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Abstract: In the theory of optimization an essential role is
played by the differentiability of convex functions. In this paper
we shall try to extend the results concerning differentiability to a
larger class of functions called strongly «(-)-paraconvex.

Let (X, ||.||) be a real Banach space. Let f(z) be a real valued
strongly «(-)-paraconvex function defined on an open convex subset
QCX,ie.

flte+(1—t)y) < tf(x)+(1—t)f(y)+Cmint, (1—t)]a(]z—yl).

Then there is a set of the first Baire category Ap C €2 such that the
function f(-) is Fréchet differentiable at every point 2o € Q\ Ap.

Keywords: «(-)-paraconvex functions, Fréchet differentiabi-
lity.

1. The a(-)-paraconvex and strongly «(:)-paraconvex
functions

Let (X, |.||) be a real Banach space. Let f(z) be a real valued convex continuous
function defined on an open convex subset 2 C X, i.e.

fltz+ (1 —t)y) <tf(z)+ (1 —t)f(y). (1)

We recall that a set B C €2 of second Baire category is called residual if its
complement Q \ B is of the first Baire category. Mazur (1933) proved that if
X is separable, then there is a residual subset Ag such that on the set Ag the
function f is Gateaux differentiable. Asplund (1968) showed that if additionally
in the dual space X* there exists an equivalent locally uniformly rotund norm,
then there is a residual subset Ap such that on the set Ap the function f is
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Fréchet differentiable. The spaces X such that for the dual space X* there exists
an equivalent locally uniformly rotund norm are now called Asplund spaces. It
can be shown that each reflexive space and spaces having separable duals are
Asplund spaces. Even more, a space X is an Asplund space if and only if each
its separable subspace Xy C X has a separable dual (Phelps, 1989).

Let a(t) be a nondecreasing function mapping the interval [0, +00) into the
interval [0, +-o00] such that

t
lim @ =0. (2)

tlo ¢t
Let, as before, (X,].]|) be a real Banach space. Let f(z) be a real valued
continuous function defined on an open convex subset 2 C X. We say that the

function f(-) is a(-)-paraconvez if there is a constant C' > 0 such that for all
z,ye€Qand 0<t <1

flta + (1 =t)y) <tf(2)+ (1= 1)f(y) + Calllz = yl)). (3)

For a(t) = t? this definition was introduced in Rolewicz (1979a) and the
t2-paraconvex functions were called simply paraconvex functions. In Rolewicz
(1979b) the notion was extended to the case a(t) = t7,1 < v < 2, and the
t7-paraconvex functions were called y-paraconvex functions.

We say that the function f(-) is strongly o(-)-paraconvez if there is a constant
C1 > 0 such that for all z,y € Qand 0 <t <1

fltz + (1= t)y) < tf(x)+ (1 =t)f(y) + Crmin[t, (1 = O)]a(l|lz — yl). (4)

Of course every function f(-) strongly a(-)-paraconvex is also «a(-)-paraconvex.
The converse is not true and the conditions warranting the fact that each «(-)-
paraconvex is strongly a(-)-paraconvex can be found in Rolewicz (2000). In
particular each t7-paraconvex function, 1 < v < 2, is strongly ¢7-paraconvex.

If

a(t) _
i =0 )

then an «(-)-paraconvex function is convex. If
a(t)

lim sup 7 < 00, (6)
t10

then an «a(-)-paraconvex function is a difference of a convex and a quadratic
function (Rolewicz, 1980). If

limoz—2 = +o0, (7)

then the class of a(-)-paraconvex functions is larger.
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The notion of a(-)-paraconvex functions can be treated as a uniformization
of the notion of approximate convex functions introduced in the papers of Luc,
Ngai and Théra (1999, 2000). We recall that a real-valued function f(-) defined
on a convex set  C X is called approximate convex if for arbitrary zo € Q
and € > 0 there is § = d(e, xg) such that for x,y such that ||z — z¢|| < J and
lly — xo|| < § we have

fltz+ (1 =t)y) < tf(x) + (1 —t)f(y) +eminft, (1 - )]z -y (8)

We say that a real-valued function f(-) defined on a convex set 2 C X is called
uniformly approxzimate convez if for arbitrary e > 0 there is § = §(¢) such that
for 2,y such that ||z — y|| < ¢ and (8) holds.

PropPOSITION 1.1 (Rolewicz, 2001b) Let (X, |.||) be a real Banach space. Let
f(z) be a real valued continuous function defined on an open convex subset
Q C X. Then it is uniformly approzimate convez if and only if there is a(-)
satisfying (2) such that f(-) is a(-)-paraconvez.

We shall recall now the different notions of directional derivatives.

By the Dini derivative of a continuous function f(x) at a point zy in a
direction h we mean the number

fzo +tu) — f(zo)
t )

D T
d f|x0(h)7hnt1l(1)nf

u—h

(9)

where the lower limit in formula (9) is taken with respect to any sequence {¢,}
of positive numbers tending to 0 and to any sequence {u,} tending to h.

By the lower directional derivative of a continuous function f(x) at a point
o in a direction A we mean the number

o + th) — f(w)
t

1d T
d f|m0(h) = hr?l%)nf (10)

By the upper directional derivative of a continuous function f(z) at a point
o in a direction A we mean the number

fzo +th) — f(xo)
p .

d“df|$0(h) = lim sup (11)
t10

If the lower directional derivative is equal to the upper directional derivative
we shall call it simply directional derivative.

By the Clarke derivative of the function f(z) at a point x in a direction h
we mean the number

dle‘xO(h) = lim sup f(@+th) — f(z) "

)
t10 t

r—xzQ
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where the upper limit in formula (12) is taken with respect to any sequence
{tn} of positive numbers tending to 0 and to any sequence {z,} of elements
belonging to the domain of the function f(x) (i.e., such that |f(z,)| < +00)
tending to xg.

It is easy to see that always

dPfl, (h) <df|, (B) < d"f|, (h) <d°'f|, (R). (13)

In the case of strongly a(-)-paraconvex functions defined on open convex sets
we have equality. The proof is based on the following

PROPOSITION 1.2 (Rolewicz, 2000) Let Q be an open convex set in a Banach
space X. Let f(-) be a strongly a(-)-paraconver function. Then it is a locally
Lipschitz function.

Basing on Proposition 1.2 we can prove:

THEOREM 1.1 (Rolewicz, 2001) Let 2 be an open convez set in a Banach space
X. Let f(-) be a strongly a(-)-paraconvex function. Then

dPf, (0) = df, (h) = df], (h)=d“'f|, (h). (14)
The aim of this paper is to show

THEOREM 1.2 (Rolewicz, 2005) Let 2 be an open convex set of an Asplund space
X. Let f(-) be a continuous strongly «(-)-paraconvex function. Then there is
a residual set Ap C  such that the function f(-) is Fréchet differentiable at
every point xg € Ap.

At the moment I do not know anything about the possibility of replacing the
assumption of strong «(:)-paraconvexity by «(-)-paraconvexity.

2. Uniform approximative subdifferentiability

For the case of convex functions the proof of theorem similar to Theorem 1.2
consists of two parts
(a) a convex function has a subgradient at each point,

(b) if a function has a subgradient at each point, then there is a residual set
Ap C Q such that the function f(-) is Fréchet differentiable at every point
To € AFR.

In the classical situation condition (a) is so trivial, that it is not observed at
all. But now we are in a different situation. It is necessary to define ”subgradi-
ents” and to show a strongly «f(-)-paraconvex function has a ”subgradient” at
each point. Moreover the corresponding ”subdifferentiability” ought to warrant
the step (b).
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The natural candidate is so the called approximate subgradient introduced
by Toffe and Mordukhovich (see Ioffe, 1984, 1986, 1989, 1990, 2000; Mor-
dukhovich, 1976, 1980, 1988). Namely a linear functional z*(-) € X* will be
called an approximate subgradient of the function f(x) at a point z if

o (flath) — f@) —at(h)
hzn_%lf el > 0. (15)

The set of all approximative subgradients of the function f(-) at a point « shall
be called approzimate subdifferential of the function f at the point x and we
shall denote it as in the classical case by df ‘x

Of course 8f‘(.) is a multifunction mapping a domain of 8f‘(.) into 2",

If for all z € Q ('9f|gC # () we say that the function f(-) is approzimate
subdifferentiable.

Unfortunately, till now we are not able to show that an approximate sub-
differentiable function f(-) is Fréchet differentiable on a residual set. However,
the uniformization of the notion of approximate subdifferentiability has the
requested property.

Observe that (15) holds if and only if there is a non-negative non-decreasing
function G,(-) defined on the interval [0, +00) and such that g% Bz (u) = 0 and

(f(z + 1) — £(0)) —2*(h)
2]

Indeed, the function

> B (||])). (16)

(f(@+h) — f(z)) —a*(h) ‘
2]

Br(s)) = sup
{h:lInl<s}
has the requested property.
Putting o, (u) = uf;(u) we can rewrite (16) in the form

f(z+h) = f(z) = 2"(h) — ag(|[A]])- (18)

Unfortunately 5,(-) (and thus a,(-)) can be different in each point and we are
not able to use this definition for the problem of differentiation on a residual
set. Thus there is an idea of a uniformization of this notion.
Let a(t) be a nondecreasing function mapping the interval [0, +00) into the
interval [0, +o00] such that
t
im 28—, (2)
tlo ¢
Let f() be a real-valued function defined on an open set 2 of a Banach space
X. Let x € X. A linear functional * € X* such that

f(@+h) = f(z) = 2"(h) — a(|[A]]) (19)
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is called a uniform approxzimate subgradient of the function f(-) at x with the
modulus a(-) (or briefly a(-)-subgradient of the function f(-) at ). The set of all
a(-)-subgradients of the function f(-) at = will be called the a(-)-subdifferential
of the function f(-) at x and it will be denoted by 5‘af|x.

We say that a function f(z) is «(-)-subdifferentiable if 8af|x # 0 for all
x €.

PRrROPOSITION 2.1 (Rolewicz, 2001) Let 2 be an open convex set in a Ba-
nach space X. Let f(-) be a strongly a(-)-paraconvezr function. Then its a(-)-
subdifferential is equal to the Clarke subdifferential.

Since by Proposition 1.2 the function f(-), considered in the Proposition
2.1, is locally Lipschitz and locally Lipschitz functions have non-empty Clarke
subdifferentials at each point, we get:

COROLLARY 2.1 ((Rolewicz, 2001)) Let Q be an open convex set in a Banach
space X. Let f(-) be a strongly a(-)-paraconver function. Then it is «f-)-
subdifferentiable.

In a similar way we can consider a uniform Fréchet gradient. Namely we say
that z* € X* is an a(-)-gradient of the function f(-) at x if

[f(@+h) = fz) =27 (h)] < a(|[A]])- (20)

By linearity of #* and property (2) of a(-) the a(-)-gradient is unique.
We say that a function f(x) is «a(-)-differentiable if it has «(-)-gradient for
all z € Q.

3. The af-)-differentiability of strongly a(-)-paraconvex
functions

At the beginning of this section we shall show:

THEOREM 3.1 (Rolewicz, 2002) Let Q2 be an open convex set in a separable
Banach space X. Let f(-) be an «f-)-subdifferentiable function defined on €.
Suppose that the dual space X* is separable. Then there is a residual set D C )
such that the function f(-) is Fréchet differentiable at every point xo € D.
Moreover, on D the Fréchet gradient is continuous in the morm in conjugate
space X*.

The proof is based on several notions. The first one is the notion of «f(-)-
monotonicity of multifunctions.
Let, as before, a(t) be a function mapping the interval [0,4o00) into the
interval [0, +o00] such that a(0) = 0 and such that
a(t)

Iim —% =0. 2
im—= =0 (2)
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We say that a multifunction I' mapping X into X* is «(-)-monotone if for
all z* € T'(x), y* € T'(y) we have

lv* —2"|(y —2) + allz —y[) = 0. (21)

In particular case a(t) = 0 we obtain the classical definition of monotone multi-
functions. The notion of «(-)-monotonicity can be considered as a uniformiza-
tion of submonotonicity introduced by Springarn (1981, 1981-2).

In the case when «(t) = t” we obtain the definition of a y-monotone multi-
functions introduced by Jourani (1996).

It is obvious that, if a function f(z) is a(-)-subdifferentiable, then its «(-)-
subdifferential 0y f ‘x considered as a multifunction of x is 2¢(-)-monotone.

Indeed, take arbitrary z,y € X. Let 2* € E)‘af|x7 y* e 8af|y. By definition

fy) = f@) = 2™ (y —2) — a(lly — =) (22)
and

f@) = fy) =2y (@ —y) — a(lly — ). (23)
Adding (22) and (23) we finally obtain

02 [z" =y ](y — ) — 2a(||lz — yl)). (24)
Thus

0< [z —y'](z —y) + 2a(llz — yl)). (24)

Following Preiss and Zajicek (1984) we denote for any z* € X*, 0 < 8 < 1,
z e X,

K(z%, f,2) ={y € X : 2™ (y — 2) = Blla"[[ly — =[]} (25)

The set K (x*, 3, x) will be called an 3-cone with vertex at x and direction x*.

Now we shall extend a little this definition. Namely, let ¢ > 0 the set
K(z*, f,x,0) = K(z*, 8,x) N {y : |z — y| < o}

will be called an (3, 9)-cone with vertez at x and direction x*. It is obvious that
the set K(a*, 8, z) has a nonempty interior and, even more,

x € IntK (z*, 8, z, 0). (26)
Observe that just from the definition it follows that if 81 < (2, then

K(J?*,ﬁl,l‘, Q) D) K($*,ﬁ27$, Q)
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We recall that M C X is said to be (3-cone meagre if for every x € M and
arbitrary € > 0 there are z € X, ||z — z|| < € and z* € X* such that

MNInt K(z*,8,2) =0 (27)

(Preiss and Zajicek, 1984).
Similarly, a set M C X is said to be (3, 0)-cone meagre if for every x € M
and arbitrary € > 0 there are z € X, ||z — z|| < € and 2* € X* such that

MnNnInt K(z*,3,2,0) = 0. (28)

The arbitrariness of ¢ and (28) implies that an (3, p)-cone meagre set M is
nowhere dense.

We recall that a set M C X is called angle-small if it can be represented as
a union of a countable number of 3-cone meagre sets M,

M = G M,,. (29)

n=1

We say that M C X is weakly angle-small if it can be represented as a union
of a countable number of (3, g,,)-cone meagre sets M,

M= Gl M, (30)

for certain g > 0.
Of course, every weakly angle-small set M is of the first Baire category.

Adapting the method of Preiss and Zajicek (1984) we obtain:

THEOREM 3.2 Let (X, || -||) be a Banach space. Let Q@ C X be a convez set
with non-empty interior. Assume that X* is separable. Let a multifunction T
mapping X into 2% be a(-)-monotone and such that dom T = Q (i.e., T'(z) # 0
for all x € Q). Then there exists a weakly angle-small set A such that T' is
single-valued and continuous on the set Q \ A.

Proof. 1t is sufficient to show that the set

A={re X: }in(l) diam I'(B(z,d)) > 0}, (31)

where diam denotes the diameter of the set, is weakly angle-small. Of course,
we can represent the set A as a union of sets

Ay ={zr e X: %irr(l) diam I'(B(z,0)) > l} (32)
— n

Let {z,} be a dense sequence in the space X*. Let

Apm ={z € A, : dist(z),,['(x)) < %}, (33)
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where, as usual we denote dist(z,, I'(x)) = inf{||a}, — 2*|| : * € T'(z)}. By the
density of the sequence {z},} in X*

o0
U 4nm = A4,
m=1

We will show that the sets A, ,,, are (8, ¢)-meagre for sufficiently small p.

Indeed, suppose that € A, . Let € be an arbitrary positive number. Since
x € Ay, by (32), the are 0 < § < € and 21,22 € Q, 27 € T'(21), 23 € I'(22) such
that d(z1,2) <6, d(z2,2) < J and

1
S o I 34
It~ a3l > (34)
Thus by the triangle inequality, for every z* € I'(z) either ||z} — z*|| > 5~ or
|23 — 2*|| > 5. By the definition of A, ,,, we can find 2% € I'(z) such that

llok —ak || < %. Therefore choosing as z either z; or z2, we can say that there
are points z € X and z} € I'(z) such that d(z,z) < § and

1 B 1

122 = amll 2 Nl = 2zl = lloz — 2|l > 5o = - > (35)
Since (2) there is g, such that

1 1 t 1

1_s_1 sup &>—. (36)

2n 4dn Boc<i<o, t 4n

We shall show that
Apm NK (2 — 2y, 8,2) N {y : |z —y|| < on} = 0.
Indeed, suppose that y € K(z% — a7, 8, z). This means that
[27 —anl(y — 2) = Bl — 275 [y — =]
Suppose that z;, € T'(y). Since I' is a(-)-monotone by definition we have

[z, — 22](y — 2) = —a(lly — =)
Adding this two inequalities we get

*

[z —wnl(y = 2) 2 Bll2% — aplllly = 2] = ally = =)

and if additionally ||y — z|| < on we have by (36)

*_

y — Tnly = 2) 2 Bll2% = aplllly — 2] = allly = =)

LB 1 la(ly- =)
> Bz, = gl =2l = ally = 210 2 Bl = 4o = 5= =5

[

8
> —||ly — z||.
Zly 2|
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This implies that

g — il > £

and by the definition of A, ., y € Ay m. Thus
Anm N K (2% — a7, B,2) N {y [z —yll < on} =0

and the set A, ,, is (8, on)-meagre. Therefore the set A is weakly angle-small.
|

Since the subdifferential 9, f |x of an «f(-)-subdifferentiable function is a
2a(-)-monotone multifunction of z, we immediately obtain:

COROLLARY 3.1 Let (X,| - ||) be a Banach space. Let Q& C X be a convex set
with non-empty interior. Assume that X* is separable. Let f(x) be an «af-)-
subdifferentiable function defined on Q. Then there is a weakly angle-small set
A such that on the set Q\ A the a(-)-subdifferential 8af|m is single-valued and
continuous.

Since the weakly angle-small sets are always of the first Baire category we
immediately obtain:

COROLLARY 3.2 Let (X,| - ||) be a Banach space. Let Q@ C X be a convex set
with non-empty interior. Assume that X* is separable. Let f(z) be an «(-)-
subdifferentiable function defined on Q). Then there is a residual set D C €
such that on the set of D the «f-)-subdifferential 8af|x is single-valued and
continuous.

Proof of Theorem 3.1. Recall that, if at a point zy the Clarke subgradient
¢ = 9% f|,, is unique, than this gradient is a Gateaux differential. Indeed, let
h be fixed. By simplicity we denote f(t) = f(xo +th) — f(zo) — t¢(h). The fact
that at a point z¢ the Clarke subgradient £ = 9 f|,, is unique is nothing else
than the fact that

sup L2t = (@)

t—0 t

T—x(

—0. (37)

Suppose that the function f () is not differentiable at 0. It means that there
are a > 0 and a sequence {t,} tending to 0 such that

f(tn) < _altn|' (38)

Replacing eventually f (t) by f (—t) we can assume without loss of generality,
that ¢, > 0. Let x,, = t,h. Obviously 0 = z,, — t,h and by (38)

n

lim inf > a, (39)
om0

which contradicts (37).
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Thus by the classical theorem that a continuous Gateaux differential is a
Fréchet differential from Corollaries 3.1 and 3.2 we trivially obtain Theorem
3.1. |

Now we shall show how to extend Theorem 3.1 to the case when X is a non-
separable Asplund space. The proof (Rolewicz, 2005) is similar as the proof
that X is an Asplund space if and only if each of its separable subspaces is an
Asplund space.

PROPOSITION 3.1 Let (X, || -||) be a real Banach space. Let f(-) be a function
defined on an open convex subset Q@ C X. Suppose that x* is an approrimate
subgradient of the function f(-) in x € Q. Then z* is the Fréchet gradient of
the function f(-) at the point x if and only if for arbitrary e > 0 there is 6 > 0
such that

flz+ty) + flz —ty) — 2f(z)
t

<e (40)

for ally € X such that |ly|| =1 and 0 <t < 6.

If f(-) is strongly a(-)-paraconvex we can replace the request that (40) holds
by t small enough by the fact that such ¢ exists and we obtain:

PROPOSITION 3.2 Let (X, | - ||) be a real Banach space. Let f(-) be a strongly
a(-)-paraconver function defined on an open conver subset & C X. Then the
function f(-) is Fréchet differentiable at a point x € Q if and only if for arbitrary
€ > 0 there is t. > 0 such that

f(l‘ + tsy) + fz — tsy) - 2f(.13)
te

<e (41)

for all y € X such that ||y|| = 1.

As a consequence we get that the set G (possibly empty) of points z € Q
where the function f(-) is Fréchet differentiable is a G5 set. Therefore, if the
set G of points z € Q where the function f(-) is Fréchet differentiable is dense
in Q, then it is a residual set.

Now, suppose that f(-) is a strongly «(-)-paraconvex function defined on
an open convex subset 0 C X and that the set G of points x € Q where the
function f(-) is Fréchet differentiable is not dense in 2. Using the construction
given in the proof that X is an Asplund space if and only if each its separable
subspaces is an Asplund space, we can show that there is a separable subspace
E C X such that the points of Fréchet differentiability of the restriction of the
function f(-) to QN E, flang, is not dense in QN E.

This fact together with Theorem 3.1 gives Theorem 1.2.
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4. Extensions to metric spaces

The results of Section 3 can be extended to metric spaces. In fact, I ought to say
that at the beginning the results were formulated in this more general setting.

Let X be a metric space. Let ® be an arbitrary family of functions defined
on X and having values in the extended real line R = R U {—00} U {+00}. Let
f(-) be a real-valued function defined on X. Similarly as in the classical case, a
function ¢(-) € ® will be called a ®-subgradient of the function f(-) at a point
o if

f(@) = fxo) = d(x) — d(x0) (42)

for all x € X. The set of all ®-subgradients of the function f(-) at a point zg
shall be called the ®-subdifferential of the function f at the point xy and we
shall denote it by 8q>f‘x0.

Of course Jp f | 0 is a multifunction mapping X into 2%. It is not too difficult
to observe that this multifunction is cyclic monotone, i.e. for arbitrary n and
0, T1,...,Tn, = xo € X and ¢y, € (%f}xi, 1=0,1,2,...,n, we have

n

Z[¢Iz‘—l (xifl) - ¢Ii71 (xl)] > 0. (43)

i=1

We shall say that a function f(-) mapping a metric space (X,dx) into R is
Fréchet ®-differentiable at a point z if there is a function ¢ € ® such that

o @) = fao)) = [o@) = ool _ )

T—To dx(x,xo)

The function ¢ will be called a Fréchet ®-gradient of the function f(-) at the
point zg. The set of all Fréchet ®-gradients of the function f(-) at the point
xo is called Fréchet ®-differential of the function f(-) at the point z¢ and it is
denoted by 8£f|x0.
Under proper assumptions we can obtain an extension of the famous Asplund
theorem to the case of metric spaces. The assumptions are as follow:
(a) @ is an additive group,
(sL) @ is a set of Lipschitz functions. Moreover the space ?R is separable in
the Lipschitz norm ||¢|| L,
(wm) the family ® has the weak k-monotonicity property, 0 < k < 1, i.e. for all
x € X, ¢€ ®andt>0,there is a y € X such that 0 < dx(z,y) < t and

6(y) = ¢(2)] = k|l dx (y, x). (45)

THEOREM 4.1 (Rolewicz, 2002) Let X be a metric space. Let ® be a family
of Lipschitz functions satisfying assumptions (a), (sL) and (wm). Let a multi-
function T mapping X into 2% be monotone and such that dom I' = X (i.e.,
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T(z) # 0 for all x € X). Then there exists a residual set  such that T is
single-valued and continuous (i.e. simultaneously lower semi-continuous and
upper semi-continuous) at each point of .

Recall that in the case of normed spaces Gateaux differentiability of a convex
continuous functions f(-) at a point z is equivalent to the fact that the sub-
differential O f ‘x consists of one point only. Moreover the continuity of Gateaux
differentials in the norm operator topology implies that these differentials are
the Fréchet differentials. Similarly we have an extension of this fact to metric
spaces (Rolewicz, 1995, 1996). As a consequence we get:

THEOREM 4.2 (Rolewicz, 2002) Let X be a metric space, which is of the second
Baire category on itself (in particular, let X be a complete metric space). Let ®
be a family of Lipschitz functions satisfying assumptions (a), (sL) and (wm). Let
f() be a continuous ®-subdifferentiable function. Then there is a residual set
Q such that the function f(-) is Fréchet ®-differentiable at every point xqy € Q.
Moreover, on §) the Fréchet ®-gradient is unique and it is continuous in the
metric dy,.

References

AspLUND, E. (1966) Farthest points in reflexive locally uniformly rotund Ba-
nach spaces. Israel Jour. Math. 4, 213-216.

AsSPLUND, E. (1968) Fréchet differentiability of convex functions. Acta Math.
121, 31-47.

FABIAN, M. (1989) Subdifferentiability and trustworthiness in the light of a
new variational principle of Borwein and Preiss. Acta Univ. Carolinae
30, 51-56.

IorrE, A.D. (1984) Approximate subdifferentials and applications I. Trans.
AMS 281, 389-416.

IoFFE, A.D. (1986) Approximate subdifferentials and applications II. Mathe-
matika 33, 111-128.

IorrE, A.D. (1989) Approximate subdifferentials and applications III. Math-
ematika 36, 1-38.

IoFFE, A.D. (1990) Proximal analysis and approximate subdifferentials. J.
London Math. Soc. 41, 175-192.

IoFFE, A.D. (2000) Metric regularity and subdifferential calculus, in Russian.
Usp. Matem. Nauk 55 (3), 104-162.

JOFRE A., Luc D.T. and THERA, M. (1998) e-subdifferential and e-monoto-
nicity. Nonlinear Analysis, Theory, Methods and Appl. 33, 71-90.

JOURANI, A. (1996) Subdifferentiability and subdifferential monotonicity of
~y-paraconvex functions. Control and Cyber. 25, 721-737.



964 S. ROLEWICZ

Luc D.T., Ncar H.V. and THERA, M. (1999) On e-convexity and e-monoto-
nicity. In: A.Toffe, S.Reich and I. Shapiro, eds., Calculus of Variation and
Differential Equations, Research Notes in Mathematics Series, Chapman
and Hall, 82-100.

Luc D.T., Ngat H.V. and THERA, M. (2000) Approximate convex functions.
J. Nonlinear and Conver Anal. 1, 155-176.

MAZUR, S. (1933) Uber konvexe Mengen in linearen normierten Riumen.
Stud. Math. 4, 70-84.

MORDUKHOVICH, B.S. (1976) Maximum principle in the optimal control prob-
lems with non-smoth constraints, in Russian. Prikl. Mat. Meh. 40,
1014-1023.

MORDUKHOVICH, B.S. (1980) Metric approximations and necessary optima-
lity conditions for general classes of nonsmooth extremal problems, in
Russian. Soviet Math. Doklady 254, 1072-1076. In English version 22,
526-530.

MORDUKHOVICH, B.S. (1988) Approzimation Methods in Problems of Opti-
mization and Control (in Russian). Nauka, Moscow.

PALLASCHKE, D. and ROLEWICZ, S. (1997) Foundation of mathematical opti-
mization. Mathematics and its Applications 388, Kluwer Academic Pub-
lishers, Dordrecht/Boston/London, 1997.

PueLPS, R.R. (1989) Convex Functions, Monotone Operators and Differen-
tiability. Lecture Notes in Mathematics, Springer-Verlag 1364.

PrEiss, D. and ZAJICEK, L. (1984) Stronger estimates of smallness of sets
of Fréchet nondifferentiability of convex functions. Proc. 11-th Winter
School, Suppl. Rend. Circ. Mat di Palermo, ser II, 3, 219-223.

ROCKAFELLAR, R.T. (1970) Convex Analysis. Princeton University Press.

ROCKAFELLAR, R.T. (1980) Generalized directional derivatives and subgra-
dient of nonconvex functions. Can. Jour. Math. 32, 257-280.

ROCKAFELLAR, R.T. (1982) Favorable classes of Lipschitz continuous func-
tions in subgradient optimization. In: E. Nurminski, ed., Nondifferen-
tiable optimization, Pergamon Press, New York.

RoOLEWICZ, S. (1979a) On paraconvex multifunctions. Oper. Research Verf.
(Methods of Oper. Res.) 31, 540-546.

RoOLEWICZ, S. (1979b) On ~-paraconvex multifunctions. Math. Japonica 24,
293-300.

RoLEWICZ, S. (1980) On conditions warranting ®s-subdifferentiability. Stud-
ies in Math. Programming 14, 215-224.

RoOLEWICZ, S. (1993) On Asplund inequalities for Lipschitz functions. Arch.
der Math. 61, 484-488.

RoLEWICZ, S. (1994) On Mazur Theorem for Lipschitz functions. Arch. der
Math. 63, 535-540.

RoOLEWICZ, S. (1995a) On ®-differentiability of functions over metric spaces.
Topological Methods of Nonlinear Analysis 5, 229-236.



Paraconvex analysis 965

RoOLEWICZ, S. (1995b) On subdifferential on non-convex sets. In: D. Przewor-
ska-Rolewicz, ed., Different Aspects of Differentiability, Dissertationes
Math. 340, 301-308.

RoLEWICZ, S. (1999) On «(-)-monotone multifunction and differentiability of
~-paraconvex functions. Stud. Math. 133, 29-37.

RoOLEWICZ, S. (2000) On «(-)-paraconvex and strongly af(-)-paraconvex func-
tions. Control and Cybernetics 29, 367-377.

ROLEWICZ, S. (2001a) On the coincidence of some subdifferentials in the class
of a(-)-paraconvex functions. Optimization 50, 353-360.

RoLEWICZ, S. (2001b) On uniformly approximate convex and strongly «a(-)-
paraconvex functions. Control and Cybernetics 30, 323-330.

ROLEWICZ, S. (2002) «(-)-monotone multifunctions and differentiability of
strongly a(-)-paraconvex functions. Control and Cybernetics 31, 601-619.

RoLEWICZ, S. (2005) On differentiability of strongly «a(-)-paraconvex functions
in non-separable Asplund spaces. Studia Math. 167, 235-244.

SPINGARN, J.E. (1981) Submonotone subdifferentials of Lipschitz functions.
Trans. Amer. Math. Soc. 264, 77-89.

SPINGARN, J.E. (1981-2) Submonotone mappings and the proximal point al-
gorithm. Numer. Funct. Anal. Opt. 4 123-150.



