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LINEARIZED ALTERNATING DIRECTION
METHOD OF MULTIPLIERS FOR SEPARABLE
CONVEX OPTIMIZATION OF REAL
FUNCTIONS IN COMPLEX DOMAIN
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Abstract The alternating direction method of multipliers (ADMM) for sep-
arable convex optimization of real functions in complex variables has been
proposed recently [22]. Furthermore, the convergence and O(1/K) conver-
gence rate of ADMM in complex domain have also been derived [23]. In
this paper, a fast linearized ADMM in complex domain has been presented
as the subproblems do not have closed solutions. First, some useful results
in complex domain are developed by using the Wirtinger Calculus technique.
Second, the convergence of the linearized ADMM in complex domain based
on the VI is established. Third, an extended model of least absolute shrinkage
and selectionator operator (LASSO) is solved by using linearized ADMM in
complex domain. Finally, some numerical simulations are provided to show
that linearized ADMM in complex domain has the rapid speed.

Keywords Linearized alternating direction method of multipliers, variation-
al Inequality, wirtinger calculus, least absolute shrinkage and selectionator
operator.
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1. Introduction

Many nonlinear optimization problems with complex variables are usually encoun-
tered in the domain of applied mathematics and engineering applications, such as
signal processing and control theory [1,4,5, 16,20, 26,34]. The usual method ana-
lyzing optimization problem in complex domain is to separate it into the real part
and the imaginary part, and then to recast it into a equivalent real optimization
problem by doubling the size of the constraint conditions, see [18,25,31,32] and ref-
erences therein. But it may lost unknown coupling relationship between the signal
itself [22,30].
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Recently, Li et al. [22] considered the separable convex optimization problem
of real-valued function in complex domain with linear equality constraints in the
standard form

min  f(z) +9(y),
zy
s.it. Az + By=b, (1.1)
T € X1,2 € X2,
where f: C" - RU{+o0} and g : C™ — RU {400} are proper, closed and convex
functions; x1 C C™ and yo C C™ are closed convex sets; A € CP*™ and B € CP*™
are given matrices; b € C? is a given vector.
The Lagrangian function Lo(z,y, ) and the augmented Lagrangian function
Ly(z,y,\) of (1.1) are given by

Lo(z,y,\) = f(z) + g(y) + 2Re{>\H(Ax +By—10b)} (1.2)
and
Lo(z,y,N) = f(2) + g(y) + 2Re{\" (Az + By — b)} + p||Az + By — b|3, (1.3)

respectively, where A € CP is the dual variable and p > 0 is the penalty parameter.

1
2F ! = argmin (f(z) + p||Az + By* — b+ ;WI%), (1.4a)
1
y* ! = argmin (g(y) + p|[Az"" + By — b+ ;A’“H%), (1.4b)
Yy
MAL = AP 1 p(AzMT 4+ ByF T —b). (1.4c)

Under the assumption that Lg(z,y, A) has a saddle point, the ADMM iterations
In some convex optimization, matrix A or B may not be a scalar matrix. For
example, the solution of the subproblem z-update does not have the closed form
solution as well as the structure of the matrix A is general. If we used the iteration
method to resolved the subproblem z-update, the complexity of the algorithm will
greatly improve. In real domain, we can linearize the quadratic term of the || Az +

1
By* — b+ —)*||3 by the classic calculus.
p

He [13] propose a new alternating direction method (ADM) method which needs
to solve two strongly monotone sub-VI problems in each iteration approximately
and allows the parameters to vary from iteration to iteration. Osher [27] proposed
a fast linearized Bregman method which was applied to the problem of denoising of
undersampled signals in compressive sensing. Yang and Yuan [35] propose linearized
ADMM to solve the subproblems of some nuclear norm optimization problems.
Li [24] proposed a linearized ADMM to solve two general LASSO models: Sparse
Group LASSO and Fused LASSO. In [36], an implementable numerical algorithm
which called fast linearized ADMM is proposed to solve a signal reconstruction
algorithm for solving the augmented [;-regularized problem. Ouyang [28] presented
a novel framework for acceleration of linearized ADMM which the basic idea is
to incorporate a multi-step acceleration scheme into linearized ADMM. The rate
of convergence of ADMM is demonstrated that it is better than that of linearized
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ADMM. Li and Sun [21] presents a majorized ADMM with indefinite proximal terms
for solving linearly constrained 2-block convex composite optimization problems
with each block in the objective being the sum of a non-smooth convex function and
a smooth convex function. By choosing the indefinite proximal terms properly, the
global convergence and the iteration-complexity were established in the non-ergodic
sense. In [14], a new linearized ADMM is proposed via choosing a positive-indefinite
proximal regularization term. The global convergence of the new linearized ADMM
is proved and its worst-case convergence rate measured by the iteration complexity
is also established. He [15] gave a unified approach to show the O(1/K) convergence
rate for both the original ADMM and its linearized variant based on a VI approach
in real domain.

Although the convergence and linear convergence rate of ADMM in complex
domain has been obtained in [22], and many linearized ADMM methods have been
presented in real domain, the convergence for linearized ADMM in complex domain
is not given. The purpose of the paper is to present a fast linearized ADMM for
separable convex optimization of real functions in complex variables. By using the
Wirtinger Calculus technique, we develop some new results in complex domain that
are needed in this paper. The convergence of the proposed linearized ADMM is
established under some mild assumptions. For the applications, we apply new lin-
earized ADMM in complex domain for an extended model of LASSO. The numerical
simulation results are provided to show that the proposed algorithm is indeed more
efficient and more robust.

The outline of the paper is as follows. In Section 2, we develop some new results
in complex domain by using Wirtinger Calculus technique. In Section 3, the form
of VI in complex domain is given by using the Wirtinger Calculus technique. The
linearized ADMM in complex domain based on a VI approach and its convergence
are presented in Section 4, In Section 5, an extended LASSO model in complex
domain is solved by using linearized ADMM. In Section 6, the numerical simulations
are reported. Finally, some conclusions are drawn in Section 7.

2. Preliminaries of Wirtinger Calculus

In this section, we recall and develop some well-known results in complex domain by
using Wirtinger Calculus technique. For a comprehensive treatment of Wirtinger
Calculus, we refer to [2,3,29].

2.1. Complex-to-Real and Complex-to-Complex Mappings

Let z =u+ jv € C™, where u € R™,v € R™ are the real part and imaginary part of
z, respectively. The most commonly used mapping C™ — R?" takes a very simple
form and is written such that

2€C" s 2, 2 (u,v) € R*™,

which is obtained by stacking the real part u on the top of imagery part v, e.g.,
(u,v) denotes vector [u’ v ]

The second mapping is defined by simple concatenation of the complex vector
and its complex conjugate as

2€C" 2.2 (2, 2) €C={(2,72)]z € C"} C C*",
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which is obtained by stacking z on the top of its complex conjugate z. Similarly,
we also have the mapping z € C" — 2z, = (Z, z) € C.
The complex vector z. € C?" is related to the real vector 2" € R*" as

Ze = Jpzr and  z, = fJHzc,
where the superscripts (-)f is used for the Hermitian conjugate, the transformation

L, jln
Jn = € g2nxin (2.1)
In _.j]n
satisfy JanH = JnHJn = 2I5,. The linear map J,, is an isomorphism map from

1
R?" to C?" and its inverse is given by §Jf

2.2. Wirtinger’s Derivatives

Let f(z) be a complex function defined on C™, where z = u+ jv. The function f(z)
may be regarded as either defined on R?" or C". The functions may take different
forms, but they are equally valued. For convenience, we use the same function f to
denote them as follows [3].

f(Z) = f(u +]U) = f(u,v) = f(Zr) = f(zc) = f(Z,f). (22)

Definition 2.1. A function f(u,v) = Re{f(u,v)} + jIm{f(u,v)} is called real
differentiable when the real part Re{f(u,v)} and the imagine part Im{f(u,v)} of
f(u,v) are differentiable as real-valued functions of real-valued variables u and v.

0
Definition 2.2. Let f(z),z = u + jv. The Wirtinger’s derivative or and the

0z
conjugate Wirtinger’s derivative g—{ are defined as
Z
of of .of of of | .of
97 (aujav L5 (5h+is) (23)

Although Definition (2.2) often allow the partial derivatives to be expressed
elegantly in terms of z and Z, neither contains enough information by itself to
express the change in a function with respect to a change in z. This motivates the
following definition of the real gradient and the complex gradient [2].

Definition 2.3 ( [29]). Let f(z,z) : C?" 5 R,z = u + jv. The Wirtinger’s real

. af
gradient 92 o2 oz,
are defined as o7 of
8ZT <07u7 81}) ’ (24)

af of
azc ( ) (2.5)

and o7 of
7 ( ) , (2.6)

respectively.
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The linear map J,, (2.1) also defines a one-to-one correspondence between 85
or of . of '
and 9o 9o and P namely [2]
of 7 Of of u 0f
= = . 2.
0z d 0z, Oz d 0z, (2.7)
Similarly, we can define the Hessian matrix in complex domain.
Definition 2.4 ( [29]). The real Hessian H,, can be defined as
0 ,0f . r 0 Of .r
" 827’ 8Zr B i j T au l T B H. H, . .

v Ou %( ov

If real-valued function f(z,) with respect to the components of z, has the second
partial derivatives, it is well known that a real Hessian H,.. is symmetric.

C
Definition 2.5. The complex Hessian H,. can be defined as

e 9 (af\ _ o [af\
HCC_F)‘ZC (5‘%) T 0z, <8zc> ' (2.9)

It is convenient to define the quantities

H H H H
29 (9f 2 9 (0 a0 (0f a9 (0f
aatg (o) metg(3) w2tz (F) metn(F)

With the above definitions, we also have that

C sz HzE
H, = . (2.10)

HEZ HZZ

From (2.7), the real Hessian H,, can be transformed into complex Hessian which
as

c 1
H,=J9H,] and H, = el (2.11)
The complex Hessian have many good features, for example
Theorem 2.1 ( [29)]). HCC.C is Hermitian if and only if H,, is symmetric.

Theorem 2.2 ( [29]). The H:z has same condition number with the H,,.

Theorem 2.3 ( [2]). The eigenvalues of ch are the half of the H,,.

Theorem 2.3 implies that if the real Hessian H,,. is positive definite (posi-
tive semi-definite), then the complex Hessian H,, is also positive definite (positive
semidefinite).
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2.3. Taylor Series in Complex Domain
2.3.1. First-order complex Taylor series expansion

The function f(z,) : R?® — R may be regarded as either defined on R?", so its
Taylor series expansion is

a T
F(er D) £z + ( a ) Az, (2.12)
om e : of ,of :
As set R*™ is isomorphism to set C, by (2.7), (2.12) and 55 = (E)’ the function

f(zc) has the complex Taylor series expansion as

T

JI 1Az,

)
= f(ze) + (af )T Az, (2.13)
(

= f(2) + 2Re{ gi) Az} (2.14)

— /() + 2Re { (gif)H Az} . (2.15)

This means that the first-order complex Taylor series expansion of a real-valued
function is real-valued.
2.3.2. Second-order Series of real-valued function in Complex Domain
The functions f(z,) : R?" — R has the second-order real Taylor series expansion

of
0z,

By (2.11), the second-order term of (2.16) can be represented equivalently as

flzr + Dzp) = f(2r) + ( ) Nz, + %(AZT)THTTAZT. (2.16)

1 T H
i(Azr) H,., Nz, = %(Azr) H, Nz,

1 c 1 H
= S (B2 (I Hood) Dz = S(D) H. Az (2.17)

From (2.16) and (2.17), the second-order complex Taylor series expansion of
f(2) is given by

of
0z,

T
ot )~ 16+ (55) et §(02)THL B2

T
= f(2) + 2Re { (gf) Az} +Re{(A2)"H..Az+ AP H . AZY. (2.18)
z
Note that all of the terms in (2.18) are real valued.
As for the Taylor series, we consider the following example, which will be used
in the subsequent analysis.
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Example 2.1. Consider the real-valued function
f(z) = ||Az = bl3, (2.19)

where z € C", b€ CP and A € CP*™.

It follows from (2.19) that
f(z) = (Az = b)" (Az —b).

Then, we have

oOf _ v of _ ,u
and
_of (of T, H _of (of Hiaf of Tﬁ
H,, = 3 (8z) =A"A, H.:= 55 <az> =23 <az> =0. (2.21)

So the augmented complex gradient and the augmented complex Hessian matrix

of f(z) are given by
of _ AT(Az —b) (2.22)
Oze  \ AHm(Az—p) )’

H H.. H.: AA 0
H;Z = af (af> = — , (2.23)
3zc 8zc HEZ HEE 0 AHA
respectively.

From (2.14) and (2.18), we have the first-order Taylor series and the second-order
Taylor series of the function (2.19) on zg as

and

AT(Az —b) ' Az
flz+D02) = f(z)+ ( ) ( )
AT (Az —b) NZ

= f(2) + 2Re{(Az — b)) ANz}, (2.24)

and

AT(Az-b) ' Az 1[{ Lz ! AHA 0 Az
reea=nas(i D) (S () ()
AT (Az—b) Nz Nz 0 AfA Nz
= f(2) + 2Re{(Az — 1) AAz} + Re{(A2)" A" ANz}

~ f(z) + 2Re{(A" (A2 — b)) Az} + €[] Az]|2 (2.25)
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3. VI in Complex Domain

VI is an inequality involving a functional, which has to be solved for all possible
values of a given variable, belonging usually to a convex set [9,19]. The math-
ematical theory of VI was initially developed to deal with equilibrium problems,
precisely the Signorini problem [10]. The applicability of the theory has since been
expanded to include problems from economics, finance, optimization and game the-
ory [6,11,17,37]. In this section, the form of VI in complex domain will be presented.

3.1. VI of Linear Constrained Convex Optimization in Com-
plex Domain

We consider the linearly constrained convex optimization problem

mxin {f(z): Az =b}, (3.1)

where f is the real-valued convex functions in complex variables x € C™, A € CP*"
is given matrices and b € CP is a given vector. An equivalent form of (3.1) is [22]

min {f(z): A%° =0}, (3.2)
where
A = 40 o ge— [ U] e and b° = ’ € C?.
0A T b

The Lagrangian function of the optimization problem (3.2) is
Lo(z,A) = f(2) + (A)" (A% = b°) = f(z) + 2Re{A" (Az — b)}. (3-3)

Assumption 2. The Lagrangian function Ly (3.3) has a saddle point, i.e., there
exists (z*, A\*), for which

LO('T*7>\) < LO(I*7>\*) < LO('T7>\*)

holds for all z and .
This can be expressed as

Lo(z, A*) = Lo(z*,\") = 0,

(3.4)
Lo(x*, \*) — Lo(z*,A) > 0.
An equivalent expression of (3.4) is the following VI, namely,
z* e C", f(z)— f(z*) + 2Re{(z — 2*)H (AHN*)} > 0, Vz € C™, (3.5)
A eom, 2Re{(A — A\)H[—(Az* — )]} >0, YA € O™, '
The optimal condition of (3.5) can be characterized as finding p* that satisfies
F() = F(a") + 2Re{(u— )T W(u")} = 0, Ve, (3.6)
where
x AH )
= , U(p) = and Q=C" x CP.

A —(Az —b)
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3.2. VI of Separable Convex Optimization with Linear Con-
straints in Complex Domain

By the Assumption 1 of the Lagrangian function Ly (1.2) has a saddle point, i.e.,
there exists (a*,y*, A*), for which

Lo(x*7y*7 A) S LU(x*ay*7>\*) S LO($7Z/7)\*) (37)

holds for all x,y, A.
An equivalent expression of (3.7) is the following VIs

Lo(z,y*, \*) — Lo(z*,y*, \*) > 0, Yo € C™,
Lo(z*,y, \*) — Lo(x*,y",\*) > 0, Vy € C"™, (3-8)
Lo(z*,y*, \*) — Lo(z*,y*,\) > 0, YA € CP.
To simplify (3.8), we can get
f(x) — f(z*) + 2Re{(x — z*)H (AP N*)} > 0, Yz € O™,
9(y) — 9(y*) + 2Re{(y — y*)"(B¥ ")} > 0, vy € C™, (3.9)
9Re{(A — \)H[—(Az* + By* —b)]} > 0, VA € CP.

It is similar to see that the VI reformulation of (3.9) is to find w* = (z*,y*, A*)
such that

O(p) — @(p*) + 2Re{(w — w*) U (w*)} >0, Vw € Q, (3.10)
where
x A\
x
n= , W= Y s \Il(w) == BH/\ ’
)
A —(Az + By —b)

B(u) = f(2) + gly), Q=C"x C™ x C7.

We use Q* to denote the solution set of the variational inequality (3.10), namely

w* = (x",y",\") € Q" (3.11)

4. Linearized ADMM in Complex Domain

In this section, we present the linearized ADMM for separable convex optimization
in complex domain based on the VI approach.

4.1. Linearized ADMM for Separable Convex Optimization in
Complex Domain

From Example (2.1), we can give the Taylor series of the quadratic term in (1.4a)

1 1
|Az + By" — b+ —\*|]3 ~ || Az* + By" — b+ =\"|[3
p p
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+ 2Re{(Az* + By —b + %/\k)HA(x — ")} 4 €|z — 2|3 (4.1)
So the subproblem z-update become
zhtl = arggﬂmin{f(:v) + 2pRe{(Az* + By" — b+ %Ak)HA(x — )} +&f|r — ¥ I3}
The linearized ADMM iterations of optimal problem (1.1) is given by
o+ —arg min {(n) +2pRe{(A* + By ~b+ 230" AG@)-+€llo — o). (422)
' =argmin (o(y) + ol a1 + By — b+ 3 D), (4.25)
MNAFLZNF L p(AzP T+ ByP Tt —b). (4.2¢)

4.2. VI of Linearized ADMM in Complex Domain

Lemma 4.1. Let wbt! = (pF+1 yk+1 \F+L) pefer to (4.2). Then the corresponding
VI is

®(u) — @(u" ) + 2Re{(w — w* I [W(WH) + T(y", 5 )

+ P(w* —wM)]} >0, Yw € Q, (4.3)
where
AH &I —pAHA 0 0
L(y* y**) =p | BE | B* —y**h), P= 0  pBHEB 0 |. (44)
1
0 0 0 I
P P

Proof. By (4.2), the z¥*! and y*+! satisfy

f(x)f(xk+1)+2pRe{(x:ck“)H[AH(Axk“JrBykJ)Jr/\:)Jrf(xk“xk)] } >0 (4.5)

and
)\k
9(y) — 9" ") + 2pRe{(y —y"* ) BT (Ae*! + By — b+ =0 (46)
respectively.
Substituting

Ak+1 _ Ak +p(A1,k+1 +Byk+1 . b)
into (4.5) and (4.6), we get
f(:E) o f(l‘k+1) + QRG{(Z’ - xk+1)H[AH)\k:+1 + pAHB(yk . ykJrl)
+ (61— pAT A) (! —2M)]} > 0, (4.7)

and
9(y) — g(y" ™) + 2Re{(y — y* )T BENFTI} > 0, (4.8)
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respectively.
Reforming (4.7) and (4.8), we have

H
T — $k+1 AH)\k+1 AH
®(u) — ®(u)*! 4 2Re +p B(y* —y* )
Y — yk—H BH \k+1 BH
EI—pAHA 0 ahtl — ok
> 0. (4.9)
0 pBHB yk+1 _ yk
Combining the third formula of (1.4), we have
H
o — gkt AH \k+1
®(u) — D(u)**! +2Re | y — yF Tl BH)\k+1
A — M\t —(Axk+1 + Byk+1 _ b)
AH &l —pAHA 0 0 gkt _ gk
+p | BE | B(y* — ) + 0 pBEB 0 Ykt — gk > 0.
1
0 0 0 -1 Ak+L Nk
p
(4.10)
This completes the proof. O

Lemma 4.2. Let whtl = (xF 1 yF+1 Nk refer to (1.4). Then

Re{(w* — w*) T P(w* — w*1)} > Re{(\*T1 — NO)YEB(yF — y* 1)) vuw* € Q.

(4.11)
Proof. Substituting w = w* in (4.3) and rewriting it, we get
Re{(wk'H _ w*)HP(wk _ wk+1)}
>2Re{(w* ™ —w*) T (", y* )} + () — D(u")
+ 2Re{ (W — w*)H W (w1}, (4.12)

Since VU is a monotone mapping, the last two terms of (4.12) can be written as

d(uFt) — d(u*) + 2Re{w*t — w*) T (wht1)}
> o(urth) — d(u*) + 2Re{w" ! — w*)H T (w*)} > 0. (4.13)

Substitute (4.13) into (4.12), we can get
Re{(w**! —w) " P(w* —w* 1)} > Re{(w*! —w")T(y*, ")} (4.14)

By Ax* + By* = b and \Ft! = A} 4 p(Azk+! 4 By#+1 —b), the right hand of
(4.11) is equivalent to

Re{(wk+1 _ w*)HF(yk, yk+1)}
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= Re{[(w"™! —w) T (y*, 5 1)1}

= Re{[B(y" —y* )" pl(Aa""" + By"™) — (Ax™ + By")]}

— Re{(\H1 = X5) B(y — 1)) (4.15)
From (4.14) and (4.15), we can get (4.11). This completes the proof. O

Lemma 4.3. Let wkt! = (2F+1 yk+1 A+ refer to (1.4). Then

Re{(\* = NFTHH B(yF — yF 1)1 > 0. (4.16)
Proof. Since (4.8) is true for the k-th iteration and the previous iteration, we
have
9(y) = gy + 2pRe{(y —y* T BIAETV} > 0 (4.17)
and
9(y) — 9(y*) + 2pRe{(y — ") BIAW} > 0. (4.18)

For (4.8) is true for the k-th iterations and (k — 1)-th iterations, we get
9(y) = 9™+ + 20Re{(y — y* BTN} > 0 (4.19)

and
9(y) — g(y*) + 2pRe{(y — y*)B"X*} > 0. (4.20)

Setting y be y* in (4.19) and y**! in (4.20), then adding the two resulting
inequalities, we can get the conclusion.
This completes the proof. O

Assumption & — pAH A = 0, matrix P is positive semi-definite. We can define
P-norm of vectors as

[lw —w| = (w - w*) " P(w - w).
Theorem 4.1. Let w**! = (zF 1 y*+1 \k+1) refer to (1.4). Then
[0 —w*[[p < |l —w* [} — |lw® — "B, ¥ wt e Q. (4.21)

Proof. Tt follows from the (4.11) and (4.16) that

Re{(w* — w*) P(w* — w**1)} > 0. (4.22)
Then, we have
|0 —w*||B = [[(w* —w") + (w* =W}
= [Jwb [} +2Re{ (0 —w) Pk —ah )}k —
> |[w*Ht —w||B A+ |Jw® — Wt (4.23)
Rewriting it, we can get the conclusion. This completes the proof. O

The inequality (4.21) is essential for the convergence of the alternating direction
method. Note that P is positive semi-definite.

|w* — w5 =0 < P —-w) =0
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The inequality (4.21) can be written as
[t = fes—pamay + PIBG ! =y SR = A2
, . x 1 x
<|Jw* —w ||%§I—pAHA) +plBW" — )P + ;H)\k — A2

X X 1
— (||lw* - wk+1||%§l—pAHA) +pl|B(y* —y*|1* + ;H)\k — AP (4.24)
It leads to that
lim z¥ = 2*,  lim By® = By*, lim A\* = \*. (4.25)
k—o0 k—o0

k—o0

5. Extended LASSO with Linearized ADMM in com-
plex domain

Statistics is the study of the collection, analysis, interpretation, presentation, and
organization in huge amounts of data. At the beginning, in order to minimize
deviation, due to the lack of independent variables and the model will usually choose
the independent variables as many as possible. Modeling process, however, need to
find has explanatory power of the independent variable on the dependent variable
is the most collection, through the choice of the independent variable is required to
improve the explanatory and predictive precision of the model. Index selection is
extremely important in the process of statistical modeling problem. LASSO is an
effective estimation method to realize index set to streamline.

In typical applications, there are many more features than training examples,
and the goal is to find a parsimonious model for the data. For general background
on the LASSO, see [33]. The LASSO has been widely applied, particularly in
the analysis of biological data, where only a small fraction of a huge number of
possible factors are actually predictive of some outcome of interest; see [12] for a
representative case study.

Consider the extended LASSO problem in complex domain as follows

min  ||Az — bl[3 + ally||:,
@y
st. Fr—c=Gy, (5.1)

where z € C™, y € C™, A € CP1*" is a given row full-rank matrix with Rank(A) =
p1, b € CP', « > 0 is a scalar regularization parameter, F' € CP2*" G € CP2*™
and ¢ € CP2x1,

By (1.4), ADMM in complex domain iterations of (5.1) are

1 k
o4 = argmin {|| Az — b+ pllFe — (G0 +e— M IE) (5:20)

k
. p 1
yt = angmin{lyll + 2)Gy — (P2 4 X~ Al (20)
Y
MNett = NP p(FaR Tt — Qi — o), (5.2c)

1
where p > 0 is a penalty parameter and u = —\ is a regular dual variable.
p
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The analytic solution of z-update sub-problem of (5.2a) is
1
= (AHA + pFHF)*l(AHb + pFH (Gy* + ¢ — ;)\k)) (5.3)

As matrix G is not identity matrix, y-update subproblem of (5.2b) do not have
closed-form solutions. Then, it is not possible to obtain the exact solution of y*+1.
If inner iterative procedures are required to pursuit approximate solutions of sub-
problems, the complexity of the algorithm will greatly increase.

A success in this regard is the split inexact Uzawa method proposed in [38,39]
k

1
which suggested to linearize the quadratic term ||Gy — (Fz**! + =\ — ¢)||2 and
p
1k
solve the following approximate problem. Let ¢ = FzF*1 + =X — ¢, by Example
p
(2.1), we have

2 H "
LllGy=all3 ~ LliGye—al3+LRe{ (" Gy — )" y=w)}+Eelly—lB, (5.4)

where parameter £ satisfy £ > 2||GHG|| [15].
Then, the subproblem of y is transferred to follow optimization problem

. H g
min {[lylls +2Re{p y} +&lly — ul3}, (5.5)
where p = gGH(Gyk —q), ¢ = Fa*+1 + %)\k —cand £ = Le.
Theorem 5.1. The analytic solution of (5.5) is

p
Ye+1 = Sl/(gé) (yk - g) . (56)

Proof. Let y =u+ jv, p = Dre + jPim, Yx = a + jb. Then

F() = llglh +2Re{p" y} +Elly — il
= ||y||1 + 2(preu - pimv) + 5[(” - a)2 + (U — b)2]

=l + €u = (0= P290)° 4 (0= 4 P2)%) 420" - %w

3 p
= llylls +&lly — (yx — g)\l% + constant. (5.7)

(5.5) is equal to B
min {Jlyls + €Iy — (= DI (5.8)

By the soft-threshold in complex domain [22], we can get the result (5.6). This
completes the proof. O

By (5.3) and (5.6), the ADMM in complex domain iterations of further gener-
alized LASSO (5.1) as follows

P = (A" A+ pF )T A b+ pF " (G e~ ), (5.9)
P

Y — Sy 06 (i — 5)7 (5.9b)

Wbl = b pghtl Gkl (5.9¢)

whete g = Fk u — ¢, p= LG (Gur — ), € > 26" G| and € = L.
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6. Numerical Simulation

All our numerical experiments are carried out on a PC with Intel(R) Core(TM)
i7-4710MQ CPU at 2.50GHz and 8GB of physical memory. The PC runs MATLAB
Version: R2013a on Window 7 Enterprise 64-bit operating system.

In model (5.1), x € C™ is a discrete complex signal generated by random N (0, 1)
with the length n = 500 and y € C™ is a discrete r-sparse complex signal generated
by random N (0, 1) with the length m = 600 and contains (at most) » = 50 nonzero
entries. Select p = 8r (p < n) measurements uniformly at random matrix A4,,, via
Apxnx = b. Signal x and y have the inner relation by the equation Fixn,z —b =
Qixmy With [ = 8r.

1000

800 b

600 b

) + g0y

400} <

0 100 200 300 400 500 600
iteration k

Figure 1. The function value by iteration k

Hence reconstructing signal x and y from measurement b and relation equation
Fx — b = Qu is generally an ill-posed problem which is an undetermined system
of linear equations [7,8]. As y is sparse, the sparsest solution can be obtained by
solving the Lasso model (5.1). The subproblem z-update can be resolved by the
iteration formula (5.2a). The subproblem y-update do not has closed revolution, so
we can resolve it by the formula (5.9b).

10
o
_z; 100 \ 1
- R e e — P ————— _EN
1075 L L L L L
0 100 200 300 400 500 600
5
10 T T
N 0 L\‘\—W
<5 10 r b
= S o e e e o e e e e e o e e e e e o
1075 L L L L
0 100 200 300 400 500 600
iteration k

Figure 2. The residual of real part and imaginary part by iteration k
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In Figure 1, the change of the objective function values in the process of itera-
tion is shown, seen in figure as the objective function value decrease monotonously
through the iterations.

In Figure 2 (top), the full red line describe the changes of the primal residuals
r* and the dotted lines in represent the original residual tolerance ¢?™*. In Figure 2
(bottom), the full blue line describes the changes of the dual residuals s* and the

dual

dotted lines represent the dual residuals tolerance e

50 100 150 200 250 300 350 400 450 500
(a) Comparison of real part of signal x

-5 . . . . . . . . .
50 100 150 200 250 300 350 400 450 500
(b) Comparison of imaginary part of signal x
Figure 3. The real part and imaginary part of signal x
5 T T T T T . . .

0 50 100 150 200 250 300 350 400 450

0 50 100 150 200 250 300 350 400 450
(b) Comparison of imaginary part of signal y

Figure 4. The real part and imaginary part of sparse signal y

In Figure 3 and Figure 4, the comparisons of the original signal(blue dots) and
reconstructed signal (red circles) about = and y are displayed, respectively. In line
with the degree of visible from the figure in the circle and point reconstruction
signal to restore the original signal very well.

Keeping the parameters fixed, we repeat the experiment 100 times with different
random signal, recording the maximum, minimum and average value of relative
errors(including 4 types: real part of signal x, imaginary part of signal z, real part
of signal y and imaginary part of signal y), the iteration numbers and running
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time. The results are shown in Table 1. From the Table 1, it can be seen that the
linearized ADMM have either the quick convergence speed and robustness.

Table 1. The 100 times experimental results of Extended Lasso model

Indexs Max Min Average
Error(real x) 3.1068 x 107 1.9909 x 10~*  2.4354 x 104
Error(imag x)  3.0782 x 107*  1.9903 x 10~*  2.4139 x 104
Error(real y) 9.7576 x 107*  4.0766 x 107*  5.9536 x 10~4
Error(imag y)  9.0566 x 107*  4.3648 x 10~*  6.1418 x 1074
Run Time(s) 10.3911 6.5449 8.7026

Iteraion number 664 421 562.83

Table 2. Comparison of linearized ADMM and ADMM using CVX

Indexs Linearized ADMM  ADMM using CVX
Error(real x) 2.5311 x 1073 2.0421 x 1073
Error(imag x) 2.5465 x 1073 2.0520 x 1073
Error(real y) 77772 x 1073 6.2780 x 1073
Error(imag y) 8.0498 x 1073 5.5476 x 1073
Run Time(s) 0.0371496 63.7351

Iteraion number 168.7 189.8

We compare the algorithm (5.9) of linearized ADMM and the (5.2) of ADMM
using CVX about the relative error, iteration numbers and run time. Here, the
length of signal x and y is n = 50, m = 60. The sparse rate of y is r = n/10. Select
p = 8r (p < n) measurements uniformly at random matrix A,, via Ayx,z = b.
Signal x and y have the inner relation by the equation F,x,x — b = Qpxmy. The
results are shown in Table 2. From the Table 2, it can be seen that the linearized
ADMM has the more quick convergence speed than CVX resolving ADMM.

7. Conclusions

In this paper, the linearized ADMM for separable convex optimization of real func-
tions in complex domain has been explored. First of all, based on the theory of
the complex analysis, Taylor series of real-valued function is presented in complex
domain by using the Wirtinger Calculus. After that, the convergence of linearized
ADMM in complex domain based on the VI approach has been established. In ad-
dition, the closed solution of extended LASSO subproblem is got by the linearized
ADMM. Eventually, the numerical simulations are provided to show that linearized
ADMM has the quick convergence speed and robustness compared with the CVX
in complex domain.
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