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An Investigation on Semismooth Newton based Augmented
Lagrangian Method for Image Restoration
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Abstract

Augmented Lagrangian method (also called as method of multipliers) is an important
and powerful optimization method for lots of smooth or nonsmooth variational problems
in modern signal processing, imaging, optimal control and so on. However, one usually
needs to solve the coupled and nonlinear system together and simultaneously, which is
very challenging. In this paper, we proposed several semismooth Newton methods to solve
the nonlinear subproblems arising in image restoration in finite dimensional spaces, which
leads to several highly efficient and competitive algorithms for imaging processing. With
the analysis of the metric subregularities of the corresponding functions, we give both the
global convergence and local linear convergence rate for the proposed augmented Lagrangian
methods with semismooth Newton solvers.

1 Introduction

The augmented Lagrangian method (shorted as ALM henceforth) was originated in [12, 25]. The
early developments can be found in [2, 10, 29] and the extensive studies in infinite dimensional
spaces with various applications can be found in [10, 19] and so on. The comprehensive studies
of ALM for convex, nonsmooth optimization and variational problems can be found in [2, 19]. In
[29], the celebrated connections between the ALM and proximal point algorithms are established,
where ALM is found to be equivalent to the proximal point algorithm applying to the essential
dual problem. The convergence can thus be concluded in the general and powerful proximal
point algorithm framework for convex optimization [28, 29].

ALM is very flexible for constrained optimization problems including both equality and in-
equality constraint problems [2, 19]. However, the challenging problem is solving the nonlinear
and coupling systems simultaneously which usually appear while applying ALM. This is different
from alternating direction method of multipliers (ADMM) type methods [10, 11], which decouple
the unknown variables, deal with each subproblem separately and update them consecutively.
However, for ALM, the extra effort is deserved if the nonlinear systems can be solved efficiently.
This is due to the appealing asymptotic linear or superlinear convergence of ALM with increas-
ing step sizes [24, 28, 29]. It is well known semismooth Newton methods are efficient solvers for
nonsmooth and nonlinear systems. Semismooth Newton based augmented Lagrangian methods
already have lots of successful applications in semidefinite programming [41], compressed sensing
[23, 40], friction and contact problem [32, 33] and imaging problems [13, 20].

In this paper, we proposed several novel semismooth Newton based augmented Lagrangian
methods for the total variation regularized image restoration problems with quadratic data terms.
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Total variation (TV) regularization is quite fundamental for imaging problems. Besides, the
regularization problem is a typical nonsmooth and convex optimization problem which is very
challenging to solve and is standard for testing various algorithms [3]. To the best of our knowl-
edge, the most related work is [13, 15, 20]. In [13], Moreau-Yosida regularized dual problem
of the anisotropic ROF model in Banach space is considered and solved with the semismooth
Newton based ALM method. In [20], the primal-dual active set method is employed for non-
linear systems of the ALM applying to the additionally regularized primal problems for solving
the nonlinear system. In [15], semismooth Newton methods are directly applied to the strongly
convex regularized ROF models with strong convexity on both the primal and dual variables
without ALM method.

All the proposed algorithms are based on applying ALM to the primal model, whose strong
convexity can be employed. Compared to [15], we do not need the strong convexity on the
dual variables. Our contributions belong to the following parts. First, by introducing auxiliary
variables, we use primal-dual semismooth Newton method [15] for nonlinear systems of ALM,
which is very efficient for ALM. The proposed ALM is very efficient compared to the popular
existing algorithms including the primal-dual first-order method [3]. They are especially very fast
for the anisotropic total variation regularized quadratic problems. Second, we proved that the
maximal monotone KKT (Kuhn-Tucker) mapping is metric subregular for the anisotropic TV
regularized quadratic problem. We thus get the asymptotic linear or superlinear convergence rate
of both the primal and dual sequence for the anisotropic case by the framework in [24, 28, 29].
With the calm intersection theorem [17], we also prove the metric subregularity of the maximal
monotone operator associated with the dual problem for the isotropic case under mild condition.
This leads to the asymptotic linear or superlinear convergence rate of the dual sequence for the
isotropic case [24, 28, 29]. To the best of our knowledge, these subregularities are novel for the
TV regularized quadratic problems. Third, we also give a systematical investigation of another
efficient semismooth Newton method for solving the nonlinear systems that appear in ALM,
which is involved with the soft thresholding operator.

The rest of this paper is organized as follows. In section 2, we give an introduction to
the TV regularized quadratic problems and the corresponding ALM including the isotropic and
anisotropic cases. In section 3, we present discussions on the primal-dual semismooth Newton
for ALM by introducing auxiliary variables, which turns out very efficient. In section 4, we
give detailed discussions on the semismooth Newton method involving the soft thresholding
operators. Although all the semismooth Newton algorithms are aiming at the same nonlinear
system for the isotropic or the anisotropic TV regularization. However, different formulations
turn out different algorithms with efficiency. In section 5, we give the metric subregularity for
the maximal monotone KKT mapping for anisotropic TV regularized quadratic problems and
for the maixmal monotone operator associated with the dual problem of isotropic TV regularized
quadratic problems. Together with the convergence of the semismooth Newton method, we get
the corresponding asymptotic linear convergence. In section 6, we present the detailed numerical
tests for all the algorithms and the comparison with efficient first-order algorithms focused on
the ROF model and deblurring model. In section 7, we present some discussions.

2 Image restoration and Augmented Lagrangian Methods
The total variation regularized model is as follows.

min D(u) + af|Vull, (P)



where D(u) = ||[Ku — z||3/2+4 4||Vul|3 with 4 > 0 and z being the known data for general image
restoration [15, 20]. Here K is a linear and bounded operator depending on the problems, e.g.,
Ku = Kk x u being the convolution with kernel « for image deblurring problems. The strong
convexity of D(u) is of critical importance for the proposed algorithms and analysis. Especially,
the ROF model is for the case K = I and g = 0. For the deblurring problems, we added the
strongly regularization term pu||Vul|3/2 with p > 0 since K*K is usually not positive definite.
Henceforth, all the variables, operators and spaces are all in finite dimensional space setting.
The norm || - ||; based on the following isotropic or anisotropic norm

Ip| :=1/p? + p3 (isotropic) or |p|1 = |p1|+ |p2| (anisotropic), (2.1)

where p = (p1,p2)? € R2. We denote | - | as the Euclidean norm including the absolute value for
real valued scalar. Now introduce the image domain 2 C Z? which is the discretized grid [3]

Q={(,j)]i,jeN, 1<i<M1<j<N}

where M, N are the image dimensions. With discrete image domain 2, we define the discrete
image space as X = {u : Q — R} with the standard L? scalar product. Finite differences
are used to discretize the operator V and its adjoint operator V* = —div with homogeneous
Neumann and Dirichlet boundary conditions, respectively. We define V as the following operator

(V)i j = ((Viw)i, (Vau)i )7,

where forward differences are taken according to

g — s, if1<i< M, i —wig, H1<j<N,
(Vlu)~,j _ Ui41,5 — U5 1 = 1 (Vz’u)‘,j _ Ui j4+1 — Ug,j 1 ‘ J
0, if i = M, 0, if j = N.

With Y = X2 with the standard product scalar product, this gives a linear operator V: X — Y.

The discrete divergence is then the negative adjoint of V with div = —V*, i.e., the unique linear
mapping div : Y — X which satisfies for Vu € X, p = (p1,p2)T €Y
(Vu,p)y = (u, V'p)x = —(u,divp)x, (2.2)

where the inner products are defined by

M N M N
(Wv)x =YY wivig, @)y = > [(P1)ij(@)ij+ (02)i(a2)ig), a=(q1,q2)" €Y.
i=1 j=1 i=1 j=1

The div operator can be computed as divp = Vi p1 + V5 p2 and we refer to [3] for the detailed
backward difference operators Vi and V.
By (2.1), the isotropic or anisotropic TV in (P) is as follows,

(IVully ::/ |[Vul|dz, or |Vul: ::/ |V1u|dx+/ |Vaulde, (2.3)
Q Q Q

where dx in (2.3) is the area element of R? and the integrals in (2.3) are understood as the finite
summation over all pixels. With these preparations, by the Fenchel-Rockafellar duality theory
[1, 19], the primal-dual form of (P) can be written as

minmax D(u) + (Vu, Ay = I{jaje<a} (V) (2.4)



where Z is the indicator function and the dual form of (P) can be written

1, .. 1
e { = (400 = 1A+ 7B = S+ T ) |- (D)

The notations f and the positive definite, linear operator H are as follows
fi=K% H:=—pA+KK, |ul?4-:=H " uux, |ul}= (Huu)x. (2.5)

We also need the following norms for arbitrary u € X, p = (p1,p2) €Y, 1 <t < o0,

lalle = (3 tussl®) s ol = (3 (e + (2:0)")

(1,5)€Q (i,5)€9

1/t

The ||A|| is defined as follows. For the isotropic case,

Moo = max /((0), )2 + (), ;)%

(1,7)€Q

For the anisotropic case, with (2.3) and applying the Fenchel-Rockafellar duality theory for
[IViull1 and ||Vaul|1 separately, we have

Zine <} A) = Zginulo<ad01) + Tiagliogay (M2)s - Aklloo = max (M), 51, k=1,2

The optimality conditions on the saddle points (@, \) are as follows

Hu—f+V*A=0, Ve dIyx.<a(V) (2.6)
By the Fenchel-Rockafellar duality theory, we have A € d(«||Vl|;) and
(A Va) = 5w <ay A + [ Va1 (2.7)
The optimality condition for X in (2.6) is also equivalent to
Po(A+coVa) = A, for all constant ¢y > 0, (2.8)

where P, is the projection to the feasible set {\: || Ao < a}, i€,

___r _ A1 Ao g
Pa) = o gy & W (max(1,|A1|/a)’max(1,|A2|/a))' (2:9)

Introducing p := Vu, the problem (P) becomes the following constrained optimization problem

min D(u) + «||p|l1, such that Vu = p.
zeX

The augmented Lagrangian method thus follows, with nondecreasing update of o, — ¢ < +00,

. g
(uFth, p ) = argmin L(u, p; A") := D(u) + a|[p|s + (\*, Vu —p) + gkl\Vu —pl3,  (2.10)
u,p

MNFL = AP o (VT — phtdy), (2.11)



We will use the semismooth Newton method to solve (2.10). The optimality conditions with
fixed o), and A* for (2.10) are

Hu— f+V*\ + 0, V*(Vu — p) = 0, (2.12)
daplly — A" + ox(p — Vu) 3 0, (2.13)

where (u,p) = (uFT1, p*+1) are the optimal solutions of (2.10). The equation (2.13) leads to

1 A+ 0, Vu Ak
N4 0pVu € (opl + 0| |)p = p=T+—0a| - |1) " (E——E0) i= Sa (5 +Vu), (2.14)
Ok O 7k O
where S () is the soft thresholding operator for the isotropic or anisptropic || - ||; norm. With
Tk

relation (2.14), the augmented Lagrangian L(u, p; )\k') can be reformulated as

k
O (u; \*, o) == L(u, Si(i— + Vau); AF)
k

AF o AF Ak , 1
= D(u) +a|\5ﬁ(g—k + V)1 + 7”07 + Vu — S&(U—]c + Vu)l|5 —

Tk

—I\F12 21
2UkH I35 (2.15)

which will be more convenient than (2.10) once the globalization strategy including the line

search is employed. Substituting p of (2.14) into (2.12), we get

1 Ak
Hu— f+ VM 4+ 0, V*Vu — 0, V*(I + a—aan : Hl)*l(%’“v“) =0. (2.16)
k k

Denoting G*(p) = af|p[/1, we see the Fenchel dual function of G* is G(h) = I <a}(h). With
the Moreau’s identity,

= (I+78G)*1(x)+7(l+%86’*)’1(%), (2.17)

we arrive at

N+ o1 Vu

. ) =M 4o, Vu — (I +0,0G) Y (\F + 04, V). (2.18)
k

1
orp = or(I+ —0a - 1) ~(
ok

Substituting p of (2.18) into (2.12) leads to the equation of u
Hu — f 4 V*(I 4+ 0,0G) "' (\* + 0, Vu) = 0. (2.19)

Indeed, we can solve (2.16) directly with semismooth Newton methods, which will be discussed
in the subsequent sections. Now let’s turn to another formulation by introducing an auxiliary
variable

hi= (I +0p0G) '\ 4+ 03, Vu) = Po (A + 0 V). (2.20)

By the definition of the projection (2.9) and taking the isotropic case for example, (2.20) becomes

N+ 0, Vu
h=Pa(N + 0xVu) = : 2.21
PalX" 4 oiVu) max(1.0, [\ + 0, Vu| /) (221)
The equation (2.19) thus becomes
Hu— f+V*h=0. (2.22)



Combining (2.20), (2.21) and (2.22), we get the following equations of (u, ) instead of (u, p),

Hu— f+V*h
IA¥ + 0 V|
a

Fut) = o] Flun) = (2.23)

—0,Vu — A¥ + max (1.07 )h '
Once solving any of the equations (2.16) and (2.23) and obataining the solution u, we can update
the p by (2.14) or (2.18) accordingly. Then the Lagrangian multiplier A**! can be updated by
(2.11). Actually, according to (2.18), compared to the update of \¥*! (2.11), we see the update
of the multiplier can also be

ML = (T + 0,0G) ' (AF + 04 Vu) = Po (A + 0, V), (2.24)

which is a nonlinear update compared to the linear update (2.11). We refer to [19] (chapter 4)
for general nonlinear updates of Lagrangian multipliers with different derivations and framework
of ALM. Throughout this paper, we will use the semismooth Newton methods to any of the
subproblems (2.16) and (2.23). The different formulations of (2.16) and (2.23) will bring out
different algorithms and it would turn out different efficiency. We begin with the semismoothness
where the Newton derivative can be chosen as the Clarke generalized derivative [18, 19].

Definition 1 (Newton differentiable and Newton Derivative [19]). F : D C X — Z is called
Newton differentiable at x if there exist an open neighborhood N(z) C D and mapping G :
N(z) = L(X, Z) such that (Here the spaces X and Z are Banach spaces.)

. |F(x+h)—F(z) — Gz + h)h|z
lim
|h|—=0 |hlx

=0. (2.25)

The family {G(s) : s € N(x)} is called an Newton derivative of F' at x.

If F:R™ — R™ and the set of mapping G is the Clarke generalized derivative OF, we call F
is semismooth [17].

Definition 2 (Semismoothness [22, 23, 35]). Let FF : O C X — Y be a locally Lipschitz
continuous function on the open set O. F is said to be semismooth at x € O if F' is directionally
differentiable at x and for any V € 9F (x + Az) with Az — 0,

F(z+ Az) — F(x) — VAz = o||Az|).

The Newton derivatives of vector-valued functions can be computed component-wisely [35]
(Proposition 2.10) or [5] (Theorem 9.4). Together with the definition of semismoothness, we
have the following lemma.

Lemma 1. Suppose F : R" — R™ and F = (Fy(x), F2(x), -, Fi(2))T with F; : R* — Rl
being semismooth. Here l; € Z7 and Zi:l l; = m. Assuming the Newton derivative Dy F;(x) €
OF;(x), i =1,2,--- |1, then the Newton derivative of F' can be chosen as

DnF(z) = [DyFi(2), DyFa(x),- -, DnFi(2)] " (2.26)

Now we turn to the semismooth Newton method for solving (2.16) and (2.23). The semis-
mooth Newton method for the general nonlinear equation F(x) = 0 can be written as

V() ter! T = —F(ah), (2.27)



where V(z!) is a semismooth Newton derivative of F at z!, for example V(2!) € 0F(2'). Addi-
tionally, V(z) needs to satisfy the regularity condition [5, 35]. Henceforth, we say V(z) satisfies
the regularity condition if V(x)~! exist and are uniformly bounded in a small neighborhood of
the solution z* of F/(z*) = 0. When the globalization strategy including line search is necessary,
one can get the Newton update 2!T! with the Newton direction 6z'*! in (2.27). Once the glob-
alization strategy is not needed, the semismooth Newton iteration can also be written as follows
with solving z!*! directly

V(zh)z! T = v(aha! — F(ah). (2.28)

3 Augmented Lagrangian Method with Primal-Dual Semis-
mooth Newton Method

3.1 The Isotropic Total Variation

Now we turn to the semismoothness of the nonlinear system (2.23). The only nonlinear or
nonsmooth part comes from the function max(1.0, |A\* + o3, Vu|/a).
IAF + 01, Vul

Lemma 2. The function G(u) := max(1.0,
a

generalized gradient for u is as follows,

) is semismooth on u and its Clarke’s

‘)\k + U]gVu|
(0%

); (3.1)

{ s Ok </\k+0'kVU,V'>
X)\’C,ui

1 ¢ = 1.
Nt orval | s €0, ]} Oy (max(1.0,

where X3 ,, s the generalized Clarke derivatives of max(-,1.0),

1, A+ o0xVul/a > 1.0,
;AN + 0o Vu|/a = 1.0, s €0,1], (3.2)
, A+ oVl /a < 1.0.

V)

s
X)\’“,u -

=]

Furthermore, F(u,h) in (2.23) is semismooth on (u,h). Henceforth, we choose s = 1 for the
Newton derwative of G(u) in (3.1) and denote Xk, = X3« -

Proof. We claim that G(u) is actually a PC* function of w. Introduce G;(u) = 1.0 and Ga(u) =
INE 4+ 04, Vu| /o which are selection functions of G(u). G(u) is called as the continuous selection
of the functions Gy (u) and Ga(u) [31] (Chapter 4) (or Definition 4.5.1 of [9]). We see Gy (u) is a
smooth function and Go(u) is smooth in any open set outside the closed set Dy := {u | |\* +
orVu| = 0}. Thus for any u € D, = {u | |A\* + 0xVu| = a}, there exists a small open
neighborhood of u such that G; (u) and Go(u) are smooth functions. We thus conclude that G(u)
is a PC* function of u. G(u) is also PC' and hence is semismooth on u [35] (Proposition 2.26),
since V,Gi(u) = 0 and V,Ga(u) = op(A\F + 01, Vu, V- ) /(a|\¥ + 04 Vu|) out side Dy. For any
u € Dy, by [31] (Proposition 4.3.1), we see

9uG(u) = co{V,G1(u), V,Ga(u)},

where “co” denotes the convex hull of the corresponding set [4]. We thus obtain the equation
(3.1). Since each component of F(u, h) is an affine function on h and is semismoooth on (u, k),
the semismooth of F(u,h) on (u,h) then follows [35] (Proposition 2.10). O



By Lemma 1 and 2, denoting x! = (u',h'), = = (u,h) and F(u,h) = (Fi(u, h), Fa(u, k)T,
the Newton derivative of F(u,h) can be chosen as

DN‘F: (DN‘Fl(uvh)vDN]:2(uvh))T~ (33)
Thus the Newton derivative of the nonlinear equation (2.23) can be chosen as

H Y
o (A + 0, Vul, V- ) IAF + o1, V! |

1
_O'k;V‘i‘X)\kﬂLlE N+ op vl h max(l.(), 5

Vit = (3.4)

)

Let’s introduce

10 |)\k +UkVUl|) B = [ ok </\]C + o, Vul, V) l}

Dy = Uy, (Wl = : Tk
! 7 (A, ul) = max (L0, o Xkt T [Ae + o Vul|

C = -0,V + By
It can be readily verified that

f
Viaha! — Fal) = or A+ o, Vb, Val) | = { f =1
AP — ——Lh A+ Bl bt
Xk a M+ oVl + B 2

Next, we turn to solve the Newton update (2.28)

5 S -4)

For solving the linear system (3.5), it is convenient to solve u!*! first, i.e., solving the equation
of the Schur complement V! (z!)/D;. Substituting

)\k l +1 /\k l
BT (bzergkvulH *X,\k,ul%< +oxVu', Vu >hl)/(max (1.0, |%"CVUU) (3.6)
a

AP+ o Vul| a
into the first equation on u**!, we have
bl
(H—-V*D/'Ou't = f+div— 22— (3.7)

Us, (AF ul)’
which is also the following equation in detail

/\k \v4 l \V4 +1
o Vult! — Xxk,uz%< +:k “ ;u iy /
a | 4+ o, VUl _ fidiv by
Ug, (NF ul) o Uy, (NF ul)

Hu't — div

(3.8)

After calculating u!*! in (3.8), we get h!*! by (3.6).

We can also first calculate h!*! following the calculation of u!*1, i.e., solving the equation of
the Schur complement V! (2!)/H. Solving dual variables first can also be found in [14], where
the primal-dual semismooth Newton is employed for total generalized variation. Substituting

Wt = H Y (div i 4 f), (3.9)



into (3.6), we obtain the linear equation of h!*!
(D — C;HY'VHRH =k — CyH 1 f, (3.10)
which is the folloing equation in detail,

(NP o, Vul, VH 1 div A
— 0, VH ! div h*! 9 { : h!
oKV v X a A+ o Vul|

=b,—CH'f (3.11)

|/\k + Ukvul|)hl+1
(6%

max (1.0,

We then recover u!™! by (3.9) after calculating h!**.
We have the following lemma for the regularity conditions of the Newton derivative.

Lemma 3. If the feasibility of h is satisfied, i.e., |h'| < « by (2.20), we have the positive
definiteness of the Schur complement V! (z!)/D; = (H — V*D; ' C)),

<*V*Dl_101u,u>x > 0= (V") /D)u,u)x > ||ul|} = (Hu,u)x. (3.12)

Thus VI(z!)/ Dy satisfies the reqularity condition. Furthermore V! (x') can be chosen as a Newton
derivative of F(u,h). The linear operator VI(z') and the Schur complement VI (x')/H satisfy
the regularity condition for any fived o and \F, i.e., VI(2') and VI(2')/H are nonsingular and
the corresponding inverse are uniformly bounded for any fized o1, and \F.

Proof. We first prove the regular condition of V! (z!)/D;, whose proof is essentially similar to
the proof of Lemma 3.3 in [15]. Denote

QO = {(z1,22) € Q: [Nt Vul > a}, Q :={(z1,22) € Q: [N+ Vu| <a}, Q=0QTuQ".
Since for any v € X, we have

(=V*D; *Cru,u)x = —(D;  Cru, Vu)y = (—D; (=0, V + By)u, Vu)y
= (ox D[ 'Vu, Vu)y — (D; ' Biu, Vu)y (3.13)

_ _ N+ o, Vul, V)
= D Vul*d / D Vul*d —/ D10k< h*, Vu)da.
/97 or Dy |Vul“dr + - or Dy |Vul“dz s ( A , Vu)d

With the assumption |hl| < « and direct calculations, we see

+ 0 V! || Vul
[ + o Vul|

k
|<Df10k (NF + o, V!, Vu>

\F
< 1Uk|
a N4 o, V! Vu)l < Dy a

|h!||Vu| < o) DYVl (3.14)
Combining (3.13) and (3.14), we arrive at
(=V*D; ' Cru,uyx > / oDy Vul?dz > 0,
o

which leads to (3.12). We thus conclude that VI(z!)/D; > H and (VI(2!)/D;)~! is bounded
by the positive definiteness of H. For the regularity condition of V!(z!), it is known that ([39)
formula 0.8.1 which is similar to the Banachiewicz inversion formula)

iyt =| )P ~(V!(a!)/ D) v Dy !
-D 'OV /D)t DY+ DUtO(VE(a!) /D)t



By the boundedness of (V! (z!)/D;)~!, C; and D; ', we get the boundedness of V! (z!)~'. The
boundedness of Dz_l is because D; > I and the boundedness of C; comes from the boudnedness
of V and Bj.

Similarly, for the existence and boundedness of (V! (z!)/I)~1, by the Duncan inversion formula
(see 0.8.1 and 0.8.2 of [39]) or Woodbury formula, we have

Vi@h/H)™ = (D - CH'V*)"t = D + DO,V (2t /D) T VD
We thus get the boundedness of (V! (z!)/H)1. O

3.2 The Anisotropic Total Variation
For the anisotropic Iy norm in (2.1), with (2.9), the projection (2.21) becomes

k k T
P (N +0xVu) = (max(l.(/)\,l|j\—’fTZ;g1u|/a)’ max(1.3,2|;§a—|’jz;?ggu|/a)) (3.15)
With similar analysis as the isotropic case, the equation (2.23) becomes
Hu—f+V*h
FA(u, ) = 8 . FA(u,h) = |~okViu— A} +max (1.0, |Aﬁ?ﬂ*““')hl (3.16)
0

«
PV v
Vot — A + max (1.0, 22 F oeV2ul
«

)he
Similar to Lemma 2, we have the following lemma, whose proof is completely similar to Lemma
2 and we omit here.

Lemma 4. The functions max(1.0, |A\¥ + 04 Viu|/a) and max(1.0, |\ + 0, Vau|/a) are semis-
mooth functions of u and their Clarke generalized gradients are as follows,
{ is ok A+ 0xViu, Vi)

L 0,1\ =8, 1.0,
- e R U] SO

(0%

), i=1,2 (3.17)

where Xi: and xi,fu are the generalized derivatives of max(-,1.0),

U

1, |M+oxViul/a > 1.0, L, |\ 4+ 0xVaul/a > 1.0,
X;,’f,u =<8, [N+ opViul/a = 1.0, Xif,u =<8, M+ 0pVaul/a=1.0, s€0,1], (3.18)
0, |A+orViul|/a < 1.0, 0, |AS+o0,Vaul/a < 1.0.

Furthermore FA(u, h) is semismooth on (u,h). Henceforth, denote X%\k w = xi’,}u and Xik w =
xi’,}u for s =1 cases in (3.18).
Let’s introduce

1 O <)\If +O’kV1Ul,V1' > 1

1 Xk ke k 1 1
a_|U; 0 A _ e MY 4+ 0 Viu!| A_ A
Dl = |: 0 ng:|7 Bl - ) Ok <>\]2€+O'kV2Ul,V2~> . y Ol - UV+BZ )
XNk ul ™ M+ RVl 2

‘)\]f + Ukvlul|

(67

k !
UL (AF,ul) = max <1.0, |/\2+akV2u|> .
«

2 (\k 1
>, ng()\,u)—ma}((l.(),
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By Lemma 1 and 4, since F4(u, h) is an affine function of h, together with Lemma 4, it can be
readily verified that, we can choose the Newton derivative of the nonlinear equation (3.16) as

A_|H V*
VA = [Cf‘ Al (3.19)
The right-hand side becomes
f
f Ak + Xl Ik </\]1C + Ukvlul7 Vlul> l f
Ve - P = {Blf} ot R P At e el
k 2 Ok <)\§ + O'kVQUl, Vzul> 1 bl2
AZ Xkt k 1 hy
o IAS + o Vaud |
For solving u**! first, the Newton update becomes
(H — V*DA 0!t = £+ div DA™Y, (3.20)
where b! = (b, 05)7. Then h!*! can be recovered by
(bl " Ukvlul+1 _ Xlk l% <)\If + O'kvlul7 V1ul+1> N - ()\k ul)
Rl = ' Ta k T+ gklvlul| I+1 1 e (3.21)
A + JkVQU VQU > ’
bl Voultl — 12 %< 2 ) nl U2 (\k, !
2 + ok Vau X)\k,ul o |>\12€ n O'kVQ'LLZ| 2 ak( u )
For calculating h*! first with solving the Schur complement VA (2!)/H, we have
(D — Oy H VA =t — Oy H1 . (3.22)

Then u!*! can be recovered through
ul+1 — H—l(f _ V*hl+1).

For the positive definiteness and regularity condition of the Schur complement VA (z!)/D{* | we
have the following lemma, whose proof is completely similar to the proof of Lemma 3 and we
omit here.

Lemma 5. If the feasibility of h' is satisfied, i.e., |hl| < a by (2.20), i = 1,2 we have the positive
definiteness of (H — V*DlA_lClA),i.e.,

<7V*D{4_1C1Au,u>x >0= ((H - V*D;“_lclA)u,wX > [Jul|%. (3.23)

We thus conclude VA (z') can be chosen as a Newton derivative of F4(u, h). VA(2!)/Dj* satisfies
the regularity condition. The linear operator VA(x') and the Schur complement VA (x!)/H satisfy
the reqularity condition for any fized o, and \F.

We conclude the section 3 by the following algorithm 1 and 2 which are subproblems for the
kth iteration of ALM applying to (P).

Remark 1. The projection to the feasible set {h : ||h||cc < a} is very important for the positive
definiteness of (3.7) or (3.20). It can bring out more efficiency for solving the linear systems
(3.7) or (3.20) numerically as in our numerical tests (see also [15]).

11



Algorithm 1 Primal-dual semismooth Newton method with solving the primal variable first
(SSNPDP) for (2.19) with auxiliary (2.23) or (3.16)

Given corrupted image f, multiplier \¥, step size o), of ALM, u, auxiliary variable h° in the
feasible set {h : |h]|co < a}.

Iterate the following steps for [ = 0,1, --- , unless some stopping criterion associated with the
nonlinear system (2.23) is satisfied.

Step 1: Solve the linear system (3.8) for u'™! with some stopping criterion for the isotropic
case (or (3.20) for the anisotropic case) with iterative method (BiCGSTAB):

Step 2: Update h!*! by (3.6) (or (3.21) for the anisotropic case)

Step 3: Project h!! to the feasible set {h : ||h]|oo < a},i.e., ATt = P, (R!FT1). Set (u!t1, AIT1)
as the initial value for the next Newton iteration and go to Step 1.

Output uF+1, pr+1

Algorithm 2 Primal-dual semismooth Newton method with solving the dual variable first (SS-
NPDD) for (2.19) with auxiliary (2.23) or (3.16)

Given corrupted image f, multiplier A*, step size o} of ALM, u°, auxiliar variable k" in the
feasible set {h : |||l < a}.

Iterate the following steps for [ = 0,1, --- , unless some stopping criterion associated with the
nonlinear system (2.23) is satisfied.

Step 1: Unless some stopping criterion is satisfied, solve the linear system (3.11) for h!*! for
the isotropic case (or (3.22) for the anisotropic case) with iterative method (BiCGSTAB):
Step 2: Update u't! = H=1(f + div h!*t!)

Step 3: Project ! to the feasible set {h : ||h]|oo < a},i.e., ATt = Py (RIF1). Set (u!t!, AT

as the initial value for the next Newton iteration and go to Step 1.
Output uFt1, pkt1

4 ALM with Semismooth Newton Involving Soft Thresh-
olding Operators

4.1 ALM with Semismooth Newton: the Isotropic Case

For the isotropic TV, we can rewrite the equation (2.16) as follows
Flw)=0, F'(u):=Hu— f+ V' \ 4+ 0, V*Vu — 0, V* S (AF + Vu). (4.1)
Tk

We now turn to the semismooth Newton method to solve (4.1). The main problem comes from
the soft thresholding operator SZ (-). Still, let’s introduce the active sets
Tk

.1 \5\k+Vu| > /oy,
Xu s 0, |\ + Vu|<a/oy.
With the Moreau’s indentity (2.18), with direct calculations, we have

Sla (W4 V) = N+ Vu = P (A + V). (4.2)

Tk

By [4] (Corollary 2 in section 2.3.3), we have

au(s% A+ V) =V = 9, (Pe (A + Vu)). (4.3)

e
Tk

12



Denote P(u) = Pa (A¥ + V). Let’s introduce the active sets

v NVl > a/ay, L N+ vl < afoy, (4.4)
i T Yo, |3 4 V| < afoy, wA 10, A 4 V| > a/oy. '
Actually, we have the following lemma.
Lemma 6. P(u) = Pﬁ (¥ + V) is a semismooth function of u. Furthermore, we have
{AD*(V-) | s €[0,1]} C (0uP= (A" + V). (4.5)
It means that for any v and s € [0, 1], we have
A (V- ):=V-, IAF 4+ Vu| < a/oy,
. AR Y\ .
. o _ \% —S< +VAU; YA® + V) ’ |)\k+vu|:a/0k7
Ay (V-) =< 0k \ |AF + V| |AF + V|3
. Ak YO\ .
arwy= (VA VNNV S Gyl s /o
Ok \ |A\F + Vu| |AF + V|3
(4.6)
Throughout this paper, we choose s = 1 for the Newton derivatives in (4.5) and (4.6), i.e.,

Proof. The semismoothness of P(u) is as follows. It is known that L(y) = Pﬁ (y) is PC*
function [35] (Example 5.16) (or see [9] Theorem 4.5.2 for more general projections of PC*
function). Since y(u) = Vu + A¥ is differentiable and affine on u, y(u) is also semismooth on u.
We thus get the semismoothness of P(u) = L(y(u)) on u [35] (Proposition 2.9).

When |\ + Vu| < o/,

P(u) = Py(u) := Po(A\F + Vu) = (A\F + V).
Since P;(u) is an affine and differentiable function on u, we have
Pi(u) =\ 4+ Vu, V,Pi(u)=V.

The Gateaux derivative of P%(S\k + Vu) can be directly calculated as in (4.6). We thus have
the first case of (4.6).
While [\F + Vu| > o=, P(u) is a smooth function on u. Similarly, we have

. a (M +vu)
Pu) =Py(u) :=Po(N+Vu)= ——" [N +Vu| > a/oy, 4.8
(u) = Pa(u) = ) or |3+ Val | | > a/oy (4.8)
. Ak VAP )
Vng(u):g - v A +V}L,V YA+ Vu) . N+ V| > a/oy. (4.9)
Ok | |AF 4+ Vu| |AF + Vul3

13



Actually, it can be readily verified by the directional derivative as follows.

(AF + V) . 1 [ N4 Vu+tVu Af 4 Vu

W~ —\U) = 11m — = I~
|AF + Vul t=0 1 \ [N\ 4+ Vu+tVo|  |AF 4 Vu

i L AF 4 YV + 1V A4V
=0t \/|5\k+Vu|2+2t(5\k+Vu, Vo) + t2|Vo|? A"+ Vul

im — = <
t=0t |AF + Vul 2 [|AF + Vul?

\k NG
1m1 ] tVuo A +VAU,V’U>()\ + Vu) + o)
=01 \ |\F 4 Vu| |AF + V|3
Vo (AE 4+ Vu, Vo) (AF + V)

- IAF 4+ Vul IAF 4+ Vu3

For any u such that [\* + Vu| = /oy, by [31] (Proposition 4.3.1), we have

co{(VuP1(u)), (VuPa(u)} = A (V") C 0uP(u),
which leads to (4.5) and (4.6). By [4] (Corollary 2.6.6), we have

V*AP(Vv) € (V*0,P(u))(v) = 0, (V*P(u))(v).

Similarly, we have the following lemma.

Lemma 7. FI(u) is a semismooth function of u. We have

AS (Vo) C (aus% (AP + V) (v),

1 <X’f + Vu+tVo (1 12t(\F + Vi, Vo) + 2|V +(’)(t2)> -

(4.10)

X’“l—Vu)

AR 4 Vul

(4.11)

(4.12)

(4.13)

IAF 4 V| <

0,
Ak .
s Vv — g _ Vo _3<>\ +VAU7VU>(A +VU) , s € [0’ 1]7 |)\k+vu‘ _
Ay (Vo) = o \ [AF + Yyl 5+ Yl
- 4
AF (V) = [vo— & [ = Vo (4 Vu, Vo)(\* + V)
O \)\k+Vu| ‘/\k+vu|3

)) IAF 4 Vu| >

(4.14)

Throughout this paper, we choose the following generalized gradient for computations

Al (Vo) = ij\kAI(Vv) c AS(Vw),

where we always choose s =1 in (4.14). The Newton derivative of (4.1) can be chosen as

H + 0, V*V — 0, V* ALV,

(4.15)

which is positive definite with lower bound on u and thus satisfies the regularity condition,

(H + 0, V*V — o, VAL Yu,u) x > J|ul%.

14
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Proof. By Lemma 6 and (4.2), we see S (A¥ + Vu) is semismooth and the semismoothness of
Tk
FI(u) then follows. Furthermore, by (4.1), we obtain (4.13). Since
/\k
H+ 0, V*'V — 0y V* ALV C 0F (u) = H + 0, V*V — akv*au(sg(a— + Vu)),
o O

we can choose I + 0, V*V — 0, V*ALV as a Newton derivative for F7(u).
For the positive definiteness of the Newton derivative (4.15), we have

(H 4 0pV*V = V*AIV)u, u) x = |Jul|} + ox(Vu, Vu)y — or (AL Vu, Vu)y

Vu (AF 4+ Vu, Vu)(AF 4 Vu)
—ullZ + o (I = x+ )V, Va)y + = (yF e L Vu
ol (1 =)V T+ e = ST b
o Vu
By + on (T = x* )V, Vaby + Vuhy

op WA |\ 4 V|’
OV 4 Vu, V) (AF + V)

_ . > 2
s Y 2

since X: 5 < I and by the comparison the integral functions

OV YV, V) (AF + V) + (V4 YV, Va2

’Vu> =X

Xos Ak + Vul? RPN VE
D e A A R eI
wA A 4 Va3 wA Ak 4+ V|
O
The semismooth Newton method for solving (2.16) follows
(H + 03, V*V — 0, V* AL V) su! Tt = —FI(ul). (4.17)
4.2 ALM with Semismooth Newton: the Anisotropic Case
For the anisotropic l; norm (2.1), we have
p=(p1,p2)’ = S% (N + Vu) = (S% (AN + V), Sﬁ(j\g + Vau))¥, (4.18)

j\f—&—viu—a/ak, ;\§+Viu>a/ok,
pi = S%k(ﬁf +Viu) =10, A+ Vol < afop,  i=1,2, (4.19)
N Viu+ afor, A+ Viu < —a/oy.
With (4.19), the equation (2.16) becomes

FAu) =0, FAu):=Hu—f+V* A\ +0,V*Vu—0, V* (I + ;5”-”1)_1()\]“/01@ +Vu). (4.20)
k

The Newton derivative is of critical importance for the semismooth Newton method to solve the
equation (4.20). Let’s first introduce

1, [N+ Vi > afop, 1, |\ + Vau| > afoy,
xf”;k =1 s, |)A\’f + Viu| = a/oy, x;’;k =1 s, |):’§ + Vaoul = a/og, s€[0,1].
0, |AF+Viul < afoy, 0, A+ Vaul < a/oy.
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+,s
1,5k
we have the following lemma.

Introduce ij\k =X for s = 1 with ¢ = 1,2. For the Newton derivative of equation (4.20),

Lemma 8. The function F4(u) is semismooth on u. We have

, Ak
{X;’,f Vi|selo, 1]} = 0u(S2 (G- 4+ V), i=1.2. (4.21)
3 oL k
The Newton derivative of the equation (4.20) can be choose as
H 4 0, V*V — 0, V* AN(V), (4.22)
where A2(V) can be chosen as the Newton derivative of H(u)
+
Xpse O [V
AX(V) = | { 1} : 4.23

Furthermore, the Newton derivative is positive definite and satisfies the reqularity condition,
(H 4 01, V*V — 0p VAL (V))u, u)x > ||ull%. (4.24)

Proof. It can be seen that H;(u) = Sﬁ (A¥ /o1, + V,u) is piecewise differentiable, i = 1,2. Take

Hi (u) for example. Denote Hi (u) = A} /op+Viu—a/or, and H?(u) = 0 being selection functions
of Hy(u). For |\¥ /oy + Viu — afoi| > a/oy,

Hy(u) = Hi(u), VyHi(u) =V, Hi(u) =V,
and while |\Y /oy + Viu — a/oi| < /oy,
Hy(u) = H3(u), V. H(u)=V,H:u)=0.
Finally, while [\} /oy, + Viu — a/oy| = a/oy,
OuH 1 (u) = co{V, H} (u), V,HE (u)} = co{0,V},

which leads to (4.21). By Lemma 1, we found that Ay (u) in (4.23) can be chosen as a Newton
derivative of H(u). Still, since V* is a linear, bounded and thus is a differentiable mapping,
the Newton derivative of F4(u) can be choose as (4.22) [19] (Lemma 8.15). For the positive
definiteness, with ij\k < I and X;S\k < I, we see

(H + 0,V (V = Al (), u) x = [|ullfy + 0w [(Viw, (I = xT ) Viu)x + (Vau, (I - xF )V2U>X}

1,7k 2,k
> [|ul7-
O
Then the semismooth Newton method for solving equation (4.20) follows
(H + 01, V*V — 0, VAL (V) (0u! ) = —FA (). (4.25)

It can be checked that the linear operator in (4.15) is also self-adjoint. We thus can use the
efficient conjugate gradient (CG) to solve (4.17) and (4.25). We conclude this section by the
following Algorithm 3, i.e., the semismooth Newton method for the primal problem involving
with the soft thresholding operator (SSNPT) (2.16), which is subproblem for the kth iteration of
ALM applying to (P). The soft thresholding operators are frequently seen in compressed sensing
and we refer [23] for the celebrated framework of semismooth Newton based ALM for compressed
sensing, which gives us a lot of inspiration.
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Algorithm 3 Semismooth Newton method with solving primal problem involving the soft thresh-
olding operator (SSNPT) for (2.16)

Given corrupted image f, multiplier \*, initial value for Newton du’ = 0, step size o}, of ALM,
choose p € (0,1/2), 6 € (0,1), n° = 1.

Iterate the following steps for [ = 0,1, --- , unless some stopping criterion associated with the
nonlinear system (2.16) is satisfied.

Step 1: Unless some stopping criterion is satisfied, solve the linear system (4.17) for ju
of the isotropic case with iterative method (CG) (or solve (4.25) of the anisotropic case with
CG, i.e., Conjugate Gradient method)

Step 2: Do backtracking Armijo line search as follows:

Compute & = (H+0,V*V =0, V* AN (u'))(u!) € 0uP(u; A*, 01) |yt - A = AT or AKX = A2,
and ®(u; A¥, 0y) is in (2.15) depending on the isotropic or the anisotropic case.

while

k+1

(u' +nfoul TN o) > @(ub A, o)+ (€1, St

do
Pt =070,
end while
Step 3: Update u!t! = u! + 77 §u!t!
Output uF+!

5 Convergence of the Augmented Lagrangian Methods and
the Corresponding Semismooth Newton Methods

For the proposed semismooth Newton based ALM methods, we need the convergence both for
the inner semismooth Newton iterations and the outer ALM iterations. Let’s begin with the
inner Newton iterations followed by the convergence of ALM.

5.1 Convergence of the semismooth Newton method

Theorem 1 (Superlinear Convergence [19]). Suppose x* is a solution to F(x) = 0 and that F
is Newton differentiable at x* with Newton derivative G. If G is nonsingular for all x € N(x*)
and {|G(z)7Y| : z € N(z*)} is bounded, then the Newton iteration

! =2l — Q)T R (),
converges superlinearly to x* provided that |2° — z*| is sufficiently small.

For the semismooth Newton method, once the Newton derivative exists and is nonsingular
at the solution point, we can employ semismooth Newton method [19] possibly with some glob-
alization strategy [7]. We now turn to the semismoothness for our cases, where each of the
Newton derivative satisfies the regularity condition and is nonsingular (uniform regular) with a
lower bound; see lemmas 3, 5, 8, 7. For the convergence of the semismooth Newton methods
including Algorithm 1 and 2, we refer to [15, 34] for the analysis of semismooth Newton under
perturbations. For the convergence of the semismooth Newton method in Algorithm 3 with line
search, we refer to [23] (Theorem 3.6) and [41] (Theorems 3.4 and 3.5).

Here, we follow the standard stopping criterion for the inexact augmented Lagrangian method
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28, 29] and [23, 40].

O (uF T RMTY) —inf & < /20, D e < 00, (A)
k=0
Oy (uF T RFTY) —inf By < 67 /20% AR = AFP, Y 6k < 4o, (B1)
k=0
dist (0, 08y, (u*+1, L)) < 6 Jop |NETL = AF||, 0< 6, — 0. (B2)

We conclude this section with the following algorithmic framework of ALM with Algorithm 4.
Henceforth, we denote ALM-PDP or ALM-PDD as the ALM with the Algorithm 1 (SSNPDP) or
Algorithm 2 (SSNPDD). We also denote ALM-PT as the ALM with the Algorithm 3 (SSNPT).

Algorithm 4 General framework of semismooth Newton based ALM for (P)

Input: corrupted image f, regularization parameter « for TV, initial Lagrangian multiplier
A0, initial step size oy and the largest step size oo, of ALM, step size update parameter ¢ > 1
Iteration: Iterate the following steps for k = 0,1,--- , unless some stopping criterion associ-
ated with the problem (P) is satisfied.
Step 1: With oy, A*, solve the minimization problem (2.10) with u* (possibly h* for Algorithm
1 or Algorithm 2) by
Algorithm 1 or Algorithm 2 for the nonlinear system (2.23) or (3.16) for (u®*+1 hF+1);
or Algorithm 3 for the nonlinear system (2.16) for u*+1.
Step 2: Update Lagrangian multiplier \¥+1:
For Algorithm 3 using (2.11), i.e.,

)\k
)\k-‘rl _ )\k + O'k(vuk+l _pk-‘rl)7 with pk-‘rl — SL(* + vuk-i-l).
7k oy,

For Algorithm 1 or 2 using (2.24), i.e.,
ML =P, (A + o, VuF ).

Step 3: Update step size opy1 = cox < 0o

5.2 Convergence of the Augmented Lagrangian Method

It is well-known that the augmented Lagrangian method can be seen as applying proximal point
algorithm to the dual problem [28, 29]. The convergence and the corresponding rate of augmented
Lagrangian method are closely related to the convergence of the proximal point algorithm. Espe-
cially, the local linear convergence of the multipliers, primal or dual variables is mainly determined
by the metric subregularities of the corresponding maximal monotone operators [21, 24, 28, 29].
We now turn to analysis the metric subregularity of the corresponding maximal monotone oper-
ators which is usually efficient for the asymptotic (or local) linear convergence of ALM.

Now we introduce some basic definitions and properties of multivalued mapping from convex
analysis [8, 23]. Let F : X = Y be a multivalued mapping. The graph of F is defined as the
set

gphF = {(z,y) € X x Y|y € F(z)}.
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The inverse of F, i.e., F~! : Y = X is defined as the multivalued mapping whose graph is
{(y,x)|(z,y) € gphF'}. The distance x from the set C C X is defined by

dist(z, C) := inf{|jJx — 2’| | 2’ € C}.
Let’s introduce the metrical subregularity for F' and the calmness [8, 23].

Definition 3 (Metric Subregularity [8]). A mapping F': X = Y is called metrically subregular
at = for g if (z,y) € gphF and there exists modulus x > 0 along with a neighborhoods U of
and V of g such that

dist(z, F~1(9)) < kdist(g, F(x) V) for all x € U. (5.1)

Definition 4 (Calmness [8]). A mapping S : R™ = R" is called calm at g for z if (y,Z) € gph S,
and there is a constant x > 0 along with neighborhoods U of Z and V' of g such that

Sy)yNnU C S(§) +kly—yB, YyeV. (5.2)
In (5.2), B denotes the closed unit ball in R™.
Let’s now vectorize the variables disscussed in detail. Suppose
Vi e R™™:R" 5 R™, Vy e R™™:R" - R™, u=(u', - ,u")" eR",
p=(p1,- ,pm)" €R®™, p;=(p},p})" € R,
A=A, )T eR™ N = (WAL ADT e R2

For the anisotropic case, we see

m

m m m
Iplle = Ml = IpH + > I = > _(Ipi + [p3),
=1 =1 =1

i=1

which is a polyhedral function. For the istropic case, we notice

m m

2 2

Il = Ipil = >/} +p?
=1 =1

which is not a polyhedral function. Fortunately, it is a group Lasso norm [37, 40]. Now, let’s
turn to the anisotropic case first. Introduce the Lagrangian function

1 1
1,0, N) = 5(Quuw)a — {u,B) + 3121 + allpll + (Vu—p, ), (53)

where @ is a linear, positive semidefinite operator and b is known. For (P), we have Q = H =
—pA + K*K and b = K*z. It is well-known that [ is a convex-concave function on (u,p, \).
Define the maximal monotone operator T; by

Ty(u,p, A) = {(',p", N)|(u,p', =X') € Ol(u,p, N}, (5.4)
z and the corresponding inverse is given by
T (', N) = {(u,p, M|/, p/, = N) € Ol(u, p, \)}. (5.5)

Theorem 2. For the anisotropic ROF model, assuming the KKT system has at least one solu-
tion, then Ty is metrically subregular at (u,p, \)T for the origin.
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Proof. Let’s consider the general case including the case in (P). Actually, we have

Ti(u,p, ) = (Qu = b, =X+ ad||p|l1,p — Vu)" == A(z) + B(x),

where
u 0 0 0\ [u u Q 0 V* U —b
Alp| =10 ad|-L O)|p]|, Blp|={0 0 —-I)|p|+[0]. (56)
A 0 0 0 A A -V I 0 A 0
It can be seen that the monotone operator A is polyhedral since the anisotropic || - [|1 (2.1) is

a polyhedral convex function and the operator B is a maximal monotone and affine operator.
Thus T} is a polyhedral mapping [27]. By the corollary in [27], we see T} is metrically subregular
at (@, p, \)T for the origin. O

Let’s now turn to the metric subregularity of dd for the dual problem (D), supposing (0d)~1(0) #
() and there exists A such that 0 € (9d)(\),

(0d)(A) = div* H™H(div A+ ) + 9g(A),  g(A) = Tga|w<a) (V) (5.7)
For the anisotropic case, actually, the constraint set is a polyhedral convex set in R?™, since
g =0 { A=A AT [ NER? N <a,i=1,2,--,m, k=1,2}.

Together with div* H~1(div A + f) being an affine and monotone mapping, dg is a polyhedral
mapping by [27]. This leads to that dg is metrically subregular at \ for the origin with similar
argument as in Theorem 2.

Now we turn to the isotropic case. The metric subregularity of dd is more subtle, since the
constraint set

g\) =0« {A =, dm) T TN ERT N =/ (A2 +(A)2<a,i=1,--- ,m}
is not a polyhedral set. Now introduce

9i(\i) = Iy <oy (Ni),  i=1,2,--- ,m.

Henceforth, let’s denote B,(\;) or BE()\;) as the Euclidean closed ball centered at \; € R? with
radius a, i.e.,

B, (0) := {)\i =(ALA)T ER? | N = /(A2 + (A2 < a}, i=1,---,m, a>0. (5.8)
Furthermore, denote B, ()\) = ITI7 B, (\;) with A = (A1, , A\)T. We can thus write
dg =11IiZ,0g; = H?iﬁﬂaag(o)(&)

It is known that each 0Zg;i (0)(\:) is metrically subregular at (\i, 7)) € gphdTg; (o) [37] (see
Lemma 6 therein). For the metric subregularity of dg, we have the following lemma.

Lemma 9. For any (A, 0)T € gph dg, g is metrically subregular at X for ©.
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Proof. For any ()\,7)T € gph dg, and V of a neignborhoods of ), since

dist? (), (8 Z dist?(\s, (8g:) ()
< ZKJleSt (T4, (0g:)(\i)) < Zmax k2,0 =1,--- ,m)dist*(7;, (Dg:) (M)
i=1
=max(k2,i =1,--- ,m)dist? ( (89)( ).
Thus with choice & = y/max" (k2,7 =1,--- ,m), we found that dg is metrically subregular at
A for v with modulus &. O

By [15] (Theorem 2.1) (or formula (3.4) of [20]), the solution u of the primal problem (P)
and the solution A of the dual problem (D) have the following relations

Hu—div) = f, (5.9)
—aVa+ [Viald =0, [\ =aq, (5.10)
Vi=0, |\<a, (5.11)

which can be derived from the optimality conditions (2.6). Now we turn to a more general model
compared to (D). Suppose A € R™*2™ ; R?m —, R™
| AN — b|J?

f) = AN + T Tg; 0) (M), fr(A) == 5 t{@A) +a, beR™, (5.12)

where Zgi (0)(z) is the indicator function for the I3 ball in (5.8) and ag is a constant. We claim

that the model (5.12) also covers the dual problem (D) by setting A = H-2div, b= —H 2 f
and ag = 1|z||3. For the existence of the square root H'/? of the positive definite linear operator
H, we refer to [26] (Theorem VI1.9). Supposing g(\) := 2 Zgi (0)(\i), let’s introduce

X={\ A=y, —gedg(\)},
Li(p ) ={\ | Ax—g=p'}, T2p°)={\|p*€g+o9(\)},
I(p') =T1(p") NT2(0) = {A | p' = AN — 7, 0 € g+ dg(\)},

where X is actually the solution set of (5.12), since
g:=A"VAG) + 4= (91,92, .gm)", By) = lly —0*/2, gi € R
We also need another two set valued mapping,

L' p?) = {\|p' = AN =7, p*€g+0a9(N)}, (5.13)
S(p):={A|peVfi(A) +9dg(\)} = X = 5(0). (5.14)
Actually the metric subregularity of 0f at (X,0) is equivalent to the calmness S at (0,A) [8].
Now we turn to the calmness of S. By [37] (Theorem 5), the calmness of S at (0, A) is equivalent

to the calmness of " at (0, ) for any A € S(0) if 8g is metrically subregular for f in (5.12). We
would use the following calm intersection theorem to prove the calmness of I'.
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Proposition 1 (Calm intersection theorem [17, 20, 37]). Let Ty : R1* = R"™, Ty : R22 = R"™ be
two set-valued maps. Define set-valued maps
T(p',p*) : = T(p") N T2(p), (5.15)

T(p'): =Ti(p") NT2(0). (5.16)

~—

Let & € T(0,0). Suppose both the set-valued maps Ty and Ty are calm at (0,%) and Ty ' is
pseudo-Lipschitiz at (0,%). Then T is calm at (0,0,) if and only if T is calm at (0, Z).

We need the following assumption first, which is actually a mild condition on the solution set
X of the dual problem (5.12) by (5.10) and (5.11).

Assumption 1. With the normal cone J\/‘ng(o)(j\i) = 81133(0)(;\1-), let’s assume that A € X and
i. Either \; € bdB! (0) and there exists g; # 0 such that —g; € N]Bg(o)(j\i),
ii. Either \; € intB’ (0).

Theorem 3. For the dual problem (5.12), supposing it has at least one solution \ satisfying the
Assumption 1, then Of is metrically subregular at \ for the origin.

Proof. We mainly need to prove the calmness of f‘(pl) at (0,\). By metric subregularity of dg
by Lemma 9 and the fact that 1";1 is pseudo-Lipschitiz and bounded metrically subregular at
(0,A) ([37], Lemma 3), with the Calm intersection theorem as in Proposition 1, we get calmness
of T at (0,0,)). We thus get the calmness of S at (0, ) and the metric subregular of df at A
for the origin.

Now let’s focus the the calmness of f‘(pl) at (0,\). Without loss of generality, suppose

N\ € intB (0), i=1,---,L;
Xi € bdBL(0), —gi #0€Ngi()(X;), i=L+1,---,m, 1<L<m.

The existence of g; # 0 is guaranteed by the Assumption 1. For i = 1,---, L, \; € intB? (0), we

have g; € Ng: (0)(Ai) = {0}. We thus conclude g; = 0 and
T5(0) = {0 € Moy o))} =B, (0), i=1,---, L. (5.17)

Now, let’s turn to I'5(0) for i = L+1,--- ,m. While i € bdB,(0), by the Assumption 1 on the
solution A, there exists g; # 0 such that —g; € NIB%Q(O)(N) Acutally, we know that the normal
cone at the boundary point of a closed ball is

NB&(O)()\z) = {s)\i|s > 0}, V)\z S deg(O)
Still with the definition of I'4(0), we have
I5(0) = {Xil — 3 € Nai0)(Mi)}-

While \; € intB,(0), by the definition of T'5(0), together with Ng; (o)(X;) = {0}, we see g; = 0,
which is contracted with the assumption 1. While A; € bdB? (0), together with the definition
of T's, we see \; = —giﬁ with some % > 0. Since g; is fixed as in definition of I'%, for
i=L+1,--- ,mand —g; € NBA(O)(AZ) and \; € deZ(O), we have \; = \; = _giﬁ and the
only choice is

r50)={N}, i=L+1,--,m. (5.18)
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Choose € > 0 small enough such that Bi_(\;) C B,(0),i=1,---, L. We thus conclude that

FQ(O) N BC(S‘) = (Bi(j‘l)a e 7B£(5‘L)a 5‘L+1v e a)\m)T~ (519)

Suppose p = (p1,p2, -+ ,pm)” and A € T1(p)NT2(0)NB(N), p; € R?, i =1,2,--- ,m. Introduce
the following constraint on A

R:{A|>‘1€R27 Zil,,L7 Al:XN Z:L+1a7m}7

which is a convex and closed polyhedral set. It can be seen as follows. Denote L = m — L and
O2rx2m € REX2m 0,0 op € R2EX2L 35 the zero matrix with elements are all zero. Denote
Iyfor € R2LX2L a5 the identity matrix. Introduce

2mx2 2mx2
Ey = [02rx2m; 02 xor, Iopxor] € RE™™, E_ = [0arx2m; 02pxor, — lapxar) € RT™E™,

E= [E-‘r; E—] € R4m><2m’ 5‘0 = [Oa T 303 XL+17 e 75‘m] € Rzm'
The set R = {\ | EX < E)¢} is thus a polyhedral set. Actually, the following set
M(p)={A| AA—g=p, NeR}={\|AN—y=p, EX<E)\}, (5.20)

is also a polyhedral set. - . - B
~ Forany A € T'y(p) NT2(0) NB.(A) = T'(p) N B(A), denote A as its projection on M (0). Since
A € M(0), we thus have

IN=A < A=A Se= AeEB(N) = ) € B, (0).

Together with A e M(0) and X € R, we see A € T'5(0) by (5.17) and (5.18). We thus conclude
that A € I'(0) = I';(0) N '2(0). By the celebrated results of Hoffman error bound [16] based on
the polyhedral set in (5.20), for any A € I'(p) N B.(A), there exists a constant x such that

dist(A, T'(0)) < X = Al = dist(A, M(0)) < &|[pll, VYA eT(p)NB(N), (5.21)
since EA < EXg by A € ['(p) = T1(p) NT2(0). We thus get the calmness of ['(p) at (0,X). While
L =0,ie., A\ € bdBi(0), i =1,---,m, one can readily check that I'(p) = T'1(p) N T2(0) = 0
whenever p; # 0 with p = (p1,-- ,pm)?. The calmness follows by definition and the proof is
thus finished. 0

Remark 2. Similar result is also given in [38] (see Example 4.1(ii) of [38]), where the delicate
analysis based on LMI-representable (Linear Matrix Inequalities representable) functions are
employed. It is proved that while the solution A € X satisfies 0 € ri df()\), then f has the
Kurdyka-Lojasiewicz exponent 1/2 where “ri” denotes the relative interior.

Remark 3. For the the Assumption 1 for the model (D), with the optimality conditions (5.7)
and (5.9) and the notation (Vi) for the vectorized Vi, we see & = H~1(div\ + f) and

0€ ~Va+dg(\) = (V) € Nig (o) (A)-

Assumption 1 means there exists a solution (@, ) for the saddle-point problem that either
(Va), = 0 if Ay € intBX(0) either (Va), # 0 if A\, € bdBX(0) (i.e. |A\x| = a). It is not
strict and coincides with the optimality conditions in (5.10) and (5.11).

Henceforth, we denote X4 and X7 as the solution sets for the dual problem (D) for the
anisotropic TV case and the isotropic TV case respectively. With the stopping criterion (A), we
have the following global and local convergence.
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Theorem 4. For the anisotropic TV regularized problem (P), denote the iteration sequence
(uk, p* \¥) generated by ALM-PDP, ALM-PDD, ALM-PT or ALM-PP with stopping criteria
(A). The sequence (u*,p¥, \F) is bounded and convergences to (u*,p*, \*) globally. If Ty := Od
satisfies Assumption 1 and is thus metrically subreqular for the origin with modulus kg through
Assumption 1, with the additional stopping criteria (B1), the sequence {\*} converges to \* €
XA, For sufficiently large k, we have the following local linear convergence

dist(AFFL x4 < fpdist(AF, X4), (5.22)
where
0, = [Hd(liz + (7,%)_1/2 +6:)(1 — 519)_17 as k — 0o, O — O = ﬁd(nz + ago)_l/2 < 1.

If in addition that T} is metrically subregular at (u*,p*, \*) for the origin with modulus k; and
the stopping criteria (B2) is employed, then for sufficiently large k, we have

(™Y PP — (uf, pF) | < BRI — AF, (5.23)
where 0;, = k(1 + 6},)/ox with kli_}rgo 05, = Ki/0oo-

Proof. Since X is finite dimensional reflexive space and the primal function (P) is l.s.c. proper
convex functional and strongly convex, hence coercive. Thus the existence of the solution can
be guaranteed [19] (Theorem 4.25). Furthermore, since dom D = X and dom]| - |1 = Y, by
Fenchel-Rockafellar theory [19] (Chapter 4.3) (or Theorem 5.7 of [5]), the solution to the dual
problem (D) is not empty and

inf D(u) + || Vull;s = sup —d(A).
ueX N34

By [29] (Theorem 4) (or Theorem 1 of [28] where the augmented Lagrangian method essentially
comes from proximal point method applying to the dual problem dd), with criterion (A), we
get the boundedness of {\*}. The uniqueness of (u*,p*) follows from the strongly convexity of
F(u) and the p* = Vu* which is one of the KKT conditions. The boundedness of (u*, p*) and
convergence of (u¥, p* A\¥) then follows by [29] (Theorem 4).

The local convergence rate (5.22) with metrical subregularity of T, and the stopping criteria
(A) (B1) can be obtained from [29] (Theorem 5) (or Theorem 2 of [28]). Now we turn to the
local convergence rate of (u*,p*). By the metrical subregularity of T}, for sufficiently large k, we
have

(T P = (u*, p*)) |+ dist(AF, X7) < widist (0, Ty (uH pHHE, AFH).

Together with the stopping criteria (B2) and [29] (Theorem 5 and Corollary with formula (4.21)),
we arrive at

1™ p5 ) = (W, p ) < \/5;220122||A’““ = A2 gy AR — AR 2

— g f02 + Lo INEFT < AR < BN — A,
which leads to (5.23). O

For the isotropic case, we can get similar results with metric subregularity of the dual problem.
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Theorem 5. For the isotropic TV regularized problem (P), denote the iteration sequence (u, p*, \¥)
generated by ALM-PDP, ALM-PDD, or ALM-PT with stopping criteria (A). Then the sequence
(u®, p*, XF) is bounded and convergences to (u*,p*, \*) globally. If T, := Od satisfies Assumption
1 and is thus metrically subregular for the origin with modulus kg and with the additional stop-
ping criteria (B1), then the sequence {\F} converges to \* € X1 and for arbitrary sufficiently
large k,

dist(A\FHL X7y < G dist(AF, X7), (5.24)

where

0, = [K:d(liz + 0,3)_1/2 + (1 — 5k)_1, as k — 00, Oy = 0 = /sd(/{fl + Ugo)_l/2 < 1.

6 Numerical Experiments

In the numerics, we will first focus on the ROF denoising model for testing all the proposed
algorithms, i.e., K = I, p = 0 with H = I. We employ the standard finite difference discretization
of the discrete gradient V and divergence operator div [3], which satisfies (2.2) and are convenient
for operator actions based implementation. The initial value of u® is chosen as the noisy or
degraded image z and the dual variable is initialized zero value for all compared algorithms. We
employ the scaled sum of the residuals of 4 and A as our stopping criterion for all compared
algorithms,

Err(uf 1 XYY = [res(u) (uF T, AFFY) 4 res(N) (w1 N0/ £l 7, (6.1)
where || - || denotes the Frobenius norm henceforth. The residual of w is
res(u) (uF T ML) = WPt — f o div AL, (6.2)

and the residual of A is defined by
res(\) (uF T NETL) = | NEFL P (AR g Vb || (6.3)

The residual res(u) is the primal error of the optimality conditions in (2.6) with Frobenius norm
and res()) is used the measure the dual error in (2.6). Thus Err(u**1, \¥¥1) in (6.1) is employed
to measure the primal and dual errors of the original primal model (P).

Besides the stopping criterion (6.1), the following residual originated in [20] is also useful

Res1(uF 1 N = |20 0 <oy V) + | VAT — PP Wb T | g (6.4)

We will also consider the following residual for measuring the optimality conditions (5.10) and
(5.11) originated from [15]

Res2(u" T A\ = [|[a Vbt — |V N 5 (6.5)
The following primal-dual gap for the ROF model as in [3] is also a useful residual

R - 13

k+1 )\kJrl
Bt ) -

+al| vt + + Z(ale <oy X

div A"+ FIE 113
2 2

We use the following normalized primal-dual gap [3]

gap(uF T ML) (= S (WP XY N M, with NM = N« M, u® e RV*M, (6.6)
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Let’s now turn to the stopping criterion for linear iterative solvers including CG (conjugate
gradient) and BiCGSTAB ( biconjugate gradient stabilized method) for each linear system for
the Newton update in Algorithm 1, 2, 3. For Algorithm 3, we use CG due to the symmetric linear
system (4.25), and (4.17). For any other linear system, e.g., (3.8), (3.11), we use BICGSTAB
(see Figure 9.1 of [36]), which is very efficient for nonsymmetric linear system. The following
stopping criterion is employed for solving linear systems to get Newton updates with BICGSTAB

or CG [15],
1.5
toleey = Lmin { () | } 67)
resp resp

which can help catch the superlinear convergence of semismooth Newton we employ. The res
in (6.7) denotes the relative residual of the Newton linear system after the k-th BICGSTAB or
CG iteration while resy denotes the original residual before BICGSTAB or CG iterations.

Now, we turn to the most important stopping criterion (A), (B1), (B2) of each ALM iteration
for determining how many Newton iterations are needed when solving the corresponding nonlin-
ear systems (2.23) or (2.16). The criterion (B1) is not practical. New stopping criterion of ALM
for cone programming can be found in [6]. We found the following empirical stopping criterion
for each ALM iteration is efficient numerically. For the primal-dual semismooth Newton with
auxiliary variable, we empirical employ

k l

res-almlgy pp = || — 0% Vul — A + max (1.0, W)hlﬂp, (6.8)

where h! is computed by Algorithm 1 or 2 before the projection to the feasible set. For the
semismooth Newton method involving the soft thresholding operator (SSNPT), we employ

* * * 1 _ )\k +U,Vul
res-alml gy pp := |[ul — f+ VAR + 0, V*VU! — 0, V* (1 + U—k@aH Il 1(07:)”1:’. (6.9)

Here we use res-almkgypp without res(u) compared to (B2) since we found res(u) is usually
much smaller compared to (6.8) in numerics. We employ the following stopping criterion

res-almbgypp  or  res-almlgypr < 0 /o, (6.10)

where 8}, is a small parameter which can be chosen as fixed constants 1072, 10~ and so on in our
numerical tests. We emphasis that divided by oy is of critical importance for the convergence of
ALM, which is also required by the stopping criterion (A), (B1), (B2).

For numerical comparisons, we mainly choose the accelerated primal-dual algorithm ALG2
[3] with asymptotic convergence rate O(1/k?), which is very efficient, robust and standard al-
gorithms for imaging problems. We follow the same parameters for ALG2 as in [3] and the
corresponding software for the ROF model. Here we use the stopping criterion (6.1) instead of
the normalized primal-dual gap (6.6) as in [3]. The test images Lena and Cameraman are with size
256 x 256 and images Monarch and Sails are with size 768 x 512. The original, noisy and denoised
images can be seen in Figure 1 and 2. We acknowledge that the residuals Res1(u*T!, \*+1) and
Gap(u**1, \¥T1) can be unbounded without projection of A*+! to the feasible set as in ALM-PT.
We leave them in the tables for references.

From Table 1 and Table 3, it can be seen that the proposed ALM-PDP, ALM-PDD and ALM-
PT are very efficient and competitive for the anisotropic ROF model and are very robust for
different sizes of images. From Table 2 and Table 4, it can be seen that the proposed ALM-PDP
are still very efficient and competitive for the isotropic cases. The performance of ALG2 seems
to hold nearly the same efficiency for the isotropic and anisotropic cases. Although the residual
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Anisotropic TV: o = 0.1

Lena: 256 x 256

n(t) res(u) res(\) Resl Res2 Gap PSNR Err
ALM-PDP 4(5.42s) 2.46e-5  6.96e-3  4.98e-5  3.53e-5 5.89e-8  19.25 le-4
ALM-PDD 4(23.988) 1.68e-13  6.96e-3  4.98¢-5  3.53e-5  5.89e-8  19.25 le-4
ALM-PT 7(13.80s) 2.26e-4  7.57e-3  5.49e-5  3.89e-5 5.88e-8  19.25 le-4
ALG2 1032(6.71s) 1.30e-2  6.92e-4 7.86e-6 5.56e-6 1.00e-8  19.25 1le-4
ALM-PDP 6(11.45s) 3.66e-5  9.12e-6  6.91e-8  4.93e-8 2.58e-11 19.25 1le-6
ALM-PDD 7(56.49s) 3.66e-5 7.78e-5 1.55e-6 1.11e-6  7.8be-11 19.25 1le-6
ALM-PT 9(18.29s) 8.66e-6  3.73e-5  2.87e-7  2.04e-7 1.15e-10  19.25 1le-6
ALG2 14582(90.28s) 1.37e-4  2.26e-7  2.46e-9 1.83e-9 4.93e-13  19.25 1le-6
ALM-PDP 9(18.83s) 1.06e-6 3.74e-10 3.03e-12  2.16e-12 4.02¢-16  19.25 1e-8
ALM-PDD 7(69.76s) 2.80e-7  1.07e-7 8.62e-10 6.22e-10 2.02e-13  19.25 1e-8
ALM-PT 11(28.26s) 6.41e-7  3.12e-9 5.45e-12  3.94e-12 1.29e-15  19.25 1e-8
ALG2 365019(2069.36s)  1.37e-6 2.88¢-13  3.37e-15  2.38e-15 <eps 19.25 1e-8

Table 1: For n(t) of the first column of each algorithm, n presents the outer ALM iteration number or iteration number
for ALG2 for the scaled residual Err(uk+1, )\k+1) less than the stopping value, ¢ denoting the CPU time. The notation
“<eps” denotes the corresponding quality less than the machine precision, i.e., the “eps” in Matlab.

Isotropic TV: a = 0.1 Cameraman: 256 x 256

n(t) res(u) res(\) Resl Res2 Gap PSNR Err
ALM-PDP 3(4.758) 2.32e-3  1.14e-2  5.6le-5  9.36e-5  9.70e-8  19.18 le-4
ALM-PDD 5(57.29s) 8.6le-3  2.6le-3  1.37e-5  2.19e-5  2.0le-8  19.18 1le-4
ALM-PT 8(174.07s) 5.23e-5  4.30e-3  2.3le-5  3.64e-5  3.34e-8  19.18 le-4
ALG2 479(2.65s) 1.59e-2  6.03e-6  7.38¢-6  7.0le-4  8.69¢-9 19.18 le4
ALM-PDP 7(20.358) 6.75e-5  8.08e-5  4.46e-7  6.96e-7 4.0le-10  19.18 1le-6
ALM-PDD 7(191.50s) 3.98¢e-5  4.94e-5  2.73e-7  4.24e-7 2.28¢-10  19.18 1le-6
ALM-PT 11(787.01s) 1.89e-5  6.97e-5  3.91e-7  6.02e-7 3.29e-10  19.18 1le-6
ALG2 10808(55.16s) 1.60e-4  1.60e-9  2.46e-9  2.63e-7 6.56e-13  19.18 1le-6
ALM-PDP 10(243.57s ) 1.07e-6  4.22e-7  2.43e-9  3.82e-9 1.04e-12  19.18 1le-8
ALM-PDD — — — — — —  le-8
ALM-PT — — — — — — —  le-8
ALG2 262811(1348.55s) 1.60e-6  5.01e-13  7.47e-13 8.1le-11 <eps 19.18 1e-8

Table 2: For n(t) of the first column of each algorithm, n presents the outer ALM iteration number or iteration number
for ALG2 for the scaled residual Err(ukJrl, Ak+1) less than the stopping value, t denoting the CPU time. “—” denotes
the iteration time more than 2000 seconds. The notation “<eps” is the same as in Table 1.
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Anisotropic TV: o = 0.1 Sails: 768 x 512

n(t) res(u) res(\) Resl Res2 Gap PSNR Err
ALM-PDP 6(25.50s) 1.56e-2 1.15e-3 7.31e-b 2.28e-5 1.61e-5 1890 1le4
ALM-PDD 4(159.38) 7.60e-3  1.97e-2  2.73e-4  2.28e-4  4.76e-8  18.90 le4
ALM-PT 7(101.59s) 2.72e-4 1.53e-2 1.15e-4  8.16e-5  4.55e-8  18.90 1le-4
ALG2 933(28.23s)  3.35e-2 1.83e-3  2.10e-5 1.49e-5 1.08e-8  18.90 1le-4
ALM-PDP 7(52.52s) 5.68e-5 2.25e-6  2.03e-8 1.45e-8 9.42e-13  18.90 1le-6
ALM-PDD 6(377.60s) 2.18e-5 1.13e-5  9.03e-8  6.43e-8 1.25e-11 18.90 1le-6
ALM-PT 8(337.23s)  2.20e-5 5.58e-b  4.42e-7  3.17e-7T 6.1le-11 18.90 1le-6
ALG2 14842(476.20s) 3.53e-4  3.40e-7  3.94e-9 2.99¢-9  3.09e-13 1890 1le-6
ALM-PDP 7(54.51s) 5.65e-7  2.25e-6  2.03e-8 1.45e-8 9.38e-13 1890 1e-8
ALM-PDD 14(122.23s) 2.68e-6 3.69e-12 3.44e-14 2.47e-14 <eps 1890 1e-8
ALM-PT 10(363.27s)  3.30e-6 1.71e-8 1.61e-10 1.14e-10 1.44e-14 1890 1e-8
ALG2 371060(11339.88s) 3.54e-6 6.98e-13  8.20e-15  5.80e-15 <eps 18.90 1e-8

Table 3: For n(t) of the first column of each algorithm, n presents the outer ALM iteration number or iteration number
for ALG2 for the scaled residual Err(uk+1, )\k+1) less than the stopping value, ¢ denoting the CPU time. The notation

“<eps” is the same as in Table 1.

Isotropic TV: a = 0.1

Monarch: 768 x 512

n(t) res(u) res(\) Resl Res2 Gap PSNR Err
ALM-PDP 3(25.12) 1.12e-2 1.43e-2 7.31e-5 1.20e-4  4.29e-8  29.89 le4
ALM-PDD 5(370.53s) 9.89e-3  5.82e-3  3.0le-5  4.89%e-5 1.54e-8  29.89 1le4
ALM-PT 8(2009.60s) 8.34e-5 9.73e-3  5.13e-5 8.19e-5  2.66e-8 29.89 le-4
ALG2 525(15.77s)  2.86e-2 7.69e-6 1.02e-5 1.07e-3  4.76e-9  29.89 le4
ALM-PDP 7(145.27s)  7.98e-5 1.80e-4  9.79e-7 1.54e-6 3.15e-10  29.89 1le-6
ALM-PDD 7(1379. 33s) 1.47e-7  1.09e-4  5.96e-7  9.33e-7 1.78e-10 29.89 1le-6
ALM-PT — — — — — —  le-6
ALG2 12049(387.21s) 2.87e-4  2.61e-9  3.79e-9  4.27e-7 3.63e-13  29.89 1le-6
ALM-PDP 10(1549.91s ) 1.79e-6 1.06e-6  5.90e-9  9.05e-9 8.94e-13  29.89 1le-8
ALM-PDD — — — — — —  1le-8
ALM-PT — — — — — — — le8
ALG2 292442(8590.28s) 2.87e-6 1.56e-12  2.11e-12  2.33e-10 <eps  29.89 1le-8

Table 4: For n(t) of the first column of each algorithm, n presents the outer ALM iteration number or iteration number
for ALG2 for the scaled residual Err(ukJrl7 )\k+1) less than the stopping value, ¢t denoting the CPU time. For ALM based

algorithms, «

28

—" denotes the cases when the iteration time more than 3000 seconds.

We keep ALG2 for comparison.



Isotropic TV deblurring: o = 0.1

Pepper: 512 x 512

Err=10"% u =106

Err=10"% pu=107°

n(t) res(u)  res(\) PSNR n(t) res(u)  res(\) PSNR
ALM-PDP 3(126.08s) 1.06e-4 1.08e-3  28.48 3(117.37s) 4.36e-4 1.07e-3 28.48
ALG2 4775(178.18s)  2.02e-3  5.48e-4  28.36 4762(170.65s) 2.02e-3  5.72e-4 28.36
Err= 1076 u =106 Err= 1076, y=107°
n(t) res(u)  res(\) PSNR n(t) res(u) res(\) PSNR
ALM-PDP 4(196.48s) 3.07e-5 9.69e-5  28.48 4(186.79s) 7.08e-5 1.70e-4 28.48
ALG2 11017(397.71s)  2.02e-4 5.58e-5  28.47 10911(395.16s) 2.02e-4 5.54e-5 28.47

Table 5: For n(t) of the first column of each algorithm, n presents the outer ALM iteration number or iteration number
for ALG2 for the scaled residual Err(uk+1, )\k+1) less than the stopping value, t denoting the CPU time. “—” denotes
the iteration time more than 2000 seconds. The notation “<eps” is the same as in Table .

k=1 k=2 k=3 k=4 k=5 k=6
res(u) 3.50e-6  5.30e-7 1.53e-5 6.14e-8 3.29e-8  1.94e-7
res(\) 9.70 1.09 9.99e-2  6.96e-3 3.07e-4  9.13e-6
Gap 1.61e-4 1.41e-5 1.14e-6 5.89e-8 1.58e-9 2.58e-11
Ngsn 10 9 8 11 9 7
Napca 20 29 51 56 102 116

Table 6: Image Lena denoised by anisotropic TV with algorithm ALM-PDP. Ngsny denotes the number of Newton
iterations for each ALM iteration. Napca denotes average number of BICGSTAB iterations for each Newton iteration.
Here oo = 47 Ok+1 = 40')9.

res(\) for smaller Err(u*+1, \*+1) are much smaller for ALG2 than the proposed semismooth
Newton based ALM methods, however, the residual res(u) of ALG2 is more higher than the
proposed ALM methods. It seems ALG2 is more efficient for decreasing the dual error res(\).
Our proposed algorithms are much more efficient for the anisotropic case compared to the
isotropic case for ROF denoising model. Besides Theorem 2 and 3, we present another com-
parison between the isotropic TV and anisotropic TV with algorithm ALM-PDP. For Table 6,
we give enough Newton iterations compared to previous tables with the stopping the criterion
res-almb gy pp < 1073 /0y, for each ALM as in (6.10) and tol,; < 1077 in (6.7) for each Newton
iteration. The ALM iterations stop while Err(u**1, \¥¥1) < 10~7 both for the anisotropic TV.
Finally, let’s turn to the image deblurring problem. For the image deblurring with Ku = k*u
being the convolution with kernel x and additional regularization term & ||Vu||3, we mainly focus
on the isotropic case as in Table 5. The original, degraded and reconstructed Pepper images
with size 512 x 512 can be found in Figure 1. Since the primal model (P) is only strongly convex
on the primal variable u instead being strongly convex on both u and A, we thus employ ALG2
for comparison. The strongly convex parameter for D(u) is a subtle issue since K*K is not
invertible with the kernel. We use the strongly convex parameter of & |Vul||3 instead. It can be
seen that both ALM-PDP and ALG2 are very efficient for small p case. It is interesting that
both ALM-PDP and ALG2 seem more efficient for the case u = 1079 than the case u = 107°.
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(a) Original image: (b) Noisy image: 10%
lena Gaussian

(d) Original image: (e) Noisy image: 10%
Cameraman Gaussian

(g) Original image: (h) Degraded image: (i) ALM-PDP(10~?)
Pepper

Figure 1: Images (a) and (d) show the original 256 x 256 Lena and Cameraman images. Image (g) shows the original
512x 512 Pepper image. (b) and (e) are noisy versions corrupted by 10% Gaussian noise. Image (h) is the degraded Pepper
image (= 40 pixels motion blur, Gaussian noise, standard deviation 0.01). (c) and (f) show the denoised images with
ALM-PDP with Err(u’“rl7 /\k+1) < 1075, Image Lena is denoised by anisotropic TV while image Cameraman is denoised
by isotropic TV. Image (i) is the deblurred Pepper image with isotropic TV by ALM-PDP with Err(u*** A*+1) < 1075,
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(a) Original image: sails  (b) Noisy image: 10% (c) ALM-PDP(1079)
Gaussian

(d) Original ~ image: (e) Noisy image: 10% (f) ALM-PDP(1076)
Monarch Gaussian

Figure 2: Images (a) and (d) show the original 768 x 512 Sails and Monarch images. (b) and (e) are noisy versions
corrupted by 10% Gaussian noise. (c¢) and (f) show the denoised images with ALM-PDP with Err(u®+1 AF*1) < 1076,
Image Sails is denoised by anisotropic TV while image Monarch is denoised by isotropic TV.

7 Discussion and Conclusions

In this paper, we proposed several semismooth Newton based ALM algorithms. The proposed
algorithms are very efficient and competitive especially for anisotropic TV. Global convergence
and the corresponding asymptotic convergence rates are also discussed with metrical subregular-
ites. Numerical tests show that compared with first-order algorithm, more computation efforts
are deserved with ALM. Currently, no preconditioners are employed by BiCGSTAB or CG for
the linear systems solving Newton updated. Actually, preconditioners for BICGSTAB or CG are
desperately needed, especially for the isotropic cases. Additionally, the asymptotic convergence
rate of the KKT residuals is also an interesting topic for future study [6].
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