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Abstract: In estimation of linear systems, an efficient event-triggered Kalman filter algorithm is
proposed. Based on the hypothesis test of Gaussian distribution, the significance of the event-
triggered threshold is given. Based on the threshold, the actual trigger frequency of the estimated
system can be accurately set. Combining the threshold and the proposed event-triggered mechanism,
an event-triggered Kalman filter is proposed and the approximate estimation accuracy can also be
calculated. Whether it is a steady system or a time-varying system, the proposed algorithm can
reasonably set the threshold according to the required accuracy in advance. The proposed event-
triggered estimator not only effectively reduces the communication cost, but also has high accuracy.
Finally, simulation examples verify the correctness and effectiveness of the proposed algorithm.

Keywords: event trigger; threshold setting; accuracy comparison; state estimation

1. Introduction

The growing demands of communications, navigation positioning, fault detection,
and environmental monitoring have spawned wireless sensor network systems [1-5]. In
wireless sensor networks, due to the limitation of bandwidth and energy, frequent data
transmission is unfavorable, which not only increases the communication costs, but also
induces some negative network phenomena, such as packet loss, network delay, etc. In
order to reduce the waste of resources in the operation of the equipment and ensure the
quality of communication, a better transmission mechanism is worth seeking. Unlike
traditional time-triggered mechanisms, an event-triggered one transmits information only
when needed. It effectively alleviates the problems of network congestion and waste of
resources, and has attracted widespread attention from scholars [6-10].

As early as 1983, Ho et al. first introduced the concept of event trigger into discrete
systems [11]. Later, in the development of event-triggered filter estimation, a trigger
mechanism named send-on-delta (SOD) emerges. The trigger mechanism is based on
differences in the measured signals, and when the signal deviates from the delta, the
communication is triggered. It is one of the classic solutions to solve redundant data
transmission in wireless sensor networks [12]. Subsequently, in [13], using estimation
variance as a trigger condition, Trimpe et al. correlated trigger decision with estimator
performance, and estimation algorithms for distributed sensor nodes that can be applied in
two cases were designed, and another popular trigger mechanism was proposed. Based on
the innovation and its covariance information, Wang N.et al. proposed an event-triggered
sequence fusion estimator. It is an improvement of the SOD mechanism, which solves
the problem of event-triggered estimators of observation noise under the linear minimum
variance criterion [14]. Zhang et al. introduced the event trigger mechanism into the
Heo filtering framework. The trigger conditions depend on the current measurement and
the difference between the latest transmission, which significantly saves communication
resources, and the filtering error has proved to be asymptotically stable [15]. In [16],
the event-triggered mechanism under malicious denial-of-service attacks is studied, and
estimating performance and network communication are analyzed.
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The trigger mechanisms used in the above works are all static; that is, a constant is used
as the trigger threshold [17]. With the in-depth study of event triggers, the setting of the
threshold is no longer conservative and dynamic event trigger mechanisms appeared [18].
In [19], taking into account the unknown input of the network control system, an adaptive
threshold including system state vector and neural network weight estimation is designed,
and the stability of the system is rigorously proved by using the Lyapunov stability theory.
In [20], for the multi-agent system, event-triggered mechanisms in the centralized and
distributed cases are developed, and the dynamic threshold of the distributed system is
set by introducing internal variables and exponential functions, which greatly reduces
the transmission burden. For uncertain systems with transmission delays, a distributed
transmission scheme based on a dynamic event trigger is proposed in [21]. Different
from [20], the trigger time series of the system is determined by the dynamic event variable
rules. In [22], a novel decentralized trigger condition is designed, whose trigger threshold
is constructed by the rate of change, and the Zeno behavior in the trigger process is avoided
by adding a corresponding constant term.

In fact, the selection of the event-triggered threshold depends on the preset accuracy
and trigger rate, but there are few works on the accuracy range and trigger rate at a certain
threshold. Compared with the traditional trigger mechanism, the one proposed in this
paper can give a quantitative relationship between trigger threshold, communication rate,
and estimation error. Clearly, it is important for wireless sensors to clarify the relationship
between the communication frequency and the corresponding estimation accuracy range.
At the same time, the trigger mechanism with better performance at the same trigger rate
is sought. For these reasons, the motivation for our study came into being. The main
contributions of this paper are summarized as follows:

1. For wireless sensors, an event-triggered mechanism is proposed. The proposed event-
triggered mechanism is based on a normal distribution constructed from the predicted
and filtered differences. When the constructed normal distribution trigger function
exceeds a tolerable threshold, the filtering results are transmitted.

2. The theoretical trigger probability and estimation accuracy under the proposed trigger
mechanism are derived. For linear time-invariant systems, the Riccati equation can be
used to obtain the estimation error variance of the event-triggered estimator. For linear
time-varying systems without steady-state estimation, an approximate estimation
accuracy can be obtained. Therefore, their trigger threshold can be set according to
the precision requirements.

3. The simulation verifies the correctness of the proposed theorems and inferences. Com-
pared with several types of event trigger mechanisms in the existing literature [14,22],
the trigger mechanism proposed in this paper has higher estimation accuracy and
better performance under the same trigger rate.

Notation: R" denotes the n-dimensional Euclidean space, R"*™ denotes the set of n
by m real-valued matrices, ‘E’ denotes the mathematical expectation, MT and M~! are the
transpose and inverse of matrix M, respectively, chol(P) is the Cholesky decomposition of
matrix P, tr(M) is the trace of matrix M, I, is the n-dimensional identity matrix, NV (1, 6%)
denotes the Gaussian distribution with mean u and variance 62, &, is the Kronecker delta
function (o = 1,04 = 0 (t # k)), Xk—r = X — ¥y|x_. is the state estimation error, and
Zk—r = 2k — Zkk—(T =0,1,- - -,k — 1) is the measurement prediction error.

2. Problem Formulation
Consider the following linear system:

X1 = Py + Ty (1)

z; = Hxy + vy (2)
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where k is discrete time, x; 1 € R" is the state vector, zy € R™ is the measurement vector,
® c R"*" is the state transition matrix, I € R"*™ is the noise transfer matrix, H € R"*" is
the measurement matrix, wy, is the process noise, and vy, is the measurement noise.

Assumption 1. wy and vy are uncorrelated white Gaussian noise processes with zero means and
variances Qy. and Ry, respectively,

wy .1\ _| Q% O
EK o ><wt vt)] = [ 0 Ry }5kt 3)
Assumption 2. The initial state x is dependent on wy and vy, and satisfies:

E[xo] = pto, E[(x0 — pt0) (x0 — o) '] = Py (4)

2.1. Threshold Selection of Event-Triggered Mechanism

Taking into account the characteristics of intelligence and the low power consumption
of current sensors, as well as the advantages of event-triggered mechanisms based on state
estimation, an event-triggered Kalman filter based on the state estimation is designed. The
smart sensor node is responsible for continuous filtering and judgment. If the trigger con-
dition is not satisfied, the prediction actions will be performed by the center; otherwise, the
filter estimation will be sent by the smart sensor node and the target states will be updated
by the receiving center. This structure can effectively reduce communication redundancy.

Theorem 1. For the system in Equations (1) and (2), the test statistics obey the following distribution:

Y = (ChOI(Pz,T))il(&k\kf’r — &) ~N(0,1,) ®)
where
Rik = Fr—1 T KiZgk—1 (6)
K = Py H[HPy_ HT +Ry] @)
Zik—1 = zx — Hiyp 8)
X1 = PR _1k1 )
Py = ®P 4 @7 +TQ (1) (10)

Xy |k_ 18 the T — step Kalman prediction:
Ripr = @7 He_rq1 ko, T > 1 (11)

and the second moment Py of (%kx—r — %x) can be written as:

N A N o T
Py = E{(&kk—r — &) Rrp—r — F)

_ 1 _p® (0 M \T_(p@ " ® \T 12)
= Py — Py — Pk\kfr T k=T T T T Tkt (Pk|kfr) - (Pk\kfr) - (Pk\ka)
where the filtering error variance Py is:
Py = [In — KeH| Py (13)
the prediction error variance Py in Equation (12) is calculated by:
_ T T . .
P =BT P yqpo(@TY) + ) @7 ]er7T+]¥er¢(T I >2 (14)

j=2



Sensors 2023, 23, 2202

40f13

Plgﬁlr(m =1,---,7) in Equation (12) is calculated by:

P = @ Py (A)HTKE (07 4B

(m)

and the solution steps for Pk| s

(m=1,---,7) in Algorithm 1 is:

(15)

)

Algorithm 1: Solution steps for P1(<|k—T

Initialize: A1 = I,,Cy = I,.
Iterate:

form=1:7

A1 = PAm — <I>Kk—'r-&-mHAm

end
ift=1,B=0
elset=2,m=2B=-® "TQ .., TTITH'K] _ (&7
elseB,, =0
form=3:7
h=m-2,p=m-2
forc=1:m-2
foro=0:h—-1
Coy1=0C) — @K .\, 10HGs
end
B% = _CDTierperfTerfpf]rTCEHTK}{L-ﬁLm(CDTim)T
h=h-1,p=p-1
end
B, =B, + B
end
B=By — ® "TQ ¢y I"H'K] _, (@)
end
P;E?;iT = 7¢T71Pk71+1|kfr(Am)THTKE_T_H"(‘DT*’”)T +B

Proof. Due to & _ € L(z1, -+, 2zx_) (L is the linear manifold of zj,---,z;_;) and
Xk € L(z1,- -+, zx) in Equation (5), ¢ € L(z1,- - -, z) obeys the Gaussian distribution.

(1)  The proof of the mean value of 7;. Since & ;_, and %, are unbiased,
1,4 N -1 2 £
E{v} = E{(chol(P; ;)) " (Rxjk—r — &xx) } = E{(chol(Py ;)™ H(E{&j—} — E{& }) =0
(2) The proof of the P,’(‘,T in Equation (12). Based on the Kalman filter:

A - - o N _
Xk = X1 T KiZgk—1= P11 + KiZgp1= PR o2 + PK_12Z qk—2 + KiZg1
T4 -1 3 -2 3 3
=" & o+ P Kk 1%k 1k T P Ki—r2Zk k1t -+ KiZpa

T

_ A T—1 i~
= Xy + '21 DKy r1iZk rpifk—tri-1
1=
estimated error variance matrix P,f <18 computed by:

P = E{ (Rp_r — &igp) R — Fe0) "}
= E{[(&xjk—r — 1) + (ox — Zppi) ][ (R — x0) + (0x — ’Ack\k)]T}
= Py + P — E{ (v — 2) Crre — %) '} — E{ (R — x0) oo — )"}

From Equations (17) and (18), E{ (&5 — x%) (xx — x¢) '} can be written as:

(16)

(17)

(18)
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a A T
E{ (&kjk—r — %) (Fae — %)} .
T ; ~
= E{(&k—r — %) Rpjp—r — ¥ + '21 Q7 'Ky 4 iZk—rqifk—t4i-1)
1=
T .
=P + E{ ‘21 Rk — ) [ @7 Ky (HY rif—ryiot + 0kcri)] T} (19)
i=

. _ T
FB{ (Rgk—r — ) [ @7 ?Ky_ vy 2 (H¥ o)k r41 + Vk—c42)] }
. T 1 2
oo B (g — %) K (g +00)] )= P + P+ P+ + P

since wy_; is white noise and independent of v+, p  p?  pb

klk— * k|k—1’ klk_TmEquatmn

(19) are respectively calculated as:

1 . _ T
Plgllz—f = E{ Ry — x0) [ @7 ' Kp—r 1 (HX_ry1jk—7 + Vk—r41)] }
C1s _ T
= E{[®" " (R_rr1pk—r — r—r41) — L(Wk—rp1 .- wi_1)][ @7 K1 (HR_rpqper + Ok—r41)] } (20)
_ T
= —®7 1Pk71+1\k7THTKEfT+l ((I)T l)

2 o _ T
PO = F{ (e — 90 [0 K s (Hoy_cyaf o1+ Okri2)] '}

. _ T
= E{[®" M (&_ 1kt — Bk—r+1) — L(Wk—rq1 -+ w0 1)][ @7 Ky— o (HX 041 + Vk—r42)] } (21)

_ T _o\T _ _o\T
= -7 1Pk7'r+l|k7"f(1n_kar+lH) ¢THTKE_T+2((DT 2) - @7 erkaJrerHTKl{_T-*-z((DT 2)

3 X _ T
Pz(c\IZ—T = E{ (Rip—r — %) [@7 Ki—r43(HX_ry3jk—rs2 + Vk—r43)] }

“1/a _ T
= E{[®" " (Rk—rs1jk—r — ®—r41) — L(wgrp1 w0 1)][@T Ky 43 (I{T’Zkfw3\kf‘c+2 + kaTr+3)] }
= —® Py [P (I, — Kt H) — @Ky ,HO(I, — Ky H)] H'K{__ o(®77)

k—71+3

_ T T LT
—®TTQ T (I, — Ky—ryoH) @TH'K_ 5(®773) —®"3TQ_ L, TTH'K__ 5(®73)
_ T
= —®" Py (A3) H'K}{

_3\T — T
k7r+3(¢r 3) -7 2er7T+1rT (In - Kk—T+2H) q)THTKE,H,g,
—®7rQ_ HITHK]  (®73)

(22)

(@7 3)"
T+3

From Equations (20)—(22), the solution rules can be summarized as Equation (15).
Similarly, E{ (& — xx) (Rxjp—r — x¢) )} is defined by:

T T T
E{(&xpx — xk) (Repe—r — %)} = Py + (P;(ql;z_T) + (Pﬁ,ﬂ_T) +- 4+ (P;(C‘Tk)_r) (23)

In summary, the error variance matrix in Equation (18) can be calculated as Equation (12).
(3)  The proof of Py in Equation (14), from Equation (1):

T .
=@ty i+ Y @ Twy yq, T>2 (24)
i=2

since wy is white noise and independent of v, the Equation (11) is yielded. Based
on Py = E{(x} — &—o) (% — ik‘k_T)T}, Equation (11) and Equation (24), the
Equation (14) is yielded. The remaining equations are easily obtained by the Kalman
filter and prediction. [J

Considering that the test statistic 7, obeys the standard Gaussian distribution, un-
der the selected level of significance «, the trigger threshold will be given by using the
hypothesis test that satisfies the Gaussian distribution [23,24].
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Corollary 1. Under the selected significance level a, set original hypothesis Ho: Xy, 7 Xy, and
antithetic hypothesis Hy: &y = &k Yk, 1S the ith element of vy, if the observed value satisfies

[Vi| € Zajpi=1,2,...,m (25)

then reject Hy (non-trigger communication), otherwise accept Hy (trigger communication). Z, /5 is
the a/ 2 quantile of the standard Gaussian distribution.

Remark 1: Selecting the original hypothesis Hy : Xy 7# Xy i as the trigger event, the purpose is
to protect the trigger event Hy; thus, priority is given to ensuring the estimation accuracy of the
receiving center. On the contrary, if the original hypothesis is the event Hy: &y = Ry, this is to
protect the event Hy, so as to give priority to saving the communication of smart nodes. Usually,
1 — « is very small, which means that the probability of the following error events Zk,i (A ; is the
trigger event caused by the ith element of the state vector at time k,i =1 - - n) is low:

P{Ai} = P{ |

< Zopa|Rier # Xepe} =1 —w (26)

2.2. Kalman Filter Algorithm Based on Event-Triggered Mechanism

Since indiscriminate filter calculations and trigger judgments of smart nodes are
described in Section 2.1, only the algorithm of the receiving center is introduced in this
section. In the receiving center, the Kalman filter algorithm based on the event-triggered
mechanism (ET-KF) can be expressed as:

B = s + (L= sp)&y o k=12, 27)
or recursively calculated as:
X = sk + (1—5) %y, k=12, (28)

where %, is the final estimate of ET-KF in the receiving center at time k, k — 7, is the last
trigger time before time k, s, is the trigger state of smart sensor nodes at time k; i.e., s, =1
means that the transmission event is triggered and the receiving center receives the filter
S of smart sensor nodes, and s, = 0 means that the transmission event is not triggered

and the receiving center will predict, that is

[0 Ywmil| <Z,pi=1,
Sk = { 1, otherwise 29)

Therefore, the flow chart of ET-KF is shown in Figure 1.

Sender i

| Initialize subsystems |

|
|
|
|
|
|
|
|
|
|
I Kalman filtering
|
|
|
|
|
|
|
|
|

% | m————m——m——— -

- Receiver|

74 = (chol(P )™ (Rye, *%4

Kalman
predictor

X = xl.\l.fr;
B =P

=

Preset accuracy or Convert tol| Z,,,

. t
preset trigger frequency | threshold |
|

|

|

! y k= D
I Do not trigger |

: communication |

Figure 1. The flow chart of ET-KF.
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3. Performance Analysis of the ET-KF

From Equation (26), the probability P{Ay ;} of the trigger event is «, and the event
Ay i is determined by |y |;, which is the linear combination of measurements zj..,. When
rank(z) = r < n, it means that there are n — r events that are completely related to other
events. Note that the event-triggered statistic ; obeys the standard Gaussian distribution
(for events subject to normal distribution, linear independence is equivalent to mutual
independence), that is, {7y, ;} = 0,i # j and E{y;;} = 1, then the probability
P{Ak,,»Ak,j} =0, i # j. Selecting r linearly unrelated events Ay 1, Ay > ... Ay, according to
the trigger mechanism in (27)-(29), the event-triggered probability can be calculated by:

p = P{Ak,l U Ak,2 U...u Ak,r} =1- P{Zkllzkrz .. -Zk,r}

— 1 P{A (Ao} PRy} =1 (1—a)' (30)

Therefore, P{sy = 1} = p, P{sy = 0} = 1 — p. The estimated error variance Py of the
ET-KF in the receiving center is given by the following theorem.

Theorem 2. The estimation error variance P, of the ET-KF in the receiving center can be
calculated as:
(1) If the system in Equations (1) and (2) has a steady state, that is, Py has a steady state value

P, then Py can be calculated by the following Riccati equation:

Yy = pl_’+ (1-p)@) @+ (1-p)®rQ, I+ (1—p)IQ I'®" + (1—p)rQ, 1’ (31)
where
Jim P =Y @)

(2) If the system is a time-varying system, Py can be approximately calculated as:

Py = pPy + (1 — p)pPrj—1 (33)

Proof. If the system has a steady state estimation and Py, has a stationary value P, then
based on Equation (28), Pj can be calculated as:

Py = B} = B{ (v — 50 ()" }= B{ (¢ (06 — &iga) + (1= 5) (v — D21) ) ()"}
= E{ sk (wx — &) + (1 — sp) (@1 + Twy_y — ¢5Ck71)) ()"} (34)
= B{ (3% + (1= 5) (@1 + T 1)) ()T}

where ‘(-)” means the same as the previous formula. Since s; obeys the Bernoulli distribution,
~ ~ AT
E{si(1 — si) % (@x_1) } =0 (35)

Considering that w, is white noise, from Equation (35) and E{s? = 1} = p,
E{(1- sk)Z} =1— p, there are:

Py = B{s7%, %}, } + E{(1 — 5)?®%,_%_, @'} + E{(1 — 5)*@Tw, ] ,T"}
+E{(1 - 8)°Tw,_wf_TT®T} + E{(1 — s;)°Tw, _,w} T} (36)
= PPy + (1= p)@P 1 @7 + (1 - p)@TQ_1T" + (1 - p)TQ T @ + (1 — p)TQ;_4T"

the limit value exists in Riccati Equation (36):

lim Py, = 37
dmPe=2 g
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where } is the solution of the following steady-state Riccati Equation:

Y = pP+ (1— )@Y 0T+ (1- p)@TQ, T + (1 - p)TQ, ,TT®T + (1 - p)rQ; 11 39)

If the system is a time-varying system, from Equation (28):

X = s+ (1= sp) @[5k 1% _qpe—q + (1 — sx1) PRy 2]

X A . 39
= sy + (1= si)sk—1&pp1 + (1 — ) (1 — 5p_1) @2 (39)
the error at time k is:
X = X — & = s (0 — Rige) + (1= s)sp—1 (% — Rpe—1) + (1= 5) (1 = s5_1) (0 — o) (40)

= siXee + (1= s)sk—1%—1 + (1= s5) (1 — s5_1) (¥ — D& _2)

since
E{si(1 — st)sp_ 1% (1)} =0
E{(1— 5 s-1(1 = sie1) 1 (% — @2 ) '} = 0 (41)
E{sp(1 — s1) (1 — 1) %X (2 — ®%%; 5)'} =0

Py can written as:

Py = B{%x; ) = E{Skxk|kxk|k}+E{( se)7s?_ 1xk_}k I
FE{(1— 52 (1 = s5_1) (3 — @2240) (1)} (42)
= pPyi+ (1= p)pPyi_1 + (1 — p)°E{ (xx — @& ,) ()"}

since (1 — p) is usually very small (p = 1 — (1 —a)"), the third term of Equation (42) is
omitted, and there are:

Py = pPy + (1 — p)pPyx—1 (43)
O

Remark 2. The estimation error variance Py in the receiving center under the event-triggered
threshold Z,, s, is given in Theorem 2. That is, under the condition that the system has a steady-state
filter, Py can be computed by Equation (31) and Equation (32);on the contrary, the approximate
calculation is (33). In addition, for a system with steady-state estimation, we can set the threshold
reasonably according to the desired theoretical accuracy Py. It can be seen from Equations (6) to (13)
and (31) to (33) that the final estimation accuracy Py, is not only related to the trigger rate, but also
directly proportional to the system noise statistics Q. and measurement noise statistics Ry.

4. Simulation Examples

Scenario 1.(Event-triggered steady-state Kalman filter.) Consider the following planar
tracking system:

1 T 0O 0 05T2 0
010 0 T 0

%=10 01 1 |%T| o o5 k=11 (44)
00 0 1 0 T

where x; = [xkxkykyk] is the state of target movement, xy, vk, xx and y, are the positions
and velocities of the target in x-axis and y-axis, respectively. The measurement equation of
the system is:

1 0 00
Zk—|:0 0 1 0:|xk+vk,k—1,-'-,l (45)
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The estimation performance is mean square error (MSE) [25,26]:

1

k 1 N . .9
Y oL R k=11 (46)
t=0"" j=1

where x} and #] are the true states and their estimations of the jth Monte Carlo experiment
at time £.

In the simulation, the working period is T = 0.5 s and the length of work is
I = 200 steps, the variance of processing noise is Q = diag(0.2 m?/s* 0.2 m?/s*), and
the variance of measurement noise is R = diag(0.4 m2/s4, 04 mz/s4), the initial state is
xp=[10m, 1m/s,10m, 1 m/ s]T. A total of 200 Monte Carlo experiments are carried out.
Because the measurement Equation (45) is a two-dimensional system and only the positions
on the x-axis and y-axis are measured, according to Equation (26), the theoretical trigger
probabilityis p =1 — (1 — 04)2. Here, « = 0.98, 0.8, 0.6, 0.4 are chosen for comparison; that
is, the thresholds are 0.05, 0.25, 0.52, and 0.84; and the theoretical trigger rates are 0.9996,
0.96, 0.84, and 0.64. For the threshold Z, /, the theoretical trigger probability and the actual
trigger frequency are shown in Table 1. The theoretical trigger probability is consistent with
the result of the actual trigger frequency, which verifies the correctness of Theorem 1 and
Corollary 1. It shows that, when the proposed trigger mechanism is used, the actual trigger
frequency can be predicted, and communication resources can be adjusted in advance to
reduce the possibility of network congestion.

Table 1. Comparison of trigger frequency in the steady-state system for different «.

® 0.98 0.8 0.6 0.4

Threshold Z, /, 0.05 0.25 0.52 0.84
Theoretical trigger probability 0.9996 0.96 0.84 0.64
Actual trigger frequency 99.5% 96% 83.5% 63%

The error covariance Py calculated by Equation (31) and MSE, obtained by Equation
(46) are shown in Table 2. It can be seen that the theoretical accuracy (diagonal elements
of error covariance matrix Py) is close to MSE, obtained in actual work, which verifies the
correctness of theorem 2 under the steady-state situation. When adopting the proposed
trigger mechanism, the proposed ET-KF accuracy can be pre-calculated, and then the most
suitable trigger frequency can be obtained by a reasonable trigger threshold.

Table 2. The error covariance of the steady-state ET-KF algorithm and MSE;.

Pyq MSEzq0,1 Py» MSE;qp,2 Py 3 MSEzq0,3 P4 MSEq0,4
a = 0.98 0.1795 0.1790 0.1450 0.1544 0.1795 0.1816 0.1450 0.1345
a = 0.80 0.1848 0.1792 0.1450 0.1548 0.1848 0.1807 0.1450 0.1342
a = 0.60 0.2084 0.1835 0.1450 0.1594 0.2084 0.1849 0.1450 0.1365
a = 0.40 0.2614 0.1988 0.1450 0.1662 0.2614 0.1850 0.1450 0.1362

Pii(i=1,---,n) and MSEy, is the i,i diagonal element in the error covariance matrix Py
of the ET-KF, and MSE;; is the i element of MSE,, for the ET-KF.

Scenario 2. (Event-triggered time-varying Kalman filter.) Consider the planar tracking sys-
tem in Equation (44) and Equation (45), where xp = [10 m 1 m/s 10 m 1 m/s] is the initial
state, Q; = diag(0.2 + 0.2sin(27k/100)m?2/s*, 0.2+ 0.2sin(27k/100)m?/s*) is process-
ing noise variance, Ry = diag(0.3 + 0.5sin(27tk/100)m2/s* ,0.3 + 0.5 sin(27tk /100)m?2 /s*)
is measurement noise variance. The performance of the system is measured by the accumu-
lated mean square error (AMSE) [27-29]:
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where xi and 92; are the true states and their estimations of the jth Monte Carlo experiment at
time ¢. Corresponding to AMSE, the theoretical estimation accuracy is measured by ZtrP;:

k 1 N .
P =Y =) tr(P)) (48)
= N j=1

where tr(P}) is the trace of the estimated error covariance matrix at time t of the jth Monte
Carlo experiment.

In Table 3, it is shown that for time-varying systems, the theoretical trigger frequency
is close to the actual trigger frequency, which verifies the correctness of Theorem 1 and
Corollary 1.

Table 3. Comparison of trigger frequency in the time-varying system under different « values.

[ 0.98 0.8 0.6 0.4

Threshold Z, /» 0.05 0.25 0.52 0.84
Theoretical trigger probability 0.9996 0.96 0.84 0.64
Actual trigger frequency 99.5% 95.5% 82% 65%

In Figure 2, with a different «, the comparison curves of AMSE of ET-KF are shown.
It can be seen that the smaller « is, the greater the threshold Z, /, is, the lower the trigger
rate is, and the worse the accuracy AMSE is. Comparison curves between the theoretical
approximate estimation accuracy 2trP, (the sum of trace of P,) calculated by (33) and the
AMSE obtained by the experiment with a# = 0.60 are shown in Figure 3. It can be seen that
the theoretical estimation accuracy is close to the AMSE obtained by the experiment, which
verifies the correctness of Theorem 2 under the time-varying situation. The AMSEs in
Figures 2 and 3 rise in a straight line, which means that the corresponding MSEs are stable.

In Table 4 and Figure 4, ET-KF is compared with the event trigger of innovation
standardization (IS-KF) [14], a dynamic event trigger constructed by the linear change
in the rate of change (LC-KF) [22]. From Table 4, under the same trigger rate (80%), the
AMSE;q (AMSE at step 200) of the proposed trigger mechanism is lower than the other
two trigger mechanisms. Figure 4 shows the comparison curve of AMSE at different
steps, as the number of steps increases, the AMSE value gap based on different trigger
mechanisms becomes larger. Among them, the AMSE value of the ETKF mechanism is
the smallest and the estimation accuracy is the highest, which verifies the correctness of
the conclusion.

200 | —e— (2=0.98)
—+— («=0.80)
150 | —6— (@=0.60)
—A— (a=0.40)

16 v
0

AMSE/m?
=]
o

Al

0 50 100 150 200
Kistep

Figure 2. AMSE of the ET-KF algorithm with different a.
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~ —+— AMSE
§ 150 | —©&—ZXtrP,
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=
< 100
=
N
S
Q: 50
B
N
0 - - -
0 50 100 150 200
kistep
Figure 3. AMSE of ET-KF algorithm and XtrP, with a = 0.60.
Table 4. The performance comparison of different trigger threshold algorithms.
Different Trigger Threshold Algorithms AMSE;q Trigger Frequency
ET-KF 198 80%
IS-KF 225 80%
LC-KF 210 80%
250
200
Né 1501 b
5
s
< 100
501
0 50 100 150 200

kistep
Figure 4. AMSE of different trigger threshold algorithms.

5. Conclusions

In estimation, for linear systems, an event-triggered Kalman filter (ET-KF) is proposed
in this paper. The main work is as follows:

1.  The event-triggered statistic is constructed, which proves that the statistic obeys
the standard Gaussian distribution, according to the event-triggered statistic and
hypothesis test of the Gaussian distribution, the significance of the event-triggered
threshold is given, and then an event-triggered estimation mechanism is designed.

2. Based on the event-triggered threshold and mechanism proposed in this paper, the
theoretical trigger frequency under different thresholds and the estimation accuracy
of event-triggered systems are analyzed. The proposed ET-KF can accurately set the
event trigger frequency in advance. For linear systems with steady-state estimation,
the estimation accuracy can be obtained by the Riccati equation accurately, and the
trigger threshold can be set according to the accuracy. For linear time-varying systems
without steady-state estimation, the approximate estimation accuracy can be obtained.

3. The proposed trigger mechanism has higher estimation accuracy at the same trigger
rate, and the trigger setting is reasonable.
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