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Abstract

We introduce and investigate a new generalized convexity notion for functions called
prox-convexity. The proximity operator of such a function is single-valued and firmly nonex-
pansive. We provide examples of (strongly) quasiconvex, weakly convex, and DC (difference
of convex) functions that are prox-convex, however none of these classes fully contains the
one of prox-convex functions or is included into it. We show that the classical proximal
point algorithm remains convergent when the convexity of the proper lower semicontinuous
function to be minimized is relaxed to prox-convexity.

Keywords Nonsmooth optimization - Nonconvex optimization - Proximity operator -
Proximal point algorithm - Generalized convex function

1 Introduction

The first motivation behind this study comes from works like [12,19,22,23] where proximal
point type methods for minimizing quasiconvex functions formulated by means of Bregman
distances were proposed. On the other hand, other extensions of the proximal point algorithm
for nonconvex optimization problems (such as the ones introduced in [10,18,20,24]) cannot
be employed in such situations due to various reasons. Looking for a way to reconcile these
approaches we came across a new class of generalized convex functions that we called prox-
convex, whose properties allowed us to extend the convergence of the classical proximal
point algorithm beyond the convexity setting into a yet unexplored direction.

In contrast to other similar generalizations, the proximity operators of the proper prox-
convex functions are single-valued (and firmly nonexpansive) on the underlying sets. To the
best of our knowledge besides the convex and prox-convex functions only the weakly convex
ones have single-valued proximity operators (cf. [16]). This property plays an important role
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in the construction of proximal point type algorithms as the new iterate is thus uniquely
determined and does not have to be picked from a set. Moreover, the prox-convexity of the
functions can be considered both globally or on a subset of their domains, that can be of
advantage when dealing with concrete applications from practice. Various functions, among
which several (strongly) quasiconvex, weakly and DC (i.e. difference of convex) ones, fulfill
the definition of the new notion we propose. As a byproduct of our study we also deliver new
results involving (strongly) quasiconvex functions.

Different to other extensions of the proximal point algorithm, the one we propose has a
sort of a local nature, however not in the sense of properties of a function that hold in some
neighborhoods, but concerning the restriction of the function to a (convex) set. We are not
aware of very similar work in the literature where the proximity operator of a function is
taken with respect to a given set, however in papers like [6,13] such constructions with some
employed functions not split from the corresponding sets were already considered.

Given a proper, lower semicontinuous and convex function z : R" — R:=RU {£o0},
for any z € R” the minimization problem

. 1 )
min [h(x)+5||z—x||] (1.1)

has (even in more general frameworks such as Hilbert spaces) a unique optimal solution
denoted by Proxj, (z), that is the value of the proximity operator of the function / at the point
z. A fundamental property of the latter is when z, X € R" (see, for instance, [5, Proposition
12.26])

X =Prox;(z) <= z—Xx € 0h(x), (1.2)

where 0/ is the usual convex subdifferential.

These two facts (the existence of an optimal solution to (1.1) and the characterization
(1.2)) are crucial tools for proving the convergence of the proximal point type algorithms for
continuous optimization problems consisting in minimizing (sums of) proper, lower semicon-
tinuous and convex functions, and even for DC programming problems (see [4] for instance).
For the class of prox-convex functions introduced in this article the first of them holds while
the second one is replaced by a weaker variant and we show that these properties still guar-
antee the convergence of the sequence generated by the proximal point algorithm towards a
minimum of a prox-convex function.

The paper is constructed as follows. After some preliminaries, where we define the frame-
work and recall some necessary notions and results, we introduce and investigate the new
classes of prox-convex functions and strongly G-subdifferentiable functions, showing that the
proper and lower semicontinuous elements of the latter belong to the first one, too. Finally, we
show that the classical proximal point algorithm can be extended to the prox-convex setting
without losing the convergence.

2 Preliminaries

By (-, -) we mean the inner product of R" and by |-|| the Euclidean norm on R”. Let K be
a nonempty set in R” and we denote its fopological interior by int K and its boundary by
bd K. The indicator function of K is defined by dg (x) := 0if x € K, and §g (x) := 400
elsewhere. By B(x, §) we mean the closed ball with center at x € R" and radius § > 0. By
Id : R® — R”" we denote the identity mapping on R".
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Given any x, y, z € R”, we have
1 1 1
u—ay—ﬂzik—yﬁ—iw—dﬁ—iw—ﬂﬁ 2.1)

For any x, y € R" and any 8 € R, we have

I1Bx + (1 — B)ylI* = BllxII* + (1 = BIyI* = B — B)llx — ylI*. 2.2)

Given any extended-valued function & : R"* — R := R U {zo0}, the effective domain
of A is defined by dom % := {x € R" : h(x) < 4o0}. We say that & is proper if dom Fh is
nonempty and /i (x) > —oo for all x € R”.

We denote by epih := {(x, 1) € R" x R : h(x) <t} the epigraph of h, by S, (h) :={x €
R" : h(x) < A} (respectively S;=(h) := {x € R" : h(x) < A}) the sublevel (respectively
strict sublevel) set of h at the height A € R, and by arg ming.h the set of all minimal points
of h. We say that a function is L-Lipschitz when it is Lipschitz continuous with constant
L > 0 on its domain. We adopt the usual conventions supy 2 := —o00, infy h := +o00 and
0(+00) = +o00.

A proper function & with a convex domain is said to be

(a) convex if, given any x, y € dom A, then
h(ax + (1 —A)y) < rh(x) + (1 —1h(y), VA1 e[0,1]; (2.3)
(b) semistrictly quasiconvex if, given any x, y € dom h, with h(x) # h(y), then
h(Ax + (1 —X)y) < max{h(x), h(y)}, YA €]0, I[; 24
(c) quasiconvex if, given any x, y € dom #h, then
h(Ax + (1 —2)y) <max{h(x), h(y)}, V1 € [0, 1]. (2.5)
We say that & is strictly quasiconvex if the inequality in (2.5) is strict (see [15, page 90]).

Every convex function is quasiconvex and semistrictly quasiconvex, and every semistrictly
quasiconvex and lower semicontinuous function is quasiconvex (see [7, Theorem 2.3.2]). The
function 4 : R — R, with 4(x) := min{|x|, 1}, is quasiconvex, without being semistrictly
quasiconvex.

A function 4 is said to be neatly quasiconvex (see [3, Definition 4.1]) if 1 is quasiconvex and
for every x € R" with i(x) > inf h, the sets Sj(x)(h) and S;(X) (h) have the same closure (or
equivalently, the same relative interior). As a consequence, a quasiconvex function / is neatly
quasiconvex if and only if every local minimum of 4 is global minimum (see [3, Proposition
4.1]). In particular, every semistrictly quasiconvex function is neatly quasiconvex, and every
continuous and neatly quasiconvex function is semistrictly quasiconvex by [3, Proposition
4.2]. The function in [3, Example 4.1] is neatly quasiconvex without being semistrictly
quasiconvex. Recall that

h isconvex <> epih is a convex set;
h is quasiconvex <= S (h) is a convex set for all » € R.
For algorithmic purposes, the following notions from [5, Definition 10.27] (see also [29,
30]) are useful.

A function 7 with a convex domain is said to be strongly convex (respectively strongly
quasiconvex), if there exists f €]0, 4o0o[ such that for all x, y € dom 4 and all A € [0, 1],
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we have

h(y + (1 = 2)x) < Ah(y) + (1 = Mh(x) = A1 — A)gllx - (2.6)

(respectively Ay + (1 —A)x) <max {h(y), h(x)} — A(1 — A)gllx - yllz-) 2.7

For (2.7), sometimes one needs to restrict the value 8 to a subset J in ]0, +o0o[ and then /4 is
said to be strongly quasiconvex on J.

Every strongly convex function is strongly quasiconvex, and every strongly quasiconvex
function is semistrictly quasiconvex. Furthermore, a strongly quasiconvex function has at
most one minimizer on a convex set K € R” that touches its domain (see [5, Proposition
11.8]).

A function 4 : R” — R is said to be

(a) supercoercive if

h
imin ﬂ = +o00; (2.8)
llxll—-+oo [|x]]
(b) coercive if
lim h(x) = 4o0; 2.9
[[x]|— 400
(c) weakly coercive if
lim inf ﬂ > 0; (2.10)
llxll—+oo [lx]]
(d) 2-weakly coercive it
. h(x)
>0 (2.11)

m 5 =
llx =00 [lx]|

Clearly, (a) = (b) = (¢) = (d). The function h(x) = ./[x] is coercive without being
supercoercive; the function i (x) = —./[x] is weakly coercive without being coercive (more-
over, it is not even bounded from below). Finally, the function 4(x) = —|x| is 2-weakly
coercive without being weakly coercive. Recall that / is coercive if and only if S (%) is a
bounded set for every A € R. A survey on coercivity notions is [8].

The convex subdifferential of a proper function s : R” — R atx € R" is

dh(x):={ eR" :h(y) = h(x) + (§,y —x), Vy e R"}, (2.12)

when x € dom h, and dh(x) = ¢ if x ¢ dom h. But in case of nonconvex functions
(quasiconvex for instance) the convex subdifferential is too small and often empty, other
subdifferential notions (see [14,25]) being necessary, like the Gutiérrez subdifferential (of h
at x), defined by

3=h(x):={E eR": h(y) = h(x)+ (5, y —x), Yy € Spry(W)}, (2.13)
when x € dom &, and 0=h(x) = @ if x ¢ dom h, or the Plastria subdifferential (of h at x),
that is

0~h(x) := {g eR": h(y) >h(x)+ (&, y—x),Vye S}f(x)(h)} , (2.14)

when x € dom &, and 3<h(x) = @ if x ¢ dom h. Clearly, dh € 3=h C 3~h. The reverse
inclusions do not hold as the function # : R — R given by A(x) = min{x, max{x — 1, 0}}
shows (see [26, page 21]). A sufficient condition for equality in this inclusion chain is given
in [26, Proposition 10].
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Note that both 3=k and 8=h are (at any point) either empty or unbounded, and it holds
(see [14,25,26])

0€d~h(x) <= 0€d~h(x) < x ¢ argrﬁi"n h << 3~h(x) =R". (2.15)

However, one may have =h(x) # R" at some minimizer of /.
We recall the following results originally given in [25, Theorem 2.3], [31, Proposition 2.5
and Proposition 2.6] and [9, Theorem 20], respectively.

Lemma2.1 Leth : R" — R be a proper function. The following results hold.

(a) If h is quasiconvex and L-Lipschitz, then d<~h(x) # @ for all x € R". Moreover, there
exists & € 0=h(x) such that || < L.

(b) If h is neatly quasiconvex and L-Lipschitz, then 3=h(x) # @ for all x € R". Moreover,
ifu € 9=h(x), u # 0, then LH;—”u € 0=h(x).

For y > 0 we define the Moreau envelope of parameter y of h by
. 1 2
Yh(z) = inf [h(x) + —|lz —x]|I" ). (2.16)
xeRn 2y

The proximity operator of parameter y > 0 of a function & : R* — Ratx € R" is
defined as
1
Prox,; : R" = R", Prox,;(x) = arg min {h(y) + —ly - x||2} . 2.17)
yeR" 2y

When £ is proper, convex and lower semicontinuous, Prox, turns out to be a single-valued
operator. By a slight abuse of notation, when Prox,, is single-valued we write in this paper
Prox,;(z) (for some z € R") to identify the unique element of the actual set Prox,,(z).
Moreover, when y = 1 we write Prox;, instead of Proxyj,.

For studying constrained optimization problems, the use of properties restricted to some
sets becomes important since they ask for weaker conditions. Indeed, for instance, the function
h : R — R given by i (x) = min{|x[, 2} is convex on K = [—2, 2], but is not convex on R.

For a nonempty set K in R", by dxh(x), 8,?h(x) and dgh(x), we mean the convex,
Gutiérrez and Plastria subdifferentials of & at x € K restricted to the set K, that is,

Ixh(x) =9 (h+38k) (x) = {§ € R" : h(y) = h(x) + (§,y —x), Vy € K},

as well as th(x) :=05(h 4+ 8g)(x) and Ogh(x) :=0=(h + k) (x).
For K € R", a single-valued operator T : K — R”" is called

(a) monotone on K, if for all x, y € K, we have
(Tx) =Ty, x—y) =0; (2.18)
(b) firmly nonexpansive if for every x, y € K, we have
17 ) =TI+ 10d =T)(x) = Ad=T)(M* < x = yII>, Yx,y € K, (2.19)
According to [5, Proposition 4.4], T is firmly nonexpansive if and only if
1T =TWI? < (x =y, Tx) =T(), ¥x,y € K. (2.20)

As aconsequence, if T is firmly nonexpansive, then 7 is Lipschitz continuous and monotone.
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3 Prox-convex functions

In this section, we introduce and study a class of functions for which the necessary funda-
mental properties presented in the introduction are satisfied.

3.1 Motivation, definition and basic properties

We begin with the following result, in which we provide a general sufficient condition for
the nonemptiness of the values of the proximity operator.

Proposition 3.1 Let h : R” — R be a proper, lower semicontinuous and 2-weakly coercive
Sfunction. Given any z € R", there exists X € Prox; (z).

Proof Given z € R", we consider the minimization problem:
. 1
min A (x) := h(x) + = |lx — z||%. (3.1)
xeRn 2

Since h is lower semicontinuous and 2-weakly coercive, 4, is lower semicontinuous and
coercive by [8, Theorem 2(i7)]. Thus, there exists x € R” such that X € arg minp.h;, i.e.,
X € Proxy(z). O

One cannot weaken the assumptions of Proposition 3.1 without losing its conclusion.

Remark 3.1 (i) Note that every convex function is 2-weakly coercive, and every bounded
from below function is also 2-weakly coercive. The function 2 : R” — R given by
h(x) = —|x| is 2-weakly coercive, but is neither convex nor bounded from below.
However, for any z € R", Prox;,(z) # 9.

(ii) The 2-weak coercivity assumption can not be dropped in the general case. Indeed, the
function & : R — R given by h(x) = —x3 is continuous and quasiconvex, but fails to
be 2-weakly coercive and for any z € R one has Prox; (z) = .

Next we characterize the existence of solution in the definition of the proximity operator.
Proposition 3.2 Let h : R" — R be a proper function. Given any z € R", one has
1
X € Prox,(z) <= h(Xx) —h(x) < E(Y—i—x —2z,x —X), Vx € R". (3.2)
Proof Let z € R". One has

1 1
¥ € Prox; (2) <= h(0) + 5 |I¥ — ZI? < h(x) + Sl = ZI?Vx e R

1 1
= h@® —hx) = Sl —z|> - Ellf—szVx € R"

1
— h(@) —h(x) < <f—z,x—f>+5||x—f||2vXeR"

1
< h(X) —h(x) < E(f—i—x—ZZ,x—f)VxeR".
O

Relation (3.2) is too general for providing convergence results for proximal point type
algorithms while relation (1.2) has proven to be extremely useful in the convex case. Motivated
by this, we introduce the class of prox-convex functions below. In the following, we write

Prox;, (K, z) := Prox(s4s4)(2). 3.3)
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Note that closed formulae for the proximity operator of a sum of functions in terms of
the proximity operators of the involved functions are known only in the convex case and
under demanding hypotheses, see, for instance, [1]. However, constructions like the one in
(3.3) can be found in the literature on proximal point methods for solving different classes
of (nonconvex) optimization problems, take for instance [6,13].

Definition 3.1 Let K be a closed set in R” and & : R” — R be a proper function such that
K Ndom h # (. We say that h is prox-convex on K if there exists ¢ > 0 such that for every
z € K, Prox; (K, z) # ¥, and

x € Prox;(K,z) = h(x) —h(x) <a{(x —z,x —X), Vx € K. 3.4

The set of all prox-convex function on K is denoted by & (K), and the scalar @ > 0 for which
(3.4) holds is said to be the prox-convex value of the function 72 on K. When K = R" we say
that & is prox-convex.

Remark 3.2 (i) One can immediately notice that X € Prox, (K, z) (from (3.4)) yields x €
K N dom h, and, on the other hand, (3.4) is equivalent to a weaker version of (1.2),
namely

X € Prox;(K,z) = z—X€d <$ (h +3K)> (X).

(ii) The scalar @ > 0 for which (3.4) holds needs not be unique. Indeed, if % is convex, then
o = 1 by Proposition 3.4. However, due to the convexity of 4, (x —z, x —x) > 0. Hence,
X € Prox; (K, z) implies that
hx)—h(x) <x—z,x—x)<y(x—z,x—X),Vy>1, VxeKk.

Note however that a similar result does not necessarily hold in general, as (x — z, x —X)
might be negative.

(iii) Note also that, at least from the computational point of view, an exact value of o needs
not be known, as one can see in Sect. 4.

In the following statement we see that in the left-hand side of (3.4) one can replace
the element-of symbol with equality since the proximity operator of a proper prox-convex
function is single-valued and also firmly nonexpansive.

Proposition 3.3 Let K be a closed set in R" and h : R" — R a proper prox-convex function
on K such that K N"dom h # (. Then the map 7 — Prox;, (K, z) is single-valued and firmly
nonexpansive on K.

Proof Suppose that & is a prox-convex function with prox-convex value & > 0 and assume
that for some z € K one has {x1, x2} C Prox;, (K, z). Then

h(x1)) —hx) <ax;—z,x —Xx1), Vx € K, 3.5)
h(xy) —h(x) <alXxp —z,x —x3), Vx € K. (3.6)

Take x = X7 in (3.5) and x = X in (3.6). By adding the resulting equations, we get
0<a(¥ —¥,% —2+2-X1) = —a|¥] — %2> <0.

Hence, x| = X3, consequently Prox; (K, ) is single-valued.
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Let z1,zp € K and take x| € Prox;, (K, z1) and X» € Prox; (K, z2). One has

h(x1)) —h(x) <ax;—z1,x —X1), Vx € K, 3.7
h(x2) —h(x) <a(x2 —z2,x —x3), Vx € K. 3.8)

Taking x = X3 in (3.7) and x = X in (3.8) and adding them, we have
1% = %2lI? < (21 — 22, %1 — X2).
Hence, by [5, Proposition 4.4], Prox; (K, -) is firmly nonexpansive. ]

Next we show that every lower semicontinuous and convex function is prox-convex.

Proposition 3.4 Let K be a closed and convex set in R" and h : R* — R be a proper and
lower semicontinuous function such that K Ndom h # @. If his convexon K, then h € ®(K)
witho = 1.

Proof Since h is convex, the function x +— h(x) + (8/2)|lz — x||? is strongly convex on K
forall § > 0 and all z € K, in particular, for 8 = 1. Thus Prox; (K, z) contains exactly one
element, say x € R". It follows from [5, Proposition 12.26] that z — x € d(h + 5k )(x), so
relation (3.4) holds for « = 1. Therefore, h € ®(K). O

Prox-convexity goes beyond convexity as shown below.

Example 3.1 Let us consider K := [0, 1] and the continuous and real-valued function # :
R — R given by i(x) = —x? — x. Note that

(i) h is strongly quasiconvex on K without being convex (take 8 = 1);

(ii) Forall z € K, Prox;, (K, z) = argmingh = {1};

(iii) aih(l) = K since, by (ii), K N Spy(h) = {1}, i.e., aih(l) = K by (2.15);

(iv) h satisfies condition (3.4) for all @ €]0, 2]. Indeed, for all z € K\ {1}, Prox,(K,z) =
arg ming h = {1}, thus theright-hand side of (3.4) turns into —24x24x <a(l-2)(x=1)
for all x € [0, 1], that is further equivalent to (x + 2) > (1 — z) for all x € [0, 1], and
then to

x+2 X 2
< = + Y x €[0,1].
1—z2 1—z2 1—z2
The last inequality is fulfilled for all x, z € [0, 1] with z # 1 when « € ]0, 2].
() h e ®(K).

In order to formulate a reverse statement of Proposition 3.4, we note that if 4 : R” — R
is a lower semicontinuous and prox-convex function on some set K N dom & # ¢ which
satisfies (3.4) for « = 1, then /& is not necessarily convex. Indeed, the function in Example
3.1 satisfies (3.4) for all @ € ]0, 2], but it is not convex on K = [0, 1].

In the following example, we show that lower semicontinuity is not a necessary condition
for prox-convexity. Note also that although the proximity operator of the function mentioned
in Remark 3.1(i7) is always empty, this is no longer the case when restricting it to an interval.

Example 3.2 Take n > 3, K,, := [1, n] and the function %, : K, — R given by

1—x3, ifl<x<2,

h”(x):{l—x3—k, ifh<x<ktl kel2....n—1)
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Note that /4, is neither convex nor lower semicontinuous, but it is quasiconvex on K,. Due
to the discontinuity of £, the function f,(x) = h,(x) + (1/ 2)llx|1? is neither convex nor
lower semicontinuous on K, hence £, is not c-weakly convex (in the sense of [17]) either
and also its subdifferential is not hypomonotone (as defined in [10,18,24]). However, for any
z € K, Prox,, (K,, z) = {n}, and ainhn(n) = K,,. Therefore, h,, € ®(K,).

Another example of a prox-convex function that is actually (like the one in Example 3.1)
both concave and DC follows.

Example 3.3 Take K = [1, 2] and A :]0, +00[— R defined by 2(x) = 5x +In(1 + 10x). As
specified in [21], both the prox-convex function presented in Example 3.1 and this one repre-
sent cost functions considered in oligopolistic equilibrium problems, being thus relevant for
studying also from a practical point of view. One can show that Prox; (K, z) = argmingh =
{1} for all z € K and (3.4) is fulfilled for « € ]0, 5[.

Remark 3.3 (i) One can also construct examples of c-weakly convex functions (for some
¢ > 0) that are not prox-convex, hence these two classes only contain some common
elements without one of them being completely contained in the other.

(ii) While Examples 3.1 and 3.3 exhibit prox-convex functions that are also DC, the prox-
convex functions presented in Example 3.2 are not DC. Examples of DC functions that
are not prox-convex can be constructed as well, consequently, like in the case of c-weakly
convex functions, these two classes only contain some common elements without one
of them being completely contained in the other. Note moreover that different to the
literature on algorithms for DC optimization problems (see, for instance, [2,4]) where
usually only critical points (and not optimal solutions) of such problems are determinable,
for the DC functions that are also prox-convex proximal point methods are capable of
delivering global minima (on the considered sets).

(iii) The remarkable properties of the Kurdyka-f.ojasiewicz functions made them a standard
tool when discussing proximal point type algorithms for nonconvex functions. As their
definition requires proper closedness and the prox-convex functions presented in Example
3.2 are not closed, the class of prox-convex functions can be seen as broader in some
sense than the one of the Kurdyka-Lojasiewicz ones. Similarly one can note that prox-
convexity is not directly related to hypomonotonicity of subdifferentials (see [10,18,24],
respectively).

(iv) At least due to the similar name, a legitimate question is whether the notion of prox-
convexity is connected in any way with the prox-regularity (cf. [10,20,24]). While the
latter asks a function to be locally lower semicontinuous around a given point, the notion
we introduce in this work does not assume any topological properties on the involved
function. Another difference with respect to this notion can be noticed in Sect. 4, where we
show that the classical proximal point algorithm remains convergent towards a minimum
of the function to be minimized even if this lacks convexity, but is prox-convex. On the
other hand, the iterates of the modified versions of the proximal point method employed
for minimizing prox-regular functions converge towards critical points of the latter. Last
but not least note that, while in the mentioned works one uses tools specific to nons-
mooth analysis such as generalized subdifferentials, in this paper we employ the convex
subdifferential and some subdifferential notions specific to quasiconvex functions.

Necessary and sufficient hypotheses for condition (3.4) are given below.

Proposition 3.5 Let K be a closed set in R" and h : R" — R be a proper, lower semicon-
tinuous and prox-convex function such that K N'dom h # (. Let « > 0 be the prox-convex
value of h on K, and z € K. Consider the following assertions
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(a) Prox,(K,z) = {x},
(b) z—% € dk (2h) ®);
© (Ah).@ — (Ah)0) < —Lix =X forall x € K;
(d) x € Prox1,(K, 2).
Then
(@) = (b) < (c) = ().

Ifa = 1, then (d) implies (a) and all the statements are equivalent.

Proof (a) = (b): By definition of prox-convexity.
(b) < (c): One has

1 1 1
Z—XE€ 8K(ah)(f) — (&h)(f) - (;h)(X) <{X—-z,x—X), Vxek
| 1 1 , 1 _n 1 _n
— —h(x)——hx) < Zllz—xI" = sllz =% — s llx = x[I", Vx € K
o o 2 2 2
| 1 _n 1 1 2 1 _2
= —h@)+Zllz=%I1"— —h(x) — sllz=xI” < —zllx = X7, Vx € K
o 2 o 2 2
1 _ 1 1 _
— (;h)z(x) - (ah)z(x) =< —Ellx —X|%, ¥x e K. (3.9

(c) = (d): As —(1/2)||x — X2 <Oforallx € K, (3.9) yields X € Proxj/q)n (K, 2).
When « = 1, the implication (d) = (a) is straightforward. O

Remark 3.4 1t follows from Proposition 3.5(d) that if & is prox-convex on K with prox-
convex value o > 0, then the function (1/«)h is also prox-convex on K with prox-convex
value 1. Moreover, Prox(j/q)n, = Proxy,.

If & is prox-convex with prox-convex value «, then we know that Prox(j /o), = Proxy, is
a singleton, hence

éh(z) = )l’clélll(l (h(x) + %Ilz — x||2) = h(Prox;(z)) + %Ilz — Prox; (2)|. (3.10)

Consequently, /%A (z) € R forall z € R”. Furthermore, we have the following statements.

Proposition 3.6 Ler h : R* — R be proper, lower semicontinuous and prox-convex with
prox-convex value a« > 0 on a closed set K C R”" such that K Ndom h # (. Then
Vep . R" — R is Fréchet differentiable everywhere and

v (éh) —a (Id —Proxlh) , G.11)
is a-Lipschitz continuous.

Proof Letx,y € K withx # y.Sety = 1/a, x = Prox; (K, x) and y = Prox; (K, y). As
h is prox-convex with prox-convex value o, we have
1

h(z) —h(@) > ax =X,z —%)Vze K = h(y) —h(®@) > ;(x—f,i—ﬂ
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From (2.17), we get

1
Yh(y) — Vh(x) = h(¥) — h(X) + o (ly = ¥I* = llx = x1?)

1 o _ _
>~ -%5-%) + Iy = VI* = llx — x|I%)
Y
1
= 5(||y—y—x+f||2+2<y—x,x—f>)
1
> ;(y—x,x —X). (3.12)

Exchanging above x with y and X with y, one gets
1 —
Yh(x) = "h(y) = ;(x—y,y—y% (3.13)
It follows from equations (3.12) and (3.13) that

0=<"h(y)—"h(x) - %(y — X, X —X)

IA

1 1 _
——{x=y,y=¥)— —(y—x,x —X)
14 14

1 , 1 -
=y —=x[I"+ =y —x,x = y).
Y 4

As Proxg j is firmly nonexpansive on K, (y —x,y —X) > ||y — x||2 > 0, then

1 _ 1
0< "h(y)— Yh(x) — Sy —xx =% = ;||y—x||2
TR = Th() = Ly —x,x =)
— lim =0.

yo>x ly —xll

Thus, /*h is Fréchet differentiable at every x € R”, and V(}/*h) = a(Id — Proxy).
Since Proxy, is firmly nonexpansive, Id — Proxy, is also firmly nonexpansive, so V(}/%h) is
a-Lipschitz continuous. o

3.2 Strongly G-subdifferentiable functions

Further we introduce and study a class of quasiconvex functions whose lower semicontinuous
members are prox-convex.

Definition 3.2 Let K be a closed and convex setin R” and 4 : R” — R be a proper and lower
semicontinuous function such that K N dom h # (. We call 4 strongly G-subdifferentiable
on K if

(a) h is strongly quasiconvex on K for some 8 € [1, +o0[;
(b) foreach z € K there exists x € R” such that Prox; (K, z) = {x} and

%(z—f) € Igh(X). (3.14)

Next we show that a lower semicontinuous and strongly G-subdifferentiable function on
K is prox-convex.
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Proposition 3.7 Let K be a closed and convex set in R" and h : R" — R be a proper and
lower semicontinuous function such that K N"dom h # (. If h is strongly G-subdifferentiable
on K, thenh € ®(K).

Proof Let h be a lower semicontinuous and strongly G-subdifferentiable function. Then for
every z € K, there exists x € K with X = Prox, (K, z). Hence, given any y € K, we take
v = Ay + (1 — )X with & € [0, 1]. Thus, by the definition of the proximity operator and
the strong quasiconvexity of # on K for some B > 1, we have

Mﬂfh@y+0—Mﬂ+%My+U—kﬁ—dV—%W—dF
=hy+ (01— +AT—2z,y—1%) +A2%||y — x|
A
smumomh@n+x@—ay—f»+5aﬁ+x—ﬂwy—ﬂﬁ

We have two possible cases.

(i) If h(y) > h(X), then
A
h@) —h(y) =dx —z.y =x) + S+ A= Ply — |7, ¥r €0, 11.

Hence, for A = 1/2 and since 8 > 1, one has

1 B

11
Mﬂ—mwsiﬁ—ay—ﬂ+zg—§wy—ﬂ2
1 .
< E(x —z,y —x), Yy € K\Syx) (h).

(ii) If h(y) < h(x), then y € Sy(x)(h), it follows from Definition 3.2(b) that

1 - _ 1 _ _
E(Z —X) € 0gh(X) <= h(x) —h(y) < E(x -2,y —X), Yy € KN Sy (h).

Therefore, it follows that £ satisfies (3.4) fora = 1/2,1i.e., h € ®(K).

[m}

Remark 3.5 (i) When h : R" — R is lower semicontinuous and strongly quasiconvex, as
strongly quasiconvex functions are semistrictly quasiconvex, 4 is quasiconvex and every
local minimum of / is a global minimum, too, so /2 is neatly quasiconvex, i.e., d~h = d=h
(see [26, Proposition 9]). Therefore, we can replace 9 I%h by dgh in condition (3.14).

(ii) Strongly G-subdifferentiable functions are not necessarily convex as the function in
Example 3.1 shows.

A family of prox-convex functions that are not strongly G-subdifferentiable can be found
in Remark 3.6, see also Example 3.2.

Now, we study lower semicontinuous strongly quasiconvex functions for which the Gutier-
réz subdifferential is nonempty. To that end, we first recall the following definitions (adapted
after [11, Definition 3.1]).

Definition 3.3 Let K be a nonempty set in R” and & : R” — R with K Ndom & # @. We
say that & is

(a) inf-compact on K if forallx € K, Spx)(h) N K is compact;
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(b) wa-quasiconvex atx € K (« € R), if there exist p > 0 and e € R”, ||e¢|| = 1, such that
y € KNBE, p) N Sum(h) = (y — %, ¢) = ally — /% (3.15)

(¢) positively quasiconvex on K if for any X there exists a(x) > 0 such that & is o (X)-
quasiconvex on Sy (h).

The following result presents a connection between strongly quasiconvex functions and
positively quasiconvex ones.

Proposition 3.8 Ler h : R" — R be a strongly quasiconvex function, x € R" and o > 0.
Then the following assertions hold

(a) If§ € 0 ((1/a)h) (X), then

(,y—x) = —%IIy — |, Vy € Sucw (h). (3.16)

(b) IfE € 3=h(X), then

_ B _
€y =% = =5ly =FI% Yy € Sim (). (3.17)
As a consequence, in both cases, h is positively quasiconvex on R".

Proof The proofs are similar, so we only show (a). Take x € R” and & € 3 ((1/w)h) (x).
Then,

alt, z— %) <h(z) — h(X), Yz € R".
Take y € Syx)(h) and z = Ay + (1 — A)x with A € [0, 1]. Then

halE,y — ¥ < h(uy + (1 — 1)) — h(D)
< max{h(y), hD) — 21 = Dy P~ kD

= -1~ x)gny -2

Then, for every y € Sy(x)(h), by dividing by A > 0 and taking the limit when A descends
towards 0, we have

B

(£, y =% =lim (—(1 - k)ﬁny —f||2> ==y — |2

2a

Now, since £ is strongly quasiconvex, arg ming. 7 has at most one point. If X € arg ming. i,
then condition (3.15) holds immediately. If X ¢ arg ming.h, then& # 0,i.e., condition (3.15)
holds for /(2a||&]]) > O.

Therefore, & is positively quasiconvex on R”. O

As a consequence, we have the following result.

Corollary 3.1 Let h : R" — R be a lower semicontinuous and strongly quasiconvex function
with B =1, let z € R" and X € Proxy(z). If there exists € € d=h(X) such that

h:(X) = hz(x) < (€, y —X), Vy € Spm (h), (3.18)

then h is prox-convex on its sublevel set at the height h(X), i.e., h € ®(Syx)(h)).
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Proof 1If & € 9=h(x), and since h is lower semicontinuous and strongly quasiconvex with
B =1, then by Proposition 3.8(b), we have

_ _ 1 _
he(@) = he(x) < (E,y=F) = =5y — %%, Vy € Suem (h),

- 1 1 _ 1 _
= h(® = h(x) = Iz - yI? - 1E i Sy — X2, Yy € S (h)
— h(x)—hx) < {x—z,x —X), Vy € Sim(h).
Therefore, h € @ (S, (h)). ]

Another consequence is the following sufficient condition for inf-compactness under an
L-Lipschitz assumption, which revisits [29, Corollary 1].

Corollary 3.2 Let h : R" — R be an L-Lipschitz and strongly quasiconvex function. Then h
is inf-compact on R".

Proof 1If h is strongly quasiconvex, then 4 is neatly quasiconvex, and since % is L-Lipschitz,
0=h(x) # ¢ for all x € R" by Lemma 2.1(b). Now, by Proposition 3.8(b), it follows that &
is positively quasiconvex on R". Finally, 4 is inf-compact on R" by [11, Corollary 3.6]. O

We finish this section with the following observation.

Remark 3.6 There are (classes of) prox-convex functions which are neither convex nor
strongly quasiconvex. Indeed, for all n € N, we take K, := [—n, 4+o0o[ and the conti-
nuous quasiconvex functions &, : K, — R given by h,(x) = x3. Clearly, &, is neither
convex nor strongly quasiconvex on K, hence also not strongly G-subdifferentiable either.

Take n € N. Then for all z € Ky, argming, h, = Prox;, (z) = {—n}, thus Sy, ) (hy) =
{x},1i.e., 8I§nhn (x) = R”". Therefore, h, € ®(K,) for all n € N. Taking also into considera-
tion Corollary 3.1 one can conclude that the classes of strongly quasiconvex and prox-convex
functions intersect without being included in one another.

Remark 3.7 All the prox-convex functions we have identified so far are semistrictly qua-
siconvex, too, while there are semistrictly quasiconvex functions that are not prox-convex
(for instance & : R — R defined by h(x) = 1if x = 0 and 2(x) = 0 if x # 0), hence
the connection between the classes of prox-convex and semistrictly quasiconvex functions
remains an open problem.

For a further study on strong quasiconvexity, positive quasiconvexity and inf-compactness
we refer to [11,29,30].

4 Proximal point type algorithms for nonconvex problems

In this section we show (following the proof of [5, Theorem 28.1]) that the proximal point type
algorithm remains convergent when the function to be minimized is proper, lower semicon-
tinuous and prox-convex (on a given closed convex set), but not necessarily convex. Although
the algorithm considered below is the simplest and most basic version available and some
of the advances achieved in the convex case, such as accelerations and additional flexibility
by employing additional parameters, are at the moment still open in the prox-convex setting,
our investigations show that the proximal point type methods can be successfully extended
towards other classes of nonconvex optimization problems.
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Theorem 4.1 Let K be a closed and convex set in R" and h : R" — R be a proper, lower
semicontinuous and prox-convex on K function such that argmingh # () and K Ndom h #
0. Then for any k € N, we set

x* 1 = Prox, (K, x*) (4.1)

Then {x*} isa minimizing sequence of h over K, i.e., h(x*) = minycg h(x) whenk — +o0,
and it converges to a minimum point of h over K.

Proof Since h is prox-convex on K, denote its prox-convex value by « > 0 and forall k € N
one has

1
A = Prox;, (K, xF) = x¥—x*tled <fh + 5K> (kT
o
s a(xX — X x — XY < h(x) = R, Vx € K. (4.2)

Take x = x¥ € K, and since @ > 0, we have
1
0 < <Xk _xk+l,xk _xk+1) < - (h (Xk) —h (xk+l)) , (43)
o

which yields 4 (x**1) < h(x*) for all k € N.
On the other hand, take X € argmingh. Then, for any k € N, by taking x = X in equation
(4.2), we have

”xk+1 _YHZ — ||xk+1 _xk +xk _Y”Z
— “xk-‘rl _xk ”2 + ”xk _YHZ +2<xk+l —xk,xk —f)

— k2 gk — )2 4 2 — b, A g

IA

2

ot =12+ = (h@ =k (1)) < 6 = 7P, (44)
o

where we used that 2 (x) < h(x*t1). Thus, {x¥ — X}, is bounded. Then by [5, Theorem 28.1]

x¥ converges to a pointinarg min x4 whenk — +oc. Finally, since / is lower semicontinuous

and K is closed, we have lim infy_, 4 h(xk) = minyecg h(x), which yields the conclusion

by (4.3). o

Remark 4.1 From (4.4) one can deduce straightforwardly that the known O(1/n) rate of
convergence of the proximal point algorithm holds in the prox-convex case, too.

Remark 4.2 Although the function to be minimized in Theorem 4.1 by means of the proximal
point algorithm is assumed to be prox-convex, its prox-convex value ¢ > 0 needs not be
known, even if it plays a role in the proof.

Remark 4.3 One can modify the proximal point algorithm by replacing in (4.1) the proximal
step by Prox (St (1), xK) without affecting the convergence of the generated sequence.
Note also that taking K = R” in Theorem 4.1 one obtains the classical proximal point
algorithm adapted for prox-convex functions and not for a restriction of such a function to a
given closed convex set K € R”.

Example 4.1 Let K = [0, 2] x R and consider the function 7 : K — R given by h(x], x3) =
x22 — xlz — x1. Observe that £ is strongly quasiconvex in the first argument, and convex and
strongly quasiconvex in the second argument, hence £ is strongly quasiconvex without being

convex on K. Furthermore, by Example 3.1  is prox-convex on K. The global minimum
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of h over K is (2,0)T and it can be found by applying Theorem 4.1, i.e., via the proximal
point algorithm, although the function % is not convex. First one determines the proximity
operator

. T
0,ifz1 <-2 22
Proxy, (K (Z1,z2)T) = ({2 ifz: o ?> 2,22 €R

Taking into consideration the way K is defined, it follows that the proximal step in Theorem
4.1 delivers x**t1 = (2, x]2< /3T, where xk = (xllc , xlg)T. Whatever feasible starting point
x! € K of the algorithm is chosen, it delivers the global minimum of / over K because
xf =2and xX = x}/@3*1) forall k € N.

5 Conclusions and future work

We contribute to the discussion on the convergence of proximal point algorithms beyond con-
vexity by introducing a new generalized convexity notion called prox-convexity. We identify
some quasiconvex, weakly convex and DC functions (and not only) that satisfy the new
definition and different useful properties of these functions are proven. Then we show that
the classical proximal point algorithm remains convergent when the convexity of the proper
lower semicontinuous function to be minimized is relaxed to prox-convexity (on a certain
subset of the domain of the function).

In a future work, we aim to uncover more properties and develop calculus rules for prox-
convex functions as well as to extend our investigation to nonconvex equilibrium problems
and nonconvex mixed variational inequalities, to Hilbert spaces and to splitting methods, also
employing Bregman distances instead of the classical one where possible.
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