Chapter 22
Processes with Finite Second Moments.
Gaussian Processes

Abstract The chapter is devoted to the classical “second-order theory” of time-
homogeneous processes with finite second moments. Section 22.1 explores the re-
lationships between the covariance function properties and those of the process itself
and proves the ergodic theorem (in quadratic mean) for processes with covariance
functions vanishing at the infinity. Section 22.2 is devoted to the special case of
Gaussian processes, while Sect. 22.3 solves the best linear prediction problem.

22.1 Processes with Finite Second Moments

Let {§(t), —oo <t < oo} be a random process for which there exist the moments
a(t) =E&(¢) and R(t,u) = E£(¢)€(u). Since it is always possible to study the pro-
cess £(t) — a(r) instead of £(¢), we can assume without loss of generality that
a(®)=0.

Definition 22.1.1 The function R(z, u) is said to be the covariance function of the
process &(1).

Definition 22.1.2 A function R(t, u) is said to be nonnegative (positive) definite if,
for any k; uy, ..., ux;ai,...,ar #0,

> aiajRi,uj) =0 (>0).
i

It is evident that the covariance function R(¢, 1) is nonnegative definite, because
2
ZaiajR(ui, uj) = E(Za,f(ui)) >0.
ij ij

Definition 22.1.3 A process &£ (¢) is said to be unpredictable if no linear combination

of the variables &(u1), ..., &(ug) is zero with probability 1, i.e. if there exist no
ui,...,Ug;at, ..., a such that
P(Zais(ui) = 0) =1.
i
A.A. Borovkov, Probability Theory, Universitext, 611

DOI 10.1007/978-1-4471-5201-9_22, © Springer-Verlag London 2013


http://dx.doi.org/10.1007/978-1-4471-5201-9_22

612 22 Processes with Finite Second Moments. Gaussian Processes

If R(t,u) is the covariance function of an unpredictable process, then R(t, u)
is positive definite. We will see below that the converse assertion is also true in a
certain sense.

Unpredictability means that we cannot represent & (#) as a linear combination of

&), J <k.

Example 22.1.1 The process &(t) = 2112121 &rgr (1), where g (¢) are linearly inde-
pendent and &; are independent, is not unpredictable, because from &(#1), ..., &(tn)
we can determine the values &(¢) for all other 7.

Consider the Hilbert space L, of all random variables n on (§2, §, P) having
finite second moments, En = 0, endowed with the inner product (11, 72) = Enin2
corresponding to the distance || — n2|| = [E(n1 — 12)*]'/2. Convergence in L, is
obviously convergence in mean quadratic.

A random process & () may be thought of as a curve in L.

Definition 22.1.4 A random process £(¢) is said to be wide sense stationary if the
function R(z,u) =: R(t — u) depends on the difference + — u only. The function
R(s) is called nonnegative (positive) definite if the function R(z, ¢ + s) is of the re-
spective type. For brevity, we will often call wide sense stationary processes simply
stationary.

For the Wiener process, R(t,u) = Ew(t)w(u) = min(t, u), so that w(¢) cannot
be stationary. But the process £(¢) = w(t + 1) — w(¢) will already be stationary.

It is obvious that, for a stationary process, the function R(s) is even and E£ 2(1) =
R(0) = const. For simplicity’s sake, put R(0) = 1. Then, by the Cauchy—Bunja-
kovsky inequality,

|R(s)| = [BE0E( +5)| < [EE2(D)EEX (1 +5)] > = RO) = 1.

Theorem 22.1.1

2
(1) A process &(t) is continuous in mean quadratic (£(t + A) Q> E(t)as A — 0)
if and only if the function R(u) is continuous at zero.
(2) If the function R(u) is continuous at zero, then it is continuous everywhere.

Proof
(1) [eG+2)—&0)|> =E(5( + A) —£1))” = 2R(0) — 2R(A).
(2)  R(t+A)—R(t) =E(E(t + A)E0) — £()E(0))
=(£(0).6(+ ) —£@) < [+ 2) —£0)|

= /2(R(0) — R(A)). (22.1.1)

The theorem is proved. O

A process £(¢t) continuous in mean quadratic will be stochastically continuous,
as we can see from Chaps. 6 and 18. The continuity in mean quadratic does not,
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however, imply path-wise continuity. The reader can verify this by considering the
example of the process

EW)=nt+1) —n) -1,
where 7 () is the Poisson process with parameter 1. For that process, the covariance
function
0 fort>1,
1—t forO0<t<l1
is continuous, although the trajectories of £(¢) are not. If
|R(A) — R(0)| < cA'™* (22.1.2)

for some ¢ > 0 then, by the Kolmogorov theorem (see Theorem 18.2.1), £(¢) has
a continuous modification. From this it follows, in particular, that if R(¢) is twice
differentiable at the point + = 0, then the trajectories of &£ (#) may be assumed con-
tinuous. Indeed, in that case, since R(t) is even, one has

R(1) :{

R'(0)=0 and R(A)—R(0)~%R”(0)A2.

As a whole, the smoother the covariance function is at zero, the smoother the
trajectories of £(¢) are.

Assume that the trajectories of £(¢) are measurable (for example, belong to the
space D).

Theorem 22.1.2 (The simplest ergodic theorem) If
R(s) >0 ass— oo, (22.1.3)
then

T
¢r :=lf tnyde 2 0.
T Jo

Proof Clearly,

5 1 T T
lerl? = W/o /0 R(t — uydt du.
Since R(s) is even,

T pT T pT
J::/ / R(t—u)dtdu:Z/ / R(t —u)dtdu.
0 0 0 u

Making the orthogonal change of variables v = (t — u)/~/2, s = (t + u)//2, we

obtain
T/V2 pT/V2 T
J< 2/ / R(wV2)dvds < 2Tf R(v)dv,
s=0 v=0 0

2 2 T
lerl? < 7/0 R()dv — 0,

The theorem is proved. g
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Example 22.1.2 The stationary white noise process &(¢) is defined as a process
with independent values, i.e. a process such that, for any 71, ..., ,, the variables
&(t1), ..., &(t,) are independent. For such a process,

1 fort=0,
R(’)_{o for t 0,

and thus condition (22.1.3) is met. However, one cannot apply Theorem 22.1.2 here,
for the trajectories of £(¢) will be non-measurable with probability 1 (for example,
the set B = {t : £(¢) > 0} is non-measurable with probability 1).

Definition 22.1.5 A process £(¢) is said to be strict sense stationary if, for any
f,..., %, the distribution of (§(t; + u),&(t2 + u), ..., &t + u)) is independent
of u.

It is obvious that if £(¢) is a strict sense stationary process then
E§(1)E(u) =E&(1 —u)5(0) = R(t —u),

and £ (r) will be wide sense stationary. The converse is, of course, not true. However,
there exists a class of processes for which both concepts of stationarity coincide.

22.2 Gaussian Processes

Definition 22.2.1 A process £(¢) is said to be Gaussian if its finite-dimensional
distributions are normal.

We again assume that E£(r) =0 and R(r, u) = E£(t)&(u).
The finite-dimensional distributions are completely determined by the ch.f.s (A =

A1y M), § = (1), .., E()))
Bl 6) — gt £ MEW) _ p=3rRAT
where R = ||R(t;, t;)|| and the superscript 7" stands for transposition, so that
ARAT = Ak Rt 1))
ij
Thus for a Gaussian process the finite-dimensional distributions are completely
determined by the covariance function R(¢, u).

We saw that for an unpredictable process £(¢), the function R(t, u) is positive
definite. A converse assertion may be stated in the following form.

Theorem 22.2.1 If the function R(t,u) is positive definite, then there exists an un-
predictable Gaussian process with the covariance function R(t, u).
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Proof For arbitrary t1, . .., t;, define the finite-dimensional distribution of the vector
(1), ..., &(ty) via the density

VIA| 1 T
pll,u.,lk(xlv'”vxk)_ (27‘[)]‘/2 exp _EXAX )
where A is the matrix inverse to the covariance matrix R = [[R(#;, ;)| (see

Sect. 7.6) and |A| is the determinant of A. These distributions will clearly
be consistent, because the covariance matrices are consistent (the matrix for
&(t1),...,&E(tx—1) is a submatrix of R). It remains to make use of the Kolmogorov
theorem. The theorem is proved. g

Example 22.2.1 Let w(t) be the standard Wiener process. The process
W) =w() —rw(l), 1[0, 1],

is called the Brownian bridge (its “ends are fixed”: w®(0) = w®(1) = 0). The co-
variance function of w0(¢) is equal to

R(t,u) =E(w() — tw())(w) —uw()) =t(1 — u)

foru >t.

A Gaussian wide sense stationary process £(f) is strict sense stationary. This
immediately follows from the fact that for R(¢, u) = R(t — u) the finite-dimensional
distributions of £(¢) become invariant with respect to time shift:

Pyt K15+ X6) = Pty (X1 -5 Xk

since [|R(t; +u,t; +u)|| = IR, 1))

If £(¢) is a Gaussian process, then conditions ensuring the smoothness of its
trajectories can be substantially relaxed in comparison with (22.1.2).

Let for simplicity’s sake the Gaussian process &(¢) be stationary.

Theorem 22.2.2 [f, forh <1,
1 —u
|R(h) — R(O)| < c(log E) ., a>3, ¢c<oo,
then the trajectories of £ (t) can be assumed continuous.

Proof We make use of Theorem 18.2.2 and put e(h) = (log %)_’3 for 1 < B <
(o« — 1)/2 (we take logarithms to the base 2). Then

o]

ia(Z‘”) = Zn_ﬁ < 00,

n=1 =1

and, by (22.1.1),
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D Y S O N
P(|§(t+h)—$(l)|>8(h))—2[1 ¢< 2(1_R(h))>}

ool ] -olml) )

(22.2.1)

Since the argument of @ increases unboundedly as h — 0, y = o — 28 > 1, and
by (19.3.1)

1—@(x) ~ /2

1
as x — 00,
V2 x

we see that the right-hand side of (22.2.1) does not exceed

l ﬁ_a/z l 0[—2ﬁ
q(h):=c <log Z) exp{ ) <10g Z) }

o o
22"61(27") =c Znﬂfﬂ eXp{—CQ}’lV +nln2} <00

n=1

so that

because ¢ > 0 and y > 1. The conditions of Theorem 18.2.2 are met, and so The-
orem 22.2.2 is proved. O

22.3 Prediction Problem

Suppose the distribution of a process & (¢) is known, and one is given the trajectory of
&(t) onaset B C (—o00,t], B being either an interval or a finite collection of points.
What could be said about the value £(z + u)? Our aim will be to find a random
variable ¢, which is §p = 0 (£(v), v € B)-measurable (and called a prediction) and
such that E(£( 4+ u) — ¢)? assumes the smallest possible value. The answer to that
problem is actually known (see Sect. 4.8):

¢ =E(E¢ +uw)|Fp).

Let £(¢) be a Gaussian process, B={t,....x,}l, hH<thh<---<try<typ=t+u,
A=(c?"! ||a,, | and 0% = ||E& ()& (t))|li, j=1....x.0- Then the distribution of
the vector (£(t1), ..., £(tp)) has the density

JIA]
e, ..., Xk, x0) = W { Zx,xja”}

and the conditional distribution of £ (#y) given &(#1), ..., &E(#) has density equal to
the ratio

fx1, ..., xk, x0)
[0 1, Xk, x0) dxo
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The exponential part of this ratio has the form

aooxo
ex Z X0Xjajo

This means that the conditional distribution under consideration is the normal
law @, 2, where

Xiajo 1
O(:_Z#’ 4=
; aoo aoo

Thus, in our case the best prediction ¢ is equal to

¢ Z_Xk:é(fj)aoj'_

a
o 4o

The mean quadratic error of this prediction equals /T/aqo.

We have obtained a linear prediction. In the general case, the linearity property
is usually violated.

Consider now the problem of the best linear prediction in the case of an arbitrary
process &(t) with finite second moments. For simplicity’s sake we assume again that
B={t,..., 1}

Denote by H (&) the subspace of L, generated by the random variables & (),
—00 <t < 00, and by Hp(€) the subspace of H(£) generated (or spanned by)
&(t1),...,&(t). Elements of Hp (&) have the form

k
Zajé(tj).
j=1

The existence and the form of the best linear prediction in this case are estab-
lished by the following assertion.

Theorem 22.3.1 There exists a unique point ¢ € Hp(£) (the projection of £(t + u)
onto Hp (&), see Fig. 22.1) such that

§(+u)—¢ L Hp@®). (22.3.1)
Relation (22.3.1) is equivalent to

e +u) —¢| :gé?[f}g) |& +u)—o|. (22.3.2)

Explicit formulas for the coefficients aj in the representation { =) a;&(tj) are
given in the proof.

Proof Relation (22.3.1) is equivalent to the equations
(EC+u)—,61))=0, j=1,....k
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Fig. 22.1 TIllustration to E(ttu)
Theorem 22.3.1: the point ¢

is the projection of & (t + u) l

onto Hp (&)

Substituting here

k
¢=) k) e Hp(),

=1
we obtain
k
R(t—f-u,tj):ZalR(tj,tl), j=1,...k, (22.3.3)
=1

or, in vector form, R;4, = aR, where

a=(ai,...,ar),
Ryu= (Rt +ut),....,R(t+u,n), R=|R@, 1))

If the process £(¢) is unpredictable, then the matrix R is non-degenerate and
Eq. (22.3.3) has a unique solution:

a=Ri R (22.3.4)

If £(¢) is not unpredictable, then either R ~1 still exists and then (22.3.4) holds, or
R is degenerate. In that case, one has to choose from the collection £ (t1), ..., &(t)
only / < k linearly independent elements for which all the above remains true after
replacing k with [.

The equivalence of (22.3.1) and (22.3.2) follows from the following considera-
tions. Let 0 be any other element of Hg(§). Then

n:=0—¢eHp), nLEC+u)—¢,
so that
|&@ +w) = 6] =@ +uw) — ¢ +lnl = & +uw) —¢].
The theorem is proved. g
Remark 22.3.1 It can happen (in the case where the process £(¢) is not unpre-

dictable) that £(t + u) € Hp(£). Then the error of the prediction ¢ will be equal
to zero.
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