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ON GENERALISED CONVEX NONSMOOTH FUNCTIONS
DiNe THE Lvuc

Some characterisations of generalised convex functions are established by means
of Clarke’s subdifferential and directional derivatives.

1. INTRODUCTION

Let f be a function from a real topological vector space X to the extended real
line RU {+o0}. For every z,y € dom f and every real number A, denote

d(z,y,}) := max{f(z), f(v)} — f(Az + (1 - A)y).
The function f is said to be
(i) quasiconvex if
1) d(z,y,A) 2 0 for every z,y € dom f, A € (0,1);
(i1) strictly quasiconvex if strict inequality holds in (1) when z # y;
(ili) semistrictly quasiconvex if strict inequality holds in (1) when f(z) # f(v);

(iv) pseudoconvex if whenever z,y € dom f with f(y) > f(z), there exist
B(z,y) > 0 and é(z,y) € (0,1] such that

2) d(z,y,A) 2 AB(z,y) for every X € (0,6(z,y));

(v) strictly pseudoconvex if (2) holds whenever f(y) > f(z), z # y.
These and some other generalisations of convex functions have been investigated by
numerous authors and they have been widely used in economics, operations research,
engineering et cetera (see [1, 2, 3, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,16, 17,18, 22]
and the references given therein). Here we use the nonconventional definition of pseu-
doconvexity from {17] to avoid differentiability assumptions on the function. In [13] we
introduced the concept of quasimonotone maps and proved that a lower semicontinuous
function from a Banach space to the extended real line is quasiconvex if and only if its
generalised subdifferential map is quasimonotone. The present paper is a continuation
of [13]. Our purpose is to exploit generalised (Clarke’s) subdifferential and directional
derivatives to characterise the functions of types (ii)—(v). The results to be proven are
especially useful when dealing with nonsmooth functions. They extend at the same
time several characterisations of generalised convex functions previousely established
by other authors.

Received 30th March, 1993
The paper was partly written when the author was at the University of Erlangen—Nurnberg under a
grant of the Alexander von Humboldt Foundation.

Copyright Clearance Centre, Inc. Serial-fee code: 0004-9729/94 $A2.00-40.00.

139

https://doi.org/10.1017/50004972700016718X Published online by Cambridge University Press


https://doi.org/10.1017/S000497270001618X

140 D.T. Luc (2]

2. SUBDIFFERENTIAL OF A GENERALISED CONVEX FUNCTION

Throughout this section we suppose that X is a Banach space and f is a lower
semicontinuous function from X to R U {4oo}. For a point z € dom f, the Clarke
generalised subderivative of f at z in direction v € X is defined by

fT(z;”) =sup limsup inf M—_—_a
€>0 (y,a)ls2;t)0 YEB(v.e) t

where (y,a) |y z means that y — z, a — f(z), a > f(y), and B(v,€) is the ball
in X with centre at v and radius ¢ (see [4, 19, 20]). If f is Lipschitz around z the
above formula takes a simple form:

fi(z;v) = limsup
y—z;t|0

fly+t) - f(y)
t

The generalised (Clarke’s) subdifferential of f at z is
8f(z) = {z* € X': (z*,v) < fi(z;v) for all v € X},

where X' is the topological dual space of X, and {(.,.) is the pairing between X and
X'. If z ¢ dom F, one sets 3f(z) = 0.

We recall that a set valued map F from X to its topological dual X’ is said to
be monotone (respectively, quasimonotone) if for every z,y € X with z # y, and for
every z* € F(z), y* € F(y) one has

(z,y—z)+ (¥*,2—y) L0,
(respectively, min{(z*,y — z),{y*,z —y)} <0).

If the above inequality is strict, one says that F is strictly monotone (respectively,
strictly quasimonotone). As in [13] it can be shown that when F' is a linear operator
from a Hilbert space to itself, the following properties are equivalent:

(a) F is strictly monotone,
(b) F is strictly quasimonotone,
(c) the symmetric part of F is positive definite.

It was proven in [12, 13] that f is convex (respectively, quasiconvex) if and only if 3f
is monotone (respectively, quasimonotone) (see also 5] for convex functions and [7] for
quasiconvex Lipschitz functions). For strictly convex functions we have the following
result.
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THEOREM 2.1. If f is strictly convex, then 8f is strictly monotone. Conversely,
if 8f is strictly monotone and nonvoid, then f is strictly convex.

PROOF: Suppose that f is strictly convex. If df is not strictly monotone, there
must exist z,y € X with z #y and z* € 8f(z), ¥* € 8f(y) such that

(3) (z*,y—z)+ (¥*,2 —y) > 0.

On the other hand, by the convexity one has

() - ) > 0 255,
f(z;y) - ) > W' 5.

These inequalities and (3) imply that

£(25Y) > 3@+ f),

which contradicts the strict convexity of f. For the converse part, observe first that
since 8f(z) is nonempty for every z € X, the function f is everywhere finite, and
since 8f is monotone, by Theorem 3.1 of [12], f is convex. Hence it is Lipschitz near
every compact subset of the space. Now suppose that f is not strictly convex, that is,
there can be found a,b € X, a # b and ¢ = Aa+ (1 — A)b, some A € (0,1), such that

f(e) 2 Af(a) + (1 = A)f(3).

By Lebourg’s mean value theorem [4], there exist z € (a,c), ¥ € (¢,b) and z* €
0f(z), y* € 8f(y) such that

f(c)_f(a') = (z',c—a),
fle) = f(8) = (y*,c - b).

With these equalities in hand we calculate the sum

(z*,y - 2:) + (y*vz _y)

_ ly==l

* ”31—2" *
—"c_a"<z ac—a)+ (y ’c—b)

[le — &

iy — gl 1) = (@) | fle) - F(B)

=W == G 5y o—an + el *

lrmel g e
_||b-a|§,\(1—,\){'\'f() Af(e) + (1 = A)f(e) — (1 = A)f(2)}

20.
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This shows that 8f is not strictly monotone and the proof is complete. 0

The proof of the above theorem also reveals that the nonemptiness of the subdiffer-
ential can be replaced by the finiteness of f(z). The strict monotonicity of df alone is
not sufficient for the strict convexity. Forinstance, the function of two variables f(z,y)
from R? to RU {400} is defined by the rule

(= y)={ (.,l—y2+1)(32_1) if |z <1, |y| <1,
oo

+ otherwise,

has a strictly monotone subdifferential (by a direct calculation). However, it is not
strictly convex, for it is constant on the interval ¢ = 1, |y| < 1. Furthermore, the
second part of Theorem 2.1 remains true if we restrict the function on an open convex
subset of the space. The proof goes through without change.

THEOREM 2.2. Assume that f is Lipschitz on an open convex set and 3f is

strictly quasimonotone. Then f is strictly pseudoconvex on this set.

PROOF: Suppose to the contrary that f is not strictly pseudoconvex, that is, there
exist two points a,b,a # b of the open convex set with f(3) > f(a) such that for every
positive numbers ¢ and § < 1 one can find X € (0, 4] satisfying inequality

(4) Ff(Aa+ (1 = A)b) > f(b) — Ae.

Let c € [a,b] be a point which minimises f(z) on [a,}]. It is clear that ¢ # b because
otherwise f(z) would be constant on [a, }] and 8f would not be strictly quasimonotone.
By Lebourg’s mean value theorem [4] there exist a point z € (¢,b) and z* € 3f(z)

such that
(z*,b—c) = f(b) — f(c).
Hence
*b— 2 _"b—x" 2* b—c
(5) (e, 2) = g (etb =)
L P
> 0.

Consider now the Clarke directional derivative of f at b in direction a —b:

o fly+t(a—b)) - f(y)

f°(b,a —b) = limsu

y—b,t|0 t
3 Hmonp L0 1= 8) = 5(8)
t]0 t

https://doi.org/10.1017/50004972700016718X Published online by Cambridge University Press


https://doi.org/10.1017/S000497270001618X

[5] Generalised convex functions 143

In view of (4) and since £ can be chosen arbitrarily, one concludes that f°(b,a — b) > 0.
By the Lipschitz condition,

0(b,a — b) = *,a—b).
f(b,a - b) y,lgg-ffb)(y a—1b)

This means that there must be some y* € 8f(b) such that

(v",a—b) = f(b,a—b) > 0.
. llz—¢ll, .
Hence, v,z — b= —(y*,a—-b) 2 0.
The latter inequality and (5) contradict the strict quasimonotonicity of 8f. The proof
is complete. 0

The function given after Theorem 2.1 has a strictly monotone, hence strictly quasi-
monotone subdifferential, however it is neither strictly pseudoconvex, nor strictly quasi-

convex. The converse of Theorem 2.2 is in general not true. For instance, the function
f from R to R defined by the rule

] fz<0,
= {7

z?  otherwise,

is strictly pseudoconvex, however at z = —1, y = 0 one has 8f(z) = {1}, 8f(y) =
[0,1]. Hence Of is not strictly quasimonotone. (The function is of course Lipschitz on
any open bounded subset of R.) To formulate further results we shall make use of the
following terminology: we say that Jf is semistrictly quasimonotone on a set A C X
if for every z,y € A with f(z) # f(y), for every =* € 8f(z), y* € 8f(y) one has

min{(z*,y — z),{y*,z — y)} <0.

THEOREM 2.3. Assume that f is Lipschitz on an open convex set and its
subdifferential is semistrictly quasimonotone there. Then f is pseudoconvex (hence
semistrictly quasiconvex as well) on this set.

PROOF: Suppose to the contrary that f is not pseudoconvex, that is, there exist
two points a,b on the open convex set with f(b) > f(a) such that for every positive
number £ and § < 1, one can find X € (0, 5] such that

(6) f(Aa+ (1= A)B) > f(B) — Ae.

Take a point ¢ € (a,b) with the property that

) f(a) < f(e), f(z) < f(b) for every z € [a,c].
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Such a point exists because f is continuous (on the set we are considering) and f(a) <
f(b). Apply Lebourg’s mean value theorem to f on [a,c] to get point z € (a,c) and
z* € 8f(z) such that (z*,c —a) = f(c) — f(a). By (7), f(z) < f(b) and

N [ P
(®) e (UCRIO)
> 0.

Using (6) and the argument of the proof of Theorem 2.2 one can show that (b*,a—b) >
for some b* € 8f(b). This implies also that (b*,z — b) > 0, which together with (8)
contradicts the semistrict quasimonotonicity of f. a

Observe that the condition stated in Theorem 2.3 is merely sufficient for the
semistrict pseudoconvexity. The example given after Theorem 2.2 shows that a pseudo-
convex Lipschitz function need not fulfill it.

3. DIRECTIONAL DERIVATIVES

In this section we suppose that X is a real topological vector space and f is a lower
semicontinuous function from X to RU {+o0}. We recall that the directional upper
and lower (Dini) derivatives of f at z € dom f are the maps f) (z,.) and f.(z,.) from
X to RU{+oco} defined by

f(z + ) - f(=)
fi(zv) = hmlsou "

and f'_(:c,v) = ﬁlﬁgnf flz + tvt) — f(=)

for every v € X . In the case the two above limits are equal, it is called the directional
derivative of f at z in direction v and denoted by f'(z,v). If z ¢ dom f, we set
f'(z,v) = —oo for every v € X. We recall also that a bifunction h from X to
R U {Zoo}, (that is, a function from the product space X x X to RU {£oo} ) is said
to be monotone (respectively, quasimonotone) if for every z,y € X, z # y one has

h(:c,y - z) + h(y’z - y) < 01
(respectively, min{k(z,y — z),h(y,z — y)} < 0).

If the above inequalities are strict, we say that A is strictly monotone (respectively,
strictly quasimonotone). Similar to the concept of monotone maps of the previous
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section, the strict monotonicity, the strict quasimonotonicity of a linear bifunction and
the positive definiteness of its symmetric part are all equivalent. In [11] it was proven
that f(z) is strictly convex if and only if the bifunction f} is strictly monotone. It
is not difficult to show that the same is true for the bifunction f' . For quasiconvex
functions we established in [13] that f(z) is quasiconvex if and only if the bifunction f.
(or f4 ) is quasimonotone. Let us now study the functions of types (ii)—(v) described in
the introduction. We shall make use of the following result from [13] which we denote
by (MVT) (the abbreviation of “mean value theorem” ): for every a,b € X with f(a)
finite there exists a point ¢ € [a,b) such that f'(c,b—a) > fo, where fy denotes
F(®) — f(a) if f(b) is finite and any fixed positive number if f(b) = +oo.

THEOREM 3.1. The function f is strictly quasiconvex if and only if the bifunc-
tion f' is quasimonotone and for every fixed z,v € X, v # 0 the set {y € [z,z2 + v]:
fL(y,v) # 0} is dense in [z,z + v].

PRrROOF: Assume that f is strictly quasiconvex. In particular it is quasiconvex,
hence f' is quasimonotone by Theorem 5.2 of [13]. Suppose that the density condition
does not hold, that is, there are z,v € X, v # 0 and a positive ¢ such that

9) fl(y,v) =0 forevery y € [z,z + €v).

Consider the function f on [z,z + ev]. By (MVT), as a function of the variable ¢
the function f(z + tv) is nonincreasing on [0,¢). It follows from (9) that for any
fixed positive § one has f(z +tv) < f(z) + t6 for every t € [0,e). This means that
f(z + tv) is constant on [0,€), which contradicts the strict quasiconvexity assumption.
Conversely, if f' is quasimonotone, in view of Theorem 5.2 of [13], f is quasiconvex. If
it is not strictly quasiconvex, there exist a,b € dom f, ¢ € (a,b) with f(b) 2 f(a) such
that f(c) = f(b) > f(a). Consider the case f(b) > f(a) first. By the quasiconvexity,

(10) J(y) = f(c) for every y € [c, b].

Taking z = ¢, v = b — ¢ we see that f’'(y,v) = 0 for every y € [z,z + v), which
contradicts the density condition. Thus, the case f(b) > f(a) is impossible and must
have f(b) = f(a). If there is some y € (c,b) such that f(y) < f(b), then by the
quasiconvexity one has that f(z) = f(a) for every z € [a,c] and we arrive at a similar
contradiction as above. It not, f(y) = f(b) for all y € [c,b]. We return to the situation
(10) and the proof is complete. 1]

For continuous functions the following fact strengthens the result of [6] which dealt
with differentiable functions.

PROPOSITION 3.2. Assume that f is continuous on an open convex set C C
X. Then it is strictly quasiconvex on C if and only if whenever f'(z,+v) < 0 for
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some z € C, v € X, v # 0, as a function of t, f(z + tv) cannot attain local maximum
att=0.

ProOOF: The “only if” part is obvious. It is true even without the condition on
the directional derivative at z. For the “if” part, suppose to the contrary that the
function is not strictly quasiconvex on C. One can find a,b € C, ¢ € (a,b) such that
f(c) = max{f(a), f(b)}. Since f is continuous, it attains a maximum at some point z
on [a,b]. We may assume that z € (a,b). Take v = b — a to have a contradiction to

the assumption of the proposition. 0

THEOREM 3.3. The function f is semistrictly quasiconvex if and only if the
bifunction f! is quasimonotone and for every fixed z,v € X, v # 0 with f(z) >
f(z + v) there exists a positive € such that the set {y € [z,z + €v] : f' (y,v) # 0} is
dense in [z,z + €v].

PROOF: Assume that f is semistrictly quasiconvex. In particular it is quasiconvex
(see [9]). By Theorem 5.2 of [13], f' is quasimonotone. If the density condition does not
hold, one can find an interval inside [z, z+ev] on which the directional lower derivatives
of f in direction v are zero. This implies that f is constant on that interval. When
€ is small enough, it follows from the lower semicontinuity of f that the constant
value must be greater then f(z +v). Hence f cannot be semistrictly quasiconvex.
Conversely, if f is quasimonotone, by Theorem 5.2 of [13] the function is quasiconvex.
Suppose that it is not semistrictly quasiconvex, that is, there are a,b € X, ¢ € (a,b)
such that f(c) > f(a) = f(b). Take a positive ¢ so small that f(z) > f(b) for
every = € [c,c+ (b — c)]. By the quasiconvexity we have that f(z) = f(c) for all
z € [c,c+ €(b— c)]. This contradicts the density condition of the theorem.

As in the previous section, we shall say that the bifunction f' is semistrictly
quasimonotone if whenever z,y € X with f(z) # f(y), one has

min{f’—(zvy - :L'), f’—(yaz - y)} <0.

THEOREM 3.4. f is strictly pseudoconvex (respectively, pseudoconvex) if and
only if f' is strictly quasimonotone (respectively, semistrictly quasimonotone).

PROOF: Assume that f is strictly pseudoconvex and z,y € X, z # y with f(y) >
f(z). If f(y) = oo, by the definition f' (y,z —y) = —co. We may therefore assume
that f(y) is finite. By the strict pseudoconvexity,

f(y+ A(z ';y)) - f(y) < _ﬂ(z’y)

for every A € (0,6(z,y)), some B(z,y) >0, §(z,y) € (0,1]. Consequently f’ (y,z —y) <
—B(z,y) and indeed f! is strictly quasimonotone. Conversely, if f is not strictly
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pseudo-convex, there are z,y € X, z # y such that for every # > 0, § € (0,1] one has

(11) fQz +(1-2)) > f(y) - A8,
for some A € (0,68). We state that
(12) flyz—y)>0.

In fact, if not, say f' (y,z —y) < —2¢ for some positive €, then f(Az + (1 — A)y) —
f(y) < —Xe whenever A is close to 0. This contradicts (11) if we take 8 = ¢. Fur-
thermore, since f(y) 2> f(z), in view of (MVT) there exists some z € [z,y) such
that f'(z,y—2) > f(y) — f(z) > 0. The latter inequality and (12) show that
fl(z,y—2) 2 0, f'(y,z—y) = 0. Hence f_ is not strictly quasimonotone. For
the pseudoconvexity the proof is similar. 0

It is enough to know that f! (z,v) is positively homogeneous in the second variable.
If it happens to be homogeneous in this variable, for instance when f is differentiable,
the following strengthened version of a result of [6] can be derived from Theorem 3.4.

COROLLARY 3.5. Assume that f is continuous and f' is homogeneous in the
second variable on an open convex set C C X. Then f is (strictly) pseudoconvex on
C if and only if f' (z,v) = 0 for some z € C, v # 0 implies that as a function of the
variable t, f(z + tv) attains a (strict) local minimum at ¢ = 0.

PROOF: Assume that f is pseudoconvex on C. In view of Theorem 3.4, f' is
semistrictly quasimonotone. Suppose further that f! (z,v) =0, for some z € C, v #
0. If f(z+1tv) < f(z) for some small ¢, then by (MVT) there exists a point y €
[z + tv,z) such that f'(y,—tv) > f(z) — f(z +tv) > 0. This and the fact f'(z,+tv)
= 0 contradict the semistrict quasimonotonicity of f.. Hence f(z 4 tv) must attain a
local minimum at t = 0. Conversely, if f is not pseudoconvex, by Theorem 3.4 there are
z,y € C with f(y) > f(z) such that f' (z,y—2) 20, f.(y,2 —y) > 0. Let ¢ € [a,}]
be a point maximising f over [a,b]. It follows from the condition of the corollary that
c¢=1y and f' (y,z —y) = 0. But this again contradicts the above mentioned condition.
Thus f must be pseudoconvex. The proof of the strict pseudoconvex case is similar. ]

Another interesting corollary is a result of Schaible [21] concerning quadratic func-
tions.

COROLLARY 3.6. Let f(z) = (zAz/2) + bz be a quadratic function on R",
where A is a symmetric n X n-matrix and b is an n-vector. Then it is quasiconvex on
an open convex set C C R™ if and only if it is pseudoconvex on this set.

Proor: The “if” part is obvious. Assume that f is quasiconvex on C. By Theo-
rem 5.2 of [13], for every =,y € C one has

(13) min{{Az + b,y — z),(Ay + b,z —y)} < 0.

https://doi.org/10.1017/50004972700016718X Published online by Cambridge University Press


https://doi.org/10.1017/S000497270001618X

148 D.T. Luc [10]

For two arbitrary points zg,yp € C

1 1
(14) EyoAyo + byo > —2—3:0.4:1:0 + bzq,

we have to show that the inequality in (13) is strict. Set I(z,y) = (Ay + b,z —y). Note
that I{(z,y) is continuous in both variables and linear in the first. Let us suppose to the
contrary that strict inequality in (13) does not hold, that is, I(zo,y0) > 0 and I(yo,z0) >
0. In view of (13), it suffices to consider two cases: (I) I(zg,%0) =0, I(y0,20) =0 and
(I1) i(zo,y0) = 0, I(yo,20) > 0. The first case is impossible because it implies that
the values of f at zo and yp are equal, which contradicts (14). We treat now the
second case. If I(z,yo) is not identically zero in a neighbourhood of zy, then we can
choose € C as near to o as we want so that I(z,y9) > 0. By the continuity of I,
for this point one still has {(yo,z) > 0. The two latter inequalities contradict (13). It
follows from (14) that I(z,y) cannot be identically zero in a neighbourhood of (zg,¥)
in R™ x R™. Hence for every neighbourhoods U of zo and V of y in R™®, there exists
z € U, y € V such that {(z,y) # 0. Again by the continuity of | one may assume
that I(y',z') > 0 for every z' € U, y' € V. Taking y in the role of y, we return to
the first situation of the second case. Thus both cases (I), (II) are impossible, and the
inequality in (13) for z¢,yo must be strict. By Theorem 3.4, f is pseudoconvex. 0

We close this paper with the remark that the results presented in the last section
remain true if we use directional upper derivatives instead of directional lower deriva-
tives. The proofs are the same, noting that (MVT) is valid also for directional upper
derivatives.
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