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1. Introduction

The concept of asymptotic directions, called also recession directions, was introduced
at the beginning of the last century by Steinitz [20] in order to study unbounded
convex sets. It is an indispensable tool in globally characterizing the behavior of
convex sets and convex functions, and in establishing global optimality conditions of
convex problems. Later on, this concept was generalized by Debreu in his famous
book [5] on value theory in which economic models may have no convex structure.
Since then a great number of researchers are involved in development and use of
asymptotic directions to various fields such as optimization, economics, mechanics,
engineering, finance etc. (see [1]-[4], [6]-[21]).

It is well-known that unbounded polyhedral convex sets are completely controlled by
their asymptotic directions, that is, any element of an unbounded polyhedral set can
be reached by following an asymptotic direction starting from a bounded region. This
is a representation theorem which says that a polyhedral convex set is the sum of its
asymptotic cone and a bounded polyhedron (see Theorem 19.1, [18]). When a set is
not polyhedral, such a representation is no longer true. For instance, the graph of the
function log(x) with # > 1 in the plane has the positive abscises as asymptotic cone,

*This work is supported by the project EGIDE Platon Nr. 15222YL and the Grant no. 227-E of
GSRT, Greece.

ISSN 0944-6532 / $ 2.50 (© Heldermann Verlag



182 N. Hadjisavvas, D. T. Luc / Second-Order Asymptotic Directions of ...

although the distance from an element (z,log(z)) of the graph to the asymptotic
cone grows up to infinity as x goes to infinity. In order to manage such gaps between
an asymptotic ray and those elements of the set that generate it, we set up our aim
to develop new asymptotic directions, called second-order asymptotic directions, and
apply them to some problems of optimization theory.

The paper is structured as follows. In the next section we recall the concept of
first-order asymptotic directions and some elementary properties. Then we introduce
a new concept of asymptotic directions: second-order asymptotic directions, and
establish calculus rules on them. In the remaining sections we are concerned with
applications. In Section 3, we construct second-order asymptotic functions and derive
necessary and sufficient conditions for existence of global minima of a function on an
unbounded region. In Section 4 we deal with existence of efficient points in vector
optimization. Our conditions are expressed in terms of the second-order asymptotic
directions and fairly deepen the existing first-order criteria. In the last application
(Section 5) we study a question on the closedness of the sum of two closed sets which
is very important in the study of existence and stability of optimization problems (see
Chapter 2, Section 2.3 of [4]). The result of this section refines a well-known theorem
by Dieudonné [7] in which only first-order asymptotic directions are employed. The
applications presented in the three last sections show the importance that second-
order asymptotic directions play in optimization. Applications to other areas are also
conceivable and need further attention.

2. Asymptotic directions

Given a nonempty set A C R*, we say that a vector u is a first-order asymptotic
direction (or asymptotic direction for short) of A if there are a sequence of elements
a, of A and positive numbers t,, converging to 0 such that

uw= lim t,qa,.
n—oo
The set of all asymptotic directions of A is denoted by R'(A) (the letter R is referred
to recession direction, as it is called in convex analysis). This set is a closed cone,
and is convex when the set A is convex. It can also be written as outer limit in the
sense of Kuratowski-Painlevé

R'(A) = limsuptA.
£10

Sometimes a smaller cone, the inner limit, is considered

/
Rinn

(A) = liminftA
t10

which consists of all vectors u such that for any sequence of positive numbers t,
converging to 0, there is a sequence of elements a,, of A with v = lim,, ., t,a,. When
these two cones coincide, the set A is called regular in [4] or asymptotable in [13].
This is the case for instance when the set A is convex. We shall distinguish those
asymptotic directions which contain only a bounded part of A in their neighborhoods.
Namely a nonzero asymptotic direction u of A is said to be isolated if there is no real
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number r > 0 such that the intersection of A with R, {u}+ B(0,r) is unbounded; here
B(0,7) denotes the closed ball centered at the origin and of radius r, and R, {u} the
set of vectors tu with ¢ > 0. It is clear that convex sets have no isolated directions.
A parabola in a plane has all asymptotic directions isolated. To progress further let

us mention some elementary properties of asymptotic cones that can be found in [4]
and [9].

(1) R'(A) ={0} if and only if A is bounded;

(2) R(AUB)=R(A)UR/(B);
(3) R'(ANB)C R'(A)NR(B);
(4) R(A+ B) C R(A) + R(B) if R(A) N —R(B) = {0} and R'(A) + R(B) C

(5) R'(Ax B)C R'(A) x R(B). Equality holds if A is regular.
(6) If L :R* — R™ is a linear operator, then L(R'(A)) C R'(L(A)). Equality holds
provided that R'(A) N Ker(L) = {0}.

We now introduce second-order asymptotic directions. They are based on limits of
sequences.

Definition 2.1. Let u be a vector of R*. We say that a vector v is a second-order
asymptotic direction of A at u if there are a sequence of elements a,, of A and positive
numbers t,, and s,, such that

lim (% - tnu) =, (1)
n—oo Sn

lim s, = lim ¢, = oo.
n—oo n—oo

The set of all second-order asymptotic directions of A at u is denoted by R"(A;u).
This set is a cone if nonempty. It can be expressed by outer limit

A
R"(A;u) = limsup (— — tu) ,

t,sToo S

hence it is closed. Let us give some elementary properties of second-order asymptotic
directions.

Proposition 2.2. For nonempty sets A, B and a vector u in R¥, the following as-
sertions hold.

(i) RI(A:0) = RI(A);

(i) R'(A;u) is nonempty if and only if the vector u is a first-order asymptotic
direction of A;

(711) R"(A;u) € R"(B;u) if AC B;

(iv) R"(AUB;u) = R"(A;u)UR"(B;u);

(v) R'(ANB;u) C R"(A;u) N R"(B;u);

(vi) R'(aA;pu) = R"(A;u) for every o > 0 and > 0;

(vit) R"(A+ B;u) = R"(A;u) whenever B is bounded;

(viti) R"(A;u) + R{u} = R"(A;u). In particular, if u is a first-order asymptotic
direction, then R{u} C R"(A;u). Moreover, R'(A) C R{u} = R"(A;u) holds if

—~ o~~~
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and only if there exits a ball B(0,r) with r > 0 such that A C R{u} + B(0,r).
In particular, if u is an isolated direction, then R"(A;u) # R{u}.

(iz) If L : R — R™ is a linear operator and u € R'(A), then L(R"(A;u)) C
R"(L(A); L(u)). Equality holds provided that L is injective on R'(A) and R"(A;u)
NKer(L) = {0}.

Proof. The first assertion is immediate from the definition because the outer limit
expression of R”(A;0) is exactly that of the cone R'(A). To prove the second assertion,
if v is an element of R"(A;u), then (1) implies

lim n —u :lim3:0
n—oo \ {,S, n—oo {

n

which shows that u is a first-order asymptotic direction of A. Conversely, let u be an

element of R'(A), that is
Qn
u= lim —
n—oo Qn

for some a, € A and «,, > 0 converging to co. Consider the sequence of the terms
a, — ayu. If it is bounded, then choose t,, = s,, = /a,,. We deduce

a 1
lim (| — —t,u | = lim a, — apu) =0,
n—oo ( STL > n—0o0 ./ an ( )

with ¢, and s,, converging to oo, by which the null vector belongs to R”(A;w). If that
sequence is unbounded, say with norm converging to co, then we may assume that

ap — QpU

lim ————— =w
n—oo ||an — o ul|
for some unit norm vector w. Choosing s, = ||a,, — a,u| and ¢, = 2= we see that
n
a -1
lim ¢, = lim ||— —u =00
n—oo n—oo an

and conclude that w belongs to the set R"(A;u).

Assertions (i7i)—(v) are clear. For assertion (vi) it suffices to notice that given v as in
Definition 2.1 and o > 0 and 8 > 0, by setting s/, = as,, and t/, = t,,/5 one derives
at once that v € R"(aA; fu).

Assertion (vit) follows from the fact that

. a, +b . a
lim ( LR tnu> = lim (—n — tnu>
n—0o0 Sn n—oo \ Sp

for every bounded sequence {b,},>1 and {s,},>¢ converging to occ.

Let us prove assertion (viiz). If R"(A;u) = 0, then the equality R"(A;u) + R{u} =
R"(A;u) is obvious. Consider the case R"(A;u) # (. Since R{u} contains the null
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vector, the inclusion R”(A;u) C R"(A;u) 4+ R{u} is clear. For the converse inclusion
let v € R"(A;u) defined by (1) and o € R. Then ¢/, = t,, — a converges to oo and so

v+ au = lim (a—" - t;u) € R"(A;u),

n—oo \ S,

which shows that v + au belongs to R"(A;u). Thus, the first equality of (viii)
follows. Moreover, being nonempty the set R”(A;u) is a cone, hence it contains zero,
and therefore R{u} C R"(A;u).

Now assume A C R{u} + B(0,r) for some r > 0. It is clear that R'(A) C R{u}.
If v € R'(A;u) is given by (1), then the elements a, can be written in the form
a, = ayu + b, where the sequence {b,},en C B(0,7) is bounded. Hence

n bn . n
v = lim (u —tnu> = lim (a “ —tnu) € R{u}

n—oo S'I’L n—oo n

and R"(A;u) C R{u}, which is in fact equality because the converse inclusion is
evident.

Conversely, assume that for all » > 0, the inclusion A C R{u} + B(0,r) does not
hold. Then there exists a sequence {a, }nen C A such that the distance d(a,, R{u})
from a,, to R{u} tends to co as n goes to co. Let t,u be the projection of a, onto
R{u}. We may assume that ¢, are nonnegative, otherwise consider —u instead of u.
Then lim,, . ||a, — tyu|| = 0o and (a,, — t,u,u) = 0. We may suppose without loss

an—1tn n—tn
CO]I\/eIgeS (O Q. ]| Clee(i7 lf |l0t, Say l.l COIl\/eIgeS lO a ﬁnlte numb(&l" a, t}lell ”a T; “”
n—ln

converges to a first-order asymptotic direction au + w. Since w is orthogonal to u
we deduce that the limit au + w does not belong to the straight line R{u} which
contradicts the hypothesis.

Finally, let v € R"(A;u) be given by (1). Then

L(ay,
L(v) = lim ( (8“ ) —tnL(u)) 2)
with s, and ¢, converging to oco. Hence L(v) € R"(L(A);L(u)). Conversely, let
p € R'(L(A); L(u)) be given by the limit of the right hand side of (2). Note that (2)

implies that lim,, .o L(;%-) = L(u). We show first that

. (07%
lim
n—00 Sntn

= u. (3)

Indeed, if not, by taking a subsequence if necessary, we may assume that either
limy, o ||s%= || = 00 or limy, o ;= = u’ # u. In the first case, by setting s, = || 2= ||

we may consider that the sequence {ﬁ}nx converges to some unit norm vector
ntnMHn -

w € R'(A). Then

L(w) = lim Lian)

n—00 Sptnfn

:O’

which is impossible by our assumption. In the second case, L(u’) = L(u), which is
also excluded. Thus, (3) is true. Now consider the sequence {£* — t,u}t,>1. If it is
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bounded, then it has a cluster vector, say v. We have v € R"(A;u) and L(v) = p. If
it is unbounded, then by setting o, = [|{* — t,ul| we may assume that the bounded
sequence {(* —t,u)/ay, }n>1 converges to some nonzero vector ¢. In view of (3), tn/an
converges to 0o, which yields the inclusion ¢ € R”(A;u). This, however, together with

Hen) 4, L(u)

L(q) = lim —= —lim 2 =0
n—oo an n—oo an
contradicts the hypothesis. The proof is complete. ]

Notice that in the above proposition the inclusions of (v) and (ix) are not equality
in general. This is seen in the next examples.

Example 2.3. Consider the following sets
A={0,y) eR?*:y > 0}U{(x,y) ER*:y=2%2>0}
B={(0,y) eR*:y >0} U{(z,y) €eR*:y =2° 1 > 0}.
Then it is easy to see that for u = (0,1) € R'(A N B) one has
R'(AN Bju) = {(0,y) € R* : y € R},
R'(A;u) = {(z,y) e R*: 2 >0,y € R},
R"(B;u) = R"(A;u).

And so the inclusion of (v) is strict.

Example 2.4. Define a set A in R? and a linear operator L : R? — R? as follows
A={n,n*n*)eR® :n=12 .},
L(z,y,z) = (x,2) for (z,y,2) € R’.

Then the first-order asymptotic cone of A is generated by the vector u = (0,0,1). The
second-order asymptotic cone of A at u is given by R"(A;u) = {0} x Ry x R, which
implies that L(R"(A;u)) = {0} xR. Moreover, L(u) = (0,1) and so R"(L(A); L(u)) =
R, x R. Consequently inclusion in (iz) of Proposition 2.2 is strict. In this example
the kernel of L and the second-order asymptotic cone of A at u have nonzero vectors
in common.

We notice also that in the assertion (viii) of Proposition 2.2 equality R{u} = R"(A;u)
alone does not guarantee the inclusion A C R{u} + B(0,r). For instance a set A
composed of two crossing straight lines R{u} and R{v} does satisfy the equality but
not the inclusion.

Among second-order asymptotic directions we are particularly interested in those for
which ¢,, s, and a, satisfy an additional relation.

Definition 2.5. A second-order asymptotic direction v is said to be parabolic if
sp = t,, for every m in (1), that is

v = lim (j—n - tnu) with ¢, T oo. (4)

n—od n
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And it is said to be canonic if ||ul| # 0 and s,, = H‘z"”, that is

n

t
v= lim ¢, ( In L) with ¢, T oo, H—"H — 0. (5)
Qp

oo =\ flanll lull

The sets of all parabolic and canonic second-order asymptotic directions of A at u
are denoted respectively by R?*(A;u) and R”(A;u). By convention, if u = 0, the set
RY(A;u) is empty. The set R(A;u) is a closed cone. In the terminology of outer
limit, R?(A;u) is expressed as

R?*(A;u) = limsup (é — tu) :

tToo

Thus, R?(A;u) is closed too. It is not a cone, however. To see the distinction between
parabolic and canonic second-order asymptotic directions let us consider the following
examples.

Example 2.6. Let A be the same set as in Example 2.3 and u = (0,1). If v = (p,q) €
R%*(A;u) is given by relation (4) with a,, on the curve y = 2%, then a,, = (z,,,22) with
z,, — oo. It follows that

2
p=tm o=ma ().
Thus, p = 1 since lim,,_.o t, = 00. Hence such parabolic second-order asymptotic
directions v belong to {1} x R. Conversely, given ¢ € R set, for n sufficiently large,
r, = (n? +nq)"? and a, = (v,,22). Then

. Qn
Jim (S =) = (1a)
Hence the set of parabolic second-order asymptotic directions defined through se-
quences a,, belonging to the curve y = 2 is exactly {1} x R. Tt is easy to see that the
set of parabolic asymptotic directions v given by (4) with a,, belonging to {0} x R
is {0} x R. Thus, we deduce that R?*(A;u) = {0,1} x R which is not a cone. Let
us find RY(A;u). It is also not difficult to see that 0 is the only canonic direction
given by relation (5) with a,, belonging to {0} x R, . Now assume that a, = (z,,22),
x, — 00. If v = (p,q) then

tny

b= 7}1_{& (1_2 —’_.'])4)1/2’ (6)
2 _ (2 | o 4\1/2 g2
g = lim tnx” (x, + ) = lim nn . (7)
PTG G G + (2 )

Using (6) we deduce that ¢ = 0. Since p > 0, we have R"(A4;u) C R, x {0}.
Conversely given p > 0, by taking x, = n, a, = (n,n?) and ¢, = pn we see that
(p,0) € R"(A;u). Since (0,0) € RY(A;u) we infer that R¥(A;u) = Ry x {0}. Thus,
we see that R”(A;u), R?(A;u) and R”(A;u) are distinct.
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Example 2.7. Similar calculations applied to the set

C:{(nﬁ) eRzznzl,Q,...}

show that in this case, R'(C) = Ry x {0} and for u = (1,0), R"(C;u) = R x R4,
RY(C;u) = {0} x R, while R*(C;u) is empty.

We now establish some properties of R”(A;u) and its relationship with R”(A; u).

Proposition 2.8. Let A be a nonempty set in R*. The following assertions hold.

(i)  R"(A;u) is nonempty if and only if u is a nonzero first-order asymptotic direc-
tion of A.

(1) R"(Aju) =R{u}+ R"(A;u) if u is nonzero.

(iii) FElements of R”(A;u) are orthogonal to the vector u.

(iv) Assume that the first-order asymptotic cone of A is generated by a unit norm
vector u, that is R'(A) = Ry{u}. Then R"(A;u) = {0} if and only if there is
a ball B(0,r) with r > 0 such that A C R {u} + B(0,r). In particular, if u is
an isolated direction, then R*(A;u) # {0}.

Proof. For (i), if R”(A;u) contains an element v given by relation (4), then u # 0
by our convention. From Proposition 2.2(i7) and the inclusion RY(A;u) C R"(A;u)
we obtain that R”(A;u) is nonempty, thus u € R'(A).

Conversely, let © be a unit norm vector that is the limit of a sequence {HZ_ZII}”Zl in A
with lim,, .« ||an|| = co. Consider the sequence {(a,, — ||an||u)}rn>0. If it is bounded,

set t, = \/|lan||; otherwise set

ol
[ — lal0)]

t, =

Then the sequence of the terms tn(ﬁ — u) is bounded, and hence we may assume

tn
llanl

that it converges to some vector v. By construction, ¢, converges to co and
converges to 0. Consequently, v belongs to R”(A;u).

To prove (ii), we notice first that RV(A;u) C R"(A;u). Using Proposition 2.2(viii),
we deduce
R{u} + R"(A;u) C R{u} + R"(4;u) = R"(A;u).

Conversely, let v € R”(A;u) be given by relation (1) with u # 0. We write

Qn

B S 0 (R T
Sn Sn \llanll ull Sn Jul

Since {4 — tnu n>0 converges to v
Sn >0 )

[l

n

lim sup

n—oo

¢, Hull' < o]l
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Hence we can assume without loss of generality that {@ — ty ||u|| }n>o converges to

some « € R, and by equation (8), {”i:” (”Z:” — ||Tu||)}n20 converges to some w € R*,

Obviously, w € R”(A;u) and so v = w + au € RY(A;u) + R{u}.
To prove (iii), we may assume without loss of generality that u € R'(A) and v €

RY(A;u) are vectors of unit norm. Thus,

. G,
uw= lim ——,
n—o0 [|ay||

(9)

an — ||an|lu

. (10)

v = lim
n—oo ||(an — ||lan[|u)]|

Using ||(an — ||an]| w)||> = =2]|an| ((an, w) — ||an]]), we deduce from (10) that

o) — T {0 Nl )
T 2 = o)

— lim <amu> - HanH
n—oo |[(an — ||an[lu)|
ol — )]

n—oo 2|

=0 (by (9)).

To prove assertion (iv) we notice that if for every positive integer n, there is some
element a, € A\ (Ri{u} + B(0,n)), then by hypothesis one may assume that the
sequence {HZ_ZH}”ZO converges to u. Moreover, the sequence {(a, — ||an||u)}n>0 is
unbounded. Defining ¢, as in the first part, we obtain a unit norm vector v that
belongs to RY(A;u) . Conversely, if A is contained in R, {u}+ B(0,r) for some r > 0,
then by Proposition 2.2(viii) we obtain R”(A;u) = R{u}. Combining with parts (i)
and (iz1) of the present proposition we deduce R”(A;u) = {0}. This completes the
proof. O

According to (i), the set R”(A;u) is always nonempty when u is a nonzero first-
order asymptotic direction of A. This, however, is not the case for R?(A;u) as we
have seen in Example 2.7. Observe also that linear operators being not necessarily
isometric, inclusion like that of Proposition 2.2(ix) is, in general, not available for
canonic second-order asymptotic directions. This is shown by the next example.

Example 2.9. Let us consider the set A given in Example 2.4 and define a linear
operator L : R* — R? by L(z,y,z) = (z + z,y + 2). Then R'(A) = R{(0,0,1)} and
for the vector v = (0,0, 1) we have
RY(A;u) = {0} x Ry x {0},
L(R"(A;0) = {0} x R,
RY(L(A); L(u)) = R (=1, -1)}.

From these formulae it is clear that the inclusion (iz) of Proposition 2.2 does not
hold for the canonic directions.
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Below are some properties of parabolic asymptotic directions.

Proposition 2.10. For a nonempty set A, the following assertions hold.

(i) R2A:0) = RI(A);

(1) R*(tA+ B;tu) = tR*(A;u) for every t € R and for every B bounded;

(111) R%*(A;u) C R*(B;u) if AC B;

() R*(AN B;u) C R?(A;u) N R*(B;u);

(v)  AR?(A;u) = R*(A; \u) for every X > 0;

(vi) If there is some a € A such that the ray {a +tu : t > 0} lies in A, then
u € R*(A;u). In particular, if A is closed and conver and u € R (A), then
u € R*(A;u).

(vii) R*(A;u) + R{u} = R?*(A;u). In particular, u € R*(A;u) if and only if 0 €
R%(A;u).

(viii) If A is closed and conver and u € R (A), then R*(A;u) is nonempty and radiant
in the sense that it contains the segment [0,v] for every v € R%*(A;u).

(iz) If L : R* — R™ is a linear operator and u € R'(A), then L(R*(A;u)) C
R*(L(A); L(u)). Equality holds provided that L is injective on R'(A) and R"(A;u)
NKer(L) = {0}.

Proof. The four first assertions being clear, we prove the remaining ones. For every
A >0 and v € R*(A;u) given by equation (4), set s, = &; then

lim (& — )\2snu) = A lim <j—" — tnu) = \w.
n—oo Sn n—oo n

This proves assertion (v). For (vi), in view of (i7), we may assume that a = 0, so
that tu € A for every t > 0. Choose t,, = n, a, = (n* +n)u. Then lim(= —t,u) =
lim((n + 1)u — nu) = u. Thus, u € R*(A4;u).
To show (vii), let v € R*(A;u) be given by equation (4) and A € R. Set s, =
2t2 /(2t, + A). Then one can readily verify that lim, . s, = 00, lim, e 8p/tn = 1
and lim,, o (t, — s2/t,) = . Tt follows that

. an . t?’l an S%
lm ( ——sp,u) =lim —(——t,u+t,——|ul| =v+ lu.
n—oo \ Sy n—oo Sy tn tn

Thus, v + M € R?(A;u). For assertion (viii), it is clear from (vii) that R*(A;u) is
nonempty and it contains 0. Let v € R*(A4;u) be given by equation (4) and o € (0, 1).
To show that av € R*(A;u) we may assume by assertion (ii) that 0 € A. Then

. [d*a,
av = lim —atyu | .
n—oo \ at,

But a?a, € A since 0 € A, and at,, — oo, hence av € R*(A;u).

For the last assertion the inclusion is clear. To prove equality, let p € R*(L(A), L(u)),
say

p= lim (L(a") —tnL(u)) (11)
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for some a,, € A and t,, > 0 converging to co. Consider the sequence {({* —t,u)}n>1-
Exactly as in the proof of assertion (ix) of Proposition 2.2, either that sequence is
bounded, in which case it has a cluster point v € R?(A;u) with L(v) = p, or it
is unbounded, in which case we obtain a nonzero vector ¢ € R"(A;u) with L(q) =
0. In both cases we arrive at a contradiction with our assumption. The proof is
complete. O

3. Global optimality conditions

In this section we define a second-order asymptotic function for a given real-valued
function and derive conditions for its minima via second-order asymptotic directions.
Let X C R* be a nonempty set and let f be a real valued function on X. It is
known that the first-order asymptotic cone of the epigraph of f is an epigraph. The
first-order asymptotic function of f is given by

epi(R'f) = R'(epi(f))-

It follows from the definition that for every u € R'(X), the point (u, R’ f(u)) belongs
to the asymptotic cone R'(epi(f)), in which R’ f(u) is computed by

f(tm") :anX,tnToo,%—wL}.

n n

R'f(u) = inf {lim inf
Let us fix a nonzero direction u € R'(X) for which R'f(u) is finite, and define the
lower and upper second-order asymptotic functions of f at p € R”(X;u) as follows.
We first define the set of sequences

T u
K(U) = {{mn}n>1 LTy € X, ”ZL’nH — 00, m — m}
and for {x,},>1 € K(u) and p € R"(X;u),
L({xn}nth)
f(xn)

= {{(Smtn)}nZI . Sn;tn T oo, ? - tnu — D, hm <

n n—oo

— tnR’f(u)> exists} :

n

Then we define

RZ f(u;p)
= inf inf lim (f(xn) — tnR’f(u)>
{zn}eK(u) {(sn,tn)}eL({zn},p) n—00 Sn
L{zn},p)#0
= inf{liminf (f(%) — tnR’f(u)> sxy € X, S, by T 00, Tn _ tou — p} .
n—00 Sn Sn
Also, we define
: o f@a)
R f(u;p)= inf sup lim ( —t, R f(u) | .
+/i7) {zn}eK(W) {(sntn)}eL({an}p) "7\ Sn )

L({.Tn},p);é@
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Remark 3.1. It can be easily seen that for any nonzero vector u € R'(X) with
R f(u) finite, one has epi(R” f(u;-)) = R"(epi(f); (u, R’ f(u)). Indeed, if (p,a) €
R"(epi(f); (u, R' f(u)) then there exist sequences (z,,a,) € epi(f), t,, s, T oo such
that . o

= —tau—p and — —t, R f(u) — a.

Sn Sn
Since f(z,) < «, it follows that R” f(u;p) < «, i.e., (p,«a) € epi(R” f(u;-)). Con-
versely, if (p,a) € epi(R” f(u;-)) then for each ¢ > 0 one has R” f(u;p) < a + ¢;
hence there exist sequences x, € X, t,,s, T oo such that

T (f (#n)

— —tyu—p and [:= lim
Sn, n—oo

_ tnR’f(u)> <a+e.

n

It follows that for each € > 0 there exists 8 € [, a + €] such that (p, 5) € R"(epi(f);
(u, R f(u)). Since the second-order asymptotic cone is closed, we deduce that (p, «)

R (epi(f); (u, R'f (u)).

Similar definitions can be given for parabolic and canonic second-order asymptotic
directions. However, for application purposes to be developed in the this section, we
shall focus on the asymptotic functions R” f and R f only.

Here are some elementary properties of the second-order asymptotic functions.

Proposition 3.2. For a nonzero vector u € R'(X) with R'f(u) finite, the following
assertions hold.

(i)  For strictly positive numbers o and 5 one has R” f(au; Op) = BR” f(u;p) and
R f(ow; Bp) = BRI f (u; p).

(ii) For every strictly positive number X, one has R” (Af)(u;p) = AR” f(u;p) and
R (Af)(u;p) = AR f (u; p).

(i) If R'(f +g)(u) = R'f(u) + R'g(u), then

R"(f +g)(u;p) > R” f(u;p) + R g(u; p).

In particular, this is always the case when f and g are convex and lower semi-
continuous on a convex set X.

Proof. To prove (i) let us compute R” f(au; Op):
R” f(au; Bp)
= inf{liminf (f(xn) — tnR'f(ozu)> cTp € X, Sy, ty T 00, (ﬁ — tnozu> — ﬁp}
s

n—oo Sn n
- inf{hnlgigfﬁ (fﬁ(iz) - C%”R’f(u)) :
= BR. f(u;p).

The proof for the upper second-order asymptotic function follows the same argument.
The second assertion follows from the fact that R'(Af) = AR'f. The last assertion is
clear from the definition. ]
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Let us now consider the following optimization problem denoted by (P):

minimize  f(x)
subject to z € X

where X is a nonempty subset of R* and f is a real valued function on R¥.

Theorem 3.3 (necessary condition). The following conditions are necessary for
(P) to have an optimal solution:

(i)  R'f(u) >0 for every u € R'(X).
(7)) R” f(u;p) > 0 for every nonzero vector u € R'(X) with R f(u) = 0 and p €
R'(X:u).

Proof. The first condition is already known. Let us prove the second condition. Let
u be a nonzero first-order asymptotic direction of X with R'f(u) = 0. Let p be a
second-order asymptotic vector defined by p = limnﬂoo(“z—: —t,u) where s, and t,, are
positive numbers converging to co, and z,, € X. Since f(x,) is bounded from below
by the minimum of f on X we have

lim inf f(@n)

n—00 Sn

> 0.
This being true for all sequences {x,, },>1 and {s, },>1 defining p as above, we conclude
that R” f(u;p) > 0. O

Example 3.4. Consider the function f(z) = —4/|z| on X = R. The asymptotic
cone of the epigraph of f is the upper half plane. So that

R'f(u) =0 for every u € X.

Let us check the second-order condition. It follows from Proposition 2.2(vii¢) that for
u =1, the set R” (X;u) = X. Pick p =1 and we look for an estimate of R” f(u;p).
Choose =, = n +n?,s, =n and t, = n. Then

. L,
lim (— — tnu) =p.
n—oo Sn

lim inf (f(l'n) - tnR’f(u)) = lim inf_—”n—i_nQ <0.

n—oo Sn n—oo n

Then

Hence R” f(1;1) < 0, and the second-order necessary condition is violated. Problem
(P) cannot have optimal solutions, as expected.

To obtain a sufficient condition, we will need the following lemma which improves
the inclusion R{u} C R"(A;u) of Proposition 2.2(viii):

Lemma 3.5. Let {z,},>1 be a sequence in X such that lim, . ||z,|| = oo and
lim,, oo Hi_ZH = u. Then there ezist sequences {s,}n>1 and {t,}n>1 converging to oo
such that limnﬁoo(fg—: — tyu) = u.
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Proof. Without loss of generality we may assume that the vectors x,, are nonzero
for every n > 1. Define \,, by

1 { 1 Tn 1/2
s N =2},
. el ]

—u) — 0 and Hf\—"” — o0. If we set s,, = |§”” and t, = \, — 1,

Then A\, — 0o, A, (722

then we obtain

lim (ﬁ—tnu> = lim (/\n( n —u) —|—u> =u
n—oo Sn n—oo ||xn||

as requested. O

Tal

Theorem 3.6 (sufficient condition). Assume that f is lower semicontinuous and
X is closed. The following conditions are sufficient for (P) to have an optimal solu-
tion:

(i) R f(u) >0 for every u € R'(X).
(11) R f(w;u) >0 for every u € R'(X),u # 0 with R f(u) = 0.

Proof. It suffices to show that f is coercive in the sense that f(z,) tends to oo as
zr, € X and ||z,|| — oco. Let x, be a sequence in X with lim, ., ||z,| = co. We
may assume that 72, converges to some u € R’ (X). If R'f(u) > 0 then clearly
lim, o f(x,) = co. Assume that R'f(u) = 0. By Lemma 3.5 there exist sequences
s, and t, converging to oo such that lim, .. ”SC—Z — tp,u = u. This shows that the
set L({zn}n>1,u) is nonempty. Since R’ f(u;u) > 0 by our assumption, we deduce
that for some {(spn,tn)}n>1 € L({Zn}n>1,u}), one has hmnﬂoo(% —t, R f(u)) =

lim, o 2220 > 0. Tt follows that limy, e f(2,) = co. O

Note that the assumption R/ f(u;u) > 0 is much weaker than R” f(u;u) > 0. This
becomes clear in the following example.

Example 3.7. Consider the function f(z \/]? on X = R. The asymptotic cone
of the epigraph of f is the upper half plane We have R'f(u) = 0 for every vector w.
Let w # 0, say v > 0. Let {x,},>1 be any sequence of X converging to co (so that
limy, o0 ©n/|%n| = u/|ul). Choose

for every n > 1. Then

Hence R f(u;u) > 0. By Theorem 3.6, (P) has optimal solutions. Note that
R” f(u;u) = 0.
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4. Efficient points

Let A be a nonempty set and C' a closed, convex and pointed cone with a nonempty
interior in R*¥. A point zy € A is said to be efficient (with respect to the ordering
cone () if

AN (zg+ C) = {x0}

and it is said to be weakly efficient if
AN (zg+intC) = 0.

It is known (Theorem 3.17, page 52, [9]) that if the set A has weakly efficient points,
then

R'(A)Nnint C = 0. (12)

When A is closed, a sufficient condition for existence of efficient points can be given
by
R'(A)nC = {0}. (13)

Actually under the latter condition the set A has the domination property, which
means that for every point x in A there is an efficient point a of A such that a
dominates x in the sense that a € x + C, that is a >¢ x, where ">¢" is the usual
partial order generated by C. The interested reader is referred to [9] for details
on the domination property. In this section we will establish new conditions for
efficient points that deepen conditions (12) and (13), by making use of second-order
asymptotic directions.

Theorem 4.1. If A has weakly efficient points, then for every monzero vector u €
R'(A) N C one has

R"(A;u) Nint C = 0.

Proof. Suppose to the contrary that there is some vector v from the intersection
R"(A;u) Nint C. Then there exist elements a,, € A and positive numbers t,, and s,
converging to oo such that v is the limit of 52 —tpu as n tends to co. We claim that
for each element a € A there is some a,, such that

a, € a+intC. (14)

Indeed, if not, one has

anp a .
— —thau & — —tyu+int C
s

n n

for every k > 1. Since u € C' we deduce

I pug L it Ol (15)
S

Sn n

By passing to the limit in (15) we obtain v ¢ int C' which contradicts the hypothesis.
Inclusion (14) shows that A has no weakly efficient points and the proof is complete.
]
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Notice that since the second-order asymptotic set contains the straight line R{u} by
Proposition 2.2(viii), the conclusion of Theorem 4.1 produces the first-order necessary
condition (12) as well. Next we give an example to show that the second-order
condition above is, in fact, better than the first-order condition in detecting a set
without efficient points.

Example 4.2. Consider the set
A= {(v,y) €R? :y =2% 2 >0}
and the Pareto ordering cone C' = R%. Then
R(A) = {(0,5) € R?: y > 0},

so that the first-order necessary condition (12) is satisfied. Let us look at the second-
order condition. Pick a nonzero first-order asymptotic direction u of A, say u = (0, 1).
Then a direct calculation yields

R'(Au) = {(z,y) € R* : 2 > 0}.

In particular the second-order asymptotic set R”(A;u) meets the interior of the cone
C, and hence the second-order necessary condition is violated, by which A has no
weakly efficient points as expected.

Now we turn to second-order sufficient conditions. Given a subset D of R* with
0 € D, the tangent cone of D at 0 is defined by T'(D) = limsup,_, . tD.

Theorem 4.3. Let A be a nonempty closed set in R¥. If every nonzero direction
u € R'(A)NC is isolated and satisfies the condition

R'(A;u)NT(C —u) = {0},
then the set A has the domination property.

Proof. Our aim is to show that for every point x in A, the section A, := AN(x+C)
is compact. This will achieve the proof because being nonempty and compact, the
section A, admits efficient points which are also efficient points of the set A (Theorem
3.3, page 46 [9]) and evidently dominate x. Suppose to the contrary that for some
x € A the section A, is unbounded. Pick a sequence {a,},>1 in A, with [|a,| — oo
and such that the sequence {m}nzl converges to some unit norm vector u. It
is clear that w is an asymptotic direction of A and belongs to C. Consider the
projection u,, of a, on R{u}. Let o, be a positive number such that u, = a,u. By
hypothesis u is an isolated direction, the sequence {a,, — a,u},>¢ is unbounded, say
with s, 1= ||la, — anu|| — 0o as n — oco. Without loss of generality we may assume
that {%}nzo converges to a unit norm vector v. By construction, the vectors
a, — a,u are orthogonal to u, therefore the limit v is orthogonal to u too. We claim
that

ve R (A;u)NT(C —u). (16)
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Indeed, set t, . Then as we have already mentioned above the numbers s,
converge to oo. We prove that t, converges to oo too. Suppose that this is not the
case, say t, converges to some positive number ¢3. Then

) a
v= lim | = —t,u
n—oo Sn

Qn
= lim — — tyu
n—oo Sn

= au

for some real number a because u is an asymptotic direction defined by the sequence
{an}n>1. But this contradicts the fact that v is orthogonal to u. Thus, both s,
and t,, converge to oo and hence v is a second-order asymptotic direction of A at u.
Furthermore, since a,, € r + C, we have “2* € C. Let us express v as

. a/n . CLn - l’
v = lim ¢, —u ) = lim ¢, —u
n—oo Sntn n—oo Sntn

which shows that v is a first-order tangential direction of the cone C' at w. This
establishes (16). Since v is orthogonal to u, Proposition 2.8 shows that v € R”(A;u)N
T(C — u) and so we arrive at a contradiction with the hypothesis of the theorem.
The proof is complete. [

Let us derive a sufficient condition making use of the full second-order asymptotic
cone R"(A;u).

Corollary 4.4. If every nonzero direction u € R'(A)NC is isolated and satisfies the
condition

R'"(A;u)NT(C —u) C R{u},
then the set A has the domination property.

Proof. It is plain that the hypothesis of this corollary implies that of Theorem 4.3,
and so the conclusion follows immediately. [

Needless to say that the condition given in Corollary 4.4 is stronger than the condi-
tion required in Theorem 4.3, and both of them are a consequence of the first-order
condition (13). Below we present an example to show that the second-order condition
of Corollary 4.4 is a real refinement of the first-order condition (13).

Example 4.5. Consider the set A := {(z,2?) € R?> : < 0} and the ordering cone
C' := RZ. Then the first-order asymptotic cone of A is given by

R'(A) ={(0,y) e R : y > 0}.

We see that the first-order condition (13) is not fulfilled. Pick any nonzero first-order
asymptotic direction u of A. It is clear that u is isolated. Moreover, the second-order
asymptotic set is given by

R'(A;u) = {(z,y) € R* : 2 < 0}
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and the first-order tangent cone of C' at u is the set
T(C —u) ={(r,y) € R*: 2 >0}

Hence the hypothesis of Theorem 4.3 is satisfied and by this A has the domination
property.

Notice that without the hypothesis on isolated directions, the result may fail. To see
this consider the set A = {(0,y) € R? : y > 0}. Then R'(A) = A and R"(A;u) =
R{u} for every nonzero u € R'(A). We have R"(A;u) NT(C — u) = R{u}. However,
A has no efficient points. Its asymptotic directions are not isolated.

The sufficient condition of Theorem 4.3 can be simplified when the cone C' is poly-
hedral.

Corollary 4.6. Assume that C' is a polyhedral cone and that every nonzero direction
u e R(A)NC isisolated and satisfies the condition

R"(A;u) N (C —u) ={0}.
Then the set A has the domination property.

Proof. When the cone C' is polyhedral, the tangent cone to C' at w is the cone
generated by the polyhedral set C'—u. Thus, a nonzero vector v belongs to T'(C' — u)
if and only if there is a strictly positive number ¢ and a nonzero vector w € C'—wu such
that v = tw. Due to this observation the corollary follows from Theorem 4.3. [

We end this section by an example to show that the last corollary does not work
when the cone C' is not polyhedral.
Example 4.7. Let us define an ordering cone C' in R? by

C={(z,y,2) ER®: (x — 2)* +9* < 2* 2 > 0}.
Consider the set A defined by
A={(n,nV2n—1,n*) eR*:n=0,1,..},

It is easy to see that
R'(A) = {(0,0,2) e R*: z > 0}

and so

R'(A)nC = R'(A).
We claim that every asymptotic direction u = (0, 0, @) with o > 0 is isolated. Indeed,
the projection u, of a, = (n,nv2n — 1,n%) on R{u} is given by u, = %u Hence
an — Uy, = (n,my/2n — 1,0) which implies that for every positive number r, a, does
not belong to R{u} + B(0,r) as soon as n > r. Moreover, one can see without
difficulty that the second-order asymptotic set is given by

R'(A;u) = {(0,y,2) € R®: yy > 0}.
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hence
R(A;u) = {(0,y,0) e R* : y > 0}.

This yields
RY(A;u) N (C —u) = {0},

i.e., the condition of Corollary 4.6 is satisfied. However, the set A does not have the
domination property; even more, it has no efficient points because for each n > 1,

g1 — Gy = (1, (n+1)vV2m+ 1) —1—nv2n—1,(n+1)? — n2> e

The assumption on the cone C' in Corollary 4.6 is violated, this cone is not polyhedral.
Notice also that the condition of Theorem 4.3 is not satisfied either, for the intersec-
tion of the second-order asymptotic set R”(A;u) with the tangent cone T'(C' — u) is
the set R”(A;u) itself and does contain a nonzero vector orthogonal to u.

5. Closedness of the sum of two closed sets

Let A and B be two closed sets in R*¥. We are interested in conditions under which
the sum A+ B is closed. This important problem of applied analysis has been studied
by a number of researchers starting with Dieudonne’s work on convex sets (see [4],
6], [7], [9], [13], [21]). The classical result states that if R'(A) and R'(—B) have no
nonzero vector in common, then the sum A+ B is a closed set. A nice extension has
been given in [12] which reduces to the classical case by a quotient space technique. In
this section we relax the above condition by using second-order asymptotic directions.

Definition 5.1. Let u be a unit norm first-order asymptotic direction of A. We
say that A is strongly closed in direction wu if for every sequence {a,},>1 in A with
lim,, o0 HZ_ZH = u and every t, > 0 converging to 0o, all cluster points of the sequence
{an, — tyu}ln>1 belong to A. We say that A is closed in direction w if either u is
isolated, or for every sequence {a,}n>1 in A with lim, m = u there exists a
sequence t, > 0 converging to oo, such that some cluster point of the sequence
{an — tpu},>1 belongs to A.

It is clear that if A is strongly closed in direction u, then it is closed in that direction.
The converse is not always true. Moreover, if u is an isolated asymptotic direction of
A, then A is strongly closed in this direction.

Theorem 5.2. Let A and B be nonempty closed sets. Assume that for every unit
norm direction u € R'(A) N R'(—B) , the following conditions hold

(i)  Either u is an isolated direction of A or —B, or one of the sets A and —B 1is
closed in u and the other is strongly closed in u;

(i) RY(A;u)N RY(—B,u) ={0}.
Then the sum A + B is closed.

Proof. Let {a,},>1 and {b,},>1 be sequences in A and B such that {a, + b, }n>1
converges to some limit c. We need to show that this limit belongs to A + B. Note
that the sequences {a,},>1 and {b,},>1 are both bounded or both unbounded. If



200 N. Hadjisavvas, D. T. Luc / Second-Order Asymptotic Directions of ...

they are bounded, then by selecting subsequences instead we may assume that they
converge, respectively, to some points a € A and b € B. In this case ¢ = a + b
belongs to A 4+ B and we are done. If those sequences are unbounded, then we may
assume that {||a,|| }n>1 and {||b, || }n>1 converge to co. By taking again a subsequence
if necessary, we obtain that {a,/||a,|}n>1 converges to some unit norm asymptotic
vector u € R'(A) which is also the limit of the sequence {—b,/[|a|/}n>1 and an
asymptotic direction of —B. We now show that the sequence {a, — ||an||u},>1 is

bounded. If not, we may assume that the sequence {||(a, — [|an||u)||}n>1 converges
to oo and the sequence {%}@1 converges to some unit norm vector v €

RY(A;w). In particular, v L u. Note that

lim (H(an — ||an||u I bn, + HanHu)H) —0

n=oo \ [[(an — llanllu)]|  [l[(an — flan|[u

—b, — .
hence the sequence {” nlan]ju }n>1 converges to v. Since

(an—llan(lw)]|

lim lan] = lim ; =00
n—oo |[(an — [|anllu)||  n—oo ‘ e uH
Qn

and v L u, we have v € RY(—B;u). But this contradicts assumption (7).

Since the sequence {a,, — ||ay||u}tn>1 is bounded,{b, + ||a,||u},>1 is also bounded.
Thus u is an isolated asymptotic direction neither for A nor for —B. Now assume
that A is strongly closed in u. Since — B is closed in u, we may assume that for some
t, > 0 converging to oo, {—b, — t,u},>1 converges to some —b € —B. Then from
an + b, — ¢ we get that {a, — t,u},>1 converges to a := ¢ — b. Since A is strongly
closed in u, we have a € A, hence ¢ € A+ B. The case where —B is strongly closed
in v and A is closed in u is similar. The proof is complete. [

It is worthwhile noticing that in the first condition of Theorem 5.2 if none of the sets
A and B is strongly closed in direction u, then the conclusion may fail as the next
example shows.

Example 5.3. Consider the following sets in R:
1 2
A= l-—n—-1)eR:n=12..,U{(z0):x >0},
n
1
B = {(1——,2—n) ER2:n—1,2,...}U{(w,O) cx >0},
n

It is clear that R'(A) N R'(—B) = {(0,y) : y > 0}. For a unit norm vector u = (0, 1)
from R'(A) N R'(—B) the canonic second-order asymptotic direction sets of A and
—B at u are zero, so that condition (i7) on the canonic second-order asymptotic set
is satisfied. It can be seen that the sets A and —B are closed in direction u; but none
of them is strongly closed in this direction. The sum A+ B is not closed because the
limit point (2,1) of the sum (1 — =, n —1) 4+ (1 — £,2 — n) when n tends to co does
not belong to A + B.
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Here is a useful corollary when a set has only isolated asymptotic directions.

Corollary 5.4. Let A and B be nonempty closed sets. Assume that every unit norm
vector u from R'(A) N R'(—B) is an isolated direction of A or B, and RY(A;u) N
RY(—B,u) ={0}. Then A+ B is closed.

Proof. This is immediate from Theorem 5.2. O]

Below we present some examples to illustrate the second-order condition given in
Theorem 5.2. The two first examples show that the new condition works well even
when the classical first-order condition does not hold. The last example proves the
role of condition (ii).

Example 5.5. Let us define

A:{(1—l,n—1) eR2:n=1,2,...}u{(1,0)},

B=/{(1,t) eR*:t € R}.

Then we have R'(A) N R'(—B) = {(0,y) : y > 0}. Hence the classical theorem does
not apply. Let us verify the conditions of Theorem 5.2. For the unit norm vector
u=(0,1) € R(A)NR'(—B), the set A is closed in u, and the set B is strongly closed
in u. Moreover, both of the sets R”(A;u) and R”(—B;u) are trivial, so that their
intersection is the zero vector. By Theorem 5.2 the sum A + B is closed.

Example 5.6. In this example we consider the sets
A={(n,n*)eR?:n=12..1},
B={(n,-n*)eR*:n=1,2 .}

It is clear that R'(A)N R (—B) = {(0,y) : y > 0}. Hence the classical criterion is not

applicable. Since the unit norm vector u = (0,1) € R'(A) N R'(—B) is an isolated
direction of A and —B, and

R’(A;u) = {(z,0) € R* : z > 0},
R’(—=B;u) = {(z,0) € R* : z < 0},
we see that the hypothesis of Corollary 5.4 is satisfied, by which the sum A + B is

closed.

Example 5.7. The sets A and B are now defined as follows
A={(n,n*) eR?*:n=1,2,..},

1
B:{(—n+—,—n2> E]R2:n:1,2,...}.
n

Again we have R'(A) N R (—B) = {(0,y) : y > 0}. It is clear that the unit norm
vector u = (0,1) € R'(A) N R'(—B) is an isolated direction of A and —B. Direct
computation shows that R”(A;u) N R (—B;u) consists of all vectors (z,0) € R? with
x > 0. The condition on second-order asymptotic directions of Corollary 5.4 is not
fulfilled; and the sum A + B is not closed either.
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