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In the present paper we show a new property of Berge’s Maximum Theorem with
concave utility functions. It is proven that the maximum multifunction is convex-
valued and continuous when the action multifunction is compact-valued, convex-
valued and continuous, and the utility function is continuous and concave in its second
variable.

1. Introduction. The well-known Berge’s Maximum Theorem has become one of
the most useful and powerful theorems in optimization theory and its applications in the
different fields in mathematics. In particular, in [5] and [6], Slavov and Evans discuss
two applications of this theorem in multi-objective optimization. In [1], [4], [8] and [9],
the authors consider many different applications of Berge’s Maximum Theorem in game
theory and mathematical economics.

The original variant of Berge’s Maximum Theorem is essentially as follows:

Theorem 1 ([3], [7, Theorem 9.14]). Let X CR" andY C R, u: X XY — R be a
continuous function, and D : X =Y be a compact-valued and continuous multifunction.
Then, the function h : X — R defined by h (r) = max {u (z,y) |y € D (z)} is continuous
on X, and the multifunction S : X =Y defined by S () = {y € D (2) |u (z,y) = h ()}
is compact-valued and upper semi-continuous on X.

According to Walker’s terminology [9] we say that X is a set of environments, Y is
a set of actions, u is a utility function, D is an action multifunction, h is a marginal
function, S is a maximum multifunction, D(z) is the set of feasible actions available in
environment z, and S(x) is the set of optimal actions in environment z.

It is important to note that Berge’s Maximum Theorem gives conditions under which
marginal function A and maximum multifunction S are continuous and upper semi-
continuous, respectively.

Berge’s Maximum Theorem is often used in a special situation when the action
multifunction D is convex-valued and the utility function « is quasi-concave or strictly
quasi-concave in its second variable in addition to the hypotheses of Theorem 1.

Now, we focus our attention on the classical variant of Barge’s Maximum Theorem,
also called the Maximum Theorem.
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Theorem 2 ([2, Maximum Theorem]| [5, Theorem 2| [7, Theorem 9.17 and Corollary
9.20]). Let X C R" and Y C R™, u : X xY — R be a continuous function, and
D : X =Y be a compact-valued and continuous multifunction. Define h and S as in
Theorem 1.

(a) Then h is a continuous function on X, and S is a compact-valued and upper
semi-continuous multifunction on X.

(b) If u(x,-) is quasi-concave in y for each x € X, and D is convex-valued, then S is
convezx-valued.

(¢) If u(z,-) is strictly quasi-concave in y for each x € X, and D is convez-valued,
then S is a continuous function on X.

(d) If u is concave on X XY, and D has a convex graph, then h is a concave function
on X and S is a convex-valued multifunction on X.

(e) If u is strictly concave on X xY, and D has a convex graph, then h is a strictly
concave and continuous function on X, and S is a continuous function on X.

The key goal of this work is to present a new property of the Maximum Theorem, that
is, the maximum multifunction is continuous when the action multifunction is convex-
valued and the utility function is concave in its second variable.

2. Preliminaries. For a better understanding of the paper, we recall some useful
definitions and notations. Let || - || be the Euclidean norm on R", d(z,y) = ||z — y|| be
the Euclidean distance between x,y € R"™ and 7 be the Euclidean topology induced by
d. Tt is known that the Euclidean norm is strictly convex.

Let us consider a multifunction F' : X = R™ where the feasible domain X C R"
is nonempty. Note that the image of each point by a multifunction is nonempty. Recall
some standard topological definitions and their equivalent statements for a continuous
multifunction.

(1) F is called upper semi-continuous (briefly usc) at a point = € X if and only if for
each open set V' C R" such that F(x) C V, these exists a set U of 7 containing = such
that y € U N X implies F(y) C V. This is equivalent to “F is upper semi-continuous at
a point z € X if and only if {z},-; C X and {yx},—, C F(X) are a pair of sequences
such that lem xp = x and yr € F (xy) for all k € N, then there exists a convergent

o0
subsequence of {yj},-; whose limit belongs to F (z)”. F is usc on X if and only if F is
usc at each point x € X.

(2) F is called lower semi-continuous (briefly lsc) at a point # € X if and only if for
each open set V' C R" such that F(z)NV # 0, there exists a set U of 7 containing x such
that y € U N X implies F(y) NV # (. This is equivalent to “F is lower semi-continuous
at a point € X if and only if {z)},-; C X is a sequence convergent to z and y € F (z),
then there exists a sequence {yj},-; C F(X) such that y, € F (x3) for all k € N and
klgl;lo yr =9y F is 1sc on X if and only if F' is Isc at each point z € X.

(3) F is called continuous at a point x € F' if and only if F is both usc and lsc at
point z € X. F is continuous on X if and only if F' is continuous at each point x € X.

Note that a function being continuous is equivalent to it being upper or lower semi-
continuous as a multifunction; therefore, if X € R", s : X — R™ is a function and
S: X = R™ is a multifunction defined by S(z) = {s(x)}, then the following statements
are equivalent: (i) s is continuous on X. (ii) S is upper semi-continuous on X. (iii) S is
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lower semi-continuous on X. As a result we get that continuous functions are a special
class of continuous multifunctions. In our case this means that if [S(z)| = 1 for all z € X,
then S is a continuous function on X, see Theorem 2(c) and 2(e).

Remark 1. Consider the original variant of the Maximum Theorem. The following
important two facts hold 7, Examples 9.15 and 9.16]:

(1) S is only upper semi-continuous, and not necessarily also lower semi-continuous.

(2) The continuity of uw on X x Y cannot be replaced with u(-,y) is continuous on X
for each fixed y € Y and u(z, ) is continuous on Y for each fixed z € X.

It is known that quasi-concavity and concavity of the functions play a special role in
optimization theory and we use the Maximum Theorem under convexity as a mathematical
tool in convex optimization. Recall the definitions of quasi-concave and concave functions
in the usual sense.

Definition 1. A real function g : X — R on a convex subset X C R" is called:
(a) quasi-concave on X if and only if for any x,y € X and t € [0,1], then

g(tz +(1—1t)y) > min(g(z),9(y))-

(b) strictly quasi-concave on X if and only if for any x,y € X, x #y and t € (0,1),
then g (tz + (1 —t)y) > min(g (), g (v)).

(¢) concave on X if and only if for any x,y € X andt € [0,1], then g (tx + (1 —t)y) >
tg(x) + (1 —1t)g (y).

(d) strictly concave on X if and only if for any z,y € X and t € (0,1), then
gtz + (1—-t)y) >tg(x) + (1 —t)g(y).

It is easy to show that concavity implies quasi-concavity and strict concavity implies
strict quasi-concavity, but in general the converse does not hold.

Remark 2. It is known that for each z € X:

(1) a function g being quasi-concave is equivalent to its upper contour set {y €
Xlg(y) > g(x)} being convex.

(2) if a function g is strictly quasi-concave, then its upper contour set {y € X|g(y) >
g(x)} is strictly convex, but in general the converse does not hold.

Let us define the closed linear segment {ty + (1 —¢)z|t € [0,1]} by [z, y] for 2,y € R"
and z # y, and define the open linear segment |z, y], analogously, |z, y] = {ty+(1—t)z|t €
(0,1)}. Note that the definition of quasi-concave or concave function allows for linear
segments (closed or open) in the boundary of its upper contour set. But, the definition
of strictly quasi-concave or strictly concave function does not allow for linear segments
(closed or open) in the boundary of its upper contour set.

Remark 3. If g is a quasi-concave or concave function, then the set of maximizers
is convex, and if g is strictly quasi-concave or strictly concave, then the maximizer is
unique.

Remark 4. Consider a real continuous function g on X C R". Let g be a concave
function on closed linear segment [x,y] C X such that g(z) < g(y). For A(z) = {p €
[z,y]lg(p) > g(y)} it is easy to show that there exists a unique point z € A(x) such that
d(z,z) = d(z, A(z)) and x # z, because set A(x) is compact and convex, and we use the
Euclidian distance. Note that d(z,z) < d(z,y) and g(x) < g(z) = g(y). Now consider
function g on closed linear segment [z, z] and a function f on closed linear segment [0, 1]
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such that f(t) = g(z + t(z — x)) for ¢t € [0, 1]. From concavity of function g on [z, z] and
g(x) < g(y) it follows that function f is strictly increasing on [0, 1].

3. Main result. In this section we present the basic theorem of this paper.

Theorem 3. Let X C R" andY C R™, u: X XY — R be a continuous function,
and D : X =Y be a compact-valued and continuous multifunction. Define h and S as
in Theorem 1. If D is convez-valued and u(x,-) is concave in y for each x € X, then S
is a compact-valued, convex-valued and continuous multifunction on X.

Proof. From Theorem 2(a) and 2(b) we have that S is a compact-valued, convex-
valued and upper semi-continuous multifunction on X

We want to prove that S is lower semi-continuous on X. It will be shown that if
g € X, {xr},o,; C X is a sequence convergent to point zg € X and yo € S (zo),
then there exists a sequence {yj},-; C D(X) such that y, € S (zx) for all k € N and
klirxgo Yk = Yo, i.e. multifunction S is lower semi-continuous at point xg € X.

Now, fix an arbitrary point zg € X. Let {xk}zozl C X be a sequence convergent to xg
and yo € S (zo). From D is lower semi-continuous on X it immediately follows that there
exists a sequence {zx}r—; C D(X) such that z; € D(zy) for all k € N and klim 2k = Yo.

— 00

For each k € N, if z;, € S(xay), then let yi, = 2z, and if 2z, ¢ S(z), then it can be easily
seen that there exists a unique point y;, € S(z) such that d(zx, yx) = d(zk, S(xk)). Note
that S(xx) C D(zk) is a nonempty, compact and convex set, and we use the Euclidian
distance.

Consider points (zg,yo) € X xY and (xp,2;) € X xY for k € N. From hm Tr = X0

k—o00
it follows that lim zp = yo, lim (zk,2r) = (To,y0) and lim w(zg, zx) = u(zo,yo) =
k—o0 k—o0 k—o0

h(zo). For each k € N we know that h(zr) = u(rk,yr) > u(zk, 2;) and klim h(zy) =
—00

h(zo). This means that w(xg,yr) — w(zk,2zr) = h(zr) — u(zg, z;) and we conclude
that klim (w(zk, yr) — w(zk, 21)) = klim (h(zr) — u(zk, z1)) = h(zo) — h(xo) = 0, ie.
—00 —0

klim d(uw(zk, yr), uw(xk, zk)) = 0.
Now we will prove that hm Yk = Yo.

Let us denote A = {k € N|zk € S(zx)} and B ={k € Nz, ¢ S(zi)}.
It is interesting to point that ANB =0, AUB = N, khm zZk = Yo, k € A is equivalent
)

to zr = Yk, and k € B is equivalent to zp # yg.

Actually, there are the following possible cases: A is infinite or k € A is infinite, or
both.

Case 1. Let us assume that A be infinite and let & € A. Trivially, we have that
lim yx = yo.
k— o0

Case 2. Let us assume that B be infinite and let & € B. In this case, u(xg,yx) >
u(xg, z,) and we will consider the function u on closed linear segment [(xg, zk), (T, yx)].
Obviously, u(zk, yx) > u(zg,p) > u(xg, z;) for all p € (2, yx) because u(zx, ) is concave
on [(zk,zk), (Tx,yr)] and {yx} = S(xx) N [2k, yx]). This allows us to define a function
b: 2k, yk) — [u(zk, 2), u(zk, yi)] by b(p) = u(zk,p) for p € [zk, yi], see also Remark 4.
Since b(zx) = u(xg, zk), blyx) = u(zk,yr) and continuity of b on segment [z, yx] imply
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b([zk, yk]) = [u(xg, 2k), u(zk, yr)]. For this function we also obtain b(yx) > b(p) > b(zx)
for all p € (zx, yx).

Let us fix an arbitrary point p € [zx,yr). It is obvious that if ¢ € (p,yx), then
u(zk, yr) = blyr) > u(zk,q) = b(q) > u(zr,p) = b(p) because u(z,-) is concave on
segment [(zg,p), (Tx, yr)] and {yr} = S(xk) N [k, yx|, see Remark 4.

Let us assume that p,q € [zx, yx] and p # g. There are two cases: either ¢ € (p, yx)
or p € (q,yk)- So, if ¢ € (p,yx), then b(yr) > b(q) > b(p), but if p € (q,yx), then
b(yr) > b(p) > b(q). As a result we obtain b(p) # b(q), i.e. b is bijective.

Function b is continuous and bijective on compact set [z, yx]; therefore, b~ is contin-
uous too. As a result we find that klg& d(u(zk, zk), u(xk, yx)) = 0 is equivalent to

lim d(b™" (w(zk, z1)), b (u(z, yx))) =0,

k—o0

lim d(b~ ' (u(wr, 21)), b (u(zr, yx))) = 0

k—o0
is equivalent to lim d((zk,zk), (zk,yx)) = 0 and lim d((x, zx), (xk, yx)) = 0 is equiva-
k—o00 k—o0
lent to klim d(zk,yr) = 0.
— 00
At the end of this case, since 0 < d(yk, yo) < d(yk, zx) + d(zk, Yo), klim 2k = yo and
— 00

lim d(zx,yr) = 0, we also conclude that lim yi = yo.
k—o0 k—o0

Case 3. Let us assume that A and B are both infinite. Using cases 1 and 2, we conclude
that klim yr = yo for k € N.
—00

In conclusion, we obtain klim yr = yo for k € N, i.e. the multifunction S is lower
—00
semi-continuous at point xg € X. Hence, we get that S is continuous on X. [

Continuing with this analysis, we also see that in Theorem 2 the maximum multi-
function S is lower semi-continuous on X, see Remark 1.
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BBbPXY TEOPEMATA 3A MAKCUMYMA HA BEPT C BAJIBBHATA
OYHKIINA HA TIOJIESHOCT B'bB BTOPATA CHU ITPOMEHJINBA

3apasko CiaBoB, Xpuctuna EBanc

B Hacrostimara craTus IpejcTaBsiMe €/IHO HOBO CBOHCTBO Ha Teopemara 3a Makcu-
MyMa Ha Bepr ¢ BirbOHara dyHKIHs Ha IOJE3HOCT. JloKaszaHo e, Ye MakCHUMasIHaTa
MyJITAQYHKINS € HEIPEK'bCHATA U C M3II'bKHAJN CTOMHOCTH, KOraTO aKTHBHATA MYJI-
TudYHKIHSA € HEIPEK'bCHATA U C KOMIIAKTHYA M U3I'bKHAJIN CTOHHOCTH, & QyHKIAATA
Ha IIOJIE3HOCT € HEIPEK'bCHATA U BJJIbOHATA BbB BTOpPATa CH IIPOMEHJIMBA.
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