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ABSTRACT. We are dealing with definition of expectation of random elements
taking values in metric space given by I. Molchanov and P. Teran in 2006. The
approach presented by the authors is quite general and has some interesting
properties. We present two kinds of new results:
e conditions under which the metric space is isometric with some real
Banach space;
e conditions which ensure “random identification” property for random
elements and almost sure convergence of asymptotic martingales.

1. Introduction. Expectation of real random variable is basic character-
istic which is used in probability theory. There is extension to random
elements taking values in Banach spaces — a Bochner integral. There is the
following question:

“What about metric spaces without linear structure?”

There is a lot of solutions of this problem. Probably the first (1949)
who gave a concept of mathematical expectation of a random element with
values in a metric space was Doss [5].

After this paper many other authors dealt with the problem of defining
expectation, there were many different concepts and solutions of this prob-
lem in different kinds of metric spaces: Fréchet [6] and Pick [12] considered
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expectation defined as a minimizer of the “variance”; Herer [7], [8], [9] up-
lifted the definition given by Doss to random sets and gave new definition
of expectation in spaces with negative curvature.

There is a lot of results concerning martingales in metric spaces and
almost sure convergence of martingales (see Benes [3], Herer [7], [9], Sturm
13).

We are dealing with definition of expectation given in [14]. The authors
presented new and quite general approach basing on properties which usual
expectation possess. The results seem to be interesting especially because
they in some sense unify different ways of defining expectation. Moreover,
after slight modification the definition is restrictive enough to prove almost
sure convergence of strongly tight asymptotic martingales, which is false in
general.

In the beginning we present the definition of convex combination, convex
combination space, the definition of random elements and their expectation
and conditional expectation which can be found in [14]. Section 3 presents
some problems which can be encountered when one is dealing with defini-
tion of expectation in non-linear metric space. The final result of this part
is characterization theorem. Next part is devoted to the “random identifica-
tion property”. Section 5 gives some background in the theory of asymptotic
martingales and contains the result concerning almost sure convergence of
amarts. Finally Section 6 provides some examples illustrating the results.

2. Convex combinations, integrability and expectation. We will
present a short introduction to approach presented by I. Molchanov and
P. Teran in [14].

Let (E,d) be a separable, complete metric space, endowed with a convex

combination operation which for all n > 2, numbers A, Ag,..., A, > 0
satisfying >/, Ay = 1, and all uy,ug,...,u, € E produces an element of
E denoted by [Au1; Adaug;...; Adpuy] or [Aju;]? . Assume that [1lu] = u for
every v € E and the following properties hold.

(1) Niwiliey = [Ao(i)Uo(]izy for any permutation o of {1,2,...,n};

.o )\n j

(ii) [)‘i“z‘]?if = [Arur; Agug; ..o (A1 + Ant2) mu”ﬂ]?ﬂ];

(iii) for any sequence of numbers AE) 5\ e (0,1); kK — o0
[)\(k)u; (1 - )\(k)> v] — [Au; (1 — A)v]; k — oc;
(iv) V(A € (0,1)) Y(u1,ug,v1,ve € E):
d([Aug; (1 = XNvi], [Aug; (1 — Nwva]) < Ad(u1,ug) + (1 — N)d(v1, ve);

(v) for each u € E, there exists lim [n~'u]”;, which will be denoted by

n—00
Ku.
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Spaces satisfying conditions given above will be called convex combination
spaces.

Let (€2, A, P) be a non-atomic probability space. We will use the following
notation:

e A mapping X: 2 — E such that there is a measurable partition
{Q,...,Qn} of Q such that X takes a constant value u; on each
non-null set £;, fori = 1,2,...,mis called a simple random element.

e For a simple random element X taking values zi,xs,...,z, with
probabilities p1, ps, . . . , pn, respectively, define the expectation of ran-
dom element X by

e A random element X is called integrable if d(ug,X) is integrable
real-valued random variable for some ug € E.

Remark 1. Any integrable random element may be approximated by a con-
vergent sequence of simple, integrable random elements and therefore the
definition of expectation may be extended to the set of all integrable random
elements.

3. Characterization of Banach spaces. We will start this section with
a simple lemma.

Lemma 1. Let A be a measurable set such that 0 < P(A) < 1 and X be
an integrable random element, then

EX = [P(A)E(X|A); P(A)E(X|A).
Proof. Let us consider first the case of simple, integrable random element
X. Assume that X takes values u; with probabilities p; respectively for

i =1,...,n. Using property (ii) and simple computations we have:
EX = [piKuil,
= |P(A) [Kul] ; P(A) [ Ku;
[ P(4) i=1 P(A") i=1

= [P(A) [P(X = ui| A)Ku]}_y s P(A') [P(X = wi| A Ku)_ ]
= [P(A)E(X|A); P(A)E(X|A")].

If the random element X is not simple we may use the approximation and
obtain the same result. ]

Note that this lemma is not obvious if this property holds in non-linear
space. There is the following example:

Example 1 (Sturm [13]). Consider E = {1, 2,3} x [0, 00) with metric:

d((i;z), (J;y)) = {!:_;yy" z ;j’
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This is an example of global non-positive curvature metric space.
Define a random element X:

X(w)=(1,1), forwe A1, X(w)=(2,1), for w € Ao,
X(w) =(3,1), for w e As,

where P(A;) = P(Az) = P(A3) = 1, Ay U A3 U A3 = Q. Consider expecta-

tion in the sense of Fréchet i.e.

EpX = {a cE: Ed*a,X) = minEdQ(u,X)} .

uclk
It is quite obvious that
Ep(X) =(.,0).
Note that we have also for any i =1, 2, 3,
Ep(X|47) = (.,0), Ep(X[4) = (i,1);
Ep(X|A;)P(A;) + Ep(X| A7) P(47) = (i,1/3) # Ep(X).

Remark 2. This example shows that the definition of expectation does not
give natural convex combination as is written in [14]. The property (ii) may
not be satisfied if we define the convex combination operation [p1, ;]
as an expectation of random element taking values z; with probability p;
respectively.

The reason of this fact is that not for all definitions of expectation in
metric spaces Lemma 1 is true. Fréchet expectation is one of the examples.
Moreover I. Molchanov and P. Teran mentioned that strong law of large
numbers proved by K. T. Sturm for random elements taking values in global
NPC spaces (see [13]) follows from their strong law of large numbers but
this is true only in case when Lemma 1 holds but this case is not really
interesting because then we have the following:

Theorem 1 (see [2]). Let E be a Fréchet expectation operator defined on ex-
ternally convex, global NPC space (E,d). If the condition EX = E(E(X|Y))
is satisfied for any square integrable random element X and any random el-
ement Y taking two values then (E, d) is isometric with some strictly convex
real Banach space.

4. Random identification property. Let us slightly modify the defini-
tion of convex combination namely replace condition (iv) by:

(iv’) V(A € (0,1)) V(u,v,w € E; d(u,v) > 0):
0 < d([Mu; (1 = Aw], [Av; (1 = Aw]) < Ad(u, v);
and add the following assumption:
(vi) Y(u,v € E): d(u,v) > 0= d(Ku, Kv) > 0.
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Spaces satisfying conditions (i)—(vi) and (iv’) will be called smooth convex
combination spaces.

In such spaces it is possible to prove “random identification property”
which is crucial point in the proofs of theorems concerning almost sure
convergence of asymptotic martingales.

To prove this property we will start with the following:

Lemma 2. Let B.(u) = {x € E; d(z,u) < r} denote the closed ball in E.
For any ui,us, ..., u, € Byr(u) and any A1, A2,...,An >0, >0 N =1,

[)\ZK’LLZHL:l S BT(KU)
Proof. Let x = [\;Ku;|!_;. We have
d(z, Ku) = d([NiKu]iey, [MKulisy)
<Y Nd(Kui, Ku) <> Nd(ui,u) <. O
i=1 i=1

Corollary 1. Let X be a random element. If there is a closed ball B (u)
such that P(X € By(u)) =1, then X is integrable and EX € B.(Ku).

Proof. If X is a simple random element, then this result is simple conse-
quence of Lemma, 2. If X is not simple, then there is a sequence of random
elements satisfying conditions of Lemma 2 with the same ball and the result
follows by approximation and closeness of the ball B, (Ku). O

Theorem 2 (Random identification). Let X1, Xo € LL. If for any random
variable T : Q — {1,2}, EX, = EX1, then X1 = X3 (a.s.).

Proof. First suppose that X; and X, are simple random elements such
that
P{w; X1(w) # Xa(w)} > 0.

Let A = {w; X1(w) # Xa(w)}. There is a subset B C A such that for all
we€ B: Xi(w) =u, Xo(w) =v, where d(u,v) >0 and P(B) =4 > 0.

Let
1, w¢ B;
T(w) =
2; wéeB.
We will show that d(EX,, EX1) > 0. Let
r1; w € Ag;
Xi(w) =

Tn; w € Ap;
u;  w € B;
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where (! ; A4; U B = Q. We have
EX; =[P(A1)K(z1); P(A2)Kxg;...; P(An) Kxy; dKul
=[(1—0)x;Kul,
EX: =[(1-9)z;0Kv]

n
where z = [Pl(fg)K xl] . Assume that
1=

0=d(EX,,EX;)=d([(1 - d)x;0Ku],[(1 —d)x; 0 Kul).

By (iv) it implies that d(Kwu, Kv) = 0 but by (vi) it gives d(u,v) = 0 and
this contradicts the construction of 7 and ends the proof in this case.

If X1,Xs € L are any random elements, such that P(X; # X3) > 0,
then by separability of [E there are elements u,v € E and a set C' C §2 such
that d(u,v) >0, P(C) >0,

X1 € Be(u); X2 € Be(v) for w € C and some ¢ < d(Ku, Kv)/2.
Define

I, wgd;
T =
2; weCl.

Using Lemma 1 we obtain
EXy = [P(C)E(X1]C); P(C")E(X1|C")];
EX, = [P(C)E(X3|C); P(C"E(X1]C")].
Note that by Lemma 2 we have
E(X,|C) € Bo(K(w));  E(X|C) € Bo(K(v)).
Assume that
0=d(EX;,EX;)
= d ([P(C)E(X1|C); P(C")E(X1]C")], [P(C)E(X2|C); P(C) E(X1]C)]) -
Similarly to the proof for simple random elements case it implies that

E(X1|C) = E(X3|C) but this contradicts the fact that B.(K (u))NB:(K (u))
= () and ends the proof. O

5. Amarts. Now let N denote the set of natural numbers, i.e. N={1,2,...}.
Let (92, A, P) be a probability space and let (A,,n > 1) be an increasing
sequence of sub-o-fields of A (i.e. A, C A,41 C A for every n € N).
A mapping 7 : Q — N will be called a stopping time with respect to (A;)
if and only if for every n € N the event {7 = n} belongs to A,. A stopping
time 7 will be called bounded if and only if there exists M € N such that
P(r < M) =1. A set of all bounded stopping times will be denoted by T

We write 7 < ¢ meaning a.s. inequality defining the partial ordering in 7T'.
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Definition 1. Let {X,,} be an integrable family of random elements which
is adapted to {A, }. We call {X,,, A,} an amart if the net {EX;;7 € T} is
convergent to some u € E,

EX; — u, TeT.
An amart {X,,, A} is integrable (X,, € L}) if for some ug € E

sup Ed(ug, X)) < 0.

n>1
Definition 2 (Kruk, Zigba [11]). We say that a sequence {X,} of r.e. is
strongly tight if for every € > 0 there is a compact set K. C S such that

P(ﬁ [w:Xn(w)€K5]> >1—e.

n=1

Using Theorem 2 we are able to prove the following:

Theorem 3. Fvery integrable strongly tight amart taking values in smooth
convex combination space and such that
(1) J(ug € F) 3(Y € LE): supd(ug, X,) < d(up,Y).
n>1
converges a.s.

5.1. Proof. To prove this theorem we will start with the following:

Lemma 3. Let {X,,} be a strongly tight sequence of r.e. If the sequence
is not (a.s.) convergent, then there exist two r.e. X' and X? such that
P(X' # X?) > 0 and X', X? are cluster points of the sequence X, with
probability 1.

Proof. Fix ¢ > 0 and let B, = (2 [w; Xp(w) € K.]. For every w € B
the sequence {X,(w); n > 1} has cluster points, so we may conclude that
the sequence {X,,(w); n > 1} has cluster points a.s.

Let A(w) be a set of all cluster points of the sequence {X,(w); n > 1}
and p(A(w)) denote the diameter of the set A(w). We know that A(w) is
a measurable multifunction (see [10]).

n—o0

If p(A(w)) = 0 a.s., then X,, —— A(w), if not, then there exist two
a.s.
measurable selections X! and X2 of A such that P(d(X*', X?) >0)>0. O

Lemma 4. Let {X,} be a sequence of random elements adapted to an in-
creasing sequence {A,} of sub-o-fields of A. Let X be a random element
such that X (w) is a cluster point of a sequence X, (w) a.s. Then there is
a sequence of stopping times {1} such that n < 7, < 741 and X, — X
(a.s.) as n — oo.

Proof. It is enough to show that there is a sequence of stopping times
Tn, satisfying P(d(X,,,X) < €) > 1 — ¢ because we can always choose
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a subsequence of such sequence which is convergent a.s. So we need to show
that for any n € N and any € > 0 there is 7 € T' such that

Pd(Xp;X)<e)>1—c.

Given € > 0 and ng we can find n’ > ng and random element X’ such that
X' is A,; measurable and
€

P(d(X’;X) < g) >1-%

(we know that X is A, measurable where Ao, = o (U2, An)).
Further since X (w) is a cluster point of the sequence {X,(w)} (a.s.), it
follows that

2
{w;d (X' (w); X(w)) < %} C {w;d(X’(w);Xn(w)) < ?6 for some n > n’} .
Now we can find n” > n’ such that P(A4) > 1 — 22, where
2
A= {w;d(X’(w);Xn(w)) < EE for some n’ <n < n”} .

Define 7 by

min{n; n’ <n <", d(Xp(w); X' (w)) < £} w e 4
Tw)=9 ,
n’; wé¢ A

Then 7 is A,,» measurable, 7 € T and

P(d(Xr;X)>e) <P <d (Xr5 X') > 2;) +P (d (X;X') > 5) <e.

This ends the proof. O
Finally we are in position to justify Theorem 3.

Proof of Theorem 3. Assume that this is false. By Lemma 3 and con-
dition (1) there exist two random elements X|, X} € Ll such that X} (w)
and X)(w) are cluster points of the sequence {X,,, 4,} almost surely and
P(X] # X)) > 0.

In view of Theorem 2 there exist random elements X7, X; € Li such that
for almost every w € Q, X{(w) and X;(w) are cluster points of {X,,, A},
P(X} # X3) > 0and d(EX}, EX3) > 0 (if X{ and X} do not satisfy the last
condition one may take X7 = X{ and X; = X/ for some 7: Q — {1,2}).

Then by Theorem 4 there exist two sequences {7, € ¥} and {0, € X}
such that X, %% X¥ and X,, =2 XZ, and hence by the definition of
amart it follows that EX;, — w and EX, — wu, which yields EX] =
E X3 = u. This contradiction ends the proof. O
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6. Examples.

Example 2 (Example 5, Molchanov, Teran [14]). Define the convex com-
bination operation on a linear normed space E as

[)\iUi]anl = Z )\ful
for some p > 1. This operation does not satisfy condition (vi) and the ran-

dom identification does not hold since for any integrable random element
X taking values in this space EX = 0.

Remark 3. If the space E contains two points u, v such that Ku = Kv and
d(u,v) > 0, then we can construct two random elements X; = u (a.s.) and
X2 = v (a.s) such that P(X; = X3) = 0 and for any measurable

T:Q—){l,Q}, EX, =FEX| = FX>.

This shows that in fact condition (vi) is a necessary condition if we want
random identification to hold.

Example 3. Consider the following example. Let E be a space of random
elements or a probabilistic distributions satisfying the following condition

limsup | f ()] < oo
t—0

where fx denotes the characteristic function of the random variable X. On
this set we introduce the function given by:

u(X,Y) = sup{[t| ! fx () — fr (9]}
This function is an ideal probability metric of order s = 1 (see [15], Example
1.4.2.) and note that (E, ) is a metric space. By the properties of ideal
probability metric we know that:

o W(X+ZY+Z)<u(X,Y) for any two random variables X,Y and
independent variable Z.

o u(eX,cY) = |e|u(X,Y) for any two random variables X, Y and any
constant ¢ # 0.

Furthermore on the set E introduce a convex combination operation of ran-
dom variables X1, Xo, ..., X, in the following way:

[\i, Xi], is a random variable distributed as > ; A\;X;, where X; are
chosen to be independent.

It is quite easy to check that conditions (i)—(v) hold.

The strong law of large numbers implies that K X is the expectation of X
if this expectation exists. If the expectation does not exist the law of large
numbers does not hold, but still there may be a convergence in distribution
to some stable law of order s = 1, i.e. to a random variable which has
distribution with logarithm of characteristic function of the form

In fx(t) = —olt| (1 + iﬁ%(sgnt) ln\t) + itp,
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where p € R, § € [-1,1], 0 € R;. For example, if X has a Cauchy
distribution, K X has the same distribution.

Now consider K(E) = E;. On this subspace also condition (vi) holds
which implies that E; is a smooth convex combination space.

Acknowledgements. The authors are most grateful to the referee for
a careful reading and suggestions which have helped to improve the paper.

(1
2l
B8l
(4]
5]
(6]
(7l
(8]

(9]
(10]
(11]

[12]
(13]

(14]

(15]

REFERENCES

Andalafte, E. Z., Valentine, J. E. and Wayment, S. G., Triangle median properties
which characterize Banach spaces, Houston J. Math. 5 (1979), 307-312.

Bator, A., Zieba, W., Expectation in metric spaces and characterizations of Banach
spaces, Demonstratio Math. 42 (2009), in press.

Benes, V. E., Martingales on metric spaces, Teor. Veroyatnost. i Primenen. 7 (1962),
82-83 (Russian).

Dudek, D., Zigba, W., On multivalued amarts, Bull. Polish Acad. Sci. Math. 52
(2004), 93-99.

Doss, S., Sur la moyenne d’un élément aléatoire dans un espace métrique, Bull. Sci.
Math. 73 (1949), 48-72.

Fréchet, M., Sur diverses définitions de la moyenne d’un élément aléatoire de nature
quelconque, Giorn. Ist. Ital. Attuari 19 (1956), 1-15.

Herer, W., Mathematical expectation and martingales of random subsets of a metric
space, Prob. Math. Statist. 11 (1991), 291-304.

Herer, W., Mathematical expectation and strong law of large numbers for random
variables with values in a metric space of negative curvature, Prob. Math. Statist. 13,
2, (1992). 59-70.

Herer, W., Martingales of random subsets of a metric space of negative curvature,
Set-Valued Anal. 5 (1997), 147-157.

Hiai, F., Umegaki, H., Integrals, conditional expectations, and martingales of multi-
valued functions, J. Multivariate Anal. 7 (1977), 149-182.

Kruk, L., Zieba, W., On tightness of randomly indexed sequences of random elements,
Bull. Polish Acad. Sci. Math. 42 (1994), 237-241.

Pick, R., Expectation in metric spaces, Studia Sci. Math. Hungar. 22 (1987), 347-350.
Sturm, K. T., Nonlinear martingale theory for processes with values in metric spaces
of monpositive curvature, Ann. Probab. 30 (2002), 1195-1222.

Teran, P., Molchanov, 1., The law of large numbers in a metric space with a convex
combination operation, J. Theoret. Probab. 19 (2006), 875-897.

Zolotarev, V. M., Modern Theory of Summation of Random Variables, Modern Prob-
ability and Statistics, VSP, Utrecht, 1997.

Artur Bator Wiestaw Zieba
Institute of Mathematics Institute of Mathematics
Maria Curie-Sktodowska University Maria Curie-Sktodowska University

pl.

Marii Curie-Sktodowskiej 1 pl. Marii Curie-Sktodowskiej 1

20-031 Lublin 20-031 Lublin
Poland Poland
e-mail: artur.bator@umcs.lublin.pl e-mail: wieslaw.zieba@umcs.lublin.pl

Received October 30, 2008



