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Abstract—This article confronts the formation control
problem for a multirobotic fish system with event-triggered
communication mechanism. A 3-D distributed formation
control framework is proposed to drive the robotic fish
agents to an anticipated configuration aligning with a mov-
ing target. In particular, a consensus-based formation con-
trol law is intended to realize the two-stage formation
control process. Taking the energy-constrained occasions
into consideration, the communication structure and event-
triggered protocols are initially tailored. Meanwhile, the
Lyapunov function is employed and the globally asymptotic
stability of the proposed method is fully demonstrated. Af-
terwards, making use of the local measurements of trigger-
ing times, the unscented Kalman filter is introduced and a
novel model-based event-triggered mechanism is put for-
ward to further mitigate otiose communication consump-
tion. Finally, adequate simulations and experiments are car-
ried out to verify the effectiveness and robustness of the
proposed scheme. Thereby, the proposed formation con-
trol frame offers great potential for future practical marine
operations of the underwater multiagent systems.

Index Terms—Formation control, model-based event-
triggered mechanism (ETM), robotic fish, underwater mul-
tiagent system.
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I. INTRODUCTION

COMPARED with a single autonomous underwater vehi-
cle (AUV), more underwater multiagent robotic systems

come to the fore in recent years, which are endowed with the
capability to make up defects in low sensor accuracy and limited
operating abilities [1], [2]. Possessing better performance in
complex marine occasions, these multiagent systems are widely
used in mapping, geoscience, security, and biological discov-
ery [3], [4]. Concerned as one of essential research fields for
the multiagent system, formation control is entailed in several
marine operations, such as exploring, patrolling, detecting, res-
cuing, and hunting [5], [6].

To impel the multiagent system to an anticipate configu-
ration globally, plentiful researches have been made to con-
struct several formation control laws, including leader–follower
schemes, consensus-based methods, virtual structure strategies,
and artificial potential field techniques [7], [8], [9], [10]. For
instance, He et al. designed an adaptive formation controller
based on the leader–follower schemes for unmanned surface
vehicles, where collision between each vehicle and its leader
was avoided [11]. Yan et al. proposed a formation generation
algorithm combining a virtual structure and artificial potential
field, which provided a sufficient accuracy for formation keep-
ing and formation transformation [12]. Regarded as a spacial
consensus problem, the formation control task was solved by
Maghenem et al. for groups of nonholonomic mobile robots via
a decentralized consensus-based formation controller, while the
stability of the consensus set was strictly proved [13]. Wang et al.
investigated the impact of nonidentical input delay during the
formation process and a fixed-time consensus-based formation
protocol was constructed [14].

Different from common formation control tasks, most AUVs
confront energy-constrained occasions during marine assign-
ments [15], [16]. In view of these cases, the event-triggered
mechanism (ETM) decides interaction times among neighbors
when only deemed necessary and proves advantageous to opti-
mize the communication structure [17], [18], [19]. Cheng et al.
considered the formation control problem for linear networked
agents where an edge-based event-triggered protocol was con-
strained to reduce the bandwidth need of communication [20].
Meng et al. investigated the consensus problem for nonlin-
ear second-order multiagent systems and an event-triggered
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distributed control law was designed to achieve semiglobal
robust leaderless consensus [21]. By virtue of state estimation
schemes including a distributed Lyapunov-based model predic-
tive controller and the extended state observer (ESO)-based aux-
iliary control law, Wei et al. improved the formation performance
of the multi-AUV system with online optimization [22]. Yang
et al. proposed a model-based edge-event-triggered containment
control protocol to solve the energy conservation tradeoff be-
tween actuators and sensors [23].

It is pretty challenging to perform the deployment tasks
for underwater multiagent systems. Jaffe et al. introduced a
swarm of mini autonomous underwater explorers (M-AUEs),
which owned their novel capability for measuring submesoscale
dynamics [24]. Berlinger et al. [25] proposed a fish-inspired
miniature underwater robot swarm and finished several 3-D
collective behaviors through implicit communication. Focusing
on the multirobotic fish system made up of several bionic robotic
fish, the unique locomotion pattern and compact assembly space
constraint the battery capacity of a single agent, which places
imperious demands in communication energy conservation [26].
Hence, sustaining a tradeoff between the control performance
and satisfactory resource consumption, formation control prob-
lem is more complicated for the multirobotic fish system. In
previous work, the researches rarely focused on practical as-
signments for multirobotic fish systems. Besides, some existing
consensus-based formation control researches were carried out
with vital states of adjacent agents monitored continuously,
which ran counter to the event-triggered conception and might
not pertain for practical implementations. What is more, commu-
nication restriction and resource consumption should be taken
into account for the formation control of a multirobot fish
system.

Motivated by these observations, this article aims to realize
the formation control task for a multirobotic fish system. The
main contributions of this article are threefold.

1) A novel distributed formation control framework is
established for the multirobotic fish system. Catering
for the communication mode of the robotic fish, a
node-based ETM protocol is adopted with the dis-
tributed consensus-based control protocol. Coping with
more practical implementation occasions, a moving
leader with aperiodically accessible states is consid-
ered and an error dynamic system is constructed for
the formation task of the robotic fish with nonlinear
dynamics.

2) A new consensus criterion is employed with the Lya-
punov function and the event-triggered protocols are
initially tailored to guarantee the convergence of the
proposed method. Without continuous monitoring of ad-
jacent states, the framework operates fully based on local
measurements.

3) The unscented Kalman filter (UKF) is introduced to con-
struct a novel distributed model-based ETM. Based on
aperiodic measurements, the communication logical is
further optimized and the triggering times are ulteriorly
cut down.

Finally, various simulations and experiments on a real mul-
tirobotic fish system are carried out to show advantages of the
proposed methods.

The rest of this article is organized as follows. Section II
discusses the preliminaries and formulation of the formation
control task. Section III presents the proposed event-triggered
formation control frame. Simulation analysis and experimental
verification are introduced in Section IV. Finally, Section V
concludes this article.

II. PRELIMINARIES AND PROBLEM FORMULATION

A. Algebraic Graph Theory

A multirobotic fish system with an N robotic fish is consid-
ered in this work. To describe the communication topology of
the multirobotic fish system, an undirected digraph G = (V, E)
is utilized with a vertex set V = {1, 2, . . . , N} and an edge
set E ⊆ V × V . A is a weighted adjacency matrix where A =
[aij ]N×N . (i, j) ∈ E means two agents i and j are associated
with each other with aij = 1, and aij = 0 otherwise. Here, self-
edge is not permitted, so (i, i) /∈ E for any i ∈ V . Meanwhile,
the degree matrix is denoted as D = diag{d1, d2, . . . , dN},
where di =

∑N
j=1 aij . The Laplacian matrix L = [lij ]N×N is

defined as L = D −A. It is worth reminding that hereafter ‖·‖
represents the Euclidean norm of a vector or the spectral norm
of a matrix. ⊗ stands for the Kronecker product. In ∈ Rn×n and
On ∈ Rn×n denote identity matrix and null matrix, respectively,
while two typical vectors are symbolized as1N = [1, . . . , 1]TN×1

and 0N = [0, . . . , 0]TN×1.
Lemma 1: The Laplacian matrix L of G is symmetric and

positive semidefinite. IfG is connected, its eigenvalues are sorted
in ascending order as 0 = λ1(L) ≤ λ2(L) ≤ · · · ≤ λN (L) =
λmax(L).

B. Problem Statement

With aforementioned communication topology, each robotic
fish knows its own states and shares the states among neighbors
if necessary. Furthermore, the formation control task can be
depicted by a two-stage process as follows:

1) Formation producing stage: Each robotic fish in the mul-
tirobotic fish system makes quick convergence to set up
a reliable communication topology, which constitutes a
predefined shape globally.

2) Formation keeping stage: To guide the whole system to
a preconcerted area, a moving target is introduced as a
virtual leader. Centered on the moving target, agents in
the system swim while keeping pace with it to present a
dynamic formation configuration.

It is assumed that formation configuration is defined in a
2-D space, represented by Δ = [δij ]. Thus, a desired formation
is delineated for the agent i with a virtual position δi ∈ Rn,
where δij = δi − δj and n = 3 is the dimension of the virtual
position. A position vector ηi = [xi, yi, ψi]

T and a speed vector
υi = [ẋi, ẏi, ψ̇i]

T are introduced for the agent i with respect to
(w.r.t.) the world coordinate frame {Cw}, where pi = [xi, yi]

T
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is a 2-D coordinate and ψi represents the yaw angle, respec-
tively. Similarly, states of the moving target are expressed as
ηl = [xl, yl, ψl]

T and υl = [ẋl, ẏl, ψ̇l]
T . The moving target is

considered as the locomotion center of the multirobotic fish
system, where δl is the origin of coordinates of Δ. Therefore,
the formation control problem can be specified as follows.

Definition 1: Agents achieve the desired formation with an
anticipated configuration if equations exit for the agent i that

lim
t→∞‖ηi(t)− ηj(t)− δij‖ = 0n, (i, j) ∈ E (1)

lim
t→∞‖ηi(t)− ηl(t)− δil‖ = 0n (2)

where δil=δi − δl is introduced to denote a desired relative
position to the center.

The formation error εe is introduced to measure a deviation
of the formation process, which is formalized as follows:

εe =
∑
i∈V

Φ ‖ηl(t) + δil − ηi(t)‖ (3)

where Φ ∈ Rn×n is a diagonal normalized matrix.
Remark 1: At least one of the agents can detect the leader

and broadcast its states through communication topology G
on demand, in the meanwhile, a spanning tree is constructed
from this agent as a root node. W = diag{w1, w2, . . . , wN} is
introduced to describe connections between the leader and other
agents. In other words, once the agent i can receive states of the
leader, it is denoted that wi = 1.

C. Dynamic Model

To facilitate description of the formation process, locomotion
of the robotic fish in 2-D space is focused and corresponding
dynamic model is presented w.r.t. the body-fixed moving coor-
dinate frame {Cbi} for every robotic fish with a homogeneous
form as follows [27]:

Miν̇i = −Ci(νi)νi −Di(νi)νi +
bτi (4)

where the generalized force is expressed as bτi = [τui, τvi, τri]
T ,

including surge force τui, sway force τvi, and yaw moment
τri. The corresponding generalized speed is denoted by νi =
[ui, vi, ri]

T . Mi = diag{m11,m22,m33} combines the inertia
matrix and the added inertia matrix. Ci(νi) groups the Coriolis-
centrifugal force generated by extra mass, while Di(νi) is the
hydrodynamic damping term.

By substituting υi(t) into (4), aforementioned dynamic model
is represented w.r.t. {Cw} as follows:

Miυ̇i=MiΩRbiνi −MiRbiM
−1
i Ciνi

−MiRbiM
−1
i Diνi +MiRbiM

−1
i

bτi

=MiΩRbiνi−RbiCiνi−RbiDiνi+Rbi
bτi=fi+τi

(5)
where m11=m22 is assumed to derive that MiRbiM

−1
i =

Rbi and fi=MiΩRbiνi−RbiCiνi−RbiDiνi. τi=Rbi
bτi=

[τxi, τyi, τri]
T is the generalized force w.r.t. {Cw}. Ω is a skew-

symmetric matrix, and Rbi is the rotation matrix of {Cbi} w.r.t.

Fig. 1. Overview of the event-triggered formation control framework.

{Cw}, both of which are denoted by

Ω =

⎡
⎣ 0 −ψ̇i 0

ψ̇i 0 0
0 0 0

⎤
⎦,Rbi =

⎡
⎣ cosψi − sinψi 0

sinψi cosψi 0
0 0 1

⎤
⎦ .

(6)
In a word, the nonlinear dynamic model of the agent i and the

leader in the multirobotic fish system can be formalized by⎧⎪⎪⎨
⎪⎪⎩

η̇i(t) = υi(t)

Miυ̇i(t) = fi(t) + τi(t) ,

⎧⎪⎪⎨
⎪⎪⎩

η̇l(t) = υl(t)

Mlυ̇l(t) = fl(t) (7)

where the leader is expressed by an autonomous system, which
is delineated by an implicit expression fl(t). Assuming that
locomotion of the leader is also restricted as other followers,
an upper limit is expressed as supi∈V{‖fi(t)− fl(t)‖} = Δf .

III. EVENT-TRIGGERED-BASED FORMATION CONTROL

Fig. 1 depicts an overview of the proposed formation control
framework. In particular, agents in the multirobotic fish system
collect measurements in real time and broadcast pivotal states
through the communication topology. Based on the intermittent
interactions, the UKF is introduced to construct a novel dis-
tributed model-based ETM and decide when to broadcast current
states. Furthermore, the consensus-based formation control law
is established by local measurements, which drive the whole
system to a predefined configuration. Therefore, the multirobotic
fish system can keep an anticipated formation while mitigating
unnecessary wastes of communication resources by this event-
triggered formation control framework.

A. Event-Triggered Protocol and Formation Control Law

The formation control problem aims to produce a predefined
configuration while making the whole system pursuit toward the
moving target. However, in view of the practical application,
the situation is pretty grim in the presence of hostile underwater
environment. In other words, it is crucial for the multirobotic
fish system to evaluate interaction messages and transfer infor-
mation selectively. Meanwhile, the accuracy of the formation
is not a primary objective for underwater exploration, which
makes it possible to reduce energy consumption by sacrificing
acceptable control precision. Therefore, taking aforementioned
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questions into consideration, an ETM is proposed to deal with
the formation control problem in this work.

According to different communication patterns, the ETM
can be classified into node-based algorithm and edge-based
algorithm. The edge-based method sets up a one-to-one interac-
tion channel between two linked nodes, which is customized
but computationally burdensome. Relatively, the node-based
algorithm has a more concise form to establish a one-to-many
correspondence, which is in accordance with the commonly
used communication equipment of the robotic fish. Hence, a
node-based ETM protocol is adopted. Once the event detector
determines a triggering occasion, robotic fish, acted as node
i, broadcasts its states ηi(tiki

) and υi(tiki
) to all its neighbors

in E , where the sequence of triggering times is represented as
{ti0, ti1, . . . , tiki

, . . .}. tiki
is represented by

tiki
= inf

{
t > tiki−1 : Γi(t) ≥ 0

}
(8)

where Γi(t) is the event-triggered function. It means once
Γi(t) < 0 is violated, the state information is published and
triggering time tiki

is recorded. Trigger error vectors are defined
as deviations of the states between the triggering time and
current time, denoted as eηi(t) = ηi(t

i
ki
)− ηi(t) and eυi(t) =

υi(t
i
ki
)− υi(t).

Note that in some existing literature, states of the neigh-
bors are acquired from an extra communication link or an ask
mechanism [28], [29], [30]. In addition, states of the leader are
assumed available at any time in some related works [31], [32].
However, with regard to a distributed control system, these pro-
tocols aggravate the burden of network transmission and energy
consumption, which run counter to the event-triggered method.
In contrast, communication and states sharing among agents
are only carried out at triggering times in this work, where the
control laws and event-triggered functions are designed based
on available local measurements. Moreover, states of the leader
are also aperiodically accessible to meet the practical uses based
on a standalone event-triggered function.

In line with the proposed event-triggered protocol, a
consensus-based control law for the agent i is designed as

τi(t) =
∑
j∈V

aijσΦ
[
ηj(t

j
kj
)−ηi(tiki

)−δji + υj(t
j
kj
)−υi(tiki

)
]

+ wiσlΦ
[
ηl(t

l
kl
)−ηi(tiki

)−δli + υl(t
l
kl
)−υi(tiki

)
]
(9)

where σ and σl are positive coefficients.
By introducing η̂i(t)=ηi(t)− ηl(t)− δil and υ̂i(t)=υi(t)−

υl(t), the control law in (9) can be further deduced by

τi(t)=
∑
j∈V

aijσΦ[eηj(t) + η̂j(t) + eυj(t) + υ̂j(t)]

−
∑
j∈V

aijσΦ[eηi(t) + η̂i(t) + eυi(t) + υ̂i(t)]

−wiσlΦ[eηi(t)+η̂i(t)+eυi(t)+υ̂i(t)−eηl(t)−eυl(t)]
= −

∑
j∈V

lijσΦ[eηj(t) + η̂j(t) + eυj(t) + υ̂j(t)]

−wiσlΦ[eηi(t)+η̂i(t)+eυi(t)+υ̂i(t)−eηl(t)−eυl(t)] .
(10)

An error dynamic system is constructed combining (7) and
(10). Without loss of generality, it is assumed that Ml =Mi,
and the final system is given by⎧⎪⎪⎨
⎪⎪⎩

˙̂ηi(t) = υ̂i(t)

Mi
˙̂υi(t) = −∑

j∈V lijσΦ[eηj(t) + η̂j(t)+ eυj(t)+υ̂j(t)]

−wiσlΦ[eηi(t) + η̂i(t) + eυi(t) + υ̂i(t)]
+wiσlΦ[eηl(t) + eυl(t)] + fi − fl.

(11)
Considering all of agents in the multirobotic fish

system and introducing M = diag{M1,M2, . . . ,MN}, η̂ =
[η̂T1 (t), η̂

T
2 (t), . . . , η̂

T
N (t)]T , υ̂ = [υ̂T1 (t), υ̂

T
2 (t), . . . , υ̂

T
N (t)]T ,

F = [fT1 , f
T
2 , . . . , f

T
N ]T , eη=[eTη1(t), e

T
η2(t), . . . , e

T
ηN (t)]T ,

and eυ=[eTυ1(t), e
T
υ2(t), . . . , e

T
υN (t)]T , the error dynamic

model can be reduced concisely by[
INn ONn

ONn M

]
˙̂
ξ = Kξ̂ + Je+Nel +H (12)

where ξ̂ = [η̂T , υ̂T ]T , el = [1T
N ⊗ eηl(t),1

T
N ⊗ eυl(t)]

T , and
e = [eTη (t), e

T
υ (t)]

T . K, J , N , and H are parameterized as

K =

[
ONn INn

− (σL+ σlW)⊗ Φ − (σL+ σlW)⊗ Φ

]
(13)

J =

[
ONn ONn

− (σL+ σlW)⊗ Φ − (σL+ σlW)⊗ Φ

]
(14)

N =

[
ONn ONn

σlW ⊗ Φ σlW ⊗ Φ

]
, H =

[
0Nn

F − 1N ⊗ fl

]
.

(15)

Therefore, as long as the stability of the error dynamic system
in (12) is proved, the formation error in (3) is converged. In
a word, the multirobotic fish system can keep an anticipated
formation while pursuing toward the virtual leader.

B. Stability Analysis and Event-Triggered Function

In order to analyze the stability of the error dynamic system
in (12), a Lyapunov function is established as follows:

Vξ̂ =
1

2
ξ̂TP ξ̂ (16)

where P ∈ R2Nn×2Nn is a positive definite matrix, which is
further represented as

P =

[
(2σL+ 2σlW)⊗ Φ INn

IN ⊗ Φ INn

] [
INn ONn

ONn M

]
. (17)

Derivative of the Lyapunov function is derived by

V̇ξ̂ = ξ̂T
[
(2σL+ 2σlW)⊗ Φ INn

IN ⊗ Φ INn

] [
INn ONn

ONn M

]
˙̂
ξ

= − η̂T (σL+ σlW)⊗ Φη̂ + η̂TQ+ υ̂TQ

−υ̂T (σL+ σlW − IN )⊗ Φυ̂
(18)
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where Q is expressed as follows:

Q = − (σL+ σlW)⊗ Φ(eη + eυ)

+ σlW ⊗ Φ(1N ⊗ eηl + 1N ⊗ eυl)

+ F − 1N ⊗ fl. (19)

Although η̂i(t) and υ̂i(t) are propitious to measure deviations
of the error dynamic system, both of them are unavailable in
practice to agent i. Accordingly, some available measurements
are introduced in this work as ηi(t) = ηi(t

i
ki
)− ηl(t

l
kl
)− δil

and υi(t) = υi(t
i
ki
)− υl(t

l
kl
), where following relations are

constructed as

‖η + υ‖ = ‖η̂ + υ̂ + eη + eυ − eηl − eυl‖
≤ ‖η̂ + υ̂‖+ ‖eη + eυ‖+ ‖eηl + eυl‖. (20)

On account of available local measurements, different forms
of event-triggered functions are presented for leader agent and
the others, which are established, respectively, as

Γl(t)= (‖σlW‖‖Φ‖‖1N‖+ β (‖D‖+‖W‖)) ‖eηl(t)+eυl(t)‖
− βλl

∑
j∈V

wj‖ηj(t) + υj(t)‖

(21)

Γi(t)= (‖σL+σlW‖‖Φ‖+β (‖D‖+‖W‖)) ‖eηi(t)+eυi(t)‖
+Δf − βλi

∑
j∈V

aij‖ηj(t) + υj(t)‖

(22)

whereβ is a positive coefficient. λi = λl ≤ 1 are positive thresh-
old parameters.

Since Γi(t) < 0 is guaranteed, a further deduction of (22) is
given that

∑
i

(‖σL+σlW‖‖Φ‖+ β (‖D‖+‖W‖)) ‖eηi(t)+eυi(t)‖

<
∑
i

⎡
⎣−‖fi−fl‖+βλi

∑
j∈V

aij‖ηj(t)+υj(t)‖
⎤
⎦

�
∑
i

βλi

∑
j∈V

aij‖ηj(t)+υj(t)‖ −
∑
i

‖fi − fl‖

=
∑
i

βdiλi‖ηi(t) + υi(t)‖ −
∑
i

‖fi − fl‖.
(23)

Similarly, it is derived from Γl(t) < 0 that

(‖σlW‖‖Φ‖‖1N‖+ β (‖D‖+‖W‖)) ‖eηl(t)+eυl(t)‖
< βλl

∑
j∈V

gj‖ηj(t) + υj(t)‖ � β‖W‖‖η + υ‖.

(24)

By incorporating (24) into (23), it is deduced as

(‖σL+σlW‖‖Φ‖)‖eη+eυ‖+‖σlW‖‖Φ‖‖1N‖‖eηl+eυl‖
+ ‖F − 1N ⊗ fl‖

< β (‖D‖+‖W‖) (‖η + υ‖ − ‖eη + eυ‖ − ‖eηl + eυl‖)
≤ β (‖D‖+‖W‖) ‖η̂ + υ̂‖ ≤ β (‖D‖+‖W‖) (‖η̂‖+ ‖υ̂‖) .

(25)
Hence, those results are derived as follows:

η̂TQ ≤ ‖η̂‖‖Q‖ < β (‖D‖+‖W‖) ‖η̂‖ (‖η̂‖+ ‖υ̂‖)

≤ β (‖D‖+ ‖W‖)
2

(
3‖η̂‖2 + ‖υ̂‖2) (26)

υ̂TQ ≤ ‖υ̂‖‖Q‖ < β (‖D‖+‖W‖) ‖υ̂‖ (‖η̂‖+ ‖υ̂‖)

≤ β (‖D‖+ ‖W‖)
2

(‖η̂‖2 + 3‖υ̂‖2) . (27)

As a consequence, further derivation of (18) is deduced finally
as

V̇ξ̂ < − [λmin(σL+σlW) ‖Φ‖−2β (‖D‖+‖W‖)] ‖η̂‖2

− [λmin(σL+σlW−IN ) ‖Φ‖−2β (‖D‖+‖W‖)] ‖υ̂‖2
(28)

where V̇ξ̂ < 0 is proved and the error dynamic model is rendered
globally asymptotic stable if β follows that

β ≤ λmin(σL+σlW−IN ) ‖Φ‖
2‖D‖+2 ‖W‖ . (29)

Remark 2: For a neat and convenient implementation of the pro-
posed event-based controllers, the event-triggered transmission
method is utilized to realize a Zeno-freeness control [33]. In
particular, the continuous-time system states are first sampled
at discretized and equidistant instants of time {kh : k ∈ N}
with a constant sampling period h > 0. Therefore, it is clear
that the event detectors only work at sampled time and the
minimal interevent time Tmin satisfies that Tmin ≥ h > 0, which
eliminates the Zeno behavior.

C. Model-Based Event-Triggered Scheme

The event-triggered method compares current states and the
last triggered states to determine the necessity of the next trigger,
where the perception of adjacent states keeps still by the zero-
order hold during the triggering interval. However, it is revealed
that states of the robots change regularly in most cases, which
means the traditional schemes overlook these prior knowledge.
Accordingly, model-based event-triggered predictive control is
constructed. Estimators of the system states on updated intervals
are modeled instead of the zero-order hold. As a consequence,
once estimated states converge to the real states, the triggering
times are further reduced.

In this fashion, the agent i outfits di + 1 state estimators for
di neighbors and its own. It is worth reminding that for the same
agent i, state estimators of different agents are preconfigured
with consistent parameters. Meanwhile, the observations are to-
tally obtained based on the updated time, which are synchronous
for the linked agents. Hence, the estimation results keep pace
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with each robot and the model-based event-triggered scheme is
completely decentralized with local measurements.

Taking the spacial underwater application scenarios into con-
sideration, it is pivotal to make a reliable estimation with limited
and intermittent measurements. The Kalman filter shows its mer-
its for data fusion between the estimations and the multisensor
measurements to get the optimal state estimation. In light of
this, an UKF is introduced to estimate the locomotion trends
during the triggering interval [34]. Corresponding to last updated
states ηi(tiki

) and υi(tiki
) for the agent i, the estimated states are

denoted by η̃i(t) and υ̃i(t), respectively. The triggering error
for the ETM gives way to the estimation error, represented by
eηi(t) = η̃i(t)− ηi(t) and eυi(t) = υ̃i(t)− υi(t). Therefore, a
valid UKF estimation cuts down communication demands by
reducing the error function consisting of triggering errors, where
the control law in (9) is updated as

τi(t) =
∑
j∈V

aijσΦ [η̃j(t)− η̃i(t)− δji + υ̃j(t)− υ̃i(t)]

+ wiσlΦ [η̃l(t)− η̃i(t)− δli + υ̃l(t)− υ̃i(t)] . (30)

Meanwhile, the event-triggered functions in (21) and (22)
are modified. Apart from eηi(t) and eυi(t), ηi(t) and υi(t)
are rewritten as ηi(t) = η̃i(t)− η̃l(t)− δil and υi(t) = υ̃i(t)−
υ̃l(t), respectively. Note that once convergence of UKF is guar-
anteed, the model-based scheme does not affect the proven
asymptotic stability of the event-triggered-based formation con-
trol law.

The main estimated state vector of the cycle k is denoted

as Xk = [x̃i, ỹi, ũi, ψ̃i,
˜̇
ψi]

T for the agent i, including 2-D
positions x̃i and ỹi, surge speed ũi, yaw angle ψ̃i, and yaw

angular speed ˜̇
ψi. Composed of prediction and update, the whole

iterative process of the UKF is formalized as follows.
By virtue of the unscented transformation, sigma points

Xk,m are generated, where m ∈ {0, . . . , nσ}. nσ = 2na + 1
and na = 5 is the dimension of Xk. Considering the constant
turn rate and velocity (CTRV) model fp(·), the estimated sigma
point is denoted by

Xk+1|k,m = fp (Xk,i, νk,i) (31)

where νk,i is the process noise.
Sigma points of cycle k + 1 are estimated with the predicted

state mean and covariance updated as

μk+1|k=
nσ∑

m=1

wσ,mXk+1|k,m

Pk+1|k=
nσ∑

m=1

wσ,m

(Xk+1|k,m−μk+1|k
)(Xk+1|k,m−μk+1|k

)T
(32)

where wσ,m is the weight coefficient.
Combining the outputs from several sensors, measurements

zk+1 are analyzed with predicted measurement mean zk+1|k and

covariance Sk+1|k as follows:

zk+1|k=
nσ∑

m=1

wσ,mZk+1|k,m

Sk+1|k=
nσ∑

m=1

wσ,m

(Zk+1|k,m−zk+1|k
)(Zk+1|k,m−zk+1|k

)T

+Rk+1

(33)
where Zk+1|k,m is the measurement sigma points vector and
Rk+1 is the measurement noise covariance. Furthermore, the
cross-correlation Tk+1|k and Kalman gain Kk+1|k are deduced
as

Tk+1|k=
nσ∑

m=1

wσ,m

(Xk+1|k,m−μk+1|k
)(Zk+1|k,m−zk+1|k

)T

Kk+1|k = Tk+1|kS−1
k+1|k.

(34)
Eventually, the estimated main state vector Xk+1 and corre-

sponding covariance Pk+1 are updated as

Xk+1 = μk+1|k +Kk+1|k
(
zk+1 − zk+1|k

)
Pk+1 = Pk+1|k −Kk+1|kSk+1|kKT

k+1|k. (35)

Therefore, η̃i(t) and υ̃i(t) are finally extracted from the UKF
during the formation control task.

IV. SIMULATION ANALYSIS AND EXPERIMENTAL RESULTS

A. Simulation Results of 3-D Formation Control Task

To illustrate the proposed formation control framework ef-
fectively, simulation environment is established in the robot
operating system (ROS) and extensive simulations are carried
out. The multirobotic fish system consists of three agents with a
virtual leader. Agents scatter at different locations, whose initial
positions are set as ηl = [1.0, 1.0, 0]T , η1 = [1.5, 0.2,−0.5]T ,
η2 = [2.5, 0.2, 0.5]T , and η3 = [0.3, 1.8, 0]T . The anticipated
configuration is set as δl = [0, 0, 0]T , δ1 = [−0.46,−0.8, 0]T ,
δ2 = [0.92, 0, 0]T , and δ3 = [−0.46, 0.8, 0]T . Note that in the
subsequent simulations, the communication topology G and
W are strong connected, which means each robotic fish can
interact with all the other agents and receive information about
the virtual leader at triggering times. In the meanwhile, the
leader can get states of others. The scheduled trajectory of the
moving target is set as a 3-D helical path, which is parameter-
ized byx(�) = 2.3 + 0.7 cos(�), y(�) = 2 + 0.7 sin(�), and
z(�) = − sin(�/8 + π/16)with�∈ [−0.5π, 4π]. The control
period and constant sampling time are set to h = 0.08 s. After-
wards, positive coefficients in the proposed control law are set
as σ = 5 and σl = 12. The normalized matrix is chosen as Φ=
diag{1, 1, 0.2}. The locomotion restriction is set as Δf = 0.5.
Threshold parameters of the event-triggered functions are set as
λi=λl=1. To guarantee the stability of the proposed method,
the coefficient is chosen as β = 2.
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Fig. 2. Simulation results. (a) Formation control results with the pro-
posed model-based ETM. (b) Comparisons of the formation errors with
different triggering mechanisms.

TABLE I
TRIGGERING NUMBERS AND QUANTITATIVE ANALYSIS FOR SIMULATIONS

Fig. 2(a) shows the simulation results with the consensus-
based control law and proposed model-based ETM. In com-
parison, the periodic-triggered mechanism (PTM) is introduced
to show the superiority of the event-triggered scheme, while the
event-triggered formation control frame without state estimation
is also employed. Fig. 2(b) depicts the formation control perfor-
mance of different mechanisms. Furthermore, Table I records the
total triggering numbers and exhibits the quantitative analysis,
where root mean square error (RMSE) is utilized.

It reveals intuitively from the simulation results that the
proposed consensus-based formation control law copes well
with the 3-D formation control task. Albeit a complex helical
trajectory of the moving target, the multirobotic fish system
converges to a predefined shape at t=18 s and keeps pace
with an acceptable formation error gradually. Based on the
same consensus-based mechanism, the other two with different
triggering schemes also get ideal control performance.

Benefiting by frequent communication, PTM-based method
owns the best performance with the lowest RMSE at 0.633. Nev-
ertheless, with a negligible loss of formation performance less
than 14%, two ETM-based methods, by contrast, dramatically
reduce the triggering numbers, where over 32% communication

TABLE II
TRIGGERING NUMBERS AND QUANTITATIVE ANALYSIS FOR EXPERIMENTS

consumption is saved. Specifically, according to the predictions
by the UKF during two triggering intervals, the local knowledge
to the neighbors stays closer to the truth. Hence, the triggering
errors in the ETM further decline and more communication
resources are economized during the aperiodic interactions.
Therefore, the proposed consensus-based formation control
method is validated to preserve a reliable formation control
performance pursuing the moving target steadily. Moreover,
the proposed model-based triggering mechanism can further
regulate the communication intervals subtly with accessible
local information, optimizing the communication logic while
mitigating the unnecessary waste of communication resources.
The stability and reliability are both demonstrated by adequate
simulations.

B. Experiments for Practical Implementations

To verify the stable performance of the proposed scheme,
several practical experiments were carried out with a group
of robotic remora developed in our group [35]. To constitute
a multirobotic fish system, each agent owns a flexible 3-D
locomotion ability, where the prototype of the robot and the
real multirobotic fish system are shown in Fig. 3(a) and (b).
Following experiments were conducted in the horizontal plane
of a pool with 5-m long and 4-m wide. In the meanwhile, the pa-
rameters and procedures in the experimental scene settings kept
the same with the simulations. The scheduled trajectory of the
moving target is parameterized by x(�) = 2.3 + 0.7 cos(�),
y(�) = 2 + 0.7 sin(�), and z(�) = 0 with �∈ [−0.5π, 4π].
Keeping pace with the moving target, which is marked with a
red star, the snapshot sequence of the formation control process
is shown in Fig. 3(c).

Fig. 3(d) shows the experiment results with the proposed
consensus-based control law and the model-based ETM. Sim-
ilarly, the other two triggering mechanisms were carried out,
where tracking errors with different triggering mechanisms are
depicted in Fig. 3(e). Meanwhile, the triggering times fragment
of the moving target and other agents with the proposed model-
based ETM are intercepted in the first 16 s and depicted in
Fig. 3(f). To further show the advantage of the proposed methods,
the communication cases and formation control performance
are analyzed in Table II. It is observed that the consensus-based
method copes well with the dynamic formation control task.
By setting up a connected communication topology, a robotic
fish makes quick convergence to constitute the triangular config-
uration and the multirobotic fish system finishes the formation
producing stage. Despite the target moving continuously with an
unknown locomotion to each robotic fish, the multirobotic fish
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Fig. 3. Practical experiment results. (a) Prototype of the developed robotic remora. (b) Real multirobotic fish system with three agents. (c) Snapshot
sequence for the formation control task. (d) Formation control results with the proposed model-based ETM. (e) Comparisons of the formation errors
with different triggering mechanisms. (f) Triggering times fragment of the moving target and other agents with proposed model-based ETM.

system can keep pace with each other and gradually move toward
the target based on aperiodic communication. Specifically, the
proposed ETM shows its merits to reduce the triggering num-
bers. Contrasting with the basic interaction period at 0.08 s, the
average communication periods of the multirobotic fish system
are extended to 0.38 and 0.54 s for ETM and model-based
ETM, respectively. It is worth noting that there is little difference
between the RMSE of several triggering schemes, which means
extensive resources are saved with inessential loss of control
performance. Simultaneously, estimating by the UKF schemes,
local measurements in the triggering times are fully utilized to
get a probable tendency of the multirobotic fish system. Hence,
more superfluous triggering times are cut down. Therefore, the
proposed consensus-based method with the model-based ETM

is validated to preserve a reliable formation control performance
while mitigating the unnecessary waste of communication re-
sources to a great extent.

C. Discussion

Based on the proposed consensus-based formation control law
with model-based ETM, the multirobotic fish system keeps pace
to construct an anticipate configuration and pursues the moving
target with lower interaction consumption. In some existing
literature [28], [29], [30], [31], [32], some defective assumptions
were made during the simulation verification while the practical
experiments were usually scarce. It is demonstrated clearly in
aforementioned simulations and experiments that the proposed
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formation control frame are distributed fully based on local
measurements. Besides, the formation control setup is more
general, where the leader has independent triggering mechanism
and makes interactions with other agents in the meanwhile.
Hence, the proposed framework can be implemented in more
standard situations for practical application loaded on embedded
software architectures. Moreover, on the basis of ETM, the
proposed model-based ETM performs better to mitigate unnec-
essary waste of communication resources, further extending the
average communication periods from 0.38 to 0.54 s. Taking
the periodic intervals at 0.08 s, the communication channel
capacity is largely released. It is reflected from the formation
control performance that high-frequency communication is not
necessarily favorable, especially near the equilibrium state. That
is the reason why the proposed model-based ETM can avoid
some superfluous control commands to get an ideal tradeoff
between control performance and communication consumption,
which is essential to underwater operations. To sum up, the
feasibility and effectiveness of the proposed system are finally
substantiated.

However, due to the intermittent acquisition about the local
measurements, the UKF-based prediction is unable to make an
acceptable estimation suffering from overstretched triggering
intervals. The model-based ETM will reversely generate more
triggering times at that moments. Several constraints may be
considered to optimize the model-based mechanism. In addition,
the expansibility hamper its implementation of the model-based
ETM in practice. Once agents in the multirobot system have a
sharp increase and the calculation is no longer superfluous, the
distributed estimations are computationally burdensome. Some
lightweight mechanisms may be utilized as substitutes.

V. CONCLUSION

In this article, we proposed a 3-D distributed formation con-
trol framework for a multirobotic fish system to constitute an
anticipated configuration guided by a moving target. In order to
formulate the control objectives, the formation control process
was analyzed first. Thereafter, a novel formation control frame
with the model-based ETM was proposed. In particular, the
dynamic models of the leader and other agents were formalized,
respectively. Sustaining a tradeoff between the control perfor-
mance and communication consumption, independent event-
triggered functions were presented for the leader and the others.
According to the proposed consensus-based formation control
protocol with the ETM, the Lyapunov function was established
and the globally asymptotic stability was demonstrated in detail.
Moreover, the UKF mechanism was introduced, and a novel
model-based ETM was proposed to further reduce the triggering
times. Finally, adequate simulations and experiments were car-
ried out to validate the effectiveness of the proposed distributed
formation control frame. In summary, the proposed formation
control method was effective and executable in a formation
control task for the multirobotic fish system, and also mitigated
unnecessary communication wastes during the control process.

Future work will concentrate on unstructured environment
with obstacles while exploring the formation transformation
strategies with ETM.
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