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Fundamental Limits of Remote Estimation of
Autoregressive Markov Processes Under
Communication Constraints
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Abstract—The fundamental limits of remote estimation
of autoregressive Markov processes under communication
constraints are presented. The remote estimation system
consists of a sensor and an estimator. The sensor observes
a discrete-time autoregressive Markov process driven by a
symmetric and unimodal innovations process. At each time,
the sensor either transmits the current state of the Markov
process or does not transmit at all. The estimator estimates
the Markov process based on the transmitted observations.
In such a system, there is a trade-off between commu-
nication cost and estimation accuracy. Two fundamental
limits of this trade-off are characterized for infinite hori-
zon discounted cost and average cost setups. First, when
each transmission is costly, we characterize the minimum
achievable cost of communication plus estimation error.
Second, when there is a constraint on the average number
of transmissions, we characterize the minimum achievable
estimation error. Transmission and estimation strategies
that achieve these fundamental limits are also identified.

Index Terms— Constrained Markov decision processes,
event-based communication, real-time communication, re-
mote estimation, renewal theory, threshold strategies.

[. INTRODUCTION

A. Motivation and Literature Overview

N many applications such as networked control systems,

sensor and surveillance networks, and transportation net-
works, etc., data must be transmitted sequentially from one
node to another under a strict delay deadline. In many of such
real-time communication systems, the transmitter is a battery
powered device that transmits over a wireless packet-switched
network; the cost of switching on the radio and transmitting
a packet is significantly more important than the size of the
data packet. Therefore, the transmitter does not transmit all the
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time; but when it does transmit, the transmitted packet is as
big as needed to communicate the current source realization. In
this paper, we characterize fundamental trade-offs between the
estimation error (or distortion) and the cost or average number
of transmissions in such systems.

In particular, we consider a sensor that observes a first-order
autoregressive Markov process. At each time instant, based
on the current state of the process and the history of its past
decisions, the sensor determines whether or not to transmit the
current state. If the sensor does not transmit, the receiver must
estimate the state using the previously transmitted values. A
per-step distortion function measures the estimation error. We
investigate two fundamental trade-offs in this setup: 1) when
there is a cost associated with each communication, what is the
minimum expected estimation error plus communication cost;
and 2) when there is a constraint on the average number of
transmissions, what is the minimum estimation error. For both
these cases, we characterize the transmission and estimation
strategies that achieve the optimal trade-off.

Two approaches have been used in the literature to investi-
gate real-time or zero-delay communication. The first approach
considers coding of individual sequences [1]-{4]; the second
approach considers coding of Markov sources [5]-{10]. The
model presented above fits with the latter approach. In par-
ticular, it may be viewed as real-time transmission, which is
noiseless but expensive. In most of the results in the literature,
the focus has been on identifying sufficient statistics (or infor-
mation states) at the transmitter and the receiver; for some of
the models, a dynamic programming decomposition has also
been derived. However, very little is known about the solution
of these dynamic programs.

The communication system described above is much simpler
than the general real-time communication setup due to the
following feature: whenever the transmitter transmits, it sends
the current state to the receiver. These transmitted events reset
the estimation error to zero. We exploit these special features
to identify an analytic solution to the dynamic program corre-
sponding to the above communication system.

A static (one shot) remote estimation problem was first
considered in [11] in the context of information gathering in
organizations. The problem of optimal off line choice of mea-
surement times was considered in [12], whereas the problem of
optimal online choice of measurement times was considered in
[13]. The closely related problem of event-based sampling (also
called Lebesgue sampling) was considered in [14]. In addition,
several variations of the remote estimation problem have been
considered in the literature. The most closely related models
are [15]-20], which are summarized below. Other related work
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includes censoring sensors [21], [22] (where a sensor takes
a measurement and decides whether to transmit it or not; in
the context of sequential hypothesis testing), estimation with
measurement cost [23]-{25] (where the receiver decides when
the sensor should transmit), sensor sleep scheduling [26]-{29]
(where the sensor is allowed to sleep for a pre-specified amount
of time); and event-based communication [30]-{32] (where the
sensor transmits when a certain event takes place). We contrast
our model with [18]-{20] below.

In [15], optimal remote estimation of i.i.d. Gaussian
processes is investigated under a constraint on the total number
of transmissions. The optimal estimation strategy is derived
when the transmitter is restricted to be of threshold-type.

In [16], the optimal remote estimation of a continuous-time
autoregressive Markov process driven by Brownian motion is
considered under a constraint on the number of transmissions.
The optimal transmission strategy is derived under an assump-
tion on the structure of the optimal estimation strategy. It is
shown that the optimal transmission strategy is of a threshold-
type, where the thresholds are determined by solving a se-
quence of nested optimal stopping problems.

In [17], optimal remote estimation of Gauss-Markov
processes is investigated when there is a cost associated with
each transmission. The optimal transmission strategy is derived
when the estimation strategy is restricted to be Kalman-like.

In [18]-{20], optimal remote estimation of autoregressive
Markov processes is investigated when there is a cost associated
with each transmission. It is assumed that the autoregressive
process is driven by a symmetric and unimodal noise process
but no assumption is imposed on the structure of the transmitter
or the receiver. Using different solution approaches ([18], [19]
use majorization theory while [20] uses person-by-person op-
timality), it is shown that the optimal transmission strategy is
threshold-based and the optimal estimation strategy is Kalman-
like (the precise form of these strategies is stated in Theorem 8).
Thus, the optimal transmission and estimation strategies are
easy to implement.

An immediate question is how to identify the optimal trans-
mission and estimation strategies for a given communication
cost. It is shown in [18]-[20] that the optimal estimation strat-
egy does not depend on the communication cost while the
optimal transmission strategy can be computed by solving an
appropriate dynamic program. However, the dynamic programs
presented in [18]-{20] do not exploit the threshold structure of
the optimal strategy.

In this paper, we provide an alternative approach to iden-
tify the optimal transmission strategies. We consider infinite
horizon remote estimation problem and show that there is
no loss of optimality in restricting attention to transmission
strategies that use a time homogeneous threshold. To determine
the optimal threshold, we first provide computable expressions
for the performance of a generic threshold-based transmission
strategy and then use these expressions to identify the best
threshold-based strategy. Thus, we show that the structure of
optimal strategies derived in [18]-{20] is also useful to compute
the optimal strategy.

B. Contributions

We investigate remote estimation for two models of Markov
processes—discrete state autoregressive Markov processes

(Model A) and continuous state autoregressive Markov pro-
cesses (Model B); both driven by symmetric and unimodal
innovations process—under two infinite horizon setups: the dis-
counted setup with discount factor 5 € (0, 1) and the long term
average setup, which we denote by S =1 for uniformity of nota-
tion. For both models, we consider two fundamental trade-offs.

1) Costly communication: When each transmission costs A
units, what is the minimum achievable cost of communi-
cation plus estimation error, which we denote by Cj ().

2) Constrained communication: When the average number
of transmissions is constrained by e € (0, 1), what is the
minimum achievable estimation error, which we denote
by Dj(«) and refer to as the distortion-transmission
trade-off.

We completely characterize both trade-offs. In particular,

e In Model A, CE(/\) is continuous, increasing, piecewise-
linear, and concave in A\ while Dz () is continuous, de-
creasing, piecewise-linear, and convex in «. We derive
explicit expressions (in terms of simple matrix products)
for the corner points of both these curves.

¢ In Model B, C}; () is continuous, increasing, and concave
in A while DE («) is continuous, decreasing, and convex in
a. We derive an algorithmic procedure to compute these
curves by using solutions of Fredholm integral equations
of the second kind. When the innovations process is
Gaussian, we characterize how these curves scale as a
function of the variance 2.

We also explicitly identify transmission and estimation strate-
gies that achieve any point on these trade-off curves. For all
cases, we show that: 1) there is no loss of optimality in restrict-
ing attention to time-homogeneous strategies; 2) the optimal
estimation strategy is Kalman-like; 3) the optimal transmission
strategy is a randomized threshold-based strategy for Model A
and is a deterministic threshold-based strategy for Model B.

In addition,

e In Model A, the optimal threshold as a function of \ or «
can be computed using a look-up table.

e In Model B, the optimal threshold as function of A or «
can be computed using the solutions of Fredholm integral
equations of the second kind.

C. Notation

We use the following notation. Z, Z>¢ and Z( denote the
set of integers, the set of nonnegative integers and the set of
strictly positive integers, respectively. Similarly, R, R~ and
R~ denote the set of reals, the set of non-negative reals and
the set of strictly positive reals, respectively. Upper-case letters
(e.g., X, Y) denote random variables; corresponding lowercase
letters (e.g., z, y) denote their realizations. X;.; is a short
hand notation for the vector (X7, ..., X;). Given a matrix A,
A;; denotes its (4, j)th element, A; denotes its ith row, AT
denotes its transpose. We index the matrices by sets of the form
{—k, ..., k};so the indices take both positive and negative val-
ues. For k € Z~, I, denotes the identity matrix of dimension
k x k, and 1, denotes k x 1 vector of ones.

P(-) denotes the probability of an event, IE[-] denotes the
expectation of a random variable, and 1 denotes the indicator
function of a statement. We follow the convention of calling
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Fig. 1. Block diagram of a remote estimation system.

a sequence {ak}k _o increasing when a; < as < . If all
the inequalities are strict, then we call the sequence strlctly
increasing.

IIl. MODEL AND PROBLEM FORMULATION

A. Model

Consider the following two models of a discrete-time Markov
process { X}, , with the initial state X, = 0 and for ¢ > 0

Xt+1 = aXt—l-Wt (1)

where {W;},2, is an i.i.d. innovations process. We consider
two specific models:

* Model A: a, Xy, W; € Z and W, is distributed according
to a unimodal and symmetric pmf (probability mass func-
tion) p, i.e., for all e € Z>¢, pe = p_e and pe > pes1. To
avoid trivial cases, we assume py is strictly less than 1.

* Model B: a, X;, W, € R and W, is distributed according
to a unimodal, differentiable and symmetric pdf (probabil-
ity density function) ¢, i.e., forall e € R>q, ¢(e) = ¢(—e)
and for any § € R~q, ¢(e) > ¢(e + 9).

For uniformity of notation, define X to be equal to Z for
Model A and equal to R for Model B. X and X+ ¢ are defined
similarly.

A sensor sequentially observes the process and at each time,
chooses whether or not to transmit the current state. This
decision is denoted by U; € {0, 1}, where U; = 0 denotes no
transmission and UU; = 1 denotes transmission. The decision to
transmit is made using a rransmission strategy f ={ fi},-,, where

Ui = fi(Xot, Upii—1)- (2)

We use the short-hand notation Xg.; to denote the sequence

(Xo, ..., X¢). Similar interpretations hold for Up.¢—1.
The transmitted symbol, which is denoted by Y3, is given by
Xy, ifU =1
Y, = t 1 Ui
QE, if Ut =0

where Y; = € denotes no transmission.

The receiver sequentially observes {Y;},”, and generates
an estimate {Xt}:ozo, X eX, using an estimation strategy
9 =19t} ie.,

Xi = g:(You). 3)

The fidelity of the estimation is measured by a per-step dis-
tortion d(X; — X;). A block diagram of the above system is
shown in Fig. 1.

For both models, we assume the following:

* d(0) =0and fore # 0, d(e) > 0;

* d(-)iseven,ie.,foralle, d(e) = d(—e);

e d(-) is increasing, i.e., for e; > ea > 0, d(e1) > d(e2);
 For Model B, we assume that d(-) is differentiable.

We also characterize our results for the following special case
of Model B:

* Gauss-Markov model: the density ¢ is zero-mean Gaussian
with variance o2 and the distortion is quadratic, i.e.,

—e?/(20%)) and d(e) =

b(e) = ¢2170 exp (

B. Performance Measures

Given a transmission and estimation strategy (f,¢) and a
discount factor 5 € (0,1], we define the expected distortion
and the expected number of transmissions as follows. For 5 €
(0, 1), the expected discounted distortion is given by

Ds(f,g) = (1—B)ES9)

> Brd(X, - Xf)‘ XOZO] “)

t=0
and for g =1, the expected long-term average distortion is
given by

T—

>

t=0

D1(f,9) fhmsup Efg)

0] &)

Similarly, for 5 € (0,1), the expected discounted number of
transmissions is given by

Ns(f,9) == (1—BES

> 8| X0 = O] ©)
t=0

and for § =1, the expected long-term average number of
transmissions is given by

1
Ni(f,g) := limsup = EU9)
T—o0 T

T—-1
S, ‘ ono] e
t=0

Remark 1: We use a normalizing factor of (1 — () to have
a unified scaling for both discounted and long-term average
setups. In particular, we will show that for any strategy (f, g)

Ci(f. 95 A):gggl Cs(f,g: ), and Di(f, g)zlﬁigl Ds(f,g)-

Similar notation is used in [33].

C. Problem Formulations

We are interested in the following two optimization problems.
Problem 1 (Costly Communication): In the model of
Section II-A, given a discount factor 3 € (0,1] and a com-
munication cost A € R~g, find a transmission and estimation
strategy (f*, g*) such that

Ci(\) ==Cp(f", 9%\ = (ifngf) Cs(f 9; M) (®)

where

Cs(f:9:A) == Ds(f. 9) + ANs(f, 9)

is the total communication cost and the infimum in (8) is taken
over all history-dependent strategies.
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Problem 2 (Constrained Communication): In the model of
Section II-A, given a discount factor 5 € (0, 1] and a constraint
€ (0,1), find a transmission and estimation strategy (f*, g*)
such that
Di(a) =

Ds(f*97) = Dg(f,9) )

inf
(f:g):N['f(f:g)SOl

where the infimum is taken over all history-dependent strategies.

Remark 2: It can be shown for |a| > 1 thatlim,_,o D («) =
oo and lim, 1 Dj(a) = 0.

The function Dj(c), B € (0,1], represents the minimum
expected distortion that can be achieved when the expected
number of transmissions are less than or equal to «. It is
analogous to the distortion-rate function in Information Theory;
for that reason, we call it the distortion-transmission function.

Ill. THE MAIN RESULTS

A. Structure of Optimal Strategies

To completely characterize the functions C';(A) and D (a),
we first establish the structure of optimal transmitter and
receiver.

Theorem 1 (Structural Results): Consider Problem 1 for
B € (0,1]. Then, for both Models A and B, we have the
following.

1) Structure of optimal estimation strategy: The optimal
estimation strategy X = 0 and for £ > 0 is as follows:

. v, itv,ze
Xo=90
aXi 1, fY;=¢€
or equivalently
. X ifU; =1
Xt _ tAa 1 Ut
aXt_l, if Ut 7& 1.

We denote this strategy by g*.

2) Structure of optimal transmission strategy: Define F; :=
X — aXt_l, which we call the error process. Then there
exists a time-invariant threshold % such that the transmis-
sion strategy

U, = f9(5,) = {1, if |Ey| >k 10,

0, if|E| <k

is optimal.

The proof of the theorem is given in Section V.

Similar structural results were established for the finite hori-
zon setup in [18]{20], which we use to establish Theorem 1.
See Section V for details. The transmission strategy of the form
(10) are also called event-driven transmission or delta sampling.

Remark 3: Each transmission resets the state of the error
process to w € X with probability p,, in Model A and with
probability density ¢(w) in Model B. In between the transmis-
sion, the error process evolves in a Markovian manner. Thus
{E:},2, is a regenerative process.

LFor |a] > 1, a symmetric Markov chain as given by (1) does not have a
stationary distribution. Therefore, in the limit of no transmission, the expected
long-term average distortion diverges to co.

B. Performance of Generic Threshold-Based Strategies

Let F denote the class of all time-homogeneous threshold-
based strategies of the form (10). For 5 € (0,1] and e € X,
define the following for a system that starts in state e and
follows strategy f(*):

. L(ﬁk) (e): the expected distortion until the first transmission;
* M (k)( ): the expected time until the first transmission;

. D(k) (e) the expected distortion;

. (e) the expected number of transmissions;
. C’ﬁ (e; \): the expected total cost, i.e.,
O (e;0) = DSV (e) + ANS (), A >0.
Note that D" (0) = D6<f<k> ), N§2(0) = Na(f®, g7)
and C§” (0;3) = Ca(f®), g \).
Define S*) as follows:
Gk {-(k—=1),...,k—1}, for Model A
) (<R, E), for Model B.

Under strategy f(¥), the transmitter does not transmit if £, €
S(*) For that reason, we call S(¥) the silent set. Define linear
operator B*) as follows:

* Model A: For any v(*) : S(*) R, define operator B(*)

[B(k)v] (e) = Z Pn-acv(n), Vee SH

neS k)

+ Model B: For any v(¥) : S(*) R, define operator B*) as
[ /d)n—ae n)dn, VYee S®

S (k)

Recall from Remark 3 that the state £; evolves in a Markov-
ian manner until the first transmission. We may equivalently
consider the Markov process until it is absorbed in (—oo, —k] U
[k, 00). Thus, from balance equation for Markov processes, we
have forall e € S(¥)

LP(e) = d(e) + 8 [BYLY] () (1)
MP(e)=1+5 [BU“)M[(}’*)] (e). (12)

Lemma 1: For any 8 € (0, 1], (11) and (12) have unique and
bounded solutions L(ﬁk) and M ék) that are

a) strictly increasing in k,

b) continuous and differentiable in k& for Model B,

¢) limg LY (e) = L (e), limgy M (e) =
for all e.

k
MM (e),

It can be shown that the operator B(*) is a contraction. There-
fore, the existence and uniqueness of the solution follows
from Banach fixed point theorem. a) follows from sample path
arguments; b) follows from elementary algebra; and c) follows
from continuity in 3. See the supplementary material for a
detailed proof.

Theorem 2 (Renewal Relationships): For any /3 € (0, 1],
the performance of strategy f(*) in both Models A and B is
given as follows:

D) Da(f©,g)=0, Ns(f@,g%) =1, and Cs(f@, g% X) = A.
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2) Fork € Xy

N0
Dy (f(k),g ) = MP(0)
1
Ng (f(k),g*) = m - (1-p)
(k)
Cs (f"“)vg*;k) LA A1 = B).

M (0)

The proof of the Theorem is given in Section VI.
Remark 4: There is a —(1 — ) term in the expression of

N‘Ek) (0) because for k > 0, Uy = 0. Had we defined Uy = 1,
then we would have obtained the usual renewal relationship of

k k
N§P(0) = 1/M(0).
Thus, to compute Dg(f*), g*) and Ng(f*), g*), one needs

to compute only L/(Bk) (0) and M /ék) (0). Computation of the
latter expressions is given in the next section.
Proposition 1: For both Models A and B,

1) Cék) (0;A) is submodular in (k,\), ie., for > E,
C[gl) (0;\) — C/ék) (0; A\) is decreasing in .
2) Letkj(\) = arginfi>o C’ék) (0; \) be the optimal & for a
fixed A. Then k() is increasing in A.
The proof of the proposition is in Appendix A.

C. Computation of Lg") and M [gk)

1) Model A: For Model A, the values of Lék) and M ék) can

be computed by observing that the operator B(*) is equivalent to
a matrix multiplication. In particular, define the matrix P(*) as

Pl =p;, Vijes®.
Then

[B®v](e)=
(13)

With a slight abuse of notation, we are using v both as a
function and a vector. Define the matrix Q(ﬁk)
d®) as follows:

=[P®v]ac

Z pnfaev

neS k)

E: k
n, ev

neS k)

and the vector

QY ::[1%_1 —,6P<k>} AW k), d(k— ).
Then, (11)—«(13) imply the following.
Proposition 2: In Model A, for any 3 € (0, 1]
L = [ng - Bp(k)} d®) (14)
M = [Biy =P 1o, (15)

See Section III-F for an example of these calculations.

2) Model B: For Model B, for any € (0,1], (11) and
(12) are Fredholm integral equations of second kind [34]. The
solution can be computed by identifying the inverse operator

o = [r-s]"

(05 0)

(N(k'#l)’ ng"'Jrl))

(k k
(Nt(i n)7 D,(B n))

(b)

Fig. 2. In Model A, (a) the optimal costly communication cost C;g()\);
(b) the distortion-transmission function D% (a)

which is given by
k
[Q(k) } (e) = /R(ﬁk) (e, w; a)v(w)dw (16)
—k
where for any given a, R( ) (+,+;a) is the resolvent of ¢ and can

be computed using the L10uv1lle Neumann series (see [34] for
details). Since ¢ is smooth, (11) and (12) can also be solved by
discretizing the integral equation using quadrature methods. A
MATLAB implementation of this approach is available in [35].

D. Main Results for Model A

1) Results for Costly Communication:
Theorem 3: For € (0,1], let KK denote {k € Zx¢:

Dgchl)(O) - Dg@ (0)}. For k,, € K, define

D(kn+1)(0) _ D’(Bkn)(o)
n kn41 ’

,\"““ (17)

Then, we have the following.
1) For any k,, € K and any \ € ()\(ﬁk"‘l), )\(Bk”)], the strat-

egy f#) is optimal for Problem 1 with communication
cost A.

2) The optimal performance C(A) is continuous, con-
cave, increasing and piecewise linear in A. The cor-

ner points of C3(A) are given by {(Aék")’D/(Bkn)(O) N
NG NG (0)) i ex Tsee Fig 20a)].

The proof of the theorem is given in Section VII.

2) Results for Constrained Communication: To describe
the solution of Problem 2, we first define Bernoulli randomized
strategy and Bernoulli randomized simple strategy [36].

Definition 1: Suppose we are given two (non-randomized)
time-homogeneous strategies f; and fo and a randomiza-
tion parameter 6 € (0, 1). The Bernoulli randomized strategy
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(f1, f2,0) is a strategy that randomizes between f; and fy at
each stage; choosing f1 with probability # and f, with proba-
bility (1 — 6). Such a strategy is called a Bernoulli randomized
simple strategy if f1 and f differ on exactly one state, i.e., there
exists a state eg such that

file) = fale), Ve # e
Theorem 4: For any 8 € (0,1] and v € (0, 1), define

kj(a) = sup{k € Z>o: Ng (f(k),g*) > a}

1
— keZog: MW < = 18
sup{ € Li>o 8 1+a—,8} (13)
* oy (750 )
Ple) = (k3 () (k5 (e0+1)
Nﬁ (f s ag*)_Nﬁ (f s ag*)
(kg (@)+1) .
M R T
= T el (19)
My? — M

For ease of notation, we use k* = kj(«) and 0" = 0(c).

Let f* be the Bernoulli randomized simple strategy (f*"),
fEHD 9% e,
if |e| < k*
w.p. 1 — 6% if le] = k*
w.p. 0%, if |e| = k*
if le] > k*.

fe) = (20)

—_ = O O

Then

1) (f*,g*) is optimal for the constrained Problem 2 with
constraint .

2) Let a®) = Ng(f*), g*). Then, for a € (a*+1) aF),
k* =kand 0" = (a — aFt1)) /(a®) — oF+1) and the
distortion-transmission function is given by

* * k * k
Djy(e) =D + (1 -¢)DSV. @D

Moreover, the distortion-transmission function is con-
tinuous, convex, decreasing and piecewise linear in
. Thus, the corner points of Dj(a) are given by

{(V7(0), DY (0)) 132, [see Fig. 2(b)].

The proof of the theorem is given in Section VII.
Corollary 1: In Model A, for any 8 € (0, 1],

Dg(f(l),g*):(), and Ng (f(l),g*):ﬁ(l—po) = ag.

E. Main Results for Model B

1) Results for Costly Communication: Let 6kD§3k),
O IN ék) and 8kC’ék) denote the derivative of D(ﬂk), N ék) and
C’ék) with respect to £ (in Lemma 6 we show that D(ﬂk), N ék)
and Cék) are differentiable in k).

Theorem 5: For /3 € (0, 1], we have the following.

1) If the pair (A, k) satisfies the following:

oD (0)

A=——F2 = 22
o N (0) 22

then, the strategy (f(*), g*) is optimal for Problem 1 with
communication cost \. Furthermore, for any & > 0, there
exists a A > 0 that satisfies (22).

2) The optimal performance C;()) is continuous, concave
and increasing function of \.

The proof of the theorem is given in Section VIII. Algorithm 1
shows how to compute C';(A).

Algorithm 1: Computation of C5(\)

input : A € R>o, 8 € (0,1], e € Rso
output: Cékc)()\), where |k° — k(M) < e
Let A5(k) denote the left-hand side of (22)
Pick k and k such that A5 (k) < A < Aj(k)
k® = (k+k)/2
while |\5(k°) — A| > € do

if \*(k°) < X then

| k=k°

else

L k=k°
k= (k+k)/2

k° ke
return Dé )(0) + )‘NL(? )(0)

2) Results for Constrained Communication:
Theorem 6: For any 3 € (0,1] and o € (0, 1), let k() €
R ¢ be such that

Nﬁ(k;(a))(

Such a kj;(cv) always exists and we have the following:

0) = a. (23)

1) The strategy (f*5(*))_ ¢*) is optimal for Problem 2 with
constraint c.

2) The distortion-transmission function D () is continu-
ous, convex and decreasing in « and is given by

D3(a) = DY), o)

The proof of the theorem is given in Section VIII. Algorithm 2
shows how to compute D (cv).

Algorithm 2: Computation of D} (o)

input : a € (0,1), 8 € (0,1], e € Rxo
output: Dg“o)(a), where |Ngko)(0) —a|<e
Pick k andﬁ such that Nék)((]) <a< N[gk)(())
k® = (k+k)/2
while [NS*7(0) — a| > < do

if N(0) < o then

| k=k°
else
L E=k°
k° = (k+k)/2

return Dg“c ) (@)

3) Special Case of Model B-Gauss-Markov Model: In
general, the optimal thresholds, and the functions CE()\) and
Di;(ar) depend on the noise distribution ¢(-). For the Gauss-
Markov model, the dependence on the variance o2 of the noise
may be quantified exactly.

For ease of notation, we drop the dependence on /3 from the
notation, and instead, show the dependence on o. Thus, C%()\)
denotes the optimal value for the costly communication case
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(b)

Fig. 3. Gauss-Markov model (¢2 =1 and a = 1): (a) optimal costly
communication cost C7 («); (b) distortion-transmission function D7 ().

when the noise variance is o, Similar notation holds for other
terms.

Theorem 7: For the Gauss-Markov model for Problem 1,
ki (N\)=k;(Na?0?)and C%(\)=02C5(\/o?). For Problem 2,
ki (a) = oki(a) and D:(a) = 02 Di(a).

The proof of the theorem is given in Section VIII.

An implication of the above theorem is that we only need
to numerically compute C; () and Dj (), which are shown in
Fig. 3. The optimal total communication cost and the distortion-
transmission function for any other value o can be obtained by
simply scaling C () and Dj () respectively.

F. An Example for Model A: Symmetric Birth-Death
Markov Chain

An example of a Markov process and a distortion function
that satisfy Model A is the following:

Example 1: Consider a Markov chain of the form (1) where
the pmf of W, is given by

P, if|n] =1
Pn=<41-2p, ifn=0
0, otherwise

where p € (0, 1/3). The distortion function is taken as d(e) = |e|.

This Markov process corresponds to a symmetric, birth-death
Markov chain defined over Z as shown in Fig. 4, with the
transition probability matrix is given by

D, if[i —j| =1
Pij: 1—2])7 lflzj
0, otherwise.

1—2p 1—-2p 1—2p 1—-2p

2B Befefiele

Fig. 4. Birth—death Markov chain.

1) Performance of a Generic Threshold-Based Strategy:
Lemma 2:
1) For 8 € (0,1)

(k) sinh(kmg) — ksinh(mg)
Dﬁ (0) = ) X
2sinh”(kmg/2) sinh(mg)
2/3p sinh? 2) cosh
NP(0) = Bpsink (772%6/ Jeosh(kms) _ (1 _ g)
sinh®(kmg/2)
2) Forg=1
2
b _ K1 w2
D= Mg
\) k(k+1)(K*2+k+1)
o 6p(2k + 1)

The proof is given in Section IX.
2) Optimal Strategy for Costly Communication: Using the

above expressions for D(Bk) (0) and N ék) (0), we can identify K

and for each k,, € KK, compute )\gc") according to (17). These
values are tabulated in Table I for different values of 5 (all
for p = 0.3). Using Table I, we can compute the corner points
(/\(ﬂk”)7 D(ﬂk") (0) + /\(ﬂk”)Nék") (0)) of Cj(A). Joining these
points by straight lines gives C;(A), as shown in Fig. 5. The
optimal strategy for a given A can be computed from Table 1.

For example, for A=20, 8=0.9, we can find from Table I(a)
that \ € ()\/(64), >‘(65)]' Hence, kj =5 (i.e., the strategy ) s
optimal) and the optimal total communication cost is

5 5
= DF(0) + 20N (0)
= 1.1844 + 20 x 0.0111 = 1.4064.

Co.9(20)

3) Optimal Strategy for Constrained Communication: Us-
ing the values in Table I, we can also compute the corner points
(N/ék) (0), Dék) (0)) of Djs(cv). Joining these points by straight
lines gives Dg(a) (see Fig. 6). The optimal strategy for a given
a can be computed from Table I. For example, at « = 0.1 and
B = 0.9, kj(a) is the largest value of & such that Ng.k) (0) > a.
Thus, from Table I(a), we get that k* = 2. Then, by (23)

o — Né?’)
0" = ———F— = 0.6899.
(2) (3)
Nﬁ - Nﬁ

Let f* = (f®, 3 6*). Then the Bernoulli randomized sim-
ple strategy (f*,g*) is optimal for Problem 2 for 5 € (0,1).
Furthermore, by (21), D (ar) = 0.5543.

IV. SALIENT FEATURES AND DISCUSSION

A. Comparison With Periodic and Randomized
Strategies

In our model, we assume that the transmission decision
depends on the state of the Markov process. In some of the
remote estimation literature, it is assumed that the transmission
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TABLE |
VALUES OF ng), Né’“) AND Ag’“) FOR DIFFERENT VALUES OF k& AND 3 FOR THE MARKOV CHAIN OF EXAMPLE 1 WITH p = 0.3.

OTE THAT D 0)=D 0); THEREFORE EFINED IN | HEOREM QUALS >0- (@ OR (3 =10.9. (b OR 3 = 0.95. (¢ =1
NoTE T go) g” T Kb T 3E Z FOR 8 FOR 8

(a) (b) (©

k k k k k k k k k
koo NPoo APk pPo) NP APk dPo) NP AP
0 0 1 - 0 0 1 - 0 0 1 -
1 0 0.5400  1.0989 1 0 05700 11050 1 0 0.6000 11111
2 04576 00236 41021 2 04790 01365 43657 2 05000  0.500 46667
307695 00475 92839 3 08282 00565 106058 3 08889 00667 123810
4 10066 00220 162509 4  LI218 00288 199550 4 12500 00375 259259
5 L1844 00111 244478 5 13715 00163 320869 5 16000  0.0240  46.9697
6 13130 00058 334121 6 15811 00098 464727 6 19444 00167  77.1795
7 14029 00031 428280 7 17536 00061 625651 7 22857 00122 1182222
8 14638 00017 525042 8  1.8927 00039  79.8921 8 26250  0.0094  171.7647
9 15040 00009 623245 9 20028 00025 980854 9 29630 00074  239.4737
10 15298 00005 722255 10 20884 00016 1168739 10 30000  0.0060  323.0159

25r

0.5+

20 25 30 35
A

15

Fig. 5. Plot of CE(A) vs \ for the Markov chain of Example 1 with p =
0.3.

schedule does not depend on the state of the Markov process.
Two such commonly used strategies are:

1) Periodic transmission strategy with period T’

Ui = fp(t modT)

where Y71 £, (1) = 1/a
2) Random transmission strategy

Below, we compare the performance of the threshold-based
strategy with these two strategies for the for the long-term
average setup for Problem 2 for Model B with a = 1.

1) Performance of the Periodic Strategy: In general, the
performance of a periodic transmission strategy depends on the
choice of transmission function f,. For ease of calculation we
consider the values of (o, T') for which f), is unique.

1) a=1/T, T € Z~y, i.e., the transmitter remains silent

for (T' — 1) steps and then transmits once. The expected
distortion in this case is

1 T-1
Dper() =B > E?
t=0
( )1 T-1
&, 2| _

t=

o2

2

L(T-1)T ,
T 2 ¢

)

where (a) uses By = Wy + Wy + Wa+ -+ + Wy 4.

2) a=(T-1)/T, T € Zsy, i.e., the transmitter remains
silent for 1 step and then transmits for (7" — 1) steps. The
expected distortion in this case is

2

Dyer(a) = %E [E?] = 7= o?(1 - a).

2) Performance of Generic Stationary Transmission
Strategy: Next, we derive an expression of Dg(f,g*) for
arbitrary stationary transmission strategy f (that does not use
the value of the state F; to determine when to transmit; so the
receiver is the same as in Theorem 1) for the long-term average
setup for Model B when a = 1.

Proposition 3: For § =1 and a = 1 in Model B, let f be
an arbitrary stationary transmission strategy. Let 7 denote the
stopping time of the first transmission under f. Then

E(72)

oat

Proof: For any t<t, B, = WO2+ e —|—Wt2_1. Therefore,
E[E2]=to? and define L(t)=Y"_" E[E2]=(1/2)t(t—1)0>.
Now, L1(0)=E[L(7)] = (c2/2)[E(r2)—E(r)] and M;(0)=
(7). By using the same argument as in the proof of Theorem 2,
we get D1(f, g*)=L1(0)/M1(0), which implies the result. W

3) Performance of Randomized Transmission Strategy:
For the randomized strategy defined above, 7 is a Geom; ()
random variable. Therefore, E(7?) = 2/a? — 1/a and E(7) =
1/«. Hence, following Proposition 3, we have

|

Fig. 7 shows that threshold-based strategy performs consid-
erably well compared to the periodic transmission strategy and
the randomized transmission strategy.

o2

2

Dl(f7g*) =

1
- -1

Dran =02
() = |

B. Discussion on Deterministic Implementation

The optimal strategy shown in Theorem 4 chooses a random-
ized action in states {—k*, k*}. It is also possible to identify
deterministic (non-randomized) but time-varying strategies that
achieve the same performance. We describe two such strategies
for the long-term average setup.
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3 3 3
~ 2 B=09 52 B =095 ~ 2 B=10
Q _ _
1 1 1
02 04 06 08 1 02 04 06 08 1 02 04 06 08 1
« (o3 «
(a) (b) (©

Fig. 6. Plots of D;(a) versus « for different 5 for the birth-death Markov chain of Example 1

(b) D3 (ax) versus o for g = 0.95. (c) Dj (o) versus « for 8 = 1.0.

Distortion

0 0.2 0.4

«

0.6 0.8 1

Fig. 7. Comparison of the performances of the threshold-based strategy
(denoted by Dopt) with periodic and randomized transmission strategies
(denoted by Dper and D, 14, respectively) for a Gauss-Markov process
witha = 1 and 02 = 1.

1) Steering Strategies: Let a? (respectively, a]}) denote
the number of times the action u; = 0 (respectively, the action
us = 1) has been chosen in states { —k*, k*} in the past, i.e.

t—1
aj =Y W{|E| =k, u,=i}, ie{0,1}.
s=0

Thus, the empirical frequency of choosing action u; =i, @ €
{0,1}, in states {—k*, k*} is at/(a? + a}). A steering strategy
compares these empirical frequencies with the desired random-
ization probabilities §° = 1 — §* and ' = §* and chooses an
action that steers the empirical frequency closer to the desired
randomization probability. More formally, at states {—k*, k*},
the steering transmission strategy chooses the action

np at +1
argmﬁn{ &t aj+ 1}

in states { —k*, k*} and chooses deterministic actions according
to f* [given in (20)] in states except {—k*, k*}. Note that the
above strategy is deterministic (non-randomized) but depends
on the history of visits to states {—k*, k*}. Such strategies
were proposed in [37], where it was shown that the steering
strategy descibed above achieves the same performance as the
randomized strategy f* and hence is optimal for Problem 2
for 8 = 1. Variations of such steering strategies have been
proposed in [38] and [39], where the adaptation was done by
comparing the sample path average cost with the expected value
(rather than by comparing empirical frequencies).

2) Time-Sharing Strategies: Define a cycle to be the pe-
riod of time between consecutive visits of process {E;}2
to state zero. A time-sharing strategy is defined by a series
{(@m,bm)}oo_, and uses strategy f(*") for the first ag cycles,
uses strategy f(*"t1) for the next by cycles, and continues

with p = 0.3. (a) Dj(a) versus o for 5 =0.9.

to alternate between using strategy f**) for a,, cycles and
strategy f*" 1) for b, cycles. In particular, if (am,b,) =
(a,b) for all m, then the time-sharing strategy is a periodic
strategy that uses f(*") @ cycles and f*"+1) for b cycles.

The performance of such time-sharing strategies was evalu-
ated in [40], where it was shown that if the cycle-lengths of the
time-sharing strategy are chosen such that

N> Y o
Mo M ey (k) w\ Ar(k*+1)
Y m=o(@m +bm) N+ (1—6%)N;
N
o«

then the time-sharing strategy {(a,,bm)},,_, achieves the
same performance as the randomized strategy f* and hence,
is optimal for Problem 2 for 5 = 1.

V. PROOF OF THE STRUCTURAL RESULT: THEOREM 1

A. Finite Horizon Setup

A finite horizon version of Problem 1 has been investigated
in [19] (for Model A) and in [18] and [20] (for Model B), where
the structure of the optimal transmission and estimation strategy
was established.

Theorem 8: [18]-{20] For both Models A and B, for a finite
horizon version of Problem 1, we have the following.

1) Structure of optimal estimation strategy: the estimation
strategy defined in Theorem 1 is optimal.

2) Structure of optimal transmission strategy: define E, as in
Theorem 1. Then there exist threholds {k;},_, such that
the transmission strategy

1, if|E| >k

25
0, if|E| <k (2>

Uy = ft(Et) = {

is optimal.

The above structural results were obtained in [19, Th. 2
and 3] for Model A and in [18, Th. 1] and [20, Lemmas 1, 3,
and 4] of Model B.

Remark 5: The results in [19] were derived under the
assumption that {W;} has finite support. These results can be
generalized for {W;} having countable support using ideas
from [41]. For that reason, we state Theorem 8 without any
restriction on the support of {W;}. See the supplementary
document for the generalization of [19, Th. 2 and 3] to {W,}
with countable support.
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B. Infinite Horizon Setup

In a general real-time communication system, the optimal
estimation strategy depends on the choice of the transmis-
sion strategy and vice-versa. Theorem 8 shows that when the
noise process and the distortion function satisfy appropriate
symmetry assumptions, the optimal estimation strategy can
be specified in closed form. Consequently, we can fix the
estimation strategy to be of the above form and consider the op-
timization problem of identifying the best transmission strategy.
This optimization problem has a single decision maker—the
transmitter—and we use techniques from centralized stochastic
control to solve it. Since the optimal estimation strategy is time-
homogeneous, one expects the optimal transmission strategy
(i.e., the choice of the optimal thresholds {k;},” ) to be time-
homogeneous as well. The technical difficulty in establishing
such a result is that the state space is not compact and the
distortion function may be unbounded.

To prove Theorem 1, we proceed as follows:

1) we show that the result of the theorem is true for 5 €
(0, 1) and the optimal strategy is given by an appropriate
dynamic program;

2) we show that for the discounted setup, the value function
of the dynamic program is even and increasing on X;

3) for 5=1, we use the vanishing discount approach to show
that the optimal strategy for the long-term average cost
setup may be determined as a limit to the optimal strategy
for the discounted cost setup is the discount factor 5 1 1.

1) The Discounted Setup:

Lemma 3: In Model A. an optimal transmission strategy
is given by the unique and bounded solution of the following
dynamic program: forall e € Z

Va(e; ) =min [ (1= B)A+ B> puVa(w; \),

weZ

(1= B)d(e) + 8 puValae +w;N)

weL

(26)

Proof: 'When d(-) is bounded, the per-step cost ¢(e, u) :=
1-B)Au+de)(l—u)], ue{0,1}, for a given A is
also bounded and hence according to [42, Prop. 4.7.1,
Th. 4.6.3], there exists a unique and bounded solution Vz(e; \)
of the dynamic program (26).

When d(-) is unbounded, then for any communication cost
A, we first define eg € Zi>o < oo as

€g = min{e cd(e) > ﬁ}

Now, for any state e, |e| > e, the per-step cost (1 — 5)d(e)
of not transmitting is greater then the cost of transmitting at
each step in the future, which is given by (1 — 8) >°,2, B'A =
A. Thus, the optimal action is to transmit, i.e., f*(e) = 1.
Hence, the dynamic program can be written as

min{Vg(e;)\),Vé(e;)\)}, le] > e

Vs(e; ) = {Vl(e N

le| > eo

where
V(e; ) = (1= B)d(e) + B Y_ puVi(ae +w; A)
wEZ
Vi(esA) =1 - A+ prVﬁ(w; A).
wWEZ
Let & :={e : |e] > ep}. Then, for all e € £*, Vz(e; N)

is constant. Thus, (26) is equivalent to a finite-state Markov
decision process with state space {—eg+1,...,eg — 1} Ue"
(where e* is a generic state for all states in the set £F).
Since the state space is now finite, the dynamic program (26)
has a unique and bounded time-homogeneous solution by the
argument given for bounded d(-). [ |

Lemma 4: In Model B, an optimal transmission strategy
is given by the unique and bounded solution of the following
dynamic program: forall e € R

Vs(ei ) = min | (1= A+ 5 [ o)V (wi N,
R

U—@ﬂ@+ﬁ/¢@ﬁﬂm+wﬂﬂw. 27)
R

Proof: 'When d(-) is bounded, the per-step cost c(e, u), as
defined for Model A, for a given A is also bounded. Let K =
(1 — B)sup.cr{d(e)}. Then, the strategy “always transmit”
satisfies [43, Assumption 4.2.2] with Vz(e; A\) < K/(1 — ).
Also, A, d(-) and ¢(-) satisfy [43, Assumption 4.2.1]. Hence,
the above dynamic program has a unique and bounded solution
due to [43, Th. 4.2.3].

When d(-) is unbounded, define ey and e* as in the proof
of Lemma 3. By an argument similar to that in the proof of
Lemma 3, we can restrict the state space of (27) to [—eq, eo] U
e*. Hence, the state space is compact and on this state space d(-)
is bounded. Thus, the dynamic program (27) has a unique and
bounded solution by the argument given for bounded d(-). W

Proof of Theorem 1 for § € (0,1): The structure of the
optimal strategies follows from Theorem 8. The optimal thresh-
olds are time invariant because the corresponding dynamic
programs (26) and (27) have a unique fixed point. |

2) Properties of the Value Function:

Proposition 4: For any acX.(, consider the two
Markov processes {X§+)}§C=O and {Xg_)}fozo such that X(()+) =
X (()7) =0and

X =axP 4w, and X)) = —aX! + W,

Let Vﬁ(+) and Vﬂ(_) be the value functions corresponding to
{Xt(+)}§C=O and {Xt(+)}§C=O. Then

Vﬁ(+)(e) = Vﬁ(_)(e), Ye.

Therefore, if k& is an optimal threshold for {Xt(+)}§czo then k is
also optimal for {Xt(_)}fozo.

See Appendix B for the proof.

Remark 6: As a consequence of the above proposition, we
can restrict attention to a > 0 while proving the properties of
the value function Vz(+).
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Proposition 5: For any A > 0 and 8 € (0, 1), the value func-
tions V3(+; \) given by (26) and (27) are even and increasing
on X>q.

See Appendix B for the proof.

3) The Long-Term Average Setup:

Proposition 6: For any A\ > 0, the value function V3(-; \)
for Models A and B, as given by (26) and (27), respectively,
satisfy the following SEN conditions of [42], [43]:

S1) There exists a reference state ey € X and a nonnegative
scalar M such that Vs (eg, \) < M) forall 5 € (0,1).
S2) Define hg(e; \)=(1—3)"[Vz(e; \)—Vz(eo; A)]. There
exists a function Ky : X — R such that hg(e; A) < K (e)
foralle € X and 8 € (0,1).
S3) There exists a non-negative (finite) constant L such that
—Ly < hg(e; \) foralle € X and 8 € (0,1).
Therefore, if f3 denotes an optimal strategy for 5 € (0,1), and
f1 is any limit point of { f}, then f is optimal for 5 = 1.
Proof: Let V§(e,\) denote the value function of the
“always transmit” strategy. Since Vj(e,A) < VJ(e,A) and
V/;)(e, A) = A, (S1) is satisfied with My = .
We show (S2) for Model B, but a similar argument works for
Model A as well. Since not transmitting is optimal at state 0,
we have

o0
Vs0.N) =8 [ ow)Va(w, Adu.
Let Vj(e,\) denote the value function of the strategy that

transmits at time O and follows the optimal strategy from then
on. Then

Vﬂl(e’ AN=Q1-BA+p / d(w)Va(w, N)dw

= (1= B)A+BV3(0,A). (28)

Since Vs (e, A) < Vj (e, A) and V(0,A) > 0, from (28) we get
that (1 — 3)"*[Vz(e, A) — V5(0,A)] < A. Hence (S2) is satis-
fied with K\ (e) = A.
By Proposition 3, Vz(e, \) > V3(0, A), hence (S3) is satis-
fied with L) = 0. |
Proof of Theorem 1 for = 1: Since the value func-
tion Vj(-,A) satisfies the SEN conditions for reference state
ep = 0, the optimaity of the threshold strategy for long-term
average setup follows from [42, Th. 7.2.3] for Model A and
[43, Th. 5.4.3] for Model B, respectively. |

VI. PROOF OF THEOREM 2

A. Preliminary Results
Define operator B as follows:

* Model A: For any v : Z — R, define operator 53 as
[Bu](e) == Z pwv(ae +w), Ve € Z.

wW=—00

Or, equivalently

Bul(e) == > pn-acv(n), Ve€Z.

n=-—0o0

* Model B: For any bounded v: R — R, define operator B as

[Bu](e) := /d)(w)v(ae +w)dw, VeecR.
R

Or, equivalently

[Bv](e) := /qb(n —ae)v(n)dn, VeeR.

R

As discussed in Remark 3, the error process {E,}5° is a
controlled Markov process. Therefore, the functions D(ﬁk) and

N may be thought as value functions when strategy f(*) is
used. Thus, they satisfy the following fixed point equations: for

pe(0,1)

PO B0 (0), Lo 2k
(1= B)d(e) + B[BDP] (e), iflel < k
(k) )
Nék)(e) _ (1-8)+8 {BNﬂ } (0), ifle| >k 0

3 [BNg’ﬂ (e), if |e] < .
Lemma 5: For /3 € (0,1], (29) and (30) have unique and
bounded solutions Dék) (e) and N ék) (e) that

1) are even and increasing (on X ) in e for all k,
2) satisfy the SEN conditions (see Proposition 6) and
therefore

(B) () — 1 (k) R (o) — 1 (k)
D; (e)—lﬁlngﬁ (e) and N (e)_%%lNﬂ (e).

3) D(Bk) (e) is increasing in k for all e and Ngk) (e) is strictly
decreasing in k for all e.
The proofs of 1) and 2) follow from the arguments similar to

those of Section V and are therefore omitted. The proof of 3) is
given in the supplementary material.

B. Proof of Theorem 2

We prove the result for the discounted cost setup, 5 € (0,1).
The result extends to the long-term average cost setup, S = 1,
by using the vanishing discount approach similar to the argu-
ment given in Section V.

We first consider the case k = 0. In this case, the recursive
definition of D} and N"), given by (29) and (30), simplify to
the following:

D (e) = 5 [BDY"] (0)
N (e) = (1= B)+ 8BNS (0).

It can be easily verified that D(ﬁo) (e)=0 and N/éo)(e):L
e€X, satisfy the above equations. Therefore, C’éo)(e;)\):
Cs(f©, g*; \) = \. This proves the first part of the proposition.

For k>0, let 7®) denote the stopping time when the

Markov process in both Model A and B starting at state 0 at time
t = 0 leaves the set S*), Note that 7(°) = 1 and 7(>) = 0.
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k5(A)
kz S i —
Kig------- —
o t——— 3
)\gﬂ)) )\gﬁl) >\
Fig. 8. Plot of kzg(k) for Model A.
Then
(7)1
k
LY O)=E| Y BldE)| E =0 31)
t=0
[~ -1 1-E | |Ey =0
MPO)=E| > B[ Eo=0|= {1_ﬁ |
L t=0
(32)
(k) _1
DPO)=E|(1-5) Y 8'd(E)+ 67D (0)] Bo =0
t=0
) (33)
NP ©0)=E 7" ((1 —B)+ N (0))‘E0 _ o} L (34

Substituting (31) and (32) in (33) we get
DP(0) = (1= B (©0) + [1 = (1 = BMP (0)] D (0).

Rearranging, we get that

%0
Dg“)(o) _ ,@(k)( ) .
M7 (0)

Similarly, substituting (31) and (32) in (34) we get
NP©) = 1= =g o] [1-8) + N )]

Rearranging, we get that

NP(0) = —2— — (1 ).

%
M (0)
The expression for Cék) (0; ) follows from the definition.

VII. PROOFS OF RESULTS FOR MODEL A

A. Proof of Theorem 3

By Proposition 1, kj3(\) = arginfy>o C[gk) (0; A) is increas-
ing in A. Let K denote the set of all possible values of
k5(A). Since k is integer-valued, the plot of kj vs A must
be a staircase function as shown in Fig. 8. In particular, there

exists an increasing sequence {/\(Bk")}k"e];( such that for \ €

()\(ﬁk"’l) , /\gc")], kj5(A) = ky,. We will show that for any k,
(kn) (. \(Bn) — ~Bngr) (o, (kn)
i (02) = e (0a) . Gs)

Simplifying (35), we get that \J"™ is given by (17).

Proof of (35): For any )€ (/\Ef”’l)7 )\(ﬁk”)],
Cék") (0; M) < Cék"“)(o; A). In particular, for A = )\(ﬁk”)

i (1) ¢ (1) oo

Similarly, for any € ()\(ﬁk”), )\(ﬁk"“)], C’ék"“) (0;0) <
C[gk") (0; A). Since both terms are continuous in A, taking limit

as A\ | )\(ﬁk”), we get

(knt1) (. \(Fn) (kn) (. \(Fn)
o (0»/\5 ) < (0,/\ﬁ ) . 37)
Equation (35) follows from combining (36) and (37).

1) Proof of Part 1): By definition of )\(ﬁk"), the strategy

f¥n) is optimal for \ € ()\gc”‘l), /\Ejk")].
2) Proof of Part 2): Recall Cj()\) = infy>o Cék) (0; A).

By definition, for A > 0, Cék) (0; A\), is increasing and affine in
M. Therefore, its pointwise minimum (over k) is increasing and
concave in \.

Asshowninpart 1), for A € ()\(ﬁk") : )\(Bk"“ )], Cs(N)= Cék"“)
(0; A), which is linear (and continuous) in A; hence, C;(/\) is

. T . kn ke, Fn
plﬁ]‘;CCWlSG linear. Finally, by (35), Cé ) (0; )\(ﬁ )) = Cé +1) (0;
)‘(6 )) Therefore, at the corner points, hm/\T/\ff" ) C’/’; (\) =

hmx\ikﬁf’”” C%(N). Hence, C3(A) is continuous in A.

B. Proof of Theorem 4
Note that by definition, 8" € [0, 1] and

0N (f<’€*>,g*) +(1—0°)Ng (f<k*+1>,g*) —a. (38)

1) Proof of Part 1): The optimality of (f*, ¢g*) relies on
the following characterization of the optimal strategy stated in
[44, Prop. 1.2]. The characterization was stated for the long-
term average setup but a similar result can be shown for the
discounted case as well, for example, by using the approach of
[45]. Also, see [46, Th. 8.4.1] for a similar sufficient condition
for general constrained optimization problem.

A (possibly randomized) strategy (f°,g°) is optimal for a
constrained optimization problem with 8 € (0, 1] if the follow-
ing conditions hold:

Cl) Ns(f°9°) =a.

C2) There exists a \° > 0 such that (f°,¢°) is optimal for
Cs(f, 93 2°).

We will show that the strategies (f*, g*) satisfy C1) and C2)

with A° = AJ).

(f*,g") satisfy C1) due to (38). For A = )\(ﬁk*), both f(*7)
and f*"+1) are optimal for Cs(f, g; \). Hence, any strategy
randomizing between them, in particular f*, is also optimal
for Cs(f,g; ). Hence (f*,g*) satisfies C2). Therefore, by
[44, Prop. 1.2], (f*, ¢") is optimal for Problem 2.

2) Proof of Part 2): The expression of k* and 6* follow
directly from (18) and (19). The form of D’[;(a) given in (21)
follows immediately from the fact that (f*, g*) is a Bernoulli
randomized simple strategy.
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Di;(«) is the solution to a constrained optimization prob-
lem with the constraint set {(f,g) : Ns(f,¢g) < a}. There-
fore, it is decreasing and convex in the constraint «. The
optimality of (f*,¢*) implies (21). Piecewise linearity of
Dy () follows from (21). Finally, by definition of (%)
and 0, lim ;0 D (e) = DY7(0) = lim,, 0 Dj(a). Hence,
D7 () is continuous in cv.

VIIl. PROOFS OF RESULTS FOR MODEL B

Lemma 6: In Model B, for 3 € (0, 1]

1) D(;) and N ﬁ(k) are continuous in k;

2) N ék) is strictly decreasing in k;

3) D(ﬂk), N ék) and Cék) are differentiable in k&
The proof follows from Lemma 1 and Theorem 2. |

A. Proof of Theorem 5

1) Proof of Part 1): The choice of A implies that
8kC(k) (0; A) = 0. Hence strategy (f*),
glven A

Note that, (22) can also be written as A\ = ((Mék) (0))?

akDék) (0))/5‘1@]\/[[(3“ (0). By Lemma 1, 5‘kM/ék) (0) > 0 and by

Lemma 5, 8kD/(Bk) (0) > 0. Hence, for any k£ > 0, A\ given by
(22) is positive. This completes the first part of the proof.

2) Proof of Part 2): 'The monotonicity and concavity of
C5(A) follows from the same argument as in Model A.

Note that kj(A) = arginfi>o C/ék) (0; A) can take a value
oo (which corresponds to the strategy “never communicate”).
Thus, the domain of % is X U {oo}, which is a compact set.
Now, C3(A) = minge, Cék) (0; A), where Cék) (0; A) is con-
tinuous in both A and . Since, C;()) is pointwise minimum of
bounded continuous functions, where the minimization is over
a compact set, it is continuous.

g*) is optimal for the

B. Proof of Theorem 6

1) Proof of Part 1): Recall conditions C1) and C2), given
in Section VII-B, for a strategy to be optimal for a constrained
optimization problem. We will show that for a given «, there
exists a k() € R such that (f*5(2)) | g*) satisfy conditions
Cl) and C2).

By Lemma 6, N, }f’(o) is continuous and strictly decreas-
ing in k. It is easy to see that limy g Ngk) (0)=1 and
limy, 00 N‘Ek) (0) = 0. Hence, for a given a € (0, 1), there ex-
ists a kg(?) such that N(kﬁ((y))(()) Na(f#3@) g4 = o,
Thus, (f*5(2) ¢*) satisfies C1).

Now, for k;/*;(oz), we can find a A satisfying (22) and hence
we have by Theorem 5 that strategy (f*3(®)) ¢*) is optimal
for C3(f, g; A), and therefore satisfies C2); and is consequently
optimal for Problem 2. R

2) Proof of Part 2): By Lemma 6, N (k) := N(k)(O)
strictly decreasing and continuous in k. Therefore, N exists
and is continuous. Now

Di(a) = min

(k)
{k (k<N-1 (a)} DB (0)

where, by Lemma 6, D(ﬁk) (0) is continuous in k. Thus, by
Berge’s maximum theorem, D (c) is continuous in av.

C. Proof of Theorem 7

To prove the theorem, we first prove the following lemma.
Lemma 7: For Gauss-Markov model (a special case of

Model B), let Ll(,k) and Mék) be the solutions of (11) and (12),
respectively, when the variance of W, is 0. Then

e =1 (£), uPe) =) (£) @9
DW¥(e) = o2D\7) (g) . NW(e) = N7 (g) . (40)

Proof: Define L® (e) := JQLYC/U) (e/o). Now consider
k
[B((,k)f/gk)} (e) = /¢(n —ae)L¥ (n)dn, VeeR

—k

k/o
@ / 6(z — ac /o) L\7) (2)dz
—k/o

where (a) uses a change of variables n = o z. Therefore

10— ] 0= 1) 2] (1)

But, by Lemma 1, the above equation has a unique solution
L,(,k). Therefore L,(,k) = if,’”.

A similar argument may be used to prove the scaling of Mék).
The scaling of Dl(,k) and Nék) follow from Theorem 2. |

Proof of Theorem 7: The theorem follows from Lemma 7,
Theorem 2 and elementary algebra.

IX. PROOFS OF RESULTS FOR EXAMPLE 1
Lemma 8: Define for 8 € (0, 1]

1—
Kg=-2— ( /3]76) and mg = cosh ! (—K3/2)
Then
A(k)}
(k) i |: B i .. (k)
[QB Lj Bp  pk) 7 hies

where, for 3 € (0,1)
(k)
[45°]

b(ﬁk) = sinh(mg) sinh(2kmg)

4 = cosh ((2k — |i — j|)mg) — cosh ((i + j)mg)

andfor g =1
4], -

v]

(k —max{i,j}) (k + min{s, j})

k
b'M = 2k.
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In particular, the elements [Qék)]oj are given as follows. For

Be€(0,1)

[ (k)} _ 1 cosh ((2k — |j[) mg) — cosh(jmg) @1
B Joj — Bp 2sinh(mg) sinh(2kmpg)
and for § =1
w]  _ k=1l
[ 1 }Oj_ 2p (42)

Proof: The matrix Iop_1 — ﬁP(k) is a symmetric tridiag-
onal matrix given by

Ks 1 0 0
1 Ks 1 0 0
0 1 Ky 1 0
Iy —BPW=—pp . .
0o - 0 1 Ky 1
0 0 0 1 K

fo) is the inverse of the above matrix. The inverse of the tridi-
agonal matrix in the above form with K3 < —2 are computed
in closed form in [47]. The result of the lemma follows from
these results. |

A. Proof of Lemma 2

By substituting the expression for Q%k) from Lemma 8 in the

expressions for L(ﬁk) and M ék) from Proposition 2, we get that

1) For 8 € (0,1)

L(k)(O) _ sinh(kmg) — ksinh(mg)
p 4Bpsinh?(mg/2) sinh(mg) cosh(kmg)
M(k)(O) _ sinh?(kmg/2) .
A 26psinh?(mg/2) cosh(kmg)
2) Forg =1

LP(0) = k(k* = 1)/(6p), MP(0) = k?/(2p).

The results of the lemma follow using the above expressions
and Theorem 2. The expression for )\gk) is obtained by plugging
the expressions of DYHU, D§k), Nl(kH), and Nl(k) in (17).

X. CONCLUSION

We characterize two fundamental limits of remote estimation
of autoregressive Markov processes under communication con-
straints. First, when each transmission is costly, we characterize
the minimum achievable cost of communication plus estimation
error. Second, when there is a constraint on the average num-
ber of transmissions, we characterize the minimum achievable
estimation error.

We also identify transmission and estimation strategies that
achieve these fundamental limits. The structure of these optimal
strategies had been previously identified by using dynamic
programming for decentralized stochastic control systems. In
particular, the optimal transmission strategy is to transmit when

the estimation error process exceeds a threshold and the optimal
estimation strategy is to select the transmitted state as the
estimate, whenever there is a transmission. We use ideas based
on renewal theory to identify the performance of a generic
strategy that has such a structure. For the case of costly com-
munication, we identify the cost of communication for which
a particular threshold-based strategy is optimal; for the case of
constrained communication, we identify (possibly randomized)
threshold-based strategies that achieve the communication
constraint.

These results are derived under idealized assumptions on the
communication channel: communication is noiseless and with-
out any constraint on the transmission rate or the transmission
bandwidth. Under these assumptions, the error process resets
after each transmission (see Remark 3). This reset property
is critical to derive the structure of optimal transmission and
estimation strategies (Theorems 1 and 8). In the absence of such
a structural result, the solution methodology developed in this
paper does not work and the optimal transmission and estima-
tion strategies have to be identified by numerically solving the
(decentralized) dynamic programs described in [6] and [8].

Having said that, the transmission and estimation strategies
described in Theorems 1 and 8 may be used as heuristic sub-
optimal strategies when the communication channel does not
satisfy the idealized assumptions described above. In that case,
it may be possible to use the solution methodology developed
in this paper to obtain performance bounds on such strategies.

A similar remark holds for multidimensional autoregressive
processes. It is reasonable to expect (although we are not
aware of a proof of this statement) that for multidimensional
autoregressive processes, the optimal estimation strategy will
be similar to that described in Theorems 1 and 8 while the
optimal transmission strategy will be to transmit when the error
process lies outside a (multidimensional) ellipsoid. The perfor-
mance of such strategies can be evaluated using the solution
methodology developed in this paper. The renewal relationships
derived in Theorem 2 also hold for multidimensional autore-
gressive processes. The only difference is that L(ﬁk)(o) and

M ék) (0) are computed by solving multidimensional Fredholm
integral equations of the second kind. The optimal transmission
strategies can then be computed by solving multidimensional
versions of (22) (for costly communication) and (23) (for con-
strained communication). However, it is not immediately clear
whether these equations will have a unique solution. Further
investigation is required to obtain algorithms that identify the
optimal transmission ellipsoid.

Finally, the solution methodology developed in this paper to
identify optimal thresholds is also of independent interest. In
various applications of Markov decision processes threshold-
based strategies are optimal. The approach developed in this
paper is directly applicable to such models.

APPENDIX A
PROOF OF PROPOSITION 1

D P 0:2)—C0:0)=(DF )~ DY (0) AN (0)
N[gl)(())). By Lemma 1 and Theorem 2, Ngk)(O)—
Nél)(O) is positive, hence Cél)(O;)\)—Cék)(O;)\) is

decreasing in \. Hence Cék) (0; ) is submodular.
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2) Note that kj(A) = arginfi>o C/ék) (0; \) can take a value
oo (which corresponds to the strategy ‘“never communi-
cate”). Thus, the domain of & is X U {oco}, which is
compact. Hence, by [48, Th. 2.8.2], k; is increasing in \.

APPENDIX B
PROOFS OF PROPOSITIONS 4 AND 5

We prove the results for Model A when the horizon T is
finite. The results then follow by taking limits as 7" — oo. The
proofs for Model B are almost identical.

The value function for the finite horizon setup for 8 € (0, 1]is
givenby Vg 41 =0andfort =1T,...,1

=ming (1-8)X+ Z PV e+1(n; ),

n=-—0o0

Vﬂ’t(e; )\)

(1=B)d(e)+ B > Pn-acVair1(nN)

n—=—-—oo

(43)

The value functions Vt(+) and Vt(_) are defined similarly.

For ease of notation, we drop 5 and A in the rest of the
discussion in this Appendix.

Lemma 9: The value functions V;(-), Vt(+)(~) and Vt(_)(~)
are even.

Proof: For all a € X, the per-step costs d(e) and A
are even and the transition probabilities P.,,(0) = p,_qe and
Pen(1) = py satisfy Pep(u) = P_ey(—n)(u) for u e {0,1}.
Therefore, V;(e) is even [49, Th. 1]. A similar argument holds
for V;(Jr) (e) and Vt(f) (e). |

Lemma 10: For the finite horizon setup, Vt(+) (e) = Vt(_) (e).

Proof: 'We prove the result by backward induction. The

Vii(e) =0,

which forms the basis of the induction. Assume Vt(++1)( ) =

Vt( )( ) for all e € X. Define

result is trivially true for 7'+ 1 as VT(i)l(e) =

+1
VP (e) an Vi) V@)= 3 poracViiin).
n=—00 n=—o0
Then
Vt(+ Z Pn—ae t+1 Z P-n-aeV, tJ:rl)( n)
n=—o —n=—o0
@ Z pn+ath(++1) (n)
n=—oc
2 sV ) = Vo)

where (@) uses p and Vt(++1)

hypothesis. Substituting this back in the definition of V™ (¢)
and Vt(f)(e), we get that V;(Jr)(e) = V;(*)(e). Therefore, the
result is true by induction. |
Lemma 11: For m, e € X5, define
= >

Z Dn-ae and Q(mle, 1)
n:n|>m

n:n|>m

are even and (b) uses the induction

Q(mle,0)

Then, for all e,m € X5 and a > 0, Q(m]e,0) and Q(mle, 1)
are increasing in e.
We will prove this lemma later.

Definition 2: A function f: X — R is called even and
increasing on X if for all z € X5o, f(z) = f(—2) and
f(@) < fla+1).

Lemma 12: The value function V;(e) is even and increasing
on X>o.

Proof: We have already shown that V;(e) is even. For a >
0, the properties described in the proof of Lemma 9 and the
statement Lemma 11 imply that V;(e) is even and increasing
[49, Th. 1]. Now, Lemma 10 implies that V;(e) is also even and
increasing for a < 0. n

Proofs of Propositions 4 and 5: The result follows from
Lemmas 10 and 12 by taking the limit 7" — oo, since equality
is preserved under limits. |

Proof of Lemma 11: Q(mle,1) does not depend on e.
Define  R(mle) =3, j<m Pne. Then, Q(mle,0)=1—
R(m|ae). To show Q(mle,0) is increasing in e, it suffices
to show that R(m|ae) > R(m|ae + 1) (which implies that
R(m|ae) > R(mlae + a)).

Now consider

— R(mlae+1) =

R(m|ae) — P-m-ae-1

— Pm+ae+1-

pm—ae

= Pm—ae

If m > ae, then 0 < m —ae < m + ae + 1, hence, Py_qe >
Pmtaet1- If m < ae, then 0 < ae —m < m + ae + 1, hence
Dm—ae = Pac—m > Pm-+tac+1- Thus, in both cases, R(m|ae) >
R(m|ae + 1).

ACKNOWLEDGMENT

The authors would like to thank M. Madiman, A. Molin,
A. Paranjape, V. Subramanian, and S. Yiiksel for useful
discussions.

REFERENCES

[1] T. Linder and G. Lugosi, “A zero-delay sequential scheme for lossy
coding of individual sequences,” IEEE Trans. Inf. Theory, vol. 47, no. 6,
pp. 2533-2538, Sep. 2001.

[2] T. Weissman and N. Merhav, “On limited-delay lossy coding and filter-
ing of individual sequences,” IEEE Trans. Inf. Theory, vol. 48, no. 3,
pp. 721-733, Mar. 2002.

[3] A. Gyorgy, T. Linder, and G. Lugosi, “Efficient adaptive algorithms and
minimax bounds for zero-delay lossy source coding,” IEEE Trans. Signal
Process., vol. 52, no. 8, pp. 2337-2347, Aug. 2004.

[4] S. Matloub and T. Weissman, “Universal zero-delay joint source-channel
coding,” IEEE Trans. Inf. Theory, vol. 52, no. 12, pp. 5240-5250,
Dec. 2006.

[5] H. S. Witsenhausen, “On the structure of real-time source coders,” Bell
Syst. Tech. J., vol. 58, no. 6, pp. 1437-1451, Jul.—Aug. 1979.

[6] J.C.Walrand and P. Varaiya, “Optimal causal coding-decoding problems,”
IEEE Trans. Inf. Theory, vol. 29, no. 6, pp. 814-820, Nov. 1983.

[7] D. Teneketzis, “On the structure of optimal real-time encoders and de-
coders in noisy communication,” IEEE Trans. Inf. Theory, vol. 52, no. 9,
pp. 4017-4035, Sep. 2006.

[8] A. Mahajan and D. Teneketzis, “Optimal design of sequential real-time
communication systems,” IEEE Trans. Inf. Theory, vol. 55, no. 11,
pp. 5317-5338, Nov. 2009.

[9] Y. Kaspi and N. Merhav, “Structure theorems for real-time variable rate
coding with and without side information,” IEEE Trans. Inf. Theory,
vol. 58, no. 12, pp. 7135-7153, 2012.

[10] H. Asnani and T. Weissman, “Real-time coding with limited lookahead,”
IEEE Trans. Inf. Theory, vol. 59, no. 6, pp. 3582-3606, 2013.



1124

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 62, NO. 3, MARCH 2017

[11] J. Marschak, “Towards an economic theory of organization and informa-
tion,” Decision Process., vol. 3, no. 1, pp. 187-220, 1954.

[12] H. Kushner, “On the optimum timing of observations for linear con-
trol systems with unknown initial state,” IEEE Trans. Autom. Control,
vol. 9, no. 2, pp. 144-150, Apr. 1964.

[13] E. Skafidas and A. Nerode, “Optimal measurement scheduling in linear
quadratic Gaussian control problems,” in Proc. IEEE Int. Conf. Control
Appl., Sep. 1998, vol. 2, pp. 1225-1229.

[14] K. J. Astrdm and B. M. Bernhardsson, “Comparison of Riemann
and Lebesgue sampling for first order stochastic systems,” in Proc.
IEEE Conf. Decision Control, Dec. 2002, pp. 2011-2016.

[15] O. C. Imer and T. Basar, “Optimal estimation with limited measure-
ments,” Joint 44 IEEE Conf. Decision Control Eur. Control Conf.,
pp. 1029-1034, 2005.

[16] M. Rabi, G. V. Moustakides, and J. S. Baras, “Adaptive sampling for linear
state estimation,” SIAM J. Control Optim., vol. 50, no. 2, pp. 672-702,
2012.

[17] Y. Xu and J. P. Hespanha, “Optimal communication logics in net-
worked control systems,” in Proc. IEEE Conf. Decision Control, 2004,
pp. 3527-3532.

[18] G. M. Lipsa and N. Martins, “Remote state estimation with communi-
cation costs for first-order LTI systems,” IEEE Trans. Autom. Control,
vol. 56, no. 9, pp. 2013-2025, Sep. 2011.

[19] A. Nayyar, T. Basar, D. Teneketzis, and V. Veeravalli, “Optimal strate-
gies for communication and remote estimation with an energy harvesting
sensor,” IEEE Trans. Autom. Control, vol. 58, no. 9, pp. 2246-2260,
2013.

[20] A. Molin and S. Hirche, “An iterative algorithm for optimal event-
triggered estimation,” in Proc. 4th IFAC Conf. ADHS, 2012, pp. 64—69.

[21] C. Rago, P. Willett, and Y. Bar-Shalom, “Censoring sensors: A low-
communication rate scheme for distributed detection,” IEEE Trans.
Aerosp. Electron. Syst., vol. 32, no. 2, pp. 554-568, Apr. 1996.

[22] S. Appadwedula, V. V. Veeravalli, and D. L. Jones, ‘“Decentralized detec-
tion with censoring sensors,” IEEE Trans. Signal Process., vol. 56, no. 4,
pp. 1362-1373, Apr. 2008.

[23] M. Athans, “On the determination of optimal costly measurement strate-
gies for linear stochastic systems,” Automatica, vol. 8, no. 4, pp. 397-412,
1972.

[24] J. Geromel, “Global optimization of measurement startegies for lin-
ear stochastic systems,” Automatica, vol. 25, no. 2, pp. 293-300,
1989.

[25] W. Wu, A. Araposthathis, and V. V. Veeravalli, “Optimal sensor querying:
General Markovian and LQG models with controlled observations,” IEEE
Trans. Autom. Control, vol. 53, no. 6, pp. 1392—1405, Jul. 2008.

[26] D. Shuman and M. Liu, “Optimal sleep scheduling for a wireless sensor
network node,” in Proc. Asilomar Conf. Signals Syst. Comput., Oct. 2006,
pp. 1337-1341.

[27] M. Sarkar and R. L. Cruz, “Analysis of power managemnet for energy
and delay trade-off in a WLAN,” in Proc. Conf. Inf. Sci. Syst., Mar. 2004,
pp. 1-6.

[28] M. Sarkar and R. L. Cruz, “An adaptive sleep algorithm for efficient
power management in WLANS,” in Proc. Veh. Technol. Conf., May 2005,
pp. 2101-2104.

[29] A. Federgruen and K. C. So, “Optimality ofthreshold policies in single-
server queueing systems with server vacations,” Adv. Appl. Prob., vol. 23,
no. 2, pp. 388-405, 1991.

[30] K. J. Astrom, “Event based control,” Analysis and Design of Nonlinear
Control Systems. Berlin, Germany: Springer-Verlag, 2008.

[31] D. Shi, L. Shi, and T. Chen, Event-Based State Estimation: A Stochastic
Perspective. New York, NY, USA: Springer-Verlag, 2016.

[32] X.Meng and T. Chen, “Optimal sampling and performance comparison of
periodic and event based impulse control,” /EEE Trans. Autom. Control,
vol. 57, no. 12, pp. 3252-3259, Dec. 2012.

[33] E. Altman, Constrained Markov Decision Processes, ser. Stochastic
Modeling. London, U.K.: Chapman and Hall/CRC, 1998.

[34] A. D. Polyanin and A. V. Manzhirov, Handbook of Integral Equations,
2nd ed. Boca Raton, FL, USA: Chapman and Hall/CRC Press, 2008.

[35] K. Atkinson and L. F. Shampine, “Solving Fredholm integral equations
of the second kind in Matlab,” ACM Trans. Math. Softw., vol. 34, no. 4,
pp. 1-21, Jul. 2008.

[36] L. 1. Sennott, “Constrained discounted Markov decision chains,” Probab.
Eng. Inf. Sci., vol. 6, no. 4, pp. 463—475, Oct. 1991.

[37] E. Feinberg, “Optimality of deterministic policies for certain stochastic
control problems with multiple criteria and constraints,” in Mathematical
Control Theory and Finance, A. Sarychev, A. Shiryaev, M. Guerra,
and M. Grossinho, Eds. Berlin, Germany: Springer-Verlag, 2008,
pp. 137-148.

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]
[46]
[47]

[48]

[49]

A. Shwartz and A. M. Makowski, “An optimal adaptive scheme for two
competing queues with constraints,” in Analysis and Optimization of
Systems. Berlin, Germany: Springer-Verlag, 1986, pp. 515-532.

D.-J. Ma, A. M. Makowski, and A. Shwartz, “Stochastic approximations
for finite-state Markov chains,” Stochastic Process. Appl., vol. 35, no. 1,
pp. 27-45, 1990.

E. Altman and A. Shwartz, “Time-sharing policies for controlled Markov
chains,” Oper. Res., vol. 41, no. 6, pp. 1116-1124, 1993.

L. Wang, J. Woo, and M. Madiman, “A lower bound on Rényi entropy
of convolutions in the integers,” in Proc. IEEE Int. Symp. Inf. Theory,
Jul. 2014, pp. 2829-2833.

L. I. Sennott, Stochastic Dynamic Programming and the Control of
Queueing Systems. New York, NY, USA: Wiley, 1999.

O. H. Lerma and J. B. Lasserre, Discrete-Time Markov Control Processes:
Basic Optimality Criteria. New York, NY, USA: Springer-Verlag, 1996.
L. I. Sennott, “Computing average optimal constrained policies in sto-
chastic dynamic programming,” Prob. Eng. Inf. Sci., vol. 15, pp. 103-133,
2001.

V. Borkar, “A convex analytic approach to Markov decision processes,”
Probab. Theory Related Fields, vol. 78, no. 4, pp. 583-602, 1988.

D. Luenberger, Optimization by Vector Space Methods, ser. Professional.
New York, NY, USA: Wiley, 1968.

G. Hu and R. O’Connell, “Analytical inversion of symmetric tridiagonal
matrices,” J. Phys. A: Math. Gen., vol. 29, no. 7, p. 1511, 1996.

D. M. Topkis, Supermodularity and Complementarity, ser. Frontiers of
economic research. Princeton, NJ, USA: Princeton Univ. Press, 1998.
J. Chakrovarty and A. Mahajan, “Sufficient conditions for value function
and optimal strategy to be even and monotone,” Submitted to Indian
Control Conference (ICC), 2017.

Jhelum Chakravorty (M'12) received the B.E.
degree in electrical engineering from Jadavpur
University, Kolkata, India, in 2007, and the
M.Tech degree in systems and control engi-
neering from the Indian Institute of Technology,
Bombay, India, in 2010. She is currently working
toward the Ph.D. degree in electrical and com-
puter engineering at McGill University, Montreal,
Canada.

Prior to the doctoral study, she worked as a
Research Assistant with the Indian Institute of

Technology, Bombay, during 2007-2008, and as a Research Associate
with the Indian Institute of Science during 2010-2011. Her current area
of research is decentralized stochastic control, information theory and
real-time communication.

Aditya Mahajan (S’06-M'09-SM’'14) received
the B.Tech degree in electrical engineering from
the Indian Institute of Technology, Kanpur, India,
in 2003, and M.S. and Ph.D. degrees in electri-
cal engineering and computer science from the
University of Michigan, Ann Arbor, USA, in 2006
and 2008.

From 2008 to 2010, he was a Postdoctoral
Researcher with the Department of Electrical
Engineering, Yale University, New Haven, CT,
USA. He has been with the department of Elec-

trical and Computer Engineering, McGill University, Montreal, Canada,
since 2010 where he is currently Associate Professor. He is an Asso-
ciate Editor of the IEEE Control Systems Society Conference Editorial
Board. His principal research interests include decentralized stochastic
control, team theory, multi-armed bandits, real-time communication,
information theory, and discrete event systems.

Dr. Mahajan is member of the McGill Center of Intelligent Machines
(CIM), member of Groupe d’études et de recherche en analyse des
déecisions (GERAD), member of SIAM, and member of Professional
Engineers Ontario (PEO).



Supplementary material to ‘“Fundamental
Limits of Remote Estimation of Autoregressive
Markov Processes under Communication
Constraints”

Jhelum Chakravorty and Aditya Mahajan

I. PROOF OF LEMMA[T]

Let || - || denote the sup-norm, i.e. for any v : S*) — R,
[0]loc = sup fv(e)].
eeSk)

To prove the lemma, let us first prove the following:

Lemma L1 For 8 € (0,1), for both Models A and B, the
operator BB%®) is a contraction, i.e., for any v : S®) = R,

1885 0] 0 < B0 cc-
Thus, for any bounded h : S*) — R, the equation
v=h+ BBWy (A)

has a unique bounded solution v. In addition, if h is contin-
uous, then v is continuous.

Proof: We state the proof for Model B. The proof for
Model A is similar. By the definition of sup-norm, we have
that for any bounded v

k
18BM0]|s = B sup / d(w — ae)v(w)dw
)J—k

ec(—k,k

k
<pB sup Hv||oo/ d(w — ae)dw
) —k

ec(—k,k
< Bllvllso, (since ¢ is a pdf).

Hence, SB*) is a contraction.
Now, consider the operator B’ given as: B'v = h+ 3B%)v.
Then we have,

IB' (01 = v2)loo = BB (v1 = v2)l|oc < Bllor — v2loc-

Since S € (0,1) and the space of bounded real-valued
functions is complete, by Banach fixed point theorem, B’ has
a unique fixed point.

If h is continuous, we can define B*) and B’ as operators
on the space of continuous and bounded real-valued function
(which is complete). Hence, the continuity of the fixed point
follows also from Banach fixed point theorem. ]

Proof of Lemma

The solutions of equations (TI) and (I2) exist due to
Lemma [LT1

(a) Consider k, [ € X>o such that & < [. A sample
path starting from e € S*) must escape S*) before
it escapes S, Thus Lg)(e) > L(ﬂk)(e). In addition, the
above inequality is strict because W; has a unimodal
distribution. Similar argument holds for M ék).

(b) The continuity and differentiability can be proved from
elementary algebra. See Appendix [A] for details.

(c) The limit holds since Lgc)(e) and M ék)(e) are continu-
ous functions of f.

II. PROOF OF THE STRUCTURAL RESULTS

The results of [1]] relied on the notion of ASU (almost
symmetric and unimodal) distributions introduced in [2].

Definition II.1 (Almost symmetric and unimodal distribution)
A probability distribution p on 7. is almost symmetric and
unimodal (ASU) about a point a € Z. if for every n € Z>y,

Ma+n 2 Ha—n 2 ,U/aJrnJrL

A probability distribution that is ASU around 0 and even
(i.e., b, = ph—y) is called ASU and even. Note that the defi-
nition of ASU and even is equivalent to even and decreasing
on Zxo.

Definition II.2 (ASU Rearrangement) The ASU rearrange-
ment of a probability distribution n, denoted by u™, is a
permutation of (1 such that for every n € Zx,

+ +
H: Z H_n Z Hpt1-

We now introduce the notion of majorization for distribu-
tions supported over Z, as defined in [3]].

Definition I1.3 (Majorization) Let ;. and v be two probabil-
ity distributions defined over Z. Then p is said to majorize v,
which is denoted by . =, v, if for all n € Z>o,

n n
doub= > b

i=—n 1=—n
n+1 n+1

+ +
domb= ) v
i=—n i=—n

The structure of optimal estimator in Theorem [§] were
proved in two steps in [1]]. The first step relied on the following
two results.

Lemma II.1 Let 11 and v be probability distributions with
finite support defined over Z. If p is ASU and even and v is
ASU about a, then the convolution p * v is ASU about a.

Lemma IL2 Let u, v, and & be probability distributions with
finite support defined over Z.. If u is ASU and even, v is ASU,
and & is arbitrary, then v =, £ implies that px v =, 1 *&.

These results were originally proved in [2]] and were stated as
Lemmas 5 and 6 in [1]].

The second step (in the proof of structure of optimal
estimator in Theorem@ in [1]] relied on the following result.

Lemma IL.3 Let pu be a probability distribution with finite
support defined over Z and f: Z — Rx>¢. Then,

S Fmpn <>t

n=—oo n=-—oo

We generalize the results of Lemmas and

to distributions over Z with possibly countable support. With
these generalizations, we can follow the same two-step ap-
proach of [1] to prove the structure of optimal estimator as
given in Theorem

The structure of optimal transmitter in Theorem [§] in [I]]
only relied on the structure of optimal estimator. The exact
same proof works in our model as well.



A. Generalization of Lemma to distributions supported
over 7.

The proof argument is similar to that presented in [2}
Lemma 6.2]. We first prove the results for a = 0. Assume
that v is ASU and even. For any n € Z>o, let r(") denote the
rectangular function from —n to n, i.e.,

1
S {o’

Note that any ASU and even distribution ;¢ may be written
as a sum of rectangular functions as follows:

if |e] <,
otherwise.

p=> (tn = pins1)r™.
n=0

It should be noted that fi,, — ptn+1 > 0 because p is ASU and
even. v may also be written in a similar form.

The convolution of any two rectangular functions (™) and
(™) is ASU and even. Therefore, by the distributive property
of convolution, the convolution of p and v is also ASU and
even.

The proof for the general a € Z follows from the following
facts:

1) Shifting a distribution is equivalent to convolution with
a shifted delta function.
2) Convolution is commutative and associative.

B. Generalization of Lemma to distributions supported
over Z.

We follow the proof idea of [3| Theorem II.1]. For any
probability distribution 1, we can find distinct indices i, |j] <
n such that p(i;), |j| < n, are the 2n + 1 largest values of p.
Define

pn (i) = p(is),

for |j| < n and 0 otherwise. Clearly, p,, T p and if p is ASU
and even, SO iS [iy,.

Now consider the distributions p, v, and £ from Lemma 1.2
but without the restriction that they have finite support. For
every n € Zxo, define yip, vy, and &, as above. Note that all
distributions have finite support and p,, is ASU and even and
v, is ASU. Furthermore, since the definition of majorization
remain unaffected by truncation described above, v,, =, &,.
Therefore, by Lemma [I1.2}

o * U Zm o ¥ gn

By taking limit over n and using the monotone convergence
theorem, we get

WHV = k€.

C. Generalization of Lemma to distributions supported
over 7.

This is an immediate consequence of [3, Theorem II.1].

III. PROOF OF PART 3) OF LEMMA3]

By Lemm M ék)(e) is strictly increasing in k; therefore,
2

by Theorem 2, N [gk)(e) is strictly decreasing in k.

We prove the monotonicity of Dgc) in k for Model A for
B € (0,1). The result for 5 = 1 follows by taking limit 5 1 1.
The result for Model B is similar. Based on Lemma [T1] we
restrict attention to a > 0.

For any 3 € (0,1) and k € Zs, define the operator 7 ¥
(Z — R) — (Z — R) as follows. For any D : Z — R,

W iy [ ABDI0).
7 D] (e) {g_mﬂ@+ﬂWM@)

if |e|] > k
||_ ey
if le|] < k.

This operator is the Bellman operator for evaluating strategy
f*) . Hence, it is a contraction and D) is the unique fixed
point of 7).
Define D/(;C’O) = D[gk), and for m € Z-o, D[gk’m) =
k+1) ry(k,m—1)
THHI Dy :

From Lemma [T2] and [4, Lemma 2], we get that for any
e € Zzo,

> k > k
" pueaeDP () > S paDY (),

n=—oo n=—oo

. k k
or equivalently, [BD/(B )](e) > [BD(B )}(O).
k1 k
For |e| = k, Dg‘ Ye) = (1 - Bld(e) + ﬁ[BDgf](e) and
DY (e) = BIBDY)(0); hence, D"V (e) > DY (e). For
le] # k, D[(jk’l)(e) = ng)(e) because both terms have the
same expression. Hence, for all e € Z,

k,1 k ko1 k
DYV (e) > DY (e), or DYV >DP.

If we apply the operator 7 *+1) to both sides, the monotonicity

of T (k+1) implies that D(Bk’z) > Dék’l) > D(ﬁk). Proceeding

this way, we get that for any m > 0,

Dék—!—m) > Dl(gk) (B)
Note that lim,,, o0 D;;H'm) = D(kH), because ngH) is the
unique fixed point of the operator 7 (*+1). Thus, taking limit
m — oo in (B]), we get that D(BkH) > Dék).

APPENDIX A
PROOF OF (B) OF LEMMA[T]

Note that for any bounded v, |B*)v|, is bounded and
increasing in k. We show that Lﬂk (e) is continuous and
differentiable in k. Similar argument holds for M (e).

We show the differentiability in k. Continuity follows from
the fact that differentiable functions are continuous. Note that



Lgk)(e) and M [gk)(e) are even functions of e. Now, for any

€ > 0 we have

LY (e) = LY (e)
k
_5 [ ol - ae)[LE (w) — LY (w)]duw
k+e
+25 d(w — ae)LgCJrE)(w)dw
o
_5 [ ol ae)[LE) (w) — LY (w)]duw

+2B¢(k — ae) LY (k + e)e + O(e?)

Let Rgc)(e,w;a) be the resolvent of ¢, as given in (T6).
Then,

k
L8 - 146 =28 [ B (e.ws ok - ae) L (w)edo
+O0(e?

%)

This implies that

k k
LY (e) — L (e) ‘

9
k
k k
< 2ol e | [ AR Ceows e
+0().

Since BB(’“) is a contraction, the value of the integral in
the first term on the right hand side of the above inequality
is less than 1 and the result follows from the definition of
differtiability.
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