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Pseudomonotone, single-valued functions were introduced in [9] and it was proved that the gradi-
ent of a differentiable pseudoconvex function is pseudomonotone,. In the same paper this concept
was extended in a natural way to multivalued maps but, to date, there is no result that relates
multivalued pseudomonotone, maps to the subdifferential of locally Lipschitz pseudoconvex func-
tions. In this paper, we give a nonsmooth Lipschitz pseudoconvex function whose subdifferential
is not pseudomonotone, in the sense of [9]. Besides such a characterization was achieved in [10]
using a weaker definition of pseudomonotonicity,. Exploiting this weaker concept, we provide a
characterization of the solution set of pseudoconvex programs.
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1. Introduction: paramonotone maps

Let X be a real Banach space, X* be its topological dual space and (-, -) denote the
canonical pairing between X and X*. A multivalued map 7" : X =% X* is said to
be monotone if (z* —y*,x —y) > 0 for all x,y € D(T) and z* € T(z), y* € T(y),
where D(T) is the domain of T, i.e.

D(T)={zeX : T(x)#0}.
In order to ensure convergence of several methods for variational inequalities, maps
with a slight stronger property were considered for the first time in [3].

Definition 1.1. The multivalued map 7" : X = X* is paramonotone if

i) it is monotone,
ii) for every z,y € D(T') and z* € T'(z), y* € T'(y) such that (z* —y*,x —y) =0
then z* € T'(y) and y* € T(z).
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The term “paramonotone” was introduced in [7] but the prefix “para” is somehow
misleading: the paramonotone maps are more than monotone. In [9] this prop-
erty was named monotonicity”™ but we prefer to follow [7] since paramonotonicity
is commonly used in literature. The main motivation for the introduction of the
paramonote maps lies in the analysis of interior point algorithm for variational in-
equalities. Indeed such maps possess a cutting plane property that ensures the con-
vergence of several methods as Korpolevich—type method with Bregman distances
[7], a perturbation method for saddle point problems [12], an outer approximation
method in a reflexive Banach space [5], and also proximal point methods with either
Bregman distance [4] or p-divergences [1]. Even if the class of the paramonotone
maps is more restricted than monotone, it’s worth noting that is larger than the
class of strictly monotone maps, and it includes the subdifferentials of proper con-
vex functions (see [11]). This last property allows us to present a new simple proof
of a result given in [6] concerning the solution set of a convex optimization problem
with nonsmooth objective function.

We recall the following classical notation. Let f : X — (—o00, +00] be a proper
lower semicontinuous convex function, the subdifferential of f at x € dom f is the
(possibly empty) set

Of(x) ={z" € X" ¢ f(y) > f(x) + (2",y — x), Vy € X};
given a nonempty closed and convex set C' and = € C, the normal cone to C' at x is
N(z,C)={z" e X" : (a*,y—x) <0, Yy € C}.

Moreover if we denote by (-, C') the indicator function of the closed and convex set
C, i.e. the function such that §(z,C) = 0 if x € C and é(x,C) = 400 otherwise,
then 96(z,C) = N(z,C) for all x € C: therefore the multivalued map N(-,C) is

paramonotone.

Now consider the following minimization problem
min{f(z) : z € C} (1)

with C C X and f: X — (—00,400] a given proper function and denote by S its
solution set. The well-known minimum principle affirms that if C' is convex and f
is convex and continuous at x € C, then z € S if and only if

df(z)N—N(z,C) # 0.

The next result shows that this intersection is not only different from the empty set
but it is also constant on the solution set.

Theorem 1.2 ([6]). Let C' be a closed and convexr set and f be a continuous and
convex function. Let x € S be a fized solution and

S={zxeC : df(x)Nn=N(z,C) =df(z) N —=N(z,C)};

then S = S.
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Proof. Put T(z) = df(z) N —N(z,C); since domT = S the inclusion S C S is
trivial. For the converse we observe that 1" is a paramonotone map. Indeed the
monotonicity of T trivially derives from the monotonicity of df while the para-
monotonicity follows from the fact that —N (-, C') also satisfies property ii). Given
xz € S, and fixed z* € T'(z) and z* € T(Z) we have

0=f(z) = flz) > (2", —x) >0

and
0= f(a) - f(7) = ("0 - 7) > 0.

Adding the two inequalities we have (z* — z*,2 — Z) = 0; hence z* € T(x) and
x* € T(Z) which implies z € S. O

A generalization of paramonotone maps was firstly studied in [9]. The authors
introduced the concept of pseudomonotonicity, both for single-valued and for mul-
tivalued maps in order to obtain weaker sufficient conditions ensuring the con-
vergence of cutting plane methods. Moreover they proved that a differentiable
function is pseudoconvex if and only if its gradient is pseudomonotone,. Neverthe-
less, unlike in the differentiable case, there was no result that relates multivalued
pseudomonotone, maps to subdifferentials of nonsmooth pseudoconvex functions.
In the next section we define a Lipschitz function which is pseudoconvex with respect
to the Clarke subdifferential, but its subdifferential does not fulfill the definition of
pseudomonotonicity, introduced in [9].

Subsequently, Hadjisavvas and Schaible introduced in [10] a weaker definition of
multivalued pseudomonotone, maps. In light of our counterexample this new def-
inition is more appropriate. Indeed they not only showed that these maps possess
the cutting plane property but they proved the characterization of a locally Lip-
schitz pseudoconvex function by means of the pseudomonotonicity, of its Clarke
subdifferential. This equivalence allows us to formulate in Section 3 a simple char-
acterization of the solution set of a pseudoconvex nonsmooth minimization problem
over a convex set. This result is a generalization of Theorem 1.2.

2. The concept of s—pseudomonotonicity,

As already mentioned in the introduction, a generalization of the concept of para-
monotonicity for single-valued maps was firstly introduced in [9].

Definition 2.1. The single-valued map F : X — X* is pseudomonotone, if

i) it is pseudomonotone, i.e. for all x,y € X such that (F(x),y — x) > 0 then
(F(y),z —y) <0,

ii)  for every z,y € X such that (F(z),
there exists k > 0 such that F(z) =

y—x) =0 and (F(y),z —y) = 0 then
kF(y).

It is clear that every paramonotone map is also pseudomonotone,. The importance
of the concept of pseudomonotonicity, is double. First of all it is, in some way,
a minimal condition ensuring that the cutting plane property for variational in-
equalities holds. Moreover the gradient of a differentiable pseudoconvex function is
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pseudomonotone,. In the same paper, the authors extended in a natural way the
definition of pseudomonotonicity, to multivalued maps. Since in the next section we
will employ a weaker and more appropriate concept of pseudomonotonicity, due to
Hadjisavvas, and Schaible [10] we call this s—pseudomonotonicity (where the prefix
“s” stands for strong).

Definition 2.2. A multivalued map T : X = X* is s—pseudomonotone, if

i) it is pseudomonotone, i.e. for all z,y € D(T) and z* € T'(x) such that (z*,y—
x) > 0 then (y*,z —y) <0 for all y* € T(y),

ii) for every z,y € D(T) and z* € T'(x), y* € T(y) such that (z*,y —z) = 0 and
(y*,x —y) = 0 then there exists k > 0 such that ky* € T'(x).

Hadjisavvas and Schaible [10] observed that, unlike in the differentiable case, there is
no known result that relates multivalued s—pseudomonotone, maps to suitable sub-
differentials of nonsmooth pseudoconvex functions. In spite of this attractiveness,
they proposed a more appropriate definition (that we introduce in the next section).
Nevertheless they did not present an example in support of their conjecture. Aim
of this section is to confirm their presupposition. We need some definitions. Given
a locally Lipschitz function f : X — (—o00 + oo] the Clarke directional derivative
of f at x € dom(f) along the direction v € X is

! t _ /
f(x,v) = limsup fl@' +tv) - f(a)
(@' )= (2,0%) t

and the Clarke subdifferential at x is
f(x)={x" X" : fo(zx,v) > (2" v), Vv e X}

A locally Lipschitz function f is said pseudoconvex with respect to the Clarke subdif-
ferential 0° if for every x € dom(f), y € X and z* € 0° f(x) such that (z*,y—z) > 0
we have f(y) > f(z). In [13] the authors established that a locally Lipschitz
function is pseudoconvex if and only if its Clarke subdifferential is pseudomono-
tone. The following example shows that in general the subdifferential fails to be
s—pseudomonotone,.

Example 2.3. Consider the function f : R? — R defined by

(|I'1|+|£L'2|—]_7 if |l’1| >1
L /O D + Al
Ty — 1+ — |z1])? + 4|71 _
Frr. ) = (’ 1 (2x 1) 1 2|> , if0< || <1and |xg] <1
’ o 1
73, if ;1 =0 and |z5| < 1
\|JZ2‘, if |l’1’ < 1 and |I2| >1

Clearly f is a nonnegative continuous function and f(x1,z2) = 0 if and only if
(x1,22) belongs to the segment o = [—1,1] x {0}. Therefore o is the set of all
minimizers of f. Since f is symmetric with respect to the two axes, we limit
ourselves to study the main properties of f on the first orthant R? only.
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Lipschitzianity of f. The first orthant can be divided in three disjointed boxes
with the following interior part: S = (0,1) x (0,1), By = (0,1) x (1,+00) and
Ry = (1,+00) x (0,400). In each open box the function is differentiable with

Vf<$1,l'2
N (w1, 22)( 331,:62) — 2361:62)’ N (21, 22) i (o) €S
223\/(1 — 21)2 + dx129 z14/ (1 — 21)% + a2,
(071 if (:L’l, l’g) - R1
(1, 1) if (.171, Ig) - RQ

where N(z1,29) = 21 — 1 + /(1 — 21)%? + 42135. Clearly f is Lipschitzian on the
closure of R; and Rj respectively. On S, since g J (x1,) is increasing, we have

x1—1+\/(1—x1)2+4x1_ 2

0
0 S _f(xl7$2) S -
z1y/(1 — 21)2 + 42y 14+x

(933'2

and therefore
af N(ZL’I, 1’2) — 2%11}2

0< — < )

0xq (w1, 22) < x?

Moreover, since the function zy — N(z1,29) — 22129 assumes its maximum at

Ty = 2 =+ we deduce

0 1
8f1 (x1,22) < =

2
Hence the gradient of f is bounded on S and then f is Lipschitzian on the closure
of S too. In conclusion f is Lipschitzian over all the space.

Quasiconvezity of f. Fixed a level a > 0, it is easy to show that

{(v1,22) €RZ ¢ f(wy,20) < a} = {(x1,22) ERE 1 x5 <7p(x1)}

where
ra(zy) = (a —y/a)r, ++/«, if z; €0,1]
o -1+ 1+ a, if 77 € (1,400)
when o« < 1 and
a, if z, € [0, 1]
To(T1) = .
—x1+ 14, ifz; €(1,4+00)

when « > 1. Hence the contour lines are convex polygons.

Pseudoconvexity of f. Now we show that all the points of R except o are not
stationary points. This is trivial for all the points where f is differentiable. Now we
evaluate the Clarke subdifferential in the other points. We recall that if 2; denotes
the set of all the points where f is differentiable, Rademacher’s theorem affirms that
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Figure 2.1: Contour lines of f.

(1; is of full Lebesgue measure and the Clarke subdifferential can be equivalently
expressed as

where the notation “conv” indicates the convex hull. Using this formula we are able
to compute the subdifferential of f:

lim Vf(z,), z, € Qs and z, — x

n—-+o00

0° f(z) = conv {:c* eR? : *

(223 — 222, 223 — 223] x {215},
{0} x [1,2(1 + )71,

[0,1] x {1},

[Tz — @2, 1] x {1},

aof(xb IQ) =

if 77 =0 and z5 € (0,1)
if zy € 0,1) and 2o = 1
if x; =1 and 25 € [1,4+00)
if 17 =1 and z5 € (0,1)

Observe that there are no stationary points out of o. This property and the quasi-
convexity of f ensure that f is pseudoconvex as proved in [2, Theorem 4.1].

The map 0°f is not s—pseudomonotone,. First of all we show that f is differentiable

at the origin with V £(0,0) = (0,0); indeed

o . f(x17x2)

0< liminf ——=
(@1,22)=(0,0) /2% + 12

< limsup f(zy, o)

2 2
VT + x5

(Il 7372)_)(070)

e

< lim

2
21l = 14 /T =[] + Afosaa])

(xl va)_>(07O)

2 2 2
dxi\/x] + x5

Moreover f is not differentiable at (1,0) and (0,1) € 9°f(1,0). Indeed it is sufficient

11—z,
4

to consider the sequence of points {(z,,

then
( 1
:'ETIJ

_xn

lim Vf

n——400

)} with z,, < 1 and converging to 1;

) = (1,0).
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Therefore, choosing the points (0,0) and (1,0) and the elements (0,0) = V f(0,0)
and (0,1) € 0°f(1,0) we have

<(O?0)> (170) - (070)> =0= <<O7 1)? (070) - (1a0>>

but there doesn’t exist £ > 0 such that (0,1) = £V f(0,0).

0.6 —
0.4 — 5
2 .
N\ 1.5
. N - 2 A .
02— L e N\~~~ : ‘
e N\ ”/////////.4'«'
: XK
"'///

Figure 2.2: Graph of f.

This example clarifies that the concept of s—pseudomonotonicity, is too strong in
order to characterize the Clarke subdifferential of a locally Lipschitz and pseudocon-
vex function. This fact was presupposed in [10] but, to the best of our knowledge,
there was not any proof of this conjecture.

3. The pseudoconvex nonsmooth minimization problem

In [10] the authors proposed a slightly modified concept of pseudomonotonicitys,
for multivalued maps which is based on a particular equivalence relation between
multivalued maps. In order to introduce the definition we recall some results. Given
a multivalued map 7" : X = X* we denote by Z(T') the set of zeros of T, i.e.

Z(T)={zeX : 0eT(z)}.

Two maps Ty, Ty are called equivalent and write Ty ~ T3 if D(T) = D(T3), Z(T}) =
Z(Ty), and for every x € X'\ Z(T1),

U Ty (z) = U sTy(x).

r>0 s>0

This is an equivalence relation and for each map 7" we denote by

T(x) = S()

S~T
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the equivalent maximum element with respect to the order defined by graph inclu-
sion. If we consider the family of pseudomonotone maps only, it is easy to show
that T is pseudomonotone and it could be expressed as

N(x,Lr,), ifz e Z(T)
Tz) = UrT(), ifzeDT)\Z(T)

r>0

0, if z ¢ D(T)

where
Lr,={yeX : " eT(y) st. (¥, z —y) =0}
and N(z, Lr,) is the normal cone to Ly, at z.
Definition 3.1. A multivalued map T : X = X* is pseudomonotone, if

i) it is pseudomonotone,
ii) forevery z,y € D(T) and 2" € T(z), y* € T(y) such that (z*,y —z) = 0 and
(y*,x —y) = 0 then z* € T(y) and y* € T'(z).

Definitions 2.1 and 3.1 are equivalent for single-valued maps (see [10]). Moreover
condition ii) in Definition 3.1 is less restrictive than condition ii) in Definition 2.2.
Indeed, fixed y € Ly, from the pseudomonotonicity of 7" we deduce

(", y—x) <0, Vz*eT(x)

and thus T'(z) C N(x, Lr,). Hence every s-pseudomonotone, map is pseudomono-
tone, too but the converse does not hold as follows from Example 2.3 and from the
following result [10] which characterizes nonsmooth pseudoconvex functions with
the pseudomonotonicity, of a suitable subdifferential.

Theorem 3.2. Let f : X — (—o00,+00] be a locally Lipschitz function; then f is
pseudoconver with respect to 0° if and only if 0°f is pseudomonotone,.

Going back to Example 2.3, we have shown that

(0,1) ¢ [ JrV£(0,0) = {(0,0)}.

r>0

Consequently 0° f is not s-pseudomonotone,. Nevertheless Theorem 3.2 guaranties
that 0°f is pseudomonotone,. In particular, since it is immediate to verify that
0 = Lgoy,0,0), then

(0,1) € 8°£(0,0) = {0} x R.
In order to prove the main result of this paper we need two results. The first one
was proved in [10].

Lemma 3.3. If T : X = X* is pseudomonotone, and S : X = X* is a pseu-
domonotone map equivalent to T, then S is pseudomonotone,.
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The second result is a minimum principle for the pseudoconvex minimization prob-
lem (1). For sake of completeness we give a short proof.

Lemma 3.4. Consider the minimization problem (1). Suppose f is a locally Lips-
chitz pseudoconver function with respect to 0° and x € C. Then T € S if and only
if 0°f(z) N —=N(z,C) is a nonempty set.

Proof. The necessary optimality condition is well known [8]. For the reverse im-
plication, fix z* € 0°f(Z) N —N(z,C) and y € C. Since —z* is normal to C at Z,
then (z*,y — ) > 0. Finally the 0°~pseudoconvexity of f implies that f(y) > f(Z)
which concludes the proof. O]

Now we are able to provide a characterization of the solution set of the pseudoconvex
minimization problem (1).

Theorem 3.5. Consider the minimization problem (1). Suppose f is a locally Lip-
schitz pseudoconvex function with respect to 0° and ¥ € S. Define

S={zeC : &fx)N—N(z,C)=0f(z)N-N(z,C)}
Then S = S.

Proof. If ;7 € S, the necessary optimality condition implies that 9°f(x) N

—N(z,C) and 0°f(z) N —N(z,C) are nonempty sets. Since 8/0? is the maximal

—_—

element with respect to graph inclusion we have 9°f(x) N —N(z,C) # 0 and
5’7@) N —=N(z,C) # 0 too. Fix two elements z* € 8/"7@) N —N(z,C) and

* € 0°f(x) N —N(z,C). Since —x* and —z* belong to the normal cones to C
in x and Z respectively, we can write

(x*, 2 —x) >0 and (z",2—2Z)>0. (2)
From the pseudomonotonicity of 507 we deduce
(", x—2) <0 and (z",z—x) <0. (3)
and, comparing equations (2) and (3) we have
("2 —x) =0=(T",x — T). (4)

Besides, from Theorem 3.2 the subdifferential map 9°f is pseudomonotone,, and
from Lemma 3.3 we obtain that 9°f is pseudomonotone, too. Hence z* € 9°f(x)

—

and z* € 0°f(z). Furthermore for any y € C

(T y—o)=T"y—2)+ (@2 —x)=(T",y—2) >0

where the second equality descends from (4), while the inequality is due to the fact
that z* € —N(z,C). Thus z* € —N(x,C). Analogously z* € —N(z,C) which
concludes the first inclusion.
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For the converse let  be in S. The necessary optimality condition for Z c_implies

— —

that 9°f(z) N —=N(z,C) # 0. Then 0°f(x) N —=N(z,C) # 0 too. Fix 2* in 9° f(x) N
—N(z,C): only two different cases are conceivable.

—

Suppose v ¢ Z(0°f). Then &* € 0°f(x) means that there exist £ > 0 and z* €
0° f(x) such that #* = kz*. Since —N(z,C) isacone z* = k~'2* € —N(z,C). Then
O°f(x) N =N(z,C) # 0 and the sufficiency of the first order optimality condition
in Lemma 3.4 implies that x € S.

Suppose x € Z(0°f). Then 0 € 0° f(x). The sufficiency of the first order optimality
condition concludes the proof. O]

We conclude describing the particular case when the function f is differentiable.

Theorem 3.6. Consider the minimization problem (1). Suppose f is a differen-
tiable pseudoconvex function and z € S. Define

Sy={zeC : Vf(x)=kVf(z) and (Vf(z),x —Z) = 0}.

with k> 0. Then S = ;- Sk-

Proof. Two different cases are possible.

Suppose V f(Z) # 0. Since —Vf(z) € N(z,C) then Vf(z) N —=N(z,C) = V(%)
and hence

§:{xec : ﬂ(z):ﬂ(i)}:USk

k>0

where the equality (Vf(z),z — z) = 0 descends from the minimum principle

(Vi(@),z —2) 20,

from the pseudomonotonicity

and from the fact that ﬂ(x) = ﬂ(f)
Suppose V f(Z) = 0. The set | J,., Sk coincides with the set of all stationary points

on C and, by definition, every € S is a stationary point on C too. Fix an arbitrary
x € C such that V f(z) = 0; from the pseudomonotonicity, we have

Lyje.={yeX : (Vf(y),z—y) =0} ={y X : Vf(y) =0}.

and the set ﬁf(x) N —N(x,C) coincides with the solution set of the following
inequality system

(*,y —2) <0, VyeX st. Vf(y) =0,
(z*,y —x) >0, VyeC.
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Since we can choose y = T we deduce that (z*,Z — ) = 0 and thus the system is
equivalent to the following

(x*,y—7) <0, VyeX st Vf(y) =0,
(a*,y—1x) >0, VyeC.

This concludes the proof. Il

References

[1] A. A. Auslender, M. Haddou: An interior—proximal method for convex linearly con-
strained problems and its extension to variational inequalities, Math. Program. 71
(1995) 77-100.

[2] D. Aussel: Subdifferential properties of quasiconvex and pseudoconvex functions:
unified approach, J. Optimization Theory Appl. 97 (1998) 29-45.

[3] R.E. Bruck Jr.: An iterative solution of a variational inequality for certain monotone
operators in Hilbert space, Bull. Amer. Math. Soc. 82 (1975) 890-892.

[4] R. S. Burachik, A. N. Iusem: A generalized proximal point algorithm for the varia-
tional inequality problem in a Hilbert space, STAM J. Optim. 8 (1998) 197-216.

[5] R.S. Burachik, J. O. Lopes, B. F. Svaiter: An outer approximation method for the
variational inequality problem, SIAM J. Control Optimization 43 (2005) 2071-2088.

[6] J.V.Burke, M. C. Ferris: Characterization of solution sets of convex programs, Oper.
Res. Lett. 10 (1991) 57-60.

[7] Y. Censor, A. N. Iusem, S. A. Zenios: An interior point method with Bregman
functions for the variational inequality problem with paramonotone operators, Math.
Program. 81 (1998) 373-400.

[8] F.H. Clarke: Optimization and Nonsmooth Analysis, John Wiley & Sons, New York
(1983).

[9] J.-P. Crouzeix, P. Marcotte, D. Zhu: Conditions ensuring the applicability of cutting—
plane methods for solving variational inequalities, Math. Program. 88 (2000) 521-539.

[10] N. Hadjisavvas, S. Schaible: On a generalization of paramonotone maps and its
application to solving the Stampacchia variational inequality, Optimization 55 (2006)
593-604.

[11] A. N. Iusem: On some properties of paramonotone operators, J. Convex Analysis 5
(1998) 269-278.

[12] A. N. Tusem, M. A. Kallio: An interior point method for constrained saddle point
problems, Comput. Appl. Math. 23 (2004) 1-31.

[13] J.-P. Penot, P. H. Quang: Generalized convexity of functions and generalized mono-
tonicity of set-valued maps, J. Optimization Theory Appl. 92 (1997) 343-356.



