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Abstract

We study optimal filtering for continuous-time linear stochastic systems with Poisson-sampled observation processes.
For each realization of the sampled observation process, the posterior distribution is a Gaussian process whose mean and
covariance are described by continuous-discrete process. We are particularly interested in analyzing the expectation of
the first and second moment of the estimation error with respect to the sampling process. Using the system-theoretic
properties like observability and controllability, our results provide tractable conditions on the mean sampling rate for
convergence of the expected error covariance, its boundedness and convergence of expected estimation error to zero. Some
comparisons are also drawn with the solution of Riccati differential equation associated with the continuous-observation

process.
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1. Introduction

Filtering in stochastic dynamical systems is one of the
fundamental research areas as it deals with computing an
estimate of unknown variables using noisy observations.
Apart from developing efficient algorithms, an important
research direction is to study the filtering problem with
constraints on the information available for computing the
optimal distribution [1]. In particular, motivated by the
idea of implementing filters subject to observations trans-
mitted over networks through some communication proto-
cols, it is natural to stipulate that the observations arrive
at some random time instants [2, 3].

In discrete-time stochastic systems, the transmission of
observations over a network may be subjected to dropouts,
and the arrival of observations at a remote estimation site
is modeled by a random process. In [4], the observations
are subjected to a Bernoulli process. After computing the
estimate, the performance of such estimators is analyzed
by computing expectation of the error covariance matrix
with respect to the Bernoulli process associated with the
observations. In [5], a similar setup is concerned but the
packet dropouts are modeled using a two state Markov
chain. In certain cases, in addition to dropouts, the ef-
fect of communication channel is modeled via quantization
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effect [6], where the authors study remote state estima-
tion across a channel with an average power constraint
and show that it is better to transmit an innovation term
through the channel when data loss acknowledgment is
available, else it is more efficient to transmit an estimate
computed by the Kalman filter. In [7], the authors solve
the problem of optimal estimation and control across mul-
tiple links with packet drops, where they separate out the
control and estimation objective costs, and analyze the
particular case of Kalman estimation forwarding over the
links. Similar works involving stability of state estimation
over discrete and continuous communication networks can
be found in [8]. In these works, a common theme is to find
conditions on channel parameters and system data that
ensure state estimation with reasonable accuracy.

When dealing with continuous-time stochastic systems,
and a discrete observation process, it is of interest to com-
pute the conditional distribution of the state process con-
ditioned upon this discrete observation process [9]. Such
a setup for continuous-discrete filters is motivated by the
implementation of filters over networks where the observa-
tion process is discretized by the presence of a digital chan-
nel between the plant and the filter. For certain technical
reasons, and to better study the effect of mean sampling
rate, the authors stipulate in their previous works that
the sampling process is a Poisson counter. In particular,
for a system class very close to the one studied in this
paper, the authors in [10] propose a continuous-discrete
filter and analyze the boundedness of error covariance as
a function of the mean sampling rate. In related works,
we note that stochastic optimal control problems under
random sampling have been studied in [11]. Moreover, the



authors of [12] study state estimation and optimal network
resource allocation for continuous-time weakly-coupled lin-
ear systems with sensor measurements arriving at fixed
discrete time intervals.

In this paper, we analyze Kalman filters for continuous-
time stochastic systems when the observation process is
Poisson-sampled. In particular, our focus is on study-
ing the expectation of first and second moment of the er-
ror process. We provide condition using system-theoretic
properties to show boundedness of the error covariance.
In contrast to [10], we give explicit conditions in terms of
controllability and observability Gramians, and the mean
sampling rate. In addition, we show that similar condi-
tions allow us to show the convergence of the expectation
of first moment to zero asymptotically.

The remainder of the paper is organized as follows: In
Section 2, we discuss the problem setup and provide an ex-
pression for expected covariance and estimation error. We
provide the first main result on existence of fixed point
for expected error covariance in Section 3. We then com-
pute tractable analytical bounds on the error covariance
in Section 4, and use them for fluctuation analysis in Sec-
tion 5. The asymptotic convergence of first moment is
studied in Section 6, and some concluding remarks appear
in Section 7.

2. Prelimnaries

In this section, we will describe the filtering problem
that will be analyzed in this article. We first propose the
system class and the associated measurement process. The
optimal filter in our case is a continuous-discrete process
for which we describe the dynamics for first moment of
error and the error covariance. In the remainder of this
paper, we analyze the expectations of these process.

2.1. System Class

We consider the class of stochastic linear systems of the
form

dIt = Axtdt + det (1)

where (2¢),~ is an R™-valued diffusion process describing
the state Let (2, F,P) denote the underlying probability
space. In (1), wy is an R™-valued standard Wiener process
adapted to the filtration F with E[dwidw, | = I, %, dt for
all ¢ > 0. The matrices A € R™™"™ and G € R"*™ are
constant.

We study the state estimation problem when the noisy
output measurements are available only at random times.
The motivation to work with randomly time-sampled
measurements comes from several applications, such as,
communication over networks which allow information
packets to be sent at some discrete randomly distributed
time instants. Thus, we consider a monotone nondecreas-
ing sequence (7, )nen taking values in R>q which denote

the time instants at which the measurements are available
for estimation. We introduce the process N; defined as

Ny =sup{n e N |7, <t} forteR, (2)

and it is assumed that (IVy);>0 is a Poisson process of in-
tensity A > 0 and it is independent of the noise and the
state processes. The Poisson process is among the most
well-studied processes, and standard results (see, e.g., [13,
§2.3]) show that it is memoryless and Markovian.

The discretized, and noisy, observation process is thus
defined as

Yrn, = Cx(TNt) + Vrn,s t=>0, (3)
where C' € RP*™ is a constant matrix, and v}, is a sequence
of i.i.d. Gaussian noise processes and vy ~ N (0,V). Equa-
tion (3) is motivated by the fact that a continuous obser-
vation process dz; = Cuxdt + dn, for a Wiener process
(m)e>0 is formally equivalent to y, = Cxy + vy, with the
identifications g; ~ % and v ~ %, so that v; is a
Gaussian process; see [9, Chapter 4] for further details.
Our goal is to construct the estimate ¥y, which minimizes
the mean square estimation error, using the observations

Vi :={yr, | k < Ni}.

2.2. Optimal Filter

The basic problem in filter design is to find an estim-
ate of the state process which minimizes the mean square
estimation error. This optimal estimator is described by
the expectation of the state process (z:);>o conditioned
upon the measurements observed over the interval [0,¢],
that is, ;. In particular, with the structure imposed
on the system dynamics in this section, the conditional
expectation is Gaussian and the two moments are simu-
lated through ordinary differential equations with updates
at times when a new measurement arrives. For an ar-
bitrary strictly increasing real-valued sequence (7%)gen+,
(where N* := N U {0}) this procedure is also proposed in
[9, Thm. 7.1]. If we specify a sequence (7j)ren+ so that it
corresponds to the arrival times of a Poisson process, we
simulate the mean of the conditional distribution as:

ZC{t = A@dt, te [TNt s 71+Nt[ (4&)

5’32’_ = lfl?t + Kt(yt — Cft), t= TNt (4b)

where the injection gain K; = P,CT(CP,CT +V)~! and
the process (P)¢>o is described as

P = (AP, + PAT +GGT), telrn,miin,|  (5a)

Pr =P, —PCT(CRCT +V)'CP, t=r1y, (5b)

We denote the estimation error y; := z; — 7; and the

covariance of this error process is described by (5). From
analysis perspective, we are also interested in studying the



first moment of the estimation error, which follows the
dynamics

dXt = Axtdt + deta

2.3. Expected Covariance and Estimation Error

From analysis viewpoint, it is important to look at the
expectation of the process (P,);>o with respect to the
sampling times (7, )t>0. From our previous works [10,
Proposition 4.1], it can be shown that the expected cov-
ariance for the linear optimal filtering case, takes the form

Py = AP+ P AT + GGT — XP,CTM,'CP,  (6)

where the matrix Mp, € RP*P is given by

Mp, = CP,C" +V. (7)
Similarly, we denote by %, := E[x;] the expected error
with the expectation taken with respect to the sampling
process N;. Using [14, Theorem 1], the evolution of the
expected value of the error are given by:
it = (A= A O, (8)
Main Contribution:. The primary problem studied in this
paper is to provide conditions in terms of the bounds
on the mean sampling rate A > 0 and the structural
assumptions on controllability and observability of the
pairs (A, G) and (A,C) that guarantee convergence to a
steady state solution for P,. Using comparison with the
Riccati differential equation associated with continuous-
observation processes, we derive bounds on the expected
error covariance. These results are then used for asymp-
totic analysis of the first moment of the error process
(Xt)t>0, to provide conditions under which E[x;] converges
to zero asymptotically.

Reformulation:. For our purposes, it is also useful to in-
troduce the notation K; = PtC’TM;tl, which results in the
following equivalent expressions for P;:

Py = AP, + P, AT + GGT — NK,CP, + P,CTK])
+ AV, + MGOP,CTET
= AP, + PAT + GGT + A VK]
+AMI = K CYP(I — K C) T — APy
= AP, + P AT + GGT + M VK]
A A

+ MI - K,O)P,(I — K, C)T — 57% — 57%

A A\ .

+AMC VI, 4+ MI — K:C)P(I — K O) T

Thus, by letting Ay := (A — %I), (6) can now be equival-
ently expressed as

Py = ANP, + P A] + GGT + MG VK]

+ A = KC:C)YP(I — K C) T (9)

We denote the deterministic flow associated with (6) as
$54(Q), with s < t and ¢; 5 = Q, where Q € S}*", where
ST*™ denotes the set of positive semi-definite matrices in
R™*™. Whenever s = 0, we denote ¢+ = ¢;. When the
focus is on specifying the solution of (9) with an initial
condition @ € S7*", then we equivalently write

t
0(Q =808+ [ € MK, Cp0@QU-K.0)T
FAGVET + GGT}ezfsds. (10)

We also consider the following notation

£2y = exp KA - ;\I) (t — s)}

and we let & = 56\,t~ By a slight abuse of nota-
tion we use K1 = ¢:(Q1)CT(Co:(Q1)CT + V)1 and
Ko = ¢:(Q2)CT (Cps(Q2)CT + V)~! to denote the time
varying optimal gains corresponding to flows ¢:(Q1) and
¢+(Q2) when two positive semidefinite matrices @7 and
()2 are involved in the same expression and when the
time instant t is clear from the context. The notation
Ko = QCT(CQCT + V)71 is used to denote the gain
when @ does not vary with time.

3. Asymptotics of Expected Covariance

We now develop the first main result which concerns the
convergence of solution of equation (9) to its steady state.
To do so, we need two basic assumptions on the system (1)
and the observation process (3) which are stated below:

(A1) The pair (A, C) is observable for each A > 0, that is,
there exists 8§ > 0 such that,

/ goTvtog) dt > 051
0

(A2) The pair (4, G) is controllable, for each A > 0, that
is, there exists Qf > 0 such that,

/ EGGTEN dt > 051,
0

Also, we consider a constant § such that CCT < gV,
and denote the logarithmic norm (associated with Euc-
lidean induced matrix norm) of a matrix A by pu(A). For
the Euclidean induced matrix norm, p(A) can be com-

puted as u(4) = /\maX(A"’QAT) [15, Fact 11.15.7], where

Amax(+) denotes the maximum eigenvalue of its matrix ar-
gument.




Theorem 1. Consider system (1) and the observation
process (3) with Ny a Poisson process of intensity A > 0,
and suppose that Assumptions (A1) and (A2) are satis-
fied. If it holds that

AN — 2u(A))6S > 2u(A)B (11)
then there exists a unique P that solves the equation
0=AP+PAT +GGT - NPCTMZ'CP, (12)

and for every Py € S, it holds that lim;_, o, ¢(Po) = P.

Remark 1. Note that the condition (11) also implies that
A > 2u(A). Assuming otherwise, if A < 2u(A), then the
inequality holds only if u(A) is negative and consequently
A < 0, which is not possible.

The proof of Theorem 1 involves several steps and in the
process we can prove several intermediate results for the
differential equation (6) of independent interest. These de-
velopments are carried out in Section 3.1 and Section 3.2,
and used to complete the proof in Section 3.3.

3.1. Monotonicity and Recursive operator

We first prove two properties of the solutions of (6). The
first one relates to the monotoncity with respect to initial
conditions, and the second property relates to comput-
ing upper and lower bounds on the difference of solutions
starting from different initial conditions.

Proposition 1. The error covariance flow ¢+(Q) is non-
decreasing with respect to the Loewner partial order, that

is, we have ¢1(Q1) > ¢1(Q2), whenever Q1 > Q2.
Proof. From (10) it can be seen that

)
t
+ /\/o &), [(I-KiC)s(Q)I — K1O)T + K VK]

31(Q1) — 6:(Q2) = ENQr — Qu)EM
—(I = K2C)$5(Q2) (I — K2C) T —

KoVKS €Y, d

(13)
Using Lemma 4 in Appendix, and in particular equation
(.2), we can write (13) equivalently as

$1(Q1) — D1(Q) = ENQ1 — Q2)E}

0
Recall the fact that given two positive definite matrices
Q1,Q-2 if Q1 > Qo, then, Ql_l < QQ_I Note from Lemma
3 that, (I — K,C)¢s(Q) = (¢S(Q)71 + OV?lCT)il' It
ds(Q1) > ¢5(Q2) > 0, we have

¢8(Q2)_1 > ¢S(Q1)_1
¢5(Q2) 7t +CVTICT 2 6@+ CVTIOT
(6s(Q) " +CVTICT) T > (64(Q2) +CVTICT) !
(I = K1C)9s(Q1) > (I — K2C)9s(Q2).

A / X[~ K1 C)ou(@1) — (I — KaC)n(Q)] €1, ds.

Thus the integral on the right-hand side of (13) is nonneg-
ative definite, whence the result follows. O

Proposition 2. Let Q1,Q2 € S1*" Consider the two

flows Q1 — ¢:(Q1) and Q2 — ¢+(Q2) and their differ-
ence ¢1(Q1) — ¢e(Q2) as in (13). Then, we have

61(Q1) = 6:(Q2) = &)@ — Q)& (14)
A e U -Ki06.@) - @ - ko) er as
and
0r(Q1) = 6:(Q2) < EN Q1 — Q)& (15)
A & [ - Ka06.(@) - @ - a2

Proof. For the ease of notation, for a given s > 0, let us
denote ¢5(@Q1) by P1 and ¢5(Q2) by Pa. Let the associated
optimal gains be IC; and Ks respectively. Let us first prove
the following which will be useful in the rest of the proof:

(I —K,C)PL.CT(Ky —Ko)T > (I —KoC)P,CT(Ky — Ko) T

(16)
Indeed, from Lemma 3 we have
(I —K,C)P.CT (K1 —Ko)T — (I —KoC)P,CT (K0 — o) T
=K V(K1 —K2)T = KV(Ky — Ko) T

= (K1 —K)V (K1 —Kg) T
>0

Now, notice,

(I —K1C) (P, — Po)(I — K2C) T
— (I = K.C)(P, — P)(I - K,0)7
= (I —-K,C)P,—P)CT(Ki —Ky)"
=((I- /cl VP, — (I —K1C)P)CT (K1 — Ka) T
= (I -KC)P.CT (K1 —K2)T — (I —K1C)P,CT(Ky — K2) T

Y = O PCT (Kt — K)T = (I = KaC)PCT (K — o) T
= (I = K2C)Py — (I = K1C)P)CT(Ky — Ko) T
= (K1 — K2)CPC T (K — K2) T

>0,

where inequality (a) is obtained using (16). Thus, we have
(I —K1C) (P, — Po)(I—KC)T > (I — IClC)( —P)(I—
K1C)T. Putting back ¢4(Q1) and ¢,(Qz) in place of P,
and P, respectively we have the first statement of our Pro-
position 2. That is:

0(Q) — 6(Q2) = (1~ Q)&
A e U - Ki06.@) - @ - Koy
> £MQ1 - Q)&
oa [ e 1= K)o @) — @ - Ki0) | € ds

The proof of the second statement of the Proposition 2 follows
from a similar argument. O



3.2. Existence of fized point

We can relate the solutions of (6) with the mapping
Fy : RP*" — R**" defined as

Fa(P) = )\/ EMNI — KpC)PE} dt
0
+/ saaTerar ()
0
where Kp = PCT(CPCT + V)L In this subsection, we

derive conditions for the fixed point of Fy. To do so, we
introduce the mapping 7 : R — R, defined as

T() = fla) + 5, (18)
where the constant 5? satisfies
/OOO gaaTe) At <oy
and the function f : R — R is defined as

)a A o
fla):= A—2u(A)  Ba+1

-G
The existence of a finite positive 6, is guaranteed from the
condition (11) in Theorem 1 which implies that A > 2u(A).
To see that, we can write

/ ENGGTEN At < Amax (GGT) / g’ dt.
0 0

Now using [15, Fact 11.15.6] we have
oul 2p—A)t
ENE) <Pt

Thus,

o0 1
Aax (GG T / M At < A\ (GG )——— T
( ) o t “t ( ))\ _ 2#)(14)

zzgff.

Lemma 1. If the sequence {T")(a)}ren converges to
a unique fixed point for each a € Ry, then there ex-
ists a fized point to Fy, which is unique and the se-
quence {}")(\k) (Po)}ken converges to the fized point for each
Py e Sixn

Proof of Lemma 1. We provide the proof in three parts.
First, we will show that the convergence of {7 (a)}ren
implies that a fixed point Q exists for the operator Fjy;
Second, we show that the fixed point of F) is unique; and
third, we show that the successive iterations of the map-
ping F) on any positive definite matrix converge to the
fixed point Q, thus guaranteeing that len;O F )(\k) (Py) = Q

for any Py € S}*".
Exzistence: We know from the monotonicity property of
Fa, that if 7" () > F"(al), then F" ™ (al) >

]-'inﬁk)(od) for all £ > 0. To show the existence of a
fixed point of F), we look at the iterations F )(\k) (o) for
a = 0. Clearly, F,(0) > 0 and thus F{*""(0) > F(0)
for all k > 0. Also, F\7(0) < T®(0)I and thus if T
is convergent, klim ]-'/(\k)(O) = Q@ exists, since it is both
—00
monotone increasing and upper bounded by a convergent
operator. Thus there exists a fixed point Q of Fj.
Uniqueness: Next we show that if there exists a fixed
point of Fy, it is unique. We do so by using contradiction.
Let us assume that there exists two distinct fixed points
Q1,95 € ST of F) and define Ko, = Q,CT(CQCT +
V)7L Ko, = Q10T (CQ:1CT + V)~L. Then we can write

Qo — Q1 = Fr(Q2) — Fr(Q1)

_ )\/OO EMI — K0,C)(Qs — Q)(I — Ko,C)T€N dt
0

(a) o
s )\/ EMI — Ko,C)(Qs — Q1)(I — Ko,C)TE} dt,
0

where inequality (a) results from Proposition 2. Now re-
arranging the above and using (10) we have

Q< Q1+ /\/0oo EMI — Ko,C)(Qs — O1)(I — Ko,C)T &} dt
_ /Ooo &) [MI - Ko,C)(Q)(I — Ko,C)" + Ko, VK,
+ GGT] ' at
+ A/Ooo ENI — Ko,C)(Qs — Qu)(I — Ko,C) &M dt
= A/Ow NI — Ko,0)(Q2)(I — Ko,0)T &) dt
+ A/OOO Ko, VK &' dt+ /Ooo gaaTe) a

= Go, (Q2).

See that applying the operator F once on both sides of
Qs < Go,(Q2) results in Qy = Fi(Q2) < Fa(Go,(Q2)).
Using the comparison argument from [10, Lemma 5.1}, it
is easy to see that Fy(Gg,(Q2)) < Q(QQI)(QQ). In general

for £ > 0 we can write Qo < gg?(gz). Notice from [16,
Theorem 4.1, Lemma 5.1] for the same class of operators as
Go, controllability of (A, G) in addition to the existence of
a fixed point for the operator Go guarantees the uniqueness
and convergence to the same. We can clearly see that
Q; is indeed the fixed point of the operator Go, and is
unique, from the previous argument. As a result, Qs <
kl;r& le)(Qg) = Q1. Now, since in the entire argument

Q1 and Qs did not have any pre-defined ordering, we can
repeat the arguments the other way around to get Q1 <
95, which can simultaneously hold only when Q; = Q5.
This shows that if there exists a fixed point of Fy, it is
indeed unique.

Convergence: Let us denote the fixed point of 7 as the
scalar o*. To show that F, is convergent for every ini-
tial positive definite matrix, notice that for any initial



positive definite matrix Py, we can always find a scalar
z > 1 such that Py < za*I. In that case, ]-'ik)(O) <
}'ﬁk)(PO) < f)(\k)(za*l), for all £ > 0. To show the conver-
gence of ]—'ﬁk)(Po), it is enough to show that Fﬁk)(za*l)
is convergent for any z > 1 since due to the unique-
ness of the fixed point of Fy, if ]-'/(\k)(zoz*l) converges, it
converges to the same point as ]-")(\k) (0). We know that
]:/(\k)(za*f) < T®) (za*)I. T T is convergent, then, for any
e > 0, there exists a ko such that 7*) (za*) < a*+e for all
k > ko. Let e be chosen such that e < (z—1)a*. Then, we

will have fik)(za*l) < TW(za*)T < za*1 for all k > ko.
Now, invoking the monotone property of F), we see that
Frlk+ko) (204 1) < ]-"ik)(za*l) for every k > 0. Thus,
ff\k)(za*l ) is monotone decreasing after every ko itera-
tions and since these iterations are lower bounded by the
convergent ]-'ik)(O), it can be seen that klim fik)(za*l) =
Q. Since this was done for a general z ; (io, it is valid for
all z > 1. Recalling, F7(0) < FM(Py) < FP (za*T),
we thus have kli_>nolo F >(\k)(P0) = Q for any positive definite
matrix F. O

We next study the convergence of the mapping 7 to-
wards a fixed point. To do so, we let @&, and a*, be the
fixed points of the mappings f and 7T respectively, that is,

f@—a=0 and f(a*)—a*—i—?fzo.
By definition,

_ e MR

S A—2u(A) Ba+1

. <(2M(A)ﬂ — A = 2u(A)6 o + QM(A)> |

fla) —a

(A =2p(A))(Ba +1)

It is easy to see that when the condition in (11) holds,
2p(A)
A(A=2u(A))05 —2u(A)B
to f (and thus to T) in the interval (0,00). We next ob-

serve that

there exists a unique fixed point @ =

e For a > @, we have f(a) < «a,

e For 0 < a <@, we have f(a) > a.
With these properties of the mapping f, we can now study
the convergence of the sequence obtained by successive
iterations of the mapping 7T .

Lemma 2. For a given ag > 0, consider the sequence
ar = T (ag), for k € N. If the inequality (11) holds,
then

lim 7% (ag) = a*.

k—o0

Proof of Lemma 2. The proof is carried out in three
parts. We examine the evolution of 7" (ag), & > 0 and
show the following;:

e for every ag € (0,a], there exists &k such that 7(ag) >
[
e the set (@,o0) is forward invariant under the mapping

T, that is, if ag € (@, 00) then T (o) € (@, 00) for all
k>0;

e the mapping T restricted to (@, co) is contractive.
The convergence of 7*) clearly follows from the above
three properties. To show these properties, we first note
the monotonicity of the operator 7 in its arguments.

B Aa A0S a2 Ab S b2
“\x=2u(A) Ba+1) \N—2u(4) pb+1
_ AMa—b) of a2 b2

- — M (5a+1,6’b+1>
_Aaf(ﬁab+a+b)>( b

(19)

A
N (A —2u(A)  (Ba+1)(Bb+1)

C
4 (ﬂ“b+a+b)). Then we have

_ A
Let p = ()\72/L(A) ~ (Ba+1)(Bb+1)

T(a) —T(b) = pla—0b).

To prove the monotonicity of the operator 7 in its argu-
ments what remains to show is that p > 0 for all a,b > 0.

For this, we first show that QS < ##(A)' Notice that

/ goTv-tog) dt < )\max(V‘l)/ goToer at
0 0

_ 1 2 AT ren T
—Tﬂm(v)/o EC cg de
(a) B AT enT
S )\max(CCT) 0 gtc Cgt dt
BAmaX(CTC) /°° AeaT
—_ dt
B )\max(CCT) 0 gt Et
B
< — 7
T A-2u(A)

where inequality (a) holds since CCT < BV. Now since
65 < [ EXCTVLCEM dt, we have that the inequality
Qf < ##(A) holds. Now using the same we have,

_ A NS (Bab + a + b)
P\ " 2u(@) T Ba+ DB+ 1)

AB(Bab + a + b) )
(A —=2u(A))(Ba+1)(Bb+1)

- (A )

=5 (o)
A —=2u(A) \ (Ba+1)(Bb+1)

> 0.

This shows that for all @ > b, T(a) > T(b). Putting
b =T (a), we can easily arrive at the fact that if 7(a) > a,



then 7"+ (a) > T®(a) for all k € N and vice versa
when the inequalities are reversed.

First part: We now look at the first part of the proof to
show that for every ag € [0,@), there exists k such that
T*(ap) > @. Using the properties of f above, we have that
for any «ag € (0, @], we have f(ag) > ap and consequently,
T (o) > ap. Moreover, note that for this choice of «y,

T(ap) — g = f(a) — ao —&-5?
> by,

which shows that T*+1 (ag) > T®) (ag) for all k € N and
also that whenever 7*) (ag) < @, TH*+) (o) = T®) (ag) >

G . L .
0, . Now using contradiction we can show that there exists

k such that 7% (ag) > @. Let us assume that for all & > 0,
T®) (o) < @, then using a telescopic sum on the above
inequality implies that 7*+1 (ag) —ag > (k+ 1)55, which
is an increasing function in k. @ being finite, the above
implies that there has to exist a k for which 7" (o) > @
which is a contradiction and thus, the sequence 7 (ay)
cannot be in the region (0,@] for all k£ and has to escape
into (@, 00) at some iteration.

Second part: We move to the next part of the proof
where we show that there does not exist an iteration
for any k € N and some oy € (0,00), such that
T®(ap) > @ and T*+tY(ag) < @ hold. The proof
is simple thanks to the monotonicity property of 7.
T*)(ag) > @ and THotH(ag) < @ for some kg € N
implies that 7+ (ag) < T® (ag) for all k € N us-
ing the monotonicity of 7. However, we know from the
proof of the previous part that whenever 7*)(ag) <
a, TV (ag) > TW(ap). This would mean that
T*o) (ag) > THot) () < THot+2) (), which is not pos-
sible since T is monotonous and this completes the proof to
show that once the sequence T (ag), k € N, ag € (0, 00)
is in the region (@, c0), all future iterations are restricted
to the same region.

Third part: Now we proceed to the final part of the
proof to show that the mapping T restricted to (&, o0), is
contractive. Notice that

—2u(A) M (Bab+ a+b)
A=2u(A)  (Ba+1)(Bb+1)
(M = 2(A))65 — 20(4)B) (Bab+ a +b) — 2u(4)

- (A —2u(A))(Ba+1)(Bb+1) ’
(20)

1—-p=

where, clearly the expression (20) takes positive values if
and only if condition (11) holds, which also implies that
A > 2u(A), thus making the denominator positive for all
positive pairs a,b. Moreover, notice that for any a,b >
0, Bab + a + b is an increasing function in both a and b
and for some fixed a, the expression Sab+ a + b takes on
the minimum value at b = 0. It is easy to show that for
any a > a and b = 0, the expression in the numerator is

positive and it remains positive for a > @ and b > @ due to
the increasing nature of Sab+ a 4+ b. This implies that for
any a >« and b > @, 1 — p > 0, or in other words p < 1.
Thus, T is a contraction mapping for ay > @, using (19).

O

3.3. Proof of Theorem 1

Having the results on the existence, uniqueness and con-
vergence to a fixed point of operator F), we prove Theorem
1 by relating the solution (6) to the evolution of the op-
erator Fy. From Lemma 3 it is possible to rewrite (10)
as

t
0@ =8 + [ e[\ - K.0)0.(@
+ GGT]eﬁfsds. (21)

Using the above, it is easy to see that a solution P of (12)
can be equivalently written as the solution of

P :/ EX M- KpC)P+GGT]E A5, (22)
0

Now, a fixed point Q of Fy, satisfies F\(Q) = Q which
implies the existence of a solution to (22). We define the
sequence Pt(k)7 k=0,1,...,t >0 with Pt(o) =0

t
Pt(lc+1) _ &AQ&AT +/0 &), [)\([—ICSC)PS(M
+GGT}5ﬁfsd8. (23)

Now following the exact methodology as in [17, Proof of

Lemma 3.1 (ii)] we can relate ¢.(Q) to Pt(k) as klim Pt(k) =
c— 00

¢+(Q). Now in the limit ¢ — oo, notice that the first

term on the right hand side of (23) goes to 0 (owing to

A > 2u(A)) and the second term takes the exact form as

Jr>\:

(k+1) ._ 1 (k+1)
P T fli>nz;lo B

= / &}, {A(I — KpwC)P® 4 GGT| &) ds
0
= Fa(PW).

Thus we have lim ¢,(Q) = lim F\(Q). This ends the
t—00 k—o0

proof of the theorem.

3.4. Approzimating the lower bound in (A1)

We provide an algorithm to compute the range of A sat-
isfying the condition (11) by numerically constructing a
lower bound on 6. In general, we do not know how 6
depends on the sampling rater A which makes it difficult
to describe the range of A for which (11) holds. The pro-
cedure outlined in this section will provide a lower bound
on 6 as an explicit function of \. We will refer to such
an approximation as Qf\j* and describe the procedure to
compute it in Algorithm 1.



Algorithm 1 Computing Qg*

Input: § € R-(, matrices 4,C, G, V.

Output: 65", where 67T < JSErCTvTIoE) dt for all A > 2u(A) + 6

1: Compute My. = [FEXCTVICE}" dt with A* =
)\min(M)\*)~

2u(A) + 6 and calculate its minimum eigenvalue my« =

2: Compute L*, where L* is the smallest positive integer such that fOL* e(ATI_A)tCTV_lCe(%I—AT)t dt > my«1.

3: Choose the pair K, L such that K < my~ and L > L*.

4: Compute the scalar ¢ such that ¢ = % log ()\min(eALeATL))

5: Set 65" = Ke =29 for all A > 2u(A) + 6.

Proposition 3. For some 6 > 0 and X\ > 2u(A) + 6, the
constant Qf* obtained from Algorithm 1 satisfies

0571 < / STV dt, VA > 2u(A) +6. (24)
0

Proof. Algorithm 1 yields 8§ = Ke (=29 for some
choice of K, L, and c¢. For \* = 2u(A) + 4, QE* takes
the value Ke 2EA) =+ Notice that due to the choice
K < Amin(My+), we have that 65" < 65 for A = A*. In
what follows, we will show that by choosing L and ¢ as in
Algorithm 1, we have 65T < [ E}CTV-ICEN" dt for
all A > 2u(A) + 6. Towards this end, we note that, for
every A > 2p(A) + J, we have

§C LO-2Amin(4)) o0
21> 67/ goTv-toe)r at
0

myx

+/OO eLG=)eraTy—1og) T el (3-0) dt)
L
To show how inequality (a) holds, note that
[ e GIsoTyron T ) a
0
_ /L eL(%—c)e(A—%I)(L—t)CTV—ICe(AT—%I)(L—t)eL(%—c) dt
0

L
— (A=eDL (/ (2 1-A)t Ty =10, (3T-AT)t dt) (AT =en)L

0

and proceeding from inequality (a), we have
c L
L - (/ (341 CTy 1 ge(31-47)1 dt)

05" mas 0
)t dt>

my«

L .
ELEP . </ (IS Ty g5 14T
0

>1

)

where inequality (b) holds since

L
/ 6(%[7A)tchflce(%IfAT)t dt
0

is clearly an increasing function in /1 The foregoing in-
equalities, hence, show that Qf > Qf . O

Remark 2. In step 2 of Algorithm 1 existence of an L* is
guaranteed from the fact that for any A > 2u(A), (31— A)
is not Hurwitz and as a result as L* becomes larger, the
integral starts growing and eventually explodes as L* —
00. Thus, there always exists a particular value of L* at
which the integral goes beyond the finite valued m«.

Algorithm 1 thus provides us an approximate by per-
forming computations just with one specific value of .
Choosing a A* arbitrarily close to 2u(A) will lead to
my > Qf for all A > 2u(A). Using this QS*, condition
(11) can be used to compute an exact range of A which
guarantees the existence of a fixed point of Fy. This can
be simply done by solving for values of A\ which satisfy

A = 20(A)Ke O S 00(A)8,  (25)

L iy .
> (e(A_CI)Le(AT_CI)L) - </ SBI-A) Ty 1o (31-AT ) dghere K, L,C are computed using Algorithm 1. The val-
0

Now given the choice of ¢ in Algorithm 1, it readily
follows that (e(A_CI)Le(AT_d)L) > g2 (eALeATL> >

€72 X\ in (eALeATL) > 1. As a result,
o L(2=c) oA AT 1 AT L(2-c
/ LEegroTvtog) e (a0 4
0
>

L
Amin (/ (BT oTy Loz l-AT) dt) :
0

es of the mean sampling rate which satisfy the above
inequality above lie within a range

A<A<A,
where X and ) are the roots of
AN = 2u(A)) Kem A2 = 21(A)B.

In the scalar case, (n = 1), when all the matrices
A,C,G,V are scalar, Qf can be directly computed as



05 = /\_%. Thus, the sufficient condition for convergence

can be expressed as

A—2A
or, A > 2A (in the scalar case),

AN — 24) > 248

which is also a necessary condition for the convergence
as shown earlier. Thus in the scalar case, A > 24 is a
necessary and sufficient condition for the existence of a
fixed point for the expected error covariance equation.

4. Bounds using continuous-time Riccati flows

We perform a comparison analysis of the expected er-
ror covariance ¢:(Q) with that of standard Kalman-Bucy
filters with the same (A,C,G) but with the covariance
scaled by a constant 7 so that the system is represen-
ted by (A,C,G,7V). We denote the error covariance flow
associated with the standard Kalman Bucy error covari-
ance (1] (Q)) for a continuous time system described by
(A,C,G,7V) and with initial error covariance @ as:

a7 (Q) = Af (Q) + [ (Q)AT +GGT

QICTVICH Q) 26)

4.1. Lower bound
We can compute a lower bound on ¢:(Q) in terms of
¥7(Q) as stated in the following result:

Proposition 4. For any Q € S*" and 7 < <, it holds

that ,(Q) > ¥ (Q) for all t > 0.
Proof. Notice that,

3 (6:(Q) — ¥ (Q))
= Adu(@Q) + (@A ~ A8 (QCT (CHUQ)CT +V) ' Cu(Q)
T Tyr—1 -
_AGT(Q) — T (Q)AT + LLQIC VT CYI(Q)

> A3 (Q) + 3 (QAT = X (Q)ICT (V)T Cn(Q)
AGT(Q) — 4 (QAT 4 YTV TICUI(Q)

T

1
A7

D 46:Q) + 4 QAT — A (QCT (V) IC4(Q)
— AL (Q) — YT (QAT + M (Q)CTV'CY(Q)

@ ( PREICIESHCH ,\ch—l(J) (#(Q) — ¥ (Q))

+(6:(Q) — ¥ (Q)) (A - me*c) 7

where inequality (a) holds by using 7 < + and equality (b)

holds by using the following identity:

MSM — NSN
_(M+N
2

s) (M — N)+ (M — N) (sM;N>, (27)

where M, N and S are all symmetric and positive semidefinite
matrices of appropriate dimension. Thus,

6u(Q) — YT (Q) > el M+ ¥ (9 (Q) — Y (Q))eld M
=0 (28)

where M; = (4 — $1QE@)LCTY10) for Q € ST, O

Let us define the controllability and observability
Gramians associated with ¢ as

¢
C(t,t —tg) := / e (GG e ¢ ds,
t—to

t
O (t, t —tp) := / e (CT(rV)TIC)e? ¢ ds
t—to

respectively, where the superscript 7 is to remind the
reader that the Gramians depend on the particular choice
of 7. If the continuous-time linear system defined by
(A, C,G,7V), T < % is uniformly completely controllable
and uniformly completely observable, it means that there
exists a tg > 0 such that for all ¢ > tg, we have

0 <y, <Ctt—to) <Fcl,
0<q,I <O(t,t—to) <761,

(29a)
(29Db)

respectively. Note that the ¢y need not be the same for
both the controllability and observability Gramians. How-
ever, here for the ease of notation we consider ty as the
maximum among the two for C and O7 respectively. Then,
we have the following result.

Proposition 5. Suppose that there exist positive scalars
16,,70,1876, and to such that (29) is satisfied. Then,
for every Q € ST*" and any T < %, the following inequal-
ity holds for t > 0:

G(Q) = (CTH(t, t —to) + O (t,t —to))

> licﬁ I
1+jcvo

Proof. We know from [9, Lemma 7.2] that given uniform
complete controllability and observability that the error
covariance flow 9] for a continuous-time linear system de-
scribed by system parameters (A, C, G, 7V) satisfies

1

(30)

Q) > (€M bt~ 1) + O7 (1t — 1)) > <1+};%> I,

for all initial @ € S*" (see [9, Chapter 7] for the proof).
From Proposition 4 we know that for all 7 < %, we have
$:(Q) > ] (Q) for any initial @ € ST*" and ¢ > 0. O

4.2. Upper bound

To get the upper bound on the flow of expected error
covariance, we consider &« = «o* + ¢ for some 6 > 0 and
«o* being the fixed point of the mapping 7 introduced in
(18). We let A, := max;>0 Amax(¢¢(a])) and let K, be

D\
such that CA,CT < K,V and L, := S o



oy Xn
Proposition 6. For every Q € S™*"
exists tg > 0 and Q, € ST*™ such that

P4 (Q) < 7 (Q1),
In particular, Q1 is chosen such that w[Q(Ql) > Al

and T > %, there

fort > tg.

Proof. We will proceed with the proof as follows: first, we
define a set of matrices for which we show that irrespective
of the initial expected error covariance @, there always
exists a t = tg > 0 at which ¢,(Q) € Q where Q is a set
that will be defined soon. Second, we show that all flows
starting from Q can be upper bounded by a continuous-
time Riccati flow for all times.

We start with the first part of the proof here. Recall
the operator 7 from Section 3.2. Let us define the set
Q= {P e S}*": P < a*I} and the fixed point of ¢, as
Pso. We know that tlgg() $1(Q) = Poo < oI < ol for

any initial @ € S7*". Considering the evolution of the
real part of the maximum eigenvalue of ¢;(Q)) we see that
tlim Amax(6:(Q)) < a. As a result, there exists a time
—00

t = tg at which Apax(¢:(Q)) < « occurs for the first time.
As a result at t = tg we have ¢,(Q) < al occurring for
the first time too. It is easy to see that ¢, (Q) € Q. Thus,
starting from any @ € ST*" there exists a time at which
the flow enters the set Q.

For the second part, we start with the known fact from
the monotonicity property (Proposition 1) that Q1 < Q2
implies that ¢;(Q1) < ¢¢(Q2) for all times ¢ > 0. Thus
for all matrices P € Q it holds that ¢,(P) < ¢y (al) for
all t > 0. The flow ¢;(al) is continuous and converges
to Pso. Thus, A, = max Amax (¢t (ad)) exists and is finite.

We then have that ¢;(P) < ¢¢(al) < A,I for allt > 0 and
for a general Q € S*", using the first part of the proof,
the same can be re-written as ¢;(Q) < A, holds for all
t > tg. Now, notice that for all ¢ > to and some initial
Q1 € S*" for the continuous-time Riccati flow, which we
will talk more about later, we have

(i (Q1) — $:(Q))

 AGT(Q1) + i (Qu)AT — YEQIOTVTICH(Qu)

T

—Ap(Q) — p(Q)AT + X (Q)CT (CH(Q)CT + V) 'Chu(Q)

o T Ty,—1 T
S A (Qu) + i (@uaT - YHRUC VU@

— A6:(Q) — d(Q)AT + A (Q)CT (CALCT + V) 0 (Q)
Y AGT(@) + U1 (@)AT — Lawi{ (Q)CTV 1 CUT(Q1)

— A6t (Q) — p(Q)AT + Ladt(Q)C V' Chu(Q)
9 (4= HQEVE 1 0Ty =20) 07(@1) - (@)

W@ — 6(Q) (A - w%m—w) 7

where inequality (a) is an application of ¢:(Q) < AnT
for all t > tg. Inequality (b) can be seen as follows: we

10

find the smallest scalar K, such that CA,CT < K,V and

as a result we have (CA,CT + V)™ > Iy;_:l and finally
A 1

put Lo = z"7. Together with this we use 7 > ;- to
the get the desired expression. Equality (c)

is simplya the
application of the identity (27). Next, integrating both
sides, we can write for all t > tg

ot 't T
th N ds eth N, ds

U7 (Q1) — (@) = e

>e

(¥, (Q1) — ¢4 (Q))

(1/}[@ (Ql) _ efttQ NJ ds7
(31)

ftt’Q Ng ds

al)

where N, = (4 — ¢RI L CTY1C) for all ¢ >

tg. Notice that for 7 (Q1) > ¢+(Q) to hold for all times
bigger than ¢, all we need to ensure is ¢7_ (Q1) > ol since
that automatically implies ¥7_(Q1) > ¢¢,(Q). Using the
backward Riccati flow as in [18, Section 5.7], we know
that we can always find a Q such that ¢ (Q) = al and
choosing Q1 > Q gives us 7 (Q1) — :(Q) = 0 for all
t > tg, which completes the proof. O

Remark 3. From the proof of the Proposition 6, it is clear
we could in practice define the set Q in a similar manner
with any matrix that upper bounds the fixed point of the
flow, that is, using any R > P.,. However, we use al
in relation to the fixed point of the operator T since its
computation is easy as seen in Section 3.2 and moreover
because it allows computation of an upper bound of Py,
without actually computing P, which might not be so
easy.

Thus, to derive the upper bounds, we work with 7 >

L and to avoid any confusion, we consider the following

Lo
bounds on observability Gramian O7, for 7 < %:

0 <Ayl < O7(t,t —to) <THI. (32)

Using t, in (29a) and (32), and ¢ as in Proposition 6, we
consider
t == max{to, tg} (33)

1

17— and suppose that there ez-
ist positive scalars 10770714077407 and to such that (29a)
and (32) are satisfied. Then, for every Q € ST"" and t
satisfying (33), the following inequality holds for ¢t > 0:

>1

(34)

Proposition 7. Let 7 >

1+977¢
10

$1(Q) < [O7(t,t — )] +C(t,t —tg) < (

Proof. The proof is similar to the proof of Proposition 4.
We can write
> I’

for all initial @ € S7*" (see [9, Chapter 7] for the proof).
From Proposition 6 we know that for all 7 > L—la, we have

1+77¢
J

Ui (Q) S [O7(t,t —t)] ' +C(t,t —to) < (
Jo



$(Q) < ¥ (Q1) for any initial @ € ST*", for Q1 > Q and
for all times ¢t > tg. Now choose t = max{to,tg} and we
get the bound in (34) for t > t. O

Example 1. To demonstrate the upper and lower bounds
derived in Proposition 4 and Proposition 6, we present
a numerical example here. The system parameters are

-3 2 1
A_<1 1>vC 0 1),¢ <_1>andV—0.1.The

mean sampling rate of the Poisson process is A = 4. We
simulate the expected error covariance (6) with the initial

1.58 0'7>. The trace of

0.7 6
the expected error covariance is shown by the blue curve in
Figure 1. We simulate the flow of the trace of the solution
of continuous-time Riccati equation (26) with 7 = 0.2 <

1 for the lower bound; and 7 = 5 > 1/L, > 4 for the
upper bound. The trace of the solution of Riccati equation
associated with the lower and upper bounds are shown by
red curves in the figure below.

expected error covariance ) = <

—Ir‘ace( L'((Q‘))’ =5
sl |—trace( o((QJ), A=4
|—trace( L:'T(O)), =0.2

Figure 1: Time evolution of trace of the expected error covariance
(blue) in comparison with the trace of the solution of Riccati equation
(26), which provide the upper and lower bounds (red).

5. Fluctuation Analysis

The results from the preceding sections can now be used
for analyzing the difference in the flow of error covariance
matrices resulting from different initial conditions. Our
main result in this direction is stated next:

Theorem 2. Suppose that assumptions (A2), (A1), and
condition (11) are satisfied. Let ¢+(Q1), ¢:(Q2) denote the
respective expected error covariance flows for t > 0, and
Q1,Q2 € ST*". Then there exists mq, > 0 (depending on
Q2) such that the following holds

16:(Q1) — 6:(Q2)|| < exp (=at) (1 + Jg,1) |Q1 — Q2]
(35)

where ||| denotes the induced Euclidean morm, a

)

2
Amg,

2 (3 — p(A) and Jg, = )\mQQ2 exp < P

11

Proof. Recalling (15) from Proposition 2, we can write

0:(Q1) — ¢:(Q2) < EMQ1 — Qz)&?T
A€ My (0:(Q0) — @M 82T s

where M¢t(Q2) = (I — QSt(QQ)CT(OQZ)t(QQ)OT + V)*lC)
Introducing norm on both sides, the above inequality can
be re-written as

16:(Q1) — Q)| < |EM7 11 — Qs

Lol e )
+A/0 1EA P 10 0 [P 164(@1) — 64(Q2)]] ds.
(36)

We would like to show that for any Q. € S7*", it is pos-
sible to find a constant scalar mg, such that HM¢t(Q2) H <
mg,, for t € [0,00). To do so, we use the fact that
for all ¢t € [t,00) (with ¢ as in (33)), the flow ¢:(Q2) is
bounded uniformly by constants as in Propositions 5 and
7. As a result, there exists a certain matrix R > 0 (lying
between the uniform upper and lower bounds established
in Section 4) which maximizes the norm || My, (0, || =
|(I = RCT(CRCT +V)~'C)||. In other words, there ex-
ists a maximum for HM@(Qz) || over [t,00). This maximum
is indeed independent of the initial ()2 for the upper and
lower bounds defining the search space is uniform. It only
remains to show that HMm(Qz)H achieves a finite max-
imum in the interval ¢ € [0,?), for then, the maxima over
the entire range of ¢ € [0, 00) will simply be the maximum
among the two finite maximum values obtained. The ex-
istence of the maximum over [0, ¢] can be proved from the
facts that ¢ is finite and that the flow ¢;(Q2) is continuous
over a finite interval starting from Qs (see [10, Proposi-
tion 5.2] for the proof of the continuity of ¢.(Q) over finite
intervals). Thus, ¢+(Q2) must achieve a maximum over
the finite interval ¢ € [0,¢]. Note that this maximum, in
general, depends on the initial condition Q3. Thus, there
exists a maximum mg, such that ’|M¢t(Q2)H < mg, for
all t > 0.

We know that HE?H < exp ((u(A) — 3)t). Let us take
a:=2(% — p(A)) > 0. Then (36) can be written as

166(@1) — 61(@2)]| < exp(—at) @1 — Qa]
+ xm3, / exp (—alt — 5)) [6:(Q1) — 6+(Qa)]| ds.

Applying Gronwall’s inequality to the above we have

[64(Q) — d1(Q2)| < exp (—at) [[Q1 — Q2]

m2
+ Am2Q2 exp (—at) exp < aQ2 Q1 — Q2| Et(X,mq,,a),
— ’m2 X —al(t—s
where! Ei(\,mg,,a) = fgexp< A, © Z( (t=2)) ds).

INotice that it is possible to exactly compute the definite integral
in the definition of E¢(A\,mg,,a). However, we do not write the
exact expression here for brevity.



_>‘sz2 exp (—a(t—s))

1 (which holds

a

We note that exp (

since the exponent is always negative) and replace it by
the same. On doing so, we obtain

[64(Q) — d1(Q2)]| < exp (—at) [[Q1 —

Q2|
/\mg2 t
2 1Qs - Q[ as
a 0
2
Amg,, ) t) -
a
It is easy to see that in the limit as ¢ — oo, we have the

2
expression exp (—at) <1 + ()\mQQ2 exp <M;Q2)> t) — 0,

the quantity within the parantheses being linear in ¢,
which is indeed the expected result. Setting Jg,

/\sz exp (

Remark 4. 1f we choose Q2 = Poo, My, (q,) is a constant
matrix for all £ > 0 and as a result, we can simply write
mg, = ||(I = PCT(CPCT +V)71C)||.

+ Amg, exp (—at) exp (

<exp(—at) |Q1 — Q2| <1 + )\mé2 exp (

Q2

) completes the proof. O

6. Expected Estimation Error

Now, we turn our attention towards analysing the es-
timation error. The main result can be studied as follows:

Theorem 3. Suppose that assumptions (A2) (A1) and
the condition (11) are satisfied. Let Yoo Vo be defined as
n (29a), ¥4 as in (29b), and 77, be as in (32). Then,
for every initial expected covariance Q € ST*", there ex-
ists ¢ > 0 such that the time-varying matriz (A — MC.C)
satisfies

t
exp </ (A— )\ICSC)ds> (37)
t/
J
. 1Y% o (_1 PR t,)>
(1 + 1&6) (1 + lfﬁc) Te70

for each t > t' > t.

Proof. We start by taking the derivative of the inverse of
the flow matrix and observe that,

it = =0 (Drd0)n
Using the above, we have for any initial @ € S}*",

016, 1(Q) = ¢, QA - AT¢,1(Q) -
+ACT (Co(@Q)CT + V).

(38)

Notice that

d1(Q) = (A — M,C)u(Q) + d1(Q) (A — AC,.C) T
+A6:(Q)CT (Co(Q)CT + V)1 Ch(Q)

2 A MO)H(Q) + 01 (Q)(A — MO)T
+ La¢t(Q)CTV_1C¢t(Q)

+GGT

(39)

¢ QGG ¢,'(Q)

+GGT
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where inequality (a) holds for all ¢ > ¢¢ (recalling Propos-

ition 6) and the scalar L, is introduced in Proposition 6.

We let S := L,CTV~1C in the calculation that follows.

Using (39) in (38), we have

O (Q) < =6 QA - MGC) =

— ¢ (QIGGT ¢ 1(Q) -

Rearranging the above, we have
Qe (Q) + &y (Q)(A = AKLC) +
< —¢ QGG ¢ 1(Q) — 5.

Now, using an argument similar as in the proof of [19,
Theorem 4.8], we can write,for ¢ > tq,

(A= XKC) o771 (Q)
S.

(A= MKC) o' (Q)
(40)

H(E] Q) (Q)E+(Q))
¢: (Q)(A— MK, C) +

= EJ,(Q)[0e; 1 (Q)+

(A= MC) 6,1 Q)] Bon (@),
(i)

where E(Q) = exp (fst(A —\K,.C) dr). Substituting

(40) into (41) yields,

0(ES(Q)¢; H(Q)E:+(Q) < —E/,(Q)[S+
¢y QGG ¢, M (Q)] s t(Q).
Using the last inequality, we can write for all ¢t >t/ >,
Ey (Q)6: (Q)Ev4(Q) < ¢, (Q)—
/ El, (QGGT671(Q) +5)

Now, the integral above is positive definite owing to the

observability of (A,C) and the controllability of (4,QG)
(see [16, Lemma 4.1]). Notice that the equality in (39)
can be also written as

E:+(Q) ds. (42)

6@ = Ee.(Qov @EL(Q) + | E/QGETEL(Q) ds

t
0 [ B(Qe Q0T (Co.@CT +V) ' CoQEL(@) ds.
t/

When assumptions (A1), (A2) and condition (11)
hold, we already know that for ¢t > ¢ > %, ¢+(Q)
will be uniformly bounded below and above by the
expressions as in Prop. 5 and Prop. 7, respectively.

Thus [} B, (Q)GGTE],(Q) ds and for that matter

[ Es1(Q)E],(Q) ds exists and is bounded for all ¢ > {.
Thus, we can always compute R > ¢y ; > 0 such that

EL(@)(W QGG 6,1 (@) +5)

><t’ / Est

holds for all t > ¢ > . Again, using the fact that ¢;(Q)
remains uniformly bounded for all times greater than a

Es,t(Q) dS

(Q) ds,



certain value, and that the integrals exist and is finite for
all such times, it is evident that there exists a global con-
stant ¢ = thl'i% Gt > 0. Then, we can write

[ ELQU6 @06ET 6 1(Q) + 5)Bi(Q) ds

>( ) E.1(Q)E/(Q) ds

(;) ¢y, c

t
=< [ g, THQE!(Q) ds,
SRESE +H(@Q)os (Q)E, (Q) ds

where inequality (a) is a simple application of the lower
bound in Proposition 5. Using this, we can rewrite (42) as

Ej (Q)¢; H(Q)Ew +(Q)

—1 Clc ‘ -1 T

< ¢, (Q) — W y Es1(Q)os (Q)E, ,(Q) ds
Yo . S

T 149,76 1+7.76

| P @e (QEL(Q

Applying Gronwall’s lemma to the above we have

1By (@) (Q)Ew 1(Q)|

<o ey _on).
L+v.70 L+v.70
Using Proposition 6, we have
T -1 1+ 1?)70 2
|Ey +(Q)¢; 1 (Q)Ew +(Q)]| = ~ [Ev (@)
‘o

Combining this with (44) we have

1B (Q)]?
1675

(1+207%) {1+ 257c)

and this completes the proof.

Example 2. Let us revisit Example 1 using the same
system parameters and mean sampling rate. This time,
we simulate the Euclidean norm of the expected error (8)
in figure 2. The initial value of the expected error is chosen

— 3
as Xo = (_3>.

7. Conclusions

We studied the filtering problem for continuous-time lin-
ear stochastic systems with Poisson-sampled discrete ob-
servations. The focus was in particular on deriving con-
ditions for existence of fixed point and studying analyt-
ical bounds on the expected error covariance matrix. The
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Figure 2: Time evolution of the expected error norm ||X,||.

analytical bounds on the error covariance matrix and the
first moment of estimation error provided in Theorem 2
and Theorem 3 allow us to analyze the performance of the
proposed filter.

Based on the analysis presented in this paper, several
interesting directions could be investigated. Analyzing fil-
ters with Poisson-sampled observations has also been in-
vestigated in the distributed setting where multiple filters
interact with each other based on the information being
exchanged between them [20], and it would be interesting
to see whether bounds on sampling rate allow us to study
the optimal solution for such cases. Similarly, when look-
ing at ensemble filters, some recent work has also investig-
ated convergence of such filters using the system class and
observation model studied here [21], and one could again
draw connections with the sampling bounds. In the long
run, we can study the filtering while taking other models
of the communication channel into consideration, such as,
quantization and decoding errors.

Appendix

In this Appendix, we collect two lemmas which describe
the matrix identities that have been used in the results
developed in this paper.

Lemma 3. Let P € R"*" V € RP*P and C € RP*"™ be

constant matrices. If P > 0 and V' > 0, then the following
matriz equalities hold:

(I+PCTVIC)yt=1-PCT(CPCT +V)7IC (1a)
(I+pPCTV o)y tpcTv-t =pCcT(CpPCT + V)7t
(.1b)
Proof. Proof of the identities in Lemma 3 follows from
[9, Appendix 7B]. For (.1a) it can be easily proved by
multiplying the inverse of the expression of the left-hand
side on both sides of the identity, thus giving
(I+PCTVIO)I - PCT(CPCT +V)~10)
=I+PC'ViCc-PCTVlv(CPCT + V) lC
—pc'v-lcpcT(cpCcT +V) I
=1.



On the other hand, (.1b) can be proved by multiplying
PCTV~1! on the right-hand side of (.1a). From there, it
follows that
(I+pPCTV i)y tpcTyv !
=pCc'vt-pcT(CcpPCT +V)tcpCcTv!
+ [PCT(CPCT + V)™t = PCT(CPCT + V) 'VV ]
=pPCT(CPCT +V) 1,

which is the desired equality. O

Lemma 4. Let K} = P.CT(CP.CT + V)™ and K, =
P,CT(CP,CT + V)L, then it holds that

(I-K,C)P,—(I-K2C)Py = (I-K,C)(P,—P5)(I-K,C) .

Proof. Let K = PCT(CPCT +V)~1 It then follows from
(.1a) and (.1b) that

0=(I—-KC)PC'V! - K =(I-KC)PC" — KV

(I -KC)PC'K" — KVK"

(I - KC)P(I - KC)" + KVK" — (I — KC)P.
(:2)

Using (.2), and the expressions for K7 and Ks given in

Lemma 4, it follows that

(I — K1C)Py — (I — K2,C) Py
= (I - K, C)P, - K\VK, + K;]VK, — (I — K2C)Py

= (I -K,C)P, — (I - K;C)P,.C" K, + K {CPy,(I — K»,C)"

— Py(I - K,0)"
= (I - K,O)P(I - K2C)" — (I — K;C)Py(I — K5C) "
= (I - K,C)(P, — Py)(I — K;0)7

which completes the proof. O
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