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1. Introduction

Let w denote a point or element of an arbitrary space Q, where a probability
measure II(Z) is defined for every set = belonging to a certain additive class of
sets in Q, the II-measurable sets. The probability distribution in 2 defined by II(Z)
will be referred to as the probability field (II, 2). The points w will be denoted as
the elementary events of the field, while any set = corresponds to an event, the prob-
ability of which is equal to II(Z).

A complex valued II-measurable function

x =g (w)

constitutes a random variable, defined on the field (IT, Q). The mean value of x is
defined by the relation

(1) Ex=f9g(w) dil.

Throughout the paper, we shall always assume that, for every random variable
considered, we have

Ex=fng(w)dn=0, Elxlz=fn|g(w)|2dn<°°-

The first condition introduces some formal simplification, but does not imply any
restriction of the generality of our considerations, while the second condition is
essential. Two variables x and y are considered as identical, if E[x — y|? = 0.

Consider a complex valued function x(f, ») such that, for every fixed ¢ belonging
to some specified set T, the function x(¢, w) is a II-measurable function of w, and
thus defines a random variable x(f) on the field (II, 2). When ¢ ranges over T,
we thus obtain a family of random variables, depending on the parameter {. On
the other hand, to any fixed elementary event w there corresponds a function

x(@) ==z ),

defined for all ¢ belonging to T', and to any event Z there corresponds a set of func-
tions x(f) having the probability II(Z). The function x(#) will be denoted as a
random function, defined on the field (II, Q).

Throughout this paper, the set T will be assumed to be the real axis,
—o <t < 4. However, most of our considerations may easily be extended
to more general spaces.
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330 SECOND BERKELEY SYMPOSIUM: CRAMER

In the majority of applications, ¢ will represent the time, and x(f) will then
denote some variable quantity attached to a system, the temporal development
of which is subject to random influences. With reference to this type of applica-
tions, the random function x(f), or the family of random variables x(f), will be
said to constitute a random or stockastic process.

According to (1), the mean value

r(t, u) = Ex (¢) x (u)

exists for all  and ». The function r(¢, %) is known as the covariance function of the
process. We always have

r(u, ) =71 u), r(t,)20.
Consider the family L(x) of all random variables of the form
(2) ax (ll) + CoX (tg) + e + CnX (l,.) y

where the ¢; are complex constants. Closing the set L(x) with respect to conver-
gence in the mean, we obtain an extended set Ly(x). The elements of Ly(x) are ran-
dom variables expressible in the form (2), or as limits in the mean of random vari-
ables of the form (2). If the inner product of two arbitrary elements y and z of
Ly(x) is defined by the relation

(9, 2) = Eyz,

it is known, Karhunen [5], Cramér [3], that Ly(x) is a Hilbert space. We shall call
Ly(x) the linear space of the process. If, for any ¢, we have

Lim. (%) == (),
Lt

we shall say that the process is continuous in the mean. A necessary and sufficient
condition for continuity in the mean is that the covariance function (¢, #) should
be continuous in every point of the line £ = u. If this condition is satisfied, (¢, )
is continuous for all # and «, and the space Ly(x) is separable.

Integrals of the types

n=[ewawa, 1= [gwiz),

where g(¢) denotes a nonrandom function, can be defined for example as limits
in the mean of certain sequences of approximating sums formally associated with
the integrals. See, for example, Doob [4], Cramér [1], Karhunen [5], Loéve [6].
Both integrals are random variables with zero mean values, and we have

(3) E|Jll2=fbfbg(t)g(u)r(t,u)dtdu,

) Blnli= [ feT@ar o w.

Suppose first that (g, ) is a finite interval. As soon as the double integral occur-
ring in the expression for E|J;|? exists (i = 1, 2), the corresponding integral J;
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exists and possesses the ordinary formal properties of an integral. If the double
integral converges when extended over the whole plane, the corresponding J; will
converge in the mean as ¢ — — ©, b — + o, and the limit will be defined as the
integral over (— «, »).

In the present paper, we shall first investigate the properties of certain additive
random set functions attached to a class of stochastic processes. We shall then de-
duce a theorem concerning the representation of a stochastic process by means of
integrals of the type Js, and show that this theorem includes several previously
known representations as particular cases.

2. Additive random set functions

In many types of applications, it is natural to consider the value x(f) assumed
by a random function at the instant ¢ as built up additively by the successive in-
crements of the function during the development of the process up to the instant .
In such a case we may conceive the process as an impulse process, the value of the
impulse received during the time interval (¢, ¢ + Af) being Ax(¢) = x(¢ + Af) —
x(f). Thus the impulse corresponding to any time interval is a random variable
associated with the interval, or a random interval function.

For any finite half open interval I = El, 15), this interval function X(Z) is de-
fined by the relation

(5) XD =x() —x(t).

If I, I, . .., I, are finite disjoint half open intervals, and I = I, + ...+ I,
this definition may be consistently extended by writing

6) XD =X +XT)+ .+ X (L)

It is natural to ask if the definition could be further extended, so that we could
define the impulse X (S) received, for example, during an arbitrary Borel set .S of
time points. Such an impulse function X (S) should obviously possess the additive
property which is a direct generalization of (6), and we should even like to extend
this property in some reasonable way to the sum of an infinite sequence of dis-
joint sets. »

It will be convenient in the first place to restrict our considerations to bounded
sets. In this connection, we shall lay down the following definition. An additive
random set function is a family of random variables such that:

1) For every bounded Borel set .S of real numbers, X(S) is a uniquely defined
random variable.

2) If Si, Sy, ... are disjoint Borel sets, such that S =S5+ S+ ... is
bounded, then X(S) = X(S1) + X(S2) + . . ., where the series converges in the
mean.

As usual we assume EX(S) = 0 and E|X(S)|2? < . Our problem is now if,
given a stochastic process x(¢), we can find an additive random set function.X(S)
such that, whenever S is a half open interval I = (&, #,), we shall have X(S) =
X (I) as defined by (5). -

Consider first the case of a bounded set 7 = I, + I. 4+ . . ., where the I, are
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disjoint half open intervals, I, = E,., tn + k). Writing
(7 XD=XI)+X{T)+ ...,

we must then require that the series should converge in the mean. We have

(®) E| x| = X EX (XD
= ”Z A’-;“*[”r(t, u)

where
A}”u,r Gw)=rCG+h,tb+h)—rl,tb+h)—r+ b, t)+ 7, b).

Suppose now that the covariance function (¢, #) is of bounded variation in every
finite domain D, in the sense that

N
9) Dola,rhw | <C
k=1

for any finite sequences of half open one dimensional intervals 4 and jx such that
the 4x%7; are disjoint two dimensional intervals belonging to D.

It then follows from (8) that the series ZX(I,) converges in the mean, so that
(7) defines a random variable X(I). We shall see below that this definition is
unique.

Under the condition (9), the covariance function r(f, ) determines a complex
valued additive set function R(W) defined for all bounded Borel sets W in the
(¢, w)-plane, and such that

(10) R (ixf) = Al (4, w)
for any pair of finite half open one dimensional intervals z, j. We have

R=R{" — R{? + i (RY — R{),

where R{*), . . . are nonnegative additive set functions, which are finite for any
bounded Borel set W. For an unbounded W, the functions R{*), . .. may be in-
finite, and R may become indeterminate.

Let now S be a bounded one dimensional Borel set, and let €, €, . . . be a de-
creasing sequence of positive numbers tending to zero. We can then always find a
sequence of bounded one dimensional sets I3, I, . . . , such that
(11) Ln=tn+tn+t+...,

where the 7, are disjoint half open intervals, while

(12) I DI;,>...28,

(13) R (SxS) £ R (Ia1,) < R (S+85) + €,
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and similar relations for R{™, R{*) and R{™. Writing
=X (I,) = D % (im),
k=1
we obtain by some calculation, using (10) and (11),

E|z,—z,|?=E

D 1 ) — 2 Gn) 1|
k=1
=R(ImIn) —R(InxIn) —R(IixIn) +R(Lx1,).
We have, however, according to (12) and (13),
|[R(I I,) —R(SxS) | <e, V2,

where ¢ = inf (m, n), and hence it follows that the sequence {z,} converges in
the mean. A similar argument shows that the random variable Lim. 2, is inde-
pendent of the choice of the approximating sequence {I,}, the representation (11),
and the sequence {e,}. Thus if we write

(o]

X (S) =lim. g, =Lim. 2 % (ar) ,
@ n—o 4]

the random variable X(S) will be uniquely defined for all bounded Borel sets S.
Obviously X(S) = X(I) whenever S is a bounded half open interval 1.
It follows easily from the definition that we have EX(S) = 0, and

EX (5) X (S3) =R (SisS2) = S fara .

In particular,

E|X(S)|2=R(S*S)=fsfsd2r(;,u).

Hence we immediately obtain for any bounded and disjoint S; and .S,

E|X (Si+82) — X (S) — X (Sa)|* =0,
that is,
X (Sl+ Sz) =X (Sl) + X (SQ) .

Suppose now S = 51+ S2 + ..., where S is bounded, and the S; are disjoint.
Then, .

EIX®S)—X@)—...—XGSw) |2=E|X(Sat+..) [

as the limiting set of (S, + .. . )% (S, + .. .) is empty. Thus
XS1+S+..)=XGS)+XS)+ ...

in the sense of convergence in the mean. We have thus proved the following theo-
rem.
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If the covariance function r(t, u) of the stochastic process x(t) is of bounded varia-
tion in every finite domain, in the sense expressed by (9), there exists an additive ran-
dom set function X (S), uniquely defined for all bounded Borel sets S, and such that
X(S) = x(t2) — x(t) when S is a half open interval (4, ts).

Conversely, suppose that an additive random set function X(S) is defined for
all bounded Borel sets, and is such that EX(S) = 0 and

EX(S)X (Sn) = fs (a2 (1, w)

where 7(#, u) is of bounded variation in every finite domain. Writing

X101, >
(14) OB B YAy i<t

we have Ex(¢#) = 0, and the covariance function becomes
Ex () x(u) = r(t, u) —r(to, u) — 7 (4, to) + 7 (b, to) -
The definition of the integral
J2(S) = tydx(t) = 1) dX
2(8) = fewaz) = [

can now be extended to any bounded Borel set .S, and we find that this integral is
an additive random set function such that EJ»(S) = 0 and

EJT3(S1)T2(82) = fs fs g (g wyder(t, u).

We shall now apply our results to some simple particular cases. Consider first
a process which is orthogonal to its increments, so that

Ex(®)[x(t+h) —x(@)] =0

for all £ and all 2 > 0. Writing E|x(¢)|? = F(¢), where F(¢) is a nonnegative and
never decreasing function, the covariance function becomes

(15) r(t, w) = Ex (¢) x () = F (inf ¢, u) ,

and the R ‘“‘distribution” is a distribution of real and positive mass on the line
¢ = u, such that the segment of the line consisting of the points (r, 7) with 7 < ¢
contains the mass F(f). The corresponding set function

X(S)= [dx(¢
(S) /; x (1)
is defined for all Borel sets S having a finite upper bound, and is such that

EX (S)X(S:) = | dF(1).

Thus in particular for two disjoint sets S; and .Sz, the random variables X (S1) and
X (S;) are orthogonal. Random set functions of this type have been used by Kar-
hunen [5].
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Consider finally a stationary process, that is, a process such that the covariance
function 7(#, «) is a function of the difference { — u:

Ex()x(u) =r(t,u) =7r(t—u).
It is then well known that we have

r@y = [ emdr(n),
where F()) is real, never decreasing and bounded. Let us suppose

[Zv(iﬁ(x) <w.

R(W)=ffd2r(¢—u) —ffr"(t—u)dtdu
w w
4fdtdu[mx2ei<‘—")*dF(x).

Thus the “density” of the R “distribution” at the point (/, u) is

Then,

— " (l—u) = fmxzew—u»dF(x),

which is constant on every line { — » = const. Let, for example, S denote the rec-
tangle bounded by the lines £ 4+ u = @, ¢t + # = b and ¢t — u = L4, then it will
be seen that the “mass” in this rectangle is equal to

(6—a) [ \sin hAIF (V).

On the other hand, the infinite rectangle ¢ < #o, # < o carries the constant “mass”
P, =r(0) = [ aFO\).

The corresponding random set function X (S) is such that

EX (S) X (S0) = —ffr”(t—u)dtdu.

81V 82

3. The linear space of an additive random set function

Suppose that we are given an additive random set function Z(S), defined for all

bounded Borel sets .S, and such that
EZ(S1)Z(Sy) = d2p (\,
(SVZ(S) = [ fare 0 m)

where p(A, u) is of bounded variation in every finite domain. Denote by L(Z) the
set of all random variables of the form ¢,Z(S1) + . . . + ¢,.Z(S,), where the S are
bounded Borel sets, and the ¢; are complex constants, and let Ly(Z) denote the
closure of L(Z) with respect to convergence in the mean. We define the inner
product of two arbitrary elements z and % of L;(Z) by the relation (3, ) = Eza,
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and denote L2(Z) as the linear space of the set function Z(S). Like Ly(x) in sec-
tion 1, L(Z) is a Hilbert space.
For any g(\) such that

16 [ [TaEm a0 =gsZe [7 [Ts 0 EW Ep 0w
is finite, the integral
(an : i= [ gnaz

will be a well defined element in Lx(Z), and we shall have
(18) Enm= [ [ aaas0u.

Consider now the set Az(p) of all measurable complex valued functions g(\), de-
fined for —© < A < o, and such that the integral (16) exists. Two functions g
and g, will be considered as identical, if

Lo 1) — 1 & m —a ) 1de () =0.

If we define the inner product of two elements in A:(p) by the integral in the sec-
ond member of (18), the set As(p) will have all the properties of Hilbert space,
except possibly the completeness property. In fact, it is obvious that (g1, g2) has
the ordinary bilinear and Hermite symmetric properties, and further

(.= [TeEmason w =E| [Trnaz| 20,
and (g, g) = 0 only when
Lo e gwas 0w =0,

that is, when g(A\) is identical with 0. Tt follows that we have the Schwarz in-
equality,
[ (g1, 82) |2 = (g1, &) (g2, £2) -

If the space As(p) is not complete, it can be made complete by adjunction, von Sz.
Nagy (7, p. 4], and we shall suppose that this has been done, so that As(p) is a
Hilbert space.

To any function g(\) in As(p) there corresponds by (17) a uniquely defined
element z in Ly(Z), and it follows from (18) that we have (21, 22) = (g1, g2) and
hence, defining the norms in the usual way,

(19) llor — 22l = llgs — g2l -
An “ideal” element in A:(p) is a sequence of functions g, gs, . . . convergent in
norm, and according to (19) the sequence 2, 2, . .. of the corresponding ele-

ments in L,(Z) converges in the mean, and thus defines a unique limiting element g
in Ly(Z). Consequently to every element in As(p) there corresponds one element
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in L(Z), uniquely defined by (17). The transformation is obviously linear and,
according to (19), isometric.

We shall show that, conversely, to every element in Ly(Z), there corresponds
one and only one element in As(p), so that (17) defines a one to one linear and
isometric correspondence between the two spaces. Suppose first that z = ¢,Z(S;) +
...+ ¢.Z(S.) is an element of L(Z). Then obviously the unique corresponding
element in As(p) is the function cies,(\) + . . . + cqes.(A), where es(A) denotes
the characteristic function of the set S. Now any other element of Ly(Z) is the
limit in the mean of a sequence zi, 2,, . . . of elements in L(Z), and according to
(19) the corresponding elements g1, go, . . . in A2(p) will converge in norm, and
will thus define an element of As(p) such that (19) holds. It finally follows from (19)
that this element is unique.

Obviously the elements Z(S) form a base of the space Ly(Z), and similarly the
elements es(\) form a base of the space A:(p). It follows that whenever we are
concerned with a one to one linear correspondence between the two spaces, such
that Z(S) and es(\) are always corresponding elements, this will coincide with the
transformation defined by (17). We shall use this remark in the following para-
graph. »

4. Integral representation of a stochastic process

Consider now a function g{#, X) such that, for every fixed real ¢, g(¢, \) belongs
to As(p). The integral

(20) x (1) =/:mg(t, \)dzZ

is then defined for every real ¢, and we have
@) rw =Exmz@ = [ [ g, Vg d(\w).

Conversely, if we know that the covariance function of a given stochastic process
is of the form (21), it can be shown that the random function associated with
the process can be expressed in the form (20). We have, in fact, the following the-
orem.

Let x(t) be the random function associated with a stochastic process such that
Ex(t) = 0 and the covariance function r(t, ) is given by the expression (21), where
(N, u) is known to be a covariance funciion which is of bounded variation in every
finite domain, in the sense expressed by (9). Then there exists an additive random set
function Z(S) such that EZ(S) = 0 end

EZ(S)Z (S =fsfsd2”()" W,

and such that (20) holds for every real t. Further, we have Ly(Z) = Lo(x) when and
only when there does not exist any element in As(p) different from zero, which is
orthogonal to g(t, \) for all real 1.

According to (21), the correspondence x(f) = g(¢, \) defines a one to one linear
and isometric correspondence between the space Lq(x) and the subspace of As(p)
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spanned by the functions g(¢, A) when the parameter / ranges through the whole
real axis.

Suppose first that the set of functions of A obtained from g(z, \) when ¢ ranges
through the real axis forms a base of the space A:(p). Then the correspondence
defined by x(¢) = g(¢, \) will extend to the whole spaces Ls(x) and A2(p). Let S be
any bounded Borel set, and let Z(S) denote the element of Ly(x) that corresponds
to the function eg(\) in Az(p). Then EZ(S) = 0, and by (21) we have

EZSOZGE) = [ [ e N es@atpO ) = [ [ o0 .

It is also easily seen that Z(S) is a completely additive function of S, in the sense
of convergence in the mean. Thus Z(S) defines an additive random set function.
Since Z(S) is an element of La(x), we have Ly(Z) € Lo(x). On the other hand, the
elements es(\) form a base of A:(p), and thus the corresponding elements Z(S) in
Ls(x) form a base of the latter space, so that we have L:(Z) = Ls(x). Thus the
correspondence x(f) = g(¢, N) defines a one to one linear correspondence between
Ly(Z) and Ax(p), such that Z(S) and es(\) are corresponding elements. According
to the concluding remark of the preceding paragraph, the element x(¢) in Ls(Z) =
Ly(x) corresponding to the element g(z, A) in A2(p) is then for every ¢ given by the
relation (20).

In the case when the g(#, N) do not form a base of As(p), we have to adjoin a
conveniently chosen set of functions k(%, \) in order to obtain a base, and the
proof can then be completed in the same manner as in the case treated by Kar-
hunen [5, p. 47]. It should be observed that, in this case, we have to perform an
extension of the basic probability field in order to prove the existence of Z(S), and
accordingly we have Ly(Z) o Ls(x).

The truth of the last assertion of the theorem follows now from the fact that a
nonzero element of Az(p) which is orthogonal to all the g(¢, \) exists when and only
when the g(¢, X) do not form a base of the space A:(p).

6. Applications to some particular cases

Taking first g@t, \) = ¢** and supposing that p(\, ) is of bounded variation
over the whole plane, we obtain the class of stochastic processes denoted by
Logve [6] as karmonizable processes, and (20) becomes the spectral representation

2 (1) = f_:e“"dZ

of a process belonging to this class. In this case, the functions e** obviously form
a base of the space Ax(p), and we have Ly(x) = La(Z).

Suppose, on the other hand, that p(\, &) in (21) is the covariance function of
an orthogonal process. (Compare section 2.) The relation (21) then reduces to

(22) ) = [ gt N gl VAR,

and (20) gives the representation due to Karhunen [5] of a stochastic process hav-
ing a covariance function of the form (22). In the particular case when g(¢, \) = ¢*#
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and F(N) is bounded, this reduces to the well known spectral representation of a
stationary process.

Consider in particular the case of a stationary process with an absolutely con-
tinuous spectral function F(\). Then (22) can be written in the form

P (4 u) = r(l—u) =fmei(‘—“>"F’()\)d)\

=f_':em VF (N - e /F (N d\.

where F’(\) and VF ’(\) are nonnegative. Since VF'(\) is quadratically integrable
over the real axis, it has a Fourier transform which we denote by g(r). Then
g(t + 7) is the Fourier transform of ¢!V F’(\), and the Parseval formula gives

ritu) = [ en VN edVFVdN= [ gU+ gt ndr.
Hence we obtain by the theorem of the preceding paragraph
% (8) =[mg(t+r)dZ

where [5, p. 72] Z(S) is an additive random set function such that
EZ(851)Z(S2) = m(S5.Ss),

where m denotes the ordinary Lebesgue measure of the product set 5:5:.
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