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Abstract. In this paper we derive the spectral and ergodic properties of a special class
of homogeneous random fields, which includes an important family of evanescent random
fields. Based on a derivation of the resolution of the identity for the operators generating
the homogeneous field, and using the properties of measurable transformations, the spectral
representation of both the field and its covariance sequence are derived. A necessary and
sufficient condition for the existence of such representation is introduced. Using an analysis
approach that employs the solution to the linear Diophantine equations, further characteriza-
tion and modeling of the spectral properties of evanescent fields are provided by considering
their spectral pseudo-density function, defined in this paper. The geometric properties of
the spectral pseudo-density of the evanescent field are investigated. Finally, necessary and
sufficient conditions for mean and strong ergodicity of the first and second order moments of
these fields are derived. The analysis, initially carried out for complex valued random fields,
is later extended to include the case of real valued fields.

1. Introduction

The problem of linear prediction of homogenous random fields in two or more vari-
ables (and in general, fields defined on a compact Abelian group whose dual has
a complete linear order compatible with the group structure) was first introduced
rigorously in Helson and Lowdenslager [15]. The problem of defining past and
future on the two-dimensional lattice (i.e., Z?) was defined in [15] in terms of “half
plane” total-ordering. One of the main results provided in [15] is a generalization
of Szegd’s formula for the prediction error variance. Further analysis of the predic-
tion problem led to a generalization of the Wold decomposition [16]. Cheng and
Houdré [2] generalized some of the results to random fields of random variables
with finite p-th moment (1 < p < o0), with an appropriate extended definition
of homogeneity; the notion of orthogonality was replaced by the Birkhoff-James
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orthogonality. In Suciu [23] the Wold decomposition is studied for a semigroup of
isometries which is not completely ordered.

The well known Wold decomposition of stationary complex valued processes
indexed by Z (see Doob [5, p. 576]) contains two stationary parts: the purely-inde-
terministic process (which is producing the innovations) and the deterministic pro-
cess. This decomposition can be equivalently reformulated using spectral notations:
the spectral measure of the purely-indeterministic process is absolutely continuous
with respect to the Lebesgue measure, and the spectral measure of the determinis-
tic process is singular (i.e., the spectral measures of these orthogonal components
yield the Lebesgue decomposition of the spectral measure of the process). When we
consider homogenous random fields indexed by other groups (like those indexed
by Z?) we obtain a Wold decomposition with respect to any given total order on
the group. When the group is not Z (like R or Z?) the deterministic process can
have as a direct summand a deterministic process of a special type, the evanescent
process. Evanescent processes were first introduced in [16] (on R). In Korezlioglu
and Loubaton [18], “horizontal” and “vertical” total-orders and the corresponding
horizontally and vertically evanescent components of a homogeneous random field
on Z? are defined. In Kallianpur [17], as well as in Chiang [3], similar techniques
are employed to obtain four-fold orthogonal decompositions of regular (non-deter-
ministic) homogeneous random fields. In Francos et al. [8] this decomposition of
random fields on Z? was further extended. This is done by considering all the
rational nonsymmetrical half plane linear orders (RNSHP), each inducing a differ-
ent partitioning of the two-dimensional lattice into two sets by a broken straight
line of rational slope. Clearly, there are countably many such linear orders. Cuny
[4] proved recently that the Wold decomposition of a regular random field into
purely-indeterministic and deterministic components is the same for all RNSHP
orders. The decomposition in [8] asserts that we can represent the deterministic
component of the field as a mutually orthogonal sum of a “half-plane determinis-
tic” field and a countable number of evanescent fields. The half-plane deterministic
field has no innovations, nor column-to-column innovations, with respect to any
RNSHP linear order. Each evanescent field spans a Hilbert space identical to the
one spanned by its column-to-column innovations, where the column-to-column
innovation at each lattice point is defined as the difference between the actual value
of the deterministic field and its projection on the Hilbert space spanned by the
deterministic field samples in all previous columns. (Clearly, the term “column”
is redefined for each definition of the linear order). Each of the evanescent fields
can be revealed only by using the corresponding linear order. This decomposition
yields a corresponding spectral decomposition, i.e., we can decompose the spectral
measure of the deterministic part into a countable sum of mutually singular spec-
tral measures. In [4] this decomposition has been extended to the case where the
measurements are random vectors, rather than random scalars (with the results in
[8] as a special case).

Evanescent random fields are of great theoretical and practical importance. Such
fields arise quite naturally in problems of texture modeling, estimation, and coding
of images (see, e.g., [9] and the references therein), and in space-time adaptive
processing of airborne radar data, (see [7] and the references therein). Image index-
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ing and retrieval methods that are based on the Wold decomposition of homoge-
neous random fields have become the state-of-the-art texture-based image retrieval
methods (see, e.g., [20], [21] and the references therein).

In this paper we always assume that we have a known probability space (2, P),
the space of our discussion. Let {x(n)}>2_ C L2(2, P) be a weakly stationary
process, i.e. (see [5]), there exists a unitary operator U, defined on H, the closed lin-
ear manifold (c.l.m.) spanned by {x(n) : n € Z}, such that x(n) = U"x(0). From
the spectral representation theorem we have a stochastic set function w induced by
a projection valued measure E defined on the Borel sets of the unit circle I'; thus,

w(-) = E(-)x(0) and
x(n) =U"x(0) = / "dw(z).
r

We now recall some definitions. A homogeneous random field {z(n, m)} is
called deterministic with respect to the lexicographic order if for every (n, m) we
have z(n,m) € c.l.m. [{z(k, D: k<ndeZU{zin]) : 1] < m}]. We say
that the field {z(n, m)} has vertical column-to-column innovations if I (n,m) :=
z(n, m) — Z(n, m) (the innovation) is not 0, where Z(n, m) is the orthogonal projec-
tion of z(n, m) on the closed subspace generated by {z(k,[) : k <n,l € Z}. When
z(n, m) is deterministic, the vertical evanescent component z, (n, m) is the orthog-
onal projection of z(n, m) on the closed subspace generated by the (orthogonal!)
column-to-column innovations { (k,[) : k < n, [ € Z}. Column-to-column inno-
vations and evanescent components with respect to any RNSHP order are defined
similarly (see §2).

The random field e(n, m) = x(n)A™, where {x(n) : n € Z} is a weakly station-
ary (complex valued) purely-indeterministic process and A is a fixed known point
on the unit circle, was essentially considered in [8] as an important typical example
of an evanescent homogeneous random field with column-to-column innovations
relative to the usual lexicographic order. In this paper, we consider fields given by
e(n, m) = x(na +mb)A"t"d where {x(n)} is only assumed to be weakly station-
ary, and a, b, c, and d are integers satisfying |ad — bc| = 1 and ab # 0. We show
that when {x (n)} is purely-indeterministic, {e(n, m)} is an evanescent random field
with respect to the order induced by a and b.

2. The evanescent component

A homogenous random field z(n, m) can be obtained by multiplying two indepen-
dent one-dimensional weakly stationary sequences {x(n)} and {y(m)}. As a special
case, we look at the field e(n, m) = x(n)A™, with {x(n)} purely-indeterministic,
which was considered in [8] (see the introduction). This field is obviously deter-
ministic with respect to the lexicographic order. If X(n) denotes the orthogonal
projection of x(n) on the closed subspace generated by {x(k) : k < n}, then
e(n,m) = x(n)A™. Indeed, by definition

xMA" eclmixk) :k <n}=clmlek,]):k <n,l €Z}.
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This and the Wold decomposition of {x(n)} yield
e(n,m) —x@MA" = [x(n) —x)]A" Lclmfek,l): k <n,lcZ}.

The uniqueness of the orthogonal projection yields that eé(n, m) = X(n)A™, and
le(n, m)—en, m)|| = ||x(n)—x(n)| > 0ifandonly if {x(n)} is regular (not deter-
ministic), which is the case since we assumed that {x (n)} is purely-indeterministic.
Thus, the deterministic field {e(n, m)} has vertical column-to-column innovations.

Rotating the previous field by 90°, i.e., by taking e(n, m) = x(m)\", we obtain
a field with column-to-column innovations relative to the orthogonal lexicographic
order (horizontal column-to-column innovations). A “rotation” of the usual lexico-
graphic order, such that the RNSHP is delimited by a line with rational slope [8],
leads to a generalization of the above field model, which is

e(n,m) = x(na + mb)\"1ctmd €))

We assume throughout that {x(n)} is a weakly stationary complex valued process,
and a, b, c, and d are integers with ab # 0 satisfying |ad — bc| = 1.

Proposition 2.1. A field of the form (1) is deterministic with respect to any RNSHP.
It is evanescent, with respect to the order induced by a and b, if and only if {x(n)}
is purely-indeterministic.

Proof. To obtain the order of RNSHP induced by any non-zero pair of integers
(a0, B), we define the past Py g by

Pyg={n,m)eZ? :na+mp <0,orna+mp=0andm <0}. (2)
Then P = P, g satisfies
(i) PN(=P) = {0}, (ii) PU(—P) =72, (iii) P+P C P (usual addition).

By (i)—(iii), P induces on 72 a linear order, which is defined by (p,q) <X (n,m)
if and only if (p —n, g —m) € P. Note also that P contains a maximal element,
namely (0, 0).

Now we consider the order induced by P = P, where a and b are the
parameters of e in (1). Put ¢+ = sign(a); then (n 4+ th, m — ta) < (n, m). Since
e(n,m) = e(n + th,m — ta)\!, the field {e(n, m)} is deterministic with respect
to the RNSHP determined by P (physically, for k = na + mb, we have a fixed
choice of the random part x (k) along the line through (n, m) with slope —a/b).
By geometrical considerations, for any non-zero pair of integers « and 8 we have
Pyg N Py p # . In fact, the intersection contains a ray (half line) of the boundary
line of P, 5. Therefore e has no innovations with respect to any RNSHP. Define the
closed linear manifolds

Enm = cl.mie(p,q) : (p,q) =X (n,m)}, (3)
where < is the order induced by P, 5, and
X, =cl.m{x(m):m < n}.

Since (p, q) < (n, m) implies pa + gb < na + mb we have &, ;, C Xygrmb-
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Without loss of generality (see the discussion later) we assume that ad —
bc = 1. Since for an integer k > 0 we have (n — kd,m + kc) < (n,m), we
conclude that X4 4mp C Ey m, and hence Xyg4mp = Ep . Therefore Ny pEn.m =
Nn.mXna+mb = Ns Xy, which means that {x (n)} and {e(n, m)} have the same remote
pasts. By the representation of {e(n, m)}, it is orthogonal to its remote past if and
only if {x(n)} is orthogonal to its remote past. The latter is possible if and only if
Ns X5 = {0}, and that is true if and only if {x (n)} is purely-indeterministic (see [5, p.
5791, [11, p. 75]). Hence the deterministic field {e(n, m)} is orthogonal to its remote
past (i.e., is evanescent [16, p. 181]) if and only if {x(n)} is purely-indeterministic.

O

The following was noticed by M. Lin, by applying Proposition 2.1.
Corollary 2.2. The following are equivalent:

(i) for every a, b, ¢, and d with |ad — bc| = 1, the field x(na + mb)A"<t™4 s
evanescent with respect to the order induced by a and b.
(ii) the field x(n)A™ is evanescent with respect to the usual lexicographic order.
(iii) {x(n)} is purely-indeterministic.

Remark. The above model of an evanescent field is not the most general one, [16],
[18], [8]; for an example see [4].

Column-to-column innovations are defined for any RNSHP as follows:

Definition 2.1. Let Z(n, m) be the orthogonal projection of a homogenous random
field z(n, m) on the closed subspace generated by

{z(p,q) : (p —n)a+ (g —m)p < 0}.

We say that {z(n, m)} has column-to-column innovations with respect to the order
induced by a and B if z(n, m) — zZ(n, m) (the innovation) is not 0.

The evanescent component of {z(n, m)} with respect to an RNSHP order is deter-
mined by its the column-to-column innovations with respect to that order [8] (for
vertical column-to-column or horizontal row-to-row innovations see [18]).

It is easy to check (using the same technique as for the usual lexicographic
order) that é(n, m) = X(na + mb)A"*t"4 _and that {e(n, m)} has column-to-col-
umn innovations with respect to the order induced by a and b if and only if {x(n)}
is not deterministic. Since Py g N P, 5 contains a ray of the boundary line of P, ,
the field {e(n, m)} has no column-to-column innovations with respect to any other
RNSHP order induced by (o, 8) # (a, b) (this was implicit in [8]).

It turns out that the analysis of the spectral and asymptotic properties of the
field (1) does not require {x(n)} to be purely-indeterministic. Let x,, and x, denote
the purely-indeterministic and deterministic parts in the Wold decomposition of x,
respectively.

Theorem 2.3. The evanescent field x,(na + mb)A"*"4  defined by the purely-
indeterministic part of the one-dimensional Wold decomposition of {x(n)}, is pre-

cisely the evanescent part of {e(n, m)}, (all with respect to the order induced by a
and b).
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Proof. By the representation of {e(n, m)} (see also the proof of Proposition 2.1)
we have

H=clmle(n,m): (n,m) € Z*} = cl.mfx(n) : n € Z}

Denote the remote pasts X_qo = NyezX, and E_oo = Ny 1nez.En,m- The orthogonal
sum e(n, m) = x,(na + mb)A"t"d 4 x, (na + mb)A"<t"d is deterministic, and
{xu (na + mb)r"c+mdy} is evanescent as was shown in the proof of Proposition 2.1.
Since {x,} is deterministic, {x, (na + mb)A"“*t"4} has no column-to-column inno-
vations with respect to any RNSHP order, i.e., it is a half plane deterministic field,
[8]. Furthermore, since {x,} is deterministic, {x,(n) : n € Z} C X_o. Hence
{xy(na + mb)r"*tmd - (n.m) € Z*} C X_s. Let e = e; + > be the two-
dimensional Wold decomposition of e [16], where the orthogonal e and e; are the
evanescent and the remote past parts, respectively. (The field e is deterministic and
admits no innovation part). Since e; is the remote past part, {ex(n, m) : (n,m) €
7?} C E_so. In the proof of Proposition 2.1 it was shown that £, = X_oo,
therefore {e»(n, m)} and {x,(na + mb)r"<+tmd} belong to the same subspace, and
{e1(n, m)} and {x, (na + mb)A"ctmd} belong to the same orthogonal complement.
Sincee(n, m) = e; (n, m)+ex(n, m) = x,(na+mb)N"“T"4 4 x, (na+mb)r"ctmd
the uniqueness of the orthogonal sum yields that e (n, m) = x, (na + mb)rnctmd
and ex(n, m) = x,(na + mb)A"etmd, m]

Since the case where ad — bc = —1 simply amounts to interchanging the roles
of “past” and “future” in the lexicographic order definition that corresponds to the
case where ad — bc = 1, we assume throughout this paper that ad — bc = 1.
The analysis of the alternative case is identical. Since ad — bc = 1 we have
g.cd.(a,b) = g.c.d.(c,d) =1 (see §4). Along the analysis, the order parameters
a and b which determine the slope of the RNSHP, are assumed fixed.

Suppose a given random field {e(n, m)} has a representation (1), with our fixed
a and b. This representation seems to be uniquely determined only up to ¢ and
d (which exist since a and b are coprime). More precisely, let ¢’ # ¢, d’ # d
be two other integers satisfying ad’ — b¢’ = 1. Since ¢, d and ¢, d’ are different
solutions of the same linear Diophantine equation ax — by = 1, there exists an
integer 7 such that ¢ = ¢’ + ra and d = d’ + tb. Hence, we have from (1) that
e(n,m) = x(na + mb)A"+tmd = x(na + mb)a! atmb)ync'+md’ Thyg different
choices of ¢ and d are interpreted as rotations of x(k), by (A! ), for a suitable 7.
Nevertheless, by employing geometrical considerations we show in §4 that for any
given field {e(n, m)}, the parameters ¢ and d are unique.

3. The spectral representation

Consider the random field defined in (1). Recall that H is the closed subspace
generated by {x(n) : n € Z}, and U is the unitary operator on H satisfying
x(n) = U"x(0). The operator V = AI acts on H (/ is the identity on H) and defines
a unitary representation of Z which commutes with U. Clearly, A" = [ z'd8,.(z)
where §), is the Dirac measure on I" concentrated at X (the usual Lebesgue integral).
Note that § / is the spectral family associated to V and V"™ = [ 2"dé, (z)1.Clearly,
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e(n, m) = Uratmbynctmdy ) In this section we find the spectral representation
of {U"V™}, and hence of e.

Let (X, ) be a measurable space. Let i and v be two finite measures defined
on this space. We consider the product measure space (X x X, X ® X, u X v).
Let 71, T : X x X — X be measurable transformations. Then the transformation
T = (Ty, T») is a measurable transformation from X x X to itself since it has
measurable sections. Assume we have a ¥ ® ¥ (Borel) measurable function f then
in this notation we have

[fon(/va):/fd[(uxv)oT_l] &)

XxX XxX

It is easy to prove the equality above by the usual procedure, starting with simple
functions (see e.g., Halmos [12]).

In the following the integration space is omitted from the integral notation
whenever integration is performed on the entire space. Denote X> = X x X. Let
A X B € ¥ ® ¥ be a measurable rectangle; then

T YA x B)={(x,y) € X? : Ti(x,y) € A, Tr(x, y) € B}
={x,)eX® (el (A, x,y) e Ty, '(B) =T (ANT, (B)

Let E be the projection valued spectral measure of U. We want to define the
product E x 8,1 on I'2. Each factor is a given algebra homomorphism from the
Boolean algebra of Borel sets of I' to the algebra of orthogonal projections in H.
Since U and V commute, so do E and §,; hence, for any measurable rectangle
A x B, E(A)$,(B) is an orthogonal projection. The o -additivity on the algebra
of measurable rectangles of I'? of the operator valued function E x §; 1 is due to
Riesz and Nagy [22, §111]. The fact that it preserves the product (intersection) in
that algebra easily follows from the fact that £ and §, do. Now, we can define

//P(Zl,Zz)E(dm)X(Sx(de)I
rJr

as a Stieltjes-Riemann integral for any trigonometric polynomial P [22], and hence
for any continuous function on I'2. For fixed x, y € H and for any continuous func-
tion f € C(I'?), the formula

Dy y(f) = ([/r [r [z, z22)E(dzy) X 5,\(d12)1}x, y)

= /F/Ff(ZhZz)(E(dZO x 8, (dz2)1x, y)

defines a linear functional on C(I'2?), which is bounded since E x 8,1 is. By
Riesz’s theorem for bounded linear functionals on C(I"?), there is a unique regular
measure [,y on the torus which represents the functional @, ,, and for any mea-
surable rectangle A X B, iy y(A x B) = (E(A)8,(B)Ix,y). Letx = k1x1 +kox2
where x1,x; € H and ki, k, € C; clearly, for any measurable rectangle D we
have py (D) = kipiy,y (D) + kafix,,y (D). Since both sides are measures, by the
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uniqueness of the extension theorem equality holds for any measurable set. In a sim-
ilar way we see that 1, (D) is linear in y and self adjoint. Since fiy , is a positive
finite measure, (y (D) is a bounded quadratic form for any Borel set D. Finally,
Wy, y(D) is aself adjoint bilinear form. Hence, for any Borel set D, jiy (D) defines
a unique self adjoint operator, denoted by F'(D), so that u, (D) = (F(D)x, y),
and on the rectangles F = E x §,/. In a similar way, it can be shown that for
any Borel set D, F (D) is an idempotent, i.e., it is an orthogonal projection. For
any x,y € H, py y is a o-additive measure, hence, F(-) is a weakly o-additive
projection measure. For any orthogonal projection measure, weak o -additivity is
equivalent to o -additivity in the strong operator topology Dunford-Schwartz [6],
and we define E x §, I (-) := F(-). By considering two applications of the extension
theorem, we see that, [E X 8, ] (D) [E x 6,1]1(G) = [E x §,1] (D N G) for any
measurable sets D, G: in the first, we see that it is true for any rectangle D and any
measurable set G, and then we see that it is true for any pair of measurable sets.
Hence, E x §, I preserves the product. Summarizing what we have already proved

Theorem 3.1. There is a unique resolution of the identity for {U"V™}, namely,
E x 8,1 and we have,

Uy — / / BA(E (1) % 8,(22)])
rJr

where E x 8, 1 is an algebra homomorphism from the Boolean algebra of Borel sets
of the torus to the algebra of orthogonal projections, and it is a strongly o -additive
operator valued measure.

Clearly, using similar techniques, for any x € H, (E x §,1)x = Ex x §,. Since
w(-) = E()x(0), (E x5, 1)x(0) = w X 6.

Theorem 3.2. The spectral representation of e has the form
e(n,m) = f / N2 d(w(z{z5) x 81(z7°23)) (5)
rJr

Proof. By the equality e(n, m) = U"@tmbynctmdy ) we apply Theorem 3.1 to
obtain,

en, m) = / / L e [ (1) x 83.(2)1]2(0)
= / f (229" (728" d [w(z1) x 8:.(22)]
Define Ti(z1,22) = z{z5 and T2(z1,22) = zll’ zg ; then the transformation 7 =
(T1, T») from the torus I' x T to itself is measurable. As we saw, in order to eval-

uate the integral above we need to know how the transformation 7! acts. Due to
(4), the unique intersection point can be used to calculate the inverse, and we obtain

T v = (vl v vs) ©)
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(Clearly, the invertibility of T follows from the constraint ad —bc = 1). By consid-
ering functionals, (4) holds for vector measures, and by applying it to the function
f(z1,z2) = z| 5, which is measurable (in fact continuous) the result follows. O

Remark. T is an automorphism of I'? with the usual operation. In fact any contin-
uous automorphism of "2 has the form (x, y) > (x“yb, xcyd) where a, b, ¢, and
d are integers, and | ad — bc |= 1 see [13].

The problem has a representation in the [0, 277]% space by the usual homomor-
phism y : ¢ > e'’. Of course, we should consider the suitable homomorphism on
the torus. The transformations corresponding to 7 and 75 are non-parallel straight
lines; because of folding, each line modulo 25 splits into a finite number of par-
allel lines which intersect the axis (w and v) in a periodic way; in fact, the line
corresponds to 77 intersects the w-axis a times and the v-axis ¢ times, and the line
corresponds to T3 intersects the w-axis b times and the v-axis d times. Thus, in
the following when the intersection point of the two lines corresponding to 77 and
T5 is considered, it is understood that we refer to the original unique intersection
point in the entire plane, whose coordinates are evaluated modulo 2. Following
this convention there exists only a single intersection point in the [0, 2] space.

Theorem 3.3. In [0, 2012, the spectral representation of e has the form

e(n,m) = / e T (i (wd — ve) x 8, (va — wb)) (7
[0,27]?

where p = Arg()\) and the measures w and Sp are the measures on [0, 2] corre-
sponding to w and §; by the homomorphism x.

It is clear that the stochastic spectral measure of e(n, m) is concentrated on a
straight line with rational slope, corresponding to @ and b.

Following the steps of the construction employed in the proof of Theorem 3.2
(and Theorem 3.3) in reverse order and according to the discussion in the introduc-
tion, we obtain the converse theorem:

Theorem 3.4. Let {x(n)} be a weakly stationary process with stochastic spectral
measure W. If {€'(n, m)} is a homogeneous random field with stochastic spectral
measure concentrated on a straight line with slope parameter (a, b), and ' has the
form (7) with parameters (c, d), then €' (n, m) = x(na + mb)A"+m4.

The representation above also yields a spectral representation for the covariance
sequence. Let u be the spectral measure of x(0); clearly on measurable rectangles
we have || (E x 8,1)x(0) ||>= w x 8. The two sides are measures, and from
the uniqueness of the extension we have equality for every Borel set. The spectral
measure 1 =|| Ex(0) ||? is also called the “spectral measure of the covariances
of {x(n)}"since (x(n), x(0)) = [ z"du(z).

Theorem 3.5. Denote the covariance sequence of e(n, m) by R(n, m); then
R(n,m) = f f z'fz'z”d(u(zfzz_"’) X 8)\(11_"13)) (8)
rJr

where (i is the spectral measure corresponding to {x(n)}.
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In the [0, 271]2 space we have

Theorem 3.6. With the same notation as in Theorem 3.5

R(n,m) = / e T d(fi(wd — ve) x 8, (va — wb)) )
[0,271?

where p = Arg(A) and the measures [iL and 8~p are the measures on [0, 2] corre-
sponding to | and §, by the homomorphism x.

The proof easily follows from Theorem 3.2 and Theorem 3.3.

Again, following the steps of the construction from last to first we obtain the
converse theorem. Since the covariance spectral representation determines the sto-
chastic representation Doob [5], Grenander [11], we have

Theorem 3.7. A two-dimensional homogenous random field has the form x(na +
mb)A*TM (with a, b, ¢, and d are integers satisfying ad — bc = 1 and » € T)
if and only if it has a spectral measure concentrated on a straight line in the way
described above.

It is interesting to note here that in the case where {x(n)} is a wide sense sta-
tionary and purely-indeterministic process, the spectral measure of {e(n, m)}, being
atom-less on the line it is concentrated on, is singular continuous. Nevertheless, the
spectral distribution of this field is discontinuous along this straight line.

Of course, we can extend all these discussions to the case where we have a finite
sum of such orthogonal processes, i.e.,

P
e(n,m) =Y xp(nag + mby)uy "% (10)
k=1

where ayd; — brdy =1, {Ak},le C I'and {x1(n)}, {xo(n)}--- {xp(n)}isafamily
of P orthogonal weakly stationary processes. By the orthogonality, it is enough to
apply the theorems to each term and obtain the corresponding result. Note that in
the framework of the 2-D Wold decomposition, [8], where the evanescent fields are
those producing the column-to-column innovations of the deterministic component
of the decomposition, all evanescent components of the decomposition are mutu-
ally orthogonal. Hence, no orthogonality assumptions are needed in extending the
foregoing results.

4. The number theoretic approach

As we have already seen, the spectral measure of the process {e(n, m)} is concen-
trated on a line. Hence, it is not absolutely continuous with respect to the Lebesgue
measure on the torus, and therefore {e(n, m)} has no spectral density function. In
such cases, the covariance sequence is not absolutely summable, i.e., Zsio anozo
| R(n, m) |= oo. We wish to find a summation order so that the two-dimensional
trigonometric series generated by {R(n, m)} will converge conditionally such that
its limit will exhibit the behavior described in the preceding sections, i.e., that it is
concentrated on a straight line.
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Since we deal with straight lines on the lattice, we will need the following well
known result (e.g., see Andrews [1]).
Let a and b be two non-zero integers and ¢ some other integer. The equation

ax +by =c

is called the linear Diophantine equation. A solution of this equation is a pair (x, y)
of integers (a lattice point in the plane) that satisfies the equation.

Theorem. The linear Diophantine Equation
ax +by=c

has a solution if and only if d | ¢ where d = g.c.d.(a, b). Furthermore, if (xq, yo)
is a solution of this equation, then the set of solutions of the equation consists of
all integer pairs (x, y) of the form

x=x0+t§ and y=yo—1t5,teZ (11)

Note: if a and b are coprime then there will always be solutions, given by (11).

Consider once again the random field (1), with p = Arg(A), where as before,
a, b, c, and d are integers satisfying ad — bc = 1, p € [0,27), and {x(n)} is a
weakly stationary process. Since we wish to consider trigonometric series expan-
sions, we will restrict ourselves to processes {x (n)} having an absolutely summable
covariance sequence {r(n)}. The trigonometric series expansion of the covariance
sequence of such a process is continuous (in fact uniformly continuous), and is the
Radon-Nykodim derivative of the spectral measure of the process (see e.g. [5]).
The covariance sequence of e is

R(n,m) =r(na + mb)eip(”c"'md)
We wish to find a summation order Q on 72 such that the sum

S(w,v) = Z R(n, m)e—i(wn-i-vm)
(n,m)eQ
— Z r(na + mb)eip(nc—i-md)e—i(wn—i-vm)
(n,m)eQ

is defined (in some sense) and has the same analytic behavior as the corresponding
spectral measure of e, obtained in §3. Hence, we will sum the series along diagonals
in the lattice plane, corresponding to the solutions of a linear Diophantine equation
for a slope given by —a/b, i.e., along the lines na + mb = k for some arbitrary
integer k. Since ad — bc = 1, by the previous theorem a and b are coprime. We
have a particular solution (ny, my) for each k, in fact countably many solutions
which by (11) are of the form

n=ng+tb

(12)
m=my —ta

where ¢ is an arbitrary integer. The union over k of these solutions covers all the
lattice plane.
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Theorem 4.1. With the foregoing notation and with respect to the order of sum-
mation along the lines of slope —a /b through {(ny, my)}, we have

S(w,v) = S(w, v) -dS[p — (va — wb)]

where d§ is the one-dimensional Fourier-Stieltjes series (with its argument given
by p — (va — wa)) of the Dirac measure § concentrated at the origin. S is some
continuous periodic function on [0, 2712,

Proof. Consider the set {(n, my)} of particular solutions of the linear Diophantine
equation na + mb = k, given by nra + myb = k for every k € Z. Using (12) we
define the partial sums

K T
SK’T(a), \1) — Z Z r(k)eip[nkc+mkd—t(ad—hc)]e—i[nkw-i-mkv+t(a)h—ua)]
k=—K t=—T
K T
— Z r(k)efi[nkw+mkvfp(nkc+mkd)] Z e*it[pf(vafa)b)] (13)
k=—K t=—T

Since by assumption, the sequence {r(k)} is absolutely summable, the first sum
converges uniformly to some continuous and periodic function, that we denote by
S(w, v). The second sum is the partial sum of the Fourier-Stieltjes series of the
Dirac measure § concentrated at the origin, Zygmund [24]. Hence, in this sense the
two iterated limits exist and we have

lim lim $%7 = lim lim ST = 1lim X7,
K—o00 T—o0 T—00 K—o0 K, T—o0

‘We therefore define

S(w,v):= lim lim SXT(w,v) = S(w,v) ds[p — (va — wb)].

K—ooT—o00

We finally note that the convergence of SX-7 is not a pointwise convergence, as

the second term does not converge pointwise at any point, and at the origin it
monotonically tends to infinity. O

Remarks.

1. As implied by the last proof, S is not unique and depends on the choice of the
particular solutions {n, my}.

2. We can relax the assumption of absolute summability of {r(k)}; in that case, the
first sum will be related to the Fourier-Stieltjes series of the spectral measure u,
and we obtain a representation closely related to that of §3.

3. By definition, S, S , and d§ are periodic.

To achieve uniqueness of S, i.e., independence of {ny, my}, we shall consider
a normalized version of the double sum in (13): Let s € [0, 27) (modulo 27);
since the partial sums ZthfT e'" are bounded for any s # 0, the normalized

sums % ZL?T ' tend to zero. Clearly, for s = 0 these averages converge to 1.
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We thus have, lim % ZZT:_T et = §({s}) where § is the Dirac measure at the
T—o0

origin. Hence, we define %7 (w, v) = %SK’T(Q), v). Based on the arguments
made in the proof of Theorem 4.1 and the definition of o & T we conclude that
the two iterated limits in K and T exist pointwise everywhere, and we denote
o= lim lim o®7 = lim lim -S%7.

K—o00T—00 K—o00T—00
Theorem 4.2. With the foregoing notation and with respect to the order of sum-
mation along the lines of slope —a /b through {(ny, my)}, we have

o(w,v) = S(w,v) - 8({p — (va — wb)})

where § is the Dirac measure concentrated at the origin, and S is some continuous
periodic function on [0, 211>, Furthermore, the function o is uniquely determined,
independently of {(ny, my)}.

Proof. The limit o vanishes at all points not on the line p = va — wb, since for
points not on this line the second sum in (13) converges to zero when normalized
by % We therefore have

o(w,v) = Kli_r)noo Tli_)moo KT (w,v)
= S(w,v) - 8({p — (va — wb)})) (14)

It only remains to show the uniqueness of o. Let {#;},c7 be an arbitrary sequence
of integers, and let ¢’ be the function obtained by (14) and the method as in the
proof of Theorem 4.1 with the choice of the particular solutions given by

ny = ng + b, m) = my — tra (15)

From (13) we conclude that it is only S that is affected by changing the set of
particular solutions. Let S’ be the function associated with {(n}, m})}; clearly, we
need to show that

o (@, v) — o' (@, v) = [S‘(a), ) =¥, v)] 5{p — (va — wb)})
0

In other words, we only need to show that S(w,v) — §'(w,v) = 0 on the line
p — (va — wb) = 0. Using (13) and (15),

S(w,v) — §'(w, v)
_ Z r(k)e—i[nkw+mku—p(nkc+mkd)] _ Z r(k)e—i[n;(w+m;(v—p(n;(c+ml’(d)]
keZ keZ
— Z r(k)efi[nkw+mkv7p(nkc+mkd)]{1 _ eitk[pf(vafwb)]}
keZ

and on the above line the second factor is identically zero. O
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Of course, if we have a finite sum, as in (10), of orthogonal processes of the
form (1), it is enough to apply the same procedure to each term.

Although the deterministic field e has no spectral density function, for conve-
nience we may think of o (w, v) as its spectral density, and call o “the spectral
pseudo-density”. Theorem 4.3 bellow justifies this name. Theorem 4.2 asserts that
the spectral pseudo-density function is non-zero on the same straight line as in §3.
It remains to find the relation between u (the spectral measure of {x(n}) and S. We
would like to develop an expression that can provide us with an interpretation of
the geometric properties of this spectral pseudo-density. In the frequency plane, we
are interested only in the points on the “pseudo-density support line” p = va — wb.

Consider the intersection point of the line wd — vc = 0 with the pseudo-density
support line, and denote it by (wp, vo) = (pc, pd). Fix this point as our new origin,
and consider the pseudo-density support line as our one-dimensional axis system.
The point +4 corresponds to the point (wp + %, vo+ %), in the (w, v) plane, while
the point —h corresponds to the point (wy — %, vy — 22), where r = /a2 + b2.
In the new coordinate system we have o (w(h), v(h)) = S‘(w(h), v(h)), where
(w(h), v(h)) is a point on the pseudo-density support line with distance +4 from
the “origin” (wg, Vo).

Theorem 4.3. Let W(h) := S(w(h), v(h)). Then

W (£h) = sx( )

+h
va® +b?
where sy is the spectral density of {x(k)}. Furthermore, we have s, = 5_51’ the

Radon-Nykodim derivative of the spectral measure | of {x(k)} with respect to the
Lebesgue measure m.

Proof. Since we assumed that {r (k)} is absolutely summable, ) r(k)e k0 is well
k

defined. As we mentioned at the beginning of the section, this sum converges to
sx (@) = fl—,ﬁ(@), which is the spectral density of {x(k)}. Now, by the definition of
S, as given in the proof of Theorem 4.1, we have

\Il(h) — Z r(k)e—i[nka)(h)-‘rmkU(h)—p(nkC+mkd)]
k

s . ah d bh _ c d :I
_ Zr(k)e l|:nk(/0€+m)+mk(,0 +m) p(nict+mypd)
k

—i(k——
=3 rhe T
K

h
= 5y ()
S Val ¥ b2
In a similar way for the negative ray of the pseudo-density support line
h

W(—h) = Sx(—ﬁ
a

).
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Now, the relation between S and w is clear and the result follows. m]

Remarks.

1. The field e is associated with a distinguished point, that we name the middle
point. The middle point is a point on the pseudo-density support line, and is in fact
the origin of the 1-D axis defined on this support line.

2. On the line supporting the spectral pseudo-density, the pseudo-density func-
tion depends only on the spectral density of the covariance sequence {r(k)}, while
the parameters a, b contribute only to scaling.

3. The above procedure can be extended to cases where there is a finite sum of
orthogonal processes. In that case, each process has its middle point and similar
representation exists on the line supporting each of the pseudo-spectral densities.

4. Note that since s, (0) is the spectral density of {x(k)}, sx(—0) = s5(0). As
6 is measured relative to the middle point, and since the middle point coordinates
are a unique function of ¢ and d, there is only a single pair c, d that satisfies the
symmetry properties of s, (6).

5. Asymptotic properties

In this section we investigate the asymptotic properties of the processes introduced
in the previous sections. The classical ergodic theorems (see e.g. [S]) assert that a
necessary and sufficient condition for a one-dimensional weakly stationary process
to be mean ergodic is that its spectral measure has no atom (i.e., is continuous) at
the origin. For a circular Gaussian (i.e., its real and imaginary parts are independent
and have identical Gaussian distributions) one-dimensional weakly stationary pro-
cess, a necessary and sufficient condition for mean ergodicity of its second order
moment is that its spectral measure has no atoms (an application of Theorem 7.1 in
[5, p- 493]). We would like to find necessary and sufficient conditions for the field
(1) to be mean ergodic in the first and the second order moments.

Proposition 5.1. A necessary and sufficient condition for a two-dimensional weakly
stationary complex field to be mean ergodic is that its spectral measure has no atom
at the origin.

Proof. Let {y(n, m)} be a weakly stationary field with a two-dimensional spectral
measure 7. Then

N M 2 N M N M
> > y(m,m) > 2 X Y Rn—p,m—gq)
E n=1m=1 __ n=lm=lp=lg=1
NM B (MN)?
/ 1 sin? % sin2 % dn( )
= w, V
02712 (NM)? sin> % sin® } g



292 G. Cohen, J.M. Francos

The integrand is uniformly bounded (less than one) and tends to zero uniformly on
any neighborhood not containing the origin. In fact,

sin? Ne 1, =0

lim e =
N—oo N sm7 0’ (0750

We therefore conclude using Lebesgue’s bounded convergence theorem that

N M 2
> 2 y(n,m)
li E|r=m=l ] — po). {0
o N M n({0}, {0})
where the limit exists in an unrestricted way, and the result follows. O

Applying the results of Theorem 3.6 and Proposition 5.1 to the field (1), there
are two different cases where there is no atom at the origin:

Corollary 5.2. A necessary and sufficient condition for a field {e(n, m)} of the form
(1) to be mean ergodic is that p # 0 or that the spectral measure of {x (n)} has no
mass at the origin, i.e., 1 ({0}) = 0. Equivalently, p # 0 or {x(n)} is mean ergodic.

Proposition 5.3. A necessary and sufficient condition for mean ergodicity of the
second order moment of a two-dimensional Gaussian circular field is that its spec-
tral measure has no atoms.

Proof. We assume that the field {y(n, m)} is Gaussian and circular with covariance
{R(k, 1)} and spectral measure 7. In the following we wish to find conditions so
that for any &,/ € Z,

N M

ﬁz 3 v+ km A+ DF 0, m) — Rk, D) a6)

n=1m=1

in the mean as N, M — oo. Using the spectral representation of the covariances,
Rk, 1) = [ e ®kotdn(w, v), the circularity of the Gaussian field, and the prop-
erties of its fourth order cumulants, we have

| N 2
E |~ d o Dyt kom + Dy m) = Rk, )
n=1m=1
N M N M )
XX > Y IRn—pm—q)|
n=1m=1 p=1qg=1

(NM)?

2N(w ') Sil‘l2 M(v V')

/ f (NM)2 (2 (o= w’) 20 V,) d(n(w, v) x n(@',v))
2

[0,27)2 [0,277)2
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Using Lebesgue’s bounded convergence theorem, and following similar arguments

to those employed in the proof of Wiener’s lemma (see, e.g., [24]) we conclude that

the last expression tends to zero if and only if 7 is atom free, i.e., it is continuous.
]

Assume that {x(n)} is circular Gaussian is in fact equivalent to the assumption
that {e(n, m)} is circular Gaussian. Hence, for ergodicity in the mean of the second
order moment of a circular Gaussian field of the form (1), it is necessary and suffi-
cient that there are no atoms on the line va — wb = p. Even simpler, it is necessary
and sufficient to verify that x (as a one dimensional measure) has no atoms. We
thus have

Corollary 5.4. A necessary and sufficient condition for mean ergodicity of the sec-
ond order moments of a circular Gaussian field {e(n, m)} of the form (1) is that
has no atoms, or equivalently, that the process {x (n)} is mean ergodic in the second
order moments.

Corollary 5.5. A circular Gaussian evanescent field of the form (1) is mean ergodic
in the first and second order moments.

Now we consider the same problem as in the previous discussion, except that
we would like the arithmetic averages to converge to the “correct” limit almost
everywhere; in fact we are interested in the strong law of large numbers. Almost
everywhere convergence of the arithmetic averages can not be achieved by an unre-
stricted tendency to infinity of the size of the observed sets. In the following we
assume that N and M tend to infinity in a restricted way, where we assume that N
and M depend on one parameter k such that min{N (k), M (k)} — ocoask — oo
and 0 < klim N(k)/M (k) < oo. Denote by || e || the Euclidian norm. Almost

—> 00

everywhere convergence to the correct limit will be called strong ergodicity.
Before introducing the main result of this section, let us consider the following
special case.

Example. Let {x(n)} be a centered weakly stationary circular Gaussian process.
Hence, {x(n)} is also stationary in the strict sense. Since {x(n)} is circular Gauss-
ian and stationary, {e(n, m)} is strictly stationary as well. By the pointwise ergodic
theorem, the averages converge almost everywhere (see e.g., Halmos [13], Krengel
[19]). The limit is almost everywhere the limit in the mean and that is zero if and
only if the spectral measure of {e(n, m)} has no atom at the origin, i.e., p # 0,
or p = 0 and the spectral measure of {x(n)} has no atom at the origin. The latter
condition holds if and only if {x(n)} satisfies the strong law of large numbers.

The next theorem extends the scope of the foregoing conclusion to a much
broader setting than that of Gaussian fields, using the results of Gaposhkin [10].
More specifically, we apply Theorem 3.3 of [10], to the case of homogeneous
random fields, and specialize the general result to the case where the homogeneous
field is given by (1).
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Theorem 5.6. Assume the spectral measure of {e(n, m)} has no atom at the origin.
Then, a necessary and sufficient condition for strong ergodicity is that

lim / d(w(wd —vc) x §,(va — wb)) =0 a.e.

n—00
0<[l(@,v)]|=27"

If p # 0, then it is clear that for a sufficiently large n the above integral vanishes
everywhere. If p = 0 the condition is reduced to the condition

lim f dw(w) =0 a.e.
n— o0

O<|w|<277

which is equivalent (see [10]) to strong ergodicity of {x(n)}.
Hence for the field (1) we have

Corollary 5.7. A necessary and sufficient condition for strong ergodicity of a field
{e(n, m)} of the form (1) is that p #~ 0; or if p = 0, that {x(n)} satisfies the strong
law of large numbers.

Since the automorphism which generates a strictly stationary process is multi-
plicative [5], for fixed k, [ the field {y(n +k, m +1)y(n, m)} is strictly stationary if
{y(n, m)} is; in that case, by the pointwise ergodic theorem the limit in (16) exist
almost everywhere. Using Theorem 5.4 we have

Corollary 5.8. A necessary and sufficient condition for strong ergodicity in the
second order moments of a circular Gaussian field {e(n, m)} of the form (1) is that
the spectral measure of {e(n, m)} has no atoms; that is the spectral measure of
{x(n)} has no atoms.

6. The real valued case

Let (xD @)}, (xP )} c L, be two orthogonal real valued weakly stationary
processes; then x(n) = xDm) —ix@Pm) is a complex stationary process (by
orthogonality). In analogy to the complex random field (1), we define a real field by

é(n, m) = Rix(na + mb)A" <ty
Writing e(n, m) explicitly, with p = Arg()), we obtain

én,m) = R{[xV(na + mb) — ix® (na + mb)|A"<+m4}
= x(l)(na + mb)cos[(nc + md)p]
+ x@ (na 4+ mb)sin[(nc + md)p). 17)

Beside stationarity and orthogonality of x" and x®, we assume throughout
this section that {xV (n)} and {x® (n)} have the same covariance sequence (i.e.,
xD ), xD ) = x@ (), x@(0)) for every n), which is sufficient for e to be
stationary.
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In the following, unless specifically stated otherwise, all the subspaces consid-
ered, spanned by the samples of {(xD ()} and {x® (n)}, are over the real field.

In order to consider the spectral measure of areal stationary process, we consider
a larger Hilbert space, over the complex field, which isometrically (over the reals)
contains the original one. More precisely, let {y(n)} be a real stationary process, and
define Voo = c.l.m.{y(n) : n € Z}. Let U be the unitary operator on Vs, associated
with y, i.e., such that U"y(0) = y(n). We define the complexification of Y, by
J_Joo = Voo+iVeo.-Let f, g € Voo ;0n J_Joo we define U(f—i—ig) =Uf+iUg.Since
U is unitary, it is easy to check that U is unitary as well, and satisfies U | Ve =U.
By construction (U"y(0), y(0)) = (U"y(0), y(0)); the last sequence is positive
semidefinite, and is therefore the Fourier transform of a positive measure on the
unit circle I", the spectral measure of {y(n)}.

The assumption that x(V(n) and x® (n) have the same covariance sequence
means that they have the same spectral measure, denoted by w, which for every n
satisfies

xPmy, xV(0)) = / AMdp = (x@ (n), x@(0)).
I

In order to analyze ¢ in analogy to the analysis of e in the previous sections, we
look at the Wold decomposition in Hilbert spaces over the reals.

Let {y(n)} be a weakly stationary real process with associated unitary operator
U, and define (over the reals) ), = c.l.m.{y(k) : k < n}. Let y(n) be the orthog-
onal projection of y(n) on ),_1. In the complex case, using spectral theory [5], it
is easy to check that y(n + 1) = Uy (n). Since we deal with real spaces, we can
not apply spectral theory, so we give another proof which is purely geometric (and
applies to the real or complex case); see also Hanner [14, p. 163]. Indeed, by the
definition of y(n) we have (y(n) — y(n), y(k)) = 0 forall k < n — 1. Since U is
unitary, (y(n + 1) — Uy(n), y(k + 1)) = 0; hence y(n + 1) — Uy(n) L V). Since
Uy(n) € V,, we have (n + 1) = Uy (n); this also yields that ||y(n) — $(n)] is
independent of n. We are now in position to define the Wold decomposition as in
[5, p- 571]. By the fact y(n+ 1) = Uy(n), itis easy to show that the purely-indeter-
ministic part {y,(n)} and the deterministic part {y,(n)} satisfy y,(n) = U"y,(0)
and y, (n) = U"y,(0). Considering the complexification of the original space, the
Wold decomposition of {y(n)} yields the same spectral decomposition as in the
complex case.

We now compare the Wold decompositions of a real stationary process {y(n)},
obtained over the reals in the real L, (denoted in this discussion by LER)) and over
C in the complex L;. As noted in the discussion above, {y(n)} remains weakly
stationary in Ly, with the same spectral measure. Define Voo = Voo + iVso and
J_)n =Y, + i)Y, (recall that )V, and ), are defined over the reals, in L(zR)), and let
y(n) and y(n) be the orthogonal projections (each over the corresponding field) of
y(n) on )_)n_] and on ), _1, respectively. Then y(n) € V,—1 C J_/n_1 , and for every
k < n we have (y(n) — $(n), y(k)) = 0, which implies y(n) — $(n) L YV,_1. The
uniqueness of the orthogonal projection yields y(n) = 3 (n).

Lemma 6.1. A real weakly stationary process has the same Wold decomposition
over the complex field or over the reals.



296 G. Cohen, J.M. Francos

Proof. The construction of the Wold decomposition is by looking at the orthogonal
projections of y(n) onto:

(i) the closed subspace generated over R by {y(k) — y(k) : k € Z} in the real
case,

(ii) the closed subspace generated over C by {y(k) —y (k) : k € Z} in the complex
case.

Since the generators, {y(k) —y (k) : k € Z}, are the same and are real functions,
we have that (y(n), y(k) — y(k)) in the complex L is real for every k and n, so the
projections are the same (though the spaces are not!). O

Let {x(n)} and {y(n)} be two weakly stationary processes (real or complex), and
define the following subspaces (over the relevant field). X, = c.l.m.{x(k) : k < n}
Xoo = c.l.m.{x(n) : n € Z}, and analogously define )),, Vo for {y(n)}. Let x(n)
be the orthogonal projection of x(n) on X, _1, and define y(n) similarly.

Proposition 6.2. Let{x(n)}and{yn)}be orthogona{ weakly stationary processes,
with the same spectral measure. Define &(n) = M witho = ||x(0) —x(0)],
and let ¢j := (x(0), £(— ))), and n(n) := X230 fe2(n) := x(n) + y(n), then

(i) {z(n)} is weakly stationary, and z(n) = x(n) + y(n).
(ii) zy = Xy~+yu and z, = xy+ yy, Wwhere xy, Yy, 2y and Xy, Yy, 2y, are the purely-
indeterministic and deterministic components in the Wold decomposition of
X, ¥, z, respectively.
o0

(iii) x,(n) = chS(n — j)and y,(n) = chn(n — J), hence

j=0 j=0

2 =Y cjlém— j) +nn— )]

J=0

Proof. (i) Let U1, U, be the unitary operators associated with {x (n)}, {y(n)}, respec-
tively. On the direct sum Xoo @ Voo = c.l.m.{x(n), y(n) : n € Z}, define the oper-
atorUbyU(f+g) =U;f+ Uzgfor f € X and g € V. By the construction,
U is a well defined unitary operator on X @ Vso. Clearly z(n) = U"z(0) is a

weakly stationary process.
By definition X(n) € A, _1, so there exist {a,ij) i =Nj<k=<n-1,j=>1}
n—1 algj)

such that X(n) = lim ) ;~~ N x(k), where the limit is in the mean. Since x
J—00

and y have the same spectral measure,

2 2

n—1

n—1 n—1 n—1
Z a,&j)x(k)— Z a,ﬁm)x(k) = Z algj)y(k)— Z a,ﬁm)y(k)
k=—N; k=—N, k=—N; k=—N,,

=—Nm

for every j and m, which yields that the (sequence of) vectors ZZ;I_ N; a,ﬁj ) y(k)
converges as j — oo toalimitw(n) € V,—1. Since x and y have the same spectral
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measure and the inner product is continuous, for every [ < n — 1 we have

0= (x(n) — 2(n), x(1)) = hm (x(n) — Z alx(k), x(1))

n—1

= lim (v = 3 a’y(k), y() = (y(n) — w(n). y(1)).

k=—N;

The uniqueness of the orthogonal projection yields y(n) = w(n). By the represen-
tation of y(n) we have

n—1

n—1
A +3m = lim Y al e + y()] = Jim Z a2 (k);
TN, O p=_

hence x(n) + y(n) € Z,_1 (note that in general Z,,_| C X,,_| & Y, with strict
inclusion). By the orthogonality of x and y, for every / < n — 1 we have

(z(n) — (X() + (), z(D) = ((x(n) — X)) + (y(n) — (), x() + y(D)) =

The uniqueness of the orthogonal projection yields that Z(n) = x(n) + y(n).

(i1)—(iii) As noted in the discussion following Lemma 6.5, o = ||x(n) — x(n)||
for any n. By the representation of y(n) and the assumption that x and y have the
same spectral measure, also || y(n) — y(n)|| = o for every n, so ||z(n) — z(n)| =
o +/2. Define %, == clmién) : n € Z}, I3 = clmAn(n) : n € 7}, and
Zi, = clmiz(n) — z(n) : n € Z}. The purely-indeterministic components, x,,
Yu» Zu, are the orthogonal projections of x, y, z, on ZZ_, Igo, 1%, respectively (see
[5, p. 572]). The orthogonality of x and y and the equality Z(n) = x(n) + y(n)
yield that for any k,

(z(n), z(k) — 2(K)) = (x(n), x(k) — x(k)) + (y(n), y(k) — y(k)),

with all inner products zero for n < k. Since x and y have the same spectral mea-
sure we have (x(n), x (k) — x(k)) = (y(n), y(k) — y(k)). By writing explicitly the
orthogonal projection of z(n) on Z%, i.e., the Fourier series of z(n) relative to the
orthogonal system {z(n) — z(n)}, we obtain (ii) and (iii). |

Let {x,ﬁl) (n)} ({xb(,z) (n)}) and {xl()l) (n)} ({x,(,z) (n)}) be the purely-indeterministic
and the deterministic parts in the Wold decomposition (over R) of the real stationary
process {xV (n)} ({x@ (n)}), respectively. By the construction of the Wold decom-
position, these real processes are stationary, and belong to the closed subspace (over
the reals) generated by {x (n)} ({(x® (n)}).

Corollary 6.3. With the above notations, the Wold decomposition (over C) of x =

xM —ix®@ s x, = x(l) le(,z) and x, = x(]) legz).

Proof. Apply Lemma 6.2 (over the complex field), and use Lemma 6.1 for the Wold
decompositions of x(") and x®. O



298 G. Cohen, J.M. Francos

The Wold decomposition of a homogeneous real random field can be defined in
analogy to [16], including the notion of an evanescent homogeneous real random
field (with respect to a given order). The geometric procedure to avoid the use of the
spectral theorem is similar to the above. In particular, a deterministic real random
field with respect to the lexicographic order is defined in the real case as in the
introduction (but over the real field); for any RNSHP order, a deterministic real
random field is similarly defined.

Proposition 6.4. The real random field e(n, m) is deterministic with respect to any
RNSHP.

Proof. First we consider the order induced by a and b. If e¢(n, m) is predictable
with respect to the past, the points that contribute to the prediction are on the ray
that comes out from (n, m) with a slope of —a/b (we can not expect the samples
{x(l)(k), x@&) : k < na+ mb} to contribute to the prediction, for example if
x™ and/or x® are purely-indeterministic.)

Precisely, let € = sign(a); clearly (n + €jb,m — €ja) < (n,m) for j =
1,2, .... We would like to show the existence of real coefficients {a}k)};vi
klim Zivil a;k)é(n +€jb, m — €ja), where the limit is in the mean.

— 00
The (square of the) estimation error at the point (n, m) is defined by

thate(n, m) =

Ni
~ k) 5 . .
), = lle(n, m) — Zaﬁ Vé(n +€jb,m — eja)|.
j=1

Putting p = Arg(A) and using orthogonality of x(1) and x®), we obtain
N

d,(lk% = IxD(na + mb)||?| cos ((nc + md)p) — Zaﬁk) cos ((nc +md — ej)p)|2
j=1

Ni
+1x® (na + mb)|*| sin (nc +md)p)—y a;k) sin ((nc +md — €j)p)|>
j=1

Leto =[xV (0)] = [x® (0)]; then

Ny N
dlgkr)n — O_2|ei(nc+md)p _ Za;k)ei(nc+md—ej)p|2 — O’2|1 _ Za;k)e—iejp|2.
Jj=1 Jj=1

Now we distinguish two cases: (i) joo = 2n! for some integers jo and /; (ii) 2/ p
is irrational.

(1): We define aﬁlg) = 1 and otherwise aﬁk) =0, forany k > 1.
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(ii): For each k we define Ny = k; for 1 < j < k define a;.k) - w,

otherwise aﬁ.k) = 0. We have

k e—icip 4 gicip
X 2 € +e —iei
dr(;,r)nZO ‘1—2 B — e ’GW‘
j=1
—2iep _ ~—2iepk 2
e 1—e 20
62—‘ : : )g 0. (18)
k 1 — e 2iep k|1 —e2i€r| ko0

Leta and B be the parameters of another RNSHP order, with past P, g defined
by (2). Since the intersection Py g N P, 5 contains a ray (half line) of the boundary
line of P, p, itis easy to show that the method of approximation which was shown
above holds, and the field ¢ is deterministic with respect to any RNSHP. O

We now define the following closed subspaces (over the reals):

Enm = clmfe(p,q): (p,q) X (n,m)},
X, = clmxVw), xP k) : k <n),
Eso = cl.mie(n,m) : (n,m) € Z*},
Xoo = c.l.m.{x(l)(n), x(z)(n) ‘n ez},

o= () &m Xoo=[)%-

n,mez nez

Similarly, we define X,,(l), Xéé) and /'\,’ilo)o for x(V, and X,fz), Xég) and Xﬁzgo for
x@. The orthogonality of {xV (1)} and {x® (1)} means XY L X2,

Lemma 6.5. With the above notations, we have
=XV x? and € o =xY ox?

Proof. Since (p, q) < (n, m)implies pa+qb < na+mbwehave &, m C Xpat+mb,

and by orthogonality, X,;+mp = er;zrmb ®X 2) Hence &, ,, C er;l_mb @

na+mb*

To obtain the converse inclusion, we start by noting that for 27/ p irrational and
any integers m| # 0 and m;, we have

| =

k
> coslmi(ma + j)p] — 0. (19)
j=1

The proof is along the same lines of the computation of (18); the same is true for
the averages with sine functions.

We distinguish two cases: (i) jop = 2n! for some integers jo and [; (ii) 27 /p
is irrational.
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@1): Let (p, q) < (n, m), surely there exists j; > 0 such that (pc + qd — €j1) =
=411 jo for some natural /; # 0. The point (p + €j1b, g — €j1a) < (p,q) <
(n, m) therefore, x\V (pa 4 qb) = é(p + €j1b, g — €j1a) € &y, and from
that also x@® (pa + gb) € &, . Since (p, g) < (n, m) is an arbitrary point,
er;)-i—m b erﬁlm » C En,m, and therefore X,f[ll)m » @ Xn(zl—mb C&nm-

(ii): The idea of the proof is to “demodulate {¢(n, m)} by its harmonic carrier”.

For (p, q) < (n, m) we compute

k
S®) = "é(p +€jb.q — eja)cos[(pc + qd — €j)p]
j=1
k
=2V (pa+qb) Y _cos’[(pe +qd — €j)p]
j=1
k

+x@(pa+qb) Y _sinl(pc + qd — €j)pleosl(pe + qd — €j)p]
Jj=1

k
1
— Ex(l)(pa + gb) (k + Zcos[Z(pC +qd — ej)p])
j=1
1 k

+§x<2>(pa +gb) Z sin[2(pc + gd — €j)p].
j=l1
. . . S;klj x D (na+mb)

By (19) (and the same for series of sines) klingo Ll = = (every-

where), therefore xM( pa + gb) € &, n; the same arguments as in (i) yield that

1) 2
Xna+mb ® Xna+mb - E’l’m'
Using the fact, already proved above, that &, ,, = Xn(;)erb @ erilrmb, we
conclude that £ = Xop = Xé;) [ Xég). Since
1 2
ﬁn,mgn’m = Nn,m (Xn(a)erb ® erulmb)
1 2
= Onnng i) ® Onn &y ) = O & (OX)
we obtain £ o = X o =X o 12 O

Proposition 6.6. Let xV and x® be real weakly stationary processes and put
x =xU —ix®. Then the following are equivalent:

(i) Thefielde(n, m) = x(na+mb)\"“"¢ is evanescent with respect to the order
induced by a and b.
(ii) xV and x® are both purely-indeterministic.
(iii) xV or x® is purely-indeterministic.
(iv) The real random field &(n, m) = R{x(na + mb)A\*t"4} is evanescent with
respect to the order induced by a and b.
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Proof. xV is purely-indeterministic if and only if its spectral measure is absolutely
continuous. Since x (1) and x® have the same spectral measure, x (! is purely-inde-
terministic if and only if x® is. This shows (ii) <> (iii).

By Proposition 6.4, ¢ is deterministic. By definition, it is evanescent if and only
ife L £_o. By the representation (17) of € and the equality E_oc = X 9;0 &) Xizo)o,
proved in Lemma 6.5, é is orthogonal to £_, if and only if {x (V) (n)} is orthogonal
to XY and {x® (n)} is orthogonal to Xﬁi’o, that is, if and only if x(! and x® are
both purely-indeterministic. By Corollary 6.3 the last statement is true if and only
if x is purely-indeterministic, and by Proposition 2.1 x is purely-indeterministic if
and only if e is evanescent. m|

Remarks. In analogy to Corollary 2.2, one can obtain a similar corollary for the
real case.

Theorem 6.7. The real random field ¢ determined, in analogy to (17), by {x,51>(n)}

and {x,ﬁz) (n)} (the purely-indeterministic parts of the one-dimensional Wold decom-
positions of {x(l)(n)} and {x(z) (n)}), is evanescent, and is precisely the evanescent
part of {e(n, m)}, (all with respect to the order induced by a and b).

Proof. Since x and x@ are assumed orthogonal, also {x\", x{P} L{x?, x?1.

Since x1 and x® have the same spectral measure, by the uniqueness of Lebesgue’s

decomposition so do x,il) and x,iz) (xl()l) and xl()z)); hence the real fields determined,

in analogy to (17), by (x,il), xl(,2)) or by (xl()l), x,gz) ), are well defined homogeneous
random fields, and ¢ is evanescent by Proposition 6.6.
Lemma 6.5 asserts that £, = Xéé) &) Xég), so all the processes are in £x,. By

the Wold decomposition,

x(l)(na +mb)cos[(nc+md) 2) i M @
N pl+x,” (na+mb)sin[(nc+md)pl € X_ & X_,.

By the Wold decomposition x,gl)(n) 1 Xflo)o and xf,z) n) L X @ ; using the orthog-

7007
onality assumptions x,ﬁl) (n) L Xizo)o and x,ﬁz) (n) L Xﬁlo)o; hence (in ) we have

x (D (na+mb)cos[(nc+md) pl+x (na+mb)sin[(nc+md) p] € (XL oxZ))*.

Let e = e + e, be the two-dimensional Wold decomposition of ¢, where the
orthogonal ¢; and e; are the evanescent and the remote past parts, respectively.

Since {ex(n,m)} C E_ and E_ = Xilo)o ® Xizo)o the uniqueness of the
direct sum gives the result. O

Remarks. By Corollary 6.3 x, = xf,l) — ix,iz), and by Theorem 2.3, we have that

xy (na+mb)1"+"4 is a complex evanescent field. Using Theorem 6.7 we conclude
that for the field defined by e(n, m) = [xV (na + mb) — ix® (na + mb)|A"+m4,
the following statement is true: the real part of the evanescent component of the
field is the evanescent component of the real part of the field.

Note that in general, the real part of a homogenous complex random field is
not necessarily homogenous, so that the above statement is not necessarily true for
general homogenous fields of the form (1).
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Spectral analysis. Let HV := Xéé) + iXéé) and H® = Xcg) + iXé? be the
closed linear manifolds over the complex field, generated by {(xD @)} and {x® )}
respectively, and let U; and U, be the corresponding unitary operators, defined on
HD, HP respectively. The orthogonality of x(1) and x® means HV L H® so
we can define on the direct sum H := HD @ H® a unitary operator U = U,  U,.
Let E be the resolution of the identity for U; clearly, by construction we have E =
E| @ E, where E| and E» are the corresponding resolutions of the identity of Uy
and U; respectively. Let wy () = E(~)x(1) ), wa(-) = E(-)x@(0) be the stochas-
tic (i.e., H-valued) measures corresponding to {x " (n)} and {x® (n)} respectively;
note that these two measures are orthogonal. Denote by ¢t = ||w ||%1 = |lwy ||%{ the
common spectral measure of x(1 and x®. By writing

—nc+md

1
e(n,m) = E{x(l)(na +mb)(XnC+md + )

—ix® (na 4+ mpyrermd _yretmdyy

the method that led to Theorem 3.2 now leads to

Theorem 6.8. The stochastic measure corresponding to e has the form
1 . _1
E{wl X (O +67) —iwy X (8 —6p)}oT

Now, using Theorem 6.8 we obtain the spectral measure of e. Using the facts
that w; and w; are orthogonal, with the same spectral measure, and that (5 + 3X)2
+(8 — 87)% = 2(8, + 87), we have

Theorem 6.9. The spectral measure of e has the form
1 -1
5“ X (8A+8X)OT

The above theorem has an analogous formulation in the [0, 277 ] space. Its geomet-
ric interpretation is that the spectral measure of e is concentrated on two parallel
straight lines satisfying the equations va — wb = %p. Using similar techniques, all
the other results derived in the previous sections for complex valued fields can be
adapted to the case of real valued fields; for example in analogy to Theorem 4.2.

Theorem 6.10. The spectral pseudo-density o of the real process e has the form
(@, v) = S(@,v) - 3({p — (va — wb)))
+ 8w, v) - 8({p + (va — wb)})
where § is the Dirac measure concentrated at the origin, and S , S are continuous
periodic functions on [0, 27112, such that their restrictions to the lines p = va — wb

and —p = va — wb, respectively, are symmetric with respect to (w,v) = (0, 0).
Furthermore, the function o is uniquely determined, independently of {(ny, my)}.
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Remarks. As a consequence of Theorem 4.3 (see Remark 1 following it), for a real
valued process the middle point (h = 0) is also a symmetry point of the spectral
pseudo-density in the one-dimensional coordinate system.
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