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ABSTRACT OF THE DISSERTATION

Fast Numerical Algorithms for
Total Variation Based Image Restoration

by

Mingqiang Zhu
Doctor of Philosophy in Mathematics
University of California, Los Angeles, 2008
Professor Tony F. Chan, Chair

Image restoration models based on total variation (TV) have been popular and
successful since their introduction by Rudin, Osher, and Fatemi (ROF) in 1992.
The nonsmooth TV seminorm allows them to preserve sharp discontinuities
(edges) in an image while removing noise and other unwanted fine scale detail.
On the other hand, the the TV term, which is the L' norm of the gradient vector,
poses computational challenge in solving those models efficiently. Furthermore,
the global coupling of the gradient operator makes the problem extra harder than
other L' minimization problems where the variables under the L' norm are sepa-
rable. In this paper we propose several new algorithms to tackle these difficulties
from different perspectives. Numerical experiments show that they are competi-
tive with the existing popular methods and some of them are significantly faster
despite of their simplicity. The first algorithm we introduce is a primal-dual hy-
brid gradient descent method that alternates between the primal and the dual
updates. It utilizes the information from both the primal and dual variables and
therefore is able to converges faster than the pure primal or pure dual method in

the same category. We then proposed gradient projection (GP) methods to solve

xiil



the dual problem of the ROF model based on the special structure of the dual
constraints. We also test variants of GP algorithms with different step selection
strategies, including techniques based on the Barzilai-Borwein method. In this
same line, a block co-ordinate descent method is proposed for solving the dual
ROF problem. The subproblem at each single block can be solved exactly using
different techniques. We also propose a basic multilevel optimization framework
for the dual formulation, aiming to speedup our solution process for large scale
problems. Finally, we study the connections between some existing methods and
give an improvement to CGM method based on the primal-dual interior-point

algorithms.
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CHAPTER 1

Introduction

1.1 Total Variation Based Image Restoration Models

Image restoration is one of the fundamental problem in digital image processing.
Variational models have been extremely successful in a wide variety of image
restoration problems and remain one of the most active areas of research in
mathematical image processing and computer vision. The most fundamental
image restoration problem is perhaps denoising. It forms a significant preliminary
step in many machine vision tasks such as object detection and recognition.
Total variation (TV)-based image restoration models were first introduced by
Rudin, Osher, and Fatemi (ROF) in their pioneering work [60]. It was designed
with the explicit goal of preserving sharp discontinuities (edges) in an image
while removing noise and other unwanted fine-scale detail. ROF formulated the

following minimization problem:

min /|vu\ st Ju— fI2 < Qo> (1.1)
Q

u€BV(Q)
Where [, |Vu| is the total variation (TV) of u and will be denoted as TV[u].

Other notations in (1.1) are explained as follows:

e () is the image domain, which will be taken to be a bounded domain in R"
with Lipschitz boundary. Usually  is simply a rectangle in R?, modeling

the computer screen.



|©2] is the area of the domain €.

The function f : Q — R represents the given observed image. f € L*(f2).

e o is an estimate of the standard deviation of the noise in the image f.

e The notation | - | represents the Euclidean (¢3) norm on R? i.e.
|Vu| = ‘(ux, uy)‘ = \/uz +ug
e The notation || - || represents the usual L? norm on L?().

BV(Q) denotes the collection of all functions (images) in L'(£2) with finite

total variations (bounded variations).

The total variation of u has a more formalized definition in mathematics:
TVu] = max{/ —uV-w | w = (wy,wy) € C2(Q,R?), |w| < 1}. (1.2)
0

This definition of TV is more general since it does not require u to be (almost
everywhere) differentiable. In fact, we only require u to be in the BV space

BV(2), whose definition uses the above definition of TV:
BV(Q) = {u | e LN(Q), TV[u] < oo}. (1.3)

It can be shown that W11(Q) C BV(Q) C L'(Q) and the definition of TV
in (1.2) is equivalent to the objective function of (1.1) when u € W'l More
theoretical properties of total variation and BV space can be seen in references
[5],[28], [42] and [52]. We also point out that, once we try to solve the problem
in the discrete case, all the above technical restriction on u becomes irrelevant.

It is clear that any discrete image u in R? has finite (discrete) total variations.



The results about existence and uniqueness for the solutions of problem (1.1)
can be seen in [17]. The same paper also shows that the constrained ROF model

(1.1) is equivalent to the following unconstrained model:
i TVI+ 5 S (1.4
aepy 0T T ‘

for some suitable Lagrange multiplier .

In fact, both ROF and their subsequent researchers mostly focus on solving
the unconstrained model (1.4) rather than the original constrained model (1.1)

since unconstrained optimization is generally comparatively easier to solve.

The original ROF model was introduced to solve image denosing problems.
But the methodology can be naturally extended to restore blurred and noisy
image by including the known blurring kernal:

A
min TV[u] + §HKU il (1.5)

ueBV

Here K is a given linear blurring operator and every other term is defined the
same as in (1.4). In this model, f is formulated as the sum of a Gaussian noise
v and a blurry image Ku resulting from the linear blurring operator K acting on

the clean image u, i.e., f = Ku+ v.

Among all linear blurring operators, many are shift-invariant and can be ex-

pressed in the form of convolution:

(Ku)(z) = (hu)(z) = / Wz — y) uly) dy, (L6)

where h is the given point spread function (PSF) associated with K.

Over the years, the ROF model has been extended to many other image
processing tasks, including inpaintings, blind-deconvolutions, cartoon-texture de-

compositions and vector valued images. (See [24] and the reference therein for



recent developments in TV based image processing.) It has also been modified in
a variety of ways to improve its performance by using iterative refinement with
Bregman distance [61] and the more general inverse scale methods [12] . In this
paper, we shall focus on solving the original ROF restoration problem, but we
point out that some of our ideas can be naturally extended to other relevant

models.

1.2 Duality

The discussion so far, based on the minimization models (1.1) and (1.4), can be
viewed as the primal approach to solving the TV denoising problem. In this
section, we shall discus about the dual formulations of the ROF models (1.4)
and (1.1) and some related analysis. While the dual formulation is not as well
developed as the primal one, it does have some inherent advantages and has been
receiving increasing interest recently (see e.g., [13, 25, 14]). It offers an alternative

formulation which can lead to effective computational algorithms.

First, we shall adopt the definition (1.2) for the TV semi-norm, which we

rewrite here

weWw

where W = {w | w = (wy,ws) € CLOLR?), |w|=/w?+ w3 < 1}(1.7)

TVu] = max/—uV-w,
Q

With this definition of TV, the ROF model (1.4) becomes

A
min  max / —uV~w+§||u—f||§, (1.8)
0

u weCl(N), w1

where u and w are the primal and dual variables, respectively. The min-max

theorem (see e.g., Proposition 2.4 in [40])allows us to interchange the min and



max, to obtain

A
max min/ —uV - w + §||u — fll5. (1.9)
Q

weCH(Q), lw|<1 v

The inner minimization problem can be solved exactly as follows:
1
u:f+XV-w (1.10)

leading to the following dual formulation:

2 , (1.11)

weCH(Q), [w|<1

max  D(w) = % [y|f||§ _ H%v w f

2

or, equivalently,

1
: v AFI2. 1.12
pecimin 2|| w + Afl[3 (1.12)

For a primal-dual feasible pair (u, w), the duality gap G(u,w) is defined to be

the difference between the primal and the dual objectives:

G(u,w) = P(u) — D(w)

A A 1
= [19ul+ - 113 [IIf!I%—HXV~w+f

2
2

(1.13)

:[2(|Vu|—Vu-w>+%H%V-w+f—u

2

The duality gap bounds the distance to optimality of the primal and dual
objectives. Specifically, if v and w are feasible for the primal (1.4) and dual

(1.11) problems, respectively, we have

0 < P(u)— 0" < G(u,w), (1.14a)

0<0" - Dw) <G(u,w), (1.14b)

where O* is the (common) primal-dual optimal objective value. We make use of

the duality gap in the termination criterion in our numerical experiments.



Optimization theory tells us G(u,w) > 0, and moreover, (u,w) are optimal if
and only if G(u,w) = 0.
Notice here |w| < 1 and it follows |Vu| — Vu - w > 0 Vo € €. Therefore

G(u,w) = 0 if and only if

1
|IVu| + Vu-w=0 and XV"UJ“‘f_u:O.

It is also clear that |Vu| — Vu - w = 0 is equivalent to |Vu|w — Vu = 0.

Hence, (u,w) is optimal if and only if the following system holds
|Vulw — Vu =0
V-w—XMNu—f)=0

(1.15)

The above system (1.15) is referred as the primal-dual system.

We can derive the dual formulation of the constrained ROF model (1.1) in
exactly the same way. First of all, the constrained ROF model (1.1) can be
rewrite into the following min-max problem using the general definition of TV in
(1.7):

minmax/ —uV - w, (1.16)

where U = {u € BV(Q) : |ju— f||3 <|Q|0?} and W is defined as in (1.7).
Again, the min-max theorem allows us to interchange the min and max in the

above problem and we obtain the equivalent

maxmin/ —uV - w. (1.17)
0

weW uelU

Now the inner minimization problem in (1.17) can be solved exactly as
V-w
u=f+|[Qo=——". (1.18)
IV - w2
Substituting the above result back to problem (1.17), we obtain the dual formu-
lation

max Dlu] = — |Q|aHV-w||2—/QfV-w (1.19)

weW



Similarly, the duality gap G(u,w) for any feasible primal-dual pair (u,w) is de-

fined as

G(u,w) = Plu] — D[w]
- /Q(|vu\+fv-w)+ Qo ||V - wll

- /Q(|vu\—vu~w)+ \/@aHV-ng—l—/Q(f—u)V~w} (1.20)

Setting G (u,w) = 0 gives the following optimality condition

|Vulw — Vu =0 (1.21)
1.21
V~w—%(u—f)20

Comparing (1.18) with (1.10) or comparing (1.21) with (1.15) we find the
suitable fidelity parameter A that leads to equivalent models (1.4) and (1.1) are

given as
N
U|Q|%

where w* is the dual optimizer of problem (1.19).

: (1.22)

1.3 Challenges in Computing TV models

From the computational point of view, the primal and dual formulations pose
different challenges for computing their optimality solutions (see Table 1.1). The
total variation term in the primal formulation is non-smooth at where |Vu| =
0, which makes the derivative-based methods impossible without an artificial
smoothing parameter. The dual formulation imposes constraints which usually
require extra effort compared to unconstrained optimizations. Being quadratic,
the dual energy is less nonlinear than the primal energy, but the rank-deficient

operator V- makes the dual minimizers possibly non-unique. Finally, they share



the same problem of spatial stiffness due to the global couplings in their energy
functions, which presents a challenge to any algorithm in order to control the

computational complexity that scales reasonably bounded with the number of

pixels.
Primal Problem (1.4) Dual Problem (1.11)
- Nondifferentiable at |Vu| =0 | - Non-uniqueness due to rank-deficient V-
- Highly nonlinear - Extra constraints
- Spatial stiffness - Spatial stiffness

Table 1.1: Computational Challenges for Primal and Dual ROF

1.4 Discretization and Notations

Before describing the numerical algorithms, let us choose an appropriate way
to discretize the continuous ROF model and fix the main relevant notational

conventions.

Often in this paper we need to concatenate vectors and matrices, in both
column-wise or row-wise fashion. We follow the MATLAB convention of using
“7” for adjoining vectors and matrices in a row, and ;" for adjoining them in a

column. Thus, for any vectors z, y and z, the following are synonymous:

For the sake of simplicity, we assume that the domain €2 is squares, and define
a regular n x n grid of pixels, indexed as (i, j), fori =1,2,....,n, j =1,2,... . n.

We represent images images as two-dimensional matrices of dimension n x n,



where u; ; represents the value of the function u at pixel (4,7). (Adaptation to
less regular domains is not difficult in principle.) To define the discrete total
variation, we introduce a discrete gradient operator, whose two components at

each pixel (i, 7) are defined as follows:

Uir1,5 — Ui j ifi<n

(vu)zl,j = . (1.23a)
0 ifi=n
Wit — Wi 1 J<n

(V=4 (1.23b)
0 if j =n.

(Thus Vu € R™"*2)) The discrete TV of u is then defined by
TV(u) = Y [(Vu)yl,
1<i,j,<n
where | - | is the Euclidean (¢5) norm in R?. Note that this norm is not a smooth
function of its argument. It has the classic “ice-cream cone” shape, nondifferen-

tiable when its argument vector is zero.

The discrete divergence operator is defined, by analogy with the continuous
setting, as the negative adjoint of the gradient operator, that is, V. = —V*.
Defining the inner product of two objects in R™*"™ as follows:

(u,v) = Z Wi Vi s
1<i,j<n
(and similarly for objects in R™"™*2) we have from definition of the discrete
divergence operator that for any v € R™" and w € R™"™*2 that (Vu,w) =
(u,—V - w). It is easy to check that the divergence operator can be defined

explicitly as follows:

(V : w)i,j = wi{j ife=1 + wzj if j=1
(1.24)



It is worth noticing that the values {w,, ;: j =1---,n} and {w?, :i=1,--- ,n}
are not relevant in calculating the divergence V - w in (1.24). Therefore, the
discrete dual problem only have essentially 2n(n — 1) instead of 2n? unknowns.
Non-the-less, the boundary points are usually included in w (with values being

0) to make the discrete dual problem consistent in form with the primal problem.

To describe the problem in matrix algebra language, we reorder the image
matrix u (resp. f) in row-wise fashion into a vector y (resp. z), associating the
(i,7) element of the two-dimensional structure with the element (j — 1)n + i of

the vector structure, as follows:
Y(j—1nti = Uiy, 1 <47 <n.

We have y € RY, where N = n?. The (i,5) component of the gradient (1.23)
can thus be represented as a multiplication of the vector y € RY by a matrix

A e RPN forl=1,2,...,N:

;

(Yis1 — Y5 Yon — ) if lmodn#0andl+n <N
(05 Yran — w1) if ilmodn=0andl+n<N
ATy = ! (1.25)
(Yyis1 — yi; 0) if i modn=#0andl+n>N
(0; 0) if Iimodn=0andl+n> N.

\
Using this notation, the discrete version of the unconstrained primal ROF model

(1.4) can be written as follows:

N
A

i ATyl + Sy — 2%, 1.26

min S 14731+ 3l 1 (1.26)

where (and from now on) we use || - || do denote the Euclidean norm (¢; norm)

in Euclidean space R™ with any finite dimension.

Similarly, we restructure the dual variable w row-wisely into a collection of

10



vectors 7; € R%, 1 =1,2,..., N, as follows:

,wl

e = | Vs 1<éj<n
Wi
The complete vector x € RV of unknowns for the discretized dual problem is

then obtained by concatenating these subvectors:

v = (T1;72; ... ;7N).
We also form the matrix A by concatenating the matrices A;, | = 1,2,..., N
defined in (1.25), that is,
A= (Ay,..., Ay) € RV2N, (1.27)

In this notation, the divergence V - w is simply — Az, so the discretization of the

dual ROF model (1.12) is

min ||Azr — \z|?
zeX

where X ={z: 2 ¢ R¥® || <1forl=1,2,---,N} (1.28)

Similarly, the duality gap in (1.13) has the following discrete form

N
A 1 2
- Afyll - ol Afy) —H A 1.2
Glona) = 3 (147l = af ATy) + 5y ==+ 3o, 129
and primal-dual optimality condition (1.15) has the discrete form
Aly|| —afAfy = 0 forl=1,--- N
147 yll 1Y (1.30)

y—z—i—%Ax =0

By the same token, the constrained ROF model (1.1) has the following dis-
cretization for its primal formulation, dual formulation, primal-dual gap and

primal-dual optimality conditions:

11



Primal problem:

N
min ) || A7y|
Yo

subject to  yeY ={yeR" : |y —z| <no} (1.31)

Dual problem:

max —no||Az|| + z* Az
€T

subject to € X ={r cR*™ . |x|? <1, I=1,2,...,N}. (1.32)
Duality Gap:
Gly,x) =Y (IA4Tyll - ol ATy) + (nollAel + (y - )7 Ax),  (133)
=1

Primal-dual optimality conditions:

A yl|w— Aly = 0 forl=1,--- N L0
y—Z—i-%Ax =0

1.5 Organizations of This Paper

In this paper, we try to develop some efficient algorithms to solve the total vari-

ation based image restoration models. The paper is organized as follows:

Chapter 1 gives a short introduction to the total variation based image restora-
tion models and BV space. It covers the application of duality theory to
the ROF model and derives the dual problem. We then analyze the dif-
ferent computational challenges facing the primal and dual formulation of
ROF model and end the chapter by introduction necessary notations and

discretization for the study numerical algorithms.
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Chapter 2 offers a brief survey of some existing popular methods. At the end
of chapter 2, we also give remarks on exiting methods and motivations on

developing new algorithms.

Chapter 3 proposes a simple yet efficient primal-dual hybrid gradient descent
method for solving the ROF model. Results of numerical experiments to
demonstrate its fast convergence. Connections to projection type meth-
ods in solving variational inequalities and extensions to other models are

studied.

Chapter 4 introduces gradient projection methods to solve the dual formulation
of the ROF model. We test variants of GP with different step selection and
line search strategies, including techniques based on the Barzilai-Borwein
method. Global convergence can in most cases be proved by appealing to

existing theory. Numerical results are shown in demonstrating performance.

Chapter 5 proposes a block coordinate descent method to solve the dual for-
mulation of the ROF model. Global convergence of the algorithm are
proved and results of numerical experiments are shown. Dual formula-
tion of anisotropic ROF model are also studied for its simpler constraints

structure.

Chapter 6 tries to speedup the algorithm in solving the dual problem of the

ROF model by applying some basic multilevel optimization techniques.

Chapter 7 studies the connections between the CGM method and SOCP method
for solving the ROF model. An improvement of CGM algorithm based on

primal-dual interior-point method is aslo proposed.

Chapter 8 gives an comprehensive comparison of the newly developed methods

13



in this paper and some existing popular algorithms. It ends with some final

conclusions and remarks.
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CHAPTER 2

A Brief Survey of Existing Algorithms

2.1 Numerical Algorithms

2.1.1 Time Marching Schemes

If we replace |Vu| in (1.4) by |Vul|g = /|Vu|?>+ 3, we obtain the following
smoothed ((-regularized) ROF model

) A
mln/ |Vu|s + §||u — fll3. (2.1)
v Jo

The above problem has a convex differentiable objective function and hence its
optimality solution is given by the following Euler-Lagrange equation (first-order

condition)

: (|Vv;|g> “Au—f)=0. (2.2)

In their original paper [60], Rudin et al. proposed the use of artificial time
marching to solve the Euler-Lagrange equation (2.2) which is equivalent to the
steepest descent of the energy function. More precisely, consider the image as a

function of space and time and seek the steady state of the equation

ou V-( Vu

N \wg) CAu—f) (2.3)

In numerical implementation, an explicit time marching scheme with time step At

and space step Ax(usually is 1) is used. Under this method, the objective value of
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the ROF model is guaranteed to be decreasing provided that the time step is small
enough and the solution will tend to the unique minimizer as time increases. The
method is (asymptotically) slow due to the CFL stability constraints Courant-
Friedrichs-Lewy (CFL) condition At < ¢|Vu|g(Az)? for some constant ¢ > 0 (see
[59]), which puts a very tight bound on the time step when the solution develop
flat regions (where |Vu| = 0). Hence, this scheme is useful in practice only when
low-accuracy solutions suffice. Sometimes even the cost of computing a visually

satisfactory image is too great.

To relax the CFL condition, Marquina and Osher use, in [59], a ” precondition-

ing” technique to cancel singularities due to the degenerate diffusion coefficient

1

[Vul
ou Vu

2 [ () - 9) (2.4)

which can also be viewed as mean curvature motion with a forcing term —A(u— f).

2.1.2 Fixed Point Iteration

To bypass the stability constraint in time marching schemes, Vogel and Oman
proposed in [66] a “lagged diffusivity” fixed point iteration scheme which solves
the stationary Euler-Lagrange equation directly. The main idea is to linearize the
Euler-Lagrange equation by lagging the diffusion coefficients ﬁ at a previous
iteration. The k-th iterate is obtained by solving the sparse linear system (see

[66], [67])

V- (%) AW = f) =0 (2.5)

The above linear system is block tri-diagonal and can be solved by various fast
direct/iterative solvers. While global convergence has been proven by different
authors(see e.g. [33], [17], [27], [39]), the outer iteration is only linearly conver-

gent and the convergence slows down as (3 decreases. Moreover, the inner linear
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system is difficult to solve efficiently because of the highly varying and possibly

1
[Vulg?

degenerate coefficient as well as spatial stiffness of the ellipticity of the

differential operator.

2.1.3 Primal-Dual Newton Method (CGM)

In order to obtain superlinear convergence, a Newton-type algorithm is needed.
However, naive exact Newton’s method is known to have a very small domain of
convergence for equation (2.2) and fails for modest 3 (see [32], [11]). In [32], Chan
et al tried to combine Newton’s method with a continuation method in the pa-
rameter 3, which produced more robustness but still was not overall satisfactory.
Ng et al proposed in [56] an nonsmooth Newton’s method to solve the original
ROF model which does not require the smoothing parameter 5. However, the
number of Newton iterations it required to achieve convergence is still considered

too large.

A much better alternative introduce by Chan, Golub and Mullet(CGM) in

[25] is to apply Newton’s method to the primal-dual system. By introducing

Vu
|Vulg

a new dual variable w := to equation (2.2), they obtained the following

equivalent system to (2.2)

w|Vulg —Vu =0
V-w—=ANu—f)=0

(2.6)

It is now clear to us that the above system is a (-regularized version of the true

primal-dual system (1.15), which we rewrite here:

|Vulw —Vu=0
V-w—=ANu—f)=0

(2.7)

System 2.1.3 and (1.15) are the same except the the norm |Vu| in is smoothed
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with 3. When 3 | 0, the solution of 2.1.3 will converge to the solution of (1.15),

i.e., the true optimality solution of the ROF model.

As discussed in [25] and [11], this primal-dual system is better suited for
Newton’s method than the primal Euler-Lagrange equation (2.2) since the (u, w)
system is intuitively more “linear” than the primal system in u only. Furthermore,
compared to fixed-point methods and time-marching methods that are at best
linearly convergent, the CGM method was shown in [25] to be empirically globally
convergent with a quadratic rate. Moreover, the convergent rate deteriorates
only moderately with decreasing (5 and in practice small values of # can be used

without too much loss in efficiency.

There is still a need to solve an elliptic linear system at every Newton iteration,
but through an elimination of the update on w, the Newton iteration can be

implemented by solving only one linear system involving the update for u
J(WF, w") - suF = —r(uF),

where J is positive definite and r is the steepest ascent direction of the primal
objective function(i.e. 7 is the LHS of equation (2.2). This ensures that the New-
ton update is a decent direction and makes the cost per iteration comparable to
that for the fixed point method. For applications where a high accuracy solution
is needed, eg. in an automated image processing setting without human inter-
vention, fast convergent methods such as CGM will have a significant advantage

over slower linearly convergent methods.

2.1.4 Duality-Based Gradient Descent Method

The main advantage of the dual formulation (1.11) or (1.12) is that the objective

function is nicely quadratic and hence there is no issue with non-differentiability,
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or the need for numerical regularization, as in the primal formulation. However,
this comes with the price of dealing with the constraints on the dual w. In fact,
there are as many constraints as there are number of pixels and one does not
know in advance where the constraints are active. There are several “standard”
numerical approaches to solving nonlinear constrained optimization (1.11), e.g.
penalty, barrier, augmented Lagrangian methods and interior-point methods(see

e.g. [53]). Carter did some early work in this direction in her thesis [13].

One advance in this direction was made by Chambolle in [14], in which he
obtained an explicit analytic formula for the Lagrange multipliers for the con-
straints. This idea is also extended to high order dual methods by Chan et. al.
in [23].

The optimality conditions(Karush-Kuhn-Tucker) for the discretized version

of (1.12) is (see [14])

—(V(V W — )\f))l,] —+ ai,jwi,j =0 (28&)
Oéi7j(|'wi7j|2 — 1) =0 (28b)
7% Z 0 (28(3)

where «; ; are the Lagrange multipliers.

Now Chambolle made the following original observation about Lagrange mul-
tipliers . The complementarity conditions (2.8b) are satisfied as either of the
following two cases:

Oéi,j =0 or \wi,j\ =1 (29)

Applying (5.15) back to (2.8a), we have

OéiJ':O = |(V(Vw—)\f))w| = oz,-7j|w,-7j| =0 = QG 4 (210)

lwij| =1 = |(V(V-w—=Af))i| = aijlwi;| = (2.11)
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In either case, we have

a=[V(V-w—\), (2.12)

which yields the following nonlinear algebraic equation in w only:
—VV-w—=A)+|V(V-w—=Af)lw=0 (2.13)

It is important to observe that while (2.13) still inherits the non-differentiability of
the primal objective, it is nonetheless “integrated once”, i.e. the nonsmoothness

is in a set of algebraic equations rather than inside the minimization problem.

He then proposed a semi-implicit gradient descent algorithm (notice the LHS

of (2.13) can be viewed as the gradient ascent direction):
W't =" — 7‘( —V(V-w" = Af)+|V(V-w" — Af)}w"“) (2.14)

or,
o whHTH(W")
L4 7|H(w")|

where H(w) = V(V -w — Af) and 7 is a time step chosen suitably small for

n

(2.15)

convergence.

It is clear that the constraints |w| < 1 are automatically handled in the
above algorithm, provided the initial guess satisfies so. Global convergence for

T < % was also proved in [14]. However, since the linearization is through a

1
8
fixed point method, the convergent rate is at best linear. Also, since nothing
is applied to handle the spatial stiffness, the number of iterations will increase
with the number of pixels. In practice, a relatively large number of iterations is
still required. Of course, the main advantage is that sharp discontinuities can be

recovered without numerical regularization and the method is globally convergent

and easy to implement.
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2.1.5 Second-Order Cone Programming

Recently, Goldfarb and Yin proposed a new approach in [43] for various total
variation models based on second-order cone programming(SOCP). They model
problem (1.1) as a second-order cone program, which is then solved by modern

interior-point methods.

To reform the constrained ROF model

min > [[(Vu)ill

1<i,j<n

st flu—fIIP <o’ (2.16)
into a SOCP problem, the authors in [43] introduced new variables p, ¢, t,v as
follows.

They let v to be the noise variable: v = f — u and let (p;;, ¢ ;) to be the

discrete Vu by forward differentiation:

Uir1,5 — Uiy ifi<n
Pij = o
0 ifi=n

Ui j4+1 — Ui j lfj <n
ql,] - . .
0 ifj=n

They then introduce a new variable ¢ as an upper bound of the gradient norm

|Vul:
[(Vu)i;| = \/P?,jﬂLqi%j < t;

and this is where the “second-order cone” constraints come from.
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As a consequence, problem (7.6) is transformed to

n
min E ti,j

ij=1
s.t. u]” +vi; = fij fori,j=1,---,n

—Pij + Wit1j — U ; =0 fori=1,---,n—-1,757=1,---,n

—qij + Uijr1 — ;=0 fori=1,---,n, j=1,--- ., n—1

Pn; =0 forj=1,---,n,

Gin =20 fori=1,---n,

Vg =0

(tij; pijs €j) € I3 fori,j=1,---,n,

(vo; v) € K™+ (2.17)

Eliminating v from formulation (7.7), we obtain the following standard form
SOCP:
min. >0 e ti
s.t. Dij + Vit1,j — Uiy = fi+1,j — fi,j for 1 < 1 <n-— 1, 1 S] <n

Gij+Vijo1 —Vij = fije1— fij for1<i<n, 1<j<n-1

Pnj =0 for1<j<n
’ (2.18)
Gin =10 for1<i<n
Vo =0
(tij; pig: @iy) € K? for1<4,5<n

(vo;v) € KW+
(7.8) is in standard form of SOCP and there are massive literature about how
to solve this class of problems (see e.g. [3]). The dual formulation can also be
transformed into SOCP (see [43]). SOCPs can be solved efficiently in practice
and, in theory, in polynomial time by interior-point methods. For example, path-

following interior-point methods generate a sequence of interior points that follow
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the so-called central path toward the optimality. At each iteration, a set of
primal-dual equations, which depend on current variable values and a duality gap
parameter, are solved by one step of Newton’s iteration to yield an improving
search direction. Like CGM, SOCP need to solve a linear system at each iteration

but can produce highly accurate solutions with low residuals or duality gaps.

In some sense, the SOCP framework bears many similarities with the earlier
primal-dual Newton method discussed in section 2.1.3 First of all, they all
apply Newton’s method to compute the update search direction at each iteration.
Secondly, they all use a dual variable and solve the primal-dual system. In the
SOCP formulation, we do not need a regularization parameter 3. However, when
we apply interior-point method to solve SOCP, the primal-dual system that we
solve does depend on an artificial parameter that measures the duality gap. This
duality parameter is similar to 3 in CGM, and the only difference is that [ is fixed
in CGM while the duality parameter dynamically decreases during the solution
process of SOCP. Another interesting point of view here is that SOCP minimize
t, an upper bound of |Vu| instead of minimizing |Vu| itself, to get rid of the
non-smoothness of the objective function, and this bears similarity to the early

idea of minimizing +/|Vu|? + 3, which is also an upper bound of |Vul.

2.1.6 Multigrid Methods

In order to obtain an efficient algorithm with scalable computational complexity,
some sort of multilevel methods seems necessary. Interested readers can refer to
the survey [19] for a more detailed account. One approach is to use multigrid
to solve the various linear systems that arise in the methods mentioned above.
One of the earliest attempts along this line can be seen in [2], [18], [68], [69] and

[64], where a linear multigrid method is used as a fast solver for the inner linear
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system (2.5) in the fixed point method. Here we rewrite down the system (2.5)

Vuk
V. <W> AW = f)=0 (2.19)

However, there are two main drawbacks of this approach. First, the linearized
system (2.19) has very “nasty” coefficients (especially when [ is small), making
it difficult to derive efficient multigrid methods for its solution. Secondly, the

outer fixed point iterations is still only linear convergent.

Recently [63] and [41] considered using the nonlinear multigrid method to
solve the non-linear Euler-Lagrange equation (2.2). However, here one has to

take a relatively large (3 to achieve convergence.

Another approach introduced in [20, 21] is to apply multilevel algorithms
directly to the minimization problem (1.4), and it is generated in [34] to use
piecewise linear coarser level corrections. This approach uses coordinate descent
relaxation of the primal objective as a smoother. It either does not require the
regularization parameter § (in 1D) or works with an extremely small 8 (in 2D).
However, it is a well known fact that coordinate descent method is generally not
guaranteed to converge for nonseparable non-smooth optimizations. As shown in
[13] and [20, 21], primal relaxation usually gets stuck in a “local minimizer” (in
the sense of the algorithm) due to the non-smoothness of the TV term and thus
fails to converge to the true solution. Figure (2.1) illustrated how coordinate
descent method might get stuck at a wrong solution. The key point here is when
a flat region (non-smoothness) develops in an intermediate solution, changing
the value of any single pixel might not be sufficient to decrease the objective
function. However, the multilevel optimization method based on primal relax-
ation is somehow more robust because the coarse level correction can help the
solution moves away from the “local minimizer”. Nevertheless, the multilevel

method with standard coarsening can still fail in some circumstances. [20, 21]

24



wenoisy fwUcp = Up o
6

1 15 2 25 3 35 4

1 Il
Figure 2.1: Illustration of how coordinate descent might get stuck at a wrong

solution.

proposed the multilevel method with a non-standard coarsening scheme based
on the “flat” patches of an image. Numerical experiments showed this scheme
has better robustness than the standard coarsening and works for most examples.
The above multilevel optimization technique has two other potential variants that
can handle the difficulty inherited from the non-differentiability. One way is to
avoid getting stuck at a wrong solution by using algebraic multigrid(AMG) to
automatically find a good coarsening scheme. The other way is to incorporate
some randomness in the relaxations to improve robustness, e.g. use simulated

annealing as a smoother.

All the existing multigrid methods aim to solve the primal formulations,
either the direct minimization problem(1.4) or the associated Euler-Lagrange
equation(2.2). One possible alternative is to apply multilevel optimization tech-
nique to the dual problem (1.12). The advantage of the dual multilevel method
is that the dual relaxation will not get stuck in a “local minimizer” as the for-

mulation is smooth. However, the real challenge here is how to deal with the
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constraints. It is not clear that if we can reduce the number of the constraints in
a coarser level as we do to the unknowns. So for this technique to work, one has
to think creatively about the constraints, not only for our problem, but also for

general constrained optimizations.

2.1.7 Graph Cut Algorithm for Anisotropic ROF

Recently graph cut algorithms have been introduced as a fast and exact solver for
the discrete anisotropic TVL?/TVL! models (see [37, 38, 16, 72, 50] and many
others).

e anisotropic uz| + |uy|) is used to replace the isotropic
If th isotropic TV ( yl) 1 dt 1 the isotropic TV
(J, |Vul) and the argument w is restricted to have discrete values, we have the

following discrete integer programming problem for the anisotropic ROF model:

. A
min -~ E(u) Z/(qu|+|uy|) dady + |lu — f]*, (2.20)
L1} Q 2

ue{0,1,-,

where L = 28 for 8-bit images and L = 2'6 for 16-bit images.

The practical use of graph cut algorithm to solve (2.20) relies on the decom-
position of an image into its level sets and hence mapping the original problem
(2.20) into optimizations of independent binary problems. Using the discrete co-
area formula (see e.g., [37]), the objective function F in (2.20) can be decomposed
into a sum of independent functions E! which only depends on the sublevel set

of u:
L—2
E(u) =) E'(u)+C.
t=0
Here, u' is the characteristic functions on the sublevel set: v’ = 1,< and C'is a
constant independent of u.

To minimize F(-) one can minimize all binary problem E'(-) independently.

Thus we get a family {u'} which are respectively minimizers of E'(-). Clearly
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the summation will be minimized and thus we have a minimizer of provided this
family {a'} is monotone:

< ut Vit<s. (2.21)

If property (2.21) holds then the optimal solution @ is given by the recon-
struction formula from sublevel sets: @(z) = min{t : u‘(x) = 1} . If property

(2.21) does not hold, then the family {@'} is not a function.

Property (2.21) is proved to be true by various authors ([37, 16, 48]). Hence
the above optimization strategy is valid. Now note that each E‘(u') is a binary
MRF with an Ising prior model and be solved efficiently using graph cut algo-
rithms. In [15], the author also did some comparison experiments regarding the
efficiency of the discrete graph cuts algorithm and some of methods we discussed

in this section.

2.2 Remarks

1. Recently, many variants and extensions to the original ROF model (1.4)
have been developed, which include TV and Elastica inpainting (]29], [26]),
blind deconvolution ([30]), multi-channel TV ([10]), L' fidelity ([57], [22]),
multiscale texture decomposition ([52], [65]) and iterative regularization us-
ing Bregman distance function. Although the algorithms we listed in this
paper are all designed to solve the original ROF model (1.4), it can be
naturally adapted to other recently developed models we mentioned above
where the main computational challenge is still due to the total variation

term.

2. While each of the above methods might have its own comparative advan-
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tage in certain situations, some benchmark rules still apply. Independent
of the mutigrid technique, there are two general categories: those that need
solve a linear system at each iteration and those that need not. To obtain a
visually satisfactory solution, the methods in the latter class are preferred
for their simplicity and fast initial convergence rate. Out of this category,
Chambolle’s method becomes very popular because of its simplicity, robust-
ness, no need to use numerical regularization and relative fast convergence.
On the other hand, if our goal is to obtain a state-of-art highly accurate
solution with low residual/duality gap, the locally superlinear Newton type
methods will win eventually even though they have to solve a linear system
at every iteration. In this category, The CGM method and SOCP are most
widely used for their robustness and fast asymptotic convergence. Finally,
if the problem is of very large scale, we need to apply multilevel schemes to

reduce complexity.

2.3 DMotivations for Developing New Methods

As we have seen, most existing numerical algorithms to solve ROF models
(1.4) or (1.12) can be loosely divided into two categories: those that need to
solve a linear system of equations at each iteration (implicit) and those that
require only a matrix-vector multiplication in the discrete setting (explicit).
Generally speaking, the implicit methods (e.g. CGM, HS, and SOCP)
have fast asymptotic convergence rates and can provide highly accurate
benchmark solutions. However, explicit methods are preferred in many
situations for their simplicity and their convergence with relatively little
computational effort to medium-accurate and visually satisfactory results.

Their low memory requirements make them even more attractive for large-
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scale problems. To illustrate the high memory requirements of implicit
schemes, we note that an image of size 512 x 512 is close to the limit of

what the SOCP solver MOSEK can handle on a workstation with 2GB of

memory.

In this chapter, we shall develop some simple yet efficient algorithms. They
are explicit so the memory requirement is low and each iteration only takes
O(N) operations. They converge very fast to visually satisfactory solutions
and also have much improved asymptotical convergence rate compared with
existing explicit methods. In all of our proposed algorithms, we try to ex-
ploit the use of the dual variable since a pure primal formulation usually
requires some numerical smoothing parameter that would prevent the re-
sulting algorithm from converging to the true optimizer. In other words,
our algorithm is either a primal-dual type algorithm or simply a duality

based algorithm.
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CHAPTER 3

Primal-Dual Hybrid Gradient Descent Method

In this chapter, we propose a simple yet very efficient algorithm for total varia-
tion (TV) minimizations with applications in the image processing realm. This
descent-type algorithm alternates between the primal and dual formulations and
exploit the information from both the primal and dual variables. Therefore, it
is able to converge significantly faster than either pure primal/dual gradient de-
scent methods and some other popular existing methods as demonstrated in the
numerical experiments. Finally, we show that this idea works for other optimiza-
tion problems whose objective also involves the non-smooth L! norm as in the

TV term.

3.1 The Proposed Algorithm

Previous developed gradient descent type methods are the primal time marching
method in [60] and Chambolle’s duality based semi-implicit gradient descent type
method in [14]. In this chapter, we refer to these two methods as the primal
gradient descent algorithm and dual gradient descent algorithm. They are showed

briefly as follows.
Primal ROF:
al A
. T 2
i S 147+ Gl I (3.1)
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Dual ROF:
max ||Az — A\z||?
zeX

where X ={z: 2 €¢R¥® || <1forl=1,2,--- N} (3.2)

Primal gradient descent algorithm (smoothed with 3):
N
AAT k
Y=yt - k( +y —z), (3.3)
Z ATy I* + 5

Primal gradient descent algorithm (unsmoothed subgradient):

Y=y _9k< ZAlxl +yt—2), (3.4)

where
Ay : k
o = TAwfT it A #0 (3.5)
any element in the unit ball B(0,1) C R?, else
Dual gradient descent algorithm (Chmbolle):
P o — 1 AT (Az® — \2) (3.6)

1+ 7| AT (Azk — A2)||

We notice that the primal gradient algorithm (3.3) or (3.4) works exclusively
on the primal formulation while the dual gradient algorithm focus exclusively on
the dual formulation. There is no cross communications between the primal vari-
able and dual variable. Our approach, on the other hand, work on the primal-dual
formulation and try to exploit the information of the primal and dual variables
simultaneously. We hope the use of both primal and dual information will speed

up the gradient descent algorithm.

Our approach can be most effectively illustrated under the setting of the

primal-dual formulation (1.8), which has the following discrete form:

A
_ T Ml — 112
y:rén:glV max Oy, x) ==y Az + 2||y z|| (3.7)
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where

X={o=(x;;-s2y): m eR? |yl <lforl=1,--- N}

Given any intermediatesolution (y*, z*) at iteration step k, the proposed al-

gorithm updates the solution as follows.

1. Apply one step of (projected) gradient ascent method to the maximization
problem

max ®(y", z). (3.8)

zeX

The ascent direction V,®(y*, 2%) = ATy*, so we update z as
" = Py (2 + mAATYb), (3.9)

where 75, is the (dual) stepsize and Px denotes the projection onto the
set X which can be simply computed in our case (see later remarks). The
factor A is used here so that the stepsize 7y is sensitive to different problems
or different scales of gray levels, which also explains the same situation in

(3.11).
2. Apply one step of gradient descent method to the minimization problem

min ®(y, 2. (3.10)

yeRN
The ascent direction is V,®(y*, ") = Az + A\(y* — 2) and therefore

the update is
1

=yt =05

Az yF - 2), (3.11)

where 0 is the (primal) stepsize.

Put them all together, we have the following algorithm.

Algorithm PDHGD
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Step 0. Initialization. Pick y° and a feasible 2° € X, set k < 0.
Step 1. Choose stepize 75, and 6.
Step 2. Updating.
2"t = Py (2% + mAATy") (3.12a)

P = (1= 005" + (= — %Axk“) (3.12D)

Step 3. Terminate if a stopping criterion is satisfied;

otherwise set k «— k 4+ 1 and return to step 1.

3.2 Remarks

1. The hybrid descent algorithm can also be developed as a (primal-dual)

proximal method:

2" = arg max d(yF, x) — m“x — 2"||? (3.13a)
: A(L — 6y
k1 _ k1 k)2
y" = arg min Py, x" ) + 20, ly — " (3.13b)

2. The projection Py in (3.13a) can be computed in the following straightfor-

ward way:
T

- " =12,..., N 3.14
¢ max{||zy||, 1} ( )

(Px(=)
Here, since X is a Cartesian product of unit Euclidean balls, the above

operation (4.11) actually projects each 2 x 1 subvector of x separately onto

the unit ball in R2.
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3. Both problem (3.8) and (3.10) can be solved exactly, which would yield the

following updating formula (taking 7, = co and 6, = 1 in (3.23)):

ATyk
el =2 _ " forl=1,--- N (3.15a)
: ATy
Yy =2 — %A:L’Hl. (3.15b)

However, we choose not to do so since the above algorithm does not con-
verge.
As a special case, if we only solve subproblem (3.8) exactly (taking 7, = oo

n (3.23) ), the resulting algorithm would be

AlA
yH = ( Z ||jl4Tl zH y* - Z)> (3.16)

The above algorithm is exactly a subgradient descent method for the primal

formulation (4.1).

Another special case is that we solve subproblem (3.10) exactly (taking
0 = 1 in (3.23)) and still apply gradient ascent method to (3.8). The

resulting algorithm is as follows
Py (:Ek — 1 AT (Ax® — Az)), (3.17)

which is a (projected) gradient descent method for dual problem (3.2).

Hence, the primal subgradient descent method and the dual projected gradi-
ent descent method are two special cases of our algorithm, which correspond

to taking special stepsizes 7, = oo and 6 = 1 respectively in (3.23).

4. The convergence of the PDHGD algorithm is (empirically) observed for
a variety of suitable stepsize pairs (7,6). Moreover, the choice of stepsizes
are insensitive to different problems or scales of gray levels. In some range,

the stability constraint on the stepsizes seems more relevant to the product
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76 rather than to 7 or 6 individually. For example, our experiments show
that convergence can be obtained for the stepsize pair (2, 0.2) as well as for
(4, 0.1). Finally, the numerical results also reveal that a pair of relatively
small 7 and large 6 gives faster initial convergence rate and the opposite
choice gives faster asymptotic convergence. Therefor, we can optimize the
performance of the algorithm through some strategy of choosing (7%, 0),

although simple fixed stepsizes might already give satisfactory results.

3.3 Extensions

Our algorithm can be naturally extended to other TV image restoration models

without any major modifications.

Constrained ROF Model
The original constrained primal ROF model (1.1) has the following discrete

form N
- T
(P)  min 12:; 14yl (3.18)
where Y = {y e RY : ||y — 2| < no}.

The above problem (3.18) has the following primal-dual and dual formulations

(PD) 1;%131/1%1623?( y! Az (3.19)
(D) max —no||Az|| + 27 Az (3.20)
zeX

Both the primal problem (3.18) and dual problem (3.20) are difficult to solve

since their objectives are non-smooth. However, our proposed approach based on
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the primal-dual formulation (3.19) are simply
2= Py (o + EATYR) (3.21a)

o
Y = Py (yF + o0, Az, (3.21Db)

where the projection Py is given by

=z y_z .
Bl == Ty =20, 1) (3.22)

The full primal-dual hybrid gradient descent method for constrained ROF

model is shown as follows:

Algorithm PDHGDC

Step 0. Initialization. Pick y° and a feasible 2° € X, set k < 0.
Step 1. Choose stepize 7 and 6.
Step 2. Updating.
"t = Py (ab + %ATyk) (3.23a)

Y = Py (v + o0, A, (3.23b)

Step 3. Terminate if a stopping criterion is satisfied; otherwise set k «— k + 1

and return to step 1.

TV Debluring Model

The total variation based image restoration model (1.4) can be extended to
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recover blurry and noisy image f by solving the following problem:
. A >
(P) min [ |Vu| + §]|Ku—f]|2 (3.24)
voJa

where K is a given linear blurring operator and every other term is defined the
same as in (1.4). In this model, f is formulated as the sum of a Gaussian noise
v and a blurry image Ku resulting from the linear blurring operator K acting on

the clean image u, i.e., f = Ku+ v.

Among all linear blurring operators, many are shift-invariant and can be ex-

pressed in the form of convolution:

(Ku)(z) = (h u)(z) = / Wz — y) uly) dy, (3.25)

where h is the given point spread function (PSF) associated with K.

The discrete form of model (3.24) is

N
A
i Aly|l + || By — 2|, 3.26
min ;H 1yl + 5By — =] (3.26)

where B is the discretization of the blurring operator K.

The primal-dual and dual formulation of (3.26) can be obtained as follows

A
: T A _ 12
(PD) ;2[}&% max y Ax + 2||By 4l (3.27)
(D)  max —iHB—le — \z|| + 5||zy|2 (3.28)
z€X 2\ 2 . .

However, the blurring matrix B is highly ill-posed (non-invertible in some
cases), making it difficult if not impossible to compute the inverse B~*. Therefore
the dual formulation (3.28) is of little use in practice and sometimes may not even
exist. On the other hand, our primal-dual hybrid gradient descent algorithm

based on formulation (3.27) still works well. The core part of the algorithm are
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given as follows

2 = Py (2* + mAATYY) (3.29a)
1
i — gk 9k<xz456k+1 + BT(By* — z)) (3.29Dh)

The full primal-dual hybrid gradient descent method for TV debluring is:

Algorithm PDHGD_Deblur

Step 0. Initialization. Pick y° and a feasible 2° € X, set k < 0.
Step 1. Choose stepize 75, and 6.

Step 2. Updating.

xk-l—l _ PX ([L’k + Tk)\ATyk) (330&)
1
S = F g, (XAka + BT(By* — z)) (3.30b)

Step 3. Terminate if a stopping criterion is satisfied;

otherwise set k < k 4 1 and return to step 1.

3.4 Theoretical Connections

Our method is related to projection type methods existing in the literature for
finding saddle points and, more generally, solutions to variational inequalities.
In this section, we shall discuss very briefly about the framework of projection

methods for solving variational inequalities and point out the connections and
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difference between our method and previous work. We refer interested readers to
the survey papers [45] and [71] for the background of this area.

Let H be a real Hilbert space (in our case, R"™), whose inner product and
norm are denoted by (-), and || - || respectively. Let K be a closed convex set in H
and F' be a mapping from H into itself. We now consider the problem of finding
v* € K such that

(v—2",F(v") >0, VveK. (3.31)
The above problem is called a wvariational inequality problem with v* being one
of its solution. We denote the above variational inequality problem by VI(K, F').
In most real applications, K is convex and F' satisfy some monotonicity and

Lipschitz continuity properties, which we defined as follows:
Definition 1. F' is said to be

(¢)  monotone if (u—wv,F(u)—F(v)) >0 Vu,veH.

(15)  strongly monotone if

Jv>0st (u—v, Flu)—F®))>v|u—v|* Yu,veH.
(i1i)  pseudomonotone if (u—v,F(v)) >0 = (u—wv,F(u)) >0VYu,ve H.
(iv)  Lipschitz continuous if 3L >0 s.t. |[F(u) — F(v)| < L||lu —v|| Yu,v € H.
Finding a saddle point (y*, z*) to the min-max problem
i P
min max (y, )

can be written as a special case of the variational inequality problem:

find v* € K st. (v—v", F(v")) >0 VYveK, (3.32)
where
D, (x,
o |V Py =] PV ok —vxx
x - x(xuy
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In particular Our ROF problem (3.19) and (3.7) can both be transformed
into a variational inequality problem VI(K, F') in (3.32) with F' and K defined

as follows.

For unconstrained ROF (3.19):

Az + Ay —
Foy= | ATAVTA KRV < X
_ATy

For constrained ROF (3.7):

Variational inequality problem is closely related to the fixed-point problem.
The fixed-point theory has played an important role in the development of various
algorithms for solving variational inequalities. In fact we have the following well-

known result (see, e.g. [8, pp. 267]):

Lemma 1. v* is a solution of VI(K, F) if and only if

v* = Py (v — aF(v*)) for any a > 0.
The fixed-point formulation in the above lemma suggests the simple iterative
algorithm of solving for u*.
VI Algorithm 1.

T = Py (vF — i F (V). (3.33)

The convergence of the above algorithm requires F' to be strongly monotone
and Lipschitz continuous, which is too restrictive in many cases. An alternative

approach is to consider the following ‘implicit’ iterative scheme
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VI Algorithm 2.
oF = Py (vF — ap P (V). (3.34)

The convergence of this new algorithm only requires monotonicity of F' but
it is often difficulty to solve the implicit update at each iteration, making it less

practical.

To overcome the drawbacks of the projection methods defined in (3.33) and
(3.34), Korpelevich [51] first proposed a modified method called eztragradient
algorithm. 1t consists two projections at each iteration: a predictor step and a

corrector step.

VI Algorithm 3.

o = P (vF — ap F(v)) (3.35a)

T = Py (vF — ap F(0)) (3.35b)

Global convergence is proved for the above algorithm if F' is pseudomonotone
or Lipschitz continuous or the problem satisfy some local error bound (see [71]),

provided the step size a4, is small enough to satisfy
|| F(vF) — F(o)|| < pl|v* — 0% for some fixed p € (0, 1),

which can be obtained by simple Armijo type line search.

There are many other variants of the original extragradient algorithm with
different predictor search rule and corrector step size aiming to improve perfor-
mance (see [58] and [71]). New related developments in this direction can also
be found in [54] and [58], where the final solution is obtained by averaging along

the solution path.

Our ROF problem (3.19) and (3.7) can both be transformed into a variational

inequality problem VI(K, F') with a monotone and Lipschitz continuous mapping
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F. Some of the existing algorithms can be applied directly with proved global
convergence. However, numerical experiments show that none of these existing
methods has comparable performance to our algorithm. There are many possi-
ble explanations for this. First of all, in the variational inequality setting the
variables y and x are combined as one variable v and have to be updated in one
step with same steplength; while in our approach the primal y and dual x are
updated alternatively in a Gauss-seidal type of way with freedom to choose their
own step sizes. More importantly, all the existing algorithms are developed to
solve variational inequalities as a general class; while our method exploits the par-
ticular information of the problem, including the bilinear function F' and special
structure of the set K, which allow us to choose optimal step size to improve the
performance. On the other hand, our approach is lacking of a global convergence
proof which would be useful to provide some benchmark rules and can help us

better understand how the algorithm works.

3.5 Implementation Details and Numerical Experiments

We report on computational experiments for three test problems in image de-
noising. All the programs are run in an IBM T60 Notebook PC with 1.83 GHz
Intel Core Duo CPU and 1G RAM. All methods are coded in MATLAB. It is
expected that the performance can be improved by recoding in C or C++, but

we believe that improvements would be fairly uniform across all the algorithms.

We test three problems on image denoising. The original clean images and the
input noisy images are shown in Figure 7.1. The size of the two test problems are
256 x 256,512 x 512 and 512 x 512 respectively. The noisy images are generated
by adding Gaussian noises with standard deviation o = 20 to the original clean

images.
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The parameter A in the unconstrained ROF model (3.1) is inverse related to
the noise level ¢ and usually need to be tuned for each individual image. In our
case, A is chosen in the following way. We first compute the constrained ROF
model by algorithm PDHGDC for the optimality solution (y*,z*). Then the
particular A that will make the unconstrained ROF model (3.1) equivalent to the
constrained model (3.18) is given by

_ Az

no

A (3.36)

For our test problems, the parameters A obtained in the above way are 0.053, 0.037

and 0.049 respectively.

We tested the following algorithms for denoising problems:

e Chambolle’s semi-implicit gradient descent method [14];
e Primal-dual hybrid descent methods proposed in Section 3.1;

e The CGM method of [25].

Although suitable constant stepsizes will give good convergence results, the
power of our proposed algorithm shall be most exploit with some optimal strategy
of choosing stepsizes (7, 0x). Throughout the experiments, we use the following

stepsize strategy:

Algorithm PDHGD 7, = 0.2+ 0.08k, 6, = (0.5 — :25)/7;

Algorithm PDHGDC 7, =02+ 0.08k 6, =0.5/7.

In Chambolle’s method, we take the time step to be 0.248 for its near optimal
performance. In the CGM implementation, we used a direct solver for the linear

system at each iteration (the conjugate gradient iterative solver was slower on
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these examples). The smooth parameter (3 is dynamically updated based on

duality gap rather than fixed. In particular we take 5(©) = 100 and let %) =

k=1 ( G?k(f)l))% We noticed that this simple strategy of updating § borrowed
from interior-point methods outperforms the classical CGM measured by the

decrease of duality gap.

The decision about when an approximate solution is of sufficiently high quality
to terminate the algorithm can be difficult for general constrained optimization
problems. Often, we wish the approximate solution = to be close to a global
minimizer z* and/or the function value F(z) be close to F'(z*). In the denoising
case, the duality gap provides a reliable and easily calculated stopping criterion.

G(y",z%)

) reaches a

We terminate our program whenever the relative duality gap

pre-specified tolerance threshold TOL.

Tables 6.1 and 6.2 report numbers of iterations and CPU times required by
two PDHD algorithms as well as by Chambolle’s algorithm and CGM method
for the relative duality gap to achieve certain threshold. In all codes, we used the
same starting point (y°,2%) = (2,0). (Convergence does not depend on initial
conditions though.) We vary the threshold TOL from 1072 to 107°, producing

results of increasingly high accuracy as TOL is decreased.

The results in the tables demonstrates that our proposed approaches is very
competitive to existing methods. They are the winners for all tests with different
stopping criterions TOL = 1072,107%,1075. It is significantly faster than Cham-
bolle’s method to obtain medium-high accurate solutions and significantly faster

than CGM method to obtain low-medium accurate solutions.

Figure 3.2 shows the denoised images obtained at different values of TOL.
Note that visually there is little difference between the results obtained with two

tolerance values 1072 and 107%. Smaller values of TOL do not produce further
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visual differences.

Figure 7.2 plots the relative duality gap against the number of iterations
for Chambolle’s method as well as for the PDHGD algorithm. It shows that
the PDHGD converges much faster than Chambolle’s method, especially when

a medium-high accurate solution is required.

3.6 Conclusion

We have proposed a primal-dual hybrid gradient descent method to solve the total
variation based image restoration model of Rudin, Osher and Fatemin (ROF) [60].
The algorithm tries to improve performance by alternating between the primal
and dual variable and exploit information from both variables. We compare
our method with two popular existing approaches proposed by Chambolle [14]
and Chan, Golub, and Mulet [25] and show our method is consistently faster
than earlier approaches in all experiments with different stopping criterions. The
complexity of our method is O(NV) at each iteration, in fact its cost is basically the
same as Chamboll’s method at each iteration; while the cost of the CGM method

at each iteration is O(N2) for solving the block tri-diagonal linear system.

Our algorithm can be applied to solve both the unconstrained ROF and con-
strained ROF model and, in theory, it can be applied to solve other TV min-
imization model or L' minimization problem by transforming it to a min-max
form. We also pointed out that our algorithm is related to existing projection

type methods for solving variational inequalities.
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Figure 3.1: Denoising test problems. Left: original clean image. Right:
noisy image with Gaussian noise (0 = 20). First row: test problem 1,
256 x 256 cameraman. Middle row: test problem 2, 512 x 512 barbara. Bottom
row: test problem 3, 512 x 512 boat
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Table 3.1: Number of iterations and CPU times (in seconds) for problem 1.

TOL = 1072 ToL = 1074 TOoL = 107°
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 45 1.77 1213 61.3 22597 1159

PDHD 14 0.45 73 2.28 328 10.4
PDHDC 14 0.46 70 2.27 308 9.98
CGM 6 20.3 14 49.8 19 68.0

Table 3.2: Number of iterations and CPU times (in seconds) for problem 2.

TOL = 1072 TOoL = 10~* TOL = 107°
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 141 26.5 3083 D78 47935 8988

PDHD 25 3.66 117 23.7 041 110
PDHDC 24 3.66 113 22.9 519 108
CGM 7 191 15 417 23 642

Table 3.3: Number of iterations and CPU times (in seconds) for problem 3.

TOL = 1072 ToL = 1074 ToL = 1076
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 61 11.4 1218 228 22235 4168

PDHD 16 2.36 72 10.6 320 47.2
PDHDC 16 2.38 71 10.7 316 47.5
CGM 7 189 14 382 20 047
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Figure 3.2: The denoised images with different level of termination criterions.

left column: TOL = 1072, right column: TOL = 107%.
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CHAPTER 4

Duality Based Gradient Projection Method

The discrete primal and dual formulations of the unconstrained ROF model is

given as

N
: A
(P) min ZIIAzTy||2+§Hy—ZH§ (4.1)
=1

1
(D) min |4z — Xz

where X = {o = (z1;---;ay): ; €R? |lzy|| <1 fori=1,--- N}, (4.2)

In this chapter, we report on the development, implementation, and testing
of some simple but fast explicit algorithms. These algorithms are based on the
following dual formulation (4.2) so they do not require any numerical smoothing

parameters that would prevent them from converging to the true optimizer.

4.1 A Fundamental Convergence Result

Before we discuss about the proposed algorithm we make several remarks on the
discretized problems (4.1), (4.2) and prove a general convergence result that will
be useful later. It is easy to verify that both problems can be obtained from the

function ¢ : RN x X — R defined as follows:

A
{fy,2) 1= T ATo + Sy — 2|3 (4.3)
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The primal problem (4.1) is simply

min max ¢(y,x
veERN zeX (y’ )’

while the dual problem (4.2) is equivalent to

T AR ()

It is easy to verify that the conditions (H1), (H2), (H3), and (H4) of [47, pp. 333-
334] are satisfied by this setting. Thus, it follows from [47, Chapter VII, Theo-
rem 4.3.1] that ¢ has a nonempty convex set of saddle points (7,7) € RY x X.
Moreover, from [47, Chapter IV, Theorem 4.2.5] and compactness of X, the point
(7,7) € RN x X is a saddle point if and only if § solves (4.1) and Z solves (4.2).

Note that by strict convexity of the objective in (4.1), the solution g of (4.1) is
in fact uniquely defined. For any saddle point (7, Z), we have that (g, z) < {(y, Z)
for all v € R, that is, § is a minimizer of £(-, Z). Thus, from optimality conditions
for £(-, z), the following relationship is satisfied for the unique solution g of (4.1)

and for any solution z of (4.2):
Az + ANy —2) =0. (4.4)

By uniqueness of g, it follows that AZ is constant for all solutions & of (4.2).

The following general convergence result will be useful in our analysis of al-

gorithms in Section 4.2.

Proposition 1. Let {z*} be any sequence with 2* € X for allk =1,2,... such
that all accumulation points of {x*} are stationary points of (4.2). Then the
sequence {v*} defined by

1

converges to the unique solution y of (4.1).

v =g —
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Proof. Note first that all stationary points of (4.2) are in fact (global) solutions

of (4.2), by convexity.

Suppose for contradiction that v¥ 4 ¢. Then we can choose ¢ > 0 and a
subsequence S such that |[vF — g|ls > € for all K € S. Since all z* belong to
the bounded set X, the sequence {z*} is bounded, so {v*} is bounded also. In
particular, the subsequence {v*},cs must have an accumulation point @, which
must satisfy |0 — g||2 > € > 0. By restricting S if necessary, we can assume that
limyes v¥ = §. By boundedness of {z*}, we can further restrict S to identify a
point & € X such that limes 2% = 2. By (4.5), we thus have

Az + A0 = 2) =0 = lim AP + A\ —2) =0, (4.6)
€

Since z is an accumulation point of the whole sequence, we have by assumption
that & is a stationary point and hence a solution of (4.2). By our observation
following (4.4), we thus have that Az+\(y—z) = 0, where 7 is the unique solution
of (4.1). By comparing this expression with (4.6), we obtain the contradiction

0 =y, proving the result. O

4.2 Gradient Projection Algorithms

4.2.1 Introduction

Our proposed approaches are essentially gradient projection algorithms applied
to (4.2), in which the search path from each iterate is obtained by projecting
negative-gradient (steepest descent) directions onto the feasible set. Various en-
hancements involving different step-length rules and different line-search strate-

gies are important in making the method efficient.

For the general problem of optimizing a smooth function over a closed convex
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set, that is,
min F(z) (4.7)

zeX

(where F': R™ — R is smooth and X is a closed convex subset of R™), gradient

projection methods set
2* = 2% oy (2F () — o), (4.8)
for some parameter 7 € [0, 1], where
2*(ay) == Px (2" — ax VF (")), (4.9)

for some «p > 0. Here, Px denotes the projection onto the set X. Since X is
closed and convex, the operator Py is uniquely defined, but in order for the gradi-
ent projection approach to make practical sense, this operator must also be easy
to compute. For this reason, gradient projection approaches have been applied
most often to problems with separable constraints, where X can be expressed
as a Cartesian product of low-dimensional sets. In our case (4.2), X is a cross
product of unit balls in R?, so computation of Py requires only O(N) operations.

Bertsekas [7] gives extensive background on gradient projection algorithms.

From now on, we will focus on the solution of problem (4.2), which we restate
here:

. 1 )
min F(z) := gllAz — Agl3, (4.10)

where the compact set X C R?V is defined in (4.2). In this section, we discuss
GP techniques for solving this problem. Our approaches move from iterate z* to

the next iterate 2% using the scheme (4.8)-(4.9).
Projection Px on the set X, a Cartesian product of unit Euclidean balls, can
be computed straightforwardly as follows.

Z
P - = =12 ....N. 4.11
< Xu))z max{||z;]|, 1}’ l Ty ( )

23



This operation projects each 2 x 1 subvector of = separately onto the unit ball
in R2. It is worth pointing out here that this structure of the dual constraints,
which makes the gradient projection approach practical, also enables Chambolle

to develop an analytical formula for the Lagrange multipliers in [14].

Our approaches below differ in their rules for choosing the step parameters

ar and v in (4.8) and (4.9).

4.2.2 Three Frameworks

We next consider three gradient projection frameworks that encompass our gra-
dient projection algorithms, and present convergence results for methods in these

frameworks.

Framework GP-NoLS chooses «y in some predetermined range and

sets v, = 1.

Framework GP-NoLS

Step 0. Initialization. Choose parameters aumin, Qmax With 0 < amin < Qmax.

Choose z° and set k < 0.
Step 1. Choose steplength ay € [min, Qmax)-
Step 2. Set ¥t = 2 (qy).

Step 3. Terminate if a stopping criterion is satisfied; otherwise set k < k + 1

and go to Step 1.
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Framework GP-ProjArc also sets 7, = 1, but chooses a;, by a backtracking
line search to satisfy an Armijo criterion, which enforces monotonic decrease of
F. This approach is referred to by Bertsekas [7, p. 236] as Armijo Rule Along
the Projection Arc.

Framework GP-ProjArc

Step 0. Initialization. Choose parameters aumin, Qmax With 0 < apmin < Qmax,

and choose p € (0,1) and p € (0, 3). Choose z° and set k « 0.
Step 1. Choose initial steplength @y € [Xmin, Omax)-

Step 2. Backtracking Line Search. Choose m to be the smallest nonneg-

ative integer such that
F(2*(p"ar)) < F(a*) — pVF (@) (2" — 2" (p"an)),

where 2% () is defined as in (4.9);

k+1

Set ay, = pmay and * = 2F(ay,).

Step 3. Terminate if a stopping criterion is satisfied; otherwise set k «— k 4+ 1

and go to Step 1.

Framework GP-LimMin fixes a4, at the start of each iteration (possibly using
information gathered on previous steps), but then performs a “limited minimiza-

tion” procedure to find v, again ensuring decrease of F' at every step.

Framework GP-LimMin
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Step 0. Initialization. Choose parameters aumin, Qmax With 0 < apmin < Qmax.

Choose z° and set k < 0.

Step 1. Choose steplength aj, € [Cumin, Omax]. Compute z*(ay) and set 6% :=

(" (o) — ¥).

Step 2. Limited Minimizing Line Search. Set z**! = 2% + ~,0%, with
Y = HIld(O, Yk, opt> 1) and

—(6*)'VF (")
1 AG¥ 13

Vkopt = Argmin F(xk + 75’“) = (4.12)

Step 3. Terminate if a stopping criterion is satisfied; otherwise set k « k 4+ 1

and go to Step 1.

The first algorithm we consider — Algorithm GPCL — is obtained from
Framework GP-NoLS by setting oy equal to the fixed value a > 0 at every step.

Convergence is obtained for all « sufficiently small, as we now show.

Theorem 1. Let {2*} be a sequence generated by Algorithm GPCL. Then if

0 < a < .25, the sequence v* obtained from (4.5) converges to the unique solution

y of (4:1).
Proof. Given any two vectors x’ and x” we have that
VF(z') = VF(2") = ATA(2' —2"),

so the Lipschitz constant for VF is ||AT Ay, which is bounded by 8 (see [14,
p. 92]). It follows immediately from [7, Proposition 2.3.2] that every accumulation
point of {z*} is stationary for (4.10) provided that 0 < o < .25. The result now

follows immediately from Proposition 1. O
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The upper bound of .25 in Theorem 1 is tight; we observe in practice that the

method is unstable evn for 7 = .251.

We consider other algorithms in Framework GP-NoLS below, in which ay
takes on different values at each iteration that may violate the bound of .25. These
methods may be non-monotone (the function F' may increase on some iterations)
and convergence results cannot be proven in general without the addition of step
acceptance criteria, such as the requiring a significant improvement over the worst
function value at the last M points visited for some positive integer M; see [9].

Strategies are also required for modifying steps that fail these criteria.

For algorithms in Framework GP-ProjArc , we have the following convergence

result.

Theorem 2. Let {2*} be a sequence generated by an algorithm in Framework

GP-ProjArc . Then the sequence v* obtained from (4.5) converges to the unique
solution y of (4.1).

Proof. Proposition 2.3.3 of Bertsekas [7], with minor modifications for the vari-
able choice of &y, within the range [min, Qmax), shows that all limit points of {2*}

are stationary. The result then follows from Proposition 1. O

An identical result holds for algorithms in Framework GP-LimMin .

Theorem 3. Let {2*} be a sequence generated by an algorithm in Framework

GP-LimMin . Then the sequence v* obtained from (4.5) converges to the unique
solution y of (4.1).

Proof. Proposition 2.3.1 of Bertsekas [7], with minor modifications for the vari-
able choice of &y, within the range [min, Qmax), shows that all limit points of {2*}

are stationary. The result then follows from Proposition 1. O
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4.2.3 Barzilai-Borwein Strategies

We discuss strategies that choose «y, using approaches first proposed by Barzilai
and Borwein [6] (BB) and subsequently elaborated by other authors. For the
problem min,cgen F(x), the basic BB strategy sets ¢! «— aF — o, VF(2%),
where o, is chosen so that a,;ll mimics the behavior of the Hessian VZF over

the previous step. By Taylor’s theorem, we have
V2F(2")AxF ™ =~ Agh, AxF=t = (V2 F(2F)) T Agh T,
where
Agh=t = gF — Pt AgF™! = VF(2*) — VF(2"),

so our desired property on « is that a '!Az*~! ~ Ag*~'. Note that for the F we
consider here (4.10), we have Agh—! = AT AAzFL,

One formula for « is obtained by performing a least-squares fit in one variable,

as follows: )
a1 = |argmin [rAZF — AgtTHGE
which yields
N -Vl B L

(Azk=1 Agh=t) — [[AAZR3

An alternative formula is obtained similarly, by doing a least-squares fit to «

rather than o', to obtain

_ - k-1 roipe (AU A JAACE 3
Qg2 = argglelﬂr{}HAx alAg" |5 = A [ATAAG B (4.14)

These step lengths were shown in [6] to be effective on simple problems; a par-

tial analysis explaining the behavior was given. Numerous variants have been
proposed recently, and subject to with theoretical and computational evaluation.
The BB stepsize rules have also been extended to constrained optimization, par-
ticularly to bound-constrained quadratic programming; see, for example [36] and

[62]. The same formulae (4.13) and (4.14) can be used in these cases.
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Other variants of Barzilai-Borwein schemes have been proposed by other au-
thors in other contexts. The cyclic Barzilai-Borwein (CBB) method proves to
have better performance than the standard BB in many cases (see for example
[35] and the references therein). In this approach, we recalculate the BB stepsize
from one of the formulae (4.13) or (4.14) at only every mth iteration, for some
integer m. At intervening steps, we simply use the last calculated value of .
There are alternating Barzilai-Borwein (ABB) schemes that switch between the

definitions (4.13) and (4.14), either adaptively or by following a fixed schedule.

4.2.4 Implemented Variants of Gradient Projection

We discuss here the variants of gradient projection that were implemented in our

computational testing.

Algorithm GPLS. This algorithm falls into GP-PA, where we choose the ini-
tial steplength @ at each iteration by predicting what the steplength would be
if no new constraints were to become active on this step. Specifically, we define
the vector g~ by

(VF(2)),, if |f]]y < 1 or (VF (k) Tzl > 0,

9 =
[ — zf(z})"] (VF(2));, otherwise.

We then choose the initial guess to be
_ . k k
ar = argmin F'(z" — ag”),
[e%

which can be computed explicitly as

o GITIEGR) B
[AFTE ~ TAd I3

In practice, we find that using %@k as the initial value gives better performance,

and backtracking is not necessary in any of our numerical experiments.
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Algorithm GPBB-NM. This is a nonmonotone Barzilai-Borwein method in
GP-NoLS, in which we obtain the step «y via the formula (4.13), projected if

necessary onto the interval [auin, Qmax)-

Algorithm GPBB-M. A monotone Barzilai-Borwein method in GP-LM, in
which «y is obtained as in Algorithm GPBB-NM.

Algorithm GPCBB-m. A monotone cyclic Barzilai-Borwein algorithm in
GP-LM, in which a4 is recalculated from (4.13) at every mth iteration. For-

mally, we set

amlﬂ:aﬁﬁrl for/=0,1,2,... andi=1,2,...,m — 1,

where a2 | is obtained from (4.13) with k& = mi + 1, restricted to the interval

[amina amax] .

Algorithm GPABB. A monotonic alternating Barzilai-Borwein method in
GP-LM, in which the technique of Serafini, Zanghirati, and Zanni [62, Sec-
tion 2.2], is used to switch between the rules (4.13) and (4.14). This technique
makes use of two positive integer parameters Ny, and ny. with 0 < i < Nmax.
Let n, be the number of consecutive iterations that use the same steplength se-
lection rule, (4.13) or (4.14). We switch from one rule to the other at the next
iteration k+ 1 if either (i) m4 > Nyax or (ii) ng > Nmin and ay, is either a  separat-
ing steplength or a bad descent generator. The current step «y is a separating
steplength if it lies between the values generated by the two rules at the next
iteration, that is, azt12 < ar < agq11. Given two constants v; and -+, with
0 <y <1<, wesay that ay is a bad descent generator if one of the following

conditions holds:
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() Yeopt <y and oy = . q; or
(b) Ykopt > Yo and oy = oy .

where 7 opt is obtained from the limited minimization rule (4.12). We refer
interested readers to [62] for the rationale of the criterion. In any case, the

chosen «y, is adjusted to ensure that it lies in the interval [umin, Cmax)-

4.3 A Sequential Quadratic Programming Algorithm

We describe here a variation on the techniques of the previous section in which
the curvature of the boundary of the constraint set X is accounted for in com-
puting the search direction. The method can be viewed as a sequential quadratic
programming (SQP) method applied to the dual formulation (4.10). The KKT

optimality conditions for this formulation can be written as follows:

AT (Ax — \g) + 221, = 0, 1=1,2,...,N,

0<z L |z|*-1<0, [=1,2,...,N,

where the scalars z are Lagrange multipliers for the constraints ||x||3 < 1,1 =
1,2,..., N, and the operator L indicates that at least one of its two operands
must be zero. At iteration k, we compute an estimate of the active set A, C
{1,2,..., N}, which are those indices for which we believe that ||z;||3 = 1 at the

solution. In our implementation, we choose this set as follows:

Ar = {l]l|z7llz =1 and (2))"[VF(z")} < 0}

={llll2fl2 =1 and (zf)" A (A" — Ag) < 0}. (4.15)
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The SQP step is a Newton-like step for the following system of nonlinear equa-

tions, from the current estimates z* and 2F, [ = 1,2,..., N:
AT (Ax — A\g) + 2112, = 0, l1=1,2,...,N, (4.16a)
|z:ll3 =1 =0, l € Ay, (4.16b)

Using Zlk“ to denote the values of z; at the next iterate, and d* to denote the step

k

in 2", a “second-order” step can be obtained from (4.16) by solving the following

system for d* and 21 1 =1,2,... N:
AT AdR + 2281 dF = —AT A2k — Ng] — 2282840 1=1,2,...,N,  (4.17a)
220 TdF =0, 1€ A, (4.17b)

FHL =0, 1 ¢ A. (4.17c¢)

+1

We now define Newton-like steps d* in z, and new iterates z**! in z, by replacing

AT A by ;' in (4.17a) and solving the following linear system:

atdy 4+ 227 = — Al [Aah — Ng] — 222 1=1,2,...,N, (4.18a)
2N ’dl =0, 1€ A, (4.18b)

FT =0, 1 ¢ A. (4.18c¢)

Considering indices [ € Ay, we take the inner product of (4.18a) with zF and use

(4.18b) and (4.15) to obtain:
2 = —(1/2)(aP)T AT (A2* — Ng), 1€ Ay
We obtain the steps df for these indices by substituting this expression in (4.18a):

= —(ap + 27 (AT (Ad® — Ag) 4 2554T], L Ay
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In fact, because of (4.18c), this same formula holds for | ¢ A, when it reduces

to the usual negative-gradient step

df = —o AT (AxF — Ng), 1 ¢ A.

We define the (nonmonotone) Algorithm SQPBB-NM by making an initial
choice of oy at each iteration according to the formula (4.13), and calculating

k+1

T = zF + dF and zFt! as described above. In the monotone variant of this

method, known as SQPBB-M, we successively decrease ay, by a factor of p € (0, 1),

1 k+1

as in Framework GP-ProjArc , and recalculate z**! and z as above, until a

decrease in the objective function is obtained.

We also tried versions of these methods in which oy was recalculated only on
every mth iteration; these are referred to as SQPBB-NM(m) and SQPBB-M(m),

respectively.

4.4 Computational Experiments

We report on computational experiments for three test problems in image de-
noising. The original clean images and the input noisy images are shown in
Figures 5.2 and 5.3, respectively. The sizes of the discretizations for the three
test problems are 128 x 128, 256 x 256, and 512 x 512, respectively. The noisy
images are generated by adding Gaussian noise to the clean images using the
MATLAB function imnoise, with variance parameter set to 0.01. The fidelity
parameter A is taken to be 0.045 throughout the experiments. This parameter
is inversely related to the noise level ¢ and usually needs to be tuned for each

individual image to get an optimal visual result.

We tested the following algorithms:
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Chambolle’s semi-implicit gradient descent method [14];

e many variants of gradient projection proposed in Section 4.2;

the SQP method of Section 4.3;

the CGM method of [25].

We report on a subset of these tests here, including the gradient projection vari-

ants that gave consistently good results across the three test problems.

In Chambolle’s method, we take the step to be 0.248 for near optimal perfor-
mance, although global convergence is proved in [14] only for steps in the range
(0,.125). We use the same value o = 0.248 in Algorithm GPCL, as it appears

to be near optimal in this case as well.

For all gradient projection variants, we set auin = 107° and opax = 10°.
(Performances are insensitive to these choices, as long as ap;, is sufficiently small
and apax sufficiently large.) In Algorithm GPLS, we used p = 0.5 and pu = 1072
In Algorithm GPABB, we set 7, = 0.1 and v, = 5.

We also tried variants of the GPBB methods in which the initial choice of
ay was scaled by a factor of 0.5 at every iteration. We found that this variant
often enhanced performance. This fact is not too surprising, as we can see from
Section 4.3 that the curvature of the boundary of constraint set X suggests that
it is appropriate to add positive diagonal elements to the Hessian approximation,

which corresponds to decreasing the value of ay.

In the CGM implementation, we used a direct solver for the linear system
at each iteration, as the conjugate gradient iterative solver (which is an option
in the CGM code) was slower on these examples. The smooth parameter [

is dynamically updated based on duality gap from iteration to iteration. In
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particular, we take By = 100 and let 5, = Gr_1 (Gk/Gk_l)z, where G, and Gj_;
are the duality gaps for the past two iterations. This simple strategy for updating
[, which is borrowed from interior-point methods, outperforms the classical CGM

approach, producing faster decrease in the duality gap.

All methods are coded in MATLAB. It is likely the performance can be im-
proved by recoding in C or C++, but we believe that improvements would be

fairly uniform across all the algorithms.

Tables 6.1, 6.2, and 6.3 report number of iterations and average CPU times
over ten runs, where each run adds a different random noise vector to the true
image. In all codes, we used the starting point z(®) = 0 in each algorithm and
the relative duality gap stopping criterion. We vary the threshold TOL from 1072

to 1079, producing results of increasingly high accuracy as TOL is decreased.

Figure 5.4 shows the denoised images obtained at different values of TOL.
Note that visually there is little difference between the results obtained with two
tolerance values 1072 and 107*. Smaller values of TOL do not produce further

visual differences.

The tables show that on all problems, the proposed gradient projection al-
gorithms are competitive to Chambolle’s method, and that some variants are
significantly faster, especially when moderate accuracy is required for the solu-
tions. Two variants stood out as good performers: the GPBB-NM variant and
the GPBB-M(3) variant in which the initial choice of «y was scaled by 0.5 at
each iteration. For all tests with TOL = 1072, ToL = 1073, and TOL = 107*, the

winner was one of the gradient-projection Barzilai-Borwein strategies.

For these low-to-moderate accuracy requirements, CGM is generally slower
than the gradient-based methods, particularly on the larger problems. The pic-

ture changes considerably, however, when high accuracy (TOL = 107%) is required.
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Figure 4.1: The original clean images for our test problems. Left: 128 x 128
“shape”; middle: 256 x 256 “cameraman”; right: 512 x 512 “Barbara’”.

Figure 4.2: The input noisy images for our test problems. Gaussian noise is

added using MATLAB function imnoise with variance 0.01.

The rapid asymptotic convergence of CGM is seen to advantage in this situation,
and it outperforms the gradient-based methods in all cases. This result is ob-
served again in figure 4.4, which plots the duality gap again the CPU time cost for
Chambolle’s method, CGM method and the GPBB-NM variant of the gradient

projection algorithm.
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Figure 4.3: The denoised images with different level of termination criterions.

left column: TOL = 1072, right column: TOL = 107%.
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Table 4.1: Number of iterations and CPU times (in seconds) for problem 1. % =

initial oy scaled by 0.5 at each iteration.

TOL =102 | TOL=10"3 | TOL = 10"* | ToL = 10~

Algorithms Iter | Time | Iter | Time | Iter | Time | Iter | Time

Chambolle 18 | 0.12 | 169 | 1.15 | 1082 | 7.23 | 23884 | 154

GPCL 39 | 025 | 136 | 0.90 | 736 | 4.71 | 16196 | 110
GPLS 23 | 0.33 | 181 | 2.66 | 845 | 12.8 | 17056 | 260
GPBB-M 12 ] 0.16 | 152 | 1.82 | 836 | 10.1 | 17464 | 167

GPBB-M (2) | 18 | 0.17 | 187 | 1.80 | 941 | 9.00 | 21146 | 193
GPBB-M(3) | 13 | 0.11 | 92 | 0.78 | 287 | 2.44 | 3749 | 32.2
GPBB-M(3)* | 11 | 0.09 | 49 | 041 | 190 | 1.60 | 2298 | 19.7
GPBB-NM 10 | 0.09 | 48 | 046 | 217 | 2.10 | 3857 | 32.3
GPABB 13 | 016 | 58 | 0.66 | 245 | 2.80 | 2355 | 24.0
SQPBB-M 13 | 017 | 47 | 0.66 | 196 | 2.81 | 3983 | 61.0

CGM 6 4.05 9 5.90 12 8.00 18 12.1
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Table 4.2: Number of iterations and CPU times (in seconds) for problem 2. % =

initial oy scaled by 0.5 at each iteration.

ToL=10"2 | TOL =102 | TOL =10"* | TOL = 107°
Algorithms Iter | Time | Iter | Time | Iter | Time | Iter | Time
Chambolle 27 | 1.05 | 164 | 6.40 | 815 | 31.80 | 15911 | 628
GPCL 32 | 1.26 | 112 | 4.31 | 540 | 21.0 | 11434 | 452
GPLS 20 | 1.85 | 132 | 148 | 575 | 66 | 12892 | 1531
GPBB-M 20 | 1.14 | 124 | 7.01 | 576 | 32.7 | 11776 | 674
GPBB-M (2) 20 | 112 | 72 | 4.05 | 245 | 139 | 4377 | 251
GPBB-M(3) 20 | 112 | 77 | 4.33 | 345 ] 19.5 | 3522 | 200
GPBB-M(3) fudge | 17 | 0.95 | 47 | 2.65 | 162 | 9.17 | 1766 | 100
GPBB-NM 16 | 0.85 | 48 | 253 | 178 | 9.52 | 2802 | 150
GPABB 16 | 1.06 | 47 | 3.16 | 168 | 11.4 | 1865 | 127
SQPBB-M 14 | 1.10 | 41 | 3.44 | 152 | 13.5 | 2653 | 245
CGM 6 | 2230 | 10 | 375 | 13 | 4838 19 71.0
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Table 4.3: Number of iterations and CPU times (in seconds) for problem 3. % =

initial oy scaled by 0.5 at each iteration.

TOL = 1072 | TOL = 1072 | TOL = 10~* | TOL = 107°
Algorithms Iter | Time | Iter | Time | Iter | Time | Iter | Time
Chambolle 27 | 546 | 131 | 283 | 534 | 112 | 8314 | 1781
GPCL 24 | 465 | 80 | 17.2 | 328 | 69.1 | 5650 | 1212
GPLS 34 | 109 | 86 | 32.5 | 322 | 128 | 5473 | 2258
GPBB-M 20 | 550 | 84 | 249 | 332 | 98.2 | 5312 | 1576
GPBB-M (2) 20 | 540 | 56 | 16.3 | 160 | 46.6 | 4408 | 1290
GPBB-M(3) 20 | 5.38 | 67 | 19.5 | 174 | 50.5 | 2533 | 738
GPBB-M(3) fudge | 17 | 4.58 | 41 | 11.9 | 131 | 38.0 | 1104 | 321
GPBB-NM 15 | 392 | 40 | 11.3 | 115 | 324 | 1371 | 388
GPABB 14 | 457 | 35 | 12.3 | 122 | 42.8 | 1118 | 394
SQPBB-M 14 | 491 | 40 | 15.8 | 109 | 44.6 | 1556 | 646
CGM 7 168 10 | 216 14 | 302 21 441
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Figure 4.4: Plots of duality gap vs. CPU time cost. Problem 1-3 are shown in

the order of top to bottom.
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CHAPTER 5

Block Coordinate Descent (BCD) Method

5.1 Framework

In this section, we shall apply block coordinate descent (BCD) or block nonlinear

Gauss-Seidal method to solve the dual ROF problem (1.12).

Consider a general optimization problem

minimize F'(z)

subject to z€ X =X; x Xy x -+ x X,, € R™, (5.1)

where f : R™ — R is a continuously differentiable function and the feasible set
X is the Cartesian product of closed, nonempty and convex subsets X; € R™,
fori=1,--- ,n with >."  m; = m.

If the vector z € R™ is partitioned into n component vectors x; € R™, then

the minimization version of the block coordinate descent method for the solution

of (5.1) is defined by

k41 . k+1 k+1 k k
JT=arg min F(ay -2, v, 2, 2), (5.2)

aj )
Yi€X; "

which update cyclicly for each component of x, starting from a given initial point

1o € X and generates a sequence of {x*} with a* = (2f ... k).

rrn
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The discrete dual formulation for TV restoration is

min ¢(w) = ||V - w + 22

subject to  |w; |* < 1fori,j=1---n, (5.3)

where z = \f, w = (w;;) € R¥*™" with each component w; ; € R? | i.e.

wl.

w; ;= ;’J . 1<id,j<n. (5.4)
Wi

The discrete divergence operator V- is defined in ( 1.24) which we rewrite it here:

. R 1 s 2 s —
(V-w)ij =9 wl; ifi=1 + 9 wi; ifj=1
(5.5)

Following the idea of the block coordinate descent method (5.2), we fix w at
all other pixels except at some interior point (i,5) (i,j # 1 or n) , which lead to

a local minimization problem in R?:

min _¢(w;;) = [wz'lg + wi2,j - (wz'l—Lj + wiz,j—l - Zi,j)]2
[lws 5 11<1

1 1

+ Jwi; — (Wi, + wz'2+1,j - wz'2+1,j—1 + Ziy1)) (5.6)

2 2

+ Jwi; — (Wi + wil,j+1 - wil—l,j+1 + zij+1))?

+ other terms not dependent on wj ;

The local minimization problems on the boundary points can be modified ac-
cordingly as in the definition of the divergence operator (5.5). We shall describe

them briefly here.

The dual ROF model (5.3) has separable simple Euclidean ball constraints

which makes each sub minimization problem (5.6) fairly easy to solve at each
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"coordinate’. This simple trait of the constraints that makes the BCD algorithm
practical here is also the reason that makes gradient projection practical and

enables Chambolle to derive the analytical formula for the Lagrange multipliers.

When ¢ =1
. _ 1 2 2 2
”wrfld_lﬁflgl ¢(wi,j) = [wi,j +wj; — (wi,j—l - Zi,j)]
1 1 2 2 2
+ wi; — (Wi T Wik — Wik joq + i) (5.7)
+ [wij - (wijﬂ + wil,j+1 + zi 1))
+ other terms not dependent on wj ;
When 5 =1:
. _ 1 2 1 2
IIwI?,jll?Sl P(w; ;) = [wi,j +wi; — (wi—l,j — Z2ij)]
+ [wil,j - (wil-‘rl,j + wz'2+17j + Zi+1,j)]2 (5.8)

+ [wij - (wijﬂ + wil,j+1 - wil—l,j—i-l + zig41)]

+ other terms not dependent on wj ;

Following (5.5), the boundary values {w, ; : j = 1---,n} and {w}, : i =
1,--+,n} are not relevant in our problem and we simply set them to be 0. Hence
the sub minimization problems on boundary ¢ = n or 7 = n degenerate to the

following 1-D problems.

When i =n:
rglin ¢(wm) = [wij - (wij—1 + wil—l,j - Zi,j)]2
Iwi,j|§1
+ [wij - (wijﬂ - wil—l,j+1 + zij+1))? (5.9)

+ other terms not dependent on wj ;
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When j =n:

min d(w;;) = [w); — (w_y,; +w)_; — 2]

|w7;17j|S1
1 1 2 2
+ (Wi — (Wigy; — Wiy j_1 + Zig1)] (5.10)

+ other terms not dependent on wj ;

5.2 Implementation

The sub optimization problems (5.6)- (5.10) generated by BCD algorithm are
ball constrained quadratic minimization problems with at most two unknowns.
We shall now give a generic algorithm to solve each of these subproblems. We
shall solve subproblem (5.6- 5.8) in details in the following discussion using (5.6)
as an example. The subproblems (5.9) and (5.10) are scalar minimizations and

can be solved very easily.

Problem (5.9):

vo= %(w?,j—l + wi2,j+1 + wil—l,j - wil—l,j—l—l + zij41 — 2ij)
wij = min { max{—1,v}, 1}.
Problem (5.10):
Lo 1 2 2
vo= GWingy Wi Wi~ Wiy Fi T Zig)
w;; = min{max{—1,v}, 1}.

Problem (5.6- 5.8): First problem (5.6) can be rewritten as

min 6(p,q) = (p— a)’+ (=2 + (p+q—c)? (5.11)
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where w; ; = (p, ¢) and

1 2 9

O = Wiy + Wiy — Wity 1+ Zitj
_ 2 1 1

b = w;q Wi — Wi+ %
1 2

C = Wi twi; g~ Zi

To solve problem (5.11), we first solve its unconstrained problem and obtain

by first-order conditions

P = %(Qa—b—l—c) (5.12)
q = %(2b—a+c) (5.13)

The above (p,q) is the solution to (5.11) if p* +g* < 1. Otherwise the constraint

is active and we solve the equality-constrained problem by the KKT conditions

A+2)p+qg = a+c
p+ A+2)q = b+c
P+ =1

A > 0,

where A is the Lagrange multiplier. The first two equations in KKT system yield

g - a+b+2c
Pra = T3
a—>b
— = 5.14
P—q N1 (5.14)

Substituting the above equations to (p+¢)?+ (p—¢q)* = 2 we obtain the following

equation for the Lagrange multiplier

A B

TN =0mp T o

1=0 (5.15)
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where A = (a+b+ 2¢)? and B = 5(a — b)?.

Equation (5.15) yields an a fourth-order polynomial which can be solved ana-
lytically. However, it is more effective to solve it numerically by Newton’s method.
Newton’s method is convergent for solving 5.15 with initial condition \° = 0.
Instead of giving a rigorous proof, we shall illustrate our argument with the fol-
lowing figure (5.1). First, there exists a A* > 0 with f(A*) = 0. Then it follows
that f(0) > 0 by the monotonicity of function f(A) on (—1,00). The plot of
f(A) looks like the one in figure (5.1). Then it is straightforward to see that the
iterates A\¥ converges to \* with monotonically decreasing |\¥ — \*|. In practice

it only take couple of steps to obtain an approximate \*.

15

f(A)

-0.5 : :
0 0.5 \ 1 15

Figure 5.1: Convergence of Newton’s method

Substituting the obtained solution of (5.15) A\* to system (5.14) then gives the
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optimal w; ;.

The full BCD algorithm are given as follows

Algorithm BCD

Step 0. Initialization. Pick initial feasible w®), set k « 0.

(k+1)

Step 1. Updating. Fori,j =1, ---,n, update w; ;" as
2
Z(l;—l—l) = arg | milP V- (w§k1+1)’ Wy wfﬁ%) _ ZH
’ wi 4]1<1 ) ,

by the method described earlier in section (5.2).

Step 2. Terminate if a stopping criterion is satisfied;

otherwise set k «— k 4+ 1 and return to step 1.

5.3 BCD for Anisotropic TV

The discrete dual formulation for the anisotropic TV denoising model is

min Djw] = ||V - w + 2|

subject to |wllj| <1 and |w22]| <lfori,j=1---nm, (5.16)

where w and the V - w are the same as defined in (5.4) and (5.5).

The constraints in problem (5.16) are separable in the scalar level, which
makes the subproblem (5.2) of the BCD algorithm even easier to solve. In fact,
the algorithm is simply just coordinate descent method. We shall briefly describe

the coordinate descent algorithm for the anisotropic dual ROF model as follows.
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1

Suppose (7, ) is not on the boundary. Fix any other arguments except w;

we have the following sub minimization problem

|wr.{1.i|111 [wi; — (wi_y; — wi; +wii g — ziy)]
1, ' —
+ [wil,j - (wz'1+1,j + wz'2+1,j - wi2+1,j—1 + zip1)) (5.17)

1

+  other terms not dependent on w, ;,

which can be easily solved as

Vo= 5(“%’1—1,3' + wz'1+1,j - wi2,j + wi2,j—1 + wz'2+1,j - wi2+1,j—1 + Zit1j — Zit1j)
wild = min{ max{—1,v}, 1}. (5.18)

Similarly, fixing any other arguments except wi{j gives

min [wi; — (w};_; +wl_y; —w; — z;))
|wi ;11
+ [wﬁj - (wiﬁl + w}7j+1 - w}_LjH + zi,j+1)]2 (5.19)

1

+  other terms not dependent on w, ;,

which can be solved as

1
Vo= 5(“’2'2,]'—1 + wi2,j+1 + wil,j—l-l - wil,j + wil—l,j - wil—l,j—l—l + Zijp1 — Zij)
w?; = min{max{—1,0v}, 1}. (5.20)

The boundary points can be treated the same way as in the isotropic case.

We can also unify all the points into one framework by setting wyg ;, wy, ;, w7y, w7,
to be 0 for 2,7 = 1,---n — 1 and iterates through i =1,--- ,n—-1;7=1,---,n

for wil,j and iterates through i =1,--- ,n;7=1,---,n—1 for wﬁj.

The full BCDaniso algorithm is given as follows. We here eliminate the iter-

ation supscript k£ and use one w to describe the algorithm.

Algorithm BCDaniso
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Step 0. Initialization. Pick initial feasible w. Set the boundary points

1 1

2 2 o
Wy 45 Wy, j, wio and wy,, to be 0 for é,5 =1,---n— 1.

Step 1. Updating. Fori=1,--- n—1land j=1,--- n, set

Lo

wi{j = min{max{—l,v}, 1}. (5.21)

Fori=1,--- ,nand j=1,---,n—1, set

1
vo= 5(“’?,;‘-1 + wi2,j+1 + wil,j—l—l - wil,j + wil—l,j - wil—l,j—l—l + Zijr1 — ziy)
wij = min { max{—1,v}, 1}. (5.22)

Step 2. Terminate if w satisfies the stopping criterion;

otherwise return to step 1.

5.4 Convergence Theory

The convergence of the block coordinate descent method follows directly from

[44] or sec 2.7 of [7]. We quote the relevant results from [44] as follows.

Definition 2. Following the convention in (5.1) and leti € {1,2,--- ,n}; we say
that f is strictly quasiconvex with respect to x; € X; on X if for every x € X and

yi € X; with y; # x; we have

fQoy, oot 4 (L= )y, -+ ) <max{f(z), flwr, - yi -2}

for allt € (0,1).
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Proposition 2. Suppose that the function f is strictly quasiconvex with respect
tox; on X for each i =1,2,--- ,n — 2 in the sense of Definition 2 and that the
sequence {x*} generated by the BOCD method (5.2) has limit points. Then every

limit point T of {x*} is a critical point of Problem (5.1).

Theorem 4. The BCD and BCDaniso algorithms described in the above sections

are global convergent.

Proof. The proof follows directly from Proposition 2. First of all, it is easy to
check that the energy function of the dual ROF model is strictly quasi-convex with
respect to each corresponding ‘coordinate’ for both the isotropic and anisotropic
case. Hence, Proposition 2 applies. Secondly, X is compact for both cases.
Hence every sequence of iterates {w®} has a limit point w. It follows from
Proposition 2 that the limit point w is a stationary point and hence a global
minimizer of the given convex problem. Finally, by monotonicity of the algorithm:

F(w**)) < F(w®), we have that F(w®) | F* = global minimum energy. [

5.5 Numerical Experiments

We report on computational experiments for three test problems in image denois-
ing. All the programs are run in an IBM T60 Notebook PC with 1.83 GHz Intel
Core Duo CPU and 1G RAM. All methods are coded in MATLAB. The original
clean images and the input noisy images are shown in Figures 5.2 and 5.3, respec-
tively. The sizes of the discretizations for the three test problems are 128 x 128,
256 x 256, and 512 x 512, respectively. The noisy images are generated by adding
Gaussian noise to the clean images using the MATLAB function imnoise, with
variance parameter set to 0.01. The fidelity parameter \ is taken to be 0.045 for
the isotropic ROF model and 0.05 for the anisotropic ROF model throughout the
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experiments. This parameter is inversely related to the noise level o and usually
needs to be tuned for each individual image to get an optimal visual result. For
the BCD algorithm for isotropic ROF model, the subproblem at each coordinate
block are solved by the approach described in section 5.2. The inner Newton’

method to compute \* at each coordinate block is stopped when |f/(\)| < 1072

We tested the following algorithms:

e Chambolle’s semi-implicit gradient descent method [14] for isotropic ROF

model;
e BCD algorithm for isotropic ROF model as described in section 5.2;

e Chambolle’s semi-implicit gradient descent method [14] for anisotropic ROF

model;

e BCD algorithm for anisotropic ROF model as described in section 5.3.

Figure 5.4 shows the denoised images obtained by different models: the

isotropic ROF model and the anisotropic ROF model.

Tables 6.1, 6.2, and 6.3 report number of iterations and average CPU times
over ten runs, where each run adds a different random noise vector to the true
image. In all codes, we used the starting point w(® = 0 in each algorithm and
the relative duality gap stopping criterion. We vary the threshold TOL from 1072

to 10~%, producing results of increasingly high accuracy as TOL is decreased.

The tables show that on all problems, the proposed Block Coordinate Descent
algorithms are competitive to Chambolle’s method, and that they are consistently
faster in most situations. The tables also show that the advantage of BCD al-
gorithm over Chambolle’s algorithm is more profound for anisotropic TV due to

the simpler constraints.
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Figure 5.2: The original clean images for our test problems. Left: 128 x 128
“shape”; middle: 256 x 256 “cameraman”; right: 512 x 512 “Barbara”.

Figure 5.3: The input noisy images for our test problems. Gaussian noise is

added using MATLAB function imnoise with variance 0.01.
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Figure 5.4: The denoised images with TV terms. left column: isotropic TV, right

column: anisotropic TV.
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Table 5.1: Iterations & CPU costs, isotropic TV, problem 1.

TOL = 1072 ToL = 1073 ToL = 1074
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 35 0.23 323 2.19 1779 11.7
BCD 11 0.22 81 1.83 403 9.50

Table 5.2: ITterations & CPU costs, isotropic TV, problem 2.

TOL = 1072 TOL = 1073 ToL = 1074
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 47 2.02 276 11.0 1285 50.2
BCD 14 1.59 66 7.47 278 32.3

Table 5.3: Iterations & CPU

costs, isotropic TV, problem 3.

TOL = 1072 TOL = 1073 TOL = 1074
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 44 11.1 202 49.6 814 200
BCD 12 6.38 45 24.3 166 92.3
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Table 5.4: Iterations & CPU costs, anisotropic TV, problem 1.

TOL = 1072 ToL = 1073 ToL = 1074
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 48 0.39 430 4.41 2042 20.6
BCD 7 0.06 49 0.39 247 1.97

Table 5.5: Iterations & CPU costs, anisotropic TV, problem 2.

TOL = 1072 TOL = 1073 ToL = 1074
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 63 2.70 345 15.1 1279 54.0
BCD 8 0.38 41 1.75 150 6.59

Table 5.6: Iterations & CPU costs, anisotropic TV, problem 3.

TOL = 1072 TOL = 1073 TOL = 1074
Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
Chambolle | 61 12.8 252 51.2 805 164
BCD 8 1.70 32 6.67 99 19.6
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CHAPTER 6

Multilevel Optimizations

As we have seen in section 2.1.6, various multigrid (multilevel) methods have been
developed, trying to solve the total variation denoising problem efficiently with
scalable computational complexity. Most existing multilevel methods are based
on the primal formulation (1.4) and/or its associated Euler-Lagrange equation.
The non-differentiability of the primal energy usually makes it difficult to develop
efficient multigrid algorithms. In most of the times, finding a good smoother for
the primal problem is already challenging enough.

In this chapter, we shall derive the multilevel optimization algorithms based
on the dual formulation of the ROF model (1.12). We shall see that in this case
the main challenge in developing efficient multilevel methods is the nonlinear
constraints. In other words, we need to find a correct way to interpolate the
constraints in coarser level such that the coarser level correction will not violate

the finer level constraints.

6.1 Multilevel Optimization for 1D Dual TV Model

As a starting point, we shall describe the multilevel optimization algorithm ap-

plied on dual formulation of the one dimensional total variation based signal
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denoising model, which is (z = Af) :

min  ¢(w) = ||V - w+z[|2

subject to Li<w;<R; forj=1,2,---n, (6.1)
where L; = —1, R; = 1 and the one dimensional divergence operator V- is
Wy, ifi=1
(Vow)j =38 wj—w;_; if2<j<n (6.2)
—wy, ifj=n+1

We shall now apply multilevel technique to solve the above problem (6.1).
Let k be the level of our multilevel algorithm with & = 1 being the finest level
and k = loghy + 1 being the coarsest level. At level k, the uniform block size is

b = 28=1 and number of blocks is 7, = n/b.

Suppose w is an intermediate solution (at the finest level) and its modification
at the next coarser level is given by dw = Pl ¢ = [c1, ¢1, o, Coy v+ - s Cmy Crmls
where m = %, ¢ = [e1, ¢, -+, ¢ is the unknowns on the coarser level and P is

the (piecewise constant) prolongation operator from coarser level to finer level.
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The objective function with the coarser level correction is then given as

¢(w + Pc)
= |[V-(w+ Pc)—z|?
= (w1+01+21)2—|— [(w2+cl) —(w1+01)+22]2

+ [(wg + CQ) — (’UJQ + Cl) + 23]2 + [(U)4 + CQ) — (wg + CQ) + 24]2

+ [(Wne1 + em) — (W2 + Cme1)]* + [(Wn + ) — (Wn1 + )]
+ [=(wn + e) + 2011)
= (Cl + w1 + 21)2

-+ (02—01+W3—w2+23)2

+ (Cm — Cm—1 + Wp—1 — Wp—2 + Zn—1)2
+ (_Cm — Wy, + Zn+1>2
+ other terms independent of ¢

= ||V -c+ Z||* + other terms independent of c,

where Z is given by

Z1 = Wy + 21
Ziyl = Wajp1 — Waj + 22541 for j=1,---,m~—1
Zm+1 = —Wp + Zn+1;

which is equivalent to Z = R(V -w + z). Here R is the restriction operator from

finer level to coarser level, i.e.,

R(xy, g, T3, -+ ,xoq1) = x(1:2: 20+ 1) = (21, T3, 25 -+, Tory1)-

The finer level constraints —1 < (w+ Pc); <1 can be expressed as
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Lyj1 < c¢j+wy—1 < Rojq )
fory=1,---,m.

ng < Cj + Waj < jo

The above constraints is equivalent to the following coarser level constraints

Li<c <R; for j=1,---,m, (6:3)
where
L; = max(Loj_1 —wyj—1, Laj — wy;) (6.4)
R; = min(Ryj_1 — waj_1, Raj — wsy).

Put the above information all together, the problem of solving for the coarser

level correction is the following minimization:

min @) = ||V - e+ 2|2

subject to  L; < ¢; < R; for j=1,---,m. (6.5)

Now, problem (6.5) has the exact same form as the original problem (6.1)
except it is on a coarser level. Hence we can apply the same smoother to get an
approximate solution of (6.5) and then pass to the even coarser grid for correc-
tions. We can adopt the same technique recursively until we get to the coarsest
level and then we add the correction back level by level until reach the finest level.
Each cycle of getting from finest level to coarsest level and then back to finest
level is called a V-Cycle in multigird jargon. The complexity for each V-Cycle is
O(n).

The full multilevel algorithm ML1D using the recursive V-Cycle is shown

below. Here we use

w = Smoother(w®, z, L, R, iter)
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to denote an approximate intermediate solution of (6.1) that we obtained by apply
a specified smoother(relaxation) iter times with initial guess w°. The actual level

of the problem is implied by the context.

We then use the recursive function
w = Veycle(w®, z, L, R)

to denote outcome of applying one V-cycle to solve the original problem (6.1).

The recursive function can be defined as follows:

function w = Veycle(w?, 2, L, R)
n = length(w®);
if n==

wy = %(22 —2);

return;
else
w = Smoother(w®, z, L, R, iterl);
m=3;
forj=1:m
[~1j = max(Loj_1 — waj_1, Loj — wy;j);
R; = min(Raj_y — w1, Raj — ws));
end
Z=R(V-w+2);
¢ = Veycle(0, 2, L, R);
w=w + Pc;
w = Smoother(w, z, L, R, iter2);
return;
end

91



The full multilevel algorithm MLID is shown as below.

Algorithm ML1D

Step 0. Initialization. Set z=\f, L =—-1,R; =1, forj=1,---n.
Pick initial feasible w®. Set k = 0.

Step 1. Updating Using V-Cycle.

wh = Veyele(w®, z, L, R).

Step 2. Terminate if w**! satisfies the stopping criterion;

otherwise set k < k 4 1 and return to step 1.

6.2 Multilevel Optimization for 2D Dual TV Model

We now generalize the idea of multilevel optimization to 2D TV models.

The discrete dual formulation for TV restoration is

min ¢(w) = ||V - w + 2|?

subject to  |lw; || <1lfori,j=1---n, (6.6)
where z = \f, w = (w;;) € R¥*™" with each component w; ; € R? | i.e.

W; -
W; ; = 22’] y 1 < Z,j <n. (67)
Wi

The discrete divergence operator V- is defined in ( 1.24) which we rewrite it here:
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wh —wh o ifl<i<n w? . — w?, ifl<j<n

2y 1_17.7 iuj B 7‘7.]_1
cw), s = 1 e 2 e
(V- -w);; = w; ife=1 + w; ; if =1
1 . s 2 . -
—W;_q ifi=n —W; ;4 if j =n.

(6.8)

The multilevel formulation for the 2D problem is more complicated and te-
dious than the 1D problem. First let us fixed some conventions. We set the size
of matrices w!', w? and z to be n x (n +1), (n+1) xn and (n+ 1) X (n + 1)
respectively with n being a power of 2. Let m = 3.

We follow the same setup in the 1D case and let w', w? be the intermediate
solution on the finest level. We then use ¢!, c? to denote the corrections in the

next coarser level. We again use the piecewise constant interpolation to map P

the coarser level correction to the finer level, i.e.

C11 €11 Ci2 C12
i1 Ci2 ... C11 €11 Ci2 Ci12
C=| co1 can ... = PC=| 1 a1 22 C22

C21 C21 C22 C22

The objective function with the coarser level correction is
¢(w + Pc) = ||V - (w + Pc) + z|)? (6.9)

To rearrange the above objective function, we realized that the indices (21, 2j), (2i—

1,25),(2i,2j—1) and (2i — 1,25 — 1) should be treated differently. If we work our
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every detail, we will obtain the following formulation for energy function (6.9):
p(w+Pc) = ||[V-c+Z|?

+ IV DI

+ Y IV i) + G|
i=1
+ other terms independent of c. (6.10)

In (6.10) and later equations, We use the same notation V- for both the 2D
divergence operator defined in (6.8) and 1D divergence operator defined in (6.2).
It is easily to figure out their real meaning in the context. Here, the first is for

2D and the rest are for 1D.

In (6.10), ¢; and G are m x (m + 1) matrices, ¢c; and F are (m + 1) x m

matrices and Z has dimension (m+1) x (m+1). F,G and Z are given as follows.

S = V-w+z
S(1:2:n+1,1:2:n+1)
F = S1:2:n+1,2:2:n)

G = S2:2:n,1:2:n+1)

an
Il

(6.11)

Motivated by equation (6.10), we rewrite the original dual ROF model (6.6) to

facilitate the recursive multigrid V-cycle algorithm as follows.
min ¢(w) = [|[V-w+ z|?

+VZ IV - w (s, 5) + X (912
j=1

+ D IV w’ ) + Y () (6.12)
i=1
subject to |wiill < Ri; fori,j=1---n,

where initially in the finest level v =0, X,Y are (n+1) x n and n x (n+ 1) zero

matrices and R is a (n + 1) X (n + 1) matrix with all ones.
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Then the objective function with coarser level corrections can be written as

p(w+ Pc) = ||V-c+ 2|

i Z||v.cl(:,j)+F(:,j)||2
31V el ) + GG
+ 29IV atg) + Q)P

+ 27 Y IV - eaiys) + TG, )2
=1

+ other terms independent of c. (6.13)

or

d(w+ Pc) = ||V-c+2|?

+ 5/2 ||V . Cl(:,j) +X(7j)||2
j=1

+ ANV - ealis) + V(0,02
i=1

+ other terms independent of c. (6.14)

where F, G and # are given in (6.11), and Q, T, X,Y and 7 are given as follows:

¥y o= 142y

Q = MU(:2:n+1,1:2:n—1)+U(1:2:n+1,2:2:n)]

T = Lv(:2:n-1,1:2:n4+1)+V(2:2:n,1:2:n+1)]  (6.15)
X = (F+20Q)/7

Y = (G+21)/7

The objective function (6.14) is exactly in the same form with the original energy

in (6.12) except it is on the coarser level.
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The constraints on the coarser level variable ¢ are given as

lcij+ waic12i-1|] < Raim12i-1

leii & waiszs] 22 for 1<4,j<m (6.16)
lcij + waigj—l| < Ryigj
llcij + wai ol < Raipj

Now we shall tried to simplify the above constraints on the coarser level so that
we can reduce the overall complexity of the problem by a factor of 2 x 2. Un-
fortunately, there is no simple way to achieve that as we have done for the 1D
problem in (6.3). It is easily to see from 6.16 that the feasible set for each ¢; ;
is the intersection of 4 unit disks, which in general cannot be expressed using a

single equation.

There are several plausible approaches for this problem. For example, in stead
of trying to simply the constraints (6.16) to an equivalent single constraint, i.e.
the old constraints (6.16) are satisfied iff. the new constraint is satisfied, we can

relax this equivalence to a sufficient but not necessary new constraint as follows:

leijll < Rij (6.17)

where R ; =min {Ry; — |Jwy : 20 — 1 <k <26, 25 — 1 <1< 2j}.

If we choose the new constraints on the coarser level as above, then the opti-
mization problem of finding coarser level correction is exactly in the same form as
the original problem in the finest level. We can apply some smoother (e.g. BCD
algorithm in Chapter 5) several iterations to solve an intermediate solution on the
coarser level and pass it to the next even coarser level recursively. However, the
problem is that the constraints (6.17) may be too restrictive for the algorithm
to make any useful corrections on the coarser level. An extreme case is when

R;; = 0 and no correction will be allowed on that block.
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We notice that the anisotropic TV model does not have this problem and
therefore is more suitable for applying our multilevel optimization algorithm in
this sense. The dual formulation of the anisotropic ROF model has the exact
same objective function with the isotropic ROF model (6.12) but its constraints

are simple bound constraints. The dual anisotropic ROF model is shown as

follows
min ¢(w) = [|V-w + z|?
D IV w' G 5) + X ()P
j=1
+ ) IV wt ) + Y6 (6.18)
=1
. L, <w/; <R}, forl<i<n, 1<j<n+]l
subject to ’ ’ ’

Lijgwﬁng?’j for1<i1<n+1,1<53<n

where X,Y and 7 are the same as in (6.12). L' L? are matrices with all entries

being —1 and R!, R? are matrices with all entries being 1.

From the above analysis, it is not hard to obtain that the problem of finding

coarser level correction c is the following minimization problem.
min ||V -c+ 7|
+ 3D Vel h) + X601
j=1
+ 7Y V- ealiy ) + V(i) (6.19)
i=1

' L, <c <Rl for1<i<m,1<j<m+1
subject to 7 ’ 7
L}, <c; <R} for1<i<m+1,1<j<m
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where X,V 4 are the same as in (6.15) and L, R are given as follows:

LI, = max{Ly,—wy, : 2i—1<k<2i 2/ —1<1<25};
L}, = max{l}, —wp, : 20— 1<k<2i 2j—1<1<25};
R, = min{R,,—wy, : 2i—1<k<2i 2j—1<1<2j5};
R, = min{R}, —wp, : 20i—1<k<2i, 2j—1<1<2j};

Now coarser level correction problem (6.19) has the exact same formulation
with the original problem (6.18). So we can apply the same strategy recursively

and obtain the multilevel V-cycle algorithm as in the 1D problem.

6.3 Numerical Experiments and Comments

We test our multilevel (ML) optimization algorithm on the anisotropic ROF
model using the block coordinate descent (BCD) method developed in Chapter 5
as the smoother. We also compared the performance of the ML algorithm and the
uni-level BCD algorithm. The test problems and parameters are exactly the same
as those in Chapter 5. At each level of the V-cycle inside the ML algorithm, we
apply 3 relaxations before pass to the coarser level and apply 2 more relaxations

after adding the coarser level corrections.

Tables 6.1, 6.2, and 6.3 report number of iterations and average CPU times
over ten runs, where each run adds a different random noise vector to the true

) = 0 in each algorithm and

image. In all codes, we used the starting point x
the relative duality gap stopping criterion. We vary the threshold TOL from 1072

to 1074, producing results of increasingly high accuracy as TOL is decreased.

These tables show that the improvement over the BCD algorithm by adopt-

ing the multilevel optimization framework is not significant. This might due to
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Table 6.1: Iterations & CPU costs, anisotropic TV, problem 1.
TOL = 1072 TOL = 1073 ToL = 10~*

Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
ML BCD 2 0.06 11 0.30 20 1.42
BCD 7 0.06 49 0.39 247 1.97

Table 6.2: Iterations & CPU costs, anisotropic TV, problem 2.
TOL = 1072 TOL = 1073 TOL = 1074

Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
ML BCD 2 0.31 8 1.22 29 4.13
BCD 8 0.38 41 1.75 150 6.59

Table 6.3: Iterations & CPU costs, anisotropic TV, problem 3.
TOL = 1072 TOL = 1073 TOL = 1074

Algorithms | Iter | CPU (s) | Iter | CPU (s) | Iter | CPU (s)
ML BCD 2 1.47 6 4.35 19 13.4
BCD 8 1.70 32 6.67 99 19.6

the characteristics of this particular problem. In particular, the solution and
residuals are not smooth with any available relaxation algorithms because of the
constraints. For future work, some more intelligent coarsening and interpolation

schemes must be adopted to fully exploit the advantage of multigrid algorithms.
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CHAPTER 7

Connections and Improvements of Some

Existing Methods

7.1 Connections between CGM and SOCP

In Chapter 2, we give a survey of some existing algorithms for solving the total
variation based image restoration models, which includes the CGM method and
SOCP approach. We also point out that SOCP and CGM bear many similarities.
Both methods apply Newton’s method to some primal-dual system to compute
the update at each iteration. In this section, we shall investigate the connections

between these two methods in more details.

Preliminaries of SOCP
We remind the reader that we follow the MATLAB convention of using “ ,”
for adjoining vectors and matrices in a row, and “ ; 7 for adjoining them in a

column. Thus, for any vectors x, y and z, the following are synonymous:

(zyy;2) = (a7, y", 2
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We also use @ denote joining matrices diagonally, that is, for two matrices A and
B,

A 0

0 B

A® B =

Now we use the notation K" to denote the Lorenz cone (ice cream cone) in
R™, i.e.

K'={z = (zo; 2) e R" : ||Z|| < 2o}

Second-Order Cone Programming (SOCP) problem has the following standard

form
Primal Dual
min 'z min by
(7.1)
s. t. Az = b, s.t. Aly+c=z,
z e K. z e K.
where
x=(xy;--+;x.) withz; € R™
c=(c1;+++;¢) withg e R™
z=1(z1;--;2) with z; e R™
A= (A, -+, A,) with A; € Rm>™
y, be R™

and KC is the Cartesian product of several cones:

K=K x K" x - x K",

Associated with each vector x = (zg; ) € R” there is an arrow-shaped matrix

Arw(z) defined as:
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Observe that x € K (x € intK) iff. Arw(z) is positive semidefinite (positive
definite).

We also use Arw(-) in the block sense; that is if = (xy; - -+ ; x,) such that

x; € R" fori=1,--- ,r, then

Arw(z) = Arw(z1) @ -+ © Arw(x,.).

There is a particular algebra associated with second-order cones, the under-
standing of which sheds light on all aspects of the SOCP problem, from duality
and complementarity properties, to conditions of non-degeneracy and ultimately
to the design and analysis of interior-point algorithms. This algebra is well-known
and is a special case of a so-called Fuclidean Jordan algebra. (see for a complete
study.) Here we only borrow some notations and definitions to facilitate our

explanations.

For now we assume that all vectors consist of a single block x = (zg; Z). For

two vectors x and y define the following multiplication
2Ty

s _ _ oY1 + Yol1
roy = (' y; oY+ YoT) =

ZoYn + Yoln
Let e = (1; 0; - -+ 0). We define the inverse of x, 27! by
y=a' iff. roy=yoxz=e,
and define the determinant of x, det(x) by
det(x) = a2 — 7]

It is clear that
_1 1

= Tt(0) (xo; —).
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SOCP problems are usually solved by primal-dual path following interior-
point methods. Note that for x € int K the function -1n(det(x)) is a convex
barrier function for C. if we replaced the second-order cone constraints by z; €
int £™ and add the logarithm barrier term —u ) 1n(det(z;)) to the objective

function in the primal problem we get

(P,) min ¢fx;— 1) 1n(det(z;))
=1 =1
s.t. Z AZLUZ = b,
=1
x; €int K" fori=1,---,r (7.2)

The Karush-Kuhn-Tucker (KKT) optimality conditions for

(7.2) are:

ZT: AZZIZ'Z = b,
i=1

CZ—AZTy—QIu;UZ_lzo’ fori:fl,...’r,

x; €int K" fori=1,---,r. (7.3)

If we set z; = ¢; — Ay, the any solution of problem P, satisfies:

> Awi=b,
=1
A;fy—i-z,:cz, fOI‘z':l’...’/r’

x;0z; =2ue, fori=1,--- 7,

X,z €int K" fori=1,---,r. (7.4)

For every p > 0 we can show that the above system (7.4) has a unique solution

(u, Y, zu). The trajectory points (z,,y,, 2,) satisfying (7.4) is defined as the
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primal-dual central path or simply the central path associated with the SOCP
problem (7.1).

Generally speaking the strategy of path-following primal-dual interior-point
method can be sketched as follows. We start with a point near or on the central
path. First, we apply Newton’s method to the system (7.4) to get a direction
(Az, Ay, Ay) that reduces the duality gap, and then take a step in this direction
making sure that the new point is still feasible and in the interior of K. Then we
reduce p by some factor and repeat the process. With judicious choices of initial
point, step length and reduction schedule for p we are able to show convergence

in a polynomial number of iterations.

Applying Newton’ method to (7.4) will result a linear system for the update
direction (Ax, Ay, Ay):

A 0 0 Ax b— Ax
0 AT 1 Ay = c— ATy — 2 (7.5)
Arw(z) 0 Arw(x) Az 2ue —x 0z

SOCP for ROF and Connections with CGM

To reform the constrained ROF model

min > [[(Vu)ill

1<ij<n

st Jlu—f]* <o’ (7.6)

into a SOCP problem, the authors in [43] introduced new variables p, ¢, t,v as

follows.

They let v to be the noise variable: v = f — « and let (p;;, ¢ ;) to be the
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discrete Vu by forward differentiation:

Uir1,5 — Wiy ifi<n
Pij = _
0 ifi=n

Ui j+1 — Ui j lfj <n
ql,] - . .
0 ifj=n

They then impose the second-order cone constraints 4 /pﬁj + qz i St

As a consequence, problem (7.6) is transformed to

n
min E ti,j

ij=1
s.t. U‘ZJ“_UZ'J:fi,j fori,j=1,---,n
—Pij + Wit1; — Ui ; =0 fori=1,---,n—-1,757=1,---,n
—qij + Uijr1 — ;=0 fori=1,---,n, j=1,--- ., n—1
Pn,; =0 foryj=1,---,n,
Gin =10 fori=1,---n,
Vg =0
(tiji pijs @y) € K fori,j=1,---n,
(vo; v) € K™H (7.7)

Eliminating u from formulation (7.7), we obtain the following standard form
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SOCP:

min Z1gi,jgn tij
st. pijtvigr; — iy = fipr;— fiy for1<i<n—-1,1<j<n

Gij+Vijr1 —Vij = fijq1— fiy for1<i<n, 1<j<n-—1

Dnj =0 for1<j<n
’ (7.8)
Gin =20 forl1<i<n
Vo = O
(ti: pij; qij) € K? for1<i4,7<n

(vo; v) € K7 H1

Problem 7.8 is in the standard form of a SOCP problem (7.1). To see that,

we introduce the following notations and variables.

n X n : Image size
N +1 : Number of cones n? + 1, (N = n?)
M : Number of equality constraints (number of rows in A), M = 2N + 1

k : Index of blocks, k = k(i,j) = (j — 1)n+1
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Lk
Ck
TN+1

CN+1

ANt

o

t2]7plquzj> fOl"]{::l’Qj-..’N.
1;0;0), fork=1,---,N.

Vo ) RN+1

(
(1
(
(

0; ---; 0) € RVTL
0 00
010 _
e RM*3 de., Ap(2k—1:2k,2:3)=1,, fork=1,---
0 01
0 00
0 AT
, where A is defined in Chapter 1 in (1.25) and (1.27).
1 0
(Ala AQ? Ty AN-‘rl)
(T15 @25 -+ Tny1)
(c1; ; CN11)
(ATf; o)

K3 x oo x K3 x KN

Using the above notation and variables, we can rewrite problem (7.8) into the

following standard form of SOCP:

min o

subject to Az =b,

r e .

We now follow the general procedure of the primal-dual path following interior-
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point methods to solve 7.8. We shall show the KKT system of (7.8) that we solve
at each iteration of the interior-point method are equivalent to the CGM system

developed in [25].

First, the constraints that ||v|| < o is always active at optimality in practice
and therefor we can replace it by equality constraints ||v|| = o in (7.8). Replacing
the second-order cone constraints paj + qiz,j < tﬁj by p?,j + qiz,j < t?’j and adding
the logarithm barrier term —£ 3~ 1n(t7; — (p7; + ¢7;)) to the objective function
in the problem (7.8) we get a problem (P,) as in (7.2):

min Z tij— Z In(t?; —pi; — ¢7;) (7.9a)
1<i,j<n 1<i,j<n

s.t. Dij + Vi1, — Vij = fi+1,j — fi,j for 1 S 1 S n — 1, 1 S j S n (79b

Gij+Vijy1 — Vig = fije1— fiy for1<i<n, 1<j<n-1

2 2 2 _

(tiji pigs ¢ig) € int KC? for 1 <i,j<n (7.9¢

The KKT system for problem (7.9) is

1— . =0 (7.10a)
t3;, — (v}; + ¢;)

201pi
—Qj + : =0 7.10b
Yot ) (7.10b)

2055
—Yij T : =0 7.10c
Tt -t a) (7.10¢)
(aij — aic1g) + (Vig — Yig—1) + Aviy =0 (7.10d)
Pij + Vig1; — Vij — fir1;+ fi; =0 (7.10e)
Giyj + Vij+1 — Vij — fig1+ fi; =0 (7.101)
> v’ =0 (7.10)

where o,y and A\ are Lagrange multipliers for the constraints (7.9b), (7.9¢) and
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(7.9d) respectively. Note in both (7.9) and (7.10), we omit the special case for the

points on the boundary of the image domain (i = n or j = n) only for simplicity.
Equation (7.10a) is same as
ti; = 2ptiy — (075 + 4iy) = 0,

which is equivalent to

tig =D} + @+ 1+ p

since t; ; > 0.

Hence, The first three equations in the above KKT system, equations (7.10a-

7.10c) are equivalent to

tig=\/Di; +@; 12+ n

tijij—pij =0

tij Vi — ¢ij =0

If we eliminate v by v = f — u, replace (p;;, ¢;j) by (Vu);; and introduce w as

w;j = (i, %), equations (7.10a-7.10c) are equivalent to

\VI(Vu)i P+ 8 wi; — (Vu)i; =0,

and equation (7.10d) simply becomes
(V-w)ij = Muiy = fig) = 0.

Hence system (7.10) can be reformed to the following equivalent system:

<\/I(Vu)m-|2 + P M) wij— (Vu)iy = 0
(V . w),-vj - )\(ui,j - f,’J) = 0 (711)

D iy — fi—0® =0
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From [25], we have the CGM system for the constraint ROF model is

|(vu)i,j|2 + Wi 5 — (vu)i,j =0

(V . w)i,j - A(ui’j - fi,j) = 0 (712)
D luig = fig?=0® =0

Note system (7.11) is exactly the same as (7.12) except \/|Vu[? + 2 + p is
replaced by \/W In other words, the SOCP problem and CGM method
actually solve the similar system at each iteration. The difference is the bar-
rier parameter p in SOCP KKT system decreases to 0 following some reduction

schedule while the smoothing parameter § in CGM is a fixed small number.

7.2 An improvement of CGM Method

The primal-dual optimality condition for the unconstrained ROF model is

AT y|| 2 — ATy =0, di=1,...,N. (feaibility condition)  (7.13a)

Az + Ay — \yo = 0. (complimentary condition)  (7.13b)
In CGM method [25], the feasibility condition is modified with a parameter

6>0
|ATy||2 + 32 2 — ATy =0, i=1,...,N,

so that the system become smooth and the point x will be enforced to stay inside

the interior of the feasible set

CGM method [25] then solves the following primal-dual system using New-
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ton’s method.

\ ATy |2 4 82 @y — ATy = 0, i=1,...,N. (7.14a)

Az + Ay — Ayo = 0. (7.14Db)

In [25] the parameter [ is fixed, preventing the solution of the above system
from converging to the true optimizer, which is a solution of system (7.13). More-
over, if we pick a very small § > 0 to reduce this effect, the convergence of the

method can become slow.

To overcome this drawback of CGM, we propose a method that dynamically
reduces [ during the solution process. In such a scheme, § can decrease to a very
small number to make the solution arbitrary close to the true optimality solution.
Furthermore, the warm start of 3 from a relative large number will improve the

convergence over picking a very small /3 initially.

Remember the parameter § in CGM is similar to the barrier parameter p in
the KKT system for the SOCP formulation. However, the primal-dual interior-
point method adopted to solve SOCP has a reduction schedule for p to decrease
to 0. Hence, in reducing 3 to 0 in CGM, we are just borrowing the same idea

from the primal-dual interior-point method.

Analogically to SOCP, we can define the central path as the trajectory of

points
C ={(zs,y9) | 8> 0},

where (x3,ys) solves the equations (7.14) for each § > 0. As 8 — 0, (23, yp) will
converge to the optimality solution. Different from [25], where 3 is a constant,
the G in our algorithm is a measure of the duality gap and updated accordingly

at each iteration.
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Let us define the following notations:

;=\ IATyl12 + 32 ; (7.15)

1
b = Diag(pfb), Fp = Diag(I; — _ﬁxinAi> : (7.16)

7

Then the feasibility and complementary condition (7.14) can be written as

Ax + Ay — \yo

=0 (7.17)
Egz — ATy

Applying Newton’s method to the above equations gives the following linear

system for the updates (Azx, Ay):

A A Ax T
N =, (7.18)
Eﬁ —FﬁAT Ay Te
where
ra=MNyo—y) — Az and r,= ATy — Ejz. (7.19)
The system can be solved as follows:
GslAy = —AE;'ATy— Xy —wo); (7.20)
Ar = Eﬁ_lATy+Eﬁ_lF5ATAy -, (7.21)

where Gg = AEﬁ_ngAT + M.

We choose different steplength rule to update the primal y and the dual x.
For the dual, to ensure strict feasibility (i.e. ||z;]] < 1 fori=1,..., N), we define
the updating rule as

T =2 + min(1,0.99.x ) Az (7.22)

where apax = max{a : ||z; + clAz;|| <1, i=1,...,N}
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Predictor-Corrector Enhancement We now discuss how to adapt Mehro-
tra’s predictor-corrector method to our problem. One motivation of this method
is to estimate the centering parameter § by the performance of the predictor
step (i.e. affine scaling step in LP). The other important idea is to take into ac-
count the second-order terms in the corrector step as to compensate for some of
the nonlinearity in the system. A key point is that both predictor and corrector
share the same matrix factorization, so the extra work in the corrector step is

little. We refer to [70] for an excellent discussion of Mehrotra’s method.

Let y and x be the primal and dual variables updated in the predictor step.
As a natural generalization of Mehrotra’s method in LP, a heuristic value of the

centering parameter 5 to be used in the corrector step can be defined by

3o 8y - rgap(Z,§)\?

S <gap(:r, y)) ’ (729
where N

gan(z,y) = > (I1ATy] - o (ATy)) (7.24)

i=1
To compute the second-order correction, we replace x and y in the centering

condition (??) by x + Az and y + Ay respectively and obtain, fori =1,..., N,

VIAT @+ Ag) |2 + 52 (2 + Azi) — AT (y + Ay) = 0,

ie.,

(2, + Az;) — (Aly + AT Ay) =0

; TAATAy  ||AT Ay
(pi)? (pi)?

Apply Taylor series and neglecting higher order terms gives

5 <1 LYTAATAY | IATAY|P (g AAT Ay)®

ok . . 2 )(mi+A:ci) —(ATy+ATAy) =0
(0})? 2(p})? 2(p})*
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Rearranging terms, we obtain
EzAz — F3AT Ay = (7o) + b, (7.25)

where 7. = ATy — E5 2 and
TAATA AT Ay||? TA; AT Ay)?
Y . N |45 By|| xi+(y : y)
Pi 2p; 2(p7)?

It is not practical to solve (7.25) directly with 6~ on the left-hand side, since the

Rl —

x;. (7.26)

factorization of G has already been computed in the predictor step using the

previous value (3. Alternatively, we modify (7.25) to be
EsAz — FsATAy = (7); + B + 1, (7.27)

with extra corrector term

3 1 1
h’z('2) = (Pf - Pf)ASCi + <—5 - —5> (v AiAT yi)x. (7.28)
P p;

There is no correction for the feasibility updating equation
AAzx + NAy =1y (7.29)

Combining (7.27) and (7.29), we have the corrector system

A Al Ax T
o —| 1, (7.30)
Eﬁ —FﬁAT Ay Tg
where
re = (Fe)i + i + . (7.31)
It gives the corrector step as
GsAy = —AE;'ri+z)— My —wo); (7.32)
Az = Ej'(FzATAy+r?). (7.33)
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7.2.1 Numerical Experiments

We test our prima-dual interior point algorithm on two image denoising prob-
lem. We also compared the performance of the interior point method with CGM
method. The original clean images and the input noisy images are shown in Fig-
ure 7.1. The size of the two test problems are 128 x 128 and 512 x 512 respectively.
The noisy images are generated by adding Gaussian noise to the clean images
using the MATLAB function imnoise, with variance parameter set to 0.01. The

fidelity parameter A is taken to be 0.045 throughout the experiments.

Figure 7.2 plots the relative duality gap against the number of iterations for

CGM method as well as for the primal-dual interior point method.
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Figure 7.1: The original clean images and noisy images for our test problems.

Left: 128 x 128 “shape”; right: 256 x 256 “cameraman”.
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CHAPTER 8

Conclusions and Discussions

We have proposed some new algorithms to solve the total variation based image
restoration models, including primal-dual hybrid gradient descent method, duality
based gradient projection method and the dual block coordinate descent method.
All of them are very efficient and competitive to the existing popular methods.
These proposed methods are either based on the dual formulation or the primal-
dual formulation so they do not need any smoothing parameter for the total
variation term which will prevent any algorithm from converging to the true
optimality solution. They are explicit first-order methods, which are simple to
implement, only take a few sweeps at each iteration, do not require a huge amount
of memory and hence are very suitable for solving large-scale image restoration

problems.

Of all the methods we proposed, the primal-dual hybrid gradient method
are the most efficient in all situations. It costs roughly 20 times less CPU time
to compute an visually-satisfactory medium-accuracy solution compared with
Chambolle’s semi-implicit gradient-descent method. This advantage get more
profound when higher-accuracy solution are required. In fact, this method re-
mains competitive in computing high-accuracy solutions even compared with

high-order methods like CGM.

We proposed a basic multilevel optimization framework for the dual formula-

tion of the anisotropic ROF model. The improvement of the multilevel scheme
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over the uni-levlel scheme is limited, implies that more sophisticated coarsen-
ing and interpolation schemes are needed to exploit the advantage of multigrid

algorithms.

We also studied the connection between CGM method and the SOCP ap-
proach for solving ROF model and proposed an improvement of the CGM algo-

rithm based on the primal-dual interior-point methods.
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