Simultaneously Inpainting in Image and Transformed Domains

Jian-Feng Cai* Raymond H. Chan' Lixin Shen? Zuowei Shen®

Abstract

In this paper, we focus on the restoration of images that have incomplete data in either
the image domain or the transformed domain or in both. The transform used can be any
orthonormal or tight frame transforms such as orthonormal wavelets, tight framelets, the discrete
Fourier transform, the Gabor transform, the discrete cosine transform, and the discrete local
cosine transform. We propose an iterative algorithm that can restore the incomplete data in
both domains simultaneously. We prove the convergence of the algorithm and derive the optimal
properties of its limit. The algorithm generalizes, unifies, and simplifies the inpainting algorithm
in image domains given in [8] and the inpainting algorithms in the transformed domains given
in [7,16,19]. Finally, applications of the new algorithm to super-resolution image reconstruction
with different zooms are presented.

1 Introduction

In many problems in image processing, the observed data are often incomplete in the sense that
features of interest in the image or some coefficients of the image under certain transforms (such as
the wavelet transform) are missing or corrupted by noise. We are required to reconstruct the true
image or an approximation of it from the given incomplete data. The main challenge is to find a
solution that is close to the given observed data, preserves the edges in the true image, and has
some preferred regularities.

We will denote images as vectors in RY by concatenating their columns. Let the original image
f be in RYV. Let A be a transform, normally an M x N matrix. We suppose that ATA = 1.
This condition is equivalent to that the rows of the matrix A form a set of tight frames in RV,
Here we assume that A is real-valued for simplicity. For the more general case, the discussion
here can be modified straightforwardly. The transform A is chosen such that the true image
has a sparse approximation in its transformed domain. There are many transforms that can be
chosen depending on the application background. These transforms include orthogonal wavelets,
the discrete Fourier transform, the Gabor transforms, the discrete cosine transforms, the discrete
local cosine transforms (see, e.g., [26,39]), redundant framelets (see, e.g., [27,42]), and curvelets [13].
The transform normally is chosen so that a few transform coefficients can be used to approximate
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or represent the intrinsic features of the underlying image. In many applications, this “sparse
approximation” property is the key for designing efficient algorithms in the transformed domain
for solving various problems.

Let g € RY be the observed image. Let A be a subset of the index set N := {1,..., N} which
indicates where data are available in the image domain, i.e., 7 ¢ A implies g; is unknown. Define
the projection P to be the diagonal matrix:

1 ifi=j€A,
Pali, j] = 1
Al {0 otherwise. (1)

Therefore, the known data in the image domain can be expressed by Pyf = Py g.

Let x € RM be the transform of the true image f under the transform A. Here in the transformed
domain, we similarly define I' € M := {1,..., M} to be the set on which data in x are available,
i.e., x; for j € I' are missing. Define the projection matrix Pr as in (1):

1 ifi=j€rl,
Prli, 7] =
rli,J] {O otherwise.

Then the known data in the transformed domain can be expressed by PrAf = Prx.
If we have incomplete data in both the image domain and the transformed domain, then in-
painting simultaneously in both domains is to find an f that satisfies

P Af =P A8, (2)
PrAf = Prx.

The inpainting problem can have trivial solutions in some cases. For example, when A = A and
I' = @, then f = g if g contains no noise, or it reduces to a denoising problem otherwise. Thus in
the following, we assume that A ; N and T ; M. The inpainting problem can also have infinitely
many solutions in some cases. For example, when A ; N and T' = (), one can choose any values
to fill in the region N\A. In these cases, we need to impose some regularization conditions on
the solution, so that the chosen solution has certain smoothness requirements among all possible
solutions. Yet in some other cases, the inpainting problem can have no solution at all. For example,
when the data set Prx falls out of the range of PrA. This is possible, since the range of A is
the orthogonal compliment of the kernel of A” which is not empty when A is a redundant system.
Even when Prx does fall inside of the range of PrA, the data given on A may not be compatible
with the data given on I'; and this results in (2) having no solution again. In these cases, we choose
our solution f* so that PrAf* is close to Prx in some sense.

In this paper, we are going to develop an algorithm for solving (2). To motivate the algorithm,
we discuss the special cases where we do the inpainting either in the image domain or in the
transformed domain, but not both. First consider A ; N and T' = (), i.e., we are given some data
only in the image domain. It arises for example in restoring ancient drawings, where a portion
of the picture is missing or damaged due to aging or scratches; or when an image is transmitted
through a noisy channel. The problem of restoration from incomplete data in the image domain
is referred to as image inpainting. Many useful techniques have been proposed in recent years to
address the problem, see, for examples, [1,2,22,23,34, 36].

Recently, a frame-based method for solving image inpainting problem is proposed in [8,20]. It
is given by the following iteration:

) = (1 Py )T, Af™ + Prg, n=0,1,... (3)



where Ty, is the soft thresholding operator

TU(Y) = (tul (y1)7 sy (yi)v s luy (yM)>
defined in [30] with

(4)

.1 9 0
tu (y;) ;= argming —|y; — x|° +u;lx|f =
uz(yZ) g . {2|y@ | 2| ’} {yi—sgn(yi)ui it |y2| > u.

The algorithm is efficient and gives 2 to 3 dB improvement in PSNR over the variational approaches
given in [22,23]. As we will see, this algorithm will become a special case of the general algorithm
we develop here. It was proven in [8] that, in the image domain, the iterant £ of (3) converges
to a minimizer of

1
i min { = ||Af — y||3 + ||di
{f:P,{rfunpAg}{ ;n{2” yllz+ 1 1ag(u)y||1}}7

whereas in the transformed domain, the coefficients y(™ := T, Af("™) converges to a minimizer of
.1 1 .
min {3 IPa(e ~ ATy)E + 510~ AAT)YIE + [aiag(wy |

We have explained in [8] that the cost functionals given above balance the data fidelity, regularity
and sparsity of the limits.

Next we consider the case when A = () and I' G M. The problem (2) reduces to the inpainting
problem in the transformed domain. Many problems in image processing can be viewed as such
problem. For example, in high-resolution or super-resolution image reconstruction [6,32,40], the
observed low-resolution images can be understood as images obtained by passing the high-resolution
image through a low-pass filter. By constructing an appropriate tight framelet system [27], the
image reconstruction problem is equivalent to restoring the high-resolution image from the given
low-frequency coeflicients in the framelet domain. Various algorithms for solving this inpainting
problem in the framelet domain were developed and studied in [15-17,19,21]. We omit the details
here. Another example of inpainting in the transformed domain is the restoration of chopped and
nodded images. In infrared imaging in astronomy, incoming data pass through a chopped and
nodded process such that the observed image is basically a second order difference of the original
image, see [3,4]. Hence the observed image can be viewed as the original image passing through
a high-pass filter. By constructing an appropriate tight framelet system, the image reconstruction
problem is equivalent to restoring the original image from part of its high-frequency coefficients
in the framelet domain. An algorithm for solving such problem is given in [7]. The transformed-
domain based algorithms developed in these papers [7,15-17,19,21] are similar to that in (3) in
spirit. In this paper we are going to combine them with (3) to obtain our algorithm for inpainting
in both domains.

We should point out that there are many papers related to inpainting in the transformed
domain. To name a few, in [24], the authors studied the problem of filling in missing or damaged
wavelet coefficients due to communication or lossy image transmission. They solve the problem
by a non-linear PDE. In the classical tomography problem in medical imaging, the 2D image is
constructed from samples of its discrete Fourier transform on a star-shaped domain, see [29]. It was
observed in [14] that a convex minimization gives an almost exact solution to the original image
under certain assumptions.

Now we present our algorithm for solving the inpainting problem in both domains, i.e. (2).
Motivated by the inpainting algorithm in the image domain (3), we propose the iteration

£ = (I - PA)AT Ty (Prx + (I - Pr)Af™) + Prg, n=0,1,... (5)



It is clear that when I' = (), (5) becomes (3). Algorithm (5) can be understood as follows. Given an
approximation f(™ of the underlying image f, we first transform f(™) into the transformed domain
to get the transformed coefficients Af(™. Then the coefficients on I are replaced by the known data
Prx. After that, we apply the soft-thresholding operator T+, on the coefficients Ppx+(I—Pp)Af(™)
to perturb the transform coefficients and to remove possible noise. Finally, the modified coefficients
Tu (pr +(I-Pp)Af (")) are transformed back to the image domain, and the image pixels on A
are replaced by the known data Pag. This gives the next approximation f (n+1),

In this paper, we will prove the convergence of £(") in (5) by using the proximal forward-
backward splitting [25]. Clearly £ converges if and only if y(™ := T, (pr + (I—-Pp)Af ("))
converges. Let f* be the limit of £ and y* be the limit of y(™. Then

f* = (I-Py)ATy* + Ppg. (6)

When the observed data g contains no noise, we use f* defined in (6) as the solution to our
inpainting problem (2). Then, we have Pof* = Pg in this case. If g contains noise, we choose
ATy*, the denoised version of f*, to be the solution to (2).

We will show that in the transformed domain, the limit y* is a minimizer of:

1
min { =
{y:Pry=PrTux} ( 2

The roles of each term in (7) can be explained as follows. The first term penalizes the distance of
ATy* to the given data Pg if ATy* is chosen to be the solution. If f* is chosen to be the solution,
then this term penalizes the artifacts of the solution as discussed in [8]. The third term is to ensure
the sparsity of the transformed coefficients, which in turn ensures the edges are sharp. The second
term penalizes the distance between the coefficients y and the range of A, i.e. the distance between
y and the canonical coefficients of the tight frame transform. Hence the second term is related to
the smoothness of f*, since canonical coefficients of a transform is often linked to the smoothness
of the underlying function. For example, some weighted norm of the canonical framelet coefficients
is equivalent to some Besov norm of the underlying function, see [5]. Therefore, the second term
together with the third term guarantee the regularity of f.
In the image domain, we will show that the limit f* is a minimizer of

{318~ 18 + gty |} ®)

Since ||y — Af||3 > |Pr(y — Af)||3, the first term penalizes the distance of Af to the given data in
the transformed domain. It also penalizes the distance of y* to the range of A. The second term
measures again the sparsity of the solution in the transformed domain. Altogether, we see that
the cost functionals (7) and (8) balance the data fidelity in both the image and the transformed
domains, and the regularity and sparsity of the limit y* in the transformed domain, which in turn
guarantee the regularity of solution in the image domain.

To illustrate the applicability of our algorithm (5), we will apply it to a super-resolution image
reconstruction problem where we reconstruct a scene from images of the same scene but with
different zooms, see e.g. [38]. By constructing appropriate framelet systems, the most zoomed
image can be seen as incomplete data in the image domain, while the less zoomed images are just
incomplete data in the transformed domain.

The rest of the paper is organized as follows. In Section 2, we prove the convergence of Algorithm
(5), and give the minimization properties which the limits satisfy. In Section 3, some applications
of our algorithms are presented and numerical simulations are given. Finally, a short conclusion is
given in Section 4.

1 .
IPa(g — ATy)ll5 + S I(T— AAT)y]5 + IIdlag(U)Y\ll} : (7)

min { min
{f:Prf=Prg} | {y:Pry=PrTux}



2 Analysis

In this section, we prove the convergence of the proposed algorithm (5). The proximal forward-
backward splitting (PFBS) in [25], which is based on the theory of convex analysis [37], is used as the
main tool in the proof. To introduce it, we begin with the definitions of the proximal operator and
the envelope function. Let ¢ be a proper, lower semi-continuous function, the proximal operator
of ¢ is defined by

. 1
pros, (m) = argnn { 5lm i + o(m) | )

and the envelope of ¢ is defined by

env(m) = min { § Jm — nl + o)} (10)

Recall that a function ¢ is proper if ¢p(x) < +oo for at least one x and p(z) > —oo for all x. It can
be found in the reference [30]. The key relation between the proximal operator and the envelope
of ¢ is

Venvy,(m) = m — prox,(m). (11)

Consider the minimization problem
mrgn{Fl(m) + Fy(m)} (12)
where

(a) Fi(m) is a proper, convex, lower semi-continuous function; and

(b) F»(m) is a proper, convex function with a 1/b-Lipschitz continuous gradient, i.e.,
1
IVE2(m) = VE(n)l2 < p[m —nfz, Vm,n.

The PFBS iteration in [25] for minimizing (12) is given by
m( ) = Prox, p, (m™ —rVEm™)), n=0,1,... (13)

where 7 is a non-negative real number. We have the following convergence results for (13) which is
an immediate consequence of Theorem 3.4 in [25].

Proposition 1 Assume that a minimizer of (12) exists. If F1(m) and Fa(m) satisfy the conditions
in (a) and (b) respectively, and 0 < r < 2b, then for any initial guess m©), the iteration (13)
converges to a minimizer of (12).

Proposition 1 asserts that the minimizer of the problem (12) is the fixed point of the operator
prox,p, o (I —rVF) and that the fixed point can be obtained via the iterative algorithm (13).
Thus to prove the convergence of algorithm (5), the strategy is to identify (5) as algorithm (13) for
appropriate functions F; and F5. This is the topic in the next two subsections.



2.1 Convergence in the Image Domain

In this subsection, we prove the convergence of (5) in the image domain, i.e. lim, .. £ exists.
Define
y" = Ty (Prx + (I - Pr)Af™). (14)

Then (5) can be written as an alternate iteration process,

y™ =Ty (Prx + (I - Pr)Af™),
£+t = (I - Py)ATy(™ + P,g.

Our main aim is to write both y(™ and f(**1) as proximal operators defined in (9). We start

with y(”) first. Note that T, and Pr are commutable, and so are T,, and I — Pp. Therefore, y(”)
can be rewritten as:

y™ = PrTux 4 (I — Pp)To(Af™). (15)
By (4),
1
Tu(AF") = argmin {zuAf(“) ylE+ Hdiag(u)y\ll} | (16)
Define the set 7 as
T :={y e RM : Pry = PrTux}. (17)

It is nonempty, closed, and convex. Combining (15) and (16), y(™ can be viewed as the minimizer
of the constrained minimization problem

(1 .
¥ — arg min {HAf< )iz + \dlag(u)yHl} | (18)
yeT | 2

The constrained minimization problem (18) can be converted into an unconstrained one as follows:

1 n .
" = arguin { A~ yI3 + [aiag(ylh + )}

where 7 is the indicator function for the convex set 7, i.e.,

0, ifyeT,
L = 19
7(y) {—i—oo, otherwise. (19)
If we define
§(y) = [ldiag(u)yl[l + 7 (), (20)
and using the notations (9) and (19), we get an equivalent formulation for (18):
y™ = proxg(Af(”)). (21)

Next we try to write f("*1) as a proximal operator. Note that by (5) and (14):
£+ — 1 - PyATy™ + Pyg.

Then ]
f(n+1) —_ i AT (n) f 2
argmin o |[A%y 12,



where Z is a nonempty closed convex set defined by
I:={feRY :P,f=Pyrg}. (22)
If we define the indicator function ¢z for Z as in (19), we get
1
(0 — argnin { ATy~ €13 + 12(6) |
which by (9) is equivalent to

£+l — prox,_ (ATy™). (23)

Combining (21) and (23) leads to a new formulation of (5) with the help of the proximal
operators with respect to ¢z and &:

£t — prox, (ATproxg(Af("))). (24)
Because of (11) and the chain rule, we get
Venve(Af™) = AT(Af™) — prox.(Af™)). (25)
Noting the fact that AT A = I, we can rewrite (24), which is equivalent to our algorithm (5), as

£+ — prox, (ATproxg (Af(”)))
= prox,, (f(") — ATAfM 4 ATproxé(Af(")))
= prox,, (f(") — AT (Af(") - prox£(Af(n)))>
= prox,, (f(”) - Venv§(Af(”))).

This is identical to the PFBS iteration (13) with
Fi(f) =z(f), F>(f) =enve(Af), and r=1.
Thus our algorithm (5) is the PFBS iteration for

mfin{Fl(f) + Fh(f)} = rfnei%lenvdAf),

which is equivalent to

) . [1 )
wip {min {5 1A% 13 + gty | (26)

By applying Proposition 1, we get the following convergence theorem for (5).

Theorem 1 Assume that the thresholding parameter vector u > 0 entrywise. Then for any initial
guess £O) | the iteration (5) converges to a minimizer of (26).

Proof: Let Fi(f) = 17(f) and F5(f) = env¢(Af). By Proposition 1, we need to verify the conditions
in (a) and (b), check 0 < r =1 < 2b, and prove the existence of minimizers of (26).

It is well known that the indicator function Fj(f) = ¢7(f) is proper, convex, and lower semi-
continuous. By Lemma 2.5 in [25], F5(f) = env¢(Af) is convex and differentiable, and its gradient
is given in (25). It remains to prove that its gradient is 1/b-Lipschitz continuous. To this end, we
note that by Lemma 2.4 in [25],

I(g — prox,(g)) — (h — prox,(h))[l2 < [lg — h2 (27)

7



for any convex and lower semi-continuous function ¢. Using (27) and (25), we have

|V (enve(Ag)) — V(enve(Ah))]l2 AT (Ag — prox;(Ag)) — A" (Ah — prox;(Ah))||
|AT||2]|(Ag — prox¢(Ag)) — (Ah — prox;(Ah))||

IAT]|2]|A(g — B)|l2 < [lg — 2.

ININA

This says that F»(f) = env¢(Af) has a 1-Lipschitz continuous gradient, i.e. the Lipshitz constant
is 1/b=1. Hence 0 < 1 < 20b.

It remains to show that there exists at least one minimizer of (26). We note that (26) is
equivalent to min{ F; (f)+ F5(f)}. Since F} and Fj satisfies the conditions in (a) and (b) respectively,
by Proposition 3.1 in [25], it suffices to show that F} + Fy is coercive, i.e., as ||[f|2 — 400, F1(f) +
F5(f) — +o00. Note that by the definition

. [1 .
Fyf) = enve(Af) = min {2||Af ~ylB+ ||chag<u>y||1} . (28)

Let )
y* = argmin {HAf ~yIB+ |diag<u>y||1}. (29)
yeT | 2

Comparing (28) and (29) with (15) and (18), we see that y* = Ty(Prx + (I — Pr)Af). Let

U = max; u; and v = min; u;. Then,

Fy(f)

1 :
SIAf = Tu(Prx+ (I - Pr)Af)|3 + [|diag(u) Tu(Prx + (I - Pr)Af)[

1
> SIPr(Af = Tux)|3 + ul| (T - Pr)Tu(Af)]
1
> S |Pr(Af = Tux)|} + ul (1= Pr)Af]r — uUM
1
> SIPr(Af = Tux)|l3 + ul| (T - Pr)Afll; — uUM. (30)

Since ||f||2 = ||Af||2, we have |PrAf|j3 + ||(I — Pr)Af||3 = ||f||3. Therefore, either |[PrAf|s >
?Hf“g or ||(I—Pp)Af|y > @Hf“g Hence, we have either

1

2
1 (V2
2 < [f]]2 — ||PFTuXH2>

or

V2
Tz = [T = Pr)Aflls = —-|f]2.
Putting these two inequalities back into (30), we see that as ||f||2 — +o0,

Fl(f) + Fg(f) > Fg(f) >Ty +uly —uUM

1 V3 V2
> max {5 (5l — PrTux]2)®, u > If} — wlM — +oo.



2.2 Convergence in the Transformed Domain

In this subsection, we prove the convergence of algorithm (5) in the transformed domain and also
study the properties of the limit. Clearly from the definition of y( in (14), lim, .., y™ = y*
exists since the lim,,_ o f(™ = f* exists. In fact, we have y* = Ty, (pr +(I- Pp)Af*) since Ty,
Pr, and A are all continuous operators. Next we find out what functional y* minimizes.

Note that by (11) and the chain rule, we have

Venv,, (ATy") = A(ATy™ — prox, (ATy(™)). (31)

Using (21), (23) and (31), we obtain

y(”H) = proxg (AproxLI(AT ))
— pI“OXg{ (y(n AAT (n)) —I—A(AT (n) _ proxbz(ATy(”)))]}
1
= proxe{y™ = VST - AAT)y ™3 + env,, (ATy )] | (32)
Thus by letting
1
Fi(y) =&(y), Fay) = 5ll(T- AAT)y|S + envi (ATy), and r=1, (33)

we see that (32) is equivalent to the PFBS iteration (13) for the minimization of
min{FA() + B} =min {10 AATYIE + e (AT Hew)) . 3)
Note that by (10) and (22),
env; (A"y) = min | [ATy — x|3 = J|PA(A"y ~ g)I}

Using this and (20), (34) can be rewritten as

.1 1 .
min | = [Pa(g — ATy)[3 + S 11— AAT)y[3 + [|diag(u)y]1 ¢ - (35)
yeT | 2 2

The roles of each term in the cost functional (35) are clear. The first term is to fit the data in the
image domain, and the constraint is to fit the data in the transformed domain. The third term
is to ensure the sparsity of the transformed coefficients. As mentioned in the introduction, the
second term penalizes the distance between the coefficients y and the range of A, i.e. the distance
between y and the canonical coefficients of the tight frame transform. Since canonical coefficients
of a transform is often linked to the smoothness of the underlying function, e.g. a weighted norm
of the canonical framelet coefficients is equivalent to some Besov norm of the underlying function,
see [5], the second term together with the third term guarantee the regularity of f. Altogether, we
see that the cost functional (35) balances the data fidelity in both the image and the transformed
domains, and the regularity and sparsity of the limit y* in the transformed domain, which in turn
guarantee the regularity of solution in the image domain.
We now prove that the limit y* minimizes (35).

Theorem 2 Assume that the thresholding parameter vector u > 0 entrywise. Then the sequence
y(™) defined by (14) converges to a minimizer of (35).



Proof: Since y(™ is the PFBS iteration for (35) with Fi(y), Fa(y), and r given in (33), the limit
y* will be a minimizer of (35) if we can verify the conditions in Proposition 1. Clearly, F} = £(y)
is proper, semi-continuous and convex. It is obvious that Fy = 1[[(I — AAT)y|3 + env,, (ATy)
is proper, continuous, and convex. Moreover, Fy is differentiable since both the 2-norm and the
envelope function are differentiable. Therefore, the only thing remaining to prove is that the
gradient of Fy is 1-Lipschitz continuous.

Note that

V(11— AAT)aB + envi, (AT2) ~ VST~ AAT)wlB + env, (ATw)) B
= ||(I- AAT)(Z —w) + A(AT(Z —w) — (proxLI(ATz) — proxLZ(ATw))) H%
(X~ AAT) (o~ )3 + | A (A7 (2~ w) — (prox,, (AT2) ~ prox,, (ATw)) 3. (36)

The last inequality is due to the fact that (I — AAT)s is orthogonal to At for any s and t. For the
second term in the last equality in (36), we have the following estimation,

IA (A (z — w) — (prox,, (ATz) — prox, (ATw))) 3
= ||AT(z — w) — (prox,, (ATz) — prox,, (ATw))|3
= [(ATz —prox,,(A"z)) — (ATw — prox,, (ATw))||3
IATz — ATw|3 = [AAT (z — )3, (37)

IN

where the inequality follows from (27). Again, due to the fact that (I — AAT)s is orthogonal to
At for any s and t, by (36) and (37) we have

HV(*H(I ~ AAT)z|3 + env, (AT2)) — (%H(I — AAT)W3 + env,, (AT w))|I3
(L= AAT)( ~ w3+ [A(AT(z — w) — (prox,, (ATz) — prox,, (ATw)))|3
11— AAT)(z — w)|l3 + | AAT (z — w)]|3

I(T— AAT)(z — w) + AAT(z — w)|[3 = ||z — w]|3.

A

Thus the gradient of F5 is indeed 1-Lipschitz continuous. Therefore, by Proposition 1, the limit y*
is a minimizer of (35). 0

We note that (35) is the same as (26) except that we swap the minimization order of y and f,
i.e., (35) coincides with

. .1 2 :
win {min { SIAF — yI3 + [ding(aiyl } . (39)

To prove that, notice that AT A = I, so we can decompose y orthogonally into y = AATy + (I —
AAT)y. Hence (38) can be rewritten into

mm{mm{n(l _ AAT)y + A(ATy — £)[3 + ||diag<u>y||1}}.
yeT | feZ

Since A(ATy—f) and (I- AAT)y are orthogonal to each other, and ||A(ATy —f)|]2 = [|ATy —f||2,

we obtain

min {310~ A7)+ in { SIATY ~ £} + oty |-

By the definition of the functions env,,(-) and £(-), this functional is the same as (34), which we
have already proved to be equivalent to (35).

10



We close this section by summarizing what we have proved. The inpainting problem (2) in both
domains is solved by finding a vector f € 7 and a vector y € 7 such that Af is close to y and y is
sparse. We tackle this problem by minimizing the following functional

1
i —||Af — y||% + ||diag(u }’
(f,y;[gg@@T){QH yllz + lldiag(u)y |l

where the first term reflects the closeness between Af and y, while the second term reflects the
sparsity of y with respect to the weight u. The minimization problem is solved by either (26) or
(38). Moreover, its minimizer can be obtained by our iterative algorithm (5).

2.3 The term 3|(I— AAT)y||? in (35)

In this subsection, we discuss the role of the term (I — AAT)y|]3 in (35). This discussion will
lead to the conclusion that this term balances the synthesis and analysis based approaches in the
literature, and is preferable as observed in [8,9]. To simplify the discussion, we focus on the problem
of image inpainting. In this case, (35) becomes

.1 1 )
min { 3 IPa(e ~ ATy + 510~ AAT)y[E + [diag(wy ] |- (39)

An algorithm for this model of inpainting is developed in [8]. In fact, this formulation and the
corresponding algorithm are analyzed extensively in [8].

As mentioned before, the term 3|/(I — AAT)y||3 controls the distance of the coefficient y to
the range of the transform A. Another possible choice of the cost functional is to omit the term
(I — AAT)y||3 that leads to the model

.1 .
min { 3 IPa(s ~ Ay + ldiag(wy |- (40)

In this formulation, the sparsest coefficients in the transform is first sought, and then the recovered
image is synthesized by the sparsest coeflicient via the inverse transform. This is called the synthesis
based approach, and was proposed in, e.g., [28,34,35]. An algorithm for this minimization was
proposed in [35]. This approach fully explores the sparsity the redundant system that may bring
in. On the other hand, since the smoothness of the underlying solutions normally connects to the
canonical coefficients of the transform, one may prefer the distance to the range to be zero whenever
the smoothness of the solution is important. This leads to another model

inL3IPAGg— ATY)IB + ding(wy ]} (41)
In this formulation, one seeks the recovered image such that it has the sparsest analyzed coefficients
via the direct transform. This is called the analysis based approach, and was proposed in, e.g., [34].
An algorithm for this model and its analysis is developed in [9]. The synthesis and analysis based
approaches are different as pointed out in [33]. Which one to choose depends on applications, in
particular, which priority to seek, the sparsity or smoothness of underlying solutions. When the
priority is not so evident, it is better to use the balanced model (39). We see from Figure 2 that
the analysis based approach (41) and our proposed algorithm (5) (i.e. model (39)) are preferable
in both simulations there. Finally, we remark that for the analysis based approaches, it is hard
to find algorithms based on soft-thresholding by the PFBS iteration, as the proximity operator of
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||diag(u)Af]|; is not soft-thresholding again. One has to employ iterative algorithms to find the
proximity operator, hence burden the computational cost of the algorithm. We forgo the detailed
discuss and the interested read should consult [9] for details.

Furthermore, in [9], the three models (39), (40) and (41) are formally unified into one by
variation the relative weight of the term 3[(I — AAT)y|j3 in (39). This leads to the following
model:

1 .
min { 5 IPa (e~ ATy)IE + 5111~ AAT)IE + ding(w)yl | (42)

When = 0, (42) is the synthesis based approach (40). As the relative weight p of the term
(I — AAT)y|3 increases, the distance of the coefficient y to the range of A decreases. In the
limit case of y = 400, the distance must be 0, hence (42) becomes the analysis based approach
(41). Therefore, the term 3||(I — AAT)y||3 balances the synthesis and analysis based approaches.
Notice that, when p = 1, (42) is (39). Therefore, the model (39) is an intermediate between the
synthesis and analysis based approaches. Minimization algorithms for (42) was proposed in [9],
and the model (42) was extended to simultaneously cartoon and texture image inpainting using
two tight frames. The interested read should consult [9] for details.

The recent development of Bregman iteration, especially the linearized Bregman iteration can
also lead to some useful algorithms for some special cases of inpainting, although it is a different
set of models. We omit the discussion here and the interested reader should consult [10-12] for
linearized Bregman iteration and its applications.

3 Applications

In this section, we consider an application which falls into our model (2), i.e. inpainting in both the
image and transformed domains. It is a super-resolution image reconstruction problem where the
images are obtained by taking pictures of the same scene or part of it using different zooms. How-
ever, to better understand super-resolution image reconstruction, we start with a simpler problem
first.

3.1 Super-Resolution Image Reconstruction with Multiple Sensors

In this subsection, we introduce super-resolution image reconstruction with multiple sensors. For
this case, A = (), and the problem is an inpainting problem in the transformed domain. For
simplicity, we only consider 1D case. It can be extended to 2D straightforwardly through tensor
product, and we refer the readers to [6,16] for more details.

Let f be the desired high-resolution image. We are going to reconstruct f by taking its low-
resolution images using K multiple sensors of the same resolution but with different subpixel
displacements. Before we write out the formulation of the model in [6] for a general K, we first
illustrate the model for the simplest case K = 2. In such situation, the high-resolution image f (in
discrete form) is modeled as a average-sampling of an underlying image f (in a continuous form).

More precisely, we assume that
(i+3)L
£i] = — / () dt
LJa-Hr

(2

where L is the length of the average-sampling. Two low-resolution images are modeled by

1 [+3L 1 (2(i+3)+1)L
gi:/ f(t)dt and gi:/ f(t) dt,
olil = 57 . (t) il =57 i (t)
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respectively. The length of the average-sampling for low-resolution images is 2L. If the function f
is constant on the interval [(i — 3)L, (i + 1)L] for all i. Then we have

1 1 1 1 1 1
goli] = {f[20 — 1] + Sf[2] + f[2i +1] and  gfi] = JF[20] + SF[2i + 1] + S £[2i + 2.

We combine the low-resolution images go and g; into a new image g in the following way
g[21] = goli] and g[2i + 1] = g1i].

Above formulation for K = 2 can be easily extended for a large value K. f then satisfies the
following equation:
(I Pg)(hg ©f) = 1® Py)g,

where I is the identity matrix of size % X %, the symbol ® denotes matrix tensor product, the

symbol ® denotes the discrete convolution,

1.1 1
= (=1 .- 1.---.1.= 43
K[27 ) ) ) ) ’2]7 ( )
K-1

hg'

K is the set of indices of available sensors in K multiple sensors, Py is the K-by-K diagonal matrix

defined by
. 1, ifi=j5€k,
PK:[ZLj] :{ /

0, otherwise,

and g, called the observed image, is obtained by interlacing the low-resolution images, see the
middle columns in Figures 3 and 4.

From the low-pass filter h{{, one can construct filters h{* ... hX to forming a tight framelet
system by the unitary extension principle, see [19] for detail. We will use non-downsampled mul-
tilevel framelet decomposition with symmetric boundary condition. For any filter h = [h(i)]L__;,

we define a matrix S()(h) of size % X % as

h0] h[—1] 0 " h[1] h[2] hI] | ]
: ' h[2] .- 0
SOMm) = | ny . . . m[-q] |+ :
) 1
0 h[1] o] | L 0 0
- . _
h[—1]
+1 : (44)
- B2
.| h[-]] h[-2] h[-1] |

We can now define the non-downsampled filtering matrix H(KI){ with kernel hZ-K at level £ by

%

H) = SO mF) 010, (45)

i?

where I¥) is the identity matrix of size K¢ x K*¢. For any vector w, the filtering process v = HE%

can be understood as follows. We first break up w into w; which are defined by w; = [w][j]] with

w
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j mod K* =t fort=0,---,K*—1. Then we apply the filtering by v; = S(é)(hZ-K)wt for each t.
Finally, we combine v; and permute them back by v[t + sK!] = v;[s]. Then v = H£€}<W.

With these notations, the transform we used in super-resolution image reconstruction is

L—1 yq(L—0)
O HO’K<L 0
L—1 —

Hy o [ HO,K

L L; L—¢
I B

A=Ay = : . (46)

)

'1
HY )

(1)
L Hr,K _
If the size of the image to be recovered is N, then the size of the coefficients in the transformed
domain is M = rNL + N. If all K low-resolution images are available, then the set of indices of
known data is

r={1,2,---,r(L-—1)N+ N}, and A=0. (47)

Sometimes, not all K sensors are available to give us the low-resolution images. In that case,
the set I' will even be smaller. To be precise, let the available low-resolution images be from the
sensors 1 < kq,ko, -+ , ks < K with 1 < s < K. Then the set of indices of known data is

T = {ki,ko, kst ©{0,K,2K,--- ,N—K}&{0,N,2N,--- ,r(L—1)N}, and A=0, (48)

where @ is defined as Q1 @ Qe ={a+b:a € Q1,b € N}

With above A, I', and A, the problem of super-resolution image reconstruction with multiple
sensors can be formulated by the model (2). Therefore, the proposed iterative algorithms (5) and
(14) in the image and transformed domains can be applied to the problem. Theorems 1 and 2
guarantee the convergence of the corresponding algorithms.

3.2 Super-Resolution Image Reconstruction from Different Zooms

In this subsection, we consider restoring a high-resolution image from low-resolution images of
different zooms. We will see that it is an inpainting problem on both domains with A # () and
I # 0.

The problem setting is that p images {p1,p2,...,Pp} of a scene or part of it are taken with
increasing zoom ratio, such that all p images have the same number of pixels but with different
resolutions. The image p, has the highest resolution but covers the smallest part of the scene, and
p1 is the least zoomed image but covers the entire scene. The problem is to obtain the whole scene
covered by p; at the resolution same as that of p,. Figure 1 depicts the case where p = 3 and the
areas covered by the observed images p1, p2, and p3. Figure 5(a)—(c) give p1, p2, and ps3 for real
images “Boat” and “Goldhill”.

We now formulate the problem using the model (2) with appropriate transform matrix A and
index sets A and I'. For simplicity, we only formulate it in 1D. It can easily be extended to 2D
images. Details can be found in [38]. Let the vectors {p;}}_, be all of length P. Let f € RY be the
solution (i.e. the scene at the highest resolution—same resolution as p,’s.). Note that p, has the
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Figure 1: A diagram showing how the images p1, p2, and p3 of different resolutions are taken from
part of the scene or the whole scene.

same resolution as f but just covers part of the scene. Thus p, is a portion of f cropped directly
from f. Hence p, can be viewed as the given known data in the image domain. Let T}, + 1 be the
starting pixel position of p, in f. Then in the image domain, the set A in (2) is

A={T,+1,---,T,+ P}. (49)

The other image {pi}f:_ll can be seen as the low-resolution images obtained from part of the
high-resolution image f. We assume that the zoom factors between p; and p, are integers K;. It
is clear that K; > K if i < j. Using the super-resolution image reconstruction model we discussed
in Section 3.1, p; are just part of the low-resolution images of f obtained by one of the sensors of
the K; sensor array. As in (46), we define A, 1, to be the L;th level transform matrix associated
with the K sensor array. In particular, we restrict L; = 2 for 2 < i < p. Then the set of indices of
known coefficients in A, r,f is

where r; + 1 is the number of framelet filters derived from hé( . Since the scene is the same as that

of p1, we have T3 = 0 and P = N/Kj.
Therefore, if we define the tight frame system by

) Ak,

A = : , (50)

p—1

AKpflaLpfl
then the set of indices of the known data in the transformed domain is

p—1
I'= U ({Ri}®Ty), (51)

i=1

where Ry =0 and R; = Z;;ll(erj + 1)N for ¢ > 1 is the starting position of the Ay, 1. f in Af.
Hence, the problem of recovering f from different p; can be cast into the model (2) with A in (50),
Ain (49), and I" in (51). We can use our algorithm (5) to find f. The convergence of the algorithm
(5) is guaranteed by By Theorems 1.
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3.3 Numerical Results

We now illustrate the applicability of our proposed algorithm (5) for the applications presented in
the last two subsections. We use the “Boat” and “Goldhill” images of size 256 x 256 as the original
images in our numerical tests. The objective quality of the reconstructed images is evaluated by
the peak signal-to-noise ratio (PSNR) which is defined as

255V N )

52
= £, (52

PSNR =20 loglo (

with f being the original image, f(° the reconstructed image by (5), and N the number of pixels
in £(°°). The initial seed £(©) is chosen as zero. The maximum number of iteration is set to 100 and
the iteration process is stopped when the reconstructed image achieves the highest PSNR value.

We first consider super-resolution image reconstruction with multiple sensors. We used a 4 x 4
sensor array (i.e. K = 4). In this case, we choose the parameter r = 5 in (46). The six filters h?,
1=20,1,2,3,4,5, are

171 1 V2 17 1 1
hi=-|-,1,1,1,=| ,hi= "1 —1],hy == |-=,1,-1,,1,—=
0 4[277772]7 1 8 [7070707 ]7 2 4|: 277 99 Ly 2:|

V2

8

11 1
hi=-|-,1,0,—1,—=| ,hj =
3 4 |:27 707 ) 2:|7

17 1 1
1,0,—2.0,1] ,ht == |[-=.1,0,—1,=| .
[77 77]75 4|:2777 72:|

The sum of the absolute values of the elements in h;l, denoted by ¢;, ¢ = 0,1,2,3,4,5, are 1,

g, 1,3 ﬁ, and %,

T respectively. The parameter L in (46) is 4. To determine the thresholding
parameters u; in (4), we first compute a threshold  which basically is a scaled version of the
threshold given in [31], that is, § = 6%10\/210g N. The parameter o is the estimated standard
1

deviation of the Gaussian noise in the observed image. The factor g; is empirically chosen based

on our experiments. We choose u; = ¢,f if the corresponding framelet coefficient y; is produced by
the subblock Hgi Hz;i Hé{;z) in (46), where 1 <i <5, and 1 < j < L. Figures 3 and 4 show the
reconstructed images when noise at signal-to-noise ratio 30dB is added to the observed images.

Next we test our algorithm for super-resolution image reconstruction from different zooms. In
the test, we set p = 3, K1 = 4, and Ko = 2. The image p; is the lowest-resolution image of the
scene f as obtained from a 4 x 4 sensor array. The image po is a low-resolution image of part of f
as obtained from a 2 x 2 sensor array. The image p3 is a part of f. The images p1, p2, and p3 all
have the same size and are 1/16 of the size of f. The images and their restored results are displayed
in Figure 5.

4 Conclusion

In this paper, we have developed an algorithm for doing inpainting in both image and transformed
domains. The proposed algorithm is motivated by the perfect reconstruction formula of a tight
framelet system. This algorithm is further recognized as a proximal forward-backward splitting
iteration of a minimization problem with the help of proximal operator and proximal envelop. By
using the convergence result of PFBS iteration, we have proved the convergence of the algorithm,
and obtained the functionals which the limits will minimize. We have illustrated how to apply the
method to super-resolution image reconstruction from different zooms.
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Figure 2: Inpainting in image domain for the “Pepper” and “Goldhill” images. Columns (from left
to right) are the observed incomplete image, the recovered image by (5), the recovered image by the
synthesis based approach, and the recovered image by the analysis based approach, respectively.
In the first row, the PSNR values of the recovered images (from the second left to the right) are
33.82dB, 32.27dB, 33.73dB, respectively. In the second row, the PSNR values of the recovered
images (from the second left to the right) are 29.81dB, 28.10dB, 29.80dB, respectively.
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Figure 3: 4 x 4 sensor array for the “Boat” image. Columns (from left to right) show the available
low-resolution images, the observed high-resolution images, and the reconstructed high-resolution
images, respectively. The PSNR values of the reconstructed high-resolution images (from top to
bottom) are 29.76dB, 29.01dB, 26.78dB, and 23.91dB for the cases where sixteen, eight, four, and
one low-resolution images are available. The corresponding numbers of iterations are 62, 92, 100,
and 100, respectively.

21



Figure 4: 4 x4 sensor array for the “Goldhill” image. Columns (from left to right) show the available
low-resolution images, the observed high-resolution images, and the reconstructed high-resolution
images, respectively. The PSNR values of the reconstructed high-resolution images (from top to
bottom) are 28.51dB, 27.93dB, 26.49dB, and 24.58dB for the cases where sixteen, eight, four, and
one low-resolution images are available. The corresponding numbers of iterations are 92, 100, 100,
and 100, respectively.
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Figure 5: Reconstructed super-resolution images for images “Boat” (top row) and “Goldhill” (bot-
tom row), respectively, from the related low-resolution images p1, p2, ps.

23



