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ABSTRACT. The class of functions that are ¢-stable at some point is a gener-

alization of the class of C'1'! functions. In this paper we prove that the class of

vector functions that are ¢-stable at some point is closed under composition.
©2012

Mathematical Institute
Slovak Academy of Sciences

1. Introduction

The class of C*?! fuctions (i.e., functions with locally Lipschitz derivative)
has been intensively studied since 70’s of last century, because these functions
appear in some problems of applied mathematics as for example the proximal
point method, the penalty function method or variational inequalities.

It was shown in [BP1] that an unconstrained second-order optimality condi-
tion, which was at first stated for the class of C*! functions [GGR], holds also
for the functions that are ¢-stable at some point.

The properties of the class of ¢-stable real-valued functions were then studied
also in [BP2, BP3| [LX]. It seems to be useful to generalize the class of ¢-stable
functions for vector-valued functions, see [BP4l,[BP6, [BPT7, G| [GG], where several
vector optimization results were presented under weaker assumptions than it was
done earlier [GLL [GGRL [BP5]. In this paper, we will continue the study of the
class of f-stable vector functions.

In Section 2 we recall basic concepts of f-stability. Section 3 aims to prove
that the class of ¢-stable vector functions is closed under composition.

2010 Mathematics Subject Classification: Primary 49K10; Secondary 49J50.
Keywords: CL! function, f-stable function, generalized second-order directional derivative,
Dini derivative.
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2. (-stability for vector functions

Throughout of this text we will work with functions f: R™ — R" where
m,n € N. If X is an Euclidean space endowed with the Euclidean norm, then
Sx ={x € X : ||zl = 1} denotes the unit sphere, Bx = {z € X : |zf <1},
and (-,-) denotes the Euclidean scalar product on X.

Further, if Y C X, then int Y, Y denote the topological interior and topolog-
ical closure of Y, respectively. £(R™, R™) will denote the space of all continuous
linear operators L: R™ — R™. f’(x) denotes the Fréchet derivative of the func-
tion f: R™ — R™ at x € R™, i.e. f'(x) € L(R™,R™).

By a cone C C R"™ we will always mean a nonempty, closed, convex and
pointed cone with int C' # ). For definitions, see e.g. [Jal, RW]. We denote
the (positive) polar cone to C' by C’ and define it as follows: C' := {§ e R™:
(¢,y) = 0, y € C}. From now on we always put I'c := C’ N Sgn. Under
assumptions set out above, it is well known that:

a) C’ is also nonempty, closed, convex and pointed cone with int C” # (;

b) for each y € C'\ {0}, £ € int C’, it holds (£, y) > 0;

c) C=C".

For a function f: R™ — R"™ we define the lower and upper directional deriva-
tives at x € R™ in the direction h € R™ with respect to & € R™, respectively,
by

th) —

)

and
th) —
10 t

Specially, if n =1, by f’(x; h) we mean the limit

i T (& T th) = flz)

tl0 t

Recall that if a Fréchet differentiable at « function f: R™ — R"™ satisfies
_ fly+th) = f(y)
!/ —
on s (ron 17409,

and this convergence is uniform for h € Sgm, then f is said to be strictly differ-
entiable at x.

DEFINITION 2.1. A function f: R™ — R" is said to be ¢-stable at x if there is
a cone C' C R", a neighbourhood U of x and a constant K > 0 such that

(yeU & heSpm & E€Tc) = |f (y:h)(©)—f (z.h)(€)| < Klly—=z]|. (1)
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It is not difficult to observe that each function f which is of C':!'-class near
a point z is also f-stable at x. The reverse implication is not true (see Exam-
ple B.1)).

The class of the functions that are f-stable at some point satisfies some prop-
erties of regularity.

ProrosiTiON 2.1. ([BP5l Proposition 2.2]) Let a function f: R™ — R™ be
{-stable at x € R™. Then f is strictly differentiable at x and consequently f is
Lipschitz on a neighbourhood of x.

Using [BP2, Corollary 3] and Proposition 21 we can state the following
result.

THEOREM 2.1. Let a function f: R™ — R be £-stable at x e R™, g: R — R be
a function which is £-stable at y = f(xz). Then go f is {-stable at x.

We would like to generalize the previous result for vector-valued functions.
We will use the characterization of ¢-stability by means of u-stability for scalar-
valued functions.

We say that f: R™ — R is u-stable at x € R™ if there exist a neighbourhood
V of x and L > 0 such that

(Vy € V) (Vh € Sem) (If“(ys h) — f“(x;h)| < L|ly — ).

Following [BP2, Corollary 1] and Proposition [2ZI] we obtain the following
proposition.

ProprosITION 2.2. (|[BP3| Corollary 1]) A function f: R™ — R is {-stable at
x € R™ if and only if f is u-stable at x.

For the sake of completness we note that we can replace R™ by an arbitrary
linear normed space in Theorem 2] and Proposition (see [BP2]), but we
have to add the assumption of continuity in this case.

3. Composition of /-stable functions

At first, we will derive that the f-stability of vector function is equivalent
to ¢-stability of all its components (Proposition BI). We will use the following
sequence of lemmas.

LeEmMA 3.1. (|BP6, Lemma 1]) Let C' be a cone in R™. Then

R" = {a1y1 + oy = a1, 0 €R, y1,y2 €T}
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LEMMA 3.2. Let f: R™ — R be ¢-stable at x € R™. Then there exist K > 0
and a neighbourhood U of x such that

(af) (y; h) = (af)(x: )] < Ky — 2], (2)
whenever « €ER, |a| <1,y €U, h € Sgm.
Proof. Suppose that f is f-stable at x € R™. Then an easy calculus shows

that (—f) must be u-stable at z. Hence by Proposition (—f) is also ¢-stable
at . This means that there are K > 0 and a neighbourhood U of x such that

(N (s h) = (£) (2. 0)] < Ky - =], (3)
whenever y € U, h € Sgm. Now if 0 < a < 1, then for every y € U, h € Sgm we
have by (3)

laf(y; h) — af(a; )|
| K|y — ||
Ky — x|

|(af)(y; h) = (af) (; )]

IN A

If —1 < a <0, then we have again by (3]
(@) (y; k) = (@) (@:h)| = [(—a) (=) (y; h) = (=) (=) (a3 h)]

lal[(=£) (g3 h) = (=) (s )|
Klly — [,

IN

for every y € U, and for every h € Sgm. O

By a similar manner, we can prove the following lemma.

LeMMA 3.3. Let f: R™ — R be an (-stable function at x € R™. Then there
exist L > 0 and a neighbourhood V of x such that

[(af)*(y; h) — (af)*(x; h)| < Lily — |,
whenever |a] <1,y €V and h € Spm.
LEMMA 3.4. Let fi: R™ — R, ¢ = 1,...,n be £-stable at x € R™. For & =
(&1,---,6n) €R™ put
gely) =Y &ifily),  yeR™
i=1

Then there are K > 0 and a neighbourhood U of x such that
\9¢ (y; h) — ge(as h)| < Klly — =],
whenever € = (&1,...,&,) €R™, & <1,i=1,....,n,y €U, h € Sgm.
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Proof. Due to Proposition 2] every function f;, 7 = 1,...,n, is strictly differ-
entiable at z. Next, by lemmas[3.21and B3] there are K > 0 and a neighbourhood
U of x such that for every £ = (&1,...,&,) € R™ for which |&]| <1,i=1,...,n,
y €U, h € Sgm, we have:

(& fo) (y; h) = &ifi(@)h] < Klly — 2|, (4)
(& fi)" (ys h) = &ifi(x)h] < Klly — =], (5)
t=1,...,n. From ), @) it follows that for every i =1,...,n
7K||y - J?H +§i ( )h < (ngz) ( Y; ) (6)
(ngz) ( Y; ) < KHy - x” + ngz/(x)hv (7)

whenever £ = (&1,...,&,) € R, |&| <1,y €U, h € Sgm. Adding up inequalities
in (@) for i =1,...,n, we arrive at

—nK|ly — x|+ _&fi(x)h = —nKlly - x| + ge(x) Z &) (y:h

i=1

Similarly, adding up inequalities in (@) for ¢ = 1,...,n, we arrive at
Z(&fl) (v )<nKIIy—xI|+Z& )h = nK|y — || + ge(z)h.
=1 =1

Thus, if £ = (&1,...,&) € R, |§] <1,y €U, h € Sgm, then it holds

—nK|y -zl + ge(x)h < Y (&f) (yih

=1
< gily:h) < gé(ysh)

< > (&) (wih)

i=1
< K|y — x| + ge(2)h.

This implies for every £ = (§1,...,&n) € R, |&| <1,y €U, h € Sgm:
|9 (ys 1) — ge(2)h| < nK|ly —z||.

<.

O

LemMA 3.5. Let f;: R™ — R, i = 1,...,n, be {-stable at x € R™, and let
a; €ER fori=1,2,...,n. Then the function f: R™ — R,

y)=> aifily), yeR™
i=1
is ¢-stable at x.
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Proof. We put

n
M= al,
1=1

and

n o
= (1Y), for all R™.
9(y) 2 2 fiw) orall ye€
Since we can write

F) =My U fily) = Mg(y),  forall yeR™,
=1

and it holds
By

<1, for every i=1,2,...,n,

Lemma [3.4] implies the existence of neighbourhood U and K > 0 such that we
have

[F (i h) = fh (s h)| = Mg*(y; h) — g (x5 )] < MK]ly — ],
for every y € U and for every h € Sgm. Therefore the function f is ¢-stable
at z. (]

ProrosITION 3.1. Let f = (f1,f2,---, fn): R™ — R™ be a function and
x € R™. Then f is l-stable at x if and only if the function f; is £-stable at
x for every i € {1,2,...,n}.

Proof. At first, we suppose that every component f;, i € {1,2,...,n}, is
(-stable at x. Let us consider an arbitrary £ = (£1,&s,...,&,) € T and set

ge(y) = (&, fy)) = Zﬁz’fz’(y)-

Then for every y € R™, and for every h € R™ we have f(y;h)(¢) = gé(y; h).
¢ € I implies that || < 1 for every i € {1,2,...,n}. Due to Lemma [3.4 there
exist a constant K > 0 and a neighbourhood U satisfying

[y (€)= [ ) ()] < Kly — x|,

for every £ = (&1,...,&,) €T, y € U, and for every h € Sgm, but it means that
f is {-stable at x.

On the other hand, we suppose that f is ¢-stable at = and take an arbitrary
i€{1,2,...,n}. By Lemma[3J] we can find aé e R, f; eI, j=1,2, such that

2

el =(0,...,0, 1 ,0,...,0) =) al¢.

i-th Jj=1
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From the definition of f-stability, for every & € I' it holds that the function
y — (&, f(y)) is l-stable at z. Using Lemma [B.5] we have that the function

) = €100 = (X € £0)) = Y a6 7o),

is ¢-stable at x. O

Remark 3.1. Using Proposition [3] one can observe that a function which is
l-stable at x with respect to some cone must be also /-stable at x with respect
to another cone. Of course, the constant of /-stability depends on the choice of
a cone, but it seems that there exists a valid constant for all cone C' [DP].

THEOREM 3.1. Let m,n,p € N, a function f: R™ — R" be {-stable at & € R™,
and let a function g: R™ — RP be (-stable at § = f(&) € R™. Then the composi-
tion g o f is £-stable at T.

Proof. It is easy to see that due to Proposition 3.1l we can assume without any
loss of generality that p = 1.
STEP 1.
Using Proposition 2] we can find a neighbourhood U of & and a neighbourhood
V of § such that

o) cv,
f=1(f1,f2,-.-, fn) is Lipschitz on U, and g is Lipschitz on V. Then the com-
position g o f is Lipschitz on U. Further, it follows from Proposition 1] that
the composition g o f is differentiable at & and

(go f)(@)(h) = g'(f(@)) - f'(@)(h),
for every h € R™.

STEP 2.
Let us consider x € U, h € R™ and a sequence {7, } such that 7, | 0, and

(90 ) (wsh) = lim | [(go f)w +muh) — (g0 f)()]

Proposition B implies that the function f; is f-stable at & for every
i € {1,2,...,n}. Then, due to Proposition 2] and Proposition 2.2, we can
suppose that the function f; is Lipschitz on the neighbourhood U of & for every
i1 €{1,2,...,n}, and that:

(3K > 0)(Vi e {1,2,...,n}) (Ve € U)(Vh € Sgm)

(If7 (s h) = fi(@)h] < K|z — )
where the existence of the limit
% nh - Je

f7 (s h) = lim fi(x +7h) — fi(x)

¢ n— 0o Tn
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is garanted by the lipschitzianity of f; for every ¢ € {1,2,...,n}.
Further, we set
. 1 . -
Foash) = i [fG o rh) — f@)] = (7 (), G )
Then
fle+mnh) = f(x) + 1 f™ (25 h) + o(Tn),
where
lim o(n)

n—oo Tn

=0€eR™
Further we have

L7 (5 k) = f/(2)R|

I (@sh), e S (@ h) = (fi(@)h, . fr(@)R) |

n

< D I (@sh) = fi(@)h] < nK |z - &), (8)
=1

for every h € Sgm. Without loss of generality we can also suppose the existence
of the limit

g (F@): F (k) = lim L [g(f(@) + mf™ (23 1)) — g(f(2))]-

By L, we denote the constant of lipschitzianity of g on V. Again without loss
of generality we can suppose that for every n € N it holds
f@)+ 7 f™(x;h) +o(mn) €V
and
f@)+mf(zh) € V.
Then

Ti [9(f (@) + T fT (2 h) + (7)) — g(f (x) + T f 7 (25 1))]

1
< Lgl|lo(tn)|| — 0 for n—
Tn

Hence

(g0 £)i(ash) = lim * [(go )@ +mh) — (g0 £)(@)]

n—o0 Tn

— lim D [9(f (@) + T f™ (x5 h) + o(10)) — g(f(2))]

n—00 Tn

= lim {7’111 [g(f(.%‘) + T f (x5 h)) — g(f(x))}

n—00

# L0 @) 4 77w + o) — (1 (a) + 7 a5 0)]

n

= g™ (f(x); f™ (x5 h)). 9)
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STEP 3.

Without any loss of generality we can suppose that ¢-stability of g, and Propo-

sition imply the existence of a constant M > 0 such that for every y € V,

for every k € Sgn, and for every sequence {v,}>°; for which lim v, = 0 and
n—oo

the limit

g (yik) = Tim  [g(y+ k) — g@)] = (07" @ k) g2 (3 1)),

n—00 Uy,
exists, we have
9" (y; k) — g'(9)k| < M|y — 3], (10)

Now there are two possibilities:

a) fm(z;h) #0.

Following formulas (§), (@) and (I0), we have
(g0 f)*(zsh) = (g0 f) (2;h)]
g™ (f(@); f7 (23 ) — g'(f(2)) ' (£)A]

< g7 () £ (@) — g/ (F@)F™ o)
g @S (@) — g/ (F(@)S (@)
T (e Tn . (Ivh) ’ A fT"(x;h>
< I (e 0y ) -
g FED 17 (a:h) ~ £/ @]
< @ RIMf )~ F@) + I @l K~ 2]
< LMo 3] + g (&) | nK o 2]

(LM +nK ||g'(f(@))lz — 2],
where Ly > 0 denotes Lipschitz constant of f on U. Setting
N = L3Mp +nK ||¢'(f(2)[| >0,

then it holds
(g0 /) (x:h) = (9o ))(#:h)] < Nl — 2], (11)
for every x € U and for every h € Sgm.
b) f™(z;h) = 0. Let us calculate:

(g0 /) (x5 h) = (g0 f) (@:h)]

= g™ (f(@); f7 (25 ) — g'(f(2))f'(2)R]

= 19'(f(@)f'(2)h]

= g (F@)f @)h =g (F@) ™ (ws h) + 9" (f(2) ™ (z; h)]
lg'(f (@)1 (@)h — g (F (&) 7 (2; 1)

IA

lg" F@NIS (@)h = ™ (s W)l < Mlg' (F(@) | nK |l — ]].
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Thus, the inequality (II) holds in both cases a) and b). It means that the
composition g o f is £-stable at & O

As an application of the previous results we present the following example
where we use some ideas from [BP1, Example 2].

Ezample 3.1. Consider a sequence a,, = 1/n, n=1,2,.... Then

.a +a? 1
lim TP = T >
n—=00 Ap41 + Ap 2

Let us define a function ¢: [0,00) — R as follows:

ai if > aq,
2 _ .
QD(’U/) = Z:_Z:ii (U — an+1) + Ap 41 lf u e (an+1, an]v
0 if w=0.

Next, we will define a function f: R — R via the Riemann integral:

||

f(z) = /gp(u) du, r e R.
0
Since ¢ is a piecewise affine function, the integral exists. Because of f/(a,;1)
=a, and f'(a,;—1) = —a2 for every n > 1, the function f is not differentiable
on any neighbourhood of 0. Nevertheless, it is easy to show that f/(0) = 0 and
that f is f-stable at x = 0.

Further, let us consider the composition of g: R — R?,
g(z) = (sin f(z), f(z))  forall z€R,

and h: R? — R?,
1
hu,v) = (v - U + v) for all (u,v) € R?

i.e., the function hog: R — R?,
1
(hog)@) = (f@@)

Since the function f is f-stable at 0 and the function sinz is continuously
differentiable, Theorem B.1] and Proposition [3.1]imply that ho g is /-stable at 0.

sin f(x), f(x) + sin f(x)) for all z €R.
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