12,

Sa n dé,'n. =
m@ ) =4 (1 g (Genlr@enl)) g =34,

then, with the filters given by (2.19), the sequence from the wavelet frame shrinkage
(2.25)/(2.29) is a discretization of (3.27).

3.2. PDEs derived from wavelet frame shrinkage. In the previous section,
we showed, in generic settings, how to construct the wavelet frame system and choose
appropriate shrinkage functions so that the wavelet frame shrinkage is a discrete
approximation of a given PDE. In this section we present several specific (new) high
order diffusion equations that are derived from wavelet frame shrinkage (2.29) using
some specific B-spline tight wavelet frame systems. Note that our techniques can be
generalized easily to many other wavelet frame systems, and other (possibly new)
nonlinear evolution PDEs can be derived similarly.

3.2.1. Diffusions from B-spline filter banks. Let {p,q",...,q®} be the
separable spline tight frame filter bank given in (2.14). The corresponding nonlinear
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diffusion equation is

(3:28) ue= ail{ ((81:1))03:1} axz{ ((8302))(% 83:1{ ((ax1)>ax1}
_896?;172{ ((axlaxQ)Q) 8x18x2} 0a2 {95((ax2) )axQ}

+8m?8x2 {96 ((81’%81‘2) ) amlaxg }

3 3 3 4 4 4
+8x?3x§ {97((85581333% )2) axalgxg B Gx?axg {gg (((%Uafgx% )2) af%;xg }’

with the initial condition u(x,0) = f(x),x € R%. More precisely, with

@ _ V2 e 1 w1 s © _ o = f ®) _
C 77’ C.BS 771’ CB4 - i’cﬁs ) C C Q C/Bs

1
16’
we know, by Theorem 3.1, that the resulting signals from the wavelet frame shrinkage
(2.22)/(2.29), with the filters (2.14), approximate the solution of diffusion equation
(3.28) in the discrete setting provided that the shrinking functions S, and the diffu-
sivity g¢ have the following relationship:

Se(€) = 5{1 - %gg(%gj)} for 6 =1,2, Sy(€) = 5{1 - %95(1652)} for £ = 3,5,

h4
Se(€) = 5{1 - %g,(?’%z)} for £ = 6,7,

4 4£2 2567 /25662
S4(§) = 5{1 - ﬁ%(ﬁ)}’ Ss(§) = 5{1 - Wgs (7) }7
or equivalently the shrinkage operator satisfies

2T 2(de.r)?
Sapn(@)(den) = dem {1 29 ( (de.n) )} for ¢ =1,2,

Cﬁl

2
Sevn(d)(den) =din {1 — 1}%7- ge (16 (de.n) )} for £ = 3,5,
Sexs (@) (den) = di.n {1 - 3567 (32 (de.n) >} for ¢ = 6,7,
Sasn@(din) = dan {1 - % < (dan )}
)?

2567 256(d
Sas,n(d) (d&n) = d&n {1 - h8 gs ( 8 )}

Next we construct wavelet frame filter banks with fewer highpass filters, while
the lowpass filter is still the same: p(w) = a(wr)a(ws). Denote

2 2
(3.29) £E= (cos w21> , = (cos w;) .

Observe that
2

— 2 .
1 w1 1 _ w1
f:’—’—; , 1_§:<Slnu;1> :’Z ,
1+ e_i‘*’Q 2 1 wWo 2 1 e~ w2 2
= —n=|sin— ] =
n D) ) n 9 B )
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and that

2

46(1 =€) = (sinw)? = |° 26 , (126 = (coswy)® = % ,
1w Twao 2 iws —iws 2
(1 — 1) = (sinws)? = | 26 (1= 20)? = (coswn)? = %

From |p(w)|? = €25 and

= (g4 =) =0+ 2901 —n)+ (1)
= (e+-9) w +2((0 207 460 - ))n(1 — ) + (1 - )?
— €27 + 26(1 = )+ (1= €)% + 2(1 = 26)n(1 — 1) + 8601 = (1 ) + (1~ n)*,

we know that ¢(©,1 < ¢ < 5 given by

(@) = 21— 26)n(1 — 1) = 5 (coswn)?(sinews)’,
1% (w)]? = (1 - €)% = (sin %)4(00 ?2)4,
1§ (W) = 8¢(1 = &)n(1 —n) -1 (smw1) (smw2) ,

which are the filters given by (2.14), together with the lowpass filter p, form a tight
frame filter bank. The highpass filters gV, ..., ¢® have the vanishing moments of
orders

/61 = (170)7 ﬁ? = (Oa 1)7 /33 = (270)3 /64 = (L 1)7 /35 = (072)3

respectively, and one can obtain the constants C’g;) in (2.10) with ¢ = q©:

2
(3.30) Clihy =C& V2 oo

_ V2 o) _1 W _ V2
o1 = "3 Ceo

0,2) = 1Ly = 5

The nonlinear diffusion equation corresponding to this Ron—Shen-type tight frame
filter bank is

2 2 2
(331 = a%{g ( I )8:171} (93:2{ ( 8962) )%}_%{93((%)2)%}
2 2 2 2 2
_81‘?81'2{ ((8:1?181;2)2) 8;?18;52} %{95((%)2)%}7

with u(x,0) = f(z), * € R% From Theorem 3.1, we have the conclusion in the
following theorem.

THEOREM 3.9. Let u® be the resulting signal from the wavelet frame shrinkage
(2.22)/(2.29) with ug- = f(hj),j € Z?, and using the spline tight frame filter bank
{p,qW,...,q®} given in (2.14). Then, u* is a discrete approzimation of {u(hj, k) :
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jE€Z%k=1,2,...} with u(x,t) the solution of (3.31), provided that the shrinkage
functions S¢ of (2.22) are chosen as

2 2

Su(e) = ¢{1- %ge(%)} fort=1,2, Si(¢) =¢f1 - %gg(lzf )} fort =35,
2

S4(8) = 5{1 - %94(%)}7 EeR,

or equivalently the shrinkage operator So of (2.29) is chosen as

2
din {1~ g0 (2G52) ) fore=12,

2
Secpn(d)(dem) =den (1= apn(den)) =4 den 31— 2 ge (M>} forl =35,
dim 31— g4 (*M4 ) )} for £ = 4.
Furthermore, if the a given above satisfies (2.31), both the optimality properties in
(2.34) hold for u”.

3.2.2. Rotation-invariant diffusions. For some applications, the rotation-
invariant diffusion is preferred. In this subsection we will show that the iterative
wavelet frame shrinkage (2.25)/(2.29) corresponds to rotation-invariant diffusion if
we choose the threshold a for S, properly. In particular, the rotation-invariant dif-
fusion equation corresponding to the spline tight frame filter banks (2.14) is

(3.32)
ut:a%{gl(%ﬂ%)Q)%}+%{gl(<%)2+<%>z)%}
2
e 2{92( 8u) +(8x816um)2 amQ )axl} o2 {92(

*u 2 *u 0u u 2 *uy2\ O*u
+(8x18x2) + (896 )81’2} 895181:2 {92((871’%) + (axlam) + (87;3%) )895181:2 }’

with the initial condition u(zx,0) = f(z),z € R?, where g; and g, are functions on R.

THEOREM 3.10. Let u” be the resulting signal from the wavelet frame shrinkage
(2.25) /(2.29) with ug = f(hj),j € Z*%, and using the spline type tight frame filter bank
{p,qW,...,q®} given in (2.14). Then, u* is a discrete approzimation of {u(hj, k) :
j€Z%k=1,2,...} with u(z,t) the solution of (3.32), provided that the shrinkage
functions S¢ of (2.25) satisfy

Selr, 6,6 0,65) = &1~ 20 (o (& +EB)) } fort=1,2

(333) 561,626, 60.65) = {1~ =T 0a (5868 + 6 +86) ) for £ =3.5,

S4(61,82,63,64,85) = 54{ h492(h4 (8¢5 + &3 + 855))}

or equivalently the shrinkage operator So of (2.29) is chosen as
Sey p(d)(den) = den (1 — cen(den))
den {1 - 2% (—Z(dl‘")Q;Q(dQ’")Q) fort=1,2,
(3.34) ={din {1 167 g, (18Uan)P 2 n)PH16Ws )Y L g p g 5,

h

2 2 2
den {1 - 2% (16(d3’") H(dif) +18ds ) )} fort=4.
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Furthermore, if the o given in (3.34) satisfies (2.31), both the optimality properties
in (2.34) hold for u®.

Next we construct tight filters which result in higher order rotation-invariant
diffusion. The scaling functions for the tight filter banks are the tensor products of
the B-spline of an arbitrary order m with the two-scale symbol given by (2.15). Recall
from (3.29) that ¢ and 7 denote ( cos %)2 and (cos %)2, respectively. Thus from the

fact ’f)\(w)‘2 = £™n™ and the identity

_ i BIC : 1-9)" -y

_ (") (" e gy

_ i@ ZO <m) () gm=sym=r(1 - €)= (1 - )"
et i > (M) ()errwrra-ora-ar

we may choose tight frame highpass filters g*") (w),1 < s <m,0 < r < s, by

|A<S>T)( )|2_ m s & 2(m—s) ﬂ 2(m—r) . ﬂ 2(s—r) . g 2r
q w = s r COS 5 (o)) B S B Sin B s

or by (2.16). Highpass filter ¢*>") has vanishing moment of order (s — r,s). Let C,.,
denote the constants in (2.10) with g = q(>). Then it is not difficult to obtain

(3.35) Cor = ;;le @) / (i)

We consider the iterative channel-mixed shrinkage defined by
(3.36)

m S
wj =y pli-nlLy YD Y @G ]S (HE T S L),

nez?2 s=1r=0ncz2

where ug = f(hj),j € 2%, LF~', and H*"):k=1 are the lowpass and highpass outputs
of uF~1 with lowpass filter p and highpass filters g(*™), and for an s with 1 < s < m,
each of S;,,0 < r < s, is a function of s 4+ 1 variables. Note that (3.36) can be
cast in the form of the generic iterative wavelet frame shrinkage (2.29). However, for
notational convenience, we shall use the current form.

We can show as in the previous section that the tight frame filter bank given by
(2.15) and (2.16) corresponds to the following general high order rotation-invariant
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nonlinear diffusion:

(3.37) u = i(fl)m 3 ;;;{gs( > (g:f;)z)gz},

=1 jal=s =
where m > 1, and g, : R — Rt is smooth.

THEOREM 3.11. Let u* be the resulting signal from the iterative wavelet frame

shrinkage (3.36) with ug = f(hj),j € Z2, and using the tight frame filter bank

{p,g®",1 < s <m,0 <r < s} given by (2.15) and (2.16). Then, u* is a dis-
crete approzimation of {u(hj,7k) : j € Z* k = 1,2,...} with u(x,t) the solution of
(3.37), provided that

s

1
(3.38) Ser(f0,€1,..., &) :«Sr{l _ ﬁg(ﬁZﬁ 5?)}, r=0,1,...,5

5.k) =0
for1<s<m.

3.3. Further development. Up to this point, we have already known that
given a certain nonlinear evolution equation, we can choose a wavelet frame system
and the threshold a in S, properly such that (2.29) is an iterative finite difference
scheme solving the given equation. On the other hand, new nonlinear diffusion equa-
tions can be derived using the iterative shrinkage (2.29) with certain wavelet frame
filter banks and proper choices of the threshold a for S,. In this section, we focus
on the discussion of the iterative shrinkage (2.30) and also on other type of iterative
shrinkage that originated from (2.29) and (2.30). The main goal of this section is to:

1. show that the iterative wavelet frame soft-thresholding algorithms commonly
used in image restoration can lead to new nonlinear diffusion equations;

2. show that by borrowing ideas from some of the algorithms used in image
restoration, we can design new iterative multiplicative wavelet shrinkage algo-
rithms which can also be understood as a discretization of a certain nonlinear
diffusion equation;

3. discuss how we can borrow the idea of anisotropy of the PM nonlinear dif-
fusion to design a new iterative wavelet frame soft-thresholding algorithm
which is adaptive to local image features.

3.3.1. Nonlinear diffusions from soft-thresholding. Throughout this sub-
section, we assume that W is the transform of a tight frame system, i.e., WTW = I.
We will find the corresponding diffusion equations to the iterative soft-thresholding
algorithms in (2.30) with various choices of thresholds.

We start with the soft-thresholding operator with o = 1 given by (2.27). We will
show that the diffusion equation corresponding to the iterative shrinkage algorithm
(2.30) takes the form of (3.5) with some specific diffusivity functions gy. The connec-
tion between the diffusivity functions g, and the shrinkage operator is given by (3.10).
In fact, the specific expression for gy can be solved from (3.10) by equating Sq = T4
and choosing an appropriate . Indeed, for 7'912 = I%I max{ || — 0,0}, we have

T & _q _ max{l¢[— 0,0} . 9e
et G yman) ! el

Thus the diffusivity function g, in (3.5) satisfies

gZ(f2) = min )

4 4
(Cée))2h2|5e| Céé)hﬁtzgg}
T 7I€]
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Now, we discuss how we should choose the threshold 6, properly such that when
h,7 — 0, ge(§) is a function independent of h and 7. Note that it is reasonable to
assume that there exists C' > 0 such that h?>™ /7 = C (see Proposition 4.6 in section
4), where m is the largest number among |31],...,|B|. If we choose

el -

_ 2 - o T +
= Cﬁ(f)h\ﬁel ge(€), with some smooth function gy : R — R™,
14

44

then we have the following formula for the diffusivity functions g:
(3.39)
. (C(K))QC ~ min { (C)20, 5,(¢2 for =m,
(€)= min { {8SC. g [ min {(C)POqeN} for 8
h ‘ ge(€%) for 1 < |B¢] <m

whenever h is small enough. Then we have the following result.

THEOREM 3.12. Let {p,qV,...,q'™)} be a given tight frame filter bank, and let

q'¥ have vanishing moment B, with the associated constant Cgé) given by (2.10) and
m = max{|B¢| : 1 < £ < L}. Assume that the threshold a(d) for wavelet frame
coefficients d takes the form

a(d) = {ae,n(de,n) =

Tde,n ~
C'(L)hhﬁlﬂ g(((dg’n)Q) 1<t < Lne ZZ},

Be
with go : R — RY being some smooth function; and we set h*™/r = C for some
constant C' > 0 with h and 7 sufficiently small. Let u* be generated from the iterative
soft-thresholding algorithm (2.30) with o = 1. Then, u” is a discrete approzimation
of {u(hj,kt) : j € Z*,k = 1,2,...} with u(zx,t) being the solution of the diffusion
equation (3.5) with the diffusivity functions given by (3.39).

Note that in Theorem 3.12, the threshold e depends on the wavelet frame coef-
ficient d, which means that the threshold in the iterative soft-thresholding algorithm
(2.30) will be changing along with the iteration. However, the threshold used in the
literature of wavelet or wavelet frame based image restoration is generally chosen inde-
pendently of the iteration. The following corollary, which is a special case of Theorem
3.12, describes the type of differential equation that is approximated by the iterative
soft-thresholding (2.30) when the threshold « is independent of the iteration.

COROLLARY 3.13. Under the same assumptions and notation as Theorem 3.12,
if we choose the threshold o as

A
a{a&n(gglgfgL,neZz}
Cﬂeh\ﬁe\

for some constants A\, > 0, then u® generated from (2.30) with o = 1 approzimates
the solution of the diffusion equation (3.5) with the diffusivity functions given by

2y
9:(&") = "\—"‘ for 1 <|B¢| < m.

In particular, when L =2, 81 = (1,0), B2 = (0,1), and Cgl) = C’éi) =Cg (e.g., the
Haar framelets), the corresponding diffusion equation to (2.30) is

0 (= M 0 N S
(3.40) Up = pr (mm{C, ] }uggl) + 02, (mln{C, ] }umz),

{ min {(C5)2C. %} for 1B =m.
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with C' = (OB)ZC.
Remark 3.14.

1. To have (2.30) approximate the second-order nonlinear diffusion (3.40), we do
not have to use Haar framelets. For example, we can use any B-spline tight
frame filter bank, such as the piecewise linear framelets. We only need to
properly adjust the threshold in a way similar to that described in Corollary
3.3, i.e., introducing an additional power of h so that the terms corresponding
to higher order derivatives vanish as h — 0.

2. The diffusion (3.40) resembles the (anisotropic version of) mean curvature

flow for A\; = Ag,
0 Uy 0 Uy
:)\ _— 1 - 2
Ut |:(95U1 (|Uzl|> * 0z (|u$2>:| ’

except that the flow induced by iterative soft-thresholding, i.e., (3.40), is more
regular in the sense that the diffusivity is bounded above.

For p = 2, we consider the following rotation-invariant diffusion:
L 2
P OBy Py
_ 1\ IHBe 2 o= el
sy =Y (X (5r) )
=1 1Ber =18l

Here, for a given B, the summation Zlﬁwlzmel = Z{en Bo =181} The relation
between the shrinkage operator and the diffusivity functions gy is given by

T 1 £
(3.42) 5@(5@)2&{1— gz( E —r )},1§£§L.
(0)\2 2|Be| (N2
(Cg,) 2o h21Pe By 18] (Cm,)

Now, for

& 1
T, (&) = maxq (Y 6 l?)® — 6,04,
(216, 1=180 1€21%) { 8o =18 }

[N

we have

T & To (&) . 0
( Z %):1— efge _mln{l,( t

0 7
Q @ ,
(C, 2R R 5 M i (O, )R 218, 1=18.) [617)

or
(C(f))2h2\ﬁg\ (C(f))zhlﬁgmé
2\ _ . Be Be
ge( Z 54/) _mln{ T 77_(2 ‘C(Z/)fl 2)% '
|ﬁﬂ|:|58| ‘:Gz":me\ Be’ ¢

Following the same idea as the case p = 1 and assuming h?>™ /7 = C for some C > 0,
we can choose

N|=

@) 12\%
0, — T(Xi8,1=18.1Cs, € |) Y ¢
© )
(Cg, )2hle 1By =15

so that
: O\2 = B
(3.43) gz( > 52)— mm{(cﬁe)20,94(2‘%:'%5;’)} for |B¢| = m,
. 2y = !
1B |=18e| gf(zwﬂm=|m\ 5@/) for [Be| <m

whenever h is small enough. Then, we have the following result.
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THEOREM 3.15. Let {p,qV,...,q'")} be a given tight frame filter bank, and let
q"¥ have vanishing moment B, with the associated constant C,,gi) given by (2.10) and

m = max{|B¢| : 1 < £ < L}. Assume that the threshold a(d) for wavelet frame
coefficients d takes the form

’ 1
T( oy iioe [C8, derml’)?
d) = n(den) = e =P P g don)?):1<e<L, 72,
() = {oun(den) (Cp,)2hieel gz(\a \Z—:um( V) rstsnesy
4 e 1=

with §o : R +— RY being some smooth function; and we set h®™/r = C for some
constant C > 0 with h and 7 sufficiently small. Let u* be generated from the iterative
soft-thresholding algorithm (2.30) with o = 2 and the threshold given above. Then, u*
is a discrete approzimation of {u(hj,k7):j € Z2 k= 1,2,...} with u(x,t) being the
solution of the diffusion equation (3.41) with the diffusivity functions given by (3.43).
Similar to Corollary 3.13 is the following corollary, which is a special case of
Theorem 3.15.
COROLLARY 3.16. Under the same assumptions and notation as Theorem 3.15,
if we choose the threshold o as
T)\g

SN :1§£§L,n€Z2}
céﬁ)h\m\

o = {Oégm =

for some constants Ay > 0, then u® generated from (2.30) with p = 2 approzimates
the solution of the diffusion equation (3.5) with the diffusivity functions given by

: ¢
min {(Cée))QC, )\ZC(W) - 1/2} for |Be| = m,
9@(52) = N (Z\ﬁw:vag\ Byr 5@/)
: () g2 \1/2 for 1 < |B¢| < m.
(Z\ﬁm:\ﬁg\ Cs, EZ/)

In particular, when L =2, 31 = (1,0), B2 = (0,1), and Cgl) = C’éi) =Cg (e.g., the
Haar framelets), the corresponding diffusion equation to (2.30) is

(3.44) wp = a%l ( min {é, Alv/ff }uh) + 0%2 ( min {é, Afv/ff }um)

with C = (Cg)*C.
Remark 3.17. The diffusion (3.44) resembles the well-known mean curvature flow
(see, e.g., [2,44,40,41,58]) for \; = Ag,

A 6 uzl + a uzg
U+ = R — JEE—
’ 0r1 \|Vu| dzo \|Vul /|’

except that the flow induced by iterative soft-thresholding, i.e., (3.44), is more regular
in the sense that the diffusivity is bounded above. In other words, the iterative
isotropic soft-thresholding algorithm with threshold given in Corollary 3.16 solves a
regularized mean curvature flow. The mean curvature flow has been used in image
restoration as a regularizer that removes noise [55,49,61]. Since the equation becomes
singular when |Vu| & 0, a regularized diffusivity was used to replace |Vu|, which is
|Vu|. := /|Vu|? + €2. However, such regularization reduces the ability of the PDE
model to preserve edges. It is known in the literature that soft-thresholding of wavelet
frame coefficients can well preserve edges. Therefore, Corollary 3.16 reveals that (3.44)
is a better regularization of the mean curvature flow than using |Vu|. in place of |Vu].
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3.3.2. Image-restoration embedded diffusion. Other than the balanced and
synthesis based model, the analysis based model (see [33,59]) is also frequently used
in image restoration. This subsection shows that, inspired by algorithms solving the
analysis based model, a new class of nonlinear diffusions, with the underlying image
restoration model embedded, can be derived.

Due to the diffusive nature of the diffusion equations, one drawback of the non-
linear diffusions we have seen so far is that, when ¢ — co, noise and all image features
will vanish. For a good diffusion equation, image features diffuse more slowly than
noise or other artifacts. Therefore, in practice, an appropriate stopping time should
be chosen for these diffusion equations. Also, since these diffusion equations do not
have an idea of what image restoration problem they are solving, they are not guar-
anteed to produce relevant image restoration results. Therefore, we need to properly
place the model of the underlying image restoration into the diffusion equations.

Image restoration is usually cast as the following linear inverse problem:

(3.45) Au = f+n,

where f is the observed image, n is additive noise, and A is a linear operator corre-
sponding to an image restoration problem (i.e., A = I for denoising, A = (ax) for
deblurring, etc.). In a discrete setting, we shall denote A, u, and f as A, u, and f,
respectively. Since A is usually ill posed, regularization based methods are usually
adopted to find a reasonable solution. In the literature, various types of regularization
have been used, including the TV model [55], and the wavelet or wavelet frame based
approach, which includes a synthesis based approach [23,35, 36, 38,39], an analysis
based approach [33,59], and a balanced approach [18,7].

Here, we shall focus on the following analysis based model that was recently
proposed by [37]:

2
(3.46) min Hx(Wu) + 5] Au — fI + 5| AT Au - ATf[3,

where Hy is the Huber function (see [37] for details) and |u||% = (u,Du) with
D = (I — pnATA)~!. Two algorithms solving (3.46) were proposed by [37]: one is
based on the proximal forward-backward splitting (PFBS) algorithm [20, 18, 7]; the
other is based on the accelerated proximal gradient (APG) algorithm [57] (also known
as FISTA [4]). Throughout the rest of this subsection, we assume again that W is a
tight frame, i.e., W'W = I.

Start with the PFBS algorithm that solves (3.46),

(3.47) ub = (I —pATAW T TA(Wu )+ pATf, k=1,2,...,

where T is the soft-thresholding operator defined by either (2.27) or (2.28). Then,
comparing the PFBS algorithm (3.47) with (2.29), it is natural to generalize (2.29)
to the following algorithm:

(3.48) ubf = (T —pATAW TS (Wubk=Y) + pATf, k=1,2,....

It is not clear which energy function the algorithm (3.48) tries to minimize, since the
threshold value a*~! = a(Wu*~!) depends on Wu*~!, which is changing along
with the iteration. However, if a* = « for all k, then it is not hard to show (similarly
as in [37]) that (3.48) is a PFBS algorithm that solves the following optimization
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problem:
1 2 H 2 ,LLZ T T p12
min 2 va - Wl + 5 Au — fI3 + AT Au - A7 1|3,

Therefore, when o* changes with k, algorithm (3.48) can be understood as an attempt
to solve

1 2
(349)  min S|Va(Wu)- Wul3 + 5l Au— £ + AT Au— AT £},

Indeed, at each iteration k, if we let a(Wu) = a(Wur~1) in (3.49) and conduct one
step of PFBS, we obtain the algorithm (3.48).

Now, we discuss the formulas of the nonlinear diffusions to which the algorithms
(3.48) correspond. Once we have them, the corresponding diffusions to the algorithm
(3.47) are automatically given by Theorems 3.12 and 3.15. We assume that the
continuum and discrete versions of the operator A satisfy the following consistency

property:
(3.50) Av=Av+0O(h) and ATwv=ATv+O(h),

where v; = v(jh) for j € Z? and v smooth enough. For the equations in (3.50) and
below, their meaning is that the left-hand side (in sequence space) of the equation is
a discretization of the smooth function on the right-hand side of the equation. We
choose p = k7 with some constant £ > 0. When the shrinkage given by (3.17) is used,
we have

pATAW TS, (Wu) = kt AT Au+ O(7h) + O(72).

Then, assuming (3.50), choosing the shrinkage given by (3.17) and following a similar
derivation as in section 3.1, we can obtain that the PDE approximated by algorithm
(3.48) takes the form

L

oB¢ (“)Blu OBLy~N OP¢
1+|B | _ T _
(3.51) ; ¢ azﬂff{ ( DB 8:05L>8a:ﬁ@u} KA (Au — f).

In particular, when L = 2 with 31 = (1,0),82 = (0,1) and g1 = g2 = g(&} + £3), we
have the following second-order nonlinear diffusion:

up = div (g (|Vul?) Vu) — kAT (Au — f),

which was considered in [63].
Now, recall the APG algorithm that solves (3.46) in [37]. Given some initial guess
Y and v!, and letting t° = 1, t~! = 0, the algorithm reads
th=2 -1
k_ k=1 U "= L k1
(3.52) vi=ut e
=T - pATAW T TA(WoH) + AT f, k=1,2,...,

where th = HTVITAET)7 W. Following a similar argument as before, we have the
following algorithm that generalizes (2.29):
(3.53)

b= (I-pAT AW TS i ((14—7’“_1)Wuk_l—y’“_1Wu’“_2)+uATf, k=1,2,...,

_ uk—Q)’
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where y#~1 = tktk . The algorithm (3.53) (resp., (3.52)) is different from the PFBS
algorithm (3.48) (resp., (3.47)) in that it has both u*~1 and u*~2 involved in the
iteration and the weighting given by t* is changing along with the iteration. These
differences makes APG require a much smaller number of iterations to converge than
the PFBS algorithm [57,4]. The corresponding differential equation to the APG
algorithm (3.53) will also be quite different from that of the PFBS algorithm (3.48).
Once we find the corresponding nonlinear PDE to (3.53), the corresponding diffusions
to the algorithm (3.52) are automatically given by Theorems 3.12 and 3.15.

We first have the following lemma about the asymptotical properties of t* and
+¥, whose proof is provided at the end of this subsection.

144/144(tk—1)2

LEMMA 3.18. Lettk % k=2,3,..., be the sequences defined by t* = 5

with t* = 1, and v* = (tF=1 — 1) /t*. Then

1 log k
- L o)
and

ok _3 log k
(3.55) 1—+"= " +0 2 )

For u? = wu(gh, k) with u smooth enough, Taylor’s expansion with respect to

the time variable at t = 7(k — 1) gives us
(3.56)  (1+~" Dul™" =l = u(jh, 7(k - 1)) + O(7),
ub — (L4 " D™ 4 b2 = (1= Y (G, 7(k - 1))

k—1

+72H_+utt(jh,7(k: ~ 1) +0().
What makes algorithm (3.53) different from (3.48) is that u*~2 is also involved in
the expression, which means we have u at three time steps present in the algorithm.
This suggests to us that, with a slightly different choice of the shrinkage operator, the
corresponding PDE of algorithm (3.53) can be second-order in time. However, such
correspondence turns out to be slightly different from all other correspondences we
have established so far.

Suppose k is some large integer of size O(%), ie, k = Cq/7 for some C; > 0.
This is a reasonable assumption if we assume that the time interval [0,77] is divided
uniformly with size 7, and we focus on the behavior of (3.53) for large k. By Lemma
3.18, 1+27k — 1 as k — co. Assume that (3.50) holds, and we take u = 72k with some

% > 0 and choose the following shrinkage function:
(3.57)
2

T dln dLn
S dimserrdp ) =d (1—~ ( n oL ))
az,n(d)( 1,n L,n) Ln C(Z)C(@hlazlﬂﬁz\gé C(l)h|ﬁ1‘ C’(L)h|ﬁL|
X8, B BL

for 1 < ¢ < L. We can see from (3.56) and Lemma 3.18 that, when 7 and h are
asymptotically small and k = O(%)7 the algorithm (3.53) behaves asymptotically like
the following nonlinear evolution PDE that is second-order in time:
(3.58)

L

oPe Py OBy~ OP¢
g + Cuy = Z( DBl DB {gg( 9B DBE ) pyeC u} — kAT (Au— f),
=1
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where C' = 3/(kr), the positive constant term in (1 —+*~1)/7 = 2 + O('%%). For
example, when k = C /7, then C' = 3/C4. During the review process, we were made
aware that a discovery similar to (3.58) was made in [60] without partial differentials
on the right-hand side.

Remark 3.19.

1. Both of the algorithms (3.47) and (3.48) discretize the PDE (3.51). For
different types of shrinkage, we have different diffusivity functions gy (see,
e.g., the previous subsection for the form of g, that corresponds to the soft-
thresholding).

2. What makes the nonlinear diffusion (3.51) different from those we have seen
in earlier sections is that (1) we have the underlying image restoration model
embedded in the PDEs, which leads to better image restoration results as
supported by our numerical simulations; (2) it is now safe to seek the steady
state solution, i.e., u(x, c0), which makes the determination of stopping easier.

We end this subsection by providing the proof of Lemma 3.18.
Proof of Lemma 3.18. For simplicity of presentation, denote ap = 2tF k =
1,2,.... From

) )

(3.59) ar =1+ /1+a}_,,

we have
l4+ap 1 <ap<2+4+arp_1, k>2.

Thus,

k—1D+am < <l4+l4apo2<ar<2+2+aro<---<2(k—1)+as,
and hence, we have
(3.60) k<ap <2k, k=23,....

From (3.59) again, for n > 1,

1 =1+ v1+a2 =14 a1+ (1/an)?

11 11 1 11 11 1
~1 (1 S 0—):1 S s qo=).
+an +2a% 8a§l+ (nﬁ) +an+2an 8al * <n5)

Thus, we have

11 1
3.61 ntl—ap=1+-—+0(— |, >1,
( ) n+1 — @ +2an—|— (n3> n

which leads to

k—1 k—1
1 1
ar — a1 = nEZI(anH —an)=k-1+; nE_l ot O(1) =k —1+0(logk),

where the last last equality follows from (3.60) and the fact SF_. 1 = O(logk).

n=1n

Therefore, we have ar/k = 1+ O(log k/k). This shows that (3.54) holds.
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Applying (3.61) with n = k — 1, we have

1_’\/;6:1_ Ap—1— 2 _ ap — Qp—1 +3: 1+1/(2ak,1)+0(1/k3) +3
ag ag ag ag ag
3 1 3 1 3 log k
ax <k2> K+ O(ogh) | <k2) i ( 52 )
This shows (3.55). |

3.3.3. Adaptive thresholding for wavelet frame shrinkage. Most of the
iterative wavelet (frame) shrinkage algorithms for image restoration use one, or a few,
fixed thresholds for all coefficients. Since the original image to be restored can be
sparsely approximated by wavelet frames, the threshold should be chosen such that
the wavelet frame coefficients corresponding to features of the image, such as edges,
are above the threshold. The rest of the coefficients are set to zero, which does not
hamper the restoration quality since the representation is sparse and thus most of the
small nonzero coefficients correspond to noise instead of signal.

However, for a given natural image, it contains components with varied regularity.
Therefore, a threshold should be chosen according to the following criteria:

1. A large threshold should be chosen where the image is regular, while a small
threshold should be chosen around singularities, and the value of such a
threshold should depend on the type of the singularities.

2. The threshold near singularities not only should be moderately small but also
should be chosen such that we only introduce smoothing along the level sets
of the image and do not introducing any smoothing or even sharpening in the
directions normal to the level sets.

3. Since the restored image changes along with the iteration, the threshold
should also be modified properly to incorporate the updated information of
local regularities of the image.

Therefore, to get a desirable image restoration through iterative wavelet frame shrink-
age, we need a thresholding strategy satisfying the above three conditions.

It is not obvious how to design such a thresholding strategy from only the per-
spective of wavelet frame transform. However, since we have the connection between
wavelet frame shrinkage and nonlinear diffusions, we can borrow ideas from nonlinear
diffusions, e.g., anisotropic diffusions, and use them to design a self-adaptive thresh-
olding strategy for iterative wavelet shrinkage.

Take the PM equation [51] as an example. This anisotropic diffusion equation
reads

u, = div(g(|Vul*)Vu),

where g is a function satisfying

g :[0,00) — (0,00) decreasing;
(3.62) g(0) =1; g(x) = 0 as z — oc;

g(x) +2x¢' () >0 for z < K; g(x) + 2x¢'(z) <0 for z > K.
One example of g is g(z) = m for some constant K > 0 and p > 1/2. The
diffusion coefficient of the PM equation is g(|Vu|?), which controls the amount of
diffusion at each location. By the specific assumption on g, we can see that at smooth
regions (|Vu| is small), g(|Vu|?) is large, which means more diffusion is allowed; while
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near singularities (|Vu| is large), g(|Vu|?) is small, meaning less diffusion is allowed.
If we rewrite the PM equation as (see [51])

ur = g(|Vul*)urr + §(|Vu*)unn,

with

g(x) = g(x) + 22¢'(x), N = %, and T =N*, |T|=1,
we can see that around singularities, the amount of diffusion across the singularities
may be negative. A negative diffusivity means that we have a locally backward
diffusion, and hence the singularities such as edges are enhanced, which is desirable
for image restoration.

An alternative way of interpreting such anisotropic diffusion is that the diffusion
at different locations of an image stops at a different time or even moves in opposite
directions: diffusion in regions with singularities stops earlier to prevent smearing
or even moves backward to enhance sharp features, while diffusion in smooth regions
stops late in order to remove a sufficient amount of noise and other oscillatory artifacts.

Following the idea of the PM equation, we can choose the threshold a for 7%, in
the iterative wavelet frame soft-thresholding algorithm (2.30) to be adaptive to local
features of the given image. Also, when we have a specific image restoration model
(3.45) available, we can embed the model within the algorithm similarly to (3.48) and
(3.53).

Now, we present the following iterative wavelet frame soft-thresholding algorithm
with adaptive thresholds:

(3.63) ub = (I - MATA)WTTgk,l(Wuk_l) +pATf,  with p=1or 2,

where u® = f the initial data (e.g., the observed noisy image) and
(3.64) 0" := 0(G, + Wu") := 0(d")

= {oom = 0aun(d) = Coge (R Y (b)) ez 1<e< L}
|Bor1=18el

with Cy > 0 being some fixed constant and gy(x) satisfying the first two conditions
of (3.62), d* = G, * Wu*, where G, denotes a discretized Gaussian with variance o
and s, satisfying

{se = |Be| for £€ {£:]Be] = minu<o<r{|Bel}},

se < |Be| otherwise.

The reasons we require g, to satisfy only the first two sets of conditions of (3.62), i.e.,
we do not require the diffusivity to have a backward-diffusion mechanism, are that (1)
in contrast to the shrinkage operator S, the soft-thresholding operator already has an
edge-sharpening effect, and (2) when the observed image f is blurred by the blurring
operator A, the presence of the image restoration model in (3.63) (second term) also
has a sharpening effect.

Similarly, we can have the following iterative wavelet frame shrinkage algorithm
with adaptive thresholding that resembles (3.53), which is an accelerated version of
(3.63):

(3.65)
uf = (If;LATA)V[/'T’Tgk,1 (1+ AWkt - ’yk*IWuk”)JruATf, p=1or2,
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where v~1 = tkt;Q_Tl, t=1 =0, t" =1, and 6 is given by either (3.64) or

0k =0 (Go* [(1+ Y Wwuk — *yk*1Wuk*1D .

4. Convergence analysis. This section provides convergence analysis of the
iterative wavelet frame shrinkage (2.29) for a second-order quasilinear parabolic equa-
tion and the convergence of the iterative wavelet frame shrinkage algorithms (2.29)
and (2.30) for generic thresholds.

Consider the following second-order nonlinear diffusion equation:

2 2
- b () &) £ ((8)) 2] = 0x0
u=0 on 90 x (0,t.),
u(z,0) = up(x) in €,

(4.1)

where = (0,1)2 C R?, ¢, > 0, and the initial data ug(x) € L2(£2). We shall show
that under suitable assumptions, we have that (2.29) converges to the solution of (4.1)
with a certain order of accuracy which depends on the choice of the corresponding
wavelet frame system. Note that we can obtain similar convergence analyses for most
of the nonlinear diffusions considered in this paper, provided that the given diffusion
is well-posed. For simplicity and clarity, we shall focus on the diffusion (4.1).

We will also analyze the stability and convergence of the following generic iterative
wavelet frame shrinkage:

(4.2) o — W TS,k 1(WuF~1),  f;-shrinkage,
' W T gt (Wub—1),  ¢y-shrinkage,

with a* := a(d"), 6% := 6(d*), where d* :== WuF. In order to include most of the
iterative shrinkage formulas we have discussed in the previous sections, we assume
the thresholding functions Sq(d) and T ¢(d) take the following forms:

Se(d) = {Su, . (den) = din(l — arn(d) : 00 < Lin e 22},
(4.3) To(d) = {To, . (de.n) = %22 max {w — 0.n(d),0};

w

w=w(dip,... dpn): 0§£§L,neZ2}7

with

a(d) = {Oégm,(d) =ge(din,... dpn,h,7): 0<L< L mne ZQ},

(4.4)
8(d) = {Orn(d) =w (i s A hy7) s 0 E< Lime 22},

We shall prove that, under suitable assumptions on the function g,, the iteration

(4.2) has a subsequence that converges weakly to a function in Ly(€2) as h, 7 — 0 and

k = O(%) — oo; and such convergence is stable.

4.1. Convergence of (2.29). This subsection focuses on the convergence of
the iterative wavelet frame shrinkage (2.29), with a proper choice of thresholds, to a
solution of the nonlinear diffusion equation (4.1) as 7,h — 0. To prove convergence
of (2.29), we need to first make sure the corresponding PDE (4.1) is well-posed, for
which we shall make the following assumptions.
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ASSUMPTION 4.1. We assume that, for each £ = 1,2, g;(§) € C*°(R) are nonneg-
ative functions satisfying 0 < (fgg(fz))/ < B,¢ € R, where B is a positive constant.

Under Assumption 4.1, it is clear from the theory of nonlinear semigroups and
monotone operators [6] that the quasilinear parabolic equation (4.1) is well-posed,
i.e., there exists a unique solution for each given initial data, and it is continuously
dependent on the initial data with respect to the Lo-norm (see, e.g., [34] for a proof).
With well-posedness of the differential equation, Lax’s equivalent theorem implies
that, to prove convergence of (2.29), we only need to show consistency and stability of
this iterative method. For convenience, we shall also make the following assumptions
on the underlying wavelet frame systems of (2.29). Note that the assumptions below
are satisfied by all tensor-product B-spline tight frame systems constructed by [53].

AsSUMPTION 4.2. We shall consider the discretization given by a tensor-product
tight frame system with FIR filters {q) : 0 < ¢ < L}, where ¢°©) = p and L > 2.
Assume that each q©) with 1 < ¢ < L has vanishing moments of order B¢ and has
total vanishing moments of order Ko\{|B¢|+ 1} with 1 < |B;| < K. In particular, we
require that 81 = (1,0), B2 = (0,1), and K1 = K.

4.1.1. Consistency. To show consistency, we need to show that for any given
u € C°°(R?), when the algorithm (2.29) is applied to {u(hj, k) : 5 € Z* k =1,2,...}
we will recover the PDE (4.1) plus the local truncation error which decreases to zero
with a certain order of 7 and h.

Lemma 2.3 implies that, for any u € C°°(R?) and h > 0 small enough, we have,
for1</(<L,

OPeu(hm

(4.5) hw 3" qOlu(hm + hj) = cg?# + O(RFe1Bely,

jez?

For example, when the Haar wavelet frame system is used, we have K; = Ky = 2;
when the piecewise linear wavelet frame system is used, we have K; = Ky = 3. By
Theorem 3.5 and Corollary 3.3, we can take the following threshold « for the shrinkage
operator Sq(d) that is in correspondence with the diffusivity functions of (4.1):

— T (d 'n) —
(4 6) Oéé,n(dé,n) - (Cg))2h2 ((0(2)2}12) for ¢ = 1, 2,
. ¢

ayn(dem) =0 for 3<¢< L.
Then, we have the following consistency result stating that the iterative shrinkage
method (2.29) using a tight wavelet frame satisfying Assumption 4.2 is consistent of
order O(7) + 25:1 O(hFe=1Bely,

PROPOSITION 4.3. The numerical algorithm (2.29) with a tight wavelet frame sys-
tem satisfying Assumption 4.2 is consistent of order O(7)+O(hKe=1Bel) to the diffusion
equation (4.1) provided that the thresholds are chosen as (4.6).

Proof. We need to show that for any u € C°°(R?), we have

2
1 1
ktl [k 2:7 O _ ( (O [ 70y 2)
uyt = { Tl A Zq g~ mlge (ng hisel Zﬂ a " nftunm)

' (C“) B8] qu "*m)}

= r(uf,j + Z (gé((“ng)ugg)ﬁ ) L0 + ZO(ThKe"ﬁK‘),
=1 y2¥)

»
M)
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where u u(hg, k) and

j 0Pru(a, k) OPeu(mh, k)
uly = k), b= T TTE and wh im CET
Denote
G = 2 k E ) k o 2
Gé(g) - ggf(g )a UJ C(e) h|ﬁ | q n+g7 7 c 7=

Then by (4.5),
en by ( ) Uk — uk —i—O(hKé_Iﬁd)
Jj = TBed :

Applying (4.5) to G, we have
S a0 - miGU) = G + ok
O“) hlBel < OB
98«
= 9ahe
= (9e((uh)?)up, ) +O@S12),
Be,j

9B -

GZ ('U/ge + O(th |’6”)) —l—O(hK’f_‘ﬁ“) = (ugz)j) + O(th—\ﬁzl)

where the second to the last equality follows from the fact that éz is differentiable.

Note that u’j“ - uf = Tuy(jh, 7k) + O(7?). Therefore, we have

2 1 . 1
e ZW >l = mlae ((W > anlunim)’)
= e n
(C(Z) BBl Z q(é) [n Un+m) }

= bt @r; _

- UJ+TZC’(£)h\5\Zq [.7 )

_ k k\2) .k Ko—1B¢|

_T<ut,j+(ge ((um) )um)ﬁe ) + O(r +ZO (rhe~1Bely,
This concludes the proof of the proposition. ]

Remark 4.4.

1. Note from Corollary 3.3 that, instead of setting the thresholds oy, to zeros
for 3 < ¢ < L, we can take the choices of a given by (3.13). The proof of
consistency for these cases is very similar to that of Proposition 4.3.

2. The order of consistency we have just derived may not optimal. Optimal
order of consistency can be obtained by a more careful local truncation error
analysis. However, finding an (optimal) order of approximation of the solu-
tions of PDEs is not what we want to focus on in this paper. Although the
analysis in this section can be modified to reveal the order of approximation,
we will only prove convergence without addressing the order of convergence.
The reason is that in image restoration, or image processing and analysis in
general, all data are discrete to begin with, and most data do not have, nor
do they need, a corresponding continuum version. Therefore, in this section,
we show convergence only to rigorously justify that wavelet frame shrinkage
is indeed a discretization of the corresponding PDE.
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4.1.2. Stability. Similarly to standard finite difference discretization of nonlin-
ear diffusions, the temporal step size 7 and the spatial step size h should satisfy a
certain stability condition. For the diffusivity functions in (4.1), the multiplicative
shrinkage operator S, defined in (2.26) takes the following form:

(4.7) Sa(d) = {den(1 — en(den)) : n€Z?0< (<L}
with oy, given in (4.6). Now, we address the stability condition for our iterative
multiplicative shrinkage algorithm (2.29) as follows.

ASSUMPTION 4.5. Given the shrinkage operator Sq(d) in (4.7), we assume that
ayn(§) is differentiable for each ¢ and n, and

’(f(l - Oze,n(f)))/‘ = ‘1 — apn(§) — gaéyn(g)’ <1

for all0 < ¢ < L and n € Z2.

The following proposition shows that the stability requirements in Assumption
4.5 can be easily achieved in practice by assuming 7 = O(h?).

PROPOSITION 4.6. Suppose Assumption 4.1 holds for the diffusivity functions of
(4.1). Given the choice of thresholding o in (4.6), the stability requirements in As-
sumption 4.5 can be achieved by taking 7 = Ch? for some C independent of T and

h.
Proof. First, observe that

(4.8) 1= (€ =€y ()] <1 & 0<apn(§) +Ea),(§) <2

Let C := (C‘éf;ﬁ' Then, we have

-*Zu(F)

(€)= Co (CE/7) = apal®)

Therefore,

o (©) + €0l n(©) = O (C5) + 208 1 (O o (%0 42 % (9],

Recall the assumption we imposed in Assumption 4.1:
0 < (£90(%)) = ge(€?) +26%94(€?) < B.
Thus, (4.8) is satisfied, whence we have C< %, which yields the condition
. ¢
T=Ch? with C<2(Cy))?/B.

This concludes the proof. 0
Assume that the computation domain = (0,1)? is discretized by a dyadic grid

{2_nk (0 < ki, ko <2, n > 1}.

Therefore, the mesh-size for spatial discretization is h = 27". We denote the index
set 07 C Z?* as
Q2 :={k€Z?:0<ky,ky <2}
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Given any function u € Ly(2), and a compactly supported tensor-product B-spline
function ¢ € Ly(R?), we define the sampling operator T}, : La(€2) — (5(Z?) as

(4.9) (Thu)k :==2"(u, Pp k), with k € (D),QL,

where ¢, ) = 2"¢(2" - —k). When a wavelet frame system associated to a refinable
function ¢ is used in the shrinkage algorithms, the underlying sampling is given by the
operator T},. We denote the space 2 ,(03?) as the collection of all vectors supported
on the index set Q7 equipped with the following norm:

||'U||§27h(@,21) = Z o 2.
je0?

Note that we have [|Thullg, ,02) < Cllullr,() with some C independent of h (see,

e.g., [8]).
Given a t €

(0,t.), let K = [t/7]. We define the discrete operator My, , :
b2 (0F) = £2,,(0F)

as

K
M, v = (H WTSakW)v for v € o,(02).
k=0

Note that the shrinkage operator Sq(d) defined in (2.26) is nonlinear in d, since o
depends on d (see (4.7)). Thus the product above means a product of compositions
of nonlinear operators.

DEFINITION 4.7. We say that the discrete algorithm (2.29) is stable if for any
e > 0 there exist & > 0 independent of T,h, such that for any u,v € Lo(Q) with
lu —v| £, <0, we have

||Mh,TThU — Mh,TThu||Z2,h,(@;21) <6

i.e., the set of operators {Mp T }n.r 1S equicontinuous.

Now we show that {M), -Tj}5, - is indeed equicontinuous if Assumptions 4.2 and
4.5 are satisfied.

PROPOSITION 4.8. Algorithm (2.29), with threshold satisfying (4.6), is stable if
Assumptions 4.2 and 4.5 are satisfied.

Proof. Note that ||[W||, , 02) = ||WT||¢2.’1(@}2) < 1, which is in fact true for all
tight wavelet frame systems. We have

K K
1My - Tv = My - Thull, , 03) = H ( I1 WTSakW)ThU - ( I1 WTSakW)Thu
k=0 k=0

£, (02)
K-—1 K—1
T _ T
< Hsak (W( k];[O w sakW)Thv) S« (W( ka w SakW)Thu) .

L9, (0%)

Let

dx = W(Ij:[:WTSakW)Thv and dX = W(Ij:[:WTSakW>Thu.
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Then, we have

HMh,TThv - Mh*TThu”Zzh(@;%) S HSaK (dUK) - SaK (df)

02,5, (0%2)

dy - (1—aldy)) —dy - (1 - a(dy))

£9,,(02)
Assumption 4.5) < ]df— K < HS ko (d5Y) = Sk (A5
( ) tan(02) k-1 ( ) = Sax—1( ) (o (02)
S ||Th”0 — T”uHéz,h,(@ﬁ) S CHU — 'LLHLz(Q).
This shows that {Mj}, T} }n, - is indeed equicontinuous on Lo (€2). 1]

4.1.3. Convergence. We show that well-posedness + consistency + stability
= convergence. We first establish the following lemma regarding the consistency
between the sampling T}, and the pointwise sampling for smooth functions. Given
u € C(Q), we denote the pointwise sampling operator Ryu as

(4.10) (Rpu)r, = u(hk), ke @}%

Then we have the following lemma.

LEMMA 4.9. Let ¢ be a tensor-product B-spline refinable function; then we have,
for every u € C(92),

(4.11) [Thu — Ryullg,, 02) = 0 ash —0.

Proof. We first note that | - ||, , ©2) < [ - [l,(02). Thus, we focus on showing
that
(4.12) [Thu — Ryullg, 02y =0 ash— 0.

Let O be the rectangular domain [;“—1, ]‘”2“] X [éﬁ, k%“] with k € Q2. Then we have

| Thu — Rl o2 = S ‘2n<u, i) — u(2*nk)‘2*2n
ke03

/Q S [2M b k) — (@R 0,

ke0?

:/Q‘ Z 2™ (u, P k) X0, — w(27"k) X0, |de.

ke0?

By [8, Lemma 4.1], for every u € L1(Q2) D C(€2) we have

/ ] 3 2w, G X0, (@) — u(w)‘dm 50 asn — oo
@ ke0?
On the other hand, the fact that for every u € C'(2)
/ ‘ Z uw(27"k)xo, — u(w)‘dw —0 asn— oo
" keo?

is well known in real analysis. We then have (4.12) by triangular inequality. O
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Given any v € Ly(2) and a t € (0,1.), we define an operator M : L2 (Q) — Lo(£2)
as u(x,t) = M(v), where u(-,t) € La(£2) is a solution of (4.1) with ug = v. Since the
PDE (4.1) is well-posed w.r.t. the Lo-norm [34], then for any € > 0, there exists § > 0
such that for any [|u — v|[1,@) < J, we have |[Mu — Mv||1,) < €. In other words,
M is well defined and continuous on Lo (£2).

DEFINITION 4.10. A method My, ; is said to converge to M if for any v € La(£2)
we have
[ThMv — My, Tholle, ,02) =0 as7,h— 0.

THEOREM 4.11. With Assumptions 4.1-4.5 and assuming that Mv € C>®()
whenever v € C®(Q), the iterative algorithm (2.29) with threshold (4.6) converges
to the nonlinear diffusion (4.1).

Proof. Given any u € Ly(€2) and a given § > 0, we can always find v € C*(Q)
such that ||[u —v|[1,(q) < d. Then by triangular inequality we have
[ThMu— My Thully, , ©02) < [ThMu — T Mol , ©02) + 1ThMv — My Tholl, , ©02)
M,z Thv — MprThulle, , 02)
where the three terms on the right-hand side of the inequality correspond to well-
posedness, consistency, and stability, respectively. Note that || T Mu—T,Mo|| b0(02) <
Cr||Mu — Mwv||p,). Thus, the first term above can be made arbitrarily small for a

properly chosen v due to well-posedness of the problem M. The same argument holds
for the last term above as well, due to stability in Proposition 4.8. We now show that

| Tn Mo — Mh’-,-ThUHgQ’h(@?) —0 ash,7—0.
Indeed, we have

HThMU — Mh,TThv||€27h(@i) < HThM’U — RthH@zﬁ(@ﬁ) + ||RhMU — Mh,TRh'UHZQYh(@ﬁ)
+(|[ M- Thv — My 7 Rpvllg,,, 02)-

By (4.11) and that Mv € C*(f), the first term goes to zero. By our previous
consistency analysis in Proposition 4.3, we have that the second term goes to zero as
well. Finally, following a similar proof of stability in Proposition 4.8, we have

||Mh’TTh’U — Mh,TRhU”Zg)h,(@i) < ||Thv — Rh’UHth(@i) — 0.
This concludes the proof of this theorem. 0

4.2. Behavior of the generic wavelet frame shrinkage (4.2). We will an-
alyze the asymptotic behavior of the iterative wavelet frame shrinkage (4.2) under
suitable assumptions, which are given as follows.

ASSUMPTION 4.12. We make the following assumptions on the wavelet frame sys-
tem we use and the threshold function g¢ = go(&1,...,&L, h,T):
1. Let W be the transform operator of a tensor-product wavelet frame system

constructed from a univariate B-spline function, and assume that W is the
transform operator of the canonical duel system.
2. We assume that, for each 0 < <L, g, € C*(RY), 0< g, <1, and

‘a‘;@ (1_95(51,...,&,}1,7)))‘ <1forall1<j<I,

for every (&1,...,&0) € RY, and h,7 > 0 small enough.
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Similarly to before, we assume Q = (0,1)? is discretized by the dyadic grids
{k27" : 0 < k1,ka < 2",n > 1}. Then, h = 27" and 7 = O(27"P) for some p > 0.
The value p comes naturally from the second assumption of Assumption 4.12 (e.g.,
p = 2 in section 4.1). We define the adjoint operator of T}, as T : £2 (03 ) — Lo (€):

T;;’U =277 Z Uj(ﬁn,j.
je0?
We note that || Tyulle, , 02) < CrllullLye) and [[Tjullp,@) < Crllull, , ©02)-
With Assumption 4.12, we have the following theorem.

THEOREM 4.13. Suppose all requirements in Assumption 4.12 are satisfied. For
any given artificial time t > 0, let K = |t/7] be the stopping iteration of (4.2).

1. For any given initial data v € Ly()), we denote the K step iterative proce-

dure based on the first formula of (4.2) as a nonlinear operator Ty M T}, :

K
T MSTyv = T;( [] WTSakW>Thv.
k=0
Then, for every v € La(Q), the sequence {Tj MPTyv}y, has a weakly converg-
ing subsequence in Lo(Y). Furthermore, the iterative algorithm (4.2) is stable
in the following sense: for any € > 0, there is a § > 0 independent of h, such
that for any ||u —v| 1,y < J, we have

T3 My Thu — Ty My Thol| ) < €.

2. Denote the K step iterative procedure based on the second formula of (4.2)
as a nonlinear operator Ty MT Ty, : Lo(Q) = La():

K
Ty MT Tho = T;;( [] WTTng>Thv.
k=0

The conclusions in 1 also hold for T;M;TT;L.

Proof. We shall only prove part 1, since the proof of part 2 is similar. Note that
from the first set of assumptions of Assumption 4.12, we have [|[W{|,, , (02) = Cw and

H/W/Hb,h(@i) = ﬁ Therefore, we have

K-1

. & =71
|‘ThM}§ThUHL2(Q) < é”SakW< H WTSakW>Th1}

£2,1(0%)

IA

CT K*l/_\_/_r K-1 .
EHW( 1;[0 W S W) Ty < Cr[|(TT W' Sar W) Thw

)4 0?
2,n(0}, 0

ZQ’h(@;ZL)

IN

- L Or[Tholley, 02) < CFl0ll o)

where the second inequality follows from the assumption 0 < g, < 1. This shows that

{T; MZT,v}y, is bounded; hence it has a weakly converging subsequence in Lo(£2).
On the other hand, using the second inequality of 2 of Assumption 4.12 and

following a derivation similar to that in the proof of equicontinuity in Proposition 4.8,

we can easily show that, for any u,v € L2(Q2) and some constant C' > 0, we have

1T M Thu — Ty M Thol| Ly () < Cllu = vl Ly(0),
which gives us the stability. 0
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Fic. 1. Test 9mages: Original (first row) and observed (second row). The PSNR values of the
observed images are 23.4519 (Barbara), 22.4428 (Boat), and 22.5482 (Peppers). The image size of
“Barbara” is 195 x 195, and both “Boat” and “Peppers” are of size 256 X 256.

5. Numerical simulations and comparisons. In this section, we conduct
numerical experiments using some of the algorithms we discussed in earlier sections.
Recall the general image restoration model

Au=f+mn,

where f is the observed image and n is assumed to be Gaussian white noise. We take
image deblurring as the specific image restoration problem, where A is the convolution
operator with the kernel generated in MATLAB by “fspecial(’gaussian’,11,1.5).” The
test images and their blurry noisy counterparts are presented in Figure 1. To measure
the quality of the restored image, we use the peak signal-to-noise ratio (PSNR) value

defined by
uU—u
PSNR := —-20 loglo %,
where u and u are the original and restored images, respectively, and N is the total
number of pixels in wu.

We will compare performance of some of the algorithms discussed earlier in this
paper for image deblurring. For convenience of the readers, we list these algorithms
here. Note that all the parameters that are not specifically mentioned below are
chosen manually for optimal image restoration quality. For Algorithm 1 and 2, we
stop our iteration when we have the highest PSNR values of the restored images. For
the rest of the algorithms, since we have image restoration model embedded in the
algorithms, we can let the iteration run until convergence. In our experiments, we
adopt the following stopping criterion for algorithms 3-6:

lu® —w* /] f]l2 < 107°.
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All of the following algorithms are implemented on a Windows laptop with Intel Core
i7 processor (1.73 GHz) and 8GB memory.

List of algorithms used for comparison.
1. PM equation with standard discretization (PM-SD) [51]:
u, = div(g(|Gy * Vul*)Vu) (PM).

We take g(§) = ﬁ
2. PM equation discretized by Haar (PM-Haar) and piecewise linear (PM-Linear)
B-spline wavelet frame systems:

uf =WTS s (Wuk1).

Here we choose the level of decomposition Lev = 1 for W. The shrinkage
operator Sei—1(d" 1) = {S,,  @-1(d" 1) : 1 < £ < L} is chosen as in
(3.21) for £ = 1,2 with g(§) = 1/(1 4+ &/K). We choose S, ,, for 3 < ¢ < L
as in Corollary 3.7 with sy = |a1| + |81] = 2 and

(Gt Gt ) =al X i)
PRI TR iR ’ 9. 151u1 Cin WP
Z/_ [/

3. Tterative soft-thresholding algorithm by Haar (IST-Haar) and piecewise linear
(IST-Linear) B-spline wavelet frame systems:

ub = (I - pATAW T T3(Wub1) + uA' f.

Here we choose the level of decomposition Lev = 3 for W and A is some fixed
threshold.

4. Adaptive multiplicative-thresholding by Haar (AMT-Haar) and piecewise lin-
ear (AMT-Linear) B-spline wavelet frame systems:

ubf = (T — pATAW TS s (Wub=1) + AT £
Here we choose the level of decomposition Lev = 3 for W. We take
Sarr(Wur™) ={S,,, w1y (Wi" ) : 0<I<Lev—1,1</<L},

where Wju = {Wjyu: 1 <{¢ < L}. The shrinkage operator S, is chosen

the same as in 2 for [ =0 and S4, ,,, = Sag,.,, for I > 0.

5. Adaptive soft-thresholding by Haar (AST-Haar) and piecewise linear (AST-
Linear) B-spline wavelet frame systems:

ub = (I - pAT AW T o (Waub™1) + AT £
Here, the threshold

1L4,n

oF 1 — {9172(Wl,1u’“17 Wioub ™ Wigub ) 0<i<Lev—1,1<¢< L}

is chosen as

&
010(&1,82,...,¢1) = ng( —A )
7 >, s

8o 1=18: Cp, 1P

for all [ = 0,1,...,Lev — 1. Here we choose g = 1/(1 + 2°25/K), Lev = 3,
and Cy > 0 as some fixed constants.
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6. Image-restoration embedded diffusion with standard discretization (IRED-
SD) [51]:

up = div(g(|Go * Vul|?)Vu) — kAT (Au — f) (IRED).

TABLE 1
Comparisons for image deconvolution. PSNR values of the restored images by algorithms 1 and
2 (without the knowledge of image restoration model): PM-SD, PM-Haar, and PM-Linear. The bold
numbers indicate the best PSNR value for each image example.

Image name PM-SD | PM-Haar | PM-Linear
Barbara 24.8097 24.9080 24.9625

Boat 23.4765 23.5915 23.6089
Peppers 23.6635 23.8096 23.8203
TABLE 2

Comparisons for image deconvolution. PSNR wvalues of the restored images by algorithms 3—
6: IST-Haar, IST-Linear, AMT-Haar, AMT-Linear, AST-Haar, AST-Linear, and IRED-SD. The
bold numbers indicate the best PSNR wvalue for each image example.

Image name || IST-Haar | IST-Linear | AMT-Haar | AMT-Linear | AST-Haar | AST-Linear | IRED-SD
Barbara 25.5111 25.5204 25.5987 25.5651 25.4221 25.5398 25.5482
Boat 24.6767 24.7341 24.8784 24.7906 24.7158 24.9417 24.6955
Peppers 24.9834 25.0974 25.1419 25.4677 25.0221 25.3208 25.2149

Our results in Table 1 show that the discretization provided by wavelet frame
shrinkage is better than the standard discretization by [51] in terms of restoration
quality. The results in Table 2 show that with the image restoration model being
properly incorporated into the algorithms, better results can be obtained. More im-
portantly, the new algorithms AMT and AST outperform the IST algorithm that is
commonly used in wavelet frame based image restoration problems. In addition, the
AMT algorithm, which is a discretization of IRED, generates better results than the
standard discretization of IRED.

In section 3.3.2, we proposed an accelerated version of AMT and IRED. The
accelerated algorithm and PDE produce results of quality similar to those of their
corresponding nonaccelerated versions, while the total number of iterations and com-
putation time are greatly reduced. For the same image deblurring problem and with
the same stopping criterion, we implemented the accelerated (APG) version of AMT
and IRED following the generic formulas of (3.53) and (3.58). To be more precise, we
implement the following accelerated AMT (A-AMT)

ut = (I-pAT AW 'S0 ((1+’yk_1)Wuk_1—7’“_1Wuk_2)+pATf, k=1,2,...

where the shrinkage operator S, is chosen exactly the same as that of Algorithm 4
above. The accelerated IRED takes the form

u + Cuy = div(g(|Go * Vu*)Vu) — kAT (Au — f) (A-IRED),

which is discretized by the standard finite differencing [51]. We shall call the A-IRED
discretized by such finite differencing A-IRED-FD. The parameters for A-AMT are
chosen exactly the same as AMT, and we choose C' = 0.2 for A-IRED. A comparison
of efficiency is summarized in Table 3.



658

BIN DONG, QINGTANG JIANG, AND ZUOWEI SHEN

TABLE 3
Comparisons for image deconvolution. PSNR wvalues of the restored images by algorithms 3—6:

IST-Haar, IST-Linear, AMT-Haar, AMT-Linear, AST-Haar, AST-Linear, and IRED-SD.

AMT-Linear A-AMT-Linear TRED-FD A-TRED-FD
Image name || Time (sec.) | PSNR | Time (sec) | PSNR | Time (sec) | PSNR | Time (sec) | PSNR
Barbara 23.38 25.5651 15.34 25.5657 711 25.5482 3.50 25.5555
Boat 40.44 24.7906 23.27 24.7322 9.62 24.6955 5.06 24.6916
Peppers 55.95 25.4677 31.46 25.4678 17.21 25.2149 8.73 25.2201
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