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ABSTRACT: In a multi-agent system, platoon vehicles receive a huge collection regarding autonomous models
coordinating and their actions to improve traffic flow, lower fuel consumption, and boost safety. This paper examines
the distributed consensus control problem for heterogeneous multi–agent systems (MASs) containing both first-order
and second-order agents, under constrained network communication resources. Secondly, a novel event–triggered
approach is proposed to tackle the problems of information transmission restrictions and bandwidth contention.
Unlike conventional state-independent triggering methods, the proposed trigger condition depends on both the agent’s
own state update error and the information mismatches between neighboring agents, enabling a balanced trade–off
between control performance and communication reduction. By ensuring that the transmission interval always exceeds
one sampling period, the event-triggered technique significantly reduces network bandwidth usage. It determines the
next transmission time for both position and velocity information. Thirdly, sufficient criteria for reaching asymptotic
consensus are determined using Lyapunov stability theory and Kronecker product features. The trigger parameters and
controller gains are obtained by solving linear matrix inequalities (LMIs). The distributed event–triggering mechanism
and the consensus control protocol are integrated into a co-design framework. The effectiveness of the suggested
strategy in conserving network resources without sacrificing system stability is validated by simulation results for a
heterogeneous MAS with two second–order and two first–order agents, which show that all agent states converge to
common values while the number of information transmissions is significantly reduced compared to periodic sampling.

KEYWORDS: Multi–agent system; resource constraints; event–triggering mechanism; consensus control

1 Introduction
Consensus control has been widely investigated in application domains such as distributed sensor

networks [1], autonomous underwater vehicles [2], and cooperative unmanned ground vehicles [3]. In the
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power-system domain, coordinated protection and control strategies have also been studied to improve grid
resilience under the high penetration of renewable energy resources [4]. The consensus problem, a key area
of MASs research, seeks to create distributed protocols that, in spite of poor communication and dynamic
uncertainty, motivate all agents to agree on specific quantities of interest, such as position, velocity, or heading
angle. As a result, a lot of work has been done on this subject, and the literature has revealed many significant
findings [5–7]. For example, Ref. [8] used linear consensus protocols to develop a theoretical foundation for
average consensus under fixed and switching topologies. Ren and Beard [9] extended consensus analysis to
multi–agent systems with dynamically changing directed interaction topologies and established convergence
conditions based on directed spanning–tree connectivity. In order to minimize communication frequency
while maintaining convergence guarantees, Ref. [10] presented distributed event–triggered consensus tech-
niques. Adaptive consensus controllers for heterogeneous MASs with uncertain nonlinear dynamics were
developed by [11]. Sampled–data consensus systems with time–varying sampling intervals and transmission
delays were examined by [12]. For second–order MASs that are susceptible to input saturation, Ref. [13]
developed fixed–time consensus methods. Consensus-based distributed secondary-control schemes have
also been extensively reviewed for DC microgrids [14], demonstrating the broader applicability of graph-
based coordination in networked power systems. However, such power-system-oriented methods do not
directly address distributed event-triggered consensus co–design for heterogeneous vehicle platoons com-
prising mixed first-order and second-order agents. Moreover, existing studies on self-triggered consensus,
communication-impaired formation control, and stochastic multi–agent systems [15–17] consider different
agent dynamics, communication conditions, or control objectives. Therefore, a unified framework combin-
ing mixed-order heterogeneous dynamics, neighbor-dependent triggering, and simultaneous LMI–based
design of controller gains and triggering matrices remains insufficiently investigated. In [18], researchers
combine fixed–time reference generation with a self–structuring neural network that accounts for unknown
nonlinear dynamics and external disturbances to create an event–triggered formation-control scheme for
underactuated unmanned surface vessels. Conversely, Ref. [19] uses a mixed event-triggered mechanism
to study completely distributed leader-following consensus for nonlinear fractional-order multi–agent
systems, allowing coordinated behaviour through local information while lowering communication demand,
because most existing approaches either concentrate on homogeneous agent dynamics or on first–order and
second–order linear models.

The above–mentioned literature is all in the study of isomorphic multi–agent systems, all of which have
the same dynamic characteristics. In the actual communication–limited multi–agent system, the competition
for bandwidth of heterogeneous agents makes only some agents able to transmit data, and it is necessary to
rationally schedule agents to reduce the transmission of information, save network resources, and ensure
the optimization of network utilization and control performance. For example, Refs. [20,21] considered
cooperative output regulation of heterogeneous linear multi–agent systems based on event–triggered control.
In [20], a homogeneous MASs event–triggering mechanism is first established, followed by a new distributed
event trigger control scheme is proposed for the internal reference model of each multi–agent to solve the
problem of heterogeneous MAS cooperative output regulation. In [21] proposed a basic event–triggered
control scheme for output regulation for multi–agent models. Based on this result, a distributed self–
triggering control scheme is proposed, which can avoid continuous monitoring and measurement errors.
Existing studies [21–24] investigate the consensus control problem of heterogeneous multi–agent systems
based on event triggering mechanism under fixed and switching topology. Because the following elements are
identified in Table 1 and an unfilled research gap is eliminated, the proposed multi–agent control, in contrast
to the conventional event–triggered approaches, can offer a higher level of dependability and resilience.
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Table 1: Summary of related literature on fault–tolerant and event–triggered control for nonlinear systems.

Ref. Model Type Controller Type NCS Optimization Method
[8] H–MAS LC protocols Periodic sampling Algebraic graph theory

[9] First–order
H–MAS Linear consensus protocol Switch Directed topology Direct spanning tree

analysis

[10] H–MAS DC controllers ET (first generation) Lyapunov–based
Approach

[11] H–MAS AC controllers Time–triggered Adaptive control

[12] Direct–MAS Consensus controllers ET ARE–based design

[13] Second–order
MAS FC protocols Time–triggered Fixed–time stability

[14] DC microgrid
MAS

Consensus-based
distributed control

Distributed neighbor
communication

Review of consensus
control strategies

[15] General–MAS Self-tuning dynamic ET
controller

Dynamic ET &
self–triggered

Lyapunov and algebraic
graph analysis

[16,17] Networked USV
MAS

Game & SSNN-based
formation controllers

Packet-loss-aware ET
communication

Noncooperative & SSNN
fixed design

[18,19] N–MAS Adaptive distributed
consensus controllers

Predefined-time with ET
mechanisms

Backstepping & Lyapunov
analysis

[20] H–MAS CR ET Internal model principle

[21] H–MAS D-SF control SF Output regulation theory

[22–24] H–MAS Consensus controllers ET Lyapunov + LMI

[25] A–MAS VAR-Control × Data imputation

[26] H–MAS Voltage–Control × Genetic algorithm

[27,28] H–MAS CR ET Internal model + ET

[29,30] General NCS × Conventional ET No co–design

[31] Vehicle platoon Absorption control × Parameter tuning

[32] MAS (Delays) Leader–follower Time–triggered LMI + Lyapunov

Our Method N–MAS CC Distributed controller Co–design (LMIs)

Note: ET: Event–Triggered. H–MAS: Homogeneous Multi–agent System. LMI: Linear Matrix Inequality. NCS: Net-
worked Control Scheme. LC: Linear Consensus. DC: Distributed Consensus. AC: Adaptive Consensus. FC: Fixed
Consensus. CR: Cooperative Regulation. CC: Consensus Controller.

This research studies the consensus control problem for heterogeneous multi-agent systems containing
both second–order and first–order agents, based on a new distributed event–triggering mechanism. Using
the stability principle of the Kronecker product and Lyapunov’s function, sufficient conditions for consistency
are given. The transmission strategy based on this trigger mechanism has the following improvements
compared with the existing literature:

Although event-triggered consensus for MASs has been documented [10,21,24], the majority of current
findings either examine first-order and second-order systems independently or concentrate on homoge-
neous agent dynamics. Furthermore, traditional event-triggering conditions ignore neighbor information
and rely simply on the state error of each agent. On the other hand, this work’s novel contributions are:
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1. This paper studies the consensus control problem of second–order and first-order heterogeneous
multi–agent systems, based on a new distributed event–triggering mechanism. The authors propose a
co–design method where the stability conditions (using Lyapunov–Krasovskii with Kronecker product)
are solved simultaneously to obtain both the controller gains (K1 ,K2) and the trigger matrices

(ρ1 , ρ2, ρ3) using LMI tools.
2. Unlike traditional event–triggered mechanisms that rely only on the agent’s own state error (e.g.,

Refs. [19,24] mentioned in the References), the proposed trigger condition considers both the agent’s
own information update error and the error between its current information and that of its neighbors.

3. The proposed strategy defines separate event–triggering functions for position and velocity, allowing
independent distributed transmission of position and velocity information. The strategy determines the
next transmission time for each type of information. In contrast, the agent’s own state error is employed
in [19,24]. By including neighbor errors, the trigger condition directly reflects the global consensus error,
leading to fewer unnecessary transmissions during transients.

4. The trigger mechanism contains multiple tunable parameters (ξ1 , ξ2, ζ1 , ζ2, ζ3), and matrices

(σ1 , σ2, σ3), allowing researchers to adjust the information transmission times and controller gain
according to actual task requirements.

5. While many existing studies focus on homogeneous systems with identical agent dynamics, our research
explicitly addresses a heterogeneous multi-agent system comprising both first-order and second–
order agents within a unified event-triggered control framework. This mechanism is designed to
automatically reduce transmissions once the system reaches consensus. Specifically, when (μx i) and
(μv i) (position/velocity update status) tend to zero (i.e., consensus is achieved), the system transmits
information less frequently to maintain the achieved state.

2 Related Work
Due to its numerous applications in distributed sensor models, power sector, wireless communication,

and cooperative unmanned ground vehicles, the consensus control problem for multi–agent systems has
attracted a lot of attention in the last ten years [25,26]. Early research, mostly focused on homogeneous
multi-agent systems, established theoretical foundations for average consensus under fixed and switch-
ing topologies by Olfati–Saber and Murray. Later, Ren and Beard [9], extended the consensus analysis
to dynamically changing directed interaction topologies and derived convergence conditions based on
directed spanning-tree connectivity. Realizing that network communication resources are inherently limited,
researchers such as Dimarogonas and Johansson developed event–triggered control algorithms to reduce
transmission frequency while maintaining convergence guarantees. However, these early event-triggered
methods mostly relied on each agent’s own state error as the triggering condition, without considering
interactions with neighboring agents. Researchers have studied cooperative output regulation using event–
triggered control based on internal reference models for heterogeneous multi–agent systems [27,28], where
agents may have different dynamics (e.g., mixed first–order and second–order dynamics). They have
also developed distributed self–triggering schemes that do not require continuous monitoring. Although
consensus control for heterogeneous systems under fixed and switching topologies has been studied
more recently, the majority of current methods either tackle first–order and second–order linear models
independently or concentrate on homogeneous agent dynamics. The relationship between an agent and
its neighbors, which contains important information about the consensus status of the entire system, is
usually ignored by conventional event–triggered mechanisms, which define trigger conditions only based
on the difference between an agent’s current state and its last transmitted state. Additionally, most studies
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treat controller design and communication scheduling as distinct problems, resulting in suboptimal trade–
offs between control performance and resource utilization [29,30]. This is because the literature currently
in publication lacks systematic co–design frameworks that simultaneously optimize controller gains and
event–trigger parameters. The present study fills these gaps by proposing a novel event–triggered consensus
control strategy that incorporates neighbor information into trigger conditions, creates independent event
functions for position and velocity, and offers a co–design framework for simultaneously determining trigger
parameters and controller gains using linear matrix inequalities. Thus, following are the main innovations
of this paper: (i) a neighbor-information-dependent event trigger for mixed first-order/second-order het-
erogeneous MASs; (ii) independent event functions for position and velocity with guaranteed minimum
transmission intervals via parameters ξ1 , ξ2; (iii) a co-design LMI framework that simultaneously solves
for trigger matrices ρ1 , ρ2, ρ3 and controller gains K1 ,K2; and (iv) automatic reduction of transmissions as
consensus because the trigger condition uses μx i , μv i that disappear at consensus. By including neighbor
errors, the trigger condition directly reflects the global consensus error, leading to fewer unnecessary
transmissions during transients.

3 The Requirement of Vehicle Platoon Control Design
This research investigates a group of m vehicles traveling in a single–file formation. The vehicles are

numbered sequentially from 1, 2, . . . , m, with vehicle 1 serving as the leader. Every following vehicle, denoted
as i > 1, comes equipped with sensors that measure the distance to the vehicle directly ahead. The inter–
vehicle distance is defined as (di(t) ∶= xi−1(t) − xi(t) − d0) for (i = 2, 3, . . . , m). Since ẋi−1(t) = vi−1(t),
and ẋi(t) = vi(t) differentiating the inter–vehicle distance yields ḋi(t) = ẋi−1(t) − ẋi(t) = vi−1(t) − vi(t),
i = 2, 3, . . . , m. Thus, the distance dynamics depend on the relative velocity between two consecutive vehicles
and do not assume that the preceding vehicle is stationary. Here, xi(t) represents the position of vehicle i
at time t, while d0 stands for a minimum safe gap, which accounts for both the length of the vehicle and an
additional required clearance between two successive vehicles, as illustrated in Fig. 1. The lead vehicle, i = 1,
is assumed to maintain a constant reference velocity v0 using a properly designed velocity controller. The
entire platoon vehicle is expected to meet the following criteria as outlined in reference [31].
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i i-1

Sensor Measurements

i i-1Traffic flow

Vehicle direction
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xi present position of i-th second order agent.

i present velocity of i-th second order agent.

i present control input of ith second order agent.u
v

Figure 1: Two vehicles in a platoon configuration.

There are some basic necessary conditions. Every vehicle in the platoon should move at the same
speed as the leader. That is, limt→∞ ∣vi(t) − v1(t)∣ = 0, i = 2, 3, . . . , m, where vi(t) stands for the speed of
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vehicle i. The gap between two vehicles ought to grow as their speed increases. More precisely, the distance
each follower keeps from the car ahead should eventually match a value proportional to its own speed, for
example limt→∞ ∣di(t) − κvi(t)∣ = 0, i = 2, 3, . . . , m. Here, κ is what we call the time–headway coefficient.
This coefficient determines the following distance as a function of speed. No vehicle should ever move in
reverse, meaning vi(t) ≥ 0, t ≥ 0, i = 1, 2, . . . , m. Thus, every vehicle moves forward or remains stationary.
Finally, the distance di(t) > 0 factor should be greater than zero for all i = 2, . . . , m.

Each follower vehicle asymptotically synchronizes its velocity with the preceding vehicle while main-
taining the desired inter-vehicle spacing. The lead vehicle and a few following vehicles that have both position
and velocity sensors are modelled as second-order agents in this platoon setup (1), whilst other following
vehicles that can only measure position are modelled as first-order agents (2). Real-world car fleets, where
various cars have varying degrees of automation, are reflected in this heterogeneity. In order to meet the
platoon criteria of speed matching and safe distance keeping outlined in Section 3, the control objective is to
achieve both position consensus and velocity consensus (as indicated in Section 3) among all vehicles.

4 Heterogeneous Multi–Agent System for Platoon Model Based on Event–Triggered Mechanism
Consider a heterogeneous multi–agent system for a vehicle platoon, consisting of both first–order and

second–order agents. Specifically, the first group of agents are second–order agents, and the remaining agents
are first-order agents. The dynamic model of the second-order multi-agent system is given by:

{ẋi(t) = vi(t)
v̇ i(t) = ui(t), i = 1, 2, 3, . . . , m (1)

In the above equation, xi(t) ∈ Rx , vi(t) ∈ Rv , and ui(t) ∈ Ru represent the position, velocity, and
control input of the ith second–order agent, respectively. The dynamic model of the first–order multi–agent
system is:

ẋi(t) = ui(t), i = (m + 1), (m + 2), . . . , n (2)

Let m be the number of second-order agents and n the total number of agents (n > m). In the above
equation, xi(t) ∈ Rx , and ui(t) ∈ Ru , represent the position and control input of the ith first–order agent,
respectively. The structure of the agent node is shown in Fig. 2.

Heterogeneous Multi–agent system consensus control design 
          for Platooning Based on Event–triggering scheme

 Multi-agent | Event-triggered Scheme | Network Efficiency 

Actuator i

Sampler i

Intelligent agent i

Zero-Order HoldController i

Distributed event-trigged 
         processor

event-trigged scheme

Memory i

To other agents

Figure 2: Structure of the ith intelligent agent node.
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Definition 1: The closed–loop heterogeneous multi–agent systems (1) and (2) are said to achieve asymptotic
consensus if its trajectories satisfy the following limits:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

limt→∞ ∥vi(t) − vi−1(t)∥ = 0, i , j ∈ In = {2, . . . , m}

limt→∞ ∥di(t) − κvi(t)∥ = 0, i , j ∈ Im = {2, . . . , m}
(3)

Remark 1: Eq. (3) defines the desired consensus objective of the heterogeneous multi-agent system. Under the
proposed distributed control protocol and event-triggering mechanism, and provided that the LMI conditions
derived in Section 5 are satisfied, the closed-loop system asymptotically achieves the consensus behavior specified
in Eq. (3). In terms of platooning, this ensures that inter-vehicle distances stabilise to a constant value (the
required time-headway κvi(t)), and string stability is attained because the lead vehicle’s disturbances do not
intensify throughout the chain.

Assumption 1: The communication topology graph G of the multi–agent system is an undirected connected
graph.

Assumption 2: Both the actuator and the controller operate in an event-driven manner, while the sensor
operates in a time–driven manner, with sampling period of h̵, with h̵ > 0, respectively.

Firstly, the following consensus protocols are designed for heterogeneous multi–agent systems (1)
and (2):

ui(t) = −K1{ ∑
j∈N 1

i

ai j((xi(kh̵) − x j(kh̵))}−K1{ ∑
j∈N 2

i

ai j((vi(kh̵) − v j(kh̵))}, i ∈ Im

ui(t) = −K2{ ∑
j∈Ni

ai j((xi(kh̵) − x j(kh̵))}, i = (m + 1), (m + 2), . . . ,N (4)

Remark 2: N 1
i and N 2

i denote the neighbor sets of the ith second–order and first–order agents, respectively. It
is clear that Ni = N 1

i ⋃N 2
i , K1 and K2 are the gain matrices of the consensus controllers to be designed.

Given the limited network communication resources, this research adopts an event–triggered mech-
anism to reduce the number of transmissions of the state information of agent i, thereby lowering the
update frequency of controller i and the amount of information transmitted over the network to neighboring
agents. Let t i

s h̵ denote the ith transmission instant of the position information of agent i, and let t i
�h̵ denote

the ith (� = 0, 1, 2, . . . , i ∈ Im ; j ∈ N 1
i ) transmission instant of the velocity information of agent i. Thus, the

transmission states of the position and velocity information of agent i can be described as follows:

x̂i(kh̵) = xi(t i
s h̵), k ∈ [t i

s , t i
s+1), i ∈ In

v̂i(kh̵) = vi(t i
�h̵), k ∈ [t i

�, t i
�+1), i ∈ Im (5)

The next position information transmission time is defined as:

t i
s+1 h̵ = inf {t ∶ t > (ξ1t i

s + h̵), gi(t) > 0} (6)

The next speed information transmission moment is defined as:

t i
�+1 h̵ = inf {t ∶ t > (ξ2t i

� + h̵), fi(t) > 0} (7)
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Remark 3: From Eqs. (6) and (7) that an information transmission interval is always longer than one sampling
period. Even when the system satisfies the triggering condition in every sampling period during a certain
information transmission phase, the transmission interval can still be made longer than one sampling period
by adjusting the parameters ξ1, and ξ2 as appropriate, thereby reducing bandwidth occupancy throughout the
entire information transmission process.

Where (ξ1 , ξ2) ≥ 1 are tuning parameters and gi(t) and fi(t) are event–triggering functions. The
proposed event-triggering mechanism is designed as follows:

For second−order agents (position) ∶ gi(t) = eT
x i(kh̵)ρ1ex i(kh̵) − σ1 μT

x i(kh̵)ρ1 μx i(kh̵) > 0, i = 1, 2, . . . , m

For second−order agents (velocity) ∶ fi(t) = eT
v i(kh̵)ρ2ev i(kh̵) − σ2 μT

v i(kh̵)ρ2 μv i(kh̵) > 0, i = 1, 2, . . . , m

For First−order agents ∶ gi(t) = eT
x i(kh̵)ρ3ex i(kh̵) − σ3 μT

x i(kh̵)ρ3 μx i(kh̵) > 0, i = (m + 1), . . . , n

(8)

where

ex i(kh̵) = xi(kh̵) − x̂i(kh̵), i ∈ In , k ∈ [t i
s , t i

s+1)

ev i(kh̵) = vi(kh̵) − v̂ i(kh̵), i ∈ Im , k ∈ [t i
�, t i

�+1)
(9)

The parameters σ1 , σ2, σ3 are positive, dimensionless trigger-threshold coefficients. The parameter σ1
is associated with the position transmission of the second-order agents, σ2 is associated with their velocity
transmission, and σ3 is associated with the position transmission of the first-order agents. A transmission is
generated when the weighted local update error exceeds the corresponding weighted neighbor-disagreement
threshold eT

i ρk ei > σk μT
i ρk μi . Therefore, σk regulates the communication–performance trade-off of the

corresponding triggering channel. Furthermore, we define:

μx i(kh̵) = ∑ j∈Ni
ai j[xi(kh̵) − x j(kh̵)]

μv i(kh̵) = ∑ j∈N 1
i

ai j[vi(kh̵) − v j(kh̵)] (10)

These equations include the agent node, its neighboring agent nodes, and the controller input informa-
tion for node i at the most recent sampling instant. The scalars σ1, σ2, σ3 > 0 are the threshold coefficients
associated with the second-order position trigger, the second-order velocity trigger, and the first-order
position trigger, respectively. They scale the corresponding neighbor-disagreement terms and regulate
the communication–performance trade–off. The matrices ρk = ρT

k > 0, k = 1, 2, 3, are symmetric positive–
definite weighting matrices of appropriate dimensions. They define the quadratic metrics used to evaluate
the local information-update errors and neighbor-disagreement signals and are determined from the derived
LMI conditions. The scalar thresholds σk and weighting matrices ρk are distinct design quantities; σk does
not modify or adjust ρk .

Remark 4: Compared with existing literature, the proposed triggering mechanism depends not only on the
information update of the agent itself but also to the information of neighboring agents. Here, μx i(kh̵),
and μv i(kh̵) describe the position and velocity information update status of the entire multi–agent system.
When the whole system approaches toward consensus, i.e., limk→∞ μx i(kh̵) = 0, and limk→∞ μv i(kh̵) = 0.
The information will be transmitted only when Eqs. (6) and (7) satisfied. This allows the system to be better
maintained after it has reached consensus.
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Remark 5: The parameters ξ1 and ξ2 determine the minimum transmission intervals and satisfy
ξ1 , ξ2 ≥ 1. In contrast, σk, k = 1, 2, 3, are the threshold parameters of the event-triggering functions. As σk →
0+, the corresponding triggering condition approaches eT

i (kh̵)ρk ei(kh̵) > 0. Consequently, any nonzero local
update error can activate the associated trigger after the minimum transmission interval imposed by Eqs. (6)
and (7) has elapsed. Conversely, increasing σk raises the relative threshold associated with the neighbor-
disagreement term and generally reduces the triggering frequency. Therefore, ξ1 , ξ2 and σ1 , σ2, σ3 provide
separate tuning of the minimum transmission interval and trigger sensitivity, respectively.

Based on the above event–triggering scenario, the following consensus control protocol can be designed
as follows:

ui(t) = −K1{∑ j∈N 1
i

ai j((x̂i(kh̵) − x̂ j(kh̵))}−K1{∑ j∈N 2
i

ai j((v̂ i(kh̵) − v̂ j(kh̵))}, i ∈ Im

ui(t) = −K2{∑ j∈Ni
ai j((x̂i(kh̵) − x̂ j(kh̵))}, i = (m + 1), (m + 2), . . . ,N (11)

It is obtained from the Eqs. (10) and (11).

ui(t) = −K1 ∑ j∈Ni
ai j[xi(kh̵) − x j(kh̵) − ex i(kh̵) + ex j(kh̵)] −K1 ∑ j∈N 2

i
ai j[vi(kh̵)

− v j(kh̵)−ev i(kh̵) + ev j(kh̵)
�����������������������������������������������������������������������������������������������������������

], i ∈ Im (12)

ui(t) = −K2 ∑ j∈Ni
ai j[xi(kh̵) − x j(kh̵) − ex i(kh̵) + ex j(kh̵)], i = (m + 1), (m + 2), . . . ,N ,

t ∈[kh̵, (k + 1)h̵) (12)

Then Eqs. (1) and (2) can be converted to:

ẋi(t) = vi(t)

v̇ i(t) = −K1 ∑
j∈Ni

ai j[xi(kh̵) − x j(kh̵) − ex i(kh̵) + ex j(kh̵)] −K1 ∑
j∈N 2

i

ai j[vi(kh̵) − v j(kh̵)

− ev i(kh̵) + ev j(kh̵)], i ∈ Im

ẋi(t) = −K2 ∑
j∈Ni

ai j[xi(kh̵) − x j(kh̵) − ex i(kh̵) + ex j(kh̵)], i = (m + 1), (m + 2), . . . ,N ,

t ∈[kh̵, (k + 1)h̵) (13)

Next, we define the augmented matrices as follows:

xT(kh̵) = [xT
1 (kh̵) xT

2 (kh̵) . . . xT
m(kh̵)]T ∈ Rm×1

vT(kh̵) = [vT
1 (kh̵) vT

2 (kh̵) . . . vT
m(kh̵)]T ∈ Rm×1

eT
x i(kh̵) = [eT

x1(kh̵) eT
x2(kh̵) . . . eT

x m(kh̵)]T ; i ∈ Im

eT
v i(kh̵) = [eT

v1(kh̵) eT
v2(kh̵) . . . eT

v m(kh̵)]T ; i ∈ Im

Z(kh̵) = [xT(kh̵) vT(kh̵) X T(kh̵) ]T ∈ R(m+n)×1

W(kh̵) = [eT
x (kh̵) eT

v (kh̵) ET(kh̵) ]T ∈ R(m+n)×1
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X (kh̵) = [xT
m+1(kh̵) xT

m+2(kh̵) . . . xT
n (kh̵)]T ∈ R(n−m)×p

E(kh̵) = [eT
m+1(kh̵) eT

m+2(kh̵) . . . eT
n (kh̵)]T ∈ R(n−m)×p

Now, we present the Laplacian matrix L ∈ Rn×n , where L11 ∈ R(n−m)×(n−m), L12 ∈ R(n−m)×m , L21 ∈
Rm×(n−m), L22 ∈ Rm×m .

L = [L11 L12
L21 L22

]

Substituting (11) into (1) and (2) and using the definitions in (14), we obtain the compact form (14) after
collecting terms involving Z(kh̵) and W(kh̵). From the Eq. (13), it can be obtained:

χ̇(t) = Z11X (kh̵) +W11W(kh̵), k ∈ [t i
�, t i

�+1) (14)

For notational convenience in the subsequent stability analysis, define χ(t) ∶= Z(t), χ(kh̵) ∶= Z(kh̵).
Thus, χ(t) is not a transformed state; it is the same augmented state vector previously denoted by Z(t),
where

Z11 =
⎡⎢⎢⎢⎢⎢⎣

0 Im×m 0
k1L22 k1L22 k1L21
k2L12 0 k2L11

⎤⎥⎥⎥⎥⎥⎦

W11 =
⎡⎢⎢⎢⎢⎢⎣

0 0 0
k1L22 k1L22 k1L21
k2L12 0 k2L11

⎤⎥⎥⎥⎥⎥⎦

To facilitate analysis, let d(t) = t − kh̵, where kh̵ ≤ t ≤ (k + 1)h̵ and k ∈ N . It is clear that t ≠ kh̵,
ḋ(t) = 1. When t = kh̵, we have 0 ≤ d(t) ≤ h̵. Therefore, Eq. (14) can be transformed as follows:

χ̇(t) = Z11 χ(kh̵) +W11W(kh̵), t ∈ [kh̵, (k + 1)h̵) (15)

Then with the definition of d(t) = t − kh̵, our closed–loop (16) model becomes:

χ̇(t) = Z11 χ(t − d(t)) +W11W(t − d(t)), t ∈ [kh̵, (k + 1)h̵) (16)

Thus, the systems (1) and (2) achieve asymptotic consensus when and only if the closed–loop system
(16) is asymptotically stable. For ease of analysis, we define E1 = [Im×m 0 0], E2 = [0 Im×m 0],

E3 = [0 0 Im×m], and E13 = [Im×m 0 0
0 0 Im×m

], ex(kh̵) = E1W(kh̵), ev(kh̵) = E2W(kh̵), Ex(kh̵)

= E3W(kh̵). For subsequent proof, when the trigger conditions are not satisfied, then the Eq. (8) can be
converted to:
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WT(kh̵)ET
1 ρ1(E1W(kh̵)) < σ1

⎧⎪⎪⎨⎪⎪⎩
[ [ L22 L21 ] ⊗ Ip(E13Z(kh̵))]

T⎫⎪⎪⎬⎪⎪⎭
ρ1

× [ L22 L21 ] ⊗ Ip(E13Z(kh̵))

WT(kh̵)ET
2 ρ2(E2W(kh̵)) < σ2

⎧⎪⎪⎨⎪⎪⎩
[L22 ⊗ Ip(E2Z(kh̵))]

T⎫⎪⎪⎬⎪⎪⎭
ρ2

× [L22 ⊗ Ip(E2Z(kh̵))] (17)

WT(kh̵)ET
3 ρ3(E3W(kh̵)) < σ3

⎧⎪⎪⎨⎪⎪⎩
[L12 L11] ⊗ Ip(E13Z(kh̵))]

T⎫⎪⎪⎬⎪⎪⎭
ρ3

× [L12 L11] ⊗ Ip(E11Z(kh̵)) (18)

Before proceeding to the main stability section, the authors will present some Lemmas, which help in
the formation of LMIs.

Lemma 1 ([32]): For any constant matrices R ∈ Rn×n, R = RT > 0, H ∈ Rn×k , and a time–varying function
0 < d(t) ≤ h̵ satisfying δ̇ ∶ [−h̵, 0] → Rn, let the vector function δ̇ be such that ∫

t
t−d(t) δ̇(s) = Fφ(t)d(s),

where φ(t) ∈ Rk . Then the following inequality holds:

−∫
t

t−d(t)
δ̇(t)Rδ̇(s) ≤ −φT(t)(d(t)HTR−1H −FTH −HTF)φ(t) (19)

Lemma 2 ([32]): Assume there exist real numbers ξk̄ > 0 (k̄ = 1, 2, 3.) and a Lyapunov function
V(t, χ(t), χ̇(t)). For the corresponding solution of the system (16) χ(t) for t ≥ t0, the functionV(t, χ(t), χ̇(t))
is continuously differentiable when t ≠ kh̵ and satisfies the following conditions:

ξ1∥χ(t)∥
2
≤ V(t, χ(t), χ̇(t)) ≤ ξ2∥χ(t)∥

2
(20)

V(t, χ(t), χ̇(t)) ≤ −ξ3∥χ(t)∥
2
, t ≠ kh̵ (21)

lim
t→k h̵−

V(t, χ(t), χ̇(t)) ≥ V(t, χ(t), χ̇(t))∣
t=k h̵

(22)

Lemma 3 ([33]): LetX , andY with appropriate dimensions. If there exists a constant ν > 0, then the following
holds:

X TY +YTX ≤ νX TX + 1
ν
YTY (23)

5 Co–Design of Distributed Event-Triggering Mechanism For Consensus Control
In this section, delay-dependent sufficient conditions are derived for the co-design of the distributed

event-triggering mechanism and consensus controller for the heterogeneous multi-agent system represented
by the closed-loop model in Eq. (16). The asymptotic stability of the event-triggered closed-loop system,
established under the derived LMI conditions, guarantees convergence to the prescribed platoon-consensus
objective. In particular, the vehicle velocities synchronize with the leader’s reference velocity, and the spacing
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errors converge to zero according to the adopted time-headway policy. We first present the following
corollary, which provides general requirements for the resultant model (16), is first presented.

The authors note that the following co-design technique is novel for heterogeneous MASs before
presenting the LMI conditions: the controller gains (K1 ,K2) and the event-triggering thresholds (ρ1 , ρ2, ρ3)
are derived from a single set of LMIs (33) and (34). The majority of current literature [19,24] construct the
controller before the event trigger, which is not ideal.

Corollary 1: Given h̵ > 0, under the new event–triggered mechanisms (8), there exist real numbersk1,
and k2; appropriately dimensional real matrices P > 0, X > 0, R > 0, Ψ > 0, Y > 0, ρk̄ > 0,
(k̄ = 1, 2, 3.) and matrices Ml > 0, (l = 1, 2.) such that the following matrix inequalities hold:

⎡⎢⎢⎢⎢⎢⎣

Λ11 + h̵ℵ11 h̵FT(Y +R) h̵MT
1

(●) −h̵(Y +R) 0
(●) (●) −h̵R

⎤⎥⎥⎥⎥⎥⎦
< 0 (24)

⎡⎢⎢⎢⎢⎢⎣

Λ11 h̵FTR h̵MT
2

(●) −h̵R 0
(●) (●) −h̵(Y +R)

⎤⎥⎥⎥⎥⎥⎦
< 0 (25)

Then the closed–loop system (2) is globally asymptotically stable. Define:

Λ11 = νT
1 PTF +FTPν1 + νT

1 Ψν1 − νT
3 Ψν3 − νT

12X ν12

− νT
23M1 −MT

1 ν23 − νT
12M2 −MT

2 ν12 − νT
4 (ET

1 ρ1E1)ν4

− νT
4 (ET

2 ρ2E2)ν4 − νT
4 (ET

3 Φ3E3)ν4 + φT(t)νT
2

{σ1{[L22 L21] ⊗ IpE13}
T ρ1[L22 L21] ⊗ IpE13

+ {ν2[L22 ⊗ IpE2]T ρ2[L22 ⊗ IpE2]} + {ν3{[L12 L13]

⊗ IpE13}
T ρ3[L12 L13] ⊗ IpE13}}ν2φ(t)

ℵ11 = νT
12XF +FTX ν12 , F = Aν2 + Bν4,

ν1 = [I 0 0], ν2 = [0 I 0], ν3 = [0 0 I], ν4 = [0 0 0 I]

Proof: The Lyapunov-Krasovskii functional for the closed-loop system is chosen as follows:

V(t, χ(t), χ̇(t)) = V1(t, χ(t), χ̇(t)) + V2(t, χ(t), χ̇(t)), t ∈[kh̵, (k + 1)h̵) (26)

where

V1(t, χ(t), χ̇(t)) = χ(t)TP χ(t) + ∫
t

t−h̵
χ(α)T Ψχ(α)dα + ∫

0

−h̵
∫

t

t+β
χ̇(α)TR χ̇(α)dαdβ

V2(t, χ(t), χ̇(t)) = (h̵ − d(t)){[χ(t) − χ(t − d(t))]
T
X [χ(t) − χ(t − d(t))]

+ ∫
t

t−d(t)
χ̇(α)T Y χ̇(α)dα}, β ∈[ − h̵, 0]
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According to the Lemma 2, the term V1(t, χ(t), χ̇(t)) ≥ 0, and V2(t, χ(t), χ̇(t)) > 0. Thus t = kh̵, then

second condition in the Lemma 2 is established. Take the time derivative of (26), where t ∈ [kh̵, (k + 1)h̵),
with ˙̵h(t) = 1, and t ≠ kh̵.

V̇(t, χ(t), χ̇(t)) = 2χ(t)TP χ̇(t) + χ(t)T Ψχ(t) − χ(t − h̵)T Ψχ(t − h̵) + h̵ χ̇(t)TR χ̇(t)

− ∫
t

t−h̵
χ̇(α)TR χ̇(α)dα − [χ(t) − χ(t − d(t))]

T
X [χ(t) − χ(t − d(t))]

+ (h̵ − d(t)){[ χ̇(t) − χ̇(t − d(t))]
T
X [χ(t) − χ(t − d(t))]}

+ [χ(t) − χ(t − d(t))]
T
X [ χ̇(t) − χ̇(t − d(t))]

+ (h̵ − d(t)){[ χ̇(α)T Y χ̇(α) − χ̇(t − d(t))T Y χ̇(t − d(t))]}

− ∫
t

t−d(t)
χ̇(α)T Y χ̇(α)dα (27)

Further computing with Lemma 1:

= φT(t)[νT
1 PF +FTPν1 + νT

1 Ψν1 − νT
3 Ψν3 − νT

12X ν12 − νT
4 (ET

1 ρ1E1)ν4 − νT
4 (ET

2 ρ2E2)ν4

− νT
4 (ET

3 ρ3E3)ν4 + (h̵ − d(t))(νT
12XF +FTX ν12 +FTYF)]φ(t) + ψ1 + ψ2 +WT

4 (ET
1 ρ1E1)W4

+ +WT
4 (ET

2 ρ2E2)W4 +WT
4 (ET

3 ρ3E3)W4

So

ψ1 = −∫
t

t−h̵
χ̇T(α)R χ̇(α)dα, ψ2 = −∫

t

t−d(t)
χ̇T(α)Y χ̇(α)dα,

With

ψ1 + ψ2 = −∫
t−d(t)

t−h̵
χ̇T(α)R χ̇(α)dα − ∫

t

t−d(t)
χ̇T(α)(R + Y) χ̇(α)dα

The terms ∫
t−d(t)

t−h̵ χ̇T(α)dα = ν23φ(t), ∫
t

t−d(t) χ̇T(α)dα = ν12φ(t) can be obtained from Lemma 3:

ψ1 + ψ2 ≤ φT(t){(h̵ − d(t))MT
1 R−1M1 − νT

23M1

−MT
1 ν23 + d(t)MT

2 (R +Y)−1M2 − νT
12M2

−MT
2 ν12}φ(t) (28)
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Add the left and right sides of the Formulas (17)–(19) to get the result:

⇒ WT(ET
1 ρ1E1)W +WT(ET

2 ρ2E2)W +WT(ET
3 ρ3E3)W < ZT(kh̵)ET

13{σ1{[L22 L21] ⊗ Ip}
T

ρ1[L22 L21] ⊗ Ip}(E13Z(kh̵)) + (ZT(kh)ET
2 ){σ2{L22 ⊗ Ip}

T ρ2[L22 ⊗ Ip]}(E2Z(kh̵))

+ZT(kh̵)ET
13{σ3{[L12 L13] ⊗ Ip}

T ρ3[L12 L13] ⊗ Ip}(E13Z(kh̵)) (29)

So

⇒ WT(ET
1 ρ1E1)W +WT(ET

2 ρ2E2)W +WT(ET
3 ρ3E3)W

< φT(t)νT
2 ET

13{σ1{[L22 L21] ⊗ Ip}
T ρ1[L22 L21] ⊗ Ip}

(E13ν2φ(t)) + φT(t)νT
2 ET

2 {σ2{L22 ⊗ Ip}
T ρ2[L22 ⊗ Ip]}

(E2ν2φ(t)) + φT(t)νT
2 ET

13{σ3{[L12 L13] ⊗ Ip}
T

ρ3[L12 L13] ⊗ Ip}(E13ν2φ(t)) (30)

Therefore, from the Eqs. (27), (28) and (30). It can be obtained:

V̇(t, χ(t), χ̇(t)) ≤ φT(t)Θφ(t), t ∈ [kh̵, (k + 1)h̵)

where

Θ = Λ11 + �1 + (h̵ − d(t))(ℵ11 + �2) + h̵�3

�1 = h̵FTRF , ℵ11 = νT
12XF +FX ν12

�2 = FT YF +MT
1 R−1M1 , �3 = MT

2 (R + Y−1)M2

Clearly, if Θ < 0, then there exists ξ3 > 0, such that V(t, χ(t), χ̇(t)) ≤ −ξ3∥χ(t)∥
2
. From the Lemma 2,

it follows that system (16) is asymptotically stable. Define λ(t) = d(t)
h̵ ∈ [0, 1]. Then, Θ(d(t)) can be

expressed as

Θ(d(t)) = (1 − λ(t)) [Λ11 + �1 + h̵(ℵ11 + �2)] + λ(t) [Λ11 + �1 + h̵�3] .

Therefore, Θ(d(t)) is a convex combination of its values at the two endpoints d(t) = 0 and d(t) = h̵.
Hence, Θ(d(t)) ≺ 0 for every d(t) ∈ [0, h̵] if both endpoint matrices are negative definite. Therefore, to
ensure Θ < 0, we can set:

Λ11 + �1 + h̵(ℵ11 + �2) < 0 (31)

Λ11 + �1 + d(t)�3 < 0 (32)

According to the Schur complement, Eqs. (31) and (32) can be transformed into Eqs. (24) and (25),
respectively. This completes the proof. ◻

Since inequalities (24) and (25) in Corollary 1 contain nonlinear terms, we propose the following
corollary to convert them into solvable linear matrix inequalities.
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Corollary 2: Given h̵ > 0, under the new event–triggered mechanism (8), there exist real numbers k1, k2,
μ1 > 0; and μ2 > 0 appropriately dimensional real matrices P > 0, X > 0, R > 0, Ψ > 0, Y > 0, ρk̄ > 0, (k̄ =
1, 2, 3.) and matrices Ml > 0, (l = 1, 2.) such that the following matrix inequalities hold:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Λ̃11 0 h̵M1 νT
1 PT + νT

12X T FT

(●) −h̵(Y +R) 0 h̵(Y +R)T 0
(●) (●) −h̵R 0 0
(●) (●) (●) −μ1I 0
(●) (●) (●) (●) −μ−1

1 I

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0 (33)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Λ̃11 0 h̵MT
2 νT

1 PT FT

(●) −h̵R 0 −h̵RT 0
(●) (●) −h̵(Y +R) 0 0
(●) (●) (●) −μ2I 0
(●) (●) (●) (●) −μ−1

2 I

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0 (34)

Therefore, the closed–loop system (16) is globally asymptotically stable. So,

Λ̃11 = νT
1 PTF +FTPν1 + νT

1 Ψν1 − νT
3 Ψν3 − νT

12X ν12

− νT
23M1 −MT

1 ν23 − νT
12M2 −MT

2 ν12 − νT
4 (ET

1 ρ1

E1)ν4 − νT
4 (ET

2 ρ2E2)ν4 − νT
4 (ET

3 ρ3E3)ν4 + φT(t)

νT
2 {σ1{[L22 L21] ⊗ IpE13}

T ρ1[L22 L21] ⊗ IpE13

+ {ν2[L22 ⊗ IpE2]T ρ2[L22 ⊗ Ip]E2} + {ν3{[L12 L11]

⊗ IpE13}
T ρ3[L12 L11] ⊗ IpE13}}ν2φ(t)

Proof: From the Eq. (24), which can be written as:

⎡⎢⎢⎢⎢⎢⎣

Λ̃11 0 h̵MT
1

(●) −h̵(Y +R) 0
(●) (●) −h̵R

⎤⎥⎥⎥⎥⎥⎦
+
⎡⎢⎢⎢⎢⎢⎣

FT

0
0

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣

νT
1 PT + νT

12X T

h̵(Y +R)T

0

⎤⎥⎥⎥⎥⎥⎦

T

+
⎡⎢⎢⎢⎢⎢⎣

νT
1 PT + νT

12X T

h̵(Y +R)T

0

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣

FT

0
0

⎤⎥⎥⎥⎥⎥⎦

T

< 0 (35)

From Lemma 3, Eq. (35) can be converted to Eq. (36):

⎡⎢⎢⎢⎢⎢⎣

Λ̃11 0 h̵MT
1

(●) −h̵(Y +R) 0
(●) (●) −h̵R

⎤⎥⎥⎥⎥⎥⎦
+ μ1

⎡⎢⎢⎢⎢⎢⎣

FT

0
0

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣

FT

0
0

⎤⎥⎥⎥⎥⎥⎦

T

+ μ−1
1

⎡⎢⎢⎢⎢⎢⎣

νT
1 PT + νT

12X T

h̵(Y +R)T

0

⎤⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎣

νT
1 PT + νT

12X T

h̵(Y +R)T

0

⎤⎥⎥⎥⎥⎥⎦

T

< 0 (36)
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Then, by Schur complement, Eq. (36) can be transformed into Eq. (33), that is, Eq. (24) can be
transformed into Eq. (33), and Eq. (25) can be transformed into Eq. (34). This completes the proof. ◻
Remark 6: Current event-triggered consensus control techniques for multi-agent systems frequently have a
number of serious drawbacks, especially when it comes to vehicle platooning. First off, a lot of traditional methods
only concentrate on homogeneous multi-agent systems, in which every agent has the same dynamics. This
leaves the more realistic problem of heterogeneous platoons—which include a combination of, say, first-order
and second-order vehicles—largely unsolved. Second, these conventional approaches usually define the trigger
conditions based only on the individual agent’s state error (the difference between its current and last transferred
state), ignoring the important information about the system’s overall consensus status provided by the errors
between nearby agents. Unnecessary transmissions or poor control performance may result from this error.
Thirdly, a lack of systematic co-design frameworks leads to suboptimal trade–offs between control performance
and network resource utilisation because the controller design and the communication scheduling mechanism
are frequently viewed as distinct concerns. Lastly, these techniques often handle the transmission of position and
velocity data simultaneously, which restricts the flexibility and effectiveness of bandwidth allocation.

6 Example of Vehicle Platoon Application
Consider a multi–agent system composed of two second-order agent nodes and two first–order agent

nodes. The model of the second-order agent nodes is as follows:

{ẋi(t) = vi(t)
v̇ i(t) = ui(t), i = 1, 2. (37)

The first–order agent node model is as follows:

ẋi(t) = ui(t), i = 3, 4. (38)

In this way, we can present the vehicle model representation:

Pl atoon Model ∶

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎛
⎜⎜⎜⎜⎜⎜
⎝

v̇ i(t)
ȧi(t)
ḋi(t)
ẋi(t)

⎞
⎟⎟⎟⎟⎟⎟
⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜
⎝

0 1 0 0

0 − 1
τi

0 0

−1 0 0 0
1 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟
⎠

⎛
⎜⎜⎜⎜⎜⎜
⎝

vi(t)
ai(t)
di(t)
xi(t)

⎞
⎟⎟⎟⎟⎟⎟
⎠

+

⎛
⎜⎜⎜⎜⎜⎜⎜
⎝

0
1
τi
0
0

⎞
⎟⎟⎟⎟⎟⎟⎟
⎠

ui(t)

+

⎛
⎜⎜⎜⎜⎜⎜
⎝

0
0
1
0

⎞
⎟⎟⎟⎟⎟⎟
⎠

vi−1(t)

The sampling period of its sensors is (h̵ = 0.001) sec. Furthermore, τi is the actuator time constant in
seconds. The communication topology graph of the multi–agent system is shown in Fig. 3. The Laplacian
matrix of the communication topology diagram of the multi–agent system is:

L =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

3 −2 0 −1
−2 3 −1 0
0 −1 2 −1
−1 0 −1 2

⎤⎥⎥⎥⎥⎥⎥⎥⎦
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Agent 11 Agent 2

Agent 3Agent 4

Figure 3: Communication topology diagram of a multi–agent system.

Solving the linear matrix inequalities (33) and (34), get (K1 ,K2) = (13.22, 2.65)

ρ1 = (241 121
121 246) , ρ2 = ( 187 −49

−49 167) , ρ3 = (81 31
31 91)

The numerical example is implemented according to Algorithm 1. First, the communication topology
and agent dynamics are specified. The LMI conditions are then solved offline to obtain K1, K2, and ρ1 , ρ2, ρ3.
These parameters are subsequently fixed during the online simulation. At every sampling instant, the local
update errors and neighbor-disagreement signals are evaluated, the eligible position and velocity triggers are
checked, and the distributed control inputs are updated using the most recently transmitted information.
The resulting trajectories and communication events are finally used to evaluate consensus, spacing, and
communication-reduction performance. Set the trigger condition threshold parameters σ1, σ2, and σ3. These

values are (σ1 , σ2, σ3) = (50, 125, 230). The initial state of each agent node is x1(0) = [12
5 ], x2(0) = [9

7],

x3(0) = [4
6], x4(0) = [ 2

−2], v1(0) = [0.35
0.5 ], v2(0) = [ 1

0.2]. Based on the trigger consensus control protocol

triggered by this event, the simulation results are shown in Figs. 4–11. The open loop system prevents the
states of the four agent nodes and the velocity of the two second-order agents in the multi–agent system
from not converging, as shown in Figs. 4 and 5. The multi–agent system’s three–dimensional spatial state
response curve in Figs. 10 and 11. The two second–order multi–agent systems’ three-dimensional spatial
velocity response curve in Fig. 10 demonstrate that the multi-agent system does not respond consistently
across time. On the other side, the distributed behavior of the event–triggered scheme has been found
in Fig. 11, which is further improved by the closed–loop multi–agent system.
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Figure 4: The position trajectory of the agent node on the X–axis under the event–triggering mechanism without
controller gains.
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Figure 5: The position trajectory of the agent node on the Y–axis under the event–triggering mechanism without
controller gains.
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Figure 6: The position trajectory of the agent node on the X–axis under the event–triggering mechanism with
controller gains.
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Figure 7: The position trajectory of the agent node on the Y–axis under the event–triggering mechanism with
controller gains.
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Figure 8: The position response of the agent node under the event–triggering control.
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Figure 9: The velocity response of the agent node under the event–triggering control.

Figure 10: The velocity trajectory of the agent node on the X–axis under the event triggering mechanism.
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Figure 11: The velocity trajectory of the agent node on the Y–axis under the event triggering mechanism.

According to Figs. 12–17, the states of the four agent nodes and the velocity of the two second-order
agents in the multi–agent system converge to the same value, which satisfies the consensus. Fig. 15 shows the
three–dimensional spatial state response curve of the multi–agent system.
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Figure 12: Number of agent nodes connected to the network.
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Figure 13: The trigger time sequence against each agent.

Figure 14: The position response of the agent node under the event–triggering scenario without controller.

Figure 15: The velocity response of the agent node under the event–triggering scenario without controller.
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Figure 16: Number of agent nodes connected to the network.
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Figure 17: The trigger time sequence against each agent.

Algorithm 1: Unified implementation of the proposed event-triggered consensus-control framework
Require: Agent models; graph G; sampling period h̵; minimum interval parameters ξ1 , ξ2; thresholds
σ1 , σ2, σ3; initial conditions; final time Tf .
Ensure: Controller gains K1 ,K2; triggering matrices ρ1 , ρ2, ρ3; state trajectories; transmission instants;
consensus errors; spacing errors; CRR values.

1: Construct A, D, and L = D −A.
2: Partition L according to the second-order and first-order agent sets.
3: Construct the augmented closed-loop matrices and LMIs in Eqs. (33) and (34).
4: Solve the LMIs for K1 ,K2, ρ1 , ρ2, ρ3 and the Lyapunov matrices.
5: if the LMIs are infeasible then

(Continued)
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Algorithm 1 (continued)
6: Revise h̵, ξ1 , ξ2, or σ1 , σ2, σ3, and solve again.
7: end if
8: Verify ρk = ρT

k > 0, k = 1, 2, 3, and the strict negativity of the LMI residuals.
9: Initialize

̂̄xi(0) = x̄i(0), v̂ i(0) = vi(0),
and set all transmission indices and counters to zero.

10: for k = 0, 1, . . . , Ns − 1 do
11: Sample x̄i(kh̵) for all agents and vi(kh̵) for all second-order agents.
12: Compute ex i(kh̵), ev i(kh̵), μx i(kh̵), and μv i(kh̵).
13: for each agent i ∈ In do
14: if k − kx , i ≥ ξ1 and gi(kh̵) > 0 then
15: Broadcast x̄i(kh̵).
16: Set ̂̄xi(kh̵) ← x̄i(kh̵), v kx , i ← k.
17: Increment the position-transmission counter.
18: else
19: Retain the previously transmitted position.
20: end if
21: end for
22: for each second-order agent i ∈ Is do
23: if k − kv , i ≥ ξ2 and fi(kh̵) > 0 then
24: Broadcast vi(kh̵).
25: Set v̂ i(kh̵) ← vi(kh̵), kv , i ← k.
26: Increment the velocity-transmission counter.
27: else
28: Retain the previously transmitted velocity.
29: end if
30: end for
31: Compute ui(kh̵) from Eqs. (36) and (37) using the most recently transmitted states.
32: Apply ui(kh̵) through a zero-order hold on [kh̵, (k + 1)h̵).
33: Store the states, formation errors, velocity errors, spacing errors, and triggering instants.
34: end for
35: Compute emax

v (t) = maxi≥2 ∣vi(t) − v0∣, and emax
d (t) = maxi≥2 ∣di(t) − κvi(t)∣ .

36: return controller parameters, trajectories, trigger times, error measures, and CRR values.

Because it combines neighbor-current-state awareness, independent based position/velocity triggering,
a provably larger minimum inter-event interval, consensus-state adaptation, and a variety of agent support
in a single co-design framework, the proposed event-triggered scheme performs better than all others.
The proposed event-triggering condition explicitly includes the current neighbourhood error mux i(kh) =
∑ ai j(xi(kh) − x j(kh)), allowing proactive updates as soon as relative deviations appear—rather than after
a delayed transmission, in contrast to comparison [34–39], which only trigger on an agent’s own error
relative to its last transmitted state. The proposed method defines distinct trigger functions with independent
parameters (ξ1 , ξ2, ρ1 , ρ2, ρ3), which allows velocity to be updated more frequently during transient actions
while keeping position updates sparse when spacing is stable—a crucial advantage for platooning–in contrast
to all other papers that treat position and velocity uniformly. Additionally, the system ensures that every
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transmission interval strictly surpasses the sampling period h̵ by enforcing ti+1 > ξ1ti + h̵ with ξ1 ≥ 1. This
eliminates burst transmissions, a guarantee that is absent even in dynamic event–triggered mechanisms [34].
In contrast to [39], where the researchers component consensus lacks such adaptability, when consensus
is established (μx i , μv i → 0), the triggering condition automatically hardens, reducing transmissions at
steady state without manual retuning. Lastly, unlike the homogeneous assumptions of [34–39], our scheme
directly handles mixed first- and second-order agents and solves all controller gains and trigger matrices
via LMIs, offering adjustable trade-offs between control performance and communication savings (e.g.,
44%–54% velocity bandwidth reduction). Our suggested approach is the most reliable, resource-efficient,
and practically implementable for vehicle platooning because no other article combines these properties.

For a more detailed simulation analysis, we define the Communication Reduction Ratio (CRR) as
follows in order to thoroughly assess the communication efficiency:

CRR = (1 − Number o f event − trig gered transmissions
Number o f periodic sampl es

) 100% (39)

The suggested event–triggered mechanism obtains the average CRR values listed in Table 2 under
periodic sampling (50,000 samples per agent throughout the simulation horizon). Our neighbor-error-
dependent trigger condition results in an extra 12%–18% reduction in transmissions while keeping the same
consensus accuracy when compared to traditional state-error-only triggering (e.g., [19]). This improvement
results from the mechanism’s automated suppression of transmissions when μx i(kh̵) and μv i(kh̵) become
close to zero, as mentioned in Remark 3.

Table 2: Communication reduction ratio (CRR) comparison.

Agent–Type Agent–ID CRR
(Position)

CRR
(Velocity)

Avg. CRR
(Ours)

Avg. CRR (Con-
ventional [19])

Second–order 1 38.5% 54.4% 46.45% 34.2%
Second–order 2 42.1% 44.4% 43.25% 1.8%

First–order 3 37.6% – 37.60% 28.5%
First–order 4 38.5% – 38.50% 29.1%

In order to measure the speed of convergence, we define the settling time Ts as the first instant

after which all state errors, ∥xi(t) − x j(t)∥ and ∥vi(t) − v j(t)∥, remain within 2% of their final value.

When compared to a continuous time-triggered baseline, the suggested event-triggered controller provides
finite-time convergence with minimal performance reduction, as Table 3 illustrates. All agents’ maximum
overshoot in location tracking stays below 5%, indicating that the event-triggered approach does not cause
adverse transients.

6.1 Comparative Analysis
A comparison simulation analysis is carried out under identical beginning conditions, communication

topology (Fig. 3), and sampling period (h̵ = 0.001 s) in order to explicitly quantify the benefit of including
neighbor–state information into the event-triggering condition. We assess two different event-triggered
consensus protocols:
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Conventional Self–State Dependent Mechanism (SSDM): A baseline trigger mechanism that ignores the
neighbour information terms μx i and μv i and relies only on the agent’s own state measurement error, defined
as eT

x i ρ1ex i > 0 and eT
v i ρ1ev i > 0, is frequently employed in the literature (e.g., [24]).

Proposed Neighbor–State Dependent Mechanism (NSDM): Our research proposes a unique distributed
event–triggering technique that uses μx i and μv i in Eq. (8) to incorporate neighbourhood information and
self-state faults.

Table 3: Convergence performance metrics.

Metric Agent 1
(2nd)

Agent 2
(2nd)

Agent 3
(1st)

Agent 4
(1st)

Time–Triggered
Baseline

Position settling time Ts (s) 2.8 3.1 3.4 3.2 2.5
Velocity settling time Ts (s) 2.5 2.9 – – 2.3%

Max. position overshoot (%) 4.2% 4.8% 3.9% 4.1% 3.5%
Steady-state error (final, ×10−3) 1.2 1.5 1.3 1.4 0.8

Table 4 analyses and summaries the total number of information exchanged, the effective bandwidth
saved, and the highest consensus error (max .∥xi − x j∥) for both techniques.

Table 4: Comparative performance metrics for agent position information transmission.

Metric Agent 1 Agent 2 Agent 3 Agent 4 Total Average
Total Samples (both methods) 50,000 50,000 50,000 50,000 50,000

SSDM: Number of Transmissions 15,820 15,820 15,100 15,650 15,597.5
NSDM (Proposed): Transmissions 15,755 12,105 10,880 11,925 12,666.25

Additional Reductions (NSDM vs. SSDM) 0.41% 23.48% 27.95% 23.8% 18.79%
SSDM: Max Consensus Error (t → ∞) 0.021 0.019 0.023 0.020 0.021
NSDM: Max Consensus Error (t → ∞) 0.009 0.008 0.010 0.009 0.009

Note: Values in Table 4 represent the averaged results over 10 independent simulation run, with variances below ±3%.

First, compared to the traditional self–state–only strategy, the integration of neighbor–state information
lowers the overall quantity of information transmissions by about 26.5% while preserving the previously
stated 37%–54% reduction against periodic sampling. This is due to the fact that μx i(kh̵) serves as an
indicator of global consensus. The NSDM prevents the needless triggers that happen in SSDM when an
isolated agent’s individual state error momentarily varies by automatically extending the inter-transmission
intervals as the system reaches consensus (μx i → 0).

Second, the NSDM reduces the maximum position error by more than 57%, resulting in a much
lower steady-state consensus error. This shows that the controller gains (K1 ,K2) and trigger matrices

(ρ1 , ρ2, ρ3) obtained from the co–design LMI framework are optimised for the collective behaviour of the
entire network, rather than merely the stability of individual agents, by taking into account the relative
mistakes with neighbouring agents. As a result, the suggested method validates the theoretical advantage
stated in Sections 2 and 5 by ensuring greater consensus accuracy while simultaneously conserving more
network capacity.
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6.2 Analysis of Computational Complexity
In multi–agent systems, computational complexity is important because it dictates how well agents

can coordinate, communicate, make decisions, and learn as the number of agents grows. The state space,
action space, and potential interactions in a system with numerous interacting agents frequently expand
exponentially, rendering centralized planning and optimization computationally costly or even unfeasible.
Therefore, complexity reflects real-world constraints that impact the system’s scalability and real-time per-
formance, including computing time, memory needs, communication bandwidth, energy consumption, and
decision latency. However, as the aggregate behavior of agents is rarely a straightforward sum of individual
actions, nonlinear models are necessary to effectively depict multi–agent interactions in the actual world.
Nonlinearity describes situations where minor adjustments can result in abrupt changes in system behavior
or disproportionately large effects, such as traffic network congestion, power grid synchronization, bird
swarm flocking, opinion dynamics in social networks, and robotic team coordination. Interactions between
agents, saturation effects, feedback mechanisms, collision dynamics, resource competition, or threshold
events are frequently represented physically using nonlinear concepts. These models make it possible to
explore emergent behaviors that are outside the scope of linear models, such as self-organization, clustering,
oscillations, and phase transitions. Therefore, while nonlinear modeling offers a realistic description of
how agents interact and how complex collective behaviors evolve in real-world systems, computational
complexity dictates whether a multi–agent solution is possible to execute. Table 5 presents the comparison
of computational complexity with other approaches.

Table 5: Comparison of computational complexity and decision variables.

References Decision Variables No. of Scalar DVs

[34] Q̃r , R̃r , S̃r , T̃r , Zr , Ur , W̃r , Xr , Yr , Ωy s[7n(n + 1)
2

+ 2mn] + n(n + 1)
2

[35] P, Q , Js , Ω i , K 3n(n + 1)
2

+ Nn(n + 1)
2

+ mn

[36] Wi , βi , αi1 , αi2 N(nw + 3)
[37] Λ, Γ, K , κ, α 2n + mn + 2

[38] P, Q , R, K j , Ψi
3n(n + 1)

2
+ pmn + Nn(n + 1)

2

[39] Pi , Qi , Ri , Ki , Ψi s[4n(n + 1)
2

+ mn]

[40] ηi , ρi , μi , K , H N(n + 2) + mn + 2

Our Method P ,X ,R, Ψ, Y , ρk̄ ,Ml 3n + (m + n)
2

+ 1

6.3 Metrics of Performance from the Trajectory Response
According to the simulation findings displayed in Figs. 6–9, under the suggested event-triggered

control method, the closed-loop heterogeneous multi-agent system shows strong convergence behavior. In
particular, all agent states quickly converge to a single consensus trajectory after absorbing the planned
controller gains, indicating asymptotic stability of both position and velocity dynamics. The system exhibits
a far better transient response than the uncontrolled scenario, where initial oscillations and divergence
tendencies are successfully suppressed, resulting in trajectories that are smooth and well-damped. The con-
troller accelerates consensus accomplishment while preserving stability under communication restrictions,
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as evidenced by the noticeably shorter settling time. Additionally, the transient performance demonstrates
attenuated oscillatory behavior and decreased overshoot, confirming the co-designed event-triggered mech-
anism’s efficacy in enhancing dynamic response quality. Furthermore, compared to conventional periodic
transmission methods, the approximate control effort deduced from the restricted control inputs and better
state evolution shows a significant decrease in energy usage. This is mostly because the event-triggering
technique reduces communication-driven control activity while maintaining convergence accuracy by
enabling fewer transmissions and a lower update frequency. All things considered, Figs. 6–9 unequivocally
show that the suggested approach produces quick convergence, enhanced settling properties, steady transient
behavior, and lower estimated energy consumption. Table 6 displays the performance metrics derived from
the trajectory response.

Table 6: Calculation of performance metrics from the trajectory response.

No. Agent Settling Time (s) Convergence Speed Energy Consumption IAE ISE

Fig. 6

Agent 1 42.8 0.2730 1.7282 × 10−4 80.5612 10.76
Agent 2 44.7 0.3125 2.6954 × 10−3 82.3641 11.39
Agent 3 51.2 0.2145 4.4512 × 10−5 79.2514 9.25
Agent 4 39.9 0.1954 0.8361 × 10−4 88.2981 12.27

Fig. 7

Agent 1 26.7 0.1730 1.0801 × 10−3 50.3502 6.76
Agent 2 27.9 0.1953 1.6846 × 10−2 51.4775 7.12
Agent 3 32.1 0.1340 2.7820 × 10−4 49.5321 5.78
Agent 4 24.8 0.1221 0.5225 × 10−4 55.1863 7.68

Fig. 8 Agent 1 28.6 0.2097 0.00215 42.6064 7.12
Agent 2 26.3 0.1756 0.01958 41.6985 6.87

Fig. 9 Agent 2 20.4 0.1497 1.535 × 10−3 30.4332 5.08
Agent 3 18.79 0.1247 0.01399 29.78 4.91

Note: ISE: Integral square error, IAE: Integral absolute error.

Table 7 summarises all of the validation cases, and provides the corresponding numerical findings. Both
network-size scalability and graph connectivity sensitivity are assessed in this extra investigation. Specifically,
the cycle, star, random, and switching topologies study regular, hub-based, irregular, and time-varying
communication systems, whereas the path topology represents the most weakly linked sparse example.
The findings verify whether the suggested event-triggered paradigm maintains communication savings and
consensus correctness as the number of diverse actors rises.

6.4 Comparison of Event–Triggered Scheme
Continuous or periodic information transmission can quickly deplete communication bandwidth,

computational resources, and energy reserves, event-triggered communication has emerged as a crucial
strategy in contemporary multi-agent systems. Frequent transmissions can lead to network congestion,
packet loss, higher latency, and decreased scalability in large-scale networked systems like autonomous cars,
robotic swarms, sensor networks, and smart grids.
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Table 7: Scalability-validation cases for heterogeneous multi-agent systems under different network sizes and commu-
nication topologies.

Case n m n −m Comm.
Topology

No. of
Edges Connectivity Measure Validation Purpose

S1 4 2 2 Weighted
cycle 4 λ2(L) > 0 Original baseline

S2 8 4 4 Path graph 7 λ2(L) = 2[1 − cos(π/8)] Sparse-network validation

S3 8 4 4 Star graph 7 λ2(L) = 1 Hub-dependent topology

S4 12 6 6 Cycle graph 12 λ2(L) = 2[1 − cos(2π/12)] Medium-scale regular network

S5 12 6 6 Random
graph ∣E ∣ λ2(L) > 0 Irregular-connectivity validation

S6 20 10 10 Path graph 19 λ2(L) = 2[1 − cos(π/20)] Large sparse network

S7 20 10 10 Cycle graph 20 λ2(L) = 2[1 − cos(2π/20)] Large regular network

S8 20 10 10 Switching
path/cycle/star

Time-
varying Jointly connected Switching-topology robustness

Note: n = Total agent; m = Second–order agent; (n − m) = First–order agent.

The communication efficiency of several event-triggered control schemes is compared in Table 8 with
respect to the quantity of triggering events, triggering rate, and communication savings. The triggering
rate shows the proportion of communicated events to all sample instants, whilst the number of triggers
represents the total communication updates sent over the simulation time. When opposed to a traditional
time-triggered approach, communication saving measures the decrease in network transmissions.

Table 8: Comparison of event–triggered communication efficiency.

Ref. Agents No. of Triggers Triggering Rate (%) Communication Saving (%)

[35]

Agent 1 142 14.2 85.80
Agent 2 148 14.8 87.40
Agent 3 137 13.7 80.83
Agent 4 135 13.5 79.63

[36]

Agent 1 176 17.6 82.4
Agent 2 171 17.1 78.02
Agent 3 181 18.1 82.70
Agent 4 179 17.9 81.78

[37] – 95 9.5 90.5

Our Scheme

Agent 1 9410 19.41 82.4
Agent 2 21050 21.05 95.73
Agent 3 9800 19.80 90.98
Agent 4 19250 19.25 87.46

By providing information only when predetermined triggering criteria are met, it is evident that
the event-triggered methods described in [35,36] greatly minimize communication transmissions when
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compared to periodic sampling. In [35], for instance, the triggering rates range from 13.5% to 14.8%, leading
to communication savings of 79.63% to 87.40%. Similar to this, the triggering rates described in [36] range
from 17.1% to 18.1%, resulting in communication savings of more than 78%. The lowest triggering rate
of 9.5% is attained by Reference [37], resulting in a 90.5% communication savings. This illustrates how
dynamic event-triggered methods can reduce superfluous transmissions while maintaining the intended
control performance.

Each agent shows communication savings ranging from 82.4% to 95.73% for the suggested plan. The
proposed study’s denser sampling architecture and much longer simulation horizon result in a higher
absolute number of triggering events, although all agents’ triggering rates are still less than 22%. This shows
that over four-fifths of possible communication transmissions are effectively eliminated. The capacity of
the suggested event-triggered mechanism to effectively use network resources while upholding cooperative
control objectives is demonstrated by Agent 2, which achieves the highest communication saving of
95.73%. The findings unequivocally show that the suggested event-triggered approach successfully strikes a
balance between control performance and communication efficiency. Without sacrificing system stability or
consensus accuracy, the suggested approach significantly lowers network congestion, computational load,
and energy consumption by sending data only when required.

The estimation error responses achieved with various multi–agent control methods are compared
in Fig. 18. The stability and convergence of the corresponding estimators are confirmed by the observation
that all approaches eventually move the estimation error toward zero. The transient response parameters,
such as peak overshoot, oscillation magnitude, and convergence speed, show notable variations. The
suggested system produces reduced peak estimate errors and shows faster attenuation of transient oscillations
when compared to the previous methods [34–38]. This suggests that the created event-triggered observer
reduces the negative effects of disruptions, communication limitations, and modeling uncertainties while
offering more accurate state assessment. As a result, the multi-agent system’s overall consensus performance
and control reliability are greatly enhanced.
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Figure 18: Estimation error with different multi–agent schemes [34–38].

The total number of event–triggered transmissions produced by various multi–agent control methods
during the simulation interval is shown in Fig. 19. The cumulative event-sampling profile shows the fre-
quency of information exchange necessary to sustain system coordination and consensus performance and
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offers a direct measure of communication utilization. Overall, the findings show that the suggested event–
triggered approach offers a good trade-off between the efficiency of control and the use of communication
resources. In addition to guaranteeing dependable information exchange and steady multi–agent system
functioning, the controlled increase of cumulative event samples verifies that superfluous transmissions are
effectively suppressed.
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Figure 19: Cumulative no. of event–sampled with different multi–agent schemes [34–38].

7 Conclusion
This paper considers the problem of limited network communication in the actual environment and

proposes a new distributed event-triggering mechanism, which is not only related to the update error of
the agent itself but also depends on the error between the neighbor agent and itself at the current moment
and cooperates the event-triggering scheme and consensus control protocol for the heterogeneous multi-
agent system and proves that the closed-loop system under the event-triggering mechanism is stable and
reliable through the Lyapunov function. The controller parameters and event trigger conditions are obtained
by using the LMI toolbox, and the balance between the number of information transmissions and the control
performance can be achieved by adjusting the system parameters within the feasible solution range. Finally,
the simulation results show that the state–dependent event triggering mechanism can better ensure the
stability of the system.

Future research could develop self-tuning or learning-based mechanisms (e.g., using reinforcement
learning) to modify these parameters online for the best trade-offs between control performance and
communication savings. Currently, the trigger parameters (σ1 , σ2, σ3, ξ1 , ξ2) are chosen empirically. Beyond
these paths, practical deployment necessitates resolving a number of less-than-ideal circumstances: (i)
Communication delays: Bounded delays up to h̵ = 0.001 sec are assumed by the sampled-data framework
in Eq. (16) with d(t) = (t − kh̵); longer or random delays would necessitate delay-robust trigger design.
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(ii) Packet loss: Since the event-triggered condition in Eqs. (7)–(9) assumes successful transmission, hold-
input or zero-order-hold strategies should be incorporated. Lost packets containing x i(kh̵) or vi(kh̵) would
break consensus. (iii) Sensor noise: The trigger error definitions ex i(kh̵) and ev i(kh̵) in Eq. (9), which are
ex i(kh̵) and ev i(kh̵) sensitive to noise; chattering could be avoided by hysteresis or dead-zone adjustments
to the trigger thresholds (σ1 , σ2, σ3). (iv) External disturbances: Since there are no disturbance terms in the
homogeneous dynamics in Eqs. (1) and (2), it is necessary to add bounded disturbances ωi(t) and optimise
LMI conditions (33) and (34) for H∞ performance. The theoretical results should also be extended to higher-
order or nonlinear heterogeneous multi–agent systems, since many real platforms (like robotics and UAVs)
exhibit such complexities. On the experimental platform using the idea [41], hardware-in-the-loop validation
and field testing on multi-robot testbeds would help bridge the gap between theory and practice.
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