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COVARIANCE FUNCTION AND ERGODICITY OF
ASYMPTOTICALLY STATIONARY RANDOM FIELDS

V.V. ANH AND K.E. LUNNEY

A class of second-order asymptotically stationary random fields is shown to con-
tain the class of almost harmonisable random fields. A continuity theorem which
leads to the spectral representation for the covariance function of asymptotically
stationary random fields is established. A mean ergodic theorem for the fields is
also given. When stationarity is assumed, the results reduce to the well-known
corresponding theorems for stationary random fields.

1. INTRODUCTION

Stationary random processes and fields have played a prominent role in the analysis
of 1D and 2D signals, and their theory has reached a mature state of development.
On the other hand, understanding of nonstationary processes and fields is still fragmen-
tary although their consideration seems more realistic in many important applications,
particularly in image processing. There have been many attempts to extend the results
for stationary processes to various classes of nonstationary processes (see Bhagavan [3]
and Rao [10] for recent surveys). In particular, harmonisable processes introduced by
Loeve [6] and asymptotically stationary processes studied by Parzen [8] and Kampe de
Feriet and Frankiel [5] received much attention. The latter class, also named the class
KF by Rao [9), is defined as follows.

Let {X(t), —o00 <t < 00} be a second order process with zero mean and covariance
R(s, t) = EX(s)X(t).

{X(t)} is said to be asymptotically stationary if the limit as T — oo of
1 fT-1kl/2 k k
RTk=—/ R(a——,s+—)ds

exists for every k¥ € R. The limit, denoted by R(k), is defined to be the covariance
function of the process.

Received 23 July 1990

Copyright Clearance Centre, Inc. Serial-fee code: 0004-9729/91 $A2.00+0.00.

49

https://doi.org/10.1017/50004972700029452 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700029452

50 V.V. Anh and K.E. Lunney (2]

In Bhagavan [1] the class K F was studied in detail. An interesting result estab-
lished in Bhagavan [1] is that the class of harmonisable processes is a subclass of the
class KF. The spectral representation for the covariance function of processes in the
class KF was also given there. A mean ergodic theorem for the same processes was
presented in Bhagavan [2]. In these studies, the fourth moment condition on {X(#)}
is not assumed. However, one of the following conditions was imposed in Bhagavan’s
investigation:

C: The real part of Rr(k) is of bounded variation in a small closed interval
[0, 8] including the origin;
C2 Rp(0+) exists and two positive constants A and A exist such that

|Rz(k) — Rr(0+)] < Ak

for every k in a small interval [0, §] including the origin;
Cs Rr(0+) exists and for k in a small interval [0, §] including the origin,
the integral

&
/0 _ (Re(k) = Rr(0+))dk

converges absolutely.

As remarked by Bhagavan [1, p.60], the conditions C;, Ca, Cs do not seem to
allow the results to cover the entire class of stationary processes as a particular case.

In this paper, we shall consider random fields. The class of asymptotically sta-
tionary random fields is defined. Its covariance function will then be studied. We shall
establish a spectral representation for this covariance function under very mild condi-
tions; in particular, the conditions C;, C2, Cs corresponding to random fields will not
be needed in the analysis, thus allowing the results to hold for stationary random fields.

Several examples of asymptotically stationary processes were given in Kempet de
Feriet and Frenkiel [5] and Parzen [8]. Some practical application of the theory of these
processes, particularly the computation of their spectrum, was demonstrated in Wolters
[11} in an economic context. A particularly useful subclass consists of periodically
correlated random fields. A study of the covariance function and spectrum of these
fields through simulation is being carried out and will be reported elsewhere.

The assumptions required in the analysis are described in the next section, which
also investigates the relation between almost harmonisable and asymptotically station-
ary random fields. The continuity theorem, and hence the spectral representation, for
asymptotically stationary random fields is established in Section 3. Section 4 gives a
mean ergodic theorem for these fields.
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2. ASYMPTOTICALLY STATIONARY RANDOM FIELDS

Consider a random field {X(t), t € R"} on the probability space (2, 7, P) with
mean zero and covariance R(s, t) = EX(s)X(t). We shall make the following assump-
tions:

(i) X(t,w) is continuous in mean square;
(i) E|X(t)]* <oo, t € R™;
(iii) [ R(t, t)dt < oo;
[a, 3]
where [a,b] ={x € R*:a<{x <b, a,b€R"} and dt is Lebesgue measure on R".
Under condition (iii), Fubini’s Theorem then implies that

/ |X(t)]?dt < o0 almost surely,
[a,8]
E/ IX(t)? dt < oo and
[a, 8]
(21) ' E / IX(8)[ dt = / E|X(t) dt.
[a,b] (@,

Let k=(k1,...,kn), T=(Tl,...,Tn), T‘,?O, i=1,...,n.

We define .
it by 1
Ra(k) = H(T,-)"/ / R(t, t + K)dt,
j=1 an ay
where
0, 0 S kl S 1‘!)
a; =
|kll ] _T’I g ki < 0,
5 Ti—ki, 0<k<Ty,
R ~T; < k: <0,

i1=1,2,...,7n,and

Fr(s) = [[ (7)™ / / / R(t, u)e= =6V dt du dv.
for (~oo1 Jio,11 Jio, 1

The random field {X(t), t € R"} is said to be asymptotically stationary if the limit as
T; > 00,7=1,...,n,of Rp(k) exists for every k € R™. The limit, denoted by R(k),
is defined to be the covariance function of the random field. The class of asymptotically
stationary random fields is denoted by A.
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In the following, unless written out completely, the simpler notation lim will be
used to mean lim
Tj—so0
j=1,.,n

We first note that if {X(t)} is stationary, then R(t, t + k) = R(k). It then follows
readily that 7!1_13100 Rr(k) = R(k).

Thus A covers the class of stationary random fields. We next define the class of
almost harmonisable random fields, following Rao [9].

Let g(., A) be an almost periodic function of R™ for almost all A € R™ (see the
Appendix). A zero mean random field {X(t)} is said to be almost harmonisable if its
covariance function can be represented as

(2:2) Res, )= [ [ afo, NaE a¥r(aA, dw),

where y(dA, dp) is of bounded variation on each finite domain of R™ x R™. The class
of almost harmonisable random fields is denoted by H. It should be noted that, in
the scalar case (n = 1), this is a subclass of Cramer’s class C, where {g(., A\)} is a
family such that the integral of (2.2) exists. It is clear that H contains the class of
harmonisable random fields, where g(., A) takes the special form g(t, A) = e¥(**). We
now want to show that

(2.3) HCA
In fact, using (2.2) in Rr(k), we get

Rrl9 = = [ - "L st T P, duit

An application of Fubini’s theorem yields

Ret)= [ [ e / " /b‘g(t Na(t ¥, m)dty(dh, dp).

In view of result (A1) of the Appendix, we have that

bn
T—»oo H lel T'_.oo HT —Tk; 1/ / 9(t, Mgt +k, p)dt

i—l, ,ni=l 1—1,
= M(g(t, Ng(t +k, p);k, A, u)-
It now follows that

Jim Re9) = [ [ 3(ott, NGER Wik, A, )7(dA, dw)

by the dominated convergence theorem, and (2.3) is obtained.
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REMARK. The result that harmonisable processes are asymptotically stationary was
first proved by Bhagavan [1] using a different argument. The above approach, which is
based on the mean value theorem for almost periodic functions, is due to Rao [9].

3. A CONTINUITY THEOREM
We first establish several results for Rr(k) and Fr(s). It follows directly from its
definition that Rp(k) is Hermitian symmetric, that is,

(3.1) Rr(-k) = Rr(k), T>0, -T<k<T.

Also, under the assumption that the random field {X(t)} is continuous in mean square,
it can be shown via the mean value theorem that Rr(k) is a continuous function of k
in [T, T).

From definition, we get ,.E.IE“, Fr(s) = 0 for some s;. For s; < s,

(3.2)

Fx(ss) - Fr(s1) = [[ (7)) / / / R(t, u)e= =4V dt du dv
j=1 [#1,92] V[0, T] /[0, T]

- 1:11(T,-)“ J

E [ X(t)e'.("")dt/ X(u)e"‘(“'v)du] dv using (2.1)
(o, 7] [0,7]

81, 83]
~Ml@™[ =
j=1 [‘lv"]

Thus Fr(s) is non-negative and non-decreasing.
LeMMa 1. |Rr(k)| < Rr(0) fork € R™ and Tj, j =1, ..., n, sufficiently large.
PROOF: We first prove that, for k € R™,

2

X(t)eXtVdt| dv > 0.

[0, 7]

n bn by
(3.3) im [ (1) / / E|X(t+ k) dt
1:1"’°° j=1 an ay

J=1,..,n

n b by
= Jim ](1)" / / E|X(t) dt.
j—oo an ay

i=1,..., nJ=1

In fact, by a change of variables,

[z /,. :" /.. :" X (t + )| dt = li[l(T,-)" / b":k"... / TR )P

ji=1 n—kn ay—ky
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Using the same argument as in the proof of result (A1) in the Appendix will give (3.3).

Next, we have

n

II (Tj)"’E/b" .../bl X(4)X(E FR)dt

=1

n bn by 1/2 ba b 1/2
<[[@)™ (/ / E|X(t)|2dt) (/ [ ExE+R)P dt)
j=1 an ay an al

using Cauchy-Schwarz’s inequality

- Q(Tj)'l (/b"/:" E|X(t)? dt)

for T3, 7 =1, ..., n, sufficiently large in view of (3.3)

|Rr(k)| = using (2.1)

n

<[ @™ /Tn.../oTlEIX(t)Pdt

i=1 0

= R(0).

Thus, |Rr(k)| < Rr(0). 0
LEMMA 2. Fr(oo) = (2w)"Rr(0) for T, j=1, ..., n, sufficiently large.

PROOF: A change of variables (t, u) » (k, t) with k = u — t gives, using the
definition of Fr(s), that

n by bl X
Fr(s) = H(T,-)“‘/ / / .o | R(t, t + k)e~ Vgt dk dv
j=1 (=00, 4) /[-T, T Jan a

- / / Re(k)e~ %V dk dv
(=00, ) J[-T, T}

= / Ri(k)e' V) dk dv
(—ooc,s] JR"

where

RT(k)’ -T< k < T’

0, otherwise.

Ry(k) = {
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For p > 0, we then get

Fx(u) = Fa(-) = [ Ry (k)e™ % V)dk dv
— s, “] R

= / Ry (k) e~y dk
R® [—#y 8]

using Fubini’s Theorem, since Ry(k) is continuous on [-T, T,

_ /R ) R.}(k)li[ /_ "j_ e~ "*i% dy; dk

— 2n/ RT(k) H s‘“#J b 237 gk,

i=1

It follows that, for s > 0,

[e0 [ @ -Fempa=2 e [ | [ Reo2fba,

i=1 [0 b

= H 27(s;)7? L R.'r(k)/; ’ %&dﬂjdk by Fubini’s Theorem
._ n J

hd 1 — cos 8;k;
< ne..\—1 272 .
<[z mpeireo [ 225 e
= H(21r) max | Rx (k)| / s‘“’ ’dk

= (27r) max |Rr (k)] .

With the change of va.riables p; =8ja;,j=1,...,n, we have

[I6™ [, (Foe) = Fa-mian

1 1
= / . / [Fr(sia1, ..., 8nan) — Fr(—s1a1, ..., —8pay)|da; ...da,.
) ) -

Thus, for p > 0,

(3.4) / VPx(#) — Fr(—plder < (2n)" m 1)

= (27)" Rx(0)

using Lemma 1.
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Since Fr(s) is non-decreasing, the integral on the LHS of (3.4) is a non-decreasing
function of s. It follows that

Lim ... 'liglm (Fr(s) — Fr(—s)) exists.

8 — 00

We then have for Tj, j =1, ..., n, sufficiently large, that

Fr(eo)= Jlim, H( SYR-CEel

J—lv v"'J_

Hzn RT(Z) cosk
’ —ooo
J—ls v""_'l

ks
where £; = -2, j=1,...,n
8

= (2m)"Re(0) + lim, 2"1‘[ / (R:(€) - Rr(0)2=205ks °°S’° ST k.

J—l, B

Thus, for any € > 0 and for sj, j =1, ..., n, sufficiently large,

|Fr(00) — (27)" Rr(0)|

<e+2“‘“RT(0)/ [(/ / ) 1"°°Sk‘dli ) s I:OSk’dk
oo ) :

j=2

oo — 11—
+2n/ [ IRr(la, ..., ) RT(0)|/ 1 °°S’°‘]H I:OSk’dk.
|m<a i/

—co i=2 1
Repeating the argument for the remaining components of k, we will find that

|Pr(o0) — (27)"Rx(0)] S € + 27 max |Rr(£y, ..., £a) — Rx(0)|

yi=1l,.0n
H — cos k, dk; R
x .1/: RS

YL
where R involves terms with integrals of the form f_;’ + f?/z) . These integrals
2

vanish as 85, 7 = 1,...,n, can be chosen arbitrarily large. Also, since ¢ can be
arbitrarily small, we get

IFe(o0) = (20)"Re(0)] < (2n)"lim sup | Ra(8) = Rx(0)]
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As Rr(f) is continuous at £ = 0, we obtain immediately that Fr(oo) =
(27)" Ry (0).
We will now establish the required continuity theorem.

THEOREM 1. Forarandom field {X(t), t € R"} under conditions (i) - (iii), and
assuming that Tlim Rt (0) exists finitely, we have Tlim Fr(s) = F(s) at every continu-
— 00 '—2 00
ity point of F(s), a non-negative, non-decreasing and bounded function on R"™, if and
only if Tlim Ryr(k) = R(k), a function which is continuous at the origin. Furthermore,
— 00

R(k) has the representation

R(k) = (51;)" /R R (s)

PROOF: As in the proof of Lemma 2, we have
(3.5) Fr(s) = / Rip(k)e= %V dk dv.
(—o0,1) S
For T! > 0, define
(3.6) Iy = 1Y / (w2 dFy(s).
2 [—TI,TI]
Then, from (3.5),
1\" * i(u—k,s)
I = o Ri(k)e ®dk ds
(-1, T1) JR"

1\" .
={= RL(k / el(v k%) gg dk
(27r) R" (k) [-7,T1)

using Fubini’s theorem as Rp(k) is continuous on [—T7, T

M) Lo

n n 'n .
H( ) / / RT<u1 Tl,..., n-%) SITjT’drl,...,dT,.

using the change of variables 7; = (uj — k,-)T]-l, ji=1,...,n

Lemma 2 yields that

/R dFr(s) = Fr(oo) — Fr(—o0) = (27)" Rx(0) < co.
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Thus the dominated convergence theorem implies that

1 n ] 1 n .
i — i(u,s) ={ = i(u,s)
}nn (2 ) /{; 7y e dFr(s) (2 > / e dFx(s).

In view of the dominated convergence theorem and the continuity of Rp(k) on [-T, T
we have for Tj, j =1, ..., n, sufficiently large that

n n o
Tn \ sinT;
Tl—»oo( ) H/ / RT(ul Tl"“’un_T—,{) - dry...dr,
= (—) H/ / R'}(ul,...,u,,)smTjdrl...dT,.
T) e oo T;

= Rr(u).

Thus it follows from (3.6) and (3.7) that

(3.8) Rr(u) = (51;)" /R i (52 dFp(s).

Under the condition that lim ... hm Rr(0) exists finitely, so that the measure

1 — oo Tn—o0

defined by Fr(s) is uniformly bounded, we obtain the result of the theorem in view of
Levy’s continuity theorem (see Cuppens [4], p.40). a

4. ERGODICITY

The function F(s) as given in Theorem 1 is defined to be the spectral distribution
function of the random field {X(t)}. We now consider a mean ergodic theorem for
{X(t)} which possesses finite first and second moments:

EX(t) =m(t), teR"
R(s, t) = E(X(s) — m(s))(X () - m(D)), s, t € R"

under a condition involving the spectral function F(s) only.

THEOREM 2. For a random field {X(t), t € R} satisfying conditions (i) — (iii),
and assuming Tlim R (k) exists finitely for each k € R™, we have

J—l,
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in mean square if F(s) is continuous at s = 0.

PRrooF: Using the change of variables (t, u) — (k, t) with k = u —t we get

2

E

[[@” /[ K —meas

=[] @)™ / R(t, u)dt du
i1 (0,7 Jjo, )

- ljl(Tj)-z [(/[-T.OI +/[o,7'1) /: /:] R(t, t +kjdt dk
= _ljl(Tj)_1 /[_T,T] Rr(k)dk

=[I@)™ [ Rroa

where R%(k) is as defined in the proof of Lemma 2.
In view of (3.8), we have for Tj, j =1, ..., n, sufficiently large that

j_]f[l(T,-)'l JROL
- (%)"ljl(n)-l /n ] A M dFy (s)dk
- (2%)"12[1@,-)" /Rn /Rn ¢"%#) gk dFy(s)

using Lemma 2 and Fubini’s theorem

= H (T;)~! /R _8(s1).--6(sn)dFx(s),

where §(s;) denotes the usual Kronecker delta function.
Under the condition that Tlim Ry(k) exists, Theorem 1 yields that

Tlim .. .Tlim Fr(s) = F(s). Consequently, using Lemma 2 and the dominated con-
} —co n—co
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vergence theorem we get

2

Jim E H(T = / (X =)t

J—l.

(3.9) Jim H(T)- / 5(51) - .- 5(s0)dF(s).

J_ll vn]—

It is seen that if F(s) is continuous at s = 0, the right hand side of (3.9) is zero, which
gives the theorem.

APPENDIX

Almost periodic functions on R"

A function f € L°(R") is, by definition, almost periodic if the set of all translates
{fy;y € R} of f is totally bounded in the uniform norm of L*°(R™). The space
of all almost periodic functions on R" is denoted by AP(R™). As shown by Loomis
[7, p.166], under the uniform norm, AP(R") is a commutative C*-algebra with an
identity. Also, a constant function

M(f) = /;,. f(x)dx exists for f € AP(R™).

This constant is called the mean value of f. It should be noted that in the above
integral, dx denotes the Haar measure, that is the normalised Lebesgue measure on
R™ (with total mass one). We shall now prove that

(A1) M) = Jim gt [ A0

J=1| an

for f e AP(R*), T=(Th, ..., Tn) € R".

Given ¢ > 0, we choose the finite sets {c;} and {a;} such that ¢; >0, Y c; =1
and [[M(f) — Y eif(x — ai)ll, <€, x,a; € R".

It follows upon integrating that

(A2) <e.

oo

M(f) - T > f(x — a;)dx
By a change of variables

f(x — a;)dx = / f(t)dt.

[0, 7] [~ai, T—ay]
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We first prove that for any a; = (@i, ..., @in) € R™,

1 1
A3 li —_— t}dt= lim ——— t)dt.
(a9 m g [ f0des g T o
i=1l,..,n 1_1'
For a;; 20,

(A4)

1
—_— t)dt
L...Tn ‘/[-“ivT_“s'] 1

oy M T AR A L

Now,
1 o
— thy ey tn)dty =0
A . (b, )dts
as f(t) is bounded. Also,
’ 1 Ty 1 T
lim — By ooy ta)dty = lim o 11, ...y tn)dt
TIEI°°T1 Tl—auf( " ' ) ' i o T3 f( b ) !

. Ti—ay 1 /Tx'“ﬂ
- . 11, ..., 1, )dt
T}linoo T1 T1 - a1 Jo f( ! ) !

=0.
Therefore, the right hand side of (A4) becomes

! /T—“'" LM tn)dt; ... dt
ToooTn)o T 1reees n)dbyee

A similar result holds for a;; < 0. Repeating this process, we get (A3). It now follows
from (A2) that

“M(f) Yo fim z— [ it

j:l, ey [0’7‘] 0o
= |\m(5) - ) f
T —oco Tl [0 T']
.7-11 o n oo
< E.
Since € can be arbitrarily small, we get
1
M —_— t)dt.
(= Jim, g [ 5®

Jl, on D
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