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Abstract

DC Programming and DCA have been introduced by Pham Dinh Tao in 1985 and extensively
developed by Le Thi Hoai An and Pham Dinh Tao since 1994. These approaches have been
successfully applied to solving real life problems in their large scale setting. In this paper, we
introduce an alternative DC algorithm for solving partial DC programs of the form

min f(z,y) s.t. (z,y) € R" x R™,

where, f : R™ X R™ — R U {400} is a partially DC function, that is, for each 2 € R™ and each
y € R™, f(x,-) and f(-,y) are DC functions in the second variable and the first variable, respectively.
This proposed algorithm is an natural extension of the standard DC algorithm. Furthermore, we
also consider an inexact version of this alternative DC algorithm. The convergence of these proposed
algorithms (both the exact and inexact versions) are investigated. The applications to nonconvex
feasibility problems and to matrix factorization problems are reported.
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1 Introduction

DC programming and DCA (DC Algorithms) have been introduced by Pham Dinh Tao in 1985 and
extensively developed by Le Thi Hoai An and Pham Dinh Tao since 1994. DC programming plays a key
role in nonconvex programming because almost nonconvex programs encountered in practice are DC
programs. Based on local optimality conditions and DC duality, DCA is one of efficient algorithms for
nonconvex programs, especially for nonsmooth ones. Due to its local character it cannot guarantee the
globality of computed solutions for general DC programs. However, we observe that, with a suitable
starting point, it converges quite often to a global one. In practice, DCA was successfully applied to
a lot of different and various nonconvex programs to which it gave almost always global solutions and
proved to be more robust and more efficient than related standard methods, especially in the large-scale
setting. On the other hand, it is worth noting that, with appropriate DC decompositions, DCA permits
to find again standard optimization algorithms for convex and nonconvex programming (see [14], [15],
[22], [23] and references therein). Let I'o(R™) denote the convex cone of all lower semicontinuous
proper convex functions on R™. The vector space of DC functions, DC(R™) = T'g(R™) — I'o(R™), is
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quite large to contain almost real life objective functions and is closed under all the operations usually
considered in Optimization.

In this paper, we are interested to the partial DC programs of the form
(P) min f(z,y) s.t. (z,y) € R" x R™. (1)

Where, f : R" x R™ — RU {400} is a partially DC function in the sense: for each x € R™ and
each y € R™, f(x,-) and f(-,y) are DC functions. An important subclass of the class of partially DC
functions is the one of functions f such that there are two extended valued partial convex functions
g(x,y) and h(z,y) such that

f(z,y) = g(z,y) — h(z,y), (z,y) € R" xR™.

Here, and in throughout the paper, a convention +o00 — (+00) = 400 is used. By definition, a function
in the two variable (z,y) € R™ x R™ is said to be partially convez if it is convex in each variable when
the other variable is fixed.

Since a partially convex function is not necessarily convex, this class of partial DC optimization
problems which is broader than usual DC programs, includes many practical optimization models.
Especially, under suitable assumptions, it covers the class of nonconvex and nonsmooth problems of
the form

min fi(x) + fo(y) + H(z,y), s. t. (x,y) € R" x R™.

This latter class of problems is studied recenly in [3], [4], [5]. In these works, the approach is based
on the proximal regularization of the Gauss-Seidel scheme, and based on the Kurdyka-Lojasiewicz
inequality, the authors have established the convergent results for the considered methods. However,
an inconvenience of that approach is that, one has to solve a nonconvex subproblem at each iterative
step.

In this work, we propose an altenative DC algorithm for solving partial DC programs (P) . The
terminology ”alternative DCA” means that at each step, we apply the DCA alternatively for solving
DC problems when the other variable is fixed. We also consider an inexact version of this algorithm
by using approximate subdifferentials. We show that these algorithms (both the exact version and
the inexact one) establish the interesting convergence.

The rest of the paper is organized as follows. In the next preliminary section, we recall the basis
notions and results from Nonsmooth Analysis and Convex Analysis as well. Some new results on
the relationship between subdifferentials and partial subdifferentials are given; a brief presentation
on DCA and DC programming is reported, and some basis facts on subanalytic sets and functions
are recalled. In Section 3, we introduce an alternative DC algorithm and its inexact version, and
establish the convergence results as the convergence of subsequences; the convergence of the whole
sequence under the Lojasiewicz inequality and under the Kurdyka-Lojasiewicz inequality. In Section
4, we consider generalized partial DC programs and propose a generalized version of the alternative
DC algorithm for solving this program. We show that the convergence results in Section 3 remain valid
for this generalized version. We present in the final section the applications to nonconvex feasibility
and matrix factorization problems.



2 Preliminaries

2.1 Fréchet and limiting subdifferentials of lower semicontinuous functions

Let us recall some notions from Convex Analysis and Nonsmooth Analysis, which will be needed
thereafter (see, e.g., [20], [24], [25]). In the sequel, the space R" is equipped with the canonical inner
product (-). Its dual space is identified with R™ itself. S(R™) denotes the set of lower semicontinuous
functions f : R™ — R U {4o00}. The open ball with the center z € R and radius € > 0 is denoted by
B(x,¢); while the unit ball (i.e., the ball with the center at the origin and unit radius) is denoted by
B. A function f: R™ — RU {400} is called p—convex for some p(f) > 0, if for all z,y € R™, A € [0,1]
one has

O+ (1= Ny) < M (@) + (1= V) = Er1 = Ve -y

The supremum of all p > 0 such that the above inequality is verified is called the convex modulus of
f, which is denoted by p(f).

The subdifferential of a convex function f € S(R™) at x € Dom f is defined by
Of(x) ={«" eR": (a"y—x) < f(y) - f(z) VyeR"}.
We set 0f (x) = 0 if x ¢ Dom f. The e—subdifferential with respect to a given € > 0 is defined by
Of(x) ={2" eR": (a%y—u) < fy) - f(x) +e VyeR"},

and 0. f(x) =0 if x ¢ Dom f.

Note that for any € > 0, one has the following relation between the approximative subdifferentials
of a convex function f and its conjugate f* :

a* €d.f(z) = x€dfr(z"). 2)

For a function f : R™ — RU {400} be a lower semicontinuous real extended valued function. The
Fréchet subdifferential of f at x € Dom f is defined by

" f(x) = {x* eR"™: lir}}l_iglf fw+h) _Hj;(f) — e h) > 0} )

For z ¢ Dom f, we set 0F f(x) = . The limiting subdifferential of f at x € R™ is

Of(z) = {z* e R": 3wy, fz)) — (z, f(2)), z} € dF f(xp)) with (z}) — 2" as k — oo},

It is worth to mention that ¥ f(z) is not necessarily closed, althought df(z) is closed, for any
z € R". A point 79 € R" is called a Fréchet (limiting) critical point for the function f, if 0 € 9% f(x)
(0 € Of(xq), respectively).

When f is a convex function , then the Fréchet subdifferential and the limiting subdifferential
coincide with the subdifferential in the sense of Convex Analysis. Moreover, if f is a DC function, i.e.,
f =g — h, where g, h is convex functions, then

" f(z) C Of(x) C dg(x) — Oh(z)



wherever h is continuous at x. Especially, if h is differentiable at x, then one has the equality:

0" f(z) = 0f(z) = dg(x) — Vh(x).

The limiting subdifferential enjoys the following sum rule:
For two lower semicontnuous functions f,g : R" — R U {400} such that either f or g is locally
Lipchitz at £ € Dom f N Dom g, one has

O(f + 9)(w) € Of (%) + Dg(z).

Let f: R" x R™ — R U {+00} be a function in the two variables x € R™ and y € R™. Denote
by OF f(x,y), fo(x,y), the partial Fréchet subdifferential of f with respect to the variables z, vy,
respectively. It is obvious that

0" f(x,y) C OF f(z,y) x O} f(z,y).
The following lemma gives a sufficient condition to guarantee the inverse inclusion.

Lemma 2.1 Let f : R" x R™ — RU {400} be a function in the two variables x € R™ and y € R™
and let (z,7) € Dom f be given. If for x* € OF f(z,7), the following condition is satisfied: for any
e > 0, there exists 6 > 0 such that

(@7, 2 — 1) < fz,y) = [(2,y) + elle — 2|, ¥V(z,y) € B(x,9) x B(g,9), (3)

then one has
{z*} x Of f(z,y) C 0" f(z,y).
As a result, if f(z,y) is of the form

f(z,y) = fi(@) + fa(y) + Q(z, ), (v,y) € R" x R™,

where, Q is a continuously differentiable at (z,y) € Dom f, then
0" f(z,9) = 0 f(z,9) x 0, f(2,9).
Proof. 1t is straightforward from the definition of the Fréchet subdifferential. O

A function f : R" x R™ — R U {400} is said to be partially convez if for each x € R™ and each
y € R™ the functions f(z,-) and f(-,y) are convex.

Corollary 2.1 Suppose that f : R™ x R™ — R U {400} be a partially convex function in the two
variables x € R™ and y € R™ and that, for (z,y) € Dom f, the partial subdifferential 0, f(Z,y) is
lower semicontinuous with respect to the variable y at y, in the sense: for any € > 0, there is § > 0
such that

9uf(%,9) C 02 f(Z,y) +eBrn Yy € B(Y,9).

Then one has

aFf('f7g) = axf(£7g) X ayf(@ _)'



Proof. Let € > 0, and let § > 0 such that

0o f(2,9) € 02 f(T,y) +€Brn Vy € B(Y,6).
Then, for any z* € 9% f(z, ) = 0L f(z,7),
x* € 0, f(Z,y) +eBrn Yy € B(7,9).
Hence,
(%0 —x) < f(z,y) — f(Z,y) + +ellv — 2|, V(z,y) € B(x,0) x B(y,0)
O

and the conclusion follows from Lemma 2.1.
The next lemma gives the relationship between the Fréchet/limiting subdifferential and the partial
subdifferentials of a partially convex function, by using directional derivatives.

Lemma 2.2 Let g : R" x R™ — RU {400} be a lower semicontinuous partially convex function. Let

(Z,9) € Dom g be given. Then the followings hold.

(i) 9" g(z,y) C 0ug(z,§) x Dyg(z,7)-
(i) If for each x € R™ and y € R™, the functions g(x,-), g(-,y) are continuous at T, g, respectively,

then R
99(Z,9) C 0:9(7,9) x 9yg(%, 7).

Moreover, the equality is valid if in addition, either ¢..((Z,y),w) is uniformly lower semicontin-
uous in the variable y for uw € Bgrn or g,((x,9),v) is uniformly lower semicontinuous in the

variable x for v € Brm, and in this case, one has
0" 9(2,9) = 09(2,7) = 0:9(2, ) X Dy9(%, 7).

Proof. The inclusion (i) is obvious from definition. For (ii), let (z*,y*) € dg(z, 7). By the definition,
there exist sequences (zx,yx) — (Z,9) with gz, yx) — (Z,9); (2},y;) € 0Fg(wk, yx) such that
(@, y5) — (z*,y*). Thanks to (i), z; € 0.9(vk,yr) and y; € Oyg(xk, yi). Hence,

(@, v — wi) < g(@, yk) — g(xp, yr) forall zeRY;

Wi v —yk) < g(xk,y) — g(zg, yx) forall y e R™.

Since g(x,-), g(-,y) are continuous at Z, g, respectively, by letting k& — oo in the two inequalities, one
x e R™;
y € R™.

g(z,y) for all
g(z,y) for all

9(,9)

IN

)
)

That is (z*,y*) € 0:9(%,7), x0yg(Z,y).
Assume now that, for instance, ¢, ((Z,y), ) is uniformly lower semicontinuous in the variable y for

Kl

obtains
<.Z'* , U — -

9(Z,y)

N
IN

(W y—

u € Bgn. Then, for any € > 0, there is § > 0 such that
g;((f,y),u) > gzlr((jag)vu) — € Vy € B(ga 5)7 Vu € BR"-



By the positive homogeneousness of ¢’ ((Z,y), ), in the variable u, one has
g;((f7y)7x - {E) > g:/c((i'vg)a T — j) - EHI’ - 'f“ vy S B(ga 5)7 Vo € R™.

Let (z*,y*) € 0,9(Z,7) x 0yg(Z,y) be given. For y € B(y,0) and x € R™, one has

9(x,y) —9(2,9) = [9(z,y) —9(z,y)] + [9(Z,y) — 9(Z, y)]
> 9.((Z,9),x—2) —¢ellz — 2| + (y",y — 9)
Therefore,
(a*,y") € 0"g(z,9) C 09(z,7),
which completes the proof of the lemma. O

A relationship between the sudifferentials and the partial subdifferentials of partially DC functions
is reported in the following lemma.

Lemma 2.3 Let g,h: R" xR™ — RU{+o00} be lower semicontinuous partially convez functions. Let

flz,y) :==g(z,y) — h(z,y), (z,y) €R"xR™

For given (z,y) € R™ x R™, suppose that g(-,y), g(x,) are continuous at T, y, respectively, and h is
locally Lipschitz around (Z,y) € R™ x R™. Then one has

OF f(z,9) COf(%,5) C (829(%, ) — Ouh(Z, 7)) x (8yg(Z,7) — Oyh(Z, 7))

Moreover, the equalities hold when h is continuously differentiable at (Z,y) and the either ¢, ((Z,y), u)
is uniformly lower semicontinuous in the variable y for w € Brn or g, ((x,¥),v) is uniformly lower
semicontinuous in the variable x for v € Brm.

Proof. Since h is locally Lipschitz, by the sum rule for the limiting subdifferential, one has

A~

of(z,5) C dg(z,7) + d(—h)(z,7)

By Lemma 2.2,
0g(,9) € 029(2,7) x 0y9(Z, 7).
Therefore, it suffices to show that

~

(=h)(z,9) € —0:h(z,y) x Oyh(Z, 7).

Indeed, let (2%, y;) € d(—h)(Z, ). Then there are sequences (zj, yx) — (Z,7); (x5, ;) € OF (=h)(zk, yk)
such that (x},y;) — (¢*,y*). By the definition of the Fréchet subdifferential, for each index k, for any
g > 0, there is § > 0 such that

(s w) + (yp, v) < —h(ee +u, g +0) + M@k, ye) + e([ull +[vl]) - V(u,v) € 6Brnxgm.

It implies that
<:L‘Za u> < —h(l‘k + uayk) + h(xka yk) + 6||u|| Vu € 5BR",



(Wr>v) < =@k, Y + v) + h(@e, ) +ellv]] Vo € IR™.
For any d € R", when ¢ is sufficiently small such as ¢||d|| <, one has
(wg, —td) < —h(xy, — td, yx) + h(zg, yx) + t||d]|.
Thanks to the convexity of h, one has
Mk, yr) — W@k — td, yk) < h(zg + td) — kg, yi).-

By taking this into account of the preceding relation, one derives that for for d € R™, when t > 0 is

sufficiently small,

h(xy + td, yr) — h(wk, Yk)
t

(2, —d) < +elldl,
which implies

(=g, d) < hy((zh, yk), d) +elld]| < h(zy, + d,yr) — bk, yi) +l/d]].
Here, the second inequality follows from the convexity of h(:, yx), which guarantees

hy (2, yr), d) < h(zg +d,yr) — h(zk, yr)-
By letting k¥ — oo, and as € > 0 is arbitrary, one obtains
(—z*,d) < h(z+d,y) — h(z,y) forallde R".
That is, —2* € 0,h(Z,y). Similarly, one also obtains —y* € dyh(Z, 7).
When £ is continuously differentiable at (z,y), then
0f(z,9) = 09(z,9) — VAT, 7).

The conclusion follows directly from Lemma 2.2 (ii). O

Recall also that the Clarke subdifferential of a locally Lipschitz f : R" — RU{+oo} at z is defined
by
O°f(x)={z" e R": (z",d) < f°(x,d) Vd € R"}.

Where, f°(x,d) is the Clarke generalized directional derivative defined by

f°(x,d) = limsup fz+td) — f(2)
’ z—x,tl0 t '

The following well-known properties are useful in the sequel.

(i) If f is locally Lipschitz around z, then 8°f (z) = cod f(z), which coincides with the subdifferential
in Convex Analysis when f is a convex function.

(ii) If f := g — h; g is a continuous convex function and h is a differentiable convex function around
z € R™,, then

0°f(z) = 0f(x) = 0 f(x) = Dg(x) — Vh(x).

(ii) If f := g — h; g is a differentiable convex function and h is a continuous convex function around
r € R™, then
0°f(z) = Vg(z) — Oh(z).

If 0 € 9°f(z), then we say that a point x € Dom f is a Clarke critical point of f.



2.2  Subanalytic functions and Lojasiewicz inequality

We briefly recall the notion of subanalytic functions (see [18], [19]).

Definition 2.1 (i) A subset C of R™ is said to be semianalytic if each point of R™, there exists a
neighborhood V' such that C NV is of the following form.:

p q
cnv=J({zeV: fix)=0, gi(x) >0},

i=1j=1

where fij, gij V=R (1 <i<p,1<j<q ) are real-analytic functions.
(i) A subset C' of R™ is called subanalytic if each point of R", there exists a neighborhood V' such
that
CNV={zeR": Jye R™, (z,y) € D},

where D is a bounded seminalytic subset of R™ x R™ with m > 1.

(iii) A function f: R™ — RU {400} is said to be subanalytic if its graph gph f is a subanalytic
subset of R™ x R.

It is obvious that the class of subanalytic sets (resp. functions) contains all analytic sets (resp.
functions). Let us list some of the elementary properties of subanalytic sets and subanalytic functions
(see, e, [10], [18], [26]):

(i) Subanalytic sets are closed under locally finite union and intersection. The complement of a
subanalytic set is subanalytic.

(ii) The closure, the interior, the boundary of a subanalytic set are subanalytic.

(iii) A closed C' C R" is subanalytic iff its indicator function x¢, defined by xco(z) =0 if x € C' and
400 otherwise, is subanalytic.

(iv) Given a subanalytic set C, the distance function d¢(x) := inf ¢ || —z]| is a subanalytic function.

(v) Let f,g: X — R be continuous subanalytic functions, where X C R™ is a subanalytic set. Then
the sum f + ¢ is subanalytic if f maps bounded sets on bounded sets, or if both two functions
are bounded from below.

(vi) Let X C R™, T C R™ be subanalytic sets, where T is compact. If f: X xT — R is a continuous
subanalytic function, then g(x) := mingerp f(z,t) is continuous subanalytic.

(vii) Let X C R™ be subanalytic set and let f,g : X — R be subanalytic functions. Then, f + g is
subanalytic if f maps bounded sets on bounded sets, or both two functions are bounded from
below.

The following proposition gives the subanalyticity of the conjugate of a convex function.

Proposition 2.1 If f : R" — R U {+o0} is a lower semicontinuous subanalytic strongly convex
function then its conjugate f* is a CH! (the class of functions whose derivative is Lipschitz) subanalytic
convezx function.



Proof. It is well-known that the conjugate of a lower semicontinuous strongly convex function is of
the class Cb!. Let us prove that f* is subanalytic. Let p > 0 is the modulus of the strong convexity
of f. Take p1 € (0,p) and set h(z) := f(z) — & z|*, € R™. Then h is a strongly convex function.
One has, by the definition of the conjugate

f* (@) = —infyern{f(y) — (z,4)} = —infyern{h(y) + Zyl* - (z,9)} B
= —infyepn{h(y) + Blz/p1 — yI*} + 3llz[* = —p(z) + 25— =],
where,

. P1 n
p(z) = inf {h(y) + S-llz/pr — y[*}, © € R
yER™ 2

According to Proposition 2.9 in ([7]), the function ¢ is subanalytic. Thus f* is subanalytic. O

The class of subanalytic functions possesses a nice property called the Lojasiewicz (gradient)
inequality. This inequality has been established by Lojasiewicz ([18] for differentiable subanalytic
functions, and then it is generalized by Bolte-Daniliidis-Lewis ([7]), to nonsmooth analytic functions.
Let us recall the nonsmooth version of the important inequality, which is useful in our convergence
analysis of algorithm.

Theorem 2.1 (Theorem 3.1, [7]) Let f : R™ — R U {+o0} be a subanalytic function such that its
domain Dom f is closed and f |pom f is continuous and let xy is a critical point of f. Then there exist
0 €0,1), L >0 and a neighborhood V' of xo such that the following inequality holds.

f(z) = f(z0)|® < Ll|z*|| for allz € V, z* € 0 f(),
where a convention 0° = 1 is used.

The number 6 in the theorem is called a Lojasiewicz exponent of the critical point xg.

A general version of the Lojasiewicz inequality established by Kyrdyka [?] that is called " Kurdyka-
Lojasiewicz inequality” is satisfies for definable functions on o-minimal structures. This general in-
equality was also developped for nonsmooth functions by Bolte et al [9]. We will recall it in Section
3.

2.3 Brief presentation on DC programming and DC algorithm

We consider now a standard d.c. program, that is, an optimization problem of the form:
(P) a=if{f(x):=g(x)—h(z): xeR"}

where g, h belong to I'o(R"), the class of lower semicontinuous proper convex functions on R™. The
function f is called a DC function on R™. Remark that the closed convex constraint set C' is incor-
porated in the first convex DC component g with the help of its indicator function x¢ (xc (z) := 0
if € C, 400 otherwise). Recall the natural convention +00 — (+00) = 400 and that a € R implies
dom g :={x € R" : g(x) < +o0} C dom h. The dual problem of (P is defined by

(D) a=inf{h"(y) —g"(y): y€R"}.



where g*, h* are the conjugate functions of g, h, respectively, i.e.,
9" (y) == sup{{z,y) — g(x) : = €R"}.
A point z* € R™ (resp. y* € R") is called a weak critical point of d.c problem (P) if 0 €
0g(x*) N Oh(x*) (resp. 0 € Ag*(y*) N Oh* (y*).
For a d.c. optimization problem with a set constraint:
inf{f(z): =ze€C},

where f is a d.c. function and C' C R™ is a nonempty convex set, we can equivalently transform it
into a standard d.c. program by using the indicator function of C as follow.

inf{f(z) + xc(z): =z eR"}.

Note that if f is a subanalytic function and C' is a subanalytic set then so is the function f + xc.

In the convex approach to DC programming, the DCA, based on local optimality and DC duality.
The DCA consists in the construction of the two sequences {z*} and {y*} (candidates for being primal
and dual solutions, respectively) that we improve at each iteration (thus, the sequences {g(z*)—h(z*)}
and {h*(y*) — ¢*(y*)} are decreasing) in an appropriate way such that their corresponding limits 2>
and y> satisfy local optimality conditions (see, e.g., [14], [15], [22], [23]).

DC Algorithm (DCA) (simplified form) consists of constructing the two sequences {z*} and {y*},
starting a given 20 € Dom g by setting

(DCA) y¥ € On(z®);  2FTL e agt(yh).

3 Partial DC programming and alternative DC algorithm

Consider a partial DC program of the form:
(PDCP)  inf{f(z,y) = g(z,y) —h(z,y): (z,y) € R" xR}

Where, g,h : R" x R™ — R U {400} are lower semicontinuous partial convex functions. Such the
function f is called a partially DC function. A subset C' € R™ x R™ is said to be partially convex if
for each z € R™ and each y € R™, the following sets are convex:

Cr={yeR™: (z,y)eC}; Cy={zecR": (z,y)eC}.

Obviously, if C'is convex then it is also partially convex, and C' is a partially convex set iff its indicator
function y¢ is a partially convex function. By the help of indicator functions, we can equivalently
transform a partial DC program with a set constraint:

inf{f(z,y): (z,y) € C},

where f: R” x R"™ — R U {400} is a partial DC function and C' C R"™ x R™ is a partial convex set,
into a partial DC optimization problem (PDCP) as follows.

inf{f(x’y)+XC(x’y) : ('T?y) eR"” XRm}

10



Definition 3.1 A point (x,y) € R™ x R™ is said to be a weak critical point of the partial DC program
(PDCP) if
OR” S azg(xv y) N &Eh(x, y) and O]Rm S 8yg(ac, y) N ayh($7 y)

According to Lemma 2.3, a Fréchet critical point is a weak critical point. When h is of C! class around
x and g satisfies the assumptions of Lemma 2.2, then a weak critical point is a (Fréchet) critical point.

The alternative DC algorithm we propose here for solving (PDCP) consists of alternately construct-
ing the two sequences {(zx,yr)} {(2},y;)} starting (zo,y0) € Dom g. The terminology ”alternative
DCA” means that at each step, we apply DCA alternatively for solving a DC program in variables x
and y. The basis of the algorithm is described as follows.

ADCA: Alternative DC Algorithm
1. Initialization: Given (xg,yo) € Dom g.
2. For k = 0,1, ..., generating the sequences {(z,yx)} and {(z},y;)} by

e Compute z} € Oxh(xk, Y-

o Compute zy41 € 0-9*(-, yi)(x}); i-e., xp41 is a solution of the convex program
min{g(e, i) — (2,2]) : © € R"}. (4)

e Compute y; € Oyh(xpy1,Yr)-
e Compute Y41 € 0yg* (Xk+1,)(y)) by solving the convex program

min{g(zk+1,Y) — (Y, y) + y € RT} (5)

3. If stopping criterion is met, then stop and we have (zp41,yx+1) is the computed solution, oth-
erwise, set k = k+ 1 and go to Step 2.

Output (zx,yr) and f(xg,yx) as the best known solution and objective function value.

Due to the inexactness of practical computations, more general, we consider an inexact version of
(ADCA) as follows. Recall that z. € R" is an e—solution of the problem inf{f(z) : =z € R"}, for
some € > 0 if

flze) < f(x)+¢ for all x € R™.

TADCA: Inexact Alternative DC Algorithm

1. Initialization: Given (x,y0) € Dom g and ¢y > 0.
2. For k =0,1, ..., update e, > 0 and generating the sequences {(zx,yx)} and {(z},y;)} by

e Compute z € 05h(xk, yi).

e Compute xx11 € 95%g* (-, y¥)(x}); i.e., 241 is an eg—solution of the convex program

min{g(z, yx) — (z,z}) : v € R"}. (6)
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e Compute y;; € 0;Fh(Try1, Yk)-
e Compute yy11 € 5% 9" (Tk+1,-)(y)) by searching an e —solution the convex program

min{g(zx+1,y) — (Y. y) * y € RT} (7)

3. If stopping criterion is met, then stop and we have (zp41,yk+1) is the computed solution, oth-
erwise, set k = k + 1 and go to Step 2.

3.1 Convergence Analysis of PDCA

Let g,h : R™ x R™ — R U {+00} be lower semicontinuous partially convex functions. For eachz € R"
and y € R™, denote by p(g,y), p(g,z) and p(h,z), p(h,y) the convex modulus of g(-,y), g(.y), 9(,y),
g(+,y), respectively. For z € R", y € R™ set

p(y) == p(g,y) + plh,y) and p(x) = p(g,z) + p(h, z).

Let us Consider the partial DC program (PDCP). Firstly, we establish some lemmata which are needed
in the proof of the convergence results.

Lemma 3.1 Let ¢ : R” — RU {400} be a lower semicontinuous convex function and € > 0. For
€ Dom ¢ and x* € 0°p(x), there exists z € B(x,+/€) such that

¥ € Op(z) + /eBgn.
Proof. By the definition,
(z%y —z) <p(y) — o) +¢ Vy €R,

equivalently,
g(x) — (2% x) < g(y) — (2%,y) + ¢, Vy € R™.

By applying the Ekeland variational principle ([11]) to the function y — g(y) — (z*,y), we find
z € B(x,+/¢) such that

9(z) = (z*,2) < g(y) — (=", y) + Velly — 2|, Yy € R".

Therefore,
z* € (g + Vel - —zl)(2) = 0p(2) + VeDBgn.
O

Lemma 3.2 Let ¢ : R" — RU {400} be a p—convex function. For any e > 0, t € (0,1) and any
z* € 0°p(x), x € Dom ¢, one has

( )_p(l—t)

(2%, 2 —x) < p(z) — p(z 5 |z —z||* + ¢/t Vz € R™

Proof. As z* € 0°¢(x), one has

(%, z—z) < p(2) —p(x) +e Vz € R™
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For 2 € R" and t € (0,1),

pt(1—1t)

=) .

el +t(z — ) < tp(z) + (1 - t)e(z) -
By taking x + t(z — x) into account of z in the first relation, and in using this iequality, one obtains

p(l—1)

2
— t.

(27,2 —x) < p(z) = p(z) -

The following lemma is crucial to establish the convergence of (ADCA).

Lemma 3.3 Let {wg} := {(zk,yx)} be a sequence generated by (IADCA), with respect to a updated
sequence {ex} with e, > 0 for all k > 0..

(i) For every k =0,1, ..., one has

p(yr) p(Thy1)
4 4

As a result, for the exact algorithm ADCA, i.e., €, = 0 for all k > 0, then the sequence
{f(zk,yK)} is nonincreasing.

(ii) If > po e < 00 and

ki1 — zk|® + k1 — Yell* < F(@ks1, Yrr1) — F(@k, Yk) + Sek.

lim inf min{p(yx), p(xx)} >0 and liminf f(xg,yr) > —oo,
k—ro0 k—ro0

then
[e.e]
Z |wp — wii1||> < 400, and therefore lim ||wy, — wpy1]| = 0.
P k—o00

Proof. (i). As x}, € 05¥h(xk, yk), by using Lemma 3.2 with ¢ = 1/2, one has

p(h, yx)

1 zke = 2| + 2ep. (8)

(T Thy1 — k) < P(@ht1, yk) — M@k, Yk) —
Since xpy1 € 0% g* (-, yx)(x}), equivalently, x} € 05k g(xpi1,yr), one also has
+ k k T +

* P\9, Yk
(T 2r — 2py1) < 9(@r, k) — 9(Thg1, k) — (4)\$k+1 — g |* + 2¢. (9)

By adding inequalities (8) and (9), one obtains

p(Yk)
4

Zher — 2l® < f@ry) — f(@har, Yr) + de (10)
Similarly, one has

p(h7 xk+1)

Y1 — yrll* + 2k,
4

W Yk1 — Yk) < W(@pp1, Y1) — M(@pt1, yi) —
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and

* P\g, Tk+1
Wi Uk — Y1) < 9(Trt1Uk) — 9(Tht1s Y1) — (4+)||yk+1 — yill® + 2ex,
which imply
P($k+1) 2
— lyer1 — ull” < f(@pt1,Uk) — f(@hpts Y1) + 4ek. (11)

By adding (10) and (11), one obtains (i).

(ii). By the assumption, there is an index kg > 0 such that for some p > 0,
min{p(zi), p(yx)} > p >0 forall k> k.

Then, according to part (i), one has

850 0 i — wnl? < 555, (242 s — a2+ 225 g — i)
S f(xko)yko) - hmlnf’ﬂ—)oo f(xk‘)yk‘) + SZZO:ICO €k < +o0.

Thus (ii) is proved. O

By making use of this lemma, we establish the following convergence result.

Theorem 3.1 Consider problem (PDCP). Assume that f : R" x R™ — R U {+o0} is lower semi-
continuous and g,h : R" x R™ — R U {+oo} are lower semicontinuous partially convex functions
and that for each x € R"™, y € R™, the function g(-,y); h(-,y) and g(z,-); h(x,-) are continuous. Let
{wr} := {(zk,yr)} be a sequence generated by (IADCA), with respect to a updated sequence {ey} with
e > 0 for all k > 0 such that

g e < oo and likm inf min{p(yx), p(zx)} > 0.
—00
k=0

Then for any subsequence {wy, } := {(2k,, yk,)} of {wk}, converging to w = (z,y) such that {(z},, z,)}
is bounded, the point w is a weak critical point of problem (PDCP).

Proof. Let {wy,} := {(zk,, yx,)} of {wy} such that it converges to w = (z,y) and {wy } = {(z}, 73,)}
is bounded. Without loss of generality, assume that the sequence {wj} converges to w*. By the lower
semicontinuity of f, there is an index [y such that

f(xklaykl)>f(j’g)_]— VZZZO
For any k > 0, pick an index | > [y such that k < k;. Thanks to Lemma 3.3 (i), one has

k‘l—l (e 9]
F@ieyk) = flo, ur) =8> e > f(2,7) =8> ei—1.
i=k =0

Thus liminfy_, f(2k, yx) > —o0. By virtue of Lemma 3.3 (ii), one obtains limy_, o ||wr+1 — wi|| = 0.
Therefore, lim;_, o wg, = limy_o0 Wi, 41 = .

As € Ok (g, Yr, )

<$Zl,93 —xp,) < h(z,yk,) — h(xk,, yi,) + ek, forall zeR™
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By letting I — oo, since limy_,o0 € = 0; liminf;_, o h(zk,, yr,) > h(Z,7) as well as lim;_,o Az, y,) =
h(z,y), for each = € R™, one obtains

(*,x — ) < h(x,y) — h(z,y) Yz eR",
that is, * € 0;h(Z,y). Next, since zy, 11 € 8" g* (., Yr,) (2}, ), equivalently,
(@@ — wg+1) < 9(@, uk) — 9(@k 41, Yk,) + ek, for all z € R™
As before, let | — 0o to obtain z* € 0,¢(%, ), that shows
z* € 0,9(2,y) N O:h(Z,Y)

Similarly, we also derive
y" € 0yg(z,y) N Oyh(z, 7).
That is, w is a weak critical point of (PDCP). O

Next, we establish the convergence results of the whole sequence {z}} generated by ADCA and
by IADCA when the cost function is subanalytic. The proof of the following convergence theorems
are based on the nonsmooth version of the Lojasiewicz inequality (Theorem 3.1, [7]), inspired by
Lojasiewicz [18] and Attouch- Bolte [2]. We make use of the following assumptions:

(A1) The function g is differentiable with locally Lipschitz drivative, and for each (z,y) € Dom f,
the partial subdifferentials 0,h(u, -), Oyh(-,v) are locally Lipschitz uniformly in u, v, respectively
around (x,y) on Dom h, that is, for each (z,y) € R" x R™, there exist k,0 > 0 such that

Orh(u,v1) C Oph(u,v2) + Kl|jv1 — va|| Bre  Y(u,v1), (u,v2) € Dom hN B((z,y),9d); (12)

Oyh(u1,v) C dyh(ug,v) + kllur — ug||Brm  Y(u1,v), (u2,v) € Dom h N B((z,y),0). (13)

(A2) The function h is differentiable with locally Lipschitz deriative, and for each (z,y) € Dom f,
0z9(u, ), Oyg(-,v) are locally Lipschitz uniformly in w, v, respectively around (z,y) on Dom g.

Obviously, (A1) is satisfied if g is differentiable with locally Lipschitz drivative and h is of the form
h(ﬂl‘,y) = hl(l‘) + h?(y) + Q(xvy)v (m,y) € R™ x Rna

where, @ is continuously differentiable with locally Lipschitz derivative. And so (A2) is satisfied when
h is differentiable with locally Lipschitz drivative; g is

g(z,y) = g1(x) + 92(y) + Q(z,y), (z,y) € R™ x R™.

Note that if (A1) is satisfied , then the assumption of Corollary 2.1 is fulfilled for the function h
at all (z,y) € Dom f, therefore, one has, for (z,y) € Dom f,

OF (= f) (@, y) = Och(x,y) x Oyh(z,y) — Vg(z,y). (14)
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Similarly, if (A2) is satisfied , then the assumption of Corollary 2.1 is fulfilled for the function g, and
one has, for (z,y) € Dom f,

0" f(x,y) = Dug(z,y) X Iyg(x,y) — Vh(z,y). (15)

For wy € R™ x R™ and a sequence of positives {e;}, set

we€R™xR": @ is alimit point of a sequence generated by IDCA
Cluns ) = { P quence g eat,

from the starting point wg, with respect to {ex}

Theorem 3.2 Let us consider partial DC problem (PDCP). Let (xg,y0) € Dom f be given. Let
the sequences {wy} = {(zx,yr)} and {wi} = {(z},y})} are generated by IADCA . Suppose that the
following assumptions are satisfied:

(i) The function f:R" x R™ — RU {+oo} is subanalytic, and Dom f is closed; f |pom f is locally
Lipschitz.

(i) The function g,h : R" x R™ — RU {400} are lower semicontinuous partially convex; and either

(A1) or (A2) is satisfied.
(iii) There exists a sequence {ri} of positive reals such that C(wo,{rr}) is bounded.

Then there exists a sequence {B} of positive reals such that for all sequences {xy} generated by IADCA
from the starting point woy with respect to an updated sequence {ey} satisfying

likm inf min{p(xy), p(yx)} > p > 0; (16)
—00
0 < &g < min {rg, Billwy — w1 |*}, k=1,2,.., (17)

Then, the sequence {wy} converges to a (weak) critical point (PDCP). Moreover, under (A1) this weak
limit point is a Clarke critical point, and under (A2), it is a Fréchet critical point.

Proof. Consider the closure hull C(wo, {ry}) of C(wo, {rx}). Then, C(wq, {ry}) is compact. According
to the Lojasiewicz inequality, applied for the subanalytic functions f and —f, by shrinking e(z) if
necessary, for each w € C(wo, {r}), we can find L(w) > 0; #(w) € [0,1) such that

F() = f@)'™ < Lw)|la"|| for all u € Blw,=(w)); u* € 9 fu)Ud* (~f)w). (1)

By the compactness of C(wo, {rx}), there exist z1,22,...,2, € C(wo,{rx}) such that C(wo, {rg}) C
P B(zi,e(2)/2). Set

e:=min{e(z;)/2: i=1,...,p}, 0 =max{l(z): i=1,...,p},

and L = max{L(z;): i =1,...,p}. Let w € C(wo, {r}). There is some z;, such that w € B(z;,£(2;)/2).
Moreover, we can find §,, € (0,¢) such that |f(u) — f(w)| <1 for uw € Dom f N B(w,d,) and

[f(u) = f(w)] < |f(u) = f(z:)]  for all u € B(w,bw).
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Since B(w,dy) C B(z;,e(z;)), from (18), one derives

[f(w) = f(w)|? < |f(u) = fw)”®) < |f(u) = f(z)]") (19)

< L|lu*|| for all u € B(w,dy); u* € 0F f(u) UdF (—f)(u).
Let {f;} be a sequence of positives such that Y p- 59/2 < 0. Let {er} and {x} generated by IADCA
such that (16) and (17) are satisfied. According to Lemma 3.3, when k is sufficiently large, one has

Bl = wis | < fwg) = flwpsr) + 8e. (20)

Without loss of generality, assume that f; < pr/64 and (20) holds for all £ = 0,1,.... By the way,
Y reo €k < 00, and {wg} is bounded. Furthermore, under (A1) or (A2), according to Lemma 3.1, the
sequence {w}} is also bounded. By virtue of Lemma 3.3, 372 lwg — wg41* < oo, and each limit
point of {wy,} is a weak critical point of (PDCP). Pick a subsequence {wy, } of {wy} such that { f(wy,)}
is convergent. For k sufficiently large, and for indices 1, I such that k;, < k < ki,, by (20), one has

k—1 k— k—1
P
Flwg,) = flxr) = > [flwy) = flwi] > = Z lw; —winl* =8 e
j:kll :k j:kll
ky,—1 Ky, —1 ky,—1
,0
fwg) — f(wklg) = [f(wj) = flwjta] = Z |w; — wg+1|| -8 Z €j.
j=k

These inequality together the convergence of > 30 ||wy —wg+1||? and Y_po €k yield the convergence of
the whole sequence { f(wy)}. Without loss of generality, assume that limg_,, f(wg) = 0. Moreover,for
k=0,1,..., one has

fwgi1) + 8ek1 < fwpsr) + gHwk — wip1||* < fwg) + 8ep.
That is, the sequence {f(wy) + 8x} is a decreasing sequence, and therefore,
Flwg) +8e, >0, forall k=0,1,...

Denote by C the set of all limit points of {w*}. By assumption, {w*} is bounded, then obviously C is
a compact set, and moreover C C C'(wo, {r}). Let us consider the following cases.

Case 1. (A1) is verified. By assumptions, for each w € C, pick £y, d,, > 0 such that
IVg(w') = Vg(w)l < kwllw’ —w"| Vo', 0" € B(w,dw);
) = F") < kullw’ = || V0 € Blw,d,) 0 Dom f:
Orh(u,v1) C Oph(u,ve) + Kyllvr — v2|| Brn  Y(u,v1), (u,v2) € B(w, dy) N Dom f;
Oyh(u1,v) C Oyh(ug,v) + Kyllur — ug||Brm  Y(u1,v), (ug2,v) € B(w,d,) N Dom f.

By virtue of (19), assume that for the same J,, as above, one has

|f(w')|‘9 < Ll|w*|| for all w’ € B(w,dy); u* € OFf(w') U@F(—f)(w’).
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By the compactness of C, we derive easily that there are some § > 0 and x > 0 such that

|f(w)|9 < L||w*|| for all w € R™ x R™ with de(w) < §, w* € aFf(u) U aF(—f)(u), (21)

and
IVg(w') — Vg(w")|| < kllw’ —w"|| Vu',w"” € B(w,d,) with de(w') < 6, |Ju" —w"|| < 6; (22)
|f(w') — f(w")] < klJw —w"|] V', w"” € Dom f with de(w') < 6, [|[w' —w”|| < §; (23)
Ozh(u,v1) C Ozh(u, v2)+kK|lvy —v2||[Bre  Y(u,v1), (u,v2) € Dom f with d¢((u,v1)) <9, ||[v1 —v2| < 6;
(24)
Oyh(ui,v) C Oyh(ug,v)+k|lui—us||Brm V(u1,v), (uz,v) € Dom f with de((u1,v)) <9, ||lui—us| <.
(25)

Let an index kg such that
de(wy) < 6/4; |Jwg — wiys|| < 6/4 and £)/* < 6/4 Vk > ko.
Let k > kg be arbitrary. Since
i € 0" M@k, i) N O3F g (k1 yk),
Lemma 3.1 yields the existence of uy € B(zy, /e) and of u}, € B(xg41,/Ex) such that
), € Oph(uk, yr) + /€, Brn; (26)

zr € Vag(ul,yk) + vErBrn € Vag(ug, yi) + (klluk — u)|| + /Ex)Brn

27
C Vg ) + (k- aipall + (26 + 1)yEr) Ban. (#)
Similarly, as
Yi € OyFh(@p41,yk) N O (Ths1, Y1),
there exist vy, € B(yk,/2x) and of v, € B(yk41, k) such that
Yr € Oyh(ir1, vi) + /ExBrm; (28)
Ui € Vyg(@ri1,vp) + VeERBrm S Vyg(zhar, vp) + (llog — vi || + /Ex) Brem (29)

C Vyg(@rt1,vr) + (k||lye — Yrt1l| + (26 + 1)\/Ex) Brn.

Note that (Al) guarantees that the assumption of Corollary 2.1 is satisfied for the functtion h (at
points under consideration). Hence,

3F(—f)(uk, vg) = (Oph(ug, vi) — Vag(ug, vi)) X (Oyh(uk, vi) — Vyg(ug, vg)) = 0z f (uk, vg) X Oy f (uk, vg).
(30)
From (26) and (28), by (A2), one has

(x5, yp) € Oh(ug,vr) + (K([lyx — vrll + llux — zp41ll) + 24/Ek) Broxgrm
C Oh(ug,vx) + (Kl|lwg — w1 || + (26 + 2)\/Ek) Brn xrm -

From (27) and (29),

(x5, up) € Vg(ur,ve) + (K(llyx — vkl + lux — Trgall + lwk, — wir1l]) + 24/Ex) Brrxrm
C Vg(ug,vi) + 2k||wr, — wr1| + (46 + 2)/Ek) Brn xrm.
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The latter inclusions together relation (30) imply that there exists (u},v}) € 0F (—f)(ug, vx) such that

[[(ug, vi) | < BklJwg — wiaa || + (65 + 3)/Ex.
Hence, by (21),
|f (g, ve)|? < L[3K[lwe — wep ]| + (65 + 3)/2x].
Then, (23) yields
0 < (f(zk,ye) +821)" < (|f (up, vi)| + 26/Ek + 8ex)’

0/2
< | f (ug, o)|? + (26)90% 4 (8e)?
< 3Lk||w, — wit1]| + ag.

(31)

(32)

(33)

Where, oy, := L(6x + 3)811/2 + (2&)952/2 + (8¢1)?. By the definition of {e;} and the boundedness of

{xk}, then Y17 oy < oo.

Set v, = f(wy) 48k, k = 0,1, ... By using the concavity of the function t € R — =% on (0, +o0),

from relation (20) and the preceding inequality, one derives that

(1= 0)[pllwg — wis1]*/4 — 8ekt1]
3L||lwy — w1 + o

—0 —0 —0
Yol =gt = (1=0)7 (v — 1) =

As
0 < epi1 < Billwr — w1 ||* < pllwi, — wi1]|? /64,

it follows that )
lwk — wit1]] 24Lk

< (71—6 _71—9)'
e i S ) R F

By using the inequality
2

bgb—+a/4, a>0,b>0,
a

one obtains | "
- 1
m + zllwe — wea |l + 1555
4L 1-6 1-6
e on " =) + gllwe — ok || + 135

lwr, — wea |l <

IN

which follows that
32L/€ 0 1_0) (673

- < ST (i =k

Therefore,
32[/:‘4} 1—0

[o.¢] 1 o
Z |w, — w1 < S(1=0) 9)7k0 + oLn Z ay, < oo.
k=ko k=ko

Thus, the sequence {wy} converges to an unique limit point.

Case 2. (A2) is satisfied. Similarly to Case 1, we can find § > 0 and x > 0 such that
|f(w)]? < Ljjw*|| for all w € R® x R™ with de(w) < 8, w* € 8% f(u),
and

[VAh(w") = VR(w")| < kljw" —w"|| Vo' ,w" € B(w,dy) with de(w') < 8, [[w' —w"|| < &
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If(w") = f(w") < kllw —w"|| V', w” € Dom f with de(w') < 6, |Jw —w"|| < §; (37)
0r9(u,v1) C 0z9(u,v2) + K||lvy —ve||Brn  Y(u,v1), (u,v2) € Dom f with de((u,v1)) <6, ||[vg—ve| < 6;
(38)
Oyg(u1,v) C Ogh(ug,v)+klui—ug||Brm  Y(u1,v), (u2,v) € Dom f with de((u1,v)) <9, ||lur—usl| < 6.
(39)
Pick kg such that
de(wi—1) < 6/4; ||wk — wi—1]| < /4 and E,lg/_Ql < 0/4 Yk > k.
Consider indices k > kg. As
xp_q € OFh(xp—1,yk—1) N O g(Tk, Yr—1);

Ye—1 € OpFh(xr, ye—1) N OFg(xh, yr),

By followirlg the same arguments as in Case 1, but exchanging the roles of g and h, we can find
(uk,vk) € B(xg, \/Eh—1) X B(Yk, \/Er-1), (uf,v}) € OF f(ug,vy) such that

(ks v I < 3klwy, — wi—1[| + (65 + 3)\/Ex—1. (40)
And therefore,
| f (i, 0i)|” < LBkl wi — we—1]| + (65 + 3)\/Er—1). (41)

Then, (37) yields

0 < (f(zhsyr) +8ek) < (If (ks vi)| + 2“@*’ 8ex)?
< | (ury o) + (26)%7% + (8er)? (42)
< 3Lk||wg — wp—1]] + .

Here, o), = L(6k + 3)5,1/_21 + (2&)952/_21 + (82)%, and so Y p2, af < oo. With v, = f(wy) + ey,

k=0,1,... as in Case 1, one has

(1 = 0)lpllwe — wrr1]l?/4 — Sep]
3Lk|lwy — w1 + o,

Wl = > (=07 (e — ) >

; (43)

Jw — wyg || 24LK (,YI—G _ W1—0)
= _ k k+1/°
lwg — wi—a|| + o~ P(1=0)

By using again the inequality b < % +a/4, for a > 0, b > 0, one derives

||wk_wk H < Hwk—wk+1||2 "‘l”wk—wk ||+ Qg
= Jue—wall+5 2 I TaLe

L 1-6 1-6 ;
< 08—2) (™" = eyt) + g lloe = weall + w375,

which follows that 391
K p(1-06) 1-6 Qk
|wi — w1 < 1_9(’Yk _7k+1)+%7'
Therefore, by summing these inequalities for £ = ky to arbitrary N, and then letting N — oo, on
obtains

ad 1 32Lk -

1-0 /
kik lwr = wiall < S llwe, — who—all + Sa-0) " toin kEk o < 00,
=Ko =R0

20



This implies that the sequence {x*} is convergent. The proof is completed. ([

For the exact alternative DC algorithm ADCA, to obtain the convergence result, we need only a
weaker assumption that guarantees the Lojasiewicz inequality for f: f |pom s is continuous, instead
of f |pom f is locally Lipschitz. The proof of the convergence theorem for ADCA is completely
similar although so much simpler to the one of the preceding theorem. Furtheremore, we establish the
convergent rates of the sequence {wy} generated by ADCA.

Theorem 3.3 Let us consider partial DC problem (PDCP). Let (xo,y0) € Dom f be given. Let
the sequences {wy} = {(zx,yx)} and {w;} = {(z},y;)} are generated by ADCA . Suppose that the
following assumptions are satisfied:

(i) The function f : R® x R™ — R U {+o00} is subanalytic, and Dom f is closed; f |pom f i
continuous.

(ii) The function g, h : R x R™ — RU{+o0} are lower semicontinuous partially convez; and either
(A1) or (A2) is satisfied.

(iii) The sequence {wy} is bounded.

If
lim inf min{p(zx), p(yx)} > p > 0, (44)

k—o00

then the sequence {wy} converges to a (Clarke) critical point (PDCP). Moreover, under (A2), this
critical point is a Fréchet critical point. Moreover, if w™ is the limit point of {w"*} with a Lojasiewicz
exponent 6 € [0,1). Then there exists constants T, 70 > 0 such that when k is sufficiently large, one

has
oo

, 1-6
lwr = wool| <Y llw; — wj + 1| < m1flwg — wia | + Tallwg — wia ]| 7 (45)
j=k

As a result, one has
o If0 e (1/2,1) then |Jwi — weol| < ck1=20 for some ¢ > 0.
e If0 € (0,1/2] then ||wy — woo|| < ¥ for some ¢ > 0;q € (0,1).

e If0 =0 then {wy} is convergent in a finite number of steps.

Proof. For k, L, 0,0, kg with respect to each cases 1 and 2 as in the preceding theorem, we follow the
same arguments, but here we work with the subdifferential instead of e—subdifferential. Let k > kg
be arbitrary. Set v, = f(xx); 7 = Y724 lwj — wjsall, k > ko.

Case 1. The relation
xy, = Vaog(@ri1, Yi) € Oxh(xr, yi)

implies that

wf — Veg(zr, ur) € 0L (= )@, ) 25 — Vag(@r, yn)|| < &llzr — 2 |-

The relation
Yie = Vag(Trt1, Ykt1) € Oyh(Tps1, yi),
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together with (A1) imply

v — Vyg(@r,ur) € Oyh(zr, yr) — Vyg(@r, yr) + £llzr — Trga ]
= 0L (=) (@p,yr) + Kllog — 2 s

and

v — Vyg(@r ye) | = [IVyg(@ht1, Y1) — Vyg(@r, yi)|| < sllwe — wiaa |-

Hence, there is wi € 0" (= f)(wy) = 0L (—f)(wy) x 8 (—f)(wy) such that
[will < 3kllwp — wipa]-

Therefore,
Fwy)? < 3Le|wy, — wypa .

As in the proof of Theorem 3.2, one has

32Lk —0 —0
lwi — we1]] < m(ﬁ ~ x1);

which follows that

32LK o 32.30-0)/0(Lk)1/0

=3 ey — il € Sl < g e — w0

J=k

Case 2. Similarly, one derives that there exists w; € 97 f(wy) such that
[wpll < 3kflwe — wr—1l],

and therefore,
Flwy)? < 3Lk|wg — wyl;
32[//4} 1—6 1—6 1
lwe — Wi ]| << m(’m — Ypp1) T Z”wk — wi—1]|-

Hence,

IN

retlwe—weall | 32Lk . 1-0
4 p(1-0) 'k
ritllwe—wi—yll | 32.3079/0(Lr)/O
4 p(1-0)

Tk

IN

g, — wy—[|=0/°.

It follows that
- |zF — 2kt 128.301-0)/0(L5)1/0

b= 3 3p(1—0)

Thus (45) is proved, and the sequence {wy} converges to some we.

lwp, — wp—q || 770

Since limy_,o0 || —wg+1|| = 0, then without loss of generality, we can assume that ||wy—wg41]] < 1

for all k =0,1,.... By setting 7 = 71 + 72 in (45), one has

1-6

o If 0 € (1/2,1], then ry < 7(rg—1 — 1) @ . Hence, by the concavity of the function ¢ — ¢17-¢ on

(0, +00),
1-20 1m0 ] _9) ¢ 20— 1

1-0)r




Thus,

1—26 1

—26 k 1—26 1—260 1—26 20 _ 1
=6 __ . 1-6 =0 =6 =0
"k T To +Z(Tk _Tk—1)27’0 + k
Jj=1

1—-0)r

1-6
Consequently, 7, < ck1-20, for some ¢ > 0.

e If 0 € (0,1/2], then rp < 7(rg—1 — 71), k = 1.2,.... Therefore, 1, < %Hrk_l. It follows that
re < cq®, where, ¢ = 7/(T +1); ¢ = ro.

o If =0 then ||wy — wiy1]|| > 1/L for wy, # wiy1 with k sufficiently large. From the inequality
Flwg) = fwirn) = Zllah — 2512 = L5
for wy, # wiy1, we derive that (ADCA) terminates after a finite number of iteration steps.

O

With very similar arguments, next we will show that the convergence result for ADCA remains
valid for a more general class of functions for which the Kurdyka-Lojasiewicz inequality is satisfied.
First we recall this important inequality. Denote by M the class of continuous concave functions
¢ : [0,+00) — [0,400) verifying:

e ©(0) =0 and ¢ is continuously differentiable on (0, +00).

e /(t) >0 for all t > 0.

Recall that a lower semicontinuous function f : R” — R U {+oo} is said to verify the Kurdyka-
Lojasiewicz inequality around T € Dom f if there exist a function ¢ € M and § > 0 such that

(KLI) ¢'(f(z) = f@)]2"|| = 1, Va € B(z,0) with f(z) — f(z) € (0,9), =™ € Of (x).

This remarkable inequality is a nonsmooth version of the Kurdyka-Lojasiewicz inequality ([13]). Due to
the original works by Lojasiewicz [17], [19], then Kurdyka [13], and the recent extentions to nonsmooth
functions by Bolts et al [7], [9], the class of functions verifying the Kurdyka-Lojasiewicz inequality is
very ample, for example, it consists of semi-algebraic, subanalytic, and log-exp (see, e.g., [13], [7], [?]
and references therein).

Theorem 3.4 Consider partial DC problem (PDCP). Let (xo,y0) € Dom f be given. Let the se-
quences {wi} = {(xk, yr)} and {wi} = {(xF,y;)} are generated by ADCA . Suppose that The sequence
{wy} is bounded. Then the sequence {f(wy)} is decreasing and therefore it converges to some ¢ € R.
Suppose further that the following assumptions are satisfied:

(1) Dom f is closed; f |pom f is continuous, and the function |f —c| verifies (KLI) at all limit points
of {wr}.

(ii) The function g,h : R" x R™ — RU {400} are lower semicontinuous partially convex; and either

(A1) or (A2) is satisfied.

23



If
likm inf min{p(xy), p(yr)} > p >0, (46)
—00

then the sequence {wy} converges to a (Clarke) critical point (PDCP). Moreover, under (A2), this
critical point is a Fréchet critical point.

Sketch of the proof. The decreasing property of the sequence { f(wy)} follows immediately from Lemma
3.3. Without loss of generality, assume ¢ = 0, and also, according to that lemma, we can assume that

Ll = wisa I < flwe) = flwirn), k=0,1,...

Recall that C denotes the set of limit points of {f(wy)}. Then C is compact. For the case 1 where
(A1) is satisfied, by the compactness of C, we can derives x,d > 0 and a function ¢ € M such that

[Vg(w') — Vg(u")|| < kllw’ —w"|| V', w” € B(w, ) with de(w') < §, |Jw —w"|| < §;
O (|f(w))]w*]] >1 Vu',w” € Dom f with de(w) < §, f(w) € (=9,6), w* € 9|f|(w);
Iuh(u,v1) C Oph(u,vo) +kllvi —v2|[Brn  V(u,v1), (u,v2) € Dom f with de((u,v1)) <9, [[v1—v2ll < 6;
Oyh(u1,v) C Oyh(ug, v)+£K|ur—uz||Brm  V(ui,v), (uz,v) € Dom f with de((u1,v)) <6, [Jui—ua|| <.

As in the proof of Theorem 3.3, by noting that 0| f|(w) = 9(—f)(w) for f(w) < 0, when k is sufficiently
large, there is some w* € 9(—f)(wy) such that

[w*|| < 3rllwr — Wi,
following

> ! .
3kl wi, — wit1]|

¢ (f(wr))

Hence, by making use of the concavity of ¢, one derives that

2 (o(f(wx)) — o(F(wrir)),

W — W < —
[|wg, k+1||—3pﬁ

and the convergence of {wy} is followed. Similarly to the case (A2), when k is sufficiently large, one
has

, 1
¥ (f(wk’)) > SHH’LUk — wqu’

which implies that
wg — wea|* _ 2

[o(f (wr)) = o(f (wrg1))]-

[wg — w1~ 3pr
This relation yields the convergence of the sequence {wy} as in the proof of the preceding theorems.O

Observe from the proof, In the case of (A2), instead of the assumption: |f — ¢| satisfies (KLI), we
need only (KLI) for f at limit points.
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4 Generalized partial DC programming
Consider generalized partial DC programs of the following form:
(GPDCP) min{f(z,y) : (z,y) € R" x R™}.

Where, f : R” x R™ — R U {400} is a proper lower semicontinuous functions such that for each
y € R f(-,y) is a DC function on R™, and for each y € R™, f(-,y) is a DC function on R™, and their
decompositions are available:

f(x,y) == gy(z) — hy(z), z€R", gy, hy € To(R"); (47)

f(@,y) = gu(y) — ha(y), © €R", gy, hy € To(R™). (48)
We make use of the following hypothesis:

(H) For each (z,y) € Dom f, g,(Z), hy(Z) as continuous functions in the variable y on 7, and
92(9), hz(y) as continuous functions in the variable = at Z. Let us introduce the notion of weak critical
points for (GPDCP), which is an extension of the one for (PDCP).

Definition 4.1 A point (x,y) € R™ x R™ is said to be a weak critical point of (GPDCP) if

dgy(x) N Ohy(z) # 0  and 9g.(y) N Ohy(y) # 0.

Obviously, a Fréchet/limiting/Clarke critical point is a weak critical point. The following lemmata
gives some sufficient conditions under which a weak critical point is a Fréchet/Clarke critical point.

Lemma 4.1 Let f be a generalized partial DC function defined by (47), (48), and let (Z,y) € Dom f.
Suppose the following two conditions are satisfied

(i) The subdifferential 0g,(z) regarded as a multifunction in y is lower semicontinuous at § in the
sense: for any € > 0, there is § > 0 such that

9gy(x) € Ogy () +¢, Yy € B(7,9).

(1t) There is 6 > 0 such that the function hy, is differentiable on B(Z,6) for y near y, and Vhy(z),
regarded as a function in the two variable x,y is continuous at (Z, 7).

Then one has

0" f(z,9) = 0 f(2,9) x 05 f(2,7)-
As a result, if (Z,7) is a weak critical point of (GPDCP) and hz is differentiable at y., then it is a
Fréchet critical point of (GPDCP).

Proof. 1t suffices to show that
oy f(z,9) x 05 f(z,59) C 0" f(z,7).
Let (z*,y*) € 0F f(z,9) x OF f(Z,9). By the asumptions, for € > 0, there is § > 0 such that

dgy(x) C 0gy(Z) +¢, Yy € B(y,0);
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[Vhy(z) — Vhy(2)|| <e, Y(z,y) € B((Z,9),6),
As
z* € 9y (2,) = 0gy(T) — Vhy(z),
then, for y € B(y,d), one has

o* 4+ Vhy(Z) = [z* + Vhy(z)] + [Vhy (2) — Vhy(z)]

; 0gy(z) + eBpn C 0gy(Z) + 2¢Bpn.
Hence,

(", x — ) < gy(z) — gy(Z) — (Vhy(Z),z — Z) + 2¢||z — Z||, Yz € R", y € B(y,9). (49)
Since y* € 85f(§:, y) we can assume that for the same d > 0 as before, one has

<y*7y - g> < f(i,y) - f(jvg) +5||y - 37||, Vy € B(gv 5) (50)

Let (z,y) € B((Z,9),0). By the mean value theorem, applied to the function h,, there exists z € [z, Z]
such that
hy(x) = hy(2) = (Vhy(2), © — Z).

It implies that
|hy () = hy(T) = (Vhy(Z), 2 — Z)| < €|z — .

By combinning this relation and (49), one obtains

("0 —2) < gy(x) — gy(T) — (hy(x) — hy(2)) + 3¢z — 7
= f(z,y) — f(z,y) + 3¢z — 2|

By adding this inequality and (50),
(@2 —2)+ (" y —0) < flz,y) = f(2,9) + 3ellz — 2| +<lly — 7.
Thus (z*,y*) € 07 f(z,7).
If hz is diffentiable at § and (Z, ) is a weak critical point of (GPDCP) , then
(0,0) € (9gy(Z) — Vhy()) x (9gz(9) — Vha(y)) = 0 f(Z,5) x 8, f(z,5) = 0" f(Z,7).
That is, (Z,y) is a Fréchet critical point of f. O

Lemma 4.2 Let f be a generalized partially DC function defined by (47), (48), and let (Z,y) € Dom f.
Suppose that f is locally Lipschitz around (Z,y) and that the following two conditions are satisfied

(1) Ohy(Z) regarded as a multifunction in y is lower semicontinuous at .

(i) There is § > 0 such that the function g, is differentiable on B(Z,d) for y near §, and Vg, (x),
regarded as a function in the two variable x,y is continuous at (T, 7).

If (z,9) is a weak critical point of (GPDCP) and gz is differentiable at §., then this point is a Clarke
critical point of (GPDCP).
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Proof. We see that the assumptions (i), (ii) guarantees that the function (— f) satisfies all assumptions
of Lemma 4.1 where the roles of g,, hy, and of g., h, are exchanged, respectively. Hence,

(Ohy(T) — Vgg(7)) x (0ha(y) — Vga(y)) = 8x(=1)(7,9) x 8, (= /)(Z,9) = 0" (= f)(Z, 7).

Since
" (1)@, y) € (-2, 5) = -0 (&,7),
one obtains
(094(Z) — Vhy(7)) x (892(9) — Vha(9)) € 8°F(2,7),

and the conclusion follows. O

We propose the generalized versions of ADCA and of TADCA for solving (GPDCP) as follows.
GADCA: Generalized Alternative DC Algorithm

1. Initialization: Given (xg,yo) € Dom f.

2. For k = 0,1, ..., generating the sequences {(zx,yx)} and {(x},y})} by

e Compute z} € Ohy, (x).

e Compute zx11 € dgy, (x}); i.e., xx41 is a solution of the convex program
min{gy, (z) — (z,2}) : © € R"}. (51)

o Compute y; € Ohg,, (Yi)-

(y;) by solving the convex program

min{gs,, () — Wiy : v € R} (52)

e Compute ygy1 € Gygizm

3. If stopping criterion is met, then stop and we have (zp11,ykr1) is the computed solution, oth-
erwise, set k =k + 1 and go to Step 2.

Output (zg,yx) and f(xg, yi) as the best known solution and objective function value.

GIADCA: Generalized Inexact Alternative DC Algorithm

1. Initialization: Given (xg,yo) € Dom f and gy > 0.
2. For k =0,1, ..., update € > 0 and generating the sequences {(zx,yx)} and {(x},y})} by

e Compute z} € 0%hy, (yk)-

k+1 is an ej,—solution of the convex program

e Compute z;11 € 85kg;k (xF); e, x
min{g,, (z) — (z,z}) : € R"}. (53)

e Compute y; € 0% hyn+1(yg)-

e Compute Y11 € 0% g;k+1 (y;) by searching an e, —solution the convex program
min{g(zx1,y) — (W, y) : y € R™ (54)
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3. If stopping criterion is met, then stop and we have (zp11,ykr1) is the computed solution, oth-
erwise, set k = k 4+ 1 and go to Step 2.

For (z,y) € R™ x R™, denote by

Pz = p(gz) + p(ha),  py = pgy) + p(hy).

Note that if g,(x) (or gg, he, hy) is continuous in variable y, for each € R", then for any sequences
{(xk, yx)} converging to (oo, Yoo), and {x}} C R™ with z} € Jgy, (x); 5 — x* as k — oo, one has
z* € 09y, (o).

By this remark, under hypothesis (H), the convergence result of Theorem 34 stated for (GIADCA)
also holds.

Theorem 4.1 Consider problem (GPDCP). Assume that hypothesis (H) is satisfied. Let {wy} :=
{(zk,yx)} be a sequence generated by (GIADCA ), with respect to a updated sequence {ey} with e > 0
for all k > 0 such that

o0
Z&tk < +oo  and liminf min{p(yk), p(zx)} > 0.
P k—ro0

Then for any subsequence {wy, } = {(x,, yr,)} of {wk}, converging to w = (z,y) such that {(z}, 23 )}
is bounded, the point w is a weak critical point of problem (GPDCP).

Still, instead of assumptions (A1), (A2), we make use of the following general versions (GA1) and
(GA2), under which the convergences of (GIACDA) and (GADCA) when the objective function f is
assumed to be subnanalytic (or more general, to verify (KLI)) remain valid.

(GA1l) The functions g, g, are differentiable such that Vg,(z), Vg,(y) are locally Lipschitz in the
joint variable (z,y), and for each z € R", j € R™, the multifunction dhy(Z), Oh,(y) are locally
Lipschitz in variables y, =, respectively.

(GA2) The functions hy, h, are differentiable such that Vh,(x), Vh;(y) are locally Lipschitz in the
joint variable (z,y), and for each z € R", § € R™, the multifunction 0g,(z), 0g,(y) are locally
Lipschitz in variables y, x, respectively.

Remark 4.1 In Theorems 3.2, 3.3, and 3.4, we make use of (H) and (GA1), (GA2), instead of (A1),
(A2), respectively, then these theorems remain valid for (GPDCP).

5 Applications

5.1 Nonconvex Feasibility Problems

We consider the problem of finding a point in the intersection of sets which is not necessarily convex.
This common problem plays an important role in many diverse areas of Mathamatics and Physis. Let
C1,Cs C R™ be nonempty closed subsets of R™. The feasible problem for two sets is stated by

(FP) Finding a point z € C1 N Co.
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For convex feasibility problems, i.e., the sets under consideration are convex, there are many theoretical
results as well as algorithms aspects in the literature. For details, the reader is referred to the exellent
review paper [6] by Bauschke-Borwein, and the references given therein. The best celebrated algorithm
for solving this convex feasibility problem is the alternating projection algorithm due to Von Neumann.
Recently, some extended variants of this method of alternating projection to nonconvex problems have
been investigated in [3], [4].

We will show that the ( nonconvex) feasibility problem (FP) can be reformulated equivalently as a
partial DC program (PDCP), and therefore the algorithm ADCA can be worked. For given ay,ag > 0,
regarded as penalized parameters, problem (FP) is transformed to the following optimization problem:

min{ f(z,y) = a1dg, (x) + azdg, (y) + [z —y|*:  (z,y) € R" x R"}. (55)
Note that

d, () =minuec, [lv — ul? = [[2]* + minyec, [-2(z, u) + [|ul|?
= [ll* — maxyec, [2(2, u) — [Jul’],

is a DC function, and so is the function

de, (y) = |lyll* — max[2(y, v) — [lv]).

eCs

Hence, f(z,y) is a DC function (therefore, a partial DC function) by the decomposition:
fla,y) = g(2,y) — Wz, y),  (x,y) €RY,

9(z,y) = anllz]|? + azlly | + |z — y|I*;
h = 2 — 2 2 — 2.
(,9) = 01 max(2(z, u) — [[ull] + o2 max{2(y, v) — |lv]|"]
Denote by Pc,, Pc,, the (multi-valued) projection operators on C1, Ca, rspectively. That is,
Pg, (z) = argmin{ ||z — ul|* : v € C1}; Po,(y) = argmin{|ly —v||* : v € Ca}, (2,9) € R" x R".
One has, from the subdifferential formula for supremum functions in Convex Analysis,
Ozh(z,y) = 2a1coPc, (z), Oyh(z,y) = 2azcoPc, (y), (z,y) € R" x R™.

Where, "co” stands for the convex hull (of a set). By checking directly, It is easy to see that for
y € R" z* ¢ R",

0zg" () (27) = {m} ’

and similarly, for x € R", y* € R",

Oyg*(z,)(y*) = {;Z;-yi)} '

Algorithm ADCA applied to problem (55) is the following.

ACDA-FP

1. Initialization: Select a starting point (xg,yo) € R™ x R™.
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2. For £ =0,1,..., a sequence {(zy,yr)} is generated by

2.1. Compute
Y+ o

uy, € Po,(wr), Xpy1 = a1

2.2. Compute

Th4+1 + QU

v € P, , =
k€ Po,(Uk),  Ykt1 PO

Remark 5.1 The algorithm above invokes the projections on (noncovex) sets which is generally
difficult in practical computations. If there are residual functions r1(x), r2(y) with respect to C1, Cs,
respectively, which are asummed to be DC functions such that

d2, (@) <), dEy(y) < ra(y), for allz,y € R",
zeC iffri(z)=0;, yeCy iff ma(y) =0,
then problem (FP) can be transformed to the following
min{f(z,y) = arri(z) + azra(y) + o —y|*: (2,y) € R® xR"}. (56)

This problem is a DC program (therefore, a partial DC program). By making use of suitable DC
decompositions of 71, rq, the partial DC algorithm can be applied.

5.2 Matrix Factorization Problems

We consider in this subsection an application of the partial DC programming to matrix factorization
problems. This class of matrix factorization problems plays a crucial role in data mining as well as in
diverse applications. Let m,n,p be given positive integers with p < min{m, n}, and let A € R™*" be
a given matrix. Denote by

RTP:={X eR™P?: X>0}; RE":={Y eR’: Y >0}

Let Cq C RTXP and Cy C Rﬁm be given two nonempty closed sets. By the optimization approach, a
nonnegative matrix factorization problem is formulated as a optimization problem of the form

(MF) min{d(A4,XY): X e€Cy, Y € Cy}.

Where, d : R™*" x R"™*™ — R define a gap of the approximation A by XY/ verifying d(U, V') = 0 iff
U=V

Let Ry : R™*P — R, and Ry : RP*™ — R, be residual functions of Cq, Co, respectively. That is,
X eR™P Ri(X)=0 iff X eCy;

Y ERPXH, RQ(Y) =0 iff Ye CQ.

By using the penalization approach, we consider the following penalized problem of (MF):

(PMF) min{f(X,Y):=a1R(X)+ asRe(Y)+d(A,XY): X e R™P Y € RP*"}.
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Where, a1, as > 0 are penalty parameters. Under suitable conditions on functions R, Ry and d, it
is possible to formulate (PMF) as partial DC programs, or generalized partial DC programs. For
instance, when Ry, Ry and d(A,-) are DC functions, then f(X,Y’) is a partial DC function. Indeed,
consider the DC decompositions of Ry, Ry, d(A, ) :

Ri(X)=q1(X)—h(X), X e R™*P| g1, hy are convex on R™*?;

Ry(Y)=g2(Y) — ho(Y), Y € RP*" g9, hy are convex on RP*"

and
d(A,U) = d1(U) — da(U), U € R™", dy, dy are convex on R™*™.

By setting
g X, Y) = (X)+g2(Y)+ d1(XY), X eR™P Y eRP

hMX,Y):=gi1(X)+ g2(Y) + do(XY), X e R™P Y € RP*"

then obviously, g, h is partial convex functions, and therefore
f(X,)Y)=¢(X,)Y)-h(X,Y), X eR"™P Y ecRP"

is a partial DC function.

We illustrate this by considering the case where the gap function d is defined by
dU, V)= |U-V|% UV eR™",
where, the Frobenius norm || - || is defined for any matrix M, by
|M||F := 1/ Trace(MTM).
Taking the residual fuctions: R;(X) = d%l (X), Ro(Y) = dQC2 (Y), consider the following problem:
min{f(X,Y) := a1dg, (X) + asdg, (Y) + [|[A — XY|}: X e R™P, Y € RP*"}, (57)

By setting
9(X,Y) = ail| X[} + 2| Y[IE + A = XY

MY Y) = a1 ax(2(X,0) — U]+ a2 puax (Y, V) — VI,
problem (57) is rewritten as the partial DC program:
min{f(X,Y):=¢g(X,Y)—-h(X,Y): X eR™P Y e RP*"}. (58)
For X € R™*P_ Y € RP*" one has
Oxh(X,Y) =2a1c0Pc, (X), Oyvh(X,Y) = 2ascoPc,(Y). (59)

For U € R™*P| Y € RP*™ the solution of the convex optimization problem

min{G(X,Y) —(X,U): X € R™*P}
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is determined by by Vxg(X,Y) = U, equivalently,
201X +2(XY — A)YT =U,

which gives
X = (2AYT +U)(204 1, + 2YYT) ™1 (60)

here, I, stands for the identity matrix of p order. Similarly, for V'€ RP*" X € R™*P, the solution of
the convex program

min{G(X,Y) - (Y,V): Y e RP*"}
is
Y = (2020, + 2XTX) 1 2XTA + V). (61)
By making use of (59), (60) and (61), one derives the following algorithm ADCA for solving (58):
ACDA1-FM
1. Initialization: Select a starting point (Xo, Yp) € R™*P x RP*™,
2. For k=0,1,..., a sequence {(Xk, Yx)} is generated by

2.1. Compute
U € Poy,(X1), Xps1 = (AY + aqUp) (a1, + VY™

2.2. Compute
Vi € Py (Ya),  Yirn = (qoly + Xiip1 Xur) T (X A+ Vi)

We consider an other partial DC decomposition for problem (57). By setting Q(X,Y) = ||[A— XY %,
the partial derivatives of @ :
X > VxQX,Y)=2(XY —AYT, V= VyQ(X,Y)=2XT(XY — A),
are Lipschitz with modulus Ly = 2||YY7T||r, Lx = 2| X X||F, respectively. Therefore, the functions
X = Ly| X7 - Q(X,Y) and Y Lx|Y[E - Q(X,Y)

are convex functions, for each Y € RP*" each X € R™*P respectively. By this, for each Y € RP*",
the function f(-,Y’) admets the following DC decomposition:

[(X,)Y)=Gy(X)— Hy(X), X eR™P, (62)

here,
Gy (X) = (a1 + Ly)[IX ||} + azdg, (Y);

Hy (X) = a1 max [2(X, U) — IUI[E] + Ly [ X[ - Q(X,Y)
are convex functions on R”*P. And for each X € R™*P the function f(X,-) has the DC decomposition:

f(X,)Y)=Gx(Y)—Hx(Y), X eR™P, (63)
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here,
Gx(Y) = (ag+ Lx)|Y|% + cndg, (X);

Hx(Y) = o max [2(Y, V) — IVIE] + Lx Y7 - Q(X.Y)

are convex functions on RP*™.
For X € R™*P_ Y € RP*"™ one has
OHy (X) = 2a1coPc, (X) 4+ 2Ly X — 2(XY — A)Y7T;
OHx (Y) = 2a9coPc, (Y) + 2LxY — XT(XY — A).
For U € R™*P_ Y € RP*" the solution of the convex optimization problem
min{Gy (X) — (X,U): X € R™*P}
is given by
B U
- 2(041 + Ly) )
And for V € RP*" X € R™*P | the solution of the convex program
min{G(X,Y) - (Y,V): Y e RP*"}
is
B Vv
- 2(042 + Lx) '
Hence, the algorithm GADCA for solving (58) is given as follows.
ACDA2-FM
1. Initialization: Select a starting point (Xo, Yy) € R™*P x RP*™,

2. For k=0,1,..., a sequence {(Xx, Yy)} is generated by

2.1. Compute
Uy, + Ly, X — (XY, — A)YL

a1 + Ly,

Ur € Po,(Xy), Xgq1=

2.2. Compute

asVi + Lx, Ve — X[ | (X1 Vi — A)

Vi € Po,(Yi), Yip = oy + L
k+1
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