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ABSTRACT

This paper addresses the asynchronous leader-following consensus problem for networked double-integrator systems. In practical
engineering contexts, there are three key factors that must be considered significantly: (1) asynchronous hybrid event- and time-triggered
control, where asynchrony affects event detection, event-triggered processes, and controller updates; (2) heterogeneous networks, wherein
position and velocity information are governed by distinct, independent graphs; and (3) communication time delays arising from limited
bandwidth and long-distance transmission. Due to the independence of these heterogeneous networks, edge events related to position and
velocity information are defined separately. When an event occurs on an edge, the connected agents sample the corresponding relative state
information (position or velocity) and update their controllers accordingly. The paper proposes a control protocol based on these event rules
and employs Lyapunov methods to address the leader-following consensus problem. Numerical simulations are provided to validate and

illustrate the theoretical findings.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0239417

In multi-agent system control, the interaction between agents and
data sampling is fundamental and central to ongoing research.
Unlike traditional approaches with continuous communications
and periodic sampling, event-triggered control offers a more effi-
cient alternative that has attracted significant attention from
researchers and engineers due to its potential to reduce energy
consumption. To design an effective event-triggered control
mechanism, it is crucial to accurately characterize operational
demands posed by real-world systems. Specifically, this paper
focuses on the complexities of asynchronous hybrid event- and
time-triggered control, where asynchrony impacts event detec-
tion, triggering processes, and controller updates; the use of het-
erogeneous networks, where position and velocity information
are governed by distinct, independent communication graphs;
and the challenges of communication delays resulting from band-
width limitations and long-distance transmission. Within this
framework, we propose an innovative edge-based event-triggered

approach that introduces two new event-detecting rules, leading
to a novel control scheme that ensures leader-following consensus
despite these practical constraints.

. INTRODUCTION

The study of multi-agent systems (MAS) has emerged as a
cornerstone of modern control theory, driven by its applications
across various fields such as autonomous vehicles,"” distributed
robotics,”* and smart grids.”® At the heart of this research lies the
consensus problem, which seeks to align the states or actions of
individual agents in a decentralized system.””'> Among the numer-
ous paradigms within this domain, the leader-following consensus
problem has gained prominence.'* In this framework, a desig-
nated leader dictates a reference trajectory, while the followers,
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through carefully designed control laws, synchronize their behavior
to converge toward the leader’s state.

Recent advances in control strategies have highlighted
the importance of communication-efficient methods, as tradi-
tional continuous-time control schemes often suffer from exces-
sive resource demands, particularly in bandwidth-constrained
environments.”~* Event-triggered control has established itself as
a powerful alternative, allowing communications and controller
updates to occur only when certain predefined conditions are met,
significantly reducing redundant communications, and offering a
balance between system performance and resource optimization,
compared to standard periodic sampling methods.”’~** Pioneering
works, such as those in Ref. 37, introduced both centralized and
distributed event-triggered control frameworks, addressing consen-
sus problems of multi-agent systems. Further extensions in Ref. 38
explored the challenges of quantized data transmission and asyn-
chronous information updates, reinforcing the versatility of event-
triggered schemes in complex MAS environments. Differing from
Refs. 37-44, a novel event-triggered framework based on edge events
was proposed in Ref. 45. Instead of each agent independently moni-
toring its state, events are triggered when a specific condition involv-
ing the state difference between two adjacent agents is satisfied.
Once an event is activated, the connected agents sample their relative
state information and update their control actions simultaneously
based on this newly acquired data.

Unlike homogeneous networks, where agents share the same
communication structure, heterogeneous networks involve multiple
types of interactions through different sensors or communication
channels, leading to a more complex consensus behavior. While
homogeneous MAS have been extensively studied, particularly in
systems governed by double-integrator dynamics, the behavior of
heterogeneous systems largely remains underexplored. Previous
works such as Refs. 35 and 36 have addressed consensus in double-
integrator networks under various assumptions regarding velocity
measurement and network connectivity, in which continuous-time
sampling played a critical role in achieving consensus; but such
approaches can be resource-intensive in practice. To address these
limitations, we propose a novel edge-event-triggered control mecha-
nism tailored to leader-following consensus in heterogeneous multi-
agent systems. Moreover, it is crucial to accurately characterize the
entire event-triggering process to ensure effective system perfor-
mance and control. Traditional approaches often assume that all
agents detect event conditions simultaneously,””~* but this assump-
tion is both strong and unrealistic. In practice, due to factors like
time jitter” and network latencies,” event detections across agents
are inherently asynchronous, leading to asynchronous event trig-
gering and controller updates. Furthermore, limitations in commu-
nication network bandwidth and the effects of long-distance data
transmission exacerbate the challenge, as agents receive and use the
latest state information from their neighbors with delays.'>'>*' These
issues significantly impact system performance and stability. Con-
sequently, there is a critical need to investigate control strategies
that can handle these asynchronous dynamics and communication
delays.

In this paper, we address the asynchronous leader-following
consensus problem for double-integrator networks with commu-
nication delays, using hybrid periodic edge-event-triggered control.

ARTICLE pubs.aip.org/aip/cha

The proposed approach involves each pair of adjacent agents detect-
ing event conditions asynchronously and independently. In the
context of double-integrator networks, we define event conditions
separately for position and velocity information. Even if there are
connections between two adjacent agents in both the position and
velocity information networks, events related to different types of
information remain independent. When an event is triggered, the
agents involved update only the relevant information (position or
velocity) in their controllers. We introduce a protocol with specif-
ically designed event-detecting rules to achieve leader-following
consensus in heterogeneous double-integrator networked systems
with time delays. Additionally, we derive sufficient conditions for
leader-following consensus by employing Lyapunov methods.

The rest of this paper is organized as follows. In Sec. II, we out-
line the key concepts of algebraic graph theory and introduce the
specific model along with the edge-event rules. In Sec. 111, we pro-
vide the main results in detail. In Sec. I'V, we provide a simulation
to demonstrate the effectiveness of our approach. In Sec. V, we con-
clude with a summary of our findings and discuss potential future
research directions.

Notations: n denotes the set {1, 2, ..., n} and n/1 denotes {2,
3, ..., n}. 0 is a zero vector with the appropriate dimensions. I,
denotes an n x n identity matrix. A,(A) denotes the second small-
est eigenvalue of matrix A. For matrices A, B, A > Bmeans A — Bis
positive definite.

Il. PRELIMINARIES

In this paper, we study the multi-agent system with n+1
double-integrator individuals, labeled from 1 to n + 1, where the
agent 1 is assigned as the leader, and the others as followers. The
communication networks based on position information and veloc-
ity information are usually treated as the same. Here, we assume
that the position information network and the velocity information
network are modeled by different graphs G, and G,, respectively.
In G, and G,, the information flow among the followers is undi-
rected, but the information flow from the leader to its followers
is unidirectional, i.e., the leader cannot receive information from
the followers. Denote the common vertex set of G, and G, as
YV ={, V..., Vas1). Assume that there are m, and m, edges
in G, and G,, and the corresponding edge sets are denoted by
E, = {eﬁ’,eg, .. .,efnp} andE, = {e{,eg, .. .,e‘,’nv},respectively, where
elf; = (%1’%1) [resp. e; = (%2’%2
agent jy (resp. j,) are connected by edge ¢} (resp. e;) in G, (resp. G,).
Agent j is a neighbor of agent i, if agent i can receive the information
of agent j, that is, (¥, %) € E, or E,. The sets of neighbors of agent
iin G, and G, are denoted by N and N?, respectively. Edge weight
matrices of G, and G, are denoted by W, = diag(wp Wy wf,,p)

and W, =diag(w},w},. .., w"mv), where WZ] and wgz are the weights

)] means agent i; (resp. i,) and

of edges ¢, and ey, respectively. Based on graphs G, and G,,
we construct virtual undirected graphs GP = (7, Ep, W,) and G,
= (V,E,, W,),where E, = E, U{(/, WDI(A, ¥) € Epi € n+1/1)
andE, = E, U {(¥, YDI(, ¥) € E,,i € n + 1/1}. In this paper, we
assume that there exists a path from the leader through each fol-
lower. That is to say, all followers are reachable from the leader, i.e.,

Chaos 35, 033115 (2025); doi: 10.1063/5.0239417
Published under an exclusive license by AIP Publishing

35, 033115-2

62:60:80 G202 Ae 82


https://pubs.aip.org/aip/cha

Chaos

the network is leader—follower reachable. Therefore, GP and GV are

both connected. Afterward, define Laplacian matrix L, = [lf-;-] of G,
as follows:

—d, if i # j,
ZkeNP “fk’ ifi =j,
where a‘z > 0, if (%, v € E,, otherwise, a‘f = 0. For the edges
between followers, assign an arbitrary orientation and define the
incidence matrix D, = [dg | of G, as follows:

—1, if ¥ is the tail of the jth oriented edge in Gy,
df; =11, if7¥] is the head of the jth oriented edge in G,,
0, otherwise.

Analogously, by introducing aj;, we can define the Laplacian matrix
L, and ~the inci@ence matrix D, of G,, as well~ as the Laplacian
matrix L, (resp. L,) of G, (resp. G,). Obviously, L, = Dg W,D, and
L, = D'W,D, hold.

This paper considers the asynchronous event detection. Let
t',;(q) or t’,;(ij), k=0,1,2,... denote the event-detecting times of the
edge e = (¥, ) with tifi = ti(q) +hor tiffl) = ti(ij) + h, where h is
the event-detecting period. Similarly, introduce the event-detecting
times of the edge eV = (¥,7)) in G, as tz(q) or tz(ij),k =0,1,2,...

with tz(fi = tk(q) + h or tv(’]) V(ij) + h.

At event- detectlng tlmes, followers connected by the edge
detect the corresponding event conditions. If the conditions are
satisfied, the followers sample the corresponding relative state infor-
mation on the edge and update their controllers. Note that the leader
cannot receive information from its followers, and its controller
remains unchanged. Therefore, if the edge connects the leader and
a follower, only the follower performs event detection and updates
its controller. Due to the independence of the position information
network and the velocity information network, event detection and
controller updates based on position information and velocity infor-
mation are mutually independent. For example, at time £/ (i]), agent
j checks the event conditions of the edge (%, %)) in the network G,.
If the event occurs, agent j samples the relative position data and
updates position information of its controller. In the process, agent
j whether or not to update velocity information of its controller
depends not only on whether there exists an edge connecting agent

j in network G,whose event-detecting time also occurs at t’,;(ij), but
also on whether the event occurs.

R @ (i) @
For the sake of simplicity, let ti)’(‘i)(t) or tip(‘f)(t) and tp @® ©

& (1(’))(0 denote the recent edge-event time and the recent event-

detecting time for edge e’,} = (¥, %) in G, before or at time t,
respectively. For example, in Fig. 1, we assume there are three agents
and three edges in G,. From the vertical, if there exist a line between
two agents at some time, it is the event-detecting time of the edge.
Furthermore, if the line is red, it indicates event of the edge occurs;
otherwise, the event is not triggered. For the edge connecting agents
1 and 3, the corresponding event occurs at the recent detecting time
before t. For the edge connecting agents 1 and 2, there are three
event-detecting times, in which only at the second one, the event

occurs. Therefore, £/

Id’(lz)( ) corresponds to the second event-detecting

ARTICLE pubs.aip.org/aip/cha
Period h Per|0d h
Agent1 — — - -
Agent 2 — —
Agent3 - - @ — o-
tp(12) tp(23 tp(l& t Tlme
kp(12)(t) kr(23)(z) kp(m)(z)
p(12) p(13) p(23)

kp(i2)(t) kpcisy(t) tkp(za) (t)

FIG. 1. Asynchronous edge-event detections.

time. For the meanings of £/ N > and tP

ko1 0 Py they are clear

kp(23) (t)’
in Fig. 1.

. . v(q)
Likewise, let £, ® OF Lwiin
recent edge-event time and the recent event- detectmg tlme for edge

€, = (7%, %) in G, before or at time t, respectively. Mathematically,
@) = max{klt‘z(q) < t,an edge event of es occurs at I‘Z(q) b Kp(g) ()
= max{k|l‘z(q) <t} K"9(f) = max{kltz(q) < t, an edge event of ¢
occurs at ti(q)}; kyig (1) = max{k|t,:(q) <t

YD and £9 or , denote the
ky, v(q )(t)

A. Model
Consider leader—follower multi-agent systems as follows:
o Leader:
9.C1(t) = (), (1)
() =0,
e Followers:
xl(t) = Vi(t)) .
1/1 2
{@-(t) —u, oY @

where x;(f) and v;(f) are the position and velocity of agent 7, respec-
tively. The protocol u;(t) takes the following form:

(i) (i)
ui(t) = Z ( (tzp(zj)(t ,)) (’ip(w(, r)))
v V(i) v(ij)
+k Z jj (Vf (tk"(if)(t—r)) Vi (tk"(if)([—r))) ’ ®)

jeNy

where k > 0 is a parameter to be designed later and 7 is the commu-
nication time delay with v < h. In many physical systems, delays
(such as sensor response time and signal transmission delay) are
typically much smaller than the sampling period, as the sampling
period is usually set as part of the system’s response time to ensure
adequate feedback and control accuracy. Therefore, assuming that
the time delay is smaller than the sampling period aligns with the
response characteristics and control requirements of practical phys-
ical systems. Therefore, from (3), relative state information used by
agent i is sampled at the most recent corresponding edge-event times
before or at t — 7. In additions, based on the definition of the recent
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edge-event time ti;?;) (t_r)(or tz%)(t_r)), it can be observed that the
controller of agent i relies on the position (or velocity) informa-
tion of neighbor j, which is derived from data sampled at the recent
event-triggered time before or at time ¢ — 7, rather than the latest
sampled data before or at the current time f. Within the interval
(t — 7, t], events may occur on the corresponding edge, according
to the event rules. Consequently, communication delays inevitably
affect the state update rate, further influencing the correspond-
ing event-triggering times and frequencies. Systems (1) and (2) are
said to achieve leader-following consensus, if lim,_, o x;(f) — x; (f)
=0,lim o v;() — () =0,ie n+1/1.

Introduce variables y(f) = Dgx(t) and z(t) = DI'v(t), where
y® = On@ . ym, 120 = [2(0)20) ... 20, (O], x(0)
= [ O%® . %n O], and ) = MOVO . VO]
According to the definition of incidence matrix D,, for any
Yai (), q1 € my, there exist a pair of x; (f),x;, (t), such that y,, (¢)

= x;, (t) — x;, (t) with d{:ql = land dj‘;ql = —1. Apparently, the vari-
able y,, (t) denotes the relative position information of the adja-
cent agents i,j, connected by ¢, at time . Similarly, the variable
Zg, (1), 42 € m, denotes the relative velocity information of a pair
of adjacent agents connected by ¢; in G, at time t. Furthermore,

let )‘;ql ) =x; (tp(iljl) ) — Xj, (tp(iljl) ) with 651 = (% %1) and

kPG (p) KL (p)

~ _ v(izj2) v(izj2) . _
Zg,() = v, (tkv(izjz>(¢)) - v, (tkv(izsz(t)) with e = (%> 7). From

12

(i1j1) v(i2j2) . o 3
tZP(ilh)(t) and bt oy variables y,, (t) and Zz,, (t) denote the recent

sampled position information on €}, and the recent sampled velocity
information on ey , respectively.

Then, systems (1) and (2) with protocol (3) can be compactly
expressed as follows:

{x(t) = (), @

() = —I,D,W,j(t — T) — KD, W, 2(t — 7),
00
0

n

where Iy = |:

2 ... Zm, O]

} O = 10720 .. Jm, (D] and 2(H) = [21()

B. Edge-event-detecting rules

Here, we present the following edge-event-detecting rules:
Rule A: -
(A-I) At edge-event-detecting time ti(l” Y oof edge egl = (%, 7;) in
Gy, agent ji checks the following inequalities. If any of them is not
satisfied, agent j, samples their relative position data with agent i
and update its controller accordingly. If agent i; does not play the
role of the leader, it performs the role of agent ji:

(I-1) if (tigllm) >0,
WPy, (tigllm) < (tﬁ“"'”) < by, (tiﬁlljl))’
(1-2) if §y, (tr};gllm) <0,

0 (817) <o (£) < @ (),

pubs.aip.org/aip/cha

(A-TI) at edge-event-detecting time tz(’m) of edge e}, = (¥;,,},) in
G,, agent j, checks the following inequalities. If any of them is not
satisfied, agent j, samples their relative velocity data with agent i,
and update its controller accordingly. If agent i, does not play the
role of the leader, it performs the role of agent j,:

(-1 if 2,, (457) = 0,
o v(iz2j2) v(izj2) o v(izj2)
Czg, (tk—l ) < Zg (tk ) < dzy, (tk—l )>
A (i2j2)
(11-2)if 2,, (437) <o,

o (5 < 2 (5) < 0 (52,

where 0 < a,c <land b,d > 1.

Rule B: N
(B-I) At edge-event-detecting time t’,;(”“) of edge e‘,;l = (%,,V;)
. PRI (i1j1) (i1j1) .
in G, with y,, (1) = x;, (t‘;(ﬁl}l)m) — X (tzﬂi'ul‘l)(t))’ agent j, checks
the following inequalities. If any of them is not satisfied, agent j;
samples their relative position data with agent i; and update its con-
troller accordingly. If agent i; does not play the role of the leader, it
performs the role of agent ji:

(1-1)if j,, (£99") > o,
Yar \tk—1
l—a, (i1j1) (i1j1) (i1j1)
T Y (t’l;—l ) < Xi (tpzi ) X ip(iu”(!]iglljl))
b—1, i
I35 (g,
(1-2)if i, (447) <o,
b—1, (i1j1) (i1j1) (i1j1)
qul (ti—l ) < Xi (trli ) — Xi ip(,’ﬂp(f]ﬁlﬁl))
1-— a . (i1j1)
<= 2 Yai (t’liflljl )>

(B-II) At edge-event-detecting time t,t(im) of edge e, = Y )

. L1 A v(izj2) v(izj2) :
in G, with Zg, (t) =V (i’kvéﬁz)([)) Vi (tkv(%gz)(t))’ agent j, checks

the following inequalities. If any of them is not satisfied, agent j,
samples their relative velocity data with agent i, and update its con-
troller accordingly. If agent i, does not play the role of the leader, it
performs the role of agent j:

(I1-1) if 2, (t;(_"ﬁfz)) >0,
= () < v (57) (252 o)
< %242 (fl(lem) >
(11-2)if 2, (437) <o,
%éqz (tz(—izljZ)) <V (tz(im)) Vi (iiﬁﬁ; (tv(i21i2)>>

k—
L—c, v(izj2)
< ——2 Zg, (tkf1 )
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Event Sensor of agent q Sensor of agent j Event
detector on position on position detector
(vi'vq) € Ev (vi’vf) € EZ’

detector on velocity

Velocity information exchange
with other neighbors in G,

Event Sensor of agent i X (t) = v;(t) Sensor of agent Event

i on position detector

Position information exchange
with other neighbors in Gy,

5 _ v(iq) v(iq) jeny
Ziq (t-1) = Vg ( tkp(iq)(t_r)) -V (tk'p(iq)(t_.[))

Controller

u(t) = Z afjflii(t -17)+k Z a}’qiiq(t —17)

eny N _ p(if) p(ij)
1 yij(t -7) = xj( tkp(ij)(t_.[)) - xi(tkp(ij)(t_.[))

FIG. 2. Edge-event-triggered control under heterogeneous networks.

From rule A and rule B, it is clear that the event conditions
based on position data and velocity data are unrelated and indepen-
dent of each other. Therefore, events based on position information
and velocity occur independently of each other, even if ¢}, and €y,
connect the same pair of agents. Furthermore, the position informa-
tion and velocity information of the controller for the same agent
are updated asynchronously. More details are presented in Fig. 2.
Moreover, we reveal the differences between rule A and rule B
using the position information network G, as an example. At edge-

event-detecting time t’,;(im) of edge &), = (¥, 7,), agents ¥,

i
¥, should know the current relative states y,, (t‘z(’” v ) and the latest
sampled states ,, (ti(—”{ 1)), to evaluate the event condition in rule A.
That s, rule A relies on the current relative state, whereas rule B does
not. Instead, in rule B, the agents only require the own latest states

and

(i1j1) (i1j1)
X (t’,; ) and the latest sampled data x;, (ti i) t’,flljl))

this comes a higher probability of event triggering and more mem-
ory costs. Mathematically, the inequality (I-1) or (I-2) in rule A is
more likely to be satisfied compared to the corresponding inequality
in rule B, thereby reducing the frequency of event triggers.

) . However,

lll. MAIN RESULTS

In this paper, we investigate the leader-following consen-
sus of the multi-agent system described by Egs. (1) and (2). We
introduce variables 8;(f) = x;(t) — x;(¢) and o;(t) = v;(t) — v, (¢) for
i € n + 1. Note that 8,(f) = o1(¢) = 0 are introduced solely for the
convenience of subsequent analysis. Systems (1) and (2) achieve
leader-following consensus if §;(f) — 0 and o;(¥) — 0,as t — oo.

Construct a Lyapunov function candidate as follows:

- k(L)

o
L, + —In _In
vy = 5" ool | P e Sl [5(?]’
EI”“ Blys1 ()

)

where o« > 0,8 >0 are parameters, to be designed later,
8t = [81() 8:(1) ... 8,11]"and o (1) = [01(H) 22(D) . . . o (D]

Lemma 1 The Lyapunov function candidate (5) is positive
definite, if « and B satisfy

2kBr (L) > a. (6)

In addition, V(t) = 0 if and only if 5(t) = o (t) = 0.
Proof. Lety = _k“lzz(Lv) and

- o

BLy + v I EInJrl
P =
PRax Blus

Since the Laplacian matrix L, is positive semi-definite, BL, + .41
is invertible with o, 8 > 0.

Let
o - -1
Q= L1 _E(ﬂL‘D + V1)
0 In+1
Then
ﬁip + vl 0
QTPQ = az ~ -1
0 Blut1 — Z(ﬂLp + Y1nt1)

Obviously, V(t) is positive definite, if 81,11 — %(,Bip + )/I,,Jrl)_1 is
positive definite. Furthermore, 81,4, > %(,Bip + )/I,,Jrl)_1 holds, if

B> %. Therefore, the condition (6) guarantees the positive def-
initeness of V(¢). In addition, §(f) = o (f) = 0 means systems (1)
and (2) achieve the leader-following consensus. O

To simplify the following theorem, we introduce two constants,
M = —hnin(Wp)ak @y + piin” + pahddt + i

+ pahit + pshid + ps| Wl + o7 | WLl [IFull, (7)
with
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2y + kah, (L)

2h(L,)
ke a+vy
=2k — — — —
B W)

02 = 2B + )h/4(1 4 02) + (a — k) ((1 4 62)(h/2 + K?/2)

05 = (o — k) (E2 + 262)(h/2 + kh* + I + 3k/4 + 1),
BlIDp|l + k@3 + bl — k)

ps = BlID,ller + (

> [1Fs1(55 + 2&4) +

pubs.aip.org/aip/cha

o1 = h(1/2+ h/2(k+ 1)) ((a — ©)b* + k@) + @i (kh* /2 + 3(k + 1) /4 + h(h + 1)),

+ (k+ DR /2 + 3h/2) + K /2 + kb® + 3h/2(k + 1)),

a+y ) ) (hL khot) )
= —0+6)5Bh+2h*(k+1)+4kh)+ =+ — ) A +6,),
03 kz(Lv)(+l)( +2h7(k + 1) + 4kh) + 2+4 1+07)
_a+ty 2 2
p4_)\(i)(Z“g'l+2“;‘2)((k+1)(h+2)+h+kh+2k+5/2),

2\Ly

kk s + kb(a — «
M KD =) s+ 200 + b (@ — ),

2 4
dla+y)  kaps 1oy
= (26 +2 )<—~ —
P7 & & L) 2 2
and
N = —Rmin(W)ct@) + $iA)" + A2 + G314 + pyAl2 + shlt + sl W, 1] + 711D, ] [1Eall, (8)
with

_ ka) (@+y)k+1)
¢ = (t+ 5 )¢4(k+1)h+—k O

2y

2
¢ = %(1 +0)2B + k + (@ — K)3 + 2h+ 2h)) + (o — k) (922 (— T

(hd* + (h+2)¢3),

Kn 3kh*(k+ 1)) 2Kk2h* + 3kh*(k + 1))

where r;, = max{1 —a,b — 1}; r, = max{l — ¢,d — 1}; 6, = max{1
—a/bbja—1}; 6, =max{l —c¢/d,d/c—1}; o, =11+ 00 =1,
+ 65 03 =146, ¢y = max{L, |0) — 1|}; ¢4 = 1 + 0,, @) = max{l,
16, — 11}, 6 = MhEBIs & = /mhby, = \/th@z; Uy = /M,
hbs, & = SR 0 & = \Jh* 201, 113 = Jfilh 055 s = Jiph’
400, dn s AN AL AR, RS, 2 AL AR AR, and A are
the maximum eigenvalues of W,, W,, WnglonWnglonWp,
W,D!1,D,W,D}l,D,W,, W,DI1,D,W,D D, W,, W,DIL,D,W,
D'I,D,W,, F{W,F,, FW,F,, F; W,F;, and F, W, F,, respectively.

4 2 4
(@+y)1+6) ( 5 ) ( ka) kh(1 +637)
=" 2 hh((k+1D)h+2)+ = +h+kh+2k _= ) ——=
®s @) (k+Dh+2)+ 2 +h+kh+2k)+ (4= 5
5
¢4=“JC’/(2M§+2M§)((k+1)(kh+2k)+k<—+h+kh+2k)),
A2 (Ly) 2
kh KB 3k
¢5=(a—/c)(u§+2,u4)(—+kh2+——|——+k)
2 2 4
a+yd (ka+ 2L)(p4> <(oz +y)d  (ka+ 2L)g04) ko a+y
= -+ Fi||(2&, + 2&) + = K| |2y + 2p0) + — + —= do,,
b6 (AZ(LV)Z 2 [|Fy11(2§, &) o) 2 [|F>][(2pa1 2) 2 D2P4 (L) ¥
k ki kb(a —
¢7=<u3+2u4)<7’3|mpn+ 4‘”3+¥),

Theorem 1  Assume that the position information network G,
and the velocity information network G, are both leader-follower
reachable. For a given event-detecting period h, communication time
delay t, and parameter k, if there exist constants ., 8, a, b, c,d with
0 <a,c<landb,d > 1inrules A or B, such that

Kk >0,
>0, 9)
M,N < 0,
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then systems (1) and (2) achieve asynchronous leader-following con-
sensus under protocol (3) under event-detecting rule A or rule B.

Proof. With §(), o (t), we can derive the equivalent form of
system (4) as follows:

s _[o La][s@ 0 0 t—1)
sg| [0 0 ||o| |LD,W, kLD,W,||2(t—71)]|
(10)

Then, we consider the derivative of V() along the trajectory of (10),

. o

BLy + vl Slur | 15
. . 5 8(t)
V) = 2067 o T(1)] o |:<'7(t)i|

Phas Bl
= ZﬁST(t)I:pG(t) +2y8To + ac’o
— a8"IyD,Wp(t — T) — 2B0 "TD, W, j(t — 7)
— ka8TI,D,W,2(t — T) — 2kBo TIyD,W,2(t — T).

Due to 8,(t) = o:(t) = 0, 5T(t)10 = (ST(t) and OT(l’)IO =o'(t)
hold. Furthermore, by 2x'y <x'x+y'y and L, =D! » WyDp,

L, _D w,D, w1th8T8< L STLSandGG< L

T 46
L o, We¢e
2 (ip) = R B

have

V() = 2B8"(t)D, W,Djo (1) + 27870 + aolo
—a8"D,Wyj(t — 1) — 2806 "D, W,3(t — 7)
— kasTD,W,2(t — 1) — 2kBo 'D,W,2(t — 1)
<280 D, W, (y(t) — 3(t — 7))

2y +kar,(L,) ; .
Y Y TWL (y — P —
2L, Yy Wo(y —¥(t—1))
2y +kar, L)\ o .
e - T WL —
(a 2)\.2 (Lp) ) y py(t I)

- %“(ZT — 2Tt —)W,2(t — 1)

Y o — -

+A2( i W,(z —z(t — 1))

(g R
<2k/3 5 kz(iv))z W,z(t — 7).

Next, we will specify the forms of y(#) and z(f). Given
that z(#) = DIv(t), we have z(t) = DTi(t) = —DIIODP Woy(t — 1)
— kD!I,D,W,z(t — 7). Denote S; = DII,D, = [s1;] € R™*™ and
S, = DI'IyD, = [sy;] € R™*™ . Then, we can derive that

pubs.aip.org/aip/cha

v(i) v(i)
Foranyt e [t tkv( H O+

Koy (7 1)> the solution of (11) is

zi(t) = ( Z(l())(t)) Zslx] ./() 5/]'(5 —1)ds

ky(iy (8)

- stz,]w / Zi(s—1)ds, i € m,. (12)

v(z) O]

For f i) yJ (s — 7) ds, we proceed with the analysis as follows:
v(x)

Case 1A: for some j, s € [t‘ﬂ;’;)(t), tpp(})m + r) we have
. v(i) ()
1Aifg? e [£0 Lt

t

~ _ V(i) ()
/m fits=ods = (1=450)3 (40 0)

Ky (i) ()
v(i) ~ v(x)
(t - tkv(,)(:)) Ji ( V(,-)(:)—l) >

iy o () (j 0]
(1A-ii) 1ftk o0 € [tppw(t) Lt tp (,)(:))’

t

f%) Yils—1)ds = (t - tlt(:)i)(z))j’j (lifz)aH)
ky(iy (6)
= (1= 8003 (00
(1A-ii) if £ V(l())(t) < [t’,;;’()])(t) 1>tip§)(t) 1+ T)
)3 (f0-1)

[©)] v(i) A v (i)
(tp kpp0-1 T T~ tkv()(t))y,( i) (- 1)

Therefore, the comprehensive expression for the above three
situations is

t

S(s — — (s_ O _
V(i) Yj(s T)ds_(t t”ip(n(‘)—l

feyiiy

t

o (s —1)ds
V(1
V(,)(t)

_ 0] ()
= <t tp]; oy (O-1 ))’1 (tp k() (= 1)
P o ()
(ti s T T~ M(t)))’] (tk.,(,-)(t)—l)
v(z) v(i) _ ;) _
( kpy (0 Fucy (0) 1 (tkvu)(f) t”;po‘)(f)*l r)

+n
(1) R U]
( kpp0-1 T T~ vo(r)) (y,( v(z)(f)) Jj (tkv(i)(f)—l))’

(13)
mp my
. N va . 1, 0,
zi(t) = — Zslzjwfyj(t —-17)— kZSZijo Zit—rt),iem, (11) where n(x) = =
1 1 0, x<0.
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. ()
Case 2A: for other j, s € [tp h T T t’,ip(])(t)ﬂ) we have

ko) €

A if 10
QA-DIfRD €l ) + 1.0,
t Q) 0
A _ V(1 ~ (1
/m) Pis—1)ds = ( tkv(t)(t)) 57 (tkv(i)(t)) ,

"hyiiy

s5y so V(D) G
(2A-ii) if £, L ® € [tpm)(t), tpm)([) + t)

t

/m s —1)ds = ( tp(l(),)(:) -[)j/j (t;:f/?i)(t))

tkv(,) ®
() _ v(i) a v(i
(tp kpy (0 T T tkv(i)(o) Ji (tkvmm 1)

ooy s (i) () ()
(2A-iii) if £ Lo® € I:tip(j)(t)_l +7 tipw(r))’

t
5 _ () S ()
/;() s —1)ds = (t - tp);m(o - T) Yj (tip(]-)(r))

Ky iy ()
() ) 0]
+ (lip(j)(t) + tkv(i)(t)) i (tkv(i)(t)) :

Therefore, the comprehensive expression of the above three
situations is
t
s —1)ds
tk(vl()o(’)

_ (s _ O
- (t tip(i)“) )y] (tp (n(f))
v(i) v(i)
(ti G) (O tT- th( )(’)) (tkv(i) (f))
V(D) 0 V(i) G)
+ n (tkv(l) ® tpp(j) (f)) n (tpp(/) (6] t+T— tkv(,) (t)) (tip(i) [65)

(i) A (i) ~ (i)
- t}:v(i)([)) (y ( o (0 1) -5 (t{v’(i)m)). (14)

For f vy  z(s — T)ds, we proceed with the analysis as follows:
ky(iy (1)

Case 3A: for some j, s € [ v

02
o\ o () ()
GADif? €[4 1),

t

~ _ V(i) ~ v(i)
/tv(i) gls—m)ds= ( i ()(f)) 5 (t"v(:’)(’)*l) ’

k(i) (1)

tk O + 1), we have

0] v(j) V()
(3A-11) if tkv(i) () I:tkv(]) -1 +71, tkv(j) (f))’

t
~ _ _ v(i) 5. v(i)
/V(l) Zi(s—1)ds = (t t ()(D) z; (tkva)(t)) ,

tkv(x) 0]

vo G
(3A-iii) if t] oo € [tkv(])(t) b V(])(,) L+ r)

t
5 - v() )
/,v(n G —mds = ( fgo-1 ~ )ZJ (t"v(;‘)(ﬂ—l)

v() _p
+ (80 T =00 )5 (60 )
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Therefore, the comprehensive expression of the above three
situations is

t

Zi(s—1)ds
0l
kv(t) O]

_(s_ D _ 5 [ +70)
= (t tkv(i)(t)—l T) Zj <tkv(j)(t)—l)
v(j) v(i) IS v(i)
+ (tkv(,)m  tT - tkv(,-)u)) zj (tkv(,-)(t)—l)
v(j) Vi v(i) v(j) v(j)
+n <tk () ® tkv(z)(l)) n (tkv(x)(t) tkv(,) -1 T) (tkv(j) -1
v(i) 0] o ()
tT—4 ()a)) ( (tkv(,-)(») — % (tkv(,-)(t)—l)) . (15)
v(j
Case 4A: for other j, s € [tk H® + 1,8 (/)“H'l) we have

NETRL 0]
A-Dif” e [ah  + 1),
3 _ v(i) o [0
zj(s—t)ds—( tk()(t)) (fkv(,-)m)’

gl
kv(i) (6]

s\ e V() (6 v(j)
(4A-ii) if tkv(i) ® [tkv(,)@’ tkv(,-) ot r),

t
A _ v(j) 5 (@
/v(o Ge—mds = ( iy 0 r) % (tkv«)(f))
k(i) ()
v(j) v(i) v(i)
+ (tk 0 ® tT - tkv()(:)) (tkv(,>(:) 1)

ooy o g (i) @
(4A-iii) if b € [tkv(,)(r) 1t tkv(;)(f))

t

~ _ v(j) v(j)
fm) GG —0)ds = ( o 0 T) (tkvw(f))

k(i) (O
v() )\ [0
+ (t oo TT™ v(i)(f)) % (tkwi)(‘)) '

Therefore, the comprehensive expression of the above three situa-
tions is

t

0 Zi(s—1)ds
ky(iy O

Y P N P ()
- (t ey o T) 4 (t"voﬂﬁ)
v(i) S v(i)
+ ( D orT—60 (,)) 5 (tkm_) m)
v(i) v(j) v(j) v(i) v(j)
+ (tkv(i)(t) tkv(]) (t)) n (tkv(]) () tT- tkv(l) (t)) (tkv(j) ()
4T tv(z)

(i)
k<)<‘>) (Zf( ky(iy (0= oA (tzvt(o(”)) (16)
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Due to page limitations, the specific form of z;(#) is provided in
Appendix A. Furthermore, we can derive the compact form of z(f),
2(t) = zZ(H) — A,D I,D,W,0,(H3(t) — A, D I,D, W,0,(Hy(t)
— kA,D[I,D,W,05(0)zo(t) — kA,D[I,D,W,0,(1)2()

+F(©0:(t) ®I,,)Y1 + Fi(0,(H) ® I,,,) Y,
+ Fi(©1() ® In,) Y3 + FiI(O2(1) ® In,) Vs
+ kF,(03() ® Iy,) Zy + kF,(O4(t) ® 1,,,)Z,

+ kF,(O3(t) ® Iy, )Zs + kF>(O4(t) @ Iy, ) Zs, (17)
. v(1) v(2) v(my) P
where A, :dlag(t — b tl)m,t t, ?2)0)’ L t= tkv(m )(t)), o (®)

) (2) p(mp) T
=0 (o ) 2 (E00) o (B )] - 010
= 1u®,12@®), ..., L, (1), where 1y;(t) =1, if jth edge in

G, belongs to case 1 at time f otherwise, 1;;(f) = 0. Sim-
ilarly, matrices ©,(f),®3(¢), and ®4(f) are diagonal matrices
under cases 2, 3, and 4, respectively, with ©,(¢) + ®,(H) =1
Fn
Fi,
and O;(t) + O4(t) = 1. In matrix F, = ) R

Flmv
Fy; is the ith row vector of D'I,D,W,. Y; = [YLY%, ... Y, 1%,
T T
Y, = [YLYL . Vo), Yy =Y YL .. Yy, ), Ve = (YO YL ...
Yum,]T (the specific forms of Yy;, Yy, Yy, and Yy are provided
F21

Fy
in Appendix B). In matrix F, = ) » By s

FZmV
the ith row vectorT of D'I[,)D,W,. Z, = [ZTT1 Z{z...Zlmv]T, Z,
- [Zgl Zgz e szv] 5 Z3 - [Z;l Z;rz .o -Z3mv] 5 Z4 - [ZL ZZZ e
Zm, 1T (the specific forms of Zy;, Zy;, Z3;, and Zy; are provided in
Appendix C).

Subsequently, we will proceed with an analysis of y(f).
Due to y(f) = D; x(t), we have that

ity =Y divi(n). (18)
j=1

Then for t € [IP nopd

ki (0° kp(z)(t)+1> the solution of (18) is

yty =3 (49 ) + Z f Rers (19)

p(x>“>

From ¥(t) = —I,D, W,y(t — t) — kI,D,W,2(t — T), we have

mp my
V(1) = =Y Dy Wy) Js(t =) —k Y (ILD,W,) 4t — <
s=1 s=1

(20)

pubs.aip.org/aip/cha

Then for t € [£ N

ko (0 kp()(:)+1) the solution of (20) is

mp P

Vj(t) (tp(l())(t)) Z (IODP WP)js [P(i) j\)s(‘[l —1) dT1

s=1 kp(,-) (1)

- kZ (I,D, W, )p/tp 2t — 1) d1). (21)

= kp(z) ®

Substituting (21) into (19), we derive that

yi(t) = (tp(l())(t)) + Z /(,)

kp(iy ()

(t)
( Kpi (S>) ds

n mp t 1)
" N
XA w0y, [, [, e
j=1 s=1 kpiy® ™ kp(iy (72)
n 153
_ kz Z (LD, Wv)]s/ /[p(i) z(ty — t) d1, d13.
j=1 s=1 P(,)(t) kp(,‘)(rz)
(22)

For f 20V (tp ) ds, the term v; (tp ) is a constant, if

o (0 kp(iy () i) ()
[ip ;,1())(0’ ) Then, we have

-/t:(i) vi (t!’;?h“)) ( tp(l()o(f)) (liz(v?)“)) @3)

kp(iy (0

For f g f % Js(ti — ) dr, dry, we proceed with the
kp(iy () p(x)(fz)

analysis as follows:
Case 1B: for some s, t € [£Y ., £ 4+ 1), we have

kp(s) () “kp(s) (1)
() (s)
(1B-i) if £ o () I:tzp(s)(t),t),

t 193

0 " ys(r1 — v)drn dr,
Kp(iy ® ~ hp(iy (72)

t
D \o (p0
/ﬁ’m (Tz h liP(i)(m)y ‘ (tlk)pm(m—l) 4

kp(iy (0

(i) (i)
( tipm(f)) (tpmo(f) 1)
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(1B-ii) 1ftp(1))(t) € [tp(s) 7, &9 )

ko -1 T B> 0

t )
0 " ys(ty — v)dr dr,
kp(iy (0™ Kp(iy (72)

I
S
Ve
[38)

)
tip(x)(h)) Ys (tip()(fz)) dr
1 W \%s (20
2 (t - f’ip@(f’) Js (t’zpw(‘)) ’

feey s (i) (s) s
(1B-iii) 1ftip(i)(t) € [t‘ﬂp(s)(o 1,t‘pp(s)(t) Lt r)

t 153

V(1 — 1) dr, dT
0 0 }’s( 1 )dr dr,
kp(iy ™ kp(i) (2)

tp(s) +7

k() (H—1 ; ;
_ P(s) _ p ~ (i)
B /:Pﬁ) <‘L’2 t”;p«)(fz))y : (t”;p«)(’z)*l) a0

Kp(iy ()

(i)

(s) (s)
(TZ _tlk’p<s><f2>—1 ) (I!’;p(sﬂfz) 1)

t
(i) ~ (i)
tip(,.)(fz)) Vs (tzp(i)(tz)—l> dr,

L/ oo 0)
- 5("12,(5)(1) 1 tTe tppo(’)) Js (r’tpm(”—l)
© © Q) Q)
+(t tp<)(r> 1T )(’P()(n 1t ’P()a)) (’Pp(,)a)—l)

1 © ©
2( tip( yH-1 " ) (tp’;ms)(’) 1)
1 0) ® 1 o \?
= E(t - tip(i)(f)) Vs (tip(s)(t)—l) + E (t - tip(i)(t))
2 .
(s) ) ~ (i)
- (t_ 01 ) )(y ‘ (tipm“) 1) % (iipm(‘)—‘))'

Then, we derive the unified form for (1B-i), (1B-ii), and (1B-iii),

(s
tP (r) 1+‘[

kp(s) (r2)— T

t 7

yo(t1 — 1) dT dT
o ® ¥s(t )dt dr,
kp(iy® ~ Kp(iy (2)

2
0} (s)
( t";po(”) (tip(s)(f) 1)
() 0) 0 (s)

tn (t”;pm(f)—l -k <><‘>) n (tip«)“) B t!’;ms)“)—l)

M N p© 2

2 kp(iy () kp(s) (D=1
()
X ( y ( kp(s) (= 1) (t”;po)(” 1))

ARTICLE pubs.aip.org/aip/cha

. . (s)
Case 2B: at time t, for other s, t € [tp , + T, t',ip( )(t)+1) we have

kp(s) (£
(i) (s)
(2B-i) 1ftp oty € [tip(s)(t) + 1,1),
t 7
" " ys(ry — ) dr do,

Kp(iy (0 ™ hp(iy (72)

t
(i) N
/t;)(i) (TZ - tip(i)(tZ))y (tip()(fz)) dr,

kp(i) (0
1 0\~ [ p0)
E(t - rzp«)(‘)) Js (lijp«)(’)) ’

()] (s) (s)
(2B-ii) if t’,ip(i)( [tp P y T r),

Kp(e) (8 “Kp(s)

t 7

ys(t1 — 7) dr, dt.
o @ }’s( 1 ) dr, dr,
kp(iy (0 7 Kp(iy (72)

t

_ () ()
N _/rp@ ( tpp<s)(fz) ) (lppu)(fz))

kp(iy

) (i) N0)
+ (t}tp(s)(rz) +7T - tfip()(tz)))/ (tip(s)(fz) 1) d'L'Z
1 M \’s PO
- E(t B t!’;mo(”) ( kp(s) (01 )
(s) (S) (s)
2( tpp<s> O ) ( kp(s) U’) (t";p(s) (fH))
1 0 \’s (O 1 © 2
- E(t tipo(’)) Js (tip@(f)) + 2 (t_ t”;p@)(’) N r)
_po 2\ (- PO (P9
Kp(iy (O s ko0 kp(iy (D=1

(2B- 111)1ftp(()(t) I:tp() T, £ )

kp(o) (D= S kp(o)
t )
0) 0
kp(iy (0 ™ kp(iy (72)
t

¥s(r — 1) dry dry
_ _ (S)
_/z;’(z» (t2 p(s)ﬁz) r) ‘( p(s)(m)
Kp(iy (0

) 10 £
T (tip(s)(TZ) tr- tl’:p()(fl ) ( kp(s) (2)— 1) dry
2
(i) A
-3 ( tpp(z)(”) ( p(o(f))
(s) (i)
*3 (t B tppo(” T) ( (t!’i <><‘)) (tppo(f)))
2
() (s) (s)
( tpp@(”) (tpm )(f)) (( t?’;ms)“) )
_ g0 2 ye) (£
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Under case 2B, we can derive

t )
0 " ¥ys(ty — 1) dr dry
kp(iy (0 ™ Kp(iy (72)

1 @\~ [ 1 ()
=2 (t - tip(b“)) s (t!’;p(s)(’)) + 2 (t N tip(s)(‘) N

( tP;Zﬂt))z)(s(th())(”) ¥s (t”;;?i)(f)))
(tP(S) 0 *TT- tp;(r’())(”) (t”;;?i)(f) - t";;is(i)(”)

%(( t”;;?)(f) )2 ( t";;?z)(ﬁ)z)

( ( p<x><f>) (tpz(v?o(” 1))

For f tp(z) f &  Z(t —1)dr dr,, we proceed with the

ko) Thy(iy (12)
analysis as follows:

Case 3B: for somes, t € [t"(s) Pe 1:), we have

ky(s) (0 “kys) (0)
(i) v(s)
B L e [19 0),

t 153
o " z(ty — 1) dt, dr,,
kp(iy 0 ™ hp(i) (2)

t
D\ (0
/#’(i) (rz B tip@(fz)) = (lipo') <TZ>—1) 9

kp(iy @

1 M \a (00
- E(t_ t”;pa)(f)) % (t”;p@“)*l)’

© )
(3B-ii) lftp oo € I:z()(t) 1t IZS()(t))

t )
. o zZ(n—ndndn
(i) (i)

Fp(iy 7 Kp(i) (72)
t

i) o (o0
./#’0‘) (T2 tp’;p(o(fz)) % (’ip(,-)m)) dry
(i ®
P@)

1 W\ (0
2 (t - t”;pa)“)) % (t"ipﬁ)“)) ’
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a

ceey s (D) v(s)
(3B-iii) if tzp(i)(t) € I:tkv(s)(t)_l,tv(s)(t) Lt r)

t o

. , s -—ndndn
0 0
kp(y ® =y (72)

¢
_ _ ) 5
B ./#’“) (TZ Ty -1 )z (t ky(s) (12)— 1)
v(s) (i) P ()
+ (tkv(s)(fz) 1 tip()(fz)) (tip()(fz) 1) dr,

2
v(s) (i) (i)
5 (tkv(s)(t)—l tp )(t)) (t’li (,)(:)—1)

1 v(s) S v(s)
+ ) (t - tkv(s)(t)—l - 7-') Zs (tkv(s)(t)—l)

2 1 NP
(i) S v(s) (i)
2 ( tip()(f)) ( V(s)(t)—l) + E ((t - Iip(i)(t))

1
2
v(s) v(s) (@) 5 (i)
+ (t o1 T ) (t" o1 T T~ t";p(o(‘)) % (tip(o(f)*l)

2 .
v(s) S v(s) (i)
a (t i 01 T) ) ( (tk 0= 1) % (tip«)(f)—‘))'

Then, we derive the unified form for (3B-i), (3B-ii), and (3B-

t (7]

" " z(t, — 1) dr, d1,
"pm(') kp(i (2)

tP(T) 2 A v(s)
kp(iy () v(s) -1

v(s) (i) (i) v(s)
+n (tk w01 T T~ t‘ZP(,.)m) n (lipwm ~ B -1
) 2 2
_ p _ v(s)
((t t!’;pw“)) (t oo 01 T) )
v(s) (i)
(tkv(s)(f> 1) % (tp’;pm(f)—l))'

1
X_
2

Case 4B: at time ¢, for other s, t € [tv(s)

have (4B-i) if tp(’) S0 € [%?)(:) + 1, t),

t )
" o z(t; — 1) drt dr,
Ko(iy (0 “kpiy (72)
t

Y3
./zl’w (TZ B tlk’pw(fz)) = (tzpm(fz)) ar;

kp(iy (0

1 M \a (00
2 (t - tim(’)) % (tim(‘)) ’

iii),

)

v(s)
koo T tkv(s>(t)+1)’ we
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(i) v(s) v(s
(4B-ii) 1ftp oo € [t V(s)(,), ygs) + ‘r)

t 7

0 " z(ty — 1) dt, dr,,
kp(iy (0 ™ Kpiy (72)

= /tpt(o (rz - t’sz(:) (@) T) 2 (tviz) (rz))

+ ( ’Z(S())(rz) +T- tP;())(rz)) z (tvf,s(s)(rz) 1) dTZ
( t’zi:())m)zzs (’iiﬂr) 1)

=00 =) (B (500) -2 (520 )

2( t;;;(v?z)(t))zés (tziZ)(t)) + % ((t - tltis()s)(r) - T)z

~(e=400) ) (B (00) ~2 (£00)).

(i) v(s)
(4B-iii) 1ft‘l7 o € [tk()(t) Lt tk()(t))

t 153

. o Z(n—1v)dudn
(i) (i)
Koy @ (i) (r2)

¢
_ o) e
- [p(i) (tz tkv(s>(fz) )Z (t v(s)(rz))

kp(iy
v(s) (i) P v(s
T (t" (s)(72) TT- tip(o(fz)) Zs (tkv(s)(rz) 1) dr,
_ 0 ZA £
2 Kp(iy (1) V(S) -1
1 v(s) 2. v(s) S v(s)
T3 2 (t N th(S)(t) - T) (ZS (tk (s)(t)> % (tkv(s)(t)_l))
2 1 2
(i) 3 v(s) - () _
2( f <t)(f)) ( v<s><f>) + 2 ((t ) r)
. 2
(i) S v(s) (i)
Bl (t Bl tp’;pm(‘)) ) ( (t" <>(f>) —% (tppm(t)))'

Under case 4B, we can derive

t )

. o zZ(n —1)drdn
:P(’) tp(x)
kp(iy (0 7 Kpiy (72)

1 (i) S v(s) 1 v(s) 2
= E(t tipm(t)) ( v(s)w) 3 (t ) T)
(=29 V(5 (¢ p0
Kp(iy () AN kp(x) ®

v(s) (i) (i) v(s)
o (t’ws) 0TT t‘,’ip(‘_) m) K (tp’;pw(” - t"v(s)(f))
1 v(s) o )\
%3 <(t_ o ~ t) ( b <f>(‘>)
(Pl ()
x (zs (t’,ip()(,)) (tipow 1))

Therefore, we can derive the specific forms of y;(t) (referred to
Appendix D) and y(¢) as follows:

y(t) = y(B) + A,Dyv — —AZDTIODPWP®1(t)j/0(t)

- 1A DTI D,W,0,(t)j(t) — lfAZDTI D, W,05(8)2(t)
2 0 pB2(1)y 2% oy W3 0
k R

- EA;D:IODVWV®4(t)z(t)
1 k

+ 2F3(®2(t) ® I,)Ys + 2F4(®4(f) ® I, ) Zs
1 1

+ §F3(®1(t) ® I, Ys + EFa(@z(t) ® Im,)Y;
k k

+ §F4(®3(t) ® ImP)ZE + EF4(®4(t) ® Imp)Zh (24)

where -y (t)_[y ! (tp <1><‘>) % (tp <z)(f>) Jmp (tp(ﬁff;m)]T’ Ap
=diag( tp(l) t-”(z) o tP("’P) )~T [ (tp(l) )

(1)(t): ko) @77 P("‘ NOI kp1) (0
Dn
T Dy,

T (2) T ( p(mp) _ )

v (t”ipm(f))'”v (tkP(mp)(t) » D= with
Dlmp
F5
Fs,
Dy; being the ith row vector of D;, F; =
FSmP

with F;; being the ith row vector of D;IOD W,, Ys = [YL Y, ..
T

ngp T, Zs= [Z;'FlZSTz Z5Tmp Y = [Ygl Ygz ng,, » Ls = [Z61
7. 2 Y, = YAYE, Y8 1T, 2, = (2,2, . 2, ] Spe-
cific forms of Ys;,Zs;, Yei, Zgi» Y7i, and Zy; are provided in
Appendix E.

Furthermore, by introducing variables e, (f) = Jo(t) — ¥(t) and
e, (t) = zo(t) — z(t), we can derive

z(t) = zZ(t) — A,DII,D,W,0,(De,(t) — A, DI I,D, W,3(t)
— kA,D'I,D,W,0;(te,(t) — kA, D T,D,W,2()
+ F(0:,() ® I,) Y1 + Fi1(0:2() ® I,) V2
+F(0:(t) ® I;,,)Ys + F1(O,(H) @ I,,,) Yy
+ kF,(05(t) ® I, ) Zy + kF,(04(8) ® In,)Z,
+ kFy(O3(8) ® Iy, )Zs + kFo(O4(t) @ L) Z4, (25)
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3 .1
y(t) = 3(t) + ApDiv — EA;D;IODPWPQI(t)ey(t)
1 2T -~
= 5 A 1o Dy Wi(t)
- ’fAZDTI D,W,0;(b)e,(t) — ]—CAZDTI D, W,2(t)
2Pp0V1/3Z 217170""
1 k
+ EFs(@z(t) ® Iy, Ys + EF4(®4(t) & In,)Zs
1 1
+ EF3(®1(t) ® Iy,) Y + 5F3(®2(t) ® In,) Y7

k k
+ EF4(®3(t) ® Iy, )Zs + EF4(®4(t) ® In,)Z7, (26)

_ ) (2) (mp) r
where &7 [ (IP <1><f>) (21’ <z><‘>) (t”;pmw(")]'

In Subsection II B, we have the following inequalities from rule
A or rule B:

(27)

Furthermore, we have that

{o < |5® = 30| 1 < nllF®Il, o8)

0 < |12() — 20| | < nl 2@,

where r; = max{l —a,b — 1} and r, = max{l — ¢,d — 1}. In addi-
tion, we have that

|5’q (qua) 1) Yq (tk (z)) <6 |5’q (ffqm) ls
(29)

|2q (fzq@ 1) ( kqm) | < 92|2q (tzq(t)) I,
g (£9) 1= L3 (£) 1 o)

b
a

5 (@ dis (@

g (65) 1= 412, (7)1

where 6 = max{l —a/b,b/a—1} and 6, =max{l —c/d,
d/c — 1}. Based on the previous analysis and the definitions of
Yo (1), ¥(1), 20 (D), 2(1), we have that

Pt —1) = 01O (D) + O:2(H)(D), (31)
2(t — 1) = O3() 2o (1) + O4(1)2(2).
By (28), (29), and (31), we can derive that
lp@® — 3@ — Ol < 17O — YOI + [|©:1(De, (1)
< (rn+6e:MIDIy®I|
= ol F®Il, (32)

pubs.aip.org/aip/cha

[12(H) — 2(t = D)I| < 1|2(t) — 21| + 13 (e (D]
< (. + 6:118;®) DIz
= @llz()]l. (33)
For ||y(t — 7)|| with (29) and (31), we have that
17t =Dl = 181D (1) + O]

< @+ MIFOII (34)
On the other hand, we have that
17t =D = 10110, 1| = 1 [[F®)]]. (35)

Furthermore, from (35) we can derive
[17(t — )| = max{L, |6, — 1}7®)]l. (36)
Combining (34) with (36), we have
Py < It — DIl < 935(0), (37)

where @3 =146, and @3 = max{1, |6, —1|}. Analogously, for
lI2(t — 7)I, we have

Pi2(t) < |I2(t = DIl < @a2(D), (38)
where ¢, = 1+ 6, and ¢; = max{1, |6, — 1|}.

For 67 (£)6 (t), there exists some j, such that

FTE (1) < myo” (#’ é)m) (t’,;;’é)(t)). (39)

With the limitation of integrator interval,
for cases 1A and 1B:

o L tT- £ <,

e ki ®

o1+ T~ o < o
for cases 2A and 2B:
ti po TT~ B < o (1)
’f oo TT~ ’P(?><t>
for cases 3A and 3B:
tz(’()ﬂ(t) T — t,z(’())m <h, )
o1+ T~ fro <
for cases 4A and 4B:
tzvz)(t) +T—g o <h )
tz(’;) wtT— ti;?,-)(t) < h.
Furthermore, we have that
YV, YTYs < mi2 563 (070 = €257 (0j(0),
Y)Y, YiYs < mBP035" (0j(H) = &5" (03, 44)

212,252y < m? 50227 (02(t) = midz" (D2(D),
212,728 Z, < m 20227 (D2(t) = mu2zT(H3(F).
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FIG. 3. Communication topology.

In addition, in Yng,, we have

A 2 . 2
() (i)
(t N lipm(ﬂ - T) B (t - ’ip(,.)m)
=(t—t£(’) -0 )

() (B kp(iy (O
Y 0)
x (t t”;pw(f) Toit tp’ip(o(‘))

< K. (45)

-10
10

-2

0 4 8 ‘i2
t

FIG. 4. State trajectory under rule A.
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FIG. 5. Edge-event times under rule A.

Analogously, we can further derive

YIYs < mph®079" (03(H) = E33" (DY(),
v o
Y§Ye, YIY; < mph07 31 (03() = €551 (0) 0,

(46)
ZIZ5 < mhS0227 (D2(t) = 122" (D2(8),

&
232 2327 <m0} 2 (0E(0) = w3 (D).

70 5

.68
.67
€6
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- €4
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FIG. 6. The numbers of events every 0.2 s under rule A.
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t

FIG. 7. State trajectory under rule B.

Finally, by applying the Hoélder inequality, the inequality
2xTy < x"x + yTy, and various other techniques with inequalities

(27)-(46), we obtain
V() < My (1)7(0) + N2"(Dz(b),

where M and N are given in (7) and (8), respectively. With
y = w, ¢ > 0 can guarantee the condition (6), which is the
sufficient condition of positive definiteness of V(f). Furthermore,
in (9), we know M,N < 0. Then, V(t) =0 holds if and only if
3(t) = 0 and z(t) = 0, which imply §(¢) = o () = 0. Therefore, the
leader-following consensus of system (1) and (2) is achieved. O

CO | A
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€7t 00000000080 G080 OO NDE) GOSN
g €6 | EmIEE——T ONTO 0 0000000000000 0000
g
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FIG. 8. Edge-event times under rule B.
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Remark 1 Due to the complexity of symbols (7) and (8), we
need to explain the existence of M and N as (7) and (8). Assume
parameters a=b=c=d =1, which result in r, =r, =6, =6,
=0 as well as o=@, =& =6E=86=6 = =1 =3
=pus=0and g3 =@, =@, = ¢, = 1. If h =0, then it is clear
that M = Apin(Wy)k < 0 and N = —A i (W)t < 0. Furthermore,
M and N are monotone increase functions of h. Therefore, there exist
hmax and the proper parameters such that M, N < 0 for h € (0, hpay)-

IV. SIMULATION

In this section, to verify the validity of the proposed theoretical
results, we present a numerical example. For systems (1) and (2) with
protocol (3), heterogeneous networks are illustrated in Fig. 3, which
are clearly leader—follower reachable. Assume the weights of edges
in G, and G, are 3,1,2,1,3 and 3,5,4, 5, respectively. The system
parameters are setas b = 0.002, 7 = 0.001, and k = 4. For the event-
triggered mechanism, initial edge-event times in G, and G, are set to
0, 0.0005, 0.0009, 0.001, 0.0012, 0.0013, 0.0015, 0.0017, and 0.0019,
respectively. The parameters are a = 0.9, b = 1.1, ¢ = 0.85, and
d = 1.15. The initial states of the system are x(0) = [035 — 1 — 6]"
and v(0) = [132 — 12]".

Through numerical calculations, the corresponding results are
presented in Figs. 4-9. Figures 4 and 7 show the state trajectories
of systems (1) and (2) under rule A and rule B, respectively, demon-
strating that leader-following consensus is ultimately achieved. Each
edge of G, and G, performs approximately 7000 event detections in
total under both rule A and rule B. The corresponding event times
are depicted in Figs. 5 and 8. Additionally, the number of events for
all edges in G, and G, under rule A are 89, 28, 152, 139, 47, 78, 42,
162, and 56, while under rule B, they are 682, 316, 479, 336, 2173,
220, 164, 216, and 379, respectively. Furthermore, the number of
events per 0.2 s for each edge is presented in Figs. 6 and 9. Clearly,
the number of events is significantly lower than the number of event
detections, indicating that the event-triggered control mechanisms
we proposed greatly reduce communication and controller-update
costs for multi-agent systems.
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. 68
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. 64
. 63
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o

Event number
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FIG. 9. The numbers of events every 0.2 s under rule B.
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V. CONCLUSION

In conclusion, this paper presented a comprehensive approach
to addressing the asynchronous leader-following consensus problem
in networked double-integrator systems. By considering three criti-
cal factors, namely, asynchronous hybrid event- and time-triggered
control, heterogeneous networks with distinct position and velocity
graphs, and communication time delays, our proposed control pro-
tocol effectively tackled the challenges of multi-agent coordination
in practical engineering scenarios. Through the use of separately
defined edge events for position and velocity information, agents
were able to update their controllers asynchronously based on sam-
pled relative state information. The theoretical results, supported by
Lyapunov-based analysis, were validated through numerical sim-
ulations, demonstrating the efficacy of the proposed approach in
achieving consensus. Future work will continue to relax the assump-
tion T < h to widen more generalized frameworks and refine the
event-triggering mechanisms and explore broader applications in
more complex networked systems.
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APPENDIX B: SPECIFIC FORMS OF Y;;, Y2, Y3;, AND Y,;

(1) v(i) o (20 o ) T
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Y= ,
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