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Abstract

This paper considers the smoothing problem for 2-D random fields described by
stochastic nearest-neighbor models (NNMs). The class of 2-D estimation problems
that can be modeled in this way is quite large since NNMs arise whenever partial
differential equations are discretized with finite difference methods. The NNM
smoother is obtained by using a general smoothing technique developed in [1]-[3]
for boundary-value processes in one or several dimensions. In this approach, the
smoother is described by a Hamiltonian system of twice the dimension of the ori-
ginal system. For the problem considered here, the smoother is itself in NNM
form. By converting this 2-D NNM system into an equivalent 1-D two-point
boundary-value descriptor system (TPBVDS) of large dimension, a recursive and
stable solution technique is obtained. Under slightly restrictive assumptions, an
even faster procedure can be obtained by using the FFT with respect to one of
the space dimensions to convert the 1-D TPBVDS mentioned above into a set of
decoupled TPBVDSs of low-order which can be solved in parallel. This fast imple-
mentation of the smoother is illustrated by two examples, corresponding respec-
tively to the discretized Poisson and heat equations.
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1. Introduction

In two dimensions, a large class of physical processes can be described by
nearest neighbor models (NNMs). This is due to the fact when finite difference
methods are used to discretize linear 2-D partial differential equations of arbitrary
type (hyperbolic, parabolic or elliptic), and of any order, the resulting finite-
difference approximation can usually be expressed in the form of a vector NNM.
Thus, although the NNM dynamics appear at first sight to be inherently non-
causal, they can also be used to model 2-D space-time dynamics, which are causal
with respect to the time index, and noncausal with respect to space. On the basis
of these observations, it is not surprising that NNMs have been employed widely
to model 2-D stochastic images [4]-[6], and in particular to develop algorithms for
image retoration and enhancement, as well as for the control and estimation of

distributed parameter systems.

This paper is concerned with the development of efficient estimation algo-
rithms for 2-D random fields described by stochastic nearest-neighbor models over
a rectangular domain, when local boundary conditions, which include as special
cases periodic, Dirichlet and Neumann conditions, are imposed on the domain
boundaries. Since NNMs have an acausal structure, we shall focus our attention
on the NNM smoothing problem, since this problem is also acausal, in the sense
that the measurements need not be produced according to a specific order in 2-D
space. Thus, both the class of 2-D estimation problems that we examine, and the
NNMs that are used to formulate these problems are purely noncausal. This is in
contrast with early attempts at deriving 2-D estimation algorithms, which were
mimicking the structure of 1-D Kalman filters by introducing artificial 2-D causal-
ity concepts, such as quarter-plane or asymmetric half-plane causality (see the dis-
cussion appearing in Chapter 4 of [7]). On the other hand, since our goal is to
obtain efficient estimation procedures, the algorithms that will be developed for
the NNM smoothing problem will be recursive, and will be obtained by breaking
down noncausal processing steps into parts which are causal. However, since the
original problem is noncausal, there is in general a large amount of flexibility in
the choice of recursion directions for the algorithms that we propose, and causal-

ity appears here as a computational artifice, not as a modeling assumption.
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The approach that will be used here to formulate the NNM smoothing prob-
lem relies on the general results developed in [1]-[3] for the solution of estimation
problems for boundary-value stochastic processes. From a historical point of view,
1-D boundary-value systems and processes were first introduced by Krener [8]-[10]
in order to study the internal structure of acausal systems, and to formulate the
stochastic realization problem for nonMarkov processes such as reciprocal
processes. In [1]-[2], a general solution technique was developed for the estimation
of boundary value stochastic processes in one or several dimensions. This
approach is extremely general, and relies on the so-called method of complemen-
tary models introduced by Weinert and Desai [11] for the study of the smoothing
problem for 1-D causal systems. Specifically, it is shown that given an internal
model with appropriate boundary conditions for a boundary-value process, the
smoothed estimate satisfies a Hamiltonian system of twice the size, and therefore
of twice the order, of the original system. The reason why the size is doubled is
that it is is necessary to estimate not only the state of the internal model of
interest, but also the state of the complementary model. This approach was used
to study the smoothing problem for 1-D continuous boundary-value processes in
[3], and for boundary-value 1-D descriptor systems in [12]. Some rough results for
the 2-D NNM smoothing problem were presented in Chapter 6 of [1], and the
present paper is in fact an improved version of this earlier work. Subsequently,
the complementary model technique was also used by Riddle and Weinert {13]-[15]
to study the 2-D smoothing problem for the Helmholtz equation and for 2-D
hyperbolic systems. Together with the present paper, these contributions illustrate
the wide applicability of the boundary-value process smoothing solution proposed
in [1]-[2].

An interesting feature of the NNM smoother is that it is itself in NNM form.
Thus, the class of NNM systems is closed under the smoothing operation. This
property is rather satisfactory, since it indicates that NNMs are "natural’’ models
for the study of noncausal estimation problems. From a practical point of view,
since we seek to develop efficient estimation algorithms, this implies that it is
important to obtain efficient NNM solution techniques. The solution proposed in

this paper consists in solving the 2-D model in 1-D fashion by writing the 2-D
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NNM dynamics columnwise in the form of a 1-D boundary-value sysfem of very
large dimension. This 1-D system has second-order dynamics, but can be rewritten
as a 1-D two-point boundary-value descriptor system (TPBVDS) of the type
examined in [16]-[19], for which a number of recursive solution techniques involv-
ing different concepts of causality can be employed. Under slightly more restrictive
conditions, this 1-D system can be decoupled into a family of low-order 1-D sub-
systems by an FFT-based transformation. This decoupling technique is an exten-
sion of a method used by Hockney [20] to obtain fast Poisson solvers, and later
applied by Jain and Angel [21] to a 2-D estimation problem.

This paper is organized as follows. In Section 2, we describe 2-D NNMs, as
well as the local boundary conditions which are used to specify the solution of
these models. These conditions include as special cases periodic, Dirichlet and Neu-
mann boundary conditions. The transformation of a 2-D NNM into a 1-D
TPBVDS is discussed in Section 3, and a general solution technique is obtained
for the transformed system. The FFT solver is presented in Section 4 for the case
where the NNM satisfies either periodic boundary conditions, or has vertically
symmetric dynamics with Dirichlet or Neumann conditions. The smoothing prob-
lem for stochastic 2-D NINMs is formulated in Section 5, and the Hamiltonian sys-
tem satisfied by the smoothed estimate is described and shown to be in NNM
form. Section 6 discusses two examples of 2-D INNM smoothers, corresponding
respectively to the discretized 2-D Poisson and heat equations. It turns out that
the FFT decoupling technique of Section 4 is applicable to both of these examples.

Finally, Section 7 contains several concluding remarks.

2. 2-D Nearest-Neighbor Models

The 2-D nearest-neighbor models (NNMs) that will be considered in this
paper are of the form

T =AZ g T Aty FAgT ;o + Auz ;o T+ By (2.1)

z‘.,]. = Cx!‘,]‘ s (2.2)

where the state z, input u, and output z are vectors of dimension n, m, and p

respectively, and 4, with 1 <k <4, B, and C are matrices of corresponding
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dimensions. Equation (2.1) indicates that the state at point (i,5) is specified by
t; ;, and by the states at points immediately to the left, to the right, above and
below point (¢,7). This explains why (2.1) is called a nearest neighbor model.

Models such as (2.1)-(2.2) arise naturally from the discretization of 2-D par-
tial differential equations with finite difference methods, as can be seen from the

following examples.

Ezamples: NNM form of finite-difference discretizations of PDEs. For each of the
2-D examples discussed below, the continuous space variables are denoted as ¢
and s, and the corresponding discretized variables are 1 and 7, respectively.
Furthermore, except for the heat equation, it is assumed that the same mesh size

h is used to discretize ¢t and s.

a) Poisson equation: The discretized form of

Viz(t,s) = u(t,s) (2.3)
is given by
1 h*
T = 'Z(xi—l,j T Zipry T ) T (2.4)
which is exactly in the form (2.1).
b) Heat equation: Let
—BYI(t’s) =oz8:2z(t,s) + u(t,s) (2.5)

where & > 0. Then, if ¢t and s are discretized with mesh sizes h and k, i.e.,
t = th and s = jk, and if backwards and central difference schemes [22] are used

respectively to discretize 8z /9t and &%z /9s?, we obtain
me; i =%y (%, F T ) oy (2.6)

where m =1 + 2ah /k? n = ah /k® and b = h. This model is almost in NNM
form. It can be rewritten in NNM form by dividing by m >0, which gives

z . = m-} 1

1,7 xi——l,j +m- n(zi,j—-l + It',j-i—l) + m—lbui,j . (2'7)

Note however that, from a practical point of view, there is no difference between
{2.6) and (2.7). These two models correspond to an implicit discretization of the
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heat eqauation (2.5), where to compute z; ; for increasing values of ¢, it is neces-
sary for each value of ¢ to solve a linear system of equations for the coupled vari-
ables z; ;, where j varies over all index values. It is shown in [22], p. 69 that this
discretization scheme is unconditionally stable, i.e., it is stable for all choices of
mesh sizes h and k£ The motivation for selecting different meshes h and k to
discretize ¢ and s is that, to approximate the first order derivative of z with
respect to t and the second order derivative with respect to s with the same

degree of accuracy, one must have A = O (k2).

¢) Biharmonic equation: Vector NNMs can arise in a variety of ways. One of them

is of course from the discretization of higher-order PDEs, such as
Viz(t,s) = u(t,s). (2.8)
This equation can be decomposed as
Viz(t,s) =&(t,s) , VEE(t,s) =u(t,s). (2.9)

Then, using the discretization (2.4) of the Laplacian, and denoting

zf,j
Xij = i)’

we obtain
2 ) °
4K =X F XK X X ) | g2 | (2:10)
0 1 4

which after inversion of the matrix multiplying X, ;, is in NNM form.

d) Poisson equation with a crossover term: Vector NNMs can also arise if higher-
order chemes are used to discretize second-order PDEs. Sometimes the use of a
higher-order scheme is dictated by the structure of the PDE itself. Consider for

example

32 2 2
fd_l_a_j_a

1z = 211
7 T 5 'aﬁtasjz\t’s) u(t,s), (2.11)

which is elliptic, provided that parameter a is such that |a | < 2. Then, when a
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first-order finite-difference discretization scheme is used to approximate the above
equation, we obtain the following 9-point stencil model

1
4
a h?

+“1‘6‘(Ii—1,j—1 F 141 T Tic1 41 T Ii+1,j~1) - Tui,j (2.12)

g = —(gi_1; + Zi41,; + % j1+ 2 j11)

where z; ; depends not only on its four nearest neighbors, but also on values of z
at the four corners (¢—1,7—1), (++1,74+1), (+—1,7+1), and (¢+1,7—1). It can be
transformed to NNM form by state augmentation. Thus, if

xi,j—l
Xij = | Tij |
Zi,j+1
the model (2.12) can be rewritten as
0 O 0 0 0 O
1 a a 1 a
X . =2 = _%\x. LS ‘SO
" % 4 16 W T | TTe T 16 |
0 0 0 0 0 O
0 1 0 0 0 O 0
1 1 h?
+ 10 5 01X+ [0 - 0|t | ] (2.13)
0 6 O 010 0

which is now in NNM form. Note that even though the second-order PDE (2.11) is
scalar, the state X; ; has dimension 3. This is due to the presence of the crossover
term a &%z (t,s)/OtOs in (2.11).

For simplicity, it will be assumed below that model (2.1) is defined over the
rectangular domain 1 <1 <J—1, 1 <j < J—1. Then, in addition to model
(2.1), some boundary conditions need to be specified. What constitutes a proper set
of boundary conditions depends on the exact type of the partial difference opera-
tor (2.1) or the underlying PDE from which it comes from. For example, if this

operator is elliptic (noncausal), initial-value problems are ill-posed. A general
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framework for specifying boundary conditions, which can accomodate operators of
all types, and which can be used to model a wide class of PDE boundary condi-
tions, consists in assuming that the boundary conditions on the edges of the rec-
tangle 0 <1 <71, 0 <j <J are local in the sense that they involve only neigh-
boring points along the boundary, but where some coupling is allowed between
points on opposite sides of the rectangle. This last feature will enable us to model
periodic PDE boundary conditions. We consider therefore the following NNM

boundary conditions.

Horizontal conditions:

Vizgo; + Wpzy; + Vepap; + Wezp_y ; = dy ; (2.14a)
with 0 <5 < J.
Vertical conditions: -

Vpzio+ Wpziy + Vrz; j + Wrz, ;o = dy; (2.14b)
with 1 <¢ < TJT-1.

In (2.14a) and (2.14b), it is assumed that the boundary matrices Vp and Wy,
with E =L, R, B, T have size 2nXn. Thus, in conjunction with NNM model
(2.1), the horizontal boundary conditions (2.14a) provide enough constraints to
specify the states z, ; and z; ; with 0 < 7 < J on the left and right edges of the
rectangle {1 = [0,]]X[0,J]. Similarly, the vertical conditions (2.14b) introduce
sufficiently many constraints to enable the specification of z;, and z; ; with
1 <17 < I-1 on the bottom and top edges of {1. Note that there is a slight asym-
metry in the above specification, in the sense that the horizontal boundary condi-
tion (2.14a) holds for j = 0, J, which has the effect of adding enough constraints
to specify the corner states zqq, 2oy, 210 and z; ;. However, this is clearly an

arbitrary convention, and we can just as well use the vertical condition (2.14b) to

specify the corner states.

The conditions (2.14) are local since they involve only pairs of points located
on opposite sides of the rectangle {). Specifically, the horizontal condition (2.14a)
couples points (0,7), (1,7) located along the left edge of {! with points (7,7) and

(I—1,7) on the right edge, where all these points have the same row index ;.
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Similarly, the vertical condition (2.14b) couplé two pairs of points along the bot-

tom and top edges of rectangle {1, respectively, and with the same column index 1.

The motivation for coupling points located on opposite edges of (1, is that we
want to be able impose periodic boundary conditions, which would have the effect
of identifying the left and right edges, or the bottom and top edges of rectangle (1.

For example, if the horizontal condition (2.14a) takes the form

ZToj = Ir-1,5 » ZTi,5 =TIy for 0 _<..7 S J, (2'15)
the NNM system (2.1) can be viewed as being defined over a discretized cylinder
with index set {l; = [1,/—1]X[0,J]. Then, after imposing periodic horizontal con-

ditions, if we select also periodic vertical boundary conditions, i.e.,

Z,"O = x‘-,J_l s ‘.'E,',l = i,J for 1 S ? _<_ -1 s (2.16)
the NNM is now defined over a discretized torus, with index set
QT = [1,]-1]X[1,J~1].

Another interesting subclass of boundary conditions (2.14) corresponds to the
case when the boundary conditions on the left and right, and bottom and top

edges of {1 are separable , in the sense that independent boundary conditions are

specified on each edge of (1. In this case, the boundary conditions (2.14) take the

form
Vizg; + Wpzy;=dp; 0<j<J (2.17a)
Vet + Wpap_yj=dp; 0<5<J (2.17b)
Vpzig+ Wpz;y =dp; 1<i<I-1 (2.17¢)
Vezg g+ Wrzy_yy=dp; 1<i<I-1, (2.174)

where the boundary matrices ffE and WE with E =L, R, B, T have size nXn.
Boundary conditions of this type arise extremely frequently in the study of PDEs,
and in particular can be used tc model Dirichlet or Neumann boundary condi-

tions, as is shown by considering several examples.

Ezamples: Boundary conditions for discretized PDEs tn NNM form. The PDEs
considered in the following examples are assumed to be defined over the rectangle

[0,T]X%[0,S 1], where if A~ and k are the mesh sizes used to discretize the continuous
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variables ¢t and s, we have T = Ih and S = Jk. Also, as for the PDE discretiza-
tion examples considered earlier in this section, it will be assumed that A = £k,

except for the discretization of the heat equation.

a) Consider the Poisson equation (2.3) with the mized boundary conditions

—my —gt—z(O,s) +nyz(0,8) = dy (s) (2.182)
mR—g—t:c(T,s) +npz(T,s) = dg(s) (2.18b)
—mp -g;z(t,o) +ngz(t,0) = dy(t) (2.18¢)
ng—s—z(t,S) 4 npa(t,S) = dg(t) . (2.184)

These boundary conditions reduce to Dirichlet conditions when mp =0 and
ng =1 for E=L,R,B, T, and to Neumann conditions when myp =1 and

ng = 0 for all values of index E. Then, a straightforward discretization yields

for E=L,R, B, T, and the boundary vectors appearing in (2.17) are given by
dg ; = hdg(lh), where the index ! varies over [0,J] for E = L, R, and over [0,]]
for E =B, T.

b) Consider now the heat equation (2.5) with initial condition
z(0,s) = [ (s) (2.202)
and boundary conditions
z(t,0) = gp(t) , =(t,5) =gr(t). (2-20D)
After discretization, we find
Vg=1 , Wg=0 for E=L,B, T (2.21a)
and
dy ;= f{sk) , dpi=gplih) , dp; = gr(sh). (2.21b)

However, in the above formulation, no boundary condition is specified on the

right edge of ). This is unsatisfactory, since the NNM formulation of this paper
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requires absolutely that there should be as many constraints as there are variables
to be computed. The trick here is to note that since the discretized equation (2.6)
is causal with respect to time, which is represented by index 1, the variables z; ;
for + <I—1 do not depend on the values for + = I, which can therefore be

assigned arbitrarily, so that the boundary condition on the right edge is given by
g ;=dp; 0<; <7, (2.21¢)
where dp ; is arbitrary.

¢) Examine the Poisson equation (2.11) with a crossover term, and with Dirichlet
boundary conditions obtained by setting mp = 0 and ng =1 in (2.18). Then, a
simple discretization of these conditions is not sufficient to specify the NINM boun-
dary conditions, since as was observed above, we must consider the vector NNM
system (2.13). Furthermore, due to the state augmentation procedure used to con-
struct X; ;, if the scalar discretized PDE (2.12) is defined over the domain
[0,1]X[0,J], the domain of definition of NNM (2.13) is only [0,/]X[1,J—1]. Over
this domain, the discretized Dirichlet boundary conditions for the scalar equation
can be rewritten in the NNM form (2.17) as

dy ((7—1)h) dp((7—1)h)
Xo;=1| d(p) |, Xp; =1 dp(sh) (2.22a)
dp ((7+1)h) d((j+1)h)
0 0 0 dg(ih)
Xi,l + '—1 0 0 Xi,? = O (2.22b)
0 —1 0 0
0 -1 O 0
Xi,J—l + 0 0 —1 XS.,J—Z = 0 . (2.22(:)
L0 0 0 L dr(ih)

3. Solution of Boundary Value Nearest Neighbor Models

In this section, we describe a method for computing the solution of the
boundary-value problem specified by the NNM dynamics (2.1) and boundary con-

ditions (2.14). The method that we employ relies on a column stacking operation.

~




-12 -

whereby the variables z; ; along the ¢ th column of the rectangular domain () are
combined to form a large state vector x;. This procedure is used in Section 3.1 to
transform the 2-D NNM dynamics, as well as the boundary and corner conditions,
into an equivalent 1-D two-point boundary value system of very large size with
second order dynamics. Since the well-posedness of this system is equivalent to
that of the original NNM, by writing the equations describing this 1-D system as
a single matrix equation, a well-posedness test is obtained for the NNM specified
by (2.1) and (2.14). Then, in Section 3.2 the 1-D dynamical system of Section 3.1
is formulated as a 1-D two-point boundary value descriptor system (TPBVDS). A
complete study of the properties of these systems and of their solution is
presented in [16]-{19]. These results are used to obtain a well-posedness test for
NNM (2.1), (2.14) which is simpler than the one obtained in Section 3.1. Then, by
using a TPBVDS solution technique proposed in [17], Appendix B and [12], a
recursive procedure is obtained for solving NNNM models. It relies on decoupling
the TPBVDS dynamics into forward and backward stable filters with zero initial
and final conditions, respectively. The true boundary conditions are then taken
into account by adding a correction term to the solution obtained for zero boun-
dary conditions. This solution can be viewed as an extension in a more general
setting of the Mayne-Fraser [23]-[24] two-filter formula for the smoother associ-

ated with a 1-D discrete causal system.

3.1. Column Stacking and Well Posedness

As indicated above, the first step of our solution is to perform a column-

stacking operation, where the state, input and output vectors along the ith
column of rectangle {1 = [0,]X[0,J] are represented by
i 0 ]
i1 U; 1
xX; = ' , ou; = ' (3.1a)
L, J-1 Ui J-1 |
| LiJ

and
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2, = | : (3.1b)

Here x;, u;, and z; have dimensions n(J+1), m(J—1), and p(J+1), respectively.
j and z ; are
is only defined in

Note that x; and z; have two more block entries than u,, since z;
defined on the edges of the rectangular domain {1, whereas Y ;
the interior. Then, by combining the NNM relations (2.1) for a fixed value of ¢
and 1 <7 < J-1 with the vertical boundary conditions (2.14b) for the same

value of ¢, we obtain the 1-D dynamics
Pixig+ Pox; + P x;_ 3 =mn; 1<7<T-1 (3.2)
z; = (IQC)x, (3.3)

where X denotes the Kronecker product of two matrices [25], with

[ Vs W Wr Vp |
—A, I —A, 0
b, = (3.42)
0 .
"'A3 I —"A4
0 0
¢, = —A, , d_= —A, (3.4b)
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and

dy
(I&QB)u;

Since the boundary matrices Vg, Vp, Wp, and Wy have size 2nXn, it is easy to

n; =

(3.4¢)

check that the matrices ®; with ! =0, —, + are square and have dimension
n(J+1). The relation (3.2) defines therefore a 1-D system with second-order
dynamics evolving over interval [0,]] and driven by inputs n; which are expressed
in terms of inputs u, ; of the NNM and of the boundary vector dy ; associated to
the vertical conditions on the bottom and top edges of rectangle (1.

By considering also the horizontal NNM boundary condition (2.14a) on the
left and right edges of {}, we obtain the boundary condition

FLXO+ALXI +I‘RXJ +AXJ_1=dH (3.5)

for system (3.2), where

and
dH,O
dH,l
dH b (3.6C)
dy 71
| a0 ]

Noting again that the boundary matrices V;, Vp, and W, Wy; have size
2nXn, it is easy to check that I';, I'n, &A; and Ap have size 2(J+1)n X(J+1)n,
and that vector dy has dimension 2(J+1)n. Thus, the boundary conditions (3.5)
and dynamics (3.2) define a boundary value system over [0,]], where the number
of constraints imposed by (3.2) and (3.5) equals the total number of variables that
need to be computed, namely vectors x; for 0 <: <. One possible method of

solving this system consists in combining all the equations that define it into a
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X i dy 7
X2 n2
by = , (3.7)
Xr-1 n;_,
XI i .
where
T, A Ap Tp]
d_ P, @, 0
d_ P, O,
3= (3.8)
0 .
d_ 9, <1>+_

is a matrix of size (/41)(J+41)n. Then, the 1-D boundary value system (3.2), (3.5)
is well posed over interval [0,I], i.e., there exists a unique solution x; with
0 < ¢ < for all possible choices of inputs n; and boundary vector dy, if and
only if ¥ is invertible. Since system (3.2), (3.5) was obtained from the original
NNM by column stacking, the invertibility of ¥ is therefore a necessary and
sufficient condition for the well-posedness of the NNM (2.1), (2.14). By using an
argument similar to the one appearing in Theorem 1 of | |, it is also easy to check
that the invertibility of X implies that the second-order dynamics (3.2) must be

regular, i.c., the determinant of the pclynomial matrix
P(z) =P 22 + dpz + P_ (3.9)
is not identically zero for all z.

In practice, the matrix > has such a huge dimension that it is not possible
nor desirable to invert it directly. In the special case when ¥ is obtained by discre-

tizing an elliptic PDE. iterative inversion methods, such as the successive
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overrelaxation (SOR), preconditioned conjugate gradient, or multigrid methods
can be employed. However, these solutions are limited in scope, and the solution
technique that will be described here is totally general, i.e., it applies to finite
difference NNM operators of all types. On the other hand, this solution technique
is usually not as efficient as the above mentioned methods for solving elliptic
PDEs.

3.2. Stable Two-Filter Solution

The solution that we propose relies on transforming the 1-D dynamics (3.2)
in such a way that stable forwards and backwards recursions can be used to com-
pute x;. In some sense, this method falls within the class of stable marching
metods [27]-[29]. Marching methods were originally developed when it was realized
that, by column stacking, noncausal 2-D models such as (2.1) could be
transformed into 1-D dynamical systems such as (3.2). Then, in the special case

when &_ is invertible, (3.2) can be expressed as
i1 = —P7Px; + ¢ x;; —ny], (3.10)

which is now a causal system that can be used to compute x; recursively, pro-
vided that the boundary condition (3.5) is properly taken into account. In addi-
tion to requiring that either ¢, or $_ should be invertible, one major drawback
of this approach is that there is no guarantee that the causal system (3.10) is
stable. An important criticism of marching methods, at least in this simplistic
form, has therefore been that they are numerically unstable, and are not appropri-
ate for solving NNMs on large lattices. The solution which is presented here can
be viewed as a stabilized marching method, where instead of attempting to pro-
pagate the whole system (3.2) in the forwards (or backwards) direction, we break
it into smaller parts which are stable when propagated in the forwards and back-

wards direction, respectively.

However, instead of considering directly the second-order system (3.2), we
transform it into a two-point boundary value descriptor system (TPBVDS) of the
type examined by Nikoukhah, Willsky and Levy [16]-/19]. To do so, consider the

augmented state
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{

q; = [x;_l}. (3.11)

Then, the dynamics (3.2)-(3.3) and boundary condition (3.5) can be expressed as

Eq,;1=Fq; +Gn; 1<:+<1J (3.12)
z;, = Hq, (3.13)
and
Upa; + Upqy =dp , (3.14)
where
o, @, =y o}
E=|; ol F=| o ; (3.152)
y
G= |4 H= [0 IKC ] (3.15Db)
= [mn ] e [re ] a9

The relations (3.12)-(3.15) define a TPBVDS over interval [1,/]. This system has

first-order dynamics, and it is easy to check that
2B —F | = |8(z)], (3.16)

where ®(z) is the second-order matrix polynomial defined in (3.9), so that no new
dynamics have been introduced by going from (3.2) to (3.12). Owing to the simple
nature of the augmentation procedure (3.11), we can also conclude that the
TPBVDS (3.12)-(3.15) is well-posed over the interval [1,I] if and only if the
second-order system (3.2) with boundary condition (3.5) is well posed over [0,]],
which in turn was shown to be equivalent to the well-posedness of the original
NNM system. But it was shown in [17] that an arbitrary TPBVDS of the form
(3.12), (3.14) is well-posed if and only if the matrix

S =UE 4+ U FI-! (3.17)

is invertible. The invertibility of S in (3.17) can therefore be used to characterize

the well-posedness of the NNM (2.1), (2.14). Since the size of this matrix is "only"

~
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2(J+1)n, the invertibility of S is much easier to test than that of the matrix &

which was used to characterize NNM well-posedness in Section 3.1.

At this point, the NNM problem has been reduced to the solution of a
TPBVDS over a finite interval. Several solution techniques for TPBVDSs have
been proposed in [17], Appendix B and [12]. As was mentioned above, the solution
which is described here relies on breaking the descriptor dynamics (3.12) into
smaller parts which are causal and stable in the forwards and backwards direc-
tions, respectively. Specifically, since the NNM that we consider is assumed to be
well-posed, the matrix pencil zE — F is regular, and according to Weierstrass’s
canonical decomposition of a regular pencil [30], there exists some invertible
matrices M and T such that

(3.18)

0 ZFb'—I’

M@GE — F)T = {

where the eigenvalues of matrices F; and F, have magnitude less or equal to 1.
Furthermore, if |zE — F | has no zero on the unit circle, then all the eigenvalues

of F; and F, are strictly inside the unit circle. Then, if

, (3.19)

the transformed state variables

s,
= Taq. 3.20

satisfy the forwards and backwards recursions
qy i+1 = Frap i + Byn; (3.21a)
G, = Fyqp 01 — Byn; . (3.21b)

These recursions are asymptotically stable if 2zE — F has no zero on the unit cir-

cle. Under the transformation (3.20), the boundary condition (3.14) takes the form

r H%’ ,1} [ . . qu ,I} 4 5
U U -+ / = .22
| YL.s YL L R,; VR gy s | H ( )
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where '
I:UL’f UL,b ]= UL T—l 3 [UR,f UR,b ]—_- UR T—l . (3.23)

Note that although the forwards and backwards dynamics (3.21a) and
(3.21b) for q; and q; are decoupled, the boundary conditions remain coupled, so
that q; and q, cannot be computed separately. Let q})’i and q,?,,- be the solutions
of (3.21a) and (3.21b) with zero initial and final conditions, respectively. Then

q ; =F}'q;, +af; (3.24a)
i=F{Tayr+ad; (3.24b)
Substituting (3.24) inside (3.22), and solving for q; ; and q; ; gives
qf'l -1 0 0 . -4
ol =K (dg —Uryai1— Upsara) s (3.25)
where
K = [ULJ + Up  Ff7Y Ugy + Uy P! ] : (3.26)

Finally, substituting (3.25) inside (3.24), we find

Qs ,i
qp ¢

The solution in the original basis can then be obtained by inverting (3.20).

Fi7' 0 q?;

[
— -1 _ 0o 0
= 0 Fb_i K (q UR,f q)r’j UL,bqb,l) -+ qoi . (3.27)

»

From a practical point of view, the solution technique described above con-
sists in propagating the forwards and backwards filters (3.21a) and (3.21b) for
Qjo,i and q,f”,-, and then combining the resulting values with boundary condition
(3.22) to obtain q; ; and q, ; via (3.27). The most computationally demanding
part of this algorithm is the computation of q? i and q,?,,‘.

The above TPBVDS solution is similar to the Mayne-Fraser [23], [24] two-
filter formula for the 1-D fixed-interval smoothing problem. At first sight, there
seems to be little relation between the fixed-interval smoothing problem for

discrete-time causal systems and the solution of TPBVDSs, but it turns out that
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the 1-D discrete-time smoother can be expressed as a TPBVDS (see [1], Section
5.3), which expains why the same solution technique can be used for these two

problems.

The TPBVDS solution described here is not the only one that can be
developed. In [17] an alternative solution method is proposed which relies on
recursions propagating inwards and outwards with respect to the center of the
interval where the TPBVDS is defined. This choice is a manifestation of the fact
that since causality appears here only as a computational device, we are not res-

tricted to process the 2-D NNM data in any particular order.

4. Efficient FFT Solver
One drawback of the NINM solution described in Section 3 is that the vectors

x; obtained by column stacking have very large size. The matrices £ and F
appearing in the TPBVDS (3.12)-(3.15) have size 2(J+41)n, and therefore the
matrices F; and F}, obtained by pencil decomposition have a very large dimen-
sion. In addition, even if E and F are sparse, there is no guarantee that F; and
F, will also be sparse, so that the forwards and backwards recursions (3.21)
require in general a large amont of computation. In this section, we consider
several special cases where some additional structure is present, which can be
expoited to obtain fast NNM solvers. Specifically, in Section 4.1, we consider the
case where the NNM is defined over a discretized cylinder, and in Section 4.2, it is
assumed that the NNM dynamics (2.1) satisfy the symmetry condition Az = A,
and that the boundary conditions on the bottom and top edges are either (i) Diri-
chlet or (ii) Neumann conditions. For all these cases, it turns out that the FFT, or
the discrete sine or cosine transforms (DST, DCT) can be used to transform the
high-order TPBVDS obtained in Section 3.2 into decoupled low-order 1-D
TPBVDSs which can be solved in parallel . Since fast algorithms can be used to
implement the FFT, DST and DCT and their inverses, this solution technique is
very efficient. It is worth noting that the use of the FFT was first proposed by
Hockney [20] to obtain a fast Poisson solver. Later Jain and Angel [21] (see also
[31]) also employed the FFT to obtain an efficient solution for a 2-D estimation

problem expressed in terms of the Poisson equation. The NINM solution described

~
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here can be viewed as an extension of these earlier results.

4.1. NNM Over a Discretized Cylinder

In the first case, it is assumed that the vertical boundary conditions (2.14a)

are periodic, i.e.,
Ii,O = zi,]—l ’ xi,l = xi,J for 1 S ! S I-1 ’ (4‘1)

in which case the domain {2 corresponds to a discretized cylinder. Then, it is easy
to check that the components z; 5 and z,; ; need not be included in the stacked
vector x;, whose dimension is therefore only n(J—1), and in equation (3.2), we

can identify

by =IRI — Z/RA; — 2. R4, (4.2a)
b_=—-IRA, , P, =—IRA, , n; = (IQB)y, , (4.2b)
where Z, is the (J—1)X(J—1) circular shift matrix
o 1 -
0 1 0
0
Z, = (4.3)

|1

The special structure of the 1-D system specified by (3.2), (3.5) (3.6) and (4.2)
can be exploited by performing a state transformation on x; which decouples this

system into J—1 subsystems of dimension n. To do so, let D be the
(J—1)X(J—1) discrete Fourier transform (DFT) matrix with entries

R S (=) R VI <l,j<J-1, (4.42)

dl:j (]— )‘/’z

Where

w= e t2/U-1) (4.4D)
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The matrix D has the property that it is unitary, i.e, DD¥ =DED =7 ,

and it diagonalizes Z,, so that

Z, =DADE with A =diag{e’/™}. (4.5)
Then, consider the state transformation
Ef,l
(DAFRI)x; =& = | &, | (4.6a)
&, r-1

where the new state vector ; is partitioned into subvectors & ; of size n. Simi-

larly, let
(DH®I)U.,' = U, y (DH®I)dH = 6 , (4.6b)

where v; and ¢ are also partitioned into into vector entries v; ; and ;. Using the
transformation (4.6), and taking into account (4.2), (4.5), as well as the Kronecker

product identities
(ARB)YCRD)=ACRBD , (ARB)!=A"'RB™!, (4.7)

the 1-D system (3.2), (3.5) is transformed into J—1 decoupled subsystems of the

form
(I - w—(j_l)AB - wj_lA‘i)g{,j = Al‘gi—l,j + Ai’gi‘H,j + Bvi,j (4‘8)
where 1 < 5 < J—1, and with boundary conditions

Vioj + W& + Ve, + Wplpy,; =6 (4.9)

The dynamics (4.8) and boundary conditions (4.9) have exactly the same
structure as (3.2), (3.5) and consequently, by state augmentation each of the

above subsystems can be written in TPBVDS form as

[51’-{»1,]‘] [0 Ay
L gi,y' - LI 0

_A2 I - W_(]_l)A 3—&/’]‘_1144
0 I

B
0

oo
St,g

-+
i

Ty ,](4.10)

< B
Si1—1,7

with
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€1,5
€0,

The stable two-filter solution technique described in Section 3.2 can then be used

+ [VR Wp }[ s }=6]. . (4.11)

{ W, Vi ] €ro1;

to solve each of these individual TPBVDSs. The advantage of this approach over
the general procedure of Section 3 is that the the decoupled TPBVDSs (4.10)-
(4.11) have size 2n, whereas TPBVDS (3.12)-(3.15) has dimension 2(J+1)n. Thus,
the number of operations required to solve the above TPBVDSs over interval [1,]]
is O(IJ), whereas the complexity of the algorithm presented in Section 3 is
O (1J?). In fact, the most computationally demanding step of the fast NNM solver
described above is not the solution of the TPBVDSs (4.10)-(4.11). It is the imple-
mentation of the transformations (4.6b) which relate the original inputs and
boundary vectors to their transformed counterparts, and of the inverse transfor-

mation

x; = (DQAI); ' (4.12)
which relates the solution of the decoupled TPBVDSs to the original coordinate

system. Because of its Kronecker product form, the transform (4.12) consists in n
decoupled FFTs of length J—1, represented here by D. the number of operations
required by (4.12) is therefore O (JlogJ), and since this transformation, as well as

transformations (4.6b) must be performed for every value of ¢, the complexity of
the fast NINM solver described above is O (IJlogJ).

4.2. Vertically Symmetric NNMs

NNMs which are defined over a discretized cylinder are not the only ones that
give rise to fast solvers. When the NNM dynamics (2.1) have the vertical sym-
metry A, = A, (which is the case for example for the Poisson and heat equations,
as well as the biharmonic equation described in Section 2), and when the boun-
dary conditions on the bottom and top edges are of Dirichlet or Neumann type, it

is possible to obtain fast solvers.

We consider first the case of Dirichlet conditions. In this case, we have
ig=4dp; ., z;y=4dr; (4.13)

.~
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so that it is not necessary to include z; y and z; ; in the stacked vector x; intro-
duced in (3.1a). This vector has therefore dimension n(J—1). With this observa-
tion, the dynamics (3.2) take the form

So=IRI —TIRA; , &_=—IRA, , D, =—IRA, (4.14a)

Agdp ;
0
n; = (I®B)u; + S (4.14b)
0
_A3dT,i |
with
N=2z+2z7, (4.15a)

where Z denotes here the (J—1)X(J—1) truncated shift matrix

Z = : : (4.15b)

L

Then, let S be the (J—1)X(J—1) discrete sine transform (DST) matrix with

entries
S1,5 = (?j)”ésin(lj%) 1<, <J-1. (4.16)

The matrix § is symmetric and orthonormal, i.e., $ =87 and $2=1, and it
diagonalizes II, so that

STIST = A = diag{)\,}, (4.17)

where >\]- = 2cos(77/J) with 1 < 7 < J—1. Thus, if we replace D¥ by S in the
state transformation (4.6a) and definition (4.6b) of ¢, and if

v, = (S&I)n; (4.18)

~
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where n; is given by (4.14b), the 1-D system (3.2), (3.5) whose dynamics and
boundary matrices are specified respectively by (4.14a) and (3.6) can be decom-

posed into J—1 decoupled subsystems of the form
(I - >\J'A3)§i,j = Alfi—l,j + A2€:'+1,j + I/i,j (4‘193)
with boundary conditions

VLEO,]' + WLEl,j + VREI,J' + WR 51_1)]' = 5]' ) (4.19b)

where 1 < 7 < J—1. These subsystems can be written in TPBVDS form and
solved in parallel. Furthermore, the FFT can be used to implement the discrete
sine transform S, so that the complexity of the resulting fast NNM solver is
identical to that of Section 4.1, i.e., it is equal to O (IJlogJ).

Consider now the case where the NNM is such that A; = A, but where the
boundary conditions on the bottom and top edges are now Neumann conditions,

ie.,

Tio—Ti1=4dp; , T g — % j1=dp; (4.20)

3

for 1 <7 <I-1. In this case, the expressions (4.14) for the 1-D dynamics remain

unchanged, except that the matrix II appearing in these expressions is now defined

as
1 1
1 0 1
1 . 0
N=2+27 + diag{1,0, ..., 0, 1} = 1 . . . (4.21)

1

In order to diagonalize Il, we can use the (J—1)X(J—1) discrete cosine transform

(DCT) matrix K whose entries are
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with 1 <[ < J—1. The matrix K is orthonormal, i.e., KKT = KTK =1, and it
diagonalizes II, so that

KTIIK =A = diag{»; } (4.23a)

with

Xj = 2cos| 3'—1)7”—1-] 1<y <J-1. (4.23b)
Consequently, if K plays the same role as D and S in the state, input and boun-
dary vector transformations considered earlier in this section, the 1-D system
(3.2), (3.5) with dynamics and boundary matrices given by (4.14) and (3.6) is
transformed into J—1 decoupled subsystems specified by (4.19), where the only
difference is that the eigenvalues >\j appearing in these systems are now given by
(4.23b). These subsystems can be solved in parallel, and since the FFT can also be

used to implement the DCT, the complexity of the resulting algorithm is
O (IJlogJ).

5. NNM Smoother

In this section we examine the smoothing problem for 2-D random fields
described by a NNM driven by white Gaussian noise. Note that since NNMs are
intrinsically acausal, the only linear estimation problem that preserves the
acausality of the system formulation is the smoothing problem. Given noisy NNM
observations over the rectangle {1, the general appproach developed in [1]-]2] for
estimating boundary value processes is used to show that the smoother dynamics
and boundary conditions are themselves in the form of a NNM of twice the size of
the original NNM. Thus the class of NNMs, unlike say the class of 1-D causal sys-
tems, is closed under the smoothing operation. A consequence of this observation
is of course that the two-filter solution techniques described in Section 3 and 4 can
be used to compute the NNM smoothed estimate. Since the smoother for boun-
dary value processes derived in [1}-[2] is expressed in operator form, we first obtain
in Section 5.1 an operator characterization of the NINM smoother. The Green's
identity for NNMs is then used in Section 5.2 to convert this operator description
into equivalent NNM dynamics and boundary conditions for the smoother.

.~
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6.1. Operator Characterization of the NNM Smoother
The NNM smoothing problem can be described as follows. First, assume that

the input sequence u; ; driving the NNM (2.1) is a zero-mean white Gaussian

1,5
noise sequence defined over the interior {2 = [1,]—1]X[1,J —1] of rectangle {2, and

with intensity

Elu; jup ,] Qb by . (5.1)

The boundary vectors dy ; and dy ; appearing in boundary conditions (2.14) are
also assumed to be zero-mean white Gaussian noise sequences which are mutually

uncorrelated and uncorrelated with the noise u; ;, and with intensities

1,5

Eldy ;df ) =Tgéy , Eldydf ;] =Ty8, . (5.2)

Then, the state z; ; of NNM (2.1) is a zero-mean 2-D Gaussian random field,

and we are given some noisy observations
vi; = Cz; ; + 10 (1,7) €0 (5.3)

of this field over the interior domain (1. Here r, . is a zero-mean white Gaussian

1]

noise sequence uncorrelated with the driving noise u; ; and the boundary and

1,7
corner vectors, and with intensity

Elr; ; ’kT,I] =R6 16,1, (5.4)

where B > 0. In addition to the above interior measurements, we may also be
given some boundary measurements which have a structure to the boundary and

corner conditions described in Section 2, i.e.,
Yp,; =Hpzo; + Gpey; + Hpapj + Greoy; +1h (5.52)
Yy = HBZ:',O + GBzz':l + HTx,"j + GT-'IZ,"J_l +ryi. (5.5b)

In the above measurements, ry ; and ry ; are assumed to be zero-mean white
Gaussian noises, which are mutually uncorrelated, and uncorrelated with u, r,

and the boundary vectors, and with intensity
Efrg ;rd ) =Rpéy . Eiry;r§,] =Ry . (5.6)

The motivation for considering boundary observations which have a form different
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from the interior observations is that equations (5.5)' can be used to model the
case where we observe the discretized normal derivative of a PDE along the boun-
dary of a domain. For example, when the normal derivative is observed along the
left and right edges of {), if h is the discretization mesh size, the measurements

can be expressed as

1 1
Yo, = Z’(xO,j - xl,j) + L o+ YR T }_Z(xf,j - zl——l,j) + TR,j (5‘7)

where r; ; and rp ; are uncorrelated white Gaussian noises. These boundary
measurements clearly correspond to a special case of (5.5a). An example of this
type appears in the inverse resistivity problem considered in [32], where a poten-
tial distribution is imposed on the boundary of a resistive medium, and the result-
ing current density, which is proportional to the normal derivative of the poten-

tial, is measured on the boundary.
Then, the NNM smoothing problem consists in computing the conditional
mean

%,; =Elz ; Y] (5.8)

where Y denotes the Hilbert space of zero-mean random variables spanned by the
interior observations y; ; for (t1,7) € (), and by the boundary observations
yg ; with 0 < j < J, and yy; with 1 <7 < T—1. To solve this problem, we will
use the general results obtained in [1], [2] for the estimation of boundary value
processes. However, since these results are expressed in abstract operator form, our
first step will be to rewrite the NNM (2.1), (2.14) and observations (5.3) and (5.5)

in operator form.

In this framework, the NNM dynamics (2.1) take the form
(Lx); ; = Bu, ; (5.9)

where, if D; and D, denote respectively the backward horizontal and vertical shift

operators, i.e.,
\ (5.10a)

we have
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Note that in (5.9) z and Lz are defined respectively over the domains 2 and (.
Let also A, be the restriction operator such that

is the restriction of x to the first and last two columns and rows of (1. Define

I-xo Xr
xg = [xl  xp = , (5.12a)

where the vectors x; are defined as in (3.1a), and let

X Xy
Xp =yt | o X2 = |y | (5.12b)

where

x = . (5.13)

zI——l,j

is the vector obtained by scanning the states z; ; along the jth row of {1, where
we omit the first and last elements of each row. Then, the restriction x;, can be

represented in vector form as

Xy

XR
Xb = XB
X

and the boundary conditions (2.14) can be written in operator form as
be = db (5153)

with
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I, A, T, A, 0 0 0 0

V=10 0 0 0 Ty Ay Ty A

(5.15b)

and

dy
d, = dy |- (5.15¢)

The matrices I';, I'n, A, and Ap, and vector dy appearing in the above expres-

sions are defined in (3.6), and

I'p =IKVy , T =IQVy (5.162)
AB = I®WB 3 AT = I®WT (5.16b)
dy
dV,2
dV = . , (516(:)
dV,J—-l

where the matrices I'g, I'p, Ap, and Ag have size 2(I—1)nX(I—1)n and the vec-
tor dy has dimension 2(/—1)n. Finally, the vector d, given by (5.15c¢) is a zero-

mean Gaussian vector with variance

IR, o

I, =Bd,df]=| IQM,

. (5.

Ut

ek

~1
N—

Similarly, the interior and boundary observations (5.3) and (5.5) can be

denoted in operator form as

y=Cx+r {(5.18)
Yy = Hxy + 71, (5.192)
where
YH] Ty
vy, = L’VJ , T = L'V} (5.19b)

are obtained by scanning the horizontal and vertical boundary observations and
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noises, and the matrix H has a structure identical to that of V, i.e.,

&, U, &, ¥, 0 0 0 0
H=

0 0 0 0 6 ¥y, O, U | (5.19¢)
with
Op =IxKQHp, , VYp=IKQXGy forE=L,R,B,T. (5.194d)
The covariance of the zero-mean Gaussian vector r; is given by
IXRy 0
R, = E|r,rf] = 0 IRy | (5.20)

Then, it was shown in [1],[2] that the smoother dynamics and boundary con-

ditions could be expressed in operator form as

L —BQ@B” | | % 0
c’rR7'c Lt N T |Cc'Rly (5.21)
, X,
[V'I;'V + H'R,'H E | %, =H R, by, (5.22)

where B*, C*, V" and H" are the adjoint operators of B, C, V and H, respec-
tively, and where L' denotes the formal adjoint of difference operator L. L' and

the boundary operator E are defined through the Green’s identity

<LEXN> g = <z,LT>\>S(Q) + <z, BN > (5.23)

where S({]) and S, are the vector spaces of n-vector functions indexed over the

domain f), and over the first and last two rows and columns of {1, respectively,

and where <.,.> o denotes the inner product over these spaces. The variable S‘:’,j

-

appearing in (5. ) is the conditional mean of A; ; with respect to the space Y
spanned by the observations, where )\il ; is the state of the complementary model
associated to z; ;. The concept of complementary model was originally introduced
by Weinert and Desai {11}, and it was the key element used in [1],2] to derive the
smoothing equations (5.21)-(5.22). Note also that (5.21) has a Hamiltonian struc-

ture similar to that of the smoother for 1-D causal processes [33].

~




5.2. NNM Characterization of the Smoother

As such, the operator characterization (5.21)-(5.22) describes completely the
NNM smoother. However, this characterization can be made more explicit by not-

ing that in Green’s identity (5.23), we have

(L+>\)i,j = >\i,j - A2T>\i—1 - AIT>\ - AZ.')\x',j——l - Ag‘xi,]#l (5'24)

; il
and
o r M,j (T T M, ]
<XbaE>‘b >Sb = E Lo, T'l,j ]EL >\l . + 1214 Ti-1,5 JER > .
j=1 2] L 1_11-7 .
L . b T T M,
+ [ 20 zia 1B |y, |+ 125 zisa |Er |y (5.25)
i=1 1,1 L l,J‘—l_
with
0 —Af 0 —A7F
E, = . Ep = 5.26
LT AT o E= 14T o (5-262)
0o —Af 0 -4’7
Ep = , Ep = : 5.26b
B AT o T AT o ( )

Then, substituting (5.24) inside the operator description (5.21) of the NNM

smoother dynamics, we can rewrite these dynamics as

Ai,j £i~1,j ii-&-l,j hi,j—l fi,j-i—l 3 ( 0 )
Qg | ¢ = 0y {¢ + Qg | ¢ 4+ G| ¢ + oy e + Dy; . (18.27
0 >\i,j ! >‘i—1,j ? >\z'-i—l,j : >\s',j-——l ‘ >\i,j+1 I
with
I —BQBT 0
O = , = 5.28
0 CTR—IC I ’6 CTR—I ( a’)
A, O } A, O
Qy = . Qo = 28b)
S AZ,TJ @ (o af \2-28b)
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A; 0 A, 0

Ky == Q4 =
3 o AT} ™ 0 AT}

(5.28¢)

where (5.27) is almost in NNM form. This relation can be brought to NNM form
by noting that & is invertible with

D, ©
0 D,

I BQBT
—-cTR ¢ 1

oy , (5.29a)

where
D,=(+B@BTcTrR™'Cc)y! , D,=( + CTR™'CBQBT)™! .(5.29b)
This yields

Zi 5 . Zi—1,5 4 Zi 11,5 45 %51 45 i i+1 4 B (5.302)
¢ =0 |¢ Gy | ¢ G & y; ; (5.30a
>\i,j 1 >\i—-1,] 2 >\i+1,J 3 Xi,j—l 4 S\f,_‘f-{-l 4,7
with
& =oagla, 1<k<4 , B=o5'8, (5.30Db)

which is now in NNM form.

Similarly, by using (5.25)-(5.26) and taking into account the structure (5.15b)
and (5.19¢c) of boundary matrices V and H, the boundary conditions (5.22) for

the NINM smoother can be rewritten more explicitly as
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VL HT 20,5
R GF £ ;
_l - \ ’
5‘(),j HLT
E, 0 Ny GF o
A = " . 5.31
+ 0 ER ] /\\J’.7 .[1]{ H yH,J (0 3)
M| | GR
Vg HBT 5:,’0
wg Gj 2,
va H;l[VB Wp Vr WT]+ res RV’I[HB Gp Hy GT] -
Wi Gf 2 71
3\:‘,0 Hj
Ep 0 1 GF o b
+ A = 7 7§ . 5.31
$‘1,J—1_ _G:/I_

But these boundary conditions are precisely in the form (2.14)! Thus, the NNM
solution techniques developed in Sections 3 and 4 are directly applicable to the
NNM smoother (5.30)-(5.31), since the smoother itself is in NNM form. The fact
that the class of NNM models is invariant under the smoothing operation is also
quite satisfying, since it indicates that these models are perfectly adapted to the

study of noncausal estimation problems.

5.3. Smoothing Error Dynamics

It was also shown in [1}-[2] that the smoothing error X =x — % admits the

operator characterization

[ —BQB*HQ1 's o
[c‘ “le Lo J,—XJTjo C'R1

:Utw
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with boundary coundition

~

¥ ¥ xb * ¥
[VI'V +H'R,'H E 5, |= V'IO;'d, —H R, 'ry . (5.33)

The 2-D NNM which corresponds to the operator expression (5.32) is identical to
(5.30a), except for the input term:

xi,j - Ii-l,j N $i+1,j B xf,j—l - zi,j-!-l
STl [Tl T (T g
t,] 1—-1,] 41, Lyl M, +1
+ ag! B0 i (5.34)
Q _ .
0 0 CTR 1 ri,j

Similarly, the operator representation (5.33) of the boundary conditions yields
boundary conditions which are identical to (5.31a,b), but with different right-hand
sides.

The NNM system (5.34) can then be written in 1-D form by using the
column scanning technique of Section 3, and the resulting 1-D representation can
be used to compute the error covariance P(7,5;k,l) = E [:’ii’]-xgl], which is a useful

quantity if we want to evaluate the performance of the NNM smoother.

6. Smoothing Examples

In this section, we apply the results of the previous sections to implement the
NNM smoother for two examples, corresponding respectively to the discretized
stochastic Poisson and heat equations. In particular, it is shown that the fast FFT
solver developed in Section 4 can be used to implement the NNM smoother for

both of these examples.

6.1. 2-D Poisson Equation

The dynamics of the process to be estimated are given by

1 .
z; 5 = I(Ii—l,j + Ty oot ) U

N
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where the variance of the white Gaussian noise process u; ; is ¢. The boundary

conditions are in Dirichlet form, i.e.,
Vg=1 , Wg=0 for E=L,R,B, T (6.2)

in (2.17), where the variance of the zero-mean boundary vectors dg , is 7. The
interior observations are simply the process itself plus some additive white Gaus-

sian noise process r; ; of unit variance:
Vi =% ;+tr,;, (r,7) € {1, (6.3)
and we assume that the state z is observed exactly on the boundary, i.e.,

YL,; =%oj » YR =5 5 YBi =Tip s YT =% - (6.4)

Therefore, for this problem the matrices A, with 1 <k <4, B, C, @ and R are

all scalars, and in particular,
B=C=R=1, Q@=g¢q. (6.5b)

Substituting these values inside expression (5.27) for the NNM smoother, we find

[1 _q} ii’]'
RNy

1 { 5’{—1,;‘ £i+1,;‘ 5{,;’—1 -'Ei,j—.u } 0 ( )
=={]¢ + |< + + + - (6.6
4 >\i——1,j N1, 5‘\i,j—-l 5\1',_7'-&1 Yi,j

Taking also into account the form of the boundary conditions and observations
(6.4) inside (5.31), it is easy to check that the NNM smoother boundary conditions
are of Dirichlet type, i.e.,

Zoj=VYL; » Zr;=Yr; ., Zio=UYpi » Zijg=VYr; (6.72)

H

/\O,j = () s S\I,j =0 y 5\\{,0 = , 5\5,] =0 . (6.7b)

Then, since the NNM smoother dynamics are vertically symmetric, and the boun-
dary conditions are in Dirichlet form, the FFT solver described in Section 4.2 can

1 1y - T 1 : { b 1 f 1 L1
be used to solve (6.6)-(6.7). Let { &, ; }, { #;,; fand { 7, ; ; be the sequences

~
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obtained by applying the discrete sine transform S given by (4.16) to the esti-
mates { i hoq 5\, 3 }, and observations { y; g } for a fixed index 1, i.e.,

£ = (%—)"zlz;:l £ sin(lim/J) 1<5 <JT-1 (6.82)
ey =(-27)’Q_<_3&,-,,sin(zjw/f) 1<j <J-1 (6.8b)
n s =(2 =k §:3y, jsin(ljm/J) 1<j <J-1. (6.8¢)
Let also |
&, = (%)l/zSin(J'W/J)(yB,i + (=1 tyr ;) (6.8d)

be the sequence representing the effect of the DST on the boundary conditions
(6.7¢) and (6.7d) on the bottom and top edges. Then, by applying the DST to the
columns of the NNM smoother (6.6)-(6.7), we obtain the decoupled subsystems

1-— é—cos(jﬁ/J) —q {5 ) }
1 1-— —;——cos(jﬂ/l) iy
5{—1,]' §i+1,j €5
= Li_m} + { b P m,,l (6.9)
where 1 < 7 < J—1, with boundary conditions
€oj =M, » Hoj =0 (6.10a)
Erj=mngr,j » H1; =0, (6.10b)

where { 7, ; } and { #p ; } denote the DST transforms of boundary measure-
ments { y; ; }and { yp ; }, respectively. These subsystems can then be written in
TPBVDS form and solved by decomposing the TPBVDS model in forwards and
backwards stable components. By observing that the modes ¢ of the system (6.9)

are the zeros of the determinant of the matrix

‘[1 — ;i(u, + 2cos(j=/J)) —g
| (6.11)
|
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where w = o+ 071, it is clear that if o is a2 mode, so is 07!, so that in the
TPBVDS decomposition, there will be two forwards stable and two backwards
stable modes. Unfortunately, even for this simple example, the TPBVDS decom-

position cannot be computed in closed form.

6.2. Discretized Heat Equation
Consider now the discrete heat equation
mx{,j = xi——l,j + n(Ix',j——l + Ix',j+1) + uz',j (6'12)

where the variance of noise u; ; is ¢. Assume also that the boundary conditions,
interior observations and boundary observations are the same as for the previous
example. Then, the NNM smoother takes the form

[m —q ‘%i,j
1om 5
Zi1, 0 I i1 i j+1 0
= 0 =+ N +n{]¢ Ll o (6.13)
i—1,7 N -1 N+l 1,j
and the boundary conditions are given by (6.7a) and
Sy =No=Xs=0 (6.14)

with /Q\O’)- free. This last feature just corresponds to the fact that the X\ dynamics
are anticausal in the 1 direction, so that the values of 3\5,]» with ¢+ > 1 are not
affected by S\o,j- Again, the NNM smoother dynamics (6.13) are vertically sym-
metric, and the vertical boundary conditions are in Dirichlet form, so that the
FFT solver of Section 4.2 is applicable to this system. Performing the transforma-
tions (6.8a-d), the NINM smoother is decoupled into J—1 subsystems of the form

€5

6.15
7/;‘,;‘}’ (6-15)

with 1 < 7 < J—1. But equation (6.15) is equivalent to the TPBVDS system

m — 2ncos(jm/J) —q } {gi,j } Zi-1,5
= +

1 m —2ncos(J7/J) | | K ;

>\i+1,j
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-1 1

m — 2ncos(j7/J) 0}[ S ]

/li+1,j

1 q Ei—l,j
T |0 m —2ncos(y7/J) Ki

where the boundary conditions are given by

50,]. = 77L,j , /'LI,]- =0. (6.17)

Thus, in this particular case, no state augmentation is necessary to bring the
transformed smoother to TPBVDS form. This is due to the fact that the heat
equation is causal in the ¢ direction. Thus, if we apply the DST transform to vert-
ical index j in equation (6.12), the coupling with respect to the j variable is elim-
inated, and we obtain a standard causal 1-D system, for which the smoother is
the standard 1-D smoother, which is given here by (6.16). Another interesting
feature of this smoother is that the boundary conditions do not depend on the
“fake” boundary conditions and boundary measurements yp ; on the right edge
(see Example 2.2b) which were introduced to guarantee that the discrete heat
equation was in the general NNM form (2.1), (2.17).

7. Conclusions

A general smoothing method has been obtained for 2-D random fields
described by 2-D NNMs with local boundary conditions. This smoothing pro-
cedure relies on a general approach to the formulation of noncausal estimation
problems developed in [1]-[2]. In this approach, both the state of the system and
of its complementary model need to be estimated, and accordingly, the smoother
is described by a Hamiltonian system of twice the dimension of the original sys-
tem. For the NINM case, it turns out that the Hamiltonian is itself in NNM form,
with local boundary conditions of the type used to specify the NINM system that
we seek to estimate. This property indicates that NINMs capture well the intrinsie
noncausality associated with estimation problems in several dimensions. Also, the
computation of the NNM smoothed estimates reduces to the solution of a NNM

system. A general solution technique has been developed for NNM systems. This
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solution consists in writing a 2-D NNM columnwise as a 1-D boundary-value sys-
tem of large dimension, which can then be solved by using the recursive tech-
niques developed in [16]-[17] for the solution of 1-D TPBVDSs. For the special
case where the 2-D NNM has periodic vertical boundary conditions, or has verti-
cally symmetric dynamics, an even more efficient solution technique based on the
use of the FFT, DST or DCT as a vertical decoupling transformation was also
obtained, whereby the solution of a 2-D NNM reduces to the solution of a set of
low-order decoupled 1-D TPBVDSs.

One of the main themes of this paper is that straightforward attempts at
extending 1-D Kalman filtering techniques to several dimensions are misguided,
since random fields in several dimensions are usually not generated causally, and
multidimensional random observations are often not obtained sequentially, but all
at one time. This implies that noncausal random field models, such as NNMs, and
smoothing problems, provide the most natural way to formulate multidimensional
estimation problems. In other words, a purely noncausal formulation of multidi-
mensional estimation problems should be employed. However, it is still possible to
reintroduce recursiveness at the algorithmic level in order to obtain fast estima-
tion techniques. Since causality is in this case a computational device, many
different types of recursions are possible, which reflect the great amount of lati-

tude we have in processing the available data.

An important limitation of the results presented here is that we have
assumed that the domain of definition of the 2-D NNMs under consideration was
rectangular. For practical applications, random fields are usually defined over very
irregular domains, so that at first sight the results ~déveloped here have a limited
applicability. However, this impression is incorrect, since recently developed
domain decomposition techniques for PDEs [34]-[35] make it possible to divide an
irregular domain in rectangular subdomains, and then to solve the original prob-
lem over each subdomain separately, while handling the coupling between sub-
domains with a preconditioned conjugate gradient algorithm. This approach
would lead here to a parzllel implementation of 2-D NNM estimation algorithms,
where observations over different subdomains could be processed in parallel, and

then combined to obtain an overall estimate. Finally, in addition to being parallel,
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this approach makes also possible, provided that the conditions of Section 4 are
satisfled, to use FFT solvers over the rectangular subdomains. See [34] for a
description of a domain decomposition solver of this type for the 2-D Poisson
equation. The application of domain decomposition techniques to NNM estimation

problems seems therefore to be a promising area for future research.
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