PROPERTIES OF FINITE RANK OPERATORS THAT ARISE IN
APPROXIMATION OF INTEGRAL OPERATORS RELATED TO
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Abstract. In this paper we present an integral operator that arises in the context of linear
dynamical systems, which describes the time evolution of the state probability density function.
We propose a finite rank approximation to this integral operator and show that this finite rank
operator converges in norm to the integral operator. We discuss Markov chains arising from this
finite rank approximation, and show that the eigenvalues of the transition matrices of these Markov
chains converge to the eigenvalues of the integral operator as the number of divisions in the state-
discretization is increased.
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1. Introduction. This work is part of a program of study related to the approx-
imation of discrete-state systems by linear continuous-state systems. The motivation
for this approximation is the computational complexity of discrete-state algorithms
when the number of states becomes large (e.g. the Viterbi algorithm), as opposed to
the simplicity of the continuous state counterparts (e.g. the Kalman filter). We are
interested in having a characterisation of the class of discrete-state systems which are
amenable to such an approximation, and as part of this characterisation we have be-
gan by studying the inverse process. Specifically, we have investigated the properties
of discrete-state models that arise in the state-discretization of continuous-state linear
systems. In particular, this paper examines a finite rank approximation to transition
operators for continuous-state systems. For the continuous-state systems studied here,
the transition operator is given by an integral operator. As a result of the finite rank
approximation, a state-discretization is performed, yielding a discrete-state Markov
chain. For the latter, the transition operator is given by a transition matrix. The
limiting properties of the eigenvalues and eigenvectors of these transition matrices are
shown to be related to the ones of the continuous-state transition operator.

In order to simplify the notation and to facilitate the presentation of the main
ideas, we present here the case of first order continuous state systems. These results
can be extended to the general case in a straightforward manner [1], although the
notation in that case is far more complicated. Related work can be found in [3],
[5] and [8] in a more general setting. However, since our work, as reported here,
is restricted to linear continuous-state systems, we are able to provide more specific
information about the structure of the discrete-state approximation.

The paper is organised as follows. In section 2 we present an integral opera-
tor that describes the time evolution of the state probability density function for
continuous-state linear systems. Eigenvalues and eigenfunctions of this operator are
also presented. In section 3 we propose a finite rank approximation to this integral
operator. The proposed approximation consists of a partition of the state space into
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subintervals and a piecewise constant approximation of the kernel of the integral op-
erator. We prove that this approximation converges to the integral operator in norm.
In section 4 we relate the finite rank approximation to Markov chains obtained as a
result of the state space discretization. In particular, we show that the eigenvalues of
the transition matrix of the Markov chain and those of the finite rank operator are
the same. In section 5 we show that the eigenvalues of the transition matrices have
limiting points, as the state discretization becomes finer and finer, in a subset of the
eigenvalues of the integral operator. We illustrate this convergence by an example
and in section 6 we present the conclusions.

2. Integral operators in linear dymamical systems. We consider a first
ord_r linear autoregressive model

Tip1 = azy + buy, (2.1)

where ¢ € Z7 represents a discrete-time index, z;, 711 € R are the states at times
t and ¢ + 1 respectively. v; € R is an independent and identically distributed (iid)
sequence of random variables with finite variance, and the initial state zg is assumed
to have arbitrary distribution save that it has finite variance and is independent of v,
for all t. The coefficients o and b are assumed to satisfy: 0 # |a] < 1 and b # 0.

We will denote the probability density function (pdf) of a random variable y,
evaluated at the point of the real line y1, by fy(y1). We will assume that all the pdf’s
of interest have compact support inside the interval [—A, A] of the real line, where
A is arbitrarily large. This assumption is necessary in the proofs to follow. From
an engineering perspective, it covers most distributions of interest. Other common
distributions can be approximated arbitrarily closely by a distribution with compact
support. We also assume that the pdf’s belong to £L2([—A, A]).

The pdf of z;1; can be expressed in terms of those of z; and v; (for example by
using the auxiliary variables method, see e.g. [7]) by the following integral operator:

+00
Feonn (@) = / k(2 9) o (0)dy 2 (T 1) (@), (2.2)

—00

where the kernel is given by k(z,y) = f,(¥5*)/|b| (we omit the notation (-); in f,
since vy is iid). Eq. (2.2) defines a convex operator on the convex space of pdf’s. Since
we are interested in spectral properties, we work with the extension of this operator
to the linear space £2([—A4, A]). Note that this extension is the linear operator T on
L2([-A, A)]) defined by (2.2).

Since vy is iid and |a| < 1, there exists a stationary pdf, denoted f,_, satisfying:

fa:m = Tfmoo, (23)

in Eq. (2.2) (see for example Theorems 2.3 and 2.7 in [6] for a proof of the more
general case where the coefficients in the autoregressive model are random).

We now concentrate on the spectral properties of the operator T which are, as
shown in the following sections, directly related to the spectrum of the Markov chains
resulting from the state discretization. The following lemma gives some of these prop-
erties.
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Lemma 2.1. The complex numbers At and the functions vy given by:
Ar =a”, (2.4)

are eigenvalues and eigenfunctions of the operator T, where n is an arbitrary nonneg-
ative integer.

Proof. Note first that Eq. (2.2) can be written as the convolution:
1 T T
1)@ = 1 Fo (5) * £ (3) (2.6)
and hence, by (2.3) we have
fon(®) = (To)(®) = 1 | 0 () * £ (2)- (2.7)

Then, the operator T applied to the nt? derivative of f,_, can be evaluated as follows:

(%) o= a () (Z52] )

_ Lz, a0 e (3)
= Tall fo (3) *Q Jon (2.8)

=" e (;almf (5) * o= (‘))

nM
dzn '

where the second equality follows from the chain rule, the third equality from linearity
of the convolution and the last from Eq. (2.7). o

REMARK 2.1. Since the operator T' is compact ([2]), the set of eigenvalues of T
is countable and A = 0 is the only possible point of accumulation of the set ([4]).

From this, we conjecture that the set given by (2.4) is the set of all the eigenvalues of
T.

3. Finite rank approximation. The integral operator T' defined by Equation
(2.2) provides the time evolution of the continuous-state probability density functions.
We are interested now in obtaining a finite rank approximation to this operator. Since
we have assumed that all the pdf’s of interest have compact support inside the interval
[-A, A] we will restrict our study to this bounded interval, and write the operator T
as:

A
(Tf)(@) = /_ @) /0y, (3.1)

for f € L2([-A, A]).
To discretize the region [—A, A] of the state space we use the idea of refine-
ments ([5], [8]), i.e. we divide [—A, 4] into N subintervals of length 2A/N denoted
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e1,e2, -+ ,en. We also use k;; to denote the scaled integral of k(z,y) over the cell

e; X e;:
ki = (2A> / / k(z,y)dydsz, (3.2)

and define a piecewise-constant function on [—A, A] x [-A, A] b
N N

nljc\f(ma y) = Z Z ki,jXCi (x)XCj (y)a (3'3)

i=1 j=1

namely, a scaled piecewise-constant approximation of the kernel, averaged over a finite
sloment. In Eq. (3.3), X, (¢) is the indicator function:

1 fzee
Xey(2) = { 0 otherwise (3.4)

and analogously for A, (-).

We now define the finite rank approzimation T of the operator T as the integral
operator with kernel n¥;(-,-). Direct computation from (3.2) and (3.3) shows that the
image of the operator Tiy, applied to f € £2([—A, A]), is constant over each cell e;
taking the value:

A
(Twf)(@) 2 /_ (e, Wy

N
= %; [(/e /ej k(z, y)dydm) (% /ej f(z)dz>] ; for z € €;.(3.5)

Lemma 3.1. Ty converges to T' in the natural norm of operators on L2([— A, A]).

Proof. From the Holder inequality it can be shown from (3.1) and (3.5) that:

1

A A 3
IT - Twl| < ( / ) /_ ) |k(m,y>~n'w,y>|2dydx) . (3.6)

If the function k is continuous, it is uniformly continuous in the compact interval
[—A, A] x [-A, A]. Tt follows that the functions n%, converge uniformly to k. Thus,
in the case of continuous k, it follows from the inequality || - ||2 < 24|} - ||co that the
right-hand side of Equation (3.6) converges to zero as the number of divisions N tends
to infinity. For an arbitrary k € £2([—A, A] x [-A, A]), we can approximate k in the
2-norm by a continuous function g (i.e. ||k — g||2 — 0). For any N, the corresponding
discrete approximations n%; and n%, given by (3.2) and (3.3), satisfy:

A A
lInk —n&ll3 = /A /A > X (2) Xe; (W) ki g — gij P dyda
—AJ-A%

2
Z( ) (k = 9)Xe, Koy |2
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2

(N )2 /_ 1 /_ i(k(w,y) = 9(z,9)) Xe, (%) Xe, (y)dydz|  (3.7)
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Now, writing the identity (k — g)Xe; Xe; = [(k — g)Xe; Xe;][Xe; Xe; ], and applying the
Holder inequality gives

N 2
e =2l < 3= () N0k = 00t 2112 2
i,

=Z||(k"g)Xe.’Xe5Hg = Hk"gH%- (3.8)

2%

Since we have already seen that ||n% — g||2 — 0 for the continuous function g, and
since from (3.8) we have

lInk = kll2 < lInk — nillz + lInf — gll2 + llg — Kll2
< 2llk = gll2 + [Infy — gll2, (3.9)

we deduce that ||n%; — k||2 — 0. Therefore, we conclude from (3.6) that the operator
Tn converges to T' in norm. O

4. State-discretization: Markov chains. From the approximation of the last
section we can perform a state-discretization of system (2.1), and define a Markov
chain (see definitions in, for example, [5] and [7]) on the resulting discrete state space,
as follows.

The probability vectors of the Markov chain are given by:

p: = (P{z; €er}, - ,P{z; € en})T (4.1)
where P{z; € e;} :/ [z, (z)dz.

The transition matrix between time ¢ and ¢t + 1, Q; = {qut

defined as:

)}, 1<4,j <N, is

6 2 Placn € el € e} = [ fu(alor € e5)do (4.2)

where fz,,,( - | € e;) is the conditional probability of the random variable sy,
given that the random variable z; belongs to the subinterval e; (see e.g. [7] for this
notation). Notice that we have made explicit the dependence of Q; on . If this is
not the case, we say that the Markov chain has stationary or homogeneous transition
probabilities, and denote by Q the corresponding transition matrix. The pdf fz,,, in
(4.2) is computed from Eq. (2.2). Also, we simplify the computation of the matrix
Q: by approximating the pdf’s fx, by functions fxt that assume piecewise-constant
values in each subset e;. This approach has the advantage that the transition matrices
are stationary (see the independence from ¢ in the last expression of Eq. (4.3)). Using
the definition of the matrix Q in Eq. (4.2), fx,,, defined by (2.2) and the properties
of conditional probabilities and of the piecewise-constant approximation ka, it can
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be shown that the elements of the transition matrix are:

%ij = / ( / k(z,y) fo, (yla: € eg)dy> dz
/ / k(z,y) ( T ’;f;(y) )dyda: (4.3)
=52 /e; /e,- k(z,y)dydz,

where we have omitted the reference to ¢ in g;; since k(- -) is independent of ¢. Notice
from (3.2) and (4.3) that g¢;; is a scaled version of the values k;; which, in turn,
generate nk (-, -), the piecewise-constant approximation of the kernel k(-, -).

Lemma 4.1. The eigenvalues of the operator T and those of the matriz Q
are the same, and the eigenfunctions of Ty are given by the piecewise-constant held
versions of the eigenvectors of Q, i.e. functions of the form:

fVQ(m)'—"UQ,' if t€e, 1=1,2,--- N,

where fyq represents an eigenfunction of Ty and {vq,}; 1 <1 < N; is an eigenvector
of the matriz Q.

Proof. From (4.3) we have that the i*h element of the product of the matrix Q
and a vector p = {p;}; 1 <j < N; is given by:

N
@p)i=373 [( [/ k(z,y)dydw> pj] . (44)
Jj= A J

Let vq = {vq;}; 1 <4 < N; be an eigenvector of the matrix Q which corresponds
to the eigenvalue Aq, i.e. Q, vq and \q satisfy: Qvg = Aqvq. Now, consider a
function fv constructed by holding each value of vq constant over the correspond-
ing subset (i.e. fvqg = D ;vqQ;Xe;, With X, given by (3.4)). Then, noticing that
L fej Jvq(2)dz = vq j» it can be seen from (3.5) and (4.4) that T fvq is constant
over each subset e; with value:

(Tnfvg)(@) = (Qvq)i; forz € e;
= AQuq; ; for z € ¢; (4.5)
=Aqfvq(z); forz €e;

Hence (Tn fvg)(z) = Aqfvq(z) Yz, and we conclude that Aq is an eigenvalue of Ty
whose corresponding eigenfunction is fyq- O

REMARK 4.1. In the next section, the functions fy are illustrated for an ex-
ample. In figure 5.3 we show four eigenfunctions of Ty for different values of N, the
number of subintervals in the state discretization.
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5. Limiting properties of the eigenvalues of the transition matrices. We
denote by Ar the eigenvalues of the operator T' and by Aq (V) the eigenvalues of the
transition matrix Q obtained with a partition of N cells. Notice that the spectrum
of Q, 0(Q), has N points. We are interested in the accumulation (or limit) points of
these sets as N — co. The following theorem provides a connection between these
accumulation points and the eigenvalues of the operator T'.

Theorem 5.1. The set of non-zero limit points, as N — oo, of eigenvalues
AQ (V) is a subset of the set of eigenvalues Ar of the operator T'.

Proof. In Lemma 4.1 we proved that the eigenvalues of QQ are the same as the
eigenvalues of the operator Ty defined in (3.5). Thus, we need to establish that the
set of non-zero limit points of the eigenvalues of the operator T is a subset of the
set of eigenvalues of the operator T'. For this purpose, let’s suppose that X # 0 is a
limit point of a sequence of eigenvalues Ay of Th, then we have to show that X\ is
an eigenvalue of T. In Lemma 3.1 we proved that the operator Ty converges to T'
in the natural norm of operators on £2([—A, A]). Hence, (AnI — T) converges to
(AI —=T) in norm. Since the set of invertible operators is open ([9] Theorem 10.12), if
(AnI — Tn) is not invertible (i.e. Ay belongs to the spectrum of T) for all N then
(M — T) is not invertible (i.e. A belongs to the spectrum of T'). Since the operator
T is compact ([2]), and for a compact linear operator every spectral value, with the
possible exclusion of zero, is an eigenvalue ([4] Theorem 8.4-4), the theorem is proved.

O

EXAMPLE 5.1. In order to illustrate the convergence of eigenvalues and eigenvec-
tors let’s consider the model in (2.1) with a = 0.5, b = 1, v; ~ Uniform[—2,2] and
iid, and zg ~ Uniform[—10,10] and independent of v; for all ¢.

Notice from (2.4) and (2.5), that the eigenvalues and eigenfunctions of the oper-
ator T' defined by (3.1) are given, respectively, by:

Ar = 0.5",
dn
V() = =@,

where fg_, is the stationary pdf which satisfies f;_, = T f;., . In figure 5.1 the station-
ary pdf f,_ and its three first derivatives are shown. The eigenfunctions are ordered
according to the magnitude of the corresponding eigenvalue (i.e. the first eigenfunction
corresponds to the larger eigenvalue, etc.).

Since all distributions in this example have compact support equal or contained
in the interval [—10, 10] of the real line, the region in the state space to be discretized
is chosen as the interval [—10,10]. This interval is divided into N subsets of size
20/N and a Markov chain is defined on the discrete state space {e1, ez, -+ ,en}. The
transition probability matrix Q is computed using Equation (4.3).

In figure 5.2 the eight larger eigenvalues of the matrices Q corresponding to
different values of N (denoted Aq(V)) are shown on a logarithmic scale. Notice that
they converge to the eigenvalues 0.5™ corresponding to the continuous-state operator
T:

log(AQ(V)) _, log(0.5") _ -
109(0.5) — l0g(05) = n; forn=0,1,---,7 (5.1)
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First eigenfunction x 10~ Second eigenfunction
0.3 : ” 1.5 i : T
02f ......... ......... .........
0 . . . N
-10 5 10 -10 -5 0 5 10
X
x 107 Third eigenfunction x 10”7 Fourth eigenfunction
1.5 T i T 3 T T "

-1

-1.5 - - : - .
-10 -5 0 5 10 -10 -5 0 5 10
X

Fic. 5.1. PEigenfunctions of the operator T corresponding to the four eigenvalues of larger
magnitude (1, 0.5, 0.25 and 0.125 respectively).

as N — co. Notice also that the number of points N needed for convergence of the
successive eigenvalues is exponentially increasing. The reason for this can be found in
figure 5.1. The successive eigenfunctions have peaks, the number of which increases
proportionally to the powers of two of the eigenfunction order. Therefore, in order to
have a faithful representation of them with the eigenvectors of the @ matrices, the
number of turning points of the eigenvectors increases as powers of two. In general,
for a particular N, unless an eigenfunction of Ty approximates one of T, we cannot
expect the corresponding eigenvalues to be close approximations.

i i H i i i i H H
0 100 200 300 400 500 600 700 800 900 1000
N

F1G. 5.2. Eight larger eigenvalues of mairices Q on logarithmic scale log(Ag(IV))/log(0.5) as
a function of the number of subintervals N.
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In figure 5.3 the eigenfunctions corresponding to the four eigenvalues of larger
modulus of the operators Ty for N = 10, 100, 200 and 300 are shown to illustrate their
convergence to the eigenfunctions of T' depicted in figure 5.1. The eigenfunctions are
ordered, as in figure 5.1, according to the magnitude of the corresponding eigenvalue.

First eigenvector Second eigenvector

FiGc. 5.3. Eigenfunctions of the finite rank operators Ty corresponding to the four eigenvalues
of larger magnitude for N = 10, 100, 200 and 300 subintervals.

6. Conclusions. An integral operator that represents the time evolution of the
state probability density function for linear dynamical systems, together with its eigen-
values and eigenvectors, has been presented. A finite rank approximation to the inte-
gral operator has been discussed and it has been shown that the finite rank operators
converge in norm to the integral operator. Markov chains arising from the finite rank
approximation have also been presented. It has been shown that the eigenvalues of
the transition matrices of the Markov chains converge to the eigenvalues of the inte-
gral operator as the number of divisions in the state-discretization is increased. This
latter fact has been illustrated by an example. The results presented can be extended
to the case of higher order systems and this has been reported in [1].
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