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Abstract

In this paper, we study regularized/D-gap functions associated with a nonsmooth and non-
monotone variational inequality problem. We present some exact formulas for the subderiva-
tive, the regular subdifferential, and the limiting subdifferential of the regularized/D-gap
functions respectively. By virtue of these formulas, we provide some sufficient conditions and
necessary conditions for the Kurdyka-fojasiewicz inequality property and the error bound
property for the D-gap function respectively. As an application of our Kurdyka-Ff.ojasiewicz
inequality result, we show that, under certain mild assumptions, the sequence generated by a
derivative-free descent algorithm with an inexact line search converges linearly to a solution
of the variational inequality problem.
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1 Introduction

In this paper, we consider a variational inequality problem (VIP) of finding x € K such that

(F(x),y—x)>0 VyeKk,
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where K is a closed and convex subset of R” and the mapping F : R" — R” is locally
Lipschitz continuous but not necessarily monotone. (VIP) has many applications in various
fields such as mathematical programming, traffic network equilibrium problems and eco-
nomics. For the background information and motivations of (VIP), we refer the reader to the
comprehensive book [12] by Facchinei and Pang.

One popular approach to studying (VIP) is to reformulate (VIP) as equivalent constrained
or unconstrained optimization problems by introducing appropriate gap (merit) functions;
see [2, 3,9, 12, 13, 15, 17, 18, 20, 22, 27, 30-35, 39, 40, 42-44, 46, 47]. Among various
reformulations in the literature, we recall that x solves (VIP) if and only if x solves the
following unconstrained optimization problem with O as its optimal value:

min  fap(x) := fo(x) — fp(x),
xeR?
where b > a > 0, and for each ¢ > 0,
c
few) s= max { (F(), x = ) = S1ly = x|}
yek 2

f¢ 1s known as the regularized gap function [2, 13] with ¢ being the regularized parameter.
fab 1s often known as the D-gap function [33] with ‘D’ standing for the ‘difference’ of two
parameterized regularized gap functions. By replacing the quadratic term in the definition
of f, with a more general one that retains similar properties to the quadratic term, the
corresponding generalized regularized gap and generalized D-gap functions have also been
extensively studied in the literature; see [21, 22, 42, 47].

The (generalized) differentiability properties of these regularized gap and D-gap functions
have been extensively investigated, and have been utilized to study various properties of error
bounds [12] and the Kurdyka-ELojasiewicz (KL, for short) inequality [11]. The latter properties
have played very important roles in convergence analysis for algorithms designed based on
gap functions.

Below, we summarize a few results related to the (generalized) D-gap function. Peng [33]
showed that if F is continuously differentiable and strongly monotone, the D-gap function is
also continuously differentiable and its square root provides a global error bound for (VIP).
Yamashita et al. [47] introduced the generalized D-gap function and obtained its continuous
differentiability by assuming that F is continuously differentiable. Moreover, under the
assumptions that F is strongly monotone and that either F is Lipschitz continuous or K
is compact, they showed that the square root of the generalized D-gap function provides a
global error bound for (VIP), and that the sequence generated by a descent algorithm with an
inexact line search converges to the unique solution of (VIP). Based on the D-gap function
and by assuming that F is continuously differentiable and monotone, Solodov and Tseng
[38] developed two unconstrained methods that are similar to the feasible direction method
in Zhu and Marcotte [48] which is based on the regularized gap function. By assuming that F'
is locally Lipschitz continuous, Xu [45] obtained a formula for the Clarke subdifferential of
the D-gap function, and a global convergence result for a descent algorithm with an inexact
line search under the circumstance that F is strongly monotone and Lipschitz continuous.
By using the same assumptions as in [45], Ng and Tan [28] obtained some formulas for
the Clarke directional derivative and the Clarke subdifferential of the D-gap function. By
assuming that F is coercive and locally Lipschitz continuous, and by introducing a condition
expressed in terms of the Clarke generalized Jacobian of F, Li and Ng [21] showed that the
square root of the generalized D-gap function provides a local error bound for (VIP), and by
virtue of which, they proved that any cluster point of the sequence generated by a descent
algorithm with an inexact line search is a solution of (VIP), and that the convergence rate is
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linear when F is smooth, strongly monotone and V F is locally Lipschitz continuous. Note
that Li and Ng [21] also provided some formulas for the Clarke directional derivative and the
Clarke subdifferential of the generalized D-gap function, which were very crucial for their
arguments. Later Li et al. [22] established some error bound results for the generalized D-gap
function by assuming that F' is Lipschitz continuous, locally monotone and coercive.

From the literature review above, it is clear to see that most of the existing results for
error bounds and the convergence of a descent algorithm were obtained by assuming that F
is strongly monotone, and with an exception that the error bound was obtained in Li and Ng
[21] when F is nonmonotone. Regarding the KL inequality, to the best of our knowledge,
there is almost no direct result for the case when F is locally Lipschitz continuous. By
examining the definition for the KL inequality (see Definition 2.3 below) and the theory
of error bounds in [6, 24], it seems to be case that the notion of the subderivative, the
regular/Fréchet subdifferential, and the general/limiting subdifferential set (see Definition
2.2) should have been employed in studying the generalized differentiability properties of
the regularized gap and D-gap functions. But it is quite surprising that there is no such a
related result in the literature for the case when F is locally Lipschitz continuous but not
necessarily monotone.

To fill this gap, we will investigate the KL inequality and error bounds of the D-gap function
for nonsmooth and nonmonotone (VIP) by deriving formulas for the subderivative and the
(limiting) subdifferential of the D-gap functions respectively. As an application of our results
for the KL inequality and by following the idea in the proof of the abstract convergence result
[5] for inexact descent methods, we will establish the linear convergence rate for a descent
algorithm with an inexact line search.

The main contributions of the paper are as follows.

(i) We obtain a number of exact formulas for the subderivatives, the regular/Fréchet subdif-
ferentials and the general/limiting subdifferential sets of the regularized gap function f,
and the D-gap function f,, respectively. See Propositions 3.1-3.2 below. For example,
we obtain the following formula for the limiting subdifferential of f; at a point x:

3 fab(X) = D*F (X) (p(X) — 74 (X)) — b (mp(X) — 7a(¥)) + (b — @) (¥ — 74 (X)),

where D* F (x) denotes the coderivative of F at X (cf. Definition 2.5), and for each ¢ > 0,

w.(x) := Pg (x — @) with Pk (-) being the projection operator onto K . To the best of
our knowledge, this formula has not been seen in the literature, although, as mentioned
above, exact formulas have been obtained for the Clarke directional derivatives and the
Clarke subdifferentials of f,. and f, respectively. It should be noticed that, although f.
is a marginal function and f,, = f, — f is a difference of two marginal functions, we
cannot obtain our formulas by directly applying the theory of marginal functions known
from the literature [1, 19, 25, 26, 36]. As a matter of fact, our approach depends heavily
on the inherent structures of f. and f,p.

(ii) By virtue of the formula obtained for the general/limiting subdifferential of the D-gap
function f,,, we present a few sharp results on the properties of the KL inequality and
the error bounds for f,. In particular, by assuming that the following inequality holds

for some p > 0 and all x € R” where F is differentiable:

(VF () (4 (x) = (X)), 76 (x) = 75(x)) = pallra (x) — 5 ()1, ey

which can be considered as a restricted (weaker) notion of strong monotonicity, we show
that

d(0, 3 fap(x)) = pllmp(x) — wa ()| Vx € R",
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and that f; is a KL function with an exponent of %, and moreover that some local/global
error bound results holds. See Theorem 4.1 below.

(iii) By assuming (1) (guaranteeing that f;; is a KL function with an exponent of %) and the
global Lipschitz continuity of f,;, we establish a linear convergence rate for a derivative-
free descent algorithm, which is essentially the same type of algorithm studied in [17, 21,
34, 35, 45, 47]. See Theorem 5.1 below. Starting from any initial point xg, the algorithm
generates a sequence {x,} via x,+1 = x, + t,d,, where d, is a search direction, being
either m,(x,) — x, or m,(x,) — mp(xy,), and t, is the stepsize determined by an Armijo
line search. Under further mild assumptions, we show that the stepsize sequence {#,} is
bounded below by a positive constant * > 0 (cf. Proposition 5.2 below), and moreover
the following hold (cf. Proposition 5.3 below):

FabCns1) = fap(in) < =My |[xXpt1 — 0]

and

M,
d(0, 0 fap(xn)) < 7||xn+l = x|,
where M and M, are positive constants.

The outline of the paper is as follows. Section 2 introduces the notation, terminology,
and main mathematical preliminaries. In section 3, we present some exact formulas for the
subderivatives, the regular/Fréchet subdifferentials, and the general/limiting subdifferentials
of the regularized gap function f,. and the D-gap function f,;, respectively. Using these
formulas for the D-gap function, Section 4 provides sufficient conditions and necessary
conditions for the error bound property and the KL inequality property respectively. As an
application of our KL inequality result, we show in Section 5 that a descent algorithm (based
on the D-gap function) with an inexact line search converges linearly to a solution of (VIP).

2 Notation and mathematical preliminaries

Throughout the paper we use the standard notations of variational analysis; see the seminal
book [37] by Rockafellar and Wets. The Euclidean norm of a vector x is denoted by ||x||, and
the inner product of vectors x and y is denoted by (x, y). Let A C R” be a nonempty set. We
denote by conv A the convex hull of A. The polar cone of A is defined by A* := {v € R" |
(v,x) < 0 Vx e A}. The distance from x to A is defined by d(x, A) := infyex ||y — x]|.
The projection mapping Py4 is defined by P4(x) :={y € A | |ly —x|| =d(x, A)}.

Definition 2.1 Let C C R" andletx € C.

(i) The tangent cone to C at x is denoted by T¢ (x), i.e., w € T¢(x) if there exist sequences
tr — 0 and {wy} C R" with wy — w and x + kWi € C Vk.
(ii) The regular normal cone to C at x is denoted by Nc (x),i.e,v € Nc (x) if

(v,x —x) <o(lx —x|) forallx € C.

Another way of defining the regular normal cone is via the equality ﬁc (x) = Tc(x)*.
(iii) The normal cone to C at x is denoted by N¢(x), i.e., v € N¢(x) if there exist sequences
xy — x and vy — v with x; € C and v, € ﬁc(xk) for all k.
(iv) C is said to be regular at x in the sense of Clarke if it is locally closed at x (i.e., C N U
is closed for some closed neighborhood U of x) and ﬁc (x) = N¢(x).

@ Springer



Journal of Global Optimization

Let f : R" - R := R U {#o00} be an extended real-valued function. We denote the
epigraph of f by epi f := {(x,®) | f(x) < a}. The lower level set with a level of « is
defined and denoted by [f < «] := {x € R" | f(x) < «}. In a similar way, we define
[f<al:={xeR"| f(x) <a}land[a < f < B]l:={x eR" |a < f(x) < B}.

Definition 2.2 Let f : R” — R be an extended real-valued function and let % be a point with

f(x) finite.

(i) The vector v € R" is a regular/Fréchet subgradient of f at x, written v € F) fx),if
f&x) = fX) + (v, x —x) +o(|lx — x[]).

(ii) The vector v € R" is a general/limiting subgradient of f at x, written v € d f (x), if there
exist sequences x; — X and vy — v with f(xx) — f(x) and vx € 5f(xk).

(iii) The function f is said to be (subdifferentially) regular at x if epi f is regular in the sense
of Clarke at (x, f(x)) as a subset of R” x R.

(iv) The subderivative df (x) : R" — R is defined by

df W) = liminf LEFWI SO

t—=04,w'—w t

(v) The set of Clarke subgradients of f at x is defined by
8f(X) := {v](v, =1) € clconv Nepi (X, f (X))},

where clconv Nep; ¢ (X, f(x)) denotes the closed and convex hull of Nep; ¢ (X, f(xX)).

Remark 2.1 The regular subgradients can be derived from the subderivative as follows [37,
Exercise 8.4]:

Af(E) = {v e R"|(v, w) < df (@) w) Yw e R"}.

Following [4, 7, 8, 23], we introduce the notion of the Kurdyka-t.ojasiewicz (KL, for
short) inequality.

Definition 2.3 For a proper lower semicontinuous function f : R” — R := RU {4o0}, a
pointx € R" with 9 f (x) # ¢, and some & € [0, 1), we say that f satisfies the KL inequality
at x with an exponent of «, if there exist u, € > 0 and v € (0, +0oc] so that

d(0,9f(x) = u(fx) — fx)”

whenever ||x — x|| < € and f(x) < f(x) < f(x) + v. If f satisfies the KL inequality at
every x € R" with 9 f(x) # ¢ and with the same exponent «, we say that f is a KL function
with an exponent of «.

Following [12], we introduce the notion of local and global error bounds as follows.

Definition 2.4 For a proper function f : R” — Randaset C C R", we say that f has a local
error bound on C if there exist two positive constants T and € such thatforallx € [f < e]NC

dx,[f =0]NC) < tmax{f(x),0}.

Furthermore, we say that f has a global error bound on C if there exists a constant 7 > 0
such that the above inequality holds for all x € C.

Definition 2.5 Let S : R” == R” be a set-valued mapping and (x, ) € gph S := {(x, u) |
ue Sx)}.
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(i) The graphical derivative of S at x for u is the mapping DS(x | &) : R* = R™ defined
by

z€ DSE | ) (w) <= (w, z) € Typns(X, it).

(ii) The regular coderivative of S at x for i is the mapping D*S(x | u) : R™ = R" defined
by

x* € D*S(X | )(u*) <= (x*, —u*) € Ngph s(X, ).
(iii) The coderivative of S at x for i is the mapping D*S(x | u) : R™ = R” defined by
x* e D*S(X | i) (u™) <= (x*, —u™) € Ngpns(&, it).

Here the notation DS(x | i), D*S(x | u) and 5*5‘()2 | i) is simplified to DS(x), D*S(x)
and D*S(x) when S is single-valued at x, i.e., S(x) = {u}.

Definition 2.6 Let F be a single-valued mapping defined on R”, with values in R”.
(i) F is globally Lipschitz continuous if there exists k € Ry := [0, oo) with
|F(x") = Fo)ll < «llx"—x|| Vx,x" e R".
Then « is called a Lipschitz constant for F.

(ii) F is locally Lipschitz continuous at a point X € R" if the value

lip F(¥) ;= limsup IF&) = FOI

X, x' =X, x#x! ”x/ —X”

is finite. Here lip F (x) is the Lipschitz modulus of F at x.
(iii) F is locally Lipschitz continuous if F is locally Lipschitz continuous at every x € R”".

Lemma2.1 Let f : R" — R be an extended real-valued function and let X be a point with
[ (%) finite. Assume that f is locally Lipschitz continuous at x. The following properties hold:

(@) 9 f(x) is nonempty and compact. B

(b) df (§)(w) = limjnf fo “‘;) rACH)
—U+

(€) 3f(x) = conv(df(X)).

Proof (a-c) can be found in [37, Theorem 9.13, Exercise 9.15, Theorem 9.61], respectively.
[m}

Lemma 2.2 Assume that F : R" — R™ is locally Lipschitz continuous at a point X € R".
The following properties hold:

(@) D*F(x)(0) = {0}, which is also sufficient for F being locally Lipschitz continuous at x.
(b) The mappings DF (x) and D* F (X) are nonempty-valued and locally bounded.

(© |lzll = (lip F (X)) [lwl| holds for all (w, z) € gph(DF (x)).

(@) [lx*|| = (lip F(x)) [lu*|| holds for all (u*, x*) € gph(D* F (x)).

(e) z € DF(Xx)(w) if and only if there is some TV — O such that w — Z.

Proof (a) follows directly from the Mordukhovich criterion [37, Theorem 9.40]. (b-d) follow
from [37, Proposition 9.24]. (e) follows from the definitions of the graphical derivative and
the local Lipschitzian continuity. (]
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Assume now that F' : R" — R™ is alocally Lipschitz continuous function and let D be the
subset of R" consisting of the points where F is differentiable. By the Rademacher Theorem
[37, Theorem 9.60], F is differentiable almost everywhere with R\ D being negligible. For
each x € R", define

VFE) :={A e R | 3x’ — % withx" € D, VF(x") — A}, 2)

in terms of which, the generalized Jacobian dF (x) [10, Definition 2.6.1] of F at X can be
written as -~ -
dF (x) := conv VF(x). 3)

According to [37, Theorem 9.62], VF(x)is a nonempty, compact set of matrices, and for
every w € R" and y € R™ one has

conv D*F(x)(y) = conv{ATy | A e VF(®)} = {ATy | A e conwVF(X)} (4

and
conv D, F(X)(w) = conv{Aw | A € VF(X)} = {Aw | A € conv VF (%)}, 3)

where D, F (x) stands for the strict derivative mapping of F at x [37, Definition 9.53], and
has the following definition by taking into account that F is locally Lipschitz continuous:

DyF(x)(w) :={z | 31" = 04,x" — X with (F(x" + t"w) — F(x"))/t" = z}. (6)

Note that D, F(x) is also known as the Thibault’s strict derivative (cf. [41]), and that by
definition
gph DF(x) C gph Dy F (%). @)

Definition 2.7 [12] Let C be a subset of R”, and let F be a single-valued mapping defined
on R”, with values in R”. F is said to be coercive on C if

(F(x),x —y)

xeC, ||x[|—>o00 (x|

:+OO

holds for all y € C (if C is bounded, then F is by convention coercive on C); and F is said
to be strongly monotone on C (with modulus & > 0) if (F(x) — F(y), x —y) > ullx — y|?
holds forall x, y € C.

3 Subderivatives and subgradients of gap functions

In the remaining part of this paper, we impose the following general assumptions on the
problem data and certain constants. For simplicity’s sake, we will not mention them when
stating a result.

e K C R"is anonempty closed and convex set.
e F:R" — R”"is alocally Lipschitz continuous function.
e a, b, c are fixed positive numbers with a < b.

The aim of this section is to investigate the subderivatives and subgradients of f,; and f.
at a certain point x by utilizing the graphical derivative D F (x), as well as the coderivatives
D*F(x) and D*F (x). Moreover, we will often make use of the following projection operator
7. which is associated with F and K as follows:

7o (x) = Px <x _ Fi”) .
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The projection operators 7, and 7, are defined in the same way.

To begin with, we summarize some basic properties of the regularized gap function f,
and the D-gap function f,;; below. Most of these properties can be found in the literature and
are beneficial for the further development in the sequel.

Lemma 3.1 The following properties hold:

@) 252 x — (0117 + 1w (0) = a1 < fap () < B521x = e (O = Sl () —
Ta ()|

(b) 175 (x) =7 ()| < Z4|Ix =0 ()| and ||x =7 ()| < |Ix =7 (O[] < Z|lx =75 (x)]].

(¢) x € R" solves (VIP) < x = m.(x) foranyc > 05 fup(y) > fap(x) =O0forally € R"
< x € K and f.(y) > fo(x) =0forall y € K.

(d) (a(x —ma(x)) — b(x — 7p(x)), Ta (x) — 7WH(x)) > 0.

(€) ma(x) —mp(x) € Tup(x, F, K) := Tk (mp(x)) N (= Tk (wa(x))) N (F(x))*.

®) 7,4, mp, 7e, fe and fap are locally Lipschitz continuous. If F is globally Lipschitz con-
tinuous, then mg, mp, T, fe and fqp are also globally Lipschitz continuous.

(g) The following hold:

arg max ¢ g {(F(x),x -y —35lly —x||2} = {m.(x)},
fe(x) = (F(x), x — () = §llx — 7w (0)|2,
fab(X) = (F(x), p(x) — () = §11x = 7 ()I* + §1lx — 7 ()12

Proof (a) and (b) can be found in [38, Lemma 1] and [28], respectively. (¢) can be found
in [13] and [42]. (d) and (e) can be found in [21, Lemma 4.4] or in [12, Theorem 10.3.4].
(f) can be found in [22, Lemma 3.1]. (g) can be found in [42] or deduced from the standard
optimality condition for convex programs. This completes the proof. O

3.1 Subderivatives and subgradients of f,

We first present the formulas for the subderivative, the regular subdifferential set and the
limiting subdifferential set of f. at a point x.

Proposition 3.1 Ler x € R" and let w € R". We have the following formulas:
dfe(X)(w) = (F(X), w) + min{((DF(X) —cHw, X — (X)),
3.(%) = (D*F(3) — el ) (i — 7(%) + F(3),
3 fe(X) = (D*F(X) —cl) (X — 7(X)) + F (%),

where

min((DF(x) —cl)w, x — m (X)) := (v—cw, x —m.(X)).

min
veDF(x)(w)
Proof Let w € R" be fixed. Since F is locally Lipschitz continuous, it follows from Lemma
2.2 (b) and (e) that for any continuous function M : R — R”,
F(x 4+ tw) — F(x)

lim inf ( , M(t)) = min (v, M(0)). (8)
1—04 t veDF (x)(w)

By Lemma 3.1 (f), f. is a locally Lipschitz continuous function. This implies, by Lemma
2.1 (b), that

fc(i +tw) — fc(f)
; .

dfe(x)(w) = liminf
t—04

@ Springer



Journal of Global Optimization

In view of Lemma 3.1 (g), we have for all ¢ that
fe(X) = (F(X), X — me(X + tw)) — %IIE — (% + tw)| [,
and
fe@ +tw) = (F(X +tw), X +tw — m.(xX + tw)) — %lli + tw — 7 (X + 1w)] .

This, together with (8) and the fact that m. is locally Lipschitz continuous (cf. Lemma 3.1
(f)), implies that

F(% +tw) — F(f)’ ¥ = me(E o+ tw) £ lim (F G+ tw), w)

t

dfe(xX)(w) < litm(i)nf(

+ lim %(2()2 o (F + tw)) + tw, —w)

t—04

= min (v,X —7.(X)) + (F(X), w) —c(X — m.(X), w)
veDF (3)(w)
=min{(DF(x) —cl)w, x —m.(x)) + (F(x), w).

To prove the inequality in the other direction, we can simply follow a similar approach by
observing, from Lemma 3.1 (g), that for all t,

Jo®) = (F(@). % = 1) = 51IF = 7@,
and
Fol + 1) 2 (P + 1), %+ = 7e(8) = SI1F + 1w — me D),
To get the formula for F) fe(x), we resort to the formula for df.(x) and the equality in
Remark 2.1. Specifically, by defining v := F(x) — c¢(x — m.(x)), we have

v EDf(F)
= (v, w) < (B, w) +min(DFE)(w), ¥ — 7.(¥)) Yw e R",
— W—v,w) = (2, X —7m(X) Y(w,2) € gph(DF(x)) = Tgpn (X, F (X)),
= (v—v, —j + 7. (X)) € (Tgph r (X, F(X))* = gphr (X, F (X)),
e v—1 e D'FE)F — m.(%)).

This provides us with the formula for F) fe(X).
To show 0 f.(x) C U = (D*F()E) - cl) (x —m:(x)) + F(x), let v € 3 f.(x). By the
formula for d f.(xx), there are sequences x; — x and vy — v such that

(v — Uk, e (xk) — xi) € Neph (X, F(xx))  Vk,

where vy = F(xr) — c(xx — me(xx)). Since F and m, are locally Lipschitz continuous
functions (cf. Lemma 3.1 (f)), we have vy, — F(x)—c(X — (X)), xp — e (x) = X — 7 (X).
Consequently,

(v = F(X) + c(X = 7me(X)), e (X) — X) € Neph p (X, F(X)),
or equivalently,
v— F(X) + (¥ — 7c(¥)) € D*F(X)(X — 7).
This verifies that v € U and hence that d f.(x) C U.
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To show U C 3 fo(X), letv € (D*F(X) — cI) (X — 7.(X)) + F(X). Then we have
2=V + c(X—7c(X))—F(X) € D*F(X)(X—7(X)) <= (2, =X47(X)) ENgph (X, F (X)).

According to the definitions of normal cone (cf. Definition 2.1) and the regular coderivative
(cf. Definition 2.5), there exist sequences x; — X, zx — z and wy — X — 7.(X) such that
for all k,

(zk, —wi) € Negph 7 (xk, F(x1)) = (2, —wy) € (gph DF (x0)",

or explicitly,

(2, w) — (xk — e (X)), 2) < (Wi — Xk + e (xXk), 2) Vz € DF (xp) (w). 9
By the Cauchy-Schwarz inequality and Lemma 2.2 (c¢), we have for all %,

(Wi — xx + 7 (x1), 2) < ellwl Vz € DF(xp)(w),
where € := lipF (xx)||lwr — xx + 7 (xx)||. It then follows from (9) that for all &,
(2, w) < min(DF (x) (W), Xk — 7 (xp)) + exllw]| Yw € R™.

By the formula for the subderivative df, (x;)(w), we have for all k,

(2 — g — 7 (xp)) + F(xp), w) < dfe(x)(w) + exllw]| Yw € R™. (10)

Since F and 7, are locally Lipschitz continuous functions (cf. Lemma 3.1 (f)), taking the
limit as k — +o0 yields

2k — ek — e (xk)) + Fxg) = 2 — (X — (X)) + F(x) = v,

and €; — 0 (due to the upper semicontinuity of lip F(-) [37, Theorem 9.2] and wy — xx +
7. (xx) — 0). Then by [37, Proposition 10.46] and (10), we have v € 9 f.(x). This completes
the proof. O

By virtue of the formula for the limiting subdifferential set 9 f.(x) in Proposition 3.1, we
readily derive the formula for the Clarke subdifferential set d f.(x), initially obtained in [45,
Lemma 3.2].

Corollary 3.1 Let x € R". We have
3@ = (IF@®T = el ) (¢ = 7e() + F(B),
where 3 F (X) denotes the generalized Jacobian of F at X (cf. (3)).
Proof By Lemma 3.1 (f) and Lemma 2.1 (c), the function f; is locally Lipschitz continuous.

Consequently, we have 9 f,.(¥) = co(d f.(x)). The formula for 3 f,.(¥) then follows directly
from Proposition 3.1 and the coderivative duality given by (4). This completes the proof. O

3.2 Subderivatives and subgradients of f,;,
Following a parallel approach to Subsection 3.1, we present some differential properties of

the D-gap function f,; in this subsection. Most proofs are omitted as they closely mirror
those in Subsection 3.1.
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Proposition 3.2 Let x € R" and w € R". We have the following formulas:

dfap(X)(w) = (b — a)(X — 7ma(X), w) +min{(DF(x) —bl)w, mp(X) — 74(X)),
3 fab(X) = (D*F(X) = bI) (715(X) — 74(¥)) + (b — a) (X — 74 (%)),
3 fap(X) = (D*F(x) — bI) (mp(X) — 74 (X)) + (b — a) (kX — 7 (X)),

where

min((DF(x) —bl)w, mp(x) — (X)) := min (v —bw), mp(X) — w4 (X)).
veDF (X)(w)

Proof Since f,, = f, — fp is alocally Lipschitz continuous function, we have

fax +1w) — fa(®)  fr(x +1w) — fb(i)]
t t '

dfap(x)(w) = lim inf|:
t—04
By Lemma 3.1 (g), the following inequalities hold for all #:
- -\ - - a. _ -
fa®) = (F(©), % = 70 (F + 1w)) = |IF = ma(® + 1w)]1®
and
- - - - b, 2
fo(x +1w) = (F(X +1w), X + 1w — 7mp(X)) — Ellx + 1w —mp(0)[I7

Combining these with (8) and the local Lipschitz continuity of 7, and m; (see Lemma 3.1
(f)), we derive

F(x +tw) — F(x)

dfap(x)(w) < liminf( , Tp(X) — Ta (X + fw))
t—04 t
lim & IX + 1w — 7 (% 4 1w)]]? — ||IX — 7m0 (X + tw)]|?
=04 2 t
b IE A+ tw — (01— [IX — m @)
+ lim —
=04 2 t
= min (v, 7 (X) — 1 (X)) + (b(x — 7p(X)) — a(Xx — 7, (X)), w).
veDF (x)(w)

To establish the reverse inequality, we use a similar approach. By Lemma 3.1 (g), for all ¢,
we have

Fa(® 4 10) = (FE + 10), § + 10 — 72 (F)) — gnﬂw — (@)
and
b
fo@ = (F@). 5 = mp(E + 1v) = SIIF = m(E + o)l

This completes the proof of the formula for d f,; (x)(w). The remaining two formulas can be
derived analogously to Proposition 3.1. O

Corollary 3.2 Let x € R". The following properties hold:

(@) We have the formula for the Clarke subdifferential set of fup at X as follows:
3 an(®) = (AF@T = b1 ) (%) = 1) + (b = (F = 74 (F).

(b) x solves (VIP) if and only if O € 0 fup(x) and w,(x) = mp(X).
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Remark 3.1 The formula for 3 f,;(¥) was first obtained in [45, Lemma 3.3]. Subsequently,
it was also derived in [28, Theorem 4.1] and [21, Theorem 3.1] for some generalized D-gap
functions. According to the generalized Fermat’s rule [37, Theorem 10.1], the condition

0 € dfup(X) (1)

is necessary for x to be locally optimal for the optimization problem
min fup(x),
xeR"

and thus it is necessary for x to be a solution of (VIP) (cf. Lemma 3.1 (¢)). Another necessary
condition for X to be a solution of (VIP), by Lemma 3.1 (c), is the equality

7 (X) = 7p (X). (12)

Although these two necessary conditions together are sufficient for x to be a solution of
(VIP), it is interesting to note that neither of them alone is sufficient. B
It was shown in [21, Theorem 4.3] that x solves (VIP) if and only if O € 9 f,;5(x) and

we Ty, F,K), ZedF(x)

T
2T e T B K)* } = Fx)Tw=0, (13)

where T, (x, F, K) is acone defined as in Lemma 3.1 (e). However, by resorting to Corollary
3.2 (b) and noting that 3 f,,; (X) = 8 fu5(X) in the presence of (12), we can refine [21, Theorem
4.3] as follows: x solves (VIP) if and only if 0 € F) fap(x) and (12) holds. Note that , (x)
and 7, (x) are involved in the definition of T, (x, F, K). So in contrast to the verification of
(13), it is much easier to verify (12).

It is also worth noting that (12) is implied by (11) whenever the inequality

d(0,d fap(X)) = plmp(X) — 7 (X)] (14)

holds for some © > 0. Inequalities in the form of (14) will play a crucial role in the next
section.

4 The Kurdyka-tojasiewicz inequality and error bounds of f,,

In this section, we investigate the KL inequality and error bounds for the D-gap function
fap by utilizing the formula for the limiting subdifferential sets d f,5(x) presented in the
previous section. Before stating our main results in Theorem 4.1, we provide in Lemmas
4.1-4.4 several results regarding the necessary and sufficient conditions for the following
inequality:

d(0, 3 fap(x)) = pllmp(x) — ma(X)|| Vx €V,
where V is some open set in R”.
Lemma4.1 Let x € R" and let u > 0. Ifd(0, 3 fup(x)) > wl|lmp(x) — 7wq(x)|l, then

wu(d —a)
d(0, 0 fap(x)) > mllx — 7q(x) || (15)
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Proof Let w := mp(x) — ma(x) and let u := x — m,(x). By applying the formula for
d fap(x) in Proposition 3.2, we can find some z* € D*F (x)(w) such that d(0, 3 fp(x)) =
lz* — bw + (b — a@)u||. Then we get (15) as follows:

d(0, 9 fap () = =I|2 = bllwll + (b — @)u]
> —(b+1lip F()|wl + (b — @) u]
> PR 4(0, 9 fup()) + (b — @) ull,

where the first inequality follows from the triangle inequality, the second one from Lemma
2.2 (d), and the last one from the assumption that d(0, 9 f,5(x)) > w||wl|. This completes
the proof. O

Lemma 4.2 Assume that lip F (x) is bounded from above on a nonempty subset V of R", as
is true in particular when V is bounded. Then the following properties are equivalent:

(a) There is some v > 0 such that d(0, d f,p(x)) > u/fap(x) Vx € V.
(b) There is some u > 0 such that d(0, 0 fyp(x)) > pullx — r,(x)|| Vx € V.
(¢) There is some p > 0 such that d(0, 3 fup(x)) > pllmp(x) — 7 (x)|| Vx € V.

Therefore, fup satisfies the KL inequality at any solution x of (VIP) with an exponent Of% if
and only if any of (a), (b) and (¢) holds with V being some neighborhood of x.

Proof Therelations (a) <= (b) = (c) follow directly from Lemma 3.1 (a). Since lip F (x)
is upper semicontinuous ([37, Theorem 9.2]), it follows from [37, Corollary 1.10] thatlip F (x)
is bounded from above on each bounded subset of R”. We now show (¢) = (b) by assuming
that (c) holds for some > 0 and that there is some L > O such that lip F(x) < LVx € V.
By Lemma 4.1, we get (b) as follows:
(0,9 fup(x)) = #m:)m)”x — 7 () = :‘fT“)Lnx — 7 ()] VxeV.

Let x be a solution of (VIP). Firstly, we note that f, is locally Lipschitz continuous with
fab = 0 and fup(x) = O (cf. Lemma 3.1 (c)). Then f,; satisfies the KL inequality at x
with an exponent of % provided that, according to Definition 2.3, (a) holds with V being
some bounded neighborhood of x. By the previous argument, (a), (b) and (c) are equivalent
whenever V is bounded. Hence, the last assertion is true. This completes the proof. O

Lemma 4.3 Assume that the solution set of (VIP) is nonempty. If there are some v € (0, +00)
and ¢ € (0, 4-00] such that

d (0,0 fap(x)) = pllmp(x) — wa (O Vx € [fap < €], (16)
and
L= sup lip F(x) < o0, a7
x€e[0< fup<e€]
then
b—a

%
s L @ U =00 = (Vi) V) | Vo el0.0), Vre lfup < e,
as)

which, in particular, implies the following error bound property:

b—a "w
2 wu+b+L

d(x,[fap = 0D =V far(x) Vx € [fap < £].
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Proof Tt suffices to show (18) by assuming (16) and (17) for some given u € (0, +00) and
& € (0, +o00]. Since the solution set of (VIP) is nonempty, we infer from Lemma 3.1 (c) that
[fap < 0] # @. In the following, we assume that [0 < f,; < €] is nonempty; otherwise, (18)
holds trivially. Fix an x € [0 < f;p < €]. In light of (16) and (17), it follows from Lemma
4.1 that

wb —a)

d(0, 0 fap(x)) > m”x — 7q(x) ||

Then by Lemma 3.1 (a), we have

U2 — a) \/7

d(,d >— .
(0, 9 fap(x)) = Lt btL Sab(x)
Through some straightforward calculation, we have 9/ fy5(x) = m and thus
2/ fab(x)

200/ Tmw) = 750t

2 pu+b+ L’
Then by [24, Lemma 2.1 (ii’)], we have

b—a “w
\Y% > _
IV fab|(x) = 4/ 3 atbil

where for a function f : R” — R and a point y € R”,

VAIG) = limsup LD =T OD+
y—>F, yEF ly — ¥l

denotes the the strong slope of f at y, introduced by De Giorgi et al. [14]. Since x € [0 <
fab < €] is chosen arbitrarily, we can apply [6, Theorem 2.1] to deduce that

inf inf Ia@ =0 _ IV fabl (x)
0<vO</e xe[VO</Tar<vEl d (x, I:\/m < \/5]) xe[0</fap</%]
b—a n

> T L 7
“V 2 u+b+1L

from which, (18) follows readily. This completes the proof. O

There are numerous existing conditions in the literature that are sufficient for Lemma 4.2
(¢) or (16). This can be observed from the following lemma, in which we also present a new
sufficient condition that can be regarded as a form of restricted strong monotonicity.

Lemma4.4 Let u > 0 andlet V. C R" be open. Consider the following properties:

(a) F is strongly monotone on V with modulus p, which holds in the case of V being convex
if and only if the following inequality holds for all x € V where F is differentiable:

(VF@w, w) > pllwl]> Yw € R", 19)
(b) The following holds for all x € V where F is differentiable:

(VE(x)w, w) > ullw|]* Yw € Ty(x, F, K).
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(¢) The following holds for all x € V where F is differentiable:
(VF(x)(ma (x) — mp(x)), Ta(x) — mp(x)) = | (x) — 7 ()|
(d) d(0,0 fap(x)) = plimp(x) — ma(x)| Vx € V.
We have (a) — (b) — (¢) =— (d).
Proof According to [16, Proposition 2.3 (b)], the following inequality holds for all x € V:
(Zw, w) > pllw|> VZ € VF(x), Yw € R", (20)

if F is strongly monotone on V with modulus x. Moreover, the converse is true whenever
V is convex. Since VF (x) € VF(x) when F is differentiable at x, (19) is implied by (20).
To prove that (20) is implied by (19), let x € V and let Z € VF(x). By the definition of
VF(x) (cf. (2)), there is a sequence x; — x such that F is differentiable at x; for all k and
VF(xx) — Z.Then by (19), we have for all sufficiently large k that

(VF(xpw, w) > pllwl]* Yw e R",

which implies (20) by taking the limit as k — oo.

By the previous argument, we get (b) from (a) in a straightforward way. To get (¢) from
(b), it suffices to note the following facts: (1) 7, (x) — mp(x) € Typ(x, F, K) (cf. Lemma 3.1
(e)); (2) my(x) = mp(x) whenever f,,(x) = 0 (cf. Lemma 3.1 (c)).

‘We now show (¢) = (d). Letx € V. Setw := mp(x) —m,(x) and u := x — mw,(x). We
first claim that the following inequality holds for all z* € conv D* F (x) (w):

(2%, w) > pllw|>. Q1)

By the coderivative duality (4) for a locally Lipschitz continuous mapping, we have z* €
{ATw | A € conv VF(x)}. Then there exist a positive integer » and some A’ € VF(x) such

that T
r r
= (Sw) e () @
i=1 i=l1

where A’ > 0 for a]l i and Zle Al = 1. For each A’ € VF(x), by its definition, theye exists
some sequence {x; } such that F is differentiable at x; for all k, x; — x and VF(x;) — A’
as k — oo. Then by (c¢), for all k large enough, we have
(VF () (ra () — 75(x), Ta () — 7)) = gl () — 700 e |1
Thus, by taking into account that , and m; are locally Lipschitz continuous and letting
k — oo, we get
(A (774 (x) = 7)), 7a (x) — (X)) = pl|7p (x) — 74 ()]

In terms of w, this is equivalent to (AHTw, w) > p|lw||?. Combined with (22), this leads
to (21).

By applying the formula for 9 f,;(x) in Proposition 3.2, we can find some z* €
D*F (x)(w) C conv D*F (x)(w) such that d(0, 3 fzp(x)) = [|Z* — bw + (b — a)u]|. Then
we get (d), since we have

d(0, 3 fup(x)) [l = (Z* = bw + (b — @)u, w) > (T, w) > pllwll?,
where the first inequality follows from the Cauchy-Schwarz inequality, the second one from

Lemma 3.1 (d), and the last one from (21). This completes the proof. O
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Remark 4.1 Since VF(x) € VF(x) C 9F (x) when F is differentiable at x, Lemma 4.4 (b)
holds if the following inequality holds for all x € V:

(ZTw, w) > ullw|* VZ € IF(x), Yw € Tup(x, F, K). (23)

The supremum of all possible positive p satisfying (23) for all x € R" with f;;(x) > 0 can
be reformulated as

pap = inflw” Zw | Z € IF(x), w € Tup(x, F, K), [lwll =1, fup(x) >0} (24)

The quantity 1,4, was first introduced for a general case in [21, Theorem 4.2], where the
condition 1,5 > 0 was utilized to study the local error bounds for f;.

Remark 4.2 Lemma 4.4 (c¢) can be easily reformulated as

(&, 7p(x) = T4 (%)) = |7 (¥) = 7p(x)|]* Vx € V, 2* € conv D*F (x) (mp (x) — 74 (X)),
or

(22 Ta (%) = (X)) = pll7a(x) = Tp(x)|[* Vx € V, z € conv Dy F (x) (4 (x) — 7p(x)),

where D, F (x) stands for the strict derivative mapping of F at x (cf. (6)).

Moreover, it should be noticed that 7, (x) — 7, (x) € K — K C L forall x € R”, where L
is the parallel linear subspace of K. This implies that Lemma 4.4 (c) holds if the following
stronger property holds for all x € V where F is differentiable:

(VF(x)w, w) > ullw|®> Yw € L.

Evidently, verifying the aforementioned property is much simpler than verifying Lemma 4.4
(c). Whenever L is a proper subset of R” (i.e., L C R"), the aforementioned property can
still be less restricted than the strong monotonicity stated in Lemma 4.4 (a). The following
example serves to illustrate this case.

Example 4.1 Consider an affine variational inequality problem (VIP) defined by the set K :=
{x € R"|Cx < d} and the mapping F(x) := Ax + ¢, where C € R"*" d e R™, A € R"*"
and ¢ € R". For this problem, verifying the strong monotonicity of F (i.e., Lemma 4.4
(a)) requires showing that A is positive-definite on the entire space R”. Assume that no row
Cy,...,Cy of Cis a zero vector. Let J := {j € {1,...,m}|C;y = d;}, where y € R"
is an arbitrary relative interior point of K. The linear parallel subspace L of K is then the
kernel ker C 7 of the matrix C7, where C 7 denotes the submatrix of C consisting of the
rows C; with j € J, and ker C 7 is set by convention to be R” when J = #. As explained in
Remark 4.2, to verify Lemma 4.4 (c), it suffices to show that A is positive-definite on ker C 7.
This condition is strictly less restrictive than the strong monotonicity of F when J # @ or
equivalently the Slater condition for the linear system Cx < d fails to hold.

In the case where F is an affine mapping and K is the entire space R”, we can provide
details regarding how the properties in Lemma 4.4 differ from one another in the following
example.

Example 4.2 Let A € R™" and g € R”" be such that ¢ + rge A # {0}, where rge A denotes
the range space of A. Consider an instance of (VIP) with K = R" and F(x) = Ax +¢. In
this case, finding a solution of (VIP) amounts to finding a solution to the linear equations
Ax + g = 0, which exists if and only if ¢ € rge A. Clearly, F is continuously differentiable
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onR"” with VF(-) = A, which implies that f, is continuously differentiable on R". Through
some direct computation, we have
b—

b—a a 5
Tp(x) = ma(x) = ——(Ax +¢q), far(x) = —[Ax +4qll",
ab 2ab

and
b—a
V fab(x) = WAT(AX +q), Tap(x, F,K) = {w | (Ax + ¢, w) < 0}.

Then, in the case of V = R", Lemma 4.4 (a)-(d) can be reduced respectively to the following:

(a) A — pl is positive-semidefinite on R".

(b) A — ul is positive-semidefinite on at least one closed-half space containing the origin
and hence on the whole space R”. (Therefore, (a) and (b) coincide, both of which implies
that A is positive-definite on R” and that the linear equatios Ax + ¢ = 0 has a unique
solution.)

(¢) A — nl is positive-semidefinite on the linear subspace R{q} + rge A, which entails
positive-semidefiniteness of A” AA—p AT A on R" and is equivalent to it when g € rge A.
(The latter property can be fulfilled for a symmetric matrix A if and only if A is positive-
semidefinite and 0 < p < A;, where A; is any positive eigenvalue of A.)

(d) AAT — 121 is positive-semidefinite on the linear subspace R{g} + rge A, which entails
positive-semidefiniteness of (A7 A)2 — u2AT A on R” and is equivalent to it when ¢ €
rge A. (The latter property can be fulfilled as long as 0 < u < +/A;, where A; is any
positive eigenvalue of AT A.)

Therefore, in the case where g € rge A and A is symmetric and positive-semidefinite (but
not positive-definite), Lemma 4.4 (a)-(b) cannot hold. However, Lemma 4.4 (c) can hold
as long as 0 < p < A;, where A; is any positive eigenvalue of A. This demonstrates that
Lemma 4.4 (c¢) can be strictly weaker than Lemma 4.4 (a)-(b). On the other hand, in the case
where ¢ € rge A and A is symmetric but not positive-semidefinite, Lemma 4.4 (c¢) cannot
hold. Nevertheless, Lemma 4.4 (d) can hold as long as p is less than or equal to the square
root of the smallest positive eigenvalue of A7 A. This demonstrates that Lemma 4.4 (d) can
be strictly weaker than Lemma 4.4 (c).

Theorem 4.1 Assume that any of (a)-(d) in Lemma 4.4 holds with some i > 0 and V = R".
Then the following properties hold:

(@) fap is a KL function with an exponent of %
(b) If F is coercive on R", then the solution set of (VIP) is nonempty and compact, and «/ fap
has a local error bound on R", i.e., the following holds for any given ¢ > 0:

b—a "
2 pu+b+1L
where L is any number such that L > lip F (x) for all x € [0 < fup < €].

(¢) If the solution set of (VIP) is nonempty and F is globally Lipschitz continuous with a
constant L > 0, then «/ fup has a global error bound on R", i.e., the following holds:

d(x, [fab =01) =/ fap(x) Vx € [fap = €]

b—a %
2 pu+b+1L

d(x,[far <0D) </ fap(x) Vx € R".

Proof For each x that is a solution of (VIP), it follows from Lemma 4.2 that f,; is a KL
function at x with an exponent of % For each x that is not a solution of (VIP), we assert
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that O ¢ 0 fup(x), and thus f,p is a KL function at x with an exponent of 0. Otherwise, if
0 € 9 fap(x), together with the equality 7, (x) = m,(x) which can be guaranteed by Lemma
4.4 (d), it would imply that x is a solution of (VIP) (cf. Corollary 3.2 (b)). Overall, f,; is
indeed a KL function with an exponent of % This verifies (a).

To show (b), fix any ¢ > O and let L := SUP, [0« £, <¢] 1iP F (x). By the coerciveness of F
on R” (hence on K), the solution set of (VIP) is nonempty and compact (cf. [12, Proposition
2.2.7]), and the level set [ f,; < €] is bounded (cf. [21, Lemma 4.1]). Since lip F (x) is upper
semicontinuous (cf. [37, Theorem 9.2]), it follows from [37, Corollary 1.10] that lip F(x) is
bounded from above on each bounded subset of R”. So we have L < +o0. Then by Lemma
4.3, we get (b) in a straightforward manner.

To show (c), we apply Lemma 4.3 again by noting that

sup lipF(x) <L.

x€[0< fyp<+0o0]

This completes the proof. O

Remark 4.3 In the case where Lemma 4.4 (a) holds for some i > O and V = R” (i.e., F is
strongly monotone on R” with modulus w), it was pointed out by [21, Remark 2.1 (ii)] that
F is coercive on R”. In this situation, Theorem 4.1 (b) holds without explicitly assuming
coerciveness. On the other hand, when Lemma 4.4 (b) holds with V = R" and some u > 0,
Theorem 4.1 (b) can be deduced from [21, Theorem 4.2](cf. Remark 4.1). To the best of our
knowledge, all the results in Theorem 4.1, except for the ones mentioned above, are new.

Example 4.3 ([21], Example 4.4) Consider an instance of (VIP) with K = Ri_ and F : R? -

R? being given by F(x) = (x; + (x1)4+(x2)4, x2+ %(xl)Jr)T. Clearly, F is differentiable
atx € R? if and only if x;x7 # 0, and moreover,

(1—2)62)(11) if x; >0,x >0,
10
VF(X): (§1> ifx1>0,x2<0,
2

10 .
<01> if x; <0,x2 #0.

Leta € (0, 1) and b = 1. According to [21, Example 4.4], F is coercive and not monotone
on R?, and +/f,; has a local error bound on R? (with some error bound modulus expressed
in an abstract way), and 45 > 1, where p,p is defined by (24).

In what follows, by virtue of Lemma 4.4 (c¢), we can show that 14, = 1 and that some
error bound modulus expressed in an explicit way can be provided. First, by some direct
calculation, we have 7, (x) = (0, 0)” for all x € R? and

a—1 T .
X1, 0 lfxlf(),XZZO,
a

a—1 a—1 r .
X1, X2 ifx; <0,x <0,
a

a—1 3 T . 2(a—1)
0, Xy = 5o if0 <ux; < =5—x,
a a

©, 0T otherwise.

Tq(x) — mp(x) =

Then it is straightforward to verify that the inequality

(VF(x)(704(x) — (%)), 7a(x) — 70p(x)) > pl|7ma(x) — 70 ()| >
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holds for all x € R2 with xx2 # 0 if and only if 0 < p < 1. That is, Lemma 4.4 (c) holds
with V = R? if and only if 0 < < 1. As Lemma 4.4 (c) is implied by Lemma 4.4 (b), we
deduce that Lemma 4.4 (b) cannot hold with V = R? and u > 1, which implies that (4
cannot be greater than 1 (cf. Remark 4.1). Therefore, we confirm that 1¢,, = 1. Furthermore,
we can apply Theorem 4.1 to get the following: (i) f,p is a KL function with an exponent of
%; (ii) o/ fap has a local error bound on R2, i.e., for any given ¢ > 0,

b—a 1
2 1+b+ L

where L is any number such that L > sup,.¢

d(x,[fap =0 =V fap(x) Vx € [fap < €],

lip F(x).

0< fap<e

5 A derivative-free descent method for (VIP)

In this section, we investigate the convergence behavior of the following descent algorithm
with an Armijo line search. This algorithm is essentially identical to those studied in [17, 21,
34, 35, 45, 47], particularly in terms of the manner in which descent directions are chosen.
Algorithm

Step 1. Set0 <a < band 0 < p < 1. Choose three positive constants «, 8, t such that 8
and 7 are small and that « is close to b — a. Select a start point xg € R”, and set
n=20.

Step 2. If fup(x,) = 0, stop. Otherwise, go to Step 3.

Step 3. Letu, = m,(x,) —x, and wy, = 7, (x,) — 7w (x). If Bllun|| < ||wnll, setd, = wy,
and select m,, as the smallest nonnegative integer m such that

v Gn 4 p™d) = fap(xn) < —70" ||dy|[>. (25)

Otherwise, set d,, = u, and select m, as the smallest nonnegative integer m such
that

JabCon + p"dn) = fap(e) < — (b —a —a) p"[|d,]I>. (26)

Step 4. Sett, = p"™", xp41 = Xp + tndy, and n = n + 1, and go to Step 2.
In the following, we will make the following assumptions.

Assumption (i) F is globally Lipschitz continuous with a constant L > 0 (implying
that 7, and 7, are globally Lipschitz continuous).
Assumption (ii) There exists some u* > 0 such that the inequality
(VF(x)(ma (x) — mp(x)), w0 (x) — mp(x)) = |70 (x) — 705 ()]

holds for all x € R” where F is differentiable. This implies by Theo-
rem 4.1 that f is a KL function with an exponent of 1 and by Remark
4.2 and (7) that

min (2, T (x) — mp(x)) > p¥||a(x) — 7p()|* Vx € R".
2€DF (x)(mq (x)—mp (X))

Assumption (iii) The parameters «, 8, t in the Algorithm are chosen such that
0<p b—a
<B<—
b+ L

Firstly, we present two technical lemmas that are beneficial for our subsequent analysis.

b+L)B<a<b—a, 0<7t<p®
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Lemma 5.1 Under Assumption (i), we have the following for all x € R" and v € 9 f 5 (x):

vl = (b +lip F(x0)) |75 (x) — (O[] + (b — a)|lx — 7 (X))
= b+ L)y (x) = )l + (b —a)llx — ma ()]

Proof In view of Lemma 2.2 (d) and the formula for d f,5(x) presented in Proposition 3.2,
we get the first inequality. The second inequality follows directly from Assumption (i). O

Lemma 5.2 Consider a locally Lipschitz continuous function g : R" — R. For some x € R"
and w € R"\{0}, assume that there are some o > 0 and 0 < to < t1 such that

glx +1ow) — g(x) < —otollwll* and g(x +nw) — g(x) > —on|jwl.
Then there exist some 6* € (0, 1) and v* € dg(x 4+ 0*tyw) such that
gx +tw) — g(x) =11 (v*, w).

Proof Define ¢ : R — R by ¢(0) := g(x + 0nw) — g(x) + 0[g(x) — g(x + rw)].
Evidently, ¢ is locally Lipschitz continuous, and ¢(0) = ¢(1) = 0. Moreover, it follows
from the assumption that

p(to/t1) = g(x + tow) — g(x) + (to/t)[g(x) — glx +Hw)] < 0.

This implies the existence of at least one 6* € (0, 1) such that ¢ attains its minimum over
[0, 1] at 6*. By the Fermat’s rule, this further implies that 0 € d¢(6*). In light of the local
Lipschitz continuity of g, we get from the calculus rules [37, Exercise 8.8 and Theorem 10.6]
that

(™) C g(x) — gx + niw) + {t1 (v, w) | v € Igx +0*nw)}.

This completes the proof. O
Proposition 5.1 Under Assumptions (i)-(iii), Step 3 of the Algorithm is well defined.

Proof To prove that Step 3 in the Algorithm is well defined, it suffices to show thatif 8]|u, || <
Hwall, —d(— fap) ) (wn) < —Tllwa %, and if Bllunll = [[wall, —d(— fap) (xn)(un) <
—(b —a — a)|lun||*. Based on the proof of the formula for df,;(x)(w) in Proposition 3.2,
we get the formula for the subderivative of — f,;; at a point x € R”" as follows:

—d(—fap)(X)(W) = (b — a){x — 7w, (x), w) —min((DF(x) —bl) w, —mp(x) + 74(X)).
In the case where B||u,|| < ||wy||, we have

—d (= fap) (xp) (wp)

(b(xp — mp(xp)) — a(xy, — ma (X)), Wp) — minzeDF(xn)(w,,)<Z» Wy)
— MiNzep F(x,)(wp) (2> Wn)

— | lwa] |2

—7l|wall?,

A IANIA

where the first inequality follows from Lemma 3.1 (d), the second inequality follows from
Assumption (ii), and the third inequality follows from Assumption (iii). In the case where
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Bllun|l = |lwy||, we have

—d(— fab) (xn) (tn)

(b(xy — mp(xp)) — a(xy, — e (X)), ty) — mianDF(X,,)(u,,)(Zv wy)

—(b = a)lfup|* + b(g (xn) — 7 (¥n), tn) + MaXzeDF (x,)(ur) (22 —Wn)
—[(®—a)— bﬁ]”un”z + maXzEDF(x,,)(u,,)<Zv —Wy)

—[(b — a) = bB1lunl* + Lljunl| - [lwall

—[(b—a) — (b + L)B]||unl?

—[(b — a) — a]||un] |,

A INIAIA

where the first inequality follows by using the Cauchy-Schwarz inequality and the inequality
Bllun|| = ||lwy]|, the second inequality follows from Lemma 2.2 (¢) and Assumption (i), the
third inequality follows from the inequality B||u,|| > ||w,||, and the last inequality follows
from Assumption (iii). This completes the proof. O

Proposition 5.2 Assume that the sequence {x,} generated by the Algorithm satisfies
fap(x) > 0 for all n. Under Assumptions (i)-(iii), there is some t* > 0 such that t,, > t*
for all n, i.e., the step size sequence {t,} generated by the Algorithm has a positive lower
bound.

Proof Recall that in Step 3 of the Algorithm, we set u,, := 7, (xp) — Xpn, Wy = T (xy) —
wp(xp), and d,, 1= uy, if Bllu, || > llwyll, and d, := wy, if Bllu,|| < ||w,||. Considering the
setting for d,, and our assumption that f,,(x,) > O for all n, we can infer from Lemma 3.1
(c) that d,, # 0O for all n.

Suppose, for the sake of contradiction, that the step length sequence {#,} does not have a
positive lower bound. That is, by taking a subsequence if necessary we assume that , — 0+
asn — 4o00.Duetot, = p™, wehave m, — +o00asn — +o0o. Without loss of generality,
we may assume that m, > 1 for all n. In light of the line search strategy in Step 3 of the
Algorithm, we apply Lemma 5.2 to get

FabCon + p"™ 7 ) — fap () = p™ Ny, dy) Vi, Q27)

where v, € 3 fup(yn) With y, := x, + 00"~ 1d, and 6% € (0, 1). By the formula for
9 fab(yn) in Proposition 3.2, there exists some z;; € D*F (75 (y,) — 4(yn)) such that

Up = ZZ +b(yn — 75 (yn)) —a(yn — wa(yn)). (28)

By Lemma 2.2 (d) and Assumption (i), we have

l1zp 1l < Lllp (yn) = ma (yn)|l. (29)

First, we consider the case where S|ju,| > ||lw,| in Step 3. In this case, we have d, =
Up = ma(x,) — x, and y, 1= x, + 6 pm”_lu,,. Thanks to the line search strategy proposed
in the Algorithm, we have f,p, (x, + 0" 'u,) — fup(xp) > —(b—a —a)p™ '||u, ||*. This,
together with (27), (28) and (29), implies that

—(b—a—a)llunll* < (va, uy)
= (2, un) + (b(yn — 75 (Yn)) — a(yn — Ta(¥n)), n)
= (ZZ, Up) + b{ma(yn) — o (yn), Un) + (b — a)(yn — wa(Yn), Un)
< (L+D)|mp(yn) — wa ()l - Nunll
—(b = a){mwa(yn) — Yn, Un). (30)
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Moreover, by Assumption (i), we have

e (yn) — (Yl < Hwall + N17wa (vn) — 706 (yn) — whl|
< Mwall + 1770 (n) — wa () | + 11706 (Yn) — 76 (x0) ]

L L
< Blluall + (1 + g)”yn —xpll + 1+ Z)”)’n — x|l

L L % my—1
=[5+(2+g+3)0np " luall, (31)

and
N7wa(Yn) — Yn — unll = l1ma(Yn) — Yn — Ta(xn) + Xpll
< o (yn) — wa x| + lyn — x2ll
< Q4+ Hllyn —xall = @+ L0 p™ = Juall.

The latter condition entails that

L _ u
(Ta(n) = v, tn) = llul 2 + @+ =67 0™~ unl (e, ”M" R (32)
n
where ¢, 1= % having the property that ||c,|| < 1. Combining (30-32), we
have ‘ L.
—(b—a—a) < (L+DIB+ Q2+ ¢+ 5" (33)

—(b—a)[1+ 2+ £)67 p" ey, )],

Next, we consider the case where B||u,|| < ||wy| in Step 3. In this case, we have d, =
Wy = 74 (Xy) —p(xy) and y, 1= x, + 0,7 ,0’”"’l wy,. Due to the line search strategy proposed
in the Algorithm, we have fp, (x, + 0™ w,) — fap (xn) > —zp™ = w, |2, which, together
with (27), (28) and (29), implies that

—fw, |2
< (Un, wy)
= <Z: +b(yn —mp(yn)) —a(yn — ma(yn)), wp)
= (sz Ta(Yn) — p(Yn)) + (Z:;a wy — (g (yn) — 7 (yn)))

HbOn — T (n)) — a(yn — Ta(Yn))s W — (Ta(Yn) — 76 (¥n))) (34)
< =1 17a () = 1)1 + (2, wa = (Ta () = 7 (7))

Hbn — 7 (n)) — a(yn — wa(Yn)), W — (Ta(yn) — 76 (yn)))
< —pu*lma(yn) — ”b(Yn)”z + Lllma () — o)l - Nlwn — (@ () — 76 (Y)) ||

+[(b — )l (¥n) — yull + bllwa(Yn) — T ) Ilwn — (e (yn) — 76 (Ya)l,

where the second inequality follows from Lemma 3.1 (d), the third one follows from Assump-
tion (ii), the last one follows from Cauchy-Schwarz inequality. Moreover, by Assumption
(i), we have

L L L L, ..,
1720 (yn) = 75 (yn) = wall = @+ — 4 llyn = Xall = @+ =+ )0, 07 {lwall, (35)

L L * my—1
[17a (Yn) — 705 ()] §[1+(2+g+3)9np " wall, (36)
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N7a(Yn) = Yull < lMlunll + 117wa(Yn) — yn — unll
L _
< lluall + @+ )67 "l
1 L
<=+ Q@+ 050" Nlwall 37)
B a
and then there exists b, with ||b,|| < 1 such that
L L * my—1
Ta(yn) — 7p(yn) = wy + 2+ 7 + E)an " wn by (38)

Combining (34-38), we obtain

Wp

L L L L
< 42 @+~ + Z)Q,fp’"”_lbn) +Q+—+ Z)2(0,’,‘0’”"“)2|Ibnl|2]

llwall”

L L L L
HLI+ @+~ + 050" T2+ =+ 0!

b - als + @+ Derom N+ L 4 Eygrpmet
B a a b

L
b

Our assumption that f,;(x,) > O for all » implies that there are infinitely many positive
integers n such that either g||u, || > ||wy|| or B|lu,|l < ||w,|l. This, in turn, means that there
are infinitely many positive integers n for which either the inequality (33) or (39) holds.
Given that p™~! — 04, we have consequently either —(b —a —«a) < (L+b)B — (b —a)
or —7 < —u*, both contradicting to Assumption (iii). This contradiction demonstrates that

the step length sequence {t,} generated by the Algorithm has a positive lower bound. This
completes the proof. O

L L L
oL+ @+ =+ 070" N2+ =+ o™ (39)

Proposition 5.3 Assume that the sequence {x,} generated by the Algorithm satisfies
fapr(xn) > 0 for all n. Under Assumptions (i)-(iii), the following inequalities hold for
all n:

FabGin1) = fab(in) < —Mi||xpp1 — Xl (40)
and
M
d(0, 8 fap(m)) < — =1 = xall, (1)

where M| := min{b —a —a,t}, My ;=L +b+ bE“ and t* is a positive lower bound of

{ta}-

Proof By Steps 3 and 4 of the Algorithm, we have 0 < ¢, < 1, x,41 = x,, + ,d, and
Fap Xng1) = fap(xn) < —Mt,|ld,||* for all n. From this, we can immediately derive (40) .
By Lemma 5.1, we have

d(0, 9 fap(xn)) < (L 4+ b)[|wul| 4 (b — @) [|unll,

where L is given as in Assumption (i), and w, = 7, (x,) — 7p(x,) and u, = 7,(x,) — x,
are defined as in Step 3. If S||u,|| < ||wy]|, from Steps 3 and 4 of the Algorithm, we get
|xn+1 — Xn |l = ty||lwy, || and hence that

b—a M2
(L +D)llwall + b — a)l|unll < (L+b+ T)Ilwnll = Tllxnﬂ — Xnll-

n
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Alternatively, if B||u, || > ||w,||, from Steps 3 and 4 of the Algorithm, we have || x,+1—x, | =
ty||luy || and hence that

b—a M
(L +D)llwall + & —a)llunll < B(L+b+ T)H“n” < T||xn+1 = xnll,
n

where the second inequality follows from the fact that 0 < f < Z;Z < 1 according to

Assumption (iii). In both cases, we get (41) by noting that the existence of a positive lower
bound ¢* of {#,} is guaranteed by Proposition 5.2. This completes the proof. O

Remark 5.1 In light of (40) and (41) in Proposition 5.3, we confirm that the sequence {x,}
satisfies Assumption (H1) and a variant of Assumption (H2) in [5]. Notably, Assumption
(H2) in [5] requires an upper estimate of the form (41) for 9 f (x,+1) (instead of 3 f(x,)).
However, it remains unclear whether the sequence {x, } possesses a convergent subsequence
(i.e., whether Assumption (H3) in [5] holds). Consequently, [5, Theorem 2.9] cannot be
directly applied unless we assume either that {x,} has a convergent subsequence or that the
level set [ fap < fub(x0)] is bounded. Nevertheless, the following theorem and its corollary
demonstrate that Assumptions (i)-(iii) collectively ensure the convergence of {x,} and the
nonemptiness of the solution set of (VIP).

Theorem 5.1 Assume that the sequence {x,} generated by the Algorithm satisfies fup(x,) > 0
for all n. Under Assumptions (i)-(iii), the following assertions hold:

(a) The sequence fup(x,) converges Q-linearly to 0.
(b) The sequence x,, has a finite length, i.e., Z,‘fﬁg [[Xp4+1 — xn|| < 400.
(¢) The sequence x, converges R-linearly to a solution x of (VIP).

Proof According to Proposition 5.3, (40) and (41) hold with M| := min{t,b — a — «},
My =L +b+ 2% and r* being some positive lower bound of {#,}.

We first show (a). By the line search strategy in Step 3 of the Algorithm, the following
hold for all n:

lldull = Bllxy — wa (xp)ll, (42)
and )
SabXng1) — fap(xp) < —min{r, b —a — Ol}tn”dnnz
< —min{t,b —a —Ot}t*”dn”2 43)
< 0.

In light of (42), we get from Lemma 3.1 (a) that ||d,,||2 > % fab(x). This, together with
(43) and the definition of M1, implies that

282 M t*
Jab(Xn41) < _/Wll‘)kHdnH2 + fap(xp) < (1 — %).fab(xn)s

and hence that,
fab(xn+1) <1_ 2132/‘411‘>k .
fab(xn) — b—a .
Clearly, we have 0 < n < 1. Then, considering the fact that f,; > 0, and by definition [29,

pp-619-620], the sequence f,p(x,) converges Q-linearly to 0.
To prove (b), we first observe that the following inequality holds for all n:

Jab n) + fap(n1) = 2\/ Jab () fap (Xn+1),

(44)
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or equivalently,

V fabGin) =/ fab (eng1) = 5 W

In view of Assumptions (i) and (ii), we get from Lemma 4.2 that for all n,

d(0, 9 fab(xn)) = W/ fab(xn).
Combing (40-41) and (45-46), we have

\/fab(xn) - ‘/f“b(x"‘H) z 2;; lxXn1 — xnll Vn,
and hence
2M ’
Si= D s~ < e a0 =V FanGins1) < ;W

n=0

(fab(xn) = fab(Xn+1))-

(45)

(46)

Since the positive sequence {S,,} is increasing and bounded above, it must be convergent.

This establishes(b).

To prove (c), we first demonstrate that {x,} is a convergence sequence. Let ¢ > 0 be
arbitrary. Since {S,,} is a convergent sequence, there exists some positive integer N such that

for any p,q > N, we have |S, — S| < &. Given that ||x,+1 — xg41l

< IS, — 8,1, the

sequence {x,} is clearly a Cauchy sequence, and thus converges to some x € R”". Since f5
is continuous and f,(x,) converges to 0, we have f,;(x) = 0, i.e., X is a solution of (VIP).
By the triangle inequality, the following inequality holds for all positive integers n and m

with m > n:

m

e = Xl < Y bekgr = il + [xms1 — EI.
k=n

In view of (b) and the fact that ||x,,+; — X|| = 0 as m — oo, we have

m [ee)

D ket = il + xmer = Xl = Y llxkp1 — xell as m — oo,

k=n k=n

and hence

o
lxn = %l < Y kg — xill.

k=n

Using (40) and (44), we further derive

X, — x| < Z faj?‘;fk) \/fab(-xn)

fab (xn)

and

n B Sap(xpn)

Cntl Jab(xnt1) < /i

Since 0 < n < 1, we have 0 < /7 < 1. Then by definition [29, pp.619-620], ¢, converges

Q-linearly to 0, and x;,, converges R-linearly to x. This completes the proof.

[}
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By noting that Assumption (iii) can be ensured by appropriately setting the parameters
o, B, and T under Assumptions (i) and (ii), the above convergence theorem implies that
Assumptions (i) and (ii) together guarantee the nonemptiness of the solution set of (VIP).

Corollary 5.1 Consider the (VIP) with F being globally Lipschitz continuous. If there exists
some | > 0 such that the inequality

(VF () (ra(x) = mp(x)), 7a(x) = 15(x)) = pall7a(x) — 5 ()]

holds for all x € R" where F is differentiable, then the (VIP) has a solution.

6 Concluding remarks

In this paper, we studied the D-gap function for a nonsmooth and nonmonotone variational
inequality problem. By deriving exact formulas for the subderivative and the regular (limiting)
subdifferential set of the D-gap function, we established necessary and sufficient conditions
for the Kurdyka-Lojasiewicz (KL) inequality property and the error bound property of the
D-gap function. Moreover, we demonstrated how these results can be applied to analyze the
linear convergence of certain derivative-free descent algorithms with an inexact line search.

For future research, we plan to extend our techniques and subdifferential formulas to other
gap functions (see [12]) that rely less on projections. Furthermore, our objective is to develop
more efficient algorithms that involve minimal projections when determining step sizes by
(25) and (26).
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