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A DUAL ALGORITHM FOR A CLASS OF AUGMENTED CONVEX
SIGNAL RECOVERY MODELS*

HUI ZHANG', LIZHI CHENG, AND WOTAO YINS

Abstract. Convex optimization models find interesting applications, especially in signal/image
processing and compressive sensing. We study some augmented convex models, which are perturbed
by strongly convex functions, and propose a dual gradient algorithm. The proposed algorithm
includes the linearized Bregman algorithm and the singular value thresholding algorithm as special
cases. Based on fundamental properties of proximal operators, we present a concise approach to
establish the convergence of both primal and dual sequences, improving the results in the existing
literature. Extensions to models with gauge functions are provided.
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1. Introduction

The past two decades have witnessed several successful convex models for signal
processing. They include, but are not limited to, the total variation model [15] and
the basis pursuit model [4], both of which have been widely applied in signal/image
processing and compressed sensing. Recently, augmented convex models [22, 23, 6],
obtained by adding strongly convex perturbations to the original objective functions,
were introduced for fast computation [24] and for incorporating certain prior infor-
mation regarding the underlying signal [25]. It is well known in convex analysis [14]
that if the original problem is strongly convex, then the dual problem is differentiable
and can thus take advantage of a rich set of gradient-based optimization techniques.
In addition, the augmented term can reflect certain structures of the target signal, for
example, the group structure through the term ||-||3 in the elastic net model [25].

This paper is devoted to analyzing a dual gradient algorithm for a class of aug-
mented convex models. The proposed algorithm is motivated by and includes two
well-known algorithms as its special cases: the linearized Bregman algorithm (LBreg)
[19, 20] and the singular value thresholding algorithm (SVT) [3]. Based on some fun-
damental properties of proximal operators, we prove convergence of both the primal
and dual point sequences. This result is stronger than the previously shown vanishing
distance between the dual sequence and the dual solution set (the dual sequence itself
is not shown to converge).

2. Augmented convex models for signal recovery
Let x € R™. Consider the convex problem

minpllz||, subject to Az=b, (2.1)
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104 A DUAL ALGORITHM

and its augmented model
min P(z) £ pl|z|| + —2” |z||3, subject to Az =0b, (2.2)
T

where [|-|| is a norm whose dual norm is denoted by ||-||¢, 4=|z||3 is an augmented
term, A:R™ —R™ is a linear operator, the observed data b€ R™ are given, and 7,1
are positive parameters. Throughout the paper, we assume that Ax =0 is consistent.
Parameter p is redundant to both objectives and does not affect the solutions, but
it is kept in order to unify the models and algorithms that appear in the previous
literature. Parameter 7 weights the term |- ||3 and affects the solution to (2.2) when
it falls in a certain range. In what follows, we give a few examples of (2.2) in signal
recovery.

EXAMPLE 2.1 (Augmented ¢; norm and nuclear-norm models). Paper [6] pro-
poses the augmented ¢; norm model for sparse signal recovery:

1
min||x||1+2—||x\|§, subject to Az =0, (2.3)
T
and the augmented nuclear-norm model for low-rank matrix recovery:
1
minHX||*—|—2—||X||2F, subject to A(X)=b. (2.4)
T

Suppose b= Az, where 2¥ is a sparse vector. Model (2.3) will recover x° provided
that 7>10]|2°||» and the sensing matrix A satisfies certain conditions, such as the
null-space property and restricted isometry property. Similarly, 7>10[|X°|| is used
for recovering a low-rank matrix X°, where | X°|| is its spectral norm.

EXAMPLE 2.2 (Strongly convex matrix completion model). Papers [22, 23] study
the following strongly convex model for matrix completion

1
min||X||*—&—;HXH%7 subject to Pqo(X)="Pq(M), (2.5)

where M is a low-rank matrix, ) is some sample index set, and Pq is the corresponding
element-selection operator. To recover the low-rank matrix M, the best known bound
is 7> %”PQ(M)”F, given in [23], where p is the sample ratio.

EXAMPLE 2.3 (Strongly convex RPCA model). Paper [23] studies the following
strongly convex model for robust principle component analysis (RPCA):

) 1 1 .
min || L.+ — || L||% + A|S|l. + =—||S||%, subject to D=L+, (2.6)
L,S 2T 2T

where D is an observed data matrix and A is some given parameter. The bound
T> 8\/172% guarantees certain decomposition of the observed matrix D into its
low-rank component and sparse component [18].

Section 3 presents a dual gradient algorithm for problem (2.2) and Section 4 stud-
ies its convergence. Section 5 extends these results to problems with guage objective

functions.

3. A dual gradient algorithm

In this section, we first introduce properties of the proximal operators required for
the convergence analysis. Then, we derive a Lagrange dual problem and an iterative
gradient algorithm for solving it.
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3.1. Proximal operators. Let f:R"™ — RU{+o0} be a closed proper convex
function. The proximal operator [10] prox 7 R" —=R"™ is defined by

proxf(v):arginin (f(x)—&—éx—v”%) . (3.1)

Because the objective function is strongly convex and proper, prox f(v) is properly
defined for every v € R™. The following properties [10, 13] will be used in our analysis.

LEMMA 3.1.  Let f:R™— RU{+o0} be a closed proper convex function. Then, for
all z,y €R™, the prozimal operator prox; .y satisfies the following properties:

(7). Firmly nonexpansive:

[prox (. () —prox; (. (y)[3 < (z —y,prox () — prox;(.(y))-
(7). Lipschitz continuous: ||prox ;. (x) —prox;.(y)lla <|lz -yl
LEMMA 3.2, For any 7 >0 and norm ||-||, it holds that T-prox (Lv) =prox, . (v).

Proof.  Let u=prox
and u=7w. Because

- (v) =argmin, 7- ||z|| +1llz—vl|3. Let w:proxH,”(%v)

inla ]+ 52—~
w=argmin||z||+ =z — v
g 9 7 l2
. 1 9
:argmmT-H7':r||—|—§||T:U—11H27

after the change of variable 7x — z, we have u=7w =u. This completes the proof. O

REMARK 3.1. Lemma 3.2 remains valid if || || is replaced by a closed proper convex
function f that is one-homogeneous. We, however, restrict our attention to f(-)=||-||
for brevity.

LEMMA 3.3. Moreau decomposition: any v € R™ can be decomposed as v :proxf(v) +
prox . (v), where f*=sup,({y,z) — f(z)) is the convex conjugate of f.

There is a close relationship between proximal and projection operators. Let
B={z:]|z]|¢ <1} and consider the projection onto B: Iz(v)=argmin,cz ||z —v|2.
Applying the Moreau decomposition to |||, we have

v=prox . (v)+z(v). (3.3)
We need the following point-to-set function:

hz(e) =mig o 2], (3.4)
where Z is a closed convex set. Following Example 2.79 in [16], it holds that

hz(x):{g’x—ﬂz(w)llz, zi? (3.5)

and

_a—Tlz(x) z
Vha(z)=4 @k *E2
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3.2. Lagrange dual analysis. The Lagrangian of the augmented convex
model (2.2) is

Lia,y) =l + 2|3+ (y.b— Az). (3.7)

Following |||l =max .| <1(,2), we derive the dual function as

Lp(y)= mzinL(m,y)

() +min max p(,z)+ 5[]~ (A"y.)
p .
={y,b)+ max minu(z,z)+ +o-llzll3 —(A"y,2)
llzllo < 27
T
=(y,b) — — min |.A* z
(y,b) 2u|\ i L ATy —p [
=(y,b)— — min |~
(y,b) 2 Hz”0<1H ‘
where the z-minimization problem has solution z= f(A y—pz). Hence, the dual
problem is
. N W . 1 . 2
maxLp(y)=—minD(y), where D(y)=—(y,b)+— min Hf.A —zH (3.9
v 2 Jlzllo<tilp

The minimum over z is obtained at z:HB(iA*y). To distinguish Lp(y) and D(y)

)
we call the latter the dual objective. Following the definition of hz(z) in (3.4), D(y)
can be written equivalently as

D(y)=—(y,b) + %hs (iA*y)2~

It follows from (3.6) that the gradient of D(y) i

VD(y)=—b+TA <;A*y—H3<;A*y)> : (3.10)

and, due to (3.3),

1
VD(y)= —b—l—TA-prox”_” (,UA*y) .

We highlight the primal-dual relationship: o=

=T (A*y—pz) and z=Mgz(L A*y). Ify
. M . .. .M .
is dual optimal, by standard convex analysis, x in the relationship is primal optimal

LEMMA 3.4. Let & be the unique solution to problem (2.2)
set to problem (3.9) is

(3.11)

. Then the dual solution

y{y:rproxrl(iv‘t*y) m} (3.12)

which is nonempty and convex.
Proof.  From convex analysis and (3.11) it follows that the dual solution set
is YV ={y:VD(y)=0} ={y:7A -prox.(;A*y)=b}. Comparing this to (3.12) and
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because A-Z =0, we have ycy’. Therefore, it suffices to show y’ C Y. Indeed, let
ye ) ; following the primal-dual relationship, g shall give optimal Z, i.e.,

T . TN T s o
u(A y—uﬂs(;A y))—H(A §—pz)=1.

Because the left-hand side equals 7-prox| (%A*Q), by the definition of ), we have
y€). The convexity of ) follows from the convexity of the primal problem; it can
also be seen through

(VD(y1) —VD(y2),y1 — y2)
1 1 1 1
:7‘/_},<pI‘OX”H (;A*yl) _pI'OXH” <;A*y2> s ;A*yl — ;A*m) (313&)

2
‘ >0, (3.13b)
2

1 1
Zru‘ prox (fA*y1> — prox| | (*A*yg)
I I
where the inequality follows from Lemma 3.1. The consistency of Ax =0 guarantees
Y to be nonempty. 0

3.3. Algorithm and examples. Applying the gradient iteration to the dual
objective D(y) gives

yk+1=yk+h(b—7'./4-prox|‘| (1A*yk)> y (314)
1

where h >0 is the step size whose range shall be studied later for convergence. By
setting zF+1 :T.proxH_H(ﬁA*yk), we obtain the following equivalent iteration in the
primal-dual form:

m

=7 prox (zA"YY),
yFr =y +h(b— AzFT).

(3.15)

Recalling 7-prox (%v) =prox, . (v) from Lemma 3.2 and setting =7, we simplify
it to

{ xk+1 :prOXTHH(A*yk)a (316)

yk+1 :yk +h(b—Axk+1).

EXAMPLE 3.1 (The LBreg algorithm).  This is a well studied algorithm for
solving the augmented ¢;-norm model and has the following primal-dual form:

2P+ =7 . shrink(ATy*),
yk+1 :y(k) —l—h(b—Al‘k'H),

where shrink(-) equals prox. (-). It is a special case of (3.15). The iteration is
proposed in [19] and improved in [11] by applying a kicking trick, and its convergence
is analyzed in [1, 2, 20]. Then paper [6] establishes its global geometric convergence,
whose rate is further improved in [24].

EXAMPLE 3.2 (The SVT algorithm). This is a well-known algorithm for matrix
completion and has the following primal-dual form:

Xk+1 :DT(Yk)7
Yk+1 :Yk+h'7DQ(M_Xk+1)7
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where D (-) equals prox, . (-). Generally, by taking Y =0, we can conclude that
Po(YE)=Y"* for every k>0 from Y*H 1 =Y*+h.Po(M — X 1), Moreover, Py =
Pg. Hence, it is a special case of (3.16) with A="Pq. It is proposed in [3].

REMARK 3.2.  In paper [7], Nesterov’s first-order methods [8] are applied to ac-
celerate the LBreg and SVT algorithms. Further speedup is introduced in [24] by
combining Nesterov’s methods [8, 9] with an adaptive restart technique [12]. With
little effort, they can be applied to the primal-dual algorithm (3.15).

4. Convergence analysis
In this part, we prove the convergence of the primal sequence {*} and the dual
sequence {y*} in iteration (3.15).

THEOREM 4.1.  Set step size hE(O,THQW) and y°=0 in iteration (3.15). Let &
be the unique minimizer to problem (2.2) and Y be the solution set to problem (3.9).
Then, limk._,+ooxk =, and there exists a point y€ Y such that limy_, | y*=7.

Proof. Let g€). By Lemma 3.4, we have :%:T-prOXH_H(iA*g). Together with
k+1

"t =7 prox, (i/l*yk) and Lemma 3.1, we derive that
1 *, k 1 * o k+1 4
<—A y'— A"y, fx> (4.1a)
1 1
1 * k 1 * 1 *, k 1 *
[ [ [t I
1 * k 1 * A °
>7-||prox . (7,4 Y )—prox”_” <7A y) (4.1c)
H H 2
=771 ||z — 2|2 (4.1d)
Using this inequality, we have
[yt =13 =lly" =g +nb— A" (4.2a)
=lly* =5+ h(AE - Az"H)|13 (4.2b)

N Lo L. . .
=||y’“—yH§—2hu<;A ’“—;A y,x’““—m>+h2||Am—,4xk+1||§ (4.2¢)

N M N N
Sllyk—y\@—?h;llx’““—$II§+h2H«4H2Ika“—f6||3 (4.2d)

N 2p .
=lly* =913 —h (=~ hllAJ12) 2+ — 3. (4.20)

Therefore, under the assumption 0 <h < THQT?HQ we can make the following claims:
Claim 1: [|y*+!

a limit;

— 4|2 is monotonically nonincreasing in k and thus converges to

Claim 2: ||2**1 — || converges to 0 as k tends to 400, i.e., limj_, 4 oo 2* 1 = 3.
From Claim 1, it follows that {y*} is bounded and thus has a converging subse-
quence y*i. Let §=1lim;_,o, y**. By the Lipschitz continuity of the proximal operator,

proved in Lemma 3.1, we have

1 1
= lim 2! = lim T Pprox|| (;A*yki> =T prox (;A*ﬂ),

17—+ 00 17— 00
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so g€Y by (3.12). Recall that § €Y is arbitrary. Hence, Claim 1 holds for y=g. If
{y*} had another limit point, then [|y**!—g||s would fail to be monotonic. So, y*
converges to g€ ) (in norm). d

REMARK 4.1. Being a dual gradient algorithm, it is well known that the dual
objective sequence converges at a rate of O(1/k). With Nesterov’s acceleration [7],
the rate improves to O(1/k?). For a piece-wise linear norm ||-||, such as the 1-norm,
the rate improves to O(e~") and applies to both the sequence and primal/dual point
sequences following the arguments in [6, 24].

5. Extension to gauge

Some interesting models such as those based on total variation, analysis in ¢;, and
fused Lasso use objective functions that are related to but more general than norms.
To extend our results to these models, we study the gauge objective.

DEFINITION 5.1 (Gauge [14]). Let C CR™ be a closed convex set containing the
origin. The gauge of C is the function yo:R™ —R defined by

vo(z)=inf{A>0:x € AC}.

If C' is bounded and symmetric and has a nonempty interior, then ¢ recovers a norm,
whose unit ball is C'. If such C is unbounded, then ¢ generalizes to a semi-norm.
The recent paper [17] studies (strongly) piecewise regular gauges for model selection.
We consider the following general model with gauge objective functions:

minJ(x), subject to Ax=b, (5.1)

and its augmented model

minP(x)éJ(:r)Jr%HxH%, subject to Az =b, (5.2)
where J is a gauge function associated to a convex set C' containing the origin as
an interior point. It was pointed out in [17] that many well-studied regularizers in
the literature, such as the ¢; norm for sparse recovery [4], the ¢1-f5 norm for group
sparse recovery [21], the discrete total variation semi-norm for imaging processing [15],
the nuclear norm for low-rank recovery [5], actually are gauge functions. Therefore,
models with gauge functions like (5.1) and (5.2) are expected to receive corresponding
applications among them.

5.1. Gauge and its polar. We collect the definitions of the polar set and
polar gauge, as well as some useful properties from [14].

DEFINITION 5.2 (Polar set). Let C CR™ be a non-empty closed convex set. The
polar of C' s

Co={v:(v,x) <1, VxeC}.

DEFINITION 5.3 (Polar Gauge). The polar of a gauge yc is the function g :
R™ =R defined by

Yo (u)=inf{u>0: (x,u) < pyc(x),Va}.
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LEMMA 5.4. Let C'CR™ be a closed convex set containing the origin. Then,
(1). Y& ="ce, or equivalently C°={x:72(x)<1}={z:v0c0.(x) <1}, which is a
closed convex set.
(ii). vo=0co and yoco =0, where oc(x) is the support function of C.
(i4i). Moreau decomposition: v=prox,,(v)+Ilce(v) for any v €R".
Proof. Parts (i) and (ii) are given in corollaries 15.1.1 and 15.1.2 in [14],
respectively. To show part (iii), let f(x) =dceo (x), where d¢(x) is the indicator function

+ ) C’
5‘3(9”):{0 - iic

Then, the convex conjugate of f(z) is

* 0 0
F () = sup((a,) = e (1) = max(z.9) “ 0o (a) % 7).
y
where 6; follows from the definition of the support function and 5 follows from part
Iglii). From prox.y(v) =Ilce(v) and v=prox)(v) +prox;. ,(v), the result follows.

5.2. Dual analysis and algorithm. Let J(z)=c(z) be a gauge function.
Based on part (ii) of Lemma 5.4, we have yc(x) = 0¢o () =max,eco (2, 2), from which
we can follow Subsection 3.2 and derive the dual problem of (5.2):

. T . *
min D (y) i=—(y,) + = min A"y —2[3, (53)

Y

where the optimal z=1II¢.(A*y) is a function of y. Following the definition of hz(z)
in (3.4), we have

Ds(y) =—(u.b) + ghoe(A"y)*

By (3.6) and part (iii) of Lemma 5.4, we obtain

VD,(y)=-b+71A prox (.A*y):—b—i—TA-proxJ(_)(A*y). (5.4)

e (+)

We have the primal-dual relationship: x=7(A*y—z) and z=II¢o(A*y). If y is dual
optimal, the equations give = that is primal optimal. Similar to Lemma 3.4, we have
the following result.

LEMMA 5.5. Let & be the unique solution to problem (5.2). Then the dual solution
set to problem (5.3) is

Wz{y:T-proxJ(,)(A*y):i‘}, (5.5)

which is nonempty and convex.

Based on (5.4), one can obtain the dual gradient ascent iteration for problem
(5.2). From the above primal-dual relationship, we give the primal-dual form of this
algorithm as follows:

{ kaFl = T~pI‘OXJ(.)(A*yk)7 (56)

Yt =yk L h(b— Ak,
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Similar to Theorem 4.1, we can show the following result.

THEOREM 5.6.  Set step size he (O,ﬁ) and y° =0 in iteration (5.6). Let & be

the unique minimizer to problem (5.2) and W be the solution set to problem (5.3).
Then limy,_, ;oo 2% =2, and there exists a point j €W such that limy_, { oo y* =17.

Acknowledgment. We would like to thank the referees and Professor Jian-Feng
Cai (U. Iowa) for their comments and corrections. The work of H. Zhang is supported
in part by the Graduate School of NUDT under Fund of Innovation B110202 and
NSFC grant 61201328. The work of L. Cheng is supported in part by NSFC grants
61271014 and 61072118, and by NNSF of Hunan Province 13JJ2011 and SP of NUDT
JC120201. The work of W. Yin is supported in part by NSF grants DMS-0748839
and ECCS-1028790.

REFERENCES

[1] J.F. Cai, S. Osher, and Z. Shen, Linearized Bregman iterations for compressed sensing, Math.
Comput., 78(267), 1515-1536, 2009.
[2] J.F. Cai, S. Osher, and Z. Shen, Convergence of the linearized Bregman iteration for £1-norm
minimization, Math. Comput., 78(268), 2127-2136, 2009.
[3] J.F. Cai, E. Candes, and Z. Shen, A singular value thresholding algorithm for matriz comple-
tion, SIAM J. Optim., 20(4), 19561982, 2010.
[4] S.S. Chen, D.L. Donoho, and M.A. Saunders, Atomic decomposition by basis pursuit, STAM J.
Sci. Comput., 20, 3361, 1999.
[5] M. Fazel, Matriz Rank Minimization with Applications, PhD thesis, Stanford University , CA,
USA, 2002.
[6] M.J. Lai and W. Yin, Augmented ¢1 and nuclear-norm models with a globally linearly conver-
gent algorithm, STAM. J. Imaging Sci., 6(2), 1059-1091, 2013.
[7] B. Huang, S.Q. Ma, and D. Goldfarb, Accelerated linearized Bregman method, J. Sci. Comput.,
54, 428-453, 2013.
[8] Y. Nesterov, Introductory Lectures on Convex Optimization: A Basic Course, Kluwer Aca-
demic Publishers, 2004.
[9] Y. Nesterov, Gradient methods for minimizing composite objective function, CORE discussion
paper, 2007.
[10] J.J. Moreau, Fonctions convexes duales et points prozimauz dans un espace hilbertien, C.R.
Acad. Sci. Paris Ser. A Math., 255, 2897-2899, 1962.
[11] S. Osher, Y. Mao, B. Dong, and W. Yin, Fast linearized Bregman iteration for compressive
sensing and sparse denoising, Commun. Math. Sci., 8(1), 93-111, 2010.
[12] B. O’Donoghue and E. Candes, Adaptive restart for accelerated gradient schemes, Foundations
of Computational Mathematics, accepted, 2013.
[13] N. Parikh and S. Boyd, Prozimal algorithms, Found. Trends Optim., 1(3), 123-231, 2013.
(14] R.T. Rockafellar, Convezx Analysis, Princeton, 1970.
[15] L. Rudin, S. Osher, and E. Fatemi, Nonlinear total variation based noise removal algorithms,
Physica D, 60, 259-268, 1992.
[16] A. Ruszczynski, Nonlinear Optimization, Princeton and Oxford, 2006.
[17] S. Vaiter, M. Golbabaee, J. Fadili, and G. Peyré, Model selection with piecewise regular gauges,
arXiv:1307.2342v1, 2013.
[18] Y. You, Q. Wan, and Y. Liu, A short note on strongly conver programming for exact matriz
completion and robust principal component analysis, Inv. Prob. Imaging, 7(1), 305-306,
2013.
[19] W. Yin, S. Osher, D. Goldfarb, and J. Darbon, Bregman iterative algorithms for £i-
minimization with applications to compressed sensing, STAM J. Imaging Sci., 1(1), 143—
168, 2008.
[20] W. Yin, Analysis and generalizations of the linearized Bregman method, SIAM J. Imaging Sci.,
3(4), 856-877, 2010.
[21] M. Yuan and Y. Lin, Model selection and estimation in regression with grouped variables, J.
Roy. Stat. Soc.: Series B (Statistical Methodology), 68(1), 49-67, 2006.
[22] H. Zhang, L. Cheng, and W. Zhu, A lower bound guaranteeing exact matriz completion via
singular value thresholding algorithm, Appl. Comput. Harm. Anal., 31(3), 454-459, 2011.



112 A DUAL ALGORITHM

[23] H. Zhang, J.F. Cai, L. Cheng, and J. Zhu, Strongly convex programming for eract matriz
completion and robust principal component analysis, Inv. Prob. Imaging, 6(2), 357-372,
2012.

[24] H. Zhang and W. Yin, Gradient Methods for Convex Minimization: Better Rates Under
Weaker Conditions, UCLA CAM Report(13-17), 2013.

(25] H. Zou and T. Hastie, Regularization and variable selection via the elastic net, J. Roy. Stat.
Soc. Series B, 67, 301-320, 2005.



