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On the Partial Realization of Noncausal
2-D Linear Systems

Lorenzo Ntogramatzidis, Michael Cantoni, Member, IEEE, and Ran Yang

Abstract—The problem of partial realization is to construct a
latent variable model which matches a specified input—output be-
havior over a bounded frame of interest. In this paper, an algorithm
is proposed for constructing a partial realization from the Toeplitz
kernel of a possibly noncausal 2-D linear system. By construction,
the resulting latent variable model and corresponding boundary
conditions comprise four components, each with recursively com-
putable structure.

Index Terms—Noncausal 2-D systems, nearest neighbour models
(NNMs), partial realization.

I. INTRODUCTION

ROADLY, a two-dimensional (2-D) system relates signals
B indexed by two free variables. In many situations, these
free variables represent discrete spatial co-ordinates; e.g., image
processing and the study of spatially distributed processes [3],
[11]. Various classes of latent variable models have found appli-
cation in the study of linear discrete 2-D systems, including: the
inherently quarter-plane causal models of Roesser [23] and For-
nasini-Marchesini (FM) [6], [7]; the implicit generalizations of
Roesser and FM models [12], [19], [17], which are capable of
generating noncausal input—output behavior; and the so-called
nearest neighbour model (NNM) of [16], which is also capable
of accommodating noncausal relationships between inputs and
outputs.

The task of constructing a latent variable model to match the
infinite horizon behavior of a specified input—output model is
known as the realization problem. This problem has received
considerable attention [6], [14], [4], [10], [2], [24] for so-called
quarter-plane causal 2-D systems, with the resulting realization
being invariably in the form of a (recursive) Roesser or FM
model. The realization problem for 2-D system without quarter-
plane causal input—output behavior in terms of implicit general-
izations of these models, however, has received relatively little
attention [5], [25]. Similarly, to the best of the authors’ knowl-
edge, the realization of an NNM latent variable model from a
given input—output representation has not been considered. In-
deed, much of the literature on the realization of noncausal 2-D
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processes [8], [26] is set in the behavioral framework of Willems
[22], where a latent variable model is sought to describe the
so-called behavior, comprising the inputs and outputs together
as the entity of interest. This is quite different to the approach
taken here where the partition of the behavior into inputs and
outputs is pre-defined, as may be appropriate in various appli-
cations.

In this paper, the problem of partial realization is considered
for noncausal 2-D processes, whereby it is only required to
match the specified input—output behavior over a bounded
frame of interest. In particular, an algorithm is proposed for
the construction of a latent variable model in NNM form to
match (over a bounded frame) the input—output behavior of
a 2-D linear system with specified Toeplitz kernel. First, it
is observed that such a system can be naturally decomposed
into four quarter-plane causal components. Indeed, via simple
transformations each component is shown to be equivalent to a
so-called south-west (sw) causal system. The focus then turns
to the construction of what can be thought of as a rational poly-
nomial model given a Toeplitz kernel with sw causal structure,
by which a recursive latent variable model can be subsequently
obtained. Finally, it is shown how to transform and combine the
latent variable model realizations for each quarter-plane causal
component of the original (noncausal) Toeplitz kernel into a
single NNM model with appropriately assigned latent variable
boundary conditions.

II. INPUT-OUTPUT MODELS

Let N, M € N\ {0}. Given two intervals [0, N] and [0, M]
of N, consider the bounded-frame linear process F : u — v,
governed by

N M

Ykl = Z Z Pl—i l—jUi 5,

i=0 j=0

(k,1) € [0, N] x [0, M]

ey
where u,y : [0,N] x [0, M] — R represent the input and
the output of the system, respectively, and ¢ : [-N, N] x
[-M, M] — R is the so-called Toeplitz kernel (or impulse re-
sponse) of F. Note that (1) does not impose a causal relationship
between the input « and the output y. However, the following
forms of quarter-plane causality play an important role in the
approach to realization described in this paper.

* South-West (sw)—at any point (k,1) € [0, N] x [0, M],
the output ¥ ; depends only on values of the input u; ; for

i < kandj <.
* North-West (nw)—at any point (k,l) € [0, N] x [0, M],
the output vy, ; depends only on values of the input w; ; for

i <kandj > I
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TABLE I
DEFINITIONS OF INTERVALS DEPENDING ON THE SYMBOL A
(AT 7 [ 157 [ Hg [ V2]
SW (0, N (0, M] 0,k [0,1]
aw || (0, N] | [=M,0) || [0,% | T,
ne || [=N,0) | [=AZ,0) || [k, N] | [[, M
se || [=N,0) | (0, M] || [&,N] | [0,]]

* North-East (ne)—at any point (k,1) € [0, N] x [0, M],
the output ¥ ; depends only on values of the input u; ; for
1> kandj > I.

* South-East (se)—at any point (k,[) € [0, N] x [0, M], the
output yy; depends only on values of the input u; ; for
1> kandj <|I.

The causal structure of F is said to be strict in the horizontal
(respectively, vertical) direction if the inequality on the index ¢
(respectively, 7) is strict. For example, if at any point (k,[) €
[0, N] x [0, M] the output yi; depends only on values of the
input w; ; for ¢ < k and j > [, the nw causal dependence of y
on v is said to be strict in the vertical direction.

In what follows, it is shown that an arbitrary bounded-frame
system of the form (1) can be linearly decomposed into four
components, each exhibiting one of the aforementioned causal
dependencies on the input. In particular, define the symbol A €
{sw,nw,ne,se}, and let > and I2 be defined as shown in
Table I. Furthermore, for all A € {sw, nw, ne, se} let

Pkl (k‘l) S IhA X IUA
%‘Pk,h (k,1) € ({0} X IUA)
U (I x {01\ {(0,0)} @
%@k,l, (kvl) = (070)
0, otherwise.

Then, (1) can be rewritten as the sum of four components

ko1
_ SW
Yk, = E E Pr—il—jWi,j

i=0 j=0
kM
DD e
i=0 j=I
N M
+D D e
i=k j=I
N 1
+ Z Z Phi, 1 Wi 3
i=k j=0
Moreover, with H ,f and VlA defined as in Table I, it follows that
_ A
Ykl = ZAG{sw,nw,nc,so} Yi1» where
A A
Vi = DL D Phnia-jii @
i€EHP jevA

for all A € {sw,nw, ne,se}. Note that the dependence of each
y™ on the input u is consistent with a corresponding A quarter-
plane causality. Indeed, the system F2 : u — y* described by
(4) is A-causal.

Interestingly, a simple transformation of the spatial in-
dexes permits re-statement of (4) in terms of a convolution with
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TABLE II
DEFINITIONS OF INDEXES AND SIGN CONSTANTS DEPENDING ON A
LA ia [ da [[sf [s2]
SW 3 7 1 1
nw 3 M—j 1 -1
ne N—t| M-y -1 -1
se N —1 i -1 1

sw-causal structure. In particular, foreach A € {sw, nw, ne, se}

and (i,j) € [0,N] x [0, M], define 47, := wui, ;. and

@ = @ik, a;» Where ia,ja, s2 and sp are given in
» S 1,88

Table II. Then each ¢ is nonzero only in the bounded frame

of interest [0, N] x [0, M] and the system @2 — ¢ defined by

>

(4,5)€[0,k]x[0,]

AL N N
Y, = Ph—i 1—j Ui, Q)

for (k,1) € [0,N] x [0, M], has sw-causal structure and sat-
isfies ¥, = @ix .- for all (4,5) € [0, N] x [0, M]. Corre-
spondingly, an approach to constructing a realization for (1) is
to first realize each sw-causal counterpart (5) of (3), followed
by inversion of the associated spatial index transformations and
subsequent combination of the resulting latent variable models
and boundary conditions, as discussed in Sections III and IV,
respectively, see also [21].

Remark 2.1: Note that (2) is not the only decomposition of
the Toeplitz kernel ¢ for which this approach is possible. For
example, with

‘Pi“; = P (k1) € [0,N] x [0, M]
nw ,__ {@k,l (k>l) € [07N] X [_M7 0)

Pl =0 (k1) €[0,N] x {0}

ohe {@k,z (k1) € [-N,0) x [-M,0)
PETTL0 (kD) € ([=N,0] x {0}) U ({0} x [~A,0])
se . {‘Pk,l (k7l) € [_N70> X [OvM]

PRUT V0 (k1) € {0} x [0, M]

the decomposition in (3) still holds. In this case, the dependen-
cies of the outputs y™, y"° and y°° thus obtained, on the input
u, are strict in the vertical direction, in both the vertical and hor-
izontal direction, and in the horizontal direction, respectively.

III. RATIONAL POLYNOMIAL MODELS AND PARTIAL
REALIZATION

In view of the considerations above, the aim in this section
is to define and solve a partial realization problem, given a
sw-causal process F : u +— y described by

k

!
Ykl = Z Z Ph—il—jUij (6)

i=0 j=0

for (k,1) € [0,N] x [0, M]; since F is sw-causal, ¢;; = 0
for all ¢, 5 such that : < 0 or 5 < 0. To this end, the partial
realization problem is first formulated in terms of the existence
of a rational polynomial model, where the representation of a
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doubly indexed signal in terms of a formal power series is ex-
ploited; given a signal s : N x N — R,

s(An, Ay) = si iAW A € R[[An, A

>

(4,7)ENXN

where the indeterminates A; and A, may be viewed as markers
of the spatial index (7,7) and R[[As, \,]] denotes the ring of
formal power series in the two indeterminates Aj and A,.

As is well known and easily established [20], the convolu-
tion of u and ¢ in (6) can be represented by the product of
the respective formal power series. Indeed, with the truncation
operator ITy, 1, = R[[An, Av]] — R[[An,A]] defined so that

Iy, «1, (s()\h7 /\v)) = Y i)en x1, Sii ML for intervals I
and I, of N, the input—output relation (6) can be written as

Y(Ans Av) = o, Nyx[0,00] (@A, Av)u(An, Ay))

where u(Ap, Ay ), @(An, Ay) and y(Ap, \,) are the bivariate
polynomials corresponding to the formal power-series of the
natural extensions (zero padding) of u,¢ and y to N x N,
respectively. This naturally leads to the following partial real-
ization problem, from which a corresponding latent variable
model can be constructed as described in Section III-B.

Problem 3.1: Given p(Ap,, \y), find (n,m) € [0, N]x
and polynomials

[0, M]

JOVPY ZZM” N withpoo=1 (7
= OJ 0

a(An, A Z Z gi j AN ®)
=0 j=0

such that the identity

p()\}u )\u)(w()\m )‘v) + '7(/\h7 )‘v)) =

holds for some

q()‘h7 )\v) (9)

’Y()‘h7)‘v) = ’VL,]A;LAli € R[[)\lu)‘v]]-

>

(4,7)ENXN\[0,N]x [0, M]

For polynomials p(Ap, A,) and q(An, A,,) such that (9) holds
with an appropriate y(Ap, A, ), it follows immediately that given
any u and y that satisfy (6)

P(An; A)Z(An; Av) = q(An, Av)u(An, Ay)

for a z(Ap,\,) that satisfies Il njxo,ar](2(An; Av)) =
¥(An, Ap). That is, p(An, Ay) and g(Ap, A,) constitute a ra-
tional model that matches the input—output behavior of (6)
over the bounded frame [0, N] x [0, M]. It is without loss of
generality that the degree (n,m) of the polynomials p(\p, A,)
and q(An, A,) is restricted to [0, N] x [0, M], since (9) holds
with y(Ap, A,) = 0 by taking p(Ax,Ay) = poo = 1 and
a(An, Ay) = @(An, Ay), in which case the degree of q(Ap, \y)
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is (N, M). This (trivial) solution, however, does not exploit the
degree of freedom in y(Ap, A, ), which can be used to keep the
degrees of both p(An, A,) and q(Ap, A, ) small in some sense.
This is important for the construction of a corresponding latent
variable model, as described in Section III-B.

A. Characterising Solutions of Problem 3.1

Towards characterising solutions of Problem 3.1, an equiva-
lent formulation is first established in the following lemma.
Lemma 3.1: Problem 3.1 is equivalent to finding polynomials
P(An, Ay) and (A, Ay) in the form (7)—(8) such that the iden-
tity
p()‘hv )\v)(P()\hy )‘U) =

Q()\h,)\v) +’7()\h7)\'u) (10)

holds for some

’_Y(/\}m /\v) =

>

(4,5) ENXN\[0,N]x [0,M]

’72',]' A;L )‘j

v

with each 7; ; € R.

Proof: The existence of a y(Ap, A,) such that (9) holds
implies the existence of a (A, A, ) such that (10) holds because
each element of the product p(Ap, Ay )¥(An, Ay) is @ monomial
of the form A} MY, with v > N or p > M. Similarly, if an
appropriate ¥(\p, A, ) exists such that (10) is satisfied, then (9)
holds with

'Y()‘hv )‘U) = - Z

1eN

- 5

(,5)ENXN\[0,N]x [0, M]

)\hv ()\hv )‘U)

Vi i AR AL

since p(An, A\y) := p(An, Ay) — 1 has no constant terms and

PO, Ay)) = 1.

P(An Ao) Y (=

€N

This completes the proof. ]

In what follows, it is shown how (10) can be expressed in a
form that helps in defining computationally tractable solvability
conditions for Problem 3.1, given values for n < N and m <
M . More specifically, given a kernel ¢ : [0, N] x [0, M] — R,
and for (7,7) € [0, N] x [0, M], let the (N + 1) x (M + 1)
matrix ®; ; be defined by

P, . = Vi 0(N—i+1)><j
BT, . 0., .
ixX(M—j+1) X j
where
PN—i,M—j PN—i,0
W= : :
Po,M—j ®0,0
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isa(N—i+1)x
p()‘h7 /\'U)’

(M — j+ 1) matrix. Now given a polynomial

P(An; Av)e ()‘h»)‘ )

N M
_ZZPZJ/\ILAUZZQOICI)\}L v
1=0 7=0 k=0 1=0
N+i M+j
—ZZMZ Zwk M
1=0 7=0 k
n m N M o
=N i [ DD i AR
i=0 j=0 fmi 1=

+ ﬂid'()\hv )‘U))

N+ M+j Kl
N1 2aimj | Ph—id—jAR Ay Tt

N M
PO ik IR SRR /\l Moreover, since

where n; ;(An, A\y) =

h'v*

N M
ZZ% =M
=i l=j .
=N N AR
x [ASM AN bl
= Ap®; ;A
where Ay, = [AY ... A, 1] and A, =
AM A, 1], it follows that the roduct
v p

P(An, A\v)w(An, Ay) can be written as the sum

p(/\}u/\v) ()\hv ) AhQA +'Y()\h /\v) (11)
where
Q:= ZZPi,j‘I’i,j (12)
i=0 j=0
and
)\h7 Zzpz,ﬂl” /\h )
1=0 j=0
= > Fi gAML (13)

(4,5)ENXN\[0,N] x [0,M]

Equation (11) is now utilized to establish conditions for the
existence of a solution p(Ap, A,) and q(Ap, A, ) for Problem
3.1, given values for n < N and m < M. By comparing
(11) with (10) it is clear that if (11) holds, the polynomials
P(An, Ay) and q(An, Ay) = A, QA are a solution for Problem
3.1 if, and only if, the degree of A, QA is (componentwise)
no greater than (n,m). The condition which the coefficients
of p(An, A,) must satisfy for this to happen is that the matrix
Q=>", ZJ o Pi,j®i ; have the first N — n rows and the
first M — m columns equal to zero: i.e.,

Q= O(N—n)x(M=m) ON=n)x(m+1)

(14)
O(n41)x (M —m)

1803
for some 2 € R(+1)x(m+1) 1 fact, in this case
A, X)) = AQAT =[N L0 A 1]Q
x [Am Ao 1]7

which is of the required form (8). In summary, we have the fol-
lowing lemma.

Lemma 3.2: Given n < N and m < M, there exist poly-
nomials p(An, A,) and q(An, \,) with the form specified in
(7)—(8), that partially realize the kernel ¢ (i.e., solve Problem
3.1) if and only if [Q];; = O fori = 1,...,N — n and
j=1,...,M — m, where [Q] i,; denotes the (4, j)th entry of
the matrix Q defined in (12). N

Now, denoting by R\"?) and C{"? the (k + 1)th row and the
(I + 1)th column of @, ;, respectively, Q can be written as

Q= Di,j

[)-
INgE

u
[=)

(R§ ))T | '

o).

X
—

Rff’j)) T (rS) T

pig[C§D i (15)

Il
=)

[
NE
Mz

Il
=)

=0 j
Then with kg := N —n — 1 and [y := M — m — 1,1 it follows
thatif n < N (i.e., if kg > 0), the first kg + 1 rows of Q are
zero if, and only if

i imez(f’j) =0

i=0 j=0

(16)

holds for all £ = 0,1,...,kg. Whenn = N (i.e., kg = —1),
(16) need not be imposed. Similarly, when [y > 0, the first [y + 1
columns of Q are zero if, and only if, foralll = 0,1, ..., [, the
identity

a7

En: ipmqﬁ’j) =0

i=0 j=0

holds, while when m = M there is no need for (17). That is,
(16) and (17) constitute a set of conditions that the coefficients of
p(An, A, ) must satisfy in order for the first kg+1 = N —n rows
and lp+1 = M —m columns of Q to be zero, as in (14). In par-
ticular, with 29 (ko, lo) and H, ;) (Ko, lo) defined as shown
at the bottom of the next page, the following computable neces-
sary and sufficient condition for the solvability of Problem 3.1
is obtained. Note that the theorem statement includes an explicit
way of computing the coefficients of the polynomial p(Ap, Ay),
when the condition is feasible. Furthermore, observe that the
matrix H, m)(k, 1) is related to the 2-D Hankel matrix of [13].

Theorem 3.1: Givenn < N and m < M, there exists a poly-
nomial p(Ap, A,) of the form (7) such that the corresponding
matrix Q in (12) has zeros in the first kg + 1 = N — n rows and
the first [p + 1 = M — m columns if, and only if

h(O,O)(km lo) I imH[HTm](ko; lo)~

Note that ko > —1 and I, >

(18)

—1,sincen < N andm < M.
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In this case, the vector of (free) coefficients? = =
[Po1 P10 . pmm]—'— for any polynomial p(Ap,A,)
that solves Problem 3.1 with the corresponding polynomial
a(An, M) = Ay QA can be expressed as

T = —Hiy iy (ko, 1) TR0 (Ko, Ip) + v (19)
for some v € ker Hy, m)(ko, lo), where the symbol { denotes
the Moore—Penrose pseudoinverse.

Proof: Since pgo = 1 in (7), conditions (16)—(17) are
satisfied for the vector m of the remaining coefficients for
pP(An, Ay)and all 0 < [ < [lpand 0 < k < ko if, and only if],
R0 (kq,1p) = —Hp, (Ko, lo)m. Correspondingly, Q has the
structure shown in (14) (with Q having N — ko rows and M — [
columns) if, and only if, condition (18) holds. In this case, 7
can be expressed as in (19) for some v € ker Hp, (Ko, lo)-
Furthermore, by Lemma 3.2, the corresponding polynomial
p(An, Ay) solves Problem 3.1 with q(An, Ay) = ALQA]. m

Theorem 3.1 provides the basis for an algorithm to construct a
partial realization of a Toeplitz kernel with sw causal structure.
In particular, given a total ordering % over [0, N| x [0, M]\
{(0,0)}, one can increase the pair (n,m) stepwise (according
to 2R) from (0, 0), until the condition (18) is satisfied. Then using
(19), the coefficients of p(\, A, ) can be determined, along with
those of q(An, A\y) = AL QA], as illustrated with the following
toy example. As discussed further in Remark 3.2, the choice
of R should be made on the basis of the method to be used
to construct a latent variable model realization of the resulting
rational polynomial model—see Section III-B.

Example 3.1: Let N = 3and M = 2, and consider a Toeplitz
kernel ¢ such that

©32 $31 P30 9.75 —5.5 2

by = Y22 P21 P20 | _ —5.625 4 -2
00 Y12 P11 P10 2.625 =25 2
©0,2 ¥o0,1 %00 —0.75 1 -2

Consider also the ordering < on [0, N] x [0, M] \ {(0,0)} de-
fined by

(1,0)£(0,1)Z(2,02(1,1)£(0,2)<
<(2,1)<(1,2)<(3,1)<(2,2)<(3,2).

2Ordered conformably with Hi,,,m) (ko lo).
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Begin by testing the condition (18) of Theorem 3.1 for (n, m) =
(1,0): (14) becomes

9.75  —55 2 5625 4 -2
5625 4 -2 2.625 —2.5 2
2625 —25 2 | TPL| g7 1 2
—075 1 -2 0 0 0
00 0
00 0
=10 0 w| @
0 0 w2

where () = [il ], in the unknown pq . In this case ky = N —
2

n—1=1,lp = M —m —1 = 1. Itis easily seen that there are
no values of the coefficient p; ¢ such that (20) holds for some
w1, ws and, in fact, the vector

W0 (1,1)
500(1)
~ | co()
=[9.75 —55 2 —5625 4 -2 975
—5.625 2625 —0.75 —55 4 —25 1]7
does not lie in the image of
Hpo)(1,1)
S1.0)(1)
~ | c@o)(1)
=[-5.625 4 —2 2625 —25 2
—5.625 2625 —075 0 4 —25 1 0],

Increasing n and m according to <, the first pair (n,m) for
which condition (18) holds is (1,1):now kg = N —n —1 =
1,lo = M —m — 1 = 0 and condition (18) is satisfied because

h©0(1,0) = $C*0(0) € imHp 13(0,-1)

where

Hp (0, -1) = [s©V(0) sC9(0) sTD(0)).

From the solution 7 =  [pio po1 p11]l =
—Hipy 11(1,0)tR09(1,0) = [0.75 1 0] it follows

S(Z])(k) = [Rgivj) Ry’j)

CO (1) = [ (C(gm)T (Cg?j))T

( [ ¢(0,0)(7.
S L BT
0,0 cOO() B
hOO (k1) =4 L

SO0 (),
\C(O’O)(l)v

([SODE) SO0 (k)

_J Loy cooq

H[n,m](k:l) = ['5(0,1)(k) 5(1,0)(k)

[ [cOD(@) cto)

l

(o) "] '

and[ >0

ifk>0 andl <0
ifk<0 and!>0

, ifk>0 andl >0

)], ifk>0 andl <O
], ifk<0 andl>0

S (k)

Ccmm(]
S(m) (k
cm)(])
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that
0 0 0
2 0 0 0
Q= ; ;Pi,jq’i,j =10 —o05 o
== 0 0 =2

That is, p(Ap, Ay) = 1+ 0.75A, + Ay and q(Ap, Ay) = =2 —
0.5\ A, solve the corresponding Problem 3.1.

Remark 3.1: In the algorithm described above, when a
pair (n,m) is found such that condition (18) is satisfied with
k. = N—n—1andly = M — m — 1, the degrees of
the resulting polynomials p(Ap, A,) and q(Ap, A,) are both
(n,m). There are cases when it is possible to find a polynomial
q(An, Ay) whose degree (ng,my) is lower than (n,m). In
more precise terms, given n, < n and m,; < m, a necessary
and sufficient condition for the existence of a polynomial
P(An.A) =20 Z}":O Pi jAb A, with Poo = 1. and a poly-
nomial q(An,Av) = Di2g Y7 ¢, AJ, which together
partially realize the kernel ¢, is that condition (18) hold with
kgzN—nq—landlgzM—mq—l.

B. Latent Variable Model Realization of Rational Polynomial
Models

In the preceding section an algorithm is proposed for con-
structing a rational polynomial model to partially realize a given
sw-causal Toeplitz kernel. Here it is shown how to construct
a (recursive) NNM given such a realization. The NNM [16] is
chosen in view of the fact that the NNMs obtained by realising
the quarter-plane causal components of an originally noncausal
Toeplitz kernel can be combined, as described in Section IV,
into a single NNM in the form
x5 = A1wi—1j + Aswig1; + Asxi j—1 + Auxi j1 + Bu,
2D

with appropriately assigned boundary conditions. That is, the
class of NNMs is closed under the manipulations employed in
this paper. The same is true [21] for the class of generalized FM
models in implicit form, proposed by Kaczorek [12].

Consider the simplified NNM
Arwi1 j+ Aswy j_1 + Bu, 5,

Yij = Cxij

i,j €NxN
(22)

with boundary conditions z; _1 = x_1,; = O forall 4,5 > 0,
where Ay, A; € R"*", B € R"*! and C € R ™. Observe
that this recursive model is capable of producing sw-causal
input—output behavior. Moreover, with the boundary conditions
set as shown, it follows that the formal power series represen-
tations of the signals u : N X N — Randy : N x N — R are
related by
Y(An, Ay) = O(I — A1, — A),) " Bu(An, Ay)

where

i =
Yij = Cwij

(I—Adn — A)) 7 =) (A + Aoy
1=0
denotes the inverse of (I — A1\, — A2)\,) in the ring of formal
power series in the indeterminates Aj, and \,,.

Definition 3.1: The quadruple (A;, A2, B,C), and hence
the corresponding NNM (22), is said to be a realization of
a rational polynomial model p(Ax, A,) and q(Ap, A,) in the
form (7)-(8), if p(An, A)G(An,Av) = da(An, A,), where
G(An, ) = CO(I — A1 dp — As),) 1B,
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Theorem 3.2: A rational polynomial model p(Ap, A,) and
d(An, Ay) can be realized by a suitably defined quadruple
(A1, Ay, B, C)—see (24) below.

Proof: As shown in [7], [1], a rational polynomial model
pP(An, Ay) and q(Ap, Ay) of the form (7)—(8) admits a realization
in the form of a first-order FM model

Sitt+1 = F1&ir1 + o8 11 + Gruipr j + Gaug j1a

Yij :H£i7j+<]ui7j, 1,7 € N x N (23)

with boundary conditions &; o = &y ; = 0 for 4, j € N, where

0
0
0
_ —DP4,0
By = 00 0 0 0
0 0 0 O 0
0 0 0 1 —P3,0
0 0 O 0
0 0 1 —P2,0
L 0 1 —piold
—Do,4
—DP1,3
—D2,2
= —P31
2 1000 —po3
01 0 O —P1,2
0 0 1 0 —P2.1
1 0 0 —Po,2
0 1 0 —P1,1
L 10 —pox|
0
0
0
q4,0
Glz 0
0
d3,0
0
42,0
L 41,0
q0,4
q1,3
q2,2
43,1
G2 = 0,3
q1,2
2,1
qo,2
q1,1
L do,1 -
H:[O 0o ... O 1]
J:(IO,O-
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That is, Fy, F»,G1,Gs, H, J are known to exist such that

p(/\h; )\v)(H(I - Fl/\h - FZ)\U)_I(Gl)\h + GZ)\v> + J)
= q()‘}u)‘v)'
Now, with
0 0
A= g, FJ
0 0
A=\ g, Fl}
(1
B _0]
C:=[J H] (24)

it follows that

(H(I = Fi), — Fo)y)Y(Gidn + Gady) + J)

=C(I — A )y — A0\, 'B

and hence, that the quadruple (A1, Ao, B, C) realizes p(Ap, \y)

and q(Ap, Ay ), as required. ]

Example 3.2: The polynomials p(An, Ay) = 1+ 2X, + Ay +

3AnAy and q(Ap, Ay) = 245X, + Ay + 25\, can be realized
in terms of a FM model (23) with (see, e.g., [1])

[0 0 0
FF=1|0 0 -3
(1 0 -1
[0 0 0]
FE=10 0 0
0 1 =2
[0
Gi= | -4
-1
0
Go= |0
1
=[0 0 1]
J=2.

The corresponding recursive NNM realization is characterized
by the matrices

0 0 0 0
00 0 0
A=14 0 0 o0
1 0 1 =2
0 0 0 0
0 00 0
AQ‘-400—3
-1 1 0 -1
r1
0
B=1,
L0
=[2 0 0 1]

Remark 3.2: Given a rational polynomial model of the form
(7)—(8) with degree (n,m), the square matrices F; and F5 in
the particular latent variable model realization used to prove
Theorem 3.2, have column/row dimension s(s 4+ 1)/2, where
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s = n + m. As such, it would seem appropriate to choose the
ordering R in the algorithm proposed for constructing a rational
polynomial model for a sw-causal Toeplitz kernel based on The-
orem 3.1, such that (¢, 7)<(k,!) for i + j < k +1.3 Indeed, with
such an ordering, the algorithm yields a realization that is min-
imal in the (weak) sense that it produces a rational polynomial
model for which the “dimension” of the particular latent variable
model realization used in the proof of Theorem 3.2, is smallest.

IV. LATENT VARIABLE MODEL REALIZATION OF
NONCAUSAL TOEPLITZ KERNELS

In Section II, it is shown how to linearly decompose the
input—output model (1), with noncausal Toeplitz kernel, into
four quarter-plane causal components. By transformation of
the spatial indexes, input, output and kernel, each component
is then shown to be equivalent to a suitably defined sw-causal
system FA LA — 7> governed by (5). Applying the results
of Section III to each sw-causal system FA , yields a rational
polynomial realization p= (s, A,,) and § ()\h, Ay ), and a cor-
responding (recursive) NMM realization (A, A%, B2, C4),
for the transformed kernel (*. The aim now is to combine
these models to obtain a latent variable model to realize the
2-D process (1), over the bounded frame [0, N] x [0, M]. This
involves inversion of the spatial index transformations used to
obtain each @A, and yields a NNM in the general form (21),
[16], with the appropriately defined latent variable boundary
values over the bounded frame of interest.

More explicitly, by exploiting for example the realization
presented in Subsection III.B, for each pair of polynomials
P2 (A, Ao) and g2 (An, \y), matrices AR, A2 B2 and C2
can be determined so that the sw-causal (and hence, recursive)
NNM

<A AgA An ApA
Tinga = Aj Tin-1,5a + A3 LA ga—1 T B Yin,ga
5A AgA
Finsia = ¢ Tinsia (25)
with boundary conditions &£, _; = 0 and &2, ;, = 0 for
in,Ja € N, satisfies
P2 (An, A)22 (A, Ay) = AA(/\;L,)\ Va2 (An, Ay)
and hence, 1_[[0 N]x]o, J\I]( ()\h /\v>> (/\h )\v)_i e., the

NNM (25) partially realizes F2 Now 1nvert1ng the spatial index
transformations described at the end of Section 2 (see Tables I
and II), gives the following NNM model for a partial realization
of each A-causal 2 component:

= A afa + ASaGa + BRu; (26)
zfj C*x LAJ 27)

with boundary conditions zﬁ ] = 0for j € I” and :c wa =0
fori € I, where I, I®, h®,v® and the double index sym-
bols &4 and U2 are defined in Table II1. For example, given
a NNM realization (A}™, AS™, B™, C™) for the sw-causal
F, the NNM

nw AHW nw

nw nw nw
T + Ay + By

j T Ti-1,j
nw __ nw nw
Zij = c Tij

3This is in fact the ordering used (without justification) in the related work
[24] on 2-D realization.
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TABLE III
INTERVALS AND SIGN CONSTANTS
LA ] Iy x Iy [ p2 | »2 || @2 | v° |
sW [0, 00) x [0, c0) -1 -1 t—1,5 [ 45—1
nw [0, 00) X (—oo, M ] -1 M+1 | i—1,5 [4,5+1
ne [[ (—oo,N|x(—oo,M][[[ N+1 [ M+1 ] i+1,5 [45+1
se (=00, NT X [0, 00) N+1 -1 t+1,5 [ 4,51
with boundary conditions z] ; = 0 for all j > 0 and pose the Toeplitz kernel of the given noncausal process into

z7%4 = 0 forall 2 > 0, which clearly exhibits nw causal
input—output behavior, partially realizes the nw-causal compo-
nent of the Toeplitz kernel.

Now, defining the latent variable x;;
[2597 &Py T aPeT 235717 and the output
zf"}’ + zf“; + zf‘j + zfe], it is straightforward to verify that, over
the bounded frame [0, N] X [0, M], equations (26)—(27) are

completely characterized by the following NNM:

Zij

@5 = A1xio1j + Aswipr j + Aswi j1
+ Asmijy1 + Bugj
Zij = Cil?i,j (28)

with boundary conditions

I 0 0 Oajmi=1[ 0 0 0z_q;=0
0 I 0 Oajpp1=[0 I 0 Oz_y;=0
0 0 I Oajpp1=[0 0 I Ozyii;=0

[0 0 0 No1=[0 0 0 Ioyii;=0

for (7,7) € [0, N] x [0, M] on the latent variable, where
FASY 0 00
o A 0 0
Av=1 9 0 0 0
Lo 0 0 0
00 0 0
00 0 0
2= 10 A0
L0 0 0 A
rAY 0 0 0
0 00 0
As=119 00 o
L0 0 0 A
00 0 0
o a0 0
Sl Aze 0
Lo 0 0 0
-BSW
BIIW
B:= | pne
L B¢
C = [CS\V OHW Cne CSe]'

Note that in this latent variable model the boundary conditions
on the local state x are given on each side of the bounded frame
[0, N] x [0, M].

V. CONCLUSION

The problem of partial realization is considered for bounded
frame noncausal 2-D processes, in terms of a latent variable
model in form of the so-called NNM. The key idea is to decom-

four components, each displaying a particular quarter-plane
causal structure. These components are then partially realized
separately in terms of recursive forms of the NNM. It is then
shown how to combine these realizations into a single NNM in
its general form, with latent variable boundary values assigned
around the boundary of the frame of interest. The final model
essentially comprises four components, each with recursively
computable structure. An interesting related open problem is as
follows: Does there exist a transformation of an arbitrary NNM
model (Aq, As, Az, Ag, B, C), which yields four recursively
computable parts, in a manner similar to the case of implicit
1-D models, as demonstrated in [18]?
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