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Abstract. We generalize the primal-dual hybrid gradient (PDHG) algorithm proposed by Zhu and Chan in
[An Efficient Primal-Dual Hybrid Gradient Algorithm for Total Variation Image Restoration, CAM
Report 08-34, UCLA, Los Angeles, CA, 2008] to a broader class of convex optimization problems.
In addition, we survey several closely related methods and explain the connections to PDHG. We
point out convergence results for a modified version of PDHG that has a similarly good empirical
convergence rate for total variation (TV) minimization problems. We also prove a convergence
result for PDHG applied to TV denoising with some restrictions on the PDHG step size parameters.
We show how to interpret this special case as a projected averaged gradient method applied to
the dual functional. We discuss the range of parameters for which these methods can be shown to
converge. We also present some numerical comparisons of these algorithms applied to TV denoising,
TV deblurring, and constrained [; minimization problems.
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1. Introduction. Total variation (TV) minimization problems arise in many image pro-
cessing applications for regularizing inverse problems where one expects the recovered image
or signal to be piecewise constant or have a sparse gradient. However, a lack of differentiabil-
ity makes minimizing TV regularized functionals computationally challenging, and so there
is considerable interest in efficient algorithms, especially for large scale problems. More gen-
erally, there is interest in practical methods for solving nondifferentiable convex optimization
problems, TV minimization being an important special case.

The primal-dual hybrid gradient (PDHG) algorithm [58] in a general setting is a method
for solving problems of the form

nin, J(Au) + H(u),
where J and H are closed proper convex functions and A € R™™. Usually, J(Au) will
correspond to a regularizing term of the form ||Au||, in which case the PDHG method works
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by using duality to rewrite it as the saddle point problem

i ,Auy + H
ST i, B A H )

and then alternating dual and primal steps of the form

1
k+1 _ k k112
= arg max (p, Au”) — —||p —
p g”pu*gl@, ) 25kllp P2,
. 1
WA= arg win (P Au) + H(0) + = o — o3
u€R™ 200
for appropriate parameters «y and 0. Here, || - || denotes an arbitrary norm on R™ and || - ||«

denotes its dual norm defined by

]l = ”rg@@,y%
where (-,-) is the standard Euclidean inner product. Formulating the saddle point problem
uses the fact that || - [l = [ - [| [32], from which it follows that [|Aul| = max,, <1 (p, Au).

PDHG can also be applied to more general convex optimization problems. However, its
performance for problems such as TV denoising is of special interest since it compares favorably
with other popular methods. An adaptive time stepping scheme for PDHG was proposed in
[58] and shown to outperform other popular TV denoising algorithms like Chambolle’s method
[10], the method of Chan, Golub, and Mulet (CGM) [13], fast total variation deconvolution
(FTVd) [51], and split Bregman [29] in many numerical experiments with a wide variety of
stopping conditions. Aside from some special cases of the PDHG algorithm such as gradient
projection and subgradient descent, the theoretical convergence properties were not known.

PDHG is an example of a first order method, meaning that it requires only functional and
gradient evaluations. Other examples of first order methods popular for TV minimization
include gradient descent, Chambolle’s method, FTVd, and split Bregman. Second order
methods, such as CGM and semismooth Newton approaches [30, 31, 17|, work by essentially
applying Newton’s method to an appropriate formulation of the optimality conditions and
therefore also require information about the Hessian. This usually requires some smoothing
of the objective functional. These methods can be superlinearly convergent and are therefore
useful for computing benchmark solutions of high accuracy. However, the cost per iteration
is usually higher, so for large scale problems or when high accuracy is not required, these are
often less practical than the first order methods that have much lower cost per iteration. Here,
we will focus on a class of first order methods related to PDHG that are simple to implement
and can also be directly applied to nondifferentiable functionals.

PDHG is also an example of a primal-dual method. Each iteration updates both a primal
and a dual variable. It is thus able to avoid some of the difficulties that arise when working only
on the primal or the dual side. For example, for TV minimization, gradient descent applied
to the primal functional has trouble where the gradient of the solution is zero because the
functional is not differentiable there. Chambolle’s method is a method on the dual that is very
effective for TV denoising, but does not easily extend to applications where the dual problem is
more complicated, such as TV deblurring. Primal-dual algorithms can avoid these difficulties
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to some extent. Other examples include CGM, the semismooth Newton approaches mentioned
above, split Bregman, and, more generally, other Bregman iterative algorithms [56, 55, 54]
and Lagrangian-based methods.

In this paper we show that we can make a small modification to the PDHG algorithm
which has little effect on its performance but allows the modified algorithm to be interpreted
as a special case of a split inexact Uzawa method that is analyzed and shown to converge
in [57]. After initial preparation of this paper, it was brought to our attention that the specific
modified PDHG algorithm applied here had been previously proposed by Pock et al. [40] for
minimizing the Mumford—Shah functional. In [40] the authors also proved convergence for a
special class of saddle point problems. In recent preprints [11, 12] that appeared during the
current paper’s review process, this convergence argument has been generalized and gives a
stronger statement of the convergence of the modified PDHG algorithm for the same range of
fixed parameters. Chambolle and Pock also provide a convergence rate analysis in [12]. While
the modified PDHG method with fixed step sizes is nearly as effective as fixed parameter
versions of PDHG, well-chosen adaptive step sizes can improve the rate of convergence. It
is proved in [12] that certain adaptive step size schemes accelerate the convergence rate of
the modified PDHG method in cases when the objective functional has additional regularity.
With more restrictions on the step size parameters, we prove a convergence result for the
original PDHG method applied to TV denoising by interpreting it as a projected averaged
gradient method on the dual.

We additionally show that the modified PDHG method can be applied in the same ways
PDHG was extended in [58] to apply to additional problems such as TV deblurring, /; min-
imization, and constrained minimization problems. For these applications we point out the
range of parameters for which the convergence theory is applicable.

Another contribution of this paper is to describe a general algorithm framework from the
perspective of PDHG that explains the close connections to modified PDHG, split inexact
Uzawa, and more classical methods including proximal forward backward splitting (PFBS)
[34, 39, 15], the alternating minimization algorithm (AMA) [50], the alternating direction
method of multipliers (ADMM) [25, 27, 6], and Douglas—Rachford splitting [18, 24, 26, 19, 20].
These connections provide some additional insight about where PDHG and modified PDHG
fit relative to existing methods.

The organization of this paper is as follows. In section 2, we discuss primal-dual formula-
tions for a general problem. We define a general version of PDHG and discuss in detail the
framework in which it can be related to other similar algorithms. These connections are dia-
grammed in Figure 1. In section 3, we define a discretization of the TV seminorm and review
the details about applying PDHG to TV deblurring—type problems. In section 4, we show how
to interpret PDHG applied to TV denoising as a projected averaged gradient method on the
dual and present a convergence result for a special case. Then in section 5, we discuss the ap-
plication of the modified PDHG algorithm to constrained TV and [y minimization problems.
Section 6 presents numerical experiments for TV denoising, constrained TV deblurring, and
constrained [; minimization, comparing the performance of the modified PDHG algorithm
with that of other methods.

2. General algorithm framework. In this section we consider a general class of problems
to which PDHG can be applied. We define equivalent primal, dual, and several primal-dual
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formulations. We also place PDHG in a general framework that connects it to other related
alternating direction methods applied to saddle point problems.

2.1. Primal-dual formulations. PDHG can more generally be applied to what we will
refer to as the primal problem,

(P) min Fp(u),
where
(2.1) Fp(u) = J(Au) + H(u),

A e R and J : R" - (—o0,00] and H : R™ — (—o0,00] are closed proper convex
functions. Assume that there exists a solution u* to (P). So that we can use Fenchel duality
[44, Corollary 31.2.1] later, we also assume that there exists u € ri(dom H) such that Au €
ri(dom .J), which is almost always true in practice. When .J is a norm, it is shown how to use
the dual norm to define a saddle point formulation of (P) as

nin ”;rﬁimgl(Au,p) + H(u).

This can equivalently be written in terms of the Legendre—Fenchel transform, or convex con-
jugate, of J, denoted by J* and defined by

J*(p) = j§§n<p’w> — J(w).

When J is a closed proper convex function, we have that J** = J [21]. Therefore,

J(Au) = seuléi(p,Au) — J*(p).

Thus an equivalent saddle point formulation of (P) is

(PD) min sup Lpp(u,p),
uE€R™ ,cRpn
where
(2.2) Lpp = (p, Au) — J*(p) + H(u).
This holds even when J is not a norm, but in the case when J(w) = ||w]||, we can then use

the dual norm representation of ||w]| to write

J*(p) = sup (p,w) — max (w,y)
w lyll-<1

{o if Ipll. < 1,

oo otherwise,

in which case we can interpret J* as the indicator function for the unit ball in the dual norm.
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Let (u*,p*) be a saddle point of Lpp. In particular, this means that

max (p, Au’) = J*(p) + H(u") = Lpp(u”,p%) = min (p*, Au) + H(u) = J*(p"),

from which we can deduce the equivalent optimality conditions and then use the definitions
of the Legendre transform and subdifferential to write these conditions in two ways:

(2.3) —ATp* € 0H (u*) & u* € OH*(—ATp"),
Au* € 0J*(p¥) & p* € dJ(Au"),

where 0 denotes the subdifferential. The subdifferential 0F(x) of a convex function F': R —
(—o00,00] at the point x is defined by the set

OF () ={q e R™: F(y) > F(z) + (q,y — z) Yy € R™}.

Another useful saddle point formulation, which we will refer to as the split primal problem,
is obtained by introducing the constraint w = Awu in (P) and forming the Lagrangian

(2.5) Lip(u,w,p) = J(w) + H(u) + (p, Au — w).
The corresponding saddle point problem is

(Pe) PR e e PP D)
Although p was introduced in (2.5) as a Lagrange multiplier for the constraint Au = w, it
has the same interpretation as the dual variable p in (PD). It follows immediately from the
optimality conditions that if (u*,w*,p*) is a saddle point for (SPp), then (u*,p*) is a saddle
point for (PD).

The dual problem is

(D) maXFD(p)7
peR™

where the dual functional Fp(p) is a concave function defined by
(26)  Fp(p) = mf Lpp(u,p)= nf (p, Au) —J"(p) + H(u) = —J"(p) - H*(—ATp).
Note that this is equivalent to defining the dual by

(2.7) Fp(p)= _inf  Lp(u,w,p).
ueR™ weR”™
Since we assumed that there exists an optimal solution «* to the convex problem (P), it follows
from Fenchel duality [44, Corollary 31.2.1] that there exists an optimal solution p* to (D) and
Fp(u*) = Fp(p*). Moreover, u* solves (P) and p* solves (D) if and only if (u*, p*) is a saddle
point of Lpp(u,p) [44, Lemma 36.2].
By introducing the constraint y = —A”p in (D) and forming the corresponding Lagrangian

(2.8) Lp(p,y,u) = J*(p) + H*(y) + (u, —ATp —y),
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we obtain yet another saddle point problem,

SP inf L
(SPp) max ol ., Lo y,u),
which we will refer to as the split dual problem. Although u was introduced in (SPp) as a
Lagrange multiplier for the constraint y = —ATp, it actually has the same interpretation as
the primal variable w in (P). Again, it follows from the optimality conditions that if (p*, y*, u*)
is a saddle point for (SPp), then (u*,p*) is a saddle point for (PD). Note also that

Fp(u)=— _inf  Lp(p,y,u).

p(u) - p(p,y,u)

2.2. Algorithm framework and connections to PDHG. In this section we define a general
version of PDHG applied to (PD) and discuss connections to related algorithms that can be
interpreted as alternating direction methods applied to (SPp) and (SPp). These connections
are summarized in Figure 1.

The main tool for drawing connections between the algorithms in this section is the Moreau
decomposition [35, 15].

Theorem 2.1 (see [15]). If J is a closed proper convex function on R™ and f € R™, then

f

a

. 1 N @ 2
(2.9 f = argminJ(u) + o fI3 + aargmin /') + 3 [

2
It was shown in [58] that PDHG applied to TV denoising can be interpreted as a primal-

dual proximal point method applied to a saddle point formulation of the problem [43]. More
generally, applied to (PD) it yields the following algorithm.

AvcoriTaM. PDHG on (PD).

. 1
(2.10a) p" = arg max —J*(p) + (p, Au®) — o—|lp — p*|13,
peER™ 25k
1
(2.10Db) uM = arg min H(u) + (ATpF ) + —|lu — uF|3.
ueR™ 20,

Here, p°,u are arbitrary and ay, d; > 0.

2.2.1. Proximal forward backward splitting: Special cases of PDHG. Two notable spe-
cial cases of PDHG are a; = oo and d; = oo. These special cases correspond to the PFBS
method [34, 39, 15] applied to (D) and (P), respectively.

PFBS is an iterative splitting method that can be used to find a minimum of a sum of two
convex functionals by alternating a (sub-)gradient descent step with a proximal step. Applied
to (D) it yields

N 1
(2.11) pPH = arg min J*(p) + —|p — (p* + 0pAuFT1)|3,
pER™ 20y,

where u**t1 € 9H*(—ATp*). Since u*t! € OH*(—ATpF) & —ATp* € OH(uF*!), which is
equivalent to
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u = arg min H(u) + (ATpk ),
ucR™

(2.11) can be written as the following algorithm.

AvcoriTaM. PEFBS on (D).

(2.12a) Wt = arg min H(u) + (ATp" ),
u€eR™
. * 1
(2.12b) PPt = arg min J*(p) + (p, —Au"T) + —|Ip — p"|5.
peRn 20y,

Even though the order of the updates is reversed relative to PDHG, since the initialization is
arbitrary, it is still a special case of (2.10), where ay = oco.

If we assume that J(-) = || - ||, we can interpret the p**!
onto a convex set,

step as an orthogonal projection

P = Wiy (9 + SeAu )

Then PEFBS applied to (D) can be interpreted as a (sub-)gradient projection algorithm.

As a special case of [15, Theorem 3.4], the following convergence result applies to (2.12).

Theorem 2.2. Fiz p° € R™, u° € R™ and let (u¥,p*) be defined by (2.12). If H* is
differentiable, V(H *(—ATp)) 18 Lipschitz continuous with Lipschitz constant equal to %, and
0 < inf &, < supdp < 263, then {pF} converges to a solution of (D) and {u*} converges to the
unique solution of (P).

Proof. Convergence of {p¥} to a solution of (D) follows from [15, Theorem 3.4]. From
(2.12a), uF*! satisfies —ATp* € OH (uF*1'), which, from the definitions of the subdifferential
and Legendre transform, implies that u**' = VH*(—ATp*). So by continuity of VH*, u* —
u* = VH*(—ATp*). From (2.12b) and the convergence of {p*}, Au* € 0.J*(p*). Therefore
(u*,p*) satisfies the optimality conditions (2.3), (2.4) for (PD), which means u* solves (P)
[44, Theorem 31.3]. Uniqueness follows from the assumption that H* is differentiable, which
by [44, Theorem 26.3] means that H(u) in the primal functional is strictly convex. [ |

It will be shown in section 2.2.3 how to equate modified versions of the PDHG algorithm
with convergent alternating direction methods, namely, split inexact Uzawa methods from [57]
applied to the split primal (SPp) and split dual (SPp) problems. The connection there is very
similar to the equivalence from [50] between PFBS applied to (D) and what Tseng in [50] called
the alternating minimization algorithm (AMA) applied to (SPp). AMA applied to (SPp) is
an alternating direction method that alternately minimizes first the Lagrangian Lp(u,w,p)
with respect to w and then the augmented Lagrangian Lp + %HAU — wl|3 with respect to w
before updating the Lagrange multiplier p.

ALGORITHM. AMA on (SPp).

(2.13a) bt = arg mﬂi@n H(u) + (ATp* ),
ueR™
0
(2.13b) W = arg min J(w) — (¢, w) + At - w,
w n

(2.13¢) PP = pF 4 5 (AuPTE — Wb,
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To see the equivalence between (2.12) and (2.13), first note that (2.13a) is identical to
(2.12a), so it suffices to show that (2.13b) and (2.13c) together are equivalent to (2.12b).
Combining (2.13b) and (2.13c) yields
2

O,

k4§, Ayktl
pk“:(pk—i—ékAukH)—5kargminJ(w)+E w (p” + o Au™)

O,

2
By the Moreau decomposition (Theorem 2.1), this is equivalent to

P = argmin I () + gllp = (0 + Se ATl

which is exactly (2.12b).

In [50], convergence of (u*, w*,pF) satisfying (2.13) to a saddle point of Lp(u,w,p) is
directly proved under the assumption that H is strongly convex, an assumption that directly
implies the condition on H* in Theorem 2.2.

The other special case of PDHG, where §; = oo, can be analyzed in a similar manner.
The following corresponding algorithm is PFBS applied to (P).

ArLcoriTHM. PFBS on (P).

(2.14a) PP =arg rrelin J*(p) + (—AuF, p),
p n
1
(2.14Db) uPT = arg min H(u) + (u, ATpF) + —||u — u¥|]3.
u€R™ 20

This is analogously equivalent to AMA applied to (SPp), as follows.

ALGORITHM. AMA on (SPp).

(2.15a) ! = arg min J*(p) + (= Au®, p),
p m
N g
(2.15Db) Yyt = arg min H*(y) - (Wb, + - lly + ATPE,
(2.15C) uk-i—l _ uk + ozk(—ATpkH _ yk-i-l)‘

The equivalence again follows from the Moreau decomposition (Theorem 2.1), and the anal-
ogous version of Theorem 2.2 applies to (2.14).

2.2.2. Reinterpretation of PDHG as relaxed AMA. The general form of PDHG (2.10)
can also be interpreted as alternating direction methods applied to (SPp) or (SPp). These
interpretations turn out to be relaxed forms of AMA. They can be obtained by modifying
the objective functional for the Lagrangian minimization step by adding either ﬁ |lu — uk||§
to (2.13a) or ﬁﬂp — pF||2 to (2.15a). The equivalence of these relaxed AMAs to the general
form of PDHG (2.10) follows by an argument similar to that in section 2.2.1.
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Although equating PDHG to this relaxed AMA does not yield any direct convergence
results for PDHG, it does show a close connection to the alternating direction method of
multipliers (ADMM) [25, 27, 6], which does have a well-established convergence theory [20].
If, instead of adding proximal terms of the form ﬁHu — ¥ and ﬁHp — p¥|3 to the first
step of AMA applied to (SPp) and (SPp), we fix o and § and add the augmented Lagrangian
penalties 3||Au — w¥ |3 and $||ATp + y*||2, then we get exactly ADMM applied to (SPp) and
(SPp), respectively.

ADMM applied to (SPp) can be interpreted as Douglas—Rachford splitting [18] applied
to (D), and ADMM applied to (SPp) can be interpreted as Douglas—Rachford splitting applied
to (P) [24, 26, 19, 20]. It is also shown in [23, 46, 53] how to interpret these as the split Bregman
algorithm of [29]. A general convergence result for ADMM can be found in [20].

2.2.3. Modifications of PDHG. In this section we show that two slightly modified ver-
sions of the PDHG algorithm, denoted PDHGMp and PDHGMu, can be interpreted as a split
inexact Uzawa method from [57] applied to (SPp) and (SPp), respectively. In the constant
step size case, PDHGMp replaces p**! in the u**! step (2.10b) with 2p**! — p¥, whereas
PDHGMu replaces u* in the p**1 step (2.10a) with 2u* — u*~!. The variable step size case
will also be discussed. For appropriate parameter choices these modified algorithms are nearly
as efficient as PDHG numerically, and known convergence results [57, 11, 12] can be applied.
Convergence of PDHGMu for a special class of saddle point problems is also proved in [40]
based on an argument in [41].

The split inexact Uzawa method from [57] applied to (SPp) can be thought of as a modi-
fication of ADMM. Applying the main idea of the Bregman operator splitting algorithm from
[56], it adds 3 (p — pF, (i[ — oy AAT)(p — p¥)) to the penalty term %[|ATp + y*||3 in the ob-
jective functional for the first minimization step. To ensure i[ — a, AAT is positive definite,
choose 0 < 0 < W. Adding this extra term, as in the surrogate functional approach
of [16], has the effect of linearizing the penalty term and decoupling the variables previously
coupled by the matrix A”. The updates for y**1 and u**! remain the same as for ADMM.
By combining terms for the pF*! update, the resulting algorithm can be written as follows.

ALGORITHM. Split inexact Uzawa applied to (SPp).

- 1

(2.16a) Pt = arg min J*(p) + (—Au",p) + 5o llp = " + @b AGAT o) 3,
. * ak)

(2.16C) uk'H = uk + ak(_ATpk—H _ yk—i-l).

The above algorithm can be shown to converge at least for fixed step sizes a and ¢ satisfying
0<d< W.
Theorem 2.3 (see [57]). Let a = a >0, 0, = >0, and 0 < 0 < m. Let (p*,yF, u¥)
satisfy (2.16). Also let p* be optimal for (D) and y* = —ATp*. Then
o ||ATpE 4+ yF|ly — 0,
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o JHP*) = J*(p"),
o H*(y*) — H*(y"),
and all convergent subsequences of (p*,y*,u) converge to a saddle point of Lp (2.8).
Moreover, the split inexact Uzawa algorithm can be rewritten in a form that is very similar
to PDHG. Since the y**! (2.16b) and u**! (2.16¢) steps are the same as those for AMA on
(SPp) (2.15), by the same argument they are equivalent to the u**! update in PDHG (2.10b).
From (2.16¢), we have that

uk—l ’LLk

(2.17) =L U ATRE
Ap—1 Ap—1

Substituting this into (2.16a), we see that (2.16) is equivalent to a modified form of PDHG,
where " is replaced by ((1 + -2—)u* — _2y*F~1) in (2.10a). The resulting form of the

Qg1 A —1

algorithm, which follows, will be denoted PDHGMu.

ALGORITHM. PDHGMu.

1
2.18 k41— in J* N (T T T IR T
(2.18a) p arg min J*(p) + ( . o) - + g5 llp = 1B,

1
(2.18b) uF! = arg min H(u) + (ATpk+1,u> + —||lu— ukH%
u€R™ 20y,

Note that from (2.17) and (2.18b), y**! € 9H (u**1), which we could substitute instead of
(2.17) into (2.16a) to get an equivalent version of PDHGMu, whose updates depend only on
the previous iteration instead of the previous two.

By the equivalence of PDHGMu and split inexact Uzawa on (SPp), Theorem 2.3 again
applies to the PDHGMu iterates with y* defined by (2.17). However, there is a stronger
statement for the convergence of PDHGMu in [11, 12].

Theorem 2.4 (see [11]). Let oy = a > 0, §p = > 0, and 0 < § < W. Let (p*,uF)
satisfy (2.18). Then (u,p*) converges to a saddle point of Lpp (2.2).

Similarly, the corresponding split inexact Uzawa method applied to (SPp) is obtained by
adding % (u — u*, (a—lkf — 6, AT A)(u — u*)) to the uF*! step of ADMM applied to (SPp). This
leads to a similar modification of PDHG denoted as PDHGMp, where pF*+! is replaced by
((1+ Zst)phtt — SELphy i (2.10D).

The modifications to u* and p* in the split inexact Uzawa methods are reminiscent of the
predictor-corrector step in Chen and Teboulle’s predictor-corrector proximal method (PCPM)
[14, 49]. Despite some close similarities, however, the algorithms are not equivalent. The
modified PDHG algorithms are more implicit than PCPM.

The connections between the algorithms discussed so far are diagrammed in Figure 1. For
simplicity, constant step sizes are assumed in the diagram. Double arrows indicate equivalences
between algorithms, while single arrows show how to modify them to arrive at related methods.
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oy~~~ — -~ -~~~ 7 ! ey~~~ - T T~ 1
I(P) min, Fp(u) | | I(D) max, Fp(p) |
| Fp(u) = J(Au) + H(u) | ! | Fp(p)=—J"(p) - H*(-A"p) |
Lo o J ! Lo o ]
I
reryy, . — - - - - - -~ 71
I(PD) miny sup,, Lpp(u,p) |
| Lpp(u,p) = (p, Au) — J*(p) + H(u) |
- - - - - - - - - |
lspoy e T T T T T 1 lspny o T T T T T 1
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Legend: (P): Primal AMA: Alternating Minimization Algorithm (2.2.1)
(D): Dual PFBS: Proximal Forward Backward Splitting (2.2.1)
(PD): Primal-Dual ADMM: Alternating Direction Method of Multipliers (2.2.2)
(SPp): Split Primal PDHG: Primal Dual Hybrid Gradient (2.2)
(SPp): Split Dual PDHGM: Modified PDHG (2.2.3)

Bold: Well Understood Convergence Properties

Figure 1. PDHG-related algorithm framework.
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3. PDHG for TV deblurring. In this section we review from [58] the application of PDHG
to the TV deblurring and denoising problems, but using the present notation. Both problems
are of the form

_ A
(3.1) min ||ulrv + Z[|Ku — f]3,
u€R™ 2
where || - |7y denotes the discrete TV seminorm to be defined. If K is a linear blurring

operator, this corresponds to a TV regularized deblurring model. It also includes the TV
denoising case when K = I [45]. These applications are analyzed in [58], which also mentions
possible extensions, such as to TV denoising with a constraint on the variance of u and also
to {1 minimization.

3.1. Total variation discretization. We define a discretization of the TV seminorm and in
particular define a norm, || - ||z, and a matrix, D, such that ||ul|7v = ||Du||g. Thus (3.1) is of
the same form as the primal problem (P) with J(w) = ||w||g, A = D, and H(u) = %HKu—fH%
The details are included for completeness.

Define the discretized version of the TV seminorm by

M, M.

(3.2) lullry = 373 \/(DF up)? + (D5 )2

p=1g=1

for v € RMrxMe  Here, D,j represents a forward difference in the kth index, and we assume
Neumann boundary conditions. It will be useful to instead work with vectorized u € RMrMe
and to rewrite ||u||7y. The convention for vectorizing an M, x M. matrix will be to associate
the (p,q) element of the matrix with the (¢ — 1)M, + p element of the vector. Consider a
graph G(€,V) defined by an M, x M, grid with V = {1,..., M, M.} the set of m = M, M,
nodes and & the set of e = 2M,. M. — M, — M, edges. Assume that the nodes are indexed so
that the node corresponding to element (p,q) is indexed by (¢ — 1)M, + p. The edges, which
will correspond to forward differences, can be indexed arbitrarily. Define D € R¢*™ to be
the edge-node adjacency matrix for this graph. So for a particular edge n € £ with endpoint
indices 7,7 € V and i < j, we have

-1 forv=yq,
(3.3) D,,={1 forv=yj,
0 forv#4,j.
The matrix D is a discretization of the gradient, and —D7 is the corresponding discretization

of the divergence [22].
Also define ' € R¢*™ such that

1 ifD,, =-1,
(3.4) Epy=4 0
0 otherwise.

The matrix £ will be used to identify the edges used in each forward difference. Now define
a norm on R by

m

(3.5) lollz =" (VET(w?),

v=1
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Note that in this context, the square root and w? denote componentwise operations. Another
way to interpret ||wl||z is as the sum of the [y norms of vectors w”, where

(3.6) w” We for e such that E., =1, v=1,...,m.

Wev

. e
¥ is of the form w" = [we}, ], where ef
2

Typically, which is to say away from the boundary, w
and ef are the edges used in the forward difference at node v. So in terms of w”, ||w|g =
ooty llw”]l2, and we take ||w”[]2 = 0 in the case that w” is empty for some v. The discrete
TV seminorm defined above (3.2) can be written in terms of || - || as

ullry = || Dull £

Use of the matrix F is nonstandard but also more general. For example, by redefining D and
adding edge weights, this notation can be easily extended to other discretizations and even
nonlocal TV.

By definition, the dual norm || - ||g+ to || - || g is
3.7 || pr = max (x,y).
(1) folle- = max (2.1)

This dual norm arises in the saddle point formulation of (3.1) on which the PDHG algorithm
for TV deblurring is based. If x” is defined analogously to w” in (3.6), then the Cauchy—
Schwarz inequality can be used to show that

[ = = max [[z"]2.

Altogether, || - ||z and || - |
expressed as

m
lolle = [VET@?)[l, =) _llw”llz  and  |lz
v=1

p+ are analogous to || - |1 and || - ||, respectively, and can be

b = |VETG@)|, = max

3.2. Saddle point formulations. The saddle point formulation for PDHG applied to TV
minimization problems in [58] is based on the observation that

(3.8) lullry = max (p, Du),

where

(3.9) X ={peR:[ple- <1}.

The set X, which is the unit ball in the dual norm of || - ||, can also be interpreted as a

Cartesian product of unit balls in the ls norm. For example, in order for Du to be in X, the
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Up+1,q—Up,q
Up,q+1—Up,q

less than or equal to 1. The dual norm interpretation is another way to explain (3.8) since

discretized gradient [ ] of u at each node (p, q) would have to have Euclidean norm

max_ {p, Du) = [ Dul
{p:llplle=<1}
which equals ||u||7y by definition. Using duality to rewrite |lul/7y is common to many primal-
dual approaches for TV minimization including CGM [13], the second order cone programming
formulation used in [28], and the semismooth Newton methods in [30, 31, 17]. Here, analogous
to the definition of (PD), it can be used to reformulate problem (3.1) as the min-max problem

. A 2
(3.10) Juin max &(u,p) == (p, Du) + 3| Ku — fll2.

3.3. Existence of saddle point. One way to ensure that there exists a saddle point (u*, p*)
of the convex-concave function ® is to restrict u and p to be in bounded sets. Existence then
follows from [44, Theorem 37.6]. The dual variable p is already required to lie in the convex
set X. Assume that

ker(D) (| ker(K) = {0},

This is equivalent to assuming that ker(K') does not contain the vector of all ones, which is very
reasonable for deblurring problems where K is an averaging operator. With this assumption,
it follows that there exists ¢ € R such that the set

A
{us IDulle + 00— 115 < c}

is nonempty and bounded. Thus we can restrict u to a bounded convex set.
3.4. Optimality conditions. If (u*,p*) is a saddle point of ®, it follows that
max (p, Du”) + S| Ku” = fll; = ®(u",p") = min (p*, Du) + 5[ Ku = £,

from which we can deduce the optimality conditions

(3.11) DTp* + \KT(Ku* — f) =0,
(3.12) p*E\/ET(Du*)? = Du*,
(3.13) preX.

The second optimality condition (3.12) with E defined by (3.4) can be understood as a dis-
cretization of p*|Vu*| = Vu*.
3.5. PDHG for unconstrained TV deblurring. In [58] it is shown how to interpret the

PDHG algorithm applied to (3.1) as a primal-dual proximal point method for solving (3.10)
by iterating

1
k k k
(3.14a) Pt = argmax (p, Du*) — 7—|lp 13,
. A A1 -6
(3.14b) W = arg i (L D + S| Ku - fI3+ 2 gz
u€R™ 2 2019
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The index k denotes the current iteration. Also, 74, and 6, are the dual and primal step sizes,
respectively. The parameters in terms of §; and oy from (2.10) are given by

)\Oék 6k

0 = ——— = —.
k 1+ o\’ Tk A

The above max and min problems can be explicitly solved, yielding the following algorithm.

AvLGORITHM. PDHG for TV deblurring.
(3.15a) PP =TIy (pk + Tk)\Duk) ,

@as) b= (@00 + 0k ) (-t o (KT - DT )

Here, Il x is the orthogonal projection onto X defined by

q
Emax (/ET(¢%),1) ’

(3.16) M (q) = argmin [|p — qlf3 =
peX

where the division and max are understood in a componentwise sense. With ¢” defined
analogously to w” in (3.6), we could alternatively write (Ilx(q)), = m, where v is
the node at which edge 7 is used in a forward difference. For example, Ilx (Du) can be thought
of as a discretization of

o i [Vl > 1,

Vu  otherwise.

1

In the denoising case where K = I, the p**! update remains the same and the u**! simplifies

to
W= (1= 0p)uF + 0 <f B %DTpk-‘rl) ‘

4. Interpretation of PDHG as projected averaged gradient method for TV denoising.
Even though we know of convergence results (Theorems 2.3 and 2.4) for the modified PDHG
algorithms PDHGMu (2.18) and PDHGMp, it would be nice to show convergence of the orig-
inal PDHG method (2.10) because PDHG still has some numerical advantages. Empirically,
the stability requirements for the step size parameters are less restrictive for PDHG, so there
is more freedom to tune the parameters to improve the rate of convergence. In this section, we
restrict attention to PDHG applied to TV denoising and prove a convergence result assuming
certain conditions on the parameters.

4.1. Projected gradient special case. Recall that in the case of TV denoising, problem
(P) becomes

A
4.1 i llu — £3
(4.1) min Jullry + Zllu = flz,
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with J = || - [|[g, A= D, and H(u) = %Hu — |3, in which case PFBS on (D) simplifies to
p** = arg min J*(p) + o= [lp — (0" + G DVH*(=DTp"))|3.
peER? 25k

Since J* is the indicator function for the unit ball, denoted as X (3.9), in the dual norm
|| - || g+, this is exactly an orthogonal projection onto the convex set X (3.16). Letting 7, = %

and also using that
1 A
x(_ T,y — — T2 _ 2 2
H*(~D"p) = 52 IAf ~ Dl - S1£13

the algorithm simplifies to the following.

ALGORITHM. Gradient projection for TV denoising.

(4.2) PPl =TIy (pk — TkD(DTpk — )\f)) )

Many variations of gradient projection applied to TV denoising are discussed in [59]. As
already noted in [58], algorithm PDGH applied to TV denoising reduces to projected gradient
descent when 0, = 1. Equivalence to (3.15) in the §; = 1 case can be seen by plugging
ufF = (f — %DTpk) into the update for p**1. This can be interpreted as projected gradient

descent applied to

1
43 inG(p) :== = D"p— Af|3
(4.3) minG(p) = 5| D7p = Afll2,
an equivalent form of the dual problem.

Theorem 4.1. Fiz p® € R™. Let p* be defined by (4.2) with 0 < inf 7, < sup 7 < %, and
define uF*t1 = f — Dipk. Then {p*} converges to a solution of (4.3), and {u*} converges to
a solution of (4.1).

Proof. Since VG is Lipschitz continuous with Lipschitz constant ||[DDT|| and uf*+! =

VH*(—DTpk) = f — Dipk, then by Theorem 2.2 the result follows if 0 < inf 7, < supm <

HIDQTTH' The bound ||[DDT|| < 8 follows from the Gerschgorin circle theorem. [ ]

4.1.1. AMA equivalence and soft thresholding interpretation. By the general equiva-
lence between PFBS and AMA, (4.2) is equivalent to the following algorithm.

ALGORITHM. AMA for TV denoising.

T,k
(4.4a) R Ap :
Sp 5k

(44(3) pk-l-l _ pk + 5k(Duk+1 _ wk-l—l)‘
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Here S denotes the soft thresholding operator for || - || defined by
- . 1
Sa(f) = argmin |l2]|z + |1z = fI3-

This soft thresholding operator is closely related to the projection IIx defined by (3.16). A
direct application of Moreau’s decomposition (Theorem 2.1) shows that S, (f) can be defined
by

(15 5a(0) = £ —attx (L) = 7 = Txh),

Similar projections can be derived for other norms.

In fact, it is not necessary to assume that .J is a norm to obtain similar projection inter-
pretations. It is enough that J be a convex 1-homogeneous function, as Chambolle points out
in [10], when deriving a projection formula for the solution of the TV denoising problem. By
letting z = D”'p, the dual problem (4.3) is solved by the projection

2 = pryp pl| e <13 (AS),
and the solution to the TV denoising problem is given by

1
u' = f = S za=p e <1} (AS).
However, the projection is nontrivial to compute.

4.2. Projected averaged gradient. In the 6 # 1 case, still for TV denoising, the projected
gradient descent interpretation of PDHG extends to an interpretation as a projected averaged
gradient descent algorithm. For the sake of simplicity, consider parameters 7 and 6 that are

independent of k. Then plugging «*! into the update for p yields
(4.6) P =TIk <pk - leg) ;
where

k
df =0 (1-0)F'VGp)+ (1 -0)"VG(R")
=1

is a convex combination of gradients of G at the previous iterates p’. Note that d’; is not
necessarily a descent direction.

This kind of averaging of previous iterates suggests a connection to Nesterov’s method [36].
Several recent papers study variants of his method and their applications. Weiss, Aubert, and
Blanc-Féraud in [52] apply a variant of Nesterov’s method [37] to smoothed TV functionals.
Beck and Teboulle in [1] and Becker, Bobin, and Candeés in [3] also study variants of Nesterov’s
method that apply to [y and TV minimization problems. Tseng gives a unified treatment
of accelerated proximal gradient methods like Nesterov’s in [48]. However, despite some
tantalizing similarities to PDHG, it appears that none is equivalent.

In the following section, the connection to a projected average gradient method on the
dual is made for the more general case when the parameters are allowed to depend on k.
Convergence results are presented for some special cases.
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4.2.1. Convergence. For a minimizer P, the optimality condition for the dual problem
(4.3) is

(4.7) p=lx(P-7VG([P) v¥r>0

or, equivalently,
(VG(p),p—P) >0 VpeX.

In the following, we denote G' = minyex G(p) and let X* denote the set of minimizers. As
mentioned above, the PDHG algorithm (3.15) for TV denoising is related to a projected
gradient method on the dual variable p. When 7 and 0 are allowed to depend on k, the
algorithm can be written as

(4.8) Pt =Tix <p’“ — de’“> :

where

k k—1
=> siVG@), sp=0i1][(1-06;)
i=0 j=i

Note that
k . .

(4.9) dosi=1 si=(0—-6_1)siy Vk>0,i<k  and
=0

(4.10) d* = (1= 6p_1)d" " + 6,1 VG ().

As above, the direction d is a linear (convex) combination of gradients of all previous iterates.
We will show that d* is an e-gradient at p*. This means that d* is an element of the e-
differential (e-subdifferential for nonsmooth functionals), 9.G(p), of G' at p* defined by

G(g) > G*) + (d*.q—p*) —€ VgeX.
Whe}:ﬂn ¢ = 0 this is the definition of d* being a subgradient (in this case, the gradient) of G
" pF;)r p and ¢, the Bregman distance based on GG between p and ¢ is defined as
(4.11) D(p,q) = G(p) = G(g) = (VG(a),p—q) Yp,q€X.

From (4.3), the Bregman distance (4.11) reduces to

1 L
D(p,q) = §IIDT(p —q)|3 < 5P = qll,

where L is the Lipschitz constant of VG.
Lemma 4.2. For any q € X, we have

k
Glq) = Gp*) = (d" g —p*) =D si(D — D(p*,p")).
=0
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Proof. For any q € X,

k
G(q) — G(p") — (d", ¢ — p*) = Glq) — G(P*) — <Z st VG(p'),q —pk>
i=0

k k k
=Y " siGa) - D siG) = Y sk (VGW'),q - p')
=0 =0 =0
k
+Y si(Gp') — GF) — (VG p' - p"))
=0
k
=Y si(Dla.p) - DGFp)).
=0

Lemma 4.3. The direction d* is an e,-gradient of p*, where €, = Z?:o s%D(pk,pi).
Proof. By Lemma 4.2,

k
G(q) — GO*) — (d*,q = p*) > = si D", p') Vg€ X.
i=0

By the definition of e-gradient, we obtain that d* is an e;-gradient of G at p¥, where
k . .
e =y sDE"p). ®
i=0
Lemma 4.4. If 0, — 1, then € — 0.
Proof. Let hy = G(p*) — G(p*~1) — (d*~1,p* — pF¥~1); then using the Lipschitz continuity
of VG and the boundedness of d¥, we obtain
_ _ _ _ L _ _

(il = DG 1) + (VGO = d L pF =) < Sl =P R + Cull® =2 e,
where L is the Lipschitz constant of VG, and C is some positive constant. Since ¢, =
Z?:o s%D(pk,pi), p" is bounded, and >0 st =1, it follows that € is bounded for any k.

Meanwhile, by replacing ¢ with p* and p* with p*~! in Lemma 4.2, we obtain h; =
Yi%0 sho1(D@F,p") = D(pF, ph)). From

sh=(1—0p_1)sh_; VI<i<k-—1,

we get
k—1 ' '
€ = (1 — Hk_l) Z S%_lD(pkapl)
=0
k—1 ‘ ) .
= (1 — Hk_l)ek_l + (1 — ek—l) Zsz_l(D(pk7pz) - D(pk_17pz))
=0

= (1 — ek—l)(ek—l + hk).
By the boundedness of hy and €, we get immediately that if 8;_1 — 1, then ¢ — 0. [ |
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Since €, — 0, the convergence of p* follows directly from classical [47, 33] e-gradient
methods. Possible choices of the step size 1 are given in the following theorem.

Theorem 4.5 (see [47, 33]; convergence to the optimal set using divergent series 75). Let 6
— 1, and let 1 satisfy 7, > 0, limp_,oo 7 = 0, and 220:1 T, = 0o. Then the sequence pF
generated by (4.8) satisfies G(pF) — G and dist{p*, X*} — 0.

Since we require 0 — 1, the algorithm is equivalent to projected gradient descent in the
limit. However, it is well known that a divergent step size for 75 is slow, and we can expect
a better convergence rate without letting 7 go to 0. In the following, we prove a different
convergence result that does not require 7, — 0, but still requires 6, — 1.

Lemma 4.6. For p* defined by (4.8), we have (d*, pF*t1 —pF) < —%Hpk+1 — 3.

k+1 is the projection of p* — 7,d* onto X, it follows that

Proof. Since p
(p* —md" —p"p—p"t) <0 Wpe X.
Replacing p with p*, we thus get
1
(4.12) (@, = ph) < —— I =t W

Lemma 4.7. Let p* be generated by the method (4.8); then

Bk ke1p2 (ar + Bi)* || & Ok gyt Be k1 2
G — GY) — ZEpF —p" 3 < -t - (— M ——p :
41— G — 2t - ppt g < LT S )|
where
1 L 1—0,4
413 ap = _ 2 B= kol
(4.13) Tlk—1 2 20171

Proof. By using the Taylor expansion and the Lipschitz continuity of VG (or directly from
the fact that G is a quadratic function), we have

L
G — GF) < (VGKF),p" ™ —p*) + §||1D’“+1 —p"|3.

Since by (4.10), VG (p*) = W{l(dk — (1 — j_1)d* 1), using (4.12) we have

1 1—0._ - L
G(pk—i-l) _ G(pk) < 0 1<dk,pk+1 _ pk> B i kl 1 <dk 17pk+1 _ pk> + §Hpk+1 _ pk”%
L 1 P T T e/ s R S R A R
— (2 -—— — I3 — L@k k),
<2 Tkek_1> Ip P2 L ( p p)

On the other hand, since p* is the projection of pF=1 — 7,_;d*~1, we get
(" = mead = pFp—ph) <0 Vpe X,

k+1

Replacing p with p"™*, we thus get

<dk_1,pk+1 _pk> >
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This yields

G — G¥) < —aw|p™t = p¥|12 — 28 ("1 — pF, P = p)
2
Qg ag + By ag + B ay, ’

where oy, and Sy are defined as in (4.13). [ |
Theorem 4.8. If ay, and Py defined as in (4.13) are such that o > 0, B, > 0 and

(4.14) Z m’“%}f’“ Z gi lim 2E o,

k «
o —00 (U

then every limit point pair (p°°,d*>°) of a subsequence of (pk, dk) is such that p>° is a minimizer
of (4.3) and d>*° = VG(p™>).

Proof. The proof is adapted from [4, Propositions 2.3.1 and 2.3.2] and Lemma 4.7. Since
p¥ and d* are bounded, the subsequence (pk, dk ) has a convergent subsequence. Let (p™, d*°)
be a limit point of the pair (p*,d*), and let (pF=,d*=) be a subsequence that converges to
(p*°,d>). For k, > ng, Lemma 4.7 implies that

ko 2
(ar + Br)? || & Ak gyl Be k1
G —Gpr) <=y ~———pF = (——=P""+——»
™) #") k;() Qg ag + B ag + B 9
/Bk k=1 ky2
+ Z ||19 -3
k=ng

By the boundedness of the constraint set X, the conditions (4.14) for aj and S, and the fact
that G(p) is bounded from below, we conclude that

k Qf; k+1 Br k—1>
pr—|——=0"+ ——>p — 0.
(ak + Bk ag + B 9
Given € > 0, we can choose m large enough such that [|pFm —p*|s < £, [[p*— (ﬁpkﬂ—%
ﬁpk*)llz < § for all k > ky, and %H@km_l —p™)|l2 < §. This third requirement
is possible because limg_ oo g—i = 0. Then
H(Pk’" — ) - k(e _ Pon (pFn =t —p™)|| < <
U, + By Uy, + B 9 3
implies that
akm km-+1 00 ﬁkm km—1 00 2
——(p" T = p™°) + ——— (" —p < g€
akm+5km( ) akm+5km( ) 5 3

Since - 6'_1’%16 [(pFm =t —p™)|l2 < §, we have
Ak, + Bk,
km+1 _pooH2 < —fm © TRm e

Ip -
k

m
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Note that k,, + 1 is not necessarily an index for the subsequence {p*~}. Since limy, O"“LB b =1,

we have |[pFm*+1 — p>®||3 — 0 when m — co. According to (4.8), the limit point (p ,d°°) is
therefore such that

(4.15) p*> = lx(p™ — 7d*)

for 7 > 0.

Now it remains to show that the corresponding subsequence d*» = (1 — Hkm_l)dkm_l +
0,1 VG (p*m) converges to VG(p™). By the same technique, and the fact that 6, — 1, we can
get |[VG(pFm) — d®|| < e. Thus VG(p*m) — d*>. On the other hand, VG(p*™) — VG(p™).
Thus d*° = VG (p™). Combining this with (4.15) and the optimal condition (4.7), we conclude
that p°° is a minimizer. [ |

In summary, the overall conditions on 6 and 7 are

e O — 1,17 >0,
o 0 < il < i,

o« 3%, (o +Br)> _ 0,

€25

e limy_, o Be — =0,

ag
B2
L ZZO 0 ai < o,
where
1 L 1—0,_4
4.16 - D g= Ukl
(4.16) o TOp—1 2 Pr 20 _17TK—1

Finally, we have 0, — 1, and for 7 the classical conditions for the projected gradient
descent algorithm (0 < 73, < %) and divergent step size (limy 7, — 0, >, 7 — 00) are special
cases of the above conditions. The algorithm converges empirically for a much wider range of
parameters. For example, convergence with 0 < 6, < ¢ < 1 and even 6;, — 0 is numerically
demonstrated in [58], but a theoretical proof is still an open problem.

5. Extensions to constrained minimization. The extension of PDHG to constrained min-
imization problems is discussed in [58] and applied, for example, to TV denoising with a con-
straint of the form ||u — f||* < mo? with o2 an estimate of the variance of the Gaussian noise.
Such extensions work equally well with the modified PGHD algorithms. In the context of our
general primal problem (P), if u is constrained to be in a convex set S, then this still fits in
the framework of (P) since the indicator function for S can be incorporated into the definition
of H(u).

5.1. General convex constraint. Consider the case when H(u) is exactly the indicator
function gg(u) for a convex set S C R™, which would mean

H(u) = gs(u) :== .
oo otherwise.

{0 ifuels,

Applying PDHG or the modified versions results in a primal step that can be interpreted as an
orthogonal projection onto S. For example, when applying PDHGMu, the p**! step (2.18a)
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remains the same, and the u**! step (2.18b) becomes
uF T — I <uk _ akATpk-H) .

For this algorithm to be practical, the projection IIg must be straightforward to compute.
Suppose the constraint on u is of the form ||[Ku— f||2 < e for some matrix K and € > 0. Then

HS(Z)Z(I—KTK)erKT{KZ if |z = fll2 < ¢

KKt .
f+r <%> otherwise,

where

r=Je = - KKfI3

and KT denotes the pseudoinverse of K. Note that (I — KTK) represents the orthogonal
projection onto ker(K). A special case where this projection is easily computed is when
KKT =T and KT = KT In this case, the projection onto S simplifies to

K=z if |[Kz— fll2 <e,

e(z) = (I - KTK)z+ KT
s(2) = ( ) f‘*’e(ﬁ) otherwise.

5.2. Constrained TV deblurring. In the notation of problem (P), the unconstrained TV
deblurring problem (3.1) corresponds to J = | - ||g, A = D, and H(u) = 3||Ku — f|3. A
constrained version of this problem,

5.1 min ul|rv,
(5-1) ||Ku—f||2§5|| |

can be rewritten as
min | Dullg + gr (Ku),

where gp is the indicator function for T'= {z : ||z — f||2 < €} defined by

(52) () = {0 iz fll2 < e,

oo otherwise.

With the aim of eventually ending up with an explicit algorithm for this problem, we use some
operator splitting ideas, letting

H(u)=0 and J(Au) = Ji(Du) + Jo(Ku),
where A = [2], Ji(w) = ||w|p, and J2(z) = gr(z). Letting p = [B}], it follows that

J*(p) = JF(p1) + J5(p2). Applying PDHG (2.10) with the u**! step written first, we obtain
the following algorithm.
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ALGORITHM. PDHG for constrained TV deblurring.

(5.3a) bt = uF — ap(DTph + KTph),

(5.3b) P =TIy <pr + 5kDuk+1) ,
K

(5.3¢) ph T = ph 4+ 6 KM — 6Ty <§—2 + Kuk“) .
k

Here, 117 is defined by
z—f

max (||Z—€f||2 , 1) ’

(5.4) Hr(z) = f+

In the constant step size case, to get the PDHGMp version of this algorithm, we would replace
DTpf + K”p§ with DT (2p} — pi~") + KT(2p§ — p5 ™).

5.3. Constrained [ minimization. Sparse approximation problems that seek to find a
sparse solution satisfying some data constraints sometimes use the type of constraint described
in the previous section [9]. A simple example of such a problem is

(5.5) min [Ju||y such that [Ku— flla <e,

where u is what we expect to be sparse, K = RI'UT| R is a row selector, I' is orthogonal, and
U is a tight frame with W7W = I. RI can be thought of as selecting some coefficients in an
orthonormal basis. We will compare two different applications of PDHGMu, one that stays
on the constraint set and one that does not.

Letting J = ||- |1, A=1, S = {u: |[Ku— f|]2 < €}, and H(u) equal the indicator function
gs(u) for S, application of PDHGMu yields the following method in which u* satisfies the
constraint at each iteration.

AvcoriTHM. PDHGMu for constrained /; minimization (stays in constraint set).

Qj k Yk k-1
5.6a PP =11y, <pk+5k<<1+ )“ P >>
( ) {p:llplloo<1} ap_q L1
(5.6b) W= T (uf ot
Here
p

Mol <ty (P) = oy

and

Ku-—f
Hsw) = (I = KT Kyu+ K7 (f i max (llKUE—fII27 1)) '
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As before, Theorem 2.4 applies when ap = a > 0, 0 = § > 0, and § < é Also, since

A = I, the case when 6 = é is exactly ADMM applied to (SPp), which is equivalent to
Douglas—-Rachford splitting on (P).

In general, IIg may be difficult to compute. It is possible to apply PDHGMu to (5.5) in a
way that simplifies this projection but no longer stays in the constraint set at each iteration.
The strategy is essentially to reverse the roles of J and H in the previous example, letting
J(u) = gr(Ku) and H(u) = ||ul|; with g7 defined by (5.2). The following algorithm results.

AvcoriTHM. PDHGMu for constrained {1 minimization (does not stay in constraint set).

(57a) Uk+1 _ pk + 0, K <<1 + 893 > uk _ &uk—1> ’

Q-1 k-1
e o

(5.7b) P = =gl == )
k

(5.7¢) Wt = b — o KT

(5.7d) IS B Wt

' u' Tt =w Ok p:|Ipllo <1} ap )

Here, v*T! and w**+! are just place holders, and Iz is defined by (5.4).

This variant of PDHGMu is still an application of the split inexact Uzawa method (2.16).
Also, since | K || < 1, the conditions for convergence are the same as for (5.6). Moreover, since
KKT =1, if§ = é, then this method can again be interpreted as ADMM applied to the split
dual problem.

Note that Il is much simpler to compute than Ilg. The benefit of simplifying the pro-
jection step is important for problems where K1 is not practical to deal with numerically.

6. Numerical experiments. We perform three numerical experiments to show that the
modified and unmodified PDHG algorithms have similar performance and applications. The
first is a comparison between PDHG, PDHGMu, and ADMM applied to TV denoising. The
second compares the application of PDHG and PDHGMp to a constrained TV deblurring
problem. The third experiment applies PDHGMu in two different ways to a constrained [y
minimization problem.

6.1. PDHGM, PDHG, and ADMM for TV denoising. Here, we closely follow the numer-
ical example presented in Table 4 of [58], which compared PDHG to Chambolle’s method [10]
and CGM [13] for TV denoising. We use the same 256 x 256 cameraman image with intensi-
ties in [0, 255]. The image is corrupted with zero mean white Gaussian noise having standard
deviation 20. We also use the same parameter A = .053. Both adaptive and fixed step size
strategies are compared. In all examples, we initialize u® = f and p® = 0. Figure 2 shows the
clean and noisy images along with a benchmark solution for the denoised image.

Recall that the PDHG algorithm for the TV denoising problem (4.1) is given by (3.15)
with K = I. The adaptive strategy used for PDHG is the same one proposed in [58], where

5

(6.1) T =2+ .008k, @), =_—DFF
Tk
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Figure 2. Original, noisy, and benchmark denoised cameraman images.

These can be related to the step sizes d; and «y in (2.10) by

O,

6k = )\Tk, A = m

These time steps do not satisfy the requirements of Theorem 4.8, which requires 6, — 1.
However, we find that the adaptive PDHG strategy (6.1), for which 6, — 0, is much better
numerically for TV denoising.

When applying the PDHGMu algorithm to TV denoising, the stability requirement means
that using the same adaptive time steps of (6.1) can be unstable. Instead, the adaptive strategy
we use for PDHGMu is

1 1

A1+ 5k)’ R

6.2 _ .
(6.2) O 8.01ay

Unfortunately, no adaptive strategy for PDHGMu can satisfy the requirements of Theorem 2.3,
which assumes fixed time steps. However, the rate of convergence of the adaptive PDHGMu
strategy for TV denoising is empirically better than the fixed parameter strategies.

We also perform some experiments with fixed o and §. A comparison is made to gradient
projection (4.2). We also compare to FISTA [1] applied to the dual of the TV denoising
problem (4.3). As discussed in [2], where this application is referred to as FGP, it can be
thought of as an acceleration of gradient projection. Much like the modification to PDHG, it
replaces p* in (4.2) with a combination of the previous iterates, namely,

tp—1 _
pr+ t—( b ph 1)7
k41

1+ /1448
—

An additional comparison is made to ADMM as applied to (SPp). This algorithm alternates
soft thresholding, solving a Poisson equation, and updating the Lagrange multiplier. This
is equivalent to the split Bregman algorithm [29], which was compared to PDHG elsewhere
in [58]. However, by working with the ADMM form of the algorithm, it is easier to use

where

lgy1 =
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Table 1
Iterations required for TV denoising.

Algorithm tol=10"2 | tol=10"* | tol =10
PDHG (adaptive) 14 70 310
PDHGMu (adaptive) 19 92 365
PDHG a =5, § =.025 31 404 8209
PDHG a=1,6 =.125 51 173 1732
PDHG a = .2, 0 = .624 167 383 899
PDHGMu a =5, § = .025 21 394 8041
PDHGMua=1,§=.125 | 38 123 1768
PDHGMu a = .2, § = .624 | 162 355 627
PDHG a=5,=.1 22 108 2121
PDHG a=1,6=.5 39 123 430
PDHG a= .2, § =25 164 363 742
PDHGMu o« =5,0 =.1 unstable
PDHGMua=1,=.5 unstable
PDHGMu a = .2, § = 2.5 unstable
Proj. Grad. § = .0132 46 721 14996
FGP 6 = .0066 24 179 1264
ADMM § = .025 17 388 7951
ADMM § = .125 22 100 1804
ADMM § = .624 97 270 569

the duality gap as a stopping condition since u and p have the same interpretations in both
algorithms. As in [58] we use the relative duality gap R for the stopping condition defined by

Fp(u) — Fp(p) _ (lullrv + 31w = £1I5) = (B1£13 = xIDTp = Af13)
Fp(p) SIF13 = & IDTp — Af|3

which is the duality gap divided by the dual functional. The duality gap is defined to be the
difference between the primal and dual functionals. This quantity is always nonnegative and
is zero if and only if (u, p) is a saddle point of (3.10) with K = I. Table 1 shows the number of
iterations required for the relative duality gap to fall below tolerances of 1072, 10~%, and 107,
Note that the complexity of the PDHG and PDHGMu iterations scale like O(m), whereas the
ADMM iterations scale like O(mlogm). Results for PDHGMp were identical to those for
PDHGMu and are therefore not included in the table. All of the examples are for the same
256 x 256 cameraman image. As the problem size increases, more iterations would be required
for all of the tabulated methods.

From Table 1, we see that PDHG and PDHGMu both benefit from adaptive step size
schemes. The adaptive versions of these algorithms are compared in Figure 4(a), which plots
the relative [y error to the benchmark solution versus the number of iterations. PDHG with the
adaptive step sizes outperforms all of the other numerical experiments, but for identical fixed
parameters, PDHGMu performs slightly better than PDHG. However, for fixed « the stability

1

requirement, § < PIILE for PDHGMu places an upper bound on § which is empirically

R(u7p) =

9
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Figure 3. Original image, blurry/noisy image, and image recovered from 300 PDHGMp iterations.

about four times less than for PDHG. Table 1 shows that for fixed o, PDHG with larger ¢
outperforms PDHGMu. The stability restriction for PDHGMu is also why the same adaptive
time stepping scheme used for PDHG cannot be used for PDHGMu. We also note that fixed
parameter versions of PDHG and PDHGMu are competitive with FGP.

Table 1 also demonstrates that larger « is more effective when the relative duality gap
is large, and smaller « is better when this duality gap is small. Since PDHG for large «
is similar to projected gradient descent, roughly speaking this means the adaptive PDHG
algorithm starts out closer to PFBS on (D), but gradually becomes more like PFBS on (P).

All of the methods in Table 1 are at best linearly convergent, so superlinearly conver-
gent methods like CGM and semismooth Newton will eventually outperform them when high
accuracy is desired.

6.2. PDHGMp for constrained TV deblurring. PDHGMp and PDHG also perform simi-
larly for constrained TV deblurring (5.1). For this example we use the same cameraman image
from the previous section and let K be a convolution operator corresponding to a normalized
Gaussian blur with a standard deviation of 3 in a 17 x 17 window. Letting h denote the clean
image, the given data f is taken to be f = Kh + 7, where 7 is zero mean Gaussian noise
with standard deviation 1. We thus set ¢ = 256. For the numerical experiments we used the
fixed parameter versions of PDHG and PDHGMp with o = .33 and § = .33. The images
h and f and the recovered image from 300 iterations of PDHGMp are shown in Figure 3.
Figure 4(b) compares the relative ls error to the benchmark solution as a function of the num-
ber of iterations for PDHG and PDHGMp. Empirically, with the same fixed parameters, the
performance of these two algorithms is nearly identical, and the curves are indistinguishable
in Figure 4(b). Although many iterations are required for a high accuracy solution, Figure 3
shows the result can be visually satisfactory after just a few hundred iterations.

6.3. PDHGMu for constrained [ minimization. Here we compare two applications of
PDHGMu, (5.6) and (5.7), applied to (5.5) with ¢ = .01. Let K = RI'U”, where R is a row
selector, I' is an orthogonal two-dimensional (2D) discrete cosine transform (DCT), and V¥ is
a redundant translation invariant 2D Haar wavelet transform normalized so that WTW = I. It
follows that KKT =T and KT = KT. For a simple example, let h be a 32 x 32 image, shown
in Figure 5, that is a linear combination of just four Haar wavelets. Let R select 64 of the
lowest frequency DCT measurements and define f = RI'h. The constrained /; minimization
model aims to recover a sparse signal in the wavelet domain that is consistent with these
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~ - PDHGMu ~ - PDHGMp
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(a) Denoising (adaptive time steps). (b) Deblurring (o = .33, 6 = .33).

Figure 4. Iy error versus iterations for PDHG and PDHGMp.

Figure 5. Original, damaged, and benchmark recovered images.

partial DCT measurements [8]. We have kept the example simple so as to focus on the two
possible ways to handle the constraint using PDHGMu.

For the numerical experiments, we let & = .99 and 6 = .99. We also scale ||u||; by x = 10 to
accelerate the rate of convergence. For the initialization, let p® = 0 and let u® = W20, where
20 = TTRTRTh is the backprojection obtained by taking the inverse DCT of f with the
missing measurements replaced by 0. Let u* denote the benchmark solution. The recovered
z* = UTy* is nearly equal to h, but due to the nonuniqueness of minimizers, v* has more
nonzero wavelet coefficients than the originally selected four. Figure 5 shows h, 2°, and z*.

Both versions of PDHGMu applied to this problem have simple iterations that scale like
O(m), but they behave somewhat differently. The first version (5.6) by definition satisfies the
constraint at each iteration. However, these projections onto the constraint set destroy the
sparsity of the approximate solution so it can be a little slower to recover a sparse solution.
The other version (5.7), on the other hand, more quickly finds a sparse approximate solution
but can take a long time to satisfy the constraint to a high precision.

To compare the two approaches, we compare plots of how the constraint and /; norm vary
with iterations. Figure 6(a) plots ||Ku” — f|2 — €| against the iterations k for (5.7). Note
that this is always zero for (5.6), which stays on the constraint set. Figure 6(b) compares

ki, _ *
the differences % for both algorithms on a semilog plot. The empirical rate of
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iterations iterations.

(a) Constraint versus iterations for the (b) {1 norm comparison (o = .99, § = .99).
PDHGMu version (5.6) (a =.99, 6 =.99).

Figure 6. Comparison of two applications of PDHGMu to constrained 1 minimization.

convergence to ||u*||; was similar for both algorithms despite the many oscillations.

The

second version of PDHGMu (5.7) was a little faster to recover a sparse solution, but (5.6)
had the advantage of staying on the constraint set. For different applications with more
complicated K, the simpler projection step in (5.7) would be an advantage of that approach.

Acknowledgments. We thank Paul Tseng for pointing out some key references and for
helpful discussions about PDHG and the Moreau decomposition. Thanks also go to the
anonymous referees, whose comments have significantly improved the quality of this paper.

REFERENCES

[1] A. BECK AND M. TEBOULLE, A fast iterative shrinkage-thresholding algorithm for linear inverse problems,

STAM J. Imaging Sci., 2 (2009), pp. 183-202.

[2] A. BECK AND M. TEBOULLE, Fast gradient-based algorithms for constrained total variation image de-

noising and deblurring problems, IEEE Trans. Image Process., 18 (2009), pp. 2419-2434.

[3] S. BECKER, J. BOBIN, AND E. J. CANDES, NESTA: A Fast and Accurate First-Order Method for Sparse
Recovery, preprint, 2009; available online from http://www.acm.caltech.edu/~emmanuel/papers/

NESTA. .pdf.

[4] D. BERTSEKAS, Nonlinear Programming, 2nd ed., Athena Scientific, Belmont, MA, 1999.

[5] D. BERTSEKAS, Constrained Optimization and Lagrange Multiplier Methods, Athena Scientific, Belmont,
MA, 1996.

[6] D. BERTSEKAS AND J. TSITSIKLIS, Parallel and Distributed Computation, Prentice-Hall, Englewood
Cliffs, NJ, 1989.

[7] S. BoyD AND L. VANDENBERGHE, Conver Analysis, Cambridge University Press, Cambridge, UK, 2006.

[8] E. CANDES AND J. ROMBERG, Signal recovery from random projections, in SPIE International Symposium

on Electronic Imaging: Computational Imaging III, Vol. 5674, San Jose, CA, 2005, pp. 76-86.

[9] E. CANDES, J. ROMBERG, AND T. TA0, Stable signal recovery from incomplete and inaccurate measure-

ments, Comm. Pure Appl. Math., 59 (2006), pp. 1207-1223.

[10] A. CHAMBOLLE, An algorithm for total variation minimization and applications, J. Math. Imaging Vision,

20 (2004), pp. 89-97.

[11] A. CHAMBOLLE, V. CASELLES, M. NovaGa, D. CREMERS, AND T. Pock, An Introduction to Total
Variation for Image Analysis, preprint, 2009; available online from http://hal.archives-ouvertes.fr/

docs/00/43/75/81 /PDF /preprint.pdf.


http://www.acm.caltech.edu/~emmanuel/papers/NESTA.pdf
http://www.acm.caltech.edu/~emmanuel/papers/NESTA.pdf
http://hal.archives-ouvertes.fr/docs/00/43/75/81/PDF/preprint.pdf
http://hal.archives-ouvertes.fr/docs/00/43/75/81/PDF/preprint.pdf

PRIMAL-DUAL ALGORITHMS FOR CONVEX OPTIMIZATION IN IMAGING SCIENCE 1045

(12]

A. CHAMBOLLE AND T. POCK, A First-Order Primal-Dual Algorithm for Convex Problems with Appli-
cations to Imaging, preprint, 2010; available online from http://hal.archives-ouvertes.fr/docs/00/49/
08/26/PDF /pd_alg_final.pdf.

T. F. CHaN, G. H. GoLuB, AND P. MULET, A nonlinear primal-dual method for total variation-based
image restoration, SIAM J. Sci. Comput., 20 (1999), pp. 1964-1977.

G. CHEN AND M. TEBOULLE, A proximal-based decomposition method for convexr minimization problems,
Math. Programming, 64 (1994), pp. 81-101.

P. L. CoOMBETTES AND V. R. WAJS, Signal recovery by prozimal forward-backward splitting, Multiscale
Model. Simul., 4 (2005), pp. 1168-1200.

I. DAUBECHIES, M. DEFRISE, AND C. DE MoL, An iterative thresholding algorithm for linear inverse
problems with a sparsity constraint, Comm. Pure Appl. Math., 57 (2004), pp. 1413-1457.

Y. DoNg, M. HINTERMULLER, AND M. NERI, An efficient primal-dual method for L' TV image restora-
tion, STAM J. Imaging Sci., 2 (2009), pp. 1168-1189.

J. DouGgLAs AND H. H. RACHFORD, On the numerical solution of heat conduction problems in two and
three space variables, Trans. Amer. Math. Soc., 82 (1956), pp. 421-439.

J. ECKSTEIN, Splitting Methods for Monotone Operators with Applications to Parallel Optimization, Ph.D.
Thesis, Department of Civil Engineering, Massachusetts Institute of Technology, Cambridge, MA,
1989; available online from http://hdl.handle.net/1721.1/14356.

J. ECKSTEIN AND D. BERTSEKAS, On the Douglas-Rachford splitting method and the proximal point
algorithm for mazimal monotone operators, Math. Programming, 55 (1992), pp. 293-318.

I. EKELAND AND R. TEMAM, Convexr Analysis and Variational Problems, Classics Appl. Math. 28, STAM,
Philadelphia, 1999.

A. ELMOATAZ, O. LEZORAY, AND S. BOUGLEUX, Nonlocal discrete reqularization on weighted graphs: A
framework for image and manifold processing, IEEE Trans. Image Process., 17 (2008), pp. 1047-1060.

E. EsSER, Applications of Lagrangian-Based Alternating Direction Methods and Connections to Split
Bregman, CAM Report 09-31, UCLA, Los Angeles, CA, 2009.

D. GABAY, Methodes numeriques pour l’optimisation non-lineaire, These de Doctorat d’Etat et Sciences
Mathematiques, Universite Pierre et Marie Curie, Paris, 1979.

D. GABAY AND B. MERCIER, A dual algorithm for the solution of nonlinear variational problems via
finite-element approzimations, Comput. Math. Appl., 2 (1976), pp. 17-40.

R. GLowiINskI AND P. LE TALLEC, Augmented Lagrangian and Operator-Splitting Methods in Nonlinear
Mechanics, STAM, Philadelphia, 1989.

R. GLOWINSKI AND A. MARROCCO, Sur l’approzimation, par éléments finis d’ordre un, et la résolution,
par pénalisation-dualité d’une classe de problémes de Dirichlet non linéaires, Rev. Frangaise Automat.
Informat. Recherche Opérationnelle, no. R-2 (1975), pp. 41-76.

D. GoLDFARB AND W. YIN, Second-order cone programming methods for total variation-based image
restoration, STAM J. Sci. Comput., 27 (2005), pp. 622-645.

T. GOLDSTEIN AND S. OSHER, The split Bregman algorithm for L1-reqularized problems, STAM J. Imaging
Sci., 2 (2009), pp. 323-343.

M. HINTERMULLER AND K. KuNiscH, Total bounded variation regularization as bilaterally constrained
optimization problem, SIAM J. Appl. Math., 64 (2004), pp. 1311-1333.

M. HINTERMULLER AND G. STADLER, An infeasible primal-dual algorithm for total bounded variation—
based inf-convolution-type image restoration, SIAM J. Sci. Comput., 28 (2006), pp. 1-23.

R. A. HORN AND C. R. JOHNSON, Matriz Analysis, Cambridge University Press, Cambridge, UK, 1985.

F. LARSSON, M. PATRIKSSON, AND A.-B. STROMBERG, On the convergence of conditional e-subgradient
methods for convex programs and convex-concave saddle-point problems, European J. Oper. Res., 151
(2003), pp. 461-473.

P. L. Lions AND B. MERCIER, Splitting algorithms for the sum of two nonlinear operators, STAM J.
Numer. Anal., 16 (1979), pp. 964-979.

J. J. MOREAU, Proximité et dualité dans un espace hilbertien, Bull. Soc. Math. France, 93 (1965), pp.
273-299.

Y. NESTEROV, Dual extrapolation and its applications to solving variational inequalities and related prob-
lems, Math. Program. Ser. B, 109 (2007), pp. 319-344.

Y. NESTEROV, Smooth minimization of non-smooth functions, Math. Program. Ser. A, 103 (2005), pp.
127-152.


http://hal.archives-ouvertes.fr/docs/00/49/08/26/PDF/pd_alg_final.pdf
http://hal.archives-ouvertes.fr/docs/00/49/08/26/PDF/pd_alg_final.pdf
http://hdl.handle.net/1721.1/14356

1046 ERNIE ESSER, XIAOQUN ZHANG, AND TONY F. CHAN

[38] J. NOCEDAL AND S. WRIGHT, Numerical Optimization, Springer-Verlag, New York, 1999.

[39] G. B. PAsSTY, Ergodic convergence to a zero of the sum of monotone operators in Hilbert space, J. Math.
Anal. Appl., 72 (1979), pp. 383-390.

[40] T. Pock, D. CREMERS, H. BISCHOF, AND A. CHAMBOLLE, An algorithm for minimizing the Mumford-
Shah functional, in Proceedings of the 12th IEEE International Conference on Computer Vision
(ICCV), 2009, pp. 1133-1140.

[41] L. Poprov, A modification of the Arrow-Hurwicz method for search of saddle points, Math. Notes, 28
(1980), pp. 845-848.

[42] R. T. ROCKAFELLAR, Augmented Lagrangians and applications of the proximal point algorithm in convex
programming, Math. Oper. Res., 1 (1976), pp. 97-116.

[43] R. T. ROCKAFELLAR, Monotone operators and the proximal point algorithm, SIAM J. Control Optim.,
14 (1976), pp. 877-898.

[44] R. T. ROCKAFELLAR, Conver Analysis, Princeton University Press, Princeton, NJ, 1970.

[45] L. RUDIN, S. OSHER, AND E. FATEMI, Nonlinear total variation based noise removal algorithms, Phys.
D, 60 (1992), pp. 259-268.

[46] S. SETZER, Split Bregman algorithm, Douglas-Rachford splitting and frame shrinkage, in Scale Space
and Variational Methods in Computer Vision, Lecture Notes in Comput. Sci. 5567, Springer-Verlag,
Berlin, 2009, pp. 464-476.

[47] N. Z. SHOR, K. C. KIWIEL, AND A. RUSZCYNSKI, Minimization Methods for Nondifferentiable Functions,
Springer-Verlag, Berlin, 1985.

[48] P. TSENG, On Accelerated Prozimal Gradient Methods for Convez-Concave Optimization, preprint, 2008.

[49] P. TSENG, Alternating projection-prozimal methods for convexr programming and variational inequalities,
SIAM J. Optim., 7 (1997), pp. 951-965.

[50] P. TSENG, Applications of a splitting algorithm to decomposition in convex programming and variational
inequalities, SIAM J. Control Optim., 29 (1991), pp. 119-138.

[61] Y. WaNG, J. YANG, W. YIN, AND Y. ZHANG, A new alternating minimization algorithm for total
variation image reconstruction, SIAM J. Imaging Sci., 1 (2008), pp. 248-272.

[52] P. WEIss, L. BLANC-FERAUD, AND G. AUBERT, Efficient schemes for total variation minimization under
constraints in tmage processing, SIAM J. Sci. Comput., 31 (2009), pp. 2047-2080.

[63] C. Wu AND X.-C. Tal, Augmented Lagrangian Method, Dual Methods, and Split Bregman Iteration for
ROF, Vectorial TV, and High Order Models, CAM Report 09-76, UCLA, Los Angeles, CA, 2009.

[54] W. YIN, Analysis and Generalizations of the Linearized Bregman Method, CAM Report 09-42, UCLA,
Los Angeles, CA, 2009.

[655] W. YIN, S. OSHER, D. GOLDFARB, AND J. DARBON, Bregman iterative algorithms for ¢1-minimization
with applications to compressed sensing, STAM J. Imaging Sci., 1 (2008), pp. 143-168.

[656] X. ZHANG, M. BURGER, X. BRESSON, AND S. OSHER, Bregmanized nonlocal regularization for deconvo-
lution and sparse reconstruction, STAM J. Imaging Sci., 3 (2010), pp. 253-276.

[67] X. ZHANG, M. BURGER, AND S. OSHER, A unified primal-dual algorithm framework based on Bregman
iteration, J. Sci. Comput., to appear; available online from http://www.springerlink.com/content/
5549227304608363/ .

[68] M. ZHU AND T. F. CHAN, An Efficient Primal-Dual Hybrid Gradient Algorithm for Total Variation
Image Restoration, CAM Report 08-34, UCLA, Los Angeles, CA, 2008.

[59] M. Znu, S. J. WRIGHT, AND T. F. CHAN, Duality-based algorithms for total-variation-regularized image

restoration, Comput. Optim. Appl., 47 (2010), pp. 377-400.


http://www.springerlink.com/content/5549227304608363/
http://www.springerlink.com/content/5549227304608363/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


