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Abstract: In this paper we deal with the construction of gap functions
for variational inequalities by using an approach which bases on the
conjugate duality. Under certain assumptions we also investigate a
further class of gap functions for the variational inequality problem,
the so-called dual gap functions.
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1 Introduction

Let K CR"™ and F': R” — R" be a vector-valued mapping. The variational
inequality problem is to find a point z € K such that

(V1) F(2)"(y—2) 20, Vy € K,

where 7 as usual denotes the transposition of a vector in R™. For a compre-
hensive survey of the problem (V' I) we refer to [10] and [12]. In the literature
even though mostly is supposed that K is a closed, convex set and F' is a
continuous mapping, in this paper we will make such assumptions only if
they are required. One of the approaches for solving the problem (V1) is to
reformulate it into an equivalent optimization problem. It is well known that
the problem (V1) can be transformed into an optimization problem

inf ¢(x),
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in case F is the gradient of a differentiable function ¢ : R* — R, F is
also differentiable and its Jacobian VF(y) is symmetric for all y € R™. For
asymmetric variational inequalities, several approaches which are based on
so-called gap or merit functions have been investigated. For details we refer
to [1],[2], [4], [8], [16], [20] and to the survey papers [9], [13]. A function - :
R™ — R = RU {#o00} is said to be a gap function for the problem (V1) if it
satisfies the following properties

(i) v(y) =0, Yy € K;
(ii) v(z) = 0 if and only if x solves the problem (V'I).

Recently, the study of gap functions for the problem (V1) and for some of
its special formulations, where the ground set K is defined by means of con-
vex inequality constraints, has been associated to the Lagrange duality (cf.
[5], 6], [21] ). Moreover, the connections between properties of gap functions
and duality have been interpreted in the context of convex optimization and
variational inequalities (see [4], [11]).

This paper aims to relate gap functions for variational inequalities to the
conjugate duality for an optimization problem. By using conjugate dual
problems which have been investigated in [19], we propose some new gap
functions for variational inequalities. Under certain assumptions, we discuss
a further class of gap functions for the problem (VI), the so-called dual gap
functions.

2 Conjugate duality

Let X C R” be a nonempty set and f : R” — R, g = (g1, ..., gm)" : R* — R™
be given functions. We consider the optimization problem

(P)  inf f(z), G={zecR" g(x)<0}.

zeXNG
For z,y € R™, by “ <, we denote the following ordering relation
tSy & y—reRT={z=(21,.,2m) €ER"| 2, >0, i =1,m}.

By using a general perturbation approach and the theory of the conjugate
duality the following dual problems for (P) have been introduced (see [3], [19])
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and

(Dre)  sup { = () + inf[p"w + ¢"g(w)] },

or, equivalently,

(Dpe) — sup { - ") - (ng)}(—p)}-

Here h% : R® — R we denote the conjugate function of the function h rel-
ative to the set X defined by h*(¢) = sup[¢Tx — h(z)]. If X = R™, then h%

zeX
becomes the classical (Fenchel-Moreau) conjugate which will be denoted by

h*. Let us also denote by dom h = {x € R"| h(z) < —i—oo} the effective

domain of h and for a subset C' C R™, by ri(C) its relative interior. The
problems (D) and (Dp) are the classical Lagrange and Fenchel dual prob-
lems, respectively. The dual problem (Dpgy) is called the Fenchel-Lagrange
dual and it is a "combination” of the Fenchel and Lagrange dual problems.
By construction weak duality always holds, i.e., the optimal objective values
of the mentioned dual problems are less than or equal to the optimal objec-
tive value of (P). Denoting by v(P) the optimal objective value of (P) and
by v(Dy), v(Dr), v(Dpr) the optimal objective values of (D), (Dp) and
(Drr), respectively, the following result has been proved.

Proposition 2.1 Let X be a convex set and f, g;, i = 1,m be convex
functions. Then the following assertions are true:

(i) If ril X NG)Nri(dom f) # @, then v(Dp) = v(P). Moreover, if v(P)is
finite then the problem (Dg) has an optimal solution.

(ii) If ri(X) N ri(dom f) # @, then v(Dy) = v(Dpyr).

In order to formulate the strong duality theorem for the primal and the three
dual problems, we need the following constraint qualification

gi(2') <0, 1€ L,

(CQ) 32’ € ri(X) Nri(dom f) : G(r) <0 ieN.

Here
L={ie{l,...,m} | g; is an affine function}

and
N ={ie{1,...,m} | g; is not an affine function}.
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Proposition 2.2 (Strong duality)
Let X be a convex set and f, g;, i = 1, m be convex functions. Assume that the
constraint qualification (CQ) is fulfilled. If v(P) is finite then (D), (Dp),
(Dpr) have optimal solutions and it holds

v(P)=v(Dy) =v(Dg) =v(Dgp).

3 (Gap functions for variational inequalities

By using the conjugate duality theory presented in the previous section, we
discuss the construction of gap functions for variational inequalities. Before
to do this, we recall some well-known gap functions for the problem (V'I).

Definition 3.1 (Auslender’s gap function, [2])

VI T
= F — ).
Ya'(7) = max F(z)" (z — y)
Let us now assume that the ground set K is defined by
K ={zeR" gi(x) <0, i=1,2,..,m}, (3.1)

where g; : R® — R are convex functions and g(z) = (g1(2), ..., gm(2))T. Gi-
annessi proposed the following gap function which explicitly incorporates the
constraints that define the ground set K.

Definition 3.2 (Giannessi’s gap function, [5])

78! (z) := inf sup {F(:U)T(a: —y) — )\Tg(y)}.

AZ0 yeR”™

Note that the formulation of Giannessi’'s gap function is inspired by the
Lagrange duality for the optimization problem

(PY; ) inf F(z)" (y — ),

yeK
where K is given by (3.1) and = € R™ is fixed. It is easy to see that
6! (@) = —v(Dp's ),

where v(D}’;x) denotes the optimal objective value of the Lagrange dual
problem for (PY7!; z). Now let us state the Fenchel dual problem for (PY7; z)
and define a function in the similar way, i.e.,

e’ (x) = —v(Dp'; ).
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Since the conjugate of the objective function for (PY7!;z) is

sup 'y~ P (g - o] = { 10 BPZE e

yERn ~+00, otherwise,

the Fenchel dual problem for (PY/;z) turns out to be

DpYI, s {—FT+'fT}:'fFT—.
(Dp, ) Sup (2)" + inf p'yp = inf F(2)"(y - 2)

Whence we get

7 (@) = —u(Dpe) = = Inf Pl (y - @) = sup F(@)" (e —v),

v5! is nothing else than Auslender’s gap function. Let us notice that, by using
the Fenchel duality, we can define a gap function for an arbitrary ground set
K. Assuming again that the ground set K is given by (3.1), in view of (3.2),
the Fenchel-Lagrange dual problem for (PV/;x) becomes

(Df1:a) sup { = F(a)"e+ inf [p"y+q"g()] }
p=F(x) yeRr®
q20
= sup inf [F(2)"(y — 2) + ¢ g(y)]}.
g0 YER"
The function 3 (x) := —v(D}L; x) also reduces to the Giannessi’s gap func-

tion. The result can be summarized as follows.

Proposition 3.1
(i) For the problem (VI), it holds v%!(y) = v4!(y), Yy € R".
(ii) If the ground set is given by (3.1), then it holds

Yer () =1 (y) =& (y), Yy € R™

The problem (V1) can be generalized to the following variational inequality
problem, find a point x € K such that

(GVI) F(z)"(y—2)+ fly) — f(x) >0, Vy € K,

where f : R® — R is a proper, convex function (see, for instance [8], [23]).
As said before, to the problem (GVI) one can associate the following primal

problem

GVI, :
(P77 5x) inf o(y),



where ¢ : R" — R, ¢(y) := F(z)"(y —2) + f(y) — f(x) and = € R" is fixed.
One can derive the conjugate of ¢ by

©'(p) = sup "y —oly)] = sup 'y — F(z)"(y — ) — f(y) + f(2))]
= fYlp—F(x)+ F(z)"z + f(x). (3.3)

Therefore the Fenchel dual problem for (P¢V1; z) is

(D§e)  sup { = £ (p— F(@)) = F@)e — f(@) + inf p"y .

peER™

Likewise the problem (V' I), we can introduce the following function

YV () = —o(DEV T 2) = inf { (0= P(@) + Fe)Te + f() + 55 (—p) }.

pER™

where dx denotes the indicator function of the set K.

Theorem 3.1 Let ri(K) N ri(dom f) # @ and K be a convex set. Then
véV1 s a gap function for the problem (GVI).

Proof:
(i) Let z € K be fixed. By weak duality it holds
v(DEYT: ) < w(PCV1:2) <.
Whence v&V!(z) = —v(DEV1;z) > 0.

(i) If v&VI(z) = 0, then 0 = v(DE;z) < v(PYV12) < 0 and so
v(PYVI:z) = 0. This means that z solves the problem (GVI). On
the other hand, if z € K is a solution to the problem (GVI), then
v(PYVI; x) = 0. By Proposition 2.1(i) implies that

VGV (z) = (DY x) = —u(PCVE z) = 0.
0

Similarly, by using the formulations of the duals (Dy) and (Dpr), we can
introduce for x € R" the following functions

7 (@) = —u(DE )

= —sup inf {F(m)T(y —x)+ f(y) — f(z) + ng(y)}

qzo yGR”



= inf sup {F(x)T(:I: —y) = fly) + f(z) - ng(y)}

— (g y{F(:c)Tx + f(x) + sup [—F(2)Ty = fy) - ng(y)]}
= wf { P+ f(@) + (7 +0"0)' (~F ()}
and, in view of (3.3),
W @) = (D)
= —sup { = Pl Pl - ) - 1)~ o) ()}
— plergn {f*(p —F(2))+ F(x)Te + f(x)+ (ng)*(—p)},

respectively, if K is given by (3.1).

Theorem 3.2 Assume that the constraint qualification (CQ) is fulfilled.

Then v&V1 and &)1 are gap functions for the problem (GVI).

Proof:
(i) It is easily verified by weak duality (see the proof of the Theorem 3.1(i)).

(ii) By 7¢Vi(x) = 7%} (z) = 0, x is a solution of the problem (GVI).
Conversely, let the problem (GV'I) be solved by x and the constraint
qualification (C'Q) be fulfilled. Then by Proposition 2.2, it holds strong
duality. This implies that

ViV (@) =5 (z) = —v(DFV s 2) = —v(DG] T 2) = —o(PCV 5 2) =0
O

Remark 3.1 Because of v(P®V!;z) = 0, where x is fixed, by the strong
duality result in Section 2, the dual problems for (P“V!; z) have optimal so-
lutions. Consequently, under the assumptions of Theorem 3.1 and Theorem
3.2, one can use “min,, instead of “inf, for the proposed gap functions.

Remark 3.2 If one takes K = R" in the formulation of the problem (GVI),
then it reduces to the extended variational inequality problem. By using
7SéV1 we obtain the same gap function for the extended variational inequal-

ity as in [4]. This shows that our approach generalizes some previous results.
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Indeed, because of

* o o A _ 07 lfp = 07
On(—P) = :;1]15[ pal= { +00, otherwise,
we have
V@) = il { (0= () + F@) 0+ f(2) + G (-p) |
peR”™

= [{(=F(2)) + F(2)'z + f(2).

Next let us study the relations between the gap functions for (GVI) intro-
duced above.

Proposition 3.2 Let the ground set K be given by (3.1). Then it holds

V@)
<97y (2), ¥z €R™

Ve ()

Proof: Let z € R" be fixed. According to Propositions 2.1 and 2.2 in [3]
(see also [19]) implies that

v(DFY @)
v(DFL s x) < :
v(DEYT; 1)
or, equivalently,
—vo(DEV )
< —o(Dg"; x).
—vo(DEV5 )
which leads to the desired conclusion. OJ

One of the desirable properties for gap functions is the convexity. Under
certain assumptions this property will be fulfilled. Further we need the fol-
lowing definition.

Definition 3.3 A mapping F': R — R" is said to be
(i) monotone if [F(z) — F(y)|"(z —y) >0, Vo,y € R
(ii) pseudo-monotone if F(y)T(z —y) > 0 implies

F(2)"(z — y) > 0, Yo,y € R".



Proposition 3.3 (Convexity of v&V7)

Assume that K is a convex set and F : R™ — R" is an affine and monotone

mapping. Then vGV! is convex.

Proof: Let us verify first that the the function

(z,p) = f*(p = F(z)) + F(2) 2 + f(z) + 6 (=) (3.4)

is convex with respect to (z,p). If F' is affine and monotone then F(x)Tx is
convex. Moreover the conjugate functions f* and dj are also convex. By
the assumptions f is also convex. If F' is affine then p — F(z) is affine. The
composition of a convex function with an affine function f*(p — F(z)) is also
convex. So, the function given by (3.4) is convex. Therefore, by Theorem 1
in [18], ~&V! is convex. O
Proposition 3.4 (Convexity of &1 and &} 7)

Assume that F : R" — R" is an affine and monotone mapping. Then v&V!

and GV are convez.

Proof: Because of the functions

(f+4q"9)" (—=F(x)) = sup [—F(z)"y — f(y) — q" 9(y)]

yeR?

and (¢7g)%(—p) = sup[—pTy—q* g(y)] are convex as the pointwise supremum

yeX
of affine functions with respect to (z, ¢) and (p, ), respectively, the convexity
of ¥¢V1 and v&Y! follows from Theorem 1 in [18]. O

4 Dual gap functions for the problem (V1)

In this section we introduce another class of gap functions for the problem
(VI), the so-called dual gap functions. Under assumptions that K is a closed,
convex set and F is a pseudo-monotone (monotone) and continuous mapping
(see, for instance [10],[12]), the problem (VI) is equivalent to the problem
of finding x € K such that

VI)  Fy)'(y—z)>0, Vye K.
The function 74”7 : R® — R defined by

i (@) = sup F(y)"(z —y)
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is called the dual gap function for the problem (V' I). Remark that v%* is the
gap function in the sense of Auslender for the problem (VI’) and has been
studied, for instance, in [14] and [22]. On the other hand, by using the duals
(DY), (DY";2) and (DYE: z) of the optimization problem

PV inf F(y)" (y —
(P™a)  inf Fly) (y — ),
where x € R" is fixed, we formulate the corresponding functions as follows

(@) = —o(DE @) = inf { swp "y + F(y) (2 = y)] + 0ic(-p) |,
peR® yER™

) = D) = intsup {F0) (= 0) — " 9(0) .

Wi @) =~ ) = inf {suppTy+ F)" (@ —y)) + (¢"9)"(-p) )
pE>RO yeRn
q=

In case of the functions 4} ! and v4', K is given by (3.1). Before we show
that the proposed functions are gap functions for the problem (VI), let us
prove some relations between them.

Proposition 4.1 It holds

AN () < ALY (x), Yo e R™

Proof: Let z € R" be fixed. For any p € R" it holds

suRp [pTz — F(z)T(z —x)] > ply — F(y)T(y —x), Yy € R",
z€R™

or, equivalently,

sup 'z = F(2)'(z—2)] —p'y > F(y)' (xz —y), Yy € R"™.
zeR™

Taking the supremum in both sides over all y € K

ZseuRg[pTz — F(2)" (2 — 2)] + 0% (~p) > sup F(y)'(z —y).

After taking the infimum in both sides over all p € R™ we conclude that
! (@) = 95" (2), Vo € R™ O

Proposition 4.2 Let the ground set be given by (3.1). Then it holds

o L (x) .
Y4 (x) < < vpp (7), Vo e R™.

! ()
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Proof: Like in Proposition 3.2, by Propositions 2.1 and 2.2 in [3] (see also
[19]), one can conclude that

! (@) ,
<y (z), Yz € R™.

! (x)

On the other hand by Proposition 4.1, one has 747 (x)
Let z € R® and ¢ = 0 be fixed. Because of —q”g(y)
F(y)"(z — y) in both sides, we have

Fiy)"(z—y)—q"gly) = Fy) (= — y).

Taking the supremum over all ¥y € K and that the infimum over all ¢ = 0
implies that v}/ (z) > v4¥ (x), Yo € R™. Thus the proof is completed. ~ [J

), Vo e R™

< pl(a
> 0,Vy € K, adding

At next we show that under monotonicity assumptions the functions in-
troduced above can be related also to the Auslender’s and Giannessi’s gap
functions.

Proposition 4.3 Let F': R" — R" be a monotone mapping. Then it holds

() < (@) < vi(x), Vo e R

Proof: By Proposition 4.1 there is 747 () < y%" (z), Vo € R™. Taking into
account the monotonicity of F, it holds

[F(y) — F(x)]"(y —x) > 0, Va,y € R",

or

F(y)'(y —z) > F(x)"(y — x), Yo,y € R".

Let x € R" and p € R” be fixed. Adding —p’y and taking the infimum in
both sides over all y € R", we get

inf [=p"y + F(y)" (y —2)] > inf [-p"y + F(2)"(y — )],

yeR”

or, equivalently,

sup [p'y — F(y)" (y — )] < sup p'y — F(z)" (y — z)], (4.1)

yeER™ yER™
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Then, after adding 0} (—p) and taking the infimum in both sides over all
peR"

inf { sup [p"y — F(y)"(y — 2)] + 5e(—p) | =" (2)

peER™ yeR™
< inf {sup [Ty - F@)"(y - )] + 0 (-p) } =7 ().
peR” yeR™

In view of Proposition 3.1(i) implies that y5!' (z) < A%!(z), Yo € R". O

Proposition 4.4 Let F' : R" — R" be a monotone mapping and the ground
set K be given by (3.1). Then it holds

W' (@) < ol (2) < 45N (z), Yo e R™

Proof: By Proposition 4.2 one has
v (z) < 5L (z), Yo € R™

Let z,p € R™ and ¢ = 0 be fixed. Since F' is a monotone mapping, in the
same way we can obtain the relation (4.1). Whence, adding (¢%¢)*(—p) and
taking the infimum in both sides over all p € R"™ and ¢ = 0 implies that

inf { sup [p"y — F(y)" (y — )] + (ng)*(—p)} =1 ()

< inf { supp’y — F@)"(y = 2)] + (¢"9)"(=p) | = i),

yeR™

Taking into account Proposition 3.1(7i) we conclude that
Wi(z) <48l(x), Vo € R™ 2

Theorem 4.1 Let K be a nonempty, closed, convex set and F : R* — R"

be a monotone and continuous mapping. Then 'y}”/ 1 a gap function for the
problem (VI).

Proof:

(i) Let x € K be fixed. By weak duality it holds

VW (z) = (DY 2) > —v(PY!;2) > 0.

12



(ii) If v (x) = 0, then
0=v(Dp;z) <o(PVF:;x) <0.

Thus v(PY";2) = 0 and this means that also v(P"';z) = 0 and so  is
a solution of (VI). Conversely, let x € K be a solution of the problem
(VI). Then it holds v4’(z) = 0. By Proposition 4.3 and according to
(1) we conclude that v%!' (z) = 0. O

Theorem 4.2 Let F' : R" — R" be a monotone and continuous mapping.
Assume that for the problem (VI) the constraint qualification (CQ) is ful-
filled. Then YT and v%E are gap functions for the problem (VI).

Proof:

(i) Let x € K be fixed. By weak duality and in view of Proposition 4.2 it
holds

L (2) 2 71" (2) = —e(DL"2) = —u(PYT2) > 0.
(i)
Since Yl (z) = 4} (x) = 0 implies that
0=v(DW' z) = oDV 2) < o(P"!";z) <0.

Consequently v(PY":z) = v(PV!;z) = 0. So z is a solution of (VI). Let
r € K be a solution of the problem (V1) and the constraint qualification
(CQ) be fulfilled. Then it holds v%!(x) = 0. By Proposition 4.4 and in view
of (i), implies that v}o!'(z) = 7Y (z) = 0. O

Remark 4.1 Since the functions

yseulg {pTy + F(y)T(z — y)} and 5161[13 {F(Q)T(l’ —y) — ng(y)}

are convex as the pointwise supremum of affine functions with respect to
(p,z) and (g, ), respectively, by Theorem 1 in [18] one can easily verify the
convexity of the functions v, v}/ and .7
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