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Abstract. Using Prohorov’s Theorem we give a proof of the Minimax Theorem in the context
of probability measures defined on separable metric spaces. We also introduce the concept of
pseudo-characteristic function and use it to give necessary and sufficient conditions of relative
compactness in the space of probability measures.

1. Introduction. This paper concerns the zero-sum static game represented by strate-
gies of players with opposite objectives. Motivated by well known results (named in the
literature as Minimax theorem) in static games ensuring the existence of value of the
game, when mixed strategies are allowed for both players and the corresponding set of
actions E and F for both players are compact, we extend those results to the case when
the payoff function f is measurable and the minimizer action space is not necessarily
compact.

The interest in this extension comes from different fields, where the compactness
assumption and the continuity of the payoff function are not satisfied; in fact are not
natural hypotheses in view of the nature of the problem at hand. See, for instance,
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[21], [10], [9], or [20] for the study of the Minimax theorem for fuzzy metric spaces.
Also, in the study of deterministic differential games with mixed strategies, the Minimax
theorem appears at a local level, meaning that when the Hamiltonians are analyzed for
the upper and lower values, an interesting question to be answered is if it is possible
to interchange the inf and sup in their definition, as in [I1]. Consequently, standard
statements of the Minimax theorem [2], [5] cannot be applied to establish the existence
of equilibrium strategies or a saddle point.

The pioneering work of von Neumann in 1928 established the existence of a saddle
point for games with finite action spaces with the discrete metric. This classical result
has been extended in different directions; here we mention a few of them, since the
existence literature related with this theory is abundant. For instance, concerning the
topology/geometry of the action spaces for the players, in [14], [I6], [I2] the authors
consider nonconvex and non-Hausdorff spaces. Also, for Hilbert and Lindel6f spaces the
conclusion of the Minimax theorem has been analyzed in [4] and [24].

Concerning the payoff function, some examples of structure that has been studied are
the following. In [I0] and [25] the case with semi-continuous functions was considered,
whereas in [23], the authors consider linear operators. Also, when the payoff function is
generalized as a set-valued map, the minimax problem was analyzed in [I8] or [I5].

In the present paper we study the Minimax theorem when the action space is a
separable metric space, and the proportion of times that each player choose a particular
pure strategy has certain probability distribution, defined on the Borel sigma algebra.
These are called mixed strategies. When the action space of the minimizer player is not
compact we present some interesting conclusions. In order to study this case we introduce
the concept of pseudo-characteristic functions on proper metric spaces and we use this
concept to give a criterion of tightness, which is closely related to the compactness.

The organization of the paper is as follows. In the next section some preliminary
results are stated for static games, describing also in a precise way the main objective of
this work. In Section [3] we present the main conclusions, providing a proof of the Minimax
Theorem in the context of probability measures on separable metric spaces. Finally, in
Section [ tightness is characterized in terms of pseudo-characteristic functions and an
example is presented, where such characterization is used.

2. Preliminaries on static games. Given metric spaces (E,d) and (F,m), let us
consider a static game with a bounded measurable payoff function f(z,y), with z € F
and y € F. The upper and lower values are defined as

V*t = inf sup f(z,y) and V~ =sup inf f(z,y). (1)

z€E yep zeE YEF

Somehow the advantage of information for each player is reflected in the order of the
sup or inf. For instance, in the definition of V' the maximizer player has an information
advantage, since y can be chosen as a function of x. This can be made precise using
decision rules o : E — F and writing V™ = inf, sup,cp f(2, @(x)). A similar argument
can be used for the lower value V= = supg inf,cr f(8(y), y), where the infimum is taken
over the set of decision rules 8 : F — FE. In fact, under some topological conditions on the
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metric spaces, it can be proved that optimal strategies and decision rules can be chosen
for each player.

The inequality V- < V™t is valid in general. In the case when the upper and lower
values are equal we say that neither player has an advantage and the game has a value,
the value of the game is the common amount. Under suitable topological conditions, there
exist saddle points, points where the value of the game is reached, and they can be found
by solving a sequential optimization problem, for V', for instance, we proceed as follows:
first we define 5*(y) = arg min, . f(x,y), and then

yr = arg max inf f(z,y) = arg max B (), y).

When the strict inequality V= < V* holds, the “pure” strategies can be defined
through mixed strategies in order to get a value of the game, meaning that a randomiza-
tion procedure can be implemented where the players select probability measures in the
set of actions, from which the players select their decisions from random sampling.

More precisely, if we denote by 75 the collection of all open subsets of the metric space
(E, p) and by Bg = o(7g) the Borel o-algebra on E, the family of probability measures
on F is denoted by P(FE). The same notation is used when F is substituted by the other
metric space F. The spaces P(E) and P(F) are endowed with the weak topology; it is
well known that with this topology these spaces are metrizable. Indeed, one metric is the
Prohorov’s metric in P(E) which is defined as

pp(E)(P,Q) = inf{s >0:P(A) <Q(A.)+ecforall E\ A€ 7'E}7 (2)

where A. = {z € E: p(z,A) < e} with o(x, A) = infyc 4 o(z,y).

For static games, when the players are allowed to consider as strategies probability
measures in P(E) and P(F), we say that they are using mized strategies. This type of
strategies can be described as if the game were repeated indefinitely and the average
results in the expression

J(P.Q) = /E /F f(x.y) Q(dy) P(de), (3)

which represents the corresponding payoff associated to the strategy P € P(FE) and
Q@ € P(F) for the minimizer and maximizer players, respectively. Then, the upper and
lower values of the game, analogous to (1], are defined as

Vt= inf sup J(P,Q), 4
PGP(E)QGPI()F) (F.Q) @
V™= sup inf J(PQ). (5)

QeP(F) PEP(E)

As it was defined above for pure strategies, when the values and are equal the
common value is called the wvalue of the game, and if this common value is reached at
a point (Py, Qo) we say that it is a saddle point. Intuitively it means that if any of the
players deviates from their optimal strategy, (Fo,Qo), they can only give an advantage
to the opposite player.

Since the function (P, Q) — J(P, Q) is bilinear, it is well known that if f is continuous
and the action spaces E and F' are compact, there exists a value of the game, and there
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is a pair of measures (P*,Q*) such that, for every pair of probability measures (P, Q),
J(P*,Q) < J(P*,Q") < J(P,Q"). (6)

That is, the inf and sup can be interchanged in expressions 7; see, for instance,
[2, p. 218]. Recall that under this compactness assumption the spaces P(E) and P(F)
are also compact under the weak topology. Hence, in this particular case, VT = V.

Roughly speaking, when this interchange of supremum and infimum is possible we
say that the Minimax theorem holds, as it will be recalled in the next section. In this
note we are interested in the extension of @ to the case when the payoff function f is
measurable and l.s.c. in the minimizer action variable. These are nonstandard conditions
from a technical viewpoint.

3. The Minimax theorem. In order to present the main results of this note, we first
introduce some notation and classical statements of the Minimax theorem. Let X and Y
be separated (Hausdorff) locally convex topological vector spaces and L : X x Y — R
a real valued function defined in the product space.

DEFINITION 3.1. We say that L : X x Y — R is convex-concave if L(-,y) is convex for
all y € Y and L(x,-) is concave for all x € X. Analogously, we say that L is l.s.c.-u.s.c.

if L(-,y) is lower semi-continuous for all y € Y and L(z,-) is upper semi-continuous for
all z € X.

Next version of the Minimax theorem is one of the classical versions of that result. It
states the existence of value for the static game under suitable technical conditions; its
proof can be found in [26] or, for a modern treatment, the interested reader can also find
it in [I9] or [3]. This result also represents an extension of the fundamental result of von
Neumann proved in 1928 in the context of the simplex sets.

THEOREM 3.2. Let E and F be nonempty convex subsets of X and Y, respectively, with
E compact. Let L : E X F — R be convex-concave and L(-,y) l.s.c. for eachy € F. Then

inf L(z,y) = inf L(x,y),
sep ep My = s L)

and there exists xo € E such that

sup L(zg,y) = inf sup L(z,y).
yeF z€E yef

As an immediate consequence we have the existence of saddle points; see Theorem
11.5 in [13] for its proof.

COROLLARY 3.3. Let E and F be nonempty conver and compact subsets of X and Y,
respectively. Let L : E x F' — R be convez-concave and l.s.c.-u.s.c.. Then, there exists a
point (zo,yo) € E X F such that

L(zo,y) < L(zo,y0) < L(2,90), forallz € X, y €Y,
and, in particular,

in sup L(z,y) = L(zo,yo) = max inf L(z,y).
ggg;gg (z,y) = L(wo, yo) max inf, (z,y)
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Our attempt now is to apply the above results to prove the existence of value of the
game defined in 7, and a saddle point, satisfying @, within the context of mixed
strategies and the payoff function J, as it was defined in .

The main result of this note is the following. Its proof requires the concept of tightness
of a family of probability measures, which we recall for completeness. Given a metric
space S, a family {1, } C P(S) is tight if for each € > 0 there exists a compact set K C S
such that

inf o (K) 2 1 —e. (7)

THEOREM 3.4. Let E, F be separable metric spaces, with F' compact. Let f : E X FF — R
be a bounded measurable function such that f(-,y) is l.s.c. for eachy € F. Then,

inf z,y) v(dy) p(dx inf sup // z,y) v(dy) p(dx
ueP(FMGP(E)//f ,y) v(dy) p(dr) = pus VGPF) f(@,y) v(dy) p(dz).

Proof. We proceed to verify the hypotheses of Theorem [3.2]in order to apply that result.
It is clear that P(E) and P(F) are convex sets (moreover, if instead of measures we
consider signed measures then they are linear spaces over the real numbers). Since F
is compact, P(FE) is also compact; see [I7, Theorem 6.4]. Let us define the function

L:P(E)xP(F)—Rby
v) = /E /F F(a ) v(dy) p(de),

so, we are done if we prove that L(-,v) is Ls.c. for each v € P(F).
Let v € P(F) be a fix probability measure. For each r € R we need to verify that the
set (called section) defined by

Ar(v) = u67’ //fmy (dy) (dI)<7‘}
is closed in P(E). Let (un) be a sequence in the section A, (v), such that
i pp () (pns 1) = 0;

see (2). This implies that the set {y, : n € N} U {u} is compact, and then {u, : n € N}
is relatively compact, concluding that {u, : n € N} is tight by Prohorov’s theorem; see,
for instance, [8) Theorem 3.2.2]). Let us check that {u, x v : n € N} is also tight. Since
{v} is compact it is also tight by Prohorov’s theorem. Therefore, for each & > 0 there are
compacts sets K1 C F, Ky C F such that

pin (K1) > |1 —¢|/2, foralln €N,
and v(K3) > |1 —¢|*/2. For the compact set K; x Ko C E x F we have
(tn, X V) (K1 X K3) = pin(K1)v(K2) > 1—¢, forallneN,

and Prohorov’s theorem implies that {p, x v : n € N} is relatively compact.

Now, we proceed to verify that every convergent subsequence of {u, X v} converges
to u x v. Let {uy,, x v} be a subsequence of {u, x v} converging to m € P(E x F). Let
A C FE, B C F be closed sets and for each k € N define g, : E > R, hy : F — R as

gr(x) = max{0,1 — kd(z,A)}, hi(y) = max{0,1 — kd(y, B)}.
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The functions (z,y) — gx(z)hi(y), defined on E x F, are bounded and continuous and
limg 00 grhi = 1alp. The dominated convergence theorem yields (see Theorem 3.3.1
in [8]):

/ La(@)1p(y) m(de, dy) = lim [ ge(a)hily) m(da, dy)
ExF —0 JEXF
= lim lim [ gu(@)hi(y) (an, x v)(dz, dy)

k—ooj—oo Jpy R

k—o00 j—00

= Jim [ gu(o) (o /F i (4) v(dy) = /E 14(2) plde) /F 15() v(dy),

= lim lim gk(a?),unj(dx)/Fhk(y) v(dy)

k—o0
therefore
m(Ax B)=(uxv)(Ax B), forall AC E, B C F, closed.

Since E and F' are separable we can apply Lindel6f theorem to get Tpxr C o(75 X T5),
where 7E. x 75 = {Ax B : E\A € 75, F\B € 7}, and therefore o(Tgxr) C 0(75x75) C
o(TexF). Since 7§ X 7§ is a m-system we conclude that m = pu x v, by [6], Corollary 1.6.3].

If (un X v) does not converge to p X v, then there exist &g > 0 and a subsequence
(fn; x v) such that

PP(ExF)(Hn; XV, X V) > €q, forall j € N. (8)
Since {,; x v : j € N} is relatively compact, there exists a subsequence (“”J'k x v) that
converge to y x v. This is a contradiction to ().
The last step in the proof consists in verifying that u € A, (v). Let
IfIl = sup{|f(z,y)| : 2 € E, y € F},

and notice that by Fatou’s lemma

111
/ / liminf[1 — p,({z € E: f(z,y) < t})] dtv(dy)

n—oo

n— oo

[£11
< liminf/F/O [ pnlfz € B: flz,y) < )] dt v(da). )

Since f is l.s.c. the set {x € E : f(x,y) < t} is closed, for each ¢t € R and y € F. Using
Fubini’s theorem, Theorem 3.3.1 in [8] and () we get

17l = < N1~ timint [ ) (% ) )
ExXF
= limsup(||f|\ — /E Ff(;v,y) (X V)(dx,dy))

n—oo

=timsup [ (1711~ [ @) () viay)

n—r oo

A1l
= limsup/F/O pn({z € E: f(z,y) <t})dtv(dx)

n—oo

1l
< /F/O limsup pi, ({2 € E : f(z,y) < t}) dtv(dz)

n—roo
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[1£1]
< /F / w({z € B+ flo,y) < t}) dtv(de)
= [(1a1= [ s utao)) viam) =1l = [ 5Go9) (ux v) (o).

This shows that € A,(v) and the result follows directly from Theorem "

From this point, the previous result together with Corollary yield as a straight-
forward consequence the existence of saddle points.

COROLLARY 3.5. Let E and F be compact metric spaces. Let f : EXF — R be a bounded
measurable function that is l.s.c.-u.s.c. Then, there exists a point (o, vo) € P(E) x P(F)
such that

inf //fa;y (dy) p(dx) //fxyuodyuo(dx)
ue’P(F) HEP(E)

= inf sup //fxy (dy) p(dx).
HEP(E) 1/673

4. Pseudo-characteristic functions on proper metric spaces and tightness.
A locally compact metric space (S, p) is said to be proper (see [22], p. 204]) if the closed
balls {z : o(z, o) < r} are compact for some zy and all r € (0,00). It is easy to show
that tightness condition is equivalent to

lim sup po{z : o(z,2z0) > 7} =0.

T—00 «

The pseudo-characteristic function of a measure p € P(S) is defined as

at) = / etd=20) y(dz),  teR,;
s

observe that |fi(t)| < 1 = [i(0). As it has been seen in the proof of Theorem tightness
of a family of probability measures plays a crucial role. The following result is particularly
useful when we do not have compactness in the action space of the players.

THEOREM 4.1. A family {uo} C P(S) is tight if and only if {fio} is equicontinuous at 0.
Proof. Suppose that {u} C P(S) is tight. Given € > 0 there exists 9 > 0 such that
sup pa{z : o(x, o) > 1} < %, for all r > ry.

Therefore, if [¢| < min{2,e}/2rq, then

e () — 1] < /S |1 — =m0y (dz) < /S min{1,td(z, z0)} pia(dz)

< / o (dz) +/ td(z, o) po(dz)
{z:d(z,x0)>r0} {z:d(z,20)<ro}

< pa{z:d(z,20) > 1o}) +trg < e, forall a.
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In order to prove the reciprocal implication, take r > 0 and observe that by Fubini’s
theorem, for each o we have

[ = [ [ e s a

—2/r —2/r

:[q{r_/_z//i e”d(z’“”)dt} fia (d2) :r/s[l— Td(jxo) sin(rd(z’xo))] i (d2).

Since 2sin(z) < z, for > 2, it follows that

2/r
[ -z [ 3 ald2) = 2 pal{z : oz, 20) > ).

—2/r {z:d(z,x0)>r}

Now, given £ > 0, there exists 6 > 0 for which
1—pa(t) < %7 for all |¢| < ¢ and a.

In this way, for r > 4/9,

1

po{z s 0(x,20) > 1} < /1(1 - /}a(%t)) dt <e, for all o,

and therefore lim, o sup,, paf{z : 0o(x,20) > 7} =0. m

Now we present an example illustrating the difficulties to get the conclusions of the
Minimax theorem when the action spaces are not compact, as a complement of the
previous results.

EXAMPLE. Let us take F' = {1,2,...} with the usual distance d on R, and put z¢ = 1,
in such a way that (F,d) is a proper metric space. On the other hand, let F' = {1,2,...},
with the discrete metric m, be the set of actions for the maximizer player. Suppose that
the minimizer player chooses a strategy k € E with frequency i, ({k}) = (1 — a)*la,
a € [1/2,1]. In this case, by Theorem the closure of {fta }ae[1/2,1] is compact, since

o, (1) = it|z—1| J(dz) = it(k=1) (1 _ o)k—1g = _04
falt) = [ = o) I e =y

is equicontinuous at 0. Indeed, this follows from next calculations

a (1—a)l—¢  (1—-a)]l—e? o 1

- —1| = - < - <|1-¢€ f 1 -<a<l.
1—eit(l—a) ’ et —a) S 1 jer(i—a) S ¢ forallgsas
Let f : E X F — R be a bounded function, representing the payoff function for the
players. We denote by C(E, F)) the set of continuous mappings from E to F, they shall
represent decision rules for the maximizer player. In order to use Theorem 8.4 in [3] let
us observe that for each g € C(FE, F'), the mapping T : P(E) — P(F) defined as

T(n)(A) = p?(A) = u(g~'(4)), A€ B(F),
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is continuous. Therefore, the change of variable theorem (see Theorem 12.46 in [I]) yields

ot [ fe s i stos

g€C(E,F) @€[1/2,1]

= sup inf //fxy 18 (dy) pa (dx)

g€C(E,F) @€[1/2,1]

= inf sup //fxy (dy) po(dx)

a€ell/2,1] 1)677(F)

= inf / / f(z,y) g (dy) pa(dz)

a€ll/2,1] qec E F)

I / / (@2 9(0) o (dy) po(de).

a€g(1/2,1] gec E F)
The result intuitively gives a representation of the upper value of the game, when the
maximizer player is forced to use only continuous decision rules and the minimizer player
takes mixed strategies within the set {uq : @ € [,1]}.
In particular, when the continuous decision rule for the maximizer player is the iden-
tity, g(k) = k, for all k, with payoff function f(z,y) = e Yy*/x!, we get a lower bound
for the upper value

0 0 e~ Sg"
inf o? 1—a) Y1 —a) !
aefl/Q,l] ;é; 7! ( L )
_ inf 2 =s(1 — s—1 1— r—li
e S S

. f 2 - —s 1 s—1 1 e—s(a—l)
_aeﬁl/Q,l]a ;e (1-a) a—1 a-1
e~ —¢ ! 1 1

aeﬁl/fz,l] 1—a (ae—l —e 1+ 1) (oze—o‘ —e >+ 1) e

Under these conditions, the maximum loss in which the minimizer player might incur, in
average, is bigger than 0.367.
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