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Abstract

Blurring occurs frequently in video sequences captured by consumer devices, as
a result of various factors such as lens aberrations, defocus, relative camera-
scene motion, and camera shake. When it comes to the contents of archive
documents such as old films and television shows, the degradations are even
more serious due to several physical phenomena happening during the sensing,
transmission, recording, and storing processes. We propose in this paper a ver-
satile formulation of blind video deconvolution problems that seeks to estimate
both the sharp unknown video sequence and the underlying blur kernel from an
observed video. This inverse problem is severely ill-posed, and an appropriate
solution can be obtained by modeling it as a nonconvex minimization problem.
We provide a novel iterative algorithm to solve it, grounded on the use of re-
cent advances in convex and nonconvex optimization techniques, and having the
ability of including numerous well-known regularization strategies.
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1. Introduction

Video processing has been growing in popularity for the last decades and

plays henceforth a prominent role in many application fields, such as telecom-
munication, video surveillance, microscopy, medical imaging, astronomy and so
on. Real-life video sequences are usually blurred due to the overall effect of
different factors such as defocus, motion blur, and optical blur. These degraded
videos can typically be modeled as the noisy convolution of original ones with
the impulse response of some blur kernel, also called point spread function (PSF)
[1, 12, 13]. Thereby, a deconvolution process becomes mandatory for retrieving a
visually sharp video [4].
Video deconvolution problems can be categorized into two types: non-blind de-
convolution problem where the blur kernel is assumed to be known, and blind
deconvolution problem where one has to estimate both the video and the blur.
The blind scheme is more realistic, and it is frequently encountered, for instance
in optics due to imperfect optical instruments, and in photography due to mis-
focusing or camera shake, resulting in blurry images with unknown PSF. Blind
video deconvolution is a severely ill-posed inverse problem since an infinity of
pairs (images/blur kernel) can lead to the same observed video. Therefore, the
use of some prior knowledge on the sought video and kernels is required to com-
pute a stable solution to the problem and circumvent its ll-posedness. This
usually comes with the formulation of the problem as the optimization of a
nonconvex cost function accounting for the observation model, through a data
fidelity term, and prior information thanks to regularization functions.

Sparsity is often favored and exploited in blind deconvolution, with the use
of regularization terms based on ¢; /¢s-norm [5, 6], ¢;-norm [7], or £y-norm [g],
applied to linear transforms of the video frames. A very popular approach is
the Total Variation (TV) regularization that has been proposed in [9] in order
to penalize small discontinuities while preserving the edges in the image. An-
other interesting regularization approach consists of resorting to wavelet/frame

decompositions [10, [11, [12, [13], where the sparsity of the frame coefficients of



the sought images is enforced.

Regularization and hard constraints must also be applied to the blur kernel.
They usually model the physical properties of the imaging system by imposing
the positivity of the kernel coefficients, their smoothness or sparsity, and a mean
or energy preservation property through a sum-to-one constraint [5, [14, [15].
Note that this last condition is widely used in blind deconvolution since it allows
to overcome the scaling ambiguity issue.

In this paper, we address the problem of blind video deconvolution and propose a
versatile formulation with a new alternating proximal algorithm to solve it. One
of the main advantages of our method is its ability to handle numerous convex
and nonconvex regularization functions in a unified optimization framework.
The reminder of this paper is structured as follows: we introduce in Section[2the
formulation of the blind deconvolution problem as a minimization problem and
present a number of regularization strategies that can be adopted in the context
of image/video processing. Afterwards, we present our minimization approach
in Section B, which allows us to solve efficiently the resulting nonconvex problem.
Section M provides some illustrative experimental results on synthetic and real

video sequences. Finally, some conclusions are given in Section

2. Problem statement

2.1. Observation model

Blind video deconvolution amounts to inferring an original sharp video se-
quence & = (x¢)1<i<T € RTY and a spatial convolution kernel h € R¥ from
an observed degraded video sequence y = (y)i1<i<t € RTY, satisfying the

following degradation model:
(Ve {l,..\TY)  y=hra+uw, 1)

where T denotes the number of frames included in the video sequence, * stands

for the 2D convolution operator, and (w¢)1<i<T € RTN represents an additive



noise. (Throughout the paper, images of size N1 X N» are reshaped as column
vectors of dimension N = N;N3). If no additional information is supplied, this
problem is severely ill-conditioned and its resolution may lead to unstable and
unsatisfactory results. Thus, we resort to the following penalized formulation

in order to solve it:

minimize (F(x,h) = ®(x,h) + ¥(x) + O(h)). (2)
xeR* Y heR

The cost function F'is composed of a least squares data fidelity term ® which

ensures the compliance with Model (), and is given by
T
TN P 1 2
(V& € RT™N)(Yh € RRY) fb(w,h):§Z||h*xt—yt|| , (3)
t=1

and of two regularization functions ¥ and © that incorporate prior informa-
tion on the sought images and kernel, respectively. The objective function F
is nonconvex due to the coupling existing in the data fidelity term between the
variables & and h. This suggests the use of an optimization method that al-
ternates between the estimation of the images composing the sequence x, and
the identification of the PSF h in order to reach a critical point of (2)). Besides,
it is worth noticing that the choice of the regularization functions ¥ and ©
plays a prominent role in the quality of the restored video and the identified
kernel. A number of regularization strategies has been proposed in the context
of image/video processing. However, the adopted optimization method depends
heavily on the mathematical properties of the retained penalty functions. The
main contribution of this paper is to propose a unique and versatile optimization
framework that can handle a wide class of regularization functions, as detailed

in the following.

2.2. Video estimation

Let us first focus on the simpler problem of estimating the video sequence

while assuming a known PSF h. The images composing the video sequence can



be inferred by solving the following problem

minimize ®(x,h) + U(x). (4)

zeRTN

Here, we propose to define ¥ as follows:

T
(Ve € RTY) W(x) =) (n0(00) + oz (10)) + M(z),  (5)

t=1
where v is a spatial regularization function handling each frame x; separately,
Uzmin,emax] ¥ denotes an indicator function that sets a range on the pixel val-
ues of each image. Moreover, we propose to rely on the following temporal

regularization term:

1 T

(Ve € R™) M(x) = 3 Z Z Be.t

t=1/4eV;

Ty — MZ%tflnza (6)

where, for every t and ¢, B¢ are positive weights selected proportionally to the
distance |t — £| between the frame index of images z; and xz,, the index set V;
defines the neighborhood of the current image z; (i.e., £ € V; is such that [¢ —¢|
is small and nonzero), and M,_,; € RV*N is a linear operator modelling the
motion fields between the current image x; and the neighboring image x,. Note
that M can be viewed as a smooth version of the temporal regularization we
proposed in our previous work [16].

Various choices for spatial regularization term ¢ can be adopted in Model (H).

In this work, we will consider several of them that are listed herebelow:

e Total Variation (TV) is one of the most popular regularization method
in image restoration. It has been initially introduced for image denoising

and reconstruction problems [9], and reads:
(Vz €RY) (2) = X2 (Dz), (7)

where D € R2V*N s the discrete gradient operator defined as the con-



catenation of the horizontal and vertical gradient operators:

\Y
D= . , with Vy e RVXN vy, e RV*N, (8)

Vv

and for every ¢ € N*, X,,: R”Y — R is a sparsity promoting function given

by

N
2 2
(1, 20) € RY)T) Xg(zteens2g) = Do (ra)® 4o+ (z00)
k=1
(9)
The total variation promotes the sparsity of the image derivatives, which
has the advantage of reducing the noise and preserving sharp edges. How-
ever, it may lead to piecewise constant images and induce staircase arte-

facts [17].

Semi-Local Total Variation (SLTV) that has been proposed in [18], is a
variant of the classical total variation that attenuates the staircase arte-

facts, and is defined as

(V2 € RY) 4y(2) = > Xp(Dz—V;Dz), (10)

LeQ
where D € R2V*N is the linear operator introduced in &), Q@ = {1,...,6}
and (Vo) cpcq € (RPNV2N)6 represent shift operators as illustrated in

Figure [l



Figure 1: Shift operators (Vf)ée{l

(Vaz)n

(Vs2)n  (Vo2)n

V32)n (Vi2)n Zn

(Voz)n

AAAAA 6} applied to a given pixel position n € {1,...,N}.
o Total Generalized Variation (TGV) from [19], is a high order total varia-

tion regularization defined as follows

(Vz € RY) ¢(2) = min ag Xz (Dz —q) + a1 X3 (Gq),
qeRzN
with (ap, a1) €]0,+00[%, D € R2V*N and X, are defined in (§) and (@) re-

R3N><N

spectively. Finally G € can be viewed as a second-order derivative

operator given by

-V, 0
G=|-vJ]-v]|- (11)
0 -V

Total Variation on a Staggered Grid (TVSG) that has been recently pro-
posed in [20], introduces a new formulation of the total variation with a
more accurate adaptation of its continuous definition to the discrete do-

main, instead of the one based on the classical finite differences in (§]). It



resorts to a sophisticated gradient operator which is defined as

(VZ € RN) ’(/J(Z) = min {XQ (’Ul) + Xo (’UQ) + Xo (’U3) |

3
(v1,v2,v3)EREN)

Livi+Live+ Livs =Dz}, (12
1 2 3

where L{, Ly, L4 denote the adjoint operators of Ly, Lo, L3 respectively,

u
defined as follows. Let v € RV = ! , then :
ug

q1,1

Liu € RN = is such that

q1,2
%J(nv m) = ul(n’ m)’

¢, 2(n,m) = (uz(n,m) + uz(n,m — 1) +ua(n + 1,m) + ua(n + 1,m — 1)) /4,

42,1

Lou e RNV = is such that

q2,2
@21(n,m) = (ui(n,m) +ur(n—1,m)+ur(n,m+1)+u(n—1,m+1)) /4,

QQ,Z(W m) = U2 (na m)a

43,1

Lsu € R?N = is such that

q3,2
g31(n,m) = (w1 (n,m) +ui(n—1,m)) /2,

g3,2(n,m) = (uz(n,m) + uz(n,m — 1)) /2,

where n € {1,...,N1} and m € {1,..., Ny} are vertical and horizontal
pixel indices, with N = N1 Ns.
This new definition of gradient fields leads to a regularized approach that

improves the sharpness of the edges, and presents a better isotropy com-



pared to the standard total variation.

e Smoothed One Over Two-Total Variation (SOOT-TV) is a nonconvex
sparsity promoting function combining the ¢;/f5 norm and the total vari-
ation operator. ¢1/¢5 can be viewed as a more accurate approximation to

{y compared with the convex ¢; norm, as shown in Figure

Figure 2: Sparsity promoting norms: £ norm (thin solid yellow), #1 norm (thick dashed
red), ¢1/¢> norm (thick solid blue), log-¢1 norm (thin magenta ‘o’), Welsch penalty
(thin dashed green).

Here, we will focus on the log-smoothed version of the ¢; /¢ norm called

”SOOT” introduced in ﬂa] The prior then reads:

(V2 € RY) 4(z) = log (W) , (13)
where
2N 2N
l1 o(Dz) = Z ( (DH2)2 4+ a2 — a) , laa(Dz) = Z(D(i)z)2 + A2,
i=1 i=1 (14)

D € R?N*N ig the discrete gradient operator defined in (&), D) € R'*N

denotes the i-th row of D, and «, 3, A are positive parameters.

e Smoothed log-Total Variation (log-TV) is a nonconvex smooth sparsity



promoting regularization function from [21] defined as follows
1Y . .
(V2 € RY) 9(z) =5 ) log ((vfﬁz)? + (V)2 4 a2) . (15)
i=1

where a > 0, and V,(_f) € RN (resp. V{,i) € RM™) denotes the i-th row
of Vi (resp. Vy). Similarly to the ¢; /¢35 norm, the log-based penalty used

in (I3 can be viewed as a nonconvex approximation to £g.

o Welsch-Total Variation (Welsch-TV) is based on the so-called “Welsch
function” [22] defined as

¢p:R—R :t—1—exp(—t?/(20%)). (16)

The Welsch function is bounded and approaches 1 exponentially fast as
|t| — 400, as shown by Figure 2l It is convex near the origin, for t? < o2
and nonconvex elsewhere. Its adaptation to the context of image and
video deconvolution is realized by applying it to the image gradients in

order to measure their sparsity:

N

(V2 e RY) w(z) = 3 o(\ (V)2 + (V) 2)2). (17)

=1

2.3. Kernel identification

The spatial convolution kernel can be estimated by solving the minimization
problem () with respect to h while keeping the images (z:)1<i<r fixed, which
reduces to

minimize ®(x,h) + O(h), (18)
her”

where © stands for an indicator function of a set H representing a constrained

set, so that a priori information on the sought kernel are satisfied. In the

10



proposed method, the following constraints are considered:

(Vh e RP)  O(h) = 13(h) = ! hen (19)

400 otherwise,

with

P
= {h = (hp)r1<p<p €RY \Z:lhp =1, (20)
o

(Vp € {1,..., P}) hminp < hp < Prnaxp } (21)

The first constraint (20)) is used to circumvent the so-called scaling ambiguity.

In fact, let (Zc\,ﬁ) be a solution to (), then each pair (aZ, éﬁ) with a # 0 is also
a solution satisfying Model (). This ambiguity is avoided by imposing Con-
straint (20)). The second constraint (21)) is adjusted regarding prior information
on the physical properties of the sought convolution kernel. As an example, for
old television archive contents, the kernel A may have a narrow spike and small

(possibly negative) components.

3. Optimization method

3.1. Minimaization strategy

The objective function F' is nonconvex, yet convex with respect to each image
variable x¢, t € {1,...,T}, and with respect to the kernel h. A standard res-
olution approach is thus to adopt an alternating minimization strategy, where,
at each iteration, F' is minimized with respect to one variable while the others
remain fixed. However, its convergence is only guaranteed under restrictive as-
sumptions [23]. We thus propose to resort to the alternating strategy based on
the block-coordinate variable metric forward-backward algorithm proposed in
[24] (see also [25] for related approaches), which benefits from sounder conver-
gence results, particularly in the nonconvex setting.

In order to adapt this alternating minimization strategy to the resolution of

11



Problem (2]), we propose to rewrite it as follows:

minimize  (F(x,h) = fi(x, h) + fo(x) + O(h)), (22)
xzeRTN  heR?

where f; represents the smooth part of ®(x,h) + ¥(x) and fo its nonsmooth

part. Two cases arise depending on the selected regularization function :

e ) is nonsmooth, e.g., in case of TV, SLTV, TGV and TVSG, then

(Vx € RTN), (Vh € RP)  fi(x,h) = &(x, h) + M(x),
T
(Vo € RTV) Z nw Tt) F Uz @man] ¥ (xt)) .

t=1

e 1 is smooth, e.g., it corresponds to the nonconvex regularizations, SOOT-

TV, log-TV and Welsch-TV, then

T
(Vo € R"™N), (Vh e RP)  fi(aw,h) = (@, h) +1 Y (x) + M(x),

t=1

T
(V:B € RTN Z 2 [Zmin, zm'LX]N t)'

t=1

Problem (22)) is then solved with the proximal-based alternating minimization
strategy presented in [24]. Before stating the algorithm, let us first define the

notion of proximity operator relative to a metric.

Definition 1 Let f: RN —] — oo, +00] be a convex, proper, lower semicontinu-
ous function, let A € RN*N be a symmetric positive definite matriz. For every

z € RN, the minimization problem
o 1 2
minimize f(z) + = |l — 2|4, (23)
zeRN 2

admits a unique solution, which is denoted by pI“OXA,f(x). The so-defined oper-
ator proxy y: RY — RY is the proximity operator of f relative to the metric

induced by A.

12



Hereabove, | - |4 denotes the weighted norm defined by |.|% = (-, A-), where
(-, ) is the usual Euclidean scalar product. Note that, if A is the identity matrix,
one recovers the usual proximity operator proxg: RN — RY, which is at the
core of numerous convex optimization algorithms (see |26, 27, [28] for tutorials
and use for multicomponent image processing)lf We are now ready to provide

Algorithm [ for the minimization of function F":

Algorithm 1 Blind video deconvolution

Initialization:

For every k € N, (Wf)

for k=0,1,... do
fort=1,...,7 do

1<t<T €]0,2[ and p* €]0, +oof

y k k
ath = (2 eyt bk 2k
~ —1 <tk
Bf = af — AP AL (Va, fi(@5F, 1F))
k1 ~k
xt+ = prOX('Yf’,c)flAt,mfz ('rt)

end for

hk+1 = pI'OX#k (@+¢(mk+1’,))(hk)
end for

Hereabove, V., fi denotes the gradient of f; with respect to frame x;. The
update rule on each image x; with ¢t € {1,...,T} corresponds to a forward-
backward iteration, alternating a gradient descent step on the smooth part f;
and a proximal step on the nonsmooth part fs, preconditioned by a positive
definite matrix A; ) € RV*N at iteration k. This matrix is chosen so as to

satisfy a majorizing condition for f; at &%, i.e. [29]:

(Vo eRY)  Qz,&"*) = fo(&"") + (x — 2} | Va, fu(2"")) + %

> f(it e e el (24)

le — (1%, ,.

After each image has been updated, a proximal step is applied on the restriction

of I’ to the kernel variable h while all the images of the sequence x are kept

1See also http://proximity-operator.net.

13



unchanged.

8.2. Construction of the majorant

The choice of a good majorant function Q(-, &"*) of the restriction of f; to
the image z; at each iteration £ € N has a strong leverage on the numerical
performance of the proposed method. Thereby, one has to favor curvature
matrices (A¢ k)1<t<T ken that are easy to handle.

Depending on the choice of the spatial regularization v, (Ayr)ig<i<T.ken are

defined as described below (proofs are given in appendix).

1. 9 is non smooth e.g., in case of TV, SLTV, TGV, and TVSG
Vte{l,....TH(VEeN) A, =v,,1dn, (25)
where v 1, is a Lipschitz constant of the gradient of f; with respect to z}:
v (;hk s — g+ M@ e Sz, J@) ’
According to (@), such a Lipschitz constant is thus expressed as

vk = [ Hell® + ) Bt + > Brell M el (26)

LEVy Le{1,...,T}:teV,

where ||Hg/|| is maximum magnitude of the frequency response of the blur
filter estimate at iteration k and (||M;—¢||)1<e<r tev, denote the spectral
norms of the operators used for motion compensation based on xf. Ex-
pressions of these norms have been derived in [16, Section 5.2.2] for motion

estimation with fractional accuracy. Note that, for ever]é ke N, vy is

lower bounded by a positive constant, namely ZZGW Bet

2If no motion compensation is performed, a positive constant € > 0 must be added to the
right-hand side of (28] to guarantee the existence of such a bound independent of k. The
same correction should be made in subsequent expressions of A; .

14



2. ¢ is SOOT-TV

9n ||D||2> A, (8°F)
vte {l,..., TH(Vk e N) Ay x = + ldy+—rr—,
(€ {1 THR € 8) Aus= (v PRl e T )
(27)
Hereabove,
(Vz € RY) Ay, (2) = Diag (QTs(z)) (28)

where, for every z € RV, s(z) € R2¥ is such that, for every i € {1,...,2N},

its ¢-th component is given by
sV (z) = (DV2)* + )72, (29)

and the (i,5) € {1,...,2N}? element of {2 is

N
Qi) — ‘Dw)‘ Z ‘Duyw‘, (30)
1=1
3. ¥ is log-TV
(Ve {l,....,T)(Vk €N) Apg = vrildy + 0 Ag(E5), (31)
where
(Vz € RY) Ajog(z) = Diag (QTS(Z)) , (32)

for every z € RN s(z) = (si(z))KKN € R¥ is such that
(Vie{l,....N}) D)= (VW22 + (VP22 +a?) " (33)

and Q is the matrix Qy + Qv whose (i,5) € {1,...,N}? elements are

15



expressed as

N N
=1 =1

4. ¢ is Welsch-TV
(vt e {1,....,TH(Vk €N) A p = v ldy +n A, (@),  (35)

where

(V2 e RY) A, (2) = 0 *Diag (2's(2)) (36)

and, for every z € RV, s(z) € RY is such that

(vie L N) () =exp (< (V922 + (992)2) /(209)),
(37)
and Q = Qy + Qy, the (i,7) elements of Qy and Qv being expressed by

Ba).

8.8. Implementation of the prozimity operator of fo

The retained metric matrices (A ), <t<T.keN being diagonal, the proximity
operator involved in Algorithm [I] may have a closed form expression when fo
is a “simple” function. However, when the latter is more sophisticated, for
example when it represents a sum of functions possibly composed with linear
operators, we have to resort to iterative strategies in order to evaluate it. In
our framework, the computation of the proximity operator of f5 for each image
x¢ (Le., prox(ﬂ{éc)flAm’h) depends on the choice of the spatial regularization
function . In some instances, it has an explicit form while in others, we must

use specific algorithms to evaluate it, namely:

e for smooth nonconvex regularization functions 1 (i.e., SOOT-TV, log-TV

16



and Welsch-TV), we have

(VZ c ]RN) fQ(Z) = L[xmin,mmax]N(z)7

so that the proximity operator has an explicit expression, since it reduces

to compute scalar projections onto [Zmin, Tmax]-

e for nonsmooth convex regularization functions ¢ (i.e., TV, SLTV, TGV,

TVSG), we have

(V2 €RY)  fo(2) = P(2) + tfzpin zman] ¥ (2),

and the proximity operator has been evaluated by using the following

algorithms:

TV

SLTV

TGV

TVSG

Dual forward-backward

[30]

Dual block-coordinate

forward-backward [16]

Primal-dual splitting
[31]

Alternating proximal

gradient [32]

Table 1: List of optimization algorithms used for computing the proximity operator
with respect to the different convex regularization functions.

8.4. Implementation of the proximity operator for kernel estimation

The blur kernel A is estimated in Algorithm [Il by computing the proximity

operator of the sum of the data fidelity term and regularization function © (i.e.,

PTOX .k (@43 (wh+1,)))-

Since there is no closed form expression for the latter

proximity operator, we resort to the parallel proximal algorithm (PPXA) in

[33] to evaluate it.

8.5. Convergence analysis

The convergence properties of Algorithm [I depend on the settings of pa-

rameters (¥, 1*)1<i<7 ren and on the choice for the preconditioning matrices

(Atr)1<t<Tken. First, let us state the following proposition related to the

quadratic form of the data fidelity term ®.

17




Proposition 3.1 Let us define the symmetric positive definite matriz
B=pX"X +1dp, (38)

where Idp is the identity matriz of R, u €]0, +oo[ and X € RTN*F s such
that, for every h € RY, Xh = (h x 2;)1<i<r. Then, for every h € RY and

x € RTN,
PIOX,, (04 (a,)) (h) = Prox, 15 6(h — uB~'V,®(, h)), (39)
and, for every h' € RY,
B(a, 1) + Vi (@, 1) T (h— ') + %Hh S| > (k). (40)

Proof. Let ¢ € RY be the value of the proximity operator of ®(z,-) + © at h,

i.e., ¢ = Prox, o4 ao(x,)) (). We have the following subdifferential inclusion:

h—q€p(006(q) + Vye(x,q))
Sh-qepdd(g)+uX (Xq—y)
sh—Udp+pX " X)g+puX"yecpndo(q)

& (ldp+pXTX) N (h+pXTy)—gen(dp+uX"X)"'06(q)  (41)

where 00(q) denotes the subdifferential of © at q. H Thus, by setting B =
Idp + /LXTX,

¢ =DProx,-1pg (B ' (h+pnXTy))
S q=prox,pe (h—pB 'XT(Xh—y))

& q=prox,-1ge (h— w BTV, ®(z, h)). (42)

3In our case, it is the normal cone to # at g, but the result is valid for any proper convex
lower-semicontinuous function ©.

18



Because of the quadratic form of ®,

O(x, h')+V o(2, h’)T(hfh’)qt%(hfh’)TVi,CD(m’, B Y(h—h'") = ®(x, ), (43)

where the Hessian of ®(x’,-) is
V2,0 h)=X"X<X"X+p dp=p"'B (44)

(= stands for the Loewner order). This yields (@0). O
This allows us to derive the following convergence result:

Theorem 3.2 Let us consider Algorithm [ Assume that

(Vte{1,...,T}) 0 < inf~yF and supqyf <2, (45)
keN keN
0< inf ¥ and supp” < +o0. (46)
keN keN

Then, the sequence (¥, h*)ren converges to a critical point (i,/i\z) of F. More-

over, (F(x* h")) is a monincreasing sequence converging to F(&:\,iAL)

keN

Proof. Tt follows from Proposition Bl that the proximal step for kernel estima-
tion in Algorithm [ at iteration & € N reduces to a preconditioned forward-
backward iteration with the preconditioning matrix (u*)~'By where By =
,ukX,:Xk + Idp and X, € RTNXP is such that, for every h € RY, X h =
(hxzk )i<i<r- Algorithm [ thus appears as a special case of the block-coordinate
variable metric forward-backward algorithm studied in [24] where T"+ 1 blocks
of variables are involved (corresponding to the T' frames and the kernel to be
estimated). Indeed, the cost function in ([22]) satisfies the assumptions required

in [24):

e it is a coercive function (since both variables x and h are constrained to

belong to compact sets) and it satisfies Kurdyka-Lojasiewicz inequality;

e f1 is a function with a Lipschitz continuous gradient;
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e the function (x, h) — f2(2)+0O(h) is a proper convex lower-semicontinuous

function which is separable with respect to the blocks of variables;

e according to Section ([B:2) and Equation (0), the curvature matrices
(At k)1<e<T and (u*)~1 By, used at each iteration k € N provide quadratic
majorant approximations to the restriction of f; to the current activated

block.

In addition, since (x,’f)lgth’keN and (h*)ren are constrained to belong to boun-
ded sets, it follows from the expressions derived in Section and the positive
lower bound already exhibited on (v ;)1<i<T ken that, for every t € {1,...,T},

there exists (at,min, @¢,max) €)0, +00[? such that
(Vk € N) atminldy < Ap g = @t maxldy. (47)
According to (HG)), there also exists (bmin, bmax) €]0, +00[? such that
(VEEN)  bunldp = (1F) 1By = X! X + (1) 7' dp < baxldp.  (48)

The convergence result then follows from [24, Theorem 3.1]. O

4. Experimental results

We assess in this section the performance of the proposed approach on syn-
thetic and real video sequences. We first start our evaluation on 7" = 20 frames of
the synthetic video sequences Foreman and Claire of sizes N = 352 x 288 and
N = 360 x 288, sourced from http://media.xiph.org/video/derf/. The sequences
have been blurred using the four convolution kernels displayed in Figure Bl and
degraded by white Gaussian noise with zero mean, and variance equal to 2. We
also apply the proposed method to the T' = 20 frames of the real blurred video
sequences Tachan and Au théatre ce soir of size N = 720 x 576 supplied by
the French National Audiovisual Institute (INA).
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Since it is usually challenging to develop a blind deconvolution method that
achieves satisfactory results for recovering both the blur kernel and the video
contents in a single step, we propose to apply successively our method in two
stages: First, a blind deconvolution step is performed which aims at identifying
the blur kernel from the input degraded sequence using Algorithm[Il Second, we
apply a non-blind (supervised) deconvolution step where the observed degraded
sequence and the identified kernel from the first step are both employed to
reach an improved estimate for the sought restored video sequence. To this
aim, we resort to the same optimization strategy than in Algorithm [ (possibly
with other regularizers), where we omit the kernel updates, which results in the
simplified Algorithm 2] The algorithm parameters are set as follows: for every

te{l,....,T}and k €N, vf = 1.9 and p* = 1.

Algorithm 2 Non-blind video deconvolution

Initialization:
Let h € R” be the identified kernel
For every k € N, (vF) €]0,2|
for k=0,1,... do

fort=1,...,7 do
&t = (x’fH, . ,xffll, zf ,fo e ,x?)
p = of — Ay (Va 125, 1))

k+1 __ ~k
Ty = PrOX(yk)-14, . fs (xt)

1<t<T

end for

end for

Regarding the temporal regularization term M, the closest neighboring
frames such that |[¢ — ¢| = 1 have been taken into account. The motion ma-
trices (My—¢) ¢ have been estimated from the degraded sequence y, using the
optical flow estimation algorithm from [34]. It should be noted that all the
experiments for both blind and non-blind steps are initialized with the Dirac
delta function for the kernel identification step, and the input degraded video

sequence.
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- I

(a) P=1x53 (b) P=15x15 P=7x11 P=17x17

Figure 3: Synthetic convolution kernels.

4.1. Blind video deconvolution step

Figure M shows the quadratic error in kernel identification for the seven reg-
ularization approaches presented in Section 2.2] and the four tested convolution

kernels. This error is evaluated as follows
Error = ||k — h|)?, (49)

where 7 € RP denotes the ground truth kernel and h € R” is the estimated
one. Note that the parameters involved in the regularization approaches have

been adjusted in each experiment in order to obtain the lowest possible error.

We observe in Figure Ml that the results vary slightly depending on the ker-
nels and video sequences. We can notice that the TVSG achieves low errors
regardless of the kernel and the video sequence. The nonconvex regularizations
also produce low errors on kernel identification in certain cases (e.g., kernels (a)
and (c) with Foreman sequence, and kernel (a) with Claire sequence). Never-
theless, they can also fail in identifying the correct kernel possibly because of the
existence of spurious local minima. In addition, they are harder to adjust since
they involve multiple parameters, that may be quite different from a degraded
sequence to another (see Table B]). Note that the worst results in terms of ker-
nel identification are usually achieved by the SLTV regularization. This may

be due to the fact that the latter relies on second order derivative operators,
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Figure 4: Performance in terms of error on kernel identification with respect to the
different regularizations and blur kernels, from left to right: TV, SLTV, TGV, TVSG,
SOOT-TV, log-TV, Welsch-TV.

that tend to over-smooth the images and particularly the edges, resulting in an
unsatisfactory kernel identification.
It should be noted that the convex regularizations SLTV and TVSG are approx-
imately 5 times slower than TV, while TGV is about 10 times slower. Besides,
the nonconvex regularizations are comparable with TV in terms of computa-
tional cost by iteration. Moreover, SOOT-TV leads to a slower convergence
compared with the other nonconvex penalties.

Table [ illustrates the gap between the best and worst identification qual-
ity scores with respect to the two synthetic sequences and the four convolution

kernels.



Sequences Kernel (a) Kernel (b) Kernel (c) Kernel (d)
9.94 x 107* 8.92 x 1073 328 x 1072 | 6.13 x 1072
Worst
(SLTV) (TGV) (SLTV) (SOOT-TV)
Foreman
1.98 x 107* 7.8 x 1073 1.41 x 1072 1.73 x 1072
Best
(SOOT-TV) | (Welsch-TV) (log-TV) (TVSG)
3.78 x 1073 9.32x107% | 383x 1072 | 5.05x 1072
Worst
) (TV) (SLTV) (SLTV) (SLTV)
Claire
2.55 x 1073 6.93 x 1073 1.84 x 1072 | 3.14x 1072
Best
(Welsch-TV) (TVSG) (TV) (TVSG)

Table 2: Gap between the best and worst kernel identification scores.

4.2. Non-blind video deconvolution step

Let us now investigate the performance of the various tested regularization
strategies in the second stage based on non-blind video deconvolution. We make
use of the estimated kernel with the lowest error at the output of the blind step,
to perform a non-blind deconvolution of the input degraded sequence. Figures
and [0] illustrate the restoration quality in terms of SNR and MOVIE [35], for
the different regularization approaches.

The performance in terms of images quality are more stable than those
concerning the errors on kernel identification. High SNR scores are usually
obtained using the TGV and TVSG regularizations, and in some cases by TV
and log-TV. Moreover, the lowest values of SNR are usually obtained with the
SLTV regularization and by some nonconvex regularization such as the Welsch-
TV (e.g., kernel (a) for Foreman and Claire sequences). The regularizations
that have achieved the best scores in terms of restoration quality with respect
to SNR and MOVIE are displayed in Tables @l and Bl respectively. The latter
emphasizes the good performance of some nonconvex regularizations. Figures[§]
and [@ show images extracted from Foreman and Claire sequences respectively.
We present some frames from the degraded sequences and the corresponding

restored frames with the best regularizations in terms of SNR. We can observe
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Foreman

Claire

Kernel (a)

Kernel (b)

Kernel (c)

Kernel (d)

Kernel (a)

Kernel (b)

Kernel ()

Kernel (d)

TV

7n=6.24x10"4
Bost = 6.76 x 1074

7=92x10"3
Byt =153 x 1073

n=152x10"2
Best =133 x 1073

n=282x10"2
Be_st = 8.05 x 1074

7 =7.53x10"3
Beost =313 x 1073

7 =1.60x 1072
Boost = T7.02x 1073

n=152x10"2
By = 110 x 1073

n=2.90x 1071
Bt = 9.32 x 1072

SLTV

7 =6.17 x 1075
Bry =217 x 1073

7 =399 x 1074
Br—y = 2.01 x 1072

n=2.83x10"3
Boy = 6.97 x 1073

7=2.08x10"3
Boyy = 7.48 x 1073

7 =2351x10"%

Bo—y = 1.57 x 1073

7 =2.34x10"%
Br—y = T7.59 x 1073

=144 x1073
Bosy = 3.89 x 1072

n=234x10"3
Bry = 1.04 x 1072

TGV

a=1-a

n=1.99 x 103, a; = 0.63

Br_y = 4.95 x 1073

7=550x 1073, ay = 0.77
Br_sy = 2.08 x 1072

2% 1071, a1 = 0.68
Bry =212 x 1073

n=134,a1 = 0.51

Bo—sy = 8.65 x 1074

=9.36 x 1073, a1 = 0.79
Bry =1.10 x 1072

=5.46 x 1072, a1 = 0.92
Bry =1.32x 1072

7 =813 x 1072, a; = 0.32
Besy = 1.70 x 1073

=244 x 102, a1 = 0.86
Bry = 2.16 x 1072

TVSG

n=252x10"%
Brsy =118 x 1074

n=3.30x 1072
Beyy =6.53 x 1074

7 =4.36 x 1072
Brse =3.03x 1074

n=255x10"2

Bosr =826 x 1071

n =316 x 1073

Brsy = 1.78 x 1072

n =293 x 1072

Beyy =558 x 1074

n =273 %1072
Boyy =4.44 x 1074

n=184x10"2
Brsr =6.20 x 1074

SOOT-T\i o
1.26 x 167%

a=12x10"3

n =148\ =541.43

Br_y = 3.55 x 1074

n=13.65,A=13

Beyy =558 x 1073

n=23.48,\ =794
Bey =894 x 1076

7 = 30.63,A = 11.79
Boy =115 x 107°

n=4.61,A=11.40
Bry =231 x 1077

7=9.80,A = 14.97
Br_sy = 1.66 x 10~%

7 = 29.78,\ = 297.78
Boy =2.09 x 104

7=6.48,\ = 9.50
Brsy =518 x 1073

log-TV

7 =259 x 1077
a=132x10"2
Bost = 1.50 x 1073

7 =4.94 x 1077
a=132x10"2
Boy =112 x 1072

n=738x10"4
a=279x1072
Bese = 1.59 x 1075

n=241x10"*
a=335x10"3
Byt = 3.26 x 1074

7 =561x107°
a=1.03x10"2
Beost = 1.35 x 1073

n=7.24x10"°
a=844x 1073
Beoye = 1.08 x 1073

n=4.17x107*
a=3.04x10"3
Best = 2.33 x 1074

n=>5.63x10"°
a=1.03x10"2
Bt = 147 x 1073

Welsch-TV

21 x 1072

o =5.66x 1072

59 x 1074

Best

=169 x 10~
o =161x10"2

Brost =311 x 1074

7 =5.05x10"1
o =3.66 x 1072

Bt = 1.64 x 10

7=552x10"1
o =380x10"2
Brst = 1.61 x 1074

n=221x10"1
o=1.92x10"2
Byt =292 x 1074

7 =204x10"%
o =216 x 1072
Bost =3.10 x 1074

n=4.21x10"1
o=119x10"2
Beye =434 x 1074

n=2.04x10"*
o =246 x 1072
Best =3.20 x 1074

Table 3: Regularization parameters used in the blind deconvolution

step.




from the above figures and tables that the proposed method achieves good

performance in terms of video restoration quality, where a gain up to 7 dB is

obtained.
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Figure 5: Performance in terms of SNR with respect to the different regularizations

and blur kernels, from left to right: TV, SLTV, TGV, TVSG, SOOT-TV, log-TV, and
Welsch-TV.
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18 X103

x10°

Welsch-TvV
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Kernel (b) Kernel (c) Kernel (d)

(a) Foreman sequence

xlO"é
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(b) Claire sequence

Figure 6: Performance in terms of MOVIE with respect to the different regularizations
and blur kernels, from left to right: TV, SLTV, TGV, TVSG, SOOT-TV, log-TV, and
Welsch-TV.

Sequences Kernel (a) | Kernel (b) | Kernel (c) | Kernel (d)
Degraded 28.72 dB 22.72 dB 21.58 dB 19.88 dB
Foreman | Restored 33.60 dB 26.90 dB 26.64 dB 24.83 dB
(TVSG) (TVSG) (TGV) (TV)

Degraded 26.99 dB 22.40 dB 20.49 dB 20.04 dB
Claire Restored 30.84 dB 28.35 dB 27.67 dB 27.17 dB
(TVSG) (log-TV) (log-TV) (TVSG)

Table 4: Performance of the best non-blind deconvolution methods in terms of SNR.
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Sequences Kernel (a) Kernel (b) Kernel (c) Kernel (d)
Degraded || 2.03x107* 1.58 x107% | 2.41x1073 | 3.12x1073
Foreman | Restored 7.7x107° 4.82x107* | 1.17x107* | 1.83x1073
(SO0T-TV) | (SOOT-TV) (TV) (500T-TV)
Degraded || 2.04x1073 9.52x107% | 1.18x1072 | 1.19x1072
Claire Restored || 5.28x107* 2.9%x1073 3.32x107% | 3.67x1073
(TVSG) (Welsch-TV) | (log-TV) (TGV)

Table 5: Performance of the best non-blind deconvolution methods in terms of Movie.

4.3. Real Data

We have applied our blind deconvolution method to the interlaced real se-

quences Tachan and Au théatre ce soir provided by INA. The odd and even

fields of each frame are extracted and both blind and non-blind deconvolution

stages are performed on them. Once the restored fields are obtained, they are

merged in order to reconstruct a deblurred interlaced sequence. The estimated

kernels with respect to the different regularization approaches are displayed in

Figure[1

—SLTV
TGV
—TVSG
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Welsch-TV
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03 :
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015
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— TV
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-0.05 L

e

60 70 80 90 100

Figure 7: Identified blur kernels (P = 101) with the different regularization approaches:
Tachan (left), Au théatre ce soir (right).

Since no ground truth is available for the real sequences, the kernels re-

tained after the blind step are selected based on visual inspection on the re-
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stored videos. In practice, we selected the kernels estimated with SOOT-TV
and log-TV regularizations for Tachan and Au théatre ce soir sequences re-
spectively. Moreover, we have tested in the second non-blind step the spatial
regularization functions that achieved the best performance on synthetic data,
namely TGV, TVSG and log-TV. Figures illustrate images taken from
the input degraded sequences and the restored ones with the above-listed reg-
ularizations. One can notice the enhancement of the sharpness and the visual
quality of the restored images, and the attenuation of several artifacts such as
the ghost effect in Au théatre ce soir sequence. By visual inspection of the
resulting sequences at video rate, it appears however that the TVSG and log-TV

regularizations are more effective in reducing ghost effects.
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\
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Figure 8: Foreman sequence: images from the degraded sequence (top), correspond-
ing restored images with the best choice of spatial regularizations in terms of SNR
(bottom).

5. Conclusion

In this paper, we have presented a new variational method for blind video
deconvolution. Our approach relies on the minimization of a penalized criterion
to enhance the restoration quality. Our iterative algorithm alternates between
two proximal steps, namely a video estimation step followed by a kernel identifi-
cation stage, and we showed that its convergence is guaranteed. The versatility
of the proposed method allows us to consider a temporal regularization associ-
ated with various convex and nonconvex spatial regularization strategies that
are usually employed for solving image and video restoration problems. The
experimental results on both synthetic and real data revealed that our method

achieves good results in video deconvolution problems, depending on the chosen




SNR = 26.99 dB SNR = 22.40 dB SNR = 20.49 dB SNR = 20.04 dB

SNR = 30.84 dB SNR = 28.35 dB SNR= 27.67 dB SNR = 27.17 dB

Figure 9: Claire sequence: images from the degraded sequence (top), corresponding restored
images with the best choice of spatial regularizations in terms of SNR (bottom).

spatial regularization and the considered problem (blind/non-blind deconvo-
lution). This approach could be further accelerated through preconditioning

and/or a suitable implementation on parallel computing architectures.

Appendix A. Derivation of the majorants in Section

Appendiz A.1. SOOT-TV

Let us set

617a(Dz) + 5

(V2 e RY)  ny(2) =n log ( or (D7)

) S () (), (AD)

where ¥1(z) = nlog(l1,o(Dz)+B) and 2(z) = —n log(¢2 x(Dz)). We shall
prove that

1. Ay, (2) satisfies the majoration condition for /; , at z,
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Agy o (2)

2' Zl,a(DZ)JFﬁ

satisfies the majoration condition for i at z,

9n || D||?
3. n | D]

sz — is a Lipschitz constant of 1.

Proving Statements [2] and [ is similar to the proof provided in [6]. Let us now

consider Statement [I by first defining

2N
(D) =Y 0 (DV). (A2)
where
(Vv € R) o(v) = V24 a? —a. (A.3)
We have [36]
(e B) o) <o)+ a-nd@)+ v, (A
with, for every v € R,
. v 1
o(v) = Wi and k(v) = Nk (A.5)

Thus, for every (w,z) € (RV)2,

(4) 2
(i) (@) CATpO T4 (D, + B2 (e,
¢<D w)<¢>(D z)Jr(w )TD qs(D z)+ 5 (D (w z)) ,
(A.6)
By combining (A.2) and (A.6), we deduce that

01,0(Dw) < 41,o(D2) + (w— 2,V ({14 0 D) (%))

+ % (D(w — z)) " Diag(s(z)) D(w — z), (A.7)

where s(z) € R* is such that its i-th component with i € {1,...,2N} is given

by (29).

Let us define (0;)1<j<n €]0, +oo["¥ such that Zjvzl o; = 1, so that, for every
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ie{l,...,2N},

2
N
. 2 o . .
(D(’)(w _ Z)) = (YDt — )|
j=1
N 2
DI (i — i
_ Zgﬁ.M , (A.8)
=1 7
According to the Jensen’s inequality, we get
N i, ; N 2
D(w)(wj —29) D(w) wl — 29)
S s (aj )
=1 Jj=1
N J 4
_y (P =) (A.9)
j=1 i
Setting, for every j € {1 N}, o= o] leads to
g7 YJ PAN Y ]_le\;1|D(i,l)|a
2 X[ (DO (W — Zj))Q
(W — -
(D (w Z)) = Z |D(i’j)| )
N
Z ’D(Z’J)‘ Z )D“ l>‘ (A.10)
This yields
2
ID(w = 2)|° < llw = 2l%,, o) (A.11)

with Ay, () given by 28) and (B0).
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Appendiz A.2. log-TV

The process of constructing the majorant when 1 stands for log-TV regu-

larization, is similar to the one of SOOT-TV, by setting [24]

N
(Vz e RY) (2) = %Zlog ((V,(_,i)z)2 + (Vf,i)z)2 + a2) ,
i=1

N
=300 (Vioaz+ ). (A12)
where
(Vv € R) () = %log (v2 + a2) . (A.13)

By proceeding similarly to the derivation of ([AL6]) we obtain, for every (w,z) €
(RY)?,

o (Vio@ar + @Pur) <o (Vioar + (v02)
+ (% (Vi2)? + <v<v“z>2) (@=2)"(Vi)TVY + (W) V)=

< (Ve + (00ar)

- 5 (V)@= 2" + (7w - 2)) |
(A.14)
where )
1
(WweR) k)= ¢E}“) =5 (A.15)

By combining (AI2) and (A14), we obtain
V() V() + @ - 2 VU + 1 (@) Dingls(2) (@ -2),  (A16

where the components of s(z) € RY are given by ([B3). Therefore, for every

weRY,

1
V(W) S P(2) +{w =2, Vi(2) + 5 llw — 2 on o) (A.17)
where, for every z € RV, matrix Alog(2) is expressed by ([B2) where Q = Qy+Qy
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and the elements of Qy and Qy are given by ([34).

Appendiz A.3. Welsch-TV

The construction of this majorant is analogous to the one of log-TV regu-

larization, by taking

(V2 € RY) (2)

Il
.MZ

s
I
-

(1-exp (= (V22 + (9922) /(20%) ).

|
&MZ

¢ <\/(V§f)z)2 + (VS)zP) : (A.18)

i=1

where ¢ is given by ([6). Inequality (A14) still holds where
1
(Vv € R) K(v) = — exp (—v?/(20?)). (A.19)
g

By combining this inequality with (AI8]) and following the same approach as

in the previous proof, we have, for every (w,2) € (RV)2,

9(w) () + (= 2 V() + ¢ w2

2Aw(z)? (A20)
where A, (z) is given by [B6l), (B1), and ([B4).
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(b) Au théatre ce soir sequence

Figure 10: 4-th and 9-th frames from the input degraded and interlaced sequences.
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(c) log-TV regularization

Figure 11: Tachan sequence: 4-th and 9-th frames from the restored sequences with
the best spatial regularizations in non-blind deconvolution.
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[

(c) log-TV regularization

Figure 12: Au théatre ce soir sequence: 4-th and 9-th frames from the restored
sequences with the best spatial regularizations in non-blind deconvolution.
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(b) Au théatre ce soir sequence

Figure 13: Zoom on part of images, from left to right: degraded sequence, restored
sequence with TGV, restored sequence with TVSG, restored sequence with log-TV.
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