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Average Communication Rate for
Event-Triggered Stochastic Control Systems

Zengjie Zhang', Qingchen Liut*, Mohammad H. Mamduhi, and Sandra Hirche

Abstract—Quantification of the triggering rates of an event-
triggered stochastic system with deterministic thresholds is a
challenging problem due to the non-stationary nature of the
system’s stochastic processes. A typical example is the com-
putation of the average communication rate (ACR) of the
networked event-triggered stochastic control systems (ET-SCS) of
which the communication of the sensor network is scheduled by
whether a system variable of interest exceeds predefined constant
thresholds. For such a system, a closed-loop effect emerges due to
the interdependence between the system variable and the trigger
of communication. This effect, commonly referred to as side
information by related work, distorts the stochastic distribution of
the system variables and makes the ACR computation non-trivial.
Previous work in this area used to over-simplify the computation
by ignoring the side information and misusing a Gaussian
distribution, which leads to approximated results. This paper
proposes both analytical and numerical approaches to predict the
exact ACR for an ET-SCS using a recursive model. Furthermore,
we use theoretical analysis and a numerical study to qualitatively
evaluate the deviation gap of the conventional approach that
ignores the side information. The accuracy of our proposed
method, alongside its comparison with the simplified results of the
conventional approach, is validated by experimental studies. Our
work is promising to benefit the efficient resource planning of
networked control systems with limited communication resources
by providing accurate ACR computation.

I. INTRODUCTION

N recent years, emerging networked control systems, such

as intelligent industrial manufacturing [1]], smart power
grids [2], and autonomous vehicles [3[], are characterized by a
distributed design manner where the plants and the sensors are
located remotely and are connected with a common network.
The development of the closed-loop controllers for these sys-
tems requires sufficient sampling of the system states ensured
by active communication of the network, such that the con-
trollers always have access to the latest system states provided
by the remote sensors through the network. Nevertheless, the
communication resources of the networked systems are often
limited by the power restrictions of the system, especially for
the mobile and portable devices of which the power mainly
rely on batteries. This issue suggests reducing the frequency of
state sampling by properly scheduling the communication of
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the network. This was conventionally solved with time-based
schemes which later gave way to event-based schemes.

It is argued in [4] that the event-based scheduling schemes
can achieve the same performance as the periodic time-based
ones but with considerably less consumption of commu-
nication resources. This finding motivates the development
of different event-based scheduling schemes, including the
stochastic, periodic, and deterministic event-based ones, for
various networked systems [5[]-[7]]). The event-based schemes
have shown superior efficiency, high flexibility, and quick
responsiveness incorporating the restriction of communication
resource limitations [8]-[11]. A typical event-based scheduling
scheme is illustrated in Fig. |1} where the sampling of the sys-
tem state or the activation of the communication is governed
by a scheduler that triggers a time-asynchronous event. This
event does not explicitly depend on time but is associated with
a system variable of interest and a predefined threshold. Thus,
the scheduling is performed in a time-asynchronous manner
which activates the communication only when necessary.
The necessity of communication is determined by a certain
triggering event, which intermittently closes the loop between
the controlled system and the sensor. This ensures efficient
consumption of the communication resources [12]-[16].

5’( Vt ) 7])
Scheduler

S Vi
Sensor o
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Figure 1: A typical event-based communication scheduler for
a networked system. The dashed line indicates remote sensing,
such as infra-sensing or visual perception. The switch symbol
denotes the communication status d; (active or inactive) of
the network. S; is the sampled system state, V; is the system
variable of interest, and &(V;,n) represents the event that
triggers the communication based on a given threshold 7.

One of the main purposes of investigating communication
scheduling schemes for networked systems is for the efficient
planning of communication resources. Compared to the time-
based scheduling schemes, the resource planning for the event-
based ones is usually less straightforward and more challeng-
ing due to asynchronous state sampling. A typical index that
facilitates communication resource planning is communication



rate (CR) which depicts the likelihood of active commu-
nication at a certain time [17]], i.e., the probability of the
communication switch in Fig. [I| being closed. CR provides a
practical insight into how many system resources are allocated
to network communication and supports the efficient planning
of system resources. In most applications, the communication
status is a random variable incorporating stochastic system
uncertainties. Thus, what attracts us is typically the average
communication rate (ACR) which refers to the expected
value of active communication. Particular attention has been
attracted to the stationary ACR [18] which represents the limit
of the ACR as the time approaches infinity. It is often used
to evaluate the consumption of communication resources in
the steady state of a networked system. Conventionally, the
computation of the ACR is solved using statistical methods
via numerical experiments, such as a Monte Carlo experiment.
The analytical solution of the ACR with a closed form is a
challenging problem due to the closed-loop effect of the event-
based scheduling scheme, also known as side information [19].

In Fig.[I] the closed-loop effect, or side information, refers
to the interdependence between the triggering event and the
system variable of interest, which forms a closed loop between
the system and the scheduler (the blue path). This closed-loop
distorts the distributions of the system variables, such that
they are no more subject to trivial Gaussian distributions even
though the system uncertainties are formulated as Gaussian.
Analyzing the stochastic property of the communication status
is thus challenging since it is difficult to track the probabilistic
propagation of the system variables. In the literature, analytical
computation methods for the ACR are quite sparse. They only
show up in a few papers that mainly focus on the control
and filtering of networked systems [6]], [[17]], [20]—[23]]. These
approaches either over-simplify the computation of the ACR
by imposing impractical assumptions or conduct conservative
and coarse approximations. Their results can hardly be used
to predict exact ACR which is important to efficient resource
planning for networked communication systems. In [[17]], [20],
the ACR is computed by ignoring the closed-loop effect
and approximating the distribution of the concerned system
variable with a Gaussian distribution, which, however, leads
to an accuracy gap with the true ACR. The work in [22]]
provides lower and upper bounds for the ACR without giving
its analytical form. In [6], [23], the computation of ACR
is simplified by involving a stochastic triggering threshold
which has obvious shortcomings compared to deterministic
thresholds due to the inferior control performance and the
sensitivity to data loss. To our best knowledge, the accurate
computation of ACR for an event-triggered networked system
with deterministic triggering thresholds has not been addressed
in the literature, although it is a fundamental step towards the
study of the crucial filtering problem [22]], [24]-[27].

As mentioned, the fundamental challenge of accurately
quantifying the ACR for an event-triggered networked system
is the precise tracking of the probabilistic propagation of
the system variables of interest under the closed-loop effect.
From a mathematical perspective, the event-based scheduling
scheme with deterministic thresholds imposes constant trunca-
tion to the support set of the probabilistic distribution functions

(PDF) of the concerned system variables at each sampling
instant. This truncation operation constantly removes the
Gaussianity of the system variables. Thus, the critical technical
point of accurately computing the ACR is to precisely depict
the truncated PDFs of the system variables recursively over
time, which formulates a challenging mathematical problem.
The main goal of this work is to overcome this challenge
and provide accurate computation methods for the ACR of a
typical networked system, an event-triggered stochastic control
system (ET-SCS), where the communication is triggered when
the state estimation error exceeds a deterministic threshold.
To support this, we propose a recursive model that exactly
depicts the temporal evolution of ACR based on the model
raised in [[17]]. Using this recursive model, we are able to
track the truncated PDF of the system variables at each
sampling time and investigate its influence on the ACR. Based
on this, we are able to compute the ACR at an arbitrary
instant using a finite number of coefficients. We also prove the
existence of the stationary ACR and calculate its value using
these coefficients. Considering the complexity of the proposed
analytical method, we further raise a numerical counterpart
algorithm to calculate the ACR recursively. Both theoretical
analysis and experimental studies are conducted to verify the
accuracy of the proposed methods and qualify the inaccuracy
gap of the conventional methods [6]], [17], [20]—[23]]. The main
contributions of this article are summarized below.

1) Proposing a novel recursive temporal-evolution model for
the ACR of a generic ET-SCS.

2) Proving the existence of the stationary ACR for a generic
ET-SCS with deterministic event-triggered thresholds.

3) Providing an analytical method and a numerical algorithm
for the computation of ACR for a generic ET-SCS.

4) Conducting theoretical and numerical studies to qualify
the accuracy gap of the conventional method.

5) Validating the feasibility and accuracy of the proposed
methods using a case study.

The rest of this article is organized as follows. Sec. [lI| formu-
lates the problem, with mathematical preliminaries provided.
In Sec. we introduce the recursive model of the ACR
and investigate the existence of the stationary ACR. Sec.
presents the methods to precisely compute the ACR. In Sec.[V]
we use theoretical analysis and a numerical example to verify
the accuracy of the proposed method and evaluate the accuracy
gap of the conventional method. In Sec. a numerical
experiment on a simple vehicle-following case is conducted to
validate our methods. Finally, Sec. concludes the article.

Notation: The rest of this article obeys the following nota-
tions. The sets of real and natural numbers are denoted by
R and N. The superscript * sued after them indicates the
subsets only containing the positive elements. A Gaussian
distribution with mean value ¢ € R and variance o2, 0 ¢ Rt
is represented by N (i, 0%). For a stochastic event & defined
on a probability space, P(&) denotes the occurring probability
of &. For a stochastic variable z € R, P(z), p.(-), F.(:), E(2),
and Var(z) denote, respectively, its probability, PDF, cumula-
tive distribution function (CDF), expectation, and variance.



II. PROBLEM STATEMENT AND PRELIMINARIES

In this section, we describe the main mathematical problem
of this paper and provide the preliminaries for its solution.
First, we introduce the dynamical model of an ET-SCS and
the definition of the ACR, followed by the problem statement.
Then, we revisit the Jury’s stability criterion and the stochastic
properties of truncated random variables which are important
to the analysis of the ACR in the next sections.

A. Dynamic Model of ET-SCS and State Estimation Error

As shown in Fig. 2] the ET-SCS considered in this article
is composed of a plant and a series of sensors which are con-
nected with a common network. In this paper, we investigate
a scalar ET-SCS, where the dynamic model of the plant is
assumed to be linear time-invariant (LTI) and depicted by the
following scalar stochastic difference equation (SDE),

(D

where k € N denotes the discrete sampling time of the system,
z, ur € R are, respectively, the state and control input of the
system at time k, A, B € R are constant parameters, and
wy, € R is the stochastic noise of the system. For simplicity,
we assume that the initial state of the system zq is a known
deterministic variable. Note that the stochastic process wy,
k € N, is subject to the following assumption.

ZTpt1 = Azxy + Buy + wy,

Assumption 1. The Gaussian stochastic process wy, is inde-
pendent and identically distributed (i.i.d.) for all k € N, i.e.,
1) wy NN(O,O’2), VkeN, with o € RT.
2) pww(wi,w;) = puw(w;)pw(w;) holds for all i,j € N,
1# 4, where py,(+) is the PDF of stochastic variable wy, k € N,
and py (-, *) is the joint PDF of w; and wj, i,j € N.
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Figure 2: The block diagram of an ET-SCS.

Network

Remark 1. Our work in this paper only deals with a scalar
ET-SCS. Note that the exact computation of the ACR for a
multi-dimensional ET-SCS is even more challenging due to
the probabilistic coupling among the individual dimensions of
the non-Gaussian system variables. Also, various triggering
options for multi-dimensional system variables make it tedious
to determine their analytical distribution functions. The study
on a scalar ET-SCS is sufficient to draw essential quantitative
and qualitative conclusions that can be extended to multi-
dimensional systems with additional efforts in future work.

For system (1)), its state . at any time k € NT can be mea-
sured by one or multiple sensors. However, the state is sampled
for the system plant only when the network communication
is active, indicated by a closed switch in Fig. 2] At the time
k, whether the status of the communication is active or not is
represented as a binary event 0 € {0,1}, namely 6, = 1 for
active and & = 0 for inactive. For brevity, we represent these
conditions as 5;1} and 520}. The communication status dj, is
affected by an event &), which is produced by an event-based
scheduler which will be introduced in Sec When the sys-
tem state is not sampled, an estimated value %, is provided by
a state estimator utilizing the system model (1)) and the history

data Ik—l:L = {5]6—13 e ;5L+1a5L7$L7uk—1, e )UL} [7],
T, =,
T = Az, + Bu,, )
Z; =A%;_1 + Bu;_q,
i =1+2,---,k, where ¢+ € N refers to the last instant of

state sampling and equation &, = z, indicates a state sampling
operation. Since the initial state x is deterministic and known,
we have £g = x¢ and eg = 0. The history data Z;,_1., is stored
in a memory on the plant. All the system data before the last
instant, i.e., all {d;, x;,u;} where ¢ < ¢, is timely abandoned.
Thus, a feedback controller uj, = u(&—r) can be designed to
achieve the desired closed-loop performance. The performance
of the feedback controller is not within the scope of this paper.
We make a correspondence between the ET-SCS in Fig.
and the general event-based networked system in Fig. [T] by
recognizing zj as the system state and the estimation error
er = T — Ty as the system variable of interest.

By subtracting (2) from (I), we obtain the dynamic model
of the state estimation error as

e, =0,

€41 = Wy,

3)

ei = Ae;—1 +wi—1,

where i = ¢ + 2,--- , k. Therefore, for all i =+ + 1,--- ,k,

e; is a random variable. Substituting ex_1, €x—2, - -+, €, t0 €,
recursively, we obtain

e = Zf;l A==l k> . 4
The dynamic model (3) indicates that the estimation error
accumulates over the time interval {¢ + 1,0+ 2,--- ,k} due

to the lack of state sampling. The error accumulation may
lead to the degradation of the system control performance.
Meanwhile, equation shows that e, is subject to a Gaussian
distribution N/ (O7 Zf;lAz(k’Fl) considering the property
of the linear combination of Gaussian stochastic variables.
Nevertheless, we should note that (3) and (@) only hold when
the state estimation error and the triggering event are subject
to an open-loop configuration. In Fig. [2] this pertains to the
scenario where the Scheduler is designed such that its output
&% is independent of its input e;. Next, we will show that
and (@) do not generally hold and e, is no more a Gaussian-
distributed stochastic variable for an event-triggered scheduler.



B. Event-Triggered Scheduling and Closed-Loop Effect

To restrict the accumulation of the state estimation error ey,
k € NT, by fully exploiting the communication resources, the
scheduler performs a least-necessary principle meaning that
the communication is only activated when either the last state
estimation error e;_1 exceeds a predefined threshold n € R,
or the consecutive inactive period is beyond a time limit 7" €
NT,ie,forall ke Nt and 1 € N, ¢ < k,

51@:{17 if |ek'_1|2nork—/,>T 5)
0, otherwise,

where the condition that triggers active communication 5;1}
refers to a positive event &), otherwise a negative event
&. The scheduling scheme (5) maintains a decent system
performance by ensuring low resource usage by limiting the
frequency of communication while restricting the estimation
errors. Such an event-based scheduling model is widely used
in various networked control systems, such as platooning of
a group of vehicles [28], [29], power systems [30], [31] and
cooperative manipulation in robotics systems [32]], [|33]].

The result of the event-triggering scheduling scheme (G
is a closed loop between the triggering event &), or the
communication status d and the state estimation error ey, (the
blue path in Fig. [2). This loop has a significant influence
on the probabilistic distribution of the estimation error ey.
Specifically, the error accumulation depicted in (3) only occurs
when |e;| <), forany i =¢,c+1,--- , k— 1. Otherwise, any
le;| > n will immediately activate the state sampling and lead
to §;41 = 1 and e;41 = 0. Thus, given the last communication
instant ¢ and the history data Z;_1.,, the estimation error under
the event-triggered scheduling scheme (5) becomes

e, =0,
éL-’rl = W,,
(6)
., :{ Aéi_1 +wi—q, if]éi—1| <n,
0, else,

where i = ¢+ 2,---,k, for all k < « + T. Here, we
use a new symbol ¢é; to represent this closed-loop state
estimation error, or closed-loop error under the event-triggered
scheduling scheme (5) to distinguish it from the open-loop
error e; in (3). Similar to e;, é; is also a random variable,
fori =14 1,04 2,--- , k. Differently, the closed-loop error
(6) contains additional side information |é;—1| < n compared
to the open-loop error (3). This side information imposes a
truncation operation on the probabilistic distribution of the
closed-loop error at every sampling instant. It breaks the
linearity of the dynamic model of the state estimation error
and distorts its stochastic propagation. As a result, the closed-
loop error is hardly subject to a Gaussian distribution as
time increases, even though the noise is a stationary Gaussian
process according to Assumption[I] Also, it is difficult to bring
up a brief overall analytical form to represent éj, similar to
, which makes it difficult to track the distorted stochastic
propagation. In this paper, we refer to the fact that the side
information distorts the stochastic propagation of the system

variable of interest as the closed-loop effect. In Sec. we
will briefly introduce the effect of a truncation operation on a
random variable.

C. Stationary and Transient ACR of an ET-SCS

For the ET-SCS in (I) with the state estimator (2) and the
event-triggered scheduler (5)), the ACR is defined as

E(6:) = P(6{"), keN )

which depicts the likelihood of the active status of the com-
munication, or, equivalently, the realization of the event 5;1}.
Meanwhile, the ACR denotes the probability of the state
sampling. Since the initial state x is deterministic and known,
we have E(dg) = P(éél}) = 1. Also, given g = xg— 29 =0,
we know E(6;) = P((Si{l}) = 0. For any k € NT, k > 2,
however, the value of §j is usually random, and the ACR is
computed as

E@) =1- PO =1— [" pe,_,(2)dz,  (8)

where pg, (+) is the PDF of the state estimation error and z €
R is an auxiliary variable. Note that the integration interval
[—n,n] corresponds to the constraint |é;—1| < 1 in (5) which
blocks state sampling at time k.

Remark 2. The above statements are based on our assumption
that the initial system state xq is known. Otherwise, the values
of E(by) and E(01) are neither 1 nor 0. Instead, they are
dependent on the distribution of xo and should be valued
within the interval (0, 1).

The limit E(d) = kli_)m E(0y), if it exists, is defined as the
stationary ACR, while E(gz) for a finite k£ € N is referred to as
the transient ACR. The main issue of exactly calculating the
stationary and the transient ACR is that the analytical form
of the PDF pg, (), k € N, is difficult to derive due to the
challenge of capturing the nontrivial stochastic propagation
of the closed-loop errors, as introduced in Sec. In some
existing work [[17]], [23]l, pe, (+) is approximated by a Gaussian
distribution by ignoring the closed-loop effect, which leads
to the approximated calculation of ACR. We show in this
article that such approximation results in a larger value of
ACR compared to the truth. Alongside this, accurate ACR
computation methods are also provided.

D. Existence of Steady State of A Discrete-Time LTI System

To verify the existence of the stationary ACR for an ET-
SCS, in this paper, we construct a recursive model to depict
the timed evolution of the ACR. The recursive ACR model is
indeed a discrete-time LTI (dt-LTT) system and the stationary
ACR is equivalent to its steady state. This allows us to solve
the stationary ACR by investigating the asymptotic stability of
a general dt-LTI system, which can be examined by the well-
known Jury stability criterion [34]. Consider a characteristic
polynomial with variable z € R in the following form,

D(z):ao+alz+a222+...+aNzN,



where N € NT is the degree of the characteristic polynomial
and a; € R, 2 = 1,2,--- | N, are coefficients. The following
tests determine whether the system represented by D(z) has
any pole outside the unit circle (the instability region). A sys-
tem must conform to all the following rules to be considered
stable.

Rule 1: If z =1, D(z) > 0 must hold.

Rule 2: If z = —1, 2V D(2) > 0 must hold.

Rule 3: |ag| < |an| must hold.

If all rules satisfied, we expand the Jury Array as follows.

1) an aq a9 as an
2) an ... a3z ao ai ag
3) bo bi by ... by

4) by_1 ... by ... by

2N — 3) Vo V1 V2

Once we reach to a row with 2 members, we stop constructing
further arrays. To calculate the values of the odd-number rows,
we can use the following formula. The even number rows are
equal to the previous row in reverse order. We will use k as
an arbitrary subscript value. These formulas are reusable for
all elements in the array:

bo  bn-1-%
bn-1 b

ap GN-—k

b, =
k aN  ag

ydk =

o]

This pattern can be carried out to all lower rows of the array,
if necessary.

Rule 4: Once the Jury array has been formed, all the following
relationships must be satisfied until the last row of the array

lbol > [bn—1l, [col > [en—2l, |do| > |dn—_3].

The system is stable if all these conditions are satisfied.

E. Truncated Stochastic Variables

As mentioned in Sec. the side information |ex_1| < 7
in (6) changes the support of pg, (-) at every sampling instant
k. With a constant threshold 1 € R, the change is specifically
a symmetric truncation operation to the PDF py, (-). Consider
a scalar stochastic variable ¢ € R with an infinite-support
PDF p¢(-). We use ¢ [:%] to represent the truncated stochastic
variable derived from ( by trimming its support set with a fixed
interval ¢ € [a,b], a,b € R. Due to this truncation operation,
the derived variable ([*®! has different stochastic properties
compared to its original (. Specifically, its PDF reads

a,b)pe(z), a<z<b,
pC[a,,b](z){ gC( )pg()

otherwise,

€))

where z € R is an auxiliary variable, p¢(.;) (-) denotes the PDF
of ¢[®?] subject to a truncation interval [a,b], and p¢(a,b) is
a scalar calculated as

pela,b) = 1/(Fe(b) — Fe(a))

where F¢(-) is the cumulative distribution function (CDF) of
¢. Also, the expected value and the variance of ¢[%?! are

E(¢) = [7 2petan (2)dz = pe(a,b) [} zpe(2)dz,  (10)

Var(g[ayb]) = f; Z2pc[a‘b] (2)dz — E2 (C[a,b])
= pela,b) [P 2%pe(2)dz — E2(¢lot]) .

Note that the difference between the mean values and the
variances of a stochastic variable ¢ and its truncated coun-
terpart ¢l%% is reflected not only by the additional multiplier
p¢(a,b) but also by the changed upper and lower limits of
the integrals, a and b. If ¢ is a Gaussian variable, ¢[%%! is not
necessarily Gaussian. This means that all the properties that
are proposed for Gaussian variables, such as the linear combi-
nation properties, may not hold for their truncated variables.
Ignoring this effect may lead to the inaccurate characterization
of the truncated stochastic variable.

Y

III. COMMUNICATION RATE ANALYSIS

In this section, we conduct a comprehensive analysis of
the transient and the stationary ACR for an ET-SCS defined
in (7). Based on the introduction of the predictive indexes
and the predictive coefficients, we derive a recursive model
for the transient ACR of an ET-SCS. Then, by showing
the equivalence between the recursive model and a dt-LTI
system, we prove the existence of the stationary ACR using
the Jury stability criterion recalled in Sec. As a result,
the transient and the stationary ACR can be calculated using
a finite number of predictive coefficients.

A. The Predictive Indexes and The Predictive Coefficients

In this section, we introduce the predictive indexes and
the predictive coefficients which are important to analyze the
ACR. We first define a compound event for k,n € N*, n < k,

{1}
N,

Ehon =000 N6 Nt

k—n+1 (12)

which represents the conjunction of n successive inactive
events after an active event 6,&2. It is straightforward to show
that the compound event satisfies the following property.

Property 1. For any n,k € NT, n <k, event &..x_n, satisfies
the following conditions.

1) Epk—n 7£ a,Vn<T, and Epjo—py = &, VY > T.
2) Epk—i N Epk—j = D, for any i,j < k, i # j.
3) Uh_y St = 017

In Property [I] condition 1) is met considering that the non-
communication period of the system should not be larger than
the limit 7', according to the event-triggered scheduler (3.
Condition 2) is verified by the mutual exclusion between the
compound events. Condition 3) is justified by taking the union
of all compound events &, forall n =1,2,--- k.



1) Predictive indexes: For particular communication vari-
ables dg, 61, -+, 0y, we define n-step predictive non-
communication index Py, or predictive index as
5{0}

Py = P61, 0%, ,5?}]531}) ,neNt, (13
which denotes the probability that no communication is acti-
vated for n sampling instants given an active communication
event 551}. We will later generalize the predictive index to
arbitrary-time communication status &z, k € N*. The n-step

predictive index P, satisfies the following property.

Property 2. For any n,T € N7V, the predictive index P,
satisfies the following conditions.

1) Foralln >T, P, =0.
2) Foralln <T,0< P, < 1.

Property is justified by that the communication is
activated by force after n > T, according to (3). For n < T,
neither activation nor deactivation of the communication is a
certain event, since the support of the PDF of the noise wy, is
infinite, Vk = 1,2, --- ,n. This addresses property 2}2).

2) Predictive coefficients: Also for communication sta-
tus variables &g, 01, ---, &n, the n-stacked predictive non-
communication coefficient P, or predictive coefficient is
defined as

P, — P((S,{LO}‘ éan_m) n=1,2--- T, (14
which denotes the probability of a single non-communication
event 5;{10} given the history compound event &, _1.9. Similar
to the predictive index, the predictive coefficient has the
following property due to the infinite support of the PDF of
the stochastic noise.

Property 3. 0 < P,, < 1 holds for all n =1,2,--- ,T.

3) Relation between the indexes and coefficients: From the
definitions of the predictive index in and the predictive
coefficient (T4)), we have the following relation,

Pn :P(d'r{z()}7éio_}l7 75fo}‘5(§1})
0 0
(G )
< P(89, 50|50

:?npnflv n=2--- 7Tv

with P; = Py, which renders the following property.

Property 4. (Relation of the predictive index and coefficient)
The following relation holds.

Pnznyzlﬁian:1a27"'vT' (16)

Meanwhile, applying Property 2] and Property [3] to (I3)
recursively, we have the following property.

Property 5. (Monotonic decrease of predictive index) The
condition 0 < Pr < ... < Py < Py < 1 always holds.

4) Time-Invariance of the indexes and coefficients: Ensured
by Assumption the system noise wy, k € NT is a
stationary stochastic process. Thus, its stochastic properties
are time-invariant. As a result, the dynamic model of the state
estimation error in (6) and the communication status in (3)) are
also invariant to the last communication instant ¢. This justifies
the following property.

Property 6. (Time-invariance of communication probabilities)
The following conditions hold ¥n =1,2,--- ;T and Vi € N.

0 0 0
P(B0 A dBla) < p
p(s% & -P
+n t+n—1: n-.

Property [6] proposes a very important claim for our work. It
indicates that the n-step predictive indexes P,, and coefficients
P,, can be used to depict the communication probabilities
for an arbitrary state-sampling time ¢ € N, even though
they are originally defined specifically for « = 0. Nevertheless,
we should keep in mind that this property only holds when
Assumption |1} is ensured.

B. The Recursive Model of The Transient ACR

Having introduced the predictive indexes and coefficients,
we are ready to present the recursive model for the transient
ACR. According to Property [T}3) and [T}2), we know

k k
P(5]£0}) = P(gl éak;k_n> = ;P(Cg)k:k—n) ) k S N+,

which leads to

P() = 3 (50, o) P56,
n=1

=Py

(18)
where we used Property [6} Note that P, = 0 holds Vn > T
according to Property [I{I). Thus, (I8) can be rewritten as
(19)

n=1

P(si) = n™ " pp(s(Y,), ke Nt

According to the definition of ACR in (7)), (I9) leads to the
following recursive model,

E(6p) =1—S""D) p E(s5,_,), keNT,  (20)

n=1

with an initial condition E(dy) = 1. Model (20) depicts the
recursive evolution of ACR at an arbitrary sampling instant as
time increases. Using Property 4] model (20) can be rewritten
as

E@r) =1— "D PE (65_n), k€ NT. (21)

The recursive model (21)) indicates that the transient ACR at
any time k € N can be recursively calculated using a finite
number of predictive coefficients Py, Ps, - - - , Pp. Therefore,
how to obtain the values of these coefficients is a critical
technical point for the exact computation of the transient ACR.
We explore the solution to this problem in Sec.



C. The Existence of The Stationary ACR

The recursive model @20), for k¥ > T, is equivalent to
a T-order dt-LTI system. This offers us a solution to study
the existence of the stationary ACR using the Jury Criterion
recalled in Sec. which renders the following theorem.
Theorem 1. The stationary ACR E(0,) = klim E(dx) derived
—0Q
from the recursive model exists and its value reads

E(0se) = 1/(1+ X0y [T, Po).

Proof. We can rewrite the recursive model (20) as the follow-
ing matrix-vector form

¢ —[OT I]g +8, Vk e N*
k‘ PT p k*l b) )

(22)

(23)

where I is a (T — 1)-dimensional identity matrix, 0 € R7~1
is a zero vector, and

& = [E(0rsr—1) ... E(@rs1) EG)]",
p=[Pr_, ... P],B=[0"1]T,

with an initial condition
& = [E(dr-1) .

Therefore, @ can be recognized as a dt-LTI system, where
&, k € N, is the system state, (3 is the constant input, and P,,,
n=1,2,---,T, are the constant parameters. In this sense, the
existence of the stationary ACR E(d.,) can be determined by
the stability of the dt-LTI system using the Jury’s criterion.

For any 2z € R, the characteristic polynomial of the dt-LTI
123) is

. E(01) E()], (24)

D(Z) :PT+PT_1Z+...+P12’T71+ZT- (25)

Given the polynomial (25), we investigate the state conver-
gence of the dt-LTI system (23) using the Jury’s criterion
recalled in Sec. It is straightforward to verify that Rules
1-3 in Sec. hold for (23). We then use the coefficients in
to construct the Jury array. The elements in the first row
of the Jury array then become

CLO:PT, a1:PT_1, ey (ZT:]..

Having the elements on row i and row 2 of Jury array,
the elements by and bg4; in the row 3 and row 4, with
k €{0,...,T — 1}, can be constructed as

ag  ar—
be =10 "IN = agay — ar_iar,
ar Qf;
ag  aT—g—1
b1 = = AoQk+1 — AT—k—10T-
ar k41

From Lemma [5] we obtain 0 < a9 < a1 < ... < ar =
1, which implies agar < apart1 < ar—g—107 < AT_KLaT.
This inequality further implies —1 < by < br11 < 0 and
|bo| > |br—1]. These results reveal the relationship among
the elements by. Similarly, we can construct cj and cg41, as
follows

bo  br_1-k

bT—l bk‘ = blbk - bT+1—]€bT7

Cr =

bo  br_2—i

= bobk4+1 — br—o_kbr_1.
br_i  bri 00k+1 — 0T —2-k0T—1

Ck+1 =

Similarly, we can readily conclude that 1 > ¢ > cg41, which
also implies |c1| > |er — 1|. Similar analysis can be carried
out to show that Rule 4 of Jury stability criteria always holds.
Therefore, the characteristic polynomial (25) meets Jury’s
stability criteria, which means that all the eigenvalues of the
state transition matrix in @]) are less than or equal to 1, i.e.
the system presented in (23) is asymptotically stable. This
indicates that the limit E(d) = limg_ o E(dx) exists. By
taking the limit of both sides of (20), we obtain

limg oo E(61) =1 — 320, Py limy 00 E (1),

which leads to (22) and proves this theorem. O

(26)

Based on a general recursive model (20), Theorem [I] proves
the existence of the stationary ACR for any ET-SCS with an
event-triggered communication scheduler and a deterministic
constant threshold. This claim does not require any additional
conditions, meaning that the stationary ACR in general exists
for any ET-SCS defined in this paper. Equation indicates
that the stationary ACR can also be calculated using a finite
number of predictive coefficients P,.n=1, 2,---,T, similar
to the transient ACR explained in Sec.

IV. COMPUTATION OF THE PREDICTIVE COEFFICIENTS

As shown in Sec. the computation of both the transient
and the stationary ACR requires the predictive coefficients P,,,
n = 1,2,--- ,T. This section provides both analytical and
numerical approaches to compute these coefficients. Then, we
compare our methods with the previous results which apply
the restricted Gaussianity assumption. Finally, we present a
numerical example to demonstrate our theoretical claims.

A. The Analytical Form of The Predictive Coefficients

This section explores the analytical method to exactly
compute the predictive coefficients. According to the definition
of the predictive coefficients in Sec. we have

Pi=P(6 6 10) = |7 peu(2)dz @D
for ¢ = 2,---,T, with an initial condition P, = 1. Thus,
each coefficient P; is the integration of the PDF of the state
estimation error é;_1 on a finite support set [ —n,n], where
the error recursively evolves following (6). Then, the critical

technical point is to obtain the analytical form of these PDFs.
For each i =1,2,-.. ,T — 1, the PDF of ¢é; reads

pe,(2) = [, pen_ (€)pu(z — AE)dE,

where péll(-) denotes the PDF of the truncated stochastic
variable €] | of é;,_; with a symmetric truncation interval
[—n,n] and p,,(-) is the PDF of the disturbance wy, k € N*.
Note that ég = 0, and é;,wy, ~ N(0, o), which yields

1 22
- 2
L(-2). e

(28)

Pey(2)=6(2), pe, (2) =puw(z)=



where 0(+) is the Dirac delta function. Thus, the distribution
pe; (z) in (28) can be obtained as

" Pen z — A£)?
pl_l(é)exp<_( Ag€)

6. (2) =
pel( ) ) oo 202

) . 30)

According to the PDF of a truncated random variable in
Sec. [[lI-E] we have

pé?,l (Z) = Géi—l(Z)péifl(z)a (31)

where pg,_, (+) is the PDF of the non-truncated variable é;_;
and G¢,_, (+) is a piece-wise constant function defined as

Géi71(2) = { é/ fjnpéifl(g)dfa -n S z S n,

otherwise.

(32)

Substituting and to the PDF (30), we obtain

_Geu(x) [ (z — 48)°
pe; (2) = oo /n pe,(§) exp (W) d¢.
(33)

Thus, equations (29) and (33) form a complete recursive model
to solve the analytical forms of the PDFs of the closed-loop
errors, pg,(-), for all 4 = 1,2,---,T. Then, can be
used to accurately calculate the predictive coefficients P;, for
i =2,3,---,T — 1. Note that, for any ¢ = 2,3,--- ,7, the
PDF pe,(:) is not necessarily Gaussian due to the recursive
truncation operations. Also, the analytical form of pg,(-)
becomes increasingly complicated and challenging to solve
as ¢ gets larger. To resolve this issue, in the next section, we
propose a numerical algorithm to approximate the predictive
coefficients using the recursive stochastic sampling technique.

B. Approximating The Predictive Coefficients Numerically

Considering the difficulty of analytically computing the
coefficients P; for large i, we propose a numerical algorithm
to approximate them using the recursive stochastic sampling
method, as shown in Algorithm The computation of P,
and P in Line 1 is straightforward since the analytical forms
of pe,(-) and pg, () are trivial and simple. In Line 2, N
particles are initialized from the distribution pg, (-), ie., a
Gaussian distribution N'(0, o). From Line 3, the particles are
used to approximate the nontrivial PDFs pg, (-) for i > 2.
The particles are a group of real scalars independently drawn
from a certain distribution. Consider that N € N¥ particles
Z={zW @ ... M} 20 R i=12---,N, are
independently drawn from a distribution depicted by a PDF
p(+). Then, the unbiased estimation of p(-) can be obtained
using a Gaussian kernel method as

(s 2 1 a (z—z(j))2 34
Pz, )—W;GXP oz | (34)

where 6 € RT is a variance parameter. Here, we use the
symbol p(-) to represent the PDFs approximated using parti-
cles. Based on the approximated PDFs pg, (), the predictive
coefficients P, are calculated recursively, following the flow
De;_y () - ﬁé;Ll () — Pe, () — Py

The approximation in each iteration is described as follows.
In line 4, the particles exceeding the threshold 7 are removed,

which simulates the truncation operation to the PDF ps,_, (+).
Then, in line 5, the PDF pgn () of the truncated stochastic
variable é] , is approximated with the remaining particles. In
line 6, N particles are resampled from the approximated PDF
f)é';z_l (+). The particles then perform the stochastic propagation
according to the error dynamics (6)), as shown in lines 7-10.
In line 11, the particle approximation method (34) is used
again to approximate the PDF pg,(-). Finally, the predictive
coefficient ﬁi+1 are calculated in line 14.

Algorithm 1: Approximation of the predictive coeffi-
cients using particles

Inputs : noise variance o and particle number N
Outputs: P;, Vi=1,2,--- T, T > 2
1 Calculate Py, Po using with pg, (+), pe, (+) in (29);
2 Sample particles z%j) ~N(0,0), 7=1,2,--- | N;
sfori<2to7 —1do
4 Remove all particles ‘ZZ(J_ )1’ >n;

s | Approximate pzn (-) with zl(ﬂ )1 using (34);
6 Re-sample particles zl(i )1 ~ Den_, ();

j: 1723"' 7N;

7 for j < 1to N do

8 Draw ez@l ~N(0,0);
||
10 end

1 | Approximate pg,(-) with zgj ) using (34);

12 | Calculate P;y; with using PDF p;. (-);
13 end

Note that Algorithm [I] may lead to approximation errors in
the predictive coefficients. The main source of the errors is the
deviation between the PDFs pg, (+) and their estimations pe, (+).
In fact, the unbiasedness of the approximation only holds in
the statistical sense. To reduce the approximation errors, [N
should be selected sufficiently large and 6 should be small.

Remark 3. In this paper, our theoretical claims and numerical
methods target at a specific class of ET-SCS, where the
network communication is triggered by an asynchronous event
associated with state estimation errors. In fact, the state
estimation error ex, k € N, can be recognized as a variable
that depends on the internal states of the joint dynamic model
of the system plant and the state estimator, namely the plant
state x;. and the estimator state Ty. Thus, our results can also
be extended to a generic ET-SCS of which the triggering event
may be assigned to an arbitrary state-dependent variable. In
this case, the recursive model of the ACR is still effective.
What changes is that the predictive coefficients are calculated
using the PDF of this state-dependent variable. The challenge
of such an extension depends on the complexity of this PDF.

V. COMPARISON WITH THE CONVENTIONAL METHOD

Based on Sec. [Tl and Sec. we are able to calculate the
stationary and the transient ACR for an ET-SCS using a finite
number of predictive coefficients. The analytical and numerical



methods to compute these coefficients are also provided. In
this section, we make a comparison between our approaches
and the conventional method [|17] that intentionally ignores the
side information for simplification. Both theoretical analysis
and a numerical study are conducted to validate the accuracy
of our approaches and qualitatively verify the accuracy gap
between the conventional method and the ground truth.

A. Deviation Analysis of The Conventional Method

As mentioned above, the computation of ACR without
considering the closed-loop effect leads to an oversimplified
distribution model for the state estimation error and eventually
returns approximated results. Assume that the open-loop state
estimation error is subject to the dynamic model (3). Then,
the error has a fully Gaussian PDF, and, similar to @, the
open-loop ACR can be recursively computed as

E(0k) =1 -y mmt DT (PE(Bin), kEN*, (35)

with E(8) = 1, where Py, i = 1,2, --
cients obtained by

Fi = fjn Pe; (Z)dZ,

where pe,(-) is the PDF of the open-loop state estimation
error e; subject to the dynamic model (3) with « = 0. Hence,
according to @ for all 7 > 1, we have

, T, are the coeffi-

i:172a"'7T7 (36)

pel f— De, 1 Pw(Z—Aﬁ)dﬁ
_ Peir (§) (z — Ag)? (37)
- _oozme’(p<‘zaz)df’

with the initial conditions

1 2
Pl =06 pu) = oo (). 9

Comparing and (37), one notices that é; and e; have the
same distribution A/(0, o), while for each i > 1, pg, (-) has an
additional multiplier Gs,_, (-), compared to p,(:). Also, the
integration intervals are also different.

Now, we compare the mean values and the variances of
the two stochastic variables é; and e; for ¢ = 1,2,-.. T.
From @]) we know that the state estimation error e; is a linear
combination of the Gaussian-distributed stochastic variables
wo, - -+, Wi—1. Hence, e; is also Gaussian-distributed and has
the following property.

Property 7. Given that wy, ---, wr_1 are ii.d. stochastic
variables (Assumption [I), the following statements hold for
all e;, 1=1,2,---,T.
1) For any z € R, p,(2) = pe,(—2).
2) E(e;) = S0 A 1E(w,) = 0.
3) Var(e;) = Y2070 A= War(w,) =

Property [7] is easy to verify using the linear properties
of Gaussian stochastic variables. Nevertheless, the stochastic
properties of the closed-loop state estimation error é; are not
that straightforward due to the recursive truncation operations.
Before proceeding with the study on the stochastic properties

Zz 1AL7L 152

of é;, it is necessary to propose the following proposition for
truncated stochastic variables.

Proposition 1. Let ( € R be an arbitrary stochastic variable
of which the PDF p¢(z) has infinite support. E(¢) and Var(()
are respectively its mean value and variance. Also, let (" € R
be a truncated stochastic variable by trimming the support of
¢ to be within the symmetrically bilateral interval [—n,n],
n>0. If E({) =0, and p¢(z) = pc(—z) holds for all z € R,

then the following conditions are valid.

1) E(¢") =0, and pen(2) = pen(—2), Yz € R
2) Var(¢") < Var(().
Proof. If E({) = 0 and p¢(z) = p¢(—2) hold, according to the

definition of the PDF of truncated stochastic variables in @I),
we have

pe®) (=)
Fe(m) = Fe(=n)  Fe(n) — Fe(=n)
Utilizing this property, we further have

E(¢") = /77 2pen (2)dz

-n

pen(z) = = pen(=2)-

=0.

Therefore, condition 1) is proved. Furthermore, the variance
of (" reads

Var(¢) = [ 2%pea(2)d= — E2(CY)
- f:]n 22pe(z)dz /ffnpc(z)dz

Note that Var(¢") is indeed a function of the truncation
interval 7). Thus, we represent it as Var(n). It can be verified
that Var(n) is continuous and continuously differential for ).
Moreover, we know

- /00 zzpc(z)dz = Var((), 111%\/&1"(77) = 0.
(39

lim Var(n)

n—o0

By taking the derivative of Var(n) to 7, we obtain
!/
[(fnn 2’p¢ (z)dz) fi]n pe(z)dz
n "2 n 2
_ (finpc(z)dz) I,z pc(z)dz} /(fnpg(z)dz) .

Note that

(fi’,7 zzpc(Z)dz)/ = n’[pc(n) + pc(=n)] = 2n*pc(n),

(ffnpc(Z)dZ)l =P

Var'(n) =

(1) + pc(=n) = 2pc(n).

Thus,

Var'(n) = 2p<(n)/7:7 (n* = ¢?) pe(= // pe(z

Since p¢(-) is a non-negative, we conclude V'(n) > 0, for all
7 > 0. This implies that V() is a monotonically increasing
function in the interval 7 € (0, 00). Therefore, we can write
Var(¢") = Var(n) < Var(co) = Var((), for any 0 < 7 < 0.
Thus, condition 2) is proved. O

Proposition |1| indicates that a truncated stochastic variable
has the same expected value but a smaller variance than its



original counterpart if the latter has an even PDF around zero
and the truncation interval is symmetric. We now present the
following theorem that characterizes the relation between the
mean values and variances of the closed-loop and open-loop
state estimation errors.

Theorem 2. Given state estimation errors é; and e; de-
picted by the dynamic models (6) and (@), respectively, i =

1,2,--- T, the following conditions hold.
1) pe,(2) = pe;(—2), for all z € R.
2) E(é;) = E(e;) = 0.
3) Var(é;) = Var(ey), Var(é;) < Var(e;), for all i > 2.

Proof. We first consider the case & = 1. Since é1,e; ~
N(0,0), we have pg,(2) = pe(—2), for all z € R,
E(é1) = E(e1) = 0, and Var(é;) = Var(e;) = o?. Then,
for a truncated stochastic variable é; with threshold n > 0,

according to Proposition[I} given any i = 1,2,--- ,7—1, such
that pe, (2) = pe, (—2), we have pen (2) = pen (—2), E(€]) = 0,
and Var(é]) < Var(é;).

Accordmg to @,
we conclude

Peitq (z) = fjn Pen (5) pw(z - Af)df.
Considering that pen (-) is an even PDF, and py, ()
for all z€ R, we obtain

¢
ey Den

we know é;41 = Aé] + w;, from which

= pw(_z)7
Y2 (Z) ( 5) pw(*Z + Af)df

Set 2 = —&, then we will have

Py (2) = f;,n o1 (2) pu(—2 — A2)d(~2)
= — [T per (2)pu(—z — A2)d:

Zi—'f] :I
= Zz_jn Pen ( ) w( Zz = Az)dz = p61+1( )

i

This property leads to

n
E(é;11) = / 2pe,., (2)dz = 0.
-n
Also, from Assumption we know that e

independent from w;_;. Thus we conclude
= A*Var(e]) + o2,
= A*Var(e;) + o2,

and e; are

Var(é;11)
Var(e;11)
According to Proposition [I] we have Var(é]) < Var(é;).
Therefore, for any ¢ such that Var(é;) < Var(e;), we have
= A*Var(é]) + o2 < A*Var(¢;) + o?
< A*Var(e;) + 0% = Var(es41).
Finally, we proved pe,(2) = p¢(—2), E(é) = 0, and

Var(é;) < Var(e;) hold for all ¢ = 1,2,---,T. Note that
Var(é;) = Var(e;) only when ¢ = 1. O

Var(é;11)

Theorem [2] indicates the qualitative difference between the
PDFs, the mean values, and the variances of the closed-loop
error é; and the open-loop error e¢; fort = 1,2,--- ,T. Both of
them have even PDFs and zero mean values. Nevertheless, the
closed-loop error é; has a smaller variance than the open-loop
one ¢;, for 7 > 1. This indicates that the recursive truncation

operations in (6) result in a shrink in the PDF pg, (z) along the
z-axis compared to the infinite support Gaussian PDF p., (z).
Therefore, for any ¢ > 1, Theorem 2| results in

fjnpéf, (2)dz > fjn De,; (2)dz.

This can be explained in an intuitive manner that the shape of
pe, (+) is more narrow than p,, (-). Based on this, we can infer
that the conventional method using p.,(-) instead of pg, ()

(40)

leads to smaller results for the coefficients, i.e., P;11 < Py
for ¢ =3,---,7T, according to , and then larger values of
the transient ACR, ie., E(6;) < E(6;) for k = 3,---,T
Extending this claim to k& — oo, we also have a similar
conclusion for the stationary ACR, i.e., E(d,) < E(du0).
The analysis in this section not only proves the accuracy
gap of the conventional method in theory but also qualitatively
points out that it always leads to larger computation results.

B. Accuracy Comparison: A Numerical Example

Here we present a numerical example to verify the ac-
curacy of our proposed analytical and numerical methods,
in Sec. and Sec. [TV-B] respectively. We also validate
the accuracy gap of the conventional method that ignores
the close-loop effect. Consider an ET-SCS as in (I) with
parameters A = 1.25, B = 1, an initial state xy = —2,
a stochastic process w, ~ N(0,1), k € N*, and a state-
feedback controller u, = —Z, where Z; is estimated us-
ing (@). The threshold and the maximum triggering interval
of the event-triggered scheduler (3) are n = 1, T = 5. As
addressed in Sec.[V-A] the major difference between our work
and the existing works is that the latter ignores the closed-loop
effects of an ET-SCS and use the open-loop estimation error
er to compute ACR, instead of the closed-loop error é;. To
provide a fair and clear comparison study, we use five manners
to compute the transient ACR.

1) The Proposed Analytical Method (PAM): The recursive
expressions (29) and (33) are used to obtain the PDFs pe, () of
the closed-loop state estimation errors é; for ¢ = 0,1,--- ,4.
Then, the coefficients P;, are calculated using (27). Finally,
(21) is recursively used to compute the transient ACR E(dy)
fork=1,2,--- 5.

2) The Proposed Numerical Method (PNM): Algorithm [I]
is used to approximate the PDFs pg, (+) of the closed-loop state
estimation errors é; for ¢ = 0,1,--- ,4, with parameters ¢ =
0.1 and N = 10*. Then, the coefficients Fi_l,_l are calculated
using (27). Finally, (ZI) is recursively used to compute the
transient ACR E(Jy) for k =1,2,--- 5.

3) The Conventional Analytical Method (CAM): [17] The
recursive expressions and (38) are used to obtain the
PDFs p.,(-) of the open-loop state estimation errors e; for
i = 0,1,---,4. Then, the open-loop predictive coefficients
P,y are calculated using (36). Finally, (33) is recursively
used to compute the transient ACR E(ék) fork=1,2,---,5.

4) The Conventional Numerical Method (CNM): This ap-
proach is merely used to provide a numerical counterpart of the
CAM approach for the completeness of our work. We first use
Algorithm with the same parameters ¢ = 0.1 and N = 10*



as PNM but with the lines 4-q removed, to calculate the open-

loop predictive coefficients P; ;. Then, (33) is recursively
used to compute the transient ACR E(5k) fork=1,2,---,5.

5) Ground Truth (GT): We conduct a Monte-Carlo exper-
iment of the ET-SCS with the same initial state repeated for
10* trials to approximate the true value of ACR,

Eqr(6x) = #(6x = 1)/10%,

where #(0;, = 1) is the total number of trials of which 6 = 1.

The following Example[I|provides an instruction to compute
the transient ACR using PAM. Note that we only give the
results for E(dx), k = 1,2, 3. The results for larger k values
are omitted due to the complexity of analytical computation.

Example 1. (Computation of ACR Using PAM) The compu-
tation procedure of E(0y) for k = 1,2,3 is as follows.
e For k =1, according to (29), we have

P, = fjn §(2)dz=1, and E(6;) =1—P; = 0.
e For k =2, using 27), we can calculate
Py = [ pe,(2)dz = 0.6827,

where the analytical form of pe, (+) is provided in 29). Then,
according to (21)), we have

E(85) = 1 — PLE(8,) — PoP1E(8y) = 0.3173.

e For k = 3, we have é5 = Aé’l7 + wy according to (6).
Thus, the analytical form of pe,(-) reads

Dey (Z) = fjn bey (5) pw(z - Af)d§

Note that pen(-) is a truncated Gaussian PDF and p(-)
is a Gaussian PDF, which makes the calculation of pes, ()
nontrivial. According to the formulations in Sec. we have

(41)

V202

where erf(z) = —= [ exp(—x?)da is the Gaussian error
Sfunction. Substituting [42)) to the integral term in , we get

(z—A€)2+£2)

pe,(2) = / i (_ -

_ /.
n 27r02erf(\/§g)

1 22
pen(z) = exp (—) . (4D
V2ro erf ( 1 ) 207

d§

(e~ )

22
exp (—m) /"
= exp

BN AR K13
2 n_ _ 252
2mo erf(\/ia) n
22
exp (_202(A2+1)) 43)

20/27 (A2 + 1)erf<ﬁ)
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Therefore, we calculate
. n
P3 =1- / Désy (Z)dZ = 0.5872.
-n
According to (21), we have

E((sg) = 1—?1E(ég)—?g?lE(51)—?3ﬁ2ﬁ1E(50) = (0.2818.

It has been noticed that the analytical form of pg,(-) in
becomes very complicated. The computation of E(dj)
for £ > 3 is even more difficult due to the complicated form
of pe,_, (+). Therefore, we only provide the results for & < 3.

The computation results of the numerical study are reported
in Table [Il Slight deviations are seen between PAM and PNM
or between CAM and CNM. Note that these deviations reflect
the inevitable approximation errors between the analytical
methods and their numerical counterparts due to the approx-
imation bias of the Gaussian kernel method. Incorporating
these errors, we can see that the results of PAM and PNM are
very close to the ground truth (with absolute errors smaller
than 0.005), which validates the effectiveness and accuracy of
the proposed methods. On the contrary, the results of CAM
and CNM present large calculation errors. Moreover, they are
all large than the GT results, in general, which verifies our
theoretical arguments in Sec.[V-A]that the conventional method
overapproximates the ACR values.

Table I: The GT and the computed ACR values for ET-SCS

k GT PAM PNM CAM CNM
1 0 0 0 0 0

2 | 0.3175 | 0.3173 | 0.3129 | 0.3173 | 0.3161
3 | 0.2826 | 0.2818 | 0.2877 | 0.3633 | 0.3668
4 | 0.2650 — 0.2609 | 0.3098 | 0.3082
5 | 0.2801 — 0.2797 | 0.3117 | 0.3126

More details can be found by taking a deeper look into the
stochastic properties of the state estimation errors. Table
shows the mean values E(-) and the variances Var(-) of the
closed-loop error éj, and open-loop error e for k =1,--- 5.
It can be seen that their mean values are very close to zero,
despite small errors due to the numerical approximation. Also,
we witness Var(e;) = Var(é;) = 0 and Var(eg) > Var(ég),
for all kK = 2,---,5. This coincides with our theoretical state-
ments in Theorem [2] that the open-loop errors have the same
mean values as the closed-loop errors but larger variances.

Table II: The mean values and the variances of the closed-loop

and the open-loop state estimation errors

k E(éx) E(ex) Var(é) | Var(er)
1 0 0 0 0

2 0.0000 —0.0000 1.4549 2.5625
3 | —0.0037 | —0.0000 1.4497 5.0031
4 0.0220 —0.0000 1.5108 8.7302
5 0.0149 0.0000 1.5288 13.601

The PDFs calculated using the closed-loop and the open-
loop errors, pg, (+) and pe, (+), for k = 2, 3,4, 5, are illustrated
in Fig. 3] using the red line and the blue line, respectively.
The GT PDF of the state estimation errors, drawn as the gray
area, obtained by conducting a Monte Carlo experiment, is
also presented for comparison. We observe that our proposed
method accurately follows the GT. On the contrary, the con-
ventional method obviously deviates from the GT results. The



deviation becomes larger as k increases. This also verifies our
theoretical claims in Sec. [V-Al
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Figure 3: The approximated PDFs of the state estimation errors
for k=2,3,4, 5. The Red line denotes pg, (-) calculated using
our proposed methods (k = 2 using PAM and k£ = 3,4,5
using PNM) and the blue line is pe, (-) obtained from the
conventional approach (CAM). The gray area represents the
GT PDF using Monte Carlo sampling.

VI. EXPERIMENTAL STUDY

In this section, we conduct an experimental study of a
leader-follower autonomous driving scenario to validate our
theoretical results interpreted so far. The leader-follower sce-
nario is a simplified case of the widely-used platooning model
in autonomous driving [35]]. As illustrated in Fig. [ the
system contains a leader vehicle that maneuvers according to
a certain trajectory. A follower vehicle is dedicated to keeping
a constant distance from the leader vehicle. The positions and
velocities of the vehicles are measured using a series of remote
sensors. Both the vehicles and the sensors are connected using
a common communication network that allows data exchange
and state sampling. The switches installed on remote sensors,
subject to the triggering scheme (5)), determine whether to
transmit the most recent vehicle states to the network.

The position of the leader vehicle follows a predefined
trajectory p%(t) = — cos(t) + 1.2t. The follower is required
to maintain a distance d = 3 m with the leader. The kinematic
model of the follower vehicle is

(44)

where p(t),v(t), u(t) € R are respectively the position, the ve-
locity, and the acceleration of the follower. In this experiment,
the parameters are selected as v =1, @ = 1, and K = 1. The
objective of the problem is to design a control law u(t), such

)
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Figure 4: Illustration of a leader-follower system.

that p(t) — p*(t) + d and v(t) — p*(t) as time ¢ increases.
We define the following feedback control law,

u(t) = —Q Mu(t) — QT Kp(t) + vQ'pH (1)
+ Q' Kph(t) + pH(t) + Q7' Kd,

where K, Q,y € R are positive parameters. It can be verified
using a Lyapunov method that p(t) — p~(t) = d and v(t) —
pL(t) = 0 render a globally asymptotic equilibrium of the
closed-loop system, which indicates the achievement of the
desired control performance. The proof is omitted in this paper.

In our experiment, we consider the discrete-time version of
the follower vehicle (@4),

Ph+1 = Pi + Atvy,
V1 = Uk + Atuy + wy,

(45)

(46)

where At is the sampling period, and wy is an i.i.d. noise
process. Accordingly, we discretize the reference trajectory
pE(t) to pE using discrete sampling t = k - At. In corre-
spondence with the ET-SCS model in Fig. the leader’s
trajectory pIk‘ is the reference signal of the overall system.
Each follower is a plant with the state z; = vi. The limited
communication bandwidth motivates the application of the
event-triggered scheduler in (3, for which we set n = 1,
and T" = 20 in this experiment. The state estimator
is used to obtain &, = 0, with A = 1, and B = At.
The discrete-time controller based on the estimated state is
ug = u(k - At), for which py, is obtained using the recursive
model pry1 = pr + Atdg. The simulation runs for 104 trials
with the same initial conditions pg = 0 and vg = 0. Each
trial lasts for ¢ = 40s with a sampling time At = 0.1s.
The overall control performance is shown in Fig. 5} It is
observed that the average following distance E(p(t)) — p*(t)
slightly fluctuates around d = 3 m, which indicates satisfactory
distance keeping. Also, the average velocity E(v(t)) is very
close to the reference velocity p(t). This shows that the
configuration of the state estimator (2) and the event-triggered
scheduler (3 successfully achieves the control objectives.
The computed values of the ACR E(dy), using Algorithm
(PNM), with various triggering thresholds 7, are shown in
Fig. [] (in red). To verify the validity of our proposed
method, we also show the GT-ACR obtained from Monte-
Carlo simulation (in black), and the ACR computed according
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Figure 5: Average performance of the platoon controller {@3).
Plot (a) depicts the tracking distance E(p(t)) — p”(t). Plot (b)
shows the leading velocity p”(¢) (in red) and the mean of the
actual velocity E(v(t)) (in blue).

to the conventional method (CAM), i.e., E(&k) (in blue). The
information delivered by Fig.[6] can be summarized as follows.

1) The general existence of the stationary ACR: 1t is
noticed that all ACR values, E(dy), E(ék), and the GT-ACR,
ultimately converge to their respective stationary points for all
triggering threshold values = 1,2, 3,4. This validates our
result on the existence of the stationary ACR in Sec.

2) The accuracy of the proposed method: 1t is observed
that the computed ACR E(dy) closely follows the GT-ACR
at all time, indicating the accuracy of our proposed method.
On the contrary, E(6)) shows deviations from the GT-ACR
suggesting inaccuracy of computing the ACR by this method.
Also, E(;) is in general larger than E(J}) in the steady state,
which validates our theoretical statement in Sec. [V-Al that this
method overestimates the stationary ACR.

3) The influence of the triggering threshold: The stationary
ACR values tend to be smaller as the triggering threshold 7
increases. The intuition behind this observation is that, higher
threshold means higher estimation errors are tolerable, hence
less events will be triggered to reset the estimation error,
which consequently leads to lower ACR. Similar observation is
depicted in Fig.[7} where the change of stationary ACRs E(d+)
and E(ék), and their ratios are plotted versus the changes
of the threshold 7. It van be seen that E(5,,) < E(6), for
all values of 7. However, the scale of the deviation between
the two approaches is not monotone with respect to 7, i.e.,
larger triggering thresholds do not necessarily lead to larger
deviations . The largest deviation occurs around 1 = 3, with
more than 25%, which is noticeable.

VII. CONCLUSION

Motivated by the conservativeness of the conventional exist-
ing methods, in this article we provide comprehensive analyt-
ical formulations to accurately compute the average commu-
nication rate for networked control systems under the event-
triggered sampling model. By incorporating the distribution
truncation operations that correspond to the side information
generated by the triggering decisions, we prove the existence
of stationary ACR using a novel recursive model. Afterwards,
we propose analytical and numerical approaches to accurately
calculate ACR at any arbitrary time and demonstrate the
noticeable ACR over-estimation when the triggering-induced

time

@n=1

0 10 20 30 40 0 10 20 30 40
time time

©n=3 dn=14

Figure 6: ACRs computed using our proposed method E(dx)
(in red), the existing method E(dy) (in blue), and GT-ACR (in
black), for various triggering thresholds n = 1,2, 3, 4.
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Figure 7: Comparison between the stationary ACRs vs. trigger-
ing threshold. Plot (a), our proposed method E(d.,) (in red),
and the existing method E(éoo) (in blue). Plot (b) shows the
ratio of the two stationary ACRs vs. triggering threshold.

truncations are ignored in computing the ACR. Our proposed
method and the theoretical claims are validated with a nu-
merical example and an experimental study on a platooning
scenario, showing that our ACR computation model precisely
follows the ground truth case.
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